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ABSTRACT
Infection is a major cause of failure of inserted or implanted biomedical devices (biomaterials). 

During surgery bacteria may adhere to the implant initiating biofilm formation. Bacteria also 

are observed in and recultured from the tissue surrounding implants, and may even reside 

inside host cells. Whether these bacteria originate from biofilms is not known. Therefore, 

we investigated the fate of Staphylococcus epidermidis inoculated on the surface of implants 

as adherent planktonic cells or as a biofilm in mouse experimental biomaterial-associated 

infection. In order to discriminate the challenge strain from potential contaminating 

mouse microflora, we constructed a fully virulent green fluorescent S. epidermidis strain. 

S. epidermidis injected along subcutaneous titanium implants, pre-seeded on the implants 

or pre-grown as biofilm, were retrieved from the implants as well as the surrounding tissue 

in all cases after 4 days, and in histology bacteria were observed in the tissue co-localizing 

with macrophages. Thus, bacteria adherent to, or in a biofilm on the implant are a potential 

source of infection of the surrounding tissue and antimicrobial strategies should prevent 

both biofilm formation and tissue colonization.
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INTRODUCTION
Medical devices such as prosthetic joints, dental implants, vascular grafts and catheters, 

collectively referred to as ‘biomaterials’, are increasingly used in modern medicine. 

Unfortunately, the presence of a biomaterial in host tissue strongly enhances the 

susceptibility to biomaterial-associated infection (BAI)1–4. BAI is mostly caused by 

staphylococci, in particular by Staphylococcus epidermidis and Staphylococcus aureus, and 

by streptococci, Gram-negative bacilli, enterococci and anaerobes like Propionibacterium 

acnes5. Infection of implants or the surrounding tissue may arise due to contamination during 

the implantation or insertion procedure by bacteria from the skin of the patients6–8 and from 

the surgical environment (Figure 1)9–11. Adherence of bacteria to the biomaterial surface 

and subsequent formation of biofilms are considered major factors in the pathogenesis of 

Figure 1. A schematic representation of the pathogenesis of biomaterial-associated infection. Bacteria contaminating 
the surgical site enter the tissue surrounding the implant and may become internalized by host cells4,20, or adhere to 
the implant and eventually develop a biofilm12. Infection of the implant and/or the surrounding tissue arising during 
surgery is modelled by injection of the S. epidermidis bacteria along the biomaterial implant. The development 
and localization of S. epidermidis infection in tissue surrounding the implant starting from bacteria present on a 
surface is studied by applying bacteria to the implant surface from a suspension, as a model for adherent bacteria, 
or bacteria pre-grown on the implant surface as a biofilm. Bacteria in tissue can form a reservoir for recurrence of 
infection after removal of an infected biomaterial and possibly even when present in host cells.
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BAI12–16. Moreover, the presence of the biomaterial, particularly in presence of bacteria, will 

cause local derangement of inflammatory responses with ensuing ineffectivity of neutrophils 

to clear bacteria4, and survival of phagocytosed bacteria within host cells17–22.

Strategies to reduce the risk of contamination include hygiene measures prior to and 

during surgery23,24 and single dose systemic peri-operative antimicrobial prophylaxis25. 

When BAI occurs despite these preventive measures, intervention with antibiotics often 

is ineffective. Reduced susceptibility of sessile bacteria present in biofilms and poor 

penetration of antibiotics through the biofilm matrix are considered the predominant 

causes of the limited efficacy of antibiotics against BAI. Treatment of BAI therefore often 

requires prolonged antibiotic therapy, and in many cases ultimately needs to be combined 

with adequate surgical intervention, as antibiotics alone are usually only able to suppress, 

but not eliminate these infections5,26.

Another important phenomenon in the pathogenesis of BAI is the survival of bacteria 

in the tissue surrounding implants, as observed both in experimental BAI20,27–30 and in 

patients8,21,31,32. Despite the presence of macrophages and granulocytes around an implant, 

the microorganisms cannot be cleared, due to the frustrated phagocytosis caused by the 

implantation of a biomaterial. In revision surgery of prosthetic hips and knees, the presence 

of bacteria in peri-implant tissue indeed is a risk factor for reinfection17,18. Bacteria may even 

persist in large numbers within host cells, including in macrophages20,33,34.

In order to design strategies to combat BAI, it is vital to understand the precise 

mechanism of this pathogenic process of tissue colonization. The aim of the present study 

therefore was to investigate whether bacteria present on the implant surface – either 

adherent or as a biofilm – can be the source for colonization of the surrounding tissue. In 

the mouse experimental BAI model, intra-operative infection of tissue and of the implant 

itself were modelled by injecting S. epidermidis bacteria along subcutaneous titanium 

implants and by directly applying planktonic bacteria to the implant surface, respectively. 

Biofilm infection was modelled by the use of implants with a pre-grown biofilm. In order to 

directly visualize the challenge strain by microscopy and to discriminate it from potential 

contaminating mouse flora in culture we constructed a GFP-expressing S. epidermidis strain 

for these studies.
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MATERIALS AND METHODS
BACTERIA AND PLASMID
The bacteria used in this study were Escherichia coli DH5α (Invitrogen), Staphylococcus 

aureus RN4220 (ATCC 35556) and Staphylococcus epidermidis O-4735. Bacteria were made 

fluorescent using plasmid WVW189, which is the E. coli – staphylococcal shuttle plasmid 

pALC148436 carrying a constitutive Staphylococcus aureus promoter in front of the gfpuvr 

gene. The plasmid contains ampicillin and chloramphenicol resistance genes for selection in 

E. coli and staphylococci, respectively37.

TRANSFORMATION
Fifty ml of B2 medium38 were inoculated with 500 µl of an S. epidermidis O-47 preculture, 

and the bacteria were cultured to an optical density at 620 nm (OD620) of 0.5 – 0.6 at 37 °C 

(OD620 of 0.3 corresponds to 108 CFU/ml), shaking. Bacteria were pelleted by centrifugation 

at 3,500 × g for 10 min at 4 °C, the pellet was washed 4 times, with 1, 0.5, 0.25, and 

0.1 volumes of 10% glycerol, respectively, and stored at -80 °C in aliquots of 50 µl. For 

electroporation, one aliquot was thawed on ice, approximately 2 µg of plasmid WVW189, 

isolated from S. aureus RN4220 WVW18939, was added and the mixture was incubated for 30 

min at RT. Electroporation was performed in 1 mm cuvettes (VWR) in a pulse electroporator 

(Biorad Gene Pulser II) at 25 µF, 100 Ω and 2.0 – 2.2 kV. After electroporation bacteria were 

immediately transferred to fresh recovery medium (combination of B2 and SMMP medium 

of Lee et al.40, final composition: B2 medium with 0.5 M sucrose, 0.02 M maleic acid, 0.02 M 

MgCl2 and 1% BSA) and incubated for 2 h at 37 °C, shaking. After recovery the suspensions 

were plated on tryptic soy agar (TSA) with 10 µg/ml chloramphenicol (CAM) for selection 

of WVW189-harboring transformants, and incubated overnight at 37 °C. A transformant 

colony exhibiting strong green fluorescence when exposed to UV light was selected and 

designated S. epidermidis O-47 GFP. Presence of the full length plasmid was confirmed by 

plasmid isolation and restriction analysis. For all further experiments, S. epidermidis O-47 

GFP was distinguished from S. epidermidis O-47 by inspection under exposure of UV light.

PLASMID STABILITY
Bacteria were cultured overnight on TSA plates with 10 µg/ml CAM at 37 °C and recultured 

on fresh plates for three consecutive passages. Bacteria of each of the 4 culture plates 

were collected using cotton swabs and suspended in phosphate buffered saline (PBS), and 

analyzed for expression of the GFP protein by flow cytometry (FACS Caliber, BD).
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INOCULUM PREPARATION
S. epidermidis O-47 and S. epidermidis O-47 GFP were cultured in Tryptic Soy Broth (TSB; 

BD Difco) and TSB with 10 µg/ml CAM, respectively, to the logarithmic growth phase at 37 

°C, shaking. The bacteria were pelleted by centrifugation at 14,000 × g, washed twice with 

1 volume of 0.9% NaCl (saline), and resuspended in saline to desired concentrations, based 

on the OD620. For selected experiments, mixtures of equal numbers of CFU of S. epidermidis 

O-47 and S. epidermidis O-47 GFP were prepared.

GROWTH CURVES
To assess the possible influence of plasmid WVW189 on the growth of S. epidermidis O-47, 

the bacteria were cultured in media optimally supporting their growth (brain heart infusion 

broth (BHI) and TSB) and media not designed for staphylococci (lysogeny broth (LB)41 and 

Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 5% fetal calf serum 

(FCS)), to model optimal and less favorable conditions, respectively. S. epidermidis O-47 and 

S. epidermidis O-47 GFP were pre-cultured overnight in 5 ml of the respective media at 37 

°C, shaking. Subsequently, these overnight cultures were diluted to an OD620 of 0.1 in the 

respective media, and the OD620 was recorded every hour during 8 hours of incubation at 

37 °C, shaking.

MOUSE EXPERIMENTAL BIOMATERIAL-ASSOCIATED INFECTION MODEL
ANIMALS

All animal experiments were approved by the Animal Ethical Committee of the Academic 

Medical Center at the University of Amsterdam. Specific pathogen-free C57BL/6 OlaHsd 

immune competent female mice (Harlan, Horst, The Netherlands), aged 7 to 9 weeks old and 

weighing 17 to 20 g, were used. Mice were housed in groups of 6 in individually ventilated 

cages (IVCs) and were provided with sterile food and water ad libitum. After surgery, mice 

were housed individually in IVCs.

IMPLANTS

Two different materials were used for implants in our subcutaneous BAI model20, silicone 

elastomer (SE) and titanium, for 2 different aims of the study. The model with SE implants 

is our standard model, which we have used extensively in our previous studies20,28,33,34,42. We 

used this model to assess whether or not the newly constructed S. epidermidis O-47 GFP 

strain was affected in its ability to colonize implant and tissue in our mouse model. One cm 
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segments were cut from SE catheters with a diameter of 2.5 mm and a wall thickness of 0.6 

mm (Medtronic Medical) under sterile conditions (Figure 2b).

In order to study the possible routes of colonization of peri-implant tissue, we 

used titanium implants, as this material is often used in applications involving a soft tissue 

interface and bone, such as in bone fixation devices and dental implants. Medical-grade 

titanium (Ti 6Al-4V ELI) implants (10 × 4 × 1 mm, with a slit to allow cutting the implant after 

explantation; Figure 2b) were manufactured by Flowcut (Nederweert, The Netherlands). 

Unless indicated otherwise, groups of 9 mice with 2 implants each (n =18 implants per 

group) were used in the experiments.

SUBCUTANEOUS IMPLANTATION

Mice were anesthetized with 2% isoflurane/O2 in a laminar flow cabinet, and were 

subcutaneously injected with the analgesic Temgesic (0.05 mg/kg buprenorphine) 15 

min prior to the surgical procedure. The backs of the mice were shaved and disinfected 

with 70% ethanol. On each side, an incision of 0.4 cm was made 1 cm lateral to the spine. 

Subsequently, the biomaterials were implanted subcutaneously with minimal tissue damage 

using transponders, specifically designed for either the SE or titanium implants (Figure 2a 

and 2c). The incisions were closed with a single 0/6 vicryl stitch.

Figure 2. Implants, tools and experimental procedure of the BAI mouse model. a, The biomaterials were implanted 
using an implant-specific transponder for silicone elastomer (left) and one for titanium (right). b, The biomaterials 
used in this study; silicone elastomer (left) and titanium (right). c, Magnification of the transponders with their 
corresponding biomaterial implants; silicone elastomer (left) and titanium (right). d, A schematic representation of 
the experimental procedure.
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MODES OF BACTERIAL CHALLENGE

The implants were challenged with S. epidermidis inocula tailored to the specific experiments 

(see results). The Inocula were delivered in three different ways:

1. Injection. Immediately following implantation, an inoculum in 25 µl PBS was injected 

along the implants using a repetitive injector (Stepper model 4001-025; Dymax).

2. Pre-seeding. Immediately before implantation the surface of the titanium implants was 

pre-seeded with 25 µl of inoculum and briefly air-dried in a laminar flow cabinet.

3. Biofilm. One day prior to implantation, titanium implants were placed in wells of a 24 

wells plate containing 1 ml TSB 1% glucose inoculated with 106 CFU S. epidermidis O-47 

GFP, and the plate was incubated at 37 °C for 21 h under static conditions. The glucose in 

the medium supports biofilm formation43. After incubation, the implants were rinsed three 

times in PBS. Eight of the implants were immediately used for implantation. The remaining 

2 were kept on ice for quantitative culture (see below).

SAMPLE COLLECTION

At 4 or 9 days after implantation mice were anesthetized with 2% isoflurane/O2 and Temgesic 

was administered 15 min before explanation for pain control. Standardized biopsies (Ø 12 

mm) were taken from the implantation sites20. Each biopsy included skin, subcutaneous 

tissue and the implant. The biopsies were cut in two equal halves, each containing one part 

of the implant (Figure 2d). One of these half biopsies was either fixed in paraformaldehyde 

for immunohistology or was instantly frozen in liquid nitrogen for cryo-sectioning. From 

the second half biopsy, the implant was removed from the tissue and used for quantitative 

culture of adherent bacteria. The tissue was again divided into two equal parts, one to be 

used for quantitative culture of bacteria, and the second to be instantly frozen in liquid 

nitrogen and stored at -80 °C to allow RNA analysis.

CULTURE OF BACTERIA ADHERENT TO IMPLANTS

The implants were vortexed briefly in 0.5 ml saline to remove non-adherent bacteria, 

transferred to new tubes with 0.5 ml saline and sonicated for 5 min in a water bath sonicator 

(Elma Transsonic T460, 35 kHz; Elma) to dislodge adherent bacteria. This procedure does 

not affect viability of staphylococci20. The number of viable bacteria was assessed by 

quantitative culture of serial 10-fold dilutions of these sonicates. In addition, the sonicated 

implants were cultured in 5 ml TSB containing 0.5% Tween 80, for 48 h at 37 °C, shaking. The 

numbers of cultured bacteria were expressed as log CFU per implant. A value of 5 CFU was 
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assigned to implants which were culture positive in broth, but of which the sonicates were 

culture negative. To visualize the data on a logarithmic scale, a value of 1 CFU per implant 

was assigned when no growth occurred.

TISSUE HOMOGENIZATION AND CULTURE OF HOMOGENATES

The tissue samples were collected in 1.5 ml tubes and a volume of saline corresponding 

to four times the weight was added. The samples were homogenized on ice using a tissue 

homogenizer (Tissue Tearor model 985-370; Biospec Products). Before each homogenization, 

the homogenizer was carefully cleaned, disinfected in 0.4% (w/v) sodium hypochlorite 

followed by 70% alcohol, and rinsed with sterile water and saline. Homogenates were 10-

fold serially diluted and quantitatively cultured. In addition, one-tenth of each homogenate 

was cultured in 5 ml TSB with 0.5% Tween 80, for 48 h at 37 °C, shaking. The numbers of 

cultured bacteria were expressed as log CFU per homogenized biopsy. A value of 10 CFU 

was assigned to homogenates which were culture positive in broth but culture negative on 

blood agar plates. To visualize the data on a logarithmic scale, a value of 1 CFU per biopsy 

was assigned when no growth occurred.

HISTOLOGY OF CRYO-SECTIONS
The frozen tissue sections were placed on a pre-labeled tissue base mold and covered with 

cryo-embedding medium. Six-µm cryo-sections were cut on a cryostate microtome at -25 °C 

and thaw-mounted on glass slides. Images were recorded with a Leica DMRA fluorescence 

microscope.

IMMUNOHISTOLOGY
Tissue biopsies containing SE or titanium implants were embedded in plastic 

(methylmethacrylate/butylmethacrylate [MMA/BMA]; Merck Schuchart).

 Three µm sections were cut from the SE-containing samples. These sections were 

deplastified by incubating three times in 100% acetone for 5 min, washed in demineralized 

water for 5 min, and incubated in methanol with 0.3% H2O2 for 20 min at RT in the dark to 

block endogenous peroxidase activity. The sections were subjected to heat-induced antigen 

retrieval (HIER)44,45, performed in a PreTreatment module (Lab Vision) by incubation in 

citrate buffer pH 6.0 (Thermo Fisher Scientific, TA-250-PM1X), for 20 min at 98 °C, rinsed 

with tap water and incubated with Ultra V Block (Lab Vision, TA-125-UB) for 10 min at RT. 

Sections were incubated with rat anti-mouse monoclonal F4/80 (macrophages; Serotec, 
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MCA497GA, clone: CI:A3-1) diluted 1:1,000 in Tris-HCl-buffered saline (TBS; 50 mM Tris, 

0.9% NaCl) overnight at 4 °C, subsequently with rabbit anti-rat IgG (fab2; SBA/ITK, 6130-

01) diluted 1:3,000 in TBS with 20% normal mouse serum for 30 min at RT, followed by 

undiluted BrightVision anti-rabbit AP (Immunologic, DPVB-55AP) for 30 min at RT, and 

finally with Vector Blue (Vector Labs, SK-5300) for 10 min at RT, with three TBS washes 

between all incubations. After rinsing with tap water, a HIER-citrate antigen retrieval step of 

10 min at 98 °C, and a Ultra V Block step were performed as described above. Next, sections 

were incubated with 1:1,000 diluted rat anti-mouse Ly-6G-FITC (neutrophils; BD, 553126) 

in TBS for 2 h at RT, with 1:1,000 diluted anti-LTA monoclonal IgG (bacteria; QED Bioscience 

Inc., 15711) and ARK biotin (Dako, K3954) for 1 h at RT, with 1:1,000 diluted rabbit anti-

FITC (Nuclilab, 4510-7804) in the presence of 5% normal mouse serum in TBS for 15 min 

at RT, with undiluted BrightVision anti-rabbit IgG-HRP (Immunologic, DPVR-110HRP) for 30 

min at RT, with 1:1,000 diluted streptavidin-AP (Vector Labs, SA-5100) for 30 min at RT, 

and with Vector Red (Vector Labs, SK-5100) for 10 min at RT, again with three TBS washes 

between all incubations. Finally, the sections were stained for approximately 8 min with DAB 

(Immunologic, BS04-110) until they turned yellow/brownish. Sections were then washed 

with tap water, stained with 10-fold diluted haematoxylin (Klinipath, 4085-9002) for 2 min, 

washed with tap water and dried on a heat block at 50 °C. A drop of VectaMount (Vector 

Labs, H-5000) was applied and the sections were covered with a coverslip and examined in 

light microscopy.

The titanium-containing samples were sawed into slices of 150 µm-thickness, 

mounted on Plexiglas slides and ground and polished to a thickness of around 100 µm 46. 

The slides were sonicated in 50% alcohol for 30 min, rinsed with tap water and incubated 

in methanol with 0.3% H2O2 for 20 min at RT in the dark to block endogenous peroxidase 

activity. The slides were subjected to heat-induced antigen retrieval (HIER), performed in 

a PreTreatment module (Lab Vision) by incubation in citrate buffer pH 6.0 (Thermo Fisher 

Scientific, TA-250-PM1X), for 20 min at 98 °C, rinsed with tap water and incubated with 

Superblock (Klinipath, AAA999) for 10 min at RT. Slides were incubated with rat anti-mouse 

monoclonal F4/80 (macrophages; Serotec, MCA497GA, clone: CI:A3-1) diluted 1:1,000 in 

Tris-HCl-Buffered Saline (TBS; 50 mM Tris, 0.9% NaCl) overnight at 4 °C, subsequently with 

rabbit anti-rat IgG (fab2; SBA/ITK, 6130-01) diluted 1:3,000 in TBS with 20% normal mouse 

serum for 30 min at RT, followed by undiluted BrightVision anti-rabbit AP (Immunologic, 

DPVB-55AP) for 30 min at RT, and finally with Vector Blue (Vector Labs, SK-5300) for 10 min 

at RT, with three TBS washes between all incubations. After rinsing with tap water, a HIER-



35

S. epidermidis relocates from implant to tissue

citrate antigen retrieval step of 10 min at 98 °C, and a Superblock step were performed 

as described above. Next, slides were incubated with 1:5,000 diluted rabbit anti-S. aureus 

polyclonal IgG (Abcam, 20920) for 1 h at RT, with undiluted BrightVision anti-rabbit AP 

for 30 min at RT, and with Vector Red (Vector Labs, SK-5100) for 10 min at RT, again with 

three TBS washes between all incubations. After another HIER-citrate (10 min at 98 °C) and 

Superblock incubation, slides were incubated with 1:1,000 diluted rat anti-mouse Ly-6G-

FITC (neutrophils; BD, 553126) in TBS for 2 h at RT, with 1:1,000 diluted rabbit anti-FITC 

(Nuclilab, 4510-7804) in the presence of 5% normal mouse serum in TBS for 15 min at RT, 

with undiluted BrightVision anti-rabbit IgG-HRP (Immunologic, DPVR-110HRP) for 30 min 

at RT, and finally stained for approximately 8 min with DAB (Immunologic, BS04-110) until 

they turned yellow/brownish. Slides were then washed with tap water, stained with 10-fold 

diluted haematoxylin (Klinipath, 4085-9002) for 2 min, washed with tap water and dried on 

a heat block at 50 °C. Slides were examined in light microscopy.

SCANNING ELECTRON MICROSCOPY (SEM)
Titanium implants with a pre-grown biofilm were washed in PBS, fixed with 4% 

paraformaldehyde and 1% glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.4) at 

RT for 1 h, dehydrated with a graded series of ethanol solutions (25%, 50%, 75% and 96% 

ethanol) and 100% acetone, for 10 min in each solution at RT, followed by critical point 

drying. Before imaging, specimens were oriented, mounted on metal stubs and sputter-

coated with gold (Polaron 5000 Sputtering System). A JSM6400 scanning electron microscope 

(JEOL, Tokyo, Japan) was used to examine the specimens. The images were collected at an 

acceleration voltage of ~5.0 kV, a filament current of ~10-10A, and a working distance of ~14 

mm and digitized as high-resolution TIFF computer files (resolution, 635 dpi).

STATISTICAL ANALYSIS
Two-sample comparisons were made using a two-tailed Mann-Whitney rank sum test. The 

significance of differences between the frequencies of categorical variables was determined 

using Fisher’s exact test. For all tests, p-values of ≤0.05 were considered significant.
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Figure 3. Stability of plasmid WVW189 in S. epidermidis and in E. coli. The graph shows the percentage of GFP-
positive cells over time of S. epidermidis O-47 GFP (circles) and E. coli DH5α WVW189 in absence (filled squares) 
and presence of chloramphenicol (CAM; open squares). The panels to the right show FACS analysis of the GFP 
expression after 4 passages of S. epidermidis O-47 GFP in absence of CAM (upper panel) and of E. coli DH5α 
WVW189 in presence (middle panel) and absence of CAM (lower panel). GFP expression was measured at 509 nm 
wavelength (FL1, absciss). Wild type S. epidermidis O-47 and wild type E. coli DH5α are shown as white histograms, 
as negative controls.

Figure 4. The growth of S. epidermidis O-47 (open circles) and S. epidermidis O-47 GFP (filled circles) in different 
culture media in a microtiterplate at 37 °C, shaking. Media used were lysogeny broth (LB), tryptic soy broth (TSB), 
brain heart infusion broth (BHI) and Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 5% fetal calf 
serum (FCS). All growth curves were performed in duplicate.
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RESULTS
STABILITY OF PLASMID WVW189
Plasmid WVW189 was successfully introduced into S. epidermidis O-47, resulting in strain 

O-47 GFP which strongly expressed GFP. In S. epidermidis O-47, plasmid WVW189 was 

maintained in repeated subcultures without antibiotic selective pressure (Figure 3). The 

presence of the plasmid did not delay the growth of bacterial colonies. In E. coli DH5α GFP 

however, selective pressure was essential, as most of the bacteria became GFP-negative 

already after 1 passage without chloramphenicol. Even in presence of chloramphenicol only 

80 – 84% of the E. coli DH5α GFP expressed detectable levels of GFP (Figure 3).

COMPARISON OF THE GROWTH OF S. EPIDERMIDIS  O-47 AND 
S. EPIDERMIDIS  O-47 GFP IN DIFFERENT MEDIA
The growth of S. epidermidis O-47 and S. epidermidis O-47 GFP was compared in LB, BHI, 

TSB or IMDM supplemented with 5% FCS. The growth of the two strains was comparable in 

all media (Figure 4) indicating that the presence of plasmid WVW189 and the expression of 

GFP had no adverse effect on bacterial growth in these media. However, as expected, the 

growth of the two strains in BHI and TSB was rapid, whereas the growth in LB and IMDM 

supplemented with 5% FCS was slow.

COMPARISON OF IN VIVO  SURVIVAL OF S. EPIDERMIDIS  O-47 
AND S. EPIDERMIDIS  O-47 GFP
To assess whether the in vivo survival of S. epidermidis O-47 was influenced by the presence of 

plasmid WVW189 and/or expression of GFP, we used our BAI model of mice with SE catheter 

segments implanted subcutaneously. An inoculum of 1.8 × 107 CFU, containing a mixture of 

1.1 × 107 CFU S. epidermidis O-47 and 0.7 × 107 CFU S. epidermidis O-47 GFP, was injected 

along the SE implants. Mice were sacrificed at 4 days after challenge and the numbers of 

CFU adherent to the implant surface and in the surrounding tissue were quantified (Figure 

5b). At this time point, numbers of CFU of S. epidermidis in this model show a large variation 

between different mice, likely due to individual differences in clearance of the bacteria34,47,48. 

We took advantage of this natural variation to study the survival of the two strains under 

these physiologically relevant variable conditions. All SE segments were culture negative, 

except one (sample 6L (Figure 5a), with 1.8 × 102 CFU of S. epidermidis O-47 and 3 × 101 

CFU of S. epidermidis O-47 GFP). All tissue biopsies were culture positive. Histology revealed 

high numbers of bacteria in the peri-implant tissue, where bacteria mainly co-localized 

2
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with macrophages, likely residing intracellularly (Figure 6). As expected, the numbers of 

CFU retrieved showed large inter-mouse variation. The numbers of CFU of S. epidermidis 

O-47 retrieved from the tissues of individual mice consistently were slightly higher than 

the numbers of S. epidermidis O-47 GFP. These difference reflect the slight difference in 

numbers of CFU of the respective strains present in the inoculum (Figure 5a), although a 

minor difference in growth capacity in vivo cannot be ruled out. Based on these results, we 

concluded that S. epidermidis O-47 GFP is capable of causing BAI in the mouse model to a 

similar extent as its parent strain, and was therefore used in subsequent in vivo experiments.

LOCALIZATION OF S. EPIDERMIDIS O-47 GFP IN RELATION TO 
CHALLENGE MODE
In order to investigate whether bacteria present on the surface of an implant can infect the 

surrounding tissue, we assessed colonization of implants and tissues of mice which received 

titanium implants pre-seeded with 105 or 107 CFU S. epidermidis O-47 GFP. As a reference, 

mice with sterile implants were challenged with similar numbers of bacteria injected along 

the implants. Mice were sacrificed at 4 or 9 days after challenge.

Figure 5. Numbers of CFU in tissue surrounding SE implants challenged with a mixed inoculum of S. epidermidis 
O-47 and S. epidermidis O-47 GFP, injected along the implant. Mice were sacrificed after 4 days. a, An inoculum 
of 1.8 × 107 CFU in 25 µl PBS, containing a mixture of 1.1 × 107 CFU S. epidermidis O-47 (white bars) and 0.7 × 
107 CFU S. epidermidis O-47 GFP (black bars) was injected along SE segments implanted subcutaneously at both 
sides (L = left and R = right) of the spine. Data represent the culture results of the homogenized tissue biopsies. 
All SE implants were culture negative, except for sample 6L, and are therefore not shown. The slight difference 
in numbers of CFU of both strains present in the inoculum is reflected in the numbers of CFU retrieved from the 
mouse samples. b, An example (tissue sample 4L) of 10-fold serial dilutions of homogenates showing growth of 
colonies of both S. epidermidis O-47 (bluish white) and S. epidermidis O-47 GFP (green). The culture plate was 
photographed under UV light.



39

S. epidermidis relocates from implant to tissue

At 4 days after challenge with 105 CFU of S. epidermidis O-47 GFP, tissue surrounding 

the implant appeared to be the predominant site of bacterial colonization, independent on 

the mode of challenge. Four of 18 (22%) and 6 of 18 (33%) of the implants and 13 of 18 

(72%) and 14 of 18 (78%) of the tissues were culture positive of mice with bacteria injected 

along the implants or carrying pre-seeded implants, respectively (Figure 7). At 9 days, all 

implants were culture negative for both modes of challenge and a low number of tissues 

were culture positive in both the injected (3 of 16 (19%)) and pre-seeded implant group (1 of 

18 (6%)). The numbers of bacteria retrieved from the tissues after 4 days exceeded the initial 

inoculum in several of the mice in both study groups, suggesting that bacteria pre-adherent 

to the implant surface prior to its implantation actually spread and multiplied within the 

peri-implant tissues (Figure 7).

Figure 6. Histological sections of mice with an implanted silicon elastomer segment, challenged with a mixed 
inoculum of S. epidermidis O-47 and S. epidermidis O-47 GFP injected along the implant and sacrificed after 4 
days. Staining of macrophages with F4/80 (blue) and bacteria with anti-S. aureus (red) antibodies. a, Peri-implant 
tissue with the implant interface in the lower left corner (arrow). No biofilm is observed at the silicon elastomer 
interface, but bacteria are clearly visible in the tissue. b, Further magnification of the peri-implant tissue of A 
with co-localization of bacteria and macrophages. c, Co-localization of bacteria and macrophages. Arrows indicate 
examples of the likely localization of bacteria within macrophages. d, Negative control without primary antibodies; 
no staining is observed. Arrow indicates the implant interface.
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Figure 7. Comparison of implant (titanium) and peri-implant tissue colonization after challenge with S. epidermidis 
O-47 GFP either applied to the implant surface prior to implantation, or injected along the implant after its 
implantation. Inocula of 105 CFU (upper panel) and 107 CFU (lower panel) of S. epidermidis O-47 GFP were injected 
along the implant (white columns; “Inj.”), or pre-seeded onto the implant prior to implantation (grey columns; 
“Surface”). The survival of bacteria on the implant (“Implant”) and in the tissue surrounding the implant (“Tissue”) 
is shown as log CFU at 4 (left) and 9 days (right) after implantation. Results are expressed as the fraction (and 
percentage) of culture-positive samples, and as the actual numbers of CFU retrieved. The horizontal line represents 
the median value per group. Statistical analyses on the fractions of culture-positive samples and analyses on the 
numbers of CFU were assessed by Fisher’s exact and Mann-Whitney tests, respectively.
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Figure 8. Histological sections of mice with titanium implants pre-seeded with 107 CFU S. epidermidis O-47 GFP and 
sacrificed after 4 days. Staining of macrophages with F4/80 (blue) and bacteria using anti-S. aureus (red) antibodies. 
a and b, Implant-tissue interface sections. Due to the procedure, a small gap occurs between the implant (black) 
and the tissue. c and d, Further magnification of the implant-tissue interface of a and b, respectively, with co-
localization of bacteria and macrophages. Both left and right panels are representative for sections in different 
levels in the biopsies examined.

Figure 9. Fluorescence microscopy images of cryo-sections of tissue surrounding titanium implants with S. 
epidermidis O-47 GFP injected along (a) or pre-seeded on (b) the titanium implant. The bacteria can be seen as 
intense green dots against a background of slight tissue autofluorescence.
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With an inoculum of 107 CFU of S. epidermidis O-47 GFP, 6 of 17 (35%) and 16 of 

17 (94%) of the implants and 15 of 18 (83%) and 16 of 17 (94%) of the tissues were culture 

positive at 4 days after challenge with bacteria injected along the implants or pre-seeded 

on the implants, respectively. The number of culture-positive implants (p < 0.001) and the 

numbers of bacteria retrieved from the implants (p < 0.001) were significantly higher when 

bacteria were pre-seeded on the implant rather than injected along the implants following 

implantation. The numbers of culture-positive tissues were high and comparable in both 

groups with no differences in the numbers of CFU retrieved between the two modes of 

challenge (p = 0.4879). At 9 days after challenge no statistically significant differences were 

observed in colonization of implants and tissues: 4 of 18 (22%) of the implants were culture 

Figure 10. Implant and peri-implant tissue colonization after implantation of a titanium segment with a pre-grown 
biofilm. A biofilm of S. epidermidis O-47 GFP was grown onto a titanium implant prior to implantation, by culturing 
the bacteria in presence of the implant for 21 h in TSB with 1% glucose added. The implants carried biofilm with 
a mean number of 5.4 × 106 CFU before implantation. a, The survival of bacteria on the implant (left) and in 
the tissue surrounding the implant (right) at 4 days after implantation. Results are expressed as the fraction (and 
percentage) of culture-positive samples, and as the actual numbers of CFU retrieved. The horizontal line represents 
the median value per group. b, SEM recording of the S. epidermidis biofilm on the implant prior to implantation. 
Magnification of 3700x. c, Representative histological section of the tissue around an implant (dark, to the right) 
4 days after implantation. The bacteria are located throughout the peri-implant tissue rather than at the implant-
tissue interface.
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positive in both groups while 6 of 18 (33%) and 3 of 18 (17%) of the tissues were culture 

positive in the injected and pre-seeded implant group, respectively.

Histological analysis revealed that most bacteria in tissue surrounding the pre-

seeded implants co-localized with macrophages (Figure 8), implying that surface-localized S. 

epidermidis are translocating to the surrounding tissue and can reside intracellularly within 

macrophages. GFP-positive bacteria were observed in cryo-sections of peri-implant tissue, 

showing that S. epidermidis O-47 GFP can be directly detected in histological sections (Figure 

9), and confirming the identity of the challenge strain S. epidermidis O-47 GFP in this tissue.

BACTERIA INTRODUCED AS A BIOFILM ON TITANIUM IMPLANTS AS A 
SOURCE OF PERI-IMPLANT TISSUE COLONIZATION
To investigate whether bacteria can also be a source for peri-implant tissue colonization 

when they are present on the implant surface as a biofilm, we performed an experiment 

using implants with pre-grown biofilms in a group of 4 mice. Prior to implantation, S. 

epidermidis O-47 GFP biofilms carrying a mean number of 5.4 × 106 CFU were grown on 

titanium implants (Figure 10b). At 4 days post implantation high numbers of CFU were 

retrieved from most peri-implant tissues (Figure 10a). This colonization of the peri-implant 

tissue by bacteria originating from a pre-grown biofilm was confirmed by histology which 

showed the presence of bacteria throughout the entire peri-implant tissue (Figure 10c).

DISCUSSION
Biomaterial-associated infections are considered to be caused by bacteria lodged onto the 

surface of the biomaterial during surgery where they can form a biofilm, but they also reside 

in surrounding tissue. In this study we constructed a fully virulent fluorescent S. epidermidis 

strain to study the pathogenesis of biomaterial-associated infection in a murine model. 

We showed that S. epidermidis can infect surrounding tissue when introduced onto the 

surface of an implant. At 4 days after implantation of titanium implants pre-seeded with S. 

epidermidis or carrying a pre-grown S. epidermidis biofilm, the bacteria were mostly present 

in the surrounding tissue and co-localized with macrophages. S. epidermidis were cultured 

from the tissue in large numbers, showing that many of the bacteria were viable. Thus, 

a contaminated implant can be a reservoir for infection of the surrounding tissue where 

bacteria can reside intracellularly.

In order to detect the challenge strain directly by fluorescence microscopy, and 
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to allow easy discrimination from potential contaminating mouse flora after culture in 

experimental BAI studies, we constructed S. epidermidis O-47 GFP, which constitutively and 

stably expresses green fluorescent protein. The strain harbors plasmid WVW189, which was 

stably maintained in S. epidermidis O-47 in the absence of antibiotic selective pressure. 

The expression of GFP has been reported to reduce the virulence of Salmonella enterica 

in a murine infection model49. This was due to the burden of carrying the extra plasmid 

with the fluorescent protein gene, rather than to the actual expression of the fluorescent 

protein50. In our case, plasmid WVW189 did not influence S. epidermidis growth in vitro and 

only marginally, if at all, affected the survival of the bacteria in a mouse model of BAI. In a 

mixed inoculum experiment in the mouse BAI model, the numbers of CFU of the wild type 

S. epidermidis O-47 retrieved were slightly higher than those of S. epidermidis O-47 GFP. 

While the difference was in accordance with the slight difference in the ratio of the two 

strains in the mixed inocula used, it can not be fully excluded that the GFP-expressing strain 

had a slightly reduced capacity to survive in the mouse model. S. epidermidis O-47 GFP 

was detected by fluorescence microscopy and was clearly discriminated from the wild type 

strain in culture after mixed infection. These findings illustrate that S. epidermidis O-47 GFP 

is a powerful tool in experimental BAI studies.

In mice with titanium implants as well as in mice with silicon elastomer implants, 

S. epidermidis localized in the tissue at a certain distance from the tissue-implant interface. 

Moreover, the bacteria co-localized with host macrophages in the tissue. This observation 

is in accordance with earlier studies using different polymers, where intracellular S. 

epidermidis bacteria persisted in large numbers within macrophages20,34. Apparently, 

persistence of S. epidermidis in tissue is a more general phenomenon, occurring around 

implants manufactured from materials as diverse as polymers and titanium.

We used the mouse subcutaneous BAI model to study possible routes of infection 

at the interface between titanium implants and the surrounding tissue. Our results show 

that S. epidermidis bacteria on the surface of titanium implants – both adhering and as 

a biofilm – are a source of infection of the surrounding tissue. This likely is a mechanism 

occurring in humans as well, and may not be limited to soft tissue. For example, after 

removal of infected prosthetic joints, patients usually require prolonged antibiotic treatment 

in order to eradicate bacteria in the tissue prior to implantation of a new implant in two-

stage surgery51. Moreover, viable S. aureus were detected in connective tissue of a patient 

with prosthetic hip loosening52, and within osteoblasts and osteoclasts17 and peri-implant 

fibroblasts18 in osteomyelitis patients. In these patients the tissue apparently had become 
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colonized by infecting bacteria. While initial colonization of the implant surface by bacteria 

forming a biofilm followed by tissue colonization is a likely scenario, direct colonization of 

the tissue after introduction of the bacteria during surgery, or later through hematogenous 

infection may be other mechanisms for tissue colonization.

Interestingly, even when S. epidermidis was present exclusively on the implant at 

the start of the mouse experiments, after 4 days the bacteria predominantly co-localized 

with macrophages in the peri-implant tissue. This suggests that the bacteria were either 

removed from the implant surface by phagocytosis, or were first detached from the 

surface and subsequently phagocytosed. In either case, the phagocytes apparently did not 

eradicate the bacteria since high numbers of bacteria were cultured from the tissue. This 

lack of clearance of bacteria is likely due to impairment of the host immune response in 

the presence of an implant. The phagocytic and bactericidal capacity of neutrophils in the 

vicinity of an implant can be impaired4,19 and similarly the intracellular killing capacity of 

macrophages can be reduced due to dysregulated cytokine production in the peri-implant 

tissue19,47,53. Apparently, when bacteria are initially present on the implant surface – either 

as adherent planktonic bacteria or in a biofilm – phagocytes will not effectively eradicate 

these bacteria. This eventually results in persistence of bacteria, mainly intracellularly, in 

the peri-implant tissue.

The presence of bacteria in peri-implant tissue is an important factor in the 

pathogenic process of BAI and has implications for the design of preventive strategies. Various 

device coatings have been developed to prevent infection, including antifouling surfaces, 

contact-killing surfaces, and surfaces which incorporate and release antimicrobials13. 

Antifouling surfaces will not kill bacteria, while contact-killing surfaces will only eradicate 

bacteria that are in direct contact with the implant surface. With such surfaces, clearance 

of the bacteria thus will predominantly depend on efficient phagocytosis. However, due 

to the presence of the biomaterial, phagocytosed bacteria may not be killed and may 

persist intracellularly. Moreover, modification of biomaterials with antifouling coatings 

may even increase susceptibility to infection due to dysregulation of the local host immune 

response20,53.

Considering the importance of the peri-implant tissue as a niche for bacterial 

persistence, antimicrobial-releasing surfaces or coatings from which the antimicrobial agent 

also reaches this niche are required to effectively prevent BAI. A rapid initial release of 

antimicrobials is desired, to prevent the spread of bacteria from the implant surface to the 

surrounding tissue. If the release is delayed, bacteria may become internalized in host cells 
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before effective levels of the antimicrobials have been established. Since many antibiotics 

have only low to moderate intracellular activity54 and intracellular killing mechanisms of 

the phagocytic cells are compromised, the bacteria will then have reached a niche in which 

they can persist. Ideally, the released antimicrobial agents thus should be able to eradicate 

bacteria within host cells. In addition to rapid initial release, subsequent prolonged local 

release of the antimicrobial at sufficiently high concentrations will be required to eradicate 

residual bacteria54,55. Finally, due to the increasing resistance development, the large-scale 

prophylactic use of antibiotics is discouraged by the American Centers for Disease Control 

and Prevention (CDC)56. Therefore, there is a clear need for alternative antimicrobials with 

intracellular activity, which are not associated with development of resistance.

CONCLUSIONS
We constructed S. epidermidis O-47 GFP strain which constitutively and stably expresses 

green fluorescent protein encoded by plasmid WVW189, and which is equally virulent as the 

parent O-47 strain. S. epidermidis O-47 GFP, either pre-seeded or pre-grown as a biofilm on 

the surface of titanium implants, infected the tissue surrounding the implant. The bacteria 

co-localized with macrophages and were recovered from the tissue in larger numbers than 

from the implant itself, showing that bacteria originating from a biomaterial surface can 

colonize the peri-implant tissue. The fact that they can even reside in host cells shows 

that this tissue reservoir can be an important source for recurrent biomaterial-associated 

infection. Colonization of the tissue should therefore be prevented by e.g. coatings releasing 

antimicrobials with effective tissue penetration and intracellular activity.
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