
ABSTRACT 

WANG, ZIYU. Diallyldimethylammonium Chloride Coated and Plasma Treated Hernia Mesh. 
(Under the direction of Dr. Martin W. King). 
 

Hernia is a pathological condition caused by a weakness, defect or opening in a muscle 

wall or connective tissue which leads to organs or tissue leaving their normal anatomical position 

and pushing through the opening or defect. It is estimated that more than 20 million inguinal hernia 

repair surgeries are performed each year all over the world. For most of the cases, a tension-free 

repair is the most reliable treatment because it uses a prosthetic mesh to repair the hernia without 

causing distortion of the anatomy or applying any tension to the suture line. A lower recurrence 

rate is to be expected when using this hernia repair method. A laparoscopic technique is also widely 

applied for hernia repair due to its fast surgery process and early recovery. The use of a mesh is 

becoming increasingly popular because of the low reoccurrence rate and less postoperative pain. 

On one hand, the mesh is stable in a biological environment, on the other hand, it can provide the 

mechanical strength to interact and hold adjacent tissues. As a result, an increasing number of 

viable and clinically relevant hernia meshes are being launched on the North American market.  

Permanent synthetic mesh materials such as polyester (polyethylene terephthalate - PET), 

polypropylene (PP), polytetrafluoroethylene (PTFE) and expanded polytetrafluoroethylene (e-

PTFE) have been developed for the US market. On the other hand, absorbable meshes, like 

polyglactin (Vicryl) and polyglycolic acid (Dexon and Sefil), are also used less often, since they 

will resorb and may cause a hernia recurrence. Another type of mesh is a hybrid mesh, which 

combines a permanent material with a resorbable coating or filament, such as collagen. These 

meshes can promote tissue ingrowth but require to be placed with a specific orientation against the 

muscle wall.  



Although most hernia meshes are biocompatible, complications can occur when synthetic 

meshes are implanted.  The frequency of complications associated with hernia repair surgery range 

from 2.3% to 20% for inguinal hernias and from 11.8% to 75% for femoral hernias. Seroma, 

persistent pain, tissue adhesions, and wound infection are common complications following hernia 

repair surgery. Among these complications, wound infection is caused by the accumulation of 

bacteria which may lead to further weakness of the abdominal wall tissue and hernia recurrence. 

So, it is preferable to use meshes with anti-bacteria properties. Antibacterial finishes such as silver, 

chitosan and triclosan have been studied as surface coatings applied to the mesh. 

In this study, both small and large pore size knitted polypropylene meshes was exposed to 

radio frequency plasma to activate their surfaces. Diallyldimethylammonium chloride 

(DADMAC) was then grafted onto the mesh surface with the use of the crosslinker pentaerythritol 

tetraacrylate (PETA). The effectiveness of this mesh surface treatment was then evaluated through 

mechanical, chemical and bacterial analysis.  

The DADMAC grafted polypropylene hernia mesh and the untreated control 

polypropylene mesh were characterized through mechanical analysis. Chemical analysis showed 

that the DADMAC was successfully grafted on the mesh surface.  

The antibacterial activity of the mesh was evaluated using a viable cell counting technique. 

The experimental results showed that the DADMAC grafted hernia mesh had a significantly 

superior antibacterial performance compare with the untreated polypropylene mesh when exposed 

to Escherichia coli and Staphylococcus aureus bacteria.  This confirms that the plasma treatment 

enabled the DADMAC to be grafted to the PP mesh surface through the presence of the PETA 

crosslinker.  



Further work will need to be done to evaluate the biocompatibility of the treated hernia 

mesh. For example, smooth muscle cells need to be cultured on the mesh surface to demonstrate 

their viability. An in vivo animal study will also need to be undertaken in the future. 
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 CHPATER 1. Introduction 

1.1 Background  

A hernia is a pathological condition when an organ or tissue in the human body which 

leaves its normal anatomical position and protrudes through a weak area, defect or opening in a 

muscle wall or connective tissue and is in the wrong location. In many cases, the hernia can be felt 

as a lump under the skin, which can be soft, small and painless. However, sometimes the lump can 

become rigid, swollen and painful. Hernias are common among patients all over the world.  Around 

18.5 million people were affected by femoral, inguinal and abdominal hernias in 2015 [1]. It is 

also estimated that more than 20 million inguinal hernia repair operations are performed every 

year all over the world [2]. Hernias can be classified into many different types depending on their 

anatomical locations and their etiology. There are several types of hernias which are common, 

including inguinal, femoral, incisional and umbilical hernias. For a particular patient, the specific 

etiology or reasons for a hernia are not always clearly understood. This is because there are lots of 

potential risk factors, for example, cigarette smoking, connective tissue disorder and obesity. 

Sometimes even strenuous exercise can cause a hernia. When a hernia forms and becomes severe, 

it can be life threatening. At this time, a surgical operation is needed for the patient. There are 

several alternative repair methods that can be used by a surgeon to perform hernia repair surgery, 

such as open tissue repair, the laparoscopic technique, and the tension-free approach. Clinical 

evidence has shown that the Lichtenstein tension-free mesh repair approach is associated with a 

lower rate of recurrence than the other techniques. As a result, more and more surgeons are 

choosing to use an implantable hernia mesh to cover the hernia opening or defect without distorting 

the anatomy and providing minimal tension along the suture line. By using this method, chronic 

groin pain and recurrence are significantly reduced, which brings many advantages to the patient.  
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Due to the expanding use of a tension-free mesh repair technique, hernia meshes have been 

developed and made commercially available over recent years. Depending on the degradability of 

the hernia mesh material, they can be classified into three types: (i) Permanent hernia mesh (such 

as Mersilene®, Atrium®, Teflon®), (ii) Resorbable hernia mesh (such as Vicryl®, Dexon®), (iii) 

Hybrid mesh (such as Parietex®, Dualmesh®). Although many different types of hernia meshes 

have been developed, none of them are perfect and able to avoid certain complications after 

surgery, such as mesh infection, bowel adhesion, infertility or chronic pain. Hernia mesh infection 

and tissue adhesion are major surgical problems after the implantation of a hernia mesh. So meshes 

with antibacterial and anti-adhesion properties have been studied so as to avoid the incidence of 

late infections which in turn may result in a hernia recurrence. Therefore, it is necessary to develop 

a hernia mesh with a long-term antibacterial property that can prevent late infections. 

 

1.2 Goals and Objectives  

The goal of this study was to apply an antibacterial coating layer to the surface of a knitted 

polypropylene hernia mesh through radio frequency plasma treatment to activate the surface as 

well as maintain the mesh’s mechanical properties so it will be able to support or reinforce the 

abdominal wall. Two types of synthetic polypropylene mesh (one with large pores and the other 

with small pores), were surface activated by the atmospheric radio frequency plasma. Then 

DADMAC (diallyldimethylammonium chloride) was grafted and crosslinked to the mesh surfaces 

by fully placing the meshes into a DADMAC-PETA viscous solution. A padding machine was 

used to ensure the uniformity of the grafted DADMAC layer. Besides testing the antibacterial 

performance of the hernia mesh, this study also determined how the pore size influenced the 

antibacterial function of the hernia mesh. 
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The specific objectives are summarized below:  

1) Activate the surface of the polypropylene hernia mesh samples with oxygen rich radio frequency 

plasma on both sides.   

2) Graft DADMAC on both sides of the activated hernia mesh samples by applying pentaerythritol 

tetraacrylate (PETA) crosslinking molecule. 

3) Evaluate the pore size distribution and filament diameter of the polypropylene mesh samples 

before and after DADMAC grafting with the use of SEM image analysis. 

4) Evaluate the elemental composition of the applied DADMAC layer through the use of TOF-

SIMS analysis. 

5) Evaluate and compare the antibacterial performance of the untreated polypropylene mesh with 

the DADMAC coated polypropylene mesh by exposing the meshes to Staphylococcus 

aureus and Escherichia coli bacteria.  

 

1.3 Outline of Thesis  

This thesis is divided into five chapters that introduce the background, experimental design, 

methods and procedures, results and conclusions of the study on hernia meshes.  

Chapter 1 describes the background of hernia meshes as well as the objectives and goals 

of the study. Chapter 2 reviews the pathology associated with hernias as well as discussing the 

alternative methods used for hernia repair. Specifically, different types of hernia mesh, 

complications, finishes, commercial products on the market and the current research are reviewed 

to provide an overview of the current situation. Chapter 3 presents the methods and materials which 

were used in this study, including the radio frequency plasma treatment, DADMAC grafting, 

surface uniformity padding, as well as the mechanical, chemical, and biological testing of the 
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prototype hernia meshes. Chapter 4 presents the results of all the tests and discusses the potential 

reasons for the outcomes. Chapter 5 introduces the conclusions and achievements of this study as 

well as discussing the future prospects. 
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 CHAPTER 2. Literature Review 

2.1 Pathology  

2.1.1 Introduction 

A hernia is a pathological condition caused by muscle weakness and/or a defect in the 

muscle wall. It occurs when an organ or adipose tissue squeezes through the weak area and/or 

defect in the surrounding muscle or connective tissue that usually contains it. In many cases, it can 

be felt under the skin in the form of a lump which can be soft, small and painless. Alternatively, it 

may present as a rigid, swollen and painful lump. Among the different sites for hernias, inguinal 

hernias account for 75% of abdominal wall hernias with 27% mortality for men and 3% for women 

[3]. Due to the relatively high and increasing rate for inguinal hernias, the need of its operation is 

also increasing, with rates ranging from 10 per 100 000 of the population in the United Kingdom 

to 28 per 100 000 in the United States [4]. The prevalence of abdominal hernia is 1.7% among all 

the ages and 4% for patients over 45 years old. The risk of an inguinal hernia increases with age 

and occurs more commonly in men than in women. A research shows that in 2001, around 70 000 

inguinal hernia repairs were performed in UK, including 62,969 primary surgeries and 4,939 

recurrent surgeries [5]. Among these patients, 95% were male who need primary care, and the 

morbidity rose from 11 per 10 000 men aged 16-24 years to 200 per 10 000 men aged over 75 

years [5].  

An incisional hernia is a tissue protrusion caused by the formation of a scar during wound 

healing. It accounts for 15-20% of all abdominal hernias [6]. It is estimated that 20 millions of 

inguinal hernia repairs are performed globally every year [1]. Groin hernias occur most often 

before the age of one and after the age of fifty. 
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In 2015, around 18.5 million people have been affected by femoral, inguinal and abdominal 

hernias [2]. According to a global research, in 2015, inguinal, femoral and abdominal hernias 

resulted in 60,000 deaths, the death rate is increasing comparing with 55,000 deaths in 1990 [7][8]. 

So the incidence of a hernia condition requires more clinical attention. 

 

2.1.2 Types of Hernia 

Hernias can be divided into different types due to their different anatomical locations and 

etiologies. There are several common types of hernia, such as inguinal hernias, femoral hernias, 

incisional hernias and umbilical hernias (Figure 2.1). 

 
Figure 2.1 Different types of hernia [9]. 

 
An inguinal hernia refers to the herniation of the internal structure or organ into the inguinal 

canal [10]. It can be a direct hernia or an indirect hernia. A direct inguinal hernia protrudes directly 

through the posterior wall of the inguinal canal while an indirect hernia arises through the deep 

inguinal ring, which is a natural opening in the abdominal wall that allows the passage of the 

spermatic cord into the inguinal canal [11].  
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Figure 2.2 Inguinal hernia [12]. 

 
For the inguinal hernia (Figure 2.2), the resulting bulge can be painful, especially while 

coughing, bending over or lifting a heavy object. Men are ten times more likely to cause an inguinal 

hernia than women [13], and for men, the bulge in the groin may reach the scrotum. Inguinal hernia 

may have a familial predisposition. 

When babies are born, a weak abdominal wall can lead to an inguinal hernia in which the 

abdominal lining is unable to close properly.  This situation is more commonly associated with an 

indirect hernia. Inguinal hernias can also be developed later in life due to muscle weakness, loss 

of strength, intensive physical activity, or sometimes after an injury or abdominal surgery. 

However, if it is a femoral hernia, then the bulge is right below the groin (Figure 2.3), 

which is more often to be seen with women patients. Femoral hernias are more common in adults 

than in children. Those occur in children are more likely to be associated with a connective tissue 

disorder or with conditions that increases intra-abdominal pressure [14]. According to a survey, 

70% of pediatric cases of femoral hernias occur in infants under the age of one. Most femoral 

hernias cause no symptoms. However, sometimes patients may feel stomach pain or sudden groin 

pain due to a severe femoral hernia [15].  
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Figure 2.3 Anatomical locations of inguinal hernia and femoral hernia [10]. 

 
An incisional hernia is a protrusion of tissue that forms a healed surgical scar, the weakness 

in the muscle wall is caused by the incision made during prior abdominal surgery. It can occur 

frequently accompanied by various symptoms such as a burning feeling of the skin as well as 

redness and swelling at and around the site. At the same time, increased pain could occur when 

straining or lifting heavy objects [16]. Constipation can occur as a result of scar tissue blocking 

the intestines. Sometimes when the incisional hernia is severe, it may cause nausea or vomiting. 

Umbilical hernias are always associated with a bulge at the belly button [17]. It is usually 

painless when it occurs in children. Umbilical hernias that appear during adulthood may cause 

abdominal discomfort. 

 

2.1.3 Etiology 

Despite of sex and age, for the most of cases, specific reasons for causing a hernia are 

unknown because there are many risk factors which are possible to cause a hernia. For example, 

cigarette smoking has been proved to be a risk factor in 1968 [18]. Smoking stimulates the 

activation of macrophages and neutrophils which affects collagen metabolism and may cause the 

collagenolysis in the human body [18], and then further affect the strength of connective tissue. 
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However, not only smoking can lead to a possibility of getting hernia, but many other 

factors can cause hernia. Connective tissue disorder can cause a hernia due to the weakness of the 

tissue [19]. Activities and medical problems that increase pressure on the abdominal wall can lead 

to a hernia, such as persistent cough, cystic fibrosis, enlarged prostate, straining to urinate and 

peritoneal dialysis. Evidence also shows that being overweight or obese can result in a hernia. 

Obesity increases tension and stress of abdominal muscles, gradually weakening the tissue and 

muscles, which makes a hernia much easier to happen [20]. Moreover, inguinal hernia shows 

familial attendance, comparing with normal family, families with the history of inguinal hernias is 

eight times more likely to get a hernia [21]. A research shows that genetic mutation plays an 

important role in forming a hernia as well by interfering with collagen I and III synthesis [22]. 

 

2.2 Surgical Operations 

Hernia repair is a hot topic due to its viability and functionality. There are numerous repair 

methods that can be used for a surgeon to do the hernia repair surgery, such as the open technique, 

laparoscopic technique, and tension-free technique. Surgeons will decide which technique need to 

use based on patients’ condition [23].  

 

2.2.1 Pure Tissue Repairs 

Pure tissue repairs played an important role of the hernia surgeries in the twentieth century. 

The surgeon uses the patient’s own tissues to repair the hole, so there is no outside body 

implantation involved. Surgeons will perform the pure tissue operation depending on the condition 

of hernia.  
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In 1884, Bassini did the first pure tissue operation, it is the first true herniorrhaphy which 

opened the herniorrhaphy surgery door [24]. After five years, he reported the hernia recurrence of 

10%. Later on, several other pure tissue repair methods showed up, such as the McVay Operation, 

Souldice Operation and the Darn Operation [24]. These operations include the reconstruction of 

the abdominal walls. Comparing with Bassini Operation, Souldice Operation involved with less 

stretching but more tissue to be stitched in layers. Meanwhile, more stitching layers cause distort 

of sensitive tissue, which leads to pain and tension as well as restricted physical activities [25]. 

Under certain condition, pure tissue repair also has some advantages. It is an effective operation 

performed as an outpatient procedure with low morbidity and mortality. Meanwhile, it is more 

economic and effective without any implantation [26].  

 

2.2.2 Lichtenstein Tension-free Repair 

Tension-free mesh repair is famous for its low recurrence rates, so it has been widely used 

on the hernia repair (Figure 2.4). Lichtenstein described the tension-free hernia repair technique in 

1989, which provide a ‘shutter’ and ‘sling’ mechanism [27]. A lightweight prosthetic mesh which 

size is about 5cm * 10cm used to reconstruct the entire floor of the inguinal canal without any 

attempt to close the defect by suture. The medial edge of mesh is sutured to the rectus sheath, as 

well as the polypropylene continuous suture. The superior is fixed with several sutures to floor and 

around spermatic cord, which is between transversalis fascia and external oblique. The lateral edge 

of mesh is slit so that the two tails can pass around the cord at the internal ring and be sutured over 

across each other by polypropylene [28]. In this process, the ilioinguinal, iliohypogastric and 

genital nerves are identified and protected. Most importantly, it was showed that inguinal hernias 

could be repaired without distortion of the anatomy and not even any tension along the suture line 
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[29]. After Lichtenstein applying this technique on hernia repair for about 1000 consecutive 

patients in 1~5 years, it is rarely that no recurrence has shown up, which makes Lichtenstein 

tension free mesh repair technique a landmark in the hernia history. Till now, although in the last 

three decades many new techniques appeared, due to its effectiveness, safety, low recurrence, 

Lichtenstein hernia repair is still considered the gold standard in the management of inguinal 

hernia by open technique [30]. A Cochrane review showed that the recurrence rate is reduced by 

50%-75% when mesh is used for inguinal hernia repair compared to repairs without mesh [31]. 

 
Figure 2.4 Lichtenstein Tension-Free Hernia Repair [32].  

A. Make a slit on the side of the net and put the spermatic cord between the two tails of the net. 
B. The suture is performed from the lower edge of the suture mesh to the shelved edge of the 
inguinal ligament to a point on the inner side of the groin ring. C. The second monofilament 

suture was placed at the level of pubic tubercle and continued to suture the tendinous membrane 
of oblique muscle or the edge of muscle about 2cm. D. The lower edge of the two tails was 

sutured to the shelf edge of the inguinal ligament to form a new reticular inner ring. The structure 
of spermatic cord is located in the inguinal canal on the mesh, the aponeurosis of the external 

oblique muscle is closed on the spermatic cord [33].  
 

A research shows that comparing hernia repair with and without synthetic biomaterial, 

chronic groin pain was significant reduced by the simple principle of reducing tension between 

suture lines when a mesh applied [34]. Generally, mesh repair is considered to be more effective 

in reducing recurrence and chronic groin pain in comparison with no-mesh repair. 
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2.2.3 Laparoscopic Technique 

Laparoscopic herniorrhaphy is a technique that uses small incision, telescope and patch to 

fix the muscle tear of the abdominal wall. The repair of incisional hernia by using laparoscope has 

been developing since 1991. According to an analysis of the current reviews that around 1600 cm 

large area has been repaired [35]. The average size appears to be about 105 cm2. During the 

operation, a special camera is connected by a laparoscope (a small telescope). Through a cannula 

and a small hollow tube, the surgeon can see the hernia and surrounding tissues on the video screen. 

The open approach is from the outside through a 3-4-inch incision in the groin or hernia area. The 

incision will extend to the skin, subcutaneous fat, allowing the surgeon to reach the defect part 

[36]. Surgeons can choose to repair defects or cavities with a small surgical mesh Figure 2.5. 

 
Figure 2.5 Laparoscopic hernia repair with a piece of mesh patch [37]. 

 
For using the technique, local anesthesia and sedation, spinal anesthesia or general 

anesthesia will be used depending on the patients' physical condition. However, not every patient 
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is suitable for the laparoscopic hernia repair technique. In order to use the laparoscopic technique 

(Figure 2.6), patients need to do an overall examination. For these patients who had abdominal 

surgery or prostate surgery before, challenges will increase for them to use laparoscopic hernia 

repair technique. 

 
Figure 2.6 Laparoscopic hernia repair diagram [38]. 

 
Compared with open hernia repair, laparoscopic inguinal hernia repair has some 

advantages, such as simpler and faster surgery process, less postoperative pain, early recovery of 

daily activities, and similar recurrence rate [39].  

 

2.3 Materials and Structure for Hernia Meshes 

2.3.1 Permeant Material 

In 2002, the EU trialist collaboration analyzed 58 controlled trials and found that the use 

of mesh was superior to other techniques. In particular, they noted fewer recurrences and less 

postoperative pain with mesh repair [34]. The use of polymer mesh in hernia surgery has become 

necessary, especially in the treatment of recurrent or large incision hernia [40]. Permanent 

composite meshes can be modified to fit specific applications and present less visceral adhesions 

and complications, taking advantage of the properties of both macro and micro porous meshes. 

The size of the polyester mesh is defined primarily by the mesh opening specifications, but other 
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characteristics are provided including opening, open area, mesh count (threads per inch), and 

thread diameter. 

 

2.3.1.1 Polyester Hernia Mesh 

Polyester (Dacron) is a synthetic polymer which contains the ester functional group in their 

main chain. It is usually strong and durable. For most of cases, polyester mesh is around 0.2mm 

thick, around 40g/m2, with woven interlock, which makes laddering impossible and cutting with 

scissors possible [41]. This monofilament, woven mesh possesses excellent qualities such as 

corrosion and moisture resistance, durability and elasticity. The modification of the mesh 

parameters, such as increasing the pore size, usually have significant change in the mechanical 

property, which in turn increase the result of mesh function. There are several hernia mesh products 

in the market such as the Mersilene® PET mesh and Parietex®. Mersilene® PET mesh is a 

comparatively light weight mesh from Johnson & Johnson Medical Devices Company, it is a light-

weight mesh, with large pores and small surface area [42], which is relatively reduce the hernia 

complications after surgery. Research has shown that the local tissue response of the interface 

Mersilene® PET mesh reduces the acute inflammatory activity as well as connective tissue 

formation [42]. Table 2.1 Synthetic polymers and their chemical structures [43] common synthetic 

polymers and their structures. 
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Table 2.1 Synthetic polymers and their chemical structures [43]. 

 
 

However, the use of PET has some disadvantages as well. On one hand, it is easy to form 

seroma in the early stage after the operation, which will result in the formation of multifilament 

structure when wound has been contaminated [37]. On the other hand, the long-term stability of 

PET is doubted, so it is questionable whether PET can be used for the permanent closure of hernia. 

  

2.3.1.2 Polypropylene Hernia Mesh 

Polypropylene is one of the most widely manufactured types of plastic in the world. The 

polypropylene hernia mesh is an economic option among all the hernia meshes. It is made from 

chain-growth polymerization from the monomer propylene and always durable and easy to be cut 

(Figure 2.7). Also, it can resist the infection and ready to integrate with surrounding tissues.  

 
Figure 2.7 SEM photomicrographs of polypropylene mesh fabric  

A: Marlex mesh; B: Trelex mesh (x30) [43]. 
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Polypropylene’s tensile strength is quite high, which can be a good property to support 

intra-abdominal pressure after implantation [44]. Usher first introduced polypropylene prosthetics 

for inguinal hernia in the late 1950s [45]. In 1958, the first polypropylene mesh was used to repair 

an abdominal wall, which was a heavyweight mesh with small pores [19]. The monofilament 

nature provides large pores facilitating fibrovascular ingrowth, infection resistance and improved 

compliance. For the most of cases, polypropylene meshes are durable and have a low infection 

risk. However, they also have some disadvantages, such as little flexibility and a high adhesion 

risk [46]. Among so many hernia meshes, PP remains the most popular material in mesh hernia 

repair [47]. So far, polypropylene has been the material of choice with several brand names such 

as: Marlex, Prolene®, Prolite®, Atrium® and Trelex® [19]. 

 

2.3.1.3 Expanded Polytetrafluoroethylene (e-PTFE) 

Polytetrafluoroethylene was discovered in 1938 by Plunkett and made clinically available 

in 1982 [18]. It is best known by the brand name Teflon®. It is a chemically inert synthetic 

fluoropolymer, which has a high negative charge, so water and oil will not adhere to it. Figure 2.8 

SEM photomicrographs of Teflon PTFE mesh fabric showing flattened multifilament yearns in a 

two-bar balanced net warp knitted structure. (A: x30; B: x200) [43] the SEM image of PTFE mesh 

with a two-bar balanced net warp knitted structure. The PTFE material has a poor tissue infusion 

and will be wrapped after the implantation. As a result, the mesh always needed to be transplanted 

after infection. Expanded polytetrafluoroethylene (e-PTFE) is made from the expansion of 

polytetrafluoroethylene (PTFE) under controlled conditions, with a uniform, fibrous and 

microporous structure, as well as improved strength. 
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Figure 2.8 SEM photomicrographs of Teflon PTFE mesh fabric showing flattened multifilament 

yearns in a two-bar balanced net warp knitted structure. (A: x30; B: x200) [43]. 
 

E-PTFE is inert and rarely produces inflammatory reaction, which makes it can be directly 

placed on the viscera [48]. However, because of its microporous structure, bacteria (< 1 μm) can 

easily survive within the pores because macrophages and neutrophils are unable to enter small 

pores (< 10 μm), which is not good for long-term use [46]. For the most of cases, e-PTFE is not a 

promising mesh material as polypropylene does, because it doesn’t bind to tissues and has a high 

rate of serum tumor formation [49].  

 

2.3.2 Absorbable Materials 

The types of absorbable mesh are not as many as permanent meshes. The most common 

types are the polyglactin (Vicryl®) and the polyglyconic acid (Dexon® and Sefil®), both of these 

two mesh materials take about 60 to 90 days to abosorb in the body [19]. Comparing with 

polyglactin mesh, the pore sizes of polyglyconic acid meshes are larger. The Vicryl ® polyglactin 

mesh shows a tensile strength of 78.2 ± 10.5 N/cm in longitudinal direction and 45.5 ± 13.5 N/cm 

in transverse direction [46]. The absorbable composite meshes are not so easy to be put into use 

comparing with permanent mesh materials because they need to go through a ‘hydration’ process 

before using, which is not easy to be modified. There is no doubt that the absorbable hernia meshes 
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can reduce the complications of visceral mesh and help tissue growth [50]. However, there are 

more issues need to be considered that whether it is suitable to use the absorbable hernia mesh or 

not. Because as the mesh absorbed, the adhesion between hernia mesh and the tissue also faded, 

which will be a big problem that the hernia will happen again. So whether the absorbable hernia 

mesh can really solve the problem still remains to be considered. 

 

2.3.3 Hybrid Mesh 

Hybrid meshes is the type of mesh that combines more than one synthetic material into 

their composition. Nearly all of these kinds of meshes continued to use PET, PP or e-PTFE but 

now in combination with each other and/or with other materials such as titanium (Ti), omega 3, 

poliglecaprone 25 (PGC-25) and polyvinylidene fluoride (PVDF) to incorporated in the composite 

systems [19]. Most of the hybrid mesh comprised of a permanent synthetic mesh material 

combined with an absorbable coating or filament [51]. 

The main advantage for hybrid meshes is that they can be used in the abdominal cavity 

with minimal adhesion. They require a specific orientation for the surgeons to put in the abdominal 

cavity: usually the visceral side has a micro porous surface to prevent visceral adhesions, whereas 

the non-visceral side is often macro porous to allow parietal tissue ingrowth [52]. Table 2.2 shows 

different types of hybrid mesh material used for intraperitoneal. 

Table 2.2 A list of hybrid meshes (for intraperitoneal use) and their characteristics [52]. 
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Parietex®is the first hybrid mesh that combines a three-dimensional polyester woven 

structure with collagen. It provides an absorbable collagen barrier on one side to limit visceral 

attachment while on the other side, polyester woven structure helps to promote tissue growth [19]. 

The Gore-Tex® (AZ, USA) company has developed a type of biomaterial mesh, the 

meshes have relatively small pores, based on a 1-mm-thick expanded polytetrafluoroethylene 

(ePTFE) dual-surface mesh (Figure 2.9) under the Dualmesh® brand name [19].  

 
Figure 2.9 GORE® DUALMESH® Biomaterial [53]. 

 
The biomaterial is designed with two functionally distinct surfaces. One side is a textured 

CORDUROY® Surface, which can encourage the host tissue incorporation, the other surface is 

smooth to minimize tissue attachment [49]. The product is comfortable and easy to be cut, good 

for hernia repair as well as soft tissue repair.  

Even till now, there is still no perfect hybrid mesh without any disadvantage according to 

different reviews. But hybrid mesh has a potential future to minimize and overcome the problems 

that encountered in the hernia mesh, it is hopeful that more mesh products will come out to better 

control the hernia condition for long-term use. 
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2.4 Clinical Hernia Repair Mesh Experience Cases and Complications 

2.4.1 Clinical Case Study 

The success of the hernia clinical surgery is always measured by the rate of its recurrence. 

Many clinical trials have been done to test the recurrence and long-time durability of hernia mesh 

that had been implanted into the patients. Recent evidence has shown that the bacterial resistance 

of lightweight macroporous synthetic materials has increased, providing a potential alternative for 

the repair of contaminated hernia [54]. Therefore, an experiment that tested the recurrence of light-

weight polypropylene with macrous pores has been studied. The sample groups are 50 male and 

50 female with a mean age of 60±13 years and a mean body mass index (calculated as kg/m2) of 

32±9.3 [54]. Polypropylene meshes were put in the retro-rectus position with open ventral hernia 

repair surgery, 42 clean-contaminated cases and 58 contaminated cases were evaluated [54]. Mean 

hernia defect size was 246±280 cm2 (range 5 to 1,520 cm2), with a mean mesh size of 631±654 

cm2. Results show that the incidence of surgical site was 26.2% in clean-contaminated cases and 

34% in contaminated cases [54]. After a mean follow-up of 10.8±9.9 months (range 1 to 63 

months), 7 recurrences have been noticed. 4 patients need to be conducted with the mesh removal 

surgery: 2 due to early anastomotic leakage, 1 due to gastric rupture and contraction in morbidly 

obese patients, and 1 due to long-term intestinal fistula [54]. Overall, the recurrence is lower than 

expectation while the light-weight polypropylene seemed haven’t done too much of the anti-

bacterial activity. Similarly, another experiment that has been done by testing the recurrence rate 

of the light-weight polypropylene mesh and mid-weight polypropylene mesh. Patients with the 

average age 58 and BMI of 32.2 kg/m2 have been under observation for 7 years. Results showed 

that previous mesh infection and repair increased the possibility of infection at the surgical site, 

which significantly raise recurrence possibility. Comparing with mid-weight polypropylene mesh, 
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lightweight polypropylene mesh has higher chance to cause central mesh failure again [55]. This 

result provides us a promising view of synthetic mesh and leading us a way to mid-weight mesh 

repair which could reduce the biological infection as well as the hernia recurrence. 

For years, people have been wondering about whether the use of hernia mesh is a good 

option for hernia repair. The EU Hernia Trialists Collaboration had collected and analyzed data 

from 58 clinical trials (11174 participants) to see whether using mesh can reduce the risk of 

recurrence or persisting pain (Figure 2.10). All trials were restricted to elective groin hernia repair 

[34]. For this survey, persistent pain is identified as any pain (including slight pain) in the groin 

area (including testis) lasting for 1 year or more than 3 months after operation.  

 
Figure 2.10 Cumulative recurrence rates (individual patient data studies only) with 95% 

confidence intervals [34]. 
 

The analyzed data shows that synthetic mesh can actually reduce the recurrence of hernia. 

This result became more obvious one year after surgery. At the same time, more evidence shows 

that mesh repair seems can reduce the persisting pain instead of increasing it. So compared with 

non-mesh repair, mesh repair has a larger chance of reducing the recurrence rate of hernia and the 
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injury of viscera or neurovascular. Mesh repair may also reduce hospital stay and shorten the 

recovery period for daily activities. [56] 

 

2.4.2 Complication 

A study has shown that recurrences remain the most common complication of hernia 

surgery and range from 2.3% to 20% for inguinal hernia, from 11.8% to 75% for femoral hernia 

[55]. The most common complication after mesh implantation is seroma. After surgery, almost all 

patients have seroma around the surgery site but only around 8% of them is clinical significantly 

[57]. Patients usually feel pain for some time. But if the pain stays long time and severe, then 

aspiration will be necessary. Around 1.5% patients are noted to have persistent pain at the suture 

site [58].  

Even clinical studies showed that with mesh repair, hernia recurrence get decreased. 

However, it doesn’t mean using hernia mesh is totally safe. Problems like mesh infection, bowel 

adhesion, infertility, or chronic pain also can come with the implantation of mesh [48]. Infection 

is the third major complication after hernia mesh implantation [59]. For most of the cases, wound 

infection following open incisional hernia repair is the main reason that causes the infection, which 

accounts for 0.3%–21.5%. Comparatively, the infection that caused by actual mesh only makes up 

0.3%–6% [48]. Meshes need to be taken out if the infection occurs because the following 

complication can be severe. The infection rate mainly depends on the synthetic that used and pore 

size of mesh. Studies have shown that monofilament with pores which is greater than 75μm at 

lowest risk of infection [48]. 

After being implanted into the body, meshes are considered as foreign body materials 

which will induce a foreign body reaction (Figure 2.11). Platelets will aggregate at the wound site 
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to form a fibrin clot as well as proteins get absorbed to the mesh surface [48]. In the inflammatory 

phase, neutrophils and macrophages infiltrate the reticular region, clear debris, release factors that 

lead to further inflammatory cell migration, and then migrate on fibroblasts which involved in the 

proliferation phase. The proliferation stage is characterized by angiogenesis, collagen deposition 

and granulation tissue formation. Wound healing ends at the stage of tissue remodeling. Foreign 

body reaction leads to the formation of foreign body granuloma, which aims to wrap the foreign 

body [60]. 

 
Figure 2.11 Formation of a foreign body granuloma at the mesh to host tissue interface [48]. 

 
Giant cells of foreign body are the sign of foreign body reaction. These cells are fused 

macrophages, reflecting the ineffective attempt of mesh phagocytosis [61]. Usually at this time, a 

rigidity and buckling will often be felt by the patient. With the fibrosis permeating the interstices 

of meshes, the contraction of scar tissue will eventually be formed which has an effect on the mesh. 
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Figure 2.12 Microscopic pathology slide of explanted mesh and adjacent muscle tissue.  

A. Foreign-body giant cell reaction B. fibrosis C. chronic inflammation D. refractile exogenous 
material, likely suture or mesh [62]. 

 
It is also common to see foreign-body reaction, fibrosis, and chronic inflammation while 

doing the microscopy pathology. Refractile exogenous materials, which could be suture or mesh 

can also be observed from the microscope (Figure 2.12) [62]. 

 

2.5 Antimicrobial Performance 

2.5.1 Finishes Applied to Medical Mesh Textiles 

Hernia mesh infection and tissue adhesion are big problems for patients. So antibacterial 

and anti-adhesion meshes are studied to avoid the infection which will result in the further hernia 

recurrence. Although there are hundreds of hernia meshes in the market which are made of 

different materials, only a few of them are made for anti-bacterial functionality while most of the 

advanced hernia mesh are made to avoid the tissue-mesh adhesion. The light-weighted Ti-meshTM 

is the prosthetic mesh produced from titanized polypropylene (Figure 2.13). The titanium is 

combined with polypropylene with covalent bonded titanium [63]. The thickness of the mesh is 

quite thin, only about 30nm. Laser-cut method makes the end of fiber round and smooth, which 

can help to prevent micro tissue trama [64]. 
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Figure 2.13 Combination of a compound material with covalent bonded titanium [64]. 
 

The Ti-meshTM can be used for inguinal, umbilical and incisional hernia with open or 

laporoscopic technique. Besides, with the surface modification on titanium metal, this mesh also 

shows good biocompability and anti-bacterial property.  

Bovine pericardium is also a material which has been widely used in pediatrics and cardiac 

surgery due to its good biocompability and low infection [65]. Therefore, the Tutogen Medical 

Gmbh company from Germany has developed a serie of hernia patch and mesh--Tutopatch™ 

bovine pericardium and Tutomesh™ fenestrated bovine pericardium (Figure 2.14) which is made 

from non-crosslinked acellular collagen matrices as well as a very soft and flexible heterologous 

graft of bovine pericardium [65].  

 
Figure 2.14 Tutopatch™ bovine pericardium [66]. 
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Collagenous connective tissue with 3D interteined fibers make the mechanical strength 

multi-directional and can be implanted in any direction and the patch is completely sterile. Bovine 

pericardium is easy to be sutured or glued without overlapping, it also has a very good virus 

inactivation property which can help prevent infection [67]. As an effective tissue regeneration 

matrix, it stimulates the tissue stimulation as well as producing a small amount of serology. 

Besides, it also shows excellent mechanical stability, which could provide strength to hold the 

muscle. 

 

2.5.2 Potential Products 

2.5.2.1 PurThread Fiber 

Silver material has been applied in many medical areas such like wound dressing or coated 

as an antimicrobial layer on the medical devices due to its good anti-bacterial property which can 

prevent infection. The common method used for hernia mesh anti-microbial property is applying 

a silver coating on the surface of the hernia. PurThread (PurThread Technologies Company) uses 

new technology to embed silver salts into fibers during the molten stage of production, making 

PurThread's antimicrobial property intrinsic to every thread (Figure 2.15). 

 
Figure 2.15 Silver embedded throughout fibers (SEM) [68]. 
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With the embedding technology, the anti-bacterial protection is consistent throughout the 

fabric and has been proven never be worn off or washed away (Figure 2.16).  

 
Figure 2.16 The anti-bacterial mechanism of PurThread [68]. 

 
This recycled, non-nano silver with the EPA product can not only be used for killing 

bacterial, but also can remove the order from the surface, which has the potential to be used as 

hernia mesh products [68]. 

 

2.5.2.2 Antibacterial Fine Denier Polypropylene fiber 

Even there haven’t got many antibacterial hernia meshes show up in the market, there are 

anti-bacterial fibers which have the potential to make the hernia mesh, thus helping decrease the 

possibility of the wound infection of hernia mesh implantation as well as reducing the rate of hernia 

recurrence.  

The manufacture of antibacterial fine denier polypropylene fiber is relatively mature in the 

market. For example, the Changzhou Guoxing special chemical fiber Company in China has been 

using the three-step technique to produce this antibacterial fiber [69]. The processing technology 

is divided into three steps: antibacterial masterbatch configuration, spinning and drawing. The 

most important process is manufacture of antibacterial masterbatch, which is involved with the 

cross-linking and even-dispersion technology of powder and polypropylene carrier. The existence 
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of antibacterial powder makes it difficult to spin the polypropylene fine denier fiber. Special zeolite 

SiO2 / Al2O3 is used as the carrier and reacts with heavy metal ions such as Ag+, Cu2 +, Zn2+, which 

have the antibacterial property, so that metal ions can be evenly adsorbed into the powder. 

Appropriate cross-linking agent and dispersant are selected and added into the high-speed mixer 

machine together. The anti-bacterial powder for polypropylene fiber is prepared by high-speed 

mixing for a certain period of time under a controlled temperature. After that, the powder will be 

mixed with a certain proportion of polypropylene through the twin-screw extruder extrusion, 

forming and cut into particles, to make the antibacterial masterbatch. In the fiber application of 

nano powder, masterbatch technology is particularly important and the application of nano powder 

in the field of fine denier filament spinning is able to be used. The PP fiber shows an extensive 

and efficient antibacterial and excellent washing resistance. 

 

2.5.2.3 AmicorTM 

AmicorTM is an anti-bacterial fiber product which was developed by Acordis (UK) in late 

1990s. It is a blend fiber that needs to be used at between 20% and 30% of the composition [70]. 

The fiber cross-section is shown in Figure 2.17. 

 
Figure 2.17 AmicorTM fiber cross-section [71]. 

 
It is specifically engineered to incorporate additives into the core of fiber. AmicorTM can 

be converted into products by all conventional techniques such as yarn spinning and nonwoven 
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processes. Evidence has shown that AmicorTM is durable and long lasting anti-microbial function 

up to100 times washes (Figure 2.18) [71]. 

 

 
Figure 2.18 Effective Amicor Protection after Washing [71]. 

 
2.5.2.4 Poly(diallyldimethylammonium chloride) 

The BioGuard® Dressings (Derma Sciences) which is a series of wound dressing material 

coated with the antimicrobial agent. It provides a barrier which can prevent the bacteria from 

entering into the wound area and protect patients from external contamination, thus helps reduce 

the wound infection. The antimicrobial mechanism of BioGuard® Barrier Dressings is through a 

strong cationic biocide known as poly(diallyldimethylammonium chloride). PolyDADMAC is 

permanently bound to the fabric dressing surface. After being attached to wound surface area, 

PolyDADMAC disrupts pathogens’ cell membranes with a fast replacement of Ca2+ which cause 

bacteria losing its membrane stability and no longer binding anionic charged phospholipids [72] 

This dressing provides a fast bacteria-killing activity with >99.999% reduction of broad range of 

bacteria, such as E. coli, P. aeruginosa, Micrococcus luteus and S. aureus (Table 2.3). 
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Table 2.3 Antimicrobial efficacy of BioGuard® Barrier Dressing. 
Wound pathogen ATCC# Average % kill 

Escherichia coli ATCC 15597 >99.9999% 

Staphylococcus aureus ATCC 6538 >99.9999% 

MRSA (Methicillin resistant S. aureus) ATCC BAA-44 >99.9999% 

Staphylococcus epidermis ATCC 12228 >99.9999% 

Pseudomonas aeruginosa ATCC 15442 >99.9999% 

Enterococcus faecium ATCC 19434 >99.9999% 

Acinetobacter baumannii ATCC 19606 >99.9999% 

VRE (Vancomycin resistant Enterococcus faecium) ATCC 51299 >99.9999% 

 

2.5.3 Current Antibacterial Researches and Studies 

2.5.3.1 Silver 

Current researches are focusing on the mesh surface modification to enhance the anti-

bacterial property of the mesh. For example, applying an antibacterial coating on the hernia mesh, 

such as silver particles, chitosan, copper, etc. Researchers from France has proposed a method to 

do in vitro and in vivo infection study of silver-coated macroporous monofilament polypropylene 

(Figure 2.19). The silver coated PP was provided by the manufacturer (Bard Urological Division, 

USA) but not yet available in the market. Silver particles exist in the coating with a diameter of 24 

nm, evenly distributed on the single wire, making the holes and gaps unobstructed.  



  

31 
 

 
Figure 2.19 Electron microscopy of silver coated polypropylene. A. Pores of the are 

unobstructed by the silver coating. B. Interstices are also unobstructed by the silver coating. C. 
Homogeneous distribution of silver nanoparticles on the implant [71]. 

 
In the anti-bacterial property test experiment, three uncoated PP implants and three silver-

coated PP implants were used for direct visualize bacteria adhering to the implant through 

fluorescence microscopy. 

The uninoculated group and the PP group prosthesis erosion occurred in Day 15, probably 

because there is a large amount of silver ion released between Day 3 and Day 15, which is toxic 

to the cells of adjacent tissues [71]. The most likely mechanism is that metallothionein saturates 

the enzymatic degradation process in cells. However, results also showed that using polypropylene 

mesh alone is more susceptible to infection than adding silver to the polypropylene mesh implant 

via abdominal approach, which could provide us a promising approach to study the silver coated 

mesh mechanism. 

Another study used the nanofibrous polyurethane mesh which is coated with nano-silver 

and impregnated with hydrogel for ventral hernia repair. The research is more functional because 

on one hand, gels and polyethylene glycol (PEG) has been shown to reduce tissue adhesion. On 

the other hand, silver particles have the anti-bacterial property. Samples were glued together by 
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two pieces of PU nanomeshes, one was immersed into MA-gelatin and the other one was immersed 

into PEGda. At the end, samples were immersed in the AgNO3 solution for another 16 hours. 

 
Figure 2.20 Scanning electron micrographs of the adherent bacteria S. aureus (A and B) and E. 

coli (C and D) on the surface of PP (A and C) and NSPU (B and D) meshes [73]. 
 

The representative Gram-positive bacteria, S. aureus and Gram-negative bacteria E. Coli 

were applied on the PP and NSPU meshes to do the contrast experiment. SEM was applied to 

evaluate the bacteria density and the morphology of adherent bacteria on material surfaces (Figure 

2.20). The results indicate that compared with PP mesh, NSPU meshes had a much less severe 

inflammatory response which can be attributed to the antibacterial property of nano-silver ions and 

good biocompatibility of the membrane [73]. 
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2.5.3.2 Chitosan 

Many articles have illustrated that chitosan has a good anti-bacterial performance. A study 

treated polypropylene mesh first with cold oxygen plasma, then padded with a prepared solution 

of chitosan and levofloxacin HCl containing citric acid as a cross-linking agent [74]. The padded 

PP mesh devices were then dried (40 ◦C) and cured (70 ◦C) in an oven for 10 min [74]. To test the 

anti-bacterial activity of chitosan, simple agar diffusion plate test method was used. Chitosan 

treated and untreated PP samples (1 cm × 1 cm) were placed onto the center of the agar plates 

which has been poured with bacteria (Staphylococcus aureus (SA) and Escherichia coli (EC)) [74]. 

In addition, the antibacterial release properties of untreated PP samples and chitosan treated 

samples were analyzed by transferring the sample to a new agar plate every day which had been 

poured with fresh bacteria, then measuring the inhibition area 24 hours later and compare with the 

previous one. 

 
Figure 2.21 SEM images (500 X) (A) untreated PP (B) low molecular weight chitosan coated PP 

meshes [74]. 
 

The SEM image compares the untreated polypropylene mesh sample with chitosan sample 

(Figure 2.21). Results showed that the chitosan and levofloxacin-modified devices demonstrated 

an excellent antimicrobial zone of inhibition and sustained antimicrobial release properties for six 
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continuous days. Thus, a green and bio-based chitosan with suitable antimicrobial properties could 

be used for hernia mesh to prevent infection [74]. 

 

2.5.3.3 Triclosan 

Triclosan was first produced in 1965 and has been known as the market products 

cloxifenol, Irgasan CH 3565 and Irgasan DP 300 [75]. It has been proved to have the antibacterial 

function and has been widely used for household hygiene treatment and health care products. The 

structure is shown in Figure 2.22.  

 
Figure 2.22 Chemical structure of triclosan [76]. 

 
Triclosan is popular used in our daily life and always exists in the products such as soap, 

hygienic lotion, body odor, disinfectant hand sanitizer, air freshener and refrigerator deodorant. 

Sometimes it also be used for medication applications due to its good antibacterial property, such 

as the wound disinfectant spray, medical disinfectant, medicated soap [77]. These are usually used 

to control bacteria and prevent the infection. The mechanism of its antibacterial activity is through 

inhibiting enzyme synthesis the further blocking the synthesis of bacteria lipids [78]. 

Due to the good biocompatible and antibacterial property of triclosan, researchers have 

tried to apply the triclosan on the hernia meshes. A research which used the triclosan loaded 

chitosan gels to slow down the drug release process for the hernia repair therapy has been studied. 

In this experiment, both in vitro drug release and in vivo rat studies had been done. Results were 

compared between 4 contrast groups: group 1—blank graft/no antibiotic, group 2—blank graft/i.p. 
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teicoplanin, group 3—chitosan/no antibiotic, group 4—chitosan:triclosan/no antibiotic (Figure 

2.23) [79]. SEM image of result is shown in Figure 2.24. 

 
Figure 2.23 Macroscopic findings of groups (1a) wound collection and purulent incisions [79]; 
(1b) abscess, 8 days later; (2a) wound collection, necrosis and purulent incisions; (2b) abscess, 8 

days later; (3a) wound collection and necrosis; (3b) abscess, 8 days later; (4a) no wound 
collection, necrosis and purulent incisions, (4b) no abscess, 8 days later. 

 

 
Figure 2.24 SEM photographs of the grafts ((a) group 1 (b) group 2 (c) group 3 (d) group 4 [79]. 
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Results showed that with the additional existence of triclosan adding into the chitosan gel, 

the polypropylene mesh is able to reduce the infection caused by bacteria. The antibacterial 

property is effective enough and no additional prophylactic antibiotics is required [79]. 

 

2.5.3.4 Diallyldimehylammonium Chloride 

DADMAC (diallyldimehylammonium chloride) is another chemical which is known for 

its good antibacterial property. It is a cationic monomer which is exclusively formed by reacting 

allyl chloride with dimethylamine [80]. The alkenyl double bond leads the most reactive function 

that is able to form linear homopolymer and polymerize to form different kinds of copolymers. 

DADMAC has a widely range of application, such as being used as synthetic resin modifier 

to make products conductive and antistatic, function as flocculant and blocking agent in the 

petroleum chemicals [80]. For more usage of its application, it always be used to make polymers, 

for example, PolyDADMAC, which is synthesised by the free radical initiated addition 

polymerization of diallyldimethylammonium chloride (Figure 2.25) [81] plays important roles in 

wastewater treatment, textile printing and papermaking industries. It is also the first polymer to be 

approved by the FDA to be used in the water treatment [80]. 

 
Figure 2.25 The synthesis of polyDADMAC by free radical addition polymerization of 

DADMAC [81]. 
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Researchers have used DADMAC for the experiment to test its antibacterial property. It is 

reported that for higher efficient antibacterial activity, polyDADMAC requires the existence of 

hydrophobic groups and higher charge density [80]. According to a research, DADMAC was 

incorporated into sesbania gum structure to develop the positive charge on its surface. Results 

indicate this modified cationic polysaccharide is high effective against viz. E. coli, S. typhi, S. 

aureus and B. anthracis [82]. Another research used a mixer of polyDADMAC and konjac 

glucamannan (KGM) to make antibacterial films. Result shows strong antibacterial activity against 

Bacillus subtilis and Staphylococcus aureus but not against Escherichia coli or Pseudomonas 

aeruginosa [83].  
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 CHAPTER 3. Materials and Methods 

 
3.1 Materials 

The polypropylene meshes used for the experiments were supplied by C.R. Bard® Inc., 

now owned by Becton Dickinson Company. Two different types of hernia mesh were included in 

the study: Sample A: Bard® Soft Mesh light-weight polypropylene mesh with large pores, and 

Sample B: Bard® Mesh heavy-weight polypropylene mesh with small pores. Both meshes were 

warp-knitted from monofilament yarns. The structure of each sample is shown in Figure 3.1.  

 
Figure 3.1 Packaging and photographs showing the structure of  

the Bard® Soft Mesh and the Bard® Mesh products. 
 

3.1.1 Preparation 

Due to the warp-knitted structure of the meshes, they tended to curl during handling, 

storage and the experimental treatments. So, during the preparation process, the meshes were first 

heat-set at 120 ℃ in a Werner Mathis A.G. Model CH-8155 hot air oven. The two sides were heat-

set, each for 3 minutes (Figure 3.2). 
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Figure 3.2 Werner Mathis Model CH-8155 heat-setting oven. 

 
The meshes received from company may have had some impurities on the surface. So both 

of the mesh samples were scoured to remove any surface impurities. They were washed in a 

solution of the non-ionic detergent Triton X-100 (Sigma Life Science, USA) at 60 °C for 20 

minutes (Figure 3.3), and then rinsed 3 times in deionized (DI) water and air dried in the chemical 

fume hood. 

 
Figure 3.3 Mesh scouring. 

 
After the souring and rinsing processes, Sample A and Sample B were ready for surface 

activation. The untreated control samples were given scouring procedure as the treated samples. 

 



  

40 
 

3.2 Surface Modification 

3.2.1 Plasma Treatment 

Radio frequency plasma activation relies on the presence of an inert gas, such as He, Ar or 

Ne. In most cases, the surface will be activated with the formation of functional groups on the 

surface as well as free radicals introduced by the inert gas. Figure 3.4 shows the mechanism of 

plasma activation. 

 
Figure 3.4 Mechanism of plasma activation in inert gases [84]. 

 
Here, 1% oxygen and 99% helium plasma were used to generate hydroxyl, carbonyl and 

carboxylic acid groups on the surface of both polypropylene mesh samples (Figure 3.5).  

 
Figure 3.5 Plasma treatment. 

 
Both sides of the sample were treated with a 300W atmospheric radio frequency plasma 

for twelve minutes in order to thoroughly activate the surface. 
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3.2.2 Diallyldimethylammonium Chloride (DADMAC) Grafting 

The compound diallyldimethylammonium chloride (DADMAC) was obtained from 

Sigma-Aldrich, USA. For better attachment of the DADMAC onto the polypropylene mesh, a 

crosslinking agent, pentaerythritol tetraacrylate (PETA) was used. The volume ratio of the 

DADMAC and PETA was 10:1, and the DADMAC-PETA viscous polymer solution was mixed 

in a beaker with a stirring bar and stirred for 1 hour on the plate. The knitted polypropylene mesh 

samples were then placed in the polymer solution for 5 minutes in order to absorb the water-soluble 

antimicrobial compounds. Later, the meshes were passed through the padding machine where the 

excess solution was squeezed out and the solution pick-up was controlled at a uniform level (Figure 

3.6). After padding, the mesh samples were further dried in an oven at 50℃ for 48 hours. 

 
Figure 3.6 Padding machine. 

 
3.2.3 Post-plasma treatment 

The post-plasma treatment was used to polymerize any residual free radical groups which 

were attached to the surface of the mesh. After the padded meshes were dry, they were exposed 

again to the atmospheric radio frequency plasma machine for the post-plasma treatment. Both sides 

of each mesh were treated with a 100% helium plasma for 2 minutes and then they were washed. 
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3.2.4 Washing 

DADMAC monomer is soluble in water so DI water was used to extract and wash off any 

remaining unreacted DADMAC from the surface of the post-plasma treated samples. The samples 

were washed in DI water at room temperature for 5 minutes, and then put into 60 ℃ oven for 1 

hour.  

 

3.3 Analytical Methods 

3.3.1 Physical Analysis   

3.3.1.1 Weight Change 

The weight / mass of both the treated and the untreated control samples were measured on 

an analytical balance with a precision of 0.1 mg (Figure 3.7). The samples were cut into 

26cm*12cm specimens. A desiccator was used to store the specimens overnight and the values 

reported for weight or mass are from the dry specimens.  

 
Figure 3.7 Analytical balance. 

 
3.3.1.2 Thickness Measurement 

The thickness of the treated and untreated control polypropylene mesh was measured by 

following the AATCC D1777-96 Standard Method using the thickness gauge shown in Figure 3.8. 



  

43 
 

The presser foot diameter was 28.70 ± 0.02mm, and the applied pressure was 4.14 ± 0.21kPa. 

Five repeat values were measured for each of the treated and untreated control samples. 

 
Figure 3.8 Thickness gauge. 

 
3.3.2 Chemical Analysis 

3.3.2.1 Dyeing Analysis 

The acid dye, Sirius red FB3, was used to confirm that the polypropylene mesh surface was 

coated with DADMAC. Dye powder (2.746g) was added to distilled water to make a 2 × 10-3 M 

solution. To measure the amount of dye pick-up, 5ml of this solution was diluted to 500ml to make 

the dye stock solution. Both treated and untreated meshes were immersed into 20ml of the dye 

stock solution in beakers (Figure 3.9) and agitated in a water shaker bath at 30 ℃ for 24 hours 

(Figure 3.10). 

 
Figure 3.9 Dye process. 
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Theoretically, in the process, the dye solution will stain the treated mesh the form a color 

change. After 24 hours, the samples were washed with 10ml distilled water at 30℃ for 1 hour so 

that any unbound dye was washed off the sample’s surface. The color change of the treated and 

untreated samples was observed after washing. 

 
Figure 3.10 Shaker bath. 

 
3.3.2.2 TOF-SIMS Analysis  

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a powerful and versatile 

chemical technique which analyzes the morphology and chemical composition of a specimen. It is 

highly sensitive in detecting depth limitation of less than 1nm, and the surface distribution of 

secondary ions at a lateral resolution of 200nm [85]. 

In TOF-SIMS, a pulsed primary ion beam is used to generate secondary species (Figure 

3.11). The species that will be emitted mostly have a neutral charge, while a small fraction is 

released either as positive or negative secondary ions. Secondary ions are extracted into an 

analyzer by a high applied voltage and their mass is determined by measuring their time-of-flight 

from the sample to the detector. As different particles have different masses, the time they need to 

reach the detector also differs, so the particle type can be determined by the flight time.  
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Figure 3.11 Schematic diagram of the TOF-SIMS operation [86]. 

 
In this experiment, the samples were taken to the NCSU Analytical Instrumentation 

Facility. The TOF-SIMS analysis was conducted using a TOF-SIMS Model V (ION TOF, Inc. 

Chestnut Ridge, NY) instrument equipped with a Bi liquid metal ion gun, which applied 25 keV 

Bi3+ ion beam onto the sample so as to release the secondary ions from sample surface. The 

DADMAC treated polypropylene mesh, the untreated control mesh and a DADMAC positive 

control were characterized by time-of-flight secondary ion mass spectrometry. To make the 

DADMAC positive control, DADMAC was mixed with the PETA crosslinking agent in a glass 

beaker and drops of the solution were placed on a thin glass slide. The glass slide was dried at 80 ℃ 

until the solution became semi-solid.  It was then passed through the radio frequency plasma 

machine. All the plasma parameters were set so they were the same as for the treated polypropylene 

mesh. Following the plasma treatment, the glass slide was again placed in the oven to totally dry 

the DADMAC sample. When completely dry, it was possible to peel off the DADMAC sample 

from the slide. 
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3.3.2.3 SEM Surface Characterization 

Scanning electron microscopy (SEM) is a type of electron microscope which can provide 

information about a surface by using a focused electron beam interacting with a sample. This is 

most helpful in viewing surface topography and obtaining compositional information. In this 

study, a Hitachi Model TM 4000 SEM equipment and a sputter coater (Quorum Technologies 

SC7620) were both used at the Wilson College of Textiles to evaluate the surface morphology and 

structure of the mesh samples. Both DADMAC treated polypropylene mesh and the untreated 

control mesh were cut into 1cm*1cm squares for SEM characterization. 

 
3.3.3 Antibacterial Performance 

3.3.3.1 Antibacterial Test 

Following the surface modification, the level of antimicrobial activity for the DADMAC 

treated sample was evaluated by examining the rate at which the bacteria were killed using a viable 

cell counting technique [87]. To prepare the specimens, the DADMAC treated and untreated 

samples were punched into small circles each measuring 2 mm in diameter. Escherichia 

coli (ATCC# 25922, Gram‐negative bacteria) and Staphylococcus aureus (ATCC# 33591, Gram‐

positive bacteria) were used to test the antibacterial activity of the DADMAC. Briefly, one colony 

of S. aureus and one colony of E. coli were cultivated in tryptic soy broth at 36.5 °C in an incubator 

shaker for 18 hours (Figure 3.12). 



  

47 
 

 
Figure 3.12  New Brunswick Scientific Model C24 Incubator shaker. 

 
A spectrophotometer was used to measure the number of bacteria at 600nm. The dilutions 

were performed until the optical density reached 0.2, and the bacterial concentration was around 

2 × 107 CFU/ml. Then, 1ml bacteria suspension was added to each of microcentrifuge tube, and 

the treated and untreated mesh samples were then added to the bacteria suspension in the 

microcentrifuge tube. Meanwhile, the third microcentrifuge tube was prepared without a sample 

as the positive control. All three microcentrifuge tubes were then placed in an incubator shaker for 

24 hours prior to undertaking serial dilutions for each sample. Three agar plates were prepared, 

one for each sample dilution. The agar plates were placed in an incubator at 36.5 °C, and the count 

of the bacterial colonies was undertaken for each specimen after 24 hours (Figure 3.13). 

 
Figure 3.13 Photograph of bacterial colonies. 
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The number of bacterial colonies for the DADMAC treated polypropylene mesh and the 

untreated control enable the bacteriostatic rate to be calculated using the following equation [87]: 

Bacteriostatic rate (%) = !𝑡	#$𝑡	
!𝑡	

 × 100% 

Wt --number of colonies counted for the control. 

Qt --number of colonies obtained from each sample. 

 
3.3.4 Statistical Analysis 

Microsoft Excel was used to calculate the mean and standard error of the mean for each of 

the ratio and interval data variables. Other measurements, such as the polyDADMAC on the mesh 

detected by the dyeing method, the SEM and TOF-SIMS results provided nominal and ordinal 

data. All the test results comparing the treated sample with the untreated control were evaluated 

using a Student t-test and discussed in Chapter 4. Significant differences were identified when the 

value for p<0.05.  
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 CHAPTER 4. Results and Discussion 

4.1 Physical Properties   

4.1.1 Weight of Samples 

The samples were weighed before plasma treatment, after DADMAC grafting and after the 

drying process. Before the DADMAC treatment, the sample weighed 11.599g; after plasma 

treatment, the sample weighed 11.468g; and after the drying process, the sample weighed 15.025g. 

According to the measurements from the analytical balance, the weight per unit area for the 

untreated polypropylene mesh was 371.8 g/m2; after plasma treatment the weight per unit area was 

367.6 g/m2, and after drying the weight per unit area was 449.5 g/m2 (Figure 4.1). 

 
Figure 4.1 Average sample weight per unit area of polypropylene knitted mesh. 

 
This result shows that after the plasma treatment, the weight of mesh decreased, which is 

probably due to the surface erosion during the plasma etching process. The sample weight 

increased after DADMAC grafting and the dry pick-up ratio was about 30%. 
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4.1.2 Thickness Measurement 

The thickness was measured at different places within the specimens taken at random for 

both the treated and untreated polypropylene mesh. The mean value and standard error of the mean 

of the treated and untreated meshes are displayed in the chart below (Figure 4.2).  

 
Figure 4.2 Thickness results for the untreated and DADMAC treated polypropylene mesh 

samples. 
 

According to the results, the thickness of the untreated polypropylene mesh control was 

0.725mm, while for the DADMAC treated mesh it was 0.778mm. These results indicate that a 

grafted DADMAC layer measuring about 0.053mm thick was applied to the polypropylene 

surface. T-test results also show a significant difference in thickness between the DADMAC 

treated polypropylene mesh and the untreated mesh. 

 

4.2 Chemical Analysis 

4.2.1 Dyeing Analysis 

Acid dye analysis of the treated and the untreated control samples was undertaken to 

observe by visual assessment if the DADMAC had been grafted onto the polypropylene mesh. The 
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propylene mesh has carbon and hydrogen bonds which do not react with the acid dye. However, 

the acid dye will attach to the quaternary group of the DADMAC molecule, indicating that it is 

successfully grafted to the mesh. 

 
Figure 4.3 Treated samples (Top) and untreated control samples (Bottom) after acid dyeing. 

 
Figure 4.3 clearly shows that the treated samples were stained with the acid dye, while the 

polypropylene control samples had no color stain on them. A few areas in the treated samples 

showed a deeper pink, which may have been due to the non-homogenous mixing of the DADMAC-

PETA solution given that PETA is not soluble in water. 

 
4.2.2 TOF-SIMS Analysis 

The results of the TOF-SIMS analysis show the chemical composition of both the 

DADMAC treated and the untreated control sample (Figure 4.4). Image (A) and (B) show C3H5+ 

groups for both the untreated and DADMAC treated polypropylene meshes. Image (C) shows the 

C3H8N+ ion on the DADMAC treated polypropylene mesh, which confirms that DADMAC was 

successfully coated on the polypropylene filaments. The bright yellow color shows the intensity 

of the detected C3H8N+ ion was high, which corresponds to a significant amount of nitrogen on the 
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DADMAC treated polypropylene mesh surface. Meanwhile, no nitrogen was detected on the 

untreated polypropylene control surface.   

 
Figure 4.4 Positive ion mass spectral images from TOF-SIMS for chemical mapping of  
(A) C3H5+ ions detected on the polypropylene mesh control, (B) C3H5+ ions detected on  

the DADMAC treated polypropylene mesh, and (C) C3H8N+ ions detected on the  
DADMAC treated polypropylene mesh sample. 

 
Figure 4.5 shows the positive ion spectra of the DADMAC treated sample and the two 

control samples. The positive ion TOF-SIMS spectrum (a) shows both the DADMAC treated and 

DADMAC control samples have ion peaks at 58µ and 84µ generated by C3H8N+ and C5H10N+ 

ionic groups. Meanwhile, the untreated polypropylene mesh has a totally different positive ion 

peak distribution. For the DADMAC treated and control samples, their highest ion peak appeared 

at 58µ, which corresponds to the main ion of the polyDADMAC group. 

In spectrum (b), the ion peaks of the DADMAC treated polypropylene sample and the 

DADMAC control also agree with each other. Most of the ion peaks that they present are generated 

by the same mass. Meanwhile, both spectra showed a series of identical nitrogen containing 

positive ions, which confirms that the plasma activation of the polypropylene mesh surface was 

successfully and a significant amount of polyDADMAC was generated on the surface. 
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Figure 4.5 TOF-SIMS positive spectra (a) in the 25-100µ range and (b) 90-165µ range for the 

untreated control polypropylene mesh, the DADMAC control and the DADMAC treated 
polypropylene mesh. 
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4.2.3 SEM Surface Characterization 

In order to observe and compare the difference in filament surface appearance between the 

polypropylene mesh and the DADMAC coated polypropylene mesh, scanning electron 

microscopy (SEM) was used. In Figure 4.6A shows the SEM image of the untreated polypropylene 

control mesh. It shows knitted polypropylene filaments with a smooth appearance in an open 

porous structure. Image (B) shows that the DADMAC was coated successfully onto the 

polypropylene mesh, with noteworthy accumulations located at the intersections where the 

filaments in the weft and warp direction crossed each other. 

     
Figure 4.6 SEM images of untreated and DADMAC treated polypropylene mesh: (A, C and E) 

Untreated polypropylene mesh; (B, D and F) DADMAC treated polypropylene mesh. 
Magnification: (A and B) 1mm scale bar (30X), (C and D) 500μm scale bar (100X),  

(E and F) 500μm scale bar (200X). 
 

By viewing Images (C) and (D), one can see extensive amounts of polyDADMAC on the 

filament surfaces. In fact, most polypropylene filaments were covered by the coating. However, 
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the polyDADMAC coating was not distributed uniformly across the filament surface. Exposed 

polypropylene filaments still can be seen in the SEM image. When viewing the coating on the 

mesh surface at a higher magnification, Images (E) and (F), the difference is even more apparent. 

In Image (E) the filaments appear to be smooth and clean, whereas in Image (F) some parts of the 

filament surface were coated, while in other parts the coating either appears to have been removed 

during the washing process or did not get coated initially. Another reason for the lack of uniformity 

could be that the crosslinker PETA is not soluble in the aqueous DADMAC solution. So it is hard 

for the two components to mix together and provide an even coating on the mesh surface. 

The measurement of pore size and fiber diameter for both the DADMAC treated and 

untreated control sample was determined and calculated from Images (A) and (B) by using Image 

J software. As shown in Figure 4.7, the average pore size of the DADMAC treated sample was 

0.045mm² larger than for the untreated sample. This may have been due to the heat-setting process 

which could have altered the diameter of the filaments and modified the shape and size distribution 

of the pores. 

  
Figure 4.7 Average pore size distribution in SEM images. 

 
When comparing the average fiber diameter of the DADMAC treated sample with that of 

the untreated control according to Figure 4.8, the average diameter of the DADMAC treated 

polypropylene filament was 0.008mm larger than for the untreated sample. This was expected, 
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because the DADMAC coating increased the polypropylene fiber diameter, which is consistent 

with the thickness measurement results. 

 

Figure 4.8 Average fiber diameter measurements obtained from SEM images. 
 
4.3 Antibacterial Test 

The bacteriostatic rate was calculated for both the Escherichia coli and Staphylococcus 

aureus bacteria. For E. coli it was 86.82%, whereas for S. aureus it was 99.86%. Meanwhile, the 

log value of the number of bacteria per ml for the two micro-organisms was derived and presented 

in Figure 4.9 and Figure 4.10. Based on these results, the DADMAC treated sample showed a 

greater anti-bacterial efficacy towards the gram positive bacterium Staphylococcus aureus 

compared with the gram negative bacterium Escherichia coli.  
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Figure 4.9 Antibacterial results for the DADMAC treated and untreated mesh samples  
against Escherichia coli. 

 

 
 

Figure 4.10 Antibacterial results for the DADMAC treated and untreated mesh samples  
against Staphylococcus aureus. 

 
Comparing the untreated control sample with the DADMAC treated sample in Figure 4.9, 

the treated sample showed a 0.9 log reduction for the Escherichia coli bacterium. Furthermore, in 

Figure 4.10, it can be seen that the DADMAC treated sample compared to the untreated control 

showed a 2.9 log reduction for the Staphylococcus aureus bacterium. In both cases, the DADMAC 
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treated mesh showed significant antibacterial activity (p< 0.05). Another point worth noticing is 

that, even without the DADMAC coating, the polypropylene mesh alone showed a marginally 

greater antibacterial effectiveness when compared with the positive control. 
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 CHAPTER 5. Conclusions and Future Work 

5.1 Conclusions 

In conclusion, a novel antibacterial diallyldimethylammonium chloride finish has been 

successfully applied to a radio frequency plasma activated polypropylene knitted mesh for use in 

hernia repair applications. The diallyldimethylammonium chloride coating provides the mesh with 

superior antibacterial properties which will help solve the problem of late infections for hernia 

repair surgery. By referring back to the five specific objectives of this study, it is possible to 

conclude that whether these objectives have or have not been met.  

1) This study successfully activated both sides of the polypropylene mesh surface by using 

He/O2 radio frequency plasma. Then the mesh was placed in a solution containing diallyldimethyl-

ammonium chloride and pentaerythritol tetraacrylate for grafting.  

2)  The success of grafting the diallyldimethylammonium chloride onto the polypropylene 

mesh surface was confirmed by acid dyeing, TOF-SIMS analysis and SEM characterization. Ion 

peaks representing the nitrogen functional groups, such as C3H8N+ and C5H10N+, were detected on 

the mesh surface. By comparing the positive ion mass spectral images of the treated sample with 

the negative and positive controls, the DADMAC coating was polymerized on the polypropylene 

mesh during a second plasma treatment.  

3)  The pore size distribution and average filament diameter were compared between the 

DADMAC treated and untreated samples. The average mesh pore size become marginally greater 

after the treatment, which is likely due to the heat-setting process and the stretching of the mesh 

under the stress. As one would expect, the average filament diameter of the mesh increased as a 

result of the treatment.  This is in agreement with our assumption and confirms that a thin layer of 

DADMAC coating was grafted on the surface of the polypropylene mesh. 
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4)  The success of grafting diallyldimethylammonium chloride on the polypropylene mesh 

surface was confirmed with TOF-SIMS analysis. A significant amount of nitrogen positive ions 

was detected on the DADMAC treated mesh surface whereas no nitrogen containing groups were 

found on the untreated polypropylene control sample. 

5)  A standard antibacterial performance test was used to evaluate the biological properties 

of the DADMAC treated mesh when challenged by Escherichia coli and Staphylococcus aureus 

bacteria. The results showed a significant difference between the DADMAC treated mesh and the 

untreated polypropylene control. The bacteriostatic rate was calculated for both E. coli (at 86.8%) 

and for S. aureus (at 99.9%). In fact, compared to the untreated control sample, the DADMAC 

treated sample showed a 0.9 log reduction for the Escherichia coli bacterium and a 2.9 log 

reduction for the Staphylococcus aureus bacterium. In addition, it was further observed that the 

polypropylene hernia mesh grafted with DADMAC is able to provide an aseptic environment for 

hernia repair surgery.  

 
5.2 Future Work 

 1) In future studies, the surface uniformity of the DADMAC coated layer needs to be 

improved. From the TOF-SIMS analysis and SEM characterization in this study, the amount of 

coating was not uniformly distributed around each filament. This may have resulted from the 

washing process, or the DADMAC coating may have become detached from certain areas of the 

polypropylene filaments. The PETA crosslinking agent is not soluble in DADMAC solution, 

which made it difficult to mix them together. So the type of crosslinker needs to be reviewed, and 

an alternative improved crosslinking agent and spacer molecule needs to be identified and 

optimized in future work. 
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2) The maximum power for the atmospheric pressure radio frequency plasma system used 

in this study was 300W.  It took several minutes of exposure time to activate the polypropylene 

sample surface using this plasma machine. By changing this plasma system to provide a higher 

energy source it is hoped that the system will be able to provide better control over grafting and 

uniformity on the polypropylene sample surface.  

3) The DADMAC coating will be analyzed to determine how long it can provide a long-

term antibacterial performance. The length of time for maintaining its antibacterial effectiveness 

needs to be tested. Given that research has already shown that agents like silver, chitosan and 

triclosan have some antimicrobial activity, it is proposed that future studies evaluate a hybrid 

approach by mixing DADMAC with these other anti-microbial agents so as to establish a surface 

coating that will better prevent late infections following hernia repair surgery.  

 4) In addition to antibacterial activity, future work will focus on biocompatibility testing 

of the modified and surface treated polypropylene mesh. In vitro assays that evaluate cell 

attachment to the mesh and in vivo animal trials will be considered. Furthermore, both small pore 

size polypropylene and large pore size polypropylene meshes will be evaluated to confirm their 

biocompatibility performance as an antimicrobial hernia meshes.  

5) During the TOF-SIMS analysis certain surface contaminants, like polydimethylsiloxane 

(PDMS), were found on the surface of the commercial hernia mesh products.  It is believed that 

these contaminants were introduced while storing the samples in regular PVC plastic bags. So, it 

is recommended that in the future paper envelopes are used to store the hernia mesh samples. 

6) In addition to evaluating hernia mesh products for their antibacterial performance, other 

properties, such as anti-adhesion, also needs to be considered, since the formation of post-operative 

adhesions is a major complication that frequently occurs following hernia repair surgery.  
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