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Biomaterials-Associated Infections (BAI) occur across all permanent and 

temporary implants and devices, used to restore human body function (1). The 

consequences of BAI are enormous: a patient with an infected implant starts a 

series of hospital visits and antibiotic use, with the almost certain outcome that 

the infected implant or device will have to be replaced at high costs and great 

discomfort for the patient (2). Infections associated with temporary devices, such 

as intravenous catheters used for administration of chemotherapeutics, are 

seemingly less complicated to solve as they can be easily removed, but yet often 

pose a clinical dilemma: its removal, necessary to cure the infection, will disrupt 

the chemotherapy, while maintaining the catheter in place may yield the risk of 

death due to sepsis of an already weakened patient.  

Sterile implantation of a biomaterial may be considered a myth and it is 

safe to assume that implants are always inserted in an infected state (“peri-

operative contamination”). Moreover, the surgical site is at risk of infection after 

surgery during hospitalization (“early post-operative contamination” of the wound 

site) (3). Bacteria can also be attracted to the surface of a biomaterial implant or 

device surface by haematogenous spreading of bacteria from an infection 

elsewhere in the body (4), a process that can occur any time after implantation. 

BAI does not necessarily develop at the time of bacterial contamination of an 

implant or device, but frequently manifests itself later, as bacteria can remain 

dormant on implant or device surfaces for many years (5). 

Microorganisms adhering on a biomaterial implant or device surface 

protect themselves against the host immune system and antimicrobial challenges 

by embedding themselves in a complex matrix of extracellular polymeric 

substances to form a so-called “biofilm” (6). Apart from the fact that the biofilm 

mode of growth protects the organisms against antibiotic treatment, the number 

of microbial strains and species that have become resistant to currently available 

antibiotics is rapidly increasing (5,7), making it more difficult to eradicate a BAI.   
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In case of BAI, the host immune system is triggered by bacterial cell 

surface molecules, designated as “Pathogen-Associated Molecular Patterns” 

recognized by specific receptors on the professional phagocytes, e.g. “Toll-Like 

Receptors (8). Parallel to activation of the host immune system by bacteria in BAI, 

implantation of a biomaterial itself provokes host immune reactions to initiate a 

dynamic inflammatory process in which a variety of innate and adaptive immune 

cells are involved, known as the foreign body reaction. The onset of a foreign 

body reaction is accompanied by migration of neutrophils and granulocytes to the 

tissue adjacent to implanted materials. This acute inflammation resolves during a 

few hours to days and progresses to chronic inflammation, characterized by dense 

infiltration of monocytes derived macrophages. This process is followed by fusion 

of macrophages to multi-nucleated foreign body giant cells lining the biomaterial, 

novel fibroblast formation and deposition of fibrin, leading to 

fibrosis/encapsulation of the foreign body (9). The sterile inflammation due to the 

presence of the foreign body, together with the simultaneous activation of the 

host immune system induced by bacteria, may promote a prolonged 

inflammatory response towards BAI at the site of implantation. Eventually, an 

implanted biomaterial may compromise the local inflammatory response, and 

bacterial presence develops into BAI when a patient becomes (temporarily) 

immuno-compromised due to illness, fatigue, etc. (5).  

Different strategies have been developed to prevent the incidence of BAI. 

Antimicrobial coatings are considered as a most promising solution, as they 

sandwich an infectious biofilm between a “killing” surface and an unfriendly 

environment, i.e. the local host immune system and/or systemically administered 

antibiotics. At the same time, antimicrobial coatings should also possess the 

ability to allow non-disturbed functioning of the local immune system, or even 

enhance its functioning in order to prevent microbial colonization and infection.  
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Figure 1. Visualization of BAI using bioluminescence imaging in mice, after deliberate 

early, post-operative contamination by a bioluminescent S. aureus strain in presence 

(upper panel) and absence (lower panel) of a biomaterial implant. Note that after 11 days, 

the bioluminescence signal becomes too low to detect in both mice.  

 

 

The interplay between antimicrobial strategies applied either locally in the 

form of coatings or otherwise and the host immune response to BAI is difficult, if 

not impossible, to mimic in in vitro assays. Therefore, the use of animal models is 

indispensable for assessing the immune-compatibility and antimicrobial efficacy 

of antimicrobial strategies applied on biomaterials. In vivo bioluminescence 

systems, extensively used in cancer research (10), have recently been used 

successfully to monitor the course of BAI in murine models (11). Bacterial 

bioluminescence based in vivo models, mimicking infection developed from peri- 

or post-operative contamination of a biomaterial implant or device, allow to 

monitor pathogen presence longitudinally and non-destructively in one and the 

same animal (Fig. 1). Bio-optical imaging can either be based on the use of 

bioluminescent or fluorescent bacterial strains or on the application of fluorescent 
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probes, which can be activated by inflammatory mediators such as matrix 

metalloproteases or cathepsins expressed by host immune cells (12).  

A first aim of this thesis is to gain a better understanding of the biological 

events that take place during the interaction of the host immune system with 

bacteria and implant surfaces during the course of BAI, in order to assist the 

development of new antimicrobial biomaterial coatings. As the second aim of this 

thesis, in vivo implant BAI models based on bioluminescence and fluorescence 

imaging of BAI will be developed and validated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1                                                                                            General Introduction 

6 

 

References  

1. Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the 

natural environment to infectious diseases. Nat Rev Microbiol 2004;2:95-

108. 

2. Busscher HJ, Van der Mei HC, Subbiahdoss G, Jutte PC, Van den Dungen JJ, 

Zaat SA, et al. Biomaterial-associated infection: locating the finish line in 

the race for the surface. Sci Transl Med 2012;4:153rv10. 

3. Loftus RW, Koff MD, Burchman CC, Schwartzman JD, Thorum V, Read ME, 

et al. Transmission of pathogenic bacterial organisms in the anesthesia 

work area. Anesthesiology 2008;109:399-407. 

4. Busscher HJ, Ploeg RJ, Van der Mei HC. SnapShot: Biofilms and 

biomaterials; mechanisms of medical device related infections. 

Biomaterials 2009;30:4247-8. 

5. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common 

cause of persistent infections. Science 1999;284:1318-22. 

6. Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol 

2010;8:623-33. 

7. Corbin A, Pitts B, Parker A, Stewart PS. Antimicrobial penetration and 

efficacy in an in vitro oral biofilm model. Antimicrob Agents Chemother 

2011;55:3338-44. 

8. Janssens S, Beyaert R. Role of toll-like receptors in pathogen recognition. 

Clinic Microbiol Rev 2003;16:637-46. 

9. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to 

biomaterials. Sem Immunol 2008;20:86-100. 

10. Choy G, Choyke P, Libutti SK. Current advances in molecular imaging: 

noninvasive in vivo bioluminescent and fluorescent optical imaging in 

cancer research. Mol Imaging 2003;2:303-12 

11. Daghighi S, Sjollema J, Jaspers V, De Boer L, Zaat SA, Dijkstra RJ, et al. 

Persistence of a bioluminescent Staphylococcus aureus strain on and 

around degradable and non-degradable surgical meshes in a murine 

model. Acta Biomater 2012;8:3991-6. 

12. Sjollema J, Sharma PK, Dijkstra RJ, Van Dam GM, Van der Mei HC, 

Engelsman AF, et al. The potential for bio-optical imaging of biomaterial-

associated infection in vivo. Biomaterials 2010;31:1984-95.    



 

 

Chapter 2 

Infection resistance of degradable versus non-degradable 

biomaterials: An assessment of the potential mechanisms 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission of Elsevier from Daghighi S, Sjollema J, Van der Mei HC, 

Busscher HJ, Rochford ETJ. Biomaterials, 2013; 34: 8013-8017



Chapter 2                                              Infection resistance of degradable biomaterials 

8 

 

Abstract  

Extended life expectancy and medical development has led to an 

increased reliance on biomaterial implants and devices to support or restore 

human anatomy and function. However, the presence of an implanted 

biomaterial results in an increased susceptibility to infection. Due to the severity 

of the potential outcomes of biomaterial-associated infection, different strategies 

have been employed to reduce the infection risk. Interestingly, degradable 

biological materials demonstrate increased resistance to bacterial infection 

compared to non-degradable synthetic biomaterials. Current knowledge about 

the specific mechanisms of how degradable biological materials are afforded 

increased resistance to infection is limited. Therefore, in this paper a number of 

hypotheses to explain the decreased infection risk associated with the use of 

degradable versus non-degradable biomaterials are evaluated and discussed with 

reference to the present state of knowledge.  
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Introduction 

Increasing life expectancy has led to the use of different biomaterial 

implants and devices for the restoration and maintenance of human anatomy and 

function after trauma, surgery or general wear (1). However, there are several 

disadvantages associated with the use of implants, including the risks of limited 

healing, destructive inflammation and the development of biomaterial-associated 

infection (BAI) (2,3). Currently, commercial biomaterials are screened before use 

to minimise toxicity, inflammation and inappropriate immune reactions. However, 

the risk of infection associated with the use of biomaterial implants and devices is 

often overlooked during development, despite the fact that it is the primary cause 

of biomaterial implant and device failure. In addition, BAI usually shows little 

susceptibility to antibiotics making BAI cases difficult to treat, often requiring 

revision surgeries and implant removal (4).  

Bacterial contamination of an implant can occur peri- and post-operatively 

and also many years later via haematogenous seeding from infections elsewhere 

in the body (1). Bacteria possess a wide range of adhesion molecules which target 

a vast array of surface chemistries and adsorbed proteins aiding their adhesion to 

a biomaterial surface or surrounding tissue yielding contamination of the surgical 

site (5,6). Upon adhesion, the bacterial phenotype changes, leading to the 

formation of a biofilm: an organized community of adhering bacteria embedded 

in a matrix of extracellular polymeric substances (EPS) (7). Bacteria in this mode of 

growth demonstrate an increased resistance to antimicrobials and effective 

removal by the immune system (8-10).  

The presence of an implanted material alone increases the risk of 

infection dramatically, as first illustrated by Elek and Conen in 1957. It was 

demonstrated that 10
4
 times fewer bacteria were required to infect human 

volunteers receiving a suture compared to those without (11). This feature of 

decreased infection resistance has been attributed to the compromising of the 

immune system by the presence of “non-self” material which leads to the 
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development of a foreign body reaction. A foreign body reaction is a characteristic 

immune response to material in the body identified to be xenogenic and involves 

the recruitment of phagocytic cells (12). Depending on the material present, the 

foreign body reaction can lead to chronic inflammation, frustrated phagocytosis, 

granulation tissue development, formation of multinucleated foreign body giant 

cells, fibrous capsule development and the release of reactive oxygen species. It 

has been suggested that the host reaction to a foreign material may reduce the 

effectiveness of the immune system, generating a refractory period in which 

bacteria are not cleared effectively, leading to increased infection risk (12-15). 

The consequences of a BAI are significant and include increased 

hospitalization times, treatment costs, the requirement for implant removal and 

tissue debridement, morbidity and in worst cases even death (16-19). Due to the 

severity of the potential outcomes of BAI, different strategies have been used in 

clinical applications to reduce infection risk. For example, chlorhexidine-releasing 

vascular catheters have been employed to reduce blood stream infections (20) 

and antibiotic-loaded bone cements and antibiotic-coated arthroplasties are 

applied in orthopaedic surgeries (21). The use of antimicrobials associated with 

implants may reduce infection risk, but moreover may stimulate the development 

of bacterial resistance. This is especially true, when these drugs are used and 

eluted for prolonged periods of time in concentrations below clinical efficacy. 

Therefore non-adhesive coatings (22), preventing initial bacterial adhesion, and 

coatings with contact-killing activity (23,24) are under development that may 

provide long-lasting functionality, without the drawbacks of current antimicrobial 

strategies. 

Another clinically effective strategy to reduce infection risk is, where 

appropriate, to use degradable biomaterials. For example, hernia repair grafts 

composed of an a-cellular collagen scaffold from human cadaveric, porcine or 

bovine sources, show improved resistance to bacterial infection compared to non-

biological grafts (25-27). The benefits of using degradable biological grafts to 



Chapter 2                                              Infection resistance of degradable biomaterials 

11 

 

decrease infection risk have been reported in a number of clinical and pre-clinical 

in vivo studies (28-33). Animal studies comparing biological meshes with synthetic 

meshes found biological materials to be more resistant to Staphylococcus aureus 

(13,25,27). Also in clinical trials, biological materials have been shown to possess 

higher bacterial clearance rates in patients with either a contaminated wound or a 

history of infection. For instance, the results of a 5-year follow-up study suggested 

that in infected or potentially contaminated fields where infection resistance of an 

implant is required, placement of degradable, biological meshes is preferred over 

non-degradable biomaterials (30). Therefore, degradable meshes of biological 

origin are often recommended for the treatment of abdominal wall hernias in 

high infection risk scenarios indicated by co-morbidity factors (smoking, Chronic 

Obstructive Pulmonary Disease (COPD), obesity, an immune compromised state, 

etc.) (34). Additionally, these degradable implants show a reduction in growth 

restriction (35), pain (36), implant migration (37), requirement for secondary 

revision and removal surgeries (38). However, the mechanisms by which 

degradable materials are afforded this increased resistance to infection have yet 

to be established. To date, a number of hypotheses have been proposed to 

explain the reduced risk of infection of degradable versus non-degradable 

biomaterials, these will be critically discussed in this article. 

 

Current hypotheses of infection resistance of degradable biomaterials 

Increased vascularisation  

Increased vascularisation has been suggested to be a reason for the 

higher infection resistance associated with the use of degradable materials 

(39,40). Enhanced vascularisation may aid resistance by facilitating immune cell 

infiltration into damaged and infected host tissue (41). The vascularisation 

hypothesis is based on observations such as that made by Disa et al. that 

degradable meshes cause increased angiogenesis and decreased infection risk 

(42). It is unclear, however, whether there is a causal relationship between 
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neovascularisation and the so called “inherent” infection resistance of degradable 

grafts. To date this link can only be regarded as circumstantial and must be 

interpreted with great care, because of the complexity of immune response 

between implantation and outcome of healing and bacterial contamination. The 

processes of tissue healing, including neovascularisation, and host clearance of 

contaminating microorganisms are driven by the immune system, which in turn is 

affected by material choice (43,44). Neovascularisation is controlled by the 

production of cytokines and recruitment of cells to the site of healing. These same 

processes influence and are in turn influenced by other aspects of the immune 

response. For example, vascular endothelial growth factor is an important protein 

in the development of angiogenesis (45). However, this same protein is also 

chemo-tactic for macrophages and increases vascular permeability (46). Thus the 

presence of cytokines involved in promoting vascularisation may have direct 

implications on the host response to pathogens and this link may be more 

complicated than vascularisation alone influencing infection risk.  

 

Reduction of the local immunological deficit 

For many years, the “immunological deficit” associated with the presence 

of a foreign material has been linked to decreased infection resistance (11), 

though the nature of this feature has yet to be defined. The underlying principle is 

that the presence of a foreign material skews the immune responses away from 

the normal competency to remove pathogens. The responses to foreign materials 

include inflammation, necrosis, immune cell recruitment, differentiation and the 

release of numerous signalling molecules to cause an immune response relevant 

to the non-self material. However, to date, there is no consensus on which 

specific immune responses simultaneously promote tissue healing and effective 

pathogen removal. A clear point in case, is the cytokine IL-12 which promotes an 

inflammatory response by stimulating the differentiation of naïve T cells into TH1 

cells. In the literature, both the presence of IL-12 releasing coatings and the 
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blocking of IL-12 by anti-IL-12p40 monoclonal antibodies have been shown to 

reduce BAI risk (47,48). Therefore, even on a single cytokine level there is 

controversy as to what is the desirable immune response. In addition to the 

specifics of immune responses, there are differing opinions as to how some of the 

broader outcomes of the immunological cascade affect infection risk. The lack of 

knowledge about the immune response to BAI and the outcome of the host 

response is a clear area for further research, both for degradable and non-

degradable implant materials alike.   

Traditional, non-degradable meshes have been shown to induce increased 

inflammatory interleukin (IL)-1, tumour necrosis factor (TNF) and immune cell 

recruiting chemokines and simultaneously decreased anti-inflammatory (IL-10 and 

IL-1 receptor antagonist) cytokine activity compared with treatment in the 

absence of an implant (49,50). Such immune responses to implanted non-

degradable materials lead to a higher influx of inflammatory cells when compared 

with repair without an implant (49). Together, these features may prevent the 

immune response from being able to effectively target and clear bacteria. In 

contrast, the use of degradable materials may decrease the immunological deficit 

via two mechanisms. Firstly, degradable biomaterials are readily broken down and 

may not frustrate the immune system to the same extent as non-degradable 

materials, thus permitting immune responses to develop targeted to 

contaminating pathogens rather than to the material itself (51). There are a 

number of examples which support this hypothesis of lower immunogenicity. The 

use of degradable implants leads to a significant reduction in the recruitment of 

inflammatory cells when compared with non-degradable implants (30,52,53). In 

addition, degradable materials have been shown to avoid the formation of 

multinucleated foreign body giant cells, a key sign of a frustrated immune 

reaction and the foreign body reaction, when compared with non-degradable 

equivalents (40). Furthermore, xenogenic degradable meshes have been shown to 

stimulate the release of IL-10, an anti-inflammatory, suppressive cytokine, whilst 
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non-degradable prolene stimulated inflammatory signals such as TNF-α and 

interferon gamma (IFN-γ) in a murine model (54). These features suggest that 

degradable meshes have a lower immunogenicity than their non-degradable 

equivalents which may subsequently permit a specific anti-bacterial immune 

response to develop contributing to a decreased infection risk. Whether this 

decreased immunogenicity is due to the degradable nature, the biological origin 

of the mesh materials or a combination of both has yet to be clarified. 

In addition to lowering immunogenicity, the full degradation of an implant 

material may also restore the immune system to full efficacy. In a study by 

Daghighi et al., it was observed that amongst degradable materials, the degree of 

infection correlated to the extent of degradation in vivo (13). Over a 28 day study, 

infection persisted in animals with non-degradable or incompletely degraded 

implants; whilst in contrast, infection was no longer present in animals after the 

material had completely degraded. The persistence of infection around degraded 

materials until complete degradation suggests that the presence of any amount of 

biomaterial, regardless of type, may prevent the immune response from 

effectively eradicating the infection. This supports the hypothesis that the 

elimination of foreign material is an effective method to prevent infection.  

Analogous to the prevention of infection associated with the complete 

degradation of implants, success of therapies in case of infected non-degradable 

materials seems to only be achieved by revision surgery and implant removal. For 

instance, several clinical studies (18,19) have shown that antibiotic therapy is 

unsuccessful before foreign body removal, e.g. in case of coronary stent infections 

(55) and catheter-related urinary tract infections (18). According to a study of 

coronary stent infections, only early sub-acute infections (occurring less than 10 

days after implantation) were amenable to antibiotics therapy, while in the cases 

of late infections (occurring more than 10 days after implantation) a surgical 

intervention was necessary to relieve sub-chronic symptoms, combining foreign 

body removal and antibiotic therapy (55,56). These cases illustrate that antibiotics 
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alone are often ineffective to fully resolve the biomaterial associated infection 

and fail to treat bacteria in a biofilm mode of growth. The removal of an implant 

by revision surgery or degradation may not be only associated with the 

elimination of the surface associated biofilm, but also may restore the immune 

system and re-activate effective phagocytosis to clear surrounding tissue from 

infecting microorganism. Both aiding in the removal of pathogens and preventing 

future infections from developing. 

   

Influence of degradation on bacterial adhesion 

Further to increased vascularisation and the restoration of the immune 

function, the degradation of implants directly reduces the area available for 

bacterial colonization and subsequent biofilm formation. Initial bacterial adhesion 

to an implanted material is believed to be a key feature in the direct effect of 

degradation on development of BAI. Following colonisation of a surface, bacteria 

can form a resistant biofilm which propagates infection into the surrounding 

tissue. When in this biofilm mode of growth, bacteria are afforded increased 

protection from the host immune responses by being encapsulated in EPS (57). An 

example of this is the ability of EPS to alter complement activation (58,59). 

Complement activation is a fundamental part of the early innate immune 

response and has multiple functions (60). The first action is the binding of 

complement factor C3b to the foreign material which opsonises the surface 

allowing more efficient phagocytosis (61). Additionally, the release of C3a and 

subsequent cascade of complement factors causes the recruitment of immune 

cells to the site of activation and inflammation (62-64). Biofilm EPS shields the 

resident bacteria from direct opsonisation and also causes non-specific 

complement activation, thus preventing a targeted immune response (58). 

Furthermore, the biofilm mode of growth has been shown to prevent effective 

phagocytosis by immune cells (65-67). This is due to the EPS buffering the bacteria 

from the phagocytes and also by presenting a much larger object to engulf, which 
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can lead to frustrated phagocytosis (68). Frustrated phagocytosis causes the non-

specific release of reactive oxygen species, defensins and lysozyme from 

phagocytes and depletes the capability of these cells to react to specific threats, 

therefore decreasing infection resistance. Additionally, the EPS of a biofilm 

protects the resident bacteria by restricting the diffusion of antimicrobials 

including those released from phagocytes, further decreasing the ability of the 

immune response to remove infecting bacteria (69). This cascade of events that 

commence after initial bacterial adhesion to a biomaterial implant or device 

surface may not occur when bacterial adhesion proceeds on a degradable 

material. Particularly surface eroding degradable materials pose an unstable 

receding biomaterial surface from which adhering bacteria are continuously shed 

into the body. In this respect it would be of interest to determine whether rapidly 

degrading materials prevent the formation of biofilm more readily than a slowly 

degrading material.  

A relationship between the rate of degradation and the risk of developing 

BAI, i.e. the use of degradable materials over non-degradable materials in general, 

is indicated by the eradication of infection achieved by revision surgery and 

implant removal. Several clinical studies (18,19) have shown that antibiotic 

therapy is unsuccessful before foreign body removal, e.g. in case of coronary stent 

infections (55) and catheter-related urinary tract infections (18). According to a 

study of coronary stent infections, only early sub-acute infections (occurring less 

than 10 days after implantation) were amenable to antibiotics therapy, while in 

the cases of late infections (occurring more than 10 days after implantation) a 

surgical intervention was necessary to relieve sub-chronic symptoms, combining 

foreign body removal and antibiotic therapy (55,56). These cases illustrate that 

antibiotics alone are often ineffective to fully resolve BAI and fail to treat bacteria 

in a biofilm mode of growth. The removal of an implant by revision surgery or 

degradation may not be only associated with the elimination of the surface 

associated biofilm, but also may restore the immune system and re-activate 
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effective phagocytosis to clear surrounding tissue from infecting microorganism. 

Both aiding in the removal of pathogens and preventing future infections from 

developing. 

 

Naturally occurring anti-bacterial peptides 

A final hypothesis to why degradable, biological materials used in soft 

tissue repair may resist infection is due to naturally occurring anti-bacterial 

peptides within the material (70). Products isolated after the degradation of 

porcine extracellular matrices have been shown to possess antimicrobial activities 

against both S. aureus and Escherichia coli (70,71), whilst the intact matrices did 

not (72). The exact nature of these released antimicrobials has yet to be 

determined and differs in activity between sources of the material (71). The 

release of these compounds may contribute to the infection resistance of these 

biological degradable implants. 

 

Summary and perspectives   

A number of hypotheses have been presented here, suggesting different 

proposed mechanisms for the improved infection resistance of degradable versus 

non-degradable materials, as schematically summarized in Fig. 1. Likely, no single 

mechanism will be responsible for the increased infection resistance afforded by 

the use of degradable materials but a combination of different ones involving the 

material itself, the way in which bacteria interact with the implant and perhaps 

most importantly the host responses to both the material and bacterial 

contamination. The inherent infection resistance of degradable biological 

materials may profoundly impact the design and use of a wide range of implants 

in the future including surgical meshes, drug delivery technologies and bio-

scaffolds in tissue engineering and regenerative medicine. To identify further 

specific mechanisms of how degradable materials influence infection risk, the full 
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immune response towards degradable materials in the absence and presence of 

infection should be investigated. Additionally, the ability of bacteria to form 

biofilms on these materials in vivo should be characterized. Ultimately, the 

knowledge gained about these degradable materials may translate into additional 

therapies e.g. degradable coatings based on currently non-degradable implants 

and immune-modulatory permanent implants which mimic the effect of 

degradable meshes on the host immune responses to promote infection 

resistance. 
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Figure 1. Schematic summary of possible mechanisms responsible for an increased 

infection resistance of biodegradable versus non-biodegradable materials, as operative at 

the time of implantation and after bacterial adhesion and/or biofilm formation on the 

material over time. 
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Abstract  

Biomaterials are increasingly used for the restoration of human function, 

but can become infected as a result of peri- or early post-operative bacterial 

contamination, although biomaterial-associated infections (BAIs) can also initiate 

at any time from haematogenous spreading of bacteria from an infection 

elsewhere in the body. Infecting bacteria in BAIs not only seek shelter in their own 

protective biofilm matrix, but also hide in surrounding tissue. This study compares 

staphylococcal persistence on and around a degradable and non-degradable 

surgical mesh through the use of longitudinal bioluminescence imaging in a 

murine model, including histological evaluation of surrounding tissue after 

sacrifice. Surgical meshes were first contaminated with bioluminescent 

Staphylococcus aureus Xen29 and subsequently subcutaneously implanted in 

mice. Bioluminescent staphylococci persisted on and around non-degradable 

meshes during the 28-day course of the study, whereas bioluminescence returned 

to control levels and bacteria disappeared from surrounding tissues once a 

degradable mesh had fully dissolved. Thus the application of degradable 

biomaterials yields major advantages with respect to the prevention of BAIs, as 

dissolution of the implant not only is associated with elimination of the protective 

biofilm mode of growth of the infecting organisms, but also allows the immune 

system to clear the surrounding tissue from infecting organisms. 
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Introduction 

Biomaterials are increasingly used for the restoration of function after 

trauma, wear or intervention surgery and as a result the number of biomaterial-

associated infections (BAIs) is rising (1). BAI often results from peri- or early post-

operative bacterial contamination of the implant or wound site, but BAIs can 

initiate at any time from haematogenous spreading of bacteria from an infection 

elsewhere in the body. A BAI involves bacteria adhering in their so-called biofilm 

mode of growth, a form of community growth through which adhering bacteria 

envelope themselves in a protective layer of extracellular polymeric substances 

(2,3). As a consequence, neither the host immune defence nor standard antibiotic 

treatments suffice to eradicate biofilms from a biomaterial implant surface, and 

often an infected implant has to be replaced.  

Surgical meshes are used worldwide for the reconstruction of abdominal 

wall defects. Surgical meshes can be made of non-degradable materials such as 

polypropylene (4) or degradable materials such as porcine small intestinal 

submucosa (5). Recently (6), surgical meshes with different morphologies and 

made of different non-degradable materials have been compared with respect to 

their infection resistance in a murine model. Using bio-optical imaging, it was 

found that the bioluminescence arising from implanted surgical meshes, 

contaminated with a bioluminescent Staphylococcus aureus strain, was higher and 

persisted longer on multifilament polypropylene and polytetrafluoroethylene 

meshes than on monofilament polypropylene, polyester and Ti-coated meshes. 

Although the presence of a biofilm growing on a biomaterial surface has 

long been considered the sole cause of BAIs, it has become increasingly apparent 

that the presence of a biomaterial impairs the host’s immune defence (7–10). In 

fact, degradable materials for surgical meshes in reconstructive abdominal wall 

surgery have been developed because of the reported long-term risk of infection 

and patient morbidity when non-degradable materials are used (5,11). A rapid 

restoration of the efficacy of the immune system may be anticipated once the 
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biomaterial has been fully degraded, despite the fact that bacteria may remain 

dormantly present, even in macrophages (12), while maintaining its primary 

function as a scaffold for fibrosis formation to correct abdominal wall defects. It is 

hypothesized that dissolution of the biomaterial therewith will also yield 

clearance of possible bacteria from surrounding tissue. 

The aim of this study is to compare staphylococcal persistence on and 

around a degradable and non-degradable surgical mesh through the use of 

longitudinal bioluminescence imaging in a murine model, including histological 

evaluation of surrounding tissue after sacrifice. To this end, we subcutaneously 

implanted a degradable, porcine small intestinal submucosal and a non-

degradable, doubly filamented polypropylene surgical mesh, contaminated with 

bioluminescent S. aureus Xen29 in mice. Staphylococcal persistence was 

monitored for a 28-day experimental period, after which the animals were 

sacrificed. 

 

Materials and methods 

Bacterial strain, surgical meshes and biofilm formation 

Bioluminescent S. aureus Xen29 originates from S. aureus ATCC12600 and 

was made bioluminescent by inserting a modified Photorhabdus luminescens lux 

operon into the bacterial genome (13,14). The strain was commercially obtained 

from Caliper Life Sciences (Hopkinton, MA, USA). Staphylococci were cultured 

from cryopreservative beads (Protect Technical Surface Consultants Ltd, UK) onto 

blood agar plates at 37°C in ambient air. Prior to each experiment, one highly 

bioluminescent colony was selected using an IVIS Imaging System (IVIS® Lumina II, 

Imaging System, Caliper Life Sciences) to inoculate 5 ml of tryptone soy broth 

(TSB, Oxoid, Basingstoke, UK) at 37°C for 24 h in ambient air. A 100 µl volume of 

this culture was used to inoculate 50 ml of growth medium from which biofilms 

were grown on the meshes by submerging sterilized mesh samples into TSB with a 

stainless steel hook. The inoculated TSB was refreshed with sterile TSB every 24 h 
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during 72 h of incubation at 37°C under continuous shaking at 60 rpm. After this 

period, the meshes were collected and dipped once in sterile 0.9% NaCl solution, 

then gently dried by minimal touching with a soft tissue, avoiding distortion of the 

biofilm, to remove planktonic staphylococci as well as redundant TSB for in vitro 

evaluation or insertion into mice.   

Two types of commercially available surgical meshes were used: Prolene® 

(Ethicon Inc., Sommerville, NJ, USA), consisting of non-degradable, doubly 

filamented polypropylene, with a surface area of 2.46 cm
2
 cm

-2
 (15) and a 

thickness of 0.5 mm; and Surgisis Biodesign™ (Cook Biotech Inc., Bloomington, IN, 

USA), a degradable fleece made from porcine small intestinal submucosa with a 

dense fibrous structure (16) and consequently an unknown, though large, surface 

area per cm
2
. Samples (8 mm diameter) were prepared out of each mesh type 

from a single mesh sheet using a biopsy punch, sterilized in 70% ethanol and air-

dried before use. 

 

In vitro evaluation of biofilm 

Phase-contrast (Olympus BH, Zoeterwoude, The Netherlands) and 

fluorescence microscopy (Leica DM4000, Heidelberg, Germany) were used to 

quantify the number of live and dead bacteria on the meshes per unit mesh area. 

To this end, biofilms formed on the meshes were first dispersed in 0.9% NaCl 

saline solution, sonicated in an Eppendorf tube containing 0.5 ml of 0.9% NaCl 

three times for 10 s with 30 s intervals on ice-chilled water using a probing tip 

(Vibracell TM, Sonics & Materials Inc., Newton, CT, USA). Next, a 15 µl droplet of 

the bacterial suspension was placed on a glass slide and stained for 15 min in the 

dark at room temperature with 15 µl SYTO9 and propidium-iodide in a 1:1 ratio 

(Molecular Probes, Leiden, The Netherlands) (17), yielding green and red 

fluorescence for live and dead bacteria, respectively. Subsequently, fluorescence 

microscopy was applied to determine the percentage viable bacteria in the 

dispersions, while the total number of dispersed, dead and live, bacteria was 
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determined in a Bürker–Türk counting chamber using phase contrast microscopy 

and expressed per cm
2
 mesh.    

In addition, biofilm formation on the meshes was quantified from the 

bioluminescent signal arising from biofilms on the meshes, i.e. without removal 

and dispersal of the biofilms. Bioluminescence was imaged with a CCD camera 

(IVIS® Lumina II Imaging System, Caliper Life Sciences, Hopkinton, MA, USA) 

directly after incubation for 72 h. Bioluminescence images were obtained using a 

12.5 cm field of view, binning of 4, 1/f stop, 60 s exposure time and open filters, 

and corrected automatically for background luminescence. The size and location 

of the regions of interest (ROIs) were set to coincide with the location and size of 

the mesh. Total photon counts over the ROIs were converted to photon flux from 

the ROI (p s
-1

) by using Living Image software (IVIS® 100 Imaging System, Caliper 

Life Sciences) and dividing by the area of the mesh. 

 

In vivo evaluation of bacterial persistence 

In vivo evaluation of staphylococcal persistence on and around meshes 

was done in a murine model, as described by Engelsman et al. (6), and all 

experiments were approved by the Animals Experiments Committee at the 

University of Groningen (#4619K). Eightweek- old female BALB/c OlaHsd mice 

(Harlan Netherlands BV, Horst, The Netherlands), with an average weight of 20 g, 

were randomly divided into groups, corresponding with the use of Prolene® and 

Surgisis Biodesign™. Buprenorfine (0.03 mg kg
-1

) was administered 

subcutaneously as an analgesic 30 min prior to implantation. Anesthesia was 

induced with 3.5% Isuflorane/O2 (Zeneca, Zoetermeer, The Netherlands) and 

maintained at 1.5% during mesh implantation. The back and the right flanks were 

shaved and disinfected with 70% ethanol before a 2 cm deep subcutaneous 

pocket was created through a 1 cm incision. Two experimental groups of nine 

mice each received a Surgisis Biodesign™ or Prolene® surgical mesh with a 72 h 

biofilm. Two other groups of three mice each received sterile meshes of both 
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types as non-infected controls. After implantation, the skin was closed with a 

single 7-0 Surgipro (US Surgical, Norwalk, CT, USA) suture. All groups were kept in 

separate, individually ventilated cages. Note that in a discarded series of 

experiments, bedding material used for housing turned out to contain a 

phosphorescent component, causing a high background signal. Information on 

luminescence of bedding material is not provided by manufacturers and based on 

our experience we suggest that future studies should indeed establish the 

absence of luminescent components in the bedding material prior to commencing 

experiments. 

Bioluminescence was imaged with a CCD camera (IVIS® Spectrum Imaging 

System, Caliper Life Sciences) 1 day following implantation of the meshes and 

subsequently on selected days for 28 days. Mice were placed in the imaging 

chamber of the IVIS under anesthesia as described above, with their right flank 

exposed to the camera. After acquiring a greyscale photograph, a 5 min 

bioluminescent image was obtained using a 21 cm field of view, binning of 4, 1/f 

stop and open filters, and corrected automatically for background noise. 

ROIs were manually chosen to be 1.14 cm
2
, slightly larger than the area of 

the mesh in order to ensure the capture of the full amount of light produced, 

therewith accounting for scattering. Total bioluminescent photon counts over the 

ROIs were converted to the photon flux from the ROI (p s
-1

) using Living Image 

software (Caliper Life Sciences). Bioluminescence fluxes for the experimental 

groups are reported after subtraction of the bioluminescence flux in the control 

groups, i.e. in the absence of staphylococcal contamination. 

 

Microbiological and histological ex vivo evaluations after sacrifice 

After sacrificing the animals at day 28, tissue samples were taken. First, an 

incision was made at the ventral side of a mouse, after which the subcutaneous 

layer with adjacent skin was prepared free to make the mesh visible and a 

standardized biopsy specimen of 12 mm diameter, comprising the mesh with 
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surrounding tissue, was taken from the implantation site. The biopsy specimens 

were cut into halves. One half was used for a quantitative microbiological 

culturing of the mesh and surrounding tissue. To this end, the cut mesh-half was 

carefully separated from the tissue and kept in 300 µl of reduced transport fluid 

(RTF; 0.9 g l
-1

 NaCl, 0.9 g l
-1

 (NH4)2SO4, 0.45 g l
-1

 KH2PO4, 0.19 g l
-1

 MgSO4, 0.45 g l
-1

  

K2HPO4, 0.37 g l
-1

 Na2EDTA, 0.2 g l
-1

 L-cysteine HCl (pH 6.8)), while tissue was 

stored in 10 ml of 0.9% NaCl solution. The other mesh-half was used for 

histological analysis. 

For microbiological culturing, the mesh-halves were sonicated for 30 s in 

RTF, after which the supernatants were serially ten-fold diluted and plated on 

blood agar plates. Agar plates were incubated for 24 h and the number of colony 

forming units (CFUs) was counted. Tissue samples were sonicated by a tip 

sonicator. Resulting suspensions were subsequently divided into three 100 µl 

aliquots and separately plated on blood agar plates. CFUs were enumerated after 

24 h of incubation. 

For histological analysis, the other mesh-half of the biopsy specimens 

were fixed in 10% phosphate buffered formaldehyde, embedded in plastic 

(methylmethacrylate/butylmethacrylate; Merck Schuchart, Hohenbrunn, 

Germany), and cut into 3 µm sections. These sections were stained with 

hematoxylin–eosin and examined by light microscopy. 

 

Statistical analysis 

Data are reported as means with standard deviation and analysed using 

SPSS software version 16.0 (SPSS, Chicago, IL). For comparison of both mesh-

types, in vitro data from one bacterial culture were analysed pairwise using a two-

sided Student t-test to assess significant differences in colonization. In vivo and ex 

vivo data were analysed using permutation statistics. p-Values <0.05 were 

considered statistically significant. 
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Results 

Biofilm evaluation in vitro 

The numbers of viable bacteria in, as well as the bioluminescence arising 

from 3 days old in vitro biofilms of S. aureus Xen29 on surgical meshes, which 

were similar as on meshes prior to implantation in the mice, are presented in Fig. 

1. Both the numbers of viable bacteria in, and the bioluminescence flux arising 

from, the biofilms were significantly (paired Student t-test) higher on the 

degradable mesh than on the non-degradable mesh. 

 

 

 

 

Figure 1. Log number of viable S. aureus Xen29 on (left panel) and bioluminescence flux 

arising from (right panel) 3-day-old biofilms on non-degradable (Prolene) and degradable 

(Surgisis) surgical meshes. Bacterial numbers are represented as the log10 number viable 

bacteria per cm2, while bioluminescence is expressed as log10 number of p s
-1

 cm
-2

. Data 

are presented as means ± standard deviations for five independent experiments. * 

indicates significant differences (p < 0.05) in the numbers of viable bacteria, as well as in 

the bioluminescence flux between the bio-degradable and the non-degradable mesh. 
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Biofilm evaluation in vivo 

The bioluminescence flux generated from the staphylococci at the 

implantation site allows monitoring of bacterial persistence longitudinally in one 

and the same mouse (Fig. 2). Bioluminescence from mice carrying degradable 

meshes contaminated with bacteria was significantly (Student t-test, p < 0.03) 

higher at each time point during the first 20 days than from mice in the control 

groups, i.e. with a non-contaminated mesh of either type, the latter showing a 

photon flux generated by camera noise and auto-luminescence of the mice 

(average bioluminescence flux in control group: 1.6 × 10
4
 ± 4.0 × 10

3
 p s

-1
). During 

the same period, the bioluminescence flux from mice with an implanted 

degradable mesh was significantly (Student t-test, p < 0.03) higher than from mice 

with a non-degradable mesh, which corresponds with the observation that only 

mice implanted with a contaminated degradable mesh showed clinical signs of 

infection, i.e. soft tissue swelling and pus formation. This difference in 

bioluminescence between both meshes exceeded the difference in 

bioluminescence observed in vitro after 3 days of biofilm growth, by a factor of 

ten. The bioluminescence from contaminated, non-degradable meshes remained 

slightly, but significantly (Student t-test, p < 0.03), higher than control levels 

during the entire experimental period up to 28 days (average bioluminescence 

flux in control group: 1.7 × 10
4
 ± 1.0 × 10

4
 p s

-1
). Bioluminescence from 

contaminated degradable meshes steadily decreased between days 5 and 20, to a 

level slightly higher than around the contaminated non-degradable meshes. A 

Student t-test on the bioluminescence decrease for each of the individual mice 

with degradable meshes over this time period showed this decrease to be 

significant (p < 0.03).  

Interestingly, ex vivo tissue evaluation after 28 days (see below) 

demonstrated that the degradable mesh had fully disappeared during the course 

of the investigation in seven mice, while in two mice a partly degraded mesh 

could still be retrieved. Accordingly, the course of bioluminescence during the 
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entire experimental period was separately plotted in Fig. 2 for these two groups 

of mice, demonstrating that when the mesh had been fully degraded, 

bioluminescence returned to control levels, i.e. lower even than in the group with 

a bacterially contaminated non-degradable mesh. In case the mesh had not been 

fully degraded, a steady or slightly increasing bioluminescence was observed after 

~20 days. This resulted in a statistically significant correlation (p < 0.005) between 

the bioluminescence of the groups with complete or non-complete degradation 

during the last 2 days of the experiment, as obtained from permutation statistics. 

 

 

Figure 2. Bioluminescence flux after subtraction of the bioluminescence of the respective 

control groups as a function of time after implantation for mice with a degradable and 

non-degradable surgical mesh, in presence of staphylococcal contamination on the 

meshes prior to implantation. Note that data for mice having received a bacterially 

contaminated, degradable mesh were separated into two subgroups in this analysis, 

depending on whether the mesh appeared to have been fully (seven mice) or partly 

degraded (two mice) at sacrifice on day 28. Data points for these subgroups represent the 

mean bioluminescence in each subgroup. Data points represent the means ± standard 

deviations over each group of nine mice (or subgroups). 
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Microbiological and histological ex vivo evaluations 

After sacrifice of the animals at day 28, bacteria were recovered from the 

meshes and surrounding tissues and quantified by plate counting. No viable 

bacteria were cultured from meshes in either control group. Viable S. aureus 

Xen29 were retrieved from mice implanted with a contaminated non-degradable 

mesh and surrounding tissue (Fig. 3). Interestingly, in seven out of the nine 

animals with a bacterially contaminated, degradable mesh, the mesh had 

completely disappeared when the mice were sacrificed, and tissues from three of 

these animals were culture negative. 

 

 

 

Figure 3. Log CFUs of S. aureus Xen29 retrieved from surrounding tissue biopsies and 

meshes from mice implanted with a bacterially contaminated degradable and non-

degradable mesh, after sacrifice at day 28. In seven out of the nine mice implanted with a 

contaminated degradable mesh, the mesh had been completely degraded upon sacrifice 

(indicated by open circle for tissue data). 
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Representative results of the histological analysis of the tissue around the 

meshes are presented in Fig. 4. The biopsy samples were randomly assigned for 

histological evaluation. Similar, mild inflammation was evident in mice carrying 

either of the control (non-contaminated) meshes. Around the contaminated, non-

degradable mesh strong infiltration of inflammatory cells, predominantly 

neutrophils and macrophages, was observed. The group of mice with 

contaminated degradable meshes was divided into mice in which the mesh had 

been fully degraded (seven mice) and mice in which remains of the mesh were 

still present (two mice). In the latter group, the remaining filaments of the mesh 

were surrounded by inflammatory cells, neutrophils and macrophages, and 

around this layer novel fibroblasts were seen with extracellular matrix. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Hematoxylin-eosin stained sections of biopsies retrieved from mice implanted 

with degradable and non-degradable meshes, obtained at sacrifice after 28 days of 

implantation. A highly dense inflammatory infiltrate composed of neutrophils and 

macrophages around a bacterially contaminated non-degradable mesh can be seen, as 

compared to a far less intense inflammatory response around a contaminated, degradable 

mesh. Arrows indicate the remains of the meshes in the tissue. Bars indicate 50 µm. 
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Discussion 

The persistence of BAI is related to the ability of infecting organisms to 

form biofilms on the implant materials offering protection against the host 

immune system and antibiotic treatment (18) and to find shelter in surrounding 

tissues (19). The presence of a biomaterials implant frustrates phagocytic activity 

(20) and deranges the host immune response, enhancing susceptibility to 

infection (21). Thus in the current study we evaluate the hypothesis that bacterial 

persistence on and around an implant is different for degradable and non-

degradable meshes using bioluminescence imaging in a murine model. Murine 

models are generally accepted for studies on the pathogenesis and prevention of 

BAI, such as infection of surgical meshes (9,14). Obviously the results of our 

murine model, like of any other animal model, should be extrapolated with care 

as a preclinical evaluation model of human infections, because each animal model 

has its own species-specific response to infection (22). The persistence of S. 

aureus was above control levels throughout the course of this study for a non-

degradable mesh, but was reduced to control levels once meshes manufactured 

of degradable porcine small intestinal submucosa had been fully degraded. This 

suggests that degradation of the biomaterial not only removes the biofilm as a 

source of infection, but also enables the immune system to clear surrounding 

tissue from infecting organisms.  

This study uses bioluminescence imaging to monitor the spatiotemporal 

progression of S. aureus persistence in combination with traditional 

microbiological and histological end-point analyses after sacrifice of the animals. 

As an advantage, bio-optical imaging enables longitudinal monitoring of bacterial 

persistence in single and the same animals without sacrifice, which is an 

enormous statistical advantage over the use of multiple groups of animals for 

analyses at different time points. The technique thus allows statistically significant 

conclusions to be drawn with relatively low numbers of animals. It also meets 

ethical considerations and the ensuing societal pressure to reduce the number of 
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animals used in scientific experiments. As a consequence of following individual 

animals longitudinally over time, data requiring sacrifice can only be obtained at 

the last time point.  

Previously, it has been shown that in vivo bioluminescence strongly 

correlates with results of ex vivo culturing of explanted, bacterially contaminated 

non-degradable meshes (23) and catheter segments (14), despite the fact that 

bioluminescence depends not only on the number of bacteria present on and 

around an implanted mesh, but also on the metabolic state of the individual, 

single organisms in a biofilm. Bacteria in a biofilm mode of growth are generally 

considered to form a heterogeneous community of organisms in different growth 

phases. Because the bioluminescent reaction needs ATP and NADPH to maintain 

sufficiently high levels of aldehydes, metabolically active bacteria predominantly 

contribute to the emission of light. Thus it may be concluded that bacteria in 

different growth phases as existing in a biofilm present an average metabolic 

activity that enables quantification of bacterial presence from the 

bioluminescence signal. This is confirmed by our in vitro data (see Fig. 1) showing 

a higher number of viable staphylococci in 3-day-old biofilms as well as a higher 

bioluminescence signal on the degradable mesh as compared to the non-

degradable mesh. 

Mice implanted with bacterially contaminated degradable meshes 

showed an initially higher bioluminescent flux than mice implanted with 

contaminated non-degradable meshes (see Fig. 2). This might be due in part to a 

higher bacterial burden on the degradable mesh, compared to the non-

degradable mesh (compare Fig. 1) as a result of the dense fibrous structure of the 

degradable mesh (16) in comparison with the more open structure of the non-

degradable mesh. Yet bioluminescence never returned to control levels for the 

non-degradable mesh, while upon full degradation of the degradable mesh, 

bioluminescence did return to control levels, despite the initially higher bacterial 

contamination. In this regard, it should be considered that the persistence of 
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bacteria might develop differently for different bacterial strains or species, 

depending on their virulence and their propensity to disturb immune responses 

around biomaterials. Microbiological and histological analyses after sacrifice led 

us to separate the group of mice with a degradable mesh into a subgroup of mice 

with a completely degraded mesh and mice with a partially degraded mesh. 

Importantly, full degradation of the mesh led to clearance of infection, as judged 

not only from the bioluminescence flux (see Fig. 2), but also from the cultures of 

the surrounding tissue (see Figs. 3 and 4). Whereas all mice with non- or partly 

degraded meshes were culture positive, bacteria could only be detected in 50% of 

the tissue samples from mice with fully degraded meshes. This suggests that in 

mice with non- or partly degraded meshes clearance was compromised, or that it 

would require a longer period to be completed. Literature indicates that in 

general 60 and 100% of submucosal degradable meshes degrade within 4 weeks 

following implantation in a dog bladder (24) and murine subcutaneous pockets 

(25). From Fig. 2 it can be concluded that when degradation is slow and not 

completed within ~20 days, bioluminescence remains steady or even slightly 

increases within the first week after an initial decrease. This might attest to 

increased bacterial metabolic activity and growth, possibly in the surrounding 

tissue. However, when a hernia mesh is fully degraded, bacteria disappear 

completely, likely due to a higher efficacy of the immune response in the absence 

of the biomaterial. This is indirectly evidenced by the decrease of the 

bioluminescent signal and the reduction of culture positive ex vivo samples, and is 

in line with the abundant presence of neutrophils and macrophages in the areas 

where the implant likely had been present (see Fig. 4). Novel fibroblasts were 

observed as well in this area, indicating that the foreign body reaction had 

progressed to the stage of tissue repair, apparently following the successful 

elimination of the bacteria. 
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Conclusion 

The persistence of a bioluminescent S. aureus strain on and around 

surgical meshes develops differently for degradable than for non-degradable 

mesh materials. Despite the open structure of non-degradable meshes, allowing 

macrophage infiltration, S. aureus persisted on and around non-degradable 

meshes during the entire 28 day course of the study, whereas bioluminescence 

returned to control levels once the degradable mesh had fully been degraded. 

Thus this study shows, for the first time, that degradation of an implant not only is 

associated with the elimination of a biomaterial surface providing a niche for the 

protective biofilm mode of growth of the infecting organisms, but also appears to 

create the conditions in which the immune responses are sufficiently effective 

again to clear the surrounding tissue from infecting staphylococci. 
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Abstract  

Bioluminescence-imaging is often used for longitudinal evaluation of 

bacterial presence in live animals. Although linear relations exist between 

numbers of bacteria in biofilms and their bioluminescence, such relations cease to 

exist upon addition of antibiotics. This study aims to evaluate the influence of 

antibiotic pressure on staphylococcal bioluminescence. To this end, 

bioluminescent flux from bioluminescent Staphylococcus aureus Xen29 was 

quantified in absence and presence of different antibiotics. Staphylococcal 

bioluminescence was inhibited by antibiotics at sub-inhibitory (sub-MIC) 

concentrations, but seemed to be enhanced when measured 24 h after 

incubation, for all antibiotics evaluated. Similar enhancements of bioluminescence 

at sub-MIC antibiotic concentrations were observed in E-tests®. Therefore, 

antibiotic pressure may impact the relationship between bacterial numbers and 

their bioluminescence. Under antibiotic pressure, staphylococcal bioluminescence 

enhancement was not associated with an increased level of LuxA-gene expression, 

suggesting that staphylococcal bioluminescence activity profiles in the presence of 

antibiotics are mainly controlled by bioluminescence co-factors, like NADPH 

rather than by Lux-genes.  
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Introduction 

Over past decades, increasing use of biomaterial implants and devices has 

been accompanied by concurrent increases in the incidence of biomaterial-

associated infections (BAI) and BAI has now become the main cause of prosthetic 

implant and device failure (1). Increasing incidence of BAI has stimulated 

development of new prophylactic and therapeutic measures. Therewith, the need 

for appropriate methods to evaluate these measures in vitro and in vivo has 

become of paramount importance, especially since clinical trials are difficult 

requiring large patient groups due to the relatively low incidence of BAI. Recently, 

the combination of sensitive bio-optical imaging systems and availability of 

bioluminescent bacteria has enabled real-time, non-invasive monitoring of the 

spatio-temporal persistence of bacteria in live animals (2). Relations have been 

found between bioluminescence arising from bacterially contaminated 

biomaterials in animals and ex vivo bacterial counts after culturing organisms 

from explanted materials after sacrifice (3,4).  

Bioluminescent bacteria are genetically engineered by stably integrating the 

Lux operon into their genome or on plasmids and are equipped with a luciferase 

reporter system capable of emitting visible light detected by a highly sensitive 

camera (5). The total bioluminescence flux observed depends on the number of 

bacteria involved and the bioluminescence activity of the individual organisms, 

which is controlled by five essential genes (LuxABCDE) and different co-factors, as 

schematically indicated in Fig. 1 (6).   

Although several studies have confirmed that the intensity of emitted light 

correlates well with bacterial numbers in a biofilm (2,7), it has also been reported 

by the same authors (7) that bioluminescence activity per organism changes 

during the different bacterial growth phases. Furthermore, discrepancies have 

been pointed out between the number of viable bacteria in a biofilm and their 

bioluminescence following exposure to antibiotics (8).  
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Therefore, the aim of this study is to determine the influence of the 

presence of different antibiotics on staphylococcal bioluminescence and 

expression of Lux-genes at consecutive points in time during growth in a 

commercially available and often used (3,4,9,10) bioluminescent strain, 

Staphylococcus aureus Xen29.  

 

 

Figure 1. LuxABCDE-based bioluminescence activity is based on the oxidation of aldehydes 

(RCHO) and reduced flavin mononucleotides (FMNH2) in the presence of co-factors like 

oxygen, ATP and NADPH. This process is catalyzed by bacterial luciferase and leads to the 

production of flavin (FMN), long-chain fatty acid (RCOOH) and light. LuxA and LuxB 

proteins are luciferase enzyme subunits, while LuxC, LuxD and LuxE are aldehyde 

reductase, transferase and synthetase, respectively. The LuxCDE genes encode the fatty 

acid reductase complex, required for the generation and recycling of fatty acid to 

aldehydes, whereas flavinoxidoreductase supplies FMNH2. The bioluminescence flux 

observed depends on the number of bacteria involved and their bioluminescence activity 

per organism according to the above pathway. 

 

 

 

Materials and methods  

Bacterial strain  

S. aureus Xen29, originating from the parental methicillin-susceptible S. 

aureus ATCC12600, and previously isolated from pleural fluid, was made 

bioluminescent by inserting a modified Photorhabdus luminescens Lux operon 

(luxABCDE) into the bacterial genome (11), situated within the open reading 
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frame of the hypothetical gene SA2154 (12). The strain was obtained 

commercially from Perkin Elmer (Waltham, MA, USA).   

 

Bioluminescence measurements in liquid medium with antibiotics  

Bacteria were cultured from cryopreservative beads onto Tryptone Soy 

Agar (TSA, Oxoid Ltd., Basingstoke, UK) in the presence of 200 μg ml
-1

 kanamycin 

and incubated for 24 h at 37°C in ambient air. Prior to each experiment, one 

colony was used to inoculate 10 ml of Tryptone Soya Broth (TSB; Oxoid Ltd., 

Basingstoke, UK) and planktonically cultured at 37°C for 24 h in ambient air. 500 μl 

of each culture was used to inoculate 10 ml of growth medium and planktonically 

grown at 37°C with continuous shaking at 150 rpm for 16 h. Staphylococci were 

suspended in sterile TSB to a concentration of 5 × 10
6
 bacteria ml

-1
. Next, 200 μl 

aliquots of bacterial suspension in TSB with an antibiotic concentration of  0 up to 

4 times the Minimal Inhibitory Concentration (MIC, see below for their 

determination) values were incubated at 37°C in sterile 96 well plates. 

Bioluminescence was measured simultaneously from each well 2, 4, 6 and 24 h 

after inoculation, using a highly-sensitive, cooled charge-coupled device camera 

(IVIS® Lumina Imaging System, Perkin Elmer) and was expressed in photon flux per 

second (p s
-1

) from the entire area of the individual wells. 

Several antibiotics were applied, that differ in their mode of antibacterial 

action: vancomycin is an inhibitor of bacterial cell wall synthesis, chloramphenicol, 

erythromycin and gentamicin prevent bacterial protein synthesis and 

ciprofloxacin and rifampicin are inhibitors of bacterial nucleic acid synthesis. MIC 

values of S. aureus Xen29 against the different antibiotics  were determined by 

using E-test® strips (AB Biodisk, Solna, Sweden) on solid agar, according to the 

manufacture’s protocol, for each of the antibiotics. E-test® strips offer a 

predefined gradient of antibiotic concentrations on a plastic strip, which result in 

a zone of inhibition when applied on an agar plate inoculated with bacteria. The 

drug diffuses out into the agar producing an exponential gradient of the antibiotic. 
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After 24 h incubation at 37°C in ambient air an elliptical zone of inhibition is 

produced and the point at which the ellipse meets the strip indicates the MIC. 

After incubation, light images were taken as well bioluminescence images using 

the IVIS® Lumina.  

 

Determination of the number of viable bacteria  

In order to determine the number of viable bacteria responsible for the 

bioluminescence observed, the number of Colony Forming Units (CFUs) was 

determined after growth for various periods of time in absence and presence of 

vancomycin, chloramphenicol, erythromycin and ciprofloxacin at their MIC in 200 

ml of growth medium. Aliquots of 1 ml were taken from the bacterial suspension 

at different points in time, serially diluted after which 100 μl of the diluted 

bacterial suspensions were plated on TSA agar plates and incubated at 37°C. The 

number of CFUs were counted after 24 h of incubation. 

 

RNA isolation and real-time PCR to analyse LuxA expression  

Expression of LuxA in S. aureus Xen29 was determined using real-time PCR 

analysis, as described previously (13), after incubation for different periods of 

time in the absence and presence of chloramphenicol, erythromycin or 

ciprofloxacin at the different MIC values of the antibiotic. Expression of  LuxBCDE 

was assumed to be directly linked to expression of LuxA.  

The sequence of S. aureus NCTC8325-4 was used to design primer sets for 

gyrB and of P. luminescens for LuxA (gyrB f3: 5’- ATATAGGATCGACTTCAGAG-3’, 

gyrB r4: 5’- TGAATATCAACTGGGATACC -3’, LuxA f1: 5’-

GTATTTCTGAGGAGTGTGGT-3’, LuxA r2: 5’- CTGTTATTCATATCCGTGCC-3’). 100 nM 

of each primer was used under a two-step protocol with an annealing 

temperature of 60°C. Under the selected conditions, primer efficiency was 

between 90% and 110%, as determined using serial dilutions of chromosomal 

DNA of S. aureus Xen29. 
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Total RNA was isolated from aliquots of the growing suspension after 

different periods of time and in absence and presence of the antibiotics up to 24 

h. Bacteria were harvested by centrifugation and frozen at -80°C. Samples were 

thawed slowly on ice and RNA isolation was carried out using RiboPure™-Bacteria 

Kit (Ambion, CA, USA). DNA was removed using the Ambion® DNA-free™ kit 

(Applied Biosystems, Foster City, CA, USA) and absence of genomic DNA was 

verified by RT-PCR prior to reverse transcription. For all samples, 35 cycles of PCR 

using the gyrB primer set did not result in any detectable signal, confirming the 

absence of genomic DNA in the RNA preparation. RNA concentrations were 

determined using a UV spectrophotometer (Nanodrop, Wilmington, DE, USA) and 

250 ng of total RNA was used for cDNA synthesis (Iscript, Bio-rad, Veenendaal, 

The Netherlands). PCR reactions were prepared in triplicate using the CAS-1200 

pipetting robot (Corbett Life Science, Sydney, Australia). Expression levels of LuxA 

in staphylococci were analysed using the 2
-ΔΔC

T method (14) with gyrB as reference 

gene and relative to expression at 24 h post-inoculation.  

 

Results 

Bioluminescence as a function of antibiotic concentration  

The MICs values of S. aureus Xen29 against the different antibiotics 

determined by E-test® strips were: 1.5 µg ml
-1

 for vancomycin, 2.7 µg ml
-1

 for 

chloramphenicol, 0.25 µg ml
-1

 for erythromycin, 1.8 µg ml
-1

 for gentamicin, 0.31 

µg ml
-1

 for ciprofloxacin and 0.004 µg ml
-1

 for rifampicin.  

Staphylococcal bioluminescence after 2, 4, 6 and 24 h of planktonic 

growth was plotted as a function of antibiotic concentration for each of the 

antibiotics involved (Fig. 2). After incubation for 2, 4 and 6 h, increasing amounts 

of antibiotics inhibited bioluminescence, probably because of delayed bacterial 

growth. After 24 h incubation, however, the bioluminescence flux increased as a 

function of increasing sub-MIC antibiotic concentrations, whereas a decrease in 
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bioluminescence flux was only observed for concentrations above MIC. As a 

result, 24 h after incubation the bioluminescence flux showed a clear maximum 

over the full range of antibiotic concentrations.  

 

 

Figure 2. Bioluminescence flux from S. aureus Xen29 as a function of the concentration of 

antibiotics after planktonic growth at consecutive time points. The concentrations of 

antibiotics are expressed relative to the MIC of each antibiotic as determined in an E-test. 

Data are presented as medians with interquartile ranges over two independent 

measurements with separate bacterial cultures. 
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In E-tests® on agar plates (Fig. 3), inhibition of bacterial growth is 

manifested as a clear, dark zone around the strip. Further away from the strip in 

the direction of decreasing concentrations of the antibiotics and on the edge of 

the inhibition zone at sub-MIC concentrations, bioluminescence maxima could be 

clearly detected.     

 

 

Figure 3. Bioluminescence images of S. aureus Xen29 exposed to vancomycin (a), 

chloramphenicol (b), erythromycin (c), gentamicin (d), ciprofloxacin (e) and rifampicin (f) 

in E-tests® after 24 h of growth, overlaid on a regular light photograph of the agar plates. 

Pseudo-colours indicate the intensity of the bioluminescence. 

 

Bioluminescence activity  

Fig. 4a shows the number of viable S. aureus Xen29 during growth as a 

function of time in absence and presence of antibiotics indicating that the number 
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of bacteria is not influenced by the sub-MIC antibiotic concentrations after 24 h of 

growth. In order to determine the bioluminescence activity per organism, the 

bioluminescence flux observed in absence and presence of antibiotics was divided 

by the number of CFUs after growth for different periods of time (Fig. 4b). A 

steady decrease in bioluminescence activity over time was observed when grown 

in absence of antibiotics. In contrast, the bioluminescence activity per organism 

significantly increases (p < 0.05) to a maximum when grown in the presence of 

antibiotics after which a steady decline sets in. 

 

Lux expression 

In order to relate the bioluminescence activity per organisms with Lux 

expression, the expression of LuxA was assessed at different points in time during 

growth in the absence and presence of antibiotics. LuxA expression in absence of 

antibiotics shows a maximum after approximately 8 h of growth, which was 

strongly reduced in the presence of antibiotics (see Fig. 5a). In order to determine 

the bioluminescence produced per LuxA gene expressed, the bioluminescence 

activity per organism was divided by LuxA expression. The influence of LuxA 

expression on bioluminescence decreased in time considerably (Fig. 5b). 

Simultaneously, the presence of antibiotics enhanced bioluminescence activity 

per LuxA gene. 

 

 Discussion 

Bacterial bioluminescence offers a valuable imaging modality to monitor 

bacterial persistence in in vivo infection models, based on frequent observations 

that bioluminescence is proportional to the number of viable bacteria in a biofilm 

(3, 4). The current study however, shows that in the presence of antibiotics, not 

only the number of viable bacteria is affected but that the bioluminescence 

activity of the bacteria has changed as well in a time-dependent fashion (Fig. 4a 
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and 4b). The bioluminescence flux as a function of the antibiotic concentration 

shows a clear maximum, 24 h after incubation at sub-MIC antibiotic 

concentrations (see Figs. 2 and 3), whereas the number of bacteria after 24 h of 

growth were unaffected by sub-MIC antibiotic concentrations (see Fig. 4a). This 

attests that various antibiotics with different modes of antibacterial action, have a 

similar effect on bacterial bioluminescence activity. Galluzzi and Karp (7) found 

that sub-MIC concentrations of trimethoprim enhances bioluminescence activity 

at all time points during growth of E. coli and S. aureus bacteria, engineered to 

contain a LuxABCDE operon. Also an enhanced bioluminescence activity of S. 

aureus Xen29 at sub-MIC concentrations of vancomycin was observed before (3). 

In the literature, there is controversy about the origin of variations in 

bioluminescence activity during growth. Welham and Stekel (15) found, on basis 

of enzymatic model calculations, that bioluminescence activity is hardly sensitive 

to co-factors like NADPH, ATP and oxygen concentration and that the enzymatic 

luciferase system is mainly sensitive to the availability of aldehydes, which are 

controlled by LuxE and LuxD expression. In contrast, the results from the present 

experiments suggest that other factors than expressed Lux genes may control the 

temporal development of bioluminescence. The level of LuxA expression was 

clearly reduced or delayed by antibiotics (see Fig. 5a), which resembles the known 

effect of repressed gene transcription by sub-MIC concentrations of antibiotics, 

distinct from their growth inhibitory effects (10). It should be noted, however, 

that this temporal development of the LuxA expression did not coincide with the 

temporal development of bioluminescence activity (Fig. 4b). Moreover, when 

analyzing the bioluminescence activity (bioluminescence per bacterium) divided 

by the relative expression value of LuxA (see Fig. 5b), it is clear that the influence 

of LuxA expression on bioluminescence decreases considerably over time.  

The results from the present experiments thus suggest that other factors 

than expressed Lux genes control the temporal development of bioluminescence 

under antibiotic pressure. It is suggested that due to bacterial respiration in  
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Figure 4. Number of S. aureus Xen29, expressed as CFUs (a) and bioluminescence activity 

per organism (b) as a function of time during planktonic growth in TSB medium in absence 

and presence of antibiotics at the minimal inhibitory concentration. Data points represent 

medians with interquartile ranges over four separate bacterial cultures. 

 

 

 

 

Figure 5. Expression of LuxA (a) and bioluminescence activity per LuxA gene expressed (b), 

during growth of S. aureus Xen29 as a function of time in absence and presence of 

antibiotics. Data points represent medians with interquartile ranges over three 

measurements with separately grown bacteria. 

 

 

stationary-phase, the NADPH redox pool reduces over time (14). Therefore 

NADPH may be identified as a good candidate in order to explain the declining 

bioluminescence. In addition, the availability of NADPH is crucial for 

bioluminescence to occur, producing reactive oxygen products which may 
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damage the cell (16). Bacterial survival would therefore benefit from a down 

regulation of the NADPH production in the stationary phase. It is reasonable to 

assume that antibiotics have a negative impact on the respiratory processes in the 

cell, which may, as a defence strategy, lead to an increase of the NADPH pool, 

therewith enhancing the bioluminescence activity as presently observed (see Figs. 

4b and 5b).   

The sub-MIC bioluminescence enhancement might not always be noticed 

in in vivo experiments because antibiotics may also delay bacterial growth, which 

compensates and obscures bioluminescence enhancement. In our experiments 

however, 24 h after inoculation at sub-MIC concentrations, bioluminescence 

enhancement was clearly observed even though bacterial numbers were not 

affected by the antibiotics (see Figs. 2 and 4). Accordingly, different 

bioluminescence values emanated from equal numbers of bacteria. Therefore 

bioluminescence does not always correlate with CFU counts under antibiotic 

pressure, probably due to the changing levels of relevant co-factors, like NADPH.  

In conclusion, the impact of antibiotic pressure on bioluminescence in S. 

aureus is manifested as a decrease in the LuxA expression and an enhanced 

availability of co-factors, like NADPH. As a result, staphylococcal bioluminescence 

activity may increase under the influence of antibiotics. Without antibiotics, the 

availability of co-factors decreases in time during later growth stages resulting in a 

decreasing bioluminescence. By implication, disappearance of bioluminescence 

signal below detectable limits need not be directly related to eradication of viable 

bacteria.  These effects must be taken into account when interpreting in vivo 

studies in animals using bioluminescence imaging under antibiotic pressure.  
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Abstract 

Biomaterial implants increase the risk of microbial infections due to the 

biofilm mode of growth of infecting bacteria on implant materials, in which 

bacteria are protected against antibiotic treatment and the local immune system. 

Matrix-metalloproteinases (MMPs) and cell surface integrin receptors facilitate 

transmigration of inflammatory cells toward infected or inflamed tissue. This 

study investigates the relationship between MMP- and integrin-expression and 

the clearance of infecting Staphylococcus aureus around implanted biomaterials 

in a murine model. MMP- and integrin αvβ3-expression were monitored in mice 

with and without subcutaneously implanted catheter sections in absence and 

presence of bioluminescent S. aureus Xen36. Staphylococcal persistence was 

imaged longitudinally over time using bioluminescence imaging. The activatable 

MMPSense®680 and integrin-targeted IntegriSense®750 probes were injected on 

different days after implantation and their signal intensity and localization 

monitored using fluorescence imaging. After sacrifice 7 or 16 days post-

implantation, staphylococci from catheters and surrounding tissues were cultured 

on agar-plates and presence of host inflammatory cells was histologically 

evaluated. MMP- and integrin-expression were equally enhanced in presence of 

staphylococci or biomaterials up to 7 days post-implantation, but their localization 

along the catheter sections differed. Bacterial clearance from tissue was higher in 

absence of biomaterials. Although MMP- and integrin-expression were enhanced 

in presence of both staphylococci and biomaterial, it is of clinical relevance that 

the immune system remained hampered in eradicating bacteria during the first 7 

days post-implantation in presence of biomaterials.  
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Introduction 

Biomaterials-Associated Infection (BAI) is a major complication in the use 

of biomaterial implants and devices for functional restoration (1). The on-set of 

BAI is peri- or early post-operative bacterial contamination of the implant or 

surgical site, but bacteria can reach an implant site also after implantation 

through haematogenous spreading from infection elsewhere in the body (2). Once 

adhering, the organisms adapt a so-called “biofilm mode of growth”, in which 

they embed themselves in a matrix of extracellular polymeric substances. In a 

biofilm, bacteria are protected against antibiotic treatment and the local immune 

system (3-5). Consequently, BAI often results in surgical replacement of the 

implant or device, not seldom accompanied by substantial morbidity, mortality 

and high costs to the healthcare system (2). 

Implanted biomaterials provoke an inflammatory response, known as the 

Foreign Body Reaction (FBR) (6). The onset of the FBR is accompanied by 

migration of neutrophils to the tissue adjacent to an implanted biomaterial (7). 

This acute phase resolves between a few hours to days and progresses to a type 

of inflammation characterized by chronic infiltration of mononuclear leukocytes 

particularly monocyte-derived macrophages (8,9). The inflammatory response is 

orchestrated in part by matrix metalloproteinases (MMPs) and integrins (10,11). 

MMPs are expressed by activated leukocytes and are responsible for degradation 

of extracellular matrix components (12) to facilitate migration of inflammatory 

cells and progression of inflammatory reactions (13). Integrins are 

transmembrane heterodimer receptors composed of α and β subunits, which 

mediate adhesion of leukocytes to the extracellular matrix (14). Integrin αvβ3 is a 

receptor for a variety of extracellular matrix proteins containing arginine-glycine-

aspartic acid (RGD) domains (15,16), also mediating adhesion of monocytes and 

macrophages to fibronectin-containing conditioning films on implanted 

biomaterial surfaces (10,17). 
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Whereas a biomaterial implant may reduce the bactericidal activity of 

phagocytes (18), the host immune response may at the same time be activated by 

bacteria adhering to a biomaterial implant or present in surrounding tissue. In 

order to separate the role of infecting bacteria and the presence of a biomaterial 

implant or device in the immune response, we here apply bio-optical imaging in a 

murine model. Bio-optical imaging is increasingly used to longitudinally monitor 

bacterial presence in live animals (19,20). Bio-optical imaging can either be 

performed in a bioluminescence or fluorescence mode (21,22). A number of 

bioluminescent bacterial strains are available for longitudinal monitoring of 

bacterial persistence, and fluorescent marker molecules have been validated for 

use in in vivo  imaging, like MMPSense®680 (23,24) and IntegriSense®750 (25-27), 

which are bio-activated by MMPs and targeted to integrin αvβ3, respectively.  

The aim of this study is to assess the relationship between MMP- and 

integrin-expression and the clearance of infecting Staphylococcus aureus, one of 

the main causative organisms of BAI, in the presence and absence of a 

biomaterial. To this end, Pebax® catheter sections (28) were subcutaneously 

implanted in mice, after which mice were injected with bioluminescent S. aureus 

Xen36. Bio-activatable and targeted fluorescent imaging probes to quantify the 

expression of MMPs and integrin αvβ3 were injected 2, 5 and 11 days after 

implantation of the catheter sections. Bio-optical imaging in the bioluminescence 

mode allows to longitudinally monitor staphylococcal clearance, while 

measurements in the fluorescence mode including molecular tomography, enable 

localization of MMPs and integrin αvβ3. Animals were sacrificed either 7 or 16 

days after implantation for ex vivo microbiological and histological evaluations. 
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Materials and methods  

Bacterial strain 

Experiments were conducted with bioluminescent S. aureus Xen36 

(PerkinElmer Inc., Waltham, MA, USA), derived from S. aureus ATCC49525, a 

clinical isolate from a patient with bacteremia (29) and used in earlier studies in 

murine models (30). Staphylococci were cultured from cryopreservative beads 

(Protect Technical Surface Consultants Ltd., UK) onto trypticase soy agar plates 

(TSA, Oxoid, Basingstoke, UK), containing 200 μg ml
-1

 kanamycin at 37°C for 24 h 

in ambient air. Prior to each experiment, one highly bioluminescent colony was 

selected using an IVIS Imaging System (IVIS® Lumina II, Imaging System, Perkin 

Elmer) to inoculate 5 mL of trypticase soy broth (TSB, Oxoid, Basingstoke, UK) at 

37°C for 24 h in ambient air. 100 μl of this culture was used to inoculate 10 ml of 

TSB and was grown for 16 h at 37°C under continuous shaking at 120 rpm. 

Bacteria were harvested by centrifugation at 5000 × g, for 5 min and washed 

twice with sterile 0.9% NaCl, after which the bacterial pellet was suspended in the 

same solution and sonicated in an ice-water bath for 3 × 10 s at 30 W (Vibra cell 

model 375, Sonics and Materials Inc., Newtown, CT, USA). Next, bacteria were 

resuspended in sterile 0.9% NaCl to a final concentration of 10
9
 bacteria per mL, 

as determined in a Bűrker–Tűrk counting chamber using phase contrast 

microscopy. 

 

Fluorescent probes  

MMPSense®680 (PerkinElmer Inc., Waltham, MA, USA) becomes 

fluorescent upon excitation around 680 nm with an emission wavelength of 

around 710 nm, after cleavage of its lysine-lysine bonds by active MMP-2, -3, -9 

and -13 (31,32). IntegriSense®750 (PerkinElmer) is a targeted fluorescence 

imaging probe with an emission wavelength around 780 nm upon excitation with 

750 nm wavelength light. The probe comprises a selective non-peptide small 

molecule integrin-antagonist that binds and accumulates at integrin αvβ3 
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receptors, predominantly marking the influx of immune cells, and remains 

localized for extended periods of time (25). These fluorescent probes have 

successfully been applied to monitor MMPs or integrins in angiogenesis, tumor 

microenvironment (33-35), atherosclerosis (36) and rheumatoid arthritis (37). 

They can be used simultaneously because of their distinct and non-overlapping 

excitation and emission wavelengths. 

 

Animals and surgical procedure 

Animal experiments and experimental protocols were approved (ID-5770) 

by the Ethics Committee for Animal Experiments of the University of Groningen, 

The Netherlands. Experiments were performed in female Balb/c OlaHsd immune-

competent mice, aged 6-8 weeks with an averaged body weight of 23 ± 3.2 g 

(Harlan Netherlands BV, Horst, The Netherlands). Groups of five mice were 

housed in separate, ventilated cages with free access to water. In order to prevent 

feed-associated auto-fluorescence, the mice received an alfalfa-free diet (Diet W, 

Abdiets, Woerden, The Netherlands) ad libitum. 

Mice were randomly assigned to four groups (see Table 1). During 

surgery, mice were placed on a heating mat and anesthesia was induced with 

3.5%, and maintained at 1.5% isoflurane/O2 (Zeneca, Zoetermeer, The 

Netherlands). The ventral and dorsal side of the mice were shaved and disinfected 

with 70% ethanol. A 1 cm midline incision was made in the skin in the upper side 

of the back and a subcutaneous pocket was created by blunt dissection. In two 

groups of mice, sterile catheter sections were placed in these pockets, 1 cm in 

length and cut in half along their length, made of medical-grade polyether block 

amides (Pebax®, Raumedic® AG, Helmbrechts, Germany). The catheter sections 

were aligned with the spine and the incisions were closed using a tissue adhesive 

(Dermabond, Ethicon, Inc, Somerville, NJ). Two other groups of mice were 

subjected to surgery, but no catheter was inserted (sham-surgery). Buprenorfine 
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(0.03 mg kg
-1

) was administered subcutaneously once, as an analgesic directly 

after implantation. 

Eight mice of the sham-surgery group received an injection of 10 µl sterile 

saline, while 11 mice were injected with an inoculum of 10
7
 staphylococci in 10 µl 

saline. In the groups of mice that had received a catheter section, twenty-three 

mice were injected with 10 µl sterile saline, and 23 mice received an inoculum 

with 10
7
 bacteria in 10 µl saline alongside the catheter section. All injections were 

administered 48 h after implantation.  

For in vivo  fluorescence imaging, mice under isoflurane/O2 anesthesia 

were injected with 2 nmol of each fluorescent probe in a volume of 150 μl for 

MMPSense®680 and 100 μl for IntegriSense®750  through retro-orbital injection 

at 2, 5 and 11 days post-implantation. 

 

Table 1. Number of animals involved in the in vivo experiments for each of the four 

experimental groups. Note that only 10 out of the 15 mice sacrificed at day 16 in groups 3 

and 4 were subjected microbiological and histological analysis.  

 

Experimental groups Number of mice 

Sacrificed at 

day 7 

Sacrificed at 

day 16 

1 

 

No catheter 

section 

No bacteria 4 4 

2 

 

No catheter 

section 

Bacteria 7 4 

3 

 

Catheter section No bacteria 8 15 

4 

 

Catheter section Bacteria 8 15 
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Bio-optical imaging 

In vivo bioluminescence imaging of bacterial presence 

Bacterial clearance was evaluated using an In Vivo Imaging System (IVIS® 

Spectrum Perkin Elmer) on selected days over a period of 7 or 16 days. For 

imaging, mice were placed in the IVIS under 1.5% isoflurane/O2 anaesthesia, with 

their back exposed to the camera. After acquiring a grey-scale photograph, a 

bioluminescence image was obtained (exposure time 5 min) using a 21x21 cm 

field of view, binning of 4, 1/f aperture and open filters. Images were 

automatically corrected for background noise. Regions of Interest (ROIs) of 5 cm
2 

were manually created for each mouse and imaging session. Total photon counts 

over the ROIs were converted to photon fluxes (p s
-1

) due to bioluminescence 

using Living Image software (Perkin Elmer). 

 

In vivo fluorescence imaging of MMP- and integrin-expression 

The fluorescence fluxes generated from the MMPs and integrin αvβ3 

probes were quantified in the IVIS® system 24 h after their administration at 3, 6 

and 12 days post-implantation, and in addition to the time points when 

bioluminescence was measured. Images were acquired using epi-illumination, 

with excitation/emission at 675/710 nm for MMPSense®680, and 720/820 nm for 

IntegriSense®750. These filter combinations were chosen to avoid leakage of 

excitation light through the emission filter and optimize the ratio between 

fluorescence from the probe and auto-fluorescence from murine tissue. Manually 

created ROIs were of equal size (7 cm
2
) for each mouse and imaging session 

Four randomly selected mice in each group of infected and non-infected 

mice with an implanted catheter section were imaged using a fluorescence 

molecular tomography system (FMT 2500™, PerkinElmer) when under anesthesia 

for the IVIS analysis (25). Three-dimensional distributions of the probes around 

the implant site were obtained using dedicated FMT software with a resolution of 

1 mm (i.e. voxel size is 1 mm
3
) and calibrated against the fluorescence flux of a 0.4 
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μM solution of each of the probes in 100 μl demineralized water, according to the 

manufacturer’s instructions. The 3D-images were acquired using trans-

illumination with an excitation laser beam with a wavelength of 670 nm for 

MMPSense®680, and 745 nm for integriSense®750. Emission wavelengths were 

690 and 780 nm respectively, as pre-configured by the manufacturer. 

In order to determine to what extent MMP- and integrin-expression are 

co-localized and result from the presence of catheter sections, probe distributions 

around the catheter sections were analyzed using autocorrelation functions. 

These autocorrelations were calculated for each mouse in a 2D-slice of the 3D-

image, aligned along the coronal plane of the mouse at the position of the 

implant. Autocorrelations were calculated in the x-direction parallel to the length 

of the catheter section and in the y-direction perpendicular to the catheter length 

over an angular width of ±10 degrees. In the x-direction, the autocorrelation was 

calculated using MATLAB routines (The MathWorksinc, Natick, MA, USA) 

according to  

                                                                                                                  

(1) 

                 

 

in which F(xi) is the fluorescence concentration at pixel location xi and n(h) is the 

number of pixels at a distance h. Autocorrelations in the y-direction were 

calculated by changing x into y. Autocorrelations presented were normalized with 

respect to the autocorrelation at a distance of 1 mm from the catheter section. 

 

Microbiological and histological ex vivo evaluations 

After sacrifice at day 7 or 16 (see Table 1), an incision was made in the 

dorsal skin, the subcutaneous layer with adjacent skin was prepared free to make 

the catheter section visible and a disk-shaped standardized biopsy of 12 mm in 

diameter, comprising the catheter section with surrounding tissue, was taken. 
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Biopsies were cut in halves, for quantitative microbiological culture and 

histological analysis, respectively. Five randomly chosen biopsies from each of the 

groups with implanted catheter sections taken 16 days after sacrifice were only 

visually inspected for the signs of infection and not further processed.  

For microbiological culturing, a catheter section was carefully separated 

from the surrounding tissue and both were separately placed in 1 ml of 0.9% NaCl. 

Next, the catheter section and tissues were sonicated for 5 s in 0.9% NaCl (500 µl), 

after which the samples were 10-fold serially diluted and plated on blood agar 

plates. Agar plates were incubated for 24 h at 37°C after which the numbers of 

colony forming units (CFUs) were counted.     

For histological analysis, biopsy specimens were fixed in 10% phosphate-

buffered formaldehyde, embedded in plastic 

(methylmethacrylate/butylmethacrylate; Merck Schuchart, Hohenbrunn, 

Germany), and 3 μm sections were cut, deplastified, stained with hematoxilin-

eosin and examined by light microscopy, or immuno-stained for MMP-2 and 

MMP-9 with anti- MMP2/MMP-9 antibodies (Millipore, Amsterdam, The 

Netherlands), and visualized with Vector Red and Vector Blue, respectively. 

Images of the immuno-stained sections were recorded with a Nuance 

multispectral imaging camera (Perkin Elmer), allowing display of the antigens in 

pseudocolours (38). 

 

Statistical analysis 

Data were analyzed using SPSS 16 (SPSS Inc., Chicago, IL, USA). 

Bioluminescence and fluorescence fluxes are represented as medians with 

interquartile ranges for each group of mice. In vivo bio-optical imaging and ex vivo 

culturing data were analyzed using a Mann-Whitney test to assess significant 

differences between groups of mice. p-Values of <0.05 were considered to 

indicate a statistically significant difference. 
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Results 

In vivo bioluminescence imaging  

Bioluminescence fluxes from mice without and with implanted catheter 

sections are shown in Fig. 1. Initially, in the presence of staphylococci, the 

bioluminescence fluxes were equally high in groups of mice without (Fig. 1A) and 

with (Fig. 1B) catheter sections. Whereas the bioluminescence in the group of 

mice without a catheter section steadily and consistently decreased over time in 

all mice, in the presence of a catheter section strongly elevated levels of 

staphylococcal bioluminescence were observed in two mice, especially at days 7-9 

post-implantation.  

 

In vivo fluorescence imaging of MMPs and integrin αvβ3  

Fig. 2. summarizes the fluorescence fluxes in the different groups of mice 

at different time points post-implantation. Three days post-implantation in 

absence of staphylococci, fluorescence was significantly higher in mice with an 

implanted catheter section than in mice without an implanted catheter section, 

and this difference continued to exist up to day 12. At day 6, staphylococcal 

presence increased the fluorescence fluxes from both probes significantly, both in 

the groups without and with implant. Twelve days post-implantation however, no 

significant differences related to the presence of bacteria were recorded, but the 

signal of the probes in the mice carrying an implant was still significantly (p <0.05) 

higher than in mice without implant. 
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Figure 1. Bioluminescence fluxes in mice without (A) and with (B) an implanted catheter 

section arising from the presence of bioluminescent S. aureus Xen36 as a function of time 

post-implantation. Data are presented as medians with interquartile ranges. 

Note that up to day 7 data are from 23 mice, while after day 7 data represent values of 

the remaining 15 mice, since 8 mice of the groups were sacrificed at day 7 (Table 1). 

 

 

 



Chapter 5                                                                MMP- and integrin-expression in BAI 

73 

 

 

 

Figure 2. Fluorescence fluxes generated by MMP activated (left) and integrin αvβ3 

targeted (right) probes  as a function of time post-implantation in the four different 

groups of mice (see Table 1). Probes were injected at 2, 5, and 11 days after implantation 

of the catheter sections and mice were imaged  24 h after injection. Data are presented as 

medians with interquartile ranges. Note that the different groups include different 

numbers of mice (for details see Table 1). 

* indicate significant differences as compared with the group of mice without a catheter 

section at the same day post-implantation.

 

FMT images revealed that both probes distributed predominantly around 

the catheter sections (Fig. 3A). The concentrations of fluorophores showed high 

correlations over only 5 mm in the direction perpendicular to the catheter section 

for both MMP- and integrin probes, whereas correlations parallel to it were high 

over 10 to 12 mm (Fig. 3B). Interestingly, the signals of the integrin probe showed 

higher correlations parallel to the catheter section than of MMP probes in all 

groups of mice, indicating that these probes did not fully co-localize, although co-

localization was stronger in the presence of staphylococci. 
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Figure 3. Distribution of MMP activatable and integrin αvβ3 targeted probes in mice with 

an implanted and catheter section challenged with S. aureus, as obtained from 3D-

fluorescence tomography (A). Autocorrelations of fluorescence distributions in mice that 

carry an implanted catheter section in absence (left panel) or presence (right panel) of S. 

aureus Xen36 in the direction parallel and perpendicular to the catheter section at three 

time points after implantation. Error bars represent standard deviations of four mice in 

each group (B). 

 

Ex vivo evaluation of catheter sections and surrounding tissues 

Microbiological culturing  

Seven days post-implantation, no significant differences in numbers of 

CFU could be observed in tissue and catheter section samples in both groups of 

bacterially challenged mice (Fig. 4). At 16 days post-implantation however, the 

number of CFUs were significantly lower in the mice without a catheter section, 
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whereas the number of CFUs in the mice with a catheter section, both in the 

tissue and on the catheter section, were not significantly lower.  

 

Histological evaluation  

Regardless of the presence of catheter sections, tissues of mice which had 

been inoculated with staphylococci and sacrificed at day 7 demonstrated strong 

inflammation with a dense infiltrate of phagocytic cells, predominantly 

neutrophils and macrophages (Fig. 5). The inflammatory reaction was milder at 

day 16 post-implantation than at day 7, with strongest inflammation in the mice 

with a catheter section and bacteria. At 16 days, strong influx of cells expressing 

predominantly MMP-9, was observed adjacent to the catheter sections both in 

absence and presence of staphylococci (Fig. 6). In absence of implants the 

response was far less intense.  

 

 

 

 
 

 
 
 

 

 

 

 

 

 

Figure 4. Log CFUs of S. aureus Xen36 retrieved from tissues and catheter sections from 

mice without or with implanted catheter section after sacrifice at day 7 and day 16. Note 

that all mice were challenged with staphylococci 48 hours after surgery. Since no bacteria 

were injected in the control group, all cultures of this group were negative. The asterisk 

(*) indicates a significant decrease in number of CFUs as compared to the number of CFUs 

counted at day 7 in the same group of mice without a catheter section.  
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Figure 5. Hematoxylin–eosin stained sections of biopsies retrieved from mice subjected to 

sham surgery or implanted with catheter sections, injected with saline or with S. aureus 

Xen36,  48 h after surgery, after 7 (left panel) and 16 (right panel) days post-surgery. 

Seven days post-surgery, a high density of purple-stained neutrophils and macrophages 

can be seen in all groups, except in the group with no implanted catheter section and in 

absence of staphylococci. In comparison, 16 days after sacrifice, biopsies in all groups 

showed a less intense inflammatory response. Bars indicate 50 µm, arrows indicate the 

location of the interface with the catheter section. 
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Figure 6. MMP-2 and MMP-9 expression in tissue of mice in absence and presence of S. 

aureus for the sham-surgery group (without a catheter section), and the group of mice 

with implanted catheter sections after sacrifice at day 16. Sections were stained for MMP-

2 (red) and MMP-9 (blue). The left panels are light microscopic images and the right 

panels are pseudocolour images of corresponding sections.  MMP-2 expression was seen 

in muscle fibers (e.g. in sham-surgery group with bacteria). Bars represent 20 µm. 
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Discussion 

We evaluated the simultaneous expression of MMPs and integrin αvβ3 

around an implanted biomaterial in absence and presence of S. aureus using bio-

optical imaging in a murine model. Through the combined use of in vivo 

bioluminescence and fluorescence imaging techniques, it was established that 

bacterial clearance was faster in absence than in presence of an implanted 

biomaterial (Fig. 4), despite enhanced expression of MMPs and integrin αvβ3 in 

the latter case (Fig. 2). Apparently, expression rate of MMPs and integrin αvβ3 

does not correlate with the efficacy of the immune clearance of S. aureus in 

experimental murine biomaterial-associated infection.  

MMPs are involved in multiple physiological and pathological processes 

such as infections, both in humans and in mice (39,40). Expression of MMPs by 

neutrophils and monocytes can be induced by infecting bacteria (41-43). 

Staphylococci also produce MMP-like proteases (44,45) themselves that activate 

the MMPSense®680 probe (Fig. 7). However, we assume that the fluorescence 

flux from staphylococcal MMP-like proteases can be neglected relative to the 

fluorescence flux due to MMPs of neutrophils and monocytes, since after 

staphylococcal inoculation, we observed a similar staphylococcal presence in mice 

with and without a catheter section (Figs. 1 and 4), but with a clearly enhanced 

fluorescence flux from MMPSense®680 only in the presence of an implanted 

catheter section. Moreover, integrin expression paralleled MMP expression.  

Integrins have been studied both in humans and in animal models of 

inflammation (46,47) but there is no in vivo information regarding the activation 

of integrins during BAI.  In vitro, integrins serve as adhesion molecules to mediate 

cell adhesion to protein-coated biomaterials and to stimulate bacterial uptake 

into phagocytic cells. It has been suggested that integrin signaling at the 

transcriptional level regulates MMP expression (48,49). It may be hypothesized 

therefore, that MMPs and integrin activation are co-localized. The autocorrelation 

analysis (Fig. 3) demonstrates that the distribution of both biomarkers resembles 
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the dimensions of the implanted catheter sections. However, the integrin signals 

aligned more strongly and over longer distances parallel to the catheter sections 

than those of the MMPs. Integrins and MMPs thus were not fully co-localized, 

implying induction of expression of MMPs is not solely due to integrin signaling. 

The lack of co-localization seems to disappear as soon as staphylococci are 

present. This may be due to the fact that staphylococci, when evenly distributed 

over the surface of the catheter section, give rise to MMP activation in immune 

cells (41-43), in addition to the activation caused by the biomaterial itself. 

As a major advantage of bio-optical imaging, bacterial persistence around 

an implanted biomaterial and the associating FBR can be monitored in a 

quantitative way in one and the same animal, strongly reducing the numbers of 

animals needed. At 16 days, the bioluminescence of the mice correlated with 

results from microbiological culturing and the decrease in fluorescence fluxes due 

to activation both MMP and integrin probes correlated with the decrease in the 

density of inflammatory cells from day 7 to day 16 in histologically examined 

specimens.  

In conclusion, through the combined use of bioluminescent and 

fluorescent in vivo imaging techniques, it has been demonstrated for the first time 

that MMP and integrin expression are simultaneously enhanced in presence of 

staphylococci or biomaterials for up to 7 days post-implantation in mice. 

Activation was strongest in presence of staphylococci together with an implanted 

biomaterial. In accordance with the notion that biomaterials increase 

susceptibility to infection, bacterial clearance was higher in absence than in 

presence of implanted biomaterials, indicating that expression of MMPs and 

integrin was not correlated with an effective immune response and bacterial 

clearance in BAI. As a protracted and high level pro-inflammatory response may 

be associated with increased susceptibility of infection (50), the up-regulated 

expression of MMPs and integrin may in fact be indicators of an exaggerated 

inflammatory response, which may be the cause of increased susceptibility to 
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infection in patients carrying a biomaterial implant, rather than a sign of an 

effective immune response.   

 

 

 

Figure. 7. Fluorescence (FLI) and bioluminescence images (BLI) of bioluminescent S. aureus 

Xen36 colonies grown on TSA with or without 2 nmol MMPSense®680 added per plate, 

taken in order to evaluate whether bacterial proteases are able to activate the 

MMPSense®680probe. From a comparison of the bioluminescence and fluorescence 

images, it can be concluded that S. aureus Xen36 is able to activate MMPsense®680. 
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Implanted biomaterials and devices provide a niche for bacterial adhesion 

in which growth of these bacteria into a biofilm may lead to biomaterial-

associated infection (BAI), the primary cause of biomaterial implant and device 

failure. Among the various strategies which have been developed to inhibit 

bacterial adhesion and subsequent biofilm formation and to reduce the incidence 

of BAI, antimicrobial coatings have been shown to provide the most promising 

solution. In order to advance the development of new antimicrobial coatings, a 

better understanding of the interaction between the host immune response, 

bacteria and biomaterial surfaces during the course of BAI is urgently required.  

Recently, increasing attention has been given to techniques which can be 

used for whole body imaging in small animals in a wide area of biomedical 

applications (1). Imaging technologies such as positron emission tomography, 

magnetic resonance imaging and computed tomography are commercially 

available for pre-clinical studies and offer a high spatial resolution (magnetic 

resonance imaging and computed tomography) and deep tissue penetration. 

However, these techniques are costly and time consuming and, more importantly, 

are hardly able to directly detect bacterial presence with respect to infection 

diseases. In contrast, bioluminescence and fluorescence imaging enable 

simultaneous, longitudinal monitoring of bacterial persistence and the associated 

host immune response. In addition, such methods are relatively rapid, cost 

effective and easy to use. Bio-optical imaging techniques not only provide 

comprehensive data during the course of an infection, but also allow statistically 

significant conclusions to be drawn with relatively low numbers of animals 

because one and the same animal can be followed longitudinally throughout the 

duration of an experiment without sacrifice. In this thesis, we have studied host-

bacteria interactions in BAI using bio-optical imaging techniques in vitro and in 

murine models.  
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In vivo bioluminescence imaging of BAI 

In vivo bio-optical imaging of BAI using bioluminescently-engineered 

strains allows the infecting pathogen to be monitored longitudinally and non-

destructively, providing an accurate assessment of the bacterial persistence 

throughout the duration of an experimentally induced infection. Bacterial 

bioluminescence-based in vivo models, mimicking infection developed from peri- 

or post-operative contamination of a biomaterial implant, require a pathogen 

with a luciferase based reporter system capable of emitting visible light that can 

be detected through live tissues using a highly sensitive CCD camera.  

Previously, it has been shown that a strong correlation exists between 

bioluminescence arising from bacterially contaminated biomaterials in animals 

and ex vivo bacterial counts after culturing organisms from explanted materials 

after sacrifice (2). This seems to be in contradiction with the results as presented 

in Chapter 4, showing that staphylococcal bioluminescence activity is mainly 

controlled by bioluminescence co-factors, like NADPH rather than by expression 

of Lux-genes. This implies that changes in bioluminescence may be attributed to 

bacterial growth and to changes in the metabolic activity of the bacteria present, 

largely affected by the growth-state of the individual bacteria. This raises 

questions, not so much about the usability of the technique, but much more 

about the interpretation of its results. Several interpretations are valid. The first 

option of bioluminescent data interpretation from animal BAI-models is to trust 

bioluminescence signals to be indicative of the total number of viable bacteria in a 

biofilm, as shown experimentally, because in a biofilm these bacteria are 

considered to form a heterogeneous community of organisms in different growth 

phases all contributing to the bioluminescence signal. A second interpretation of 

bioluminescence data explains reductions in bioluminescence over time not in 

terms of a reduction in the number of colony forming units (see e.g. Chapters 3 

and 5), but as a result of bacterial inactivation due to macrophage encapsulation 

or nutritional shortages in a biofilm (3,4). A third interpretation, and probably the 
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best, is a combination of both interpretations, and it advocates the combined use 

of bioluminescence and post-sacrifice culturing. Both colony forming units and 

bioluminescence are considered to be complementary to each other, not only 

providing numbers of viable bacteria, but also providing information on their 

metabolic state. A combination of low bioluminescence and high numbers of 

colony forming units, for instance, may indicate low efficacy of antibiotics and 

high numbers of inactivated bacteria in peri-implant tissue. Further research on 

this topic, using the combination of bioluminescence imaging and culturing might 

shed light on processes leading to bacterial inactivation in biofilms.  

 

In vivo fluorescence imaging of BAI 

One of the drawbacks of using bioluminescence BAI models is that it lacks 

the possibility to translate the model to clinical settings, for the simple reason that 

BAI in patients originates from non-bioluminescent bacteria. Thus, interest of 

clinicians is drawn to other bio-optical techniques, such as fluorescence imaging 

using intra-operative fluorescence cameras (5,6) and opto-acoustic imaging (7), 

which allows imaging in deeper tissues.  Both techniques use excitation light as 

the source of energy for detection, rather than the energy source of the bacteria 

themselves, which makes fluorescence independent from the bacterial metabolic 

state and alleviates the requirements of high camera sensitivity. A number of 

fluorescence techniques have been evaluated within the context of this thesis, a 

few of which have been extensively described in Chapter 5. In BAI studies, 

fluorescence imaging can be categorized into two main modalities: fluorescence 

imaging of bacterial presence and fluorescence imaging of the immune system 

activity. Within each of these two categories, several working mechanisms were 

evaluated, of which some are presented in this thesis:  

a) Expression of fluorescence proteins within bacterial cells.  

b) Activatable fluorescent probes, i.e. quenched fluorophores becoming 

fluorescent when the probe is cleaved by a specific enzyme (Chapter 5).  
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c) Targeted fluorescent probes, which accumulate at molecular moieties 

towards which specific binding is subsequently accomplished (Chapter 5).  

d) Vascular probes, which circulate in the blood and accumulate at sites 

with increased vascular permeability.  

Fluorescence imaging, however, seldom allows direct bacterial detection as with 

bioluminescence imaging, unless fluorescent bacteria are used. Fluorescent 

bacteria may express fluorescence, but such protein-derived fluorescence 

frequently does not exceed the auto-fluorescence of animal tissue according to 

the experiences gained with murine models in this thesis. Moreover, the problem 

of the use of genetically modified organisms, clinically never occurring, persists.  

Direct detection of bacterial presence was shown to be feasible in vitro by 

using probes which turn into a fluorescent state after specific cleavage by 

bacterial toxins or other bacterial proteases, such as LasA from Pseudomonas 

aeruginosa. Similar probes for a broader spectrum of bacterial strains were 

described earlier (8). In the experiments with LasA probes however, efficacy was 

shown only when high numbers of bacteria were present and it is yet unclear 

whether the immune system is able to cleave these probes as well. Other 

activatable probes such as MMPsense® and Prosense® are activated by the 

immune system rather than by bacteria themselves (Chapter 5). This may leave 

probe development as a clear objective for the future: finding and validating 

probes that are activated by clinically relevant numbers of bacteria. A promising 

probe for this purpose has recently been described: maltodextrin-based imaging 

probes can detect bacteria in vivo with a high sensitivity, independent of the host 

response (9). The combination of bacteria-specific probes with the probes that 

can detect local inflammatory responses, may enable the separation of the 

inflammation due to a sterile implant and BAI. Further validation of probe 

combinations may pave the way for clinical application of fluorescence imaging in 

image-guided implant debridement and may support decision-making regarding 

antibiotic treatment of BAI or immediate implant replacement.  
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Antimicrobial coatings and biodegradability   

Antimicrobial coatings have been shown to be the most promising 

strategy for prevention of BAI. For instance, local delivery of antibiotics from 

implant coatings such as cardiovascular stents (10), surgical meshes (11), urinary 

catheters (12) and in orthopedic appliances (13) has been described extensively. 

Other strategies effective in preventing BAI may be provided by non-adhesive 

coatings, preventing initial bacterial adhesion, and coatings with contact 

bactericidal activity.  

This thesis shows that the persistence of BAI on and around an implanted 

biomaterial is influenced by degradation of the biomaterial. In Chapter 3, we show 

that infecting bacteria disappeared completely from fully degraded bacterially 

contaminated surgical meshes, whereas bioluminescence increased in case of 

partially degraded meshes. This potential of biodegradable materials in reducing 

or potentially preventing BAI, encouraged us to review the potential mechanisms 

of infection resistance of degradable biomaterials (Chapter 2). It appeared that 

there is limited knowledge on how degradable materials may reduce infection risk 

and how such materials will perform implant coatings or scaffolds in tissue-

engineering. This might be an important question to address in future research.  
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Despite the fact that the number of patients receiving biomaterial 

implants and devices is increasing, biomaterials-associated infection (BAI) is still 

the major causes of implant failure. The consequences of a BAI are significant and 

include increased hospitalization times, high treatment costs, and often revision 

surgery, while not seldom yielding morbidity and even death. In order to develop 

new antimicrobial strategies, an accurate understanding of the host-bacterial 

interaction in BAI is essential. The interplay between antimicrobial strategies 

applied in the form of coatings and the host immune response to BAI is difficult, if 

not impossible, to mimic in in vitro assays. As a result, the use of animal models is 

indispensable for assessing the immune-compatibility and antimicrobial efficacy 

of antimicrobial coatings applied on biomaterials.  

Chapter 1 gives a brief introduction to bacterial adhesion, biofilm 

formation and the consequences of BAI in patients. Chapter 1 also briefly 

introduces the host inflammatory processes in the context of a foreign body 

reaction and BAI. Although host-bacterial interactions in BAI have a great impact 

on developing antimicrobial strategies, the complex interaction between the 

immune system and bacteria is not well characterized. Therefore the first aim of 

this thesis is to gain a better understanding of the biological events that take place 

during the interaction of the host immune system with bacteria and implant 

surfaces during the course of BAI. As the second aim of this thesis, in vivo implant 

BAI models based on bioluminescence and fluorescence imaging of BAI will be 

developed and validated.  

Depending on the application, implants and devices can be made of 

degradable or non-degradable biomaterials. Chapter 2 gives an overview of the 

potential mechanisms of infection resistance of degradable versus non-

degradable biomaterials. Degradable biological materials demonstrate increased 

resistance to bacterial infection compared to non-degradable synthetic 

biomaterials. Current knowledge about the specific mechanisms of how 

degradable biological materials are afforded increased resistance to infection is 
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limited. Therefore, in this Chapter a number of hypotheses to explain the 

decreased infection risk associated with the use of degradable versus non-

degradable biomaterials are evaluated and discussed with reference to the 

present state of knowledge. 

In Chapter 3 the decreased infection risk associated with degradable 

versus non-degradable biomaterials is evaluated in vivo. Biomaterials are 

increasingly used for the restoration of human function, but can become infected 

as a result of peri- or early post-operative bacterial contamination, although BAIs 

can also initiate at any time from haematogenous spreading of bacteria from an 

infection elsewhere in the body. Infecting bacteria in BAI not only seek shelter in 

their own protective biofilm matrix, but also hide in surrounding tissue. This 

Chapter compares staphylococcal persistence on and around a degradable and 

non-degradable surgical mesh through the use of longitudinal bioluminescence 

imaging in a murine model, including histological evaluation of surrounding tissue 

after sacrifice. Surgical meshes were first contaminated with bioluminescent 

Staphylococcus aureus Xen29 and subsequently subcutaneously implanted in 

mice. Bioluminescent staphylococci persisted on and around non-degradable 

meshes during the 28-day course of the study, whereas bioluminescence returned 

to control levels and bacteria disappeared from surrounding tissues once a 

degradable mesh had fully dissolved. Thus the application of degradable 

biomaterials yields major advantages with respect to the prevention of BAI, as 

dissolution of the implant not only is associated with elimination of the protective 

biofilm mode of growth of the infecting organisms, but also allows the immune 

system to clear the surrounding tissue from infecting organisms. 

Bioluminescence-imaging is often used for longitudinal evaluation of 

bacterial presence in live animals. Although linear relations exist between 

numbers of bacteria in biofilms and their bioluminescence, such relations cease to 

exist under antibiotic pressure. In Chapter 4 we have evaluated the influence of 

antibiotic pressure on staphylococcal bioluminescence. To this end, 
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bioluminescent flux from bioluminescent S. aureus Xen29 was quantified in 

absence and presence of different antibiotics. Staphylococcal bioluminescence 

was inhibited by antibiotics at sub-inhibitory (sub-MIC) concentrations, but 

seemed to be enhanced when measured 24 h after incubation, for all antibiotics 

evaluated. Similar enhancements of bioluminescence at sub-MIC antibiotic 

concentrations were observed in E-tests®. Therefore, antibiotic pressure may 

impact the relationship between bacterial numbers and their bioluminescence. 

Under antibiotic pressure, staphylococcal bioluminescence enhancement was not 

associated with an increased level of LuxA-gene expression, suggesting that 

staphylococcal bioluminescence activity profiles in the presence of antibiotics are 

mainly controlled by bioluminescence co-factors, like NADPH rather than by Lux-

genes.  

Biomaterial implants increase the risk of infections due to the biofilm 

mode of growth of bacteria adhering on implant materials, in which bacteria are 

protected against antibiotic treatment and the local immune system. Matrix-

metalloproteinases (MMPs) and cell surface integrin receptors facilitate 

transmigration of inflammatory cells toward infected or inflamed tissue. In 

Chapter 5 we have investigated the relationship between MMP- and integrin-

expression and the clearance of infecting S. aureus around implanted biomaterials 

in a murine model. MMP- and integrin αvβ3-expression were monitored in mice 

with and without subcutaneously implanted catheter sections in absence and 

presence of bioluminescent S. aureus Xen36. Staphylococcal persistence was 

imaged longitudinally over time using bioluminescence imaging. The activatable 

MMPSense®680 and integrin-targeted IntegriSense®750 probes were injected on 

different days after implantation and their signal intensity and localization 

monitored using fluorescence imaging. After sacrifice 7 or 16 days post-

implantation, staphylococci from catheters and surrounding tissues were cultured 

on agar-plates and presence of host inflammatory cells was histologically 

evaluated. MMP- and integrin-expression were equally enhanced in presence of 
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staphylococci or biomaterials up to 7 days post-implantation, but their localization 

along the catheter sections differed. Bacterial clearance from tissue was higher in 

absence of biomaterials. Although MMP- and integrin-expression were enhanced 

in presence of both staphylococci and biomaterial, it is of clinical relevance that 

the immune system remained hampered in eradicating bacteria during the first 7 

days post-implantation in presence of biomaterials.  

In Chapter 6 different subjects of our findings in Chapters 2 to 5 including 

the discrepancies between bioluminescence data and numbers of viable bacteria 

are discussed. It is advocated that bioluminescence and post-sacrifice culturing 

provide complementary information about numbers of viable bacteria and their 

metabolic state. In addition, it is concluded that fluorescence imaging as an 

additional modality to bioluminescence imaging, enables the assessment of the 

progress of inflammation. In order to translate our pre-clinical studies to clinical 

research however, more effort is needed to develop fluorescent probes for 

bacterial detection.   
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Biomateriaal geassocieerde infecties (BAI) zijn nog steeds de belangrijkste 

reden voor het falen van een implantaat, terwijl het aantal patiënten dat een 

biomateriaal krijgt stijgt.. De gevolgen van BAI zijn significant en gaan gepaard 

met een langer verblijf in het ziekenhuis, hoge behandelingskosten en vaak 

noodzaak tot een revisie-operatie met morbiditeit en soms zelfs overlijden als 

gevolg. Om nieuwe antimicrobiële strategieën te ontwikkelen, zoals antibacteriële 

coatings, is een goed begrip van de interactie tussen gastheer (het menselijk 

lichaam) en bacterie bij BAI essentieel. Het samenspel tussen de antimicrobiële 

werking van coatings en de immuunrespons van de gastheer ten opzichte van BAI 

is moeilijk, zo niet onmogelijk, in vitro na te bootsen. Vandaar dat het gebruik van 

diermodellen onmisbaar is om de immuuncompatibiliteit en antimicrobiële 

efficiëntie van antimicrobiële coatings vast te stellen. 

Hoofdstuk 1 is een korte introductie en gaat in op bacteriële hechting, 

biofilm formatie en de klinische gevolgen van BAI. Hoofdstuk 1 introduceert ook 

kort de ontstekingsprocessen in de context van een vreemd-lichaamsreactie en 

BAI. Hoewel gastheer-bacterie-interacties in BAI een grote impact hebben op de 

ontwikkeling van antimicrobiële strategieën, is de interactie tussen het 

afweersysteem en bacteriën nog onvoldoende beschreven. Vandaar dat een beter 

begrip van die interactie het eerste doel van dit proefschrift is. Als tweede doel 

van dit proefschrift worden in vivo BAI modellen, die gebaseerd zijn op 

bioluminescentie- en fluorescentiebeeldvorming ontworpen en gevalideerd. 

Voor de ontwikkeling van implantaten kan afhankelijk van de toepassing 

gebruik gemaakt worden van afbreekbare of niet-afbreekbare biomaterialen. 

Hoofdstuk 2 geeft een overzicht van de potentiele mechanismen van infectie- 

resistentie van afbreekbare biomaterialen. Afbreekbare biomaterialen laten een 

verhoogde resistentie tegen bacteriële infectie zien vergeleken met niet-

afbreekbare synthetische biomaterialen. De huidige kennis over de specifieke 

mechanismen waardoor afbreekbare biologische materialen een verhoogde 

resistentie tegen infecties vertonen is beperkt. Daarom wordt in dit hoofdstuk een 
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aantal hypotheses besproken en geëvalueerd waarmee geprobeerd wordt het 

verlaagde infectierisico van afbreekbare biomaterialen ten opzichte van niet-

afbreekbare biomaterialen te verklaren. 

In Hoofdstuk 3 wordt het risico op infectie van afbreekbare biomaterialen 

vergeleken met niet-afbreekbare biomaterialen in een in vivo onderzoek. 

Biomaterialen worden in toenemende mate gebruikt om de functie van het 

menselijk lichaam te herstellen. Biomaterialen kunnen geïnfecteerd raken door 

peri- of vroege postoperatieve bacteriële contaminatie, maar BAI kan ook op elk 

willekeurig moment ontstaan als gevolg van de hematogene spreiding van 

bacteriën als gevolg van een infectie elders in het lichaam. Bacteriën die BAI 

veroorzaken zoeken niet alleen bescherming in hun eigen biofilmmatrix, maar ook 

in het omliggende weefsel en zijn daarom lastig te verwijderen. Dit hoofdstuk 

vergelijkt de hardnekkigheid van stafylokokken-infecties op en rond afbreekbare 

en niet-afbreekbare chirurgische matjes door het gebruik van longitudinale 

bioluminescentiebeeldvorming in een muismodel en door histologische evaluatie 

van biopsieën van omliggend weefsel die zijn verkregen na opoffering. 

Chirurgische matjes werden eerst besmet met bioluminescente Staphylococcus 

aureus Xen29 bacteriën en vervolgens subcutaan geïmplanteerd in muizen. 

Bioluminescente stafylokokken bleven aanwezig op en rond niet-afbreekbare 

matjes gedurende de 28 dagen die het onderzoek duurde, terwijl 

bioluminescentie terugviel naar controlewaarden. Nadat een afbreekbaar matje 

eenmaal volledig was opgelost verdwenen de bacteriën echter uit omliggend 

weefsel. Het toepassen van afbreekbaar biomateriaal biedt dus grote voordelen 

op het gebied van preventie van BAI, aangezien het oplossen van het implantaat 

niet alleen eliminatie van de beschermende biofilm inhoudt, maar ook het 

immuunsysteem de kans geeft het omliggende weefsel vrij  te maken van 

infecterende organismen.  

Bioluminescentie wordt vaak gebruikt voor longitudinale evaluatie van de 

aanwezigheid van bacteriën in levende dieren. Hoewel er lineaire relaties bestaan 
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tussen het aantal bacteriën in biofilms en hun bioluminescentie, gelden deze 

relaties niet in aanwezigheid van antibiotica. In Hoofdstuk 4 hebben we de 

invloed van antibiotica op de bioluminescentie van stafylokokken bestudeerd. 

Hiervoor hebben we de bioluminescentieflux van bioluminescente S. aureus 

Xen29 bacteriën gekwantificeerd in af- en aanwezigheid van verschillende 

antibiotica. Bij lage concentraties van antibiotica, waarbij de groei van bacterien 

alleen geremd wordt maar niet gestopt (zogenaamde sub-MIC concentraties) 

daalt aanvankelijk de bioluminescentie als functie van de concentratie. Na 24 uur 

incubatie echter, laat het een maximum zien: een effect dat onafhankelijk was van 

het type antibiotica. Soortgelijke verhoging van bioluminescentie als functie van 

de sub-MIC concentraties werd ook waargenomen in E-testen®. Dit geeft aan dat 

de toediening van antibiotica mogelijk effect heeft op de relatie tussen het aantal 

bacteriën en hun bioluminescentie. Na toediening van antibiotica was de 

verhoging van de bioluminescentie in stafylokokken niet gerelateerd aan een 

verhoogde LuxA-gen expressie. Dit suggereert dat de bioluminescentie van 

stafylokokken in de aanwezigheid van antibiotica voornamelijk gecontroleerd 

wordt door bioluminescentie-cofactoren, zoals NADHP in plaats van door Lux-

genen. 

Biomateriaal implantaten verhogen het risico op infecties doordat 

bacteriën biofilms vormen op implantaat materialen, waardoor bacteriën 

beschermd worden tegen antibiotica en het lokale immuunsysteem. 

Matrixmetalloproteinases (MMPs) en celoppervlakte-integrinereceptoren 

faciliteren de transmigratie van immuun cellen naar geïnfecteerd of ontstoken 

weefsel. In hoofdstuk 5 hebben we de relatie onderzocht tussen MMP- en 

integrine-expressie en het opruimen van infectie veroorzakende S. aureus 

bacteriën rondom geïmplanteerde biomaterialen in een muismodel. MMP- en 

integrine αvβ3-expressie werden bekeken in muizen met en zonder subcutaan 

geïmplanteerde kathetersecties in de af- en aanwezigheid van bioluminescente S. 

aureus Xen36 bacteriën. De aanwezigheid van stafylokokken werd zichtbaar 
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gemaakt door middel van tijdsafhankelijke longitudinale bioluminescentie- 

beeldvorming. De activeerbare MMPSense®680 en integrinespecifieke  

IntegriSense®750 probes werden op verschillende dagen na implantatie 

geïnjecteerd en de signaalsterkte en locatie werd gevolgd met behulp van 

fluorescentiebeeldvorming. Na opoffering, 7 of 16 dagen na implantatie werden 

de stafylokokken van de katheters en het omliggende weefsel gekweekt op agar-

platen en werd de aanwezigheid van ontstekingscellen van de gastheer 

histologisch geëvalueerd. MMP- en integrine expressie waren evenveel verhoogd 

in de aanwezigheid van stafylokokken en biomateriaal tot 7 dagen na implantatie, 

maar de locatie op de kathetersecties verschilde. Hoewel MMP- en integrine- 

expressie extra verhoogd waren in de aanwezigheid van zowel stafylokokken als 

biomateriaal, is het klinisch relevant dat het immuunsysteem niet in staat was de 

bacteriën op te ruimen gedurende de eerste 7 dagen na implantatie in de 

aanwezigheid van biomateriaal. 

In hoofdstuk 6 worden verschillende onderwerpen van onze bevindingen 

uit hoofdstuk 2 t/m 5 besproken, inclusief de discrepanties tussen 

bioluminescentie data en aantal levende bacteriën. Het wordt bepleit dat naast 

het meten van bioluminescentie ook bacteriën gekweekt worden om zo zowel 

informatie te verkrijgen over het aantal bacteriën en de metabolische staat 

waarin ze zich bevinden. Daarnaast wordt de conclusie getrokken dat 

fluorescentiebeeldvorming als aanvulling op bioluminescentiebeeldvorming de 

mogelijkheid geeft om de voortgang van een ontsteking te beoordelen. Echter, 

om onze preklinische studie naar klinisch onderzoek te kunnen vertalen zullen  

ook fluorescente probes ontwikkeld moeten worden waarmee bacteriën 

rechtstreeks kunnen worden aangetoond. 
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