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Abstract 

A Comparative Study to Assess the Osteogenic Potential of Competing 
Bioceramics for Bone Tissue Engineering 

  

Author: Nashaita Patrawalla  

Advisor: Vipuil Kishore, Ph.D.  

Biomimetic composite scaffolds comprising of bioactive ceramic-based materials 

incorporated within a polymeric framework have shown considerable promise for use in 

bone tissue engineering (BTE) applications. Although bioceramics have shown immense 

promise for use in BTE, few studies have performed a head-to-head comparison of the 

osteogenic properties of the most promising bioceramic materials. The goal of this study 

was to compare three different bioceramics – Bioglass 45S5 (BG), Laponite XLG (LAP), 

and β-Tricalcium Phosphate (TCP) – on the physical properties (i.e., swelling, stability, 

compressive modulus, bone bioactivity) of methacrylated collagen (CMA) hydrogels and 

osteogenic differentiation of human MSCs (hMSCs) encapsulated within CMA hydrogels. 

The study also evaluated the effect of different bioceramic materials on osteogenic 

differentiation of hMSCs cultured in two different culture media – osteoconductive 

(without Dexamethasone) and osteoinductive (with Dexamethasone). CMA only hydrogels 

(i.e., no bioceramic) were used as control. Bioceramic incorporated CMA hydrogels were 

prepared by homogenizing phosphate buffered saline (PBS) suspended bioceramics - BG, 

TCP or LAP with 3 mg/ml CMA at a concentration of 10% w/w. UV crosslinking (365 

nm, 1 min) of bioceramic-laden CMA hydrogels was performed post gelation using a water 

soluble azo-photoinitator (VA-086). Results from the study revealed that bioceramic 
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incorporation had no effect on the swelling capability and in vitro stability of CMA 

hydrogels.  Compressive modulus of CMA hydrogels decreased upon addition of 

bioceramics. Specifically, incorporation of BG and LAP resulted in a significant decrease 

(p < 0.05) in the compressive modulus of CMA hydrogels. Bone bioactivity of bioceramic-

laden CMA hydrogels was assessed by incubating the hydrogels in simulated body fluid 

(SBF) and the results showed that incorporation of TCP and LAP resulted in a dense 

cauliflower like deposition of hydrocycarbonate apatite (HCA) layer on the surface of these 

hydrogels by day 7 suggesting that these hydrogels are bone bioactive. Cell metabolic 

activity assessed using the Alamar blue assay was comparable between different 

bioceramic-laden hydrogels and the control; albeit, higher cell metabolic activity was 

observed in cultures without Dexamethasone which may be indicative of higher rates of 

cell proliferation in osteoconductive culture medium. Cell cytoskeleton staining results 

showed that hMSCs exhibited a flattened and cuboidal morphology in bioceramic-laden 

CMA hydrogels at day 7 which is representative of osteoblastic cells.  Osteogenic 

differentiation of human MSCs in bioceramic-laden CMA hydrogels was assessed via 

measurement of alkaline phosphatase (ALP) activity over time. TCP incorporation resulted 

in a significant increase (p < 0.05) in ALP activity compared to the control in both 

osteoconductive and osteoinductive culture medium. Additionally, TCP incorporation was 

observed to accelerate ALP activity in cultures without Dexamethasone indicating that 

addition of TCP stimulates osteogenic differentiation of hMSCs without the addition of 

external factors. Overall, these results indicate that TCP has superior osteostimulative 

properties compared to BG and LAP and hence has significant potential for use in the 

biomimetic design of collagen-based composite constructs for BTE applications.  
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Chapter 1 

Introduction 
 

Every year in the United States, 1.5 million individuals suffer from osteoporosis 

related fractures, which are estimated to incur an economic burden of $25.3 billion by 2025 

[1, 2]. Apart from the financial implications, indirect costs associated with these injuries 

include loss of productivity, concerns with emotional wellbeing and mental health, physical 

pain, and loss of mobility in the patients. This spirals into a chain reaction affecting 

caregivers and families of patients as well [3]. Although these statistics itself justify a need 

for a significant clinical intervention, osteoporotic fractures contribute to only a fraction of 

bone related disorders. Fractures caused by trauma and injury, and bone related disorders 

like tumors or cancer also pose a significant risk of causing critical sized bone defects in 

patients.  

Current methods of treatment for bone-related disorders entail surgical intervention 

using autografts or allografts. Although these are associated with promising clinical 

outcomes, limitations such as donor site morbidity with autografts and immunological 

complications with allografts pose significant challenges [4]. In addition, there is always a 

risk of possible infection and inflammatory response, leading to complete rejection of the 

graft. Alternative methods of treatment include the use of FDA approved bone repair 

products such as the InFUSETM bone graft device approved for use in lumbar applications 

in the U.S. (Medtronic, Memphis TN) [5].  These therapies deliver growth factors such as 

Bone Morphogenic Protein (BMP-2, BMP-7) and Osteogenic Protein (OP-1) which 

stimulate mesenchymal and osteoprogenitor stem cells to proliferate and differentiate at 
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the site of bone defect [6]. Despite about 100,000 “off label” (an approved drug for an 

unapproved application), BMP/InFUSETM spinal fusions performed each year, there are 

several adverse effects of InFUSETM which include infection, osteolysis, arachnoiditis, 

dysphagia, neurological deficits, hematomas and heterotropic ossification [7]. Further, the 

growth factors are released in an uncontrolled, burst release which can lead to the formation 

of ectopic bone and cause excessive inflammation at the site of release [8]. Synthetic 

materials including metals and bone cements have also been utilized but have posed 

multiple challenges such as fatigue failure and stress shielding of the implants [9]. 

Considering these limitations, bone tissue engineering (BTE) has gained considerable 

attention as a possible alternative treatment method to repair, regenerate, and restore bone 

injuries.  

Coined by the attendees of the National Science Foundation (NSF) sponsored 

meeting in 1988, tissue engineering is defined as “application of the principles and methods 

of engineering and life sciences toward fundamental understanding of structure-function 

relationship in normal and pathological mammalian tissues and the development of 

biological substitutes for the repair or regeneration of tissue or organ function.” [10].  As 

defined by Langer and Vacanti, it is an interdisciplinary filed that combines life sciences 

and engineering principles to develop substitutes for repair or regeneration of tissues to 

improve tissue function [11]. In BTE, bone function is restored by producing a tissue that 

mimics the native environment in structure and function by utilizing a 3D scaffold, 

progenitor or mature cells, and growth factors [12]. A scaffold is a biocompatible, 

biodegradable, temporary 3D matrix which supports cell adhesion and differentiation [13]. 

It provides a structural support and acts as a reservoir for extracellular matrix (ECM) 
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produced by the cells as well as water, nutrients, salts required by the tissue to flourish. 

Biomimetic scaffolds for BTE or scaffolds that mimic one or more characteristics of natural 

ECM, have demonstrated accelerated regeneration capability to grow tissue similar to 

native bone [14].   

Collagen, the most predominant protein in the human body, is used in various tissue 

engineering applications as a scaffold material, exhibiting excellent biocompatibility and 

biodegradability [15]. In addition, collagen type I is rich in cell binding sequences (i.e., 

RGD peptides) that promote cell adhesion and spreading on the scaffold surface. However, 

collagen scaffolds are associated with weak mechanical properties. To overcome this 

limitation, different crosslinking strategies, both physical and chemical, are commonly 

employed to improve the mechanical properties of collagen scaffolds. While chemical 

crosslinking methods such as carbodiimide and genipin crosslinking significantly improves 

the mechanical properties of collagen scaffolds, it is not feasible to incorporate cells within 

the scaffold prior to the crosslinking process due the toxicity associated with these chemical 

crosslinking agents [16]. Recent work on modification of collagen structure via 

methacrylation of the amine groups allows for photochemical crosslinking of collagen 

scaffolds using cytocompatible photoinitiators such that cells can be encapsulated within 

the hydrogel scaffolds during the synthesis process followed by photocrosslinking using 

UV light to stabilize and improve the mechanical properties of the scaffold [16].    

In vivo, bone tissue is a composite of organic collagenous proteins and mineral 

hydroxyapatite (HA) [17]. To produce a scaffold that closely resembles the native bone 

extracellular matrix (ECM) microenvironment, several studies have combined collagen 

type I with different bioceramic materials to generate hybrid scaffolds. These scaffolds are 
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known to provide the essential biomaterial cues (i.e., compositional, structural, 

mechanical) to direct cell proliferation and differentiation, as well as augment de novo bone 

formation, and hence are promising candidates for use in BTE applications. For example, 

Bioglass 45S5 (BG), is a highly bioactive glass-ceramic material that has been shown to 

bond to hard and soft tissue and stimulate the formation of new bone via controlled ionic 

dissolution from its surface [59]. Previous work has shown that combination of collagen 

and BG is a viable strategy to generate biomimetic scaffolds with considerable potential to 

enhance osteogenesis, odontogenesis, and angiogenesis in BTE applications [18, 19]. 

Tricalcium phosphates (TCP) such as β-TCP combined with collagen, have been 

extensively reported for use in BTE for their properties of biodegradability and 

reabsorption which increase cell proliferation [20, 21, 22].  There has also been growing 

evidence on the osteostimulative properties leading to preosteoblast cell differentiation and 

deposition of HA layer in simulated body fluid (SBF) by the inclusion of nanosilicates such 

as laponite (LAP) in preparation of composite scaffolds [23, 24].  

While composite scaffolds comprising of a polymeric component (e.g., collagen) 

and a bioceramic has shown immense promise for use in BTE applications, few studies 

have compared the osteogenic potential of different bioceramic materials in a direct head-

to-head investigation. The goal of the current study was to compare three different 

bioceramics - BG, β-TCP, and LAP on the physical properties of methacrylated collagen 

(CMA) hydrogels and osteogenic differentiation of human MSCs. The study also evaluated 

the effect of different bioceramic materials on osteogenic differentiation of MSCs cultured 

in two different culture media – osteoconductive (without Dexamethasone) and 

osteoinductive (with Dexamethasone). Studies entailed assessing the effect of bioceramic 
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incorporation on swelling, degradation, and compressive mechanical properties of CMA 

hydrogels. In addition, human MSCs were encapsulated within the CMA hydrogels and 

the effect of different bioceramics on cell morphology, metabolic activity, and ALP activity 

was evaluated. This study aims to contribute towards scientific literature to assist 

researchers in the biomimetic design collagen-based composite scaffolds via selection of 

potent bioceramic materials for BTE applications.   

We hypothesized that direct comparison of different bioceramic materials will 

enable identification of most potent bioceramic for use in BTE applications. Further, we 

hypothesized that bioceramic incorporation in CMA hydrogels will trigger osteogenic 

differentiation of human MSCs without the addition of external factors. To test these 

hypotheses, there were 4 aims of the study: 1) Assess the effect of bioceramic type on the 

compressive modulus, stability and swelling capacity of CMA hydrogels, 2) Evaluate the 

bone bioactivity of bioceramic-laden CMA hydrogels via incubation in simulated body 

fluid (SBF), 3) Assess the effect of bioceramic type on human MSC morphology and cell 

metabolic activity in CMA hydrogels, 4) Assess the effect of bioceramic type on osteogenic 

differentiation via measurement of alkaline phosphatase activity (ALP) of human MSCs in 

CMA hydrogels.  

The following chapter aims to provide a background on the different aspects of the 

research, commencing with describing the anatomy and physiology of bone, presenting an 

overview of different types of bone disorders and current treatment methods and their 

limitations, emphasizing on the need for BTE, and summarizing the different collagen and 

bioceramic based materials for BTE applications. Chapter II will also outline the use of 

photochemical crosslinking and the approach behind the specific culture medium choice. 
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Chapter III will elaborate on the methods employed for the preparation of the bioceramic 

laden CMA hydrogels and the assays conducted to assess the physical and biological 

properties of the hydrogels, as well as the combined results and discussions on the 

performed assays. The conclusion and future directions of the study will be discussed in 

detail in Chapter IV.  
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Chapter 2 

Literature Review 
  

2.1 Bone Biology 

 Bone is a composite tissue comprising of organic (type I collagen), and inorganic 

(carbonated hydroxyapatite) mineral which provides it an excellent combination of 

toughness and strength. Attributed to its precise organization at the nanoscale level 

showing a hierarchical organization, bone tissue exhibits excellent mechanical properties 

[25].  The smallest unit of organization of bone tissue is mineralized collagen molecule, 

which assembles into a triple helix on winding with two other collagen fibers to form a 

tropocollagen triple helix molecule. Multiple tropocollagen molecules align to form 

collagen fibrils which further assemble into osteons. Haversian canals are embedded within 

the osteons and contain the blood vessels. Multiple osteons converge to form bone tissue 

at the macroscale. Although bone may vary in structure and organization in different parts 

of the body (spongy v/s compact bone), the basic building blocks always consist of 

mineralized collagen fibers [25].  

 

Figure 2.1: Schematic Illustration of the Hierarchical Organization of Bone [25] 
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Bone is a connective tissue that consists of four different types of cells – osteoblasts, 

osteocytes, osteoclasts, and bone lining cells [26, 27]. Bone is a mechanically sensitive 

tissue which is constantly remodeled by the digestion of bone tissue by the osteoclasts 

and new bone formation by the osteoblasts [28, 29]. Skeletal adaption to mechanical use, 

healing of fractures, and maintaining calcium homeostasis are controlled by the ability of 

bone to remodel itself which makes it an extremely crucial property [30].  Several bone 

disorders such as osteoporosis are caused due to an imbalance in the bone formation and 

reabsorption process [31]. Although bone tissue exhibits an impressive ability to repair 

and regenerate post traumatic injuries and fractures, there is still a significant need to 

develop strategies towards promoting bone healing of nonunion defects. 

 

2.2 Bone Tissue Engineering  
 

The current major method employed in surgical intervention to regenerate critical-

sized bone defects, is autografting which involves harvesting tissue from a non-loadbearing 

site from the patient’s body and transplanting it at the site of the deficit [32]. Although the 

lack of immunological response towards the host tissue makes this method extremely 

popular, the storage of supply and morbidity at the site of donated tissue causes it to be an 

ineffective method of treatment. This poses a strong clinical need to substitute the current 

methods of treatment for bone regeneration applications.  

 Tissue engineering and regenerative medicine generate a unique approach towards 

this application which addresses and negates the concerns posed by current methods in 

clinical use. The simplistic tissue engineering paradigm comprises of deriving cells from a 

source (typically the patient), seeding them on a scaffold for in vitro proliferation or 
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differentiation into a specialized cell type to produce a functional tissue unit which is 

implanted back into the patient [33].   

The aim of bone tissue engineering is to produce a robust tissue generated by 

harvesting and seeding cells on to a 3D matrix, with or without the addition of simulating 

growth factors [35]. The tissue needs to demonstrate capability of being grafted in vivo to 

substitute the deficit caused by bone loss, stimulating the microenvironment to produce 

ECM and enhancing tissue regeneration. A scaffold composed of bioabsorbable material 

will ultimately degrade into non-harmful byproducts.  

 Natural biomaterials have been greatly utilized in BTE despite concerns of poor 

mechanical properties, rate of degradation, and batch-to-batch variability. The benefits of 

biocompatibility and biodegradability have prompted researchers to investigate several 

Figure 2.2: Schematic Illustration of the Tissue Engineering Paradigm [26] 
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naturally occurring biomaterials for BTE including collagen [36,37] fibrin [38], hyaluronic 

acid [39], chitosan [40], alginate [41], and elastin [42] to list a few. Synthetic and co-

polymeric materials such as poly-lactic acid (PLA) [47], poly lactic-co-glycolic acid 

(PLGA) [36], poly (ε-caprolactone) (PCL) [43,44], polymethyl methacrylate (PMMA) [45] 

have also been examined in the generation of viable tissue constructs. The drawbacks of 

the synthetic biomaterials include poor cell attachment sites, complex fabrication 

techniques, and acidic byproducts on degradation make them an unsuitable choice for BTE.  

 

2.3 Collagen as A biomaterial  

Collagen is obtained from various sources including mammalian, fish, amphibian, 

avian and marine. The most common mammalian sources of collagen are obtained from 

bovine skin and bone, porcine skin and bone, rat tail, ovine tendon and caprine tendon [48].    

Type I Collagen is the most abundant protein in mammals making up about 30% 

by weight of the total composition of the tissues in the human body forming skin, bone, 

and cartilage [49]. Collagen is formed by the coiling of three individual right-handed 

helical chains to form a left-handed collagen molecule. The individual chains are 

polypeptides comprising of repeating units of Glycine-X-Hydroxyproline or Glycine-

Proline-X, where X is any of the 20 amino acids [50]. A distinct characteristic of collagen 

is marked by the presence of D-banding which is indicative of preservation of native 

structure of the type I collagen. The D-bands can be observed using powerful tools like 

Atomic Force Microscopy (AFM) which reveal their presence at every 60-70nm [51].   
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Type I Collagen is a natural polymer which exhibits properties of high 

biocompatibility, biodegradability, and comprising of binding sites for cell attachment 

which makes it an excellent candidate as a biomaterial in use for tissue engineering 

applications. The presence of Arg-Gly-Asp (RGD) attachment site on the protein serves as 

the site for cell attachment, causes adhesion of ECM, and binds to integrin molecules to 

regulate cell growth, migration and differentiation [52].  

Immunogenicity is the immune response produced by a substance or material in the 

human body. Collagen is known for its low immunogenicity. In a clinical study involving 

705 patients, it was discovered that only about 3.8% displayed an immune response to type 

I bovine collagen implants [53]. Low percent of individuals demonstrating an immune 

response and the existence of simple serological tests that can be employed to ensure 

compatibility, enhances the prospects of use of bovine collagen as a biomaterial for TE 

[54]. Further, the denatured collagen molecules or exposed telopeptides and helical 

domains which may instigate an immune response can be removed by the action of 

enzymes [55].   

Another advantage of using collagen as a biomaterial is contributed to the strength 

of the material in native state [55]. In purified form, collagen loses some of its mechanical 

properties since solubilizing collagen reorganizes the fibril structure. The loss in 

mechanical strength can be restored by inducing external crosslinking.  
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2.4 Ceramic based biomaterials  

Ceramic biomaterials include aluminum oxides, calcium aluminates, titanium 

oxides, calcium phosphates, Bioglass® and nanosilicates to list a few. Ceramics are utilized 

in tissue engineering applications due to their high biocompatibility, resistance to 

corrosion, resistance to compression, and low thermal and electrical conductivity [61]. 

Further, bioceramics gained significant interest due to their low to no toxicity and due to 

hydroxyapatite, which can promote new bone formation.  

 Bioceramics are classified into three different groups – bioinert, bioactivity and 

bioabsorbable ceramics [62]. Bioinert ceramics (e.g.: zirconia, alumina) can exhibit high 

mechanical properties and stability on implantation in vivo [62].  Bioactive ceramics (e.g.: 

bioactive glass, hydroxyapatite) can bond with living bone tissue and are capable of 

osteoconduction [62]. Their mechanical properties are weaker than that of bioinert 

ceramics. Bioabsorbable ceramics are absorbed in vivo and replaced by bone when used in 

BTE applications.  

 Bioglass® (BG) 45S5 is a glass-ceramic developed by Larry Hench in the late 

1960s. BG can form a biologically active hydroxyapatite layer which enhances bonding 

with bone tissue [58]. Initial studies evaluated the formation of the hydroxycarbonate 

apatite (HCA) layer in simulated body fluid (SBF) which showed that 8-100% crystallinity 

of BG maintained bioactivity in SBF solution.  In vivo studies have demonstrated that BG 

bonds with bone more rapidly than other bioceramics, and in vitro studies have indicated 

stimulation of osteoprogenitor cells by the dissolution products which contribute to the 

osteogenic properties of BG [59]. BG also enhances cell attachment and proliferation due 

to the HCA layer which provides a suitable surface [60].  
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 Laponite (LAP) is a nanosilicate which readily degrades to produce non-toxic, 

bioactive byproducts [66]. In a prior study, laponite demonstrated potential to induce HCA 

layer deposition when soaked in simulated body fluid (SBF) [66]. LAP bioceramic has 

strikingly revealed an enhanced ALP activity to induce osteoblastic differentiation of rat 

mesenchymal stem cells (rMSCs) [67]. In another study, LAP nanodisks were incorporated 

on PLGA scaffolds which demonstrated higher cell adhesion, proliferation and osteogenic 

differentiation of human MSCs, compared to pure PLGA scaffolds [68]. The osteogenic 

differentiation in LAP is attributed to its degradation products such as Mg2+ and Si(OH)4 

which can promote osteogenesis via the β-catenin signaling pathway [66].  

 TriCalcium Phosphate (TCP) as gained immense interest for use as a bioceramic in 

bone tissue engineering applications [69, 70, 71]. TCP has demonstrated potential to 

promote osteogenesis and the bioceramic bonds strongly with native tissue in vivo which 

makes it an excellent candidate for use in bone repair and regeneration applications [72, 

73]. Natural brittleness of bioceramic TCP generates porosity in scaffolds which 

contributes to lower mechanical properties and makes it challenging for use in load-bearing 

applications [74].   

  

2.5 Collagen Hybrid Materials for BTE  
 

Individual bioceramics and their potential to enhance osteogenic differentiation in 

human MSCs has been demonstrated. Composite materials – incorporation of bioceramics 

with polymers, is being developed to produce biomaterials with high toughness and elastic 

modulus which match that of bone tissue [51]. Prior studies of collagen composites have 
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gained increasing popularity towards bone tissue engineering since the organic and 

inorganic composition is matched by the utilization of collagen and bioceramics 

respectively. A prior study which incorporated BG into plastically compressed collagen 

resulted in an accelerated HCA mineralization process when soaked in SBF [75]. In another 

study, incorporation of TCP into collagen demonstrated bone-forming potential by apatite 

layer deposition and indication of enhanced osteogenic differentiation of MSCs [51]. 

Limited studies have incorporated LAP to produce collagen composites. One study on LAP 

addition to collagen matrix showed enhanced mechanical properties of the scaffold 

compared to collagen only [76].   

 

2.6  Methacrylated Collagen and Photochemical Crosslinking  

Collagen is an attractive choice of biomaterial for bone tissue engineering purposes 

due to its high biocompatibility and biodegradability. Although, its weak mechanical 

properties, limit its application towards load-bearing regions. Photochemical crosslinking 

is a technique employed to increase the physiochemical properties of collagen-based 

structures [77]. Although, carbodiimide and genipin crosslinking have been employed to 

improve the mechanical properties of collagen scaffolds, the toxicity associated with these 

agents makes incorporation of cells into the scaffold extremely challenging [16].  A 

cytocompatible method of crosslinking using photoinitiators to allow photochemical 

crosslinking of collagen scaffolds via methacrylation of amine groups, allows for 

encapsulation of cells within the hydrogels [16]. Methacrylation of collagen allows primary 
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bond formation between the amine groups of collagen and carboxyl group of the 

methacrylate [78].  

 

 

 

 

 

 

 

 

 

Water soluble Azo initiator 2,2′‐azobis[2‐methyl‐N‐(2‐

hydroxyethyl)propionamide] (VA086) provides a promising option for photochemical 

crosslinking to generate biocompatible and functional cell-laden hydrogels for use in tissue 

engineering [80]. Photochemical crosslinking using VA-086 has been employed in various 

studies which have demonstrated an increase in the mechanical properties of collagen 

scaffolds while maintaining cell viability [79, 80]. This method of crosslinking is 

performed by shining UV light at 365 nm on the scaffolds post gelation, which improves 

the mechanical properties of the scaffold. 

 

Figure 2.3: Methacrylated Collagen Molecule [66] 
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2.7 Growth Factor Free/Included Approach – glucocorticoid, BMP, 

DEX; material directed differentiation 

 Corticosteroids are a class of steroid hormones that can either be produced naturally 

from the adrenal glands in the body or synthetically which mimic the biological action of 

natural corticosteroids [81]. Glucocorticoids is a type of corticosteroid, capable of reducing 

inflammation and suppressing an immune response. Dexamethasone (DEX) is a synthetic 

glucocorticoid proven to enhance osteogenic differentiation of human MSCs [82, 83]. Prior 

studies have indicated a significant increase in cell differentiation from ALP activity and 

higher mineralization displayed through SEM imaging on scaffolds containing DEX due 

to the constant bioactivity provided by the steroid hormone [84-86]. β-glycerophosphates 

and ascorbic acid is typically incorporated to enhance the efficacy of DEX to produce 

osteoinductive culture media. Osteoinductive media stimulates differentiation of human 

MSCs toward an osteoblast lineage which causes mineralization of the tissue [125]. 

On the other hand, osteoconduction refers to the ability of bone-forming cells in the 

grafting area to move across a scaffold and slowly replace it with new bone over time [124]. 

Osteoconduction takes place in the absence of supplements and growth factor free 

approaches for enhancing biomaterial-directed osteogenic differentiation have also shown 

promise in a few studies [87, 88]. This is employed to understand the potential of bioactive 

molecules within the scaffold to promote osteogenesis. A study demonstrated a 

significantly higher amount of ALP activity for scaffolds cultures in osteoconductive media 

[87].  
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Chapter 3 

 
A Comparative Study to Access the Osteogenic Potential of 

Competing Bioceramics for Bone Tissue Engineering 

 

3.1 Introduction  

Bone disorders are a significant problem with over 100,000 bone grafting 

procedures performed in the US each year [1]. Although surgical intervention is the current 

gold standard for the treatment of bone defects, autografts cause donor site morbidity and 

allografts may incite an immunological response [4]. FDA approved bone repair products 

(BMP-2, OP-1) cause ectopic bone formation and inflammation at the site of release. 

Considering the limitations of these methods, BTE offers a promising alternative for the 

restoration of bone related injuries.   

Collagen is used in a variety of tissue engineering applications credited to its high 

biocompatibility and biodegradability [15]. UV crosslinking using VA-086 improves 

mechanical stability of collagen matrices [16]. Bioceramics have been extensively used in 

BTE to mimic the native microenvironment representing the mineral content of bone, and 

to provide biological cues for osteogenic differentiation [18,19].  Bioactive glass-ceramic 

that has demonstrated potential to osteogenesis and angiogenesis when used for BTE 

[18,19]. Biodegradability and reabsorption contributing to increased cell proliferation by 

addition of Tri-Calcium Phosphates (β-TCP) to collagen scaffolds makes it an excellent 

choice BTE applications [20,21,22]. Nanosilicates such as laponite (LAP) have shown 

potential towards preosteoblast cell differentiation and apatite layer formation in SBF 



18 
 

studies [23,24]. While incorporation of biocermics for BTE has been immensely 

researched, few studies have head-to-head compared bioceramics to study their osteogenic 

potential. This study aims to compare BG, β-TCP and LAP bioceramics in CMA hydrogels 

to study the effect on physical properties and evaluate the action of two different culture 

media – osteoinductive (with Dexamethasone) and osteoconductive media. It was 

hypothesized that a head-to-head comparison of bioceramics will assist in the identification 

of the bioceramic with maximum potential for use in BTE, to direct the biomimetic design 

of collagen-based scaffolds in future studies that incorporate the use of bioceramics.     

 

3.2 Materials and Methods  

3.2.1 Materials  

CMA (Methacrylated Type I Collagen, 3mg/ml; Advanced Biomatrix San Diego, CA) 

BG (Bioglass® 45S5; 1 µm)  

LAP (Laponite - XLG; dimensions <500 nm)  

TCP (β-TriCalcium Phosphate; 0.821 µm) 

VA-086 (2,2′‐azobis[2‐methyl‐N‐(2‐hydroxyethyl)propionamide; FujiFlam Wako Pure 

Chemical Corporation; Osaka, Japan)  

NS (Neutralizing Solution for Photocol®; Advanced Biomatrix San Diego, CA) 

DMEM (Dulbecco’s Modified Eagle Medium; Life Technologies Corporation; Grand 

Island, NY) 
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α-MEM (Minimum Essential Medium Alpha Medium; Life Technologies Corporation; 

Grand Island, NY) 

UltraPure Distilled Water (DNAase, RNAase Free; Life Technologies Corporation; Grand 

Island, NY 

 

3.2.2 Preparation of Bioceramic Incorporated Methacrylated Collagen Hydrogels  

Bioceramic incorporated hydrogels were prepared by homogenizing 10%w/w 

bioceramics– laponite (LAP), β-tricalcium phosphate (TCP), and bioglass (BG), with type 

I methacrylated bovine collagen (CMA) (3 mg/ml). Individual bioceramics (13mg) were 

weighed on a weighting paper, transferred into individual 1.5 ml microcentrifuge tubes, 

and suspended in 250 µl 1x PBS. BG suspension was neutralized with 6M HCl prior to its 

incorporation into CMA. A water-soluble azo photoinitiator (VA-086) was used to enable 

UV crosslinking of the hydrogels. Bioceramic hydrogels were prepared by mixing NaOH 

neutralizing solution (95 µl/1000 µl of CMA), ceramic concentration of 10% w/w, and 1% 

w/v of VA-086 into 3 mg/ml CMA. The CMA only hydrogels without the bioceramic 

component was employed as control. The suspensions were mixed by using a pipette about 

4-5 times. Each hydrogel contained 150 µl of the mixture which was extruded into washer 

rings glued to glass slides and allowed to gel via incubation at 37 °C. Following this, the 

hydrogels were by shining UV light at a wavelength of 365 nm for 1 min. The gels were 

gently removed from the washers and placed in ultrapure water at room temperature until 

further use.  
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3.2.2 Effect of Bioceramic Type on Stability of Methacrylated Collagen Hydrogels  

The effect of different ceramics on stability of CMA hydrogels was studied by 

performing an in vitro collagenase degradation assay (N=4/group). Bioceramic-laden 

hydrogels were stored in ultrapure water for 30 min prior to the beginning of the test. The 

gels were blotted on a Kimwipe and placed on a weighing scale to record the initial weight 

(Wo). Following this, the gels were incubated in 5 U/ml in 0.1 M Tris-HCl buffer and 5 

mM CaCl2; pH 7.4) at 37 °C while being subjected to a constant stirring rate of 75 rpm. 

Weight measurements (Wf) were taken every hour up to 12 h, and every half hour past 12 

h until the samples were completely degraded. Prior to each measurement, the samples 

were blotted on Kimwipe to remove excess water from the gels. Equation 1 was used to 

calculate the residual mass of the sample at each timepoint.   

  

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 (%) =
𝑊𝑓

𝑊𝑜
× 100% (1) 

 

3.2.3 Effect of Bioceramic Type on Swelling Capacity of Methacrylated Collagen 

Hydrogels  

The effect of bioceramics on the rate of fluid absorption was studied by conducting 

swelling studies (N=4/group). At first, hydrogels stored in PBS were transferred to 

microcentrifuge tubes and placed in a lyophilizer for 24 h. The hydrogels were collected 

after 24 h and weighed immediately (Wd) and then stored individually in 500 µl of 1x PBS 

at room temperature for 24 h. The wet weight (Ww) was then measured by blotting the 
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samples on a Kimwipe to remove the excess PBS. The swelling ratio was determined using 

equation 2.  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝐷𝑒𝑔𝑟𝑒𝑒 (%) =
𝑊𝑤 − 𝑊𝑑

𝑊𝑑
× 100%                                (2) 

  

3.2.4 Effect of Bioceramic Type on Mechanical Characterization of Methacrylated 

Collagen Hydrogels  

The effect of different bioceramics on the compressive modulus of the CMA 

hydrogels was determined using MT G2 Mictrotester (CellScale Biomaterials Testing, 

Waterloo, Canada) (N=5/group). The gels were transferred to the acrylic testing platform 

and compressed using a 0.3 mm diameter tungsten beam tipped with 3 X 3 mm stainless-

steel platen at a constant loading rate of 10 µm/s until 20% displacement of the hydrogel 

thickness was reached. The compressive modulus was calculated as indicated in equation 

(3) where F is the force generated on the sample by the system, A is the cross-sectional 

area of the sample, 𝑙𝑓 is the displacement of the tip at each point of measurement as generated by 

the system, and 𝑙𝑖 is the initial thickness of the sample. Stress v/s strain curves were generated for 

all the hydrogels which were used to calculate the compressive modulus using the slope of the 

10% strain region.  

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =

𝐹
𝐴

(
𝑙𝑓 − 𝑙𝑖

𝑙𝑖
 )

                                                              (3) 
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3.2.5 Effect of Bioceramic Type on Bone Bioactivity of Methacrylated Collagen 

Hydrogels in Simulated Body Fluid using Scanning Electron Microscopy  

Bone bioactivity of different bioceramic-laden CMA hydrogels was studied by 

incubating the hydrogels in 20 ml of simulated body fluid (SBF) for 7 days 

(N=3/group/timepoint).  SBF was refreshed every 2 days for all the samples. At day 1,4, 

and 7, hydrogels were transferred into a petri dish, washed in ultrapure water, and fixed in 

20 ml of 2.5% glutaraldehyde solution for 3 h. Following this, hydrogels were washed in 

ultrapure water and dehydrated in a graded series of ethanol dilution at 20%, 50% 75%, 

90% and 100% ethanol for 15 min at each concentration. Hydrogels were submerged in 

fresh 100% ethanol solution for 1 h and then stored in 100% ethanol at 4 °C until further 

use. Then, hydrogels were subjected to critical point drying for 20 cycles of low speed 

drying process in CO2 using Leica Critical Point Drying System (Leica EM CPD3000, 

Germany), sputtered with gold coating using for 60 seconds. JOEL JSM-6380LV SEM 

was used to image the samples at 3000x (JOEL, Tokyo, Japan). Five images per hydrogel 

were taken, for a total of 15 images per group per timepoint.   

 

3.2.6 Sterilization of Ceramics 

For cellular assays, ceramic sterilization was conducted by weighing 13 mg of 

ceramics on weighing paper cut into four quarters and folded at the edges to form a dish. 

These dishes were placed in the biosafety cabinet under UV light for 2 h and then stored at 

room temperature in 1.5ml microcentrifuge tubes which were autoclaved for 1 hour prior 

to use.  
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3.2.7 Cell Culture of Human Mesenchymal Stem Cells and Incorporation into 

Bioceramic-laden CMA Hydrogels  

Human mesenchymal stem cells (human MSCs) were utilized to assess the effects 

of different bioceramics on cell morphology, metabolic activity, and osteogenic 

differentiation. human MSCs were seeded on 75cm2 flasks, maintained in a low-glucose 

Dulbecco's Modified Eagle Medium (DMEM) growth medium containing 10% fetal 

bovine serum and 1% penicillin/streptomycin. The cultures were maintained for 6-7 days 

at 37 °C and 5% CO2 with fresh media changes on day 3 and day 6 since the start of the 

culture. Once 85-90% confluency was achieved, cells were trypsinized and used for the 

experiments. Cells were encapsulated within the bioceramic-laden CMA hydrogels at a 

density of 105 cells/ml. Bioceramic-laden CMA hydrogels were prepared by the same 

method as described in 3.2.1 but adding the required number of cells prior to gelation. The 

gels were prepared by pipetting 100 µl of cell containing bioceramic-CMA solution into 

96-well plates and incubating at 37 °C for 30 min. Crosslinking was conducted for 1 min 

under a UV lamp at a wavelength of 365 nm inside the biosafety cabinet. The effect of 

bioceramics on cellular response was evaluated using two different culture medium – 

osteoconductive medium (alpha-grade of minimum essential medium (α-MEM) containing 

10% fetal bovine serum, 1% penicillin/streptomycin, and 10mM beta-glycerophosphate) 

and osteoinductive medium (osteoconductive medium + 10-7 M Dexamethasone (DEX)).  

Culture medium was bottle filtered prior to use. Culture medium was replaced every three 

days.  
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3.2.8 Effect of Bioceramic Type on Cell Metabolic Activity using Alamar Blue Assay  

Alamar Blue assay was conducted to study the effect of different bioceramics on 

cell metabolic activity. At periodic intervals (day 1, 4, 7, and 10), culture medium was 

aspirated from the hydrogels to perform the assay (N=3/group/media). AlamarBlue 

solution was diluted from 10X to 1X in the respective culture medium and added to each 

of the wells (120 µl/well). Hydrogels were incubated in Alamar blue mix at 37 °C for 4 h 

and at the end of which, the AlamarBlue solution was collected and 100 µl was added to 

the wells of a clear bottom 96-well plate. The plate was read using the SpectraMax M2e 

reader withan excitation wavelength of 555 nm and an emission wavelength of 595 nm. 

Assay was performed on the same hydrogels for all the different timepoints.  

 3.2.9 Effect of Bioceramic Type on Cell Morphology in Methacrylated Collagen 

Hydrogels 

The effect of different bioceramics on cell morphology was assessed via cell 

cytoskeleton staining using Alexa-fluor 488 phalloidin (N=3/group/timepoint/media). 

Nikon confocal microscope was used for imaging the hydrogels at day 1 and day 7. 

Hydrogels were fixed in 150 µl per sample of 3.7% formaldehyde solution containing 

0.05% Triton X-100 in 1x PBS for 15 min. Following this, the hydrogels were washed 

twice in 1x PBS and incubated for 30 min in 150 µl of permeabilization buffer (0.1% Triton 

X-100 in 1x PBS). The hydrogels were washed again in 1x PBS and then incubated for 15 

min in 150 µl of blocking buffer (0.05% Triton X-100 and 1% bovine albumin serum in 1x 

PBS). Hydrogels were washed again in 1x PBS and stained for 30 min in 100 µl of 

AlexaFluor 488 Phalloidin working solution diluted 1:25 in 1x PBS (Invitrogen, CA). After 

staining, hydrogels were stored in 1x PBS at 4 °C covered with an aluminum foil until 
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imaging.  Confocal imaging was conducted by volume rendering individual Z-stack layers 

with a step length of 0.5 µm for the region of visibility of cells from highest to the lowest 

point in the z-axis. Three images per hydrogel were acquired, which totaled nine images 

per group per media per timepoint.  

 

3.2.10 Effect of Bioceramic Type on Alkaline Phosphatase Activity in Methacrylated 

Collagen Hydrogels 

 Alkaline Phosphatase (ALP) activity was studied to compare the effect of different 

bioceramics on osteogenic differentiation of human MSCs. The measured ALP activity 

was normalized to the amount of DNA using the Quant-iT Picogreen dsDNA Kit 

(ThermoFisher Scientific). The assay was performed on days 7, 14, 21, and 28 (N=3-

6/group/media). At first, the collagen hydrogel was degraded by 150 µl of collagenase 

solution for 2 h and at a stirring rate of 75 rpm at 37 °C (5 U/ml in 0.1 M Tris-HCl buffer 

and 5 mM CaCl2; pH 7.4). The collagenase dissolved hydrogel solution was collected in 

microcentrifuge tubes (1 tube per hydrogel) and centrifuged at 5000 rpm for 5 min. The 

supernatant of the centrifuged collagenase-hydrogel solution was aspirated gently, 

ensuring that the pellet was preserved. Assay buffer solution, diluted from 10x to 1x using 

DNA/RNA free water, was added to each of the cell pellets in the microcentrifuge tubes to 

lyse the cells. The same cell lysate was used for DNA quantification and ALP activity 

assays.  

The DNA quantification plate was prepared by using 50µl of the cell lysates and 

equal volume of dsDNA reagent in duplicates in a 96-well plate. The plate was incubated 
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at room temperature 5 min and covered from light using an aluminum foil.  Post the 

incubation, florescence was measured at an excitation wavelength of 480nm and an 

emission wavelength of 520mn using SpectraMax M2e plate reader. A standard curve was 

produced by measuring florescence of known DNA concentrations which was used to 

obtain DNA concentrations in the cell lysates.  

The ALP activity was measured by using SensoLyte pNPP Alkaline Phosphatase 

Assay Kit (AnaSpec, Inc., Fremont, CA) where 50µl of the cell lysate and equal volumes 

of the pNPP solution was prepared in duplicates. The plate was covered in aluminum foil 

and incubated at room temperature for 60 min. Absorbance was measured at 405nm using 

a SpectraMax M2e plate reader. The net ALP activity was obtained by normalizing the 

ALP activity to the corresponding DNA content for each of the samples to accommodate 

for differences in cell number between each of the hydrogels.  

 

3.2.11 Statistical Analysis  

 Results were expressed as mean ± standard deviation for N, as the size of the sample 

indicated for each individual assay or test. One-way ANOVA with Tukey post-hoc test for 

pairwise comparison was employed for swelling capacity, degradation time analysis, and 

mechanical characterization (JMP Statistical Discovery, SAS, Cary, NC). Data for cell 

metabolic activity and ALP activity were compared using two-way ANOVA and Tukey 

post hoc test to compare different hydrogels groups at different timepoints (JMP). 

Statistical significance was set at p < 0.05.  
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3.3 Results and Discussion  

3.3.1 Assessment of Stability and Swelling Ratio of Bioceramic Hydrogels  

 In vitro collagenase degradation and swelling studies were performed to assess the 

effect of different bioceramic type on the stability and fluid absorption capacity of 

bioceramic-laden CMA hydrogels. Results from the degradation studies revealed that 

CMA hydrogels took around 12 h for compete degradation (Fig. 3.1A). No change in 

degradation time was observed upon BG or TCP incorporation in CMA hydrogels. LAP 

incorporation resulted in a statistically significant (p < 0.05) increase in degradation time, 

albeit the increase was marginally higher with an average degradation time of 13 h. The 

swelling capacity of the different bioceramic hydrogels was comparable (Fig. 3.1B). While 

the incorporation of TCP bioceramic increased the swelling capacity of the CMA 

hydrogels, this outcome was not statistically significant. Together, these results indicate 

that bioceramic incorporation maintains the stability and swelling capability of CMA 

hydrogels. 

 

Figure 3.1(A) in in vitro Collagenase Degradation of Bioceramic Hydrogels, and (B) 
Swelling Capacity (*indicates p < 0.05 ocmpred to CMA) 
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The rate of degradation of a scaffold is determined by the material properties. 

Longer degradation times indicate that incorporation of bioceramics increase the integrity 

of the CMA hydrogels [63]. The increased stability of the hydrogels provides the required 

support needed by the tissue to function adequately until tissue regeneration or new bone 

formation occurs. In BTE, the rate of degradation is desired to be as close as possible to 

the growth rate of new bone tissue by regeneration or healing to ensure maintenance of 

tissue-scaffold compound and to provide void space for the formation of new tissue [61]. 

Bioglasses, laponite, and tricalcium phosphates have been extensively used in BTE 

applications because of their ability of tunable degradation rates [62, 111]. A study 

demonstrated that LAP in PVA-Alginate hydrogels reduced the rate of degradation 

compared to PVA-Alginate hydrogels [111]. Although the choice of biomaterial for this 

study is collagen instead of PVA-Alginate, incorporation of LAP bioceramic in CMA 

hydrogels demonstrates a slower rate of degradation as well.  Another study which 

incorporates TCP with collagen scaffolds suggested that addition of TCP bioceramic 

improved the structural stability of the composite scaffold which aligns with our findings 

[63]. As indicated in a review paper, BG incorporation with collagen demonstrated 

decreased rate of degradation compared to collagen which was a result of physical 

interaction between BG and collagen and the formation of bonds between carboxylic group 

of collagen and amine group on BG [19]. The current study demonstrated that degradation 

rates of bioceramic hydrogels with TCP and BG increased marginally when compared to 

CMA hydrogels which is supported by prior studies that incorporated bioceramics in 

collagen scaffolds. This increase was minimal which could be the outcome of using 

10%w/w concentration of ceramic. Increasing the concentration of bioceramic may 
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increase the degradation times further due to the formation of greater number of bonds 

between collagen and the ceramic. Photochemical crosslinking also plays a role on the 

stability of collagen-based scaffolds by increasing their stability [122]. The effect of UV 

crosslinking may have masked the effects produced purely by the addition of various 

bioceramics. The preferred degradation rate, to match the rate of new bone formation, can 

be accomplished by balancing the crosslinking conditions (concentration of photoinitiator, 

time for UV crosslinking) and bioceramic concentration.  

The swelling capacity of a scaffold impacts the growth rate of cells and their 

differentiation [64]. Higher degrees of swelling are associated with low stability since 

higher water uptake is present in easily deformable collagen matrices [63]. Based on prior 

studies in the literature, addition of ceramics has been shown to increase the structural 

stability of the scaffolds and reduce the swelling capacity. A prior study that used 80% w/w 

TCP bioceramic demonstrated a decrease in the swelling capacity compared to collagen 

only hydrogels [63]. This finding differs from the results obtained from this study which 

could be attributed to the higher concentration of bioceramic (80% w/w) incorporated 

compared to the 10% w/w bioceramic for this study. Another study suggested that 

incorporation of 2% w/w LAP RDS bioceramic in alginate hydrogels, noticeably reduced 

the swelling capacity of the hydrogel [111]. This result differs from the findings of this 

study due to the possible different concentration of bioceramic (10% w/w v/s 2% w/w) and 

the different choice of biomaterial (collagen v/s alginate). This study showed that the 

swelling capacity of BG-CMA and LAP-CMA hydrogels trended lower than CMA 

hydrogels while TCP-CMA hydrogels showed a marginal increase in swelling; however, 

these results were not statistically significant. The difference in the swelling study results 
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in the current work compared to prior literature can be attributed to the concentration of 

ceramics as well as possible masking of the effect of bioceramic incorporation on swelling 

characteristics by the crosslinking of CMA hydrogels.  

 

3.3.2 Assessment of Mechanical Characteristics of Bioceramic Hydrogels  

The compressive modulus of bioceramic-laden CMA hydrogels was analyzed by 

performing uniaxial compression testing and determining the slope of the initial 10% 

region of the stress-strain curve (Fig. 3.2A-D). The compressive modulus of the CMA 

hydrogels was found to be around 0.9 kPa (Fig. 3.3). Incorporation of BG or LAP resulted 

a significant decrease (p < 0.05) in the compressive modulus of CMA hydrogels. Although 

TCP-CMA hydrogels showed a smaller average compressive modulus compared to CMA 

hydrogels, this difference was not significant. Together, these results indicate that 

bioceramic incorporation decreases the compressive modulus of CMA hydrogels. 
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Bone is a natural biocomposite having a unique structural organization which 

accredits the high strength and fracture toughness [100]. BTE applications require specific 

mechanical properties especially for implants at load bearing locations. Non-aligned 

collagen produced by random fabrication techniques such as the hydrogel extrusion method 

used for this study, produces collagen scaffolds that have weak mechanical properties. 

 Bioceramics are often incorporated to enhance the mechanical properties of the 

collagen scaffolds. Several studies with collagen composites have evidenced that the 

addition of bioceramics increases the compressive modulus of collagen scaffolds [102, 

103]. A study that used 10% w/w TCP reported a three-fold increase in the compressive 

modulus of collagen scaffolds which does not adhere to the results of this study [100]. 

Figure 3. 2: Stress V/S Strain curves for (A) CMA, (B)BG, (C)LAP, and (D) TCP 
bioceramic hydrogels. 
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Some studies have demonstrated that addition of TCP does not significantly alter the 

compressive modulus of collagen scaffolds, while incorporation of BG into collagen 

scaffolds had demonstrated a reduction of compressive strength compared to collagen 

scaffolds [89, 100]. The current study demonstrated that the addition of bioceramic to CMA 

hydrogels reduces the compressive modulus. Bioceramics like HA, TCP, and BG by 

themselves are known to be brittle, impeding their use in broader bone-related applications 

[108]. It can also be inferred that UV crosslinking of the hydrogels using VA086 had a 

combined impact with the addition of the bioceramics on the mechanical properties of 

CMA hydrogels. Crosslinking is the process by which primary bonds are formed between 

two different fibers in the matrix. Addition of bioceramics to the CMA hydrogels can 

hinder the formation of these primary bonds between fibers since the bioceramics attach 

Figure 3.3: Compressive Modulus (MPa) of Bioceramic Hydrogels (*indicates p < 0.05 
compared to CMA group 
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themselves on the collagen fibers (which can be observed from SEM images of this study). 

This is a possible explanation of the reduction in compressive modulus of bioceramic 

hydrogels when compared to CMA hydrogels. Additionally, the compressive strength of 

all hydrogels may have been reduced because of the use of VA-086 as a photo initiator 

causing the production of nitrogen gas bubbles as a by-product in the hydrogels during UV 

crosslinking [109]. While the compressive modulus of the composite hydrogels is 

relatively low, it is expected that cells in culture will remodel the hydrogels to produce a 

de novo matrix with improved mechanical properties, relevant enough for clinical 

applications [28]. 

 

3.3.3 Assessment of Hydroxyapatite (HA) Layer Formation on Bioceramic Hydrogels 

in SBF using SEM 

CMA and bioceramic hydrogels were immersed in SBF solution whose ion 

concentration was similar to that of extracellular fluid. A scanning electron microscope 

was used to assess bone bioactivity by monitoring the formation of hydroxycarbonate 

apatite (HCA) layer on day 1,4, and 7. The imaging of the hydrogels at magnification of 

3000x revealed differences between the bioceramic groups in the amount of HA layer 

deposited on them. The four groups were compared between the day 1 and day 7 timepoints 

(Fig. 3.4).  On assessing qualitatively, it was inferred that TCP-CMA had the most amount 

of HCA layer deposition, followed by LAP-CMA and finally BG-CMA which had the least 

amount of apatite layer formation. CMA hydrogels did not show an HCA layer but instead 

showed precipitation of calcium and phosphate salts and rod-like structures possibly due 

to the unsterile environment in which the experiment was conducted. BG-CMA did not 
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show a significant increase from day 1 to day 7 in the deposits, displaying mostly scattered 

apatite formation between the collagen fibers at day 7. LAP-CMA and TCP-CMA 

hydrogels displayed a significant increase the cauliflower-like appearing depositions 

characteristic of HA which have also been observed in prior studies [63, 90]. The 

agglomeration of the depositions is greater in TCP-CMA hydrogels which display much 

larger cauliflower-like structures compared to LAP-CMA. Similar deposits have been 

observed in prior SBF studies for visualization of microstructures of bioceramic hydrogels 

[63, 91].  One study that compared surface morphology of bioceramics soaked in PBS 

showed that TCP pellets soaked in PBS upto 28 days, displayed the same microstructure 

evolution by forming the same HCA layer by the degradation of the ceramic by dissolution 

and precipitation [105]. Prior studies have demonstrated incorporation of BG to produce a 

significant HCA layer when conditioned in SBF [112, 113]. These findings are not 

consistent with the results from this study. A possible explanation of that could be due to 

the low concentration of ceramic (10%w/v) compared to other studies which used 

concentrations between 50-70% BG.   

Bioceramics immersed in SBF display an initial silica hydrogel layer prior to the 

formation of an HCA layer [92]. Formation of globular deposits at the microstructure level 

have been evidence in various studies that used bioceramic hydrogels for BTE applications 

[63, 92, 93]. Bone is composed of collagen fibers, a ceramic phase, and ECM. HA forms 

the inorganic component of bone which plays a crucial role in the formation, development 

and maintenance of tissue-biomaterial interface [94]. Scaffolds for BTE applications are 

easily integrated into the native tissue when a bioactive material from the scaffold 

precipitates a layer of HCA on the surface of the scaffold [95]. The HCA layer deposition 
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closely mimics the mineralization that exists on bone tissue which promotes proliferation 

of osteoblasts due to recognition of native structure [95].  

 

 

 

 

 

 

 

 

3.3.4 Assessment of human MSC Morphology and human MSC Metabolic Activity in 

Bioceramic Hydrogels  

 Confocal microscopy of bioceramic hydrogels was performed to access the 

qualitative differences in morphology of cells to observe the proliferation and osteogenic 

differentiation of hydrogel encapsulated hMSCs. Differences between the proliferation of 

hMSCs were noticed between the DEX (Fig. 3.5A-D) and no DEX group (Fig. 3.5E-H) 

with a higher number of cells observed for hydrogels cultured in the DEX media. Few 

studies have assessed the effect of DEX on the differentiation and proliferation of hMSCs 

which have showed that DEX can cease proliferation and encourage osteogenic 

differentiation at DEX concentrations of less than10-7 M [97]. Prior studies comparing 

Figure 3.4: SEM Imaging at 3000x of Bioceramic Hydrogels in SBF (A)CMA day 1, 
(B) BG day 1, (C) LAP day 1, (D) TCP day 1, (E)CMA day 7, (F) BG day 7, (G) 
LAP day 7, (H) TCP day 7.   Scale bar: 5 µm. 
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DEX and no DEX media have also demonstrated that hMSCs cultured in DEX undergo 

osteogenic differentiation to display a cuboidal flattened morphology compared to cells 

deprived of DEX which show thin spindle shaped morphology [114]. This study shows 

evidence of the differences in morphology between the DEX and no DEX samples in CMA, 

BG-CMA, and LAP-CMA groups where the cells cultured in no DEX are spindle shaped 

compared to the one maintained in DEX which show more spreading and flattened 

morphology. The imaging also revealed a greater spreading of hMSCs in hydrogels with 

bioceramics as opposed to CMA hydrogels for both osteoinductive and osteoconductive 

media types. This indicates possible osteogenic differentiation of hMSCs into osteoblasts. 

It can be inferred that hMSCs can sense and respond to the microenvironment produced by 

the surface chemistry and charge of added bioceramics like TCP to differentiate through 

cell-ECM interactions [104].  

Figure 3.5: Assessment of hMSC morphology via Alexa Fluor 488 Phalloidin staining. 
(A-D) CMA, BG, LAP, TCP in culture media with DEX, and (E-H) CMA, BG, LAP, 
TCP in culture media without DEX. Scale bar: 100 µm. 
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In the Phalloidin stained morphology imaging, qualitatively a higher cell number 

was observed from in CMA hydrogels compared to the bioceramic laden ones for both 

DEX and no DEX groups. Previous studies have demonstrated a pronounced rate of 

proliferation on collagen scaffolds compared to mineralized collagen scaffolds, although 

both matrices have demonstrated to support cell proliferation [96].  

The higher cell count in the CMA hydrogels from the morphology images is 

confirmed by greater cell metabolic activity as evidenced by the fluorescence values in the 

AlamarBlue assay. AlamarBlue assay has been used for over 50 years to assess cell 

viability and cytotoxicity [98]. 

 The assay provides a direct measurement of the metabolic competence of 

the cell cultures assisting in understanding cell proliferation [99]. Highest metabolic 

activity was observed for CMA hydrogels followed by LAP-CMA, BG-CMA, and TCP-

CMA for DEX group at day 7 from the AlamarBlue assay which is visually confirmed by 

the morphology images of the DEX group at day 7 (Fig.3.6B). The no DEX group at day 

Figure 3.6: Metabolic Activity of hMSCs in Bioceramic Hydrogels cultured on media 
(A)without DEX, and (B) with DEX. (*indicates p < 0.05 compared to CMA group at 
same timepoint, and horizontal lines connecting ceramic groups indicates p < 0.05).  
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7 shows the highest fluorescence value for the TCP-CMA group indicated the greatest cell 

proliferation which is not confirmed visually from the morphology images at day 7 

(Fig.3.6A). The visual differences from the morphology images do not align with the 

relative fluorescence values for the no DEX cultures. This can be explained by recalling 

the lack of an actual significant difference of p < 0.05 between the groups at day 7.  

Alamar Blue assay for human MSCs cultured in no DEX cultures revealed 

significant differences between BG-CMA compared to TCP-CMA, and BG-CMA 

compared to LAP-CMA at day 10 indicating higher rates of proliferation in TCP-CMA and 

LAP-CMA compared to BG-CMA. No significant differences were observed between the 

bioceramic groups and CMA hydrogels for any timepoint. For the cells maintained in 

media containing DEX, the only significant difference observed was that cell metabolic 

activity in TCP-CMA was significantly lower than CMA group at day 10.  

Figure 3.7:  Curling effect of hMSC laden Bioceramic Hydrogels cultured in media 
(A) without DEX, and (B) with DEX.  
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The relative fluorescence unit (RFU) value for DEX and no DEX groups for all the 

bioceramic groups and CMA hydrogels increases with the increase in time. This indicates 

increasing cell proliferation with time on all the hydrogels irrespective of the culture media 

used. Although the RFU values for the hydrogels cultured in no DEX are approximately 

two-fold higher compared to the values for hydrogels cultured in no DEX media at any 

timepoint. It can be inferred that greater cell proliferation and metabolic activity is achieved 

in hydrogels cultured in no DEX compared to cultures in DEX media. This is also observed 

by the curling effect of the hydrogels observed in cultures without DEX due to the rapid 

proliferation of cells, exerting MSC-induced contractile forces on the hydrogels which 

causes matrix remodeling [123]. Increased proliferation is visually observed by the curling 

of the hydrogels cultured in no DEX for CMA, BG-CMA, and LAP-CMA groups, 

compared to the hydrogels cultured in DEX for the same groups. TCP-CMA hydrogels in 

both culture media remained intact and demonstrated minimal curling effect. A decrease 

in the cell proliferation may be indicative of higher osteogenic differentiation of cells in 

cultured with DEX compared to the ones without DEX.   

  

3.3.6 Assessment of Alkaline Phosphatase Activity of human MSCs in Bioceramic 

Hydrogels   

 ALP is an early marker for osteogenic differentiation of human MSCs. ALP activity 

was assessed to understand the impact of bioceramics on the osteogenic differentiation of 

human MSCs in osteoinductive and osteoconductive media. ALP activity was comparable 

for both DEX and no DEX groups with the values ranging from 0.05-0.15 ng/ng of DNA. 

The assay was performed at day 7, 14, 21, and 28 where ALP activity was the highest at 
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day 21 for CMA and all (except TCP-CMA in no DEX) bioceramic hydrogel groups in 

both culture media. In the no DEX cultures, significant differences were observed between 

the ALP activity for CMA hydrogels and bioceramic groups - ALP activity for LAP-CMA 

was significantly lower at day 14 and 21, and TCP-CMA ALP activity was significantly 

higher at day 7 and 28 (Fig. 3.8A). For the hydrogels cultured with DEX, BG-CMA at day 

21, and TCP-CMA at day 7, 14, and 21 demonstrated significantly higher ALP activity 

when compared to CMA hydrogels (Fig. 3.8B). These results demonstrate that addition of 

bioceramic TCP to CMA hydrogels boosts the osteogenic differentiation of encapsulated 

human MSCs. The effect on ALP activity produced by the results of this study are well 

supported by prior studies that demonstrated that the incorporation of TCP into scaffolds 

significantly increased the ALP activity and upregulated the expression of genes expressing 

osteogenesis [115, 116]. In another study, the incorporation of 5% w/w LAP into PLGA 

scaffolds without the presence of external factors, demonstrated significant osteoblastic 

differentiation of human MSCs indicated by increased ALP activity compared to scaffolds 

without LAP which is not consistent with the results of this study that showed that 10% 

w/w LAP-CMA hydrogels displayed a significant decrease in ALP activity compared to 

CMA hydrogels in the no DEX media at day 14 and 21 [117]. This difference in results 

was potentially induced by the difference in scaffold material which was PLGA in the prior 

study compared to CMA used in the current study, and the difference in the concentration 

of LAP bioceramic incorporated into the scaffold. A study on BG incorporation into the 

scaffold revealed an increased ALP activity in the presence of DEX which confirms the 

findings of this study where BG-CMA hydrogels in DEX show an enhanced ALP activity 
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compared to CMA hydrogel at day 21 which was not discovered in the no DEX media 

[118].   

The ALP assay revealed statistical significance between the different bioceramic 

groups as well. Hydrogels cultured in media deprived of DEX, showed that ALP activity 

on TCP-CMA hydrogels was significantly higher than BG-CMA at day 7 and 21, and 

significantly higher than activity for LAP-CMA at all four timepoints. For the hydrogels 

cultured in DEX media, ALP activity for TCP-CMA hydrogels was significantly higher 

than BG-CMA and LAP-CMA at day 7 and 21 for both bioceramic groups. Based on this 

outcome, it can be concluded that addition of TCP displays a higher potential for 

differentiation of human MSCs into osteoblasts compared to BG and LAP irrespective of 

the DEX component in the culture media.  

 Comparison between the two media is not fully conclusive. From a side-by-side 

comparison, culture media without DEX showed a higher ALP activity for CMA hydrogels 

at all timepoints compared to media with DEX. A similar observation was made in a study 

Figure 3.8: ALP activity of human MSCs in Bioceramic Hydrogels cultured in media 
(A) without DEX (B) with DEX. (*indicates p < 0.05 compared to CMA group at same 
timepoint, and horizontal lines connecting ceramic groups indicates p < 0.05).  
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of human MSCs on PCL scaffolds which showed higher ALP activity for scaffolds cultured 

in the absence of DEX [120].  Highest ALP activity in the no DEX group occurred for 

TCP-CMA at day 14, and at day 21 for TCP-CMA in the media containing DEX.  

ALP activity is a non-specific, widely accepted indication of osteoblastic 

differentiation and bone formation [106]. Osteogenic differentiation is highly impacted by 

ALP which cleaves the calcium phosphate groups and enhances mineralization which acts 

as the differentiation marker for stem cells [119].  Another mechanism contributing to 

increased osteogenic differentiation is that trace ions released on degradation of 

bioceramics stimulate the upregulation of genes responsible for osteogenic differentiation 

of MSCs [117]. Based on the results of the ALP assay, it can be stated that human MSCs 

respond the most to TCP bioceramic incorporation into CMA hydrogels to pursue 

osteogenic differentiation.  
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Chapter 4 

Conclusion and Future Work 

 

4.1 Summary and Conclusions 

The goal of this study was to perform a head-to-head comparison of three different 

bioceramics and identify a bioceramic material with the highest potential to facilitate 

osteogenic differentiation of human MSCs encapsulated in CMA hydrogels. The current 

study also assessed the effect of different bioceramic materials on osteogenic 

differentiation of human MSCs cultured in two different culture media (osteoconductive 

vs. osteoinductive). The key conclusions of the current study are summarized as follows: 

1) Assessment of bioceramic incorporation in CMA hydrogels on the physical properties 

of the hydrogel (i.e., stability, swelling, compressive modulus) did not show significant 

differences indicating that the three bioceramics were comparable, 2) SBF studies revealed 

substantially higher HCA layer deposition on LAP-CMA and TCP-CMA hydrogels on day 

7 hydrogels indicating that incorporation of these bioceramics enhances the bone 

bioactivity of CMA hydrogels, 3) Cellular assays revealed differences in morphology at 

day 7 were observed with BG-CMA, LAP-CMA and TCP-CMA hydrogels showing 

flattened cuboidal morphology specific to osteoblastic cells in DEX culture media 

compared to CMA hydrogels which showed spindle-shaped cells representative of human 

MSCs suggesting that the cells can sense and respond to the underlying matrix, 4) Cell 

metabolic activity increased with time in both culture media which showed that all 

hydrogels support cell proliferation, although the relative fluorescence values for hydrogels 
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cultured in media without DEX were twice as high as that for hydrogels cultured in media 

with DEX, 5)  ALP activity was significantly higher in TCP-CMA hydrogels in both 

culture media compared to CMA, BG-CMA, and LAP-CMA hydrogels, 6) TCP 

incorporation stimulated osteogenic differentiation of human MSCs without the addition 

of external factors as indicated by higher ALP activity in TCP-CMA hydrogels cultured in 

medium without DEX.  

The identification of the most potent bioceramic for BTE applications, was 

conducted majorly on the results of the SBF study and ALP activity assay. SBF study was 

considered since it is a direct demonstration of bone bioactivity from the quantity of 

cauliflower-like HCA deposits on the TCP-CMA hydrogels. ALP is an early marker of 

osteogenic differentiation which was observed to be the highest in TCP-CMA hydrogels 

in both culture media. Overall, these results indicate that TCP is more potent bioceramic 

compared to BG and LAP for use in BTE applications.  

  

4.2 Future Work 

 To confirm the findings of the ALP assay, real-time PCR studies to assess the 

expression of bone-specific genes (i.e., Runx2, osteocalcin) are currently ongoing.  

Comparative gene expression levels will be normalized to the endogenous control gene 

GAPDH. Upregulation of Runx2 and osteocalcin in TCP incorporated CMA hydrogels will 

confirm the results from the ALP assay and demonstrate that TCP is more potent than BG 

and LAP for osteogenic differentiation of human MSCs.   
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3D printing affords fabrication of complex tissue structures with precise spatial 

placement of bioceramics within the collagen construct to enable development of 

biomimetic tissue scaffolds. Although this study focused on working with hydrogels, it can 

be expanded to 3D bioprinting using CMA bioinks suspended with the different 

bioceramics and encapsulated human MSCs to generate 3D printed cell-laden composite 

constructs for BTE applications.  

Another area in which the current study can be expanded is to compare the effect 

of different concentrations of bioceramics on osteogenic differentiation of human MSCs.  

Though, using 60-70% w/w mineral content would match the inorganic composition of 

native bone, it may not be compatible with encapsulated cells due to release of ions from 

the bioceramics in solution. The study can be expanded by using concentrations up to 30% 

w/w of bioceramic to investigate the effect of bioceramics at different concentrations to 

propose the most ideal combination of concentration and type of bioceramic for the 

biomimetic design of scaffolds for BTE applications.  

While BG and TCP have been extensively investigated in prior work, few studies 

have used laponite with collagen scaffolds. A more in-depth characterization of different 

concentrations of laponite on the physical properties of CMA hydrogels and subsequent 

cellular response can be a promising future direction. Thorough investigation of the 

osteostimulative properties of different bioceramic materials can enable the design and 

development of bioactive scaffolds to guide material-directed cell differentiation and 

augment de novo bone matrix organization for use as a growth-factor free approach in BTE 

applications.  
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