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2.2 million surgical procedures for bone grafting are performed annually 

worldwide. While natural bones, such as autografts and allografts, and growth factors are 

commonly utilized in the procedures, they suffer from various shortcomings, such as high 

cost, donor site morbidity, and potential side effects. Alternatively, inspired by 

mineralized, dynamic environment of native bone, we developed biomineralized matrix 

recapitulating calcium phosphate (CaP)-rich mineral microenvironment that undergoes 
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dynamic dissolution and reprecipitation. In this dissertation, we focus on the application 

of biomineralized matrix to induce osteogenesis of human pluripotent stem cells (hPSCs) 

for bone formation. 

Chapter 1 describes the progress in the development of CaP-based biomaterials 

and their applications in directing stem cell differentiation and supporting bone tissue 

formation. It includes our prior findings of biomineralized matrix-mediated osteogenesis 

of human mesenchymal stem cells (hMSCs) and bone formation in vivo. Chapter 2 

demonstrates that biomineralized matrix can direct osteogenic differentiation of human 

embryonic stem cells (hESCs) by matrix-based cues alone, both in vitro and in vivo. 

Chapter 3 shows that the biomineralized matrix can solely induce osteogenic 

commitment of human induced pluripotent stem cells (hiPSCs) that can offer clinical 

benefits of autologous therapy. In chapter 4, we employ biomineralized matrix to study 

the effect of mineralized microenvironment on fate decision of hMSCs in presence of 

adipogenic-inducing medium. We show that biomineralized matrix dominates adipogenic 

soluble cues to direct osteogenic differentiation of hMSCs through adenosine A2b 

receptor (A2bR) signaling. Chapter 5 demonstrates utilization of adenosine, naturally 

small molecule to induce direct conversion of both hESCs and hiPSCs into osteoblasts. 

The osteoblasts derived from hiPSCs through adenosine treatment were found to 

contribute to the healing of critical-sized bone defects. Chapter 6 shows the application of 

biomineralized trilayered scaffold to induce subchondral bone formation for 

osteochondral tissue engineering in vivo. Chapter 7 concludes the dissertation and 

presents future directions, including functional bone tissue engineering and mechanistic 
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studies of biomineralized matrix- and small molecule-driven osteogenic differentiation of 

hPSCs. 



1 

 

Chapter 1: Biomineralized matrices as intelligent scaffolds for bone 

tissue regeneration 

 

1.1. Introduction  

Bone is an example of a biomineralized functional living tissue. The mineralized 

components of bone tissue endow them with unique mechanical and chemical functions. 

Specifically, bone tissue is composed of inorganic calcium phosphate (CaP)-rich 

mineralized phases built upon the organic substrate (osteoid) whose major components 

are type I collagen and non-collagenous proteins, such as osteocalcin (OCN) and bone 

sialoprotein (BSP) [1, 2]. One of the key functions of these organic proteins is to mediate 

mineralization of bone tissue. Native bone contains a mixture of various minerals, such as 

non-stoichiometric crystalline hydroxyapatite (HA) and amorphous calcium phosphate 

(ACP) [3]. Bone minerals also contain other mineral components including carbonate, 

sodium, and magnesium. Native bone exhibits excellent regenerative capacity; however, 

critical-sized bone defects often require exogenous interventions, such as bone grafts to 

assist tissue regeneration or implants to fix nonunion defects. While native bone tissue 

and its derivatives are still the best solutions to treat critical-sized bone defects, emerging 

studies implicate that CaP-based synthetic biomaterials, which emulate a bone-specific 

mineral environment, could be used as an alternative to treat such bone defects. Over the 

past decade, a number of CaP mineral-based matrices have been examined to promote 

bone tissue regeneration, which include CaP-based ceramics and polymer composites 

containing CaP minerals. In this chapter, we describe the development of CaP-based 
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biomaterials and their applications in bone tissue regeneration ranging from directing 

stem cell differentiation to supporting bone tissue formation in vitro and in vivo. We also 

discuss the molecular mechanism through which CaP-based biomaterials promote bone 

tissue regeneration and the importance of CaP mineral phase in mediating the tissue 

repair. We finally conclude the chapter with future perspectives towards the translational 

applications of synthetic CaP-bearing materials for bone tissue regeneration. 

 

1.1.1. Bone tissue: A mineralized hierarchical living structure   

Bone is known for its hierarchical structure, which ranges from nanoscopic to 

macroscopic scale (Figure 1.1) [4-6]. Bone extracellular matrix (ECM) consists of 

organic and inorganic components where inorganic CaP minerals are arranged along the 

collagenous network. The basic building blocks are small plate-shaped crystals of 

carbonate apatite, tens of nm in length and width and 2-3 nm in thickness, which nucleate 

and grow on collagen [1] as well as non-collagenous proteins (NCPs), such as OCN, 

BSP, osteopontin (OPN), and osteonectin (ON) [2]. At the next hierarchical level, these 

mineralized collagen fibrils, 300 nm in length and 1.5 nm in thickness, are ordered into 

arrays in a 3-dimensional structure that builds up a single layer or lamella of bone. This 

lamella, which spans a few µm in thickness, further assembles to make up the 

macroscopic structure of bone.  

Bone is a highly dynamic tissue undergoing continuous remodeling. The function 

and homeostasis of bone tissue are maintained by highly coordinated activities of bone 

cells, which include osteoblasts, osteocytes, and osteoclasts. Osteoblasts are derived from 

mesenchymal progenitor cells and synthesize the organic constituent of osteoid which 
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mineralizes as bone tissue matures [7, 8]. The process of depositing minerals into the 

organic matrix is commonly referred to as biomineralization. Once new bone is created, 

osteoblasts become trapped within the new bone and transform into osteocytes. On the 

other hand, osteoclasts, the multinucleated cells formed by the fusion of mononuclear 

progenitors of the macrophage family, degrade the bone matrix by creating an acidic 

microenvironment which liberates Ca2+ and PO4
3- ions during bone remodeling [9]. 

   

1.1.2. Mineralized biomaterials for bone tissue repair   

As stated earlier, despite the regenerative ability of bone, critical-sized bone 

defects, arising from trauma, congenital defects, and tumor excision, often require 

exogenous interventions and one of them being bone grafts [10]. For optimal tissue 

regeneration, bone grafts are desirable to be osteoinductive and osteoconductive [11]. 

Osteoinduction refers to the recruitment of progenitor and stem cells from the host tissue 

and their subsequent differentiation for bone tissue formation. Osteoconduction is the 

stimulation of natural bone ingrowth by osteoblasts. Native bone tissues (allogenic or 

autogenic) and their derivatives have been so far the best solution for treating bone 

defects due to their potential to provide many cues relevant for bone healing and tissue 

regeneration. The advantage of such native bone derivatives has led to the development 

of a number of commercially available products, such as ALLOPURE® [12], 

CANCELLO-PURE™ Wedges [13], NuOss™ [14], and Bio-Oss® [15]. Although native 

bone and its derivatives are ideal candidates to augment bone healing and tissue repair, 

they suffer from various shortcomings, such as donor site morbidity, limited availability, 

and potential for disease transmission [11]. To this end, both naturally and synthetically 
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derived biomaterials with the ability to support bone tissue regeneration have been 

explored as an alternative solution. Of these, materials containing some form of CaP 

minerals have been extensively studied. In fact, coating of implants with CaP minerals 

has been widely employed to improve the integration of the implants with the host tissue 

through bone ingrowth [16-19]. 

  

1.2. CaP-biomaterials  

CaP-biomaterials such as CaP ceramics have been extensively utilized for bone 

and dental restorations [20]. In addition to serving as a structural substitute, CaP-

materials could contribute to bone regeneration. The CaP-biomaterials are known to be 

osteoconductive and/or osteoinductive [11, 20]. The physicochemical properties of the 

CaP minerals, such as their crystalline nature, play an important role in determining their 

osteoinductive and osteoconductive properties. The crystalline properties of CaP minerals 

can be controlled through precursors, pH, and temperature used during synthesis [20]. 

The experimental conditions used could also have a significant impact on other physical 

properties of CaP minerals, such as particle sizes, morphology, macroporosity, and 

microporosity [20]. The single crystalline phases of CaP minerals exist in various 

chemical compositions and mineral phases, which include hydroxyapatite (HA) (Figure 

1.2a), β-tricalcium phosphate (TCP) (Figure 1.2a), octacalcium phosphate (OCP), and 

dicalcium phosphate dihydrate (DCPD). Synthetic HA, (Ca10(PO4)6(OH)2) with a Ca/P 

molar ratio of 1.67, exhibits highly pure and crystalline characteristics and has been 

employed as a reference material to represent a major constituent of bone mineral [21]. 
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Studies have also reported synthesis of TCP ((Ca)3(PO4)2) with a Ca/P ratio of 1.5 [22], 

OCP (Ca8H2(PO4)6·5H2O) with a Ca/P ratio of 1.33 [23], and DCPD (CaHPO4·2H2O) 

with a Ca/P ratio of 1.00 [24]. Synthesis of biphasic calcium phosphate (BCP) generally 

uses calcium-deficient apatite as a precursor, which results in a mixture of HA and TCP 

[25]. ACP exhibits a Ca/P ratio of approximately 1.5, resembling that of TCP [26]. 

Although CaP ceramics mimic the mineral environment of bone tissue, the brittle nature 

of these materials limits their widespread applications [27]. To this end, composite 

materials with organic components have been developed by physical dispersion of CaP 

particles [28-34] or through biomineralization [35, 36]. While the former does not 

necessitate any interaction between the organic matrices and the inorganic minerals, the 

latter requires functional groups of the organic matrices to nucleate CaP minerals for their 

growth. Hence, biomaterials developed through biomineralization exhibit a strong 

interface between the organic matrix and inorganic minerals. Biomineralized matrices 

with CaP minerals, exhibiting either crystalline [37] or apatite-like semicrystalline phases 

[38-40], can be synthesized. Biomineralization is a naturally occurring process that 

assists mineralization of living systems.  

Biomineralization has often been conducted in a physiologically similar aqueous 

environment such as simulated body fluid (SBF) [35]. Common approaches [35, 36] 

include the incubation of organic substrates that bear charged functional groups [38, 41-

44] in a medium containing inorganic Ca2+ and PO4
3- ions [37, 38, 45-47]. Some studies 

have also utilized mineralization solutions containing inorganic Ca2+ and PO4
3- ions 

within liposomes [48] or organic phosphate with an enzyme such as alkaline phosphatase 

[49, 50] to achieve mineralization. Physicochemical characteristics of resultant CaP 
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minerals in biomineralized matrices, which play a key role in their osteogenic function, 

can differ considerably depending on the organic matrices used and the mineralization 

process [37, 38, 40, 47, 51-53]. Choi et al. have showed that biomineralized poly(lactide-

co-glycolide) (PLG) surfaces with different morphology of CaP minerals can be created 

by varying concentrations of Ca2+ and PO4
3- ions in the mineralizing medium [51]. 

Suarez-Gonzalez and colleagues acquired biomineralized polycaprolactone (PCL) 

surfaces with disparate morphology and dissolution kinetics of minerals by modulating 

the concentration of HCO3
- in the mineralizing medium [47]. Biomineralized matrices 

(Figure 1.3a) containing CaP minerals with varying morphology can be developed 

through manipulation of functional groups [52, 53] or hydrophobicity [38] of organic 

templates.  

  

1.3. CaP-based biomaterial-assisted osteogenic differentiation of stem cells   

CaP-biomaterials have been extensively utilized to direct osteogenic commitment 

of progenitor cells and stem cells. Stem cells, that are available in large numbers and can 

be easily expanded ex vivo, offer a cell population to assist bone tissue regeneration. 

However, controlled lineage commitment of stem cells towards osteoblasts is a vital 

requirement for their use in bone tissue repair and regeneration. One type of widely used 

stem cells for bone tissue regeneration is mesenchymal stem cells (MSCs), owing to their 

inherent ability to differentiate into osteoblasts [54]. CaP-based matrices have been 

shown to promote osteogenic differentiation of MSCs, but mostly in conjunction with 

osteogenic soluble factors [55-57]. We and others have shown that biomaterials 
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containing CaP moieties can direct osteogenic commitment of MSCs even in the absence 

of any osteogenic-inducing small molecules, such as dexamethasone, β-

glycerophosphate, and growth factors (Fig. 3b) [58-60]. The stem cell-laden matrices can 

be implanted with or without pre-differentiation of cells into osteoblasts. Pre-

differentiation of stem cells prior to their implantation was often employed to promote 

the in vivo survival and function of transplanted cells [28, 55, 61]. 

Due to the limited self-renewal property of MSCs, especially when isolated from 

aged donors, pluripotent stem cells (PSCs), which include both embryonic stem cells 

(ESCs) and induced pluripotent stem cells (iPSCs), have recently gained tremendous 

attention as attractive cell sources for bone tissue regeneration [62]. In particular, patient-

specific iPSCs circumvent concerns regarding immune responses and ethical issues 

related to ESCs [62-64]. However, controlling osteogenic lineage specificity of PSCs 

poses a significant challenge owing to their pluripotency and the possibility to form 

tumors in vivo if undifferentiated PSCs are present within transplanted cells. Therefore, 

PSC-derived mesodermal or mesenchymal progenitor cells as cell sources along with 

CaP-biomaterials have been used to derive osteoblasts from PSCs [29, 65-69]. 

Interestingly, recent studies have shown that material-based cues from CaP-biomaterials 

could solely direct osteogenic differentiation of ESCs, both in vitro and in vivo (Figures 

1.3c-d) [70], as well as iPSCs [71]. 

 

1.4. CaP-matrices for bone tissue engineering and repair   

The ability of CaP-matrices to promote osteogenic commitment of stem cells and 

progenitor cells makes them an ideal scaffold for bone tissue regeneration. Cell-laden 
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CaP-matrices have been extensively investigated to treat critical-sized bone defects. CaP-

biomaterials coupled with MSCs have shown some success in inducing bone formation in 

segmental bone defects [72-74]. Marcacci et al. have demonstrated a complete fusion 

between hMSC-laden HA implants and host bone in the segmental bone defects of 

patients [75]. Furthermore, Levi and colleagues have shown bone formation in calvarial 

bone defects by HA-incorporated matrices with an addition of hPSCs and BMP-2 [65]. 

While the above-described studies demonstrate how delivery of stem 

cells/osteoprogenitor cells through CaP-based materials could be a powerful therapeutic 

strategy to treat critical-sized bone defects, biomaterials that could recruit endogenous 

cells to regenerate bone tissues are clinically beneficial. To this end, a number of studies 

have investigated the application of CaP-biomaterials, which are osteoinductive and 

osteoconductive, to promote bone tissue regeneration in vivo. Such an approach that 

relies on the regenerative potential of endogenous cells for tissue repair will circumvent 

limitations associated with conventional tissue engineering approaches that are laborious, 

such as ex vivo cell processing, thereby accelerating the translational aspects of 

regenerative medicine [76]. 

A number of studies have demonstrated that CaP-based biomaterials can promote 

bone regeneration upon their implantation in the absence of exogenous cells or growth 

factors [55, 77, 78]. We present the summary of recent literature that demonstrated bone 

formation by implanting CaP-bearing materials alone into various animal models in 

Table 1.1. Yuan and colleagues have examined how various CaP ceramics differ in their 

potential to contribute to bone tissue regeneration in vivo. Specifically, they have 

investigated the effect of changes in chemical composition of CaP ceramics (HA, TCP, 
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and BCP) on their ability to contribute to bone tissue regeneration [55]. Among the CaP 

ceramics tested, TCP was found to contribute to excellent bone formation, both in the 

spinal fusion (Figure 1.2b) and critical-sized defect models (Figures 1.2c-d), even 

outperforming autografts. Although the TCP matrices promoted bone tissue repair in 

critical-sized bone defects, they failed to induce bone formation when implanted 

subcutaneously. These findings suggest that the TCP materials used in this study were 

mostly osteoconductive in nature as compared to being osteoinductive. Similarly, a study 

by Hong et al. showed no ectopic bone formation by BCP particles when subcutaneously 

implanted [79]. Bone regeneration in the ectopic site is an indication for osteoinductivity 

of biomaterials. Incorporating osteoinductive growth factors, such as BMP-2, has been 

shown to enhance the poor bone-forming ability of CaP-matrices in the ectopic sites [80]. 

Recently, we have shown that biomineralized matrices containing CaP minerals can 

contribute to ectopic bone formation in the absence of exogenous cells and osteoinductive 

growth factors (Figure 1.3d) [77]. Such discrepant results could probably be due to 

differences in the crystalline nature of the CaP minerals.  

  

1.5. CaP mineral-based matrices as a delivery vehicle for growth factors and genes 

In addition to being a bone substitute, CaP-based biomaterials have been 

employed as a delivery vehicle for various growth factors that promote bone tissue 

formation, adding a new dimension to their application [81]. Among relevant growth 

factors, BMP-2 and BMP-7 are clinically approved and have been harnessed extensively 

with CaP-biomaterials to stimulate bone tissue regeneration [80, 82]. It has been shown 
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that BMPs have high affinity to CaP minerals, such as HA [83], suggesting the potential 

application of CaP-biomaterials as a delivery vehicle for growth factors. 

Various CaP ceramics, such as TCP, BCP, and HA, demonstrated excellent 

adsorption capacities for recombinant human BMP-2 when incubated in a solution 

containing such biomolecules [80, 84]. Such BMP-bound CaP-matrices have been 

successfully employed as bone-inducing scaffolds [28, 65, 85-87]. Besides physisorption, 

studies have also used other approaches to incorporate growth factors within the 

mineralized layer. For instance, Kong et al. have incorporated BMP-2-loaded polymer 

nanospheres into the mineralized layer [88]. Yu and colleagues have included BMP-2 

between two mineralized layers of microparticles [89]. 

CaP ceramics (TCP and HA) and TCP-incorporated matrices containing BMP-2 

or BMP-7 have been shown to promote the healing of critical-sized bone defects [28, 90-

92]. In a long-term study with high clinical relevance, Reichert et al. implanted 

biodegradable TCP-incorporated composites with BMP-7 for 12 months and showed the 

healing of segmental bone defects with physiologically remodeled bone exhibiting higher 

bone density and superior biomechanical strength compared to autografts [28].  

CaP mineral-based matrices have not only been used to deliver BMP proteins, but 

also plasmid-DNA (pDNA) encoding BMP-2 gene [93, 94]. In particular, HA 

nanoparticles-pDNA complex was shown to induce bone formation by MSCs [93]. 

Furthermore, subcutaneous injection of CaP nanoparticles-pDNA hybrid with 

osteoprogenitor cells yielded bone formation [94]. 
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1.6. CaP-assisted stem cell osteogenesis and bone tissue regeneration: Mechanisms 

Both physical and chemical properties of the CaP minerals play a key role in 

determining their osteoinductive and osteoconductive properties. Particle size, 

morphology, macroporosity, microporosity, and specific surface area have been reported 

to influence the osteogenic capacity of CaP minerals [20]. Of those, the effect of porosity 

and pore size of CaP mineral-based matrices on bone regeneration has been extensively 

documented [95]. In particular, recent studies showed that high porosity in either BCP or 

TCP ceramics enhanced bone formation compared to their counterparts with low porosity 

[55, 96]. In other studies, various morphology of CaP minerals was shown to result in 

different degrees for osteogenic commitment of MSCs [97, 98]. Sphere-like HA 

microparticles promoted osteogenic differentiation of MSCs compared to rod-like 

controls [97]. Plate-like or net-like CaP mineral coatings exhibited higher 

osteostimulatory effects on MSCs as compared to granule-like counterparts [98]. 

In addition to topographical cues arising from morphological and physical 

properties of CaP minerals, their dissolution-precipitation plays an equally important role 

in their ability to support bone tissue regeneration. The crystalline nature of the CaP 

minerals determines the kinetics of the mineral dissolutions. Dissolution of CaP minerals 

in a medium lacking Ca2+ and PO4
3- [20, 55, 58, 99] or a physiological environment [100] 

has been previously demonstrated. The release of Ca2+ and PO4
3- ions often results in 

their supersaturation, leading to subsequent precipitation of Ca2+ and PO4
3- ions onto CaP 

minerals [20, 100]. Such processes, termed as dynamic dissolution-precipitation, govern 

the local levels of extracellular Ca2+ and PO4
3- ions and thus regulate osteogenic 

commitment of stem cells (Figures 1.4a-b) [39, 101]. The dissolution of CaP minerals is 
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heavily determined by their crystalline nature and studies have demonstrated higher 

dissolution rates of CaP minerals to Ca2+ and PO4
3- for TCP compared to HA [55, 99], 

which correlates with their ability to promote osteogenic differentiation of MSCs [102] 

and bone tissue regeneration [55]. However, excessive dissolution of CaP moieties from 

ACP surfaces led to negative effect on the osteogenic differentiation of MSCs compared 

to crystalline CaP surfaces [57, 103]. This is consistent with a recent study by Liu et al., 

who reported the stimulatory effect of exogenous Ca2+ and PO4
3- supplements on the 

osteogenic commitment of MSCs only within certain concentrations [104]. Extracellular 

Ca2+ and PO4
3- ions contribute to bone tissue regeneration through various signaling 

pathways [39, 102, 105, 106]. In particular, Ca2+ ions have been demonstrated to promote 

osteogenic differentiation of MSCs through L-type voltage-gated calcium channels (L-

VGCC) [105, 106]. Furthermore, PO4
3- ions liberated from biomineralized matrices were 

shown to induce osteogenic differentiation of MSCs via phosphate metabolism and 

adenosine signaling (Figure 1.4a) [39].  

In addition to regulating the local levels of extracellular Ca2+ and PO4
3- ions, 

dissolution-precipitation of CaP minerals could also modulate the adsorption of growth 

factors and their subsequent release. Prior works by Liu et al. provided evidence for co-

precipitation of CaP moieties and BMP-2 [84]. In addition to contributing to the 

adsorption of BMPs through co-precipitation, the dissolution kinetics of CaP minerals 

could contribute to the release profile of adsorbed BMPs [47, 107], thus regulating 

signaling pathways relevant to bone formation and homeostasis. 
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1.7. Conclusion and future perspectives  

This chapter discussed the development of synthetic CaP-biomaterials and their 

applications towards bone tissue regeneration with or without stem cells and/or 

osteoinductive growth factors. We also examined the underlying molecular mechanisms 

for CaP mineral-driven osteogenic differentiation of stem cells and bone formation. 

Various kinds of CaP mineral-based matrices have been developed and utilized to 

treat critical-sized bone defects. Their use alone without exogenous stem cells or growth 

factors offers simple and cost-effective solution in a clinical setting. Of these, TCP 

ceramics alone were recently shown to promote healing of critical-sized bone defects, 

presenting bright prospects for replacing the current use of native bone and its derivatives 

for treating such defects [55]. Semicrystalline biomineralized matrices [38-40] are also 

promising CaP mineral-based matrices for bone tissue regeneration owing to their 

inherent osteoinductivity and osteoconductivity [58, 70, 71, 77]; however, their in vivo 

function in treating critical-sized bone defects needs to be further evaluated. To keep pace 

with tremendous advancements of CaP-biomaterials towards clinical applications, the 

molecular mechanisms for CaP mineral-mediated bone tissue regeneration through Ca2+ 

and PO4
3- regulatory pathways necessitate further elucidation. 

In order to regenerate load-bearing bone tissues, it is important for the grafts to 

have structural and mechanical properties amenable to promote bone tissue formation 

without detrimental effect to the surrounding native bone tissue. To this end, polymer 

composites containing CaP minerals in hierarchical structure have been developed [108-

111], including some materials exhibiting similar biomechanical properties of bone [111]. 

Furthermore, 3-D printed CaP-based matrices offer great translational potential for 
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personalized medicine and enhanced functional outcome through fabrication of custom-

designed bone architecture [112-115]. The presence of physiologically remodeled neo-

bone, with vasculature and marrow cavities containing hematopoietic stem cells, further 

ensures the functionality of regenerated bone as an integral part of host tissue [116]. 

Taken together, substantial advancements in the development of CaP-biomaterials as 

intelligent scaffolds and understanding in their osteogenic function would benefit clinical 

practices for bone tissue regeneration. 
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1.9. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Hierarchical structure of bone. 

 

Macroscopic structure of bone consists of CaP minerals built upon assemblies of 

tropocollagen in nanometer scale that make up fibril arrays in micrometer scale. 

(Reproduced from [6] with permission from Nature Publishing Group, 2011.) 
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Figure 1.2. CaP ceramic-assisted skeletal bone regeneration. 

 

(a) SEM images for two representative CaP ceramics: hydroxyapatite (HA) and 

tricalcium phosphate (TCP). Scale bars indicate 1 µm. (b) Basic Fuchsin and Methylene 

blue staining of HA and TCP implants for posterolateral spinal fusion. Scale bars 

represent 5 mm. (c) 3-D µCT models and (d) Basic Fuchsin and Methylene blue staining 

of ilium critical-sized defect following implantation of autograft, collagen sponges with 

rhBMP-2, and TCP ceramics with a sham control. Orange arrows indicate newly formed 

bone while white arrows indicate autograft or TCP implants. Scale bars indicate 200 µm. 

(Adapted from [55] with permission from National Academy of Sciences, 2010.) 
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Figure 1.3. Biomineralized matrix-directed stem cell differentiation into osteoblasts 

and ectopic bone formation. 

 

(a) SEM photographs and corresponding EDS of non-mineralized (NM) and mineralized 

(M) poly(ethylene glycol)-diacrylate-co-acryloyl 6-aminocaprioic acid (PEGDA-co-

A6ACA) matrices. Scale bars represent 2 μm. Inset shows gross images. 

Immunofluorescent staining for osteocalcin (green) and nucleus (Hoechst; blue) of (b) 

human mesenchymal stem cells (hMSCs) and (c) human embryonic stem cells (hESCs) 

on non-mineralized and mineralized matrices and coverslips (CS) after in vitro culture. 

(d) 3-D µCT images, H&E staining, and immunohistochemical staining of osteocalcin for 

acellular, hMSC-laden, and hESC-laden mineralized matrices with acellular non-

mineralized control, following in vivo subcutaneous implantation. Inset shows gross 

images. (b-d) Scale bars indicate 50 μm. (a,c,d: adapted from [70] with permission from 

the Royal Society of Chemistry, 2014; b: adapted from [58] with permission from John 

Wiley & Sons, Inc., 2012; d: adapted from [77] with permission from eCM journal.) 
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Figure 1.4. Schematic models of CaP mineral-bearing matrices driving osteogenic 

differentiation of human mesenchymal stem cells (hMSCs) and bone formation. 

 

(a) The proposed model for CaP-rich biomineralized matrix-assisted osteogenic 

commitment of hMSCs. (Reproduced from [39] with permission from National Academy 

of Sciences, 2014.) (b) The proposed model for in vivo bone formation mediated by the 

interaction between hMSCs and CaP minerals. (Reproduced from [101] with permission 

from Elsevier B.V., 2012.) 
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1.10. Tables 

Table 1.1. Summary of recent literature reporting various CaP-based material-

mediated bone formation. 

 

Implantation sites of CaP-materials in animal models include subcutaneous pocket (SP), 

paraspine muscle (PM), ilium defect (ID), skull defect (SD), and segmental tibia defect 

(STD). The degree of bone formation was summarized as described in each study (-: no; 

+: low; ++: high). 
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Chapter 2: Biomineralized matrix-assisted osteogenic differentiation of 

human embryonic stem cells  

 

2.1. Abstract 

Physical and chemical properties of the matrix play an important role in 

determining various cellular behaviors including lineage specificity. We demonstrate that 

the differentiation commitment of human embryonic stem cells (hESCs), both in vitro 

and in vivo, can be achieved solely through synthetic biomaterials. hESCs cultured using 

mineralized synthetic matrices mimicking calcium phosphate (CaP)-rich bone 

environment differentiated into osteoblasts in the absence of any osteogenic inducing 

supplements. When implanted in vivo, these hESC-laden mineralized matrices 

contributed to ectopic bone tissue formation. In contrast, cells within the corresponding 

non-mineralized matrices underwent either osteogenic or adipogenic fate depending upon 

the local cues present in the microenvironment. To our knowledge, this is the first 

demonstration where synthetic matrices are shown to induce terminal cell fate 

specification of hESCs exclusively by biomaterial-based cues both in vitro and in vivo. 

Technologies that utilize tissue specific cell-matrix interactions to control stem cell fate 

could be a powerful tool in regenerative medicine. Such approaches can be used as a tool 

to advance our basic understandings and translational potential of stem cells. 
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2.2. Introduction 

Human embryonic stem cells (hESCs), with unlimited self-renewal potential and 

ability to differentiate into all cell types in the human body, hold great promise to treat 

various diseases and tissue loss.[117] In addition to regenerative therapy, hESC-based 

tissue models could also be used as a tool to study developmental processes and disease 

progression, and as drug-screening platforms.[118, 119] Despite the progress made over 

recent years, widespread application of hESCs has been impeded by several challenges, 

of which the main concern is lack of approaches to direct their differentiation into 

targeted cells. Advancements over the years have developed a number of strategies 

ranging from small molecules to mRNAs to genetic manipulations to direct 

differentiation of hESCs into various phenotypes.[120-122] While the importance of 

soluble factors has been extensively documented, emerging studies show that physical 

and chemical cues of the matrix could play an equally important role in directing stem 

cell differentiation and function.[123-128]  

Matrix-assisted differentiation and transplantation of stem cells to treat 

compromised tissues and organs has enormous potential in wound and fracture healing, 

tissue regeneration, and restoration of organ functionality.[129-131] A number of 

physical and chemical properties of the matrix such as functional groups, hydrophobicity, 

topography, and rigidity have been identified to influence stem cell differentiation.[124-

128] Most of these studies; however, utilize matrix cues in conjunction with medium 

containing inductive factors to direct differentiation, thus making it difficult to delineate 

the contributions of individual components.[124] Furthermore, the extent to which the 
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matrix-based cues can direct differentiation of more naïve stem cells like embryonic stem 

cells to terminally differentiated cells remains unclear. 

In this study, we employ a synthetic matrix recapitulating the calcium phosphate 

(CaP)-rich bone microenvironment to determine if the synthetic matrix–based cues alone 

are sufficient to direct osteogenic differentiation of hESCs. Previously, we and others 

have shown that biomaterials containing CaP moieties can promote osteogenic 

differentiation of osteoprogenitor cells and adult stem cells like mesenchymal stem cells 

(MSCs).[55, 59, 60, 98, 132-137]  However, the role of CaP minerals on directing 

osteogenic commitment of hESCs is not clear. Efficient osteogenic differentiation of 

hESCs is often achieved through derivation of mesenchymal progenitor cells and/or 

culturing them in medium containing osteogenic inducing components such as β-

glycerophosphate, ascorbic acid 2-phosphate, dexamethasone, and/or bone 

morphogenetic proteins (BMPs).[29, 65, 67, 68, 138-140] Studies have also utilized 

incorporation of bone specific matrix components, such as hydroxyapatite and 

decellularized bone matrices, in concert with osteogenic inducing soluble factors to 

promote osteogenic differentiation of hESCs and hESC-derived progenitor cells.[29, 67, 

68]  

We demonstrate that synthetic matrices containing CaP minerals induce 

osteogenic differentiation of hESCs in both two-dimensional (2-D) and three-dimensional 

(3-D) culture conditions in basal growth medium lacking any osteogenic inducing 

components. When implanted subcutaneously in vivo, the hESC-laden mineralized 

matrices contributed to ectopic bone formation without teratoma. On the contrary, cells in 
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non-mineralized matrices underwent either osteogenic or adipogenic fate in response to 

the local biomaterial-based cues. 

 

2.3. Materials and Methods 

2.3.1. Materials 

Poly(ethylene glycol)-diacrylate (PEGDA) and acryloyl 6-aminocaproic acid 

(A6ACA) were prepared as previously described.[125, 141] Briefly, 5.29 mmol of 

poly(ethylene glycol) (32 g for Mn = 6 kDa or 18 g for Mn = 3.4 kDa; Sigma Aldrich, 

catalog numbers: 81260 and 202444, respectively) was dissolved in 300 ml of toluene at 

125 °C, followed by refluxing for 4 hours with vigorous stirring. Azeotropic distillation 

was used to remove the traces of water in the reaction mixture. On cooling this solution 

to room temperature (~25 °C), 180 ml of anhydrous dichloromethane followed by 1.623 

ml (11.64 mmol, 2.2. equivalents) of triethylamine was added with vigorous stirring. The 

reaction mixture was then transferred to an ice bath to attain 4 °C. To this reaction 

mixture, 0.942 ml (11.64 mmol, 2.2 equivalents) of acryloyl chloride in 15 ml of 

anhydrous dichloromethane was added in drop-wise manner for 30 minutes. Following an 

additional 30 minutes at 4 °C, the reaction mixture was raised to 45 °C and kept 

overnight. The reaction mixture was filtered at 25 °C through diatomaceous earth to 

remove quaternary ammonium salt. The filtrate was concentrated using a rotary 

evaporator and precipitated in excess diethyl ether. Precipitated product was re-dissolved 

in dichloromethane and re-precipitated in diethyl ether. The resultant PEGDA was 

filtered and dried under vacuum at 25 °C for 24 hours. The dried PEGDA was further 
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purified using a Sephadex fine G-25 column (GE Healthcare Life Sciences, catalog 

number: 17-0032-01) and lyophilized.  The PEGDA product was characterized by using 

NMR. 1H NMR (300 MHz, CDCl3): 6.39-6.36 ppm (d, 2H), 6.17-6.11 ppm (dd, 2H), 

5.93-5.91 ppm (d, 2H), 4.28-4.26 (t, 4H), 3.75-3.74 ppm (m, 8H), 3.62 ppm (broad), 

3.48-3.47 ppm (t, 4H) 

N-acryloyl 6-aminocaproic acid (A6ACA) was prepared as described by Ayala et 

al.[125] Briefly, 13.11 g (100 mmol) of 6-aminocaproic acid (Sigma Aldrich, catalog 

number: A2504) and 4.4 g (110 mmol, 1.1 equivalents) of NaOH were dissolved in 80 ml 

of deionized (DI) water at 4 °C under vigorous stirring. To this, 8.937 ml (110 mmol, 1.1 

equivalents) of acryloyl chloride in 15 ml of anhydrous tetrahydrofuran was added 

dropwise for 30 minutes. The pH of the reaction mixture was maintained between 7.5 and 

7.8 until the reaction was complete. The pH of the reaction mixture was then moved to 

pH 3 by using 6 N HCl at 0 °C and extracted using ethyl acetate. The organic layers were 

collected, combined, and dried over sodium sulfate. The solution was then filtered, 

concentrated, and precipitated in petroleum ether. The resultant A6ACA was further 

purified by silica gel (100-200 mesh) column chromatography using 1% methanol in 

ethyl acetate as eluent mixture. The purified product was collected and dried overnight 

prior to use and characterized using NMR. 1H NMR (300 MHz, CDCl3): 6.17-6.12 ppm 

(dd, 1H), 6.07-6.03 ppm (d, 1H), 5.64-5.62 ppm (d, 1H), 3.17-3.14 ppm (t, 2H), 2.08-2.05 

ppm (t, 2H), 1.49-1.42 ppm (dd, 4H), 1.25-1.19 ppm (t, 4H) 
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2.3.2. Synthesis of PEGDA-co-A6ACA hydrogels 

Poly(ethylene glycol) diacrylate-co-acryloyl 6-aminocaproic acid (PEGDA-co-

A6ACA) hydrogels were synthesized by reacting 1 M A6ACA and 4% PEGDA (Mn = 6 

kDa) with 0.5% ammonium persulfate (APS) and 0.15% N, N, N’-N’-

tetramethylethylenediamine (TEMED) in a glass mold with 1 mm spacer for 15 minutes 

at 25 °C.[132] The resulted hydrogels were incubated in phosphate buffered saline (PBS) 

overnight with two changes of PBS. The equilibrium-swollen hydrogels were then cut 

into discs of 1 cm2.  To create bulk rigidity matched biomineralized matrices, the above 

procedure was repeated, except using 2% PEGDA in the precursor solution.[132] The 

hydrogel discs were biomineralized as described elsewhere.[132] Briefly, hydrogel discs 

were incubated in DI water for 6 hours and then in modified simulated body fluid (m-

SBF) for 6 hours. The hydrogel discs were then rinsed with DI water and incubated in 40 

mM Ca2+ and 24 mM HPO4
3- solution (pH = 5.2) at 25 °C for 45 minutes on a rotating 

shaker (VWR Mini-shaker) at 200 rpm. The discs were rinsed with DI water, incubated in 

m-SBF at 37 °C for 48 hours with the daily exchange of m-SBF followed by incubating 

them in PBS for 6 hours. Both non-mineralized and mineralized hydrogels were sterilized 

through immersion in 70% ethanol (EtOH) for 6 hours, followed by washing in PBS for 4 

days with three times of daily exchange prior to cell culture. 

  

2.3.3. Synthesis of PEGDA-co-A6ACA macroporous hydrogels 

We used PEGDA-co-A6ACA macroporous hydrogels synthesized by PMMA 

microsphere templating[142] for 3-D cell culture. The PMMA templates were fabricated 

using a cylindrical polypropylene mold measuring 8 mm in diameter filled with 60 mg of 
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PMMA microspheres (Mean diameter = 165 µm, Bangs Laboratories, Catalog number: 

BB05N). The PMMA bead column was vigorously tapped for 1 minute to facilitate their 

packing. 60 µL of a mixture consisting of 20% acetone and 80% EtOH was gently added 

into the mold. The mold was incubated at 25 °C for 1 minute to soften the PMMA 

microspheres allowing them to fuse together, then at 80 °C for 1 hour to evaporate the 

solvent. A precursor solution of 0.5 M A6ACA and 20% PEGDA (Mn = 3.4 kDa) with 

0.3% Irgacure was poured and allowed to infiltrate into the PMMA-packed mold under 

vacuum for 5 minutes. The mixture was polymerized using UV light at a wavelength of 

365 nm (intensity of 42 W/cm2) for 10 minutes. PMMA template was dissolved in 

acetone for 3 days with three times of daily exchange. Upon leaching PMMA templates, 

the macroporous hydrogels were gradually hydrated using acetone-water mixtures with 

decreasing concentrations of acetone (100 to 0%) for one day. The macroporous 

hydrogels were washed in PBS for 6 hours and punched into cylindrical constructs 

measuring 5 mm in diameter and 2 mm in height for 3-D in vitro culture and 7 mm in 

diameter and 2 mm in height for subcutaneous implantation. Mineralization of 

macroporous hydrogels was conducted as described earlier.[133] Macroporous hydrogels 

were incubated in m-SBF for 6 hours, then in 40 mM Ca2+ and 24 mM HPO4
3- solution 

(pH = 5.2) under vacuum for 5 minutes to facilitate the infiltration of solution, followed 

by moving to a rotating shaker at 25 °C for 30 minutes at a speed of 200 rpm. These 

treated macroporous hydrogels were rinsed with DI water, incubated in m-SBF at 37 °C 

for 48 hours with daily change of m-SBF, and immersed in PBS for 6 hours. The non-

mineralized and mineralized macroporous hydrogels were sterilized using 70% EtOH for 

6 hours and washed with PBS for 4 days prior to cell culture. 
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2.3.4. Scanning electron microscopy (SEM) & energy dispersive spectra (EDS) 

To examine the morphology and composition of mineralized matrices, they were 

rinsed in DI water for 5 minutes, sliced into flat pieces, flash-frozen in liquid nitrogen, 

and lyophilized overnight. Prior to SEM imaging, the samples were subjected to Ir 

coating for 7 seconds using Emitech sputter coater (Emitech, K575X). The SEM images 

were acquired using Philips XL30 ESEM. The Ca/P atomic ratio was obtained from 

elemental analysis using Oxford Energy Dispersive Spectra (EDS) with INCA software. 

The pore diameter of macroporous hydrogels in their dried state was measured from three 

different SEM images using ImageJ. The pore diameters of non-mineralized and 

mineralized macroporous hydrogels in the swollen state were measured from three 

different bright-field images using ImageJ. Roughly 10-15 pores within each image were 

analyzed to determine the pore diameter. The data are presented as mean ± standard 

errors. 

 

2.3.5. Cell culture 

Human embryonic stem cells (hESCs; HUES9 and H9) were cultured on 

mitotically inactivated mouse embryonic fibroblasts (MEFs) using Knockout DMEM 

(Life Technologies, catalog number: 10829-018) supplemented with 10% Knockout 

Serum Replacement (KSR; Life Technologies, catalog number: 10828028), 10% human 

plasmonate (Talecris Biotherapeutics), 1% non-essential amino acids, 1% 

penicillin/streptomycin, 1% Gluta-MAX, and 55 µM 2-mercaptoethanol as previously 

described.[143] Cells were passaged using Accutase (Millipore) at approximately 80% 
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confluency and supplemented with fresh media containing 30 ng/ml of bFGF (Life 

Technologies) daily. 

Prior to seeding hESCs, the sterilized hydrogel discs, macroporous hydrogels, and 

cell culture grade coverslips (CS; diameter = 15 mm, Fisherbrand, catalog number: 

1254582) were coated with matrigel (BD Biosciences, catalog number: 354277) 

following manufacturer’s protocol to promote cell adhesion. Briefly, matrigel solution 

was thawed overnight at 4 °C and diluted with chilled DMEM solution at 1:86 ratio. All 

matrices (mineralized and non-mineralized hydrogels and coverslips) were then coated 

with matrigel solution at 4 °C for overnight followed by incubating at 37 °C for 1 hour. 

For 2-D cultures, cells were seeded onto the matrices at an initial cell density of 1 × 104 

cells/cm2 and cultured in growth medium consisting of high glucose DMEM, 5% fetal 

bovine serum (FBS; hyclone), 4 mM L-glutamine, and 50 U/ml penicillin/streptomycin at 

37 °C and 5% CO2 with media change every two days. For 3-D cell culture involving 

macroporous hydrogels, the hydrogels were partially dried for 1 hour to reach 

approximately a weight loss of 40 % prior to plating hESCs; the weight loss is attributed 

to evaporation of water from the macroporous hydrogels. 10 µl of cell suspension 

containing 3 × 105 cells (HUES9 or H9) was seeded into the macroporous hydrogels, 

incubated at 37°C and 5% CO2 for 2 hours to allow their infiltration, followed by adding 

1.5 ml of growth medium.  

  

2.3.6. Calcium and phosphate assays 

To determine Ca2+ and PO4
3- contents of the mineralized matrices, samples were 

rinsed with DI water for 5 minutes to remove non-bound CaP moieties followed by their 
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lyophilization for 24 hours. The lyophilized samples were homogenized in 0.5 M HCl 

under vortexing at 25 °C for 3 days. To probe dissolution of CaP moieties from the 

mineralized matrices, matrigel-coated and non-coated mineralized matrices were 

incubated in 1.5 ml of 50 mM Tris-HCl buffer (pH = 7.4) at 37 °C for 7 days; 300 µl of 

incubation media was collected and replaced with fresh solution on a daily basis. The 

measurements of Ca2+ and PO4
3- were conducted for matrix homogenates and collected 

media. For calcium assay, 20 µl of sample solution was mixed with 1 ml of assay 

solution (Pointe Scientific, catalog number: C7503) and its absorbance was measured at 

570 nm using a UV/Vis spectrophotometer (Beckman Coulter, DU 730). Phosphate assay 

was conducted by following a method described elsewhere.[144] Briefly, 125 μl of 

sample solution was mixed with 1 ml of assay solution consisting of 1 part 10 mM 

ammonium molybdate, 2 parts acetone, and 1 part H2SO4 followed by 100 μl of 1 M 

citric acid. Absorbance of the solution was measured at 380 nm using a UV/Vis 

spectrophotometer. 

 

2.3.7. Immunofluorescent staining 

To evaluate the pluripotency of hESCs prior to culture, the cells were stained for 

NANOG and OCT4. Osteogenic differentiation of hESCs was examined by staining for 

osteocalcin (OCN). For immunofluorescent staining, the cells were fixed with 4% 

paraformaldehyde at 25 °C for 10 minutes and blocked for 30 minutes in a buffer solution 

containing 3% bovine serum albumin (BSA) and 0.1% TritonTM X-100 at 25 °C. The 

fixed cells were incubated with primary antibodies against NANOG (1:200; rabbit 

polyclonal, Santa Cruz Biotechnology, catalog number: sc-33759), OCT4 (1:200; rabbit 
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polyclonal, Santa Cruz Biotechnology, catalog number: sc-9081) or OCN (1:100; mouse 

monoclonal, Abcam, catalog number: ab13420) in a blocking solution at 4 °C for 16 

hours. After washing in PBS, the cells were incubated with secondary antibodies (1:250; 

goat anti-rabbit Alexa Flour 647, Life Technologies or goat anti-mouse Alexa Flour 568, 

Life Technologies) for 60 minutes and rinsed with PBS. The nuclei were stained with 

Hoechst 33342 (2 µg/ml; Life Technologies, catalog number: H1399) at 25 °C for 5 

minutes, mounted onto glass slides with Vectashield, and imaged using a fluorescence 

microscope (Axio Observer.A1, Carl Zeiss). Images were taken in the linear mode for the 

same exposure time and the background was uniformly subtracted from all images using 

ImageJ. For F-actin staining, the fixed cells were incubated with phalloidin (1:250; Alexa 

Flour 288, Life Technologies) in a blocking buffer solution at 25°C for 60 minutes. F-

actin staining images at 3 days of culture were used to quantify the circularity of the cells 

using the equation below.[132] Approximately 30 cells from three different images were 

used for the calculation. 

  

Circularity = 
2

4

p

A
                                                   (1)                                                            

where A and p represent the cellular area and perimeter, respectively. 

 

2.3.8. Quantitative Polymerase chain reaction (q-PCR) 

Following RNA extraction of homogenized samples in TRIzol, 1 μg of RNA was 

reverse-transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad). Human 

Osteogenesis PCR array (RT2 ProfilerTM PCR Array Human Osteogenesis, SA 
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Biosciences, catalog number: PAHS-026) was used to determine the changes in 

transcription profile of the hESCs cultured on various matrices. The heat map was 

generated to compare relative expressions for each gene with the colors red (high), green 

(low), and black (medium). The differentiated hESCs were also characterized for a 

number of target genes such as RUNX2, OCN, SPP1, and NANOG as a function of 

culture time via qPCR. Quantitative real-time PCR (qPCR) reactions were performed 

using SYBR select master mix (Life technologies, catalog number: 4472908) and the 

ABI Prism 7700 Sequence Detection System (Applied Biosystems). Expression at each 

time point was normalized to the corresponding housekeeping gene (GAPDH) and to the 

undifferentiated hESCs, and expressed as fold change thereof. The primers used in qRT-

PCR are listed in the Supplementary Table 2.S1. 

 

2.3.9. Live-dead assay 

Live-dead assay for 3-D cultures was performed 3 days post cell seeding to 

examine cell viability (LIVE/DEAD Viability/Cytotoxicity kit, Life technologies, catalog 

number: L-3224). Cell-laden macroporous hydrogels were cut into thin slices and 

incubated in the assay solution containing 0.05 v/v% of calcein-AM and 0.2 v/v% of 

ethidium homodimer-1 in DMEM at 37 °C for 30 minutes. Matrix slices were then rinsed 

with PBS and imaged using a fluorescence microscope. The percentage of viable cells 

was determined by counting the live cells, which were stained with green dye, relative to 

the total number of cells. Images from 3-4 different sections were used to determine the 

viability. All 3-D matrices supported similar cell viability, approximately 90%.  
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2.3.10. DNA assay 

DNA assay was performed at 7 and 28 days of culture for HUES9 and H9-laden 

macroporous hydrogels to determine the cell numbers. Collected samples were frozen, 

lyophilized, and digested in 1 ml of papain solution consisting of 125 μg/ml of papain in 

10 mM L-cysteine, 100 mM phosphate, and 10 mM EDTA at pH = 6.3 for 16 hours at 

60 °C. DNA contents were measured by using Quant-iT PicoGreen dsDNA kit (Life 

technologies, catalog number: P11496) according to manufacturer’s protocol. Briefly, 

digested samples and PicoGreen reagent were diluted with TE butter at 1:50 and 1:200 

dilutions, respectively. One part each of sample solution and PicoGreen reagent were 

mixed and their fluorescence was measured at 535 nm using a multimode detector 

(Beckman Coulter, DTX 880). The DNA contents were normalized to the dry weight of 

the cell-laden matrix. 

 

2.3.11. Subcutaneous implantation 

Animal experiments were performed according to the protocols approved by 

Institutional Animal Care and Use Committee (IACUC) of University of California, San 

Diego and National Institute of Health (NIH). Macroporous hydrogels (7-mm diameter 

and 2-mm in height) were seeded with 1 million hESCs (HUES9 and H9) and incubated 

in growth media for 6 days in vitro. For subcutaneous transplantation of the cell-laden 

matrices, 3-month-old immunodeficient NOD.CB17-Prkdcscid/J mice were administered 

with ketamine (100 mg/kg) and xylazine (10 mg/kg) and 1 cm-long incision was made in 

the back of the mice and four subcutaneous pouches (cranial-left and -right and caudal- 

left and -right) were constructed by blunt dissection using a 1 cm-wide spatula. Four of 
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either hESCs-laden non-mineralized or mineralized matrices were subcutaneously 

transplanted into the end of each pouch (n=8 per group; left and right sides of cranial and 

caudal back of mice) and the skin was carefully sutured. After the surgery, all mice were 

housed in separated cages. 

 

2.3.12. Micro-computed tomography (µCT) of implanted matrices 

For µCT analysis, excised implants were fixed in 4% paraformaldehyde at 4 °C 

for 4 days and dehydrated in ethanol-water mixture with gradual increase in ethanol until 

equilibrated in pure ethanol. The fixed implants were then dried and subsequently placed 

in 15 ml centrifuge tubes along with phantom calibration rods prior to measurements. 

Time-dependent hard tissue formation was evaluated at 4 and 8 weeks of post-

implantation. Mineralized matrices prior to implantation were imaged using µCT to 

account for the effect of mineralization. Matrices were scanned at 9 μm/pixel resolution 

using SkyScan 1076 µCT scanner (Bruker). Scans were reconstructed via NRecon 

software (SkyScan) and built into 3-dimensional models using CTAn software (SkyScan) 

after applying the same threshold values of 90-190 for all groups to selectively account 

for the minerals, while eliminating the background. Quantification of mineral density was 

performed as percentage of mineral volume per total volume of the matrix (BV/TV) with 

CTAn software. Cross-sectional images in coronal, transverse, and sagittal planes at the 

center of implants were analyzed with DataViewer and CTAn softwares. 
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2.3.13. Histology for 3-D in vitro cultured matrices and implanted matrices 

For histological analysis, cell-laden matrices were fixed with 4% 

paraformaldehyde at 4 °C for 1 day for in vitro cultures and 4 days for excised implants. 

The constructs were processed as reported elsewhere.[145] Briefly, the fixed samples 

were decalcified in 10% ethylenediaminetetraacetic acid (EDTA, Fluka, catalog number: 

03677, pH = 7.3) at 4 °C for 3 hours for in vitro cultures and 2 days under gentle rotation 

for excised implants. The decalcified samples were washed gently with PBS.  

For paraffin-embedded sections, demineralized samples were gradually 

dehydrated in ethanol-water mixture with increasing ethanol concentrations until 

reaching pure ethanol. Following incubation of samples in CitriSolv (Fisher scientific, 

catalog number: 22-143975) for 1 hour with two changes, samples were transferred into a 

mixture of paraffin (Richard-Allan Scientific, catalog number: 8337) containing 5% 

poly(ethylene-co-vinyl acetate) (PEVA; vinyl acetate, 25 wt%; melt index: 19 g/10 

minutes; Sigma Aldrich, catalog number: 437220) and incubated at 70 °C under vacuum 

for one day with three vent/vacuum cycles. Following embedding in paraffin-PEVA 

mixture, sample blocks were sliced into 8 µm-sized sections using a rotary microtome 

(Leica, RM2255). The sections were briefly hydrated in DI water at 40 °C for 5 minutes, 

and dried overnight at 37°C. Prior to histological staining, sections were deparaffinized in 

CitriSolv at 60°C for 15 minutes with two changes and hydrated in ethanol-water mixture 

with decreasing ethanol concentrations. For H&E staining, rehydrated paraffin-embedded 

sections were incubated in hematoxylin solution (Ricca Chemical Company, Gill 2, 

catalog number: 3536-16) for 5 minutes and thoroughly rinsed with DI water. Sections 

were then stained with Eosin-Y (Richard-Allan Scientific, catalog number: 7111) for 30 
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seconds, followed by three washes in DI water. The stained sections were visualized 

using a microscope under bright-field mode. 

For immunohistochemical (IHC) staining of osteocalcin (OCN) and human-

specific lamin B, rehydrated paraffin-embedded sections were subjected to antigen 

retrieval by incubating in 10 mM citric acid buffer (EMD Millipore, catalog number: CX 

1725, pH = 6.0) at 85°C for 20 minutes, followed by cooling at 25°C for 20 minutes. 

Sections were washed in PBS, treated with a blocking buffer solution containing 3% BSA 

and 0.1% TritonTM X-100 at 25°C for 60 minutes, and incubated overnight with primary 

antibodies against OCN (1:100; mouse monoclonal, Abcam, catalog number: ab13420) or 

lamin B (1:100; rabbit polyclonal, Thermo Scientific, catalog number: RB-10569-P0) in a 

blocking buffer at 4°C. Following thorough washes in a mixture of PBS with 0.05 v/v% 

Tween 20 (PBS-Tween 20), sections were immersed in 3% hydrogen peroxide (Acros 

Organics, catalog number: 41188) for 7 minutes, followed by washing in PBS-Tween 20. 

Sections were exposed to horseradish peroxidase (HRP)-conjugated secondary antibodies 

(1:100; goat anti-mouse, Santa Cruz Biotechnology, catalog number: sc-2005 or donkey 

anti-rabbit, Jackson ImmunoResearch, catalog number: 711-035-152) in a blocking 

buffer at 25°C for 60 minutes. After several washes in PBS-Tween 20, sections were 

developed in 3-3’ diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories, 

catalog number: SK-4100) for 10 minutes to produce the brown reaction product. 

Following three times of washing in PBS-Tween 20, sections were imaged using a 

microscope in color mode under H-filter. For lamin B staining, mouse skin tissue was 

used as a negative control. 
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For frozen sections, demineralized samples were incubated in 20% sucrose 

solution and gradually embedded in OCT at 4°C for 1 day. OCT-embedded samples were 

transferred into isopentane, frozen in liquid nitrogen, and sectioned into 12 µm-thick 

slices using cryostat (Leika CM3050). For Oil Red O staining, OCT-embedded frozen 

sections were dried in air for 30 minutes, incubated in DI water at 4°C for 20 minutes to 

dissolve OCT, and air-dried for 10 minutes. Samples were immersed in propylene glycol 

(Sigma-Aldrich, catalog number: W294004) at 25°C for 10 minutes to completely 

remove residual water. Sections were stained with 0.5% Oil Red O (Sigma-Aldrich, 

catalog number: O-0625) solution in propylene glycol at 60°C for 10 minutes. 

Afterwards, stained sections were thoroughly washed in 85% propylene glycol, briefly 

rinsed in DI water, and subsequently imaged using a microscope in color mode under H-

filter. 

 

2.3.14. Statistical analysis 

Statistical analyses were carried out using Graphpad Prism 5. Two-tailed 

Student’s t-test was used to compare two groups. One-way analysis of variance 

(ANOVA) with Tukey-Kramer post-hoc test was used to compare multiple groups in the 

same time point and two-way ANOVA with Bonferroni post-hoc test was used to 

compare multiple groups across different time points and p-values were obtained from 

each test. 
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2.4. Results and discussion 

2.4.1. Development and characterization of mineralized matrices. 

Synthetic matrices containing CaP minerals (termed as mineralized matrices) 

were developed by mineralizing poly(ethylene glycol)-diacrylate hydrogels containing 

acryloyl-6-aminocaproic acid (A6ACA) moieties (PEGDA-co-A6ACA) as described 

elsewhere.[146] We used mineralized hydrogels for 2-D culture and mineralized 

macroporous hydrogels for 3-D culture. Macroporous hydrogels with interconnected 

pores were fabricated by poly(methyl methacrylate) templating.[142] The matrices were 

characterized for the presence of mineral content, morphology, calcium (Ca2+) and 

phosphate (PO4
3-) contents, and dissolution of CaP minerals into Ca2+ and PO4

3- (Figures 

2.1, 2.S1a-b, and 2.S2a-c). 

As evident from the scanning electron microscopy (SEM) images, the matrix-

bound CaP minerals showed a plate-like morphology (Figures 2.1a,d). The presence of 

CaP minerals was further confirmed by elemental analysis (Figures 2.1a,d) as well as the 

measurement of Ca2+ and PO4
3- contents on mineralized matrices (Figures 2.1b-c,e-f). 

Elemental analysis revealed a Ca/P ratio of 1.40 and 1.57 for mineralized hydrogels and 

mineralized macroporous hydrogels, respectively. Similar to prior studies, CaP 

components of the mineralized matrices dissociate into Ca2+ and PO4
3- when incubated in 

medium lacking these ions (Figures 2.S1a-b, 2.S2b-c).[58] Since the matrices were 

coated with matrigel to enhance the adhesion of hESCs, we compared the dissolution 

profiles between matrigel-coated and non-coated mineralized hydrogels and observed a 

similar dissolution profile (Figures 2.S1a-b). This suggests that the matrigel coating did 

not have any effect on CaP dissolution, which is in good agreement with a previous 
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work.[147] The dissociation kinetics of the CaP minerals in conjunction with our 

previous report including XRD analyses of these biomineralized matrices suggest that the 

CaP minerals exhibit a semicrystalline structure.[38, 39] The pore size of the 

macroporous hydrogels was determined from the SEM and bright field images (Figures 

2.1d, 2.S2a). The macroporous hydrogels exhibited a pore diameter of 77.7 ± 6.7 µm in 

their dried state as determined from the SEM images. This corresponded to a pore 

diameter of 123.6 ± 4.9 µm and 118.2 ± 3.6 µm (estimated from the bright field images) 

for the non-mineralized and mineralized macroporous hydrogels, respectively, in their 

swollen state. This is in agreement with our previous report, which shows no significant 

reduction in pore size due to mineralization.[133] 

 

2.4.2. Mineralized matrices induce osteogenesis of hESCs in 2-D culture. 

The effect of mineralized matrices on hESCs (HUES9) was examined and 

compared against that of corresponding non-mineralized matrices and cell culture grade 

coverslips. All the cultures were carried out in basal growth medium in the absence of 

any osteogenic inducing soluble factors. Pluripotent state of the hESCs prior to their 

culture on various matrices was characterized by their colony formation and staining for 

NANOG and OCT4 (Figure 2.S3). The hESCs adhered onto non-mineralized (NM) and 

mineralized (M) hydrogels and coverslips (CS) and were grown to confluence within 7 

days of culture (Figure 2.S4a). As evident from F-actin staining at 3 days of post-plating, 

the cells adhered onto all surfaces with similar circularity (Figure 2.S4b). Analysis of 

gene expression profile of HUES9 cells demonstrated considerably higher osteogenic 

gene expression on mineralized matrices compared to non-mineralized matrices and 
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coverslips after 28 days of culture (Figure 2.2a). The gene expression profile was further 

confirmed by quantitative PCR (qPCR) analyses, for markers that are characteristic of 

cells undergoing osteogenesis, as a function of culture time. The qPCR analyses showed 

that HUES9 cells cultured on mineralized matrices consistently exhibited an upregulation 

of osteogenic markers such as RUNX2, OCN, and SPP1 (Figure 2.2b). The mineralized 

matrix-assisted osteogenic differentiation was also evident in protein level. Cells cultured 

on mineralized matrices stained positive for OCN, an osteoblast specific marker, where 

the intensity of OCN staining increased with culture time (Figures 2.2c, 2.S5). No such 

OCN presence was observed on other substrates, suggesting that the mineral environment 

provided by the biomineralized matrix is sufficient to direct osteogenic differentiation of 

hESCs. Figure 2.S6 shows the F-actin staining of the cells on all substrates as a function 

of culture time. Concomitant with differentiation, the hESCs showed downregulation of 

pluripotent marker (NANOG) (Figure 2.S1c). Downregulation of NANOG was observed 

on all substrates, indicating that none of the culture conditions under study are conducive 

for supporting pluripotency of HUES9 cells. This is in agreement with previous studies, 

which showed that self-renewal of hESCs requires a combination of matrix-based cues 

and soluble factors such as basic fibroblast growth factor (bFGF).[143] While hESCs 

cultured on all substrates (non-mineralized and mineralized matrices and coverslips) 

showed downregulation of NANOG, only the cells cultured on mineralized matrices were 

found to undergo efficient osteogenic differentiation. This finding implies that although 

the hESCs cultured in vitro were poised to differentiate through a loss of pluripotent 

phenotype, their efficient differentiation into osteoblasts required a bone-specific mineral 

environment. 
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2.4.3. Mineralized matrices promote osteogenesis of hESCs in 3-D culture. 

Having established the potential of mineralized matrices to induce osteogenic 

differentiation of HUES9 cells in 2-D culture, we subsequently evaluated the ability of 

mineralized matrices to direct osteogenic differentiation of hESCs in a 3-D environment. 

Mineralized macroporous hydrogel-assisted osteogenic differentiation was compared 

against that of non-mineralized macroporous hydrogels cultured under identical 

conditions. We have used two different cell lines, HUES9 and H9. Following 3 days after 

cell seeding, most of the cells were found to be viable in all matrices (Figure 2.S2d). 

DNA quantification as a function of post cell seeding suggested no significant change in 

cell number between the mineralized and non-mineralized matrices (Figures 2.S2e-f). 

Similar to 2-D culture, the hESCs on mineralized matrices showed distinct upregulation 

of osteogenic markers (RUNX2, OCN, and SPP1) (Figures 2.3a-b). 

Immunohistochemical staining for OCN corroborated the findings from the gene 

expression (Figures 2.3c-d). The cells cultured on all the matrices showed 

downregulation of pluripotent gene (NANOG) akin to 2-D culture systems (Figures 2.3e-

f). Despite the geometrical differences between the 2-D hydrogel assisted culture and 3-D 

macroporous hydrogel assisted culture, the hESCs exposed to the mineralized matrices 

underwent osteogenic differentiation, thus underscoring the instructive cues that the 

mineralized environment provides to direct osteogenic commitment of hESCs. 

In addition to the physical cues such as topographical cues, the mineralized 

matrices containing CaP minerals could contribute to osteogenesis of stem cells through 

biochemical signaling triggered by the local Ca2+ and PO4
3- ions.[102, 148, 149]. As 

evident from the dissolution studies, the CaP minerals readily dissociate into Ca2+ and 
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PO4
3- resulting in an increase in their local concentration. The dissociation and 

precipitation of the CaP moieties responding to their local concentration play not only a 

key role in the binding and release of various osteoinductive growth factors like 

BMPs,[47, 150, 151] but will also regulate various signaling cascades involving Ca2+ and 

PO4
3- ions. Studies have shown that influx of Ca2+ ions through L-type calcium channels 

promote osteogenic differentiation of MSCs.[152] Recently, we have shown the role of 

PO4
3--ATP-Adenosine signaling cascade in CaP-bearing matrix-mediated osteogenic 

differentiation of hMSCs.[39]  

 

2.4.4. Biomineralized matrices support osteogenesis of hESCs in vivo. 

To determine the potential of mineralized matrices to support osteogenic 

differentiation of hESCs in vivo, hESC-laden matrices (hESC-laden mineralized and non-

mineralized macroporous hydrogels) were subcutaneously implanted into 3-month-old 

NOD/SCID mice. Subcutaneous implantation is often used to assess the potential 

contribution of stem cells and scaffolds to in vivo bone tissue formation and to determine 

the pluripotency of hESCs.[29, 67] The implants were retrieved after 4 and 8 weeks and 

analyzed for bone tissue formation. Gross images of the excised implants indicated hard 

tissue formation in all implants with significant differences (Figures 2.4a-b). 3-D micro-

computed tomography (µCT) image analyses concurred with the above observations 

wherein cell-laden mineralized matrices exhibited homogeneous and dense calcification 

at 4 and 8 weeks post-implantation (Figures 2.4c-d). Unlike cell-laden mineralized 

matrices, their non-mineralized counterparts showed non-uniform calcification 

concentrated along the periphery of the implants. The µCT analyses of mineralized 
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matrices prior to implantation indicated that the implants themselves were not radio-

opaque and thus, were not detectable in µCT (Figure 2.S7). 3-D µCT models with 360° 

views and 2-D cross-sectional images confirmed uniform mineral formation throughout 

the porous network by hESCs coupled with mineralized matrices and non-uniform 

mineralization for their non-mineralized counterparts (Figures 2.S8a-b). Furthermore, the 

hESC-laden mineralized matrices were found to have higher mineral densities (BV/TV) 

compared to their non-mineralized counterparts (Figures 2.4c-d, bar graphs).  

To verify whether the hard tissue formation observed by 3-D µCT analyses is 

indeed due to bone tissue formation, histological examinations were conducted. H&E 

staining of the cell-laden mineralized matrices demonstrated progressive accumulation of 

dense extracellular matrix (ECM) that resembles bone tissue at 4 and 8 weeks post-

implantation (Figures 2.5a-b, right panels). High magnification images demonstrated that 

a majority of cells were populated along the periphery of newly assembled ECM for cell-

laden mineralized matrices at 8 weeks post-implantation. The bone tissue formation was 

further confirmed by OCN staining, where the hard tissue layer within the cell-laden 

mineralized matrices was stained positive for OCN at 4 and 8 weeks post-implantation 

revealing in vivo bone tissue formation (Figures 2.5c-d, right panels). In stark contrast, 

hESCs-laden non-mineralized counterparts displayed mainly a mixture of fibrous and fat 

tissue with a thin layer of bone tissue in the mineralized peripheral region of the implant 

(Figures 2.5a-b, left panels, Figure 2.S9a). Intense Oil Red O staining for lipid molecules 

further confirmed the presence of fat cells in non-mineralized matrices (Figures 2.5e-f, 

left panels). Amongst the two cell lines, HUES9-laden non-mineralized matrices were 

found to have higher Oil Red O staining compared to H9-laden matrices. This difference 
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in adipogenic differentiation could be attributed to innate variations in different hESC 

lines with HUES9 cells retaining a higher adipogenic potential. This is consistent with 

previous studies that demonstrated cell line-dependent differentiation of pluripotent stem 

cells.[153] The human origin of the cells within the cell-laden implants after 8 weeks of 

transplantation was confirmed by human-specific lamin B staining, which reveals 

survival and contribution of transplanted hESCs towards tissue formation in vivo in all 

matrices (Figure 2.S9b); however, the involvement of infiltrated host cells could not be 

ruled out. Previously, we have shown the infiltration of host cells into mineralized 

macroporous hydrogels and their contribution to ectopic bone tissue in rats, but no such 

infiltration into the non-mineralized counterparts.[133] Although a long-term 

investigation is warranted, the in vivo findings demonstrate survival and continuous 

differentiation of transplanted cells responding to the local cues without teratoma 

formation. Previous studies involving hESCs have shown that they form teratoma by 7 

weeks when subcutaneously implanted with biomaterials.[67] Lack of teratoma formation 

after 8 weeks of implantation in this study suggests that cells lost their pluripotency 

within the synthetic matrices. 

A study by Both et al. has reported a lack of in vivo bone formation from hESCs 

transplanted using porous biphasic calcium phosphate ceramics even with 

preconditioning of cells in osteogenic-inducing medium for one week prior to their 

implantation.[154] The observed differences could be attributed to the cell lines and/or 

the matrix used. The dissolution kinetics of CaP minerals have been thought to play a key 

role in the ability of CaP-based matrices to direct osteogenic commitment of stem and 

progenitor cells and assist in bone tissue formation.[20, 45]. A recent study by Yuan et al. 
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has shown that subtle differences in the crystalline phase of CaP ceramics could endow 

them with different levels of osteoinductive function in vivo.[155] 

  

2.5. Conclusion 

In summary, results described in this article demonstrate that synthetic matrices, 

recapitulating a bone-like mineral rich environment, can direct osteogenic commitment of 

pluripotent hESCs both in vitro and in vivo. Together, our results show for the first time 

that differentiation of human embryonic stem cells into terminal phenotypes can be 

induced solely by synthetic matrices both in vitro and in vivo. Such synthetic matrix-

mediated stem cell commitment will not only accelerate the translational potential of 

hESCs, but also provide a platform to elucidate the underlying molecular mechanism that 

regulate pluripotent stem cell commitment and the role of extracellular matrix in this 

process. 
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2.7. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Characterization of mineralized matrices. 

 

(a) SEM images and corresponding EDS of non-mineralized (NM) and mineralized (M) 

hydrogels. Scale bars represent 2 μm. Inset shows high magnification image. Scale bar 

represents 500 nm. (b) Ca2+ and (c) PO4
3- amounts of NM and M hydrogels. (d) SEM 

images and corresponding EDS of NM and M macroporous hydrogels. Scale bars 

represent 100 μm. Inset shows high magnification image. Scale bar indicates 1 μm. (e) 

Ca2+ and (f) PO4
3- contents of NM and M macroporous hydrogels. Data are presented as 

mean ± standard errors (n=3). Two-tailed Student’s t-test was used to compare two 

groups. Asterisks indicate statistical significances according to p-values (***: p < 0.001). 
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Figure 2.2. Mineralized matrix-assisted osteogenic differentiation of HUES9 cells in 

2-D culture. 

 

(a) Transcription profile of HUES9 cells cultured for 28 days in growth medium on non-

mineralized matrices (NM), mineralized matrices (M), and coverslips (CS). Relative 

expressions: red (high), black (medium), green (low). (b) RUNX2, OCN, and SPP1 gene 

expressions as a function of culture time for HUES9 cells on NM and M matrices and CS 

in growth medium. (c) Immunofluorescent staining for OCN (green), F-actin (red), and 

nucleus (Hoechst; blue) of HUES9 after 28 days of culture on NM and M matrices and 

CS. Scale bars represent 100 μm. Data are presented as mean ± standard errors (n=3). 

Multiple groups in the same time point were compared by one-way ANOVA with Tukey-

Kramer post-hoc test. Asterisks indicate statistical significances according to p-values (*: 

p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 2.3. Mineralized matrix-assisted osteogenic differentiation of hESCs in 3-D 

culture. 

 

RUNX2, OCN, and SPP1 gene expressions for (a) HUES9 and (b) H9 after 14 and 28 

days of culture in growth medium on non-mineralized (NM) and mineralized (M) 

matrices. Immunohistochemical staining of OCN for (c) HUES9 and (d) H9 after 14 and 

28 days of culture on NM and M matrices. Scale bars represent 100 μm. NANOG gene 

expression for (e) HUES9 and (f) H9 after 14 and 28 days of culture on NM and M 

matrices. Data are shown as mean ± standard errors (n=3). Two-tailed Student’s t-test 

was used to compare two groups in the same time point. Two-way ANOVA with 

Bonferroni post-hoc test was used to compare multiple groups in different time points. 

Asterisks represent statistical significances with each p-value (*: p < 0.05; **: p < 0.01; 

***: p < 0.001). 
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Figure 2.4. In vivo function of hESC-laden mineralized and non-mineralized 

matrices. 

 

Gross images of (a) HUES9-laden and (b) H9-laden non-mineralized (NM) and 

mineralized (M) matrices after 4 and 8 weeks of implantation. 3-D µCT images of (c) 

HUES9-laden and (d) H9-laden NM and M matrices at 4 and 8 weeks post-implantation 

and corresponding bone mineral densities (BV/TV) as a function of post-implantation 

time. Scale bars indicate 2 mm. Data are displayed as mean ± standard errors (n=3). 

Comparisons of two groups in the same time point were made by two-tailed Student’s t-

test. Asterisks indicate statistical significances according to p-values (*: p < 0.05; **: p < 

0.01). 
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Figure 2.5. Biomaterial-dependent in vivo tissue formation of transplanted hESC-

laden matrices. 

 

H&E staining of (a) HUES9-laden and (b) H9-laden non-mineralized (NM) and 

mineralized (M) matrices after 4 and 8 weeks of implantation. Scale bars represent 500 

µm. High magnification images from the center of NM and M matrices with HUES9 and 

H9 cells at 8 weeks post-implantation are also provided. Yellow arrows: Bone-like matrix 

formation. Red arrows: Fat and fibrous tissues. Scale bars indicate 50 µm. 

Immunohistochemical staining of OCN at the center of NM and M matrices containing 

(c) HUES9 and (d) H9 cells following 4 and 8 weeks of transplantation. Scale bars 

indicate 100 µm. Oil Red O staining of NM and M matrices containing (e) HUES9 and 

(f) H9 cells at 8 weeks post-implantation. Scale bars represent 100 µm. 
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Figure 2.S1. Characterization of mineralized hydrogels and the effect of different 

substrates on the pluripotency of hESCs. 

 

Release of (a) Ca2+ and (b) PO4
3- from matrigel-coated or non-coated mineralized 

hydrogels incubated at 37 °C in Ca2+ and PO4
3--free Tris-HCl buffer as a function of time. 

Data are presented as mean ± standard deviations (n=3). (c) NANOG gene expression of 

HUES9 cells cultured in growth medium on non-mineralized (NM) and mineralized (M) 

hydrogels and coverslips (CS) as a function of culture time. Data are presented as mean ± 

standard errors (n=3). Two-way ANOVA with Bonferroni post-hoc test was used to 

compare multiple groups in different time points. Asterisks indicate statistical 

significances according to p-values (***: p < 0.001). 
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Figure 2.S2. Characterization of mineralized macroporous hydrogels and their 

effect on hESCs. 

 

(a) Bright field images of non-mineralized (NM) and mineralized (M) macroporous 

hydrogels in their swollen state. Scale bars represent 200 μm. (b) Ca2+ and (c) PO4
3- 

release from M macroporous hydrogels in Tris-HCl buffer at 37 °C for 7 days. Data are 

presented as mean ± standard deviations (n=3). (d) Representative live-dead image of 

hESC-laden matrix (HUES9-laden macroporous hydrogels) after 3 days of culture. Scale 

bars indicate 200 μm. DNA contents of (e) HUES9-laden and (f) H9-laden macroporous 

hydrogels as a function of culture time. Data are presented as mean ± standard errors 

(n=3). 
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Figure 2.S3. Pluripotency of hESCs prior to their culture on various substrates. 

 

Representative immunofluorescent staining image of hESCs (HUES9 cells) for NANOG 

(green) and OCT4 (green) with corresponding nucleus (Hoechst; blue) confirming their 

pluripotency. Scale bars represent 200 µm. 
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Figure 2.S4. Adhesion and proliferation of hESCs on the matrices in 2-D culture. 

 

(a) Bright-field images of HUES9 after 1, 3, and 7 days of culture on non-mineralized 

(NM) and mineralized (M) matrices and coverslips (CS). Scale bars represent 500 μm. (b) 

Fluorescent staining for F-actin (green) and nucleus (Hoechst; blue) of HUES9 cells after 

3 days of culture on NM and M hydrogels and CS. Scale bars indicate 100 μm. 

Circularity index of the cells (bar graph) on various matrices was determined from F-

actin images. Data are presented as mean ± standard errors (n=30 cells).  
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Figure 2.S5. Fluorescent staining for osteocalcin (green) and nucleus (Hoechst; blue; 

inset) after 2-D culture. 

 

HUES9 cells were cultured for 14, 21, and 28 days on non-mineralized (NM) and 

mineralized (M) hydrogels and coverslips (CS). Scale bars represent 100 μm. 
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Figure 2.S6. Fluorescent staining for F-actin (red) after 2-D culture. 

 

HUES9 cells were cultured for 14, 21, and 28 days on non-mineralized (NM) and 

mineralized (M) matrices and coverslips (CS). Scale bars represent 100 μm. 
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Figure 2.S7. µCT analyses prior to in vivo implantation.  

 

µCT pre-implantation images of non-mineralized (NM) and mineralized (M) matrices 

confirm that the matrices themselves are not radio-opaque. 
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Figure 2.S8. µCT analyses of cell-laden matrices after in vivo implantation. 

 

2-D cross-sectional µCT images in coronal, transverse, and sagittal planes of (a) HUES9 

or (b) H9-laden non-mineralized (NM) and mineralized (M) matrices at 8 weeks post-

implantation. Scale bars represent 2 mm. 
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Figure 2.S9. Histochemical analyses of cell-laden matrices post in vivo implantation. 

 

(a) H&E staining of HUES9-laden and H9-laden non-mineralized (NM) macroporous 

hydrogels after 8 weeks of implantation. Scale bars indicate 500 µm. High magnification 

images of the peripheral mineralized region in the cell-laden matrices are also shown. 

Yellow arrows indicate bone-like matrix formation. Scale bars represent 100 µm. (b) 

Immunohistochemical staining of HUES9 and H9-laden NM and mineralized (M) 

macroporous hydrogels for lamin B following 8 weeks of implantation. Mouse skin tissue 

was used as a negative control. Scale bars indicate 100 µm. 
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2.8. Tables 

 

Table 2.S1. List of primers used in qRT-PCR experiments. 
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Chapter 3: Mineralized gelatin methacrylate-based matrices induce 

osteogenic differentiation of human induced pluripotent stem cells 

   

3.1. Abstract 

Human induced pluripotent stem cells (hiPSCs) are a promising cell source with 

pluripotency and self-renewal properties. Design of simple and robust biomaterials with 

an innate ability to induce lineage-specificity of hiPSCs is desirable to realize their 

applications in regenerative medicine. In this study, we investigated the potential of 

biomaterials containing calcium phosphate minerals to induce osteogenic differentiation 

of hiPSCs. hiPSCs cultured using mineralized gelatin methacrylate-based matrices 

underwent osteogenic differentiation ex vivo, both in two- dimensional (2-D) and three-

dimensional (3-D) cultures, in growth medium devoid of any osteogenic-inducing 

chemical components or growth factors.  Our findings that osteogenic differentiation of 

hiPSCs can be achieved through biomaterial-based cues alone present new avenues for 

personalized regenerative medicine. Such biomaterials that could not only act as 

structural scaffolds, but could also provide tissue-specific functions such as directing 

stem cell differentiation commitment, have great potential in bone tissue engineering.   

    

3.2. Introduction   

Human pluripotent stem cells (hPSCs), which include both embryonic stem cells 

and induced pluripotent stem cells, play an important role in regenerative medicine, 
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developmental biology and pathology, and drug screening owing to their ability to give 

rise to any cells in the human body and indefinitely self-renew [64, 156].  hiPSCs 

developed from human autologous somatic cells could circumvent concerns regarding 

immune properties and ethical issues, making them an ideal cell source for regenerative 

medicine [157]. Despite the benefits that hiPSCs offer, controlling their differentiation 

into targeted cell type(s) remains a challenge. Studies over the years have shown that 

stem cells respond to their microenvironment composed of soluble and matrix-based cues 

to regulate their fate and commitment [158-160]. Synthetic biomaterials have been 

extensively used to recapitulate tissue-specific physicochemical cues to direct self-

renewal and differentiation of stem cells [161, 162].  

Biomaterials containing calcium phosphate minerals have been shown to promote 

osteogenic differentiation of stem cells [20, 55, 58, 137, 163, 164]. These materials have 

also been shown to support in vivo bone tissue formation [55, 134, 137, 163, 164]. 

Previously, we have shown that hydrogels containing acryloyl-6-aminocaproic acid 

(A6ACA) moieties promote their mineralization when exposed to a medium containing 

Ca2+ and PO4
3- [38]. The carboxyl groups of A6ACA moieties bind to Ca2+ ions and 

promote nucleation and growth of calcium phosphate (CaP) minerals. By employing 

biomineralized poly(ethylene glycol)-diacrylate-co-acryloyl-6-aminocaproic acid 

(PEGDA-co-A6ACA) matrices, we have shown that mineralized matrices can direct 

osteogenic differentiation of human bone marrow-derived mesenchymal stem cells 

(hMSCs) and human embryonic stem cells (hESCs) [58, 165]. However, it required the 

biomineralized PEGDA-co-A6ACA matrices to be coated with Matrigel to promote 

initial attachment of the hESCs to the matrix. In this study, we have developed 
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mineralized matrices containing gelatin methacrylate (GelMA) and examined their 

potential to direct osteogenic differentiation of hiPSCs. Gelatin, derived from natural 

collagen, possesses cell adhesion motifs that could promote adhesion of hiPSCs to the 

underlying matrix [166, 167]. Moreover, gelatin-based matrices have been demonstrated 

to degrade [30, 167-171] and have been studied extensively as a scaffold for tissue 

engineering [168, 169, 171, 172]. 

Studies that have reported osteogenic differentiation of hiPSCs often utilized 

derivation of MSCs or mesoderm-like progenitor cells and their subsequent 

differentiation into osteoblasts using osteogenic-inducing soluble factors such as β-

glycerophosphate, ascorbic acid 2-phosphate, dexamethasone, and/or growth factors like 

bone morphogenetic protein-2 (BMP-2) [65, 68, 69, 173-176].  A recent study by de 

Peppo et al. has employed decellularized bone matrix to create bone tissues from hiPSC-

derived mesoderm progenitor cells [68]. However, to our knowledge, there are no reports 

showing osteogenic differentiation of hiPSCs solely through biomaterial-based cues. 

Here, we demonstrate that biomaterials containing CaP minerals induce osteogenic 

differentiation of hiPSCs in growth medium devoid of any osteogenic-inducing small 

molecules or growth factors.  

   

3.3. Materials and Methods   

3.3.1. Materials  

Synthesis and modification of materials: Poly(ethylene glycol)-diacrylate 

(PEGDA; Mn = 3.4 kDa) and N-acryloyl 6-aminocaproic acid (A6ACA) were 
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synthesized as previously described [125, 141, 165]. Gelatin-methacrylate (GelMA) was 

prepared through methacrylation of gelatin (Sigma-Aldrich, catalog number: G1890) 

[167]. Briefly, 10 g of gelatin along with 100 mL of phosphate buffered saline (PBS) was 

added into a round-bottom flask purged with argon gas and dissolved under stirring at 60 

oC. Around 8 mL of methacrylic anhydride (Polysciences, catalog number: 01517) was 

added in drop-wise under stirred conditions for 2 hours. The reaction mixture was kept at 

60 oC for another 1 hour. 100 mL of pre-warmed PBS at 60 oC was added to the mixture 

and maintained at 60 oC for 15 minutes. The resulted GelMA was placed in a dialysis 

tube (Spectrum Laboratories, catalog number: 132676) in deionized (DI) water at 40 oC 

for 7 days with two daily changes of DI water and filtered through 40 µm-sized pores, 

lyophilized, and stored at -20 oC prior to use. 

   

3.3.2. Synthesis of GelMA-co-A6ACA hydrogels 

Gelatin-methacrylate-co-acryloyl 6-aminocaproic acid (GelMA-co-A6ACA) 

hydrogels were synthesized as follows. 30 w/v% GelMA was dissolved in DI water at 45 

oC. 1 M A6ACA was dissolved in 1 M NaOH to deprotonate the carboxyl groups. One 

part each of 30 w/v% GelMA and 1 M A6ACA were mixed to yield a solution containing 

15 w/v% GelMA and 0.5 M (equivalent to 9 w/v%) A6ACA. Around 0.3 w/v% of 

photoinitiator, 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1 (Ciba 

Specialty Chemicals, Irgacure 2959) in 70% ethanol, was added into the above solution. 

The solution was then dispensed into a Bio-Rad glass plate separated by a 1-mm spacer 

and allowed to polymerize at 25 oC under 365 nm UV light for 10 minutes. The resultant 
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hydrogels were incubated in PBS for 24 hours with two changes of PBS. Hydrogels discs 

of 1 cm2 (area) x 1 mm (height) dimensions were used for the cell culture experiments.  

 

3.3.3. Synthesis of GelMA-co-A6ACA-co-PEGDA macroporous hydrogels 

Gelatin-methacrylate-co-acryloyl 6-aminocaproic acid-co-poly(ethylene glycol)-

diacrylate (GelMA-co-A6ACA-co-PEGDA) macroporous hydrogels were synthesized by 

using polymethylmethacrylate (PMMA) leaching method [177]. First, 8-mm-diameter 

cylindrical molds packed with PMMA were made from PMMA microspheres having a 

diameter of 165 µm (Bangs Laboratories, catalog number: BB05N). Each PMMA column 

was exposed to 60 µl of 20% acetone/80% ethanol mixture for 1 minute to fuse the 

PMMA beads. The mold was dried at 80 oC for 1 hour and stored at room temperature. 

Next, 50 µl of a precursor solution containing 10 w/v% GelMA, 9 w/v% A6ACA (treated 

with NaOH), 10 w/v% PEGDA, and 0.3 w/v% Irgacure 2959 (in 70% ethanol) was 

dispensed into PMMA-filled molds and photopolymerized using UV light for 10 minutes. 

The PMMA beads embedded within the GelMA-co-A6ACA-co-PEGDA networks were 

subsequently dissolved in acetone for 3 days while replenishing fresh acetone three times 

each day, yielding the macroporous hydrogels. The resultant macroporous hydrogels 

were gradually hydrated from pure acetone to acetone/DI water mixture and to pure DI 

water for a day. The macroporous hydrogels were equilibrated in PBS for 6 hours and 

punched out to obtain constructs with diameter and height dimensions of 5 mm and 2 mm, 

respectively.  
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3.3.4. Mineralization and sterilization of GelMA-based hydrogels 

GelMA-co-A6ACA hydrogels and GelMA-co-A6ACA-co-PEGDA macroporous 

hydrogels were subjected to mineralization process as described elsewhere [165]. Briefly, 

both matrices were soaked in DI water for 6 hours and immersed in modified simulated 

body fluid (m-SBF; pH=7.4) at 25 oC for 6 hours. The m-SBF solution is composed of 

142.0 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 103.0 mM Cl-, 10.0 mM HCO3
-

, 1.0 mM HPO4
2-, and 0.5 mM SO4

2- as described elsewhere [178]. The matrices were 

briefly rinsed with DI water and soaked in 40 mM Ca2+ and 24 mM HPO4
2- solution 

(pH=5.2) at 25 oC for 45 minutes using VWR Mini Shaker (Catalog number: 12620-938) 

at 200 rpm. The matrices were then briefly rinsed in DI water, incubated in m-SBF at 37 

oC for 2 days with daily change of m-SBF, and equilibrated in PBS for 6 hours. 

The mineralized and non-mineralized matrices were sterilized by immersing in 

70% ethanol for 6 hours. The ethanol-treated matrices were then washed in sterile PBS 

by replenishing the PBS four times each day for 4 days to fully remove residual ethanol. 

Sterile non-mineralized and mineralized GelMA-co-A6ACA hydrogels were employed 

for 2-D culture. Sterile non-mineralized and mineralized GelMA-co-A6ACA-co-PEGDA 

macroporous hydrogels were utilized for 3-D culture. 

    

3.3.5. Scanning electron microscopy (SEM) & energy dispersive spectra (EDS) 

SEM imaging was carried out to investigate the morphology of the mineralized 

matrices. EDS analysis was performed to determine the composition of the minerals. 

Samples were briefly rinsed in DI water to remove non-bound ions for 5 minutes, cut into 

thin slices and subjected to flash-freezing and lyophilization. After Iridium coating for 7 
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seconds in the sputter (Emitech, K575X), samples were imaged by using SEM (Philips 

XL30 ESEM) and analyzed for elemental spectra with integrated EDS system. INCA 

software was used to quantify Ca/P atomic ratio from elemental spectra. The pore 

diameter of the macroporous matrices was calculated either from SEM or bright field 

images to estimate the pore structures in the dry and wet state, respectively. Roughly 10 

pores were chosen from each of three SEM or bright field images (n=30) and their 

diameter was determined using ImageJ. The data are presented as mean ± standard errors. 

    

3.3.6. Calcium and phosphate assays  

Calcium and phosphate assays were conducted to determine the amounts of Ca2+ 

and PO4
3- in the mineralized matrices and to determine the dissolution of the minerals 

from the mineralized matrices. The matrices were rinsed in DI water, homogenized and 

freeze-dried, and their dry weights were measured. To measure the Ca2+ and PO4
3- 

contents of the mineralized matrices, the dried matrices were subjected to vigorous 

shaking in 0.5 M HCl at 25 oC for 3 days.  To examine the dissolution of CaP minerals 

from the mineralized matrices into Ca2+ and PO4
3- in an environment lacking these ions, 

equilibrium swollen matrices were incubated in 1.5 mL of 50 mM Tris buffer (pH = 7.4), 

at 37 oC for 7 days and 0.3 mL of incubation medium was collected and replenished with 

a fresh medium daily. The collected medium was used to measure the dissolution of CaP 

as a function of the incubation time.  

Calcium assay was carried out according to manufacturer’s protocol (Calcium 

reagent set, Pointe Scientific, catalog number: C7503). Briefly, 20 µl of the sample 

solution was mixed with 1 mL of assay solution containing o-cresolphthalein complexone 
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(CPC). The reaction of calcium with CPC gives rise to a purple color. The absorbance of 

the resultant product was measured at 570 nm by using a UV/Vis spectrophotometer 

(Beckman Coulter, DU 730). The absorbance values were compared with those of 

standard solution at 0, 5, 10, and 15 mg/dl of Ca2+ in order to determine Ca2+ content of 

the sample solution. 

Phosphate assay was performed as reported elsewhere [144]. Briefly, the assay 

solution was prepared by mixing 1 part of 10 mM ammonium molybdate, 2 parts of 

acetone, and 1 part of 5 N H2SO4. 125 µl of the sample solution was mixed with 1 mL of 

assay solution. To this, 100 µl of 1 M citric acid was added. The absorbance of the 

resulting solution was measured at 380 nm by using a UV/Vis spectrophotometer. The 

PO4
3- concentration in solution was determined using the standard curve for PO4

3-, which 

was generated for a concentration range of 0-4 mM PO4
3-.  

 

3.3.7. Degradation  

Non-mineralized and mineralized hydrogels (15% GelMA-co-9% A6ACA in 

dimensions of 8 mm diameter x 1 mm height) and macroporous hydrogels (10% GelMA-

co-9% A6ACA-co-10% PEGDA in dimensions of 5 mm diameter x 2 mm height) were 

examined for their degradation potential prior to cell cultures. All matrices were dried at 

37 oC for 24 hours and their dry weights (Wd0) were measured. The dried matrices were 

equilibrated in PBS and incubated in 1.5 mL of 0.02 w/v% collagenase type II 

(Worthington Biochemical, catalog number: LS004177) in PBS at 37 oC [170]. The 

matrices incubated in 1.5 mL of PBS under identical experimental conditions were used 

to examine hydrolytic degradation. The incubation solution was replenished with a fresh 
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solution every other day. After 1, 3, 7, and 14 days of incubation, the matrices were 

collected and briefly rinsed with PBS for 5 minutes to remove any soluble components 

from degraded matrices.  The matrices were dried at 37 oC for 24 hours and their weights 

(Wdt) were measured. Weight percentage of the remaining matrix was calculated using 

the following equation.  

Weight of remaining matrices (%) 
d0

dt

W

W
  × 100   

where Wd0 and Wdt represent the weight of the matrix before and after degradation, 

respectively.  

 

3.3.8. Cell culture    

The hiPSC line (IMR90p18-iPS) was procured from WiCell Research Institute, 

which was generated as described elsewhere [179]. The hiPSCs were maintained on 

feeder layers of mitotically inactivated mouse embryonic fibroblasts (MEFs) using a 

medium consisting of knockout DMEM (Life Technologies, catalog number: 10829-018), 

10 v/v% knockout serum replacement (Life Technologies, catalog number: 10828028), 

10 v/v% human plasmanate (Talecris Biotherapeutics), 1 v/v% non-essential amino acids, 

1 v/v% penicillin/streptomycin, 1 v/v% Gluta-MAX, and 55 µM 2-mercaptoethanol as 

previously reported [143]. The medium was changed daily with 30 ng/mL of bFGF (Life 

Technologies) supplementation. 

Cell culture grade glass coverslips (Fisherbrand, catalog number: 1254582) coated 

with gelatin (Sigma-Aldrich, catalog number: G9391) was used as a control to compare 

the cellular behaviors on gelatin-based matrices. The gelatin coating of glass coverslips 
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was carried out by incubating the coverslips with 0.1 w/v% gelatin solution at 37 oC for 3 

hours. Sterile GelMA-co-A6ACA hydrogels and GelMA-co-A6ACA-co-PEGDA 

macroporous hydrogels as well as gelatin-coated coverslips were incubated in growth 

medium composed of DMEM with 10 v/v% FBS (Premium Select; Atlanta Biologicals, 

catalog number: S11550) at 37 oC for 48 hours prior to cell culture.  

For 2-D culture, hiPSCs were seeded onto non-mineralized and mineralized 

GelMA-co-A6ACA hydrogels and gelatin-coated coverslips at a seeding density of 

10,000 cells/cm2. Cells were cultured in 1.5 mL of growth medium (high glucose DMEM 

containing 5 v/v% FBS and 1 v/v% penicillin/streptomycin) at 37 °C and 5% CO2. 

Medium was changed every other day. 

For 3-D culture, non-mineralized and mineralized macroporous hydrogels were 

air-dried at 25 °C for 1 hour. 10 µl of cell suspension containing ~ 300,000 hiPSCs was 

dispensed into the macroporous hydrogels. The hiPSCs-seeded matrices were incubated 

at 37°C and 5% CO2 for 2 hours for cell infiltration. The matrices infiltrated with the 

cells were cultured in 1.5 mL of growth medium with media change every other day. 

      

3.3.9. Cell Tracker Staining  

To visualize cell attachment in 2-D culture, cells were stained with CellTracker 

(Life Technologies, catalog number: C34552) at 3 days post-plating. Briefly, the cells 

attached to the matrix were incubated in 20 µM CellTracker reagent in DMEM at 37 °C 

for 30 minutes and then in growth medium at 37 °C for an additional 30 minutes. The 

stained cells were imaged using a fluorescence microscope (Carl Zeiss, Axio 

Observer.A1). The images were used to determine the circularity of the cells using the 
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equation below [58]. 10 cells per image from three different images were used to 

calculate the area (A) and perimeter (p) of the cells to estimate the circularity (n=30).  

  

Circularity = 
2

4

p

A
                                                                                                               

   

3.3.10. Reverse Transcription-Polymerase chain reaction (RT-PCR)  

PCR analysis was conducted to evaluate time-dependent changes in gene 

expressions of hiPSCs in 2-D and 3-D cultures. Total RNA was extracted from samples 

(n= 3 per group per time point) using TRIzol according to manufacturer’s protocol. For 

each sample, 1 μg of RNA was used to synthesize cDNA using iScript cDNA synthesis 

kit (Bio-rad, catalog number: 170-8891) following manufacturer’s protocol. Quantitative 

RT-PCR measurements were performed using SYBR Select Master Mix (Life 

technologies, catalog number: 4472908). In addition to Osteogenic PCR array (SA 

Biosciences, catalog number: PAHS-026), gene expression profile for a number of 

osteogenic markers (RUNX2, OCN, and SPP1) and pluripotency marker (NANOG) as a 

function of culture time was carried out. The primer sequences are provided in 

supplementary Table 3.S1. For PCR array, 84 gene expressions relevant to osteogenic 

differentiation were profiled and presented as a heat map. The colors of the heat map 

were scaled according to the relative expression of hiPSCs grown on different matrices 

(mineralized GelMA-based matrices, non-mineralized GelMA-based matrices, and 

gelatin-coated coverslips). Red color was assigned to the group with the highest 

expression while green color was assigned to the group with the lowest expression. The 
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color between red and green was assigned to the group with the intermediate expression 

level. For RUNX2, OCN, SPP1, and NANOG, the gene expression was normalized to 

GAPDH, a housekeeping gene. The expression level of each target gene was calculated 

as 2-ΔΔCt. The expression level of hiPSCs grown on various matrices in 2-D and 3-D 

cultures was normalized to that of undifferentiated, pluripotent hiPSCs and presented as 

fold expression. 

 

3.3.11. Immunofluorescent staining 

The cells cultured on various matrices were fixed with 4% formaldehyde at 25 °C 

for 7 minutes, washed in PBS, and blocked/permeabilized in a blocking solution of PBS 

containing 3% BSA and 0.1% Triton-X at 25 °C for 30 minutes. The cells were then 

incubated with a blocking solution containing primary antibodies against OCT4 (1:200; 

rabbit polyclonal, Santa Cruz Biotechnology, catalog number: sc-9081), NANOG (1:200; 

rabbit polyclonal, Santa Cruz Biotechnology, catalog number: sc-33759), or OCN (1:100; 

mouse monoclonal, Santa Cruz Biotechnology, catalog number: sc-74495) at 4 °C for 16 

hours. The cells were washed in PBS and incubated in a blocking solution containing 

secondary antibody raised against rabbit (1:250; Life Technologies, Alexa Flour 647) or 

mouse (1:250; Life Technologies, Alexa Flour 568) and phalloidin (1:100; Life 

Technologies, Alexa Flour 488) at 25 °C for 60 minutes. To counterstain the nuclei, cells 

were incubated in the Hoechst 33342 solution (2 µg/ml; Life Technologies) at 25 °C for 7 

minutes. The images were acquired in a linear mode using the same exposure time for all 

samples. Using ImageJ software, the background of images was identically subtracted 

from all images by applying a rolling ball algorithm with rolling ball radius of 750 pixels. 
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To examine autofluorescence of minerals, acellular mineralized matrices were stained at 

the same time and the images were exposed to the same processing as those with the cells. 

To evaluate the specificity of osteocalcin antibody, hiPSCs cultured on mineralized 

matrices for 28 days were stained with secondary antibody without the use of primary 

antibody and the background of images was subtracted by using the identical method.  

    

3.3.12. Live-dead assay 

Live-dead assay was carried out to evaluate the viability and distribution of cells 

within the macroporous hydrogels after 3 days of cell seeding using Live/Dead 

Viability/Cytotoxicity kit, (Life technologies, catalog number: L-3224). Briefly, hiPSCs-

seeded matrices were washed in PBS and cut into thin slabs. These thin slices were 

stained using a solution composed of DMEM with 0.05 v/v% green-fluorescent calcein-

AM and 0.2 v/v% red-fluorescent ethidium homodimer-1 at 37 °C for 30 minutes. The 

stained sections were washed with PBS and imaged.  

  

3.3.13. DNA assay  

The hiPSCs-seeded macroporous hydrogels were subjected to the DNA assay at 3, 

7, and 28 days of culture. The cell-laden matrices were lyophilized and their dry weights 

were measured. Each lyophilized sample was homogenized in 1 mL of papain solution 

and incubated at 60 °C for 16 hours. The papain solution was prepared by dissolving 125 

μg/mL of papain in a buffer containing 10 mM L-cysteine, 100 mM phosphate, and 10 

mM EDTA at pH 6.3. To measure DNA contents of the digested sample, Quant-iT 

PicoGreen dsDNA assay kit (Life technologies, catalog number: P11496) was used. One 
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part each of digested samples and PicoGreen dsDNA reagent were mixed. Fluorescence 

of the resulting solution was measured using a microplate reader (Beckman Coulter, DTX 

880). Fluorescence values of the samples were compared with those of Lambda DNA 

standard to quantify the DNA contents of the experimental samples. DNA content of each 

sample was normalized to the corresponding dry weight. 

  

3.3.14. Immunohistochemical staining  

The hiPSCs-laden matrices were fixed with 4% paraformaldehyde at 4 °C for 1 

day, demineralized in 10% ethylenediaminetetraacetic acid (EDTA; pH = 7.3) at 4 °C for 

3 hours, and equilibrated in PBS for 6 hours. Gradual dehydration of the samples was 

achieved by immersing them in water/ethanol mixtures and then in pure ethanol for 6 

hours. The dehydrated samples were soaked in Citrisolv solution for 1 hour, incubated in 

a mixture of 95 w/w% paraffin and 5 w/w% poly(ethylene-co-vinyl acetate) (PEVA; 

Sigma Aldrich, catalog number: 437220) liquid at 70 °C under vacuum for 1 day.  The 

specimens were embedded with paraffin-PEVA mixture through solidification at 25 °C 

for 1 day. The samples were subsequently sectioned into 10 µm-sized slices using a 

microtome (Leica, RM2255). The sections were placed into DI water at 40 °C for 5 

minutes, then onto charged glass slides, and allowed to dry at 37 °C for 16 hours. The 

sections on the glass slides were immersed in Citrisolv at 60 °C for 15 minutes with two 

changes of Citrisolv to remove paraffin-PEVA mixture. The Citrisolv solution was then 

replaced with pure ethanol. The samples were progressively hydrated by using ethanol/DI 

water mixtures and followed by DI water.  
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The sections were incubated in a blocking solution composed of PBS with 3 

w/v% BSA and 0.1 v/v% Triton X-100 at 25 °C for 60 minutes and incubated with 

primary antibody (diluted in blocking solution) against OCN (1:100, mouse monoclonal, 

Abcam, catalog number: ab13420) at 4 °C for 16 hours. The sections were washed in 

PBS containing 0.05 v/v% Tween 20 (PBS-Tween 20) three times and treated with 3 

v/v% hydrogen peroxide for 7 minutes to deactivate endogenous peroxidases. The 

sections were then incubated in a blocking buffer containing horseradish peroxidase 

(HRP)-conjugated secondary antibody against mouse (1:100, Santa Cruz Biotechnology, 

catalog number: sc-2005) at 25 °C for 60 minutes. The sections were washed in PBS-

Tween20 three times and exposed to a developing solution containing 3-3’ 

diaminobenzidine (DAB) substrate (Vector Laboratories, catalog number: SK-4100) for 7 

minutes, washed in PBS-Tween 20 three times, and subsequently imaged using a 

microscope in color mode. 

  

3.3.15. Statistical analysis  

Statistical analyses were performed using GraphPad Prism (version 5.00) software. 

Statistical significances were assigned for p-values less than 0.05. The asterisks were 

assigned to further demonstrate different degrees of statistical significances. Three 

different statistical methods were used to compare groups in various combinations. Two-

tailed Student’s t-test was employed to compare two groups at the same time point. One-

way analysis of variance (ANOVA) with Tukey-Kramer post-hoc test was used to 

compare multiple groups at the same time point. Two-way ANOVA with Bonferroni 

post-hoc test was utilized to compare multiple groups at various time points. 
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3.4. Results  

3.4.1. Synthesis, characterization, and degradation of mineralized matrices. 

Hydrogels and macroporous hydrogels were used for 2-D and 3-D cultures, 

respectively. The hydrogel and macroporous matrices were mineralized to incorporate 

calcium phosphate moieties. Both mineralized hydrogels and macroporous hydrogels 

were found to be opaque in contrast to the transparent non-mineralized counterparts 

(Figures 3.S1a, 3.S2a). Scanning electron microscopy (SEM) images of the mineralized 

hydrogels and macroporous hydrogels showed matrix-bound minerals having a plate-like 

morphology; no such features were present in the corresponding non-mineralized controls 

(Figures 3.1a,e). Elemental dispersive spectra (EDS) revealed the presence of calcium 

and phosphorus elements in mineralized matrices with a Ca/P ratio of 0.99 and 1.42 for 

the mineralized hydrogels and macroporous hydrogels, respectively. As expected, no 

calcium or phosphorous elements were detected in their non-mineralized counterparts. As 

evident from Ca2+ and PO4
3- measurements, the mineralized hydrogels contained 32.2 ± 

1.5 and 50.3 ± 4.8 mg of Ca2+ and PO4
3- per gram of dry weight, respectively (Figures 

3.S1b-c). Similarly, the mineralized macroporous hydrogels had 68.4 ± 4.2 and 112.3 ± 

4.7 mg of Ca2+ and PO4
3- per gram of dry weight, respectively (Figures 3.S2c-d). 

Concurrent with previous findings, the CaP moieties of the mineralized matrices 

(mineralized hydrogels and macroporous hydrogels) dissociated into Ca2+ and PO4
3- ions 

in a medium lacking these components (Figures 3.1b-c,f-g) [165]. Both mineralized 

hydrogels and macroporous hydrogels exhibited a rapid release of Ca2+ and PO4
3- ions 

within 1 day followed by a slow release of Ca2+ and no significant release of PO4
3- for 7 

days. 
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Both non-mineralized and mineralized macroporous hydrogels exhibited 

interconnected pores as evident from the SEM images (Figure 3.1e). Furthermore, the 

pore diameter of the macroporous hydrogels in their dried state, estimated from the SEM 

images, was 50.2 ± 3.0 µm. The pore diameter of the non-mineralized and mineralized 

macroporous hydrogels in their swollen state, estimated from the bright field images, was 

117.7 ± 5.7 and 115.2 ± 6.4 µm, respectively (Figure 3.S2b). 

The ability to degrade in presence of collagenase is a characteristic of gelatin-

based scaffolds. To evaluate the effect of mineralization on degradation of GelMA-based 

matrices, the mineralized and non-mineralized hydrogels and macroporous hydrogels 

were incubated in PBS or PBS containing collagenase type II. Enzymatic degradation of 

non-mineralized and mineralized GelMA-based hydrogels with collagenase type II 

resulted in ~ 29% and 25% of mass loss by 14 days, respectively, while their incubation 

in PBS exhibited less than 10% of mass loss during the same time period (Figure 3.1d). A 

similar degradation pattern was observed for macroporous hydrogels (Figure 3.1h). 

Enzyme-mediated degradation of non-mineralized and mineralized GelMA-based 

macroporous hydrogels yielded ~ 30% and 25% of mass loss after 14 days of incubation 

in collagenase type II, respectively. The hydrolytic degradation of such macroporous 

matrices was found to be negligible during 14 days of incubation in PBS. 

   

3.4.2. Osteogenesis of hiPSCs on mineralized matrices in 2-D culture. 

The pluripotency of hiPSCs prior to their culture on various matrices was 

confirmed by immunofluorescent staining for OCT4 and NANOG, well-established 

pluripotent markers (Figure 3.S3) [143]. The pluripotent hiPSCs were seeded onto 
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mineralized and non-mineralized GelMA-co-A6ACA hydrogel matrices as well as 

gelatin-coated coverslips. The adhesion and growth of hiPSCs on mineralized GelMA-

co-A6ACA hydrogels were examined and compared against those on non-mineralized 

hydrogels and gelatin-coated coverslips as a function of culture time (Figures 3.2a-b). All 

matrices supported the attachment of hiPSCs within 3 days of culture with no significant 

differences in cell adhesion (Figure 3.2a). The cell shape measured in terms of circularity 

suggests that cells on all matrices spread and acquired similar shape within 3 days of 

plating (Figure 3.2b). By 10 days of culture, hiPSCs on all the matrices grew to reach 

confluence (Figure 3.2a). Having verified that all matrices under investigation support the 

attachment and proliferation of hiPSCs in similar extents, we next evaluated the 

osteogenic differentiation of hiPSCs on various matrices. After 28 days of culture, PCR 

array revealed that the cells on mineralized matrices exhibited an upregulation of various 

genes relevant to cells undergoing osteogenesis compared to those on non-mineralized 

matrices and gelatin-coated coverslips (Figure 3.3a). The gene profile was further 

verified through time course analyses of different osteogenic gene markers and it was 

found that the cells on mineralized matrices showed higher expression of RUNX2, OCN, 

and SPP1 compared to those on non-mineralized and coverslip groups throughout 28 

days of culture (Figures 3.3b-d). Immunofluorescent staining for OCN in hiPSCs on 

mineralized hydrogels revealed positive staining after 28 days of culture, which was not 

detected on non-mineralized hydrogels or coverslips (Figures 3.3e, 3.S4). Moreover, 

OCN staining intensity was found to gradually increase for hiPSCs on mineralized 

hydrogels with culture time (Figure 3.S5a). The corresponding Hoechst and F-actin 

staining of the cells on various matrices as a function of culture time are also shown 
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(Figures 3.S5a-b). The hiPSCs cultured on all matrices exhibited the downregulation of 

NANOG expression compared to pluripotent hiPSCs prior to their culture on various 

matrices (Figure 3.S5c). 

     

3.4.3. Osteogenesis of hiPSCs on mineralized matrices in 3-D culture. 

We next determined the potential of 3-D mineralized matrices in directing 

osteogenic commitment of hiPSCs by using mineralized GelMA-co-A6ACA-co-PEGDA 

macroporous hydrogels. The PEGDA molecules were incorporated to optimize pore 

interconnectivity and robustness of the macroporous matrices. The mineralized matrix-

induced osteogenic differentiation was compared against that of corresponding non-

mineralized macroporous hydrogels. Live-dead staining of hiPSC-laden matrices after 3 

days of cell seeding demonstrated homogeneous distribution for a majority of live cells 

within the non-mineralized and mineralized matrices (Figure 3.4a). While both matrices 

supported cell survival, there were distinct differences in cell shape and cell-matrix 

interactions. Most cells within the non-mineralized matrices were aggregated to form 

small clusters while those within the mineralized matrices were found to spread on the 

pore walls of the matrices. Despite the differences in cell shape and adhesion between 

two matrices, DNA assay showed similar DNA contents of hiPSCs cultured in both non-

mineralized and mineralized matrices at all experimental time points, suggesting that 

similar cell numbers were maintained between the mineralized and non-mineralized 

matrices (Figure 3.4b). Time-resolved gene expression of osteogenic markers for RUNX2, 

OCN, and SPP1 revealed significant upregulation of these markers in cells on 

mineralized matrices compared to those on non-mineralized matrices, akin to 2-D culture 
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(Figures 3.4c-e). Immunohistochemical staining for OCN further corroborated the gene 

expression pattern as prevalent staining for OCN was observed in mineralized matrices, 

which remained absent in non-mineralized counterparts (Figure 3.4g). Furthermore, 

pervasiveness of OCN stains in mineralized matrices progressively increased with culture 

time. Although only the hiPSCs on mineralized macroporous matrices were found to 

differentiate into osteoblasts, cells cultured in all macroporous matrices showed a 

significant downregulation of NANOG expression, similar to 2-D culture (Figure 3.4f). 

  

3.5. Discussion  

The potential of biomaterials in directing stem cell differentiation continues to be 

revealed, leading to new possibilities in regenerative medicine. Human pluripotent stem 

cells, such as hiPSCs that offer a unique cell source, in conjunction with biomaterials, 

could be powerful in treating compromised tissues and organs. Studies over the years 

have designed biomaterials with defined physicochemical cues to direct differentiation of 

stem cells into targeted phenotypes. Previously, we have shown that biomaterials 

containing CaP moieties promote osteogenic commitment of stem cells both in vitro and 

in vivo [58, 163, 165]. Here, by employing a mineralized GelMA-based matrix, we ask 

whether matrix-based cues alone can direct differentiation of pluripotent hiPSCs into 

osteoblasts.  

Human iPSCs grown on GelMA-based matrices in 2-D culture demonstrated 

similar levels of attachment, spreading, and proliferation in growth medium. Though all 

the matrices supported the adhesion and growth of hiPSCs to similar extents, only the 
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cells on mineralized matrices were found to undergo osteogenic differentiation. hiPSCs 

on mineralized matrices after 28 days of culture in a 2-D setting demonstrated intense 

staining for OCN, an osteoblast marker, coincident with F-actin staining in a majority of 

the cells. This finding suggests efficient osteogenic differentiation of hiPSCs in a 

mineralized environment. Previous studies demonstrated that biomaterial-assisted 

osteogenic differentiation of stem cells in 2-D culture was accompanied by changes in 

cell shape [180]. However, our findings that cells only on the mineralized matrices 

underwent osteogenic differentiation despite cells on all matrices having similar shape 

suggest that the observed osteogenic differentiation of hiPSCs on mineralized matrices is 

not attributed to the cell shape. This finding further implies that the osteogenic 

differentiation of hiPSCs observed on mineralized matrices is mainly attributed to the 

mineral environment-mediated differentiation cues. Similar results were also observed 

with 3-D culture, albeit within disparate spatial geometry in the culture. The findings that 

hiPSCs undergo osteogenic differentiation on CaP-rich GelMA-based matrices in 2-D 

and 3-D culture conditions are consistent with our previous findings that CaP-rich 

PEGDA-based matrices promote osteogenic differentiation of hMSCs and hESCs [58, 

163, 165]. Together, these studies suggest that mineralized matrices containing CaP 

moieties offer a robust environment to support osteogenic commitment of stem cells 

despite the differences in the organic moieties of the scaffold. 

In contrast to 2-D culture, cells in 3-D macroporous hydrogels showed significant 

differences in their attachment; cells on mineralized matrices exhibited more spread 

morphology whereas those on non-mineralized matrices showed aggregation. These 

results suggest enhanced cell-matrix interactions on mineralized macroporous matrices 
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compared to their non-mineralized counterparts. The reason behind the observed 

difference between 2-D and 3-D cultures is not apparent. The hiPSCs cultured in all 

matrices showed significant downregulation of NANOG expression, indicating that all 

the matrices and culture conditions used in this study are not conducive for the 

maintenance of pluripotency. This is in agreement with previous studies that showed the 

importance of a delicate balance in physicochemical cues of the matrix on the 

maintenance of pluripotency for hiPSCs [143].  

Although a number of studies have shown that materials containing CaP moieties 

promote osteogenic differentiation of progenitor cells and contribute to in vivo bone 

tissue repair, recent studies suggest that the osteoinductive function of such matrices is 

dependent upon their ability to regulate extracellular Ca2+ and PO4
3- [20, 55]. This could 

partially explain the different extents of osteogenic outcomes observed among CaP-based 

matrices with different levels of crystallinity and composition, owing to disparate 

dissociation kinetics of CaP minerals into Ca2+ and PO4
3-. Osathanon et al. previously 

reported that CaP-rich biomineralized matrices exhibiting faster dissolution rates have 

higher osteostimulatory effect on osteoblast-like cells when compared with 

hydroxyapatite-incorporated matrices [45]. Results from our dissolution studies suggest 

that the CaP minerals of the mineralized matrices readily dissociate into Ca2+ and PO4
3- 

ions in a permissive environment. The extracellular Ca2+ and PO4
3- ions have been shown 

to promote osteogenic commitment of stem cells through various signaling pathways. 

Studies by Wen et al. have shown that extracellular Ca2+ promotes osteogenic 

differentiation of MSCs through L-type calcium channels [105]. Recently, we have 

shown that mineralized matrices containing CaP moieties could direct osteogenic 
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differentiation of stem cells through adenosine signaling [39]. In addition, the dissolution 

and re-precipitation of CaP minerals can adsorb and release osteoinductive growth factors 

[47, 107, 150]. All of these factors could be contributing to the observed CaP-bearing 

matrices-induced osteogenic commitment of hiPSCs.  

  

3.6. Conclusion  

In summary, the results described in this study show that mineralized GelMA-

based matrices containing CaP mineral direct osteogenic differentiation commitment of 

hiPSCs in growth medium lacking osteoinductive soluble factors. To our knowledge, this 

is the first demonstration of osteogenic differentiation of hiPSCs by inherent material-

based cues. Future work includes the transplantation of hiPSCs with GelMA-based 

matrices in vivo to study the effect of minerals and degradation on the osteogenic 

differentiation of hiPSCs and bone tissue formation.  
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3.8. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Development and characterization of GelMA-based matrices. 

 

(a) SEM images and corresponding EDS for non-mineralized (NM) and mineralized (M) 

gelatin-methacrylate-co-acryloyl 6-aminocaprioic acid (GelMA-co-A6ACA) hydrogels. 

Scale bar: 1 µm. Inset shows high magnification image. Scale bar: 200 nm. Dissolution of 

(b) Ca2+ and (c) PO4
3- from mineralized GelMA-co-A6ACA hydrogels incubated in Tris-

HCl buffer at 37 °C as a function of time. (d) In vitro degradation of non-mineralized and 

mineralized GelMA-co-A6ACA hydrogels in 0.02 w/v% collagenase type II solution or 

PBS at 37 oC as a function of time. (e) SEM images and corresponding EDS for non-

mineralized and mineralized gelatin-methacrylate-co-acryloyl 6-aminocaproic acid-co-

poly(ethylene glycol)-diacrylate (GelMA-co-A6ACA-co-PEGDA) macroporous 

hydrogels. Red arrows indicate mineral structures. Scale bar: 100 µm. Inset shows high 

magnification image. Scale bar: 1 µm. Release of (f) Ca2+ and (g) PO4
3- from mineralized 

GelMA-co-A6ACA-co-PEGDA macroporous hydrogels in Tris-HCl buffer at 37 °C as a 

function of time. (h) In vitro degradation of non-mineralized and mineralized GelMA-co-

A6ACA-co-PEGDA macroporous hydrogels in 0.02 w/v% collagenase type II solution or 

PBS at 37 oC as a function of time. Data are presented as mean ± standard errors (n=3). 
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Figure 3.2. Attachment and proliferation of hiPSCs on different matrices. 

 

(a) Bright field images for hiPSCs after 1, 3, and 10 days of culture on non-mineralized 

(NM) and mineralized (M) hydrogels and gelatin-coated coverslips (CS). Scale bar: 200 

µm. (b) Images of hiPSCs labeled using CellTracker after 3 days of culture on non-

mineralized and mineralized hydrogels and coverslips. Scale bar: 100 μm. The bar graph 

shows the quantitative representation of the circularity; the circularity indices were 

determined from the stained images. Data are shown as mean ± standard errors (n=30).  
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Figure 3.3. Osteogenic differentiation of hiPSCs on CaP-rich mineralized hydrogels 

in 2-D culture. 

 

(a) Gene expression array analyses of hiPSCs cultured for 28 days on non-mineralized 

(NM) and mineralized (M) hydrogels and coverslips (CS). Relative expressions: red 

(high), black (medium), and green (low). Gene expressions of (b) RUNX2, (c) OCN, and 

(d) SPP1 for hiPSCs cultured on non-mineralized and mineralized hydrogels and 

coverslips as a function of culture time. Data are presented as fold expression of target 

genes after normalization to undifferentiated, pluripotent hiPSCs. (e) Immunofluorescent 

staining for OCN (green) and F-actin (red) of hiPSCs cultured on non-mineralized and 

mineralized hydrogels and coverslips for 28 days. Nuclei are stained blue with Hoechst. 

Scale bars represent 100 μm. Data are displayed as mean ± standard errors (n=3). (b-d) 

Comparison of multiple groups at the same time point was made by one-way ANOVA 

with Tukey-Kramer post-hoc test. Asterisks indicate statistical significances 

corresponding to p-values (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 3.4. Osteogenic differentiation of hiPSCs on CaP-rich mineralized 

macroporous hydrogels in 3-D culture. 

 

(a) Live-dead staining of hiPSC-laden non-mineralized (NM) and mineralized (M) 

macroporous hydrogels after 3 days of culture. Arrows and inset indicate aggregated and 

spread hiPSCs within the non-mineralized and mineralized matrices, respectively. Scale 

bars represent 200 μm and scale bars in the inset indicate 50 μm. (b) DNA contents of 

hiPSCs cultured using non-mineralized and mineralized matrices as a function of culture 

time. Data are presented as DNA contents after normalization to dry weight of matrices. 

Gene expression of (c) RUNX2, (d) OCN, (e) SPP1, and (f) NANOG of hiPSCs on non-

mineralized and mineralized matrices as a function of culture time. Data are presented as 

fold expression of target genes after normalization to undifferentiated, pluripotent hiPSCs. 

(g) Immunohistochemical staining for OCN of hiPSCs on non-mineralized and 

mineralized matrices as a function of culture time. Scale bars represent 100 μm. Inset 

shows high magnification images. Arrows indicate positive stains. Scale bars in the inset 

represent 20 μm. Data are displayed as mean ± standard errors (n=3). (c-e) Two groups at 

the same time point were compared by two-tailed Student’s t-test. (f) All the groups were 

compared to undifferentiated, pluripotent hiPSCs prior to their culture on all matrices by 

two-way ANOVA with Bonferroni post-hoc test. Asterisks represent statistical 

significances according to p-values. (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 3.S1. Characterization of mineralized hydrogels. 

 

(a) Gross images of non-mineralized (NM) and mineralized (M) gelatin-methacrylate-co-

acryloyl 6-aminocaprioic acid (GelMA-co-A6ACA) hydrogels. Scale bars represent 2 

mm. (b) Ca2+ and (c) PO4
3- contents of non-mineralized and mineralized hydrogels. Data 

are presented as mean ± standard errors (n=3) of Ca2+ and (c) PO4
3- contents after 

normalization to dry weight of matrices. (b-c) Two groups were compared by two-tailed 

Student’s t-test. Asterisks indicate statistical significances corresponding to p-values 

(***: p < 0.001). 
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Figure 3.S2. Characterization of mineralized macroporous hydrogels. 

 

(a) Gross images of non-mineralized (NM) and mineralized (M) gelatin-methacrylate-co-

acryloyl 6-aminocaproic acid-co-poly(ethylene glycol)-diacrylate (GelMA-co-A6ACA-

co-PEGDA) macroporous hydrogels. Scale bars indicate 2 mm. (b) Bright field images of 

non-mineralized and mineralized matrices in their swollen conditions. Scale bars 

represent 200 μm. (c) Ca2+ and (d) PO4
3- amounts of non-mineralized and mineralized 

matrices. Data are presented as mean ± standard errors (n=3) of Ca2+ and (d) PO4
3- 

amounts after normalization to dry weight of matrices. (c-d) Two-tailed Student’s t-test 

was used to compare two groups. Asterisks represent statistical significances according to 

each p-value. (***: p < 0.001).  
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Figure 3.S3. Pluripotency of hiPSCs prior to their culture on various substrates. 

 

Immunofluorescent staining for OCT4 (green) and NANOG (red) of hiPSCs with their 

corresponding nucleus (blue; Hoechst). Scale bars represent 500 µm.  
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Figure 3.S4. High magnification images of immunofluorescent staining for OCN 

(green), F-actin (red), and nuclei (blue; Hoechst). 

 

hiPSCs were cultured for 28 days on non-mineralized (NM) and mineralized (M) 

hydrogels and coverslips (CS). Acellular mineralized hydrogels (M-Acellular) show 

minimal to no staining for osteocalcin, F-actin, and Hoechst.  Similarly, cell-seeded 

mineralized hydrogels show minimal to no staining for osteocalcin in the absence of 

primary antibody (w/o primary antibody). Scale bars indicate 50 μm.  
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Figure 3.S5. Immunofluorescent staining for (a) OCN (green) and corresponding 

nucleus (blue; inset) and (b) F-actin as well as (c) NANOG gene expression as a 

function of culture time. 

 

hiPSCs were cultured on non-mineralized (NM) and mineralized (M) hydrogels and 

gelatin-coated coverslips (CS). Scale bars indicate 100 μm. Data are presented as fold 

expression of target genes after normalization to undifferentiated, pluripotent hiPSCs. 

Data are displayed as mean ± standard errors (n=3). All the groups were compared to 

undifferentiated, pluripotent hiPSCs prior to their culture on all matrices by two-way 

ANOVA with Bonferroni post-hoc test. Asterisks indicate statistical significances 

corresponding to p-values (***: p < 0.001). 
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3.9. Tables 

 

Table 3.S1. List of primers used in PCR experiments to quantify gene expression of 

hiPSCs. 
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Chapter 4: Biomineralized matrices dominate soluble cues to direct 

osteogenic differentiation of human mesenchymal stem cells through 

adenosine signaling 

 

4.1. Abstract  

Stem cell differentiation is determined by a repertoire of signals from its 

microenvironment, which includes the extracellular matrix (ECM) and soluble cues. The 

ability of mesenchymal stem cells (MSCs), a common precursor for the skeletal system, 

to differentiate into osteoblasts and adipocytes in response to their local cues plays an 

important role in skeletal tissue regeneration and homeostasis. In this study, we 

investigated whether a bone-specific calcium phosphate (CaP) mineral environment 

could induce osteogenic differentiation of human MSCs, while inhibiting their 

adipogenic differentiation, in the presence of adipogenic-inducing medium. We also 

examined the mechanism through which the mineralized matrix suppresses adipogenesis 

of hMSCs to promote their osteogenic differentiation. Our results show that hMSCs 

cultured on mineralized matrices underwent osteogenic differentiation despite being 

cultured in presence of adipogenic medium, which indicates the dominance of matrix-

based cues of the mineralized matrix in directing osteogenic commitment of stem cells. 

Furthermore, the mineralized matrix-driven attenuation of adipogenesis was reversed 

with the inhibition of A2b adenosine receptor (A2bR), implicating a role of adenosine 

signaling in mineralized environment-mediated inhibition of adipogenesis. Such synthetic 

matrices with an intrinsic ability to direct differentiation of multipotent adult stem cells 
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towards a targeted phenotype while inhibiting their differentiation into other lineages will 

not only be a powerful tool in delineating the role of complex microenvironmental cues 

on stem cell commitment, but also contribute to functional tissue engineering and their 

translational applications.   

     

4.2. Introduction  

Adult stem cells such as mesenchymal stem cells (MSCs) have been shown to 

differentiate into osteoblasts, adipocytes, and chondrocytes by responding to soluble 

cues.[54, 181, 182] MSCs have been considered precursors for osteoblasts and adipocytes 

and their ability to differentiate into desirable somatic cell types by responding to tissue-

specific requirements is a key in maintaining musculoskeletal tissue homeostasis and 

repair. Maintaining a strict balance between osteogenesis and adipogenesis has been 

considered to be a prerequisite for sustaining healthy skeletal tissue function. A large 

number of in vitro studies point towards the existence of an inverse correlation between 

adipogenesis and osteogenesis.[183-185] While most of these studies were performed in 

vitro, it is conceivable that such a correlation could also exist in vivo. A disruption in the 

balance of adipogenesis and osteogenesis is often observed in various pathologies that 

affect the musculoskeletal system.[186] For instance, studies have shown a close 

relationship between fat and bone mass, where the high fat mass increases the risk of 

bone fragility.[187, 188] Similarly, excessive accumulation of bone marrow adipocytes 

along with a decline in bone mineral mass is a characteristic of osteoporosis, obesity, 

diabetes, anorexia nervosa, and skeletal unloading.[186, 189] Preserving such a highly 
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coordinated differentiation of multipotent precursors relies on delicate and intricate 

interactions between cells and the surrounding microenvironment or niche. 

Previous studies have identified various biochemical- and hormone-based 

signaling underlying various musculoskeletal pathologies.[190-193] Some of these 

biochemical and hormonal factors have been shown to play a direct role in determining 

differentiation commitment of MSCs towards osteogenic or adipogenic lineages.[194, 

195] Besides growth factor- or hormone-based signaling, physical and chemical cues of 

the extracellular matrix also play an equally important role in tissue homeostasis and 

regeneration through modulating stem cell commitment.[160] This includes MSCs as 

their differentiation into numerous specialized phenotypes can be significantly influenced 

by various matrix-based cues.[196-200] Given the propensity of MSCs to differentiate 

into osteoblasts and adipocytes, a number of studies have investigated the role of various 

matrix cues and geometrical constraints in stimulating differentiation of MSCs using 

mixed media containing osteogenic- and adipogenic-inducing components.[180, 201, 

202] However, to our knowledge, there are no precedent studies that have investigated 

the impact of matrix-based cues on directing stem cell fate in the presence of medium 

conditions providing an opposing effect. 

In this study, we address this question by investigating the effect of calcium 

phosphate (CaP)-rich mineralized environment on differentiation commitment of hMSCs 

in presence of adipogenic-inducing medium. We chose mineralized environment because 

CaP minerals are a major constituent of bone ECM and play a key role in bone 

homeostasis and function.[203, 204] Additionally, a large number of studies show the 

prevalent effect of CaP minerals on osteogenic differentiation of stem and progenitor 
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cells.[39, 59, 70, 71, 132] A detailed understanding of the effect of mineral environment 

on differentiation commitment of hMSCs in presence of adipogenic-inducing medium 

might provide novel insights into the role of mineral environment on maintaining bone 

and marrow homeostasis and function. 

 

4.3. Materials and Methods  

4.3.1. Synthesis of hydrogels 

Poly(ethylene glycol)-diacrylate (PEGDA; Mn = 6 kDa) and N-acryloyl 6-

aminocaproic acid (A6ACA) were prepared as described elsewhere.[70] In brief, 1 M 

A6ACA was dissolved in 1 M NaOH and 2% (w/v) PEGDA was added to this solution. 

The precursor solution was mixed with 0.5% (w/v) ammonium persulfate (APS) and 

0.15% (v/v) N, N, N’, N’-tetramethylethylenediamine (TEMED) at 25 °C for 15 min. to 

allow free radical copolymerization and yielded crosslinked hydrogels. The resultant ~ 1 

mm-thick hydrogel sheets were allowed to reach equilibrium-swelling in phosphate 

buffered saline (PBS; pH = 7.4) for 48 h with two changes of PBS and then punched into 

discs of 1 cm2 (area) x 1 mm (thickness) dimensions. 

 

4.3.2. Mineralization of hydrogels 

The hydrogel discs were mineralized as described elsewhere.[70] Briefly, 

hydrogel discs were incubated in deionized (DI) water for 6 h and subsequently 

immersed in modified simulated body fluid (m-SBF; pH = 7.4) for 6 h. The main ionic 

components of m-SBF are 142.0 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 
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103.0 mM Cl-, 10.0 mM HCO3
-, 1.0 mM HPO4

2-, and 0.5 mM SO4
2-.[178] The hydrogels 

were briefly rinsed in DI water and soaked in a solution containing 40 mM Ca2+ and 24 

mM HPO4
2- (pH = 5.2) at 25 °C for 45 min. while using a rotating shaker (VWR Mini-

shaker; catalog #: 12620-938) at 200 rpm. The hydrogels were briefly rinsed in DI water 

and further immersed in m-SBF at 37 °C for 48 h with the daily change of m-SBF. The 

hydrogels were then equilibrated in PBS for 6 h. The mineralized and non-mineralized 

PEGDA-co-A6ACA hydrogels were sterilized in 70% ethanol (EtOH) for 6 h. The 

EtOH-treated matrices were washed in PBS for 5 days with three daily changes of PBS 

prior to cell culture. 

 

4.3.3. Scanning electron microscopy (SEM) & energy dispersive spectra (EDS) 

SEM imaging was carried out to examine the morphology of biomineralized 

matrices. The elemental analysis was conducted by using Oxford Energy Dispersive 

Spectra (EDS) attachment. EDS was performed to examine the presence of calcium and 

phosphorous elements in biomineralized matrices as well as to determine their atomic 

ratio (Ca/P). Samples were prepared and imaged as described elsewhere.[71] In brief, 

samples were rinsed in DI water for 5 min and flash-frozen using liquid nitrogen and 

lyophilized for 24 h. The dried samples were coated with iridium for 7 s by using sputter 

coater (Emitech, catalog #: K575X) and then imaged under vacuum using Philips XL30 

ESEM.  
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4.3.4. Calcium and phosphate assays 

Calcium and phosphate assays were carried out to determine Ca2+ and PO4
3- 

contents of mineralized matrices as well as the dissolution of CaP minerals from the 

mineralized matrices. To measure the amounts of Ca2+ and PO4
3-, samples were briefly 

rinsed in DI water for 5 minutes, lyophilized for 16 h, and dry weights were measured. 

The dried samples were homogenized in 0.5 M HCl and vigorously agitated using a 

rotating shaker at 25 °C for 3 days. The homogenized samples were used for calcium and 

phosphate assays. To examine the dissociation of CaP minerals into Ca2+ and PO4
3- ions 

from mineralized matrices, equilibrium-swollen mineralized hydrogels were incubated in 

1.5 mL of 50 mM Tris-HCl solution (pH = 7.4) at 37 °C for 7 days. Approximately 300 

µl of incubation solution was collected and replaced by fresh solution on a daily basis to 

examine the dissolution of CaP minerals as a function of time. Calcium assay was 

performed according to manufacturer’s protocol (Calcium reagent set, Pointe Scientific, 

catalog #: C7503). In brief, 20 µl of sample solution was mixed with 1 mL of calcium 

assay reagent. The absorbance of the resultant solution was recorded at 570 nm using a 

UV/Vis spectrophotometer (Beckman Coulter, DU 730). Phosphate assay was carried out 

according to a method used elsewhere.[144] In brief, phosphate assay reagent was 

prepared by mixing 1 part 10 mM ammonium molybdate with 2 parts acetone and 1 part 

H2SO4. 125 μl of sample solution and 100 μl of 1 M citric acid were added to 1 mL of the 

phosphate assay reagent. Absorbance of the resultant solution was recorded at 380 nm 

using a UV/Vis spectrophotometer. 
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4.3.5. Cell culture 

The hMSCs (Institute for Regenerative Medicine, Texas A&M University) were 

maintained in growth medium containing high glucose DMEM, 10% (v/v) fetal bovine 

serum (FBS; hyclone), 4 mM L-glutamine, and 50 U/mL penicillin/streptomycin. The 

cells were passaged at approximately 70% confluency. 

Prior to seeding hMSCs, sterile non-mineralized and mineralized hydrogels as 

well as cell culture-grade coverslips (CS; diameter = 15 mm, Fisherbrand, catalog #: 

1254582) were incubated in growth medium at 37 °C for 24 h to promote cell adhesion. 

Passage 5 (P5) hMSCs were plated at a density of 12,000 cells/cm2 and cultured for 14 

days using either growth medium or adipogenic medium, at 37 °C and 5% CO2 with 

medium change every two days. Adipogenic medium was prepared by supplementing 

growth medium with 1 µM dexamethasone (Sigma-Aldrich, catalog #: D2915), 200 µM 

indomethacin (Sigma-Aldrich, catalog #: I7378), 0.5 µM 3-isobutyl-1-methylxanthine 

(IBMX; Sigma-Aldrich, catalog #: I5879), and 10 µg/mL of insulin (Sigma-Aldrich, 

insulin from bovine pancreas, catalog #: I6634). For pharmacological inhibition of A2bR, 

PSB 603 (Tocris Bioscience, catalog #: 3198) was added into growth medium or 

adipogenic medium at varying concentrations of 0, 0.5, 10, and 100 nM.  

     

4.3.6. Cell tracker labeling 

To visualize the attachment and growth of cells cultured on various matrices (non-

mineralized and mineralized matrices as well as coverslips) under different medium 

conditions (growth medium or adipogenic medium), the cells were labeled with 

CellTracker fluorescent probes (Life Technologies, catalog number: C34552). Briefly, 
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the cells grown on various matrices were incubated in 20 µM CellTracker fluorescent 

dyes in DMEM at 37 °C for 30 min and then in growth medium at 37 °C for an additional 

30 min. The labeled cells were imaged using a fluorescence microscope (Carl Zeiss, Axio 

Observer.A1). 

 

4.3.7. Quantitative polymerase chain reaction (qPCR) analysis 

qPCR analysis was carried out to examine differences in gene expressions of 

hMSCs cultured on various matrices under different medium conditions. Cells were 

collected in 1 mL of TRIzol and their RNA was isolated using phenol-chloroform 

extraction method. For each sample, 1 µg of RNA was reverse-transcribed to cDNA 

using iScript cDNA synthesis kit (Bio-Rad, catalog #: 170-8891) according to 

manufacturer’s protocol. cDNA solution was mixed with SYBR Select Master Mix (Life 

Technologies, catalog #: 4472908) and primers for various genes. The resulted solution 

was subject to qPCR analysis using ABI Prism 7700 Sequence Detection System 

(Applied Biosystems). The list of primer sequences is shown in Table 4.S1. Gene 

expressions for various osteogenic (RUNX2, OCN, and BSP) as well as adipogenic 

(PPAR-γ2, αP2, and LPL) markers were evaluated. The expression for each target gene 

was normalized to that of corresponding housekeeping gene (GAPDH). The expression 

level was quantified by 2-ΔΔCt values. To compare gene expression of hMSCs cultured on 

various matrices under different medium conditions, the expression level was normalized 

to the corresponding cultures on coverslips under identical medium condition and 

presented as fold expression. To compare gene expression of hMSCs cultured on 

mineralized matrices using different medium conditions supplemented with PSB 603, the 
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expression level was normalized to that of cells cultured in the corresponding medium 

condition devoid of PSB 603 and presented as fold expression. 

 

4.3.8. Immunofluorescent staining 

Immunofluorescent staining was performed for osteocalcin, a mature osteoblast-

specific marker, and perilipin, a mature adipocyte-specific marker. Cells cultured on 

various matrices under different medium conditions were fixed in 4% formaldehyde at 25 

°C for 10 min. The cells were washed with PBS and blocked by a blocking buffer 

composed of 3% (w/v) BSA and 0.1% (v/v) Triton™ X-100 dissolved in PBS at 25 °C 

for 60 min. The fixed cells were incubated in primary antibodies against osteocalcin 

(1:100; mouse monoclonal, Santa Cruz Biotechnology, catalog #: sc-74495) or perilipin 

(1:100; rabbit polyclonal, Santa Cruz Biotechnology, catalog #: 67164) diluted in the 

blocking buffer at 4 °C for 16 h. The cells were washed with PBS, exposed to secondary 

antibodies raised against mouse (goat anti-mouse, 1:250, Life Technologies, Alexa Fluor 

568) or rabbit (goat anti-rabbit, 1:250, Life Technologies, Alexa Fluor 568) and 

phalloidin (1:100; Life Technologies, Alexa Fluor 488) diluted in the blocking buffer at 

25 °C for 60 min., and washed with PBS. The nuclei of cells were stained using Hoechst 

33342 solution (2 µg/mL; Life Technologies, catalog #: H1399) at 25 °C for 7 min and 

washed with PBS. The samples were mounted onto glass slides and imaged using a 

fluorescence microscope (Carl Zeiss, Axio Observer A1). The images were taken at a 

linear mode and the same exposure time was used for all samples. The background was 

uniformly subtracted for all images using ImageJ software, where a rolling ball algorithm 

with a rolling ball radius of 750 pixels was applied. 
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4.3.9. Statistical analysis 

Graphpad Prism 5 was used to perform statistical analyses. Two groups were 

compared using two-tailed Student’s t-test. Multiple groups were compared by one-way 

analysis of variance (ANOVA) with Tukey-Kramer post-hoc test. The p-values 

measuring less than 0.05 were considered statistical significances. Asterisks were 

assigned to represent different levels of statistical significances. 

 

4.4. Results 

4.4.1. Synthesis and characterization of mineralized matrices. 

Synthetic matrices were developed by copolymerizing poly(ethylene glycol)-

diacrylate (PEGDA) with N-acryloyl 6-aminocaproic acid (A6ACA) moieties as 

described elsewhere.[38] The PEGDA-co-A6ACA hydrogel matrices were 

biomineralized to incorporate CaP moieties into the matrix,[38] where the presence of 

pendant side chain terminating with carboxyl groups promoted the binding of Ca2+ ions 

and subsequently led to nucleation of CaP minerals. Gross images of mineralized 

matrices revealed their opaqueness in contrast to transparent non-mineralized controls 

(Figure 4.1a). Scanning electron microscopy (SEM) images of mineralized matrices 

showed a continuous layer of minerals (Figure 4.1b). Energy dispersive spectroscopy 

(EDS) analyses confirmed the presence of calcium and phosphorous elements in 

mineralized matrices with an atomic ratio (Ca/P) of 1.40 (Figure 4.1b). As expected, no 

peaks arising from such elements were observed in non-mineralized matrices. 

Measurements of Ca2+ and PO4
3- contents of mineralized matrices showed that they 
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contain 80.4 ± 1.5 mg of Ca2+ and 129.4 ± 3.8 mg of PO4
3- per g of dry weight of 

matrices (Figures 4.1c-d), while negligible amounts of such ions were detected in non-

mineralized matrices. The CaP minerals of the mineralized matrices dissociated into Ca2+ 

and PO4
3- ions in a medium devoid of such ions (Figures 4.1e-f). Mineralized materials 

initially showed a rapid release of Ca2+ and PO4
3- ions into the surrounding medium of 

Tris buffer within 1 day of incubation; thereafter, their ionic concentration in the 

surrounding medium did not vary significantly throughout the experimental time of 7 

days. 

  

4.4.2. Culture-dependent osteogenesis or adipogenesis of hMSCs. 

We cultured hMSCs on non-mineralized and mineralized matrices and coverslips 

in either growth medium or adipogenic medium. All the matrices supported adhesion and 

spreading of cells with no significant differences both in growth medium and adipogenic 

medium (Figure 4.S1). Cells in all culture conditions proliferated and reached confluence 

within 10 days of culture. We next determined the effect of mineralized and non-

mineralized matrices on differentiation of hMSCs in both growth and adipogenic medium 

and compared against those cultured on cell culture-grade coverslips under identical 

conditions. The cells cultured on mineralized matrices in growth medium exhibited a 

significant upregulation of various osteogenic markers (RUNX2, OCN, and BSP) 

compared to other matrices under investigation after 14 days of culture, which is in 

accordance with previous reports (Figure 4.2a).[132] Unlike osteogenic markers, 

adipogenic markers (PPAR-γ2, αP2, and LPL) were undetectable on any of the matrices 

in growth medium (Figure 4.2a). Findings from the gene expression profile were further 
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confirmed by immunofluorescent staining for osteocalcin (osteoblast-specific marker) 

and perilipin (adipocyte-specific marker). The cells cultured on mineralized matrices in 

growth medium stained positive for osteocalcin (Figure 4.3a), while no positive staining 

for perilipin was observed on any of the matrices in growth medium (Figure 4.3b), 

consistent with the lack of adipogenic gene expression. The cells were also stained for F-

actin and Hoechst (for nuclei). The gene expression profile along with 

immunofluorescent staining suggests that the mineralized matrices possess necessary 

cues to direct osteogenic differentiation of hMSCs in growth medium.  

We next examined the effect of different matrices on hMSC differentiation in 

adipogenic medium. Specifically, we asked whether the cues from the mineralized 

matrices would be sufficient to direct osteogenic differentiation of hMSCs when cultured 

in adipogenic medium. The differentiation pattern of hMSCs on different matrices 

showed that the cells on non-mineralized matrices and coverslips exhibited a significant 

upregulation of adipogenic markers, while those on mineralized matrices had minimal to 

no expression of adipogenic markers (Figure 4.2b). Instead of undergoing adipogenesis, 

the cells on mineralized matrices underwent osteogenic differentiation and displayed an 

upregulation of various osteogenic markers despite being incubated in adipogenic 

medium (Figure 4.2b). Immunofluorescent staining for osteocalcin and perilipin further 

corroborated the findings from the gene expression. The hMSCs on mineralized matrices 

stained positive for osteocalcin (Figure 4.4a), with minimal to no positive staining for 

perilipin (Figure 4.4b). On the contrary, cells on non-mineralized matrices and coverslips 

stained positive for perilipin (Figure 4.4b) and exhibited no positive staining for 

osteocalcin (Figure 4.4a). Taken together, the results suggest that the cues provided by 
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the mineralized matrices are effectively dominant in directing osteogenic differentiation 

of hMSCs while inhibiting their adipogenic differentiation, even in the presence of 

medium conditions that are known to drive adipogenic differentiation of hMSCs. 

 

4.4.3. Role of adenosine signaling in mineral-aided inhibition of adipogenesis. 

We have previously demonstrated the role of adenosine signaling in mineralized 

matrix-assisted osteogenesis of hMSCs.[39] Thus, we wondered whether adenosine 

signaling not only promotes osteogenic differentiation of hMSCs, but also attenuates their 

adipogenic differentiation in a mineral environment. In order to investigate the role of 

adenosine signaling in inhibition of adipogenesis on mineralized matrices, we examined 

the role of adenosine A2b receptor (A2bR). We chose A2bR due to its established role in 

mineralized matrix-mediated osteogenic differentiation of hMSCs.[39] We blocked 

A2bR with 8-[4-[4-(4-chlorophenzyl)piperazide-1-sulfonyl)phenyl]]-1-propylxanthine 

(PSB 603) to examine its effect on mineralized matrix-assisted suppression of 

adipogenesis of hMSCs. Consistent with our previous report, the hMSCs cultured on 

mineralized matrices in growth medium showed downregulation of osteogenic markers 

(RUNX2, OCN, and BSP) in presence of PSB 603 (Figure 4.5a).[39] The downregulation 

of osteogenic markers was further confirmed by immunofluorescent staining for 

osteocalcin, which showed that the positive signal of hMSCs on mineralized matrices 

diminished significantly in presence of PSB 603 (Figure 4.6a). The presence of PSB 603 

in growth medium did not have any effect on adipogenesis and the expression levels of 

various adipogenic markers remained undetectable (Figure 4.5a). The cells on 

mineralized matrices stained negative for perilipin, both in the presence and absence of 
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PSB 603 in growth medium (Figure 4.6b), further confirming no influence of PSB 603 on 

adipogenic differentiation of hMSCs. 

We next investigated the effect of adenosine signaling on mineralized matrix-

mediated inhibition of adipogenesis in adipogenic medium.  Similar to the cultures in 

growth medium, the hMSCs on mineralized matrices exhibited downregulation of 

osteogenic markers (RUNX2, OCN, and BSP) in adipogenic medium supplemented with 

PSB 603 (Figure 4.5b). Concomitant with the decrease in osteogenic gene expression 

pattern, we observed a significant upregulation of adipogenic markers (PPAR-γ2, αP2, 

and LPL; Figure 4.5b). This is in stark contrast to hMSCs on mineralized matrices in 

adipogenic medium without the inhibition of A2bR. The expression levels of adipogenic 

genes were found to be the highest for cultures containing 100 nM PSB 603. The gene 

expression pattern was further confirmed by immunofluorescent staining showing that the 

addition of PSB 603 into adipogenic medium resulted in the attenuation of positive 

osteocalcin staining in hMSCs on mineralized matrices (Figure 4.7a). The reduction in 

osteocalcin signaling was accompanied by positive staining for perilipin and its intensity 

increased as the concentration of PSB 603 in the medium increased (Figure 4.7b). 

  

4.5. Discussion  

Biomaterials recapitulating tissue-specific physical and chemical cues have been 

considered a powerful tool in directing stem cell differentiation commitment. Prevalent 

use of biomaterials to direct stem cell commitment to assist tissue repair, however, is 

dependent upon the dominancy of the matrix-based cues over competing soluble cues 
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present in the milieu. This is paramount when the cells possess multipotency and a shift 

in differentiation of the progenitor cells could lead to pathologies. Biomaterials 

containing CaP minerals promote osteogenic differentiation of progenitor and stem 

cells[59, 70, 71, 132, 205] and a number of studies have used such mineralized materials 

to promote bone tissue formation in vivo.[20, 70, 77, 205] Given the propensity of MSCs 

to differentiate into both osteoblasts and adipocytes in response to the matrix or soluble 

cues, we examined the fate decision of hMSCs in an environment where disparate 

instructive cues are presented: the mineralized matrix provides cues relevant to 

osteogenesis while the adipogenic medium provides cues necessary for adipogenesis.  

Our results showed that hMSCs cultured on various matrices in the presence and 

absence of adipogenic soluble supplements underwent differential fate into either 

osteogenic or adipogenic lineages, depending upon the local cues available from the 

matrices and/or medium conditions. Specifically, hMSCs on non-mineralized hydrogels 

and coverslips underwent adipogenic differentiation in adipogenic medium and no 

significant differentiation was observed in growth medium. However, intriguingly, 

hMSCs cultured on mineralized matrices underwent osteogenic differentiation, while 

inhibiting their adipogenic differentiation, despite being cultured in adipogenic medium. 

The inhibition of adipogenesis in presence of adipogenic medium was observed only on 

CaP-bearing matrices, indicating that the matrix-mediated inhibition is largely attributed 

to the mineral environment. A previous study by Jensen et al. has reported a similar 

finding, where the authors observed a significant decline in adipogenic differentiation of 

3T3-L1 preadipocytes in adipogenic medium containing high levels of calcium 

supplements.[206] A number of studies have shown the importance of dissolution of CaP 
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minerals in determining the osteoinductivity of mineralized matrices.[205] 

Biomineralized matrices used in this study contained apatite-like CaP minerals[38] that 

can be easily dissociated into Ca2+ and PO4
3- ions. The dissolution and precipitation of 

CaP moieties regulate the levels of Ca2+ and PO4
3- ions in the extracellular milieu.[20, 99, 

100]  

The mineralized matrix-assisted attenuation of adipogenesis of hMSCs was 

reversed upon blocking of A2bR, a Gαs/αq protein-coupled receptor, suggesting the role 

of adenosine signaling in this process. The adipogenic differentiation of hMSCs in 

presence of A2bR inhibitor was accompanied by inhibition of their osteogenic 

differentiation. This is in accordance with previous reports that have implicated the role 

of adenosine signaling, in particular, A2bR on osteogenic differentiation of MSCs[39, 

207, 208] and our previous findings that adenosine signaling through phosphate 

metabolism and A2bR plays an important role in mineralized matrix-assisted osteogenic 

differentiation of hMSCs.[39] Studies have shown that, under culture conditions devoid 

of osteogenic cues, merely overexpressing A2bR in preosteoblasts increased osteoblast 

gene expression, but inhibited their adipogenesis in adipogenic-inducing medium.[209] 

This suggests A2bR signaling plays a key role in specifying osteogenic differentiation of 

progenitor cells in vitro. A2bR activates adenylate cyclase and increases intracellular 

cAMP levels to play an inhibitory role in adipogenesis.[210, 211] Findings in a recent 

study by Eisenstein et al. further demonstrate A2bR activation inhibits adipogenic 

differentiation of preadipocytes through the transcription factor Krüppel-like factor 4 

(KLF4), which appears to be partially regulated by an increase in cAMP and activation of 

PKA.[212] However, other studies have shown that KLF4 directly binds 
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CCAAT/enhancer-binding protein β (C/EBPβ) promoter and is required for 

adipogenesis,[213] while ectopic overexpression of KLF4 attenuated osteoblast 

differentiation and mineralization.[214] In another study, suppression of KLF4 in hMSCs 

enhanced both osteogenic and adipogenic differentiation.[215] The discrepant role of 

KLF4 during osteogenic versus adipogenic fate regulation in these studies implies that 

the downstream molecular machinery of A2bR is dynamic and context-dependent, and 

remains to be elucidated. Nonetheless, A2bR clearly acts as a molecular switch to 

arbitrate cell fates in a competing environment containing CaP mineral-borne osteogenic 

cues and soluble adipogenic cues. 

  

4.6. Conclusion 

In summary, our results showed that the cues provided by the mineralized 

matrices promote osteogenic commitment of hMSCs as well as suppress their adipogenic 

differentiation even in the presence of adipogenic-inducing medium. Interestingly, the 

mineralized matrix-assisted diminution of adipogenic differentiation could be reversed 

through inhibition of A2bR signaling. To our knowledge, this is the first investigation of 

stem cell commitment in presence of competing matrix-based and soluble cues and 

demonstration for the dominance of mineralized matrix-based cues over soluble medium 

components in directing osteogenic commitment of hMSCs. Mineralized matrices that 

support osteogenic differentiation of progenitor and stem cells while inhibiting their 

adipogenic differentiation could have a significant impact in bone tissue regeneration. 

Since perturbed differentiation commitment of MSCs into adipogenic lineage over 
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osteogenesis is implicated in various bone disorders, such instructive matrices with 

inherent bone tissue-specific cues could act as a technological platform to study various 

bone disorders and pathologies. 
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4.8. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Characterization of biomineralized matrices. 

 

(a) Gross images of non-mineralized (NM) and mineralized (M) hydrogel discs. Scale 

bars represent 2 mm. (b) Scanning electron microscopy (SEM) images and corresponding 

energy dispersive spectra (EDS) of non-mineralized and mineralized matrices. Scale bars 

indicate 2 µm. Inset shows high magnification images and scale bar represents 500 nm. 

(c) Ca2+ and (d) PO4
3- amounts of non-mineralized and mineralized matrices after 

normalization to the dry weight of matrices. Release of (e) Ca2+ and (f) PO4
3- from 

mineralized matrices in Tris buffer lacking such ions at 37 oC as a function of time. Data 

are presented as mean ± standard deviations (n = 3). Two groups were compared by 

employing two-tailed Student’s t-test. Asterisks were assigned to p-values with statistical 

significances (***: p < 0.001). 
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Figure 4.2. Quantitative PCR analyses of hMSCs cultured on various matrices in 

different medium conditions. 

 

Gene expressions of hMSCs for osteogenic markers (RUNX2, OCN, and BSP) as well as 

adipogenic markers (PPAR-γ2, αP2, and LPL) after 14 days of culture. Cells were 

cultured on non-mineralized (NM) and mineralized (M) matrices and coverslips (CS) in 

(a) growth medium (GM) and (b) adipogenic medium (AM). N.D. indicates a non-

detectable amplification signal. Data are presented as mean ± standard errors (n = 3). 

Groups with different matrices in the same medium were compared by using one-way 

ANOVA with Tukey-Kramer post-hoc test. Asterisks were assigned to p-values with 

statistical significances (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 4.3. Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin 

(green) after 14 days of culture in growth medium (GM). 

 

hMSCs were cultured on non-mineralized (NM) and mineralized (M) matrices and 

coverslips (CS). Corresponding F-actin (red) and nuclei (blue; Hoechst) are shown. Scale 

bars represent 100 µm.   
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Figure 4.4. Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin 

(green) after 14 days of culture in adipogenic medium (AM). 

 

hMSCs were cultured on non-mineralized (NM) and mineralized (M) matrices and 

coverslips (CS). Corresponding F-actin (red) and nuclei (blue; Hoechst) are shown. Scale 

bars represent 100 µm. 
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Figure 4.5. Quantitative PCR analyses of hMSCs cultured on mineralized matrices 

in different medium conditions with varying amounts of A2bR antagonist, PSB 603. 

 

Fold expressions of hMSCs for osteogenic markers (RUNX2, OCN, and BSP) as well as 

adipogenic markers (PPAR-γ2, αP2, and LPL) after 14 days of culture. Cells were 

cultured in (a) growth medium (GM) and (b) adipogenic medium (AM) supplemented 

with PSB 603 at varying concentrations of 0, 0.5, 10, and 100 nM. N.D. indicates a non-

detectable signal from PCR cycles. Data are presented as mean ± standard errors (n = 3). 

Groups with varying concentrations of PSB 603 under the same medium condition were 

compared by using one-way ANOVA with Tukey-Kramer post-hoc test. Asterisks were 

assigned to p-values with statistical significances (*: p < 0.05; **: p < 0.01; ***: p < 

0.001). 
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Figure 4.6. Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin 

(green) with A2bR inhibition in growth medium (GM). 

 

hMSCs were cultured on mineralized matrices for 14 days in GM containing varying 

amounts (0, 0.5, 10, and 100 nM) of A2bR antagonist, PSB 603. Corresponding F-actin 

(red) and nuclei (blue; Hoechst) are shown. Scale bars represent 100 µm. 
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Figure 4.7. Immunofluorescent staining of (a) osteocalcin (green) and (b) perilipin 

(green) with A2bR inhibition in adipogenic medium (AM). 

 

hMSCs were cultured on mineralized matrices for 14 days in AM containing varying 

amounts (0, 0.5, 10, and 100 nM) of A2bR antagonist, PSB 603. Corresponding F-actin 

(red) and nuclei (blue; Hoechst) are shown. Scale bars represent 100 µm. 
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Figure 4.S1. Adhesion and growth of hMSCs on various matrices in different 

medium conditions. 

 

The cells on different matrices (non-mineralized matrices [NM], mineralized matrices 

[M], and coverslips [CS]) and medium conditions (growth medium [GM] or adipogenic 

medium [AM]) were imaged as a function of culture time (1, 5, 10, and 14 days). The 

cells were labeled with CellTracker. Scale bars indicate 100 μm. 
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4.9. Tables 

  

Table 4.S1. List of primer sequences used in quantitative PCR analyses. 
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Chapter 5: Small molecule-driven direct conversion of human 

pluripotent stem cells into functional osteoblasts 

  

5.1. Abstract 

The ability of human pluripotent stem cells (hPSCs) to proliferate without 

phenotypic alteration and differentiate into tissue-specific progeny makes them promising 

cell sources for regenerative medicine to treat various debilitating diseases. Despite the 

opportunities, their efficient conversion into tissue-specific cells still remains a serious 

challenge. Herein, we report adenosine, a naturally occurring nucleoside in the human 

body, induced osteogenic differentiation of hPSCs, including both human embryonic 

stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Their potency in 

directing osteogenesis of hPSCs was comparable to that of osteogenic induction medium 

including β-glycerophosphate, ascorbic acid 2-phosphate, and dexamethasone. 

Furthermore, we reveal that adenosine-mediated osteogenesis of hPSCs involved 

adenosine A2b receptor (A2bR) signaling. The hPSCs treated with adenosine not only 

expressed molecular signature of osteoblasts, but also produced calcified bone matrix. To 

our knowledge, this is the first demonstration of adenosine-mediated differentiation of 

hPSCs into functional osteoblasts. When osteoblasts derived from hiPSCs by adenosine 

were transplanted with macroporous matrices, they participated in the repair of critical-

sized bone defects through the formation of bridged bone without teratoma formation. 

The engineered bone with hiPSC-derived osteoblasts recapitulated the attributes of native 

bone tissue in morphology and mineral density with anastomosed blood vessels and 
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feasible bone resorption. Such a novel strategy of utilizing a single small molecule with 

high osteostimulatory potential can present a simple, cost-effective, and robust method to 

derive functional osteoblasts from hPSCs to treat large bone defects. 

    

5.2. Introduction  

Human pluripotent stem cells (hPSCs), which include both human embryonic 

stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), is an optimal cell 

source for regenerative medicine, in vitro model systems to study embryogenesis and 

disease, and in vitro platforms for drug discovery [64, 156, 216]. While both cell sources 

have the ability to self-renew indefinitely and differentiate into all three germ layers, 

hiPSCs offer many clinical benefits, as they can be derived from patient’s own cells. 

Despite the opportunities, cost-effective and efficient differentiation of hPSCs into tissue-

specific cells is still a challenge limiting their widespread applications [217, 218]. A 

typical application of hPSCs often involves their in vitro differentiation into desirable cell 

populations prior to use. 

  Over the past decade, substantial strides have been made to direct differentiation 

of stem cells by a variety of approaches, such as genetic manipulation, biomaterials, 

growth factors, and small molecules [160, 219-223]. Although the most prominent and 

efficient methodology to achieve homogenous differentiation of hPSCs has thus far been 

genetic manipulation, approaches such as employing small molecules to direct 

differentiation of hPSCs would be clinically highly desirable. Employing small 

molecule(s) to direct stem cell fate has been an active area of research and has resulted in 
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identification of small molecules that promote self-renewal [224, 225] and differentiation 

of stem cells [121, 226-229], dedifferentiation [230] and  transdifferentiation [231, 232] 

of somatic cells, and reprogramming of cells [233-235] as well as limit the aging of bone 

marrow-derived mesenchymal stem cells (MSCs) [236]. 

  It has been shown that small molecules can promote osteogenic differentiation of 

mesenchymal stem cells or osteoprogenitor cells [237, 238]. For instance, 

purmorphamine and N6-benzoyladenosine-3’,5’-cyclic monophosphate has been reported 

to direct osteogenic differentiation of mesenchymal progenitor cells [237] and  

osteoblast-like MC3T3-E1 cells [238], respectively. While these studies showed the 

application of small molecules to direct osteogenic differentiation of progenitor cells, the 

efficacy of small molecules to direct osteogenic differentiation of hPSCs is yet to be 

established. In a recent study, Kanke et al. used four different small molecules 

sequentially to derive osteoblasts from PSCs (mouse ESCs and iPSCs as well as hiPSCs) 

[229]. Specifically, PSCs were cultured in medium supplemented with CHIR99021 and 

cyclopamine to achieve mesoderm induction. These mesoderm-committed cells were 

differentiated to osteoblasts by using conventional osteogenic induction medium 

supplemented with smoothened agonist and helioxanthin-derivative 4-(4-

methoxyphenyl)pyrido[40,30:4,5]thieno [2,3-b]pyridine-2-carboxamide.  

  Herein, we demonstrate direct conversion of hPSCs into osteoblasts by using a 

single small molecule—exogenous adenosine—without embryoid body (EBD) formation. 

These hiPSC-derived osteogenic cells contributed to bone tissue formation both in vitro 

and in vivo. Critical-sized cranial defects treated with the hiPSC-derived osteogenic cells 

were repaired through their contribution to the regeneration of new bone tissue without 
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teratoma formation. To our knowledge, this is the first study reporting the sole use of a 

single small molecule to derive functional osteoblasts from hPSCs. 

 

5.3. Materials and Methods 

5.3.1. Maintenance of hPSCs 

hESCs (HUES9) and hiPSCs (IMR90p18-iPS; WiCell Research Institute) [179] 

were maintained as described elsewhere [239]. Briefly, hPSCs were cultured on feeder 

layers of mitotically inactivated mouse embryonic fibroblasts (MEFs) using a medium 

consisting of Knockout DMEM (Life Technologies; catalog # 10829-018), 10% (v/v) 

Knockout serum replacement (Life Technologies, catalog # 10828028), 10% (v/v) human 

plasmanate (Talecris Biotherapeutics), 1% (v/v) non-essential amino acids, 1% (v/v) 

Gluta-MAX, 1% (v/v) penicillin/streptomycin, and 55 µM 2-mercaptoethanol. hPSCs 

were passaged using Accutase (Millipore) at approximately 80% confluence. The fresh 

medium was supplemented with 30 ng/mL of bFGF (Life Technologies) and replenished 

daily. 

 

5.3.2. Differentiation of hPSCs 

hPSCs were plated onto culture-grade coverslips (15 mm in diameter; 

Fisherbrand; catalog # 1254582) coated with Matrigel (BD Biosciences, catalog # 

354277) following manufacturer’s protocol. Matrigel coating was used to facilitate the 

adhesion of hPSCs [70]. Briefly, Matrigel was diluted in chilled DMEM at a ratio of 

1:86. The coverslips were incubated with Matrigel solution at 4 °C for overnight and 
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subsequently at 37 °C for 1 h. Pluripotent hPSCs were plated at a density of 10,000 

cells/cm2 and cultured in maintenance medium at 37 oC and 5% CO2 for 3 days to allow 

the attachment of the cells onto the coverslips. After 3 days of culture, the maintenance 

medium was replaced with either growth medium (high glucose DMEM, 10% [v/v] fetal 

bovine serum [FBS; hyclone], 4 mM L-glutamine, and 50 U/ml penicillin/streptomycin), 

or growth medium supplemented with 30 μg/mL adenosine (Sigma-Aldrich; catalog #: 

A4036), or growth medium supplemented with 30 μg/mL adenosine and 100 nM PSB 

603, or osteogenic-inducing medium (growth medium containing 10 mM β-

glycerophosphate (Calbiochem; catalog # 35675), 50 µM ascorbic acid-2-phosphate 

(Sigma-Aldrich; catalog # A8960), and 100 nM dexamethasone (Sigma-Aldrich; catalog 

# D2915). The PSB 603 is a pharmacological inhibitor of adenosine A2b receptor (A2bR) 

[240] and was procured from Tocris Bioscience (catalog #: 3198). Each medium was 

replenished every two days. 

 

5.3.3. Reverse transcription-polymerase chain reaction (RT-PCR) analysis 

hPSCs cultured in various medium conditions were examined for changes in the 

gene expression as a function of culture time. RNA was extracted from cell cultures 

(n=3) using TRIzol according to manufacturer’s instructions. For each sample, 1 μg of 

RNA was reverse-transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad; 

catalog # 170-8891). Real-time PCR reactions were run on ABI Prism 7700 Real-time 

PCR Cycler (Applied Biosystems). Human Osteogenic PCR array (SA Biosciences, 

catalog # PAHS-026) was also used to examine osteogenic differentiation of hiPSCs. In 

the case of PCR array, 84 genes related to osteogenic differentiation were analyzed and 
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their relative expressions were presented as a heat map. The colors of the heat map were 

scaled according to the relative expression of hiPSCs cultured in various medium 

conditions. Red color represents the highest expression while green color represents the 

lowest expression. The color between red and green represents the intermediate 

expression level. For quantitative PCR (qPCR) analysis, SYBR Select Master Mix (Life 

technologies, catalog # 4472908) was mixed with various primers (GAPDH, RUNX2, 

OCN, SPP1, NANOG, A1R, A2aR, A2bR, and A3R). The primer sequences are listed in 

Table 5.S1. The expression of each target gene was normalized to that of corresponding 

GAPDH, a housekeeping gene. The expression levels of hPSCs cultured using various 

medium conditions were normalized to that of undifferentiated, pluripotent hPSCs and 

presented as fold expression. 

  

5.3.4. Immunofluorescent staining of monolayer cultures 

Monolayer cultures were fixed using 4% (w/v) paraformaldehyde at 25 °C for 10 

min and washed with PBS. The fixed cells were treated with blocking solution of 3% 

(w/v) bovine serum albumin and 0.1% (v/v) Triton-X in PBS at 25 °C for 60 min. The 

treated cells were incubated with primary antibody against osteocalcin (1:100, mouse, 

Santa Cruz Biotechnology, catalog # sc-74495) in blocking solution at 4 °C for 16 h and 

washed with PBS. The cells were incubated with secondary antibody (goat anti-mouse; 

1:250, Life Technologies, Alexa Fluor 568) and phalloidin (1:100, Life Technologies, 

Alexa Fluor 488) in the blocking solution at 25 °C for 60 min and washed with PBS. The 

nuclei were stained by using 2 µg/mL Hoechst 33342 (Life Technologies, catalog #: 

H1399) in PBS at 25 °C for 10 min and washed with PBS. The stained cells were 
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mounted onto glass slides and visualized by using a fluorescence microscope (Carl Zeiss, 

Axio Observer.A1). The images were acquired in a linear mode using the same exposure 

time for all groups. The background of images was identically subtracted for all images 

by using ImageJ software by applying a rolling ball algorithm with rolling ball radius of 

750 pixels. 

 

5.3.5. Alizarin Red S staining of monolayer cultures 

The hPSC cultures were fixed with 4% (w/v) paraformaldehyde for 10 min and 

washed with PBS. The cells were stained with 2% (w/v) Alizarin Red S Solution (Sigma-

Aldrich; catalog # A5533; pH=4.2) for 10 min and washed with PBS. The stained cells 

were visualized using a microscope under H-filter in color mode. 

 

5.3.6. Preparation of macroporous matrices 

To evaluate bone-forming ability of osteoblasts derived from hiPSCs by using 

adenosine (Ad-hiPSCs), poly(ethylene glycol) diacrylate-co-acryloyl 6-aminocaproic 

acid (PEGDA-co-A6ACA) macroporous hydrogels were prepared by either poly(methyl 

methacrylate) (PMMA) leaching method [70] or cryogelation [241]. Synthesis of 

PEGDA (Mn = 3.4 kDa) and A6ACA were carried out as previously reported [199, 242]. 

Briefly, a cylindrical polypropylene mold (5 mm in diameter) was packed with 30 mg of 

PMMA microspheres (150 - 180 µm in diameter, Bangs Laboratories, catalog # BB05N). 

Approximately, 18 µL of precursor solution containing 20% (w/v) PEGDA, 0.5 M 

A6ACA in 0.5 N NaOH, and 0.3% (w/v) Irgacure was added into the PMMA-packed 

mold and photopolymerized by using UV light (λ = 365 nm) for 10 min. PMMA beads 
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were leached out using acetone for 3 days and hydrated in deionized (DI) water to yield 

macroporous hydrogels measuring 7 mm in diameter and 2 mm in thickness. 

 In the case of cryogelation to create macroporous hydrogels, 75 µL of chilled 

precursor solution containing 20% (w/v) PEGDA, 0.5 M A6ACA in 0.5 N NaOH, 0.5% 

(w/v) ammonium persulfate (APS), and 0.2% (v/v) N, N, N’-N’-

tetramethylethylenediamine (TEMED) was dispensed into a chilled polystyrene dish. A 

chilled coverslip of 15 mm in diameter was placed onto the precursor solution and 

polymerized at -20 oC for 24 h. PBS was added into the dish to yield macroporous 

hydrogels by thawing ice crystals. The resultant macroporous hydrogels were punched 

into 4 mm in diameter with 0.7 mm in thickness. The macroporous hydrogels were 

sterilized in 70% ethanol for 3 h and washed with PBS for 5 d. 

 

5.3.7. Scanning electron microscopy (SEM) 

SEM imaging was carried out to examine structures of the macroporous 

hydrogels. Briefly, the matrices were rinsed with DI water, cut into thin slices, and 

subjected to flash-freezing and lyophilization for 24 h. The sliced samples were iridium-

coated for 7 s using a sputter coater (Emitech, K575X) and imaged by using a SEM 

(Philips XL30 ESEM). 

   

5.3.8. Cell seeding and in vitro culture 

To evaluate bone-forming ability of Ad-hiPSCs, the cells were seeded into the 

macroporous matrices. hiPSCs cultured in growth medium without exogenous adenosine 

(d-hiPSCs) was used as a control. The hiPSCs cultured in growth medium with or 



 130 

 

 

without the presence of 30 μg/mL adenosine for 21 days were trypsinized and used for 

the experiments. Prior to cell (Ad-hiPSCs and d-hiPSCs) seeding, sterile macroporous 

matrices (7 mm diameter x 2 mm thickness) were incubated in 1.5 mL of growth medium 

at 37 °C for 24 h to promote cell adhesion. Approximately 20 µL of the medium was 

removed and 20 µL of the cell suspension containing 1.5 million cells was seeded into 

the matrices. The cell-laden matrices were incubated at 37°C for 2 h to allow cell 

infiltration and cultured in 1.5 mL of the growth medium supplemented with 10 mM β-

glycerophosphate and 50 µM ascorbic acid-2-phosphate, but devoid of dexamethasone 

[243, 244]. The medium was replenished every two days. 

 

5.3.9. Live-dead assay 

To examine viability and distribution of seeded cells within the macroporous 

matrices, live-dead staining was conducted. At 3 days post-seeding, the samples were cut 

into thin slices and washed with PBS. The slices were incubated in a staining solution 

containing 0.05% (v/v) green-fluorescent calcein-AM and 0.2% (v/v) red-fluorescent 

ethidium homodimer-1 in DMEM at 37 °C for 30 min according to the manufacturer’s 

instructions (Life technologies, catalog # L-3224). The stained slices were washed with 

PBS and imaged using a fluorescence microscope (Carl Zeiss, Axio Observer.A1). 

 

5.3.10. Critical-sized cranial bone defects 

For in vivo study, 12 immunodeficient mice (NOD.CB17-Prkdcscid/J, 

approximately 3-month-old) were used with the approval of the Institutional Animal Care 

and Use Committee (IACUC) at the University of California, San Diego. Prior to surgery, 
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the mice were administered with ketamine (Ketaset, 100 mg/kg) and xylazine (AnaSed, 

10 mg/kg) through an intraperitoneal injection. The anesthetized mice were subject to 15 

mm-long incision on their skin of parietal skull bones and cranial surface was gently 

scrapped to remove the periosteum. The exposed cranial bone on the underlying dura 

mater was removed in full thickness with 4 mm in diameter to create critical-sized cranial 

bone defects [245]. Two cranial bone defects were created in left and right parietal skull 

bones in each mouse. Acellular and Ad-hiPSC-laden macroporous matrices (4 mm in 

diameter and 0.7 mm in thickness) cultured for 1 week in vitro and implanted into the 

defects. A sham control was also included for the defects that received no treatment. The 

skin of parietal skull bones was then carefully sutured. After the surgery, the mice were 

housed in separate cages and sacrificed after 4 and 16 weeks of implantation. 

  

5.3.11. Micro-computed tomography (µCT) 

µCT was used to examine the hard tissue formation both in vitro and in vivo. The 

in vitro cultured constructs and parietal skull bones including calvarial bone defects were 

fixed in 4% paraformaldehyde at 4 °C for 5 days and washed with PBS. The fixed 

samples were tightly packed between styrofoam spacers in 50 mL centrifuge tubes 

containing wet tissue wipes to maintain the hydration of the samples. The samples were 

scanned by using SkyScan 1076 µCT scanner (Bruker; pixel resolution: 9 μm, 50 kV, Al 

filter). The scanned images were reconstructed by using NRecon software (SkyScan, 

Bruker). The reconstructed images were assembled into 3-D models by using CT 

Analyser software (SkyScan, Bruker) or converted into 2-D cross-sectional images in 

coronal, transaxial, and sagittal planes of the matrices by using DataViewer software 
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(SkyScan, Bruker). To selectively account for positive signals from the calcified tissue, 

background signals were uniformly subtracted from the reconstructed images of all 

groups by applying a thresholding range of 90-255. Using 3-D models, mineral density 

within the matrices was quantified and presented as a percentage of bone volume per total 

volume (BV/TV). 

 

5.3.12. Preparation for histological analysis 

To perform histological analysis, paraffin-embedded sections were prepared as 

previously reported [145]. Briefly, the in vitro cultured matrices and parietal skull bones 

including the neobone tissue within calvarial bone defects were fixed in 4% 

paraformaldehyde at 4 °C for 5 days and washed with PBS for 6 h. The fixed samples 

were decalcified in 10% ethylenediaminetetraacetic acid (EDTA, pH = 7.3) at 4 °C for 2 

weeks and washed with PBS for 6 h. The decalcified samples were dehydrated, 

equilibrated in Citrisolv, and incubated in a molten mixture of 95% (w/w) paraffin and 

5% (w/w) poly(ethylene-co-vinyl acetate) (Sigma Aldrich, catalog #: 437220) at 70 °C 

under vacuum for 24 h. The paraffin-embedded samples were sliced into 10 µm-thick 

sections using a rotary microtome (Leica, RM2255). Prior to staining, the sections were 

deparaffinized in Citrisolv for 15 min and rehydrated. 

  

5.3.13. Histochemical staining and histomorphometry 

For H&E staining, the rehydrated sections were incubated in hematoxylin solution 

(Ricca, catalog #: 3536-16) for 7 min and washed with DI water. The sections were then 

immersed in Eosin-Y solution (Richard-Allan Scientific, catalog #: 7111) for 1 min and 
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washed with DI water. The stained sections were dehydrated and imaged in a color mode 

under H filter. The stained images were stitched to acquire a continuous view of whole 

calvarial bone defects integrated with the native bone. 

  For histomorphometrical analysis, six representative H&E-stained images were 

selected (n=6) and the areal sum of engineered bone as well as defect area were 

quantified by using ImageJ. The areal density of the newly formed bone was presented as 

a percentage of bone area per defect area. 

  For tartrate-resistant acid phosphatase (TRAP) staining, a staining solution was 

formulated by following a manufacturer’s protocol (Acid Phosphatase kit, Sigma-

Aldrich, catalog # 387A). Briefly, 50 µL of Fast Garnet GBC base solution and 50 µL of 

sodium nitrite solution were mixed. After 2 min, the mixture was added into 4.5 mL of 

DI water prewarmed to 37 °C. To this solution, 50 μL of Naphthol AS-Bl phosphate 

solution, 200 μL of acetate solution, and 100 μL of tartrate solution were sequentially 

added to yield the staining solution. The rehydrated sections were incubated in the 

staining solution at 37 °C for 1 h while protecting from light. The stained sections were 

washed with DI water, dehydrated, and imaged in a color mode under H filter. 

 

5.3.14. Immunohistochemical staining 

The rehydrated sections were treated in 20 µg/mL proteinase K (Invitrogen, 

catalog #: 100005393) in a mixture of 95% (v/v) TE buffer (50 mM Tris-HCl, 1 mM 

EDTA, and 0.5% [v/v] Triton X-100; pH = 8.0) and 5% (v/v) glycerol at 37 °C for 15 

min and washed with PBS. The treated sections were immersed in a blocking solution 

containing 3% (v/v) normal goat serum and 0.1% (v/v) Triton X-100 in PBS at 25 °C for 
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1 h and incubated with primary antibodies against osteocalcin (1:100, rabbit, Abcam, 

catalog # ab93876) or type X collagen (1:50, rabbit, Fitzerald, catalog # 20R-CR030) in 

the blocking solution at 4 °C for 16 h. The sections were washed with PBS and treated 

with 3% (v/v) hydrogen peroxide for 7 min and washed with PBS. The treated sections 

were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody 

(1:200, donkey anti-rabbit, Jackson ImmunoResearch, catalog # 711-035-152) in the 

blocking solution at 25 °C for 60 min and washed with PBS. The sections were 

developed in 3-3’ diaminobenzidine (DAB) substrate solution (Vector Laboratories, 

catalog # SK-4100) for 3 min. The stained sections were washed with PBS, dehydrated, 

and imaged in a color mode under H filter. The stained images for osteocalcin were 

stitched to show the continuous view of whole calvarial bone defects integrated with the 

surrounding native bone. 

 

5.3.15. Immunohistofluorescent staining 

The rehydrated sections were treated with 20 µg/mL proteinase K in TE buffer at 

37 °C for 15 min and washed with PBS. The treated sections were permeabilized in 0.1% 

(v/v) Triton-X in PBS at 25 °C for 4 min and washed with PBS. The permeabilized 

sections were further treated in 2.5 mg/mL sodium borohydride (Fisher Scientific, catalog 

# 16940-66-2) in 50% EtOH at 25 °C for 30 min and washed with PBS. The treated 

sections were immersed in a blocking solution of 10% (v/v) donkey serum in PBS at 25 

°C for 60 min. The sections were incubated in primary antibodies against lamin A/C 

(1:100, rabbit, Abcam, catalog # ab108595), osteocalcin (1:100, mouse, Santa Cruz 

Biotechnology; catalog # sc-74495), or CD31 (Platelet endothelial cell adhesion molecule 
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[PECAM-1], 1:100, goat, Santa Cruz Biotechnology, catalog # sc-1506) in the blocking 

solution at 4 °C for 16 h and washed with PBS. The sections were then incubated in 

secondary antibodies raised against rabbit (1:200, goat anti-rabbit, Life Technologies, 

Alexa Fluor 488, catalog # A11008), mouse (1:200, goat anti-mouse, Life Technologies, 

Alexa Fluor 568, catalog # A11004), or goat (1:200, donkey anti-goat, Jackson 

ImmunoResearch, Allophycocyanin, catalog # 705-136-147) as well as 2 µg/mL Hoechst 

33342 (Life Technologies, catalog # H1399) in the blocking solution at 25 °C for 60 min 

and washed with PBS. The stained sections were imaged under confocal fluorescence 

microscope (Olympus FluoView FV1000). All images were taken using the same 

exposure time. The background was uniformly subtracted for all images using ImageJ 

software by applying a rolling ball algorithm (rolling ball radius: 750 pixels). 

  

5.3.16. Statistical analysis 

All experiments were repeated independently at least twice in addition to the 

triplicates used in each experiment. Using Graphpad Prism 5, statistical significances 

were considered for p-values less than 0.05.  Two-tailed Student’s t-test was used to 

compare two groups at the same time point. One-way analysis of variance (ANOVA) 

including Tukey-Kramer post-hoc test was employed to compare multiple groups at the 

same time point. Two-way ANOVA including Bonferroni post-hoc test was used to 

compare multiple groups across different time points. 
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5.4. Results 

5.4.1. Exogenous adenosine-driven osteogenic differentiation of hPSCs. 

Human induced pluripotent stem cells (hiPSCs) were seeded onto Matrigel-coated 

coverslips and cultured in either growth medium or growth medium supplemented with 

adenosine. The hiPSCs cultured in conventional osteogenic induction medium was used 

as a positive control. Previous studies have shown that hPSCs cultured in osteogenic 

induction medium undergo osteogenesis [138]. hiPSCs in all cultures grew to confluence 

within 10 days with no significant differences irrespective of the difference in medium 

compositions (Figure 5.S1a). Analysis of gene expression profile at 21 days of culture 

showed considerable upregulation of various genes relevant to osteogenesis in cells 

exposed to exogenous adenosine and osteogenic induction medium (Figure 5.1a). 

Osteogenic differentiation of hiPSCs was further evaluated through time-resolved 

quantitative analyses for various genes (RUNX2, OCN, and SPP1) relevant to cells 

undergoing osteogenesis. The qPCR analyses showed that hiPSCs cultured in presence of 

exogenous adenosine, similar to osteogenic induction medium, consistently exhibited an 

upregulation of RUNX2, OCN, and SPP1 expressions throughout 21 days of culture 

(Figure 5.1b). The hiPSCs, cultured under all medium conditions, showed 

downregulation of NANOG (a pluripotency marker), suggesting that the hiPSCs in all 

cultures lost pluripotency irrespective of whether the hiPSCs underwent osteogenic 

differentiation or not (Figure 5.1b). 

  In addition to gene expression profile, the conversion of hiPSCs into osteoblasts 

was evaluated by immunofluorescent staining for osteocalcin (an osteoblast-specific 

marker). In accordance with upregulated levels of osteogenic gene expression, hiPSCs 
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cultured in presence of adenosine and osteogenic induction medium stained positive for 

osteocalcin in a majority of cells after 21 days of culture, suggesting the differentiation of 

hiPSCs into osteoblasts (Figure 5.1c). F-actin and nuclear staining of hiPSCs are also 

shown. The intensity of osteocalcin expression for hiPSCs undergoing osteogenic 

differentiation was also found to gradually increase with culture time (Figures 5.1c, 

5.S3). No such osteocalcin expression was found for hiPSCs cultured in growth medium 

despite their loss of pluripotency. 

  To further confirm osteoblastic differentiation of hiPSCs, we examined the 

calcification of hiPSC cultures by staining for Alizarin Red S. hiPSCs cultured in both 

adenosine-supplemented growth medium as well as osteogenic-inducing medium 

exhibited positive Alizarin Red S staining after 21 days of culture (Figure 5.1c).  The 

intensity for Alizarin Red S staining was found to become progressively prevalent with 

culture time (Figures 5.1c, 5.S3).  Similar to osteocalcin staining, no calcification was 

observed for hiPSCs cultured in growth medium. Taken together, the results suggest the 

potent role of adenosine in directing osteogenic differentiation of hiPSCs. 

  Similar to hiPSCs, hESCs cultured in presence of osteogenic induction medium 

and growth medium supplemented with adenosine (Figure 5.S1b) underwent osteogenic 

differentiation. hESCs cultured in growth medium supplemented with adenosine as well 

as osteogenic induction medium consistently upregulated various osteogenic markers 

(Figure 5.S2a). In addition to gene expression, the cell cultures also stained positive for 

osteocalcin and exhibited accumulation of calcium (Figure 5.S2b). 
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5.4.2. Adenosine-stimulated osteogenesis of hPSCs involves A2bR signaling. 

The effect of exogenous adenosine on hiPSCs and hESCs was examined for 

various adenosine receptor subtypes, A1R, A2aR, A2bR, and A3R. Both hiPSCs and 

hESCs cultured in adenosine-supplemented growth medium exhibited significant 

upregulation of A2bR expression (Figures 5.2a, 5.S4a). In contrast, no considerable 

differences in the expression of other genes, such as A1R, A2aR, or A3R were observed 

for the cells cultured in exogenous adenosine. Unlike cells in medium supplemented with 

adenosine, no consistent upregulation of any adenosine receptor subtypes was observed 

in the cells cultured in growth or osteogenic medium.  

  In order to verify the role of A2bR, if any, on adenosine-mediated osteogenic 

differentiation of hPSCs, we used A2bR antagonist, 8-[4-[4-(4-chlorophenzyl)piperazide-

1-sulfonyl)phenyl]]-1-propylxanthine (PSB 603). Interestingly, the presence of PSB603 

in hPSC cultures resulted in the downregulation of osteogenic markers that were 

otherwise upregulated in presence of exogenous adenosine (Figures 5.2b, 5.S4b). 

Consistent with other cultures, hPSCs cultured in presence of PSB 603 also showed 

downregulation of NANOG (Figures 5.2b, 5.S4b). The PSB 603-mediated attenuation of 

osteogenic differentiation was further confirmed by immunofluorescent staining for 

osteocalcin. The prevalence of osteocalcin protein observed in hPSCs (in exogenous 

adenosine) was significantly diminished in presence of PSB 603 (Figures 5.2c, 5.S4c). 

Inhibition of adenosine-mediated osteogenic differentiation of hPSCs, by blocking A2bR 

signaling, was further supported by Alizarin Red S staining, which showed significant 

reduction in calcification in presence of PSB 603 (Figures 5.2c, 5.S4c). 
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5.4.3. Bone tissue formation in vitro by hiPSC-derived osteoblasts. 

Having established the ability of adenosine to direct osteogenic commitment of 

hPSCs, we next determined the bone tissue-forming ability of hiPSC-derived osteoblasts; 

hereafter named as Ad-hiPSCs. The hiPSCs were cultured in presence of exogenous 

adenosine for 21 days and the differentiated cells were loaded into poly(ethylene glycol) 

diacrylate-co-acryloyl 6-aminocaproic acid (PEGDA-co-A6ACA) macroporous 

hydrogels (Figures 5.S5a, 5.S6a). The hiPSCs cultured for 21 days under identical 

conditions but without being exposed to exogenous adenosine were used as a control; 

hereafter termed as d-hiPSCs. The schematic in Figure 5.3a reveals the experimental 

procedures. 

  After 3 days of cell seeding, live-dead staining showed that the cells were viable 

and homogeneously distributed within the macroporous matrices (Figures 5.S5b, 5.S6b). 

The gross appearance of the cell-laden matrices as a function of culture time revealed 

gradual build-up of calcification for cell-laden matrices involving Ad-hiPSCs (Figure 

5.S5c). No such calcification or hard tissue formation was observed with cell-laden 

matrices that utilized d-hiPSCs. 3-D µCT images of the Ad-hiPSC-laden matrices 

showed progressive formation of calcified tissue throughout 3 weeks of culture (Figure 

5.3b). In stark contrast, the matrices containing d-hiPSCs showed slight mineralization 

along the periphery of the matrices. Quantification of hard tissue formation from the 3-D 

µCT images corroborated the observations with significantly higher mineral density for 

the matrices containing Ad-hiPSCs as compared to d-hiPSCs (Figure 5.3c). 2-D cross-

sectional images of the matrices containing Ad-hiPSCs, in three perpendicular planes, 
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showed uniform hard tissue formation throughout the porous matrices after 3 weeks of 

culture (Figure 5.S5d). 

  Histological examination of the calcified tissues was performed to determine the 

formation of bone tissue. H&E staining showed the presence of dense extracellular 

matrix (ECM) resembling bone tissue for the cultures containing Ad-hiPSCs following 3 

weeks of culture, while the cultures involving d-hiPSCs displaying minimal ECM 

deposition of such features (Figure 5.3d). The bone tissue formation was also confirmed 

by immunohistochemical staining for osteocalcin. The constructs involving Ad-hiPSCs 

were found to progressively develop osteocalcin-rich ECM over the course of 3 weeks 

(Figure 5.3d). On the contrary, minimal osteocalcin staining was observed in the cell-

laden matrices containing d-hiPSCs. 

 

5.4.4. hiPSC-derived osteoblasts participate in healing critical-sized defects. 

The ability of hiPSC-derived osteoblasts (Ad-hiPSCs) to contribute to bone tissue 

repair was examined by using critical-sized cranial bone defects in mice. Ad-hiPSC-laden 

PEGDA-co-A6ACA matrices were cultured for 1 week prior to their implantation. µCT 

analyses of these cell-laden matrices prior to implantation indicated minimal hard tissue 

formation (Figure 5.S6c). The in vivo bone tissue formation of Ad-hiPSC-laden matrices 

was compared to those with acellular matrices and sham group. Bone tissue formation at 

4 and 16 weeks post-implantation was evaluated through µCT analyses that showed 

formation of hard tissue in the defects treated with Ad-hiPSC-laden matrices (Figures 

5.4a, 5.S7a). The newly formed hard tissue was found to cover the entire defect. On the 

contrary, minimal to no hard tissue formation was observed in sham control and the 
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defects treated with acellular matrices exhibited partial calcification. Quantification of 

µCT images showed significantly increased hard tissue formation in the defects treated 

with Ad-hiPSCs compared to sham and acellular controls, with bone volume reaching 

similar to that of native bone by 16 weeks (Figure 5.4b). 

H&E and osteocalcin staining, at 4 and 16 weeks post-treatment, confirmed the 

presence of neo-bone tissue in defects treated with Ad-hiPSCs (Figures 5.4c, 5.S7b).  

H&E-stained images of the tissue at 16 weeks showed formation of matured bone with 

osteocytes embedded in mineralized matrix resembling the morphology of native bone. 

The neo-bone tissue was also characterized by osteocalcin-rich ECM. Compared to Ad-

hiPSCs, sham and acellular control groups showed minimal bone formation 

nonhomogeneously distributed within the defects. In contrast, the defects treated with 

Ad-hiPSCs showed homogenous bone tissue formation throughout the cranial defect. The 

neo-bone tissue was also found to be integrated with adjoining native bone. Together, the 

findings suggest complete healing of the defects treated with Ad-hiPSCs. The excised 

implants stained for type X collagen, a marker for hypertrophic cartilage, showed their 

absence across all groups at 4 and 16 weeks post-implantation (Figure 5.S9). 

Histomorphometrical analysis of H&E-stained images corroborated the 

aforementioned observations that the defects treated with Ad-hiPSCs exhibiting 

significantly higher bone content compared to acellular and sham groups (Figure 5.4d). 

No evidence of teratoma formation or inflammation was observed in any of the animals 

treated with Ad-hiPSCs. 

  To determine the contribution of transplanted Ad-hiPSCs towards neo-bone 

tissue, human-specific lamin A/C staining was performed. Immunofluorescent staining of 
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the newly formed bone with Ad-hiPSCs at 4 and 16 weeks post-implantation showed the 

colocalization of osteocalcin and human-specific lamin A/C (Figures 5.5a, 5.S8a). The 

new bone tissue was also filled with cells, which were positive for osteocalcin, but 

negative for lamin A/C, suggesting the contribution of host cells towards the formation of 

neo-bone tissue. Osteocalcin-positive cells were found in the defects treated with 

acellular matrices and sham group, indicating the infiltration of host cells into the 

implanted matrices and defect sites. 

  Not only that the transplanted cells survived and contributed to bone tissue 

formation, the cell-laden matrices also recapitulated vascular connections with the host 

tissue. The cell-laden matrices were permeated with intraluminal red blood cells (Figure 

5.4c). Staining the implanted sections with platelet endothelial cell adhesion molecule 

antibody (CD31 also known as PECAM-1) further demonstrated the presence of vessels 

within the macroporous structures (Figures 5.5b, 5.S8b). The cell-laden implants also 

stained positive for tartrate-resistant acid phosphatase (TRAP) at 4 and 16 weeks post-

treatment (Figures 5.5b, 5.S8b). Positive TRAP stains suggest presence of osteoclast-like 

cells within the regenerated bone tissue. 

  

5.5. Discussion  

Small molecule-directed differentiation of human pluripotent stem cells (hPSCs) 

could significantly contribute to their applications. Small molecules, which can be readily 

synthesized and remain relatively stable compared to growth factors, offer a simple, 

reproducible, and cost-effective strategy to generate large numbers of hPSC-derivatives.  
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In this study, we discuss the potential of exogenous adenosine to derive functional 

osteoblasts from hPSCs. Adenosine is a naturally occurring molecule, a purine 

nucleoside, which is a metabolite of ATP. Adenosine is known to play a number of 

physiological and pharmacological functions and has been used as a neuromodulator and 

vasodilator [246-249]. 

  Consistent with previous findings, hESCs and hiPSCs cultured in the absence of 

soluble factors, such as basic fibroblast growth factor (bFGF) showed loss of 

pluripotency [250]. However, only the cells cultured in medium containing exogenous 

adenosine underwent osteogenic differentiation. Concomitant with undergoing 

osteoblastogenesis, the hPSCs cultured in exogenous adenosine showed an upregulation 

of adenosine A2b receptor (A2bR). A pharmacological inhibition of A2bR attenuated 

adenosine-induced osteogenic differentiation of the cells. Taken together, the data 

suggest the role of A2bR signaling in adenosine-induced osteogenic differentiation of 

hPSCs. This is in accordance with our prior studies that have discovered the pivotal role 

of A2bR in calcium phosphate biomaterial-mediated osteogenic differentiation of hMSCs 

and hESCs [39, 251]. There also exist a few studies reporting functionally dominant role 

of A2bR over other adenosine receptors in MSCs undergoing osteogenic differentiation 

[208, 252]. It was also reported that A2bR knockout mice exhibited lower bone 

development and delayed fracture repair compared to wild type mice [207]. 

  The osteogenic cells derived from hiPSCs resulted in 3D bone tissue formation 

in vitro even in the absence of any osteoinductive molecules in culture medium. We 

chose macroporous PEGDA-co-A6ACA matrices as a scaffold (or artificial matrix) for 

both in vitro and in vivo bone tissue formation. Our previous studies showed that these 
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macroporous matrices do not intrinsically possess any osteoinductivity [70, 77]. In 

addition to in vitro bone tissue formation, when implanted in vivo, the Ad-hiPSCs 

contributed to tissue repair through the regeneration of bone tissue integrated with 

adjacent native bone tissues. Further, the infiltrated host cells also contributed to bone 

tissue formation. Thus formed bone tissue resembled native bone tissue in morphology 

and mineral density by 16 weeks. However, as evident from the acellular control, the 

infiltration of host cells alone was not adequate to achieve homogeneous bone formation 

and complete healing of the defect. 

  Vascularization of the implant and the engineered tissue plays an important role 

in the survival of the transplanted cells and the neo-bone tissue formation. The implants 

were permeated with host blood vessels. Vascularization of the implant could be 

attributed to the macroporous structure of the PEGDA-co-A6ACA matrices that readily 

allowed for the invasion of vascular endothelial cells, consistent with a prior finding 

[253]. The presence of intraluminal red blood cells in the implants suggests that neo-

vessel within the implant had anastomosed with the host vasculature. The presence of 

vascular network within the implant has likely promoted the survival of the transplanted 

cells and also recruitment of endogenous cells. Detection of TRAP-positive osteoclastic 

cells within the engineered bone implies the initiation of bone resorption [9]. It was 

previously reported that osteoblasts not only produce monocyte chemoattractant protein-1 

(MCP-1) to recruit osteoclastic precursors, but also express receptor activator of nuclear 

factor kappa-B ligand (RANKL) to activate osteoclastic cells [254]. Co-presence of bone-

synthesizing osteoblasts and bone-resorbing osteoclasts within the newly regenerated 
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bone tissue suggests plausible physiological remodeling of the tissue, a key feature of 

native bone. 

 

5.6. Conclusion 

In summary, this study demonstrates that adenosine alone can direct osteoblastic 

differentiation of human pluripotent stem cells, such as hESCs and hiPSCs in growth 

medium lacking any other osteoinductive factors. The adenosine-mediated osteogenic 

commitment of hPSCs was shown to be regulated by A2bR signaling. To our knowledge, 

this is the first demonstration for direct conversion of hPSCs into osteoblasts solely by a 

single small molecule. Furthermore, hiPSC-derived osteoblasts contributed to the repair 

of critical-sized bone defects through formation of de novo bone, which was integrated 

with surrounding native tissue without teratoma formation. A simple, cost-effective, and 

efficient osteogenic induction protocol involving adenosine will allow obtaining a large 

number of clinically viable therapeutic cells to treat critical bone defects. 
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5.8. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Adenosine induces osteogenic differentiation of hiPSCs. 

 

(A) Transcription profile of 84 gene expressions relevant to osteogenic differentiation for 

hiPSCs cultured for 21 days in growth medium (GM), adenosine-supplemented growth 

medium (Adenosine), and osteogenic medium (OM). Relative expressions: red (high), 

black (medium), green (low). (B) Time-dependent quantitative gene expressions of 

hiPSCs for osteogenic markers (RUNX2, OCN, and SPP1) and pluripotent marker 

(NANOG) cultured in GM, Adenosine, and OM. (C) Staining of osteoblastic markers for 

hiPSCs cultured for 21 days in GM, Adenosine, and OM. Immunofluorescent staining of 

osteocalcin (green), F-actin (red), and nuclei (blue; Hoechst) as well as Alizarin Red S 

staining. Scale bars indicate 100 µm. Inset shows the stained images of whole wells. Data 

are presented as mean ± standard errors (n=3). Data are shown as fold expression of 

target genes after normalization to undifferentiated, pluripotent hiPSCs. For RUNX2, 

OCN, and SPP1, the groups with various medium conditions at the same culture time 

were compared by using one-way ANOVA with Tukey-Kramer post-hoc test. For 

NANOG, all the groups were compared to undifferentiated, pluripotent hiPSCs by two-

way ANOVA with Bonferroni post-hoc test. Asterisks were assigned to p-values with 

statistical significances (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 5.2. Adenosine-induced osteoblastic differentiation of hiPSCs is regulated by 

A2bR signaling. 

 

(A) Time-dependent quantitative gene expressions of hiPSCs for adenosine receptor 

subtypes (A1R, A2aR, A2bR, and A3R) cultured in growth medium (GM), adenosine-

supplemented growth medium (Adenosine), and osteogenic medium (OM).  (B) 

Quantitative gene expression analysis of osteogenic markers (RUNX2, OCN, and SPP1) 

and pluripotent marker (NANOG) as well as (C) staining of osteoblastic markers for 

hiPSCs after 21 days of culture in presence and absence of adenosine and A2bR 

antagonist. The plus (+) and minus (-) symbols in gene expressions denote growth 

medium in presence and absence of adenosine and PSB 603 (A2bR antagonist), 

respectively. Immunofluorescent staining for osteocalcin (green), F-actin (red), and 

nuclei (blue; Hoechst) as well as Alizarin Red S staining. Various medium conditions 

include growth medium alone (GM) as well as growth medium in presence of adenosine 

(Adenosine) and co-presence of adenosine and PSB 603 (Adenosine + PSB 603). Scale 

bars indicate 100 µm. Inset shows the stained images of whole wells. Data are shown as 

mean ± standard errors (n=3). Data are presented as fold expression of target genes after 

normalization to undifferentiated, pluripotent hiPSCs. For A1R, A2aR, A2bR, and A3R 

as well as RUNX2, OCN, and SPP1, the groups with various medium conditions at the 

same culture time were compared by one-way ANOVA with Tukey-Kramer post-hoc 

test. For NANOG, all the groups were compared to undifferentiated, pluripotent hiPSCs 

by two-way ANOVA with Bonferroni post-hoc test. Asterisks indicate statistical 

significances according to p-values (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 5.3. hiPSC-derived osteoblasts produce calcified bone tissue in vitro. 

 

(A) Schematic for an experimental protocol used to examine bone-forming ability of 

hiPSC-derived osteoblasts within the macroporous matrices both in vitro and in vivo. (B) 

3-D micro-computed tomography (µCT) images and (C) corresponding bone mineral 

densities (BV/TV: Bone volume/total volume) as well as (D) hematoxylin and eosin 

(H&E) staining and immunohistochemical staining for osteocalcin of the macroporous 

matrices containing non-adenosine-treated hiPSCs (d-hiPSCs) and adenosine-treated 

hiPSCs (Ad-hiPSCs) following 1, 2, and 3 weeks of in vitro culture. Scale bars in 3-D 

µCT images represent 2 mm. Scale bars in staining images indicate 100 µm. High 

magnification staining images are also provided. Scale bars represent 50 µm. Data are 

displayed as mean ± standard errors (n=4). Two groups at the same culture time were 

compared by two-tailed Student’s t-test. Asterisks indicate statistical significances 

according to p-values (**: p < 0.01). 
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Figure 5.4. hiPSC-derived osteoblasts promote the healing of critical-sized bone 

defects through integrated bone formation in vivo. 

 

(A) 3-D micro-computed tomography (µCT) images of cranial bone defects with no 

implantation (Sham) as well as implantation of the macroporous matrices alone 

(Acellular) or loaded with adenosine-treated hiPSCs (Ad-hiPSCs) following 16 weeks of 

in vivo implantation. Scale bars indicate 1 mm. (B) Bone mineral densities (BV/TV: 

Bone volume/total volume) within cranial bone defects for Sham, Acellular, and Ad-

hiPSCs groups following 4 and 16 weeks of implantation. Native mouse cranial bone was 

used as a control. (C) Hematoxylin and eosin (H&E) staining and immunohistochemical 

staining for osteocalcin of cranial bone defects for Sham, Acellular, and Ad-hiPSCs 

groups after 16 weeks of implantation. Scale bars represent 500 µm. High magnification 

images show the center and edge of cranial bone defects. White and black dotted lines at 

the defect edge indicate the interface between engineered tissue within the bone defect 

and adjoining native bone tissue. Yellow arrows in H&E staining indicate microvessels 

containing red blood cells. Scale bars indicate 100 µm. (D) Histomorphometric analysis 

for neo-bone density within cranial bone defects (Bone area/Defect area) determined 

from H&E staining images for Sham, Acellular, and Ad-hiPSCs groups after 4 and 16 

weeks of implantation. Data are shown as mean ± standard errors (n=6). Multiple groups 

at the same implantation time were compared by one-way ANOVA with Tukey-Kramer 

post-hoc test. Asterisks were assigned to p-values with statistical significances (*: p < 

0.05; ***: p < 0.001). 
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Figure 5.5. hiPSC-derived osteoblasts participate in the formation of neo-bone tissue 

that recapitulates vascular and bone-resorptive cells. 

 

Immunofluorescent staining for (A) osteocalcin (red) and human-specific lamin A/C 

(green) and (B) CD31 (red) along with nuclei (blue; Hoechst) as well as tartrate-resistant 

acid phosphatase (TRAP) staining of calvarial bone defects with no implantation (Sham) 

as well as implantation of the macroporous matrices alone (Acellular) or seeded with 

adenosine-treated hiPSCs (Ad-hiPSCs) after 16 weeks of implantation. Red arrows 

indicate TRAP-positive stains. Scale bars represent 50 µm. 
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Figure 5.S1. Attachment and growth of hPSCs cultured under various medium 

conditions. 

 

Bright-field images of (A) hiPSCs and (B) hESCs cultured for 3 and 10 days in growth 

medium (GM), growth medium supplemented with adenosine (Adenosine), and 

osteogenic-inducing medium (OM). Scale bars indicate 200 µm. 
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Figure 5.S2. Adenosine directs osteogenic differentiation of hESCs. 

 

(A) Time-dependent quantitative gene expressions of hESCs for osteogenic markers 

(RUNX2, OCN, and SPP1) and pluripotent marker (NANOG) cultured in growth 

medium (GM), adenosine-supplemented growth medium (Adenosine), and osteogenic 

medium (OM). (B) Staining of osteoblastic markers for hESCs cultured for 14 and 21 

days in GM, Adenosine, and OM. Immunofluorescent staining of osteocalcin (green), F-

actin (red), and nuclei (blue; Hoechst) as well as Alizarin Red S staining. Scale bars 

indicate 100 µm. Inset shows the stained images of whole wells. Data are shown as mean 

± standard errors (n=3). Data are presented as fold expression of target genes after 

normalization to undifferentiated, pluripotent hESCs. For RUNX2, OCN, and SPP1, the 

groups with various medium conditions at the same culture time were compared by using 

one-way ANOVA with Tukey-Kramer post-hoc test. For NANOG, all the groups were 

compared to undifferentiated, pluripotent hESCs by two-way ANOVA with Bonferroni 

post-hoc test. Asterisks indicate statistical significances according to p-values (*: p < 

0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 5.S3. Staining of osteoblastic markers for hiPSCs after their culture in 

various medium conditions. 

 

hiPSCs were cultured in growth medium (GM), growth medium supplemented with 

adenosine (Adenosine), and osteogenic induction medium (OM). Immunofluorescent 

staining of osteocalcin (green), F-actin (red), and nuclei (blue; Hoechst) as well as 

Alizarin Red S staining for hiPSCs cultured for 14 days. Scale bars indicate 100 µm. 

Inset shows the stained images of whole wells. 
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Figure 5.S4. Adenosine-directed osteoblastic differentiation of hESCs is mediated by 

A2bR signaling. 

 

(A) Time-dependent quantitative gene expressions of hESCs for adenosine receptor 

subtypes (A1R, A2aR, A2bR, and A3R) cultured in growth medium (GM), adenosine-

supplemented growth medium (Adenosine), and osteogenic medium (OM).  (B) 

Quantitative gene expression analysis of osteogenic markers (RUNX2, OCN, and SPP1) 

and pluripotent marker (NANOG) as well as (C) staining of osteoblastic markers for 

hESCs after 21 days of culture in presence and absence of adenosine and A2bR 

antagonist. The plus (+) and minus (-) symbols in gene expressions denote growth 

medium in presence and absence of adenosine and PSB 603 (A2bR antagonist), 

respectively. Immunofluorescent staining for osteocalcin (green), F-actin (red), and 

nuclei (blue; Hoechst) as well as Alizarin Red S staining. Various medium conditions 

include growth medium alone (GM) as well as growth medium in presence of adenosine 

(Adenosine) and co-presence of adenosine and PSB 603 (Adenosine + PSB 603). Scale 

bars represent 100 µm. Inset shows the stained images of whole wells. Data are presented 

as mean ± standard errors (n=3). Data are shown as fold expression of target genes after 

normalization to undifferentiated, pluripotent hESCs. For A1R, A2aR, A2bR, and A3R as 

well as RUNX2, OCN, and SPP1, the groups with various medium conditions at the same 

culture time were compared by one-way ANOVA with Tukey-Kramer post-hoc test. For 

NANOG, all the groups were compared to undifferentiated, pluripotent hESCs by two-

way ANOVA with Bonferroni post-hoc test. Asterisks were assigned to p-values with 

statistical significances (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Figure 5.S5. Characterization of macroporous matrices and their use for in vitro 

culture of hiPSC-derived osteoblasts. 

 

(A) Scanning electron microscopy (SEM) image of macroporous matrices prepared by 

using PMMA templates. Scale bar indicates 50 µm. (B) Fluorescent live-dead staining for 

non-adenosine treated hiPSCs (d-hiPSCs) and adenosine-treated hiPSCs (Ad-hiPSCs) 

seeded into the macroporous matrices after 3 days of in vitro culture. Scale bars represent 

100 µm. (C) Gross morphology and (D) 2-D cross-sectional micro-computed tomography 

(µCT) images in coronal, transaxial, and sagittal planes of the macroporous matrices 

containing d-hiPSCs and Ad-hiPSCs after 1, 2, and 3 weeks of in vitro culture. Scale bars 

represent 2 mm. 
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Figure 5.S6. Characterization of macroporous matrices and their use for 

transplantation of hiPSC-derived osteoblasts to treat critical-sized bone defects. 

 

(A) Scanning electron microscopy (SEM) image of macroporous matrices prepared by 

cryogelation. Scale bar represents 50 µm. (B) Fluorescent live-dead staining for 

adenosine-treated hiPSCs (Ad-hiPSCs) seeded into the macroporous matrices after 3 days 

of in vitro culture. Scale bar indicate 100 µm. (C) 3-D micro-computed tomography 

(µCT) images of the macroporous matrices alone (Acellular) or loaded with Ad-hiPSCs 

after 1 week of in vitro culture, prior to in vivo implantation. Scale bars represent 1 mm. 

 

 

 

 

 

 



 158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.S7. hiPSC-derived osteoblasts facilitate the repair of critical-sized bone 

defects in vivo. 

 

(A) 3-D micro-computed tomography (µCT) images and (B) hematoxylin and eosin 

(H&E) staining as well as immunohistochemical staining for osteocalcin of calvarial 

bone defects with no implantation (Sham) as well as implantation of the macroporous 

matrices alone (Acellular) or seeded with adenosine-treated hiPSCs (Ad-hiPSCs) 

following 4 weeks of in vivo implantation. Scale bars for 3-D µCT images indicate 1 mm. 

Scale bars for staining images represent 500 µm. High magnification images show the 

center and edge of calvarial bone defects. White and black dotted lines at the defect edge 

indicate the interface between engineered tissue within the bone defect and adjoining 

native bone tissue. Scale bars indicate 100 µm. 
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Figure 5.S8. hiPSC-derived osteoblasts contribute to the development of neo-bone 

tissue that recapitulates vascular endothelial and osteoclastic cells. 

 

Immunofluorescent staining for (A) osteocalcin (red) and lamin A/C with human 

specificity (green) and (B) CD31 (red) along with nuclei (blue; Hoechst) as well as 

tartrate-resistant acid phosphatase (TRAP) staining of cranial bone defects with no 

implantation (Sham) as well as implantation of the macroporous matrices alone 

(Acellular) or loaded with adenosine-treated hiPSCs (Ad-hiPSCs) following 4 weeks of 

implantation. Red arrows indicate TRAP-positive stains. Scale bars indicate 50 µm. 
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Figure 5.S9. Immunohistochemical staining for type X collagen after in vivo 

treatments. 

 

Staining within cranial bone defects with no implantation (Sham) as well as implantation 

of the macroporous matrices alone (Acellular) or seeded with adenosine-treated hiPSCs 

(Ad-hiPSCs) after 4 and 16 weeks of implantation. Native mouse osteochondral tissue 

was used as a control. Scale bars represent 50 µm. 

 

 

 

 

 

 

 

 



 161 

 

 

5.9. Tables 

 

Table 5.S1. The list of primer sequences used for qPCR analysis. 
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Chapter 6: In vivo engineering of stratified, integrated osteochondral 

tissue by trilayered scaffold with varying pore microstructure and 

osteoinductivity 

 

6.1. Abstract  

Osteochondral tissue consists of stratified organization of disparate cells and 

extracellular matrix (ECM) that determines its function. Simultaneous in vivo 

regeneration of integrated, distinct cartilage and bone tissue recapitulating stratified 

anatomical features of native tissue still remains a challenge. In this study, we developed 

monolithic trilayered hydrogel with superficial, columnar, and spongy layer to guide 

stratified, integrated osteochondral tissue formation. Specifically, bilayer containing 

columnar and spongy structure of pores was synthesized by sequential cryogelation. The 

spongy layer further recapitulated calcium phosphate (CaP)-rich bone-specific ECM 

through selective biomineralization. By employing the trilayered scaffold, we show that 

superficial and columnar layer with stratified microstructure conduced for human 

mesenchymal stem cells (hMSCs) to contribute to stratified cartilage formation in vitro, 

while acellular spongy layer lacked any tissue formation. Furthermore, the trilayered 

scaffold subcutaneously implanted into mice supported in vivo formation of stratified 

osteochondral tissue. The stratified neo-cartilage formed within the superficial and 

columnar layer through the contribution of hMSCs was found to be integrated with 

subchondral neo-bone formed within the biomineralized spongy layer through host cell 

recruitment. In particular, the superficial layer recapitulated lubricin, responsible for 
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lubricating function of cartilage. To our knowledge, this is the first demonstration for in 

vivo engineering of integrated osteochondral tissue recapitulating anatomical attributes of 

native tissue. Such multilayered biomaterials with unique, varying microstructure and 

tissue-specific inductivity that yield stratified, integrated osteochondral tissue in vivo hold 

great promise for treating osteochondral defects. 

   

6.2. Introduction 

Osteochondral tissue consists of cartilage and bone tissue with intricate 

arrangement of discrete cells and ECM that dictate its function [255-257]. Chondrocytes 

and osteoblasts are spatially organized within discrete, but integrated ECM. Human 

mesenchymal stem cells (hMSCs) are powerful cell sources to regenerate osteochondral 

tissue due to their ability to differentiate into tissue-specific cell types, including 

chondrocytes and osteoblasts [54, 258]. However, it remains a significant challenge to 

control simultaneous differentiation of stem and progenitor cells into disparate cell types 

in a spatially organized fashion to guide the growth of both cartilage and bone tissue. 

Simultaneous regeneration of cartilage and bone tissue by using stem cells has 

been achieved through spatially controlled delivery of disparate soluble instructive 

factors, such as biochemicals [259], growth factors [260, 261], and genes [262] to induce 

their chondrogenesis and osteogenesis. Emerging studies showed that biomaterials 

emulating tissue-specific ECM can be designed with an ability to drive specialization of 

stem cells [160, 220, 263]. In particular, biomaterials recapitulating CaP-rich bone 

mineral environment were shown to direct osteogenic differentiation of stem cells in vitro 
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and in vivo in the absence of any osteogenic-inducing factors [58-60, 70, 264, 265]. 

Furthermore, CaP-based biomaterials with macroporous structure exhibited an intrinsic 

ability to recruit endogenous cells, which could include stem and progenitor cells, and 

drive their osteogenesis for bone formation in vivo [55, 77, 266]. Such ability of CaP-

based biomaterials could offer benefits in promoting the integration of subchondral bone 

to adjoining cartilage that has been reported to play an important role in the function of 

osteochondral tissue [267]. 

In addition to the integrated structure of cartilage and bone tissue, osteochondral 

tissue exhibits a stratified anatomy with zonal organization of cells and ECM that 

determines the function [255-257]. In the superficial zone of cartilage, collagen fibrils 

and lubricin with chondrocytes are oriented relatively parallel to the cartilage surface to 

resist friction. In the deep zone of cartilage, collagen fibrils are arranged in vertical 

columnar arrays, which integrate with subchondral bone. Recently, biomimetic 

approaches have led to designing biomaterials mimicking such stratified ECM 

arrangement of cartilage tissue [268-271]. For example, fibrous layer in multilayered 

biomaterials was designed to mimic horizontal alignment of collagen fibrils in the 

superficial zone of cartilage [269-271]. A recent study by Bhumiratana et al. showed that 

cartilage with stratified alignment of chondrocytes and ECM was engineered in vitro, 

which yielded biomechanical properties comparable to those of native cartilage [272]. 

However, to our knowledge, there are no reports showing in vivo engineering of stratified 

cartilage tissue integrated with subchondral bone recapitulating zonal organization of 

disparate cells and ECM. 
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In this study, we developed monolithic trilayered hydrogel recapitulating stratified 

pore microstructure through sequential cryogelation and spatially confined CaP minerals 

through templated biomineralization. By utilizing the trilayered scaffold containing stem 

cells, we demonstrate for the first time in vivo formation of stratified, integrated 

osteochondral tissue. Specifically, the varying microarchitecture in the superficial and 

columnar layer guided transplanted stem cells to contribute to stratified cartilage 

formation. Furthermore, the stratified neo-cartilage was integrated with subchondral 

spongy bone formed by recruited host cells into the acellular biomineralized spongy 

layer. 

 

6.3. Materials and Methods 

6.3.1. Synthesis of bilayered cryogel 

Synthesis of poly(ethylene glycol)-diacrylate (PEGDA, Mn = 3.4 kDa) and N-

acryloyl 6-aminocaproic acid (A6ACA) was carried out as previously described [199, 

242]. Bottom and middle layer of trilayered hydrogel were prepared via consecutive 

cryogelation in the presence and absence of underlying ice template to modulate their 

pore directionality [77]. Bottom cryogel layer with isotropic, interconnected pores 

(referred to as spongy layer) was synthesized by dispensing 30 µL of chilled precursor 

solution containing 20% (w/v) PEGDA and 0.5 M A6ACA in 0.5 N NaOH with 0.5% 

(w/v) ammonium persulfate (APS) and 0.2% (v/v) N, N, N’-N’-

tetramethylethylenediamine (TEMED) into a chilled cylindrical polypropylene mold (5 

mm in diameter) and allowing it to polymerize at -20 oC for 1 day. The succeeding 
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cryogel layer with directional, columnar pores (referred to as columnar layer) was 

synthesized by adding 40 µL of chilled precursor solution containing 20% (w/v) PEGDA 

in deionized (DI) water with 0.5% (w/v) APS and 0.2% (v/v) TEMED onto the surface of 

the frozen bottom cryogel layer and allowing it to polymerize at -20 oC for 1 day. The 

frozen, polymerized bilayers were then placed into phosphate-buffered saline (PBS) to 

yield bilayered cryogel by thawing ice crystals. The resulting bilayered cryogel was 

washed in PBS three times and exhibited 8 mm in diameter with approximately 2 mm 

and 2.5 mm in thickness for spongy and columnar layer, respectively. 

 

6.3.2. Biomineralization of the bilayered cryogel 

The bilayered cryogel with PEGDA-co-A6ACA spongy layer and PEGDA 

columnar layer was subject to biomineralization process by utilizing A6ACA moieties as 

a template as described elsewhere [38]. Briefly, the bilayered cryogel was equilibrated in 

DI water for 6 h and soaked in modified-simulated body fluid (m-SBF, pH = 7.4) at 25 oC 

for 6 h. The m-SBF solution consists of 142.0 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 

mM Ca2+, 103.0 mM Cl-, 10.0 mM HCO3
-, 1.0 mM HPO4

2-, and 0.5 mM SO4
2- as 

previously reported [178]. The bilayered cryogel was briefly rinsed with DI water and 

incubated in 40 mM Ca2+ and 24 mM HPO4
2- solution (pH = 5.2) at 25 oC for 30 min on a 

rotating shaker (VWR, 12620-938) at 200 rpm. The bilayered cryogel was briefly rinsed 

with DI water, incubated in m-SBF at 37 oC for 2 days with daily change of m-SBF, and 

washed with PBS to obtain biomineralized bilayered cryogel. The biomineralized 

bilayered cryogel was sterilized by immersing them in 70% ethanol for 6 h. The ethanol-
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treated cryogel was washed with sterile PBS for 5 days with four times of daily change of 

PBS to ensure complete removal of residual ethanol. 

 

6.3.3. Cell culture 

Human mesenchymal stem cells (hMSCs) were obtained from Institute for 

Regenerative Medicine at Texas A&M University. hMSCs were maintained in growth 

medium containing high glucose DMEM, 10% (v/v) fetal bovine serum (FBS, hyclone), 

4 mM L-glutamine, and 50 U/mL penicillin/streptomycin. hMSCs were passaged at 

approximately 70-80% confluency. 

Passage 5 (P5) hMSCs were used to generate hMSC aggregates by using a 

rotational method as described elsewhere [273]. Briefly, 1 million hMSCs were 

suspended in 10 mL of growth medium and plated onto a petri dish (10 cm in diameter). 

The plated cells were subject to gentle rotation at 100 rpm using VWR shaker for 1 day. 

Chondrocytes were isolated by using a previously reported procedure [274]. 

Briefly, articular cartilage was dissected from femoral condyle and patellar groove of 8 

week-old bovine legs. The dissected cartilage pieces were digested in DMEM containing 

0.15% (w/v) collagenase (Worthington Biochemical, LS004177) and 5% (v/v) FBS for 

16 h at 37 oC and 5% CO2. The resulting cell suspension was filtered through 70 µm 

nylon cell strainer (Falcon) and washed with PBS containing 50 U/mL 

penicillin/streptomycin to obtain primary chondrocytes. 
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6.3.4. Cell-laden trilayered scaffold and in vitro culture 

To evaluate the ability of varying microarchitecture in the trilayered hydrogel to 

support stem cell contribution to stratified neo-tissue formation, we incorporated hMSCs 

into the trilayered hydrogel. We seeded hMSCs and chondrocytes with a ratio of 7:3 into 

the columnar layer. We included chondrocytes to promote chondrogenic differentiation 

and inhibit hypertrophy of hMSCs [275, 276]. Prior to cell seeding, sterile biomineralized 

bilayered cryogel were incubated in growth medium at 37 °C for 1 day to promote cell 

adhesion. Approximately 35 µL of growth medium was removed from the incubated 

cryogel and 35 µL of the cell suspension containing 1.05 million P5 hMSCs and 0.45 

million primary chondrocytes was seeded into the columnar layer of bilayered cryogel. 

The cell-laden bilayered cryogel were incubated at 37°C and 5% CO2 for 2 h to allow cell 

infiltration and further incubated in 1.5 mL of growth medium for 1 day to allow cell 

attachment. 

hMSCs were further incorporated into the top hydrogel layer (referred to as 

superficial layer) as aggregates to mimic natural developmental program of mesenchymal 

condensation [272, 277]. 1 million P5 hMSCs as aggregates were suspended in 15 µL of 

a precursor solution containing 10% (w/v) PEGDA with 0.05% (w/v) Irgacure 2959 

photoinitiator. The precursor solution containing hMSC aggregates was dispensed onto 

the surface of columnar layer of the equilibrium-swollen bilayered cryogel and 

photopolymerized under UV light for 5 min to yield cell-laden trilayered hydrogel. The 

superficial layer of the trilayered hydrogel exhibited approximately 0.5 mm in thickness. 

Top view of encapsulated hMSC aggregates was visualized by bright-field images and 

approximate size of the aggregates was determined for 10 aggregates from each of three 
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different images (n=30) by using ImageJ. The data are presented as mean ± standard 

errors. 

The cell-laden trilayered hydrogel was cultured under chondrogenic-inducing 

medium at 37 °C and 5% CO2 with medium change every two days. Chondrogenic-

inducing medium was prepared by supplementing DMEM with 1% (v/v) Corning ITS 

Premix Universal Culture Supplement (CB-40352), 100 nM dexamethasone (Sigma-

Aldrich, D2915), 40 µg/mL L-Proline (Sigma-Aldrich, P5607), 50 µg/mL L-Ascorbic 

acid 2-phosphate (Sigma-Aldrich, A8960), 100 µg/mL sodium pyruvate (Life 

Technologies, 11360-070), 50 U/mL penicillin/streptomycin, and 10 ng/mL human 

recombinant TGF-β1 (Fitzgerald, 30R-AT027). 

 

6.3.5. Scanning electron microscopy (SEM) and energy-dispersive spectra (EDS) 

To examine varying pore microstructure and biominerals within the trilayered 

hydrogel, SEM imaging was performed. To determine the composition of biominerals, 

EDS analysis was conducted. Samples were briefly rinsed with DI water and cut into thin 

slices to visualize the cross-section of the trilayered hydrogel. The slices were subject to 

flash-freezing and lyophilization. The sliced samples were Iridium-coated for 7 s in the 

sputter (Emitech, K575X). The superficial, columnar, and spongy layer of the trilayered 

hydrogel was imaged by using SEM (Philips XL30 ESEM) and analyzed for elemental 

spectra by using integrated EDS system. INCA software was used to further quantify 

Ca/P atomic ratio of the biominerals from elemental spectra. The pore size in major and 

minor axis for columnar and spongy layer of the trilayered hydrogel was calculated from 

roughly 10 pores chosen from each of three SEM images (n=30) by using ImageJ. Pore 
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aspect ratio was determined as a ratio of pore size in major axis to minor axis for the 

columnar and spongy layer of the trilayered hydrogel (n=30). Macropores were not 

observed from the superficial layer of the trilayered hydrogel and thus their size and 

aspect ratio were not determined. 

 

6.3.6. Live-dead staining 

To examine viability and distribution of the encapsulated cell aggregates and 

seeded cells and in the superficial and columnar layer of the trilayered hydrogel, 

respectively, live-dead staining was conducted. After 3 days of culture, samples were 

sliced into thin pieces to visualize the cross-section of the cell-laden trilayered hydrogel 

and washed with PBS. The flat slices were incubated in DMEM containing 0.05% (v/v) 

green-fluorescent calcein-AM and 0.2% (v/v) red-fluorescent ethidium homodimer-1 at 

37 °C for 30 min using Live/Dead Viability/Cytotoxicity kit, (Life technologies, L-3224). 

The stained slices were washed with PBS and imaged by using a fluorescence 

microscope (Carl Zeiss, Axio Observer.A1). 

 

6.3.7. Subcutaneous implantation 

For in vivo study, eight immunodeficient mice (NOD.CB17-Prkdcscid/J, 3-

month-old) were used with the approval of the Institutional Animal Care and Use 

Committee (IACUC) at the University of California, San Diego. Two of eight mice were 

used to obtain native osteochondral tissue from their hindlimbs. Six of eight mice were 

used for implantation of the cell-laden trilayered hydrogel. Prior to surgery, the mice 

were administered with ketamine (Ketaset, 100 mg/kg) and xylazine (AnaSed, 10 mg/kg) 
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intraperitoneally. The anesthetized mice were subject to 1.5 cm-long incision on their 

back and four subcutaneous pouches (cranial-left, cranial-right, caudal-left, and caudal-

right) were exposed. 24 cell-laden trilayered hydrogels (8 mm in diameter and 5 mm in 

height) were preconditioned for 1 week, implanted into four subcutaneous pouches of six 

mice, and their skin was closed with sutures. Two mice were sacrificed immediately after 

implantation (0 week post-implantation) and each of two mice were sacrificed after 4 and 

8 weeks of implantation. 

 

6.3.8. Micro-computed tomography (µCT) 

µCT analysis was carried out to evaluate hard tissue formation both in vitro and in 

vivo. The samples were fixed in 4% paraformaldehyde at 4 °C for 4 days. The fixed 

samples were tightly placed between styroform disks in 15 ml centrifuge tubes. The 

samples were imaged by using SkyScan 1076 µCT scanner (Bruker, pixel resolution: 9 

μm, 50 kV, Al filter). The acquired images were reconstructed by using NRecon software 

(SkyScan, Bruker). The reconstructed images were built into 3-D models by using CT 

Analyser software (SkyScan, Bruker). Using 3-D images, strongly positive signals were 

selected to indicate calcified tissue formation (colored in red) by applying threshold range 

of 70-255, while weakly positive signals within threshold range of 35-70 were chosen to 

represent non-calcified tissue (colored in blue). Strongly positive signals of 3-D images 

selected to indicate calcified tissue formation were utilized to determine calcification 

density. The quantification was performed by selecting six different areas (n=6) from 

each of superficial, columnar, and spongy layer of the cell-laden trilayered hydrogel. The 

reconstructed images were converted into 2-D coronal cross-sectional images to visualize 
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a planar view of calcified tissue formation by using DataViewer software (SkyScan, 

Bruker). 

 

6.3.9. Preparation for histological staining 

To examine neo-tissue formation within the cell-laden trilayered hydrogel both in 

vitro and in vivo, histological staining was carried out. Native osteochondral tissue was 

used as a control. The paraffin-embedded sections were prepared using a previously 

reported procedure [145]. The constructs were fixed with 4% paraformaldehyde at 4 °C 

for 4 days, demineralized in 10% ethylenediaminetetraacetic acid (EDTA, pH = 7.3) at 4 

°C for 7 days, and washed with PBS for 6 h. The demineralized samples were 

dehydrated, equilibrated in Citrisolv solution for 1 h, and incubated in a molten mixture 

of 95% (w/w) paraffin and 5% (w/w) poly(ethylene-co-vinyl acetate) (Sigma Aldrich, 

437220) at 70 °C under vacuum for 1 day. The paraffin-embedded samples were sliced 

into 10 µm-thick cross-sections of the trilayered hydrogel using a microtome (Leica, 

RM2255). The sections were deparaffinized in Citrisolv for 15 min and rehydrated prior 

to staining. 

 

6.3.10. Fluorescent staining 

The rehydrated sections were incubated in 2 µg/mL Hoechst 33342 solution (Life 

Technologies, H1399) at 25 °C for 10 min and washed with PBS. The stained sections 

were imaged for cross-section of the cell-laden trilayered hydrogel using a fluorescence 

microscope. 
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6.3.11. Histochemical staining 

For H&E staining, the rehydrated sections were incubated in hematoxylin solution 

(Ricca, 3536-16) for 4 min and washed with DI water. The sections were then immersed 

in Eosin-Y solution (Richard-Allan Scientific, 7111) for 1 min and washed with DI 

water. For Alcian Blue staining, the rehydrated sections were stained in a solution 

containing 1% (w/v) Alcian Blue (National diagnostics, HS-504) in 0.1 M HCl (pH = 

1.0) for 1 h. The stained sections were washed with 0.1 M HCl. The stained sections by 

H&E or Alcian Blue were imaged for cross-section of the cell-laden trilayered hydrogel 

and native osteochondral tissue in a color mode under H filter. 

 

6.3.12. Immunohistochemical staining 

The rehydrated sections were incubated in 20 µg/mL proteinase K solution 

(Invitrogen, 100005393) in a mixture of 95% (v/v) TE buffer (50 mM Tris-HCl and 1 

mM EDTA, and 0.5% [v/v] Triton X-100; pH = 8.0) and 5% (v/v) glycerol at 37 °C for 

15 minutes and washed with PBS. The treated sections were immersed in a blocking 

solution containing 3% (v/v) normal goat serum and 0.1% (v/v) Triton X-100 at 25 °C for 

1 h. The blocked sections were incubated in primary antibodies against type I collagen 

(1:100, rabbit polyclonal, Fitzerald, 70R-CR007x), type II collagen (1:50, rabbit 

polyclonal, Fitzerald, 70R-CR008), type X collagen (1:50, rabbit polyclonal, Fitzerald, 

20R-CR030), osteocalcin (1:100, rabbit polyclonal, Abcam, ab93876), lubricin (1:50, 

goat polyclonal, Santa Cruz Biotechnology, sc-50079), or lamin B (1:100, rabbit 

polyclonal, Thermo scientific, RB10569-P0) in the blocking solution at 4 °C for 16 h. 

The sections were washed with PBS and treated with 3% (v/v) hydrogen peroxide for 7 
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min to deactivate endogenous peroxidase. The treated sections were incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies against rabbit (1:200, 

donkey anti-rabbit, Jackson ImmunoResearch, 711-035-152) or goat (1:100, donkey anti-

goat, Jackson ImmunoResearch, 705-035-003) in the blocking solution at 25 °C for 1 h 

and washed with PBS. The sections were immersed in a developing solution containing 

3-3’ diaminobenzidine (DAB) substrate (Vector Laboratories, SK-4100) for 5 min to 

produce a brown reaction product and washed with PBS. The stained sections were 

imaged for the cross-section of the cell-laden trilayered hydrogel and native 

osteochondral tissue in a color mode under H filter. 

 

6.3.13. Statistical analysis 

Graphpad Prism 5 was used to perform statistical analyses. Statistical 

significances were indicated as asterisks for p-values less than 0.05. Two-tailed Student’s 

t-test was used to compare two groups at the same time point. One-way analysis of 

variance (ANOVA) with Tukey-Kramer post-hoc test was employed to compare multiple 

groups at the same time point. 

 

6.4. Results 

6.4.1. Monolithic trilayered hydrogel with varying structure and CaP minerals 

Synthetic trilayered hydrogel was developed by using cryogelation and 

biomineralization. Bilayered cryogel with poly(ethylene glycol)-diacrylate-co-N-

acryloyl-6-aminocaproic acid (A6ACA) (PEGDA-co-A6ACA) bottom layer and PEGDA 
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middle layer were synthesized via sequential cryogelation in the absence and presence of 

underlying ice template to vary pore microstructure, respectively. PEGDA hydrogel as a 

superficial top layer was added onto the bilayered cryogel to obtain trilayered hydrogel. 

The schematic in Figure 6.1a reveals the stepwise synthesis procedures. Scanning 

electron microscopy (SEM) images showed distinct pore microstructures in the trilayered 

hydrogel (Figure 6.1b). While the bottom layer showed isotropic, round interconnected 

macropores (hereafter termed as spongy layer), the middle layer exhibited directional, 

columnar macropores (hereafter named as columnar layer). The top hydrogel layer did 

not exhibit any visible macropores (hereafter termed as superficial layer). The trilayered 

hydrogel exhibited highly integrated microstructure. Furthermore, pore size in major and 

minor axis as well as pore aspect ratio confirmed the anisotropicity of pores. While the 

pore size in major axis (132.6 ± 24.2 µm) exhibited significantly higher than that in 

minor axis (37.5 ± 8.6 µm) in the columnar layer, they showed comparable size in the 

spongy layer (33.6 ± 13.2 µm vs. 27.4 ± 11.1 µm) (Figure 6.1c). The corresponding pore 

aspect ratio of the columnar layer (3.6 ± 0.6) was significantly higher than that of the 

spongy layer (1.3 ± 0.2) (Figure 6.1d). 

The trilayered hydrogel was designed to selectively incorporate CaP minerals into 

the spongy layer by utilizing A6ACA moieties as a template for biomineralization [38]. 

SEM image and energy-dispersive spectroscopy (EDS) analysis demonstrated that CaP 

minerals found in the spongy layer exhibited a plate-like morphology and Ca/P ratio of 

1.23, which remained absent in the other layers (Figure 6.1b). 
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6.4.2. The anisotropic structure conduces to stratified cartilage formation in vitro. 

The ability of modular scaffold with stratified microstructure to support stem cell 

contribution to stratified cartilage formation was evaluated in vitro. We created cell-laden 

trilayered scaffold by seeding hMSCs and chondrocytes with a ratio of 7:3 into the 

columnar layer and encapsulating hMSC aggregates into the superficial layer. The cell-

laden trilayered hydrogel was cultured under chondrogenic-inducing medium. Figure 

6.2a summarizes the experimental procedures. 

After 3 days of culture, live-dead staining showed that the cells were found to be 

mostly viable and homogeneously populated within the superficial and columnar layer, 

which remained absent in the spongy layer (Figure 6.2b). The viable, encapsulated hMSC 

aggregates were found to be closely packed within the superficial layer exhibiting the 

size of 98.9 ± 3.4 µm (Figure 6.S1). Following 9 weeks of culture, fluorescent Hoechst 

(nucleus) staining showed that the cells in the superficial layer were randomly populated 

while those in the columnar layer were vertically aligned, in contrast to the spongy layer 

that remained acellular (Figure 6.2b). 

We next examined whether stratified microstructure-mediated cellular 

arrangement yielded the formation of stratified cartilage tissue. H&E staining after 5 and 

9 weeks of culture demonstrated chondrocyte-like cells in lacunae-like structure within 

cartilage-like ECM in the superficial and columnar layer, which remained absent in the 

spongy layer (Figure 6.S2). Alcian Blue staining and immunohistochemical staining for 

type II collagen, cartilage-specific ECM protein after 5 and 9 weeks of culture revealed 

pervasiveness and homogeneity of glycosaminoglycan (GAG) and type II collagen in the 

superficial and columnar layer (Figures 6.S3, 6.S4). In contrast, negative stains for such 



 177 

 

 

cartilage markers were observed in the spongy layer. Furthermore, chondrocytes within 

cartilaginous ECM showed relatively horizontal and vertical alignment in the superficial 

and columnar layer, respectively, revealing stratified microstructure-mediated 

arrangement of cells and ECM. The stratified, homogeneous cartilage formed in the 

superficial and columnar layer of the trilayered hydrogel after 5 and 9 weeks of culture 

was found to be negative for lubricin (Figure 6.S5). 

Human-specific lamin B staining was performed to confirm stratified alignment 

of human cells in the stratified neo-cartilage. Immunohistochemical staining for lamin B 

was found to be positive both in the superficial and columnar layer with horizontal and 

vertical alignment of cells after 9 weeks of culture, respectively, in contrast to negative 

staining in the spongy layer (Figure 6.S6). This suggests that varying microstructure 

conduced human stem cells to contribute to stratified cartilage formation. 

We investigated whether stratified neo-cartilage formed in the superficial and 

columnar layer included any neo-bone tissue, if any, formed by potential influence of 

CaP biomineral-borne cues from the spongy layer. 3-D micro-computed tomography 

(µCT) image showed that the trilayered hydrogel remained minimally calcified 

throughout 9 weeks of culture (Figure 6.S7). Furthermore, cartilage tissue formed in the 

superficial and columnar layer was found to be negative for type X collagen expression, 

suggesting no sign of hypertropic cartilage (Figure 6.S8). Concurrently, minimal to 

negative staining for type I collagen and osteocalcin revealed no bone formation in the 

superficial and columnar layer, suggesting that the effect of CaP biomineral-based cues 

was spatially confined within the spongy layer (Figures 6.S9, 6.S10). 
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6.4.3. The anisotropic structure supports stratified cartilage formation in vivo. 

We examined the potential of cell-laden trilayered scaffold with varying 

microstructure and CaP biominerals to support simultaneous formation of stratified, 

integrated cartilage and bone tissues in vivo. We preconditioned the cell-laden trilayered 

scaffold under chondrogenic induction medium for 1 week prior to their implantation. 

We compared the anatomical features of in vivo engineered tissue formed within the 

trilayered scaffold to those of native osteochondral tissue. Gross examination of the 

retrieved implants at 4 and 8 weeks post-implantation revealed two distinct tissue layers 

with glistening, white upper layer integrated with lower layer (Figure 6.3a). Fluorescent 

nucleus staining at 8 weeks post-implantation showed randomly populated cells in the 

superficial layer and vertically aligned cells in the columnar layer while cells were also 

found in the biomineralized spongy layer (Figure 6.3b). H&E staining of the implants 

demonstrated gradual formation of two disparate, integrated tissues throughout 8 weeks 

of implantation (Figures 6.3c, 6.S11). In particular, chondrocyte-like cells were found 

within cartilage-like ECM in the superficial and columnar layer compared to the cells 

found within dense ECM in the biomineralized spongy layer, resembling the morphology 

of native osteochondral tissue. 

Alcian Blue staining and immunohistochemical staining for type II collagen of the 

implants demonstrated gradual accumulation of prevalent and homogeneous GAG and 

type II collagen in the superficial and columnar layer throughout 8 weeks post-

implantation, analogous to the anatomy of native osteochondral tissue (Figures 6.4, 

6.S12). In contrast, minimum stains were found in the spongy layer. In addition, 

chondrocytes were relatively horizontally aligned in the superficial layer, while those 
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were mostly vertically aligned within lamellar columns of neo-cartilage in the columnar 

layer, suggesting that varying microstructure supported stratified, homogeneous cartilage 

formation in vivo. 

The contribution of transplanted human stem cells towards in vivo formation of 

stratified cartilage was examined. Immunohistochemical staining for lamin B was found 

to be positive for the cells in the superficial and columnar layer with their relatively 

horizontal and vertical alignment following 8 weeks of implantation, respectively, which 

remained negative in the spongy layer (Figure 6.S13). 

The stratified neo-cartilage formed in vivo through contribution of transplanted 

stem cells recapitulated ECM protein responsible for function of cartilage. Lubricin, 

present in the superficial zone of native cartilage that renders its lubrication property, was 

exclusively found in the superficial layer at 4 and 8 weeks post-implantation in a 

progressively increased manner, analogous to native osteochondral tissue (Figures 6.4, 

6.S12). This implies the potential in the mechanical function of the in vivo engineered, 

stratified cartilage. 

 

6.4.4. Biomineralized spongy layer induces in vivo bone formation. 

Having established the ability of trilayered scaffold with varying microstructure to 

mediate the formation of stratified cartilage in vivo, we next determined whether the 

biomineralized spongy layer simultaneously induced subchondral bone formation that 

integrates with the engineered cartilage. The acellular biomineralized spongy layer 

exhibited homogenous distribution of cell population after 8 weeks of implantation, 

suggesting the recruitment of endogenous cells (Figure 6.3b). 3-D µCT analyses of the 
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cell-laden trilayered scaffold prior to implantation indicated the absence of hard tissue 

formation (Figure 6.5a). 3-D µCT image of the implants showed progressive 

development of calcified tissue concentrated within the lower layer throughout 8 weeks 

of post-implantation as compared to non-calcified upper layer, suggesting in vivo hard 

tissue formation within the biomineralized spongy layer. 2-D coronal cross-sectional µCT 

image for the implants following 4 and 8 weeks of implantation demonstrated hard tissue 

formation within the macroporous network of biomineralized spongy layer (Figure 

6.S14). Quantification of calcified tissue formation from 3-D µCT image of the implants 

at 4 and 8 weeks post-implantation confirmed significantly higher calcification density in 

the biomineralized spongy layer compared to the other layers (Figure 6.5b). 

The calcified tissue formed within the biomineralized spongy layer was found to 

be positive for type I collagen following 4 and 8 weeks of implantation, while minimal 

stains were detected in the other layers, similar to native osteochondral tissue (Figures 

6.5c, 6.S15). Prevalent staining for osteocalcin, bone-specific ECM protein secreted by 

osteoblasts, was detected in the type I collagen-rich biomineralized spongy layer at 4 and 

8 weeks post-implantation, revealing subchondral bone formation in vivo by the recruited 

host cells (Figures 6.5c, 6.S15). In stark contrast, osteocalcin staining was found to be 

nearly negative in the engineered cartilage formed within the other layers, resembling 

native osteochondral tissue. Together, the findings suggest simultaneous in vivo 

formation of integrated, distinct cartilage and bone tissues within the trilayered hydrogel. 

Furthermore, subchondral bone formed in the biomineralized spongy layer was found to 

be positive for type X collagen at 4 and 8 weeks post-implantation (Figure 6.S16). This 
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contrasted sharply with minimal to negative staining for type X collagen in the 

engineered cartilage formed within the other layers. 

 

6.5. Discussion 

Osteochondral tissue is a structurally complex tissue exhibiting stratified 

organization of discrete cells and ECM that governs the function. The regeneration of 

osteochondral tissue has been pursued for decades, but recapitulation of zonal 

architecture of integrated osteochondral tissue in vivo remains a significant challenge. To 

this end, both donor and host stem and progenitor cells can be utilized to yield 

chondrocytes and osteoblasts; however, their spatially controlled differentiation in 

stratified architecture is required. Porous biomaterials offer benefits with the ability in 

conducing tissue formation with the morphology conforming to the pore architecture 

[278]. In this study, spongy pores were designed to support the formation of spongy 

structure of subchondral bone, while columnar pores were developed to guide the 

formation of vertically aligned cartilage mimicking deep zone of native cartilage. The 

thin superficial layer was also created to conduce the formation of horizontally aligned 

cartilage similar to superficial zone of native cartilage. In addition to designing unique, 

varying microarchitecture, we recapitulated CaP biominerals into the spongy layer to 

harness their inherent osteoinductivity and osteoconductivity to recruit host cells for in 

situ bone formation [77, 266]. In this study, we examined whether trilayered scaffold 

with varying pore microstructure and osteoinductive CaP biominerals can facilitate in 

vivo engineering of anatomical analog of integrated osteochondral tissue. 
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Our results show that trilayered hydrogel was developed through a monolithic 

assembly with heterogeneous pore microstructure by sequential cryogelation to allow for 

stratified tissue formation. While we and others have demonstrated the synthesis of 

cryogels with various pore microstructures [77, 279-282], the development of bilayered 

cryogel with disparate macroporous architecture is unprecedented. Spongy cryogel layer 

was formed under isotropic cooling to build randomly oriented, interconnected ice 

network, thus yielding spongy pores. Using frozen, underlying spongy cryogel layer as an 

ice template, columnar cryogel layer was sequentially formed under directional cooling 

that initiated from the ice template in a vertical manner, thereby producing aligned, 

microtubular pores [77, 280]. Superficial hydrogel layer devoid of macropores was 

created on the spongy-columnar bilayered cryogel in the absence of cooling to obtain 

integrated, trilayered hydrogel. 

Varying microarchitecture in the superficial and columnar layer conduced stem 

cells to contribute to stratified cartilage formation without hypertrophy, both in vitro and 

in vivo. Interestingly, 1 week of in vitro preconditioning under chondrogenic induction 

medium was sufficient for stem cells to undergo chondrogenic differentiation to 

contribute to in vivo formation of homogenous cartilage. This could be attributed to the 

presence of chondrocytes in the co-culture, which has been reported to promote 

chondrogenesis of MSCs, thereby enhancing the function of engineered cartilage, and 

secrete parathyroid hormone–related protein (PTHrP) to inhibit hypertropic development 

of MSCs [275, 276, 283, 284]. While cartilage in the superficial zone was formed by pure 

contribution of stem cell-derived chondrocytes, the donor chondrocytes and infiltrated 

host cells could also contribute to cartilage formation in the columnar layer. Furthermore, 
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by utilizing varying micromorphology of the trilayered hydrogel, stratified cartilage 

tissue was engineered to closely mimic an anatomy of native tissue. The tangentially 

aligned cartilage in the superficial layer and vertically aligned lamellar columns of 

cartilage in the columnar layer recapitulated morphological features of superficial and 

deep zone of native cartilage, respectively. In particular, lubricin-rich cartilaginous ECM 

deposited within the superficial layer of the in vivo engineered, stratified cartilage 

potentially suggests the low-frictional function. Lubricin, known as superficial zone 

protein (SZP), is produced by chondrocytes in the superficial zone that serves as a 

boundary lubricant to resist against shear [285-287]. The lubricin production could be 

promoted by shear force exerted by subcutaneous tissue in vivo since dynamic shear 

application has been shown to stimulate lubricin secretion at cartilage surface [288]. 

Functional properties of the in vivo engineered, stratified cartilage with lubricin-rich 

surface, however, remain to be validated. 

The in vivo formed, stratified neo-cartilage guided by the stratified superficial and 

columnar layer was highly integrated with underlying subchondral neo-bone formed 

within the osteoinductive biomineralized spongy layer through host cell recruitment. This 

reveals simultaneous in vivo formation for the anatomical analog of integrated cartilage 

and bone tissue. It is similar to our previous findings showing that biomineralized 

macroporous material recruited host cells for in vivo formation of bone tissue that 

functionally integrated with native bone [266]. The spatially confined recapitulation of 

CaP minerals into the spongy layer was facilitated by templated biomineralization 

utilizing A6ACA moieties. We previously showed that carboxylate end group of pendant 

side chain promoted the binding of Ca2+ ions, thereby leading to subsequent nucleation 
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and growth of CaP minerals [38]. The CaP biominerals were shown to readily release 

Ca2+ and PO4
3- ions into extracellular milieu [39, 58]. The released Ca2+ and PO4

3- ions 

from the CaP-based biomineralized layer have likely promoted the recruitment of host 

cells that could include stem and progenitor cells, analogous to recent studies showing 

that biphasic calcium phosphate ceramics facilitated the recruitment of MSCs and 

preosteoblasts in vitro and in vivo [134, 289]. Furthermore, host cell infiltration into the 

biomineralized layer could be promoted by highly interconnected spongy pores [290]. In 

addition to host cell recruitment, the extracellular Ca2+ and PO4
3- ions have been shown 

to promote osteogenic differentiation of stem and progenitor cells through various 

regulatory pathways [39, 105, 106, 291], thereby leading to bone synthesis. While the 

extracellular Ca2+ ions were shown to promote osteogenesis of MSCs through L-type 

calcium channels [105, 106], we previously showed that PO4
3- ions liberated from 

biomineralized material mediate osteogenic differentiation of hMSCs through phosphate 

metabolism and adenosine signaling [39]. Furthermore, CaP biominerals can regulate 

binding and release of osteoinductive soluble factors, such as bone morphogenetic 

proteins (BMPs) through dissolution and re-precipitation of Ca2+ and PO4
3- ions, which 

could further assist osteogenesis of stem and progenitor cells [85, 107]. 

 

6.6. Conclusion 

In summary, we developed modular trilayered scaffold with varying pore 

microarchitecture and selective CaP biominerals. By employing the trilayered scaffold 

containing stem cells, we showed varying microstructure-guided stratified cartilage 
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formation in vitro. Furthermore, subcutaneous implantation of cell-laden trilayered 

scaffold yielded in vivo formation of stratified, integrated neo-osteochondral tissue. The 

heterogenous microstructure-mediated formation of stratified neo-cartilage was 

integrated with subchondral spongy bone formed by the osteoinductive biomineralized 

layer. The in vivo engineered anatomical analog of integrated osteochondral tissue 

recapitulated lubricin, a functional molecular marker in the superficial layer. Such 

multilayered biomaterials with varying microstructure and osteoinductivity that facilitate 

in vivo formation of stratified, integrated osteochondral tissue will present a viable 

strategy in treating osteoarthritis. 
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6.8. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Trilayered hydrogel exhibits layer-dependent varying pore 

microstructure and CaP biominerals. 

 

(A) Schematic for stepwise synthesis of the trilayered hydrogel. (B) Scanning electron 

microscopy (SEM) image for cross-section of the trilayered hydrogel. Scale bar 

represents 200 μm. High magnification SEM images and corresponding energy dispersive 

spectra (EDS) of superficial, columnar, and spongy layer of the trilayered hydrogel are 

also shown. Scale bars indicate 50 μm. Inset shows a close-up SEM image of CaP 

biominerals in the spongy layer of the trilayered hydrogel. Scale bar represents 2 μm. (C) 

Pore size in major and minor axis as well as (D) pore aspect ratio calculated from SEM 

images of superficial, columnar, and spongy layer of the trilayered hydrogel. N.D. 

indicates non-detectable pores from the superficial layer of the trilayered hydrogel. The 

data are presented as mean ± standard deviations (n=30). Two-tailed Student’s t-test was 

used to compare two groups. Asterisks indicate statistical significances according to p-

values (***: p < 0.001). 
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Figure 6.2. The cell-laden superficial and columnar layer conduce to stratified 

cellular alignment after in vitro culture. 

 

(A) Schematic for an experimental protocol used to examine tissue-forming ability of the 

cell-laden trilayered hydrogel both in vitro and in vivo. (B) Fluorescent live-dead staining 

for superficial, columnar, and spongy layer of the cell-laden trilayered hydrogel after 3 

days of in vitro culture. (C) Fluorescent nucleus (Hoechst) staining for superficial, 

columnar, and spongy layer of the cell-laden trilayered hydrogel following 9 weeks of in 

vitro culture. Scale bars represent 50 μm. 
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Figure 6.3. The cell-laden trilayered hydrogel facilitates the formation of integrated, 

distinct cartilage- and bone-like tissues in vivo. 

 

(A) Gross images of the cell-laden trilayered hydrogel after 0, 4, and 8 weeks of in vivo 

implantation. Scale bars indicate 2 mm. (B) Fluorescent nucleus (Hoechst) staining for 

superficial, columnar, and spongy layer of the cell-laden trilayered hydrogel after 8 

weeks of in vivo implantation. Scale bars represent 50 μm. (C) H&E staining of the cell-

laden trilayered hydrogel following 8 weeks of implantation. Scale bars indicate 200 μm. 

High magnification images for superficial, columnar, and spongy layer of the trilayered 

hydrogel as well as native osteochondral tissue are also provided. Scale bars represent 50 

μm. 
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Figure 6.4. The cell-laden superficial and columnar layer support in vivo formation 

of stratified cartilage with lubricin-rich surface. 

 

Alcian Blue staining and immunohistochemical staining for type II collagen and lubricin 

of the cell-laden trilayered hydrogel at 8 weeks post-implantation. Scale bars represent 

200 μm. High magnification images for superficial, columnar, and spongy of the 

trilayered hydrogel as well as native osteochondral tissue are also shown. Scale bars 

indicate 50 μm. 
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Figure 6.5. The acellular biomineralized spongy layer induces de novo formation of 

spongy bone in vivo. 

 

(A) 3-D µCT models of the cell-laden trilayered hydrogel after 0, 4, and 8 weeks of in 

vivo implantation. Calcified and non-calcified tissues are shown in red and blue, 

respectively. Scale bars indicate 2 mm. (B) Calcification density determined from 3-D 

µCT models of superficial, columnar, and spongy layer of the cell-laden trilayered 

hydrogel as a function of post-implantation time. (C) Immunohistochemical staining for 

type I collagen and osteocalcin of the cell-laden trilayered hydrogel following 8 weeks of 

implantation. Scale bars indicate 200 μm. High magnification images for superficial, 

columnar, and spongy layer of the trilayered hydrogel as well as native osteochondral 

tissue are also provided. Scale bars represent 50 μm. Data are shown as mean ± standard 

errors (n=6). Comparisons of multiple groups in the same time point were made by one-

way ANOVA with Tukey-Kramer post-hoc test. Asterisks indicate statistical 

significances according to p-values (***: p < 0.001). 
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Figure 6.S1. Bright-field image for top view of encapsulated hMSC aggregates 

within the superficial layer of the cell-laden trilayered hydrogel. 

 

Scale bar represents 100 μm. 
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Figure 6.S2. H&E staining for the cell-laden trilayered hydrogel after 5 and 9 weeks 

of in vitro culture. 

 

Scale bars represent 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also shown. Scale bars indicate 50 μm. 
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Figure 6.S3. Alcian Blue staining for the cell-laden trilayered hydrogel following 5 

and 9 weeks of in vitro culture. 

 

Scale bars indicate 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also shown. Scale bars represent 50 μm. 
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Figure 6.S4. Immunohistochemical staining for type II collagen of the cell-laden 

trilayered hydrogels after 5 and 9 weeks of in vitro culture. 

 

Scale bars indicate 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also provided. Scale bars represent 50 μm. 

 

 

 

 

 



 195 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.S5. Immunohistochemical staining for lubricin of the cell-laden trilayered 

hydrogels following 5 and 9 weeks of in vitro culture. 

 

Scale bars represent 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also presented. Scale bars indicate 50 μm. 
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Figure 6.S6. Immunohistochemical staining for lamin B of the cell-laden trilayered 

hydrogel following 9 weeks of in vitro culture. 

 

Scale bar represents 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also shown. Scale bars represent 50 μm. 
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Figure 6.S7. 3-D µCT models of the cell-laden trilayered hydrogel after 1, 5, and 9 

weeks of in vitro culture. 

 

Calcified and non-calcified tissues are shown in red and blue, respectively. Scale bars 

represent 2 mm. 
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Figure 6.S8. Immunohistochemical staining for type X collagen of the cell-laden 

trilayered hydrogel after 5 and 9 weeks of in vitro culture. 

 

Scale bars indicate 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also provided. Scale bars represent 50 μm. 
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Figure 6.S9. Immunohistochemical staining for type I collagen of the cell-laden 

trilayered hydrogel following 5 and 9 weeks of in vitro culture. 

 

Scale bars represent 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also shown. Scale bars indicate 50 μm. 
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Figure 6.S10. Immunohistochemical staining for osteocalcin of the cell-laden 

trilayered hydrogel following 5 and 9 weeks of in vitro culture. 

 

Scale bars indicate 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also provided. Scale bars represent 50 μm. 
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Figure 6.S11. H&E staining for the cell-laden trilayered hydrogel at 4 weeks post-

implantation. 

 

Scale bars represent 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also presented. Scale bars indicate 50 μm. 
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Figure 6.S12. The cell-laden superficial and columnar layer yield stratified neo-

cartilage in vivo. 

 

Alcian Blue staining and immunohistochemical staining for type II collagen and lubricin 

of the cell-laden trilayered hydrogel following 4 weeks of implantation. Scale bars 

indicate 200 μm. High magnification images for superficial, columnar, and spongy layer 

of the trilayered hydrogel are also provided. Scale bars represent 50 μm. 
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Figure 6.S13. Immunohistochemical staining for lamin B of the cell-laden trilayered 

hydrogel following 8 weeks of in vivo implantation. 

 

Scale bar represents 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel are also shown. Scale bars represent 50 μm. 
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Figure 6.S14. The acellular biomineralized spongy layer induces calcified tissue 

formation within macroporous network in vivo. 

 

2-D cross-sectional µCT image in coronal plane for the cell-laden trilayered hydrogel at 4 

and 8 weeks post-implantation. Colors in white and gray indicate calcified and non-

calcified tissue, respectively. Scale bars represent 2 mm. 
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Figure 6.S15. The acellular biomineralized spongy layer facilitates neo-bone 

formation in vivo. 

 

Immunohistochemical staining for type I collagen and osteocalcin of the cell-laden 

trilayered hydrogel at 4 weeks post-implantation. Scale bars represent 200 μm. High 

magnification images for superficial, columnar, and spongy layer of the trilayered 

hydrogel are also presented. Scale bars indicate 50 μm. 
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Figure 6.S16. Immunohistochemical staining for type X collagen of the cell-laden 

trilayered hydrogel after 4 and 8 weeks of in vivo implantation. 

 

Scale bars indicate 200 μm. High magnification images for superficial, columnar, and 

spongy layer of the trilayered hydrogel as well as native osteochondral tissue are also 

presented. Scale bars represent 50 μm. 



207 

 

Chapter 7: Future Directions 

 

The findings presented in this dissertation demonstrated osteogenicity of bone-

mimetic biomineralized matrix and small molecule to direct osteogenic differentiation of 

human pluripotent stem cells (hPSCs) for bone tissue engineering. Furthermore, 

biomineralized matrix was found to be osteoinductive towards subchondral bone 

formation in vivo through host cell recruitment. In addition to biomineralized matrix, a 

small molecule, adenosine was found to direct conversion of hPSCs into functional 

osteoblasts such that hPSC-derived osteoblasts contributed to the healing of critical-sized 

bone defects. As an extension of these works, such osteogenicity of biomineralized 

matrix and small molecule can further lead to functional bone tissue engineering for 

translational applications. The underlying mechanisms of biomineralized matrix- and 

small molecule-driven osteogenic differentiation of hPSCs can be further investigated in 

a fundamental perspective. This chapter will discuss future directions that could extend 

from the presented works.   

The application of biomineralized matrix or osteoblasts derived from small 

molecule-treated stem cells to functional healing of defects in load-bearing bone can 

accelerate the clinical use of such strategies. Recent studies by Reichert et al. showed 

superior biomechanical function of regenerated load-bearing bone when treated with 

tricalcium phosphate and bone morphogenetic protein-7 as compared to autografts [28].  

Such findings present bright prospects for replacing the current use of native bone in 

treating segmental bone defects. Similarly, our results showing the healing of critical-

sized bone defects by utilizing osteoblasts derived from human induced pluripotent stem 
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cells (hiPSCs) through adenosine treatment suggest high potential of our presented 

strategies to regenerate such functional bone tissue without involving growth factors.  

The utilization of biomineralized matrix for functional bone regeneration can 

extend to engineering functional osteochondral tissue, adding a new dimension to the 

application. Bhumiratana et al. recently demonstrated that biomechanical function of 

cartilage grown in vitro was similar to that of native cartilage [272]. Such findings show 

great promise for functional repair of cartilage defects in vivo. We demonstrated in vivo 

engineering of integrated osteochondral tissue with lubricin-rich surface by employing a 

trilayered scaffold containing biomineralized layer. Since lubricin is known to be 

responsible for lubricating function of cartilage, our findings suggest high feasibility of 

biomechanical function of the in vivo engineered osteochondral tissue. Furthermore, the 

in vivo engineered cartilage tissue was found to be integrated with subchondral neo-bone 

formed within the biomineralized layer through host cell recruitment. The ability of the 

biomineralized layer to recruit endogenous cells for in situ neo-bone formation suggests 

high potential to facilitate integration of the engineered osteochondral tissue with native 

bone, thereby promoting the repair of osteochondral defect. Together, the ability of the 

trilayered scaffold containing biomineralized layer for functional repair of osteochondral 

defect remains to be evaluated. 

In addition to utilizing the osteogenicity of biomineralized matrix and small 

molecule for functional bone tissue engineering, the fundamental mechanism through 

which the biomineralized matrix and small molecule direct osteogenic differentiation of 

hPSCs necessitates further elucidation. We demonstrated the role of adenosine A2b 

receptor (A2bR) signaling in adenosine-induced osteogenic differentiation of hPSCs. 
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This is in accordance with our recent studies that have discovered the pivotal role of 

A2bR in biomineralized matrix-driven osteogenic differentiation of human mesenchymal 

stem cells (hMSCs) and human embryonic stem cells (hESCs) [39, 251]. Prior studies 

showed functionally dominant role of A2bR over other adenosine receptors in osteogenic 

differentiation of MSCs [208, 252]. It was also reported that A2bR knockout mice 

exhibited lower bone development and delayed bone fracture repair compared to wild 

type mice [207]. The role of A2bR in mediating osteogenesis of MSCs by activating 

adenylate cyclase and elevating intracellular cyclic adenosine monophosphate (cAMP) 

levels has been extensively documented [207, 252, 292, 293]. Recent studies showed that 

cAMP-mediated PKA activation promotes osteogenesis of human MSCs and in vivo bone 

formation [294]. On the other hand, it was recently reported that cAMP signaling 

suppressed osteogenesis of mouse ESCs at an early stage, but enhanced their osteogenic 

differentiation at a late stage [295]. Therefore, although A2bR signaling upregulates 

cAMP levels, downstream signaling cascades of A2bR may be cell species- or type-

dependent and thus have yet to be revealed for hPSCs. Furthermore, it has been shown 

that A2aR mediates osteogenic differentiation of MSCs at a late stage, while A1aR 

inhibits osteogenesis of osteoprogenitor cells [208, 209]. Although we did not detect 

differences in the expression of other adenosine receptors during adenosine-induced 

osteogenesis, we do not rule out their possible involvement during osteogenic 

differentiation of hPSCs. Whether other adenosine receptors mediate the osteogenic 

commitment of hPSCs in a similar manner to somatic stem cells remains to be explored. 

Taken together, an increased understanding of underlying mechanisms for biomineralized 
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matrix- and small molecule-mediated stem cell osteogenesis will accelerate their 

translational applications for functional bone tissue engineering. 
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