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General discussion 

 

Bacterial adhesion to biomaterial implant surfaces and subsequent growth into a 

biofilm may lead to biomaterial associated infection (BAI), the number one cause of 

implant failure. Various anti-adhesive coatings have been developed to inhibit 

bacterial adhesion to biomaterial surfaces, among which polymer brushes have shown 

to be the most promising. Using a physisorbed brush-coating of polyethylene oxide, 

we showed, for various staphylococcal strains, that not only less bacteria adhere to a 

brush-coated surface, but also the bacteria that do adhere interact less strongly with the 

substratum surface. The few bacteria adhering to a polymer brush were, however, able 

to form a biofilm, albeit at a reduced rate when compared with uncoated substrata. In 

addition, we observed that the biofilm structure altered from a contiguous layer on 

pristine silicone rubber to scattered microcolonies on a polymer brush-coating. The 

bacteria in the microcolonies are relatively weakly attached to the brush; this could 

cause them to behave more planktonic-like than the bacteria in the biofilm on the 

pristine surface. Thus, the viability of the bacteria on the brush is considerably higher 

probably because of a better access to nutrients. Accordingly we observed that on a 

brush, biofilm formation was more susceptible to antibiotic treatment and the presence 

of gentamicin in the growth medium suppressed biofilm formation and decreased the 

number of viable bacteria significantly. The in vivo study revealed that brush-coatings 

considerably reduced the colonization of disks implanted in infected pockets in mice. 

 

Stability of brush coatings. The instability of physisorbed polymer brushes against 

mechanical stresses and against complex biological fluids is of great concern [1-3]. 

These concerns are justified because there is no covalent bond between the polymer 

chain and the substratum surface. Despite the fact the brush-coating used in this study 

is physisorbed, it showed to be stable against high flow induced shear stresses and for 

at least 20 h in contact with bacterial suspensions. Another advantage of this brush-
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coating is the simplicity of the coating process, which can be done very quickly and 

without any particular equipment. The brush coating can be applied by dipping a 

surface in an aqueous solution of Pluronic F-127 (a triblock copolymer of polyethylene 

oxide (PEO) and poly propylene oxide (PPO) with the structure of PEO99-PPO65-

PEO99). This brush-coating is, however, only applicable on hydrophobic surfaces with 

a water contact angle above 80 degrees. Nevertheless, this brush is an ideal model for 

research purposes where the experimental samples are handled with care and the 

conditions of experiment, e.g. the composition of the adjacent environment, are well-

designed. In addition this type of coating might be a successful candidate for 

application on medical devices, as demonstrated here for secondary implants after 

revision surgery, where the bacterial challenge is relatively mild and short-lasting. For 

short-lasting challenges, its instability after a number of days might even be 

considered advantageous in view of subsequent tissue integration of an implant. New 

developments in chemical engineering like advancements with surface initiated 

polymerizations, however, have made it possible to grow polymer brushes on virtually 

every surface [4] with desired properties for various industrial and biomedical 

applications. 

 

Bacterial adhesion strength versus biofilm persistence on the surface. A polymer 

brush-coating creates a highly hydrated layer which weakens the resultant interaction 

between bacteria and the substratum surface and facilitates easy removal of adhering 

bacteria as was observed by applying flow induced shear stresses in a parallel plate 

flow chamber. Easier detachment of a staphylococcal biofilm from a brush-coated than 

from a pristine surface (see Fig. 1) shows that the weaker interaction of staphylococci 

with the brush layer continues to exist after growth. This confirms the previous finding 

[5] that initially adhering bacteria determine the interaction force between the biofilm 

and the underlying substratum. Furthermore a smaller shear stress was needed to 

balance bacterial attachment and detachment for S. aureus than for S. epidermidis 
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strain, while applying very high shear stresses more S. epidermidis strains were 

detached from a brush-coated or pristine silicone rubber than S. aureus (Table 1). 

Interestingly, biofilm detachment experiments (Fig. 1) show a similar trend: at lower 

shear stresses a bigger fraction of S. aureus biofilm was detached from the pristine and 

brush-coated surfaces while at highest shear stress biofilm detachment was more for S. 

epidermidis.  

 

 

Table 1. Critical shear stresses at the balance between bacterial attachment and detachment and upper 

limits for shear-induced detachment of two bacterial strains on pristine silicone rubber (SR) and PEO-

coated silicone rubber (PEO).  

 

Critical shear stress 

(Pa) 

Upper limit of shear-

induced detachment (%)  

SR PEO SR PEO 

S. epidermidis HBH276 2.7 ± 1.1 0.2 ± 0.1 9.7 ± 3.5 91.1 ± 8 

S. aureus ATCC12600 1.0 ± 0.2 0.1 ± 0.0 3.3 ± 0.5 86 ± 5.3 

 

 

Brush-coatings and antibiotic treatment against BAI. Our observations revealed 

that gentamicin can prevent staphylococci on brush-coated silicone rubber to grow into 

a biofilm, whereas in the same concentration it hardly affected biofilm development on 

pristine silicone rubber. This interesting result was obtained only when two strategies, 

i.e. coating of the surface with a brush-coating and antibiotic treatment, were used 

together against development of a biofilm. Our research is among the first ones that 

addresses this combined use of different strategies against BAI.  

Indeed, in vivo evaluations proved the functionality of polymer-brushes against 

colonization by bacteria present in an infected pocket in mice. Our model mimicked 

revision implantation after removal of an infected primary implant. It has to be 
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realized that the incidence rate of BAI is higher for biomaterials implanted during 

revision surgery [6] possibly due to persistence of bacteria in the adjacent tissue [7]. 

Silicone rubber disks which were coated by brush-coatings were only in a few cases 

colonized by bacteria, whereas almost all pristine silicone rubber disks showed evident 

signs of contamination. When animals were treated with antibiotics before the revision 

surgery, none of the brush-coated disks were colonized by bacteria while pristine 

silicone rubber disks were colonized as badly as in the absence of antibiotic treatment. 

Here again we see advantages of a combined use of antimicrobial agents and brush-

coatings against infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Shear induced detachment of staphylococcal biofilms at different shear stresses. Error bars 

denote the SD over four separate experiments with different bacterial cultures and silicone rubber 

sheets with and without a brush-coating. 
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Conclusions 

 

Our results suggest that polymer brush-coatings make biofilms more vulnerable 

against detachment and eradication by antimicrobial agents. In addition, development 

of biofilms may be stopped by the combined use of a brush-coating and antibiotic 

treatment. Successful in vivo application of the brush-coating for secondary implants 

allows us to state that polymer brushes may be excellent candidates for modifying 

biomaterial surfaces in order to reduce the risk of BAI.  

 

Future Research 

 

There is evidence that the efficiency of drugs can be enhanced by localizing it into the 

tissue of interest while reducing the drawbacks of systemic drug administration [8]. 

Since inclusion of antibiotics in the growth medium prevented biofilm formation on a 

brush coating, we speculate that integration of antimicrobial agents in a brush may 

help to stop biofilm formation. To this end, polymer brush-coatings can be designed to 

release antimicrobial agents or can be functionalised with groups that have bactericidal 

effects.  

Experiments should be conducted to evaluate the damages induced by antibiotic 

treatment to a mature biofilm, e.g. 24 h old biofilm, on a brush-coated surface. Various 

methods have been developed for biofilm eradication. Efficiency of these methods on 

biofilms formed on brush-coatings has to be assessed.  

Extensive in vivo evaluations are recommended in order to clarify the performance of 

a brush on a primary implant and also for a variety of biomaterials that are exposed to 

different conditions in the body. 
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