
i 
 

Evaluation of the Antimicrobial Properties and 

Biocompatibility of Polypropylene Mesh Conjugated with 

Gold Nanoparticles 

 

 

A Thesis Presented to 

The Faculty of the Graduate School 

At the University of Missouri 

 

 

In Partial Fulfillment 

Of the Requirements for the Degree 

Master of Science 

 
 

by 

ROSS HARTTER 

Dr. Sheila Grant, Thesis Supervisor 
 

MAY  2013 

 

 
 

 



ii 
 

The undersigned, appointed by the dean of the Graduate School, 

have examined the Thesis entitled 

 

Evaluation of the Antimicrobial Properties and Biocompatibility of 
Polypropylene Mesh Conjugated with Gold Nanoparticles  

 

Presented by Ross Hartter 

 

A candidate for the degree of  

 

Master of Science 

 

And hereby certify that, in their opinion, it is worthy of acceptance. 

 

 

 

 

Dr. Sheila Grant, Biological Engineering Department 

 

 

 

Dr. Shramik Sengupta, Biological Engineering Department 

 

 

 

Dr. Matthew Bernards, Chemical Engineering Department 

  

 



ii 
 

ACKNOWLEDGEMENTS 

 I would like to thank Dr. Sheila Grant for allowing me the opportunity to 

work in her laboratory. Without her assistance and guidance I would never have 

been to able to complete my research. It was Dr. Grant’s classes that really 

inspired me to continue my academic career into graduate school. 

 I would also like to thank my committee members Dr. Shramik Sengupta 

and Dr. Matthew Bernards who have taken time out of their busy schedules to 

help guide me and give feedback on my research project.  

 In addition to Dr. Grant and my committee members, I would like to thank 

Dave Grant for helping me to seek out career opportunities. 

 

 

 

 

 

 



iii 
 

 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS .................................................................. ii 

LIST OF FIGURES ........................................................................... vi 

LIST OF TABLES ............................................................................ viii 

ABSTRACT ............................................................................. ix 

 

Chapter 

 1. LITERATURE REVIEW ......................................................................... 1 

                     1.1 Introduction to Hernia Repair ..................................................... 1 
                                1.1.1 Hernia background ...................................................... 1 
                                1.1.2 Hernia materials ........................................................... 2 
                     1.2 Biomaterial Surface Modifications .............................................. 5 
                                1.2.1 Surface modifications to control cellular interactions ... 6 
                                1.2.2 Conjugations and coatings ........................................... 8 
                     1.3 Gold Nanoparticles .................................................................... 8 
 

           2. INTRODUCTION TO RESEARCH ...................................................... 10 

                     2.1 Significance of Research ......................................................... 10 
                     2.2 Research Objectives ................................................................ 11 
 

           3. MODIFICATION AND CHARACTERIZATION OF PP-AUNP  
               SCAFFOLDS ....................................................................................... 13 
 
                     3.1 Overview .................................................................................. 13 
                     3.2 Materials and Methods ............................................................ 14 
                                3.2.1 Chemicals and test substances ................................. 14 
                               3.2.2 Functionalization of PP mesh ..................................... 14 
                               3.2.3 Analysis of PP using FT-IR ......................................... 15 
                               3.2.4 AuNP conjugation ....................................................... 15 



iv 
 

                               3.2.5 SEM analysis of PP-AuNP scaffolds ........................... 16 
                     3.3 Results and Discussion ........................................................... 17 
                               3.3.1 Analysis of FT-IR ........................................................ 17 
                               3.3.2 AuNP conjuation analysis ........................................... 18 
                               3.3 Conclusion ..................................................................... 22 
 

           4. CELLULARITY OF PP-AUNP SCAFFOLDS ....................................... 24 

                     4.1 Overview .................................................................................. 24 
                     4.2 Materials and Methods ............................................................ 25 
                               4.2.1 Chemicals and test substances .................................. 25 
                               4.2.2 Preparation of cell culture ........................................... 25 
                               4.2.3 Incubation with WST-1 ................................................ 26 
                               4.2.4 Quantification of WST-1 assay ................................... 27 
                               4.2.5 Statistical analysis....................................................... 27 
                     4.3 Results ..................................................................................... 28 
                               4.3.1 WST-1 assay .............................................................. 28 
                     4.4 Conclusion ............................................................................... 30 
 

           5. EVALUATION OF REACTIVE OXYGEN SPECIES REDUCTIONBY  
               PP-AUNP SCAFFOLDS ...................................................................... 32 
 
                     5.1 Overview .................................................................................. 32 
                               5.1.1 Significance of reactive oxygen species ..................... 32 
                               5.1.2 OxiSelect™ Intracellular ROS Assay Kit ..................... 33 
                     5.2 Materials and Methods ............................................................ 33 
                               5.2.1 Chemicals and test substances .................................. 33 
                               5.2.2 Preparation of cell culture for ROS assay ................... 34 
                               5.2.3 Quantification of ROS reduction by PP-AuNP  
                                        scaffolds ...................................................................... 35 
                               5.2.4 Preparation of DCF standard curve ............................ 35 
                               5.2.5 Statistical analysis....................................................... 36 
                     5.3 Results and Discussion ........................................................... 36 
                               5.3.1 ROS Assay with AuNP sizes and concentrations of  
                               1x100nm, 1x150nm, and 2x150nm ...................................... 36 
                     5.4 Conclusion ............................................................................... 41 
 

           6. EVALUATION OF THE ANTIMICROBIAL PROPERTIES OF  
               PP-AUNP SCAFFOLDS ...................................................................... 42 
 
                     6.1 Overview .................................................................................. 42 
                     6.2 Materials and Methods ............................................................ 43 



v 
 

                               6.2.1 Materials ..................................................................... 43 
                               6.2.2 Preparation of pseudomonas aeruginosa for bacteria  
                               culture .................................................................................. 43 
                               6.2.3 Investigation of bacteria presence by plate counting  
                               method ................................................................................. 43 
                               6.2.4 SEM analysis of PP-AuNP scaffolds with  
                                        Pseudomonas aeruginosa .......................................... 44 
                     6.3 Results and Discussion ........................................................... 45 
                               6.3.1 Antimicrobial assay with plate counting method ......... 45 
                               6.3.2 SEM analysis of PP-AuNP scaffolds with  
                                        Pseudomonas aeruginosa .......................................... 47 
                     6.4 Conclusion ............................................................................... 50 
 

APPENDIX ......................................................................................................... 52 

           1. Thermal Analysis of PP-AuNP Scaffolds Using Differential Scanning  
               Calorimetry .......................................................................................... 52 
 

REFERENCES ................................................................................................... 62 

 



vi 
 

List of Figures 

Figure           Page 

          1. Pristine PP mesh .................................................................................. 10 

          2. Explanted PP mesh .............................................................................. 11 

          3. FT-IR spectra of            mesh: pristine (blue) and      modified  
                 (red) ................................................................................................... 18 
 

          4. FT-IR spectra of            soft mesh: pristine (red) and       
                 modified (teal) .................................................................................... 18 
 

          5. SEM image of           PP-AuNP scaffold ......................................... 19 

          6. SEM image of pristine           mesh ................................................ 20 

          7. SEM image of           soft PP-AuNP scaffold .................................. 21 

          8. SEM image of pristine           soft mesh ......................................... 22 

          9. Absorbance values from a 7 day WST-1 assay with           mesh .. 29 

        10. Absorbance values from a seven day WST-1 assay with            
                  Soft mesh ......................................................................................... 30 
 
        11. Mean fluorescence intensities for Prolene™ mesh scaffold groups ..... 37 

         12. Mean fluorescence intensities for Prolene™ Soft mesh scaffold  
                 groups ................................................................................................ 38 
 
        13. DCF standard curve for the series diluted stock DCF ........................... 39 

        14. Interpolated DCF concentrations for Prolene™ mesh scaffold  
                 groups ................................................................................................ 40 



vii 
 

         15. Interpolated DCF concentrations for Prolene™ Soft scaffold groups .. 41 

         16. Bacteria count over time for 48 hours .................................................. 46 

          17. SEM image of pristine Prolene™ mesh after 48 hours exposure to  
                 P. aeruginosa .................................................................................... 47 
 
         18. SEM image of pristine Prolene™ Soft mesh after 48 hours exposure to  
                 P. aeruginosa .................................................................................... 48 
 
         19. SEM image of Prolene™ PP-1x150nmAuNP scaffold after 48 hours   
                  exposure to P. aeruginosa ................................................................ 49 
 
         20. SEM image of Prolene Soft™ PP-1x150nmAuNP after 48  
                  hours exposure to P. aerginosa ........................................................ 50 
 

 



viii 
 

List of Tables 

Table           Page 

1. Commercially available meshes for hernia repair ............................................. 2 

2. Commercially available composite hernia meshes ........................................... 3 

3. P-values for ANOVA of Prolene™ mesh WST-1 ............................................ 29 

 

 

 



ix 
 

Evaluation of the Antimicrobial Properties and 
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Dr. Sheila Grant, Thesis Surpervisor 

ABSTRACT 

 Polypropylene (PP) mesh is commonly utilized as a patch for hernia 

repairs and for pelvic slings. However, biocompatibility and infection rates are a 

concern.  Conjugating gold nanoparticles (AuNPs) to PP mesh may enhance 

biocompatibility while reducing infection rates.  In this study we investigated the 

size and concentration of gold nanoparticles attached to polypropylene hernia 

mesh to determine the effects on biocompatibility. The mesh was characterized 

using Fourier transform infrared spectroscopy (FT-IR) and scanning electron 

microscopy (SEM) in order to determine if functional groups and AuNPs had 

been successfully attached. Differential scanning calorimetry (DSC) was utilized 

to analyze the heat of fusion and denaturation temperature of the modified PP to 

determine thermal stability. The antimicrobial properties were assessed using 

Pseudomonas aeruginosa bacteria. Biocompatibility was evaluated via in vitro 

cell culture assays using L929 murine fibroblast cells. 



 
 

CHAPTER 1 

LITERATURE REVIEW 

1.1 Introduction to Hernia Repair 

1.1.1 Hernia Background 

 A hernia occurs when the connective tissue surrounding muscle, called 

the fascia, breaks down in a localized area and allows tissue and/or organs to 

protrude through it. The most common area for this to occur is the abdominal 

cavity. There are two main types of hernias, ventral and inguinal. Ventral hernias 

occur in the abdominal region while inguinal hernias occur in the groin. As hernia 

repair is one of the most common surgical procedures there are many techniques 

and materials that surgeons can choose from (Bringman et al., 2010) 

 Hernia repair was originally performed by approximating the edges of the 

abdominal defect and suturing to contain the protrusion. This method can still be 

used but it leaves the sutured area in tension which leads to a higher recurrence 

rate. New techniques such as laparoscopic repair and placement of mesh 

material have drastically reduced the recurrence rate. However, implanting mesh 

can cause problems of its own such as a larger foreign body response and 

further damage to the tissue from mesh fixation (Costello et al., 2007a).  

1.1.2 Hernia materials 
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 The ideal hernia mesh is one that is biologically inert, exhibits good 

mechanical strength, elasticity, and flexibility. The mesh should retain all these 

properties once implanted to avoid degradation of the mesh. Tissue in-growth 

should be supported while inflammation and infection are reduced. It should be 

noted that the ideal mesh for one patient may not be the ideal mesh for another 

because of inherent immunological differences in patients. Therefore, a wide 

selection of meshes needs to be available for the surgeon to make the right 

choice for that particular patient. Performance of the hernia mesh is based on 

several factors: pore size, tensile strength, weight, elasticity, reactivity, 

constitution, and shrinkage (Brown and Finch, 2010). 

 Several materials have been used as hernia mesh including polypropylene 

(PP), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), 

polyglactin, polyglycolic acid, polyester, and biologic materials. Over the years 

companies have produced many different types of synthetic mesh. Table 1 lists 

some synthetic hernia meshes currently on the market.  
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Product Company Material Description 

    

Prolene™ Ethicon Polypropylene Knitted filaments of extruded 
polypropylene, small pore 

Prolene Soft™ Ethicon Polypropylene Knitted filaments of extruded 
polypropylene, large pore 

3D Max™ Bard Polypropylene Knitted mesh, available in light 
and heavyweight 

ProLite™ Atrium Polypropylene Monofilament, available in light 
and heavyweight 

Mersilene™ Ethicon Polyester Knitted mesh, bi-directional 
elasticity 

Vicryl™ Ethicon Polyglactin Absorbable mesh 

Goretex® Gore ePTFE Smooth patch with microporous 
structure 

Parietex™ Flat 
sheet 

Covidien PET Lightweight, macroporous 
mesh 

Parietex™ 
Lightweight 

Covidien PET Monofilament, macroporous 

Safil® B. Braun Polyglycolic Knitted, absorbable mesh 

Optilene® B. Braun Polypropylene Lightweight, large pore mesh 

Omyra® B. Braun cPTFE Condensed PTFE, 
macroporous 

 

 Companies have also produced composite meshes like dual sided or 

coated mesh. These mesh types attempt to optimize the properties an ideal 

hernia mesh by selecting materials to suit the needs of the region the implant is 

going to be in. Some examples of composite meshes can be seen in Table 2. 

 

 

Table 1. Commercially available meshes for hernia repair 
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Product Company Material Description 

    

Dualmesh® Gore ePTFE Each side has a 
different pore size. 
Dualmesh® Plus 
available with 
antiseptic 

Parietex™ Covidien Polyester/collagen Knitted mesh with a 
collagen barrier on 
one side 

Composix™ Bard Polypropylene/ePTFE Lightweight 
polypropylene with 
an overlap of ePTFE 
at the edges 

TiMesh® Biomet Polypropylene/titanium Monofilament 
composite mesh, in 
extra light, light, and 
strong weights 

Ultrapro™ Ethicon Polypropylene/polyglecaprone Monofilament, 
lightweight, partially 
absorbable mesh 

Proceed™ Ethicon Polypropylene/cellulose Lightweight mesh 
with a bioabsorbable 
side 

 

 It became clear after researching these different meshes that 

polypropylene was one of the most commonly used materials and is therefore the 

focus of this study. 

 Polypropylene (PP):  PP is a thermoplastic polymer with methyl groups 

attached to a main carbon backbone. It has been used as a material for hernia 

repair since Usher first used it in 1958. PP has been used extensively because of 

its tensile strength, flexibility, and chemical resistance, but it is also hydrophobic 

and subject to oxidation in vivo which can create complications. There are two 

Table 2. Commercially available composite hernia meshes 
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main types of PP hernia mesh, heavyweight and lightweight. The main difference 

in these two meshes is the pore size. Heavyweight mesh has a small pore size < 

.6mm and is~> 80g/    while lightweight mesh has a large pore size, > 1mm and 

< 40g/  .  Heavyweight meshes have a higher tensile strength which is derived 

from a greater mass of material. Unfortunately this causes a larger foreign body 

response and creation of a dense scar plate which can lead to pain and 

movement restriction of the patient (Brown and Finch, 2010). The increased 

foreign body response can lead to chronic inflammation of the surrounding area. 

This can cause an increase in the secretion of oxidants such as hydrogen 

peroxide and hypochlorous acid which leads to increased oxidation and 

degradation of the mesh in vivo (Costello et al., 2007b). Because of these 

complications with heavyweight PP mesh, lightweight meshes were introduced. 

The increased pore size in lightweight meshes allows for increased flexibility and 

tissue in-growth which can help reduce the foreign body reaction (Eriksen et al., 

2007). A reduced foreign body reaction will result in less scar formation, allowing 

less secretion of oxidizing agents therefore lowering mesh degradation. 

 

1.2 Biomaterial Surface Modifications 

 PP and other mesh materials are used in hernia repair due to their bulk 

material properties. The surface of the mesh that comes into contact with the 

surrounding tissue is what causes most of the complications with hernia repair. 

Because of this researchers attempt to modify the surface of the mesh while 
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keeping the bulk properties intact. The hope is to improve biocompatibility by 

promoting cellular interactions with the mesh. There are many ways to do this 

including: increased surface hydrophilicity, surface functionalization, limiting 

foreign body response, and surface coatings.  

1.2.1 Surface modifications to control cellular interactions 

 There are a multitude of methods that can alter synthetic mesh in order to 

control cellular interactions. Two of the most prominent methods to alter PP 

mesh are chemical modification and plasma treatment. These two methods 

endeavor to increase the hydrophilicity of the surface or to functionalize the 

surface for conjugation to another more biocompatible substance. 

 Plasma treatment has primarily been utilized to increase the hydrophilicity 

of PP surface by introducing hydrophilic groups such as hydroxyl, carbonyl, 

carboxyl, peroxy, amine, and amide. These groups can be introduced by using 

common gasses like air, nitrogen, oxygen, and ammonia. While positive results 

of increased hydrophilicity and adhesion have been seen, plasma treatments can 

cause material degradation and must be controlled or the bulk properties of the 

material could be damaged (Bhat and Upadhyay, 2001). Another drawback of 

plasma treatment is that the hydrophilicity introduced by treatment wears off over 

time (Zhang et al., 2009). This means that the material may show a decrease in 

cellular interactions in vivo after it has been implanted for an extended period. 

 Two processes by which PP is commonly chemically modified are 

hydrolysis and aminolysis. These two processes increase the hydrophilicity of the 
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PP and introduce functional groups so other substances can be bound (Gupta et 

al., 2004). These chemical modifications have been proven to increase the 

hydrophilicity and functionalization of the surface, which results in better cell 

proliferation and attachment (Zhong et al., 2011). Unfortunately, hydrolysis and 

aminolysis cause bulk polymer degradation, resulting in loss of mechanical 

strength and lasting durability of the material (Gupta et al., 2004). 

1.2.2 Conjugations and coatings 

 Along with promoting cellular and tissue responses to PP through 

modification of its surface properties much work has gone into inhibiting bacterial 

growth and adhesion to PP. The means by which this is accomplished is through 

coatings and conjugations of different substances. Satishkumar et al. (2011) 

modified a lightweight PP mesh with the enzyme lysostaphin. The meshes 

antimicrobial properties were evaluated against staphylococcus aureus. The 

results showed a significant decrease in the colony forming units (CFU) for the 

treated PP mesh versus the untreated. A study by Badiou et al. (2010) coated PP 

with silver nanoparticles and found a significant reduction in the CFU versus the 

untreated PP against Escherichia coli. They did further studies in vivo with a rat 

model and saw a lower rate of infection with the silver nanoparticle coated mesh. 

Abdou et al. (2008) plasma treated PP and then attached chitosan in an effort to 

inhibit bacterial growth. The results showed a significant bactericidal activity 

against Clavibacter michiganensis and Pseudomonas solanacearum for the PP 

treated with plasma and chitosan. Another group, Aumsuwan et al. (2009), 

plasma treated PP and then simultaneously attached the antibiotics gentamicin, 
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which kills gram negative bacteria and, penicillin, which kills gram positive 

bacteria. The results showed that the PP functionalized with gentamicin and 

penicillin were effective against staphylococcus aureus and pseudomonas 

putida.  

 

1.3 Gold Nanoparticles 

 In recent years gold nanoparticles (AuNP) have been appearing more and 

more in the medical world. AuNP have been used in many biomedical 

applications such as, cancer diagnostics, cellular imagine, drug delivery systems, 

and biosensors to name a few. This is mainly due to their small sizes, ease of 

preparation, and bioconjugation, and biocompatibility (Gu et al., 2009). Research 

has focused on using AuNP to enhance antimicrobial properties of biomedical 

materials (Badwaik et al., 2012). However, some literature has shown AuNP to 

be cytotoxic towards some cell lines at particular sizes of the particles (Pan et al. 

2007). Therefore it can be seen that the size and concentration of AuNP, utilized 

in studies has a significant effect on the results of the biocompatibility testing 

from different investigations. 

 Studies have shown that AuNP with diameters smaller than 15nm seem to 

have more toxic effects on cells than AuNP with diameters larger than 15nm (Gu 

et al., 2009; Pan et al., 2007). This difference could possibly be from differences 

in cellular uptake by endocytosis or from interactions at the cell membrane (Pan 

et al., 2007). The smaller the particle the more able it is to penetrate the vesicles 
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and the nucleus, while the larger particles have different uptake kinetics and do 

not adversely affect the cells (Gu et al., 2009; Pan et al., 2007). To further study 

the effects of AuNP on cell toxicity, studies have been conducted using larger 

diameter of AuNP in various concentrations. AuNP of 20nm in diameter at 

concentrations of 10, 50, 100, 200, and 200uM, found that these AuNP were not 

cytotoxic to the proliferation of human dermal fibroblast cells at any of the 

concentrations (Qu and Lu (2009). A study by Castaneda et al. (2008) showed 

no cytotoxic effects to mouse fibroblast cells at an AuNP concentration of up to 

5mM.  

 There have also been many studies as to how AuNP affect bacterial 

adhesion. Badwaik et al. (2012) used dextrose coated AuNP at 25, 60, and 120 

nm to determine antimicrobial activity against both gram positive and gram 

negative bacteria. The results showed that the AuNP effectiveness against E. coli 

and S. epidermidis bacteria went from the largest size and highest concentration 

to the smallest size and lowest concentration of particles. Geethalakshmi and 

Sarada (2012) studied the effects of AuNP against S. aureus, S. faecalis, E. 

faecalis, E. coli, P. aeruginosa, P. vulgaris, B. subtilis, and Y. enterocolitica. 

Results showed good antimicrobial activity toward Y. enterocolitica, P. vulgaris, 

E. coli, S. aureus, and S. faecalis and moderate antimicrobial activity toward the 

other three.  
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CHAPTER 2 

INTRODUCTION TO RESEARCH  

 

2.1 Significance of Research 

 Polypropylene (PP) mesh is commonly utilized as a patch material for 

hernia repairs and for use as pelvic slings. Figure 1 displays a picture of PP 

mesh.  However, biocompatibility and infection rates are a concern because 

these problems can lead to explantation of 

the mesh. In this study the surface of PP 

mesh will be chemically modified and 

conjugated with gold  

nanoparticles (AuNPs).  

It is hypothesized that these modifications 

 will improve the biocompatibility of the 

 mesh while maintaining the physical  

properties of the PP.  

 When PP mesh has been explanted 

from the body due to complications such as recurrence or infection, it may show 

signs of degradation in the form of physical and chemical changes to the mesh. 

Figure 2 displays an example of a PP mesh that has been explanted from the 

body.  The mesh is distorted and entrapped with fibrous tissue.   

 

Figure 1. Pristine PP mesh. 
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Figure 2. Explanted PP mesh. 

The cause of PP mesh degradation is thought to be oxidation of the mesh 

which results in surface carbonyl group formation. The mesh material then 

becomes brittle and rigid [Costello et al. (2007b)]. It is important therefore to 

ascertain that any modification of the mesh does not cause significant oxidation 

of the material before it is implanted. Costello et. al. (2007b) also found that PP 

hernia meshes had increased degradation when the inflammatory response was 

greater. This suggests that a more biocompatible mesh that can reduce the 

inflammatory response will have less degradation. 

2.2 Research Objectives 

 The main objective of this research is to improve the biocompatibility of PP 

so that it can maintain its physical and chemical properties while in vivo for 

extended periods of time. Several studies were performed in two main parts. Part 

One was the modification and characterization of the mesh. Part Two was 

assessing the biocompatibility of the PP mesh using cell culture assays. 
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 The first step of Part One was to functionalize the PP mesh with carboxyl 

groups in order to attach the AuNPs. This was accomplished by following a 

procedure similar to Whelove et al. (2011) which limits polymer modification to 

the surface of the PP mesh. After functionalization, the PP mesh was 

characterized to insure appropriate functional groups were present. The next 

step was to crosslink functionalized AuNPs to the mesh. The PP-AuNP scaffolds 

were characterized to ascertain that the conjugation of AuNPs was successful. 

 In Part Two the PP-AuNP scaffolds were tested for biocompatibility in 

vitro. Three different cell culture studies were performed to assess the scaffold’s 

cell viability, reduction of reactive oxygen species, and antimicrobial properties: 

 Water soluble tetrazolium (WST-1) assay: used to assess proliferation of 

cells and cytotoxicity of pristine PP and PP-AuNP scaffolds; 

             ROS assay: used to assess the ability of PP-AuNP scaffold to 

reduce reactive oxygen species in cell culture; 

 Antimicrobial testing: used to determine antimicrobial properties of PP-

AuNP scaffold by incubating PP and PP-AuNP with bacteria and using 

colony forming units with plate counting techniques. 

The initial results of this study were used to determine further sizes and 

concentrations of AuNPs to use in order to optimize the biocompatibility.  
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CHAPTER 3 

MODIFICATION AND CHARACTERIZATION OF PP-AUNP 

SCAFFOLDS 

 

3.1 Overview 

 The goal of this study was to conjugate gold nanoparticles (AuNPs)  to 

polypropylene (PP) mesh materials in order to increase the biocompatibility of 

polymeric materials. AuNP can be functionalized with amine groups and then 

cross-linked to carboxylic functional groups. PP however, lacks the necessary 

functional groups and must be modified so that active sites for conjugation are 

created.  

Chemical modification methods were used on two types of PP mesh, a 

heavy weight PP mesh or Prolene™ mesh and a light weight PP mesh or 

Prolene Soft™ mesh Heavy weight mesh is a close knit mesh with small pore 

sizes and a high tensile strength while light weight mesh has large pores >1mm 

and as a lower tensile strength and more elasticity. Fourier transform infrared 

(FT-IR) spectroscopy was used to identify the functional groups present on the 

chemically treated mesh. AuNPs were functionalized and cross-linked to the 

functional groups on the PP surface. Scanning electron microscopy (SEM) was 

used to image the surface of the PP mesh to determine the presence and 

amount of nanoparticles on the PP surface. These methods were performed on 

all groups of modified PP to ensure proper development of the scaffold. 
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3.2 Materials and Methods 

3.2.1 Chemicals and test substances 

 PP hernia mesh 

o           Mesh – Ethicon, Somerville, NJ 

o           Soft Mesh – Ethicon, Somerville, NJ 

 Hydrogen peroxide, 50wt. % solution in water – Acros Organics, Thermo 

Fisher Scientific, Fair Lawn, NJ 

 Cobalt (II) chloride, 97% – Sigma Aldrich, Saint Louis, MO 

 Gold colloids, 100nm        particles per mL – Ted Pella, Redding CA 

 2-mercaptoethylamine (MEA) – Sigma Aldrich, Saint Louis, MO 

 1-Ethyl-3-[3dimethylaminopropyl] carbodiimide hydrochloride (EDC) – 

Sigma Aldrich, Saint Louis, MO 

 N-hydroxysuccinimide (NHS) – Pierce, Thermo Fisher Scientific, Rockford, 

IL 

 Phosphate buffered saline (PBS) – Sigma Aldrich, Saint Louis, MO 

 Acetone, 99.5% – Acros Organics, Thermo Fisher Scientific, Fair Lawn, 

NJ 

3.2.2 Functionalization of PP mesh 

 The types of mesh used for chemical modification were           mesh 

and           soft mesh. The PP samples were cut into 1cm X 1cm squares, 

boiled in deionized water for 20 minutes, and then stored in a desiccator to 
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dry for two days. A hydrogen peroxide (      chemical modification protocol 

was then used on the samples. 

    Protocol: In a procedure similar to Christenson et al. (2004) the PP mesh 

surface was oxidized in a three day treatment. The mesh samples were 

placed in a solution of 50mL deionized water, 50 mL of 50% v/v    , and 

1.29 mg of Co   . This solution was placed on a shaker table at 150 rpm for 

seventy-two hours. After this the samples were removed, rinsed in deionized 

water, and allowed to dry for two days in a desiccator.  

3.2.3 Analysis of PP using FT-IR 

 In order to analyze the surface properties of the modified mesh FT-IR 

scans were taken. Spectra were collected using a Nicolet 6700 FT-IR 

spectrometer (Thermo Fisher Scientific, Waltham, MA). A background scan of 

air was taken first and removed from the mesh scans to ensure accurate 

readings. Pristine PP mesh was scanned first so that the modified mesh could 

be compared with it. The chemically modified mesh was scanned next to 

determine if the correct functional groups were present.  

3.2.4 AuNP Conjugation 

 AuNPs were functionalized and then chemically cross-linked to the 

functionalized PP mesh. In order to functionalize the AuNPs, 10mL of 100nm 

gold colloid was combined with 12.8uL MEA. The cross-linking solution 

comprised of 50mL acetone, 50mL 1xPBS, 38.3mg EDC in 0.25mL MES 
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buffer, and 57.6mg NHS in 0.25mL dimethyl formamide. The functionalized 

PP mesh samples were placed in this solution for 20 minutes. EDC is a zero-

length cross-linker which means it does not become part of the cross-link and 

therefore limits the possibility of a cytotoxic reaction. This cross-linker and 

NHS together allow the functionalized AuNP-amino groups to conjugate with 

the functionalized PP mesh’ carboxylate groups. The cross-linking solution 

was removed from the PP mesh samples and 10mL of functionalized AuNP 

was added to completely cover the samples. This solution was placed on an 

orbital shaker table for 20 minutes. The solution was then removed and 

replaced by 1 x PBS and stirred via the orbital shaker table for 24 hours to 

rinse the materials. After 24 hours the samples were removed and allowed to 

dry for two days. 

3.2.5 SEM analysis of PP-AuNP scaffolds 

 Images of the PP-AuNP scaffolds were obtained using scanning electron 

microscopy (SEM). The images were taken using a          600 scanning 

electron microscope with a field emission gun (FEG) system (FEI Company, 

Hillsboro, OR). All SEM analysis was performed at the University of Missouri 

Electron Microscopy Core.  

 

 

 



17 
 

3.3 Results and Discussion 

3.3.1 Analysis of FT-IR results 

 Both types of mesh that had been modified with the      procedure had 

FT-IR spectra collected to determine if functional groups had been introduced 

when compared with a pristine sample. Spectra collected for the 

functionalized PP mesh are shown in Figures 3 and 4. These figures show a 

wide band from 3600      to 3000     with a peak at 3500     for the 

modified mesh indicating the O – H stretch of carboxylic acid functional 

groups. The carbonyl stretch C=O of a carboxylic acid appears in the modified 

spectra as a peak at 1720     further indicating functionalization. In a 

previous study mechanical characterization was performed on pristine and 

modified mesh using an Instron 5864 Universal Testing Machine (Norwood, 

MA) to determine if the mechanical properties were affected. The study 

showed that the tensile strength for modified and pristine mesh was not 

significantly different. The elastic modulus for the pristine mesh was higher 

than that of the modified mesh indicating that there might have been some 

damage to the mesh because of the modification (Grant et al., 2011). 
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Figure 3. FT-IR spectra of            mesh: pristine (blue) and  

                     modified (red). 

 

 

Figure 4. FT-IR spectra of            soft mesh: pristine (red) and  

                        modified (teal). 
 

3.3.2 AuNP conjugation analysis 

 PP-AuNP scaffolds were analyzed using SEM to determine the presence 

of AuNP on the surface. SEM images for pristine PP and PP-AuNP scaffolds 
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are shown in Figures 5-8. The concentration of AuNP conjugated to the PP 

mesh was        particles per mL.  

 

Figure 5. SEM image of           PP-AuNP scaffold 
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Figure 6. SEM image of pristine           mesh 
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Figure 7. SEM image of           soft PP-AuNP scaffold 
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Figure 8. SEM image of pristine           soft mesh 

 

 The modified images clearly show the presence of gold aggregates on the 

PP mesh surface. In a previous study by Grant et al. 2011 energy dispersive 

spectroscopy was performed and found the particles on the surface of the 

modified mesh to be gold.  

3.3 Conclusion 

 FT-IR analysis showed that the      chemical modification procedure was 

able to successfully functionalize both the light weight and heavy weight mesh as 
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can be seen from the carboxylic acid peaks in the spectra. Prior mechanical 

testing showed the elastic modulus of the modified mesh to be lower indicating 

possible mesh damage. However this could mean that the mesh will be more 

biocompatible because its elastic properties will be closer to that of the 

surrounding tissue (Grant et al., 2011). 

 SEM images show gold particles on the surface of the PP-AuNP scaffolds. 

In continuation of the study, 20nm and 150nm gold particles will be conjugated 

with both PP meshes to study the effect of particle size on biocompatibility. And 

150nm with 2 X AuNP concentrations will be used to study the effect of 

concentration on biocompatibility. 
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CHAPTER 4 

CELLULARITY OF PP-AUNP SCAFFOLDS 

 

4.1 Overview 

 Cellular response to PP-AuNP scaffolds was analyzed in comparison to 

pristine PP mesh in order to determine if the PP-AuNP scaffolds have a cytotoxic 

effect. This investigation tested the cellularity of PP conjugated to 150nm AuNP 

and 2X concentrated 150nm AuNP in order to determine if the PP-AuNP 

scaffolds are a viable biomaterial. 

 A continuous line of murine fibroblast cells (L929) was used to evaluate 

cellular response to the PP-AuNP scaffolds. A water soluble tetrazolium (WST-1) 

assay (Roche Diagnostics, Indianapolis, IN) was used to measure the cellular 

attachment (viability) of the L929 fibroblasts in wells to the pristine PP and PP-

AuNP scaffolds. The principle behind the assay involves the cleavage of WST-1 

tetrazolium salts by mitochondrial dehydrogenases to form formazan. The 

mitochondrial activity is directly correlated to the number of active cells. So, the 

absorption by formazan corresponds to the number of active cells in the culture. 

The assays were conducted over a seven day time period. 
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4.2 Materials and Methods 

4.2.1 Chemicals and test substances 

 L929 murine fibroblast cells (CCL 1) – American Type Culture Collection, 

Manassas, VA 

 Culture medium – American Type Culture Collection, Manassas, VA 

o Eagle’s Minimum Essential Medium 

o Horse serum 50mL 

o Penicillin Streptomycin 10mL 

 Dulbecco’s Phosphate Buffered Saline (DPBS), 1x, without calcium and 

magnesium – American Type Culture Collection, Manassas, VA 

 Trypan Blue – Sigma Aldrich, St. Louis, MO 

 WST-1 Reagent – Roche Diagnostics, Indianapolis, IN 

 

4.2.2 Preparation of cell culture 

 Before the seven day culture for the cell response study could be 

performed the L929 fibroblast cells had to be subcultured. The L929 fibroblast 

cells were grown in plastic tissue culture flasks until they were deemed confluent 

(ie. cells are within close proximity to each other) and ready to be subcultured. To 

subculture the cells all medium was removed from the flask and then the flask 

was washed with DPBS. Trypsin-EDTA was then added to the flask and allowed 

to incubate for two minutes. Then 10mL of the solution was placed in a 15mL 

centrifuge tube and centrifuged for seven minutes at 1250 rpm. Eight mL of liquid 
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was removed from the tube and 4mL of sterile cell media was added making a 

total of 6mL. All procedures were performed using sterile technique; anything 

removed from the sterile biological hood was performed in a closed container 

and only opened once in a sterile environment.  

 After re-suspension a small amount of cell solution was removed from the 

centrifuge tube in order to determine the cell concentration. The cells were 

stained with trypan blue and counted using a hemocytometer. Viable cells were 

counted to determine the concentration in cells/mL of the solution. Calculations 

were made to determine the appropriate dilution to attain         cells/mL.  

 To start the WST-1 assay a 24 well plate was seeded with 0.5mL of 

culture medium and the appropriate scaffolds. This plate was incubated at 37℃ 

and 5%     for 24 hours. Then the culture medium was removed and replaced 

by 1mL cell suspension and fresh culture medium to match the desired 

concentration. The plate was then placed in the incubator at 37℃ and 5%     for 

seven days. The culture medium had to be refreshed on the third and fifth days 

of the study by removing 0.5mL of culture medium without disturbing the scaffold 

or the cell surface and adding 0.5mL of fresh medium.  

 

4.2.3 Incubation with WST-1 

 After the seven day procedure was finished the pristine PP and the PP-

AuNP scaffolds were incubated with WST-1 reagent in order to determine the 
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cellular response to each group. To do this 0.5mL of culture medium was 

removed from each well leaving 0.5mL behind. Then 50uL of WST-1 reagent was 

added to each well creating a 1:10 ratio of WST-1 to cell solution. A blank was 

created by adding 50uL WST-1 reagent to 0.5mL culture medium in an empty 

well. The plate was then incubated at 37℃ and 5%     for four hours.  

 

4.2.4 Quantification of WST-1 assay 

 Viability of the cells exposed to the pristine PP and the PP-AuNP scaffolds 

was quantified by measuring the absorbance of the formazan dye in each well. 

The absorbance readings were taken after four hours of incubation with the 

WST-1 reagent. To take the readings 100uL of solution from each well was 

placed in a well of a 96-well microplate. The microplate was read by a Bio-Rad 

Model 680 Microplate Reader (Bio-Rad Laboratories, Hercules, CA) and the data 

was collected by Microplate Manager Software, version 5.2.1. The reading from 

the blank well was subtracted from the other wells to account for absorbance not 

attributed to cellularity.  

 

4.2.5 Statistical analysis 

 Experimental groups were represented by four samples in each assay to 

provide a good mean value and standard deviations in each group. Statistical 

analysis was performed with GraphPad Prism® software, version 4.0. One-way 
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analysis of variance (ANOVA) was performed at a 95% confidence interval to 

determine significant differences between experimental means. A post test, 

Tukey’s multiple comparison test, was performed to compare individual groups 

within the experiment if the p-value was less than 0.05. 

 

4.3 Results 

4.3.1 WST-1 assay  

 To observe the cellular response to the PP and PP-AuNP scaffolds a 

seven-day WST-1 assay was performed. Pristine           and           Soft 

PP mesh was used as the control group and PP-AuNP1X and PP-AuNP2X 

scaffolds of           mesh and           Soft mesh were used as the 

experimental groups. Absorbance readings were taken after four hour incubation 

with WST-1 reagent. Results are shown in Figures 7 and 8. For the           

mesh in Figure 7, the 150nmX2 PP had the highest absorbance indicating that 

the cells could be more viable than when exposed to the pristine PP and the 

150nm PP-AuNP scaffold. Statistical analysis using one-way ANOVAs showed 

that there was a significant difference in the absorbance values for the groups 

with a 95% confidence interval and a p-value of 0.0003. The post test found that 

the 150nmX2 PP-AuNP was significantly different from the 150nm PP-AuNP and 

the pristine PP. P-values are listed in Table 3. In Figure 8 the           Soft 

mesh showed that the 150nmX2 PP-AuNP had the highest cellularity, but one-
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way ANOVAs showed that there was no significant difference with a 95% 

confidence interval and a p-value of 0.1431. 

 

Figure 9. Absorbance values from a 7 day WST-1 assay with           mesh 

 

Table 3. P-values for ANOVA of           mesh WST-1. 

  Pristine PP vs 150nm PP-AuNP 
 

P > 0.05 

  Pristine PP vs 150nmX2 PP-AuNP 
 

P < 0.05 

  150nm PP-AuNP vs 150nmX2 PP-AuNP 
 

P < 0.05 
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Figure 10. Absorbance values from a seven day WST-1 assay with 

                                Soft mesh 

 

4.4 Conclusion 

 The data obtained from the WST-1 assays in an investigation of L929 

fibroblast cell response to PP-AuNP scaffolds showed that there was a significant 

difference between the control groups and the experimental groups for the 

          mesh, but no significant difference for the           soft mesh. This 

indicates that the pristine PP and the PP-AuNP scaffolds are at least equally 

biocompatible, with the 150nmX2 PP-AuNP demonstrating significantly more 

biocompatibility than pristine.  Neither groups of specimens had any cytotoxic 

effects on the cells. 
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CHAPTER 5 

EVALUATION OF REACTIVE OXYGEN SPECIES 

REDUCTION BY PP-AUNP SCAFFOLDS  

 

5.1 Overview 

5.1.1 Significance of reactive oxygen species 

 The purpose of this study was to evaluate the ability of the AuNPs 

conjugated to PP to reduce the number of reactive oxygen species (ROS). ROS 

are highly reactive and unstable molecules because they do not have a full set of 

electrons. ROS are formed as a normal byproduct of the metabolism of oxygen 

and are vital to biological systems. However, ROS can be produced in higher 

than normal amounts by infection and inflammation, which can lead to cell and 

tissue damage as well as accelerated degradation of some polymeric materials. 

All current hernia meshes will elicit a foreign body reaction, and inflammation 

caused by the implanted mesh has been shown to increase oxidation and 

degradation of the mesh in vivo (Costello et al., 2007b). It is therefore possible 

that the increased production of ROS because of the inflammatory response 

results in the oxidation of implanted meshes. Since inflammation and infection 

are common in hernia repair, a mesh that could reduce ROS would have a great 

improvement on the biocompatibility of hernia mesh. Research has shown that 
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several types of nanoparticles have antioxidant capabilities and can potentially 

be used in nanomedicine (Elswaifi et al., 2009). In this study the ability of PP-

AuNP scaffolds to reduce ROS using in vitro cell culture assays will be 

investigated. 

 

5.2.1            Intracellular ROS Assay Kit 

    The            Intracellular ROS Assay Kit (Cell Biolabs, San Diego, CA) 

was used to measure the ROS activity within cells when exposed to PP and PP-

AuNP scaffolds. This kit uses 2’-7’-Dichlorodihydrofluorescin diacetate (DCFH-

DA), a cell-permeable fluorogenic probe. DCFH-DA diffuses into cells and is 

deacetylcated by cellular esterases into the non-fluorescent 2’-7’-

Dichlorodihydrofluorescin (DCFH). In the presence of ROS, DCFH is oxidized to 

highly fluorescent 2’-7’-Dichlorodihydrofluorescin (DCF) and the fluorescence is 

read by a spectrofluorometer. So an increased amount of fluorescence intensity 

indicates an increased amount of ROS in the sample.  

 

5.2 Materials and Methods 

5.2.1 Chemicals and test substances 

            ROS Assay Kit – Cell Biolabs, San Diego, CA 

o 20x DCFH-DA – 20mM solution in methanol 
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o DCF Standard – 1mM solution in dimethyl sulfoxide 

o 2x Cell Lysis Buffer 

 Culture Medium – American Type Culture Collection, Manassas, VA 

o Eagle’s Minimum Essential Medium 

o Horse Serum 

o Penicillin Streptomycin 

 Dulbecco’s Phosphate Buffered Saline (1x, without calcium and 

magnesium) – American Type Culture Collection, Manassas, VA 

 L929 Cell Line – American Type Culture Collection, Manassas, VA 

 

5.2.2 Preparation of cell culture for ROS assay 

 Before starting the ROS assay L929 murine fibroblast cells were 

subcultured and seeded in a 48-well plate at a concentration of       cells/ml. 

The protocol described in Chapter 4 was used to subculture, count, and seed. 

The well plate was then incubated at 37℃ and 5%    for 24 hours. After 24 

hours all culture medium was removed from each well. Each well was rinsed 

three times with DPBS. The 20x DCFH-DA was diluted with DPBS to get 1x 

DCFH-DA/DPBS and 0.15mL was added to each well. The well plate was then 

incubated at 37℃ and 5%    for 1 hour. Following the 1 hour incubation, the 1x 

DCFH-DA/DPBS was removed and each well was rinsed with DPBS. All PP and 

PP-AuNP scaffolds were sterilized with a steam autoclave at 121℃ for 35 
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minutes and transferred directly to the sterile biological hood. Each scaffold was 

covered with 0.5mL DPBS and incubated at 37℃ and 5%    for 12 hours. 

 

5.2.3 Quantification of ROS reduction by PP-AuNP scaffolds 

 After 12 hours the assay was terminated by adding 0.5mL 2x cell lysis 

buffer to each well and incubating for 5 minutes. The well plate was then 

removed from the incubator and 0.25 mL of solution from each well was 

transferred to an individual 1.5 mL cuvette.  The fluorescence intensity of each 

cuvette was then measured with a spectrofluorometer using excitation and 

emission wavelengths of 480 nm and 530 nm, respectively. Fluorescence 

measurements were taken using a FluoroMax®-3 Spectrofluorometer (Horiba 

Jobin Yvon, Edison, NJ). Fluorescence intensities were analyzed using 

FluorEssence™ software, version 2.1.6 (Horiba Jobin Yvon, Edison, NJ). 

 

5.2.4 Preparation of DCF standard curve 

 A curve using the stock DCF was prepared so that it was possible to 

quantitatively correlate the measured fluorescence intensities to the amount of 

ROS present. A set of DCF standards was prepared from a series dilution of the 

stock DCF solution in DPBS to yield concentrations ranging from 0 to 10,000nM. 

0.125mL of each diluted standard was mixed with 0.125mL of 2x cell lysis buffer 
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and transferred to individual 1.5mL cuvettes. The fluorescence was measured 

using the same methods and equipment as in section 5.2.3. 

 

5.2.5 Statistical analysis 

 Experimental groups were represented by four samples to establish a 

sufficient mean value and to determine standard deviations. All statistical 

analysis was performed using GraphPad Prism® software version 4.0. Linear 

regression analysis was used to determine the correlation between fluorescence 

intensity and DCF concentration using the data obtained from the DCF standard 

curve. Interpolation of the DCF standard curve fit to a straight line allowed the 

DCF concentrations for the experimental group samples to be obtained. One way 

analysis of variance (ANOVA) with a 95% confidence interval was used to 

determine the significant differences between the groups. 

 

5.3 Results and Discussion 

5.3.1 ROS Assay with AuNP sizes and concentrations of 1x100nm, 1x150nm, 

and 2x150nm 

 To assess the ability of the PP-AuNP scaffolds to act as antioxidants, 

eight groups of scaffolds were tested: pristine PP, PP-1x100nm AuNP, PP-

1x150nm AuNP, and PP-2x150nmAuNP on Prolene™  and Prolene Soft™ 
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mesh. The pristine mesh was the control group and the PP-AuNP scaffolds were 

the experimental groups. 

 Fluorescence intensity values for the eight groups are shown in Figures 9 

and 10. It can be seen in Figure 9 that the PP-1x150nmAuNP scaffold had the 

lowest intensity; however a one-way ANOVA showed no significant difference 

between the groups. In Figure 10 the PP-1x150nmAuNP again has the lowest 

intensity, but a one-way ANOVA again showed that there were no significant 

differences between the groups.  

 

Figure 11. Mean fluorescence intensities for Prolene™ mesh scaffold 
                  groups. 
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Figure 12. Mean fluorescence intensities for Prolene Soft™mesh  
                  scaffold groups. 

 

 The plot of the DCF standard curve from the series diluted stock DCF 

solution is shown in Figure 11. Linear regression was used to obtain a correlation 

between measured fluorescence and DCF concentration. Goodness of fit 

analysis gave an   value of 0.9866. The fluorescence intensities of each scaffold 

were interpolated based on the standard curve and the corresponding DCF 

concentrations were calculated. Figures 12 and 13 show that the mean DCF 

concentrations for the eight groups of mesh followed a trend similar to that of the 

Prolene Soft Mesh
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fluorescence, which was to be expected. A one-way ANOVA showed no 

difference between any of the groups.  

 Even though statistical analysis failed to show any significant difference 

between the groups the PP-1x150nmAuNP scaffolds were consistently lower 

than any of the other groups. This suggests that at that size and concentration of 

AuNP there is greater antioxidant potential. 

 

Figure 13. DCF standard curve for the series diluted stock DCF. 
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Figure 14. Interpolated DCF concentrations for Prolene™ mesh  
                  scaffold groups. 

 

Interpolated DCF Concentrations for Prolene Mesh 
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Figure 15. Interpolated DCF concentrations for Prolene Soft™  
                  scaffold groups. 

 

5.4 Conclusion 

 The ROS assays performed in this study of the antioxidant properties of 

AuNP conjugated to PP mesh showed promising, but non-significant results. 

While the PP-1x150nmAuNP scaffolds showed less fluorescent intensity than the 

other groups, it was not low enough to be significant. Further study of various 

concentrations of 150nmAuNP scaffolds may yield statistically significant results. 
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CHAPTER 6 

EVALUATION OF THE ANTIMICROBIAL PROPERTIES 

OF PP-AUNP SCAFFOLDS 

6.1 Overview 

 In this study the antimicrobial effects of AuNP conjugated to PP mesh 

were investigated. Infection is a major concern with hernia mesh materials 

because it can lead to biofilm formation, hernia recurrence; and even when 

treated with antibiotics; it can still lead to explantation of the mesh (Falagas and 

Kasiakou, (2004).  

 Nanoparticles as antimicrobial agents are currently an area of interest.. 

However, many studies do not use bare AuNP particles but instead conjugate or 

coat them with a substance like the antibiotic ampicillin (Brown et al., 2012) or 

turbomycin (Selvaraj and Alagar, 2011) to inhibit bacterial growth. In this study, 

PP and PP-AuNP were exposed to Pseudomonas aeruginosa. The ability of 

AuNPs to inhibit bacterial adhesion and growth onto the PP mesh was evaluated. 

P. aeruginosa is a gram negative, aerobic bacterium that can also survive in 

hypoxic environments and can grow on most surfaces including medical 

equipment, and is therefore commonly found in hospital-acquired infections and 

is a viable choice for the study (Elswaifi et al., 2009).  
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6.2 Materials and Methods 

6.2.1 Materials 

 Pseudomonas aeruginosa – Ward’s Natural Science, Rochester, NY 

 Trypto soy broth (TSB) – Alpha Biosciences, Baltimore, MD 

 Phosphate buffered saline (PBS) – MP Biomedicals, Solon, OH 

 Paraformaldehyde – Electron Microscopy Sciences, Hatfield, PA 

 Glutaraldehyde – Electron Microscopy Sciences, Hatfield, PA 

 Cacodylat – Electron Microscopy Sciences, Hatfield, PA 

 

6.2.2 Preparation of Pseudomonas aeruginosa for bacteria culture 

 The bacterium used to study the bacteria response to PP and PP-AuNP 

scaffolds was P. aeruginosa. The stock bacterial concentration was    colony 

forming units per mL (CFU/mL). A series dilution of the stock bacteria in 0.1x 

TSB was performed to yield a concentration of 100 CFU/mL. All bacteria solution 

preparation was performed courtesy of Dr. Byung Doo Lee under the advisement 

of Dr. Shramik Sengupta. 

 

6.2.3 Investigation of bacteria presence by plate counting method 

 The plate counting method was performed to assess the antimicrobial 

effects of the PP-AuNP scaffold. Pristine PP was used as the control group and 
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PP-1x20nmAuNP, PP-1x100nmAuNP, and PP-1x150nmAuNP scaffolds were 

used as the experimental group. Six repetitions of each scaffold were used. The 

PP and PP-AuNP scaffolds were sterilized in a steam autoclave for 35 minutes at 

121℃ and then placed into individual wells of a 24-well plate. Each scaffold was 

seeded with roughly 100 CFU/mL of P. aeruginosa in 0.1xTSB. The plate was 

then incubated at 37℃ and 10%    . At 0, 4, 8, 12, 24, and 48 hours of 

incubation one bacteria/TSB solution from each group was removed and diluted 

in 1x PBS . One hundred uL of the diluted solutions were then plated onto agar 

plates and incubated at 37℃ and 10%     for 24 hours. The plates were 

removed after 24 hours and the bacteria colony forming units were counted.  

 

6.2.4 SEM analysis of PP-AuNP scaffolds with Pseudomonas aeruginosa 

 After the exposure of the PP and the PP-AuNP scaffolds to P. aeruginosa 

the scaffolds were rinsed with 1xPBS, then a fixative solution (2% 

paraformaldehyde and 2% glutaraldeyde in 0.1M cacodylate buffer) was applied 

to the scaffolds to fixate the bacteria to the surface. The scaffolds were then 

covered with 1xPBS until SEM analysis was performed. The scaffolds were then 

rinsed in ultrapure water to remove any salts and blotted dry. The Quanta™ 600 

SEM in the University of Missouri Electron Microscopy Core was used to image 

the PP and PP-AuNP scaffolds. Micrographs were then analyzed to evaluate the 
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attached bacteria and the effect of AuNP on the bacterial attachment to the PP 

mesh. 

 

6.3 Results and Discussion 

6.3.1 Antimicrobial assay with plate counting method 

 The results from the assays with the PP-1x20nmAuNP and PP-

1x100nmAuNP scaffolds showed that the bacteria had proliferated so much that 

they were uncountable. The PP-1x150nmAuNP scaffolds showed that over 48 

hours the number of bacteria peaked at 12 hours and then decreased to zero. 

While the Prolene Soft™ pristine mesh did continue to decrease it did not reach 

zero and the Prolene™ mesh increased after the 24 hour mark as seen in Figure 

14. Even with these results a one-way ANOVA showed no significant difference 

between any of the groups. 
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Figure 16. Bacteria count over time for 48 hours. 

 

 Though statistical analysis did not show any significant difference between 

the pristine samples and the PP-AuNP samples these results show that AuNP 

may possess antimicrobial properties. Since the bacteria count was expected to 

continue to rise throughout the assay, but instead peaked at 12 hours, a more 

detailed study of the time interval of 12-48 hours should be performed. 
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6.3.2 SEM analysis of PP-AuNP scaffolds with Pseudomonas aeruginosa 

 SEM images were taken for pristine PP, PP-1x150nmAuNP, and PP-

2x150nmAuNP.  Figures 15 and 16 show pristine Prolene™ mesh and Prolene 

Soft™ mesh after 48 hour incubation with P. aeruginosa. The pristine mesh 

shows a high level of bacteria forming a biofilm.  

 

 

Figure 17. SEM image of pristine Prolene™ mesh after 48 hours exposure 
                  to P. aeruginosa. 
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Figure 18. SEM image of pristine Prolene Soft™ mesh after 48 hours 
                  exposure to P. aeruginosa. 

 

 Results obtained for PP-1x150nmAuNP are shown in Figures 17 and 18. 

These images show significantly fewer bacteria adhered to the PP-AuNP mesh 

than the pristine mesh. These results suggest that conjugation of AuNP to PP 

can have an antimicrobial effect against P. aerginosa, and may be able to reduce 

the risk of infection with PP hernia meshes. 
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Figure 19. SEM image of Prolene™ PP-1x150nmAuNP scaffold after 48 
                  hours exposure to P. aeruginosa. 
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Figure 20. SEM image of Prolene Soft™ PP-1x150nmAuNP after 48 hours 
                  exposure to P. aerginosa. 

 

6.4 Conclusion 

 This study showed that PP-AuNP scaffolds have the potential to affect P. 

aerginosa but should be investigated further. The plate counting studies while not 

yielding statistically significant results did show that PP-1x150nmAuNP scaffolds 

did not contain any CFUs after 48 hours while the pristine PP did. 

 Results obtained from the SEM analysis further support the hypothesis 

that AuNP have antimicrobial properties. SEM images showed that the pristine 
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PP had a much higher amount of bacteria adhered to it than did the PP-AuNP. 

The SEM analysis along with the plate counting analysis suggests that an AuNP 

conjugated to PP scaffold could reduce the risk of infection. 
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APPENDIX A 

Thermal Analysis of PP-AuNP Scaffolds Using Differential 

Scanning Calorimetry 

 

1. Overview 

 In this study the thermal properties of PP-AuNP mesh were analyzed and 

compared to the results of pristine PP mesh. Analysis was performed using 

modulated differential scanning calorimetry (DSC) to assess the effects of 

carboxylation and AuNP conjugation on the thermal stability of PP. The onset 

temperature, thermal heat of fusion, and denaturation temperature were 

determined for PP-AuNP mesh and compared to that of Pristine PP. 

 

2. Materials and Methods 

2.1 Preparation of samples for DSC testing 

 For this analysis Prolene™ and Prolene™ Soft PP, PP-1x100nmAuNP, 

and PP-1x150nmAuNP scaffolds were used. Samples were cut into ~4mm x 

4mm squares and weighed. The samples were then hermetically sealed in Tzero 

aluminum pans. Each empty pan and lid were initially weighed, loaded with a 
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sample, sealed, and then weighed again to verify the test sample weight. Five 

samples for each group were used for DSC testing.  

2.2 Thermal analysis of samples using DSC 

 Thermal analysis was performed using a differential scanning calorimeter 

(Q2000 TA Instruments, New Castle, DE) using modulated DSC heat only with a 

modulation period of 80 seconds and a ramp rate of 5℃ per minute. A start 

temperature of -90℃ and final temperature of 300℃ were used for the PP 

samples. 

2.3 Quantification of thermal properties 

 Analysis of DSC curves was performed using TA Universal Analysis 

software. The onset temperature and the denaturation temperature for each 

sample were determined by the limits of the melting peak on the DSC curve. The 

area of the melting peak was integrated to determine the thermal heat of fusion. 

Statistical relevance between the groups was determined using GraphPad 

Prism® software. 
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3. Results and Discussion 

Thermal analysis of PP-AuNP scaffolds 

 The plots of the DSC analysis of the PP mesh can be seen in A1 and A2. 

The onset temperature and heat of fusion are shown to the left of each sample’s 

melting peak and denaturation is shown to the right.  

 

A1.  DSC curves for Prolene™ pristine PP (green), PP-1x100nmAuNP 
               (red), and PP-1x150nmAuNP (blue). 
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A2.  DSC curves for Prolene™ Soft pristine PP (green), PP-1x100nmAuNP 
(red), and PP-1x150nmAuNP (blue). 

 

3.2 Statistical analysis of thermal properties 

 Statistical analysis was performed using one-way ANOVA tests to 

determine if there were any significant differences between the groups. The 

results showed that there were no statistical differences between any of the 

groups. This indicates that the thermal stability of the PP-AuNP scaffolds was 

comparable to that of the pristine PP mesh. These results suggest that the 

modification procedures did not significantly alter the PP resistance to thermal 

degradation. 
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A3. Comparison of onset temperatures for Prolene™ PP mesh. 
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A4. Comparison of melting temperatures for Prolene™ PP mesh. 
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A5. Heat of fusion values for Prolene™ PP mesh. 
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A6. Comparison of onset temperatures for Prolene™ Soft PP mesh.  
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A7. Comparison of melting temperatures for Prolene™ Soft PP mesh.

 

A8. Heat of fusion values for Prolene™ Soft PP mesh. 
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4. Conclusion 

 The thermal transition analysis of PP and PP- AuNP scaffolds showed values 

similar to each other for each experimental group. This indicates that the carboxylation 

and AuNP modifications made to modify the PP surface had no significant effect on the 

bulk thermal properties of the pristine PP. 
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