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ABSTRACT 

 A composite acellular tissue graft comprised of decellularized tendon conjugated with 

nanomaterials has been developed for musculoskeletal tissue engineering applications.  The 

focus of this dissertation is on the development of composite grafts derived from decellularized 

human tendon conjugated with gold nanoparticles and hydroxyapatite nanoparticles for use in 

anterior cruciate ligament (ACL) reconstruction.  Gold nanoparticles are used to promote 

remodeling, cellularity, and biological incorporation of grafts.  Hydroxyapatite nanoparticles are 

used to promote osseointegration, cellularity, and to enhance the graft/bone interface.  These 

composite grafts along with several other variations, were characterized in vitro using a variety of 

cell-based assays including cell viability, cell proliferation, and cell migration assays.  Two in vivo 

studies were conducted.  A green fluorescent protein (GFP) porcine model was investigated as a 

new method to evaluate host tissue integration into soft tissue grafts as well as the in vivo 

biocompatibility of subcutaneously implanted composite grafts.  Results demonstrate 

biocompatibility and remodeling of composite grafts and the value of using the GFP model as a 

qualitative method for assessing host tissue integration.  A rabbit ACL reconstruction model was 

used to investigate graft remodeling in addition to the overall viability of using composite grafts to 

serve as a functional ACL replacement.  Results demonstrate successful replacement of ACLs 

using composite grafts with enhanced remodeling from the addition of nanoparticles.  Overall, 

studies demonstrate the success and potential further application of using composite grafts for 

musculoskeletal tissue engineering applications.  Future studies will include expanding 

development of variations of these composite materials to address additional clinical needs. 
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Chapter One  
LITERATURE REVIEW 

 

 

1.1 The impact of biomaterials 

 A biomaterial is generally defined as a material used in a medical device for the purpose 

of interacting with biological systems [1].  Stated differently, a biomaterial is placed in the body 

with the intention of eliciting a specific host-biomaterial interaction often for the purpose of 

augmenting or ameliorating a shortcoming in that biological system.  An example would be a 

hernia repaired with a mesh material because the fascia has weakened or torn ligament 

reconstructed with a graft because the ligament has failed.  The implantation of a biomaterial will 

elicit a reaction from the host as well as a reaction from the biomaterial itself in a host-biomaterial 

interaction.  The nature of this interaction will determine clinical outcomes including the success 

or failure of an implanted device.    

1.1.1 Biocompatibility and the host-biomaterial interaction 

 The characteristics of the desired host response of an implanted material has advanced 

and continues to evolve.  It was previously accepted that for a material to be considered 

biocompatible it should be “inert” and cause a thin fibrous encapsulation with minimal host 

response.  An “inert” material was biocompatible since it caused no harm to the body [2].  The 

criteria of “causing no harm” lacks the advantages potentially gained by engaging the biomaterial 

in the host response to improve outcomes.  In the case of a tissue scaffold, literature supports 

that the manipulation of the host response by the scaffold is even more important than the 

scaffold’s ability to support cell growth or its specific physical properties [3].  In this case, it is 

important that the biomaterial actively engages the host to remodel instead of simply being inert.  

A review by Williams et al. highlights the need for an appropriate host response to biomaterials 

that targets cell stimulation in a recognizable, mimicking, microenvironment rather than no 

response [4].  This idea of manipulating the host response has expanded the definition of 
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biocompatibility from inert to “the ability of a material to perform with an appropriate host 

response in a specific application” [1].  A biomaterial should be designed with the intention of 

eliciting a particular host response to achieve a desired clinical outcome. 

  When designing biomaterials, it is important to recognize the role of both the host and the 

biomaterial in a host-biomaterial interaction.  The success of an implant for its intended purpose 

will depend on both the host reaction and the reaction of the biomaterial.  Stated differently, the 

effect the implant has on the host reaction can be just as important as the effect the host reaction 

has on the implant.  For example, a synthetic polymer may elicit a host inflammatory response 

causing accelerated degradation of the polymer leaching byproducts that may cause even more 

inflammation.  The host and the biomaterial are in a dynamic relationship that affects the fate of 

both elements.  The goal of biomaterials design is to manipulate the reaction of the host and the 

characteristics of the biomaterial to induce a specific host-biomaterial interaction to achieve a 

desired clinical outcome. 

1.1.2 Targeting a host-biomaterial interaction 

 The desired outcome of the host-biomaterial interaction will vary based upon the specific 

application.  For example, the implantation of a biological material susceptible to enzymatic 

degradation may lead to the subsequent release of growth factors that will promote remodeling as 

the desired outcome.  An inorganic porous material may provide an environment to facilitate 

neovascularization to support new bone tissue growth to provide mechanical support as the 

desired outcome.  The goal is to design a biomaterial to elicit a specific host response to achieve 

an intended clinical outcome.  This tailored interaction is complex and diverse and often difficult to 

achieve.   

 There are a variety of approaches to targeting a specific host- biomaterial interaction.  

One approach is to design a biomaterial that has the precise properties needed for that 

application.  It seems intuitive to design a biomaterial that has precisely desired characteristics, 

but this approach fails to consider the effects of the host response on those desired properties.  

Implant characteristics will change in situ from the characteristics the implant had prior to 

implantation.  The host response can significantly influence the functionality and performance of 
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the implant.  For example, the mechanical strength of a soft tissue scaffold will be much different 

in the environment of an inflamed knee capsule compared to when the scaffold was first created.  

If the initial implant has a precisely chosen mechanical strength, that mechanical strength may 

not be retained after exposure to the in vivo environment which includes the host response.  The 

host response will largely impact the functionality and performance of a biomaterial and should be 

considered when tuning biomaterial properties.  

 Another approach to targeting a specific host-biomaterial interaction is the concept of 

biomimicry.  The concept of biomimicry is to replace or repair a biological component with a 

similar one to avoid over-engineering a solution to a situation for which nature has already 

developed [5].  This approach causes a shift from completely synthetic biomaterials to biologically 

derived biomaterials.  As the knowledge of the benefits of both synthetic materials and natural 

materials deepens, the development of artificially created “natural” materials has gained 

popularity.  Advanced fabrication processes of synthetic materials has allowed for the creation of 

biomaterials that mimic the nature architecture and composition of the body using synthetic or 

natural components [6, 7].  Improved understanding of cellular cues has highlighted the 

importance of replicating or incorporating natural components of the ECM [8].  Together, synthetic 

materials and natural materials can be used to design biomaterials that mimic natural biological 

structures and functions.   

1.1.3 Manifestations of the host response 

 The characteristics of a desired host-biomaterial response may vary depending on the 

location and target action of the biomaterial.  That being said, there are typical host reactions that 

occur upon implantation of a biomaterial.  These host responses should be understood when 

designing a biomaterial to target a specific host-biomaterial interaction.  Three considerations of 

the host response include the wound healing response, macrophage polarization, and the host-

material interface.   

 The implantation of a biomaterial elicits a wound healing response as part of a normal 

reaction to tissue injury.  The wound healing response typically includes the following series of 

overlapping phases: tissue injury, blood-material interactions, provisional matrix formation, acute 
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inflammation, chronic inflammation, granulation tissue development, foreign body reaction, and 

fibrosis/fibrous capsule development [9].  Upon injury from implantation, the initial damage to 

blood vessels causes an inflammatory response which activates coagulation systems in order to 

form a thrombus.  The injury also initiates cascades that promote the formation of a provisional 

matrix.  This provisional matrix is an extracellular matrix (ECM) that provides structure and 

bioactive agents to promote cell migration and to modulate the healing process.  If this initial 

inflammation continues and develops multinucleated foreign body giant cells it can lead to chronic 

inflammation which may damage the tissue and implant.  The provisional matrix eventually 

develops into granulation tissue which is stronger and more organized than the initial matrix in a 

process called remodeling.  Remodeling is accompanied by fibroblast infiltration, 

neovascularization and macrophages.  Granulation tissue continues to remodel and may form a 

fibrous encapsulation around the implant.  This fibrous encapsulation may be damaging to the 

implant impairing functionality, or may cause minimal response and remain inert.  Rejection can 

occur if the biomaterial elicits an adaptive immune response in which host T-cells directly 

recognize the biomaterial as a foreign body and attempt to destroy it [10].  Biomaterials may be 

designed to target a wound healing response that avoids chronic inflammation and foreign body 

reaction. 

 The host inflammatory response is not homogenous and significantly contributes to the 

success or failure of a biomaterial. A constructive inflammatory response that leads to tissue 

remodeling may be induced by the polarization of macrophages into specific phenotypes.  The 

type of inflammation of the host-biomaterial reaction determines the long-term host reaction and 

overall success of the implant.  Macrophages play a key role in inflammation and can be 

differentiated into different functional phenotypes based upon environmental stimulation.  

Traditionally macrophages have been divided into M1 and M2 macrophage phenotypes [11].  M1 

polarized macrophages, known as "classically activated" or "proinflammatory" macrophages, are 

responsible for releasing reactive oxygen species (ROS) and proinflammatory cytokines that 

facilitate ECM breakdown [12].  M2 polarized macrophages, known as "anti-inflammatory", 

"wound healing", or "alternatively activated" macrophages, stimulate reparative functions, 
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regulate wound healing, and secrete components of the ECM in a constructive remodeling 

response [12].  Macrophages will adopt a phenotype somewhere on the spectrum of the 

described phenotypes depending on their environmental conditions [12].  After implantation of a 

biomaterial, it is imperative that a balanced combination of macrophage phenotypes are active.  

An excessive M1 response can damage tissue by facilitating rapid degradation while an 

excessive M2 macrophage response may cause fibrosis by facilitating excessive ECM deposition 

[12].  The phenotype of macrophages may be targeted in biomaterial design to avoid an overly 

proinflammatory response and to promote an appropriate constructive remodeling response.  

 The host-biomaterial interface on a cellular level influences the overall host-biomaterial 

interaction and should be considered in biomaterials design.  All host responses originate from 

cellular cues created in reaction to implanted materials.  A biomaterial will immediately adsorb 

proteins after placement in vivo.  Protein adsorption onto a biomaterial will affect how the cell 

“sees” the material and subsequently what cues and pathways will be activated [13].  The 

microenvironment around a biomaterial will influence the overall outcome of the host response to 

that biomaterial [14].  The microenvironment is determined by both the physiology of the implant 

site as well as the properties of the biomaterial.  For example, the microenvironment of cartilage 

is relatively hypocellular but the topography and surface energy of a biomaterial can induce 

specific protein adsorption that promotes cell migration, attachment and proliferation, which 

changes the environment from hypocellular to hypercellular.  Biomaterials can be designed to 

manipulate the microenvironment to target specific cellular reactions to elicit a specific host 

response.     

1.2 Tissue scaffolds 

 Tissue scaffolds are used to support the maintenance of cell populations and provide 

structural support for a given area [3].  Tissue scaffolds are increasingly being used in many 

different parts of the body for a wide variety of applications.  A 2012 Frost and Sullivan report 

identifies emerging tissue engineering markets as chronic wounds, burns, cardiovascular, 

orthopaedics, neurology, hernia, breast reconstruction, and organ regeneration [15].  The 
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orthopaedic market is growing with more than 1.6 million patients in the US each year undergoing 

surgeries to repair tendons, ligaments and cartilage [15].  These repairs often utilize a variety of 

tissue scaffolds ranging from natural to synthetic designed to support tissue regeneration and 

restore natural tissue function.  

1.2.1 Types of scaffolds 

 There is a diverse range of scaffolds being developed but scaffolds can be generally 

divided into natural materials, synthetic materials, or composite materials.  Each of these types of 

scaffolds has benefits and limitations that influence their development and clinical use.   

 Examples of naturally derived tissue scaffold materials include silk, chitin, chitosan, ECM, 

collagen, elastin, heparin, keratin, aliginate, dermatan, gelatin, hyaluronic acid, and other 

glycoaminoglycans (GAG) [3, 16].  Benefits of natural scaffolds and specifically ECM derived 

scaffolds, include mimicking the natural ECM and containing growth factors and cryptic peptides 

that enhance constructive tissue remodeling [8].  In addition, natural materials tend to elicit a less 

severe inflammatory response than synthetic materials due to better acceptance of natural 

materials by the host [8].  Decellularized tissues or whole organs are also used as natural 

materials to capture both composition and structure of natural tissue [8, 17].  Limitations of some 

natural materials include risk of disease transmission and limited control over material properties 

and structure [18, 19].  Fabrication methods such as 3D printing and electrospinning have 

enabled the ability to control the structure of scaffolds containing natural components [20-24].  

For example, blends of collagen, chitosan, fibrinogen, and other natural materials have been 

electrospun to create scaffolds with structures that mimic the ECM [25]. 

 Examples of synthetic polymers used in tissue scaffolds include polyurethanes, 

polycarbonates, polycaprolactones, polyanhydrides, polylactide, polyphosphoesters and 

polyphosphazenes [16].  Some advantages of synthetic materials include greater control over 

structure, easier sterilization, and elimination of risk of disease transmission [26].  One major 

disadvantage of synthetic materials is a greater risk of a negative host inflammatory response 

resulting in oxidation and potential scaffold removal [27, 28].  More recently, attention has been 

brought to the negative effects of synthetic materials regarding their potential release of toxic 
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byproducts upon degradation.  A review by Ulery et el. describes the biodegradability of various 

synthetic and natural polymers highlighting the importance that degradation byproducts be 

nontoxic and readily resorbed or excreted [16].  The concerns about synthetic materials have 

caused a shift towards developing more biomimetic materials.  Improved control over processing 

techniques has led to the development of synthetic materials that attempt to mimic natural ECM 

in order to improve functionality [14].  

 Composite materials comprised of both synthetic and natural materials have the 

combined benefits of both materials for greater control over scaffold properties and function.  

Many types of composite blends have been developed including various combinations of natural 

materials such as collagen, elastin, keratin, silk, chitosan, gelatin and artificial materials such as 

poly vinyl pyrrolidone (PVP), poly vinyl alcohol (PVA), poly ethylene glycol (PEG) and 

polyethylene oxide (PEO) [29].  By combining multiple materials, the benefits of one material may 

be used to make up for the weakness of another.  For example, in a recent study by Faulk et al., 

polypropylene mesh coated in an ECM hydrogel implanted into a rodent model resulted in a 

decreased inflammatory response as compared to uncoated mesh [30].  The ECM hydrogel may 

improve the host response while the polypropylene mesh may provide structural support and 

increased strength.   

  Tissue scaffolds can take a variety of forms based upon their application and intended 

purpose.  Examples of these forms include a complete tissue graft to replace a tendon or 

ligament [31], a patch to repair a hernia [32], or an injectable construct to fill various defects [33].  

Sicari et al. created a solubilized ECM gel by degrading porcine small intestinal submucosa (SIS) 

with pepsin, lyophilizing and milling the tissue into a powder, and then allowing it to self-assemble 

into a gel [34, 35].  The gel is proposed for use as an injectable supplement in the repair and 

reconstruction of skeletal tissue.  Its gel form allows for the benefits of ECM material to be 

injected into the tissue post-surgery.  Another application of forms of tissue scaffolds is the 

complete replacement of whole tissues.  Progress has been made in whole tissue scaffolds for 

complete organ replacement such as liver [36], lung [37], and kidney [38].  By utilizing a whole 

tissue as a scaffold, the intricate structure of the organ can be retained.  Challenges to using 
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tissue scaffolds for whole organ replacement include replicating the complex organization of the 

organ, fully decellularizing the organ, and replicating the environment needed to support cell 

attachment, proliferation and differentiation of multiple cell types found in complex organs [17, 

39].  The final application should be considered when determining the composition, structure, and 

form of a tissue scaffold. 

1.2.2 Design considerations for tissue scaffolds 

 As previously described, scaffolds may be designed to elicit a specific host-biomaterial 

interaction.  While the nature of this interaction varies for different biomaterials, the desired 

outcomes of soft tissue scaffolds are often similar.  Ideally, the scaffold will serve as the 

supporting tissue while it remodels into viable tissue so that as the scaffold degrades, it 

regenerates into a functional tissue.  A common approach to stimulating remodeling is the 

promotion of cellular infiltration, vascularity, and an M2 macrophage phenotype response [4, 40].  

This promotion is achieved though specific scaffold design characteristics including material 

composition, topography, porosity, degradation properties, and degree of crosslinking.   

  The materials composition of a biomaterial is a major contributing factor to the initial host 

response.  Although advancements in materials science have created numerous new materials 

available to use in tissue scaffolds, a relatively small range of materials are actually used in 

practice [4].  This limited use may be attributed to the difficulty for materials to satisfy all 

performance requirements including having all desired physical properties, biocompatibility, and 

the ability to induce the desired host response.  Specific mechanical properties and 

biocompatibility are examples of two properties that may be difficult to achieve in one material.  

Besides the obvious need to provide a minimum level of mechanical strength to replace a tissue, 

mechanical properties can influence performance at a cellular level.  A review by Trappmann et 

al. highlights the importance material stiffness plays in cellular interactions and overall tissue 

function [41].  Composite materials may be used to manipulate cellular interactions while still 

meeting specific mechanical requirements. Material coatings are an example of this type of 

material.  The base material may be used for its mechanical properties and a coating for its 

interaction with the body at a cellular level [42].    
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  Topography is another important consideration in biomaterial design that plays a strong 

role in cellular manipulation.  Tissues function on the nano and micro scale which should be 

considered when designing topography of biomaterials.  A review by Kim et al. highlights the 

need to engineer well-organized ECM structures of complex tissues and that thorough replication 

of the ECM requires nanofabrication techniques [43].  The structure and topography of a 

biomaterial will affect its protein adsorption and consequently cell migration, polarization, 

morphology, alignment, adhesion, proliferation, and cytoskeletal organization [44-46].  For 

example, the topography of a biomaterial can have a direct effect on macrophage activation.  One 

study demonstrated that the interleukin release profiles of monocyte/macrophages corresponding 

to a proinflammatory response was dependent on the topography of PTFE [47].  Many studies 

have been conducted on optimizing topography to target specific cellular responses, creating a 

variety of nanostructures such as nano- grooves, pits, fibers, pillars, gratings, whiskers, pores, 

ridges among other patterns [43, 45, 46, 48-58].   

  The porosity of a biomaterial is important to its ability to promote and sustain 

vascularization and cellular infiltration.  A review by Loh et al. reviews porous 3D scaffolds that 

are used to better mimic the natural ECM to facilitate waste removal and diffusion of nutrients and 

oxygen [59].  Specifically, the size and density of the pores are crucial to the success of cellular 

infiltration, nutrient/oxygen exchange, and angiogenesis, all of which promote a constructive 

remodeling response.  One study investigated the effect of pore size of polydioxanone 

electrospun scaffolds on M1/M2 macrophage phenotype response and found that increasing pore 

size increased the expression of M2 macrophage markers [60].  In addition to size and density of 

pores, porosity can be evaluated based on interconnectivity and tortuosity [61].   

 In addition to physical characteristics, scaffold degradation is an important characteristic 

that can affect remodeling.  Degradation can be mediated by material composition, environment, 

structure, surface treatment, external intervention, and physical loading among other 

characteristics [62].  Scaffold degradation may promote or impede remodeling through the 

release of degradation products into the host environment.  For example, degradation of certain 

polymeric materials may impede remodeling by eliciting a proinflammatory response [28].  On the 
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other hand, remodeling may be promoted by ECM derived materials that contain growth factors 

and cytokines released during scaffold degradation [8].  Brown et al. suggest that degradation of 

ECM may enhance bioactivity through exposure of new recognition sites that influence cell 

behavior [8].  Although degradation of biomaterials strongly influences scaffold performance, 

controlling and tailoring degradation is challenging.  Many factors require consideration including 

scaffold material choice, structure, and properties, as well as the dynamic environment it is 

placed in [63].  Because of these factors, optimized in vitro degradation often poorly translates 

into tailored in vivo degradation behavior. 

  Many tissue scaffolds are crosslinked to enhance scaffold stability.  The degree of 

crosslinking can affect the host response by altering scaffold material properties.  Specifically, 

crosslinking can affect the thermal stability and mechanical properties of tissue scaffolds including 

increased denaturation temperature and tensile strength [64-66].  Additionally, crosslinking may 

slow in vivo degradation by increasing enzymatic resistance [66, 67].  Crosslinking can affect 

cellular interactions as well.  Excessive crosslinking may decrease porosity and impede cellular 

infiltration and migration through the tissue scaffold [66, 68, 69].  Since crosslinking targets 

functional groups on the ECM backbone, it may affect ligand binding sites and subsequently alter 

adhesion ligand availability [41].  In addition to the degree of crosslinking, the type of crosslinker 

contributes to the host reaction.  One study found differences in macrophage and neutrophil 

counts, degradation rates, and cytokine expression between glutaraldehyde and 

hexamethlenediisocyanate crosslinked collagen disks implanted in mice [70].   

1.2.3 Supplementing scaffolds  

 There are several approaches that have been used to target specific host-biomaterial 

interactions supplemental to traditional tissue scaffolds [20, 26].  Two of these approaches 

include the addition of growth factors to scaffolds and seeding scaffolds with cells.   

  Growth factors and other bioactive agents have been shown to enhance tissue 

remodeling and regeneration [71].  One study attached vascular endothelial growth factor (VEGF) 

and platelet derived growth factor-BB (PDGF-BB) to electrospun chitosan and PEO scaffolds and 

observed accelerated healing and collagen deposition in mice [72].  The use of growth factors 
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has been limited by difficulty of achieving a controlled release and by cost due to the need to use 

a large amount of growth factors.  Numerous studies on growth factor immobilization have been 

performed to achieve a sustained growth factor delivery [6, 73, 74].  Specifically, Reed et al. 

describe covalently conjugating bioactive molecules to a scaffold to improve the lifetime and 

controlled release of the protein [73]. 

  Another approach to enhancing tissue scaffolds includes seeding scaffolds with cells 

prior to implantation to promote tissue regeneration [26, 36, 75].  Ideally cells would be collected 

from a patient, cultured within a scaffold in a bioreactor, and implanted into the patient.  However, 

challenges include low survival of cells after transplantation due to poor blood supply and 

difficulty in evenly distributing cells throughout the scaffold [20].  Distribution of cells is especially 

difficult in natural grafts while methods such as 3D printing and electrospinning have made the 

process easier for hydrogels and other synthetic scaffolds [6, 25, 76].  In efforts to better prepare 

cell-seeded scaffolds for implantation, the concept of in vivo or in situ tissue engineering has 

been investigated [77, 78].  This approach uses the body as a bioreactor at the damaged tissue 

site or at an ectopic site to promote tissue formation prior to implantation.  This approach provides 

a more physiologically appropriate environment to encourage scaffold integration and acceptance 

[77, 78].   

1.3 ACL Reconstruction 

1.3.1 Incidence of ACL tears 

 The anterior cruciate ligament (ACL) is a band of dense connective tissue that connects 

the tibia and femur [79].  It attaches to the medial side of the lateral femoral condyle and runs 

obliquely to attach to the medial tibial eminence [79].  The ACL prevents anterior tibial translation 

and serves as a secondary restraint to internal knee rotation [79].  The ligament is comprised of 

an anteromedial and a posterolateral bundle that work dynamically to vary the tension within the 

ligament fibers [79].  The ligament contains mostly type I collagen which contributes to its tensile 

strength [79].  The ACL is relatively hypocellular but does contain a small number of elongated 

fibroblasts.  Correspondingly, the ACL has limited vascularity and contains avascular regions 
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near the insertion sites [79].   

 It is estimated that annually there are over 250,000 patients in the US diagnosed with an 

ACL tear leading to approximately 100,000-200,000 reconstructions [80-82].  The ACL tear may 

be due to direct trauma, dynamic loading, repetitive overuse, structural vulnerability, poor 

flexibility, muscle imbalance or rapid growth [81].  High levels of activity may increase the risk for 

ACL tears at any age although most patients are aged 20-29 [81, 83].  Women are more likely to 

tear their ACL than men possibly due to anatomical, hormonal, and neuromuscular differences 

[84].  A study showed that female adolescents participating in pivoting and jumping sports tear 

their ACLs 4-6 times more often than their male counterparts in those same sports [84].  Analysis 

of knee motion and knee loading during the landing of a jump may be a predictor of ACL ligament 

injury risk and could help identify at-risk patients [84].  Additional injuries commonly occurring with 

ACL tears include meniscus, cartilage, and additional cruciate ligament tears [81]. 

1.3.2 Current ACL repair techniques 

 While the treatment of ACL tears may vary, arthroscopic reconstruction of the ACL is 

used most frequently.  In early treatments, ACL was repaired only by sutures with poor outcomes 

due to the inability of the ACL to repair itself [85].  Most often, the ACL is reconstructed using a 

graft.  The graft is pulled through bone tunnels drilled into the tibia and femur and secured using 

an anchor such as screws, pins, buttons, or other fixation device [86].  Because the anatomy of 

an ACL varies between patients, there has been a shift towards individualized surgery that 

considers an individual patient’s anatomical characteristics [82, 87].  The attachment sites of the 

ACL fan out to form an ACL footprint which is often difficult to reconstruct using grafts leading to 

graft impingement [79]. 

  Extensive research has been performed on how to achieve the best patient outcomes 

when considering a variety of ACL reconstruction considerations.  Those considerations include 

single vs. double bundle reconstruction, bone tunnel size and placement, and graft type that have 

led to varied and often inconclusive results.  Ultimately, surgeon preference most often dictates 

these surgical considerations. 

  ACL reconstruction can be performed using either a single-bundle or double bundle 
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reconstruction technique.  Single bundle is the older and more commonly used surgical technique 

for ACL reconstruction [88].  Improved understanding of knee anatomy has led to the 

development of the double-bundle technique to better reconstruct the ACL according to its native 

footprint [88].  A recent study showed better performance metrics in patients with double bundle 

reconstruction 1 year after reconstruction although most studies have shown no difference 

between the two techniques [88, 89].   

  The optimal size and placement of bone tunnels has also been investigated extensively 

in ACL reconstruction.  The bone tunnel size is constrained by the size of the bone itself and by 

the graft diameter.  It has been hypothesized that the use of larger grafts may lead to improved 

outcomes although no difference in graft laxity was seen between grafts 8-10mm diameter [90].  

Another study investigated the effect of graft size and tunnel position and concluded that 

increased graft size does not improve stability but concluded that the restoration of a native 

footprint when creating bone tunnels is most important [91].  Further, a study by Crawford et al. 

found that patients receiving larger grafts experienced more complications [92].  Overall, literature 

suggests improved outcomes from a more anatomical replacement of both tibia and femur bone 

tunnels [93].  Thus, the focus of bone tunnels in ACL reconstruction has been on achieving 

anatomical placement rather than on the size of the tunnel itself. 

  The choice of graft is possibly the largest consideration in ACL reconstruction.  Types of 

grafts include autografts, allografts, xenografts, and synthetic grafts.  Autografts for ACL 

reconstruction are taken from a patient’s own tissue such as the hamstring or patellar tendon.  

Allografts are taken from a cadaver and could range from a variety of locations such as the 

anterior tibialis tendon, gracilis tendon, or patellar tendon.  Xenografts are grafts taken from a 

different species such as a cow or pig.  Synthetic materials may include braided polymers 

composed of natural and/or synthetic polymers [94]. 

  The success and prevalence of different types of grafts widely vary.  Xenografts are 

rarely used due to fears of rejection and disease transmission although they have been recently 

reported to be safe [95].  Synthetic grafts were frequently used in the past but are now rarely 

used in practice due to poor outcomes and to the success of autografts and allografts [85].  
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Despite previously having poor outcomes, improved artificial ACL replacement materials are 

being developed with an increasing emphasis on mimicking the natural ACL structure and 

composition [85, 96].  Allografts and autografts are most commonly used with a debate on which 

provides better outcomes.  

  The clinical reality in graft choice is between allografts and autografts each with their own 

benefits and limitations.  The use of autografts avoids the concerns of disease transmission but 

requires secondary surgery.  Allografts may shorten the recovery time, may cause less post-

operative pain, and may prevent donor site morbidity [97].  Before the FDA regulation of 

allografts, allografts were reported to have transmitted diseases such as human 

immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis C (HCV), and West Nile virus 

among others [18, 19].  Allografts are now much safer under the FDA and require the use of 

Current Good Tissue Practice (CGTP) [18, 19].  Even with improved safety standards, concerns 

still linger and autografts are favored in the US with only 22% of surgeons using allografts [97].  

While there have been reports of better outcomes with autografts, most recent studies 

demonstrate no difference in outcomes between allografts and autografts [97-99]. 

1.3.3 Outcomes of ACL reconstruction 

  The 10 year failure rate of an ACL reconstructed with a graft is over 10% with a variety of 

factors contributing to failure [100].  One study reports that 50% of failures are due to surgical 

technique which may include tibial or femoral tunnel malposition, new trauma, graft impingement, 

graft laxity, fixation failure, or infection [101, 102].  Even so, graft failure is a problem with a 30% 

failure rate of a well-positioned and well-fixed graft generally due to lack of biological 

incorporation or to over aggressive rehabilitation [101].   

  There are several additional factors that affect ACL reconstruction outcomes including 

mechanical loading, number of revision surgeries, and patient age.  Mechanical loading on the 

graft during the healing process has been shown to promote graft remodeling although excessive 

strains have been shown to offset this benefit [101, 103].  Outcomes for revision surgeries 

become significantly worse with most patients never returning to prior activity level [104].  

Revision surgeries have a greater risk of failure than first time reconstructed ACLs with several 
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complications and contributing factors including poor graft selection and performance, tunnel 

malposition, increased meniscal or chondral injuries, widening bone tunnels, and limited 

availability of autografts [105].  Patient age may also affect outcomes of ACL reconstruction.  One 

study reported that allograft failure is correlated with a younger patient age [106].  Additionally it 

has been shown that ACL reconstruction in older patients above age 50 is safe with outcomes 

comparable to young patients [107].  Overall, patients who undergo an ACL reconstruction have 

an increased risk of meniscal lesions and osteoarthritis [84, 108].   

1.3.4 Improving ACL reconstruction 

 As previously mentioned, a major contributing factor to graft failure is the lack of 

biological incorporation resulting in graft necrosis and premature degradation [109].  Failure for a 

graft to remodel into a functional ligament can compromise overall structural integrity leading to 

instability and re-injury [109].  Ideally, the graft should serve as the functional ligament until it is 

eventually replaced by host collagen, blood vessels, and cells at least as quickly as it degrades 

[110].  The process of a graft remodeling into a physiology that resembles a natural ligament is a 

process called “ligamentization” and is key to successful reconstruction outcomes [108, 110-112].   

  The ligamentization process is generally characterized by three overlapping phases: 

early graft healing, proliferation, and ligamentization.  The early graft healing phase is 

characterized by initial graft degradation leading to the release of cytokines that promote cell 

migration and proliferation, ECM synthesis, and revascularization.  During this phase of 

remodeling, the graft has not been replaced by tissue and is mechanically very weak.  During the 

next phase, the proliferation phase, there is a maximum amount of cellular activity and changes in 

the ECM.  The graft is still mechanically very weak with regions of hypercellularity, 

revascularization, and increasing amounts of collagen type III.  In the final ligamentization phase, 

cellularity and morphology return to that of an intact ligament although the composition never 

returns to the state of a native ACL [113]. 

 There have been many new approaches to ACL reconstruction in efforts to improve 

patient outcomes.  One approach is “implant-free” procedures that use various pressfit methods 

utilizing the patellar, hamstring, or quadriceps tendons although outcomes have not been shown 
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to be superior to current methods [114].  One study investigated injecting adult non-cultivated 

bone marrow stem cells into grafts prior to ACL reconstruction although there was no evidence of 

accelerated healing [115].  Another study found that tendon-bone healing was enhanced in ACL 

reconstruction of rabbits due to the addition of demineralized bone matrix [116].  Other 

complementary ACL reconstruction treatments under development include cell transplantation, 

growth factor injections, and mechanical stimulation [96].   
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Chapter Two  
INTRODUCTION TO NANO-COMPOSITES FOR TISSUE 

ENGINEERING 

 

 

2.1 Overview of nano-composite scaffolds 

 Nano-composites are extracellular matrix (ECM) based tissue scaffolds conjugated with 

nanoparticles for use as biomedical materials.  Nanoparticles have previously been investigated 

for use in nano-composite scaffolds including gold nanoparticles (AuNP), gold nanorods, carbon 

nanotubes, and silicon carbide nanowires [1-4].  Previous applications of nano-composite 

scaffolds include use as a hernia patch and a wound healing repair material [1, 2].  A novel nano-

composite consisting of AuNP and hydroxyapatite nanoparticles (nano-HAp) covalently 

conjugated to human decellularized ECM has been developed for anterior cruciate ligament 

(ACL) reconstruction and will be referred to as a nano-graft.  This chapter reviews the rationale of 

both the nano-graft design and the testing methods used.   

  There are previous studies supporting the design of particular components of the nano-

graft but each study varies in several aspects.  One aspect is the use of AuNP or nano-HAp 

attached to a different scaffold material.  AuNP and nano-HAp have been previously combined 

with individual components of the ECM such as collagen [5-9].  Silk and chitosan have also been 

used as scaffold materials combined with AuNP and nano-HAp [10-13].  Nano-HAp and AuNP 

have been attached to synthetic ECM-mimicking scaffolds such as electrospun PCL and PLL [14, 

15].  The physical interaction between nanoparticles and the scaffold has also varied.  Several 

scaffolds have been developed in which nano-HAp and AuNP are embedded within the ECM 

through electrostatic interactions rather than by covalent attachment [16, 17].  The type of 

nanoparticle functionalization has also varied.  One study conjugated AuNP functionalized with 

tiopronin (N-(2mercaptopropionyl) glycine) to rat tail collagen [18].  Lastly, AuNP and nano-HAp 

have been previously used together for a variety of applications including as an x-ray targeting 
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agent and as an anti-bacterial biomaterial [19, 20].  While there are many studies taking 

advantage of the benefits of nanoparticles and tissue scaffolds, the nano-graft is the first scaffold 

with amine-functionalized AuNP and nano-HAp covalently conjugated to decellularized human 

ECM using an 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) crosslinker.   

2.2 Design of nano-composite scaffolds 

2.2.1 Extracellular matrix 

 ECM can provide a variety of benefits as the base component of nano-composite 

scaffolds including promotion of cellular interactions, remodeling, and antimicrobial activity.  The 

ECM enhances cellular interactions through focal adhesions and binding sites within its 

composition which serve as points of cellular attachment [21].  In addition to providing a point of 

attachment for cells, the ECM may influence cellularity through its degradation products.  Data 

has shown that nearly all ECM degradation products are able to regulate cell behavior [22].  

Specifically, ECM degradation products have been shown to be chemotactic to fibroblasts and 

macrophages [23-25].  This chemotactic effect may be explained by the composition of those 

degradation products.  The ECM contains cytokines and growth factors that promote tissue 

remodeling upon degradation as part of a normal wound healing response [26].  The natural 

enzymatic degradation of ECM releases these cytokines and growth factors and stimulates 

remodeling via M2 macrophage differentiation and the promotion of cell migration and 

proliferation [26-28].  This effect on remodeling is intuitive because native ECM provides cues in 

many different signaling pathways as part of a normal wound healing response.  Specific 

examples include proteoglycan degradation leading to the release of GAG chains and fibrin 

degradation products stimulating ECM deposition, fibroblast proliferation, and angiogenesis [22].  

Additionally, Brennan et al. report that degradation products of ECM derived from porcine urinary 

bladder demonstrate antibacterial activity against Staphylococcus aureus and Escherichia coli 

[29].  Scaffolds containing ECM can harness these benefits to promote tissue remodeling.  

  The benefits of ECM have been applied in several ways to improve tissue scaffold 

remodeling including lyophilized powder and ECM-mimetic materials.  Several studies have been 
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performed using  lyophilized ECM powder to deliver the benefits of ECM components in an 

injectable form minimizing risk of infection and scarring, lowering costs and filling irregularly sized 

defects [30, 31].  Lyophilized ECM powder has also been incorporated into hydrogels to allow for 

tunable degradation and uniform delivery of ECM components [32-34].  One limitation of using 

ECM is the requirement to harvest the material from cadavers or animals.  Because of this 

limitation, ECM-mimetic materials are being developed.  Artificially engineered ECM scaffolds 

have been created using common protein domains found in native ECM proteins including cell-

instructive, cell-responsive, immune modulatory, antimicrobial, and dynamically responsive 

domains [35].  For example, to mimic proteolytic degradation of native ECM, metalloproteinase 

(MMP) cleavable domains have been incorporated into the structure of artificial ECM materials.  

Artificially engineered ECM materials enable precise control over the amount and composition of 

proteins in a scaffold.  More studies need to be done to demonstrate if the artificially incorporated 

domains elicit an in vivo remodeling response comparable to native ECM.   

 There are differences between ECM materials derived from different sources that should 

be considered when developing an ECM material.  Two factors that can vary the characteristics 

of ECM include anatomical location and age of tissue source. The protein composition of ECM 

varies based upon anatomical location of the tissue [36].  For example, articular cartilage contains 

higher amounts of collagen type II and GAG to retain water while tendon contains higher amounts 

of collagen type I to sustain tensile loading [26].  Organ tissues such as liver and kidney have 

highly specialized structures to accommodate their function that are very different from 

connective tissue.  Studies have also demonstrated differences in ECM properties based upon 

the age of the tissue source [37, 38].  Specifically, ECM from a younger source has been 

associated with more constructive remodeling compared to scaffolds from an older source [38].  

Conversely, a study by Tottey et al. found that the elastic moduli of ECM taken from animals 3 

weeks old and greater than 52 weeks old were lower than those with an age of 12 week or 26 

weeks [37].  Although there are differences between tissue sources, it has been found that the 

outcomes of constructive remodeling may be less dependent on tissue type and more dependent 

on decellularization, crosslinking, and other modifications [26, 36, 39].   
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  Differences between grafts of similar tissue type have also been extensively 

investigated.  Specifically, studies have been conducted on choice of anatomical location of ACL 

grafts.  A study by Jackson et al. compared collagen diameters of allograft biopsies 6 months 

after ACL reconstruction using Achilles tendon, anterior and posterior tibialis tendons, and 

peroneal tendon and found that all grafts contained a unimodal distribution of small diameter 

fibrils supporting a positive remodeling response [40].  Another study compared quadriceps 

autografts to patellar autografts and concluded that they have similar patient outcomes [41].  This 

result suggests that the notion of minimal differences between the anatomical locations of grafts 

may also apply to autografts. 

  Decellularized human anterior tibilais tendon and human gracilis tendon have been 

selected as sources of ECM for nano-grafts for ACL reconstruction.  The human anterior tibialis 

and gracilis tendons are commonly used commercially available grafts whose structures are 

relatively similar to that of native ACL.  Additional testing was conducted on nano-grafts sourced 

from decellularized porcine diaphragm tendon.  The porcine diaphragm tendon is a useful ECM 

source because it is easily decellularized, has a homogeneous structure, and has minimal 

variability between animals [42].  Additionally, previous studies have demonstrated the utility of 

using porcine diaphragm tendon for tissue engineering purposes [1-4, 42-45].   

2.2.2 Decellularization 

  Decellularization is the process of removing cellular components from biological tissue.  

The definition of a decellularized tissue has not been firmly defined and may refer to ranging 

degrees of decellularization.  A minimum decellularization criteria has been developed from 

studies that used tissue scaffolds varying in degrees of decellularization to observe requirements 

for promoting an in vivo constructive remodeling response and avoiding an adverse cellular and 

host response.  Those minimum criteria state scaffolds should have <50ng dsDNA per mg of dry 

weight ECM, have DNA fragments <200 base pairs in length, and have histological stained tissue 

sections free of visible nuclear material [46, 47].  

 The thorough removal of cellular components from tissue scaffolds strongly influences in 

vivo scaffold performance.  Materials that are not thoroughly decellularized are known to 
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contribute to a proinflammatory response and may negatively affect remodeling outcomes [48].  

Specifically, Keane et al. have shown a strong association between ineffective decellularization 

and increased amounts of proinflammatory cytokines associated with an M1 macrophage 

polarization [49].  Simply killing the cells is not sufficient to avoiding a proinflammatory response, 

the cellular components must be cleared from the tissue.  Nagata et al. found that endogenous 

components of dead cells can activate an immune response at sizes of <200 base pairs [50]. 

  There are a variety of decellularization techniques used on tissue scaffolds including 

chemical agents such as acids, bases, and detergents, biologic agents such as enzymes and 

chelating agents, and physical agents such as temperature processes, direct application of force, 

pressure methods, and electroporation [47].  Some tissue damage is inevitable during 

decellularization such as the potential destruction of cytokines within the ECM [48, 51].  In an 

effort to evade the damaging effects of the decellularization process, a decellularization method 

has been develop by Bourgine et al. that activates programmed cell death and uses a perfusion 

bioreactor to remove cellular components [52].  Regardless of the method used, the process of 

decellularization should be optimized for individual tissue types to minimize damage while 

effectively removing cellular debris.  Different types of tissues pose different challenges to 

decellularization.  For example, whole liver ECM scaffolds present particular challenges in 

decellularization due to their ultrastructure and the importance of preventing damage to vascular 

structures [53, 54].  In addition, composite scaffolds such as bone-tendon grafts have specific 

decellularization challenges due to the heterogeneous composition of the tissue.  For some 

tissues including composite tissues of this type, multiple methods of decellularization may be 

needed such as a combination of physical and chemical methods [55].   

  The decellularization process for porcine diaphragm tendon in this study using tributyl 

phosphate in Tris buffer solution follows a previously established protocol by Deeken et al. [42].  

Tributyl phosphate decellularizes tissue by forming stable complexes with metals that disrupt 

protein-protein interactions [47].  The protocol was developed to effectively remove cellular 

components while causing minimal damage to the ECM structure and its bioactive components.  
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Decellularization methods used on human anterior tibialis and gracilis tendons are proprietary to 

the Musculoskeletal Transplant Foundation (MTF).  

2.2.3 Crosslinking 

 As described in Chapter 1, crosslinking biological tissue scaffolds can prevent rapid in 

vivo degradation and enhance mechanical properties.  It has been shown that crosslinking 

biological tissues can help slow in vivo degradation possibly by preventing collagenase enzymes 

from digesting collagen [56, 57].  Crosslinking has been shown to increase thermal stability and 

tensile strength of collagen which may also contribute to degradation resistance [58].   

  There are a variety of crosslinkers commonly used for crosslinking tissue including 

glutaraldehyde, genipin, polypropyleneimine octaamine dendrimers, dimethyl subermidate, 

dimethyl 3,3’-dithiobispropionimidate, acyl azide, and EDC [58-61].  Additionally, non-chemical 

crosslinking methods have been investigated for ECM based scaffolds such as electron beam 

irradiation [62].  Some crosslinkers have been shown to be cytotoxic to cells, limiting their utility 

[58].  EDC is a zero-length carbodiiamide crosslinker that does not get incorporated into the 

tissue structure and forms a biocompatible, stable, amide bond [61].  EDC has been used as a 

biocompatible crosslinker in several commercially available tissue scaffolds [26, 63].  Additionally, 

a study by Chan et al. found that EDC crosslinking may enhance vascularization of tissue 

scaffolds [64].   

  Nano-grafts use EDC to conjugate nanomaterials to decellularized ECM.  In a previous 

study the EDC concentration was optimized to provide sufficient crosslinking to attach 

nanoparticles to tissue without preventing cellular infiltration or altering the functionality of ECM 

growth factors [2].  The relative degree of crosslinking was evaluated using differential scanning 

calorimetry (DSC) as discussed later in this section.  Additional assays to quantify degree of 

crosslinking include quantifying amine or carboxyl groups as discussed in the Appendix. 

2.2.4 Gold nanoparticles 

 AuNP have been used for many types of medical applications due to their easy tunability, 

biocompatibility, and promotion of constructive remodeling [44, 65].  Specifically, AuNP have 
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been used for tissue engineering purposes for their influence on cellularity and remodeling, ability 

to slow in vivo degradation, antimicrobial properties, and ability to act as a free radical scavenger. 

  AuNP have previously been used on tissue scaffolds for their ability to enhance cellularity 

and tissue remodeling.  Specifically, AuNP have been shown to enhance cell attachment and 

proliferation [44, 45].  AuNP of 5 nm size have been shown to increase in vitro biocompatibility of 

human mesenchymal stem cells [66].  AuNP may increase cell migration and adhesion to tissue 

scaffolds possibly due to AuNP’ increased surface energy and topography favoring cell 

attachment [9, 67].  These benefits on cellular interactions can be harnessed in tissue scaffolds to 

promote tissue remodeling by attachment of AuNP.  Previously, AuNP have been conjugated to 

tissue scaffolds for use in hernia repair and wound healing to promote tissue remodeling [1, 2].   

 AuNP may also help scaffold degradation resistance by improving in vivo stability.  Grant 

et al. suggest that AuNP may block binding sites for collagenase, slowing in vivo degradation [9].  

Another study demonstrated that the addition of AuNP to polyurethanes improved their biostability 

in a porcine model potentially by inhibiting oxidation and crosslinking of polyether segments [68].   

 Several studies have demonstrated antimicrobial properties of AuNP which may vary 

based on size.  Badwaik et al. demonstrated that the efficacy of antimicrobial properties of 25, 60, 

and 120 nm AuNP to both gram-negative and gram-positive bacteria is proportional to AuNP size 

and concentration [69].  In a study by Siegel et al., 4-6 nm AuNP inhibited the growth of 

Escherichia coli and Staphylococcus epidermidis while 8-12 nm AuNP only inhibited the growth of 

Staphylococcus epidermidis [70].  Another study demonstrated growth inhibition to both types of 

bacteria using 5 nm and 30 nm AuNP [71].  Bactericidal activity occurs by disrupting the cell 

membrane leading to leakage of cytoplasmic content [69, 72].   

 Reduction of the proinflammatory response is an important consideration when designing 

tissue scaffolds.  Gold and specifically AuNP, have been used as anti-inflammatory agents for 

many years [73-75].  AuNP are zerovalent, have high surface reactivity, and are resistant to 

oxidation.  Because of these properties, AuNP have been used as a therapeutic treatment for 

diseases such as chronic inflammation and rheumatoid arthritis [76].  The reduction in 

proinflammatory response may be attributed to the ability of AuNP to act as free radical 
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scavengers [77, 78].  Lowered oxidative stress levels in mice demonstrate the ability for AuNP to 

act as anti-oxidative agents through ROS inhibition and free radical scavenging [77].  The 

mechanism by which AuNP inhibit oxidative stress has not been completely determined.  One 

approach suggests that AuNP inhibit lipids from peroxidation [79, 80].  Other approaches state 

that AuNP can restore metabolic enzymes damaged by hyperglycemia [77], normalize bile action 

[81], and interact with thioredoxin, a conserved thiol reductase that participates in the regulation 

of cellular redox balance [82]. 

 While there have been concerns about the cytotoxicity of AuNP, AuNP have been found 

to be relatively inert and biocompatible.  Cytotoxicity results of AuNP of different concentrations, 

shapes, and sizes have varied from cytotoxic to promoting cell growth in vivo and in vitro in a 

variety of cell lines [66, 67, 78, 83-99].  Further, most studies reporting cytotoxicity used large 

concentrations of nanoparticles in solution.  Cytotoxicity depends on the ability of nanoparticles to 

cross the cell membrane [68].  Immobilizing AuNP to a base material such as a scaffold, may 

reduce cellular uptake, enhancing biocompatibility [1, 2, 4, 44].  

 AuNP have been attached to ECM tissues to create nano-grafts to promote cell 

migration, attachment, proliferation, tissue remodeling and reduce ROS.  

2.2.5 Hydroxyapatite nanoparticles 

 Nano-HAp have been of interest for musculoskeletal applications due their 

biocompatibility, influence on osteoblast behavior, antimicrobial properties, and anti-inflammatory 

properties.  Hydroxyapatite comprises the inorganic, mineral part of bone in the form of 

Ca10(PO4)6(OH)2 [100].  Nano-HAp has a similar size to hydroxyapatite naturally found in bone 

tissue.  Natural hydroxyapatite occurs in 20-40 nm hydroxyapatite crystals located between 

collagen fibers in bone [100, 101].  These crystals are usually plate-shaped, 2-3 nm thick, and 

have a Ca/P ratio of 1.67 [100, 102].  Nano-HAp can take a variety of sizes and shapes including 

spheres, plates, rods, needles, sheets, fibers, and flakes [103, 104].  Nanorods and plates are of 

particular interest due to their resemblance to natural nano-HAp. 

 Nano-HAp is generally accepted to be biocompatible and to promote cellularity at certain 

concentrations and sizes although there are studies demonstrating both cytotoxicity and 
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biocompatibility [8, 100, 103, 105-116].  Specifically, studies have shown nano-HAp can improve 

cell viability and proliferation.  In a study by Cai et al., cell viability and proliferation of 

mesenchymal stem cells were enhanced by exposure to 20, 40, and 80 nm nano-HAp [110].  This 

cellular response may be size, shape, concentration, and time dependent.  A study by Okada et 

al. demonstrated the ability to control cell adhesion, spreading, and proliferation of L929 fibroblast 

cells using nano-HAp of various shapes including fibers, needles, and flakes ranging in size from 

20-100 nm [104].  A study by Qiang et al. demonstrated an inhibitory effect on cell proliferation of 

L929 cells with increasing concentrations and exposure times of 20-40 nm spherical nano-HAp 

[113]. 

 In addition to promoting cellularity, nano-HAp have been used in composite materials to 

enhance osteoblast activity including boney integration, mineralization, osteoconductivity, and 

osteointegration [117].  Specifically, several studies have demonstrated increased boney 

integration using nano-HAp containing materials using rabbit models [118-121].  Nano-HAp have 

been incorporated in a composite material with poly lactic-co-glycolic acid (PLGA) to regenerate 

tissue and induce mineralization at the bone-graft interface, improving the restoration of 

musculoskeletal motion in tendon and ligament tissue engineering [122, 123].  Nano-HAp 

containing coatings have also promoted bioactivity in bone.  In a study by Loiselle et al., bone 

grafts coated with 50-60 nm nano-HAp exhibited increased bone formation, healing, osteoblast 

differentiation, and osteointegration [17].   

 Additional benefits of nano-HAp include antimicrobial and anti-inflammatory properties.  

In a study by Yanagida et al., the addition of nano-HAp to poly-L-lactic acid (PLLA) fabric 

enhanced cell adhesion and reduced the inflammatory response in a rodent model [124].  Gold 

coated nano-HAp were shown to improve antimicrobial properties against E. coli compared to 

gold alone potentially through the interruption of carbohydrate metabolic pathway regulation [20].   

 The bioactivity of nano-HAp may be due to a variety of related factors including 

topography and protein adsorption.  Several studies have associated a roughened topography of 

nano-HAp with improved bioactivity [103, 111, 125].  Further, Li et al. cite the nanoscale grain 

sizes and high surface fraction of grain boundaries as reasons for increased osteoblast adhesion, 
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proliferation, and differentiation [126].  Nano-HAp have a higher surface energy due to their 

roughened topography which may improve bioactivity by the adsorption of specific proteins [127].  

There are several studies that support the correlation between protein adsorption and cellular 

activity.  A chitin/nano-HAp hydrogel composite demonstrated enhanced protein adsorption, cell 

viability, and proliferation of four different cell lines [128].  Upon investigation of enhanced protein 

adsorption, specific proteins have been identified to influence cell behavior.  It has been shown 

that nano-HAp adsorbs arginylglycylaspartic acid (RGD) in vivo increasing cell spreading 

specifically when used on the nanometer scale [111, 129].  Studies by Webster et al. and Ergun 

et al. also identified specific proteins that influence cell behavior.  The studies found that nano-

HAp adsorbed greater quantities of vitronectin causing an increase in osteoblast adhesion [130, 

131].   

 Nano-grafts have been investigated using two different types of hydroxyapatite to 

promote cell adhesion and boney integration to enhance the remodeling response in ACL grafts.   

2.2.6 Sterilization 

 Grafts must be sterilized prior to cell culture studies and in vivo implantation.  Sterilization 

methods commonly used for grafts include paracetic acid, ethylene oxide, ethanol, gas plasma, 

electron beam irradiation, and gamma irradiation [132].  Sterilization may alter tissue properties 

similar to decellularization and crosslinking processes [132].  Specifically, gamma radiation has 

been demonstrated to damage allografts by reducing stability, increasing degradation, and 

hindering remodeling capabilities [132].  Electron beam irradiation has been investigated as an 

alternative to gamma radiation sterilization.  Wei et al. demonstrated that sterilization of allograft 

tendons by free radical scavenger ascorbate treatment and fractionated electron beam radiation 

did not decrease their ultimate load or ultimate stress [133].  Supercritical CO2 has also been 

investigated as an alternative method of sterilizing allograft tissue.  Baldini et al. demonstrated 

significantly lower stiffness values in allografts after sterilization by supercritical CO2 [134].   

 Nano-grafts are sterilized using a 0.1% solution of paracetic acid in 1M NaCl according to 

a previously established protocol [44].  When using chemical methods for sterilization of soft 

tissues, it is important to minimize concentrations and exposure times to reduce potential 
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damaging effects.  One studied showed decreased remodeling activity in grafts sterilized in a 1% 

paracetic acid and 96% ethanol solution for 4 hr [135].  Huang et al. sterilized tendon allografts 

using 0.1% paracetic acid for 3 h and found no increase in denatured collagen after sterilization 

[136].  Additionally, a 0.1% paracetic acid treatment on patellar tendon allografts has been shown 

to have no effect on ultimate tensile strength of human patellar tendon allografts [137].  The time 

and concentration of paracetic acid used in this study minimized to avoid altering the tissue 

structure. 

2.3 Characterization of nano-grafts 

2.3.1 Differential scanning calorimetry 

 DSC was performed to evaluate the thermal stability of nano-grafts.  Onset denaturation 

temperature, denaturation temperature and heat of enthalpy were determined from heat flex 

versus temperature curves.  Thermal properties of the scaffolds can indicate degree of 

crosslinking and evaluate potential damage from decellularization, crosslinking, or sterilization.  

Temperatures were compared at different steps of the preparation processes to detect any 

changes that may indicate damage.  Crosslinking raises the denaturation temperature by the 

introduction of new bonds into the tissue [56, 57].  Therefore, the denaturation temperature can 

be used to confirm that a tissue has been crosslinked.  Additionally, the denaturation 

temperatures can be used to compare the degree of crosslinking between scaffolds.  It is 

important to have a high enough degree of crosslinking to prevent quick in vivo degradation but 

not so high that it inhibits cell migration [57] .   

2.3.2 Electron microscopy 

 Electron microscopy techniques are used to analyze nanoparticles and the surface of 

scaffolds.  Techniques include scanning electron microscopy (SEM), energy-dispersive x-ray 

spectroscopy (EDS), and transmission electron microscopy (TEM).  The secondary electron 

mode of the SEM is used to assess potential damage to the ECM structure from processes of 

decellularization, crosslinking, and sterilization.  An open microstructure can easily be observed in 
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SEM images as the space between the individual collagen fibers.  Excessive crosslinking may 

compromise the open microstructure necessary for cell migration [57].  The SEM backscatter 

mode is used to highlight nanoparticles within the scaffold since heavier atoms appear brighter in 

this mode.  EDS provides the number of counts of scattered electrons at energies that 

correspond to specific elements.  EDS is used to confirm the identity of nanoparticles on the 

surface of scaffolds by determining their elemental composition.  AuNP peaks are identified at 2.1 

keV and 9.7 keV and nano-HAp peaks are identified by Ca and P at 3.7 keV and 2.0 keV 

respectively.  TEM was used to characterize the size and shape of nanoparticles. 

2.4 In vitro analysis of nano-grafts 

2.4.1 WST-1 assay 

 The WST-1 assay measures the relative viability of cells cultured on scaffolds.  WST-1 

(water soluble tetrazolium) is a stable tetrazolium salt added to cells cultured on scaffolds and 

cleaved into a soluble formazan by metabolically active cells.  The absorbance of formazan can 

be measured on a spectrophotometer at 450 nm which directly correlates to the number of viable 

cells on the scaffold.  Cell viability of tissue scaffolds can provide an initial toxicity and 

biocompatibility analysis.  

 Other assays to asses cell viability besides the WST-1 assay include neutral red, trypan 

blue, LIVE/DEADTM, lactate dehydrogenase (LDH), other formazan-based assays, alamar blue 

(resazurin), Coomassie blue, ATP-luciferin luminescence, adenylate kinase (AK) release, 

mitochondrial membrane potential (MPP), and thiobarbituric (TBA) assays [138].  Among the 

formazan-based assays are MTT, MTS, and WST-1.  WST-1 provides an advantage over 

standard MTT assays because the formazan is water soluble which eliminates the solubilization 

step needed in MTT assays.  A limitation of the WST-1 assay is the lack of a cell standard that 

quantifies the number of cells in each sample.  A standard could be developed by counting cells 

in a set of control samples, measuring the absorbance of formazan incubated with each known 

concentration of cells, and performing a linear regression to extrapolate the number of cells for 

each unknown sample.   
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  It is important to ensure that scaffold components do not interfere with the mechanism of 

an assay causing inaccurate results.  One study reported inaccurate results of a MTT assay using 

carbon nanotubes due to an interaction between assay components and nanomaterials within the 

sample [139].  Intrinsic photometric absorbance of nanomaterials can be another potential 

problem in cell viability assays [138, 140].  Previously, initial WST-1 assays were run to ensure 

that nano-graft components do not interfere with the mechanism of the assay. 

2.4.2 PicoGreen assay 

 The PicoGreenTM assay measures the double-stranded DNA (dsDNA) content of cells 

cultured on scaffolds at different time points to assess cell proliferation.  After cells have been 

cultured on scaffolds, the scaffold and cells are lyophilized and digested using papain digest 

buffer.  The PicoGreen dye binds to the exposed dsDNA and fluorescence intensity is measured.  

A lambda DNA standard is run to determine the mass of dsDNA on each scaffold using a 

standard linear regression curve.  The mass of dsDNA is normalized by the dry weight of each 

scaffold to give the amount of dsDNA in µg dsDNA/ ng scaffold.  The amount of dsDNA is directly 

correlated to the number of cells on the scaffold.  The amount of dsDNA can be compared at 

different time points to observe cell proliferation.  Cell proliferation assays expand on initial cell 

viability assays to determine not only if cells can survive on scaffolds but also if they proliferate.  

Methods and limitations of cell proliferation assays are similar to that of cell viability assays in that 

they should be initially screened for sample interaction.  Previously, an initial PicoGreen assay 

was run to ensure that nano-graft components do not interfere with the mechanism of the assay. 

2.4.3 Migration assay 

 Cell migration assays are run to determine if scaffolds are chemotactic to cells.  A 

Boyden chamber cell migration assay contains a 5 µm membrane that creates two chambers.  

The scaffolds are placed below the membrane and cells above the membrane allowing cells to 

migrate through the membrane towards the scaffold.  The cells that have crossed the membrane 

are then dyed with CyQuant® GR Dye measured for fluorescence intensity to give the relative 

concentration of cells.   
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 Other types of migration assays include wound healing assay, cell exclusion zone assay, 

fence assay, micro-carrier bead assays, spheroid migration assay, horizontal capillary assay, 

capillary tube migration assay, leukocyte migration agarose technique assay, and single cell 

motility assay [141].  Advantages of the Boyden chamber assay include a large range of 

applicable cell lines and ease of experimental setup [141].  Disadvantages include the need to 

establish a specific duration of migration since it is an endpoint assay.  

 For the purpose of nano-grafts, there are particular challenges to using migration assays.  

In the case of the exclusion assay, visualization of cell migration cannot be observed using light 

microscopy due to the thickness of the sample.  Additional types of exclusion assays have been 

developed to ameliorate limitations [142, 143].  The Boyden Chamber may also not be an 

accurate measure of chemotactic properties of whole scaffolds because of the large separation 

between the solid scaffold and the cells in the assay setup. 

  To make samples more compatible with cell migration assays, scaffolds were either 

homogenized or digested prior to performing cell migration studies.  Samples in a homogenized 

or digested form are more suitable for both the exclusion zone assay and the Boyden chamber 

assay.  Additionally, the samples may be more physiologically relevant.  Literature has shown 

that ECM may have enhanced chemoattractant properties upon degradation [23, 27, 144-146].  

Exclusion zone migration assays of digested ECM are presented in the Appendix. 

2.4.4 ROS assay 

 Intracellular reactive oxygen species (ROS) assays measure the amount of ROS in cells 

cultured on scaffolds.  The compound 2’, 7’-Dichlorodihydrofluorescin diacetate (DCF-DA) 

diffuses into cells and is deacetylcated by cellular esterases into non-fluorescent 2’, 7’-

Dichlorodihydrofluorescin (DCFH).  In the presence of ROS, DCFH rapidly oxidizes into the 

fluorescent compound, 2’, 7’-Dichlorodihydrofluorescein (DCF).  DCF concentration is measured 

via fluorescence intensity to indicate the relative amount of ROS in cells seeded on the scaffold.  

  Other assays to evaluate in vitro ROS and free radicals besides the DCFH assay include 

chemiluminescence salicylate, cytochrome C, product analysis, total GSH depletion, ESR/EPR, 

inhibition by SOD, and inhibition by antioxidants [138].  One advantages of the DCFH assay is the 
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ability to measure both intracellular and extracellular ROS [138].  Disadvantages include lack of 

specificity about the ROS type since many types of ROS can contribute to oxidative stress [138, 

147].   

 The DCFH assay was used to evaluate the ability of AuNP conjugated to scaffolds to act 

as free radial scavengers.  Oxidative stress from ROS can upregulate inflammatory genes and 

alter cellular function causing damage to tissues [148-150].  It is hypothesized that the addition of 

AuNP will reduce the concentration of cellular ROS on scaffolds. 

2.4.5 Translation of in vitro studies 

 In vitro studies are used to mimic in vivo conditions to predict potential in vivo 

performance.  Advantages of in vitro testing include easy handling, reproducibility, ability to 

examine cell phenotype, control over experiment, and low costs [141].  Additionally, the use of in 

vitro testing can ease ethical concerns by reducing the number of animal models used for in vivo 

testing.  Despite these advantages, shortcomings of in vitro studies often limit their translation to 

in vivo applications.  Improvements to in vitro methods are being developed to improve their 

translation.  

 There are several factors that contribute to the limitations of in vitro to in vivo translation.  

A major factor is that the in vivo environment cannot be fully replicated in vitro.  The difference in 

experimental condition may significantly change the results and conclusions of tested materials.  

For example, assays using cell media with or without serum lead to significantly different 

conclusions concerning cytotoxicity due to the effects of adsorbed proteins [138].  Additional 

concerns limiting interpretation of in vitro assays include assay reproducibility, reliability, 

sensitivity, and inaccurate sample concentrations [138].   

 To improve in vitro to in vivo translation, better reproduction of physiological conditions is 

needed.  One improvement to in vitro testing is by the use of 3D cell culture to better mimic in 

vivo environments [151].  In vivo materials are exposed to an environment containing surface-

active molecules, different cell types within tissues, and reactive pathological and inflammatory 

conditions [138].  The 2D cell culture environment is an over simplification of the natural 3D 

environment of cells in that it ignores cell-cell and cell-matrix interactions as well as 
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diffusion/transport conditions of the in vivo environment [152].  Although 3D cell culture has 

improved in vitro testing, there are still many challenges including reproducibility between scaffold 

batches, extraction of cells from 3D matrix, sensitivity with high-throughput screening instruments, 

and optimization and control of conditions [153].  Another improvement to in vitro testing is co-

culturing cells to better mimic the diversity of cells types in the in vivo environment [154].  In 

general, improved interpretation and translation of in vitro assay results can come from 

recognizing assay limitations and developing methods to more closely mimic in vivo conditions 

[155]. 

 In this study, in vitro assays were used to assess initial biological effects of tissue 

scaffolds.  Assay results only indicate potential in vivo activity and performance. 

2.5 In vivo analysis of nano-grafts  

2.5.1 Animal model choice 

 Animal models are selected based upon similarity to humans and the associated 

constraints for a given application.  For example, primate models closely resemble humans for 

most applications but are costly and have strict regulations and ethical issues.  Alternative animal 

models are selected based upon the specific subsystem being evaluated.  For example, dogs, 

goats and sheep are often used in orthopaedic applications while pigs are not [156].  Pigs do not 

limp to accommodate injury possibly leading to joint damage or failure and are therefore not 

appropriate for such studies.  The porcine model is used for other applications such as 

biocompatibility assessment [157].  Grant et al. evaluated the biocompatibility of soft tissue nano-

composites by subcutaneous implantation into the porcine abdomen [45].  One particular benefit 

of the pig model includes the ability to implant large tissue samples with multiple samples per 

animal.  New animal models such as the green fluorescent protein (GFP) porcine model can be 

used to further evaluate biocompatibility and tissue integration by fluorescence visualization of 

cellular infiltration.  

 Animal models most often used for ACL repair include sheep, goats, dogs, and rabbits.  

Limitations of the sheep model include animal handling challenges and anatomical differences.  
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Specifically, sheep knees have distinct bundles in the ACL that are separated by the anterior 

insertion of the lateral meniscus [156].  This may increase the probability of tearing the lateral 

meniscus when replacing the ACL in the same location as the native ACL [156].  Limitations of 

the dog model include hypersensitivity to xenograft tissues although the specific cause for 

hypersensitivity is not fully understood [158, 159].  One possibility is from the Gal-epitope that 

exists on non-human ECM that may cause a heightened immune response [48].  Another model 

used for ACL reconstruction is the rabbit model.  Although a larger model is often preferred, the 

rabbit model provides adequate resemblance to the native ACL to evaluate grafts for ACL 

reconstruction.  Rabbit ACLs are shorter and more narrow than humans but are not longer when 

the length is normalized to the width of the tibial plateau [156].  Although some anatomical 

dissimilarity exists between humans and rabbits, the rabbit model still provides a valid method to 

evaluate remodeling of grafts [160].   

 Even with a variety of available animal models, studies have shown evidence of poor 

translation from animal studies to clinical studies [161].  There have been many approaches to 

improving clinical translation of animal studies as well as reducing the number of animal used.  

Olivera et al. have developed a method to evaluate the in vivo inflammatory response to multiple 

biomaterials on a single implantable chip thus reducing the number of animals used [162].  Thirty-

six different biomaterials can be loaded into the implantable chip and individually analyzed using 

histology and immunocytochemistry.  This technique provides a platform for the rapid screening 

of in vivo biomaterials response to reduce time and cost in addition to the number of animals 

[162].  This technology is similar to advances in “lab on a chip” technology from which 

improvements have be made to tissue engineering development and evaluation techniques [163, 

164]. 

  Nano-grafts have been implanted into GFP expressing swine to evaluate biocompatibility 

and visualize cellular integration.  ACL reconstruction in a rabbit model has been performed to 

evaluate nano-graft performance and remodeling.  Initial studies of nano-grafts implanted into dog 

model are presented in the Appendix.   
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2.5.2 Histology images 

 Histology images are routinely acquired on explanted tissue scaffolds to visualize 

scaffold-host interactions.  Multiple histology stains are available with Trichrome and H&E being 

the most common for biomaterials applications.  H&E staining is comprised of haematoxylin, 

which stains basophilic substances such as DNA & RNA violet, and eosin which stains acidophilic 

substances such as protein pink.  This stain highlights cells (violet) migrating into the ECM 

scaffold (pink).  In addition, it may allow for the visualization of new ECM synthesized as part of 

the remodeling process.  One limitation of traditional histology is that the distinction between the 

ECM scaffold and the newly synthesized ECM can sometimes be difficult to make due to similar 

organization and composition of tissue fibers.  During the remodeling process, the scaffold may 

remodel into a structure very similar to newly synthesized ECM making the host-scaffold interface 

unclear.  A GFP porcine model was investigated as a novel method to distinguish between host 

tissue and scaffold.  It was hypothesized that when using confocal microscopy, the host tissue will 

fluoresce while the implanted graft will not, allowing for visual distinction between the host and 

implant.   

 Another limitation of histology imaging includes the fact that even when using a high N-

value, the acquired images are only snapshots of the entire sample which may cause 

misinterpretation of individual data points.  This limitation can cause heterogeneity between 

samples and bias when choosing which images to capture and report.  Aside from other imaging 

techniques such as immunohistochemistry, there are a lack alternative methods to more 

accurately visualize host-sample interactions on a cellular level.  

2.5.3 Histology scoring 

 Histological scoring can provide a qualitative and semi-quantitative analysis of 

remodeling using established scoring systems [165].  Valentin et al. have developed a scale to 

compare the relative amount of scaffold degradation, fibrous encapsulation, and connective 

tissue organization of implanted scaffolds.  Cellular infiltration, multinucleated giant cells, and 

vascularity can be evaluated by counting the number of features in a given field.  The score for 
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each category is created by averaging the score from 10 fields.  One limitation to this system is 

that scaffold orientation may be difficult to identify especially at later time points.  After 

implantation, scaffolds may undergo extensive remodeling that prevents explanation of entire 

scaffolds as well as a loss of scaffold orientation.  Without similar orientation from one sample to 

the next, it can be difficult to compare the extent of remodeling based upon each criteria.  

2.6 Objective and significance  

 The objective of this study is to create improved grafts using ECM and nanoparticles to 

promote remodeling in musculoskeletal tissue engineering.  In addition, the GFP porcine model 

has been investigated as a new method to evaluate host-tissue integration.  The significance of 

this study is to improve clinical outcomes in musculoskeletal repair, specifically in ACL 

reconstruction. 
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Chapter Three 

IN VITRO CHARACTERIZATION OF NANO-GRAFTS1 

 

 

3.1 Abstract 

 Current anterior cruciate ligament (ACL) graft replacement materials often fail due to the 

lack of biological integration.  While many newly developed extracellular matrix (ECM) based 

scaffolds show good biocompatibility they often do not entice cellular remodeling and the 

rebuilding of a functional ligament.  We have proposed the conjugation of gold nanoparticles 

(AuNP) and hydroxyapatite nanoparticles (nano-HAp) to acellular tissue to enhance cell 

attachment and proliferation while maintaining an improved degradation resistance and open 

microstructure.  We are the first to investigate the double conjugation of AuNP and nano-HAp 

onto decellularized tissue to improve the tissue remodeling response.  Decellularized porcine 

diaphragm tendon was conjugated with two types of nano-HAp and amine-functionalized AuNP 

with 1-ethyl-3-(3-dimethlaminopropyl) carbodiimide (EDC) crosslinker.  Scaffolds were 

characterized using electron microscopy, differential scanning calorimetry, and fibroblast assays.  

Results demonstrated that scaffolds with nano-HAp have increased thermal stability at low levels 

of crosslinking.  The open microstructure of the scaffold was not compromised allowing for cell 

migration while still providing increased degradation resistance.  The addition of <200 nm nano-

HAp decreased cell viability compared to scaffolds without nanoparticles, but the addition of 

AuNP to scaffolds showed enhanced cell viability in the presence of <200 nm nano-HAp.  The 

addition of <40 nm nano-HAp showed an increase in cell viability compared to scaffolds 

                                                      
1Published as Smith SE, White RA, Grant DA, Grant SA. Gold and hydroxyapatite nano-composite scaffolds for anterior 

cruciate ligament reconstruction: In vitro characterization. Journal of Nanoscience and Nanotechnology. 2016;16:1170-3. 
Reprinted with permission by American Scientific Publishers. Copyright © American Scientific Publishers. 
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crosslinked without nanoparticles.  It is concluded that attaching AuNP and <40 nm nano-HAp to 

extracellular matrices may improve overall properties.   

3.2 Introduction 

 ACL reconstruction is a commonly performed surgery that has many limitations and 

complications.  Every year, approximately 175,000 ACL reconstructions are performed in the 

United States costing around $1 billion per year in associated costs [1].  Current graft materials 

include allografts and autografts although both have limitations.  Autografts require an additional 

surgery with the possibility of donor site morbidity while allografts pose the potential threat of 

disease transmission and rejection [2].  Both types of grafts often lack the necessary biological 

incorporation needed to recover joint stability and to prevent re-injury [3].  Although the cause of 

failure of ACL reconstructions can be attributed to both surgical technique and graft performance, 

the likelihood of reinjury of a well-positioned and well-fixed graft can be up to 30% [4, 5].  There is 

a need for graft materials to biologically incorporate to reduce graft failure rates. 

 To reduce failure rates, graft materials need to undergo biological remodeling and 

incorporate into the natural tissue in a process known as ligamentization [3, 6].  A "successful" 

response to a graft involves an initial inflammatory response in which the graft slowly breaks 

down.  As it breaks down, new small collagen fibrils replaces large fibrils with increased amounts 

of type III collagen, building up strength in the tissue [7].  In this process, it is necessary to have 

neovascularization, cellular infiltration into the graft, and newly synthesized ECM so that as the 

graft breaks down, new tissue replaces it [6].  Fibroblast cells must adhere and proliferate to the 

graft to create the new ECM.  This ligamentization process rebuilds a functional ligament which 

will be stronger and more viable [8].  If grafts do not incorporate in this way they often fail. 

 Natural extracellular matrix-based materials are commonly used as graft materials due to 

their ability to enhance the biological response previously described.  These materials have a 

lower inflammatory response, faster degradation rate and better integration compared to synthetic 

graft materials [9].  The ECM contains collagen and glycoaminoglycans as well as growth factors 

such as transforming growth factor beta, keratinocyte growth factor, platelet derived growth factor 
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and many other components that may enhance healing [10].  The ECM also contains binding 

sites for growth factors and cytokines to enhance cellular adhesion [10].  It has been found that 

having soft tissue contact is important for the migration of additional growth factors and nutrients 

which are necessary for the vascularization and remodeling process of the scaffold [11].  This 

type of response elicited from natural materials is critical to improving the overall functionality of 

the graft material. 

 Nano-HAp has been of interest in musculoskeletal applications due its good 

biocompatibility, conductivity, bone-bonding, and positive interaction with cells [12-14].  The 

biocompatibility of nano-HAp may be attributed to its similarity to natural 20-40 nm hydroxyapatite 

crystals found between collagen fibers in bone [15].  Nano-HAp has a higher surface energy due 

to its nanosize.  The high energy, roughened surface of nano-HAp has been shown to influence 

cellularity and enhance both fibroblast and osteoblast adhesion, proliferation and cell 

differentiation [15-17].  This cellular response may be due to the adsorption of specific proteins 

onto nano-HAp.  It has been shown that nano-HAp adsorbs arginylglycylaspartic acid (RGD 

peptide) in vivo which increases cell spreading [18].  This cellular reaction may lead to improved 

integration of materials containing nano-HAp.  In a study by Loiselle et al., bone grafts with 50-60 

nm nano-HAp coatings exhibited increased bone formation, healing, osteoblastic differentiation, 

and osteointegration [19]. 

 AuNP have been used for many medical applications due to their inertness in the body, 

general biocompatibility, free-radical scavenging effects, reduction in inflammation, antimicrobial 

properties and potential to remodel tissue [20-22].  Similar to the nano-HAp, AuNP have a high 

surface energy due to their nanosize.  This higher surface energy influences the physical 

properties of nanoparticles leading to a change in the in vivo response.  In a study by Chou et al., 

polyurethane-AuNP scaffolds reduced the number of infiltrated inflammatory cells and oxidation 

due to the free-radical scavenging ability of the nanocomposites [23].  Another study by Zhang et 

al. utilized a chitosan-AuNP scaffold that exhibited enhanced keratinocyte growth in the presence 

of AuNP [24].  The nanotopography of the AuNP will affect protein adsorption onto the surface of 

the scaffolds [25-27].  The adsorption of particular amounts and types of proteins will influence 
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cell behavior possibly leading to increased cell adhesion and proliferation [27].  With enhanced 

adhesion and adsorption, fibroblast cells can remodel graft materials as they degrade [28].  It is 

important that grafts do not degrade too quickly leading to decreased strength and graft failure.  It 

is suggested that AuNP may block binding sites for collagenase slowing in vivo degradation [29].  

It has also been shown that the conjugation of AuNP to ECM scaffolds enhances remodeling in 

vivo [30]. 

 The aim of this study was to develop and evaluate the nano-graft as a potential tissue 

scaffold to promote remodeling and cellular integration.  The proposed nano-graft for ACL 

reconstruction contains AuNP throughout the graft and nano-HAp on the ends of the graft at the 

graft-bone interface.  Scaffolds crosslinked with varying concentrations of AuNP and two different 

types of nano-HAp have been characterized for surface microstructure, thermal properties, cell 

viability and cell proliferation.  It is hypothesized that the addition of AuNP and nano-HAp to 

scaffolds may enhance cell viability and cell proliferation compared to scaffolds without 

nanoparticles. 

3.3 Materials and methods 

3.3.1 Nanoparticles 

 All nanoparticles were all commercially purchased and are identified in the text according 

to their size description.  100 nm AuNP were purchased from Ted Pella, Inc. (Redding, CA).  

Concentrations of AuNP are given as multiples of the initial concentration added to the scaffolds 

during crosslinking.  The initial 1X concentration was 5.6 x 109 particles/mL.  Additional 

concentrations of AuNP alone on scaffolds have been previously investigated elsewhere [21].  

Two types of nano-HAp (Ca10(PO4)6(OH)2) were used.  <200 nm nano-HAp was purchased from 

Sigma-Aldrich (St. Louis, MO) and <40 nm nano-HAp was purchased from SkySpring 

Nanomaterials, Inc. (Houston, TX).  Concentrations of nano-HAp are given as percents in (w/v) of 

solution of nano-HAp in water added to the scaffolds during crosslinking.  
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3.3.2 Tissue harvest and decellularization 

 Porcine diaphragm tendon was harvested from swine euthanized at the University of 

Missouri School of Medicine (Columbia, MO) in accordance with ACUC approved protocols.  

Tissue was stored in Tris Buffer solution containing 5 mM ethylenediaminetetraacedic acid 

(EDTA), 0.4 mM phenylmethylsulfonyl (PMSF), and 0.2% (w/v) sodium azide (pH=8.0) at 4°C.  

Diaphragm tendons were decellularized based upon a protocol established by Deeken et al. [31].  

Tissues were vigorously rinsed in a solution with 1% (v/v) tri(n-butyl) phosphate and Tris buffer 

solution for 24 h.  The tissue was then subjected to two rinses with DI water for 24 h each 

followed by a 24 h rinse in 70% (v/v) ethyl alcohol. 

3.3.3 Conjugation of nanomaterials and sterilization 

 Tissues were crosslinked with and without nanoparticles according to a previously 

established protocol by Deeken et al. [30].  The crosslinking solution contained a 50:50 (v/v) 

solution of acetone and phosphate buffered saline (PBS) (pH=7.5) with 2 mM of zero-length 

crosslinker, 1-ethyl-3-[3-dimethylainopropyl] carbodiimide (EDC), and 5 mM N-

hydroxysuccinimide (NHS).  The EDC was first dissolved in a small amount of 0.1 M 2-(N-

Morpholino)ethanesulfonic acid (MES) in 0.5 M sodium chloride (NaCl) (pH=6.0) and the NHS 

was dissolved in a small amount of dimethylformamide (DMF).  EDC and NHS solutions were 

added to the acetone/PBS solution.  Each piece of decellularized tissue was submerged in 

crosslinking solution for 15 min at room temperature.  Solutions (w/v) of nano-HAp in water were 

sonicated with heat and vortexed until nano-HAp were homogenously suspended.  Solutions of 

AuNP were amine functionalized with 15 µM 2-mercaptoethylamine (MEA) in water in order to 

facilitate attachment to tissue.  Enough nanoparticle solution was added to completely cover 

tissue.  Tissues containing both nano-HAp and AuNP received equal amounts of each.  Tissues 

without nanoparticles received equivalent amounts of crosslinking solution and are referred to in 

the text as "crosslinked".  Tissues were left for 24 h at room temperature without shaking.  

Tissues were rinsed twice with PBS for 24 h each with constant agitation.  Tissues undergoing in 
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vitro characterization were chemically sterilized in a process used by Deeken et al. [30].  Tissues 

were rinsed in aqueous solution of 1M NaCl and 0.1% (v/v) peracetic acid for 30 min with 

constant agitation.  Tissues were then rinsed twice in sterile PBS for 24 h each.   

3.3.4 Electron microscopy 

 Nano-HAp were prepared for transmission electron microscopy (TEM) imaging by adding 

7 µL of a sonicated suspension of nano-HAp in water to a carbon-coated copper TEM grid.  After 

5 min liquid was wicked away with filter paper.  Grids were allowed to air dry at room 

temperature.  Nano-HAp were imaged with JEOL JEM-1400 TEM (JEOL USA, Inc., Peabody, 

MA). 

 Samples were prepared for scanning electron microscopy (SEM) imaging by fixation in 

0.1 M sodium cacodylate buffer with 2% glutaraldehyde and 2% paraformaldehyde (pH=7.35).  

Scaffolds were dehydrated in a series of graded ethyl alcohol rinses (20, 50, 70, 90, 100%) in a 

microwave.  Samples were critical point dried in a Tousimis Auto-Samdri 815 automatic critical 

point dryer (Tousimis, Rockville, MD) and mounted on a stub with carbon tape and sputter-coated 

with carbon using an Emitech K575X Peltier cooled sputter coater (Emitech, Houston, TX).  

Images were taken on Hitachi S4700 SEM (Hitachi, Ltd., Tokyo, Japan) at 10kV accelerating 

voltage and 10.6-10.7 mm working distance.  Energy-dispersive x-ray spectroscopy (EDS) was 

performed on an FEI Quanta 600FEG Environmental SEM (FEI Company, Hillsboro, OR) using 

point-and-shoot mode to collect x-rays from selected points on sample.  

3.3.5 Differential scanning calorimetry 

 To prepare for differential scanning calorimetry (DSC), moist samples were punched with 

a 4.8 mm diameter circular punch and sealed in aluminum pans with a hermetic lid with 5 µL of DI 

water.  Modulated differential scanning calorimetry was run (N ≥ 4) using a Q2000 DSC (TA 

Instruments, New Castle, DE) from -5°C to 120°C at a rate of 3°C per min modulation every 80 s 

± 0.64°C.  The onset denaturation temperature, denaturation temperature, and heat of enthalpy 

were determined using Universal Analysis software integration tool. 
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3.3.6 Cell culture 

 In vitro studies were performed in a sterile biological hood.  L929 murine fibroblast cells 

from ATCC (Manassas, VA) were supplemented with 10% (v/v) horse serum and PennStrep (200 

U/mL) in ATCC-formulated Eagle's Minimum Essential Medium (EMEM).  Cells were cultured at 

37°C and 5% CO2.  

3.3.7 Cell viability assay 

 Scaffolds were cut into roughly 1 cm2 discs and placed into individual wells of a 48-well 

microplate (N ≥ 5).  Each scaffold was incubated with supplemented EMEM for 24 h in a 

microplate before being seeded with 3 x 104 L929 fibroblasts in each well.  Scaffolds were 

cultured with cells for 72 h.  Cell media was replaced after 24 h.  50 µL of WST-1 reagent (Roche 

Diagnostics Corporation, Indianapolis, IN) was added to each well and cultured for 4 h.  100 µL 

was removed from each well and place in a 96-well plate.  Absorbance values were recorded for 

each well using a BioRad 680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA) at 

450 nm.  Wells with cell media with WST-1 reagent only were subtracted as blank values.  

Relative cell viability was calculated by normalizing the individual absorbance values to the 

average absorbance value of the crosslinked samples. 

3.3.8 Cell proliferation assay 

 Scaffolds were cut into roughly 1 cm2 discs and placed into individual wells of a 48-well 

microplate (N ≥ 4).  Scaffolds were incubated with supplemented EMEM for 24 h before being 

seeded with 3 x 104 L929 fibroblasts in each well.  Cells were cultured on scaffolds for 3, 7, or 10 

days with cell media changes every 2 days.  At the end of each time-point, cells were rinsed with 

sterile PBS and frozen in individual microcentrifuge tubes.  Samples were lyophilized, weighed, 

and digested with papain digestion buffer for 24 h at 60°C.  The digested scaffold solution, 1X TE 

buffer, and Quant-iTTM PicoGreen® dsDNA reagent (Invitrogen Corporation, Carlsbad, CA) were 

incubated at room temperature for 5 min away from light.  Fluorescent readings of each sample 



 

62 

 

were taken at 540 nm with a 480 nm excitation on a FluoroMax-3 spectrofluorometer (HORIBA 

Jobin Yvon, Edison, NJ).  DNA content was determined by interpolation from a lambda DNA 

standard curve.  DNA content was normalized to the initial dry weight of each scaffold. 

3.3.9 Statistical analysis 

 All statistical analyses were performed using SAS 9.3 and Origin 9.0 software.  

Significant statistical differences between groups were determined by one-way analysis of 

variance with pair-wise Tukey-Kramer post-tests with p<0.05 significance unless otherwise noted.  

Values reported represent the mean with error bars as the standard error of the mean. 

3.4 Results 

3.4.1 Electron microscopy 

 TEM micrographs were taken to observe the shape and size distribution of two different 

types of nano-HAp.  Figure 3.1A depicts the <200 nm nano-HAp and Figure 3.1B depicts the <40 

nm nano-HAp.  The <200 nm nano-HAp appear to have a very high sphericity and a large size 

distribution.  Some particles are as small as ~20 nm and some are as large as ~180 nm.  Most 

particles fall within a range of about 50-90 nm.  The <40 nm nano-HAp have a relatively less 

uniform plate-like shape with a slightly smaller size distribution.  Most of the particles appear to 

have a unique shape with rough edges and an aspect ratio above 1. 
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Figure 3.1 Brightfield TEM images of A) <200 nm spherical nano-HAp with a large size distribution and B) <40 nm plate-
like nano-HAp with a relatively smaller size distribution 

 

 SEM micrographs were taken to confirm successful attachment of AuNP and nano-HAp 

to the scaffolds and to evaluate the surface morphology of the scaffolds.  Figure 3.2A depicts a 

scaffold crosslinked with both AuNP and <40 nm nano-HAp.  Background waves transecting the 

image are collagen fibers of the scaffold.  The smaller, bright features are the AuNP and the 

larger, fainter white features are clusters of aggregated nano-HAp.  AuNP and nano-HAp appear 

evenly distributed across the surface of the scaffold.  This even distribution is facilitated by the 

crosslinking procedure in which the scaffolds are submerged in colloidal solution.  While 

individual AuNP are larger than individual nano-HAp, the mild aggregation of nano-HAp forms 

clusters that are larger than AuNP.  Figure 3.2B shows a higher magnification secondary electron 

image of a scaffold crosslinked with AuNP depicting the attachment of AuNP to collagen fibers.  

In both images, the collagen structure appears intact and undamaged.  The presence of both 

AuNP and nano-HAp was confirmed by EDS.  Elemental gold peaks were found at 2.1 and 9.7 

keV.  Elemental calcium and phosphate peaks were found at 3.7 keV and 2.0 keV respectively.  
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Figure 3.2 A) Backscatter SEM image of a porcine diaphragm tendon scaffold conjugated with AuNP and <40 nm nano-
HAp depicts an even distribution of nanoparticles across the scaffold.  B) Secondary electron SEM image of a porcine 
diaphragm tendon scaffold conjugated with AuNP depicts the attachment of nanoparticles to ECM fibers. 

 

3.4.2 Differential scanning calorimetry 

 Mean values for onset denaturation temperature (°C), denaturation temperature (°C) and 

heat of enthalpy (J/g) are given in Table 3.1 and illustrated in Figure 3.3.  Percentages represent 

the concentration of <40 nm nano-HAp solution used in crosslinking.  10% nano-HAp scaffolds 

had significantly higher denaturation temperatures than 1%, 0.01%, 1X AuNP, and crosslinked 

scaffolds.  Similarly, denaturation temperatures for 5% nano-HAp scaffolds were significantly 

higher than 1% and 1X AuNP.  Scaffolds containing both 1X AuNP and 1% nano-HAp had higher 

denaturation temperatures than scaffolds with only 1X AuNP.  1% nano-HAp scaffolds had a 

significantly higher heat of enthalpy than 0.1% and crosslinked scaffolds.  Scaffolds with both 1X 

AuNP and 1% nano-HAp had significantly higher heat of enthalpies than crosslinked scaffolds.  

Results for onset denaturation temperature are similar to denaturation temperature; 10% and 5% 

nano-HAp had significantly higher values than 1%, 0.01%, 1X AuNP, and crosslinked scaffolds. 
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Table 3.1 Results of DSC Analysis 

Scaffold Type 
Denaturation 
Temp (°C) 

Onset Temp 
(°C) 

Enthalpy 
(J/g) 

Crosslinked 65.6 ± 0.9 58.8 ± 0.9 4.1 ± 0.5 

1X AuNP 63.1 ± 0.7 56.8 ± 0.7 7.7 ± 0.5 

1% HAp + 1X AuNP 67.6 ± 0.3 61.3 ± 0.2 8.8 ± 1.0 

10% HAp 69.4 ±0.2 63.2 ± 0.3 5.8 ± 0.6 

5% HAp 69.0 ± 0.4 63.0 ± 0.3 5.1 ±0.4 

1% HAp 65.7 ±0.6 59.0 ± 0.7 7.8 ± 0.9 

0.1% HAp 66.5 ± 0.9 58.8 ± 1.5 3.7 ± 0.8 

0.01% HAp 65.5 ± 0.8 59.1 ± 0.7 5.0 ± 0.6 

0.001% HAp 66.8 ± 1.4 59.8 ± 1.4 6.9 ± 1.1 

 

 

Figure 3.3 Values for onset denaturation temperature, denaturation temperature, and heat of enthalpy demonstrate that 
porcine diaphragm tendon scaffolds containing higher concentrations of <40 nm nano-HAp have significantly higher 
temperatures and enthalpies than scaffolds containing lower concentrations of <40 nm nano-HAp.  Values are shown as 
mean ± standard error of the mean.  N≥3. 

 

3.4.3 Cell viability assay 

 WST-1 assays were used to assess cell viability of scaffolds.  The assay quantifies the 

relative amount of metabolically active cells by monitoring the conversion of tetrazolium salt to 
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formazan by mitochondrial dehydrogenase activity of cells.  Assays were run for scaffolds 

crosslinked with <200 nm nano-HAp and scaffolds crosslinked with <40 nm nano-HAp.  Values 

are reported as percent cell viability which is calculated by dividing sample absorbance values by 

average absorbance values for crosslinked scaffolds. 

 The percent cell viability for scaffolds with <40 nm nano-HAp is illustrated in Figure 3.4A 

for crosslinked scaffolds (100.0 ± 12.9), 1% nano-HAp (200.0 ± 37.5), 0.1% nano-HAp (142.8 ± 

15.2), 0.01% nano-HAp (207.0 ± 82.6), and 0.001% nano-HAp (158.7 ± 24.5).  No significant 

differences were seen among groups.  Overall, there was a significant increase in percent cell 

viability for all scaffolds containing nanoparticles compared to the crosslinked scaffolds.  The 

percent cell viability is presented for scaffolds crosslinked with <200 nm nano-HAp in Figure 3.4B 

for crosslinked scaffolds (100.0 ± 16.5), 2% nano-HAp (56.7 ± 15.3), 1% nano-HAp (25.7 ± 6.8), 

0.1% nano-HAp (50.0 ± 7.1), and 1% nano-HAp with 1X AuNP (90.6 ± 14.6).  Scaffolds 

containing 1% <200 nm nano-HAp had significantly lower percent cell viability than crosslinked 

scaffolds.  Scaffolds with both 1X AuNP and 1% <200 nm nano-HAp had significantly higher 

percent cell viability than scaffolds with only 1% <200 nm nano-HAp.  Overall, there was a 

significantly lower percent cell viability for all scaffolds with nanoparticles compared to scaffolds 

without. 

 

Figure 3.4 A) Normalized 3 day percent cell viability is not significantly different among porcine diaphragm tendon 
scaffolds conjugated with varying concentrations of <40 nm nano-HAp.  B) Scaffolds conjugated with 1% <200 nm nano-
HAp have a significantly lower normalized 3 day percent viability than crosslinked scaffolds and scaffolds conjugated with 
1X AuNP + 1% <200 nm nano-HAp.  Values are shown as mean ± standard error of the mean.  N≥5. 
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3.4.4 Cell proliferation assay 

 DsDNA assays were performed to assess cell proliferation on scaffolds at 3, 7 and 10 

days.  The dye reagent binds to double stranded DNA released by the digestion process and is 

detected by a fluorescence reader.  A standard regression curve was run for DNA standards from 

1 to 1000 ng/mL and had r2 values of 0.975 and 0.968.  Values for DNA content for each scaffold 

was obtained by interpolation from this regression curve.  Interpolated values were divided by 

individual scaffold weights.  DNA content is given in ng DNA per mg of scaffold. 

 DNA content for scaffolds containing varying concentrations of <40 nm nano-HAp can be 

seen in Table 3.2 and Figure 3.5A.  At each day, no statistical differences were seen between 

groups.  For all groups, there was a significant increase in DNA content from 3 to 7 days and from 

3 to 10 days.  For scaffolds containing 0.01% nano-HAp there was also a significant increase in 

DNA content from 7 to 10 days.  Overall, at any day, there was not a significant difference 

between all scaffolds with nanoparticles compared to crosslinked scaffolds.  Table 3.3 and Figure 

3.5B show DNA content for scaffolds containing <40 nm nano-HAp and AuNP.  At 3 days, there 

is a significant increase in DNA content for scaffolds with 2X AuNP compared to crosslinked and 

for 2X AuNP + 1% nano-HAp compared to crosslinked.  There is a significant increase in DNA 

content from 3 to 10 days for all groups except for 2X AuNP.  Additionally, there is a significant 

increase in DNA content from 7 to 10 days for scaffolds with 2X AuNP +1% nano-HAp.  Overall, 

there was significantly higher DNA content for all scaffolds with nanoparticles compared to 

crosslinked scaffolds. 

Table 3.2 DNA content of <40 nm nano-HAp scaffolds (ng/mg dry weight) 

Scaffold Type Day 3 Day 7 Day 10 

Crosslinked 218.5 ± 20.8 424.6 ± 22.4 434.7 ± 29.2 

1% HAp 217.6 ± 5.2 427.1 ± 34.8 440.1 ± 24.1 

0.1% HAp 249.9 ± 18.6 401.8 ± 25.6 466.2 ± 16.7 

0.01% HAp 258.7 ± 10.0 345.9 ± 3.6 451.0 ± 21.0 

0.001% HAp 207.0 ± 25.1 413.6 ± 14.5 425.5 ± 23.4 
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Table 3.3 DNA content of <40 nm nano-HAp and AuNP scaffolds (ng/mg dry weight) 

Scaffold Type Day 3 Day 7 Day 10 

Crosslinked 213.6 ± 19.8 244.9 ± 25.0 370.2 ± 28.8 

2x AuNP 302.9 ± 14.5 267.0 ± 34.3 342.5 ± 32.1 

1% HAp + 1X AuNP 278.6 ± 8.0 360.0 ± 32.0 397.5 ± 15.3 

1% HAp + 2X AuNP 284.4 ± 15.5 310.4 ± 43.4 414.9 ± 2.1 

 

 

Figure 3.5 A) DNA content is not significantly different at each day among porcine diaphragm tendon scaffolds conjugated 
with varying concentrations of <40 nm nano-HAp.  For all groups, there is a significant increase in DNA content from 3 to 
7 days and from 3 to 10 days.  B) At 3 days, there is a significant increase in DNA content from crosslinked scaffolds for 
2X AuNP scaffolds and 2X AuNP + 1% nano-HAp scaffolds.  All scaffolds have a significantly higher DNA content from 3 
to 10 days except for scaffolds with 2X AuNP.  Values are shown as mean ± standard error of the mean.  N≥4. 

 

3.5 Discussion 

 A nano-composite scaffold comprised of acellular tissue and AuNP and nano-HAp has 

been proposed as an improved ACL graft.  ECM based scaffolds are well-suited as soft tissue 

repair materials but current materials often fail to fully integrate and regenerate new functional 

ligaments in ACL reconstructions.  Nanoparticles have been shown to increase cell attachment 

and proliferation and may promote tissue remodeling in vivo.  It is hypothesized that attaching 

AuNP and nano-HAp to an ECM scaffold will promote cellular attachment and proliferation and 

enhance remodeling. 

 The purpose of this study is to characterize and assess the in vitro biocompatibility of 
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nano-graft scaffolds to be used as an improved soft tissue repair material.  AuNP and nano-HAp 

were crosslinked to acellular porcine diaphragm tendon tissue using EDC/NHS chemistry.  Nano-

grafts were created using various concentrations of 100 nm AuNP, <40 nm nano-HAp and <200 

nm nano-HAp.  Nano-HAp were characterized for their shape and size distribution using TEM.  

Scaffolds were characterized using SEM and EDS to evaluate morphology and confirm AuNP 

and nano-HAp attachment.  DSC was performed to observe any changes in thermal stability that 

may have occurred due to crosslinking.  Cell viability and cell proliferation were assessed using 

WST-1 and dsDNA assays with murine fibroblast cells to ensure that the addition of AuNP or 

nano-HAp does not negatively impact cellular response. 

 TEM, SEM, and EDS were performed to ensure attachment of AuNP and nano-HAp to 

scaffolds, to observe morphology of collagen surface, and to visualize the distribution of AuNP 

and nano-HAp on the surface of scaffolds.  Images in Figure 3.2 confirm the presence of evenly 

distributed AuNP and nano-HAp on scaffolds.  Within this even distribution, it is seen that both 

types of nanoparticles are only mildly clumped together on the surface of the collagen fibers.  

This is significant since the clumping of nanoparticles would essentially create a different surface 

for the cells to interact with.  The morphology of the collagen fibers of the scaffolds appear to be 

intact in the images.  There is the potential for damage to the helical structure of the collagen 

through the processes of decellularization, crosslinking, and sterilization [32-35].  There was not 

any evidence of damage to the collagen base indicating that these processing methods are not 

harsh enough to negatively impact the scaffold microstructure.  Additionally, both types of 

nanoparticles were able to be conjugated to the scaffold without inducing excessive crosslinking 

and altering the microstructure.  Changes in the microstructure and cellular biomechanics due to 

excessive crosslinking can lead to poor in vivo performance [36].  The nanoparticles have the 

potential to hinder collagenase binding sites thus achieving stability without excessive 

crosslinking [22]. 

 As anticipated, the addition of nanoparticles to the scaffold significantly increased the 

thermal stability of scaffolds (Figure 3.3).  This increase in stability can be attributed to the 

introduction of new bonds into the tissue due to amine-carboxyl crosslinks created during the 
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crosslinking process as well as the bonding of the nanoparticles.  The significant increases in 

thermal stability of 10% nano-HAp compared with lower concentrations may be due to the large 

amount of nano-HAp present.  The significant difference seen with nano-HAp compared with 

AuNP may also be due to differences in the amount of nanoparticles attached to the scaffold and 

the relative amount of crosslinking.  Nano-HAp may have a higher affinity than AuNP to attach to 

the scaffold allowing for additional bonds to be introduced into the tissue which may increase 

thermal stability.  A similar reason may explain the increased values for scaffolds with AuNP and 

scaffolds with nano-HAp compared to only the crosslinked scaffolds.  No significant decreases 

were seen in heat of enthalpy compared with crosslinked scaffolds which indicates that we did not 

see destabilized or degenerated collagen [37].  It is important that scaffolds do not exhibit very 

high or very low degrees of crosslinking.  The scaffolds tested in this study had a slightly higher 

denaturation temperature than commercially available scaffolds tested by Deeken et al., where 

twelve commercially available scaffolds were tested with a median melt temperature of ~ 61°C 

[38].  This increase in our scaffolds may indicate additional crosslinking by the AuNP and nano-

HAp which may slow in vivo degradation since low degrees of crosslinking can be a predictor of 

quickened in vivo degradation [34, 36].  By contrast, extensive crosslinking can impede cell 

migration and infiltration [36, 39].  Thermal stability results from this study indicate that stability 

can be achieved with low amounts of crosslinking due to the presence of AuNP and nano-HAp. 

 In the WST-1 assay containing scaffolds with <40 nm nano-HAp, there was no significant 

difference in normalized 3 day percent cell viability for any concentration compared to crosslinked 

scaffolds although there was a steadily increasing trend of higher cell viability with increasing 

concentrations of nano-HAp (Figure 3.4A).  Overall, among all groups, there was not a significant 

decrease in cell viability in groups with nano-HAp compared to crosslinked scaffolds.  This 

suggests that the addition of nano-HAp to the scaffold does not induce any cytotoxic effects on 

fibroblasts causing cell death.  The assay containing scaffolds with <200 nm nano-HAp had a 

significant decrease in normalized 3 day percent cell viability in the 1% nano-HAp group 

compared to the crosslinked group (Figure 3.4B).  This suggests the addition of <200 nm nano-

HAp may cause cytotoxic effects including cell death.  Although there is no significant decrease in 
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percent cell viability with the addition of 2% nano-HAp at a significance level of p<0.05, there is a 

significant difference at p<0.1.  There was also a significant increase in percent cell viability in 

scaffolds containing 1X AuNP +1% nano-HAp compared to 1% nano-HAp alone.  This increase 

suggests that the addition of 1X AuNP may compensate for the decreased percent cell viability of 

the nano-HAp.  That is, the addition of 1X AuNP to a scaffold with 1% nano-HAp raised the 

viability back to that of the crosslinked scaffold, making up for detrimental effects from the nano-

HAp.  For the assay with <200 nm nano-HAp, the overall addition of any type of nanoparticles 

significantly decreased cell viability compared with crosslinked scaffolds.  From these results it 

appears that the addition of <200 nm nano-HAp to scaffolds reduces the viability in fibroblasts. 

 Variation in WST-1 performance between <40 nm nano-HAp and <200 nm nano-HAp 

may be attributed to several differences between the two nano-HAp types.  A reason for the 

favorability of the fibroblast cells to <40 nm nano-HAp over the <200 nm nano-HAp may lay in the 

size and shape of hydroxyapatite crystals naturally found in the body.  The crystals between 

collagen fibers in bone tissue are roughly 25-50 nm rod-like particles [12].  The <40 nm nano-HAp 

particles are much more similar to this shape and size than the spherical <200 nm nano-HAP as 

can be seen in the TEM images.  In addition, the rough, amorphous edges of the <40 nm HAp 

have an increased surface energy which may enhance cellular attachment.  It has been shown 

that differences in surface energy may affect adsorption of proteins that influence cell attachment 

[40].  In addition to shape, these particles differ in size and distribution.  The small size of the 

<200 nm particles may cause different amounts and types of proteins to adsorb which could 

decrease cell attachment and proliferation [41].  Smaller nanoparticles are also more likely to be 

ingested by cells which may lower cell viability [42]. 

 Cell proliferation assay results from varying <40 nm nano-HAp concentrations coincided 

with WST-1 assays results in that there were no significant differences among concentration 

groups (Figure 3.5A).  However, there were significant increases from 3 to 10 days for each 

group indicating cells proliferated between these two time points.  This indicates that groups 

containing <40 nm nano-HAp were not cytotoxic, allowing for equal cell proliferation of scaffolds 

with and without nano-HAp.  Assay results containing groups with AuNP saw significant increases 
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in proliferation from 3 to 10 days for all groups except 2X AuNP indicating no decrease in cell 

proliferation with the addition of AuNP and nano-HAp (Figure 3.5B).  The 2X AuNP group had a 

very high DNA content at day 3 which may have prevented an increase in DNA content at day 7 

and day 10.  There were significant increases in cell proliferation compared to crosslinked for 

scaffolds containing 2X AuNP as well as scaffolds containing 2X AuNP +1% nano-HAp at 3 days.  

There was also an overall increase in proliferation at 3 days of all three groups containing 

nanoparticles compared to crosslinked scaffolds.  This suggests that the addition of AuNP, both 

with and without the addition of nano-HAp, may increase cell proliferation.  This increase may be 

due to the high surface energy of nanoparticles that can affect protein adsorption.  Protein 

adsorption influences cell response to nanoparticles and may enhance cell proliferation [43].  

Most importantly, the addition of either AuNP or nano-HAp at any concentration did not 

significantly decrease cell proliferation compared to crosslinked scaffolds. 

 Although no significant differences were seen in assay results between concentrations of 

AuNP and nano-HAp, this may be due to the fact that not a wide enough range of concentrations 

were tested.  Since the collagen contains both amine and carboxyl groups, the tissue will 

crosslink to itself as well as to the nanoparticles.  It is possible that the differences in nanoparticle 

concentration between groups is too small to be detected by cells and elicit a different cellular 

response.  In addition, low concentrations of applied nanoparticles may be so small that a 

difference cannot be detected and the response is the same as not having the nanoparticles at 

all.  In any case, it is significant that the addition of <40 nm nano-HAp did not negatively impact 

cell response.  

 It should be noted that the same concentrations of nanoparticles of different types will 

result in different amounts of nanoparticles to attach to the scaffold.  Each type of nanoparticle 

has a different affinity for crosslinking.  This difference will cause differences in the actual amount 

of nanoparticles attached to the scaffold to vary between nanoparticle types given the same 

concentration of nanoparticles.  Differences in the amount of clumping of different types of 

nanoparticles must also be taken in to consideration since this will alter the surface that the cells 

interact with. 
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 Due to limitations of both cell assays, additional effects seen by AuNP or nano-HAp may 

happen too soon or too slowly to be detected in the given time points of the assay.  As seen in 

the 2X AuNP group in the dsDNA assay (Figure 3.5B), the percent cell viability was initially very 

high at the 3 day point which may not have allowed for significant opportunity for cell growth due 

to overcrowding.  There were very few significant increases within the same group from 7 to 10 

days indicating possible saturation.  Once the cells have reached confluency there is not an 

opportunity to see the effects of additional cell growth caused by differences in experimental 

groups leading to Type II errors.  Likely saturation of scaffolds beyond the 10 day time point have 

been previously observed [21].  The 10 day time point may also mask possible delayed effects 

from experimental groups.  In a study by Grant et al., a dsDNA assay was performed on purified 

collagen crosslinked with AuNP.  Differences between groups with and without AuNP were not 

seen until day 14 indicating that effects from the addition of AuNP may be delayed beyond the 

time points in this study.  In addition, effects from experimental groups may arise earlier than 3 

days and eventually equivocate by 7 or 10 days.  At 3 days, the scaffolds with 2X AuNP in the 

dsDNA assay had a DNA content higher than the rest of the groups.  Other differences between 

groups may have occurred before 3 days but could not be detected that early. 

 The results of this study indicate that the nano-graft is a good candidate for a soft tissue 

repair material specifically in ACL repair.  SEM images confirmed attachment of AuNP and nano-

HAp to the scaffold as well as an open microstructure.  DSC results indicated good thermal 

stability of scaffolds.  WST-1 results indicated that there was not a decrease in cell viability with 

the addition of <40 nm nano-HAp but there was a decrease with the addition of <200 nm nano-

HAp.  It was also observed that the addition of AuNP may enhance the cell viability of <200 nm 

nano-HAp scaffolds up to that of crosslinked scaffolds.  DsDNA assay results indicated cell 

proliferation was not reduced by the addition of <40 nm nano-HAp and may be enhanced by the 

addition of AuNP.  Most importantly, the addition of <40 nm nano-HAp to acellular tissue in nano-

grafts does not significantly reduce the cellular reaction to the implant.  This result is significant 

because the graft would ideally enhance the cellular response leading to increased remodeling of 
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the graft.  This process will allow for a functional ligament to be regenerated as the graft breaks 

down ultimately reducing failure rates. 

3.6 Conclusions 

 AuNP and nano-HAp were covalently conjugated to acellular porcine diaphragm tendon 

to characterize and assess in vitro cell viability and cell proliferation.  The collagen structure was 

not disrupted through these processes, and AuNP and nano-HAp nanoparticles were relatively 

well-dispersed over the scaffold.  Thermal stability was enhanced by the crosslinking process 

suggesting possible increased resistance to in vivo degradation while maintaining an open 

microstructure.  While the addition of <200 nm nano-HAp decreased cell viability compared to 

crosslinked scaffolds, the addition of AuNP to scaffolds may enhance cell viability in the presence 

of <200 nm nano-HAp.  The addition of <40 nm nano-HAp also showed an increase in cell 

viability compared to crosslinked scaffolds.  The results from these experiments demonstrated 

that the nano-graft may be a good candidate for musculoskeletal tissue scaffolds.  Additionally 

studies will involve further characterization of AuNP and nano-HAp attachment, protein 

adsorption, and cell culture studies with osteoblasts.  
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Chapter Four 
INVESTIGATION OF GENIPIN CROSSLINKING 

 

 

4.1 Introduction 

 As previously discussed, tissue scaffolds may be crosslinked to improve stability, slow 

degradation time, and increase mechanical strength.  There are a variety of crosslinkers that may 

be used based upon on the scaffold application and desired scaffold properties.  Some 

crosslinkers may have cytotoxic effects if not thoroughly removed from the scaffold such as 

glutaraldehyde and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) (EDC) [1].  

EDC is a commonly used carbodiimide crosslinker that reacts with carboxyl and primary amine 

groups in proteins within the extracellular matrix.  EDC has been shown to be cytotoxic to cells 

thus extensive rinsing of scaffolds is required when crosslinking with EDC.  To avoid concerns of 

cytotoxicity and to eliminate the need to thoroughly remove the crosslinker from the scaffold, 

genipin has been investigated as a more biocompatible, alternative method of crosslinking. 

 Genipin is a non-toxic crosslinker extracted from gardenia fruit that has been used as a 

biocompatible crosslinker for tissue scaffolds [1-6].  Genipin has been shown to be biocompatible 

at concentrations typically used in crosslinking [1].  Additionally, genipin crosslinked tissues have 

been shown to provide a better microenvironment for tissue regeneration and reduce the in vivo 

host inflammatory reaction when compared to standard crosslinkers [4].  Because genipin is 

generally biocompatible, the excessive rinsing required in EDC crosslinking is not required in 

genipin crosslinking.  By reducing the crosslinking time, commercially available tissues may be 

crosslinked within the surgical suite.  Crosslinking within the surgical suite would allow grafts to 

be altered at the surgeon’s discretion based upon individual patient needs.  Additional benefits of 

genipin include inducing strong autofluorescence in tissue which may assist in identifying 

scaffolds in immunohistological applications [2].   

 In this study, we have developed a protocol to attach amine-functionalized AuNP to 
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decellularized porcine diaphragm tendon tissue using genipin crosslinking.  The concentration of 

genipin, duration of crosslinking, and crosslinking temperature were varied to achieve a minimum 

degree of crosslinking while minimizing the duration of crosslinking.  Degree of crosslinking was 

determined by differential scanning calorimetry (DSC) and cell viability was determined using a 

WST-1 assay.   

4.2 Materials and methods 

4.2.1 Crosslinking procedure 

 Porcine diaphragm tendon was decellularized in a 1% (v/v) tributyl phosphate and Tris 

buffer solution for 24 h followed by two 24 h rinses in DI water and a 24 h rinse in 70% (v/v) ethyl 

alcohol according to a previously established protocol [7].  AuNP were functionalized with 15 µM 

2-mercaptoethylamine (MEA).  Genipin was dissolved in a small amount of dimethyl sulfoxide 

(DMSO) and then added to phosphate buffered saline (PBS).  One half mL of 100 nm AuNP and 

2 mL of genipin solution were added to 4.8 mm diameter punched samples of decellularized 

porcine diaphragm tendon.  The amount of genipin was adjusted to produce a 1 mM, 3 mM or 5 

mM final concentration of genipin in AuNP solution.  Scaffolds without AuNP received 0.5 mL 

PBS as a control and are referred to as “genipin only” scaffolds.  Crosslinking was allowed to 

proceed for either 5 min, 15 min, 30 min or 1 h.  Crosslinking was performed at room temperature 

unless designated as “with heat” for which crosslinking was performed in an incubator at 37°C.  

After allowing crosslinking to proceed for the indicated time, all solution was removed using 

suction and scaffolds were rinsed 5 times in PBS. 

4.2.2 Differential scanning calorimetry 

 To prepare for DSC, moist samples were punched with a 4.8 mm diameter circular punch 

and sealed in aluminum pans with a hermetic lid with 5 µL of DI water.  Modulated DSC was run 

using a Q2000 DSC (TA Instruments, New Castle, DE) from -5°C to 120°C at a rate of 3°C per 

min modulation every 80 s ± 0.64°C.  The onset denaturation temperature, denaturation 
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temperature, and heat of enthalpy were determined using Universal Analysis software integration 

tool.  

4.2.3 Cell viability 

 Scaffolds were sterilized according to a protocol by Deeken et al. [8].  Scaffolds were 

rinsed in an aqueous solution of 1 M sodium chloride (NaCl) and 0.1% (v/v) peracetic acid for 30 

min with constant agitation.  Tissues were then rinsed twice in sterile PBS for 24 h each.  

Individually crosslinked discs were placed in individual wells of a 96-well microplate and 

incubated with Eagle's Minimum Essential Medium (EMEM) supplemented with 10% (v/v) horse 

serum and 200 U/mL PennStrep for 4 h before being seeded with 0.75 x 104 cells/mL of L929 

fibroblasts with 250 µL of cell media in each well.  Scaffolds were cultured with cells for 72 h total 

with cell media replacement after 24 h.  After the 72 h incubation, 150 µL of cell media was 

removed and 25 µL of WST-1 reagent (Roche Diagnostics Corporation, Indianapolis, IN) was 

added to each well.  After 4 h, 100 µL of solution was removed from each well and placed in a 96-

well plate.  Absorbance at 450 nm was recorded for each well using a BioRad 680 Microplate 

Reader (Bio-Rad Laboratories, Inc., Hercules, CA).  The absorbance of wells with only cell media 

and WST-1 reagent were subtracted as blank values. 

4.2.4 Statistical analysis 

 All statistical analyses were performed using SAS 9.3 and Origin 9.0 software.  

Significant statistical differences between groups are determined by one-way analysis of variance 

(ANOVA) with pair-wise Tukey-Kramer post-tests with p<0.05 significance.  Values are reported 

as the mean with error bars representing the standard error of the mean. 

4.3 Results and discussion 

 Genipin was evaluated as a more biocompatible, alternative method of crosslinking 

decellularized porcine diaphragm tendon.  Scaffolds were crosslinked with genipin and varied in 



 

81 

 

the genipin concentration, duration of crosslinking, and crosslinking temperature.  Degree of 

crosslinking was determined by DSC and cell viability was determined using a WST-1 assay. 

4.3.1 Crosslinking optimization 

 The concentration of genipin was optimized by measuring the degree of crosslinking of 

scaffolds crosslinked using varying concentrations of genipin.  Figure 4.1 displays onset 

denaturation temperature, denaturation temperature, and heat of enthalpy for scaffolds 

crosslinked with 1 mM, 3 mM and 5 mM genipin for 1 h.  Both the 3 mM genipin scaffolds and 5 

mM genipin scaffolds have significantly higher onset denaturation temperatures and denaturation 

temperatures than the 1 mM genipin scaffolds.  Higher denaturation temperatures indicate higher 

degrees of crosslinking.  There are no significant differences in heats of enthalpy between 

scaffolds.  Since 3 mM genipin scaffolds have a sufficient degree of crosslinking according to 

previous studies and there is no significant increase in denaturation temperature by using 5 mM 

genipin over 3 mM genipin, it is concluded that 3 mM genipin is the minimum concentration of 

crosslinker needed to achieve the desired degree of crosslinking at 1 h of crosslinking.  Further 

tests of cell viability and duration of crosslinking are performed using a 3 mM concentration of 

genipin.   
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Figure 4.1 DSC results of genipin crosslinked porcine diaphragm tendon scaffolds at varying concentrations of genipin.  
Values are given as mean ± standard error the mean.  N≥2.  * Indicates groups with significantly higher mean 
temperatures compared to 1 mM genipin crosslinked scaffolds   

 

 The duration of crosslinking was investigated using the previously optimized 3 mM 

concentration of genipin.  Scaffolds were crosslinked with 3 mM genipin for 5 min, 15 min, and 30 

min with or without 100 nm AuNP at room temperature.  In addition, a set of scaffolds was 

crosslinked at 3 mM genipin for 30 min at 37°C with and without 100 nm AuNP.  There were no 

significant differences in the onset denaturation temperature and denaturation temperatures 

between any groups (Figure 4.2).  The heat of enthalpy of 100 nm AuNP scaffolds crosslinked for 

30 min at 37°C is significantly higher than that of 100 nm AuNP scaffolds crosslinked for 15 min 

at room temperature and is also higher than the 100 nm AuNP and genipin only crosslinked 

scaffolds crosslinked for 5 min and 30 min at room temperature.  Since the heat of enthalpy is not 

related to degree of crosslinking but more so to the moisture content of the sample, it was not 

further considered in this study.  Because there are no significant differences between groups for 
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onset denaturation temperature and denaturation temperature, it is concluded that additional 

crosslinking time beyond 5 min does not increase the degree of crosslinking in this study.  This 

may be due to the fact that most crosslinking may be completed within 5 min of the addition of the 

crosslinker and no additional functional groups are available for crosslinking after that initial time.   

 

Figure 4.2 DSC results of 3 mM genipin crosslinked porcine diaphragm tendon scaffolds at varying durations of 
crosslinking.  Values are given as mean ± standard error of the mean.  N≥3.  * Indicates groups with a significantly lower 
mean heat of enthalpy compared to 100 nm AuNP scaffolds crosslinked for 30 min with heat  

 

 In addition to investigating the duration of crosslinking, the effects of crosslinking 

temperature and presence of nanoparticles on degree of crosslinking were investigated.  It is 

hypothesized that crosslinking at higher temperatures may increase the degree of crosslinking 

[9].  There are no significant differences between crosslinking at 37°C and crosslinking at room 

temperature therefore further tests were conducted at room temperature.  It is hypothesized that 

crosslinking with nanoparticles may affect the degree of crosslinking of the scaffold due to the 
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potential difference in availability of functional groups.  There are no significant differences 

between genipin crosslinked groups with and without 100 nm AuNP indicating that the addition of 

100 nm AuNP does not alter the degree of crosslinking of the scaffold.  Based upon these results, 

it is concluded that crosslinking can be performed for 5 min with 3 mM genipin to provide 

sufficient degree of crosslinking.  

4.3.2 Cell viability 

 A WST-1 assay was performed on scaffolds crosslinked with 3 mM of genipin for 5 min, 

15 min, and 30 min with and without 100 nm AuNP.  Higher absorbance indicates higher cell 

viability.  There are no significant differences in absorbance between any groups (Figure 4.3).  

This result is expected based upon the DSC results that indicate no significant differences in 

degree of crosslinking between groups based on time or presence of 100 nm AuNP.  Stated 

differently, if the degree of crosslinking is the same, the viability is expected to be the same.  As 

previously discussed, the presence of crosslinkers may lower cell viability on tissue scaffolds.  

Thorough rinsing is required when using crosslinkers such as EDC to reduce cytotoxicity.  Due to 

the biocompatibility of genipin, genipin crosslinked scaffolds do not require extensive rinsing.  The 

purpose of the WST-1 assay is to ensure cell viability on scaffolds crosslinked with genipin.  

Results from this study confirm cell viability of genipin crosslinked scaffolds without extensive 

rinsing.   
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Figure 4.3 WST-1 assay of 3 mM genipin crosslinked porcine diaphragm tendon scaffolds at varying durations of 
crosslinking.  Values are given as mean ± standard error of the mean.  N=6.   

 

4.4 Conclusions 

 Genipin was investigated as an alternative crosslinker for tissue scaffolds.  Genipin 

concentration, duration of crosslinking, temperature of crosslinking, and cell viability were 

investigated.  Sufficient degree of crosslinking was achieved by crosslinking with 3 mM genipin 

for 5 min.  A short duration of crosslinking enables the possibility of crosslinking scaffolds in the 

operating room allowing surgeons to alter grafts based upon individual patient needs.  Cell 

viability results support that scaffolds crosslinked with genipin have cell viabilities comparable to 

decellularized scaffolds even without extensive rinsing of the scaffolds.  Genipin appears to be a 

good candidate for use as a biocompatible crosslinker of tissue scaffolds.  Additional long term 

viability needs to be assessed as well as the degree of crosslinking for crosslinking durations of 
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less than 5 min.  Direct comparisons of cell viability need to be performed between EDC and 

genipin crosslinked scaffolds to further assess the benefit of using genipin over EDC. 
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Chapter Five 
INVESTIGATIONAL ASSAYS 

 

 

5.1 Osteoblast mineralization assay 

5.1.1 Introduction 

 Mineralization is the process of producing inorganic compounds for bone tissue 

generation.  Inducing mineralization is often a key objective in hard tissue engineering to promote 

new bone formation.  In ACL reconstruction, mineralization is desired at the bone-graft interface 

within the bone tunnels to enhance boney integration.  Failure for grafts to integrate with bone 

hinders the development of a strong interface.  Enhancing mineralization at the bone-graft 

interface may allow for more natural fixation of the implanted graft and may reduce the incidence 

of graft pullout. 

 Mineralization occurs through the deposit of hydroxyapatite (HAp) crystals between 

collagen fibers [1].  Proteins such as osteocalcin have a high affinity towards HAp and influence 

the process of bone mineralization by manipulating osteoclast and osteoblast activity [2].  HAp 

has recently been used to supplement scaffolds to induce mineralization [3-7].  Benefits of HAp 

include the promotion of osteoblast proliferation and subsequent boney integration [8]. 

 In this study, the OsteoImage bone mineralization assay is investigated for quantifying 

osteoblast HAp deposition on decellularized porcine diaphragm tendon scaffolds conjugated with 

hydroxyapatite nanoparticles (nano-HAp) as a measure of mineralization.  Due to the presence of 

nano-HAp on the scaffolds, a baseline signal of HAp must first be established in order to quantify 

the additional amount of HAp deposited by osteoblasts.  A baseline signal in this study could not 

be established, preventing the use of the assay for characterization of HAp deposited by 

osteoblasts onto the scaffold.  
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5.1.2 Materials and methods  

5.1.2.1 Scaffolds and cell culture 

 The Clonetics Normal Human Osteoblast Cell System was used as the cell line in this 

assay.  The cells were cultured in the manufacturer’s media containing osteoblast basal medium 

with 10% (v/v) fetal bovine serum, 0.1% (v/v) ascorbic acid, 30 µg/ml gentamicin, and 15 ng/ml 

amphotericin.  Cells were cultured at 37°C and 5% CO2. 

 Scaffolds were created using decellularized porcine diaphragm tendon and nano-HAp.  

Porcine diaphragm tendon was decellularized in a 1% (v/v) tributyl phosphate and Tris buffer 

solution for 24 h followed by two 24 h rinses in DI water and a 24 h rinse in 70% (v/v) ethyl 

alcohol according to a previously established protocol [9].  Nano-HAp was conjugated to tissue 

following a previously established protocol for crosslinking tissue with nanomaterials [10].  Tissue 

was incubated for 15 min in crosslinking solution containing a 50:50 (v/v) solution of acetone and 

phosphate buffered saline (PBS) (pH=7.5) with 2 mM 1-ethyl-3-[3-dimethylainopropyl] 

carbodiimide (EDC) first dissolved in 0.1 M 2-(N-Morpholino) ethanesulfonic acid (MES) in 0.5 M 

sodium chloride (NaCl) (pH=6.0) and 5 mM N-hydroxysuccinimide (NHS) first dissolved in 

dimethylformamide (DMF).  Tissue was removed from crosslinking solution and the specified 

concentration (w/v) of <40 nm nano-HAp solution was added to cover tissue.  After 2 h, tissue 

was rinsed twice in PBS for 24 h each.  The tissue group denoted as “crosslinked” received the 

crosslinking treatment without the addition of a nano-HAp solution.  Scaffolds were sterilized by a 

30 min rinse in a 0.1% solution of paracetic acid in 1 M sodium chloride (NaCl) followed by two 24 

h rinses in sterile PBS according to a previously established protocol [10].   

5.1.2.2 OsteoImage assay 

 The OsteoImage assay quantifies HAp using OsteoImage Staining reagent which 

specifically binds to HAp and fluoresces at 492 nm excitation and 520 nm emission.  Osteoblasts 

were induced for mineralization using the manufacturer’s media further supplemented with 200 

nM hydrocortisone-21-hemisuccinate and 10 mM β-glycerophosphate.  Cells were cultured on 
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scaffolds in a 96-well plate at a density of 7,500 cells/well for 7 or 14 days.   

 After the specified period of osteoblast culture, cell media was removed and scaffolds 

were rinsed in sterile PBS.  Scaffolds were frozen, lyophilized overnight, digested in papain buffer 

(125 µg/mL papain in PBE buffer containing sterile PBS with 5 mM cysteine-HCl and 5 mM 

Na2EDTA) overnight at 60°C, and vortexed.  In order for the dye to bind to the HAp on the 

scaffolds, digested samples were centrifuged to remove excess papain buffer, vortexed with dye, 

and then rinsed of excess dye as described in the following steps.  Samples were first centrifuged 

for 5 min at 10,000 x g and supernatant was removed.  Diluted wash buffer was added, vortexed, 

centrifuged, and supernatant was again removed and the process was repeated.  The diluted dye 

reagent was added to each sample, vortexed, and placed on a shaker table for 30 min away from 

light.  Samples were centrifuged again and supernatant was removed.  Samples were rinsed in 

wash buffer 3 times.  Diluted wash buffer was added to each sample and transferred to a 96-well 

plate.  The plate was read on a fluorescent plate reader using 492 nm excitation and 520 nm 

emission.  

5.1.2.3 Sample characteristics  

 Sample characteristics are outlined in Table 5.1.  A check in the column “scaffold” 

indicate groups that contain a decellularized porcine extracellular matrix conjugated with the 

indicated concentration of <40 nm nano-HAp solution.  Groups that are not checked in the 

“scaffold” column do not contain scaffolds but contain only the indicated concentration of <40 nm 

nano-HAp solution or buffer/dye solution.  The time in the column “incubation” indicates the length 

of time that the samples were incubated in differentiation media at 37°C either with or without 

cells.  If the column “incubation” is blank, the sample was not incubated in differentiation media.  

A check in the column “cells” indicates that the samples were cultured with cells and no check 

indicates samples were not cultured with cells.  A check in the column “dye” indicates samples 

containing the dye reagent and no check indicates samples not containing the dye reagent.  The 

column “centrifuge” indicates which part of the digest solution was used as the sample after the 

centrifugation step.  Samples marked as “pellet” indicate samples consisting of the centrifugation 
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pellet resuspended in PBS after the supernatant was removed.  Samples marked as 

“supernatant” indicate samples in which the centrifugation supernatant was used as the test 

sample.  Samples with the prefix “control” indicate scaffolds that were sterilized but were not 

incubated with either cell media or cells.  Samples with the prefix “S” indicate samples in which 

the supernatant component of centrifugation was used as the sample. 

Table 5.1 Sample characteristics and fluorescence intensity.  Fluorescence intensity is given as mean ± 
standard error of the mean.  

Group Scaffold Incubation Cells Dye Centrifuge N 
Fluorescence 

Intensity 

Scaffolds 

Crosslink_7d_NoCell  7 day   Pellet 3 20077±6827 

Crosslink_14d_NoCell  14 day   Pellet 3 15164±1400 

Crosslink_7d  7 day   Pellet 3 23340±953 

Crosslink_14d  14 day   Pellet 3 19356±854 

0.1%HAp_7d_NoCell  7 day   Pellet 3 15195±301 

0.1%HAp_14d_NoCell  14 day   Pellet 3 21377±2085 

0.1%HAp_7d  7 day   Pellet 3 21319±1427 

0.1%HAp_14d  14 day   Pellet 3 16458±1420 

1%HAp_7d_NoCell  7 day   Pellet 3 18222±1916 

1%HAp_14d_NoCell  14 day   Pellet 3 22653±2212 

1%HAp_7d  7 day   Pellet 3 20852±2210 

1%HAp_14d  14 day   Pellet 3 32628±3063 

S0.1%HAp_7d  7 day   Supernatant 3 15189±751 

S1%HAp_7d  7 day   Supernatant 3 15372±713 

Controls 

10%HAp_Sol      1 Overflow 

5%HAp_Sol      1 Overflow 

1%HAp_Sol      1 Overflow 

0.1%HAp_Sol      1 65587 

Control_0.1%     Pellet 3 17416±536 

Control_1%     Pellet 2 20483±2690 

Control_Crosslink     Pellet 1 14050 

Crosslink_14d_NoDye  14 day   Pellet 1 10954 

0.1%HAp_14d_NoDye  14 day   Pellet 1 10833 

1%HAp_14d_NoDye  14 day   Pellet 1 16878 

50%Dye_50%Buff      1 Overflow 

25%Dye_75%Buff      1 Overflow 

Buffer      3 11512±628 
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5.1.2.4 Statistical analysis 

 All statistical analyses were performed using SAS 9.3 and Origin 9.0 software.  

Significant statistical differences between groups are determined by one-way analysis of variance 

(ANOVA) with pair-wise Tukey-Kramer post-tests with p<0.05 significance.  Values are reported 

as the mean with error bars representing the standard error of the mean. 

5.1.3 Results and discussion 

 Osteoblasts were cultured on decellularized porcine diaphragm tendon scaffolds 

conjugated with <40 nm nano-HAp and fluorescently tagged to measure HAp content.  The 

purpose of this study was to investigate if this assay could be used to evaluate HAp deposition on 

scaffolds containing nano-HAp.  The mean fluorescence intensities of individual test groups are 

given in Table 5.1.  

5.1.3.1 Linear regression 

 The fluorescence intensity of scaled concentrations of nano-HAp and dye reagent were 

measured to test the efficacy of the dye for measuring the concentration of HAp.  After an initial 

reading, the 10% nano-HAp solution had a fluorescence intensity that was many factors higher 

than the other groups.  The gain was adjusted and scaled so that the 0.1% nano-HAp solution 

had the highest fluorescence intensity and the 1%, 5% and 10% nano-HAp solution values were 

discarded as overflow.  A linear regression analysis (data not show) was performed on the 

fluorescence intensity of 1%, 0.1%, 0.01%, 0.001% and 0% nano-HAp solutions to create a 

standard that correlates specific fluorescence values to specific masses of HAp.  The adjusted R 

square value of this regression is 0.963.   

5.1.3.2 Assay evaluation 

 Several comparisons between sample groups were made to test the ability of the assay 

to evaluate HAp deposited on scaffolds containing nano-HAp including: samples with and without 

cells, samples varying in nano-HAp concentration, samples using the pellet or the supernatant 
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component after centrifugation, samples cultured for 7 days versus 14 days, and samples with 

and without dye added.  Figure 5.1 graphically depicts assay results of select test groups. 

 

Figure 5.1 Fluorescence intensity values of digest pellet scaffolds with and without cells at 7 days and 14 days of culture.  
Values are shown as mean ± standard error of the mean. 

 

 The only significant difference between groups with and without cells is that the 0.1% 

nano-HAp scaffolds cultured with cells for 7 days have significantly higher fluorescence intensity 

values than scaffolds without cells.  The fact that other groups do not show a significant 

difference between scaffolds with and without cells likely indicates a strong interfering 

background signal from the scaffold itself.  Specifically, a lack of significant difference between 

scaffolds with and without cells occurs in both crosslinked scaffolds and 1% nano-HAp scaffolds.  

This indicates that the tissue itself contributes to the fluorescence intensity, not just the nano-HAp 

on the scaffold.  Additionally, the significant difference could indicate that osteoblasts produced 

HAp on the 0.1% nano-HAp scaffolds cultured with cells for 7 days, and osteoblasts were not 

promoted to produce HAp on the other scaffolds.  This possibility is unlikely due to the lack of 

significant difference between the 0.1% nano-HAp scaffolds cultured with cells for 7 days and the 

control group (no cell media or cell incubation). 



 

93 

 

 The only significant difference between groups varying only in nano-HAp concentration is 

that the 1% nano-HAp scaffolds cultured with cells for 14 days have a significantly higher 

fluorescence intensity than the crosslinked and 0.1% nano-HAp scaffolds cultured with cells for 

14 days.  This result suggests that more mineralization may have occurred on 1% nano-HAp 

scaffolds from osteoblast deposition possibly due to the higher concentration of HAp on the 

scaffold.  The lack of significant differences between the 0.1% and the 1% nano-HAp scaffolds 

cultured with cells for 14 days groups and crosslinked group compared to the control groups and 

no cell groups renders this significant difference unreliable. 

 Select samples were taken from the digest supernatant instead of the digest pellet to 

examine if any HAp was retained in the supernatant rather than in the pellet.  Values from the 

supernatant are lower or the same as values from the pellet indicating that the supernatant likely 

does not contain higher amounts of tagged HAp.  That being said, there is a possibility that some 

HAp is lost within the supernatant since the values may be of equal value. 

 There is a significant difference between the 0.1% nano-HAp control scaffolds at 7 days 

and at 14 days.  This difference suggests that even without cells, incubation in the differentiation 

media may also contribute to a fluorescence signal.  This signal may be due to the deposit of 

proteins or other components of the cell media onto the scaffold.   

 Further, the fluorescence properties of the dye were investigated to analyze whether the 

background signal originates from the scaffold itself or from dye bound to the scaffold.  Figure 5.2 

shows spectra of A) dye only, B) 1% nano-HAp scaffolds cultured with cells for 14 days with dye 

and C) 1% nano-HAp scaffolds cultured with cells for 14 days without dye.  There is a significant 

signal from the scaffolds without dye indicating that scaffold components contribute to a portion of 

the signal.  
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Figure 5.2 Fluorescence spectra at 492-494 nm excitation and 300-600 nm emission of A) dye only, B) 1% nano-HAp 
scaffolds with cells for 14 days with dye and C) 1% nano-HAp scaffolds with cells for 14 days without dye 

 

5.1.4 Conclusions 

 In summary, the results of this assay indicate the inability of the assay to quantify 

osteoblast deposited HAp on the scaffold.  The assay needs an improved method of sample 

collection to eliminate the fluorescence signal that originates from the scaffold rather than from 

the added dye to accurately measure HAp.  Further assay development may include improved 

homogenization of scaffolds to reduce precipitate interference and individually testing 

components of the sample to identify the origin of the interfering signal.  Ultimately, the baseline 

signal was too high to use the assay to quantify HAp deposited by osteoblasts onto the scaffold.  

5.2 Degree of crosslinking 

5.2.1 Introduction 

 The degree of crosslinking of scaffolds can be measured using DSC as well as a variety 

of degree of crosslinking assays.  The denaturation temperature obtained from DSC of a 

crosslinked scaffold is proportional to the degree of crosslinking.  Degree of crosslinking assays 

may provide a more precise method of evaluating degree of crosslinking than DSC.  Some 

assays commonly used for quantifying degree of crosslinking include assays that quantify the free 

amino group content such as the 2,4,6-trinitrobenzen 1-sulfonic acid (TNBS) assay [11, 12] and 

the ninhydrin assay [13, 14]. 

 In this study, a TNBS degree of crosslinking assay is investigated as a method to 

A B C 
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evaluate the degree of crosslinking of decellularized porcine diaphragm tendon.  TNBS assay 

degree of crosslinking results are compared to DSC results.  Significant differences in degree of 

crosslinking found between scaffolds in DSC testing could not be replicated by the TNBS assay.  

Further optimization of the assay is required before it can be used to quantify the degree of 

crosslinking of tissue scaffolds. 

5.2.2 Materials and methods 

 Porcine diaphragm tendon was decellularized in a 1% (v/v) tributyl phosphate and Tris 

buffer solution for 24 h followed by two 24 h rinses in DI water and a 24 h rinse in 70% (v/v) ethyl 

alcohol according to a previously established protocol [9].  Tissue was crosslinked following a 

previously established protocol for attaching nanoparticles to scaffolds with the exception of EDC 

concentration [10].  EDC concentration in crosslinking solution was either 2 mM or 10 mM.  

Tissue was incubated for 15 min in crosslinking solution containing a 50:50 (v/v) solution of 

acetone and phosphate buffered saline (PBS) (pH=7.5) with 2 mM 1-ethyl-3-[3-

dimethylainopropyl] carbodiimide (EDC) first dissolved in 0.1 M 2-(N-Morpholino) ethanesulfonic 

acid (MES) in 0.5 M sodium chloride (NaCl) (pH=6.0) and 5 mM N-hydroxysuccinimide (NHS) first 

dissolved in dimethylformamide (DMF).  After 2 h, tissue was rinsed twice in PBS for 24 h each.  

“Decellularized” scaffolds did not undergo the crosslinking process.  

 Samples were punched into 1 mm diameter discs using a circular punch.  Tissue was 

rinsed in PBS, frozen, then lyophilized overnight.  The dry weights of scaffolds were recorded 

after lyophilization.  Each scaffold was incubated with 400 µL of 0.1 M sodium bicarbonate and 

250 µL of 0.1% TNBS for 2 h at 40°C.  12 M HCL was added to each scaffold and samples were 

incubated until completely dissolved.  300 µL of each sample was added to 1.7 mL of DI water 

and absorbance was read on a BioRad 680 Microplate Reader (Bio-Rad Laboratories, Inc., 

Hercules, CA) at 345 nm excitation and 425 nm emission.  Absorbance readings were normalized 

by the weight of each scaffold. 

 DSC was conducted to quantify the degree of crosslinking for comparison to the TNBS 

assay.  DSC was performed using a Q2000 DSC (TA Instruments, New Castle, DE).  Between 10 
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mg and 30 mg of tissue was sealed with 2 µL of DI water in aluminum pans with a hermetic lid.  

Samples were run (n=4) from -5°C to 120°C at a rate of 3°C per min modulation every 80 s ± 

0.64°C.  Universal Analysis software integration tool was used to determine the onset 

denaturation temperature and denaturation temperature from the non-reversing heat flow signal. 

5.2.3 Results and discussion 

 The TNBS degree of crosslinking assay was performed for evaluation as a viable method 

of quantifying the degree of crosslinking of tissue scaffolds.  The assay is evaluated by comparing 

results between the assay and DSC of the degree of crosslinking of decellularized porcine 

diaphragm tendon scaffolds crosslinked with 2 mM and 10 mM EDC.  

 DSC results confirm successful crosslinking of decellularized porcine diaphragm tendon 

scaffolds.  The onset denaturation temperature and denaturation temperature are used to assess 

degree of crosslinking with higher temperatures indicating higher degrees of crosslinking.  

Decellularized scaffolds and 2 mM EDC scaffolds have significantly lower onset denaturation 

temperatures and denaturation temperatures compared to 10 mM EDC scaffolds (Figure 5.3).  

This difference confirms a higher degree of crosslinking of scaffolds crosslinked with a higher 

concentration of EDC.  The lack of a significant difference between decellularized scaffolds and 2 

mM EDC crosslinked scaffolds confirms that only light crosslinking is achieved at a 2 mM 

concentration of EDC.  Light crosslinking is desired to preserve the open microstructure of the 

ECM and allow for cellular integration [15].  
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Figure 5.3 DSC results for porcine diaphragm tendon scaffolds crosslinked with 2 mM and 10 mM EDC.  Values are 
shown as mean ± standard error of the mean.  N=4.  * Indicates significantly different mean compared to decellularized 
and 2 mM scaffolds 

 

 The absorbance values produced by the TNBS assay correspond to the number of free 

amine groups in the sample and are inversely proportional to the degree of crosslinking.  There 

are no significant differences in absorbance between any groups indicating no difference in 

degree of crosslinking between groups (Figure 5.4).  This result contrasts the DSC results which 

indicate a significant difference in degree of crosslinking between 2 mM and 10 mM EDC 

scaffolds. 
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Figure 5.4 TNBS assay results for porcine diaphragm tendon scaffolds crosslinked with 2 mM and 10 mM EDC 
normalized by the dry scaffold weight.  Values are shown as mean ± standard error the mean.  N=6.  

 

 Differences between DSC results and assay results indicate that further development of 

the TNBS assay is needed for its application as a measure of degree of crosslinking of 

decellularized porcine diaphragm tendon.  It is possible that the assay is not as sensitive as the 

DSC at measuring degree of crosslinking and greater differences in degree of crosslinking are 

needed to observe any significant differences.  In addition, the standard error of sample means is 

high indicating that there is a large variance between individual samples within a given group.  It 

is possible that although samples are normalized by their weight, the assay is not sensitive 

enough to account for natural differences between biological samples.  Future studies include a 

wider range of degrees of crosslinking to determine if greater differences in degree of crosslinking 

can be detected using the TNBS assay.  Additionally, alternative assays that measure free amine 

content should be investigated for comparison such as the ninhydrin assay. 
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5.2.4 Conclusions 

 The TNBS degree of crosslinking assay was performed for assessment as a viable 

method of quantifying the degree of crosslinking of tissue scaffolds.  The degree of crosslinking of 

2 mM EDC scaffolds and 10 mM EDC scaffolds determined by DSC indicate differences in 

degree of crosslinking while the TNBS assay indicates no difference.  The standard error on 

sample means is too high in the TNBS assay to demonstrate differences in degree of crosslinking 

between scaffolds.  Further development of the TNBS assay is needed for its application as a 

measure of degree of crosslinking of decellularized porcine diaphragm tendon. 
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Chapter Six 
INVESTIGATION OF CELL VIABILITY OF PAPAIN 

DIGESTED EXTRACELLULAR MATRIX 

 

 

6.1 Introduction 

 As described in Chapter 2, extracellular matrix (ECM) scaffolds can promote constructive 

tissue remodeling.  More specifically, literature suggests that the benefits of ECM scaffolds may 

arise from the degradation products of ECM [1].  A study was conducted to investigate the effect 

of degraded ECM on cell proliferation based upon work by Reing et al. [1].  Decellularized porcine 

diaphragm tendon scaffolds were digested in papain buffer and then cultured with fibroblasts.  A 

wound healing assay, qualitative cell viability assay, and WST-1 assay were conducted on the 

digested scaffolds. 

6.2 Materials and methods 

6.2.1 ECM digests 

 Decellularized porcine diaphragm tendon was used to create samples of digested ECM.  

Porcine diaphragm tendon was decellularized in a 1% (v/v) tributyl phosphate and Tris buffer 

solution for 24 h followed by two 24 h rinses in DI water and a 24 h rinse in 70% (v/v) ethyl 

alcohol according to a previously established protocol [2].  Tissue was sterilized according to a 

protocol by Deeken et al. [3].  Tissue was rinsed in an aqueous solution of 1 M sodium chloride 

(NaCl) and 0.1% (v/v) peracetic acid for 30 min with constant agitation followed by two 24 h 

rinses in sterile PBS. 

 Sterilized tissue was lyophilized prior to enzymatic digestion.  Between 100 mg and 130 

mg of lyophilized tissue was digested in 1 mL of papain digestion buffer containing 125 µg/mL 

papain in PBE buffer containing sterile PBS with 5 mM cysteine-HCl and 5 mM Na2EDTA at 60°C 
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overnight.  1 mM E-64 protease inhibitor was added to the digested tissue for a final 

concentration of 10 µM inhibitor in solution.  This solution is referred to as “full digest”.   

 The qualitative cell viability assay and WST-1 assay investigate various concentrations 

and components of the full digest.  To separate components of the full digest, samples were 

centrifuged for 6 min at 1000 rpm.  The supernatant was removed and is referred to as “digest 

supernatant”.  One mL of PBS was vortexed with the remaining pellet and is referred to as “digest 

pellet”.  These solutions were combined with cell media to give different concentrations of digest 

in cell media.  The 1X digest concentration refers to samples containing 10 µL of a digest solution 

in 490 µL of cell media.  The 10X digest concentration refers to samples containing 100 µL of a 

digest solution in 400 µL of cell media.  This formulation applies to the 5X and 15X solutions in a 

similar manner.  The “PBS control” samples contain an equal amount of PBS in place of any 

digest solution.  For example, “5X PBS controls” contains 50 µL of PBS and 450 µL of cell media.   

6.2.2 Wound healing assay   

 A CytoSelect Wound Healing Assay was performed on digested scaffolds.  Digest 

solutions were created with 100 mg of lyophilized crosslinked porcine diaphragm tendon digested 

in 1 mL papain digestion buffer.  The “full digest” was used.  A control solution was created using 

1 mL papain digestion buffer without the addition of lyophilized tissue and is referred to as “digest 

control”.  L929 fibroblast cells were seeded at a density of 4 x 105 cells/well on a 24-well Wound 

Healing Assay Plate.  The Wound Healing Assay Plate contains wound field inserts creating a cell 

exclusion zone at the center of the wells.  Cells inserted around these inserts created a confluent 

monolayer on the bottom of the plate after 48 h.  After the monolayer was established, the wound 

field inserts were removed and digest solutions were added with cell media.  Three sample types 

were tested: cell media only, full digest, or digest control.  Cell media only wells received 500 µL 

of cell media, full digest wells received 275 µL of cell media and 225 µL of full digest, and digest 

control received wells received 275 µL of cell media and 225 µL of digest control.  The assay 

proceeded for either 24 h or 48 h.  At end of the assay cell media was removed and wells were 

incubated with 400 µL of cell stain solution for 15 min.  Wells were rinsed 3 times with DI water 
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and air dried for 5 min.  Brightfield images were taken on an Olympus IX70 Inverted System 

microscope. 

6.2.3 Qualitative cell viability 

 L929 fibroblast cells were grown to confluency on a 48-well plate.  Full digest, digest 

pellet, digest supernatant, or cell media only wells were added to the plate at a 1X or 10X 

concentration of digest solution.  After 24 or 48 h, digest solution and cell media were removed 

from each well.  Cell stain solution from the CytoSelect Wound Healing Assay was added to each 

well followed by 3 rinses with DI water.  Images were taken on an Olympus IX70 Inverted System 

microscope.   

6.2.4 Quantitative cell viability 

 A WST-1 assay was performed on 1X, 5X, 10X, and 15X concentrations of full digest, 

digest pellet, digest supernatant, and cell media only.  Cells were added to the bottom of a 48-

well plate with 3.0 x 104 cells/well in 0.5 mL cell media and adhered to the plate overnight.  

Solutions of digest and cell media were added to each well at 1X, 5X, 10X, and 15X 

concentrations with a 0.5 mL total working volume.  After 48 h WST-1 reagent was added to each 

well and samples were incubated for 4 h.  Samples were transferred to a new 96-well plate and 

absorbance was read at 450 nm using a BioRad 680 Microplate Reader (Bio-Rad Laboratories, 

Inc., Hercules, CA).  The value of a ‘blank’ well containing cell media and WST-1 reagent was 

subtracted from each absorbance reading. 

6.2.5 Statistical analysis 

 All statistical analyses were performed using SAS 9.3 and Origin 9.0 software.  

Significant statistical differences between groups are determined by one-way analysis of variance 

(ANOVA) with pair-wise Tukey-Kramer post-tests with p<0.05 significance.  Values are reported 

as the mean with error bars representing the standard error of the mean. 
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6.3 Results and discussion  

 To investigate the effects of digested ECM on cell behavior, decellularized porcine 

diaphragm tendon scaffolds were digested in papain buffer and cultured with fibroblasts.  A 

wound healing assay, qualitative cell viability assay, and WST-1 assay were conducted on 

solutions of digested ECM. 

6.3.1 Wound healing assay 

 A 24 h or 48 h wound healing assay was conducted to visualize the effect of digested 

ECM on cell migration and overall cell viability.  Cells were cultured with either cell media only, full 

digest, or digest control.  Images of wells containing cell media only and digest control after 24 h 

and 48 h are shown in Figure 6.1.  Images of wells with cell media only demonstrate cell 

proliferation into the center cell exclusion zone at 24 h and 48 h.  Wells with digest control do not 

demonstrate cell proliferation into cell exclusion zone and show evidence of cell necrosis at both 

24 h and 48 h.  These results indicate that the digest control is toxic to cells at the given 

concentration.  Wells containing the full digest were also imaged (data not shown) and have cell 

viabilities comparable to that of the digest control.  It is concluded that the concentration of the 

both the digest control and the full digest is too high to sustain cell viability and subsequent cell 

migration.   
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 Cell media only Digest control 

24 h 

  

48 h 

  

Figure 6.1 Wells containing either cell media only or digest control after 24 h and 48 h of migration 

 

6.3.2 Qualitative cell viability 

 Qualitative cell viability was investigated on wells containing full digest, digest pellet, 

digest supernatant, and cell media only at a 1X or 10X concentration.  The cell growth area was 

diverse and multiple images were taken of each sample to capture representative images 

therefore two representative images are shown for each sample in Figures 6.2-6.4.  Figure 6.2 

contains images of cells cultured in cell media only for 24 h and 48 h.  Cells appear confluent at 

both 24 h and 48 h.   
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 Cell media only 

24 h 

  

48 h 

  

Figure 6.2 Wells with cell media only for 24 h and 48 h of cell culture 

 

 Figure 6.3 contains images of 1X and 10X concentrations of full digest, digest pellet, and 

digest supernatant cultured with fibroblasts for 24 h.  A 10X concentration of the full digest and 

digest supernatant significantly decreases cell viability.  The 1X and 10X digest pellet appear to 

have the same viability.  All samples appear to have lower cell viabilities compared to cell media 

only wells.   
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 Digest concentration – 24 h 

 1X 10X 

Full digest 
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Figure 6.3 Wells with full digest, digest pellet, and digest supernatant after 24 h of cell culture 

 

 Figure 6.4 contains images of a 1X concentration of full digest, digest pellet, and digest 

supernatant after 48 h of incubation.  The full digest and digest supernatant have slightly lower 

cell viabilities compared to cell media only samples.  The digest pellet appears to have cell 

viability similar to that of cell media. 
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 1X concentration - 48 h 

 

Full digest 

 

 

 

Digest pellet 

 

 

 

Digest 
supernatant 

  

 

Figure 6.4 Wells with a 1X concentration of full digest, digest pellet, and digest supernatant after 48 h of cell culture 

 

 Results from the qualitative cell viability assay indicate a possible cytotoxic effect from 

the full digest, digest pellet, and digest supernatant at 10X concentrations.  This cytotoxicity may 

be caused by components of the digest such as the papain.  Additionally, it is possible that at a 

10X concentration of digest solution, cells did not receive enough cell media to survive.  At 48 h, 

the full digest and digest supernatant have slightly lower cell viabilities compared to cell media 

only samples while the digest pellet appears to have a cell viability similar to that of cell media.  It 

is possible that the concentration of scaffold degradation products in the digest pellet in PBS is so 

minimal that it is effectively the same as incubation in PBS. 
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6.3.3 Quantitative cell viability 

 A WST-1 assay was conducted on digest solutions to quantify cell viability on 1X, 5X, 

10X, and 15X concentrations of full digest, digest pellet, digest supernatant, or cell media only.  

Figure 6.5 demonstrates the cell viability of digest solutions compared to PBS controls.  The cell 

media only wells have a significantly higher cell viability than the 1X full digest, 1X digest 

supernatant, 1X PBS control, 5X digest pellet, and 5X PBS control.  There are no significant 

differences between digest solutions and their PBS controls at each concentration.  The 10X 

digest pellet has a significantly higher cell viability than the 1X full digest and the 5X digest pellet.  

The 15X digest pellet has a significantly higher cell viability than the 5X digest pellet.  The 10X 

PBS control wells have a significantly higher cell viability than the 5X PBS control.   
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Figure 6.5 WST-1 assay results for digest solutions cultured with L929 fibroblast cells.  Values shown as mean ± standard 
error of the mean.  * Indicates samples with significantly lower cell viability compared to cell media only wells 

 

 WST-1 results indicate significantly lower cell viability from the addition of 1X full digest, 

1X digest supernatant, and 5X digest pellet compared to cell media only wells.  Interestingly, 

some higher concentrations of digest are not significantly different from cell media only wells.  

The results suggests that higher concentrations of digest may increase cell viability over lower 

concentrations of digest.  This difference may actually be due to the change in PBS/cell media 

concentration rather than by the addition of ECM degradation products since differences are not 

seen between the digests and their PBS controls.  This explanation is supported by the fact that 

10X PBS control wells have a significantly higher cell viability than the 5X PBS control.  
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6.4 Conclusions 

 A wound healing assay, qualitative cell viability assay, and WST-1 assay were conducted 

on decellularized porcine diaphragm tendon digested in papain buffer.  Results from the wound 

healing assay indicate cytotoxic effects of the full digest on L929 cells.  A qualitative cell viability 

assay was conducted to investigate if these cytotoxic effects occur at particular concentrations of 

digest solutions.  Results from the qualitative cell viability assay indicate a possible cytotoxic 

effect of the full digest, digest pellet, and digest supernatant at 10X concentrations.  WST-1 

results indicate significantly lower cell viability from the addition of the lower concentration of 

digests compared to cell media only wells.  In conclusion, there does not appear to be benefit 

from the addition of papain digested ECM.  Additional methods for extracting and culturing cells 

with ECM components need to be explored further to determine if there is potential benefit to cell 

viability and proliferation.  One additional method of exposing cells to ECM degradation products 

is the homogenization of ECM rather than digestion and is described in Chapter 7.   
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Chapter Seven 
HOMOGENIZED PORCINE EXTRACELLULAR MATRIX 

DERIVED INJECTABLE TISSUE CONSTRUCT WITH 
GOLD NANOPARTICLES FOR MUSCULOSKELETAL 

TISSUE ENGINEERING APPLICATIONS 

 

 

7.1 Abstract 

 A porcine extracellular matrix (ECM) derived injectable tissue construct with 100 nm or 20 

nm gold nanoparticles (AuNP) has been developed for musculoskeletal tissue engineering 

applications.  ECM has been shown to encourage cellularity and tissue remodeling due to its 

release of growth factors while AuNP have been shown to reduce reactive oxygen species (ROS) 

levels.  Injectable tissue constructs were created by homogenizing decellularized porcine 

diaphragm tendon conjugated with 100 nm or 20 nm AuNP at 1X, 4X, and 8X concentrations.  

Extrusion force testing demonstrated that homogenized tissue constructs are injectable at an 

appropriate cannula size and force.  L929 murine fibroblasts were used to measure cell viability, 

cell proliferation, intracellular ROS levels, and cell migration on constructs.  Enhanced cell 

viability and proliferation are observed on 1X 20 nm AuNP constructs.  ROS assays demonstrate 

reduced cellular ROS concentrations from all 20 nm AuNP constructs and from 8X 100 nm AuNP 

constructs compared to constructs without nanoparticles.  Cellular migration is higher towards 4X 

20 nm AuNP constructs compared to constructs without nanoparticles.  Results support the 

potential use of a porcine ECM derived injectable tissue construct with AuNP to reduce 

inflammation and to promote tissue remodeling in musculoskeletal tissue engineering 

applications. 
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7.2 Introduction 

 ECM based scaffolds are becoming increasingly popular in musculoskeletal tissue 

engineering [1].  These decellularized scaffolds have a lower inflammatory response and 

improved cellular integration compared to synthetic materials [2].  In addition, the ECM contains 

cytokines and growth factors such as transforming growth factor beta, keratinocyte growth factor, 

and platelet derived growth factor that promote constructive tissue remodeling as the ECM 

naturally degrades [1].  Degraded ECM products have also been shown to have chemotactic 

properties for fibroblasts and for some macrophages which may enhance ECM production [3-5].  

ECM contains points of cellular attachment providing an ideal environment for cell proliferation 

[1].   

 While there are many benefits of using ECM based materials, their application can be 

limited due to their form as a graft material.  Creating an ECM based material that can be 

delivered by injection allows the benefits of ECM to be applied to a wider variety of applications 

including myocardial infarction [6], reconstruction of skeletal muscle [7], musculoskeletal 

applications [8], urinary incontinence [9], adipose tissue engineering [10], and orthopaedic 

applications such as meniscus repair [11].  Here we have developed an injectable ECM-based 

tissue construct for musculoskeletal tissue engineering applications such as post-traumatic 

osteoarthritis (PTOA), rheumatoid arthritis, and osteoporosis.  In these diseases wear in the 

cartilage of the joint causes painful bone on bone wear.  Therapies to address symptoms short-

term include intra-articular injections of pain killers, anti-inflammatory agents, corticosteroid, or 

hyaluronic acid which are usually delivered once per week for 3-5 weeks.  Unfortunately, these 

therapies only offer temporary pain relief.  There is little mid-term or long-term benefit due to the 

rapid breakdown of the therapeutic agents and the failure to alleviate the actual cause of 

symptoms.  None of these treatments provide effective long-term relief while maintaining natural 

joint functionality.  An injectable ECM scaffold may be used to fill cartilage defects and promote 

remodeling providing a longer term benefit.   

 An ideal tissue construct for musculoskeletal applications should provide an environment 
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that reduces inflammation and promotes tissue remodeling to repair tissue defects.  Inflammation 

can cause damage including tissue degradation from ROS.  Reducing ROS levels may mitigate 

the damaging effects to the tissue and prevent remodeled tissue from quick degradation.  Tissue 

remodeling requires cell migration, attachment, and proliferation.  An ideal construct would 

provide an environment that stimulates cellularity in order to repair tissue defects. 

 AuNP have become increasingly used in tissue engineering due to myriad benefits 

including biocompatibility, promotion of remodeling, and ability to reduce inflammation [12-14].  It 

has also been shown that the conjugation of AuNP to ECM tissue scaffolds enhances remodeling 

in vivo [15].  This remodeling may be due to an increase in cellularity and GAG production in the 

presence of AuNP [16].  AuNP can increase migration and adhesion of cells onto tissue scaffolds 

due to AuNP’ increased surface energy or due the creation of a topography favoring cell 

attachment [16].  In addition, it is suggested that AuNP may block binding sites for collagenase, 

slowing in vivo degradation [16].  Gold and specifically AuNP, have been used as an anti-

inflammatory agent for many years [17-19].  AuNP are zerovalent, have high surface reactivity, 

and are resistant to oxidation.  Studies have demonstrated AuNP’ usefulness as a therapeutic 

treatment for diseases such as chronic inflammation and rheumatoid arthritis [20].  This reduction 

in inflammation may be attributed to anti-oxidative effects of AuNP.  Several studies have 

demonstrated the effectiveness of using AuNP as a free radical scavenger [21, 22].  It was found 

that AuNP act as anti-oxidative agents by inhibiting the formation of ROS and scavenging free 

radicals, which lowered oxidative stress levels in mice [22].  The mechanism by which AuNP 

inhibit oxidative stress has not been completely determined.  One theory suggests that AuNP 

inhibit lipids from peroxidation [23, 24].  Other theories state that AuNP can restore metabolic 

enzymes damaged by hyperglycemia [22], normalize bile action [25], and interact with 

thioredoxin, a conserved thiol reductase that participates in the regulation of cellular redox 

balance [26]. 

 Here we develop an ECM-AuNP based tissue construct for musculoskeletal tissue 

engineering applications.  AuNP were amine-functionalized and conjugated to decellularized 

porcine diaphragm tendon.  The tissue was then homogenized into an injectable form to be 
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delivered to the defect.  In addition to the benefits of ECM and AuNP as previously discussed, 

there are several benefits to using a combined ECM/AuNP construct.  By conjugating the AuNP 

to the ECM, the native microstructure of the ECM is maintained while enhancing stability and 

allowing cellular integration.  The crosslinking treatment used in the conjugation of AuNP slows 

tissue degradation which allows additional time for neo-cartilage formation and longer lasting anti-

inflammatory effects.  AuNP are conjugated to tissue to prevent "wash-out" and to maintain 

effectiveness for longer periods of time compared to attachment by simple adsorption to the 

tissue.  By homogenizing the tissue, the benefits of ECM and AuNP can be delivered to the 

defect site in an injectable form.  

7.3 Materials and methods  

7.3.1 Preparation of constructs 

7.3.1.1 Tissue harvest and decellularization 

 Porcine tissue was harvested immediately after euthanization at the University of 

Missouri School of Medicine (Columbia, MO).  The central diaphragm tendon was dissected from 

surrounding tissue and stored in Tris Buffer solution consisting of 5 mM 

ethylenediaminetetraacedic acid (EDTA), 0.4 mM phenylmethylsulfonyl (PMSF), and 0.2%(w/v) 

sodium azide (pH=8.0) at 4°C.  Tissue was decellularized in a 1% (v/v) tributyl phosphate and 

Tris buffer solution for 24 h according to previously established protocol [27].  This was followed 

by two 24 h rinses in DI water and a 24 h rinse in 70% (v/v) ethyl alcohol.   

7.3.1.2 Conjugation of nanomaterials 

 Nanoparticles were purchased from Ted Pella, Inc. (Redding, CA).  Concentrations refer 

to concentration of nanoparticles used in crosslinking procedure relative to the initial 

concentration given by the supplier.  1X concentration refers to 7.0 x 1011 particles/mL for 20 nm 

AuNP and to 5.6 x 109 particles/mL for 100 nm AuNP.  4X and 8X concentration are 4 and 8 

times as concentrated as 1X concentrations, respectively.  Attachment of AuNP to tissue was 
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conducted according to a previously established protocol [15].  AuNP were functionalized with 15 

µM 2-mercaptoethylamine (MEA) prior to conjugation.  Tissue was incubated for 15 min in 

crosslinking solution containing 50:50 (v/v) solution of acetone and phosphate buffered saline 

(PBS) (pH=7.5) with 2 mM 1-ethyl-3-[3-dimethylainopropyl] carbodiimide (EDC) first dissolved in 

0.1 M 2-(N-Morpholino) ethanesulfonic acid (MES) in 0.5 M sodium chloride (NaCl) (pH=6.0) and 

5 mM N-hydroxysuccinimide (NHS) first dissolved in dimethylformamide (DMF).  Tissue was 

removed from crosslinking solution and AuNP were added to cover tissue.  After 2 h, tissue was 

rinsed twice in PBS for 24 h each.  Tissue groups are labeled according to their crosslinking 

treatment, AuNP size, and AuNP concentration.  The tissue group denoted as “crosslinked” 

received crosslinking treatment without the addition of a nanoparticle solution.  The tissue group 

denoted as “decellularized” did not receive crosslinking treatment.  For example, tissue constructs 

conjugated with 20 nm AuNP at a 4X concentration are referred to as 4X 20 nm constructs.   

7.3.1.3 Tissue homogenization 

 Tissue sections in PBS were placed in a Tissue Lyser II (Qiagen, Hilden, Germany) with 

stainless steel beads for 15 min at 30 Hz.  Tissue was further homogenized using a blade 

homogenizer on ice.  Homogenized tissue was stored in PBS at 4°C.  When ready for analysis, 

tissue was centrifuged to sediment tissue at bottom of tube and supernatant was removed.  

Centrifugation and decanting were repeated and homogenized tissue was stirred.  

7.3.1.4 Sterilization 

 Homogenized tissue was sterilized in a solution containing 0.1% (v/v) peracetic acid 

(pH~7) and 1 M NaCl according to a previously established protocol [15].  Sterilization solution 

was passed through a 0.22 µm sterile filter unit before being added to homogenized tissue.  

Tissue was incubated with sterilization solution for 30 min with agitation.  Samples were 

centrifuged and the supernatant was removed to remove sterilization solution.  To rinse, sterile 

PBS was added to the tissue, samples were centrifuged, and supernatant was removed.  Rinsing 

was repeated 3 times.   
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7.3.2 Electron microscopy 

 Samples were prepared for scanning electron microscopy (SEM) imaging by fixation in 

0.1 M sodium cacodylate buffer (2% glutaraldehyde and 2% paraformaldehyde (pH=7.35)).  

Samples were then dehydrated by microwaved graded ethyl alcohol rinses (20, 50, 70, 90, and 

100%).  Critical point drying was performed in a Tousimis Auto-Samdri 815 automatic critical 

point dryer (Tousimis, Rockville, MD) and samples were placed on a carbon tape stub and 

sputter-coated with carbon using an Emitech K575X Peltier cooled sputter coater (Emitech, 

Houston, TX).  An FEI Quanta 600FEG Environmental SEM (FEI Company, Hillsboro, OR) was 

used for imaging and energy-dispersive x-ray spectroscopy (EDS).  

7.3.3 Differential scanning calorimetry  

 Differential Scanning Calorimetry (DSC) was performed using a Q2000 DSC (TA 

Instruments, New Castle, DE).  Approximately 9-14 mg of homogenized tissue sample was 

sealed with 2 µL of DI water in aluminum pans with a hermetic lid.  Samples were run in triplicate 

(N=3) from -5°C to 120°C at a rate of 3°C per min modulation every 80 s ± 0.64°C.  Universal 

Analysis software integration tool was used to determine the onset denaturation temperature and 

denaturation temperature from the non-reversing heat flow signal. 

7.3.4 Extrusion force testing 

 Each construct group was loaded into a syringe holding a 20-gauge cannula.  Syringes 

were secured into an Instron 584 Universal Testing Machine (Instron, Norwood, MA) in 

compressive mode.  Force was measured over a constant rate of displacement.  The syringes 

were run for 30 mm at a rate of 0.167 mm/s with force measurements taken every 0.1 s.  

Maximum extrusion force was taken from all compressive force data points over the 30 mm 

extension.   
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7.3.5 Cell culture 

 L929 murine fibroblast cells were purchased from ATCC (Manassas, VA) and cultured at 

37°C and 5% CO2 in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% (v/v) 

horse serum and 200 U/mL PennStrep.  Cells were subcultured and given fresh cell media as 

needed.  All assays were conducted using L929 murine fibroblast cells, and all assays were 

performed in a biological safety cabinet under sterile conditions.  

7.3.6 Cell viability and proliferation assay 

 A Quant-iTTM dsDNA® PicoGreen assay (Life Technologies, Grand Island, NY) was 

performed using the manufacturer’s protocol to measure cell proliferation.  Homogenized tissue 

was added to a 96-well plate and seeded with 0.75 x 104 cells/mL with four replicates for each 

sample type (N=4).  Cells were cultured for 3, 7, and 10 days with cell media changes every other 

day.  Samples were removed from well plate, lyophilized, and digested with papain digestion 

buffer containing 125 µg/mL papain in PBE buffer containing sterile PBS with 5 mM cysteine-HCl 

and 5 mM Na2EDTA.  The resulting digest, 1X TE buffer in DNase-free water, and the Quant-iTTM 

PicoGreen® dsDNA reagent (Invitrogen Corporation, Carlsbad, CA) were incubated away from 

light for 5 min.  A Synergy H-1 Multi-Mode microplate reader (Biotek Instruments, Inc., Winooski, 

VT) was used to measure fluorescence intensity at 520 nm emission with 480 nm excitation.  

Double-stranded DNA (dsDNA) concentration was determined by interpolation from linear 

regression analysis using a five point lambda DNA standard.   

7.3.7 ROS assay 

 ROS activity was measured following the manufacturer’s protocol for an OxiSelect™ 

ROS Assay kit (Cell Biolabs, Inc., San Diego, CA).  Fibroblasts were seeded onto a 96-well plate 

at 3.7 x 104 cells/well in 200 µL of supplemented EMEM with five replicates for each sample type 

(N=5).  Cells we allowed to become confluent overnight at 37°C and 5% CO2.  Each well was 

rinsed with DPBS and 1X 2’, 7’-Dichlorodihydrofluorescin diacetate (DCF-DA)/EMEM was added.  
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The plate was incubated for 1 h at 37°C and 5% CO2.  The 1XDCF-DA/EMEM was removed and 

wells were rinsed twice with DPBS.  Each well had 50 µL of lyophilized homogenized tissue and 

100 µL of EMEM added before incubation at 37°C and 5% CO2 for 12 h.  Cell lysis buffer was 

added to each well and incubated at room temperature for 5 min.  Solution was transferred to a 

new 96-well plate and fluorescence intensity was read on a Synergy H-1 Multi-Mode microplate 

reader (Biotek Instruments, Inc., Winooski, VT) at 480 nm excitation and 530 nm emission.  DCF 

concentration was determined by interpolation from linear regression analysis using an eight point 

DCF standard. 

7.3.8 Cell migration assay 

 A CytoSelectTM Cell Migration assay (Cell BioLabs, San Diego, CA) was conducted 

according to the manufacturer’s protocol.  50 µL of homogenized tissue and 100 µL serum-free 

media were added to each well of the lower chamber of a 96-well plate using a sterile 18-gauge 

cannula with eight replicates for each sample type (N=8).  Fibroblasts were suspended in serum-

free media and 2.5 x 104 cells were added to the upper chamber of each well with 100 µL of 

serum-free media.  Cells were allowed to migrate across the membrane for 24 h at 37°C and 5% 

CO2.  Cell media was removed from the upper chamber and the upper chamber was removed 

from the bottom plate.  The upper chamber was placed in the harvesting tray containing cell 

detachment solution and incubated for 30 min at 37°C.  Cells were dislodged by gently tilting tray.  

Lysis Buffer/CyQuant GR dye solution was added to each well containing cells and detachment 

solution and incubated for 20 min at room temperature.  Solutions were transferred to a new 96-

well plate and read on a Synergy H-1 Multi-Mode microplate reader (Biotek Instruments, Inc., 

Winooski, VT) at 480 nm excitation and 520 nm emission.  Cell migration is presented as the 

relative fluorescence intensity of a sample compared to wells with serum-free media only.   

7.3.9 Statistical analysis 

 Statistical analyses were conducted using SAS 9.4 software.  A one-way analysis of 

variance (ANOVA) with a pair-wise Tukey test using the PROC GLM procedure was conducted to 



 

120 

 

determine significant differences at a p<0.05 significance level.  Linear regression analysis with a 

standard curve was used to interpolate fluorescence intensity values using the PROC REG 

procedure.  Values from DSC, cell proliferation assays, ROS assays, and cell migration assays 

are presented as mean values +/- standard error of the mean calculated using Origin 9.1 

software.   

7.4 Results 

7.4.1 Electron microscopy 

 SEM and EDS analysis were conducted to confirm attachment of AuNP to homogenized 

tissue and to ensure that the treatment processes did not damage tissue.  The open 

microstructure of constructs is maintained during crosslinking and homogenization as seen in 

Figure 7.1.  Attachment of AuNP to tissue is confirmed in Figure 7.2.  AuNP can be seen as 

small, bright circular features within the fainter ECM.  Features are confirmed to be AuNP by 

observing energy peaks at 2.1 keV and 9.7 keV using EDS analysis (results not shown).  

 

Figure 7.1 SEM images of constructs confirming open microstructure between a (A) decellularized construct, (B) 
crosslinked construct, and (C) 4X 100 nm construct 
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Figure 7.2 SEM image of 1X 100 nm construct confirming the presence of AuNP by small, bright spheres within the fainter 
ECM 

 

7.4.2 Differential scanning calorimetry 

 DSC values for onset denaturation temperature and denaturation temperature are given 

in Figure 7.3.  For onset denaturation temperature, crosslinked, 1X 20 nm, 1X 100 nm, 4X 100 

nm, and 8X 100 nm constructs have significantly higher mean temperatures (N=3) than 

decellularized and 8X 20 nm constructs.  Crosslinked constructs have a significantly higher mean 

temperature than decellularized, 1X 20 nm, 4X 20 nm, and 8X 20 nm constructs.  In addition, 8X 

100 nm constructs have a higher mean temperature than 4X 20 nm constructs.  For denaturation 

temperature, crosslinked, 1X 20 nm, 1X 100 nm, 4X 100 nm, and 8X 100 nm constructs have 

significantly higher mean denaturation temperatures than decellularized constructs.  Crosslinked, 

1X 100 nm, 4X 100 nm, and 8X 100 nm constructs have significantly higher mean denaturation 

temperatures than 8X 20 nm constructs.  Crosslinked constructs have a significantly higher mean 

denaturation temperature than decellularized, 1X 20 nm, 4X 20 nm, and 8X 20 nm constructs.  In 

addition, 8X 100 nm constructs have a higher mean denaturation temperature than 4X 20 nm 

constructs.   
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Figure 7.3 DSC results showing onset denaturation temperature and denaturation temperature.  * Indicates constructs 
with significantly lower mean temperatures compared to crosslinked constructs.  ** Indicates constructs with significantly 
higher mean temperatures than decellularized and 8X 20 nm constructs.  Values are shown as mean ± standard error of 
the mean.  N=3. 

 

7.4.3 Extrusion force testing 

 Extrusion force measurements of syringes filled with constructs were measured every 0.1 

s at a constant rate of displacement over 30 mm.  Maximum extrusion forces were taken from all 

compressive force data points over the 30 mm extension and are presented in Table 7.1.  The 

lowest maximum compressive force value is 1.72 N and the highest is 3.82 N.  
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Table 7.1 Extrusion force of homogenized tissue constructs 
through a 20 gauge cannula    

Construct Type Maximum Extrusion Force (N) 

Decellularized 1.72 

Crosslinked 2.05 

1X 20 nm 3.82 

4X 20 nm 3.46 

8X 20 nm 1.81 

1X 100 nm 2.19 

4X 100 nm 3.15 

8X 100 nm 2.75 

  

 

7.4.4 Cell viability and proliferation assay 

 Results of the 3, 7, and 10 day cell viability and proliferation assay are given in Figure 

7.4.  A PicoGreen dsDNA assay was used to determine dsDNA content of tissue constructs.  The 

only significant difference within a single group between different days is that 1X 20 nm 

constructs have a significantly higher mean dsDNA content (N=4) at 10 days compared to 1X 20 

nm constructs at both 3 and 7 days.  At 3 days, crosslinked, 4X 20 nm, 8X 20 nm, 4X 100 nm, 

and 8X 100nm constructs have significantly higher mean dsDNA contents than decellularized 

constructs.  Crosslinked, 1X 20 nm, 4X 20 nm, 8X 20 nm, 4X 100 nm, and 8X 100 nm constructs 

have a significantly higher mean dsDNA content than 1X 100 nm constructs at 3 days.  At 7 days, 

1X 20 nm constructs have a significantly higher mean dsDNA content than decellularized, 

crosslinked, 4X 20 nm, 8X 20 nm, and 1X 100 nm constructs.  8X 100nm constructs have a 

significantly higher mean dsDNA content than decellularized constructs at 7 days.  At 10 days, 1X 

20 nm constructs have a significantly higher dsDNA content than decellularized, crosslinked, 4X 

20 nm, 8X 20 nm, 1X 100 nm, 4X 100 nm, and 8X 100 nm constructs. 
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Figure 7.4 PicoGreen assay results of constructs at 3, 7 and 10 day time points.  *Indicates significantly higher DNA 
content compared to decellularized, crosslinked, 4X 20 nm, 8X 20 nm, and 1X 100 nm constructs.  ** Indicates 
significantly higher DNA content than decellularized, crosslinked, 4X 20 nm, 8X 20 nm, 1X 100 nm, 4X 100 nm, and 8X 
100 nm constructs.  Values are shown as mean ± standard error of the mean.  N=4. 

 

7.4.5 ROS assay 

 An OxiSelect™ ROS Assay kit was used calculate the relative DCF concentration of cells 

cultured with tissue constructs that directly correlates to ROS concentration.  1X 20 nm, 4X 20 

nm, 8X 20 nm, and 8X 100 nm constructs have significantly lower mean DCF concentrations than 

decellularized constructs (N=5) (Figure 7.5).  Additionally, 4X 20 nm constructs have a 

significantly lower mean DCF concentration compared to 1X 100 nm constructs.   
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Figure 7.5 Intracellular ROS assay results for constructs.  DCF concentration directly corresponds to intracellular ROS 
levels.  * Indicates significantly lower DCF concentration compared to decellularized constructs.  Values are shown as 
mean ± standard error of the mean.  N=5. 

 

7.4.6 Cell migration assay 

 A CytoSelectTM cell migration assay was conducted using homogenized tissue constructs 

as a chemoattractant and the relative amount of migrated cells was measured by fluorescence 

intensity.  There is a significantly higher mean fluorescence intensity on 4X 20 nm constructs 

compared to crosslinked, 1X 100 nm, 4X 100 nm, and 8X 100 nm constructs (N=8) (Figure 7.6).   
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Figure 7.6 Migration assay results for constructs.  Fluorescence intensity directly corresponds to concentration of migrated 
cells.  * Indicates constructs with a significantly lower fluorescence intensity compared to 4X 20 nm.  Values are shown as 
mean ± standard error of the mean.  N=8. 

 

7.5 Discussion 

 Injectable tissue constructs fabricated from ECM and AuNP have been developed for 

potential use in musculoskeletal tissue engineering applications.  Amine-functionalized AuNP of 

20 nm or 100 nm were conjugated to decellularized porcine diaphragm tendon and homogenized 

into an injectable form.  Tissue constructs were analyzed by SEM/EDS, DSC, extrusion force 

testing, cell viability and proliferation assays, ROS assays, and cell migration assays.  

 SEM images and EDS analysis confirms an open microstructure of the constructs and 

attachment of AuNP to homogenized tissue (Figures 7.1-7.2).  There are several advantages to 

attaching AuNP to the tissue as opposed to incorporation by physical adsorption.  Attachment 

prevents AuNP from cellular uptake and from migrating to other parts of the body.  In addition, 
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attachment prevents an immediate release of the AuNP allowing the construct to deliver the anti-

inflammatory benefits of AuNP longer after initial implantation.  SEM images demonstrate an 

open microstructure of the constructs that is necessary for cellular infiltration.  Excessive 

crosslinking may limit the porosity of the constructs, reducing the ability for cells to infiltrate and 

remodel the tissue potentially leading to poor in vivo performance [28].  It is also important to 

ensure that the processes of decellularization, crosslinking, homogenization, and sterilization do 

not damage the construct.  SEM images reveal that the integrity of the ECM is retained 

throughout these processes.   

 DSC was performed to analyze the thermal stability and degree of crosslinking of the 

constructs (Figure 7.3).  Notable significant differences include crosslinked, 1X 20 nm, 1X 100 

nm, 4X 100 nm, and 8X 100 nm constructs having significantly higher mean denaturation and 

onset denaturation temperatures compared to decellularized constructs.  This difference confirms 

successful crosslinking since higher denaturation temperatures indicate higher degrees of 

crosslinking.  Crosslinking may improve construct stability since low degrees of crosslinking are 

associated with more rapid in vivo degradation [28, 29].  On the other hand, excessive 

crosslinking can impede cell migration and infiltration [28, 30].  It is important that the degree of 

crosslinking is sufficient enough to prevent quick degradation while still allowing cellular 

infiltration.  Together, SEM images combined with denaturation temperatures confirm successful 

crosslinking while maintaining an open microstructure.   

 Crosslinked constructs have significantly higher mean denaturation and onset 

denaturation temperatures than 1X 20 nm, 4X 20 nm, and 8X 20 nm constructs.  These 

differences indicate that the addition of nanoparticles may reduce the potential excessive 

crosslinking that may occur during the crosslinking procedure.  In addition, 8X 20 nm constructs 

have significantly lower denaturation and onset denaturation temperatures than many of the other 

groups and are not statistically different from the decellularized group.  This suggests that the 

larger 8X concentration of 20 nm AuNP further reduces crosslinking in the construct.  This 

reduction in crosslinking may be due to additional conjugation of 20 nm AuNP compared with 100 

nm AuNP due to size differences between the AuNP.  
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 Extrusion force testing was performed to evaluate the ease of injection of the construct 

under forces and cannula gauges typically used for steroid injections into the knee (Table 7.1).  A 

20-gauge cannula was used to measure the extrusion force of all constructs.  A gauge of 18-23- 

is commonly used for intra-articular injections of steroids into the knee [31, 32].  It is important to 

have a cannula that is large enough for the material to pass through while small enough for the 

physician to have control.  In addition, the force required to eject the material should be minimal.  

If the size of the cannula is too small for the material to expel easily, higher forces may be 

necessary and endanger patients and physicians.  Studies have shown that increasing both the 

cannula size and the required force for injection have a negative effect on the physician’s ability 

to control the syringe [33, 34].  A study was conducted on the extrusion forces of syringes 

expelled by rheumatoid arthritis patients with hand impairment [35].  The average maximum force 

patients were able to apply during the injection was 33.21 N and 45.34 N for two different syringe 

types.  The values found in our study of ~1 to 4 N are much less than those found in the cited 

study.  In addition, the mean extrusion forces of porcine-collagen dermal fillers were measured to 

evaluate injectability [33].  The study found that the lowest collagen dermal filler had a mean 

extrusion force of 7.7 N ± 0.5.  This extrusion force was at an acceptable level to decrease 

clinician hand fatigue and to improve clinician hand control.  All extrusion forces in this study were 

found to be less than the acceptable mean extrusion force found in the cited study.  It is 

concluded that homogenized construct could be safely delivered using a 20-gauge cannula. 

 A cell viability and proliferation assay was performed to test the ability of fibroblasts to 

proliferate on tissue constructs (Figure 7.4).  Cell proliferation can be seen as cell viability 

increasing from progressive time points.  The fact that only 1X 20 nm constructs show a 

significant increase in cell viability from 3 to 7 and 3 to 10 days demonstrates that less cell 

proliferation occurred on other groups compared to the 1X 20 nm constructs (Figure 7.4).  Cell 

viability can be interpreted from the PicoGreen dsDNA assay by comparing the dsDNA content of 

construct groups at individual time points.  At 3 days, crosslinked constructs and 4X and 8X 

concentrations of both 20 nm and 100 nm AuNP constructs have a higher cell viability than 

decellularized constructs.  This indicates a potential benefit of crosslinking the tissue and well as 
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using higher concentrations of both 20 nm and 100 nm AuNP.  In addition, at 3 days, 4X 100 nm 

and 8X 100 nm constructs have a significantly higher cell viability than 1X 100 nm constructs.  

This result also suggests a possible benefit to cell viability by using higher concentrations of 100 

nm AuNP.  At 7 days, 1X 20 nm constructs have a significantly higher cell viability than 

decellularized, crosslinked, 4X 20 nm, 8X 20 nm, and 1X 100 nm constructs leading to several 

conclusions.  First, at 7 days the 1X 20 nm constructs maintain the higher cell viability compared 

with decellularized and crosslinked constructs that is present at 3 days.  Second, 1X 20 nm 

constructs have a higher cell viability than 1X 100 nm constructs demonstrating superior 

performance of 20 nm AuNP constructs compared to 100 nm AuNP constructs at a 1X 

concentration.  The benefit of 20 nm AuNP may occur at a lower concentration than that of 100 

nm AuNP.  In addition, the use of higher concentrations of 20 nm AuNP on constructs does not 

increase cell viability.  Lastly, 8X 100 nm constructs have a significantly higher cell viability than 

crosslinked constructs at 7 days.  This indicates that higher concentrations of 100 nm AuNP may 

be required to see an improvement in cell viability.  At 10 days, 1X 20 nm constructs have a 

significantly higher cell viability compared to decellularized, crosslinked, 4X 20 nm, 8X 20 nm, 1X 

100 nm, 4X 100 nm, and 8X 100 nm constructs.  The 10 day time point builds on evidence seen 

at the 7 day time point in that 1X 20 nm constructs show an increase over all other tissue 

constructs.  These results support that there may be an advantage to using 1X 20 nm constructs 

to increase cell viability.  

 There are several possible reasons why the 1X 20 nm constructs show superior cell 

viability and are the only constructs to demonstrate cell proliferation.  Cell adhesion is necessary 

for fibroblast proliferation.  The topography of a surface will affect the degree of adhesion of the 

cells to a surface.  It has been shown that AuNP of particular sizes create topographies favoring 

cellular adhesion [36].  The 1X 20 nm constructs in this study may have provided a more 

favorable surface for cellular adhesion compared to other constructs.  In a recent study by Zhu et 

al., mouse fibroblasts favored adhesion on surfaces containing 35 nm AuNP [37].  Both the size 

and concentration of AuNP may affect the surface that the cell interacts with which ultimately 

affects cell adhesion.   



 

130 

 

 Oxidative stress has the potential to induce cell and tissue damage by activating cellular 

pathways leading to inflammation, apoptosis, and negative effects on remodeling and cell 

proliferation [38].  Reducing damaging ROS is important to maintain tissue remodeling.  AuNP 

have been used as an anti-inflammatory agent due to AuNP’ ability to act as free radical 

scavengers [17-19, 21].  Reduction in cellular ROS due to AuNP has been shown to be 

concentration dependent [22].  Similar to the effects of cell proliferation and migration, the 

concentration and size of nanoparticles affects how cells interact with the particles [39].  Previous 

studies of cellular ROS concentrations on 100 nm AuNP collagen constructs have shown a 

concentration dependent decrease in ROS production [16].  Too high of a concentration of 

nanoparticles may induce toxicity or disrupt cellular events.  Too low of a concentration of 

nanoparticles may not be sufficient enough for cells to recognize them or to have a beneficial 

effect.  This study shows a reduction in ROS levels for constructs at all concentrations of 20 nm 

AuNP and for 1X 100 nm constructs compared to decellularized constructs (Figure 7.5).  It is 

possible that a 1X concentration of 100 nm AuNP is the upper concentration limit for free radical 

scavenging ability of 100 nm AuNP constructs.  20 nm AuNP constructs show decreased ROS 

levels at all concentrations suggesting that even at higher concentrations, 20 nm AuNP can still 

provide anti-oxidative effects.  More studies need to be conducted to investigate the exact 

mechanism of the reduction of ROS by AuNP to more effectively tune the size and concentration 

of AuNP to be used for anti-inflammatory agents.   

 Cell migration is influenced by a variety of factors including cell type and nanoparticle 

characteristics.  ECM has been shown to be a chemoattractant for cells as part of a constructive 

remodeling process [3, 40].  To further enhance the cell migration potential of the construct, 

AuNP were conjugated to the ECM prior to homogenization.  It is known that the migration of cells 

to nanoparticles depends on both the nanoparticle size and cell type [41, 42].  A recent study by 

Hung et al. demonstrated that nanocomposites comprised of collagen and 5 nm AuNP promoted 

enhanced migration of mesenchymal stem cells (MSCs) although it is not well known how AuNP 

modulate the effect [43].  In a study by Yang et al., 90 nm AuNP had increased cell migration of 

human dermal fibroblast compared to wells without nanoparticles [41].  Fibroblast cells have 
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complex cytoskeletal networks that use lamellipodia to adhere to surfaces and regulate cell 

migration.  These types of cells are more susceptible to differences in AuNP charge, size and 

shape due to the microtubule networks.  Cell migration assay results demonstrate a higher 

indication of migrated cells towards 4X 20 nm constructs compared to crosslinked constructs and 

all concentrations of 100 nm AuNP constructs (Figure 7.6).  It may be possible that the 4X 20 nm 

constructs promote a more favorable point of contact for cells compared with the 100 nm AuNP, 

increasing attachment that facilitates migration [41].  

 In summary, results support that constructs conjugated with AuNP demonstrate superior 

in vitro performance over constructs without nanoparticles.  Further, 20 nm AuNP constructs 

appear to have enhanced cell viability, cell proliferation, ROS reduction, and cell migration 

induction over 100 nm AuNP constructs at varying concentrations.  Future studies involve further 

optimization of nanoparticle concentration and evaluation of in vivo performance.   

7.6 Conclusions 

 Constructs proposed for injection in musculoskeletal tissue engineering applications were 

fabricated from ECM and 100 nm or 20 nm AuNP.  Results confirm successful AuNP attachment, 

thermal stability, and injectability of the constructs.  Fibroblast cell assays demonstrate enhanced 

cell viability and proliferation on 1X 20 nm constructs.  ROS assays indicate a reduction in ROS 

on constructs with all concentrations of 20 nm AuNP and on constructs with the highest 

concentration of 100 nm AuNP.  Migration assays indicate enhanced fibroblast migration towards 

4X 20 nm constructs.  These results demonstrate benefits to using AuNP and particularly 20 nm 

AuNP, in an ECM construct.  The study supports further investigation of ECM/AuNP constructs 

for use as an injectable for musculoskeletal tissue engineering applications. 
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Chapter Eight 
FLUORESCENCE IMAGING PREPARATION METHODS 
FOR TISSUE SCAFFOLDS IMPLANTED INTO A GREEN 

FLUORESCENT PROTEIN PORCINE MODEL1 

 

 

8.1 Abstract 

 Green fluorescent protein (GFP) animal models have become increasingly popular due to 

their potential to enhance in vivo imaging and their application to many fields of study.  We have 

developed a technique to observe host tissue integration into scaffolds using GFP expressing 

swine and fluorescence imaging.  Current fluorescence imaging preparation methods cannot be 

translated to a full GFP animal model due to several challenges and limitations that are 

investigated here.  We have implanted tissue scaffolds into GFP expressing swine and have 

prepared explanted scaffolds for fluorescence imaging using four different methods including 

formalin fixation and paraffin embedding, vapor fixation, freshly prepared paraformaldehyde 

fixation, and fresh frozen tissue.  Explanted scaffolds and tissue were imaged using confocal 

microscopy with spectral separation to evaluate the GFP animal model for visualization of host 

tissue integration into explanted scaffolds.  All methods except fresh frozen tissue induced 

autofluorescence of the scaffold, preventing visualization of detail between host tissue and 

scaffold fibers.  Fresh frozen tissue preparation allowed for the most reliable visualization of 

fluorescent host tissue integration into non-fluorescent scaffolds.  It was concluded that fresh 

frozen tissue preparation is the best method for fluorescence imaging preparation when using 

scaffolds implanted into GFP whole animal models. 

                                                      
1Published as Smith SE, White RA, Grant DA, Grant SA. Fluorescence imaging preparation methods for tissue scaffolds 

implanted into a green fluorescent protein porcine model. Transgenic Research. 2015;24:911-9.  Reprinted with kind 
permission from Springer Science+Business Media: Transgenic Research, Fluorescence imaging preparation methods for 
tissue scaffolds implanted into a green fluorescent protein porcine model, 24, 2015, 911-919, Smith SE, White RA, Grant 
DA, Grant SA. Copyright © Springer International Publishing Switzerland 2015. 
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8.2 Introduction 

 Genetically modified animal models have become of recent interest due to their 

contributions to understanding biological processes and diseases.  The use of genetically 

modified animals has aided in the study of diseases such as cystic fibrosis, Alzheimer’s disease, 

diabetes, cardiovascular disease, spinal muscular atrophy, Huntington’s disease, and cancer [1].  

Genetic modification of the animals is typically performed by pronuclear injection, sperm-

mediated transfection, oocyte transduction, intracytoplasmic sperm injection, or somatic cell 

nuclear transfer [1, 2].  Specifically, green fluorescent protein (GFP) swine have been genetically 

modified to produce jellyfish-derived GFP [3].  Almost all tissue in the GFP swine used in this 

study, especially collagenous tissue, fluoresce green under incident UV or blue light, and the 

fluorescence allows for a detectable distinction between GFP and non-GFP tissue.  This 

distinction has been used to study protein distribution, gene activity, cell growth markers, cell 

transport, and a myriad of other cellular processes [4]. 

 There are several different techniques in which GFP fluorescence is typically employed 

and imaged depending on the type of study performed.  Some applications directly image certain 

regions of transgenic animals such as mice that have been modified to express GFP in motor 

neurons and retinal ganglion cells in order to study neuronal development [5].  

Immunohistochemistry techniques are often used to detect GFP especially when multiple 

fluorescent molecules, with possibly overlapping spectrums, are detected simultaneously [6, 7].  

One particular study injected mononuclear cells from GFP expressing mice into standard mouse 

models to examine how the injected cells may have a role in remodeling tissue scaffolds [8].  

Each of these different techniques require specific processing methods to obtain a meaningful 

GFP signal. 

 The goal of imaging preparation is to collect data on a sample while accurately 

preserving its natural state.  Common issues that need to be considered to ensure accurate data 

include the prevention of fluorescence quenching, autofluorescence, and unintentional 

manipulation of the fluorescent image from fluorescent protein leaching or partial destruction of 
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fluorescent proteins.  Some traditional methods used to visualize GFP involve 

immunohistochemistry and chemical fixation in formaldehyde or glutaraldehyde.  These 

applications and techniques pose limitations when applied to a scaffold implanted into a GFP 

whole animal model.  Due to various sources of autofluorescence induced in prepared samples, it 

is difficult to distinguish the GFP signal from an overlapping autofluorescence signal.  The 

emission spectrum of GFP depends on the variant of GFP used but is generally, as in this study, 

in the range of 500–550 nm [9].  Various fixatives may induce autofluorescence in tissue [10].  

Autofluorescence that is induced by fixatives is often seen by a red-shift into the yellow spectrum 

[9]. 

 In this study, we have implanted allografts conjugated with gold and hydroxyapatite 

nanoparticles into GFP expressing swine.  These particular tissue scaffolds have been developed 

to promote remodeling and cellular integration and their design is discussed elsewhere [11-13].  

During the remodeling process, host cells migrate into scaffolds and rebuild the extracellular 

matrix to regenerate functional tissue.  The distinction between the scaffold and the newly 

synthesized host tissue is often difficult to make using standard histology techniques due to a 

similar organization and composition of tissue fibers.  This lack of distinction impedes the ability to 

assess remodeling of implanted tissue scaffolds.  To address this limitation, the GFP porcine 

model is proposed as a method to visualize fluorescent host tissue integration into non-

fluorescent scaffolds using confocal imaging.  Traditional techniques for fluorescence imaging 

preparation may not be suited for this new model due several key differences that pose 

challenges to image preparation.  One important difference is that the GFP animal model used in 

this study has a much stronger signal compared to injected GFP cells or compared to models in 

which only specific cell types express GFP.  In addition, this model is unique in that it uses a GFP 

whole animal model to visualize remodeled GFP tissue within an implanted material. 

 In this paper, we present the evaluation of several fluorescence imaging preparation 

techniques for tissue scaffolds explanted from GFP swine.  Preparation methods include formalin 

fixation and paraffin embedding, vapor fixation, freshly made paraformaldehyde (PFA) and fresh 

frozen tissue preparation.  The purpose of each technique is to visualize host tissue integration 
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into the implanted tissue scaffold.  Each technique was investigated as a method to eliminate 

autofluorescence in the graft while preserving the GFP signal of the host tissue.  The methods for 

preparation described here are most applicable to the fluorescence imaging preparation of GFP 

whole animal models but have application to other types of fluorescent tissue imaging. 

8.3 Materials and methods 

8.3.1 Tissue scaffolds 

 Human anterior tibialis tendon allografts were received from the Musculoskeletal 

Transplant Foundation (Edison, NJ, USA) and crosslinked with 2 mM 1-ethyl-3-[3-

dimethylainopropyl] carbodiimide (EDC) and 5 mM N-hydroxysuccinimide (NHS) in an 

acetone/PBS solution.  Tissues were crosslinked with 100 nm gold nanoparticles (AuNP) (Ted 

Pella, Inc., Redding, CA, USA) and <40 nm hydroxyapatite nanoparticles (nano-HAp) (SkySpring 

Nanomaterials, Inc., Houston, TX, USA) and functionalized with 15 µM 2-mercaptoethylamine 

(MEA) according to a previously established protocol [12].  Scaffolds were rinsed in 0.1 % 

paracetic acid for terminal sterilization as previously described [11].  It should be noted that 

differences between scaffolds with and without nanoparticles are beyond detection limits of the 

imaging techniques used in this study therefore differences between scaffold types will not be 

discussed.  The rationale for the use of the scaffold types are described by Smith et al. [14]. 

 Grafts were implanted subcutaneously into the abdomen of GFP expressing swine 

acquired from the National Swine Research and Resource Center, strain NSRRC:0020, GFP 

NT92-Yucatan (Columbia, MO, USA).  Animals were euthanized after 1 and 6 months.  The 

scaffolds and surrounding tissue were identified by sutures and explanted.  Samples were either 

immediately placed in 10 % neutral buffered formalin or fresh frozen on dry ice and stored at 

−20°C.  All animal procedures were approved by the University of Missouri Institutional Animal 

Care and Use Committee. 
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8.3.2 Preparation for confocal imaging 

 Samples were prepared for confocal imaging by one of four general methods: formalin 

fixation and paraffin embedding, vapor fixation, freshly prepared paraformaldehyde (PFA) fixation, 

and fresh frozen tissue. 

 For formalin fixation and paraffin embedded preparation, samples were placed in 10 % 

neutral-buffered formalin after explantation and embedded in paraffin wax.  Paraffin blocks were 

cut onto glass slides in 5 µm slices.  Slides were deparaffinized in rinses of xylene either with or 

without subsequent graded ethanol rinses.  It is hypothesized that graded ethanol rinses may 

reduce the fluorescence signal [15].  Mounting medium consisting of Mowiol® 4-88 (polyvinyl 

alcohol) in Tris buffer solution (Calbiochem, San Diego, CA, USA) was applied and slides were 

coverslipped.  This fixation method was based on previous work by Udagawa et al. [16]. 

 Samples undergoing vapor fixation were fresh frozen with dry ice after explantation.  

They were covered in Tissue Freezing Medium™ (General Data Company, Inc., Cincinnati, OH, 

USA), frozen to −80°C, and cut into 10 μm slices onto glass slides using a cryostat.  Slides were 

placed above 37 % formaldehyde in a sealed box overnight based on a technique by Jockush et 

al. [17].  Slides were removed and mounting medium consisting of Mowiol® 4-88 (polyvinyl 

alcohol) in Tris buffer solution (Calbiochem, San Diego, CA, USA) was applied before 

coverslipping. 

 Samples fixed in fresh PFA were fresh frozen with dry ice after explantation.  They were 

covered in Tissue Freezing Medium™ (General Data Company, Inc., Cincinnati, OH, USA), 

frozen to −80°C, and cut into 10 μm slices onto glass slides using a cryostat.  Slides were 

submerged in 4 % freshly made PFA for 10 min and then subjected to one of several rinses: 50 

mM glycine–sodium hydroxide (pH 9.4) for 30 min, 1 mg/mL sodium borohydride (NaBH4) for 15 

min, or 1 mg/mL NaBH4 3 times for 10 min.  All samples were subsequently rinsed with 0.01 M 

phosphate buffered saline (PBS) (0.138 M NaCl, 0.0027 M KCl) (Sigma-Aldrich, St. Louis, MO, 

USA).  Mounting medium consisting of Mowiol® 4-88 (polyvinyl alcohol) in Tris buffer solution 

(Calbiochem, San Diego, CA, USA) was applied and slides were coverslipped.  Protocols for 

reducing autofluorescence with sodium borohydride and glycine–sodium hydroxide were based 
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upon previously published techniques [18-20]. 

 Samples prepared by fresh freezing were immediately frozen on dry ice following 

explantation.  Immediately before imaging, samples were cut macroscopically and quickly thawed 

at ambient temperature.  Samples were placed in a specimen holder with a small amount of 0.01 

M phosphate buffered saline (PBS) (0.138 M NaCl, 0.0027 M KCl) (Sigma-Aldrich, St. Louis, MO, 

USA). 

8.3.3 Confocal imaging 

 Confocal imaging was performed on a Zeiss LSM 510 META confocal microscope (Carl 

Zeiss, Oberkochen, Germany) using a 488 nm excitation and 500–550 nm emission filter.  Laser 

power varied as indicated.  Microscope parameters including pinhole diameter, detector gain, and 

amplifier offset are referred to as “imaging parameters” and varied as indicated.  Images were 

uniformly adjusted for brightness and contrast using Zeiss LSM Image Browser software in order 

to visualize features more easily.  A META detector was used to divide the fluorescence signal 

into a range of 10–11 nm to identify the source of the entire signal between 500 nm and 714 nm.  

Areas of interest were assessed on randomized areas of signal for each sample and 

representative spectra are shown. 

8.4 Results and discussion 

 Tissue scaffolds were implanted in GFP expressing swine to visualize host tissue 

integration via fluorescence microscopy.  A full study investigating the biocompatibility and tissue 

integration of the implanted tissue scaffolds using standard histology and the fresh frozen tissue 

preparation method is presented elsewhere [14].  Four methods of fluorescence microscopy 

preparation techniques were performed and assessed as methods for accurately and effectively 

visualizing tissue integration.  Ideally, scaffolds should not autofluoresce and should provide 

enough detail to see fluorescent host tissue integration into a non-fluorescent scaffold. 

 The fluorescence imaging preparation methods explored here aimed to minimize 

autofluorescence in order to distinguish features of GFP tissue from scaffolds.  Tissues are often 
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fixed before imaging in order to preserve the structure.  Autofluorescence can originate from 

chemical fixation methods, specifically from excess aldehydes created during fixation by the 

fluorescent properties of unreacted Scheff’s bases [21].  Several of the preparation methods used 

here were specifically designed to reduce this type of autofluorescence.  Vapor fixation attempts 

to reduce the relative degree of fixation thus reducing aldehyde-induced autofluorescence [17].  

Freshly made PFA was used to reduce the amount of excess crosslinked aldehydes since PFA 

forms fewer crosslinks than formalin [22].  PFA must be freshly made because prepared PFA 

requires methanol storage to prevent it from reacting into formaldehyde and it has been shown 

that methanol may quench the fluorescence signal [15].  Glycine and sodium borohydride were 

used to reduce the fluorescing aldehydes by reducing the aldehyde and ketone active groups to 

alcohols [10]. 

 In order to assess potential fixative-induced autofluorescence, different fixation 

treatments were performed on non-implanted control scaffolds.  These are scaffolds that were 

prepared and treated for fluorescence imaging identically to the explanted scaffolds but were 

never implanted.  Each of these control scaffolds was imaged to evaluate any autofluorescence 

exhibited by scaffolds before implantation.  A summary of these control images can be seen in 

Figure 8.1.  Autofluorescence was observed in all control scaffolds treated with chemical fixation 

techniques: formalin, vapor fixation, PFA only, PFA and glycine, PFA and NaBH4 3 × 10 min, and 

PFA and NaBH4 1 × 15 min.  No differences were seen between samples rinsed with and without 

ethanol (data not shown).  All autofluorescence was exhibited within imaging parameters that 

were set to examine fluorescent features of explanted scaffolds.  It should be noted that the 

scaffolds are heterogeneous materials so the morphology between images may appear dissimilar 

although the material is the same.  It should also be noted that signal intensity was not measured 

in this study so while the signal may not have been eliminated by a particular technique, it may 

have been reduced.  Though autofluorescence may have been reduced, the control scaffolds still 

exhibited autofluorescence that prevents the distinction between scaffold fibers and host tissue. 
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Figure 8.1 Confocal microscope images of non-implanted control scaffolds with different methods of image preparation.  
Scaffolds were prepared by A) formalin, B) vapor fixation, C) PFA only, D) PFA and glycine, E) PFA and NaBH4 3 × 10 
min, and F) PFA and NaBH4 1 × 15 min.  It should be noted that the scaffolds are not homogenous materials so the 
morphology between images may appear dissimilar. 

 

 In addition to fixative-induced autofluorescence, naturally occurring structures and 

proteins may induce autofluorescence.  Some biochemical sources of autofluorescence include 

flavins, nicotinamide-adenine dinucleotide/nicotinamide-adenine dinucleotide phosphate 

(NADP+/NADPH), lipofuscins, elastin, and collagen [9].  Autofluorescence from elastin and 

collagen is due to a crosslink between a tricarboxylic amino acid and a pyridinium ring [23].  While 

the samples used in this study are highly collagenous, natural autofluorescence is not evident 

within the laser power and imaging parameters used (maximum laser power used was 42%).  

Fresh, non-implanted control scaffolds were imaged and autofluorescence was not evident.  If 

higher laser powers are used, perhaps for more detailed imaging, this type of autofluorescence 

could interfere with the fluorescence signal. 

 To investigate the source of the fluorescence signal, more specifically to investigate the 

difference between GFP and autofluorescence, spectral separation was performed on explanted 
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and non-implanted control scaffolds prepared by identical methods (Figure 8.2).  Areas of interest 

are representative spectra from that sample.  The fluorescence signal from explanted samples 

(Figure 8.2A) is close to the expected 500–550 nm emission spectrum for GFP [9].  The peak is 

at or below 500 nm and tapers off in a bell curve sloping towards 600 nm.  The signal from non-

implanted control scaffolds extends from 500 nm and beyond 600 nm (Figure 8.2B).  A red-shift 

similar to this one is characteristic of fixative-induced autofluorescence [9].  It should be noted 

that the sudden valley located around 540 nm in both images is an artifact of the quadruple 

dichroic filter UV/488/543/633 used and does not represent suppression in the signal at this 

wavelength.  It is concluded from these results that the fluorescence seen in Figure 8.1 is most 

likely fixative-induced autofluorescence.  Likewise, the signal of interest seen in explanted 

samples most likely originates from the GFP host tissue.  It should be noted that although the two 

images in Figure 8.2 were treated with identical methods, their imaging parameters were 

different.  Therefore, Figure 8.2A most likely has some signal from fixative induced 

autofluorescence as well although it is masked by the much stronger GFP signal. 
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Figure 8.2 Spectral analysis of A) an explanted scaffold and B) a non-implanted control scaffold.  Both scaffolds were 
prepared for imaging with fresh PFA and NaBH4 3 × 10 min.  Both images were acquired using the same imaging 
parameters.  Laser power for image A was 20% and increased to 42% for image B in order to get a sufficient signal for 
spectral separation. 

 

 While all scaffolds treated with chemical fixation methods exhibited autofluorescence, it 

may be possible to apply imaging parameters that are beyond the detection limits of 

autofluorescence thus not causing interference with the GFP signal.  Unfortunately, when 

parameters are set to eliminate autofluorescence of scaffolds, desired details in the area of 

interest cannot always be detected.  Figure 8.3 shows images of the explanted samples treated 

with PFA and NaBH4 3 × 15 min using two different imaging parameters.  Figure 8.3A has been 

optimized for the indicated area of interest which can be seen as the darker portion of the image.  

The details in this region demonstrate potential host tissue integration into the scaffold but at 

these parameters, the control scaffold fluoresces.  A concrete distinction cannot be made 

between scaffold and host tissue due to autofluorescence of the scaffold.  To ameliorate this 

problem, parameters in Figure 8.3B have been reduced so that control scaffolds do not fluoresce.  
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When these new imaging parameters are applied, the signal in the area of interest is lost and 

detailed features cannot be interpreted.  Thus, the problem remains that when imaging samples 

prepared by chemical fixation, desired features cannot be observed without having significant 

interference by the autofluorescence of scaffolds. 

 

Figure 8.3 Confocal microscope images of explanted scaffolds treated with PFA and NaBH4 3 × 10 min.  A) When imaging 
parameters are optimized for details in the area of interest, autofluorescence is an interfering problem.  B) When 
parameters are reduced to eliminate autofluorescence details are lost.  Laser power was 15% for both images. 

 

 To avoid problems of fixative-induced autofluorescence, explanted samples were frozen 

and freshly thawed before imaging.  Several different cryofixation methods are typically used to 

preserve the ultrastructure of the tissue in its most native state including impact freezing, plunge 

freezing, and high-pressure freezing [24].  Due to the extracellular nature of data collection for our 

application, freezing on dry ice was deemed quick enough to preserve features of interest.  

Images of fresh frozen explanted samples 1 and 6 months after explantation are shown in Figure 

8.4.  Details of GFP host tissue can be seen integrating into the non-fluorescent collagen fibers of 

the graft.  The fluorescence channel was compared to a transmission channel during imaging to 

ensure features were from the sample and were not empty space.  By using fresh frozen tissue, 

problems with autofluorescence have been avoided.  The only potential source of 

autofluorescence from the fresh tissue imaging would be from naturally fluorescing molecules 

such as collagen as described earlier.  This type of autofluorescence was not an issue due to the 

low laser powers used for imaging.  Higher laser powers that may induce natural 
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autofluorescence were not needed since this model had large amounts of GFP and a very strong 

corresponding fluorescence signal.  Although a high laser power was not needed, non-implanted 

control scaffolds were imaged at high laser powers and those scaffolds did not exhibit any 

fluorescence (data not shown). 

 

Figure 8.4 Confocal microscope images of explanted scaffolds prepared by fresh frozen method.  Images were acquired 
A) 1 month and B) 6 months after explantation.  Imaging parameters were similar for each image and laser power was 
14% and 4% respectively.  Host tissue can be seen integrating into dark, non-fluorescent fibers of scaffolds implanted 
subcutaneously into the abdomen.  Non-implanted control scaffolds did not fluoresce under the same imaging parameters 
as above images. 

 

 Fresh frozen tissue preparation avoids the problem of autofluorescence but may allow for 

the leaching of GFP into surrounding tissue due to the protein’s high solubility.  Chemical fixation 

methods were used to avoid the problem of GFP leaching but the accuracy of images of GFP 

samples prepared even by chemical fixation methods have been previously questioned due to in 

loss of soluble cytoplasmic GFP during fixation and processing [25].  This problem of leaching 

may also be evident in frozen tissue and should be considered when analyzing images.  This 

issue is most likely minimal for our application for two reasons.  First, the intended visualization of 

host tissue integration into scaffolds observes extracellular features of the scaffold/tissue 

interface.  Leaching is primarily a problem when specific cellular processes are being studied 

where small migration would affect data interpretation.  The second reason is that there is such a 

large amount of GFP present in the whole animal model that small amounts of leaching cannot be 

detected thus not causing significant error in the images.  In addition, although GFP is expressed 
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as a non-secreted, cytoplasmic protein, cell turnover will naturally cause the presence of GFP in 

the extracellular space. 

 There are additional methods developed for imaging fluorescent tissue beyond the ones 

investigated in this study although those methods may not be well suited for the purpose of 

scaffold integration.  Studies have been performed on the use of different fixatives that may avoid 

autofluorescence such as glutaraldehyde [10] and dimethyl suberimidate (DMS) [20] but these 

methods have shown inconclusive results [21].  Photo-bleaching has been shown to be effective 

at reducing autofluorescence but may also reduce the GFP signal [26].  Immunohistochemistry is 

another alternative method but it can be costly and poses the challenge of finding appropriate 

conjugates [16, 27].  That technique may also be better suited for GFP cells injected into a 

standard animal model as opposed to GFP whole animal models due to the large amount of GFP 

present in the whole animal model. 

8.5 Conclusions 

 Four different fluorescence imaging preparation techniques for tissue scaffolds implanted 

into GFP expressing swine were evaluated.  Samples prepared by formalin fixation and paraffin 

embedded, vapor fixation, and fresh PFA fixation all exhibited fixative induced autofluorescence 

as seen by confocal microscopy and confirmed by META detector signal separation.  When the 

imaging parameters and laser power are adjusted to remove autofluorescence, the signal from 

features of interest are lost.  By using fresh frozen tissue as a preparation method, 

autofluorescence is not present and desired features are distinguishable.  Host tissue integration 

appears to be evident in explanted samples prepared by fresh frozen tissue.  It is concluded that 

fresh frozen tissue is the best option as an imaging preparation technique.  This technique can be 

used to observe host tissue integration in GFP whole animal models. 
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Chapter Nine 
THE USE OF A GREEN FLUORESCENT PROTEIN 
PORCINE MODEL TO EVALUATE HOST TISSUE 
INTEGRATION INTO EXTRACELLULAR MATRIX 
DERIVED BIONANOCOMPOSITE SCAFFOLDS1 

 

 

9.1 Abstract 

 When using heterogeneous extracellular matrix (ECM) derived scaffolds for soft tissue 

repair, current methods of in vivo evaluation can fail to provide a clear distinction between host 

collagen and implanted scaffolds making it difficult to assess host tissue integration and 

remodeling.  The purpose of this study is to both evaluate novel scaffolds conjugated with 

nanoparticles for host tissue integration and biocompatibility as well as to assess green 

fluorescent protein (GFP) expressing swine as a new animal model to evaluate soft tissue repair 

materials.  Human-derived grafts conjugated with nanoparticles were subcutaneously implanted 

into GFP expressing swine to be evaluated for biocompatibility and tissue integration through 

histological scoring and confocal imaging.  Histological scoring indicates biocompatibility and 

remodeling of the scaffolds with and without nanoparticles at 1, 3, and 6 months.  Confocal 

microscope images display host tissue integration into scaffolds although non-specificity of GFP 

does not allow for quantification of integration.  However, the confocal images do allow for spatial 

observation of host tissue migration into the scaffolds at different depths of penetration.  The 

study concludes that the nanoparticle-scaffolds are biocompatible and promote integration and 

that the use of GFP expressing swine can aid in visualizing the scaffold/host interface and host 

cell/tissue migration.   

                                                      
1Published as Smith SE, White RA, Grant DA, Grant S. The Use of a Green Fluorescent Protein Porcine Model to 

Evaluate Host Tissue Integration into Extracellular Matrix Derived Bionanocomposite Scaffolds. International Journal of 
Tissue Engineering. 2015;2015:1-10.  Copyright © 2015 S. E. Smith et al. 
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9.2 Introduction 

 The use of naturally derived biomaterials has become of increasing interest due to their 

superior performance over traditionally used synthetic materials [1].  Natural scaffolds materials 

are often derived from the ECM that may help to evade the negative foreign body reaction of 

synthetic materials due to their biocompatible components.  Additionally, natural materials have 

been shown to release growth factors as they degrade, promoting cellular attachment and 

remodeling [2].  These types of scaffolds are often used in many surgical procedures including 

tendon and ligament repair [3], hernia repair [4], wound healing [5], and other soft tissue repairs 

[6].   

 With an increasing amount of research on soft tissue repair materials comes the 

increased demand for better techniques to assess their in vivo performance.  New ECM 

deposition as part of the tissue remodeling process is a key characteristic in the assessment of 

soft tissue repair materials.  The current standard of in vivo evaluation is H&E and Masson's 

trichrome histology staining.  When using ECM derived materials, there is not always a clear 

distinction between the host tissue and the tissue scaffold.  If the components of the host tissue 

and scaffold are very similar, they may appear similar when stained making small differences 

difficult to decipher.  This difficulty is especially true of larger, heterogeneous tissues such as the 

anterior tibialis tendon.  Immunohistochemistry is another standard technique used [7, 8] although 

the problem arises that most biomarkers such as collagen [9] that are present on the scaffold are 

also present in the host tissue preventing distinction between the host tissue and scaffold  

Another issue when utilizing fluorescence technology for visualization is naturally occurring 

autofluorescence of the scaffold as well as fixative-induced autofluorescence which can interfere 

with or even mask the fluorescent signal [10, 11]. 

 Alternative methods to assess soft tissue integration such as x-ray diffraction enhanced 

imaging [12], MRI [13], and megavoltage cone beam CT [14], fail to provide data specific enough 

to assess integration.  Correlative light microcopy has potential but does not allow for 

visualization on a scale large enough for scaffolds implanted into an animal model [15].  An 
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improved method for visualization of host tissue integration will allow for the distinction between 

host tissue and scaffold on a size scale comparable to histology to aid in the assessment of 

biocompatibility and tissue integration in an in vivo model. 

 There has been recent development in the use of fluorescence imaging techniques to 

address the need for better visualization of host tissue integration.  One of these techniques 

involves GFP expressing animals such as mice and swine [16].  GFP expressing animals have a 

GFP jellyfish gene inserted into its genome which produces GFP that will fluoresce green under 

incident blue wavelengths of light [17].  There are multiple studies that involve injecting cells from 

GFP animals into standard animal models to assess the remodeling behavior of the injected cells 

and the host response [18-20].  While this technique allows for distinction between host tissue 

and scaffolds, it does not allow for natural remodeling by host tissue cells that would occur when 

scaffolds are implanted without cellular augmentation. 

 The scaffolds used in this study are human-derived grafts conjugated with gold 

nanoparticles (AuNP) and hydroxyapatite nanoparticles (nano-HAp).  Nanoparticles are utilized in 

order to produce a functionally graded scaffold that contains AuNP immobilized throughout the 

graft with nano-HAp immobilized on the ends of the graft which may serve as an improved 

anterior cruciate ligament (ACL) repair material.  Nano-HAp has been shown to enhance 

osteoblast attachment, osteoconductivity and biocompatibility [21].  The addition of nano-HAp to 

scaffolds may also improve integration at the bone-ligament interface [22].  It has been shown 

that the addition of AuNP to collagen based scaffolds improves in vivo degradation resistance 

possibly due to the hindering of collagenase binding sites by the AuNP [23].  Additional potential 

benefits of adding AuNP to tissue include antimicrobial effects [24-26], free radical scavenging 

[27, 28], enhanced cellular attachment [29], and remodeling [30].  Further design and 

development of nano-composite scaffolds are established elsewhere and will not be addressed 

further [23, 30-35]. 

 The purpose of this study is to both evaluate novel scaffolds conjugated with 

nanoparticles for host tissue integration and biocompatibility as well as to assess GFP expressing 

swine as a new animal model to evaluate soft tissue repair materials.  Nano-composite scaffolds 
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were implanted subcutaneously into GFP expressing swine.  At 1, 3, and 6 month time points, 

scaffolds were explanted and histological scoring was performed for cellular infiltration, 

multinucleated giant cells (MNGC), vascularity, connective tissue organization, fibrous 

encapsulation and scaffold degradation.  Confocal microscopy was performed on explanted 

samples to visualize the scaffold/tissue interface.  It is hypothesized that the use of GFP swine 

will aid in visualization of fluorescent host tissue infiltrating into the non-fluorescent scaffold.  In 

addition, it is hypothesized that the addition of nanoparticles to scaffolds will enhance 

biocompatibility and tissue remodeling.   

9.3 Materials and methods 

9.3.1 Experimental design 

 All animal procedures were approved by the University of Missouri Institutional Animal 

Care and Use Committee.  GFP expressing swine were obtained from the National Swine 

Resource and Research Center (Columbia, MO).  Decellularized human anterior tibialis tendons 

from the Musculoskeletal Transplant Foundation were used as scaffolds (Edison, NJ).  Scaffolds 

types were AuNP, AuNP + nano-HAp, or "crosslinked" which are scaffolds that have undergone 

the crosslinking process without nanoparticles added.  Scaffolds with nano-HAp alone were not 

evaluated due to limitations of the size of the study and due to the fact that the future ACL 

application of the scaffolds would not require nano-HAp alone.  Scaffold sizes varied between 1 x 

3 cm and 2.5 x 3 cm.  One scaffold of each type was implanted subcutaneously into 12 swine 

with the placement of the type of scaffold randomized within each animal.  Scaffolds were 

bilaterally implanted and equally spaced across the abdomen.  Each corner of the scaffold was 

sutured to the fascia layer.  At the end of each time point of 1, 3, or 6 months, 4 swine were 

euthanized.  Scaffolds and surrounding tissue were explanted and submitted for histological or 

confocal microscopy analysis. 
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9.3.2 Crosslinking and sterilization 

 Tissue was stored at -20°C until ready to use.  Tissues were crosslinked according to a 

protocol previously established by Deeken et al. [32].  Tissues were incubated for 15 min in a 

room temperature solution comprised of 50:50 (v/v) solution of acetone and phosphate buffered 

saline (PBS) (pH=7.5) with 2 mM 1-ethyl-3-[3-dimethylainopropyl]carbodiimide (EDC) and 5 mM 

N-hydroxysuccinimide (NHS).  NHS was added to a small amount of dimethylformamide (DMF) 

and EDC was added to a small amount of 0.1 M 2-(N-Morpholino)ethanesulfonic acid (MES) in 

0.5 M sodium chloride (NaCl) (pH=6.0) before being combined and added to the acetone and 

PBS solution.  AuNP (5.6 x 109 particles/mL) were functionalized with 15 µM 2-

mercaptoethylamine (MEA) in water.  Nano-HAp solution (1% (w/v)) was sonicated at 45°C prior 

to being added to tissue to avoid aggregation.  Each 1 x 3 cm to 2.5 x 3 cm piece of tissue 

received 1 mL of nanoparticle colloid.  Scaffolds with both AuNP and nano-HAp received 0.5 mL 

of each colloid simultaneously.  Scaffolds without nanoparticles received an additional 1 mL of 

crosslinking solution.  After 24 h, scaffolds were rinsed twice in PBS for 24 h each.  Scaffolds 

were sterilized in a solution of 1 M NaCl and 0.1% (v/v) paracetic acid for 30 min according to 

protocol by Deeken et al. [31].  Scaffolds were rinsed twice in sterile PBS for 24 h each. 

9.3.3 Histological preparation 

 Explanted samples for histological analysis were stored in 10% neutral buffered formalin.  

Excess tissue was removed from samples before being embedded in paraffin wax.  Sections of 5 

µm thickness were cut, mounted on glass slides and stained with hematoxylin and eosin (H&E).  

Control samples were identically treated. 

9.3.4 Histological scoring 

 The semi-quantitative grading scale used for histological scoring originates from studies 

by Valentine et al. and Grant et al. [30, 36].  The scoring guide is presented in Table 9.1.  The 

following criteria were scored: cellular infiltration, multinucleated giant cells (MNGC), vascularity, 
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connective tissue organization, fibrous encapsulation, and scaffold degradation.  For cellular 

infiltration, MNGC, and vascularity, 10 equidistant sites along the scaffold/host interface edge 

were scored and averaged.  Connective tissue organization, fibrous encapsulation, and scaffold 

degradation were qualitatively assessed as a whole scaffold.  Some scaffolds had fewer than 10 

sites scored because not enough tissue was present.  Slides were evaluated by an external 

veterinary pathologist. 

Table 9.1 Qualitative and semi-quantitative scoring criteria.  Quantitative score is per 400x field. 

Criteria 0 1 2 3 

Cellular 
infiltration 

0-50 cells 51 and 100 cells 101-150 cells > 150 cells 

Multinucleated 
giant cells 
(MNGC) 

0 MNGC 1-2 MNGC 3-4 MNGC > 5 MNGC 

Vascularity 
Either 0 or 1 

blood vessels 
2-5 blood vessels 6 -10 blood vessels 

> 10 blood 
vessels 

Connective 
tissue 

organization 

Original 
scaffold is 

intact 

Original scaffold 
disrupted; poorly 

organized new host 
ECM present 

Mixture of highly 
organized and poorly 
organized connective 

tissue 

Highly 
organized 
connective 

tissue present 

Fibrous 
encapsulation 

No fibrous 
encapsulation 

Less than 50% of 
the periphery has 

fibrous 
encapsulation 

50%-90% of the 
periphery has fibrous 

encapsulation 

Complete 
fibrous 

encapsulation 

Scaffold 
degradation 

Scaffold is 
intact 

Scaffold fibers are 
disrupted and 

present in groups or 
large bundles 

Scaffold fibers are 
disrupted and present 
in single fibers or small 

bundles 

No scaffold 
fibers remain 

 

9.3.5 Confocal imaging 

 A small portion of explanted scaffolds were retained for confocal microscopy.  These 

explants were immediately frozen on dry ice after harvest and stored at -20°C until imaged.  

When ready to image, explants were placed in an imaging specimen holder with PBS.  

Immediately after scaffolds were thawed, images were taken using a Zeiss LSM 510 META 

confocal microscope (Oberkochen, Germany) using a 488 nm laser excitation and 500-550 nm 

emission filter.  All images were taken using a Plan-Neofluar 10x/0.3 objective or Plan-
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Apochromat 20x/0.75 objective.  Imaging parameters such as laser power were optimized to 

specific images to visualize features.  Images were individually adjusted for brightness and 

contrast using Zeiss LSM Image Browser software. 

9.3.6 Statistical analysis 

 All statistical analyses were performed using SAS 9.3 software (Cary, NC).  One-way 

analysis of variance with a Tukey post-test was conducted to determine significant differences 

between means.  A Student's t-test was used to determine if select score means were 

significantly different than zero.  Each time point and category began with N=4 but some samples 

could not be recovered or scored resulting in some groups having final N values at 3 or below 

that could not be analyzed by a statistical test.  Means that are not accompanied by the standard 

error of the mean have only one score for that category.  Significance was set at p<0.05. 

9.4 Results 

 Control histology images of the scaffold before implantation are shown in Figure 9.1.  The 

heterogeneity of the crosslinked human anterior tibialis tendon derived scaffold can be seen 

between the proximal end (Figure 9.1A) and the distal end (Figure 9.1B).  Tendon fibers are 

mostly uniaxially aligned at the proximal end and appear less organized at the distal end.  The 

absence of human cells should also be noted confirming that the scaffolds were fully 

decellularized.   
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Figure 9.1 Control histology images of crosslinked human anterior tibialis tendon scaffolds prior to implantation 
demonstrating heterogeneity of the scaffold between A) the proximal end and B) the distal end. Images were taken at 20X 
magnification. 

 

 Semi-quantitative and qualitative scoring results are presented in Table 9.2 and 

representative images are shown in Figure 9.2.  Scores are presented as mean score ± standard 

error of the mean for each scoring criteria at 1, 3, and 6 months after implantation. 

Table 9.2 Qualitative and quantitative histological scoring results.  Scores are given as mean ± standard error 
of the mean.  

Scaffold 
type 

Cellular 
infiltration 

Multinucleated 
giant cells 

(MNGC) 
Vascularity 

Connective 
tissue 

organization 

Fibrous 
encapsulation 

Scaffold 
degradation 

   Crosslinked      

1 month 2.10 ± 0.49 0.03 ± 0.03 0.23 ± 0.12 1.00 ± 0.00 1.33 ± 0.33 1.00 ± 0.00 

3 month 2.00 ± 0.71 0.00 ± 0.00 0.40 ± 0.15 1.33 ± 0.33 2.00 1.00 ± 0.00 

6 month 2.38 ± 0.38 0.15 ± 0.10 1.13 ± 0.21 2.00 ± 0.58 - 1.5 ± 0.29 

   AuNP       

1 month 1.67 ± 0.34 0.07 ± 0.03 0.03 ± 0.07 1.00 ± 0.00 2.00 ± 0.00 1.00 ± 0.00 

3 month 1.13 ± 0.52 0.20 ± 0.20 0.40 ± 0.12 1.33 ± 0.33 2.00 ± 0.00 1.00 ± 0.00 

6 month 2.46 ± 0.33 0.00 ± 0.00 1.27 ± 0.43 2.00 ± 0.00 - 1.00 ± 0.00 

   AuNP + nano-HAp      

1 month 1.70 ± 1.00 0.00 ± 0.00 0.35 ± 0.05 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 

3 month 1.75 ± 0.85 0.20 ± 0.20 0.55 ± 0.35 2.00 ± 0.00 2.00 1.00 ± 0.00 

6 month 1.91 ± 0.24 0.13 ± 0.13 1.06 ± 0.13 2.33 ± 0.33 - 1.67 ± 0.33 
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Figure 9.2 Semi-quantitative and qualitative scores for all scaffolds at all time points.  Scores are shown as mean ± 
standard error of the mean. 

 

9.4.1 Semi-quantitative histology 

 Scores for cellular infiltration do not show any statistical significant differences between 

groups or time points.  Scaffolds at 1 month are mild to moderately infiltrated with mononuclear 

cells and peripheral-forming cell aggregates.  Scaffolds at 3 months also exhibit mild to moderate 

infiltration of mononuclear cells with clusters of cells in the center and periphery of the scaffold.  

At 6 months mononuclear cell infiltration is moderate to marked in the center and periphery with 

many nuclei counted being fibroblasts and not inflammatory cells. 

 Scores for MNGC are not statistically different between groups or time points.  The score 

for each group at each time point is not statistically different than zero.  Very few MNGC are seen 

for any group with individual scores of less than 0.5 and averages below 0.2.  All crosslinked 

scaffolds at 3 months, AuNP scaffolds at 6 months, and AuNP+ nano-HAp scaffolds at 1 month 

have scores of zero. 

 Crosslinked scaffolds have significantly higher vascularity scores at 6 months compared 

to 3 and 1 month scaffolds.  AuNP scaffolds have significantly higher vascularity scores at 6 

months compared to 1 month.  Although not statistically significant, AuNP + nano-HAp scaffolds 

also show a similar trend of higher scores at 6 months compared to 1 and 3 months.  At 6 months 

AuNP have the highest score.  For all groups the increase from 1 month to 3 months is slight with 

a larger increase between 3 and 6 months.  No significant differences are seen between groups 

1 month 6 months 3 months 
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at any time point. 

 For AuNP and AuNP + nano-HAp scaffolds, connective tissue organization scores are 

significantly higher at 6 months compared to 1 month.  No significant differences are seen 

between groups at any time point but AuNP + nano-HAp scaffolds have the highest score at 6 

months.  All scaffolds have a score of 1 at 1 month which trends upwards at 3 and 6 months.  At 

1 month there is little host connective tissue infiltration within the scaffolds.  At 3 months there is 

mild to moderate tissue infiltration.  At 6 months there is moderate to abundant host connective 

tissue infiltration into the scaffolds. 

 Only one graft could be scored for fibrous encapsulation for crosslinked and AuNP + 

nano-HAp scaffolds at 3 months.  For crosslinked and AuNP + nano-HAp scaffolds, the score at 3 

months is higher than at 1 month.  Fibrous encapsulation was not scored at 6 months because 

the scaffold-subcutaneous layer could not be recovered during explantation.  At 1 month AuNP 

scaffolds have significantly higher scores for fibrous encapsulation compared to scaffolds with 

AuNP + nano-HAp.  At 1 month there is a mix of partially and mostly encapsulated scaffolds.  At 3 

months all scored scaffolds demonstrate some form of encapsulation but with incomplete 

borders. 

 No significant differences are seen between groups for scaffold degradation at any time 

point.  Crosslinked scaffolds and AuNP + nano-HAp scaffolds have a score of 1 at 1 and 3 

months with a slight increase at 6 months.  AuNP scaffolds have a score of 1 at all time points 

and have the lowest score at 6 months.  At 1 month most scaffolds have disrupted fibers that 

remain in large bundles or in a large central bundle.  At 3 months scaffolds still show disruption 

but remain in large bundles.  At 6 months scaffolds remain in large bundles with some small 

bundles and individual fibers present. 

9.4.2 Qualitative histology 

 A summary of sample images of H&E stained slides can be seen in Figure 9.3.  At 1 

month scaffolds appear largely intact and fibers remain together in bundles.  There is mild to 

moderate cellular infiltration of mononuclear cells in the periphery of the scaffolds.  There is little 
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host connective tissue organization and no MNGC present.  Several blood vessels are seen in 

the periphery of the scaffolds in the surrounding connective tissue.  At 3 months scaffolds remain 

intact but show some disruption of fibers.  Cellular infiltration is still mild to moderate with cell 

clusters at the periphery and center.  There is mild to moderate host connective tissue 

organization and no MNGC are present.  Slightly more blood vessels appear closer to the 

interface between the scaffold and connective tissue.  At 6 months scaffolds remain in large 

bundles with some individual fibers seen.  There is marked cellular infiltration of fibroblast cells 

throughout the scaffold.  Abundant host connective tissue infiltration into the scaffold is present 

without any MNGC present.  Blood vessels can be seen within and surrounding the scaffolds.  

Because these images are not taken at the subcutaneous layer interface, any evidence of fibrous 

encapsulation is not shown.  Although not quantified, calcification was evident on all types of 

scaffolds at 6 months.   
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Figure 9.3 Histology images of H&E stained explanted scaffolds taken at 20X magnification.  Arrows highlight blood 
vessels in the sample.  Increases in cellular infiltration and connective tissue can be seen from 1 to 6 months.   

 

9.4.3 Confocal imaging 

 Images of GFP tissue harvested from GFP expressing swine were acquired as a control 

to compare to the explanted scaffolds.  Confocal microscope images of control GFP tissue are 

shown in Figure 9.4.  Figure 9.4A depicts tendon/muscle fibers of GFP tissue appearing fully 

fluorescent and mostly uniform.  Figure 9.4B shows connective tissue also appearing fully 

fluorescent with an organized pattern.  Some artifacts can be seen by small dark features but the 

tissue is mostly homogenous.   
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Figure 9.4 Confocal microscope control images of GFP pig tissue.  A) Tendon/muscle fibers and B) connective tissue 
appear fluorescent. 

 

 Confocal microscope images of explanted scaffolds and surrounding tissue show dark 

non-fluorescent scaffold bundles and fluorescent host tissue.  Figure 9.5 shows 3 slices of a 

AuNP scaffold explanted at 1 month.  Scaffold bundles are of uniform size with some fluorescent 

host tissue present between fibers.  The images were taken as slices of a z-stacked image.  Each 

slice was taken progressively deeper into the sample at 15 μm (Figure 9.5A), 33μm (Figure 9.5B), 

and 54μm (Figure 9.5C) relative distances within the sample.  With each increasingly deeper 

slice, there appears to be less host tissue infiltration and the bundles appear to be closer 

together.  Figure 9.6 depicts confocal microscope images of crosslinked and AuNP scaffolds 

taken after 6 months.  Green fluorescent host infiltration appears to be more distinct and fiber 

bundles appear to be more separated.   
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Figure 9.5 Slices of z-stacked confocal microscope images of an AuNP scaffold explanted at 1 month taken at A) 15μm, 
B) 33μm, and C) 54μm relative distances within the sample.  With each increasingly deeper slice, there appears to be less 
host tissue infiltration and bundles appear to be closer together. 

 

 

Figure 9.6 Confocal microscope images of scaffolds explanted at 6 months.  A) Crosslinked and B) AuNP scaffolds show 
evidence of integration with scaffold bundles appearing to break apart slightly as host tissue infiltrates scaffold fibers.  
Laser power and imaging parameters were the same for both images. 

 

9.5 Discussion 

 The histology control images of the scaffold shown in Figure 9.1 provide an example of 

the need for improved methods to evaluate scaffold integration.  ECM derived scaffolds are often 

heterogeneous and may not be easily distinguished from host tissue.  Scaffolds used in this study 

will fall on a spectrum of tissue organization between the two panels in Figure 9.1 depending on 

their location within the tissue.    

 Overall, human-derived scaffolds indicate good biocompatibility without a severe adverse 
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host tissue response.  Evidence of remodeling is present in the scaffolds which includes cellular 

infiltration accompanied by blood vessels and new host connective tissue [37].  All scaffolds show 

evidence of increased fibroblast infiltration, vascularity, and connective tissue organization from 1 

to 6 months.  The combination of these properties indicates that the scaffold is being integrated 

and is not being rejected.  Although there is evidence of fibrous encapsulation, it is not complete 

and is accompanied by signs of biocompatibility.  If the scaffolds were to be completely 

encapsulated there would mostly likely be no evidence of cellular infiltration and vascularity [38].  

Neovascularization is necessary to support cellular infiltration and new tissue growth which are 

both additional signs of biocompatibility.  An increase in connective tissue organization also 

demonstrates that the host tissue is remodeling itself into a functionally organized tissue as 

opposed into disorganized scaffold remnants that would eventually be degraded.  Organized 

connective tissue indicates that the host is restructuring and creating a stronger tissue to replace 

the scaffold.  Very little evidence of MNGC supports that scaffolds are biocompatible.  While large 

significant differences were not seen between groups with and without nanoparticles, the 

nanoparticle scaffolds demonstrated equal if not potentially better biocompatibility and remodeling 

behavior compared to control scaffolds.  The lack of differences between scaffolds may be due to 

an insufficient amount of nanoparticles or delayed effects of the nanoparticles that are beyond the 

detection limits of this study.  

 Calcification is evident in histology images on all groups of scaffolds at 6 months.  

Calcification is marked by the accumulation of calcium deposited on or around the scaffold.  

There is not a correlation between calcification and a particular group of scaffolds including the 

scaffolds containing nano-HAp.  Several cited causes of calcification include purity of the 

samples, type of animal model used, age of animal, fragmentation of elastin fibers, and high 

degrees of crosslinking [39-42].  Previous in vivo studies using scaffolds conjugated with 

nanoparticles did not show evidence of calcification and used scaffolds with similar purity, elastin 

fiber content, and degrees of crosslinking [30, 31].  Key differences in this study compared to 

previous studies include the use of human-derived scaffolds in swine as opposed to porcine-

derived scaffolds in swine [30].  Increased calcium content in scaffolds may increase calcification 
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[42].  Scaffolds derived from human anterior tibialis tendon may be at an increased risk for 

calcium deposits because of its higher mineral content near the bone-tendon interface.  

Additionally, we have no reason to believe that the use of GFP expressing swine would induce an 

enhanced calcification response compared to standard swine models although this has not been 

investigated.  It has been suggested that macrophage infiltration and inflammation may be 

precursors for calcification [43].   

 Confocal microscopy was utilized to examine the scaffold-host interface and identify host 

tissue migration into the scaffolds.  There are several concerns and considerations that must be 

assessed in order to ascertain the validity of the images.  The first consideration is the 

identification of the scaffold.  The scaffold can be identified as the dark, non-fluorescent bundles 

against the bright green GFP tissue for several reasons (Figure 9.5-9.6).  The structure can be 

interpreted from the size of the bundles in the images.  The scaffold is derived from the human 

anterior tibialis tendon whose bundles vary in size due to the structural differences proximally and 

distally.  Tendon fibers can range between 30 and 200 nm.  These fibers are further bundled into 

groups of diameter 20μm, 20-200μm and eventually the tendon unit of 500μm which corresponds 

to the range of bundles seen in confocal images [44-46].  During imaging, the images were 

compared to a transmission channel to ensure that the dark features in the images were in fact 

from the tissue and not from empty space in the sample.  In addition, the dark bundles evident in 

the images are most likely not tendon fibers from the host since host tendon fibers were observed 

to be fluorescent in control samples (Figure 9.4A).  Lastly, non-implanted control scaffolds, i.e., 

fresh grafts, were fluorescently imaged and no fluorescence signal was detected.   

 A second consideration in analyzing the confocal images is the presence of a green 

background in the images that arises from non-specific GFP in the host tissue.  As stated earlier, 

the host cells produce GFP.  As host cells turnover, intracellular products including GFP are 

released into the surrounding tissue leading to a fluorescent extracellular space.  Thus, a 

limitation to the GFP model is that it can be difficult to distinguish between individual host cells.  

The resulting fluorescence images (Figure 9.5-9.6) must be assumed to be fluorescent cells in a 

highly fluorescent extracellular space.  In addition, it is imperative to ensure that fluorescence 
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signals originate from the tissue samples and not from GFP leached into the PBS solution used 

for imaging.  To mitigate this concern, we utilized the transmission channel on the microscope.  

Areas of host connective tissue that did not contain the scaffold were also imaged and did not 

have any dark bundles that could be interpreted as scaffold fibers (Figure 9.4B).  This type of 

interpretation is consistent with the work of Higuchi et al. in which xenotransplanted cells in GFP 

mice were identified by GFP-negative areas [47]. 

 Another consideration when observing the green host tissue integration is that GFP is 

very soluble in aqueous environments and therefore may leach from its original location into the 

surrounding tissue after harvesting [48].  Many of the studies citing problems of GFP leaching 

investigate intricate cellular processes and require detection of very small amounts of GFP.  

Studies of this type are much more sensitive to any type of GFP migration compared to ours.  

Thus small amounts of leaching are not a concern in this study due to the larger features of 

samples being imaged.  In addition, there was a very large amount of GFP and fluorescence 

signal since a whole animal model was utilized.  All parts of the host tissue produce and exhibit 

GFP in high amounts so that relative differences in amounts of GFP from migration cannot be 

distinguished by imaging techniques.  Therefore, small amounts of GFP migration is not 

detectable and does not cause significant error when interpreting cell integration from the images.  

 The fluorescence microscopy images provide some unique qualitative information such 

as host tissue migration (Figure 9.5); however, it was difficult to acquire quantitative information 

for scaffold comparisons in this study.  One way to quantify integration or host tissue response 

would be to quantify the fluorescence intensity of the host tissue integration into the scaffolds.  

This approach would require standardized reference points where the images would be acquired 

from the same location on each of the different scaffolds.  It would require the same orientation of 

the scaffolds in reference to the host and the same depth of sectioning of the host-scaffold 

interface.  This is a challenging but feasible endeavor that would require strict reference points 

during harvesting, freezing, sectioning, and imaging.  In this study, we were unable to maintain 

clear reference points and were therefore unable to quantitatively compare test groups.   

 While quantitative data could not reliably be acquired, the fluorescence images provide 
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supplementary qualitative data to histology results.  The fluorescence images complement the 

results obtained from histological scoring.  Evidence of cellular infiltration is seen in cross-

sectional fluorescence images of explanted scaffold fibers as potential fluorescent cellular 

highways.  Less host tissue is seen with progressively deeper images in Figure 9.5 which is 

consistent with histology findings of cellular infiltration and connective tissue organization 

remaining on the periphery of the scaffold at 1 month.  Histology images indicate that although 

scaffolds are still mostly intact at 6 months, they appear to have fibers separated from the larger 

bundles (Figure 9.3).  Similar results are seen in confocal microscope images (Figure 9.6) that 

depict a less organized and less uniform scaffold with evidence of host tissue infiltration between 

scaffold bundles at 6 months.   

 This study is the first report on the use of a GFP whole swine animal model to evaluate 

host tissue integration into soft tissue scaffolds conjugated with and without nanoparticles.  While 

limitations in this study prevented the model from being a stand-alone method to evaluate host 

tissue integration, the model has potential for growth.  Defining strict reference points during the 

harvesting, freezing, sectioning, and imaging would allow for quantitative comparisons between 

groups of specimens.  In addition, as new GFP swine models develop, more specific GFP 

expression could aid in evaluating cellular integration as opposed to non-specific general tissue 

integration [49].  With more specific labeling of the host cells and scaffolds, a quantitative 

approach could be taken similar to histological scoring.  Another possible approach would be to 

utilize animal models with different types of fluorescent proteins such as red fluorescent protein 

[50-52].  In that method, the autofluorescence observed in the scaffold from chemical fixation 

methods or natural autofluorescence could be used to distinguish the scaffold from the host which 

would have a different emission spectrum.  By developing a way to track cells and tag the 

scaffold, this model could have potential to provide additional quantitative data to evaluate host 

tissue integration.  
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9.6 Conclusions 

 Human-derived scaffolds were conjugated with AuNP and nano-HAp and implanted into 

GFP expressing swine for 1, 3, and 6 months to evaluate biocompatibility and integration as well 

as to assess the use of GFP swine as a novel animal model.  Qualitative and semi-quantitative 

histology scores indicate potential remodeling of scaffolds from 1 to 6 months without significant 

differences between scaffolds with and without nanoparticles.  Confocal microscope images 

complement histology results of cellular infiltration and host tissue integration.  The use of GFP 

expressing swine provides qualitative data on host tissue integration and can be utilized as a 

supplement to support histology data.  Future research in GFP swine models and scaffold 

labeling may improve this method of evaluation and allow it to be used as a way to quantitatively 

evaluate host tissue integration of soft tissue repair materials. 
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Chapter Ten 

IN VIVO EVALUATION OF NANO-GRAFTS USING AN 

ACL RECONSTRUCTION RABBIT MODEL 

 

 

10.1 Abstract 

 Acellular human gracilis tendons conjugated with gold nanoparticles (AuNP) and 

hydroxyapatite nanoparticles (nano-HAp) were used as a graft in an anterior cruciate ligament 

(ACL) reconstruction rabbit model.  The ACLs of 11 New Zealand rabbits were reconstructed 

using grafts conjugated without nanoparticles, with AuNP only, and with both AuNP and nano-

HAp.  Semi-quantitative histological scoring of both the intra-articular portion and bone tunnel 

portion of grafts was performed after 14 weeks.  Intra-articular grafts were scored for connective 

tissue, graft degradation, vascularity, and cellular infiltration of neutrophils, lymphocytes/plasma 

cells, and multinucleated giant cells (MNGC).  Bone tunnels were scored for graft degeneration, 

graft remodeling, percentage of new host fibrous connective, collateral connection, head-to-head 

connection, graft collagen fiber organization, new host fibrous connective tissue organization, 

presence of chondrocyte-like cells, and graft and interface vascularity.  All grafts were intact at 14 

weeks.  Results of intra-articular scoring indicate constructive remodeling in all grafts as seen by 

new connective tissue integration, fibroblast infiltration and a mild inflammatory response 

associated with remodeling.  Results of bone tunnel scoring indicate remodeling in all graft types 

with new organized host fibrous connective tissue, head-to-head connection to bone and mild 

inflammation associated with remodeling.  Components of the 20 nm AuNP grafts have 

significantly more graft degeneration, more new host fibrous connective tissue, and more 

vascularity compared to crosslinked grafts.  Comparison between femoral and tibial tunnel scores 

indicate more degeneration in femoral tunnels compared to tibial tunnels.  Overall results 

indicated potential benefit from the use of grafts derived from acellular human gracilis tendons 
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both with and without nanoparticles for ACL reconstruction with potentially enhanced remodeling 

from the use of 20 nm AuNP grafts.   

10.2 Introduction 

 It is estimated that there are over 250,000 patients in the US diagnosed with ACL tears 

leading to approximately 100,000-200,000 ACL reconstructions annually [1-3].  While the 

treatment of ACL tears may vary, arthroscopic reconstruction of the ACL with a graft is used most 

frequently.  The 10 year failure rate of an ACL reconstructed with a graft is over 10% with a 

variety of factors contributing to failure including graft placement and surgical technique [4].  Even 

so, graft failure is a problem with a 30% failure rate of well-positioned and well-fixed grafts 

generally due to lack of biological incorporation resulting in graft necrosis and premature 

degradation [5, 6].   

 Lack of biological incorporation stems from the limited ability for current grafts to properly 

remodel.  Failure for a graft to remodel into a functional ligament can compromise overall 

structural integrity leading to instability and re-injury [6].  Ideally, the graft should serve as the 

functional ligament until it is eventually replaced by host collagen, blood vessels, and cells at 

least as quickly as it degrades [7].  The process of a graft remodeling into a physiology that 

resembles a natural ligament is called “ligamentization” and is key to successful ACL 

reconstruction outcomes [7-10].  Additionally, many grafts fail to create an interface with bone that 

resembles the native insertion site resulting in a weak graft to bone interface.  Ideally, the bone 

tunnels would be remodeled to contain a gradual transition of tissue types from graft to bone. 

 Grafts derived from acellular human gracilis tendon conjugated with AuNP and nano-HAp 

have been developed for use as graft materials in ACL reconstruction.  Previous studies have 

demonstrated enhancement of tissue remodeling using nanoparticles conjugated to extracellular 

matrix (ECM) [11, 12].  By attaching the nanoparticles to the tissue using EDC, light crosslinking 

of the tissue occurs which may slow in vivo degradation by increasing enzymatic resistance [13, 

14].   

 There are many benefits to using ECM derived grafts, include mimicking the natural ECM 
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and containing growth factors and cryptic peptides that enhance constructive tissue remodeling 

[15].  The ECM enhances cellular interactions through focal adhesions and binding sites within its 

composition which serve as points of cellular attachment [16].  In addition to providing a point of 

attachment for cells, the ECM may influence cellularity through its degradation products.  Data 

has shown that nearly all ECM degradation products are able to regulate cell behavior [17].  

Specifically, ECM degradation products have been shown to be chemotactic to fibroblasts and 

macrophages [18-20].  The ECM contains cytokines and growth factors that promote tissue 

remodeling upon degradation as part of a normal wound healing response [15].  The natural 

enzymatic degradation of ECM releases these cytokines and growth factors and stimulates 

remodeling via M2 macrophage differentiation and the promotion of cell migration and 

proliferation [15, 21, 22].   

 AuNP have been shown to influence cellularity including enhanced cellular attachment 

and proliferation [11, 23].  AuNP may increase cell migration and adhesion to tissue grafts 

possibly due to AuNP’ increased surface energy and topography favoring cell attachment [24, 

25].  Immobilizing AuNP to a base material such as a graft, may reduce cellular uptake, 

enhancing biocompatibility [23, 26-28].  Because AuNP are zerovalent, have high surface 

reactivity, and are resistant to oxidation, AuNP have long been used as anti-inflammatory agents 

[29-31].  The reduction in proinflammatory response may be attributed to the ability of AuNP to 

act as free radical scavengers [32, 33].  Lowered oxidative stress levels in mice demonstrated the 

ability for AuNP to act as anti-oxidative agents through ROS inhibition and free radical 

scavenging [32].  The use of AuNP as an anti-inflammatory agent has implications for ACL 

reconstructions since ACL reconstruction patients have a higher risk of developing osteoarthritis 

[8, 34].   

 Nano-HAp have been used to promote bone regeneration and boney integration due to 

their similarity to natural hydroxyapatite.  Natural hydroxyapatite occurs in 20-40 nm plate-shaped 

crystals located between collagen fibers in bone [35, 36].  Several studies have demonstrated 

increased boney integration using nano-HAp containing biomaterials in rabbit models [37-40].  

Nano-HAp have previously been incorporated into a composite material with poly lactic-co-
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glycolic acid (PLGA) to regenerate tissue and induce mineralization at the bone-graft interface, 

improving the restoration of musculoskeletal motion in tendon and ligament tissue engineering 

[41, 42].  In a study by Loiselle et al., bone grafts coated with 50-60 nm nano-HAp exhibited 

increased bone formation, healing, osteoblast differentiation, and osseointegration [43]. 

 The aim of the study is to investigate the remodeling outcomes of grafts derived from 

acellular human gracilis tendon grafts conjugated with AuNP and nano-HAp.  The ACL was 

reconstructed in 11 New Zealand rabbits using graft conjugated without nanoparticles, with 20 nm 

AuNP and with 20 nm + nano-HAp.  The intra-articular portion and bone tunnel portion of the 

explanted grafts were histologically scored for remodeling criteria after 14 weeks.  It is 

hypothesized that the addition of nanoparticles will enhance constructive remodeling of the grafts. 

10.3 Materials and methods 

10.3.1 Experimental design 

 Eleven male New Zealand white rabbits served as an animal model following ACUC 

approved protocols.  Acellular human gracilis tendons conjugated with AuNP and nan-HAp were 

used to anatomically replace the ACL in the left knee of each rabbit.  The rabbits were divided 

into three experimental groups accordingly to graft type as follows: crosslinked (N=4), 20 nm 

AuNP (N=3), and 20 nm AuNP + nano-HAp (N=4) grafts.  After 14 weeks the animals were 

euthanized and explanted grafts were imaged and scored by H&E histology in both the bone 

tunnel and intra-articular portion of the grafts.   

10.3.2 Graft preparation 

 Acellular human gracilis tendon grafts were obtained frozen from MTF (Musculoskeletal 

Tissue Foundation, Edison, NJ).  Grafts were cut into 3.5 cm individual grafts.  Grafts were 

crosslinked and sterilized following previously established protocols by Deeken et al. [23, 44].  

Tissues were incubated for 15 min at room temperature of crosslinking solution.  The crosslinking 

solution contained a 50:50 (v/v) solution of acetone and phosphate buffered saline (PBS) 
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(pH=7.5) with 2 mM 1-ethyl-3-[3-dimethylainopropyl]carbodiimide (EDC) and 5 mM N-

hydroxysuccinimide (NHS).  NHS was added to a small amount of dimethylformamide (DMF) and 

EDC was added to a small amount of 0.1 M 2-(N-Morpholino)ethanesulfonic acid (MES) in 0.5 M 

sodium chloride (NaCl) (pH=6.0) before being combined and added to the acetone and PBS 

solution.  20 nm AuNP (7.0 x 1011 particles/mL) purchased from Ted Pella, Inc. (Redding, CA)  

were functionalized in 15 µM 2-mercaptoethylamine (MEA) in water.  After incubation in 

crosslinking solution, each graft piece received 1 mL of nanoparticle solution.  Nano-HAp 

characterized as <40 nm nano-HAp was purchased from SkySpring Nanomaterials, Inc. 

(Houston, TX).  Nano-HAp solution consisted of 1% (w/v) of solution of nano-HAp in water.  

Grafts that had both AuNP and nano-HAp received 0.5mL of each solution simultaneously.  

Crosslinked grafts received crosslinking treatment without the additional of nanoparticles.  After 

24 h, grafts were rinsed twice in PBS for 24 h each.  Grafts were sterilized in a solution of 0.1% 

(v/v) paracetic acid (pH adjusted to ~7) for 30 min before being rinsed twice in sterile PBS for 24 

h each.  Grafts were stored in 70% ethanol and rinsed in sterile PBS prior to implantation. 

10.3.3 Electron microscopy 

 Grafts were prepared for scanning electron microscopy (SEM) imaging by fixation in 0.1 

M sodium cacodylate buffer with 2% glutaraldehyde and 2% paraformaldehyde (pH=7.35) before 

dehydration in a series of graded ethyl alcohol rinses (20, 50, 70, 90, 100%) in a microwave.  

Samples were critical point dried in a Tousimis Auto-Samdri 815 automatic critical point dryer 

(Tousimis, Rockville, MD) and mounted on a stub with carbon tape and sputter-coated with 

carbon using an Emitech K575X Peltier cooled sputter coater (Emitech, Houston, TX).  Images 

were taken on Hitachi S4700 SEM (Hitachi, Ltd., Tokyo, Japan) at 10 kV accelerating voltage.  

Energy-dispersive x-ray spectroscopy (EDS) was performed on an FEI Quanta 600FEG 

Environmental SEM (FEI Company, Hillsboro, OR) using point-and-shoot mode. 
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10.3.4 Animal model 

 Eleven New Zealand rabbit underwent anatomic ACL reconstruction using grafts derived 

from acellular human gracilis tendons.  Rabbits were placed under general anesthesia prior to 

surgery.  The left leg of the rabbit was shaved and the surgical site was sterilized.  Grafts were 

cut bilaterally and 3-0 vicryl sutures were secured to each end of the graft (Figure 10.1A-10.1C).  

A medial parapatellar incision was made from the patella to the anterior tibial tuberosity of the left 

knee (Figure 10.1D).  The skin and subcutaneous tissue were dissected to expose the joint 

capsule.  The knee was hyperflexed and the ACL was removed at the osteoligamentous junction 

using a surgical blade.  Bone tunnels were created using a 2.5 mm diameter stainless steel drill 

bit (Figure 10.1E).  The tibial tunnel was drilled from the anteromedial tibia of the quadrilateral 

space to the ACL insertion site.  The femoral tunnel was drilled from the ACL insertion site to the 

right upper lateral part of the femoral condylar process.  The suture and graft were passed tightly 

through the tibial bone tunnel, intra-articular space, and pulled through the femoral bone tunnel 

(Figure 10.1F-G).  The sutures attached to the graft ends were used to suture the graft ends to 

the medial periostium of the tibia and to the lateral femur periostium (Figure 10.1H).  Excess graft 

outside of the bone tunnels was trimmed on each end of the bone tunnels.  The joint was washed 

with sterile saline and a simple running stitch or interrupted stich and 3-0 vicryl suture were used 

to close the joint capsule.  4-0 vicryl suture was used to close the skin (Figure 10.1I).  Antibiotic 

ointment and sterile dressings were applied to surgical site and animals were monitored post 

operatively. 
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Figure 10.1 Anatomical reconstruction of the ACL in a rabbit model using acellular human gracilis tendons conjugated with 
nanoparticles.  A) Grafts are cut bilaterally.  B-C) Sutures are secured to each end of the graft.  D) A medial parapatellar 
incision is made from the patella to the anterior tibial tuberosity of the left knee.  E) Bone tunnels are created using a 2.5 
mm diameter stainless steel drill bit.  F-G) The suture and graft are passed tightly through the tibial bone tunnel, intra-
articular space, and the femoral bone tunnel.  H) The sutures attached to the graft ends are used to attach the graft ends 
to the medial periostium of the tibia and to the lateral femur periostium.  I) The joint capsule and skin are closed. 

 

 After 14 weeks animals were sedated and euthanized.  The knee was removed from the 

animal and immediately placed in 10% neutral buffered formalin (Figure 10.2A).  The medial tibial 

and lateral femoral insertion sites of the graft were identified on each knee (Figure 10.2B).  The 

intra-articular portion of the graft was cut from the graft insertion sites on the femoral and tibial 

condyles (Figure 10.2C).  The portion of the femoral and tibial tunnels containing the graft were 

cut transversely into 3-4 slices each up to 5 mm thick using a band saw (Figure 10.2D).  All 

samples were placed in 10% neutral buffered formalin.   
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Figure 10.2 Explanted knees 14 weeks after anatomical ACL reconstruction using acellular human gracilis tendons 
conjugated with nanoparticles.  Arrows indicate grafts.  A) Intact graft is seen within the femoral condyle.  B) Arrow 
indicates the graft within the lateral femoral bone tunnel graft insertion site C) Intra-articular portion of graft after removal 
of tibial component.  D) Cross-sectional area of the femoral bone tunnel.  Arrow indicates graft within the bone tunnel.   

 

10.3.5 Semi-quantitative scoring of intra-articular grafts 

 The intra-articular portion of the explanted graft was paraffin embedded, cut into 5 µm 

slices onto glass slides, deparaffinized, and stained with H&E.  Each graft was scored by a 

blinded pathologist for connective tissue, graft degradation, vascularity, and cellular infiltration of 

neutrophils, lymphocytes/plasma cells, and multinucleated giant cells (MNGC).  Connective tissue 

is described as fibroblast/tenoblast-rich organized connective tissue.  Semi-quantitative scores 

ranged from 0-3 as described in Table 10.1.   
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Table 10.1 Semi-quantitative scoring criteria of the intra-articular portion of grafts. 

Criteria 0 1 2 3 

Connective tissue  
(% of fibroblast-rich CT) 

0% <10% 10-50% >50% 

Graft degradation 
 

graft intact 
primarily graft 

fibers 
<50% graft 

fibers 
no graft fibers 

Vascularity none rare moderate marked 

Neutrophils none mild moderate marked 

Lymphocytes,  
plasma cells 

none mild moderate marked 

Multinucleated  
giant cells 

none mild moderate marked 

 

 

10.3.6 Semi-quantitative scoring of bone tunnels 

 The sample slices from the bone tunnels were decalcified in decalcification solution 

comprised of 10% ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline (PBS) for 

5-6 weeks with solution changes twice a week.  Once decalcified, samples were paraffin 

embedded, cut into 5 µm slices onto glass slides, deparaffinized, and stained with H&E.  Samples 

were scored by a blinded pathologist according to scoring system validated and developed by Lui 

et al. [45].  The tendon bone tunnel healing (TBTH) score is a composite score of 5 semi-

quantitative scores of graft degeneration, graft remodeling, percentage of new host fibrous 

connective tissue between tendon and bone, collateral connection, and head-to-head connection.  

The 5-point (0-4) or 6-point (0-5) scale is described in Table 10.2.   

 Graft degeneration is defined as the percentage of graft remnant that has clearly 

degenerated into ECM with less organization, cellularity and vascularity without replacement of 

graft by bone.  Graft remodeling is defined as the percentage of graft remnant that has 

remodeling into new host fibrous connective tissue with more fiber organization, cellularity, and 

vascularity with replacement of graft by bone.  An intact acellular graft is considered neither graft 

degeneration nor graft remodeling.  The percentage of new host fibrous connective tissue is 

defined as the percentage of the healing interface between the graft and bone front that is made 

up of new host fibrous connective tissue.  The new host fibrous connective tissue is newly 
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synthesized ECM with varied organization and cellularity and does not represent scar tissue 

formation or fibrous encapsulation.  Collateral connection is defined as the percentage of the 

graft/bone healing interface that contains collagen fibers of bone and graft that are arranged in a 

parallel fashion without linkage (under polarized microscopy) and without a gradual transition of 

cell types.  Head-to-head connection is defined as the percentage of the graft/bone healing 

interface that contains collagen fibers of bone and graft that are linked in a perpendicular fashion 

(under polarized microscopy) and have a gradual transition of cell types. 

  Other features that were examined but did not contribute to the total TBTH score include 

graft collagen fiber organization, new host fibrous connective tissue organization, presence of 

chondrocyte-like cells, and graft and interface vascularity.  Graft fiber organization is defined as 

organization of the fibers within the graft remnant with a higher scoring indicating birefringence of 

the graft (under polarized microscopy) compared to graft fiber organization at day 0.  New host 

fibrous connective tissue organization is defined as organization of the new host fibrous 

connective tissue at the graft to bone healing interface with a higher score indicating birefringence 

of the new host fibrous connective tissue (under polarized microscopy) compared to the graft at 

day 0.  Under polarized microscopy thicker, denser collagen fibers appear orange while looser, 

thinner collagen fibers appear white.  Chondrocyte–like cells are scored for their presence in the 

graft or at the healing interface.  Vascularity is defined as the number of vascular features in a 

high-powered field in either the graft or at the interface.  Inflammation and graft cellularity were 

observed but not scored. 

 Slices from the bone tunnels were analyzed using two separate grouping systems.  Each 

knee was sliced into 3-4 femoral tunnel slices and 3-4 tibial tunnel slices.  The first grouping 

system is a combination of all bone tunnel slices by graft type without respect to location within 

the bone tunnel (N=16-21).  The second grouping system divided bone tunnel slices into groups 

by graft type with respect to location within the bone tunnel (N=4-8).  To compare bone tunnel 

slices by location within the bone tunnel, the outermost two or the innermost two bone tunnel 

slices within the femoral and tibial tunnels of each graft type were averaged. 



184 

10.3.7 Statistical analysis 

All statistical analyses were performed using Origin 9.1 software.  One-way analysis of 

variance with a Tukey post-test was conducted to determine statistically significant differences 

between means.  Significance was determined by p<0.05. 
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10.4 Results 

10.4.1 Electron microscopy 

SEM images were taken of grafts prior to implantation to confirm maintenance of graft 

ultrastructure and presence of nanoparticles.  Figure 10.3 demonstrates (A) secondary electron 

detection and (B) backscatter detection.  The arrows highlight 20 nm AuNP in both images.  

Nano-HAp can be seen by a cloud-like appearance in both images.  Strands are components of 

the extracellular matrix of the graft.  The identity of both AuNP and nano-HAp are confirmed by 

EDS (data not shown).  AuNP are identified by Au peaks at 2.1 keV and 9.7 keV.  Nano-HAp are 

identified by Ca and P peaks found at 3.7 keV and 2.0 keV, respectively. 

Figure 10.3 SEM images of human gracilis tendon conjugated with 20 nm AuNP and nano-HAp acquired using A) 
secondary electron detection and B) backscatter detection.  The arrows indicate 20 nm AuNP in both images.   

10.4.2 Semi-quantitative scoring of intra-articular grafts 

The intra-articular portion of explanted grafts were semi-quantitatively scored for the 

presence of connective tissue, graft degradation, vascularity, and cellular infiltration of 

neutrophils, lymphocytes/plasma cells, and multinucleated giant cells (MNGC) as described in 

Table 10.1.  Results of semi-quantitative scoring are given in Table 10.3 and graphically in Figure 

10.4.  Statistical comparison of means was not conducted due to limited N values. 
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Table 10.3 Semi-quantitative scoring results of the intra-articular portion of grafts.  Values are given as 
individual scores.  

 
Connective 

tissue 
Graft 

degradation 
Vascularity Neutrophils 

Lymphocytes, 
plasma cells 

MNGC 

Crosslinked       

 1 2 0 1 1 0 
 3 2 2 0 1 1 
 3 2 2 0 2 1 
 1 2 1 0 0 0 

20 nm AuNP       

 2 1 2 1 2 0 
 3 2 2 0 1 0 
 3 2 2 2 2 3 

20 nm AuNP + nano-HAp 

 3 2 2 3 3 1 
 3 2 2 0 1 0 
 3 2 0 1 1 0 
 3 3 2 0 1 0 

 

 

Figure 10.4 Semi-quantitative scoring results of the intra-articular portion of grafts.  Individual scores are indicated by 
symbols and are specified in Table 10.3.  Means are indicated by horizontal lines.  

 

 Connective tissue scores measure the amount of fibroblast-rich connective tissue present 

ranging from none (score=0) to greater than 50% of the sample containing fibroblast-rich 

connective tissue (score=3).  Half of the crosslinked grafts have greater than 50% of fibroblast-

rich connective tissue infiltration and half have less than 10%.  The fibroblast-rich connective 

tissue in crosslinked grafts is mostly haphazardly arranged with few bundles arranged 

unidirectionally.  Two grafts in the 20 nm AuNP group have greater than 50% fibroblast-rich 
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connective tissue infiltration while the other has between 10-50%.  The fibroblast-rich connective 

tissue in 20 nm grafts is haphazardly arranged with few bundles arranged unidirectionally.  All 

four of the 20 nm AuNP + nano-HAp grafts have greater than 50% of fibroblast-rich connective 

tissue infiltration with three having connective tissue with predominantly unidirectional alignment 

with mature organization.  Figure 10.5A demonstrates a 20 nm AuNP + nano-HAp graft 

demonstrating fibroblast-rich connective tissue predominantly aligned unidirectionally with mature 

organization.  Figure 10.6 shows a representative image of cellular infiltration and connective 

tissue organization (score=3) in each of the graft types.   

 

Figure 10.5 A) Example of fibroblast-rich connective tissue predominantly aligned unidirectionally in a 20 nm AuNP + 
nano-HAp graft.  B) Example of moderate vasculature in areas of connective tissue proliferation in a 20 nm AuNP graft.  
C) Example of predominately fibroblast infiltration in areas of connective tissue proliferation in a 20 nm AuNP + nano-HAp 
graft.  D) Example of inflammatory cell infiltration primarily in the areas of connective tissue proliferation in a 20 nm AuNP 
+ nano-HAp graft.  The arrow indicates a cluster of inflammatory cells.  Images taken at 20x objective. 
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Figure 10.6 Representative images of cellular infiltration and connective tissue organization (score=3) in A) a crosslinked 
graft, B) a 20 nm AuNP graft, and C) a 20 nm AuNP + nano-HAp graft.  Images taken at 20x objective. 

 

 Graft degradation scores measure the amount of graft remaining and range from an 

intact graft with no cellular infiltration (score=0) to no graft fibers remaining (score=3).  All four 

crosslinked grafts have less than 50% graft fibers remaining with moderate fragmentation of the 

remaining graft.  Two 20 nm grafts have less than 50% of graft fibers remaining and one graft 

sample still contains primarily graft fibers.  The remaining graft in 20 nm AuNP grafts is 

moderately fragmented.  Three 20 nm + nano-HAp grafts have less than 50% of graft fibers 

remaining and one has no graft fibers remaining.  Most 20 nm + nano-HAp grafts have little graft 

material which is often fragmented.  

 Vascularity scores measure the degree of new vasculature ranging from none (score=0) 

to marked (score=3).  Crosslinked graft vasculature scores are split equally with two grafts having 

rare/no vasculature and two grafts having moderate vasculature.  Three 20 nm AuNP grafts have 

moderate vasculature in areas of connective tissue proliferation.  20 nm + nano-HAp grafts have 

a variety of vascularity descriptors including three grafts having moderate vascularity in areas of 

both connective tissue proliferation and less mature connective tissue and one graft having no 

vascularity.  Figure 10.5B demonstrates moderate vasculature in areas of connective tissue 

organization in 20 nm AuNP grafts. 

 Multinucleated giant cells (MNGC) scores measure the amount of MNGC infiltration and 

range from none (score=0) to marked (score=3).  Two crosslinked grafts have no MNGC while 

two have a few MNGC on the periphery of the graft associated with bone fragments.  Two 20 nm 

grafts have no MNGC while one has marked MNGC infiltrating in areas of connective tissue 

proliferation.  Three 20 nm + nano-HAp grafts have no MNGC and one graft has mild MNGC 
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infiltrating primarily in areas of connective tissue proliferation. 

Neutrophil scores measure the amount of neutrophil infiltration and range from none 

(score=0) to marked (score=3).  Three crosslinked grafts demonstrate no neutrophils and one 

demonstrates mild infiltration of neutrophils.  One 20 nm graft has no infiltration of neutrophils in 

areas of connective tissue proliferation, one has mild, and one has moderate.  Two 20 nm + 

nano-HAp grafts have no neutrophil infiltration while one has mild infiltration and another has 

marked infiltration in areas of connective tissue proliferation.  

Lymphocyte scores measure the amount of lymphocyte cellular infiltration and range from 

none (score=0) to marked (score=3).  Crosslinked grafts have one graft with no infiltration, two 

grafts with mild infiltration and one graft with moderate infiltration in areas of connective tissue 

proliferation.  Two 20 nm grafts have moderate infiltration and one has mild lymphocyte infiltration 

in areas of connective tissue proliferation.  Two 20 nm + nano-HAp grafts have no infiltration, one 

has mild infiltration, and another marked infiltration of lymphocytes in areas of connective tissue 

proliferation.  Figure 10.5C-D demonstrate cellular infiltration and inflammation in areas of 

connective tissue proliferation in a 20 nm AuNP + nano-HAp graft. 

10.4.3 Semi-quantitative scoring of bone tunnels 

Bone tunnel slices taken from femoral and tibial bone tunnels were scored to give a 

tendon bone tunnel healing (TBTH) score comprised of 5 semi-quantitative scores of graft 

degeneration, graft remodeling, percentage of new host fibrous connective tissue, collateral 

connection, and head-to-head connection as described in Table 10.2.  Bone tunnel slices were 

additionally scored for graft collagen fiber organization, new host fibrous connective tissue 

organization, presence of chondrocyte-like cells, and graft and interface vascularity.  Bone tunnel 

slices were compared using two grouping systems.  First, bone tunnel slices were combined by 

graft type without respect to location within the bone tunnels.  Second, grafts were combined by 

graft type with respect to location within the bone tunnel by considering the outermost two and 

innermost two bone tunnel slices within the femoral and tibial tunnels. 
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10.4.3.1 Bone tunnel scoring combined 

Bone tunnel slices were combined based upon graft type without respect to location 

within the bone tunnels.  Combined scores are given in Table10.4 and graphically in Figures 10.7 

and 10.8.  Table 10.4 shows the mean score and the standard error of the mean taken from N 

bone tunnel slices.  Some bone tunnel slices were not able to be scored due to inability to locate 

the graft within the sample.   
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 For combined bone tunnel scoring, bone tunnel slices demonstrate mostly moderate 

(score=2) to slight (score=3) graft degeneration with very few samples demonstrating severe 

(score=0) or substantial (score=1) graft degeneration.  For graft remodeling, there is a wider 

distribution of scores ranging between slight remodeling (score=1) and intense remodeling 

(score=4) with an average score between moderate remodeling (score=2) and substantial 

remodeling (score=3).  An example of remodeling scores of four are shown in Figure 10.9.  For 

percentage of new host fibrous connective tissue, crosslinked grafts have a significantly higher 

score than 20 nm AuNP grafts.  20 nm AuNP grafts have scores of moderate to substantial 

(score=2-3) while the crosslinked grafts all have a score of massive (score= 1) for all bone tunnel 

slices.  The 20 nm + nano-HAp group has a mean and distribution falling between that of the 

crosslinked and 20 nm AuNP grafts.  An example of the transition of graft fibers to new host 

fibrous connective tissue is shown in Figure 10.10. 

 

Figure 10.9 Example of bone tunnel remodeling score of 4 for A-B) 20 nm AuNP grafts and C-D) 20 nm AuNP + nano-
HAp grafts.  
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Figure 10.10 Example of the transition of graft fibers to new host fibrous connective tissue in bone tunnels of 20 nm AuNP 
grafts.  B and D are polarized images of A and C, respectively. 

 

 For collateral connection, scores are fairly evenly centered around the mean and range 

from fair (score=1) to high (score=3).  An example of collateral connection is shown in Figure 

10.11.  A similar distribution is observed for head-to-head connection also ranging from fair 

(score=1) to high (score=3).  An example of head-to-head connection is shown in Image 10.12 



 

197 

 

 

Figure 10.11 Example of collateral connection in bone tunnels of 20 nm AuNP grafts.  B and D are polarized images of A 
and C, respectively. 
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Figure 10.12 Example of head-to-head connection in bone tunnels for A,C) 20 nm AuNP grafts and E,C) 20 nm AuNP + 
nano-HAp grafts.  B, D, F, and H are polarized images of A, C, E, and G, respectively.   
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 The total TBTH score is only calculated for bone tunnel slices that could be scored in 

every contributing category (graft degeneration, graft remodeling, percentage new host fibrous 

connective tissue, collateral connection, head-to-head connection).  TBTH scores are not 

significantly different between graft types and mean TBTH scores range from 7.82-86.3. 

 Graft collagen fiber organization scores range from poor fiber arrangement (score=0) in 

one bone tunnel slice to highly organized (score=3) in many bone tunnel slices.  The mean 

scores fall around moderately organized (score=2).  New host fibrous connective tissue 

organization scores vary from empty space between graft and bone front (score=0) to moderately 

organized (score=3) with a mean around fairly organized (score=2).  An example of birefringent 

organization of new host fibrous connective tissue is shown in Figure 10.13.  The number of 

grafts in each group containing chondrocyte-like cells ranges from 3-7.  Chondrocytes are found 

at the graft/bone interface and shown in Figure 10.12A.  Graft and interface vascularity scores 

range between 2 and 8 vascular features in a high powered field with mean scores ranging from 

3.9-4.5.   
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Figure 10.13 Example of birefringent organization of new host fibrous connective tissue in bone tunnels for A) 20 nm 
AuNP and C, E) 20 nm + nano-HAp.  B, D, and F are polarized images of A, B and C, respectively.  

 

 Inflammation was observed but not scored in bone tunnel slices.  Inflammation in bone 

tunnel slices range from none to marked with most grafts having mild to moderate inflammation.  

Lymphocytic and heterophilic inflammation with few MNGC, plasma cells and macrophages is 

predominantly in the new host fibrous connective tissue and periphery of the graft.  Lymphoid 

aggregates are seen primarily at the periphery of the graft.  Inflammation is seen in conjunction 

with remodeling of the graft to bone. 
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10.4.3.2 Bone tunnel scoring by location within the bone tunnel 

 Bone tunnel slices were compared by graft type with respect to the location within the 

femoral and tibial bone tunnels by dividing grafts into the outermost two and innermost two bone 

tunnel slices within the femoral and tibial tunnels and by graft type.  Scores by location within the 

bone tunnels are shown in Tables 10.5 and 10.6 and graphically in Figures 10.14 and 10.15. 
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Figure 10.14 Bone tunnel scoring results for bone tunnel slices combined by graft type with respect to location in bone 
tunnels for the outermost and innermost bone tunnel slices in the femoral and tibial tunnels for graft degradation, graft 
remodeling, graft fiber organization and new host tissue connective tissue organization.  Values are given as mean + 
standard error of the mean and are specified in Table 10.5.  *Indicates mean scores that are significantly higher than 20 
nm AuNP grafts. 
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Figure 10.15 Bone tunnel scoring results for bone tunnel slices combined by graft type with respect to location in bone 
tunnels for the outermost and innermost bone tunnel slices in the femoral and tibial tunnels for percentage of new host 
connective tissue, collateral connection, head-to-head connection, and graft and interface vascularity.  Values are given 
as mean + standard error of the mean and are specified in Table 10.6.  *Indicates significantly different mean scores.  

 

 Bone tunnel scores for graft degradation, graft remodeling, graft fiber organization, and 

new host fibrous connective tissue organization in the outermost and innermost bone tunnel 

slices are shown in Table 10.5 and Figure 10.14.  In the outermost bone tunnel scoring within the 

tibial tunnel, crosslinked grafts and 20 nm AuNP + nano-HAp grafts both have a significantly 

higher scores for graft degeneration than 20 nm AuNP grafts.  Although not statistically 

significant, 20 nm AuNP grafts having the highest score for graft remodeling in both femoral and 

tibial tunnels for both outermost and innermost scoring.  

 Bone tunnel scores for percentage of new host fibrous connective tissue, collateral 

connection, head-to-head connection and graft and interface vascularity in the outermost and 

innermost bone tunnel slices are shown in Table 10.6 and Figure 10.15.  In the innermost scoring 
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within the femoral tunnel, crosslinked grafts have a significantly higher score for percentage of 

new host fibrous connective tissue than 20 nm AuNP grafts.  In the outermost scoring in the 

femoral tunnel, 20 nm AuNP grafts have a significantly higher score for graft and interface 

vascularity than crosslinked grafts.  Although not statistically significant, 20 nm AuNP and 20 nm 

+ nano-HAp grafts have higher scores for graft and interface vascularity compared to crosslinked 

grafts in the femoral tunnel in both the outermost and innermost bone tunnel slices.  

 Scores between the femoral tunnels and tibial tunnels were compared for each scoring 

criteria and graft type.  In the outermost bone tunnel slices of crosslinked and 20 nm AuNP + 

nano-HAp grafts, scores for degeneration are significantly higher in the tibial tunnel compared to 

the femoral tunnel.  All other comparisons between the femoral and tibial tunnels are not 

statistically significant.  The tibial tunnels show trends of having higher scores for graft remodeling 

while the femoral tunnels show trends of higher scores in new host fibrous connective tissue 

organization, collateral connection, and head-to-head connection, compared to tibial tunnels.  

Scores between the outermost and innermost bone tunnels were not directly compared since 

they often contained a common bone tunnel slice due absence of some slices that could not be 

scored creating a limited number of slices.  

10.5 Discussion 

 The ACL was reconstructed in 11 rabbits using acellular human gracilis tendon grafts 

conjugated either without nanoparticles, with 20 nm AuNP, or with 20 nm AuNP + nano-HAp.  

After 14 weeks grafts were explanted, prepared for histological examination, and H&E stained.  

The intra-articular portion of the graft was scored for connective tissue, graft degradation, 

vascularity, and cellular infiltration of neutrophils, lymphocytes/plasma cells, and multinucleated 

giant cells (MNGC).  The femoral and tibial bone tunnels were sliced transversely and scored for 

graft degeneration, graft remodeling, percentage of new host fibrous connective tissue, collateral 

connection, and head-to-head connection, graft collagen fiber organization, new host fibrous 

connective tissue organization, presence of chondrocyte-like cells, and graft and interface 

vascularity.  Bone tunnel slices were first analyzed by combining slices by graft type only and 
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second by grouping slices by both graft type and location within the bone tunnel.   

 Graft degradation and graft remodeling are complimentary processes that should be 

considered together alongside other factors to adequately assess overall remodeling in grafts.  If 

degradation is too quick, grafts may lose mechanical strength and eventually fail.  If the graft 

doesn’t degrade at all, constructive remodeling and biological incorporation may be limited.  It has 

been shown that enzymatic graft degradation is an important mechanism for the release of 

matricryptic peptide release which is necessary for constructive remodeling [46].  Ideally grafts 

gradually degrade and become replaced by new, organized host fibrous connective tissue that is 

infiltrated with cells and new vasculature.  Remodeling is an ongoing, continuous process with 

different characteristics at different stages.  It is possible that in the process of remodeling, some 

tissue will contain partially degraded grafts without yet having created new host fibrous 

connective tissue.  While it is not ideal for grafts to degenerate into less organized new 

connective tissue, this type of tissue may be a necessary part of a transitional phase in the earlier 

stages of the remodeling process.  Further, histological analysis is only a snapshot of the on-

going remodeling process and cannot always allow identification of stages of remodeling. 

All factors should be analyzed in conjunction including graft degradation, graft remodeling, graft 

fiber organization, and new host fibrous connective tissue percentage to adequately assess 

overall graft remodeling.  

 Criteria pertaining to overall graft remodeling were observed in the intra-articular portion 

of the graft and within the bone tunnel slices.  Graft degradation scores indicate that most intra-

articular grafts have less than 50% of the original graft fibers remaining.  Most intra-articular grafts 

also have connective tissue scores indicating >50% of the sample contains fibroblast-rich 

connective tissue which is aligned unidirectionally and contains new vasculature (Figure 10.5).  In 

the bone tunnel scoring, grafts have mostly slight to moderate degeneration while graft 

remodeling scores are moderate to substantial (Figure 10.9).  Most bone tunnel grafts have a 

“massive” percentage of fairly organized new host fibrous connective tissue accompanied by new 

vascularity (Figure 10.10).  Additionally, the newly remodeled tissue appears to be fairly 

organized both in the intra-articular portion of the graft and within the bone tunnel slices.  It 



 

207 

 

appears that the grafts in this study are remodeling in a ligamentization process with overlapping 

phases of early graft healing phase, proliferation phase, and ligamentization phase [9].   

 Differences between graft type for criteria pertaining to the overall remodeling response 

were observed in both combined bone tunnel scoring and bone tunnel scoring with respect to 

location within the bone tunnels.  In the outermost bone tunnel scoring within the tibial tunnel, 

crosslinked grafts and 20 nm AuNP + nano-HAp grafts have significantly higher scores for graft 

degeneration compared with 20 nm AuNP grafts indicating that 20 nm AuNP grafts have a 

greater percentage of graft that has degenerated into less organized fibrous connective tissue.  

20 nm AuNP grafts also tend to have higher scores for remodeling in both innermost and 

outermost femoral and tibial bone tunnel scoring (Figure 10.14).  Further, in both the innermost 

femoral bone tunnel slices and the overall combined scoring, crosslinked grafts have a 

significantly higher score for percentage new host fibrous connective tissue than 20 nm AuNP 

grafts indicating that 20 nm AuNP grafts have more new host fibrous connective tissue than 

crosslinked grafts (Figure 10.7, 10.15).  In the outermost femoral bone tunnel slices, 20 nm AuNP 

grafts have a significantly higher score for graft and interface vascularity than crosslinked grafts 

indicating formation of new vasculature to support new tissue formation (Figure 10.15).  Taken 

together, these results indicate that portions of 20 nm AuNP grafts have more degeneration, more 

remodeling, more new host fibrous connective tissue, and have more vascularity compared to 

crosslinked graft materials.  From these combined results, it appears that the 20 nm AuNP grafts 

are currently in a more active stage of remodeling than the crosslinked grafts indicating benefit 

from the use of 20 nm AuNP grafts compared to crosslinked grafts.  It may be possible that upon 

further graft degradation, the crosslinked and 20 nm AuNP + nano-HAp grafts will undergo more 

active remodeling. 

 In addition to considering remodeling of the graft in terms of degradation and new host 

fibrous connective tissue, the quality of the graft/bone interface is an important consideration in 

ACL reconstruction.  The normal tendon to bone physiology transitions between the following four 

zones: tendon, uncalcified fibrocartilage, calcified fibrocartilage, and bone [47].  A tendon graft 

within a bone tunnel is not a natural phenomenon and often does not readily remodel into a 



 

208 

 

normal graded fibrocartilaginous interface [42].  Ideally grafts would remodel into this graded 

interface in the form of a head-to-head connection in which the graft is gradually integrated into 

bone tissue in the endochondral ossification process.  A head-to-head connection is often 

accompanied by chondrocyte-like cells and perpendicular Sharpey’s fibers which help secure the 

interface between the graft and bone [47, 48].  A head-to-head connection creates the strongest 

interface between graft and bone and is the most ideal type of connection.  Collateral connection 

is characterized by parallel orientation of graft fibers and bone fibers without a gradual transition 

of tissue or cell types.  The collateral connection is weaker and does not involve integration of the 

graft and bone.  It is possible that a collateral connection can eventually remodel into a head-to-

head connection to create a stronger interface.  Inhibitors to healing of this interface include bone 

necrosis form the drill, synovial fluid, and other surgical factors [47]. 

 Bone tunnel scores in this study for both collateral and head-to-head connection are 

mostly fair.  In the portion of the interface containing head-to-head connection, a gradual 

transition of graft to bone tissue is seen accompanied by chondrocyte-like cells in an 

endochondral ossification process (Figure 10.12).  No significant differences are seen between 

graft types for either collateral or head-to-head connection.  Since the time point of this study falls 

within the period of active remodeling, it is expected for the graft to bone interface to be 

incomplete but ongoing.  It is possible that at later time points differences between graft type may 

be seen as the graft/bone interface matures.  At the time point of this study, there appears to be 

formation of an interface with gradual transition from graft to bone. 

 Inflammation can be both beneficial and detrimental to grafts based upon a variety of 

factors including severity, cell type, and time after implantation.  Whenever tissue is replaced, 

especially with a xenograft material, there is a mild level of inflammation in the weeks after 

implantation.  If inflammation is severe for prolonged periods of time and contains many multi-

nucleated giant cells, it can cause significant degradation to the graft and inhibit graft remodeling.  

Mild inflammation is part of a constructive remodeling response in conjunction with a normal 

wound healing response to promote vascularity, cell recruitment, and remodeling in soft tissue 

and bone regeneration [49, 50].  There are several factors that can affect inflammation including 
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biomaterial type, cellular response and micromotion.  It has been shown that some biomaterials 

can initiate lymphocyte activity and proliferation even when the material is not antigenic [51, 52].  

In addition, the presence of macrophages can release cytokines that trigger lymphocyte activity 

[52, 53].  Micromotion within the bone tunnels has been shown to worsen inflammation especially 

from macrophages [42, 54].  When assessing the impact of inflammation, it is important to 

observe what other biological phenomena are occurring within the graft.  If the graft is severely or 

completely degraded with a thick wall of fibrotic tissue encapsulating the graft without 

replacement by new organized connective tissue or vascularity, the inflammation may be severe 

and detrimental to the graft.  If inflammation is accompanied by new organized connective tissue 

with fibroblast infiltrates and new vascularity, the inflammation may be contributing to a 

constructive remodeling process.   

  The presence of a mild inflammatory response in this study indicates an active wound 

healing response.  In the intra-articular grafts, most grafts contain none or few MNGC indicating 

that a severe, proinflammatory response is not present.  Inflammation that is present is mostly 

accompanied by fibroblast-rich organized connective tissue and vascularity indicating a positive 

remodeling response (Figure 10.5D).  Specifically, 20 nm + nano-HAp grafts tend to have higher 

scores for neutrophils and lymphocytes but also have higher scores for connective tissue than 

crosslinked grafts in the intra-articular scoring.  These two trends support the fact that a mild 

inflammatory response promotes remodeling and formation of connective tissue.  In the bone 

tunnel samples, mild lymphocytic inflammation around the periphery is most commonly seen and 

is accompanied by tendon to bone remodeling.   

 Bone tunnel scores between the femoral and tibial tunnels were compared by innermost 

two and outermost two bone tunnel slices for each graft type.  The tibial tunnel has significantly 

higher scores than the femoral tunnel for graft degeneration indicating that more graft 

degeneration has occurred in the femoral tunnels.  Tibial tunnel slices also tend to have higher 

scores for graft remodeling.  The femoral tunnels tend to have higher scores for new host fibrous 

connective tissue organization, collateral connection, and head-to-head connection.  The 

distribution of mechanical loading due to anatomical differences between the femoral and tibial 
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tunnels may contribute to differences in resulting biological phenomenon in the two bone tunnels.  

Movement has been shown to affect inflammation which may in turn affect the rate of graft 

degradation [42, 54].  There may be differences in micromotion between the femoral and tibial 

bone tunnels causing differences in graft degeneration scores.  A study by Lui et al. observed 

better bone tunnel healing in the tibia compared to the femur in ACL reconstruction in rabbits 

based upon pull-out strength of tendon grafts [48].  Even with this finding, many studies have 

found no obvious significant differences in histological analysis between bone tunnels and 

generally combine data from both bone tunnels [48].  In addition to comparing femoral and tibial 

bone tunnels, differences may occur along the length of the bone tunnel.  In the present study the 

difference between the outermost and innermost bone tunnel slices were not directly compared 

due to limited number of samples within individual bone tunnels.  Factors potentially affecting 

healing between these two groups include proximity to bone marrow and synovial fluid.  

Specifically, the synovial fluid contains enzymes that can cause more rapid degradation of grafts 

[55].  Bone marrow contains mesenchymal stem cells that are used as a supplement in ACL 

reconstruction due to their potential to improve remodeling outcomes [56-59].  Further, 

differences between cancellous bone and cortical bone may impact graft remodeling.  

 This study has several limitations.  First, limited N values make statistically significant 

differences between groups difficult to observe especially when using a semi-quantitative scoring 

system.  Second, having a single time point prevents the ability to assess the progression of graft 

remodeling.  Each bone tunnel slice is only a snapshot of a dynamic process that cannot be 

captured by a single image.  Having a single time point makes it difficult to discern if particular 

biological phenomena such as inflammation and remodeling are increasing or decreasing.  

Multiple time points can lead to better understanding of which stage of remodeling a graft may be 

in.  Further, the biological response is complex and contains many factors that cannot all be 

captured within a single set of scoring criteria.   

  Several additional analyses sometimes used in ACL reconstruction studies that were not 

included in this study include mechanical testing and Von Kossa analysis.  Mechanical testing 

was not conducted in this study for several reasons.  First, the primary purpose of this study was 
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to focus on the biological response of ACL reconstruction rather than the mechanical 

performance of the graft.  Studies have found that mechanical strength is important for clinical 

outcomes but the elicited host response and effects upon the biomaterial ultimately determine 

outcomes in tissue engineering and regenerative medicine [49].  For example, one study found 

that specific factors such as angiogenesis contribute to mechanical strength [60].  Second, at the 

14 week time point, remodeling is at a maximum and graft mechanical strength is at a minimum.  

The mechanical strength of the graft is of greater importance at later, clinically relevant time 

points.  Future studies will include later time points and include mechanical testing.  Third, the 

acellular gracilis tendon used in this study are currently used in clinical practice and its 

mechanical characteristics are already well-known and widely accepted.  Previous studies have 

shown that the addition of nanoparticles to grafts does not decrease the mechanical strength of 

the grafts.  All grafts in this study remained intact at 14 weeks and did not show any signs of 

inferior mechanical strength.  Von Kossa staining is used to quantify mineralization particularly in 

newly formed bone tissue.  Samples in this study were decalcified in order to score the samples 

according to an established scoring system.  Using these criteria, and specifically polarized 

microscopy, newly formed bone tissue can be seen at the graft bone interface in order to 

adequately analyze the graft to bone interface.   

10.6 Conclusions 

 Acellular human gracilis tendons conjugated with AuNP and nano-HAp were used to 

reconstruct the ACL in rabbits.  All grafts were intact after 14 weeks.  Results of intra-articular 

scoring indicate constructive remodeling in all grafts as seen by new connective tissue 

integration, fibroblast infiltration and a mild inflammatory response associated with remodeling.  

Results of bone tunnel scoring indicate remodeling in all graft types with new, organized host 

fibrous connective tissue, head-to-head connection, and mild inflammation associated with 

remodeling.  Components of the 20 nm AuNP grafts have significantly more graft degeneration, 

more new host fibrous connective tissue, and more vascularity compared to crosslinked grafts.  

Comparison between femoral and tibial tunnel scores indicate more degeneration in the femoral 
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tunnel compared to the tibial tunnel.  Overall, grafts conjugated with and without nanoparticles 

appear to be good candidates for use as grafts in ACL reconstruction with potentially enhanced 

remodeling from the use of 20 nm AuNP grafts.  
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Chapter Eleven  
FUTURE WORK 

 

 

11.1 Development of a composite scaffold to stimulate 
remodeling in anterior cruciate ligament reconstruction 

 The following work is a research proposal for the development of a composite scaffold for 

ACL reconstruction.  The design of the proposal is inspired by the development of nano-grafts 

and an attempt to specifically target the remodeling process through the induction of specific 

macrophage phenotypes.  The proposal expands on nano-graft technology by incorporating 

immunological components as well as tailoring the graft for the ligamentization process. 

11.1.1 Specific aims 

 Failure of anterior cruciate ligament (ACL) repair materials can often be attributed to poor 

biological integration and lack of tissue remodeling [1].  An ideal graft would remodel in such a 

way that it would rebuild a functional ligament as it slowly degrades [2].  There is a need for ACL 

repair materials that stimulates this remodeling response.  One approach to stimulating 

remodeling is to promote the differentiation of macrophages in the scaffold environment into an 

M2 macrophage phenotype.  The M2 macrophage phenotype promotes constructive remodeling 

by secreting components of the extracellular matrix (ECM) and regulating the immune response 

[3, 4].  ECM matrix has been shown to stimulate remodeling of grafts as they degrade by 

releasing growth factors and cytokines that promote an M2 macrophage phenotype and cell 

recruitment [5].  Although ECM based scaffolds have this benefit of ECM degradation, scaffolds 

that degrade too quickly can lose their structural integrity leading to instability and ultimately 

failure of the graft.   

  We propose a composite scaffold consisting of ECM particles embedded in a hyaluronic 

acid hydrogel coated onto a scaffold that has been conjugated with bioactive gold nanoparticles.  

By releasing ECM to be degraded within an HA hydrogel, scaffold degradation products can be 
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delivered to the degrading scaffold while the base scaffold maintains structural support.  It is 

proposed that the attachment of interleukins to gold nanoparticles (AuNP) and then to the graft 

will stimulate monocyte recruitment and M2 macrophage differentiation to promote remodeling.  

Our overall hypothesis is that the composite scaffold will better promote M2 macrophage 

differentiation and monocyte recruitment compared to unprocessed allografts.  This differentiation 

and recruitment would lead to better overall in vivo remodeling and ultimately, a more viable graft 

to reduce graft failure rates.  

  The development of the composite scaffold is divided into three specific aims as follows: 

 

Specific Aim 1: Design of a composite scaffold comprised of an allograft conjugated with 

bioactive nanoparticles and coated in a hyaluronic acid hydrogel containing ECM particles   

It is hypothesized that this set of experiments will produce a composite scaffold suitable for 

enticing macrophage recruitment and M2 macrophage differentiation through optimization of the 

degradation rate of each component of the scaffold. 

Specific Aim 2: In vitro investigation of cell-scaffold interactions 

It is hypothesized that the composite scaffold will stimulate a higher M2 macrophage gene 

expression, interleukin release, and cell migration compared with unprocessed allografts.   

Specific Aim 3: In vivo performance testing of composite scaffold 

Functional ACL studies will be performed using a goat model.  It is hypothesized that the 

composite scaffolds will express more growth factors associated with remodeling and show 

enhanced histological signs of remodeling compared to unprocessed allografts.   

 

 First, each component and the entire scaffold will be fabricated and characterized.  

Scaffold properties will be optimized based upon comparison to unprocessed allografts.  The 

interaction of scaffolds with macrophages will be analyzed to measure the degree of M1/M2 

macrophage response.  Migration assays will be performed to evaluate the effectiveness of the 

scaffold on fibroblast and macrophage migration.  Finally, the scaffold will be tested non-

functionally in a rat model and functionally in a goat model.  Host tissue response, remodeling, 
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and M1/M2 macrophage response will be quantified.  Synovial fluid in the functional study will be 

analyzed for cellular response and ECM components. 

11.1.2 Research strategy  

11.1.2.1 Significance  

 Every year, there are approximately 100,000-200,000 ACL reconstructions performed in 

the United States with approximately $6 billion in associated costs [6-9].  The current treatment 

for a torn ACL is reconstruction performed by replacing the torn ligament with an allograft or an 

autograft.  At least 1 in 9 patients undergoing ACL reconstruction experience graft rupture or 

clinical failure at long term follow up [1].  Although the cause of failure of ACL reconstructions can 

be attributed to non-graft related complications including surgical technique, the likelihood of re-

injury of a well-positioned and well-fixed graft can be up to 30% [10, 11]. 

 A major contribution to both autograft and allograft failure is a lack of ligament 

regeneration from constructive remodeling.  As it degrades, the graft should be replaced with new 

ECM in a process known as ligamentization [2, 12].  Ideally, the graft serves as the functioning 

ligament until it is eventually replaced by host collagen, blood vessels and cells at least as quickly 

as it degrades [2].  Failure to remodel the graft into a functional ligament can compromise 

structural integrity and lead to instability and re-injury [12].   

 A problem with current grafts is that the focus of graft design is mostly centered on 

reducing inflammation and promoting fibroblast attachment and proliferation [5].  It is accepted 

that fibroblast attachment and proliferation are necessary first steps to new ECM deposition and 

that excessive inflammation may inhibit this constructive remodeling [13, 14].  Conversely, it has 

also been found that some types of inflammatory cells are necessary to control excessive 

inflammation and contribute to a constructive remodeling response [15].  A graft design that 

considers the inflammatory response may help create grafts that promote biological integration 

and tissue remodeling.  We propose to shift the design perspective of grafts to focus on 

stimulating an M2 macrophage phenotype in order to promote constructive remodeling. 

 The role of macrophages has become of increasing interest in regards to tissue 
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remodeling.  Macrophages can be differentiated into several functional phenotypes based upon 

environmental stimulation.  Traditionally macrophages have been divided into M1 and M2 

macrophage phenotypes [16].  M1 polarized macrophages, known as "classically activated" or 

"proinflammatory" macrophages, are responsible for  releasing reactive oxygen species and 

proinflammatory cytokines to facilitate ECM breakdown [3].  M2 polarized macrophages are 

termed "anti-inflammatory", "wound healing", or "alternatively activated" macrophages, and 

stimulate reparative functions, regulate wound healing, and secret components of the ECM [3].  In 

reality, macrophage phenotype is not dichotomous.  Macrophages will adopt a phenotype 

somewhere on the spectrum of the described phenotypes depending on their environmental 

stimulants [3].   

 After implantation of a graft it is imperative that a balanced combination of macrophage 

phenotypes are active.  An excessive M1 response can damage tissue by facilitating degradation 

while an excessive M2 macrophage response may cause fibrosis by facilitating ECM deposition 

[3].  It is proposed that the promotion of an M2 macrophage phenotype will create a balanced 

M1/M2 macrophage response resulting in tissue remodeling.  

 Two methods for stimulating M2 macrophages include local macrophage proliferation and 

differentiation into an M2 macrophage phenotype from blood monocyte-recruited M1 

macrophages.  Traditionally macrophages are recruited to the wound site by monocyte 

recruitment through the blood stream [17].  These macrophages, mostly of type M1, will clear 

dead tissue and will degrade the graft if not properly regulated.  The presence of M2 

macrophages can slow the destruction of the ECM by regulating M1 macrophages and promoting 

the deposition of new ECM [3].  Macrophages exhibit plasticity that allows macrophage 

phenotype to be altered based upon the environment [18].  Macrophages may differentiate into 

M2 macrophages by the release of specific growth factors and interleukins in ECM degradation 

products such as interleukin-4 (IL-4) and interleukin-13 (IL-13) [16].  The second mechanism of 

stimulation, local macrophage proliferation, does not rely on monocyte-recruited macrophages 

but on the proliferation of local macrophages by specific cytokines [19].  IL-4 has been shown to 

induce macrophage proliferation which will promote an M2 inflammatory response [16, 19]. 
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11.1.2.2 Innovation 

 The goal of the proposed research is to shift the approach of scaffold design from 

fibroblast attachment and proliferation to promoting remodeling through active stimulation of the 

M2 macrophage phenotype.  Current scaffold designs often target specific porosity, topography 

and material composition to promote cellular attachment and proliferation as well as to minimize 

the inflammatory response [5].  This approach lacks the consideration of the inflammatory 

response that can promote tissue remodeling.  It has been shown that scaffolds with higher levels 

of macrophages have improved remodeling characteristics compared to scaffolds with lower 

levels of macrophages [20].  Additionally, the initial reaction to a biomaterial elicits some degree 

of inflammatory response and needs to be considered in scaffold design [15].  Macrophages, in 

addition to fibroblasts, dominate the regulation of the tissue/biomaterial interaction at the 

beginning stages of implantation and should not be ignored in scaffold design. 

 This research proposes a novel composite scaffold designed to promote tissue 

remodeling through stimulation of an M2 macrophage phenotype.  The design aims to induce 

monocyte recruitment and M2 macrophage differentiation by a composite scaffold comprised of 

ECM particles embedded in a hyaluronic acid (HA) hydrogel coated onto grafts conjugated with 

bioactive AuNP.  The scaffold is proposed to stimulate M2 macrophage differentiation and 

proliferation during the initial stages of remodeling as well as long term M2 macrophage 

stimulation while maintaining the functional stability of the implant.  The HA coating with ECM 

particles provides short term promotion of M2 macrophages while the base scaffold conjugated 

with bioactive AuNP provides long term promotion.  All components stimulate fibroblast and 

monocyte migration upon degradation. 

11.1.2.2.1 Short-term stimulation  

 ECM particles will be embedded in a degradable HA hydrogel in order to stimulate an M2 

macrophage phenotype without requiring the ECM to be degraded resulting in a loss of 

mechanical support.  The ECM contains cytokines and growth factors that promote remodeling as 

it degrades as part of a normal wound healing response [5].  The natural enzymatic degradation 
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of ECM releases these cytokines and growth factors and stimulates remodeling via differentiation 

into M2 macrophages [5].  In addition, degraded ECM products have chemotactic properties for 

fibroblasts and macrophages [21-23].  Currently used ECM derived grafts degrade and release 

these stimuli although this benefit is limited because the structural integrity of the graft becomes 

compromised as the graft degrades.  By embedding ECM particles within a degradable coating 

on the surface of the graft, the benefits of ECM degradation products can be delivered without 

compromising the structural integrity of the graft.   

 An HA hydrogel has been chosen as a degradable coating to not only deliver the ECM 

particles but also to benefit the remodeling process.  HA is a natural component in the ECM that 

is biocompatible, biodegradable and bioresorbable [24].  HA hydrogels are ideal for drug delivery 

because they can be crosslinked via disulfide bond formation with sodium tetrathionate which 

preserves biomolecules (such as ECM proteins) within the hydrogel matrix [25].  The degradation 

rate and physicochemical properties of HA hydrogels can be easily tuned by altering the degree 

of crosslinking [24].  HA is naturally found as a lubricant in the synovial fluid which may make it 

well suited for use as an ACL coating [26].  It has been shown that patients injected with HA after 

ACL reconstruction exhibited more pronounced repair and function [27, 28].  HA has also been 

shown to activate macrophages which may promote the remodeling response [29].  In addition, 

HA has been shown to have chemotactic effects on synovial cells and monocytes [30, 31].  

Embedding ECM particles within an HA hydrogel will allow for a gradual delivery of degraded 

ECM and HA around the scaffold to promote remodeling. 

11.1.2.2.2 Long-term stimulation 

 IL-4 and IL-13 will be attached to AuNP and conjugated to the allografts to promote 

macrophage differentiation into an M2 macrophage phenotype.  IL-4 and IL-13 are interleukins 

found in the ECM known to stimulate differentiation into the M2 macrophage phenotype [3, 4, 29, 

32-40].  IL-4 is one of the first innate signals to be released during tissue injury and can trigger 

remodeling in response to injury [41].  Specifically, IL-4 stimulates arginase activity in 

macrophages that begins a cascade that creates collagen precursors and other ECM component 
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precursors to contribute to the production of new ECM [3].  IL-13 and IL-4 have been shown to 

play a critical role in the accumulation and activation of mononuclear cells including fibroblasts in 

M2 macrophage response [42-45].  In addition, both interleukins have been shown to be 

chemotactic for osteoblast cells which has benefits for use in ACL reconstruction at the 

scaffold/ligament interface [46].  Interleukins will be attached to AuNP to avoid traditional 

problems of attaching growth factors to scaffolds including high costs due to the large amounts of 

interleukins required.  Concentrating the interleukins on AuNP may also enhance the accessibility 

and functionality of the interleukins [47-49].  In addition, AuNP have been shown to enhance cell 

attachment and proliferation creating a favorable environment for remodeling [50, 51].   

11.1.3 Approach 

  The design and testing of the proposed composite scaffold will be accomplished in three 

specific aims with experimental series subsets in each.  The hypotheses for each aim and 

experimental series is provided in Table 11.1. 
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Table 11.1 Specific aims, hypotheses and experimental series.  

Specific Aim Hypothesis Experimental Series 

1. Develop scaffold Composite scaffolds conjugated with 
bioactive nanoparticles coated in an 
HA hydrogel with suspended ECM 
particles will have materials 
properties similar to unprocessed 
scaffolds 

1 Attach bioactive nanoparticles 
to base scaffold 

2 Fabricate ECM particles 

3 Create HA hydrogel 

4 Assemble composite scaffold 

2. In vitro cell-

scaffold interaction 
Macrophages cultured on composite 
scaffolds will have higher M2 
macrophage activity  

1 Macrophage with bioreactor 

Cell migration will be enhanced on 
composite scaffolds  

2 Migration assays 

3. In vivo functional 
study 

Composite scaffolds will elicit more 
of an M2 macrophage response 

1 Subcutaneous implantation in 
rats 

Composite scaffolds will enhance 
remodeling and scaffold will have 
better mechanical properties and 
viability at 12 months 

2 Functional ACL 
reconstruction in goats 

   

11.1.3.1 Specific Aim #1: Design of a composite scaffold comprised of an allograft 

conjugated with bioactive nanoparticles and coated in a hyaluronic acid hydrogel 

containing ECM particles   

11.1.3.1.1 Rationale 

 We propose here a novel composite scaffold to induce M2 macrophage response to 

stimulate remodeling.  The three components include an allograft with covalently attached AuNP 

that have been conjugated with IL-4 and IL-13, lyophilized ECM particles, and an HA hydrogel 

coating.  The purpose of this aim is to fabricate, optimize, and characterize the three component 

scaffold.  Each component will be synthesized and tailored based upon degradation rate and 

materials properties comparable to unprocessed allografts.  In addition to having desirable 
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characteristics, it is imperative that the function of each component is maintained while in 

combination with the other components.  The following will be verified: preservation of interleukin 

structure after attachment to AuNP, presence of growth factors on ECM particles after HA 

hydrogel embedding, and the presence of GAG on scaffolds after coating with HA hydrogel.   

11.1.3.1.1.1 Experimental Series #1 Base scaffold 

 The goal of this experimental series is to develop and characterize an allograft 

impregnated with AuNP conjugated with IL-4 and IL-13 to support macrophage differentiation and 

cell attachment based upon a protocol by Hinterwirth et al. [47].  Commercially available 

decellularized anterior tibialis tendons will be obtained from MTF to be used as the scaffold.  

Human IL-4 and IL-13 will be attached to commercially purchased 100 nm AuNP and 

subsequently attached to the scaffold.  A 28 atom spacer, O-(2-carboxyethyl)-O'-(2-

mercaptoethyl)heptaethylene glycol (PEG7) will be attached to the AuNP via a thiol linkage 

leaving a free carboxylic group at the opposite end of the spacer.  Interleukins will be attached to 

the carboxylic acid group on the end of the spacer by the amino groups on the interleukins via 

EDC/NHS chemistry.  The use of a spacer may enhance functionality of the interleukin [47].  The 

initial concentration of interleukins and crosslinking agents are based upon a previous protocol 

optimized to prevent excessive tissue crosslinking [52].  Adjustments to concentrations will be 

made based upon results of characterization tests.  The attachment of bioactive AuNP to 

allografts will similarly be accomplished by EDC/NHS chemistry.  

 The attachment of interleukins to AuNP will be verified by FTIR, UV-vis, and TEM [47-49].  

FTIR will look at peaks characteristic of ether, carboxylic acid and hydroxyl groups indicating 

attachment of interleukins to AuNP.  Interleukin attachment will produce a red-shift using UV-vis.  

A more prominent grey band around AuNP in TEM imaging will indicate interleukin attachment.  

Attachment of AuNP to the scaffold will be verified by SEM imaging. 

  The functionality of the interleukins must be considered after attachment to the AuNP and 

after attachment to the scaffold.  It has been shown that the attachment of biomolecules may alter 

their shape and prevent them from being recognized by cells [53].  Immunofluorescence imaging 
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will be used to verify the functionality and recognizability of the bioactive factors by anti-IL-4 and 

anti-IL-13 antibodies.  Multi-channel fluorescent imaging will indicate successful antibody 

recognition of interleukins indicating that protein structure was maintained.  This technique also 

allows for visualization of the distribution of both interleukins on the scaffold.   

 Once the bioactive AuNP have been attached to the scaffold and their functionality has 

been verified, the scaffold will be characterized by tensile testing, degree of crosslinking assays, 

and DSC to ensure that the attachment of bioactive AuNP did not compromise the integrity of the 

scaffold.  Tensile strength will be compared to unprocessed allografts based upon elastic 

modulus.  The denaturation temperature determined by DSC and degree of crosslinking assays 

will determine the degree of crosslinking of the scaffold.  Again, these values will be compared to 

unprocessed allografts to avoid excessive crosslinking which may inhibit cellular infiltration and 

biocompatibility.  SEM will be used to observe the distribution of the AuNP across the scaffold 

and ensure an open microstructure is maintained. 

11.1.3.1.1.2 Experimental Series #2 ECM powder 

 The goal of this experimental series is to develop ECM particles to be degraded in vivo 

for the purpose of releasing natural growth factors and cytokines present in the ECM.  Tissue will 

be harvested from fetal porcine diaphragm tendon which has been shown to contain a high 

amount of active growth factors [54].  The tissue will be decellularized to remove antigenic 

components using a previously established protocol [55].  The decellularized tissue will be 

lyophilized and processed into particles using a snap freezing and blending preparation technique 

developed by Gilbert et al. [56]. 

 The ECM particles will be characterized using SEM and laser diffraction to determine 

particle size [56].  The functionality and integrity of the ECM particles will be verified by ELISA 

assays looking at FGF, TGF-β1, VEGF [57] as well as assays evaluating the overall GAG content 

[57, 58].  Values will be compared to decellularized ECM that has not been processed into 

particles. 
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11.1.3.1.1.3 Experimental Series #3 Hydrogel 

 The goal of this experimental series is to develop a degradable HA hydrogel coating to 

serve as carrier for the ECM particles as well as deliver HA to the synovial fluid using a protocol 

by Hahn et al. [25].  The methacrylic anhydride and thiolated HA (HA-SH) hydrogel will be 

prepared using disulfide bond formation with sodium tetrathionate by reacting adipic acid 

dihydrazide modified HA (HA-ADH) with Traut's reagent to create HA-ADH-SH then mixing it with 

sodium tetrathionate [25, 59-65].  This reaction allows for the HA to be crosslinked using thiol 

groups which will not interact with bioactive agents [66].  Additionally, the suspension of bioactive 

agents in HA hydrogel may preserve their structure and even increase their activity [67].  The 

amount of crosslinking will be altered to fit desired properties according to characterization 

outlined below.   

 The hydrogel will be characterized by swelling tests, tensile testing, DMA, and 1H NMR.  

The hydrogel needs to have proper handling characteristics in order to effectively coat a scaffold.  

More specifically, the hydrogel needs to comply and flex with the scaffold without delaminating 

[68-70].  In addition, the scaffold needs to have sufficient strength, flexibility and degradation 

properties under physiological conditions with minimum swelling.  The ideal values for these 

parameters will be evaluated based upon hydrogel performance in handling and degradation 

tests.  The hydrogel will be characterized and adjusted based upon values obtained from DMA, 

swelling tests, and tensile testing.  DMA will obtain the Tg and storage modulus and swelling tests 

will obtain the swelling percentage in physiological conditions.  1H NMR will obtain the amount of 

SH alteration.  These paramaters will be used to characterize the material as the synthesis 

process is optimized for desired properties. 

11.1.3.1.1.4 Experimental Series #4 Composite scaffold 

 The goal of this experimental series is to integrate all components—the ECM particles, 

HA hydrogel, and base scaffold with bioactive AuNP— to create a composite scaffold.  The ECM 

particles will be suspended within the HA hydrogel during the crosslinking process.  The stability, 

functionality, and integrity of the growth factors in the ECM within the HA hydrogel need to be 
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verified.  Experiments in experimental series #2 will be repeated to verify ECM particles integrity 

within an HA hydrogel.  These experiments include an immunoassay for FGF, TGF-β1, VEGF as 

well as GAG content [57, 58].  The results of this characterization will be compared to the results 

of the ECM particles before incorporation into the hydrogel. 

 The hydrogel will be coated onto the base scaffold by rotating the scaffold partially 

submerged in the non-crosslinked hydrogel to create a thin, uniform coating of the hydrogel 

around the scaffold.  Once fabricated, the integrity of the base scaffold will be verified by GAG 

content, degree of crosslinking, and DSC.  Results should indicate no decrease in GAG content 

indicating no damage from the hydrogel crosslinking to the bioactive factors within the scaffold.  

The DSC and degree of crosslinking should indicate that minimal additional crosslinking occurred 

on the base scaffold due to the hydrogel crosslinking.  

 The complete composite scaffold will be characterized by mechanical testing, cytotoxicity, 

and degradation tests.  Tensile testing will be performed and compared with unprocessed 

allografts.  The compliance of the hydrogel with the scaffold will also be observed during 

mechanical testing.  Cytotoxicity will be evaluated for the HA hydrogel with ECM particles and for 

scaffolds with bioactive AuNP by a WST-1 assay.  The cytotoxicity of the scaffold should not be 

significantly less than unprocessed allografts.  Degradation tests will be done for ECM particles 

alone, HA hydrogel alone, ECM particles suspended in the hydrogel, scaffolds with bioactive 

AuNP, and finally the entire composite scaffold.  Initial tests will be performed for hydrolytic 

degradation in phosphate buffered saline (PBS).  Enzymatic degradation will be performed by 

incubation with synovial fluid enzymes MMP-1, elastase, plasmin and hyaluronidase for 4 weeks.  

Time points will be adjusted based upon initial results.  The target times for degradation of each 

component is: 4 weeks for the HA hydrogel, 3 days for the ECM particles once released from the 

hydrogel, and minimal degradation of scaffold with bioactive AuNP.    

11.1.3.1.2 Predictions 

 We predict that this set of experiments will produce a composite scaffold suitable for 

enticing macrophage recruitment and M2 macrophage differentiation.  The experiments will allow 
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for optimization of degradation rate of each scaffold component.  The characterization data will 

allow the scaffolds to be compared to other types of scaffolds that will be helpful to evaluate end 

performance of the scaffold. 

11.1.3.1.3 Anticipated problems/ alternative strategies 

 There are several anticipated challenges that we foresee within this specific aim.  The 

first is the attachment of the bioactive AuNP to the base scaffold.  Attachment will require careful 

optimization of the bioactive factors to the AuNP as to not saturate the surface of the AuNP and 

block attachment sites to the scaffold.  Alternatively, some of the interleukins on the surface of the 

AuNP can be used as linkages to the scaffold itself.  Related to this problem is the functionality of 

the growth factors after attachment to the AuNP and attachment to the scaffold.  It is assumed 

that if the growth factors present on the ECM remain intact after suspension in the hydrogel, the 

interleukins on the AuNP will not be damaged after the hydrogel is applied to the scaffold.  If the 

interleukins attached to the scaffolds are not recognized by the antibody in the 

immunofluorescence verification, individual steps of the interleukin attachment process will be 

examined to see which step is compromising the molecule.  Circular dichroism and NMR can be 

used to further verify the structure of the interleukin [71, 72].  Additionally, flow cytometry and 

SDS-PAGE can be used to investiagte the interleukins attached to AuNP [73, 74].  If functionality 

is not maintained throughout all steps, other crosslinking mechanisms will be investigated as well 

as additional types of spacers [47].  Alternatively, the conditions of crosslinking can be adjusted 

so that that the proteins will fold in a manner that hides key antibody recognition sites from 

crosslinking incorporation.  There is risk that the interleukins can crosslink to each other before 

crosslinking to the nanoparticles.  The use of dynamic light scattering (DLS), x-ray photoelectron 

spectroscopy (XPS) and a Bradford assay may help to determine the amount of interleukin 

attached to the nanoparticle and whether the interleukin is heavily crosslinked to itself.  

 Another anticipated challenge is tuning the physical properties of the hydrogel on the 

scaffold.  Careful optimization of materials properties without having specific target values will be 

required to meet this challenge.  It will also be challenging to uniformly create the hydrogel on the 
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base scaffold without delamination of the hydrogel.  If the proposed process does not create a 

suitable coating, dipcoating and electro-deposition methods will be investigated.   

 Tailoring the degradation rate of the scaffold will also be challenging.  The degree of 

crosslinking can be altered to adjust the degradation rate but there is a limited range of 

degradation rates for each material.  If the proposed method does not yield the desired 

degradation rates, adjustments to the materials or materials synthesis process will be made.    

11.1.3.2 Specific Aim #2: In vitro investigation of cell-scaffold interactions 

11.1.3.2.1 Rationale 

 The purpose of this specific aim is to investigate the in vitro macrophage phenotype 

response to composite scaffolds and the effect of composite scaffolds on fibroblast and 

macrophage migration.  Macrophage response will be characterized in terms of cell proliferation, 

gene expression, M1/M2 macrophage phenotype, and interleukin secretion.  Fibroblast and 

macrophage migration will be characterized by a Boyden chamber assay.  Macrophages have a 

variety of functions and phenotypes that range from inflammation and tissue clearing to ECM 

synthesis necessary for remodeling [3].  It is proposed that composite scaffold will promote 

macrophages and fibroblasts to migrate to the scaffold as well as induce an M2 macrophage 

phenotype associated with constructive tissue remodeling.  The results of this specific aim will 

allow for the in vitro comparison of the composite scaffold and unprocessed allografts in terms of 

macrophage and fibroblast response.  In addition, the investigation of macrophage behavior will 

allow insight into mechanisms of tissue remodeling occurring in response to scaffolds that may be 

translated to other areas of tissue engineering.   

11.1.3.2.1.1 Experimental Series #1 Macrophage activity on composite scaffolds in a 

bioreactor 

 The purpose of this experimental series is to culture differentiating RAW264.7 

macrophages on the composite scaffold in a bioreactor to assess macrophage activity.  The 

bioreactor is based upon a tendon/ligament bioreactor designed by Doroski et al. [75-77].  In the 



 

231 

 

bioreactor, the scaffold is submerged in cell media and subjected to sinusoidal tensile loading 

according to physiological ACL activity.  It is hypothesized that composite scaffolds will exhibit 

more of an M2 macrophage response and enhance fibroblast migration compared to 

unprocessed allografts. 

 The attachment and proliferation of macrophages on composite scaffolds will be 

determined by SEM imaging and PicoGreen® cell proliferation assays.  Macrophage phenotype 

will be monitored by the expression of M1 gene marker iNOS and M2 macrophage gene marker 

ARG.  RNA will be extracted from scaffolds seeded with cells and RT-PCR will be performed to 

quantify relative amounts of each gene marker.  In addition, immunohistochemistry will be 

performed for M1/M2 macrophage phenotype indicators CCR7 (M1) and CD163 (M2).  Scaffolds 

will be paraffin embedded and fluorescently labeled with CCR7 and CD163 and CD68 (control, 

expressed in all macrophages) antibodies.  Samples will be fluorescently imaged and each cell 

type will be counted and expressed as a ratio to the total number of macrophages (CD68 

marker).   

 The expression of specific interleukins by the macrophages will be monitored by 

measuring their concentration within the bioreactor media.  Levels of interleukins IL-12, IL-23 and 

IL-10 will be detected by ELISA.  Higher levels of IL-12 and IL-23 and low levels of IL-10 indicate 

a stronger M1 response [4].  Accordingly, low levels of IL-12 and IL-23 with high levels of IL-10 

indicate a stronger M2 macrophage response.  A baseline will be established by performing this 

experiment in the bioreactor without macrophages to determine what portion of the interleukins 

are present due to the degradation of the scaffold. 

11.1.3.2.1.2 Experimental Series #2 Fibroblast and macrophage migration activity on 

composite scaffolds 

 The purpose of this experimental series is to evaluate the effects of degrading composite 

scaffolds on fibroblast and macrophage migration.  A CytoSelect migration assay will be 

performed on papain-digested samples of: ECM particles alone, HA hydrogel alone, ECM 
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particles within HA hydrogel, and scaffold with bioactive AuNP.  The number of migrating cells on 

each component will be compared with unprocessed allografts.  

11.1.3.2.2 Predictions  

 It is predicted that the composite scaffold will stimulate a higher M2 macrophage gene 

expression, interleukin release, and cell migration compared with unprocessed allografts.  The 

investigation of a variety of specific genes and growth factors will indicate potential for in vivo 

remodeling.  The results of this specific aim will also provide insight on the link between scaffold 

degradation and macrophage response.   

11.1.3.2.3 Anticipated problems/ alternative strategies 

 One anticipated problem within this specific aim is the ability of the macrophages to 

express the specified genes and interleukins.  There are always limitations to in vitro assays and 

many cells lines require specific cues that may not be present in vitro.  There is concern that 

macrophage gene expression could be minimal due to inadequate conditions for interleukin 

production and gene expression.  It will be important to monitor all conditions of the bioreactor 

including pH, temperature, CO2 levels, and flow rate to ensure that macrophage environment is 

optimal for response to a scaffold.  In addition, even if macrophages secrete interleukins, they 

may be in such low concentrations that are beyond detection.  If no changes are seen in 

macrophage activity, the concentration of interleukins and ECM particles will be enhanced to 

further stimulate macrophages.  If all design modifications fail to stimulate a response in vitro 

tests will be forfeited and in vivo tests will have to be used to evaluate scaffold design. 

 Another anticipated problem is the possibility of seeing limited M2 macrophage markers 

and migration due to a lack of degradation of the scaffold since many benefits of the scaffold 

require degradation.  If improvements are not seen between composite scaffolds and 

unprocessed allografts, synovial fluid enzymes used in degradation studies in Specific Aim #1 will 

be applied to the cell media to observe in vitro behavior of the scaffold as it is degrading.  

Challenges to this alternative include anchoring the graft as it is degrading.   
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11.1.3.3 Specific Aim #3: Test in vivo performance of composite scaffold 

11.1.3.3.1 Rationale 

 The purpose of this specific aim is to investigate the in vivo remodeling response of 

composite scaffolds.  As the HA hydrogel degrades and releases the ECM particles in vivo, the 

ECM particles will enzymatically degrade and release growth factors to stimulate M2 macrophage 

differentiation.  Releasing myriad ECM cytokines through ECM degradation will cause a 

cascading remodeling response to stimulate ECM production [5].  This specific aim will verify the 

benefits of the composite scaffold compared with unprocessed allografts in terms of in vivo 

behavior of composite scaffolds.  The study will also be a model for a new approach to in vivo 

remodeling characterization from the perspective of macrophages phenotype expression.  It is 

hypothesized that the composite scaffold will elicit a heightened M2 macrophage response 

compared with unprocessed allografts.  

11.1.3.3.1.1 Experimental Series #1 Non-functional in vivo study 

 The purpose of this specific aim is to evaluate the biocompatibility, host response, and 

macrophage phenotype in response to the composite scaffold in rats based on a study by Grant 

et al. [51].  Composite scaffolds will be subcutaneously implanted into Sprague-Dawley rats and 

explanted at 7, 21, and 90 days with n=4 rats per time point per group.  Time points may be 

adjusted based upon in vitro degradation profile.  Composite scaffolds will be compared to 

unprocessed allografts, control animals that did not undergo surgery, and sham rats that 

underwent surgery but did not receive a scaffold.  Samples will be histologically evaluated for 

degradation, cellular infiltration, multi-nucleated giant cells (MNGC), vascularity, connective tissue 

(CT) organization, and fibrous encapsulation.  High scores for cellular infiltration, vascularity and 

CT organization with low scores for degradation, MNGC and fibrous encapsulation indicate a 

constructive remodeling response [13].  A portion of explants will be retained and snap frozen for 

gene expression analysis.  In addition, slides will be stained for neutrophils, macrophages and 

lymphocytes.   
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 The M1/M2 macrophage phenotype will be determined by gene expression of iNOS (M1) 

and ARG (M2) by extracting RNA from explanted samples and identifying markers using RT-

PCR.  In addition, immunohistochemistry will be performed for M1/M2 macrophage phenotype 

indicators CCR7 (M1) and CD163 (M2).  Scaffolds will be paraffin embedded and fluorescently 

labeled with CCR7 and CD163 and CD68 (all macrophage control) antibodies.  Samples will be 

fluorescently imaged and each cell type will be counted and expressed as a ratio to the total 

number of macrophages (CD68 marker).  

11.1.3.3.1.2 Experimental Series #2 Functional in vivo study 

 The purpose of this experimental series is to evaluate the host and scaffold response of 

an ACL reconstruction in a goat model.  The study is based upon a study by Fisher et al. [78].  

The ACL will be replaced in the hind leg of 32 skeletally mature goats, 16 using a composite 

scaffold and 16 using an unprocessed allograft.  The opposite hind leg will be used as a sham 

where the knee joint will be opened but not undergo any operation.  Sixteen of the grafts will be 

explanted at 12 weeks and the remaining 16 will be explanted at 1 year.  At each time point, four 

explanted scaffolds from each group will be stained with H&E and histologically evaluated for 

degradation, cellular infiltration, MNGC, vascularity, CT organization, and fibrous encapsulation.  

High scores for cellular infiltration, vascularity and CT organization with low scores for 

degradation, MNGC and fibrous encapsulation indicate a constructive remodeling response [13].  

In addition, slides will be stained for neutrophils, macrophages and lymphocytes.  Additionally, at 

each timepoint, four explanted scaffolds from each group will be tensile tested to determine the 

stiffness.   

 The synovial fluid in the joint capsule of both knees on each animal will be harvested at 

12 weeks and 1 year according to protocol by Haslauer et al. [79].  In addition to the scaffold 

itself, the synovial fluid will contain cells and scaffold degradation products that indicate the type 

of host response.  Synovial fluid will be analyzed and compared to sham samples to analyze the 

effect of the scaffold degradation on synovial fluid composition.  TE-7 antibody will be used to 

detect fibroblasts and CD68 will be used to detect macrophages, monocytes, neutrophils, 
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basophils and natural killer cells using flow cytometry.  Additionally, the levels of collagen, 

collagenase, and HA in the synovial fluid will be analyzed by ELISA.  

11.1.3.3.2 Predictions  

 It is predicted that the composite scaffolds will express more growth factors associated 

with remodeling and show more histological signs of remodeling compared to unprocessed 

allografts.  The tuned degradation rate will provide insight into the remodeling response and the 

role of specific gene expression as well as growth factor secretion. 

11.1.3.3.3 Anticipated problems/ alternative strategies 

 A potential problem in this specific aim is the comparison of data between non-function 

and functional tests since different animals exhibit different macrophage physiologies [3].  

Because of this reason, the M1/M2 macrophage phenotype markers observed in rats cannot be 

used in the functional goat study.  In addition, the analysis of the synovial fluid will be challenging 

since enzyme levels may be beyond detection limits. 

11.1.4 Methods 

11.1.4.1 Attachment & verification of growth factors to nanoparticles and scaffold 

 IL-4 and IL-13 will be attached to AuNP based upon a protocol by Hinterwirth et al. [47].  

A 28 atom spacer, O-(2-carboxyethyl)-O'-(2-mercaptoethyl)heptaethylene glycol (PEG7), will be 

attached to the AuNP.  3.5 mM PEG7 will be incubated with 1 mL AuNP stock solution overnight 

at ambient temperature.  Forty ng/ml of each interleukin will be combined with 1 mL 0.1 mg/ml 

AuNP, 5 mM NHS and 2 mM EDC in acetone/PBS crosslinking solution for 2 h then rinsed in 

buffer.  To attach bioactive AuNP to the scaffold, base scaffold will be submerged in 2% (v/v) 

bioactive AuNP in crosslinking solution with 5 mM NHS and 2 mM EDC for 2 h then rinsed in 

PBS.   

 The attachment of interleukins to AuNP will be verified by FTIR, UV-vis, and TEM [47-49].  

AuNP solutions will be vacuum dried on CaF2 plates.  The following peaks will be analyzed to 
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confirm interleukin attachment: ether group at 1050-1150 cm-1 [80, 81], carboxylic acid group at 

1700 cm-1 [48], and hydroxyl group at 3200-3600 cm-1 [81].  UV-vis will be used to observe AuNP 

solutions with red-shift and a wider peak indicating attachment of interleukins [47].  TEM images 

of AuNP solutions with and without attached interleukins will be compared for the presence of a 

grey band around the radius indicating attached bioactive agents [48].  The attachment of 

particles to the scaffold will be verified by SEM imaging using secondary electron and backscatter 

modes [82].  

11.1.4.2 Scaffold characterization 

 After attachment of bioactive AuNP, scaffolds will be characterized by mechanical testing, 

degree of crosslinking assays, DSC testing and SEM.  All tests will be run in comparison to 

unprocessed allografts.  Tensile testing will be performed to failure to obtain the yield strength 

and elastic modulus.  Degree of crosslinking will be determined by quantifying the free amine 

groups using a TNBS assay [83, 84].  Differential scanning calorimetry (DSC) will be performed to 

obtain the denaturation temperature which can be related to the degree of crosslinking [85].  SEM 

will be used to observe the distribution of AuNP and ensure that the open microstructure of the 

scaffold is maintained.  This can be further quantified by counting the number of AuNP and 

measuring pore sizes in at least 10 random fields using ImageJ software.  

11.1.4.3 Immunofluorescence 

 IL-4 and IL-13 functionality on scaffold-bound AuNP will be verified via 

immunofluorescence [86].  Thawed cryosectioned samples will be incubated with IL-13 rat anti-

human monoclonal antibody and IL-4 mouse anti-human monoclonal antibody as primary 

antibodies.  Secondary antibodies will be fluorescein donkey anti-rat IgG antibody conjugate and 

Texas Red-X goat anti-mouse IgG antibody.  Samples will be rinsed and mounted on glass slides 

for multi-channel confocal imaging.  Samples will be imaged with 495 nm excitation and 519 nm 

emission to detect IL-13 and 589 nm excitation and 615 nm emission to detect IL-4.  
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11.1.4.4 ECM particle preparation and characterization 

 Porcine diaphragm tendon will be harvested and decellularized with 1% (v/v) tributyl 

phosphate in Tris buffer solution according to protocol by Deeken et al. [55].  ECM particle 

preparation will be performed according to protocol by Gilbert et al. [56].  Tissue will be soaked in 

30% (w/v) NaCl for 5 min before being snap frozen in liquid nitrogen.  Salt crystals will precipitate 

and the material will be lyophilized to remove residual water.  The material will then be reduced 

into small pieces with a blender and then rinsed and centrifuged in DI water to remove NaCl.  The 

suspension will be snap frozen and lyophilized again then powdered using a rotary knife mill.   

 SEM will be used to characterize particle size by analyzing images with ImageJ software.  

In addition laser diffraction will be utilized by passing dry particles through the beam of a HeNe 

laser to obtain the diffraction angle which is inversely proportional to the size of the particle [56, 

87].   

 Functionality of the ECM particles will be determined by GAG and growth factor assays 

[57, 58].  Lyophilized ECM particles will be digested by proteinase K before running a Blyscan 

Sulfated Glycosaminoglycan Assay Kit to quantify GAG content.  The absorbance of samples will 

be extrapolated with a standard GAG curve to get the mass of GAG per dry weight of ECM 

particles.  ECM powder will be suspended in urea-heparin extraction buffer and prepared into a 

dialyzed extract according to protocol by Reing et al. to prepare for growth factor assays [57].  

Further functionality will be determined by three growth factor assays: Quantikine Human FGF 

basic Immunoassay, Human VEGF Immunoassay, and Mouse/Rat/Porcine/Canine TGF-β1 

Immunoassay [57].  All three growth factor assays work based upon standard ELISA assay.  A 

standard curve will be used to get mass of each growth factor per dry weight of ECM powder.  

11.1.4.5 Hydrogel preparation and characterization 

 HA-hydrogels will be prepared according to protocol by Hahn et al. [25].  HA-ADH will be 

prepared according to established protocol [88].  A solution of ADH and HA in water will be 

reacted with EDC to form HA-ADH.  Dialyzed solution will be recovered by alcohol precipitation.  

HA-SH will be prepared by reacting HA-ADH in water with buffer containing Traut's reagent.  HA-
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ADH-SH will be recovered by ethanol precipitation.  To prepare the hydrogel, HA-ADH-SH in 

phosphate buffer will be mixed with sodium tetrathionate.  The solution will be incubated at 37°C 

for 3 h to complete crosslinking.  Degree of SH and ADH modification will be characterized by 1H 

NMR.  

 HA hydrogels will be formed around the graft by attaching the graft to a rotating shaker 

and placing the hydrogel solution underneath.  Graft will rotate while slightly submerged in 

polymer solution for 3 h at 37°C or until sufficient coating is obtained.    

 The hydrogel will be characterized by swelling tests, DMA, tensile testing and 1H NMR 

[24, 89, 90].  DMA testing will obtain the Tg and storage modulus and swelling tests will obtain the 

swelling percentage that will be adjusted from an initial starting value.  Tensile testing will be 

performed to obtain the maximum load at failure.  The maximum load should be sufficiently high 

such that the hydrogel does not fail at several factors of safety above 300N—the maximum force 

on the ACL during normal gait [68, 69].  

11.1.4.6 Cell proliferation and cytotoxicity assays  

 All cytotoxicity assays will be performed using L929 murine fibroblast cells.  Cells will be 

cultured at 37°C in 5% CO2 with Eagle's medium with 10% bovine serum and 200 U/mL penicillin 

streptomycin.  Cells will be seeded at a concentration of 3 x 104 cells/well in a 48-well culture 

plate lined with scaffold.  Cells will be cultured for 3 days before being read with a microplate 

reader at 450 nm with a WST-1 assay kit.   

11.1.4.7 Degradation 

 Degradation tests will be performed using physiological levels of major enzymes found in 

synovial fluid: MMP-1 [83, 91-93], elastase [94], plasmin [95], and hyaluronidase [96] according to 

protocol by Palmer et al. [79] and Kim et al. [63].  The enzyme solution will be made from 

250ug/mL MMP-1, 100ug/mL elastase, and 40ug/mL plasmin in PBS and 32mU/mg protein 

hyaluronidase.  PBS will also be used as a control.  Samples will be uniformly punched and then 

weighed and placed in wells of a 12-well plate and 1 mL of solution will be added to each well.  
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The solutions will be removed and replaced with fresh solution every 12 h.  The scaffold will be 

weighed every 12 h for 48 h and then at 1, 2, and 4 weeks.  Adjustments to time periods will be 

made based upon preliminary experiments.   

11.1.4.8 Macrophage cell culture and bioreactor studies 

 RAW 264.7 mouse leukaemic monocyte macrophage cells will be used for in vitro 

macrophage studies.  The cells will be maintained cell media consisting of DMEM supplemented 

with 10% fetal bovine serum according to supplier’s protocol. Cells will be seeded onto scaffolds 

in the bioreactor at a density of 2 x 105 cells/cm2. 

 The bioreactor used will be a custom bioreactor modified from a tendon/ligament 

bioreactor developed by Doroski et al. [75-77].  The system includes a computer controlled linear 

motor monitored by an optical encoder.  The linear motor will be attached to a rake connected to 

samples within individual cell culture chambers to provide sinusoidal tensile loading.  The 

chamber will be open to the outside incubator environment with 5% CO2 at 37°C.  A sinusoidal 

strain of 10% (5% offset, 5% amplitude) at 1Hz will be applied for 3 h/day.   

11.1.4.9 Migration assays 

 Migration assay will be performed according to CytoSelect cell migration assay kits [21, 

97].  Scaffolds will be degraded in papain in buffer.  Digested scaffolds will be mixed 1:1 with 

serum-free cell media and placed in a 48-well plate.  L929 fibroblasts or RAW 264.7 

macrophages will be seeded on top of an 8 μm membrane at 1 x 105 cells/well and allowed to 

migrate towards digested scaffold for 24 h.  

11.1.4.10 Gene expression 

 Gene expression analysis will be performed using standard PCR methods and protocol 

by Brown et al. [4].  Total cellular RNA will be isolated from explanted in vivo tissue samples or 

from bioreactor cell media and purified using an RNAeasy Mini Kit according to manufacturer's 

instructions.  Tissue will be homogenized using a rotor-stator homogenizer.  Sample will be lysed 

and RNA extracted using a spin column.  The first strand of cDNA will be made using a 
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Superscript RT III kit.  RNA will be incubated with primers and extracted.  Primers for iNOS and 

ARG as developed by Brown et al. will be made by Life Technologies and used to determine M1 

and M2 macrophage phenotypes respectively.  Housekeeping gene β glucurodinase (GUSB) will 

be used as a threshold reference from Rat Housekeeping Gene Primer Set.  All PCR will be run 

using an iQ5 Real-Time Detection System.  The ratio of iNOS/ARG expression will be calculated 

using the 2-(ΔCt) method where the relative expression of each gene is expressed as a ratio of 2-

(ΔCt) for each marker [98].   

11.1.4.11 ELISA 

 Interleukin secretion will be determined by standard ELISA and protocol by McDade et al. 

[99].  Human cytokine ELISA Ready-SET-Go kit will be used to detect IL-12, IL-23, and IL-10 

levels in cell media harvested from the bioreactor.  Each antibody will be biotin conjugated with 

avidin-HRP as the detection enzyme and tetramethylbenzidine (TMB) as the substrate solution.  

The amount of each interleukin will be determined by interpolating the fluorescence intensity from 

a standard curve for each protein.  The amounts of IL-12, IL-23, and IL-10 will be compared 

between macrophages cultured on composite scaffolds compared to unprocessed scaffolds.  

ELISA assays to confirm growth factor integrity for the base scaffold will include Quantikine 

ELISA FGF, VEGF, and TGF-β1 assays [57, 100].  The synovial fluid extracted will be centrifuged 

to remove cells and debris.  Assays to analyze synovial fluid cells and proteins will be EnzChek 

gelatinase/collagenase assay, HA ELISA and Sircol Collagen assay.   

11.1.4.12 Histology 

 Upon harvest, scaffolds and surrounding tissue will be stored in 10% neutral buffed 

formalin, paraffin embedded, sliced, and stained with H&E stain.  Histological scoring for 

degradation, cellular infiltration, MNGC, vascularity, CT organization, and fibrous encapsulation 

will be performed according to previous scoring system by Valentin et al. [101].  
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11.1.4.13 Immunohistochemistry 

 Standard immunohistological preparation methods will be performed for explanted 

samples and scaffolds from the bioreactor including fixation in neutral buffered formalin, paraffin 

embedding, sectioning, heat-induced antigen retrieval and staining [4].  All samples will be 

exposed to the following primary antibodies: mouse anti-rat CD68, rabbit anti-rat CCR7 and 

mouse anti-rat CD163.  Secondary antibodies to be used are Texas red goat anti-mouse (CD68 

and CD163) and goat anti-rabbit FITC (CCR7).  Cells positive for each marker will be counted 

using an optical microscope by a blinded investigator.  The ratio of M1/M2 macrophages will be 

determined by the average percentage of CCR7:CD68 cells divided by the average percentage of 

CD163:CD68 cells in each field.  

11.1.4.14 Flow cytometry of synovial fluid 

 The synovial fluid will be extracted based upon a protocol by Haslauer et al. [79].  A 

sample of the extracted synovial fluid will be collected for cell analysis.  Cells will be fixed in 

paraformaldehyde, permeabilized with methanol and incubated with primary and secondary 

antibodies.  Mouse TE-7 antibody will be used to detect fibroblasts and rabbit CD68 will be used 

to detect macrophages, monocytes, neutrophils, basophils, and natural killer cells [102].  

Secondary antibodies will be Texas-Red anti-mouse (TE-7) and goat anti-rabbit FITC.  The 

relative concentration of each group of cells will be compared between scaffold types and among 

time points.   

11.1.4.15 Data analysis 

 All tests will be run in triplicate.  When comparing groups, values will be averaged and 

compared using one-way ANOVA with a Tukey post-test with significance at p<0.05.  All 

statistical analysis will be performed using SAS software.   
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11.1.4.16 General animal handling procedures 

 All animal studies will be approved by the institution's Animal Care and Use Committee.  

The numbers of animals were chosen based upon previous studies to minimize the number of 

animals used while achieving enough replicates to achieve significant data.  All animals will 

remain under general anesthesia during surgical procedures and will be monitored post-

operatively for any adverse response.   

11.2 Other future studies 

11.2.1 Cell nanoparticle interactions 

 To improve the use of nanoparticle containing grafts, the interaction between cells and 

nanoparticles needs to be explored further.  Many studies have been conducted on this 

interaction but the interaction is not fully characterized and is not easily predicted.  When 

nanoparticles are introduced into the body, they readily adsorb proteins into a covering called the 

“corona” [103].  This layer of proteins is dynamic and is affected by the shape [104, 105], size 

[106], composition [107-109], and environment  of the nanoparticle [103-105, 108, 110].  The 

corona will affect the way the cell “sees” the nanoparticle and subsequently how it interacts with it 

[110].  Cell behaviors affected by protein adsorption onto the nanoparticle include cell attachment, 

cell proliferation, apoptosis, as well as where the nanoparticle may travel to in the body and 

initiation of other cellular pathways [103, 111].  It is important to keep this interaction in mind 

when trying to direct cellular activity using nanoparticles.   

  Currently nanoparticles are characterized by physical properties while it may be more 

accurate to classify them based upon how they are perceived by cells [112].  In order to better 

design ECM based nanoparticle scaffolds, a more thorough understanding of the cell-

nanoparticle interaction will be needed.  In the case of a nano-graft the effect of the nanoparticles 

and the ECM on the cells is affected by the nanoparticle concentration.  The number of 

nanoparticles on the surface will affect the types and amounts of adsorbed protein and affect cell 

activity.  More studies need to be performed in order to predict cell behavior based upon scaffold 

design to achieve desired cellular outcomes.   
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11.2.2 Nano-graft modification 

 Future studies of nano-graft modifications may entail investigation of alternative 

crosslinkers and further optimization of nanoparticle concentration.  The use of different 

crosslinkers may shorten the crosslinking process.  A shorter crosslinking process may be 

advantageous to add nanoparticles to grafts in the surgical suite.  This would allow nanoparticles 

to be added to commercially available grafts or to autografts.  Currently, the crosslinking process 

requires extensive rinsing because of the toxicity of the EDC crosslinker.  The use of a more 

biocompatible crosslinker such genipin may allow for a quicker rinsing process allowing the 

addition of nanoparticles in a very short time.  Degree of crosslinking studies would need to be 

performed in order to ensure crosslinking is equivalent to the optimized degree of crosslinking 

achieved with EDC.  In addition, the distribution of nanoparticles and efficiency of attachment 

(number of nanoparticles attached to tissue/ number of nanoparticles exposed during 

crosslinking) needs to be further optimized for improved consistency between nano-grafts.   

11.2.3 Additional in vivo studies 

 Additional in vivo data is needed to further support the use nano-grafts for ACL 

reconstruction.  Specifically, in vivo mechanical testing needs to be performed on nano-grafts 

used for ACL reconstruction.  It should be noted when preparing in vivo studies that the ACL 

ligamentization process occurs on different timelines for different species [13].  For animals, 

maximum remodeling and weakness of grafts occur before 12 weeks [13, 113].  Longer term in 

vivo mechanical studies will be important to assess the effect of early graft remodeling on long-

term graft strength that may impact the rate of graft failure.  In addition to long-term mechanical 

strength, in vivo degradation rates should be determined to ensure that degradation rate does not 

exceed the rate of deposition of new ECM.  Alternatively stated, to ensure that as the scaffold 

naturally degrades, new ECM is being created to replace it.  It is also of interest to trace the fate 

of the AuNP after implantation.  The low concentration of AuNP used in the nano-graft does not 
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pose systemic toxicity concerns but in vivo data will likely be necessary to prove safety for FDA 

regulation.   

11.2.4 Homogenized tissue optimization 

 Homogenized tissue constructs for soft tissue engineering applications need to be further 

optimized for AuNP concentration and liquid formulation.  Results are positive for the formulation 

used in this study but still need improvement.  Specifically, the homogenization process needs to 

be further refined.  Currently the process results in loss of material creating inconsistencies in 

tissue concentration between batches.  The process leads to inconsistent concentrations of liquid 

in the sample.  The overall process needs to be refined to create more consistency between 

batches.  Quality control can be implemented into this process using protein content assays and 

viscometry measurements of the constructs.  

11.2.5 GFP porcine model 

  Future studies are required to refine the use of the GFP porcine model for the evaluation 

of soft tissue integration.  The current study reports qualitative data of host tissue integration but 

not quantitative data that can be used to compare test groups.  Challenges of achieving 

quantitative data include the need for well-defined scaffold orientation and reference points.  To 

quantify the amount of host tissue fluorescence, imaging software can be used to quantify the 

area of green fluorescence per area of dark scaffold on confocal images of explants.  It would be 

imperative that the orientation and depth of sample taken for each image is the same from each 

sample and is maintained during harvesting, freezing, sectioning and imaging.  Additional controls 

would need to be explored to account for any natural differences between animals in regards to 

level of GFP expression.   

  Further development of this model may also come from reducing the amount of leached 

GFP in the extracellular space.  As GFP cells turnover naturally in vivo, GFP is leached into the 

extracellular space.  This prevents the visualization of individual cell migration into the scaffold.  

Models with more specific and regulated GFP expression may aid in reducing the amount of GFP 
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expressed and provide more specific visualization of integrating cells [114].  Autofluorescence of 

grafts also provides a challenge for qualitative analysis of host tissue integration.  Utilizing the 

natural autofluorescence of grafts and implanting it into another fluorescent protein model such as 

a red fluorescent protein model may allow for distinction between the graft and host tissue protein 

[115, 116].  In this method, the autofluorescence observed in the scaffold could be used to 

identify the graft while the red fluorescent protein could be used to identify the host tissue in a 

different emission spectrum.   
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APPENDIX 

 

 

A.1 Supplemental assays 

 The assays in this section are supplemental WST-1 and PicoGreen assays to Chapters 3 

and 9.  Protocols for decellularization, crosslinking, sterilization, WST-1 and PicoGreen assays 

including statistical analysis were performed as detailed in section Chapter 3 unless otherwise 

indicated.   

A.1.1 WST-1 assays 

A.1.1.1 Human anterior tibilais tendon 

 A WST-1 assay was performed with L929 fibroblasts on human anterior tibialis tendon 

conjugated with 100 nm AuNP.  Decellularized human anterior tibialis tendon obtained from the 

Musculoskeletal Transplant Foundation (MTF) was crosslinked with 1X and 4X concentrations of 

100 nm AuNP using 2 mM EDC crosslinker.  A 72 h WST-1 assay was performed using L929 

fibroblasts in a 48-well plate at a seeding density of 3 x 104 cells/well.  Cell viability is 

demonstrated as mean absorbance normalized by mean absorbance of crosslinked scaffolds.  

Means between groups are not significantly different (Figure A.1). 
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Figure A.1 A 72 h fibroblast WST-1 assay of human anterior tibialis tendon conjugated with 100 nm AuNP.  Cell viability is 
shown as mean absorbance ± standard error of the mean (N≥7) normalized by the mean absorbance of crosslinked 
scaffolds.   

 

A.1.1.2 Osteoblasts 

 A WST-1 assay was performed with human osteoblast cells on decellularized porcine 

diaphragm tendon scaffolds conjugated with 100 nm AuNP and <40 nm nano-HAp.  Scaffolds 

were crosslinked with a 0.1%, 1%, or 5% concentration (w/v) of <40 nm nano-HAp and/or 1X 

concentration of 100 nm AuNP using 2 mM EDC crosslinker.  The Clonetics Normal Human 

Osteoblast Cell System was used as the cell line in this assay.  Normal Human Osteoblasts were 

cultured at 37°C and 5% CO2 in the manufacturer’s media containing osteoblast basal medium 

with 10% (v/v) fetal bovine serum, 0.1% (v/v) ascorbic acid, 30 µg/ml gentamicin and 15 ng/ml 

amphotericin.  Cells were seeded onto scaffolds in a 48-well plate at a seeding density of 2 x 104 

cells/well.  Cell media was changed daily for 10 days of culture.  Cell viability is demonstrated as 
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mean absorbance normalized by mean absorbance of crosslinked scaffolds.  Means between 

groups are not significantly different (Figure A.2). 

 

Figure A.2 A 10 day osteoblast WST-1 assay of decellularized porcine diaphragm tendon conjugated with <40 nm nano-
HAp and 100 nm AuNP.  Cell viability is shown as mean absorbance ± standard error of the mean (N≥5) normalized by 
the mean absorbance of the crosslinked scaffolds.  

 

A.1.1.3 Macrophage-like cells 

 A WST-1 assay was performed on homogenized decellularized porcine diaphragm 

tendon constructs using U-937 human macrophage-like cells.  Decellularized porcine diaphragm 

tendon was conjugated with a 1X, 4X, or 8X concentration of either 100 nm AuNP or 20 nm AuNP 

using 2 mM EDC crosslinker.  Tissue was homogenized and 50 µL of homogenized tissue was 

added to each well of a 96-well plate.  U-937 cells were obtained from ATCC no. CRL-1593.2 and 

cultured in RPMI-1640 Medium with 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL 

streptomycin at 37°C and 5% CO2.  Cells were added to scaffolds at a seeding density of 2.5 x 

105 cells/well and cultured for 72 h.  Cell viability is demonstrated as mean absorbance 
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normalized by mean absorbance of decellularized scaffolds.  The 1X 20 nm AuNP scaffolds have 

a significantly higher cell viability compared to 4X 100 nm AuNP, 8X 100 nm AuNP, and 

decellularized scaffolds (Figure A.3). 

 

Figure A.3 A 72 h U-937 human macrophage-like cell WST-1 assay of homogenized porcine diaphragm tendon constructs 
conjugated with 100 nm or 20 nm AuNP.  Cell viability is shown as mean absorbance ± standard error of the mean (N=5) 
normalized by the mean absorbance of decellularized scaffolds. 

 

A.1.2 PicoGreen assay 

 A PicoGreen® assay was performed on decellularized porcine diaphragm tendon 

scaffolds with L929 fibroblasts.  Decellularized porcine diaphragm tendon was crosslinked with 

1X, 2X, 4X and 8X concentrations of 100 nm AuNP using 2 mM of EDC crosslinker.  A PicoGreen 

assay with was conducted for 3, 7 and 10 days.  Results are presented as mean DNA content 

normalized by the scaffold dry weight.  There are no significant differences in mean DNA content 

between scaffold types (Figure A.4).  There are significant increases in mean DNA content within 

groups between 3 and 7, 3 and 10 and 7 to 10 days.  



257 

 

 

Figure A.4 A 3, 7, and 10 day fibroblast PicoGreen assay of porcine diaphragm tendon crosslinked 100 nm AuNP.  DNA 
content is shown as mean ± standard error of the mean (N≥7) normalized by the scaffold dry weight. 

 

A.2 Supplement to Chapter 3 

 This section contains energy dispersive spectroscopy (EDS), scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM) data supplemental to Chapter 3. 

A.2.1 EDS 

 EDS was performed on decellularized porcine diaphragm tendon conjugated with either 

100 nm AuNP + 1% 200 nm nano-HAp (Figure A.5A) or 0.1% 200 nm nano-HAp (Figure A.5B).  

EDS point-and-shoot mode was used to identify bright features as nanoparticles.  Figure A.5A 

spectra identifies AuNP by identifying Au peaks in point 2 in the left image.  Figure A.5B identifies 

nano-HAp by identifying Ca and P peaks in point 1 in the left image. 
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Figure A.5 EDS spectra of porcine diaphragm tendon conjugated with A) 100 nm AuNP + 1% 200 nm nano-HAp or B) 
0.1% 200 nm nano-HAp 

 

A.2.2 SEM images 

 SEM backscatter images of decellularized porcine diaphragm tendon conjugated with 

100 nm or 20 nm AuNP and <40 nm nano-HAp are presented in Figure A.6.  SEM backscatter 

images of human anterior tibialis tendon conjugated with 100 nm and 20 nm AuNP are presented 

in Figure A.7. 
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Figure A.6 SEM backscatter images of porcine diaphragm tendon conjugated with A-B) 20 nm AuNP + 5% <40 nm nano-
HAp, C) 20 nm AuNP + 1% <40 nm nano-HAp, or D) 100 nm AuNP + 1% <40 nm nano-HAp 

 

 

Figure A.7 SEM backscatter images of human anterior tibialis tendon crosslinked with A) 20 nm AuNP or B-D) 100 nm 
AuNP 

 

A.2.3 TEM images 

 TEM images of <40 nm nano-HAp and 200 nm nano-HAp solutions are shown in Figure 

A.8 and Figure A.9 respectively.   
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Figure A.8 A-D) TEM images of <40 nm nano-HAp 
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Figure A.9 A-D) TEM images of 200 nm nano-HAp  

 

A.3 Supplement to Chapter 8 

 This section contains histology and confocal microscopy images supplemental to Chapter 

8.  As an alternative to the confocal imaging techniques investigated in Chapter 8, images of 

histologically prepared grafts explanted from GFP pigs were taken using a widefield microscope.  

It was hypothesized that by comparing brightfield images of hematoxylin and eosin (H&E) stained 

slides and fluorescence images of unstained slides, the difference in fluorescence features of 

both graft and GFP tissue could be observed. 

A.3.1 Image acquisition and analysis 

 Crosslinked human anterior tibialis tendon grafts explanted from GFP pigs after 3 months 

were paraffin embedded and sliced into two 5 µm thick sections.  Slides were deparaffinized in 

xylene and rehydrated in graded ethanol rinses.  One slide was stained with H&E and the other 
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remained unstained.  Images of slides were taken on an Olympus IX70 inverted microscope 

using brightfield settings for the H&E stained slide (Figure A.10A-C) and a mercury arc lamp and 

FITC narrow bandpass filter for the unstained slide (Figure A.10D-F).  Images were taken at 

various magnifications at the same region within the sample (A pairs with D, B with E, C with F).  

It should be noted that when comparing the H&E slide to the unstained slide that the slides were 

created 5 µm apart.  Therefore, features appear similar but the slides are from separate, non-

identical sections.  Additional images of both slides are shown in Figure A.11. 

 

Figure A.10 Histology images of crosslinked human anterior tibialis tendon grafts explanted from GFP pigs after 3 months 
using an Olympus IX70 inverted microscope.  A-C) H&E stained slides imaged under brightfield settings.  D-F) Unstained 
histology slides imaged using a mercury arc lamp with a narrow bandpass FITC fluorescence filter.  H&E images in the 
left panel correspond to the same location as unstained images in the right panel (A pairs with D, B with E, C with F).   
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Figure A.11 Histology slides of explanted crosslinked human anterior tibialis tendon grafts explanted from GFP pigs after 
3 months.  A-B, D-E) Unstained histology slides imaged using a mercury arc lamp with a narrow bandpass FITC 
fluorescence filter.  C,F) H&E stained slides imaged under brightfield settings 

 

A.3.2 Discussion and conclusions 

 Similar features can be identified between H&E stained slides and unstained slides 

allowing for comparison of similar areas between the two slides.  There is a lot of 

autofluorescence in the unstained slide due to a wide excitation wavelength from the mercury arc 

lamp.  In the unstained fluorescence image, some cell-like features appear green but most 

features expressed green on the unstained slide are also seen in pink on the stained slide.  Using 

this method, scaffold autofluorescence cannot be distinguished from GFP fluorescence.  This 

autofluorescence prevents the use of standard histological preparation methods on explanted 

samples to distinguish between scaffolds and host tissue in a GFP porcine model.  Further 

analysis of scaffolds explanted from GFP porcine models were conducted using confocal 

microscopy as discussed in Chapter 9.   
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A.4 Supplement to Chapter 9 

 This section serves as a supplement to Chapter 9 and includes additional confocal 

images, an investigation of alternative scaffolds, and experimental photos.   

A.4.1 Confocal imaging 

 Confocal images of explanted grafts are shown in Figures A.12-A.15. 

 

Figure A.12 Confocal microscopy images of human anterior tibialis tendon graft conjugated with 100 nm AuNP taken at A) 
59.8 µm, B) 79.4 µm, and C) 117.1 µm depth into the sample.  Objective: Plan-Neofluar 10x/0.3 

 

 

Figure A.13 Confocal microscopy image of human anterior tibialis tendon graft conjugated with 100 nm AuNP.  Objective: 
Plan-Apochromat 20x/0.75 
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Figure A.14 Confocal microscopy images of human anterior tibialis tendon graft conjugated with 100 nm AuNP taken at 
relative sample depth of A) µm, B) 2 µm, C) 5 µm, and D) 10 µm.  Objective: Plan-Apochromat 20x/0.75 

 

 

Figure A.15 Confocal microscopy images of crosslinked human anterior tibialis tendon graft taken in the same sample 
location at different depths.  Objective: Plan-Neofluar 10x/0.3 

 

A.4.2 Investigation of alternative scaffold materials 

 In addition to human anterior tibialis tendon scaffolds, GFP pigs were implanted with 

decellularized porcine diaphragm tendon scaffolds conjugated with 100 nm AuNP and <40 nm 

nano-HAp.  Porcine diaphragm tendon tissue was decellularized as described in Chapter 3 and 

conjugated with 100 nm AuNP and 1% <40 nm nano-HAp as described in Chapter 9.  Three 2 x 3 

cm porcine diaphragm tendon scaffolds were implanted subcutaneously into 12 pigs in an 

identical manner to the previously described human anterior tibialis tendon scaffolds.  At the end 

of 1, 3, or 6 months, 4 pigs were euthanized.  During the explant, most porcine diaphragm tendon 

scaffolds were unable to be recovered from the animals.  Consequently, only the human anterior 



266 

 

tibialis tendon scaffolds were analyzed and the porcine diaphragm tendon scaffolds were omitted 

from further analysis.  

 Porcine diaphragm tendon scaffolds could not be recovered from the animals at the time 

of explantation mostly due to excessive tissue integration.  Since a porcine model was used, the 

porcine derived scaffolds are allograft in source and are more likely to be accepted and quickly 

incorporated into host tissue compared to xenograft scaffolds [1].  This acceptance may cause 

quicker in vivo resorption since any fibrous encapsulation or foreign body response may initially 

prolong scaffold degradation due to the stability of the thick fibrous tissue [2].  In addition, the 

porcine diaphragm tendon samples were very thin and small (<2 mm x 2 cm x 3 cm) compared to 

the size of the animals at later time points.  The pigs weighed 275-325 pounds by 6 months.  The 

growth of the animals may have caused the thin scaffolds to stretch and become separated from 

the sutures.  These combined factors may have caused migration of the scaffolds from the initial 

implant location and facilitated more rapid degradation.  Future studies will include a larger size 

ratio between the animals and scaffolds. 

A.4.3 Experimental photos 

 Experimental photos of the GFP pigs and the implantation of nano-grafts into GFP pigs 

are shown in Figures A.16-A.18.    

 

Figure A.16 Subcutaneous implantation of A) human anterior tibialis tendon grafts and B) porcine diaphragm tendon 
grafts.  Arrows indicate edges of individual scaffolds.  
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Figure A.17 Six month explantation of human anterior tibialis tendon grafts.  Arrows indicate graft within animal tissue.  

 

 

Figure A.18 Image of GFP pig hoof taken through GFP goggles containing a 460-495 nm light source and a 500-515 nm 
filter   

 

A.5 Supplement to Chapter 10 

 This section serves as a supplement to Chapter 10 and includes an investigation of an 

alternative canine model for ACL reconstruction, additional SEM and histology images, and 

experimental photos.   

A.5.1 Investigation of a canine model 

 A canine model was investigated as an animal model to evaluate nano-grafts as novel 

grafts for ACL reconstruction.  Canine derived tissue was investigated as a graft but failure to fully 

decellularize the tissue prevented its use in the canine model.  Human derived grafts were 

instead used to reconstruct the ACL in two canine models.  The grafts were ultimately rejected by 
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an excessive immune response.  Considerations in decellularization, graft choice, and graft 

rejection are discussed.   

A.5.1.1 Investigation of canine derived grafts 

 As discussed in section 6, there are concerns of inducing an excessive immune response 

in the host when using xenografts.  To reduce the risk of graft rejection, the canine extensor 

tendon was investigated as a graft for ACL reconstruction in a canine model.  The canine 

extensor tendon was first decellularized then analyzed by H&E histology for effectiveness of 

decellularization.  

 Canine extensor tendon was obtained from the University of Missouri School of Medicine 

as shown in Figure A.19A.  Canine extensor tendon was decellularized in a 1% (v/v) tributyl 

phosphate and Tris buffer solution for 24 h followed by two 24 h rinses in DI water and a 24 h 

rinse in 70% (v/v) ethyl alcohol according to a protocol previously established for decellularizing 

porcine diaphragm tendon [3].  H&E stained histology images of decellularized tissue were 

acquired to evaluate effectiveness of decellularization.  Images demonstrate that grafts are not 

fully decellularized (data not shown) as seen by visible nuclei and muscle cells within tendon 

fibers.  It was hypothesized that decellularization may have been inhibited by the presence of the 

tendon sheath on the canine extensor tendon.  The tendon sheath was dissected back on fresh 

tendons as shown in Figure A.19B.  Decellularization and H&E histology were repeated on the 

dissected tendon but nuclei were still present in the tissue.  It is concluded that the 

decellularization protocol used is not an effective decellularization method for canine extensor 

tendon.  Alternative graft sources were further investigated for use in the canine model. 
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Figure A.19 Canine extensor tendon A) as received and B) after removal of the tendon sheath 

 

A.5.1.2 Implantation of human tissue in a canine model 

 Human gracilis tendon grafts obtained from MTF were used as grafts for ACL 

reconstruction in a canine model.  Grafts as received from MTF were first implanted into a canine 

cadaver to validate the surgical procedure.  The ACL was replaced with the graft in a canine 

cadaver using a quadrupled tendon graftlink technique. 

 After confirmation of the surgical procedure, grafts conjugated with nanoparticles were 

implanted into 2 live canine models.  For the live models, human gracilis tendon grafts were 

crosslinked with 100 nm AuNP and 1% <40 nm nano-HAp using 2 mM EDC crosslinker and 

sterilized in 1% paracetic acid.  Nano-grafts were used to reconstruct the ACL in two canine 

models using a modified double construct technique.  After 4 days, both dogs were non weight-

bearing and had severe knee effusions.  After 5 days, an arthrocentesis of both knee joints 

revealed a severe immune reaction including large numbers of neutrophils and animals were 

euthanized.  Alternative animal models were investigated for ACL reconstruction to be used with 

human grafts.   



270 

 

A.5.2 Discussion  

 A canine model was investigated as a model to evaluate nano-grafts for ACL 

reconstruction.  Canine-derived grafts were considered in attempt to reduce the host immune 

response but the tissue could not be successfully decellularized.  Human derived grafts were 

implanted into two canine models resulting in a severe inflammatory reaction and ultimately graft 

rejection.  

 Thorough decellularization of grafts is a necessary process to avoid tissue rejection.  The 

presence of cells within grafts is associated with increased amounts of proinflammatory 

cytokines, increased M1 macrophage polarization, and poor remodeling outcomes [4].  In addition 

to DNA fragments, cellular remnants contribute to a proinflammatory macrophage phenotype [5].  

Similarly, Nagata et al. suggest that dead cells activate the immune system even after DNA has 

been degraded to <200 basepairs [6].  This activation may occur by release of damage 

associated molecular pattern molecules (DAMPS) that serve as danger signals to the immune 

system [6, 7].  Thorough tissue decellularization that removes both cells and cellular debris is 

necessary to avoid tissue rejection.  

 There are a variety of decellularization methods including physical, chemical and 

enzymatic decellularization methods.  Tissue decellularization requires careful optimization with 

consideration of tissue source and tissue properties including tissue cellularity, density, lipid 

content, and tissue thickness [8].  The decellularization protocol used on the canine extensor 

tendon in this study was previously optimized for porcine diaphragm tendon [3].  Tributyl 

phosphate decellularization was investigated since it has been shown to have minimal impact on 

the mechanical properties of tissue and may cause less damage to tissue compared to other 

methods [3, 8].  The results of decellularization performed in this study demonstrate that the 

tributyl phosphate method is not suitable for decellularizing canine extensor tendon.  Therefore, 

the canine graft source was not pursued further. 

 Severe inflammation and tissue rejection were observed from replacing canine ACL with 

human derived grafts.  There are several possible factors that may have contributed to this 

rejection.  The first is inadequate decellularization which can lead to an immune response as 
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described above.  Grafts in this study are decellularized by MTF and FDA approved for 

commercial use.  H&E histology images confirmed adequate decellularization of MTF grafts (data 

not shown).  Therefore, improper decellularization is not a probable cause of graft rejection.  The 

Gal epitope is often cited as a contributing factor to xenograft rejection [7].  The Gal-epitope is not 

expressed in humans and is therefore not of concern in the implantation of a human graft in a 

canine model [7].  Another potential contributing factor may arise from peptides in cell associated 

proteins such as actin, tubulin, and myosin that exist in the ECM [4].  These peptides may 

contribute to an inflammatory response beyond the previously described DNA-mediated response 

[4].  In addition, components within the ECM such as collagen may cause an immunological 

response from certain antigens causing hypersensitivity or allergy [1].  Potential causes of 

immune response to collagen include differences in the terminal ends, the 3D helical structure, 

and the central amino acid sequence [1].  It is concluded that sensitivity of the canine model and 

the presence of foreign components in the human ECM may have contributed to the inflammatory 

response seen in this study.  Because of this heightened immune response, the canine model 

was not pursued further. 

A.6 References 

[1] Lynn AK, Yannas IV, Bonfield W. Antigenicity and immunogenicity of collagen. Journal of 
Biomedical Materials Research - Part B Applied Biomaterials. 2004;71:343-54. 

[2] Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. Seminars in 
Immunology. 2008;20:86-100. 

[3] Deeken CR, White AK, Bachman SL, Ramshaw BJ, Cleveland DS, Loy TS, et al. Method of 
preparing a decellularized porcine tendon using tributyl phosphate. Journal of Biomedical 
Materials Research Part B: Applied Biomaterials. 2011;96:199-206. 

[4] Sandor M, Xu H, Connor J, Lombardi J, Harper JR, Silverman RP, et al. Host response to 
implanted porcine-derived biologic materials in a primate model of abdominal wall repair. Tissue 
Engineering - Part A. 2008;14:2021-31. 

[5] Keane TJ, Londono R, Turner NJ, Badylak SF. Consequences of ineffective decellularization 
of biologic scaffolds on the host response. Biomaterials. 2012;33:1771-81. 

[6] Nagata S, Hanayama R, Kawane K. Autoimmunity and the Clearance of Dead Cells. Cell. 
2010;140:619-30. 



272 

 

[7] Badylak SF. Decellularized Allogeneic and Xenogeneic Tissue as a Bioscaffold for 
Regenerative Medicine: Factors that Influence the Host Response. Annals of Biomedical 
Engineering. 2014:1-11. 

[8] Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole organ decellularization 
processes. Biomaterials. 2011;32:3233-43. 

 

 



273 

 

VITA 
 
 

Sarah Elizabeth Smith was born to Mary and Glenn Smith in St. Louis, Missouri.  She 

completed her elementary and secondary education in Manchester, Missouri in the Parkway 

School district.  She attended the University of Missouri obtaining a Bachelor of Science in 

Biological Engineering with a minor in French in Spring 2012.  She spent the summer of 2011 as 

a student researcher in the Biomedical Device Laboratory at Texas A&M University in College 

Station, TX.  She was awarded the National Science Foundation Graduate Research Fellowship 

in Spring 2012 which she used to pursue a Doctor of Philosophy in Biological Engineering at the 

University of Missouri from August 2012 through December 2015. 

  During her tenure as a graduate student Sarah served as the Bioengineering Department 

Representative in the MU Graduate Professional Council, as an Alumna Advisor to the Beta Zeta 

Chapter of Alpha Omega Epsilon, and as the MU Biological Engineering Council President.  She 

completed a Graduate Certificate in Life Science Innovation and Entrepreneurship and 

participated in the Graduate Student Leadership Development Program and the Allen Angel 

Capital Education Program.  Her Ph.D. research included developing novel extracellular matrix 

based tissue grafts for musculoskeletal tissue engineering applications as well as developing 

novel characterization methods for in vivo assessment of tissue remodeling. 


	6 List of Figures draft
	Smith Dissertation Final 2
	Chap 10 rotated fig temp
	Smith Dissertation Final 2
	1 Title Page draft
	2 Approval Page
	3 Dedication Page
	4 Acknowledgements Page
	5 Table of Contents (working) draft 2
	6 List of Figures draft
	7 List of Tables draft
	8 Dissertation abstract
	9 Chapter 1 Literature Review_5 draft
	10 Chapter 2 Intro to nanocomposites_3 draft
	11 Chapter 3 In vitro characterization of nanografts PAPER draft
	12 Chapter 4 Genipin crosslinking 2 draft
	13 Chapter 5 Investigational assays draft
	14 Chapter 6 Digested ECM draft
	15 Chapter 7 Homogenized Tissue paper draft
	16 Chapter 8 Fluor Methods PAPER draft
	17 Chapter 9 GFP pig PAPER draft
	18 Chapter 10 Rabbit Study_2 draft
	19 Chapter 11 Future Work draft figures removed
	20 Apprendix_Draft 3 draft
	21 Vita





