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The consequences of a biomaterial associated infection 
will generally follow a disastrous pattern regarding the subjected 
patient. In modern times post operative complications following 
abdominal wall reconstructive surgery are reduced to a minimum 
which. consequently, will result in a more prone position for 
infection as a complication. 

Present studies suggest wide ranges of infection rates depending 
on the mesh morphology.This thesis presents a new experimental 
method to systematically investigate the progress of mesh related 
infections using non-invasive bio-optical techniques. A significant 
reduction of animals was seen. Comparative research showed 
significant differences in decease progress as a result of mesh 
morphology. In addition. using bio-optical imaging the number 
of animals was significantly reduced. 

In future perspective. the results presented in this thesis will 
lead to improvements of surgical meshes and the currently presented 
experimental set-up could be used as a efficient and standardized 
evaluation protocol. 
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Stellingen 

beborende bij bet proefschrift 
"Bacterial contamination of surgical meshes" 

1. Toekomstige verbeteringen van chirurgiscbe matjes ten aanzien van infecties zullen met 
name bepaald worden door biocbemiscbe coatingen. ( dit proefschrift) 

2. Bio-optiscbe beeldverwerking is op dit moment de meest optimale techniek om nieuwe 
ontwikkelingen omtrent implantaten te evalueren. ( dit proefschrift) 

3. Een monofilament en bydrofoob matje geeft de minste kans op infectie. (dit proefschrift) 

4. Matjes die kracbten kunnen weerstaan die meer zijn dan de maximale abdominale druk (30 
N/cm), bebben buiten bet verbevigen van een eventuele infectie geen toegevoegde waarde. 
(dit proefschrift) 

5. Steriele omstandigbeden rondom een operatie bestaan niet. 

6. Infectie zal in de toekomst als complicatie relatief een toenemend aandeel innemen in bet 
spectrum van implantaat gerelateerde complicaties. (dit proefschrift) 

7. Daar waar histologiscb onderzoek niet meer is dan bet nemen van een 'screensbot' van een 
belangrijke voetbalwedstrijd, bopende bet doelpunt vast te leggen, is in vivo bio-optiscbe 
beeldverwerking te vergelijken met bet volgen van de live uitzending van de bele wedstrijd. 
( dit proefschrift) 

8. De interactie tussen afweer, biomateriaal en bacterie kan worden opgevat als een 'trias 
politica'; bet biomateriaal bepaalt, bet immuun systeem voert uit en micro-organismen 
controleren. 

9. Door de mogelijkheid van berbaalde analyses bij betzelfde proefdier zullen modellen 
gebaseerd op bio-optiscbe technieken zorgen voor een significante reductie van bet 
benodigde aantal proefdieren (dit proefschrift). 

10. Promovendi zijn net als laboratoriummuizen; voor beide wordt er vanuit gegaan dat bet 
welzijn gewaarborgd is als zij ad libitum beschikken over voedsel en water (koekjes bij de 
gratis koffie). 

11. De antwoorden die worden verkregen bij mediscb experimenteel onderzoek blijken niet van 
toepassing op de vragen van patienten. 

12. De waarde van 'Brownie-points' wordt onderscbat als bet gaat om bet evalueren van 
wetenscbappers. 

13. De athankelijkheid van koffie beeft alle tekenen van verslaving. 

14. Het exponentiele karakter van 'stabiele groei' bewijst dat dit nooit een uitgru g�l:ffih��lffi zijn 
voor een gezonde economie. �,-1 · ! <b� 
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PARTI 

INTRODUCTION 

'A little learning is a dangerous thing bw a lot of ignorance is just as bad.' 
Bob Edwards 





CHAPTER 1 

The Phenomenon of Infection with Abdominal 

Wall Reconstruction 

Anton F. Engelsman, Henny C. van der Mei, Rutger J. Ploeg. 

Henk J. Busscher 

Biomaterials 2007;28:2314-27 

Repuhli,hed with permission of Elsevier, B.V. 





INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 1 

Abdominal wall hernia repairs are performed over 990,000 times each year in 

the USA, which makes it, second only to cataract procedures, the most common 

surgical procedure performed in the USA.1 In The Netherlands, a surgeon is 

consulted in 32% of cases of inguinal hernias and in 8.6% for other types of 

abdominal hernias. 2 Although surgical techniques in hernia surgery improved, 

recurrence used to be a common complication. Therefore, the idea of increasing 

the strength of the abdominal wall by implanting a mesh was explored. The 

introduction of a polypropylene mesh in 1962 by Uscher3 was a breakthrough as 

regards to biocompatibility and comfort. The positive effects of the use of a 

mesh on recurrence of the hernia stimulated the search for an optimal mesh with 

high biocompatibility, low adhesion formation and low infection rates. A large 

number of clinical trials has been published to compare the different types of 

mesh, emphasing tissue adhesion formation, 4 recurrence5 and infection. 6 To date 

a large number of surgical meshes are available for abdominal wall 

reconstruction. They all differ concerning tissue ingrowth, chance of infection 

and rate of recurrence. Surgical meshes on the market are either made of 

absorbable synthetic, non-absorbable synthetic or organic material derived from 

human fascia lata or porcine small intestinal submucosa. The enormous variety 

in materials available implicates important differences concerning interactions 

between surgical mesh and micro-organisms. This interaction is an important as 

well as interesting field for research since infection is the most important 

complication following implantation of a surgical mesh. The aim of this review 

is to provide clinical background on abdominal wall reconstruction, different 

types of surgical meshes employed and clinical outcome as well as known 

mechanisms of infection. 

CLINICAL BACKGROUND TO ABDOMINAL WALL DEFECTS 

An abdominal wall defect or abdominal hernia is defined as a protrusion through 

the abdominal wall of intra-abdominal content with an intact lining of the sac. 

Fig. IA illustrates the normal anatomical situation with the peritoneum covering 

the entire abdominal cavity. Also, the relation between the main anatomical 

13 



PART I - INTRODUCTION 

structures such as the abdominal cavity, abdominal muscles and fasciae, aorta 

and spine is shown. Fig. lB demonstrates a midline abdominal wall defect due 

to detachment of the bilateral rectus abdominis muscles. A hernia sac lined with 

peritoneum protrudes (arrow) through the hernial port of the abdominal fascia 

and muscles and is bilaterally enclosed by the rectus abdominis muscle. A 

protrusion can occur when the abdominal wall is exposed to chronically elevated 

intra-abdominal pressure e.g. due to prostatism, constipation, high physical 

workload or chronic cough in patients with obstructive pulmonary disease.7 In 

this group of patients, hernia repairs can be successful, however surgical 

treatment should be accompanied with sufficient post-operative advice to the 

patient and appropriate lowering of the intra-abdominal pressure. Patient activity 

and technical factors are held responsible for early recurrences after hernia 

repair. Late recurrences are mainly related to aging factors or affected collagen 

build-up. The integrity of the abdominal wall is important for the physical but 

also for the physiological well-being of the patient. Defects do enhance 

malfunction of musculature and the stability of position and balance of the 

human body. Therefore, most hernias are diagnosed upon physical examination 

as a bulge at the site of the hernia increasing with coughing or straining. 8 

Abdominal wall defects can be accompanied by a spectrum of symptoms 

up to profound peritoneal signs when strangulation occurs. The most common 

symptom is a heavy or dull sense of discomfort during straining or lifting. 

Strangulation of abdominal contents in the hernial port is a major complication 

of any abdominal wall defect and is most common in small and newly formed 

hernias. Strangulation of abdominal contents usually presents with extreme pain 

and an acute abdomen and may lead to acute small bowel obstruction due to 

tissue ischemia, necrosis, peritonitis and septicaemia requiring extensive 

resection of the intestine. All these factors result in a high morbidity rate for 

defects of the abdominal wall which will results in social and financial losses. 

14 
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FIGURE 1 (PAGES 15-16). A schematic presentation of the normal anatomy of the 
abdominal wall (A), the mechanism of an abdominal wall defect (B) and the 
possibility of open (C) and laparoscopic (D) implantation of a surgical mesh. 
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INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 1 

The only effective treatment for abdominal wall defects is surgery to restore 

integrity and maintain function of the abdominal wall and prevent incarceration 

and strangulation of intra-abdominal content. In the past, hernia surgery and 

abdominal wall reconstructions frequently have used tense sutures to 

approximate and close a hernial port or defect. This has led to wound 

dehiscence, recurrent hernias and non-healing of the wound due to tissue 

ischemia, with the sutures cutting through the soft tissue.9 The successful repair 

of an abdominal wall defect is based on a tension-free closure to allow wound 

repair, a better collagen restoration and prevention of recurrence. A tension-free 

closure may be accomplished by applying a technique following Ramirez et al.10 

or by the placement of a surgical mesh to relieve tension from tissue 

surrounding the hernial port.11 

To allow the placement of the mesh between the external fascia! layer and 

the rectus abdominis muscles the abdominal wall has to be opened. After 

reducing the hernial sac into the abdominal cavity the defect is covered with a 

surgical mesh (Fig. lC). Fig. 1D illustrates the placement of an intra

abdominally placed mesh by means of laparoscopic surgery covering the 

internal hernial port. Major complications following the use of mesh are intra

abdominal adhesions and erosion of the intestines. Also, infection is a major 

drawback of the use of a implant device, especially if reconstructions are 

performed in contaminated areas. 

In 1990, Ramirez and colleagues10 developed a technique for tension free 

reconstruction of the abdominal wall defects without the use of implant material. 

This technique is based on expanding the abdominal wall surface by 

transposition of the abdominal muscles. With this technique even large defects 

of the abdominal wall can be repaired without the use of mesh. Nevertheless, 

this technique requires major surgery, resulting in a large wound surface which 

predisposes for the formation of haematoma and seroma, infection and possible 

endangering the blood supply of the skin.12 Also, recurrence rates of hernias are 

relatively high.12 For these reasons, the use of a surgical mesh is preferable in 

non-contaminated wounds. 

17 



PART I - INTRODUCTION 

SURGICAL MESHES IN ABDOMINAL WALL REPAIR 

The use of tissue supporting meshes allows a tension free solution for the repair 

of abdominal wall defects, which has decreased the recurrence rates in hernia 

surgery dramatically. 13, 14, 15 Due to the improved clinical outcome, the use of 

surgical meshes has steadily increased. In 2001, in the Netherlands, 

approximately 38% of all abdominal wall defects were repaired using a surgical 

mesh, while this percentage had increased to more than 48% in 2003. 16 

Worldwide, an estimated one million synthetic meshes are used annually in 

surgery. 17,1 8, 19,20,21 With the availability of meshes, also, an intra-abdominal 

approach to repair an abdominal defect using laparoscopic techniques became 

feasible. Laparoscopic abdominal wall reconstruction is minimally invasive, 

results in only small wounds and yields lower recurrence and infection rates. 22 

The strength of the abdominal wall depends on the collagen fascia layers, which, 

in fact, are the structures to be replaced by a proper mesh. From a mechanical 

point of view, abdominal wall implants should become an integrated part of the 

abdominal wall. This requires complete incorporation of the mesh into the 

fascial margins of the defect. In the repair of abdominal wall defects surgical 

meshes can either be placed fully intra-abdominally ( on the surface of the 

peritoneal lining) or in between different anatomical layers of the abdominal 

wall. In both situations the aim of the treatment is to consolidate a musculo

fascial defect without tension on the surrounding tissues. 

Nowadays, absorbable and non-absorbable synthetic meshes as well as 

organic meshes are available. Absorbable synthetic meshes contain glycolic acid 

(GA) and poly(lactic acid) compounds in different ratios. As far as degradation 

kinetics are concerned, it is known that degradation of absorbable meshes 

increases with increasing GA content.23 The most commonly used short-term 

absorbable meshes consist of polyglactin (PG) 910, a combination of glycolic 

and lactic acids in a ratio of 9: 1. This material loses 50% of its tensile strength 

within 2-3 weeks, although, fragments of the polymer are detectable up to 3 
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INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 1 

months after implantation. 24 In contrast, materials consisting of a combination of 

95% lactic acid and 5% glycolic acid maintain their tensile strength for at least 9 

months.25 

Since the introduction of polypropylene (PP) in the 1960's in abdominal 

wall reconstructive surgery, two more polymers have been used to construct 

non-absorbable synthetic meshes: polyester (POL), and expanded 

polytetrafluorethylene (ePTFE). PP is highly biocompatible which results in 

easy host tissue ingrowth and thus the formation of adhesions. Therefore, its 

application is contraindicated when the mesh may be in direct contact with the 

intestines (Fig. 1D) due to formation of adhesions and related complications. 

Law and Ellis have reported severe adhesion formation with PP and POL 

meshes causing bowel obstruction, subsequent erosion and formation of fistulas 

when placed in direct contact with the intestine. 26 In contrast, ePTFE, with its 

low tissue ingrowth rates due to its hydrophobic nature, does not show these 

effects and, therefore, has been accepted for intra-abdominal use. 

The amount of material used as surgical mesh affects the extend of reaction 

of host tissue and influences directly the amount of collagen deposition. A light

weight mesh is constructed with a small amount of material and large pores (e.g. 

Lars®), in contrast to a heavy-weight mesh (e.g. Bard Teflon® mesh). A heavy

weight non-absorbable mesh induces a much stronger host tissue reaction 

compared to low-weight meshes or absorbable meshes, which will result in a 

thicker collagen plate and ultimately more patient discomfort.27,28,29 Due to their 

better abdominal wall compliance and less chronic pain low-weight non

absorbable meshes are favoured for implantation in the abdominal wall 

compared to heavy-weight non-absorbable meshes. 30 In addition, the degree of 

ingrowth of host tissue directly correlates to the tendency of surgical meshes to 

shrink when placed on the fascia. 31 This means that a strong host tissue ingrowth 

reaction to heavy-weight meshes will result in higher contraction rates of the 

mesh, which elevates the risk for recurrency. Although low-weight absorbable 

meshes show sufficient tensile strength, 32 they seem to fail as far as permanent 

strength in the abdominal wall is concerned, supposedly due to fixation 

problems, with as a result elevated recurrence rates. 2933 Therefore, a balance 
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PART I - INTRODUCTION 

between the host tissue response and the mesh material should be sought after in 

the development of surgical meshes.  

Albeit its advantages, the use of a biomaterial in abdominal wall 

reconstructive surgery also increases the risk of complications, such as mesh 

related infection, intestinal adhesion formation and general discomfort. Despite 

these concerns the use of a mesh remains superior to a suture repair with regard 

to recurrence rates, regardless of the size and location of the hernia.5 Infection of 

biomaterial applications, including surgical meshes, is especially troublesome as 

a biofilm is formed on the mesh. Micro-organisms in this biofilm are protected 

against the host immune response and the antimicrobial attack. 34,35 This will 

often lead to major complications, which can be potentially life-threatening, and 

will in the majority of cases result in removal of the mesh. 36 

PHYSICAL APPEARANCE OF SURGICAL MESHES 

Significant differences exist between the available surgical meshes, which 

include type of material, amount of yarns and type of construction. In 1997, 

Amid et al. 37 was the first who classified surgical meshes used for hernia repair 

according to their pore size. He distinguished four different groups. Group I 

consisted of all macro-porous prostheses with a pore size larger than 75 µm (e.g. 

Atrium®, Marlex®, Prolene®) .  Group II consisted of all totally micro-porous 

prostheses with a pore size less than 10  µm (e.g. Gore-Tex® meshes) . Group III 

contains biomaterials with macro-porous meshes with multifilament or micro

porous components (e.g. Bard Teflon®, Fluoropassiv® and Surgipro™ ) , and 

group IV consisting of biological meshes with submicron pore size constructed 

from human or animal fibro-connective tissue (see also Table 1 for an overview). 

ABSORBABLE MATERIALS 

Absorbable materials for surgical meshes in reconstructive abdominal wall 

surgery have been developed because of the reported long-term risk of infection 

and patient morbidity when permanent, non-absorbable materials are used. The 

materials to fabricate absorbable surgical meshes are PG 910 or polyglycolic 

acid (PGA). Theoretically, absorbable meshes give acute support in the defect 

20 



INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 1 

abdominal wall and allow fibro-connective tissue to take over the functional 

repair when the mesh is completely absorbed. Nevertheless, results of long-term 

follow-up data on absorbable materials have not provided any conclusive 

advantages as regards recurrences compared to the suture repairs. Tyrell et al.,42 

observed no hernia recurrences with non-absorbable meshes in a rabbit model, 

but all rabbits repaired with absorbable materials had recurrent ventral hernias 

within 10 weeks of follow-up. 

The massive formation of fibro-connective tissue around regular non

absorbable meshes is held responsible for patient complaints concerning 

restriction in mobility of the abdominal wall. Combining the needs for reduction 

of mesh material whilst retaining the required strength resulted in composite 

meshes, in which absorbable and non-absorbable materials are combined. The 

combination of absorbable and non-absorbable materials gives acute strength 

during the first weeks after implantation. When the absorbable residue of the 

mesh is replaced by collagen fibres only a low-weight non-absorbable part 

ensures permanent strength in combination with low patient morbidity. 

Reduction of the mesh material by replacing non-absorbable material with 

absorbable material gives a combination of acute strength, long term stability 

and a more flexible fibro-connective abdominal plate.43 Therefore, the future for 

the use of absorbable materials in abdominal wall reconstructive surgery lies in 

composite mesh grafts. 

NON-ABSORBABLE SYNTHETIC MATERIALS 

Synthetic materials are made of polymer chains which offer the benefit of an off

the-shelf availability when they are needed. For a synthetic material to be 

accepted for clinical use, it has to be incorporated without extensive host tissue 

reaction, which implies a favourable interaction between host and implanted 

material. Since the introduction of polypropylene in 1962 four main groups of 

different materials has become available for abdominal wall reconstruction: PP, 

polytetrafluorethylene (PTFE), ePTFE and POL. PP, POL and PTFE can be 

worked up in different ways (monofilament or multifilament yarns and a knitted 

or woven structure) to form a broad variety of available meshes. 
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PART I - INTRODUCTION 

TABLE 1 .  Scanning electron images of commonly used non-absorbable surgical 
meshes, together with the main differences in 
structure, mesh strength and surface area. 
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INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 1 

In Table 1 a number of different meshes is listed, including some mesh

specific features which influence collagen build-up and/or bacterial colonization. 

Yarn diameter and high tex-index of Bard Teflon clearly show that this is a 

heavy-weight mesh, which will induce a massive host tissue reaction. High 

water contact angles on the mesh means a hydrophobic surface ( as seen with 

Marlex®, Gore-Tex® and Bard® Teflon meshes), which reduces the bacterial 

colonization of the meshes. In contrast, Fluoropassiv® mesh is hydrophilic as 

shown by the lower water contact angles, which is induced by a gelatine coating. 

A hydrophilic mesh may help promote better biocompatibility during the first 

weeks after implantation. 38,44 The advances of multifilament yarns are mainly 

practical, since a multifilament yarn increases its ease of use due to an increased 

flexibility. Also, multifilament yarns are suggested to increase the opportunity 

for micro-organisms to attach and colonize the mesh, due to a relative protection 

from the niches present in multifilament yarns. 39 

Despite numerous new developments, monofilament PP remains the most 

commonly used material for surgical meshes, because of its low infection rate. 
45 ,46,47 Due to large pore size and biocompatibility of the material it allows 

relative easy tissue ingrowth and inflammatory cell response on the surface of 

the material. However, there are growing problems concerning the use of PP 

mesh in the repair of large ventral hernias, as the meshes tend to shrink and 

migrate to neighbouring organs while inducing the formation of dense adhesions 

with the intestines and even fistulization to the intestinal lumen. 6,48,49,50,5 1  

Formation of adhesions are a growing concern since the laparoscopic hernia 

repair technique, in which the mesh is placed in direct contact with the 

intestines, has proved successful on reducing infection rates and recurrence rates 

compared to open techniques. 1 9,22,52,53 Therefore, with advanced laparoscopic 

techniques using intra-peritoneal placement of the mesh, new materials and 

modifications are developed to cope with extensive adhesion formation. One 

example of a low-adhesive mesh is ePTFE. The micro-porous character of this 

material reduces host tissue ingrowth rate and thus the formation of adhesions. 

Therefore ePTFE can be safely placed in direct contact with the intestines. At 

the same time, this aspect of ePTFE mesh reduces the accessibility of micro-
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organisms which are hidden in the porous material for antimicrobial agents and 

the host immune system. Therefore, when ePTFE meshes are infected, treatment 

requires the removal of the device. 54,55,56,57 

ORGANIC MATERIALS 

Further development of organic meshes for abdominal wall reconstruction was 

mainly stimulated by the persistence of complications with synthetic materials. 

Research and development in the field of organic materials for abdominal 

reconstruction is increasing, although organic materials do carry a number of 

risk factors compared with synthetic meshes (such as immunologic rejection and 

potential transmission of viral disease). Organic materials however yield low 

infection rates. Ansaloni and colleagues compared the use of porcine small 

intestinal submucosa (Surgisis®) to PP mesh and observed that post-hernioplasty 

acute and chronic discomfort and analgesic consumption were lower in the 

Surgisis® group. 58 Also, infection rates in a group of immunodeficient, HIV

positive and transplant patients were lower with the use of Surgisis®.59 

MESH INFECTION 

Infection is one of the most devastating complications following implantation of 

any implant material. The primary abdominal wall reconstruction with a mesh is 

considered as clean surgery and the incidence of postoperative mesh infection is 

1 -2 % of all grafts.60,61 Depending on the type of mesh the change of infection 

seems to differ slightly. Repairs of incisional hernias is considered as 

contaminated surgery, due to the significantly higher infection rates described 

with these repairs. 62 Bacterial colonization of biomaterial surface will interfere 

with adequate host tissue integration. 63 Several studies conclude that wound

infection is a risk-factor for recurrence of hernia, which stresses the need to 

prevent this situation in individual patients. 64 Therefore, the use of non

absorbable mesh, which is frequently required for repair of large and often 

complex, abdominal wall defects, is associated with an increased risk of wound

related complications. 
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Bacterial colonization occurs in approximately one third of all surgical 

meshes implanted, even after years of implantation and also without clinical 

signs of infection. 65 A large number of clinical studies have been published on 

infection rates of abdominal wall implants, demonstrating that the incidence of 

infection depends heavily on mesh type and surgical technique applied. PP 

meshes show infection rates ranging from 2.0-4.2 %.7,52,66,67,68 In contrast, 

ePTFE show more wide-ranging infection rates ranging from 0.0-9.2 % when an 

open surgical approach is used,6,54,55,56,57,69 and only 0.0- 1 .0 % when a 

laparoscopic approach is used.64,7o,7 i ,72,73,74 Multifilament POL meshes show the 

highest infection percentages ranging from 7.0- 1 6  %,6,75 where monofilament 

POL meshes show infection percentages comparable with PP meshes.48,76,77,78 

These findings feed the assumption that multifilament yarns are more 

susceptible to bacterial colonization compared to monofilament yarns. 

Scott et al.79 reviewed 10 randomized prospective studies comparing open 

mesh with open non-mesh techniques for inguinal hernia repair. They showed 

significantly higher infection rates and a lower recurrence rate when the use of 

mesh was compared to non-mesh techniques.  Their results suggest that the 

incidence of recurrence is lowered with the introduction of mesh but when 

infection occurs problems concerning recurrence are of great proportion. 

Infection that requires removal of the patch will generally result in recurrence, 

as this must be repaired primarily. On the other hand, the use of collagen mesh 

may allow immediate repair, but this is associated with a high failure rate. A 

staged repair will be necessary in the future in most patients. 64 The presence of 

micro-organisms has been demonstrated in zones of tissue repair and specifically 

in areas of chronic foreign body reactions.80 In the presence of a biomaterial, 

infection alters tissue infiltration and so interferes with the repair process, 

leading to significant changes in host tissue that may, in the abdominal wall, 

give rise to hernia recurrence and the need of replacement of the mesh. In 

several cases the removal of the infected biomaterial will be necessary to 

eradicate the infection. This is particular I y true if the mesh contains a 

component of ePTFE.55 ,64,73,8 1 
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Recently, a number of publications described the onset of infection of the 

mesh, involving abscess formation, with a striking delay of up to 39 months 

after implantation.61,82,83,84,85 A possible explanation for the delay of this 

complication is the continuing presence of bacteria from the introduction during 

surgery onward. In most cases the bacteria are protected from the immune 

response of the host and antibiotics by a biofilm. Accordingly, Leber et al.6 

described the clinical manifestation of mesh infections with a mean delay of 6 

months. 

Infection of a mesh results in increased patient morbidity due to secondary 

operations, impaired wound healing and functional loss of the abdominal wall, 

significantly extended hospital stay. Therefore, biomaterial centred infections 

should be prevented at all times. 

BACTERIAL PROPERTIES DETERMINING COLONIZATION OF AN IMPLANT 
DEVICE 

In order to adhere, bacteria undergo functional changes when they are in contact 

with a surface. Part of this process is the production of slime, which enhances an 

irreversible and strong adhesion. The metabolic changes that contribute to these 

functional alterations of attached micro-organisms have not been elucidated, but 

it has been suggested that this is almost solely induced by the surrounding 

environment. 86 In general, slime-producing micro-organisms survive better on 

implant surfaces than non-slime producing micro-organisms and therefore, slime 

production is a major pathogenic property of bacterial strains that form biofilms 

on surfaces.63 

Staphylococcus epidermidis preferentially adheres to polymers and 

Staphylococcus aureus to metals, which explains why the first one often causes 

polymer implant infection and the latter is the major pathogen in metal implant 

infections. When micro-organisms have adhered to a biomaterial surface they 

are protected against phagocytosis, as the micro-organism and biomaterial 

together are too large to ingest. Zimmerli et al.35,87 reported that the activity of 

phagocytosis and polymorphonuclear leukocytes is decreased in the presence of 

a biomaterial. Little, however, is known about biofilm formation on implanted 
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surgical meshes in the abdominal wall. Common biofilm forming bacterial 

species on surgical sutures, which are made of similar material to that of surgical 

meshes, are S. aureus and S. epidermidis. In vascular grafts, commonly made of 

ePTFE, these are mainly Gram-positive cocci.36 Enteric micro-organisms (e.g. 

Escherichia coli and enterococcal strains) are also known to be capable of 

biofilm formation, and thus have to be considered as relevant species for 

abdominal wall implant infections, especially when intra-abdominal surgical 

techniques and placement of the mesh is involved (Table 2). 

In several clinical studies micro-organisms have been determined, which 

have caused abdominal wall implant infection (see Table 2). S. aureus, S. 

epidermidis and E. coli were involved in the majority of cases reported as the 

cause of the mesh infection. Almost all studies on abdominal wall implant 

infections report the presence of multiple bacterial strains per patient.55,61 ,ss ,s9 

Therefore, long-lasting infections on surgical meshes in the abdominal wall 

should be considered as consisting of multiple different bacterial strains. This 

feature yields that the options for treatment of these infections are narrowed due 

to strain dependent action of antibiotic agents. 

BIOMATERIALS PROPERTIES INVOLVED IN BIOFILM FORMATION 

Only scarce information is available about the dependence of bacterial adhesion 

on the actual chemical composition of polymeric surfaces. Speranza et al.93 

showed in an experimental study using E. coli that the Lewis acid-base 

interaction between surface and micro-organism plays an important role in 

strengthening bacterial adhesion. Gottenbos et al.94 showed that positively 

charged disks decrease the growth potential of Gram-negative bacteria, such as 

E. coli, in a rat-model. On the other hand, negatively charged mesh biomaterials 

facilitate host cell adhesion, growth and proliferation95,96 and host vessel 

ingrowth,97 which will indirectly protect the biomaterial from colonization of 

micro-organisms. Furthermore, specific chemical surface interactions between 

micro-organism and biomaterial or its conditioning film strengthen or reduce 

adhesion. 
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Wettability depends either on the material of which the surface consists or 

on the conditioning film on the substratum surface. For example, metal surfaces 

are hydrophilic as shown by low water contact angles and are negatively 

charged. Polymers, such as ultrahigh molecular weight PP or PTFE, are 

hydrophobic as shown by high water contact angles and are less electrostatically 

charged (see Table 1 for water contact angles)38 Bacterial adherence on surfaces 

is influenced by the wettability of the material, bacterial strain and material type. 
98,99, 1 00 According to Davidson and Lowe decreased wettability, with lower water 

contact angles, reduces the incidence of attachment of E. coli during the first 4 

hours of investigation, which is the reversible first stage of bacterial adhesion on 

the biomaterial surface.10 1  S. aureus has shown significantly less adhesive 

potential to extremely hydrophobic ePTFE patches compared to less 

hydrophobic PP mesh. As shown in the next paragraph, wettability directly 

influences protein adsorption on the biomaterial surface and thus the 

composition of the conditioning film surrounding the biomaterial. The 

composition of the conditioning film influences host tissue ingrowth and 

bacterial adhesion and colonization on the biomaterial surface. 

ENVIRONMENTAL PROPERTIES AND CONDITIONING FILM 

Adhesive potential and the formation of a biofilm on a implant device depends 

on the environment in which the device is introduced and the material aspects of 

the mesh itself. Proteins from the environment are adapted in a fluid-protein 

layer, the so-called conditioning film, surrounding the implanted device.102 This 

layer directly influences potential of adhesion and the potential of forming an 

infection threat of micro-organisms. In addition, physico-chemical material 

properties of the introduced mesh have been shown to be of significant influence 

on the composition of the conditioning film.103 The characteristics of the 

conditioning film are of great influence on the type of biofilm that will grow on 

it. 
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TABLE 2. An overview of reports on isolated bacterial strains from abdomnal wall 
infections after abdominal wall reconstructive surgery with or without the use of a 
surgical mesh. 

Author Mesh material Surgical indication Isolated bacterial strain 

Rios et al.88 pp 

Petersen et al. 55 pp 

ePTFE 

POL 

Miranda et al.89 No mesh 

Taylor and O'Dweyer6 1 Not reported 

Case reports67,90,9 1 •92 PP, ePTFE 

S. aureus 
Incisional hernia repair S. epidermidis 

Streptococcus pyogenes 

S. aureus 
Incisional hernia repiar Coagulase negative Staphylococcus 

P-heamolitic streptococcus 

Incisional hernia repiar 

Incisional hernia repair 

Hysterectomy 

Inguinal hernia repair 

Ventral and inguinal 
hernia repair 

S. aureus 
E. coli 
Enterococcus 
Coagulase negative Staphylococcus 

Coagulase negative Staphylococcus 
Acinetobacter baumanii 

S. aureus 
Mycop/asma hominis 
E. coli 

S. aureus 
Proteus 
Group B streptococcal strains 
Peptostreptococci 

Mycobacterium fortuitum 
Staphylococcus /ugdunensis 
Mycobactrerium goodie Methicilin
resistent S. aureus 

In the abdominal wall, the mesh is surrounded with blood and interstitional 

fluid, in which proteins like albumin, immunoglobulin, fibrinogen and 

fibrinectin are present. Not only the location of the implanted device, the 

physico-chemical properties, i.e. chemical composition, wettability and charge, 

of the surface of the mesh affect the composition of the conditioning film. 

Hydrophobic surfaces have a higher affinity for the adhesion of complement C3, 

fibronectin and vitronectin compared to a higher absorption of IgG and albumin 

on hydrophilic surfaces. 104 In this regard, it is known that a hydrophobic surface, 
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e.g. with Marlex® and Gore-Tex® meshes, adsorbs less proteins with relatively 

more albumin, when exposed to blood serum. In contrast, hydrophilic surfaces, 

e.g. with Bard Teflon® and Fluoropassiv® meshes, a higher concentration of 

fibrinogen is found in the conditioning film.103 

Francois et al.105 have described molecular mechanisms of S. aureus 

attachment to host protein-coated biomedical implants. These interactions 

involve specific surface proteins, so called bacterial adhesins, which recognize 

specific domains of host proteins deposited as a film on indwelling devices, such 

as fibronectin, fibrinogen, fibrin or albumin. In addition, in a study with central 

venous catheters coated with plasma proteins, a major contribution to the 

adhesion and colonization of S. aureus was delivered by fibronectin and 

fibrinogen.106 Albumin is, for unclear reasons, a strong adhesion inhibitor 

although changes in wettability and steric hindrance are proposed mechanisms. 
104 

MONO- AND MULTIFILAMENT YARNS 

To create a strong mesh, the diameter of the threads can be made larger, and 

formed into a monofilament mesh, or several threads can be woven or knitted 

together to form a dual- or multifilament mesh. Multifilament meshes are 

thought to increase the infection rate. In 1982, Sharp et al. 107 analyzed the effect 

of 16 different suture materials on the infection rate in mice. They found lower 

rates in monofilament materials in comparison to multifilament materials. In 

1979, Osterberg and Blomstedt 108 reported an increased inflammatory tissue 

reaction in the presence of S. aureus with multifilament sutures in particular. 

Furthermore, they found a significantly increased persistence of bacteria in the 

wound for up to 41  days after surgery for multifilament compared to 

monofilament sutures. Klinge et al.39 showed in their study a significantly higher 

adherence rate of S. aureus in multifilament PP meshes comparing monofilament 

PP meshes. They concluded that the large surface area and the existence of 

niches in multifilament meshes promote the persistence of bacteria in the 

implant bed, by directly influencing the surface roughness and, secondarily, 

surface wettability (see paragraph 4.2). The data Merritt109 has gathered, 
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confirmed that the infection rate with multifilament sutures ( or porous materials) 

is greater than with monofilament sutures (or solid materials) when the 

organisms are encountered at implantation (acute model) and indicate that a 

significant risk of infection may occur when only a few organisms are on a 

device at implantation. Even in highly sterilized alloplastic operations bacterial 

colonization has been observed in up to 40% of cases. 60 

Rechberger and colleagues 110 found a thicker and more compact collagen 

build-up around multifilament PP urinary tract suspension tapes in a rat model. 

They concluded that the stronger inflammatory reaction induced by the 

multifilament tapes comparing to monofilament tapes was responsible for the 

collagen build-up. The thicker and more compacted collagen bundles are created 

around multifilament so the natural tensile strength of the surrounding tissue is 

probably higher. In addition, Beets et al. 111 found significantly more foreign 

body reaction to the multifilament Surgipro ™ mesh comparing to the dual

filament Prolene® mesh. 

Dual-filament meshes are available but studies in which the infection rate is 

systematically compared to monofilament or multifilament materials have not 

been conducted. Multifilament materials are thought to be at significantly higher 

risk for bacterial colonization due to its increased surface area up to 157% 

compared to monofilament yarns. 39 The existence of niches prevents the host 

tissue ingrowth and inflammatory reaction from eradicating all bacteria. 1 12  These 

bacteria are able to stay on the surface of the implanted material for years and 

produce late infections or abscess formation. Also, bacteria have now the 

opportunity to form a biofilm and be counter productive on the integration of the 

biomaterial. In hernia repair this can lead to insufficient adherence of host tissue 

and elevated recurrency rates. 

PREVENTION OF MESH INFECTION 

A biofilm on a surface is capable of resisting antimicrobial agents due to the 

protective mechanisms. When a biofilm has formed, initiation of antibiotic 
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treatment should be considered too late and the only option for treatment is now 

removal of the implanted device. Therefore, adequate prevention of a full-blown 

biomaterial centred infection should aim at the first contact of a micro-organism 

with a biomaterial. Studies on the prevention of biofilm formation are mainly 

focusing on altering the surface of a biomaterial to inhibit bacterial attachment 

and on reducing the bacterial load by reducing the number of planktonic bacteria 

on the implant side by antibiotics. Merritt et al. 1 1 2 concluded that a fast and close 

incorporation by host tissue lowered the chance for bacteria to adhere on the 

biomaterial surface and thus lowers infection rates. The theory behind these 

findings is that when the device is incorporated easily by the host, the host tissue 

and the host immune system are brought close to the biomaterial surface 

optimizing the protection of the device from micro-organisms. 63 Furthermore, 

when biocompatibility is low a barrier of fibro-connective tissue prevents the 

host immune system to migrate to the biomaterial surface. Therefore results 

from studies on increasing biocompatibility could be considered of enormous 

value for the prevention of biomaterial related infections .  

MESH COATING 

Since bacterial adhesion on the biomaterial depends on the material surface 

aspects of a device, mesh coating has been a subject of research for a long time. 

Several types of biomaterial coatings have been studied as regards of their 

infection rate, host tissue ingrowth and intestinal adhesion formation (Table 3). 

Klinge and colleagues43 coated a PP mesh with absorbable PG, which 

resulted in significantly elevated tissue ingrowth rate. Sharp et al. 107 concluded 

in a large study on natural and synthetic suture materials that lubricating 

coatings on suture materials has no effect on infection rates. In contrast to 

smoothening the material surface, decreased wettability seems to have an effect 

on the attachment of bacteria; Davidson and Lowe 10 1 treated polymers to 

decrease hydrophobicity which reduced the incidence of attachment of E. coli 

after 16 hours of cultivation. Gottenbos et al.94, 1 24 saw reduced growth of Gram

negative bacteria on polymers with a positively charged coating. Both findings 
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could be of great importance since the crucial strategy of preventing biomaterial 

related infections is to prevent initial bacterial attachment and growth. 

TABLE 3. A list of biomaterials coatings used in experimental studies on different 
surgical meshes for abdominal wall reconstructions, with their specific actions on 
host tissue ingrowth or bacterial colonization on the material surface. 

Research 

Klinge et al.43 

Soares et al.38 

Lehle et al. , 1 13, 1 1 4 

Scheidbach et al., 1 1 5  

Junge e t  al. 1 1 6  

Saygun e t  al. 1 1 7 

Klueh et al. 1 1 8  

Yelimlies e t  al. 1 1 9  

Kapischke e t  al., 1 20 

Kyzer et al. 1 2 1  

Van 't Riet et al. 1 22 

Sobinsky et al. 123 

Coating 

Polyglactin 

Gelatin and fluorocarbon 

Titaniumcarboxonitride 

Gold, Gold-Palladium 

Silver 

Carboxymethylcellulose 

Human fibroblasts 

Collagen 

Glucosaminoglycan-
keratin luminal 

Mesh material Action 

pp Increases host tissue 
ingrowth 

POL Increases biocompatibility 

Increases host tissue 
PP, PTFE ingrowth and reduces 

bacterial attachment 

pp Prevents bacterial 
colonization 

Poly(ethylene) Reduces bacterial 
terephthalate fabric attachment 

pp Reduces the incidence of 
adhesions 

PP, PGA Yields positive effects on 
wound healing 

Decreases adhesion 
pp formation, but increases 

infection rates 

PTFE 
Initiates bacterial 
destruction 

Several studies show that titanium coatings on PP serve better 

biocompatibility and also reduce attachment of micro-organisms. 1 13, 1 14, 1 1 5, 1 1 6  

W.L.Gore & Assoc. introduced an ePTFE mesh, coated with two antimicrobial 

agents (silver carbonate and chlorhexidine diacetate), which inhibit bacterial 

colonization on the patch for up to 10 days post-implantation. Recently, Saygun 

and colleagues117 successfully coated a PP mesh with gold and gold-palladium 

which are both known as antimicrobial agents. Also, the antimicrobial aspects of 

a silver coating were tested on a polyethylene terephthalate fabric which 

successfully reduced bacterial attachment. 118 

In addition to research aimed at the anti-microbial functions of metals, 

some biochemical coatings have been tested in experimental studies. In these 
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studies, carboxymethylcellulose coating 1 1 9  (the combination of gelatine and 

fluorocarbon) together with PP, which was coated with human fibroblasts, 1 20• 1 2 1  

did increase biocompatibility. Also, an increased biocompatibility was found 

with PP meshes coated with collagen in a rabbit model, however infection rates 

increased.1 22 

ANTIBIOTICS 

Bacterial susceptibility for a pharmacological treatment is significantly reduced 

when a polymeric devices is present. 1 1 8 , 125, 1 26, 1 27, 1 28 To be able to deliver 

antibiotics in close range to the biomaterial and additionally kill potentially 

adhesive micro-organisms, antimicrobial coatings have been developed. In an 

experimental study with dogs, cefoxitin-coated vascular PTFE grafts showed 

significant protection of the graft lumen during an induced bacteraemia.1 23 

Recently, Aufenacker and colleagues 1 29 could not prove a significant effect on 

infection rate of a preoperatively administered single dose of cephalosporin in a 

double-blind placebo-controlled multi-centre trial using the Lichtenstein repair 

technique. Therefore, they concluded that there is no indication for antibiotic 

prophylaxis during a Lichtenstein inguinal hernia repair. Despite this standard, 

clinical routine still uses a single prophylactic dose of systemic antibiotics at the 

moment of implantation to prevent biomaterial centred infections in the 

recovering patient. 

RECENT DEVELOPMENTS 

Until recently, much emphasis to reduce infection has been directed towards 

preventing bacterial colonization on biomaterials during the initial bacterial 

attachment stage. New insights have now been reported on enzymatic 

interactions with biofilm formation. Kaplan and Ragunath 1 30 demonstrated in a 

dental study the possibilities of enzymatic detachment of biofilms from synthetic 

surfaces. When a biofilm is detached it is more likely to be overtaken and 

cleared by antibiotics in combination with the host immune response. 

Yelimlies and colleagues119 concluded that a carboxymethylcellulose 

coating on the visceral face of PP mesh reduced the incidence and severity of 
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adhesions without impairing wound healing. After positive results of human 

fibroblast coated PGA meshes on wound healing, 121 Kapischke and colleagues 120 

proved the feasibility of coating synthetic meshes with human fibroblasts. Both 

studies need further refinement in order to show the effects of the coatings on 

adhesion formation and clinical infection rates. 

Several studies aim at the effects of ultrasound on bacterial cell growth and 

in the treatment of biomaterial centred infections. Ultrasound, however, can not 

replace antibiotic treatment since it reduces biofilm formation only selectively 131 

or, when applied in a too low intensity, will even increase bacterial growth.132 

The antimicrobial effect of antibiotics is enhanced when ultrasound is added to 

either systemic or locally applied antibiotic treatment. This phenomenon is 

called the bioacoustic effect, which is based on the theory that ultrasound waves 

enhance the transportation and penetration of molecules in the biofilm. In theory, 

this might result in higher nutrient concentrations in the biofilm allowing it to 

grow faster. Also, when antibiotics are applied the penetration in the biofilm is 

enhanced increasing the effect of the treatment. Several studies have shown a 

positive effect of ultrasound in addition to treatment with gentamicin against E. 

coli on polyethylene disks131 and on bone cements.133 Also, positive effects on 

the vancomycin treatment against S. epidermidis on polyethylene disks were 

seen when ultrasound was applied.134 When the contribution of low-frequency 

and high intensity ultrasound in the presence of an antibiotic agent micro

organisms may be removed and killed, 135 which could be of major importance to 

treat biomaterial centred infections in the future. 

CONCLUSIONS 

To date, the use of a surgical mesh forces the clinician to choose between the 

risks of prosthesis-related complications versus a suboptimal treatment without a 

device and high recurrency. Infection is the most devastating complication when 

a device is involved resulting in long-term morbidity and ultimately removal of 
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the implanted material. Published results of evaluation studies show a wide 

range of infection rates depending on the surgical techniques and the type of 

mesh used. A prospective clinical study comparing different surgical meshes on 

infection rate as primary end-point as well as an comparative in vitro trial on 

bacterial colonization and biofilm formation has never been conducted. We 

conclude that the knowledge of the mechanisms of bacterial adherence and 

biofilm formation is still in its infancy and requires further intensified research 

efforts to develop a clinical applicable mode of treatment which is medically 

satisfactory and comforting for the individual patient. 
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Infection is one of the most devastating complications following implantation of 

any implanted material. Primary abdominal wall reconstruction with a mesh is 

considered as clean surgery and the incidence of postoperative mesh infection is 

approximately 2 % of procedures when a use of grafts.1,2 However, bacteria are 

present on approximately one third of all implanted meshes without clinical 

signs of infection, even many years after implantation.3 Bacterial contamination 

on a biomaterial interferes with tissue integration and may results in failure of 

the implant, repetitive surgery, increased hospital costs and increased patient 

morbidity. Removal of a contaminated surgical mesh from the abdominal wall 

will leave a defect for which a new implant is needed. Implanting a graft, 

however, in an infected area is contra-indicated, since re-infection is likely to 

occur. This situation is a major dilemma for the surgeon in which optimal 

treatment options do not exist and a staged repair usually provides the best 

results in most patients. Therefore, biomaterial centred infections should be 

prevented at all times and costs. 

PATHOGENESIS OF IMPLANT RELATED INFECTIONS 

Table 1 lists the most common pathogens involved in mesh related infections. 

Staphylococci are involved in the majority of implant related infections. In the 

abdominal area, intestinal strains, like e.g. Escherichia coli and enterococci, 

often complete a co-culture with staphylococci on the infected mesh. Less 

regular species such as fungi and Pseudomonas aeruginosa are also found in co

cultures with the staphylococci or enterococci. An essential factor of virulence is 

the formation of a bacterial biofilm in which micro-organisms can coexist and 

exchange genetic information. The biofilm state of growth is slow, in contrast to 

the fast multiplication in the planktonic state of growth. Changing the 

multiplication rates and consequently their metabolism renders bacteria more 

resistant to antibacterial agents. In addition, in the biofilm state of growth, 

bacteria express a number of specific phenotypical changes, including the 

formation of a slime layer, which create an environment ideal for the bacteria to 
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survive anti-microbial agents. Consequently, bacteria in a biofilm are 100 times 

more resistant to antibiotics compared to its planktonic equivalent.4 

Table 1 .  Common pathogens found in abdominal wall infection following surgery with 
or without an implant. 

Mesh material 

Polypropylene 

ePTFE 

No mesh 

Reported strains 

Staphylococcus aureus 
Staphylococcus epidermidis 
Coagulase-negative staphylococci 
P-heamolitic streptococci 

Staphylococcus aureus 
Escherichia coli 
Enterococci 
Coagulase-negative staphylococci 

Staphylococcus aureus 
Escherichia coli 
Mycoplasma hominis 

References 

5, 6  

6 

7 

The presence of a biomaterial in the wound increases the risk of infection 

by reducing the resistance of the host to bacterial invasion. The human immune 

system is capable of discarding several millions of organisms from a 

contaminated site when no foreign materials are involved. However, a classical 

study in men showed that only several hundreds of bacteria (Staphylococcus 

aureus) were required to induce an implant related infection.8 Furthermore, the 

relatively a-virulent Staphylococcus epidermidis, normally not capable of 

establishing infection, is the most common pathogen in implant related 

infections. A number of clinical publications has described the onset of infection 

of a mesh, involving abscess formation, with a striking delay up to 39 months 

after implantation.9, 1 0  In contrast to the delay of clinical symptoms of infection, 

bacteria are known to be present in low numbers from the moment of 

implantation. A possible explanation for the delay of infection is that these 

bacteria continue to be present in a latent way on the surface of the biomaterial, 

waiting for an opportunity to thrive. Consequently, an episode of decreased 

function of the immune system could trigger the destructive growth of the 

bacteria resulting in an infected implant. 
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Peri-operative contamination of the implant is believed to be the most 

common cause of implant related infections. This contamination can occur as 

early as before implantation by airborne bacteria or during insertion of the 

biomaterial by bacteria present on the patients skin.11 Numerous techniques, e.g. 

improvement of sterilization, laparoscopic surgery, and proper infection control 

guidelines, have greatly diminished the likelihood of infection.12 However, 

invasive bacteria can be found at approximately 90% of implantation sites 

immediately after orthopaedic surgery.13 It is also assumed that bacteria can 

reach an implant via the haematogenous route at any time after implantation, 

especially when tissue integration is incomplete. Skin infections, surgical or 

dental interventions, pneumonia, abscesses or bacteriuria can cause temporal or 

chronic bacteraemia. Since some strains are capable of surviving in 

macrophages and macrophages are attracted to a biomaterial surface due to the 

foreign body reaction, macrophages may play an important role in transporting 

haematogenous bacteria to the implant surface.14 Also, intestinal micro

organisms may translocate to the abdominal cavity due to increased pressure 

inside the intestines after surgery.15 There is evidence that the host might be 

immuno-tolerant to some of these organisms, 16 which might be an 

underestimated factor of virulence causing implant related infections, which is 

especially important in the case of abdominal surgery. 

BIOMATERIALS PERSPECTIVE 

Distinct differences exist between commercially available surgical meshes. 

These differences include type of material, number of yams, and type of 

construction and all these factors stimulate or prevent ingrowth of host tissue. 

Tissue integration not only offers protection against infection of the biomaterial, 

but is also highly functional abdominal wall repair. However, as a side effect, 

these morphological properties also influence bacterial adhesion and 

colonization of the mesh. The studies listed in table 2 show major differences 

and suggest that the incidence of infection depends heavily on the mesh type. 
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Table 2. Reported infection rates with different types of mesh materials and 
implantation techniques, as listed by Engelsman et al . 1 7  

mesh type Infection rate (%) References 

Polypropylene 2.0-4.2 1 8, 19, 20, 2 1 , 22 

Multifilament polyester 7.0- 16 10, 23 

ePTFE ( open repair) 0-9.2 10, 24, 6, 25 

ePTFE (laparoscopic) 0- 1 .0 26, 27, 28, 29, 30 

The infection rates listed in Table 2 have wide ranges, especially for 

multifilament polyester and ePTFE meshes in open repair. This is due to several 

factors, including differences amongst researchers on the definitions of mesh 

infection, surgical techniques involved and surgeons experiences. Therewith, 

clinical infection rates do not always enable reliable comparison of different 

meshes. Recently, in vitro experiments comparing bacterial behaviour on several 

morphologically different meshes showed that the morphological aspects of the 

meshes heavily influence biofilm growth and slime formation. 3 1  Table 3 shows a 

selection of commonly used surgical meshes with a representation of the most 

striking differences in wettability due to material type and surface area due to 

the number of filaments used. Note that the contact angles reported in Table 3 

are not directly comparable to contact angles on smooth polypropylene or 

Teflon, which is due to an influence of the mesh structure. 

Table 3. Differences in material type, water contact angle32 and surface area33 of 
three commonly used surgical meshes. 

Mesh Material 
Wettabillity Filament Surface area 
(degrees) structure (cm2 cm-2) 

Marlex� Polypropylene 130 ± 6 Mono 2.59 

SurgiProTM Polypropylene NA Multi 3 .25 

Bard® Teflon PTFE 99 ± 3  Multi 4.29 
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THE INFLUENCE OF PHYSICO-CHEMICAL PROPERTIES OF BIOMATERIALS USED 
FOR SURGICAL MESHES ON BACTERIAL ADHESION AND BIO FILM FORMATION 

Little research has been done on the influence of the physico-chemical 

characteristics of the biomaterial surface of a surgical mesh in relation to 

bacterial adhesion and biofilm formation. In vitro studies on the interaction 

between bacteria and surfaces of implants have shown that surface roughness 

and surface free energy influence bacterial adhesion. Quirynen et al. showed in a 

study on periodontal implants in man that roughness played a more important 

role than the surface free energy regarding bacterial adhesion and biofilm 

formation. 34 Due to electro-static forces between bacteria and high surface free 

energy substrata, these surfaces attract more bacteria than low surface free 

energy materials. Additionally, the strength of bacterial adhesion is weak on 

surfaces with low surface free energies and hence bacteria can be easily 

removed by shear. 35 

MONO- AND MULTIFILAMENTS 

In the process of improving the mesh strength, the diameter of the yarns was 

made larger, which also stiffened the mesh dramatically. A stiff mesh was 

undesirable since its stiffness impaired handling of the mesh in a tight pocket or 

trochar. To increase flexibility and maintain tensile strength of the mesh, 

multiple filaments were woven together to form a multifilament yarn. 

Multifilament yarns simplified the application of meshes into small spaces 

during laparoscopic procedures, and induced a more compact collagen build-up, 

increasing the tensile strength of the closed abdominal defect. 36 However, 

multifilament meshes generally show higher infection rates (see Table 2). 

A number of experimental in vivo studies have demonstrated increased 

infection rates, persistence of bacteria and inflammatory tissue response with 

multifilament sutures. Already in 1979, Osterberg and Blomstedt37 reported a 

significantly increased persistence of bacteria in the wound for up to 41  days 

when a multifilament suture was used. In addition, multifilament sutures induced 

an increased inflammatory response in the tissues in the presence of S. aureus 

compared to monofilament sutures. In 1982, Sharp et al. 38 confirmed these 
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findings by analyzing the effect of 16 different suture materials on the infection 

rate in mice. They found lower rates in monofilament materials in comparison to 

multifilament materials. Merrit et al. 39 showed that contamination during 

implantation with only a small amount of bacteria could induce an infection on 

multifilament sutures, whereas monofilament sutures were more resistant to 

bacterial contamination. 

Figure 1 .  Confocal laser scanning microscopy image of a 3-days old S. aureus 

biofilm on a monofilament and a multifilament yarns. The biofilm is stained 
fluorescently to distinguish dead (red) and alive (green) bacteria as well as slime 
(blue). The yarn itself is not stained. On the monofilament yarn the bacteria are 
located in patches (long arrow), whereas on the multifilament yarn the bacteria are 
located in the niches (arrow heads), from where they can spread over the surface to 
form a biofilm. The bars represent S0µm. 

Up to present, only little experimental data is known regarding the 

influence of the number of filaments on bacterial colonization of surgical 

meshes. However, Klinge et al. showed that the presence of multiple filaments 

dramatically increased the surface area of the material up to 157% compared to 

monofilament yarns33 and, thus, the persistence of bacteria in the implant bed. 

Accordingly, it is shown that S. aureus, P. aeruginosa, E. coli and coagulase 

negative staphylococci all grow denser biofilms on multifilament meshes 
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compared to their monofilament counterparts.3 1  Dual-filament meshes are 

available but studies in which their infection rate is systematically compared to 

monofilament or multifilament materials have not yet been conducted. 

The existence of niches prevents ingrowth of host tissue and inflammatory 

reactions necessary to eradicate all bacteria (Fig. 1) .40 These bacteria are able to 

stay on the surface of the implanted material for years and produce late 

infections or abscess formation. Also, bacteria have now the opportunity to form 

a biofilm and be counter-productive on the integration of the biomaterial. In 

hernia repair this can lead to insufficient adherence of host tissue and elevated 

recurrence rates. 
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Figure 2. Dilutions of bioluminescent S. aureus in a 1 ml fluid column show a distinct 
decline in signal. The intensity of the signal measured in vitro as well as in vivo is 
positively correlated to the amount of bacteria present. This feature can be used to 
evaluate biofilms on surgical meshes longitudinally as shown with the in vivo capture 
of the bioluminescent signal form a S. aureus biofilm on a subcutaneously implanted 
surgical mesh. 
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NEW EVALUATION TECHNIQUES 

Comparative in vitro and in vivo studies on the interaction of bacteria with 

surgical meshes are increasingly important to guide surgeons through the myriad 

of choices available on the market. For this purpose, new evaluation techniques 

need to be developed. In vivo studies in animals are costly and often demand 

large numbers of animals. Bio-optical imaging enables monitoring of multiple 

cellular processes ( e.g. enzymatic activity, angiogenesis, etc) together with 

bacterial presence on an implant non-invasively.41 .42 Since gathering data is not 

terminal, each animal can be followed longitudinally and function as its own 

control, which increases statistical power while reducing the number of animals 

needed. Several in vivo implant infection models based on bio-optical imaging 

have been developed and validated. 43,44,45,46,47 

Bio-optical imaging is based on the insertion of a firefly lux operon into 

the genome of a bacterium. Although genetically modified, this strain is capable 

of forming biofilms, and therefore still relevant regarding implant infections. 

The bioluminescent signal from the bacteria has shown to be a reliable pseudo

marker for bacterial presence, with high correlation between the light signal and 

ex vivo bacterial counts (Fig. 2). Bio-optical imaging can also be of great value 

to evaluate antimicrobial agents applied to meshes as a coating and to improve 

antibiotic strategies. 

CONCLUSIONS 

Infection of surgical meshes is a serious and cumbersome complication due to 

the properties of a bacterial biofilm and the battle of the host to prevent bacterial 

colonization of implants. Clinical data demonstrate that mesh morphology 

influences bacterial colonization and infection rates, and consequently treatment 

success. This was confirmed by in vitro and in vivo evaluation. Minimal invasive 

techniques used for abdominal surgery may be highly beneficial in preventing 

infection. Nevertheless, the key issue in implant surgery remains to be failure 
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due to biomaterial-associated infections. However, new developments on 

antibiotic regimens and anti-adhesive or anti-microbial coatings ought be 

considered to finally win the battle against infection. 
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CHAPTER 3 

Rationale of this Thesis 





RATIONALE - CHAPTER 3 

The enormous variety in available materials implicates important differences 

concerning interactions between surgical mesh and micro-organisms. This 

interaction is an important as well as interesting field for research since infection 

is a major complication following implantation of a surgical mesh. The general 

aim of this thesis is to investigate the course of infection regarding different 

surgical meshes and to find and evaluate new methods to improve biomaterial 

resistance to bacterial colonization. 

CHAPTERS 1 and 2 review the clinical background on abdominal wall 

reconstruction, different types of surgical meshes employed and clinical 

outcome as well as known mechanisms of infection. 

The aim of CHAPTER 4 is to comprehensively compare biofilm formation on 

different surgical meshes and relate this to the morphological aspects of these 

meshes in an in vitro set-up. 

In CHAPTER 5 the development and validation of an in vivo model is presented 

aiming to longitudinally monitor bacterial growth and spread into adjacent 

tissues on and around contaminated surgical meshes. 

After validation of this model, in the aforementioned study, we now have 

monitored bacterial behaviour on six different, commonly used, surgical meshes 

in vivo. The aim of CHAPTER 6 is to determine the influence of mesh 

morphology on the course of infection, bacterial presence on the implantation 

site as well as bacterial spreading into the surrounding area. 

CHAPTER 7 investigated the consistency of the bioluminescent signal of 

Staphylococus aureus Xen29 under antibiotic exposure in a simple pilot set-up. 

Knowing the course of infection in vitro and in vivo, it is the aim of CHAPTER 

8 to evaluate potential bactericidal effects of a C-based NO-releasing polymer 
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coating on surgical meshes with respect to their infection control in vitro as well 

as in vivo. 

The aim of CHAPTER 9 is to determine the faith of a secondary implant 

implant, when inserted in an infected pocket, after routine treatment of implant 

infection with antibiotics and surgical removal of the infected primary implant. 
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INFECTION WITH ABDOMINAL WALL RECONSTRUCTION - CHAPTER 4 

INTRODUCTION 

Synthetic surgical meshes are widely used for the tension-free repair of 

abdominal wall defects. Prosthetic meshes have proven their value by lowering 

recurrence rates of abdominal hernias to less than 1.5%. 1 By using an implant, 

however, the recipient will be exposed to a lifelong risk of infection. Implants 
are prone to bacterial colonization and even up to 39 months after implantation 

opportunistic infections can occur. 2 Infection of an implanted surgical mesh 

increases the chance of recurrence of the abdominal wall defect by interfering 

with the recovery process, resulting in re-operations with increased patient 

morbidity, hospital cost and even increased mortality rates. When micro

organisms adhere to an implant they will phenotypically change with as a result 

the formation of a biofilm. In this biofilm, microbial strains cooperate 

effectively to protect themselves from environmental stress. Thus, a biofilm is 
an essential barrier for the immune system of the host and for antibiotic agents, 

which explains the frequent failure of antibiotic treatment when a biofilm is 

involved. 
As nowadays in more than 50 % of abdominal wall defects prosthetic 

material is routinely used and an increasing diversity of materials, structural 
designs and yarn types are available, it has become relevant to focus on how 

material properties affect bacterial infection. Multiple publications demonstrate 

differences in infection rate between various types of meshes, however, due to a 

lack of comparative studies on bacterial adhesion and biofilm formation on 
surgical meshes, no satisfactory data and more definitive conclusions are 

available. Despite this lack of results, it is generally assumed that mesh 

characteristics do influence infection rates. 3,4 

A large number of clinical studies focussing on abdominal wall implants, 
report a wide range of infection rates. With an open repair technique, 

polypropylene meshes show infection rates ranging from 2.5-5.9%,5,6,7 whereas 

expanded polytetrafluorethylene ( ePTFE) meshes are associated with infection 
rates from 0.0-9.2%.7,8 Most polyester meshes show infection rates similar to 

polypropylene meshes,9, 1 0  but high rates of up to 16 % have been reported.7 

These differences are influenced by the surgical technique applied and 

individual patient characteristics, but mesh characteristics may play an equally 

important role. From in vitro work it is known that a number of morphological 

properties of implant surfaces influences initial bacterial adhesion and biofilm 
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formation. These include chemical composition, hydrophobicity and electrical 

charge, but also, in the case of meshes and sutures, the number of filaments and 
material surface area. 1 1, 12, 13, 14 The impact of morphological variety of surgical 

meshes on bacterial adhesion and colonization is expressed in the differences in 

infection rates found clinically. Nevertheless, a comparative study on 
morphological differences of surgical meshes in relation to bacterial growth has 
not been done. 

Non-absorbable meshes are mainly made from polypropylene, polyester, 

or more hydrophobic ePTFE and polytetrafluorethylene (PTFE). It has been 

claimed that PTFE induces a reduced adhesion of Gram-negative strains such as 

Escherichia coli and Pseudomonas aeruginosa, 15 due to its hydrophobicity. 
Gottenbos et al. 16  showed that adhering micro-organisms will eventually grow 

and form a biofilm on almost any material, despite a lower initial deposition rate 

on a hydrophobic surface. Also, the number of filaments in a yam influences 

bacterial colonization and biofilm formation; multifilament meshes are easier to 

handle during surgery, but are suspected to allow micro-organisms to nest and 

grow in the relative protection of niches and pores. Since a basic comparison 
using in vitro research is not available, the evaluation of biofilm formation on 

different surgical meshes in an experimental setting is needed. Therefore, the 
aim of this study is to comprehensively compare biofilm formation on different 

surgical meshes and relate this to the morphological aspects of these meshes 
based on confocal laser scanning microscopy after live/dead staining of 

biofilms. 

METHODS 

SURGICAL MESHES 
Throughout these experiments, a number of frequently used meshes (listed in 

Table 1) were evaluated. All meshes were commercially available and in use in 
the University Medical Center Groningen and provide off-the-shelf solutions for 

a wide number of soft tissue repairs. 

CALCULATION OF MATERIAL SURFACE 
Due to the structure of the mesh and the yams the actual material surface area of 

a mesh does not correspond with the size of the sample itself. Therefore, the 
actual surface area per square cm mesh was estimated by multiplying the length 
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of the applied yarn per cm2 mesh by 2:n: and the radius of the yam.1 7  For 

multifilament meshes, the actual surface area per cm2 was calculated by 

multiplying the outward lying portion of the filament by the radius of the 

filament and total number of outward lying filaments. 17 This correction of 

surface area will further be referred to as actual material surface ( cm2 per cm2 

mesh surface) in contrast to the mesh surface (cm2).  

The calculated actual material surface areas for the subjected meshes are 

listed in Table 1 and the total number of bacteria was calculated both with 

respect to the mesh area as well as with respect to the actual material surface 

area. The actual material surface area of the PTFE mesh could not be calculated 

using these formulas and was assumed to be 2 cm2cm-2. 

Table 1 .  The morphology and biomaterial involved of the surgical meshes evaluated, 
including their actual surface area per square cm of mesh area. 

Mesh 

MonoPP 

MultPP 

TCPP 

POL 

PTFE 

ePTFE 

Brand name 

SurgiPro ™ Mesha 

SurgiPro™ a 

TiMESH® TCb 

Mersilene TMc 

Bard® PTFE Meshd 

Composition 

Monofilament polypropylene 

Multifilament polypropylene 

Titanium coated monofilament 
polypropylene 

Multifilament polyester 

Multifilament polytetrafluorethylene 
(PTFE) 

Gore-Tex® Soft Tissue Expanded polytetrafluorethylene 
Patch0 (ePTFE) 

a US Surgical Corp., Norwalk, Conneticut, USA 
b GfE Medizintechnik GmbH, Neurnberg, Germany 
c Ethicon Inc. , Sommerville, New Jersey, USA 
d CR Bard Inc. ,  Cranston, Rhode Island, USA 
0 WL Gore & Associates Inc., Flagstaff, Arizona, USA 

BACTERIAL STRAINS AND BIOFILM FORMATION 

Actual Surface 
area ( cm2cm-2) 

2.58 

3.25 

0.90 

0.77 

4.29 

2.00 

Clinically isolated coagulase negative staphylococcus (CNS) DN7334, 

Staphylococcus aureus AE839 1 ,  P. aeruginosa DN7348, and E. coli AE8392 

were cultured from cryopreservative beads (Protect Technical Surface 

Consultants Ltd. , Lancashire, UK) onto blood agar plates at 3 7°C in ambient air. 

Prior to each experiment, several colonies per strain were used to inoculate five 

ml of tryptone soya broth (TSB, Oxoid, Basingstoke, UK) at 3 7°C for 24 h in 
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ambient air. Subsequently, 100 µl of this culture was used to inoculate 50 ml 

medium from which biofilms were grown on the meshes by submerging two 

samples of a mesh into this medium with a stainless steel hook hanging from the 

lid of a glas bottle. After 72 h of incubation at 3 7°C with continuous shaking at 

60 rpm, the inoculated TSB was replaced with 50 ml sterile TSB. After a total 
incubation period of six days, the meshes were collected and dipped once in 
sterile 0.9% NaCl solution for 5 s and gently dried by a minimal touch with 

water absorbing soft tissue to wash off planktonic micro-organisms as well as 

redundant TSB. 

BIOFILM EVALUATION 
Confocal laser scanning microscopy (CLSM, LEICA TCS SP2, Leica 

Microsystems Heidelberg GmbH, Heidelberg, Germany) was used to investigate 
the biofilms formed on the meshes in two different ways. First, CLSM was 

carried out on intact biofilms after appropriate staining ( see below) to reveal the 
biofilm architecture. CLSM images on intact biofilms are, however, not very 

suitable to quantify the number of organisms on the meshes because of 

unavoidable observer bias toward "nice" images, and because of the relatively 
small percentage of the mesh surface that can actually be photographed at all. 

Therefore, biofilms formed on the meshes were also dispersed in 0.9% NaCl 
solution and evaluated by CLSM and live-dead staining, 18 which allows more 
reliable quantitative data. 

Two different types of staining were carried out: live and dead micro
organisms in intact and dispersed biofilm were distinguished by staining with 

LIVE/DEAD Baclight Bacterial Viability Kit (Molecular Probes, Leiden, The 

Netherlands). This stain contains SYTO9 dye (3.34 mM) and propidium-iodide 

(20 mM). The cellular membrane is permeable for both fluorescent chemicals, 
but propidium-iodide is actively transported out of a metabolically active 

(living) cell. In metabolically inactive ( dead) cells, propidium-iodide remains in 

the cell where it replaces SYTO9 from the matrix of the nucleolus due to a 

greater affinity. Laser excitation was set at 488 nm to generate an emission 

wavelength from SYTO9 of 500-540 nm. Simultaneously, a 543 nm laser 

excited propidium-iodide at a 590-680 wavelength. All samples were stained for 

1 5  min in the dark at room temperature. Intact biofilms were also stained with 

calcofluor white M2R (0.2 mM, Sigma Aldrich Inc., St Louis, Missouri, USA) 

to demonstrate the extracellular matrix of the biofilm (slime). Calcofluor white 
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is excited at 364 nm and emits at 400-500 nm. Due to an overlap of emission 

wavelength for SYTO9 dye and calcofluor white, samples were excited 

sequentially at each wavelength. 

EVALUATION OF INTACT BIOFILMS 
The samples were placed on a glass slide and stained with 20 µl 'live/dead' stain 

and an equal amount of 'slime' -stain. Two columns of glass plates flanking the 

sample allowed stable positioning of a glass slide under the CLSM. 

Representative parts of the biofilm on a mesh were selected, and image series 

made by scanning with steps of two µm through the thickness of the biofilm. 

Images were stacked into two-dimensional overlay projections from which the 

biofilm architecture was evaluated. 

QUANTITATIVE BIOFILM ANALYSIS BY CLSM 
Biofilms were dispersed from the meshes by sonication in 450 µl 0.9% NaCl on 

ice three times ten seconds with interposes of 30 s using a probing tip (Vibra
Cell ™ ,  Sonics & Materials Inc., Newtown, Connecticut, USA) set on 90 % 

pulsed at 2.5 V. Subsequently, 50 µl 'live/dead' -stain was added and, after 

vortexing, a 15 µl droplet was placed on a glass slide and covered with a glass 

cover slip. The samples were scanned with CLSM using a 20x oil immersion 

objective. The full thickness of the suspension film between the glass plates was 

scanned with steps of two µm, after which the images were stacked in an 

overlay projection. Subsequently, the volume scanned was calculated from the 
thickness of the film and area of the microscope's field of view. The living and 

dead micro-organisms were counted with ImageJ software (version 1.34s) and 

converted to log-units per cm2 . All experiments for quantifying the number of 

living and dead bacteria were done threefold. 

STATISTICAL ANALYSIS 
The number of biofilm organisms on the various meshes was first compared 
using the one-way analysis of variance (ANOVA). The post-hoc Bonferroni test 

was used to determine the difference between the bacterial counts in the event 
that the ANOVA-test gave significant (P < 0.05) results. Independent samples t

tests were used to compare differences between multifilament and monofilament 

meshes and between Gram-positive and Gram-negative biofilm formation on 

TCPP, since normal distribution of these data were found with a Q-Q plot. The 
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Mann-Whitney test for independent samples was used to compare differences 

between Gram-positive and Gram-negative micro-organisms, since these data 

were not normally distributed. Data were analysed using SPSS® software 

version 12.2 (SPSS Inc., Chicago, Illinois, USA). P-values less than 0.05 were 

considered statistically significant. 

RESULTS 

BIO FILM ARCHITECTURE 
Examples of biofilm architectures on different meshes are presented in Fig. 1 .  
Fig. IA  (E. coli AE8392 biofilm on monoPP mesh) shows a biofilm consisting 

of a thick layer of living (green, large arrows) and scattered dead (red, small 
arrows) organisms as well as slime (blue, asterisks) surrounding the yams. On 
the TCPP mesh (Fig. 1B), the number of dead organisms was dramatically 

increased and, simultaneously, the amount of slime was significantly reduced. 

Fig. 1 C through 1 E represent multifilament meshes and clearly show that micro

organisms tended to grow a biofilm in the niches between the filaments. Slime 
production was evident predominantly in biofilms with a high number of live 
bacteria (Fig. IA, IE and IF), and most massive on hydrophobic PTFE and 
ePTFE meshes. 

QUANTITATIVE BIO FILM ANALYSIS 
The mean numbers of dead and live bacteria per cm2 mesh are shown in Fig. 2. 

The highest number of adhering bacteria was found for CNS DN7334 (5.0 1 06 

per cm2, mean of all meshes) and S. aureus AE8391 (7.9 x 106 per cm2, mean of 
all meshes). The mean percentage of dead organisms per biofilm ranged from 1 

to 35% and was significantly higher (P = 0.013) for CNS DN7334 on the 

titanium coated TCPP mesh than for the other strains. 

Overall, Gram-positive CNS DN7334 and S. aureus AE8391 were found 

in higher numbers than Gram-negative E. coli AE8392 and P. aeruginosa 

DN7348. Fig. 3 shows the number of bacteria per cm2 mesh compared with the 

number of bacteria per cm2 actual material surface. Clearly, although these 

numbers should, in principle, only reflect an adhesiveness determined by 

material type, morphological aspects of the meshes remained influential. For 

instance, data from multifilament and monofilament meshes showed significant 
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differences in numbers of Gram-positive staphylococci per cm2 actual material 

surface. 
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FIGURE 1 (PAGE 71 ). Biofilm architectures on different surgical meshes obtained by 
CLSM after application obtained fluorescent dyes. Red and green colour indicate 
dead (small arrows) and live (large arrows) bacteria, respectively, while the blue 
patches (asterisks) represent extracellular polymer substances. All bars represent 
1 50 µm. A: monoPP mesh with E coli AE8392. B: TCPP with CNS DN7334. C: POL 
with E. coli AE8392. D: POL with CNS DN7334. E: PTFE with E coli AE8392. F: 
ePTFE with CNS DN7334. 
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FIGURE 2. The total number of bacteria per cm2 mesh for four different bacterial 
strains grown on six mesh types. The bars represent the total number of bacteria in 
each biofilm in a 10910 scale (mean and standard deviation, n = 3). In each biofilm an 
amount of dead bacteria is found, which is reflected by the black areas and indicated 
in percentages as well. Significantly elevated numbers of live bacteria are 
represented by asterices (*), while the significant increase in percentage dead CNS 
DN7334 compared to the other biofilms on TCPP is indicated with the spades symbol 
(◊). 
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FIGURE 3. The number of bacteria found for each biofilm is corrected for the actual 
material surface of the meshes. The white bars represent the amount of bacteria 
found per cm2 of mesh. These values are compared with the number of bacteria per 
cm2 of actual material surface per cm2 of mesh (black bars). The subjected mesh 
samples concern a wide range of material surface per cm2 of mesh. Even after 
correcting for actual material surface the number of bacteria show large differences 
between the meshes suggesting that the material aspects and the morphology of the 
mesh also influence biofilm densities. 

Table 2 lists statistically significant differences between Gram-positive 

and Gram-negative strains and the influence of either filament number or 

titanium coating on the number of viable micro-organisms detected in different 

biofilms. The Gram-positive strains grow significantly more biofilm than the 

Gram-negative strains (P < 0.001 ). This includes the titanium coated 

monofilament mesh (P = 0.012), both on a per unit mesh area as well as on an 
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actual material surface area basis. Furthermore, Gram-positive strains grow 

significantly more biofilm on the multifilament polypropylene mesh compared 
to monofilament polypropylene mesh (P = 0.041 ), where Gram-negative strains 

show no significant difference. 

TABLE 2. Gram-dependent differences and the effect of filament type on the number 
of viable organisms in biofilms of Gram-positive and Gram-negative strains. Numbers 
of bacteria per cm2 are expressed in 10910 units (mean and standard deviation). Non
significant values are indicated by 'NS'. 

n 10910 per 
p cm2 mesh 

Biofilm growth of Gram-positive strains 36 7.0 ± 0.8 
< 0.001 

Biofilm growth of Gram-negative strains 36 6.3 ± 0.3 

Biofilm growth of Gram-positive strains on Titanium coated mesh 6 6.5 ± 0.4 
0.01 2 

Biofilm growth of Gram-negative strains on Titanium coated mesh 6 6 . 1  ± 0.2 

Gram-positive biofilm growth on MonoPP 6 6.5 ± 0.3 
0.041 

Gram-positive biofilm growth on MultPP 6 7.0 ± 0.3 

Gram-negative biofilm growth on MonoPP 6 6.2 ± 0.4 
NS 

Gram-negative biofilm growth on MultPP 6 6.3 ± 0.2 

DISCUSSION 

This study evaluates bacterial growth on different surgical meshes and relates 
the results to the morphological differences of the subjected meshes. The most 

hydrophobic mesh materials, PTFE and ePTFE, grew biofilms, which were 

embedded in massive amounts of slime, whereas a titanium coating yielded the 
least viable biofilms. Furthermore, multifilament meshes induced significantly 

denser biofilm growth than their monofilament counterpart, which could be 
related to the presence of niches between the filaments. Interestingly, biofilm 

architecture of Gram-negative strains seemed to be less influenced by the mesh 

properties (Fig. 2 and Table 2) than Gram-positive strains. 

During these experiments, CLSM was used for both quantitative and 

qualitative biofilm evaluation on different meshes. A comprehensive comparison 
of biofilm growth on different surgical meshes on this scale has not been done 

before. In addition, CLSM has never been applied in comparative studies to 
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quantify the number of bacteria in mesh biofilms, which is a new aspect of the 

method applied here. A second, important new aspect, is that quantitative 

evaluation of biofilms has been hampered by the fact that observers are usually 

biased to focus on "nice" images. Since biofilms never cover 100% of the 

surface of a biomaterial and biofilm-less areas are generally considered to be as 
"not interesting", this allows an overestimation of the amount of biofilm on a 

surface. The present method, based on a proposal by Van der Mei et al. 18 to 

quantitatively evaluate intra-oral biofilms, avoids this problem as it uses the 

quantification of organisms dispersed by sonication from the entire surface of 

the mesh studied. Whereas Van der Mei et al. 18 could only evaluate the 

percentage of dead and living organisms in dispersed biofilms, the counting of 

the number of micro-organisms in a set volume, applied in the present study, 

made it possible to determine the absolute numbers of dead and living bacteria 

in a sample to be determined. 

Meshes constitute a complex three-dimensional architecture, presenting 
numerous niches for the initiation of biofilm growth. Results presented in this 

study showed that the properties of the materials as well as morphological 
aspects of a mesh do influence the interaction of micro-organisms with the 

surface on which they adhere, although mesh morphologies seem to dominate. 

Surgical meshes show distinct differences with respect to the presence of niches 

and hydrophobicity. Multifilament meshes involve a dramatic increase in 
material surface and the presense of niches, where ePTFE and PTFE are highly 

hydrophobic. Both morphological aspects resulted in an increase in biofilm 
growth as well as a raise in production of slime. Nevertheless, Gottenbos et al.1 5  

showed that hydrophobic surfaces inhibit bacterial attachment during the first 
hours, but Gram-negative strains are affected more than Gram-positive strains. 

After long-term incubation (6 days), Gram-positive strains formed dense 

biofilms on hydrophobic PTFE with massive slime formation, whereas biofilms 

of Gram-negative strains showed similar densities regardless of the material 
type. These findings correlate with results from Davidson et al.16 suggesting that 

after long-term exposure, hydrophobicity does not inhibiting growth of Gram

negative strains but, in fact, stimulates growth of Gram-positive strains. 

Slime consists of a mixture of exopolysacharide matrix and proteins, and 

either inactivates the action or inhibits the penetration of antibiotics through a 

biofilm. Slime can therefore be considered as the walls of the "biofilm-fortress", 

which protect the habitant organisms. Consequently, the presence of slime poses 

a complicating factor narrowing the possibilities for a successful treatment of an 
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infected mesh. 1 9  CNS DN7334 and S. aureus AE8391 show a hundredfold 
increase in numbers of organisms in the biofilm with low proportions of dead 
organisms on hydrophobic PTFE mesh and massive slime production on PTFE 

and ePTFE meshes. In contrast, an increased rate of dead CNS DN7334 

contributed to a near absence of slime on TCPP. The massive slime production 
on the PTFE and ePTFE meshes is in agreement with clinical findings that the 

ultimate fate of an infected hydrophobic mesh is almost always removal. 20-22 

Studies show that micro-organisms are more infectious in the presence of 
highly porous materials.12 Treatment of mesh infections is difficult, as the 

organisms hide in niches (see also Fig. 1 ). Rough surfaces and niches provide an 

increased surface area and more contact points, which allows solid adhesion of 
the micro-organisms to the surface of the prosthetic device. All micro-organisms 

preferred to adhere into the niches between the filaments of a multifilament yam 

(Fig. 1 ). Fig. 3 shows that the absolute increase of viable cells on the 
multifilament polypropylene mesh compared to its monofilament counterpart 

was significant, even after correcting for the increase of surface area of the 

multifilament mesh. This suggests that the increase in biofilm growth was a 
result of the existence of niches, which, in tum, explained the increased 

infection rates with multifilament meshes found in clinical situations.1 7,23 

In this study, CNS DN7334 showed a significantly increased percentage 
of dead cells in the biofilm on TCPP mesh compared to other polypropylene 
meshes. Although CNS DN7334 was not totally eradicated by the antimicrobial 

effect of the titanium coating, the production of slime was strikingly lower (Fig. 
1B) compared to other biofilms. This effect could render the biofilm more 

vulnerable to antimicrobial agents and the host-immune system in a clinical 

situation. Unfortunately, the antimicrobial properties of the titanium coating had 

no effect on growth features of the other bacterial strains involved. These 

findings coincide with an in vivo study on the biocompatibility of several 

contaminated surgical meshes by Ott et al. 24 In addition, S. aureus is known to 
preferentially attach to and grow on metal and titanium prostheses, 25 as 
compared to PTFE meshes.26 

In conclusion, a comprehensive comparison of different surgical meshes 
is presented in this paper, based on an improved evaluation method using 

confocal laser scanning microscopy (CLSM). Quantitative and qualitative 

differences of biofilms were observed, which were related to the morphological 

properties of the meshes. Most notably, a reduced viability of CNS DN7334 on 
titanium-coated meshes and increased slime production by CNS DN7334 and S. 
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aureus AE8391 on hydrophobic PTFE and ePTFE meshes were found. 

Furthermore, niches of multifilament yams increased biofilm density. These 
results agree with scattered in vivo evaluations and may explain why infected 

multifilament PTFE and ePTFE meshes are clinically relatively insensitive to 

antibiotic treatment and can only be treated by surgical intervention.5- 1 0  
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VALIDATION OF AN IN VIVO NON-INVASIVE INFECTION MODEL - CHAPTER 5 

INTRODUCTION 

The demand for biomaterials implants is increasing, not only because of the 

aging population but also due to our insistence on a high quality of life from 

birth to death. Technological advances are continuously made in healthcare to 

meet that expectation. It is estimated that more than 50% of the approximate 

2,000,000 annual hospital acquired infections in the USA are associated with 

indwelling devices and implants. 1 Biomaterials-related infection is the number 

one cause of failure of biomaterials implants. Treatment of implant related 

infections with antibiotics is often not adequate to resolve the problem, since 

biofilm bacteria on implant surfaces are invariably protected against 

environmental attacks, including antibiotic treatments and the host immune 

system,2 by an almost impermeable layer of exopolymeric substances. As a 

consequence, the only sure resolution to a biomaterials-related infection is 

removal of the implant. 

Abdominal wall meshes are widely used for the repair of abdominal wall 

defects and are made of several types of synthetic polymers (e.g. polypropylene, 

polyester, (expanded) polytetrafluorethylene) in different configurations. 

Infection is the most important and devastating complication when biomaterials 

meshes are used and occurs at a rate of 1 - 16%, depending on the surgical 

procedure and mesh type. 3 Future improvement in the resistance to bacteria of 

meshes and other biomaterials implants have to focus on the application of 

antimicrobial and non-adhesive coatings. With the development of antimicrobial 

coatings on surgical implants in vivo research techniques are needed, which are 

capable of accurately monitoring over prolonged periods of time the efficiency 

of new modes of therapy in combination with the host immune system. 

In vitro studies on biofilm formation on implant surfaces tend to focus on 

bacterial growth characteristics and three dimensional evolution (morphological 

and genetic) of a particular bacterial species and how these events vary in 

conjunction with the different surface properties of an implant surface, such as 

its roughness, hydrophobicity or charge. 4,5 ,6 Although in vivo studies allow a 

more accurate interpretation of how bacteria adapt and survive the hostile 
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environment within a living host, in vivo biofilm formation on an implant is 

notoriously difficult to monitor longitudinally. 

In vivo imaging techniques are currently being used for models to 

evaluate tumor progression 7,8 or inflammation9 and can be used to monitor 

infection, including biomaterials-related infections by using bioluminescent 

bacteria. Bioluminescent imaging (BLI), not only provides more comprehensive 

data during an infection study, but also generates greater statistical meaning to 

that data while using fewer animals. Bioluminescent bacterial pathogens are 

usually equipped with a luciferase based reporter system capable of emitting 

visible light that can be detected through the tissues of a live animal using a 

highly sensitive CCD camera.9, 1 0  Routinely, bioluminescent pathogens are 

generated by stably integrating the luciferase operon from Photorhabdus 

luminescence into the chromosome of the target strain. Bacteria containing this 

operon produce both the luciferase enzyme and its substrate, thereby allowing a 

bioluminescent signal to be generated when the cell is metabolically active. 

The development of biofilm forming Gram-positive and Gram-negative 

bioluminescent pathogens ( e.g. Staphylococcus aureus, Escherichia coli, 

Proteus mirabilis and Pseudomonas aeruginosa1 1 , 1 2) has led to the validation of 

several valuable infection models based on bioluminescence. However, these 

models either monitor bacteria in vivo without the presence of a 

biomaterial1 1, 1 3, 14 or in combination with an implanted device in which the 

biofilm is grown in a confined space such as a catheter lumen 15, 16, 17 or bone core, 
1 8  all of which reduce the interaction with their biological environment 

considerably. Models suitable for evaluating biofilm formation on soft tissue 

implants with a much larger interaction with the surrounding tissue, including 

host immune responses, have not yet been forwarded. 

In this study, an in vivo model is presented to longitudinally monitor 

bacterial growth and spread into adjacent tissues on and around contaminated 

surgical meshes in mice. For validation, the bioluminescence from in vitro 

grown biofilms on surgical meshes was correlated with confocal laser scanning 

microscopic (CLSM) evaluation of the biofilms. Further validation was obtained 
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by correlating the in vivo bioluminescence with ex vivo CLSM evaluation of 

biofilms on explanted meshes. 

MATERIALS AND METHODS 

BIOLUMINESCENT S. AUREUS XEN29 

The S. aureus strain ATCC 12600 was made bioluminescent by stably 

integrating a modified Lux operon onto its chromosome. This was achieved using 

the plasmid pXen-5 (pAUL-A Tn 4001 luxABCDE Kmr) as described 

previously. 16 This modification enables the strain, designated Xen29, to produce 

luciferase and its substrate constitutively, resulting in a photon-emitting state 

when metabolically active. The strain was obtained commercially from Xenogen 

Corporation (now part of Caliper Life Sciences, Hopkinton, MA, USA). 

BIOFILM FORMATION 

S. aureus Xen29 was cultured from cryopreservative beads (Protect Technical 

Surface Consultants Ltd., Lancashire, UK) onto blood agar plates at 37°C in 

ambient air. The plates are kept at 4 °C, never longer than one week. Several 

colonies were used to inoculate 10 mL tryptone soya broth (TSB, Oxoid, 

Basingstoke, UK) for 16 h to form an overnight culture. 10 mL TSB enriched 

with 4 % NaCl was inoculated with 100 µL overnight culture in which samples 

(8 mm diameter) of monofilament polypropylene (monoPP, SurgiPro™ , Tyco 

Healthcare NL BV, Zaltbommel, Netherlands) and multifilament 

polytetrafluorethylene (PTFE, CR Bard, Cranston, RI, USA) meshes were 

separately incubated for 72 h at 37°C at 60 rpm in ambient air. 

IN VITRO BIOFILM MODEL 

An overnight culture was grown by inoculating 5 mL of TSB with one colony of 

S. aureus Xen29 from a culture plate at 37°C. The mesh samples (8 mm 

diameter) were submerged with a stainless steel hook in 10 mL TSB, which was 

enriched with 4 % NaCl to enhance biofilm formation. Subsequently, the TSB 

was incubated with 100 µL of the overnight culture and placed in the incubator 
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at 37°C with continuously shaking at 60 rpm for 72 h to form a biofilm on the 

submerged mesh. 

IN VIVO BIOFILM MODEL 

Forty female Balb/c OlaHsd mice (Harlan Netherlands BV, Horst, Netherlands) 

were divided into four groups of ten mice implanted with monoPP or PTFE and 

sacrificed for ex vivo quantification at day 3 or day 10 .  The left flanks were 

shaved and cleaned with 70 % ethanol prior to the procedure. A 2 cm deep 

subcutaneous pocket was made through a 1 cm incision in which one sample of 

a contaminated mesh was placed. Anaesthesia was induced with 3 .5 % 

Isoflurane/O2 (Zeneca, Zoetermeer, Netherlands) gas mixture and maintained at 

1 .5 % during the implantation procedure as well as throughout the periods of 

bioluminescence imaging. In addition, buprenorfine (0.03 mg/kg) was 

administered subcutaneously 30 min prior to the procedure as an analgesic. The 

Animal Experiments Committee at the University of Groningen approved all 

experiments in this study involving animals. 

BIOLUMINESCENCE IMAGING 

Bioluminescence was imaged with a CCD camera (IVIS® 100 Imaging System, 

Caliper Life Sciences, Hopkinton, MA, USA) directly following implantation of 

the infected mesh and on a daily basis throughout the experimental period. The 

mice were anesthetized during imaging sessions to prevent movement. After 

acquiring a grey-scale photograph, a 2 min bioluminescent image was obtained 

using 15 cm field of view, binning of 4, 1// stop and open filter. The peak 

bioluminescent signal from Xen29 is 480 nm. Bioluminescence was expressed 

in radiance (p/s/cm2/sr) . Obtained radiances were corrected automatically for 

background luminescence. The luminescent signal of a sterile mesh implanted in 

a mouse (the control) is used to correct for background luminescence. When 

necessary, the area over the implantation site was shaved again to oppose signal 

loss due to absorption by the growing hair. In order to establish a robust and 

representative method for selecting the region of interest (ROI) in the in vivo 

set-up, three distinct parameters were identified and each was correlated to ex 
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vivo CLSM enumeration of the microorganisms on meshes, which were 

explanted at days three and ten. First, the radiance over the total bioluminescent 

area (p/s/cm2/sr) was determined (Fig. lA). Second, the photon flux (p/s) over 

the bioluminescent area was measured and divided by the mesh surface (Figure 

lB). Third, the radiance was measured over the region of interest comprising 

only the mesh area, as manually identified on the grey-scale photograph (Fig. 

lC-E). 

FIGURE 1 .  Defining the region of interest (ROI) by measuring the radiance over the 
total bioluminescent area (A) and by dividing the total radiance by the mesh area (8). 
To determine the radiance over the area of the mesh, the mesh is identified on the 
grey-scale photograph of the animal (C) and manually defined as ROI (D) of which 
the radiance is calculated (E). Average radiance was calculated for all three methods 
and compared with ex vivo enumeration with CLSM. 

EX VIVO QUANTIFICATION 

Adhering bacteria were removed from the explanted mesh with an ultrasonic 

probing-tip (Vibra-Cell™ , Sonics & Materials Inc., Newtown, Connecticut, 

USA), which was done three times for 10 s at 90 % pulsed rate at 2.5 V with 30 

s ice-cooled interposes. This sonication procedure removed over 95% of the 

bacteria from the mesh and resulted in single cells in the solution. The dispersed 

biofilm was stained with SYTO9 dye and propidium-iodide (both from 
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Molecular Probes, Leiden, The Netherlands) and a droplet ( 15 µl) was placed on 

a glass plate and covered with a cover slide. The xy-dimensions were fixed and 

the whole fluid film between the slides was scanned in depth with 2-µm steps 

with confocal laser scanning microscopy (CLSM, LEICA TCS SP2, Leica 

Microsystems Heidelberg GmbH, Heidelberg, Germany). All images of a single 

sample were stacked in a two-dimensional overlay image, in which living and 

dead bacteria were represented by green and red dots respectively. Numbers of 

living and dead bacteria on the overlay images were counted using lmageJ 

software version 1.34s (freeware) and divided by the scanned volume to 

determine the number of cells in the biofilm. 

STATISTICS 

Data are reported as mean and standard error of the mean and compared with an 

independent samples t-test. Linear regression analysis was used to evaluate the 

relationship between the results. Data were analyzed using SPSS® software 

version 12.2 (SPSS Inc., Chicago, Illinois, USA). P-values less than 0.05 were 

considered statistically significant. 

RESULTS 

BIOLUMINESCENCE VERSUS DEAD/LIVE FLUORESCENCE MICROSCOPY IN 

VITRO 

First, photon counts were determined from meshes with bioluminescent S. 

aureus Xen29 in vitro with the IVIS® Imaging System. Second, the biofilm was 

dispersed and the number of bacteria was enumerated with CLSM after dead/ 

live fluorescent staining of the biofilm bacteria. The number of bacteria on the 

meshes increased with time, both as determined by BLI in the IVIS® Imaging 

System as well as with CLSM, and a linear relationship between bioluminescent 

radiance (p/s/cm2/sr) and counts of live bacteria, i.e. green fluorescence in 

CLSM was observed (r2 = 0.82, P < 0.0001, n = 15; Fig. 2). 
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6 7 9 

CLSM counts (log1 0  bacteria per mesh) 

FIGURE 2. Bioluminescence of S. aureus 

Xen29 biofi lms on monofi lament  
polypropylene mesh in vitro as a function of 
the number of living bacteria on a mesh 
sample determined with confocal laser 
scanning microscopy (CLSM). Linear 
regression analysis showed a significant 
correlation validating measurement of the 
radiance as a marker for number of bacteria 
on hernia meshes. (r2 = 0.82, p < 0.0001 
and curved lines show 95% confidence 
interval). 

TABLE 1 .  Radiance is measured over differently defined regions of interest (ROls) 
and correlated with ex vivo counting of the biofilms. For each ROI definition 
correlations (r2 and p-value) between in vivo radiance and ex vivo bacterial counting 
are given for monoPP as well as PTFE meshes. Measuring radiance over the mesh 
area showed to be most representative for quantifying adherent bacteria as is 
confirmed with ex vivo enumeration with CLSM. 

Evaluation method mesh Correlation with p-value CLSM counts (r2) 

Total radiance (p/s/cm2/sr) monoPP 0. 1 62 0.0879 

(Fig. 2A) PTFE 0.234 0.0356 

Total flux (p/s) divided by mesh area monoPP 0 . 1 1 1  0.1628 

(Fig . 28) PTFE 0.402 0.0035 

Radiance (p/s/cm2/sr) over mesh monoPP 0.863 <0.0001 

area (Fig. 2C-E) PTFE 0.754 <0.0001 

INFECTION DEVELOPMENT IN VIVO 

Fig. 3 represents the photonic radiance generated from an infected monoPP as 

well as a PTFE mesh followed over a period of ten days. A negative control was 

included from which background radiance was obtained. The bioluminescent 

signal clearly increased within one or two days and remained high for about a 

week, after which it resolved to a stable intensity during the second week at a 
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five to ten times reduced level. All mice survived the entire experimental period. 

Despite the infection, monoPP meshes were incorporated into the host tissue 

upon removal, whereas PTFE meshes were loosely surrounded by host tissue. 

Overall, bacterial spread and radiance increased more with the PTFE mesh as 

compared with the monoPP mesh, while also PTFE meshes floated in a puss

filled pocket upon removal. 
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FIGURE 3. Time series of photon detection from metabolically active S. aureus Xen29 
on mono PP and PTFE hernia meshes in vivo in mice by the IVIS®1 00 Imaging 
System during a 1 0-day follow-up. During the first week of the experiment, the 
bioluminescent area extends beyond the area of the mesh, suggesting extensive 
bacterial spread in the surrounding tissue. During the second week of the 
experiment, bioluminescence and thus bacterial growth is concentrated in the vicinity 
of both meshes, but the radiance signal over the mesh and bacterial spread extends 
more with the PTFE mesh. 

VALIDATING QUANTIFICATION OF BACTERIA WITH BIOLUMINESCENCE IN 

VIVO 

The radiance over the mesh area (Fig. lE) produced a significant correlation 

with CLSM enumeration of S. aureus Xen29 for both monoPP (r2 = 0.86, P < 

0.0001 ,  n = 19) and PTFE meshes (r2 
= 0.75, P < 0.0001 ,  n = 19; Table I). These 
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results concluded that BLI values accurately represented the number of S. 

aureus Xen29 on a surgical mesh introduced subcutaneously. The radiance of 

the total bioluminescent area (Fig. lA) represents not only the bacteria in the 

biofilm on the mesh, but also accounts for the spreading of bacteria into the 

surrounding tissue. Dividing the total photon count by the mesh surface (Fig. 

lB) represents all bacteria in the surrounding tissue, as originating from the 

implanted mesh. 
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FIGURE 4. Bioluminescence of S. aureus Xen29 biofilms over the area of monoPP 
and PTFE meshes (A) and bacterial spread relative (8) to the mesh surface 
(bioluminescent area divided by the mesh area) in mice as a function of implantation 
time up to 1 0  days (mean and standard error, n = 1 0  mice). The dotted line shows 
where the bioluminescent signal equals the mesh surface. 
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COMPARISON OF IN VITRO AND IN VIVO BIOFILM FORMATION 

In order to determine whether the in vitro experiments in which biofilm were 

grown on both mesh types had any predictive value for in vivo biofilm 

formation, differences found in vivo between both mesh types (see Fig. 4) were 

compared with the results from in vitro biofilm experiments using S. aureus 

Xen29. Fig. 5 compares the radiance from the in vivo mesh infection model at 

day 10 with CLSM evaluation of biofilms on similar meshes cultured in vitro for 

3 days. Similar and significant (P < 0.00 1 )  differences were found between the 

two different mesh types in vitro as well as in vivo, which attests to the value of 

the in vitro experiments. 
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DISCUSSION 

In vivo optical imaging of bacterial infections using bioluminescently 

engineered bacterial strains enables an accurate assessment of the disease 

process by allowing the pathogen to be monitored longitudinally and non

destructively in the same animal throughout the duration of a study. The 

bioluminescent bacterial mesh infection model developed in this study proved to 

be reliable for accurate and longitudinal monitoring of S. aureus biofilms on 

implanted surgical meshes in live animals. Moreover, in contrast with existing 
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models, 15, 16, 17, 18 this model provides for an optimal interaction of the biofilm 

with the surrounding soft tissue, including host tissue responses. To facilitate the 

real time monitoring of infection, a bacterial strain was used that expressed a 

modified lux operon from P. luminescence and a highly sensitive CCD imaging 

system. By placing the implant subcutaneously the bioluminescent signal from 

the bacterial biofilm was monitored with minimal loss of signal due to 

absorbance.19  Correlation between in vivo bioluminescence over the mesh area 

and ex vivo bacterial enumeration with CLSM proved the validity of the in vivo 

model (Table I). The total bioluminescence signal, on the other hand, also 

involves bacteria thriving in the surrounding tissue, which add to the clinical 

complexity of biomaterials-related infections. 

An infected mesh was implanted, rather than injecting the bacteria at the 

mesh side after implantation for two reasons: First, hematogenous spreading 

bears a strong risk of sepsis and death of the animals, and second, for a 

hematogenous route causing biomaterials-related infection evidence is mainly 

anecdotal, while the per-operative route is more generally accepted,20 which 

guarantees the clinical relevance of our model. As outlined, the entire approach 

resulted in a considerable reduction of experimental animals as well as in time 

compared to conventional methods, since each animal acted as its own control. 

In this model, bioluminescence was used as a pseudo-marker to obtain 

quantitative information on bacterial spread from the sample into the 

surrounding tissues (Fig. 4B). In the first crucial days after introducing a 

contaminated implant, the interaction between the host immune system and 

microorganisms takes place in the surroundings of the implant. Recently it has 

been suggested that spreading of bacteria into soft tissues may be of equal 

importance as biofilm formation on an implant, as soft tissue may provide a 

"safe heaven" for bacteria against antibiotics and the host immune system,21 

explaining the generally poor success rates of biomaterials implant-revision 

surgery. 

Contrary to other studies using bioluminescence for infection, 1 1 , 13, 14,1 5 , 16, 17 

this soft tissue implant infection model is the first to monitor the infection 

process in its completeness, including interactions with the host defense, since 
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the infection is not restrained from spreading. Moreover, since from day seven 

onwards a stable infection was established (Fig. 4A), the model is suitable to 

monitor the effects of antibiotics and other interventions. 

In the clinical situation, bacterial spread around an implant is considered 

to be an additional pathogenic factor. By allowing all bacteria that are present to 

be monitored, the model provides unique information on bacterial spread into 

tissues surrounding the implantation site of the biomaterial. More extensive 

spreading of bacteria was seen around the PTFE mesh than around the monoPP 

mesh, where infection was restrained to the mesh area (Fig. 4B). During 

explantation of the meshes, the PTFE meshes appeared to be 'floating' in a puss

filled fibrous envelope. In contrast, all monoPP meshes had anchored firmly into 

the surrounding tissue and presented with less puss formation. These 

observations explain the clinical notion that infected PTFE meshes almost 

always have to be removed.22,23 Interestingly, also the in vitro biofilm growth 

experiments confirm this in vivo ranking of the two types of meshes (see Fig. 5). 

In summary, the model presented should be considered as the missing link 

between in vitro research and clinical trials in the field of soft tissue implant

related infection, as it is capable of evaluating antimicrobial activity of newly 

designed coatings as well as their biocompatibility. This integrated application 

of bioluminescence-based technology in implant infection models provides 

more accurate and reliable information on pathogenicity of implant related 

infections than conventional methods. At the same time it allows a significant 

reduction of experiments and is animal sparing. In addition, the model provides 

a convenient and rapid means to assess the in vivo potential of novel 

antimicrobial compounds and susceptibility testing at an early stage in drug 

development. 
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IN VIVO EVALUATION OF MESH INFECTION - CHAPTER 6 

INTRODUCTION 

Synthetic surgical meshes are used world-wide for the tension-free repair of 

abdominal wall defects. These meshes have proven their value by lowering 

recurrence rates of abdominal hernias to less than 1.5%.1 By using a permanent 

implant, however, the recipient will be exposed to infection during his entire 

lifetime. A meta-analysis has shown that the use of a surgical mesh for 

abdominal wall repair does indeed increase infection rates, as well on the short

and long-term perspectives.2 Infection of any implant is almost impossible to 

overcome, since the implantation of a biomaterial reduces phagocyte activity 

against bacteria and induces the expression of protective mechanisms present in 

metabolically active bacteria.3,4 In this respect, bacterial colonization has been 

observed in 40% of highly sterilized alloplastic operations.5 Consequently, only 

a few bacteria can establish a manifest infection in the presence of a biomaterial6 

and, in case of abdominal wall repairs, up to 39 months after implantation 

opportunistic infections still may occur.7 A well-known contributing pathogenic 

factor is the formation of a bacterial biofilm on the implant, in which micro

organisms cooperate effectively to protect themselves from environmental stress 

resulting in an essential and almost impossible to overcome barrier for the 

immune system of the host and antibiotic agents. Moreover, infection of an 

implanted surgical mesh increases the chance of recurrence of the abdominal 

wall defect by interfering with the subsequent recovery process such as tissue 

repair and remodelling, requiring re-operation with increased patient morbidity, 

hospital cost and increased mortality rates.8 

As nowadays in more than 50% of all abdominal wall defects prosthetic 

material is routinely used and an increasing diversity of materials, structural 

designs and yam types has become available, it is relevant to focus on how 

biomaterial properties affect bacterial infection. The definition of implant 

infection, however, is unclear or differs among studies, making a comparison 

almost impossible. Nevertheless, a large number of clinical trials, which focus 

on abdominal wall implants, report a wide range of infection rates after open 
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repair with striking differences between mesh types, varying from 1 to 16 %.8 

These infection rates have been described in a number of clinical studies in 

which the outcomes of abdominal wall reconstruction using a mesh were 

compared to suture repair. However, no data from a single study is available 

which compares a number of surgical meshes regarding their respective 

infection rates. The striking differences in infection rates are predominantly a 

result from surgical technique applied as well as by individual patient 

characteristics. However, it is also generally assumed that mesh characteristics 

do affect infection rates.9, 1 0  From in vitro research it is known that a number of 

morphological properties of implant surfaces influence initial bacterial adhesion 

and biofilm formation. I I These include chemical composition, hydrophobicity 

and electrostatic charge, but also, in case of meshes, the number of filaments in 

the yam. Multifilament yams will increase bacterial colonization of the 

implant I 1 , I2 and hence increase bacterial persistence on the implantation site. 1 3 

For this reason we conceived it to be of the utmost importance to evaluate 

this process in a controlled in vivo set-up while all factors mentioned before are 

present in a simultaneous orchestral process during prolonged periods of time. 

Recently, an in vivo chronic soft-tissue implant infection model was described, 

based on innovative bio-optical imaging technique. I4 This model uses a 

bioluminescent reporter sy stem to repetitively monitor non-invasively, e.g. daily, 

the presence of living bacteria on the implantation site during a follow-up period 

in the same animal. A luxABCDE operon has been integrated stably into the 

genome of a Staphylococcus aureus strain (Xen29). Using this strain to monitor 

bacterial presence non-invasively resulted in high correlations between the 

bioluminescent signal and bacterial counts in vitro. I4 This conceptual model 

appeared to be ideal to monitor bacterial persistence in the presence of the host 

immune system on a number of types of implants. 

After validation of this model, in the aforementioned study, we now have 

monitored bacterial behaviour on six different, commonly used, surgical meshes 

in vivo. To determine the influence of mesh morphology on the course of 

infection, bacterial presence on the implantation site as well as bacterial 
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spreading into the surrounding area is studied, using as a monitoring device the 

bioluminescent signal of S. aureus Xen29 over a 10-day period. 

METHODS 

SURGICAL MESHES 

Throughout these experiments, a number of frequently used meshes (listed in 

Table 1) were evaluated. All meshes were commercially available and in clinical 

use in the University Medical Center Groningen, The Netherlands. 

TABLE 1 .  The morphology and biomaterial involved of the surgical meshes evaluated, 
including their actual surface area per square cm of mesh area. 

abbreviation brand name manufacturer composition actual surface 
area (cm2cm-2} 11 

SurgiPro™ US Surgical Corp., monofilament monoPP Norwalk, Conneticut, 2.58 Mesh USA polypropylene 

US Surgical Corp., multifilament multPP SurgiProrM Norwalk, Conneticut, polypropylene 3.25 

USA 

GfE Medizintechnik titanium coated 
TiMesh TiMESH® TC GmbH, Neurnberg, monofilament 0.90 

Germany polypropylene 

Ethicon Inc. , multifilament POL Mersilene ™ Sommerville, New polyester 0.77 

Jersey, USA 

Bard®PTFE CR Bard Inc., multifilament PTFE mesh Cranston, Rhode polytetrafluorethylene 4.29 

Island, USA 

WL Gore & 

ePTFE Gore-Tex® Soft Associates Inc., expanded 
2.00 Tissue Patch Flagstaff, Arizona, polytetrafluorethylene 

USA 
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BIOLUMINESCENT S. AUREUS XEN29 

The S. aureus strain ATCC 12600 was made bioluminescent by stably 

integrating a modified lux operon into its chromosome. This was achieved using 

the plasmid pXen-5 (pAUL-A Tn 4001 luxABCDE Kmr) as described 

previously.15 This modification enables the strain, designated Xen29, to produce 

luciferase and its substrate constitutively, resulting in a photon-emitting state 

when in the presence of ATP and oxygen. The strain was obtained commercially 

from Xenogen Corporation (now part of Caliper Life Sciences, Hopkinton, MA, 

USA). Light is emitted from these bacteria with a peak at 480 nm as a result of 

luciferase expression (encoded by luxAB) catalyzing the oxidation of reduced 

flavin mononucleotide (FMNH2) and luciferin (synthesised by a fatty acid 

reductase complex encoded by luxCDE). 1 6  

BIOFILM FORMATION 

S. aureus Xen29 was cultured from cryopreservative beads (Protect® Technical 

Surface Consultants Ltd., Lancashire, UK) onto blood agar plates at 37°C in 

ambient air. The plates were kept at 4°C, never longer than one week. One 

colony was used to inoculate 10 mL tryptone soya broth (TSB, Oxoid, 

Basingstoke, UK) for 16 h to form an overnight culture. 10 mL TSB enriched 

with 4 % NaCl was inoculated with 100 µL overnight culture in which samples 

(8 mm diameter) of subjected meshes were separately incubated for 72 h at 37°C 

on a rotary table set at 60 rpm in ambient air. 

ANIMALS 

All experiments were performed in accordance to federal legislation regarding 

the protection of animals. The Animal Experiments Committee at the University 

of Groningen approved all experiments in this study involving animals. Seven 

weeks old female Balb/c OlaHsd immune competent mice (Harlan Netherlands 

BV, Horst, Netherlands) with specified pathogen free conditions were housed 

per group in individual ventilated cages. They had access to food and water ad 

libitum throughout the experiment. 
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EXPERIMENTAL DESIGN 

Sixty animals were divided into six groups of ten animals based on the subjected 

mesh sample. Anaesthesia was induced with 3 .5 % Isoflurane/O2 (Zeneca, 

Zoetermeer, Netherlands) gas mixture and maintained at 1 .5 % during the 

implantation procedure as well as throughout the periods of bioluminescence 

imaging. In addition, buprenorfine (0.03 mg/kg) was administered 

subcutaneously 30 min in advance of the procedure as an analgesic. Prior to 

implantation of the contaminated meshes the left flanks were shaved and cleaned 

with 70 % ethanol. A 2-cm deep subcutaneous pocket was made through a 1 -cm 

incision in which one sample of each mesh was placed. The incision was closed 

with a single 7-0 surgipro (US Surgical, Norwalk, CT, USA) suture. 

BIOLUMINESCENCE IMAGING 

Bioluminescence was imaged with a highly-sensitive cooled CCD camera 

(IVIS® 100 Imaging System, Caliper Life Sciences, Hopkinton, MA, USA) 

directly following implantation of the infected mesh and on a daily basis 

throughout the experimental period. After acquiring a grey-scale photograph, a 

2-min bioluminescent image was obtained using 1 5  cm field of view, binning of 

4, 1/f stop and open filters. Regions of interest (ROI) were defined by a 

threshold of a 10-fold average background signal. Signals below the threshold 

were marked as such and excluded from statistical analysis. Both the intensity of 

the bioluminescent signal as expressed in radiance (p/s/cm2/sr) as well as the 

area ( cm2) covered by the ROI were quantified. The first was used as a marker 

for bacterial quantity; the second was used as a marker for bacterial spread in the 

surrounding tissue. 

STATISTICS 

The Fisher's exact test was used to test the significance of differences in the 

frequencies of negative bioluminescent signals from different groups of mice at 

day 10. A two-tailed Mann-Whitney U-test with Bonferroni correction was used 

to assess differences in radiance and bioluminescent areas over the total 10-day 

follow-up period. For both tests, a P value of < 0.05 was considered significant. 
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RESULTS 

For all meshes a bioluminescent signal was detectable during the 10-day follow

up period (Fig. 1 ) . In almost all groups some mice showed a bioluminescent 

signal, which dropped below the threshold signal during the course of the 

follow-up period (Fig. 2) . This was especially the case with the lightweight 

polyester mesh (POL), where radiance dropped below the threshold in 9 out of 

10 mice after 7 days and in some cases could not be distinguished from 

background radiance at all. This showed to be substantially longer compared to 

PTFE, TiMesh and multPP (p < 0.05 for all). However, compared to ePTFE, this 

difference was only a trend (p = 0.07). In contrast, radiances of all infected 

multifilament polypropylene (multPP) meshes remained at a high level 

throughout the follow-up period. For both hydrophobic meshes (PTFE and 

ePTFE) the radiance increased over the 10-day follow-up, clearly shown in Fig. 

3, where the signal intensity on a daily basis is shown as a ratio of the mean 

signal intensity per mesh at day 0. The same phenomenon was seen with the 

monofilament polypropylene (monoPP) samples, but this mesh started out with 

an extremely low mean intensity at day 0, which contrasted to the multPP mesh 

where the opposite happened. Figure 4 shows the area covered by the radiance 

over the implantation site. Whereas titanium coated multifilament polypropylene 

(TiMesh TM ) and ePTFE showed similar average signal intensities compared to 

monoPP (Table 2), at the same instant the area covered initially was significantly 

increased (Table 3) .  MonoPP, however, showed a significantly lower radiance 

compared to both heavyweight multifilament meshes (PTFE and multPP) . With 

respect to both radiance and spread, multPP showed higher signals compared to 

all other samples. There were no significant differences regarding radiance and 

spread between TiMesh, PTFE and ePTFE. 
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FIGURE 1 .  An example of a 1 0-day follow-up of the bioluminescent signal over the 
implantation site from a single mouse per mesh. The intensity and the spread of the 
radiant area clearly differ in time per mesh and between meshes. In some cases 
(POL, monoPP, TiMesh and ePTFE) the contaminated incision area is 
distinguishable from the location of the mesh. The signal intensity is expressed in 
radiance (p/s/cm2/sr). 
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Table 2. P-values of differences between the mean radiance with standard error of 
the mean (SEM) of the bioluminescent signals over the 1 0-day follow-up period (n = 
90 for all meshes). 

radiance p-values (x105 p/s/cm2/sr) 

mean SEM ePTFE PTFE TiMesh POL multPP 

monoPP 4.4 0.3 0.279 <0.00 1 0.00 1 <0.00 1 <0.001 

multPP 23 1 .7 <0.001 <0.00 1 <0.00 1 <0.00 1 

POL 0.9 0.2 <0.00 1 <0.00 1 <0.00 1 

TiMesh 10 1 . 1  0.002 0.953 

PTFE 8. 1 0.6 0.003 

ePTFE 7.7 1 .6 

Table 3. P-values of differences between the mean area covered by the 
bioluminescent signal over the 1 0-day follow-up period with standard error of the 
mean (n = 90 for all meshes). 

radiance p-values (x105 p/s/cm2/sr) 

mean SEM ePTFE PTFE TiMesh POL multPP 

monoPP 0.38 0.03 0.347 <0.00 1 <0.001 <0.00 1 <0.001 

multPP 1 .4 1  0.05 <0.00 1 <0.00 1 <0.00 1 <0.00 1 

POL O.Q7 0.02 <0.00 1 <0.00 1 <0.001 

TiMesh 0.89 0.06 <0.00 1 0.432 

PTFE 0.92 0.05 <0.001 

ePTFE 0.49 0.06 
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FIGURE 2. The radiance measured over the infected area (p/s/cm2/sr) per individual 
animal over a follow-up period up to 1 O days. The lines represent the mean over the 
measurable data (closed symbols). The open symbols represent measurements 
below the threshold radiance, which did not produce measurable data. 
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FIGURE 3. The relative radiance per time-point per mesh as a proportion of the 
radiance at day O averaged over n=1 0. 
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FIGURE 4.  The area covered by the bioluminescent signal ( cm2) per individual animal 
over a follow-up period up to 1 0  days. The lines represent the mean over the 
measurable data (closed symbols). The open symbols represent measurements 
below the threshold radiance, which did not produce measurable data. 
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DISCUSSION 

In the current study, we successfully compared 6 commercially available 

surgical meshes regarding the progress of bacterial infection in an in vivo 

chronic infection model. As hypothesized, the morphological differences 

between the surgical meshes (i.e. amount of material used, number of filaments 

and hydrophobicity) did clearly influence the course of bacterial infection. In 

this regard, multPP showed a significantly higher bacterial presence as well as 

spreading of infection compared to its monofilament counterpart (Table 2). The 

low weight polyester mesh (POL) showed an immediate decrease of bacterial 

presence to a sub-threshold level on almost all meshes (Fig. 2). 

A number of clinical studies evaluating the use of different meshes have 

reported various infection rates. With an open repair technique, monofilament 

polypropylene meshes showed relatively low infection rates, whereas 

multifilament and hydrophobic meshes (multPP, ePTFE and PTFE) were 

associated with high infection rates.17-20 The course of an implant related 

infection is determined by the interaction between the contaminating bacteria, 

the implant surface characteristics and the host immune system. In vitro 

experiments showed that the morphology of the mesh affected the formation of a 

biofilm. 1 1  A large material surface area, together with the presence of niches 

(both as a result from multifilament yarns) particularly resulted in increased 

biofilm formation. The complicated interaction between bacterium, biomaterial 

and immune system cannot be tested in vitro. For this purpose, in vivo 

immunocompetent experiments are crucial to gain a full understanding of the 

interaction between these factors. 

In this study, we used an in vivo model based on a bioluminescent reporter 

system to track living bacteria non-invasively in time. In previous research, we 

have shown the viability of this pseudo-marker for the presence of bacteria in 

vivo.14 It has been reported that bacteria remain present in the surroundings of 

the implantation site after they are removed from the implant surface.21 By using 

a bioluminescent strain of S. aureus, we were capable of monitoring all bacteria 

in the infected area at once. In the current study, we showed its value for 

108 



IN VIVO EVALUATION OF MESH INFECTION - CHAPTER 6 

comparing morphologically different implant materials regarding bacterial 

behaviour. For this purpose, we used two parameters to quantify the intensity of 

infection. Signal intensity accounted for the number of bacteria present in the 

infected area and the area of radiance for the spreading of infection. Both 

parameters could easily be quantified over a selected region of interest. 

Our data showed a striking discrepancy in the course of infection 

involving the ePTFE mesh: About half of the infections were resolved as shown 

by bioluminescent values under the threshold, while others remained at high 

levels similar to PTFE, the other hydrophobic mesh, and to the TiMesh (Fig. 2). 

ePTFE consists of two structurally different sides, which is difficult to take into 

consideration while implanting the meshes subcutaneously. These sides are 

constructed in such a way that, when placed intra-abdominally, the peritoneal 

fascia will adhere firmly, and at the same time a more hydrophobic side will 

prevent the intestine from adhering. However, in vivo, hydrophobic surfaces 

decrease adhesion of tissue cells, which allows bacteria a free passage to the 

implant surface. 22 This could explain the discrepancy of the course of infection 

regarding the ePTFE mesh, but also, the increasing signal ratio to day O during 

the follow-up period for both ePTFE and PTFE meshes. The hydrophobicity of 

the mesh surface reduces cell adhesion and, therefore, induces the formation of a 

fibrous envelope. Through this envelope, bacteria are relatively protected against 

the host immune response. Also, bacteria are more loosely bound to a 

hydrophobic surface allowing them to migrate into the surrounding tissue more 

easily. This phenomenon is shown in Fig. 3, where monoPP, ePTFE and PTFE 

show a similar course of infection. However, the spreading of infection 

remained high with ePTFE and PTFE in contrast to monoPP. For the same 

reasons, removal is necessary in almost all cases of infection of ePTFE and 

PTFE meshes in the clinical situation.1 7, 23, 24 

In this study, we described the results from the first true comparative 

evaluation of the course of infection in relation to the morphology of surgical 

meshes in vivo. In summary, our data show that hydrophobic meshes as well as 

meshes with a large surface area ( either induced by the amount of material used 
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or the multiple filaments) increase bacterial persistence and spreading in the 

infected area in vivo. 
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CHAPTER 7 

Exposure to Antibiotics Changes the Bioluminescent 

Signal of Staphylococcus aureus Xen29, Equipped with 

a luxABCDE Operon 

- a short note -





EXPOSURE TO ANTIBIOTICS INFLUENCES BIOLUMINESCENCE - CHAPTER 7 

Bioluminescent bacteria in combination with in vivo imaging systems (IVIS) are 

increasingly used to longitudinally monitor infections in in vivo models. The 

major advantage of IVIS is that it allows to monitor bacterial presence over 

prolonged periods of time in one and the same animal, therewith increasing the 

accuracy of treatment evaluation, as for instance antibiotic efficacies, and 

simultaneously decreasing the number of animals to be used.1 ,2,3 

Bioluminescence has shown to be a reliable pseudo-marker for bacterial 

presence, with a high correlation between the light signal and ex vivo bacterial 

counts.4,5 Use of IVIS in bacterial infection studies requires the development of 

suitable bioluminescent bacterial reporter systems4,5 ,6 that are stable upon 

growth and over time in different environments. For this purpose, 

Staphylococcus aureus Xen29 was made bioluminescently active by 

electroporatively inserting a modified Photorharabdus luminescence operon by 

using the pAUL-ATn 4001 luxABCDE Kmr transposon plasmid.5 Light is 

emitted from these bacteria as a result of luciferase ( encoded by luxAB) 

catalyzing the oxidation of reduced flavin mononucleotide (FMNH2) and 

luciferin (synthesised by a fatty acid reductase complex encoded by luxCDE).7 

Although genetically modified, this strain is capable of forming biofilms. S. 

aureus Xen29 emits a stable bioluminescent signal when alive, but it has been 

demonstrated that temperature changes or reduction of oxygen influence the 

bioluminescent signal significantly.7 

Although IVIS has often been used to longitudinally monitor antibiotic 

efficacies, it has never been established whether and how antibiotic presence 

influences bacterial bioluminescence. Bacteria have several mechanisms 

available to protect themselves against antibiotic attacks such as by excreting 

slime, changing their cell wall properties or enzyme production. These 

mechanisms are regulated through changes and adaptations in gene expression, 

which possibly interfere with their bioluminescence properties. In this note, we 

report on changes in bioluminescence of S. aureus Xen29, a frequently used 

strain in IVIS experiments, upon exposure to several commonly used antibiotics. 
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Bioluminescent S. aureus Xen29 strain (Xenogen Corp., Hopkinton, MA, 

USA) was evenly streaked out on Muller-Hinton agar plates and exposed to 

rifampicin, chloramphenicol, tetracycline, gentamicin and vancomycin E-test® 

(AB Biodisk, Solna, Sweden), which is a commercially available test to 

establish the MIC-value of a subjected micro-organism. After 24 h growth at 

37°C, minimal inhibitory concentrations (MIC values) were read from the E-test 

strip and a bioluminescent image of the agar plates was taken with an IVIS 

Spectrum (Xenogen Corp., Hopkinton, MA, USA) along with a regular light 

photograph. It is interesting to compare the bacterial growth pattern in the 

regular light photograph of the plates with the bioluminescence image (see Fig. 

1). When exposed to tetracycline the bioluminescent signal showed an expected 

pattern: a gradual loss of intensity in the proximity of the growth inhibition zone 

(Figs. lE and lF). Exposure to both rifampicin and chloramphenicol resulted in 

a similar pattern Figs lA-D) with a small zone of growth without the presence 

of a bioluminescent signal (solid white arrows). However, on the 

cloramphenicol plate a distinct zone can be distinguished in the periphery of the 

inhibition zone where a significant reduction in bioluminescence is found 

without changing growth patterns (open white arrows). In contrast, vancomycin 

induced an approximately ten-fold increase in bioluminescent signal (Figs. 11 

and 1J, solid black arrows) at the edge of its inhibition zone, suggesting that 

exposure of S. aureus Xen29 to vancomycin stimulates its bioluminescence. 

This phenomenon was also seen with gentamicin, however in less extend (Figs 

1 G and lH). In contrast to our expectations, we found remarkable, antibiotic 

dependent, differences in the growth patterns and the bioluminescent signals. 

The MIC-values of S. aureus Xen29 for the tested antibiotics were in accordance 

to the known literature. However, the irregular growth pattern of our S. aureus 

Xen29 strain on the vancomycin plate suggests heterogenicity to intermediate 

resistance against vancomycin (Fig. 11 and J, open black arrows). 

Each group of antibiotics affects the bacteria by a specific mechanism, 

against which the bacteria will adept a fitting mechanism of protection. 

Tetracyclin and chloramphenicol expose a bacteriostatic effect by interfering 

with bacterial protein synthesis. Rifampicin disrupts bacterial RNA-polymerase 
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activity. Gentamicin belongs to the group of aminoglycosides, which interfere 

with messenger-RNA in such a way that the polypeptide chains are disrupted. 

Therewith it also affects dormant bacteria. Vancomycin interferes with cell-wall 

synthesis, increasing its permeability and disrupting RNA-synthesis. S. aureus is 

a highly adaptive strain, capable of acquiring antibiotic resistance through 

spontaneous mutations, positive selection or chemical alteration of peptides in 

the cell wall.8 These mechanisms include changes in metabolic activity and 

genetic alterations and are induced by sub-inhibitory levels of antibiotics. The 

bioluminescent capabilities of the strain are regulated at these levels as well and 

may lead to either increasing or decreasing intracellular oxygen levels, which, in 

tum, may influence the oxidation of luciferin and, consequently, the photon 

signal. It is assumed that the increase in bioluminescent signal to sub-inhibitory 

concentrations of vancomycin is related to a metabolic compensatory 

mechanism for ribosomal stalling. However, it is not known in detail by which 

mechanisms the biolumesence is influenced by metabolic activity of the 

bacterium, especially when exposed to antibiotics. 

Bioluminescence is used in many experiments as a pseudo-marker for 

bacterial presence, with the assumption that a loss of signal resembles loss of 

living bacteria. However, the bioluminescent signal changes significantly in an 

environment with sub-inhibitory concentrations of vancomycin. It is likely that 

this effect will also be seen in vivo when serum or tissue levels of certain 

antibiotics are sub-inhibitory and act to increase the bacterial cells metabolism 

and possibly its ability to survive. Therefore, the use of bioluminescence as an 

absolute marker for bacterial presence seems to be unreliable in studies on 

antibiotic efficacy using IVIS. However, in vivo bioluminescence of lux

engineered bacteria may actually enhance our ability to monitor recalcitrant or 

resistant populations of bacteria during animal modeling. 
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ANTIMICROBIAL EFFECTS OF NO-RELEASING COATING IN VIVO AND IN VITRO - CHAPTER 8 

INTRODUCTION 

Synthetic surgical meshes are widely used for the tension-free repair of 

abdominal wall defects and have clinically proven their value by lowering the 

recurrence rate of defects of the abdominal wall. Proper sterilization, 

introduction of laparoscopic techniques, and strict guidelines have greatly 

reduced the likelihood of mesh infection. 1 Nevertheless, infection remains a 

serious concern in the application of surgical meshes for abdominal wall defects, 

which are costly, traumatic for the patient and associated with a high morbidity 

and even mortality. Staphylococcus aureus and Staphylococcus epidermidis, 

together with Gram-negative species including Escherichia coli and 

Pseudomonas aeruginosa, are held responsible for the majority of abdominal 

wall related mesh infections.2 Invasive bacteria can be found in approximately 

90% of all implantation sites immediately after surgery and these organisms are 

held responsible for the occurrence of both early and late-onset mesh infection.3 

Preferentially, bacteria on implants should be targeted before a mature biofilm 

can develop. In orthopedic implant surgery, for instance, local antibiotic 

releasing bone cements and fleeces are applied to prevent and treat implant

associated infections.4 The prevention of infection is of special interest in the 

case of revision surgery, since the risk for a secondary implant to become 

infected is much higher than for a primary implant. 5,6 Often, the infecting 

organisms have acquired antibiotic resistance 7 during initial treatment of an 

infected primary implant, which makes the use of antibiotics as a preventive 

measure in revision surgery more difficult and alternative methods have to be 

considered. 

Nitric oxide (NO) is an important mediator in the immune response. The 

arginine-dependent synthesis of NO by activated macrophages is responsible for 

both cytotoxic and cytostatic effects on pathogenic organisms. 8 These 

destructive effects are the results of oxidative and nitrosative stress generated by 

reactive intermediates of NO that result in damage to DNA, proteins and cell 

membranes.9 The human body metabolizes NO very rapidly, preventing toxic 
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levels from developing.10,1 1  Nevertheless, localized high levels of NO in the 

vicinity of an implant may reduce the risk of both early and late-infection as the 

NO will kill per-operatively introduced bacteria. It has been shown that coatings 

capable of releasing NO significantly inhibit adhesion and survival of P. 

aeruginosa on implant surface in vitro. 1 2, 13,14, 15 A number of studies have 

evaluated effects of NO in vivo, as released from nitrogen-based (N-based) 

polymer coatings, like N-based diazeniumdiolate coatings. Beneficial effects in 

vivo have been found on wound healing and tissue integration, 16, 1 7 1 8  as well as a 

remarkable decrease in bacterial presence on biomaterial surfaces. 1 9  However, a 

major disadvantage associated with all N-based diazeniumdiolates is their 

potential to form carcinogenic nitrosamines upon decomposition. 20 This limits 

the N-based diazeniumdiolate class of NO donors from consideration as 

therapeutic agents. In contrast, carbon-based (C-based) diazeniumdiolates are 

structurally unable to form nitrosamines, while maintaining their ability to 

spontaneously release NO under physiological conditions which makes them 

more suitable candidates for in vivo application. 

A newly developed C-based NO-releasing polymer21 coating applied on a 

surgical mesh could provide a safe first line of defense against invading 

pathogens. It is the aim of this study to evaluate potential benefits of a C-based 

NO-releasing polymer coating on surgical meshes with respect to their infection 

control in vitro as well as in vivo, using bioluminescent imaging. In vivo imaging 

is currently emerging as a technique to longitudinally monitor biomaterials

related infections in living animals.22,23,24 Moreover, in vivo imaging enables not 

only longitudinal observation of actual mesh infection, but also of its spreading 

into surrounding tissue. 22 

MATERIALS AND METHODS 

NO-RELEASING COATING OF SURGICAL MESHES 

Eight mm diameter pieces were stamped from a monofilament polypropylene 

mesh (SurgiProTM Mesh, US Surgical, Norwalk, CT, US) using a dermal biopsy 
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punch. A poly(ethylene-vinylacetate) copolymer (PEVA, 30 % acetate) film was 

prepared by dip-coating the mesh samples with 10 mg ml- I solution of PEVA in 

tetrahydrofuran (THF) as described by Kalivretenos et af.2 I Dip-coating was 

done for 10 s, after which coated meshes were removed from THF and cured at 

50 °C for 1 5  s, using a stream of warm air. Then, the PEVA was converted to a 

C-based diazeniumdiolate by placing the samples in a 300 ml Ace pressure 

bottle and adding 50 ml dimethylformamide solution (DMF) and 1 .07 g 

sodiumtrimethylsilanolate. The vessel was degassed with argon and pressurized 

with 5.2 x 105 Pa NO gas and gently shaken for 1 8  h. At this time the vessel was 

purged with argon gas and the coated mesh samples were washed with THF and 

aspirated to dryness to yield a light yellow coating. The samples were then 

stored at room temperature in a dry environment. NO-release was confirmed by 

a positive Griess reaction and utilizing a NO detector according to Smith et al. 25 

Briefly, coated meshes were placed in a closed reaction vessel with 4 ml of 

phosphate buffered saline (PBS, 10 mM potassiumphosphate and 150 mM NaCl, 

pH 7.4) at 37°C. The vessel was flushed with nitrogen gas via a fritted glass tube 

at the bottom of the vessel at a flow rate of 0.7 1 min-I into a chemiluminescent 

NO detector (Thermo Environmental Instruments Model 42C, Franklin, MA, 

US) set to monitor NO content. The NO-release was measured daily and 

expressed as pmol NO-released/min/mesh. Measurements were continued until 

NO-release was beyond detection. Prior to implantation, NO-releasing meshes 

were sterilized for 20 min in 70% ethanol, with pH adjusted to pH 12  by 

addition of KOH in order to avoid premature NO-release. 

BIOFILM FORMATION AND EVALUATION IN VITRO 

Four different bacterial strains were isolated from implant related infections in 

patients : S. aureus AE839 1 ,  CNS DN7334, E. coli AE8392 and P. aeruginosa 

DN7348. A bioluminescent mutant, S. aureus Xen29, was obtained from 

Xenogen Corporation (now: Caliper Life Sciences, Hopkinton, MA, USA). The 

S. aureus strain ATCC 12600 was made bioluminescent by stably integrating a 

modified lux operon onto its chromosome. This was achieved using the plasmid 

pXen-5 (pAUL-A Tn 4001 luxABCDE Kmr) as described previously.23 This 
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modification enables the strain, designated Xen29, to produce luciferase and its 

substrate constitutively, resulting in a photon-emitting state when metabolically 

active. Its bioluminescent emission is stable for its progeny and can be detected 

transcutaneously. Bacteria were cultured from cryopreservative beads (Protect 

Technical Surface Consultants Ltd., Lancashire, UK) onto blood agar plates at 

37°C in ambient air. Plates were kept at 4 °C, never longer than one week. A 

single colony was used to inoculate 10 ml tryptone soya broth (TSB, Oxoid, 

Basingstoke, UK) for 16 h to form an overnight culture. A test tube with 10 ml 

TSB enriched with 4% NaCl was inoculated with 100 µI of the overnight culture 

in which mesh samples were incubated separately for 72 h at 37°C on a rotary 

shaker at 60 rpm in ambient air to form a biofilm. 

After 72 h, confocal laser scanning microscopy (CLSM, LEICA TCS SP2, 

Leica Microsystems Heidelberg GmbH, Heidelberg, Germany) was used to 

investigate the biofilm architecture and quantify the number of live and dead 

bacteria in the biofilms. First, mesh samples with intact biofilms were placed on 

a glass slide and stained for 20 min in the dark with 20 µl LIVE/DEAD stain 

(Baclight Bacterial Viability Kit, Molecular Probes, Leiden, The Netherlands) 

and an equal amount of calcofluor white M2R (Sigma Aldrich Inc., St Louis, 

Missouri, USA) to visualize live and dead bacteria and extracellular polymeric 

substances (EPS), respectively, using a validated method 26• Image series of the 

biofilms were made by scanning in 2 µm steps through the thickness of a 

biofilm. Images were stacked into overlay projections from which the biofilm 

architecture was evaluated. Second, for quantitative biofilm analysis, biofilms 

formed on the meshes were dispersed in 0.9% NaCl solution by sonication three 

times for 10 s at 30 s intervals using a probing tip (Vi bra-Cell™ , Sonics & 

Materials, Newtown, Connecticut, USA) set at 90% pulsed rate and 2.5 V. Live

dead stain was added to the resulting bacterial suspension and a 15 µI drop was 

put on a glass slide, covered with a glass slip and dispersed live and dead 

bacteria were separately enumerated. Live and dead counts were converted to 

numbers of bacteria per mesh and percentages of dead bacteria per biofilm. 

Means were compared with the independent samples t-test and P < 0.05 was 
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considered statistically significant. All in vitro biofilm evaluations were done in 

triplicate. 

IN VIVO EVALUATION OF MESH INFECTION 

In vivo evaluation of mesh infection was done in a murine model, described 

before in detail, 22 and approved by the Animals Experiments Committee at the 

University Medical Center Groningen. Twelve female balb/c OlaHsd mice 

(Harlan Netherlands BV, Horst, Netherlands) were divided into two groups of 

six animals. Buprenorfine (0.03 mg kg-1 ) was administered subcutaneously 30 

min prior to implantation. Anesthesia was induced with 3.5% Isuflorane/O2 

(Zeneca, Zoetermeer, Netherlands) and maintained at 1 .5% during mesh 

implantation. The left flanks were shaved, cleaned with 70% ethanol and a 2 cm 

deep subcutaneous pocket was created through a 1 cm incision. Each group 

either received an inert or a NO-releasing mesh under aseptic conditions after 

which the subcutaneous pocket was inoculated with 100 µI of a 108 cfu ml- 1 

suspension of S. aureus Xen29. For control, four mice were divided in two 

control groups ,  in which an inert mesh as well as a NO-releasing mesh were 

implanted without addition of bacteria. 

Bioluminescence was imaged with a CCD camera (IVIS® 100 Imaging 

System, Caliper Life Sciences, Hopkinton, MA, USA) directly following 

implantation of the infected mesh and subsequently on a daily basis for 8 days. 

Mice were placed in the imaging chamber of the IVIS, under anesthesia, as 

described above, with their left flank exposed to the camera. After acquiring a 

grey-scale photograph, a 2 min bioluminescent image was obtained using 1 5  cm 

field of view, binning of 4, 1// stop and open filters. When necessary, the area 

over the implantation site was shaved again to oppose signal loss due to 

absorption by the growing hair. Regions of interest (ROI) were determined by a 

signal threshold of 10-fold background signal. The bioluminescence over the 

ROis (flux, p/s) was measured and the affected area was quantified (cm2) .  Means 

of bioluminescent signals were compared with the independent samples t-test. P 

< 0.05 was considered statistically significant. 
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PREPARATION AND ANALYSIS OF HISTOLOGICAL SAMPLES 

After 144 h the meshes were explanted with wide tissue margins including the 

overlying skin. Meshes were fixed in 4% phosphate buffered paraformaldehyde 

and subsequently embedded in standard glycol methacrylate (GMA). Tissue 

blocks were cut perpendicular to the center of the implant at a thickness of 2 µm 

and the sections were stained with toluidin blue and toluidin blue/basic fuchsin 

and analyzed microscopically. 

RESULTS 

NO-release from the diazeniumdiolated PEVA-coated surgical meshes dropped 

from 6 1 .8 ± 6.6 pmol/min/mesh at initial exposure to PBS to 14.9 ± 1 .9 pmol/ 

min/mesh after 24 h. After 48 h NO release was below detection. 

Biofilms formed in vitro on uncoated and NO-releasing meshes showed 

distinct differences for all bacterial species included. Biofilms on NO-releasing 

meshes contained more dead bacteria with less EPS filling the niches and pores 

of the mesh (Fig. 1 ) .  These qualitative findings were confirmed by quantitative 

enumeration of the numbers of live and dead bacteria in the biofilms (Fig. 2 and 

Table 1 ) .  The total number of bacteria per biofilm on uncoated and NO-releasing 

meshes was not significantly different (Fig. 2), but biofilms on uncoated meshes 

comprised only 2 - 1 2% dead bacteria, whereas the percentage of dead bacteria 

on NO-releasing meshes was significantly higher ranging from 3 1  % to 80% 

dependent on the strain involved (Table 1 ) .  Both S. aureus strains and E. coli 

AE8392 appeared to be less affected by NO than CNS DN7334 and P. 

aeruginosa DN7348. 

Fig. 3 shows the bioluminescence from S. aureus Xen29 biofilms on 

subcutaneously placed meshes in the mice. Throughout the follow-up period of 

144 h, a clear bioluminescent signal was measured from all uncoated and NO

releasing meshes, except the controls. Control sterile meshes and NO-releasing 

meshes without bacteria did not show any bioluminescent signal. The bacterial 

load was represented by the flux (p/s) arising from the infected area (Fig. 4a) . 
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The total area affected by the bacteria was determined by quantifying the surface 

area of the bioluminescent signal (Fig. 4b ) .  Both the infected area as well as the 

bacterial load decreased over time and were virtually identical throughout the 

follow-up period for uncoated and NO-releasing meshes.  
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FIGURE 1 .  CLSM images of 3 days old in vitro biofilms of different bacterial strains on 
inert and NO-releasing meshes. Bars represent 1 00µm. 

TABLE 1 .  Percentages (mean ± SD, n = 3) of dead bacteria found in in vitro biofilms 
on inert and NO-releasing meshes, together with P-value for differences between 
meshes ( Independent Samples t test). 

Strain Inert mesh (%) NO-positive (%) P-value 

S. aureus AE83 9 1  5 ± 5 50 ± 1 8  0.0 16  

S.aureus Xen29 2 ± 2  3 1  ± 3 < 0.00 1 

CNS DN7334 6 ± 5  70 ± 12  0.00 1 

E.coli AE8392 12 ± 7 48 ± 1 5  0.0 1 8  

P.aeruginosa DN7348 7 ± 2  80 ± 12 < 0.001 
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FIGURE 2. Total numbers (log1 0,  mean and SD, n = 3) of bacteria found in in vitro 

biofilms on uncoated (white bars) and NO-releasing (dashed bars) meshes for each 
bacterial strain. 

Tissue histology showed bacterial presence in all samples (Fig. 5), in line with in 

vivo imaging. However, bacteria were not present in the immediate vicinity of 

the uncoated meshes, but the NO-releasing meshes showed extensive presence 

of bacteria on the surface of the polypropylene yarns. Around uncoated meshes, 

bacteria are dispersed in patches into the surrounding tissues and debris from the 

infection, whereas the bacteria around NO-releasing meshes are encapsulated 

with a fibrous layer. 
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FIGURE 3. A pseudo-color representation of the bioluminescent signal of S. aureus 

Xen29 biofilms on uncoated and NO-releasing surgical meshes placed 
subcutaneously in mice during 1 44 h follow-up in one single mouse in each group. 
Meshes were inoculated with 1 07 bacteria during implantation, while aseptically 
implanted meshes were used as a negative control. 
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FIGURE 4. In vivo bioluminescence (mean and SD, n = 6)  from S. aureus Xen29 

biofi lms on uncoated (white) and NO-releasing (black) meshes, monitored over a 1 44 

h time span. Meshes were inocu lated with 1 07 bacteria during implantation. (A) 

Photon flux (p/s) arising from the total bio luminescent area. (B) The total 

bioluminescent area (cm2) involving the mesh area and surrounding tissue. 
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FIGURE 5. Histological analysis of tissue around uncoated (A) and NO-releasing (B) 
meshes after 1 44 h of implantation. The black asterisks represent the yarns of the 
meshes, while white asterisks denote areas occupied with bacteria. Short arrows 
show bacteria dispersed in patches in the surrounding tissues and debris from the 
infection, whereas the long arrows show bacteria encapsulated around NO-releasing 
meshes. 
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DISCUSSION 

Bacterial contamination of an implant during implantation is common3 and held 

responsible for wound infections occurring immediate I y after the procedure as 

well as for late onset implant infections. 27 Both situations increase the risk of 

implant failure and the need for implant removal. This study explores the 

possibilities of a C-based, NO-releasing polymer coating on surgical meshes for 

infection control. For this purpose, a standard monofilament polypropylene 

mesh was equipped with a NO-releasing coating and challenged by several 

bacterial strains in vitro as well as in vivo. In vitro evaluation of the biofilms 

showed that bacterial survival on our NO-releasing meshes was significantly 

reduced for all strains, which is in line with other in vitro studies evaluating NO

releasing coatings on medical-grade stainless steel 12 or silicone rubber, 19 despite 

the fact that the NO-released from our C-based coating was almost 6 times 

lower than from N-based coating generally used.13 ,14,15,28 

Our data, however, suggest an important discrepancy between the in vitro 

antibacterial effects of the NO-releasing polymer coating observed and in vivo 

effects concluded from bioluminescence imaging, indicating little or no benefits 

of NO-release. This suggestion is in contrast to recent findings by Nablo et al. 

retrieving more viable S. aureus from subcutaneously implanted uncoated 

silicone rubber than from silicone rubber with a NO-releasing coating, after 8 

days of implantation in rats.19 Moreover, Nablo et al. were unable to culture 

bacteria from 80% of the NO-releasing implants after explantation. 

A major difference between our and other studies16,17 ,18 is the porous 

nature of the surgical meshes evaluated in comparison with bulk silicone rubber 

implants. The porosity of surgical meshes is nowadays adapted to allow 

macrophage penetration through its pores. Macrophages, however, are known to 

produce high amounts of NO through the iNOS cascade29 with a peak 

production occurring 24 - 36 h after creation of a wound, which may overrule 

effects of NO-released by our mesh coatings. A direct comparison of the in vitro 

release of NO with the in vivo production of NO by macrophages is difficult, 

since NO in vivo can only be measured indirectly through its metabolites. 
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Roughly however, in vivo nitrite levels indicate that the release of NO from the 

present coatings may represent 1 - 5 % of the NO produced by murine 

macrophages. 30 

In conclusion, the C-based, NO-releasing coatings on a surgical, 

monofilament polypropylene mesh strongly reduce the viability of adhering 

biofilms in vitro, as compared with uncoated meshes. However, longitudinal 

evaluation in mice of these NO-releasing coatings on subcutaneously implanted 

meshes by bioluminescent imaging did not show any bactericidal effects of NO

release by these coatings. 

REFERENCES 
1. Collaboration EH. Mesh compared with 
non-mesh methods of open groin hernia 
repair: systematic review of randomized 
controlled trials. Br J Surg 2000;87(7): 
854-9. 
2. Engelsman AF, van der Mei HC, Ploeg 
RJ, Busscher HJ. The phenomenon of 
infection with abdominal wall 
reconstruction. Bio materials 2007 ;28( 14): 
2314-27. 
3. Schneeberger PM, Smits MHW, Zick 
REF, Wille JC. Surveillance as a starting 
point to reduce surgical-site infection rates 
in elective orthopaedic surgery. J Hosp 
Infect 2002;51 (3): 179-84. 
4. Kuper M, Rosenstein A. Infection 
prevention in total knee and total hip 
arthroplasties. Am J Orthop 2008;37 
(1):E2-5. 
5. Chiu FY, Chen CM. Surgical debridement 
and parenteral antibiotics in infected 
revision total knee arthroplasty. Clin Orthop 
Relat Res 2007;461:130-5. 
6. Suarez J, Griffin W, Springer B, Fehring 
T, Mason JB, Odum S. Why do revision 
knee arthroplasties fail? J Arthroplasty 
2008;23(2):317-21. 
7. Campoccia D, Montanaro L, Arciola CR. 
The significance of infection related to 
orthopedic devices and issues of antibiotic 
resistance. Biomaterials 2006;27(11): 
2331-9. 

8. Shiloh MU, Nathan CF. Reactive nitrogen 
intermediates and the pathogenesis of 
Salmonella and mycobacteria. Curr Opin 
Microbiol 2000;3(1):35-42. 
9. Wink DA, Mitchell JB. Chemical biology 
of nitric oxide: Insights into regulatory, 
cytotoxic, and cytoprotecti ve mechanisms of 
nitric oxide. Free Radie Biol Med 1998;25 
( 4-5):434-56. 
10. Xie QW, Cho HJ, Calaycay JJ, et al. 
Cloning and characterization of inducible 
mtnc oxide synthase from mouse 
macrophages. Science 1992;256(5054): 
225-8. 
11. Ischiropoulos HH, Zhu LL, Beckman 
JJS. Peroxynitrite formation from 
macrophage-derived nitric oxide. Arch 
Biochem Biophys 1992;298(2):446-51. 
12. Nablo BJ, Royhrock AR, Schoenfisch 
MH. Nitric oxide-releasing sol-gels as 
antibacterial coatings for orthopedic 
implants. Biomater 2005;26(8):917-24. 
13. Hetrick EM, Schoenfisch MH. 
Antibacterial nitric oxide-releasing xerogels: 
cell viability and parallel plate flow cell 
adhesion studies. Biomaterials 2007;28(11): 
1948-56. 
14. Nablo BJ, Schoenfisch MH. Poly(vinyl 
chloride)-coated sol-gels for studying the 
effects of nitric oxide release on bacterial 
adhesion. Biomacromol 2004;5(5):2034-41. 
15. Nablo BJ, Schoenfisch MH. 
Antibacterial properties of nitric oxide-

1 35 



PART II - EXPERIMENTAL DATA 

releasing sol-gels. J Biomed Mater Res A 
2003;67(4): 1276-83. 
16. Hetrick EM, Prichard HL, Klitzman B, 
Schoenfisch MH. Reduced foreign body 
response at nitric oxide-releasing 
subcutaneous implants. Biomaterials 
2007 ;28(31 ) :4571-80. 
17. Zhang H, Annich GM, Miskulin J, et al. 
Nitric oxide releasing silicone rubbers with 
improved blood compatibility: preparation, 
characterization, and in vivo evaluation. 
biomaterials 2002;23(6): 1485-94. 
18. Schoenfisch MH, Mowery KA, Rader 
MV, Baliga N, Wahr J A, Meyerhoff ME. 
Improving the thromboresistivity of 
chemical sensors via nitric oxide release: 
fabrication and in vivo evaluation of NO
releasing oxygen-sensing catheters. Anal 
Chem 2000;72(6):1119-26. 
19. Nablo BJ, Prichard HL, Butler RD, 
Klitzman B, Schoenfisch MH. Inhibition of 
implant-associated infections via nitric 
oxide release. Biomater 2005;26(34): 
6984-90. 
20. Parzuchowski PG, Frost MC, Meyerhoff 
ME. Synthesis and characterization of 
polymethacrylate-based nitric oxide donors. 
J Am Chem Soc 2002;124(41):12182-91. 
21. Kalivretenos AG, Raulli RE, Doletski 
BG, Arnold EV, inventors; Nitric oxide
releasing polymers. United States. 2006. 
22. Engelsman AF, van der Mei HC, Francis 
KP, Busscher HJ, Ploeg RJ, Van Dam GM. 
Real Time, Non-Invasive Monitoring of 
Bacterial Presence in a Soft Tissue Implant 
Infection Model. J Biomed Mater Res B 
2008;july(epub). 
23. Kadurugamuwa JL, Sin L, Albert E, et 
al. Direct continuous method for monitoring 
biofilm infection in a mouse model. 
Infection and immunity 2003;71(2):882-90. 
24. Monzon M, Garcia-Alvarez F, Lacleriga 
A, et al. A simple infection model using pre
colonized implants to reproduce rat chronic 
Staphylococcus aureus osteomyelitis and 
study antibiotic treatment. J Orthop Res 
2001; 19(5):820-6. 
25. Smith DJ, Chakravarthy DD, Pulfer SS, 
et al. Nitric oxide-releasing polymers 

136 

contammg the [N(O)NO]- group. J Med 
Chem 1996;39(5):1148-56. 
26. Engelsman AF, Van der Mei HC, 
Busscher HJ, Ploeg RJ. Morphological 
aspects of surgical meshes as a risk factor 
for bacterial colonization. Br J Surg 2008;95 
(8): 1051-9. 
27. Trampuz A, Zimmerli W. Antimicrobial 
agents in orthopaedic surgery: Prophylaxis 
and treatment. Drugs 2006;66(8):1089-105. 
28. Nablo BJ, Schoenfisch MH. In vitro 
cytotoxicity of nitric oxide-releasing sol-gel 
derived materials. Biomaterials 2005;26 
(21):4405-15. 
29. Witte MB, Barbul A. Role of nitric oxide 
in wound repair. American Journal of 
Surgery 2002;183(4):406-12. 
30. Vitek MP, Brown C, Xu Q, Dawson H, 
Mitsuda N, Colton CA. Characterization of 
NO and cytokine production in immune
activated rnicroglia and peritoneal 
macrophages derived from a mouse model 
expressing the human NOS2 gene on a 
mouse NOS2 knockout background. Antiox 
Redox Sign 2006;8(5):893-901. 



CHAPTER 9 

In vivo Evaluation of Silicone Rubber Implant Infection 

after Revision Surgery and Antibiotic Treatment. 

Anton F. Engelsman, Isabella C. Salda1Tiaga-Fernandez, M. Reza 

Nedjanik, Gooitzen M. van Dam, Kevin P. Francis, Rutger J. Ploeg, 

Henk J. Busscher, Henny C. van der Mei 

submitted 



-



INFECTION AND REINFECTION OF SR-DISKS AFTER REVISION SURGERY - CHAPTER 9 

INTRODUCTION 

Infections associated with implanted biomaterials are a frequently occurring 

problem in modem medicine. Antibiotics are considered a cornerstone in the 

treatment of implant related infections. Antibiotic treatment, however, is often 

unsuccessful, and followed by removal of the implant, increasing hospital-stay 

and associated costs. 1 Biomaterials-associated infections (BAI) are typically 

caused by commensal bacteria, e.g. Staphylococcus aureus, which adhere to the 

biomaterial surface and produce extracellular polysaccharides to form a biofilm 

on the implant surface. 2 The biofilm mode of growth provides a reduced 

bacterial susceptibility to antimicrobial agents.3 BAI is usually treated with 

vancomycin, often in combination with rifampicin. Vancomycin is known to 

effectively penetrate biofilms and substantially reduce the number of viable 

bacteria.4 Yet, vancomycin treatment has a relatively high failure rate, which can 

be explained in part by low metabolic activity of bacteria in a biofilm.5 

Broekhuizen et al. showed that bacteria are also located inside macrophages 

surrounding a biomaterials implant, 6,7 and remain protected against antibiotic 

treatment. 8 Thus, both the biofilm mode of growth on the surface of a 

biomaterial as well as the localization in peri-implant tissues offers protection to 

bacteria involved in BAI against routine antibiotic treatment. 

When aspects described above are taken into account primary implants 

are expected to suffer a different risk of infection from BAI than secondary 

implants after revision surgery. Primary implants are at risk of becoming 

infected during operatation or hospitalization, and sometimes by hematogenous 

spreading of bacteria from infections elsewhere in the body.9, 10, 1 1  Bacteria 

infecting a secondary implant may arise, however, from peri-implant tissue and 

usually have been exposed for longer periods of time to antibiotics, possibly 

creating resistance or altering their adhesiveness for an implant surface.12 

In vivo imaging is currently rapidly emerging as a technique to 

longitudinally monitor BAI in living animals. 13, 14, 15 For this purpose, a 

Staphylococcus aureus strain was modified by integration of a luxABCDE gene 
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into its genome, rendering the strain bioluminescent when metabolically active. 

Bioluminescence has shown to be a reliable pseudo-marker for bacterial 

presence, with a high correlation between the light signal and ex vivo bacterial 

counts. 13, 1 6  The main advantage of in vivo imaging is that it allows the 

monitoring of bacterial persistence spatiotemporally without sacrificing the 

animal. In vivo imaging has been used in a number of in vivo infection studies to 

evaluate efficacies of antibiotic regimens against BAI, 14, 1 7 , 1 8 but to our 

knowledge has never been used to monitor the course of a secondary implant 

after revision surgery due to BAI of the primary implant. 

Silicone rubber is a hydrophobic material, which is typically used in 

catheter systems and flexible implants such as vocal, breast and penile 

prostheses. Clinically, it is known that the risks of infection of a secondary 

implant after primary BAI are much higher than those of a primary implant. 

While 1 - 3% of primary penile prostheses and urinary sphincters become 

infected, infection percentages after BAI increase to 9 % in revision surgery. 1 9  

Infections during revision surgery are notorious for their progressive resistance 

to the antibiotic regimen due to changes in bacterial resistance patterns. 20 

Research so far has focused on the prevention of infection of primary implants, 

despite the fact that infections of secondary implants after BAI of a primary 

implant occur more frequently. 

The aim of this study is to determine the course of a secondary silicone 

rubber implant, when inserted in an infected pocket, after routine treatment of 

primary BAI with antibiotics and surgical removal of the infected primary 

implant. Experiments were carried out in an immunocompetent murine model 

and BAI was monitored in vivo using a bioluminescently reporting S. aureus 

strain. In addition, bacterial presence in peri-implant tissues and on the silicone 

rubber implant were evaluated separately ex vivo by plate-counting. 
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METHODS 

BIOFILM FORMATION BY BIOLUMINESCENT S. AUREUS XEN29 

S. aureus ATCC 12600 was made bioluminescent by stably integrating a 

modified lux operon into its chromosome. This was achieved using the plasmid 

pXen-5 (pAUL-A Tn 4001 luxABCDE Kmr) as described previously.21 This 

modification enables the strain, designated Xen29, to produce luciferase and its 

substrate constitutively, resulting in a photon-emitting state when in the presence 

of FMNH2 and oxygen. The strain was obtained commercially from Xenogen 

Corporation (now part of Caliper Life Sciences, Hopkinton, MA, USA). S. 

aureus Xen29 were cultured from cryopreservative beads (Protect Technical 

Surface Consultants Ltd. , Lancashire, UK) onto blood agar plates at 37°C in 

ambient air. One colony was used to inoculate 10 ml tryptone soy broth (TSB, 

Oxoid, Basingstoke, UK) and grown overnight ( 16  h) . To form a biofilm, a test 

tube with 10 ml TSB enriched with 4% NaCl was inoculated with 100 µI of the 

overnight culture in which a single sterile silicone rubber (SR) disk ( diameter 8 

mm; thickness 0.5 mm, Medin, Groningen, The Netherlands) was incubated for 

72 h at 37°C on a rotary shaker (60 rpm). 

IMPLANTATION PROCEDURE OF PRIMARY SR-DISK AND INITIATION OF BAI 

SR-disks with adhering biofilms were implanted in the left flank of 20 female 

Balb/c OlaHsd (Harlan Netherlands BV, Horst, The Netherlands) mice. 

Anesthesia was induced with 3.5% Isoflurane/O2 (Zeneca, Zoetermeer, The 

Netherlands) gas mixture and maintained at 1 .5% during the entire implantation 

procedure. In addition, buprenorfine (0.03 mg/kg) was administered 

subcutaneously 30 min in advance of the procedure as an analgesic. Prior to 

implantation of the contaminated SR-disks, the left flank was shaved and 

cleaned with 70% ethanol. A 2 cm deep subcutaneous pocket was made through 

a 1 cm incision, in which one SR-disk was placed. The incision was closed with 

a single 7-0 monofilament polypropylene (Surgipro TM , US Surgical Corp. , 

Norwalk, Connecticut, USA) suture. The disks were left in situ for four days, 
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after which the pocket was opened under sterile conditions, using the same 

analgesia and anesthesia procedures as described for the initial implantation 

procedure. During this 4-day period, the infection was either treated with 

intraperitoneal antibiotics or with 0.9 % NaCl. Based on an average bodyweight 

of the mice of 20 g, 0.5 ml of an antibiotic solution of 2 mg/ml vancomycin 

(vancomycin 500, Abbott bv, Hoofddorp, The Netherlands) + 1 mg/ml 

rifampicin (Rifadin, Aventis, Hoevelaken, The Netherlands) in 0.9 % NaCl was 

injected intra-peritoneally.6 Control mice received injections of 0.5 ml of 0.9% 

NaCl. These experiments were approved by the Animals Experiments 

Committee at the University of Groningen. 

REVISION SURGERY AND PLACEMENT OF SECONDARY SR-DISKS 

At day four, antibiotic and control treatments were ended and the primary SR

disks were collected for ex vivo analyses. Six out of ten animals per group 

received a sterile, secondary SR-disk, while the remaining animals were closed 

without placement of a new implant. At day 10, the secondary implants were 

removed along with a sample of tissue surrounding the implant site for further 

ex vivo analysis. 

BIOLUMINESCENT IMAGING 

Bioluminescent imaging was used to evaluate the progression of BAI of the 

primary implant and to monitor the faith of the secondary implant. The 

bioluminescent signal was scanned in situ using a CCD camera (IVIS® 

Spectrum Imaging System, Caliper Life Sciences, Hopkinton, MA, USA). After 

acquiring a grey-scale photograph, a bioluminescent image was obtained using 

15 cm field of view, binning of 4, 1/f stop and open filters. The duration over 

which imaging was executed depended on the signal intensity which resulted in 

an average imaging duration of 2 min. The signal was considered as below 

threshold when no signal was found during a maximum imaging duration of 10 

min. In case of a positive signal, regions of interests (ROis) were defined by 

using a threshold of 600 photon counts over the total imaging duration, which is 
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the minimal operating sensitivity of the IVIS. Bioluminescence was quantified 

by using radiance (p/s/cm2/sr). 

EX VIVO QUANTIFICATION OF BACTERIA ON PRIMARY AND SECONDARY SR

DISKS AND IN SURROUNDING TISSUE 

Immediately after removal, the collected SR-disks or tissue samples were 

transferred to the laboratory in Eppendorf tubes containing reduced transport 

fluid (NaCl 0.9 g/1 (NH4)2SQ4. 0.9 g/1, KH2PO4 0.45 g/1, Mg2SO4 0. 19g/l, 

K2HPO4 0.45 g/1, Na2EDTA 0.37 g/1, L-cysteine HCl 0.2 g/1, pH 6.8). 

Staphylococci adhering to the disks were detached into suspension by 

intermittent sonication for three times 10 s at 30 W (Vibra Cell model 375; 

Sonics and Materials, Danbury, CT, USA). 100 µI of this suspension was spread 

on a blood agar plate and the number of colony forming units (CPU) were 

determined after incubation for 24 h at 37°C. Bacterial presence in tissues was 

determined after homogenization by sonication, and subsequent diluted and 

culturing of 100 µI of the homogenate on blood agar plates. CPU's were 

enumerated as described above and normalized for the weight of the tissue 

sample. 

MIC-VALUES OF S. AUREUS XEN29 AGAINST VANCOMYCIN AND RIFAMPICIN 

In order to determine the minimal inhibitory concentrations (MIC) of 

bioluminescent S. aureus Xen29 against the two antibiotics used, staphylococci 

were exposed to rifampicin and vancomycin E-tests® (AB Biodisk, Solna, 

Sweden) according to the manufacturer's protocol. After 24 h growth at 37°C, 

MIC values were read from the E-test® strip. In addition, bioluminescent images 

of the agar plates were taken with an IVIS Spectrum along with a regular light 

photograph. 
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RESULTS 

PROGRESSION OF PRIMARY IMPLANT INFECTION 

The presence of an infected primary SR-disk yielded a clear bioluminescent 

signal in all mice treated with saline as a control (see example in Fig. IA), but in 

the antibiotic treated group the bioluminescent signal was below the pre-set 

detection level from the onset of implantation, i.e. during imaging at day I (see 

also a representative example in Fig. IA). Removal of the primary implant 

induced an almost immediate and significant decrease of the bioluminescent 

signal in all mice treated with saline to below levels of detection (see Fig. IB for 

average data). Ex vivo quantification of bacterial presence using plate counting 

(Fig. IC) indicated bacterial presence on all SR-disks in the saline group, while 

in the antiobiotic-treated group only 20% of the removed primary implants 

appeared infected with S. aureus Xen29. After ten days the surrounding tissue 

was analyzed for the presence of bacteria by plate counting. All excised tissue 

samples in the saline-treated group were cultured positive for S. aureus Xen29, 

while none of the tissue samples from the antibiotic-treated group harvested any 

bacteria (Fig. IC). 

INFECTION OF THE SECONDARY IMPLANT 

After revision surgery at day 4, bioluminescence could be quantified in vivo in 

saline-treated mice, but bioluminescence remained below threshold in the 

antibiotic-treated group (see Fig. 2A and B). Plate counting showed that all 

secondary disks in saline-treated mice harvested bacteria and 83% of the tissue 

cultures appeared positive for bacteria (see Fig. 2C). However, despite their 

initial absence in tissue samples in the antibiotic-treated group, bacteria were 

cultured from I 7% of the secondary implanted disks in the antibiotic-treated 

group and from 33 % of the surrounding tissue samples taken. 
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MIC-VALUES AND S. AUREUS XEN29 BIOLUMINESCENCE 

MIC-values of S. aureus Xen29 against vancomycin and rifampicin were 3 and 

0.006 µg/ml, respectively (see Fig. 3A and 3B). Interestingly, vancomycin 

induced an increase in bioluminescence on the edge of the inhibition zone (Fig. 

3C, black arrows), whereas surprisingly rifampicin induced a decrease in 

bioluminescent at the transition from growth to no growth (Fig. 3D, white 

arrows). 

FIGURE 1 (PAGE 144). Infection of primary SR-disks and surrounding tissue. A) 
Examples of bioluminescent images projected on a grey-scale image of a 
representative mouse, with the time-points of removal of the primary SR-disks 
indicated. B) Mean bioluminescence (radiance p/s/cm2/sr) in the antibiotic- and 
saline-treated groups, presented as means ± SD over 1 0  (• antibiotic treated group; 
O saline treated group). C) Numbers of colony forming units per gram tissue (CFU/g) 
as determined by plate counting from primary implants (• antibiotic treated group; O 
saline treated group), explanted at day 4, and tissue samples (• antibiotic treated 
group; 6 saline treated group), taken at day 1 0, i.e. the end of the experimental 
period. Since part of all animals received a secondary implant, tissue samples could 
only taken from a limited number of mice. 

FIGURE 2 (PAGE 145). Infection of secondary SR-disks and surrounding tissue. A) 
Examples of bioluminescent images projected on a grey-scale image of a mouse, 
with the time-points of removal of the primary S R-disks and insertion of secondary 
disks indicated. B) Mean bioluminescence (radiance, p/s/cm2/sr) in the antibiotic- and 
saline-treated groups, presented as means ± SD over 6 mice (• antibiotic treated 
group; O saline treated group}. C) Numbers of colony forming units per gram tissue 
(CFU/g) on agar plates from secondary implants (• antibiotic treated group; O saline 
treated group) and tissue samples (• antibiotic treated group; 6 saline treated 
group), both collected at day 1 0, i.e. the end of the experimental period. 
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FIGURE 3. Regular light photographs (upper panel) and bioluminescence images 
(lower panel) of S. aureus Xen29 exposed to vancomycin (A and C) and rifampicin (B 
and D) in E-tests®. The white arrows show a reduction of bioluminescence as a result 
of exposure to rifampicin. In contrast, exposure of S. aureus Xen29 to vancomycin 
resulted in an increased bioluminescent signal (black arrows). The positions of the 
arrows in the pictures in the upper panel correspond with their positions in the lower 
panel. 
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DISCUSSION 

Infection is the most devastating complication in implant surgery with 

biomaterials and results in considerable patient morbidity and need for revision 

surgery. 20 Secondary implants are even at a greater risk of becoming infected 

after BAI of a primary implant. This study indicates that one out of six 

implanted secondary silicone rubber disks becomes infected within five days 

after insertion despite antibiotic treatment and despite the observation that tissue 

surrounding the infected primary implant was devoid of viable bacteria at day 

10. Moreover, not only the implant but also the tissue surrounding a secondary 

implant appeared infected in two out of six cases. In the absence of antibiotic 

treatment, all secondary SR-disks (6/6) and nearly all (5/6) tissue samples 

became infected. 

It is important to mention that in the antibiotic treated group secondary 

implanted SR-disks became infected despite the fact that no bacteria could be 

retrieved from surrounding tissue samples in this group. This clearly might 

demonstrate the limitations of sampling by itself. In daily clinical practice it is 

known that a tissue-negative culture is not always indicative for the absence of 

infection. For this reason, it is advocated e.g. in orthopedics that multiple tissue 

samples should be taken to confirm septic loosening in revision surgery.22 

Microbiological analyses of explanted total hip arthroplasties indicated septic

loosening in 86% of all cases, while extensive culturing of multiple tissue 

samples did not reveal an infection in more than 4 1  %.22 The interstitial milieu 

surrounding prosthetic implants is known to represent a region of local immune 

depression,23 which is susceptible to microbial colonization and thus highly 

favorable to (re-)infection.24,25 In this niche, bacteria remain present in a 

metabolically less active state and in low numbers,6,26 which decreases the 

sensitivity of microbiological evaluation (i.e. the detection of viable bacteria) 

and antibiotic treatment. Our results showed that removal of the primary implant 

without antibiotic therapy reduced the number of bacteria in the tissues 

dramatically, but did not result in clean cultures, leading to an almost 100% 
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infection rate of both implant and surrounding tissue. These findings correspond 

with current clinical experiences that a BAI is treated best with rigorous and 

long-term antibiotic therapy in combination with removal of the infected 

implant. 

Bioluminescence has shown to be a reliable biomarker for viable bacterial 

presence, with a high correlation between the light signal and ex vivo bacterial 

counts. 13,2 1  However, with respect to the evaluation of secondary implant 

infection, especially after antibiotic treatment, its sensitivity requires further 

study. Bioluminescent signals were generally below the detection threshold, 

despite the fact that a significant bacterial presence was found on implants as 

well as in peri-implant tissues by ex vivo analyses. Possibly, bacterial presence 

was too low for detection by the IVIS, but it is also feasible that the S. aureus 

Xen29 were in a relative low state of metabolic activity in the biofilm after 

antibiotic treatment, resulting in weak bioluminescent signal. 

Imaging of S. aureus Xen29 bioluminescence in ex vivo E-test evaluations 

indicated that high doses of both vancomycin and rifampicin yielded 

unambiguous bacterial killing, accompanied by complete quenching of the 

bioluminescent signal. Interestingly however, around the antibiotic minimum 

inhibitory concentration (MIC) it appears that vancomycin actually enhanced 

bioluminescence from S. aureus Xen29. Near the limit of effective doses, 

however, it appears that different antibiotics affect the bioluminescence of S. 

aureus Xen29 in different ways, as shown by our results. It is possible that sub

inhibitory concentrations of certain antibiotics cause a metabolic increase in the 

cell and as a consequence enhance bioluminescence. Thus, the bioluminescent 

signal as a result of the reporter system inserted in S. aureus Xen29 13, 1 5 ,2 1  might 

not be stable during its growth in the presence of antibiotics. Earlier, it was 

demonstrated that temperature changes or reduction of oxygen do influence the 

bioluminescent signal.16 However, further studies will need to be conducted on 

this strain in vivo to determine whether this phenomenon is seen during 

antibiotic treatment of BAI in mice. Although in vivo imaging has often been 

used to longitudinally monitor antibiotic efficacies to treat BAI induced by S. 

aureus Xen29 and other strains, 14, 15 ,17 this study demonstrated that interpretation 
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of bioluminescence might be approached with caution, at least with respect to S. 

aureus Xen29, in particular at the limit of an effective concentration. 

Vancomycin enhances its bioluminescence, while rifampicin decreases 

bioluminescence of S. aureus Xen29 at the limit of an effective concentration for 

reasons not yet clear. 

In conclusion, secondary silicone rubber disks implanted in mice after 

removal of an infected primary disk have been demonstrated to be at a great risk 

of infection. Secondary disks became infected within days after revision surgery, 

even after no viable bacteria had been retrieved from the tissue samples. IVIS 

can be useful to monitor infection but only in the absence of antibiotic

treatment, as bioluminescence of S. aureus Xen29 is affected during growth 

under sub-inhibitory concentrations of vancomycin and rifampicin. 
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GENERAL DISCUSSION - CHAPTER 1 0  

Implant related infection constitutes a major problem regarding the patient's 

condition including frequently long and intense treatment, revision surgery and 

even mortality. In addition, secondary implants are at risk for re-infection and 

infection related problems after revision surgery are even greater compared to 

primary implants. 1-3 Fortunately, the majority of surgical implants in patients 

will not result in problems regarding infection. The mean infection percentage 

for surgical mesh implants, for instance is approximately 2 % (Chapter 1). This 

percentage, however, is mainly influenced by patient and implant related 

characteristics, extensiveness of operation and its indication. Clinical research 

on orthopaedic devices has primarily focussed for many years on implant failure 

due to infection and bacterial colonization and this has significantly increased 

the general knowledge regarding biomaterial-associated infections (BAI). This 

awareness also resulted in significantly improved hygiene in the operating 

theatre (e.g. reduction of air movement by personnel, laminar flow systems, 

reducing wound size), which is correlated to a reduction of risk of infection.4 

Contrary, in general surgery none of the clinical trials on the use of surgical 

meshes for abdominal wall reconstructive surgery has ever used 'biomaterial

associated infection' as primary end-point during follow-up. Among these trials 

the definition of 'biomaterial-associated infection' is far from consistent and 

often confused with 'wound infection' or even more general, denominated as 

'wound discharge'. These simple facts suggest that infection as a risk factor for 

implant failure could be grossly underestimated in abdominal wall 

reconstructive surgery, as compared to the field of orthopaedics. 

Accordingly, the general aim of this thesis is to investigate the influence 

of surgical mesh morphology and materials on bacterial biofilm formation and 

the progression of mesh related infection. In order to study these phenomena, 

various in vitro and in vivo methods are developed and used to study biofilm 

formation and progression on a number of surgical meshes. 

MESHES AND BIOFILM GROWTH 

Nowadays, the surgeon can choose from a collection of over 75 different 

surgical meshes with a substantial number of similarities, but also an enormous 
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number of varieties. Each of the meshes claims that it was developed based on 

surgical experience and pliability, but also on less objective expert opinions on 

the amount of material used to cover a defect. Until now, there has never been a 

systematic comparison of these meshes regarding bacterial colonization based 

on their morphological properties. Our experiments showed that morphological 

properties of the meshes clearly influenced the bacterial presence both 

qualitatively and quantitatively. As an example, multifilament polypropylene 

accommodates significantly more Staphylococcus aureus and Staphylococcus 

epidermidis compared to its monofilament counterpart, even after correction of 

the differences between total surface areas. It is our feeling that surgeons are 

barely aware of the consequences of choosing a certain mesh and its risk of a 

potential infection. It seems as if priority is given to its pliability rather than the 

infection potential. The choice of mesh, however, may influence the course of 

infection in a later stage, as has been shown by our results. Morphological 

properties such as number of filaments, amount of material used per cm2 and 

hydrophobicity influence bacterial adhesion and biofilm formation (Chapters 4 

and 6). In this respect, a multifilament PTFE mesh should be considered as the 

less favourable choice and a lightweight monofilament polypropylene mesh as 

the best choice. 

LIMITATIONS TO OUR EXPERIMENTAL MODELS AND IMPROVEMENTS 

Throughout our experiments, we have used models to study bacterial behaviour 

on implant surfaces. Our in vitro model generated reliable qualitative data along 

with clear and reproducible pictures for quantitative biofilm analysis. However, 

bacteria surviving in vivo on the surface of an implanted biomaterial will go 

through a number of phenotypical changes and alterations in behaviour to 

increase their resistance against their hostile environment, constituted by the 

host immune system. These factors are not taken into account in our in vitro 

model, which is a major limitation. In vivo models do provide both the host 

immune system in conjunction with the implant and possible treatment 

modalities and therefore represent an environment which mimics the clinical 

situation more closely. Because of the aforementioned benefits, in vivo models 
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are usually regarded as the most optimal models for implant related research. 

Nevertheless, also in vivo models have their limitations with respect to the 

surgical procedures and species used. Especially, physiological as well as 

physiochemical differences between animals and humans make direct 

extrapolation of in vivo results to the human situation difficult. The major 

advantage of in vivo models is to elucidate mechanisms of interaction between 

host and implant which can not be studied in vitro. 

In vivo optical imaging of bacterial infections using bioluminescently 

engineered strains enables a more accurate assessment of the disease process by 

allowing the pathogen to be monitored longitudinally and nondestructively in 

the same animal throughout the duration of a study. Such an approach, 

commonly referred to as bioluminescent imaging (BLI), not only provides more 

comprehensive data during an infection study, but also generates greater 

statistical meaning to that data while using fewer animals. Infection models that 

utilize BLI require a bacterial pathogen with a luciferase based reporter system 

capable of emitting visible light that can be detected through the tissues of a live 

animal using a highly sensitive CCD camera. 

Within the field of optical imaging, new fluorescent optical contrast 

agents are developed for use in humans to overcome the limitations of animal 

models. A number of studies have already been published, which investigate the 

opportunities of these optical contrast agents to label multiple biological 

processes in murine models for oncology,5, 6 auto-immune diseases7 and 

infection. 8 Optical contrast agents can be designed to fluorescently label various 

enzymatic reactions or may be targeted to cell-specific receptors as well as to 

physiologic processes.9, 10 As a proof of principle study, we have administered a 

single dose of a fluorescent bloodpool agent together with a cathepsin B 

activatable fluorescent protein into our murine biofilm model (see figure 1) .  In 

addition, as a result of a narrow emission wavelength and in combination with 

correct filter sets, multiple optical contrast agents can be imaged in a single 

subject. These techniques may provide us in the future with a clinical diagnostic 

bedside tool to identify non-invasively an implant related infection and to 

differentiate this from a benign foreign body reaction. Future development of 
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optical contrast agents may lead to agents that specifically illuminate enzymatic 

reactions, cell receptor expression or (non-)viable bacteria. In addition, these 

agents may be designed with photo-active properties, are activated by different 

wavelengths, providing simultaneous information on the presence of target and 

its response by detection of its fluorescent signal. As such these agents have both 

diagnostic as therapeutic activities. This implicates that agents will allow us not 

only to detect but simultaneously to treat and monitor the disease process by one 

and the same optical imaging tools in patients. 
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FIGURE 1. A surgical mesh with a 3 day old S. aureus Xen29 biofilm as well as a 
sterile mesh were implanted subcutaneously according to the in vivo biofilm model as 
described in Chapter 5. Seven days after implantation and 24 hours prior to imaging 
two different fluorescently active optical contrast agents were injected 
intraperitoneally. Figure 1 A) shows the fluorescent signal from a cathepsin B 
activated agent. The bars represent the signal intensity quantitatively (mean and SD, 
n = 3), showing that this particular agent is not capable of differentiating between a 
foreign body reaction and a BAI .  In figure 1 8) a macromolecule is injected which will 
accumulate in the interstitium in the case of increased permeability. Quantifying the 
fluorescent signal shows that this probe is capable of differentiating between a 
foreign body reaction and a BAI based on the increased vascular permeability 
associated with BAI (mean and SD, n = 3, p < 0.05 according to a Students t test). 
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FUTURE PREVENTION OF INFECTION 

Prophylactic administration of antibiotics during the implantation of a surgical 

mesh in the abdominal wall has been shown not to influence the risk of infection 

as a complication11 (and Chapter 9). Knobben et al. 4 have shown in orthopaedic 

implant surgery that protocolled hygiene in the operating theatre has more 

influence on early infection prevention than antibiotics. However each patient 

who receives an implant remains a lifelong risk of implant infections, which will 

typically occur at a late stage (i.e. months up to years after surgery). As such, 

early prophylaxis and operating theatre hygiene do influence the early but not 

the late risk of infection.4 Broekhuizen et al. 12 showed that the implanted 

biomaterial introduces a niche in which bacteria are capable of surviving despite 

of the host immune system. These bacteria may have been introduced at an early 

stage during initial surgery but will switch into a metabolic survival mode, 

rendering them less vulnerable to the host immune system and antibiotics. As a 

consequence, this implies that other strategies have to be found to prevent 

bacteria from becoming opportunistic and cause a delayed biomaterial related 

infection. The following strategies may be distinguished: 

1. improvement on the development of biomaterials to prevent bacteria from 

adhering to their surface, 

2. making biomaterials selectively toxic to bacteria, which may be achieved 

by applying a bacteriostatic or bactericidic coating, and 

3. to develop and improve current and future antibacterial treatment such that 

it will be active against bacterial growth in biofilms (e.g. high levels of 

antibiotics and photodynamic therapy). 

A number of coatings already have been developed with the intention that 

bacteria adhere less to the implant surface. This strategy will interfere with the 

first initiating step of biofilm formation (i.e. approach and adhesion of bacteria 

to a surface) and consequently infection may be prevented. An example of such 

a new coating is to apply polymer brushes on a biomaterial surface which repel 

bacteria and prevent them to attach to the surface.13  Nitric oxide (NO) 

incorporated in a coating may also be beneficial using its bactericidal effects on 

micro-organisms. In addition, from clinical physiological studies it is known that 
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NO is an important mediator in the pathway for angiogenesis.14 These two 

mechanisms combined will protect and stimulate host tissue ingrowth during the 

first weeks after implantation of a prosthetic device. In this thesis, we have 

evaluated a C-based NO releasing polymer coated on surgical meshes, which 

has been shown to be highly antimicrobial in an in vitro set-up. However, in our 

in vivo experimental model we were not able to confirm these results, which is 

most likely due to a sub-optimal configuration of the coating, as applied in our 

samples. Despite these results, we still consider C-based NO releasing coatings 

of importance for soft tissue reconstructive surgery ( e.g. hernia repairs using 

mesh grafts). 

Since micro-organisms in a biofilm are known to be resistant to 

antibiotics, new treatment methods are sought to cope with infection. Ensing and 

colleagues showed a significant reduction of biofilm density when ultrasound 

was added to the antibiotic treatment of infected bone cement in a rabbit model. 
15 The experimental treatment of Ensing suggest that when clinical problems 

occur with infected surgical meshes after hernia repair a possible mode of 

treatment would be ultrasound. Surgical meshes are generally placed relatively 

superficially in the abdominal wall in contrast to e.g. prosthetic hips. This could 

enhance the effects of ultrasound as an interesting new field for treatment of 

surgical mesh infections. 

CONCLUSIONS 

Biomaterial-associated infections will probably never be entirely banned as a 

complication after introducing a permanent implant into a human body. 

Nevertheless, a large number of strategies are known already and new modes of 

therapy will be discovered in the near future to reduce the incidence of BAI as 

well as increase the success of antibiotic treatment of bacterial biofilms. With 

respect to abdominal wall implants, these strategies include protocolled hygiene 

in the operating theatre as well as the surgeons choice of an appropriate mesh. 

New bio-optical techniques are currently developed to study the host-implant 

interaction in animals, applying various coating and treatment strategies. 

Similarly, this may lead to an innovative clinical applicable optical imaging 
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instrument and optical contrast agents for non-invasively diagnosing and 

treating an implant infection in an early stage. Many of these developments will 

help to reduce biomaterial related infections in the future. 
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Summary 

CHAPTERS 1 and 2 present the theoretical and clinical background to 

abdominal wall reconstruction, the different types of surgical mesh employed 

and known mechanisms of infection. It is shown that there are major physico

chemical differences between available meshes, which, in combination with the 

location of the mesh, the surgical technique applied and hernia type involved 

influence the infection potential. Prosthetic meshes in abdominal wall 

reconstructive surgery are increasingly popular due to reduction of hernia 

recurrences, which leads to the aim of this thesis to comprehensively investigate 

in vitro and in vivo the influence of mesh morphology and material on bacterial 

biofilm formation and the progression of mesh related infection. 

Although individual meshes have been evaluated with respect to the 

formation of infectious biofilms, no comprehensive comparison yet exists. 

Therefore, CHAPTER 4 evaluates the role of the material and morphology of 

surgical meshes on biofilm growth. For this purpose, a coagulase negative 

staphylococcus (CNS), Staphylococcus aureus, Escherichia coli and 

Pseudomonas aeruginosa were grown in vitro on different meshes. Intact 

biofilms were fluorescently stained and evaluated with confocal laser scanning 

microscopy to distinguish dead from live bacteria and slime. Numbers of 

adhering bacteria and the amount of slime in the biofilm depends heavily on the 

morphology of the mesh; hydrophobicity and the presence of niches in 

multifilament meshes contributed the most to an increased biofilm growth. This 

chapter concludes that morphological properties of surgical meshes as well as 

their hydrophobicity influence bacterial growth and slime production. 

Differences in slime production may explain why antibiotic treatment is more 

effective for one mesh type as compared with another. 
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CHAPTER 5 introduces and validates a simple technique to test in vivo 

new antimicrobial and/or non-adhesive implant coatings. Current in vitro 

methods for studying bacterial adhesion and growth on biomaterial surfaces lack 

the influence of the host immune system. Most in vivo methods to study 

biomaterials-associated infections routinely involve implant-removal, 

preventing comprehensive longitudinal monitoring. In vivo imaging circumvents 

these drawbacks and is based on the use of non-invasive optical imaging of 

bioluminescent bacteria. S. aureus Xen29 is genetically modified to be stably 

bioluminescent, by the introduction of a modified full lux operon onto it 

chromosome. Surgical meshes with adhering S. aureus Xen29 were implanted in 

mice and bacterial growth and spread into the surrounding tissue was monitored 

longitudinally from bioluminescence with a highly sensitive CCD camera. 

Distinct spatiotemporal bioluminescence patterns, extending beyond the mesh 

area into surrounding tissues were observed. After ten days, the number of living 

organisms isolated from explanted meshes was found to correlate with 

bioluminescence prior to sacrifice of the animals. Therefore, it is concluded that 

in vivo imaging using bioluminescent bacteria is ideally suited to study 

antimicrobial coatings taking into account the host immune system. In addition, 

longitudinal monitoring of infection in one animal will significantly reduce the 

numbers of experiments and animals. 

CHAPTER 6 studies the influence of the morphology of surgical meshes on 

the course of infection under the influence of the host immune system in the in 

vivo chronic infection model as introduced in chapter 5. Samples of six popular 

surgical meshes were contaminated with a bioluminescent strain of S. aureus 

and implanted subcutaneously in a mouse. The intensity as well as the spreading 

of the radiance was analyzed non-invasively in vivo during a 10-day follow-up 

period. Over the course of infection multifilament polypropylene showed a 

significantly higher persistence of bacteria as well as spreading of infection 

compared to all other meshes. In contrast, infection resolved in almost all 

subjects with the low-weight polyester mesh. Hydrophobic materials induced an 

increased spreading of infection. The results of this study are in accordance to 

scattered clinical reports on infection involving surgical meshes and suggest that 
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multifilament and hydrophobic meshes significantly increase bacterial 

persistence or spreading in the infected area. 

Bioluminescence is increasingly used to monitor bacterial presence in in 

vivo infection models to evaluate antibiotic efficacy. CHAPTER 7 shows with an 

experimental pilot study, that the intensity of the bioluminescent signal of S. 

aureus Xen29 is affected differently when exposed to antibiotics (by means of 

E-tests®). This phenomenon suggests that bioluminescence may be unreliable as 

a marker to quantify bacterial presence when exposed to antibiotics. 

Treatment with antibiotics is ineffective due to the biofilm mode of 

growth of the infecting bacteria and bears the risk of inducing antibiotic 

resistance. Hence there is a need for altemati ve methods to prevent and treat 

mesh infection. Nitric oxide (NO)-releasing coatings have been demonstrated to 

possess bactericidal properties in vitro. CHAPTER 8 assesses the possible 

benefits of a low concentration NO-releasing carbon-based coating on 

monofilament polypropylene meshes in vitro and in vivo. When applied on 

surgical meshes, NO-releasing coatings showed significant bactericidal effect on 

in vitro biofilms of S. aureus, E. coli, P. aeruginosa and CNS. However, using 

bioluminescent in vivo imaging, no beneficial effects of this low concentration 

NO-releasing coating on subcutaneously implanted surgical meshes in mice 

could be observed. 

In CHAPTER 9 the effect of antibiotic treatment and removal of the 

infected biomaterial is investigated. Infection of secondary silicone rubber 

implants after removal of a primary implant due to a stimulated biomaterial

associated infection (BAI) with bioluminescent S. aureus Xen29 was imaged in 

a murine model. BAI of the primary implant was treated with vancomycin/ 

rifampicin, using saline for control. After 4-days of treatment, primary implants 

were replaced with a secondary implant. BAI was imaged and quantified in vivo 

from the bioluminescent signal measured. In addition, primary and secondary 

implants as well as tissue samples were cultured for bacteria. BAI of the primary 

implant could only be monitored from bioluminescence in the control group, 

while bacteria were cultured from all disks and tissue samples. During antibiotic 

treatment, S. aureus Xen29 was cultured from 20% of all primary implants and 
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none of the tissue samples. After revision surgery in the control group, 

bioluminescence could be measured in all mice and explanted secondary disks 

and 80% of all tissue samples harvested bacteria. In the antibiotic treated group, 

17% of all secondary implants and 33% of all tissue samples were culture

positive, despite antibiotic treatment. E-tests for vancomycin and rifampicin of 

S. aureus Xen29 indicated that interpretation of bioluminescence must be 

considered with caution at least with respect to S. aureus Xen29, since at the 

limit of an effective concentration bioluminescence is influenced. This might be 

one of the reasons why bioluminescent imaging was only partly useful for 

monitoring BAI in this study. 

In the CHAPTER 10 the advantages and limitations of our in vitro and in 

vivo infection models are discussed. Our in vitro model generated reliable 

qualitative data along with clear and reproducible pictures for quantitative 

biofilm analysis, however the host immune system is not involved in vitro. In 

vivo models do provide both the host immune system in conjunction with the 

implant and possible treatment modalities and therefore represent an 

environment that mimics the clinical situation more closely and our model based 

on bio-optical imaging has shown to be very reliable. This model needs further 

improvement, but already provides us with new possibilities to investigate in 

vivo biochemical processes non-invasively. As a proof-of-principle in vivo 

imaging based on fluorescent optical contrast agents is explained. These new 

techniques help us develop and evaluate new strategies to prevent and treat 

biomaterial-associated infections. 

1 70 



Samenvatting 

HOOFDSTUKKEN 1 en 2 van de introductie zetten de tbeoretiscbe 

acbtergrond van reconstructieve buikwand cbirurgie uiteen. Hierbij wordt er 

ingegaan op de verscbillende typen bescbikbare cbirurgiscbe matjes en de 

mecbanismen van bet ontstaan van een infectie. Vanuit de bestaande literatuur is 

bet bekend <lat er grate fysische en cbemische verschillen zijn tussen matjes. 

Deze verscbillen bepalen uiteindelijk samen met de cbirurgiscbe tecbniek, de 

anatomiscbe locatie van de mat en de type buikwandbreuk de kans op een 

infectie. Er wordt steeds vaker gebruik gemaakt van cbirurgiscbe matjes bij de 

correctie van buikwandbreuken omdat is gebleken <lat <lit een significante 

reductie van de kans op recidief betekent in vergelijking met bet primair sluiten 

van de breuk. In <lit perspectief is het doel van <lit proefscbrift bet op een 

systematische manier vergelijken van de invloed van de morfologische en 

cbemiscbe eigenschappen van chirurgische matjes op bacteriele groei in vitro en 

in een muismodel, in vivo. 

Cbirurgiscbe matjes zijn reeds uitgebreid geevalueerd in relatie tot de kans 

op bet ontstaan van een infectie. Er bestaan ecbter geen systematisch 

vergelijkende studies die een antwoord zoeken op de vraag welke eigenscbappen 

van de matjes de kans op infectie bei:nvloeden. HOOFDSTUK 4 vergelijkt de 

vorming van een bacteriele biofilm in een gecontroleerde omgeving op een 

zestal morfologisch verscbillende cbirurgische matjes. Een drie dagen oude 

biofilm van een viertal veel voorkomende micro-organismen werd geanalyseerd 

op de verschillende matjes. De intacte biofilms werden gelabeld met 

fluorescente stoffen zodat levende en <lode bacterien en slijmvorming konden 

warden onderscbeiden. Uit deze studie bleek <lat bet aantal bacterien en de 

boeveelbeid slijm sterk werden bepaald door bet type matje waarop de biofilm 
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was gegroeid .. Het meest opvallend was <lat de hydrofobiciteit en het bestaan 

van ruimtes tussen de draden van multifilamente matjes zorgden voor een 

significante toename van bacterien in een biofilm. Deze bevindingen suggereren 

<lat de morfologische eigenschappen van matjes bet verloop van de infectie en 

bet welslagen van een antibiotica bebandeling kunnen bepalen. 

HOOFDSTUK 5 introduceert en valideert een nieuwe techniek die het 

mogelijk maakt om de mate van bacteriele aanwezigbeid rond een implantaat te 

bepalen in een in vivo model. Huidige in vitro tecbnieken scbieten tekort met 

betrekking tot bet evalueren van bacteriele groei in relatie tot het 

immuunsysteem. De meeste in vivo technieken maken bet noodzakelijk om een 

implantaat te verwijderen alvorens de aanwezigbeid van bacterien kan worden 

bepaald, waardoor bet moeilijk wordt longitudinaal onderzoek te doen. In vivo 

bio-optiscbe beeldverwerking omzeilt deze problemen doordat bet gebruik 

maakt van bioluminescente bacterien waarvan bet lichtsignaal non-invasief kan 

worden vervolgd. In <lit kader is Stafylococcus aureus Xen29 genetiscb 

gemodificeerd zodat het een stabiel bioluminescent signaal uitzendt. Een 

chirurgiscb matje met een S. aureus Xen29 biofilm werd geYmplanteerd in een 

subcutane bolte in een muis. De aanwezigbeid en verspreiding van bacterien 

werd aan de hand van het bioluminescente signaal gevolgd gedurende 10 dagen 

met een CCD camera. Op <lag 5 en <lag 10 werd er een significante correlatie 

gevonden met ex vivo bepalingen van bet aantal bacterien en het in vivo 

bioluminescente signaal. Deze tecbniek biedt een betrouwbare metbode om 

biomateriaal gerelateerde infecties te onderzoeken in een in vivo model. Tevens 

resulteert deze tecbniek in een significante reductie van het proefdiergebruik 

door de mogelijkheid een <lier longitudinaal te analyseren. 

HOOFDSTUK 6 evalueert bet verloop van een infectie in relatie tot 

cbirurgische matjes met morfologiscbe verscbillen in een diermodel. Hiervoor 

werd bet model zoals geYntroduceerd in hoofdstuk 5 toegepast. Op een zestal 

veelgebruikte matjes werd gedurende drie dagen een bacteriele biofilm van S. 

aureus Xen29 gegroeid. De gekoloniseerde matjes werden subcutaan 

geYmplanteerd in een muis. De intensiteit en de verspreiding van bet 

bioluminescente signaal werden dagelijks gemeten gedurende 10 dagen en 
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vervolgens gebruikt om de mate van infectie te analyseren. Het bleek dat een 

infectie geassocieerd met een multifilament polypropyleen matje zowel een 

significant hogere intensiteit alsook een hogere verspreiding toonde, vergeleken 

met alle andere matjes. Opvallenderwijs bleek dat een infectie geassocieerd met 

het dunne monofilamente polyester matje in bijna alle gevallen volledig 

resorbeerde tot onder het detectieniveau. De resultaten van deze studie zijn in 

overeenstemming met de beschikbare klinische studies die chirurgische matjes 

evalueren en laten zien dat er een ongunstig infectieverloop is bij multifilamente 

matjes en hydrofobe matjes. 

Bioluminescente bacterien worden steeds vaker gebruikt in in vivo 

modellen om implantaat gerelateerde infecties en de effecten van antibiotica 

behandeling te evalueren. In HOOFDSTUK 7 wordt in een korte studie het 

effect van blootstelling aan antibiotica op het bioluminescente signaal van S. 

aureus Xen29 getest (met behulp van een E-tests®) .  Er werd een wisselende 

inhibitie of excitatie van het bioluminescente signaal gezien afhankelijk van het 

type antibioticum bij directe blootstelling. Deze resultaten suggereren dat er 

voorzichtigheid geboden is bij de correlatie van het bioluminescente signaal met 

de hoeveelheid aanwezige bacterien. 

Doordat bacterien de neiging hebben een biofilm te vormen is 

behandeling met antibiotica weinig effectief. Om deze reden is er vraag naar 

altematieve methoden om biomateriaal gerelateerde infecties te voorkomen en te 

behandelen. Coatingen die stikstofoxide (NO) afscheiden hebben reeds 

aangetoond dat zij bactericide eigenschappen hebben. HOOFDSTUK 8 

onderzoekt de bactericide werking van NO geladen koolstof coating op een 

monofilament polypropyleen matje in vitro en in vivo. Deze coating had in vitro 

een significante bactericide werking op biofilms van S. aureus, Escherichia coli, 

Pseudomonas aeruginosa en CNS. Echter, het bioluminescente signaal liet geen 

significante afname zien ten aanzien van de subcutaan geplaatste matjes met een 

S. aureus Xen29 biofilm. Mogelijk had dit te maken met de lage concentratie 

NO die vrij kwam uit de coating en de hoge mate van metabolisatie van NO in 

de muis. 
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In HOOFDSTUK 9 wordt in vivo het effect van antibiotica en het 

verwijderen van een gei:nfecteerd biomateriaal onderzocht. Hierbij werd gebruik 

gemaakt van het in vivo model op basis van bioluminescentie zoals beschreven 

in hoofdstuk 5. Er werd een siliconen rubberen schijfje met een bacteriele 

biofilm in een subcutane holte geplaatst in een muis. De gecreeerde infectie 

werd vervolgens behandeld met een combinatietherapie van rifampicine/ 

vancomycine of fysiologisch zout. Na 4 dagen werd het schijfje verwijderd en 

de hoeveelheid aanwezige bacterien op het schijfje gekwantificeerd. Hiema 

werd de holte primair gesloten zonder biomateriaal of er werd een nieuw, steriel 

siliconen rubberen schijfje teruggeplaatst. Eventuele re-infectie werd nog 

gedurende een week geanalyseerd. Bij het beeindigen van het experiment 

werden het aantal bacterien op het tweede schijfje en het aantal bacterien per 

gram weefsel bepaald. Na antibiotica behandeling van de biofilm konden er op 

20% van de primaire schijfjes nog altijd bacterien warden gevonden. Na revisie 

bleken alle steriele schijfjes en 80% van de weefselmonsters bacterien te 

bevatten wanneer er van tevoren geen antibiotica was gegeven. Echter, in de 

groep die behandeld werd met antibiotica kon nog altijd op 17% van de schijfjes 

en in 33% van de weefselmonsters bacterien warden gevonden. Deze resultaten 

werden gevonden middels ex vivo analyse. Het bioluminescente signaal bleek in 

bijna alle gevallen te laag om bacterien te detecteren. Een mogelijke oorzaak 

hiervoor kan zijn dat de bioluminescentie van S. aureus Xen29 kan veranderen 

onder invloed van blootstelling aan antibiotica. 

In de EPILOOG zijn de voordelen en nadelen van de gebruikte in vitro en 

in vivo modellen voor het analyseren van biomateriaal gerelateerde infecties 

benoemd. Het gebruikte in vitro model bleek een betrouwbaar model om het 

aantal levende en <lode bacterien te kwantificeren op verschillende chirurgische 

matjes. Echter om een betrouwbare weergave te geven van de werkelijke 

klinische situatie was het noodzakelijk het immuunsysteem erbij te betrekken. 

Het gei:ntroduceerde in vivo model biedt deze mogelijkheid, waardoor het een 

belangrijk nieuw model is om de interactie tussen implantaat, immuunsysteem 

en bacterien te analyseren. Desalniettemin is het huidige model nog niet 

optimaal en zal verdere ontwikkeling noodzakelijk zijn. In dit aspect, wordt de 
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toepassing van fluorescente optische contrast middelen geYntroduceerd. Deze 

verbeteringen zullen een belangrijke rol gaan spelen bij het optimaliseren van de 

huidige medische implantaten en het ontwikkelen van nieuwe strategieen om 

implantaat gerelateerde infecties te voorkomen en bestrijden. 
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Promoveren is een persoonlijke ontwikkeling die bepaald wordt door je 

omgeving. Het succesvol afronden van een promotietraject is daarom niet 

mogelijk zonder de mensen die je begeleiden, sturen, vragen, adviseren, helpen, 

opzwepen, vertrouwen, uitleggen, ter discussie stellen en met je een kop koffie, 

een biertje of een glas whisky drinken. Van jullie allemaal draag ik iets bij me, 

waardoor ik nu ben wie ik ben. Daar blijf ik iedereen voor altijd dankbaar voor. 

Beste Prof. dr. H.C. van der Mei en Prof. dr. H.J. Busscher, beste Henny en 

Henk, als tandem zijn jullie een onvervangbaar mengsel van theoretische 

bedenksels en praktische oplossingen. 1k wil jullie hartelijk danken voor bet 

vertrouwen dat jullie in me hebben getoond en de zelfstandigheid die jullie me 

hebben geboden. Ik heb het zeer gewaardeerd dat jullie mij de vrijheid hebben 

geboden om mezelf te kunnen ontwikkelen. 

Beste Prof. dr. Ploeg, beste Rutger, ik wil je hartelijk danken voor je klinische 

waarborg van mijn experimentele onderzoek door je scherpe vragen en 

ambitieuze ideeen. Je rol is voor mij menigmaal cruciaal gebleken om mijn 

enthousiasme als arts voor het laboratoriumonderzoek op een gezond peil te 

houden. Je bent voor mij een voorbeeld en een gids geweest gedurende mijn 

promotietraject. 

Beste Go, gedurende bet vorderen van mijn onderzoek heb jij een noodzakelijke 

rol gespeeld in bet bijdragen aan bet succes van mijn proefschrift. 1k wil je 

hartelijk danken voor de vele ideeen, die je met me deelde en speciaal voor de 

kansen die je me hebt gegeven. 
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Prof. Dr. J.E. Degener, Prof. Dr. J .A. Loontjens, Prof. Dr. G .H.I.M. Walenkamp 

wil ik hartelijk danken voor het beoordelen van het manuscript. 

Beste Maarten en Ivar, de verering die jullie beiden uitspraken toen ik jullie 

vroeg om me bij te staan op de dag is geheel wederzijds. Jullie weten beiden wat 

het is om je te begeven in de jungle van een promotietraject, wat het delen van 

mijn ervaringen iedere keer tot een plezierig gesprek maakte. Ik hoop dat we 

nog vele bijzondere momenten samen zullen beleven ! 

Als medicus ging er een wereld voor mij open op een wetenschappelijk 

laboratorium. Mijn gidsen hebben mij ten alle tijden fantastisch bijgestaan. 

Theo, hartelijk dank voor je hulp en uitleg met de confocale microscoop. Babs, 

zonder jou geen histologie ! ! Roel, ik wil je danken voor de tijd, die je met mij 

hebt besteed aan genetica en celgroei. Uiteraard wil ik alle laboranten hartelijk 

danken. Jullie hebben me wegwijs gemaakt op het lab en met de bijpassende 

gewoontes . 

In het bijzonder wil ik Bastiaan bedanken voor je leuke suggesties en 

vemieuwende ideeen en het vertrouwen om deze met me te delen. 

Lieve Isa en Roelien, mijn kamergenoten, ik wil jullie in het bijzonder hartelijk 

danken voor de leuke tijd in de gezelligste kamer van het ziekenhuis. Jullie zijn 

van grote steun geweest door me af te leiden van alles wat met het schrijven van 

artikelen te maken heeft! Moge de snoepjespot voor altijd vol zijn. 

Beste Manon en Niels, hartelijk dank voor de leuke discussies, hulp en gezellige 

oefeningen op de IVIS . 

Eduard, ik wil je nogmaals hartelijk danken voor de fantastische plaatjes. Mede 

hierdoor was de boodschap duidelijker dan ik van tevoren heb mogen hopen. 
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Lieve Chris en Elies, jullie zijn altijd gei:nteresseerd en betrokken geweest bij 

mijn onderzoek. Iedere keer dat er een publicatie verscheen heb ik mogen 

genieten van een collectieve 'wave' .  Jullie hebben mij de mogelijkheden 

gegeven, die de basis vormen van wat ik in mijn leven heb mogen bereiken. 

Tot slot, lieve Willemijn, hartelijk dank voor de stap naar de grote stad en je 

geduld toen ik een paar jaar extra in de provincie bleef! Mijn liefde voor jou is 

eeuwig. 

1/nton 
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