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ABSTRACT 

 Gold nanoparticles conjugated to decellularized scaffolds have been studied 

previously within the fields of tissue engineering and biomaterials. They hold much 

potential for applications in soft tissue repair and improved wound healing. Although 

they are widely applied for their biocompatibility and cytotoxicity, varying conclusions 

about such properties have been reported. The primary differences between these studies 

have typically been the size and concentration of the gold nanoparticles. This project 

directly compares the biocompatibility and cytotoxicity responses of three sizes of gold 

nanoparticles (20nm, 50nm, and 100nm) at three different concentrations (1x, 4x, and 8x) 

conjugated to a decellularized tissue scaffold. SEM and NAA were performed to verify 

and quantify the attachment of gold. Thermal properties of scaffolds were assessed with 

DSC. To characterize the biocompatibility of each group WST-1, ROS, PicoGreen, and 

cell migration assays were performed. The assays were performed with L929 murine 

fibroblasts.  
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1. Literature Review 

1.1 Introduction to the Wound Healing Process 

When tissue is injured, a number of different things occur. The body has an 

automatic response that begins with hemostasis and coagulation. These processes slow or 

temporarily stop blood flow to the affected area to ultimately prevent a loss of blood. 

Clotting factors, fibronectin, and fibrin are released at the site of injury when blood 

platelets come into contact with collagen. These components form a blood clot that 

stabilizes the vascular network. Interestingly enough, this blood clot will later act as a 

scaffold itself. This is considered to be the first of four inextricable phases in the wound 

healing process.  

As the blood coagulates and the clot is formed, the second phase of the wound 

healing process, the inflammatory phase, begins. Neutrophils become “sticky” and adhere 

to postcapillary venules near the wound through diapedesis. By squeezing through the 

surrounding endothelial cells, they are able to enter the wound site. The chief task 

performed by neutrophils is phagocytosis, targeting foreign material and bacteria. 

Macrophages are the next to arrive at the wound. These cells will further regulate the 

inflammatory response and provide growth factors to stimulate endothelial cells, 

keratinocytes, and fibroblasts.  

The third phase of the wound healing process, the proliferative process, begins 

somewhere within the inflammatory process, following the arrival of macrophages. 

During this phase, fibroblasts synthesize a new extracellular matrix to replace the fibrin 

and fibronectin that compose the blood clot. Granulation tissue forms and angiogenesis 

takes place, further replacing the blood clot.  
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Finally, the remodeling phase occurs. At this stage in the healing process, new 

epithelium is formed in conjunction with scar tissue. As this happens, a majority of the 

remaining macrophages and fibroblasts undergo apoptosis. Eventually, as time goes on, 

capillary growth will be stunted, there will be a decline in blood flow, and cells at the 

area of injury will decrease their metabolism. Ultimately, this will yield a mature scar that 

displays increased tensile strength [1]. 

Not included in this description of wound healing are the many different growth 

factors, chemotactic agents, cytokines, interleukins, and other signaling molecules 

present at different points in the wound process. However, from this description it is 

evident that many different cell types are involved. The wound healing process is 

complicated and multifaceted. To compound this process, there are many factors that can 

inhibit this process. Some of these factors are intrinsic, like age, disease, chronic illness, 

or suppressed immune systems, or they can be extrinsic, such as medication, poor 

nutrition, or stress [2]. Inhibition of the healing process can lead to an infection or the  

development of a chronic wound. 

In the case of a chronic wound, the healing process is interfered with at one or 

more stages. Continual inflammation creates a vicious cycle, perpetuating a nonhealing 

state. If an infection and a defect are paired at the site of a wound, it becomes a 

complicated wound [1]. Three types of chronic wounds—venous ulcers, pressure sores, 

and diabetic ulcers—make up more than 90% of cases. These wounds all share a 

condition of local hypoxia. In the case of a chronic wound, the wound continues to 

undergo ischemia-reperfusion cycles, which further inhibit the healing process and cause 
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additional tissue damage [3]. One of the goals of tissue engineering and regenerative 

medicine is to help the body repair itself in these types of situations. 

1.2 Introduction to Decellularized Tissue Scaffolds 

A major approach in tissue engineering to assist wound healing is the utilization 

of scaffolds. Scaffolds can promote cellular attachment leading to tissue regeneration. 

Many different types of scaffolds are being investigated, one of which is a decellularized 

tissue scaffold. Because all cells and cellular material are removed from the scaffold, the 

tissues used in this type of scaffold can be allograft or xenogeneic in nature [4].  

Following the decellularization process, the extracellular matrix of the tissue is all that 

remains. The extracellular matrix, or ECM, is a diverse collection of growth factors, 

cytokines, glycoproteins, and structural proteins that serves many purposes within tissues 

and organs. In addition to providing structural support, the ECM is a signaling pathway 

that can direct cell migration and differentiation. This can play an essential role in wound 

healing and tissue regeneration [5].  

Decellularized tissues have the structural and functional molecules native to their 

location in the body, making them an excellent candidate for repairing structures. Their 

microscopic environments are already well suited to cell infiltration [6] and angiogenesis 

[4]. The adhesive proteins fibronectin and laminin present in the ECM are highly 

conducive to cell attachment [5]. These properties could accelerate wound healing, or in 

cases of chronic wounds, allow for an end to the cycle. In some cases, the ECM can 

release antibacterial agents as it degrades over time, further promoting wound healing [7].  

These decellularized scaffolds can be adapted to many formats, including 

powdered, gel, hydrated, and dehydrated sheets. Each of these formats can be further 
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combined with synthetic materials, yielding a plethora of design options [6]. To further 

expand the possibilities, nanoparticles have been conjugated to decellularized tissue 

scaffolds and composites. These include hydroxyapatite, gold, silver, chitosan, and 

polymer nanoparticles [6, 8-11]. The formation of many of these composites requires a 

chemical crosslinking process. This practice decreases the degradation rate of scaffolds 

by forming additional bonds and can be accomplished using glutaraldehyde, 

carbodyamiide, and hexamethylene diisocyanate [6]. In some cases, the crosslinking 

process and chemicals involved can have a negative impact on the cytotoxicity of the 

scaffold.  

As a result of these various natural and engineered properties, decellularized 

tissue scaffolds have been suggested for many different applications within tissue 

engineering. For this reason, it is important to thoroughly characterize these scaffolds. 

Mechanical requirements are site specific. Capacity to induce specific differentiation is 

also dependent on the implantation site and origin of the decellularized tissue. These are 

both important parameters to consider. This review will focus on another particularly 

important criterion of decellularized tissue scaffolds—evaluation of their 

biocompatibility and cytotoxicity. 

1.3 Introduction to the Use of Gold Nanoparticles 

Gold nanoparticles (AuNP) have been used extensively in biomedical engineering 

applications, including drug delivery systems [12], tumor targeting, biomedical imaging 

contrast agents, gene therapy, biosensors, and nanocomposite scaffolds [13]. Their 

widespread use can be attributed to their facile fabrication in many sizes. The optical and 

plasmonic properties of AuNP vary with size [14]. The cytotoxicities of various sizes, 
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using various cell types, have been studied [14-18]. In addition, AuNP have been shown 

to induce osteogenic differentiation [19, 20]. Many approaches have been taken to attach 

gold nanoparticles to scaffolds for tissue engineering, including attachment to hydrogels 

[21], decellularized tissue [9], and collagen [22]. Nanoparticles smaller than 12 nm are 

able to cross the blood brain barrier [14]; thus for implant applications, those 20 nm or 

greater are typically applied. This study will investigate 20 nm, 50 nm, and 100 nm 

AuNP. Further studies may hone in on one of these sizes or sizes between based off of 

this study’s results. 

1.4 Definition of Biocompatibility and Cytotoxicity 

 The definition of biocompatibility has been evolving along with the field of tissue 

engineering. A long-established definition of biocompatibility, described by Williams, 

provides a simple but accurate account. He defined the term as “the ability of a material 

to perform with an appropriate host response in a specific application.” [23]. Ratner and 

Schoen added to this definition with four factors that they refer to as biocompatibility. 

These factors include toxicology, reactions related to extrinsic microbiologic organisms, 

mechanical effects, and interactions with surrounding tissue [24]. 

 Cytotoxicity is the characteristic of a material to induce cell death [25].  Scaffold 

design aims to achieve a low cytotoxicity response from the body. The ideal template 

allows for cellular infiltration and constructive remodeling. If the material is cytotoxic, 

this will certainly not occur. In regards to decellularized tissue scaffolds, the ECM is not 

cytotoxic. However, it is important to consider the cytotoxicity of the decellularization 

and sterilization processes [26].  
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 These two characteristics—biocompatibility and cytotoxicity—go hand in hand, 

especially in the case of tissue engineering scaffold design. If a material has a high 

cytotoxicity it will not be biocompatible. The inverse proves to be true as well: If a 

material has a high biocompatibility it will not be very cytotoxic.  
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2. Introduction to Research 
 
2.1 Significance of Research 
 
 Two primary applications are being investigated for this scaffold—tendon and 

ligament repair and chronic wound treatment. Both of these applications are popular 

investigations in the field of tissue engineering, primarily because of the prevalence of 

these health problems and the associated economic burdens related to these surgeries and 

treatments. The decellularized tissue scaffold presented in this work could be utilized as a 

versatile construct for tissue engineering solutions to these problems. 

2.1.1 Tendon and Ligament Repair 

 One of the two primary applications being investigated for this scaffold is tendon 

and ligament repair. The most common type of tendon injury occurs in the flexor and 

extensor tendons of the hand, the Achilles tendon, and the rotator cuff tendons. 

Corresponding rates of incidence of these tendon injuries, out of 100,000, are 18, 12-18, 

and 3.73 per year, respectively. These injuries are typically repaired surgically. Scaffold 

materials are sometimes employed in tendon reconstruction surgery. Leading materials 

for all three injury types are decellularized tissue constructs, varying in origin and 

preparation [1]. 

 Two of the most common ligament injuries include the anterior cruciate ligament 

(ACL) and the ulnar collateral ligament (UCL). The incidence of ACL rupture is 1 in 

3,000, and it is estimated that more than 100,000 ACL reconstructions are performed 

annually [2]. Injury of the UCL is most commonly reported in baseball players, but this 

injury can also be seen in gymnasts, javelin throwers, wrestlers, quarterbacks, and 

offensive linemen. Reconstructive surgery is being employed in athletes of all ages and 
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competition levels, even at the high school level; in fact, high school athletes experienced 

an 11-fold increase in UCL reconstruction between 1988 and 2003 [3]. It is important 

that UCL reconstructive surgery provide a lifelong solution, an increasing challenge with 

younger patients undergoing the technique. The gold standard in ACL or UCL 

reconstruction is an auto graft or decellularized allograft material.  

The rate of failure differs for each of these reconstructions, ranging from 10% in 

ACL tears to 95% in rotator cuff tears [1, 2]. The total cost of tendon and ligament injury 

has been estimated at $30 billion annually [4]. Facing an aging population, it can be 

expected that the incidence of these injuries will increase as well as the associated costs. 

For this reason, a better tendon-like scaffold material is needed.  

2.1.2 Chronic Wound Treatment 

 Another primary application being investigated for this scaffold involves chronic 

wound treatment. Chronic wounds typically include pressure ulcers, venous ulcers, and 

diabetic ulcers. In the United States these wounds affect 6.5 million patients, many of 

which suffer from diabetes and obesity [5]. A variety of methods are used, typically in 

combination, to treat chronic wounds, including compression, offloading, warming, 

irrigation, debridement, and topical antibiotics and growth factors [6]. The proposed 

decellularized tissue construct would offer a scaffold for constructive remodeling and 

healing of tissue. In the United States, an estimated $25 billion is spent annually on the 

treatment of chronic wounds. Treating a diabetic foot ulcer is estimated to cost anywhere 

from between $7,439 to $20,622 per episode [5]. As the prevalence of diabetes increases, 

it is highly important to create a scaffold for the treatment of chronic wounds.  
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2.2 Research Objectives 
 
 The purpose of this project is to directly compare the cytotoxicity and 

biocompatibility responses to gold nanoparticle conjugated decellularized scaffolds. 

Experimental groups differ in size and concentration of gold nanoparticles (AuNP), the 

former being 1x, 4x, and 8x, and the latter, 20 nm, 50 nm, and 100 nm. Overall, the goal 

of the project is to establish correlations between the sizes and concentrations of the 

attached gold. If the size and concentration of AuNP conjugated to a decellularized 

scaffold is characterized, then such a scaffold can be optimized for a specific tissue 

engineering application. To determine which scaffold has the best results and should 

therefore be optimized for a specific application, this project will examine three 

objectives, including:  

 

Objective 1: To evaluate the attachment of gold nanoparticles to scaffold material. 

• This objective will be reached through analysis with scanning electron 

microscopy and neutron activation analysis.  

 

Objective 2: To characterize the thermal properties of gold nanoparticle conjugated 

decellularized tissue scaffolds.  

• Differential scanning calorimetry will be used to evaluate the denaturation 

temperatures of the scaffolds.  
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Objective 3: To characterize the cytotoxicity and biocompatibility of gold 

nanoparticle conjugated decellularized tissue scaffolds. 

• A WST-1 assay will be employed to determine the cytotoxicity of scaffolds.  

• Using PicoGreen, reactive oxygen species, and cell migration assays, the 

biocompatibility of the scaffolds will be established.  

2.3 Research Design 
 
 The experiments performed to complete this project include 11 experimental 

groups, which are listed in Table 1. The tissue used in each group is decellularized and 

sterilized. All groups are decellularized and sterilized prior to experimentation. Groups 

containing Au and one control group are crosslinked between decellularization and 

sterilization. The control groups do not have Au attached and are meant to evaluate the 

differences between uncrosslinked and crosslinked tissue. 

 

1X 20 nm Au 4X 20 nm Au 8X 20 nm Au 
1X 50 nm Au 4X 50 nm Au 8X 50 nm Au 
1X 100 nm Au 4X 100 nm Au 8X 100 nm Au 

Controls: No X-link X-link, No Au 
 
 

Table 2.1 Three Different Concentrations (1X, 4X, and 8X) and Three Different Sizes (20 nm, 50 nm, and 
100 nm) of Gold Will Be Compared to One Another and Control Groups 
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3. Construct Preparation 

3.1 Decellularization Process  

 The base material of this construct is decellularized tissue. Scaffold preparation 

must ensure complete decellularization of tissue to eliminate a negative immune 

response. If this is not accomplished, an intensified inflammatory response can occur and 

inhibit the wound healing process [1]. Only the native cells and cell matter cause this 

effect, as most extracellular matrix (ECM) molecules are preserved among mammals. 

This allows for xenograft or allograft materials to be used in decellularized tissue scaffold 

design [2]. Numerous decellularization methods are available, each possessing 

advantages and disadvantages. These decellularization processes can be categorized as 

physical or chemical methods [1]. 

 Physical decellularization methods include freeze-thaw cycles, agitation-

immersion cycles, and pressure gradients. Freeze-thaw cycles have minimal effects on 

the ECM structure and are able to interrupt the cell cycle. Most commonly used are the 

agitation-immersion cycles. In this case, the immersion liquid is typically one of the 

chemical decellularization processes. Thin tissues show decellularization as a function of 

aggressiveness of agitation, while the decellularization of thicker tissues is dependent 

primarily on exposure time to the decellularization solution. Alternatively, pressure 

gradients force solution through tissue, allowing for debris clearing and increasing 

efficiency of cell lysing. This technique is frequently used in whole-organ 

decellularization [1, 3].  

 There are a vast number of chemical decellularization methods; all are responsible 

for some denaturation of the ECM structure. Thus, the chemical decellularization 
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technique is typically chosen based on the scaffold application. Included within chemical 

processes are the use of acids, detergents, tri (n-butyl) phosphate, enzymatic agents, 

chelators, and toxins. Although acids are effective at removing cell matter, they are 

capable of denaturing glycosaminoglycans, growth factors, and collagen. Depending on 

the graft type and implantation application, these components may not be necessary in 

their typical concentration [1].  

 Detergents used in decellularization processes can be ionic, non-ionic, or 

zwitterionic. Each of these detergents can have detrimental effects on the collagen 

structure. Additionally, non-ionic detergents can be difficult to remove from scaffolds, 

leading to increased cytotoxicity [1]. Tri (n-butyl) phosphate has been shown to preserve 

the structure of tissue during the decellularization process, including the mechanical 

properties of the tissue [4]. Enzymatic agents, like endonucleases, are difficult to remove 

from the tissue and can therefore invoke an immune response when the tissue is later 

implanted. Chelators and toxins also have shown an ability to preserve collagen fibril 

structure; however, they have detrimental effects on glycosaminoglycan content [1]. 

Glycosaminoglycans retain water and fill the gaps between collagen fibrils. It is 

important to maintain these molecules to keep an open tissue architecture, which is 

conducive to cell infiltration [5]. 

 These chemical and physical processes are rarely used exclusively. Instead they 

can be applied in a multitude of combinations. Frequently, the choice of decellularization 

method is tissue dependent. In scaffold design, comparative studies may first be 

performed to ensure an effective decellularization process for the specific tissue type [6].  
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 For this project, freshly harvested porcine diaphragm tissue was decellularized 

using a tri (n-butyl) phosphate solution with agitation immersion cycles. First, the tissue 

was trimmed of excess fat and muscle. Then tissue sections were placed in flasks 

containing a Tris buffer solution (pH 8.0) with 5mM ethylenediaminetetraacetic acid 

(EDTA), 0.4mM phenylmethylsulfonyl fluoride (PMSF), and 0.2%(w/v) sodium azide. 

Tri (n-butyl) phosphate was added to each flask to reach a concentration of 1% (v/v). 

Flasks were placed on an orbital shaker at 225 rpm for 24 hours. Decellularization 

solution was removed from the flasks, and then fresh solution and tri (n-butyl) phosphate 

were added in the same concentrations. The flasks were then returned to the orbital 

shaker. Following the decellularization solution incubations, tissue was washed with 

deionized water for 24 hours and then with 70% ethanol for 24 hours. Tissues were stored 

in 70% ethanol at 4° C. This decellularization method was previously studied and 

published by the members of the Grant lab group [4]. Following the decellularization 

process, the tissue was punched into 1 cm diameter punches as shown in Figure 3.1.  

 
Figure 3.1 The decellularized porcine diaphragm and 1 cm punches that will be used for crosslinking. 
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3.2 Crosslinking Procedure 

 Preparation of decellularized tissue scaffolds typically involves a crosslinking 

procedure. This procedure increases the strength and degradation time of the material by 

creating additional covalent bonds between collagen fibers of the ECM. However, too 

much crosslinking can create a scaffold that is too resistant to degradation and then faces 

fibrous encapsulation [7]. The degree of crosslinking is typically dependent on the 

crosslinking agent and can be tailored to create properties appropriate for the intended 

application of the scaffold. A number of chemical methods are used for crosslinking, 

including glutaraldehyde, formaldehyde, polyepoxides, diisocyantes, polyglycidyls, and 

carbodiimides [8, 9]. Studies have shown that crosslinking with glutaraldehyde, the 

classic crosslinking agent, can inhibit remodeling, generate cytotoxic residues, and can be 

associated with calcification [7, 8]. For this reason, use of other crosslinking agents has 

become more common.  

 One such crosslinking agent, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC), has had a more favorable biological response than glutaraldehyde [7, 9]. EDC is a 

zero length crosslinker, meaning that it is not incorporated in the covalent bonds formed 

between collagen fibers [10]. Scaffolds crosslinked with varying concentrations of EDC 

have shown an increasing thermal stability with increasing EDC concentrations [11]. To 

increase the efficiency of EDC reactions, acetone and N-Hydroxysulfosuccinimide 

(sulfo-NHS) can be used to stabilize the crosslinking solution [10, 11]. Adding sulfo-

NHS to the reaction increases the stability of the active intermediate, ultimately allowing 

more of it to react with amine groups [10].  
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 Crosslinking reactions also can be used to conjugate nanoparticles or other 

substances to a scaffold. In this project, gold nanoparticles (AuNP) are conjugated to the 

decellularized tissue construct using the previously described EDC/NHS reaction. In 

preparation for the crosslinking reaction, AuNP are amine functionalized using 2-

mercaptoethylamine (MEA). The three sizes of AuNP used in this experiment are shown 

in figure 3.2. After the addition of MEA a color change will occur, each of the solutions 

will become a darker more violet shade.  

 

Figure 3.2 The three sizes of Au nanoparticles, from left to right, 20 nm, 50 nm, and 100 nm. 

 

 The protocol for crosslinking scaffolds used in this project was based on previous 

laboratory protocols cited in published manuscripts [12, 13]. To begin, decellularized 

tissue was punched into 1 cm disks and rinsed in 1x PBS. AuNP of 20 nm, 50 nm, and 

100 nm sizes were centrifuged at 12,500 rpm for 10 minutes to create 1x, 4x, and 8x 

concentrations of the stock solutions. A crosslinking solution of 2 mM EDC, 5 mM NHS, 

50:50 (v/v) acetone:phosphate buffered saline, sodium chloride, 2-(N-

morpholino)ethanesulfonic acid (MES), and dimethyl formamide (DMF) was prepared. 
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EDC and NHS solutions were kept on ice until they could be added to the crosslinking 

solution, and they were added as soon as both were prepared. Immediately following the 

addition of EDC and NHS, samples were incubated in the crosslinking solution for 15 

minutes.  

During the incubation of the tissue in the crosslinking solution, a 10 mg/mL 

solution of MEA was prepared. Upon incubation completion, samples were placed in 

petri dishes on the countertop (one for each experimental group) and covered in 4 to 5 

mL of crosslinking solution to prevent dehydration. The crosslinked control group was 

not included in the following steps. For each experimental group (differing in size and 

concentration), MEA was added to the AuNP solution, and the solution was immediately 

vortexed and 0.25 mL was pipetted onto each 1 cm tissue disk. To functionalize the 1x 

concentrations, 5.44 µL of MEA was added, 21.74 µL was added to the 4x 

concentrations, and 43.48 µL was added to the 8x concentrations. After the addition of 

Au, samples were left to incubate on the countertop for 24 hours.  

To remove any remaining crosslinking agents, samples were rinsed in 1x PBS 

twice for 24 hours each. Following the crosslinking process, samples were punched into 

0.5 cm disks (three disks from each 1 cm disk) and stored in 70% ethanol or immediately 

sterilized. Figure 3.3 shows the preparation steps discussed up to this point.  
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Figure 3.3 The preparation of scaffolds begins with harvested tissue that is then 
decellularized and punched into uniform sample sizes. The punch size will depend on 

the microplate used for characterization assays. Following the punching, crosslinking is 
performed. Prior to the assays, these samples will be sterilized. 

 

3.3 Sterilization of Scaffolds 

 Before a scaffold can be implanted in the body or undergo in vitro 

characterization assays, it must be sterilized. A number of methods are used to sterilize 

decellularized scaffolds, including ethylene oxide exposure, ionizing radiation, 

supercritical carbon dioxide, and peracetic acid immersion [1, 3]. Of these techniques, 

peracetic acid immersion is best able to preserve the ECM structure and does not alter 

ECM proteins or growth factors [3]. Studies comparing these sterilization techniques with 

different tissues are commonly conducted in order to determine the best method for a 

specific application.  

In this project scaffolds were sterilized using a neutral pH peracetic acid 

immersion/agitation protocol. A 0.1% (v/v) peracetic acid in double distilled water 

sterilization solution was prepared. The pH of this solution was adjusted to ~ 7 using 1M 

NaOH. In the sterile biological hood the solution was filtered using a 0.22 µm filter. 

Samples were placed in sterile 125 mL flasks corresponding to their experimental group. 

Caution in handling was taken to ensure that there was not contamination between 

samples conjugated to different sizes of nanoparticles. Sterilization solution was added to 
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each flask and samples were placed on an orbital shaker at 225 rpm for 30 min. After the 

incubation phase, samples were transferred to new 125 mL flasks containing sterile PBS 

and placed back on the shaker plate at 225 rpm for 24 hours. Two more sterile PBS rinses 

were performed for 24 hours each. Samples were immediately used in an in vitro 

characterization assay or stored in 70% ethanol at 4°C.  
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4. Methods of Characterization 

4.1 Evaluating Attachment of Gold 

4.1.1 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) uses an electron beam to produce a detailed 

image of a material’s surface. The interaction of the beam and sample surface ejects 

electrons that are captured by different detectors. Traditional SEMs need samples that are 

conducting and stable under an ultrahigh vacuum [1]. In recent years, however, a 

technique referred to as environmental SEM (ESEM) has been utilized to measure wet 

and insulating materials [2]. This technique was used to image the samples and ensure 

that the crosslinking process is attaching gold (Au). For these images the backscattered 

electron detector (BSED) was used. Images of backscattered electrons (BSE) show 

heavier elements as brighter spots. This is because the signal intensity of the BSE 

increases with the increase of the atomic number of the sample [1]. Energy-dispersive X-

ray spectroscopy (EDS) was performed during imaging to confirm that the brighter spots 

were Au.  

 Imaging of samples was conducted on an FEI Quanta 600 FEG Environmental 

Scanning Microscope at the Electron Microscopy Core Facility at the University of 

Missouri-Columbia. Samples were kept in low vacuum mode and analyzed using a 

~10,000X magnification with a 10 kV electron beam.  

4.1.2 Neutron Activation Analysis 

 Neutron activation analysis (NAA) is a technique that is used to precisely quantify 

an element. The progression of NAA is shown in Figure 4.1. In this technique, a sample 

is bombarded with neutrons to create radioactive isotopes. In the case of Au, the reaction 
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is 197 Au + n à 198 Au. As these isotopes decay, they emit a beta particle and 

characteristic gamma rays. Beta emission will occur 100% of the time for 198Au and 

411.8 keV gamma rays are emitted 95.62%. The measure of these emissions can be 

correlated to the amount of an element present in a sample [3]. Often, samples are 

compared to a known standard. This technique, standard comparator instrumental NAA, 

was used to quantify the amount of Au attached to the samples and verify the difference 

in concentration.  

 

 

 

 

 

 

 

Figure 4.1 A schematic showing the progression of neutron activation analysis. Image from the University 

of Missouri Research Reactor Center’s website. 

 This experiment was performed at the University of Missouri Research Reactor 

Center. Samples were lyophilized, weighed, and loaded into high-density polyethylene 

NAA vials prior to transport. At the reactor, samples were loaded into two rabbits, both 

of which were irradiated for 120 seconds. Samples were allowed to decay for 1 to 7 hours 

and then counted for 600 seconds using an automated sample changer and a Canberra 

High Purity Germanium (HPGe) detector. This detector has a relative efficiency of 33.7% 

and a full width half maximum (FWHM) resolution of 1.73 keV at 1.33 MeV. Operation 

of the detector relied on a Canberra digital signal processor (Model 9660A) and a high-
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voltage power supply. After data collection, gamma ray peak fitting was done using 

Canberra-VMS Genie 2000 software. Concentration of Au was documented in Microsoft 

Excel.  

4.2 Analyzing Thermal Properties  

 To analyze thermal transitions, differential scanning calorimetry (DSC) was 

employed. In this process, temperature-controlled chambers for a sample and a reference 

are heated at a constant rate while the amount of heat required to increase the temperature 

is recorded. As the sample undergoes physical transformations, more or less heat will 

need to be applied to the sample than is applied to the reference pan. The DSC technique 

is capable of measuring thermal events, such as melting, crystallization, glass transitions, 

curing reactions, and decomposition reactions. In the case of solid samples, the energy 

applied is primarily breaking the solid-solid bonds [4].  

 This experiment was performed on a Q2000 differential scanning calorimeter  

(TA Instruments, New Castle, DE). Samples were rinsed in sterile phosphate-buffered 

saline (PBS) for 24 hours and then blotted using Kimwipes™. Aluminum sample pans 

were weighed, loaded with sample, sealed, and then reweighed. Pan weight and sealed 

pan weight were recorded, and sample mass was calculated. An empty pan was weighed 

and sealed for reference. Modulated DSC was run from -5°C to 120°C. Temperature rate 

increased 3°C/min modulation every 80 s ± 0.64°C. Following the experiment, 

denaturation temperature was determined using Universal Analysis software integration 

tool.  
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4.3 Characterizing Scaffold Biocompatibility 

4.3.1 Cell Culture Protocol 

 All assays were performed using L929 murine fibroblasts, as presented in Figure 

4.2. An established cell culture protocol was used for cell passage, counting, and storage. 

Cells used for assays were passed between 3 and 16 times at a weekly rate. During each 

passage, a 1:12 (cell suspension: cell media) flask was used. Old media was removed and 

the flask surface was rinsed with 5 mL Dulbecco’s phosphate buffered saline (DPBS). To 

detach cells, 1 mL 0.25% trypsin-EDTA was added to the flask and incubated for 1 to 2 

minutes. For neutralization, 10 mL of pre-warmed cell media was added and then moved 

to a 15-mL centrifuge tube. The solution was spun down in a Z200A centrifuge (Hermle, 

Wehingen, DE) at 1,250 rpm for 9 minutes. Without disturbing the pellet, all but 2 mL of 

supernatant was carefully removed. Then 4 mL of cell media was added and cells were 

resuspended. In the case of assays, cells were counted at this time. For weekly passage, a 

1:12 flask and a 1:144 flask were prepared and placed in the incubator at 37°C and 5% 

CO2. 

 

 

 

 

 

 

 

Figure 4.2 Microscope image showing culture of L929 murine fibroblasts [5]. 
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4.3.2 WST-1 Cytotoxicity Assay 

 A common method to measure the cytotoxicity of a scaffold or substance is a 

water-soluble tetrazolium salt (WST) assay. The WST compound has many variations, 

which are denoted by the number following the abbreviation. WST assays are 

comparable to MTT and XTT assays, but require fewer steps to measure cytotoxicity 

because the final reagent is water-soluble. These assays are frequently employed using 

multiple day time-points (e.g.,  3-, 7-, and 10-day time points). In the case of WST-1, 

during the incubation it is cleaved to a formazan dye by cellular esterases [6]. The 

molecular changes during cleavage is shown in figure 4.3.  

 

 

 

 

 

 

 

 

 

Figure 4.3 In the presence of mitochondrial dehydrogenases, WST-1 is cleaved to 
form formazan. Thus, the amount of metabolically active cells in a sample can be 

directly correlated with the amount of formazan dye formed, measured by taking the 
absorbance between 420 and 480 nm. 

 
The first step in this assay is to incubate the scaffolds with cell media in the wells 

of a microplate. After one day, the cells are prepared and incubated with the samples in 

the microplate. Typically, the concentration of cells incubated in the plate will depend on 
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the well volume, incubation time, and cell type. In this case, the assay was performed 

with L929 fibroblasts at a concentration of 0.75 x 104 cells/well in a 96-well plate. To 

evaluate the cellular response, incubation periods were 3, 7, and 10 days. For the 7-  and 

10-day plates, old media was removed and fresh media was added every 72 hours. Upon 

completion of the incubation period, media was removed from wells. Each well was then 

rinsed twice with DPBS. The WST-1 reagent was added and incubated for 4 hours. 

During this time, the WST-1 is cleaved to a reddish-colored formazan dye. Following 

incubation, the solution from each well was transferred to a new microplate and the 

absorbance between 420 nm and480 nm was read using a Bio-Rad Model 680 microplate 

reader. 

4.3.3 Reactive Oxygen Species Assay 

Reactive oxygen species (ROS) have long been associated with negative effects 

within the body [7]. Especially in regards to inflammation, it is generally better to see 

fewer of these molecules [8]. In the reactive oxygen species assay, cells were first 

incubated with media and then scaffolds were added. Next, the reagent’s precursor 

DCFH-DA was added to the plate and allowed a 12-hour incubation period. This reagent 

is broken down by cellular esterase activity, ultimately allowing for a fluorescence-based 

measurement of ROS concentration. The cleavage of DCFH-DA to DCF is presented in 

Figure 4.4.  Although not all forms of the reagent are fluorescent, standard fluorescence 

precautions were taken during all steps that included the reagent.  



 31 

 

Figure 4.4 The initial reagent, DCFH-DA, is cell permeable. It undergoes the cleavage to DCFH in 
the presence of cellular esterase. In the presence of reactive oxygen species (ROS), DCFH becomes 

the fluorescent DCF. The measured fluorescence intensity of the sample can be correlated to the 
amount of ROS present. 

 

4.3.4 PicoGreen Cell Infiltration Assay 

 For constructive remodeling to occur, cells must be able to infiltrate the scaffold. 

Barriers to infiltration can be related to the degree of crosslinking or other scaffold 

preparation steps [9]. One method used to evaluate the ability of a scaffold to allow 

cellular infiltration is the PicoGreen® assay. In this assay, the cells and scaffold are 

incubated for a period of time and then the scaffolds are removed, lyophilized, and 

digested. The PicoGreen reagent is a fluorescent dye that detects double-stranded 

deoxyribonucleic acid (dsDNA). This reagent is added to the digests and allowed to 

incubate and bind with dsDNA. It should be noted that the dsDNA that is present in the 

digest is only from cells that were able to infiltrate the scaffold [10].  When cell 

infiltration is occurring, it signals beneficial cell attachment, attractiveness of a scaffold, 

and low cytotoxicity. 

 In this experiment, the scaffolds and cells were incubated for multiple time points, 

7 and 10 days, respectively. After this incubation, the scaffolds were removed, 

lyophilized, and digested using a papain digest. When the scaffolds dissolved completely, 
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after 24 hours, the PicoGreen reagent was added. The plate was read using a 480-nm 

excitation and 520-nm emission. Results were analyzed using Microsoft Excel and 

normalized by the dry weight of the scaffold.  

4.3.5 Cell Migration Assay 

 Studies have shown that the degradation products of the extracellular matrix 

(ECM) may act as chemoattractants and possess antimicrobial activity [11]. To measure 

the attractiveness of these scaffolds, a cell migration assay was employed. In this assay a 

special type of microplate is used. A schematic of the assay and plate structure can be 

found in Figure 4.5. In this plate there is still a top cover and bottom well plate, like a 

standard 96-well plate, but there is also a middle insert called the “membrane chamber.” 

This insert covers about half of the well volume and has a semipermeable membrane with 

5-µm pores on the bottom portion. This membrane allows for the transfer of cells but not 

for the transfer of solutions.  

Prior to the assay, scaffolds were rinsed in sterile PBS, frozen, and lyophilized. 

After lyophilization, all scaffolds were weighed to determine the maximum possible 

equal concentration (in mg/mL) for the digests. Based on the lowest weight, all 

experimental groups were cut down to equal weights. Samples were digested in 1 mL of a 

125 µg/mL papain digest for 24 hours in a 60 °C water bath. Following digestion, the 

enzyme was inhibited using an E-64 protease inhibitor. Unsupplemented media and 

scaffold digests were added to the appropriate wells of the bottom portion of the plate, or 

the feeder tray. Next, the insert is placed on top and a cell suspension solution is added to 

the wells of the membrane chamber. The cells are allowed to migrate for 24 hours and 

then the feeder tray is replaced with a new feeder tray containing cell detachment 
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solution. After 30 minutes, the membrane chamber is removed and the dye reagent 

CyQUANT® GR is added. Following a 20-minute incubation, solutions from the feeder 

tray are transferred to a new 96-well microplate and read on a fluorescent plate reader 

using 480-nm excitation and 520-nm emission wavelengths. A schematic of the assay is 

presented with the plate schematic in Figure 4.5. The results quantify the attractiveness of 

scaffold degradation products [12]. Ultimately, it is preferred that the degradation 

products are attractive to cells involved in the regeneration process.  

4.4 Statistical Analysis 

 Experiment results were analyzed using Prism 7 Software (GraphPad Inc, La 

Jolla, CA). A one-way analysis of variance (ANOVA) with pair-wise Tukey-Kramer 

post-tests was conducted to determine statistical significance of  results (p<0.05 unless 

otherwise stated).  

 

Figure 4.5. In the cell migration 
assay, the polycarbonate membrane 
(pore size 5 µm) allows migratory 
cells to pass without exchange of 
solutions between the sample-
containing well and the cell 
suspension well. A detachment 
solution and CyQUANT GR 
fluorescent dye allow for a direct 
measurement of migratory cells.  
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5. Results and Discussion 
 
5.1 Evaluation of the Attachment of Gold 

5.1.1 Scanning Electron Microscopy  

 To confirm the attachment of gold nanoparticles (AuNP) to the decellularized 

tissue construct, scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDS) were performed at the Electron Microscopy Core Facility 

(University of Missouri). Images of control samples, decellularized tissue, and 

crosslinked, decellularized tissue without AuNP were taken using the standard low 

vacuum secondary electron detector (LFD). These images showed no cellular debris or 

bacterial infiltration (Figure 5.1). An open, porous microstructure can be seen in both 

control groups, verifying the scaffold’s potential for cell infiltration. The crosslinked, 

decellularized tissue control does appear to have more branching and attachment of 

fibers. Backscatter electron (BSE) detector images and EDS spectra were taken to 

confirm that the samples had not been contaminated with AuNP (results not shown).  

 

 

 

 

 

 

 

Figure 5.1 LFD images taken at 10,000x and 10 kV. On the left is the decellularized tissue control that has 

not undergone the crosslinking process; on the right is the crosslinked, decellularized tissue.  
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Figure 5.2 BSE SEM images of experimental groups containing Au. The bright spots on images are AuNP, 

A-C contain 20 nm Au; D-F, 50 nm Au; and G-I, 100 nm Au. Concentration of AuNP increases left to 

right, 1x, 4x, and 8x.  

 

 

A) B) C) 

D) E) F) 

G) H) I) 
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 Sample groups containing AuNP were briefly examined using the LFD to confirm 

the open microstructure and absence of bacteria and cellular debris (results not included). 

Using EDS analysis, energy peaks at 2.1 keV and 9.7 keV confirmed that these features 

are AuNP (results not shown). In the BSE detector images, AuNP are the small, bright 

circular features. Qualitatively, an increase in these bright features with increasing 

concentration of samples can be seen in the images (Figure 5.2). These images confirm 

that the EDC/NHS crosslinking process, which uses 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide and N-Hydroxysulfosuccinimide (sulfo-NHS), is sufficient crosslinking 

process is sufficient to conjugate AuNP with the decellularized tissue construct. The 

imaged scaffolds also have undergone the peracetic acid sterilization process and confirm 

that this process is not removing AuNP from the samples. The results of this SEM 

analysis are consistent with those previously published using similar scaffolds [1-3]. 

5.1.2 Neutron Activation Analysis 

Table 5.1 Results of Neutron Activation Analysis (µg Au/g sample dry weight) 

 

 

 

1x 20 
nm Au 

4x 20 
nm Au 

8x 20 
nm Au 

1x 50 
nm Au 

4x 50 
nm Au 

8x 50 
nm Au 

1x 100 
nm Au 

4x 100 
nm Au 

8x 100 
nm Au 

 

12.4 64.8 48.9 36.4 35.4 122.3 17.2 44.5 303.8 

 

34.9 51.9 60.6 16.9 39.6   56.9 34.7 43.2 233.3 

 

38.3 37 47.8 19.5 31.4 122.6 27.2 57.1 346.2 

µ 28.53 51.23 52.43 24.27 35.47 100.6 26.37 48.27 294.4 

σ 14.07 13.91   7.09 10.59   4.1   37.8  8.78   7.68 57.0 
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 The results of neutron activation analysis (NAA) offer a quantitative analysis of 

the attachment of AuNP. For each size, an increase was seen in the amount of attached 

AuNP as the concentration used in the crosslinking procedure increases. The increased 

concentrations of the samples do not correspond directly to the four- and eight-fold 

increases; however, there are significant differences present. Using a 95% confidence 

interval, it was found that the Au content for the 8x 100 nm group was significantly 

higher than all other groups. The Au content for the 8x 50 nm group was significantly 

less than the 8x 100 nm group, but higher than all other groups. Finally, the 1x 

concentrations for all three sizes (20 nm, 50 nm, and 100 nm) were significantly less than 

the 8x 100 nm and the 8x 50 nm groups. No other significant differences were found. 

Overall, this experiment verifies that changing the concentration of AuNP used in the 

crosslinking process changes the ultimate concentration on samples.  

5.2 Thermal Transition Information 

 The thermal transitions of scaffolds were measured using differential scanning 

calorimetry (DSC). Samples were heated at 3 °C/min from -5 °C to 120 °C. The amount 

of heat required to increase the sample temperature was recorded and analyzed using TA 

Instrument Analysis software to determine the denaturation temperature of the scaffolds 

(Figure 5.3). No significant differences were found between the denaturation 

temperatures of experimental groups. The average denaturation temperature for all 

groups was 68.23 °C with a standard deviation of 1.08 °C. This thermal stability between 

experimental groups indicates that the crosslinking process and attachment of AuNP are 

not significantly altering the structure of the decellularized tissue construct. However, the 

results of this study contradict previously published work in which there was a significant 
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increase in denaturation temperature between crosslinked and uncrosslinked 

decellularized tissues [4]. Increases in denaturation temperature would be expected 

between decellularized tissue controls and all crosslinked groups. Further increases may 

be expected between crosslinked, decellularized tissue and groups crosslinked with 

AuNP. It should be noted that all denaturation temperatures in this experiment are well 

above normal physiological temperature ranges, demonstrating thermal stability of the 

scaffolds for tissue engineering applications.  

 

 Figure 5.3. Results of DSC analysis of scaffolds, average denaturation temperature of each experimental 

group with standard deviation error bars. No significant differences were present between the experimental 

groups. 
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5.3 Biocompatibility Response 

5.3.1 WST-1 Assay 

 The WST-1 assay was employed to measure scaffold cytotoxicity. To evaluate 

this effect of the scaffolds, the assay was completed with three different time points: 3, 7, 

and 10 days. These time points indicate the cell/scaffold incubation period. Upon 

completion of the incubation, the WST-1 reagent was added and incubated for four hours. 

Absorbance values between 420 nm and 480 nm were measured using a Bio-Rad Model 

680 microplate reader. In the case of the 7- and 10-day assays, the absorbance of some 

wells was too high to be quantified by the plate reader. To remedy this, wells were 

diluted 1:2 with sterile phosphate-buffered solution (PBS) (i.e., 100 µL well solution + 

100 µL sterile PBS) in a new plate.  

 The results of each assay are shown in Figure 5.4, plots A, B, and C. It should be 

noted that the y-axis for each graph is different, due to the dilution of samples. There was 

no significant difference between experimental groups at any specific time point. All 

experimental groups at all time points had some absorbance value, which indicates the 

presence of metabolically active cells after incubation with the scaffolds. This means that 

no scaffolds were entirely cytotoxic. However, no scaffolds were significantly less 

cytotoxic.  

 These results are consistent with those seen in the literature—scaffolds with 

AuNP have good cell viability [2, 3]. Bulk gold is regarded as safe and biologically inert. 

AuNP with a diameter that is >5 nm are regarded to have chemically inert properties, 

analogous to the bulk [5]. The cytotoxicity of AuNP is typically dependent on the size of 

nanoparticles used, but can also relate to the capping agents or surface modifications [5-
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8]. In these experiments, the AuNP are amine-functionalized for attachment to tissue, but 

otherwise are left unmodified. Because of the relatively larger sizes of AuNP, the low 

cytotoxicity that was observed was expected.  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 

C) 

Figure 5.4 WST-1 assay results for 
three time points, A) 3-day, B) 7-day, 
and C) 10-day. Absorbance values 
correspond to the number of viable 
cells incubated with samples.   
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5.3.2 Reactive Oxygen Species Assay 

 To measure the free radical scavenging abilities of the scaffolds, a reactive 

oxygen species (ROS) assay was implemented. The reagent in this assay provides a 

fluorescent intensity measurement of ROS. As shown in Figure 5.5, there is a general 

trend toward fewer ROS present with larger sizes of AuNP attached to the scaffolds. In 

fact, the 4x 100 nm group has significantly lower fluorescence intensity than the 1x 20 

nm group and decellularized tissue. There were no other significant differences in the 

data.  

 In previous optimization studies, it has been shown that the generation of free 

radicals is dependent on size rather than concentration [2].  The trend toward more free 

radical scavenging by larger AuNP was consistent with previous laboratory publications 

[2, 3]. In the previous studies, varying concentrations of AuNP were used, and in some 

cases, the construct was collagen rather than decellularized tissue. It is well recognized 

that ROS have an effect on many different physiological processes. In low concentrations 

ROS act as a signaling molecule and can contribute to angiogenesis and other important 

pathways related to the wound healing process [9]. Elevated levels of ROS, however, are 

regarded as detrimental to the tissue. In cases where ROS are balanced, it leads to the 

debridement and disinfection of wounds for constructive remodeling [10]. ROS also have 

differing effects depending on the cells with which they are interacting. For instance, 

elevated ROS levels will decrease osteogenic differentiation, but will increase adipogenic 

differentiation in mesenchymal stromal cells [11]. Therefore, in scaffold design, 

application should be carefully considered. The results of this study indicate that in cases 

where lower levels of ROS are required, larger AuNP should be utilized.   
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Figure 5.5 Fluorescence intensity (Concentration of DCF) values for experimental groups correspond to 

the amount of ROS present following incubation with scaffolds. Significantly lower fluorescent intensity 

was observed for the 4x 100 nm group in comparison with the decellularized tissue and 1x 20 nm groups 

(denoted by asterisk).   

 

5.3.3 PicoGreen Cell Infiltration Assay 

 A method to measure the ability of scaffolds to be infiltrated by cells is the 

modified PicoGreen assay. Scaffold ability to be infiltrated by cells indicates an open and 

porous microstructure. A linear regression of a standard curve was used to correlate 

fluorescence intensity of the PicoGreen reagent with DNA content. Scaffolds with higher 

DNA content display higher fluorescence and are allowing more cellular infiltration. This 

study was done with two time points, 7- and 10-days.  

* 
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 In the first time point, 7-days, the 8x 50 nm group had significantly more DNA 

content than the crosslinked, decellularized group, as well as the 1x 50 nm, 4x 50 nm, 1x 

20 nm, and 1x 100 nm groups. No other significant differences were found at this time 

point. All groups displayed DNA content, showing that cells are capable of infiltrating all 

scaffolds. The 10-day study did not show any significant differences between groups. It is 

important to note the increase between the 7- and 10-day concentrations of DNA. This 

increase between groups is significant in the case of the 1x 20 nm and 1x 50 nm groups, 

as denoted by the blue asterisks in Figure 5.6.  

 The results of this study show that the scaffolds are maintaining a microstructure 

that is porous and open enough for cellular infiltration after undergoing decellularization, 

crosslinking, and sterilization processes. DNA content at the 7-day time point was within 

the same range as previous studies [2]. The increasing DNA content between groups 

shows that cells are continuing to divide within the scaffold or infiltrate it from the 

surrounding media. In theory, constructive remodeling will occur if cells are able to 

continue multiplying within the scaffold. The histology analysis of a recent in vivo study 

of a decellularized porcine diaphragm scaffold with 20 nm AuNP showed good 

neovascularization and cell proliferation with constructive remodeling occurring between 

3 to 6 months [12].  
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Figure 5.6 Results of the PicoGreen assay at both 7- and 10-day time points. DNA content shows that there 

are cells infiltrating the scaffolds at both time points, for all groups. 

 

* ** 

* 

** 
* 
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5.3.4 Cell Migration Assay 

 The cell migration assay was utilized to measure the attractiveness of scaffold 

degradation products. In this assay the measurement is the fluorescence intensity value 

that corresponds to the number of cells that have crossed a migratory membrane. The 

results of this assay are presented in Figure 5.7. The crosslinked, decellularized group 

showed significantly higher fluorescence intensity than the 1x 100 nm group, indicating a 

significantly higher number of cells that had migrated. There were no other significant 

differences amongst the groups. Also, there is a fluorescence intensity signal from each 

group, indicating that all digested scaffolds cause some cell migration. A general trend 

was noted toward control groups with no Au or 20 nm AuNP.  

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Results of the cell migration assay showing the significant difference between crosslinked, 

decellularized tissue and 1x 100 nm Au groups. The fluorescence intensity value corresponds with the 

number of migratory cells and was significantly higher for the crosslinked, decellularized group than the 1x 

100 nm group. 

* 

* 
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5.4 Summary Table 
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Decellularized, 

No XL 

+ - + + 

XL, No Au + + + ++ 

1x 20 nm Au + - + + 

4x 20 nm Au + + + + 

8x 20 nm Au + + + + 

1x 50 nm Au + + + + 

4x 50 nm Au + + + + 

8x 50 nm Au + + ++ + 

1x 100 nm Au + ++ + - 

4x 100 nm Au + ++ + + 

8x 100 nm Au + ++ + + 

 

Table 5.2 The symbols in this table indicate a qualitative comparison between groups for each of the assays 

performed. The minus sign means that a group had an unwanted response in the assay, one plus sign means 

the group had a relatively neutral response, and the double plus indicates that the group’s response was 

desirable or better than others for that particular assay. 
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6. Conclusions 
 
6.1 Review of Research Objectives 
 
 Scaffold design aims to achieve a low cytotoxicity response from the body and 

should be the most biocompatible, which is defined by the ability of a material to perform 

with an appropriate host response in a specific application. The aim of this project was to 

evaluate the different cytotoxicity and biocompatibility of three different sizes and 

concentrations of gold nanoparticle (AuNP) conjugated decellularized tissue scaffolds. 

The sizes investigated for this project were 20 nm, 50 nm, and 100 nm AuNP, with each 

size at differing concentrations of 1x, 4x, and 8x, respectively. For comparison, controls 

of decellularized tissue and crosslinked, decellularized tissue were utilized. It was 

hypothesized that if the size and concentration of gold nanoparticles conjugated to a 

decellularized scaffold were characterized, then such a scaffold could be optimized for a 

specific tissue engineering application. In the characterization process, three objectives 

were identified:  

 

Objective 1: To evaluate the attachment of gold nanoparticles to scaffold material. 

• This objective was reached through investigation with scanning electron 

microscopy (SEM) and neutron activation analysis (NAA).  

 

Objective 2: To characterize the thermal properties of gold nanoparticle conjugated 

decellularized tissue scaffolds.  

• Differential scanning calorimetry (DSC) was used to evaluate the denaturation 

temperatures of the scaffolds.  
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Objective 3: To characterize the cytotoxicity and biocompatibility of gold 

nanoparticle conjugated decellularized tissue scaffolds. 

• A WST-1 assay was employed to determine the cytotoxicity of the tissue 

scaffolds.  

• Reactive oxygen species (ROS), PicoGreen, and cell migration assays were 

utilized to establish the biocompatibility of the scaffolds.  

 
6.2 Conclusions from Results 
 
6.2.1 The Attachment of Gold to Scaffolds 
 
 The results of SEM analysis verified that the crosslinking process was able to 

conjugate AuNP to decellularized tissue scaffolds. SEM images also confirmed that the 

decellularization process removed all cells and cellular debris. Comparing the control 

groups—decellularized tissue and crosslinked, decellularized tissue—it was determined 

that the crosslinking process still allowed for an open and porous microstructure. 

Qualitatively speaking, SEM images showed an increase in AuNP on scaffolds with the 

increasing desired concentration.  

 To qualitatively address the increasing concentration, NAA was performed. From 

this experiment, it was concluded that scaffolds crosslinked with a higher concentration 

of AuNP have a higher number of AuNP attached. The increase did not directly reflect 

the 1x, 4x, and 8x concentrations used, but did show an increase overall. Results of both 

SEM and NAA substantiated evidence that the sterilization process is not stripping the 

scaffolds of AuNP. This is important because scaffolds will need to be sterilized prior to 

implantation.  
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6.2.2 Thermal Stability of Scaffolds 
 
 The thermal properties of scaffolds were characterized using DSC. No significant 

differences in denaturation temperature were found amongst all groups. The average 

denaturation temperature for all scaffolds was 68.23 °C with a standard deviation of 1.08 

°C. Scaffolds show good thermal stability within physiological temperature ranges as 

well as assay incubation ranges.  

6.2.3 Cytotoxicity and Biocompatibility of Scaffolds 
 
 Using a WST-1 assay, scaffolds were confirmed to have low cytotoxicity. No 

significant differences amongst groups were present during the 3-, 7-, or 10-day time 

points tested. At each time point all samples had some absorbance value, indicating that 

cells were able to survive and proliferate in the presence of scaffolds.  

 The investigation of the biocompatibility of scaffolds included an ROS assay, a 

PicoGreen cell infiltration assay, and a cell migration assay. The ROS assay showed a 

trend toward scaffolds with larger nanoparticles having more free radical scavenging 

ability. The 4x 100 nm AuNP scaffolds showed significantly lower DCF concentration 

(lower ROS content measured by fluorescence intensity) than the 1x 20 nm AuNP 

scaffolds and decellularized tissue scaffold groups. Two time points—7 and 10 days—

were used to evaluate cell infiltration to scaffolds. The results of the PicoGreen cell 

infiltration assay showed that all scaffolds allowed for cellular infiltration at both time 

points. At the 7-day time point, the 8x 50 nm group had significantly more DNA content 

than the crosslinked, decellularized group, as well as the 1x 20 nm, 1x 50 nm, 4x 50 nm, 

and 1x 100 nm groups. No other significant differences were found at this time point or 

the 10-day time point. Between time points, however, there was a significant increase in 
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cellular infiltration in the 1x 20 nm AuNP and 1x 50 nm AuNP scaffolds, respectively. 

Results of the cell migration assay indicate the attractiveness of scaffold degradation 

products. The crosslinked, decellularized scaffold group showed significantly more cell 

migration than the 1x 100 nm AuNP scaffold group. There was a trend toward the control 

groups and smaller AuNP groups. However, all groups yielded a fluorescence signal, 

indicating that cell migration was occurring.  

 Therefore, there were no consistent trends leading to the suggestion of one size 

and concentration of AuNP for all tissue engineering applications. Instead, it would be 

optimal to evaluate the requirements of a specific application and tailor scaffold 

properties to meet these varied requirements. The suggested method remains consistent 

with the tissue engineering paradigm, balancing cells, signaling molecules, and scaffolds 

to allow for constructive remodeling. [1].  

 
6.3 Proposed Future Investigations 
 
 It is well known that wound healing and tissue repair processes involve many 

different cell types [2-4]. Therefore, it would be useful to complete these in vitro 

cytotoxicity and biocompatibility assays with additional cell types. For instance, 

keratinocyte response may better gauge some wound healing capabilities [5]. In the case 

of tendon and ligament repair, it may be best to repeat the assays with chondrocytes. 

These cells are capable of producing type I and type II collagen, depending on the cell-

cell and cell-matrix interactions [6].  

 Inflammation response is a key modulator of constructive remodeling. In future 

investigations it could be useful to evaluate the inflammation response with interleukin-

1β (IL-1β) measurements in addition to the ROS assay. IL-1β is a pro-inflammatory 
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cytokine that plays a specific role within innate and adaptive immunity [7].  Many other 

inflammatory markers with biochemical assays have been developed for measurement. 

Any additional measurement of inflammatory response to scaffolds would be useful in 

characterizing their biocompatibility.  

 After further evaluating scaffolds with multiple cell types and additional 

inflammatory response measurements, in vivo studies would characterize the multifaceted 

wound healing and tissue repair responses. These in vivo studies could be nonfunctional 

or functional. Examples of similar scaffold studies are included in the literature [8-10].  

Specific animal models for different types of wound healing are available. However, 

there is no animal model that naturally mimics chronic wound healing. Additional 

procedures can be used to create an environment similar to that of a chronic wound [11]. 

Functional in vivo studies of tendon and ligament repair would be done with whichever 

animal model is considered to best mimic the human repair in question [12]. Prior to 

animal studies, it is likely that the experimental groups should be reevaluated and only 

those groups with the least cytotoxic and most biocompatible responses amongst different 

cell types should be included.  
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 Appendix A: Supplemental SEM Images 
 
 Scanning electron microscopy (SEM) images were captured using an FEI Quanta 

600 FEG Environmental Scanning Microscope at the Electron Microscopy Core Facility 

at the University of Missouri-Columbia. Samples were kept in low vacuum mode and 

analyzed using a ~10,000X magnification with a 10 kV electron beam. These additional 

images were acquired using the backscatter electron detector (BSE). AuNP appear as the 

bright circular features in each image.   

A.1 1x 20 nm Au Images 
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A.2 4x 20 nm Au Images 
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A.3 8x 20 nm Au Images 
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A.4 1x 50 nm Au Images 
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A.5 4x 50 nm Au Images  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 61 

A.6 8x 50 nm Au Images 
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A.7 1x 100 nm Au Images  
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A.8 4x 100 nm Au Images 
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A.9 8x 100 nm Au Images 

 

 


