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Chapter 1. 

General introduction. 

Abstract: The insertion of prosthetic, man-made implants has become a 

routinely clinically applied, aften life-saving procedure in modern medicine. 

Whereas initially unlimited opportunities were anticipated, further development of 

prosthetic devices for every conceivable application is prevenled by several basic 

challenges. Especially, bacterial contamination and consequent implant infection 

have blurred the enthusiasm for otherwise successful prostheses. Therapy of such 

infections is difficult and most aften irreversible, in many cases requiring complete 

remaval of the implanted materiaL 

The pathophysiology of these implant-related infections is still not fully understood. 

Under normal circumstances the host defense mechanism is competent to 

challenge even large numbers of bacteria and effect a healthy repair. However, the 

presence of an implanted foreign body potentiales infection, as unequivocally has 

been shown. Several mechanisms have been postulated, each of which camprise a 

crucial role for the implanted material; bacterial adhesion and subsequent biofilm

encapsulation has been proposed by many investigators; others showed that the 

presence of a foreign body affects the host defense mechanism, either by 

impairment of the local antibacterial defense, or systemically by inducing a 

magnification of the steady-state levels of certain cytokines. 

The development of an understanding of the possible mechanisms involved with 

implant-infections, led to research directed on !he role of the implant itself, and 

consequently on modification of the material surface to proteet it from being 

colonized by bacteria. This "surface protection" approach can roughly be separated 

into three distinct routes, i.e. , 

antimicrobial-releasing materials; 

low adhesion surfaces; and 

improved implant-tissue integration. 

In this chapter a review of reported technologies is provided. 

- I -



Chapter I. 

INTRODUCTION. 

The insertion of implants has become a widely accepted and aften life-saving 

procedure. The past few years have seen a dramatic increase in the types and 

numbers of medical devices. lt is estimated that currently world-wide there are some 

6,000 distinct types or generic groups of medical devices, and some 750,000 or 

more brands and models, ranging trom very simple devices to very complex systems 

[1]. A studyin 1989 estimated that world-wide approximately 1,000,000 implants are 

performed annually; the number of additionally used catheters for diagnostic and 

therapeutic means exceeds this number forsure considerably (2]. 

Infection is the most feared, if not the most serious, complication of the numerous 

devices and materials inserted. Treatment of such infections is difficult and most 

often infection is irreversible, requiring in many cases complete remaval of the 

catheter or implant [3]. Technological refinements in materials and design and 

increasing surgical experience generally lowers the incidence of infectious 

complications; however, infection remains a constant cause of morbidity and 

mortality [4,5]. 

The infection rate for frequently used prostheses generally averages a few percent 

when the device is totally implanted beneath the skin. For temporary prostheses or 

for those only partially implanted beneath the skin, the rates are several times higher 

[4,5]. In a 1979 study it was estimated that more than 850,000 device-related 

infections occur annually in the US, accounting for approximately 45% of all 

nosocomial (i.e., hospita! acquired) infections [6]. 

The impact and clinical importance of implant-related infections may be more 

appreciated when one considers several factors (2]. One important factor is the 

millions of patients in whom prostheses of one sart or another are present. Another 

important factor is the severity of illness that results from device-related infections. In 

most instances, infection invalving a totally implanted device results in function-loss 

and the need for surgical remaval in order to achieve a cure. Dependent on the 

device type, e.g., with prosthetic heart valves or vascular grafts, mortality is high 

following infection [7]. 
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General [ntroduction. 

A third factor is the economie consequences that are measured in the costs of 

making the diagnosis and in treating a device-related infection. lt is estimated that 

the costs of treating an infected joint presthesis exceed tour- to sixfold the costs of 

the original prosthetic joint replacement [2]. Furthermore, the indirect costs can be 

significant as patients are prevented in the social participation due to the prolonged 

hospitalization and rehabilitation. 

lmplant and medica! device-associated infections are characterized by a high 

prevalenee of micro-organisms, that originate from the human skin or mucus; these 

micro-organisms were always considered to be non-pathogenie. Only in association 

with the insertion of foreign materials, do these micro-organisms emerge as serieus 

pathogens [8]. 

Staphylococcal species are the most frequently isolated organisms from device and 

presthesis infections. Only with urinary catheters or genitourinary implants 

Enterobacteriaceae or Pseudomonas play a predominant role. Coagulase-negative 

staphylococci (CNS), and especially Staphy/ococcus epidermis, are the leading 

cause of infection of cardiovascular prostheses, such as prosthetic heart valves and 

intravascular catheters [7-9]. Furthermore, S. epidermis is the predominant organism 

in the so-called late infections of endocardial pacemaker-electredes as wel! as joint 

prostheses. Staphylococcus aureus generally is the predominant organism in 

infections of vascular prestheses and hemodialysis-systems as wel! as in the so

called early infections of the pacemaker battery pack (pocket-infections) [7 -9]. 

In Table I, an overview is oftered on infection incidences related to the type of 

medica! device, as reported by literature. 

- 3 -
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TableI lncidences of medica! device-related infections. 
A general overview. 

medical device type infection etiology , liter.ature 
incidençe (predominant organisms) raferences 

prosthetic heart valves 1-4% S. epidermis (29%) 10-12 
Streptococci (20%) 

early: 18-36% gram-negative bacilli ( 15%) 
late: 64-82% S. aureus (14%) 

mortality: 50-75% 
. ---

. · - . 
cardiac pacemakers 1-6% staphylococci - 75% 10,13-16 

S. aureus (early infections) 
S. _epi~ermis (late i~fections) 
... 

cardioverter/defibrillator 2-7% S. aureus (early infections) 17,18 
S. epidermis (late infecti?ns) __ . 

. - . - --~-

vascular grafts 1-6% S. aureus (early infections) 5,7,9 
S. epidermis (late infections) 

mortality: 50-75% 

... 
orthopedie prestheses 2-4% S. aureus 19 

S. epidermis 
gram-negative bacteria 

cerebrospinal fluid shunts 10-15% S. aureus (early infections) 5,20,21 
gram-negative bacteria 
~- epidermis (late infections) 

•' -~ -
intravascular devices: bacteremia: S. aureus 3,9 

short cannulas 0.02-3% S. epidermis 
peripheral venous catheters 0.2-0.5% 

hemodialysis catheters 5-36% 
central veneus catheters 3.8-12% 

urinary catheters 5-10% bacteriuria; E. co/i 22 
1-2% bacteremia; E. co/i . . 

breast implants 1-4% S. aureus 23 
S. epidermis 

lnitially, all efforts in prevention of device-related infections went into the 

impravement of sterile implantation techniques, such as the utilization of eperating 

theaters with special air-handling designs, and including pre-, peri- and post-
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General lntroduction. 

operative antibictic treatment of the patient. Although successful in reducing 

incidence, these techniques did not eliminate the number one mode of device failure 

- infection [3]. 

Presently, it is assumed that contamination and consequent device-related infection 

predominantly occurs during the surgical intervention and, despite the meticuleus 

aseptie measures taken, can not be prevented in all cases [8]. The causative 

microorganisms predominantly originate from the skin or mucus of the patient or the 

medical personnel. 

Dependent on the timepoint, the infection is diagnosed as either early- (early onset; 

<2 months) or late-infection (late onset; >2 months) [24]. Spreading of bacteria via a 

hematogenous route has also been suggested to cause late-infection [24]. The 

presumption that late infection crigins from contamination during the surgical 

intervention is underpinned by Charnley [25,26]. He observed that reduction of the 

number of airborne bacteria led to a decrease in the rate of early infection. The 

incidence of late infection feil in parallel with that of early infection, which suggests 

that late infection was also caused by the entry of bacteria during surgical 

intervention, and that these remained dormant; in some cases for a number of 

years. 

The pathophysiology of implant or device-related infections is still not fully 

understood. lt is, however, generally accepted that it is the presence of a foreign 

material that strongly potentiates the susceptibility of tissues to infection. 

In order to gain more insight in the mechanisms that are in play, the following 

sections will discuss the normal response to infection; additionally, the cellular 

response(s) to implanted materials and its relation to implant-related infections will 

be discussed; furthermore, an overview on the strategies for prevention of device

related infections will be presented. 
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Chapter I. 

NORMAL DEFENSE MECHANISMS TO INFECTION. 

Bacteria cause disease by two basic mechanisms [27]: the invasion of tissues and 

the production of toxins. Whereas invasion leads to demonstrabie damage of host 

cells only in the immediate vicinity of the invasion, soluble toxins transported by 

lymph and blood may cause cytotoxic effects at sites remote from the original lesion. 

Rarely are invasiveness and toxigenicity completely separable, since invasiveness 

may involve factors of short-range taxicity and toxigenicity must require at least 

some degree of bacterial multiplication in the tissues. 

The host constantly defends itself against bacterial invasion. Mechanica!, chemica!, 

and microbial factors all play important parts in limiting the colonization of bacteria 

on the surfaces of the body [27]. 

The epithelial surfaces of the skin and mucous membranes form physical barriers 

that are more or less impermeable to bacteria. Other mechanica I factors that help to 

proteet the epithelial surfaces include 1) the cleansing action of te ars and saliva; 2) 

the trapping effect of the mucus-coated hairs in the nose; 3) the adhesive qualities of 

the mucus that lines the respiratory and gastrointestinal tracts; 4) the expulsive 

effects of coughing, and sneezing; 5) the cleansing of the urethra by the flow of 

urine; 6) the peeling off of epithelium trom the surface of the skin. 

In addition to the mechanica! factors also chemica! factors account for the 

remarkable resistance of the skin and mucous membranes to bacterial invasion. The 

acidity of the gastric secretions preserves the usual sterility of the stomach. The low 

pH of the skin (3 to 5) diseaurages the growth of many of the micro-organisms that 

impinge upon its surface; unsaturated fatty acids on the skin kill certain pathogenie 

bacterial species. Body secretions, such as tears and saliva, contain antibacterial 

substances that have a self-sterilizing effect. 

Due to competition between bacterial species for essential nutrients, or to the 

production of substances that suppress the growth of competing species, there 

exists a microbial balance in the host, which effects the presence of many potentially 

pathogenie bacteria. 
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Generallntroduction. 

Cel/u/ar response 

However, when bacteria, despite the above mentioned protective modes, do 

succeed in penetrating the skin or mucous membranes, cellular defense 

mechanisms are immediately brought into play. The presence of bacteria in tissue 

results in an inflammatory response characterized by 1) dilatation of surrounding 

blood vessels; 2) increased vascular permeability, permitting escape of plasma 

containing proteins and blood cells; and 3) diapedesis of phagocytic cells, i.e., the 

passage of phagocytic cells through vessel walls into the tissues. 

The two cell types most actively engaged in the attack against bacteria are 

polymorphonuclear leukocytes (PMNL) and mononuclear phagocytes (monocytes of 

the blood and macrophages of the tissues) [28]. The PMNL are prominent in the 

early phase of the inflammatory response as the result of their higher abundance in 

the blood stream. The PMNL however have a relatively short lifetime, so that in the 

later phases the relatively long-lived monocytes and macrophages become the 

predominant cell type. 

The presence of micro-organisms in the tissues stimulates (via chemotactic factors) 

both PMNL and monocytes to leave the blood stream, and migrate into the tissues 

where they move in the direction of the invaded micro-organisms [27,28]. In the 

tissues monocytes develop into the larger and more actively phagocytic 

macrophages. The directional movement of the phagocytic cells is called 

chemotaxis. Some bacteria release factors that attract phagocytic cells, but most 

originate from the host. 

The complement system is important in the production of chemotactic factors. When 

antibody reacts with the surface of a bacterium the resulting complex of antibody 

and antigen activates components C 1, C2, and C4 of the complement system. 

These, in turn, induce the formation of C3a and C3b trom C3, and C5a from C5. 

Fractions C3a and C5a are strongly chemotactic for PMNL and macrophages [28], 

and C3b becomes attached to the bacterial cell surface and acts as an opsonin . 

The tunetion of opsonins is to bind with the surface of bacteria and make them more 

susceptible to phagocytosis. C3b enhances phagocytosis considerably because 

there is a C3b receptor on PMNL as well as on macrophages [28,29]. 

lmmunoglobulins of the lgG class also act as opsonins via reaction of their Fab 
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pieces with antigens on the bacterial outer cell wall. The Fe piece of the antibody 

molecule reacts with the Fe receptor on the phagocytic cell [28,29]. lgM 

macroglobulins, on the other hand. act as indirect opsonins via activation of the third 

complement component (C3b) [29]. 

For phagocytosis to take place, contact first has to be established between bacteria 

and cell membrane receptars of phagocyte cells. As said, via participation of 

opsonins the aftachment of the bacteria to the phagocyte cell proceeds much more 

efficiently. The aftachment of a micro-organism to the phagocyte cell induces the 

formation of pseudopodia that surround the micro-organism. These surrounding 

pseudopodia will meet and fuse, and a phagocytic vacuole, that includes the micro

organism, thus is formed (Figure 1). Once bacteria have been phagocytosed they 

are exposed to a number of bactericidal reactions. 

eliminatien 

~ 
~ residual body 

. ' @' ., 1~~· e ·-.:~ .. digestive va uole 8 . 

8 ' ~ ~ e } phagol Otome 

Go 
pha soma 

lysosomes 

bacteria 

Figure 1. Phagocytosis involves the process of enguitment and uptake of particles 
or fluid from the environment; and the subsequent intracellular digestion of these materia Is 
into smaller fragments, facilitating their elimination. 

Bactericidal mechanisms 

Lysosomes are transported intracellularly to the phagocytic vacuole. The lysosomes 

fuse with the phagocytic vacuole, thereby emptying their contents into the Jatter. In 
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the resulting phagolysosome, made up of the phagocytic vacuole and the lysosome, 

the intracellular killing is initiated and digestion of the micro-organisms occurs [29]. 

Bacterial killing can be divided into 0 2-dependent and 0 2-independent mechanisms, 

of which a more detailed discussion is beyend the scope of this review. OT 

dependent mechanisms are: halogenation of bacterial surfaces, oxidative 

decarboxylation, the action of the superoxide anion o-2 , the hydroxyl radical OH, 

and singlet oxygen 10 2. 0 2-independent mechanisms are: acidic pH, lysozyme, 

lactoferrin, vitamin-B 12-binding protein, acid hydrolases and cation ie proteins 

[28,29]. 

The macrophages play an important role in cell-mediated antibacterial immunity [28-

30]. During the induction of immunity the macrophage is thought to process the 

antigenie material and present it on its surface in such a way that the T lymphocyte 

recognizes the antigen. A cellular immune response then fellows, invalving the 

cooperation of bath T and B lymphocytes. The T lymphocytes are involved in the cell 

mediated response, and the B lymphocytes are precursors of plasma cells that 

synthesize the antibody. The T cells secrete the various lymphokines that, among 

ethers, specifically activate macrophages that are then able to deal with the bacteria 

more effectively. The antibody, produced by B cells against the antigenie 

components of the bacterial cell wall, is active in the complement system and during 

opsonization. 

Under normal circumstances the host defense mechanism is competent to challenge 

even large numbers of bacteria and achieve a healthy repair. However, implanted 

foreign bodies may impair the antibacterial defense mechanism, and act as 

potenfiaters of infection, as will be discussed in the next section. 

INFECTION POTENTIA TION BY IMPLANTED FOREIGN BODIES. 

lmplanted foreign bodies have a streng potentiating effect on the susceptibility of 

tissues to infection. In 1957, Elek and Conen published a classic paper 

demonstraling enhancement of staphylococcal infections by silk sutures [31]. They 

showed in a stitch abscess model that, whereas 106 S. au reus micro-organisms 
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injected subcutaneously in the absence of the foreign body would nat produce 

infection, an initial bacterial inoculum as small as 100 organisms could be sufficient 

to yield an abscess in the presence of a suture. Similar results have been obtained 

using a subcutaneous tissue cage model [32]. 

Before discussing the mechanisms involved by which foreign bodies may potentiate 

infection, as shown in the example above, more intermation on the normally 

observed tissue reactions to implanted materials is provided. 

macrophages 

neovascularization 

foreign body giant cells 

fibroblasls 

fibrosis 

---
mononuclear leukocytes 

Time 

Figure 2. The temporal variation in the acute inflammatory response, chronic inflammatory 
response, granulation tissue development, and foreign body reaction to impJanled biomaterials. The 
intensity and time variables are dependent u pon the extent of in jury created in the implantation and the 
size, shape, topography, and chemica! and physical properties of the biomaterial. 
{reproduced from Anderson J.M., Mechanisms of inflammation and infection with impJanled devices, Cardiovasc. 
Patho/., 2, 33S-41S, 1993} 

Tissue response to implanted materials 

lmplantation of a bicmaterial initiates a sequence of events (Figure 2), of which the 

intensity and time of duration are largely dependent on the size, shape, and 

chemica i and physical properties of the implanted materiaL 
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Acute int/ammation 

The tissue injury induced due to the insertion of an implanted material results in 

damage to blood vessels leading to the extravasation of blood components into the 

tissue space. The tissue insult, which causes a disruption in the endothelial integrity 

of the vessels, results in the exposure of the subendothelial structure and its various 

connective tissue components. This promotes binding and aggregation of platelets 

to structural proteins, like type IV and V collagen [33]. During the process of platelet 

aggregation and clotting, factors are released that influence the permeability of the 

surrounding capillaries and the subsequent chemoattraction and activation of 

leukocytes. lnflammatory mediators, like C5a and leukotriene 84 , enhance the 

adhesion of neutrophils to the endothelial surfaces; other factors that promate 

endothelial cell-neutrophil adherence are interleukin-1 (IL-1) and tumor necrosis 

factor (TNF) [33-35]. The release of chemotactic factors in the local inflammatory 

site serves as the migration signa! for the adhering cells. In response to a 

concentratien gradient of the chemoattractants, the migration of leukocytes 

(predominantly neutrophils) from the blood vessels to the site of injury, i.e., the 

implant site, begins [33-35]. Following localization of leukocytes at the implant site, 

phagocytosis and the release of enzymes occur following activatien of neutrophils 

and macrophages. The major role of the neutrophils in acute inflammation is the 

remaval of dead cells, clotted blood proteins, denatured tissue components and 

foreign materials via phagocytosis, as well as to serve as the first line of defense 

against introduced micro-organisms [33,35]. 

Generally implanted materials are not phagocytosed due toa size disparity, i.e., the 

implant surface is far greater than the size of the phagocytic cell. Notwithstanding, 

certain events characteristic for phagocytosis may occur. C3b and lgG are known to 

adsorb to implanted materia Is. Adsorption of these opsonins will expedite recognition 

and attachment of neutrophils and macrophages through their corresponding cell 

membrane receptors. These receptars may also play a role in the activation of the 

attached neutrophil or macrophage. Because of the size disparity between the 

implanted material and the attached cell, "frustrated phagocytosis" may occur 

[36,37]. Th is process does nat involve enguitment of the implanted material but does 
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cause the extracellular release of phagocytic products in an attempt to degrade the 

bicmateriaL 

Chronic inflammation 

Chronic inflammation generally is characterized by the presence of macrophages, 

monocytes, and lymphocytes with the proliferation of blood vessels (angiogenesis) 

and connective tissue [34,35]. 

With reactive materials the acute inflammatory response may persist, featured by a 

continued reeruitment and activatien of mononuclear cells with the development of a 

chronic lesion, usually confined to the implant site. Chronic activatien of the 

mononuclear cells causes the persistent secretion of inflammatory cytokines, which 

amplify and perpetuate the inflammatory response. In a chronic lesion, macrophages 

continue to generate many of their secretory products and the accumulation of these 

molecules may lead to pathological tissue destructien [33]. The release of monocyte 

products additionally will contribute to lymphocyte accumulation and activatien with 

lymphokine secretion. Lymphokines, in turn, augment monocyte cytokine synthesis, 

characterizing the cyclic, self-perpetuating nature of these responses. Exposure of 

peripheral blood monocytes to lymphokines triggers an increase in steady state 

levels of mRNA for IL-1, TNF, and certain other manokines [33]. 

WoUnd repair 

Subsequent to the early events that occur following the initial trauma and neutrophil 

accumulation, mononuclear cells become evident in the inflammatory site. These 

cells remain at the wound site for days to weeks, during which they participate in 

debridement, microbiddal events, and orchestration of the events involved in tissue 

repair (Figure 3). Monocytes and macrophages as well as platelets and lymphocytes 

produce a cascade of chemoattractants, such as polypeptide growth factors, like 

PDGF, FGF, TGF-p, TGF-a/EGF, and cytokines like IL-1 and TNF, that reeruit 

fibroblasts and endothelial cells into the wound (implant) site. Proliferation of 

fibroblasts and vascular endothefial cells at the implant site leads to the formation of 

granulation tissue, the hallmark of healing inflammation [35]. Granulation tissue is 

characterized by the proliferation of new small blood vessels and fibroblasts. 
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Dependent on the extent of injury, granulation tissue may be seen as early as 3 to 5 

days following an injury (implantation of a foreign material) [34]. 

EGF 

wound debridemsnt ---+ 
fight against infections .,....__ 

epithelium-. 

INJURY 

1 

INFLAMMATION 

lymphocytes 

macrophagés . 

granulocytes 

POGF 

TNF 
POGF 
TOF 

FGF 

woond 
contraction 

n&a\lascularizalion 

fllb1blasts 

synthesis of 
proteoglycans 

'----'r==-' 

I 

L 
,. anlllon 

WOUND HEALING +----- ---' 

Figure 3. A schematic representation of the central role of the macrophages in the wound 
healing response following tissue injury created after insertion of an implant. Macrophages can secrele 
a variety of products, including chemotactic agents for other cells, growth factors that stimulate 
production of collagen by fibroblasts, and neutral proteases that may affect an implant surface. 

TGF-~ and many of the other growth factors in addition to regulating growth 

stimulate formation of collagen, fibronectin, and other matrix components by 

fibroblasts. Further stimulation of fibroblast matrix synthesis by IL-1, TNF, and PDGF 

leads to scar formation and repair of the tissue injury. Remodeling of scar tissue 

depends on collagenase produced by fibroblasts and macrophages, and normally, 

i.e., in the absence of an implanted foreign body, this is accomplished with minimal 

or no scarring [33]. 

Foreign body reaction 

In the presence of an implanted material a foreign body reaction may be observed. 

The foreign body reaction is composed of foreign body giant cells (FBGC) and the 

components of granulation tissue, i.e., macrophages, fibroblasts, and capillaries in 

varying amounts, dependent on the farm and topography of the implanted materiaL 
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The foreign body reaction, consisting largely of macrophages and/or foreign body 

giant cells, may persist at the tissuefirnplant interface for the lifetime of the implant 

[34,38]. Early in the inflammatory and wound healing response the macrophages are 

activated upon adherence to the material surface; the nature of the subsequent 

events regarding the activity of macrophages at the surface is not clear. 

Coalescence of tissue macrophages results in formation multinucleated foreign body 

giant cells. Very large foreign body giant cells containing large numbers of nuclei are 

typically present on the surface of implanted materials. Although these foreign body 

giant cells may persist for the lifetime of the implant, it is nat known if they remain 

activated, releasing their lysosomal constituents, or become quiescent. 

Fibrosis and fibrous encapsulation 

In case of an implanted material, the formation of a fibrous collagen capsule is the 

end-stage healing response. Generally, the fibreus capsule surrounds the implanted 

material with its interfacial foreign body reaction, isolating the implant and foreign 

body reaction trom the local tissue environment. Dependent on the persistenee and 

activity of said interfacial inflammatory response an excessive matrix deposition 

(scarring) may be observed [34,35]. 

Considering the above discussion, the implantation of foreign materials may be best 

viewed trom the perspective that the implant provides a hindrance to appropriate 

tissue or organ regeneratien or healing. The perspeelive is best exemplified by the 

response to an injury without the complication of an implanted material remaining in 

the tissue; in which case the body generally heals the injured site with minimal scar 

tissue, and total resolution in terms of the macrophage or foreign body giant cell 

participation. 

Mechanisms for infection potentiation by foreign bodies 

lt was unequivocally shown that implanted foreign bodies strongly potentiate the 

susceptibility of tissues to infection [31 ,32]. Several mechanisms have been 

postuialed by which foreign bodies may potentiate infections. 

Many investigators suggest that bacterial adhesion to the surface of the implanted 

material predisposes to the pathogenesis of implant-related infections [40-43]. 
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Various studies have shown that foreign surfaces irreversibly attach micro

organisms, after which a glycocalyx, an extracellular polysaccharide matrix 

synthesized by the micro-organism, may be formed [44-46]. The glycocalyx assist 

the bacteria in firmly adhering themselves to the inert surface [47,48]. Cell division 

inside the glycocalyx results in the formation of microcolonies. Microcolanies 

coalesce to form bicfilms as the size and number of adherent microcolanies increase 

[48,58]. The adherent biofilm plays an important role in sustaining bacterial growth 

by trapping nutrients from the environment and resisting the effects of natural host 

defenses and antibictics [49-56]. Studies have demonstrated that bacteria in bicfilms 

are more resistant to host defense mechanisms and antibictics than are those grown 

planktonically [51 ,57-59]. Ad hesion of bacteria to a prosthetic surface and the 

subsequent formation of biofilm-enclosed microcolanies are fundamental steps in 

the pathogenesis, and may explain the virulence and the persistenee of implant

associated infections. 

A fact that has not been considered in the above discussion is the influence protein 

adsorption has on the bacterial adhesion process. The implanted material as well as 

the bacteria are prone to serum protein adsorption to their surfaces. Protein 

adsorption is the first event taking place after contact of the foreign material with the 

body(-fluids); subsequent phenomena are to a large extent determined by 

interactions of the body(-fluids) with this adsorbed protein layer [60]. The deposited 

protein layer may be pro- or anticoagulant, pro- or antithrombotic, and pro- or 

antiadhesive for bacteria [35]. 

Concerning staphylococci, the most frequently isolated micro-organism in device

related infections (Table 1), it was demonstrated in in vitro studies that, in the 

presence of either whole plasma [61] or serum [62], or of purified albumin [62,63], 

adhesion could be prevented. These observations failed to explain how implanted 

materials could be colonized by this type of bacteria. Contrarily, materials that 

previously were enclosed in tissue cages (subcutaneously implanted in guinea pigs) 

were subject to significant adhesion of staphylococci in the in vitro situation [62]. 

Adhesion occurred on the protein layer that was deposited on the surface of the 

implanted materiaL These deposits were found to be organized in networks 
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containing fibroblasts and extracellular matrix proteins, such as fibronectin, collagen 

and proteoglycans [62]. The predominant role of fibronectin in promoting 

staphylococcal adhesion in this model was confirmed in ether studies [64-68] and in 

studies in which staphylococcal adhesion was reduced by selective blocking of its 

fibronectin-binding surface proteins [69, 70]. 

Besides fibronectin, there are a number of ether host proteins, such as fibrinegen 

[71], laminin [72], and collagen [72], that have been suggested to play a role, 

independently or concomitantly, in the mediatien of staphylococcal adhesion to the 

surfaces of foreign materials. The complexity of the whole interplay between 

adsorbed host proteins and bacteria bearing binding sites for one or several of these 

proteins is obvious. Little is known regarding the exact role of each component of 

the deposited protein layer in promoting staphylococcal adhesion. 

In addition to offering bacteria a substrate to adhere to, implanted materials may 

also offer bacteria protective sites by means of their pores, crevices, interstices 

and/or lumen. In a study by Merritt et al., it was demonstrated that micro-organisms 

can evade host defense mechanisms if they were able to enter the interstices of the 

implant [73]. 

Whereas the so far discussed mechanisms for implant-mediated potentiation of 

infections were based on the implant itself, i.e., providing a substrate for adhesion ar 

shelter, the following mechanisms discuss the host tissue response to the prosthetic 

material in relation to possible enhancement of infectieus complications. 

Under normal circumstances host defense mechanisms can cape with tissue injury 

by effecting repair and limiting the establishment of infection even when challenged 

by large numbers of bacteria. The presence of a foreign body, however, provides a 

hindrance to appropriate tissue or organ regeneratien and healing, which may lead 

to an impaired antibacterial defense mechanism and may facilitate the establishment 

of infection [32,74,75]. 

Generally, the implanted material is not phagocytosed because the implant surface 

is far greater than the size of the phagocytic cell. However, because of this size 

disparity "frustrated phagocytosis" may occur [36,37]. This process does not involve 

enguitment of the implanted material but does cause the extracellular release of 
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phagocytic products in an attempt to degrade the biomaterial. The loss of enzyme

containing granules by extrusion to the exterior of the cell when phagocytic cells 

contact and adhere to surfaces that cannot undergo internalization may account for 

the decreased capacity to generate a respiratory burst, and consequently to the 

depressed phagocytic ability of these cells after foreign body contact [32,75-78). 

This interaction of phagocytic cells with a nonphagocytosable foreign body thus may 

result in a locally acquired phagocytic-bactericidal defect, which could contribute to 

potentiation of foreign body-associated infections. 

In addition to the loss of phagocytic capacity, the release of granular enzymes may 

cause local tissue destructien and digestion [74]. Necrotic tissue in the implant bed 

may contribute to the initiation and propagation of infection through obviating host 

defense mechanisms, that tunetion only in living, vascularized tissues; and providing 

nutrients for bacterial growth. 

Another rationalization for the foreign body-mediated potentiation of infection is the 

generally observed dense fibrous encapsulation [34]. This fibreus tissue capsule is 

primarily composed of collagen, and forms a dense, poorly vascularized layer. The 

lack of vascularization presents a barrier to phagocytic cell migration to the implant 

site. Thus, foreign bodies act as potentiators of infection by promoting the 

development of these relatively protective sites, in which bacterial survival is 

favored. 

Another type of complication is that, due to the presence of an implanted foreign 

body, the harmful complications of a subsequent, nom,:=tlly non-serieus, bacteremia 

may be exacerbated, such that remote organ failure or even mortality ensues. Martin 

et al. demonstraled that long-term exposur.: to an intravascular catheter prior to an 

infectieus challenge led to an increase in organ dysfunction and mortality [79]. 

The underlying mechanism is the fact that the cellular response to an implanted 

material, as well as to a bacterial challenge, is associated with the release of a 

number of factors, collectively called cytokines [34,38]. These cytokines modulate 

the inflammatory and immunological responses by regulating the mobility, 

differentiation, and growth of leukocytes and ether cells including osteoclasts, 

chondrocytes, fibroblasts, and epithelial and endothelial cells [33]. As discussed 
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previously, dependent on the intensity and persistenee of the inflammatory response 

to the implanted foreign body, this may lead to an increase in steady state levels of 

mRNA for IL-1, TNF, and certain other cytokines in peripheral blood monocytes [33]. 

A subsequent infectieus challenge therefore will be associated with a magnification 

of the TNF production. lt is known that high concentrations of these cytokines, 

especially TNF, can initiateevents that alter metabolism and cause cell dysfunction. 

Obviously, the pathophysiology of implant-associated infections is very complex. 

There are a number of host and microbial determinants that may contribute to the 

increased risk of implant-associated infections, and most probably the occurrence of 

an implant-related infection is the effect of an interplay between various of the 

discussed mechanisms. 

As discussed, a device-related infection may result in severe illness of the patient, 

sametimes leading to a life-threatening situation. Besides the harm to the patient, an 

implant-infection can have deleterious effects on the implanted materiaL An example 

of the latter is shown in Figure 4. 

A lead that had been implanted for almast 26 months was explanted because of 

infectieus complications. Staphylococcus aureus as well as coagulase-negative 

staphylococci were retrieved from the explanted materiaL The presence of a local, 

persistent infectieus complication indubitably resulted in a chronic inflammatory 

response. Neutrophils, macrophages and lymphocyte infiltrations were observed 

around the implanted material; the continuous generation of secretory products 

caused the implant material to be locally degraded (Fig. 4a and b). 

Although tremendous efforts have been made, currently there has not yet been 

developed a proper strategy to prevent these infections. In the following section, the 

approaches to reduce the incidence of implant-associated infections, as described in 

literature, will be discussed. 

APPROACHES TOREDUCTION OF IMPLANT-RELATED INFECTIONS. 

Infection associated with the implantation of a foreign material is a major problem, 

which significanee has only been appreciated as such forthelast 10-15 years [2,4]. 
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lnitially, before any concept about the possible mechanisms involved was 

developed, all efforts went into the impravement of surgical techniques [3]. 

Modification of the eperating room area with laminar air flow, positive pressure, and 

special isolations was successful in reducing the incidence of infection [80]. 

Additionally, the use of prophylactic antibictics at the time of the surgery was 

introduced in order to reduce the infection incidence. Prophylactic antibictic therapy 

will reduce the susceptibility of the host to infection without causing emergence of 

resistant organisms or causing sensitivity to the antibictics in the host. Although the 

incidence of infections in orthopedie and vascular surgery was reduced by such 

prophylaxis [81 ,82], its efficacy in cardiac pacemaker insertion, and in cerebrospinal 

fluid shunt-associated infections is disputed [83,84]. 

Generally, the introduetion of these aseptie surgical techniques has reduced the 

incidence of implant-related infections. This is emphasized by the fact that the 

incidence of pacemaker-related infections went down from an initia I 41% [85] to the 

1-6% range observed presently (see Table 1). 

Presently, the approach to reduction of infection incidence has changed ; research 

efforts are directed on the role of the implant itself, and consequently, on 

modification of the material surface to proteet it from being colonized by bacteria. 

This "surface protection" approach can roughly be separated into three distinct 

routes: i.e., 

* 

* 

antimicrobial-releasing materials 

low adhesion surfaces 

promotion of tissue-adhes ion. 

antimicrobial-releasing materials 

Two distinct routes for development of antimicrobial-releasing materials can be 

identified, i.e., inclusion of antimierob ia I agents (1) in or (2) on the materia i. The 

resultant material eventually can be used as a vehicle for the prolonged delivery of 

the antimicrobial agent at the site. The ability of a sustained antimicrobial releasing 

device to selectively deliver optima! amounts of the agent to the surrounding tissues 
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PU 

Figure 4. 

Light-microscopy of an explanted, infected polyurethane-insulated electrode. 

a: In the lumen (L) tissue ingrowth is observed; the polyurethane tubing (PU) shows signs of 
degradation by way of infiltrating cells (arrows). lnfiltration goes as deep as about 20% of the 
total thickness of the tubing-wall (40x magnification). 

b: at larger magnification (160x) infiltrating macrophages, granulocytes, and primarily foreign 
body giant cells are observed. A dense fibrin (F) layer encloses the interfacial cellular reaction. 
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offers an alternative, if not, an addition to conventional prophylactic antimicrobial 

therapy in minimizing postoperative complications of infection. 

(1) An important criterion for impregnating materia Is with antimicrobial agents is 

the heat stability of the drugs. Drugs chosen have to withstand at least the 

temperature of sterilization, as any implantable medical device needs to be sterilized 

befere use. Furthermore, after impregnation the mechanica! properties of these 

materials should not be deteriorated to a level which will preclude their practical 

application. 

The first bicmaterial systems providing for a sustained release of antibictic 

(gentamicin) [86,87] and antibacterial agent (iodine) [88] were fabricated trom 

silicone. The antimicrobial agents were loaded in the silicone polymer by soaking 

(iodine) or by curing a dispersion of the drug in the unpolymerized rubber 

(gentamicin); in both systems the drugs are released via a ditfusion process. Both 

systems did show a protective effect regarding survival rates subsequent to an 

infectieus challenge. No significant effect on mechanica! properties of impregnating 

silicone rubber has been found [89,90). 

Other groups used polyurethane based matrices containing antimicrobial agents to 

prevent biomaterial-centered infections [91-93]. Polyurethanes are widely used in 

the clinical field, due to its favorable physicochemical properties and its relatively 

high biocompatibility. Polyurethane materials were embedded with antimicrobial 

agents via a solvent-cast method, obtaining matrices with amorphous dispersions. 

Golomb and Shpigelman [93] embedded parabens in polyurethane, which 

significantly inhibited S. epidermis bicfilm formation on the polyurethane surface. 

Jansen et al. [91 ,92) incorporated antibictics that exhibit a streng antimicrobial 

activity against staphylococci, the predominant organisms found in foreign-body 

infections. The number of adherent viabie bacteria onto these materials drastically 

red u eed; after 72 hours, the number of adherent bacteria dropped trom 105 CFU/cm2 

toabout 101 CFU/cm2. 

Fogt et al. introduced a simplified procedure for the impregnation of a preformed 

polymerie body with reagents [94]. The desired reagent is dissolved in a liquid which 

is a swelling agent tor the polymer. The preformed body is soaked in this solution, 

and the swelling agent carries the reagent into the matrix of the polymer. Recently, 
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this approach has been used to imbibe antimicrobials into silicone rubber, or other 

elastomers [95,96]. 

(2) Several groups investigated the bonding of antimicrobials on the material, to 

obviate the problem of reduced physical properties of the base material, as may be 

associated with incorporation of antimicrobials. 

Several groups developed an antimicrobial-release system by ionic bonding of the 

antimicrobial agent to the surface. Ackart et al. prepared a number of carboxyl

containing ethylene copolymers to which antimicrobial agents have been bound as 

carboxylate salts. Tests showed that these materials, although not bactericidal, did 

inhibit microbial growth [97]. Almast three decades ago, Gott et al. described the 

bonding of heparin to prosthetic surfaces using benzalkonium chloride and graphite 

as adsorbed ancharing molecules [98]. lt has been shown that oxacillin, a negatively 

charged antibiotic, could be substituted for heparin [99]. Refinement of this concept 

led to the deletion of graphite, and the resultant benzalkonium-oxacillin system was 

applied to polytetrafluoroethylene vascular grafts [1 00-1 02]. Subsequent work 

resulted in the development of a system based on the treatment of device surfaces 

with TDMAC (tridodecylmethylammoniumchloride) foliowed by exposure to penicillin

like antibictics [1 03]. The antibictic bonded surfaces showed efficacy in the 

prevention of vascular prosthetic infections [1 02], but the disadvantage of this 

approach is the short time-course of release, combined with a limited reservoir 

capacity. Webb et al. [1 04] showed that, despite the demonstratien of inhibition 

zones on agar plates, still adhesive bacteria could be seen on the surface of 

vascular grafts treated via the methad of Harvey and Greco [1 00]. 

Moore et al. suggested an alternative methad to develop an infection-resistant 

vascular presthesis [1 05]. They impregnated the presthesis with amikacin-enriched 

collagen; these grafts were implanted tor 3 weeks and appeared to be less infected 

than control grafts. Additionally, the tissue response to the vascular presthesis 

appeared to be improved. 

Other groups developed an antimicrobial-release system by coating the base 

material with an antimicrobial-containing surface layer. Mochizuki et al. modified a 
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latex Foley catheter by coating the catheter with a film of natura! rubber latex 

containing chlorhexidine, via a dipping process [106]. In vitro results showed a 

relatively constant level of antibacterial activity for over a month. Alternatively, 

Sakamoto et al. coated a silicone urethra! catheter with an acid anhydride copolymer 

via a dipping process, after which the aminoglycoside dibecakin sulfate was ionically 

bonded to the coating layer [1 07]. Rushton et al. coated a silicone device with a 

mixture of powdered gentamicin and diethanolamine fusidate in silicone elastomer, 

foliowed by curing the coating to give an adherent, antibiotic-releasing surface film 

[1 08]. Micronized silver oxide particles have been embedded in silicone elastomer, 

which subsequently can be applied as a coating to a wide range of materials [1 09]. 

lts efficacy is, however, disputed [11 0]. Furthermore, silver is known to be a 

neurotoxic agent, which limits its applications significantly. 

Various investigators have developed infection-resistant type materials based on 

antimicrobial release. The selective delivery of optima! amounts of the antimicrobial 

agent to the implant site is without doubt a forcetul approach. High local tissue 

concentrations can be achieved that provide a much more effective treatment of 

infectious complications than in the case of systemic antibiotic therapy. 

Notwithstanding, the primary problem, which has nat been extensively addressed in 

the referred publications, is to achieve a controlled release profile. Antibiotic therapy 

should assure complete kill of the bacterial contamination on the one hand; on the 

other hand (local) tissue damage due to excessive drug release should be 

prevented. Additionally, the induction or selection of resistant bacteria, which may 

result from release at subminimal inhibitory concentrations, should be prevented; 

suchlike bacteria will be much more difficult to eradicate. The fact that exposure of 

various bacteria to subminimal inhibitory concentrations of certain antibiotics makes 

them more susceptible to phagocytosis might, however, prolong the efficacy of 

antimicrobial-release systems [111]. 

/ow adhesion surfaces 

lf bacterial adhesion indeed is the predominant step in the pathogenesis of implant

related infections, the inhibition of the adhesion to the implant surface would be an 
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effective approach. In an in vivo situation, however, bacterial adhesion will be 

mediated by the deposited host proteins. lt is virtually impossible to create a surface 

that is "non-fouling"; all implanted materials will be coated by a host protein layer. 

The composition of the original surface delermines the nature of the adsorbed 

protein layer; the polymer surface should therefore be modified in such a way that 

proteins with a reducing effect on bacterial adhesion are selectively adsorbed. 

In vitro investigations on bacterial adhesion to solid surfaces revealed that 

hydrophobic and electrastatic interactions play an important role. Several groups 

studied the efficacy of a hydrophilic coating for prevention of bacterial adherence 

with disputing results. Jansen and his coworkers found that their hydrophilic surfaces 

preferentially adsorbed albumin, which seemed to have an inhibitory influence on 

bacterial adhesion (92]. In vitro studies of Merrilt et al. showed no significant effect of 

surface hydrophilicity in reducing bacterial adhesion [112]. In a study of Roberts et 

al. the most important finding was that none of the bacteria adhered to the urinary 

catheter with the hydrophilic surface [ 113]. Surface charge did nat seem to correlate 

in any manner with adherence. Previous in vivo studies of urinary catheters with 

hydrophilic surfaces did show no effect [114, 115]. 

Another approach in the development of low-adhesion surfaces is the use of 

polymerie phospholipids. These materials originate from studies in the field of blood

material interactions, and are used as an approach towards the eliminatien of 

surface-induced thrombosis Polymerie phospholipids mimic the lipid surfaces of 

blood cells [116, 117]. The polar headgroup phosphorylcholine is the most important 

group of the phospholipid molecules, since this group interacts with the environment 

[ 116]. Phosphorylcholine containing polymers have been synthetically prepared 

[118]. Furthermore, these polymers have been used to coat materials, such as 

polyvinylchloride, polyethylene, and polypropylene. Additionally, functionally active 

phosphorylcholine derivatives have been synthesized by chemica! altachment to 

surfaces and copolymerization into the backbone of e.g., polyurethanes and 

polyesters [116]. 
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Phosphorylcholine coated materials markedly reduce protein adsorption and platelet 

adhesion/activation [119, 120]. Additionally, phosphorylcholine coated surfaces gave 

marked reductions in bacterial adhesion relative to uncoated controls [121]. 

A further approach to reduction of bacterial ad hesion is the surface-immobilization of 

polyethylene glycol (PEG) based polymers. PEG's ability to prevent proteins and 

other biomolecules from approaching the surface is considered a steric stabilization 

effect [122]. PEG surface treatments have been recognized as a techniq ue for 

obtaining low protein adsorption and low cell adhesion characteristics [123, 124]. A 

significant reduction in bacterial adhesion levels relative to untreated controls was 

observed as well [125, 126]. 

A strategy, significantly different from the strategies as described above, has been 

suggested by Speier and Malek [127]. They coated surfaces with quaternary amine

containing organosilicon salts, after which the coated materials exhibited 

antibacterial properties. The coated materials did not inhibit growth of 

microorganisms unless the microorganisms were in close contact with the materiaL lt 

was proposed that bacteria were killed by ion exchange of cations. However, 

medical application of these materials was not reported . 

Various surface modification approaches have been reported that significantly 

reduced the bacterial adhesion level. However, little information is available on the 

susceptibility to bacterial ad hesion of suchlike surfaces in an in vivo environment. In 

the in vivo situation bacterial adhesion will be mediated by the deposited host 

proteins. Contrarily, most studies were performed in vitro in the absence of proteins; 

implant-data proving that suchlike surfaces indeed may be beneficia! in reduction of 

implant-related infections is not available. 

The fact that it does not provide any (active) proteetion to implant pores, crevices, 

etc., may limit the efficacy of this surface modification approach as well . 

promotion of tissue-integration 

lmplanted materials are situated in an environment of wound healing. Optimal 

healing would result in direct apposition of connective tissue components with the 

implant surface. Generally, however, a fibrous capsule surrounds the implanted 

- 25-



Chapter I. 

material with its interfacial foreign body reaction, isolating the implant and foreign 

body reaction from the local tissue environment [34,39]. This may form an ideal site 

for bacterial proliferation, since the surrounding dense fibrous capsule is not well 

vascularized, and thus presents a mechanica! barrier for phagocytic cell migration 

[74]. The occurrence of implant-associated infections may thus be regarded as a 

consequence of the non-integrated tissue/implant interface [128]. 

Extensive investigations have been performed over the years on the effect of 

surface properties on the tissue response and promotion of tissue integration. 

Generally, these investigations can be classified into three categories from the 

standpoint of material science, i.e., (a) physicochemical approach, (b) morphological 

approach, and (c) biochemica! approach. 

The physicochemical approach is based on the control of surface free energy, 

wettability, or surface charge [129, 130]. Several studies demonstraled that optimal 

cell adhesion to polymers occurs with surfaces showing a moderate wettability [131-

134]. Additionally, cationic polymers appear to accelerate cell adhesion, which is 

based on electrastatic interactions [133, 135]. 

Recent interest in tissue adhesion to surfaces has focused attention on the 

significanee of morphological factors. Cellular behavior is affected by the 

topographical morphology of the underlying surface; in cell cultures it has been 

shown that different cell lines from different species can be caused to align and 

migrate along grooves in a preterred direction [136-139]. In light of these findings it 

was hypothesized that a microtextured surface presented to a connective tissue 

implantation bed might allow direct mechanica! tissue attachment [140, 14'1]. 

Surface texture in a micro-range was found to significantly modulate the cellular 

response to the implanted material. Experimental results showed that the 

histological response is effected more by the implant surface texture than by 

dittering surface chemistry or surface energy [141-146]. Micro-textured implants with 

topographical dimensions below 1 1-1m and above 3 1-1m exhibited a tissue response 

as commonly seen in polymer implants: a multilayer of macrophages and giant cells 

separated the implant material trom a granulous tissue capsule of varying thickness. 

In sharp contrast, implants with the topography between 1 and 3 1-1m consistently 
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showed an ultrathin layer of mature connective tissue in direct, intimate contact with 

the polymer surface, without the presence of macrophages. 

The above findings show that surface micro-texture has a significant impact on 

biocompatibility. When in an optimal range, the texture is apparently responsible for 

completion of the wound healing process and tor the absence of chronic 

inflammatory cells at the interface. Fibroblasts can attach firmly to an optima! surface 

and produce normally maturing connective tissue. 

Apparently a properly micro-textured surface either seems to offer cells the three

dimensional architecture they need for attachment and proliferation [147], or it 

seems to offer cells the possibility of creating one. 

The biochemica! approach camprises precoating of surfaces with cell-adhesion 

proteins such as collagen and fibronectin to enhance cell adhesion and proliferation 

[148, 149]. The majority of investigations on cell ad hesion to foreign surfaces via the 

biochemica! approach are performed with endothelial cells, and consequently in 

blood-contacting applications. In man, endothelial cells farm the neeintimal lining of 

the vascular system. Since vascular endothelium represents a unique, non

thrombogenic surface, endothelial cells are considered the logica! choice tor lining 

vascular prostheses. 

Since Pierschbacher and Ruoslahti found that the Arg-Giy-Asp-Ser (RGDS) 

sequence constituted the active site of fibronectin [150], several investigators 

reported on the immobilization of this peptide, and succeeded in enhancing cell 

adhesion as well (151-153]. 

A study by Moore et al. demonstrated and confirmed the importance of promotion of 

cell adhesion and proliferation on foreign surfaces [154]. Susceptibility to infection in 

vascular grafts was confirmed to be related to the rate and completeness of 

neeintimal healing. lt was hypothesized that incomplete neeintimal healing will fail to 

provide the necessary proteetion from infection secondary to a bacterial challenge. 

Another approach to promate cellular integration at the surface that has been 

published on is the immobilization of collagen [155-157]. A significantly enhanced 

tissue adhesion was demonstrated (155], in combination with a reduced collageneus 

encapsulation (156]. Application of the collagen-surface to a percutaneous device 
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disclosed that the enhanced tissue adhesion prevented epidermal downgrowth; 

consequently, a significant reduction in device-related infections was observed 

[157]. The hypothesis was that lack of adhesion to the contacting tissue aften results 

in leaving a sinus between the device and the contacting tissue, and sooner or later, 

the sinus becomes a path for bacteria to migrate into the patient body. 

The tissue integration approach is very forceful. An implanted material that promotes 

rapid colonization and integration of the appropriate tissue cells at its surface may 

be the best strategy for decreasing infectious complications. 

However, as discussed before, the generally used bioadhesive molecules, 

fibronectin and collagen, do promate bacterial adhesion. Therefore, during the 

initially vulnerable period befare the surface is stabilized and when random 

colonization by bacteria may occur, antibiotics may be used protectively (128]. 

Aim of this study 

The aim of this study is to develop a chemica! surface modification technique that 

renders the treated material resistant towards infection. The approach is twofold; on 

the one hand, it must provide an active proteetion against infectious complications; 

In this respect, a surface modification technique was developed to provide a 

polyetherurethane substrate with a surface graft matrix that has the ability to release 

the antimicrobial agent gentamicin; this study is described in Chapter 2. 

On the other hand appropriate tissue integration must be promoted. The latter is of 

prime importance since the character of the tissue response determines in large the 

fate of the implanted device. Additionally, inappropriate tissue integration is believed 

to facilitate the establishment of (secondary) infectious complications. This approach 

is addressed through the additional surface-immobilization of bioactive molecules, 

e.g., collagen (Chapter 5) and heparin (Chapter 6), to said surface graft matrix; as 

such a surface is obtained that acts on its surroundings through the release of 

gentamicin, and interacts with its surroundings through the mediation of the 

additional surface-immobilized molecules. 

In order to characterize the efficacy and the involved tissue reactions of the 

developed surface modification techniques in an in vivo setting, suitable animal 
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models are required. In Chapter 3, an early infection rat model is described that was 

used to characterize the in vivo performance of small-sized implants, whereas 

Chapter 4 disdoses an early infection rabbit model that was used to characterize the 

in vivo performance of actual implantable conductive electrodes. 
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Chapter 2. 

Surface modification of a polyetherurethane material for 

controlled gentamicin release. 

Abstract: Approaches to reduce the incidence of implant-related infections, 

initially all were directed at the impravement of surgical techniques. At present, 

research is directed on the role of the implant itself, and consequently on modification 

of the material to enhance infection-resistance. Three concepts primarily have been 

proposed, i.e., low adhesion surface; improved implant-tissue integration; and, 

antimicrobial-releasing materials. 

In this chapter a surface modification technique is disclosed that belengs to the latter 

concept. A polyetherurethane substrate is covalently grafled with the vinyl-functional 

monomers acrylic acid and acrylamide. The surface graft matrix is used as a reservoir 

tor the antimicrobial agent gentamicin. lt is demonstraled that critica! control of the 

surface graft composition is of prime importance regarding loading and release of the 

gentamicin, and consequently regarding bactericidal activity and incited cytotoxicity. 

The preterred ambodiment involves a copolymer surface graft in the range of 50 to 75 

wt% acrylic acid, that demonstraled to release one hundred percent of the drug within 

a 6 weeks timespan without inducing significant cytotoxicity as determined with an in 

vitro cell culture system using human skin fibroblasts. 
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INTRODUCTION 

Infection has become the most serious complication associated with the application of 

implantable medica! devices [1 ,2]. Treatment of these infections is difficult and most 

often necessitates removal of the inserted device. Technological refinements in 

materials and design and increasing surgical experience has lowered the incidence 

of infectieus complications; however, infection remains a serious cause of morbidity 

and mortality [1 ,3]. 

Approaches to reduce device-related infections initially were focused on improvements 

of the surgical technique, including modification of the operating room area and the 

use of prophylactic antibictics at the time of surgery [2,4]. Despite the introduetion of 

these meticuleus aseptie measures the occurrence of device-related infections ~ould 

not be completely eliminated. Currently efforts are increasingly directed on the role of 

the implant itself, and consequently on modification of the material to enhance the 

infection-resistance of the device. 

Three concepts by which surface modification may enhance the material's resistance 

towards infection have predominantly been proposed [5,6]. 

The first approach involves the development of anti-adhesive surfaces; i.e., surfaces 

that in the in vivo situation hinder adhesion of microorganisms. As a consequence of 

the immediate deposition of host proteins, bacterial adhesion will be mediated by the 

host proteins coating the implant surface. The composition of the original surface 

determines the nature of the adsorbed protein layer; the polymer surface should 

therefore be modified in such a way that proteins with a reducing effect on bacterial 

adhesion are selectively adsorbed. This approach seems particularly useful for 

cardiovascular devices, in which the material's thrombogenicity is very critica! and 

closely related to infection [7]. 

The second approach involves the development of surfaces that promote 

appropriate integration of the surrounding tissue(s) with the implant surface. The 

underlying concept is that when rapid colonization and integration of the implant 

surface with tissue cells is encouraged, the implant surface will be protected trom 

bacterial colonization [6]. 
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The third approach comprises the development of surfaces that have bactericidal 

activity by means of release of antimicrobial compounds. The ability to selectively 

deliver optima! amounts of the antimicrobial agent to the implant-bed offers an 

alternative, if not, an addition to conventional prophylactic antimicrobial therapy in 

minimizing postoperative complications of infection. 

Most reported strategies involve the impregnation of the substrate material with the 

antimicrobial agent [8-14]. A disadvantage is that (after drug loading as well as 

release) material properties, such as the mechanica! properties, may be deteriorated 

to a level which will preclude practical application. To obviate this problem several 

groups investigated the bonding of antimicrobials Q!1 the materiaL An example is the 

iodine-complexed polyvinylpyrrolidone surface coating as described by Jansen and 

coworkers [15, 16]. 

Our approach involves surface modification by covalently grafting the vinyl-functional 

monomers acrylic acid and acrylamide. The thus obtained surface graft matrix is 

used to load the antimicrobial agent gentamicin. Gentamicin was chosen because of 

its very broad spectrum of action. An additional argument was the tact that 

gentamicin is already being used in commercially available implantables; such as in 

Sulmycin® (Essex Pharma GmbH, München, Germany), a gentamicin-containing 

collagen sponge; and in Septopal® (E. Merck, Darmstadt, Germany), gentamicin

containing PMMA beads. 

The aim of this study was to develop a technique that allows tor controlled release of 

the loaded gentamicin within a 6 weeks timespan. The in vitro characterization of the 

gentamicin-loaded surface is described. lt is demonstrated that critica! control of the 

surface graft matrix composition is of prime importance regarding loading and 

release of the gentamicin,. and consequently regarding bactericidal activity and 

elicited cytotoxicity. 
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MATERIALS AND METHOOS 

Ceric ion initiated surface graft copolymerization. 

Polyurethane (PU) film material was made from 2363-55D Pellethane® resin (Dow 

Chemica!, Midland, MI, USA) by Medtronic Prameon (Minneapolis, MN, USA). 

Pellethane 55D films were ultrasonically cleaned in IPA for 15 minutes prior to ceric 

ion initiated surface grafting. lmmediately after IPA-cleaning samples were dried in a 

toreed air oven at 50-60°C for approximately 5 minutes. 

Meanwhile, an aqueous grafting salution was prepared that was composed of 40 wt% 

total monomer concentration, containing acrylic acid monomer (Aidrich Chemie, 

Bornem, Belgium; purified by conventional distillation) and acrylamide monomer 

(Acros Chimica, Geel, Belgium; 99+%, electrophoresis grade) in varying monomer 

ratios, 6 mM of ceric ammonium nitrate (CAN; Merck-Schuchardt, Darmstadt, 

Germany) and 0.06 M nitric acid (HN03; Merck). Prior to grafting, the grafting salution 

was treated to remave excess oxygen by exposure to reduced pressure (1 0 mmHg) 

for a maximum of 2 minutes. 

Grafted samples (10x1 cm strips) were prepared by positioning the cleaned and dried 

samples in an appropriate volume of the grafting solution. Grafting was allowed to 

continue for 15-20 minutes at 30°C, while stirring the solution. 

Following grafting, the samples were rinsed in Dl watertostop the grafting processas 

well as to clean the surface graft matrix formed. Thorough clean-up of the grafted 

samples was performed in a phosphate buffered saline salution (PBS, pH=7.4; 0.0085 

M Na2HP04 , 0.0015 M NaH2P04 .H20 , 0.15 M NaCI; all Merck) for 16-18 hours at 50-

600C. Thereafter the grafted samples again were rinsed in Dl water, after which the 

samples were dried at rT by air exposure. 

Gentamicin toading of surface grafted film. 

The surface grafted samples were immersed in a 0.01 M 4-morpholineethanesulfonic 

acid monohydrate (MES; Aldrich) buffered aqueous solution, adjusted to pH=6.0 by 

dropwise addition of 1 N NaOH, for a minimum of 30 minutes. Subsequently, the 

surface grafted samples were immersed in a 0.01 M MES buffered aqueous salution 

of gentamicin sulfate (Sigma Chemie, Bornem, Belgium), adjusted to pH=6.0 by 

dropwise addition of 1 N NaOH. The buffered gentamicin sulfate solutions typically 
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contained 0.5 mg/ml gentamicin base. The sample immersion lasted 30 minutes; a 

volume to surface ratio of 2:1 (ml:cm2) was used for the gentamicin loading process. 

Upon completion of the immersion, the samples were removed, rinsed for 5-10 

seconds in Dl water, allowed to dry at rT by air exposure, and stored. 

Quantitative analysis of gentamicin in aqueous solutions. 

Gentamicin containing aqueous solutions, standards as well as samples, were 

analyzed by means of a TNBS-assay modified from Snyder and Sobocinski [17]. 

Gentamicin containing solutions were adjusted to pH=9 by addition of 0.1 M borate 

buffer (0.1 M di-sodium tetraborate decahydrate, pH=9.2), after which 25 111 0.03 M 

aqueous trinitrobenzene sultonic acid (TNBS; Fluka, Buchs, Switzerland) was added 

per mi of sample-solution. The TNBS derivatization reaction was allowed to praeeed 

for 25-30 minutes at room temperature, after which the absorbance at 415 nm was 

measured, while 595 nm was used as the reference wavelength (BioRad Model 3550, 

96 wells mieroplate reader, Veenendaal, The Netherlands). 

Quantitative analysis of genfamicin-loaded films. 

550 Pellethane samples were surface grafted and gentamicin loaded as described. 

Subsequently, the gentamicin solutions used for loading the surface grafted samples 

were analyzed for their gentamicin contents by the TNBS-assay. The ditterenee in 

gentamicin content befare and after sample immersion was determined and used as 

measure for the amount of gentamicin loaded. The amount of gentamicin loaded was 

typically expressed as 11g/cm2 . 

Effect of pH on gentamicin loading of surface grafted films. 

Gentamicin stock solutions were prepared that were buffered at different pH values. 

Typically the solutions contained 0.01 M of the desired buffer agent; the salution pH 

was adjusted to the desired pH by dropwise addition of either 1 N NaOH or 1 N HCI. 

The pH-range extended from pH=3 to pH=9: 

pH=3: 0.01 M di-sodium tartrate dihydrate + 1 N HCI; 

pH=4: 

pH=5: 

pH=6: 

pH=7: 

0.01 M di-sodium tartrate dihydrate + 1 N HCI; 

0.01 M MES monohydrate + 1 N NaOH; 

0.01 M MES monohydrate + 1 N NaOH; 

0.01 M MES monohydrate + 1 N NaOH; 

- 41 -



Chapter 2. 

pH=8: 

pH=9: 

0.01 M di-sodium tetraborate decahydrate + 1 N HCI; 

0.01 M di-sodium tetraborate decahydrate + 1 N HCI. 

After immersion of the surface grafted samples in the corresponding buffered solutions 

without gentamicin, surface grafted samples were gentamicin loaded, and the amount 

of gentamicin loaded was determined via the TNBS-assay. 

Effect of time on gentamicin toading of surface grafled films. 

Gentamicin loading was performed as previously discussed, except for the exercised 

variatien in immersion-time. Gentamicin loading of the surface graft matrix was 

determined via the TI\IBS-assay. 

Effect of crosslinking-density of surface graft matrix on gentamicin release. 

550 Pellethane samples were surface grafted with acrylic acid monomer as previously 

described, except for the addition of methylene-bis-acrylamide (MBA; Aldrich) as 

crosslinking reagent during surface graft copolymerization. Surface grafted samples 

were gentamicin loaded, and the amount of gentamicin loaded was determined. 

Gentamicin release was performed by immersion of gentamicin loaded samples in 

phosphate buffered saline (PBS, pH=7.4) at 37°C; a volume-te-surface ratio of 1:1 

(ml:cm2) typically was used throughout the experiment. At desired timepoints the 

samples were withdrawn from the salution and immersed in fresh PBS. Salution 

samples were analyzed fortheir gentamicin content by means of the TNBS-assay. 

Effect of charge-density of surface graft matrix on gentamicin /oading. 

The charge-density of the surface graft matrix was varied by variatien of the monomer 

ratio of the rnanamers acrylic acid and acrylamide. While acrylic acid contains an 

anionic pendant group, acrylamide contains a neutral pendant group. Variatien of the 

monomer ratio, thus will allow preparatien of surface grafts with varying charge

density. Subsequently, surface grafted samples were gentamicin loaded, and the 

amount of gentamicin loaded was determined. 

Effect of charge-density of surface graft matrix on gentamicin release. 

Surface grafted 550 Pellethane samples ranging in charge density were prepared and 

gentamicin loaded. Gentamicin release was performed by immersion of gentamicin 

loaded samples in phosphate buffered saline (PBS, pH=7.4) at 37°C; a volume-te

surface ratio of 1:1 (ml:cm2) typically was used throughout the experiment. At desired 
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timepoints the samples were withdrawn from the solution and immersed in fresh PBS. 

Solution samples were analyzed for their gentamicin content by means of the Tf\IBS

assay. 

Surface analysis 

All FT-IR analyses were carried out on a BicRad Digilab FTS-60 spectrophotometer 

equipped with a verticai-ATR device; a germanium crystal was used as the internal 

reflection element under a 45° endface angle. 

After the sample materials were sputter-coated with gold (2-4 nm; Edwards S150B 

sputter coater), evaluation of the materials by Electron Microscopy was carried out 

on a JEOL JSM 6301-F Field-Emission-Gun -Scanning Electron Microscope (FEG

SEM), operated at 2 kV. 

X-Ray Photoelectron Spectroscopy (XPS) was performed at the Center for Surface 

and Material Analysis (CSMA Ltd., Manchester, UK). All XPS experiments were 

performed using the Fisons (VG) Surface Science lnstruments M-Probe XPS 

instrument, with variatien in take-off angle (TOA) and using 200 W monochromatized 

Al Ka X-rays focused into an elliptical spot size of 400 ~m x 1000 ~m. SuNey scan 

analysis and high resolution analysis of C 1s, 0 1s and N 1s regions were recorded. 

All spectra are referenced to the C 1s peak at 285.0eV binding energy. Composition 

tables were derived for each surface by peak area measurement foliowed by the use 

of Secfield sensitivity factors. High-resalution data were subject to linear background 

subtraction prior to peak synthesis using the instrument software. 

Evaluation of in vitro antibacterial activity of gentamicin loaded samples. 

A strain of Staphylococcus aureus (code PW230693), obtained from an actual 

electrode-associated infection, was used for the antibacterial activity testing. This 

strain was determined to be gentamicin-sensitive. 

Surface grafted 550 Pellethane samples ranging in charge density were prepared and 

gentamicin loaded. The samples were routinely sterilized by exposure to ethylene 

oxide. The antibacterial activity was determined by a "zone-of-inhibition" test. A 

lsosensitest agar plate (Oxoid Ltd. , Hampshire, UK) was seeded with bacteria, for 

which typically a suspension of± 104 S. aureus I mi saline was used. Subsequently, 

the test materials were applied (8mm discs); Genta-neo-sensitab (Rosco Diagnostica, 
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Taastrup, Denmark), a gentamicin-loaded tablet, was used as the positive control. 

Surface grafted samples without gentamicin were applied as negative controls. 

Subsequently, the agar plate was incubated overnight at 37°C. The following day the 

plate was removed from the incubator and the bacteria free zone around each sample 

was determined. The regionsof bacterial growth and inhibition are obvious visually. 

Evaluation of in vitro cytotoxicity of gentamicin /oaded samples. 

Surface grafted 550 Pellethane samples ranging in charge density were prepared and 

gentamicin loaded. The samples were routinely sterilized by ethylene oxide. The 

cytotoxicity was determined according to the methad of Van Luyn [18]. In short, this 

methad involves a 7 days exposure of the test material (8 mm discs) to a 

methylcellulose culture of human fibroblasts; this test methad has been reported to be 

more sensitive than the established test methods, ie., agar-overlay test and filter 

ditfusion test. 
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RESULTS 

Ceric-ion initialed surface graft copolymerization. 

Ceric ion is one of the most effective initiators tor graft copolymerization onto 

polyetherurethane (PEU) [1 9]. Ceric salt initiation predominantly takes place by the 

formation of a radical at the hard segment of PEU (Fig . 1 ), after which vinyl-functional 

monomers, such as acrylic acid and acrylamide can be grafted [20]. 

Figure 2 shows the FT-IR spectra, in the 900-1800 cm-1 wavenumber range, of control 

550 Pellethane and an acrylic acid I acrylamide surface grafted Pellethane (weight 

fraction acrylic acid, XAA=1 ). lt demonstrates and confirms the change in surface 

chemistry of the Pellethane substrate; characteristic polyurethane peaks still can be 

identified, which denotes that the grafting process is limited to the surface, as the FT

IR penetratien depth approximately equals the top 0.5- 2 1Jm. In Table I a short-list of 

characteristic peak-wavelengths with their respective chemica! functionality is 

provided. 

Ce•· + H,O - Ce(OH)'' + H' 

0 
___ //\_., 11 
·~ .. H-C~ + Ce(OH)'' - [ ___ f\_~)GJ3· 

~'=f Hç,te 
0' 
I 

H 

+AA 

Figure 1 . Reaction mechanism showing the ceric ion initialed radical-formation on the 
polyetherurethane hard segment; the introduced radical is !he precursor to surface graft copolymerization 
with vinyl-functional monomers, such as acrylic acid and acrytamide. 
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Figure 2. FT-IR investigation of surface grafled 550 Pellethane confirms the change in surface 
chemistry; acrylic acid grafled 550 Pellethane (•). 550 Pellethane (-); Table I lists typical peak 
assignments in the 900-1800 cm·' range. 

An XPS study of acrylic acid I acrylamide copolymer surface grafts, differing in acrylic 

acid fraction, revealed that the obtained surface graft copolymer composition agreed 

very well with the monomer ratio employed (Fig. 3). The only discrepancy is the fact 

that a small fraction of acrylic acid was observed in the surface graft, whilst the feed 

did not contain any acrylic acid. Most likely, acrylic acid moieties were induced due to 

hydralysis of acrylamide moieties during the post-grafting cleaning process. 

The grafted samples can be identified visually; whereas the control Pellethane films 

are transparent, grafted films have turned opaque. SEM-analysis confirmed these 

observations and showed an apparent change in surface structure; the surface of the 

control polyurethane was smooth, an occasional speek of dust is observed; contrarily, 

the grafted material revealed an obvious poreus matrix type morphology (Fig. 4a,b). 
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Table 1: Acrylic acid I acrylamide grafted 550 Pellethane; a short-list of typical 
wavenumbers, in the 900-1800 cm"1 range, and the respective group
assignments [21]. 

wavenumber peakassignment 
(cm-~) 

1020 

1070 

1105 

1225 

1310 

1410 

1450 

1535 

1560 

1600 

1635 

1700 

1730 

· 550 Pellethane® aerylic acid surface graft 
C-H ring - out of plane bend 

C-0-C hard segment - stretch 

C-0-C soft segment - stretch 

C-N stretch; N-H bend 

C-N stretch; C-H ring - in plane bend; 
N-H bend 

C-C ring - stretch C-0 stretch (symmetrie) carboxyl 

C-H bend backbone 

C-N stretch; N-H bend 

C=O stretch carboxyl - ionized 

C=C ring - stretch C-0 stretch (antisymmetric) carboxyl 

C=O stretch (amide) 

C=O bonded -stretch (carboxyl) C=O stretch carboxyl - protonated and 
hydrogen-bonded 

C=O free- stretch (carboxyl) C=O stretch carboxyl - protonated 

• 0.8 

--- - - -- - - - :: -·- -- - - -.-- -- -·-- _.:,. . ":' - .:·~ --

0 ~--~~~~--~~~--~--~~~----~~ 

0 0.2 0.4 0.6 

acrylic acid (AA) 
bulk fractlon 

0.8 

Figure 3. XPS study of acrylic acid I acrylamide copolymer surface grafts, dittering in acrylic acid 
fraction; surface graft copolymer composition is in reasanabie agreement with the monomer ratio 
employed. 
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Figure 4 

FEG-SEM surface analysis. 

a: control 550 Pellethane (1 OOOx magnification at 2.0 kV); the only irregularity is an occasional 
speek of dust. 

b: acrylic acid grafled 550 Pellethane (1000x magnification at 2.0 kV); the surface grafting process 
has provided the 550 Pellethane subsirale with a poreus matrix-like structure. 
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Figure 5. Effect of pH on the gentamicin loading of an acrylic acid surface grafled 550 Pellethane 
substrate; highest loading (n=3; 30 min., ambient temp. , volume-to-surface ratio = 2:1 (ml:cm2)) is 
achieved in the pH-range extending from pH=6 to pH=8. 

Gentamicin Joading of surface grafled films. 

lt was unequivocally shown that the gentamicin loading was influenced by the pH at 

which the loading was performed. As is displayed in Figure 5 a bell-shaped curve was 

obtained, in which the optima! pH-range tor gentamicin loading extends trom pH=6 to 

pH=8. The gentamicin loading linearly increased during the first 15 minutes with a rate 

that approximately was equal to 9.5 J.lg.cm·2.min-1 (Fig. 6). After 20 minutes, the 

gentamicin loading gradually increased turther, but in a less rapid mode. 

250 n.--------~------~~----~------------~ 

0~-=~~----~--~--~--~~----~--~~ 
0 10 20 30 40 50 60 

absorption time (mln) 

Figure 6. Gentamicin loading as a tunetion of time (n=3); a linear increase is observed during the 
first 15 minutes (9.5 ~g/cm2.min) , after which loading progresses further, but less rapidly. 
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Manipulation of surface graft composition; effect on gentamicin /oading and release. 

lt was found that increasing the crosslinking-density of the acrylic acid surface graft did 

not significantly influence the loading-capacity. lt was observed that with increasing 

crosslinking density the cumulative gentamicin release was decreased (Fig. 7a); this is 

obviously in agreement with what one would expect. The decrease in cumulative 

gentamicin release was found to be primarily due to a lower initia! burst, as depicted in 

Figure 7b. Since the non-crosslinked graft did not completely release one hundred 

percent of its gentamicin in the desired 6 weeks timespan, the composition of the 

surface graft matrix consequently was adjusted to obtain the desired gentamicin 

release profile. 

~ 80 
111 
.!! 70 

e so 

~ 50 
"5 40 

§ 30 

" ~ 20 

10 ---·- -·- ---- ·"---"- --=-·-.--·---c. 
--- ~---- - -~-- - ----·~ ------ · 

10 20 30 40 50 

release time (days) release time (days) 

Figure 7. Effect of crosslinking of !he acrylic acid surface graft matrix on in vitro gentamicin 
release {n=3; nocrosslinking (+); 0.025wt% MBA (•); 0.125wt% MBA (•); 0.625wt% MBA (x)}. 

a: Cumuialive gentamicin release profile as tunetion of !he crosslinking density; with increasing 
crosslink-density, a decreasein gentamicin release is observed. 

b: Gentamicin release profile shows a burst during !he first 24 hours, after which !he release 
continues for more than 6 weeks [analyses stopped at 6 weeks]. The lower initial burst causes 
the observed decrease in cumuialive release. 

Addition of acrylamide moieties in the surface graft matrix clearly diminished the 

gentamicin toading capacity (Fig. 8). 

However, variatien of the ratio of the monomers acrylic acid and acrylamide was found 

to be the means to obtain the desired gentamicin release profile (Fig. 9). The release 

profiles show an immediate burst, after which the drug continues to be released until 

completion in a timespan, that obviously was dependent on the fraction acrylic acid 

present in the surface graft matrix. 
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Figure 8. Gentamicin loading capacity of acrylic acid I acrylamide surface grafled 550 Pellethane 
(n=3; 30min., rT, volume-to-surface ratio= 2:1 (ml:cm2)). Addition of non-charged acrylamide moieties 
incites a decrease in the loading capacity. 
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Figure 9. Gentamicin release profile (as a tunetion of the acrylic acid fraction) from acrylic acid I 
acrylamide surface grafled 550 Pellethane (n=3); addition of acrylamide accelerates the gentamicin 
release {100wt% AA(+), 75wt% AA (•), 70wt% AA (x), and 50wt% AA (A)}. 

Biologica/ testing. 

The results of the antibacterial activity testing are displayed in Figure 10. Remarkably, 

despite the reduced gentamicin loading and consequent release, the bactericidal 

activity was nat significantly affected. After the incubation-period a zone-of-inhibition 

was measured that constantly ranged around 500 mm2 and steeply dropped to zero 

only when the fraction acrylic acid was less than 10wt%. 
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Figure 10. Antibacterial activity, by means of zone-of-inhibition assay, of gentamicin loaded acrylic 
acid I acrylamide suriace grafled 550 Pellethane samples (n=2); addition of acrylamide moieties, and 
consequent reduction in gentamicin loading does nol significantly affect the antibacterial activity. 

The in vitro cytotoxicity testing confirmed that a too high release of gentamicin may be 

associated with a significant toxicity. The results are displayed in Figure 11; a dose

related response was identified, with the higher the gentamicin release the strenger 

the cytotoxic effect elicited. 

c 60 
'ü 
.Ë 
i'! 40 
c ., 
Ol 20 

100 90 80 70 60 50 40 30 20 10 

wt% acryl ie acid 

Figure 11 . In vitro cytotoxicity of gentamicin loaded acrylic acid I acrylamide suriace grafled 550 
Pellethane samples (n=2); obviously, gentamicin release incites a cytotoxic response, the intensity of 
which decreased with a decrease in the amount of gentamicin released. 

DISCUSSION 

The surface treatment involves covalent surface grafting of the vinyl-functional 

monomers acrylic acid and acrylamide onto a polyurethane substrate material. The 

surface grafting is initiated by the ceric ion method, previously disclosed in US Patent 
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5,229,172 [22]. While polyurethane materia Is can be directly grafted to via the ceric ion 

method, most other polymer materials need an additional activation step prior to the 

ceric ion initiated surface grafting. Examples of these surface-activation methods 

include corona discharge, UV irradiation, ionizing radiation and ozonization. The ability 

to straightforward surface modification has been the prime determinant to use 

polyurethane as the substrate material of choice in this study. Since polyurethanes, 

including the used Pellethane formulation, are widely used in medical devices [23], the 

material choice is also appropriate regarding potential future product applications. 

The acquired surface graft polymer farms the matrix in which a charged antimicrobial 

drug, such as in this case gentamicin, can be ionically bonded. Antimicrobial drugs do 

not necessarily camprise the only group of pharmaceuticals that can be loaded; 

basically, a variety of (poly)cationic drugs can be loaded, including such types as 

growth factors, steroids, and angiogenic factors. lonic immobilization of gentamicin is 

achieved by simple immersion of the surface-grafted material in a salution of controlled 

pH of the gentamicin. lt was demonstrated that a significant amount of the 

antimicrobial agent gentamicin could be immobilized. 

The loading capacity is primarily influenced by the pH and the acrylic acid I acrylamide 

ratio (Figures 4 and 7). Since bath these factors affect the active charge density of the 

surface graft matrix, this confirms that ionic interaction between the cationic 

gentamicin and the anionic surface graft matrix is the driving force for drug 

immobilization. At higher pH, deprotonization of the gentamicin amine groups is 

responsible for reduced ionic attraction and thus the observed decline in gentamicin 

loading; at the lower end, and especially when below the pK3 of the acrylic acid 

surface graft, which is assumed to be in the pH-range of 4.9 to 6.7 [24]. the loading 

capacity rapidly declines because of the formation of carboxylic acid dimers. These 

provake "crosslinking" of the surface graft, resulting in ciosure of the matrix; 

surprisingly, even for the oppositely charged gentamicin molecules. 

The aim of this study was to develop a technique that allows for controlled and 

complete release of the gentamicin, fora defined timespan. Antibiotic therapy must be 

performed such that complete elimination of the bacterial contamination is assured, 

and induction or selection of resistant strains, that will be more difficult to eliminate, is 

prevented. The latter may result when antibiotic treatment is performed too long or 
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with a toa low dosage. On the other hand, (local) tissue damage due to excessive 

drug release should be prevented as well. 

lt was demonstrated in this study that critica! control of the surface graft matrix 

composition is required to meet said requirements for controlled and complete 

gentamicin release. In vitro, a surface graft matrix that is composed of an acrylic acid I 

acrylamide copolymer containing an acrylic acid fraction ranging between 50 and 75 

wt% showed complete release within the desired 6 weeks timespan. Furthermore, it 

was demonstrated that in the 50 to 75 wt% acrylic acid range the bactericidal activity 

remained about constant, despite a reduced gentamicin loading. This most likely is 

explained by a faster gentamicin release, which compensates for the reduced 

gentamicin loading. 

The in vitro cytotoxicity test performed revealed that gentamicin release elicits a dbse

dependent toxicity. Especially at high-dose gentamicin release, the cytotoxicity was 

significant. Surface grafted samples that ranged in acrylic acid fraction between 50 

and 75 wt% only demonstrated minor to low cytotoxicity as according to the test's 

specifications [18]. These results emphasizes once more the need for a critically 

designed surface graft matrix that controls the release rate of gentamicin and 

consequently prevents manifestation of cytotoxic events. 

1t is known that gentamicin may elicit taxicity when applied in toa large amounts [25]. 

Known side effects include ototoxicity and nephrotoxicity. These significantly limit the 

ability to systemically use gentamicin with high dosages to treat infections. When 

gentamicin is administered parenterally, tissue concentrations of approximately only 1 

to 2 IJg per mi are reached [26]; whereas with the use of gentamicin-PMMA beads 

local tissue concentrations of >100 IJ9 per mi have been reported withotJt any 

complications [27]. The latter observation confirms that local antibictic therapy may 

provide a much more effective treatment of infectieus complications than systemic 

antibictic therapy. 

In view of the obtained results it is concluded that we have demonstrated to have 

developed a surface modification technology for controlled gentamicin release from an 

anionic surface graft matrix formed from acrylic acid and acrylamide monomer 

(schematic representation; Figure 11). With extensive in vitro evaluation the 

importance of critica! control of the copolymer composition of the surface graft matrix 
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was emphasized. The surface modification technique allows to design the copolymer 

surface graft matrix, such that an appropriate balance between gentamicin release 

rate, bactericidal activity, and biocompatibility (non-cyt~toxicity) is achieved. 

The preterred embodiment involves a copolymer surface graft in the range of 50 to 75 

wt% acrylic acid, which demonstrated to release one hundred percent of the drug 

within a 6 weeks timespan, without eliciting significant cytotoxicity. 

In animal models it must be investigated whether the observed in vitro bactericidal 

activity has satisfactory capability to completely eliminate infectieus complications 

when the material is implanted and challenged with bacteria. In these studies it also 

will be investigated whether the developed surface modification technique does nat 

interfere or negatively impact the tissue response to the implanted material. The latter 

is thought of prime importance since it is believed that inappropriate tissue 

regeneratien and healing facilitates the establishment of (secondary) infectieus 

complications [28]. 
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Figure 12. Schematic representation of the gentamicin-releasing, surface grafled polyurethane; the 
copolymer surface graft is the matrix in which the gentamicin-molecules are dispersed; mere ionie
exchange is the mechanism by which the gentamicin is released. 
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Chapter 3 

Evaluation of different local gentamicin release methods in 

a subcutaneous early infection rat model. 

Abstract: The effect of three local gentamicin release methods was investigated in 

Albino Oxford rats in an early infection model with implanted lead samples. The 

developed surface modification technique for controlled release of gentamicin, either 

applied on the inner luminal surface only (PU-GB-1x) or to bath the inner and outer 

surfaces of the implanted lead sample (PU-GB-2x), was compared to gentamicin 

release through a vicinal collagen sponge (Sulmycin~. and to pre-operalive salution

dipping of the implants. The efficacy of these methods was evaluated by determining 

their capability to eliminale the bacterial challenge, and by establishing their effect on 

the tissue response. 

lt was demonstraled that all methods of local gentamicin release were capable in 

suppressing implant-related infectieus complications as compared to the controL The 

control showed high presence of inflamed and infected tissues and bacterial growth at 

each explantation time point. With gentamicin release the tissue response generally 

was more quiet. 

Of the three local gentamicin release methods, the surface modification approach PU

GB-2x was demonstraled to offer the most efficient proteetion to the implant itself as 

well as to the local implant site. This was confirmed macroscopically as well as from 

bacterial cultures and histological evaluation. Additionally, it was shown that PU-GB-2x 

provoked a favorable tissue response. 
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INTRODUCTION 

In an attempt to address the problem of implant-associated infections, we have 

developed a technique which allows for controlled release of an antimicrobial agent, 

gentamicin, from the surface of the implanted material [1]. In short, this technique 

involves the covalent surface grafting of the vinyl-functional monomers acrylic acid 

and acrylamide in a critically controlled ratio; the thus obtained surface graft matrix is 

used to load the gentamicin; via ionic exchange, the gentamicin thereafter is 

released. While previous studies concerned the in vitro characterization of the 

developed surface modification technique only [1], the present study investigates the 

performance of suchlike surface modified implants in an early infection rat model; 

additionally, a concise study is done on the early tissue response to these surface 

modified implants in a sterile setting, i.e., without introduetion of a bacterial 

challenge. 

The performance of the surface modified implants is characterized regarding their 

efficacy in eliminatien of the infectieus complications, and regarding the elicited 

tissue response. The overall performance is compared to that of two other 

gentamicin release methods that actually are in clinical use [2]. One methad involves 

the use of a vicinal gentamicin-containing collagen sponge (Sulmycin®); the other 

methad involves pre-operative soaking of the implant in a gentamicin-solution. The 

surface modification technique was either applied to the inside only (PU-GB-1 x) or to 

both the inside and outside (PU-GB-2x) of the implanted lead samples. 

MATERIALS AND METHOOS 

Materia Is 

Rat lead samples (Figure 1) were basically designed to model clinically used leads. 

Rat lead samples were constructed from a 50 mm long polypropylene blue wire, 

around which a 40 mm Platinum/lridium (PUir-)coil-electrode was positioned; both 

are covered by a 30 mm polyurethane (PU-)insulation, that has been composed of 3 

pieces of tubing glued tagether with PU-adhesive; the small lumen tubing is made 

from 550 Pellethane®, while the large lumen tubing is prepared from 80A 
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Pellethane®. The uncovered blue wire and electrode represent the stimulation-site, 

while theether end represents the connector-site. 

2 

10mm Smm 2mm 13mm 2nvn 4mm 

1. polypropylene blue wire 4. PU tubing {SOA Pellelhane; 2mm 00) 
2. PVIr-coil-electrode 5. PU-adhesive 
3. PU tubing {550 Pellethane; 1 mm 00) 

Figure 1. Rat lead samples were designed to model clinically used leads. Around the central 50 
mm polypropylene blue wire a 40 mm Pt/lr-coil electrode is positioned; 30 mm polyurethane tubing, 
consisting of smal! lumen tubing (550 Pellethane®; 1 mm OD) and large lumen tubing (BOA 
Pellethane®; 2 mm OD) is used to enclose the coil electrode and blue wire; ene side of the the lead 
sample is closed using PU-adhesive. 

The gentamicin-containing collagen sponge Sulmycin® was obtained from Essex 

Pharma GmbH, München, Germany. Sulmycin® is basedon bovine tendon collagen; 

the sponge contains 2 mg of gentamicin sulfate and 2.8 mg collagen per cm2 . 

The lead samples and the Sulmycin® sponge were routinely sterilized by exposure to 

ethylene oxide. 

Surface modification 

The PU-tubing of the lead samples was either at the inside only or at bath the inside 

and the outside provided with an acrylic acid (AA; purified by conventional 

distillation; Aldrich Chemie, Bornem, Belgium) I acrylamide (AAm; 99+% 

electrophoresis grade; Acros Chimica, Geel, Belgium) based copolymer surface 

graft. Hereto, the lead samples were ultrasonically cleaned in isopropylalcohol for 15 

minutes to remave surface contaminations. Thereafter, the samples were 

extensively rinsed with Dl water. Subsequently, the lead samples were subjected to 

an aqueous grafting salution that contained 40 wt% rnanamers (weight fraction 
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acrylic acid, XAA=0.75), 6 mM CAN (Merck-Schuchardt, Darmstadt, Germany), and 

0.06 M HN03 (Merck). Grafling was allowed to continue for 30 minutes at ambient 

temperature. The grafled lead samples were cleaned by extensive rinsing in Dl 

water, foliowed during 18 hours by phosphate buffered saline (PBS, pH=? .4; 85 mM 

Na2HP04 , 15 mM NaH2P04 .H20, 0.15 M NaCI; all Merck), and Dl water again. The 

grafled lead samples were dried by air exposure at rT. 

Gentamicin loading was performed by immersion of the grafled lead samples in a 

0.01 M MES (Aidrich) buffered salution of 0.5 mg/ml gentamicin base (Sigma 

Chemie, Bornem, Belgium), adjusted to pH=6.0 by dropwise addition of 1 N NaOH, 

for 30 minutes. Afler a quick rinse with Dl water, the samples were dried by air 

exposure at ambient temperature. 

The lead samples were routinely sterilized by ethylene oxide. 

Surface modified lead samples are further referred to as PU-GB-1x (inner luminal 

surface only) and PU-GB-2x (bath inner and outer surfaces). 

Pre-operative soaking 

Just prior to implantation (sterilized) lead samples were filled with a gentamicin 

salution (0.01 M MES buffered 0.5 mg/ml gentamicin base; adjusted to pH=6.0 by 

dropwise addition of 1 N NaOH) by injection of an appropriate volume of the 

gentamicin salution into the lumen of lead sample. These lead samples are further 

referred to as GS-dip. 

Bacteria 

A strain of Staphylococcus aureus (code PW230693), obtained from a patient with 

an electrode-related infection, was used for the bacterial inoculation. This strain was 

determined to be gentamicin-sensitive. The bacteria were routinely cultured on 

blood-agar plates (4% sheep erythrocytes; Oxoid Ltd., Hampshire, UK). 

S. aureus cultured for 18 hours at 37°C in brain-heart-infusion broth (Oxoid) were 

washed three times with PBS, and resuspended in PBS. The bacterial suspension 

was spectrophotometrically adjusted to an optica! density of 1.0 at 540 nm (PYE 

Unicam PU 8600 UVNIS spectrophotometer; Philips, Eindhoven, The Netherlands), 

which denotes the presence of± 1010 colony forming units (CFU) per mi. 
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After inoculation, the number of viabie CFU was determined by spreading 0.1 mi 

portions from the serial ten-fold dilutions of bacterial suspensions on blood-agar 

plates, which was foliowed by 18 hours of incubation at 37°C and CFU-counting. 

lt was determined that the i nocuiatien contained 2.5x1 09 CF U/mi. 

lmplantation 

NIH guidelines for the care and use of Iaberatory animals (NIH Publication # 85-23 

Rev. 1985) have been observed. 

Male Albino Oxford rats (bred at Rijksuniversiteit Groningen, Groningen, The 

Netherlands) of approximately three months of age were ether-anaesthetized. Each 

lead sample was first introduced in a sterile 1 mi syringe with the blue wire end near 

the plunger. At the side of the shaved and disinfected back of the rat, an in cision of± 

1 cm was made in the skin and a subcutaneous pocket was created parallel to the 

spine. The syringe with lead sample was then inserted in the subcutaneous pocket 

and the lead sample was pushed out of the syringe, while retracting the latter. The 

lead sample had thus been aseptically applied with the blue wire end at the incision 

site. 

Thereafter S. aureus we re injected at the blue wire end in a 10 1-JI drop containing ± 

2.5x1 07 bacteria. The following types of lead samples were enrolled in this study: 

(A) the control lead samples that have no gentamicin delivery; (B) the GS-dip lead 

samples that have been soaked in a gentamicin solution; (C) in case of local 

gentamicin delivery by means of the Sulmycin-sponge, an 8 mm disc of the sponge 

was additionally implanted in the pocket near the blue wire end; (D) the PU-GB-1x 

lead samples that have the surface modification applied on the inner luminal surface 

only; and (E) the PU-GB-2x lead samples that have the surface modification applied 

on the inner and outer surfaces. 

Thereafter, the skin was closed with one suture. Not more than two lead samples 

per rat were subcutaneously implanted on each side of the back. 

Two rats were not challenged with bacteria, in order to be able to investigate the 

early (day 1 and 5) tissue response to the surface modified lead samples. 

Sacrifice 

Lead samples were explanted at day 1, 2, 5, or 10, and week 3 or 6 . 
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First, the skin was carefully removed from the implant and surrounding capsule. To 

check for viabie bacteria, a eetton woel stick was moved over the encapsulated 

implants, contacted with blood-agar plates and incubated at 37°C for 18 hours. 

All implants with surrounding tissue were carefully dissectioned from the skin and 

back muscles. From the bacteria-inoculated lead samples a small part of the large 

lumen tubing and its surrounding capsule was taken for bacterial culture by 

contacting the different parts with blood-agar plates, foliowed by an 18 hours 

incubation at 37°C. 

The remaining parts of the implants were immersion-fixed in 2% (v/v) glutaraldehyde 

in PBS (pH=7.4) during at least 24 hours at 4°C. After remaval of the electrode, 

usually some three specimen (blue wire end; small lumen tubing; large lumen 

tubing) were dehydrated in graded alcohols and embedded in glycolmethacrylate. 

Semithin sections (2 !Jm) were cut for light-microscopical evaluation, and thereafter 

positioned on clean microscope slides; the sections were stained with Toluidine Blue 

for one minute, after which excess Toluidine Blue was rinsed off. Occasionally 

Giemsa staining was applied according to the same procedure. 

RESULTS 

For purposes of quick reference and comparison, a general overview I summary of 

the implant-results is provided in Table 1. 

Macroscopy I bacterial cultures 

The control implants, i.e., non-inoculated, revealed that the surface modified lead 

samples were present in a relatively loose capsule at ct.aD; PU-GB-2x more so than 

PU-GB-1x. Bath capsules easily slipped off. At ~. in bath cases thin and 

somewhat firmer capsules were found . 

lnflammation such as in infections may at first be characterized by an increase in 

(wound) fluid and thickened, red- and/or yellow-like discolaured tissues. Later, apart 

from thickened fibreus tissues, pus and abscesses may indicate infection. 

At .d.aD after bacterial inoculation, the control lead was covered by inflamed tissue 

with excessive wound fluid; only the connector-end was clearly visible. With the 
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Sulmycin and GS-dip leads no obviaus inflammatory response was observed. With 

the surface modified leads only few signs of an infection were present. PU-GB-1x 

was the most difficult to remave without hemorrhages, which indicates that here the 

tissue reaction had been more intense. 

Numerous calony forming units (CFU) were cultured from the surrounding tissues, 

the capsule, the PU-tubing and the electrode of the control leads. With the GS-dip 

lead numeraus CFU were cultured from the surrounding tissues; from part of the 

capsule immediately surrounding the large lumenPUsome 10 CFU were cultured. 

Hardly any or na CFU were found with the Sulmycin lead sample. With the surface 

modified lead samples no bacteria could be cultured from the surrounding tissues; 

The culture of the approximate 0.5 cm section of the large lumen tubing resulted in 3 

CFU from PU-GB-1x and 2 CFU from PU-GB-2x. 

At day 2, the control lead was heavily infected denoted by the presence of obvious 

inflammation, pus and wound fluid. Numerous CFU were grown from the capsule 

and ± 100 CFU fram the PU-tubing + electrode. 

The Sulmycin lead looked infected alang its entire length, as denoted by 

inflammation and wound fluid. Few CFU were cultured from the surrounding tissues 

and the capsule, while 40 CFU were obtained from the PU and 70 from the 

electrode. 

The GS-dip demonstrated a less intense inflammatory appearance; with this lead 1 

CFU was obtained from the surrounding tissues and 10 CFU from the capsule. 

Bath surface modified leads were surrounded by capsules with 'glassy' appearance. 

No abscesses were present; the PU-GB-2x was more difficult to remove. No 

bacteria were retrieved in bath cases. 

At Qgy_5, the control lead had been infected completely showing a thick inflamed 

encapsulation, which looked more inflamed at the connector than at the blue wire 

end. Bacterial cultures resulted in 200 CFU from the surrounding tissues and 

numerous fram within the capsule, the PU-tubing and the electrode. 

Although no S . aureus were retrieved, bath the Sulmycin and the GS-dip lead looked 

infected with obvious inflammation and pus discolorations of the thick tissue capsule. 

GS-dip seemed least infected, although a small abscess was present at the blue 

wire end. 
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Table 1: 

explant 
time 

day 1 

day 2 

day 5 

day 10 

week 3 

week6 

Quick summary of results from bacterial cultures, and macroscopie and 
microscopie evaluations of implanted, bacteria-inoculated lead samples. 
{note: o=outside capsule; c=capsule; i=implant} 

control lead GS-dip lead Sulmycin lead PU-GB-1 x lead PU-GB-2x lead 
sample sample sample sample sample 

numerous CFU numerous CFU (o), few CFU (o,c,i); no CFU (o), 3 CFU no CFU (o), 2 CFU 
(o,c,i); 10 CFU (c); non-infectieus; (c,i); (c,i) ; 
inflamed tissue, non-infectieus; degranulating mast slightly infectieus, slightly infectieus; 
wound fluid; phagocytosis, cells, eosinophils hemorrhages; wound fluid, fibrin, 
fibrin, granulocy1es, eosinophils, fibrin, wound fluid, phagocy1osis; 
degranulating degranulating mast pus, phagocytosis; 
eosinophils; cells; 

numerous CFU (c), 1 CFU (o). 10 CFU few CFU (o,c), 100 no CFU (o,c,i); no CFU (o,c,i) ; 
100 CFU (i); (c); (i); non-infectieus, non-infectieus, 
heavy infection: inflamed tissue, strong 'glassy' capsules, 'glassy' capsule, no 
inflammation, wound fluid; inflammation, no abscesses; abscesses; 
wound fluid, pus; abscesses, wound fluid; non-degranulating granulocytes, 
large abscess, phagocy1osis, abscess, mast cells; macrophages, 
fibrin, eosinophils, fibrin, granulocytes, phagocytosis, wound fluid; 
granulocy1es, macrophages; fibrin , granulocytes, 
macrophages; macrophages; 

200 CFU (o), no CFU (o,c,i); no CFU (o,c,i); 50 CFU (c), 15 no CFU (o,c,i); 
numerous CFU infectieus, thick infectieus, thick CFU (i); small capsule, 
(c,i); inflamed capsules, inflamed capsules, thick inflamed quiet response; 
heavy infection, pus; pus; capsule, no non-degranulating 
thick inflamed accumulations of accumulations of abscesses; mast cells, tew 
capsule; pus around pus around wound fluid, fibrin , granulocytes. 
hemorrhages, pus. implant; implant; degranulating macrophage 
fibrin, granulocy1es; eosinophils, tew adherence; 

lymphocy1es; 

numerous CFU no CFU (o,c,i); numerous CFU 5 CFU (o), 5 CFU 250 CFU (c), 10 
(c,i); thin capsule, quiet (c,i); (i), 100 CFU (c); CFU (i), 100 CFU 

fistula near skin, situation; several abscesses; thin encapsulation. (a); 

abscess; no granulocy1es, pus surrounding abscess-like tissue; clearly infectieus, 

large infection: tew signs of implant, no quiet 'glassy' capsule, 

bacterial colonies, inflammation, start granulocy1e and encapsulation, small abscess; 

pus, many fibreus lymphocy1e fibrin-enclosed pus, intense 
granulocytes. encapsulation; infiltration; cells at interface, phagocy1otic 
infiltrating non-degranulating activity, 
lymphocytes; mast cells; lymphocy1es, 

eosinophils; 

numerous CFU no CFU (o,c,i); numerous CFU 1 CFU (o), 3 CFU no CFU (o,c,i) ; 
(c,i); some inflammation. (c,i); (c); thirï, hormal 
thick inflamed some small thick inflamed slightly infectieus; capsule; 
capsule; abscesses; capsule; pus at interface. quiet encapsultion, 
thick abscess-like small, quiet abscess, many granulocy1es, tew remnant signs 
tissue capsule; encapsulation; blood vessels, lymphocy1es, non- of infection; 

many granulocy1es; degranulating mast 
cells; 

no CFU (o,c,i); 1 CFU (o,c,i); 1 CFU (o,c,i); no CFU (o,c,i) ; no CFU (o.c,i); 

fistula, implant thin encapsulation; quiet thin, normal thin, normal 
partially removed; quiet response, few encapsulation; capsule; capsule; 

intense remnant signs of thicker capsule, large plasma cell very quiet situation; 
inflammation, infection; lymphocy1es, accumulation, thin 
degranulating mast degranulating mast encapsulation; 
cells, lymphocy1es; cells; 
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The PU-GB-1x lead had been surrounded by a rather thick inflamed capsule. The 

bacterial cultures confirmed the observed morphology; 3 CFU were cultured from 

rolling of the PU-tubing, 13 CFU were cultured from the electrode and 50 from the 

capsule. PU-GB-2x was surrounded by a smal! capsule, which was not different from 

the non-inoculated control. No bacteria were retrieved from this lead and its 

surroundings. 

At diri.....lQ, the control lead was infected as observed from a fistula towards the skin 

at the blue wire end, while also around the large lumen PU an abscess was 

observed. Except for the outside of the capsule, numerous CFU were cultured. 

The Sulmycin lead showed a large abscess at the connector end and a smaller one 

at the blue wire end. Numerous CFU were cultured from capsule, PU-tubing and 

electrode. 

The GS-dip lead was surrounded by a thin capsule similar to the non-infected 

control. This agrees with the fact that no S.aureus were cultured. 

PU-GB-1x was thinly encapsulated showing some abscess-like tissue at the blue 

wire end. From the outside of the capsule 5 CFU were cultured; from the PU-tubing 

also 5 CFU were cultured, while from the capsule about 100 CFU were cultured. No 

bacteria were retrieved in the lumen; neither from the PU-tubing nor from the 

electrode. 

The PU-GB-2x lead looked clearly infected with a glassy capsule over the whole 

length and a smal! firm abscess near the original incision. No bacteria were retrieved 

from the surrounding tissues, while from the cut capsule about 250 CFU were 

cultured, and from bath the PU-tubing and the electrode 10 CFU were isolated. From 

the opened abscess some 100 CFU were cultured. 

After 3 weeks, bath the Sulmycin lead and the control lead were completely 

surrounded by a rather thick more or less inflamed capsule. With both leads 

numerous bacteria were cultured from the tissue capsule, the PU-tubing and the 

electrode. 

The GS-dip lead showed only around the large lumen PU some inflammation and 

some very smal! abscesses. No bacteria were cultured from the lead and its 

surroundings. 
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PU-GB-1x showed only few indications of an infection. Bacterial cultures revealed 1 

CFU from the outside and 3 CFU from the cut capsule. The PU-GB-2x lead was 

surrounded with a thin normal capsule and no bacteria were retrieved. 

Finally, at 6 weeks a fistula was observed with the control lead. The animal had 

gnawed at it. thereby removing the blue wire and electrode, while the PU-tubing was 

largely present and stuck through the skin. Bacterial cultures were negative. 

Both the Sulmycin and the GS-dip lead showed thin encapsulation. In both cases 1 

CFU was cultured from the tissue capsule, PU-tubing and electrode. 

Both surface modified leads showed thin capsules with a normal appearance. From 

these leads and their surrounding tissues no bacteria were retrieved. 

Light microscopy 

Microscopical evaluation confirmed the macroscopie observation that the non

inoculated surface modified lead samples had a very loose capsule. An increased 

presence of (wound) fluid and fibrin, and an increased cellular infiltration as 

compared to non-modified PU-tubing was observed [3,4]. At Qgy_i, the PU-GB-2x 

lead seemed to induce more fluid production and presence of granulocytes and 

macrophages than the PU-GB-1x (Fig. 2a,b). Giemsa-staining showed that part of 

the granulocytes were of eosinophilic origin. 

At day 5, infiltration of granulocytes and macrophages had decreased. With PU-GB-

1x, some more lymphocytes than usual seemed present near blood vessels (Fig. 3a) 

Apart from fibrin layers (Fig. 3b) clear increase of collagen formation had accured 

with collagen and fibroblasts sametimes directly adhering to the (surface modified) 

PU. 

At .d..ay_1 after bacterial inoculation, evidence of the bacterial challenge was mainly 

represented by loose 'capsules', and areas with fibrin formation and granulocyte 

infiltration. 

With the control lead the above described reaction was very extensive. Large areas 

contained fibrin formation and granulocyte infiltration (Fig. 4a,b). lncreased numbers 

of eosinophils were observed. Furthermore, a sametimes intense pink-colared 

staining was present in between fibrin and cells; this seemed to be related to 

degranulation of said eosinophils (Fig. 4a,b} and is further referred to as such. 
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Figure 2. 

Day 1 after implantation. 

a: Light-micrograph (200x magnification) of PU-GB-1x; il shows the interface (i) with the PU
tubing, the latter nol being present. however. An increase in cellular infiltration and in fibrin 
formation, as compared to non-modified PU-tubing, is observed. 

b: At larger magnification (1000x) the 'embedding' of macrophages (M) and granulocytes (G) in a 
fibrin netword (F) is shown. 
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Figure 3. 

Day 5 after implantation. 

a: Light-micrograph (400x magnification) of PU-GB-1x. The immediate interface (i) shows lighter
stained cells, which seem somewhat swollen. A normal capsule with fibroblasts and collagen 
formation is seen in following layers. The layers containing blood vessels (V) and fat tissue (F) 
show small accumulations of lymphocytes (L) with small dark-stained nuclei. 

b: Light-micrograph (400x magnification) showing PU-GB-2x. The PU-tubing (PU) has been 
preserved; the clear dark rim showing the copolymer surface graft. A large fibrin-layer (F) is 
present at the interface. Mainly macrophages and fibroblasts are present in the surrounding 
conneelive tissue. 
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With the GS-dip lead and the Sulmycin lead the reaction was less intense than with 

the controL With the GS-dip lead more cells with (intracellular remnants of) S. 

aureus (Fig. 4c) were found than with the Sulmycin. The Sulmycin sponge is 

eenstrucled of collagen layers (Fig . 4d); the outer layer showed infiltration of mainly 

granulocytes and also some macrophages. With both GS-dip and Sulmycin some of 

the mast cells near blood vessels demonstraled degranulation. Eosinophils were 

aften observed as well. 

With the surface modified lead samples increased cellular infiltration was observed 

as well. Concomitantly, more wound fluid, fibrin and hemorrhages were observed. 

This accured also in the surrounding connective tissues, which is in contrast to the 

non-inoculated controls. The tissue around the blue wire of PU-GB-1x (Fig . 4e) was 

more compact and abscess-like than around PU-GB-2x, and consisted of a bout 10 

layers of fibrin, and remnants of macrophages and granulocytes (pus). More remote 

from the implant interface also phagocytosing macrophages were present (Fig. 4f). 

With PU-GB-2x many more cellular layers and especially more fibrin were present in 

the surrounding connective tissue compared to the PU-GB-1x lead. At the level of 

the large lumen PU-tubing more fluid and fibrin were observed too (Fig. 4g,h). There 

was no distinct evidence of S. aureus, but phagocytosis was prominent at various 

sites. 

At~, the controllead had a very large abscess at the blue wire (Fig. 5a,b). This 

abscess had a less compact configuration, showing transitions in the staining, thus 

indicating a much higher activity. The presence of many S. aureus colonies, 

extensive fibrin formations, and fresh macrophages and granulocytes, amongst 

which degranulating eosinophils, confirmed this much more intense inflammatory 

reaction. Around the abscess, fibrin had extensively been deposited in the 

conneelive tissue, which further contained many small hemorrhages; more remote 

from the abscess the conneelive tissue contained some large hemorrhages. Further 

down the lead also intense reaelions were found. At the level of the electrode 

extensive fibrin deposition and a large infiltration of granulocytes and macrophages 

was observed. Eosinophils were present in large numbers when compared to the 

ether leads; this additionally confirmed the intense cellular activity. At the level of the 
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Figure 4. 

Day 1 after implantation. 

a: Light-micrograph (400x magniftcation) of the control lead sample. Excessive fibrin formation 
(F) is observed also in areas more remote trom the interface. Blood vessels (V), hemorrhages 
and cellular infiltration is observed. Among the infiltrating cells are eosinophilic granulocytes 
(arrows), which show intense degranulation. 

b: At larger magnification (1 OOOx) a.o., two degranulating eosinophils and loose erythrocytes 
trom a hemorrhage are seen. 
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Day 1 after implantation. 

c: Light-micrograph (1 OOOx magnification) showing the cellular infiltration observed with the GS
dip lead sample. The infiltration consists of granulocytes, recognized from the segmented 
nuclei, and macrophages (M); arrows: several cells clearly contain bacteria, that have been 
phagocytosed. 

d: Light-micrograph (1 OOOx magnification) showing cellular (this specimen only granulocytes) 
infiltration at the edges of Sulmycin. The sponge is constructed of layers of collagen (C), and 
further seems largely 'empty'. 

- 73-



Chapter 3. 

Day 1 after implantation. 

e Light-micrograph (100x magnification) of PU-GB-1x. At the level of the blue wire obvious signs 
of inflammation are observed by way of the dark-stained layers of high cellular activatien at the 
interface and somewhat further away (arrows) near the fat tissue (F). 

f: At larger magnification (1000x), at the level of the PU-tubing, phagocytosing macrophages, as 
judged from the intracellular particles (arrows), and granulocytes (G) are observed in between 
the conneelive tissue. 
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H 

Day 1 after implantation. 

g: Light-micrograph (200x magnification) of PU-GB-2x showing the loose capsule at the level of 
the PU-tubing, consisting of loose cells, a thick fibrin formation (F) and conneelive tissue (C) 
with many migrating cells. 

h: At larger magnification (1 OOOx) loose erythrocytes (biconcave discs), macrophages (M), and 
granulocytes with segmented nuclei (arrows) are seen. Some fibrin (F) has attached to !he 
PU-tubing. 
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large lumen PU-tubing a small accumulation of infiltrated granulocytes was 

observed. 

Both the GS-dip and the Sulmycin lead showed abscesses near the blue wire end of 

the lead sample. The GS-dip lead showed a medium sized compact abscess, while 

Sulmycin showed a much smaller more compact abscess (Fig. 5c,d). Both 

abscesses contained a lot of fibrin within which cell remnants, mainly granulocytes, 

were seen. Phagocytosis was evident, but S. aureus were hardly identified. At the 

level of the electrode, inflammation was denoted by infiltrating granulocytes and 

macrophages, and also by phagocytosis of bacteria. Around the PU-insulation loose 

capsules with excessive fibrin-deposition and many infiltrating granulocytes and 

macrophages were observed. 

With the surface modified lead samples the results of day 1 were confirmed, 

although locally some differences were observed. For example, around the blue wire 

of PU-GB-2x an enormous granulocyte/macrophage accumulation was present, 

indicating a more intense inflammatory response at this level. Adjacent to the PU

tubing of the PU-GB-1x lead sample non-degranulated mast cells were observed 

around nearby blood vessels. The tact that these mast cells did nat show any 

degranulation indicates that the incited inflammatory response is much less intense 

than with the control lead samples. 

At ~. the control lead showed large infectieus complications; at the implant

interface an amorphous pus-layer was present, whereas more remote from the 

interface many hemorrhages, fibrin-depositions, and granulocyte-accumulations 

were seen. Large bacterial colanies were not found, but isolated bacteria were 

observed bath at the implant-interface and in the surrounding connective tissue. The 

inflammation seemed quietened down around the electrode, but near the large 

lumen PU-tubing fresh cellular infiltrations and hemorrhages indicated the persistent 

highly activated state (Fig. 6a). 

There was not much difference between the GS-dip lead and the Sulmycin lead. In 

both cases, accumulations of proteinaceous material or pus were found around the 

blue wire and electrode; no bacterial colanies were observed in these pus layers. 

Near the interface of the large lumen PU hemorrhages were observed, occasionally 

very close to the surface. 
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The Sulmycin sponge itself demonstrated fibrin deposition, hemorrhages and cellular 

infiltrations, with relatively more fibroblasts than at day 2, within its collagen layers 

(Fig. 6b). 

Large areas of wound fluid and fibrin (Fig . 6c) were observed around the large . 

lumen PU of the PU-GB-1x lead. These areas primarily contained granulocytes and 

fibroblasts, but also tew lymphocytes were seen. At a greater distance from the 

interface, the layers mainly consisted of fibroblasts and collagen. Even further away 

from the interface a pink staining was found. With Giemsa-staining some eosinophils 

were identified; the pink staining is thought to be related to degranulation of this cell 

type. 

Compared to the PU-GB-1x lead sample, less fibrin was deposited at the interface of 

the large lumen PU tubing of PU-GB-2x (Fig. 6d). The adherent cells, mainly 

macrophages, had a normal morphology. Granulocytes were only occasionally 

observed. 

10 Days after the bacterial inoculation, the control lead still demonstrated a very 

intense infectious response. The infection had reached the skin, which resulted in 

the formation of a fistula (Fig . 7a). In the crust of this fistula large S. aureus 

accumulations were observed; granulocytes were also massively present. 

Somewhat deeper, i.e., subcutaneously and at the site of the blue wire, an abscess 

with S. aureus accumulations (Fig. 7b) surrounded by a thick capsule was observed. 

Around the PU-tubing a pus layer with loose (or very small clusters of) S. aureus 

was observed. This amorphous layer was encapsulated by parallel-oriented fibrous 

tissue layers having a normal morphology. 

The GS-dip lead showed at all levels a rather quiet situation. A first layer of 

somewhat round cells was foliowed by tew layers of parallel-oriented fibroblasts 

alternating with collagen. Locally stillsome fibrin was present. Near the electrode an 

extravasation of lymphocytes from lymph vessels was seen (Fig. 7c). A nearby 

nerve demonstrated some signs of inflammation through the observed vacuales in 

the Schwann-cells. 

The Sulmycin sponge had swollen considerably; it contained a lot of wound fluid, in 

which cellular remnants were seen. At the edges of the sponge fibroblast ingrowth 

had occurred; the sponge itself was encapsulated by a thick fibrous capsule. 
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Figure 5. 

Day 2 after implantation. A camparisen of the abscesses, found near the blue wire of the different lead 
samples; no abscesses were found with the surface-modified leads. 

a: Light-micrograph (25x magnification) showing a very large abscess with diffuse rims, found 
with the controllead sample. 

b: Larger magnification (1 OOOx) of the diffuse part of the abscess shows the high cellular 
activatien and degeneration. The degraded segmented nuclei of granulocytes are recognized. 
Bacteria are present all over, but mostly so in (farmer) intracellular concentrations (arrows). 
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Day 2 after implantation. 

c: Light-micrograph (50x magnification) of the rather large (3 parts) but compact abscess, found 
with the GS-dip lead sample. 

d: Light micrograph (50x magnification) showing a small compact abscess, found with the 
Sulmycin lead sample. 
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Figure 6. 

Day 5 after implantation. 

a: Light-micrograph (100x magnification) of the controllead sample showing the highly activaled 
interface with PU. Pus, i.e., degeneraled cellular I proteinaceous material, has partly detached 
and some may have been lost during preparation. 

b: Light-micrograph (200x magnification) of the Sulmycin sponge. Cellular infiltration and 
ingrowth has somewhat proceeded. The sponge is largely tilled with wound fluid and loose (L) 
or clotted (C) erythrocytes from hemorrhages. 
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D 

Day 5 after implantation. 

c: Light-micrograph (400x magnification) of the PU-GB-1x lead sample, showing widespread 
fibrin formation at the interface (I). 

d: Light-micrograph (1000x magnification) of the PU-GB-2x lead sample, showing, at some 
areas, cellular organization to farm a capsule. At the interface (I) macrophages adhere to the 
PU-surface, while fibroblasts (F) are mainly present in following layers. 
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Remote from the sponge, in the surrounding tissue, phagocytosing macrophages, 

few fresh granulocytes and a small lymphocyte accumulation were observed. Near 

the PU-tubing an abscess-like structure with amorphous material, amongst which 

large accumulations of nuclear material and loose S. aureus, was seen (Fig. 7d). 

The PU-GB-1x lead showed a rather quiet encapsulation of the blue wire and the 

PU-tubing (Fig. 7e). Fibrin-entrapped cells were consistently found at the interface. 

Contrarily, the PU-GB-2x lead showed an obvious infectious response (Fig. 7f). Pus 

was present around the blue wire; this amorphous mass consisted of fibrin, cell 

remnants, and probably some free S. aureus. The pus layer was enclosed by 

several aligned cellular layers; the first layers consisled of primarily phagocytotic 

cells, of which the many vacuoles are indicative for the intense inflammation; next, 

several fibrous layers with fibroblasts containing increasingly less vacuoles were 

seen. Around the PU-tubing similar signs of an abscess were observed. In the 

surrounding tissue infiltrating lymphocytes and, as confirmed with Giemsa-staining, 

some eosinophils were observed. 

At 3 weeks, the blue wire I electrode end of the control lead was thickly 

encapsulated containing an abscess with infiltrating granulocytes, and both 

scattered and accumulated bacteria. More remote from the capsule many blood 

vessels and hemorrhages were found. The large lumen PU itself was also 

surrounded by a thick capsule. 

The GS-dip lead was surrounded by a small, rather quiet capsule. Remnant signs of 

infection were denoted through some phagocytosing macrophages or cellular 

remnants within the surrounding collagen. 

The Sulmycin lead demonstraled a more intense inflammatory response. An 

abscess with many blood vessels, but without any obvious presence of bacteria, was 

observed around the electrode. The large lumen PU was surrounded by a thick 

capsule with many granulocytes present at the interface. 

The interface of PU-GB-1x showed pus-layers around both the blue wire and the 

PU-tubing (Fig. 8a). Many infiltrating granulocytes were observed; in the 

encapsulating layers some lymphocytes were present. lnside the lumen a small part 

of the deposited proteinaceous material was preserved. There were no signs of 

bacterial growth. 
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The PU-GB-2x lead showed a very quiet encapsulation of the blue wire. Around the 

PU-tubing the tissue capsule had detached; notwithstanding, some layers with round 

cells were observed, foliowed by aligned fibrous-tissue layers consisting of 

fibroblasts and collagen (Fig. 8b). Phagocytosing macrophages, observed around 

nearby blood vessels, were representative forthefarmer infectious complications. 

At week 6, the control lead had been partially removed, most likely by gnawing; the 

remaining part stuck through the skin (Fig. 9a). In the epidermis a crust of 

degeneraled cellular material and large bacterial colanies was present around the 

tubing. Highly activated areas with degenerating and phagocytosing granulocytes 

and macrophages were observed in a subcutaneously positioned muscle. Hair 

particles, degenerating skin and muscle cells (Fig. 9b), and several degranulating 

mast cells were observed as well. A large S. aureus accumulation was found at the 

interface of the PU-tubing (Fig . 9c). Deeper down, the tissue around the PU-tubing 

had detached and was more difficult to evaluate. The first layers consisted of 

macrophages and foreign body giant cells; these were surrounded by thick oriented 

layers of collagen within which many blood vessels were observed. A large piece of 

dried proteinaceous material, that had detached from the lead sample, contained 

many bacterial colonies, which partly seemed degeneraled (Fig. 9d). 

The GS-dip lead only showed few infectious complications. The entire lead sample 

demonstraled a quiet encapsulation. The farmer bacterial challenge and consequent 

inflammatory reactions could only be recognized from the vacuales observed in the 

macrophages; these vacuales are a result of farmer phagocytotic actions. 

The Sulmycin lead demonstrated more infectious complications than the GS-dip 

lead. Both at the level of the blue wire I electrode and around the PU-insulation 

much thicker capsules and many more phagocytosing cells were present. At a 

greater distance from the implant site lymphocyte accumulations were found around 

a blood vessel (Fig. 9e), while even more remote from the implant site the presence 

of degranulating mast cells confirmed the persistent activated state (Fig. 9f). 

Surprisingly, since at the macroscopie level no deviant observations were made, the 

PU-GB-1x lead showed a large plasma cell accumulation (Fig. 9g,h) near the blue 

wire. The entire lead sample was surrounded by a thin and strong tissue capsule. 
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Figure 7. 

Day 10 after implantation. 

a: Liyht-micrograph (50x magnification) of the controllead sample. A fistul a is present in the skin. 
The dark area represents a 'crust" (C) of partly dried cellular I bacterial remnants; this crust 
also contains some large bacterial colonies. Pus (P) is present underneath, and skin (S) to the 
left and right. 

b: At larger magnification (1 OOOx) of a deeper area in the fistula, bacterial colanies (arrows) and 
spreading of bacteria within fibrin (F) is observed. 
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Day 10 after implantation. 

L _~·.' 
/"· 

c: Light-micrograph (400x magnification) of the GS-dip lead sample. Same small lymphocyte 
accumulations (arrows) are present at the level of the blood vessels (V) just outside the 
capsule surrounding the electrode. A non-degranulating mast cell (M), identified by its specific 
granules, is seen. 

d: Light-micrograph (50x magnification) of the Sulmycin lead sample. At the level of the large 
lumen PU a highly activaled state is obseNed. PU is surrounded by a thick activaled capsule, 
while further outward a large abscess (A) with large nuclear clots (arrows) is present. 
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Day 10 after implantation. 

e: Light-micrograph (200x magnification) of the PU-GB-1 x lead sample, showing the tissue 
reaction around the PU-tubing. lt concerns a quiet reaction with a normal smal! capsule at the 
interface; the presence of smal! blood vessels with cell migralion (arrows) indicates nearby or 
fermer presence of activating stimuli. 

f: Light-micrograph (400x magnification) of the PU-GB-2x lead sample, showing the interface (i) 
with pus, consisting of excessive fibrin (F) and a large accumulation of nuclear material (N) 
from degeneraled cells. 
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A thin and streng capsule surrounded the fulllength of the PU-GB-2x lead (Fig. 9i,j). 

The only evidence of the farmer bacterial inoculation was denoted by observed 

macrophages with phagocytosed particles. 

DISCUSSION 

The aim of this study was to evaluate the performance of the surface modified 

implants regarding their efficacy in eliminatien of the infectieus complications, and 

regarding the elicited tissue response. The overall performance was compared to 

that of two ether gentamicin release methods that actually are in clinical use [2]. One 

methad involves the use of a vicinal gentamicin-containing collagen sponge 

(Sulmycin®); the ether methad involves pre-operative soaking of the implant in a 

gentamicin-solution. The surface modification technique was either applied to inner 

luminal surface only (PU-GB-1x) ar to both the inside and outside surfaces (PU-GB-

2x) of the implanted lead samples. 

Various reports have discussed the development of infection-resistant surfaces by 

means of antimicrobial release [5-7]. None of them, however, specifically addressed 

the aspect and importance of controlled release of the antimicrobial agent. In the 

previous chapter we have demonstrated that a controlled release of the antimicrobial 

agent gentamicin could be achieved by critica! control of the composition of the 

release matrix. We have demonstrated that the release matrix could be designed 

such that an appropriate balance between gentamicin release rate, bactericidal 

activity, and biocompatibility (non-cytotoxicity) was achieved in vitro [1]. 

The surface modification technique developed involves the ceric(IV)-ion initiated 

surface grafting of polyürethane material [8]. The resultant copolymer surface graft 

provides a matrix into which gentamicin can be loaded. The gentamicin-loading is 

based on ionic-interaction between the copolymer surface graft and the gentamicin 

base; consequently, the subsequent release of gentamicin takes place through ion

exchange. Control of the surface graft composition allows for control of the 

gentamicin release profile; the surface graft has been designed such that a complete 

release of the gentamicin is achieved within a 6 weeks timespan in vitro. The 

biologica! activity of the released gentamicin was confirmed using a bacterial 

sensitivity test [1]. 
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B 

Figure 8. 

Week 3 after implantation. 

a: Light-micrograph (50x magnification) of the PU-GB-1x lead sample, showing the PU-tubing 
with the lumen (L) in cross-section. lt concerns an activaled situation with freshly intiliraled 
granulocytes (darkest staining) at least present at half of the interface (arrows). 

b: Light-micrograph (400x magnification) of the PU-GB-2x lead sample, showing the interface (i) 
with PU-tubing, which itself had detached. lt concerns a fibrous encapsulation with collagen 
and fibroblasts alternating; at !he immediate interface some round light-stained cells are 
present. 
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The surface modified lead samples did not harmfully campromise the tissue 

response, when compared to previous observations with control PU lead samples 

[3,4]. No adverse cellular reactions such as morphological changes of certain cell 

types or degenerative effects on different cell types were observed. These in vivo 

results correlate with the in vitro results [1] of a very sensitive cytotoxicity test [9], in 

which the surface modified material elicited only about 25% cell growth inhibition, 

without causing deviant cell morphologies, measured over a period of 7 days. Even 

the occasionally observed round light-stained cells near the PU-interface (see Fig. 

3a and 8b) probably are the mere result of detachment and consequent loss of 

oriented cellular organization, and not a result of any harmful effects of the applied 

surface modification. 

Despite the overall tissue response is not compromised, PU-GB-1x and PU-GB-2x 

do induce an increase in wound fluid and fibrin formation, and also in infiltration of 

granulocytes and macrophages. These reactions are in agreement with the findings 

of Anderson and his coworkers [1 0], who in an in vivo cage implant system found 

significant increases in white cell infiltration with their gentamicin-release system. 

The observed phenomena apparently are due to the release of gentamicin. This 

presumption may be confirmed by the fact that PU-GB-2x attracted more cells than 

PU-GB-1x, since with PU-GB-2x a higher local concentration of gentamicin is 

achieved. 

Concerning the bacteria-inoculated lead samples, results were obtained by 

collecting data of three evaluation methodologies, i.e., macroscopie evaluation, 

bacterial cultures of representative sites of the implanted lead samples, and 

microscopical evaluation. Taken into consideration that macroscopy offers a general 

impression, bacterial cultures reprasent an indication and not the exact number of 

bacteria present, and that microscopy gives exact cellular information on the specific 

section evaluated, we teel that the three methods supplement and confirm each 

other. 

Several cell types are involved in the reactions towards biomaterials in the presence 

of a bacterial challenge. At first granulocytes and macrophages are predominantly 

observed. At the microscopical level and with Toluidine Blue staining granulocytes 
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Figure 9. 

Week 6 after implantation. 

a: Light-micrograph (25x magnification) of the control lead sample. Part of this lead sample (L) 
was positioned through and under the skin. The specimen shows the edges of the fistula, with 
a highly activaled state near the epidermis (E), deeper at the level of the subcutaneous 
muscle (M), and near the PU-tubing (arrow). 

b: Magnification (1 OOOx) of the subcutaneous muscle (M), showing hemorrhages (H), remnants 
of hairs (arrows), and many phagocytosing cells (P). 
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Week 6 after implantation. 

c Magnification (1000x) of the area at the interface with the PU-tubing, showinga hair (H) and 
two large bacterial colanies (C) in between granulocytes and macrophages. 

d: Another light-micrograph (1000x magnification) of the control lead sample, showing a large 
piece of dried bacterial I proteinaceous material that had detached from !he lead. lt shows 
fermer bacterial colanies (light-stained spots (L)) and darker-stained colanies (0), of which it is 
uncertain whether they are still vital. 
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Week 6 after implantation. 

e Light-micrograph (400x magnification) of !he Sulmycin lead sample. At the level of !he PU
tubing a smal! normal capsule is present; however, !he observed extravasation trom blood 
vessels (V) and accumulation of lymphocytes somewhat further away, indicates !ha! some 
cellular activatien is still ongoing. Mast cell degranulation is also observed (arrow). 

f: Light-micrograph (1000x magnification) demonstraling intense mast cell degranulation near 
blood vessels (V) remote from the implanted Sulmycin lead sample. 
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Week 6 after implantation. 

g: Light-micrograph (25x magnification) of the PU-GB-1x lead sample, showing a smalt capsule 
around the lumen (L), that had been created after remaval of the blue wire; somewhat further 
away, a large lymphocyte accumulation (A) is observed. 

h: Magnification (400x magnification) at the edge of the lymphocyte accumulation; some smal! 
blood vessels (V) are present. Lymphocytes with a lighter stain in the cytoplasm represent 
immunoglobulin-producing plasma cells (arrows); the smal! B- and T-lymphocytes as well as 
phagocytosing macrophages arealso observed. 
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Week 6 after implantation. 

\
i!!lk"· '- -. ..._ 

Light-micrograph (400x magnification) of the PU-GB-2x lead sample; at the level of the PU
tubing, a small normal capsule is observed. Some nearby phagocytosing macrophages at the 
level of blood vessels (V) are an indication of the former bacterial inoculation. 

j: Magnification (1000x) of the phagocytosing macrophages with intracellular particles. V: blood 
vessels. 
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are readily identified from their segmented nuclei; the various sub-types are more 

difficult to differentiate. Under septic as well as aseptie conditions, neutrophiJs are 

most aften reported to be the prime cell type present in the early tissue response to 

an implanted material; the observed degranulation, most extensively seen with the 

day 1 speciment, appeared, however, to be related to eosinophilic granulocytes. 

Although functions of eosinophilic granulocytes are described as being similar to 

those of neutrophils, they usually are found in allergy-type reactions (11]. The 

widespread degranulation observed indicates that the contents of the eosinophilic 

granules play an important role in the cytokine-mediated cellular events (12-14]. 

Mast cell degranulation, aften observed at sites relatively remote from the interface, 

also results in cytokine-release and consequent spreading of inflammation [12-14]. 

When tissue reaelions towards the infected implant persist, in second instanee a 

specific immune response is triggered, characterized by infiltration of lymphocytes. 

lnitiation of the immune response is triggered by an interplay between macrophages 

and T lymphocytes; typically, these reaelions take at least one week [12-14]. This 

correlates with our findings, as from day 10 on indeed increased infiltration of 

lymphocytes was observed in the tissue surrounding the infected control lead 

samples. 

The control leads, i.e., the leads that had no proteetion trom local gentamicin release 

at all, were exposed to a persisten inflammatory and infectious response with 

extensive bacterial growth during the complete implantation period. Within one day 

bacteria had migrated along the full length of the lead samples. This took place in 

the lumen, as observed from bacterial cultures; and on the outside, as confirmed by 

the presence of inflamed tissue around the entire lead sample. As observed in a 

previous study [4], passage of wound fluid seems to be the predominant mechanism 

by which bacteria are transported along the lead sample, since no direct adhesion of 

bacteria to material surfaces was detected. This is in contrast with several reports 

claiming that biomaterial-related infections are induced by bacterial adherence 

foliowed by biofilm-enclosed microcolony formation (15-18]. 

When local gentamicin release was set in place, the infectious complications and 

thus the presence of the different cell types clearly diminished. While in the absence 
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of bacteria slight cytotoxic effects of gentamicin could be identified; now the intense 

cellular turnover induced by the inoculated bacteria overpowered these effects. 

At day 1 the Sulmycin sponge demonstrated an effective suppression of the 

infectieus challenge, while during langer implantation the Sulmycin was unreliable 

with clear presence of bacteria at day 2, day 10, and week 3. Most probably this can 

be explained by the fact that the vicinal sponge had been positioned at about the 

same site where the bacteria had been inoculated. Moreover and most likely more 

importantly, the sponge demonstrates a very fast gentamicin release (Fig. 10; in vitro 

results), which will generate an immediate high local concentratien of gentamicin. 

Our in vitro release results agree with the findingsof Milani and coworkers [19] who 

showed a near complete gentamicin release within 30 minutes after application of 

collagen shields impregnated with gentamicin and dexamethasone in rabbit eyes. 

Besides this fast, non-controlled release of gentamicin, an additional disadvantage 

of the vicinal sponge is that its presence, during at least 10 days, adds an extra 

foreign body to the implant site, with which the host has to cape as well . 
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Figure 10. Spectrophotometrically determined in vitro gentamicin release profile trom Sulmycin® 
sponge (8mm discs; n=3) in PBS at 37°C. lt shows a nearly instantaneous release of the gentamicin; 
within 2 hours all gentamicin is released. The values obtained at 21 .5 and 48 hours should be 
considered carefully, and most likely can be neglected, as release trom collagen degradation produels 
will cause false results. 

The GS-dip lead demonstrated a rather good efficacy throughout the implantation 

period. The GS-dip methad in reality was performed such that complete filling of the 

lead sample's PU lumen was accomplished; a tact that never would have been 

achieved in case of simple salution dipping. Thus, only a slow ditfusion of gentamicin 
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from the lead lumen may be expected, explaining the numerous bacteria that were 

cultured at day 1. Presence of the gentamicin-solution in the lumen probably slows 

down, or even prevents, entry of wound fluid and with it bacteria. Bacteria that do 

enter most likely are immediately killed. 

Similar to the GS-dip leads, the PU-GB-1x leads, that had only the lead lumen 

protected, demonstrated a reasonably good efficacy. The obtained results support 

our previous hypothesis that sole proteetion of implant lumina and/or pores from 

bacterial invasion will significantly reduce the generation of a persistent implant

related infection [8]. This hypothesis is also supported by ether publications [16,20]. 

Except for day 10, the PU-GB-2x surface modified lead samples nat at all showed 

heavy infectieus complications or distinct colony formation of S. aureus. 

Furthermore, in contrast to infected control lead samples no mast cell degranulation 

was observed around nearby blood vessels. This indicates that spreading of 

infection of inflammation via proteins of the mast cell granules was effectively 

repressed. 

In view of the obtained results in this in vivo study it is concluded that the PU-GB-2x 

leads have demonstraled to be the best approach to prevent implant-related 

infections. They demonstraled to offer the most efficient proteetion to the implant 

lumina and pores and to the local implant site. These findings were confirmed 

macroscopically, as wellas by bacterial cultures and histological evaluations. 

PU-GB-2x demonstraled to be more effective in suppressing infectieus 

complications than local gentamicin delivery provided by the GS-dip lead or by 

adding the gentamicin-releasing collagen sponge. Bath the GS-dip and the vicinal 

sponge have the additional disadvantage of a non-controlled gentamicin-release; the 

sponge furthermore adding an additional foreign body to the implant site. An 

additional important observation with GS-dip lead and the Sulmycin lead was that 

after 6 weeks still few bacteria were retrieved trom the implant. From this study it is 

nat known how the continued presence of these few bacteria would have evolved. In 

this respect it may be referred to the clinically repeatedly observed problem of 

implant-related "/ate-infections". Late infections are usually defined as clinical 

complications that occur about 2 months or later post-operatively [21 ,22]. In most 

cases late infections are thought to occur by a haematogenous route initiated by 
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bacteraemia [23]. Nevertheless, it is certainly imaginable that late infections find their 

origin from intraoperalive contamination and subsequent inadequate cleaning of the 

implant site. lf this is the case with the GS-dip and Sulmycin lead samples, in a worst 

case scenario, recurrence of infection may have been observed. 

Besides its demonstrated efficacy in preventing manifestation of large infectious 

complications, PU-GB-2x also demonstrated to provake a favorable tissue response. 

After 6 weeks, the entire lead sample showed a very quiet and thin encapsulation. 

The latter is of prime importance since it is believed that thick, poorly vascularized 

fibrous encapsulation may facilitate the establishment of (secondary) infections, by 

presenting a barrier for phagocytotic cells and antibictics [22]. 

Besides the discussed surface modification approach invalving controlled release of 

the antimicrobial agent gentamicin, other surface modification strategies have been 

investigated as an approach towards development of materials with an enhanced 

resistance towards infection. These studies will be elaborated on in chapters 5 and 6 

of this thesis. One approach is to encourage proper tissue ad hesion and integration 

at the implant interface [24]. This is based on our observations that detachment of 

the tissue capsule and subsequent bacterial migration through wound fluid passage 

are important factors for spreading of infection [4]. These observations were 

confirmed in a recent investigation [25]. The hypothesis is that when healthy, well 

vascularized tissue is in intimate contact with the implant surface the natural host 

defense mechanisms stay intact and remain competent to resolve most infectious 

complications. 

REFERENCES 

1. Surface modification of a polyetherurethane for controlled release of gentamicin, 
Chapter 2 of this thesis 

2. personal communication, Prof. Dr. C.G.M.I. Baeten, Academie Hospita! Maastricht, 
The Netherlands 

3. Van Wachem P.B., Van Luyn M.JA, 8\aauw EH., Raatjes D., Cahalan P.T. , 
Hendriks M. , lncidence of infection in implanted polyurethane tubing segments 
serially injected with staphylococci, J. Mater. Sci.: Mater. Med., 5, 628-634, 1994 

4. Van Wachem P.B., van Luyn M.JA, de Wit A.W., Raatjes D., Verhoeven M.L. P.M., 
Hendriks M., Cahalan P.T., Tissue reactions to lead samples in a late infection rat 
model, J. Mater. Sci.: Mater. Med., in press 

- 98-



Evaluation of different Jocal gentamicin release methods in an early infection animal mode l. 

5. Jansen B., Schierholz J., Schumacher-Perdreau F., Peters G., Pulverer G. , 
Modification of polymers for the prevention of foreign body infections, Adv. Biomater. , 
9, 117-122, 1990 

6. Golomb G., Shpigelman A., Prevention of bacterial colonization on polyurethane in 
vitro by incorporated antibacterial agent, J. Biomed. Mater. Res. , 25, 937-952, 1991 

7. Bayston R., Milner R.O.G., Antimicrobial activity of silicone rubber used in 
hydrocephalus shunts after impregnation with antimicrobial substances, J. Clin. 
Patho/., 34, 1057-1062, 1981 

8. Cahalan P.T., Verhoeven M.L.P.M , US patent 5,229,172, 1993 
9. Van Luyn M.J.A., van Wachem P.B. , Olde Oamink L., Ten Hocpen H., Feijen J., 

Nieuwenhuis P., Methylcellulose culture as a new cytotoxicity test system for 
biomaterials, Materialsin Medicine, 2, 142-148, 1991 

10. Andersen J.M., Marchant R. , McCiurken M., Tissue response to drug delivery 
systems: The cage implant system, in: Long-acting contraceptive delivery systems, 
Zatuchni G.l. , Goldsmith A., Shelton J.O., Sciarra J.J. , eds., Harper & Row 
Publishers, Philadelphia, PA, USA, 1984 

11. Bessis M., Living blood cells and !heir ultrastructure, Springer-Verlag, Berlin, 
Germany, 1973 

12. Abbas A.K., Lichtman AH., Pober J.S., Cellular and molecular immunology, W.B. 
Saunders Co., Philadelphia, PA, USA, 1991 

13. Brostoff J., Scadding G.K., Male O.K. , Roitt I.M., Clinical immunology, Gower 
Medica! Publishing, London, UK, 1991 

14. Van der Meer J.B., de Jong M.C.J.M., Recentaspectsof pathogenesis and therapy 
of fulminant elapsing necrosis, Neth. J. Med., 40, 244-253, 1992 

15. Reed W.P., Williams R.C., Bacterial adherence: first step in pathogenesis of certain 
infections, J. Chron. Dis., 31,67-72, 1978 

16. Costerton J.W. , The etiology and persistenee of cryptic bacterial infections: a 
hypothesis, Rev. Infect. Dis., 6(Suppl. 3), S608-S616, 1984 

17. Christensen G.O., The role of adherence in pathogenesis of coagulase-negative 
staphylococcal infections, Zbl. Bakt. Suppl., 16, 103-111, 1987 

18. Gristina A.G., Costerton J.W., Bacterial adherence to biomaterials: Clinical 
significanee of its role in sepsis, Biomater. Trans., 7, 175, 1984 

19. Milani J.K. , Verbukh 1., Pleyer U., Sumner H., Adamu S.A., Halabi H.P., Chou H.J., 
Lee O.A., Mandino S.J., Collagen shields impregnated with gentamicin
dexamethasone as a potential drug delivery device, Am. J. Ophtalm., 116, 622-627, 
1993 

20. Merrilt K., Shafer J.W., Brown S.A., lmplant site infection rates with poreus and 
dense materials, J. Biomed. Mater. Res., 13, 101-108, 1979 

21 . Oankert J., Hogt AH., Feijen J., Biomedical polymers: bacterial adhesion, 
colonization and infection, CRC Grit. Rev., Biocompat., 2, 219-301 , 1986 

22. Oougherty S.H., Simmans R.L. , lnfections in bionic man: the pathobiology of 
infections in prosthetic devices - part I, Curr. Probl. Surg., 19, 219-264, 1982 

23. Schoen F.J., Biomaterial-associated infection, neoplasia and calcification. 
Clinicapathologie features and pathophysiologic concepts, Trans. ASA/0, 33, 8-18, 
1987 

24. Gristina A.G., Biomaterial-centered infection: Microbial adherence versus tissue 
integration, Science, 237, 1588-1595, 1987 

25. Okada T., lkada Y., Surface modification of silicone for percutaneous implantation, J. 
Biomater. Sci. , Polymer Edn., 7, 171 -180, 1995 

- 99-



- 100 -



Chapter 4 

lntramuscular stimulation lead with enhanced infection 

resistance- a wholedevice implant study. 

Abstract: Dynamic graciloplasty is a surgical technique for the treatment of 

faecal incontinence, and basically constitutes an alternative application of traditional 

electrical muscle stimulation. More so than with other implantable muscle stimulation 

devices infection is a primary problem. In all likelihood, this is caused by the site of 

implantation, which obviously is hazardous. At present, pre-operalive gentamicin 

salution-dipping and concomitant implantation of a gentamicin-containing collagen 

sponge are measures being practiced to reduce the infection incidence. An alternative 

approach camprises enhancement of the infection resistance of the implantable device 

itself. Hereto, the previously developed surface modification technique tor the 

controlled release of the antimicrobial agent gentamicin was applied. 

In an early infection rabbi! model the in vivo performance of surface modified 

implantable leads with and without a bacterial challenge was investigated. Whereas 

the control leads were exposed to a persistent intense infectieus response, it was 

demonstraled that the surface modified leads effectively eliminaled the introduced 

bacterial contamination; additionally, it was shown that surface modification did not 

campromise the tissue response. lt is therefore concluded that the applied surface 

modification technique may be a sound alternative to current methodelogies in 

reducing infection incidence. 
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INTRODUCTION 

In Chapter 2 we demonstrated to have developed a technique which provides a 

controlled release of an antimicrobial agent, gentamicin, trom the surface of an 

implanted material [1]. In a subsequent animal study we demonstrated that suchlike 

surface modified implants effectively eliminated infectieus complications, and that 

they furthermore incited a favorable tissue response [2). In that same study the 

performance of said surface modified implants was compared to, and found to be 

better than that of two ether local gentamicin release methods that currently are in 

clinical use [3], i.e., use of a gentamicin-containing collagen sponge (Sulmycin®), 

and pre-operative gentamicin solution-dipping. 

In the present study this release-technology was transferred to actual clinically used 

medica! devices. The medica! device of choice is an implantable conductive lead 

(Medtronic Lead Model 4300); in combination with an implantable pulse generator 

{lPG; ltrell 11®) this lead is used in dynamic graciloplasty, a therapy tor faecal 

incontinence [4-8). Dynamic graciloplasty involves the transposition of a skeletal 

muscle, the musculus (M.) gracilis, that, with an intact neurovascular bundle, is 

swapped around the non-functioning anal sphincter. After healing in of the muscle 

(after ±6 weeks), the pacemaker-system is implanted with the electrode positioned 

and fixed in the muscle near the obturator nerve, and with the lPG in an abdominal 

position. The system takes over voluntary contraction by stimulation of the M. 

gracilis; when successful, thus the sphincter tunetion will be restored . 

lndubitably, implantation in a suchlike body-region may be considered hazardous 

with respect to infections. lndeed, infection has been one of the major complications 

with dynamic graciloplasty, mostly induced by Staphylococcus strains [7]. At present, 

pre-operative gentamicin salution-dipping and concomitant implantation of the 

Sulmycin® sponge are measures being practiced [3]. In an attempt to enhance the 

infection resistance of the device itself, the previously developed gentamicin release 

technology was applied. 

In an early infection rabbit model the in vivo performance of the surface modified 

leads with and without an introduced bacterial challenge is investigated. In this 

model the exposed part of the electrode was positioned in the M. gracilis, that in this 
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case was nat transposed; this site also functioned as the site of inoculation with S. 

aureus. The performance is characterized regarding its efficacy in elimination of the 

infectious complications, and regarding the induced tissue response. 

MATERIALS AND METHOOS 

Leads 

Leads (Model 4300-35, Medtronic B.V., Kerkrade, The Netherlands) with a unipolar 

3.2 mm !ow-profile connector we re used (Fig. 1 ). The leads consist of a 35 cm long 

Platinum-lridium-coil-electrode. A blue polypropylene wire runs through its core, is 

some 16 cm langer, and a needie is crimped at its end. Needie and blue wire are 

used to introduce the electrode into the M. gracilis. 

r--stidingsheath~ 

I;- I·IXATION LOOP INDICATOR t NG 

ELECfROOC COIL 

T( MPORARY TESTING WIR( ~ 

MONOFILhM[ Nl PP BLUE WIR[ 

CURVEO NEEDLE 

Figure 1. Schematic drawing of the intramuscular stimulation lead with assignment of the 
various parts. The sliding sheath extends from the fixation loop throughout the ancharing sleeve; it 
allows for adjustment of the the exposed electrode length. Hereto, after implantation of the electrode 
into the muscle, the sliding sheath is pushed towards the muscle until the fixation loop is in contact 
with the epimysium. Thereafter the fixation loop is sutured to the epimysium, and the sliding sheath's 
ancharing sleeve is tightened around the electrode. 

Polyurethane tubing (550 Pellethane®) insulates the PUir-coil-electrode, extending 

from the lead-connector to the stop fixation. A sliding sheath (BOA Pellethane~ 
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surrounds said construction allowing the possibility of adjusting the exposed 

electrode length. The sliding sheath is provided with a small fixatien loop for fixatien 

of the lead to the epimysium; an indicator ring for X-ray visualization; and a silicone 

ancharing sleeve for fixatien of the sliding sheath to the polyurethane-insulated 

electrode. 

Typically, the temporary testing wire is used to find the optimal position for fixatien of 

the tip-electrode into the muscle. Since this study comprised non-functional demos, 

the temporary testing wire was not included in the final assembly. 

Surface modification 

Befere final assembly of the lead, its polyurethane parts, i.e., lead body tubing and 

sliding sheet, were surface treated. Hereto the inside and outside of these 

polyurethane parts were surface grafted with acrylic acid (Aidrich Chemie, Bornem, 

Belgium; purified by conventional distillation) and acrylamide monomer(Acros 

Chimica, Geel, Belgium; 99+% electrophoresis grade). 

At first, the polyurethane parts were ultrasonically cleaned in IPA for 15 minutes prior 

to initiatien of the surface grafting. lmmediately after the IPA-cleaning samples were 

dried in a toreed air oven at 50-60°C for approximately 5 minutes. Meanwhile, an 

aqueous grafting salution was prepared that was composed of 30 wt% acrylic acid and 

10 wt% acrylamide, 6 mM of ceric ammonium nitrate (CAN; Merck-Schuchardt, 

Darmstadt, Germany) and 0.06 M nitric acid (HN03; Merck). Prior to grafting, the 

grafting salution was treated to remove excess oxygen by exposure to reduced 

pressure (10 mmHg) fora maximum of 2 minutes. Grafting was allowed to continue for 

20-30 minutes at 30°C, while stirring the solution. 

Following grafting, the parts were rinsed in Dl water to stop the grafting process as 

well as to clean the surface graft matrix formed. Thorough clean-up of the grafted 

parts was performed in a phosphate buffered saline salution (PBS, pH=7.4; 0.0085 M 

Na2HP04 , 0.0015 M NaH2P04.H20, 0.15 M NaCI; all Merck), for 16-18 hours at 50-

600C. Thereafter the grafted parts again were rinsed in Dl water, after which the parts 

were dried at rT by air exposure. 

After completion of the grafting process, the parts were immersed in a 0.01 M MES 

(Aidrich) buffered aqueous solution, adjusted to pH=6.0 by dropwise addition of 1 N 

NaOH, for 30 minutes. The surface grafted parts were then immersed in a 0.01 M 
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MES buffered aqueous salution of gentamicin sulfate (Sigma Chemie, Bornem, 

Belgium), adjusted to pH=6.0 by dropwise addition of 1 N NaOH. The buffered 

gentamicin sulfate solutions typically contained 0.5 mg/ml gentamicin base. The 

sample immersion lasted 30 minutes. Upon completion of the immersion, the samples 

we re removed, rinsed for 5-1 0 seconds in Dl water, allowed to dry at rT by air 

exposure, and shipped for final assembly of the leads. The gentamicin-content of a 

compete lead was determined to be 840 ± 160 f.Jg gentamicin base. 

All leads, control and surface modified, were routinely sterilized by ethylene oxide. 

Bacteria 

A strain of Staphylococcus aureus (code PW230693), obtained from a patient with 

an electrode-related infection, was used for the bacterial inoculation. This strain was 

determined to be gentamicin-sensitive. The bacteria were routinely cultured on 

blood-agar plates (4% sheep erythrocytes; Oxoid Ltd., Hampshire, UK). 

S. aureus cultured for 18 hours at 37°C in brain-heart-infusion broth (Oxoid) were 

washed three times with PBS, and resuspended in PBS. The bacterial suspension 

was spectrophotometrically adjusted to an optical density of 1.0 at 540 nm (PYE 

Unicam PU 8600 UVNIS spectrophotometer; Philips, Eindhoven, The Netherlands), 

which denotes the presence of± 109 colony forming units (CFU) per mi. 

After inoculation, the number of viabie CFU was determined by spreading 0.1 mi 

portions from the serial ten-fold dilutions of bacterial suspensions on blood-agar 

plates, which was foliowed by 18 hours of incubation at 37°C and CFU-counting. 

lt was determined that the i nocuiatien contained 3.3x1 09 CFU/ml. 

lmplantation 

NIH guidelines for the care and use of Iabaratory animals (NIH Publication # 85-23 

Rev. 1985) have been observed. 

Bastard Chinchilla rabbits (Broekman Instituut B.V., Someren, The Netherlands) of 

both sexes and weighing 2-3 kg were first intravenously injected with sodium 

pentobarbital (Nembutal®; 0.5 mi/kg, i.e., 0.3 mg/kg), foliowed by endotracheal 

intubation with a nitreus oxide I oxygen (1 :2) I halothane (0.8%) mixture (IC I, 

Rotterdam, The Netherlands). Control (non-modified) leads and surface-modified 

(gentamicin-releasing) leads were implanted. 
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Groin(s) and side(s) of the animal were shaved and desinfected. A 2 cm incision was 

made in the groin to expose the M. gracilis. With the needie and blue wire, the 

electrode was introduced in the M. gracilis and positioned such that approximately 

1.5cm of exposed electrode length was perpendicular to the muscle fibers present in 

the muscle. With part of the remaining cut blue wire the electrode was fixed to the 

epimysium; the sa me wire was used tor fixatien of the lead through the small fixatien 

loop. The lead was put in a sling to compensate for excess length. The silicone 

ancharing sleeve was fixed around the electrode with Mersilene®. The lead was 

subcutaneously tunneled to the abdominal wall and the connector-end was sutured 

to the subcutis. 

Two rabbits were not challenged with bacteria; these rabbits were implanted with 

both a control lead (at one groin/side) and a surface-modified lead (at the other 

groin/side). These rabbits provide the baseline-data on the early (day 4) and late 

(week 1 0) tissue response to the surface modified and control leads. 

The other rabbits received one lead, that was challenged with S. aureus by injection 

of a 10 ).JI drop (containing ± 3.3x1 07 bacteria) at the electrode-fixatien site in the M. 

gracilis. 

Sacrifice 

Leads we re explanted at day 4, week 3% or week 10. First, the skin was carefully 

removed trom the implant and surrounding capsule. To check for viabie bacteria, a 

cotton wool stick was moved over representative sites of the encapsulated implants, 

contacted with blood-agar plates and incubated at 37°C for 18 hours. All implants 

with surrounding tissue were carefully dissectioned trom the skin and muscles. From 

the bacteria-inoculated leads a small sectien of the lead and its surrounding capsule 

was taken for bacterial culture by contacting the different parts with blood-agar 

plates, foliowed by 18 hours incubation at 37°C. The remaining parts of the implants 

were immersion-fixed in 2% (v/v) glutaraldehyde in PBS (pH=7.4) during at least 24 

hours at 4°C. After excision of the lead, usually some three to six specimen were 

dehydrated in graded alcohols and embedded in glycolmethacrylate. Semithin 

sections (2 J.Jm) were cut for light-microscopical evaluation, and thereafter positioned 

on clean microscope slides; the sections were stained with Toluidine Blue for one 

minute, after which excess Toluidine Blue was rinsed off. 
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RESULTS 

For purposes of quick reference and comparison, a general overview I summary of 

the implant-results, when challenged with bacteria, is provided in Table 1. 

Table 1: Quick summary of results from bacterial cultures, and macroscopie and 
microscopie evaluations of implanted, bacteria-inoculated leads. 

inacroscop~ . bacterial cultures mlcroacopy I hlstology 

~:;QntrQI ~~~dlii ( nQn-mQ!;!ifi~!;!); 

day 4 redness, many blood 1-2 CFU outside capsule; high cellular infiltration I 
vessels; abscess; 200 CFU at muscle site; degeneration; granulocytes and 
infection spread along numerous CFU in lumen bacteria in lumen 
device 

week 3% thick encapsulation; numerous CFU at all sites thick capsule with abscess-like 
lymph nodes; structure; lymph nodes with high 

lumen tilled with pus 
cellular activity, lymphocytes; 
eosinophil degranulation; 
hemorrhages 

week 10 smal! and firm capsule; numerous CFU at all sites many signs of active infection 
several clear with large abscesses; many 
abscesses bacterial colonies; lymphocyte 

accumulations 

sur:fa~~-mQdifi~d leadli (gentamicio-r!11!1i!!ii!lg); . 

day 4 no redness; no signs of na bacteria retrieved some signs of infection; wound 
infection; quiet white except tor 3CFU outside fluid and increased cellular 
capsule capsules in tiltration 

week 3% quiet encapsulation; no bacteria retrieved some signs of infection in 
transparant wound capsule by way of macrophages 
fluid with inclusions 

week 10 quiet, thin capsule; no no bacteria retrieved thin encapsulation; fibrin 
abscesses deposition in lumen; hardly any 

signs of infection 

Macroscopy I bacterial cultures 

With the non-inoculated implants no remarkable observations were made at day 4. 

The surface-modified lead as well as the control lead demonstraled an apparently 

normal encapsulation. As expected, no bacteria were cultured from sites such as the 

M. gracilis, electrode-sling, and the silicone ancharing sleeve. 

At week 10, the non-inoculated implants were surrounded by very small thin 

capsules, that easily slipped off, especially so with the surface-modified lead. From 

the lead and the surrounding implant-bed no bacteria were retrieved. A transparant 
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proteinaceous material was found within the sliding sheath, from fixatien loop to 

silicone ancharing sleeve. 

At ~ after bacterial inoculation, the control lead showed an intense inflammatory 

response with many blood vessels, and an abscess present near the sling in the 

groin. 2 CFU were retrieved from the outside of the capsule in the groin, and 1 CFU 

was retrieved trom the outside of the capsule around the silicone ancharing sleeve. 

From the site of the abscess numerous CFU were retrieved, while an estimated 200 

CFU were obtained from the M. gracilis site. Bacterial growth had spread 

intraluminally, since numerous CFU were cultured from the sliding sheath, and at the 

indicator-rings. More remote from the inoculation-site, i.e., at the silicone ancharing 

sleeve and connector-end, no bacteria were retrieved from the lumen. 

Contrarily, the surface modified lead did not show an intense inflammatory reaction 

at Qmt.A, and it had no infectieus appearance. The complete lead was surrounded 

by a quiet, whitish capsule. At the silicone ancharing sleeve, the tissue had a 

somewhat 'puffy' appearance. In the pocket around the electrode-sling a lot of 

(wound) fluid was observed. Besides the 4 CFU that were obtained from the 

electrode-sling, all other sites, both inside and outside the tissue encapsulation, 

were clean. 

After 3~ weeks, the control lead showed a thick encapsulation, both in the groin and 

at the site of the silicone ancharing sleeve. Small lymph-nodes were present near 

the lead in the groin. The lumen of the sliding sheath was tilled with a 

whitish/yellowish substance extending from the small fixatien loop to beyond the 

silicone ancharing sleeve. Numerous CFU were cultured trom all sites. 

The surface modified lead showed a more quiet and thinner encapsulation over its 

entire length. In the grein the electrode-sling was not yet completely overgrown; 

accidental opening of the capsule revealed that a transparant substance had tilled 

the lumen of the sliding sheath. At the site of the silicone ancharing sleeve the 

substance filling the lumen seemed more whitish, but obviously was far less viseaus 

than with the control lead. Examinatien of representative sections of the lead and its 

surrounding tissue response disclosed that there was no bacterial growth at all. 
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10 Weeks after the bacterial inoculation, the control lead had been surrounded by a 

small and firm capsule, that, however, also contained several clear abscesses; these 

were observed in the groin, but especially at the site of the silicone ancharing sleeve 

(Fig. 2). Numerous CFU were retrieved from the lead at the groin, at the indicator

rings, and at the section ranging from silicone ancharing sleeveto connector-end. 

The surface-modified lead again showed a very quiet, thin encapsulation over its 

entire length. A viseaus white substance filling the sliding sheath from small fixation 

loop to the silicone ancharing sleeve was observed. Abscesses and bacterial growth 

were not at all observed. 

Figure 2. Macrograph of the enormous abscess found around the silicone ancharing sleeve of 
the control lead, 10 weeks after bacterial inoculation; P:pus; arrows: impJanled cross-sectioned lead. 
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Figure 3. 

4 Days implantation of the non-challenged leads. 

a: Light micrograph (50x magnification) of the electrode insertion point (i) in the M. gracilis of the 
non-challenged control lead, showing some wounding of muscle tissue, fibrin formation and 
cellular infiltration. 

b: Light micrograph (50x magnification) of the electrode insertion point (i) in the M. gracilis of the 
non-challenged surface-modified lead. Although less wounding of the muscle was incited, 
more fibrin formation and cellular infiltration is observed. 
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4 Days implantation of the non-challenged leads. 

c: Light micrograph (1 OOx magnification) of the non-challenged surface-modified lead showing a 
specimen near the silicone ancharing sleeve; the dark-stained rim (arrows) depiets the grafled 
PU-surface. The first layers of the tissue capsule consist primarily of fibrin (F) embedded 
macrophages; some cellular infiltration occurs trom nearby blood vessels. N:nerve. 

Light microscopy 

At day 4 the non-inoculated control lead demonstrated a loose encapsulation; the 

capsule consisted of mainly macrophages, present at the material-interface and also 

in between nearby fibrin and collagen bundles. Granulocytes were hardly observed, 

but the on set of fibroblast migration was obvious. 

At the level of the M. gracilis, near the electrode insertion point, some wounding of 

the muscle by way of degenerating muscle cells, presence of loose erythrocytes, 

fibrin, and infiltration of macrophages was observed (Fig. 3a). Fibroblast proliferation 

and fibrous tissue formation were also observed, while any granulocyte-infiltration 

was seen. Macrophages were present at the margins of, and inside the damaged 

muscle cells, most likely in an attempt to remave the damaged muscle cells by 

phagocytosis; macrophages were also observed within nearby muscle fibers. 

lt seemed coincidental that the surface-modified lead showed relatively more cellular 

infiltration, whereas less muscle damage was induced (Fig. 3b). In one area within 

the muscle degranulation of eosinophils was observed. 
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Figure 4. 

10 weeks implantation of the non-challenged leads. 

a: The controllead was encapsulated by 1-6 layers of macrophages and foreign body giant cells, 
foliowed by layers of fibroblasts and collagen. Further outward loose conneelive tissue was 
present in which phagocytosing macrophages (arrows) were observed nearby blood vessels 
(V). {Light micrograph at 1000x magnification} 

b: Light micrograph (1000x magnification) of the interface of the surface-modified lead showing 
the dark stained surface graft that is encapsulated by one layer of macrophages and foreign 
body giant cells (arrows) foliowed by fibroblasts and collagen layers. 
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Figure 5. 

4 Days after bacterial inoculation of !he control lead. 

a: Light micrograph (50x magnification) of !he electrode insertion point in the M. gracilis (i). Most 
of the observed muscle tissue is degenerating with cellular debris in between the various 
muscle fibers. Only at the edges muscle fibers with a normal appearance are seen. Here a 
massive infiltration (arrows) of granulocytes and macrophages is seen. 

b: Larger magnification (400x) of the electrode interface shows a bacterial colony (arrows), 
embedded in proteinaceous material, adhering to a degenerating muscle fiber (M). D: cellular 
debris 
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4 Days after bacterial inoculation of the control lead. 

c: Light micrograph (100x magnification) of a tissue sectien near the electrode insertion point. 
Here fat (F), large blood vessels (V), nerves (N) and accumulations of lymphocytes (L) are 
observed. 

d: Magnification (at 1000x) of a lymphocyte accumulation. containing 8 and T lymphocytes and 
plasma cells. Some macrophages (arrows) are observed as well. 
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Similar to the control lead, the encapsulation of the surface-modified lead was still 

rather loose, usually of much larger diameter than the lead itself (Fig . 3c); this may 

indicate that tight encapsulation by fibroblasts had not yet occurred. The loose 

capsule mainly consisted of fibrin layers containing macrophages, that in turn were 

surrounded by connective tissue. Sometimes, e.g ., at the level of the silicone 

ancharing sleeve, also a direct cellular lining was observed. In the lumen of the 

sliding sheath deposited fibrin was observed; the fibrin deposition extended until the 

silicone ancharing sleeve. 

At week 10, the control lead demonstrated a "three-banded" encapsulation. The first 

band consisted of 1 to 6 cell layers of macrophages and giant cells, and fibroblasts; 

the second layer consisted of tightly packed and parallel oriented fibroblasts and 

collagen bundles; the third layer demonstrated no obvious orientation and consisted 

of fibroblasts and collagen bundies within which blood vessels were observed. 

Macrophages showing intracellular phagocytosed particles, as observed around 

some blood vessels, denoted the persistent inflammatory state (Fig. 4a). 

Generally, the surface modified lead demonstrated only a slight adhesion to the 

surrounding tissue; at those sites where adhesion was observed, a thinner 

encapsulation than with the control lead was found (Fig. 4b). The tissue capsule 

consisted of only 1 or 2 layers of macrophages that in turn were enclosed by tightly 

packed and parallel oriented fibroblasts and collagen bundles. 

4 Days after the bacterial inoculation, the control lead showed an intense cellular 

degeneration and infiltration at the insertion point in the M. gracilis (Fig. 5a). 

Degenerated muscle fibers in between which cellular remnants and bacteria were 

present at the interface (Fig. 5b), whereas the next layer demonstrated an enormous 

infiltration of the muscle tissue with granulocytes and macrophages. More remote 

trom the electrode interface lymphocyte accumulations were seen in an area with 

many blood vessels, and nerve and fat tissue (Fig 5c). Wound fluid, fibrin deposits, 

hemorrhages with loose erythrocytes, and areas with fresh neutrophils were also 

seen at the electrode interface. Hemorrhages, wound fluid , and fibrin were also 

observed more remote trom the lead, indicating that the inflammatory reaction had 

been very intense, and had spreaded throughout the surrounding tissues. 
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Figure 6. 

4 Days after bacterial inoculation of the surface-modified lead. 

a: Only few signs of the previous infectieus challenge can be identified near the electrode sling. 
The light micrograph (400x magnification) shows some abscess-like tissue with wound fluid 
(W), fibrin formation (F), and infiltrated granulocytes and macrophages. 

b: At larger magnification (1 OOOx) it is evident that these granulocytes and macrophages (m) 
contain phagocytosed particles, most likely of bacterial crigin (arrows). 
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In the groin, at about the electrode sling, the PU-interface showed a deposition of 

cellular remnants containing wound fluid, fibrin, and shreds of connective tissue 

containing hemorrhages; more remote from the interface, large lymphocyte 

accumulations occasionally were observed around blood vessels (Fig . 5d). At the 

connector-end, which was positioned nearby a muscle, infiltration of macrophages 

was observed around the muscle fibers; it is not clear whether this has been caused 

by the infectieus complications. 

The surface modified lead showed a much less intense inflammatory reaction than 

the control lead. Wound fluid and a cellular infiltration in the M. gracilis were the only 

signs of the previously introduced infectieus challenge; but bacterial colanies were 

not seen. In the electrode sling a small abscess was seen; it consisted of fibrin and 

wound fluid , and remnants of granulocytes; bacteria were seen as intracellular 

particles in degranulating granulocytes and as single colanies dispersed in the fibrin 

(Fig. 6a,b). More remote from the inoculation-site, no remarkable potentially 

infection-related phenomena were observed. Contrarily to the control lead, no 

cellular infiltration was seen in the muscle nearby the connector-end. 

At week 3%, the control lead demonstrated infectieus complications along its entire 

length. At the level of the M. gracilis a thick capsule separated the electrode 

insertion point from the surrounding muscle (Fig. 7a). Within this thick capsule 

obvious abscess-like structures were recognized, with at the rim some lymphocyte 

accumulations, invalving mainly plasma cells. lnfiltration of granulocytes and 

macrophages, and bacteria was observed at the implant-interface (Fig. 7b); within 

the collageneus parts of the capsule sites of macrophage infiltration and degradation 

were observed. Outside the muscle large hemorrhages were seen. 

Small lymph nodes were observed in the groin; these lymph nodes demonstrated an 

intense cellular activity with germinal centers and B-cell maturation, indicative for an 

acute immune response (Fig. 7c,d). The silicone ancharing sleeve was surrounded 

by a thick, rather quiet tissue capsule. In between the collagen layers the red 

staining denoted degranulation of eosinophils. Areas with cellular infiltration and 

dispersed presence of erythrocytes were indicative signs of the ongoing infection. A 

pus layer was observed both within the sliding sheath and on the outside surface of 

the sliding sheath (Fig. 7e); single bacteria as wellas small colanies were found in 
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Figure 7. 

3Y. weeks after bacterial inoculation of the control lead. 

a: Light micrograph (25x magnification) of !he electrode insertion point in the M. gracilis (i). A 
thick tissue capsule separates !he muscle tissue trom the implant. Abscess-like areas (a) with 
amorphous centers are observed. 

b: A larger magnification (1000x) of the electrode interface shows !he infiltration of fresh 
granulocytes (g) and macrophages (m). as wen as !he presence of bacteria (b). Somewhat 
further trom the implant surface a smal! layer of organized fibreus tissue (F) is observed 
foliowed by an area with loose morphology. 
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3% weeks after bacterial inoculation of the control lead. 

c: Light micrograph (25x magnification) of a lymph node found near the lead in the groin. The 
lymph node shows a highly activaled state with an abundant germinal center activity (g). 

d: At larger magnification (100x) the medulla (m) and cortex (c) of two germinal centers are 
identified. 
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F 

3Y> weeks after bacterial inoculation of the control lead. 

e: Light micrograph (25x magnification) of the lead close to the silicone ancharing sleeve; the 
sliding sheath surrounding the lead body insuiatien can be identified. Amorphous material (a) 
is found between the lead body tubing (i) and the sliding sheath tubing (o), as well as on the 
outside surface of the sliding sheath. The amorphous material contains dispersed bacteria, 
while more remote also bacterial colanies are observed (arrows). In the lumen (L) also some 
amorphous material is observed. 

f: A larger magnification (1000x) of the amorphous material between the two tubings reveals the 
presence of dispersed bacteria (arrows). 
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these pus layers (Fig. 7f). At the connector-end infection was denoted by an area 

with large fibrin strands, and areas with increased cellular infiltration; eosinophils 

were observed here as weii.The entire surface modified lead was surrounded by a 

rather thin and quiet capsule. The first layer of cells had a 'puffy' appearance. In the 

groin the tissue capsule showed signs of infection by dispersely present 

macrophages and giant cells with included particles. More remote from the groin, 

towards the connector-end, more fibrin and fewer cells with intracellular particles 

were found . In between the silicone ancharing sleeve and the connector-end some 

infiltration of phagocytosing macrophages was observed. 

Figure 8. 

10 weeks after bacterial inoculation of !he control lead a large abscess is found around !he silicone 
anchoring sleeve. The light micrograph (1000x magnification) shows large bacterial colanies (C) !ha! 
are observed inside said abscess. 
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Figure 9. 

10 weeks after bacterial inoculation of the surface-modified lead. 

a: Light micrograph (400x magnification) of the deposited fibrin found in the lumen of the sliding 
sheath. The fibrin tormalions (F) show no sign of bacteria or cellular infiltration. 

b: The outside surface of the electrode typically showed a thin, quiet encapsulation. This light 
micrograph (400x magnification) shows a sectien with a slightly thicker tissue capsule, 
containing deposited fibrin (F) at the interface. The dark-stained rim depiets the surface 
grafled PU. More remote from the interface several blood vessels (v) are observed. 
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10 Weeks after the infectious challenge, the control lead still demonstrated large 

infectious complications. The most obvious marking was the large abscess around 

the silicone ancharing sleeve; in this abscess many bacterial colanies were seen 

(Fig. 8). Abscess-like formations were also observed at the level of the connector

end, and in the groin. In the groin the PU demonstrated a rather thin encapsulation, 

but very large blood vessels and lymphocyte accumulations confirmed the 

continuous presence of an infection. Contrarily, the two electrode insertion points in 

the M. gracilis had a very quiet appearance, with only few signs of infection. 

The surface modified lead was retrieved with large fibrin deposits in the lumen of the 

sliding sheath (Fig. 9a); no bacteria or cellular infiltration was found in these fibrin 

deposits. In the groin, the thickness of the encapsulation was found to vary, but 

generally was rather thin (Fig 9b). The electrode in the M. gracilis showed a small 

insertion hole with only at one side some fibrotic tissue. Few phagocyte cells around 

small blood vessels reminded of the previously induced infectious challenge. 

DISCUSSION 

The first stage of this study involved a concise investigation of the tissue response 

towards the control and surface modified leads in a sterile setting, i.e. , without 

introduetion of a bacterial challenge. The obtained results confirmed our previous in 

vitro [1] and in vivo findings [2]. in which it was demonstrated that the applied 

surface modification technique did not incite a large cytotoxic response. This may 

have been expected as the total gentamicin-content of a surface-modified lead did 

not exceed the 1 mg level. Even in the case all gentamicin would release 

instantaneously, it is not expected that a harmful toxic threat would be incited. 

Rosen and coworkers reported on the local application of gentamicin-PMMA beads, 

and found tissue concentrations of 50 IJg/ml or more for several days without any 

side-effects [9]. lt is anticipated that local tissue concentrations around the 

gentamicin-releasing electrode will be far less. 

Contrarily to the surface-modified lead, the control lead surprisingly demonstrated 

some signs of a persistent cellular activation. Ongoing cellular activation was 

especially manifested at the immediate material interface by a rather thick zone of 
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macrophages and foreign body giant cells (upto 6 cell layers); more remote from the 

interface activated macrophages were observed as well. A persistent cellular 

activatien may be incited by the size of the implant, which predisposes to 

movements. These movements will be transformed in an interfacial motion that may 

induce a chronic inflammatory response at the interface, that eventually may lead to 

thick fibreus encapsulation [1 0]. In that respect, it is assumed that the smooth 

hydrogel-like interface of the surface-modified lead will induce less trauma to the 

surrounding tissue, which may explain the observed differences. 

After bacterial inoculation, the control leads were exposed to a persistent, intense 

inflammatory response, with extensive bacterial growth throughout the complete 

implantation period . Additionally, many smallerand larger abscesses were detected 

around or near the implant. The spreading of infection primarily seems to be caused 

by wound fluid passage through which bacteria are transported; these results are 

similar to our previous findings in a late infection animal model [11]. Wound fluid 

passage was found to occur both in the lumen, and along the outside of the lead, as 

confirmed by the deposition of fibrin-layers. 

The surface modified leads were very capable in suppressing the introduced 

infectieus complications. As observed with the non-challenged surface-modified 

leads, eventually a thin fibrous tissue capsule surrounded the implanted lead. The 

overall tissue response was much more quiet than with the control leads, with 

bacterial growth observed only at day 4 and only at the site of inoculation; these 

findings show that local gentamicin release effectively prevented the spreading of 

bacteria. Furthermore, except tor a small abscess at day 4 near the site of 

inoculation, no abscesses were found . 

The efficacy of the surface modified leads may be best illustrated by the tact that at 

neither timepoint infiltrated lymphocytes were observed, whereas already 4 days 

after the bacterial challenge infiltration of lymphocytes was observed with the control 

leads. These findings indicate that local gentamicin release prevents initiatien of the 

immune response. Typically, initiatien of the immune response is triggered by an 

interplay between macrophages and T lymphocytes. Macrophages phagocytose the 

microorganisms, after which they process the antigenie material and present it on 

their surface in such a way that the T lymphocytes recognize the antigen [15]. The 
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observed findings show that the bactericidal action of released gentamicin supports 

the natural host defense mechanism in such a way, that a less intense host 

response is required to resolve the infectieus complications. 

At present, pre-operative gentamicin solution-dipping and concomitant implantation 

of the Sulmycin® sponge are measures being practiced as an approach to reduce 

the risks of device-centered infection with dynamic graciloplasty [3]. The 

disadvantage of a suchlike approach is the non-controlled gentamicin-delivery; 

moreover, insertion of the collagen sponge only adds an additional foreign material, 

with which the body has to cope. In view of the obtained results it is therefore 

concluded that application of the surface modification technique may be a sound 

alternative. 
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Chapter 5. 

A study on the covalent surface-immobilization of collagen. 

Abstract: Whereas most reported techniques to reduce the incidence of 

implant-related infections camprise antimicrobial release, another forcetul approach 

would be the impravement of the tissue integration at the implant interface. The 

underlying concept is that when rapid colonization and integration of the implant 

surface with tissue cells is encouraged, the implant surface will be proteeled from 

bacterial colonization. 

In this chapter the covalent surface-immobilization of collagen is described in full 

detail, including extensive surface analyses. Basically, the immobilization of collagen 

to synthetic substrates for impravement of the tissue response is not a new concept. 

This study, however, discloses a new, inventive approach of a previously reported 

collagen-immobilization process. The method involves the covalent coupling of 

collagen to an acrylic acid based surface graft. lt is demonstrated that the collagen is 

coupled in a controlled fashion, resulting in a layered surface with limited penetratien 

of the covalently coupled collagen top layer into the primary surface graft matrix. This 

feature allows to additionally use the underlying surface graft matrix for drug loading: 

the concept of the "bi-biofunctiona/" surface. 
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INTRODUCTION 

Most reported techniques to reduce the incidence of implant-related infections 

camprise antimicrobial release [1-7). The ability to selectively deliver optimal amounts 

of an antimicrobial agent to the implant-bed without doubt is a forcetul approach. We 

previously disclosed a surface modification technique for the release of gentamicin as 

well, and demonstrated in vitro [8] and in vivo [9, 1 0] the efficacy of this controlled 

release system. In short, the surface modification technique camprises the surface 

grafting of the vinyl functional monomers acrylic acid and acrylamide in a critically 

controlled ratio; the surface graft matrix thus obtained is used to laad gentamicin; via 

ionic exchange, the gentamicin thereafter is released. 

As demonstrated in the animal experiments, antibictics very effectively can treat 

infections. However, a disadvantage of using antibictics is the potential development 

of resistant bacteria, and consequently, so-called "superinfections" [11]. Additional 

impravement of the natural host defense mechanisms in situ therefore would be a 

further impravement of the disclosed methodology. 

A first approach is the development of materials that show an improved tissue 

integration at the implant interface. The underlying concept is that when rapid 

colonization and integration of the implant surface with tissue cells is encouraged, 

the implant surface will be protected from bacterial colonization [12]. As collagen

coated materials have been reported to promate favorable integration of tissue(s) 

with the implanted material [13-15], in the present study a surface modification 

technique will be disclosed that involves the covalent surface-immobilization of the 

biomolecule co/lagen. The surface-immobilization process basically involves an 

extension of the previously described surface grafting process [8]. In this chapter it 

will be demonstrated that collagen is coupled in such a way, that a layered surface 

with limited penetratien of the covalently coupled collagen top layer into the primary 

surface graft matrix is generated. The latter is considered of importance with respect 

to maintaining the ability to additionally load the surface with pharmaceutical drugs. 
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MATERIALS AND METHOOS 

Ceric ion initialed surface graft copo/ymerization. 

Polyurethane (PU) film material was made from 2363-550 Pellethane® resin (Dow 

Chemica!, Midland, MI, USA) by Medtronic Promeen (Minneapolis, MN, USA). 

Pellethane 55D films were ultrasonically cleaned in IPA for 15 minutes prior to ceric 

ion initiated surface grafting. lmmediately after IPA-cleaning samples were dried in a 

toreed air oven at 50-60°C for approximately 5 minutes. 

Meanwhile, an aqueous grafting salution was prepared that was composed of 40 wt% 

acrylic acid monomer (AA; Aldrich Chemie, Bornem, Belgium; purified by conventional 

distillation), 6 mM of ceric ammonium nitrate (CAN; Merck-Schuchardt, Darmstadt, 

Germany) and 0.06 M nitric acid (HN03; Merck-Schuchardt, Darmstadt, Germany). 

Prior to grafting, the grafting salution was treated to remave excess oxygen by 

exposure to reduced pressure (10 mmHg) fora maximum of 2 minutes. 

Grafted samples (10x1 cm strips) were prepared by positioning the cleaned and dried 

samples in an appropriate volume of the grafting solution. Grafting was allowed to 

continue for 15-20 minutes at 30°C, while stirring the solution. 

Following grafting, the samples were rinsed in Dl watertostop the grafting processas 

well as to clean the surface graft matrix formed. Thorough clean-up of the grafted 

samples was performed in a phosphate buffered saline (PBS, pH=7.4; 0.0085 M 

Na2HP04 , 0.0015 M NaH2P04.H20, 0.15 M NaCI; all Merck-Schuchardt, Darmstadt, 

Germany) for 16-18 hours at 50-60°C. Thereafter the grafted samples again were 

rinsed in Dl water, after which the samples were dried at rT by air exposure. 

Collagen immobilization 

Surface grafled samples were immersed in a 0.1 M di-sodium tartrate dihydrate 

(Aidrich Chemie, Bornem, Belgium) buffer solution, adjusted to pH=3.0 by dropwise 

addition of 1 N HCI, for 4 hours at rT. After a triplicate rinse in Dl water, samples 

were immersed in a 0.02 M MES (Aidrich Chemie, Bornem, Belgium) buffered 

solution, adjusted to pH=4.0 - 4.5 by dropwise addition of 1 N NaOH; in which 0.01 

M EDC (Aidrich Chemie, Bornem, Belgium) and 0.01 M NHS (Aidrich Chemie, 

Bornem, Belgium) were dissolved just prior to the addition of the grafted samples. 
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The carbodiimide activation reaction is allowed to continue for 5 minutes only, and is 

performed at rT. 

lmmediately after carbodiimide activation of the acrylic acid based surface graft 

matrix, samples were immersed in a 0.02 M MES buffered salution containing 0.5 

mg/ml collagen (type I from calf skin; Fluka, Buchs, Switzerland); the salution was 

adjusted to pH=4.0-4.5 by dropwise addition of 1 N HCI. The collagen immobilization 

reaction is continued for 20-24 hours. Subsequently, the collagen-immobilized 

samples were rinsed triplicate in Dl water, 0.15 M NaCI, and Dl water again . 

Samples were dried at rT above anhydrous CaS04 (Drierite®; Aldrich Chemie, 

Bornem, Belgium). 

In vitro collagen digestion 

A collagenase stock salution was prepared, after which 5ml aliquots were 

immediately frozen (T <-18°C). The collagenase stock salution is a 0.1 M Tris-HCI 

(Sigma Chemie, Bornem, Belgium) buffered solution, pH=7.4, containing 5 mM 

CaCI2 (Acros Chimica, Geel, Belgium), 0.05 mg/ml NaN3 (Merck-Schuchardt, 

Darmstadt, Germany), and 40 U/mi Collagenase (EC 3.4.24.3; from Clostridium 

histolyticum; type IA, 550 units/mg solid; Sigma Chemie, Bornem, Belgium),. Prior to 

use aliquots were thawed. 

Collagen-immobilized strips (3x1 cm) were subjected to collagenase digestion by 

immersion of the strips individually in 5 mi of collagenase salution at 37°C. After the 

desired timespan (but no langer than 24 hours; to remain sufficient activity) 

collagenase digestion was stopped by addition of 0.5 mi of 0.25 M EDTA (99%; 

Acros Chimica, Geel, Belgium). Thereafter, the strips were rinsed three times for 5 

minutes in 0.1 M Tris-HCI, pH=7.4, after which the strips were rinsed three times for 

5 minutes in Dl water. Finally, the strips were allowed to dry at rT above anhydrous 

CaS04 (Drierite~ . 

After drying, the samples were analyzed by FT-IR spectroscopy; subsequently 

samples were subjected toa next collagenase-digestion step. 

Staining techniques 

TNBS-staining was performed by immersing a 4 mm disc in 1 mi of aqueous 4 wt% 

NaHC03 (Aidrich Chemie, Bornem, Belgium). To this salution 1 mi of aqueous 0.5 
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wt% TNBS (from 1 M TNBS; Fluka, Buchs, Switzerland) was added, after which the 

reaction was allowed to continue for 2 hours at 40°C. Finally, the sample was 

extensively rinsed in Dl water and allowed to dry. A surface grafted disc without 

surface-immobilized collagen was used as the controL Ditterenee in dye-uptake is 

obvious visually. 

The Coomassie Blue protein staining was performed by immersing a 4 mm disc in 1 

mi of Coomassie Blue (ready-to-use Coomassie Blue G-250 solution; Pierce Europe 

BV, Oud Beijerland, The Netherlands) 30 minutes at rT. Thereafter, the sample was 

extensively rinsed in Dl water and allowed to dry. A surface grafted disc without 

surface-immobilized collagen was used as the controL Ditterenee in dye-uptake is 

obvious visually. 

Surface analysis 

All FT-IR analyses were carried out on a BicRad Digilab FTS-60 spectrophotometer 

equipped with a verticai-ATR device; a germanium crystal was used as the internal 

reflection element under a 45° endface angle. 

After the sample materia Is we re sputter-coated with gold (2-4 nm; Edwards S 150B 

sputter coater), evaluation of the materials by Electron Microscopy was carried out 

on a JEOL JSM 6301-F Field-Emission-Gun -Scanning Electron Microscope (FEG

SEM}, operated at 2 kV. 

X-Ray Photoelectron Spectroscopy (XPS) and time-af-tlight secondary ion mass 

speetrometry were performed at the Center for Surface and Material Analysis 

(CSMA Ltd., Manchester, UK) [16]. All XPS experiments were performed using the 

Fisons (VG) Surface Science lnstruments M-Probe XPS instrument, with variatien in 

take-ott angle (TOA) and using 200 W monochromatized AIKa X-rays focused into 

an elliptical spot si ze of 400 1-1m x 1000 1-Jm. Survey scan analysis and high 

resolution a na lysis of C 1 s, 0 1 s and N 1 s regions were recorded . All spectra are 

referenced to the C 1s peak at 285.0 eV binding energy. Composition tables were 

derived for each surface by peak area measurement foliowed by the use of Secfield 

sensitivity factors. High-resalution data were subject to linear background 

subtraction prior to peak synthesis using the instrument software. 

Time-af-tlight SIMS spectra were acquired using a VG IX23S instrument based on 

the Posehenrieder design and equipped with a pulsed liquid metal ion source. A 30 

- 131 -



Chapter 5. 

keV Ga+ primary ion beam was used at an incident angle of 38° to the surface 

normaL The secondary ions were accelerated to 5 keV for the analysis by applying a 

sample bias. For each sample, both positive and negative secondary ion spectra 

were collectedusinga total primary ion dose that did not exceed 2 x 1011 ions.cm-2. 

Such a dose lies well below the damage tresheld of 1 x 1013 ions.cm-2 for static 

SIMS, such that the analysed surfaces were effectively undamaged as a result of 

the ToFSIMS studies. 

RESULTS 

collagen immobilization 

FT-IR spectroscopy explained the importance of the tartrate immersion step in the 

collagen immobilization process (Fig. 1). The immersion step is performed at 

pH=3.0, which is wel I below the pKa of the carboxylic acid groups in the surface graft 

matrix, which has been reported to be in the pH-range of 4.9 to 6.7 [17]. This 

provakes the formation of carboxylic acid dimers (Fig. 2). The peak that is 

representative for carboxylic acid in the ionized state [COO-] is located at about 

1560 cm-1 ; the peak that is representative for carboxylic acid in a dimer-configuration 

is located at about 1700 cm-1. The enlarged peak intensity and peak area at 

approximately 1700 cm-1 by treatment at pH=3.0 (tartrate immersion) is obvious and 

confirms the dimer formation. 

Table 1-A: Surface composition (in atom%) of acrylic acid grafted 550 Pellethane 

sample carbon nitrogen oxygen sodium 

AA-grafted 550 (pH>pKa) 69.2 1.5 24.7 4.6 
AA-grafted 550 (pH<pKa) 71.1 0.4 28.5 --

Table 1-B: Carbon chemica! states (in %) of acrylic acid grafted 550 Pellethane 

sample C-C C-N C-0 coox COOH 
(ionized) 

AA-grafted 550 (pH>pKa) 73.2 -- 9.4 14.9 2.5 
AA-grafted 550 (pH<pKa) 69.6 -- 8.3 0.7 21.4 

Surface analysis by means of X-Ray Photoelectron Spectroscopy confirmed the 

difference in chemica! state of the carboxylic acid group dependent on the pH as 
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well. In the tables below (Tables 1-A,B) the results of the XPS analysis of acrylic 

acid grafled 550 are displayed. 

After overnight immersion in PBS at pH=7.4 (pH>pKa) the carboxylic acid groups will 

be largely ionized (about 90% at 1 pH-unit above pKa). This is confirmed by the 

presence of sodium (Table 1-A) and the prevalenee of the COOX chemica! state 

(Table 1-B). Contrarily, after the immersion in the pH=3 tartrate buffer (pH<pKa) the 

carboxylic acid groups are hydrogenated and thus capable of forming said dimer

configuration. The hydrogenated state is confirmed by the absence of sodium (Table 

1-A) and the prevalenee of the COOH chemica i state (Table 1-B). 
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Figure 1. FT-IR spectra of acrylic acid grafled 550 . Pellethane treated either at pH>pK. or at 
pH<pK.; the 1700 cm·1 peak is representative for carboxylic acid in dimer configuration, whereas the 
1560 cm·1 peak is representative for ionized carboxylic acid. 

The formation of carboxylic acid dimers induces a "cross/inking" of the surface graft 

matrix; this crosslinking makes the matrix impermeable for medium-sized to large 

(even polycationic) molecules. This was demonstrated in a study in which the effect 

of the pH on the loading of the antimicrobial drug gentamicin was investigated. lt 

was observed that a strongly anionic surface graft could be manipulated such that a 

polycationic compound as said gentamicin could be prevented to enter the polymerie 

matrix of the surface graft. As demonstrated in Figure 3, when the pH fa lis below the 
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pK3 of the surface graft matrix the amount of gentamicin that could be immobilized 

was drastically reduced to become zero at pH<4. 

2 

Figure 2. Reaction scheme representing the formation of carboxylic acid dimers. 

The immobilization of collagen was identified by two separate staining techniques. 

TNBS staining confirmed the presence of amine-functional groups; these groups 

were introduced only through the immobilization of collagen with its pendant 

(hydroxy-)lysine groups. The ditterenee in dye uptake with the control was obvious 

visually. Protein-staining with Coomassie Blue confirmed the presence of collagen 

as wel!. Again a visually obvious ditterenee in dye uptake as compared to the control 

was observed. 
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Figure 3. Low pH treatment of poly(acrylic acid) grafted 550 Pellethane causes formation of 
carboxylic acid dimers, and consequent intra-polymer crosslinking, by which gentamicin-loading is 
prevented. 

Additionally, the processed surfaces were examined by FEG-SEM. A scan of the 

non-treated 550 Pellethane material showed a flat material; the only irregularity 
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being an occasional speek of dust (Fig. 4a). The acrylic acid grafted material 

exhibited a permeable matrix-like structure (Fig. 4b); the surface grafting completely 

covered the underlying Pellethane substrate. Ensueing immobilization of collagen 

seemed in turn to cover the surface graft matrix with a superimposed layer. The 

velvet-like appearance of this surface layer is remarkable (Fig. 4c,d). 

Another analytica! technique that was used to confirm the immobilization of collagen 

was FT-IR spectroscopy. This technique allows for analysis of the top 0.2 - 2 1-1m 

surface layer of the processed samples. The FT-IR spectra of collagen raw materia I, 

acrylic acid grafted 550, and collagen-immobilized samples were compared. The 

spectrum of the collagen-immobilized sample obviously contained features of bath 

the acrylic acid graft and the collagen raw material (Fig. 5). Most characteristic was 

the rise of the collagen-related peaks at approximately 1535 cm-1 and 1660 cm-1; 

this evidently confirmed the presence of collagen in the surface top layer. 
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Figure 4. FT-IR investigation of collagen-immobilized 550 Pellethane; features from both the 
acrylic acid grafled 550 Pellethane as from the collagen raw material are evident. The appearance of 
peaks at 1660 cm-1 and 1535 cm·1 confirms the presence of collagen in the approximate 2 iJm top
layer. 
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Figure 5. 

FEG-SEM surface analysis. 

a: control 550 Pellethane (1000x magnification at 2.0 kV); the only irregularity is an occasional 
speek of dust. 

b: acrylic acid grafled 550 Pellethane (1000x magnification at 2.0 kV); the surface grafting 
process has provided the 550 Pellethane with a porous matrix-like structure. 
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FEG-SEM surface analysis. 

c: collagen-immobilized 550 Pellethane (1000x magnification at 2.0 kV); the pores of the 
underlying surface graft matrix seem largely covered; occasionally, salt deposits can be seen 
(S) 

d. at larger magnification (5000x at 2.0 kV), the collagen-layer unveils a beautiful velvet-like 
configuration; salt deposits are much more obvious. 
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Surface analysis by means of XPS allows for quantitative elemental analysis of the 

15 to 100 A top layer, dependent on the take-off angle. At first, the XPS a na lysis 

was performed at a 35° take-off angle, which accounts tor an approximate 3.0 nm 

analysis depth. 

Table 2: Surface composition (in atom%) of surface-immobilized collagen; a comparison 
with crude collagen 

sample carbon oxygen nitrogen silicone 

collagen reference 69.1 17.5 11 .7 1.8 
collagen immobilized 67.9 18.9 11 .8 1.4 

With XPS analysis it was found that the collagen had been coupled well to the 

surface graft matrix. The immobilized collagen and collagen reference spectra were 

very similar, as is displayed in the Tables 2 and 3. This indicates that the surface top 

layer (30 A) primarily consists of collagen. 

Subsequently, variation of the take-off angle was performed; by variation of the take

off angle the analysis depth can be varied, and thus more information could be 

obtained regard ing the thickness of the collagen top layer. 

Table 3-A: 

Table 3-B: 

Carbon chemica! states (in%) of surface-immobilized collagen; a comparison 
with crude collagen 

functional collagen collagen 
grouping reference immobilized 

C-C 47 48 
C-N 23 24 
C-0 12 11 

N-C=O 13 17 
0-C=O 5 --

Oxygen chemica! states (in%) of surface-immobilized collagen ; a comparison 
with crude collagen 

functional collagen collagen 
grouping reference immobilized 

C=O 39 35 
NH-C=O 38 38 

C-OH 17 23 
H20 6 4 
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The covalent surface-immobilization of collagen. 

Nitrogen chemica! states (in %) of surface-immobilized collagen; a comparison 
with crude collagen 

functional collagen collagen 
grouping reference immobilized 
NH-C-0 70 77 
-C-NH-C- 30 23 

Tables 4 and 5 list the surface composition and the derived chemica! functionalities 

of collagen-immobilized samples as a tunetion of the analysis depth. The XPS 

results are depicted graphically as well (Fig . 6a-c). 
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Figure 6. XPS-studies on collagen-immobilized 550 Pellethane; change in chemica! 
composition with surface depth. 

a: The oxygen (•) and nitrogen-content (.A.) decrease towards the outer surface; especially in 
the top 30 A. the nitrogen-content drops more steeply. 

b: Analysis of the surface's chemica! composition with respect to the carbon state shows that 
carboxyl-functionality (0) became significant only below 60 A. lt further shows that the surface 
is enriched in C-C I C-H bonding(.A.). 

c: Analysis of the surface's chemica! composition with respect to the oxygen chemica! state 
shows the presence of water (x) at all depths. 11 further shows that the surface is enriched in 
C-OH bonding (.A.) 
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Major changes were detected in the 7 nm surface top layer. Bath oxygen and 

nitrogen decrease towards the outer surface, especially from 3 nm depth outwards, 

whereby the nitrogen concentration drops more steeply (Fig. 6a). 

Table4: Surface composition (in atom%) of collagen-immobilized 550 Pellethane as a 
tunetion of the a na lysis depth 

take-off a na lysis carbon nitrogen oxygen silicone 
angle depth (Á) 

15° 15 71.4 9.1 17.3 2.2 
35° 30 67.9 11 .8 18.9 1.4 
90° 70 64.9 13.6 20.7 0.7 

In Table 5 the derived chemica! functionalities are displayed. The outermost surface 

carbon is enriched in C-C, C-H and C-O(H) bonding. The nitrogen is enhanced in C

NH-C bonding and the oxygen is enriched in C-OH bonding. This suggests that the 

collagen amino acids profine and hydroxyproline are likely to be present in increased 

concentrations at the outermost surface. The latter observation suggests that the 

collagen-immobilization is accompanied by a reorientation of the collagen molecules. 

The effect this may have on biologica( performance is not known and needs to be 

determined. 

Table 5-A: Carbon chemica! stales (in %) of collagen-immobilized 550 Pellethane as a 
tunetion of the a na lysis depth 

analysis depth C-C I C-H C-N C-0 N-C=O 0-C=O 
(À) 
15 53 18 14 15 --
30 48 24 11 17 --
70 41 22 16 17 5 

collagen reference 47 23 12 13 5 

Table 5-8: Oxygen chemica! states (in %) of collagen-immobilized 550 Pellethane as a 
tunetion of the analysis depth 

analysis depth C=O NH-C=O C-OH H20 
(Á) 
15 21 36 36 6 
30 35 38 23 4 
70 38 37 21 4 

collagen reference 39 38 17 6 
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The covalent surface-immobi lization of col lagen. 

Nitrogen chemical states (in %) of collagen-immobilized 550 Pellethane as a 
tunetion of the analysis depth 

analysis depth NH-C=O -C-NH-C-
(Á) 
15 77 23 
30 77 23 
70 92 8 

collagen reference 70 30 

Carboxyl functionality became significant below 60 À (0-C=O; Fig. 6b); collagen 

reference material exhibited a similar concentration of carboxyl functionality to that 

found on the collagen coating at deepest analysis depth, i.e., 70 À. These findings 

suggest that with increasing analysis depth an intermediate layer consisting of a 

blend of collagen and poly(acrylic acid) chains will be found, that gradually increases 

in poly(acrylic acid) content until the primary acrylic acid based surface graft is 

retrieved again. At present, the thickness of this intermediate blend-like layer is not 

known. 

lnteresting was the observed presence of water at all depths (Fig. 6c). The absolute 

water concentration appears to stay constant with depth, indicating that it is an 

integral part of the collagen structure. 

In addition to the hitherto described surface analysis techniques high mass resolution 

ToF-SIMS was also used to investigate the surface of processed collagen

immobilized samples. In time-of-flight secondary ion mass speetrometry a sample 

surface is bombarded with a primary beam of energetic particles, normally ions. This 

results in the emission of a range of secondary particles, including positively and 

negatively charged atomie and molecular species. These secondary ions are 

subsequently mass analyzed to provide elemental and detailed chemica! structure 

information. 

The results confirmed the presence of a collagen top layer, as the sample spectra 

displayed a rich array of N-containing signals. In addition to non-specific 

peptide/protein characteristics, the spectra exhibit rich arrays of N-containing signals 

which are more diagnostic of particular amino acid residues. The collagen top layer 

displayed an outermost surface chemistry which differs to that of the collagen 
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reference. While N-containing species are clearly present, there appears to be a 

higher relative proportion of species containing C/H and C/H/0 for the collagen 

coating compared to the collagen reference. This indicates either an incomplete 

collagen top layer or a very thin collagen top layer, or some reorientation of the 

collagen molecules due to the immobilization. While the farmer suggested 

explanation can definitely be defied as demonstrated with SEM, the latter two are in 

agreement with the results of the XPS analysis that was performed a lso. 

Table 6 shows that the surface concentratien of hydroxyproline relative to all of the 

other amino acid residues is enhanced with surface-immobilized collagen with 

respect to the reference. The table also indicates, for surface-immobilized collagen, 

a relative surface enhancement of the praline residue with respect to some of the 

other amino acid components. These observations are in agreement with the XPS 

findings, in which the amino acid residues praline and hydroxyproline also were 

determined to have increased concentrations at the surface. 

Table 6: ToF-SIMS a na lysis of surface-immobilized collagen - comparison of relative 
intensities of positive ion peaks. 
{normalised to profine fragment at nomina/ mlz 70} 

collagen reference collagen immobilized 

accurate mass relative (tentative) acurate mass relative 
measurement intensity peak assignment measurement intensity 

(m/z) (m/z) 

58.0305 2.7 glycine 58.0314 3.2 
[NH2CH2CO+I 

70.0673 100.0 proline 
C4H8N+ 

70.0672 100.0 

84.0459 10.5 glutamic acid 
[CH2=CHCH(NH2)CO•I 

84.0456 10.6 

86.0632 14.4 hydroxyproline 86.0637 21.7 
C4H8NO• 

86.0994 21 .1 leucine I isoleucine 
[(CH3hCHCH2CHNH2 •1 

86.0993 9.7 

120.0829 6.8 phenylalanine 120.0834 4.0 
[(CsH5)CH2CH=NH2 •1 

136.0791 1.5 tyrosine 
[HO(C6H4)CH2CHNH2 •1 

136.0777 0.7 

in vitro collagen digestion 

Collagen-immobilized samples were subjected to bacterial collagenase to analyze 

the stability of the collagen top layer. FT-IR spectroscopy was used to monitor the 
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digestion; hereto the ratio of the 1700 cm·1 peak (C=O stretch of carboxylic acid; 

identifier for the acrylic acid graft) and the 1635 cm-1 peak (C=O stretch of amide; 

identifier for collagen) was determined at each time point. The results are depicted in 

Figure 7. Whereas the first 30 minutes did show a drastic decrease of the 1635 cm·1 

peak intensity, thereafter the signal remained about constant. These findings 

suggest that only loosely bound (adsorbed) collagen was removed trom the surface. 

After 7 days of digestion, the collagen-immobilized surfaces still demonstrated a 

significantly higher Coomassie Blue uptake and TNBS uptake. These findings also 

confirmed that collagen was not completely digested trom the surface. 
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Figure 7. In a single experiment the profile of the in vitro collagenase di~estion of collagen
immobilized 550 Pellethane was determined (collagenase concentration: 33 U/cm ; 37°C). Hereto the 
change in the peak-ratio 1705/1635 cm·1 was menilored by FT-IR spectroscopy; respective values for 
collagen raw material (•} and the acrylic acid surface graft (e) were determined as well. 

DISCUSSION 

The fascination tor utilization of collagen orinates from the fact that collagen 

materials promate a favorable tissue response. They provide a more physiological, 

isotropie environment that has been shown to promote the organization of different 

cell types into three-dimensional tissue-like structure [18, 19]. lmplant studies have 

demonstraled that collagen-immobilization promotes favon:ible inlegration of 

tissue(s) with the implanted material [13-15]. 
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Ou ring the last half of the ?Os, Shimizu and coworkers reported a methad for coating 

synthetic polymers with collagen [20]. Their process involved a physical deposition 

of (telopeptide-poor) collagen, in such a way that a laminar material results. About 

ten years later lkada and coworkers introduced a methad for covalently coupling 

collagen to synthetic polymer substrates [21]. Their methad involves graft 

polymerization of acrylic acid, after which collagen was covalently coupled to the 

grafted poly(acrylic acid) chains. They claimed their methad to be better than 

Shimizu's because of the covalent, and thus stabie immobilization of the collagen; 

whereas Shimizu's materials were prone to delamination in a moisture-abundant 

environment [14]. 

We have developed a process that, similar to the methad of lkada and coworkers, 

involves the coupling of collagen to an acrylic acid based surface graft matrix. 

However, while their surface modification involves the generation of a blend-like 

matrix of collagen and poly(acrylic acid) chains (Fig. 8a), we have developed a 

process that allows coupling of the collagen strictly limited to the outer layers of the 

surface graft (Fig. 8b). 

The main ditterenee is the employed low pH immersion in our process. This step 

provakes the formation of carboxylic acid dimers, and consequent intra-polymer 

crosslinking. The bond strength of acetic acid dimers is approximately 55-60 kJ/mol 

(gaseous state) [22]; this indicates that intra-polymer crosslinking is of rather 

significant strength. The formation of intra-polymer crosslinks is characterized by an 

obvious sticky feel of the surface grafted materiaL This feature of the acrylic acid 

based surface graft is utilized to strongly reduce the permeability I accessibility for 

medium-sized to large, even polycationic, compounds. By continuatien of coupling 

reactions at a pH below pK3 , coupling is restricted to the outer layers of the graft 

matrix. Thus a thin sheath of collagen is coupled, enclosing the primary surface graft 

matrix. 

The processed materials were extensively analyzed to confirm the proposed surface 

model (Fig . 8b). The surface analysis ranged from qualitative findings from staining 

and SEM-analysis, to the quantitative results of XPS and ToF-SIMS. 

XPS surface analysis demonstraled the presence of a discrete collagen top layer of 

at least 70 Ä thickness. Since at a depth of 60 Ä the concentratien of carboxyl 
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functionality started to increase progressively, it is assumed that with increasing 

depths the collagen layer will start to lose its integrity and will shift into a blend of 

collagen and poly(acrylic acid). At present, precise information on the composition of 

the surface below 70 Ä, and for instanee the thickness of said blend-like layer, is not 

known. 

collagen 
B 

graned pAA chains 

synthetic substrate 

Figure 8. 

a: Model illustrating the surface architecture after collagen-immobilization through grafted 
poly(acrylic acid) chains according te the methad of lkada and co-werkers. {modified trom 
{23]} 

b: Model illustrating the surface architecture after collagen-immobilization through grafted 
poly(acrylic acid) chains according to the authors' method. 

Covalent immobilization of the collagen repressed total digestion of the collagen 

interface. The collagen digestion was foliowed in time by means of FT-IR; the ratio of 

the 1705 cm-1 peak intensity (characteristic for acrylic acid-based surface graft) to 

the 1635 cm-1 peak intensity (characteristic for the collagen top-layer) was taken as 

the measure for evaluating the collagen-stability. A rather rapid digestion was seen 

in the initia! stage; thereafter, part of the collagen seems to remain undigested, as 

also confirmed by Coomassie Blue staining. These results are in agreement with the 

findings of Okada and lkada [23]. With their collagen-immobilized surfaces they 
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found that about 40% of the immobilized collagen remained unattacked when 

subjected to in vitro enzymatic hydralysis for 7 days. 

The primary surface graft matrix is encapped by a thin collagen sheath; after 

implantation this collagen sheath will form the intermediate between the implant 

material and the host tissues. lmplant studies need to be performed to establish the 

elicited tissue response, and to demonstrate whether collagen-immobilization is a 

valid approach with regard to enhancing the infection-resistance of the implanted 

materiaL The hypothesis is that the collagen eneaurages rapid colonization and 

integration of the implant interface with tissue cells; if true, the implant surface wil I be 

protected from bacterial colonization [12]. A recent report confirmed this hypothesis 

[24]; with a percutaneous device, it was found that collagen-immobilization enhanced 

the tissue adhesion and prevented epidermal downgrowth. Consequently, the 

device-related infection incidence was drastically reduced. 

The key feature of the developed collagen-immobilization process is that it permits 

for additional use of the underlying surface graft matrix as a drug reservoir. Coupling 

of pharmaceuticals may be achieved by simple ionic attraction of the desired 

pharmaceutical drug. Ensuing drug release then also will be achieved by a ion

exchange mechanism. Thus the resultant material exhibits a duplicate activity for 

impravement of the in vivo performance of the implanted materiaL The collagen

interface will interact with the surrounding tissue(s) to provide a favorable tissue 

integration. Via additional release of pharmaceuticals specific desired body 

mechanisms may be activated, or, in the case of antimicrobials, a protective mode of 

action is exhibited during the initial vulnerable period befare the implant interface is 

stabilized and when random colonization by bacteria might occur. 

The latter needs further investigation. Figure 9 depiets a schematic representation of 

this proposed "bi-biofunctiona/" surface. 
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t 0 
~ t ~ 

t ® ~ 
® - pharmaceutical drug 

t l) 

t ® ® ® 
bioactive sheath, 
e.g., collagen 

- grafled pAA chains 

- synthetic substrata 

Figure 9. Schematic representation of the "bi-biofunctional" surface; the material exhibits a 
bioactive sheath that interacts with the surroundings, whereas releasing pharmaceuticals act on the 
surroundings. 
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Chapter 6. 

A study on the development of materials with enhanced 

infection resistance aimed at cardiovascular applications. 

Abstract: Presently, there is no clear picture of the relationship between blood-

material interactions and infection. lt is assumed that surface-adherent thrombi are 

related to the development of device-centered infections. Surfaces that prevent 

coagulation thus may show an enhanced infection-resistance. Surface-immobilization 

of heparin has been shown to enhance the thromboresistance of otherwise 

thrombogenic materials. With regard to material-associated infections heparinization 

may thus be beneficia!. 

In this chapter a surface modification technique is disclosed that combines surface 

heparinization with additional antimicrobial release. The underlying concept is that the 

antimicrobial release will proteet the surface in the initially vulnerable period. when 

random colonization of the surface by microorganisms may occur. 

The surface modification camprises the covalent coupling of heparin, through a 

polyamine intermediate, to an acrylic acid based surface graft. lt is demonstraled that 

the additional heparinization does nol significantly affect the antibacterial features of 

the primary surface grafled material; in addition, it is demonstraled that gentamicin

loading of the heparinized material does not deteriorate the achieved hemocompatible 

properties. In view of these results it was concluded that the previously introduced 

concept of the "bi-biofunctional surface" was proven in this study. 
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INTRODUCTION 

Medical devices in which blood is exposed to foreign materials for varying periods of 

time are applied in an increasing number of therapies. When a material is exposed 

to blood deposition of plasma proteins on its surface is the very first event taking 

place. The nature of the surface-adsorbed protein layer depends on the surface 

properties of the material [1 ,2]. In turn, the deposited protein layer largely 

determines the extent of the following blood-material surface interactions to occur; 

i.e., it may be pro- or anticoagulant, pro- or antithrombotic, and pro- or antiadhesive 

tor bacteria [3,4]. 

There is no clear picture on the relationship between these blood-material 

interactions and infection [3,5,6]. lt is generally assumed that thrombosis is related 

to the development of device-centered infections [7] ; since staphylococci can bind to 

platelet-fibrin thrombi [8], surfaces that diminish coagulation may thus be less 

susceptible to infection. In that respect, surface heparinization may be an 

appropriate approach as it has been demonstrated to alter thrombogenic materials 

in such a way that they become thromboresistant. The thromboresistance of such a 

surface is the result of an accelerated inactivation of the blood coagulation 

proteases thrombin and Factor Xa by antithrombin bound to the immobilized heparin 

[9]. 

The aim of the present study is to combine surface heparinization with additional 

antimicrobial release. Antimicrobial release will proteet the surface in the initially 

vulnerable period, when random colonization of the surface may occur. The 

immobilized heparin must proteet the surface from adherent thrombi, and thus limit 

formation of niduses for bacterial adhesion. The surface modification technique is 

based on the previously disclosed techniques for controlled gentamicin release [1 0], 

and covalent immobilization of collagen [11]. The acrylic acid based surface graft is 

used as the drug-reservoir, while a covalently coupled heparin top-layer encloses 

the base graft. In this study it is investigated on the one hand whether additional 

heparinization lewers the bactericidal features of the base material; on the other 

hand, it is investigated whether gentamicin-loading does not decrease the 

hemocompatibility of the heparinized mate rial. 
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MA TERIALS AND METHOOS 

Ceric ion initialed surface graft copolymerization 

Polyurethane (PU) film material was made from 2363-55D Pellethane® resin (Dow 

Chemica!, Midland, MI, USA) by Medtronic Prameon (Minneapolis, MN, USA). 

Pellethane 55D films were ultrasonically cleaned in IPA for 15 minutes prior to the 

ceric ion initiated surface grafting. lmmediately after the IPA-cleaning samples were 

dried in a forced air oven at 50-60°C for approximately 5 minutes. 

Meanwhile, an aqueous grafting salution was prepared that was composed of 40 wt% 

total monomer concentration, containing acrylic acid monomer (AA; Aldrich Chemie, 

Bornem, Belgium; purified by conventional distillation) and acrylamide monomer 

(AAm; 99+% electrophoresis grade; Acros Chimica, Geel Belgium); weight fraction 

acrylic acid XAA=0.7, 6 mM of ceric ammonium nitrate (CAN; Merck-Schuchardt, 

Darmstadt, Germany) and 0.06 M nitric acid (HN03; Merck-Schuchardt). 

Grafted samples were prepared by positioning the cleaned and dried samples in an 

appropriate volume of the grafting solution. Grafting was allowed to continue for 30 

minutes at rT, while stirring the solution. 

Following grafting, the samples were rinsed in Dl watertostop the grafting processas 

well as to clean the surface graft matrix formed. Thorough clean-up of the grafted 

samples was performed in a phosphate buffered saline (PBS, pH=7.4; 0.0085 M 

Na2HP04 , 0.0015 M NaH2P04.H20 , 0.15 M NaCI; all Merck-Schuchardt) salution for 

16-18 hours. Thereafter the grafted samples again were rinsed in Dl water, after which 

the samples were dried in a forced air oven at 50-60°C for 16 hours. 

Heparin immobilization 

Befare starting the heparin immobilization, periodate oxidized heparin was prepared 

by dissolving 500 mg sodium heparin (USP grade; Dyosynth, Oss, The Netherlands) 

and 16.5 mg Nal04 (Aidrich) in 100 mi 0.05 M phosphate buffer, pH=6.9 (0.025 M 

Na2HP04 , 0.025 M KH2P04 (Merck-Schuchardt)). Periodate oxidation was performed 

for a minimum of 16 hours at rT with exclusion of light. 

Grafted films were individually immersed in 0.1 M di-sodium tartrate dihydrate (Aidrich) 

buffer, adjusted to pH=3.0 by dropwise addition of 1 N HCI, for 4 hours at rT. 

Thereafter, the films were extensively washed in Dl water, after which the films were 
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immersed in a 0.1 wt% solution of PEl (from 20 wt% aqueous solution; Bast, 

Ludwigshafen am Rhein, Germany; adjusted to pH=4.0 by dropwise addition of 1 N 

HCI), to which 0.01 M EDC (Aidrich) and 0.005 M NHS (Aidrich) were added just prior 

to immersion of the films. The coupling of PEl was allowed to proceed tor 10 minutes 

at rT after which the samples we re rinsed in Dl water. 

Heparin coupling is performed by immersing the PEI-immobilized films in a pre

warmed (50°C) solution of periodate heparin, consisting of 40 mi 0.4 M acetate buffer 

(pH=4.66; 0.2 M sodium acetate, 0.2 M glacial acetic acid (bath Aldrich)), 40 mi Dl 

water, and 20 mi periodate heparin stock solution, after which 0.01 g NaCNBH3 

(Aidrich) is added, while stirring . Heparin coupling is allowed to proceed tor 60 

minutes, after which the heparin coupling is repeated with fresh heparin salution for 

another 60-120 minutes. 

After heparin coupling the films are extensively rinsed in Dl water; rinsed in 1 M NaCI 

tor 30 minutes, after which the films again are extensively rinsed in Dl water. Finally, 

the samples are dried at rT by air exposure. 

Staining techniques 

Ponceau S (Aidrich) staining is performed by immersing a representative piece of 

material into a 0.1 N glacial acetic acid I 0.2 wt% PS solution tor 3-5 minutes. 

Thereafter the sample is extensively rinsed in Dl water, and dried by air exposure. The 

dye uptake is examined visually. 

Toluidine Blue 0 (Aidrich) staining is performed by immersing a representative piece 

of material into a 1 M NaHC03 (Aidrich) I 0.2 wt% TB solution for 3-5 minutes. 

Thereafter the sample is extensively rinsed in Dl water, and dried by air exposure. The 

dye uptake is examined visually. 

Gentamicin toading of surface grafted, heparinized samples 

The surface grafted, heparinized samples were immersed in a 0.01 M MES (Aidrich) 

buffered aqueous solution, adjusted to pH=6.0 by dropwise addition of 1 N NaOH, for 

30 minutes. The surface grafted samples were then immersed in a 0.01 M MES 

buffered aqueous solution of gentamicin sulfate (Sigma Chemie, Bornem, Belgium), 

adjusted to pH=6.0 by dropwise addition of 1 N NaOH. The buffered gentamicin 

sulfate solutions typically contained 0.5 mglml gentamicin base. The sample 
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immersion lasted 30 minutes; a volume to surface ratio of 2:1 (ml:cm2) was used for 

the gentamicin loading process. Upon completion of the immersion, the samples were 

removed, rinsed for 5-10 seconds in Dl water, allowed to dry at rT by air exposure, 

and stored. 

Quantitative analysis of gentamicin in aqueous solutions 

Gentamicin containing aqueous solutions, standards as well as samples, were 

analyzed by means of a TNBS-assay modified trom Snyder and Sobocinski [12]. 

Gentamicin containing solutions were adjusted to pH=9.0 by addition of 0.1 1\11 di

sodium tetraborate decahydrate (Merck-Schuchardt), after which 25 ~-tl 0.03 M 

aqueous TNBS (trom 1 M solution; Fluka, Buchs, Switzerland) was added per mi of 

sample-solution. The TNBS derivatization reaction was allowed to praeeed for 25-30 

minutes at room temperature, after which the absorbance at 415 nm was measured, 

while 595 nm was used as the reference wavelength. 

Quantitative a na lysis of gentamicin-loaded films 

The gentamicin solutions used for loading the surface grafted samples were analyzed 

fortheir gentamicin content by the TNBS-assay. The difference in gentamicin content 

befare and after sample immersion was determined and used as measure for the 

amount of gentamicin loaded. The amount of gentamicin loaded was typically 

expressed as 1-19/cm2. 

Determination of gentamicin release profile 

Surface grafted, heparinized 550 Pellethane samples were prepared and gentamicin 

loaded. Gentamicin release was performed by immersion of gentamicin loaded 

samples in phosphate buffered saline (PBS, pH=7.4) at 37°C; a volume-to-surface 

ratio of 1:1 (ml:cm2) typically was used throughout the experiment. At desired 

timepoints the samples were withdrawn trom the salution and immersed in fresh PBS. 

Salution samples were analyzed for their gentamicin content by means of the TNBS

assay. 

Surface analysis 

All FT-IR analyses were carried out on a BioRad Digilab FTS-60 spectrophotometer 

equipped with a vertical-A TR device; a germanium crystal was used as the internal 

reflection element under a 45° endface angle. 
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After the sample materials were sputter-coated with gold (2-4 nm; Edwards S1508 

sputter coater), evaluation of the materials by Electron Microscopy was carried out 

on a JEOL JSM 6400 Scanning Electron Microscope (SEM), operated at 15 kV. 

X-Ray Photoelectron Spectroscopy (XPS) was performed at the Center for.Surface 

and Material Analysis (CSMA Ltd., Manchester, UK). All XPS experiments were 

performed using the Fisons (VG) Surface Science lnstruments M-Probe XPS 

instrument, with variatien in take-off angle (TOA) and using 200 W monochromatized 

Al Ka X-rays focused into an elliptical spot size of 400 ~m x 1000 ~m . Survey scan 

analysis and high resolution analysis of C 1s, 0 1s and N 1s regions were recorded. 

All spectra are referenced to the C 1 s peak at 285.0 eV binding energy. Composition 

tables were derived for each surface by peak area maasurement foliowed by the use 

of Secfield sensitivity factors. High-resalution data were subject to linear background 

subtraction prior to peak synthesis using the instrument software. 

Evaluation of in vitro antibacterial activity of gentamicin loaded samples 

A strain of Staphylococcus aureus (code PW230693}, obtained from an actual 

electrode-associated infection, is used for the antibacterial activity testing. This strain 

was determined to be gentamicin-sensitive. 

Surface grafted, heparinized 550 Pellethane samples were prepared and gentamicin 

loaded. The samples were routinely sterilized by exposure to ethylene oxide. The 

antibacterial activity was determined by a "zone-of-inhibition" test. A lsosensitest agar 

plate (Oxoid Ltd., Hampshire, UK) was seeded with bacteria, for which typically a 

suspension of± 104 S. aureus I mi saline was used. Subsequently, the test materia Is 

were applied (8mm discs); Genta-neo-sensitab (Rosco Oiagnostica, Taastrup, 

Oenmark), a gentamicin-loaded tablet, was used as the positive controL Surface 

grafted, heparinized samples without gentamicin were applied as negative controls. 

Subsequently, the agar plate was incubated overnight at 37°C. The following day the 

plate was removed from the incubator and the bacteria free zone around each sample 

was determined. The regionsof bacterial growth and inhibition are obvious visually. 

Evaluation of in vitro cytotoxicity of gentamicin loaded samples 

Surface grafted, heparinized loaded 550 Pellethane samples were prepared and, if so 

desired, gentamicin loaded. The samples were routinely sterilized by exposure to 
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ethylene oxide. The cytotoxicity was determined according to the method of Van Luyn. 

In short, this method involves a 7 days exposure of the test material (8 mm discs) toa 

methylcellulose culture of human fibroblasts; this test method has been reported to be 

more sensitive than the established test methods, i.e. , agar-overlay test and filter 

ditfusion test [13]. 

Thrombin-Antithrombin /IJ complex (TA T) generation assay 

Surface modified samples were folded in the well of a 24-well microplate, such that the 

the container walls were completely covered with the test sample. At first, the surfaces 

were incubated with isotonic saline solution for 1 hour. Thereafter, the samples were 

exposed to 1.5 mi of heparinized (1 lU/mi) fresh human blood. The exposed surfaces 

were incubated for 90 minutes at 37°C. Typically, the blood was assayed for 

generated TAT-complex according to the protocol provided with the reagent-kit for the 

determination of human thrombin/antithrombin 111 complex (Enzygnost® TAT micro; 

Behringwerke AG Diagnostica, Marburg, Germany; product no. OWMG 15). In short, 

after incubation blood is withdrawn and added into microtiter plate wells that were 

coated with the antibody against thrombin; TAT present in the sample then binds to 

said antibodies. In a second reaction, peroxidase-conjugated antibodies to human 

ATIII are bound to the ATIII of the complex. Thereafter the chromogen o

phenyldiamine hydrachloride is added and then hydrogen peroxide. The enzymatic 

reaction between hydrogen peroxide and chromogen is terminated by the addition of 

dilute sulphuric acid, after which the absorbance is read at 492 nm. 

Elastase generation assay 

Surface modified samples were folded in the well of a 24-well microplate, such that the 

the container walls were completely covered with the test sample. At first, the surfaces 

were incubated with isotonic saline solution for 1 hour. Thereafter, the samples were 

exposed to 1.5 mi of heparinized (1 lU/mi) fresh human blood. The exposed surfaces 

were incubated for 90 minutes at 37°C. Typically, the blood was assayed for 

generaled elastase according to the protocol provided with the reagent-kit for the 

determination of PMN elastase (Merck, Darmstadt, Germany; product no. 12589). In 

short, after incubation blood is withdrawn and added into microtiter plate wells that 

were coated with the antibody against human granulocytic elastase; the PMN 
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elastase-a 1 Proteinase Inhibitor complex present then binds to said antibodies. In a 

second stage antibodies marked with alkaline phosphatase are added, which bind to 

the a 1 PI end of the complex. Thereafter the chromogen 4-nitrophenyl phosphate is 

added. The enzymatic reaction is terminated by the addition of NaOH, after which the 

absorbance is read at 405 nm. 

Removing non-bound heparin using rotating disk device 

For this purpose a special apparatus was constructed consisting of a drive mechanism 

(DC motor), shaft (capable of being moved up and down), disk holder, disks, and 

reaction vessel (see Fig. 1). The disk holderand reaction vessel (1.5 or 3 mi) were 

designed in such a way that the flow-pattern in the neighborhood of the disk (1.13 

cm2) was perpendicular to the surface [14]. 

Heparin release was performed under flow conditions at the surface of a disk that was 

mounted on the end of a shaft and continually spun at rT in 3 mi HEPES buffer (20 

mM HEPES, 190 mM NaCI, 0.5 mg/ml bovine serum albumin, pH=7.5, and 1=0.20). 

This step was repeated until no heparin activity could be detected (less than 0.01 

mU/ml) in the rinsing solution. 

--- Demotor 

Figure 1. Schematic drawing of the rotating disk device. The disk holder and reaction vessel 
were designed as to have a controlled, perpendicular flow at the disk interface. 

Preparatien human Factor Xa and antithrombin 

Human Factor Xa and antithrombin were prepared as reported by Schoen and 

coworkers [15]. Thrombin was isolated by chromatography of prothrombinase

activated human prothrombin [16] on sulfopropyi-Sephadex (Pharmacia, Uppsala, 

- 156-



Development of materials with enhanced infection resistance aimed at cardiovascular applications. 

Sweden) at pH=7.4 [17]. The molar concentrations of the thrombin and Factor Xa 

preparations were determined by active site titration with p-nitrophenyl p'

guanidinobenzoate hydrochloride [18, 19]. The molar concentratien of antithrombin 

preparations was determined by titration of Factor Xa [15]. The Factor Xa, thrombin, 

and antithrombin preparations were stored in 50 mM TRIS-HCI (pH=7.9) containing 

175 mM NaCI, at -70°C. 

Assay of functional heparin in salution 

Samples were incubated at 37°C with 15 nM thrombin and 400 nM antithrombin in 

HEPES buffer (20 mM HEPES, 190 mM NaCI, 0.5 mg/ml bovine serum albumin, 

pH=7.5, and 1=0.20). At timed inteNals the solution was assayed for residual thrombin 

activity. Hereto, aliquots (1 0 Jll) were added to cuvettes containing 490 Jll of a 0.2 mM 

S-2238 solution in 0.05 M TRIS-HCI, 0.175 M NaCI, 20 mM EDTA, and 0.5 mg/ml 

bovine serum albumin, pH=7.9, at 37°C. The change in the optical density, as a 

consequence of the thrombin mediated cleavage of the chromogenie substrate S-2238 

(Chromogenix, Mölndal, Sweden), yielding free p-nitroanilide, was measured at 405 

nm (sample wavelength), whereas 505 nm was used as the reference wavelength. A 

calibration cuNe was constructed from known amounts of thrombin. 

The rate constant of inactivation of thrombin was calculated from the semilogarithmic 

plot of thrombin activity versus time. This rate constant increases proportionally with 

the heparin concentratien in the test sample. Reference cuNes were constructed from 

known amounts of the Fourth International Standard for Heparin (195 U/mg; National 

lnstitute for Biologica! Standards and Control, London, UK). 

Platelet adhesion to surface-modified materials 

Surface modified samples were folded in the wellof a 24-well microplate, such that the 

the container walls were completely covered with the test sample; thus the test 

medium, citrated platelet-rich plasma (PRP), was not in contact with the container. The 

surface to volume ratio (3.2 cm2 I 250 ]J.I) was kept constant for all tests. After 30 

minutes of incubation at 37°C, the exposed surfaces were carefully rinsed with 3 times 

0.5 mi of PBS. The numbers of platelets deposited on to the polymer surfaces were 

quantified by measuring the amount of lactate dehydrogenase (LDH) released after 

the platelet membrane is destroyed with a detergent. The assay kit for LDH was 
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supplied by Boehringer Mannheim, Germany (product no. 543047). Typically, the 

assay was performed according to the protocol provided with the assay kit. In short, 

washed polymer surfaces we re incubated with a salution of NAOH (240 ~M) and 1% 

(v/v) Triton X1 00 for 30 seconds, after which pyruvate (0.5 mg/ml) was added. The 

rate of decrease of NAOH as a measure for the amount of LOH was monitored at a 

wavelength of 340 nm at rT. A calibration curve was constructed from LOH 

measurements under identical conditions using PRP with known amounts of platelets. 

Determination of clotting time 

Surface-modified samples were folded in the wells of a 24-well microplate. Citrated 

PRP (240 iJ.I) was added and incubated for 30 minutes at 37°C. Clotting was started 

by the addition of 10 ~I 0.5 M CaCI2. Samples (2 ~I) we re taken at timed intervals and 

assayed for thrombin (see above). The change in absorbance was monitored at 405 

nm, whereas 505 nm was used as the reference wavelength. The time at which the 

peak onset appears was taken as the clotting time. 

RESULTS 

Heparin immobilization. 

Surface staining techniques were done to verify whether surface reactions were 

succesfully performed. First, appropriately sized samples were PS-stained after PEI

coupling; uptake of the anionic dye Ponceau S is indicative for the presence of PEl. 

The grafted surface by itself was used as the controL The ditterenee in dye-uptake 

was obvious visually. To demonstrate that the PEl was covalently coupled, a sample 

was immersed in 1 wt% aqueous SOS for 3 days at 60°C; because of the streng 

interaction between PEl and SOS, loosely bound PEl will be desorbed from the 

surface. The control surface had been exposed to PEl in the absence of the coupling 

reagents EOC and NHS, so that in this case presence of PEl could only be accounted 

for by simple adsorption. While befare SOS-treatment the ditterenee in PS-uptake 

between the two materials was not that notable; after SOS-treatment the sample with 

adsorbed PEl did not show any PS uptake anymore. Contrarily, the sample with 

covalently immobilized PEl did not show significant alteratien from the original dye 

uptake. 
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Figure 2. 

SEM surface analysis (500x magnification at 15 kV) 

a: acrylic acid (XAA=1) surface grafled 550 Pellethane411 showing the typical po rous matrix-like 
structure. 

b: additional heparinization through the PEl-intermediale covers the primary surface graft with a 
thin sheath; at the introduced surface fault the matrix-like structure of the underlying surface 
graft is easily recognized. 
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After heparin coupling, representative samples were TB-stained; presence of heparin 

is denoted by a metachromatic shift from blue to violet. While the primary graft alone 

demonstrated a blueish, dark violet color after TB-exposure, the heparinized surface 

demonstrated an obvious shift to light violet. This shift in color suggests succestul 

surface-coupling of heparin. PS-uptake obviously decreased as a consequence of the 

heparin-coupling; this confirms presence of heparin as well, as coupling of heparin 

reduces the cationic nature of the surface. 

Processed samples were examined by SEM; prior to SEM analysis surfaces were 

sputter-coated with gold. The processed specimen were damaged, most likely 

because of poor drying, so that several surface taults were introduced. As luck 

would have it, these surface taults revealed a thin sheath covering the primary 

surface; at said surface fa u lts the structure of the primary surface graft matrix can be 

recognized (Fig . 2a,b). 

Samples were also investigated by means of FT-IR spectroscopy; The spectra are 

depicted in Figure 3; heparinization via the PEI-intermediate layer resulted in the 

appearance of additional peaks in the 1000-1060 cm-1 region. These peaks are 

characteristic of the S-0 stretch of the sulfur acid groups [20], in this case originating 

from the immobilized heparin molecules. The observed change in the 1530-1730 cm-

1 region can be assigned to the surface-immobilized PEl; for example, the 1560 cm-1 

peak is characteristic tor N-H (in plane) bend of amides [20]. 

Table 1-A: Surface composition (in atom%) of heparinized, acrylic acid grafted 550 
Pellethane; a comparison with acrylic acid grafted 550 Pellethane 

sample c 0 N s Si Na F 
-- - ---. 

~~·~-

AA-grafted 67.9 30.9 1.2 -- -- -- --
AA-grafted + heparinized 61 .9 25.6 7.6 2.2 2.1 0.4 0.2 

Preliminary data obtained from XPS spectroscopy confirmed the presence of 

heparin at the graft surface, by way of presence of sulphur and enrichment of 

nitrogen. In addition, significant levels of silicon contamination and traces of sodium 

and possibly fluorine were detected (see Table 1-A,B). 
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Figure 3. FT-IR spectra of acrylic acid I acrylamide (XAA=0.7) surface grafled 550 Pellethane® 
(-}, and heparinized and surface grafled (XAA=0.7) 550 Pellethane® (.);!he 1010 cm·1 and 1030 cm·1 

peaks are representative for !he S-0 stretch of !he sulfur acid groups of heparin. 

Table 1-B: Chemica! functionality (in%) of heparinized, acrylic acid grafted 550 Pellethane; 
a comparison with acrylic acid grafted 550 Pellethane 

functional AA-grafted: AA-grafted + heparinized 
grouping 

.C.-H 45.8 27.0 

Ç-N 7.o• 9.6 

Ç-0 14.7 

Ç=O I 0-Ç-0 0 7.3 

0-Ç=O 15.1 3.3 

Q=C 15.2 12.9b 

Q-C 15.7 12.7 

N (amine I amide) 0.87 4 .6 

N (protonated) 0.33 3.0 

a Combined C-0 and C-N functionality 
Also contains contributions from Si-0 and 803 groups 

In the 5-10 nm probing depth, the measured nitrogen:sulphur ratio was 

approximately 3.5:1 ; whereas in the reference sodium heparin powder previously 
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examined, the ratio was 1:2. The high ratio observed suggests that the underlying 

PEl may be visible. The amounts of protonated amine and sulphate (3.0 and 2.2 

Atom% respectively) were similar to the amounts observed in sodium heparin 

powder. 

characterization after additional gentamicin loading. 

FT-IR investigation of gentamicin-loaded samples revealed that gentamicin-loading 

primarily affects the contiguration of the carboxylic acid groups. The decrease in 

peak intensity at 1700-1730 cm-1 (Fig. 4) suggests a reduction in protonated 

carboxylic acid groups (1730 cm-1; C=O stretch of protonated carboxylic acid) and 

carboxylic acids in the dimer-configuration (1700 cm-1; C=O stretch of protonated 

and hydrogen-bonded carboxylic acid) [20]. A similar observation was made with 

gentamicin-loading of the heparinized sample. 

Table 2: Gentamicin loading capaci~ (1Jg/cm2) of surface grafted, and surface grafted + 
heparinized 550 Pellethane ; effect of graft matrix composition (n=3). 

grafted sample grafted I héparinized 
(PUg~tt) sample (PUhep) 

XAA=1 113 ± 24 108 ± 14 

XAA=0.7 38 ± 7 24 ± 5 

Additional heparin coupling did appear to slightly decrease the gentamicin loading 

capacity of the surface grafted material (Table 2). This finding may be explained by 

partial accupation of the graft matrix by the PEI-heparin layer. The observed 

decrease in gentamicin loading capacity when introducing acrylamide moieties is in 

correlation with previous results [1]. 

As depicted in tigure 5, additional heparin coupling hardly did influence the 

gentamicin release profile. After an initial burst, gentamicin progressively released 

until completion in an approximate 2 weeks timespan. The last part of the release 

profile has been extrapolated as gentamicin-levels feil below the assay's detection 

limit(< 1 IJ9/ml). 
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- acrylic acid I acrylamide surface grafled 550 Pellethane (X""=0.7) 

- acrylic acid I acrylamide surface grafled SSD Pellethane (X,v, =0. 7); gentamicin loaded 
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Figure 4. FT-IR spectra of acrylic acid I acrylamide (XAA=0.7) surface grafled 550 Pellethane® 
befere (-) and afler (•) gentamicin loading. Primarily the carboxylic acid contiguration is affected 
(1700-1730 cm·' range). 
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Figure 5. The cumuialive gentamicin release from the acrylic acid I acrylamide (XAA=0.7) 
surface grafled 550 Pellethane® substrate (•), and from the heparinized and surface grafled (XAA=0.7) 
550 Pellethane® substrate (•). {n=3;---- extrapolated} 

The antibacterial activity testing confirmed the above findings (Table 3). After the 

incubation period a zone-of-inhibition was measured that was approximately 360 

mm2 for the grafted, gentamicin loaded sample (PUGs) and 350 mm2 for the grafted I 
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heparinized and gentamicin loaded sample (PUheptGs); obviously, the non-loaded 

materials demonstrated no antibacterial activity. 

Table 3: Antibacterial activity testing of gentamicin-releasing materials; comparison 
between grafted, and grafted I heparinized surfaces (n=2). 

sample zone-of-inhibition 
(mm2) 

grafted 0 
(PUQratt) 

grafted + gentamicin 363 ± 24 
(PUGs) 

grafted I heparinized 0 
(PUheo) 

grafted I heparinized + gentamicin 347 ± 47 
(PUheotGs) 

Genta-neo-sensitab control 617 ± 63 

In vitro cytoxicity testing showed that the gentamicin-releasing materials incited only 

a slight toxicity, while the base materials showed no toxic effects at all (Fig. 6). Since 

the cells proliferated taster than usual, cell numbers were counted at day 5 instead 

of day 7. Since the decrease in cell numbers with the gentamicin-releasing materials 

was noteven 1.Qo/o.,...both materials were considered biocompatible [18]. 

20-r---------:---------------, 

15 ---. -- - ----- -- - - :------...,. ':""·;:-- ';"'...,....,. - -'"'------------

4i -10 

" 
-15 

Figure 6. Cell growth inhibition as measured aftera 5 day exposure of hu man fibroblasts to the 
various surface modified materialsin a methylcellulose culture [19]. {n=2} 

blood compatibility assays. 

The Thrombin-Antithrombin 111 (TAT-)assay (Fig. 7) demonstrated that the grafted 

material (PU9,att) generated more TAT (about 8 times) as compared to the control, 

i.e., bare PU. Additional gentamicin-loading (PUGs) reduced the TAT generation 
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compared to PUgratt• although still more TAT was generated compared to control PU. 

Heparin coupling (PUhep) reduced TAT-generation drastically, while additional 

gentamicin loading (PUheptGs) improved the results even slightly more. 

The results in Figure 8 show that surface modification per se reduced the generation 

of elastase. The elastase generation of the heparinized surfaces, PUhep and 

PUheptGS• was the lowest. In this experiment, a possible negative effect on the 

elastase generation due to gentamicin release could not be identified; while PUGs 

showed a significant increase as compared to its control (PU9ratt), gentamicin loading 

of the heparinized sample slightly reduced elastase generation (PUheptGs vs Puhep). 
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Figure 7. TAT generation (tJg/1 in plasma) as measured after exposure of heparinized fresh 
human blood to the various surfaces {n=3; 1 lU/mi heparin, 90min., 37°C}. 

Figure 8. Elastase generation (tJg/1 in plasma) as measured after exposure of heparinized fresh 
human blood to the various surfaces {n=3; 1 lU/mi heparin, 90min .. 37°C}. 

The heparinized materials demonstrated a relatively high heparin release; PUhep 

released as much as 1.127 U/cm2, whereas PUheptGs released 0.424 U/cm2• This 

may have influenced the findings in the previous experiments. The platelet adhesion 

assay, however, was performed after the heparin release was completed; thus 

interterenee of released heparin was prevented. Surface modification in general 

diminished platelet adhesion as compared to the control bare PU (Fig. 9). 

Heparinization slightly decreased the number of adherent platelets compared to the 

grafted surface; and considerably compared to the bare PU. Additional gentamicin 

loading did not alter the outcome. Surprisingly, the grafted, gentamicin-loaded 

surface (PUGs) demonstrated by far the lowest number of adherent platelets. 

The clotting time was determined after the surfaces were extensively rinsed to 

remove noncovalently bound heparin. After recalcification of the plasma, the onset 

of thrombin generation, and thus clotting, was significantly delayed for the grafted 
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(PUgraft), and even more so for both heparinized surfaces (PUhep; PUheptGs). as 

compared to the bare PU (Fig. 1 0). In contrast to the findings in the platelet 

adhesion assay and TAT-generation assay, the PUGs surface demonstrated the 

lowest clotting time. 
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Figure 9. In a single experiment the number of adherent platelets (103 platelets/cm2) to the 
various surfaces was determined spectrophotometrically by measuring the amount of LDH released. 

Figure 10. Clotting time (seconds) after exposure of recalcified citrated PRP to the various 
surfaces; spectrophotometrically determined by measuring the generation of thrombin {n=3}. 

Figure 11 shows the results of the blood compatibility assays in summary. Hereto, 

the results of the surface-modified materials were normalized with respect to the 

control bare PU. Whereas this tigure gives a quick overview of the hemocompatibility 

of each investigated material, it should be noted that the weight of each assay with 

respect to the whole is not known and thus not considered in the calculations. This 

obviously limits the validity of the assigned overall value. 

Figure 11. Summarized representation of the results of all blood compatibility assays. The results 
were normalized with respect to the control bare PU. 
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DISCUSSION 

With the increasing use of and variety in prosthetic devices in cardiovascular 

applications, the number of device-related infections grows accordingly. These 

device-centered infections, characterized by a prevalenee of staphylococcal species 

[3], are persistent and resistant to host defenses and antimicrobial therapies. Most 

aften cardiovascular implant infection necessitates remaval of the implanted device 

or prosthesis, which is an expensive and perileus remedy that requires serious 

surgery with dissectien and extirpation of the implanted materials. 

Obviously, when a prosthetic device is inserted in the cardiovascular system, the 

device is exposed to blood. When a material cantacts blood the first measurable 

response is the adsorption of plasma proteins on its surface [1 ,2]. The nature of the 

protein-layer largely determines the fate of the implanted materiaL This suggests 

that surface modification must be addressed accordingly, i.e., to achieve control on 

the protein adsorption. The surface immobilization of heparin has been applied 

successfully to improve the hemocompatibility of otherwise thrombogenic materials. 

The thromboresistance of such a surface is the result of an accelerated inactivation 

of the blood coagulation proteases thrombin and Factor Xa by antithrombin bound to 

the immobilized heparin [9]. Although in theory this may be true, recent experiments 

demonstrated that due to ditfusion limitation surface immobilized heparin most likely 

will only have a relatively small impact on deactivation of thrombin that may be 

present in the bulk blood [21] . Notwithstanding these findings, the application of 

heparinized surfaces has proven beneficia! in long-term extracorporeal circulation; 

even in the absence of systemic heparin [22,23]. Since it is believed that the 

deposited protein layer mediates subsequent events [1-4], these results suggest that 

heparinized surfaces show an enhanced thromboresistance by establishing the 

appropriate protein-layer, inducing passivation of the surface. 

Considering material-related infections, heparinization may be beneficia! by limiting 

the formation of surface-adherent thrombi. Contrarily, heparin itself may actively 

participate in mediating bacterial adhesion, as it recently was demonstraled that 

Staphylococcus aureus, a microorganism frequently found in cardiovascular device

infections, interacts with heparan sulfate, a component of connective tissues and 
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basement membranes, and also located on the eukaryotic cell surfaces [24]. lt 

additionally was found that these heparan sulfate-binding proteins had affinity for 

glycosaminoglycans in general, thus including heparin. 

In view of this, the aim of the present study was to develop a surface modification 

technique for covalent immobilization of heparin with additional gentamicin release. 

Thus the surface modified material contains bath antithrombogenic and antibacterial 

properties. The surface modification technique was based on the previously 

discussed technique for the covalent immobilization of collagen [11]. This approach 

allows for the covalent coupling of the heparin molecules, using the polyamine 

compound polyethyleneimine (PEl) as an intermediate, to the outer layers of the 

primary surface graft. The basic idea is that a suchlike immobilization process 

retains most of the drug loading capacity of the underlying graft matrix. The 

conceptual surface model was proven valid using SEM analysis; unintentionally 

introduced surface taults revealed a thin sheath covering the primary surface graft. 

When applying a suchlike surface modification, it is important to establish whether 

additional heparinization lowers the bactericidal features of the base materia I; on the 

other hand, it needs to be confirmed that gentamicin-loading does not significantly 

decrease the hemocompatibility of the heparinized materiaL 

Basically, it was demonstraled that additional heparinization did not significantly alter 

the antibacterial properties of the base materiaL The only observed discrepancy 

between the two materials was found in the gentamicin loading capacity. lt was 

found that the heparinization step induced a slight loss in gentamicin loading levels, 

although strictly taken the ditterences were not even significant. Actually, a reduced 

loading capacity may have been expected, as the PEI-heparin layer partially 

accupies the surface graft; on the contrary this loss may be somewhat compensated 

for because of the ability of the heparin molecules themselves to ionically bind 

gentamicin. 

In addition to investigation of the antibacterial features of the surface modified 

materials, th.e effect of additional heparinization and/or gentamicin loading on the 

blood-material interactions were investigated as weiL The contact between blood 

and a foreign surface initiates the complex process of thrombogenesis and involves: 

platelet adherence, aggregation and granular release; thrombin generation; and 
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fibrin formation . As yet, no singly parameter has been found to refiect a material's 

thrombogenicity. Evaluation of the reactions at the blood-material interface therefore 

needs a multiparameter approach. 
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Figure 12. This scheme depiets the current knowledge regarding coagulation; it demonstrales 
the importance of thrombin deactivation, as thrombin significantly amplifies its generation through 
interaction with Factor V and Factor VIII; and through interaction with platelets. 

Thrombin generation is the result of a sequence of reactions initiated by the contact 

between blood and a foreign surface (Fig. 12). Thrombin itself is rapidly inactivated 

by the protease inhibitor antithrombin 111, so that it not or hardly can be detected; 

however, the amount of the stabie thrombin-antithrombin 111 (TAT-)complex indicates 

how much thrombin has been generated. 

The heparinized surfaces showed very little thrombin generation, as measured by 

the TAT-assay; from this experiment it is not known whether the surface perfarms by 

simply deactivating thrombin, or rathP,r acts ea(lier in the coagulation cascade. lf it 

effectively deactivated Factor Xa, then very little prothrombin would be converted to 

thrombin; this needs to be determined by measuring the generation of F1+2 
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prothrombin fragments, a measure of prothrombin that has been converted to 

thrombin. In addition to the possibility of Xa deactivation, if Xlla is inhibited even 

earlier in the contact activatien then this could also reduce the ultimate amount of 

thrombin generated. 

Whereas heparin release may have interfered with the above findings; the 

heparinized surfaces still performed well after heparin release was completed, and 

showed a decrease in adherent platelets, and longest clotting times. The observed 

heparin release most likely is due to an inadequate cleanup of the surface modfied 

materials. The langer clotting times observed are in agreement with the low TAT 

levels, and denote that the heparinized surfaces effectively deactivate thrombin. 

Adhesion of platelets is the first event taking place in thrombus formation. Adherent 

platelets become procoagulant, i.e., the outer membrane serves as a site where 

enzymatic coagulation complexes are assembled. In the absence of such surfaces 

clotting is not propagated. Therefore, platelet adhesion is a sensitive parameter in 

the evaluation of the thrombogenicity of an artificial surface. Since the platelet 

adhesion assay only concerned a single experiment, no firm conclusions can be 

drawn; however, the observed decrease in adherent platelets does indicate that the 

heparinized surfaces are less thrombogenic, which in turn is in agreement with the 

findings of the other tests. 

In addition to testing the hemocompatibility of the modified surfaces, the modified 

surfaces were evaluated for their propensity to elastase generation. Elastase is a 

neutral proteinase which is contained in peripheral granulocytes and is closely 

related to the material-related inflammatory response [25]. An intense and persistent 

inflammatory response induces an increase in steady-state levels of mRNAfor IL-1, 

TNF, and certain other cytokines in peripheral blood monocytes [26]; this in turn may 

lead to exacerbation of the harmful complications of an otherwise non-serious 

bacteremia, potentially causing remote organ failure or even mortality, as shown by 

Martin and coworkers [27]. In that respect, the observed decrease in elastase 

generation with the heparinized surfaces is considered very favorable. 

In view of the obtained results it is clearly demonstrated that, considering the 

hemocompatibility, the heparinized surfaces performed best; whereas additional 

gentamicin loading did not negatively affect the performance. Since, on the other 
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hand, heparinization did nat deteriorate the antibacterial properties of the base 

material, it can be concluded that the previously disclosed concept of the "bi

biofunctional surface" [11] was established in this study. 
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Summary 

The insertion of biomedical prostheses has become a widely accepted and aften life

saving procedure. lt is estimated that world-wide approximately 1,000,000 implants 

are performed annually. Whereas initially unlimited opportunities were anticipated, 

further development of prosthetic devices for every conceivable application is 

prevented by several basic challenges. Especially bacterial contamination and 

consequent implant-infection have blurred the enthusiasm tor otherwise successful 

prostheses. Treatment of these infections is ditticuit and most aften irreversible, in 

many cases requiring surgical remaval of the implanted material in order to achieve 

a cure. 

The pathophysiology of these implant-related infections is still not fully understood. 

Under normal circumstances, i.e., in the absence of a foreign material, the host 

defense mechanism is competent to challenge even large numbers of bacteria and 

achieve a healthy repair. The presence of an implanted foreign body, however, 

enhances the risks of infection. Several mechanisms have been postulated, each of 

which camprise a crucial role for the implanted materiaL Firstly, implanted materials 

are vulnerable to bacterial adhesion. Furthermore, implanted materials prevent full 

restoration of the surrounding tissues. This may cause a deterioration of the local 

host defense mechanism and encapsulation by scar tissue. Chapter 1 elaborates on 

these mechanisms for infection potentiation. 

An understanding of the possible mechanisms involved, led to research directed on 

the role of the implant itself, and consequently on modification of the material to 

proteet it trom being colonized by bacteria. This approach can roughly be separated 

into three distinct routes, i.e., (1) antimicrobial-releasing materials; (2) low adhesion 

surfaces; and (3) improved implant-tissue integration. In Chapter 1 a review of 

reported technologies is provided. 

A study on the development of a surface modification technique for achieving a 

controlled release of the antimicrobial agent gentamicin is disclosed in Chapter 2. 

The ability to selectively deliver optima! amounts of an antimicrobial agent locally, 

without doubt is a forcetul approach. The material has been developed as to have a 
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continuous and complete release of gentamicin within a 6 weeks timespan. The 

surface modification technique camprises covalent surface grafting of the vinyl 

functional monomers acrylic acid and acrylamide onto a polyetherurethane 

substrate. The consequent surface graft matrix is used to ionically bind the 

antimicrobial agent gentamicin. lt is demonstrated that critica! control of the surface 

graft composition is of prime importance regarding toading and release of the 

gentamicin, and consequently regarding bactericidal activity and incited cytotoxicity. 

In an early infection animal model the efficacy of this technique is compared to that 

of two other, clinically used gentamicin release methods; i.e., gentamicin release 

through a vicinal collagen sponge, and pre-operative salution-dipping of the implant. 

The efficacy of these methods was evaluated by determining their capability to 

eliminate the bacterial challenge, and by establishing their effect on the tissue 

response. The results in Chapter 3 demonstrate that gentamicin release per se is 

capable in suppressing infectious complications. Gentamicin release through the 

applied surface modification offers the most efficient protection. 

Next, the surface modification technique is applied to an implantable intramuscular 

stimulation lead. Typically, this lead is used in dynamic graciloplasty, a surgical 

technique for the treatment of fecal incontinence. In this type of surgery device

infection is a primary problem; in all likelihood this is also caused by the site of 

implantation. Chapter 4 describes the in vivo performance of these leads in an early 

infection rabbit model. lt is demonstrated that the surface modified leads effectively 

eliminated the introduced bacterial contamination, whereas the control leads are 

exposed to a persistent and intense infectious response. 

In view of the results obtained in both Ghapter 3 and 4, it is cOnduded that the 

applied surface modification technique may offer a sound alternative to currently 

practiced methodologiesin reducing infection incidence. 

Antibiotics very effectively can treat infections. However, a disadvantage of using 

antibiotics to treat an infection is the potential development of resistant bacteria, and 

consequently, so-called "superinfections". Impravement of the natural host defense 

mechanisms in situ therefore would be a further impravement of the disclosed 

methodology. 
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A first attempt hereto is described in Chapter 5. In here, the development of a 

material with improved tissue integration is investigated. The underlying concept is 

that when rapid colonization and integration of the implant surface with tissue cells is 

encouraged, the implant surface is protected trom bacterial colonization. As 

collagen-coated materials are known to promate favourable integration of tissue(s) 

with the implanted material, the covalent surface-immobilization of collagen is 

examined. The methad involves the covalent coupling of collagen to an acrylic acid 

based surface grafted polyetherurethane. The collagen is coupled in a controlled 

fashion, resulting in a layered surface with limited penetratien of the covalently 

coupled collagen top layer into the primary surface graft matrix. lt is hypothesized 

that this feature would allow for additional use of the underlying surface graft matrix 

for drug loading: this surface modification approach is therefore called the "bi

biofunctiona/" surface. 

In Chapter 6 this surface modification approach is further advanced. The surface 

modification technique is aimed at impravement of the bloodcompatibility of the 

base-materiaL The relationship between blood-material interactions and infection is 

nat clearly described in literature. lt is assumed that surface-adherent thrombi are 

related to the development of material-related infections. As surface-immobilized 

heparin has been shown to enhance the thromboresistance, heparin-immobilization 

may thus be beneficia! with respect to prevention of material-related infections. 

As said, the disclosed surface modification emanates from the results described in 

Chapter 5. The heparin is coupled such that it is limited to the outer layers of the 

acrylic acid surface graft matrix, as to retain the ability to laad the surface with 

gentamicin. Antimicrobial release will proteet the surface in the initially vulnerable 

period, when random colonization of the surface by microorganisms may occur. 

lt is shown that additional heparinization indeed did nat affect the antibacterial 

features of the primary surface graft matrix; in addition, it is demonstrated that 

gentamicin-loading of the heparinized material did nat deteriorate the achieved 

hemocompatible properties. In view of these results, it is concluded that the 

previously introduced concept concerning the "bi-biofunctional" surface is confirmed 

in this study. 
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Samenvatting 

Het gebruik van protheses ter vervanging , ondersteuning of vergroting van een 

bepaalde lichaamsfunktie is uitgegroeid tot een vrij alledaagse chirurgische 

handeling. Volgens schattingen worden er wereldwijd jaarlijks zo'n 1 miljoen 

implantaties uitgevoerd. De ontwikkelingen op het gebied van protheses hebben 

geleid tot nieuwe, ongekende mogelijkheden in verbetering van de 

gezondheidszorg. De inschatting dat het gebruik van protheses ongelimiteerde 

mogelijkheden zou hebben, is inmiddels achterhaald. Enkele, nog niet opgeloste 

problemen begrenzen voorlopig het toepassingsgebied. Ondanks een vooralsnog 

niet optimale integratie van de meeste geïmplanteerde materialen met het lichaam, 

is vooral het toegenomen risico op bacteriële infectie hiervan de oorzaak. Deze 

implantaat-gerelateerde infecties blijken zeer moeilijk, in veel gevallen zelfs niet te 

genezen. In dit geval is chirurgische verwijdering van het implantaat nodig om 

volledige genezing te bewerkstelligen. 

Er zijn verschillende mechanismen, die ten grondslag liggen aan het verhoogde 

risico op infectie. In de eerste plaats is een geïmplanteerd materiaal gevoelig voor 

aanhechting van microorganismen. Een geïmplanteerd materiaal verhindert 

bovendien volledig herstel van het omliggende weefsel. Dit kan leiden tot een lokale 

verzwakking van het natuurlijke afweermechanisme en inkapseling door 

littekenweefsel. Aldus ontstaat een relatief geïsoleerde omgeving waarin de uitgroei 

van infecties vergemakkelijkt wordt. In Hoofdstuk 1 wordt ingegaan op deze 

verschillende mechanismen. Het causale verband is de centrale rol van het 

implantaat. 

Dit laatste heeft nadrukkelijk het onderzoek naar de ontwikkeling van infectie

resistente materialen gestuurd. Ruwweg kunnen er drie verschillende benaderingen 

onderscheiden worden: (1) de ontwikkeling van materialen welke antibiotica vrij laten 

komen; (2) de ontwikkeling van materialen welke de aanhechting van bacteriën 

reduceren of zelfs voorkomen; en (3) de ontwikkeling van materialen welke de 

integratie met het omliggende weefsel verbeteren. 

Hoofdstuk 1 geeft een overzicht van wat hieromtrent in de literatuur is verschenen. 
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In Hoofdstuk 2 wordt een oppervlakte-modificatie beschreven teneinde een 

gecontroleerde afgifte van het antibioticum gentamycine te verkrijgen. Lokale afgifte 

heeft het voordeel dat met relatief lage hoeveelheden antibiotica een lokal infectie 

effektief bestreden kan worden. Het materiaal is zodanig ontwikkeld, dat een 

continue en volledige afgifte van gentamycine in een periode van maximaal 6 weken 

wordt verkregen. Deze techniek omvat de copolymerisatie van de monomeren 

acrylzuur en acrylamide aan het oppervlak van een polyurethaan substraat. De 

verkregen oppervlakte-matrix wordt vervolgens beladen met gentamycine. Het 

biomateriaal is dusdanig ontworpen dat het in vitro een geschikte balans vertoont 

tussen belading, afgifte, antibacteriële aktiviteit en biocompatibiliteit. 

Vervolgens wordt in een diermodel de effektiviteit van dit biomateriaal onderzocht en 

vergeleken met twee andere, klinisch toegepaste methoden voor de lokale afgifte 

van gentamycine. Dit zijn (a) de additionele implantatie van een gentamycine

houdende collageen spons, en (b) het bevochtigen van het implantaat met een 

gentamycine-oplossing. Na het inbrengen van het implantaat wordt infectie 

opgewekt door het injecteren van een bacteriële suspensie. De resultaten in 

Hoofdstuk 3 laten duidelijk zien dat lokale afgifte van gentamycine per se infectieuze 

complicaties vermindert. Afgifte van gentamycine door middel van oppervlakte

modificatie levert duidelijk de beste resultaten op. 

Vervolgens wordt deze oppervlakte-modificatie toegepast op een intramusculaire 

stimulatie-electrode (biomedisch produkt). Deze electrode wordt gebruikt bij 

dynamische graciloplasty, een chirurgische techniek voor de behandeling van 

faecale incontinentie. Bij deze ingreep zijn infecties een primair probleem. De plaats 

van implantatie speelt hierin naar alle waarschijnlijkheid ook een rol. Hoofdstuk 4 

beschrijft het in vivo functioneren van deze electrades in een proefdier-model 

(konijn). Opnieuw wordt na implantatie een infectie opgewekt door injectie van een 

bacteriële suspensie. Nabij de gemodificeerde electrades worden niet of nauwelijks 

infectieuze complicaties waargenomen. Daarentegen wordt nabij de controle

electrades een chronische en zeer aktieve infectie gevonden. De resultaten 

beschreven in Hoofdstuk 3 en 4 laten zien dat gecontroleerde gentamycine-afgifte 

door middel van oppervlakte-modificatie een reëel alternatief kan bieden voor de 

huidige gebruikte methoden om infecties te voorkomen. 
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Het gebruik van antibiotica kan zeer effektief zijn in de behandeling van een infectie. 

In principe is het gebruik van antibiotica voor de behandeling van een infectie echter 

het kiezen tussen twee kwaden. Een nadeel is de mogelijke ontwikkeling van 

resistente bacteriën, met gevolg daarvan zogenaamde "superinfecties". Verbetering 

van het natuurlijke afweermechanisme in situ zou derhalve een verdere 

perfectionering van de beschreven methodiek zijn. 

Een eerste aanzet hiertoe wordt beschreven in Hoofdstuk 5. Hierin wordt onderzoek 

gedaan naar de ontwikkeling van een materiaal met een verbeterde integratie met 

het omliggende weefsel. De hypothese berust op een versnelde aanhechting en 

uitgroei van weefselcellen aan het oppervlak van het implantaat. Zodoende wordt dit 

tegen bacteriële aanhechting beschermd. Omdat bekend is dat materialen bedekt 

met collageen een verbeterde integratie met het omliggende weefsel vertonen, 

wordt hiertoe de kovalente binding van collageen aan het materiaal-oppervlak 

onderzocht. Polyurethaan met een op acrylzuur gebaseerde oppervlakte-matrix 

wordt gekozen als substraat. Het collageen dient zodanig te worden gekoppeld dat 

de onderliggende acrylzuur-matrix nog gebruikt kan worden voor belading met 

farmaceutica. Deze benadering van oppervlakte-modificatie wordt derhalve het "bi

biofunctionele" oppervlak genoemd. Door middel van oppervlakte-analyse wordt 

bevestigd dat het collageen zodanig te koppelen is, dat een gelaagd oppervlak 

ontstaat met een geringe penetratie van het kovalent gekoppelde collageen in de 

acrylzuur-matrix. 

In Hoofdstuk 6 wordt voortgeborduurd op de oppervlakte-modificatie beschreven in 

het vorige hoofdstuk. De oppervlakte-modificatie is gericht op verbetering van de 

bloedcompatibiliteit van het basismateriaal. Een verband tussen infectie en 

bloedcompatibiliteit is niet duidelijk beschreven in de literatuur. Verondersteld wordt 

dat de vorming van bloedstolsels op het oppervlak een causaal verband heeft met 

de ontwikkeling van infecties. Het is bekend dat de koppeling van het anticoagulant 
---.. 

heparine de vorming van bloedstolsels aan het oppervlak reduceert. Heparinisatie 

kan dus tevens geschikt zijn om de kans op infectie te verkleinen. 

Zoals gezegd volgt de beschreven techniek uit de resultaten weergegeven in 

Hoofdstuk 5. Heparine wordt zodanig gekoppeld dat penetratie in de onderliggende 

oppervlakte-matrix gering is, zodat het vermogen om het oppervlak additioneel te 
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beladen met gentamycine niet beïnvloed wordt. De afgifte van gentamycine kan 

zodoende vanaf het begin niet-specifieke aanhechting van bacteriën verhinderen . 

Er wordt aangetoond dat additionele heparinisatie inderdaad de belading en afgifte 

van gentamycine niet beïnvloed. Bovendien wordt aangetoond dat belading met 

gentamycine de bloedvriendelijke eigenschappen van het gehepariniseerde 

materiaal niet vermindert. Door deze resultaten wordt het eerder geopperde concept 

betreffende het "bi-biofunctionele" oppervlak bevestigd. 
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1. Het additioneel implanteren van een bicdegradeerbare gentamycine-spons is 
een ongecontroleerde wijze van bestrijding van implantaat-infekties. 

Dit proefschrift, Hoofdstuk 3 

2. Het bi-biofunctionele oppervlak is een representatief voorbeeld van de, 
volgens Gristina, beste benadering voor de ontwikkeling van een infectie
resistent biomateriaal. 

Dil proefschrift, Hoofdstuk 6 
Gristina A.G., Science, 237,1588-1595, 1987 

3. De opmerking dat een oppervlak met ionisch gebonden gentamycine niets 
van zijn antibakteriële aktiviteit verliest na 24 uur spoelen met 
gedemineraliseerd water is triviaal. 

Keogh J.R. , et al., US Patent, 5,476,509, Dec. 19, 1995 

4. Het gebruik van nonylamine als de interne standaard in de kwantitatieve 
HPLC-analyse van gentamycine, zoals door Freeman et al. beschreven, 
verdient geen navolging. 

Freeman M. , et al., J. Liq. Chromatogr., 2, 1305-1317, 1979 

5. Jansen et al. hebben de "missing link" tussen antibiotica-belading van 
polyurethaan enerzijds, en oppervlakte-modificatie met polyacrylzuur 
andererzijds, niet gevonden, als gevolg van de eenzijdige benadering van 
hun onderzoek naar infectie-resistente materialen,. 

Jansen 8 ., et al., Adv. Biomater., 9, 117-122, 1990 
vergelijk: Dil proefschrift, Hoofdstuk 2 

6. De combinatie vloeistofchromatografie (HPLC) en capillaire electraforese 
(CE) vormt op dit moment de aangewezen methode voor de analyse van 
aminozuur mengsels. 

Nietsen R.G., et al., J. Chromatogr., 480, 393-401, 1989 
Bulloek J., J. Chromatogr. , 633, 235-244, 1993 



7. Gebruik van antibiotica heeft ertoe geleid dat ziekten waartegen men tien jaar 
geleden een kuur had, nu weer potentiële moordenaars worden. 

Geoffry Cannon, Superbug, nature's revenge, Virgin Publishing Ltd., London, 1995 

8. Anti-adhesie, door vele onderzoekers gezien als zijnde de beste benadering 
voor infektie-resistente biomaterialen, kan in twijfel worden getrokken 
wanneer men het gemiddelde ontwerp van een implantaat aanschouwt. 

9. Oppervlakkigheid krijgt een geheel andere betekenis, wanneer bekeken 
vanuit het perspectief van de biomaterialen-onderzoeker. 

10. Je bent een rund als je met zijn vlees stunt. 

http://envirolink. org/arrs/AnimaLife/spring94/madcow. html 
http:llwww.veg.orglveg/Orgs/Viva/Guides/madcow.html 

11 . Veel vliegen hebben een interessanter leven dan de publicaties waarmee zij 
doodgeslagen worden. 
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