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General Introduction:  

Bridging the gap between in vitro and in vivo 

evaluation of biomaterial-associated infections 

	  

	  

	  

	  

	  

	  
	  

Reproduced with permission from Springer: Subbiahdoss G, Da Silva Domingues 
JF, Kuijer R, Van der Mei HC, Busscher HJ (2013) “Bridging the gap between in 
vitro and in vivo evaluation of biomaterial-associated infections”. In Moriarty F, Zaat 
SAJ, Busscher HJ (Eds.) Biomaterials Associated Infection: Immunological Aspects and 
Antimicrobial Strategies (pp 107-117). New York, Springer. 
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ABSTRACT 

Biomaterial-associated infections constitute a major clinical problem that is 

difficult to treat and often necessitates implant replacement. Pathogens can be 

introduced on an implant surface during surgery or postoperative and compete with 

host cells attempting to integrate the implant. The fate of a biomaterial implant has 

been depicted as a race between bacterial adhesion and biofilm growth on an implant 

surface versus tissue integration. Until today, in vitro studies on infection risks of 

biomaterials or functional coatings for orthopedic and dental implants were 

performed either for their ability to resist bacterial adhesion or for their ability to 

support mammalian cell adhesion and proliferation. Even though the concept of the 

“race for the surface” in biomaterial-associated infections has been intensively studied 

before in vivo, until recently no in vitro methodology existed for this purpose. Just 

very recently various groups have proposed co-culture experiments to evaluate the 

simultaneous response of bacteria and mammalian cells on a surface. As an initial 

step towards bridging the gap between in vitro and in vivo evaluations of 

biomaterials, we here describe bi-culture (interactions between bacteria and 

osteoblasts) and tri-culture (interactions between bacteria, osteoblasts and immune 

cells) experiments that allow better evaluation of multi-functional coatings in vitro 

and therewith bridge the gap between in vitro and in vivo studies. 
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GENERAL INTRODUCTION 

Biomaterials-associated infections 

Biomaterials play an important role in modern medicine in the restoration and 

maintenance of tissue, organ or body function. A current estimate of the number of 

total hip replacements in the world is approximately one million a year, while the 

number of knee replacements is more than 250,000 [1]. One of the major problems 

emerging from the use of biomaterial implants and medical devices is biomaterial-

associated infection (BAI). On average, BAI occurs in approximately 0.5 – 6% of all 

cases [2,3], strongly depending on the implant site, and more often in cases of 

trauma or revision surgery [4-6]. Upon adhesion to a biomaterial surface, bacteria 

start to synthesize a hydrated matrix of extracellular polymeric substances (EPS) to 

form a biofilm [7]. Biofilm formation on an implant surface is a multi-phase process 

[8] starting with reversible adhesion of single bacteria, transition to an irreversible 

state through physicochemical processes and EPS production followed by bacterial 

growth. BAI is difficult to treat, as the biofilm mode of growth protects the infecting 

organisms against the host immune system and antibiotic treatment [9]. Bacteria 

within biofilms generally require 500 – 5,000 times higher doses of antibiotics than 

planktonic ones suspended in body fluids [8]. In the majority of cases, the final 

outcome of a BAI is removal of the implant. There are various routes along which 

microorganisms can gain access to the implant site and cause BAI [10]. The best-

documented route is direct contamination of an implant during surgery 

(perioperative contamination) [10]. BAI can also develop however, due to bacteria 

gaining access to the implant site immediately post surgery during hospitalization 

(postoperative contamination) or through microbial spreading via the blood 

circulation from infections elsewhere in the human body [10-12]. Irrespective of the 
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route of infection, the fate of a biomaterial implant depends mainly on the outcome 

of the so-called “race for the surface” between successful tissue integration of the 

biomaterial implant and bacterial colonization [10]. 

Routes of infection and infecting organisms 

Perioperative contamination implies that an implant becomes contaminated 

with bacteria before or during implantation into the human body. It is known that 

during a surgical procedure of 1 h, the total number of bacteria carrying particles 

falling on a wound is about 270 bacteria/cm2 [13]. Bacterial counts in the operating 

theatre are generally higher during periods of operating room personnel activity and 

when more people are present [13]. More recently, through the use of modern, 

better ventilated operation theatres (20 changes of air per hour) and impermeable 

patient and personnel clothing, perioperative bacterial contamination may well be 

less than 270 bacteria/cm2 falling into the wound area [14].  

The second route of infection is postoperative contamination, which may occur 

during the period of hospitalization immediately post surgery, as caused by direct 

contamination of open wounds or by the use of invasive devices like infusion tubes, 

catheters, or drains. Both perioperative and postoperative contamination can cause 

BAI many years after implantation, because many bacterial strains are known to be 

able to stay on an implant surface in a low metabolic state for several years post 

surgery [10]. These bacteria will favor the development of BAI, especially in 

immunocompromised host [10].  

As a third route, BAI can result from hematogenous spreading of bacteria from 

infections elsewhere in the body to an implanted biomaterial. Hematogenous 

spreading of bacteria may result from skin infections, surgical or dental interventions, 

pneumonia, abscesses or bacteremia, which can all cause temporal or chronic 



Introduction and aims of the thesis 5 
	  

	  

bacteremia resulting in infections [11]. Immune cells such as macrophages may also 

play a role in transporting bacteria to the implant site, as some strains are capable to 

survive within macrophages [15,16]. Importantly, BAI due to hematogenous 

spreading of bacteria to an implant site may occur any time after implantation. 

Notorious in this respect are abscesses underneath the skin, developing for instance 

after minor injuries. Dental treatment is also known to be a cause, as even routine 

inspection of the dentition by the dentist or oral hygienist may give rise to 

bacteremia [17,18]. 

In general, Staphylococcus epidermidis and Staphylococcus aureus are the most 

frequently isolated pathogens from infected biomaterial implants or devices, but also 

Gram-negative organisms as Escherichia coli and Pseudomonas aeruginosa are isolated 

[8,9,19]. Almost 50% of infections associated with catheters, artificial joints, and 

heart valves are caused by S. epidermidis [20]. S. aureus is the cause of around 23% of 

infections associated with prosthetic joints, especially their metal parts [20].  

P. aeruginosa is the causative organism in around 12% of hospital-acquired urinary 

tract infections, 10% of bloodstream infections, and 7% of all hip- and knee-joint 

infections [21]. Another factor that plays an important role in the pathogenesis of 

BAI is the bacterial virulence [20]. S. aureus and P. aeruginosa infections usually 

progress much more aggressively than BAI caused by S. epidermidis [20,21]. S. aureus 

appears more frequently in acute infections, within 4 weeks after surgery of 

complicated total joint arthroplasty compared to S. epidermidis. S. epidermidis strains 

are a common cause of “late” infections [20] and are most commonly implicated in 

delayed septic loosening of total joint prostheses [22] or even in presumed aseptic 

loosening [23], indicating their low virulence with only minor clinical symptoms of 

infection. Pseudomonas is also more virulent than S. epidermidis, which is ascribed to 

the more aggressive endotoxins in its EPS. The low virulence of S. epidermidis strains 
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compared to S. aureus or P. aeruginosa is due to the lack of additional genes 

responsible for producing tissue-damaging toxins [22-24]. In S. epidermidis 

infections, biofilm formation is considered the only virulence factor as the organism 

lacks the genes to produce toxins and tissue-damaging exoenzymes that are produced 

by for instance S. aureus, and therefore infections are usually subacute or chronic 

[24-27]. 

Bacterial and mammalian cell adhesion to biomaterials: a race for the surface 

The introduction of bacteria by any of the above routes is the initial step in the 

development of BAI, although often preceded by adsorption of macro-molecular 

components from body fluids, such as tear fluid, saliva, serum or plasma to yield the 

so-called conditioning film on the biomaterial surface [11]. Bacterial adhesion can be 

mediated by high affinity, localized interactions between cell surface structures and 

specific molecular groups on a substratum surface, or overall interaction forces, such 

as Lifshitz-Van der Waals, electrostatic, and acid-base interactions. Conditioning 

films can greatly affect the interaction forces in bacterial adhesion. Many adsorbed 

proteins reduce bacterial adhesion, but others, like fibronectin and fibrinogen, have 

been shown to promote adhesion of certain S. epidermidis and S. aureus strains [8].  

The best protection against BAI is rapid and complete tissue integration of an 

implant surface, although not all implants and devices require or allow tissue 

integration. Mammalian cells can adhere to both bare implant surfaces as well as to 

implant surfaces with adsorbed conditioning films through integrins and other 

receptors present upon the cell surface. Therefore, it is important to control protein 

adsorption to biomaterial surfaces in order to stimulate tissue integration [28], 

especially since mammalian cells have high affinity to the arginine-glycine-aspartic 

acid (RGD) motive, which is present in a number of different extracellular matrix 
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proteins, such as fibronectin, laminin, collagen and vitronectin [29]. Unfortunately, 

surface chemistries that promote tissue integration very often also mediate bacterial 

adhesion, like conditioning films comprising fibronectin or fibrinogen [8].  

The realization that it may well be impossible to design a surface modification 

that discourages bacterial adhesion and at the same time encourages tissue integration 

is catching on. Polymer brush coatings for instance, consisting of a layer of adsorbed, 

highly hydrophilic poly(ethylene glycol) (PEG) in a brush configuration, resist not 

only protein adsorption and bacterial adhesion, but also adhesion and spreading of 

mammalian cells [30,31], which are imperative for successful tissue integration. This 

realization has led to the development of multifunctional coatings. Multifunctional 

coatings can be based on a non-adhesive PEG base, decorated with RGD-sequences 

to promote mammalian cell adhesion and spreading, but due to a low decoration 

density do not increase bacterial adhesion [30,32]. The use of such bifunctional 

coatings enables direct control over the outcome of the race for the surface, an 

expression coined in 1987 by the orthopedic surgeon Anthony Gristina to describe 

the fate of a biomaterial implant [9].  

The fate of a biomaterial implant was depicted as a race between bacterial 

adhesion and biofilm growth on an implant surface versus tissue integration (Figure 

1). If the race is won by tissue cells, then the surface is covered by tissue and less 

vulnerable to bacterial colonization. On the other hand, if the race is won by 

bacteria, the implant surface will become colonized by bacteria.  

Although the concept of the race for the surface stems from 1987, it was only 

recently that various groups have proposed co-culture experiments to evaluate the 

simultaneous response of bacteria and mammalian cells on a surface. Co-culture 

experiments allow the in vitro evaluation of multifunctional coatings and therewith 

bridge the gap between in vitro and in vivo studies. 
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Figure 1. The race between bacteria and tissue cells for the biomaterial surface [9]. 

Bridging the gap between in vitro and in vivo studies 

In the path towards the reduction of infection risk, biomaterials research has 

been focused on the development of biomaterials or coatings that can prevent 

bacterial adhesion and stimulate mammalian cell growth. Until today, in vitro studies 

on infection risks of biomaterials or functional coatings for orthopedic and dental 

implants were performed either for their ability to resist bacterial adhesion or for 

their ability to support mammalian cell adhesion and proliferation [32-37]. Shi et al. 

[32] showed that a surface composed of chitosans and RGD-containing peptides 

discouraged bacterial adhesion but enhanced osteoblast attachment and subsequent 

differentiation as indicated by increased alkaline phosphatase activity. Dexter et al. 

[33] in a study suggested that an optimal concentration of seeded 3T3 fibroblasts 

and conditions to stimulate cell adhesion without stimulating bacterial adhesion 

could probably reduce infection. Ploux et al. [37] showed an opposite adhesion 

behavior of bacteria compared to human osteoprogenitor cells on the nano-patterned 

surfaces prepared by pulsed plasma polymerization and UV-irradiation. In none of 

these in vitro studies, the effects of the bacterial presence on mammalian cell 

attachment to a biomaterial surface, cell spreading, and growth were studied, which 

could completely change the fate of the biomaterial implant according to the concept 
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of the “race for the biomaterial surface”. Even though the concept of the race for the 

surface in biomaterial-associated infections has been intensively studied before in 

vivo, until recently no in vitro methodology existed for this purpose.  

Bacterial-mammalian cell interactions 

As a first step towards bridging the gap between in vitro and in vivo studies, an 

in vitro model was developed to investigate bacterial biofilm formation and 

mammalian cell growth in a single experiment based on the perioperative infection 

route [38]. In this study, bacteria were allowed to adhere to a biomaterial surface 

prior to mammalian cell adhesion and spreading to mimic the clinical situation 

where an implant becomes contaminated prior to implantation (perioperative 

contamination). The outcome of the competition between S. epidermidis ATCC 

35983 and U2OS osteoblast-like cells appeared to be dependent on the number of 

bacteria present prior to mammalian cell seeding and the absence or presence of fluid 

flow. Mammalian cells lost the competition in the absence of flow probably due to 

the accumulation of bacterial toxins, but were able to grow when culture medium 

was continuously refreshed by flowing medium in a flow chamber [38]. A further 

study on the race for the surface on different biomaterials demonstrated that 

mammalian cell interactions with biomaterials were hampered by bacterial biofilm 

formation on some of the most commonly used biomaterial surfaces [39]. Yet, 

PMMA showed better mammalian cell adhesion and spreading in the presence of 

adhering S. epidermidis ATCC 35983 than other biomaterials [39]. A study on 

comparison of different bacterial species involved in BAI on the competition between 

bacteria and mammalian cells showed that mammalian cells are bound to lose the 

competition for the surface in the presence of adhering, highly virulent S. aureus and 

P. aeruginosa [40]. Buchholz and co-workers [41] showed that in a group of 64 BAI 
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patients with an infection by a low-virulent organism 54 (84%) were free from 

infection 2 years later. Alternatively, when S. aureus was the causative organism, 

recurrent infection occurred in 28% of all patients [41], and almost 50% of the 

patients with a Pseudomonas infection experienced a relapse. The low virulence of  

S. epidermidis strains compared to S. aureus or P. aeruginosa is supposed to be due to 

the lack of additional genes responsible for producing tissue-damaging toxins 

[21,22,24]. In S. epidermidis infections, biofilm formation is considered the only 

virulence factor and therefore infections are usually subacute or chronic [25-27]. 

Bennion et al. [42] experimentally showed that with bacterial strains such as  

S. aureus, contamination of an implant is inoculum dependent. When the critical 

inoculum size is reached, local host defenses are overwhelmed and an infection is 

established [43]. 

In the concept of the race for the surface, tissue integration is an important 

protective factor against bacterial contamination of an implant surface [6]. Based on 

postoperative contamination, the effects of different degrees of mammalian cell 

coverage on the balance between bacterial biofilm formation and mammalian cell 

growth were investigated [44]. Mammalian cell growth was severely impaired when 

bacteria were introduced on surfaces with a low initial mammalian cell density (2.5 × 

104 cells/cm2) but in the presence of higher initial cell densities (17 × 104 cells/cm2), 

contaminating staphylococci did not affect cell growth (Figure 2) [44]. 

Bacterial-macrophages interactions 

In a healthy host, the host immune system comes to the aid of tissue cells [45]. 

Macrophages are one of the most predominant immune cells that arrive within 

minutes to hours at an implant site and can remain at a biomaterial surface for 

several weeks to orchestrate the inflammatory process and foreign body reactions 
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[45]. During infection, macrophages detect bacteria via cell surface receptors that 

bind to bacterial ligands and opsonines [46-48]. Subsequently, macrophages ingest 

pathogens and activate cellular functions such as proliferation, secretion of proteins 

and cytokines, and respiratory burst to destroy phagocytozed microorganisms and 

recruit other cells from the adaptive immune system [48]. However, it has been 

shown that the presence of a foreign body may impair the host immune system and 

consequently low numbers of adhering bacteria can already be sufficient to cause a 

BAI [49].  

 

Figure 2. Phase-contrast images of U2OS cells seeded to a density of (a) 2.5 × 104 cells/cm2, (b) 8.2 × 
104 cells/cm2 and (c) 17 × 104 cells/cm2 after 24 h of simultaneous growth in the presence of adhering S. 
epidermidis ATCC 35983 on PMMA. Scale bars 10 µm [44].	  
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In general, immune cells migrate, engulf, and kill invading microorganisms [50-

52]. A previous study on the simultaneous interaction between macrophages and 

colonizing S. epidermidis showed that macrophage behavior is surface dependent 

[53]. Macrophage migration towards bacteria and phagocytosis was enhanced on 

highly hydrated, cross-linked PEG-based polymer coatings compared to uncoated 

substrata due to the weak adhesion of macrophages and bacteria to the PEG coating 

[53].  

Kubica et al. [54] showed that intracellular S. aureus can survive within human 

macrophages for several days until bacteria escaped the intracellular confinement, 

proliferated in the conditioned medium, and killed the cells. Garzoni et al. [55] 

indicated that some coagulase-negative staphylococci could promote infection by 

intracellular colonization. 

Bacterial-mammalian cells-macrophages interactions 

The pathogenesis of BAI is complex and depends on factors such as bacterial 

virulence, physicochemical properties of the biomaterial surface, and alterations in 

the host defense [49]. Several studies have demonstrated that immune cells lose their 

ability to kill bacteria in the presence of a biomaterial [52,56-58]. Neutrophils 

exhibited decreased bactericidal activity and reduced superoxide production in the 

presence of extracellular slime producing S. epidermidis [59-63], while phagocytized 

S. aureus suppressed the production of superoxide inside macrophages [58]. In a 

murine model, high numbers of S. epidermidis could not only persist within 

macrophages in pericatheter tissue without showing any signs of inflammation [49], 

but were also able to proliferate. Macrophages in the periphery of a biomaterial in 

vivo showed deficient intracellular killing of pathogens, resulting in a compromised 

local host defense [49]. In vivo, bacteria may well survive inside macrophages for 
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prolonged periods of time. These bacteria will favor the development of BAI, 

especially when the physical condition of a patient disturbs the balance between 

bacteria and the host response [49]. 

In addition to bi-culture models, a tri-culture model was developed to further 

bridge the gap between in vitro and in vivo evaluation of biomaterials [40]. In tri-

cultures, bi-cultures of mammalian cells and bacteria are supplemented with 

macrophages. Macrophages can prolong the time that U2OS cells can survive an 

attack by adhering S. aureus and P. aeruginosa on PMMA surface. However, adhering 

S. aureus and P. aeruginosa still cause death of all adhering U2OS cells and 

macrophages within 10 – 14 h of growth.  

In summary, it is important to be aware of conditions distinguishing in vitro 

and in vivo methods. In vitro models can be used to study the short-term 

mechanisms by which bacteria, mammalian and immune cells and the biomaterial 

interact, whereas in vivo models include long-term treatment effects and biological 

integration. Despite these limitations, the in vitro models described open possibilities 

to address many of these processes step by step and to unravel underlying 

mechanisms in the field of biomaterial-associated infections.  
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AIMS OF THE THESIS 

Biomaterial-associated infections are a common complication associated with 

the use of biomaterial implants and devices. In a healthy individual, the immune 

cells are usually very efficient in removing planktonic pathogens; however they are 

not able to eliminate biofilms, especially not when on a biomaterial surface, while 

antibiotics, when effective at all against biofilms, are rapidly losing their efficacy. 

Alternative ways to prevent and cure infections associated with the use of biomaterial 

implants and devices while promoting tissue integration need to be explored. 

Therefore the aims of this PhD thesis were to  

(i) develop a model for studying and characterizing the interaction between 

immune cells, in specific macrophages, and bacteria; 

(ii) to explore strategies that prevent bacterial adhesion while promoting 

macrophage activity, in specific phagocytosis of bacteria; and 

(iii) study the outcome of the race for the surface between bacteria, tissue cells 

and macrophages. 
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ABSTRACT 

Biomaterial-associated infections (BAI) are serious clinical complications that 

threaten the longevity of implanted devices and lead to high morbidity and 

mortality. Poly(ethylene)glycol (PEG) coatings have been studied as a strategy to 

reduce the incidence of BAI by reducing protein deposition that promotes pathogen 

adhesion and growth on device surfaces. Despite their effectiveness to reduce protein 

adsorption and a hundred-fold reduction in bacterial adhesion, PEG-based coatings 

still facilitate weak bacterial adhesion that can form an initial basis for biofilms. Here, 

we describe a methodology enabling direct, quantitative and detailed qualitative in 

situ observation of macrophage morphology, migration and phagocytosis of bacteria. 

In vitro interaction of macrophages with Staphylococcus epidermidis 3399, adhering to 

commercial, crosslinked PEG-based coatings (OptiChem®), was compared with 

fluorinated ethylene propylene, silicone rubber and glass. Adhesion, phagocytosis, 

and migration were studied real-time in a parallel-plate flow chamber. Macrophages 

cultured on OptiChem® coatings showed enhanced migration and phagocytosis of 

bacteria compared to common biomaterials. Bacterial clearance per macrophage on 

both inert and reactive OptiChem® coatings were about three times higher than on 

the common biomaterials studied, corresponding with up to 70% reduction in 

bacterial numbers on OptiChem®, whereas on the biomaterials less than 40% 

bacterial reduction was obtained. These findings show that bacterial clearance from 

cross-linked PEG-based coatings by macrophages is more effective than from 

common biomaterials, possibly resulting from weak adhesion of bacteria on 

Optichem®. Moreover, macrophages exhibit higher mobility on Optichem® retaining 

an improved capability to clear bacteria from larger areas than from other common 

biomaterials, where they appear more immobilized.  
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INTRODUCTION 

Placement of indwelling medical devices into the human body to support and 

restore function has become common practice in modern medicine with reasonable 

overall success rates. In 2006, for instance, nearly 800,000 primary total hip and 

knee arthroplasties were performed in the United States alone [1]. Biomaterial-

associated infections (BAI) and adverse interactions between the indwelling device 

and the surrounding tissues and cells are, however, factors that threaten the device’s 

functionality and longevity [2]. BAI, although of relatively low incidence, represents 

a serious complication of extensive significance, with related high morbidity and 

mortality rates, as well as with high associated health care costs. Despite advances in 

surgical techniques, perioperative contamination remains the most common route 

for the infection of biomaterial devices [3]. Microorganisms, usually sourced from 

the patient’s skin, adhere to the implant surface, colonize it and rapidly form 

biofilms [4]. Generally, microorganisms embedded in biofilms are much less 

susceptible to antimicrobial treatments [5] and host immune mechanisms than 

planktonic organisms and hence, infection usually persists until the device is 

removed.  

BAI pathogenesis depends on many factors, such as implant site, device type and 

the patient’s general health status, but also on the interaction between the 

biomaterial surface, the host’s immune system and the infecting pathogen [1,6]. 

Following biomaterial implantation, tissue trauma and injury trigger a cascade of 

physiological events that activate the immune system [7]. Neutrophils and 

monocytes / macrophages are the major host inflammatory cell populations that 

arrive within minutes to hours at the implant site [7,8]. In contrast to neutrophils 

that may disappear within hours, macrophages increase in numbers over time and 
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remain at the implant surface for several weeks depending on the severity of the 

injury [8]. Macrophages orchestrate the host inflammation process and eventual 

foreign body reactions, but are also an important active component in pathogen 

clearance. During bacterial infection in vivo, macrophages adhere to the infected 

tissue and detect bacteria via cell surface receptors [7]. After recognition and 

pathogen attachment, macrophages engulf bacteria (phagocytosis) and activate 

cellular functions such as proliferation, secretion of proteins and cytokines, and 

respiratory bursts to destroy phagocytosed bacteria and recruit other cells from the 

adaptive immune system, as for example T and B lymphocytes [9]. However, the 

presence of a biomaterial affects the immune system’s response to bacterial infection, 

and the biomaterial surface chemistry can stimulate [7] or reduce macrophage 

adhesion, phagocytic activity and migration [10,11]. Therefore, macrophage-

biomaterial-bacteria interactions are crucial factors influencing pathogenesis of BAI 

[10].  

Poly(ethylene) glycol (PEG) has been promoted as an infection-resistant 

biomaterial coating due to low protein adsorption and hundred-fold reductions in 

adhering bacteria with respect to common biomaterials [12-15]. Nonetheless, this 

performance does not prevent the formation of weakly adhering, more mature 

biofilms [14,16]. Currently, it is unknown how macrophages deal with the few 

bacteria adhering to PEG-based coatings. Therefore, the aim of this study was to 

investigate the in vitro response of macrophages to Staphylococcus epidermidis 

adhering to a fully characterized commercial, multi-component crosslinked PEG-

based polymer coating (OptiChem®, Accelr8 Technology Corp., Denver, CO, USA) 

and to compare this with the response of the macrophages on common biomaterials 

such as fluorinated ethylene propylene (FEP) and silicone rubber. Glass was included 

since it acted as the substratum for the polymer coating and is a hydrophilic material, 
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unlike FEP and silicone rubber. For convenience however, glass will be mentioned in 

this manuscript under the denominator “common biomaterials”, as opposed to PEG-

based polymer coatings. 

 

 

MATERIALS AND METHODS 

Substrata 

OptiChem®-coated glass slides (Accelr8 Technology, now commercially 

available as Schott-NexterionTM Slide H) were supplied by Accelr8 Technology 

Corporation. OptiChem® is a multi-component, cross-linked transparent and robust 

polymer coating, having PEG as its active component. The surface coating has an 

amine-reactive (i.e. an NHS active ester) terminal chemical functionality to allow 

specific immobilization of biomolecules. The NHS chemistry can also be deactivated 

to provide a surface with very low, nonspecific binding of biological molecules [17-

19]. Extensive surface chemistry and analytical details regarding the coating and its 

bio-immobilization properties have been published [17-19]. 

OptiChem® was applied on optical-grade glass slides by spin coating and curing. 

Slides were stored at -20°C until use. Half of the coated slides were deactivated by 

quenching the NHS surface groups (“inert Optichem®”) using hydroxyethylamine 

[18]. The remaining slides were used in its NHS-reactive form, denoted here as 

“reactive OptiChem®”. Macrophage activity was also evaluated on FEP, silicone 

rubber and glass. FEP, silicone rubber and glass slides were cleaned in 2% RBS 35 

detergent solution (Omnilabo International BV, Breda, The Netherlands) under 

sonication and rinsed with demineralized water, submerged in methanol, and washed 

with demineralized water again. All samples were sterilized in 70% ethanol for 10 
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min and rinsed with sterile, demineralized water and finally with sterile phosphate 

buffered saline (PBS, 10 mM potassium phosphate, 150 mM NaCl, pH 6.8). 

Bacterial strain and growth conditions 

S. epidermidis 3399 is a clinical isolate from the skin and was used because skin-

derived organisms like S. epidermidis are often involved in perioperative 

contamination of biomaterial implant surfaces. The staphylococcus was first grown 

aerobically overnight at 37°C on blood agar plates from a frozen stock. The plates 

were kept at 4°C, never longer than 2 weeks. One colony was used to inoculate  

10 ml of tryptone soya broth (TSB, OXOID, Basingstoke, England), which was 

incubated for 24 h at 37°C and used to inoculate a second culture in 200 ml TSB. 

Bacteria were harvested after overnight growth by centrifugation (5 min at 5,000 g at 

10°C) and washed twice with sterile PBS. Bacteria were resuspended in sterile PBS to 

a concentration of 3 x 108 bacteria/ml.  

Cell culture conditions  

J774A.1 mouse macrophages were grown in tissue culture polystyrene (TCPS) 

flasks (Greiner Bio-One, Frickenhausen, Germany), and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 4.5g/l D-glucose, pyruvate, 

and 10% fetal bovine serum (DMEM + 10% FBS) at 37°C in a humidified 

atmosphere of 5% CO2. Cells were passaged every four days at 70 – 80% confluency 

by scraping. The cells were passaged up to a maximum of seven times.  

J774A.1 morphology, migration and phagocytic activity 

Macrophage morphology, migration and phagocytic activity on the crosslinked 

PEG-based coatings and the different common biomaterials were assessed using real-

time in situ image analysis in a parallel-plate flow chamber with a CCD camera 
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(Basler Ahrensburg, Germany) mounted on a phase-contrast microscope (Olympus 

BH-2; Olympus, Tokyo, Japan) (for a detailed description of the system, see 

Busscher et al. [20]). Assays were performed on the bottom plate of the flow chamber 

containing the substrata under study. The system was first filled with sterile PBS to 

remove air bubbles from the tubing and chamber, and perfused for 30 min with a 

laminar flow of 1.5 ml/min, corresponding to a shear rate of 11 s-1. Then, flow was 

switched to bacterial suspension in PBS that circulated at the same flow rate until the 

density of adhering bacteria had reached on average 4.2 x 105 bacteria/cm2 on all 

substrata, as evaluated real-time with the image analysis system. Subsequently, the 

suspension was switched once more to sterile PBS to remove unbound bacteria from 

the system, which did not remove any adhering bacteria as could be experimentally 

established by virtue of the use of real-time imaging, since the flow rate stayed the 

same and no air-liquid interface was involved. The flow chamber was warmed up to 

37°C. Then, a macrophage suspension consisting of 7.5 x 105 cells/ml in DMEM + 

10% FBS was introduced into the system. Once the entire volume of buffer inside 

the chamber was replaced by the cell suspension, flow was stopped. Images were 

collected throughout the assay for 120 min at 1 min intervals. Phagocytic activity 

was determined by comparing the number of bacteria adhering per cm2 on the 

substrata at different time intervals. In addition, the difference between the initial 

numbers of bacteria adhering to the substratum prior to exposure to macrophages 

and the final bacterial density after 120 min exposure to the macrophages was 

calculated to determine the number of bacteria ingested per adherent macrophage. 

Bacterial growth during 120 min phagocytic activity was minimal in DMEM + 10% 

FBS and therefore neglected in these calculations. 
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RESULTS 

Macrophage morphology  

Phase-contrast images of cultured J774A.1 murine macrophages interacting with 

bacteria adhering to crosslinked PEG-based coatings and the different common 

biomaterials in DMEM + 10% FBS are shown in Figure 1. Macrophages adhering to 

common biomaterials maintain a more spherical shape throughout the experiment, 

while those interacting with inert and reactive OptiChem® acquire a more elongated 

form increasing the contact area with the surface.  

 

Figure 1. Phase-contrast microscopic images showing the different morphologies of macrophages. 
Macrophages adhering to different cross-linked PEG-based coatings and common biomaterials in the 
presence of S. epidermidis 3399 in serum-containing culture media in the flow chamber. (a) FEP, (b) 
Silicone rubber, (c) Inert OptiChem®, (d) Reactive OptiChem®, and (e) Glass. The bar denotes 20 μm. 

Macrophage migration and phagocytic activity  

Macrophage activity was assessed microscopically in real-time. The number of 

macrophages adhering per cm2 on each substratum is presented in Table 1. J774A.1 

cell migration and phagocytosis of bacteria on glass, inert and reactive OptiChem® in 

the presence of adhering staphylococci are shown in Figure 2.  
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Figure 2. Time-lapse light micrographs of the migration and phagocytosis of S. epidermidis 3399 by 
murine macrophages. Phagocytosis was followed in serum-containing culture media in the flow 
chamber on (a) glass, (b) inert OptiChem®, and (c) reactive OptiChem®. The interval between the 
micrographs is 2 min, increasing from top to bottom. “t” denotes the time of exposure  to macrophages. 
The bar denotes 20 μm. See supplementary information for video time-lapse files of macrophage real-
time migration and phagocytosis. 
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Macrophages adhering to common biomaterials are immobilized to the 

substratum and their migration is restricted to a few µms. Consequently, 

macrophages only phagocytose bacteria attached in their close surroundings via the 

projection of pseudopodia. In contrast, macrophages adhering on inert and reactive 

OptiChem® coatings are more mobile, migrating relatively freely over the substratum 

towards adherent staphylococci. Time-lapse videos of macrophage migration and 

phagocytosis of S. epidermidis on the different substrata are available in the 

supporting information.  

Under sterile operating conditions, the number of bacteria-carrying particles 

that fall on an open wound varies between 102 and 105 per cm2 [21-23]. In this 

study, the initial bacterial density on all substrata was (4.2 ± 0.9) x 105 per cm2 

before macrophages were added into the system. The number of bacteria on the 

surface can thus be considered reasonably close to a clinically relevant situation of 

perioperative contamination. After exposure to macrophages, the numbers of 

adhering staphylococci decreased significantly.  

Table 1. Numbers of S. epidermidis remaining adherent on the surface per unit surface area after 
exposure to macrophages (N2h) for 120 min, together with the numbers of macrophages per unit surface 
area and the number of staphylococci taken per macrophage for the five substrata involved in this study. 
The initial number of adhering staphylococci prior to exposure to macrophages was on average 4.2 x 
105 cm-2, as determined during an experiment using real-time in situ observation. SD over six images 
per substratum surface. 

Substratum 
N2h 

(105/cm2) 
Macrophages 

(104/cm2) 
Bacteria/macrophage 

FEP 1.8 ± 0.2 6.3 ± 0.5 2.4 ± 0.4 

Silicone rubber 3.0 ± 0.5 4.1 ± 0.8 1.3 ± 0.9 

Inert OptiChem® 1.4 ± 0.3 4.3 ± 0.5 5.4 ± 1.1 

Reactive OptiChem® 1.1 ± 0.3 5.6 ± 0.7 6.9 ± 1.0 

Glass 4.1 ± 0.3 5.2 ± 0.8 2.8 ± 0.6 
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Figure 3 shows the percentage of bacteria left adhering on the surface as a 

function of exposure time to macrophages. Bacterial clearance per macrophage on 

inert and reactive OptiChem® coatings was on average three times higher than on the 

common biomaterials (see Table 1). 

 

Figure 3. Percentage of adhering S. epidermidis 3399 remaining on the different surfaces after exposure 
to macrophages for 120 min. Experiments were done in serum-containing cell culture media with 
respect to their initial adherent density (4.2 x 105 cm-2) on: FEP (▲), Silicone rubber (♦), Inert 
OptiChem® (○), Reactive OptiChem® (●), and Glass (■). Error bars represent the standard deviation 
over six images. 
 

 

DISCUSSION 

Macrophages are primary infiltrating immune system cells responding rapidly to 

wounding and implanted biomaterials, and are directly involved in the host 

inflammatory and foreign body response as well as in the defense against infectious 

pathogens. Macrophages adhere to device surfaces and remain at the implant-tissue 

interface for several days to realize their functions. Hence, the interaction between 
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macrophages and bacterially contaminated biomaterials is crucial in the development 

of BAI [8,10]. A mature biofilm is less likely to form if macrophages are able to 

remove and destroy microorganisms adhering on an implanted device. The response 

of macrophages to surfaces modified with PEG-based coatings has been assessed by 

others [24-26], but never on bacterially contaminated biomaterial surfaces as done 

here. Our study showed that macrophages phagocytosis of bacteria adhering on inert 

and reactive OptiChem® was similar for both coatings, but on average three times 

higher than on the common biomaterials included in this study. This difference and 

elevated phagocytic activity of macrophages to S. epidermidis adhering on cross-

linked PEG-based coatings is attributed to an almost unlimited macrophage mobility 

on the PEG-based coating compared to common biomaterials. On Optichem®, 

macrophages reduced the numbers of adhering staphylococci by approximately 70% 

over a 2 h time period, as shown in Figure 3. There are no comparative data available 

in the literature to determine whether this is a high or low phagocytosis efficiency. In 

a recent study [27] phagocytosis of S. epidermidis and Pseudomonas aeruginosa on 

PEG-graft-polyacrylate (PEG-g-PA) copolymers has been studied. However, 

macrophages were allowed to adhere to the surface before bacteria were incorporated 

into the system, which is an entirely different model situation than our perioperative 

model.  

The enhanced macrophage mobility and phagocytic activity on Optichem® 

coatings could result from weak cell-surface interactions between these cells and the 

PEG-based coatings, but also bacteria-surface interaction forces are important for 

effective phagocytosis. Adhesion forces between microorganisms and poly(ethylene) 

oxide (PEO) brush coatings have been assessed using atomic force microscopy [28] 

and found to be up to 10 times smaller for various P. aeruginosa strains on a PEO 

brush than on bare glass. Incremental increases in shear rate in a parallel-plate flow 
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chamber also indicated that the adhesion strength of S. epidermidis and Staphylococcus 

aureus is decreased on PEO-coated silicone rubber. More than 85% of these bacteria 

could be sheared off from the PEO brush coating whereas up to 10% of adherent 

bacteria could be stimulated to detach from hydrophobic silicone rubber [15]. 

Analogous to bacterial interactions with polymer brush coatings, macrophages 

adhering to OptiChem® coatings may be expected to experience weak adhesion forces 

as well, allowing them to move freely over the substratum towards adhering bacteria. 

Low adsorption of serum proteins on PEG-based surfaces, and specifically for 

Optichem® coatings [18] produces poor cell adhesion [18,19]. Macrophage-surface 

interactions depend less on cell matrix-type adhesive proteins in contrast to other cell 

types [29], and macrophage surface mobility is increased without a substantial 

surface-adsorbed protein layer. This occurs on both the inactivated (inert) PEG 

surface as well as that retaining the NHS-reactive immobilizing chemistry. Weak 

interactions between adhering bacteria and OptiChem® coatings, as described above, 

may also help facilitate more efficient macrophage phagocytosis from these surfaces. 

This is an advantage, as phagocyte-mediated clearance of surface-adhered bacteria is 

more difficult for macrophages than their clearance of planktonic bacteria [30].  

In vivo, the interaction between proteins, pathogens and the host defense cells at 

the biomaterial-tissue interface is a complex process where each may contribute to 

bacterial survival and persistence on biomaterials and in adjacent tissues [2,10]. Host 

defense functions are suggested to be affected in the presence of an infected 

biomaterial, for example, by diminishing host phagocytic activities [10,11,31]. We 

demonstrate that macrophages can phagocytise adhering bacteria more effectively on 

PEG-based coatings. Although macrophages are not the only cell type present at the 

interface in vivo, these results for macrophages are relevant, in that macrophages 

remain at the implanted biomaterial surface for longer periods of time than other 
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cells [8]. Also an important factor in the persistence of BAI is bacterial survival 

within macrophages once ingested. This intraphagocyte survival mechanism is both 

pathogen and substratum-dependent [10]. That such bacterial survival within 

macrophages is favored on OptiChem® coatings was not the focus of this study and 

should be elucidated. 

 

 

CONCLUSIONS 

We introduced a novel in vitro methodology to enable direct, quantitative and 

detailed qualitative in situ observations of macrophage adherent morphology, 

migration and engulfment of surface-resident bacteria. In the current study, we 

employed this methodology to compare macrophage clearance of adhering 

staphylococci from cross-linked PEG-based coatings and different common 

biomaterials, including glass. Substratum surfaces were first contaminated with 

bacteria prior to exposure to cultured macrophages in serum-based media to mimic 

perioperative bacterial contamination conditions. Macrophages on cross-linked PEG-

based coatings exhibited enhanced cell mobility compared to the mobility on FEP, 

silicone rubber and glass, likely due to weak macrophage-surface interaction forces 

arising from strongly hydrated, low protein-adsorbing cross-linked PEG-based 

coatings. This greater intrinsic cell mobility and associated weak bacterial-surface 

adhesion forces facilitated higher phagocytosis on the PEG surfaces. Macrophage-

mediated bacterial clearance was about three times more effective on the multi-

component cross-linked PEG-based coatings (OptiChem®) than on the common 

biomaterials included in this study, irrespective whether the surface was the 

inactivated or reactive NHS-derivatized PEG-based coating. 
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SUPPORTING INFORMATION 

Time-lapse videos of J774A.1 macrophages migrating towards Staphylococcus epidermidis 

3399 and their phagocytic activity on glass and OptiChem® coated glass are shown in 

Supporting Information on this journal’s electronic publication resources page on their 

website:  

http://www.ecmjournal.org/journal/papers/vol021/vol021a06.php. 
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ABSTRACT 

Bacterial biofilms can increase the pathogenicity of infection and constitute a 

major problem in modern healthcare, especially on biomaterial implants and devices. 

Biofilms are difficult to eradicate by the host immune system, even with antibiotics, 

and have been the number one cause of biomaterial implant and device failure for 

decades. Therefore, it is important to understand how immune cells interact with 

adhering pathogens. This study firstly aims to develop a simple method to quantify 

phagocytosis of six different strains of staphylococci adhering on a surface with 

phase-contrast microscopy. Phagocytosis of adhering staphylococci to a glass surface 

by phagocytes was quantified in a parallel-plate flow chamber, and expressed as a 

phagocytosis rate, accounting for the number of adhering staphylococci initially 

present and for the duration of phagocytosis. Murine macrophages were more 

effective in clearing staphylococci from a surface than human phagocytes, which 

require differentiation from their monocyte or promyelocytic state during an 

experiment. Direct visualization of internalization of a GFP-modified S. aureus strain 

inside phagocytes confirmed the validity of the method proposed. As a second aim, 

the differences in phagocytosis rates observed were investigated on a surface 

thermodynamic basis using measured contact angles of liquids on macroscopic lawns 

of staphylococci and phagocytes, confirming that phagocytosis of adhering 

pathogens, can be regarded as a surface phenomenon. In addition, surface 

thermodynamics revealed that phagocytosis of adhering pathogens is determined by 

an interplay of physical attraction between pathogens and phagocytes and the 

influence of chemo-attractants. For future studies, these results will help to place in 

vitro experiments and murine infection models in better perspective with respect to 

human ones.  
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INTRODUCTION  

Bacterial pathogenicity often increases when bacteria transform from a 

planktonic to an adhering state and start growing into a biofilm [1-3]. In a biofilm 

community, bacteria live surrounded by a heterogeneous, exopolymeric matrix, 

which yields protection against environmental stresses, host immune defenses or 

antibiotics [1,3-6]. Bacterial strains vary in their ability to protect themselves against 

external threats by releasing extracellular polymeric substances, different exotoxins 

and elastases or expressing different outer membrane proteins [5,7-9].  

Bacterial biofilms occur both in health and disease. In modern medicine, 

biomaterial-associated infection is the number one cause of implant failure [2-4]. In 

many cases of biomaterial implant failure, such as of orthopedic joint prostheses, 

pacemakers or vascular grafts, bacteria of the Staphylococcus genus are responsible for 

increased morbidity and mortality at high costs to the health care system [1,3,5]. 

Staphylococcus aureus strains are generally considered to be more virulent to the host 

than Staphylococcus epidermidis, since S. aureus strains produce more toxins and 

tissue-damaging exo-enzymes than S. epidermidis [5,9-11]. 

In the host, different immune cells are recruited to an infection site to become 

involved in the elimination of pathogens [12-14]. The first cells arriving at the 

infection site are neutrophils and macrophages [13]. Although neutrophils are crucial 

in the first hours of host response to an infection, they disappear within a day 

[13,14]. Macrophages then become the prevailing cells and remain at the infection 

site in a high concentration for several weeks. During this period, macrophages play 

an important role in wound healing and orchestrating the inflammatory response. 

After recognition and phagocytosis of pathogens, macrophages activate cellular 

functions such as cell proliferation and secretion of enzymes, reactive oxygen and 

nitrogen species, cytokines, chemokines, and growth factors, among other biological 
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substances, to destroy the phagocytized bacteria [2,15]. However, in the presence of 

a biomaterial, the normal host response is often impaired which contributes to the 

virulence of biomaterial-associated infections [3,16-18]. 

Phagocytosis of bacteria adhering on biomaterials surfaces depends amongst 

others, on the bacterial species involved and the affinity of the phagocyte for the 

bacterial cell surface and the surrounding medium [19-21]. Accordingly, 

phagocytosis can be regarded as a surface phenomenon [21] that can be analyzed on 

a similar surface thermodynamic basis as bacterial adhesion to a biomaterial surface. 

Initial interactions between two biological surfaces, as of a phagocytic cell and a 

bacterium, depend upon long-range, attractive Lifshitz-Van der Waals forces and 

upon closer approach upon short-range acid-base interactions, which can either be 

attractive or repulsive [4,22-24]. Surface thermodynamics enables to estimate the 

relative contributions of Lifshitz-Van der Waals and acid-base forces in phagocytosis, 

based on contact angles with liquids on macroscopic lawns of phagocytic cells or 

bacteria prepared on membrane filters. Using measured contact angles with liquids, 

interfacial free energies of adhesion between phagocytes and bacteria can be 

calculated to predict whether phagocytosis, or strictly speaking adhesion, will be 

thermodynamically favorable (negative free energy of adhesion) or unfavorable 

(positive free energy of adhesion) [4,6]. Light microscopy has been used to evaluate 

the interaction between phagocytes and other cells or bacteria but mostly in a 

qualitative way by observing the removal of a biofilm from a surface over time [9,25] 

or using radiolabeled bacteria [26]. However, understanding the mechanisms 

governing phagocytosis of bacteria adhering on a biomaterial surface requires a 

simpler and more quantitative in vitro method. 

In this paper, we present a simple method to quantify phagocytosis of bacteria 

adhering on a surface with phase-contrast microscopy. The method was validated for 
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a fluorescent staphylococcal strain using confocal laser scanning microscopy 

(CLSM). Subsequently, phagocytosis of six different staphylococcal strains by one 

murine line of macrophages, one human line of monocytes and a promyelocytic cell 

line were analyzed on a surface thermodynamic basis to demonstrate a relation 

between the rate of bacterial phagocytosis and the interfacial free energy of adhesion 

between the different phagocytes and bacteria. 

 

 

MATERIALS AND METHODS 

Bacterial culture conditions and harvesting 

Six staphylococcal strains were used in this study: S. epidermidis 3399 (isolated 

from human skin), S. epidermidis 7391 (clinical isolate from an infected hip 

arthroplasty), S. epidermidis 1457 (isolated from an infected central venous catheter), 

S. aureus 7323 (clinical isolate from an infected joint arthroplasty), S. aureus LAC 

(also named USA300, a methicillin resistant Staphylococcus aureus isolate) and  

S. aureus ATCC 12600 (isolated from pleural fluid), modified to express green 

fluorescent protein (GFP in pMV158 plasmid) [26], and noted as S. aureus ATCC 

12600GFP. All bacteria were first grown aerobically overnight at 37°C on blood agar 

plates from a frozen stock, except S. aureus ATCC 12600GFP that was grown using 

tryptone soya broth (TSB; OXOID, Basingstoke, UK) agar plates with 1% 

tetracyclin (Sigma-Aldrich, Steinheim, Germany). For the experiments with S. aureus 

ATCC 12600GFP, TSB was always supplemented with 1% tetracyclin to select 

bacteria expressing GFP. One colony of each bacterial strain was inoculated 

separately in 10 ml TSB and cultured for 24 h at 37°C. These cultures were then 

used to inoculate a second culture in 200 ml TSB, grown for 17 h at 37°C. Bacteria 



42 Chapter III 
	  

 

were harvested by centrifugation (5 min at 5,000 g at 10°C) and washed twice with 

sterile phosphate-buffered saline (PBS, 10 mM potassium phosphate, 0.15 M NaCl, 

pH 7.0). Subsequently, the bacteria harvested were sonicated on ice (3 x 10 s) in PBS 

to break bacterial aggregates. Bacteria were resuspended in sterile PBS to a 

concentration of 3 x 108 bacteria/ml, as determined in a Bürker-Türk counting 

chamber. 

Culture conditions and harvesting of phagocytes 

Three phagocytic cell lines, all obtained from LGC (Wesel, Germany) were 

used: one murine macrophage cell line (J774A.1) and two human cell lines 

(monocytic THP-1 and promyelocytic HL-60). All phagocytic cell lines were grown 

in tissue culture polystyrene flasks (Greiner Bio-One, Frickenhausen, Germany), and 

routinely cultured in Dulbecco’s Modified Eagle’s Medium supplemented with  

4.5 g/l D-glucose, pyruvate and 10% fetal bovine serum (referred in this article as 

DMEM-HG + 10% FBS; reagents obtained from Sigma-Aldrich, Steinheim, 

Germany). Phagocytes were maintained at 37°C in a humidified atmosphere with 

5% CO2. The human cell lines were passaged each two days, and the murine cell line 

was passaged at 70 – 80% confluence by scraping. Cells were harvested by 

centrifugation (5 min at 150 g) in DMEM-HG + 10% FBS previous to experiments. 

The harvested cells were counted using a Bürker-Türk hemocytometer and 

subsequently diluted to a concentration of 6 x 105 cells/ml. 

Bacterial adhesion and phagocytosis 

Staphylococci were allowed to adhere to glass slides in a parallel-plate flow 

chamber (175 x 17 x 0.75 mm3), equipped with heating elements and kept at 37°C 

throughout the experiments. Prior to each experiment, all tubes and the flow 
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chamber were filled with sterile PBS, taking care to remove all air bubbles from the 

system. PBS was perfused through the system at a shear rate of 11 s-1. Then, a 

bacterial suspension was perfused through the chamber at the same shear rate and 

phase-contrast images were obtained. Bacteria were allowed to adhere to the glass 

surface for 30 min while enumerating their number (bacteria/cm2), as assessed by an 

automated counting algorithm. Flow was switched to sterile PBS to remove non-

adhering bacteria from the tubes and chamber. After 30 min, PBS was replaced by 

TSB, which was perfused for different periods of time to allow bacterial growth (see 

supplementary information, Figure S2 for an example) but restricted to growth of 

bacterial monolayers to facilitate bacterial enumeration by phase-contrast microscopy 

(the “indirect” method). While other strains already formed 3D structures after 3.5 h 

of growth in TSB, S. epidermidis 3399 grew much slower and monolayers were still 

obtained after 24 h of growth in TSB. Subsequently, DMEM-HG + 10% FBS was 

perfused for 10 min to remove non-adhering bacteria. Next, medium was replaced 

by a suspension of phagocytic cells (6 x 105 cells/ml) and the flow was stopped for  

2 h to allow the phagocytes to settle and phagocytosis to occur (see supplementary 

information, Video S1). All experiments were done in triplicate with three 

independent bacterial and phagocytic cell cultures. 

Two methods were used to quantify the number of phagocytized bacteria. One 

method was based on phase-contrast imaging (indirect quantification) while the 

other method was based on confocal laser scanning microscopy (CLSM, direct 

quantification).  

Indirect quantification: Bacterial growth and phagocytosis by phagocytes on the glass 

surface was followed in real-time with a CCD camera (Basler AG, Germany) 

mounted on a phase-contrast microscope Olympus BH-2 (Olympus, Germany) with 

a 40x objective. After bacterial growth in the parallel-plate flow chamber, different 
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phagocytes were inserted in the flow chamber and phagocytosis was followed in real-

time for 2 h in the absence of flow. In order to verify that no bacteria detached 

during these conditions, similar experiments were done in absence of phagocytes (see 

supplementary information, Table S2). The number of bacteria phagocytized by a 

single phagocytic cell was indirectly determined by assessing the number of adhering 

bacteria to glass per unit area, using proprietary software based on the Matlab Image 

processing Toolkit (The MathWorks, Natick, MA, USA), and subtracting the 

number of bacteria that had remained adhering from the control enumerations (see 

also supplementary information, Figure S1 and Tables S2 and S3).  

Direct quantification: Direct quantification was only done with S. aureus ATCC 

12600GFP. Initially, experiments were conducted as described above for the indirect 

method, but after 2 h of phagocytosis, the glass surfaces were removed from the flow 

chamber and prepared for CLSM. To this end, glass slides with adhering 

staphylococci and phagocytes were fixed with 3.7% formaldehyde in cytoskeleton 

stabilization buffer (CS; 0.1 M Pipes, 1mM EGTA, 4% (w/v) polyethylene glycol 

8000, pH 6.9) for 15 min. Subsequently, glass slides were incubated in 0.6% Triton 

X-100 for 3 min, rinsed with PBS and stained for 30 min with PBS containing  

2 µg/ml of tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin, followed by 

washing with PBS. TRITC-phalloidin was used to stain the phagocytes actin 

cytoskeleton. Image stacks (1024 x 1024 pixels) with optical slices of less than 1 µm 

were taken with CLSM (Leica DMRXE with confocal TCS SP2 unit, Mannheim, 

Germany) using an HCX PL APO 63/1.32 NA oil immersion lens (pinhole was set 

at its optimal value of 1.0 according to the manufacturer specifications), on nine 

different locations of the sample (see supplementary information, Video S2 for an 

example of a confocal 3D stack of images). CLSM images were reconstructed and 
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analyzed in 3D with Imaris software (Bitplane AG, Zurich, Switzerland) and the 

number of S. aureus ATCC 12600GFP inside each phagocytic cell was evaluated.  

Contact angle measurements and surface thermodynamics analysis 

Cell surface free energies of the different bacterial strains and phagocytic cell 

lines were determined by measuring advancing-type contact angles at room 

temperature (25°C) using the sessile drop technique with a homemade contour 

monitor. Bacteria or phagocytes were layered onto a 0.45 µm pore-size HA 

membrane filter (Millipore Corporation, Bedford, MA, USA) using negative 

pressure. The filters containing the cells were placed on a metal disc and allowed to 

air dry until so-called “plateau” water contact angles could be measured, representing 

a state of drying in which loose water was removed while cells remain in a 

physiological, hydrated state. To this end, water contact angles were measured on 

lawns of each cell type to determine the plateau level of drying, which usually 

amounted between 60 and 180 min. Three independent cultures were used for each 

bacterial strain and phagocytic cell line, and three lawns were prepared out of each 

culture.  

To allow surface thermodynamic analysis, contact angles were measured with 

four different liquids (water, formamide, methylene iodide and α-bromo-

naphthalene) [6,21,24]. Due to the different polarities of these liquids, their contact 

angles enable calculation of the cell surface free energy (γtot), its LW (γLW) and AB 

(γAB) components and the electron-donating and accepting parameters.  
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The bacterial and phagocyte surface free energies were subsequently employed to 

calculate the free energy of adhesion (ΔGplb) between the bacterial (b) and phagocyte 

(p) cell-surface in an aqueous suspension (l) and its LW (ΔGplb
LW) and AB (ΔGplb

AB) 

components, according to  

  

 

ΔG plb =ΔG plb
LW + ΔG plb

AB              (1) 

where 
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according to surface thermodynamics, adhesive interactions will be favorable if  

ΔGplb < 0 [4,6].  

Statistics 

Data are presented as a mean with standard deviation. ANOVA was applied 

followed by a Tukey’s HSD post-hoc test to demonstrate statistically significant 

differences and p-values smaller than 0.001 were considered significant. 
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RESULTS  

Quantification of bacterial phagocytosis by different phagocytes 

Phagocytosis of staphylococci by different phagocytic cells on a glass substratum 

was quantified by enumerating the number of adhering staphylococci on the 

substratum over 2 h, in the absence and presence of phagocytes in a parallel-plate 

flow chamber. The number of staphylococci phagocytized was subsequently taken as 

the reduction in the number of adhering bacteria (“indirect method”, see 

supplementary information, Figure S1 and Video S1). Since this method is based on 

phase-contrast microscopy, it can be applied to different strains and species, 

including clinical isolates on transparent (bio)materials. In order to validate the 

results and also directly demonstrate phagocytosis, green fluorescent staphylococci 

were allowed to adhere and exposed to different phagocytes after which the number 

of staphylococci inside single phagocytic cells was enumerated using CLSM (“direct 

method”) and compared with results from indirect quantification. Note, that the 

direct method is only applicable for molecularly-engineered fluorescent strains.  

As an example of the direct method, Figure 1 shows a CLSM snapshot and 3D 

image reconstruction of S. aureus ATCC 12600GFP inside a murine J774A.1 

macrophage (see supplementary information, Video S2). Single bacteria can be 

clearly seen, allowing enumeration of the number of bacteria inside a single 

phagocytic cell. A quantitative comparison of the number of fluorescent 

staphylococci inside a single phagocytic cell obtained using the direct and indirect 

method is presented in Figure 2. Data for the three phagocytic cell lines fall close to 

the line of identity. The most important difference between the direct and the 

indirect method appears in the region where the numbers of bacteria removed by 
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phagocytosis is low. In cases where the direct method yields absence of phagocytized 

bacteria, the indirect method yields 10 to 50 bacteria per phagocyte.  

 

Figure 1. Direct quantification of S. aureus ATCC 12600GFP inside phagocytes using CLSM. (A) 
CLSM snapshot of S. aureus ATCC 12600GFP (modified to express GFP) inside J774A.1 macrophages 
stained with TRITC-phalloidin and (B) reconstruction of 3D image from CLSM sections using 
Bitplane's Imaris software. Note that bacteria appear green fluorescent, while the cell wall of the 
phagocytes is red. Bar denotes 20 µm. 

This points to a clear advantage of the indirect method, encompassing a much 

larger number of phagocytic cells than can be achieved with the direct method. In 

addition, through the indirect method, all bacteria present on the surface (dead or 

live) are being quantified, while that is not possible with the direct quantification 

that only focuses on metabolically active bacteria. Fewer bacteria were engulfed by 

phagocytic cells when the number of adhering staphylococci was low.  

The dependence of the number of bacteria internalized on the number of 

bacteria adhering to the substratum surface indicates that in order to obtain a single 

parameter for phagocytosis of adhering bacteria, results have to be normalized with 

respect to the number of adhering bacteria before insertion of phagocytes (see also 

supplementary information, Figure S1 for more detail). Figure 3 reveals that the 
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number of staphylococci phagocytized depends linearly on the number of adhering 

bacteria, regardless of the bacterial strain or phagocytic cell line involved. 

 

Figure 2. Comparison of direct versus indirect quantification of staphylococcal phagocytosis.  
(A) staphylococcal adhesion for 1 h to a density of approximately 1.2 x 106 bacteria/cm2 and  
(B) staphylococcal adhesion for 3.5 h to a density of approximately 8 x 106 bacteria/cm2. The line 
indicates complete correspondence between both methods. Error bars represent the standard deviations 
over three replicates, with separately cultured bacteria and phagocytes.  
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Figure 3. Staphylococci per phagocyte after 2 h versus the number of adhering bacteria initially present. 
(A) S. epidermidis 3399 after 1 h, 3.5 h, 14 h and 24 h of bacterial growth, (B) S. epidermidis 7391 after 
3.5 h bacterial growth, (C) S. epidermidis 1457 after 3.5 h bacterial growth, (D) S. aureus ATCC 
12600GFP after 1 h and 3.5 h of bacterial growth, and (E) S. aureus 7323 after 3.5 h bacterial growth, 
(F) S. aureus LAC after 3.5 h bacterial growth. Solid lines indicate the best-fit to a linear function 
passing through origin.  
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According to the slope of the lines in Figure 3 (see supplementary information, 

Table S1 for R2 values), and accounting for the fact that phagocytosis was pursued 

for 120 min, a “phagocytosis rate” can be calculated, as summarized in Table 1 for all 

staphylococcal strains and the three phagocytic cell lines. Phagocytosis rates 

depended very much on the combination of the staphylococcal strain and phagocytic 

cell line involved. In general however, the murine macrophage cell line (J774A.1) 

was more efficient in internalizing adhering staphylococci than the two human 

phagocytic cell lines.  

Table 1. Phagocytosis rates for six staphylococcal strains by different phagocytic cell lines (cm2/min).  
± signs indicate the range of uncertainty based on a confidence level ≥ 95%. 

Bacterial strain 
J774A.1 (murine) 

(x10-8) 
THP-1 (human) 

(x10-8) 
HL-60 (human) 

(x10-8) 

S. epidermidis 3399 5.8 ± 0.8 4.8 ± 1.1 3.3 ± 4.0 

S. epidermidis 7391 15.5 ± 8.8 4.1 ± 1.3 1.7 ± 1.1 

S. epidermidis 1457 3.6  ± 0.5 0.4 ± 0.2 0.4 ± 0.3 

S. aureus ATCC 12600GPF 17.8 ± 4.3 6.9 ± 1.4 4.9 ± 2.6 

S. aureus 7323 20.5 ± 7.1 6.8 ± 3.8 0.9 ± 0.9 

S. aureus LAC 1.1 ± 0.6 1.9 ± 0.2 1.0 ± 0.2 

Surface thermodynamic analysis of phagocytosis rates 

In order to determine whether differences in phagocytosis rates of the different 

staphylococcal strains by the three phagocytic cell lines could be explained on a 

surface thermodynamic basis, contact angles were measured on lawns of phagocytes 

and bacteria with water, formamide, methylene iodide and α-bromonaphthalene 

(Table 2).  



Table 2. Contact angles of water (θw), formamide (θf), methyleniodide (θm) and α-bromonaphthalene (θb) measured on lawns of the staphylococcal strains 
and phagocytic cell lines involved in this study (in degrees). Surface free energy parameters and components are derived from the measured contact angles, 
yielding an electron-donating (γ-) and electron-accepting (γ+) parameter for the acid-base component (γAB), a Lifshitz-Van der Waals component (γLW) and 
the total surface free energy (γtot) (mJ/m2). ± signs indicate standard deviations over three separately prepared lawns, taking three measurements of different 
liquid droplets on each lawn. 

Cell type θw θf θm θb γ- γ+ γAB γLW γtot 

S. epidermidis 3399 28 ± 2 
c,d,g-i 

30 ± 4 
c,f-h 

49 ± 1 

b,g-i 
25 ± 4 

d,g,i 
51 ± 4 

d,g-i 
0.7 ± 0.3 

c,f-i 
11 ± 3 

c,f,g-i 
37 ± 1 

g-i 
49 ± 2 

c,f 

S. epidermidis 7391 33 ± 2 
c-e,g-i 

36 ± 3 
c,e-i 

56 ± 2 
a,c-f,h,i 

19 ± 3 
d,g,i 

48 ± 2 
 d,g-i 

0.5 ± 0.1 
c,f-i 

9 ± 0.4 
c,f,g-i 

36 ± 0.2 
g-i 

46 ± 1 
c,f,h,i 

S. epidermidis 1457 46 ± 3 
a,b,d-f 

57 ± 3 
a,b,d-i 

46 ± 3 
a,b,d-i 

18 ± 3 
d,g,i 

53 ± 1 
d,g-i 

0 ± 0.0 
a,b,d,e,g-i 

0 ± 0.0 
a,b,d,e,g-i 

39 ± 2.6 
g-i 

39 ± 1 
a,b,d,e,g-i 

S. aureus ATCC 12600GFP 59 ± 2 
a-c,e-i 

40 ± 5 
a,c,e,g-i 

48 ± 1  
b,g-i 

36 ± 4 
a-c,e-h 

18 ± 2 
a-c,e,f 

1.4 ± 0.7 
c,f-i 

10 ± 2 
c,f,g-i 

36 ± 1 
g-i 

45 ± 2 
c,f,h,i 

S. aureus 7323 23 ± 2 
b-d,f-i 

27 ± 3 
b,c,e,f,g,h 

47 ± 1 
b,g-i 

26 ± 2 
d,g 

53 ± 2 
d,g-i 

0.8 ± 0.2 
c,f-i 

12 ± 2 
c,f,g-i 

38 ± 0.1 
g-i 

50 ± 2 
c,f 

S. aureus LAC 34 ± 4 
c-e,g-i 

47 ± 5 
a-c,e,g-i 

50 ± 4 
b,g-i 

25 ± 3 
d,g,i 

59 ± 6 
d,g-i 

0.01 ± 0.02 
a,b,d,e,g-i 

0.8 ± 1 
a,b,d,e,g-i 

37 ± 0.6 
g-i 

38 ± 1 
a,b,d,e,g-i 

J774A.1 (murine) 51 ± 2 
a,b.d-f 

17 ± 5 
a-f 

60 ± 1 
a,c-f,h,i 

52 ± 2 
a-f,h,i 

15 ± 1 
a-c,e,f 

7.7 ± 0.4 
a-f 

22 ± 1 
a-f 

29 ± 1 
a-f 

51 ± 1 
c,f 

THP-1 (human) 46 ± 5 
a,b,d-f 

13 ± 2 
a-f,i 

84 ± 2  
a-g,i 

26 ± 2 
d,g,i 

18 ± 2 
a-c,e,f 

7.7 ± 0.3 
a-f 

24 ± 2 
a-f 

28 ± 1 
a-f 

52 ± 1 
b,c,d,f 

HL-60 (human) 46 ± 2 
a,b,d-f 

25 ± 1 
b-d,f,h, 

67 ± 2 

a-h 
33 ± 3 

a-c,f,g 
23 ± 4 

a-c,e,f 
5.3 ± 1.9 

a-f 
22 ± 2 

a-f 
30 ± 2 

a-f 
52 ± 1 

b,c,d,f 

Significantly different from a) S. epidermidis 3399, b) S. epidermidis 7391, c) S. epidermidis 1457, d) S. aureus ATCC 12600GFP, e) S. aureus 7323,  
f) S. aureus LAC, g) J774A.1, h) HP-1, i) HL-60. All significance levels were indicated at p < 0.001.  
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All cells in this study had a water contact angle lower than 65 degrees, indicating 

hydrophilic behavior [20]. Water contact angles on all phagocytic cell lines were 

comparable between 46 and 51 degrees, while water contact angles among the 

different staphylococcal strains varies over a wider range from 23 to 59 degrees. 

Contact angles of all four liquids were employed to calculate the surface free energy 

parameters and components of the cell surfaces. In all cases, the acid-base surface free 

energy component was comprised of a large electron-donating parameter, in 

combination with a small electron-accepting one. The larger hydrophilicities of  

S. epidermidis 3399, S. epidermidis 7391, S. aureus 7323 and S. aureus LAC become 

evident in a significantly larger electron-donating surface free energy parameter than 

found for the other strains (p < 0.001). The murine macrophage cell line (J774A.1) 

had the smallest electron-donating surface free energy parameter among the 

phagocytic cell lines. The acid-base surface free energy component follows directly 

from the electron-donating and electron-accepting parameters and on average is 

significantly (p < 0.001) higher for the phagocytic cell lines than for the 

staphylococcal strains. The Lifshitz-Van der Waals component follows from the 

contact angles with the apolar liquids (methylene iodide and α-bromonaphthalene) 

and shows relatively little variation across phagocytic cell lines and staphylococcal 

strains.  

The surface free energies summarized in Table 2 can be employed to calculate 

the Lifshitz-Van der Waals (ΔGplb
LW) and acid-base (ΔGplb

AB) contributions to the 

interfacial free energy of adhesion between phagocytic cells and staphylococci (Table 

3). Long-range attraction between phagocytes and staphylococci is always 

thermodynamically favorable, as indicated by negative ΔGplb
LW values, but differences 

appear in short-range interactions. Acid-base interactions are favorable toward 

adhesion of the S. aureus ATCC 12600GFP strain to all phagocytic cells, while ΔGplb
AB 
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values were far less negative (less favorable for adhesion to occur) or even positive for 

the human phagocytic cell lines in case of the other strains. From the absence of 

positive slopes in Figure 4, it can be concluded that phagocytosis follows surface 

thermodynamic principles and occurs more readily when the interfacial free energies 

of adhesion are more negative. However, absence of favorable surface 

thermodynamic conditions does not rule out phagocytosis (see Figure 4, shaded 

regions). 

 

 

DISCUSSION  

Biomaterial-associated infections have been the number one cause of failure of 

biomaterials implants and devices for decades now with disastrous consequences for 

those afflicted [2-4]. Biomaterial-associated infections are highly recalcitrant, partly 

because the immune system is impaired around a biomaterial implant or device 

[2,3,5]. The details of the interaction between adhering pathogens and phagocytes 

are not well understood, but it is evident that bacteria have developed strategies to 

evade the response of phagocytic cells [3,27]. Here we present a method by which 

phagocytosis of bacteria adhering to a surface can be quantified in a parallel-plate 

flow chamber, and expressed as a phagocytosis rate, accounting for the number of 

adhering bacteria initially present and the duration of phagocytosis. Furthermore, we 

show that a thermodynamic approach can be applied to explain the interaction 

between phagocytic cells and adhering staphylococci at the level of a specific strain.  

 

 



Phagocytosis related to surface thermodynamics 55 

Table 3. Lifshitz-Van der Waals and acid-base components of interfacial free energy of adhesion 
(ΔGplb

LW and ΔGplb
AB, respectively) between bacteria and phagocytes, calculated from measured contact 

angles with liquids, as presented in Table 2 (mJ/m2). 

J774A.1 (murine) THP-1 (human) HL-60 (human) 

ΔG
LW -2.1 ± 0.1 -2.0 ± 0.4 -2.3 ± 0.5 

ΔG
AB -0.3 ± 1.8 3.4 ± 2.4 9.3 ± 5.2S. epidermidis 3399 

ΔG
total

-2.4 ± 1.8 c,i-l,n,o,r 1.4 ± 4.9 j-l 6.9 ± 4.9 a,d,j-m,p 

ΔG
LW -2.0 ± 0.1 -1.8 ± 0.3 -2.2 ± 0.5 

ΔG
AB -1.4 ± 1.1 1.5 ± 2.9 8.1 ± 4.6 S. epidermidis 7391 

ΔG
total

-3.4 ± 1.2 c,f,i-k,n,o,q,r -0.3 ± 3.2 j,k,o,r 5.9 ± 4.2 d,g,j-m,p 

ΔG
LW

-2.4 ± 0.1 -2.1 ± 0.3 -2.6 ± 0.4 

ΔG
AB

-1.4 ± 1.1 1.9 ± 2.3 9.7 ± 5.0 S. epidermidis 1457 

ΔG
total

-3.7 ± 1.1 f,i-o,q,r -0.1 ± 2.6 j-l,o,r 7.1 ± 4.7 a,d,g,j-l,p 

ΔG
LW -1.9 ± 0.1 -1.7 ± 0.2 -2.1 ± 0.3 

ΔG
AB -12.6 ± 0.9 -9.9 ± 2.4 -6.6 ± 3.1 

S. aureus ATCC 
12600GFP 

ΔG
total

-14.3 ± 1.0 a-i,l-r -11.6 ± 2.6 a-h,I-r -8.7 ± 3.2 a-j,m-r 

ΔG
LW -2.2 ± 0.1 -1.8 ± 0.3 -2.4 ± 0.4 

ΔG
AB 0.6 ± 0.7 4.8 ± 1.7 10.3 ± 5.4 S. aureus 7323 

ΔG
total

-1.6 ± 0.7c,f,g,i-l,n,o,q,r 3.0 ± 2.1 a,d.g,j-m,p 7.8 ± 4.5 a,d,e,g,h,j-m,p 

ΔG
LW

-2.1 ± 0.1 -1.9 ± 0.3 -2.3 ± 0.4 

ΔG
AB

0.7 ± 1.7 4.0 ± 2.6 12 ± 5.5 S. aureus LAC 

ΔG
total

-1.4 ± 1.7 c,f.i-l,n,o,r 2.1 ± 2.8 d,g,j-m 9.8 ± 5.2 a,d,e,g,h,j-m,p 

Significantly different from S. epidermidis 3399 adhering to a) J774A.1, b) THP-1, c) HL-60; S. epidermidis 7391 
adhering to d) J774A.1, e) THP-1, f) HL-60; S. epidermidis 1457 adhering to g) J774A.1, h) THP-1, i) HL-60; 
S. aureus ATCC 12600GFP adhering to j) J774A.1, k) THP-1, l) HL-60; S. aureus 7323 adhering to m) J774A.1, 
n) THP-1; o) HL-60; S. aureus LAC adhering to p) J774A.1; q) THP-1; r) HL-60. All significance levels were
indicated at p < 0.001. 
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No ubiquitously valid relation between phagocytosis rate and interfacial free 

energies of adhesion was found however. This shows that there are also other 

mechanisms involved in phagocytosis and hydrophobic interactions, as expressed in 

the interfacial free energies of adhesion, do not operate on their own. Figure 4 shows 

the relation between interfacial free energy of adhesion and the rate of phagocytosis 

for the six staphylococcal strains by the different phagocytic cell lines.  

Bacterial phagocytosis was quantified by a direct and an indirect method. 

Methods were compared for a GFP producing S. aureus strain and showed 

comparable numbers of staphylococci phagocytized per phagocyte (Figure 2). This is 

despite the fact, that the indirect method comprised both the removal of dead and 

live staphylococci from the surface, whereas the fluorescence based direct method 

only included metabolically active bacteria. The advantage of the indirect 

quantification is that it is easy, relatively fast and allows working with non-

fluorescent clinical isolates, while furthermore interactions between phagocytes and 

bacteria can be followed in real-time. However, when the number of adhering 

bacteria becomes too high and 3D biofilms start to develop, micros-

copic segmentation of single bacteria by phase-contrast microscopy becomes 

difficult. Good segmentation of single bacteria inside phagocytic cells by 3D 

reconstruction may remain possible, however, but this cannot be done in real-

time. Therefore, we considered the indirect method to be more versatile. 

Phagocytosis rates increase when the interfacial free energy of adhesion ∆Gplb
total 

between phagocytes and staphylococci becomes more negative (Figure 4), which is in 

line with a surface thermodynamic analysis based on measured contact angles with 

liquids on macroscopic lawns of staphylococci and phagocytic cells. Like in nearly all 

biological interactions [4], Lifshitz-Van der Waals forces mediate the long-range 

attraction between phagocytes and bacteria, but short-range acid-base interactions 
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dictate the overall macroscopic adhesion and therewith whether favorable 

thermodynamic conditions exist for phagocytosis to occur. Although it was known 

that phagocytosis of pathogens in planktonic state could be explained on a surface 

thermodynamic basis [21,22,24,28], our study shows that this also holds for 

adhering pathogens. Importantly, this confirms the role of direct physical adhesion 

between phagocytes and pathogens in effective phagocytosis. S. aureus ATCC 

12600GFP interaction was thermodynamically favorable to all phagocyte cell lines 

included, while all other bacterial strains included only possessed thermodynamically 

favorable conditions for adhesion to the murine cell line (J774A.1). S. epidermidis 

7391 and S. epidermidis 1457 also revealed slightly favorable thermodynamic 

conditions for adhesion to THP-1 (∆Gplb
total = -0.3 mJ/m2 and ∆Gplb

total = -0.1 mJ/m2, 

respectively).  

Previous studies have focused on chemo-attraction as the main driving force for 

bacterial phagocytosis [5,7,29,30], and chemo-attractants may well explain 

phagocytosis of adhering bacteria by human phagocytic cell lines despite unfavorable 

thermodynamic conditions for direct physical interaction (see Figure 4 shaded 

regions). Bacterial cell wall peptidoglycan and lipoteichoic acids are known to be 

powerful in activating phagocytes [2,31,32]. For example, S. aureus 7323 the most 

hydrophilic strain, with only a small favorable thermodynamic condition for the 

murine cell line, showed high phagocytosis rates for the murine and human THP-1 

cell lines, despite the thermodynamical unfavorable condition for the latter. In 

contrast, it has been shown that bacteria can keep phagocytes in an inactive state by 

adhesins, such as polysaccharide intercellular adhesins (PIA), accumulation-

associated protein and extracellular matrix binding protein [2,3,33,34]. The 

production of PIA by S. epidermidis 1457 in a biofilm mode of growth for instance 

[3] kept this bacterium “under the radar” of immune cells, which is in line with our 
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results revealing one of the smallest phagocytosis rates of all phagocytic cells for this 

staphylococcal strain. In addition, also S. aureus LAC, a highly virulent MRSA strain 

[2,33], revealed small phagocytosis rates, which can be due to the secretion of 

phenol-soluble modulins molecules enhancing the ability of this pathogen to evade 

immune cell action [2,33]. Hence, phagocytosis must be regarded as an interplay 

between physicochemical attraction and influences of chemo-attractants. 

Highly important for future studies, our study is the first to demonstrate 

quantitative differences in phagocytosis rates of adhering staphylococci by different 

phagocytic cell lines. The murine macrophage cell line (J774A.1) showed higher 

phagocytosis rates than both human cell lines (see Table 1), likely because the human 

cell lines are monocytic (THP-1) and promyelocytic (HL-60) cell lines, accustomed 

to growth in suspension rather than on a surface. These cell lines therefore first need 

to differentiate into macrophages or neutrophils during an experiment and develop 

the ability to adhere in order to effectively phagocytize bacteria, which takes time. In 

order to demonstrate this, we differentiated HL-60 promyelocytic cells into 

neutrophils by exposing them to phorbol 12-myristate 13-acetate for 24 h prior to 

experiments [34]. Differentiated cells indeed showed an increase in phagocytosis rate 

of adhering S. epidermidis 3399 from 3.3 x 10-8 to 7.2 x 10-8 cm2/min. 

Unfortunately, differentiated cells are extremely difficult to harvest viably, due 

to their strong adhesion to culture flasks, which impedes routine experiments 

with differentiated cells. Accordingly, different phagocytic cell lines commonly 

used in in vitro studies may have different phenotypes and release different 

cytokine profiles under specific conditions, in which the type of biomaterial plays 

an important role as well [35,36].  
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Figure 4. Phagocytosis rate versus the interfacial free energy of adhesion. (A) S. epidermidis 3399, (B) S. 
epidermidis 7391, (C) S. epidermidis 1457, (D) S. aureus ATCC 12600GFP, (E) S. aureus 7323, and  
(F) S. aureus LAC. Note that phagocytosis rates increase when the interfacial free energy of adhesion 
becomes more favorable (more negative), but phagocytosis is not ruled out by unfavorable surface 
thermodynamic conditions (shaded regions). Dashed lines indicate the best-fit to a linear function 
through the data. 



60 Chapter III 
	  

 

This study demonstrates that phagocytosis critically depends on the 

combination of the phagocytic cell line and the bacterial strain involved. Differences 

in phagocytosis rates at the level of a specific staphylococcal strain could be largely 

explained on a surface thermodynamic basis using measured contact angles of liquids 

on macroscopic lawns of staphylococci and phagocytes. Differences were found 

between murine and human phagocytic cell lines. Therewith, the present findings 

will aid to put results of future studies on biomaterial-associated infections in murine 

infection models in better perspective with respect to human ones. Future research 

should focus on identifying the differences between the immune cells of murine 

models versus immune cells of human host. 
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SUPPORTING INFORMATION 

 

Figure S1. Phase-contrast images of adhering bacteria after 14 h of growth and 2 h interaction between 
bacteria and murine macrophages (J77A.1). (A) S. epidermidis 3399 after 14 h of growth and 2 h in 
contact with macrophage medium in absence of macrophages (control), (B) S. epidermidis 3399 after  
14 h of growth and 2 h interaction with J774A.1, (C) Figure S1A processed with proprietary software, 
placing a green dot on top of each bacterium recognized by the software, and (D) Figure S1B processed 
with proprietary software, placing a green dot on top of each bacterium outside J774A.1. Processed 
images were used to access the number of adhering bacteria to glass per unit area. One field of view in 
the above series of images covers a surface area of 6.75 x 10-4 cm-2, from which by conversion the 
number of adhering bacteria per cm2 can be easily calculated for images taken after different growth 
times (see Figure S2), as summarized in Table S2. The difference between the number of adhering 
bacteria in the presence and in the absence of phagocytes provides with the total number of 
phagocytized bacteria. Control experiments in absence of phagocytes allow to account for any bacterial 
growth occurring during 2 h interaction with phagocytes. Since the total number of bacteria 
phagocytized depends on the number of phagocytic cells present, we also determined the number of 
phagocytes adhering per unit area, as described above for the adhering staphylococci (see summary in 
Table S3). Once knowing the number of phagocytes and phagocytized bacteria per unit area, the 
numbers of bacteria phagocytized within one phagocytic cell follows (see further Video S1). 
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Table S1. R2 values of a linear fit through the data describing the number of staphylococci internalized 
per phagocyte as a function of the number of initially adhering staphylococci. Note, that the linear 
function was mathematically forced to pass through the origin, i.e. zero staphylococci internalized when 
the number of initially adhering staphylococci is zero (see Figure 3). 

 J774A.1 THP-1 HL-60 

S. epidermidis 3399 0.94 0.80 -0.42 

S. epidermidis 7391 0.65 0.86 0.63 

S. epidermidis 1457 0.97 0.73 0.71 

S. aureus ATCC 12600GFP 0.87 0.88 0.56 

S. aureus 7323 0.85 0.72 0.34 

S. aureus LAC 0.62 0.99 0.97 

 
 

 

Figure S2. Phase-contrast images of the growth of adhering Staphylococci epidermidis 3399 for different 
periods of time. Staphylococcal adhesion and growth on a glass surface at 37 °C and under constant 
shear (11 s-1). Scale bar represents 40 µm. 
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Table S2. Number of staphylococci (106 bacteria/cm2) adhering to glass after growth for different 
periods of time, in absence (control) and presence of phagocytes. Data are presented prior to 
(interaction time 0 h) and after interaction with phagocytes (interaction time 2 h).  

Time (h) Bacterial strains Biofilm 
growth 

Control J774A.1 THP-1 HL-60 

1h 1.2 ± 0.6 1.7 ± 0.4 1.1 ± 0.4 1.4 ± 0.2 

3.5h 2.5 ± 0.7 2.6 ± 0.2 2.6 ± 0.2 1.5 ± 0.8 

14h 7.0 ± 0.8 6.2 ± 1.6 6.2 ± 1.6 4.1 ± 1.4 
S. epidermidis 3399 

24h 11.4 ± 3.5 12.9 ± 6.3 12.1 ± 0.9 12.3 ± 1.3 

S. epidermidis 7391 3.5h 3.0 ± 1.4 3.2 ± 0.5 4.9 ± 0.7 3.8 ± 2.0 

S. epidermidis 1457 3.5h 3.3 ± 1.6 3.1 ± 0.6 4.6 ± 1.6 4.7 ± 1.5 

1h 1.3 ± 0.2 1.4 ± 0.1 1.2 ± 0.1 1.1 ± 0.2 S. aureus ATCC 
12600GFP 

3.5h 10.6 ± 2.7 7.0 ± 3.2 9.4 ± 4.1 8.8 ± 0.9 

S. aureus 7323 3.5h 6.3 ± 2.2 6.1 ± 1.4 7.1 ± 2.2 6.8 ± 1.7 

0 

S. aureus LAC 3.5h 10.1 ± 5.6 11.0 ± 7.0 15.6 ± 3.3 10.3 ± 3.2 

1h 1.4 ± 0.5 0.9 ± 0.4 1.0 ± 0.4 1.1 ± 0.3 

3.5h 3.5 ± 0.5 2.9 ± 0.7 4.9 ± 1.8 2.2 ± 1.3 

14h 6.7 ± 0.3 4.5 ± 0.6 5.3 ± 0.8 4.7 ± 2.0 
S. epidermidis 3399 

24h 13.4 ± 4.0 10.1 ± 5.9 9.7 ± 2.2 13.0 ± 1.7 

S. epidermidis 7391 3.5h 4.1 ± 0.9 1.5 ± 0.2 3.8 ± 0.4 3.8 ± 1.2 

S. epidermidis 1457 3.5h 3.9 ± 2.2 2.3 ± 0.7 4.6 ± 1.6 4.6 ± 1.4 

1h 2.2 ± 0.2 1.4  ± 0.4 1.3 ± 0.3 1.5 ± 0.5 S. aureus ATCC 
12600GFP 

3.5h 14.9 ± 3.2 7.9 ± 5.0 10.3 ± 6.1 10.8 ± 1.3 

S. aureus 7323 3.5h 7.4 ± 0.9 2.0 ± 1.3 5.3 ± 2.1 7.7 ± 2.4 

2 

S. aureus LAC 3.5h 10.0 ± 9.5 9.7 ± 7.1 13.3 ± 3.1 9.2 ± 2.9 
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Table S3. The number of phagocytes (104 phagocytes/cm2) present in the individual experiments. 

Bacterial strains Biofilm growth J774A.1 THP-1 HL-60 

1 h 4.4 ± 1.7 4.3 ± 2.1 7.0 ± 1.4 

3.5 h 3.2 ± 2.2 4.4 ± 1.6 7.6 ± 3.6 

14 h 4.1 ± 2.2 4.2 ± 1.6 6.5 ± 2.2 
S. epidermidis 3399 

24 h 3.1 ± 0.4 4.4 ± 2.1 6.9 ± 1.1 

S. epidermidis 7391 3.5 h 5.4 ± 2.7 6.1 ± 1.2 8.1 ± 3.1 

S. epidermidis 1457 3.5 h 5.8 ± 2.8 5.1 ± 2.0 5.5 ± 1.8 

1 h 5.2 ± 1.9 5.3 ± 1.8 6.6 ± 1.9 
S. aureus ATCC 12600GFP 

3.5 h 4.4 ± 1.7 5.4 ± 2.1 7.6 ± 2.6 

S. aureus 7323 3.5 h 4.3 ± 2.1 3.5 ± 2.9 8.6 ± 3.7 

S. aureus LAC 3.5 h 7.0 ± 1.0 6.7 ± 0.9 8.7 ± 0.9 
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Figure S3. Colony formation units (CFU) per ml of the bacteria grown in solution or detached from 
the surface after 2 h interaction, in the presence and absence of murine macrophages (J774A.1). No 
statistical differences were found between the number of bacteria found in solution in the absence and 
presence of phagocytes. Experiments were done in TCPS well plates (static conditions), where 1 ml of 
bacterial suspension (1 x 106 bacteria/ml) was grown for 1 h in tryptone soya broth (TSB) at 37°C. 
Subsequently non-adhering bacteria were removed by washing three times with DMEM-HG + 10% 
FBS and 1 ml of macrophage suspension (6 x 104 bacteria/ml) or medium without macrophages 
(control) was added and incubated for 2 h. After 2 h, the medium in each well, with bacteria-
macrophages or bacteria-medium, was diluted 1,000x and 100 µl was plated on TSB agar plates. 
Bacterial colonies were quantified after 24 h incubation to identify the number of bacteria that detach 
during interaction with and without macrophages. Experiments were done in triplicate. 

 

Videos 

Video S1. Indirect quantification of S. aureus ATCC 12600GFP phagocytosis by J774A.1.  
doi:10.1371/journal.pone.0070046.s007  
 
 
Video S2. CLSM z-stack video for J774A.1 interaction with S. aureus ATCC 12600GFP.  
doi:10.1371/journal.pone.0070046.s008 
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ABSTRACT 

Bacterial biofilms account for 65% of all nosocomial infections in humans and 

are especially troublesome when involved in biomaterial-associated infections. 

Bacteria in their biofilm mode of growth are relatively insensitive to the host 

immune system or antibiotic treatment, as also caused by the growing antibiotic-

resistance across many current pathogens. Therefore, there is a need for new 

strategies to prevent or cure bacterial infections. Here, we investigated the hypothesis 

that superparamagnetic iron-oxide nanoparticles (SPIONs) assist macrophages in 

removing bacteria in their biofilm mode of growth. Staphylococcus aureus biofilms 

were exposed to macrophages together with SPIONs and microscopically examined. 

SPIONs were internalized by macrophages, yielding increased generation of reactive 

oxygen species and less survival of staphylococci (17 – 21%) compared with the 

presence of macrophages (50 – 74%) or SPIONs (80 – 87%) alone. Herewith, we 

present a novel, original, non-antibiotic-based approach to increase macrophage 

efficacy to remove staphylococci from infectious biofilms. 
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INTRODUCTION  

Bacterial biofilms account for 65% of all nosocomial infections in humans [1]. 

Bacteria in their biofilm mode of growth are relatively insensitive to the host 

immune system or antibiotic treatment, as also caused by increasing antibiotic-

resistance across many pathogens. Biofilms are especially troublesome when involved 

in biomaterial-associated infections (BAI), such as infections associated with total hip 

arthroplasties, vascular grafts or pacemaker leads [2,3]. In BAI the efficacy of the host 

immune system decreases as phagocytic cells become frustrated, due to the presence 

of a biomaterial [4,5]. Contributing to the recalcitrance of biofilm-related infections 

is the growing antibiotic-resistance across many current pathogens.  

Nanoparticles possess many special properties that, apart from their small size 

and large surface area, include their surface reactivity, crystallinity, charge, electronic 

properties, shape, hydrophobicity / hydrophilicity, and solubility [6-9]. 

Nanoparticles are widely used in medicine, especially to facilitate imaging with 

negligible side effects [6-8]. Superparamagnetic iron oxide nanoparticles (SPIONs) 

represent a special class of biocompatible nanoparticles, consisting of a magnetic 

particle core, like magnetite or maghemite, that can be targeted to a specific area 

through external magnets [6-9]. Moreover, SPIONs showed promising 

biocompatibility with human cells, while having strong antimicrobial properties 

[10,11]. In vitro, high concentrations of SPIONs have been demonstrated to kill 

bacteria in their biofilm mode of growth, while importantly SPIONs in combination 

with gentamicin appeared effective against gentamicin-resistant pathogens [12,13]. 

Considering the increasing antibiotic-resistance of current pathogens however, non-

antibiotic based use of SPIONs to prevent or cure biofilm-related infections would 

be more appealing than to combine the use of SPIONs and antibiotics. 
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SPIONs can change cell function via formation of reactive oxygen species 

(ROS) [14], which can be produced by the cells and / or by degradation of 

nanoparticles [7,9,15,16]. Degradation of SPIONs is assumed to yield ROS either 

through free radicals on the SPIONs surface or transition metals (like iron) acting as 

catalysts in fenton reactions [5,12,14]. ROS production is also one of the 

mechanisms through which macrophages remove and digest bacteria from host tissue 

[4,17-20].  

Here, we hypothesize that SPIONs will aid to compensate frustrated 

phagocytosis in the presence of biomaterial implants or devices and promote 

bacterial removal and digestion from biofilms by macrophages through stimulating 

ROS formation. When proven correct, this might form the basis for a novel, non-

antibiotic based strategy to assist curing BAI and other biofilm-related infections. It 

is the aim of the current research to provide evidence in support of the above 

hypothesis by comparing the efficacy of macrophages in the absence and presence of 

SPIONs in the removal of S. aureus, a common pathogen in BAI, from biofilms. 

 

 

MATERIALS AND METHODS 

Staphylococcal culturing and harvesting 

S. aureus ATCC 12600 and a green-fluorescent protein (GFP)-expressing  

S. aureus ATCC 12600 (S. aureus ATCC 12600GFP) [21] were used in this study. For 

culturing S. aureus ATCC 12600GFP, 1% of tetracyclin was added to the culturing 

medium. S. aureus ATCC 12600 and S. aureus ATCC 12600GFP were grown on 

blood and tryptone soya broth (TSB, Oxoid, Basingstoke, UK) agar plates, 

respectively, from a frozen stock, overnight, aerobically at 37°C. Strains were 
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cultured by inoculating one colony in 10 ml TSB, incubated for 24 h at 37°C. These 

cultures were used to inoculate second cultures in 200 ml TSB, and grown for 17 h 

at 37°C. Bacteria were harvested by centrifugation (5 min at 5,000 g at 10°C) and 

washed twice with sterile phosphate-buffered saline (PBS, 10 mM potassium 

phosphate, 0.15 M NaCl, pH 7.0). Subsequently, the harvested bacteria were 

sonicated on ice (3 x 10 s) in PBS to break bacterial aggregates. Bacteria were 

resuspended in sterile PBS to 1 x 106 bacteria/ml, unless mentioned otherwise, as 

determined in a Bürker-Türk counting chamber. 

Macrophage culturing and harvesting 

A murine macrophage cell line (J774A.1; ATCC TIB-67; obtained from LGC, 

Wesel, Germany) was used in this study. Macrophages were routinely cultured in 

Dulbecco’s Modified Eagle’s Medium supplemented with 4.5 g/l D-glucose, 

pyruvate and 10% Fetal Bovine Serum (referred in this article as DMEM-HG + 10% 

FBS), in tissue culture polystyrene flasks (TCPS, Greiner Bio-One, Frickenhausen, 

Germany). TCPS flasks were maintained at 37°C in a humidified atmosphere with 

5% CO2 and cells were passaged at 70 – 80% confluence by scraping. Cells were 

harvested by centrifugation (5 min at 150 g) in DMEM-HG + 10% FBS previous to 

experiments. A human monocyte cell line (THP-1; LGC, Wesel, Germany) was also 

used and cultured as the murine cell line with the difference that this cell line grows 

in suspension and therefore was passaged every 2 days by harvesting the cells with 

centrifugation (5 min at 150 g). Harvested cells were counted using a Bürker-Türk 

counting chamber and subsequently diluted to a concentration of 1 x 105 cells/ml in 

DMEM-HG + 10% FBS. 
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Synthesis of nanoparticles 

In order to synthesize SPIONs with a narrow size distribution, the polyol 

method was employed, as described previously [13]. Briefly, 5 ml of an aqueous 

solution of 0.045 M FeCl2.4H2O and 0.0375 M FeCl3.6H2O (Sigma-Aldrich, 

Munich, Germany) were added to 250 ml of diethyleneglycol (Sigma-Aldrich), and 

heated to 170°C. After conserving the mixture at this temperature for at least  

15 min, the base was added (i.e. solid NaOH at a final concentration of 0.375 M) 

and temperature was maintained at 170°C for 1 h, followed by cooling to 60°C. 

SPIONs were collected with a neodymium magnet, and washed with 100 ml 1 M 

HNO3 (Sigma-Aldrich) solution. 

Nanoparticles characterization 

Transmission electron microscopy (TEM; CM100; FEI Company, Eindhoven, 

The Netherlands) was used to obtain detailed morphological information on the 

samples and was carried out using a Fei Tecnai 10 microscope (Oregon, USA) 

operating at an accelerating voltage of 80 kV. The samples were prepared by placing 

a drop of diluted suspension of iron oxide nanoparticles on a copper-grid  

(300 mesh), allowing the liquid to dry in air at room temperature. The statistical 

analysis of the TEM images was performed by iTEM (Germany) on multiple images 

for each sample. The mean diameter, the standard deviation, and the polydispersity 

index (PDI) were calculated by measuring the particles’ diameter. The number of 

nanoparticles counted ranged from 500 to 700. Measurements of the size 

distribution and the zeta potential of the nanoparticles suspended in aqueous 

medium were performed on a Zetasizer nano zs (Malvern Instruments, United 

Kingdom) using laser He-Ne (633 nm). The zeta potential was determined directly 

in solution containing NaCl (0.01 mM). The pH of the aqueous suspension 
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containing the particles was adjusted by adding 0.1 – 0.001 mM HNO3 or NaOH 

solution. 

Influence of bacterial challenge concentration on phagocytosis in the absence and 

presence of SPIONs 

In order to determine the influence of different bacterial challenge 

concentrations on phagocytosis by macrophages in the presence of SPIONs, 

experiments were done in TCPS well plates, allowing S. aureus ATCC 12600GFP to 

adhere for 10 min from suspensions with different concentrations (1 x 106 and 1 x 

107 bacteria/ml). Subsequently, 1 ml of TSB supplemented with 1% tetracyclin was 

added to each well and staphylococcal biofilms were grown for 3.5 h at 37°C. Before 

addition of 1 ml of a murine macrophage (J774A.1) suspension (1 x 105 cells/ml), 

TCPS wells were washed with DMEM-HG + 10% FBS complemented or not with 

50 µl of a SPION suspension (0.35 mg/ml). Phagocytosis was allowed to occur at 

37°C in a humidified atmosphere of 5% CO2 for 2 h. Experiments were also 

performed in DMEM-HG + 10% FBS without the addition of macrophages or 

SPIONs. After incubation, images were taken at six randomly chosen locations with 

a fluorescence microscope (Leica DM4000B, Heidelberg, Germany) using a 40x 

water immersion objective and filter set for GFP. Bacteria expressing GFP were 

manually enumerated using ImageJ (NIH, version 1.47h) with the Cell Counter 

Plug-In (http://fiji.sc/Cell_Counter).  

Confocal laser scanning microscopy of staphylococcal phagocytosis by 

macrophages in the absence and presence of SPIONs  

To visualize the effects of SPIONs on bacterial phagocytosis by macrophages, S. 

aureus ATCC 12600GFP biofilms were grown in TCPS well plates, as before, but 

using a staphylococcal concentration of 1 x 106 bacteria/ml for adhesion. After 
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phagocytosis, murine macrophages and bacteria were fixed with 3.7% formaldehyde 

in cytoskeleton stabilization buffer (CS; 0.1 M Pipes, 1 mM EGTA, 4% (w/v) 

polyethylene glycol 8000, pH 6.9) for 15 min. Finally, wells were incubated in 0.5% 

triton X-100 for 3 min, rinsed with PBS and stained for 30 min with PBS containing 

2 µg/ml of tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin, followed by 

washing with PBS. TRITC-phalloidin was used to stain the macrophages actin 

cytoskeleton. Experiments were repeated with a human monocyte cell line (THP-1). 

Images on different, randomly chosen locations were taken with a CLSM (Leica 

DMRXE with confocal TCS SP2 unit, Mannheim, Germany). Experiments were 

done in duplicate with separately grown cultures.  

SPIONS-induced intracellular ROS generation by macrophages during 

phagocytosis of staphylococci  

To study the ability of SPIONS to produce or promote generation of ROS in 

macrophages, experiments were performed as described above using S. aureus ATCC 

12600, the parent strain of S. aureus ATCC 12600GFP. After phagocytosis by murine 

macrophages, 10 µM ROS detection probe (CM-H2DCFDA; Molecular Probes, 

Carlsbad, CA) in PBS was added to the wells and left for 30 min at 37°C. 

Subsequently, the probe solution was replaced by DMEM-HG + 10% FBS and 

fluorescent 2’,7’-dichlorofluorescein, indicative of intracellular ROS and visualized 

with CLSM. CM-H2DCFDA is a cell-permeable, chemically reduced and acetylated 

form of 2’,7’-dichlorofluorescein and calcein that becomes fluorescent after the 

acetate groups are removed and oxidation occurs inside the cells. Experiments were 

repeated with the human monocytes (THP-1).  
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Internalization of SPIONs by macrophages during phagocytosis of staphylococci 

analyzed by transmission electron microscopy 

In order to visualize internalization of SPIONs by macrophages during 

phagocytosis of staphylococci at high resolution using TEM, experiments were 

performed as described above. After phagocytosis, murine macrophages and bacteria 

were fixed in 2% glutaraldehyde and 0.5% paraformaldehyde in 0.1 M 

sodiumcacodylate buffer, pH 7.4, for 2 h after which wells were washed twice for  

5 min with the same buffer, post-fixed with 1% osmiumtetroxide in 1.5% 

potassiumferrocyanide for 30 min on ice and washed again 3 times with ultrapure 

water. Then samples were dehydrated through a graded series of ethanol baths (50 – 

100%), each step for 10 min at room temperature, and the final dehydration was 

done 3 times for 20 min in absolute ethanol. After complete dehydration, the 

samples were embedded in Epon resin with absolute ethanol (1:1) over night. Epon / 

ethanol was removed and replaced by pure Epon resin, prepared freshly. Pure Epon 

resin was refreshed each 30 min for 3 times. Finally, Epon resin was refreshed, placed 

in vacuum (200 mbar) for 30 min to remove any air bubble, and incubated at 37°C 

for 20 min. Then, the resin was carefully removed and replaced by fresh Epon resin 

at 6 – 8 mm high and polymerized at 37°C overnight. Ultrathin sections (about  

60 nm thick) were cut on an ultramicrotome with a diamond knife (Diatome Inc., 

Nidau, Switzerland), and carefully positioned on 100-mesh copper grids (Stork 

Veco, Eerbeek, The Netherlands) with formvar support film. The sections were 

stained for 15 min in 1% uranylacetate in methanol followed by Reynolds solution 

(lead citrate) for another 15 min. Samples were evaluated with TEM. 
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Statistics 

Data presented as a mean with standard deviation. All statistical analyses were 

carried out in Microsoft Excel 2010. ANOVA was applied followed by a Tukey’s 

HSD post-hoc test to demonstrate statistically significant differences and p < 0.05 

were considered significant. 

 

 

RESULTS  

The SPIONs used have a median diameter of around 8.4 nm when observed in 

TEM, while their hydrodynamic radius is slightly larger (Figure 1). 

 

Figure 1. Size distribution of the SPIONs used. (A) Transmission electron micrographs of the SPIONs 
used, yielding a mean diameter of 8.4 nm ± 2.2 nm, as averaged over 500 particles. (B) Distribution of 
the hydrodynamic diameter of the SPIONs used, obtained using dynamic light scattering, expressed as a 
%intensity of the scattered light. 

Influence of bacterial challenge concentration on phagocytosis in the absence and 

presence of SPIONs 

The influence of bacterial concentration on the intracellular inactivation of 

bacteria by SPIONs was quantified by fluorescent microscopy (Figure 2). SPIONs 
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alone cause no significant reduction in bacterial survival after 2 h of interaction with 

adhering staphylococci. The presence of macrophages alone yields a significant 

reduction in staphylococcal survival to 74% and 50% of their initial numbers, 

depending on the initial numbers of staphylococci present in the biofilm. 

Staphylococcal survival strongly decreased in the presence of both macrophages and 

SPIONs to 21% and 17%, depending again on initial staphylococcal numbers.  

 

Figure 2. Percentage survival of staphylococci after phagocytosis in absence and presence of SPIONs. 
Percentage survival of S. aureus ATCC 12600GFP evaluated using fluorescence microscopy after 2 h 
phagocytosis (J774A.1 macrophages) for biofilms containing different numbers of staphylococci. Error 
bars represent SD over three experiments, each involving 6 randomly localized images. 

Confocal laser scanning microscopy of staphylococcal phagocytosis by 

macrophages in the absence and presence of SPIONs  

CLSM images of staphylococcal biofilms showed a high number of green-

fluorescent organisms in the absence of macrophages or SPIONs (Figure 3A) and 

fluorescence was not visibly affected by the presence of SPIONs only (Figure 3B).  
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Figure 3. CLSM micrographs of green-fluorescent S. aureus ATCC 12600GFP and macrophages 
J774A.1 after 2 h of phagocytosis in absence and presence of SPIONs. (A) only staphylococci;  
(B) staphylococci and SPIONs; (C) staphylococci and macrophages; (D) staphylococci and 
macrophages in presence of SPIONs. Note that bacteria appear green-fluorescent, while the cell wall of 
macrophages is red fluorescent. 

In the presence of macrophages, S. aureus ATCC 12600GFP was internalized, but 

bacteria remained fluorescently visible (Figure 3C). However, in the presence of 

macrophages and SPIONs (Figure 3D) no fluorescent staphylococci could be 

discerned anymore, neither inside nor outside macrophages, while macrophages 

remained to display a healthy shape similar as in the absence of SPIONs (Figure 3C). 
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SPIONS-induced intracellular ROS generation by macrophages during 

phagocytosis of staphylococci  

CLSM evaluation of intracellular ROS generation (Figure 4) revealed murine 

macrophages with a healthy shape in the presence of SPIONs. There was no visible 

ROS generation in experiments involving only macrophages.  

 

Figure 4. CLSM micrographs showing ROS formation inside macrophages after 2 h of phagocytosis of 
S. aureus ATCC 12600, in absence and presence of SPIONs. Micrographs present an over-layer of a 
fluorescent image, showing green-fluorescent ROS molecules, with a light grey-value micrograph 
revealing macrophages and bacteria. (A) only macrophages; (B) staphylococci and macrophages;  
(C) macrophages and SPIONs; (D) staphylococci and macrophages in presence of SPIONs. No staining 
was applied for bacteria nor macrophages. 
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ROS generation became only visible when macrophages were actively 

phagocytizing bacteria (Figure 4B) and intracellular ROS generation markedly 

increased in the presence of only SPIONs (Figure 4C) or in the combined presence 

of staphylococci and SPIONs (Figure 4D). 

Internalization of SPIONs by macrophages during phagocytosis of staphylococci 

analyzed by transmission electron microscopy. 

TEM imaging revealed that there were no visible SPION-induced 

mitochondrial alterations in macrophages and SPIONs were confined in the 

lysosomal compartments and never inside other organelles or nuclei of macrophages 

(Figure 5). In addition, we observed intracellular differences between non-stimulated 

macrophages and macrophages stimulated by staphylococci or SPIONs. Non-

stimulated macrophages in the absence of staphylococci or SPIONs (Figure 5A) 

showed few lysosomes, and in the presence of staphylococci (Figure 5B), 

macrophages phagocytize bacteria but do not readily form lysosomes. The addition 

of SPIONs resulted in larger lysosomes containing staphylococci and SPIONs as well 

as only nanoparticles (Figure 5C).  

Figure 6 shows that SPIONs also assist human monocytic cells (THP-1) in 

removal of staphylococci (Figures 6 A,B) in the same way as they assist murine 

macrophages, including the generation of intracellular ROS (Figures 6 C,D).  
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Figure 5. TEM micrographs of the internalization by macrophages J774A.1 of S. aureus ATCC 
12600GFP and SPIONs after 2 h of phagocytosis. SPIONs, S – staphylococci, L – lysosomes,  
M – mitochondria, and N – nuclei are indicated. (A) only macrophages; (B) staphylococci and 
macrophages; (C) staphylococci and macrophages in presence of SPIONs. 
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Figure 6. CLSM micrographs of green-fluorescent S. aureus ATCC 12600GFP and human monocytes 
(THP- 1) after 2 h of phagocytosis in absence and presence of SPIONs. (A) only staphylococci;  
(B) staphylococci and SPIONs; CLSM micrographs showing ROS formation inside human monocytes 
after 2 h of phagocytosis of S. aureus ATCC 12600. (C) staphylococci and monocytes;  
(D) staphylococci and human monocytes in presence of SPIONs. 

 

 

DISCUSSION  

The use of SPIONs can be a solution to eliminate infectious bacteria without 

increasing bacterial resistance against antibiotics or damaging the host cells. Here, we 

have shown that the use of SPIONs within the category of ultrasmall SPIONs  
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(< 50 nm [22]), can promote a more efficient elimination of bacteria by 

macrophages. The concentration of bare SPIONs inside the same vacuoles as bacteria 

induced a higher intracellular ROS generation resulting in stronger bacterial 

inactivation.  

SPIONs are nano-sized particles of ferrite, which are being readily applied 

clinically with negligible side effects [6-8,23,24]. SPIONs can be taken up by 

different cell types, including neutrophilic granulocytes and macrophages. Activated 

monocytes expressing the activated receptor protein Mac-1 significantly increase 

SPION binding and uptake [24]. A similar observation was reported for LPS-

activated neutrophilic granulocytes that increase the uptake of mannan-coated 

SPIONs [25]. In the experimental model used in our study, macrophage activation 

occurred by the presence of staphylococci adhering to a surface. Activation was 

observed by increased ROS production as well as the presence of lysosomes 

containing bacteria and / or SPIONs. For THP-1 monocytic cells it has been 

reported that SPIONs induce a phenotypic shift from the M2 phenotype towards 

the M1 phenotype with up-regulated intracellular levels of ferritin and cathepsin L 

[26]. M1 macrophages show a higher activity towards phagocytosis than M2 

macrophages [27]. SPIONs in high numbers also can become toxic to cells as they 

can cause production of an overwhelming amount of ROS that cannot be balanced 

by the antioxidant defense of the host cells and thus can induce apoptosis in the cells 

that contain these nanoparticles [7,9,14,16,21]. However, iron oxide nanoparticles 

in concentrations less than 100 mg/ml were found to be non-toxic to the human 

host [28]. Also in our study, CLSM evaluation of intracellular ROS generation 

revealed murine macrophages with a healthy shape in the presence of SPIONs. The 

lack of visible ROS generation in experiments involving only macrophages, indicates 

that the macrophages attached to tissue culture polystyrene in a relatively quiescent 
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state. ROS generation became markedly increased in the presence of only SPIONs or 

in the combined presence of staphylococci and SPIONs. Moreover, unlike others 

[21], we found that there were no visible SPION-induced mitochondrial alterations 

in macrophages as observed in TEM. In the presence of staphylococci, macrophages 

phagocytize bacteria but do not readily form lysosomes. This observation was 

corroborated by the fact that at this point in time, i.e. after two hours of 

phagocytosis, bacteria still survived within macrophages.  

Our study indicates that SPION-assisted removal of staphylococci from biofilms 

is associated with enhanced ROS production in macrophages as a result of SPION 

uptake. This may be caused by the exposed redox-active iron oxide core that catalyzes 

ROS generation [9]. Spacious lysosomes filled with both staphylococci and SPIONs 

were found after phagocytosis in the presence of SPIONs. The uptake of SPIONs 

and the subsequent localization in lysosomes was also reported in RAW264.7 

macrophage-like cells [29]. The large lysosomes containing staphylococci and 

SPIONs as well as only nanoparticles, suggest that lysosomes containing SPIONs 

fuse with lysosomes containing bacteria. Lysosomes after phagocytosis in the absence 

of SPIONs were smaller and closely-fitting to the bacteria. The combined presence 

of staphylococci and SPIONs in lysosomal compartments suggests that additional 

local ROS production by SPIONs can be an underlying mechanism of SPION-

assisted phagocytosis.  

Murine lines of macrophages are much easier to work with than the human cell 

lines [30], but at the same time are criticized as not being representative for the 

human situation [30-32]. In this study we qualitatively established that SPIONs also 

assist human monocytic cells in removal of staphylococci in the same way as they 

assist murine macrophages (compare Figure 3 and Figure 6). This in vitro study was 

carried out with biofilms containing between 4 x 106 to 6 x 106 staphylococci/cm2. 
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Perioperatively introduced bacterial contaminations involve relatively low numbers 

of bacteria between 102 and 105 per cm2 [3]. Nevertheless, they are highly 

troublesome, as bacteria can enter a dormant state after adhesion to an implant or 

device surface and together with an immune system that is locally frustrated due to 

the presence of a biomaterial, cause flagrant infections many years after their 

introduction during periods of extreme fatigue, illness or immune deficiency [2]. Aid 

of SPIONs to assist the immune system to eradicate contaminating bacteria in an 

early stage without the use of antibiotics is, thus, an important novel addition to 

current prophylactic measures, largely based on antibiotic-use. Indications exist that 

such an approach may be clinically applicable. Although magnets can be used to 

increase local SPION concentrations [33], there is evidence that systemically 

administered SPIONs reach sites with increased macrophage activity without 

magnetic guidance, such as macrophages in atherosclerotic plaques [24], and 

macrophages in the synovial space of rabbit knees inoculated with S. aureus [23].  

In summary, we demonstrate that SPIONs assist macrophages in removing  

S. aureus from biofilms and, therewith, support the hypothesis underlying this paper. 

Hence, we provide an original, non-antibiotic-based approach to increase the efficacy 

of macrophages to remove staphylococci from infectious biofilms. 
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ABSTRACT 

Biomaterial-associated infections (BAI) constitute a major clinical problem that 

is difficult to treat and often necessitates implant replacement. Pathogens can be 

introduced on an implant surface during surgery and compete with host cells 

attempting to integrate the implant. The fate of a biomaterial implant depends on 

the outcome of this race for the surface. Here we studied the competition between 

different bacterial strains and human U2OS osteoblast-like cells (ATCC HTB-94) 

for a poly(methylmethacrylate) surface in the absence or presence of macrophages in 

vitro using a perioperative contamination model. Bacteria were seeded on the surface 

at a shear rate of 11 s-1 prior to adhesion of U2OS cells and macrophages. Next, 

bacteria, U2OS cells and macrophages were allowed to grow simultaneously under 

low shear conditions (0.14 s-1). The outcome of the competition between bacteria 

and U2OS cells for the surface critically depended on bacterial virulence. In absence 

of macrophages, highly virulent Staphylococcus aureus or Pseudomonas aeruginosa 

stimulated U2OS cell death within 18 h of simultaneous growth on a surface. 

Moreover, these strains also caused cell death despite phagocytosis of adhering 

bacteria in presence of murine macrophages. Thus U2OS cells are bound to loose the 

race for a biomaterial surface against S. aureus or P. aeruginosa, even in the presence 

of macrophages. In contrast, low-virulent Staphylococcus epidermidis did not cause 

U2OS cell death even after 48 h, regardless of the absence or presence of 

macrophages. Clinically, S. aureus and P. aeruginosa are known to yield acute and 

severe BAI in contrast to S. epidermidis, mostly known to cause more low-grade 

infection. Thus it can be concluded that the model described possesses features 

concurring with clinical observations and therewith has potential for further studies 

on the simultaneous competition for an implant surface between tissue cells and 

pathogenic bacteria in presence of immune system components. 
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INTRODUCTION 

Biomaterial-associated infection (BAI) is a serious problem in modern medicine. 

BAI is often difficult to treat, as the biofilm mode of growth protects infecting 

pathogenic microorganisms against both the host defense system and antibiotics [1]. 

In most cases, the final outcome is removal of the infected implant. Biomaterial 

implants can become contaminated by microorganisms in different ways. The best 

documented route is direct contamination of the implant surface during surgery 

(perioperative contamination) or contamination during hospitalization (post-

operative contamination). Whether or not microbial contamination eventually 

results in BAI, depends on the outcome of the so-called “race for the surface” 

between successful tissue integration of the implant surface and biofilm formation 

[2]. If this race is won by tissue cells, then the implant surface is covered by a cellular 

layer and less vulnerable to biofilm formation. Alternatively, if the race is won by 

bacteria, the implant surface will become colonized by bacteria and tissue cell 

functions are hampered by bacterial virulence factors and excreted toxins [2,3]. Since 

microorganisms are frequently introduced on an implant surface during surgery, 

microorganisms have a head start in this race for the surface. In the concept of the 

race for the surface, full coverage of an implant surface in vivo by a viable tissue cell 

layer, intact cell membrane and functional host defense mechanisms resist biofilm 

formation [4]. Especially in case of orthopedic and dental implants, establishment of 

a robust interface with fusion between biomaterial surface and bone tissue is 

essential, requiring adhesion, proliferation and differentiation of tissue cells for 

successful implantation.  
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Staphylococcus epidermidis and Staphylococcus aureus are the most frequently 

isolated pathogens from infected biomaterials implant surfaces [2,5]. Additionally 

isolated organisms include Escherichia coli and Pseudomonas aeruginosa [2,5]. Almost 

50% of the infections associated with catheters, artificial joints and heart valves are 

caused by S. epidermidis [6], whereas S. aureus is detected in approximately 23% of 

infections associated with prosthetic joints [6]. P. aeruginosa is the causative organism 

of approximately 12% of hospital acquired urinary tract infections, 10% of 

bloodstream infections and 7% of hip joint infections [7].  

Previously, we described an in vitro model to experimentally determine the 

influence of perioperative bacterial contamination on the race for the surface, in 

which adhesion, spreading and growth of U2OS osteosarcoma cells on a biomaterial 

surface are compared in the absence or presence of adhering S. epidermidis [8]. The 

outcome of the competition between contaminating S. epidermidis ATCC 35983 

and U2OS cells on glass appeared to be dependent on the number of bacteria 

adhering prior to U2OS cell seeding and the absence or presence of fluid flow. Cells 

lost the competition in the absence of flow conditions presumably due to 

accumulation of bacterial toxins, but were able to grow under flow due to the 

continuous supply of fresh medium to and removal of toxins from the interface on 

all commonly used biomaterial surfaces included in that study [9].  

In a healthy host, the host immune system comes to the aid of tissue cells [10]. 

Macrophages are one of the most predominant immune cells that arrive within 

minutes to hours at an implant site, and can remain at a biomaterial surface for 

several weeks to orchestrate the inflammatory process and foreign body reactions 

[10]. During infection, macrophages detect bacteria via cell surface receptors that 

bind to bacterial ligands and opsonines [11-13]. Subsequently, macrophages ingest 

pathogens and activate cellular functions such as proliferation, secretion of cytokines 
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and proteins, and respiratory burst to destroy phagocytized microorganisms and 

recruit other cells from the adaptive immune system [11]. However, the presence of a 

foreign body may impair the host immune system and consequently low numbers of 

adhering bacteria can already be sufficient to cause a BAI [14]. 

Bacterial virulence and alterations in the host defense including macrophage 

recruitment, are contributing factors to the pathogenesis of BAI [10], but hitherto 

have not been included in an experimental model to study the race for the surface. 

Therefore, the aims of this study were to compare the influence of different bacterial 

strains of S. epidermidis, S. aureus and P. aeruginosa in a perioperative contamination 

model on the outcome of the competition for a poly(methylmethacrylate) (PMMA) 

surface between bacteria and U2OS cells in the absence and presence of 

macrophages. 

 

 

MATERIALS AND METHODS 

Biomaterial 

Poly(methyl methacrylate) (PMMA, Vink Kunststoffen, Didam, The 

Netherlands) was used as a substratum. Samples were rinsed thoroughly with ethanol 

(Merck, Darmstadt, Germany) and washed with sterile ultrapure water before use to 

yield a water contact angle of 73 ± 3 degrees [9].  

Osteoblast-like cell culturing and harvesting 

U2OS osteoblast-like cells, an immortal human cell line derived from 

osteosarcoma cells, were chosen for this study because of their ease of growth, 

although we realize that cancer cell lines may not represent all aspects of in vivo cell 
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behavior and possibly differ in integrin expression, with an impact on their adhesion 

to fibronectin-coated biomaterials. U2OS osteosarcoma cells (ATCC number: HTB-

96; obtained from LGC standards, Wesel, Germany) [8] were routinely cultured in 

Dulbecco’s modified Eagles Medium (DMEM)-low glucose supplemented with 10% 

fetal bovine serum (FBS), 0.2 mM ascorbic acid-2-phosphate (AA2P), denoted in the 

paper as “DMEM + FBS”. Cells were maintained at 37°C in a humidified 

atmosphere with 5% CO2, and were passaged at 70 – 90 % confluency using trypsin 

/ ethylenediaminetetraacetic acid. The harvested cells were counted using a Bürker-

Türk haemocytometer and subsequently diluted to a concentration of 6 × 105 

cells/ml. 

Macrophages culturing and harvesting 

J774A.1 murine macrophages (ATCC number: TIB-67; obtained from LGC 

standards, Wesel, Germany) were routinely cultured in DMEM-high glucose 

supplemented with 10% FBS and denoted in the paper as “optimal medium”. 

Macrophages were maintained at 37°C in a humidified atmosphere with 5% CO2, 

and passaged at 70 – 80 % confluency by scraping. The harvested cells were counted 

using a Bürker-Türk haemocytometer and subsequently diluted to a concentration of 

12 × 105 cells/ml. The macrophage J774A.1 was chosen because this cell line does 

not grow in suspension and adheres but hardly spreads on a substratum surface. 

Bacterial growth conditions and harvesting 

The bacterial strains used in this study were S. epidermidis ATCC 35983,  

S. epidermidis ATCC 35984, S. epidermidis 3399 (isolated from skin), S. aureus 

ATCC 12600, S. aureus A20734 (isolated from an infected abdominal mesh),  

S. aureus 7388 (isolated from an infected joint prosthesis), P. aeruginosa DN7348 
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(isolated from an infected joint prosthesis), P. aeruginosa PA01 (clinical isolate from 

burn wound), P. aeruginosa ATCC 27853. All S. epidermidis strains used were slime 

producing, as indicated by a Congo-red agar assay (see Table S1). First, a strain was 

streaked on a blood agar plate from a frozen stock and grown overnight at 37°C. The 

plate was then kept at 4°C. For each experiment, a colony was inoculated in 10 ml of 

tryptone soya broth (TSB; OXOID, Basingstoke, England) and cultured for 24 h. 

This culture was used to inoculate a second culture, which was grown for 17 h prior 

to harvesting. Bacteria were harvested by centrifugation at 5,000 g for 5 min at 10°C 

and washed twice with sterile ultrapure water. Subsequently, the harvested bacteria 

were sonicated on ice (3 x 10 s) in sterile potassium phosphate buffer (PBS, 10 mM 

potassium phosphate, 0.15 M NaCl, pH 7.0) in order to break bacterial aggregates. 

This suspension was further diluted in sterile PBS to a concentration of 3 x 106 

bacteria/ml. Prior to the experiments, growth and biofilm formation of all bacterial 

strains in modified culture medium (98% DMEM + FBS and 2% TSB [8]) was 

confirmed by culturing bacteria in this medium for 48 h. 

Competitive assay for U2OS cell growth and biofilm formation 

The competitive assay was performed on the PMMA bottom plate of a parallel-

plate flow chamber (175 x 17 x 0.75 mm3), as described in detail before [8]. The 

flow chamber was equipped with heating elements and kept at 37°C throughout the 

experiments. Bacterial and U2OS deposition were observed with a CCD camera 

(Basler AG, Germany) mounted on a phase-contrast microscope Olympus BH-2 

(Olympus, Germany) with a 40x objective for bacteria and 10x objective for U2OS 

cells. Prior to each experiment, all tubes and the flow chamber were filled with sterile 

PBS, taking care to remove all air bubbles from the system. Once the system was 

filled, and before the addition of the bacterial suspension, PBS was allowed to flow 
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through the system at a shear rate of 11 s-1. Then, a bacterial suspension in PBS was 

perfused through the chamber at the same shear rate and phase-contrast images were 

obtained. As soon as the desired density of adhering bacteria (103 bacteria/cm2), was 

reached, flow was switched to sterile PBS to remove the bacterial suspension from 

the tubes and chamber. Subsequently, a U2OS cell suspension (6 × 105 cells/ml) in 

modified culture medium was allowed to enter the flow chamber. Once the entire 

volume of buffer inside the chamber was replaced by the cell suspension, flow was 

stopped for 1.5 h in order to allow U2OS cells to adhere and spread on the 

substratum surface. Subsequently, phase-contrast images (nine images with 900 x 

700 µm each) were taken and the number of adhering cells per unit area as well as 

the area per spread cell were determined using Scion image software. Finally, 

modified culture medium supplemented with 2% HEPES was perfused through the 

system at a shear rate of 0.14 s-1 for 48 h and phase-contrast images were obtained 

every 30 mins. Biofilm growth was assessed in real-time by determining the numbers 

of adhering bacteria per unit area using proprietary software based on the Matlab 

Image processing Toolkit (The MathWorks, MA, USA). 

Fluorescence staining and determination of material surface coverage with U2OS 

cells  

After 48 h of flow, the surfaces were prepared for fluorescence staining to assess 

cell number and surface coverage. Phase-contrast images could not be used for 

quantification because the images were too crowded after 48 h and the spread area 

per cell was difficult to determine. For fixation, surfaces with adhering bacteria and 

U2OS cells were placed in a Petri dish with 30 ml of 3.7% formaldehyde in 

cytoskeleton stabilization buffer (CS; 0.1 M Pipes, 1 mM EGTA, 4% (w/v) 

polyethylene glycol 8000, pH 6.9). After 5 min, the fixation solution was replaced by 
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30 ml fresh CS for another 5 min. Subsequently, U2OS cells were incubated in 

0.5% Triton X-100 for 3 min, rinsed with PBS and stained for 30 min with 5 ml 

PBS containing 49 µl DAPI and 2 µg/ml of TRITC-Phalloidin and the U2OS cells 

on the surfaces were washed four times in PBS. DAPI will stain the nucleus blue, 

while TRITC-phalloidin stains the actin cytoskeleton in red. Images (nine images on 

different locations with 900 x 700 µm each) were taken with a confocal laser 

scanning microscopy (Leica DMRXE with confocal TCS SP2 unit). The images 

were analyzed using Scion image software and the number of adhering U2OS cells 

per unit area and the average area per spread cell were determined. The total coverage 

of the substratum surface by U2OS cells was calculated from the number of cells and 

the spread area.  

Competitive assay for U2OS cell growth and biofilm formation in the presence of 

macrophages  

The competition between bacteria and U2OS cells for the colonization of 

PMMA in the presence of macrophages was assessed on the PMMA for one strain of 

each of the three different bacterial species involved, roughly according to the above 

procedure with some minor modification. As soon as the desired density of adhering 

bacteria (103 bacteria/cm2), was reached and flow was switched to sterile PBS, a cell 

suspension consisting of U2OS cells (6 × 105 cells/ml) and J774A.1 macrophages  

(12 × 105 cells/ml) in optimum medium was added to the flow chamber. Once the 

entire volume of buffer inside the chamber was replaced by the cell suspension, flow 

was stopped for 1.5 h in order to allow U2OS cells and macrophages to adhere and 

spread on the substratum surface. Ultimately, optimal medium supplemented with 

2% HEPES was perfused through the system at a shear rate of 0.14 s-1 for 24 h and 

phase-contrast images were obtained continuously at 2 min intervals. Biofilm growth 
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was assessed in real-time by determining the numbers of adhering bacteria per unit 

area. At the end of the assay, surfaces were prepared for qualitative analysis to assess 

U2OS cell and macrophages shape and spreading. Cells adhering to PMMA were 

fixed with citrated-acetone-formaldehyde fixative solution for 30 s and stained with 

an alkaline-dye mixture (Sigma-Aldrich, Germany) (Naphtol AS-BI phosphate, 

sodium nitrite, fast blue BB base) for 15 min. Samples were subsequently rinsed with 

demineralized water and counterstained for 2 min with neutral red solution. Then 

the samples were rinsed once again with demineralized water, allowed to dry and 

phase-contrast images were taken on different places of the sample. Differentiated 

U2OS osteosarcoma cells stained purple/blue (alkaline phosphatase-positive) and 

macrophages were orange stained. 

Statistics 

Data are presented as a mean with standard deviation. Statistical ANOVA 

analysis was performed followed by a Tukey’s HSD post-hoc test and p < 0.05 was 

considered significant. 

 

 

RESULTS 

Bacterial-U2OS cell interactions in absence of macrophages 

To compare the influence of different strains of S. epidermidis, S. aureus, and 

P. aeruginosa in a perioperative contamination model on the outcome of the 

competition for a PMMA surface between bacteria and U2OS cells, bacteria were 

allowed to adhere prior to U2OS cell adhesion and spreading. Subsequently, after 

1.5 h of static adhesion of U2OS cells, simultaneous growth of bacteria and U2OS 

cells was allowed under flow at a shear rate of 0.14 s-1 for a period of 48 h. 
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Immediately after seeding, U2OS cell adhesion and spreading were observed using 

phase-contrast microscopy, both in the absence and presence of adhering bacteria on 

PMMA. At 1.5 h, the average number of adhering U2OS cells on the PMMA 

surface was 2.5 × 104 cells/cm2 with an average area per cell of 500 µm2. The 

spreading of U2OS cells on the PMMA surface at 1.5 h was not significantly 

different in the absence or presence of adhering bacteria, regardless of whether  

S. epidermidis, S. aureus, or P. aeruginosa strains were involved. After 18 h of growth, 

rounding up and detachment of U2OS cells, indicative of cell death, was observed 

on PMMA in the presence of adhering S. aureus and P. aeruginosa strains (Video S1), 

whereas no cell death was observed in the presence of adhering S. epidermidis strains 

(Figure 1).  

 

Figure 1. Phase-contrast images of U2OS cells after 18 h of growth in the presence of adhering bacteria. 
(a) control, (b) S. epidermidis ATCC 35983, (c) S. aureus ATCC 12600 and (d) P. aeruginosa ATCC 
27853 on PMMA surfaces. In Figure 1b, U2OS cells are differentiated by a contour line from S. 
epidermidis biofilm. White arrows indicate U2OS cell death. The bar denotes 20 µm. 
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Moreover, simultaneous growth of U2OS cells and S. epidermidis was 

observed for a period of 48 h (Video S2). After 48 h of growth, TRITC-Phalloidin 

staining of the U2OS cells in combination with fluorescence microscopy was applied 

to quantitatively measure cell number and surface coverage. In Figure 2, it can be 

seen that the number of adhering U2OS cells was significantly reduced (p < 0.01) in 

the presence of S. epidermidis as compared to the control (no bacteria). The 

reduction in U2OS cell adhesion after 48 h was larger (p < 0.01) in the presence of 

S. epidermidis 3399 and S. epidermidis ATCC 35984 compared to S. epidermidis 

ATCC 35983 (p < 0.05). Adhering U2OS cells showed no significant difference in 

spreading per cell on PMMA in the presence of adhering S. epidermidis as compared 

to the control (Figure 3).  

 

Figure 2. Percentage change in the number of adhering U2OS cells after 48 h of growth with respect to 
their initial number immediately after seeding at 1.5 h on PMMA in the absence and presence of 
adhering bacteria. Error bars represent the standard deviation over three replicates, with separately 
cultured bacteria and U2OS cells. For S. aureus and P. aeruginosa the error bars are zero, since all 
percentage change in adhering numbers of U2OS cells were 100%. Cell numbers in the presence of 
bacteria is significantly different (p < 0.01) from the cell number in the absence of bacteria. 
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Figure 3. Average area per adhering U2OS cell immediately after seeding at 1.5 h (light blue) and after 
48 h (dark blue) of growth on PMMA in the absence and presence of adhering bacteria. Average area by 
U2OS cells after 48 h in the presence of adhering bacteria (S. aureus and P. aeruginosa) is significantly 
different (p < 0.05) from the absence of bacteria. Error bar represents the standard deviation over three 
replicates, with separately cultured bacteria and U2OS cells. 

In the concept of the race for the surface, the total surface coverage of the 

substratum by tissue cells is considered determinant for the fate of an implant. The 

coverage of the surface by U2OS cells at 1.5 h after seeding and after 48 h of growth 

are shown in Figure 4. The surface coverage by adhering U2OS cells, 1.5 h after 

seeding varied between 11% and 16% regardless of the presence or absence of 

adhering bacteria. The coverage of the surface by U2OS cells was significantly 

increased after 48 h in the absence as well as in the presence of adhering  

S. epidermidis. In the presence of adhering S. aureus and P. aeruginosa, reductions in 

surface coverage by U2OS cells were observed after 18 h of growth (Figure 5), 

indicating U2OS cell death and no U2OS cells could be detected on the PMMA 

surface after 48 h.	  	  
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Figure 4. Surface coverage by adhering U2OS cells immediately after seeding at 1.5 h (light blue) and 
48 h (dark blue) of growth on PMMA in the absence and presence of adhering bacteria. Surface 
coverage by U2OS cells after 48 h in the presence of adhering bacteria are significantly different  
(p < 0.05) from the absence of bacteria.  

 
Figure 5. Surface coverage of U2OS cells as a function of time. An example of surface coverage by 
adhering U2OS cells as a function of time on PMMA in the presence of adhering bacteria (▲) – S. 
epidermidis 3399, (■) – S. aureus A20734, (●) – P. aeruginosa DN 7348. 
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Bacterial-U2OS cell-macrophage interactions 

To compare the influence of macrophages on the outcome of the competition 

for a PMMA surface between bacteria (S. epidermidis, S. aureus and P. aeruginosa) 

and U2OS cells, bacteria were allowed to adhere to the biomaterial surface prior to 

U2OS cell and macrophage adhesion. U2OS cells and macrophages were allowed to 

grow simultaneously for 24 h. Events are illustrated as follows: 

Migration of macrophages towards bacteria and phagocytosis 

The number of bacteria adhering to the PMMA surface prior to seeding of 

U2OS cells and macrophages was set to 103 bacteria/cm2. Subsequently, U2OS cells 

and macrophages were allowed to adhere to the surface and the simultaneous 

interactions between bacteria, macrophages and U2OS cells were observed by phase-

contrast microscopy. As an example, Figure 6 shows macrophage migration in the 

presence of U2OS cells towards adhering S. epidermidis ATCC 35983 and 

subsequent phagocytosis. Macrophage migration towards bacteria and phagocytosis 

was similar on PMMA colonized by S. epidermidis, S. aureus and P. aeruginosa (data 

not shown). 

Bacterial biofilm formation  

Biofilm growth was assessed over time by determining the numbers of bacteria 

adhering to PMMA at different time points during the simultaneous growth of 

bacteria, U2OS cells and macrophages (Figure 7) for one strain of each of the three 

different bacterial species involved. In the presence of macrophages, reductions in the 

numbers of adhering S. epidermidis, S. aureus and P. aeruginosa were observed as 

compared to absence of macrophages. This effect was seen up to 20 h of growth for 

S. epidermidis and up to 14 h and 10 h for S. aureus and P. aeruginosa, respectively. 
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Thereafter, macrophage burst and release of ingested bacteria (predominantly alive) 

occurred.  

 

Figure 6. Macrophage migration towards S. epidermidis and phagocytosis under flow. Phase-contrast 
images of macrophage activity toward S. epidermidis ATCC 35983 on a PMMA surface in the presence 
of U2OS cells: macrophage migration towards S. epidermidis (images 1 – 5), bacterial clearance by 
phagocytosis (images 6-7) and further migration (images 8-12). The bar denotes 50 µm. 

U2OS cell adhesion and spreading 

Immediately after seeding, U2OS cell adhesion and spreading on PMMA was 

observed, regardless of the presence or absence of macrophages. After 24 h of 

simultaneous growth U2OS cell death was observed in the presence of S. aureus and 

P. aeruginosa biofilms irrespective of the absence or presence of macrophages (Video 

S3). Alternatively, colonizing S. epidermidis did not significantly affect U2OS cells 

and their adhesion and spreading were similar both in the absence and presence of 

macrophages (see Figure 8).  
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Figure 7. Restriction of bacterial biofilm growth by the presence of macrophages. The numbers of 
adhering bacteria on PMMA as a function of time during the simultaneous growth of bacteria and 
U2OS cells in the absence and presence of macrophages in a parallel-plate flow chamber: S. epidermidis 
ATCC 35983 in the absence (□) and presence of macrophages (■), S. aureus ATCC 12600 in the 
absence (○) and presence of macrophages (●), P. aeruginosa ATCC 27853 in the absence (Δ) and 
presence of macrophages (▲).  

 

Figure 8. Adhesion and spreading of U2OS cells in the presence of macrophages. Phase-contrast images 
of adhering U2OS cells to PMMA after 24 h of simultaneous growth of bacteria (S. epidermidis ATCC 
35983, S. aureus ATCC 12600 and P. aeruginosa ATCC 27853) and U2OS cells in the absence (upper 
images) and presence (lower images) of macrophages. Macrophages are orange-stained. The bar denotes 
50 µm. 
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DISCUSSION 

This paper presents the first experimental in vitro model to study the influence 

of different pathogens on the outcome of the race between adhering bacteria and 

tissue cells for a biomaterial surface in the absence and presence of macrophages. In 

the model, bacteria were allowed to adhere prior to cell adhesion and spreading, 

which mimics the situation of perioperative bacterial contamination of implant 

surfaces. The number of bacteria adhering on the PMMA surface prior to initiating 

U2OS cell adhesion and spreading was set to 103 bacteria/cm2. Alternatively, we 

could have set the time allowed for bacterial contamination to occur as a constant, 

but this would have introduced the different abilities of the strains to adhere and 

grow into a biofilm into the study as an additional variable, which we wanted to 

avoid. In the past, it has been documented that during a surgical procedure of 1 h, 

the total number of bacteria carrying particles, falling on the wound is about  

270 bacteria/cm2 [15]. These numbers are generally higher during periods of activity 

and when more people are present in the operation theatre [15]. Recently, through 

the use of modern, better ventilated operation theatres (20 changes of air per hour) 

and impermeable patient and personnel clothing, perioperative bacterial 

contamination may be less [16]. However, many surgical procedures in which 

implants are introduced in the body last longer than 1 h. Therefore, the level of 

bacterial contamination chosen in our experiments is probably realistic. Due to these 

low numbers, perioperatively introduced organisms, particularly when of low 

virulence, can survive on an implant surface for prolonged periods of time and later, 

during periods of host immune depression, proliferate and establish an infection with 

clinical symptoms [17].  

The pathogenesis of BAI is complex and depends on factors such as bacterial 

virulence, physicochemical properties of the biomaterial surface and alterations in the 
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host defense [14]. Previously, in our model for the competition between  

S. epidermidis and U2OS osteoblast-like cells, all common biomaterial surfaces, 

including PMMA, allowed S. epidermidis ATCC 35983 biofilm formation with a 

negative impact on the coverage of the biomaterial surface by U2OS cells, although 

cells survived for at least 48 h [9]. Yet, PMMA showed better cell adhesion and 

spreading in the presence of adhering S. epidermidis ATCC 35983 than other 

commonly used biomaterials [9]. Our present study supports previous observations 

that U2OS cells are able to adhere, spread and grow in the presence of slime 

producing S. epidermidis strains, and extends these observations to the absence and 

presence of macrophages. Macrophages prolong the time that U2OS cells can survive 

an attack by adhering S. aureus and P. aeruginosa. However, it was observed that 

adhering S. aureus and P. aeruginosa cause death of all adhering U2OS cells and 

macrophages within 24 h. These observations are in line with clinical findings that 

BAI due to S. aureus and P. aeruginosa usually progresses much more aggressively 

than BAI caused by S. epidermidis. Buchholz and co-workers [18] showed that 54 of 

64 patients (84%) with an infection by a low-virulent organism were free from 

infection 2 years later. Alternatively, when S. aureus was the causative organism, 

recurrent infection occurred in 28% of the patients, and almost 50% of the patients 

with a Gram-negative bacterial infection (Pseudomonas) experienced recurrent 

infection [18]. S. aureus appears more frequently in acute infections within 4 weeks 

after surgery of complicated total joint arthroplasty than does S. epidermidis.  

S. epidermidis is most commonly implicated in delayed septic loosening of total joint 

prostheses [19] or even in presumed aseptic loosening [20], indicating its low 

virulence with only minor clinical symptoms of infection [20]. This suggests a direct 

correlation between the clinical outcome and the causative bacterial strain, in line 

with our in vitro results. Overloading the system with a higher concentration of 
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macrophages would eventually yield clearance of all adhering bacteria from the 

substratum surface in favor of U2OS cell adhesion and spreading, but considering 

the direct correlation existing between clinical outcome and the causative bacterial 

strain, we believe the current macrophage concentration to be most suitable for 

achieving the aim of this study, i.e. comparing different strains influence on the race 

for the surface. 

The slime substance produced by P. aeruginosa along with other factors e.g. 

exotoxin A, exoenzyme S, elastase or alkaline protease accounts for the particular 

virulence of Pseudomonas in implant infections [7,21]. Pseudomonas slime injected 

into mice produces liver and renal dysfunction and death within a short time, while 

no such effect is seen with S. epidermidis slime [21,22]. In vascular grafts, pacemakers 

and orthopedic devices, S. epidermidis is mostly found in low-grade infections and a 

common cause of late infections. In patients with low-grade hip implant infections, 

only 5% of the patient had a temperature of 37.8°C or higher and only 20% had 

prolonged wound leakage [23]. The low virulence of S. epidermidis strains compared 

to S. aureus or P. aeruginosa is due to the lack of additional genes responsible for 

producing severely tissue damaging toxins [6,7,24]. In S. epidermidis infections, 

biofilm formation is considered the only virulence factor and therefore infections are 

usually sub-acute or chronic [25-27].  

In general, immune cells migrate, engulf and kill invading microorganisms [28-

30]. A previous study on the interaction between macrophages and colonizing  

S. epidermidis, showed that macrophage behavior is surface dependent [31]. 

Macrophage migration towards bacteria and phagocytosis was enhanced on highly 

hydrated, cross-linked poly(ethylene)-glycol (PEG) based polymer coatings 

compared to uncoated substrata due to the weak adhesion of macrophages and 

bacteria to the PEG coating [31]. On PMMA, we also see macrophages migrate 
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towards adhering bacteria and engulf them. The degree of phagocytosis of adhering 

bacteria by macrophages differed depending on the virulence of the bacterial strain. 

In the presence of low-virulent S. epidermidis, bacterial biofilm growth was strongly 

reduced by the presence of macrophages up to 20 h compared to reductions lasting 

only 14 h and 10 h in the case of highly virulent S. aureus and P. aeruginosa biofilms, 

respectively. Furthermore, we observed that after a certain period of time, 

macrophages became exhausted and broke open which led to release of their bacterial 

content. Similarly, Kubica et al. [32] clearly showed that intracellular S. aureus can 

survive within human macrophages several days until a point where bacteria escaped 

the intracellular confinement, proliferated in the conditioned medium and killed the 

cells. Garzoni et al. [33] indicated that some coagulase-negative staphylococci could 

promote infection by intracellular colonization. 

Several studies have demonstrated in line with the current results that immune 

cells may indeed lose their ability to kill bacteria in the presence of a biomaterial 

[30,34-36]. Neutrophils exhibited decreased bactericidal activity and reduced 

superoxide production in the presence of extracellular slime producing S. epidermidis 

[37-41], while phagocytized S. aureus suppressed the production of superoxide inside 

macrophages [36]. In a murine model, high numbers of S. epidermidis could not only 

persist within macrophages in pericatheter tissue without showing any signs of 

inflammation [14], but were also able to proliferate. Macrophages in the periphery of 

a biomaterial in vivo showed deficient intracellular killing of pathogens, resulting in a 

compromised local host defense [14]. In vivo, bacteria may well survive inside the 

macrophages for prolonged periods of time. These bacteria will favor the 

development of BAI, especially when the physical condition of a patient disturbs the 

balance between bacteria and the host response [14]. 
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The influence of macrophages described here on the competition between 

bacteria and tissue cells to colonize and integrate a biomaterial surface is novel. It is 

demonstrated that despite the presence of macrophages, U2OS cells loose the race 

for the surface in the presence of highly virulent S. aureus or P. aeruginosa, while cells 

can survive at least 48 h in the presence of S. epidermidis, regardless of the absence or 

presence of macrophages.  

These results clearly bear features concurrent with clinical observations and 

therewith the model described, including the bacterial and macrophage densities 

used and the use of an immortal human cell line derived from osteosarcoma cells, has 

great potential to study the simultaneous competition for an implant surface between 

tissue cells and bacteria in the presence of immune system components. 
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SUPPORTING INFORMATION 

Table S1. Slime production by the S. epidermidis strains used in this study on Congo-red 
agar. Slime producing strains appear as dark black colonies. S. epidermidis ATCC 12228 was 
included as a negative control, not producing any slime and appeared as pink colonies.  

Strains Congo-red agar assay 

S. epidermidis ATCC 35983 Dark black colonies 

S. epidermidis ATCC 35984 Dark black colonies 

S. epidermidis 3399 Dark black colonies 

S. epidermidis ATCC 12228 (control) Pink colonies 

 

 

Videos 

Video S1. Simultaneous growth of S. aureus ATCC 12600 and U2OS cells on PMMA 
surface for 48 h.  
doi:10.1371/journal.pone.0024827.s002 

 

Video S2. Simultaneous growth of S. epidermidis ATCC 35983 and U2OS cells on PMMA 
surface for 48 h.  
doi:10.1371/journal.pone.0024827.s003 

 

Video S3. Simultaneous growth of S. aureus ATCC 12600 and U2OS cells in the presence of 
macrophages on PMMA surface for 24 h. 
doi:10.1371/journal.pone.0024827.s004 
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Adhesive patches in a poly(ethylene glycol)-matrix 

reduce bacterial adhesion, while enhancing tissue 

cell adhesion and macrophage phagocytic activity 
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ABSTRACT 

Creation of surfaces through which adhesion of bacteria and tissue cells can be 

controlled for application in biomaterial implants and devices, has hitherto neglected 

the role of immune cells in this interplay. Here we present a smart patterning of 

poly(ethylene glycol)-coated glass with adhesive patches by removing the PEG-

matrix through e-beam lithography. Adhesive patch diameters and inter-patch 

distances were varied to yield different adhesive area fractions of glass in a PEG-

matrix. Patterns with adhesive patch diameters in the order of 2 – 5 µm separated by 

distances greater than the patch diameter promoted osteoblast adhesion, spreading 

and growth and simultaneously reduced staphylococcal colonization. Moreover, 

macrophages were more efficient in eradicating adhering staphylococci from 

patterned surfaces than from the PEG-matrix or glass surfaces, because 

staphylococcal growth was confined to the adhesive patches. This new feature of 

confined bacterial growth in adhesive patches aided macrophages in their search for 

adhering bacteria. 
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INTRODUCTION 

Biomaterials play an important role in human life to support and restore 

function after wear, trauma or surgical intervention in order to create a better quality 

of life. To this purpose, biomaterials should interact with mammalian cells in a 

variety of ways, including supporting tissue cell adhesion and integration. However, 

scientific and clinical communities have long recognized that biomaterial implants 

and devices provide foreign surfaces, alien to the human body, to which bacteria can 

adhere and start forming biofilms. Accordingly, biomaterial‐associated infection 

(BAI) is the number one cause of failure of biomaterial implants and devices. 

Microbial contamination of a biomaterial surface during surgical implantation has 

been recognized as an important route of contamination, but whether or not 

microbial contamination eventually results in BAI, depends on the outcome of the 

so‐called “race for the surface” between tissue integration and biofilm formation [1]. 

If mammalian cells win this race, the implant surface will be covered by a cellular 

layer and is then less vulnerable to biofilm formation and associated infection. 

Alternatively, in the inverse case, bacteria will colonize the implant surface and 

mammalian cell functions are hampered by bacterial virulence factors and excreted 

toxins [1‐3]. BAI is often difficult to treat, as the biofilm mode of growth protects 

pathogenic microorganisms against both the host defense system and antibiotics [4]. 

In most cases, the final outcome of BAI is the removal of the implant in order to 

cure the infection. Consequently, an important challenge facing next-generation 

biomaterials is to preserve or enhance the ability of a biomaterial implant or device to 

facilitate tissue integration while simultaneously inhibiting bacterial colonization 

[1,5]. 
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The pathogenesis of BAI is complex and depends on factors such as the 

physicochemical properties of the biomaterial surface, virulence of the contaminating 

bacterial strain, and alterations in the host defense [6]. Following biomaterial 

implantation, tissue trauma and injury trigger a cascade of events that activate the 

immune system [7]. Macrophages are one of the most predominant immune cells 

that arrive within minutes to hours after surgery at an implant site and can remain at 

a biomaterial surface for several weeks to orchestrate the inflammatory process and 

foreign body reactions [7-10]. During infection, macrophages detect bacteria via cell 

surface receptors that bind to bacterial ligands and opsonins [8‐10]. Subsequently, 

macrophages ingest pathogens and activate cellular functions such as proliferation, 

secretion of proteins and cytokines, and respiratory burst to destroy phagocytized 

organisms and recruit other cells from the adaptive immune system [8,10]. 

Therefore, bacteria‐biomaterial‐immune cell interactions are important factors 

interfering with the pathogenesis of BAI. 

Several surface modifications on biomaterials have been developed to mitigate 

bacterial colonization, such as poly(ethylene)glycol (PEG) coatings [11‐13]. 

However, while they inhibit bacterial colonization, they simultaneously prevent 

tissue integration. A surface that differentially promotes interactions with desirable 

host cells while simultaneously reducing microbial colonization is thus required. 

Recently, it has been observed that bacterial colonization can be confined to small 

adhesive patches and that separately growing biofilms in adjacent patches are able to 

communicate via diffusion of quorum-sensing agents [14-16]. Immune cell response 

to adhesive patches in a PEG-matrix has never been studied.  

In this paper, the influence of adhesive patches in a PEG‐matrix on bacterial 

and mammalian cell adhesion, as well as on macrophage-mediated phagocytosis is 

explored. In order to identify optimal conditions of lateral surface confinement that 



Bacteria and tissue cells interactions on PEG‐patterned adhesive patches 121 
	  

	  

promote mammalian cell adhesion, while inhibiting bacterial adhesion, or 

alternatively to promote clearance of bacteria from the biomaterial surface by 

phagocytosis by macrophages, the area of adhesive patches was varied. With a view 

on a possible orthopedic application, osteoblasts were used as mammalian cells, while 

Staphylococcus aureus, a common pathogen in infections associated with total joint 

arthroplasties, was taken as a pathogen. 

 

 

MATERIALS AND METHODS 

Surface patterning 

Adhesive patches in a poly(ethylene)glycol (PEG)-matrix on glass were prepared 

using established procedures [17,18]. Briefly, glass slides were sonicated in ethanol 

(96%), cleaned with a Piranha solution (3:1 of 98% sulfuric acid and 30% H2O2) for 

30 min, rinsed with deionized water, dried and exposed to low-pressure O2 plasma 

(300 mTorr, 1.75 W) for 10 min. The slides were then silanized with 2% (v/v) 

vinyl-methoxy siloxane homopolymer (Gelest Inc.) in ethanol for 10 min, rinsed 

with deionized water, dried and incubated at 110°C for 2 h. After cooling, thin films 

of PEG were spin casted onto these substrata using a solution of 2 wt% PEG (6 kDa; 

Fluka) in tetrahydrofuran. PEG was locally crosslinked with e-beam lithography 

[19,20]. Spin-coated PEG thin-films were irradiated using a Zeiss Auriga Scanning 

Electron Microscope (SEM) with a Schottky field-emission electron source (point 

dose of 10 fC and incident electron energy of 2 keV). The e-beam position and dwell 

time were controlled using a Nabity Nanometer Pattern Generation System. 

Subsequently, slides were rinsed in deionized water for 30 min to remove unexposed 

PEG. The resulting surface consisted of silanized glass patches between surface-bond 
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patterned PEG thin-film. Arrays patterns were created with a size of 200 × 200 μm 

on one glass slide, with circular adhesive patches (diameters ranging between 1 and  

5 µm) and inter-patch distances between 0.5 and 10 µm. Combinations of different 

patch diameters and inter-patch distances yielded surfaces with adhesive area 

fractions (χ) between 0.09 and 0.35, that can be calculated according to 

  

 

χ =
π
α

2
⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 

2

α+ β( ) 2
                                              (1) 

Twelve arrays of 200 × 200 μm were patterned on one glass slide, with the 

arrays separated from each other by 100 µm wide strips of silanized glass. After 

patterning, substrata were stored under vacuum (10-3 Torr). Light microscopic 

images of the arrays were taken using a Nikon Eclipse E1000 upright optical 

microscope. The final thickness of the cross-linked PEG-matrix was determined by 

atomic force microscopy (AFM, Bruker Bioscope Catalyst). 

Fibronectin coating 

Fibronectin (Fn) was adsorbed to the patterned slides in some of the 

experiments, especially to demonstrate the non-adhesiveness of the PEG-matrix with 

regard to proteins present in serum. Fn was expected to adsorb only to the adhesive 

patches. Adsorption was performed by immersing the slides in a 25 µg/ml solution of 

human Fn (Sigma-Aldrich BV) in phosphate buffered saline (PBS: 10 mM 

potassium phosphate, 0.15 M NaCl, pH 7.0) for 30 min at room temperature and 

washed three times with sterile PBS. To confirm preferential Fn adsorption on the 

adhesive patches, a slide was immersed in PBS containing 1% BSA for 1 min to 

block non-specific protein adsorption, rinsed three times in PBS, exposed to a 

primary antibody (rabbit-anti-human fibronectin Ab, polyclonal, dilution 1:400 in 
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PBS) for 30 min, rinsed, and then exposed to a fluorescent secondary antibody 

(FITC-conjugated donkey-anti-rabbit IgG, dilution 1:100 in PBS). After a final 

rinse, the patterned glass slide was placed in a Petri dish filled with PBS and 

examined while fully hydrated by confocal laser scanning microscopy (CLSM, Leica 

DMRXE with confocal TCS SP2 unit) using a 40x water immersion lens (pinhole 

was set at its optimal value of 1.0 according to the manufacturer specifications). 

Mammalian cell culture conditions and harvesting 

Mammalian cells (U2OS osteosarcoma cells) were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM)-low glucose supplemented with 10% fetal 

bovine serum (FBS) and 0.2 mM ascorbic acid-2-phosphate (AA2P), denoted as 

DMEM + FBS. U2OS cells were maintained in tissue culture polystyrene flasks 

(TCPS, Greiner Bio-One) at 37°C in humidified air with 5% CO2 and harvested at 

90% confluence using trypsine / ethylenediamine–tetra-acetic acid. The harvested 

cells were diluted to 6 x 105 cells/ml in DMEM + FBS. U2OS is an immortalized 

human cell line derived from osteosarcoma cells and was chosen from a broad 

selection of human osteoblastic cell lines used previously [21]. It has been 

demonstrated that osteosarcoma cell lines exhibit meaningful osteoblastic phenotypes 

[22].  

U2OS cell adhesion and spreading on Fn-coated, patterned surfaces were 

studied by in situ digital phase-contrast microscopy (Olympus BH-2; 10× objective) 

in a parallel-plate flow chamber (175 x 17 x 0.75 mm3) and by ex situ 

immunofluorescence imaging. The flow chamber was equipped with heating 

elements and maintained at 37°C throughout the experiments. Once fully filled and 

free of air-bubbles, a U2OS cell suspension was introduced in the flow chamber. The 

flow was stopped for 1.5 h to allow U2OS cells to settle and adhere to the surface. 
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Phase-contrast images were taken at this time point from each patterned array and 

also from areas comprising the PEG-matrix and the glass surface, to determine the 

initial surface coverage of spread U2OS cells. DMEM + FBS supplemented with 2% 

HEPES buffer was then perfused through the flow chamber at 0.14 s-1 shear rate. 

After 48 h, the substrata were removed and fixed in 3.7% formaldehyde in 

cytoskeleton stabilization buffer (CS; 0.1 M Pipes, 1 mM EGTA, 4% (w/v) PEG 

8000, pH 6.9). After fixation, samples were incubated in 0.5% Triton X-100 for  

3 min, rinsed with PBS, and stained for 30 min with 4 µg/ml of DAPI and 2 µg/ml 

of TRITC–Phalloidin. Slides were examined by fluorescence microscopy (Leica 

DM4000B). The total surface coverage of adhering cells on the patterned surfaces 

was determined by Scion image software. The surface coverage by U2OS cells during 

the spreading period was defined as  

  

 

Φ =
φ48 −φ1.5

φ1.5  
             (2) 

where φi was the area fraction of surface covered by U2OS cells after 1.5 or 48 h. A 

positive value of Φ indicated that the cells spread on the surface and might be 

proliferating, while a negative value of Φ indicated that the cells either contracted or, 

more likely, migrated off the patterned surface. Each data point corresponds to 

average and standard deviation from three different experiments with three 

independent U2OS cell cultures. 

Bacterial culture conditions and harvesting 

S. aureus NCTC 8325-4 were provided by T. J. Foster (Moyne Institute of 

Preventive Medicine, Dublin, Ireland). This strain possesses Fn-binding proteins. 

Bacteria were inoculated on trypsine soy broth (TSB, Oxoid) agar plates and 

incubated overnight at 37°C. One colony was grown in 10 mL TSB overnight with 
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constant rotation (120 rpm) and subsequently used to inoculate 190 ml TSB. 

Approximately after 2 h of incubation, S. aureus NCTC 8325-4 was in its 

exponential phase of growth with the peak of Fn-binding protein expression, bacteria 

were harvested by centrifugation (5,000 g, 5 min, 10°C) and washed twice in sterile 

PBS. Bacterial aggregates were broken by mild, intermittent sonication on ice  

(3 times, 10 s, 30 W, Wibra Cell model 375, Sonics and Materials Inc., Danbury, 

Connecticut, USA) and re-suspended to a concentration of 3 × 108 bacteria/ml in 

PBS. Bacterial adhesion to Fn-coated, patterned surfaces were studied in a parallel-

plate flow chamber and monitored in situ by digital phase-contrast microscopy. After 

removing air bubbles from the tubing by flowing PBS, the S. aureus suspension was 

perfused through the chamber (shear rate of 11 s-1) for 30 min at room temperature. 

After bacterial deposition, sterile PBS was flowed through the system for 30 min to 

remove non-adhering bacterial from the chamber and tubing system. TSB was then 

flowed through the system at a low shear rate (0.14 s-1) for 24 h. A heating element 

maintained the chamber temperature at 37°C. After 24 h, another 30 min of PBS 

washing (shear rate 11 s-1) was performed. All experiments were done in triplicate 

with three independent bacterial cultures. Phase-contrast images were taken during 

the bacterial growth from each patterned array and from surrounding PEG-matrix 

and glass surface at 1 min time intervals. The number of adhering bacteria per unit 

area on each array, the PEG-matrix and the glass surface was quantified at different 

time points, using proprietary software based on the Matlab Image processing 

Toolkit (The MathWorks, Natick, MA, USA). 

Macrophages culture conditions and harvesting 

A murine macrophage cell line (J774A.1; ATCC TIB-67) was used in this 

study. Macrophages were routinely cultured in DMEM supplemented with 4.5 g/l 
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D-glucose, pyruvate and 10% FBS containing Fn (referred as DMEM-HG + FBS), 

in TCPS. The TCPS flasks were maintained at 37°C in a humidified atmosphere 

with 5% CO2 and cells were passaged at 70 – 80% confluence by scraping. Cells 

were harvested by centrifugation (5 min at 150 x g) in DMEM-HG + FBS previous 

to experiments. Harvested cells were set to a concentration of 6 x 106 cells/ml in 

DMEM-HG + FBS. Macrophage interactions with S. aureus NCTC 8325-4 on 

patterned surfaces with different adhesive patch diameters and inter-patch distances, 

including a completely PEG-coated surface and a completely silanized glass surface, 

were studied by in situ imaging in the parallel-plate flow chamber. Two different sets 

of patterned glass slides were prepared for this experiment. After biofilm growth for  

1 h according to the protocol described above, the entire volume of TSB inside the 

chamber was replaced by DMEM‐HG + FBS, to remove the non‐adhering bacteria 

from the tubes and chamber. Subsequently, the macrophage suspension was inserted 

into the flow chamber. Once the entire volume of DMEM‐HG + FBS inside the 

chamber was replaced by the macrophage suspension, the flow was stopped in order 

to allow macrophages to adhere to the surface. Subsequently, macrophage‐bacteria 

interactions were followed for 2 h in static conditions. The number of bacteria that 

had remained adhering after phagocytosis was determined using proprietary software 

based on the Matlab Image processing Toolkit (The MathWorks), and subtracted 

from the number of bacteria adhering before insertion of macrophages. By 

normalizing this difference with respect to the number of staphylococci initially 

adhering and the time allowed for phagocytosis, phagocytosis rates were obtained, as 

previously outlined in detail [23]. All experiments were done in triplicate with 

separately grown bacterial and macrophage cell cultures. 
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RESULTS 

Patterned surfaces 

Circular adhesive patches in a PEG-matrix (Figure 1) were prepared on silanized 

glass arranged in a square array and coated with fibronectin (Fn), one of the main 

proteins in serum (see Figure 1E, F). Fn adsorption is clearly confined to the 

adhesive patches and not occurring on the PEG-matrix surrounding the patches. 

Figures 1C, D show an AFM topographic image (tapping mode) with a graph 

profiling the height along several adjacent patches, respectively. The dry height of the 

PEG-matrix surrounding each patch is approximately 80 nm. These e-beam 

patterned PEG-matrix swells by a factor of approximately 1.5 to 3 when hydrated 

[17,19].  

 

Figure 1. Examples of adhesive patches in a PEG-matrix. (A) and (B) phase-contrast microscopy images 
of patches with an adhesive area fraction, χ, of 0.35; (C) and (D) AFM image with a height profile from 
a dry patterned film with α = 5 µm and χ = 0.20; (E) and (F) CLSM snapshots showing Fn adsorption 
(green) onto the adhesive patches for surfaces with an adhesive area fraction of 0.09.  
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Mammalian cell interactions 

Mammalian cells (U2OS osteoblasts) were cultured on PEG-patterned surfaces 

in a parallel-plate flow chamber to evaluate their interaction with these surfaces. For 

this purpose, different combinations of adhesive patch diameters and inter-patch 

distances were prepared in a PEG-matrix. In Figure 2 the morphology of U2OS cells 

is shown as a function of the patch diameter (α) and inter-patch distance (β). Initial 

adhesion and spreading after 1.5 h of seeding was similar on all differently patterned 

surfaces. The immunofluorescence images show that the cells effectively spread after 

48 h on the surfaces with 3 and 5 µm diameter adhesive patches. Adhesion and 

spreading decreased with decreasing patch diameter. For a patch diameter α = 1 μm, 

it was observed that the cells effectively migrated away from the patterned surface 

onto the adjacent, fully adhesive surface.  

 

Figure 2. Phase-contrast images (top row) and immunofluorescence images (bottom row) of U2OS 
cells interacting with different adhesive patches in a PEG-matrix. Images represent an example of U2OS 
cells interacting with surfaces of different patch diameter α (1, 2, 3 and 5 μm) and a constant adhesive 
area fraction of χ = 0.20. Phase-contrast images were taken after 1.5 h adhesion of U2OS cells and 
immunofluorescence images after 48 h of seeding.  
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The surface coverage by U2OS cells for different area fractions of the adhesive 

patches versus the PEG-matrix is presented in Figure 3A for 1.5 h after seeding. At 

this early time point, spreading still is limited on all surfaces as shown by the similar 

coverage, although coverage was lowest for an adhesive patch diameter of 1 μm. After 

48 h of cell spreading, differences were much more pronounced. The fractional 

change in cell surface coverage (Figure 3B) indicates that this is due to cell spreading 

rather than cell growth, since under the chosen culture conditions U2OS cells 

typically start proliferating after 48 h [19]. The largest coverage was observed for the 

surfaces with adhesive patches of 5 µm diameter, regardless of the inter-patch 

distance and resulting adhesive area fraction. In contrast, adhesive patches of 1 µm 

diameter revealed no spreading, implying that the U2OS cells migrated off the 

patterned surface. 

 

Figure 3. Quantification of U2OS cell surface coverage on adhesive patches in a PEG-matrix for 
different adhesive area fractions. (A) U2OS cell surface coverage after 1.5 h; (B) fractional change in cell 
surface coverage from 1.5 h to 48 h with respect to the fraction of surface covered by U2OS cells after 
1.5 h for different diameters α of the adhesive patches. All data is represented as average and standard 
deviation over three different experiments with separately cultured cells. 



130 Chapter VI 
	  

 

Figure 4. Representative time-resolved phase-contrast images of S. aureus NCTC 8325-4 adhesion and 
growth. Images show the adhesion (t = 0 – 0.5 h) and growth (t = 5 h and t = 24 h) of S. aureus on 
unpatterned glass (top row) and patterned surfaces with an adhesive area fraction χ = 0.2 with an 
adhesive patch diameter of 1 µm (middle row) or 5 µm (bottom row). 

Bacterial adhesion and growth  

Bacterial adhesion and growth on PEG-patterned surfaces was studied in a 

parallel-plate flow chamber. Representative phase-contrast images from time-lapse 

recordings of S. aureus NCTC 8325-4 colonization of surfaces with different 

adhesive patches are shown in Figure 4. After 24 h of growth, the unpatterned 

silanized glass surface was heavily populated by bacteria. In contrast, far less bacteria 

were present on the patterned surfaces. Interestingly, 5 μm diameter adhesive patches 

in a PEG-matrix showed several 3-D colonies whose size exceeded the diameter of 

the adhesive patches. All patterns reduced the initial adhesion of S. aureus NCTC 

8325-4 (Figure 5A), when compared with the unpatterned glass, by one order of 

magnitude or more. Bacterial growth (Figure 5B) was only quantified after 5 h, since 

longer growth periods resulted into multi-layered bacteria, which could not be 

quantified with the microscopic technique applied. Also after growth, staphylococcal 
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numbers were reduced on patterned surfaces when compared to their initial numbers 

on unpatterned glass.  

The growth rates of individual S. aureus adhering on the differently patterned 

surfaces are summarized in Figure 6, as expressed as the number of staphylococci 

within individual adhesive patches. When unconstrained, a bacterium underwent 

approximately 5 doubling cycles, over the subsequent 5 h of growth following initial 

adhesion, to form a cluster of approximately 30 bacteria. For the patterned surfaces a 

single bacterium grew to 5 bacteria for the 5 µm and 2 – 3 bacteria for 3 µm 

diameter adhesive patches. In 2 µm adhesive patches, we did not observe any growth 

of adhering staphylococci. 

 

Figure 5. Quantification of staphylococcal adhesion and growth on surfaces with different adhesive area 
fractions and patch diameters. (A) Number of adhering S. aureus after 0.5 h deposition normalized with 
respect to the number of adhering bacteria on glass ((6.8 ± 1.1) x 105 cm-2); (B) Number of adhering  
S. aureus after 5 h growth normalized to the initial number of adhering bacteria on glass ((6.8 ± 1.1) x 
105 cm-2). All data is represented as average and standard deviation over three different experiments with 
separately cultured bacteria. 
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Macrophage-Mediated Phagocytosis on Patterned Substrata 

In order to study the interactions between bacteria and macrophages on PEG-

patterned surfaces, bacteria were first adhered to PEG‐patterned surfaces under flow 

conditions prior to adding macrophages, mimicking the situation of perioperative 

bacterial contamination of implant surfaces [24]. In Figure 7, the number of 

adhering staphylococci on patterned surfaces is shown after initial adhesion (30 min), 

after subsequent bacterial growth (30 – 90 min) and after macrophage-mediated 

phagocytosis (90 – 210 min). After 30 min of bacterial adhesion, lowest and highest 

numbers of adhering staphylococci were found on the PEG-matrix and on the glass 

surface respectively, with intermediate numbers of bacteria on the differently 

patterned surfaces. After 1 h of biofilm growth (t = 90 min), an increase in the 

number of bacteria was observed on all surfaces, with the highest number of 

staphylococci found on glass. The number of macrophages also showed extremes on 

the PEG-matrix (2.0 x 104 cm-2) versus glass (5.0 x 104 cm-2), while on patterned 

surfaces macrophages adhered in similar numbers as on the PEG-matrix (2.5 x  

104 cm-2). After bacterial-macrophage interaction for 2 h (t = 90 – 210 min), a 

decrease in the number of adhering S. aureus was observed due to macrophage-

mediated bacterial phagocytosis (see Figure 7) on all surfaces. From the decrease in 

the number of S. aureus NCTC 8325-4 and the number of macrophages present, the 

number of staphylococci engulfed by a single macrophage per unit time can be 

calculated, also referred to as the “phagocytosis rate” [23]. Phagocytosis rates were 

similar on the differently patterned surfaces (ranging from (0.9 ± 1.0) x 10‐7 to (1.5 ± 

1.8) x 10‐7 cm2/min) regardless of the diameter of the adhesive patches and the 

adhesive area fraction. On glass and on the PEG-matrix, bacteria were phagocytized 

from the surface at slower rates of (0.05 ± 0.4) x 10‐7 and (0.2 ± 0.6) x 10‐7 cm2/min, 

respectively.  
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Figure 6. The number of S. aureus within individual adhesive patches as a function of time after initial 
adhesion for different diameters α of the adhesive patches and adhesive area fractions χ. Each data point 
corresponds to the average and standard deviation of at least 20 different patches on each surface. 
Bacteria on 1 µm diameter adhesive patches could not followed, because it was impossible to resolve the 
adhesive patches with the microscope settings used for imaging. 

 

 

DISCUSSION 

There has been a great interest over the past decade in creating surfaces through 

which adhesion of bacteria and tissue cells can be controlled, especially in the 

development of infection-resistant biomaterials for tissue-integratable implants and 

devices [11‐13], but the role of immune cells has been largely neglected in this 

interplay. The most common approach is to define regions that resist or promote 

respectively, the adhesion of bacteria and mammalian cells by patterning hydrophilic 

and hydrophobic regions on the surface [19,20,25]. In our study, surfaces were 

produced with circular patches of adhesion promoting silanized glass separated by an 

adhesion resistant, hydrophilic PEG-matrix. On such surfaces, staphylococcal 

adhesion and growth were confined to the adhesive patches, while mammalian cells 
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were able to adhere and spread on the different PEG-patterned surfaces. 

Interestingly, macrophage-mediated phagocytosis of adhering staphylococci was 

more efficient on PEG-patterned surfaces than on the unpatterned glass or on the 

PEG-matrix.  

Bacterial adhesion by flow-mediated deposition, on the differently designed 

PEG-patterned surfaces, appeared to be largely independent of the adhesive patch 

diameter. In theory, bacteria that were close to the surface should adhere within a 

finite window of time and dependent on the flow rate and the size of the adhesive 

patch. However, in this experimental design the chosen different patch diameters do 

not seem to be discriminative with respect to numbers of adhering organisms. 

 

Figure 7. Number of adhering S. aureus NCTC 8325-4 on patterned surfaces with different distances β 
between adhesive patches and adhesive patch diameters α, yielding different adhesive area fractions χ, as 
a function of time after initial adhesion, growth and interaction with macrophages. Examples of phase 
contrast images of the unpatterned surfaces at different time points are shown below each graph.  
(A) Numbers of adhering staphylococci on patterned surfaces with an adhesive patch diameter α of  
5 μm and different inter-patch distances β, and on unpatterned PEG-matrix surfaces; (B) Numbers of 
adhering staphylococci on patterned surfaces with an inter-patch distance β of 5 μm and different 
adhesive patch diameters α, and on unpatterned glass surfaces. All data is represented as average and 
standard deviation over three different experiments with separately cultured bacteria and macrophages.  
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Differences in colonization became visible though through confined growth in 

the adhesive patches and solely in the case of patterns with a diameter α = 5 µm and 

an inter-patch distance β = 2.5 µm, staphylococci were able to bridge the non-

adhesive PEG-matrix. Therefore, a minimum inter-patch distance is critical in order 

to retain confined growth. Results suggest that the development of a growing 

bacterial biofilm into a mature biofilm can be delayed or inhibited by spatial 

confinement. If biofilm formation is arrested on such surfaces, the development of 

hierarchical biofilm structures and varying bacterial phenotypes may also be 

impeded. On the other hand, confinement of actively growing biofilms did not 

prevent the release of planktonic daughter cells and adhesion to the surface. Data 

show that surface confinement had a substantial impact on the bacterial growth and 

that biomaterial surfaces can be structured in order to reduce bacterial colonization. 

The differently patterned surfaces revealed that there is a minimum adhesive 

area needed for U2OS cell adhesion and spreading. Contrary to other studies [25], 

where fibroblasts were shown to adhere and spread on adhesive patches with 

diameters as small as 100 nm and surrounded by a PEG-matrix, in our study U2OS 

cells were unable to adhere and spread on patterns with adhesive patches of 1 µm 

diameter. The effects of matrix topography may hinder cell adhesion when the 

adhesive patch size becomes too small, the critical size of which may differ per cell 

type. The PEG-matrix separating the adhesive patches was approximately 120 nm 

thick when hydrated. In order for a cell to bridge the PEG-matrix in between two 

adjacent adhesive patches, cells probably have to generate a certain membrane 

curvature at the edge of each patch. The radius of curvature has to increase when the 

patch size decreases, which may be limiting for further cell adhesion and spreading. 

Macrophages play an important role in both inflammation and infection, but 

often in BAI, macrophages are hampered in eradicating infecting bacteria [25-27]. 
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To clear bacteria in a biofilm mode of growth from a biomaterial surface, 

macrophages need to break the adhesive bonds between bacteria and between 

bacteria and a substratum surface. Bacteria and macrophages are known to adhere 

strongly to glass and only weakly to PEG coated surfaces [24,25]. Due to strong 

attachment, macrophages on glass do not migrate to engulf bacteria as much as they 

do on the PEG-matrix and accordingly, lower phagocytosis rates were observed on 

the glass surface than on the PEG-matrix. As a consequence of the stronger adhesion 

forces experienced by macrophages on glass, macrophages tend to move to the 

unpatterned glass surrounding the patterns, but this is merely a result of the 

experimental design chosen in which multiple patterns were created on a single glass 

slide. Möller et al. [27] have shown that macrophages use small cellular projections 

(filopodia) to sense the surrounding microenvironment in search for bacteria. 

Filopodia can be very fast in finding bacteria [24], which explains why macrophages 

were more effective in eradicating bacteria from patterned surfaces, on which bacteria 

were adhering in the confinement of the adhesive patch.  

 

 

CONCLUSION 

Smartly patterning the surfaces of a tissue-contacting biomaterial implants and 

devices may be useful for promoting healing and reducing the risk of BAI. For a 

clinical application, our results suggest that there is a window of surfaces with 

adhesive patches in the order of 2 – 5 µm separated by distances greater than the 

patch diameter that can promote osteoblast adhesion, spreading and growth and 

simultaneously reduce staphylococcal colonization. Moreover, macrophages are more 

efficient in eradicating adhering staphylococci from adhesive patches, confined by a 

PEG-matrix than from glass surfaces or the PEG-matrix itself.  
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Biomaterials research arguably started in the 1950s with the objective of creating 

synthetic materials with properties that allow replacement of a tissue without 

deleterious response from the host [1]. Advances in tissue engineering and 

regenerative medicine allowed the design of biomaterials that replace a tissue but also 

support and stimulate the regeneration of functional tissue. Examples of these 

biomaterials are hip prostheses, which are commonly implanted worldwide with 

good results in restoring function and quality of life [1]. Even so, the risk of bacterial 

infection remains a serious problem to solve. Biomaterial-associated infection (BAI) 

is the number one cause of failure of biomaterials implants and devices [2-4]. Often 

the only solution for eliminating a BAI is to surgical remove the implant and the 

surrounding, affected tissue [5]. Hence, the aims of this thesis were to (i) develop a 

model for studying and characterizing the interaction between immune cells, in 

specific macrophages, and bacteria; (ii) explore strategies that prevent bacterial 

adhesion while promoting macrophage activity, in specific phagocytosis of bacteria; 

and (iii) study the outcome of the race for the surface between bacteria, tissue cells 

and macrophages.  

Interactions between immune cells, bacteria and biomaterials 

Biomaterials commonly induce an inflammatory response from the host upon 

implantation, mainly due to the tissue injury, but also due to the host reaction to a 

foreign body [6]. The intensity and duration of this host response is mainly 

dependent on the site of implantation and the biomaterial characteristics, such as 

size, shape and physical and chemical properties [7,8]. After implantation a 

biomaterial rapidly becomes coated with plasma and extracellular matrix proteins 

that serve as specific receptors for tissue cells and colonizing bacteria [4]. Most BAIs 

are caused by commensal bacteria [6], which in the absence of a biomaterial hardly 
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cause infections. The combination of the inflammatory response due to the presence 

of a biomaterial with a bacterial infection results in a very complex host response. 

The presence of a biomaterial can trigger an oxidative burst of the immune cells, 

which may exhaust their metabolic killing mechanisms before phagocytizing all 

surface adhering bacteria [3,6]. As an infection progresses, the formation of a biofilm 

may also impair the phagocytic activity [3,6,9].  

Several researchers believe that BAI involving Staphylococcus epidermidis strains 

are often low-grade infections, which can remain unnoticed for prolonged periods of 

time and accordingly stimulate a less aggressive response of phagocytes, opposite to 

infections involving Staphylococcus aureus strains [2,7,10]. In this thesis (Chapter III), 

we show that this dogma is far from reality, depending on the bacterial strain, the 

same species can be very or little aggressive to the immune system. For instance,  

S. epidermidis 7391 was one of the studied strains that were recognized and 

phagocytized faster by all immune cells, while S. epidermidis 1457 and S. aureus LAC 

induced a slow reaction from the different immune cells and probably in vivo would 

induce low-grade infections. In addition, murine and human phagocytic cell lines 

revealed very different behaviors in the presence of bacteria, which highlight the 

importance for future research studies to identify the differences between immune 

cells in the animal model versus the human host [11-13]. While some bacteria will 

not cause infection in mice, they may cause aggressive infections in humans [12,13]. 

Moreover, in murine models, some vascularized grafts can be well accepted and 

tissue integrated, whereas such grafts are rapidly rejected in humans [13]. Although 

there are visible differences between species, murine models are still indispensable for 

fundamental research and will continue to be the premiere in vivo models for human 

immunology. Different paradigms are well translated between murine models and 

human hosts, and with the facility with which murine models can be genetically 
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manipulated, these models will continue to be important tools to provide essential 

information in future.  

The race for the surface 

The competition for the biomaterial surface in vivo will not only depend on the 

number of bacteria and the immune cells present at the implantation site, but also on 

the tissue cells involved in the tissue-integration of the biomaterial. Subbiahdoss et al. 

[14] published a method, based on the “race for the surface” model by Gristina [15], 

to study in vitro the outcome of the competition between bacteria and tissue cells for 

a biomaterial surface. In this thesis, this method was extended to include the 

influence of macrophages (Chapter V), and revealed that the presence of immune 

cells prolongs the time that tissue cells survive an attack by aggressive bacterial 

strains. A high concentration of macrophages would yield clearance of all adhering 

bacteria from the substratum surface in favor of tissue cell adhesion and spreading. 

Considering that, in vivo, the host can continuously summon immune cells to the 

affected implantation site, a healthy immune system will be crucial to the success of 

an implant. However, bacteria also have developed mechanisms to evade the immune 

response, therewith escaping phagocytosis by macrophages or, when phagocytised, 

surviving within macrophages [2,16,17]. Antibiotics have been critical to prevent or 

eliminate bacterial evading the immune system, yet bacteria are remarkably resilient 

and have developed several ways to resist antibiotics therapies. Unless new non-

antibiotic therapies are established, society can be faced, in the near future, with 

diseases that were treatable but have become untreatable again due to bacterial 

adaptation. 
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Strategies to prevent bacterial adhesion while promoting the host immune 

response 

With the knowledge that homogeneous surfaces of commonly used 

biomaterials, often sustain the same effect on both host cells and bacteria [18], a 

quest has started for infection-resistant biomaterials for tissue-integratable implants 

and devices [18,19]. Poly(ethylene) glycol (PEG) has been widely used as an 

infection-resistant biomaterial coating [20-23], yet there is still the weak adherence 

of bacteria and possible formation of biofilm. Weak cell-surface interactions were 

also shown to occur for tissue cells on PEG-coated surfaces, which is an advantage 

for enhanced macrophage mobility and subsequent phagocytic activity (Chapter II 

and Chapter VI). On surfaces with PEG-patterned adhesive patches (studied in 

Chapter VI) there is a great chance that tissue integration can occur smoothly after 

the fast elimination of pathogens and debris by immune cells. To obtain a better 

elimination of pathogens, superparamagnetic iron oxide nanoparticles (SPIONs) can 

be added to the system as shown in Chapter IV. SPIONs can be combined with any 

biomaterial surface to assist in the elimination of bacteria and replace the current use 

of antibiotic therapy in the fight against BAI. Nevertheless, there are a few settings 

that need improvement in the studies shown in this thesis. For healthy tissue 

integration, there is the need of an optimal number of adhesive sites present on the 

biomaterial surface, where cells can attach strongly to the biomaterial. In addition, a 

low concentration of SPIONs should be sufficient to assist macrophages in the 

elimination of bacteria. Therefore, future research should focus in finding the 

optimal ratio of adherent and non-adherent patches on a surface, and more 

importantly finding the minimal concentration of SPIONs needed to aid 

macrophage-mediated elimination of bacteria without causing any toxic effects on 

the host cells.  
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There is an urgent need to obtain non-antibiotic therapies that improve tissue-

integration of implants while preventing BAI. To find optimal in vitro models that 

mimic in vivo situations can be a decisive requirement to obtain a much-needed 

connection between in vitro data and clinical outcome. The model we propose for 

future studies (Figure 1) brings a practical and efficient solution to reduce the gap 

between in vitro studies and the in vivo situation.  

 

Figure 1. Schematic diagram of the optimal in vitro model to minimize the gap between in vitro and in 
vivo studies of BAI. Primary cells should be collected from the patient (1) and bacteria isolated directly 
from existing BAI (2). The choice of the biomaterial and surface modification should be specific and 
appropriate to the clinical situation (3). Co-culture of tissue cells, immune cells and bacteria, previously 
obtained from the patient, should be done in vitro under flow conditions to mimic the in vivo situation 
as closely as possible. Moreover SPIONs should be added in solution as an alternative to the antibiotic 
therapies (4). After in vitro settings, this system can be optimized for the optimal settings of the surface 
modification and the minimal non-toxic concentration of SPIONs needed to eliminate BAI (5). Finally, 
after obtaining an optimal in vitro outcome, the therapy can be applied directly to the patient, since all 
variables (tissue cells, immune cells and bacteria) were already specific for the human host (6). 
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Elements involve first of all the choice of cells. The use of cell lines instead of 

primary cells in this thesis has been a pragmatic choice, as these cells are 

immortal(ized), stable, reliable, mature and differentiated (J774) [7,9], although it is 

recognized that macrophages in vivo are in a spectrum of activated phenotypes rather 

than discrete stable subpopulations [11,24]. By taking human, maybe even patient-

specific primary cells the outcome of competition experiments could be closer to the 

clinical reality. Also the bacteria can be isolated from actual BAI sites. 

In this thesis the emphasis was on staphylococcal strains due to their great 

incidence in BAI, but it is possible that bacteria isolated from the actual BAI possess 

slightly different characteristics relative to the strains used in the thesis [9,25,26]. 

 

 

CONCLUSIONS  

Even a small number of adhering bacteria can grow into a life-threatening 

biofilm on a biomaterial implant surface. The current strategies used to prevent BAI 

are still far from perfect, and therefore, there is an urgent need of improved non-

antibiotic therapies. Current research is aimed at finding biomaterials that can help 

the host cells, to win the race for the surface, and the work in this thesis provides new 

insights on the materials variables we need to improve. Different strategies to prevent 

bacterial adhesion while promoting immune cell activity were demonstrated to be 

promising as future therapies to promote tissue integration while preventing or 

eliminating BAI. In addition, it is also shown that the numbers of macrophages 

present in the infection site may decide the outcome of the race for the surface.  
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Biomaterial-associated infections (BAI) constitute a major clinical problem that 

is difficult to treat and often necessitates implant replacement. Pathogens can be 

introduced on an implant surface during surgery or postoperatively and compete 

with host cells attempting to integrate the implant. The fate of a biomaterial implant 

has been depicted as a race between bacterial adhesion and biofilm growth on an 

implant surface versus tissue integration. Until today, in vitro studies on infection 

risks of biomaterials or functional coatings for orthopedic and dental implants were 

performed either for their ability to resist bacterial adhesion or for their ability to 

support mammalian cell adhesion and proliferation. Even though the concept of the 

race for the surface in BAI has been intensively studied before in vivo, until recently 

no in vitro methodology existed for this purpose. Currently, various groups have 

proposed co-culture experiments to evaluate the simultaneous response of bacteria 

and mammalian cells on a surface. As an initial step towards bridging the gap 

between in vitro and in vivo evaluations of biomaterials, in Chapter I we describe bi-

culture, and tri-culture experiments that allow better evaluation of multi-functional 

coatings in vitro and therewith bridge the gap between in vitro and in vivo studies.  

Bacteria in their biofilm mode of growth are relatively insensitive to the host 

immune system or antibiotic treatment, as also caused by the growing antibiotic-

resistance across many current pathogens. Therefore, it is important to understand 

how immune cells interact with adhering pathogens on different biomaterial surfaces 

and to find new strategies to cure or prevent bacterial infections. Poly(ethylene)glycol 

(PEG) coatings have been studied as a strategy to decrease the incidence of BAI. 

Despite their effectiveness to reduce protein adsorption and a hundred-fold 

reduction in bacterial adhesion, PEG-based coatings still facilitate weak bacterial 

adhesion that can form a basis for further biofilms growth. In Chapter II, a 
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methodology is described that enables direct, quantitative and detailed qualitative in 

situ observation of macrophage morphology, migration and phagocytosis of bacteria 

on biomaterial surfaces. The methodology was used to compare the in vitro 

interaction of macrophages with Staphylococcus epidermidis 3399 adhering to 

commercial, crosslinked PEG-based coatings (OptiChem®), fluorinated ethylene 

propylene, silicone rubber and glass. Adhesion, phagocytosis and migration were 

studied real-time in a parallel-plate flow chamber. Macrophages cultured on 

OptiChem® coatings showed enhanced migration and phagocytosis of bacteria 

compared to common biomaterials. Bacterial clearance per macrophage on both inert 

and reactive OptiChem® coatings were about three times higher than on the 

common biomaterials studied, corresponding with up to 70% reduction in bacterial 

numbers on OptiChem®, whereas on the biomaterials less than 40% bacterial 

reduction was obtained. These findings show that bacterial clearance from cross-

linked PEG-based coatings by macrophages is more effective than from common 

biomaterials, possibly resulting from weak adhesion of bacteria on Optichem®. 

Moreover, macrophages exhibit higher mobility on Optichem® retaining an 

improved capability to clear bacteria from larger areas than from other common 

biomaterials, where they appear more immobilized. 

The model described in Chapter II led to the design of a simple method to 

quantify macrophage-mediated phagocytosis of bacteria adhering to a transparent 

material surface. In Chapter III, we describe the rationale behind this method 

together with its application to six different strains of staphylococci adhering on a 

glass surface. Phagocytosis of adhering staphylococci by phagocytes was quantified in 

a parallel-plate flow chamber, and expressed as a phagocytosis rate, accounting for 

the number of adhering staphylococci initially present and for the duration of 

phagocytosis. Murine macrophages were more effective in clearing staphylococci 
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from a surface than human phagocytes, which require differentiation from their 

monocyte or promyelocytic state during an experiment. Direct visualization of 

internalization of a GFP-modified Staphylococcus aureus strain inside phagocytes 

confirmed the validity of the method proposed. As a second aim, the differences in 

phagocytosis rates observed were investigated on a surface thermodynamic basis 

using measured contact angles of liquids on macroscopic lawns of staphylococci and 

phagocytes, confirming that phagocytosis of adhering pathogens, can be regarded as 

a surface phenomenon. In addition, surface thermodynamics revealed that 

phagocytosis of adhering pathogens is determined by an interplay of physical 

attraction between pathogens and phagocytes and the influence of chemo-attractants. 

For future studies, these results will help to place in vitro experiments and murine 

infection models in better perspective with respect to human ones.  

Apart from creating surfaces that allow macrophages to be mobile, these 

phagocytic cells can also be supported in their deactivation of bacteria by the use of 

superparamagnetic iron-oxide nanoparticles (SPIONs) as described in Chapter IV. 

S. aureus biofilms were exposed to macrophages together with SPIONs and 

microscopically examined. SPIONs were internalized by macrophages, yielding 

increased generation of reactive oxygen species and less survival of staphylococci (17 

– 21%) compared with the presence of macrophages (50 – 74%) or SPIONs (80 – 

87%) alone. Herewith, we present a novel, original, non-antibiotic-based approach 

to increase macrophage efficacy to remove staphylococci from infectious biofilms.  

Macrophages do not act alone when a biomaterial is implanted in the body. 

Tissue cells will try to colonize the surface. If bacteria are present a competition will 

start. In an in vitro model, this competition is mimicked for different bacterial strains 

and human U2OS osteoblast-like cells colonizing a poly(methylmethacrylate) 

surface. The role of macrophages in this competition was investigated, as described in 
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Chapter V. Bacteria were seeded on the surface at a shear rate of 11 s-1 prior to 

adhesion of U2OS cells and macrophages. Next, bacteria, U2OS cells and 

macrophages were allowed to grow simultaneously under low shear conditions  

(0.14 s-1). The outcome of the competition between bacteria and U2OS cells for the 

surface critically depended on bacterial virulence. In absence of macrophages, highly 

virulent S. aureus or Pseudomonas aeruginosa stimulated U2OS cell death within 18 h 

of simultaneous growth on a surface. Moreover, these strains also caused cell death 

despite phagocytosis of adhering bacteria in presence of murine macrophages. Thus 

U2OS cells are bound to lose the race for a biomaterial surface against S. aureus or  

P. aeruginosa, even in the presence of macrophages. In contrast, low-virulent  

S. epidermidis did not cause U2OS cell death even after 48 h, regardless of the 

absence or presence of macrophages. Clinically, S. aureus and P. aeruginosa are 

known to yield acute and severe biomaterial-associated infections in contrast to  

S. epidermidis, mostly known to cause more low-grade infection. Thus it can be 

concluded that the model described possesses features concurring with clinical 

observations and therewith has potential for further studies on the simultaneous 

competition for an implant surface between tissue cells and pathogenic bacteria in 

presence of immune system components. 

The theme of mobile macrophages was further explored by confining bacteria 

on smartly patterned PEG-coatings, with adhesive patches as described in Chapter 

VI. Adhesive patch diameters and inter-patch distances were varied to yield different 

adhesive area fractions of glass in a PEG-matrix. Patterns with adhesive patch 

diameters in the order of 2 – 5 µm separated by distances greater than the patch 

diameter promoted osteoblast adhesion, spreading and growth and simultaneously 

reduced staphylococcal colonization. Moreover, macrophages were more efficient in 

eradicating adhering staphylococci from patterned surfaces than from the PEG-
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matrix or glass surfaces, because staphylococcal growth was confined to the adhesive 

patches. This new feature of confined bacterial growth in adhesive patches aided 

macrophages in their search for adhering bacteria.  

From the experiments described in this thesis an outlook on future treatment of 

biomaterial-associated biofilms is given in the general discussion (Chapter VII).  
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Infecções associadas a biomateriais (BAI) constituem um grave problema clínico, 

difícil de tratar, e que frequentemente conduz à substituição do implante. Durante 

ou após cirurgia, agentes patogénicos podem ser introduzidos na superfície do 

implante e competir com a integração do implante nas células do corpo hospedeiro. 

O destino de um biomaterial implantado tem sido descrito como uma competição 

entre a adesão de bactérias e a formação de biofilme na superfície do implante versus a 

integração do biomaterial com o tecido do hospedeiro. Até hoje, vários estudos in 

vitro abordaram os riscos de infecções de biomateriais ou biomateriais com 

modificações funcionais, para implantes ortopédicos ou dentários, mas apenas com a 

intenção de promover resistência à adesão de bactérias ou de melhorar a adesão e 

proliferação de células de animais. Apesar do conceito “competição pela superfície” 

em relação a BAI já ter sido extensamente estudado in vivo, até recentemente não 

existia uma metodologia in vitro para este propósito. Actualmente, vários grupos de 

investigação propuseram experiências de co-cultura para avaliar a resposta de 

bactérias e células animais em simultâneo numa superfície. Como um primeiro passo 

para diminuir a lacuna entre as avaliações in vitro e in vivo de biomateriais, no 

Capítulo I descrevemos experiências com bi-culturas e tri-culturas  que permitem 

avaliar modificações de superfície multi-funcionais in vitro e assim criar uma melhor 

correspondência entre os estudos in vitro e in vivo. 

Bactérias em modo de formação de biofilme são relativamente insensíveis ao 

sistema imunitário do hospedeiro ou a tratamento com antibióticos, o que também 

resulta do aumento da resistência a antibióticos de vários agentes patogénicos actuais. 

Consequentemente, é importante compreender como as células do sistema 

imunitário interagem com microorganismos aderidos em differentes superfícies de 

biomateriais, e encontrar novas estratégias para prevenir ou eliminar infecções 

bacterianas. Modificações de superfície com polietilenoglicol (PEG) têm sido 



Sumário 157 
 

	  

estudadas como uma estratégia para diminuir a incidência de BAI. Apesar desta 

modificação ser eficaz na redução da adsorção de proteínas e resultar numa redução 

de cem vezes na adesão bacteriana, estas modificações baseadas em PEG continuam a 

permitir uma fraca adesão bacteriana, o que pode formar a base para o crescimento 

de um biofilme. No Capítulo II, é descrito um método que permite a observação in 

situ, directa, quantitativa e detalhada da morfologia, migração e fagocitose bacteriana 

por macrófagos, em superfícies de biomateriais. Este método foi utilizado in vitro 

para comparar a interacção de macrófagos com Staphylococcus epidermidis 3399 

aderindo a superfícies modificadas com PEG polimerizado (OptiChem®), propileno 

de etileno fluorinado, borracha de silicone e vidro. Os fenómenos de adesão, 

fagocitose e migração foram estudados em tempo real numa célula de fluxo laminar. 

Macrófagos cultivados em superfícies de OptiChem® revelaram uma maior migração 

e fagocitose de bactérias do que em biomateriais comuns. A remoção de bactérias 

pelos macrófagos, em superfícies com OptiChem®, tanto inerte como reactivo, 

revelou-se três vezes mais elevada do que nos biomateriais comuns estudados. Esta 

redução em superfícies com OptiChem®, correspondeu a uma redução de 70 % do 

número de bactérias, enquanto nos biomateriais comuns a redução do número de 

bactérias foi menor do que 40%. Estes resultados provam que a remoção de bactérias 

por macrófagos em superfícies modificadas com PEG polimerizado é mais eficaz do 

que em superfícies de biomateriais comuns, possivelmente devido à fraca adesão de 

bactérias em Optichem®. Além disso, em superfícies modificadas com Optichem®, os 

macrófagos exibiram elevada mobilidade e capacidade para eliminar bactérias de 

maiores áreas do que em outros biomateriais comuns, onde apareceram menos 

móveis. 

O modelo descrito no Capítulo II conduziu ao design de um método simples 

para quantificar a fagocitose de bactérias, aderidas na superfície de um material 
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transparente, por macrófagos. No Capítulo III descrevemos a lógica subjacente a 

este método, assim como a sua aplicação a seis estirpes diferentes de staphylococci 

aderidos numa superfície de vidro. A fagocitose de bactérias aderidas foi quantificada 

numa célula de fluxo laminar, e descrita como a velocidade de fagocitose, tendo em 

consideração o número de staphylococci presentes inicialmente e a duração da 

fagocitose. A linha celular de macrófagos de rato revelou-se mais eficiente na 

eliminação de bactérias duma superfície do que as linhas celulares de fagócitos 

humanos, que necessitavam de ser diferenciadas do estado de monócitos ou 

promielocítico durante uma experiência. A validade do método proposto foi 

confirmada pela visualização directa de uma estirpe de Staphylococcus aureus, 

modificada para expressar proteínas fluorescentes verdes (GFP), dentro dos fagócitos. 

Como objectivo secundário, foram investigadas as diferenças entre as velocidades de 

fagocitose com base em termodinâmica de superfície, através da medição de ângulos 

de contacto de diferentes líquidos em camadas macroscópicas de bactérias ou 

fagócitos. Estas diferenças confirmaram que a fagocitose de microorganismos 

aderidos pode ser considerada um fenómeno de superfície. A termodinâmica de 

superfície revelou também que a fagocitose de microorganismos aderidos é 

determinada por uma combinação da atracção física entre microorganismos e 

fagócitos bem como, pela influência de quimio-tácticos. Estes resultados contribuirão 

para uma melhor comparação entre experiências in vitro e os modelos de infecção 

animal, fornecendo uma melhor perspectiva em relação aos humanos. 

Além da criação de superfícies que permitem maior mobilidade dos macrófagos, 

estas células imunitárias também podem ser ajudadas a desactivar bactérias através do 

uso de nanopartículas superparamagnéticas de óxido de ferro (SPIONs), como 

descrito no Capítulo IV. Biofilmes de S. aureus foram expostos a uma combinação 

de macrófagos e SPIONs e examinados microscópicamente. Os SPIONs foram 
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internalizados pelos macrófagos resultando numa maior produção de espécies 

reactivas de oxigénio e menor quantidade de staphylococci sobreviventes (17 – 21%) 

comparando com a presença de apenas macrófagos (50 – 74%) ou SPIONs (80 – 

87%). Como resultado, apresentamos uma terapia nova, original e sem antibióticos, 

para aumentar a eficácia com que os macrófagos removem staphylococci de biofilmes 

infecciosos.  

No caso da implantação de um biomaterial, os macrófagos não agem sozinhos, 

as células presentes no local do implante também tentarão colonizar a superfície. Na 

presença de bactérias, inicia-se uma competição pela superfície. Esta competição foi 

mimetizada para diferentes estirpes de bactéria e células humanas tipo osteoblastos 

(U2OS) colonizando uma superfície de poli(metacrilato de metilo), num modelo in 

vitro. No Capítulo V, este modelo foi extendido para investigar o papel dos 

macrófagos nesta competição. Antes da adesão das células U2OS e macrófagos, as 

bactéria foram aderidas na superfície a uma velocidade de fluxo de 11 s-1. De seguida, 

as células U2OS e os macrófagos foram inseridos, e a cultura continuada na presença 

de meio a circular em baixa velocidade (0.14 s-1). Foi verificado que o resultado desta 

competição pela superfície, entre bactérias e células U2OS, depende da virulência da 

estirpe de bactéria estudada. Na ausência de macrófagos, as estirpes muito virulentas, 

como S. aureus ou Pseudomonas aeruginosa, estimularam a morte das células U2OS 

em apenas 18 h de crescimento em simultâneo na superfície. Além disso, estas 

estirpes na presença de macrófagos de rato também causaram morte celular de 

U2OS, apesar da fagocitose de bactérias aderidas. Assim, as células U2OS estão 

destinadas a perder a competição pela superfície de um biomaterial contra S. aureus 

or P. aeruginosa, mesmo que na presença de macrófagos. Em contraste, estirpes 

pouco virulentas, como S. epidermidis, não conduziram à morte das células U2OS 

mesmo após 48 h de crescimento, independentemente da presença ou ausência de 
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macrófagos. Em termos clínicos, S. aureus e P. aeruginosa são conhecidas como 

estirpes que causam infecções associadas a biomateriais agudas e severas, ao contrário 

de S. epidermidis, que são geralmente consideradas infecções de baixo risco. Em 

conclusão, o modelo descrito possui características coerentes com observações clínicas 

e tem assim potencial para ser usado em futuros estudos sobre a competição pela 

superfície de um implante entre tecidos celulares e bactérias patogénicas na presença 

de componentes do sistema imunitário. O tema da mobilidade de macrófagos foi 

novamente explorado no Capítulo VI, ao limitar a adesão de bactérias em superfícies 

com modificações de PEG com um smart design de áreas adesivas. O diâmetro das 

áreas adesivas e a distância entre estas áreas foram variados para obter diferentes 

fracções de adesão em superfícies de vidro com uma matrix de PEG. As superfícies 

com áreas adesivas de diâmetros na ordem dos 2 – 5 µm, e separadas por distâncias 

maiores do que o diâmetro da área adesiva, promoveram a adesão e proliferação de 

osteoblastos e simultâneamente reduziram a colonização por staphylococci. Os 

macrófagos foram mais eficientes em eliminar bactérias aderidas nas superfícies com 

diferentes designs de PEG, devido à limitação da área de adesão das bactérias, do que 

em superfícies completamente modificadas com PEG ou de vidro. A limitação do 

crescimento de bactérias em áreas adesivas ajudou os macrófagos na procura de 

bactérias aderidas. 

Através das experiências descritas nesta tese, a discussão geral (Capítulo VII) 

fornece uma visão do que será o futuro no tratamento de biofilmes associados a 

biomateriais. 
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Biomateriaal-geassocieerde infecties (BAI) vormen een belangrijk klinisch 

probleem dat moeilijk te behandelen is en waardoor implantaatvervanging vaak 

noodzakelijk is. Zowel tijdens een operatie als postoperatief kunnen pathogene 

bacteriën op het oppervlak van een implantaat geïntroduceerd worden en de 

concurrentie aangaan met gastheercellen die proberen het implantaat te integreren. 

Het uiteindelijke lot van een geïmplanteerd biomateriaal wordt beschreven als een 

wedstrijd tussen bacterie-adhesie en biofilmgroei op het oppervlak van een 

implantaat versus weefselintegratie (“race for the surface”). Tot op heden zijn in vitro 

studies naar infectierisico’s van biomaterialen of functionele coatings voor 

orthopedische en tandheelkundige implantaten gericht op òf het tegengaan van 

bacterie-adhesie aan een implantaat, òf de bevordering van adhesie en proliferatie van 

weefselcellen. Hoewel het “race for the surface”-concept uitgebreid onderzocht is in 

vivo, tot voor kort bestond er geen in vitro-methode voor dit doel. Op dit moment 

hebben verscheidene onderzoeksgroepen methoden ontworpen waarmee de 

simultane respons van bacteriën en weefselcellen op een oppervlak onderzocht kan 

worden. Als eerste stap om het hiaat tussen in vitro en in vivo onderzoek van 

biomaterialen te overbruggen, beschrijven we in Hoofdstuk I kweekexperimenten 

waarbij twee, en drie entiteiten gelijktijdig gekweekt worden met als doel de 

evaluatiemogelijkheden van multifunctionele coatings in vitro te verbeteren en 

daarmee het kennishiaat tussen in vitro en in vivo onderzoeken te overbruggen. 

Bacteriën die in een biofilm groeien zijn relatief ongevoelig voor het 

immuunsysteem van de gastheer of voor behandeling met antibiotica, mede 

veroorzaakt door de groeiende antibioticaresistentie van pathogenen.  Daarom is het 

belangrijk om te begrijpen hoe de interactie is tussen immuuncellen en gehechte 

pathogenen op verschillende biomateriaal-oppervlakken en om nieuwe strategieën te 
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vinden om bacteriële infecties te behandelen of te voorkomen. Er is onderzoek 

gedaan naar poly(ethylene)glycol (PEG) coatings als strategie om de incidentie van 

BAI te verlagen. Ondanks effectieve reductie van eiwit-adsorptie en een factor 100 

vermindering van bacterie-adhesie door PEG-gebaseerde coatings, faciliteren 

dergelijke coatings bacterie-adhesie enigszins, waardoor een basis gelegd kan worden 

voor verdere biofilmgroei. In Hoofdstuk II wordt een methode beschreven waarmee 

directe kwantitatieve en gedetailleerde kwalitatieve in situ observatie van 

macrofaagmorfologie, -migratie en -fagocytose van bacteriën op 

biomateriaaloppervlakken mogelijk wordt. Deze methode is gebruikt om de in vitro 

interactie tussen macrofagen en Staphylococcus epidermidis 3399 te vergelijken, 

wanneer deze gehecht zijn aan commercieel verkrijgbare, gecrosslinkte PEG-

gebaseerde coatings (OptiChem®), gefluoridiseerd ethyleen propyleen, 

siliconenrubber en glas. De adhesie, fagocytose en migratie werden real time 

bestudeerd in een parallelle plaat doorstroom kamer. Macrofagen die gekweekt 

werden op OptiChem® coatings lieten een versterkte migratie en fagocytose van 

bacteriën zien ten opzichte van gangbare biomaterialen. Op zowel inerte als op 

OptiChem® coatings was de bacteriële klaring per macrofaag ongeveer drie keer 

hoger dan op de andere gangbare biomaterialen die bestudeerd werden. Analoog aan 

deze bevindingen werd op OptiChem® tot 70% reductie in bacterie-aantallen 

behaald, terwijl de reductie op de biomaterialen minder dan 40% bedroeg. Deze 

bevindingen tonen aan dat macrofagen bacteriën effectiever verwijderen van 

gecrosslinkte PEG-gebaseerde coatings dan van gangbare biomaterialen, mogelijk als 

gevolg van zwakke adhesie van bacteriën aan OptiChem®. Bovendien zijn 

macrofagen meer mobiel op OptiChem® waardoor zij beter in staat zijn om bacteriën 

van grotere oppervlakken te verwijderen dan van andere gangbare biomaterialen, 

waarop de macrofagen meer geïmmobiliseerd lijken te zijn.  
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Het model dat beschreven werd in Hoofdstuk II heeft geleid tot het ontwerp 

van een simpele methode om de macrofaag-gemedieerde fagocytose van bacteriën, 

die gehecht zijn aan een transparant materiaaloppervlak, te kwantificeren. In 

Hoofdstuk III beschrijven we de principes achter deze methode en diens toepassing 

op zes verschillende stafylokokken stammen gehecht aan glas. De fagocytose van 

gehechte stafylokokken door fagocyten werd gekwantificeerd in een parallelle plaat 

doorstroom kamer, en uitgedrukt als een fagocyteer-snelheid, waarbij gecorrigeerd 

werd voor het aantal gehechte, initieel aanwezige stafylokokken en voor de duur van 

de fagocytose. Van een muis afkomstige macrofagen waren effectiever in het 

verwijderen van stafylokokken van een oppervlak dan van een mens afkomstige 

fagocyten, die eerst moeten differentiëren vanuit het stadium van monocyt of 

promyelocyt gedurende een experiment. Directe visualisatie van het opnemen van 

een GFP-gemodificeerde Staphylococcus aureus-stam in fagocyten bevestigde de 

validiteit van de voorgestelde methode. Als tweede doel werden de geobserveerde 

verschillen in fagocyteer-snelheid verder onderzocht op basis van oppervlakte-

thermodynamica door middel van het meten van randhoeken van verschillende 

vloeistoffen op macroscopische lagen van stafylokokken en fagocyten, waardoor 

bevestigd werd dat de fagocytose van gehechte pathogenen beschouwd kan worden 

als een oppervlaktefenomeen. Daarnaast liet oppervlakte thermodynamica zien dat 

fagocytose van hechtende pathogenen wordt bepaald door een interactie van fysische 

aantrekkingskracht tussen pathogenen en fagocyten en door de invloed van chemo-

attractiva. Deze resultaten kunnen in toekomstig onderzoek bijdragen aan het beter 

in perspectief plaatsen van in vitro experimenten en infectiemodellen in muizen in 

vergelijking met infectie-experimenten in mensen. 

Behalve het creëren van oppervlakken die macrofagen meer mobiel maken, 

kunnen deze fagocytische cellen ook ondersteund worden bij het deactiveren van 
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bacteriën door de toepassing van superparamagnetische ijzeroxide nanodeeltjes 

(SPIONs), zoals beschreven wordt in Hoofdstuk IV. Biofilms van S. aureus werden 

blootgesteld aan macrofagen en SPIONs en microscopisch onderzocht. SPIONs 

werden opgenomen door macrofagen, resulterend in verhoogde aanmaak van 

reactieve zuurstofsoorten en lagere overleving van stafylokokken (17 – 21%) in 

vergelijking met de aanwezigheid van macrofagen (50 – 74%) of SPIONs (80 – 

87%) alleen. Hiermee presenteren wij een vernieuwende, originele, niet op 

antibiotica gebaseerde methode om de efficiëntie waarmee macrofagen stafylokokken 

uit een infectieuze biofilm verwijderd worden, te verhogen. 

Macrofagen zijn niet de enige cellen die in actie komen wanneer een 

biomateriaal in het lichaam geïmplanteerd wordt. Weefselcellen zullen proberen het 

oppervlak te koloniseren. Wanneer bacteriën aanwezig zijn, zal er concurrentie 

ontstaan. In een in vitro-model wordt deze wedloop nagebootst voor verschillende 

bacteriestammen en menselijke U2OS osteoblast-achtige cellen, die een 

poly(methylmethacrylate) oppervlak koloniseren. De rol van macrofagen in deze 

wedloop werd onderzocht, zoals beschreven in Hoofdstuk V. Bacteriën werden 

gezaaid op het oppervlak onder een afschuifsnelheid van 11 s-1 voorafgaand aan 

adhesie van U2OS cellen en macrofagen. Vervolgens werden bacteriën, U2OS-cellen 

en macrofagen tegelijk geïncubeerd onder lage afschuifsnelheid (0.14 s-1). De 

uitkomst van de wedloop tussen bacteriën en U2OS-cellen om te hechten aan het 

oppervlak was voor een groot deel afhankelijk van de virulentie van de bacteriën. 

Wanneer macrofagen afwezig waren veroorzaakten sterk virulente S. aureus of 

Pseudomonas aeruginosa verhoogde celdood van U2OS cellen binnen 18 uur na 

gelijktijdige incubatie. Daarnaast veroorzaakten deze stammen ook celdood ondanks 

fagocytose van gehechte bacteriën in de aanwezigheid van uit een muis afkomstige 

macrofagen. U2OS cellen zijn dus gedoemd om de strijd tegen S. aureus of P. 



166 Samenvatting 
 

	  

aeruginosa om een biomateriaaloppervlak te verliezen, zelfs in aanwezigheid van 

macrofagen. Laag-virulente S. epidermidis daarentegen veroorzaakte geen celdood bij 

U2OS-cellen, zelfs niet na 48 uur, ongeacht of er macrofagen aanwezig waren of 

niet. Vanuit de kliniek is bekend dat S. aureus en P. aeruginosa acute en ernstige BAI 

op kunnen leveren, in tegenstelling tot S. epidermidis, die meer laaggradige infecties 

veroorzaakt. Geconcludeerd kan worden dat het beschreven model eigenschappen 

bezit die overeenkomen met klinische observaties en daarom potentieel heeft voor 

verder gebruik in het onderzoek naar de gelijktijdige strijd om het oppervlak tussen 

weefselcellen en pathogene bacteriën in aanwezigheid van componenten van het 

immuunsysteem. 

Het thema mobiliteit van macrofagen werd verder uitgewerkt door bacteriën te 

plaatsen op PEG-coatings waarin volgens een bepaald patroon gebiedjes aangebracht 

zijn waarin de bacteriën zich aan kunnen hechten, zoals beschreven in Hoofdstuk 

VI. Gevarieerd werden de diameters en onderlinge afstand tussen de adhesie-

gebiedjes om verschillende adhesie-oppervlakken van glas te verkrijgen in een PEG-

matrix. Patronen waarbij de adhesie-gebiedjes een diameter hadden in de orde van 

grootte van 2 – 5 µm en met een onderlinge afstand die groter was dan de diameter 

van het adhesie-gebiedje stimuleerden aanhechting, spreiding en groei van 

osteoblasten en tegelijkertijd verminderden dergelijke patronen kolonisatie door 

stafylokokken. Daarnaast waren macrofagen meer effectief bij het verwijderen van 

gehechte stafylokokken van oppervlakken met een patroon dan van een volledige 

PEG-matrix of van glas, omdat de groei van de stafylokokken slechts beperkt was tot 

de adhesie-gebiedjes. Deze nieuwe methode, waarbij de groei van bacteriën tot een 

bepaald gebied beperkt wordt, ondersteunde macrofagen bij hun zoektocht naar 

gehechte bacteriën. 
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Een visie op de behandeling van biomateriaal-geassocieerde biofilms in de 

toekomst op basis van de experimenten in dit proefschrift beschreven, wordt gegeven 

in de algemene discussie (Hoofdstuk VII). 
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