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Abstract 

Title: Effect of Bioglass Incorporation into Electrochemically Aligned  Collagen  
Threads on Mechanical Properties and Cell-Mediated Mineralization 

Author: Madhura Nijsure 

Major Advisor: Vipuil Kishore, PhD 

 

 Bone related diseases and disorders are a significant socioeconomic burden 

in the United States. Autografts and allografts are most commonly used for the  

treatment of bone defects and non-unions; however, they are associated with 

limitations such as donor site morbidity and immune rejection, respectively. Over 

the past few decades, bone tissue engineering (BTE) using scaffold and cells has 

garnered significant interest as an alternative method for the repair and regeneration 

of bone defects. Recreation of the tissue microenvironment via the development of 

biomimetic scaffolds that resemble the physicochemical aspects (i.e., composition, 

topography, stiffness) of native bone is a promising approach that has been 

previously shown to improve scaffold properties and augment cellular response. In 

this realm, collagen type I and bioactive glass (Bioglass 45S5 (BG); an 

osteostimulative glass-ceramic) have been combined in numerous studies to generate 

hybrid scaffolds that mimic the organic and inorganic matrix composition of native 

bone.  However, most existing collagen – BG scaffolds are comprised of randomly 

oriented collagen fibers that do not mimic the anisotropic orientation of collagen 

fibers found in native bone. Development of a collagen-BG scaffold that 
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recapitulates the highly aligned arrangement of collagen fibers can improve scaffold 

mechanical properties and provide topographical cues to direct cellular response via 

contact guidance. In this study, an isolelectric focusing based method was employed 

to synthesize BG-incorporated electrochemically aligned collagen (BG-ELAC) 

threads and the effect of BG incorporation on collagen aligment, mechanical 

properties, bone bioactivity, and cell-mediated mineralization was investigated. It 

was hypothesized that tissue level BG (~ 60 wt. %) can be incorporated within ELAC 

threads. Further, it was hypothesized that BG incorporation into ELAC threads will 

improve mechanical properties of ELAC, enhance bone bioactivity, and accelerate 

Saos-2 cell mediated mineralization. The results of this study indicated that tissue-

level BG can be efficiently incorporated within ELAC threads without disturbing the 

alignment of collagen fibrils. BG incorporation significantly improved the ultimate 

tensile stress and tensile modulus of ELAC threads (p < 0.05). BG-ELAC threads 

showed strong evidence of in vitro bone bioactivity when conditioned with simulated 

body fluid. Finally, BG incorporation significantly enhanced Saos-2 cell mediated 

mineralization on ELAC threads. In conclusion, BG incorporation into ELAC 

threads is a viable strategy for the development of a functional scaffold for BTE 

applications. 
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Chapter 1 

Introduction 

Musculoskeletal injuries are a leading cause of health care visits in the United 

States. More than half a million patients receive bone defect repairs in the United 

States every year, with associated expenses being greater than $2.5 billion. These 

numbers are expected to double by 2020 (1). Diseases such as osteoporosis, low bone 

mass density, and fragility fractures have plagued a large part of the population since 

the past few decades. Bone autografts and allografts are currently the gold standard 

for treatment of severe bone injuries and non-unions. However, the supply of bone 

grafts fails to keep up with the ever increasing demand. Searching for alternative 

therapeutic approaches that eliminate the need of autografts and allografts is, 

therefore, the need of the hour. Bone Tissue Engineering (BTE) is an attractive 

strategy which aims at developing viable scaffolds that support and accelerate the 

process of bone regeneration. A tissue engineered bone graft must have one or more 

of the following properties: an osteoconductive matrix, osteoinductive factors and 

osteogenic cells (2). An ideal bone tissue engineered graft would be biocompatible, 

biomimetic, can house cells and growth factors and integrate well with the native 

tissue. However, it is difficult to fabricate scaffolds that satisfy all of these 

requirements. Scaffolds may be allowed to be remodeled by cells in vitro prior to 

implantation, or may be infiltrated by host cells and subsequently be remodeled in 

vivo. The scaffold is expected to provide the required physicochemical, mechanical, 
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biological, and topographical cues to cells to promote osteogenesis.  In milieu, a 

variety of materials have been investigated that offer one or more of the required 

properties. 

Collagen type – I is an ideal choice, considering that the organic matrix of 

the native bone tissue is primarily collagen type-I. However, collagen-based 

materials are mechanically very weak, especially for bone regeneration. Collagen 

composites with ceramics such as hydroxyapatite, β-tricalcium phosphate, and 

bioactive glass improve the mechanical properties of collagen scaffolds and also 

mimic the composition of the native bone tissue,  approximately 60% of which is 

comprised of hydroxyapatite crystals (3).  

In this study, an electrochemical fabrication method that relies on the 

priciples of isoelectric focusing was employed to synthesize Bioglass-incorporated 

electrochemically aligned collagen (BG-ELAC) threads. These BG-ELAC threads 

compositionally mimic the organic:inorganic component ratio found in native bone 

(i.e., ~40% organic (collagen) and ~60% inorganic (hydroxyapatite)) (32, 33). 

Additionally, the anisotropic orientation of collagen fibrils within the BG-ELAC 

threads resemble the highly aligned arrangement of collagen fibers within the bone 

microstructure.  We hypothesized that (i) Bioglass 45S5 (BG) can be incorporated 

within the electrochemically aligned collagen (ELAC) network without disturbing 

the overall alignment of collagen fibrils within the thread, (ii) BG incorporation will 

improve the tensile properties of ELAC threads, (iii) BG incorporation will improve 
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the bone bioactivity of ELAC threads and (iv) BG incorporation will enhance Saos-

2 cell-mediated mineralization. This thesis presents the studies that were carried out 

to characterize BG-ELAC threads and to assess the feasibility of using these threads 

for the development of bioactive scaffolds to be used in a growth-factor free approach 

for BTE applications.  

A short background on bone biology, bone related diseases and disorders, and 

an introduction to biomaterials for BTE are described in Chapter II. Chapter III 

explains the synthesis of BG-ELAC threads, elaborates on the various methods 

performed for the characterization of BG-ELAC threads, and presents the results and 

discussion on the cellular response on BG-ELAC threads. The conclusions derived 

from this work and possible future directions are discussed in Chapter IV.    
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Chapter 2 

Literature Review 

 

2.1  Bone Biology and Burden of Skeletal Disease 
 

Bone tissue is the major connective tissue of the human body, and provides 

structural support and mobility. Adult bone tissue is mainly comprised of 

Hydroxyapatite (HA) [Ca10(PO4)2(OH)2] (50 – 70 %), an organic matrix that is 

predominantly collagen type-I (20 – 40%), water (5 – 10%), lipids (< 3%) and small 

amounts of carbonate and magnesium. There are two major types of bone tissue – 

cortical (compact or hard) bone and cancellous (trabecular or spongy) bone. The 

interior of the bone contains the bone marrow, which is surrounded by the cancellous 

bone and the cortical bone. At the molecular level, bone consists of aligned collagen 

molecules with HA nano crystals filling the interstitial spaces between the molecules. 

The collagen molecules together form collagen fibers that are concentrically 

arranged to form lamellae around Haversian canals that contain blood vessels and 

nerve cells. Each lamella and the Haversian canal together form the osteon. 

Osteocytes or bone cells are distributed within the lamellae. The bone tissue is 

constantly being broken down and rebuilt via a process called bone remodeling. This 

involves two types of cells called osteoblasts, which generate the bone tissue, and 

osteoclasts, which break down the bone tissue. Both these processes are controlled 
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and balanced by a cascade of complex biochemical signaling pathways to maintain 

a healthy bone tissue. As reliable and intricate as this process is, it also means that 

bone health can be compromised by the smallest of changes in the remodeling 

process.  

Predictably, bone diseases have plagued the world, especially in the last few 

decades with a large part of the population turning towards unhealthy eating habits 

and sedentary lifestyles. In the United States alone, 1.5 million people suffer 

fractures due to osteoporosis, a bone disease that occurs because the process of bone 

regeneration cannot keep up with the rate at which it is broken down (4). Physical 

trauma is the second major cause behind loss of bone tissue. The natural process of 

bone remodeling is often not enough to completely heal critical sized defects caused 

by physical trauma resulting in non-unions that require surgical intervention and a 

graft to fill the defect. Pathological fractures are particularly difficult to heal naturally 

and are often associated with prolonged recovery times. Therefore, bone injuries are 

a physical, emotional and monetary burden on patients and their families.  

 

2.2  Current Clinical Treatments  
  

 Autologous bone grafts (autografts) are currently the gold standard for the 

treatment of bone defects or nonunions. Autografts involve harvesting healthy bone 
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tissue from the patient’s body. Usually, the iliac crest is a preferred source because 

it does not interfere with regular bodily functions. Autografts have several biological 

advantages over other treatment options which include the presence of growth factors 

such as Bone Morphogenetic Proteins (BMPs), osteoprogenitor cells, and also 

provide a perfectly biomimetic substrate for bone cells to initiate osteogenesis (5). 

Further, autografts are perfectly compatible with the native tissue and do not generate 

an immune response. Despite these advantages, autografts have several limitations 

and risks associated with them. A second surgery is required to harvest healthy bone 

from the body, which comes with complications such as donor site morbidity, 

scarring and pain, as well as surgical risks such as bleeding, inflammation and 

infection. Autologous bone transplants are expensive. Moreover, in case of large 

defects, it is often not feasible to harvest enough healthy tissue.  

 Allogeneic bone grafts (allografts) are the second most preferred treatment 

option for bone defects. They involve harvesting healthy bone from a donor, usually 

cadavers. Allografts are also biocompatible, and provide a reasonably biomimetic 

substrate for osteogenesis. Evidently, immune response and disease transmission are 

major risks associated with allografts (2). Therefore, allografts have to undergo 

extensive processing such as freeze-drying, demineralization, decellularization and 

sterilization prior to implantation, which can potentially reduce their osteogenic 

potential. Both autografts and allografts involve expensive surgical procedures, and 

the supply is often limited. Xenografts (healthy tissue harvested from animals) may 
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be used as an alternative, but there is a considerable risk of zoonotic disease 

transmission as well as immune response (2).  

 Synthetic collagen-based bone graft materials have garnered significant 

attention in the past few years. Although they do not provide all the factors necessary 

for osteogenesis as autografts, they do offer the bare necessities such as collagen, 

mineral, and in some cases, specific growth factors. Several FDA approved synthetic 

bone graft materials such as Collagraft™ and Ossimend® are regularly used in the 

clinic. These materials use collagen type I as the primary component, along with HA 

and other growth factors.  However, these materials are mostly used as fillers and 

cannot heal large defects by themselves (6). There are several other concerns 

associated with the use of these materials such as the fact that these materials are not 

tested in diseased models, or that there is little control on the rate of release of growth 

factors, which can lead to inflammation, ectopic bone formation and other related 

adverse effects (7).   

 

2.3  Bone Tissue Engineering 
 

Since the 1980s, the concept of Bone Tissue Engineering has gripped medical 

researchers around the world. BTE focuses on development of biocompatible 

scaffolds that can be synthetically fabricated outside the body and eliminate the need 

for autografts and allografts. The classic BTE paradigm mandates the fabrication of 
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a biocompatible scaffold that mimics multiple aspects of the native bone ECM 

(composition, topography and mechanical strength), houses cells, incorporates 

growth factors, can be sufficiently vascularized, integrates well with the native tissue 

and promotes osteogenesis.  

Scaffolds can be modelled as cellular or acellular systems. An acellular 

scaffold can be implanted into a defect as made. It is expected that host cells will 

infiltrate and remodel the scaffold in vivo. On the other hand, scaffolds can be 

remodeled by patient-specific cells in vitro, prior to implantation. Scaffolds can also 

be incorporated with growth factors that promote osteogenesis. There are numerous 

factors that play a role in the bone remodeling process: most prominently growth 

factors, biomechanics of the bone ECM, composition of the ECM, and cellular 

signaling pathways. The key challenge to BTE is simultaneously mimicking all these 

factors in a scaffold, and usually one or more of these factors are compromised in the 

attempt to recapitulate the others. Some of the other challenges encountered by 

scientists are selection of the most effective cell type for in vitro scaffold 

remodelling, achieving an optimum between mechanical integrity and porosity of the 

scaffold and selection of growth factors. Simultaneous use of multiple components 

(cells, scaffold, growth factors)  complicates the FDA approval process and hinders 

clinical translation. Despite these difficulties, BTE research has made tremendous 

advancements in the last few decades with more work being published every year. A 

variety of strategies have been investigated for the development of tissue engineered 
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scaffolds for bone regeneration, with promising results. These involve selecting 

appropriate biomaterials and fabrication processes to develop BTE scaffolds that 

provide an environment similar to the native bone ECM.  

 

2.4  Biomaterials for Bone Tissue Engineering 
 

 The bone tissue provides structural support and mobility to the human body. 

Inevitably, the bone tissue is continuously subjected to dynamic loading. Evidently, 

mechanical strength is one of the important parameters that must be considered while 

choosing a material for bone tissue engineering. Apart from mechanical strength, the 

scaffold also needs to be biocompatible and biodegradable and possess the ability to 

house cells and growth factors. A variety of different materials have been used to 

generate viable scaffolds for BTE applications. These include biodegradable and 

bioresorbable synthetic polymers such as poly (ε-caprolactone) (PCL), poly (l-lactic 

acid) (PLLA), poly (lactic-co-glycolic acid) (PLGA) and poly (l-lactic acid)-co-poly 

(ε-caprolactone) (P(LLA-CL)) as well as natural polymers such as collagen and silk 

fibroin. While scaffolds made out of synthetic polymers are mechanically competent,  

they lack the specific cell-binding sites, resulting in poor cell attachment. Further, 

there are also concerns with the toxicity related to the byproducts upon degradation 

of synthetic polymers. On the other hand, natural polymers such as collagen better 

support cell adhesion and proliferation, but are mechanically weak to be used 
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independently for the regeneration of a load-bearing tissue such as bone. To this 

effect, natural polymers are often combined with ceramics such as hydroxyapatite 

and calcium phosphates, to form composite materials that have superior mechanical 

properties than either of the components. Composites also retain the biological 

functionality of the individual components. For example, combining calcium 

phosphates with a polymeric network can counter the brittle nature of the mineral, 

and reinforce the polymeric network to make a more resilient structure. The resultant 

material possesses the bioactivity of the mineral component and the polymer can 

provide the required fracture toughness and drug or growth factor delivery abilities. 

In this context, a number of studies have attempted to combine collagen type I, which 

makes up for the majority of the organic component of the native bone tissue, with a 

mineral component, which recapitulates the compositional aspects of the native bone, 

while providing optimal mechanical properties and biological functionality. 

 

2.5  Collagen as a Biomaterial 
 

The collagen triple helix consists of three α-chains of a repeating tripeptide 

sequence (Gly-X-Y)n , where X and Y are generally proline and hydroxyproline. The 

bone tissue is a true composite comprised of an aligned collagen fibrillar network 

that is reinforced by HA nano crystals. Inevitably, collagen is the material of 

preferred choice and has been extensively investigated as a biomaterial for BTE 
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applications (3). At physiological pH and temperature, collagen molecules undergo 

spontaneous fibrillogenesis to form collagen hydrogels, which have been found to 

promote adhesion, migration, and proliferation of bone marrow stromal cells in the 

presence of ascorbic acid, β-glycerophosphate, and dexamethasone in cell culture 

media (8). However, these conventional collagen hydrogels are mechanically weak, 

making them impractical for bone tissue regeneration. Moreover, the hydrogels 

present a pure collagen ECM, and randomly arranged collagen fibrils, unlike the 

native bone ECM, which comprises of an aligned collagen network.  

A plethora of techniques are used to fabricate collagen based scaffolds that 

are mechanically strong and mimic multiple aspects of the native bone ECM. For 

example, plastic compression has been shown to significantly improve the 

mechanical strength and stiffness of collagen hydrogels (9). Further, physical or 

chemical cross-linking of collagen hydrogels is commonly performed to improve 

mechanical properties (3). Freeze drying, electrospinning, and compression molding 

are some of the other techniques used to fabricate collagen scaffolds with improved 

mechanical properties (10).  

Collagen is often combined polymers such as PCL, PLA and PLGA to 

improve the mechanical strength of the resultant scaffold. Other ECM components 

such as glycosaminoglycans or chitosan are also used in combination with collagen 

to provide a more native ECM-like environment to cells. Perhaps the most commonly 

used materials are ceramics such as HA, α- and β-Tricalcium Phosphate (TCP) and 
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their derivatives, and Bioactive glasses which reinforce the collagen fibrillar 

network, and also more accurately recapitulate the composition of the native bone 

ECM.  

 

2.6  Bioglass® 

  

 Bioactive glass is a osteostimulative glass-ceramic discovered by Dr. Larry 

Hench in 1969 (11). The original composition of Bioactive glass, also known as 45S5 

Bioglass (BG) is 46.1 mol% SiO2, 24.4 mol% Na2O, 26.9 mol% CaO, and 2.6 mol% 

P2O5. The term Bioglass®  was trademarked by the University of Florida, and is used 

to refer to the original 45S5 Bioglass® (BG) composition (11). At a fixed 

concentration of P2O5, the composition of the other three components can be varied 

to yield different classes of Bioactive glass (Fig. 2.1) (11) . Over the years, several 

variants of this composition have been studied, but 45S5 BG has shown superior 

biological properties in comparison. BG rapidly bonds to the native tissue and 

stimulates bone growth away from the bone implant (12). When exposed to bodily 

fluids, BG slowly releases silica and calcium ions into the environment that 

subsequently trigger appropriate signaling cascades in cells to promote osteogenesis 

(11). Following the slow release of ions, a layer of hydroxycarbonate apatite (HCA) 

is formed on the BG surface. This layer facilitates protein adsorption and cell 

adhesion, growth, proliferation and subsequent integration of the scaffold with the 
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native tissue. The exact mechanism of bone bonding, surface chemistry and 

molecular mechanisms involved has been summarized by Hench et al. (11).  

 

 

Figure 2.1: Compositional Diagram for bone-bonding: Regions B, C and D are non-bone-
bonding. Class A Bioactive glasses bind to both hard and soft tissues and activate 
osteogenic genes. E indicates the original 45S5 Bioglass composition. P2O5 is at a 
constant 6.0 wt% composition © Springer Science + Business Media, LLC 2006 
(11).  

BG has been shown to stimulate bone repair and restoration at a significantly 

faster rate compared to other bioactive ceramics (13). The release of ions from BG 

elevates the pH of its surroundings, which has been shown to have bactericidal 

effects (14). Bioglass products such as Perioglas® (NovaBone Products, LLC, FL) 

and BonAlive® (BonAlive Biomaterials, Finland) were approved by the FDA and 

are extensively used for periodontal tissue regeneration and spinal fusion surgeries, 



 

14 
 

respectively. The discovery of Bioglass was a important milestone in the field of 

bone tissue regeneration. The brittle nature of BG, however, limits its applications to 

being used as a filler material unless it is combined with a robust substrate to be used 

for larger defects.   

 

2.7  Collagen – Bioglass Composite Scaffolds for Bone Tissue   
Engineering 

 

 Collagen scaffolds do not provide adequate structural functionality for bone 

tissue regeneration. Bioglass, on the other hand, is very brittle, and cannot be used 

for healing large defects. Collagen-Bioglass composites, are mechanically stronger 

as compared to collagen scaffolds, and also retain the physicochemical properties of 

Bioglass. Numerous studies have reported the feasibility of using collagen-Bioglass 

scaffolds towards BTE applications (15). These studies can be broadly segregated 

based on the various fabrication techniques used to develop composite scaffolds.  

 Plastically compressed dense collagen-nano bioglass scaffolds were 

developed by Marelli et al. to be used as cell-seeded implants (24). These scaffolds 

mimic the mechanical and biological properties of the native bone ECM. Freeze-

dried collagen-Bioglass hydrogels are also a viable option, primarily because the 

process achieves the required level of porosity within the scaffold to facilitate cell 

infiltration and exchange of nutrients through the scaffold (10). Collagen scaffolds 
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can also be coated with Bioglass immersing them in a slurry of Bioglass, as shown 

by Andrade et al. (16). Although the existing collagen-BG scaffolds have shown 

considerable promise towards BTE applications, these scaffolds do not recapitulate 

the aligned topography of collagen molecules as is observed in the native bone tissue. 

Mimicking the aligned collagen topography can help stimulate oriented cell growth 

via contact guidance and drive cell differentiation and ordered deposition of cell-

mediated mineralization similar to the physiological process of bone formation.  

Therefore, there is a need to develop fabrication methods that can yield scaffolds that 

mimics the highly ordered and densely packed structure of collagen fibrils in the 

native bone tissue. 

  

2.8  Electrochemical Fabrication of Aligned Collagen Threads 
 

  Electrochemical fabrication is a process by which collagen is densified via 

isoelectric focusing. Cheng et al. developed this process in 2008 for the synthesis of 

anisotropic collagen bundles for tendon tissue engineering applications (17). The 

process uses two wire electrodes, dialyzed collagen and a power supply. When 

dialyzed collagen is loaded between two stainless steel wire electrodes and an electric 

field is applied, a pH gradient develops between the two electrodes and imparts a 

positive charge to the amphoteric collagen molecules close to the anode and a 

negative charge to the ones near the cathode (18). The molecules are repelled by the 
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electrodes and self – assemble along the isoelectric point, resulting in the formation 

of aligned collagen threads. The resultant electrochemically aligned collagen 

(ELAC) threads mimic the aligned topography of collagen fibers found in 

musculoskeletal tissue. 

 This technique allows for the incorporation of other ECM components such 

as decorin (19) and elastin (20) within the aligned collagen matrix by simply mixing 

the second component with collagen prior to the application of the electric field. 

During the alignment process the second component gets physically entrapped within 

the collagen network of the ELAC threads. Following a similar approach, the current 

study attempted to incorporate BG within the ELAC threads for BTE applications 

(Fig. 2.2). To the best of our knowledge, this is the first attempt to incorporate BG 

within aligned collagen fibrils.  The resultant BG-ELAC threads recapitulate the 

mineral:collagen ratio and the the anisoptropic arrangement of collagen fibrils found 

in the native bone tissue. This work investigates the feasibility of using BG-ELAC 

threads as a viable strategy for BTE applications, by assessing the bone bioactivity 

of these threads and evaluating Saos-2 cell response on these threads.  
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Figure 2.2: Synthesis of BG incorporated ELAC threads:  A  60% w/w solution of BG –
Collagen can be loaded between the two electrodes. After application of an electric 
field, BG incorporated ELAC threads are formed along the isoelectric point as seen 
in the figure.
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Chapter 3 

Bioglass Incorporation Improves Mechanical Properties 
and Enhances Cell Mediated Mineralization on 

Electrochemically Aligned Collagen Threads 

  

Abstract 
 

Bone tissue engineering mandates the development of a functional scaffold 

that mimics the physicochemical properties of native bone. Bioglass 45S5 (BG) is a 

highly bioactive material known to augment bone formation and restoration. Hybrid 

scaffolds fabricated using collagen type I and BG resemble the organic and inorganic 

composition of the bone extracellular matrix and hence have been extensively 

investigated for bone tissue engineering applications. However, collagen-BG 

scaffolds developed thus far do not recapitulate the aligned collagen structure found 

in native bone. In this study, an electrochemical fabrication method was employed 

to synthesize BG incorporated electrochemically aligned collagen (BG-ELAC) 

threads that are compositionally similar to native bone. Further, aligned collagen 

fibrils within BG-ELAC threads mimic the anisotropic structure of  
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native bone. The effect of BG incorporation on the mechanical properties and cell-

mediated mineralization on electrochemically aligned collagen (ELAC) threads was 

investigated. The results indicated that BG can be successfully incorporated within 

ELAC threads, without disturbing collagen fibril alignment. Further, BG 

incorporation significantly increased the ultimate tensile stress (UTS) and modulus 

of ELAC threads (p < 0.05). SBF conditioning showed extensive mineralization on 

BG-ELAC threads that increased over time demonstrating the bone bioactivity of 

BG-ELAC threads. Additionally, BG incorporation resulted in increased cell 

proliferation (p < 0.05) and deposition of a highly dense and continuous mineralized 

matrix confirming the osteoconductivity of BG-ELAC threads. In conclusion, 

incorporation of BG into ELAC threads is a viable strategy for the development of 

an osteoconductive material for bone tissue engineering applications.  
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Introduction 
 

Physicochemical cues from the extracellular matrix (ECM) 

microenvironment have been shown to play a critical role in cell proliferation, 

migration, and tissue-specific differentiation (21-24). While several studies have 

attempted to develop biomimetic scaffolds that resemble individual facets of native 

bone ECM (i.e., composition, structure or mechanics), little work is done on the 

fabrication of scaffolds that mimic multiple aspects of the bone ECM. For example, 

collagen-hydroxyapatite hybrid scaffolds mimic the composition of native bone (25, 

26); however, most existing scaffolds are mechanically weak with randomly oriented 

collagen fibers. On the other hand, aligned electrospun composites of poly(D,L-

lactide-co-glycolide) (PLGA) and hydroxyapatite (HA) mimic the highly oriented 

ECM structure of native bone tissue, but are not compositionally similar (27). 

Development of a biomimetic scaffold that recapitulates composition, mechanics and 

anisotropic architecture of native bone is imperative to guide cell orientation, 

differentiation and highly ordered cell-mediated de novo mineralization that is akin 

to the native tissue (28).     
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Bioglass 45S5 (BG) is an osteostimulative glass ceramic that has been shown 

to be more bioactive compared to HA (13, 29). Specifically, Oonishi et al. have 

shown that implantation of BG in a critical sized bone defect in a rabbit model 

resulted in significantly faster bone restoration (2 weeks) compared to HA (12 

weeks) (29).  Further, controlled release of ions (e.g., Ca, Si) from BG have been 

shown to stimulate bone marrow stem cell differentiation (30), osteoblast 

proliferation and differentiation (31-33), and matrix mineralization (34, 35) in the 

absence of external cues (e.g., BMP-2, dexamethasone). Combination of collagen 

type I and BG has been employed in numerous studies for the fabrication of 

biomimetic scaffolds for bone tissue engineering applications (36). While pure 

collagen gel-based scaffolds are mechanically weak for use in load-bearing 

applications, incorporation of an inorganic phase within the collagen framework has 

been shown to structurally reinforce the collagen fibers and significantly improve the 

mechanical properties of collagen-based scaffolds (37-39). Another limitation of 

collagen gels is the loosely packed network of collagen fibers resulting in low 

collagen fibrillar density compared to native bone. Unconfined plastic compression 

of collagen gels has been reported to densify collagen fibers and generate 

mechanically competent scaffolds that mimic the microstructural properties of the 

bone ECM (40). Further, incorporation of BG within plastically  compressed  
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collagen matrices has been shown to expedite cell-mediated mineralization (34, 41). 

Although plastic compression yields mechanically stiff and dense collagen scaffolds, 

the collagen fibers in these scaffolds are randomly oriented and do not mimic the 

aligned collagen network found in native bone. Therefore, there is a need for an 

alternative collagen densification method that yields highly oriented collagen-BG 

scaffolds for bone tissue engineering applications. 

 

In the current study, an electrochemical method based on the principles of 

isoelectric focusing was employed to synthesize BG incorporated electrochemically 

aligned collagen (BG-ELAC) threads. To the best of our knowledge, this is the first 

attempt to incorporate BG particles into an aligned collagen network. The native 

bone is a composite mixture of 50-70% inorganic mineral and 20-40% organic matrix 

that is mostly comprised of collagen type I (42, 43). BG-ELAC threads developed in 

this study mimic the compositional and structural (highly aligned and densely packed 

collagen fibers) aspects of the native bone ECM niche. In this study, two different 

hypotheses were tested: 1) tissue-level (60 wt. %) BG can be incorporated within 

aligned collagen threads using the electrochemical process, and 2) BG incorporation 

will enhance the mechanical properties and improve the bioactivity of 

electrochemically aligned collagen (ELAC) threads. BG incorporation into ELAC  
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threads was confirmed via Alizarin red S staining and Raman spectroscopy. The 

effect of BG incorporation on the alignment of ELAC threads was assessed by 

polarized microscopy. Monotonic tensile tests were performed to assess the effect of 

BG incorporation on the mechanical properties of ELAC threads. The bioactivity of 

BG-ELAC threads was demonstrated by assessing the formation of 

hydroxycarbonate apatite (HCA) layer post incubation in simulated body fluid (SBF) 

using scanning electron microscopy (SEM) (44). Finally, Saos-2 cells were cultured 

on BG-ELAC threads and osteoblastic activity was assessed via examination of cell-

mediated mineralization using SEM, energy dispersive x-ray spectroscopy (EDAX), 

and Raman spectroscopy. 
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3.2  Materials and Methods 
 

3.2.1 Synthesis of Bioglass Incorporated ELAC Threads 
 

BG was incorporated within ELAC threads by following a previously published 

protocol with slight modifications (20, 45). Briefly, acid-soluble monomeric type I 

bovine collagen solution (Purecol, 3.1 mg/mL, Advanced Biomatrix, CA) was 

dialyzed against water for 24 hours. A stock solution of BG particles (46.1 mol % 

SiO2, 26.9 mol % CaO, 24.4 mol% Na2O, 2.5 mol % P2O5; GLO160P/-20; ~20 µm 

particle size; MO-SCI Corporation, MO) was prepared by suspending the particles 

at a concentration of 200 mg/ml in water. An appropriate volume of BG particles 

were suspended into dialyzed collagen solution to make a composite mixture of 

BG:collagen 60:40 (w/w). The BG:collagen mixture was loaded between two 

stainless steel wire electrodes (electrode spacing: 1.8 mm) and an electric field of 3 

volts was applied for 30 min. The electric field triggers the formation of a pH gradient 

between the electrodes resulting in the collagen molecules close to the anode gaining 

a positive charge and the ones close to the cathode gaining a negative charge. The 

like-charged electrodes repel the collagen molecules away, resulting in aggregation 

of the collagen molecules at the isoelectric point (pI).  
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During the alignment process, the BG particles become entrapped within 

aligned collagen to form BG incorporated ELAC threads (BG-ELAC). Collagen only 

threads were prepared in a similar manner but without the addition of BG particles. 

ELAC and BG-ELAC threads were freshly prepared for all the experiments. In case 

of overnight storage, excess water was blotted on a KimWipe, and the threads were 

stored in a semi-wet condition in the refrigerator at 4 ºC. The term thread is used in 

this study to signify bundles of densely packed collagen microfibrils within ELAC. 

 

3.2.2 Confirmation of Bioglass Incorporation within ELAC Threads via 
Alizarin Red S staining 

	
Alizarin Red S is commonly used to identify the presence of calcium in tissue 

sections (46). Since BG is rich in calcium, the presence of BG within ELAC threads 

can be confirmed by staining the BG-ELAC threads with Alizarin Red S. ELAC 

threads (without BG) were used as control. Threads were stained with 40 mM 

Alizarin Red S stain for 20 min at room temperature and washed with copious 

amounts of water to remove excess dye. Following this, the threads were imaged 

under a microscope to examine the presence and distribution of BG in BG-ELAC 

threads.   
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3.2.3 Effect of Bioglass Incorporation on Alignment of ELAC threads 
	

Polarized imaging was employed to assess the effect of BG incorporation on 

the alignment of ELAC threads as described in a previous publication (47). Briefly, 

BG-ELAC threads were placed on a polarized microscope (Zeiss) equipped with a 

first order wavelength gypsum plate. The alignment of collagen molecules within 

BG-ELAC threads was confirmed by verifying that the birefringent collagen 

molecules appear blue when the thread was aligned parallel to the slow axis of the 

gypsum plate.   

 

3.2.4 Quantitative Assessment of Amount of Bioglass Incorporated within 
ELAC Threads 

	
While 60 wt. % BG was initially added to dialyzed collagen solution prior to 

the electrochemical alignment process, it is important to confirm the amount of BG 

that is incorporated within ELAC thread post-alignment. Since ELAC and BG-

ELAC threads were made using the same volume of collagen solution, it was 

assumed that the amount of collagen present in the threads was the same. At first, 

ELAC threads (16 cm length; N=4/group) were vacuum dried, weighed individually 

(WELAC), and the average dry weight of ELAC thread (WELAC, avg) was  
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calculated. BG-ELAC threads of the same length (N=4) were weighed (WBG-ELAC) in 

a similar manner. The amount of BG incorporated (WBG) was calculated by taking 

the difference in weight of each BG-ELAC thread with the average weight of ELAC 

threads (WBG-ELAC – WELAC,avg). The amount of BG per gram of BG-ELAC thread 

was calculated by taking the ratio of the weight of BG and the total weight of BG-

ELAC using the equation below. 

𝑊"#	𝑝𝑒𝑟	𝑔𝑟𝑎𝑚	𝑜𝑓	𝑡ℎ𝑟𝑒𝑎𝑑 =
𝑊"#12345 −𝑊2345,89:

𝑊"#12345
 

To determine the stability of BG particles within the thread, ELAC and BG-

ELAC threads were incubated in calcium free PBS for 7 days at 37 ºC. At periodic 

intervals (day 1, day 3, and day 7), the threads were removed from the incubator, 

vacuum dried, and weighed. The weights recorded were used to determine whether 

BG particles remain intact in an aqueous medium over time. 

3.2.5 Mechanical Assessment of Bioglass Incorporated ELAC Threads 
	

The effect of BG incorporation on the mechanical properties of ELAC 

threads was assessed by performing monotonic tensile tests using a Q800 dynamic 

mechanical analyzer (TA Instruments). At first, each thread was cut at 2 cm length. 

Excess water was removed by lightly blotting each thread on a Kimwipe. To 

minimize physical handling of the threads, they were glued at both ends onto  
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transparency sheets. The threads were rehydrated and the cross-sectional areas of 

ELAC and BG-ELAC threads (N=27/group) was determined by imaging the threads 

on a Zeiss microscope and then measuring the diameter of each thread using image 

analysis (ImageJ). Monotonic tensile tests were performed by mounting the thread 

onto tension clamps. An initial pre-load force of 0.001 N was applied to ensure that 

the threads are taut prior to loading. Following this, the thread was loaded at a rate 

of 0.01N/min until failure, and the load and displacement data was recorded (48). 

The loading rate employed in the current study was optimized based on a few pilot 

samples to ensure that the samples remain fully hydrated during the test and the true 

wet mechanical properties could be determined. Stress was computed by normalizing 

the load with the initial cross-sectional area of the thread, and strain was determined 

by taking the ratio of the change in length to the original length. Stress-strain curves 

were generated and Ultimate Tensile Stress (UTS) and Ultimate Strain (US) were 

determined. Tensile modulus was calculated by taking the slope of the steepest 

region of the stress-strain curve.  
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3.2.6 Assessment of Mineralization of Bioglass Incorporated ELAC Threads 
in SBF 

	
The bioactivity of ELAC and BG-ELAC threads was assessed by incubating 

the threads in Kokubo’s simulated body fluid (SBF). SBF was prepared by following 

the recipe published by Kokubo et al., and the pH of SBF was adjusted to 7.4 (44). 

SBF conditioning of the threads (1 cm length) was performed by incubating the 

threads in sterile SBF in micro-centrifuge tubes at 37°C for 7 days. The 

recommended ratio of SBF volume to surface area of the threads was maintained 

throughout the incubation period (44) and the SBF solution was replaced every two 

days to replenish the supply of ions. At periodic intervals (days 1, 3 and 7), threads 

were removed from SBF (N=3/group/time point), washed with DI water and 

prepared for SEM analysis. Briefly, the threads were dehydrated in a graded series 

of ethanol (20%, 50%, 75%, 90% and 100%) and then treated with 50:50 v/v amyl 

acetate:ethanol solution, and stored in 100% amyl acetate. The threads were then 

dried in a Denton DCP-1 critical point dryer, sputter-coated with gold and observed 

under SEM (JEOL SEM).  
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3.2.7 Saos-2 Cell Culture 
	

Human Osteosarcoma Saos-2 cells (HTB-85, ATCC) were cultured in 75 cm2 

flasks and maintained in RPMI growth medium (Corning, VA) supplemented with 

15% Fetal Bovine Serum (FBS), 1% L-glutamine and 1% Penicillin-Streptomycin in 

5% CO2 at 37°C. Passage-7 cells were used for all the experiments.   

 

3.2.8 Effect of Bioglass Incorporation into ELAC Threads on Saos-2 Cell 
Viability, Morphology and Proliferation 

	
ELAC and BG-ELAC threads were cut into 2 cm long pieces, sterilized in 

70% ethanol, washed in 1x PBS and placed in an ultra-low attachment six-well plate 

(6 threads/well). To assess the effect of BG incorporation on cell viability and 

morphology, Saos-2 cells (passage 7) were seeded onto the threads at a density of 

10,000 cells/cm2 (based on the area of the well). The unattached cells were removed  

six hours post seeding by replacing the culture medium and the adherent cells were 

cultured for 7 days. The cells were maintained in osteogenic medium composed of 

alpha-MEM supplemented with 10% FBS, 1% L-glutamine, 1% 

penicillin/streptomycin, 50 µg/ml ascorbic acid, and 10 mM β-glycerophosphate. 

Culture medium was replaced every three days.  
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For cell viability assessment, threads were extracted from the culture plate 

(N=3 threads/group/time point) at day 1 and day 7, washed in PBS and stained with 

Calcein AM (live cells) and ethidium homodimer (dead cells) for 15 min at 37 °C. 

Following this, the stained cells were imaged using a fluorescent microscope (Zeiss) 

to assess cell viability.   

For cell morphology assessment, threads were extracted (N=3 

threads/group/time point) from the culture wells at days 1 and 7, and fixed with 3.7% 

formaldehyde solution (with 0.05% Triton-X 100 in 1X PBS) for 15 min at room 

temperature. The threads were then washed with PBS and incubated in 

permeabilization buffer (0.1% Triton-X 100 in 1X PBS) for 15 min. After 

permeabilization, the threads were washed twice with 1X PBS and incubated in 

blocking buffer (1% Bovine Serum Albumin and 0.05% Triton-X 100 in 1X PBS) 

for 30 min. Following this, the threads were washed with PBS, and the cells were 

stained with a working solution (1:25 dilution in 1X PBS) of AlexaFluor 488 

Phalloidin (Invitrogen, CA) for 30 min. Confocal microscopy (Nikon) was 

performed to image the cell cytoskeleton and assess cell morphology on ELAC and 

BG-ELAC threads.   

Cell proliferation was quantified using Alamar Blue assay. At days 1, 4 and 

7, threads were incubated in a 10% Alamar blue solution in culture medium at 37°C  
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for 2 hours. 100 µL aliquots from each well were transferred to a 96-well plate in 

triplicates and fluorescence was measured at an excitation wavelength of 555 nm and 

emission wavelength of 595 nm using M2e Spectramax plate reader (Molecular 

Devices). A standard curve was generated using known cell populations and the 

resulting equation was used to calculate the cell numbers on the threads. 

 

3.2.9 Assessment of Cell-Mediated Mineralization using SEM and EDAX 
Analyses 

	
To assess the effect of BG incorporation into ELAC threads on Saos-2 cell 

mediated mineralization, SEM analyses was performed. At day 7, threads were 

extracted from culture wells (N=3 threads/group) and fixed in 2.5% glutaraldehyde 

solution (in 1x PBS) for 3 hours. Following this, the threads were dehydrated and 

dried as described in Section 2.6. SEM analysis was performed to visually confirm 

the presence of mineralized nodules on ELAC and BG-ELAC threads. Further, 

EDAX analyses was performed to assess the composition of cell-mediated 

mineralized matrix. 
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3.2.10 Raman Characterization of Bioglass Incorporated ELAC Threads 
	

Raman spectroscopy was used to confirm the presence of BG within the 

ELAC threads as prepared.  Additionally, the degree of Saos-2 cell-mediated apatite 

formation was also investigated after 7 days of culture.  At day 7, ELAC threads were 

removed from culture wells, fixed in 3.7% formalin, washed with 1x PBS, and 

subsequently prepared for Raman analysis by placing the threads onto MgF2 slides 

(Crystran, UK) submersed in PBS.  The Raman system utilized in this study for 

imaging and spectral acquisition included a Renishaw InVia Raman Spectrometer 

(Renishaw PLC, UK) coupled to an upright Leica DM2500 microscope with an 

automated XYZ stage and fluorescence imaging system.  The spectrometer consists 

of a 785 nm NIR Diode laser, 1200 l/mm grating, and a 1” Deep Depletion CCD 

camera.  A 63x Leica U-V-I water dipping objective lens with 0.9 NA and 2 mm 

working distance was used for all spectral acquisitions. The StreamlineHR mapping 

function within the Renishaw Wire 4.2 software was utilized to collect line maps (N 

= 12) for each group of ELAC threads from a wavenumber range of approximately 

600-1700cm-1.  Each line map consisted of 10 acquisitions using an 8µm step size 

for a total sampling length of 80 µm per line map.  An acquisition time of 15 s was 

used for all maps collected.  All of the spectra then underwent preprocessing, which 

includes a fitted polynomial baseline  
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subtraction for background removal, and cosmic ray removal using the ‘width of 

features’ identification procedure within the Wire 4.2 software. A total of 2 line maps 

were rejected from the dataset as outliers associated with instrumentation anomalies. 

Average spectra, standard deviations, and difference spectra were then calculated 

and plotted using Matlab (Mathworks). 

 

3.2.11 Statistical Analyses 
	

Normality of data was assessed using JMP software (JMP Statistical 

Discovery from SAS, Cary, NC). Data for mechanical tests of ELAC and BG-ELAC 

threads was found to be non-normal. Therefore, a non-parametric statistical analyses 

was performed using the Wilcoxon test (JMP). Data for the Alamar blue assay was 

normally distributed and hence statistical analyses to assess differences in cell 

number between ELAC and BG-ELAC threads at each time point was performed 

using a one-way ANOVA with Tukey post hoc test (JMP). Statistical significance 

was set at p < 0.05. 
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3.3  Results 
 

3.3.1 Characterization of Bioglass Incorporated ELAC Threads 
 

ELAC thread without BG showed no evidence of Alizarin red S staining (Fig. 

1A). On the other hand, BG-ELAC threads stained positive for Alizarin red S 

confirming that BG can be successfully incorporated throughout the length of the 

ELAC threads by simply mixing it with dialyzed collagen prior to the 

electrochemical process (Fig. 1B). Raman spectral data showed that subtraction of 

the average collagen-only ELAC thread spectrum from the average BG-ELAC thread 

spectrum, yields the spectral contribution from the initial incorporation of the BG 

(Fig. 1C). The peak at 960 cm-1 originates from the strong phosphate stretching mode 

of the BG composition (34, 49, 50), suggesting BG had been successfully 

incorporated into the ELAC threads. Further, the 960 cm-1 peak is not observed for 

spectra collected from the collagen-only ELAC thread, as would be expected, since 

no BG was incorporated.   

Further, polarized imaging showed that the collagen molecules in the BG-

ELAC threads exhibited blue color when aligned parallel to the slow axis of the 
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gypsum plate, suggesting that collagen alignment in ELAC was maintained upon BG 

incorporation (Fig. 2).  

 

 

 

Figure 3.1: (A, B) Confirmation of BG incorporation in ELAC threads with Alizarin Red 
S staining. BG-ELAC thread stained positive for Alizarin Red S (B) while ELAC 
threads without Bioglass did not stain red (A).  Scale Bar: 100 µm. (C) Raman 
difference spectra indicating the contribution of initial Bioglass incorporation, 
resulting from the subtraction of average collagen-only ELAC thread spectra from 
average BG+ELAC thread spectra as made.  The strong peak at 961 cm-1 corresponds 
to characteristic PO4

3- vibrations within Bioglass. 
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Figure 3.2: Polarized imaging of ELAC (A) and BG-ELAC (B) threads. Bioglass 
incorporation does not disturb the alignment of collagen fibrils in ELAC threads. 
Scale Bar: 100 µm.  

 

 

3.3.2 Quantification of Bioglass Amount in ELAC Threads 
 

The average dry weight of a 16 cm long ELAC thread (WELAC, avg) was found 

to be 0.6 ± 0.1 mg. On the other hand, the dry weight of individual BG-ELAC threads 

(WBG-ELAC) of the same length ranged from 1.2-1.6 mg. The average amount of BG 

(WBG) incorporated in a 16 cm long BG-ELAC thread was found to be 0.87 ± 0.15 

mg (WBG-ELAC - WELAC, avg). Finally, the amount of BG incorporated per gram of BG-

ELAC thread was calculated by taking the ratio of WBG to WBG-ELAC and found to be 

0.59 ± 0.06 grams (~60% w/w) suggesting that most of the BG added to dialyzed 

collagen is incorporated within the ELAC thread after the electrochemical process. 

Together, these results indicate that the electrochemical  
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process is a highly efficient method for the incorporation of BG within aligned 

collagen threads. 

Further, no change in the weights of ELAC and BG-ELAC threads was found 

over time, suggesting that the ions release slowly from BG and that BG particles 

were stably present within the threads until at least day 7. 

 

3.3.3 Effect of Bioglass Incorporation on Mechanical Properties of ELAC 

Threads 
 

Monotonic tensile tests were performed to evaluate the mechanical properties 

of ELAC and BG-ELAC threads. Figure 3A shows typical stress-strain curves 

obtained for ELAC and BG-ELAC threads. BG incorporation resulted in a significant 

increase in the UTS and tensile modulus of ELAC threads (p < 0.05). Specifically, a 

3-fold increase in UTS (Fig. 3B) and a 5-fold increase in the tensile modulus (Fig. 

3C) was observed upon incorporation of BG into ELAC threads.  On the other hand, 

the extensibility of BG-ELAC threads was significantly lower (p < 0.05) compared 

to ELAC threads, as indicated by an ultimate strain (US) of 15% for BG-ELAC 

threads compared to 30% for ELAC threads (Fig. 3D). Together,  
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these results indicate that BG incorporation significantly improves the strength and 

modulus of ELAC threads. 

 

 

Figure 3.3: Assessment of mechanical properties of ELAC and BG-ELAC threads. (A) 
Typical stress-strain curves for ELAC and BG-ELAC threads. (B) Ultimate Tensile 
Stress. (C) Tensile Modulus. (D) Ultimate Strain. The boxes represent 25th to 75th 
percentile of the data separated by a line at the median. The whiskers show the upper 
and lower extremes. Dots show the outliers. Bioglass incorporation significantly 
increases the Ultimate Tensile Stress and the Tensile Modulus of ELAC threads. (* 
indicates statistical significance p < 0.05 between ELAC and BG-ELAC threads). 
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3.3.4  Effect of Bioglass Incorporation into ELAC Threads on Mineralization 
in SBF 

 

Mineralization in SBF was investigated using SEM to assess the bone 

bioactivity of ELAC and BG-ELAC threads. SEM imaging revealed initiation of 

mineralization on BG-ELAC threads on day 1 that was observed to progressively 

increase with time (Fig. 4D-4F). By day 7, extensive mineralization was observed 

throughout the length of the BG-ELAC threads (Fig. 4F). On the other hand, ELAC 

threads showed no evidence of mineralization until day 7 (Fig. 4A-4C). Together, 

these results indicate that incorporation of BG improves the bone bioactivity of 

ELAC threads. 
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Figure 3.4: SEM analysis of mineralization on ELAC and BG-ELAC threads after 
conditioning in SBF. (A, B, C) ELAC threads do not show mineralization after 7 days 
of conditioning in SBF. (D, E, F) SEM imaging showed increased mineralization in 
BG-ELAC threads over time. Scale Bar: 5µm. 

 

3.3.5 Effect of Bioglass Incorporation into ELAC Threads on Saos-2 Cell 
Viability, Morphology and Proliferation 

 

Results from live-dead assay showed that almost all cells stained green at day 

1 and day 7 on both ELAC and BG-ELAC threads (Fig. 5), indicating that Saos-2 

cells are viable on both groups. Confocal images of actin cell cytoskeletal staining 

revealed that the cells were uniformly seeded on both ELAC and BG-ELAC threads 

at day 1 (Fig. 6A and 6D). No discernible differences in cell 
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morphology were observed between the two thread types. Further, cells on both the 

threads showed preferential orientation along the long axis of the thread suggesting 

that the underlying topography of the threads is guiding cell alignment. Comparing 

the cell actin filament staining between day 1, day 4, and day 7 clearly show that 

cells proliferate rapidly over time on both ELAC and BG-ELAC threads (Fig. 6). By 

day 7, a fully confluent cell layer was observed on both threads indicating that cells 

proliferate well on both threads (Fig. 6C and 6F). Alamar blue results showed that 

the cell numbers on BG-ELAC threads were significantly (p < 0.05) higher than 

ELAC threads suggesting that BG incorporation increased Saos-2 cell proliferation 

(Fig. 7). Together, these results indicate that viability, morphology and proliferation 

of Saos-2 cells is maintained on BG-ELAC threads. 
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Figure 3.5: Assessment of Saos-2 cell viability using live-dead assay. Most of the cells 
appear green, indicating that cells are viable until day 7 on ELAC and BG-ELAC 
threads. Scale Bar: 100 µm. 
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Figure 3.6: Assessment of Saos-2 cell morphology on ELAC and BG-ELAC threads via 
cytoskeleton staining using Alexa Fluor Phalloidin 488. No differences in cell 
morphology were observed between two thread types. Cells proliferate well on 
both threads and a fully confluent cell layer is observed on day 7. Scale Bar: 100 
µm.  
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Figure 3.7: Quantification of cell proliferation on ELAC and BG-ELAC threads using Alamar 
blue assay. BG incorporation enhanced cell proliferation on ELAC threads. (* 
indicates p < 0.05 between ELAC and BG-ELAC threads at each time point). 

 

3.3.6 Effect of Bioglass Incorporation into ELAC Threads on Saos-2 Cell 
Mediated Mineralization 

 

Cell-mediated mineralization on ELAC and BG-ELAC threads was assessed 

using SEM and EDAX analyses. While little to no mineralization was observed on 

ELAC threads (Fig. 8A, 8D), a highly dense layer of mineralized matrix was 

observed on BG-ELAC threads (Fig. 8B, 8E). SEM images revealed the  
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presence of numerous matrix-vesicle like structures on Saos-2 cells seeded on BG-

ELAC threads (Fig. 8E). On the other hand, cells seeded on ELAC threads showed 

very few of these structures (Fig. 8D). EDAX analyses of the mineralized matrix on 

BG-ELAC threads showed distinct peaks for Ca and P with a Ca/P ratio of 1.4 (Fig. 

9B). Ca and P peaks were not observed on ELAC threads (Fig. 9A). BG-ELAC 

threads without cells also showed some evidence of mineralization (Fig. 8C, 8F); 

however, the extent of mineralization was significantly lower than that on BG-ELAC 

threads with cells (Fig. 8B, 8E). Further, EDAX analyses revealed that the 

mineralized matrix on BG-ELAC threads with cells was compositionally richer in 

Ca and P (34 wt. % Ca and 18 wt. % P; Fig. 9B) compared to the matrix on BG-

ELAC threads without cells (11 wt. % Ca and 7 wt..% P; Fig. 9C). Together, these 

results indicate that BG incorporation enhances Saos-2 cell-mediated mineralization 

on ELAC threads, thereby confirming the bioactivity of BG-ELAC threads.  
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Figure 3.8: Assessment of Saos-2 cell mediated mineralization on ELAC and BG-ELAC 
threads after 7 days. (A-C) Low magnification images - Scale Bar: 10 µm, and (D-F) 
high magnification images - Scale Bar: 5µm. (A, D) Saos-2 cells seeded on ELAC 
threads showed no evidence of mineralization in culture. (B, E) Cells seeded on BG-
ELAC threads showed the formation of characteristic mineralized nodules on the cell 
surface, along with the deposition of a dense cell-mediated mineralized matrix 
(indicated by ‘*’).  The arrow heads point to vesicle-like structures on the cell 
surface. (C, F) Extent of mineralization on BG-ELAC threads in culture medium 
without cells was significantly lower than with cells (B, E).  
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Figure 3.9:  EDAX analysis of Saos-2 cell-mediated mineralization on ELAC and BG-ELAC 
threads. (A) ELAC thread did not show the presence of calcium or phosphorus peaks. 
The cell mediated matrix deposited on the BG-ELAC thread (B) was compositionally 
richer in calcium and phosphorous as compared to (C) the mineralization observed 
on BG-ELAC threads incubated in culture medium without cells at day 7 (Ca peaks 
– red arrows; P peaks – black arrows). 

 

3.3.7 Confirmation of Cell-Mediated Mineralization by Raman Spectroscopy 
 

The 960 cm-1 peak intensity observed for BG-ELAC threads before culture 

provides for an initial reference value for subsequent comparison to the 

Bioglass/apatite spectral contribution after cell culture. Shown in Figure 10A is the 

difference spectrum produced by subtraction of the average spectrum collected from 

cell-free BG-ELAC threads incubated in cell culture media for 7 days from the 

average spectrum of the cell seeded BG-ELAC threads after 7 days in culture. 

Therefore, Figure 10A provides the spectral change due to the presence of cells on  
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the BG-ELAC threads after 7 days of culture, giving the overall cellular contribution. 

Evidence of the spectral contribution from the cells is suggested by the presence of 

the 1005 cm-1 peak often used as an indicator of cellular protein content (50). 

Notably, it appears that there is an overall significant increase in the intensity of the 

960 cm-1 peak, which may suggest that apatite nodule formation by the cells is 

contributing to the increased phosphate peak intensity. This suggestion is further 

evidenced by inspection of Figure 10B, which shows the overlay of the average 

spectrum from BG-ELAC threads before cell culture and the average spectrum from 

BG-ELAC threads at Day 7 after cell culture. From the spectral overlay, it can be 

seen that not only is the 960 cm-1 peak area significantly greater after 7 days of cell 

culture, but also that the 960 cm-1 peak exhibits a broadening with a shoulder 

becoming present at 936 cm-1. This may suggest further that the increased peak area 

is due to the presence of not only the original Bioglass, but also the spectral 

contribution from a surface layer of apatite in the form of nodules as revealed by 

SEM imaging and EDAX analyses. 
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Figure 3.10: Raman spectra confirming cell-mediated mineralization on BG incorporated 
ELAC threads after 7 days of incubation.  (A) Difference spectra indicating the overall 
cellular contribution after 7 days of incubation, produced by subtracting the average 
spectra of cell-free day 7 BG-ELAC threads from cell seeded day 7 BG-ELAC 
threads.  The presence of a peak at 1004 cm-1 and a high intensity phosphate peak at 
960 cm-1 suggest the presence of cellular protein and apatite formation.  (B)  Overlay 
spectra of as made BG-ELAC thread average spectra (shown with dashed line), and 
cell-seeded BG-ELAC threads after 7 days of culture (shown with solid line).  A 
significant increase in 960 cm-1 peak intensity is observed, as well as the formation 
of a broad shoulder in the 935 cm-1 region.  Collagen peaks can be observed at 856 
cm-1, 877 cm-1, 1033 cm-1, 1246 cm-1 and 1451 cm-1.  The sharp peak at 1004 cm-1 
can be assigned to phenylalanine ring vibrations. 
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Discussion 
 

BG is a highly bioactive material that has been reported to bond to both bone 

and soft tissue (12). Low fracture toughness of pure BG scaffolds is a major 

limitation that impedes their use in load-bearing applications (51). Development of 

composite scaffolds comprising of a polymeric biomaterial and BG can help improve 

toughness and yet maintain the bioactivity associated with BG. Collagen type I and 

BG composite scaffolds mimic the compositional aspects of native bone and hence 

have been extensively investigated for bone tissue engineering applications (36). 

Freeze drying (52, 53) and plastic compression (34, 41) are commonly used scaffold 

fabrication methodologies for the synthesis of collagen-BG scaffolds. Freeze drying 

yields highly porous BG incorporated collagen scaffolds, but these scaffolds are 

mechanically weak. While crosslinking improves the mechanical properties of 

freeze-dried scaffolds (54), it can significantly modulate the host response to the 

scaffold upon implantation (55). On the other hand, plastic compression of BG 

incorporated collagen gels provides a highly dense and mechanically stiff collagen 

matrix (56); however, unlike native bone, the collagen fibers within the plastically 

compressed matrix are randomly oriented. Previous studies have shown that 

anisotropically oriented collagen fibers can act as 
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a framework for cell-mediated deposition of an oriented mineralized matrix that is 

similar to the structural arrangement of mineralized fibers found in native bone (28, 

57). Several methods that include extrusion (58, 59), electrospinning (60, 61), 

microfluidic alignment (62), and magnetic alignment (63, 64) have been employed 

to develop collagen-based scaffolds with anisotropically aligned collagen fibers. 

However, to the best of our knowledge, use of these methodologies to incorporate an 

insoluble second phase within the aligned collagen network is not straightforward. 

We have previously shown that it is feasible to incorporate additional components 

(e.g., decorin, elastin) within highly aligned and dense collagen matrices using the 

electrochemical fabrication technology by simply mixing the component with 

collagen prior to the electrochemical process (20, 45, 65). The current study is the 

first attempt to incorporate BG into ELAC threads in an effort to mimic the 

compositional, structural and functional properties of native bone and thereby allow 

for better integration of the scaffold with host tissue to augment bone repair and 

regeneration. 

Electrochemical fabrication methodology is a pH gradient driven process for 

the synthesis of highly aligned collagen threads via the application of an electric field 

that drives the self-assembly of the collagen molecules along the isoelectric point 

(47). This method has been previously used to synthesize aligned collagen  
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scaffolds for tendon (66, 67), cornea (68), vascular (20),	 and nerve (69) tissue 

engineering applications. In this study, 60% of BG (w/w) was incorporated within 

ELAC thread to mimic the 60% inorganic (mineral) and 40% organic (collagen) 

composition of native bone (42, 43). BG incorporation within ELAC threads was 

confirmed via Alizarin red S staining (Fig. 1B) as has been done previously with 

plastically compressed collagen matrices (35). Polarized microscopy revealed that 

collagen alignment within the ELAC thread is maintained upon BG incorporation 

(Fig. 2). This finding is in contrast to a previous study that showed that incorporation 

of decorin at moderately high concentrations (10:1 collagen:decorin molar ratio) 

resulted in significant disruption of collagen alignment within ELAC threads (45). 

This disruption in collagen alignment upon decorin incorporation was attributed to 

the lateral aggregation and precipitation of collagen threads mediated by the 

interaction of dermatan sulfate and collagen in low ionic conditions like the ones 

present in dialyzed collagen (70). These aggregates are large in size and hence fail to 

orient along the long axis of the ELAC thread. On the other hand, the BG particles 

get physically entrapped within the core of the ELAC threads without inducing 

aggregation of collagen threads, and thus the overall alignment of collagen in BG-

ELAC threads is maintained.  
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The amount of BG incorporated within ELAC threads was quantified by 

calculating the percent difference in the weights of BG-ELAC and ELAC thread of  

equal length. A similar method has been previously employed to quantify the amount 

of collagen and BG in plastically compressed collagen matrices (41). Results from 

the current study showed that most of the BG particles added to dialyzed collagen 

get entrapped within the ELAC thread, suggesting that the electrochemical process 

is a highly efficient method for the generation of collagen-based composite materials. 

It must be noted that the BG amount calculated in the current study is a reasonable 

estimate based on the assumption that the mass of collagen in ELAC and BG-ELAC 

threads is comparable.  

  Highly ordered and densely packed arrangement of collagen fibers are critical 

for the load-bearing mechanical properties of musculoskeletal tissues such as bone 

and tendon. Collagen fibers within ELAC threads mimic this arrangement and show 

improved mechanical properties as compared to traditional gel-based collagen 

scaffolds, which are weak due to poor packing density and random orientation of 

collagen fibers (71). Tensile test results from the current study showed that BG 

incorporation significantly increased the mechanical properties of ELAC threads 

(Fig. 3). These results are in agreement with several studies in the literature that show 

an increase in tensile strength and modulus of collagen-based 
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scaffolds upon BG incorporation (37, 72). Wheeler et al. have shown that composites 

of elastin-like polypeptides (ELP) and collagen showed a 2 to 3-fold increase in the 

tensile modulus after BG incorporation (72). In another study, Long et al. 

incorporated BG into a macroporous collagen fiber scaffold using a slurry dipping 

technique and showed that the tensile strength and modulus of the scaffold 

significantly increased upon BG incorporation (37). This enhancement in mechanical 

properties can be attributed to the formation of a composite collagen-BG structure 

that results in the reinforcement of the collagen fiber framework (36, 39). Further, it 

has been previously reported that interfacial interactions between collagen and BG 

improves the tensile properties of collagen-BG scaffolds (37).  Although the tensile 

modulus of BG-ELAC threads is weaker than native bone (1-20 GPa)(73), the 

mechanical properties of BG-ELAC threads are significantly higher than most other 

collagen-BG scaffolds. Specifically, the tensile modulus of BG-ELAC threads 

investigated in the current study was around 10 MPa, which is significantly higher 

than that reported for plastically compressed collagen-BG matrices (1.2 MPa) (35).  

The primary reason for improved modulus can be attributed to the anisotropic 

orientation of collagen fibers within BG-ELAC threads. Further, the aligned collagen 

topography within BG-ELAC threads can promote cell adhesion and oriented matrix 

deposition via contact guidance.   
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Results from the SBF study showed extensive mineralization on BG-ELAC 

threads while no mineralization ensued on ELAC threads (Fig. 4). This selective 

mineralization only on the BG-ELAC threads can be attributed to the well-

established mechanism for the formation of hydroxyl-carbonate-apatite (HCA) layer 

via ionic dissolution from BG followed by chemisorption of amorphous Ca2+, PO3- 

and CO3- ions that form hydroxyapatite crystallites and act as nucleation sites for 

crystallization of the HCA layer (74).  Previous studies have shown that the HCA 

layer readily bonds with type I collagen and thereby strengthens the interaction 

between collagen and BG particles (75, 76). Specifically, Orefice et al. have 

performed AFM measurements that show that the magnitude of interaction between 

collagen and BG particles is directly dependent on the amount of HCA layer 

formation (75, 76).  These results are in agreement with a previous study that 

assessed the bone bioactivity of plastically compressed collagen-BG scaffolds in 

SBF and showed that the presence of BG induced rapid mineralization in SBF (41). 

In a separate study, a porous composite scaffold using polylactide-co-glycolide 

(PLGA) and BG was shown to induce the formation calcium phosphate deposits in 

SBF suggesting that the incorporation of BG improved the bioactivity of the PLGA 

scaffold (39). Expedited mineralization in SBF demonstrates the bioactivity of BG- 
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ELAC threads and may serve as a predictive indicator of the in vivo performance of 

BG-ELAC threads for bone tissue engineering applications. 

Saos-2 cells are mature osteoblasts that readily mineralize in vitro and hence 

have been used as a model by several studies to assess the bioactivity of materials 

(77-80). The enhanced cell proliferation on ELAC threads upon BG incorporation 

(Fig. 7) is in agreement with previous studies that showed that dissolution of ionic 

products from BG improves cell proliferation (81). SEM results from the current 

study showed evidence of some mineralization on BG-ELAC threads incubated for 

7 days in culture medium without cells possibly due to the precipitation of Ca and P 

ions from the cell culture media (Fig. 8C, 8F). When Saos-2 cells were cultured on 

BG-ELAC threads, extensive mineralization was observed as evidenced by a dense 

and continuous layer of mineralized nodules surrounding the cells under SEM (Fig. 

8B, 8E). On the other hand, little to no cell-mediated mineralization was observed 

on ELAC threads without BG (Fig. 8A, 8D). Matrix-vesicle like structures were 

predominantly observed on the surface of Saos-2 cells seeded on BG-ELAC threads 

(Fig. 8E). Previous studies have demonstrated that the formation of matrix vesicles 

is indicative of the onset of cell-mediated mineralization (82, 83). Matrix vesicles are 

not as prominent on ELAC threads without BG (Fig. 8D), suggesting that the 

mineralization process on ELAC threads 
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is a lot slower than that observed on BG-ELAC threads. A possible mechanism for 

enhanced Saos-2 cell-mediated mineralization on BG-ELAC threads may be 

associated with the accumulation of ions released from BG within the cell vesicles 

followed by subsequent budding and release of these vesicles onto the collagen 

thread network and formation of calcium phosphate deposits (84). These deposits in 

turn act as nucleation sites that crystallize into a mineralized matrix in the presence 

of Ca and P ions from BG and in the surrounding culture medium (85). EDAX 

analyses showed higher calcium and phosphorous composition on BG-ELAC threads 

with cells compared to without cells, suggesting the formation of a more mature cell-

mediated mineralized matrix (Figs. 9B and 9C). The Raman spectral overlay data 

show a significantly greater 960 cm-1 peak for BG-ELAC threads after 7 days in 

culture (Fig. 10B), a finding that corroborates with EDAX analyses and confirms 

enhanced mineralization in the presence of cells.  

In conclusion, electrochemical fabrication methodology can be employed to 

incorporate tissue-level BG into aligned collagen threads and yield a biomimetic 

material that resembles the compositional and structural properties of native bone.  

Results from the SBF study together with Saos-2 cell-mediated mineralization 

demonstrated that BG incorporation improves the osteoconductivity of ELAC 

threads. We have previously shown that pure ELAC threads suppress osteogenic 
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differentiation of mesenchymal stem cells (MSCs) (66). Future studies will 

investigate whether incorporation of BG stimulates osteogenic differentiation of 

MSCs on ELAC threads. Such material-directed osteogenic differentiation may 

eliminate the need for external factors (e.g., BMP-2, dexamethasone) as a viable 

growth factor free approach for bone repair and regeneration. Further, application of 

the electrochemical method is not limited to aligned threads alone, but can also be 

used to synthesize compacted collagen sheets by employing planar electrodes (65). 

The collagen fibers within these sheets are densified but not anisotropically aligned. 

Assessment of MSC osteogenic differentiation on BG incorporated 

electrochemically fabricated aligned and unaligned collagen matrices will allow for 

decoupling the effects of collagen alignment and BG incorporation on cellular 

response. Overall, BG-ELAC threads have immense potential to be used as an 

osteoconductive material for bone tissue engineering applications.  
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 Chapter 4 

Conclusions and Future Work 

 

4.1 Summary and Conclusions:  

To the best of our knowledge, this is the first attempt to incorporate BG in an 

aligned collagen framework. Results from Alizarin red S staining and Raman 

spectroscopy confirmed that BG can be efficiently incorporated within ELAC 

threads. Polarized microscopy showed that BG can be incorporated within ELAC 

threads without disturbing the alignment of collagen fibrils. Monotonic mechanical 

testing revealed that the tensile properties of ELAC threads significantly improved 

upon BG incorporation. Incubation of BG-ELAC threads in SBF solution resulted in 

a progressive increase in the formation of an apatite layer as evidenced by SEM, 

suggesting that BG incorporation improves the bone bioactivity of ELAC threads. 

Results from live-dead assay and Alamar blue assay showed that cell viability and 

proliferation is maintained on BG-ELAC threads. Further, confocal microscopy of 

cell cytoskeleton staining showed that the cells orient along the long axis of the BG-

ELAC threads indicating that the cells receive topographical cues from the 

underlying aligned collagen matrix. Finally, SEM and EDAX analyses of Saos-2 

cells cultured on BG-ELAC threads for 1 week revealed the formation of a dense 

cell-mediated mineralized matrix, an outcome not observed on ELAC threads 
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without BG, demonstrating that BG incorporation enhances Saos-2 cell mediated 

mineralization on ELAC threads. Overall, the results from this study indicate that 

BG incorporation into ELAC threads is a viable strategy towards the development of 

functional scaffolds for BTE applications. 

 

4.2 Future Work:  

While the results described in this thesis help lay a solid foundation towards 

the long-term goal of developing a functional scaffold for BTE applications, there 

are several unanswered questions that require additional work. In this section, few 

key research areas have been identified as future directions for this project.  

1) BG incorporation improves the tensile properties of ELAC threads. However, the 

mechanisms by which BG binds to collagen and improves the mechanical properties 

are unknown and need further investigation.  Oréfice et al. performed AFM analyses 

in this regard by approaching the surface of BG with collagen fibers attached to an 

AFM cantilever (76). A study of the retraction curves for the collagen tip moving 

away from the surface of BG showed that the degree of interaction between the two 

components increased during HA deposition. However, the exact nature of these 

interactions is not discussed in this study. 

2) Collagen and BG have been used by numerous researchers to synthesize scaffolds 

for BTE applications (15). Unlike previous work, the novel aspect of the current 
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study is that the BG is incorporated within an aligned collagen framework. Future 

studies must focus on decoupling the effects of collagen alignment and BG 

incorporation on cellular response to truly demonstrate the advantages of an aligned 

collagen platform compared to the traditional unaligned scaffolds. Towards this goal, 

studies must be performed by culturing cells aligned and unaligned collagen matrices 

synthesized via electrochemical compaction (w and w/o BG) and the effects of 

collagen alignment and BG incorporation on cell morphology, proliferation, 

differentiation, and matrix production need to be investigated.    

3) In the current study, a human osteosarcoma cell line (Saos-2 cells) was used as a 

model to investigate the effects of BG incorporation on cell-mediated mineralization. 

In future work, other osteoblast cell lines (e.g., MC3T3-E1 cells) and human 

mesenchymal stem cells can be used to investigate the effects of BG incorporation 

into ELAC threads on osteogenic differentiation as a material-directed growth factor 

free approach. 

4) Future work must also focus on performing quantitative assays (e.g., ALP activity, 

real-time PCR, calcium quantification) to assess the effect of BG incorporation on 

cell differentiation and mineralization. Since BG comprises of Ca ions, it is suggested 

that appropriate controls must be included (e.g., cell free BG-ELAC threads) for 

calcium quantification assays to substract the background and quantify the amount 

of calcium present in the cell-synthesized matrix. Similar controls were also used in 
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the current study to differentiate between cell-mediated mineralization and 

precipitation of calcium and phosphate salts present in the culture medium.  
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