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Abstract 

Among the most common knee ligament injuries are those to the anterior cruciate ligament 

(ACL). Annually, approximately 350,000 people require surgical ACL reconstruction, accounting 

for more than $6 billion of health-care costs in the United States alone. An injured ACL loses its 

functions as it cannot heal with larger injuries and heals slowly with smaller ones. This may 

introduce complications, such as abnormal joint kinematics and deterioration, prior to complete 

rupture. Although the use of an autologous graft is the current gold standard for ACL 

reconstruction surgery, it is associated with donor site morbidity and a decrease in mechanical 

strength at the donor site. The use of allogenic grafts instead of autografts introduces the risk of 

disease transmission. Furthermore, integration of soft tissue grafts (e.g., hamstring tendon) to 

native bone is slow and risks graft pullout. To circumvent these limitations, tissue engineering 

seeks to fabricate suitable biomaterials that could replace the entire ACL, stimulate regeneration 

of the ligament tissue, and integrate with host bone tissue. Numerous efforts have led to the 

development of complex, multi-phased biomaterial scaffold designs that are intended to deliver an 

array of cell types and biological cues. Particularly, scaffolds that possess bone-regenerating 

biomaterials at the ends are envisioned to facilitate rapid integration with the femur and tibia. 

Electrospun fiber scaffolds continue to be regularly utilized for their high tensile strength, 

flexibility, and ability to bend. Nevertheless, fibrous scaffolds are inert and require the 

incorporation of trophic factors to guide tissue regeneration. Additionally, electrospun fibers are 

often densely packed, which can hinder cell infiltration and subsequent tissue formation. The 



 

objective of this work was to guide bone remodeling through the incorporation of trophic factors 

with 1) electrospun fiber scaffolds or 2) nanoparticles that could be combined with electrospun 

fiber scaffolds, and 3) to develop model three-dimensional fiber-hydrogel composites that support 

cell viability and proliferation.  

Two approaches were utilized to present the trophic factor bone morphogenic protein 

(BMP)-2 to stimulate bone formation. In the first approach, electrospun fibers were modified 

through the adsorption or covalent conjugation of BMP-2. These fibers exhibited increased BMP-

2 concentrations with covalent conjugation over adsorption, and the incorporation of heparin into 

the fibers improved both adsorption and conjugation. Mesenchymal stem cells (MSCs) – that have 

the capacity to differentiate into osteoblastic cells – were able to attach and proliferate on all films 

yet appeared to do so to a greater extent on surfaces with higher heparin contents. Additionally, 

markers of osteoblastic differentiation were significantly higher on surfaces with covalently 

conjugated BMP-2 than on those with adsorbed BMP-2.   

 In the second approach, a nanoparticle system was produced to control BMP-2 delivery 

and release. Importantly, this flexible system can be fabricated separately, and then combined with 

a scaffold for tissue regeneration. In this approach, BMP-2 was combined with chitosan 

nanoparticles through adsorption, encapsulation, or covalent conjugation. The particular BMP-2 

incorporation technique had no significant effect on BMP-2 incorporation efficiencies, but affected 

particle size and BMP-2 release kinetics. Specifically, covalent conjugation method caused the 

aggregation of particles while adsorption method allowed the most sustainable release. MSCs 

cultured in the presence of the different particles survived and proliferated, but only particles with 

adsorbed BMP-2 stimulated osteoblastic differentiation.  



 

Finally, three-dimensional fiber-hydrogel composites of various models were fabricated to 

mimic the complexity of full-sized scaffolds for ACL regeneration, and to study cell infiltration, 

differentiation, and tissue formation. A collagen hydrogel phase was introduced to electrospun 

fiber scaffolds using different approaches. MSCs seeded within a thin collagen layer were able to 

proliferate, sense underlying substrate and spread according to fiber orientation, while those within 

thicker layers were not. Additionally, cells initially present in only the collagen phase infiltrated 

to the fiber phase. These results demonstrate that minor changes in fabrication steps to combine 

the two phases could significantly alter cell function during the formation of three-dimensional 

fiber-hydrogel composites for tissue regeneration.  
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General Audience Abstract 

The anterior cruciate ligament (ACL) is one of four ligaments that connect the thigh bone 

to the shin bone and stabilize the knee. Injuries to the ACL often occur during high impact sports, 

and ruptures can necessitate surgical intervention. ACL reconstruction surgery involves drilling 

tunnels through the ends of leg bones, deploying the tissue graft through the knee joint and bone 

tunnels, and anchoring it within the bone tunnels. The most common grafts are autografts that use 

tendons of the patient’s own body or allografts that are obtained from cadavers. The complications 

associated with autografts include pain at the site of tissue harvest, while allografts risk disease 

transmission. Additionally, directly affixing a soft tissue graft (e.g., the hamstring tendon) to bone 

within the bone tunnel suffers from slow tissue integration and risk of pull-out.  

Tissue engineering is a field that seeks to develop devices to direct the regeneration of 

damaged tissues and organs.  In the context of ACL repair, it seeks to achieve a biomaterial device 

with the properties of ACL, that can both guide the regeneration of ligament tissue and facilitate 

integration with bone tunnels, eliminating the need for autografts and allografts and their 

associated risks. Toward the development of an engineered ACL, this work focuses on improving 

graft-to-bone integration. In the first project, fibrous materials are surface-modified with bone 

morphogenetic protein (BMP)-2 (a bone-forming protein), and then tested for their ability to 

stimulate formation of a bone-like tissue in cell culture. In the second project, the deployment of 

BMP-2 either on the surface of or within nanoparticle delivery vehicles is evaluated as an 

alternative strategy to stimulate bone-like tissue formation. The third project explores the inclusion



 vi 

of a hydrogel phase to facilitate cell infiltration and bone-like tissue formation within fibrous 

materials. Together these studies provide insights into how the architecture of the engineered tissue 

and the deployment of bone-forming proteins can be used to enhance ACL regeneration.
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Chapter 1: Introduction 

1.1 Motivation  

Annually, in the United States, approximately 350,000 reconstructive anterior cruciate 

ligament (ACL) surgeries are carried out due to its high rate of injury [1, 2]. This accounts for $6 

billion in health care costs [1]. During high impact activities, the ACL is the most frequently 

injured ligament in the human body and its healing is slow and often incomplete due to its 

intraarticular location and limited vascular supply. Left untreated, ACL injuries can cause 

complications including abnormal joint kinematics and deterioration. Unlike other ligaments, the 

ACL does not heal, and surgical reconstruction with a soft autologous or allogenic tissue graft is 

currently the most common treatment. Nonetheless, donor site morbidity and high risk of 

infections are associated with autologous and allogenic grafts, respectively. Synthetic grafts are no 

longer used for ACL replacement due to complications, such as high rupture rates and an increased 

risk of osteoarthritis. While the bone-patellar tendon-bone autograft is considered the gold standard 

for ACL reconstruction, less invasive procedures that utilize the hamstring or quadricep tendons 

involve anchoring the tendon within the bone tunnel. This tendon-bone interface is slow to 

integrate, risking mechanical instability and graft pullout [3, 4]. In view of these significant 

existing drawbacks of autografts and allografts, tissue engineered ACL grafts have become a focus 

of significant interest. Here, the overall goal is to develop a device that mimics the biological and 

mechanical properties of the native ACL, serves as a temporary support to stabilize the knee, and 

guides ligament regeneration. An attractive strategy to achieve this device is by combining a 

biomaterial scaffold, the relevant cell type(s), and the appropriate biochemical stimuli.  
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Figure 1.1: Knee joint anatomy depicting the four main ligaments present. 
 

With regard to the biomaterial scaffold, electrospun fibers are widely utilized in the 

regeneration of fibrous tissues. Electrospun fibers mimic the structure of collagen fibrils found 

within the native extracellular matrix (ECM) of a variety of tissues (including ligament). However, 

electrospun fibers prepared from synthetic polymers are relatively inert, which can hinder the 

attachment, proliferation, and differentiation of cells into functional tissues. The presentation of 

bioactive cues (e.g., growth factors and adhesive proteins) to electrospun fibers better permits cell 

recognition of the fibers positively regulating required cell behavior [5, 6]. This, nevertheless, is 

only possible when bioactive agents are available in an active conformation and at an effective 

concentration. For instance, directly displaying agents on electrospun fibers or incorporating them 

with electrospinning polymer solutions often decreases their bioactivity due to enzymatic 

degradation or denaturation, respectively [7]. Another major concern of electrospun fibers is their 
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low porosity which makes cell infiltration through the scaffolds challenging. To address this, 

researchers have investigated diverse ways to increase pore sizes including the introduction of 

sacrificial fibers or porogens [8-10]. While these procedures increase porosity and cell infiltration, 

infiltration is rather slow and is at the expensive of the mechanical strength of fibers [11]. Instead, 

the addition of a space-filling hydrogel phase to electrospun fiber scaffolds may prevent fiber 

packing and improve cell infiltration [12].  

 

1.2 Approach 

 Based on clinical evidence that graft integration within tibial and femoral bone tunnels is 

delayed in tendon-to-bone healing relative to bone-to-bone healing [13, 14], the focus of this 

project is to develop the bone region of an engineered ligament tissue, that could facilitate bony 

integration by permitting cell infiltration and stimulating new bone formation. Particularly, this 

work first examines a potential osteogenic fibrous scaffold. Next, methods to enhance the 

effectiveness of the added bioactive agents are studied through the utilization of a nanoparticle 

delivery system that can be combined with scaffolds. The clinical relevance of the fibrous scaffold 

is then expanded upon and further evaluated through the addition of a hydrogel component to the 

fibrous scaffolds to model fiber-hydrogel composites. While outside the scope of this work, it is 

anticipated that strategies developed through this work can then be applied to the fabrication of an 

entire ACL substitute. 

 

1.3 Aim 1: Fabrication of Osteogenic Fibrous Meshes 

 One of the limitations associated with the use of electrospun scaffolds as biomaterials is 

the necessity to modify them with recognition sites for essential cell-scaffold interactions. Previous 
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studies have shown that functional materials with the capacity to regenerate bone can allow the 

healing of an engineered ACL substitute with native bone tunnels [13, 15]. To be functional, both 

the modification techniques as well as the material properties are important. The first aim involves 

the fabrication of growth factor immobilized electrospun fibrous scaffolds to induce osteoblastic 

differentiation. Specifically, bone morphogenic protein (BMP)-2 was immobilized to surfaces of 

electrospun fibers by adsorption and covalent conjugation. Concurrently, heparin was incorporated 

into polycaprolactone fibers to facilitate both BMP-2 adsorption and covalent conjugation 

mechanisms. Subsequently, the ability of the surfaces to support cell viability, proliferation, and 

osteoblastic differentiation were assessed using bone marrow derived mesenchymal stem cells 

(MSCs).  

 

1.4 Aim 2: Delivery of Growth Factors with Nanoparticles  

 A major limitation of many growth factors is their short half-life in vivo. Nonetheless, 

competent strategies used to deliver growth factors can help enhance their clinical outcomes. The 

use of nanoparticles as delivery vehicles have demonstrated improved growth factor retention and 

higher biological efficiencies [16, 17]. In this aim, nanoparticle carriers were developed for the 

controlled delivery of growth factors to stimulate osteoblastic differentiation. Chitosan 

nanoparticles were fabricated through ionic gelation and characterized in terms of particle size and 

particle size distribution. The osteogenic growth factor BMP-2 was incorporated into nanoparticles 

by three approaches: 1) adsorbing growth factors on particle surfaces, 2) encapsulating them within 

the particles or 3) immobilizing them on particle surfaces. The incorporation efficiencies and 

subsequent release kinetic profiles of BMP-2 with the three approaches were examined. Finally, 
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the effects of nanoparticle carriers on cell viability and osteoblastic differentiation were 

determined.  

 

1.5 Aim 3: Characterization of Fiber-Hydrogel Composites   

 Electrospun fibers that are densely packed can significantly hinder cell infiltration and 

subsequent tissue formation. To address this, various methods have been implemented to increase 

the porosities of fiber meshes as well as cell infiltration [11, 18]. Among those methods is the 

incorporation of a hydrogel phase with the fibers, which has the added benefits of facilitating three-

dimensional cellularization. In this third aim, several approaches were taken to combine the fiber 

and hydrogel phases to form model fiber-hydrogel composites. In vitro composite models were 

fabricated, in which the fiber layer was either attached to a rigid support or elevated above the 

support. Collagen hydrogel and cells were added to the fibers in several different configurations, 

and the influence of configurations on cell viability, proliferation, and morphology were studied. 

 

1.6 Dissertation Layout 
 
 The remainder of this dissertation consists of five more chapters. Chapter 2 provides 

background information on the medical problem and the history of treatments before focusing on 

the anatomical structure and function of the anterior cruciate ligament (ACL) as well as the tissue 

engineering triad. Chapter 3 addresses the modification of polycaprolactone fibrous meshes with 

heparin of different concentrations and bone morphogenic protein (BMP)-2 using different 

immobilization techniques. Chapter 4 discusses the development of BMP-2 nanoparticles through 

three incorporation approaches – adsorption, encapsulation, and conjugation – and the marked 

effects of those approaches on protein release and cell behavior. Chapter 5 focuses on the 
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fabrication of model fiber-hydrogel composites in both supported and elevated fiber 

configurations, and the evaluation of cell behavior in these composites. Chapter 6 summarizes the 

main findings of this work and proposes studies for the future continuation of these efforts.  
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Chapter 2: Background 

2.1 Context of Medical Problem  

Due to the high mechanical loading that an ACL is exposed to as well as the slow rate of 

healing, ACL tears are attributed to the accumulation of damage from repeated over-stretching. At 

the point of a full rupture, the proximal and distal stumps of the ACL are no longer in contact and 

therefore will not heal naturally; furthermore, surgical efforts to suture the stumps together have 

proven unsuccessful due to the limited vascularity and slow rate of healing of the ACL. Thus, the 

aim of ACL reconstructions is to bridge the gap while providing a foundation for cell migration 

and ligament regeneration. Generally, ligament or tendon tissues are used in reconstructions, and 

affixed to the tibia and femur by insertion into bone tunnels and anchoring with screws [19]. A 

result of affixing soft tendon or ligament tissue directly to bone is the creation of an interface –

with mismatched mechanical properties – that is slow to integrate and is a major reason for graft 

failure [20]. 

 

2.2 Treatments  

The function and structure of native ACL has long been studied. Its inability to heal itself 

necessitates surgical intervention in most torn ACL cases. One of the earliest is a 1895 effort to 

repair the injured ligament by suturing together the two ACL stumps with catgut ligatures [21]. 

Since then, various different materials have been used to suture the torn ends of the ACL, but the 

repaired injured ligament exhibited high rates of re-rupture as well as tissue morbidity due to the 

arthrotomy procedure (prior to the advancement of arthroscopic techniques in the 1990s) [21]. 

During the same time period, autologous tissue grafts (autografts) were utilized as ACL substitutes. 

Autografts involve using tissue from the patient, usually from the hamstring or patellar tendon, to 
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reconstruct the ACL. The concerns with autografts include donor site morbidity, pain and 

weakness in the harvest site, limited availability of donor tissue, and delayed return of the patient 

to normal activity [22]. Nevertheless, comparison studies have shown that introducing a graft to 

replace the injured ligament yields better outcomes than restoring it through suturing. This has led 

to abandonment of the latter [21, 23], making autografts the gold standard.  

Starting in the 1970s, the development of non-degradable synthetic grafts was of keen 

interest due to their potentially unlimited supply, ease of surgery, and the elimination of donor site 

complications [22, 24, 25]. Based on encouraging initial results, carbon fiber-based devices such 

as Proplast, Polyflex and Intergraft ligaments were commercialized [24, 26]. However, 

complications including their early rupture and the accumulation of carbon deposits in the liver 

led to their abandonment. In the 1980s and early 1990s, alternative synthetic fibers, such as Gore-

Tex and Dacron, were used in the Kennedy Ligament Augmentation Device (LAD) and the Leeds-

Keio Artificial Ligament for ACL reconstruction [27]. Nonetheless, serious complications 

(including immunological responses, breakage, instability and osteoarthritis) led to their 

discontinuation as well [24].  

In the 1980s, interest grew for the use of allogeneic tissue graft (allograft) for ACL 

reconstruction [23]. Allografts involve the use of patellar, hamstring, and Achilles tendons from 

human cadaveric sources. Although allografts eliminate donor site-related complications and are 

more readily available, they still have accompanying shortfalls, including the risks of disease 

transmission and immunological responses. Furthermore, the sterilization process can diminish 

their strength in comparison to native ACL. Nevertheless, by the late 1990s, the use of synthetic 

grafts was completely discontinued by orthopaedic surgeons, and ACL reconstructions were 

performed using either autografts or allografts (biological grafts) [21, 24].  
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Graft fixation to native bone tunnels and the graft-bone tunnel motion and healing are other 

crucial factors to graft selection and its initial tension that influence the success of ACL 

reconstruction [28-30]. Predominant clinical grafts do not exhibit suitable healing with native bone 

tunnels in contrast to the less commonly used, more invasive bone-patellar tendon-bone autografts 

[4, 31, 32]. This is particularly associated with the property mismatch between the soft ligament 

tissue and the hard bone tunnels. As a result, the insertion usually does not provide enough graft 

fixation strength and suffers from stress concentrations, making tissue integration difficult. 

Unfortunately, this adds to the previously mentioned issues.  

To avoid ruptures, donor site morbidities, immunological responses and the absence of 

graft-bone healing associated with the use of these treatments (autografts, allografts, simple 

restorations and synthetics), better approaches are required to enhance the treatment of ACL 

injuries. To do so, a promising approach is tissue engineering. Based on the aforementioned 

limitations, a tissue engineered ACL must not only have the ability to regenerate the ligament of 

the intraarticular portion but also demonstrate osteointegration at both bone tunnel regions. 

  

2.3 ACL Anatomical Structure and Function 

The ACL, one of the four ligaments of the knee joint, is vital in stabilizing the knee joint, 

preventing the displacement of the tibia over the femur and resisting anterior tibial translation and 

rotational loads [33-35]. The ACL consists of two functional bundles, the anteromedial and the 

posterolateral bundle. Its average length, width and breadth are 32 mm, 8 mm, and 10 mm, 

respectively [36, 37] . The ACL has an ultimate tensile strength of 2000 N and a stiffness of 200 

N/mm [22, 24, 38]. As depicted in Figure 2.1, the ACL can effortlessly stretch from a relaxed state 

(toe region) up to a certain extent (linear elastic region) and resists higher loads without further 
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stretching (start of yield region) while maintaining healthy relative bone motion. If the load, 

however, becomes too extreme for what the ACL can handle, the ligament tears (end of yield 

region). However, due to its poor vascularization, interarticular location and regular movements 

within the knee, the healing process (e.g., development of a fibrin-platelet clot, recruitment of 

tissue repair cells) is poor [21].  

 

 

 
Figure 2.1: ACL structural behavior described by a load deformation curve. 

 

Although the ACL is mainly a ligamentous tissue, histologically it is divided into three 

zones: the bony insertion ends, the bone-to-ligament interface, and the ligamentous zone. The 

orchestration between these distinct zones and their components allow the ACL to carry out its 

function. Each zone is compositionally and structurally systematized making the integration of 

soft and hard tissues possible and smooth [20, 39]. Although the ACL is considered avascular, a 

small amount of blood is delivered to the ligament region by the geniculate artery. The interface 
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and bony insertion sites are entirely avascular [38]. Different cell types occupy the different 

regions of ACL: osteoblasts in the bony insertion ends, fibrochondrocytes in the bone-to-ligament 

interface, and fibroblasts (the predominant ligament cell type) in the ligamentous zone (Figure 

2.2). Below, each of these three regions is described in detail. 

 

 

 

 

 

 

 

 
 

Figure 2.2: Schematic representation of ligamentous, bone-ligament interface and bony 

insertion zones depicting property transitions from soft tissue to hard tissue (adapted from 

[40, 41]). 

 

2.3.1 Ligamentous Zone  

The ligamentous zone is made of a highly organized and dense collagen matrix (70%) [42], 

some elastin (<5%), proteoglycans (1%) (such as decorin, hyaluronan, biglycan and lumican), 

fibroblast cells (20%), and water, all surrounded by synovial fluid [28, 36, 43-45]. The collagen 

matrix exists primarily in the form of fibers, accounts for 70-80% of ligament dry weight, and is 

comprised mainly of collagen types I (90%) and III (10%) [46]. These components join together 

in a highly organized hierarchical cord-like tissue with complex viscoelastic properties allowing it 
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to respond to stress in the manner shown in Figure 2.1. As illustrated in Figure 2.3, the smallest 

structural units of the ACL are aligned collagen fibrils (50-500 nm diameter) that are organized 

into fibers (10-50 µm diameter). Groups of fibers are then structured into primary (also known as 

sub-fasicles) and then secondary fiber bundles (known as fascicles) (50-500 µm) to form the entire 

ligament [36, 47].  

 

 

 
Figure 2.3: Hierarchical organization of collagen within ACL (adapted from [36, 48]). 

 

2.3.2 Bone-Ligament Interface   

The ligamentous zone of the ACL integrates to tibial and femoral bones through a bone-

ligament interface, which helps facilitate load transfer as well as reduce stress concentrations that 

are naturally associated with soft to hard tissue attachment by gradually increasing in stiffness and 

acting as a shock absorber [3, 49]. This interface forms as cells present in this region are exposed 

to dynamic loads and compression to which they respond by creating a fibrocartilaginous matrix 

[50]. The bone-ligament interface is also known as the enthesis, is fibrocartilaginous in nature, and 

is further divided into a mineralized (or calcified) and an unmineralized (or noncalcified) zone 
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adjacent to the bone and ligament, respectively [29, 39]. Such subdividing within the interface is 

expected to be of functional significance as higher mineral content is linked to higher mechanical 

properties [29]. Although the mechanics of the enthesis are not well understood, its biological 

composition has been characterized. The enthesis is well-organized, rich in collagen, and poor in 

proteoglycans [39]. Yet in comparison with bone and ligament regions, the interface is low in 

collagen content [51]. The nonmineralized fibrocartilage section is comprised of collagen types I 

and II with fibrochondrocytes while the mineralized portion includes hypertrophic 

fibrochondrocytes within a collagen type X environment [29] (Figure 2.2). 

 

2.3.3 Bony Insertion Ends  

The bone-like regions present at the ends of the ACL connect to the tibia and femur. 

Macroscopically, long bones like the femur and tibia are made up of a less stiff, porous 

interconnected network at the inner surface known as trabecular or cancellous bone and a stiff, 

dense outer layer known as cortical or compact bone [52]. Compositionally, bone is comprised of 

50-70% mineral, 20-40% organic matrix and 5-10% water [53]. The mineralized matrix is also 

referred to as the inorganic phase and is mostly composed of calcium hydroxyapatite, and some 

carbonate, magnesium, citrate, fluoride, chloride, sodium, potassium and strontium [44, 54]. The 

organic matrix, on the other hand, consists of type I collagen (88%), and non-collagenous proteins 

like osteocalcin, osteonectin, osteopontin and bone sialoprotein (10%) as well as lipids (2%) [54, 

55]. As shown in Figure 2.2, cells embedded within the bone matrix are osteoblasts and osteocytes 

(bone forming and terminally differentiated bone cells, respectively), and osteoclasts (bone 

resorbing cells), all working together to remodel bone tissue [31]. The mineral and organic 
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components of bone contributes to its properties; the mineral phase provides bone stiffness in 

compression while the organic matrix offers bone toughness and strength in tension [56-58]. 

 

2.4 Tissue Engineering  

Due to long-term instability concerns linked with current graft options, the development of 

tissue engineered devices as alternative approaches has received substantial attention to enhance 

ACL reconstruction. Tissue engineering is an interdisciplinary field that combines the application 

of engineering, biological and chemical principles with efforts to improve procedures for repairing 

damaged tissues and organs. Tissue engineered constructs, generally consisting of a biomaterial 

scaffold, cells, and/or pharmaceutical agents (Figure 2.4), are biocompatible, biofunctional, and 

do not elicit immunogenic responses. Essentially, tissue engineering strategies leverage a bioactive 

environment and deliver biologically relevant chemical and physical signals to stimulate tissue 

regeneration.  

 

Figure 2.4: Traditional tissue engineering triad encompassing the scaffold materials, 

biologically active signals and cell supply sources. 
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A branch of tissue engineering is interfacial tissue engineering. Interfacial tissue 

engineering focuses on regenerating the anatomic interface between different types of tissue by 

generating gradients distinct in mechanical, chemical and biological properties. As such, it can 

potentially solve issues associated with soft graft-bone integration in ACL reconstruction by 

building upon successful tissue engineering fundamentals. To recapitulate the complex anatomical 

organization of each region of the ACL (i.e., bone, ligament, bone-ligament interface), efforts in 

this field have focused on combing different cell types, bioactive agents and/or biological scaffolds 

for each region to produce a single stratified tissue engineered graft.  

Tissue engineering of the ACL aims to design a scaffold that offers initial stability and 

strength to the knee by supporting its normal functioning while also allowing in situ cells to 

infiltrate, organize and finally remodel the ACL tissue at a rate that is comparable to the scaffold’s 

degradation rate. This helps smoothly shift the load from the implanted scaffold to the newly 

formed ligament tissue. Developing an ideal tissue engineered ACL remains a challenge due to the 

tissue’s complex structure and our limited understanding of ACL development in vivo. Key 

challenges include the construction of multi-phased scaffolds containing many distinct yet 

continuous gradients as well as the use of multiple cell types to achieve functional tissue structures. 

Nonetheless, the works of numerous researchers focusing on various aspects of ACL tissue 

engineering are encouraging, and demonstrate that with further work, an in vivo engineered ACL 

analogous to native ACL could be utilized in place of current problematic treatment options. 

In the following subsections, options and strategies for biomaterial scaffolds, 

pharmaceutical agents, and cells are discussed. 
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2.4.1 Biomaterial Scaffolds 

 Scaffolds are the fundamental element in engineering living tissue and act as a temporary 

structural support providing appropriate physical environment to which cells can attach, proliferate 

and differentiate to subsequently regenerate extracellular matrix (ECM) and form tissue. Scaffolds 

can also incorporate bioactive agents to guide the morphogenesis of tissue [38]. The incorporation 

of these agents into biomaterials can be carried out through multiple approaches including the 

direct adsorption or covalent immobilization of the agents onto scaffolds, or through utilizing 

biocompatible particles in the form of scaffolds for agent delivery to the implantation site [59-62]. 

The methods chosen to encompass bioactive signals to the scaffolds play a significant role in its 

biological activity, especially since sustained release profiles and suitable kinetics of signals are 

essential for tissue regeneration.   

 To serve as a suitable scaffold, the properties of a scaffold must mimic those of native 

ECM by possessing vital properties that foster cell-scaffold and cell-ECM interactions [63]. 

Scaffold biocompatibility, defined by its non-toxicity and non-immunogenicity upon implantation 

in patients, and biodegradability are among the most important properties. Other scaffold 

properties include its mechanical function and its architecture. Scaffolds must also match up with 

cell line requirements in their physical, mechanical, chemical and biomimetic capabilities to aid 

cell adhesion, growth and differentiation [64]. Furthermore, scaffolds must be porous enough to 

allow cell migration and nutrient transport [65]. Particular biochemical cues of the scaffold that 

influence cell behavior include its surface chemistry while physical cues include scaffold stiffness, 

fibrous structure and hydrophilicity [66, 67]. Thus, the selection of the scaffold material, its 

production technology, and the optimum balance of its characteristics are important choices for 

the advancement of tissue engineering scaffolds.  
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 The following sections will focus on four subtopics of biomaterial scaffolds. The first 

section will examine the use of different materials and their application in ligament tissue 

engineering. The second section will discuss fibrous scaffolds and the ways their makeup affects 

cell response. The different techniques used to produce them will also be discussed in this section 

with an emphasis on electrospinning technique. The third section will focus on different hydrogel 

scaffolds and their utilization in regenerating ligament tissue. The last section will discuss the 

fabrication of composite materials with enhanced desirable properties by combining both a fibrous 

phase and a hydrogel component. 

 

2.4.1.1 Material Choice 

 In fabricating scaffolds for ligament tissue engineering, there are several options within 

each of the natural and synthetic classes of materials that can be chosen to meet scaffold 

requirements. Contrary to short-term synthetic grafts of the 1970s and 1980s, tissue engineered 

synthetic materials focus on polymers that are both biocompatible and biodegradable. Poly-L-

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

copolymers are among the numerous synthetic biodegradable polymers for ligament tissue 

engineering. Polycaprolactone (PCL), a Food and Drug Administration (FDA) approved for 

multiple medical applications, is another synthetic polymer used in ligament tissue engineering 

[47, 68-74]. The advantages of synthetic polymers for ligament regeneration include the ease with 

which they can be melt- or solvent-processed, the ability to tailor their properties, such as tensile 

modulus and degradation rate, and their capacity to readily form into high mechanical strength 

scaffolds. This is important as scaffolds should maintain their mechanical properties until they are 

replaced by native tissue. Nonetheless, their lack of biological activity could affect their intended 
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function. Specifically, synthetic fiber polymers carry attractive mechanical and physiochemical 

properties yet their outer surface, unnatural composition as well as their lack of cell recognition 

can impede cell attachment and growth [75]. Synthetic polymers tend to degrade by simple 

hydrolysis whereas natural ones are susceptible to both hydrolytic or enzymatic degradation [76]. 

PLLA, PGA and PLGA produce hydrolytic degradation products that are ordinarily existent in the 

metabolic pathways of the body except when in their bulk degradation. Bulk degradation can result 

in the accumulation of acidic degradation products that lower both cell adhesion and angiogenesis 

and can be difficult to eliminate [77, 78]. PCL degrades at a much slower rate than PLLA, PGA 

and PLGA making it more appealing for longer term scaffolds like ligament scaffolds [79]. Its 

hydrophobicity, on the other hand, results in poor cell attachment. It is thus combined with other 

polymers when intended for ligament regeneration.  

 Natural materials have successfully been utilized in tissue engineering studies due to their 

biocompatible and biodegradable nature when incorporated in physiological environments. 

Collagen, silk and chitosan are among the natural materials that have been commonly used to 

produce scaffolds for ligament tissue engineering. Collagen is a polymer that has been extensively 

investigated for decades in clinical applications [80, 81]. It is the most common protein in our 

bodies and is particularly abundant in ACLs. As any other scaffolding material, cell behavior is 

determined by the micro features (such as diameter and porosity) of the collagen scaffold [80]. In 

addition, collagens contain binding sites for integrin-mediated cell adhesion and cell spreading. 

Collagen, nonetheless, degrades quickly in vivo and has low mechanical properties [82]. It is thus 

typically used to form hydrogels for soft tissue regeneration [83]. Silk, which has been utilized as 

a suture material for many years, is another biomaterial that has been investigated. Fabricated silk 

scaffolds have demonstrated cell guidance towards ligament lineages as a result of their 
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biocompatibility, suitable biodegradability and tensile strength that is similar to native ACL [22, 

84-86], in contrast to most natural polymers which are incapable of withstanding heavy mechanical 

loads. However, silk scaffolds often limit cell adhesion and proliferation [22, 87]. Chitosan, the 

deacetylated form of chitin in marine crustaceans, is another natural polysaccharide that has been 

shown to have properties of biological activity, degradability and compatibility as well as excellent 

film properties. However, chitosan, like collagen, is inherently weak and difficult to form into 

scaffold constructs suitable for ligament regeneration. Hence, their modification or combination 

with other materials is necessary. Other natural materials that have been examined include 

hyaluronic acid and fibrin [63, 88].  

 The lack of cell recognition associated with synthetic materials can be avoided with the use 

of natural ones. Natural materials such as collagen and gelatin that exist as native proteins can 

additionally provide chemical cues [66]. This is due to the similar compositions of macromolecules 

such as proteins that are present in the ECM bearing domains to which cellular membrane integrins 

can attach to [75]. Additionally, natural polymers encompass functional groups to which other 

molecules like growth factors can be covalently conjugated; a property that is valuable for their 

application in tissue regeneration. Nonetheless, the poor mechanical properties and lower 

processing ability of natural polymers in comparison to synthetic ones can limit their application. 

A recognized tissue engineering approach to overcome this is the production of scaffolds that 

combine both natural and synthetic ingredients. This allows benefiting from the mechanical 

properties of synthetic materials while simultaneously allowing natural materials to stimulate 

cellular adhesion [75].  

 As in ligament tissue engineering, the use of both natural and synthetic materials has been 

explored in bone tissue engineering. Since bone is stiffer in comparison to ligament, similar 
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materials such as synthetic PCL, poly(ethylene glycol) (PEG), PLGA and natural collagen, gelatin, 

chitosan, silk fibroin, and hyaluronan, are used but combined with other materials or prepared 

using techniques that yield higher mechanical properties [10, 20, 59, 89, 90]. Additionally, some 

inorganic osteogenic ingredients specific to bone tissue engineering that continue to be employed 

are magnesium, calcium phosphates (mainly b-tricalcium phosphate and hydroxyapatite, as well 

as biphasic calcium phosphate) and glass ceramics which are used to favor the migration, 

proliferation and differentiation of bone cells [16, 59, 91, 92]. Overall, each class of materials has 

its advantages and disadvantages, and no explicit material is universally accepted for ligament 

tissue engineering. For specific applications, however, some materials have been demonstrated to 

be more fitting. 

 

2.4.1.2 Fibrous Scaffolds 

 Processing techniques have allowed the fabrication of scaffolds with properties similar to 

those of native ECM. Specifically, fibrous scaffolds can recapitulate the fibrous structure of 

ligament ECM as it is its simplest anisotropic structure. Further, collagen fibers are generally the 

main component of the ECM of many tissues. Accordingly, fibrous scaffolds have been used 

numerously in both ligament and bone tissue engineering. Fibers have been organized in multiple 

ways including simple parallel alignment, twisted, braided, woven, crosslinked and knitted 

structures to form scaffolds [82]. The way fibers are organized determines scaffold mechanical 

properties and porosity. Fibrous scaffolds have the advantages of a large surface area to volume 

ratio and a porous structure which provides stronger cues by better mimicking ECM fibers and 

increasing cell to cell contact, respectively [93]. This in turn enhances mechanical properties and 
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supports cell growth within scaffolds. In a similar manner, larger surface areas increase cell 

attachment and smaller fiber diameters increase scaffold biocompatibility [65].  

 Many techniques have been developed for the fabrication of fibers from various ranges of 

materials including natural and synthetic polymers, ceramics and metals for bioengineering, drug 

delivery and predominantly tissue engineering applications. These techniques include melt 

blowing, self-assembly, phase separation and electrospinning [66]. Among these techniques, 

electrospinning is an inexpensive, consistent and simple method that produces fibers with 

nanometer to micrometer range diameters [93, 94]. It is the most popular method and many studies 

show that electrospun fibers foster cell attachment, growth and proliferation [94] due to their 

similar dimensions to natural ECM fibrils. Electrospinning forms nanofibers based on the uniaxial 

stretching of a viscoelastic polymer solution. This occurs by creating an electric field between a 

charged polymer solution and an oppositely charged or a grounded collector through applying a 

voltage [95]. As a result, molecules of the charged solution start repelling each other and are 

attracted to the collector. At the end of the capillary tube (the needle from which they leave the 

syringe), the polymer solution is held in a Taylor cone shape by its surface tension. Once the 

surface tension is overcome by electrostatic repulsive forces, the charged polymer leaves the tip 

of the Taylor cone in a rapidly whipping jet evaporating the solvent and forming a mechanically 

robust fibrous mesh on the oppositely charged or grounded collector. If the polymer solution is too 

dilute, repulsive forces would instead drive the whipping stream to break up into droplets (i.e., 

electrospraying). The collector can be in the form of a rotating mandrel, a flat plate, or two parallel 

plates [96-98]. As an example, Figure 2.5 illustrates an electrospinning setup with a slowly rotating 

cylindrical collector. The type of collector directly impacts the alignment of the depositing fibers. 

The whipping jet generally induces alignment of the polymer chains which results in fibers of high 



 22 

tensile properties and cause “strain-induced crystallization.” This particularly applies with the use 

of rotating rather than stationary collectors which can further exert pulling forces on deposited 

fibers as they rotate. Furthermore, modifying electrospinning setup, processing parameters, and 

solution properties allow for porosity tuning and the ability to alter the fiber compositions to match 

specific sizes and anisotropy. For instance, polymer solution concentration, applied voltage, flow 

rate, and throw distance can be altered based on desired tissue applications. Additionally, the type 

of collector and the speed of a rotating one can be used to control fiber alignment.   

 

 

 

 

 

 

 

 

 

Figure 2.5: Illustration of an electrospinning setup, consisting of: power supply, syringe 

pump and a grounded rotating cylindrical collector. 

 

 Wide ranges of both natural and synthetic polymers have been used in electrospinning for 

several applications including the tissue engineering of ligaments, wound repairs, drug delivery 

and biosensor membranes [94, 99]. To enhance scaffolds to suit cell environments and improve 

cell recognition of scaffold surfaces, other materials such as biological molecules, particles and 
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minerals can be blended into polymer solutions prior to electrospinning [64, 78]. Additionally, 

electrospun meshes can be improved by modifying their surfaces [100, 101]. Although electrospun 

fibers are highly porous, the size of pores is likely on the order of fiber diameter (~ 1 μm) which 

is often smaller than the size of mammalian cells. This can interfere with cell infiltration which is 

essential for scaffold remodeling into functional tissue [10, 102]. To combat this, the formation of 

larger pores has been carried out by modifying the electrospinning process or using other fiber 

producing techniques. These include the introduction of sacrificial fibers and/or porogens like salt 

crystals [10, 47] that can then be leached out to increase porosity and pore size. Similarly, gas 

foaming has been widely used to increase the porosity of electrospun fibers by introducing a gas 

into the polymer solution [11, 103, 104]. The subsequent rapid release of the gas creates bubbles 

in the solution allowing the formation of larger pores within electrospun meshes [11]. Although 

these procedures aid cell infiltration, the rates of infiltration remain slow and these strategies 

significantly reduce the mechanical properties of the electrospun scaffolds. Additionally, larger 

pores are associated with a decrease in surface area and reduced cell adhesion [105].   

 

2.4.1.3 Hydrogels  

 Hydrogel networks are another class of biomaterials. Hydrogels consist of three-

dimensional hydrophilic polymer networks that are synthetically or naturally derived and are 

formed through either chemical or physical crosslinks. Typically, chemically crosslinked 

hydrogels have higher mechanical properties than physically crosslinked ones [106]. Hydrogels 

have the ability to absorb large amounts of water through swelling and are of a well-interconnected 

porous structure (> 90%) in comparison to bulk polymers. This highly hydrated porous structure 

can be designed to promote the migration and consequent proliferation of cells [65, 107, 108] as 
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well as the diffusion of oxygen and nutrients [109]. Furthermore, hydrogels are viscoelastic in 

nature and have the ability to release their absorbed water under the application of forces [43]. 

Thus, cells are provided with environments that mimic their native ECM both compositionally and 

structurally. As such, hydrogels are a huge class of materials potentially suitable for tissue 

engineering different tissues including ligament.  

 Naturally derived hydrogels include collagen, chitosan, alginate and elastin [89, 110, 111]. 

The presence of amino, amide, carboxyl, and hydroxyl moieties along the backbone chains 

contribute to the hydrophilicity of such hydrogels [112, 113]. Since they originate from living 

organisms and can be prepared from ECM proteins and polysaccharides, natural hydrogels are 

highly compatible and usually possess domains to which surface integrins of cells can attach to 

and promote proliferation. Among natural hydrogels, collagen is an especially appealing protein 

due to its abundance in ECM as well as its high cell binding sites content [110]. Another material 

is hyaluronic acid which is a natural polysaccharide present in human tissue. It can be designed to 

produce gels of varying mechanical strength while retaining its biochemical signaling abilities 

[114]. Natural hydrogels, on the other hand, are easily degraded and can be of low mechanical 

strength [111, 115].  

Synthetic hydrogels that have been explored for tissue engineering applications include 

PEG [116], poly(vinyl alcohol) (PVA) [117], and poly(2-hydroxylethyl methacrylate) (PHEMA) 

[89]. In comparison to fibrous scaffolds, particular microarchitectures such as high alignment can 

be hard to recapitulate in hydrogels [118]. Moreover, paralleled to natural hydrogels, synthetic 

hydrogels can be highly customized as mechanical and chemical characteristics can be controlled 

through the formation of polymer blends and copolymers [89]. On the other hand, natural 

hydrogels are of higher bioactivity and can be more supportive of cell adhesion. Although 
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hydrogels are mechanically weak and seem to be inappropriate, particularly for harder tissue like 

bone, the presence of a hydrogel phase can actually enhance viscoelastic properties of scaffolds 

and provide a suitable matrix for cell maturation [43, 119]. In turn, this allows speeded tissue 

formation which provides the required mechanical support. 

 

2.4.1.4 Fiber-Hydrogel Hybrids 

 While electrospun fiber meshes and hydrogels are commonly utilized in biomedical and 

biological studies, a small number of studies have involved fiber-hydrogel composites to overcome 

previously mentioned individual shortcomings. Combining fibers and hydrogel can yield benefit 

from a) the mechanical stability and the ECM mimicking architecture of the fibrous constituent as 

well as b) the similar three-dimensional ECM-like microenvironment, biocompatibility and 

functionality of the hydrogels [43, 118, 120-122]. For instance, Deepethi et al. fabricated PCL 

fiber meshes combined with chitosan-hyaluronic acid hydrogels and layered them for the 

regeneration of ligament tissue [123]. It was found that the presence of hyaluronic acid hydrogel 

on the fibers did not alter the tensile strength of the fibers yet allowed more cell attachment and 

infiltration. Additionally, Freeman et al. developed a fiber-hydrogel composite composed of PLLA 

fibers and a polyethylene glycol diacrylate (PEGDA) hydrogel in a braid-twist structure [43]. The 

incorporation of the hydrogel was found to improve composite viscoelasticity and to allow it to 

behave similar to natural ligaments in tension. In a similar manner but for bone regeneration, 

Kolambkar et al. produced a hybrid nanofiber mesh tube filled with a growth factor-modified 

alginate hydrogel phase tested in vivo [124]. Here, the delivery of growth factors as part of a fiber-

hydrogel composite was found to restore bone defects. The designs of these three mentioned 

studies integrate fibers and hydrogels differently.   
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Commonly, fiber and hydrogel phases are assembled in a manner where the hydrogel 

supports the adhesion of electrospun meshes through the rolling and/or stacking of meshes, or 

through the incorporation of fibers within the hydrogel phase [118, 120, 125]. This is potentially 

due to physical combination of the two phases being the simplest approach [120]. Nonetheless, 

composites with homogenous properties can be difficult to achieve due to precise fabrication 

methods. Hence, in producing composites, it is essential to develop an approach that not only 

combines the individual advantages of the constituents creating a scaffold with novel 

characteristics, but one that also retains the fundamental properties required of a scaffold based on 

the targeted tissue.  

 

2.4.2 Bioactive Agents 

Tissue engineering research requires more than an inert template for cell attachment and is 

thus combined with biological cues and tissue cells. The presence of a cue, in the form of adhesion 

molecules and/or growth factors can guide and mediate the formation of tissue by mimicking the 

ECM’s supply of bioactive signals which regulate cell behavior [126]. Furthermore, biological 

signals influence cell proliferation, differentiation and migration [22]. Therefore, the introduction 

of different signaling molecules including different cytokines, growth factors, and morphogens to 

the cell environment to direct the formation of target phenotypes is an important aspect of tissue 

engineering. In ACL tissue engineering, the use of signaling molecules and an understanding of 

their exact cell guiding schemes has become of deep interest and continues to be explored.  

Growth factors are among the signaling molecules that can govern cell behavior, and 

several growth factors (such as fibroblast growth factor (FGF), transforming growth factor (TGF)-

b  and platelet-derived growth factor (PDGF)) have been demonstrated to increase fibroblastic 
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differentiation and to produce ECM to help in ligament healing [80]. Furthermore, the 

incorporation of growth factors into acellular scaffolds encourages in situ cells surrounding host 

tissue to migrate and grow into the scaffold [127]. Often, groups of growth factors that belong to 

proteins and are known to improve the deposition of ECM products are employed [1]. Such growth 

factors include bone morphogenic proteins (BMPs) which belong to the transforming growth 

factor (TGF)-b superfamily and were a major breakthrough in 1965 [128, 129]. BMPs are further 

known to have an inductive ability on their own [127].  

Prominently, BMPs simulate chondrogenic and osteogenic differentiation of MSCs [1, 

130] with BMP-2 being the most representative and osteoinductive member of the family. BMP-

2 formulated in an absorbable collagen sponge carrier is FDA approved for use in spinal fusion 

applications [127]. As a result of its well-known critical role in bone formation, BMP-2 has been 

incorporated into biomaterial scaffolds in a number of different ways to stimulate osteoblastic 

differentiation in vitro, and bone healing in both animal studies and clinical procedures. Zhao et 

al. investigated the role of BMP-2 immobilized poly(lactide-co-glycolide)/hydroxyapatite 

(PLGA/HA) fibrous scaffolds produced by melt-spinning on MC3T3-E1 cells to promote the 

regeneration of bone tissue [131]. Here, the authors reported increased alkaline phosphatase 

activity, higher expression of osteogenesis related genes, and higher mineral deposition in cells 

with BMP-2 immobilized scaffolds in comparison to those in the absence of BMP-2. Andrews et 

al. reported a similar observation in the presence of BMP-2 when loading the protein in a 

chondroitin sulfate glycosaminoglycan (CS-GAG) scaffold or inserting its gene into mesenchymal 

stem cells (BMP-2 MSC) and studying it in vivo in a rat femoral defect model [132]. The presence 

of BMP-2 maintained a significant increase in bone volume, strength and stiffness illustrating its 

potential use for bone repair.       
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Similar to the importance of BMP-2 in the stimulation of an osteogenic pathway, the 

induction to tendinous and ligamentous pathways of MSCs are possible with growth and 

differentiation factors (GDFs), another distinct class belonging to BMPs [1]. Specifically, GDF-5, 

-6, and -7 are of significance in the development of tendon and ligament tissue and their repair 

process [133]. Farng et al. studied the effects of mechanical stimulation (with cyclic strain) and 

biochemical stimulation (with GDF-5) on the proliferation and differentiation of cells seeded on a 

highly porous, three-dimensional polycaprolactone (PCL) polymer scaffold [134]. Although the 

combination of both stimuli increased cellular proliferation, each stimulus on its own did not. 

GDF-5, nonetheless, increased the expression of ligament fibroblast markers: collagen I, collagen 

II and scleraxis. In a different study, Rickert et al. examined the influence of GDF-5 on rat Achilles 

tendon healing [135]. The sutures were either treated with a GDF-5 coat or left uncoated. At the 

end of 4 weeks, tendons were stiffer and the expression of collagen II in repair sites was 

upregulated in the GDF-5 coated group in comparison to the control. Again, this signifies the 

potential ability of GDF-5 to help accelerate soft tissue repair.          

 

2.4.3 Cells 

The third fundamental component for the success of a tissue engineering approach to ACL 

replacement is the choice of cell line to be incorporated onto/within scaffolds. Although cells can 

either be implanted with the scaffold (cellularized scaffolds) or be recruited to the scaffold in situ 

(acellular scaffolds)  [136], cellularized scaffolds have shown to better enhance ACL healing since 

seeded cells can partake in its healing early on [80, 137]. This is possibly due to ACL’s poor ability 

to heal and its unique mechanics. Yet the exact mechanism in which this occurs remains largely 

unidentified. In in vitro and in vivo investigations of tissue engineering, the selection of cell type 
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for the formation of cellular scaffolds or a model to in situ cells is key. Cell choice is generally 

based on the tissue of interest as well as the cell type availability, its capacity to proliferate, its 

potential to generate an ECM similar to that of native tissue, and to secrete trophic factors to recruit 

host cells to implantation sites assisting in the regenerative process. Specifically, cells incorporated 

for ligament regeneration must have the ability to remodel their generated ECM into collagen 

fibers of high tensile strength. Furthermore, the cells must stimulate integration of the scaffolds 

with tibial and femoral bone tunnels for complete healing.   

 In ligament tissue engineering, fully differentiated fibroblasts have been used as the cell 

source since ACL primarily consists of fibroblasts [138-140]. Typically, cells are seeded on 

scaffolds but sometimes other procedures are used to incorporate them to make up for certain cell-

scaffold interaction limitations. The seeding of ligament-targeting scaffolds with fibroblasts in vivo 

has shown to allow higher cell ECM protein secretion in comparison to scaffolds implanted in the 

absence of fibroblasts [137]. Although their presence in ACL and their formation of an ECM  make 

fibroblasts the logical cell choice, their limited quantity as well as the risk for local infection during 

harvesting restricts their use [1]. With the advancement in stem cell technology, nonetheless, many 

works support the use of mesenchymal stem cells (MSCs) over fibroblasts due to their higher and 

more robust proliferative potential and their capacity to produce more collagen [22, 141]. These 

findings were obtained when comparing MSC seeded scaffolds to fibroblast seeded scaffolds 

[141].  

 MSCs can be extracted from different body tissue such as the periosteum, dental pulp, hair 

follicle, fat, tonsil and skeletal muscle [22]. The most studied adult MSCs for skeletal tissue 

regeneration are those derived from bone marrow (BMSCs). With no significant surgeries, adult 

BMSCs can be harvested by suctioning bone marrow and expanding it rapidly in vitro [22]. 
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BMSCs can self-renew and upon the introduction of signals, BMSCs can, among other pathways, 

differentiate into fibroblasts, osteoblasts and chrondocyte-like phenotypes. Undifferentiated MSCs 

are relatively more abundant than fibroblasts as they can be obtained from several different tissue 

sources and in a much easier manner than tendon or ligament fibroblasts [81, 142]. In bone tissue 

engineering, similarly, mesenchymal stem cells (MSCs) are the most commonly used cell line and 

are well known for their criticality in the bone healing process [64]. When stimulated correctly, 

MSCs have the ability to differentiate down well-defined pathways for the regeneration of different 

tissues, including bone, ligament, tendon and adipose.  

 

2.5 Summary 
 
 This chapter discusses the distinctive characteristics associated with ACL injuries, the past 

and current treatments, as well as the various aspects related to the development of tissue 

engineering as an alternative approach to current treatments. The appropriate provision of stimuli, 

through the presence of bioactive agents and specific scaffolding properties, is necessary to guide 

tissue regeneration. The next three chapters will focus on the efforts embarked to develop scaffold 

materials and delivery systems to provide such stimuli to cells.  
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3.1 Abstract 

 Polycaprolactone (PCL) fiber scaffolds are attractive, albeit inert, substrates for ligament 

regeneration, that may be improved by incorporating trophic factors to guide tissue remodeling in 

vivo. In particular, immobilization of bone morphogenic protein (BMP)-2 to the scaffold surface 

may facilitate rapid and robust integration of the scaffold with adjacent bone tissues. As a first step 

toward testing this, model PCL surfaces were modified by the addition of heparin and BMP-2 to 

facilitate osteoblastic differentiation. Specifically, heparin was combined with PCL at 0, 0.5, and 

1 wt% (denoted as PCL, PCL-0.5Hep, and PCL-1Hep), cast into films, and then BMP-2 was 

immobilized to surfaces by either adsorption and covalent conjugation. Here, BMP-2 

concentration increased systematically with incorporation of heparin, and higher concentrations 

were achieved by covalent conjugation. Next, blends were electrospun to form thin meshes with 

fiber diameters of 0.54, 0.62, and 0.92 μm for PCL-1Hep, PCL-0.5Hep, and PCL, respectively. 

Mesenchymal stem cells (MSCs) had no difficulty attaching to and proliferating on all meshes. 
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Lastly, PCL-1Hep meshes were prepared with adsorbed or covalently conjugated BMP-2 and 

cultured with MSCs in the absence of osteogenic factors. Under these conditions, alkaline 

phosphatase activity and deposition of bone sialoprotein, osteopontin, and calcium minerals – 

markers of osteoblastic differentiation – were significantly higher on surfaces with immobilized 

BMP-2. Together, these data indicate that covalent immobilization of trophic factors confers 

bioactivity to scaffolds, which may be applied in a spatially controlled manner for ligament 

regeneration and bone integration. 

 

3.2 Introduction 

 Anterior cruciate ligament (ACL) injuries are common, and incidents leading to such 

injuries continue to rise [143]. Indeed, the incidence of ACL reconstructions in the US was 

estimated to have risen from 87,000 in 1994 to 130,000 in 2005 [144]. In case of ACL replacement 

surgery, the graft must strongly integrate with the tibia and femur. However, reconstruction 

practices that involve directly affixing soft tissue to bone (e.g., quadriceps tendon, hamstring 

tendon graft) exhibit slower integration than bone-to-bone grafts (e.g., bone-patellar tendon-bone 

graft), and risk both mechanical instability and early pull out of the graft [15]. In ligament tissue 

engineering research, efforts have been made to overcome these limitations by constructing 

scaffolds with transition zones and hard regions to enhance integration with host bone [145]. 

 To accelerate ligament regeneration and bony integration to bone, reconstruction strategies 

have involved the local delivery of osteogenic materials such as hydroxyapatite, magnesium, 

calcium carbonate, fibroblast growth factors (FGFs) and bone morphogenic proteins (BMPs) [146, 

147]. BMP-2 in particular is a member of the transforming growth factor (TGF)-b superfamily and 

is involved in the osteogenic differentiation of mesenchymal stem cells (MSCs) and bone 



 33 

formation both in vitro and in vivo [148, 149]. FDA-approved for lumbar fusion in 2002, BMP-2 

recruits bone marrow and circulatory cells to areas of bone repair [150] and induces their 

osteoblastic differentiation and mineral deposition [151]. Nonetheless, BMP-2 has a short half-life 

in vivo and may lose biological activity shortly after release from its delivery vehicle, necessitating 

the use of superphysiologic concentrations. However, immobilization of BMP-2 on the delivery 

vehicle surface may extend its bioavailability and reduce the concentrations required for bone 

formation. 

Polycaprolactone (PCL) is an attractive biomaterial for bone and ligament tissue 

engineering, and has been used to deliver BMP-2 [152] and other trophic factors. Although PCL 

is nontoxic, has a Young’s modulus of ~400 MPa, and hydrolyzes in 6 months to 2 years, it is 

hydrophobic and lacks recognition sites for cell-scaffold interactions. Therefore, its modification 

with proteins, peptides, or polysaccharides – to increase biological compatibility – has been of 

great interest [153]. Heparin is a linear sulfated glycosaminoglycan (GAG) that has been shown to 

confer anti-inflammatory and blood compatibility properties to synthetic biomaterial surfaces 

[154]. In addition, it binds various trophic factors (e.g., BMPs, FGFs, VEGF, PDGFs) decreasing 

their diffusion rate and modulating their bioactivity [155-157]. 

 With the ultimate goal of fabricating a contiguous 3D ligament scaffold with bony insertion 

regions, this work focuses on the fabrication of electrospun fibrous scaffolds capable of inducing 

osteogenic differentiation. To this end, PCL was mixed with heparin and electrospun to form PCL-

heparin (PCL-Hep) films and fiber meshes to which BMP-2 was immobilized through adsorption 

and covalent conjugation. MSC responses – including cell viability, proliferation, alkaline 

phosphatase (ALP) activity, deposition of bone sialoprotein (BSP) and osteopontin (OPN), and 

mineralization – to the different bioactive fiber meshes were studied. 
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3.3 Materials and Methods 

3.3.1 Materials 

 Polycaprolactone (PCL, Mn 80 kDa), heparin (sodium salt from porcine intestinal mucosa 

Grade I-A, average MW of 18 kDa), toluidine blue, Tween-20, Triton-X100, Alizarin red, neutral 

buffered formalin (NBF) and cetylpyridinium chloride were obtained from Sigma Aldrich (Saint 

Louis, MO). Extra pure 2,2,2-trifluoroethanol (TFE), 2-morpholinoethane sulfonic acid buffer 

(MES), bovine serum albumin (BSA) and sodium phosphate were obtained from Fisher Scientific 

(Suwanee, GA). N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and ABTS (2,2’-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt) 

were obtained from Thermo Scientific (Grand Island, NY). Recombinant human bone 

morphogenic protein (BMP)-2 and phosphate buffered saline (PBS) were obtained from Invitrogen 

(Carlsbad, CA) and Corning cellgro (Manassas, VA), respectively. Primary antibodies against BSP 

(ab52128) and OPN (ab8448) as well as fluorescein thioisocyanate (FITC)-conjugated secondary 

antibody (ab6717) were obtained from Abcam Inc. (Cambridge, MA).  

 

3.3.2 Electrospinning of Fiber Meshes 

 PCL and PCL/heparin blends (99.5/0.5 and 99/1 w/w%) were prepared at 9 wt% in TFE. 

To incorporate heparin into PCL, appropriate amounts of heparin were first dissolved in 100 µL 

of water and then mixed with 5 mL of TFE prior to the addition of PCL. The 99.5/0.5 and 99/1 

w/w% blends are denoted as PCL-0.5Hep and PCL-1Hep. Fibers were electrospun from solutions 

in 10 mL plastic syringes equipped with 22-gauge stainless steel needles, using a flow rate of 3.0 

mL/h, a throw distance of 11 cm, and a potential of 15 kV. Fibers were collected on an aluminum 

foil covered 7.5 cm diameter cylindrical mandrel rotating at 1600 rpm. Fibers collected on the foil 
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for 30 min were used for characterization of fiber properties and mechanical testing. Fibers for cell 

culture studies were electrospun for 5 min and collected onto 15 mm diameter coverslips attached 

to the rotating mandrel. 

 

3.3.3 Fiber Characterization  

 The incorporation of heparin into PCL-0.5Hep and PCL-1Hep fiber meshes was visualized 

using toluidine blue. Electrospun meshes were incubated in a solution of 50 μg/mL toluidine blue 

in 0.01 M HCl and 0.2% NaCl under gentle shaking for 2 h at room temperature. Subsequently, 

color images of the stained meshes were collected as well as absorbance measurements of the 

resultant dye solution at 631 nm (using a SpectraMax M2 plate reader, Molecular devices, 

Sunnyvale, CA). In addition, the morphology of the electrospun fibers was examined by scanning 

electron microscopy (SEM). After sputter coating the fibers with a 5 nm conductive palladium 

layer (Model 208 HR, Cressington Scientific Instruments, Cranberry, PA), fibers were visualized 

with a LEO1550 field emission SEM (Oxford Instruments, Oxfordshire, UK) at an accelerating 

voltage of 5 kV. Average fiber diameters for the different meshes were determined by analyzing 

at least 100 fiber segments over 4 image fields using ImageJ (National Institutes of Health). To 

characterize the hydrophilicity of fiber meshes, water contact angles on electrospun fiber surfaces 

were measured with a FTA125 contact angle goniometer (First Ten angstroms, Portsmouth, VA). 

 

3.3.4 Mechanical Testing  

Mechanical testing was carried out on 5 cm × 2.5 cm meshes (with the longer dimension 

corresponding to the theta direction of the rotating mandrel) that had been incubated overnight in 

PBS at room temperature. Widths and lengths were measured with a precision caliper and the 
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thicknesses were measured using a laser displacement sensor (Keyence model LK-G82, Itasca, 

IL). Widths and thicknesses were averaged along the length of the meshes. Samples were mounted 

into the clamps of a material testing system (MTS Insight, Eden Prairie, MN) giving a mesh gauge 

length of approximately 3 cm. Tensile testing was conducted to failure at a strain rate of 0.3 mm/s 

at room temperature with a 50 N load cell. Young’s Modulus and strain at peak, among other 

outputs, were automatically calculated by the MTS Test Works 4 software from generated load vs 

extension curves. 

 

3.3.5 BMP-2 Immobilization and Quantification on Thin Films 

 BMP-2 was either adsorbed or covalently attached to the fibers. To quantify the 

concentration of BMP-2, polymer films were on 15 mm glass coverslips by spin coating. To adsorb 

BMP-2, coverslips were immersed in 0.5 mL of 250 ng/mL BMP-2 solution in PBS for 2.5 h at 

room temperature. For covalent attachment, coverslips were incubated in 25 mM EDC and 10 mM 

NHS dissolved in MES buffer (0.05 M MES in water, pH 6) for 30 min followed by immersion in 

250 ng/mL BMP-2 solution in MES buffer for 2.5 h at room temperature.  

 The amount of BMP-2 adsorbed or covalently immobilized was quantified with a 

Quantikine Enzyme-Linked Immmunosorbent Assay (ELISA) (PeproTech) immediately 

following adsorption/conjugation and after 7 days of incubation in PBS (pH 7.4) at 37 °C. Samples 

on glass coverslips were rinsed twice with PBS, blocked for 1 h with 1% BSA in PBS, and washed 

thrice with 0.05% Tween-20. Samples were then incubated in 250 ng/mL biotinylated rabbit anti-

human BMP-2 antibody (PeproTech, catalog #500-P195BT) for 2 h, washed thrice in Tween-20, 

and incubated in 550 ng/mL streptavidin-conjugated horseradish peroxidase (PeproTech) for 30 

min. Coverslips were washed in Tween-20, transferred to new wells, and incubated for 5 min in 
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ABTS development solution under gentle agitation. Samples of development solutions were then 

transferred to a 96 well plate and the absorbances measured at 405 nm with wavelength correction 

set at 650 nm using a SpectraMax M2 plate reader. Absorbances were converted to nanograms of 

BMP-2 per volume of solution using a series of BMP-2 standards. 

 

3.3.6 Mesenchymal Stem Cell (MSC) Culture  

 MSCs were derived from bone marrow explants from the femurs and tibias of juvenile 

male Sprague-Dawley rats weighing 125-150 g (Harlan, Dublin, VA) in accordance with the 

Institutional Animal Care and Use Committee at Virginia Tech as described previously [158]. 

Cells were cultured in growth medium consisting of alpha-modified Eagle medium (α-MEM, 

Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gemini Biosciences, West 

Sacramento, CA) and 1% penicillin/streptomycin (Invitrogen), and used between passages 3 and 

5. 

 Fibers on coverslips were sterilized by soaking in 70% ethanol for 30 min, exposing to UV 

light for 30 min, and washing twice with sterile PBS. Next, BMP-2 was deposited onto fibers by 

adsorption or conjugation under sterile conditions (as described previously). Coverslips were then 

transferred into 24 well plates and each incubated with 1 mL of growth medium for 30 min before 

seeding with 4×104 cells per fiber mesh. Cells were cultured in growth media, and the media was 

changed twice weekly.  

 

3.3.7 Cell Viability Analysis 

 The viability of cells on the different fiber meshes were evaluated with a live/dead viability 

cytotoxicity kit (Biotium, Hayward, CA) at 1, 7 and 14 days after seeding cells. Briefly, fiber 
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meshes were incubated for 30 min at 37 °C in 2 µM calcein-AM and 4 µM ethidium homodimer 

I in PBS. Meshes were then rinsed with PBS and observed with an inverted Leica DM IL 

microscope (Leica Microsystems, Buffalo Grove, IL) with a blue band-pass filter to identify live 

cells and a green band-pass filter to indicate dead cells. 

 

3.3.8 MSC Number 

 Quanti-iT PicoGreen kit (Invitrogen, Grand Island, NY) was used to quantify the DNA 

content of the PCL, PCL-0.5 heparin and PCL-1 heparin fiber meshes at 3, 7 and 14 days post 

seeding. After two PBS washes, the cells were lysed with 0.2% Triton-X100 followed by three 

freeze-thaw cycles, and thorough mixing. Equal volumes of sample and Quanti-iT PicoGreen 

dsDNA reagent were combined and incubated for 5 min following manufacturer’s instructions. 

Fluorescence was then measured at excitation 480 nm and emission 520 nm with a SpectraMax 

M2 plate reader. Fluorescence data were converted to DNA mass using a prepared standards series. 

The number of cells was calculated from DNA content using the predetermined conversion factor 

of 8 pg DNA per cell and reported as relative to day 3 cell numbers within each group. 

 

3.3.9 ALP Activity  

 Intracellular ALP activity was determined at 7 and 14 days of culture in growth medium. 

At each time point, fiber meshes were washed with PBS and the cells lysed for 1 h in 0.2% Triton-

X100 and 5 mM MgCl2 in deionized (DI) water. Activity was assayed according to manufacturer’s 

protocol with a QuantiChrom ALP assay kit (BioAssay Systems) using p-nitrophenyl phosphate. 

Cell number for each sample was then determined by PicoGreen (as described previously), and the 

values were used to normalize ALP activity. 
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3.3.10 Alizarin Red Staining and Quantitative Analysis  

 Alizarin red staining was carried out at day 28. Cells were washed with PBS and fixed in 

10% neutral buffered formalin for 30 min. After washing with DI water, samples were stained with 

2% Alizarin red in DI water for 45 min in the dark at room temperature. Following that, samples 

were washed with DI water to remove unbound stain and the cells analyzed with a microscope. 

Quantitative analysis was carried out by dissolving the bound stain with 10% cetylpyridinium 

chloride in 10 mM sodium phosphate under shaking for 30 min. The solution was then centrifuged 

and the absorbance of the supernatant measured at a 570 nm wavelength with a SpectraMax M2 

plate reader. 

   

3.3.11 Immunofluorescent Staining  

Immunofluorescent staining was carried out after 28 days of culture to detect OPN and 

BSP proteins. Cells were washed twice with PBS and fixed for 30 min with 10% NBF. After three 

PBS washes, cells were lysed for 15 min with 0.5% Triton-X100 in PBS. Samples were then rinsed 

thrice with PBS and blocked for 1 h with 1% BSA in PBS and then incubated with either rabbit 

polyclonal anti-BSP or anti-OPN primary antibody (both at 1:100 dilution) in PBS for 16 h at 4 

0C. Following three PBS washes, samples were incubated in 1:1000 diluted FITC-conjugated goat 

polyclonal secondary antibody to rabbit immunoglobin G (IgG) in PBS for 1 h at room 

temperature. Samples were then rinsed twice with PBS and observed using an inverted Leica DM 

IL microscope with a blue band-pass filter to indicate the presence of BSP and OPN proteins.  

  

3.3.12 Statistical Analysis 

 Data values are represented as mean ± standard error of the mean (SEM). p values were 
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determined by one-way analysis of variance (ANOVA) using StatPlus 2016 statistics package 

(AnalystSoft, Walnut, CA) and values p £ 0.05 were considered statistically significant.  

 

3.4 Results 

3.4.1 Fiber Characterization and Mechanical Testing  

 The morphologies of the PCL, PCL-0.5Hep and PCL-1Hep fibers were visualized by SEM. 

Overall, the surfaces appear similar, with regular fibers and the absence of beads or broken fibers 

for all compositions (Figure 3.1). Some evidence of splaying (e.g., a mixture of thin and thick 

fibers, fibers branching, fibers twisted around one another) was noted. Quantitative analysis 

indicated a systematic decrease in fiber diameter with addition of heparin, with diameters of 916 

± 320 nm for PCL, 623 ± 307 nm for PCL-0.5Hep, and 537 ± 225 nm for PCL-1Hep. The presence 

of heparin was confirmed by toluidine blue assay, which revealed more purple-colored heparin-

toluidine blue dye on the PCL-0.5Hep and PCL-1Hep fibers than on PCL fibers (Figure 3.2a-c). 

In addition, absorbances for the toluidine blue soaking solutions (following incubation with the 

meshes) decreased with increasing heparin content with values of 2.20 for PCL, 2.18 for PCL-

0.5Hep and 2.15 for PCL-1Hep fiber substrates at 631 nm wavelength (Figure 3.2d). Similarly, 

surface contact angles decreased with increasing heparin content, with values of 98.5° ± 8.8°, 73.0° 

± 0.5° and 64.0° ± 1.0° for PCL, PCL-0.5Hep and PCL-1Hep surfaces, respectively. Mechanical 

testing, demonstrated similar tensile properties of the different meshes, with Young’s moduli of 

28.3 ± 3.6 MPa, 28.0 ± 3.9 MPa and 30.7 ± 8.1 MPa for PCL, PCL-0.5Hep and PCL-1Hep 

surfaces, respectively.   
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Figure 3.1: SEM images of (a) PCL, (b) PCL-0.5Hep and (c) PCL-1Hep electrospun fibers. 

Scale bars correspond to 10 μm. 

 

 

Figure 3.2: Observed toluidine blue staining on (a) PCL, (b) PCL-0.5Hep and (c) PCL-

1Hep electrospun fibers. Scale bars correspond to 5 mm. (d) Absorbance values of 

toluidine blue solutions post-staining. *Indicates statistical significance (p < 0.05) 

relative to other groups. 
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3.4.2 BMP-2 Immobilization  

 BMP-2 was immobilized to spin-coated films of the three different materials by adsorption 

of 250 ng/mL BMP-2 or by activation of the surface with EDC and NHS followed by incubation 

with 250 ng/mL BMP-2. The surface concentration varied with both conjugation technique and 

substrate composition (Figure 3.3a). In particular, the concentration increased systematically with 

heparin content for both conjugation techniques but covalent conjugation achieved higher BMP-2 

binding for all three substrates. Thus, PCL-1Hep surfaces with covalently conjugated protein had 

the highest BMP-2 surface concentration (5.1 ± 1.6 ng/cm2), which was significantly different 

from the other groups (p < 0.05). In a separate study surfaces were incubated in PBS for 7 days 

prior to determination of BMP-2 concentration (Figure 3.3b), and qualitatively similar 

concentrations of BMP-2 were observed. That is, a significant decrease in protein – that could be 

associated with BMP-2 desorption or PCL degradation – was not observed. However, at the same 

time, the concentration of BMP-2 covalently conjugated to the substrates appeared to increase by 

roughly a factor of two relative to day 0.  This could be a consequence of rearrangement of the 

proteins on the surfaces (e.g., denaturation) to expose more epitopes for antibody binding. 

Nevertheless, the data conservatively indicates that BMP-2 is not lost from any of the surfaces 

over 7 days of incubation and that covalent conjugation may achieve three to four times as much 

BMP-2 immobilization as adsorption.  
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Figure 3.3: (a) Adsorbed and conjugated BMP-2 surface concentrations on PCL, PCL-0.5Hep 

and PCL-1Hep surfaces as measured by ELISA. (b) Adsorbed and conjugated BMP-2 surface 

concentrations on PCL, PCL-0.5Hep and PCL-1Hep surfaces at day 7 as measured by ELISA. 

Bars correspond to mean ± SEM (n = 3). *Denotes statistical significance (p < 0.05) relative to 

other groups. #Indicates statistical significance (p < 0.05) relative to same group for different 

immobilization chemistry. 

 

3.4.3 Live/Dead Staining and Cell Proliferation 

 Live/dead staining showed that MSCs attached to the three different fiber meshes (absent 

BMP-2 conjugation) and exhibited high viability over 14 days of culture (Figure 3.4). In addition, 

cell numbers increased over 14 days on all surfaces (Figure 3.5), and were comparable to cells on 

tissue culture polystyrene (TCPS). Quantitative analysis indicated that all fiber meshes supported 

significant increases in cell number between day 7 and day 14. In addition, at day 7, cell numbers 

on PCL-1Hep fiber meshes were significantly higher than on the other surfaces.  
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Figure 3.4: Live dead staining of MSCs seeded on PCL, PCL-0.5Hep and PCL-1Hep 

electrospun fibers at days 1, 7 and 14. Scale bars correspond to 100 μm. 

 

3.4.4 MSCs Osteogenic Differentiation  

 Because spin-coated PCL-1Hep surfaces achieved the highest BMP-2 surface 

concentration (Figure 3.3), osteoblastic differentiation studies were performed on electrospun 

PCL-1Hep fiber meshes.  Experimental groups were meshes with adsorbed and covalently 

conjugated BMP-2 and negative controls were meshes without BMP-2.  For these studies, cells 

were maintained in growth medium (without osteogenic supplements such as dexamethasone, β-

glycerophosphate and ascorbic acid). 
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Figure 3.5:  Relative cell number for MSCs seeded on PCL, PCL-0.5Hep and PCL-1Hep 

electrospun fibers at days 3, 7 and 14. Cell numbers on each surface were normalized by day 3 

values. Cells on tissue culture polystyrene (TCPS) are included as a control group.  Bars 

correspond to mean ± SEM for n = 4. #Indicates statistical significance (p < 0.05) relative to 

other groups at the same time point. *Denotes statistical significance (p < 0.05) relative to same 

group at previous time point. 

 

Alkaline phosphatase activity, a marker of osteogenic potential of MSCs, was measured at 

days 7 and 14. As shown in Figure 3.6, ALP activity at day 7 was significantly higher with 

covalently conjugated BMP-2 than without BMP-2 or with adsorbed BMP-2. In addition, ALP 

activity increased from day 7 to 14 on fibers with covalently conjugated BMP-2, but remained 

similar at day 7 and 14 on fibers without BMP-2 or with adsorbed BMP-2. 
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Figure 3.6: Alkaline phosphatase activity of MSCs on PCL-1Hep fibers and PCL-1Hep 

fibers with adsorbed and covalently conjugated BMP-2 at days 7 and 14. Bars correspond 

to mean ± SEM for n = 3. *Denotes statistical significance (p < 0.05) relative to PCL-

1Hep. #Indicates statistical significance (p < 0.05) relative to other groups at the same 

time point. 

 

 To examine late osteogenic differentiation, the deposition of calcium minerals and BSP 

and OPN proteins by MSCs on PCL-1Hep fiber meshes was examined at day 28. As shown in 

Figures 3.7a-c, more calcium deposits are evident by Alizarin red staining on fibers covalently 

conjugated with BMP-2 than on fibers without BMP-2 or with adsorbed BMP-2. Furthermore, for 

covalently conjugated fibers, large mineral deposits that encompass cell colonies are evident 

(Figure 3.7c). Differences in Alizarin red staining between groups were verified by extraction of 
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the dye. Absorbances plotted relative to fiber surfaces without BMP-2 indicate 1.9 and 4.1 times 

higher mineralization deposition for fiber meshes with adsorbed BMP-2 and covalently conjugated 

BMP-2, respectively (Figure 3.7d). Immunofluorescent staining for BSP (Figure 3.8a-c) and OPN 

(Figure 3.8d-f) confirmed this trend with little staining in the absence of BMP-2, light staining for 

MSCs cultured on surfaces with adsorbed BMP-2, and more punctate staining for MSCs cultured 

on surfaces with covalently conjugated BMP-2.  

 

 

 

Figure 3.7: Alizarin red staining of MSCs mineral deposits on (a) PCL-1Hep fibers and 

PCL-1Hep fibers with (b) adsorbed and (c) covalently conjugated BMP-2 and (d) 

colorimetric quantification of mineralization, with absorbance values relative to PCL-

1Hep, at day 28. Bars correspond to mean ± SEM for n = 4. *Denotes statistical 

significance (p < 0.05) relative to other groups. 
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Figure 3.8: Immunofluorescence staining for (a-c) BSP on (a) PCL-1Hep fibers, PCL-

1Hep fibers with (b) adsorbed and (c) covalently conjugated BMP-2, as well as for (d-f) 

OPN on (d) PCL-1Hep fibers, PCL-1Hep fibers with (e) adsorbed and (f) covalently 

conjugated BMP-2, at day 28. Scale bars correspond to 100 μm. 

 

3.5 Discussion 

 Successful ACL reconstruction and regeneration requires robust integration of the graft 

with proximal and distal bones. In the context of synthetic grafts, this entails the modification of 

graft surfaces to facilitate host tissue infiltration and osteoblastic differentiation. To this end, BMP-

2 was either adsorbed or covalently conjugated to electrospun meshes of PCL or PCL with 0.5 or 

1 wt% heparin. Here, the addition of heparin was intended to increase surface hydrophilicity and 

BMP-2 binding. Overall, the goal was to determine if covalent conjugation produced fiber surfaces 

that were more osteogenic than surfaces produced by BMP-2 adsorption. The findings were that 

BMP-2 concentration increased with heparin content and that covalent conjugation yielded higher 
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surface concentrations than adsorption. Further, there was no apparent loss of BMP-2 from the 

surfaces over 7 days. Finally, MSCs were able to attach and proliferate on all electrospun fiber 

surfaces, but surfaces to which BMP-2 was covalently conjugated showed the highest levels of 

ALP activity, mineral deposition, and staining for BSP and OPN. 

 In this study, heparin was added to PCL scaffolds to increase their hydrophilicity and 

introduce sulfate and carboxylate groups to anchor BMP-2. Hydrophilic groups have been shown 

to improve fibronectin adsorption, cell adhesion, and osteoblastic differentiation on model 

synthetic substrates [159]. However, heparin was specifically incorporated into PCL surfaces to 

facilitate both adsorption and covalent conjugation of BMP-2. Like other members of the TGF-β 

superfamily, BMP-2 has a cationic heparin binding domain that interacts with the sulfate groups 

on heparin. Thus, the systematic increase in protein adsorption with heparin content observed in 

Figure 3.3a suggests heparin-mediated protein binding, consistent with the work of Cao et al. 

[160]. In addition, heparin contains carboxylic acid groups that can be activated with EDC, 

enabling a second mechanism for BMP-2 immobilization and explaining the higher BMP-2 

concentrations achieved with covalent conjugation to PCL-0.5Hep and PCL-1Hep films. 

Interestingly, a higher BMP-2 concentration was also observed with covalent conjugation to PCL 

surfaces, suggesting that terminal carboxylic acid groups of PCL are also available for conjugation. 

Finally, it should be noted that the sulfate groups on heparin can also interact with heparin binding 

domains found within various growth factors found in serum (e.g., FGF-2, VEGF, PDGF), and 

that this adsorption of mitogenic serum proteins may explain the higher cell density observed at 

day 7 on the PCL-1Hep fibers (Figure 3.5). 

 SEM images confirmed that incorporation of heparin in the PCL polymer solution did not 

adversely affect electrospun fiber formation. Indeed, the primary observation was that 
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incorporation of heparin reduced the average fiber diameter. This can be attributed to the highly 

charged polysaccharide structure, which increases the conductivity of the polymer solution and 

causes a thinner fiber filament to leave the syringe needle tip during electrospinning. Indeed, this 

effect has been reported with the addition of proteins, salts and drugs into electrospinning polymer 

solutions [161-163]. Two consequences of smaller fiber diameters are more surface area per unit 

mass and a decrease in the mechanical properties of the fiber scaffold.  While the former would 

enable higher quantities of BMP-2 to be immobilized to a three-dimensional scaffold, the latter 

might undermine osteoblastic differentiation, as differentiation has been shown to increase with 

substratum stiffness [164, 165]. However, mechanical testing indicated similar tensile properties 

for the three meshes. Further, fibers were intentionally deposited as thin layers on glass coverslips 

in this study so that adherent cells would perceive the mechanical properties of the underlying 

glass substrate and not behave in a manner sensitive to fiber stiffness.  

 Inclusion of osteogenic BMP-2-delivering materials have been shown to improve graft-to-

bone integration in ACL reconstructions. Rodeo et al. reported that BMP-2 collagen I sponges 

direct tendon-to-bone healing and enhances new bone formation in the proximal tibia bone tunnels 

of adult mongrel dogs [151]. Similarly, Kawakami et al. reported that the incorporation of BMP-

2 expressing ACL-derived stem cell sheets to ACL graft ends accelerated graft-bone integration 

in ACL reconstructions in rat [15]. In vivo, new bone formation has been attributed to the MSCs 

residing in the host that are recruited to bone tunnels to initiate tissue remodeling [166]. Therefore, 

in this study MSCs were employed to characterize the bone-forming potential of electrospun fibers 

displaying immobilized BMP-2. In this study, MSCs exhibited attachment, viability, and 

proliferation on all electrospun substrates. However, higher ALP activity at day 14 (Figure 3.6) 

and more extensive calcium deposits (Figure 3.7) and staining for BSP and OPN at day 28 (Figure 
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3.8) indicate that substrates covalently conjugated with BMP-2 are more osteogenic.  

 The different osteogenicities of PCL-1Hep fibers with adsorbed vs. covalently conjugated 

BMP-2 could result from different surface concentrations, different conformations of the 

immobilized protein, or even different rates of protein desorption or degradation. Examination of 

concentrations (Figure 3.3) indicated that the more osteogenic substrates had more immobilized 

BMP-2. Further, surface concentrations did not appear to decrease following 7 days of incubation 

in PBS. This differs from previous studies that have reported 20% and 84% losses of conjugated 

and adsorbed BMP-2, respectively, from chitosan over 3 weeks in PBS [167], and 16% and 70% 

losses of conjugated and adsorbed BMP-2, respectively, from silk fibroin over 1 week in cell 

culture [168]. (Interestingly, the more rapid loss in cell culture suggests that degradation and 

internalization mechanisms may also contribute to BMP-2 loss during cell culture.) Instead, in this 

study the concentrations of covalently conjugated BMP-2 appeared to increase over 7 days in PBS 

(Figure 3.3), and this may reflect changes in protein conformation to expose more epitopes for 

binding of the polyclonal antibody probe. 

 This study demonstrates that the incorporation of heparin into electrospun fibers improves 

BMP-2 surface conjugation and osteoblastic differentiation on model surfaces. The next step is to 

fabricate larger three-dimensional scaffolds suitable for ligament regeneration with macropores to 

permit cell infiltration. This will clearly introduce a number of challenges, including the integration 

of other scaffold fabrication techniques (e.g., foaming, three-dimension printing) to achieve 

macropores and suitable mechanical properties, and introduction of multiple trophic factors 

throughout the scaffold volume to stimulate host cell infiltration and tissue remodeling.  
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3.6 Conclusions 

 Electrospun PCL fibers were modified by the addition of heparin and by surface 

immobilization of BMP-2 (by adsorption and covalent conjugation) to improve osteogenicity. 

Heparin improved BMP-2 immobilization, higher BMP-2 concentrations were achieved by 

covalent conjugation than by adsorption, and desorption of BMP-2 from surfaces was not detected 

after 7 days in PBS. Cells attached and proliferated on all fiber meshes, but on those displaying 

covalently conjugated BMP-2 MSCs exhibited significantly more ALP activity, calcium (mineral) 

deposition, and production of osteoblast-specific ECM proteins.  
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4.1 Abstract  

 The method used to incorporate signaling molecules into tissue engineered scaffolds plays 

a critical role in its biological activity. In particular, the use of nanoparticles to incorporate, present, 

and release bone morphogenetic protein (BMP)-2 may improve its biological efficacy in 

stimulating osteoblastic differentiation of stem cells in vitro and bone formation in vivo. Therefore, 

this study was designed to evaluate chitosan nanoparticles that incorporate BMP-2 through 

adsorption, encapsulation, or conjugation strategies. Chitosan nanoparticles were prepared by 

ionic gelation and characterized for particle size and BMP-2 incorporation efficiency for each 

incorporation approach. Further, BMP-2 release kinetics and bioactivity were evaluated. It was 

observed that the different incorporation approaches resulted in incorporation efficiencies ranging 

from 91.8% to 98.8%, and that mean particle sizes were 452 ± 2 nm, 620 ± 13 nm, and 4972 ± 

2738 nm for adsorption, encapsulation, and conjugation, respectively. BMP-2 release from BMP-

2 adsorption nanoparticles was sustained over a 28-day time period, while negligible release and 

a burst release followed by minimal release were observed for BMP-2 encapsulation and BMP-2 

conjugation particles, respectively. Viability of mesenchymal stem cells (MSCs) was not adversely 

affected by the particles, but alkaline phosphatase activity (a marker of osteoblastic differentiation) 
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was highest for cells cultured with BMP-2 adsorption particles. These studies demonstrate that, 

although fabricated with similar ingredients, incorporation strategies can have a substantial effect 

on particle characteristics as well as subsequent cell response. BMP-2 adsorption nanoparticles 

developed in this work can be incorporated to the end regions of a biomaterial scaffold to facilitate 

graft integration with native bone tunnels.   

 

4.2 Introduction  

Anterior cruciate ligament (ACL) ruptures are widely known to be common knee injuries 

that particularly occur during high impact sports [169, 170]. Due to the poor healing capacity of 

native ACL, surgical reconstructions are essential and involve inserting a chosen substitute graft 

between the patient’s tibia and femur by securing it to the bone tunnels. Frequently utilized grafts 

include widely accepted hamstring and quadriceps tendon autografts which are directly anchored 

to the bone [171-173]. In addition to the associated donor site morbidity issues that a patient goes 

through with such treatments, the property mismatch between the soft autograft tissue and the hard 

bone tissue results in early graft pullout [174, 175]. We postulate that engineered materials capable 

of inducing bone regeneration can be used to enhance integration of an implanted graft within the 

bone tunnels. 

Bone morphogenetic protein (BMP)-2 is a member of the transforming growth factor 

(TGF)-b family and is well-known for its bone-inducing activity [176]. It is FDA-approved for 

spinal fusion procedures, and has shown promise in a variety orthopaedic applications including 

the integration of tendon and ligament grafts to bone [15, 177]. Nonetheless, BMP-2 has a short 

half-life in vivo and consequently must be administered at much higher dosages than physiological 

concentration (milligrams vs nanograms) to induce therapeutic effects [16, 147]. The use of such 
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high dosages results in complications such as ectopic bone formation and inflammation. Based on 

many previous studies [16, 122, 130, 178, 179], a low dose of BMP-2, particularly when locally 

retained and released sustainably, is enough to induce osteogenic differentiation both in vitro and 

in vivo. The strategy used to deliver BMP-2 is important and affects its clinical outcome [180]. For 

instance, the direct display of BMP-2 on scaffold surfaces may undermine its bioactivity by 

exposing it to degradative enzymes as well as denaturing agents [181]. As a result, the use of 

nanoparticles has attracted attention in the field of tissue engineering as a way to control protein 

release and improve its biological efficacy [182, 183]. 

The nature of the nanoparticle carrier is vital as the material properties can influence the 

formation of tissue. In this study, chitosan nanoparticles were chosen because they have many 

advantages including their simple synthesis methods, non-toxicity, and stability [184]. Chitosan is 

a cationic glycosaminoglycan derived from chitin through deacetylation and is sparingly soluble 

at neutral pH. Chitosan nanoparticles prepared by ionic gelation exhibit strong electrostatic 

interactions with polyanionic crosslinkers and avoid the negative side effects of residual solvents 

associated with oil-in-water emulsion techniques [185]. Among polyanions for ionic crosslinking 

of chitosan, tripolyphosphate (TPP) was chosen as it is non-toxic and can quickly gel chitosan. 

Chitosan particles crosslinked with TPP have been shown to be homogenous in size, and their 

sizes can be easily altered with diameters ranging from 200-2500 nm by changing process 

conditions [185, 186]. Chitosan nanoparticles also present functional amine groups for ionic 

interactions and permit bioconjugation of BMP-2. However, chitosan does not have any specific 

binding sites for BMP-2 and other proteins. 

An ideal BMP-2 delivery system would be one that stores or presents BMP-2 in an active 

conformation as well as release it in a sustained and controllable manner [61, 187]. Hence, it is 
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vital to find an appropriate approach to incorporate BMP-2 on or within chitosan nanoparticles for 

the fabrication of a BMP-2 delivery system that can be combined with a macroscopic biomaterial 

scaffold to stimulate bone formation. We envision that such a combination of a BMP-2 delivery 

system and an appropriate biomaterial scaffold could be used to enhance ACL graft integration 

with bone.  

The overall goal of this study was to fabricate 500-1000 nm chitosan nanoparticles to serve 

as delivery vehicles for BMP-2, and to evaluate three approaches to incorporate BMP-2: 

adsorption, encapsulation, and conjugation. BMP-2 encapsulation particles were prepared by 

combining BMP-2 and chitosan prior to ionic gelation, while BMP-2 adsorption particles were 

achieved by incubating nanoparticles with BMP-2. BMP-2 conjugation particles were achieved 

using the heterobifunctional crosslinker sulfo-SMCC. BMP-2 incorporation efficiency and its 

release rate from the different particles was measured. Finally, cell number and alkaline 

phosphatase (ALP) activity of bone marrow derived mesenchymal stem cells (MSCs) cultured in 

the presence of the nanoparticles was determined.  

 

4.3 Materials and Methods 

4.3.1 Materials 

Chitosan of medium molecular weight (190-310 kDa) and 75-85% degree of deacetylation 

was obtained from Sigma-Aldrich (Saint Louis, MO). Sodium tripolyphosphate (TPP), sodium salt 

of ethylenediamine tetraacetic acid (EDTA), trypsin/EDTA, Triton-X100 and Tween-20 were also 

purchased from Sigma-Aldrich. Bovine serum albumin (BSA), Tris Base, magnesium chloride, 

sodium chloride (NaCl) and acetic acid were purchased from Fisher Scientific (Suwanee, GA). 

Phosphate buffered saline (PBS) was obtained from Corning cellgro (Manassas, VA), and 
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recombinant human bone morphogenic protein (BMP)-2 from Invitrogen (Carlsbad, CA). 

Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexne-1-carboxylate heterobifunctional 

crosslinker (sulfo-SMCC) and ABTS (2,2’-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid] -

diammonium salt) were obtained from Thermo Scientific (Grand Island, NY).   

 

4.3.2 Chitosan Particle Synthesis 

Chitosan was dissolved in 1% acetic acid to make up a 1.5 mg/mL chitosan solution and 

left overnight under magnetic stirring to dissolve completely. TPP solutions of 1.25, 2.5, 5.0 and 

10 mg/mL were prepared in deionized (DI) water. Chitosan and TPP solutions were sterilized by 

filtration through a 0.2 µm surfactant-free cellulose acetate syringe filter (Thermo Scientific). 

Chitosan-TPP nanoparticles were synthesized by ionic gelation of the cationic chitosan solution 

with the polyanionic TPP as adapted from Calvo et al. [188]. For each batch, 400 µL TPP was 

added dropwise with a syringe needle to a magnetically stirring 1 mL chitosan solution to produce 

a solution of 1.1 mg/mL chitosan and 0.36, 0.72, 1.4 or 2.8 mg/mL TPP. Magnetic stirring was 

continued for 10 min to permit particle formation. Subsequently, solutions were transferred to 

microcentrifuge tubes and centrifuged at 13,000 rpm for 5 min. The supernatant was then discarded 

and the particles dispersed in PBS by ultrasonicating for 10 min in a VWR Scientific Aquasonic 

(model 75T) bath sonicator.  

 

4.3.3 BSA and BMP-2 Encapsulation Particles  

Particles encapsulating BSA or BMP-2 were prepared by combining BSA or BSA/BMP-2 

mixtures to the chitosan solution prior to the addition of TPP. BSA encapsulation particles were 

prepared by adding 0, 0.28, 2.8, 28, or 280 μg BSA to 1 mL of 1.5 mg/mL chitosan solutions.  
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Addition of 400 μL of 0.5 mg/mL TPP resulted in final BSA concentrations of 0, 0.2, 2, 20, or 200 

μg/mL. BMP-2 encapsulation particles were prepared by the addition of 28 μg BSA and 280 ng 

BMP-2 to 1 mL of 1.5 mg/mL chitosan solutions followed by the dropwise addition of 400 μL of 

5 mg/mL TPP to yield final BSA and BMP-2 concentrations of 20 μg/mL and 0.2 μg/mL, 

respectively.  Following centrifugation, the supernatant was retained to evaluate BSA and BMP-2 

encapsulation efficiency, and the particles resuspended in 1 mL PBS. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.1: Schematic illustration of the fabrication of BMP-2 adsorption, BMP-2 

encapsulation, and BMP-2 conjugation chitosan nanoparticles using TPP as the 

crosslinker. 
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4.3.4 BMP-2 Adsorption and BMP-2 Conjugation Particles 

BMP-2 adsorbed particles were prepared from base particles (1 mL of 1.5 mg/mL chitosan 

with 0.4 mL of 5 mg/ml TPP as described above). After dispersion in PBS, base particles were 

incubated with 280 ng BMP-2 in PBS solution for 3 hours at room temperature. BMP-2 adsorption 

particles were then centrifuged, the supernatant retained for evaluation of BMP-2 incorporation 

efficiency, and the particles resuspended in 1 mL PBS. 

BMP-2 conjugation particles were prepared from the same base particles, but following 

centrifugation, they were suspended in activation buffer (0.1 M PBS and 0.15 NaCl) by 

ultrasonication for 30 min. Particles were then centrifuged, resuspended in 4 mg/mL sulfo-SMCC 

in DI, incubated for 1 h at room temperature. Particles were then centrifuged, resuspended in 

conjugation buffer (activation buffer with 0.1 M EDTA to reduce disulfide formation), centrifuged 

again, and resuspended then incubated overnight at 4 °C with the protein mixture: 28 µg BSA and 

280 ng BMP-2 in 1.4 mL conjugation buffer. Following incubation, particles were centrifuged and 

their supernatants were retained to evaluate BSA and BMP-2 encapsulation efficiency. Particles 

were then resuspended in 1 mL PBS. 

 

4.3.5 BSA-FITC Particles 

BSA-FITC particles were used as an alternative method for measuring protein 

incorporation efficiency and release rate. BSA-FITC particles were prepared in the same manner 

as BMP-2 encapsulation, BMP-2 adsorption, and BMP-2 conjugation particles except that BMP-

2 was replaced with BSA-FITC. The mass of BSA in BSA-FITC was the same as that of BMP-2 

(280 ng).  
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4.3.6 Control Particles 

Control particles were prepared in the same ways as BMP-2 adsorption, BMP-2 

encapsulation, and BMP-2 conjugation particles except that BMP-2 was omitted.  These control 

particles were used to determine the effect of incorporation strategy on particle size, to determine 

background noise in measurements of BMP-2 incorporation efficiency and release, and as control 

groups in cell culture studies. 

 

4.3.7 Particle Diameter Evaluation 

Particle sizes and polydispersity index (PDI) of freshly prepared nanoparticles were 

measured using dynamic light scattering (DLS) technique with a Zetasizer Nano-ZS from Malvern 

instruments (Malvern Instruments, UK). Briefly, 1 mL suspended particles were transferred into 

plastic sizing cuvettes for measurement at room temperature. Data meeting DLS quality criteria 

was evaluated using Malvern Zetasizer software version 7.12. Results are reported as mean ± 

standard deviation. 

 

4.3.8 BMP-2 Incorporation Efficiency 

Following the encapsulation of BMP-2 into particles or adsorption/immobilization of 

BMP-2 to particle surfaces, particles were centrifuged and the BMP-2 concentration of the 

supernatant, CBMP2, was measured with a Quantikine Enzyme-Linked Immmunosorbent Assay 

(ELISA) (PeproTech, Rocky Hill, NJ). Briefly, wells of a 96 well ELISA NuncTM MaxiSorp 

(Thermo Scientific) plate were incubated with 0.50 µg/mL of rabbit anti-human BMP-2 capture 

antibody (PeproTech) overnight at room temperature. Wells were then washed three times with 

0.05% Tween-20 before blocking with 1% BSA in PBS for 1 h. Wells were again washed thrice 
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with Tween-20. One hundred µL of sample was then added to each well in duplicates for 2 h, 

washed thrice with Tween-20, followed by the addition of 1.0 µg/mL biotinylated rabbit anti-

human BMP-2 detection antibody for 2 h. Wells were washed thrice with Tween-20, 550 ng/mL 

streptavidin horseradish peroxidase-conjugate (GE Healthcare, Little Chalfont, UK) was added for 

30 min, washed thrice, and 100 µL of ABTS development solution was added to each well and 

incubated for 5 min. All incubations were carried out at room temperature. Absorbance values 

were measured with a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA) at 405 

nm with wavelength correction at 650 nm and converted to BMP-2 concentration using a series of 

BMP-2 standards.   

Using the measured BMP-2 concentrations, the volume of supernatant, Vsup, and the initial 

mass of BMP-2, mBMP2 (typically 280 ng), the percentage of BMP-2 incorporated was estimated 

by the following the equation: 
 

%𝐵𝑀𝑃2!"#$%&$%'(!$" =
𝑚)*+, − 𝐶)*+,𝑉-.&

𝑚)*+,
× 100% 

 

4.3.9 BSA-FITC Incorporation Efficiencies 

 Similar to BMP-2 incorporation efficiencies, BSA-FITC incorporation efficiencies were 

determined indirectly from the concentrations of supernatants of centrifuged BSA-FITC 

encapsulated, BSA-FITC adsorbed, and BSA-FITC conjugated particles. To determine BSA-FITC 

concentrations, fluorescence of supernatants were first measured with a SpectraMax M2 plate 

reader at 494 nm excitation and 520 nm emission. Using a series of prepared standards, 

fluorescence values were converted to BSA-FITC concentrations. Incorporated BSA-FITC was 

estimated by the same above equation after substituting the ‘BMP-2’ subscript with ‘BSA-FITC’. 
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%𝐵𝑆𝐴 − 𝐹𝐼𝑇𝐶!"#$%&$%'(!$" =
𝑚)/012345 − 𝐶)/012345𝑉-.&

𝑚)/012345
× 100% 

  

4.3.10 BMP-2 Release  

BMP-2 release from particles was determined by incubating ~ 3 mg of particles in 1 mL 

PBS at 37 °C. At days 1, 3, 7, 14, 21, and 28, a volume of 0.5 mL of solution was collected and 

replaced with 0.5 mL PBS. The concentrations of BMP-2 in samples were determined by ELISA 

as described above and the cumulative mass release and cumulative percent mass released were 

calculated. Particles prepared without BMP-2 were used as the negative control.  

 

4.3.11 BSA-FITC Release  

BSA-FITC release from particles was determined by incubating ~ 3 mg of particles in 0.5 

mL PBS at 37 °C.  At days 1, 3, 7, 17, 21, and 28, the entire supernatant was collected, replaced 

with PBS, and the concentrations of BSA-FITC determined by fluorescence as described above. 

The cumulative mass release and cumulative percent mass released were calculated.  Particles 

prepared without BSA-FITC were used as the negative control. 

 

4.3.12 Cell Studies 

 Mesenchymal stem cells (MSCs) were extracted from bone marrow explants from the 

femurs and tibias of juvenile male Sprague-Dawley rats weighing 125-150 g (Harlan, Dublin, VA) 

in accordance with the Institutional Animal Care and Use Committee at Virginia Tech. Extracts 

were thoroughly dispersed before plating on two 100 mm tissue culture polystyrene (TCPS) dishes 

per rat. Cells were cultured in growth medium consisting of alpha-modified Eagle medium (α-

MEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gemini 
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Biosciences, West Sacramento, CA) and 1% penicillin/streptomycin (Invitrogen) for 10 days at 37 

°C and 5% CO2. Cells were re-plated at 105 cells/ 100 mm Petri dish after lifting every 4 days using 

trypsin/EDTA. Cells used in this study were at passage 5.  

 BMP-2 adsorption particles, BMP-2 encapsulation particles, BMP-2 conjugation particles 

and each of their control particles used for cell studies were prepared using filter-sterilized 

solutions. After nanoparticle preparation, each individual sample of particles (3 mg) was added in 

200 µL growth media to one well of a 24 well plate for 30 min. Fifty thousand cells were then 

seeded on the particles in each well. Cells were cultured in 500 µL growth media and the media 

was replenished with an additional 250 µL every three days. Cells on TCPS and cells on TCPS 

with 80 ng BMP-2 added in media per well were included as control groups.  

 

4.3.13 Cell Number 

Cell numbers were determined 21 days after cell seeding using the Quanti-iT PicoGreen 

kit (Invitrogen, Grand Island, NY). Cells were washed twice with PBS and then lysed for 1 h in 

400 µL 0.2% Triton-X100, 8 mM MgCl2, 50 mM Tris Base and 150 mM NaCl in deionized (DI) 

water. Fifty µL samples of lysate were removed for alkaline phosphatase analysis. Three freeze-

thaw cycles were carried out on remaining lysate and samples were thoroughly mixed. One 

hundred µL of lysate was then combined with 100 µL Quanti-iT PicoGreen dsDNA working 

reagent and the fluorescence of the mixture measured at 480 nm excitation and 520 nm emission 

with a SpectraMax M2 plate reader.  
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4.3.14 ALP Activity 

ALP activity was measured at 21 days using a QuantiChrom ALP assay kit (BioAssay 

Systems) following the manufacturer’s instructions. Briefly, lysed cells (prepared as described in 

the previous section) were assayed prior to undergoing the freeze-thaw cycles. One hundred and 

fifty µL p-nitrophenyl phosphate working solution was then mixed with 50 µL samples and the 

absorbance measured at a 405 nm with a SpectraMax M2 plate reader. Calculations provided with 

the kit were used to quantify ALP activity, which was then normalized by cell number (as 

determined by PicoGreen). Data is reported relative to ALP activity of cells cultured on TCPS 

without nanoparticles. 

 

4.3.15 Statistical Analysis 

 Experimental values are presented as mean ± standard deviation or ± standard error of the 

mean (SEM), as indicated. Comparisons between the different groups were performed with one-

way ANOVA using StatPlus (AnalystSoft, Walnut, CA) statistics package. p £ 0.05 indicated 

statistical significance.  

 

4.4 Results  

4.4.1 Development and Characterization of Nanoparticles  

Chitosan nanoparticles formed instantaneously upon the addition of anionic TPP to cationic 

chitosan. Resulting particle sizes made using 1.25, 2.5, 5.0 and 10 mg/mL TPP concentrations and 

a fixed 1.5 mg/mL chitosan concentration were characterized in terms of particle size and PDI 

using DLS (Figure 4.2). Particle size increased with increasing TPP concentration with the smallest 

and largest particle sizes at 117 ± 3 and 2978 ± 216 nm for TPP concentrations of 1.25 and 10 
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mg/mL, respectively. Although the dispersion of particles resulted in relatively clear solutions, 

particle solutions became turbid as TPP concentration was increased, indicating the formation of 

larger particles and the possible aggregation of particles. Overall, polydispersity indices did not 

follow a trend and were less than 0.5 at all TPP concentrations. Nanoparticles prepared with 5.0 

mg/mL TPP were chosen for subsequent studies as will later be discussed.   

 

 

 

 

 

 

 

 

 

Figure 4.2: The effect of using 1.25, 2.5, 5.0 and 10 mg/mL TPP concentration on 

chitosan nanoparticles size (nm) and PDI as measured by DLS. Data is presented in mean 

± standard deviation (n = 3). 

 

In the next step, BSA was incorporated into nanoparticles through encapsulation. To this 

end, a range of BSA concentrations were combined with 1.5 mg/mL chitosan and then crosslinked 

by the addition of 5.0 mg/mL TPP. Figure 4.3 shows particle size and PDI as function of BSA 

concentration. Interestingly, particle sizes ranged from 390 nm to 620 nm and did not change 

significantly for BSA concentrations of 0-20 µg/mL, but exhibited a large increase with 200 µg/mL 
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BSA. The 20 µg/mL BSA concentration was chosen for subsequent BMP-2 incorporation for 

reasons later discussed. 

 

 

 

 

 

 

 

 

 

Figure 4.3: The effect of encapsulating 0, 0.2, 2, 20 and 200 μg/mL BSA on chitosan 

nanoparticles size (nm) and PDI as measured by DLS. Data is given in mean ± standard 

deviation (n = 3). 

 

4.4.2 BMP-2 Incorporation Efficiency and Release Kinetics 

Following particle characterizations, BMP-2 was incorporated with the particles using the 

same three approaches (Figure 4.1) to evaluate BMP-2 incorporation efficiencies and release rates. 

Percent of BMP-2 incorporated was determined using ELISA and BSA-FITC fluorescence 

methods. Indirect measurement of BMP-2 incorporation efficiencies (by assaying for 

unincorporated BMP-2 that remained in supernatant) indicated 96.9%, 98.8% and 91.8% 

incorporation by adsorption, encapsulation, and conjugation methods, respectively (Figure 4.4a).  

Separately, direct measurement of the incorporation of BSA-FITC into nanoparticles indicated 
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78.3%, 88.3% and 62.5% for adsorption, encapsulation, and conjugation methods, respectively 

(Figure 4.4b).    

 

 

 

 

 

 

 

 

 

 

Figure 4.4: The influence of incorporation strategy on (a) BMP-2 incorporation 

efficiency as measured by ELISA and (b) BSA-FITC incorporation efficiency as 

measured with fluorescence. Data are given in mean ± SEM (n = 3). *Denotes statistical 

significance (p < 0.05) between groups. #Indicates statistical significance (p < 0.05) 

relative to other groups. 

 

Next, the release of BMP-2 from nanoparticles into PBS was measured over a 28 day 

period. The concentrations of BMP-2 measured in the supernatants indicated a burst release of 

28% of the protein during the first day from BMP-2 adsorption particles, followed by a more 

gradual and sustained release pattern over the remaining 27 days to a cumulative extent of 81% 

(Figure 4.5a). In contrast, BMP-2 conjugated particles exhibited a burst release of 15% of BMP-2 

in the first day, followed by another 10% over the next two days, and a negligible release thereafter. 
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Finally, BMP-2 encapsulation particles exhibited negligible BMP-2 release with only an 8% 

cumulative release over 28 days.  

 

 

 

 

 

 

 

 

Figure 4.5: Cumulative release of (a) BMP-2 (measured by ELISA) and (b) BSA-FITC 

(measured by fluorescence) from particles prepared with adsorption, encapsulation and 

conjugation techniques over a 28-day time period. Data is given in mean ± SEM (n = 3). 

 

Release profiles were determined using BSA-FITC fluorescence to further confirm the 

release trends associated with each incorporation strategy.  BSA-FITC fluorescence showed very 

similar trends to those measured by ELISA (Figure 4.5). However, the release percentages were 

different for adsorption and encapsulation particles. The burst release for BSA-FITC adsorption 

particles was 20% (versus 28%) and the cumulative at day 28 was 73% (versus 81%). Although 

similar in release pattern, BSA-FITC encapsulation particles demonstrated a much higher release 

of 37% (versus 8%) over the entire 28 days time period. BSA-FITC conjugation particles showed 

similar percentages as those measured by ELISA at day 3 with cumulative release reaching 28.6% 

(versus 26.2%). However, the burst release measured using ELISA occurred partially at each of 
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days 1 and 3, while the total 29% BSA-FITC release mainly occurred at day 3 with only 5% of it 

occurring at day 1. 

 

4.4.3 MSCs Cell Number and ALP Activity 

To investigate the effects of BMP-2 incorporation with the different nanoparticles on 

MSCs response, cells were seeded over the different particles, cultured for 21 days, and then 

assayed for cell number and ALP activity. After 21 days, cell numbers in all groups were similar 

to those grown without nanoparticles suggesting that nanoparticles fabricated using adsorption, 

encapsulation and conjugation techniques did not significantly affect cell viability or proliferation 

(Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Cell numbers for MSCs seeded on both control (-BMP-2) and BMP-2 

adsorption, BMP-2 encapsulation and BMP-2 conjugation particles at day 21 as measured 

by PicoGreen. Cell numbers are reported relative to the TCPS -BMP-2 control group. 

Bars correspond to mean ± SEM (n = 3). 
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To investigate the effects of the nanoparticles on osteoblastic differentiation of MSCs, an 

ALP assay was performed at day 21. Cells cultured with BMP-2 incorporated nanoparticles were 

compared to cells cultured with 80 ng/well BMP-2 (positive control) and cells cultured with BMP-

2 free nanoparticles (negative controls). ALP activity was elevated for cells cultured with BMP-2 

adsorption nanoparticles relative to the negative control (Figure 4.7). This was not the case with 

BMP-2 encapsulation and BMP-2 conjugation particles, however. These results suggest that BMP-

2 adsorption particles had a stronger ability to induce ALP activity as compared to both BMP-2 

encapsulation and BMP-2 conjugation particles.  

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Alkaline phosphatase activity of MSCs on both control (-BMP-2) and BMP-

2 adsorption, BMP-2 encapsulation and BMP-2 conjugation particles at day 21. ALP 

activities are reported relative to TCPS -BMP-2 control group. Bars correspond to mean 

± SEM (n = 3). *Denotes statistical significance (p < 0.05) relative to the control (-BMP-

2) of the same group. #Indicates statistical significance (p < 0.05) relative to +BMP-2 

control. 
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4.4.4 Further Characterization of Nanoparticles  

To assess the effect of BMP-2 incorporation steps of each of the three strategies on particle 

size and PDI, particle sizes and distributions of BMP-2 free control particles were examined. Table 

4.1 shows the average particle size and degree of dispersion of control adsorption, encapsulation 

and conjugation nanoparticles. In particular, conjugation control particles (4972 ± 2738 nm) were 

much larger than adsorption and encapsulation control nanoparticles (452 ± 2 nm and 620 ± 13 

nm, respectively). The larger standards of deviation for conjugation particles coincided with the 

multiple peaks observed in particle sizes measured by intensity in comparison to monomodal peaks 

observed in adsorption and encapsulation particles (Figure 4.8).  Together, these data suggest that 

the process for preparing BMP-2 conjugation particles may lead to significant particle aggregation.  

 

 
 

 

 

 

 

 

 

 

 

Table 4.1: The effect of preparation procedures of adsorption, encapsulation and conjugation 

techniques on chitosan control nanoparticle sizes (nm) and PDI as measured by DLS. 
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Figure 4.8: Corresponding nanoparticle size distribution by intensity for (a) adsorption, 

(b) encapsulation and (c) conjugation techniques.   

 

4.5 Discussion  

BMP-2 nanoparticles were fabricated as carriers to enhance the efficiency and delivery of 

loaded BMP-2. Adsorption, encapsulation and conjugation strategies were utilized to fabricate 

BMP-2 adsorption, BMP-2 encapsulation and BMP-2 conjugation chitosan nanoparticles, 

respectively. The different strategies, their ability to incorporate and release BMP-2, as well as 

how they affect the growth and osteogenecity of MSCs were analyzed. It was found that 

incorporation approach did not affect incorporation efficiency but did affect release kinetics. 

Concurrently, MSCs did not experience any adverse effects in the presence of the different 
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nanoparticles, yet the BMP-2 adsorption particles – which exhibited the highest extent of BMP-2 

release – resulted in the highest ALP activity. 

BMP-2 delivering nanoparticles have vast potential for facilitating bone regeneration, but 

we are particularly interested in their application in facilitating the anchoring of tendon and 

ligament grafts (e.g., ACL grafts) to bone. In ACL surgeries involving reconstruction with the 

hamstring or quadriceps tendon graft, the graft is secured within the bone tunnel with a screw, but 

typically takes at least three years for proper soft tissue graft healing with the host bone [189]. 

Consequently, pullout of an ACL graft remains a risk. To tackle this issue, we envision that BMP-

2 delivering nanoparticles and an appropriate macroscopic delivery material could be employed in 

the region where the soft graft contacts the native bone. Hence, different BMP-2 delivering 

nanoparticles were developed and tested in this study. BMP-2 is a powerful inducer of 

osteogenesis. However, its short half-life has necessitated the use of superphysiological 

concentrations clinically. The use of nanoparticles as carriers can enhance the efficiency and 

delivery of loaded therapeutics and have proven to achieve a slower and more controlled BMP-2 

release to the required site [17]. 

In this study, ionic gelation method was utilized to fabricate chitosan nanoparticles due to 

its simplicity and biocompatibility. Further, the use of more harsh techniques such as the exposure 

to organic solvents or high temperatures with the incorporation of biomolecules to carriers is 

known to result in a loss of molecule bioactivity [7]. Characterization studies show the feasibility 

of preparing the particles under different conditions. Encapsulated BMP-2 was first mixed with 

cationic chitosan solution which then formed particle complexes with the electrostatic interaction 

and binding with the negatively charged TPP. BMP-2 adsorption and conjugation, on the other 

hand, introduced the protein on the particle surfaces after the complexes were formed. Since the 
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ratio of chitosan to TPP is important in controlling particle size, the effect of TPP concentration 

on unloaded particle sizes was studied. The size of resultant nanoparticles fabricated with different 

TPP concentrations can be adjusted between 200 nm to 900 nm (Figure 4.2) and the observed trend 

of increasing particle sizes with TPP concentration has been previously reported [190-193]. The 

sudden onset of growing particles with more TPP (at 10 mg/mL) may be due to the presence of 

excess TPP [194] surrounding crosslinked cationic chitosan molecules such that TPP further links 

chitosan and brings different particles together. Particles fabricated with 5 mg/mL TPP were 

chosen for remaining studies as ~ 500 nm particles are not too small for endocytosis, not too big 

to still benefit from a high surface area to volume ratio for protein incorporation and release, and 

have the ability to uniformly be incorporated in scaffolds while maintaining their integrity and 

porosity [7]. To further improve the stability of BMP-2 chitosan nanoparticles (particularly with 

the relatively harsher encapsulation and conjugation techniques-as discussed later), BMP-2 was 

blended with BSA. BSA is often used as a protective agent and carrier for growth factors as well 

as a matrix in nanoparticles. Thus, adding it to nanoparticles can further help preserve BMP-2 

biological activity [60, 61, 92, 122]. Although BSA encapsulation had no effect on particle size at 

low concentrations, the significantly larger size with 200 µg/mL concentration is due to the 

molecular weight and size of BSA molecules that take up more space within the particles. Twenty 

µg/mL was the chosen BSA concentration as it allowed particles to remain in the targeted particle 

size range (500-1000 nm) while benefiting from its properties.    

A few studies have investigated the use of chitosan nanoparticles (both modified and 

unmodified with other materials) to incorporate BMP-2 [184, 195-197]. The focus of all those 

studies is the encapsulation of BMP-2 as a way to protect it and preserve its bioactivity. In this 

work, however, we evaluate three different approaches to understand how the method used to 



 75 

integrate the protein with the particles affects its release, bioactivity as well as cell response. 

Among BMP-2 encapsulation particle studies, including this study, as well as postulated curves, 

the release patterns tend to differ [109, 198]. For instance, Bastami et al. found a continuous BMP-

2 release that plateaued after 9 days with a 42% cumulative release [184]. Cao et al., on the other 

hand, determined a non-linear pseudo-second order pattern for their release [196]. Nonetheless, 

both of those studies reported significant release of BMP-2, which we did not observe with our 

BMP-2 encapsulation particles. In fact, release studies suggested that release was very minute over 

the entire 28-day time period with a very minor (~2%) BMP-2 release at day 1. Although in much 

higher amounts than 2%, this initial release trend is commonly observed for the release of drugs 

and proteins entrapped in particles with the initial release possibly due to the release of weakly 

adsorbed molecules on particle surfaces [199]. The way BMP-2 is released from encapsulation 

particles could be based on its diffusion, the degradation of carrier material, and the interactions 

of the protein with the carrier material. An understanding of the method through which BMP-2 is 

released remains incomplete. For example, although the work of  Cao et al. indicates that BMP-2 

release is a combination of both diffusion and degradation [196], Poth et al. claims that it is merely 

based on the degradation of particles [195]. Since the release of encapsulated BSA-FITC was 

significant compared to BMP-2, release does not seem to only be based on the degradation of our 

fabricated particles.   

With an isoelectric point of 8.5 [200], BMP-2 is positively charged at a pH of 7.4 and is 

expected to repel the chitosan surface which is also positively charged [201], particularly in BMP-

2 adsorption particles. Instead, the continuous release pattern exhibited by BMP-2 adsorption 

particles demonstrated otherwise. This can be attributed to the fact that the existing chitosan degree 

of deacetylation and pH experimental parameters significantly increase the interactions between 
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glutamic and aspartic acid residues of BMP-2 and the chitosan surfaces [202]. BMP-2 conjugation 

particles released around 28% of its incorporated BMP-2 in the first 3 days followed by no release 

thereafter. The observed initial release could be attributed to the relatively weaker adsorption 

binding between BMP-2 and chitosan particles. The following lack of release potentially illustrates 

that the remaining BMP-2 is immobilized on the particle surfaces. This could either be due to the 

strong covalent conjugation chemistry, the aggregation of particles preventing BMP-2 release, or 

a combination of the two. An initial burst release can help provide BMP-2 close to particle 

administration time yet an excess can result in side effects associated with site diffusion [203]. 

However, the burst release observed with BMP-2 adsorption and BMP-2 conjugation particles was 

no more than 30% (< 75 ng BMP-2). The high incorporation efficiencies measured by ELISA 

suggest that BMP-2 could almost be completely integrated with chitosan nanoparticles regardless 

of the incorporation technique. Although these efficiencies are determined indirectly from the 

amount of BMP-2 in supernatant, BSA-FITC particles also demonstrated high incorporation 

efficiencies, further supporting high incorporation percentages. The lower incorporation values of 

BSA-FITC could potentially be due to lower hydrogen bonding and hydrophobic attractions 

between BSA-FITC and chitosan in comparison to BMP-2 and chitosan. Similarly, the higher thiol 

content of BMP-2 compared to BSA-FITC can allow higher conjugation to particles.        

PDI indicates the width of overall particle distribution assuming a single mean and ranges 

from 0 to 1. Commonly, a PDI value higher than 0.5 signifies the aggregation of particles and a 

value closer to zero indicates size homogeneity [61]. Although no specific PDI trends were 

observed in Figures 4.2 and 4.3, it is interesting that PDI values were significantly lower at the 

highest TPP and BSA concentrations. This is possibly due to the fact that larger particles could 

exhibit better uniformity due to the nature of their large sizes. PDI values were less than 0.5 (no 
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aggregation) and particle sizes measured by intensity expressed monomodal peaks for particle size 

characterization studies carried out on control adsorption and encapsulation particles. Control 

conjugation particles, on the other hand, had multiple peaks of particle sizes (and a PDI value of 

0.979 which is not a useful measure due to the absence of monomodal intensity peaks (Figure 4.8)) 

as measured by intensity denoting possible particle aggregation. This aggregation which was not 

demonstrated with either adsorption or encapsulation particles is potentially due to the multiple 

centrifugations and resuspensions associated with covalent conjugation steps allowing strong 

hydrogen bonding between different molecules that lead to particle aggregation [7].  

The recruitment of cells and subsequent osteoblastic differentiation play a vital role in bone 

regeneration. Cell number studies confirmed that cells were not adversely affected demonstrating 

the biocompatibility of the different particles. This was expected since chitosan is known to 

promote cell attachment and growth especially when combined with a safe non-toxic material, 

TPP. Further, the ability of the different particles to facilitate ALP activity of MSCs was studied 

and it was demonstrated that BMP-2 adsorption particles support osteogenic differentiation. 

Although BMP-2 encapsulation particles were expected to increase ALP activity in comparison 

with adsorption and covalent techniques due to the protection they provide, this was not the case. 

This can be attributed to the negligible BMP-2 release observed with these particles which are not 

valuable for osteogenic induction [184], as well as the possibility of protein deactivation associated 

with adding proteins during particle preparation (mixing with chitosan in acetic acid) versus after 

their preparation (as in adsorption and conjugation) [204]. Further, we hypothesized that BMP-2 

conjugation particles will immobilize BMP-2 (as suggested by their release pattern) allowing 

continuous exposure and the interaction between proteins and cells. Nevertheless, results revealed 

that MSCs in the presence of these particles exhibited the lowest ALP activity. This could be due 
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to the aggregation of particles which would result in BMP-2 masking preventing its exposure to 

cells or the denaturation of BMP-2 associated with conjugation steps. The conjugation of BMP-2 

using sulfo-SMCC chemistry is in itself not harsh and has been previously utilized without 

affecting BMP-2 bioactivity [205]. In addition to the presence of residual crosslinkers that may 

cause protein denaturation [206], yet and again, the multiple centrifugation and sonication steps 

involved in applying it to particle surfaces rather than flat surfaces could somehow alter the 

biological activity of BMP-2. Finally, the direct expose of BMP-2 by a passive approach in BMP-

2 adsorption particles, on the other hand, allowed higher ALP activity. This is due to the mild 

processing conditions, the proper binding of the protein with particles (as previously discussed), 

as well as the sustained release of BMP-2 over a longer time period.  

An ideal ACL grafts serves as both a mechanical structure (for physical characteristics) as 

well as a delivery system for various biomolecules. Particularly, this encompasses the inclusion of 

the delivery of osteogenic materials at the native bone tunnel site for proper graft-bone integration. 

This study demonstrates that delivering BMP-2 at low but efficient doses is possible with BMP-2 

adsorption particles. The next step will be to integrate the particles into three-dimensional scaffolds 

and to test the scaffolds for their capacity to stimulate osteoblastic differentiation of MSC in vitro 

and bone formation in vivo.   

 

4.6 Conclusions 

 Chitosan nanoparticles were prepared by ionic gelation to adsorb, encapsulate or conjugate 

BMP-2. High BMP-2 incorporation efficiencies were obtained with all particles yet different 

release patterns were observed. Lower quantities of BMP-2 release were associated with BMP-2 

encapsulation and BMP-2 conjugation particles, while BMP-2 adsorption particles allowed higher 
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release over 28 days. Cells proliferated in the presence of the particles but exhibited higher ALP 

activity with BMP-2 adsorption particles. In contrast, BMP-2 conjugation particles exhibited lower 

ALP activity but appeared to form into aggregates during their preparation.  These studies together 

illustrate the significance of BMP-2 integration approaches on the development of a suitable BMP-

2 delivery system.  
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5.1 Abstract 

 Electrospun fibers have been widely considered ideal scaffolds for the regeneration of 

oriented tissues, including ligament tissue. However, the small fiber diameters (typically 0.2-5 μm) 

result in small pores that can often interfere with cell infiltration and subsequent formation of a 

functional three-dimensional tissue. In contrast, cells do not experience this limitation when 

cultured in three-dimensional hydrogels. Therefore, we postulate that a fiber-hydrogel composite 

could potentially permit cell infiltration and subsequent ECM formation. Hence, in this study, 

model fiber-hydrogel composites for a three-dimensional ligament regenerating composite were 

fabricated. Specifically, a 99/1 polycaprolactone (PCL)/heparin blend was electrospun on either 

cover slips or on elevated PDMS rings to produce supported and elevated thin fiber layers, 

respectively. Collagen was then added to the fibers as an adsorbed coating or as a hydrogel layer 

of different thicknesses, and mesenchymal stem cells (MSCs) were introduced by either directly 

seeding onto the surfaces or embedding within the collagen gel phase. Cells in or on composites 

were cultured for 7 days and then assayed for metabolic activity, viability, and cell number. Here, 

incorporating collagen as a coating or a thin gel layer were more supportive of cell metabolic 
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activity and allowed cells to sense the underlying substrates and align with the fibers. In contrast, 

the use of thicker collagen layers resulted in the rounding of cells and their decreased ability to 

sense underlying substrates. Together, these data indicate that minor changes in the structure of 

the fiber and hydrogel phases could significantly alter cell function in the formation of three-

dimensional fiber-hydrogel composites for tissue regeneration. 

 

5.2 Introduction  

 Anterior cruciate ligament (ACL) tears are widely common among athletes and result in 

around 350,000 ACL reconstruction surgeries annually in the United States [207]. Surgeries 

typically replace the torn ACL with an autogenic or allogenic tissue graft. Autologous tissue – 

transplanted from one part of the patient to another – results in additional pain and risks tissue 

morbidity at the donor site. Allogenic tissue – typically obtained from cadaver – circumvents 

donor-site morbidity and is widely available, yet can transmit disease and can take longer to 

incorporate with native tissue [208]. Additionally, the integration of both autografts and allografts 

with native bone tunnels is often slow impairing graft success by resulting in future re-injuries and 

knee osteoarthritis [207]. To overcome these drawbacks, ACL tissue engineering has become of 

interest and seeks to create graft substitutes that can stimulate host cell infiltration, proliferation, 

and differentiation into a functional ACL tissue.  

Fibrous scaffolds are appealing for an engineered graft substitute due to their high surface 

area for cell attachment and their extracellular matrix (ECM) mimicking architecture [93]. 

Specifically, fibrous scaffolds produced by electrospinning have been shown to positively foster 

cell behavior and to produce nanofibrous ideal substrates for ligament tissue engineering [94, 209]. 

Additionally, they are widely used mainly due to the large similarity between electrospun fiber 
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properties and native fibers that make up ligament tissue [209]. Nonetheless, two-dimensional 

tightly packed fibers or thin layers of electrospun fibers in the absence of a chemical gradient and 

with only a superficial porous network make it difficult for cell infiltration and for the generation 

of tissues with thicknesses appropriate for clinical application [210, 211]. Three-dimensional 

scaffolds better mimic natural tissue architecture for cell growth in comparison to two-dimensional 

scaffolds [105, 112], yet braided or knitted electrospun fiber three-dimensional scaffolds are 

unable to recapitulate the native complex microenvironment which signals ligamentous 

differentiation [118]. This inability is again due to cell restrictions caused in the absence of 

chemical gradients on the fibers and their pore sizes being smaller than 10 µm, whilst mammalian 

cells are typically greater than 10 µm in size [86]. To address this, the formation of larger pores 

has been carried out by modifying the electrospinning process or using other fiber producing 

techniques. These include the introduction of sacrificial fibers or porogens like salt crystals [10, 

47], as well as gas foaming [103, 104]. Although those procedures have been shown to help with 

cell infiltration, cell migration remains slow.  

Hydrogels, on the other hand, provide a three-dimensional microenvironment that 

resembles the ECM of native tissues and their highly hydrated interconnected porous networks 

allow for the diffusion of nutrients to tissue repair sites [108, 123, 125]. Alternative to the use of 

only electrospun fibers, a space-filling hydrogel can be introduced to form fiber-hydrogel 

composites [212, 213]. The presence of the hydrogel can relax the structure of the fibers by 

reducing fiber bonding. In turn, this favors cell infiltration deep through and into the fiber scaffolds 

promoting three-dimensional cellularization and the formation of new ECM [11, 212]. 

Furthermore, the presence of a hydrogel phase can better regulate stem cell fate and tissue 

formation by improving cell morphogenesis, migration and cell to cell interactions [214, 215]. 
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Synthetic hydrogels are inert and may compromise the functionality of scaffolds, resulting in 

unregulated cell behavior [210]. Natural hydrogels, on the other hand, originate from living 

organisms and are thus more familiar to cells. Collagen, a natural hydrogel, is substantially more 

bioactive than most polymers and is the most abundant ECM component in ligament tissue. 

Collagen is highly versatile and provides cell adhesive moieties [109, 112]. The combination of 

collagen with synthetic fibers potentially produces a scaffold that meets both the biomedical and 

mechanical property needs, with the fibers anticipated to provide mechanical strength and the 

collagen to permit better cell infiltration and proliferation [45, 82]. 

The objectives of this study were to construct model electrospun fiber-collagen hydrogel 

composites that could mimic the properties of large three-dimensional scaffolds for ligament 

regeneration, and determine how the structure of the scaffolds affects cell viability, proliferation, 

and morphology. To this end, a blend of polycaprolactone and heparin was electrospun to produce 

thin fiber mesh layers that were either supported or elevated. The introduction of collagen to fiber 

meshes as a top coat, as a top layer of different thicknesses or as an entire phase surrounding fibers 

was investigated. The effect of configuration on cellular behavior was examined through 

measurements of cell metabolic activity, viability, proliferation and orientation. Furthermore, the 

possibility of embedding cells in a collagen layer instead of direct surface seeding was evaluated 

in terms of cell viability and metabolic activity.  

 

5.3 Materials and Methods 

5.3.1 Materials  

 Polycaprolactone (PCL, Mn 80 kDa) and heparin (sodium salt from porcine intestinal 

mucosa Grade I-A, average MW of 18 kDa) were obtained from Sigma Aldrich (Saint Louis, MO). 
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Extra pure 2,2,2-trifluoroethanol (TFE) and 15 mm glass coverslips were obtained from Fisher 

Scientific (Suwanee, GA). Phosphate buffered saline (PBS) and silicon medical adhesive Type A 

were obtained from Corning cellgro (Manassas, VA) and Dow Corning (Midland, MI), 

respectively.  

 

5.3.2 Fiber Layer Configurations   

 A 9 w/w% PCL solution in TFE was mixed with 50 mg/mL heparin in distilled water (DI) 

to give a 99:1 w/w% PCL-heparin (PCL-Hep) solution. PCL-Hep was electrospun for 5 min from 

a 22-gauge stainless steel needle with a 3 mL/h flowrate, 11 cm throw distance, and 15 kV 

potential, and the fibers were collected on a 7.5 cm diameter cylindrical mandrel rotating at 1600 

rpm. Fiber layers approximately 300 μm thick were electrospun using two different approaches to 

give a supported and an elevated set up. The supported setup involved electrospinning onto 15 mm 

diameter glass coverslips that were secured to the rotating mandrel. The elevated setup involved 

depositing the fibers onto circular 15 mm diameter, 1 mm thick polydimethylsiloxane (PDMS) 

rings. Briefly, the collecting mandrel was covered with aluminum foil and PDMS rings were 

placed on the foil covered mandrel by securing the bottom edges using insulation tape. Right before 

electrospinning, the PDMS rings were lightly coated with silicon medical adhesive Type A to 

facilitate fiber adhesion. Fibers were allowed to dry overnight prior to being removed from the 

mandrel.  

 

5.3.3 Collagen Hydrogels  

Collagen harvested from rat tail tendons as described in [216] was used in preparing 

collagen hydrogels. Briefly, tendons were excised from rat tails and cleaned in 70% ethanol before 
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digesting for 48 h at 4 °C in a 0.1% acetic acid solution (100 mL acetic acid per gram of tendon). 

Soluble and insoluble components of the resulting suspension from digestion were then separated 

by centrifuging at 8800×g for 90 min at 4 °C with a Beckman Coulter Avanti TM J-25 Centrifuge 

(Beckman Coulter, Pasadena, CA). The clear supernatant containing the collagen was frozen 

overnight at -80 °C and stored at -20 °C. When ready for use, this dried collagen was prepared in 

a stock solution of 15 mg/mL by dissolving in 0.1% acetic acid for 3-4 days at 4 °C with the 

solution inverted 2-3 times a day to form a clear solution. Stock solutions were diluted to 5 mg/mL 

for the fabrication of collagen gels. Dilution was carried out using 1 N sodium hydroxide, 10× 

alpha-modified Eagle medium (a-MEM, Invitrogen, Carlsbad, CA), and 1× a-MEM in a 1:10:56 

volumetric ratio. 

 

5.3.4 MSC Culture 

 MSCs were harvested from the bone marrow of femurs and tibias of juvenile male Sprague-

Dawley rats weighing 125-150 g (Harlan, Dublin, VA) in accordance with the Institutional Animal 

Care and Use Committee at Virginia Tech as previously described [158]. Growth medium 

consisting of α-MEM supplemented with 10% fetal bovine serum (Gemini Biosciences, West 

Sacramento, CA) and 1% penicillin/streptomycin (Invitrogen) was used in cell culture. Cells of 

passage 4 or 5 cells were used for these experiments.  

Fibers on coverslips and PDMS rings were soaked in 70% ethanol for 5 min, exposed to 

UV light for 10 min and incubated in PBS for 20 min. Each coverslip or PDMS ring was then 

transferred to a well of a 24 well plate. For each sample, 5×104 cells were either seeded directly 

onto fiber meshes, seeded onto collagen coated fiber meshes or encapsulated within a collagen 

layer. Each sample was incubated in 1 mL of growth medium. 
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Figure 5.1: Illustrations of (a) collagen casted over a PCL-Hep fibrous mesh followed by 

rolling into a (b) three-dimensional fiber-hydrogel cylindrical composite.  

 

5.3.5 Supported Fiber-Hydrogel Configurations  

Composite materials to model the three-dimensional composite illustrated in Figure 5.1 

were created in supported (Figure 5.2) and elevated (Figure 5.3) configurations. In the supported 

configuration, different collagen addition techniques were examined. The first, “collagen coat,” 

involved incubating the fibers with 0.5 mL of collagen for 5 min (with gentle shaking) followed 

by aspiration of the excess collagen. Subsequently, the remaining collagen was gelled for 5 min at 

37 °C. The second and third techniques, “collagen layer,” involved seeding cells onto PCL-Hep 

fibers, allowing them to attach for 30 min, and then casting either a 500 μm or 1500 μm collagen 

layer on top of the seeded fibers. The collagen layers were allowed to gel for 5 min at 37 °C. The 

control groups were cells on PCL-Hep fibers in the absence of collagen and cells on tissue culture 

polystyrene (TCPS). 
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Figure 5.2: Illustrations of (a) the different approaches taken to assemble the fiber and 

hydrogel phases of supported fiber-hydrogel configurations and (b) their control groups in the 

absence of collagen. 

 

The possibility of encapsulating the cells in the 500 μm collagen layer rather than seeding 

them on surfaces prior to collagen casting was also studied in this configuration with a control 

study on TCPS. Cell metabolic activity and viability were analyzed at day 7. Cells were 

encapsulated within collagen by adding cell suspensions to the 1×  a-MEM component during gel 

preparation.    

 

5.3.6 Elevated Fiber-Hydrogel Configurations  

To decouple the potential effect of a supported substrate on cell behavior, an elevated 

configuration was developed using fibers on PDMS rings (Figure 5.3). Fiber rings were flipped 

and 100 μL of collagen was cast on the bottom side of fibers and allowed to gel at 37 °C for 5 min. 

Rings were then flipped back and cells were seeded directly on the fiber surface (Figure 5.3a). To 

study cell infiltration and morphology in the different phases, cells were seeded within a 500 µm 

collagen phase (Figure 5.3b) by adding cell suspensions to the 1× a-MEM component in gel 
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preparation. Fiber-hydrogel composites were flipped upside down for microscopic observations 

and image collection.  

 

 

 

 

 

 

Figure 5.3: Illustrations of the different approaches taken to examine cell behavior in 

elevated fiber-hydrogel configurations. 

 

5.3.7 Cell Metabolic Activity  

For cell studies, samples were incubated in culture media, the media was changed every 3 

or 4 days and samples were collected for analysis after 7 days. Cell metabolic activity was analyzed 

on the various fiber-hydrogel composite configurations using an alamarBlue cell viability assay 

kit (ThermoFisher Scientific, Grand Island, NY) which detects metabolically active cells. Fifty 

microliters of alamarBlue reagent was added per well sample and incubated at 37 °C for 3 h. 

Fluorescence values were then measured at 570 nm excitation and 585 nm emission using a 

SpectraMax M2 plate reader (Molecular devices, Sunnyvale, CA).  

 

5.3.8 Cell Viability Analysis 

 A live/dead cytotoxicity kit (Biotium, Hayward, CA) was used to evaluate cell viability of 

cells seeded within the different fiber-hydrogel composite configurations after 7 days of cell 
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culture. Media was removed from the wells and the composites were washed twice with PBS. 

Composites were then incubated in 2 µM calcein-AM and 4 µM ethidium homodimer I in PBS at 

37 °C for 30 min. Composites were then rinsed with PBS. To probe the morphologies of cells 

within the collagen phase and those in contact with the fibers (Figure 5.3bi & ii), the collagen 

phase atop the fiber layer was either left intact or removed. Composites was then inverted and 

fluorescence images were collected with an inverted Leica DM IL microscope (Leica 

Microsystems, Buffalo Grove, IL) using a blue band-pass filter to indicate live cells and a green 

band-pass filter to identify dead cells.  

 

5.3.9 Cell Number Analysis 

 Cell numbers within the different fiber-hydrogel composites were quantified with a Quanti-

iT PicoGreen kit (Invitrogen, Grand Island, NY) after 7 days of culture. Composites were washed 

twice with PBS and the cells lysed in 0.2% Triton-X100 for three freeze-thaw cycles along with 

thorough mixing. Quanti-iT PicoGreen dsDNA reagent was mixed with samples in a 1:1 volume 

ratio following manufacturer’s protocol. Mixtures were then incubated for 5 min at room 

temperature before fluorescence was measured at 480 nm excitation and 520 nm emission with a 

SpectraMax M2 plate reader. Fluorescence data was converted to DNA quantity using a series of 

prepared standards and cell numbers calculated using a previously determined conversion factor 

of 8 pg DNA per cell.   

 

5.3.10 Statistical Analysis  

Experiments were carried out in triplicate and quantitative results were analyzed by one-

way analysis of variance ANOVA using StatPlus (AnalystSoft, Walnut, CA). Results are reported 
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as mean ± standard error of the mean (SEM) with p £ 0.05 considered statistically significant. 

 

5.4 Results  

5.4.1 Studies on Supported Fiber-Hydrogel Configurations 

Cell studies on fiber-hydrogel composites were carried out to determine the effect of 

combining the two phases on cell behavior. Supported and elevated configurations model different 

design portions required to form the three-dimensional composite shown in Figure 5.1. Cellular 

metabolic activity on supported composite scaffolds was measured to confirm that collagen does 

not hinder cell viability. Cells on collagen-coated fibers and those beneath a thin (500 μm) collagen 

layer had similar metabolic activity as cells on TCPS. As shown in Figure 5.4, alamarBlue 

fluorescence demonstrates lower metabolic activity for cells beneath the thicker (1500 μm) 

collagen layer.  
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Figure 5.4: Metabolic activity for MSCs as measured by alamarBlue fluorescence at 7 

days on PCL-Hep fibers with (a) no collagen, (b) a collagen coat, (c) a 500 µm collagen 

layer and (d) a 1500 µm collagen layer, with TCPS as the control. Bars correspond to the 

SEM for n = 3 samples. *Denotes statistical significance (p < 0.05) relative to TCPS. 

 

 Because MSCs seeded on fibers with a 1500 μm collagen layer exhibited a lower metabolic 

activity, this group was eliminated in subsequent studies. Live/dead staining studies carried out at 

day 7 show that MSCs remain viable and many attach to the fibers, as indicated by their elongated 

morphology (Figure 5.5). Further, MSCs on fibers with a collagen coat or beneath the 500 μm 

collagen layer were able to spread and exhibit morphologies similar to those on bare fibers. 

Likewise, cell numbers of the different configurations measured at day 7 were similar to those 

growing on TCPS (Figure 5.6).  
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Figure 5.5: Live/dead staining of MSCs seeded on PCL-Hep fibers at day 7. (a) Cells on 

bare fibers, (b) cells on fibers with a collagen coat, and (c) cells beneath a thin (500 μm) 

collagen layer. Scale bars correspond to 100 μm. 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.6: Cell numbers for MSCs seeded on PCL-Hep fibers at day 7 with (a) no 

collagen, (b) a collagen coat and (c) a 500 μm collagen layer with TCPS as the control. 

Bars correspond to the SEM for n = 3 samples. *Denotes statistical significance (p < 

0.05) relative to TCPS. 
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A fiber-hydrogel composite could potentially be cellularized either by casting cells 

suspended in collagen over a fiber mesh or by seeding cells onto the surface of the composite. The 

control study of collagen cast on TCPS to compare the two involved performing metabolic and 

live/dead staining assays. AlamarBlue fluorescence values were statistically similar with 12600 ± 

1040 and 14500 ± 760 cells for collagen embedding and surface seeding, respectively. 

Furthermore, live/dead staining of cells within a 500 μm collagen layer cast on TCPS (Figure 5.7a) 

shows that cells remain viable and exhibit a morphology similar to that of cells directly seeded on 

TCPS (Figure 5.7c). Nonetheless, some cells within the thicker outer edges of the 500 μm collagen 

layer cast on TCPS (Figure 5.7b) remain rounded within the collagen phase.  

 

 
 

Figure 5.7: Live/dead staining of MSCs (a) embedded within a 500 µm collagen layer 

and (b) embedded within the thicker outer edges of a 500 µm collagen layer cast on 

TCPS, and (c) seeded on TCPS control at day 7. Scale bars correspond to 100 μm. 

 

5.4.2 Studies on Elevated Fiber-Hydrogel Configurations 

 Elevated composite configurations modeling a portion of a three-dimensional rolled 

scaffold (Figure 5.1b) were fabricated to analyze cell morphologies and viability within the fiber-

hydrogel composite. Cell staining studies show the different morphologies of cells present in each 
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of the fiber and collagen constituents. With the absence of a collagen layer on top of fibers, cells 

attach to fibers and spread in the same direction as fiber orientation (Figure 5.8a). Configurations 

with the presence of a collagen layer on top of the fibers demonstrate that cells either spread or 

remain rounded depending on whether they are near the fiber surface or within the collagen layer, 

respectively. Upon removing the collagen layer (Figure 5.3b-i), cells were observed on the fiber 

layer and they oriented with the fibers (Figure 5.8e). Configurations that kept the collagen layer 

(Figure 5.3 b-ii), show that some cells spread with fiber directions while others remain rounded up 

(Figure 5.8c). Cells on fibers were not seen in fluorescence staining (Figure 5.8f) and cells within 

the collagen were out of focus. 
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Figure 5.8: (a-c) Light microscope and (d-f) live/dead staining fluorescence of elevated 

fiber-hydrogel configurations at day 7 with MSCs (a,d) directly seeded on the fibers, or 

seeded within a 500 µm top collagen layer with the collagen phase (b,e) removed or (c,f) 

kept. Scale bars correspond to 100 μm. 
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5.5 Discussion 

An ideal tissue engineered ACL graft requires significant cellular infiltration for graft 

remodeling into functional ligament tissue. Small pore sizes in electrospun fiber scaffolds tend to 

interfere with cell infiltration. In this study, PCL-Hep fibers were combined with collagen hydrogel 

to examine how different approaches to constructing fiber-hydrogel composites affect cell 

behavior. Among different approaches considered, seeding cells onto fibers coated with collagen 

or onto bare fibers beneath a thin (500 μm) layer of collagen permitted cells to orient with the 

fibers, and to exhibit metabolic activities and be of numbers similar to cells on a PCL-Hep fiber 

meshes and on TCPS. Furthermore, encapsulating cells in a 500 μm collagen layer rather than 

directly seeding them on surfaces also permitted cell-surface interaction. Thicker collagen layers, 

on the other hand, result in lower metabolic activities. For cells embedded within the collagen and 

cast over the fibers, the rounding of many cells present within the collagen phase, particularly 

those further away from the fibers, was observed. However, a number of cells seeded within a 

collagen layer confine to the fiber layer rather than remain within the collagen phase. 

In an attempt to increase cell infiltration in electrospun fibers, multiple effort has been 

made. For example, to produce larger pores in electrospun poly(L-lactide) Wright et al. utilized 

sodium chloride crystals during electrospinning which were then leached out leaving pore sizes 

that were around tenfold larger than fibers in the absence of the crystals [217]. Similarly, a study 

by Baker et al. exploited poly(ethylene oxide) as a sacrificial component by co-electrospinning it 

with PCL followed by washing it off [8]. This technique of including sacrificial components has 

been widely used by various other researchers with different materials to increase porosity [218-

220]. Although this approach increases pore sizes, improves cellular infiltration and does not affect 

cell proliferation, the mechanical strength of the fibrous scaffolds is reduced due to the resulting 
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lower fiber density. This could be detrimental to many tissue engineering applications since 

mechanical properties govern prevailing environments for cell growth. For instance, softer 

scaffolds for ACL regeneration might not successfully guide MSCs to differentiate into ligament 

tissue.  

Our approach to overcome limitations of cellular infiltration in electrospun fibers is 

through the addition of a collagen phase to the fibers. That is, we combined the two phases to form 

a composite environment that benefits from the mechanical integrity of the ECM mimicking 

electrospun fibers as well as the three-dimensional ECM-like microenvironment provided by the 

collagen gel. The combination of electrospun fibers and a hydrogel phase has been previously 

explored for both ligament and tendon regeneration. For example, Kim et al. prepared composites 

by injecting an alginate hydrogel into rolled mats of electrospun PCL-silk fibronin fibers [118]. 

Analysis of these composites showed that the structure permitted even cell distribution throughout 

the composite as well as high cell viability and proliferation. Separately, Yang et al. fabricated 

PCL-methacrylated gelatin composite sheets by electrospinning both phases simultaneously [221]. 

Then, multiple sheets were stacked and reinforced with additional crosslinked gelatin. Cells within 

this construct were able to align along the fiber orientations and develop a tendon ligament 

phenotype when signaling molecules were added. 

In our study, we introduced collagen to the fibrous layer using various approaches in 

supported and elevated fiber composite configurations. When incorporated as a coat or a thin (500 

μm) layer, we found that collagen does not hinder cell response and that cellular activity in its 

presence is not different from the activity of cells on TCPS (Figures 5.4-5.6). However, we 

observed that the addition of collagen as a thicker (1500 μm) layer results in reduced metabolic 

activity (Figure 5.4). This could possibly be due to lower oxygen or alamarBlue reagent 
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availability as a consequence of molecular diffusion through the thicker collagen layer [222]. 

Nonetheless, live/dead staining of MSCs embedded within a 500 μm collagen layer (Figure 5.7) 

in the control study on TCPS shows that the morphologies of cells present within the thicker edge 

regions (as collagen adheres to the sides of wells) are rounded and could introduce difficulties in 

cells present in a fiber-hydrogel configuration of a collagen layer thicker than 500 μm. The 

difference in cell morphology between cells embedded in collagen and those on TCPS is possibly 

due to the difference in mechanical properties of the surface-collagen interface – where cells spread 

– in comparison to the softer collagen gel phase. Although metabolic activity, live/dead staining 

and cell number studies prove that the simple coating of fibers with collagen is also supportive of 

cell viability, the in vitro design consisting of a 500 μm collagen layer cast over a fiber layer was 

utilized to model the fiber-hydrogel composite (Figure 5.1) in elevated fiber-hydrogel 

configuration studies. This direction was chosen to permit possibilities of incorporating 

biomolecules as well as cells in the collagen layer for future continuation studies. Furthermore, 

being more representative of three-dimensional scaffolds, the presence of a collagen layer can help 

provide a more clinically relevant scaffold dimension for cell housing [217].  

This work studies the formation of elevated composites that are representative of a three-

dimensional rolled scaffold. The presence of two successive collagen regions surrounding a fiber 

layer allow better analysis of cell movement in a thicker and more clinically relevant structure. 

The two elevated fiber-hydrogel configurations encompassing cells within the collagen layer 

(Figure 5.3 b-i & ii) indicate that cells close to the fibers can sense the fiber layer beneath them 

and orient themselves in the direction of fibers (Figure 5.8 b,c,e) as do cells directly seeded on the 

fibers (Figure 5.8 a,d). On the other hand, cells deep within the collagen phase (rather than near 

the fiber-collagen interface) are rounded. This is possibly due to the low stiffness of collagen gels 
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that impairs the cells ability to spread and exert contractile forces [223]. The rounding of cells 

demonstrates that the cell spreading on fibers observed in Figure 5.5 a-b with the supported fiber-

hydrogel configurations is not merely due to the stiffness of underlying glass substrate since cells 

are also able to spread on the fibers with the softer collagen bottom layer in elevated 

configurations. Nonetheless, the increased rounding of cells within the collagen phase in elevated 

configurations (Figure 5.8c) in comparison to cells on polystyrene surfaces (Figure 5.7a) 

demonstrates that cells better sense and respond to the stiffer underlying surfaces and/or the 

difference in morphology of the fibers and polystyrene surfaces [126, 224]. Regardless, Figure 5.8 

shows that MSCs were detected both on the fibers and within the hydrogel phase of the composite, 

indicating that the cells remained distributed throughout the composite while remaining viable. 

This study demonstrates that the use of a thinner collagen phase and a stiffer underlying 

substrate enhance cell metabolic activity (assuming that diffusion rate of alamarBlue reagent is not 

lowered with the thicker gel layer) and spreading in fiber-hydrogel materials. This study focused 

on how the construction of the composite affects cell viability, proliferation and morphology 

during the formation of three-dimensional composites. However, we note that a time lapse study 

of cell migration is important to understand the movement of cells within the phases and between 

them, and is thus a more detailed follow up study for this work. Additionally, a variety of other 

factors can affect cell behavior in the composites. First among them is the presence of 

biochemicals, such as growth and differentiation factors. Hence, the presentation of growth factors 

within fiber-hydrogel composites is another next logical investigation. Particularly, the addition of 

bone morphogenic protein-2 adsorption nanoparticles (such as those described in Chapter 4) to 

develop three-dimensional model scaffolds with the capacity to induce osteoblastic differentiation 



 100 

can be evaluated. This will further explain the change in cell fate regulation and tissue formation 

upon incorporating an additional dimension compared to a two-dimensional fibrous environment. 

 

5.6 Conclusions 

Various fiber-hydrogel composite models mainly comprised of a thin collagen layer cast 

over fibers were fabricated. All composites formed serve as biological frameworks supportive of 

cell attachment and viability. However, thicker collagen layers appeared to suppress cell metabolic 

activity. Cells could either be seeded directly on fiber layers or embedded within the collagen 

layer. When embedded, thicker collagen layers and softer underlying substrates decreased cell 

spreading. The variety of composite models reflect the flexibility intrinsic to fabricating three-

dimensional scaffolds for ligament regeneration, and demonstrate that cell response can depend 

on scaffold structure. 
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Chapter 6: Summary and Future Recommendations 

6.1 Summary 

The overall objective of this work was to develop strategies for the formation of the bone 

regenerating portion of a tissue engineered anterior cruciate ligament (ACL) substitute scaffold to 

facilitate integration when ultimately implanted in vivo. To achieve this, I first examined 

techniques to enhance bone formation and then approaches to improve cell infiltration. 

Specifically, this work involved 1) guiding osteoblastic differentiation through the direct 

presentation of trophic factors, 2) developing bone signaling nanoparticles that can be incorporated 

into biomaterials or their components, and 3) advancing assembly approaches for the fabrication 

of three-dimensional fiber-hydrogel composites. 

Fabrication of materials that induce mesenchymal stem cells (MSCs) towards a bone 

phenotype was a shared goal in the first two projects (Chapter 3 and Chapter 4). The work of these 

two chapters exert efforts towards developing properly designed delivery systems that can be 

administered locally via surgery and can localize bone morphogenic protein (BMP)-2 only at the 

target repair site. For our objective, this corresponds to the region where tissue engineered ACL 

substitutes are anchored to adjacent native bone tunnels. For the first project, the scaffold serves 

as both the mechanical support and the vehicle for delivering BMP-2, while in the second a 

nanoparticle delivery system is formulated to be subsequently combined with the scaffold.  

Chapter 3 involved electrospinning polycaprolactone (PCL) blended with different 

concentrations of heparin to produce fibrous meshes of altered fiber diameters, hydrophilicities, 

number of reactive groups, and mechanical properties. BMP-2 was then presented on the meshes 

through adsorption or covalent conjugation and MSCs were seeded on the different meshes for up 

to 28 days in the absence of any osteogenic supplement. The strategies of incorporating heparin in 
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PCL fibers and covalent conjugation both increased BMP-2 surface concentration. MSCs were 

viable on all meshes but expressed higher osteogenic differentiation markers on surfaces 

covalently conjugated with BMP-2. This study demonstrated that 5.1 ± 1.6 ng/cm2 BMP-2 was 

sufficient to promote osteoblastic differentiation when covalently conjugated to the surface of 

biomaterials. However, the immobilization efficiency of BMP-2 was no more than 8%, 

necessitating alternative strategies that utilize BMP-2 more efficiently. This led to the alternative 

strategies discussed in Chapter 4. 

Chapter 4 focused on producing an osteogenic protein delivery system. Central to doing so 

was the development of a technique to incorporate high amounts of BMP-2 into delivery vehicles 

that can release them at appropriates rates. Towards accomplishing this, three techniques were 

employed to incorporate BMP-2 with nanoparticle carriers: adsorption, encapsulation and covalent 

conjugation. The incorporation efficiencies of all three techniques were high, ranging from 92% 

to 98%. The release kinetic profiles varied widely, with a negligible release for encapsulation, a 

burst release followed by almost none for conjugation, and a continuous release for adsorption. 

Regardless of incorporation technique, MSCs cultured with BMP-2 incorporated nanoparticles 

were viable and proliferative. The dissimilar release profiles affected osteoblastic differentiation, 

where BMP-2 adsorbed to particles resulted in higher differentiation potential of MSCs as 

compared to particles that encapsulated BMP-2 or presented conjugated BMP-2.  

Chapter 5 concerned aspects associated with the fabrication of three-dimensional porous 

fiber-hydrogel composites to fuse multiple meshes together through the introduction of a space-

filling collagen hydrogel phase to a fiber layer. This included the addition of collagen to either a 

supported or an elevated fibrous mesh configuration, as a coat over the fibers or as a layer of 

different thicknesses. MSCs were seeded on the fibers prior to the addition of collagen or were 
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embedded within the collagen phase. MSCs seeded within a thin collagen layer or over collagen 

coated fibers proliferated, sensed underlying substrates and spread in the direction of fiber 

orientation. However, those with the thicker layers appeared to be less proliferative while cells 

embedded within a collagen phase and remained in it were of rounded morphologies. Additionally, 

cells seeded within a collagen layer over polystyrene surfaces were more spread than those within 

a collagen layer over elevated fibers. This difference in cell behavior may be due to the softer 

collagen phase in comparison to the stiffer polystyrene surfaces that cells can better sense. 

Together, these findings suggest that small changes in the structure and production methods of a 

composite can appreciably impact cell response. Consequently, this can affect ACL tissue 

regeneration when translated into a three-dimensional cylindrical composite.  

 

6.2 Future Recommendations 

 The results of this work present advances in the fabrication of biomaterial scaffolds that 

can improve cell behavior and therefore tissue formation, which is the fundamental goal of such 

scaffold materials. A large portion of the work described is focused on developing material 

production methods that stimulate osteogenic regeneration (Chapters 3 and 4) while the other is 

focused on forming composite materials with an added dimension for tissue growth (Chapter 5). 

Together, the findings of this work can be further progressed for the development of an entire graft 

integrating ACL structure by 1) implanting BMP-2-conjugated PCL-heparin fibers in to a bone 

defect model, 2) extending growth factor incorporation methods to spatially modify different fiber 

regions for ligament regeneration (in addition to bone integration), and 3) constructing composite 

fiber-hydrogel scaffolds in anatomical dimensions. In the following three sections, each of these 

potential projects are described. 



 104 

6.2.1 Bone Defect Model 

 The translation of in vitro findings to in vivo application can often be challenging due to 

the different levels of complexities associated with each. In a similar manner, the experimental 

findings of each can be significantly different, sometimes even contradicting each other [225-227]. 

It is, thus, important to move forward with the outcomes of the osteogenic fibrous meshes by 

implanting the BMP-2 conjugated PCL-heparin electrospun meshes [179] in vivo. Electrospun 

fibrous meshes of different shapes have been previously implanted for the repair of bone tissue 

[228-230]. Among them are electrospun fibers altered in the form of a simple mesh, discs or 

agglomerated freeze-dried electrospun fibers that were demonstrated to restore bone in rat cranial 

defects and to contribute to endochondral bone formation.  

 

 

 

 

 

 

 

 

 

Figure 6.1: Design and preparation of an implantable scaffold for a bone defect model.  
 

 The intended design for an implantable scaffold for femur defect regeneration will be 

prepared. A rectangular fibrous mesh (5 cm × 2 cm) will be electrospun on elevated 2 mm thick 

polydimethylsiloxane strips (Figure 6.1a). Fibrous meshes of various orientations (aligned and 
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several degrees of random fibers) will be prepared by varying the rotation speed (250-2500 rpm) 

of the electrospinning collector. Different fiber alignments will be studied as fiber orientation 

greatly impacts cell orientation, cell growth and tissue formation [231]. BMP-2 will then be 

covalently conjugated to the meshes as previously described [179]. This thin modified fiber layer 

will then be rolled into a cylindrical structure 1 cm in diameter. Control scaffolds will be fabricated 

in the same manner but in the absence of BMP-2. A bone defect model with similar dimensions to 

the fabricated cylindrical scaffolds in rat femur will then be created. Ethibond sutures will then be 

passed through the scaffolds and through the bone defects created [15]. Scaffolds will be tested for 

integration with these bone defects that mimic the bone tunnels typically prepared for ACL 

reconstruction using micro-computed tomography analysis and histological evaluation to 

determine the volume of new bone formed and the presence of osteogenic differentiation markers, 

respectively. 

 

6.2.2 Complete Ligament Regeneration   

The capacity to regenerate bone at the end regions of a tissue engineered ACL graft when 

secured to bone tunnels in essential for graft integration. Graft integration during soft tissue 

reconstruction surgeries, nonetheless, remains a significant challenge and efforts in tissue 

engineering have led to the development of various multi-phased biomaterial scaffold designs to 

account for the native gradient of the ACL. Such designs typically involve an array of cell types 

and biological cues and their development continues to be of strong interest. Although many of 

those studies provide advances to ligament-bone interface regeneration, no complete replication 

of the structure and function of the different regions has been brought about. For instance, the use 

of multi-phased scaffolds containing various cell types has been demonstrated to introduce cell 
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regulation, morbidity and cost challenges [232, 233], while the creation of many gradients on a 

small scale of tissue regions is found to be tricky. Further, a mere change in the morphology of 

fibrous meshes or the topography of scaffolds along the graft structure for ligament and bone 

regions has been shown to help with the mechanical fixation of soft tissue yet had no effect on 

gene expression within the different regions [234, 235].  

Consequently, the proposed simplistic approach aiming to engineer a complete ligament 

with bone-forming ends that could fit into the native bone tunnels is centered on the use of a single 

model cell population and the incorporation of a variety of molecular signals to guide cell 

differentiation into a range of different phenotypes. This approach is motivated by the body’s 

ability to smoothly transmit forces between different tissue types, as well as its ability to heal a 

bone regenerating material with native bone (as it would in natural bone-bone healing). More 

specifically, the focus will be on fabricating ligament tissue using a homogenous fiber base and 

treating the bone tunnels housing the end of the native ACL within the femur and tibia as broken 

bones that heal with the bone forming region of the fabricated graft. This will be accomplished by 

using different trophic factors in the middle and end regions of the ligament scaffold.  

A first set of studies would involve fabricating ligament forming scaffolds from 

electrospun PCL-heparin fibers [179] with tuned fiber alignment [69] covalently conjugated with 

fibroblast growth factor (FGF)-2 [80, 236]. FGF-2 has the ability to bind to heparin in addition to 

its ability to signal ligament tissue regeneration [237]. The potential of the scaffolds to support 

ligament formation will be studied through analyzing its ability to enhance the expression of 

ligamentous markers (eg., tenomodulin, decorin and scleraxis). The next set of studies would 

involve the use of a customized divider to present each region of a single homogenous contiguous 

fiber base with its respective trophic factors (Figure 6.2) to guide MSC differentiation down 
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corresponding cell lineages within each region. It is anticipated that having a single contiguous 

base fiber structure for the middle and end regions of the graft (Figure 6.2a) will ensure a 

mechanically robust scaffold that is capable of transmitting tensile loads [28]. This is in contrast 

to having a non-continuous fiber structure for each of the bone and ligament regions (Figure 6.2b) 

which would then need to be bond together and would result in an overall weaker scaffold. Further, 

the spatial functionalization (using ligamentous and osteogenic signaling molecules in each 

corresponding region) will guide the development of the proper phenotypes for tissue regeneration. 

Thus, this potentially provides a transformative method to regenerate a complete ligament that 

accounts for soft tissue-bone integration.  

 

 

 

 

 
 

Figure 6.2: Spatial signaling molecule functionalization of a bone to ligament scaffold 

using (a) a continuous and (b) a non-continuous fiber base. Blue segments correspond to 

electrospun fibers. Orange circles and purple stars represent ligament and bone trophic 

factors, respectively. 

 

6.2.3 Ligament-Mimetic Construct  

 Fiber-hydrogel composites can benefit from the mechanical properties of electrospun fibers 

and the favorable three-dimensional microenvironment of hydrogels only when properly 

fabricated. Hence, it is key to make sure that advantages of each phase are obtained. The use of 
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scaffolds only based on a hydrogel phase for the regeneration of tissue is often complicated as 

specific extracellular matrix (ECM) microarchitectures can be hard to mimic in comparison to 

fibers [118]. Further, hydrogels on their own are mechanically weak and thus extremely 

inappropriate for the formation of hard tissue. Another issue with the use of hydrogel-based 

scaffolds is the contraction of gels that results in the separation of hydrogels into layers [238, 239]. 

Hence, the inclusion of fibers with the hydrogels to overcome these issues and their presence as 

the base structure is essential. Fiber-hydrogel composites have been previously designed in 

dimensions close to those of ligaments [118, 120, 121]. These designs include the injection of 

cellular hydrogels in the inner core of a cylindrical fiber mat or the layering of multiple fiber-

hydrogel rectangular sheets after cell seeding [118, 221].  

The following proposed set of studies could be carried out to determine whether the fiber-

hydrogel models developed in Chapter 5 are ideal for the formation of a ligament-mimetic 

structure, particularly the casting of a 500 μm collagen layer over a thin elevated rectangular fiber 

sheet. In a first set of studies, collagen could be added to a 3 cm × 5 cm electrospun fiber sheet 

followed by rolling into a cylindrical scaffold (Figure 6.3a) with the guidance of a stainless-steel 

wire, and the second adding the collagen to several 3 cm × 1 cm fiber sheets followed by layering 

the sheets (Figure 6.3b). Mechanical testing of the constructs will then be carried out by 

investigating the tensile properties of single layers, rolled constructs and multilayered ones. 

Constructs will be secured to the clamps of a material testing system (MTS) and subjected to a 

displacement rate of 0.3 mm/s using a 50 N load cell. The disintegration of the two phases within 

successive layers will then be studied.  
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Figure 6.3: Three-dimensional fiber-hydrogel composites formed (a) by rolling a single 

fiber sheet cast with a collagen layer or (b) by stacking multiple sheets. 

 

In the second set of studies, the ability of the constructs to enhance cell differentiation and 

ECM formation will be studied for both ligament and bone tissue. Here, cells will be seeded on 

BMP-2 or fibroblast growth factor (FGF)-2 (a ligamentous signaling molecule) covalently 

conjugated fibers prior to the addition of collagen. A 1 mm thick specimen construct will then be 

cut across the different constructs’ length and the ability of each of the growth factors to guide 

tissue formation will be studied by analyzing the expression of specific gene profiles associated 

with each tissue using polymerase chain reaction technique.   

 

6.3 Concluding Remarks 

The focus of this work was to acquire strategies for the development of bone regenerating 

materials and the recapitulation of a three-dimensional microenvironment. Methods that increase 

the bioactivity and biocompatibility of materials used in tissue engineering to better promote tissue 

formation were developed. The efforts of this work demonstrate that both chemical and physical 

material functionalization can improve growth factor localization, subsequent cell differentiation 
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and tissue growth. Future studies will concentrate on advancing materials with the ability to guide 

the formation of ligament tissue and on combining ligament and bone constructs through the 

creation of a bioactive spatial gradient over a homogenous fiber mesh. Together, these serve as 

progressions towards the formation of an ACL reconstruction substitute scaffold that enables 

proper integration when ultimately implanted in vivo. 
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