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General Introduction 

The implantation or insertion of biomedical devices, such as artificial heart valves, hips and 

knees, vascular prostheses and catheters, is virtually indispensable in modern medicine. 

Devices may be utilized briefly or intermittently (e.g. intravenous catheters) for months to 

years (e.g. intra-uterine devices), or permanently (e.g. artificial heart valves and hips). A 

serious problem, however, associated with the use of these so-called biomaterials is the 

occurrence of bacterial infections. Frequencies of infection vary from 0.1-1% for intraocular 

lenses to more than 20% for catheters used in chronic ambulant peritoneal dialysis (CAPD; 

figure 1) [1,2]. Infection causes considerable morbidity and mortality [1,2] because 

biomaterial-associated infections (BAI) are rather resistant to the host defense and to 

antibiotic therapy. Therefore removal of an infected biomaterial is often required [1-4], 

Central venous catheters : 4-12% 
Heamodialysis: 5-36% 

Breast Implant: 2-3% 

CAPD catheters: 
< 20% 

Penile prosthesis: 1-5% 

Knee: 1.3-2.9% 

Intraocular lens: 0.1-1% 

CSF-shunt 1.5-15% 

Heart valve: 
early: 3% 
Late : 1 - 2.5% 

Pacemaker: 1-7% 

Aorta-illiacal grafts: 0.6-1.5% 

Hip: 0.5-1.3% 

Femuro-popliteal grafts: 2-7% 

Figure 1. Overview of the frequencies of infections associated with the various biomedical implants 

used in humans. Data derived from Seifert H, Jansen B, Farr BM. Catheter-related Infections, Marcel Dekker 

New York, 1997; First Edition 

The staphylococci, especially Staphylococcus epidermidis cause more infections associated 

with almost each type of device than any other microbial species; S. epidermidis accounts for 

40-75% of the infections and Staphylococcus aureus for 10 to 20% (table 1). Less frequently 

yeasts, coryneforms, other gram-positive bacteria and various gram-negative bacteria are the 

causative organisms of BAI [1-3]. Gram-negative bacteria, such as Enterobacteriaceae and 

Pseudomonas are only a predominant cause of infection associated with urinary catheters or 

genitourinary implants, this probably due to the location of the implanted biomaterial [1-3]. 
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The ability of S. epidermidis to cause BAI is remarkable. Normally S. epidermidis lives in 

balanced harmony with the human host on the skin and on the mucosa of the upper respiratory 

tract as part of the microflora, and rarely causes infections other than BAI, except in 

immunocompromised patients [4-7]. Furthermore, the number of microorganisms present in 

the implantation site or on the surface of the device before implantation/insertion is very 

small, suggesting that the presence of the biomaterial itself predisposes for infection [8-10]. In 

contrast, S. aureus also residing in the skin and mucosal microflora of carriers is a common 

cause of various infections, both in patients with impaired host defense and in healthy 

immunocompotent persons. 

Table 1. Frequency of microorganisms isolated trom rntected 
biomaterials. 

Organism Frequency (%) 

Staphylococcus epidermidis 40-75 

Staphylococcus aureus 10-20 
Yeasts 5-10 
Enterococci/streptococcci 2-5 
Coryneform/diftroide species 2-5 
Gram negative species 2-5 
Miscellaneous organisms 1-3 

For effective prevention a basic understanding of the underlying mechanisms leading to BAI 

is essential. The pathogenesis of BAI, however, is poorly understood. Enhancement of the 

susceptibility to infections due to the presence of a biomaterial in humans was described for 

the first time by Elek en Conen more than 4 decades ago [11]. Also in various animal studies 

a 1,000 to 100,000 fold reduction of the infection dose of S. aureus and S. epidermidis were 

observed in the presence of a biomaterial [12-15]. It is assumed that the adherence of bacteria 

to the biomaterial, is the initial step in the pathogenesis [2]. Slime production by bacteria and 

so-called "adhesins" (e.g. polysaccharide adhesin (PS/A) and polysaccharide intercellular 

adhesin (PIA)) seem to play a role in the adherence of bacteria to biomaterial surfaces 

[16,17]. Bacteria may adhere directly to the biomaterial or to the biomaterial covered with 

absorbed host proteins [1,3]. Shortly after implantation or insertion various host proteins, e.g. 

fibrinogen, fibrinonectin, trombospondin and albumine, adhere to the implanted biomaterial 

[18-20]. Some host proteins e.g. fibrinogen and fibronectin promote, whereas others, e.g. 

albumine, inhibit the adherence of bacteria [18-22]. Furthermore, blood platelets deposited on 

the biomaterial surface promote the adherence as well [23]. Once microorganisms adhere to 

the biomaterial, production of extracellular substances by bacteria (slime, glycocalix), and the 

involvement of host proteins (e.g. host proteins, blood platelets) lead to formation of a 

compact matrix (biofilm) at the biomaterial surface [5,24-28]. This biofilm, is assumed to 

contribute to the (localized) persistence of bacteria. Various studies demonstrated that bacteria 
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embedded in biofilms have an enhanced resistance to host defense mechanisms and 

antibiotics [25,26,29-36]. 

During the last decades various strategies have been employed in the prevention of BAI, such 

as the use of strict protocols for preoperative skin preparation and postoperative wound care 

to reduce the risk for contamination of the wound and biomaterial and the use of systemic 

antibiotics perioperative prophylaxis. Additionally, regarding bacterial adherence as an 

essential step in the pathogenesis of BAI, the use of biomaterials with the ability to reduce 

bacterial adherence appeared to be a very attractive approach to prevent. Therefore, surface-

modified biomaterials and biomaterials impregnated/coated with antiseptic agents or 

antimicrobial(s) have been developed [37,38]. Alternatively, catheters may be soaked in 

antibiotic solutions prior to their insertion [39]. Although promising results regarding 

inhibition of bacterial adherence and duration of antibacterial activity of such novel 

biomaterials are often found in vitro, the use of such biomaterials did not always result in a 

reduced infection rate in vivo [40,41]. This suggests that there are other factors, such as 

alterations in the host defense mechanisms due to an implanted biomaterial, may be important 

in the pathogenesis of BAI. 

The implantation of either biomaterial provokes an inflammatory response [42,43]. At the 

host cellular level, the foreign body reaction starts as an acute inflammatory response, 

histologically characterized by recruitment of polymorphonuclear cells (PMN), followed by 

mononuclear cells and macrophages (figure 2). In later stages, macrophages may fuse to 

become polynucleated foreign body giant cells [42,43]. It should be noted that the intensity 

and timeframe of duration of this foreign body response is largely dependent on the size, 

shape, and chemical and physical properties of the implanted material [3,44]. Cytokines 

excreted by inflammatory cells in the vicinity of an implanted biomaterial are the most 

important modulators of the foreign body response. 
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Figure 2. The normal foreign body reaction to implanted biomaterials. (reproduced from J.M. Anderson, 

Trans Am Soc Artif Intern Organs 1988; 34: 101-107 
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Little is known regarding the role of various cytokines in the inflammatory response to 

biomaterial. In vitro, however, the cytokine induction in predominantly leukocytes exposed to 

biomaterials have been studied extensively [45-49]. In these studies the induction of the pro

inflammatory cytokines interleukin (IL)-l, IL-6 and tumor necrosis factor-a was found, 

suggesting that a proinflammatory environment may surround an implanted biomaterial [45-

49]. Furthermore, these studies showed that the various biomaterials differed significantly in 

their cytokine inducing properties if lipopolysaccharide (LPS), a major cell wall component of 

gram-negative bacteria, was present. This indicates that the presence of bacteria or bacterial 

cell wall in the vicinity of an implanted biomaterial can modulate or even enhance the 

inflammatory host response. 

Alterations in the host defense due to the implanted biomaterial have been suggested 

frequently. In a tissue cage model complement-mediated opsonic activity was substantially 

reduced in the presence of biomaterials [15,50]. PMNs had decreased bactericidal activity in 

comparison to PMNs from peripheral blood or peritoneal exudate, and the PMNs from tissue 

cages had defective oxidative metabolism and granulocyte enzyme content [15,50]. Similar 

impairment of the bactericidal capacity of PMNs has been described if PMNs were exposed to 

non-phagocytosable surfaces [51-56]. Despite the high number of PMNs in the vicinity of an 

implanted biomaterial, PMNs are apparently not capable of sufficient host defense [51-56]. 

Also for mononuclear cells, impaired killing functions are described. In experimental animal 

models as well as in clinical series, MHC class II antigen (la) expression on mononuclear 

cells [57], which is associated with low lysosomal activity, was suppressed around infected 

biomaterials. Suppressed la expression may result in decreased intracellular bacterial killing 

[57]. 

Hence, the pathogenic mechanism of BAI is a multifactorial process influenced by the 

properties of the material, host proteins, presence of bacteria with different virulence 

properties, bacterial components, and alterations in host defense. In the prevention of BAI all 

efforts are focussed on inhibiting the bacterial adherence, however, reversal of induced 

impaired host defense mechanisms in the vicinity of an implanted biomaterial may be an 

interesting approach as well. For this approach, the role of the various cytokines in the host 

response against implanted biomaterials, has to be studied. 

The scope and outline of this thesis. 
Whereas the range of biomaterial applications increases continuously, high frequencies of 
infection associated with the use of these materials are found. The pathogenesis of these 
biomaterial-associated infections is poorly understood. A predominant role is attributed to the 
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initial bacterial adherence as the first step in BAI, although alterations in host defense 

mechanisms in the vicinity of an implanted biomaterial have been frequently suggested. 

Therefore, the aim of this thesis is to obtain insight into the role of the host response against 

biomaterials in the pathogenesis of BAI. Especially the role of the various cytokines involved 

is studied. Insight in the role of cytokines may lead to immunomodulating strategies to 

prevent and treat BAL 

The second chapter of this thesis discusses the antibacterial activity over time of two clinically 

used hydrocephalus shunts soaked in solutions of various antibiotics and antibiotic 

combinations. The unexpected incompatibility reaction around a novel surface-modified 

hydrocephalus shunt, the enhanced inflammatory tissue response in the presence of (non-) 

viable bacteria and bacterial cell wall components are described in chapter 3. The possible 

implications for biocompatibility-testing protocols are also discussed. Chapter 4 describes the 

over time cytokine profiles around the two biomaterials which were discussed in chapter 2 

and 3. It was shown that bacteria as well as their components are able to modulate the host 

defense, making the tissue in the vicinity of an implanted biomaterial more prone to infection. 

In chapter 5 intracellular survival of S. epidermidis in macrophages was found, which may be 

a pivotal process in the pathogenesis of BAL The results in chapter 6 and 7 show that through 

immunomodulation, BAI in mice can be prevented. Finally, in chapter 8, the work of the 

preceding chapters and that of others is reviewed and discussed. 

REFERENCES 

1. Seifert H, Jansen B, Fan B. Catheter-Related Infections. First edition ed. New York: Marcel Dekker 
Press. 1997. 

2. Bisno A, Waldvogel F. Infections Associated with Indwelling Medical Devices. Second edition. 
Washington DC: ASM Press. 1994. 

3. Dankert J, Hogt A, Feijen J. CRC Critical Reviews in Biocompatibility. 1986; 2: 219-301. 

4. Baddour L, Christensen G, Hester M, Bisno A. Production of experimental endocarditis by coagulase-
negative staphylococci: variability in species virulence. J Infect Dis 1984; 150: 721-727. 

5. Christensen GD, Simpson WA, Bisno AL, Beachey EH. Adherence of slime-producing strains of 
Staphylococcus epidermidis to smooth surfaces. Infect Immun 1982; 37: 318-326. 

6. Christensen GD, Simpson WA, Bisno AL, Beachey EH. Experimental foreign body infections in mice 
challenged with slime-producing Staphylococcus epidermidis. Infect Immun 1983; 40: 407-410. 

7. Hancock I. Encapsulation of coagulase-negative staphylococci. Int J Med Microbiol 1989; 272: 11-18. 

8. Kluge R, Calia F, McLaughlin J, Hordick R. Sources of contamination in open heart surgery. JAMA 
1974; 230: 1415 

9. Goldman D, Pier GB. Pathogenesis of infection related to intravascular catheterization. Clin Microbiol 
Rev 1993; 6:176-192. 

17 



Chapter I 

10. Mermel LA, Maki DG. Infectious Complications of Swan-Ganz Pulmonary Artery Catheters. Am J 
Respir Crit Care 1994; 149: 1020-1036. 

11. Elek S, Conen P. The virulence of Staphylococcus pyogenes for man. A study of the problems of would 
infection. Br J Exp Path. 1957; 38: 573-586. 

12. James RC, MacLeod CJ. Induction of Staphylococcal infection in mice with small inocula introduced an 
sutures. Br J Exp Path 1961; 42: 266-277. 

13. Noble W. Production of subcutaneous staphylococcal skin lesions in mice. Br J Exp Path 1965; 46: 254-
262. 

14. Taubler J, Kapral FA. Staphylococcal population changes in experimentally infected mice: infection with 
sutures-absorbed an unabsorbed organisms grown in vitro and in vivo. J Infect Dis 1966; 116: 257-263. 

15. Zimmerli W, Waldvogel FA. Pathogenesis of foreign body infection. J Clin Invest 1984; 73: 1191-1200. 

16. Mach D, Siemssen N, Laufs R. Parallel induction by glucose of adherence and a polysaccharide antigen 
specific for plastic-adherent Staphylococcus epidermidis: evidence for functional relation to intercellular 
adhesion. Infect Immun 1992; 60: 2048-2057. 

17. Tojo M, Yamashita D, Goldman D, Pier G Isolation and characterization of a capsular polysaccharide 
adhesin from Staphylococcus epidermidis. J Infect Dis 1988; 157: 713-722. 

18. Chinn J, Posso S, Horbett T, Ratner BD. Postabsorption transition in fibrinogen absorbed to 
polyurethanes: Changes in antibody binding and sodium dodecyl sulfate elutability. J Biomed Mater Res 
1992; 16: 757-778. 

19. Sevastianov V. Role of protein absorption in blood compatibility of polymers. CRC Crit Rev of 
Biocompatibility 1988; 4: 109-154. 

20. Soderquist M, Walton A. Structural changes in proteins absorbed on polymer surfaces. J Colloid 
Interface Sei 1980; 75:386-397. 

21. Baier R, Dutton R. Initial events in interactions of blood with a foreign surface. J Biomed Mater Res 
1969; 3: 191-206. 

22. Herrmann M, Suchard SJ, Boxer LA, Waldvogel FA, Lew DP. Trobospondin binds to Staphylococcus 
aureus and promotes staphylococcal adherence to surfaces. Infect Immun 1991; 59: 551-558. 

23. Herrmann M, Lai QJ, Albrecht RM, Mosher DF, Proctor RA. Adhesion of Sstaphylococcus aureus to 
surface-bound platelets: role of fibrinogen/fibrin and platelets integrins. J Infect Dis 1993; 167: 312-322. 

24. Bayston R. A model of catheter colonization in vitro and its relationship to clinical catheter infections. J 
Infect 1984; 9: 271 

25. Costerton J, Irving R, Cheng K. The role of bacterial structures in pathogenesis. CRC Crit Rev Microbiol 
1981; 8:303 

26. Costerton J, Cheng K, Geesey J, Ladd TT, Nickel J, Dasgupt M, et al. Bacterial biofilms in nature and 
disease. Annu Rev Microbiol 1987; 41: 435-464. 

27. Locci R, Peters G, Pulverer G. Microbial colonization of prosthetic devices. Ill Adhesion of 
Staphylococci to lumina of intravenous catheters perfused with bacterial suspensions. Zent Bl Bakteriol 
1981; 173: 300 

28. Peters G, Locci R, Pulverer G. Adherence and growth of coagulase-negative staphylococci on surfaces of 
intravenous catheters. J Infect Dis 1982; 146: 479-482. 



General Introduction 

29. Costerton J, Cheng K. The role of the bacterial cell envelope in antibiotic resistance. J Antimicrob 
Chemother 1975; 13: 363-377. 

30. Duquid I, Evans E, Brown M, Gilbert P. Effect of biofilm culture upon the susceptibility of 
Staphylococcus epidermidis. J Antimicrob Chemother 1992; 30:803-810. 

31. Gray E, Regelmann W, Peters G. Staphylococcal slime and host defenses. Effects on lymphocytes and 
immune function. Zent Bl Bakteriol Suppl 1987; 16: 45-54. 

32. Gristina AG, Hodgood C, Webb L, Myrvik Q. Adhesive colonization of biomaterials and antibiotic 
resistance. Biomaterials 1987; 8: 423-426. 

33. Johnson G, Regelmann W, Gray E, Peters G, Quie PG. Staphylococcal slime and host defenses. Effects 
on polymorphonuclear granulocytes. Zent Bl Bakteriol Suppl 1987; 16: 33-44. 

34. Myrvik Q, Wagner W, Barth E, Wood P, Gristina AG. Effects of extracellular slime produced by 
Staphylococcus epidermidis on oxidative responses of rabbit alveolar macrophages. J Invest Surg 1989; 
2:381-389. 

35. Nickols W, Evans M, Slack M, Walmsley H. The penetration of antibiotics into aggregates of mucoid 
and non-mucoid Pseudomonas aeruginosa. J Gen Microbiol 1989; 135: 1291-1303. 

36. Sheth N. Influence of bacterial adherence'to intravascular catheters ort in-vitro antibiotic susceptibility. 
Lancet 1985; 2: 1266-1268. 

37. Maki DG, Stolz SM, Wheeler S, Mermel LA. Prevention of central venous catheter-related bloodstream 
infection by use of an antiseptic-impregnated catheter. A randomized, controlled trial. Ann Intern Med 
1997;127:257-266. 

38. Raad I, Darouiche R, Dupuis J, Abi-Said D, Gabrielli A, Hachem R, et al. Central venous catheters 
coated with minocycline and rifampicin for the prevention of catheter-related colonization and 
bloodstream infections. A randomized, double-blind trial. The Texas Medical Center Catheter Study 
Group. Ann Intern Med 1997; 127: 267-274. 

39. Kamal GD, Pfaller MA, Rempe LE, Jebson PJ. Reduced intravascular catheter infection by antibiotic 
bonding. A prospective, randomized, controlled trial. JAMA 1991; 265: 2364-2368. 

40. Bayston R, Bannister C, Boston V, Burman R, Burns B, Cooke F, et al. A prospective randomized 
controlled trial of antimicrobial prophylaxis in hydrocephalus shunt surgery. Zeitschr Kinderchirurg 
1990; 45 Suppl 1:5-7. 

41. Romano G, Berti M, Goldstein BP, Borghi A. Efficacy of a central venous catheter (Hydrocath) loaded 
with teicoplanin in preventing subcutaneous staphylococcal infection in the mouse. Zentralbl Bakteriol 
1993;279:426-433. 

42. Anderson JM. Inflammatory Response to Implants. Trans Am Soc Artif Intern Organs 1988; 34: 101-
107. 

43. Tang L, Eaton J. Inflammatory Responses to Biomaterials. Am J Pathol 1995; 103: 466-471. 

44. Hogt A, Dankert J, Feller A. Adhesion of staphylococcus epidermidis and staphylococcus saprophyticus 
to a hydrophobic biomaterial. J Gen Micfobiol 1985; 131:2485-2491. 

45. Bonfield TL, Anderson JM. Functional versus quantitative comparison of IL-1 beta from 
monocytes/macrophages on biomedical polymers. J Biomed Mat Res 1993; 27: 1195-1199. 

46. DeFife KM, Yun JK, Azeez A, Stack S, Ishihara K, Nakabayashi N, et al. Adhesion and cytokine 
production by monocytes on poly(2-methacryloyloxyethyl phosphorylcholine-co-alkyl methacrylate)-
coated polymers. J Biomed Mat Res 1995; 29: 431-439. 

19 



Chapter 1 

47. Dinarello CA. Cytokines and biocompatibility. Blood Purification 1990; 8: 208-213. 

48. Miller KM, Rose-Caprara V, Anderson JM. Generation of IL-1-like activity in response to biomedical 
polymer implants: a comparison of in vitro and in vivo models. J Biomed Mat Res 1989; 23: 1007-1026. 

49. Swartbol P, Truedsson L, Parsson H, Norgren L. Tumor necrosis factor-alpha and interleukin-6 release 
from white blood cells induced by different graft materials in vitro are affected by pentoxifylline and 
iloprost. J Biomed Mat Res 1997; 36: 400-406. 

50. Zimmerli W, Waldvogel F, Vaudaux P, Nydegger HE. Pathogenesis of foreign body infection: 
description and characteristics of an animal study. J Infect Dis 1982; 146: 487-497. 

51. Herrmann M, Jaconi M, Dahlgren C, Waldvogel F, Stendahl O, Lew D. Neutrophil bactericidal activity 
against Staphylococcus aureus adherent on biological surfaces. J Clin Invest 1990; 86: 942-951. 

52. Kaplan S, Basford M, Jeong M, Simmons R. Biomaterial-induced alterations of neutrophil superoxide 
production. JBiomedMaterRes 1992; 26: 1039-1051. 

53. Kaplan S, Basford R, Jeong M, Simmons R. Mechanisms of biomaterial-induced superoxide release by 
neutrophils. J Biomed Mater Res 1994; 28: 377-386. 

54. Kaplan S, Basford M, Jeong M, Simmons RL. Biomaterial-neutrophil interactions: dysregulation of 
oxidative functions of fresh neutrophils induced by prior neutrophil-biomaterial interaction. J Biomed 
Mater Res 1996; 30: 67-75. 

55. Klock J, Bainton D. Degranulation and abnormal bactericical function of granulocytes procured by 
reversible adhesion to nylon. Blood 1976; 48:149-161. 

56. Shanbhag AS, Jacobs JJ, Black J, Galante JO, Giant TT. Human monocyte response to particulate 
biomaterials generated in vivo and in vitro. J Orthopaed Res 1995; 13: 792-801. 

57. Henke PK, Bergamini TM, Brittian KR, Polk HC, Jr. Prostaglandin E2 modulates monocyte MHC-II (la) 
suppression in biomaterial infection. J Surg Res 1997; 69: 372-378. 

20 


