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One of the major clinical complications in the biomedical application of synthetic materials is 
the incidence of implant-associated infections. Such infections are very often induced by 
Staphylococcus aureus. To obtain information on tissue reactions and minimal bacterial 
challenge needed to create an infection related to untreated implant surfaces, we injected 
polyurethane tubing segments with a series of Staphylococcus aureus. The segments were 
subcutaneously implanted in rats. Implantation periods varied from 2, 5 and 10 days to 3 
weeks. Specimen were evaluated using light and transmission electron microscopy. At least 
0.25 × 1 04 of Staphylococci aureus were needed to clearly recognize that bacteria had been 
injected in the polyurethane tubing segments. The evidence was indirect, showing high 
infiltration and activation of neutrophils and macrophages, but not bacteria. Furthermore, 
0.25 x 106 S. aureus were needed to induce a persistent specific inflammatory reaction with 
high concentrations of lymphocytes, i.e. mainly plasma-cells, at 3 weeks. The results indicate 
that this model functioned well to obtain the wanted information. Results are discussed with 
respect to (a-) specific inflammatory reactions occurring with (bacterial-challenged) 
biomaterials. Ultimately, our goal is to develop infection-resistant materials, for which the 
in vivo model developed may be used to qualify the processed materials 

1. I n t r o d u c t i o n  
Synthetic materials are widely used in biomedical 
applications, such as in the construction of devices 
used for treatment of disease, e.g. catheters, hemo- 
perfusion devices, or as permanent implants to replace 
defective tissue or organ function, e.g., pacemakers, 
heart valves. Although a wide variety of materials are 
available, currently there is no material that is com- 
pletely satisfactory for long-term use [1]. 

One of the major clinical complications is the in- 
cidence of implant-associated infections, mostly in- 
duced by Staphylococcus (S.) aureus and coagulase 
negative staphylococci [2-5]. Implant-associated in- 
fections are most often irreversible and necessitate 
implant removal in order to eliminate the infectious 
complications (6). 

It is generally accepted that bacterial adherence, 
followed by formation of biofilm-enclosed mierocol- 
onies enhances the persistence of these infections, even 
in the presence of the host defence mechanisms and 
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antibiotics [7-14]. Additionally, the presence of a 
foreign body provides a hindrance to appropriate 
tissue regeneration and healing, resulting in an im- 
paired host defence mechanism, thus facilitating the 
establishment of infection [15-19]. 

By preventing the initial bacterial adherence to the 
implant, surface infection incidence may be reduced, 
or even prevented. Furthermore, promoting a better 
tissue response, leaving the natural host defence mech- 
anism intact, may improve the clinical performance of 
implanted materials. 

In the present study we developed an in vivo model 
to obtain information on tissue reactions and minimal 
bacterial challenge needed to create an infection re- 
lated to untreated implant surfaces. For this purpose 
we implanted polyurethane tubing segments, injected 
with a series of S. aureus, in rats. Ultimately, our goal 
is to develop infection-resistant materials, for which 
the developed in vivo model may be used to qualify the 
processed materials. 
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2. M a t e r i a l s  and  m e t h o d s  
2.1. Materials 
Polyurethane (PU) tubing material was made from 
2363-55D Pellethane ® resin (Dow Chemical, Mid- 
land, Michigan, USA) by Medtronic (Minneapolis, 
Minnesota, USA). The material was rinsed twice for 
1 min in an ultrasonic bath with isopropylalcohol 
(ACS reagent) obtained from Aldrich Chemie (Bor- 
nem, Belgium), air-dried and sterilized with ethylene 
oxide. 

acetate and lead citrate and examined with a Philips 
EM 201 transmission electron microscope, operated 
at 40 kV. 

3. Results 
CFU-counting was performed to check the viable 
number of injected S. aureus  into PU-tubing segments. 
From these calculations it was found that +_ 25% of 
the S. aureus  had been viable. Thus, for example, 106 

2.2. Bacteria 
A strain of S. aureus  (code PW230693), obtained from 
a patient with a PU-catheter-related infection, was 
used. S. aure us  were routinely cultured on blood-agar 
plates (4% sheep erythrocytes; from Oxoid Ltd., 
Hampshire, UK). 

S. aure us  cultured for 18 h at 37 °C in brain heart 
infusion-broth (from Oxoid) were washed three times 
with phosphate-buffered saline (PBS), pH 7.4 and 
resuspended in PBS. The bacterial suspension was 
spectrophotometrically adjusted to an optical density 
of 1.0 at 540nm (PYE Unicam PU 8600 UV/VIS 
spectrophotometer from Philips, Eindhoven, The 
Netherlands), containing _+ 109 colony-forming units 
(CFU) per ml. 

Serial ten-fold PBS-dilutions were made with 
S. aureus  concentrations of 104, 105, 106, 107, 108, and 
109/ml. From these dilutions 1 gl, which exactly fitted 
into 3 mm PU-tubing segments, was used for injec- 
tion. This resulted in a series of PU-tubing segments 
with 101, 102, 10 3, 10 4, 105 or  106 S. aureus  per 
segment. 

After implantation, the number of viable CFU was 
determined by spreading 0.1 ml portions from the 
serial ten-fold dilutions of bacterial suspensions on 
blood-agar plates, followed by 18 h of incubation at 
37 °C and CFU-counting. 

2.3. Implantation 
Male AO-rats of approximately three months age 
were ether-anaesthetized and subcutaneous pockets 
were made to the right and left of two midline inci- 
sions on the back. PU-tubing was implanted as 3 mm 
segments either as-received for controls, or injected 
with the series of 101, 102, 103, 10 4, l 0  5 and 10 6 

S. aureus ,  in the pockets at a distance of about 1 cm 
from the incisions. Implantation periods were 2, 5, and 
10 days and 3 weeks. 

2.4. Microscopy 
After a certain implantation period, specimens were 
carefully dissectioned from the surrounding tissue and 
immersion-fixed in 2% (v/v) glutaraldehyde in PBS 
(pH 7.4) for at least 24h at 4°C, postfixed with 
1% OsO4 and 1.5% K4Fe(CN)6 in PBS, dehydrated 
in graded alcohols and embedded in Epon 812. 

Semi-thin sections (1 lam) for light-microscopical 
evaluations were stained with toluidine blue. Ultra- 
thin sections (70 nm) were cut and stained with uranyl 

Figure I (a) Light micrograph (160 x) of part of a control PU 
tubing segment, implanted for 2 days. At this time mainly 
macrophages and granulocytes have migrated from blood vessels 
(V) and adhered to the material (PU). On the outside, areas with 
relatively extended cell adhesion as well as with hardly any cell 
adhesion (arrow) can be observed. A fibrin network (F) is often 
present. Intraluminally (I) cell numbers are low. Artifacts (a) are the 
result of differences in hardness between PU and tissue, occurring 
after mounting of the cover slip. (b) Transmission electron 
micrograph (3000 x ) of the lumen of a control PU tubing segment, 
implanted for 2 days, showing (Organelles of) degenerated cells (D) 
and phagocytosis (P) by a macrophage within a fibrin network (F). 
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S. aureus  in a segment afterwards was found to give 
0.25 x 106 viable S. aureus.  In following sections we 
will continue to mention the original series. 

N o n - i n f e c t e d  control PU-tubing segments at 2 and 5 
days induced adhesion of neutrophils and macro- 
phages both to the inside and outside of the tubing 
segment (Fig. 1). On the outside, areas with relatively 
extended cell adhesion as well as with hardly any cell 
adhesion could be observed (Fig. la). The morpho- 
logy of the adhering cells was normal. A fibrin net- 
work was often present. Cell numbers on the inside, 
thus intraluminally, were very low. Morphology of 
these cells was generally normal, although also some 
cell degeneration and phagocytosis occurred (Fig. lb). 
Also here, fibrin networks were sometimes present. 

At day 5, on the outside some indications of giant 
cell formation were observed, while active encapsul- 
ation started by way of the presence of fibroblasts and 
collagen formation: 

At day 10 neutrophils were no longer present. 
Formation of a quiet capsule with fibroblast activity 
and giant cells proceeded (Fig. 2). Encapsulation also 
occurred on the inside by way of the ingrowth of 
fibrotic tissue into the lumen. At week 3 a small 
capsule with usually one or two layers of macrophag- 
es/giant cells, followed by some layers with fibroblasts 
and newly-formed collagen and surrounded by loose 
connective tissue, was observed. The fibrotic ingrowth 
into the lumen had then clearly proceeded. 

Infection with S. aureus  was performed by injection 
of 1 gl of S. aureus  suspension into PU tubing seg- 
ments. At days 2 and 5 clear evidence of infection was 
found intraluminally, with 10 4 o r  more S. aureus  

(Fig. 3). This evidence consisted of a high infiltration 
of granulocytes, i.e. mostly neutrophils, and macro- 
phages, the highest infiltration being with the 10 6 

S. aureus  specimen (Fig. 4a and b). Here also fibrin 
formation and erythrocytes, as indicators of hemo- 
rrhages, were widely present (Fig. 4b). The granu- 
locytes were highly activated, as judged from pseudo- 
pods and intracellular glycogen accumulations 
(Fig. 5a and b). Phagocytotic actions of degenerated 

Figure 4 Light micrographs of a PU tubing segment injected with 
106 S. aureus, implanted for 5 days. (a) (63 x ) shows the segment 
(PU) in cross-section. The lumen of the segment was completely 
occupied with fibrin and cells. Areas with mainly granulocytes and 
macrophages (arrows) as well as with mainly erythrocytes (E) can be 
observed. (b) (250 x)  shows a magnification of a clotted (C) area 
with mainly granulocytes and maerophages next to the area with 
loose erythrocytes (E). 

Figure 2 Light micrograph (160 x ) of a control PU tubing segment, 
implanted for l0 days, showing the presence of a quiet capsule at the 
outside of the material (PUJ. Giant cells (arrows), fibroblasts and 
newly formed collagen are present. Collagen bundles further from 
PU are larger and more mature. 
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cellular material, probably of both host and bacterial 
origin, by macrophages and neutrophils were often 
observed. Bacteria as such were not recognized, but 
sometimes indicated from inclusions in several neutro- 
phils (Fig 6). 



F i g u r e 6  Transmission electron micrograph (15000x) of a 
neutrophil containing inclusions which may represent remnants of 
phagocytosed S. aureus (arrows) in the lumen of a PU tubing 
segment, injected with 105 S. aureus and implanted for 2 days. 

Figure 5 Transmission electron micrographs of the lumen of a PU 
tubing segment, inoculated with 105 S. aureus and implanted for 2 
days. (a) (4500 x ) showing activated granulocytes, i.e. three neutro- 
phils (N) and oiae eosinophil (E) containing the specific eosinophilic 
granules. (b) (10000x) showing neutrophilic granulocytes with 
segmented nucleus, psuedopods (P) and glycogen accumulations 
(arrows). 

At day 10, apart from the 10 6 S. a u r e u s  specimen, 
with all PU-tubing segments, encapsulation by way of 
fibrous tissue formation around and at the inside, had 
started. PU-tubing segments injected with 101, 10 2 or 
10 a S. a u r e u s  showed a tissue reaction which was very 
similar to non-infected PU, i.e. there seemed to be no 
delay in encapsulation as a result of S. a u r e u s  injection. 
The 10 4 or higher S. a u r e u s  specimen showed a couple 
of days delay. Fibrous tissue formation occurred also 
in the 10 e S. a u r e u s  specimen, but here evidence of 
infection was found by way of a slightly increased 
presence of loose lymphocytes in the connective tissue 

around the PU-tubing segment. Intraluminally, 
fibrotic tissue was present, which in the centre contain- 
ed macrophages with abundant phagocytosed sub- 
stances, while macrophages around the ingrowing tip 
had active pseudopods and contained many lipid 
droplets. 

At week 3 the 101 10 4 S. a u r e u s  specimens had been 
surrounded by a quiet capsule, similar to the control. 
Fibrotic ingrowth had proceeded to the centre of the 
tubing segments. These specimen showed no evidence 
of bacterial challenge. 

In contrast, the 10 5 S. a u r e u s  specimen contained 
some increase of loose lymphocytes in the surround- 
ing connective tissue. This was similar to the presence 
of loose lymphocytes in the 10 6 S. a u r e u s  specimen at 
day 10. 

The 10 6 S. a u r e u s  specimen at week 3 had been 
loosely encapsulated (Fig. 7a) and, similar to the other 
specimen, contained a fibrotic ingrowth, in this case 
also with phagocytosing macrophages (Fig. 7b). At 
one side clear areas with high concentrations of 
lymphocytes, some hemorrhages and fibrin formation 
were found in the loose connective tissue surrounding 
the encapsulated tubing segment (Fig. 8a and b). The 
encapsulating layer at this side was less quiet, i.e. apart 
from giant cells, it contained a few loose lymphocytes, 
while some neutrophils and macrophages seemed fre- 
shly arrived. As clearly discriminated by TEM, most 
of the lymphocytes concerned plasma cells (Fig. 9a 
and b), with the characteristic increased amount of 
rough endoplasmic reticulum. Also macrophages, 
which had been actively phagocytosing were present 
(Fig. 9b). 

4. D i s c u s s i o n  
PU as control material induced reactions normally 
observed after implantation of non-cytotoxic, non- 
degradable implant materials with a smooth surface. 
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Figure 7 PU tubing segment, injected with 106 S. aureus and 
implanted for 3 weeks. (a) Light micrograph (400 x) showing the 
centre of the segment (PU) in cross-section. The lumen shows the tip 
of ingrowing fibrotic tissue (F). On the outside a rather thick 
reactive layer can still be observed, while in the surrounding loose 
connective tissue evidence of lymphocytes and hemorrhages 
(arrows) are present (b) Transmission electron micrograph (2000 x ) 
of ingrowing fibrotic tissue showing actively phagocytosing 
macrophages (M) and capillaries (arrows) in between newly formed 
collagen (C). 

PU was finally surrounded by a small capsule. Al- 
though intraluminal circumstances in lead segments 
seemed to be slightly unfavourable, as judged by the 
low incidence of intraluminal cell degeneration, these 
results justify the conclusion that PU is a very bio- 
compatible material. This agrees with many other 
observations [20]. 

Results obtained with infected PU tubing segments 
indicate that at least 0.25 x 10 4 S. aureus  are needed to 
clearly recognize that bacteria had been injected in the 
PU-tubing segments. The evidence is indirect, show- 
ing high cellular infiltration and activation, but not 
bacteria. Furthermore,  0.25 x 10 6 S. aureus  were nee- 
ded to induce a persistent inflammatory reaction with 
high concentrations of lymphocytes, i.e. mainly 
plasma cells, at 3 weeks. 

These results are explained as follows. At the start of 
the wound healing process, immediately after im- 
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Figure 8 PU tubing segment, injected with 106 S. aureus and 
implanted for 3 weeks. (a) Light micrograph (100 x) of the tissue 
reaction to the outside of the material (PU) showing an adhering 
layer which is, at the side of areas with lymphocytes (L) and 
hemorrhages (H) in the surrounding connective tissue, still rather 
reactive. (b) Light micrograph (400 x ) of an area with lymphocytes 
present in the surrounding loose connective tissue. 

plantation, an acute a-specific inflammatory reaction 
[21-23] starts with activation of the coagulation cas- 
cade, the complement system and infiltration of neu- 
trophils and macrophages. Cytokines released by dif- 
ferent cells play important  signalling roles. 

Early after implantation, the reaction is clearly 
visible in specimens with 10 4 and higher S. aureus .  The 
low level, and thus hardly visible, a-specific reaction 
occurring in the specimens with 101-103 S. aureus  

show that it can obviously cope with these bacterial 
challenges. The a-specific reaction occurring in the 104 
S. aureus  challenge can also cope, as observed at day 
10. However, in the case of 105 and especially 10 6 

S. aureus ,  a specific immunologic reaction is induced. 
This reaction is probably initiated by macrophages, 
which have been in contact with S. aureus ,  and there- 
after migrate towards nearby lymph nodes [21-23]. 
Here, interactions between macrophages and 
T-lymphocytes (To-cells) result in helper functions of 
other T-lymphocytes (Thz-cells) inducing proliferation 
and maturat ion of B- cells. This results in immunoglo- 
bulins (Ig)-producing plasma cells. Ig forms at the 
implantation site complexes with (remnants of) 
S. aureus ,  thus inducing new macrophages to phago- 
cytose [21-23]. This sequence of events takes approx- 
imately one week, which explains why accumulation 



Figure 9 PU tubing segment, injected with 106 S. aureus and 
implanted for 3 weeks. (a) Transmission electron micrograph (3000 
x ) showing plasma cells (P), a macrophage (M) with phagocytosed 
substances, and a T-lymphocyte, observed in the area with 
lymphocytes in the loose connective tissue around the implant. (b) 
Magnification (4500 x) showing the rough endoplasmic reticulum 
largely present in the characteristic circle-like appearance in plasma 
cells (P), and phagocytosed cellular (bacterial?) substances (arrows) 
in the macrophage (M). T:T-lymphocyte. 

coagulase-positive and thus may have formed coagul- 
ase, this may represent an additional factor for ex- 
cessive fibrin formation [24]. 

No clear direct evidence for the presence orS. a u r e u s  

was observed, not even with the highest bacterial 
challenge. It was expected to find (remnants of) bac- 
teria either at the material surface or within cells. The 
fact bacterial adherence to PU was not observed, is in 
contrast with many reports, suggesting that adhesion 
and microcolony/biofilm formation represent a first 
step in biomaterial-centred infection [7-14]. Further- 
more, it is surprising that such high challenges were 
needed to obtain clear (indirect) reactions, since it is 
claimed that the presence of a biomaterial significantly 
enhances infection incidence [15-19]. We meanwhile 
have performed experiments with higher bacterial 
cha l l enges  (10 9 S. aureus) .  Inclusions, as shown in 
Fig. 6 were often observed, which makes it very likely 
that these concern remnants of S. aureus .  Apart from 
the  106 S. a u r e u s  challenge obviously still resulting in a 
rather low (no excessive presence of bacteria) reaction 
in this model, also the day 2 -explantation chosen as 
the earliest explantation time may have been late; at 
that time, most bacteria seem to have been dealt with 
by complement and neutrophils and macrophages. 

In conclusion, our results indicate that the injection 
of a series of S. a u r e u s  suspensions into PU tubing 
segments implanted in rats represents a good model to 
obtain information on tissue reactions and on the 
minimal bacterial challenge needed to create infec- 
tions. Serial injection of bacteria with higher bacterial 
challenge, will therefore also be used for cell biological 
evaluations of infection-resistant materials. Currently, 
efforts are being made to develop materials that re- 
duce or prevent the occurrence of implant-related 
infection. Research efforts are directed at the role of 
the implant itself, and consequently on modification of 
the material surface to protect it from being colonized 
by bacteria. The first option is the development of 
materials that provide a controlled release of antimi- 
crobial agents at the site of implantation (25-27). 
However, other options will also be examined, includ- 
ing surface modification techniques to improve the 
overall tissue response to the implanted material [28], 
and thus leave the natural host defence mechanism 
intact and competent to resolve most infectious com- 
plications. 

of lymphocytes was observed not earlier than at day 
10 (in the 10 6 S. a u r e u s  specimen). The 105 S. a u r e u s  

challenge is obviously so low that only a low specific 
immuno-reaction is observed at 3 weeks. The lympho- 
cytes present in the surrounding loose connective 
tissue have probably migrated from nearby lymph 
nodes; however, it is not impossible that also local 
proliferation has occurred. 

During the whole implantation period, cytokines, 
released from neutrophils, macrophages and/or 
lymphocytes, are responsible for the observed micro- 
vascular thrombo-hemorrhagic changes as a result of 
their effects on the endothelium [-23]. Since S. a u r e u s  is 
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