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S. epidermidis in pericatheter macrophages 

ABSTRACT 

Biomaterial surfaces may be modified to reduce bacterial adhesion. The susceptibility in mice 

to Staphylococcus epidermidis infection of the commonly used catheter materials, silicon 

elastomer (SE), polyamide (PA) and their surface modified polyvinylpyrrolidone-grafted 

derivatives, SEpvp and PApvp, respectively, was assessed. Abscesses developed around 

SEpvp. Around SE, PA and PApvp no signs of infection were observed, though mice carrying 

PApvp developed septicemia after 14 - 21 days. S. epidermidis was cultured from the tissue 

surrounding PApvp. Cells around PApvp, containing large numbers of bacteria, were 

identified as macrophages using irnmunohistochemistry and electron-microscopy. This 

persistence of intracellular bacteria was also observed around SEpvp, SE and PA, albeit to a 

lesser extent. The cytokine profiles around the four materials were different. Implanted 

biomaterial induces an inflammatory response favorable to the persistence of S. epidermidis. 

Intracellular persistence of bacteria inside macrophages may be a pivotal process in the 

pathogenesis of biomaterial-associated infection. 

INTRODUCTION 

A serious problem associated with the use of biomaterials is the occurrence of bacterial 

infections. The majority of biomaterial-associated infections (BAI), 40 to 75%, is caused by 

the relatively non-pathogenic coagulase-negative staphylococci, especially Staphylococcus 

epidermidis [1,2]. 

In 1957 Elek en Conen were the first to report that susceptibility to bacterial infection was 

significantly enhanced by the presence of a foreign body material [3]. This was confirmed in 

animal studies [4-7]. The mechanism underlying this enhancement of susceptibility to 

infection is still incompletely understood. The pathogenesis of biomaterial-associated 

infections (BAI) is a complex process with various contributing factors such as bacterial 

virulence, physico-chemical properties of the biomaterial and alterations in the host defense. 

Adhesion of bacteria to the biomaterial is regarded as the initial step [1,2,8-15]. Subsequently, 

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

attachment of host factors (e.g. blood and tissue proteins, platelets) leads to the formation of a 

compact matrix, a biofilm, on the catheter surface. Bacteria embedded in the biofilm are less 

susceptible to host defense mechanisms and to antibiotics [16-23]. In addition, the presence of 

a foreign body has been shown to affect the host defense, e.g. by reducing phagocytic and 

bactericidal capacity of polymorphonuclear leucocytes (PMNs) [7,24-27] as well as by 

reducing the cellular immunity [28]. 
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Biomaterial surfaces may be modified to reduce bacterial adhesion. One possible modification 

is grafting of the surface with the hydrogel polyvinylpyrrolidone (pvp). This provides the 

surface with a hydrophilic character, which is expected to reduce bacterial adhesion and 

subsequent surface colonization [29]. In this study we aimed to assess susceptibility to 

Staphylococcus epidermidis infection of 2 types of commonly used catheter materials, silicon 

elastomer (SE) and polyamide (PA), and their pvp-grafted derivatives (SEpvp and PApvp, 

respectively), in a previously described mouse model [30,31]. 

Whereas the unmodified SE and PA catheters had a low susceptibility to infection, pvp 

grafting increased this susceptibility. Furthermore, the nature of the infectious process around 

the PVP grafted catheters varied with the catheter material. Around SEpvp abscesses and 

persistent infection developed, whereas around PApvp high numbers of S. epidermidis were 

present in the pericatheter tissue while signs of inflammation around the implanted PApvp 

were absent. We therefore aimed to gain insight into the pathogenic process around the 

modified materials; (i) by localizing the niche of the surviving S. epidermidis in tissue 

surrounding the subcutaneously implanted catheter segments, and (ii) to determine whether 

specific changes in cytokine production in the pericatheter tissue are associated with the 

enhanced susceptibility. 

MATERIAL AND METHODS 

Animals. In total 264 specified pathogen free female C57BL6 mice, 6-8 weeks old and weighing 15-20 g were 

used. All animals were housed in individual cages, in a pathogen-free environment and provided with sterile 

food and water. 

Catheters. Four different catheters were used, polyamide (PA), a novel catheter polyvinylpyrrolidone (pvp)-

grafted polyamide (PApvp, see below), conventional silicon elastomer (SE), and pvp-grafted SE catheters 

(SEpvp). The PApvp catheters were manufactured at the Center for Biomaterials Research, University of 

Maastricht, the Netherlands. The grafting, consisting of a copolymer of N-vinylpyrrolidone and 2-(4-

azidobenzoyl)-oxo-ethylmethacrylate in a molar ratio of 100:2.5 [32], was applied to thoroughly washed PA 

tubing with a diameter of 2.5 mm and a wall thickness of 0.6 mm by repeated dipping. Subsequently, the tubings 

were irradiated for 20 min with a Philips HPA 1000 high power lamp (Philips Lightning, Eindhoven, The 

Netherlands). The tubings were washed with propanol-2 and water (each 2 times 30 min, ultrasonic bath), dried 

on air and autoclaved. The SE and SEpvp catheters, which are clinically used, were obtained from Medtronic PS 

Medical, Goleta, CA. Segments of the catheters were cut under aseptic conditions in a laminar flow cabinet and 

stored in sterile petri dishes until use. 

Characterization of catheter surface characteristics. Physico-chemical characterization of PA, PApvp, SE, and 

SEpvp relied on two different techniques: (i), dynamic contact angle measurements according the Wilhelmy 

method [33]; (ii), X-ray photoelectron spectroscopy (XPS). 
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Preparation of Staphylococcus epidermidis inocula. S. epidermidis RP62a (ATCC 35984) was used. This strain 

is capable of producing slime, as determined according to Christensen et al. [10,34], and is 

polysaccharide/adhesin (PS/A) and polysaccharide intercellular adhesin (PIA)-positive [35,36], MIC values 

(ug/mL) of strain RP62a determined by standard E-test were for rifampicin O.016, teicoplanin 0.19, gentamicin 

256, minocyclin <0.016 and vancomycin 1.5. Antibiotic susceptibilities were used to confirm the identity of 

colonies cultured from catheter segments and tissue homogenates (see below). 

For inoculum preparation, two mL of an overnight culture of S. epidermidis strain RP62a in Trypticase Soy 

Broth (TSB; Difco, Detroit, MI) were inoculated into 100 mL of TSB. After incubation at 37°C for 5 h, 50 mL 

of the culture was centrifuged at 2200 x g for 10 min. The pelleted bacteria were washed twice with 50 mL 

pyrogen-free sterile isotonic saline. For in vitro adherence assays the bacteria were resuspended in TSB, and was 

measured. The suspension was diluted to 108 cfu/mL, based on an established relationship between bacterial 

concentration and optical density at 620nm (A620). For mouse challenge experiments pelleted bacteria were 

resuspended in pyrogen-free sterile isotonic saline, the A620 was measured, and the suspension was diluted with 

pyrogen-free sterile isotonic saline to prepare the various inoculum suspensions. 

In vitro adhesion ofS. epidermidis RP62a on PA, PApvp, SE and SEpvp segments. PA, PApvp, SE and SEpvp 

segments with a length of 10 cm were soaked in 100 mL TSB containing 10s cfu/mL S. epidermidis RP62a. 

After 3 h of incubation at 37°C, the segments were rinsed twice with PBS. The middle 3 cm of each segment 

was cut out and transferred into a bottle containing 3 mL of PBS, which was sonicated (Bransonic ® B-2200 

E4, 47KHz, 205 watts) for 30 s to dislodge the adherent bacteria from the segment. Numbers of cfu in the 

resulting suspension were assessed by quantitative culture. The sonication procedure effectively removed the 

adherent bacteria from the catheters as judged from scanning electron microscopic inspection of sonicated 

catheters, and did not affect bacterial viability. 

Subcutaneous catheter implantation. A murine model, as modified from Christensen et al [30,31] was used. 

Mice were anaesthetized with FFM-mix (hypnorm® 1 mL, midazalam® 1 mL distilled water 2 mL; 0.07 

mL/lOg body weight) administered intraperitoneally. Surgery was performed in a laminar flow cabinet. The back 

of the mice was shaved and prepared with 2% Chlorhexidine in ethanol. On each side an incision (0.3 cm) was 

made 0.5 cm lateral to the spine. Subsequently either PA, PApvp, SE or SEpvp catheter segments with a length 

of 1 cm were inserted subcutaneously on both sides. Each mice received two segments of a single catheter type. 

The incisions were closed with a single 0/6 vicryl stitch. 

Determination of infection dose. To determine the infection dose for the four catheter materials, 5 groups of 24 

mice each were used. Four experimental groups had either PA, PApvp, SE, or SEpvp catheter segments 

implanted. The fifth group received inoculum or saline injections only. Bacterial inocula of 102, 10", 106, or 10 

cfu in 25 uL pyrogen-free isotonic saline, or saline (25 uL) were injected subcutaneously along the inserted 

segments, using a repetitive pipette (Stepper, model 4001-025, Tridak division, Brookfield, CT). 

Development of infection over time. For the experiments studying bacterial persistence and the inflammatory 

reaction over time 144 mice were used. These mice either received PApvp, SE, or SEpvp catheter segments, 

were sham operated, or were left untreated to serve as inoculum controls. Mice of these 5 groups either were 

injected with an inoculum of 106 cfu S. epidermidis in 25 uL pyrogen-free isotonic saline, or saline alone 

subcutaneously along the inserted segments. The sham operated mice received injections in the subcutaneous 

wounds, and the inoculum controls in the subcutaneous tissue lateral to the spine. Mice were terminated at 2, 5, 
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9, 14 or 60 d after the start of the experiment. All inoculum-catheter combinations and all controls were tested in 

quadruplicate, for each time point. In addition, 8 untreated mice were used as controls (baseline controls). 

Termination of animals and sample collection. Mice were anesthetized with FFM-mix administered 

intraperitoneally, terminated by cardiac puncture, and blood was collected. In a laminar flow cabinet, the skin 

and subcutaneous tissue were separated from the muscle fascia up to the flank on both sides. The implantation 

sites were inspected for inflammation, characterized by redness around the implanted segments, and for abscess 

formation. Subsequently, standardized biopsies of 12 mm in diameter containing skin, subcutaneous tissue and 

the catheter segment were taken using a specifically developed tissue sampler. From tissue bordering the catheter 

segment in the right side biopsies, a smaller biopsy with a diameter of 3 mm was taken and placed in 

paraformaldehyde (4%), for transmission electron microscopical examination. The remainder of the 12 mm 

biopsies was placed in 10% buffered formaldehyde (pH 7.3). 

The left side biopsies were used for quantitative culture of bacteria adherent to the catheter segment as well as 

bacteria residing in the tissue, and to assess cytokine levels. The catheter segments were separated from the 

tissue, washed twice with phosphate buffered saline (PBS; 8.1 mM Na2HPO„, 1.5 mM KH2P04, 140 raM NaCl; 

pH 7.2), placed in sterile tubes containing 1 mL of PBS, and processed for quantitative culture (see below). 

The tissue samples, as well as the liver, spleen, lungs and kidneys were individually placed in 6 mL tubes and 

weighed. The tissue samples weighed 125-160 mg, the livers 600-700 mg, the spleens 60-100 mg, the lungs 80-

100 mg and the kidneys 300-350 mg. A volume of pyrogen-free isotonic saline corresponding to 4 times the 

weight of the specimens was added, and they were homogenised at 4°C (Tissue Tearer, model 985-370, Biospec 

products, Bartlesville, OK). After each homogenisation the homogeniser was carefully cleaned, disinfected with 

subsequent washings of 4% (w/v) sodium hypochlorite and 70% ethanol, and rinsed with pyrogen-free isotonic 

saline. 

Quantitative culture of PA, PApvp, SE and SEpvp segments. The tubes containing a PA, PApvp, SE or SEpvp 

segment in 1 mL PBS were sonicated for 30 sec in a waterbath sonicator (Bransonic ®, B-2200 E4, 47KHz, 205 

W) to dislodge adherent bacteria. The number of adherent S. epidermidis was assessed by quantitative culture of 

serial 10-fold dilutions of the PBS. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate. The 

remaining suspension was stored at 4°C. When no growth was observed on the blood agar plates after overnight 

incubation at 37°C, the stored suspension was centrifuged (2200 x g, 10 min) and the pellet was resuspended in 

100 uL PBS and plated on a blood agar plate. The sonicated segments were placed in 80 mL thioglycolate broth 

(Tb), consisting of 3% (w/v) thioglycolate, 0.03% (w/v) polyanetholesulfonic acid, IM NaOH and 0.5% Tween 

80, and incubated for 72 hours at 37°C. For statistical purposes, it was assumed that one cfu per 1 cm catheter 

segment had been present in case no growth occurred on the blood agar plates and the catheter segment 

incubated in the broth was culture-positive. The number of adherent S. epidermidis RP62a is expressed as cfu / 

cm catheter segment. Antibiograms were made from the cultured bacteria. 

Quantitative culture of tissue biopsy and organ homogenates, and of blood. Fifty uL aliquots of the 

homogenates offne implantation site biopsies and of the collected organs, or 100 uL of blood, were serially 10-

fold diluted with PBS. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate, which was 

incubated overnight at 37°C. In addition, aliquots of the implantation site homogenates (50 uL), of the organ 

homogenates (100 uL) and of blood (50 uL) were cultured in 80 mL Tb for 72 hours at 37°C. For statistical 

purposes, it was assumed that one cfu per 50 uL of biopsy homogenate, per 100 uL of organ homogenate, or per 

50 uL of blood had been present in case no growth occurred on the blood agar plates and the broth culture was 
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positive. Numbers of persisting S. epidermidis RP62a are expressed as cfu / biopsy or organ, or cfu / mL of 

blood. Antibiograms were made from the cultured bacteria. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in methylmethacrylate / 

buthylmethacrylate (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with hematoxylin-eosin. 

Slides were examined for 5 histological features characteristic for tissue reactions after implantation of a foreign 

body [37], These were (i) infiltration of inflammatory cells, PMNs or mononuclear cells, (ii) presence of 

purulence, deposition of leukocytes with necrotic burdens, (iii) foreign body giant cell formation, (iv) fibrosis, 

characterized by inflammatory cells, fibroblasts and newly formed collagen, and (v) encapsulation of the foreign 

body. Sections were scored independently by three investigators (JJ Boelens, JL Murk and JJ Weening) using a 

scale of 0 (feature absent) to 3 (feature maximally present), indicative for the grade of appearance of each 

feature. At the moment of judgement none of the investigators knew which sample originated from which mice. 

In addition gram-stained slides were made and inspected for gram-positive cocci in the tissue surrounding the 

subcutaneously inserted catheter segments. A scale, ranging from 0 to 3, indicative for the grade of presence of 

gram-positive cocci was made. The number of gram-positive cocci present along the entire (1 cm) segment was 

estimated by counting the number of gram-positive cocci in two transverse sections with a thickness of 3 um, 

obtained from 2 levels in the embedded biopsy at least 1 mm apart. The mean number of bacteria in both 

sections was multiplied with 3333,3, in order to estimate the total number of bacteria in the tissue surrounding 

the 1 cm long segment. In the histological scale, grades 1 to 3 correspond to estimated numbers of 104-105, 106-

107, and 108-10'° of gram stained bacterial cells per biopsy, respectively. 

Transmission Electron Microscopical (TEM) examination. The 3 mm biopsies fixed in paraformaldehyde (4%) 

were dehydrated, and embedded in LX-112 resin according to standard methods. Areas of interest were selected 

on the basis of toluidine-stained light microscopic sections, and processed for ultrastructural examination. 

Macrophage immunohistochemistry. To assess whether cells containing intracellular bacteria (see results) were 

macrophages, part of the experiments was repeated and biopsies obtained as previously described were snap-

frozen in liquid nitrogen. Immunohistochemical staining with antibody F4/80, recognizing a murine pan-

macrophage marker [38,39], was performed as described previously [40], Briefly, 6 urn cryosections thaw-

mounted on slides, were fixed with fresh acetone containing 0.02% H202 to inhibit endogenous peroxidase 

activity. In order to detect and to neutralize residual endogenous peroxidase activity sections were treated with 4-

Cl-1-Naphthol, resulting in a dark-blue background staining. After washing with PBS/Tween, sections were 

incubated overnight with the primary antibody F4/80 (rat anti-mouse), followed by rabbit anti-rat peroxidase 

labeled IgG (DAKO, Glostrup, Danmark). 3-Amino-9-ethylcarbazole (AEC: Sigma, St. Louis, MO) was used to 

detect the peroxidase activity of this conjugate, resulting in a bright red precipitate. Sections were counter-

stained with haematoxilin for 10 seconds and mounted in Kaiser's glycerin-gelatin. 

Cytokine assays of the implantation site tissue homogenates. The implantation site biopsy homogenates, 

reduced by 100 uL which was used for quantitative culture, were diluted in 1 volume lysis buffer containing 1% 

Triton X-100, 150 mM NaCl, 30 mM Tris HCl, 2 mM CaCl2, 2 mM MgCl2, 0.2% aprotin and 0.2% leupeptin, 

pH 7.4 [41], and incubated on ice for 1 h. Subsequently, the homogenates were centrifuged at 130,000 x g for 15 

min at 4°C to remove cell debris. The cell-free supematants were frozen at -80 °C, thawed, centrifuged at 5000 x 

g to remove macro-aggregates, and stored in aliquots of 35 uL at -80°C until use. Interleukin (IL)-lß (R&D 

systems, Minneapolis, MN), IL-6 (Pharmingen, San Diego, CA), IL-10 (R&D systems), Tumor necrosis factor 
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(TNF)-a (Pharmingen) and interferon (IFN)-y (R&D systems) were measured using commercially available 

ELISA-kits. Cytokine levels are expressed as picograms (pg) per mL homogenate. 

Statistical analysis. All values are expressed as Mean ± Std.Error. Two sample comparisons were made by 

analysis of variance (ANOVA) and comparisons between over time cytokine levels of groups by ANOVA in a 

general linear model - general factorial. P<0.05 was considered significant. 

RESULTS 

Surface characteristics of PA, PApvp, SE and SEpvp catheters. The contact angle mea

surements yielded a receding contact angle of 45° ± 6° for PA, and 24° ± 5° for PApvp. The 

receding contact angles for SE and SEpvp were 38° ± 4° and 24° ± 4°, respectively. These data 

show that a hydrophilic coating is present on PApvp and SEpvp. 

The XPS spectra clearly revealed the purity of the four materials. The spectra of PA and 

PApvp were highly similar. Pvp is composed of nitrogen, carbon, and hydrogen, and these 

elements are also present in PA. In addition, the pvp grafting most likely is thinner than the 

surface layer of PA measured by XPS. Angle-resolved XPS, by which a thinner surface layer 

can be analyzed, could not be used since this method is only feasible for flat surfaces and our 

catheter materials were cylindrical. The XPS results however do not exclude the presence of a 

thin pvp grafting at the surface of PApvp. The XPS spectra of SE and SEpvp differed as 

follows. An Nls line was characteristic for the SEpvp spectrum (399.8 eV), indicating the 

presence of a pvp grafting. Nitrogen signals were absent in the SE spectrum. 

Adhesion of S. epidermidis RP62a on PA, PApvp, SE and SEpvp segments in vitro. The 

catheter materials grafted with the pvp hydrogel in vitro had significantly lower numbers of 

adherent bacteria than the non-grafted catheters. The pvp grafting reduced the bacterial 

adherence from 16,111 ± 6,123 cfu per cm on PA to 2,188 ± 512 cfu per cm on PApvp 

catheter segments (PO.001), and from 21,121 ± 2,000 cfu per cm on SE to 2,468 ± 312 cfu 

per cm on SEpvp catheter segments (PO.001). 

Inoculum size and infection associated with subcutaneously inserted PA, PApvp, SE and 

SEpvp. The infection dose of S. epidermidis for PA, PApvp, SE, and SEpvp was assessed, by 

challenging mice with 102, 104, 106 and 10s cfu. At 14 d after challenge no purulence or other 

signs of inflammation were observed macroscopically around PA, PApvp and SE segments. 

In contrast, around subcutaneously inserted SEpvp segments challenged with bacterial inocula 

of 10 cfu or higher, purulence had developed along the inserted catheter (figure 1). Mice 

carrying PA, PApvp, SE or SEpvp segments having received a saline injection, did not 
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develop signs of inflammation around the segments. Subcutaneous injection of the various 

bacterial inocula in mice without implanted segments did not induce purulence or other signs 

of inflammation either (not shown). 

Large numbers of S. epidermidis (3500 cfu / biopsy) were cultured from tissue homogenates 

of PApvp implantation sites challenged with 106 or 108 cfu. From the corresponding PApvp 

segments, mean numbers of 900 and 800 cfu / cm were cultured, respectively (figure 1). 

Conversely, only the PA pericatheter tissue of mice challenged with 108 cfu was culture 

positive, and only 2 of the 4 explanted segments yielded growth of low numbers of S. 

epidermidis. Homogenates of tissue from SE implantation sites as well as the explanted 

segments were culture negative, except for one of tissue challenged with 10 cfu (figure 1). 

Homogenates of SEpvp pericatheter tissue challenged with 106 or 108 cfu S. epidermidis 

contained low numbers of bacteria, since only broth cultures were positive (figure 1). The 

explanted segments were all culture negative. No S. epidermidis was cultured from the 

homogenates of any of the mice which only received an injection of the various inocula (not 

shown). In all cases bacteria cultured from tissue or catheter segments had the same 

antibiogram as S. epidermidis RP62a. 
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Figure 1. Frequency of subcutaneous abscesses along the inserted catheter segments (A), number of cfu 

of S. epidermidis RP62a cultured from insertion site homogenates (B) and number of adherent cfu of S. 

epidermidis RP62a cultured from subcutaneous implantation of PA, PApvp, SE and SEpvp (C) at 14 d after 

challenge with various inocula of S. epidermidis RP62a. There were 4 mice per group tested. 
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Development of infection over time. We subsequently studied the persistence of S. epidermidis 

around PApvp, SE and SEpvp in mice challenged with 106 cfu over time up to 60 d. Since the 

bacteriological and histological findings (not shown) from PA and SE were very similar, and 

the SE catheter is clinically used, we excluded the PA catheter material from these subsequent 

experiments. Around PApvp and SE, macroscopically no purulence or other signs of 

inflammation were seen at any time point. Around SEpvp segments purulence was present at 

all time points (figure 2). At 60 d purulence was observed only inside the SEpvp catheter 

segment and not around the inserted segment. 

At 2 d significantly more S. epidermidis (PO.001) were cultured from the tissue homogenates 

of PApvp and SEpvp implantation sites (27,300 ± 24,000 and 17,000 ± 1,400, respectively) 

than from those of SE implantation sites (1,100 ± 400; figure 2). From all PApvp and SEpvp 

segments adherent bacteria were cultured. The quantitative cultures of SE segments were all 

negative, and the broth culture of only 1 segment was positive (figure 2). 

At 5, 9, and 14 d all tissue homogenates of PApvp implantation sites were culture positive. 

The mean numbers of cfu per biopsy ranged from 260 at 5 d up to 3,500 at 14 d (figure 2). 

Three of the 4 S. epidermidis challenged mice with subcutaneously implanted PApvp, which 

were to be terminated at 60 d, developed sepsis between 14 and 21 d. These mice were 

terminated and were evaluated as a separate group ("septic mice"). They had mean numbers 

of cfu per biopsy ranging from 2,352 to 3,567. The fourth mouse of this group was terminated 

after 60 d, and 900 cfu were cultured from the biopsy of this mouse. From 14 of the 16 

subcutaneously inserted PApvp segments removed from day 5 to 60, adherent S. epidermidis 

were cultured, ranging from 260 to 800 cfu/cm (days 5 and 14, respectively; figure 2). 

At 5, 9, 14, and 60 d the homogenates of the SE pericatheter tissue, as well as the explanted 

segments were all culture negative. Of the 12 SEpvp pericatheter tissue homogenates of 5, 14 

and 60 d, only the broth cultures were positive. At 5 d, the broth cultures of 2 out of 4 SEpvp 

segments were positive (figure 2). All SEpvp segments removed at 14 and 60 d were culture-

negative. In all cases, the bacteria cultured from tissues or segments had the same antibiogram 

as S. epidermidis RP62a. 

Thus, around PApvp no abscesses were observed, but high numbers of bacteria persisted on 

the catheter segment and in the pericatheter tissue. On and around SE almost no persisting S. 

epidermidis were found, not even at the highest inoculum dose. Around SEpvp abscesses 

were induced, and low numbers of bacteria persisted in the pericatheter tissue, whereas no 

adherent bacteria could be cultured at the later time points (5 - 60 d). 
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Figure 2. Frequency of subcutaneous abscesses along the inserted catheter segments (A), number of cfu 

of S. epidermidis RP62a cultured from insertion site homogenates (B) and number of adherent S. epidermidis 

RP62a cultured from subcutaneous implantation of PApvp, SE and SEpvp (C) at various time points after 

challenge with 106 cfu S. epidermidis RP62a. There were 4 mice per group tested at each time point. Three of 4 

mice with PApvp to be terminated at 60 d became terminally ill between 14 and 21 d due to sepsis. They are 

represented as "septic mice". ND = not determined. 

Dissemination of S. epidermidis to blood and organs. Blood and organ cultures from mice 

with implanted SE or SEpvp segments showed no growth. Although the quantitative cultures 

of blood or organ homogenates from mice with PApvp segments were negative, qualitative 

blood cultures were positive in 4 of the 20 mice, one terminated at 9 d, one at 14 d and two in 

the "septic mice" group. The broth cultures of the spleen from 3 of these 4 mice, one 

terminated at 9 d, one at 14 d and one in the "septic mice" group, were also positive. The 

bacteria cultured had the same antibiogram as S. epidermidis RP62a. Apparently, S. 

epidermidis RP62a persisting in the pericatheter tissue around PApvp were capable of causing 

bacteremia. 

Histological examination of the inflammatory and foreign body response over time. Five 

histological features characteristic for the tissue inflammatory response following the 

implantation of a foreign body were scored independently and blind by 3 investigators. The 

mean scores for four of the five histological features at each time point are shown in figure 3. 

Variation of scores between investigators was always maximally 0.5 scale units. 
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Figure 3. The mean scores of infiltration, foreign body giant cells, fibrosis and encapsualtion, four 

features, characteristic for the implantation of a foreign body, at various time points after subcutaneous 

implantation of PApvp, SE or SEpvp, challenged with saline or 106 cfu S. epidermidis RP62a. There were 4 

mice per group tested at each time point; D Saline • S. epidermidis ;ND = not determined 

Up to 14 days the foreign body inflammatory response around PApvp and SE, characterized 

by the grade of infiltration, fibrosis, foreign body giant cell (FBGC) formation and 

encapsulation was similar, irrespective of the presence of S. epidermidis (figure 3). In mice 

with implanted PApvp which became septic, FBGC formation was increased compared to that 

in mice terminated at 14 d. In contrast, around SE, FBGC formation had decreased to a low 

level at 60 d. Around SEpvp the inflammatory response was stronger than around PApvp and 

SE at all time points. Infiltration and fibrosis around SEpvp were scored higher than around 

PApvp and SE at all time points, and FBGC formation and encapsulation around SEpvp were 

delayed, irrespective of the presence of S. epidermidis. These findings indicate that an 

apparently normal foreign body reaction follows implantation of SE, and that tissue around 
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SEpvp had a prolonged and intensified inflammatory status. Around PApvp a normal foreign 

body reaction was seen up to 14 d, irrespective of the presence of S. epidermidis. In presence 

of S. epidermidis, however, a high FBGC score was found in septic mice, while around sterile 

PApvp the score decreased after 14 d. It should be noted that the infiltration observed in the 

pericatheter tissue at 2 d consisted of a mixed population of PMNs and macrophages, while at 

5 d and later the infiltration predominantly consisted of macrophages for around either 

catheter material. 

Intracellular presence of S. epidermidis in macrophages. In gram-stained tissue sections of 

mice with subcutaneously inserted PApvp challenged with 106 cfu of S. epidermidis, large 

numbers of gram-positive cocci were seen (figure 4A-D). Almost all gram-stained cocci were 

located intracellularly and their numbers increased over time. In tissue of mice terminated at 5 

d less infected cells and less cocci per cell were present (figure 4A,B) in comparison to tissue 

section from septic mice (figure 4C,D). 

Figure 4. Gross 

sections of subcutaneously 

implanted catheter segments 

challenged with S. epidermidis, 

gram-stained. Tissue 

surrounding a PApvp catheter 

segment challenge with 106 cfu 

of S. epidermidis at 5 days, 

magnified x 100 (A) and x 500 

(B). Tissue surrounding a 

PApvp catheter segment 

challenge with 106 cfu of S. 

epidermidis in septic mice, 

magnified x 100 (C) and x 500 

(D). Figure 4 E (x 100) and F 

(x 500) shows that the cells 

containing the gram-positive 

cocci could be stained with the 

pan macrophage marker 

monoclonal antibody F4/80, 

indicating that these cells were 

tissue macrophages. Tissue 

surrounding an SEpvp catheter 

segment challenge with 106 cfu 

of S. epidermidis at 14 d, 

magnified x 100 (G), and 

tissue surrounding a SE 

catheter challenge with 10s cfu 

of S. epidermidis segment at 14 

d(H). 
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The cells containing the gram-positive cocci were stained with the pan macrophage marker 

monoclonal antibody F4/80, indicating that these cells were tissue macrophages (figure E,F). 

The number of gram-positive cocci observed in tissue surrounding PApvp increased over 

time. In some macrophages several hundreds of gram-stained cocci were observed within the 

thin section (figure 4C,D). As the histology suggested that much more bacteria were present 

in tissue surrounding the PApvp than were cultured from the corresponding tissue 

homogenate, we estimated the number of bacteria present in tissue surrounding PApvp, based 

on counts in the microscopic slides. The estimated number of S. epidermidis increased from 

10 cocci per biopsy on 2 and 5 d, to values of 1010 individual cocci per biopsy in mice which 

became septic after 14 - 21 d (figure 4A-D; table 1). Around SEpvp low levels of intracellular 

bacterial persistence in macrophages were seen at 5, 14 and 60 d (figure 4G). All broth 

cultures at these time-points were positive. In contrast, in sections of tissue around SE and PA 

challenged with 106 cfu, no gram-positive cocci were seen and the corresponding 

homogenates were culture negative. However, in sections obtained from samples of tissue 

around SE injected with 108 cfu, intracellular cocci were observed (figure 4H), and one of the 

4 quantitative cultures of tissue surrounding SE was positive. Also in the pericatheter tissue 

around PA challenged with 108 cfu, intracellular cocci were observed (not shown). The tissue 

cultures were positive. 

Table 1 ; Score for presence of S. epidermidis 
in tissue surrounding the 3 biomaterials 

Time Material 
point PApvp SE SEpvp 

2d 1.5 0 0 
5d 1.5 0 0 
9d 2 0 0.5 
14d 2 0 0.5 
septic 3(n=3) 
60d 1.5(n=1) 0 0.5 

Electron microscopy. Coccoid bacteria were located in vacuoles within the macrophages, and 

showed different morphologies (figure 5). Some bacteria appeared in rounded structures, 

about 0.5 u.m in diameter and consisting of a single cell-wall with moderately electron-dense 

contents, apparently representing viable bacteria. We also observed apparently non-viable 

bacteria, as was evident from the presence of various signs of degeneration like loss of the 

spherical shape, fragmentation of the cell wall, and rarefaction of the contents. In the bacteria 

that appeared viable at the time of fixation, the cell wall had often formed a complete or a 

partial septum, indicating cell division. 
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Figure 5. Transmission 

electron microscopy of 

macrophages in tissue 

surrounding PApvp at 14 days 

after subcutaneous implantation 

challenged with 106 cfu S. 

epidermidis RP62a. Cytoplasm 

appears to contain numerous 

coccoid bacteria, part of which 

seem viable (V) and others 

exhibiting signs of degeneration 

indicating that they are non

viable (NV; see text). Note 

several bacteria having complete 

septa, indication cell division. 

Bar represents 0,5 um. 

Induction of TNF-a, IL-lß, IL-6, IFN-y and IL-10. In mice with subcutaneously implanted 

SE or SEpvp catheter segments, over time TNF-a, IL-Iß, IL-6 and IFN-y tissue levels were 

elevated compared to sham and baseline controls. Only levels of IL-Iß differed between SE 

and SEpvp. Levels of IL-Iß around sterile SEpvp were elevated earlier (t = 2d) and remained 

higher up to 14 d than around sterile SE. In tissue around SEpvp challenged with S. 

epidermidis, the IL-Iß profiles were significantly higher than around SE challenged with S. 

epidermidis. We concluded that the abscess formation around SEpvp challenged with S. 

epidermidis was associated with an enhanced IL-Iß production resulting in a protracted 

inflammatory status of the tissue. 

In tissue surrounding PApvp injected with saline, no increase in the levels of TNF-a, IL-lß, 

IL-6, IFN-y or IL-10 was found (figure 6) in comparison to baseline control levels. When S. 

epidermidis was injected along the subcutaneously inserted PApvp segments, TNF-a, IL-6 

and IFN-y levels were not increased either. Local IL-lß production over time was 

significantly (P<0.05) increased in comparison to the levels in the baseline controls and 

PApvp implant controls (figure 6). This indicates that the intracellular survival of S. 

epidermidis in macrophages is associated with IL-lß production in tissue surrounding PApvp. 

In tissue around SE and SEpvp either injected with saline or S. epidermidis the IFN-y levels 

were increased at day 5 compared to those at day 2, and to those of the baseline controls. In 
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tissue around PApvp such an IFN-y increase was not observed. Local IL-10 production was 

not upregulated at day 2 and day 5, but from day 9 levels were significantly higher than the 

baseline control levels (P=0.018). In septic mice, TNF-a production was 100-fold higher than 

levels in control mice, as well as the levels of the other cytokines tested (P=0.000; figure 6). 

The sham and injection control groups did not show elevated levels of any of the tested 

cytokines in comparison with the baseline control levels (not shown). 
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Figure 6. Mean (+ Std.Error) insertion site concentrations of TNF-a, IL-Iß, IL-6, IFN-y and IL-10 at 

various time points after subcutaneous implantation of PApvp, SE or SEpvp, challenged with saline or 10 cfu S. 

epidermidis RP62a. N = 4 mice per group at each time point. *, PO.05 for differences at indicated time point. 

=>, PO.05 for difference in over time profile between groups. ND = not determined. 
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DISCUSSION 

Surface modification by polyvinylpyrrolidone (pvp) grafting of polyamide (PA) and silicon 

elastomer (SE) catheters increased the hydrophilicity of their surface, as judged from receding 

contact angle measurements, and reduced the number of adherent S. epidermidis in vitro. 

Despite this, these pvp-grafted catheters when implanted subcutaneously in mice were more 

susceptible to S. epidermidis infection than the non-modified catheters. Furthermore, the 

nature of the infectious process strongly differed for SEpvp and PApvp. Around SEpvp 

abundant abscess formation was observed, with low numbers of bacteria persisting up to 60 

days. Around PApvp high numbers of S. epidermidis persisted within macrophages in the 

pericatheter tissue, whilst purulence or other macroscopic sign of inflammation were absent. 

Three lines of evidence indicate that the S. epidermidis inside the macrophages were viable, 

(i) they were cultured in large numbers from the tissue homogenates, (ii) they appeared as 

gram-positive cocci after gram staining of sections, and as electron dense cocci in TEM, and 

(iii) the number of intracellular cocci, as well as the number of infected macrophages 

increased over time. Although different levels of persistence of S. epidermidis in macrophages 

were observed around the 4 biomaterials, biomaterial-induced intracellular persistence of S. 

epidermidis in macrophages as such seems to be a general process. Apparently the local host 

defense was compromised due to the presence of the biomaterials, resulting in deficient 

intracellular killing by macrophages. 

A reduced cellular immunity characterized by suppressed MHC class II protein expression in 

peri-biomaterial macrophages around infected perigrafts was described recently [28]. Our 

study is the first to describe intracellular persistence of bacteria in macrophages as a possible 

cause of biomaterial-associated infection (BAI). Other studies have focussed on alterations in 

the host defense earlier after implantation of a biomaterial [7,24-26,42-44]. Complement-

mediated opsonic activity was substantially reduced in tissue fluid surrounding implanted 

tissue cages containing biomaterials, and PMNs harvested from these tissue cages had 

decreased bactericidal activity [7], presumably due to defective oxidative metabolism and 

granulocyte enzyme content [27]. Similar impairment of the bactericidal capacity has been 

described for PMNs exposed to non-phagocytosable surfaces [24-26,42,44-46]. Results from 

the present study also suggest biomaterial-associated PMN ineffectivity. Around SEpvp a 

strong inflammatory response was noted, and in presence of S. epidermidis abscesses 

developed. Despite the high influx of PMNs around SEpvp the bacteria were not cleared up to 

60 d, indicating that SEpvp biomaterial may induce PMN dysfunction. In contrast, around 

infected PApvp and SE no excessive PMN infiltration was observed. Remarkably, in the 

tissue around PApvp large numbers of cocci were observed inside tissue macrophages. 

Around SE, bacteria were only present inside macrophages after challenge with high dose 
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inocula. It may be that also around PApvp PMN effectivity was affected, allowing initial 

colonization of tissue around the catheter segments. Intracellular survival inside macrophages 

around biomaterials however, may be more important for BAI than reduction of PMN 

functionality, since macrophages have a much longer life span than PMNs. It should be noted 

that these observations may be different for different strains or species of microbes. 

In normal foreign body reactions, FBGC and associated granulomatous tissue are formed 4 

days after implantation, increase up to approximately 14 days and subsequently gradually 

disappear [37]. This pattern was indeed observed around SE, our reference material for a 

normal foreign body response. Around sterile PApvp, FBGC formation reduced after 14 d but 

remained high up to 60 d. In presence of S. epidermidis the layer containing FBGC and 

associated granulomatous tissue around the segments was increased in size, and was 

associated with high numbers of gram-positive cocci inside macrophages. Similarly, 

persistence of pathogens causing intracellular infections like Mycobacterium tuberculosis, M. 

leprae and various fungi inside macrophages is associated with granulomatous lesions, 

characterized by macrophage-epithiloid cells and FBGC [47]. 

Granuloma formation in infections due to intracellular pathogens is associated with the 

production of proinflammatory cytokines [44,48-50]. Accordingly, the survival of 

staphylococci in tissue surrounding PApvp was associated with production of IL-Iß. Only in 

the presence of S. epidermidis, the anti-inflammatory cytokine IL-10 was upregulated at 9 d 

and at later time points. IL-10 downregulates macrophages, and is assumed to be associated 

with enhanced progression of intracellular infections [41,50-54]. The upregulation of IL-10 

was indeed associated with an increase in the number of infected macrophages and an 

increase in the number of gram-positive cocci per macrophage. The low level of IFN-y, a 

potent macrophage activator [55], around PApvp is in line with the apparently deficient 

macrophage intracellular killing. Also around SEpvp bacterial persistence was associated with 

sustained IL-Iß production, but in contrast to PApvp, IL-1 was produced around sterile 

SEpvp as well. This is in accordance with the findings that exaggerated and protracted IL-1 

production can prime for intracellular- and extracellular persistence [56]. Apparently, the 

combined presence of a biomaterial and S. epidermidis induces inflammatory responses which 

are favorable for these relatively non-pathogenic bacteria to survive. 

The mechanisms by which PApvp and SEpvp affect the immune response are unknown. As 

judged from contact angle measurements, the pvp-grafting rendered PApvp and SEpvp 

equally hydrophilic, and significantly increased hydrophylicity compared to that of 

unmodified PA and SE, respectively. In vitro adherence tests showed that presence of the 
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pvp-grafting irrespective of the biomaterial used, significantly decreased the number of 

adherent S. epidermidis. So, neither physicochemical surface characteristics, nor in vitro 

adherence were predictive for the in vivo findings. Further studies have to be performed to 

delineate biomaterial characteristics responsible for the dysregulation of cytokine and tissue 

responses associated with enhancement of infection. 

In many cases, BAI become apparent months or even years after placement. Tissue 

macrophages may well be the niche for S. epidermidis to survive in tissue around implanted 

biomaterials. Clinical signs may develop when certain physical conditions of the patients 

disturb the balance between the bacteria and the host response in favor of the bacterium. This 

can eventually lead to BAI and sepsis. To our knowledge, our model of mice with implanted 

PApvp segments is the first model for biomaterial-associated S. epidermidis sepsis. It can be 

used to evaluate treatment of BAI. In addition, the role of the individual cytokines, and 

associated cell types in the pathogenesis of BAI can be assessed in this mouse model, using 

either wild type, or specific cytokine gene-deficient mice. Such studies can provide novel 

strategies to prevent BAI by immunomodulation of the tissue surrounding the biomaterial. 
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