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ABSTRACT  

 

 Biomedical research has led to many advancements in healthcare for the treatment, 

diagnosis and monitoring of many diseases. Tissue engineering is a discipline within biomedical 

research that combines engineering principles with biology to understand and recreate tissues and 

complex cellular structures. This thesis focuses on the work done to understand a variety of 

different diseases by monitoring the cellular responses of tissue specific cells on biomimetic 

materials or by tuning material properties to obtain a desired cellular response. To study glaucoma, 

a biomimetic scaffold was produced to replicate the native trabecular meshwork tissue and changes 

to cell behavior was monitored by measuring proliferation, protein expression, and migration 

throughout the scaffold. This work led to the development of biomimetic bone grafts of the same 

collagen material which was then used to characterize cellular behavior through proliferation and 

osteoinductive potential. Finally, this work led to the ration design of a dental composite that could 

impart fast setting, mechanically strong, biocompatible, and odontoinductive properties that would 

lead to the regeneration of dental tissue. The combination of these works helps to further the 

understanding of three separate diseases by characterizing and manipulating how cells in each 

system interact specifically with their native environment. 
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CHAPTER 1  

INTRODUCTION 

Biomedical engineering (BME) is an interdisciplinary field which combines the study  

of engineering with the study of medicine. While the fields of biomedical engineering can vary in 

field and focus, the primary objective is the use of critical thinking and engineering to solve 

advance health care treatments, diagnosis, monitoring and therapy. [1] The focus of this work is 

primarily tissue engineering. Tissue engineering is the discipline that is associated with integrating 

biology with engineering to create tissues or cellular products outside the body to better understand 

or better manage the repair of tissues inside the body. [2]  

To understand the complex reactions that take place inside cellular products and tissues we 

must first understand the specific interactions that occur at the cellular level.  There are four major 

types of cellular interactions that can be studied in tissue engineering: cell-cell interactions, 

interactions with soluble factors in culture environment, cell-surface interactions due to surface 

chemistry, and cell-surface interactions due to physical attributes. Cell-cell interactions are studied 

to understand how cells in direct contact communicate with each other and how this changes their 

behavior. Soluble factors are a long-range mechanism for communication with cells or systems at 

a higher level.  The focus of this work in tissue engineering is to understand the interaction between 

cells and their extracellular surroundings.  

The research of biomaterials for tissue engineering applications can be split into two broad 

categories, naturally derived biomaterials and artificially made biomaterials. Natural biomaterials 

are made primarily of naturally occurring biomaterials that are found in native tissues, such as 

collagen, proteoglycans, and elastic fibers. [3,4] The research of natural biomaterials has been 
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extensive, and many important discoveries have been made about how cells respond to their 

environment. Collagen, glycoproteins, and elastic fibers are all synthesized and deposited by native 

cells, thus they are tuned and organized for a specific function in a tissue. These components allow 

cells to control the mechanical strength, flexibility, and porosity. They are also designed with 

integrin binding sites that allow for specific binding and control over cell adhesion and 

organization. [5–7] These integrins also communicate properties of the ECM to the cell. These 

communications affect every aspect of cellular function including, proliferation, migration, 

differentiation, cell adhesion, and regeneration and repair. [8] 

While there is extensive knowledge about these natural polymers and how they interact 

with cells, the downside is that they are difficult for tissue engineers to obtain and refine to have 

specific control over their properties. All these materials are refined from other tissues or are 

produced through genetic engineering where specific control over their properties is limited.  

Artificial biomaterials are designed and fabricated by tissue engineers using classic 

chemical processes in the laboratory. These biomaterials offer exceptional control over purity, 

mechanical properties, and chemical composition. This is great for designing materials with very 

specific chemical and mechanical properties, but they lack any of the previously discussed integrin 

binding sites needed for cells to recognize and interact with these materials. Some cellular adhesion 

mechanisms can be exploited by covalently modifying the materials to support cell interaction 

with cell recognizable peptides (such as arginine-glycine-aspartic acid, RGD). However, these 

materials have much less bioactivity than natural biomaterials. Sometimes a mixture of both 

natural and artificial biomaterials is used to gain the desired properties. 

By understanding the make-up of native extracellular matrices and cellular interactions 

with these, we can gain a better understanding of how cells behave in a healthy tissue compared 
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to how they may behave in an illness, and we can fabricate tissue scaffolds that better mimic 

healthy tissue and support healing.  The information learned from this research can be used to treat 

diseases or to alter the extracellular matrix to impart the best properties for regeneration and repair.   

This dissertation will guide the reader through my processes of developing a biomimetic 

collagen-GAG scaffold for the study of glaucoma which led to using the same scaffolds in the 

investigation of mineralized collagen scaffolds as synthetic bone grafts. The study of bone tissue 

engineering lead to the investigation of regenerative dental fillings and pulp capping agents. 

1.1 Glaucoma Research (Study of the Trabecular Meshwork) 

Glaucoma is a degenerative eye disease wherein damage to the optic nerve leads to 

irreversible blindness. It is the leading cause of irreversible blindness worldwide and affects more 

than 70 million people worldwide. [9,10] The only modifiable risk factor for glaucoma is the 

intraocular pressure (IOP). Lowering IOP is considered the most useful strategy for preventing or 

slowing the progression of glaucoma. The buildup of IOP is due to an imbalance in the production 

and drainage of aqueous humor in the eye. To correct this imbalance an ophthalmologist can focus 

on reducing the amount of aqueous humor that is produced form the ciliary epithelium or increase 

the drainage through the trabecular meshwork and Schlemm’s canal. Our hypothesis is that 

increasing aqueous humor drainage is the only efficacious method for reducing IOP. We also 

believe that the trabecular meshwork is the main source of outflow resistance and our primary 

target for studying this disease. 

There are very few drugs that have been developed to control the IOP. Of the five different 

classes of glaucoma drugs only about half of them directly increase the drainage through the 

trabecular meshwork. [9] The application of these drugs can be challenging as the efficacy can 

vary wildly between patients and many can have adverse side effects that can prevent patients from 
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continued use. The next best treatments include the combinations of several of these drugs or 

surgical intervention, which don’t always provide a permanent solution. 

Due to the lack of ubiquitous solutions for glaucoma it is of great importance that more 

therapeutics are researched as alternatives to the current drug therapies. The process of screening 

new therapeutics for the treatment of glaucoma is challenging and expensive. Typically, these 

potential therapeutics are screened on TM cells cultured on standard tissue culture dishes and the 

successful ones are then screened on donor eyes and then in animal studies in vivo. The challenge 

with this method, however, is that the transition from culture dishes to donor eyes has an unusually 

high failure rate. This failure rate is due to the large discrepancy in how cells proliferate and 

interact on a 2-dimensional culture plate compared with how they behave in their native 

environment.  

To work around this problem, we proposed to create a 3-dimensional biomimetic collagen-

GAG scaffold to mimic the native TM and provide an intermediate culture template for the 

screening of novel glaucoma drugs. The trabecular meshwork is a complex tissue which contains 

cells and a complex porous structure consisting of extracellular matrix such as collagen, elastin, 

and a variety of different glycosaminoglycans. [11,12] In this work we were able to approximate 

this matrix by creating collagen-GAG scaffolds through a freeze casting technique. Freeze casting 

is a robust method for the fabrication of collagen scaffolds with a variety of pore architectures. 

The pore size and alignment can be controlled by changing the freezing temperature and 

anisotropic molds with metal bottoms. The composition of the scaffolds can be controlled by 

altering the type and amount of glycosaminoglycans that is mixed with the collagen. These 

scaffolds share many characteristics with the native trabecular meshwork. 
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By seeding hTM cells on these scaffolds we have been able to culture them for upwards of 

3 weeks and have probed them for specific cell interactions using techniques for quantifying 

proliferation, protein expression and visualizing the cells using confocal microscopy. We have 

been able to determine that pore size, alignment, and composition have a large effect on how cells 

proliferate and express fibronectin. 

We hypothesize that the use of these scaffolds give insight into how hTM cells interact 

with their native environment. These 3-dimensional cultures mimic the native trabecular 

meshwork better than 2-dimensional culture and provide a better alternative for screening novel 

glaucoma therapeutics. The next steps of this project are to culture cells on these scaffolds under 

perfuse conditions to better recreate the native environment. 

From what we learned about the collagen-CS scaffolds we were able to use the same 

techniques to produce biomimetic synthetic bone grafts. 

1.2 Osteoinductive Materials 

Bones are complex organs that have a great potential for self-regeneration after significant 

trauma, defect or disease. [13] Some of these cases, however, result in injury too great for the body 

to regenerate on its own. In these cases the best treatment continues to be bone grafting. [14] Bone 

grafting comes in several different forms: autografts, allograft/xenografts, and synthetic graft 

materials. The gold standard continues to be autografting because it uses tissue directly from the 

patient and has the greatest osteoinductive potential compared to the other grafting methods. The 

drawback of this technique is the harm it causes to the patient during the harvesting. 

Allograft/Xenografts have similar potential for osteoinduction with a high availability as they 

come from many donors, though they have an increased risk of rejection, disease transmission, 

and higher cost to produce. Finally, synthetic grafts have the potential to incorporate the benefits 



6 

of autografts and allografts but recreating the native bone matrix and mineral is a challenging 

endeavor. [15,16] 

The importance of this research is to increase the availability of bone grafts while 

increasing the osteogenic potential and reduce the risk of transmitting disease or rejection. Many 

synthetic materials have been devised but typically do not contain any inherent osteoinductivity 

besides being loaded with bone morphogenic proteins (BMPs) which greatly decreases the cost 

effectiveness. [17] 

To design a synthetic bone graft with increased osteoinductive potential we designed a 

method to create a biomimetic scaffold from the same components that are found in the native 

bone structure. Bone is a 3-dimensional network of collagen that has been mineralized with 

calcium and phosphate. From our TM research, we have a working method to fabricate porous 

collagen networks with a variety of pore sizes and alignments. Our group also previously devised 

a method for coating biomaterials with an amorphous calcium phosphate and spontaneously 

converting it to hydroxyapatite, the most abundant form of calcium phosphate found in bones. [18–

20] 

We successfully integrated these two techniques together to form fully synthetic bone 

grafts from mineralized collagen scaffolds. Human mesenchymal stem cells were grown on the 

surface of these materials in vitro to investigate their biocompatibility and osteogenic potential. 

We measured the DNA of the cells as a marker for biocompatibility and measured the expression 

of RUNX2 as a marker for osteogenic differentiation. These materials supported the growth of 

hMSCs for upwards of 3 weeks and increased the expression of RUNX2 1500-fold over the non-

mineralized control.  
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This shows that rational design of biomimetic tissue scaffolds is a valuable tool for tuning 

cellular response using materials alone. The results of this project led us to design alternative 

synthetic bone materials for the regeneration of bone and teeth.  

1.3 Regenerative Dental Materials 

Dental caries are the most prevalent yet preventable disease in both children and adults. 

[21] Current treatments center around the restoration of tooth function based on dental fillings that 

fill the defect and prevent further decomposition of the tooth matrix while returning the ability to 

comfortably chew. Dental caries come in a variety of severities, from insipient (less than halfway 

through the enamel) to severe (more than halfway to the pulp). [22] Those with severe caries face 

the possibility of losing the tooth all together.  

From the most recent sources, 90.9% of US adults aged 20-64 have at least one dental 

cavity, and 27% go untreated. [23] The most prevalent restorative methods for cavity treatment 

are amalgam and resin fillings. These fillings have an estimated lifetime of 10-15 years, and 7-10 

years respectively, as defined by the time in which it either becomes degraded and is no longer 

performing its function, or that a secondary cavity has formed within the boundary of the filling 

and that it must be removed, cleaned, and replaced with a new one.  Most people with some level 

of severe tooth decay will have to face pulp capping or a root canal. Current pulp capping agents 

have been designed to seal any exposed pulp and to integrate well with dental fillings to restore 

dental function, but these materials are still limited to short range dentin regeneration.  

In this work, a novel pulp capping agent was designed to be injectable, fast setting, 

biocompatible and odontogenic. As a product that would ultimately be used in a dental office by 

classically trained dentists, it was important that these new materials can be administered and 

formed in the same manner that current dental materials are used. By creating injectable and fast 
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setting materials this ensures that the pulp capping agent can be easily administered to the exposed 

pulp and that the preparation time is limited to a typical dental visit. These materials were tested 

in vitro to support the growth and induce odontogenesis of dental pulp stem cells. 

1.4 Scope of Thesis 

This work sets out to develop an understanding of interactions between cells and 

biomaterials. Specifically, this work details two projects, one focused on understanding the 

interactions between cells and a fabricated scaffold as a method for studying glaucoma, the other 

focused on using knowledge about the interactions between dental pulp stem cells with dental 

composites to produce a regenerative pulp capping agent. The objectives of this thesis are: 

▪ Exhibit the process of developing a 3D biomimetic model of the trabecular meshwork for 

the study of glaucoma 

▪ Extend the understanding of the trabecular meshwork by altering the 3D scaffold and 

characterizing changes in hTM cell behavior 

▪ Transition to mineralized scaffolds by using the same collagen scaffolds as a 3D 

biomimetic mineralized scaffold for the study of osteogenesis  

▪ Use previously obtained knowledge to design and develop a regenerative pulp capping 

agent  

▪ Improve the properties of the regenerative pulp capping agents by rational modification of 

dental composites 

The remainder of this thesis outlines the efforts that were performed to accomplish these goals. 

This thesis is a collection of the papers that have been published, or are pending submission, 

relating to this topic. Instead of being organized in chronological order, these papers are organized 
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in an order that details the development of techniques and experience in tissue engineering 

elements. Specifically, the thesis is organized as follows: 

▪ Error! Reference source not found.: Collagen and Collagen-Chondroitin Sulfate 

Scaffolds with Uniaxially Aligned Pores for the Biomimetic, Three-Dimensional Culture 

of Trabecular Meshwork Cells - This chapter provides the early work performed to design 

and conduct a biomimetic model of the trabecular meshwork to study glaucoma. This work 

was published in Biotechnology and Bioengineering in 2017 

▪ Chapter 2: Effect of Pore Size, Alignment, and Composition on Proliferation and 

Fibronectin Expression of Human Trabecular Meshwork Cells - This chapter details the 

continued work in the study of the trabecular meshwork by implementing different 

fabrication and characterization techniques. This work has just been submitted for 

publication. 

▪ Chapter 3: Engineering Osteoinductive Biomaterials by Bioinspired Synthesis of Apatite 

Coatings on Collagen Hydrogels with Varied Pore Microarchitectures - This chapter deals 

with understanding the mineralization of the collagen fibrils to produce an osteoinductive 

bone implant. This work was published in Tissue Engineering Part A in 2017.  

▪ Chapter 4 

▪  Rapidly Curing Chitosan Calcium Phosphate Composites as Dental Pulp Capping Agents 

- This work details the development of a regenerative pulp capping agent. This is the first 

in a series of works designed to innovate current pulp capping agents to regenerate 

damaged dental material. This work was published in Regenerative Medicine Frontiers in 

2019. 
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▪ 4.4.3: Improved Properties of a Chitosan-Calcium Phosphate Composite Material as a Pulp 

Capping Agent - Using the methods outlined in Chapter 5, this chapter adds to the 

understanding of regenerative dental composites by improving the properties of the 

previously designed materials. This work is pending submission.  

▪ Chapter 6: Conclusions and Future Work– This chapter will summarize the thesis with its 

major implementations in findings. Finally, this chapter will outline the possible future 

directions for these projects. 

As this thesis is a collection of published works each chapter has an introduction specific 

to the subject matter.  
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CHAPTER 2  

COLLAGEN AND COLLAGEN-CHONDROITIN SULFATE SCAFFOLDS WITH 

UNIAXIALLY ALIGNED PORES FOR THE BIOMIMETIC, THREE 

 DIMENSIONAL CULTURE OF TRABECULAR 

 MESHWORK CELLS 

This chapter is modified from a paper published in 

Biotechnology and Bioengineering1 

Matthew J. Osmond2, Sarah M. Bernier3, Mina B. Pantcheva4 and Melissa D. Krebs5 

2.1 Abstract 

Glaucoma is a disease in which damage to the optic nerve leads to progressive, irreversible 

vision loss. The intraocular pressure (IOP) is the only modifiable risk factor for glaucoma and its 

lowering is considered a useful strategy for preventing or slowing down the progression of 

glaucomatous neuropathy. Elevated intraocular pressure associated with glaucoma is due to 

increased aqueous humor outflow resistance, primarily through the trabecular meshwork (TM) of 

the eye. Current in vitro models of the trabecular meshwork are oversimplified and do not capture 

the organized and complex three-dimensional nature of this tissue that consists primarily of 

collagen and glycosaminoglycans. In this work, collagen and collagen-chondroitin sulfate (CS) 

scaffolds were fabricated via unidirectional freezing and lyophilization to induce the formation of 

aligned pores. Scaffolds were characterized by scanning electron microscopy, dynamic mechanical 

                                                 

1 Reprinted with permission of the Biotechnol. and Bioeng. (2017), 114(4), 915-923 
2 Primary Author and Ph.D. Candidate 
3 Co-author, MS Graduate. Obtained initial results. 
4 Co-corresponding Author, Co-advisor 
5 Corresponding Author and PhD Advisor 
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analysis, and a chondroitin sulfate quantification assay. Scaffold characterization confirmed the 

formation of aligned pores, and that the CS was leaching out of the scaffolds over time. Primary 

porcine trabecular meshwork (TM) cells were seeded onto the surface of scaffolds and their gene 

expression, proliferation, viability, migration into the scaffolds, and morphology were examined. 

The TM cells were viable and proliferated 2 weeks after seeding. The cells migrated down into the 

internal scaffold structure and their morphology reflected the topography and alignment of the 

scaffold structure. This work is a promising step toward the development of a three-dimensional 

in vitro model of the TM that can be used for testing of glaucoma pharmacological agents in future 

experimentation and to better our understanding of the trabecular meshwork and its complex 

physiology.  

2.2 Introduction 

Glaucoma is a disease in which damage to the optic nerve leads to progressive, irreversible 

vision loss. In the United States alone glaucoma affects nearly 4.5 million people, and current 

National Eye Institute projections expect this number to almost double by 2050. [9,10] It is the 

second leading cause of blindness worldwide. [9,24] Primary open-angle glaucoma (POAG) is the 

most common form of glaucoma, accounting for about 70% of all glaucoma cases. Increased 

intraocular pressure (IOP) is a common feature of POAG and lowering of the IOP is considered a 

useful strategy for preventing or slowing down the progression of glaucomatous neuropathy. 

Maintenance of the IOP within physiological limits depends on the critical balance between the 

rate of production of aqueous humor from the ciliary body epithelium and the rate of its outflow 

through the trabecular meshwork and the uveoscleral pathway. The TM is a complex three-

dimensional tissue comprised of different subpopulations of trabecular meshwork cells and of 

Schlemm’s canal endothelial cells in an organized collagen-glycosaminoglycan (GAG) 
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extracellular matrix. [11,12] The TM consists of cells and extracellular matrix (ECM) which form 

a complex network with pores that diminish in size in the deeper regions until reaching the 

Schlemm’s Canal. [25,26] Its unique morphological and functional properties make it an important 

tissue for regulating IOP and a site of increased aqueous outflow resistance in glaucomatous eyes. 

[27] As glaucoma research pushes for new drug discovery, there is great need for a three-

dimensional in vitro model of the TM for preliminary testing of pharmacological agents and to aid 

in gaining a better understanding of the complex biology of the TM cells. 

Traditional two dimensional cell culture studies have produced useful information about 

the physiology of TM cells, but they fail to capture the complexity of the three-dimensional 

environment that native TM cells inhabit. [11,28–35] It has been shown that the function and 

morphology of TM cells is dependent on the topographical environment to which they are exposed. 

[30,36] While the cellularity of the TM has been characterized using whole tissue explants, the 

size of these explants limits the possible use in perfusion studies and drug testing. [37] More 

recently, TM cells have been cultured on micro-fabricated SU-8 porous structures with pore sizes 

of 7, 12 and 15 µm, where 12 µm pores were found to promote full confluence [36,38] However, 

in this system TM cells are only exposed to topographical cues on the surface of these constructs, 

and due to the overall construct thickness of ~20 µm, they are not able to migrate into a three-

dimensional environment. [38] More recent work has investigated the use of the SU-8 porous 

structures in culturing Schlemm’s canal cells, and it was found that coating these structures with a 

hyaluronic acid containing hydrogel improved cell proliferation, highlighting the importance that 

GAGs may have. [39]  

In this work, we have fabricated three-dimensional collagen and collagen-chondroitin 

sulfate (CS) scaffolds with uniaxially aligned pores to serve as an in vitro cell culture system for 
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TM cells with a microenvironment that more closely imitates their native tissue. Collagen is the 

most abundant protein in animals and is the primary constituent of the ECM. [40] It has been 

shown to be biocompatible and promote cell attachment [41] Additionally, collagen type I is a 

primary constituent of the trabecular tissue, making it a desirable biopolymer to model the structure 

of the TM. [42] The TM ECM has also been shown to have chondroitin sulfate, and thus this GAG 

molecule was also added to some of the collagen scaffolds in this study. [42] The scaffolds were 

characterized with scanning electron microscopy (SEM), dynamic mechanical analysis (DMA), 

and a GAG quantification assay. Primary porcine TM cells were isolated from TM tissue and 

seeded onto fabricated collagen and collagen-CS scaffolds. Their viability, proliferation, migration, 

and gene expression were quantified and visualized with fluorescent imaging, metabolic assays, 

and quantitative real time PCR (qPCR). 

2.3 Materials and Methods 

 Collagen and Collagen-CS Scaffold Fabrication 

 

Figure 2.1 Uniaxially aligned porous scaffold fabrication method. (Chains represent collagen 
fibrils). Slurry is added to mold with copper bottom and PVC sides. Copper is submerged in liquid 
nitrogen creating a vertical temperature gradient resulting in the chains freezing in an upward 
direction. Frozen scaffolds are then placed in a lyophilizer for 48 h until all water has been 
removed. 
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Two types of collagen scaffolds were fabricated, collagen-only and collagen-chondroitin 

sulfate (CS), using the methods outlined by Caliari et al. [43] Briefly, 0.5% collagen type I from 

calf skin (Collagen Matrix, Oakland, NJ) was homogenized in 0.05M acetic acid to form a slurry. 

For collagen-CS, an additional 0.05% chondroitin sulfate (Sigma Aldrich, St. Louis, MO) was 

added to the slurry while homogenizing. Molds were made using 5/8-inch ID PVC tubing and 1-

inch copper caps (Home Depot, Atlanta, GA). To produce scaffolds that were 0.3 cm tall, 750mL 

of slurry was pipetted into each mold. 0.3 cm scaffolds were chosen to produce the optimal amount 

of alignment without sacrificing structural integrity. The molds were then placed into a shallow 

dish filled with liquid nitrogen; this process produces scaffolds with vertically aligned pores as 

demonstrated in Figure 2.1. The uniaxial temperature gradient formed by submerging the mold in 

liquid nitrogen forces the collagen fibrils to line up in the direction of this gradient. After freezing, 

the scaffolds were then immediately lyophilized (Labconco, Kansas City, MO) for 48 h, followed 

by dehydrothermal crosslinking in a vacuum oven at 105˚C and 29 inHg for 24 h as described by 

Caliari et al. [43] Dehydrothermal crosslinking forms bonds via condensation reactions by 

esterification or amide formation. [44] Scaffolds were sterilized by placing them into 70% ethanol 

for 24 h with two subsequent 24 h washes in phosphate buffer solution (PBS, Invitrogen, Carlsbad, 

CA). They were then stored in PBS until later use. 

 Scanning Electron Microscopy Imaging and Pore Size Analysis 

The scaffold microstructure was examined with a FEI Quanta 600i Environmental 

Scanning Electron Microscope (Hillsboro, OR) on low vacuum. Samples were prepared by 

sectioning scaffolds to show the top surface and cross-sectional area, then sputter coating a thin 

(~5 nm) layer of gold onto the exposed surface. Images were taken 10mm from the detector with 

a 20-kV accelerating voltage. Using Scanning Probe Image Processor (SPIP) from Image 
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Metrology, the average pore size was determined from the SEM images by using the fibrous 

detection method, which accounts for three dimensional aspects of each image. 

 Dynamic Mechanical Analysis of Collagen and Collagen-CS Scaffolds 

The elastic moduli of both collagen-only and collagen-CS scaffolds were measured by 

compressive dynamic mechanical analysis using an ARES G2 Rheometer (TA Instruments, New 

Castle, DE). Three replicates of each scaffold type were measured. Before measurement, dry 

scaffolds were hydrated in PBS. A strain sweep was performed by applying an increasing 

sinusoidal deformation to each scaffold at a constant normal force and frequency to determine the 

linear viscoelastic region. The strain sweep was performed at room temperature, 0.01 N normal 

force, and 1 Hz from 0% to 3% strain using 25mm plates. The elastic modulus was reported at 1% 

strain. The elastic modulus (E) is found by measuring the storage modulus (E’) and loss modulus 

(E”). The storage modulus is measured from the elastic response of each oscillation. The loss 

modulus comes from the tan (delta) shift between the stress/strain oscillation curves. These two 

moduli combined give the elastic modulus. 

  EDC/NHS Crosslinking 

To test different crosslinking techniques, some scaffolds were crosslinked using EDC 

chemistry in addition to the dehydrothermal crosslinking. The crosslinking solution consisted of 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) (ProteoChem, Lovespark, IL) and N-

hydroxysuccinimide (NHS) (Sigma Aldrich). A 5:2:1 molar ratio was used for EDAC: NHS: 

COOH. The carboxylic acid is contributed by the collagen and it is assumed that there are 0.0012 

mol COOH per gram collagen. Each scaffold was crosslinked in 1mL crosslinking solution. 

Lyophilized and dehydrothermally crosslinked scaffolds were pre-hydrated in half volume PBS 

(0.5mL per scaffold) for 15min. The other half volume (0.5mL) of PBS containing EDAC and 
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NHS was added to each scaffold, and then crosslinking could proceed for 30min. Scaffolds were 

then rinsed twice with PBS for 30min each to remove any residual crosslinking solution. Scaffolds 

were sterilized and stored for further use. 

 Chondroitin Sulfate Quantification 

Chondroitin sulfate content was quantified with a dimethylmethylene blue (DMMB) assay. 

Each scaffold was digested in 3mL papain buffer (25mg/mL papain in 50mM sodium phosphate, 

2mM N-acetyl cysteine, 2mM EDTA, pH 6.5) overnight at 65˚C as described by Ponticiello et al. 

[45] A DMMB dye solution (21 mg DMMB, 2 g sodium formate, 5mL absolute ethanol in 1 L 

distilled water, pH 1.5) was prepared and the digested samples were mixed in a 1:3 ratio with the 

DMMB solution. The absorbance of the resulting solution was measured at 595 nm and the total 

chondroitin sulfate present was determined by comparison with a chondroitin sulfate standard 

curve. All chemicals were purchased from Sigma–Aldrich. 

 Porcine Trabecular Meshwork Cell Isolation and Sub-Culture 

Porcine eyes in saline were shipped on ice from VisionTech (Mesquite, TX) within 24 h 

post-mortem. After removal of the iris and ciliary body, the TM region was gently extricated with 

tweezers and transferred to a dish containing serum free Dulbecco’s Modified Eagle’s Media 

(DMEM, Invitrogen). TM strips were digested in 10 mg/mL collagenase type 4 (Worthington 

Biochemical, Lakewood, NJ) for 30–60 min. Cells were transferred to a 0.1% gelatin (Sigma–

Aldrich) coated 3 cm dish containing DMEM supplemented with fetal bovine serum (10%), 

penicillin (1%), streptomycin (1%), amphotericin (1:500), and recombinant basic fibroblast 

growth factor (5 mg/mL) (all from Invitrogen). Once confluent, cells were transferred to a T25 

gelatin coated dish using 0.01% trypsin and cultured until confluent. Cells were then transferred 

to a 10 cm gelatin coated dish and maintained in DMEM supplemented with 10% FBS and 1% 
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pen/strep in a humidified incubator at 37˚C and 5% CO2. Cells were used until passage eight 

before they begin to show signs of senescence. 

 Culture of Trabecular Meshwork Cells on Collagen and Collagen-CS Scaffolds 

Sterile scaffolds were prepared for culture by pre-soaking in DMEM with 10% FBS and 

1% pen/strep for 30 min at 37˚C. These presoaked scaffolds were transferred to the wells of a non-

tissue culture treated 24 well plate. Excess media was aspirated from around the scaffolds. TM 

cells were seeded onto the top surface of each scaffold in concentrated drops of 100 k cells per 

20mL. Each drop was placed in the center of each scaffold. After seeding, all scaffolds were 

incubated at 37˚C overnight (approx. 8 h) to allow the cells to attach to surface. Each scaffold was 

incubated with 1mL of DMEM with 10% FBS and 1% pen/strep. The media was changed every 3 

days for the duration of each experiment. 

 Gene Expression Measured by Quantitative PCR 

Cellular identity was confirmed using real-time quantitative PCR (qPCR) to measure the 

expression of the protein myocilin. TM cells were cultured for 5 days with and without 100 nM 

dexamethasone (Sigma–Aldrich) prior to RNA isolation. Pure RNA was isolated with a RNeasy 

Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). A Synergy H1 microplate reader (Bio-Tek, 

Winooski, VT) with a Take3 microplate was used to quantify the RNA concentration and purity. 

Two hundred nanograms total RNA was reverse transcribed to cDNA using the Transcriptor First 

Strand cDNA Synthesis Kit (Roche Diagnostics). Roche’s Universal Probe Library was used to 

design probes and primers for amplifying Sus scrofa myocilin (NM_213986.1) and GAPDH 

(NM_001206359.1). For myocilin, Universal Probe Library’s probe 50 was used (sequence 5’-

TCT GGA GC-3’). The left primer used was 5’-CCA TTG TCC TCT CCA AAC TGA-3’, and the 

right primer used was 5’-GGA CTG CTT ACG GAT GTT GG-3’. For GAPDH, Universal Probe 
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Library’s probe 28 was used (sequence 5’-CCA GCC GC-3’). The left primer used was 5’- ACA 

GAC AGC CGT GTG TTC C-3’. The right primer used was 5’- ACC TTC ACC ATC GTG TCT 

CA-3’. Primers were ordered from Integrated DNA Technologies (Coralville, IA). qPCR was 

performed on a Roche LightCycler 480 instrument. The results were analyzed using the coupled 

ΔΔCt method. 

 Metabolic Assay for TM seeded Collagen and Collagen-CS Scaffolds 

Cell viability and proliferation were measured with a standard MTS assay. This assay 

quantifies cell metabolic activity by measuring the colorimetric absorption of formazan produced 

by the reduction of 3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy-phenyl]-2-[4-

sulfophenyl]-2H-tetrazolium (MTS-tetrazolium). The MTS-tetrazolium is metabolized by 

mitochondria in live cells and transformed into a colored formazan product soluble in the media, 

which can be quantified. A 20% CellTiter96 Aqueous One Solution (Promega, Madison, WI) was 

prepared in PBS. Scaffolds were incubated in 1 mL CellTiter solution for 100 min. One hundred 

microliters of each solution was placed into a 96 well plate and the absorbance of each well was 

read at 490 nm in a microplate reader. 

 Confocal Microscopy for Visualization of TM Cells on Scaffolds 

DAPI (40,6-diamidino-2-phenylindole) (ThermoFisher) was used to label the nuclei of TM 

cells cultured on the collagen and collagen-CS scaffolds, and induced fluorescence of the cell 

cytoplasm with glutaraldehyde fixation was used to visualize the cell cytoplasm. [46] The cell-

laden scaffolds were first fixed in 2% glutaraldehyde solution for 10 min and then rinsed with PBS 

three times. They were then permeabilized in 0.2% Triton (Invitrogen) for 10 min and further 

rinsed with PBS three times. Finally, scaffolds were soaked in 1 mg/ml DAPI in PBS for 1 h at 

room temperature and then rinsed three times with PBS. The cell-laden scaffolds were then imaged 
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on a confocal microscope (FV10i-LIV Laser Scanning Microscope, Olympus, Center Valley, PA). 

Z-stack images were taken of each scaffold, each slice was 1.5 mm thick, and each scaffold was 

viewed 30–40 µm deep. These Z-stacks were then rendered into three dimensional images using 

the ImageJ Volume Viewer plugin. 

 Statistical Analysis 

Data are reported as a mean ± standard deviation from the mean. All data were assayed in 

at least triplicate. A two-tailed Student’s t-test was used to compare data sets with two variables 

and one-way ANOVA was used to compare data sets with three or more variables. The significance 

threshold was set at 0.05. 

2.4 Results 

Unidirectional freezing and lyophilization of the collagen and collagen-CS slurries resulted 

in the formation of uniaxially aligned pores from the bottom to the top. The surface and internal 

structures of fabricated collagen and collagen-CS scaffolds were analyzed using SEM and 

subsequent image analysis. The top surfaces of both scaffolds are shown to have an ordered 

structure with open pores (Figure. 2.2A and B). The cross-section of each collagen scaffold 

demonstrates the aligned pore formation achieved by this fabrication method (Figure. 2.2C and D). 

Based on analysis of the surface images, the average pore size was determined to be 10.25 ± 5.1 

µm for collagen-only scaffolds and 9.48 ± 4.7 µm in diameter for collagen-CS scaffolds. There 

was no significant difference between these values. 
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Figure 2.2 Scanning electron photomicrographs of the top surfaces of (A) collagen-only and (B) 
collagen-CS scaffolds, and the cross-sections showing the the alignment of collagen fibers in the 
direction of freezing for (C) collagen-only and (D) collagen-CS scaffolds. Scale bars represent 200 
µm.  
 

To characterize the mechanical properties of these porous scaffolds, the storage modulus 

of both collagen-only and collagen-CS scaffolds were measured by dynamic mechanical analysis. 

The elastic moduli of the collagen scaffolds were found to be 6.71 ± 3.2 kPA and 6.73 ± 1.7 kPA 

for collagen-only and collagen-CS scaffolds, respectively (Figure. 2.3). There was no significant 

difference in these values, and thus the CS does not impact the mechanical properties of these 

scaffolds. 

 

 

Figure 2.3 Storage modulus of hydrated collagen-only and collagen-CS scaffolds measured at 0.01 
N normal force, 1 Hz, and 1% oscillation strain. There was no significant difference in storage 
modulus between collagen-only and collagen-CS scaffolds, P>0.05. 
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The amount of chondroitin sulfate retained over time in the scaffolds was quantified by a 

dimethylmethylene blue assay (Figure. 2.4). Two different crosslinking methods were used in the 

fabrication of the scaffolds: dehydrothermal crosslinking alone or dehydrothermal crosslinking 

followed by crosslinking with EDC/NHS chemistry. Chondroitin sulfate retention was measured 

over a 2-week period. Dehydrothermally crosslinked scaffolds that were assayed immediately after 

fabrication contained approximately 85% of the total chondroitin sulfate contained in the slurry. 

After 3 days in solution, both crosslinking methods resulted in no significant additional loss. 

However, over the course of 2 weeks, approximately 85% of the chondroitin sulfate was eluted 

from both types of crosslinked scaffolds. There was no significant difference in chondroitin sulfate 

retention between the scaffolds fabricated using the two crosslinking methods. As the EDC/NHS 

chemistry was not found to increase the GAG retention in these scaffolds, all future experiments 

only incorporated dehydrothermal crosslinking. 

 

 

Figure 2.4 Quantification of chondroitin sulfate in the collagen-CS scaffolds over time; the 
scaffolds were crosslinked either by dehydrothermal crosslinking or both dehydrothermal and 
EDC/NHS crosslinking. *P<0.001 for 2 weeks compared to 3 days. 
 

The next step was to seed cells on the collagen-CS scaffolds. The isolated primary porcine 

TM cells expressed TM cell-like morphology in vitro, such as spindle-shaped appearance and 

overlapping cell processes. A known feature of TM cells is that when they are exposed to 

dexamethasone, the cells will overexpress the protein myocilin, a protein believed to play a role in 
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cytoskeletal function of trabecular meshwork cells. [32] Thus, to confirm that our cells isolated 

from the primary TM tissue were indeed TM cells, quantitative real-time PCR was used to measure 

the expression of myocilin in TM cells treated with and without 100 nM dexamethasone. The 

results were analyzed using the coupled ΔΔCt method after confirming the efficiency of the 

primers and probes used (results not shown). When the isolated cells were treated with 

dexamethasone, there was a significant upregulation of myocilin. The cells cultured on standard 

tissue culture plates demonstrated an 8.4 ± 5.2-fold increase in myocilin expression, while the cells 

grown on the collagen-only scaffolds showed a 6.9 ± 4.4-fold change (Figure. 2.5). There was no 

significant difference in their fold change expressions. 

 

Figure 2.5 Fold change of myocilin mRNA expression in TM cells treated with or without 100nM 
dexamethasone. *P<0.05. 
 

The proliferation of TM cells cultured on collagen-only and collagen-CS scaffolds was 

measured over a 2-week period by the MTS assay. This assay is an indicator of cell metabolic 

activity and can be roughly correlated to the number of viable cells that are present in a sample. It 

was found that there was at least a two-fold increase in metabolic activity over the time period, 

with most of this increase happening between 3 days and 1 week of growth (Figure. 2.6). Growth 

slowed between weeks 1 and 2 in culture. 
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Figure 2.6 Metabolic activity of TM cells seeded on collagen-only and collagen-CS scaffolds as 
determined by an MTS assay, P>0.01 between collagen-only and collagen-CS at each time point; 
P<0.05 between scaffolds at all three time points. 
 

Fluorescent imaging of TM cells seeded on both collagen-only and collagen-CS scaffolds 

provided information about both the viability and morphology of these cells on scaffolds (Figure. 

2.7). From these images, we can say with confidence that 90% or more of the top surface is 

covered with cells. Scaffolds were seeded with 100,000 cells and cultured up to 2 weeks. The 

cell nuclei were fluorescently stained with DAPI, while the glutaraldehyde fixation allowed 

cytoplasm visualization in the 490 nm excitation and 525 nm emission very similar to that of 

Fluorescein (FITC). Fluorescent z-stacks were limited to a depth of approximately 30–40 µm 

because the collagen was too dense for the confocal laser to penetrate any deeper. These images 

indicated that the TM cells proliferated over the course of 2 weeks and began to migrate and 

grow down into the scaffold. The morphology of the cells demonstrated that the cells aligned 

primarily in a single direction. Using the Directionality plug-in in the image processing package 

Fiji, the cell nuclei alignment was quantified, and it was found that for all timepoints, 95% of the 

cell nuclei were aligned within 64 degrees or less of each other. As can be seen from the z-stack 

images, although the TM cells were primarily surface-associated, it is evident that by 2 weeks 

they were beginning to migrate down into the scaffold structure. 
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Figure 2.7 Fluorescent photomicrographs of TM cells seeded on the surface of collagen-only and 
collagen-CS scaffolds. The cells were labeled with DAPI (blue) and glutaraldehyde fixation 
(green). 100,000 cells were seeded on each scaffold. In the z-stack images, the top surface of the 
scaffold is at the bottom of the image. Scale bars represent 50 µm. 
 
2.5 Discussion 

Our goal was to design and characterize uniaxially aligned porous collagen scaffolds 

towards biomimetic 3D cell culture scaffolds for supporting TM cell growth. These scaffolds are 

closer representatives of the native TM environment and may ultimately help better understand the 

physiological effects and cellular behavior in glaucoma. Collagen-only and collagen-CS scaffolds 

were fabricated as highly porous matrices with uniaxially aligned pores. Aligned pores provide 

increased cell growth, cellular alignment, and metabolic activity. [43] The TM contains collagen 

of types I, III, and IV; in this study type I was chosen as the model collagen. Chondroitin sulfate 
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was chosen to be the model GAG because it has been observed to have the highest concentration 

in the TM. [42] The growth of TM cells on aligned pores reflects the morphology of native tissue 

where cells grow along aligned fibrils. [25] The pore size determined in the collagen and collagen-

CS scaffolds fabricated here are comparable in size to that which has been characterized for native 

TM. It has been reported that the pore size of trabecular meshwork varies from 4 to 7 µm in the 

juxtacanalicular tissue (JCT), up to 30 µm in the corneoscleral meshwork (CSM), and up to 70 µm 

in the uveal meshwork (UM). [47] The UM and CSM provide little to no resistance to outflow of 

aqueous humor, so the JCT provides better target for pore size. Additionally, it has been shown 

that 12 µm pores provide good attachment and proliferation of TM cells on a porous surface. [38] 

Thus, the natural biopolymer scaffolds fabricated here have a pore structure and size that is of 

interest and physiologically relevant for culturing TM cells. 

In addition to the chemical composition and physical structure of the scaffolds, the storage 

modulus obtained by dynamic mechanical analysis compares to previously measured values of the 

mechanical properties of native TM tissue. Several groups have measured the elastic modulus 

using different methodologies. Atomic force microscopy (AFM) has been used to measure the 

elastic modulus via microindentation. [48] Using this measurement technique, the elastic modulus 

for normal TM was measured at 4.0 ± 2.2 kPa, while glaucomatous TM was found to have a much 

higher modulus of 80.8 ± 32.5 kPa. [48] The microscopic or local stiffness measured at JCT and 

the inner wall of Schlemm’s canal was higher and more heterogeneous in glaucomatous eyes than 

in normal eyes. Tensile stiffness measured by Camras et al. reflected resistance of the whole TM 

as an interconnected structure, including cells and extracellular matrix (ECM), to mechanical 

stretch. The elastic modulus of normal TM has been measured by tensile testing to be 51.5 ± 13.6 

MPa. [49] Different mechanical testing techniques are used depending on the size and relative 
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strength of each of the samples being measured. In this study, the size and strength of the collagen 

scaffold is different than that of the native TM tissue and cannot be measured the same way. The 

elastic moduli of the scaffolds were determined by dynamic mechanical analysis, and it was found 

that there was no significant difference between collagen only or collagen-CS, which is expected 

as chondroitin sulfate should not give a significant structural benefit. Further, these were found to 

be close to the values for the mechanical properties of native TM that were previously determined 

by AFM. 

Glycosaminoglycan retention in fabricated tissue constructs is a known challenge in the 

field. [50,51] In this work, two different crosslinking methods were tested and compared with 

respect to chondroitin sulfate retention over time. Previous work has shown that using EDC/NHS 

chemistry to attempt to covalently crosslink chondroitin sulfate to collagen increases the amount 

of covalently bound chondroitin sulfate, but this was not consistent with our results. [52] Here, it 

was found that the use of EDC/NHS chemistry did not enhance the CS retention over time, and in 

both cases approximately 85% of the GAG was eluted over 2 weeks. The challenges faced with 

retaining GAGs over time in these collagen scaffolds are likely due to the lack of binding sites 

exposed during dehydrothermal crosslinking. Dehydrothermal crosslinking unwinds portions of 

the collagen protein to expose amine and carboxylic acid residues which can then participate in 

condensation reactions that form covalent bonds between the collagen strands as well between 

collagen and GAGs. [53] Only a portion of the GAG is able to covalently bind due to the limited 

number of residues exposed. [54] EDC chemistry also induces covalent bonds between amine and 

carboxylic acid groups. We hypothesize that the available residues exposed during dehydrothermal 

crosslinking also bind during dehydrothermal crosslinking, leaving EDC chemistry with nothing 

to act upon, thus not increasing the amount of covalently bound GAG. The remaining GAG is held 
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in the construct by ionic interactions and physical entrapment. [54] When placed in neutral solution 

the ionic interactions quickly dissipate allowing the GAG to diffuse out of the construct over time. 

In native TM, the function of GAGs is to contribute to the filtering action of the tissue by binding 

specific molecules, as well as helping modulate the resistance to outflow of aqueous humor. [55] 

While complete retention of GAGs is unlikely to be obtainable, future work may incorporate 

techniques to increase the retention of GAG, such as modifying collagen by amination which has 

been shown to increase covalently bound GAG. [50]  

Studies of TM cells seeded on collagen-only and collagen-CS scaffolds have provided 

insight into the survival of these cells on porous, three-dimensional natural biopolymer constructs. 

TM cells treated with dexamethasone upregulate their expression of myocilin, a protein believed 

to play a role in cytoskeletal function, and this response is often used to confirm the identity of 

TM cells in culture. As the cells used here were isolated from primary tissue, their gene expression 

of myocilin in response to dexamethasone was confirmed to ensure that the isolated cells were TM 

cells. The TM cells cultured on the scaffolds compared to those cultured on standard tissue culture 

plates showed similar upregulation of myocilin in response to dexamethasone. This demonstrates 

that the cells are indeed TM cells and that they have similar response to dexamethasone in either 

culture condition. 

Fluorescent imaging confirmed that the TM cells cultured on these scaffolds are viable 2 

weeks after seeding. Current glaucoma therapeutics are typically efficacious on the time scale of 

hours. [56] This should ensure that in vitro models developed from these collagen-only and 

collagen-CS scaffolds are able to sustain TM cells long enough to be useful for drug testing. Z-

stack confocal reconstructions show that there is also some migration into and proliferation within 

the interior of the scaffolds. These results demonstrate that the cells prefer to remain in contact 
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with one another, and that although they do proliferate and migrate into the scaffold most cells 

remain near the scaffold surface. Confocal images show viable cells on the surface while there is 

a decrease in MTS activity, which alludes to decreased cell metabolic activity, not cell death, as a 

cause. It has been shown that TM cells require a perfusion of 1 mL/min for long term survival. 

[57] The decrease in MTS activity is not unexpected under the static culture conditions tested here, 

and examination of this system under constant media perfusion is currently underway and the 

subject of future studies. Fluorescent images of TM cells on the collagen-only and collagen-CS 

scaffolds here indicated that the morphology of these cells was impacted by the topography of the 

scaffolds, as evidenced by the stretching and alignment of TM cells along the collagen fibers. 

2.6 Conclusions 

This work presents the first phase in developing a three-dimensional in vitro model of the 

trabecular meshwork using natural biopolymers. Collagen-chondroitin sulfate scaffolds were 

fabricated using a unidirectional freezing and lyophilization method that resulted in the formation 

of directional pores that are of a comparable size and strength to native TM. Mechanical testing 

was used to determine the modulus of each scaffold and GAG quantification provided further 

characterization of fabricated collagen-CS scaffolds. Primary porcine TM cells seeded on 

collagen-CS scaffolds displayed high viability, proliferation, and migration into the internal pore 

structure. Future studies with this system will incorporate perfusion of cell media through the 

porous constructs to represent the flow of aqueous humor in the trabecular meshwork, which may 

aid in long term cell survival. Additionally, perfusion will allow for the delivery of glaucoma 

therapeutics and analysis of their effect on flow resistance. Furthermore, in the future we anticipate 

using this system as a co-culture system for human TM cells and Schlemm’s canal endothelial 

cells to more closely mimic the TM tissue in terms of cellular composition.  
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CHAPTER 3  

HUMAN TRABECULAR MESHWORK CELL BEHAVIOR IS INFLUENCED BY 

COLLAGEN SCAFFOLD PORE ARCHITECTURE AND 

 GLYCOSAMINOGLYCAN COMPOSITION 

This chapter is modified from a paper currently pending submission6 

Matthew J. Osmond7, Melissa D. Krebs8 and Mina B. Pantcheva9 

3.1 Abstract 

Glaucoma is a degenerative eye disease in which damage to the optic nerve leads to 

irreversible loss of vision. It is the leading cause of irreversible blindness and affects 70 million 

people worldwide. The intraocular pressure (IOP) is the only modifiable risk factor for the 

treatment of glaucoma. IOP is reduced by decreasing the production of aqueous humor or 

increasing its drainage through the trabecular meshwork (TM), the conventional outflow pathway. 

The aim of this work was to understand the influence of the extracellular matrix, both its structure 

and its chemistry, on trabecular meshwork cells. 3-dimensional collagen-glycosaminoglycan 

(GAG) scaffolds were fabricated with varying pore sizes and alignments using freeze casting 

techniques, and the GAGs chondroitin sulfate (CS) and hyaluronic acid (HA) were incorporated 

into the scaffolds. hTM cells were cultured on these scaffolds for 4 weeks to measure the effect of 

pore architecture and GAG content on cell proliferation and fibronectin expression. 

                                                 

6 Pending submission 
7 Primary author and PhD Candidate 
8 Co-corresponding Author and PhD Advisor 
9 Corresponding Author and PhD Co-Advisor 
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3.2 Introduction 

Glaucoma is a degenerative eye disease in which damage to the optic nerve leads to 

irreversible loss of vision. It is the leading cause of irreversible blindness and affects 70 million 

people worldwide. Primary open-angle glaucoma (POAG) is the most common form of glaucoma 

and accounts for 70% of all cases. [9,10,24] The intraocular pressure (IOP) is the only modifiable 

risk factor and lowering it is considered a useful strategy for preventing or slowing the progression 

of glaucomatous neuropathy. The two mechanisms used to control IOP is to reduce the production 

of aqueous humor by the ciliary epithelium or increase the outflow through the trabecular 

meshwork (TM) and uveoscleral pathway. [9] The primary focus of this work will be on the 

trabecular meshwork as the conventional outflow pathway for aqueous humor drainage. The TM 

is a complex three-dimensional structure that consists of TM cells and their extracellular matrix 

(ECM) including interwoven collagen beams and perforated sheets composed of elastin and 

collagen arranged in a laminar pattern, and Schlemm’s canal cells. [12] Any changes to the 

architecture or composition of this complex structure would likely influence the outflow through 

the TM. [48,58] 

Traditionally, the study of TM cells has been performed on two-dimensional cell culture 

dishes. Two-dimensional cell culture is used routinely as a model to understand cell biology and 

physiology. [37] Culture systems have been designed to grow cells under perfusion conditions that 

replicate the dynamic flow of the native TM. [38]  However, these 2D cultures do not capture the 

effect of the complex micro-architecture and biochemical cues found in the native TM. These cues 

are known to influence many cell behaviors such as proliferation, adhesion, migration and 

extracellular matrix deposition.  
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In this work, human TM cells were cultured on three-dimensional scaffolds consisting of 

collagen and glycosaminoglycans. By combining collagen type I with the glycosaminoglycans 

chondroitin sulfate and hyaluronic acid, the composition of the native TM can be recreated more 

closely. Using freeze casting methods, the pore size and alignment of the formed scaffolds can be 

controlled to produce several different micro-architectures. The combination of scaffold structure 

and composition is used to understand the effect on human TM cell proliferation and ECM 

deposition.  Fibronectin was used as a marker for ECM deposition as it is known to be important 

for structural support and signaling cues for cell survival, migration, differentiation as well as cell 

contractility, which is believed to play a large role in controlling the IOP. [59] 

3.3 Materials and Methods 

 Materials 

Fibrillar collagen type I was obtained from Collagen Matrix (Oakland, NJ). Chondroitin 

sulfate (CS) from shark cartilage, hyaluronic acid (HA) sodium salt from Streptococcus equi, n-

acetyl cysteine, Ethylenediaminetetraacetic acid (EDTA), sodium phosphate, carbazole, and 

sodium tetraborate were obtained from Sigma Aldrich (St. Louis, MO). Acetic acid, low glucose 

Dulbecco’s Minimum Essential Medium (DMEM-LG), and streptavidin-CY3 were obtained from 

Invitrogen (Carlsbad, CA). Cell Counting kit-8 (CCK8) was obtained from Dojindo Molecular 

Technologies (Rockville, MD). Anti-Fibronectin antibody (Biotin) (ab6584) was obtained from 

Abcam (Cambridge, UK). Goat anti-rabbit IgG (E0432) was obtained from Dako (Denmark). 

RNeasy Plant Mini Kit was obtained from Qiagen (Hilden, Germany). High-Capacity cDNA 

Reverse Transcription kit and PowerUp SYBR Green master mix were obtained from Applied 

Biosystems (Foster City, CA). Papain was obtained from MP Biomedicals (Solon, OH). Human 
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trabecular meshwork (hTM) cells were purchased from Sciencell Research Laboratories (Carlsbad, 

CA).  

 Scaffold Fabrication 

Collagen scaffolds were fabricated using methods previously published by our group and 

others.[43,60,61] Here we devised four different scaffold compositions, Collagen-Only (CO), 

Collagen-CS, Collagen-HA, and Collagen-CSHA. To produce the collagen slurry, 150 mg of 

Collagen Type I was mixed with 20 mL of 0.05 M acetic acid and homogenized for 5 minutes. 

After this homogenization, 10 mL of the appropriate GAG in 0.05 M acetic acid (CO: 0.05 M 

acetic acid only; CS: 0.15% w/v; HA: 0.15% w/v; CSHA: 0.075% w/v CS and 0.075% w/v HA) 

was added dropwise to produce a slurry.  The final slurries all contain 0.5% (w/v) collagen with 

0.05% (w/v) of total GAG.  

Each slurry was freeze-cast to produce four different pore architectures. Pore size was 

determined by freezing either in liquid nitrogen (-196 ˚C) or in a -80 ˚C freezer. Pore alignment 

was determined by utilizing casting molds that contained a copper bottom and insulated sides for 

uniaxially aligned pores, or an all-polystyrene mold for random pores. Pore architectures are 

abbreviated using the following: non-aligned flash frozen (NAFF), aligned flash frozen (AFF), 

non-aligned -80˚C frozen (NA80), and aligned -80˚C frozen (A80). 

After freezing, each of the scaffolds was lyophilized for 24 hours. The scaffolds were 

crosslinked by dehydrothermal crosslinking in a vacuum oven at 105 ˚C under 29 inHg vacuum 

for 24 hours. 

 Environmental Scanning Electron Microscopy (ESEM) 

The pore architecture of each of the composite hydrogels was examined using a FEI Quanta 

600i Environmental Scanning Electron Microscope (Hillsboro, OR). After dehydrothermal 
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crosslinking, each scaffold was sliced uniaxially to expose the interior pore structure and gold 

sputter coated. Images were taken from 10 mm using 20 kV accelerating voltage.  

 Glycosaminoglycan Quantification 

The molecular weight of CS and HA was measured using dynamic light scattering by 

another lab. CS has a molecular weight of 3.48 ± 0.41 x 105 Da and HA has a molecular weight of 

11.9 ± 0.32 x 105 Da. [62] To measure the amount of GAG that is retained in each scaffold after 

they have been fabricated, a protocol previously devised by Bitter and Muir et al. and modified by 

Cesaretti et al was used. [63,64] Briefly, dry scaffolds were placed into microcentrifuge tubes and 

weighed. Each scaffold was submerged in 1 mL PBS for 3 days to allow any unattached GAG to 

diffuse out. After 3 days the scaffold was transferred to a new microcentrifuge tube and 1 mL of 

papain buffer was added (25 µg/mL papain extract, 2 mM N-acetyl cysteine, 2 mM EDTA, and 50 

mM sodium phosphate, pH 6.5) and placed at 37˚C overnight. The tubes were then centrifuged at 

13,000 x g for 10 minutes. 50 µL of each digestion was transferred into a 96 well plate. Serial 

dilutions of CS and HA were used for the standard curves. The plate was placed on ice and 200 

µL of ice cold 25 mM sodium tetraborate in sulfuric acid was added and placed in an oven at 80˚C 

for 15 minutes uncovered. After cooling to room temperature for 15 minutes, 50 µL of 0.125% 

carbazole in absolute ethanol was added and placed at 80˚C for 15 minutes. After cooling at room 

temperature for 15 minutes the absorbance was measured on a synergy H1 plate reader at 550 nm. 

(Bio-tek Winooski, VT). The concentrations were normalized to the initial weight of each scaffold.  

 Human Trabecular Meshwork (hTM) Cell Culture 

Scaffolds were sterilized by soaking in 70% ethanol for 2 hours and then rinsing 3 times 

with PBS for 30 minutes each prior to cell seeding. To prepare the scaffolds for cell culture, they 

were transferred to 24-well non-tissue culture plates and soaked in DMEM-LG with 10% FBS and 
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1% pen/strep for 30 minutes at 37 ˚C. Prior to seeding with cells, excess media was removed from 

the scaffolds, then hTM cells were seeded onto the surface by pipetting 100k cells in 20 µl. 

Scaffolds were incubated for 8 hours at 37 ˚C to allow cells to attach before 1 mL of culture 

medium was placed in each well. The media was changed every 3 days for the extent of the culture 

period. 

 Cell Proliferation 

The proliferation of cells on each of the scaffolds was quantified by CCK8 following the 

manufacturer’s protocol. Briefly, the excess media was removed from each well and each scaffold 

was transferred to a new 24-well plate. Culture media was made with 10% CCK8 and 1 mL was 

applied to each of the scaffolds. The plates were incubated for 2 hours and 100 µL from each well 

was transferred to a 96-well plate and the absorbance was measured at 450 nm.   

 Confocal Microscopy 

After the CCK8 assay, each scaffold was rinsed with PBS and prepared for confocal 

imaging of fibronectin using an altered protocol by Masum et al. [65] Briefly, each scaffold was 

fixed in neutral buffer formalin (10%) for 15 minutes. Scaffolds were permeabilized using 0.1% 

Triton X-100 in phosphate buffered saline (PBS, pH 7.4), blocked with 1% goat serum for 15 

minutes, and soaked in primary antibody fibronectin rabbit polyclonal IgG (1:400) overnight at 

4˚C. After rinsing with PBS, the scaffolds were soaked in biotinylated secondary antibody rabbit 

anti-goat IgG (1:100) in 1% goat serum for 30 minutes at room temperature. After rinsing, the 

scaffolds were soaked in streptavidin-CY3 (1:100) in PBS containing 1% goat serum and DAPI 

(1:1,000) for 30 minutes. The scaffolds were rinsed 3 times and visualized using a confocal laser 

scanning microscopy (FV10i-LIV Laser Scanning Microscope, Olympus, Center Valley, PA).  
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 Quantitative PCR 

Total RNA was isolated from each scaffold using the RNeasy Plant Mini Kit (Qiagen). 

RNA concentration and purity were quantified using a Synergy H1 microplate reader (Bio-tek) 

with a Take3 microplate. For each sample, 200 ng of total RNA was reverse transcribed using a 

High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). Real-time quantitative 

PCR (qPCR) was used to measure the relative expression of fibronectin. Primers were designed 

using Primer Blast (NCBI, Bethesda, MD, USA) for all variants of human fibronectin and GAPDH. 

For human fibronectin the forward primer was 5’- CAA AGC AAG CCC GGT TGT TA – 3’ and 

reverse primer 5’- ACA AAC CAA CGC ATT GCC TA – 3’, human GAPDH forward primer  5’ 

- TGT CAA GCT CAT TTC CTG GTA TG – 3’ and reverse primer 5’ - GTG GTC CAG GGG 

TCT TAC TC – 3’. qPCR was performed on a Roche LightCycler 480 II Instrument (Roche, Basel, 

Switzerland) using PowerUp SYBR Green master mix. Fold change was quantified by finding the 

threshold values for each gene, Ct, and using the ΔΔCt method. Fold change is expressed as 2(-ΔΔCt). 

 Statistical Analysis 

All data are reported as mean ± standard deviation. All experiments have sample size of n 

= 4. All data are compared using two-way ANOVA with a Tukey Honest Significant Test. The 

significant difference threshold was set to 0.05.   

3.4 Results 

 Environmental Scanning Electron Microscopy of Collagen Scaffolds 

After each of the scaffolds were fabricated, the dry samples were imaged using an 

environmental scanning electron microscope to characterize the pore orientation and size for each 

type. Cross sectional images were taken to show the pore size and alignment for the four freezing 

conditions (Figure 3.1). It is evident that the pore sizes remain consistent between the samples 
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frozen at the same temperatures. However, freezing the scaffolds in the molds with the copper 

bottoms leads to alignment of the pores. The scaffolds that were frozen at -80˚C have larger pores 

than those frozen in liquid nitrogen (-196˚C). 

 

Figure 3.1 Scanning electron micrographs of the four types of scaffolds. Scaffolds were frozen in 
non-aligned and aligned configurations at -196˚C or -80˚C. Red arrows indicate the direction of 
pore alignment. Scale bars represent 50 µm for the flash frozen scaffolds and 250 µm for the -80 
˚C frozen scaffolds. 
 

Proliferation of Human Trabecular Meshwork Cells on Collagen-Only Scaffolds 

Human trabecular meshwork cells were seeded onto each scaffold to characterize their 

proliferation and gene expressions in vitro. Relative cell abundance was measured using CCK8. 

Proliferation of hTM cells grown on collagen-only scaffolds varied between the four scaffold 

architectures (Figure 3.2). hTM cells proliferate up to day 14 and become confluent out to day 28 

for all CO scaffold types. By day 21, AFF scaffolds have a significantly reduced amount of 

proliferation compared to the other scaffold types. Scaffolds with non-aligned architecture 

proliferate more than their aligned counterparts.  hTM cells proliferate more when seeded on 

scaffolds with large pores (frozen at -80 ˚C) than when seeded on scaffolds with smaller pores 

(frozen at -196˚C). 
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Figure 3.2 Proliferation of hTM cells measured by CCK8 to determine the relative number of cells. 
Significance is shown for only Day 28. (*, p < 0.05) 
 

 Fibronectin Expression of hTM Cells Cultured on Collagen-Only Scaffolds 

 

Figure 3.3 Fibronectin expression quantified on collagen-only scaffolds using qPCR. Results are 
shown as relative fold change by the ΔΔCt method. (* p<0.05, *** p < 0.005) 
 

Next, the expression of fibronectin was quantified by qPCR (Figure 3.3). At week 1, there 

is no significant difference in fibronectin expression for any of the four scaffold architectures. By 

week 2, there is a significant difference between the NA80 scaffolds and all other scaffold types. 

Also, A80 is significantly different from the FF scaffolds. The large pore scaffolds have greater 

levels of fibronectin expression compared to the small pore scaffolds. 
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 Confocal Microscopy of Fibronectin on Collagen-Only Scaffolds 

 

Figure 3.4 Confocal micrographs of collagen only scaffolds after weeks 2 of culture. Fibronectin 
(red) and nuclei (blue). 
 

To visualize the fibronectin deposition of hTM cells, they were cultured for 2 weeks on 

CO scaffolds (Figure 3.4). It appears that fibronectin expressed by the hTM cells is organized into 

a fibrillar structure. A comparison between the NAFF and AFF scaffolds shows similar fibrils that 

follow the underlying collagen architecture and similar amounts of fibronectin expression. NA80 

scaffolds show more fibronectin than A80 in an even distribution rather than a fibrillar network. 

Cells are located within this fibronectin network. 

 Glycosaminoglycan Quantification of Collagen-GAG Scaffolds 

The amount of GAG in the scaffolds that remained after fabrication and washing was 

quantified using the carbazole assay. For the collagen-CS scaffolds, the flash frozen scaffolds 

retain more CS than the -80 ˚C frozen scaffolds, with the non-aligned flash frozen scaffolds 

retaining the most. The NAFF-HA scaffolds retain all the HA, but this retention is reduced for the 

AFF, NA80 and A80 scaffolds. The HA scaffolds retain more GAG than the CS scaffolds. Non-

aligned flash frozen scaffolds retain more GAGs compared to all other scaffold types. 
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Figure 3.5 GAG content of each scaffold. The theoretical amount of GAG for all scaffolds would 
be 10% of the total weight if all the GAG was retained. (* p < 0.05) 
 

Proliferation of hTM Cells on Collagen-GAG scaffolds 

The proliferation of hTM cells was determined on all 16 types of scaffolds organized by 

architecture with each GAG composition (Figure 3.6). The CO data is presented here again for 

ready comparison with the results from the GAG-containing scaffolds. 

For NAFF scaffolds, the CSHA composition had a reduction after 28 days and significantly 

less proliferation than CO and CS. AFF scaffolds also show reduced proliferation after 28 days 

with the only significant difference between CS and CSHA compositions. CO and CS NA80 

scaffolds show an increase of proliferation up to 28 days, while HA and CSHA NA80 scaffolds 

exhibit a plateau by 14 days; there is a significant difference between CO and CS compared with 

HA and CSHA. hTM cells on A80 scaffolds proliferate up to 21 days followed by a plateau to 28 

days, and no significant difference between the four compositions. 
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Figure 3.6 Proliferation of hTM cells measured by CCK8 for 28 days to determine the relative 
number of cells. Significance is shown for only Day 28. Significance values are represented by ≠ 
meaning that the corresponding compositions are significantly different from each other. (* p < 
0.05) 

 Fibronectin Expression of hTM Cells Cultured on Collagen-GAG Scaffolds 

 

Figure 3.7 Fibronectin expression quantified by qPCR on all scaffolds and grouped by scaffold 
type. All data is normalized to NAFF-CO at their respective timepoint. (* p<0.05, *** p < 0.005) 
 

qPCR was used to quantify the relative expression of fibronectin of hTM cells cultured on 

the 16 scaffold types (Figure 3.7). NAFF-CO was used as the relative control. At week 1 the only 
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significant differences in fibronectin expression were between NA80-CO and NA80-CSHA, and 

between A80-CO compared to all other A80 scaffolds. At week 2, fibronectin expression of the 

hTM cells on NAFF-CSHA was significantly decreased compared to NAFF-CS and NAFF-HA. 

For AFF scaffolds, all compositions were significantly different from each other with AFF-CS 

expressing less while AFF-HA and AFF-CSHA expressing more than AFF-CO. For the NA80 

scaffolds, the only significant difference is between NA80-HA and NA80-CSHA. The cells 

cultured on the A80-GAG scaffolds have significantly more fibronectin expression compared to 

the A80-CO, with the A80-CS significantly higher than the A80-CSHA. 

 Confocal Microscopy of hTM Cells Cultured on Collagen-GAG Scaffolds 

 

Figure 3.8 Confocal micrographs of CSHA scaffolds after 2 weeks of culture. Fibronectin (red) 
and nuclei (blue). 
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3.5 Discussion 

 Characterization of Collagen-GAG Scaffolds 

The cross sectional ESEM micrographs of each of the four collagen scaffolds show a wide 

range of pore architectures. The size of the small pores found on the flash frozen scaffolds are on 

the same order as hTM cells (~20-40 µm) providing a structure that would restrict how far the cells 

could proliferate into the interior. [66] We initially hypothesized that the alignment of the pores 

may help with migration of cells further into the interior. 

NA80 and A80 scaffolds have pore sizes that are an order of magnitude larger than the size of 

hTM cells. We hypothesized that these larger pores would provide more surface area for cells to 

proliferate and migrate and provide easier access to the interior of the scaffold. The A80 scaffolds 

provide an interesting alignment to the large pores that appear to produce a lamellar structure. 

These lamellae appear very similar to those found in the native TM tissue. [37]  

 hTM Cell Behavior on Collagen-Only Scaffolds 

hTM cells seeded on large pore scaffolds proliferated more than their small pore 

counterparts likely due to the higher surface area for the cells to grow on and better diffusion of 

nutrients and oxygen into the scaffolds. The scaffolds with non-aligned architecture resulted in 

greater proliferation than their aligned counterparts. Non-aligned pores may provide alternative 

routes for cells to proliferate, while confluent cells on the surface of the aligned pores may have 

decreased proliferation. [43,61] 

Fibronectin expression for hTM cells seeded on all four types of CO scaffolds was not 

significantly different during week 1. This correlates with the observation that at 1 week of culture 

there is relatively little difference in the proliferation of the hTM cells. After 2 weeks in culture, 

there is a large difference in fibronectin expression between the large pore CO scaffolds and the 
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small pore CO scaffolds, which  is likely due to greater cell proliferation and may also be due to 

the open space available for the ECM to be deposited into the large pores. [59,67]  

Confocal images show the architecture of the fibronectin laid down by the hTM cells. Similar to 

the qPCR results, NA80-CO scaffolds exhibit the largest amount of fibronectin, which does not 

appear to have any organized fibrils when compared to the other architectures. Both of the small 

pore scaffold types and the aligned large pore scaffolds have a similar amount of fibronectin 

deposition compared to each other, which is organized in a lamellar structure.    

 Quantification of GAG Contained within Collagen-GAG Scaffolds 

The differences in retention of CS and HA in each of the scaffolds may be due to 

differences in the molecular weights of these polysaccharides and how they are entangled within 

the collagen structure. The higher molecular weight of the HA decreases the diffusivity of the 

linear chain through the scaffold network which results in a higher retention when compared to 

CS. The flash frozen architectures have a greater retention of GAGs when compared to the -80˚C 

frozen architectures likely due to a greater entanglement of the GAG with the collagen when frozen 

faster. -80˚C frozen scaffolds have more time to separate the collagen from the GAG during the 

freezing process.  The alignment of the architectures does not affect the retention of GAG because 

it does not affect the molecular weight or the freezing time as described above. [68] 

 hTM Cell Behavior on Collagen-GAG Scaffolds 

Chondroitin sulfate is the most abundant GAG found in the trabecular meshwork. [55] The 

hTM cells on the CS-containing scaffolds exhibited the highest proliferation. Hyaluronic acid is 

present in the trabecular meshwork but to a lesser extent than CS. hTM cells proliferate less on 

scaffolds that contain HA than CO and CS scaffolds. CSHA scaffolds appear to have a synergistic 

effect that reduces the effect of GAG content below both CS and HA compositions together. This 
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trend is present for all scaffold types except for the A80 where the CSHA is not significantly 

different from all the others.  

The hTM cells grown on the large pore scaffolds produce more fibronectin than when 

grown on the small pore scaffolds. Although the proliferation of hTM cells was reduced by the 

addition of HA to the scaffolds, the expression of fibronectin was increased to the same level or 

greater than all CO and CS scaffolds. CSHA scaffolds share the same trend except for NAFF-

CSHA where fibronectin in decreased. These results suggest that HA has a direct influence on 

fibronectin expression while CS has a direct influence on cell proliferation.  

3.6 Conclusions 

This work illustrates hTM cell behavior when cultured on a variety of collagen-GAG 

scaffolds. Freeze casting methods were used to produce collagen-GAG scaffolds with small and 

large pores by changing the freezing temperature and alignment was introduced by using 

anisotropic molds with copper bottoms. The compositions of these scaffolds were varied by the 

addition of GAGs such as CS and HA in different amounts. These scaffolds were characterized to 

determine pore size, pore alignment, and GAG retention. 

These scaffolds were cultured with hTM cells for up to 4 weeks in vitro and the changes in 

proliferation were monitored for 4 weeks and fibronectin expression monitored up to 2 weeks. The 

proliferation and fibronectin expression of hTM cells was affected by pore size, alignment and 

GAG composition. The change in fibronectin expression could give insights into how TM cells 

deposit this matrix component and could lead to a better understanding of how cells interact with 

the TM ECM and influence outflow resistance.  This work helps gain novel insight into how the 

architecture and composition of these collagen-GAG scaffolds affects hTM cell behavior.  
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CHAPTER 4  

ENGINEERING OSTEOINDUCTIVE BIOMATERIALS BY BIOINSPIRED SYNTHESIS 

OF APATITE COATINGS ON COLLAGEN HYDROGELS WITH VARIED PORE 

MICROARCHITECTURES 

This chapter is modified from a paper published in 

Tissue Engineering Part A10 

Jacqueline L. Harding11, Matthew J. Osmond12 and Melissa D. Krebs13 

4.1 Abstract 

Biomaterial controlled osteoinduction is influenced by the porous microenvironment and 

the composition of incorporated calcium orthophosphate (CaPi) polymorphs, however, for the 

design of materials that rival the efficacies of natural grafts a systematic approach to assessing the 

physicochemical properties that affects cellular differentiation is needed. In this research, we 

introduce a bioinspired synthetic approach to the mineralization of preformed porous collagen 

hydrogel scaffolds with tunable apatite coatings. Initially, collagen scaffolds are mineralized with 

dicalcium phosphate dihydrate (DCPD) by alternate immersion in Ca2+ and HPO4
2- salt solutions. 

Utilizing classic DCPD conversion chemistry, the surface coatings are selectively transformed to 

apatite by immersion of the DCPD-collagen substrate in Tris buffer at pH 7.4, 37˚C, for 5 days. 

The composition and morphology of the deposited mineral coatings are characterized by XRD, 

SEM, and AFM. Variations in the porous microarchitecture of the collagen hydrogel substrate, 

                                                 

10 Reprinted with permission of the Tissue Engineering Part A, (2017), 23(23-24), 1452-1465 
11 Co-author and Post Doctorate Fellow 
12 Co-author and PhD Candidate 
13 Corresponding Author, PhD Advisor 
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pore size (9.5 ± 5 µm, 165 ± 50 µm) and pore alignment altered the morphology of the deposited 

apatite particles. Intrafibrillar and extrafibrillar mineralization of the collagen templates were 

observed for both investigated pore sizes. However, templates with aligned pores of both sizes 

were observed to restrict intrafibrillar mineralization resulting in the exclusive deposition of 

surface coatings. The osteoinductive activity of the apatite-collagen materials with varied pore 

microarchitectures was evaluated by in vitro culture of human mesenchymal stem cells for 28 days 

based on cellular proliferation, alkaline phosphatase activity, and the expression of RUNX2. The 

combined effects of apatite coatings, reduced pore size, and pore alignment contributed to 

reductions in cellular proliferation. However, the apatite mineral coating was determined to induce 

high levels of RUNX2 expression in the absence of additional osteoinductive agents, indicative of 

biomaterial-induced osteogenesis. This work establishes a versatile synthetic platform for the 

preparation of bonelike apatite collagen materials with osteoinductive activity. 

4.2 Introduction 

The efficacies of bone graft materials are evaluated by their capacities to mediate bone 

remodeling and formation by inducing the commitment of undifferentiated stem cells to osteogenic 

lineages in a process known as osteoinduction.[17,69,70] While the exact mechanisms of 

osteoinduction are unknown, the presence of bone morphogenetic proteins (BMPs) has been 

shown to play a role in a naturally sourced graft’s capacity to induce bone regeneration. [71,72] 

This has led to the extensive development of biomaterial formulations for bone regeneration that 

incorporate BMP.[73]  

While BMP-loaded materials can be successful for inducing osteogenic differentiation and 

bone remodeling, the use of growth factors in synthetic materials leads to high costs, additional 

material design considerations for therapeutic release, and the limited knowledge of systemic BMP 
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effects makes proper dosing a challenge.[17] An alternative approach is the development of a 

synthetic material that can be tuned to incorporate osteoinductive properties without the use of 

biologics based on selective tuning of the materials physicochemical properties.  

 

Figure 4.1 Bioinspired fabrication of mineralized collagen scaffolds. (A) Scanning electron 
photomicrograph of human trabecular bone, (B) approach to the preparation of collagen scaffolds 
with varied pore microarchitectures, (C) scheme for the two step mineralization of collagen 
scaffolds (i) deposition (DCPD) by alternate immersion synthesis and (ii) conversion (apatite) by 
aqueous hydrolysis under hysiological mimetic conditions, (D) scanning electron 
photomicrograph of the surface of a mineralized collagen scaffold after apatite conversion. DCPD, 
dicalcium phosphate dihydrate. 
 

Bone is a three dimensional (3D) porous network of collagen fibrils densely mineralized 

with calcium phosphate (CaPi), as shown in Figure 4.1. Biomaterial-controlled osteoinduction is 

hypothesized to be a synergistic effect between the 3D pore structure and the composition of the 
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CaPi coating. [74–76] As a compositional analog to bone mineral (apatite), CaPis are widely used 

in synthetic graft preparations as osteoconductive materials for supporting osteogenic cellular 

growth.[77–79] Examination of osteoblastic cell interactions with CaPi coatings indicate coating-

induced cell activity, suggesting that these coatings have an osteoinductive effect.[80,81] 

Synthetic materials are prepared as hybrid inorganic/organic scaffolding by the 

mineralization of natural and synthetic polymer matrices.[78,82–84] Organic templates composed 

of natural collagen or synthetic polymers are found to direct the surface growth of CaPi mineral 

deposits.[85–88] The development of methodologies that support the selective mineralization of 

3D substrates with intrafibrillar and extrafibrillar mineralization to create hierarchical porous 

scaffolds is of considerable interest for biomaterial fabrication.15 Osteoinductive activity of the 

scaffolds is observed as the mechanical properties of the substrates are tuned by increasing the 

stiffness of the organic template via mineralization.[89,90] Conventional strategies for the 

formulation of CaP-collagen scaffolds include co-precipitation, physical mixing of dispersed 

particles, and the deposition of coatings by immersion in simulated body fluid (SBF).[91–93] The 

direct nucleation of bone-like CaPi coatings mimics biomineralization of hard tissues and is 

preferential for the formation of synthetic hard tissue grafts. Variations in the ionic composition 

of the SBF solutions have been found to influence the resulting particle morphology of the 

deposited CaPi coatings.[80] However, SBF-induced mineralization on substrates is limited by 

lengthy reactions times and low deposition rates.[94] Ideally, for the preparation of osteoinductive 

materials it is necessary to establish a methodology for the systematic tuning of the 

physicochemical properties of CaPi biomaterials. 

Here, we present a methodology for bioinspired preparation of CaPi-collagen composites 

with the systematic modification collagen 3D microarchitectures, based on pore size and alignment, 
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and selective synthesis of CaPi coatings on collagen fibrils (Figure 4.1). A bioinspired deposition-

conversion approach to collagen mineralization is presented. We examine the synthesis of ion 

substituted apatite coatings onto prefabricated collagen hydrogels. The deposited mineral phase is 

examined based on composition, particle morphology, and surface topography of the coatings. The 

osteoinductive potential of the apatite-collagen scaffolds was investigated by evaluating the 

activity of human mesenchymal stem cells (hMSCs) toward cellular proliferation, alkaline 

phosphatase (ALP) activity, and RUNX2 gene expression. 

4.3 Experimental Methods 

 Materials and analytical characterization techniques 

Provided in the SI is a complete list of materials used in this study and the corresponding 

analytical techniques including X-ray diffraction (XRD), scanning electron microscopy (SEM), 

atomic force microscopy (AFM), analytical quantification of Ca/Pi ratio, and the preparation of 

SBF. 

 Preparation of collagen scaffolds 

Collagen-CS hydrogels were fabricated using collagen type I from calf skin (Collagen 

Matrix, Oakland, NJ) and chondroitin sulfate (CS) (Sigma Aldrich, St. Louis, MO). Using the 

methods outlined by Caliari and Harley 0.5% collagen type I was homogenized in 0.05M acetic 

acid, and then dissolved CS was added dropwise to a concentration of 0.05%.[95] All hydrogels 

were created in 35mm petri dishes using 3mL of collagen-CS slurry. Molds were made for the four 

varying types of freezing methods; nonaligned flash frozen (NAFF), aligned flash frozen (AFF), 

nonaligned frozen at -20˚C (NA20), and aligned frozen at -20˚C (A20). 

NAFF hydrogels were fabricated by filling petri dishes with slurry and submerging them 

in liquid nitrogen for 1.5 min. AFF hydrogels were made by clamping petri dishes upside down 
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onto a copper sheet that were filled with slurry and then submerging the copper surface into liquid 

nitrogen. NA20 hydrogels were formed by filling petri dishes that were then placed directly into 

the -20˚C freezer overnight. A20 hydrogels molds were made by clamping petri dishes upside 

down onto a copper sheet and covering them with insulation before being placed in the -20˚C 

freezer overnight. Flash frozen hydrogels were annealed by freezing at -20˚C for 24 h after freezing 

to increase pore size. Copper plates on the bottom of the molds with insulating plastic on the sides 

form a uniaxial temperature gradient, which causes the collagen fibrils to align vertically. 

After the hydrogels are frozen and annealed, they are lyophilized for 24 h, followed by 

dehydrothermal crosslinking in a vacuum oven at 105˚C for 24 h. After crosslinking, each scaffold 

was punched into 5mm circles. Half of these punches were kept as controls, while the rest were 

mineralized. 

Images were captured by SEM described in the supplementary data. Using Scanning Probe 

Image Processor (SPIP) from Image Metrology, the average pore size was determined from the 

SEM images by using the fibrous detection method, which accounts for 3D aspects of each image. 

The collection of pore sizes was then statistically analyzed to find the average and standard 

deviation. Each of the scaffold types were analyzed and the number of pores for each was 1247 

for NAFF, 1367 for AFF, 363 for NA20, and 470 for A20. 

 Preparation of apatite mineralized collagen scaffolds 

The collagen punches from each condition were hydrated in deionized water before 

mineralization. The templates were mineralized initially with dicalcium phosphate dihydrate 

(DCPD) by alternate immersion at room temperature in 0.25M M CaNO3  4H2O (pH 5) and 

0.25M K2HPO4 (pH 5) salt solutions. Ionic deposition was quantified according to methods 

described in Supplementary Data (Supplementary Data are available online at 
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www.liebertpub.com/tea). Before immersion in each salt solution, the templates were thoroughly 

rinsed to remove any unattached ions from the scaffold surface. Characterization of the 

composition and surface topography by XRD and AFM are detailed in the supporting data. 

A white precipitate was detected after a single immersion cycle and subsequent cycles 

resulted in increased rigidity of the collagen scaffold. Templates in this study were treated with 10 

immersion cycles. The DCPD-collagen templates were then immersed in 100mM Tris buffer (pH 

7.4, 37˚C) for 7 days resulting in the conversion of the mineral coating to apatite. The pH of the 

Tris buffer reaction solution was monitored for the duration of the reaction and adjusted back to 

pH 7.4 as needed with 1M NaOH. 

 Cell seeding on scaffolds 

hMSCs were obtained from Texas A&M Institute for Regenerative Medicine and were 

amplified and then frozen at passage 3. Cells were cultured using low glucose Dulbecco’s modified 

Eagle’s media (LG-DMEM) with 10% FBS, penicillin (1%), and streptomycin (1%). Before the 

start of each experiment, frozen cells were thawed and amplified until there were enough to seed 

onto scaffolds. 

Scaffolds were sterilized by soaking in 70% ethanol for 2 h followed by washing twice in 

PBS for 2 h each wash. Scaffolds were soaked in media containing 120 mM ascorbic acid for 30 

min before seeding. Media was aspirated immediately before cells were seeded. Each scaffold was 

seeded with 10,000 cells in a 20 mL drop and placed in the incubator for 2 h to allow cell 

attachment before media was added to the wells. Cells were fed every 3 days and kept in a 

humidified incubator at 37˚C and 5% CO2. Twenty-four hours after seeding, half of the scaffolds 

were changed to media with 10-7 M dexamethasone; this was considered the osteogenic (OS) 
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media. On the 10th day after seeding, 2mM ß-glycerophosphate was administered to both types of 

media. 

 Confocal laser microscopy 

Fluorescent stains were used to visualize the hMSCs on collagen-CaPi scaffolds over a 3-

week time period. hMSCs seeded on scaffolds were fluorescently stained and imaged on a confocal 

microscope Nikon eclipse Ti with NIS elements AR software. DAPI (4’,6-diamidino-2- 

phenylindole) (ThermoFisher) was used to label the nuclei of hMSC cells. Scaffolds and the cell 

bodies were imaged using induced fluorescence from glutaraldehyde fixation. The cell-laden 

scaffolds were first fixed in 2% glutaraldehyde for 10 min and then rinsed with PBS thrice. They 

were then permeabilized in 0.2% Triton (Invitrogen) for 10 min and further rinsed with PBS thrice. 

Finally, scaffolds were soaked in a 1 mg/mL solution of DAPI (in PBS) for 1 h at room temperature 

and rinsed three times with PBS. Images were taken of each scaffold at 10x using predesigned 

filters for DAPI and FITC. 

 Cell viability and proliferation 

A DNA assay was performed on days 3, 7, 14, 21, and 28 of cell culture to provide 

information about the relative number of cells on each scaffold over time. Each collagen scaffold 

was placed in an RNase/DNase-free 1.5mL microcentrifuge tube and sonicated at 50 Hz for 20 s 

in 0.5mL of papain buffer (25 mg/mL papain extract from papaya, 2mM N-acetyl cysteine, 2mM 

EDTA, and 50mM sodium phosphate adjusted to pH 6.5 with 1M HCl). The samples were 

subsequently incubated at 65˚C for 3 h. The samples were then diluted with 0.5mL TE buffer (pH 

8.0) and centrifuged at 10,000 g for 3 min; 100 mL aliquot of the cell lysate supernatant was then 

added to individual wells in a 96-well plate (n = 3). 
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DNA quantification was determined using Quant-iT PicoGreen dsDNA assay kit 

(Invitrogen) according to the manufacturer’s protocol. Fluorescence at an excitation wavelength 

of 480 nm and an emission wavelength of 520 nm was measured on a Synergy H1 plate reader 

(Bio-Tek, Winooski, VT). DNA quantification was averaged at n = 4 samples and background 

subtractions were determined from signals derived from n = 4 scaffolds without added cells. 

 ALP activity of hMSCs cultured on scaffolds 

An ALP assay was performed on scaffolds on day 10 of cell culture. Each scaffold was 

rinsed with PBS then placed into RNase/DNase-free 1.5mL microcentrifuge tubes with 200 mL 

PBS. The scaffolds were then sonicated at 50 Hz for 20 s. About 300 mL Cell lytic was added to 

each tube and incubated for 15 min at room temperature. Then the tubes were centrifuged at 10,000 

g for 8 min. Around 200 mL of supernatant was mixed with 200 mL ALP substrate and incubated 

for 15 min at room temperature, and then quenched using 200 mL 1M NaOH. Nearly 150 mL 

aliquots of the reaction mixture was added to a 96-well plate (n = 3). A standard curve was made 

with p-nitrophenol. 

Absorbance at 405 nm was measured with a Synergy H1 plate reader. ALP was averaged 

at n = 4 samples and backgrounds were determined from signals derived from n = 4 scaffolds 

without cells. All quantified ALP activity was normalized by DNA quantification. 

 Quantitative PCR for RUNX2 gene expression of hMSCs cultured on scaffolds 

Real-time quantitative PCR (qPCR) was used to measure the expression of the osteogenic 

transcription factor RUNX2. hMSCs were cultured for 14 and 21 days before RNA was isolated 

from each sample. RNA was isolated with a RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, 

CA). A Synergy H1 microplate reader with a Take3 microplate was used to quantify the RNA 

concentration and purity. RNA was reverse transcribed to cDNA using the Transcriptor First 
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Strand cDNA Synthesis Kit (Roche Diagnostics). Roche’s Universal Probe Library was used to 

design probes and primers for amplifying human RUNX2 gene variants 1, 2, and 4 

(NM_001024630.3, NM_001015051.3 and NM_001278478.1) and human GAPDH. For RUNX2, 

Universal Probe Library’s probe 67 was used. The left primer was 5’-CAA CCT TTA GCC CTT 

TAT CAG C-3’, and the right primer was 5’-CCC CAA AGA AAT TAG AAA ACC A-3’ 

(Integrated DNA Technologies, Coralville, IA). For GAPDH, Universal Probe Library Human 

GAPD Gene Assay kit was used. qPCR was performed on a Roche LightCycler 480 instrument. 

The results were analyzed using the coupled ΔΔCt method.  

 Statistical analysis 

All experimental data (n = 4) are expressed as mean ± standard deviation. Data sets with 

two variables were compared using a two-tailed Student’s t-test, and data sets with three or more 

variables were compared using a one-way ANOVA with post hoc Tukey HSD (Honestly 

Significant Difference) test. Differences between experimental groups were considered 

significantly different at p < 0.05. 

4.4 Results and Discussion 

 Bioinspired mineralization of collagen hydrogels 

Deposition of DCPD coating by alternate immersion. In the formulation of CaPi 

biomaterials, apatite is the subject of most interest because it is the most stable polymorph found 

under physiological conditions and consequently is the primary CaPi phase in hard tissues.[95] 

However, many studies pertaining to apatite chemistry, including biomineralization, [96] indicate 

that apatite is formed in aqueous conditions as a result of the transformation of less stable CaPi 

polymorphs. [97,98] The CaPi polymorph DCPD is among the least stable polymorphs and is well 

known to transform to apatite under physiological conditions.[99] Here, we aimed to initially 
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deposit DCPD coatings onto the surface of preformed collagen hydrogels and systematically 

induce the conversion of the coating to apatite. 

DCPD readily precipitates when Ca2+ and HPO42- ions are combined under acidic 

conditions by alternate immersion of the substrate in Ca2+ and HPO42- salt solutions, Figure 4.1C. 

Collagen scaffolds were initially reacted with Ca2+ solutions to promote the coordination of Ca2+ 

ions with surface carboxyl groups associated with the collagen matrix.[100] Consecutive 

immersion cycles resulted in the layer-by-layer growth of the mineral phase depositing a dense 

surface coating and resulting in rigid hydrogels. Analysis of the composite material by SEM 

imaging revealed the formation of large rectangular particles that are grown perpendicular to the 

surface of the collagen hydrogel (Figure. 4.2A, Initial). The composition of the resulting mineral 

coating was determined by XRD to be DCPD based on identification of the resulting diffraction 

peaks (Figure. 4.2B, Initial). 

The direct nucleation of DCPD onto the collagen hydrogel by alternate immersion has been 

reported for the deposition of apatite coatings on collagen and polymer hydrogels.[101,102] 

However, it is significantly limited by low deposition and minimal control due to the unfavorable 

rapid apatite nucleation.[99,103] However, here our synthetic target is DCPD, and this 

methodology results in the formation of dense mineral coatings on the hydrogel. This is attributed 

to the rapid precipitation of DCPD particles under the reaction conditions and the equimolar 

stoichiometry of Ca2+ and HPO42- ions that is favored for layer-by-layer assemblies.[104] As a 

highly mutable CaPi polymorph with numerous potential transformation products, the initial 

deposition of DCPD represents a powerful platform for synthetic control over hydrogel mineral 

coatings. 
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Figure 4.2 (A) Scanning electron photomicrographs and (B) XRD patterns of initially deposited 
DCPD coating and apatite conversion products formed in Tris Buffer, SBF, and with fluoride. 
SBF, simulated body fluid; XRD, X-ray diffraction. 
 

Synthesis of ion substituted apatite coatings on collagen hydrogels. Conversion of the 

DCPD coating to apatite was investigated initially by reaction in additive-free Tris buffer solution 

(pH 7.4, 37˚C). Examination of the coating morphology after reaction (Figure. 4.2A, Tris) 

indicated a transformation in the particle surface morphology to a smoothed surface with 

embedded rectangular particles similar to those initially observed for DCPD. The corresponding 

 XRD pattern (Figure. 4.2B, Tris) indicated a significant transformation from the original DCPD 

coating with the residual appearance of only two peaks associated with DCPD at 21 and 29 degrees. 

Also included in the pattern was the initial formation of a broad peak at 32 degrees that is 

associated with the formation of a poorly crystalline apatite product. 

To investigate the influence of ionic species added to the DCPD hydrolysis solution, 

conversion of DCPD to apatite was examined in SBF and with added fluoride ions (Figure. 4.2). 

Conversion in the ion-rich SBF solution resulted in the formation of dense bladed particles 
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aggregated on the surface determined by XRD as apatite (Figure. 4.2A, SBF). These results 

suggest that the rate of apatite crystal growth and particle morphologies can be tuned by the supply 

of additional Ca2+ and inorganic phosphate (Pi) ions to the transformation solution. 

Conversion of DCPD in the presence of F- ion resulted in the formation of spherical 

particles deposited as a dense CaPi coating on the surface of the hydrogel. Elemental determination 

of the conversion product by EDX analysis, Supplementary Figures A1–A3, confirmed the 

presence of F- ions in the conversion product. The XRD pattern indicated the presence of resolved 

peaks associated with the formation of a highly crystalline apatite coating (Figure. 4.2B, Fluoride). 

Here, we demonstrate the successful use of a deposition conversion approach to hydrogel 

mineralization that facilitates the selective synthesis of ion substituted apatite coatings by ionic 

supplementation of the conversion Tris buffer solutions through a mutable precursor CaPi 

polymorph, DCPD. The addition of F- supplements to the Tris buffer solution resulted in the 

formation of F-apatite as aggregated spherical particles with complete transformation of the initial 

DCPD coating. SBF was used to simulate transformation in body fluids, and here the ionic solution 

supplements altered the chemical composition of the lattice with Na2+ and Mg2+ and modified the 

Ca/Pi value. This transformation resulted in the formation of apatite particles that mimic 

biomineralized hard tissue compositions. 

  Influence of pore microarchitecture on mineralization 

The architecture of the collagen scaffolds impacts the mineralization process and 

influences the capacity of the substrate to support cellular activity. Here, the role of pore 

architectures on the scaffolds’ capacities to support mineralization, the resulting particle 

compositions and morphologies, and the surface topography of the substrates was examined. 
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Table 4.1 Summary of Ca/Pi Mineralization on Hydrogels with Varied Pore Microarchitectures 
Hydrogela Pore Size (µm) Ca/Pi (wt%) Ca/Pi value 

NA20 165 ± 50 89 ± 1.02 1.82 ± 0.14 
A20 157 ± 87 83.4 ± 1.59 1.63 ± 0.06 

NAFF 10.3 ± 5 86.1 ± 0.72 1.56 ± 0.11 
AFF 9.5 ± 5 85.3 ± 2.93 2.05 ± 0.07 

aFreezing temperature: -20˚C (20); Liquid nitrogen -196˚C (FF); NA, not aligned; A, 
aligned; NAFF, nonaligned flash frozen; AFF, aligned flash frozen; 
 

Preparation of collagen hydrogels with varied pore microarchitectures. The pore structure 

(both size and alignment) of collagen scaffolds prepared by DHT cross-linking is easily modified 

by adjusting the freezing conditions during preparation. A summary of the preparation conditions 

for collagen hydrogels with varied pore microstructures is shown in Table 4.1. The pore size was 

tuned based on the freezing temperature of the collagen slurries, with larger pores (100–200 µm) 

formed when frozen at -20˚C.[88] Hydrogels with smaller pores (8–20 µm) formed when the 

slurries were flash frozen (FF) with liquid nitrogen.  

 

Figure 4.3 Scanning electron photomicrographs of collagen scaffold cross sections featuring varied 
microporous architectures. NA20/A20 scaffolds shown at (x250) and NAFF/AFF shown at 
(x1000). Arrows in A20 and AFF templates denote pore alignment direction. NAFF, nonaligned 
flash frozen; AFF, aligned flash frozen.  
 



61 

The pore alignment was tuned for random pore alignment (not aligned, NA) and aligned 

(A) architectures based on the use of gradient freezing of the substrate as shown in Figure 4.3. To 

introduce alignment into the pore architecture, uniaxial freezing of the collagen slurries (Figure. 

4.1B) was accomplished by the application of insulation to the sides of the casting mold, leaving 

the bottom copper side exposed for a directed freezing gradient.[43] In the absence of the insulation, 

freezing occurs simultaneously on all sides of the slurry resulting in the formation of randomly 

ordered porosity. 

Mineralization of collagen hydrogels with varied pore microarchitectures. Collagen 

hydrogels with varied pore architectures were mineralized by deposition-conversion methodology. 

Analysis of the initially deposited mineral layer on each scaffold by XRD (Figure. A4) indicated 

the formation of DCPD in each instance. Well-defined diffraction patterns are observed for NA20 

and A20 templates, indicative of the presence of micrometric DCPD. As the pore size is reduced 

for AFF and NAFF samples, the resolution of the individual diffraction peaks associated with 

DCPD is significantly reduced. 

Induced conversion of the substrates by immersion in Tris buffer (pH 7.4 and 37˚C) 

resulted in the transformation of the diffraction patterns to apatite of each template, Figure 4.4A. 

The diffraction patterns are indicative of the formation of apatite. Templates with small pore sizes 

resulted in apatite coatings with enhanced peak resolution compared to mineral coatings applied 

to templates with larger pores. Notably, the NA20 scaffolds exhibited apatite patterns with the 

poorest peak resolution in contrast to the well-defined pattern initially observed for DCPD coatings. 
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Figure 4.4 Characterization of mineralized collagen scaffolds after conversion treatment by (A) 
XRD analysis, (B) scanning electron microscopy (outer surface) and (C) atomic force microscopy 
(outer surface). * Denotes characteristic DCPD peaks. (D) Denotes characteristic apatite peaks.  
 

These results indicate that the underlying pore size of the collagen templates directs the 

composition of the resulting CaPi coatings. The degree of peak resolution is indicative of the 

overall crystallinity of the deposited CaPi particles. As such, these results suggest that increasing 

the crystallinity of the precursor DCPD phase influences the degree of transformation to apatite 

observed in the final CaPi coatings. As the crystallinity of the precursor is increased, the stability 

of the crystal lattice is improved, thus impairing reorganization of the lattice to apatite. 

Furthermore, the conversion coatings on large pore templates (NA20, A20) reveal the incomplete 

transformation of the DCPD in the final apatite matrix. Previous studies on the hydrolytic 
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conversion of DCPD to apatite demonstrate the incompleteness of the reaction revealing DCPD 

particles remain even after long reaction times.[105] 

Influence of pore microarchitectures on particle morphology and scaffold surface 

topography. The effect of collagen template pore architectures on the resulting particle 

morphology and surface topography of the CaPi coatings was investigated. The morphology of the 

deposited particles was examined by SEM imaging (Figure. 4.4B). Initially deposited DCPD 

particles exhibit variations in their morphologies. Well-defined plate-like crystal growth is 

observed for templates with large pores (NA20 and A20), which correlates with the clearly 

resolved diffraction patterns. As the pore size of the template is reduced, the particles have 

decreased crystal definition. The AFF hydrogel supports the growth of mixed phase crystals with 

evidence of defined plate-like particles and the concomitant deposition of CaPi particles that lack 

clear crystal faces. The deposition of CaPi aggregates on the material surface is clearly observed 

with the NAFF templates. 

Analysis of the surface topographies of the CaPi-coated substrates by AFM (Figure. A5) 

revealed that the initially deposited coatings had oriented growth of the particles for each hydrogel 

template. The NA20 template revealed the clearest resolution of particle growth in rows across the 

mineral surface. This observation is maintained for each of the substrates; however, as the 

definition of the particle morphology is reduced for each of the investigated substrates, the 

influence on the topography with well-defined rows of deposited mineral is also correspondingly 

reduced.  

Examination of the apatite conversion coatings for each hydrogel template indicates a 

transformation of the particle morphologies and surface topographies (Figure. 4.4C). The 

composition of the coatings revealed the formation of distinct particle morphologies for each 
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investigated template (Figure. 4.4B). The morphologies of the apatite coatings on NA20 scaffolds 

reveal coatings that lack the oriented growth of large bladed particles. Instead, here the particle 

surface topology is transformed with a loss of the defined DCPD particles and only residual DCPD 

particles embedded as a secondary phase. This observation is consistent with XRD results of 

untransformed DCPD particles in the apatite conversion coatings with a limited presence of apatite. 

Examination of the surface topography by AFM (Figure. 4C) indicates that the untransformed 

DCPD particles on the surface lead to 5 mm variations in the height profile of the coatings.  

In contrast, the A20 coatings revealed the formation of an apatite coating without visible 

evidence of the large bladed particles of the originally formed DCPD. Instead, the resulting coating 

lacked clearly defined particle morphologies and was deposited as a dense crust on hydrogel 

surface. Large cracks in the crust surface are observed in the SEM images. Comparison with the 

surface topography analyzed by AFM correlates the formation of large plateaus in the surface 

coatings that contribute to the observed height variations.  

Apatite coatings on hydrogel templates with small pore sizes, AFF and NAFF, resulted in 

particles that lacked defined morphologies. Apatite mineralization is observed to occur as smooth 

surfaces around the collagen fibrils, based on the evidence of the underlying collagen fibrils and 

pore structures. As the pore size is reduced in NAFF and AFF samples, the resulting materials 

exhibit reduced variations in height profiles, however, significant variation in topographical 

features indicates the pore alignment influences particle growth.  

NAFF samples exhibit extensive nano-featuring, however, the height profile across the 

majority of the surface does not exceed 600 µm in variation. The topography of AFF surfaces 

indicates height variations up to 3 µm. The porous surface exhibited in the SEMs was also evident 
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in the topographical mapping of AFFs with large pore features, accounting for height variations 

up to 3 µm. 

Collectively, the pore architecture of the collagen hydrogels is demonstrated to influence 

the growth of CaPi particles on the surface. As a result, the morphologies of the deposited particles 

are altered leading to variations in the surface topography of the CaPi coated substrates. This 

suggests that in addition to functional group directed growth, the physical properties of collagen 

assemblies may play a secondary role in directing biomineralization, thus potentially accounting 

for the variation in mineral morphologies and compositions between bones, dentin, and enamel 

despite similar environmental growth conditions. 

Determination of mineral coating density on collagen hydrogels. Quantitative analysis of 

the deposited apatite coatings on each hydrogel is presented in Table 1. For each of the hydrogel 

templates, the mineral was found to account for 85–90wt% of the apatite-collagen hydrogel. The 

pore size of the hydrogel templates was not observed to significantly alter the wt% of incorporated 

mineral phase. However, pore alignment, particularly for NA20 and A20 templates, is found to 

significantly reduce the wt% of the deposited mineral on the collagen hydrogels. A deposition-

conversion approach to mineralization of apatite coatings is advantageous since the wt% of the 

final coating is readily tuned based on the amount of applied deposition cycles. As a result, this 

methodology is advantageous for the preparation of tunable apatite coatings and overcomes 

longstanding limitation of low deposition rates associated with traditional SBF immersion 

mineralization methodologies.[94]  

The Ca/P value of the apatite coatings was determined for each hydrogel template by 

quantitative analysis of the Ca2+ and Pi content. The accuracy of this methodology was verified by 

comparison with EDX spectra, with the determined Ca/P values of NA20 scaffolds shown in 



66 

Supplementary Figure A1. Variations in the final Ca/P values were observed for each template 

ranging from 1.56 to 2.06. These results indicate that the templates promote the formation of non-

stochiometric apatite. The formation of non-stochiometric apatite with poorly defined 

morphologies is characteristic of hydrolytic transformations of DCPD under mild reaction 

conditions. Importantly, these results mimic the composition of biologically formed apatite 

detected in hard tissues. Microarchitecture-directed mineralization of collagen. The mineralization 

of collagen fibrils occurs by three processes (1) on the outer surfaces (extra), (2) in the space 

between fibrils (inter), and (3) within the fibrils (intra).[106,107] Biomimetic models have 

demonstrated the importance of non-collagenous proteins for directing mineralization 

processes.[108,109] In addition the physicochemical properties of the collagen matrix itself are 

suspected to contribute to directing mineralization.[107] In vitro biomineralization models propose 

various contributing mechanisms including electrostatic interactions, size exclusion, capillary 

action, polymer/functional group, and the structure of self-assembled collagen matrices.[107] Here, 

we investigated the influence of pore size and the interior assembly of the pore matrix for directing 

the mineralization of collagen. 

In Figure 4.5, SEM images of cross sections reveal the intact interior pore matrices for 

apatite mineralized NA20, A20, NAFF, and AFF collagen templates. Mineralization of the interior 

collagen fibrils was observed for NA20 and NAFF templates. Indicating that within the evaluated 

pore size range of 10–160 µm, size exclusion does not deter mineralization of the interior pore 

matrix. In contrast, the appearance of the interior collagen fibrils for the aligned pore templates, 

A20 and AFF, showed reduced evidence of particle formation and was analogous to the 

nonmineralized collagen in appearance (shown in the inset of Figure. 4.5).   
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Figure 4.5 Scanning electron photomicrographs showing the cross sections of mineralized collagen 
scaffolds with varied pore microarchitectures after conversion treatment. Main figure showing 
zoomed cross section of the interior (x1000), inset figure shows cross section at reduced 
magnification (x250). 
 

The influence of the pore microenvironment for directing collagen mineralization was 

primarily influenced by pore arrangement based on alignment and randomness rather than affected 

by pores size. The results of this study reveal that dense mineralization of the interior matrix is 

visible for NA20 and NAFF hydrogels. However, exclusive formation of a surface coating is found 

for A20 and AFF samples. The introduction of aligned pore microarchitectures restricts 

mineralization of the bulk interior and may provide a valuable synthetic handle for the selective 

mineralization of substrates. For example, this ability to influence the physical assemblies of 

collagen matrices may provide future insights into mechanisms governing tooth 

mineralization.[110]  

 MSC differentiation by apatite-collagen hydrogel 

The bioinspired preparation of apatite-collagen hydrogels developed in this research can 

subsequently be applied as platform for investigating the influence of variations in the 
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physicochemical properties of CaP-collagen materials that contribute to osteoinductive activity. 

Here, the growth and osteogenic differentiation of hMSCs seeded on apatite collagen scaffolds 

with varied pore architectures (NA20, A20, NAFF, and AFF) was investigated.  

Effect of the mineral coating and pore architecture on cellular growth. To distinguish 

between the influence of the apatite coating and the underlying pore structure, cellular growth was 

evaluated for 28 days on apatite-collagen and collagen scaffolds for each pore configuration shown 

in Figure 4.6A and B, respectively. For the duration of the experiment, the growth and proliferation 

of hMSCs on the mineralized and nonmineralized scaffolds indicated parallel trends in growth 

profiles. The presence of the apatite coating was observed, however, to reduce the overall 

maximum growth of cells on the scaffolds compared to nonmineralized scaffolds. 

Greater cellular growth was observed for scaffolds with large pores, with a significant 

decrease in proliferation observed by reducing the pore size. The alignment of the pore 

architectures did not result in a statistically significant difference for collagen-only scaffolds until 

measurements at day 28. At this point proliferation is reduced for aligned pores compared to the 

random pores arrangements for both investigated pore sizes. In the presence of the apatite coating 

a significant reduction in proliferation is observed between the random and aligned pores after 14 

days and maintained for the duration of the experiment. The combined effects of CaP coatings, 

pore size, and alignment reduced cellular proliferation levels on AFF apatite-collagen hydrogels 

below detectable levels. 
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Figure 4.6 hMSCproliferation over 28 days on hydrogel scaffoldswith varied pore 
microarchitectures (NA20,A20,NAFF, andAFF) in normal and osteogenic media. (A) Apatite-
collagen scaffolds; (B) collagen scaffolds in basal culture media without dexamethasone; (C) 
apatite-collagen scaffolds; and (D) collagen scaffolds in osteogenic culture media with 
dexamethasone. Statistically significant variations of cell growth determined by ANOVA are 
determined based on consistent pore alignment with varied size (*) NAFF/NA20 and (o) AFF/A20; 
varied pore alignment and consistent pore size for (D)NA20/A20 and(>)AFF/AFF(n = 4; *, D, o, 
and>have p < 0.05). X represents measurements that are below the limit of quantification. hMSC, 
human mesenchymal stemcell. 
 

Confocal images of cells fixed to the apatite-collagen surface after 14 days on apatite-

collagen hydrogels are shown in Figure 4.7. Supplementary Figures A6 and A7 show cell growth 

over a three-week period. The large microporous networks of the NA20 and A20 scaffolds are 

evident with cellular proliferations dispersed across the surface of the materials. There is evidence 

that the large porous matrices support cell growth primarily along the border regions of the pore 

openings with minimal cell to cell interactions. Cellular proliferation on scaffolds with small pore 

architectures (NAFF/AFF) results in evidence of restricted cell growth to the fringes of the scaffold 



70 

with minimal cellular penetration across the material surface. Minimal cellular adhesion is 

observed on the surface of the AFF scaffolds and is consistent with the results of the DNA assay 

for the low capacity for supporting cell growth. 

 

Figure 4.7 Fluorescent confocal images of hMSCs proliferating on apatite-collagen scaffolds in 
basal media after 14 days. Cells were fixed after culture with glutaraldehyde (green) and their 
nuclei stained with DAPI (blue). Color images available online at www.liebertpub.com/tea 
 

The proliferation of hMSCs on apatite-collagen scaffolds was most successful on NA20 

scaffolds. Observations from this study indicate that the presence of apatite coating, decreasing the 

pore size, and aligned porosity reduce the materials capacity to support cellular growth. Previous 

investigations of in vitro culture with varied pore sizes are in agreement with these finding 

indicating that large pore sizes support increased cell proliferation resulting from the greater pore 

space for supporting growth and smaller pore sizes resulted in reduced cellular proliferation 

levels.[74]  

Effect of osteogenic-inducing agent dexamethasone on cellular growth. Cellular 

proliferation when the osteogenic inducing agent dexamethasone is added to the culture media for 

apatite-collagen and collagen-only hydrogels with all four pore microarchitectures is shown in 
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Figure 4.6C and D. Increasing trend of cellular growth is observed for 21 days on mineralized and 

nonmineralized scaffolds alike. At day 28 cellular proliferation on apatite-collagen hydrogels 

decreases significantly.  

When compared to cellular growth on apatite-collagen scaffolds in basal media cycling of 

the cellular growth profile is observed, however, the maximum proliferation is observed at day 14 

with a decrease at day 21. These results indicate dexamethasone-induced osteogenesis alters the 

growth patterns of the cells in conjunction with mineralized hydrogels. The addition of 

dexamethasone reduced the maximum proliferation levels of the cells compared to culture without 

dexamethasone for each of the scaffold architectures on mineralized and nonmineralized scaffolds. 

The proliferation of cells cultured on scaffolds with large pores was unaffected by pore alignment, 

however, the growth of cells on mineralized scaffolds exceeded that of nonmineralized for NA20 

and A20 with added dexamethasone.  

The reduced pore sizes in the NAFF and AFF scaffolds resulted in significant reductions 

in cellular proliferation on the apatite-collagen scaffolds compared to the larger pore sizes of the 

NA20 and A20 scaffolds. A decline in cellular growth on the NAFF scaffolds was observed weekly 

and is the only case where a decreased capacity to support cellular growth is observed with 

increasing culture time. This is in contrast to nonmineralized NAFF samples, which did not exhibit 

significantly different growth in comparison with nonmineralized NA20/A20 scaffolds. Similarly, 

AFF apatite collagen scaffolds do not support quantifiable levels of growth, in comparison to 

sustained growth in the absence of the mineral coatings.  

These results indicate that similar to previous observations the addition of apatite coating 

reduces cellular surface proliferation for small pores and introducing pore alignment into the 

scaffold microarchitecture further enhances this effect. Interestingly, increasing the pore size to 
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160 µm with the NA20/A20 scaffolds indicates the higher levels of growth with the apatite 

coatings compared to the nonmineralized analog with added dexamethasone. These results suggest 

that the large pores and apatite coatings on NA20 and A20 scaffolds are best suited for scaffold 

supported growth of osteogenically differentiated hMSCs.  

 

Figure 4.8 Alkaline phosphatase activity of hMSCs seeded on apatite-collagen scaffolds (CaPi) 
and collagen scaffolds (Col) with varied pore architectures in basal (B) and osteogenic media (OS) 
at day 10. Significance is compared for each template type (NAFF, AFF, NA20, and A20) based 
on the presence of apatite coatings and based on culture in basal and osteogenic media. * 
Represents significant differences between media types on the same scaffold type (i.e., CaPi in B 
or OS; Col in B or OS). Δ Represents significant differences between scaffold types in the same 
media (i.e., CaPi or Col in B; CaPi or Col in OS) (n = 4, * and Δ p < 0.05). 
 

ALP activity of hMSCs. ALP enzyme activity is a commonly evaluated marker for the 

differentiation of MSCs down the osteogenic lineage. ALP activity of hMSCs cultured on these 

scaffolds for 10 days was evaluated (Figure. 4.8). The CaPi materials did not lead to increased 

ALP activity compared to the collagen-only scaffolds for each media type. However, ALP activity 

was increased for cells cultured in media with added dexamethasone on both apatite and 

nonmineralized scaffolds compared to basal media. The addition of dexamethasone to the culture 

media resulted in the expression of ALP activity that is significantly different for ALP activity 

detected in basal media for both apatite collagen and collagen-only scaffolds. The highest levels 
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of ALP expression are observed for NAFF scaffolds cultured on mineralized and nonmineralized 

scaffolds.  

These results indicate that the presence of apatite coatings applied to collagen hydrogels 

do not induce the expression of ALP activity of hMSCs when cultured in basal media after 10 days. 

Notably, the increase of ALP activity when cells are cultured in the presence of dexamethasone 

indicates that the applied apatite coatings do not inhibit the expression of ALP. Furthermore, 

observations of higher ALP activity for scaffolds with small pores despite lower levels of cellular 

proliferation are consistent with literature observations that small pores increase ALP activity of 

cells.[74,80] Despite the absence of ALP activity of hMSCs cultured on apatite-collagen scaffolds 

in basal media, additional studies to determine the osteoinductive activity of the scaffold are 

needed.  

Osteogenic gene expression: RUNX2 determination by qPCR. RUNX2 is an early stage 

osteogenic differentiation marker that demonstrates MSC commitment to osteogenic lineages by 

inhibiting their differentiation into adipocytes.[111] The expression of RUNX2 by hMSCs in this 

study was evaluated at 14 and 21 days by qPCR for each variation in pore architecture, Figure 4.9. 

After 14 days of culture in basal and OS media for cells seeded on either apatite-collagen (CaPi) 

or collagen-only hydrogels, there was a 1.5-3-fold increase in RUNX2 expression for cells cultured 

in OS media compared to basal media. The AFF collagen-only samples exhibited a five-fold 

change in RUNX2 expression in the osteogenic compared to basal media. After 21 days, the 

RUNX2-fold changes in the different media for each of the CaPi scaffolds leveled off to 

approximately two-fold. 



74 

 

 

Figure 4.9 Real-time PCR quantification of RUNX2 gene expression for hMSCs grown on apatite-
collagen (CaPi) and collagen scaffolds (Col) prepared as NAFF, AFF, NA20, and A20 templates. 
(A) Day 14 and (B) day 21 expression levels of hMSCs grown on the two types of scaffolds (CaPi 
or Col) in OS media normalized to the expression levels of those cultured in basal media, 
demonstrating the influence of dexamethasone on RUNX2 expression. (C) Day 14 and (D) day 21 
expression levels of hMSCs grown in the two media types (basal and OS) on collagen-apatite 
scaffolds normalized to those cultured on collagen-only scaffolds, showing the influence of apatite 
on RUNX2 expression. * Represents comparisons between large and small hydrogel pore sizes 
with the same alignment (i.e., NAFF/NA20 and AFF/A20). D Represents comparisons between 
hydrogels with aligned and random pore structure of the same pore size (i.e., NAFF/AFF and 
NA20/A20) (n = 4, * and Δ p < 0.05). 
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The influence of the apatite mineral coating on the induction of RUNX2 expression was 

determined by comparing RUNX2 expression of hMSCs cultured on the apatite-coated hydrogels 

to the collagen-only substrates at days 14 and 21 (Figure. 4.9C, D). After 14 days, cells cultured 

in basal media indicated the presence of the apatite coating significantly increased RUNX2 

expression levels to a 500-fold change for NA20, A20, and NAFF scaffolds. In comparison, there 

was no significant difference in RUNX2 expression levels for cells cultured in OS media on CaPi 

scaffolds, except in the case of AFF.  

In basal media, RUNX2 expression for AFF samples was the highest recorded in this study 

up to 2500-fold change, compared to a 500-fold change in OS media. After 21 days of culture, a 

further increase in RUNX2-fold change was observed for cells cultured on scaffolds in both media 

types. Interestingly, the RUNX2-fold changes were higher for cells cultured in basal media on all 

scaffold types compared with OS media except for AFF scaffolds. After 21 days, the expression 

of RUNX2 was nearly equivalent for AFF scaffolds cultured in both media types. 

The results of this study indicate that cells cultured in osteogenic media exhibited a similar 

increase in RUNX2 expression levels whether cells were cultured on mineralized or 

nonmineralized scaffolds. Interestingly, the presence of the apatite coating alone cultured in basal 

media demonstrated extremely high changes in RUNX2 expression levels with fold changes 

exceeding 1000. While this is a high result, it is not unprecedented, as previously described by 

Iordache et al. showing fold changes exceeding 500- fold.[112] The exceptionally high levels of 

RUNX2 expression by AFF scaffolds despite their low capacity for supporting cellular growth 

suggest that biomaterial environments that are not ideally suited for maximizing cellular growth 

may be advantageous for inducing osteogenic differentiation.  
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The high levels of RUNX2 expression, particularly for apatite-collagen scaffolds, indicate 

the biomaterial-induced commitment of hMSCs to osteogenic lineages is influenced by the 

presence of mineral coating. Furthermore, since ALP activity was not observed despite high levels 

of RUNX2 expression for apatite-collagen scaffolds in basal media alternative pathways of 

osteogenic differentiation may be accessed when utilizing osteoinductive CaPi biomaterials 

compared with soluble differentiation inducing agents. In future studies, the investigation of 

additional late stage osteogenic markers will further determine the ultimate cellular fate in response 

to these apatite-collagen hydrogels. 

4.5 Conclusion 

This research establishes a methodology for the systematic tuning of the physicochemical 

properties of CaPi biomaterials for the development of osteoinductive biomaterials. Bioinspired 

mineralization of collagen hydrogels with a deposition conversion approach results in the 

formation of high-density apatite coatings that can be modified based on chemical composition 

and particle morphology. The mineralization of hydrogels with variations in the porous 

microarchitecture revealed the role of physical properties associated with the collagen matrix for 

directing mineralization. These results indicate that biomineralization resulting in the formation of 

hard tissues may be a collaborative effort by non-collagenous proteins and the physical assembly 

of collagen fibrils. The osteoinductive activity of the apatite-collagen materials with varied pore 

microarchitectures was evaluated by in vitro culture of hMSCs for 28 days based on cellular 

proliferation, ALP activity, and the expression of RUNX2. The combined effects of apatite 

coatings, reduced pore size, and pore alignment contributed to reductions in cellular proliferation. 

Separate evaluation of osteogenic markers indicated that apatite-collagen scaffolds did not increase 

ALP activity yet resulted in high levels of RUNX2 expression when compared with 
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nonmineralized hydrogels. In the future, this material platform will be explored for the evaluation 

of physicochemical properties and mechanisms that contribute to osteoinduction for the 

development of synthetic bone graft substitutes. 
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CHAPTER 5  

RAPIDLY CURING CHITOSAN CALCIUM PHOSPHATE COMPOSITES AS DENTAL 

PULP CAPPING AGENTS 

This chapter is modified from a paper published in 

Regenerative Medicine Frontiers14 

Matthew J. Osmond15, Rachel R. Mizenko16, and Melissa D. Krebs17 

5.1 Abstract 

Background: Dental caries are the most prevalent yet preventable disease in both children 

and adults. Current treatments cannot adequately restore tooth function while concurrently 

supporting the regeneration of dentin tissue. The materials presented here were designed to create 

a rapid curing, mechanically stable and biocompatible pulp capping agent. 

Methods: In this study, a rapidly curing dental composite was formed using 

carboxymethyl-chitosan, hydroxyapatite whiskers, and a diglycidyl ether. Properties of the 

composites that were measured include gelation, mechanical properties, and surface characteristics. 

Human dental pulp stem cells were cultured on the composites to determine cytocompatibility, 

proliferation, and differentiation potential.  

Results: All composite components were verified using XRD and ATR-FTIR. The 

compressive modulus was determined to be greater than 600 kPa, swelling less than 2%, and 

degradation less than 10%. Composites supported the growth of cells for 3 weeks. qPCR was used 

                                                 

14 Reprinted with permission of the Regenerative Medicine Frontiers, (2019), 1(1), 1:e190002 
15 Primary author and PhD Candidate 
16 Co-author and BS Graduate, Conducted many experiments 
17 Corresponding Author and PhD Advisor 
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to measure the pre-odontoblastic marker, RUNX2. The expression of osteocalcin was measured 

with confocal microscopy, which showed the differentiation to odontoblastic cells.  

Conclusions: These materials meet the initial goals for a regenerative pulp capping agent. 

Further investigation could lead to the next generation of pulp capping and dental filling materials. 

5.2 Introduction 

Dental caries are the most prevalent yet preventable disease in both children and adults 

[21]. Current treatments center around the restoration of tooth function based on dental fillings 

that fill the defect and prevent further decomposition of the tooth matrix while returning the ability 

to comfortably chew. Dental caries come in a variety of severities, from insipient (less than 

halfway through the enamel) to severe (more than halfway to the pulp) [22]. Those with severe 

caries face the possibility of losing the tooth all together.  

From the most recent sources, 90.9% of US adults aged 20–64 have at least one dental 

cavity, and 27% go untreated [23]. The most prevalent restorative methods for cavity treatment 

are amalgam and resin fillings. These fillings have an estimated lifetime of 10–15 years, and 7–10 

years respectively, as defined by the time in which it either becomes degraded and is no longer 

performing its function, or that a secondary cavity has formed within the boundary of the filling 

and that it must be removed, cleaned, and replaced with a new one [113]. Most people with some 

level of severe tooth decay will have to face pulp capping or a root canal. If a cavity becomes so 

severe that it threatens to infect the dental pulp, it may be necessary to apply a pulp capping agent 

to save the tooth. Pulp capping is the method of activating a regenerative response by the dental 

pulp tissue to reform or protect the remaining tissue from becoming infected [114–117]. Many 

different materials have been used as pulp capping agents with various levels of success in forming 

a dentin bridge that seals the pulp. The gold standard for pulp capping is calcium hydroxide, which 
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creates a necrotic layer of pulp that seals the vital tissue and stimulates the formation of a dentin 

bridge [118]. The disadvantages of calcium hydroxide is usually related to the dissolution away 

from the repair site and into the pulpal chamber which can cause extensive mineral formation 

[119,120].  

Pulp capping agents must exhibit many ideal properties such as retaining pulp vitality, 

stimulating reparative dentin, adhering to both the dentin and filling material, and remaining 

mechanically stable during filling placement [120]. Many types of minerals, biopolymers, and 

cements have been devised to exhibit these properties, but none have been able to fill all these 

roles and facilitate the native regeneration of dentin tissue [121,122]. 

This work presents a new pulp capping agent that can be used to meet the ideal necessary 

properties with added functionality. Ideally such a material must be injectable, fast setting, 

mechanically stable, biocompatible and odontogenic. Injectability and relatively fast setting times 

are required for practical use in the clinical setting. Mechanical stability protects the vulnerable 

pulp and provides a stable surface for subsequent layers of restorative filling. Biocompatibility and 

odontogenicity are important to maintain pulp viability, increase cellular proliferation into the 

scaffold interior, and to promote the differentiation of dental pulp stem cells into odontoblastic 

cells for remodeling the dentin tissue. 

Here we describe a composite material containing a polymer phase of carboxymethyl-

chitosan (CM-CS), a composite phase of hydroxyapatite (HA) whiskers, and a crosslinking agent 

1,4 butanediol diglycidyl ether (BDGE) (Figure 5.1). The compressive modulus of these materials 

is demonstrated to be as high as 600 kPa, which is greater than the typical pulp capping agent, 

calcium hydroxide. These composites are injectable and moldable within the gelation time of 20 

min. These materials support the growth of cells for up to 3 weeks and show odontogenic markers 
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such as RUNX2 and osteocalcin. Thus, these materials show promise as a new generation of 

regenerative pulp capping materials. 

 

Figure 5.1 (A) Diagram of a tooth illustrating the locations of a filling, pulp capping agent, dentin 
tissue, and dental pulp. (B) Diagram illustrating the carboxymethyl-chitosan polymer, and 
crosslinking agent and composite crosslinking. (C) Syringe filled with injectable pulp capping 
agent. (D) Applied pulp capping agent with self-supporting structure. (E) Pulp capping agent 
applied to drilled and prepared tooth. 
 
5.3 Materials and Methods 

Materials 

Chitosan (medium molecular weight, 190–310 kDa), chloroacetic acid, calcium nitrate, 

ammonium phosphate, acetamide, 1,4 butanediol diglycidyl ether and TRI Reagent were all 

purchased from Millipore Sigma (St. Louis, MO, USA) at reagent grade (>99%) and used as is. 

Nitric acid (6 M) was purchased from Carolina Biological Supply Company (Burlington, NC, 

USA). Human dental pulp stem cells (hDPSCs) were obtained from Lonza (Walkersville, MD, 

USA). 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI), Osteocalcin Monoclonal 
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Antibody (OCG4) and Goat anti-Mouse IgG (H + L) highly cross-absorbed secondary antibody, 

AlexaFluor Plus 647 were all purchased from ThermoFisher (Waltham, MA, USA). 

 Synthesis of Carboxymethyl Chitosan 

Carboxymethyl chitosan (CM-CS) was synthesized using a procedure outlined by Chen 

and Park [123]. Briefly, medium molecular weight chitosan was dissolved in 80% isopropyl 

alcohol at a concentration of 0.135 g/mL and maintained at 50 °C for 1 h until completely wetted 

and well mixed. Monochloroacetic acid was dissolved in pure isopropyl alcohol at a concentration 

of 0.75 g/mL, added dropwise to the chitosan solution, and this mixture reacted for 4 h at 50 °C. 

The reaction was quenched by 200 mL of absolute ethanol. The solids were then filtered through 

a 22-µm filter and rinsed several times, gradually increasing from 70% to absolute ethanol and 

dried under vacuum at room temperature. The CM-CS was then dissolved in Millipore water at 

1% w/v, filtered through a 22-µm filter, frozen, and lyophilized until further use. 

 Synthesis of Hydroxyapatite Whiskers 

Hydroxyapatite (HA) whiskers were synthesized using a method previously outlined by 

Zhang, et al. [124,125]. Briefly, a solution of 50 mM nitric acid was used to dissolve 42 mM 

calcium nitrate, 25 mM ammonium phosphate, and 1 M acetamide. The solution was adjusted to 

pH 3.0 using either 1 M ammonium hydroxide or 1 M nitric acid. This solution was placed into a 

500 mL hydrothermal synthesis reactor and heated to 180 °C for 12 h. The reactor was cooled 

slowly to room temperature and then filtered using a 22-µm filter. The whiskers were then rinsed 

three times with Millipore water and dried at 80 °C for 3 h. 
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 X-ray Diffraction (XRD) Analysis 

X-ray diffraction patterns of the HA whiskers were obtained using powder diffraction on a 

Siemens D500 (KS Analytical Systems, Aubrey, TX, USA) operating in the symmetric Bragg-

Brentano mode, with a Cu X-ray tube and a graphite monochromator. 

 Composite Hydrogel Fabrication 

Composite hydrogels were made with varied amount of HA whiskers (0 wt %, 30 wt %, or 

40 wt %). A 10% (w/v) solution of CM-CS was made using phosphate buffered saline (PBS) at 

pH 7.4. Then 1 mL CM-CS solution was drawn into a 3 mL syringe. For the 0 wt % HA hydrogels, 

50 µL of 1,4 butanediol diglycidyl ether (BDGE) was placed in another 3 mL syringe. The syringes 

were connected, and the two solutions were mixed vigorously for 15 s before being injected into a 

12 well plate as a circular mold. For the 30 wt % and 40 wt % HA hydrogels, 428 mg and 666 mg 

of the HA whiskers, respectively, were measured into a 3 mL syringe. This syringe was then 

connected to the syringe containing the CM-CS solution to mix the CM-CS and HA whiskers 

together until visually homogeneous. These syringes were then centrifuged at 1000× g for 5 min 

to remove any bubbles that may have been formed during mixing. Next, 50 µL of BDGE was 

mixed with the composite mixture for 15 s before being injected into the mold. All scaffolds were 

allowed at least 4 h at 37 °C to completely crosslink. The scaffolds that were used for cell seeding 

were punched using a 5 mm biopsy punch, sterilized in 70% ethanol and placed under UV light 

for 1 h, and rinsed 3 times with sterile PBS. 

 Environmental Scanning Electron Microscopy (ESEM) 

The surface microarchitecture of the composite hydrogels was examined using a FEI 

Quanta 600i Environmental Scanning Electron Microscope (Hillsboro, OR, USA). Scaffolds were 



84 

air dried and sputter coated with gold. Images were taken from 10 mm using 20 kV accelerating 

voltage. 

 Infrared (IR) Spectrum Analysis 

IR spectra were obtained using a Nicolet™ iN™ 10 MX Infrared Imaging Microscope with 

the micro-attenuated total reflectance (ATR) attachment. Air dried composite hydrogels were 

placed on microscope slides and the micro-ATR attachment was lowered to touch the flattest part 

of the gel with 2 psi. 

 Rheological and Dynamic Mechanical Analysis 

Gelation experiments were performed on an AR-G2 rheometer (TA Instruments, New 

Castle, DE, USA) using a 20 mm cross-hatched Peltier Plate geometry and a solvent trap. 

Composite hydrogels used for rheology were produced using the same method as described above, 

reducing the total volume to half the original volume. After mixing the CM-CS solution, HA 

whiskers, and BDGE, the composite was placed in the center of the rheometer plate and the 

geometry was lowered to a gap height of 1500 µm. The solvent trap was applied and filled with 

distilled water to prevent evaporation from the hydrogel. Time sweeps were performed at 37 °C 

using a frequency of 1 Hz at 5% strain for up to 2 h to determine the total time required for the 

hydrogel to gel. The gelation time was determined at the time when the storage and loss modulus 

cross. Compressive modulus was measured using dynamic mechanical analysis on an ARES-G2 

rheometer (TA Instruments, New Castle, DE, USA). Hydrogel composites were fabricated as 

described above. Composites that were cured overnight were placed between two 20 mm parallel 

plates. A strain sweep was performed from 0.1% to 10% at a frequency of 1 Hz. Moduli reported 

are taken at 1% strain for comparison. 
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 Swelling and Degradation 

The swelling and degradation properties of the composite hydrogels were determined by 

placing each gel in 5 mL of simulated saliva solution [126] and incubating at 37 °C. At intervals 

of 12 h, 1, 3, and 7 days the gels were weighed after blotting the surface dry to obtain the mass of 

the swollen gels. Each of these gels were then frozen, lyophilized, and weighed to determine the 

degradation. The swelling percent of the hydrogels was calculated using Equation 5.1 defined 

below: 

% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑤𝑜𝑙𝑙𝑒𝑛 𝐺𝑒𝑙 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑦 𝐺𝑒𝑙𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑦 𝐺𝑒𝑙 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑦 𝐺𝑒𝑙  

(5.1)  

The swelling percent is calculated for each time point and the initial swelling percent is 

subtracted to account for the different initial amounts of water within each gel variant.  

The percent swelling is determined at every time point. The initial % swelling is subtracted 

to account for the initial amount of water contained in each gel. The dried weight of each gel was 

used to calculate the degradation percent for each gel type, defined using Equation 5.2 below: 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑦 𝑀𝑎𝑠𝑠 − 𝐷𝑟𝑦 𝑀𝑎𝑠𝑠𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑦 𝑀𝑎𝑠𝑠  

 

(5.2) 

The dry masses of the composite hydrogels were used to determine the extent to which the 

polymer network or calcium phosphate composites break down or leach out over time, and to 

negate swelling effects. 

 Human Dental Pulp Stem Cell (hDPSC) Seeding and Culture 

hDPSCs were cultured using alpha-MEM without nucleosides + 16.5% FBS + 2 mM L-

glutamine + penicillin/streptomycin (100 units/mL and 100 µg/mL, respectively). Cells were 

maintained in a humidified incubator at 37 °C and 5% CO2. All cells were used at passage 4. 

Sterile composite hydrogels were placed into sterile non-tissue culture 96-well plates and 
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incubated in 100 µL alpha-MEM for 1 h prior to cell seeding. The culture media was aspirated 

from the hydrogels and 20 µL containing 10,000 hDPSCs was placed on top of each gel. All gels 

were then incubated for 3 h and then 100 µL of culture media was added. The media was changed 

every 3 days for the duration of the experiment. 

 hDPSC Proliferation 

A DNA assay was performed on days 3, 7, 14, and 21 to determine the relative number of 

cells on each composite hydrogel over time. Each scaffold was placed into an RNase/DNase free 

microcentrifuge tube with 500 µL of papain buffer (25 µg/mL papain extract from papaya, 2 mM 

N-acetyl cysteine, 2 mM EDTA, and 50 mM sodium phosphate, adjusted to pH 6.5 using 1 M 

HCl) and sonicated at 50 Hz for 15 s. These scaffolds were then incubated at 65 °C for 3 h. After 

incubation, each tube was centrifuged at 10,000× g for 10 min to pellet any remaining insoluble 

fragments. Using a Quant-iT PicoGreen dsDNA assay kit (Invitrogen, Carlsbad, CA, USA) the 

DNA concentration was determined from the supernatant as per the manufacturer′s protocol on a 

Synergy H1 plate reader (BioTek, Winooski, VT, USA). The DNA concentration was determined 

by comparison with a standard curve created from calf thymus DNA. 

 Immunostaining and Confocal Imaging 

Fluorescent stains were used to visualize the hDPSCs on the CM-CS-HA composite 

hydrogels over a 3-week period. The hDPSC-laden scaffolds were fixed using 10% Neutral 

Buffered Formalin overnight at 4 °C. Scaffolds were rinsed three times with PBS. Each scaffold 

was permeabilized using 0.1% Triton X-100 for 15 min at room temperature, then rinsed three 

times with PBS for 5 min each. Each hydrogel was blocked using 5% Goat serum for 1 h and 

rinsed three times. Hydrogels were soaked in 10 µg/mL primary antibody (Mouse Anti-Human 

Osteocalcin, Invitrogen) overnight at 4 °C and rinsed three times, then soaked in the secondary 



87 

antibody at 10 µg/mL (Goat Anti-Mouse IgG with Alexa Fluor Plus 647, Invitrogen) for 2 h, then 

rinsed three times. Finally, hydrogels were placed in 1 µg/mL DAPI (4,6-diamidino-2-

phenylindole) solution. The samples were then imaged on a Nikon eclipse Ti microscope running 

NIS elements AR software. 

 RNA Isolation and qPCR 

RNA was isolated from samples at 7, 14, and 21 days. Cells were cultured on hydrogels 

placed in 24 well plates with 50,000 cells seeded initially. At each timepoint, total RNA was 

isolated using TRI Reagent (Sigma) as per manufacturer′s instructions. RNA quantity and purity 

were measured using a Synergy H1 plate reader (BioTek, Winooski, VT, USA) with a Take3 

microplate. RNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Foster City, CA, USA). Real-time quantitative PCR (RT-qPCR) was used 

to measure the relative expression of osteogenic transcription factor RUNX2. Primers were 

designed using Primer Blast (NCBI, Bethesda, MD, USA) for all variants of human RUNX2 and 

human GAPDH. For RUNX2, left primer was 5′–GAC GAG GCA AGA GTT TCA CC–3′ and 

right primer 5′–AGC TTC TGT CTG TGC CTT CT–3′, GAPDH left primer 5′–TGT CAA GCT 

CAT TTC CTG GTA TG–3′ and right primer 5′–GTG GTC CAG GGG TCT TAC TC–3′. RT-

qPCR was performed on a Roche LightCycler 480 instrument (Roche, Basel, Switzerland) using 

PowerUp SYBR Green Master Mix (Applied Biosystems). 

 Protein Loading and Release 

HA whiskers were loaded with bovine serum albumin (BSA) by being soaking 1 g whiskers 

in a solution of 10 mg/mL BSA. The BSA was loaded onto the Calcium Phosphate (CaP) 

nanoparticles for 48 h, before being centrifuged at 10,000× g for 5 min. The supernatant was 

collected to determine the amount of BSA loaded.  
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The loaded whiskers were rinsed to remove any loosely bound BSA and then lyophilized 

to produce a dry powder. This powder was then used to make composite hydrogels the same as 

previously described. Hydrogels were placed into microcentrifuge tubes and 1 mL of PBS was 

used as a release media. The samples were placed on a rotator in a 37 °C incubator during the 

release. At each time point, each microcentrifuge tube was centrifuged at 10,000× g for 5 min and 

the supernatant was collected in a separate tube and replaced with 1 mL PBS. A microBCA assay 

was used to compare and measure the amount of BSA present in both the loading solutions and 

release solutions. 

 Statistical Analysis 

All experimental data (n = 4) are expressed as mean ± standard deviation. All data sets 

were compared using a 2-way ANOVA with post hoc Tukey HSD test for individual comparisons. 

Differences between experimental groups were considered significantly different when p < 0.05. 

5.4 Results 

 Material Characterization 

Hydroxyapatite whiskers were synthesized as the composite filler for these materials, due 

to their similarity to native calcium phosphate mineral and their desirable properties as a filler. The 

HA whiskers were characterized by XRD. The XRD patterns, shown in Figure 5.2, exhibit the 

same characteristic HA peaks as those presented by Zhang et al., with the peaks labeled (100), 

(200) (210), (211), and (300). The peak at (300) is the strongest XRD peak where HA is typically 

at (211), this shows a bias for the (300) plane in the presence of these whiskers [124].  
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Figure 5.2 X-ray diffraction pattern of hydroxyapatite whiskers. 
 

 

Figure 5.3 (A) FT-IR spectra of chitosan and carboxymethyl-chitosan. (B) FTIR spectra of the 
formed composite hydrogels with 0, 30, or 40 wt % hydroxyapatite whiskers, and pure 
hydroxyapatite whiskers. 
 

For the polymer phase for these materials, carboxymethyl chitosan was fabricated. This 

material was selected as it is a water-soluble polymer that is still able to crosslink via epoxides to 

form a self-setting material. The successful functionalization of chitosan into carboxymethyl 

chitosan is demonstrated by the FTIR spectra displayed in Figure 5.3. The characteristic peak of 

the primary amine stretch is located at 1312 cm−1, while the characteristic stretch of the COO− 
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group at 1600 cm−1 identifies the carboxyl group. The carboxyl group is shifted from the typical 

1741 cm−1 because it is in the form of a carboxylate salt containing Na+. The sharp peak on Figure 

5.3A at 1600 cm−1 can also be an overlap of the primary amine (1592 cm−1). The FTIR spectra of 

the hydrogels and the hydroxyapatite whiskers were then compared to the composite hydrogels 

(Figure 5.3B). These spectra confirm the composite nature of these HA-laden hydrogels, with the 

carboxylate group present in the gels and the inorganic phosphate (PO4
3−) at 1034 cm−1 [124]. 

 

 

Figure 5.4 Scanning electron photomicrographs of (A) hydroxyapatite whiskers, (B) the surface of 
the 30 wt % and (C) the surface of the 40 wt % composites. Scale bars are 100 µm. 
 

The surface characteristics of the composite materials were examined via SEM. Scanning 

electron photomicrographs show the shape and size of the hydroxyapatite whiskers alone (Figure 

5.4A). Whiskers are shown to have a high aspect ratio and to be relatively consistent. HA whiskers 

fabricated using this methodology were measured previously by us to be 55 ± 30 µm long by 5 ± 

2 µm in diameter [125]. SEM images of the dried composite hydrogels for the 30 wt % and 40 

wt % composites show the surface roughness and porosity (Figure 5.4B,C). 
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Table 5.1 Gelation times determined by time sweep rheology. (n = 3) This data set was compared 
using a 1-way ANOVA with post hoc Tukey HSD test for individual comparisons, and the 
following p-values were found: p = 0.038 between 0 and 30 wt %, p = 0.702 between 0 and 40 wt 
%, and p = 0.015 between 30 and 40 wt %. 
 

Composite wt% Gelation Time, min 

0 wt % 17.29 ± 0.05 

30 wt % 15.83 ± 0.4 

40 wt % 17.66 ± 0.85 

 

The initial viscosity of each of the gels was 30,000 cP which gradually increased during 

crosslinking. The gelation times for each type of composite hydrogel was measured using time 

sweep rheology. All types gelled around 16–17 min (Table 5.1). To quantify the mechanical 

properties of these materials, the compressive modulus was measured by dynamic mechanical 

analysis. It was found that the storage modulus increased as the incorporation of HA whiskers 

increased (Figure 5.5). The modulus of the CMCS hydrogel alone is 19 kPa. As the composition 

of the whiskers is increased to 30 wt % and then 40 wt %, the storage modulus increased to 287 

kPa and 633 kPa, respectively. Thus, greater amounts of HA whiskers contribute to higher 

mechanical properties of the materials. Above 40 wt % loading the composite hydrogels become 

so saturated with solid that it is too difficult to create a homogenous mixture, and the polymer 

network is too sparse to crosslink. Thus, 40 wt % was the maximum amount of filler examined in 

these studies. 
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Figure 5.5 Storage modulus of the composite materials measured by dynamic mechanical analysis. 
(n = 4, * p = 0.0039 for 30 wt %, and p = 0.0001 for 40 wt % compared to 0 wt %) This data set 
was compared using a 1-way ANOVA with post hoc Tukey HSD test for individual comparisons. 
 

The swelling and degradation rates of these composite materials over time was measured 

to further characterize them. The swelling percent quantifies the amount of water these gels will 

uptake after being fabricated. It was found that most of the swelling in these materials occurs 

within the first 12 h after being placed in swelling medium (Figure 5.6A). The 0 wt % hydrogels 

have the highest amount of swelling with a 1.4% average increase in water, while the 30 wt % and 

40 wt % composites increase only by 0.5%. 

Additionally, the rate of degradation of the materials over time was quantified. The 0 wt % 

hydrogels demonstrate the greatest amount of early degradation (Figure 5.6B) at almost a 40% 

decrease in dry weight in less than a day, whereas the composite materials show less degradation 

(less than 10%) over time. 
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Figure 5.6 (A) Swelling and (B) degradation percent for 0 wt %, 30 wt %, and 40 wt % composite 
hydrogels (n = 4). 
 

Human Dental Pulp Stem Cell Interaction with the Composite Hydrogels 

 

Figure 5.7 DNA quantification from human dental pulp stem cells grown on dental composite 
materials. (n = 4, Δ p = 0.0.0014 and 0.0334 for day 3 and 7 (respectively) compared to day 21; + 
p = 0.0001 for both day 14 and 21 compared to day 3, and * p = 0.006 for day 7 compared to day 
21). This data set was compared using a 2-way ANOVA with post hoc Tukey HSD test for 
individual comparisons. 
 



94 

Human dental pulp stem cells were seeded on the composite materials to determine their 

ability to proliferate and differentiate. DNA was quantified to determine the relative growth of 

cells that were seeded on the top surface of each type of composite hydrogel (Figure 5.7). The 0 

wt % hydrogels had the lowest amount of cellular proliferation and decreased below the limit of 

detection during the 3rd week. The 30 wt % and 40 wt % composite hydrogels had the same 

amount of proliferation as each other over 3 weeks of culture, with no significant difference 

between these two composites at each timepoint. The highest amount of DNA was measured at 

the beginning of the experiment. 

 

Figure 5.8 qPCR analysis of RUNX2 expression for 0 wt %, 30 wt %, and 40 wt % dental 
composite materials, using 0 wt % materials as the comparison group. (n = 4, * p = 0.0001 for 30 
wt % and p = 0.0016 for 40 wt % compared to 0 wt %) This data set was compared using a 2-way 
ANOVA with post hoc Tukey HSD test for individual comparisons. 
 

The differentiation of the hDPSCs over time was quantified based on measurement of 

mRNA expression of RUNX2, an important osteogenic transcription factor, and osteocalcin 

immunostaining. Quantitative PCR was used to measure the relative amount of RUNX2 expression 

in hDPSCs cultured on these materials for 2 and 3 weeks (Figure 5.8). This data is analyzed using 

the ΔΔCt method and displayed here as a fold change of expression compared to the 0 wt % 

materials. At week 2, the expression of RUNX2 is significantly higher for both 30 wt % and 40 
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wt % composite hydrogels compared with the 0 wt % hydrogels, but not significantly different 

from each other. By 3 weeks of culture, the expression of RUNX2 had decreased and was 

statistically the same for all three materials. 

 

Figure 5.9 Confocal micrographs of hDPSCs grown on dental composite materials for 14 and 21 
days. Cell nuclei are stained with DAPI (blue) and osteocalcin is stained with Alexa Fluor Plus 
647 (pink). Scale bars are 200 µm. 
 

To visualize the cells on the materials, and to visualize their expression of osteocalcin, a 

marker for odontogenic differentiation, fluorescent confocal micrographs were taken of the cells 

seeded on the surface of each composite hydrogel after 14 and 21 days of culture. The nuclei were 

stained blue with DAPI and osteocalcin-antibodies were used to stained osteocalcin pink (Figure 

5.9). The 0 wt % hydrogels showed little proliferation and cells were difficult to locate at both 

timepoints. On the materials containing 30 wt % and 40 wt % HA whiskers, cells are visible across 

the materials at 14 days, but no osteocalcin is visible on either scaffold type. By 21 days, 

 Cap Composite 

 0 wt % 30 wt % 40 wt % 

Day 14 

   

Day 21 
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osteocalcin is visible around each cell on these materials, indicating that the hDPSCs are 

differentiating down the odontogenic lineage. 

 Sustained Protein Release from the Composite Hydrogel Materials 

 

Figure 5.10 (A) Bovine serum albumin loading into the composite gels and (B) release of BSA 
from composite gels over 2 weeks (n = 4). 
 

These composite materials were also evaluated as a possible device for controlled release 

of proteins. Bovine serum albumin was used as a model protein to determine the quantity of protein 

that could be loaded and the rate of release over time. The amount of BSA that could be loaded in 

the materials was directly related to the quantity of HA whiskers that were loaded in the hydrogels 

(Figure 5.10A), with twice as much BSA loaded in the 40 wt % composite gels compared to the 

20 wt %. 20 wt % was chosen to gain a higher divergence of the release profiles to elucidate the 

effects of HA whiskers on protein release. Next, the release of BSA over time was measured, and 

it was found that the release was sustained for at least 15 days (Figure 5.10B). 

5.5 Discussion 

The mineral phase of these composite hydrogels was chosen to be HA whiskers as they 

would provide mechanical strength, bioactivity, and a unique morphology to a regenerative filling 

[124,127]. HA is similar to the calcium phosphate that is found in native mineralized tissues and 
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has been shown to promote osteogenic differentiation [19,20,61]. These whiskers can be readily 

manufactured and have been previously characterized and used by other groups as well.  

Chitosan is a natural polysaccharide derived from chitin that is found in the shells of 

crustaceans and processed to provide a polymer made up of D-glucosamine. The main functional 

group of D-glucosamine is the primary amine. For this composite material, we desired to use the 

primary amines to crosslink the polymer with diglycidyl ethers. However, if the chitosan were 

solubilized in a typical acidic environment, these primary amines would be protonated, which can 

prevent their reaction with epoxide groups. Thus, to improve the solubility of chitosan while also 

protecting the amine groups, we functionalized the available hydroxyl groups with carboxymethyl 

groups. This method yields a chitosan with a hydrophilic carboxyl group at pH 7.4 while also 

keeping the primary amines deprotonated so that they are still capable of reacting with the 

crosslinking agent. 

When combined into a composite material, the organization and alignment of the whiskers 

along the surface of the hydrogels appears to be random. The 40 wt % composites have a greater 

mineral to polymer ratio, which can be visualized in their surface topology compared to the 30 

wt % composites. Surface topology with nanostructured roughness (<100 nm) has been shown by 

others to increase proliferation of cells, while greater roughness can hinder cell proliferation but 

with the benefit of increased differentiation potential [128]. These composite materials do not 

appear to contain large pores that penetrate the interior of the material, which may limit cell 

migration into the interior of the material initially until biodegradation occurs at later times. 

The mechanical properties of composites are affected by many factors, including the shape, 

size, and volume percentage of the filler, the properties of the polymer matrix, and the interaction 

between these two phases [129]. To use these materials as a regenerative material, it is important 
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to balance high strength materials with water content and porosity. These composite materials must 

have mechanical strength high enough to withstand the forces associated with their application in 

the dental cavity. However, also to consider is the tradeoff that with greater mechanical properties 

is the reduction of relative water content and porosity that are important to support cell growth and 

proliferation. These composite materials do not have mechanical strength equivalent to typical 

mineral trioxide and composite resin materials, but they are strong, and they do have 60 to 70% 

water content which provides an environment to sustain cell growth.  

It is important to minimize the amount of swelling that fillings exhibit so that they do not 

swell out of the filling space that they were applied to or delaminate from the dentin surface. Here 

we show that the equilibrium swelling of these composite gels was very close to their initial 

fabrication amounts which would be beneficial when applied to the hydrated oral environment. 

The equilibrium swelling of the composite materials is equivalent or lower than typical dental 

composite resins [127]. It is also important to minimize the initial amount of degradation these 

fillings undergo so that they do not disintegrate shortly after they are applied to dental caries. These 

materials exhibit low degradation over at least 7 days. The swelling and degradation both reach 

equilibrium quickly and little change occurs over the next 7 days. The initial rapid degradation of 

0 wt % hydrogels is likely to be due to a removal of any unreacted or loosely bound CM-CS as it 

does not continue to degrade after equilibrium is reached. The composite hydrogels degrade less 

because the weight of the HA whiskers is greater than the amount of CM-CS. The low swelling 

and degradation of these composites show promise for increasing the lifetime of the fillings.  

The material properties of the composites are very promising as shown, but also important 

is their ability to interact with regenerative cells. Thus, hDPSCs were seeded on the materials, and 

both their proliferation and their differentiation measured at various times. In terms of proliferation, 
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the lack of measurable DNA on the 0 wt % hydrogels demonstrate that the stem cells cannot adhere 

to or proliferate on the polymer alone over time. This is because the chitosan itself does not have 

binding sites for cells to attach. The addition of HA whiskers provides binding sites for cells to 

attach to, and thus the materials that contain HA whiskers supported cell adhesion. For both the 

30 wt % and 40 wt % hydrogels, the amount of DNA decreased over time. This decline in 

proliferation is because the cells reached confluency early in the experiment due to minimal 

material porosity that would allow cells to migrate into the scaffold [128]. In terms of 

differentiation, the gene expression of RUNX2, a major odontogenic transcription factor, of 

hDPSCs on these materials was quantified by qPCR [130,131]. Scaffolds that contained HA 

whiskers had an elevated amount of RUNX2 expression, and therefore a greater amount of 

differentiation, due to the interaction of the cells with HA. Additionally, confocal images show the 

appearance of osteocalcin at 21 days of culture. Osteocalcin is a late stage osteogenic marker which 

indicates that the cells have progressed to odontoblastic cells. The presence of osteocalcin is only 

seen on scaffolds that contained HA whiskers, further illustrating the importance of HA in the 

differentiation process. It is important to note that these cells were not cultured in differentiation 

media for any of these experiments, so their response is due solely to the presence of HA.  

Finally, the ability for these materials to deliver proteins in a sustained manner over time 

was investigated, as this could be impactful in the future for encouraging tissue regeneration by 

the inclusion of chemokines or cytokines. Here a model protein, BSA, was used as a proof of 

concept. BSA has been shown to readily adsorb onto the surface of many types of HA [132,133]. 

The adsorption of BSA onto HA whiskers is hypothesized to protect the BSA from being 

crosslinked into the polymer network. Although higher released amounts were obtained with 

higher HA whisker weight percent, the rate of release over time was not significantly affected. 
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This protein adsorption mechanism may be used as a strategy for other biologically active proteins. 

The release of chemokines and growth factors is a well-known strategy for improving the 

biological interaction between tissue scaffolds and native cells. Thus, the ability for these materials 

to sustain some level of protein delivery shows promise for future integration of factors that may 

be used to stimulate the migration of cells, particularly hDPSCs, further into the scaffold. 

5.6 Conclusions 

These CaP-CMCS composite materials show promise as a potential regenerative pulp 

capping material. These composites meet important objectives for an effective pulp capping agent 

including fast gelation, improved mechanical properties, biological compatibility, and odontogenic 

potential. Future studies will investigate the use of different calcium phosphate particles as the 

filler material, and the incorporation of chemokines and cytokines for improved migration of pulp 

cells into the filling materials. 
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CHAPTER 6  

TUNABLE CHITOSAN-CALCIUM PHOSPHATE COMPOSITES AS CELL-

INSTRUCTIVE DENTAL PULP CAPPING AGENTS 

This chapter is modified from a paper pending submission18 

Matthew J. Osmond19 and Melissa D. Krebs20 

6.1 Abstract 

Background: Dental caries is the most prevalent yet preventable diseases in both children 

and adults. Current treatments for this disease center around the restoring function of the of tooth 

function by the additions of dental fillings that return the ability to chew while preventing further 

decomposition. but return the ability to chew. Dental caries range from incipient (less than halfway 

through the enamel) to severe (more than halfway to the pulp) in a variety of severities. When a 

cary reaches all the way to the dental pulp, the only choice is to apply a pulp capping agent or have 

a root canal. 

Methods: In this study, four types of calcium phosphate nanoparticles were used in 

materials consisting of carboxymethyl-chitosan and a diglycidyl ether. These nanoparticles were 

used to improve mechanical properties, cellular proliferation, and odontogenesis of dental pulp 

stem cells. Human dental pulp stem cells were cultured on these composites and the 

biocompatibility, proliferation and differentiation down the odontogenic pathway were quantified. 

Results: The nanoparticles were characterized using TEM, ESEM, and XRD to determine 

their size, shape and mineral identity. The compressive moduli of these materials were measured 
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using dynamic mechanical analysis and were found to be greater than 1 MPa. These hydrogels 

support cell growth for greater than 3 weeks. 

Conclusion: These materials show an improvement over previously investigated materials 

and show increasing potential as a next generation pulp capping material. 

6.2 Introduction  

Dental caries is the most prevalent yet preventable disease in both children and adults. 

Current treatments for this disease center around the restoration of the tooth function using dental 

fillings that return the ability to chew while preventing further decomposition. Dental caries range 

from incipient (less than halfway through the enamel) to severe (more than halfway to the pulp) 

[22] When a cary reaches all the way to the dental pulp, a critical choice must be made to save the 

tooth.  

Of all US adults aged 20-64, 91% have some form of tooth decay of those 27% go untreated. 

[23] The most prevalent restorative methods for cary treatment are amalgam and resin fillings. 

These fillings have an estimated lifetime of 10-15 years, and 7-10 years respectively. [113] As 

these fillings degrade, they will no longer serve their function and can produce secondary caries 

which continue to degrade the dentin mineral. [113] Because of this continued damage to the tooth, 

these statistics indicate that most people will eventually face some level of severe tooth decay and 

must rely on a pulp capping process or a root canal. 

Direct pulp capping is the method of applying a dressing directly to exposed dental pulp, 

typically calcium hydroxide, which activates the pulp to generate a dentin bridge   stabilize and 

protect the pulp tissue from becoming infected. [114–117] Pulp capping agents must exhibit many 

ideal properties such as retaining pulp vitality, stimulate reparative dentin, adhere to both the 

dentin and filling material, and remain mechanically stable during filling placement. Many 
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different materials have been used as pulp capping agents with various levels success in sealing 

the pulp and in forming a dentin bridge. [120–122] Calcium hydroxide is a frequently chosen pulp 

capping agent and is considered the gold standard in patient care but is sited as highly soluble and 

can lead to mineralization of the pulp chamber. [120] Other pulp capping agents such as zinc oxide 

eugenol, glass ionomer, and mineral trioxide have been devised but have the drawback of little to 

no dentin bridge formation. [119]  

We have developed here a composite material system that may be useful for pulp capping 

with the benefits of high bioactivity, injectability, and good mechanical properties. We have 

previously published on a composite material, but which used hydroxyapatite (HA) rods for the 

composite phase [134]; however the drawback of that system is that the HA likely cannot be 

remodeled by cells over the long term. Our group and others have shown the enhanced bioactivity 

of more biomimetically-formed calcium phosphates including amorphous calcium phosphate and 

its matured apatite phase. [19,20,61,135] Thus, here we present a more osteoinductive composite 

material that could have use as a pulp capping agent. This composite material contains a polymer 

phase of carboxymethyl-chitosan (CMCS), 4 different types of calcium phosphate nanoparticles 

with different surface functionalization and mineral phases, and a crosslinking agent 1, 4 

butanediol diglycidyl ether (BDGE). This material is injectable, fast setting, mechanically stable, 

biocompatible and odontogenic. 

6.3 Materials and Methods 

 Materials 

Chitosan (medium molecular weight, 190-310KDa), chloroacetic acid, calcium nitrate, 

ammonium phosphate, acetamide, tetraethylene glycol dimethacrylate (TEGDMA), 1,4 butanediol 

diglycidyl ether and TRI Reagent were all purchased from Millipore Sigma (St. Louis, MO) at 
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reagent grade (>99%) and used as is. Nitric acid (6M) was purchased from Carolina Biological 

Supply Company (Burlington, NC). Human dental pulp stem cells (hDPSCs) were obtained from 

Lonza (Walkersville, MD). 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI), Osteocalcin 

Monoclonal Antibody (OCG4) and Goat anti-Mouse IgG (H+L) highly cross-absorbed secondary 

antibody, AlexaFluor Plus 647 were all purchased from ThermoFisher (Waltham, MA). 

 Synthesis of CaP Particles 

DCPD nanoparticles and DCPD nanoparticles functionalized with TEGDMA were made 

using a procedure outlined in Rodriques et al. [136] Briefly, 400 mL of 0.078 M calcium nitrate in 

Millipore water was added dropwise to 400 mL of a 0.078 M ammonium phosphate in Millipore 

water solution at a rate of 9 mL/min under fast stirring. In the TEGDMA-functionalized 

nanoparticles, 8 mL of TEGDMA was added to the ammonium phosphate solution prior to the 

addition of calcium nitrate. These two nanoparticles are referred to as DCPD and DCPD/TEG. 

After precipitation, the nanoparticles were then washed by centrifugation at 1000 x g for 1 minute, 

the supernatant was discarded, and the particles were rinsed with 18.2 MΩ Millipore water. This 

process was repeated three times for each batch of nanoparticles.  

Hydroxyapatite (HA) and hydroxyapatite functionalized with TEGDMA (HA/TEG) 

nanoparticles were made by maturing the DCPD and DCPD/TEG respectively. Particles were 

placed in 200 mL of 100 mM tris buffer at pH 7.4 and kept at 37 C for 3 to 4 days. The pH was 

maintained by adding 1 M sodium hydroxide until the pH no longer changed for 24 hours. The 

particles were then rinsed three times. All the batches of nanoparticles were then frozen and 

lyophilized to produce a dry powder. 
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 TEM Analysis 

Transmission electron microscopy was used to visualize the individual CaP microparticles 

to determine their size and shape (FEI Talos F200X, Hillsboro, OR). The particles were diluted in 

Millipore water and sonicated for 30 seconds to break up any agglomerations. A small amount of 

this solution was placed on a copper support with lacy carbon coating and allowed to dry. All 

samples were imaged at 200kV under normal TEM conditions.  

 XRD Analysis 

X-ray diffraction patterns of the 4 types of CaP microparticles were obtained using powder 

diffraction on a Siemens D500 (KS Analytical Systems, Aubrey, TX) operating in symmetric 

Bragg-Brentano mode, with a copper x-ray tube and a graphite monochromator.  

 Carboxymethyl Chitosan Synthesis 

Carboxymethyl chitosan (CM-CS) was synthesized using a previously published procedure 

from our group. [134] Briefly, 10 grams of medium molecular weight chitosan was dissolved in 

100 mL of 80% isopropyl alcohol which contains 13.5 grams of sodium hydroxide. This mixture 

was maintained at 50 C for 1 hour until completely wetted and well mixed. 15 grams of 

monochloroacetic acid was dissolved in 20 mL pure isopropyl alcohol and added dropwise to the 

chitosan solution, and reacted for 4 hrs at 50 C. The reaction was quenched by the addition of 200 

mL of absolute ethanol. The solids were collected by filtering through a 22-µm filter and rinsed 

several times, going from 70% to absolute ethanol and dried under vacuum at room temperature. 

The CM-CS was then dissolved in Millipore water (1% w/v), filtered through a 22-µm filter, frozen, 

and lyophilized until further use. 



106 

 Hydrogel Fabrication 

The lyophilized CM-CS was dissolved in phosphate buffered saline at pH 7.4. 1 mL of this 

solution was measured into a 3 mL syringe. Hydrogels which contained 0% CaP were crosslinked 

by placing 100 µL of 1,4 butanediol diglycidyl ether (BADGE) in another 3 mL syringe, 

connecting the syringes together and mixing vigorously for 15 seconds before being injected into 

a mold or surface. For the hydrogels that contain 20% and 40% CaP nanoparticles, 250 mg, and 

666 mg were measured respectively into a 3 mL syringe. The CM-CS solution was mixed with the 

nanoparticles until homogenous. These hydrogels were then crosslinked with the addition of 100 

µL BADGE and mixed for 15 seconds before being injected into a mold or onto a surface. All 

hydrogels were placed at 37 C for 4 hours to completely crosslink. Hydrogels that were used for 

cell studies were placed between 2 glass plates 2 mm thick and after crosslinking were punched 

out using a 10 mm biopsy punch. Each punch was sterilized for 1 hour in 70% ethanol under UV 

light and rinsed 3 times with PBS.  

 Scanning Electron Microscopy (SEM) 

The hydrogels were examined using a FEI Quanta 600i Environmental Scanning Electron 

Microscope (Hillsboro, OR). After fabrication, the hydrogels were air dried and gold sputter coated. 

Images were taken at 10 mm using 20 kV accelerating voltage.  

 Rheological Analysis 

The compressive modulus for each of the hydrogel types was measured using dynamic 

mechanical analysis on an ARES-G2 rheometer (TA Instruments, New Castle, DE) using two 20 

mm parallel plates running in compressive DMA mode. The hydrogels were cast into the wells of 

a 12 well plate for 1 hour to assure complete crosslinking. A strain sweep was performed from 
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0.1% to 10% strain at frequency of 1 Hz. Moduli reported here were taken at 1% strain for 

comparison. 

 Cell Seeding and Culture 

Human dental pulps stem cells (hDPSCs) were cultured using growth medium consisting 

of alpha – MEM without nucleosides + 16.5% FBS + 2 mM L-glutamine + penicillin/streptomycin 

(100 units/ml and 100 µg/mL respectively).  Cells were maintained in a humidified incubator at 

37 C and 5% CO2.  Cells were used at a passage of 3 or 4. All hydrogels were placed on 24 well 

plates and sterilized before use. Prior to seeding, all hydrogels were incubated in 500 µL media 

changed daily for 3 days to ensure that the initial acidity of DCPD fillings was neutralized, and 

there was no contamination. Then, the media was removed and hDPSCs were seeded on the 

hydrogels at a concentration of 50,000 cells per 20 µL. The hydrogels were incubated for 4 hours 

to allow for the cells to attach followed by the addition of 500 µL of media to the well. The media 

was changed every three days for three weeks. 

 Cell Proliferation 

A DNA assay was performed after 1 and 2 weeks to determine the relative number of cells 

on each hydrogel over time. Each scaffold was placed into an RNase/DNase free microcentrifuge 

tube with 500 µL of papain buffer (25 ug/mL papain extract from papaya, 2 mM N-acetyl cysteine, 

2 mM EDTA, and 50 mM sodium phosphate, adjusted to pH 6.5 using 1 M HCl) and sonicated at 

50 Hz for 15 seconds. The samples were incubated at 65 C for 3 hours. Afterwards, each sample 

was centrifuged for 10 minutes at 10,000 x g to remove any remaining fragments. The supernatant 

of each sample was then placed into a 96 well plate and the DNA quantified using the Quant-iT 

PicoGreen dsDNA assay kit (Invitrogen, Carlsbad, CA) following the manufacturers protocol. The 

fluorescence of the assay was measured using a Synergy H1 plate reader (BioTek, Winooski, VT). 
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The concentration of DNA was determined by comparison to a standard curve from calf thymus 

DNA (Sigma). 

 RNA Isolation and qPCR 

RNA was isolated from samples at 7, 14, and 21 days using TRI Reagent. Cells were 

cultured on gels placed in 24 well plates with 50,000 cells seeded initially. At each timepoint, 500 

µL of TRI Reagent was placed onto each gel for 5 minutes, and then rinsed by pipetting several 

times before placing solution into a RNase/DNase free microcentrifuge tube. 50 µL of 1-Bromo-

3-chloropropane was added and vortexed for 15 seconds and allowed to stand for 10 minutes at 

room temperature. Samples were then centrifuged at 12,000 x g for 15 minutes at 4˚C. The aqueous 

phase was removed and placed into a new tube, and the RNA was precipitated with 250 µL 2-

propanol, mixed by inverting, and let stand for 10 minutes. Samples were centrifuged at 12,000 x 

g for 10 minutes at 4˚C to produce an RNA pellet. The supernatant was removed, and the pellet 

was washed with 500 µL 75% ethanol, vortexed and centrifuged at 12,000 x g for 5 minutes. The 

supernatant was removed, and the RNA pellet was dried for 5 minutes under vacuum. The pellet 

was resuspended in 20 µL RNase free water. RNA quantity and purity was measured using a 

Synergy H1 plate reader (BioTek, Winooski, VT) with a Take3 microplate. RNA was reverse 

transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster 

City, CA). Real-time quantitative PCR (RT-qPCR) was used to measure the relative expression of 

osteogenic transcription factor RUNX2. Primers were designed using Primer Blast (NCBI, 

Bethesda, MD) for all variants of human RUNX2, dentin matrix protein 1 (DMP-1), and dentin 

Sialophosphoprotein (DSPP) and human GAPDH. For RUNX2, the left primer was 5’ - GAC 

GAG GCA AGA GTT TCA CC – 3’ and right primer 5’ - AGC TTC TGT CTG TGC CTT CT – 

3’, for DMP-1 the left primer was 5’ - GTG AAC TAC GGA GGG TAG AGG – 3’, and the right 
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primer 5’ - TGG TTA CTG GGA GAG CAC AG – 3’, for DSPP the left primer was 5’ - TCA 

AAT GTG TCA GTA CAG GAT GAG – 3’ and the right primer 5’ - CCC ACT TAG AGC CAT 

TCC CT- 3’, for GAPDH the left primer was 5’ - TGT CAA GCT CAT TTC CTG GTA TG – 3’ 

and right primer 5’ - GTG GTC CAG GGG TCT TAC TC – 3’. RT-qPCR was performed on a 

Roche LightCycler 480 instrument (Roche, Basel, Switzerland) using PowerUp SYBR Green 

Master Mix (Applied Biosystems) to produce the amplification signal.  

 Protein Loading and Release 

Each type of CaP was loaded with bovine serum albumin (BSA) by soaking 1 gram of CaP 

in a 10 mL solution of 10 mg/mL BSA for 48 hours, before being centrifuged at 10,000 x g for 5 

minutes. The supernatant was collected to determine the amount of BSA loaded to each type of 

CaP nanoparticle. 

For the release study, the BSA loaded nanoparticles were used to make 40 wt% gels and 

the release of BSA from these hydrogels was measured over time. Each type of CaP was rinsed 

once with PBS and centrifuged to remove any unbound BSA. The rinsed particles were then 

combined with CMCS, crosslinked and 200 µL of hydrogel placed in a transwell in a 24-well plate 

and allowed to crosslink for 1 hour. The release was started when 1 mL of PBS was added to each 

well. At each time point, the 1 mL release medium from each well was removed and placed in a 

microcentrifuge tube and replaced with fresh PBS. A microBCA assay was used to measure the 

amount of BSA present in both the loading solutions and release solutions.  

 Statistical Analysis 

All experimental data (n=4) are expressed as mean ± standard deviation. All data sets were 

compared using a 2-way ANOVA with post hoc Tukey HSD test for individual comparisons. 

Differences between experimental groups were considered significantly different when p < 0.05. 
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6.4 Results and Discussion  

Our goal was to design a composite dental material that exhibits mechanical properties 

enough to protect exposed pulp, with biocompatibility and odontoinductivity for proliferation and 

differentiation of the dental pulp stem cells that are present in the area. Here we have investigated 

the use of dicalcium phosphate dihyrdate nanoparticles and those matured to hydroxyapatite, 

alongside these same particles that have also been modified with TEGDMA to control the growth 

of the crystals. These particles were selected because they most closely mimic the mineral found 

naturally in mineralized tissues (i.e. bone and teeth) and because we have previously demonstrated 

great control over the chemistry such that we know these can be tuned to have different biomimetic 

ionic substitutions such as carbonate or fluoride. Further benefits of these particles include that the 

synthesis is straightforward, they are on the nanometer scale so readily incorporated into injectable 

materials, and that they afford control over agglomeration. Solution synthesis is the easiest method 

for producing calcium phosphate (CaP) particles without the requirement for high temperatures 

and pressures that are associated with hydrothermal synthesis methods. Using solution synthesis, 

the particles can also be tuned based on alteration of the solution with ions and polymer oligomers. 

TEGDMA was added to the precipitation solution to functionalize the surface of the particles and 

reduce their agglomeration. [136] 

DCPD particles are highly crystalline but they are unstable and will spontaneously convert 

to other forms of calcium phosphate. The DCPD particles are matured preferentially to 

hydroxyapatite by soaking them in Tris buffer at physiologic conditions of pH 7.4 and 37 C. [20] 

Hydroxyapatite similar to biological apatite, which is the most common form of CaP used in tooth 

and bone filling materials because of its biomimetic properties that support cell growth and 

osteoinduction. [18] 
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Figure 6.1 Transmission electron micrographs of the 4 types of calcium phosphate nanoparticles. 
(A) DCPD (dicalcium phosphate dihydrate); (B) DCPD/TEG (dicalcium phosphate dihydrate with 
TEGDMA functionalization); (C) HA (hydroxyapatite converted DCPD); (D) HA/TEG 
(hydroxyapatite converted DCPD with TEGDMA functionalization). Scale bars are 200 nm for 
DCPD samples and 500 nm for HA samples. 
 

After synthesizing the four types of CaP particles, they were imaged using transmission 

electron microscopy (TEM) (Figure 6.1). Each image was taken of a dilute sample placed on a 

lacy carbon mesh. These images demonstrate that the DCPD and DCPD/TEG particles are roughly 

spherical. In contrast, TEM images of the HA nanoparticles show that the maturation process has 

formed large flake particles with a diameter between 500 nm to 1 um. The DCPD particles 

agglomerate while the DCPD/TEG particles are spread apart. Particles that were matured into HA 

appear to have the same relative size and structure and there is no apparent difference between the 

HA and HA/TEG particles. 

Next, each of the four types of CaP nanoparticles were analyzed via powder x-ray 

diffraction (Figure 6.2). The DCPD samples, whether they contained TEGDMA or not, have a 

crystalline pattern with large characteristic DCPD peaks at 11.6˚, 21˚, 22.96˚, 29.5˚, 48.62˚. [137] 

The HA samples that were soaked in the maturation solution have the same patterns as each other 
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whether there is TEGDMA present or not, and both have the characteristic peaks for 

hydroxyapatite as labeled. 

 

Figure 6.2 X-ray diffraction patterns for each of the 4 types of calcium phosphate nanoparticles. 
(■ represents characteristic peaks of DCPD and ● represents characteristic peaks for HA) 
 

We know that the crystallinity and morphology of mineral phases have a large effect on 

the properties of the calcium phosphate solids. Here we see that both DCPD species are highly 

crystalline and exhibit very clear peaks. We wanted to verify that the addition of TEGDMA did 

not alter this crystal structure. DCPD is a metastable crystal phase that is matured into a variety of 

other calcium phosphate species.  

The native dentin tissue is made up of a high proportion of the mineral hydroxyapatite. 

Hydroxyapatite has been shown to have excellent mechanical properties, biocompatibility and 

osteoinductive potential. [17,138,139] The matured particles are shown to have the characteristic 

hydroxyapatite peaks but have less crystallinity than the DCPD. This reduced crystallinity 

indicates a likelihood for strong bioactivity as this may provide cells the opportunity to remodel 

the composite phase.   
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Next, the surfaces of the composite materials were imaged using environmental scanning 

electron microscopy (Figure 6.3). The surfaces show different topologies for each of the 4 types 

of CaP mineral as well as changes as the mineral content is altered from 20 wt% to 40 wt%. The 

DCPD with or without TEG have the same surface topology with high roughness at 20 wt%. 20 

wt% HA and HA/TEG materials have rounded surface crystals that appear to be softened by excess 

polymer phase that shrouds the crystals in a soft layer. 40 wt% DCPD composite materials have 

large crystal formations at the surface while DCPD/TEG has a uniform distribution of mineral 

across the entire surface. 40 wt% HA and HA/TEG have reduced roughness compared to their 20 

wt% counterparts. 

The difference between the 40 wt% DCPD and DCPD/TEG demonstrates how the addition 

of TEG reduces the agglomeration of nanoparticles and as the composite cures, this provides a 

uniform small crystal surface. All the 20 wt% materials appear to have a soft polymer coating on 

the entire surface, due to the higher ratio of polymer to mineral in the composite. The 40 wt% 

materials have exposed CaP mineral because it is approaching the critical packing density of the 

composites. This means that the composites are packed as closely as possible, while the polymer 

matrix is spread as thin as possible. This is known to impart a higher compressive modulus from 

the CaP particles while reducing the tensile strength which is imparted by the polymer phase. [140] 

To further investigate the effect of this CaP loading on the mechanical properties, next we used 

dynamic mechanical analysis to measure the compressive modulus of each of the hydrogels at two 

different loading amounts. 
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Figure 6.3 Scanning electron micrographs of the surface of hydrogels that contain the 4 types of 
calcium phosphate nanoparticles at either 20 wt% or 40 wt%. 
 

The mechanical properties were measured using a rheometer running in compressive 

dynamic mechanical analysis mode (Figure 6.4). The storage modulus was measured from 

hydrogels that were mold cast and cured over night before being analyzed to ensure that 

crosslinking was complete. The moduli of the composite materials were not significantly different 

for any of the 20 wt% formulations. As the composites increased to 40 wt%, the moduli increased 

to greater than 1 MPa. There was no difference between the DCPD and DCPD/TEG fillings. The 
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HA composites increased the modulus to about 2 MPa for the HA particles to almost 4 MPa for 

the HA-TEG particles in the composites. There was no significant difference between any 

composite and their TEG counterpart. 

 

Figure 6.4 Compressive moduli of each of gels containing each of the 4 types of calcium phosphate 
nanoparticles with either 20 wt% or 40 wt%. 
 

To obtain the highest mechanical properties for these composite materials, the higher 

amount of composite filler (40 wt%) is required. The functionalization of each composite material 

with TEG does not influence the overall mechanical properties. The maturation of the 

nanoparticles to HA increases the moduli for both HA and HA/TEG nanoparticles at 40 wt% 

loadings. The higher the amount of filler that is added can increase the composite material moduli, 

but this may be at the expense of porosity, water volume and available area for cells to proliferate. 

This is often a trade-off for composite materials that are used for hard tissue scaffolds and implants. 

[141,142] We next sought to ascertain the ability of human dental pulp stem cells to grow on these 

materials and to be influenced in their differentiation down a mineralized tissue lineage based on 

the bioactivity of the incorporated minerals. 
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Figure 6.5 DNA content of hDPSCs cultured on each of the composite hydrogels for 2 and 3 weeks. 
(Significance bars represent significant difference between different CaP types at the same loading 
percent. p<0.05) 
 

The proliferation of DPSCs were measured by quantifying the amount of DNA as a relative 

number of cells per scaffold (Figure 6.5). During week 1 there were no significant differences in 

proliferation between any of the hydrogel types. At week 2 the proliferation of cells on all 20 wt% 

hydrogels that contained HA or HA/TEG were significantly higher than the hydrogels that 

contained DCPD or DCPD/TEG. The 40 wt% HA/TEG hydrogels had significantly higher 

proliferation than all other hydrogel types. At week 3 the DNA content of all samples were 

decreased from their content during week 2. The 20 wt% HA and HA/TEG has significantly higher 

proliferation than the DCPD/TEG hydrogels. The 40 wt% hydrogels follow the same trend as week 

2 in that the HA/TEG hydrogels are significantly higher than all the other hydrogels. 

From these results we can illustrate that composite hydrogels that contain hydroxyapatite 

better supports the proliferation of cells at both 2 and 3 weeks. The proliferation of the two week 

hydrogels follow the same trend as the compressive modulus, which is a well-known occurrence 

with odontogenic scaffolds. [143,144] The proliferation of cells decreases after 3 weeks because 
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of cells reaching confluency over the available growth surface and an increase in activity towards 

differentiation into odontoblasts. [145] 

 

Figure 6.6 A) BSA loading for the 4 types of calcium phosphate nanoparticles. B) BSA release 
from the 4 types of hydrogels fabricated with 40 wt% CaP. 
 

The composite materials were loaded with BSA and the release was measured to ascertain 

their potential as a controlled release material. (Figure 6.6).  BSA was adsorbed to the surface of 

each type of CaP and any unbound BSA was rinsed off. The amount of BSA that can be loaded 

per each gel is shown in Figure 6.6A.The amount of BSA loaded for 20 wt% and 40 wt% are 

doubled because all of the CaP is loaded at the same time, resulting in the amount loaded being 

directly related to how much CaP is added. The addition of TEG has no effect on how much BSA 

is loaded. HA matured composites can adsorb twice as much as the DCPD composites. The release 

of BSA was measured over 1 month for each composite. The DCPD and DCPD/TEG release the 

slowest, and the TEG slows the amount that can released. HA and HA/TEG release the fastest 

while the TEG is slightly slower than the HA only.  

There is no difference between the loading for each pair of CaP and CaP/TEG variants, 

this is likely because BSA can adsorb to both CaP and methacrylated surfaces. [146–148] The 

greater loading of the surface will also lead to higher release from the surface as is seen in both 

HA and HA/TEG. We hypothesize that the functionalization of the particles with TEGDMA slows 



118 

the release of BSA by increasing the entrapment of BSA as it diffuses from the surface of each 

particle. Part of the BSA will be adsorbed to the CaP surface and part will be adsorbed to the 

methacrylate. As the BSA diffuses from both surfaces, it is slowed by the polymer chains and the 

resorption of the methacrylate groups. The adsorption of BSA to the surface of these particles show 

promise for the release of other biological growth factors that can increase the proliferation and 

differentiation of the native stem cells. 

6.5 Conclusions 

This work demonstrates that we can successfully design a dental composite consisting of 

calcium phosphate nanoparticles, CMCS polymer and a diglycidyl crosslinker. These composites 

provide enough compressive modulus, biocompatibility and odontogenic potential to be used as a 

regenerative dental composite. Four types of calcium phosphate can be fabricated using 

precipitation of calcium phosphate in the form of DCPD. These particles can be functionalized 

with methacrylate to reduce the particle interactions. These DCPD particles can be matured to 

hydroxyapatite by maintaining at pH 7.4 and 37 C for several days to produce platelet like 

particles. These four types of calcium phosphate exhibit a variety of mechanical properties based 

on the particle size and shape, with HA having the highest compressive modulus. DPSCs were 

grown on the surface of these gels to show that they were able to sustain cell proliferation for at 

least 3 weeks. Composites that contain HA support greater proliferation than DCPD composites. 

The characteristic release of BSA from these hydrogels show a sustained release for at least 30 

days, which shows promise as a controlled release device for other growth factors. 

These new composite materials demonstrate promise as regenerative dental composites. 

Using these materials as a direct pulp capping material, we hypothesize that a stronger dentin 

bridge can be formed by utilizing the stem cells contained within the pulp. Further exploration of 
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these materials will go towards animal studies to characterize the regenerative potential in vivo. 

The incorporation of growth factors or chemokines into these materials may also help increase the 

migration and proliferation of stem cells into the interior of these materials to further increase the 

reconstruction of dentin tissue. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

This thesis details advancements made in several tissue engineering fields, from glaucoma 

research to bone grafts and finally to regenerative dental materials. Five separate papers arose from 

this work. While the scope of each project was confined to the specific tissue of interest, the 

principles used in the study of tissue engineering were imperative to understand and control 

cellular interactions with each of the described biomaterials. 

7.1 Future Work 

The works presented here are still the beginning of many other works in their respective 

fields.  The following experiments are suggested as possible future work: 

▪ Glaucoma Drug Screening – This work would aim to screen the therapeutic response of 

TM cells cultured on 3D collagen scaffolds in vitro. Currently the difficulty in screening 

glaucoma drugs is the failure of drugs as they transition from 2D culture to ex vivo and in 

vivo studies. To improve the success rates for these screenings it would be beneficial to 

add an additional layer of screening on biomimetic scaffolds that would better represent 

the native healthy and glaucomatous trabecular meshwork. To achieve this, experiments 

would be devised to screen current glaucoma drugs on cells grown on our scaffolds and 

measure the cellular contractility, proliferation and gene expression to determine the best 

markers for glaucoma drugs.  

▪ Trabecular Meshwork Cell Culture Under Perfusion– By culturing TM cells on 3D 

collagen scaffolds under perfusion, a better understanding can be obtained about how these 

cells grow and interact under a dynamic flow system. Currently this work is in progress for 

developing a perfusion system that can culture TM cells for extended periods of time with 
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replicates and changed conditions. Next steps are to utilize this to determine how cells 

behave differently under this culture condition and how changes in flow and pressure affect 

cells. After this characterization process, drugs can be screened, and their cellular response 

can be measured to determine their efficacy as a glaucoma treatment. 

▪ Further Improvement of Dental Material Characteristics – This work would seek to 

improve the mechanical properties of these dental materials through alternative 

crosslinking methods, such as catalyst assisted crosslinking, and physical crosslinking 

using metal oxides. Further work needs to be done to make these materials radiopaque as 

well as their bonding force to native dentin material. This can be performed using 

mechanical testing for bond strength, indentation, and electron microscope techniques. 

▪ Regenerative Dental Materials In Vivo – This work would aim to continue the pursuit of 

regenerative dental composites. Further work needs to occur in partnering and planning 

animal studies that can show the full extent of regenerative potential in vivo. This can be 

done by using a well-developed mouse model and finding a research professional that has 

experience in prepping mice with pulp exposures and then filling with this material. After 

some time, these teeth can be analyzed to determine the amount of reformed dentin material 

through x-ray, or micro-CT analysis and histology for a more in-depth analysis of cellular 

behavior.  

  



122 

REFERENCES 

  

[1] Introduction to biomedical engineering, 3rd ed., Academic Press, Burlington, MA, 2011. 

[2] R.E. McClelland, R. Dennis, L.M. Reid, J.P. Stegemann, B. Palsson, J.M. Macdonald, 
Tissue Engineering, in: Introduction to Biomedical Engineering, Elsevier, 2012: pp. 273–
357. doi:10.1016/B978-0-12-374979-6.00006-X. 

[3] K.M. Yamada, Fibronectin and Other Cell Interactive Glycoproteins, in: E.D. Hay (Ed.), 
Cell Biology of Extracellular Matrix: Second Edition, Springer US, Boston, MA, 1991: 
pp. 111–146. doi:10.1007/978-1-4615-3770-0_5. 

[4] B.M. Gumbiner, Cell Adhesion: The Molecular Basis of Tissue Architecture and 
Morphogenesis, Cell. 84 (1996) 345–357. doi:10.1016/S0092-8674(00)81279-9. 

[5] R. Hynes, Integrins: A family of cell surface receptors, Cell. 48 (1987) 549–554. 
doi:10.1016/0092-8674(87)90233-9. 

[6] R.O. Hynes, Integrins: Versatility, modulation, and signaling in cell adhesion, Cell. 69 
(1992) 11–25. doi:10.1016/0092-8674(92)90115-S. 

[7] S.M. Albelda, C.A. Buck, Integrins and other cell adhesion molecules., The FASEB 
Journal. 4 (1990) 2868–2880. doi:10.1096/fasebj.4.11.2199285. 

[8] J.M. Ross, Chapter II. 1 - Cell-Extracellular Matrix Interactions, in: C.W. Patrick, A.G. 
Mikos, L.V. McIntire, R.S. Langer (Eds.), Frontiers in Tissue Engineering, Pergamon, 
Oxford, 1998: pp. 15–27. doi:10.1016/B978-008042689-1/50004-2. 

[9] G. Beidoe, S.A. Mousa, Current primary open-angle glaucoma treatments and future 
directions, Clin Ophthalmol. 6 (2012) 1699–1707. doi:10.2147/OPTH.S32933. 

[10] Glaucoma, Open-angle | National Eye Institute, (n.d.). 
https://nei.nih.gov/eyedata/glaucoma (accessed July 4, 2019). 

[11] Understanding trabecular meshwork physiology: a key to the control of intraocular 
pressure? - PubMed - NCBI, (n.d.). https://www.ncbi.nlm.nih.gov/pubmed/14500801 
(accessed July 4, 2019). 

[12] E.R. Tamm, The trabecular meshwork outflow pathways: structural and functional 
aspects, Exp. Eye Res. 88 (2009) 648–655. doi:10.1016/j.exer.2009.02.007. 

[13] D. Tang, R.S. Tare, L.-Y. Yang, D.F. Williams, K.-L. Ou, R.O.C. Oreffo, Biofabrication 
of bone tissue: approaches, challenges and translation for bone regeneration, 
Biomaterials. 83 (2016) 363–382. doi:10.1016/j.biomaterials.2016.01.024. 



123 

[14] A.S. Brydone, D. Meek, S. Maclaine, Bone grafting, orthopaedic biomaterials, and the 
clinical need for bone engineering, Proc Inst Mech Eng H. 224 (2010) 1329–1343. 
doi:10.1243/09544119JEIM770. 

[15] D.M. Gibbs, M. Vaezi, S. Yang, R.O. Oreffo, Hope versus hype: what can additive 
manufacturing realistically offer trauma and orthopedic surgery?, Regenerative Medicine. 
9 (2014) 535–549. doi:10.2217/rme.14.20. 

[16] A. Oryan, S. Alidadi, A. Moshiri, N. Maffulli, Bone regenerative medicine: classic 
options, novel strategies, and future directions, Journal of Orthopaedic Surgery and 
Research. 9 (2014) 18. doi:10.1186/1749-799X-9-18. 

[17] P. Habibovic, K. de Groot, Osteoinductive biomaterials - properties and relevance in bone 
repair, Journal of Tissue Engineering and Regenerative Medicine. 1 (2007) 25–32. 
doi:10.1002/term.5. 

[18] B. Wen, M. Freilich, L. Kuhn, Chapter 55 - Bone Tissue Engineering Around Dental 
Implants, in: A. Vishwakarma, P. Sharpe, S. Shi, M. Ramalingam (Eds.), Stem Cell 
Biology and Tissue Engineering in Dental Sciences, Academic Press, Boston, 2015: pp. 
749–764. doi:10.1016/B978-0-12-397157-9.00059-X. 

[19] J.L. Harding, M.D. Krebs, Bioinspired Deposition-Conversion Synthesis of Tunable 
Calcium Phosphate Coatings on Polymeric Hydrogels, ACS Biomaterials Science & 
Engineering. 3 (2017) 2024–2032. doi:10.1021/acsbiomaterials.7b00280. 

[20] J.L. Harding, M.D. Krebs, Controlled and Tunable Biomimetic Apatite Mineralization of 
Synthetic Hydrogels, Macromolecular Materials and Engineering. 301 (n.d.) 1172–1180. 
doi:10.1002/mame.201600151. 

[21] B.A. Dye, National Center for Health Statistics (U.S.), National Health and Nutrition 
Examination Survey (U.S.), eds., Trends in oral health status: United States, 1988-1994 
and 1999-2004, U.S. Department of Health and Human Services, Centers for Disease 
Control and Prevention, National Center for Health Statistics, Hyattsville, Md, 2007. 

[22] Must-know classifications of dental caries for the national dental hygiene boards, (n.d.). 
https://www.dentistryiq.com/articles/2016/03/must-know-classifications-of-dental-caries-
for-the-national-dental-hygiene-boards.html (accessed January 3, 2019). 

[23] B.A. Dye, T.J. Iafolla, Dental Caries and Tooth Loss in Adults in the United States, 2011–
2012, (2015) 8. 

[24] H.A. Quigley, A.T. Broman, The number of people with glaucoma worldwide in 2010 and 
2020, Br J Ophthalmol. 90 (2006) 262–267. doi:10.1136/bjo.2005.081224. 

[25] E.R. Chu, J.M. Gonzalez, J.C.H. Tan, Tissue-Based Imaging Model of Human Trabecular 
Meshwork, Journal of Ocular Pharmacology and Therapeutics. 30 (2014) 191–201. 
doi:10.1089/jop.2013.0190. 



124 

[26] W.H. Spencer, J. Alvarado, T.L. Hayes, Scanning electron microscopy of human ocular 
tissues: trabecular meshwork, Investigative Ophthalmology & Visual Science. 7 (1968) 
651–662. 

[27] D.R. Overby, W.D. Stamer, M. Johnson, The changing paradigm of outflow resistance 
generation: Towards synergistic models of the JCT and inner wall endothelium, 
Experimental Eye Research. 88 (2009) 656–670. doi:10.1016/j.exer.2008.11.033. 

[28] C.N. Dautriche, Y. Xie, S.T. Sharfstein, Walking through trabecular meshwork biology: 
Toward engineering design of outflow physiology, Biotechnology Advances. 32 (2014) 
971–983. doi:10.1016/j.biotechadv.2014.04.012. 

[29] N. Jacobson, M. Andrews, A.R. Shepard, D. Nishimura, C. Searby, J.H. Fingert, G. 
Hageman, R. Mullins, B.L. Davidson, Y.H. Kwon, W.L. Alward, E.M. Stone, A.F. Clark, 
V.C. Sheffield, Non-secretion of mutant proteins of the glaucoma gene myocilin in 
cultured trabecular meshwork cells and in aqueous humor, Hum. Mol. Genet. 10 (2001) 
117–125. doi:10.1093/hmg/10.2.117. 

[30] C.T. McKee, J.A. Wood, N.M. Shah, M.E. Fischer, C.M. Reilly, C.J. Murphy, P. Russell, 
The effect of biophysical attributes of the ocular trabecular meshwork associated with 
glaucoma on the cell response to therapeutic agents, Biomaterials. 32 (2011) 2417–2423. 
doi:10.1016/j.biomaterials.2010.11.071. 

[31] M. Obazawa, Y. Mashima, N. Sanuki, S. Noda, J. Kudoh, N. Shimizu, Y. Oguchi, Y. 
Tanaka, T. Iwata, Analysis of porcine optineurin and myocilin expression in trabecular 
meshwork cells and astrocytes from optic nerve head, Invest. Ophthalmol. Vis. Sci. 45 
(2004) 2652–2659. doi:10.1167/iovs.03-0572. 

[32] J.R. Polansky, D.J. Fauss, P. Chen, H. Chen, E. Lütjen-Drecoll, D. Johnson, R.M. Kurtz, 
Z.D. Ma, E. Bloom, T.D. Nguyen, Cellular pharmacology and molecular biology of the 
trabecular meshwork inducible glucocorticoid response gene product, Ophthalmologica. 
211 (1997) 126–139. 

[33] E.R. Tamm, P. Russell, D.L. Epstein, D.H. Johnson, J. Piatigorsky, Modulation of 
myocilin/TIGR expression in human trabecular meshwork, Invest. Ophthalmol. Vis. Sci. 
40 (1999) 2577–2582. 

[34] J.A. Wood, C.T. McKee, S.M. Thomasy, M.E. Fischer, N.M. Shah, C.J. Murphy, P. 
Russell, Substratum compliance regulates human trabecular meshwork cell behaviors and 
response to latrunculin B, Invest. Ophthalmol. Vis. Sci. 52 (2011) 9298–9303. 
doi:10.1167/iovs.11-7857. 

[35] B.Y. Yue, C.C. Lin, P.F. Fei, M.O. Tso, Effects of chondroitin sulfate on metabolism of 
trabecular meshwork, Exp. Eye Res. 38 (1984) 35–44. 

[36] B. Kim, C.J. Roberts, A.M. Mahmoud, P. Weber, Y. Zhao, EFFECT OF TOPOGRAPHIC 
CUES ON IN VITRO CULTURED TRABECULAR MESHWORK ENDOTHELIAL 
CELLS, (n.d.) 3. 



125 

[37] J.M. Gonzalez, S. Hamm-Alvarez, J.C.H. Tan, Analyzing live cellularity in the human 
trabecular meshwork, Invest. Ophthalmol. Vis. Sci. 54 (2013) 1039–1047. 
doi:10.1167/iovs.12-10479. 

[38] K.Y. Torrejon, D. Pu, M. Bergkvist, J. Danias, S.T. Sharfstein, Y. Xie, Recreating a 
human trabecular meshwork outflow system on microfabricated porous structures: 
Bioengineered Human Trabecular Meshwork, Biotechnology and Bioengineering. 110 
(2013) 3205–3218. doi:10.1002/bit.24977. 

[39] C.N. Dautriche, D. Szymanski, M. Kerr, K.Y. Torrejon, M. Bergkvist, Y. Xie, J. Danias, 
W.D. Stamer, S.T. Sharfstein, A biomimetic Schlemm’s canal inner wall: A model to 
study outflow physiology, glaucoma pathology and high-throughput drug screening, 
Biomaterials. 65 (2015) 86–92. doi:10.1016/j.biomaterials.2015.06.034. 

[40] M.D. Shoulders, R.T. Raines, Collagen structure and stability, Annu. Rev. Biochem. 78 
(2009) 929–958. doi:10.1146/annurev.biochem.77.032207.120833. 

[41] R. Parenteau-Bareil, R. Gauvin, F. Berthod, Collagen-Based Biomaterials for Tissue 
Engineering Applications, Materials (Basel). 3 (2010) 1863–1887. 
doi:10.3390/ma3031863. 

[42] T.S. Acott, M.J. Kelley, Extracellular matrix in the trabecular meshwork, Experimental 
Eye Research. 86 (2008) 543–561. doi:10.1016/j.exer.2008.01.013. 

[43] S.R. Caliari, B.A.C. Harley, The effect of anisotropic collagen-GAG scaffolds and growth 
factor supplementation on tendon cell recruitment, alignment, and metabolic activity, 
Biomaterials. 32 (2011) 5330–5340. doi:10.1016/j.biomaterials.2011.04.021. 

[44] S.D. Gorham, N.D. Light, A.M. Diamond, M.J. Willins, A.J. Bailey, T.J. Wess, N.J. 
Leslie, Effect of chemical modifications on the susceptibility of collagen to proteolysis. 
II. Dehydrothermal crosslinking, International Journal of Biological Macromolecules. 14 
(1992) 129–138. 

[45] M.S. Ponticiello, R.M. Schinagl, S. Kadiyala, F.P. Barry, Gelatin-based resorbable sponge 
as a carrier matrix for human mesenchymal stem cells in cartilage regeneration therapy, J. 
Biomed. Mater. Res. 52 (2000) 246–255. 

[46] J.S. Collins, T.H. Goldsmith, Spectral properties of fluorescence induced by 
glutaraldehyde fixation, J. Histochem. Cytochem. 29 (1981) 411–414. 

[47] N.J. Friedman, P.K. Kaiser, B. Trattler, Review of ophthalmology, 2018. 

[48] J.A. Last, T. Pan, Y. Ding, C.M. Reilly, K. Keller, T.S. Acott, M.P. Fautsch, C.J. Murphy, 
P. Russell, Elastic Modulus Determination of Normal and Glaucomatous Human 
Trabecular Meshwork, Investigative Opthalmology & Visual Science. 52 (2011) 2147. 
doi:10.1167/iovs.10-6342. 



126 

[49] L.J. Camras, W.D. Stamer, D. Epstein, P. Gonzalez, F. Yuan, Differential effects of 
trabecular meshwork stiffness on outflow facility in normal human and porcine eyes, 
Invest. Ophthalmol. Vis. Sci. 53 (2012) 5242–5250. doi:10.1167/iovs.12-9825. 

[50] A.T.H. Choy, K.W. Leong, B.P. Chan, Chemical modification of collagen improves 
glycosaminoglycan retention of their co-precipitates, Acta Biomater. 9 (2013) 4661–
4672. doi:10.1016/j.actbio.2012.09.016. 

[51] K. Shahin, P.M. Doran, Strategies for enhancing the accumulation and retention of 
extracellular matrix in tissue-engineered cartilage cultured in bioreactors, PLoS ONE. 6 
(2011) e23119. doi:10.1371/journal.pone.0023119. 

[52] J.S. Pieper, A. Oosterhof, P.J. Dijkstra, J.H. Veerkamp, T.H. van Kuppevelt, Preparation 
and characterization of porous crosslinked collagenous matrices containing bioavailable 
chondroitin sulphate, Biomaterials. 20 (1999) 847–858. 

[53] K.S. Weadock, E.J. Miller, E.L. Keuffel, M.G. Dunn, Effect of physical crosslinking 
methods on collagen-fiber durability in proteolytic solutions, J. Biomed. Mater. Res. 32 
(1996) 221–226. doi:10.1002/(SICI)1097-4636(199610)32:2<221::AID-
JBM11>3.0.CO;2-M. 

[54] D.L. Ellis, I.V. Yannas, I.V. Yannas, Regeneration Templates: Artificial Skin and Nerves, 
Encyclopedia of Biomedical Polymers and Polymeric Biomaterials, 11 Volume Set. 
(2015). doi:10.1081/E-EBPP-120051914. 

[55] P.A. Knepper, W. Goossens, M. Hvizd, P.F. Palmberg, Glycosaminoglycans of the human 
trabecular meshwork in primary open-angle glaucoma, Invest. Ophthalmol. Vis. Sci. 37 
(1996) 1360–1367. 

[56] M.B.A. Mass MD, CM, FRCSC, FARVO, Robert David, MD, Aron Shapiro and James 
McLaughlin, PhD, Andover, Glaucoma Therapeutics 2013, (n.d.). 
https://www.reviewofophthalmology.com/article/glaucoma-therapeutics-2013 (accessed 
July 4, 2019). 

[57] D.H. Johnson, Human trabecular meshwork cell survival is dependent on perfusion rate., 
Investigative Ophthalmology & Visual Science. 37 (1996) 1204–1208. 

[58] K.E. Keller, M. Aga, J.M. Bradley, M.J. Kelley, T.S. Acott, Extracellular matrix turnover 
and outflow resistance, Exp. Eye Res. 88 (2009) 676–682. 
doi:10.1016/j.exer.2008.11.023. 

[59] J.A. Faralli, M.K. Schwinn, J.M. Gonzalez, M.S. Filla, D.M. Peters, Functional Properties 
of Fibronectin in the Trabecular Meshwork, Exp Eye Res. 88 (2009) 689–693. 
doi:10.1016/j.exer.2008.08.019. 



127 

[60] M. Osmond, S.M. Bernier, M.B. Pantcheva, M.D. Krebs, Collagen and collagen-
chondroitin sulfate scaffolds with uniaxially aligned pores for the biomimetic, three-
dimensional culture of trabecular meshwork cells, Biotechnology and Bioengineering. 
114 (2017) 915–923. 

[61] J.L. Harding, M.J. Osmond, M.D. Krebs, Engineering Osteoinductive Biomaterials by 
Bioinspired Synthesis of Apatite Coatings on Collagen Hydrogels with Varied Pore 
Microarchitectures, Tissue Engineering Part A. 23 (2017) 1452–1465. 
doi:10.1089/ten.tea.2017.0031. 

[62] J.R. Runyon, S.K.R. Williams, Composition and molecular weight analysis of styrene-
acrylic copolymers using thermal field-flow fractionation, Journal of Chromatography A. 
1218 (2011) 6774–6779. doi:10.1016/j.chroma.2011.07.076. 

[63] T. Bitter, H.M. Muir, A modified uronic acid carbazole reaction, Anal. Biochem. 4 (1962) 
330–334. 

[64] M. Cesaretti, A 96-well assay for uronic acid carbazole reaction, Carbohydrate Polymers. 
54 (2003) 59–61. doi:10.1016/S0144-8617(03)00144-9. 

[65] M.M. Mia, R.A. Bank, The pro-fibrotic properties of transforming growth factor on 
human fibroblasts are counteracted by caffeic acid by inhibiting myofibroblast formation 
and collagen synthesis, Cell Tissue Res. 363 (2016) 775–789. doi:10.1007/s00441-015-
2285-6. 

[66] A.F. Clark, K. Wilson, M.D. McCartney, S.T. Miggans, M. Kunkle, W. Howe, 
Glucocorticoid-Induced Formation of Cross-Linked Actin Networks in Cultured Human 
Trabecular Meshwork Cells, Investigative Ophthalmology. 35 (1994) 14. 

[67] W.E. Medina-Ortiz, R. Belmares, S. Neubauer, R.J. Wordinger, A.F. Clark, Cellular 
Fibronectin Expression in Human Trabecular Meshwork and Induction by Transforming 
Growth Factor-β2, Invest Ophthalmol Vis Sci. 54 (2013) 6779–6788. 
doi:10.1167/iovs.13-12298. 

[68] I. Nelson, S.E. Naleway, Intrinsic and extrinsic control of freeze casting, Journal of 
Materials Research and Technology. 8 (2019) 2372–2385. 
doi:10.1016/j.jmrt.2018.11.011. 

[69] E. García-Gareta, M.J. Coathup, G.W. Blunn, Osteoinduction of bone grafting materials 
for bone repair and regeneration, Bone. 81 (2015) 112–121. 
doi:10.1016/j.bone.2015.07.007. 

[70] R.Z. LeGeros, Properties of osteoconductive biomaterials: Calcium phosphates, Clinical 
Orthopaedics and Related Research. (2002) 81–98. 

[71] M.R. Urist, R.J. DeLange, G.A. Finerman, Bone cell differentiation and growth factors, 
Science. 220 (1983) 680–686. doi:10.1126/science.6403986. 



128 

[72] C.J. Damien, J.R. Parsons, Bone graft and bone graft substitutes: A review of current 
technology and applications, Journal of Applied Biomaterials. 2 (1991) 187–208. 
doi:10.1002/jab.770020307. 

[73] R.J. Miron, Q. Zhang, A. Sculean, D. Buser, B.E. Pippenger, M. Dard, Y. Shirakata, F. 
Chandad, Y.F. Zhang, Osteoinductive potential of 4 commonly employed bone grafts, 
Clinical Oral Investigations. 20 (2016) 2259–2265. doi:10.1007/s00784-016-1724-4. 

[74] V. Karageorgiou, D. Kaplan, Porosity of 3D biomaterial scaffolds and osteogenesis, 
Biomaterials. 26 (2005) 5474–5491. doi:10.1016/j.biomaterials.2005.02.002. 

[75] P. Habibovic, H.P. Yuan, C.M. van der Valk, G. Meijer, C.A. van Blitterswijk, K. de 
Groot, 3D microenvironment as essential element for osteoinduction by biomaterials, 
Biomaterials. 26 (2005) 3565–3575. doi:10.1016/j.biomaterials.2004.09.056. 

[76] H.P. Yuan, H. Fernandes, P. Habibovic, J. de Boer, A.M.C. Barradas, A. de Ruiter, W.R. 
Walsh, C.A. van Blitterswijk, J.D. de Bruijn, Osteoinductive ceramics as a synthetic 
alternative to autologous bone grafting, Proceedings of the National Academy of 
Sciences of the United States of America. 107 (2010) 13614–13619. 
doi:10.1073/pnas.1003600107. 

[77] S.V. Dorozhkin, M. Epple, Biological and medical significance of calcium phosphates, 
Angewandte Chemie-International Edition. 41 (2002) 3130–3146. doi:10.1002/1521-
3773(20020902)41:17<3130::aid-anie3130>3.0.co;2-1. 

[78] S.V. Dorozhkin, Calcium orthophosphate-based biocomposites and hybrid biomaterials, 
Journal of Materials Science. 44 (2009) 2343–2387. doi:10.1007/s10853-008-3124-x. 

[79] F. Barrere, C.A. van Blitterswijk, K. de Groot, Bone regeneration: molecular and cellular 
interactions with calcium phosphate ceramics, International Journal of Nanomedicine. 1 
(2006) 317–332. 

[80] S.Y. Choi, W.L. Murphy, The effect of mineral coating morphology on mesenchymal 
stem cell attachment and expansion, Journal of Materials Chemistry. 22 (2012) 25288–
25295. doi:10.1039/c2jm33354f. 

[81] X.J. Zan, P. Sitasuwan, S. Feng, Q. Wang, Effect of Roughness on in Situ Biomineralized 
CaP-Collagen Coating on the Osteogenesis of Mesenchymal Stem Cells, Langmuir. 32 
(2016) 1808–1817. doi:10.1021/acs.langmuir.5b04245. 

[82] C. Hu, M. Zilm, M. Wei, Fabrication of intrafibrillar and extrafibrillar mineralized 
collagen/apatite scaffolds with a hierarchical structure, J. Biomed. Mater. Res. 104 (2016) 
1153–1161. doi:10.1002/jbm.a.35649. 



129 

[83] J.C. Lee, C.T. Pereira, X. Ren, W. Huang, D. Bischoff, D.W. Weisgerber, D.T. 
Yamaguchi, B.A. Harley, T.A. Miller, Optimizing Collagen Scaffolds for Bone 
Engineering: Effects of Cross-linking and Mineral Content on Structural Contraction and 
Osteogenesis, Journal of Craniofacial Surgery. 26 (2015) 1992–1996. 
doi:10.1097/SCS.0000000000001918. 

[84] A.M. Ferreira, P. Gentile, V. Chiono, G. Ciardelli, Collagen for bone tissue regeneration, 
Acta Biomaterialia. 8 (2012) 3191–3200. doi:10.1016/j.actbio.2012.06.014. 

[85] Z.X. Liu, X.M. Wang, Q. Wang, X.C. Shen, H. Liang, F.Z. Cui, Evolution of calcium 
phosphate crystallization on three functional group surfaces with the same surface 
density, Crystengcomm. 14 (2012) 6695–6701. doi:10.1039/c2ce25546d. 

[86] W. Cui, X. Li, C. Xie, H. Zhuang, S. Zhou, J. Weng, Hydroxyapatite nucleation and 
growth mechanism on electrospun fibers functionalized with different chemical groups 
and their combinations, Biomaterials. 31 (2010) 4620–4629. 
doi:10.1016/j.biomaterials.2010.02.050. 

[87] Y. Wang, T. Azais, M. Robin, A. Vallee, C. Catania, P. Legriel, G. Pehau-Arnaudet, F. 
Babonneau, M.-M. Giraud-Guille, N. Nassif, The predominant role of collagen in the 
nucleation, growth, structure and orientation of bone apatite, Nature Materials. 11 (2012) 
724–733. doi:10.1038/nmat3362. 

[88] Z.-Y. Qiu, Y. Cui, C.-S. Tao, Z.-Q. Zhang, P.-F. Tang, K.-Y. Mao, X.-M. Wang, F.-Z. 
Cui, Mineralized Collagen: Rationale, Current Status, and Clinical Applications, 
Materials. 8 (2015) 4733–4750. doi:10.3390/ma8084733. 

[89] B. Marelli, C.E. Ghezzi, D. Mohn, W.J. Stark, J.E. Barralet, A.R. Boccaccini, S.N. 
Nazhat, Accelerated mineralization of dense collagen-nano bioactive glass hybrid gels 
increases scaffold stiffness and regulates osteoblastic function, Biomaterials. 32 (2011) 
8915–8926. doi:10.1016/j.biomaterials.2011.08.016. 

[90] B. Marelli, C.E. Ghezzi, J.E. Barralet, S.N. Nazhat, Collagen gel fibrillar density dictates 
the extent of mineralization in vitro, Soft Matter. 7 (2011) 9898–9907. 
doi:10.1039/c1sm06027a. 

[91] S.V. Dorozhkin, Multiphasic calcium orthophosphate (CaPO4) bioceramics and their 
biomedical applications, Ceramics International. 42 (2016) 6529–6554. 
doi:10.1016/j.ceramint.2016.01.062. 

[92] M. Kikuchi, S. Itoh, S. Ichinose, K. Shinomiya, J. Tanaka, Self-organization mechanism in 
a bone-like hydroxyapatite/collagen nanocomposite synthesized in vitro and its biological 
reaction in vivo, Biomaterials. 22 (2001) 1705–1711. doi:10.1016/s0142-9612(00)00305-
7. 

[93] W. He, P. Kjellin, F. Currie, P. Handa, C.S. Knee, J. Bielecki, L.R. Wallenberg, M. 
Andersson, Formation of Bone-like Nanocrystalline Apatite Using Self-Assembled 
Liquid Crystals, Chemistry of Materials. 24 (2012) 892–902. doi:10.1021/cm201077t. 



130 

[94] S.V. Dorozhkin, Calcium orthophosphate deposits: Preparation, properties and biomedical 
applications, Materials Science and Engineering: C. 55 (2015) 272–326. 
doi:10.1016/j.msec.2015.05.033. 

[95] J.C. Elliott, Chapter 4 - Mineral, Synthetic and Biological Carbonate Apatites, in: Studies 
in Inorganic Chemistry, Elsevier, 1994: pp. 191–304. doi:10.1016/B978-0-444-81582-
8.50009-2. 

[96] L.T. Kuhn, Y.T. Xu, C. Rey, L.C. Gerstenfeld, M.D. Grynpas, J.L. Ackerman, H.M. Kim, 
M.J. Glimcher, Structure, composition, and maturation of newly deposited calcium-
phosphate crystals in chicken osteoblast cell cultures, Journal of Bone and Mineral 
Research. 15 (2000) 1301–1309. doi:10.1359/jbmr.2000.15.7.1301. 

[97] T.P. Feenstra, P.L. De Bruyn, The ostwald rule of stages in precipitation from highly 
supersaturated solutions: a model and its application to the formation of the 
nonstoichiometric amorphous calcium phosphate precursor phase, Journal of Colloid and 
Interface Science. 84 (1981) 66–72. doi:10.1016/0021-9797(81)90260-5. 

[98] S. Weiner, H.D. Wagner, The material bone: Structure mechanical function relations, 
Annual Review of Materials Science. 28 (1998) 271–298. 
doi:10.1146/annurev.matsci.28.1.271. 

[99] J.C. Elliott, Chapter 1 - General Chemistry of the Calcium Orthophosphates, in: Studies in 
Inorganic Chemistry, Elsevier, 1994: pp. 1–62. doi:10.1016/B978-0-444-81582-8.50006-
7. 

[100] S.R. Stock, The Mineral-Collagen Interface in Bone, Calcified Tissue International. 97 
(2015) 262–280. doi:10.1007/s00223-015-9984-6. 

[101] T. Taguchi, A. Kishida, M. Akashi, Hydroxyapatite formation on/in poly(vinyl alcohol) 
hydrogel matrices using a novel alternate soaking process, Chemistry Letters. (1998) 
711–712. doi:10.1246/cl.1998.711. 

[102] J.C. Goes, S.D. Figueiro, A.M. Oliveira, A.A.M. Macedo, C.C. Silva, N. Ricardo, A.S.B. 
Sombra, Apatite coating on anionic and native collagen films by an alternate soaking 
process, Acta Biomaterialia. 3 (2007) 773–778. doi:10.1016/j.actbio.2007.02.008. 

[103] J.H. Bradt, M. Mertig, A. Teresiak, W. Pompe, Biomimetic mineralization of collagen by 
combined fibril assembly and calcium phosphate formation, Chemistry of Materials. 11 
(1999) 2694–2701. doi:10.1021/cm991002p. 

[104] S.M. George, Atomic Layer Deposition: An Overview, Chemical Reviews. 110 (2010) 
111–131. doi:10.1021/cr900056b. 

[105] L. Pastero, D. Aquilano, Monetite-Assisted Growth of Micrometric Ca-Hydroxyapatite 
Crystals from Mild Hydrothermal Conditions, Crystal Growth & Design. 16 (2016) 852–
860. doi:10.1021/acs.cgd.5b01431. 



131 

[106] Y. Liu, N. Li, Y.P. Qi, L. Dai, T.E. Bryan, J. Mao, D.H. Pashley, F.R. Tay, Intrafibrillar 
Collagen Mineralization Produced by Biomimetic Hierarchical Nanoapatite Assembly, 
Advanced Materials. 23 (2011) 975–980. doi:10.1002/adma.201003882. 

[107] K. Jiao, L.N. Niu, C.F. Ma, X.Q. Huang, D.D. Pei, T. Luo, Q. Huang, J.H. Chen, F.R. 
Tay, Complementarity and Uncertainty in Intrafibrillar Mineralization of Collagen, 
Advanced Functional Materials. 26 (2016) 6858–6875. doi:10.1002/adfm.201602207. 

[108] R.O. Hynes, The Extracellular Matrix: Not Just Pretty Fibrils, Science. 326 (2009) 1216–
1219. doi:10.1126/science.1176009. 

[109] A.L. Boskey, Noncollagenous matrix proteins and their role in mineralization, Bone and 
Mineral. 6 (1989) 111–123. doi:10.1016/0169-6009(89)90044-5. 

[110] F.C.M. Driessens, The mineral in bone, dentin and tooth enamel, Bulletin Des Sociétés 
Chimiques Belges. 89 (2010) 663–689. doi:10.1002/bscb.19800890811. 

[111] T. Komori, Regulation of skeletal development by the Runx family of transcription 
factors, Journal of Cellular Biochemistry. 95 (2005) 445–453. doi:10.1002/jcb.20420. 

[112] F. Iordache, A. Constantinescu, E. Andrei, B. Amuzescu, F. Halitzchi, L. Savu, H. Maniu, 
Electrophysiology, immunophenotype, and gene expression characterization of senescent 
and cryopreserved human amniotic fluid stem cells, The Journal of Physiological 
Sciences. 66 (2016) 463–476. doi:10.1007/s12576-016-0441-8. 

[113] The facts on fillings: Amalgam vs. resin composite - Delta Dental, (n.d.). 
https://www.deltadentalins.com/oral_health/amalgam.html (accessed January 3, 2019). 

[114] T. Komabayashi, Q. Zhu, R. Eberhart, Y. Imai, Current status of direct pulp-capping 
materials for permanent teeth, Dent. Mater. J. 35 (2016) 1–12. doi:10.4012/dmj.2015-
013. 

[115] F. Schwendicke, M. Stolpe, Direct Pulp Capping after a Carious Exposure Versus Root 
Canal Treatment: A Cost-effectiveness Analysis, Journal of Endodontics. 40 (2014) 
1764–1770. doi:10.1016/j.joen.2014.07.028. 

[116] F. Schwendicke, F. Brouwer, A. Schwendicke, S. Paris, Different materials for direct pulp 
capping: systematic review and meta-analysis and trial sequential analysis, Clin Oral 
Invest. 20 (2016) 1121–1132. doi:10.1007/s00784-016-1802-7. 

[117] A.B. Paula, M. Laranjo, C.-M. Marto, S. Paulo, A.M. Abrantes, J. Casalta-Lopes, M. 
Marques-Ferreira, M.F. Botelho, E. Carrilho, Direct Pulp Capping: What is the Most 
Effective Therapy?—Systematic Review and Meta-Analysis, Journal of Evidence Based 
Dental Practice. 18 (2018) 298–314. doi:10.1016/j.jebdp.2018.02.002. 

[118] U. Schröder, Effects of Calcium Hydroxide-containing Pulp-capping Agents on Pulp Cell 
Migration, Proliferation, and Differentiation, J Dent Res. 64 (1985) 541–548. 
doi:10.1177/002203458506400407. 



132 

[119] T. Hilton, Keys to Clinical Success with Pulp Capping: A Review of the Literature, Oper 
Dent. 34 (2009) 615–625. 

[120] A. Qureshi, S. E., Nandakumar, Pratapkumar, Sambashivarao, Recent Advances in Pulp 
Capping Materials: An Overview, J Clin Diagn Res. 8 (2014) 316–321. 
doi:10.7860/JCDR/2014/7719.3980. 

[121] M. Parirokh, M. Torabinejad, Mineral Trioxide Aggregate: A Comprehensive Literature 
Review—Part III: Clinical Applications, Drawbacks, and Mechanism of Action, Journal 
of Endodontics. 36 (2010) 400–413. doi:10.1016/j.joen.2009.09.009. 

[122] T. Giraud, C. Jeanneau, M. Bergmann, P. Laurent, I. About, Tricalcium Silicate Capping 
Materials Modulate Pulp Healing and Inflammatory Activity In Vitro, Journal of 
Endodontics. 44 (2018) 1686–1691. doi:10.1016/j.joen.2018.06.009. 

[123] X.-G. Chen, H.-J. Park, Chemical characteristics of O-carboxymethyl chitosans related to 
the preparation conditions, Carbohydrate Polymers. 53 (2003) 355–359. 
doi:10.1016/S0144-8617(03)00051-1. 

[124] H. Zhang, B.W. Darvell, Synthesis and characterization of hydroxyapatite whiskers by 
hydrothermal homogeneous precipitation using acetamide, Acta Biomaterialia. 6 (2010) 
3216–3222. doi:10.1016/j.actbio.2010.02.011. 

[125] J.J. Martin, M.S. Riederer, M.D. Krebs, R.M. Erb, Understanding and overcoming shear 
alignment of fibers during extrusion, Soft Matter. 11 (2015) 400–405. 
doi:10.1039/C4SM02108H. 

[126] K. Liang, M.D. Weir, M.A. Reynolds, X. Zhou, J. Li, H.H.K. Xu, Poly (amido amine) and 
nano-calcium phosphate bonding agent to remineralize tooth dentin in cyclic artificial 
saliva/lactic acid, Materials Science and Engineering: C. 72 (2017) 7–17. 
doi:10.1016/j.msec.2016.11.020. 

[127] I. Sideridou, D.S. Achilias, C. Spyroudi, M. Karabela, Water sorption characteristics of 
light-cured dental resins and composites based on Bis-EMA/PCDMA, Biomaterials. 25 
(2004) 367–376. doi:10.1016/S0142-9612(03)00529-5. 

[128] L. Bacakova, E. Filova, M. Parizek, T. Ruml, V. Svorcik, Modulation of cell adhesion, 
proliferation and differentiation on materials designed for body implants, Biotechnology 
Advances. 29 (2011) 739–767. doi:10.1016/j.biotechadv.2011.06.004. 

[129] M. Wang, Developing bioactive composite materials for tissue replacement, Biomaterials. 
24 (2003) 2133–2151. doi:10.1016/S0142-9612(03)00037-1. 

[130] W. Qin, X. Gao, T. Ma, M.D. Weir, J. Zou, B. Song, Z. Lin, A. Schneider, H.H.K. Xu, 
Metformin Enhances the Differentiation of Dental Pulp Cells into Odontoblasts by 
Activating AMPK Signaling, Journal of Endodontics. 44 (2018) 576–584. 
doi:10.1016/j.joen.2017.11.017. 



133 

[131] S. Wang, Y. Xia, T. Ma, M.D. Weir, K. Ren, M.A. Reynolds, Y. Shu, L. Cheng, A. 
Schneider, H.H.K. Xu, Novel metformin-containing resin promotes odontogenic 
differentiation and mineral synthesis of dental pulp stem cells, Drug Deliv. and Transl. 
Res. 9 (2019) 85–96. doi:10.1007/s13346-018-00600-3. 

[132] W.-H. Lee, C.-Y. Loo, K.L. Van, A.V. Zavgorodniy, R. Rohanizadeh, Modulating protein 
adsorption onto hydroxyapatite particles using different amino acid treatments, J R Soc 
Interface. 9 (2012) 918–927. doi:10.1098/rsif.2011.0586. 

[133] S.K. Swain, D. Sarkar, Study of BSA protein adsorption/release on hydroxyapatite 
nanoparticles, Applied Surface Science. 286 (2013) 99–103. 
doi:10.1016/j.apsusc.2013.09.027. 

[134] M.J. Osmond, R.R. Mizenko, M.D. Krebs, Rapidly Curing Chitosan Calcium Phosphate 
Composites as Dental Pulp Capping Agents, Regenerative Medicine Frontiers. 2 (2018). 
doi:https://doi.org/10.20900/rmf20190002. 

[135] V. Uskoković, I. Janković-Častvan, V.M. Wu, Bone Mineral Crystallinity Governs the 
Orchestration of Ossification and Resorption during Bone Remodeling, ACS 
Biomaterials Science & Engineering. 5 (2019) 3483–3498. 
doi:10.1021/acsbiomaterials.9b00255. 

[136] M.C. Rodrigues, T.L.R. Hewer, G.E. de Souza Brito, V.E. Arana-Chavez, R.R. Braga, 
Calcium phosphate nanoparticles functionalized with a dimethacrylate monomer, 
Materials Science and Engineering: C. 45 (2014) 122–126. 
doi:10.1016/j.msec.2014.08.066. 

[137] J. Sana, B. Mohamed, Physico-chemical and thermal properties of Di-calcium phosphate, 
in: 2017 International Conference on Green Energy Conversion Systems (GECS), 2017: 
pp. 1–3. doi:10.1109/GECS.2017.8066160. 

[138] H. Yoshikawa, A. Myoui, Bone tissue engineering with porous hydroxyapatite ceramics, J 
Artif Organs. 8 (2005) 131–136. doi:10.1007/s10047-005-0292-1. 

[139] N. Eliaz, N. Metoki, Calcium Phosphate Bioceramics: A Review of Their History, 
Structure, Properties, Coating Technologies and Biomedical Applications, Materials 
(Basel). 10 (2017). doi:10.3390/ma10040334. 

[140] D.R. Askeland, Composite Materials, in: D.R. Askeland (Ed.), The Science and 
Engineering of Materials, Springer US, Boston, MA, 1996: pp. 549–594. 
doi:10.1007/978-1-4899-2895-5_16. 

[141] J. Zeltinger, J.K. Sherwood, D.A. Graham, R. Müeller, L.G. Griffith, Effect of Pore Size 
and Void Fraction on Cellular Adhesion, Proliferation, and Matrix Deposition, Tissue 
Engineering. 7 (2001) 557–572. doi:10.1089/107632701753213183. 



134 

[142] C.M. Murphy, M.G. Haugh, F.J. O’Brien, The effect of mean pore size on cell attachment, 
proliferation and migration in collagen–glycosaminoglycan scaffolds for bone tissue 
engineering, Biomaterials. 31 (2010) 461–466. doi:10.1016/j.biomaterials.2009.09.063. 

[143] J. Xu, M. Sun, Y. Tan, H. Wang, H. Wang, P. Li, Z. Xu, Y. Xia, L. Li, Y. Li, Effect of 
matrix stiffness on the proliferation and differentiation of umbilical cord mesenchymal 
stem cells, Differentiation. 96 (2017) 30–39. doi:10.1016/j.diff.2017.07.001. 

[144] T. Zhang, S. Lin, X. Shao, Q. Zhang, C. Xue, S. Zhang, Y. Lin, B. Zhu, X. Cai, Effect of 
matrix stiffness on osteoblast functionalization, Cell Proliferation. 50 (2017) e12338. 
doi:10.1111/cpr.12338. 

[145] S. Ruijtenberg, S. van den Heuvel, Coordinating cell proliferation and differentiation: 
Antagonism between cell cycle regulators and cell type-specific gene expression, Cell 
Cycle. 15 (2016) 196–212. doi:10.1080/15384101.2015.1120925. 

[146] W.H. Lee, C.Y. Loo, R. Rohanizadeh, A review of chemical surface modification of 
bioceramics: Effects on protein adsorption and cellular response, Colloids and Surfaces 
B-Biointerfaces. 122 (2014) 823–834. doi:10.1016/j.colsurfb.2014.07.029. 

[147] H. Zeng, K.K. Chittur, W.R. Lacefield, Analysis of bovine serum albumin adsorption on 
calcium phosphate and titanium surfaces, Biomaterials. 20 (1999) 377–384. 
doi:10.1016/S0142-9612(98)00184-7. 

[148] M.L.B. Palacio, S.R. Schricker, B. Bhushan, Bioadhesion of various proteins on random, 
diblock and triblock copolymer surfaces and the effect of pH conditions, J R Soc 
Interface. 8 (2011) 630–640. doi:10.1098/rsif.2010.0557.



136 

 

APPENDIX A  
 

SUPPLEMENTAL INFORMATION FOR ENGINEERING OSTEO-INDUCTIVE 

BIOMATERIALS BY BIOINSPIRED SYNTHESIS OF APATITE COATINGS  

ON COLLAGEN HYDROGELS WITH VARIED PORE 

MICROARCHITECTURES  

 
This appendix provides the supplemental information that was published with chapter 4.  

A.1.  Materials 

The following chemicals were used in these experiments were Calcium Nitrate tetrahydrate 

(CaNO3 • 4H2O), Dibasic Potassium Hydrogen Phosphate (K2HPO4), Calcium Chloride Dihydrate, 

Papain extract from Papaya, ethylenediamine-tetra acetic acid (EDTA), 

tris(hydroxymethyl)aminomethane (Tris), eriochrome black T (EBT), Sodium Phosphate, N-

acetyl cysteine, and Chondroitin Sulfate which were obtained from Sigma (St. Louis, MO). 

Ammonium Molybdate tetrahydrate, Acetone, ethanol, Ammonium hydroxide, TE buffer (pH 8), 

Sodium hydroxide (NaOH), Hydrochloric Acid (HCl), and DAPI (4',6-diamidino-2-phenylindole) 

was obtained from ThermoFisher. Type 1 Fibrillar Collagen (Bovine) was obtained from Collagen 

Matrix (Oakland, NJ). Dulbeco’s minimum essential media low glucose (DMEM-LG), 

Dexamethasone, ß-glycerophosphate (sigma), ascorbic acid-2-phosphate(sigma), 

penicillin/streptomycin, and 10% fetal bovine serum were purchased from ThermoFisher for use 

in cell culture. The kit used for the RNA isolation was the RNeasy Fibrous Tissue Mini Kit (Qiagen, 

Valencia, CA). The Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, 

Indianapolis, IN) was used to reverse transcribe RNA to cDNA.Primers for GAPDH came from 

the Human GAPD Gene assay kit, and RUNX2 primers were designed and ordered from Integrated 
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DNA Technologies (IDT, Coralville, IA). LightCycler FastStart DNA Master SYBR Green I from 

Roche Diagnostics was used as the fluorescent tag for RT-qPCR. hMSC’s were obtained with 

permission from the Institute for Regenerative Medicine in the Texas A&M Health Science Center. 

 

A.2.  Characterization of Mineralized Templates: 

X-ray Diffraction (XRD): The identity of the mineral phases deposited on collagen 

hydrogels were determined by powder XRD (Phillips X’pert). Samples for analysis were prepared 

by evaporative dehydration under ambient conditions. Samples for XRD were analyzed over the 

2-theta range of 10° to 60° with a step size of 0.02 degrees with Cu-K radiation (λ= 1.54060 Å).  

A.3.  Scanning Electron Microscopy (SEM) 

 The pore alignment of the prepared collagen scaffolds and the morphology of the resulting 

CaPi coatings deposited on the collagen hydrogel was determined by scanning electron microscopy 

(SEM) using a Quanta F.E.I 600 SEM instrument. Samples were mounted on conductive tape and 

sputtered with gold.  The accelerating voltage was set to 20kV with a spot size of 4 units and 

visualized using both standard secondary electron and backscatter electron detectors. 

A.4.  Atomic Force Microscopy (AFM) 

The topology of the mineralized collagen scaffolds were examined by atomic force 

microscopy (AFM) in tapping mode (Instrument make and model). A 10μm x 10μm area of the 

sample was examined with a silicon tip (TedPella ElectriTap 190) with a Cr/Pt coating, resonant 

frequency of 190 kHz and a force constant of 48 N/m. The images were recorded at a scan rate of 

0.5Hz at a scan speed of 3.76μm/s with a set point of 350-400mV. Representative scans of the 

samples were performed in triplicate.  
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A.5.  Determination of Ca/Pi ratio  

The amount of Ca2+ and Pi ions incorporated into the mineral coating was determined by 

individual analytical quantification. The Ca/Pi value was determined by taking the total amount of 

Ca2+ detected and dividing it by the total Pi content. The mineralized collagen scaffolds were 

digested in 0.5mL of 1M HCl to dissolve the deposited CaPi coating. Once dissolved each sample 

was diluted with 2.5mL of deionized water. Quantification of Phosphate: Colorimetric 

determination of phosphate concentration in the digestion solutions was determined by the 

formation of a phosphomolybdate complex and measurement by UV-vis spectroscopy at 390 nm.  

A 0.2 mL aliquot of the analyte solution was reacted with 1.6 mL of Acetone-Acid-molybdate 

(AAM) solution. The AAM solution was prepared by mixing 25 mL of 10 mM ammonium 

molybdate tetrahydrate with 25 mL H2SO4 and 50 mL of acetone.  After reacting for 5 min, 0.16 

mL of 1 M citric acid was added to the analyte–AAM solution. A standard curve between 

phosphate concentrations of 1 mM to 2.75 mM was prepared. Analyte solutions outside of this 

range were diluted with a 1:10 ratio. The resulting phosphate content supplied by the coating was 

correlated to mol mm-2.  Statistical analysis for significance was computed using the student’s t-

test (n=4).  

A.6.  Quantification of Calcium 

The Ca2+ content of the coatings was determined by complexometric titration with EDTA. 

To prevent precipitation of CaPi in solution as the pH is shifted towards alkaline conditions a back-

titration approach was utilized. In brief, 1 mL of analyte was added to 10 mL of standardized 5 

mM EDTA solution. The pH was subsequently increased to 10 by the addition of 1 mL ammonium 

buffer, followed by the addition of 0.2 mL eriochrome black T (EBT) indicator (0.87 mM EBT in 

ethanol). Standardized 5 mM CaCl2 solution was titrated into the EDTA solution until the end 
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point was reached by turning the solution from pink to purple. The Ca2+ content of the analyte 

solution was determined by subtracting the amount of Ca2+ added from the amount of EDTA added 

(mol EDTA - mol Ca titrant = mol Ca analyte).       

A.7.  Preparation of Simulated body fluid (SBF) 

 A 1x SBF solution was prepared with an ionic composition similar to that of human plasma 

in a 50 mM Tris buffer solution with added ionic species: 142 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 

2.5 mM Ca2+, 103 mM Cl-, 2.7mM HCO3, 1 mM HPO4
2-, 0.5 mM SO4

2-. The final solution was 

adjusted to pH 7.4 with 1 M HCl.    

A.8.  Determination of Mineral Weight Percent 

The weight percent of mineral was determined using a Mettler Toledo AX26 analytical 

scale accurate to delta range max 3g/21g d = 0.002mg/0.01mg. Non-mineral scaffolds were 

initially measured (n=5) for each of the variable microarchitectures. Mineralized scaffolds were 

measured (n=5) for each of the variable microarchitectures. From these the weight percents were 

calculated and presented in Table 1. 

 

Figure A.1 EDAX results for CaPi scaffolds where conversion took place in Tris Buffer. 
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Figure A.2 EDAX results for CaP scaffolds where conversion took place in simulated body fluid. 
 
 
 
 

 

Figure A.3 EDAX results for CaP scaffolds where conversion took place in the presence of NaF. 
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Figure A.4 Fluorescent confocal images of hMSCs proliferating on apatite-collagen scaffolds with 
variations in pore microarchitecture in basal media after a) 7 days, b) 14 days, c) 21 days and d) 
28 days. Cells were fixed after culture with glutaraldehyde (green) and their nuclei stained with 
DAPI (blue). 
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Figure A.5 Fluorescent confocal images of hMSCs proliferating on apatite-collagen scaffolds with 
variations in pore microarchitecture in osteogenic media after a) 7 days, b) 14 days, c) 21 days and 
d) 28 days. Cells were fixed after culture with glutaraldehyde (green) and their nuclei stained with 
DAPI (blue). 
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Figure A.6 XRD patterns of the initially deposited CaPi coatings on collagen scaffolds for each of 
the investigated pore microarchitectures in order from bottom to top NA20, A20, NAFF, and AFF.   

 

Figure A.7 Surface topography analysis by AFM of the initially deposited CaPi coatings on 
collagen scaffolds for each of the investigated pore microarchitectures NA20, A20, NAFF, and 
AFF. Images are presented with 0 and 90 degree rotation to demonstrate the orientation of the 
initially deposited mineral coating.    

 


