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Omslag: Eigen foto van de onderwaterwereld in Kapalai, Malaysië. Deze foto is 
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CHAPTER 1

GENERAL INTRODUCTION 

Laryngectomized patients lose their natural ability to speak as a result of rigorous 

anatomical changes after surgery. Due to the surgical resection of a laryngeal tumour, the larynx 

or voice box is taken out and the trachea is sutured in the neck. As a consequence the airflow 

through the oropharynx, and so the ability to articulate and speak is lost (Fig. 1A). Luckily 

however, we do not necessarily need our vocal cords to produce sound, since sound is nothing 

more than a series of alternate increases and decreases of air pressure, transmitted as a wave. 

Based on this mechanism laryngectomized patients can learn to speak again for example by 

oesophageal speech. Swallowed air into the oesophagus will come out with regurgitation 

vibrating the mucosa of the neopharynx. However this method has been abandoned because it 

is difficult for most patients to learn this technique, tracheoesophageal shunt speech is generally 

preferred.

A B
Figure 1. Anatomy of the larynx in relation to the oesophagus and the oropharynx A) before 
laryngectomy B) after laryngectomy

Tracheoesophageal shunt speech uses a so-called tracheoesophageal shunt prosthesis 

to regain speech for laryngectomized patients. In order to place this prosthesis, a surgical fistula 

is made to connect the trachea with the oesophagus. The prostheses are in essence no more 

than one way valves, placed in this tracheoesophageal fistula, to prevent aspiration of food, 

drinks or saliva from the oesophagus into the trachea. By closing the tracheostoma after 
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INTRODUCTION

inhalation, patients can blow air through the prosthesis to the neopharynx where the mucosa act 

as pseudo vocal cords (Fig. 1B). This wave of air can be molded by the tongue, teeth and lips as 

air passes through the oral cavity eventually resulting in articulated speech. Different prostheses 

have been produced over the past decades, and the main prostheses currently applied in The 

Netherlands are the Groningen and Provox tracheoesophageal shunt prostheses generally 

called voice prostheses (Fig. 2).  

Figure 2. A) Groningen Low 
Resistance and B) Provox voice 
prosthesis closed valves.

A B

However because of the restricted lifetime of the prosthesis this is not an elegant solution 

for every patient. The mean useful lifetime of a voice prosthesis varies between 3-6 months.1- 3

The main reason to replace a voice prosthesis is dysfunctioning of the valve due to biofilm 

formation. This causes an increase in air flow resistance impeding speech, leakage of 

oropharyngeal fluids around the prosthesis, or leakage through the prosthesis, which constitutes 

the main reason for replacement of a prosthesis as done by an otorhinolaryngologist. For 

patients, this means a visit to the hospital along with the burden of a, not always pleasant 

replacement.

Biofilm formation. Biofilms are found in natural or artificial environments, where a 

surface is exposed to adequate moisture. Biofilms are formed after initial contact of free-floating 

(planktonic) bacteria with a foreign surface, such as a voice prosthesis. The valves of voice 

prostheses are prone to biofilm formation because of their unsterile environment, the 

oesophagus, and the continuous exposure to food and drinks. 

Biofilm formation starts from the first minute after the device is placed in the fistula, and 

the first step is the formation of a conditioning film.4 After initial attachment, planktonic bacteria 

adhere irreversibly to the surface and proliferate to transform into bacterial microcolonies.5

Subsequently bacteria generate a coating of extracellular polymeric substances (EPS), which is 

4



CHAPTER 1

essential for the development of the architecture of any biofilm matrix; it provides a framework 

into which microbial cells are inserted.6 Confocal laser scanning microscopy indicates that 

microcolonies within a biofilm are three-dimensional structures of mushroom-like bacterial 

growth with water channels running between them for a constant supply of nutrients.7 The most 

part of the biofilm, perhaps up to 97%, consists of water.8 The microbial cells form only about 2-

5% of the biofilm.

Earlier research identified Candida species to be the major causative organism for 

dysfunctioning of silicone rubber voice prostheses, since the yeast can grow into the silicone 

rubber and cause deterioration and subsequent dysfunctioning of the valve. 3,9-11 However, the 

micro-organisms which are identified on explanted prostheses not only comprise of Candida but 

many other strains and species are involved.12 Elving et al. identified a group of micro-organisms 

which are significantly more present in biofilms of prostheses that failed within 4 months 

compared to their presence on prostheses failing after 9 months from the time of insertion: 

Candida tropicalis, Candida albicans and Rothia dentocariosa.13 It has also been suggested that 

yeast cells need bacteria in order to adhere to the prostheses.14-16 Moreover a mixture of the 

earlier mentioned micro-organisms complemented with Staphylococcus aureus, Staphylococcus

epidermidis and Streptococcus salivarius, caused an increase in air flow resistance after biofilm 

formation on voice prostheses.17 In this thesis, this combination of strains is used in an in vitro

model to grow biofilms on voice prostheses in order to evaluate strategies to decrease biofilm 

formation.

Prevention of biofilm formation. Nowadays, many different biomedical materials are 

used in many different parts of the human body. Nearly all clinical medical specialities use 

biomaterials for the restoration of function, either temporarily or for permanent use. Biofilm 

formation on biomaterials however can lead to dysfunctioning of implanted devices and 

sometimes to lethal sepsis of a patient. Therefore implanted materials with the biofilm need to be 

removed as they constitute the source of infection, or replaced when dysfunctional because of 

the biofilm. The latter being the main reason for replacing voice prostheses. Different strategies 

can be used to reduce or prevent biofilm formation on voice prostheses. 

External influences which can decrease biofilm formation are antibiotics and antimycotics 

and these have indeed been used as systemic or local drugs but also as a modification of 

biomaterials surfaces on implanted devices.18-20 However, resistance of biofilms to antibiotics is 

as much as 1,000 times higher than of planktonic cells of the same species.21 Moreover, 
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bacteria or fungi can induce antibiotic or antimycotic resistance. Therefore the need for new 

antimicrobial agents is urgent. One of our own defence systems against oropharyngeal micro-

organisms is formed by so-called antimicrobial proteins and peptides, which are secreted in 

saliva.22 They have a broad spectrum of activity against Gram-positive and Gram-negative 

bacteria as well as against fungi. In contrast to antibiotics, bacterial resistance to antimicrobial 

peptides is a rare phenomenon making them promising candidates for therapeutic drugs.23 In 

this thesis the influence of antimicrobial peptides on the bioflm of the voice prostheses is 

investigated as an external influence, but also as a prosthesis coating.  

Changing the biomaterial surface properties by coating the implant, to decrease biofilm 

formation, has been tried by many researchers in different fields with a large variety of coatings. 

These coatings can exist of antimicrobials like peptides or antimicrobial material like silver 24,25,

or is intended to act as a reservoir for antimicrobials to be released in situ. 26,27 Gottenbos et al.

described the antibacterial properties of the quaternary ammonium compound (3-

(trimethoxysilyl)-propyldimethyloctadecylammonium chloride (QAS) coating.28 This coating is 

positively charged which yields strong attraction of negatively charged bacteria, but there 

seemed to be less growth after initial adhesion. In this thesis the influence of this coating on a 

mixed biofilm of the voice prostheses is investigated together with a commercially available 

disinfectant containing quaternary ammonium compounds, as the only specified active 

ingredient.

Another strategy to decrease biofilm formation on the voice prostheses is modification of 

the material it self. Surface roughness for example, can increase microbial adhesion. Bruinsma 

et al. described an increase in deposition of Pseudomonas aeruginosa when rigid gas 

permeable contact lenses exceeded a surface roughness of 14 nm.29 Also within dentistry, it has 

been shown30 that rough surfaces will promote oral biofilm (plaque) formation. In this thesis the 

effect of surface roughness of the voice prostheses is studied. 

Aim of this thesis. The aim of this thesis is to find (a) way(s) to decrease biofilm 

formation on the voice prosthesis in order to lengthen its in situ lifetime. 
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INTRODUCTION 

 
Using silicone rubber tracheoesophageal shunt prostheses for prosthetic voice 

rehabilitation after total laryngectomy is an established clinical procedure. Unfortunately, 

voice prostheses only have a useful lifetime varying between 3 to 6 months.1-3 Replacements 

are necessary due to increased airflow resistance or leakage through the device, causing 

ingress of pharyngo-oesophageal contents into the trachea. It is assumed that biofilm 

formation on the oesophageal side of a prosthesis is the main cause of dysfunction 

interfering with proper opening and closure of the one-way valve.3,4 Ell and colleagues found 

that valve leakage was associated with the prevalence of Streptococci in biofilms in the valve 

and demonstrated an association between Candida in voice prosthetic biofilms and failure 

due to increased air flow resistance.5,6 Over the past years, an artificial throat model was 

designed in which oropharyngeal biofilm formation on voice prostheses could be effectively 

mimicked.7 Combinations of yeast and bacteria have been identified that induce the largest 

increases in air-flow resistance 8, while scanning electron microscopy indicated that micro-

organisms preferentially occupied sites near or in the pivotal valve 9-11, yielding leakage. On 

the other hand, the importance of extracellular polymeric substances (EPS) and connecting 

slime threads in maintaining the integrity of biofilms on voice prostheses has been shown.12 It 

was suggested that EPS not only functioned as glue for the biofilm, but it could also be 

causative to malfunctioning of the valve.  

Several studies have described in vitro flow dynamics of new and defective valves, 

including opening pressures and airflow resistances. This has resulted in a quest for valves 

with ultra-low airflow resistances.13-15 Although, according to many prospective clinical trials, 

the main reason for replacement is leakage through the prosthesis 1-3, no study has 

compared the leakage patterns of the different voice prostheses. 

The aim of this study was to compare the leakage patterns of three commercially 

available voice prostheses with and without a biofilm. First, an experimental set-up enabling 

comparison of in vitro leakage patterns through different types of prostheses in the absence 

and presence of a biofilm was developed. Second, the influence of a regular airflow through 

the prostheses during biofilm formation on the leakage pattern was determined. Finally, in 

vitro leakage patterns of different prostheses were related to the percentage valve failure due 

to leakage for 746 clinical replacements. 
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MATERIALS AND METHODS 
 

Voice prostheses. Three different types of voice prostheses were tested in this 

study: the Groningen Low Resistance (Medin Instrumenten B.V., Groningen, The 

Netherlands), the Provox®2 (ATOS) Medical AB, Hörby, Sweden), and the Blom Singer 

(International Healthcare Technologies, a division of Helix Medical, Inc, California, USA). All 

types of prostheses have different valve mechanisms, as shown in Figure 1. 

 

 
Groningen Low Resistance Provox®2 Blom Singer 

   

   
Figure 1. Voice prostheses evaluated in this study, with the valves shut and with the valves open. 

 

 

The Groningen prosthesis is made of silicone rubber and consists of a shaft with two 

flanges with a semicircular slit of 145º in the hat of the oesophageal flange, functioning as a 

one-way valve. The Provox®2 voice prosthesis is a biflanged device also made of implant-

grade silicone rubber. The hinge valve is molded into one piece with the prosthesis and 

supported by a radiopaque, fluoroplasic ring, which is fastened in the shaft of the prosthesis. 

The Blom Singer prosthesis is also a biflanged device, made of silicone rubber with a hinge 

valve, but in contrast with the Provox®2, the valve is inserted separately. 

All prostheses evaluated were new, and the valves were manually opened and closed 

several times prior to evaluation, similar as during clinical insertion of prostheses. Ten voice 

prostheses of each type were tested sequentially. The prostheses were tested first without a 

biofilm and afterwards the same voice prostheses were tested with a biofilm. 
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The artificial throat and leakage test. The artificial throat consists of a rectangular 

flow chamber of Plexiglas® suitable for stainless steel plugs holding prostheses.7 Different 

plugs were used to accommodate the different types of prostheses. The valve side of a 

prosthesis was positioned in the lumen of the cubicle and the artificial throat was placed such 

that the prosthesis was placed horizontally, with the oesophageal flange in the flow chamber 

and the tracheal part beneath (Fig. 2). 

Figure 2. Schematic drawing of the experimental set-up for measuring leakage through voice 
prostheses, based on the artificial throat. The water reservoir has a large surface area to ensure 
constant pressure conditions during the experiment. H is height in centimetres. 

 

 

A water reservoir, placed on a height-adjustable platform, was connected with the 

artificial throat equipped with one prosthesis. The amount of water leaking through the valve 

was measured as a function of time, while the water pressure was kept constant by the use 

of a reservoir with a large bottom area. 

Before and after formation of a biofilm on the voice prostheses, leakage of water 

through the valve was measured as a function of time for water pressures of 1, 5 , and 15 cm 

above the valve, corresponding with pressures of 0.7 to 11.0 mm Hg. These pressures are 

within the range of forward opening pressures as described in literature.16 Leakage around a 

prosthesis was never observed. All leakage experiments were performed at room 

temperature. 

 

Biofilm formation. After the initial leakage test of a prosthesis in the absence of a 

biofilm, a prosthesis was inserted in the artificial throat in order to grow a biofilm.5 Each 
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artificial throat was equipped with one Provox®2, one Blom Singer, and one Groningen Low 

Resistance voice prosthesis. During the experiment, the artificial throat was maintained at a 

temperature between 36ºC and 37ºC, as conditions found in a laryngectomized patient. 

To grow biofilms as found in laryngectomized patients, artificial throats were inoculated for 

five hours with a combination of bacteria and yeasts previously isolated from explanted 

Groningen voice prostheses. This combination comprised Candida tropicalis GB 9/9, 

Candida albicans GBJ 13/4A, Staphylococcus aureus GB 2/1, Staphylococcus epidermidis 

GB 9/6, Streptococcus salivarius GB 24/9 and Rothia dentocariosa GBJ 52/2B and was 

cultured in a mixture of 30% brain heart infusion broth (OXOID, Basingstoke, Great Britain) 

and 70% defined yeast medium (per liter: 7.5 g glucose, 3.5 g (NH4)2SO4, 1.5 g L-

asparagine, 10 mg L-histidine, 20 mg DL-methionine, 20 mg DL-tryptophane, 1 g KH2PO4, 

500 mg MgSO4.7H2O, 500 mg NaCl, 500 mg CaCl2.2H2O, 100 mg yeast extract, 500 μg 

H3BO3, 400 μg ZnSO4.7H2O, 120 μg Fe(III)Cl3, 200 μg Na2MoO4.2H2O, 100 μg KI, 40 μg 

CuSO4.5H2O). After inoculation, a biofilm was allowed to grow on the voice prostheses 

during three days, by filling the devices with growth medium. From day four till day seven, the 

artificial throats were perfused three times a day with 250 ml phosphate-buffered saline (10 

mM potassium phosphate en 150 mM NaCL, pH7.0). After each perfusion, 5 of the 10 

prostheses used in this study were blown through with compressed air at three different 

pressures (10, 15 and 20 cm H2O), to mimic shunt oesophageal speech and to mobilize the 

valve system.  

Subsequently, the prostheses were left in the moist environment of the artificial 

throats. At the end of each day, the devices were filled with growth medium over half an hour 

and left overnight in the moist environment of the drained artificial throats. The tracheal sides 

of the prostheses were left in ambient air, similar to the situation with a stoma.15 Previously, 

this cycle of feast and famine and exposure to ambient air has been demonstrated essential 

to grow biofilms with features that cannot be distinguished from in vivo biodeterioration seen 

on explanted prostheses.7 

 

Evaluation of biofilms. On day eight of an experiment, voice prostheses were 

removed from the artificial throats. After measuring the leakage of the biofilm-covered 

prostheses, biofilm formation on the valve side of the prosthesis was assessed by 

determining the number of colony forming yeast and bacteria per unit area. Biofilms were 

removed by scraping and sonication and subsequently serially diluted. The serial dilutions 

were plated on MRS (de Man, Rogosa and Sharpe) agar plates for yeasts and blood agar 

plates for bacteria, and incubated at 37°C in an aerobic incubator for three days prior to 

enumeration.  
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Clinical study. In a 5-year retrospective study conducted in Groningen (The 

Netherlands, August 1995-August 2000), 138 patients were registered as having 746 

replacements of Provox®2 (n = 174) voice prostheses. Blom Singer prostheses were not 

routinely applied at that time in Groningen. Registration included the in vivo lifetime of the 

prosthesis and reason for replacement. 

 

Data analysis. Leakage (millilitres) related linearly with time (minutes). Yielding a so-

called leakage rate (millilitres/minute) by linear regression analysis (see also Fig. 3). Leakage 

rates were plotted as a function of the pressure applied and the area under the leakage 

curve (AULC) of a voice prosthesis was taken as a measure for the mean leakage of a 

prosthesis. 

The leakage and biofilm data of the different types of voice prostheses were analyzed 

using the Kruskal-Wallis test. The influence of biofilm on leakage was determined through a 

pair-wise comparison of the mean leakage of the prostheses in absence and presence of a 

biofilm using the Wilcoxon signed rank test. The effect of biofilm formation on leakage in the 

absence and presence of a regular airflow was subsequently expressed as � AULC. In order 

to reveal an influence of blowing air through the voice prosthesis, analysis of the � AULC 

and of the biofilm was done using the Mann-Witney test. 

As the mean leakage of the voice prostheses and microbial prevalence in the biofilms 

are not normally distributed, statistical comparison was done using nonparametric tests, 

accepting p < 0.05 as statistically significant. 
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Figure 3. Leakage through a Provox®2 voice prosthesis without a biofilm as a function of time at 
different pressures. (�) 1 cm H2O; (�) 5 cm H2O; (�) 15 cm H2O. 
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RESULTS 

 

Leakage test. All ten Provox®2, nine out of ten Groningen Low Resistance and six 

out of ten Blom Singer voice prostheses showed leakage in the absence of a biofilm. As an 

example, the mean leakage as a function of time is presented in Figure 3 for the Provox®2. 

The other types of voice prostheses also showed a linear relationship between leakage and 

time. The leakage rates (ml/min) resulting from the slope of the lines in Figure 3 are plotted 

as a function of the pressure applied in Figure 4.  

 
 

A 

 

B 

 

C 

 

 
Figure 4. Leakage rates of the 
different types of voice prostheses 
as a function of pressure in the 
absence and presence of a biofilm 
and after regular airflow during 
biofilm formation. [note: the y-axis 
of (B) has higher values than (A) 
and (C).] A) Groningen Low 
Resistance; B) Provox®2; C) Blom 
Singer. (�) Without a biofilm (n=10); 
(�) with a biofilm (n=5); (�) with a 
biofilm formed during regular airflow 
(n=5). 

 

The three graphs in Figure 4 represent the leakage patterns of the three different 

types of voice prostheses measured in absence and in presence of a biofilm and after 

regular airflow. The area under each leakage curve (AULC) in Figure 4, is a measure for the 
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mean leakage of the voice prostheses, as summarized in Table 1. In order to determine the 

effect of biofilm formation and regular airflow on leakage, changes in AULCs due to biofilm 

formation and airflow (� AULC) were calculated pair-wise (see also Table 1). 

 

 
Table 1. Area under the leakage curve (AULC) for different types of voice prostheses in the absence 
and presence of a biofilm and for prostheses after regular airflow during biofilm formation, together 
with the number of bacteria and yeast in the biofilm expressed in numbers colony forming units per 
cm2. � AULC has been calculated as a difference, i.e. the values in the presence of a biofilm minus 
the values in the absence of a biofilm, ± denotes the standard deviation over the indicated number of 
prostheses N. Note that 10 control prostheses have been measured, that split out in the two groups in 
the presence of a biofilm. 
 

 
 

N 
 

AULC 

(ml/min.cm 
H2O) 

 

 
�AULC 

(ml/min.cm 
H2O) 

 
bacteria  

(.104 cm2) 
 

 
yeast  

(.104 cm2) 
 

      

Groninger 
Button 

     

      
no biofilm 10 58 ± 72*    
      
biofilm, no air 5 25 ± 40 -59 ± 44* 340 ± 420 19 ± 12 
      
biofilm, air 5 18 ± 13 -15 ± 51* 283 ± 215 9 ± 8 
      
      
Provox®2      
      
no biofilm 10 954 ± 462*    
      
biofilm, no air 5 69 ± 55 545 ± 332* # 939 ± 567 75 ± 48 
      
biofilm, air 5 83 ± 75 1207 ± 403* # $ 807 ± 1034 53 ± 50 
      
      
Blom Singer      
      
no biofilm 10 4 ± 8*    
      
biofilm, no air 5 22 ± 25 14 ± 16* 356 ± 258 75 ± 115 
      
biofilm, air 5 1 ± 2 0.6 ± 2* 387 ± 263 18 ± 13 
      

 
* = Significant difference in leakage (Kruskal-Wallis, p<0.05) between the different types of voice 
prostheses; # = Significant decrease in leakage caused by formation of a biofilm on the Provox®2 
formed without blowing air through the prostheses as well as with blowing air through the prostheses 
(Wilcoxon signed rank test, p<0.05); $ = Significant increase in leakage caused by blowing air through 
the prostheses during biofilm formation (Mann-Whitney test, (p<0.05). 
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In the absence of a biofilm, all three types of prostheses had significantly different 

leakage patterns (Kruskal-Wallis; p<0.05): the Blom Singer demonstrated the lowest leakage, 

whereas the Groningen Low Resistance had a 10 fold higher and the Provox®2 had an even 

100 fold higher leakage. Biofilm formation on the prostheses significantly decreased the 

leakage rates of the Groningen Low resistance and particularly of the Provox®2 (Wilcoxon 

Signed Rank Test; p<0.05), while the Blom Singer prostheses leaked more in the presence 

of a biofilm (not statistically significant). Regular airflow during biofilm formation decreased 

leakage for the Groningen Low Resistance and the Blom Singer, though non-significantly, 

whereas it significantly increased leakage for the Provox®2 (Mann Witney; p<0.05). 

The prevalence of yeast and bacteria in the voice prosthetic biofilms is also shown in 

Table 1. Biofilm formation is roughly similar on the Blom-Singer and on the Groningen 

prostheses, but the Provox®2 prosthesis harvests more bacteria than the other types. A 

regular airflow through the prostheses during biofilm formation lead to a small decrease in 

bacterial prevalence on the Blom-Singer and the Groningen prostheses, concurrent with a 

decrease in the number of yeast. Alternatively, despite a reduction in bacterial prevalence on 

the Provox®2 after regular airflow, high numbers of adhering yeast and bacteria persist. None 

of these changes are significant. 

 

Clinical study. Generally, the main reason for replacement of prostheses was 

leakage through the device due to valve incompetence (72% of all Provox®2 and Groningen 

replacements), followed by leakage around the prosthesis (14%), increased airflow 

resistance (12%), formation of granulation tissue (1%), dislocation of the prosthesis (0.8%) 

and others (0.4%). 76% of all Provox®2 prostheses (434 of 572 devices) needed replacement 

due to leakage through the valve, which was significantly more than for the Groningen voice 

prostheses (57% or 100 of 174 devices). Blom-Singer prostheses were not routinely applied 

at that time in Groningen. 

 

 

DISCUSSION 
 

Although in vivo leakage is the most frequent reason for replacing voice prostheses in 

laryngectomized patients,1-3 no experimental in vitro models exist to compare leakage 

through voice prostheses under relevant clinically conditions. In this study, in vitro leakage 

patterns of three commercially available voice prostheses: Groningen Low Resistance, 

Provox®2 and the Blom Singer, were compared. An experimental set-up was developed to 

enable comparison of in vitro leakage patterns through the different types of voice 
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prostheses, in absence or presence of a biofilm. The set-up is based on a previously 

described artificial throat, designed to study voice prosthetic biofilm formation.7 Determination 

of the amount of leakage provides information about valve design and can lead to the 

development of new valve concepts less prone to leakage. Such a valve design could 

increase the device lifetime with fewer replacements for the patients, therewith contributing to 

the quality of life of the patients and lower healthcare costs.  

In the in vitro model presented, Provox®2 prostheses showed more extensive leakage 

than the other prostheses, regardless of the presence of a biofilm. These results are 

comparable with the results of the five-year clinical study, comparing the Groningen Low 

Resistance and the Provox®2 prostheses, the latter requiring significantly more replacements 

due to leakage through the valve. In different prospective clinical studies this is also seen, 

moreover showing a lower mean device life time of the Provox®2.17,18 Similarly, in vitro the 

Blom Singer shows less leakage than the Provox® and reportedly has a longer lifetime.19  

The different types of voice prostheses demonstrated different responses in leakage 

when pressure is increased. The Groningen Low Resistance showed less leakage with 

increasing pressure in contrast to the Provox®2 and the Blom Singer. This could be explained 

by the typical structural aspects at the valve design. The Groningen Low Resistance has a 

semicircular slit of 145° in the hat of the oesophageal flange, which closes under the 

influence of increasing pressure and consequently shows little leakage. The valve of the 

Provox®2 and the Blom Singer, however is a hinge valve, which also closes by external 

pressure, but when this pressure increases above a critical value it bulges towards the 

tracheal side of the prosthesis and starts leaking.  

Furthermore, leakage through Provox®2 was more extensive than through any of the 

other prostheses. Also here the design of the valve of the Groningen Low Resistance has a 

favorable influence on the leakage. A difference in design of both hinge valves of the 

Provox®2 and Blom Singer is the separate insertion of the hinge valve of the Blom Singer, in 

contrast with the valve of the Provox®2, which is molded into one piece with the prosthesis. 

Moreover, the silicone rubber used for the Blom Singer feels less elastic than that of the 

Provox®2. These factors seem to result in a better closure of the valve.  

Biofilm formation on the prostheses of the Groningen Low Resistance and the 

Provox®2 seems to seal the valve with a consequent decrease in leakage. Especially the 

Provox®2 shows an impressive decrease in leakage, possibly because this prosthesis 

attracts more bacteria, which are important in producing EPS and connecting slime threads. 

This not increases the airflow resistance,16 but on the other hand may decrease leakage. 

Leakage of the Blom Singer is so small that there is almost no margin for decreases due to 

biofilm formation.  
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Biofilm formation with occasionally blowing compressed air through the valve is more 

similar to the in vivo situation in which air is blown through the voice prostheses toproduce 

speech. The in vitro leakage rates of the Blom Singer and the Groningen Low Resistance 

decreases when regularly blowing air through, in contrast with the Provox®2, which shows a 

significant increase in leakage compared to the leakage through voice prostheses with a 

biofilm formed without blowing air through. This confirms that the prosthesis paradoxically 

needs the biofilm to ascertain adequate closure, in contrast with the other two prostheses, 

both closing well enough by intrinsic mechanisms. 

 
 
CONCLUSION 

 
This study presents a comparison of in vitro leakage patterns of three commercially 

available voice prostheses. An experimental set-up to compare leakage through voice 

prostheses, in the absence or presence of a biofilm, was developed. The three types 

of voice prostheses used in this study show significant differences in leakage when 

the prostheses are clean or covered with a biofilm. Leakage occurred more readily 

through Provox®2 than through Groningen Low Resistance and Blom Singer 

prostheses, which is in line with clinical observations and enforces the model. 

Regular airflow did not affect leakage through the Groningen Low Resistance and 

Blom Singer prostheses, but increase leakage through Provox®2 prostheses. 
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LETTER TO THE EDITOR 

I would like to comment on the recent paper by Oosterhof JJH, Van Der Mei HC, Free 

RH, Kaper HJ, van WR et al. “In-vitro leakage susceptibility of tracheoesophageal shunt 

prostheses in the absence and presence of a biofilm.” J Biomed Mater Res B Appl Biomater 

2005;73:23-28, which gives rise to grate concern with respect to the validity of some of the 

presented data and even more so to the questionable interpretations these data have 

seduced the authors to make.  

This, as such, well-conducted study apparently seeks to develop an in vitro model for 

the study of biofilm formation on silicon voice prostheses and its influence on leakage 

patterns of these devices intended for postlaryngectomy voice rehabilitation. Additionally, the 

authors attempt to ‘validate’ their in vitro findings by comparing these results with in vivo data 

from their institution. 

The basic problem I have with this study is that the chosen set-up leads to immediate 

leakage of the vast majority of the prostheses studied (10/10 Provox, 9/10 Groningen, and 

6/10 Blom-Singer). This by itself already should have indicated to the authors that there 

might be something questionable with this model, originally only designed for biofilm studies, 

and that this had to be adjusted to become an in vitro model for comparison with the in vivo 

‘leakage through problem.” If this observation would have any clinical relevance, this would 

mean that none of these prostheses should ever have become available to patients in the 

first place. Considering the present day quality control requirements by the authorities, such 

as the FDA, production and distribution of such questionable devices would not be 

acceptable and not likely to be tolerated (according to the manufacturer of the Provox 

prostheses every single prosthesis is checked for absence of leakage and proper airflow 

characteristics and this is most likely also true for the other two valves studied). The lack of 

clinical resemblance is also substantiated by publications of device life, showing that 

immediate leakage of any voice prosthesis directly post-insertion is an extremely rare event 

and if so, is more likely to be caused by an under-pressure in the oesophagus during deep 

inhalation.1

It is understandable that the authors wanted to avoid any leakage around the 

prosthesis, but by making a (too?) tight fitting lumen in a stainless-steel retainer, they 

obviously have introduced an artificial device distortion, leading to leakage of most of these 

prostheses. That this distortion is more prominent in the Provox valve (in view of the 

observed heavier leakage in this prosthesis) is irrelevant and is most likely due to the 

presence of a rigid-valve seat on which the silicon rubber is compressed by the metal 
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retainer. This phenomenon is unlikely to occur in vivo, since the retention is obtained in a 

soft-tissue fistula with little if any, rigidity. 

After noticing the prepublication of the paper on the website of your journal, the first 

and the senior author confirmed in a personal communication that with a slightly enlarged 

diameter of the metal retainer, this artificial leakage through phenomenon no longer existed, 

still without creating a ”leakage around” problem, which would have negatively influenced 

their measurements. Their argument that the chosen diameter of the lumen was identical to 

the manufacturers’ specifications for the outer diameter of the shaft of the prosthesis is not 

valid, since it should have been obvious that somehow the observed phenomenon of initial 

leakage was artificial. Moreover, if, as was checked for the Provox prosthesis, the position in 

the retainer is in the area outside the rigid-valve seat this phenomenon also disappears 

(personal communication Atos Medical). And, most likely something similar is the case with 

the other two devices studied, since, as already mentioned earlier, most of these valves are 

also leaking from the start in their model.  

If the authors would have recognized this problem at the beginning of their study and 

would have adjusted their original set-up, only intended for biofilm studies, with a more 

natural/flexible retainer to avoid leakage around, then this study would have had much more 

value. Now, only the biofilm information is of some relevance, although the finding that the 

Provox valve is leaking less with increasing biofilm build-up seems irrelevant, considering 

that in a proper set-up a nonleaking valve would have been the starting point anyway. 

The other major flaw in this study is the use of clinical data (as I assume so far 

unpublished, since no reference is given) to substantiate the in vitro data. The statistics used 

are not revealed, but even without this information it is obvious that the authors report their 

data in a biased way. For example, the 12% increase in airflow resistance is most likely only 

present in the Groningen prosthesis (see below). To state that there is a significant difference 

between Provox and Groningen with respect to leakage through, the prosthesis would 

involve comparing life-time of only those prostheses with this problem, while censoring for 

other events for which they are replaced. Prostheses may be removed for reasons such as 

local infection, leakage around, obstruction By bio-fouling, or irremovable mucus plugs. This 

obstruction problem occurs in Provox at a very low frequency, leaving leakage through as the 

almost only reason for valve failure. It is well-known and documented in the literature that the 

Groningen prosthesis, due to its closed and external valve-design, suffers more from this 

obstruction problem than Provox and Blom-Singer valves do. Further, the analysis should 

take into account the fact that multiple events take place to a different extent in individual 

patients and the analysis should be adjusted for potentially confounding factors such as 

radiotherapy history, time since surgery, age distribution, and so forth. 
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In conclusion, the authors have described an artificial leakage-promoting in vitro 

design far from being a potential model for the in vivo situation, and have used poorly 

interpreted in vivo data to substantiate their invalid in vitro claims. Given the well-known and 

generally high-quality work of this group in the field of in vitro biofilm formation, it is a pity that 

they have not realized this fundamental flaw in the presented research model and I would 

welcome a reaction of the authors onto my concerns. 

Frans JM Hilgers; The Netherlands Cancer Institute -Antoni van Leeuwenhoek Hospital- 

Amsterdam; Institute of Phonetic Sciences, University of Amsterdam; Academic Medical 

Center of Amsterdam, The Netherlands. J biomed mater res B appl biomater. 77:448-449. 
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AUTHORS REPLY 

Tracheoesophageal shunt prostheses act as a one-way valve to allow air-flow from 

the trachea to the oral cavity, therewith enabling laryngectomized patients to produce 

speech. At the same time, the one-way valve mechanism serves to prevent leakage of foods 

and drinks into the trachea. These prostheses are placed in a surgically created hole or 

fistula between the trachea and the oesophagus.  

Opening forces during speech have to be exerted by the patients building up 

pressurized air in their lungs, while closing the stoma (through which normal breathing 

occurs after surgery) with a finger. The desire of patients to breath more easily, has led to the 

development of prostheses that open more easily. These so-called low air-flow resistance 

prostheses can be made by different designs of the valve mechanism or the use of more 

elastic silicone rubber variants. 

The elastic force originating from the silicone rubber design is the sole force 

responsible for proper closing of the one-way valve and is often insufficient within weeks to 

months after insertion in patients. Leakage through the prosthesis is the main reason for 

replacement.

Clinically, there are a number of different factors that impede adequate valve closure. 

As righteously pointed out by Hilgers, even underpressure in the oesophagus during 

swallowing or deep inhalation can cause inadequate closure of the valve. However, 

inadequate closure also occurs when closure is impeded by trapping of food remnants, minor 

deformations due to uneven pressure exerted on the shaft by the fistula circumference, 

biofilm formation in the valve or deterioration of the elastic properties of the silicone rubber by 

ingrowing biofilm. Exactly these distortions of the valve mechanism are responsible for the 

frequent occurrence of leakage of prostheses during clinical use and illustrate the 

disadvantages of low closing forces. Recently, the Provox Acti Valve has been developed 

and marketed, a technologically highly sophisticated prosthesis, in which magnetic forces are 

applied to assist the elastic forces in preventing inadvertent opening of the valve during 

swallowing or deep inhalation.1

It goes without saying, that none of the currently used prostheses will exhibit leakage 

when measuring leakage in the absence of external distortions that challenge proper closing. 

Why should these prostheses leak? The elastic forces originating from the silicone rubber, no 

matter how small, will always close the valve. In a subsequent leakage experiment, leakage 

cannot occur, because the weight of any column of water placed on top of the valve will only 

assist more firm closure. 
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In our experimental set-up, not aimed at quality control requirements but at a clinically 

relevant comparison of different prosthesis types, prostheses were tested by inserting them 

in a lumen or artificial fistula with exactly the same diameter as the shaft of the prostheses. 

Subsequently, water columns of different heights were placed on top of the valves and 

leakage monitored. We fully agree with Hilgers that none of the prostheses should show 

immediate leakage when placed in an oversized lumen, but then again “why should they?” 

Unfortunately however, also in an oversized lumen, minor immediate leakage occurs for all 

types of prostheses (see Table 1). Note that clinically, oversized lumina are to be avoided, 

because then leakage around the shaft of the prosthesis occurs, as constitutes a reason for 

replacement in 14% of all cases in our experience.     

Table 1. Leakage of Groningen button, Provox ® 2 and Blom Singer voice prostheses in an exactly 
fitting lumen and in an oversized lumen. 

exactly fitting lumen1 oversized lumen1

prosthesis immediate

leakage

AULC

[mL/min cm H2O]

immediate

leakage

AULC

[mL/min cm H2O]

Groninger 

button

9 of 10 58 ± 72 2 of 10 0 ± 1 

Provox ® 2 10 of 10 954 ± 462 4 of 10 1 ± 1 

Blom Singer 6 of 10 4 ± 8 4of 10 3 ± 3 

1 for 1 cm H2O pressure. 

As explained above, the leakage data in an oversized lumen are futile in terms of 

clinical relevance, as closing of the valves is fully unchallenged. When challenged by the 

extremely small distortions as also occurring clinically, and mimicked in our experimental set-

up by an exactly fitting lumen all prostheses show immediate leakage (see also Table 1), 

with major differences in amount of leakage for the three prostheses evaluated. 

Therewith our data represent exactly the efficiency of closure of the different 

prostheses’ designs under clinical conditions; a statement which we feel is supported by our 

own clinical data and those of others. Table 2 specifies the results of these studies in terms 
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of life-time and percentage failure of different prostheses due to leakage and invalidate the 

criticism of Hilgers on the clinical part of our study, as all studies seem to indicate more 

failure due to leakage for Provox prostheses. 

Table 2. Specification of life times and failure reasons of the Groningen button (GB) and Blom Singer 
(BS) versus Provox ® 2 (PV) prostheses taken from the literature.

Prostheses compared Life-times reported 

[weeks] 

Failure due to leakage 

[%]

Reference 

GB versus PV 15.8 versus 13.0 58.8 versus 80.2 2

GB versus PV 19.8 versus 18.5 63.4 versus 80.0 3

GB versus PV 19.6 versus 12.8 57.0 versus 76.0 4, 5 

BS versus PV 15.0 versus 14.5 generally mentioned 6

In summary, we conclude that our experimental set-up to determine clinically relevant 

leakage characteristics of currently used voice prostheses is valid. In our opinion the myriad 

of different factors that challenge proper valve closure and the resulting life-times reported in 

the literature (see Table 2) can only be interpreted in our opinion to the support our 

experiments, because as always: the proof of the laboratory pudding is the clinical eating. 

Janine JH Oosterhof, Henny C Van der Mei, Henk J Busscher, Rolien H Free, Hans J Kaper, 

Ranny Van Weissenbruch, Frans WJ Albers. 2006. J biomed mater res B appl biomater.

77:448-449.
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CHAPTER 3

INTRODUCTION

Biofilms consisting of a combination of bacterial and yeast strains occur in a number 

of biomaterials-associated infections in the human body, such as denture stomatitis, biofilms

on silicone rubber voice prostheses and on infected nasogastric and endotracheal tubes.1-4

Biofilms not only consist of micro-organisms, but since the introduction of the confocal 

scanning laser microscope it is known that most of the volume within a biofilm is devoid of 

organisms and filled with water or extracellular polymeric substances (EPS).5 The integrity of 

a biofilm is largely ensured by EPS, which is regarded as the glue that holds the biofilm 

together. The EPS embedding the organisms in a biofilm on biomedical implants are 

generally believed to be responsible for the weak influence antibiotics or antimycotics have 

on biofilm infections and the lack of impact the host immune system has on biomaterials-

associated infections. Consequently, infected biomaterials implants often have to be 

removed at high costs and at the expense of patients' comfort. 6,7

The integrity of biofilms on voice prostheses, used to rehabilitate speech in patients 

after laryngectomy (Fig. 1A and 1B) 8, is obligatory to increase the air flow resistance of the 

valve mechanism of these prostheses. As a result, increasing efforts have to be made by the 

patient in order to produce speech.9 Explanted malfunctioning voice prostheses with similar 

lifetimes show substantial variation in biofilm formation on the valve side of a prosthesis, 

varying from a single small colony to a thick biofilm covering the entire valve side. 

A B C
Figure 1. A) Anatomy of the oesophageal region before laryngectomy (arrows indicate parts to be 
removed). B) Anatomy after laryngectomy showing the separation of the airway and the digestive 
tract. The arrow indicates a voice prosthesis inserted into the tracheoesophageal shunt, preventing 
leakage of oesophageal contents into the trachea. By closing the tracheostoma with a finger the 
laryngectomized patient can force air through te valve into the upper digestive tract where remaining 
muscular structures act as pseudo vocal cords making speech possible. C) Schematic presentation 
of the Low Resistance Groningen button silicone rubber voice prosthesis.
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Elving et al. suggested that the thickness of the biofilm is not the most important issue 

in valve failure, proposing that the combined presence of EPS-producing bacterial strains 

and yeast species is more influential.10 Scanning electron micrographs of single strain 

biofilms on voice prostheses, grown in a modified Robbins device (artificial throat), showed 

very large patches of biofilm in which organisms seemed to be connected by excreted 

organic matter in the form of slime threads.11

Biofilm formation on voice prostheses is influenced by different individual and 

disease-related factors, such as nutrition, prosthetic tooth replacement, drug therapy, 

irradiation dose (radiation therapy), volume of irradiated salivary gland tissue, residual 

salivary flow rate and time passed after irradiation.12,13 Moreover, decreased salivary 

secretion as a side-effect of radiation therapy reduces the histatin level in the oral cavity, 

which particularly diminishes the antifungal activity of the saliva.14 Elving et al. suggested that 

the oral defense mechanisms in laryngectomized patients might be restored using synthetic 

salivary peptides to affect the integrity of voice prosthetic biofilms and increase the lifetime of 

voice prostheses.15 Unlike antimycotics, no microbial resistance has been reported against 

these antimicrobial peptides.16 Since EPS contribute most to the integrity of voice prosthetic 

biofilms, mucolytics as used in cystic fibrosis patients also may contribute to increasing the 

lifetime of voice prostheses.17 Besides a direct mucolytic effect, mycolytics often act as 

antioxidants, with a potential effect on bacterial adherence.18

The aim of the present study is to evaluate whether synthetic salivary antimicrobial 

peptides added to a salivary substitute, mucolytics including N-acetylcysteine and ascorbic 

acid, influence the integrity of biofilms consisting of bacteria and yeasts and affect the air flow 

resistance of voice prostheses. Two antiseptics, chlorhexidine and Triclosan, were included 

as positive controls.  All results are expressed relative to phosphate buffered saline as a 

negative control. 

MATERIALS AND METHODS 

Voice prostheses. “Low Resistance” silicone rubber Groningen button voice 

prostheses were supplied by Médin Instruments and Supplies (Groningen, The Netherlands).

The “Low Resistance” Groningen button voice prosthesis (Fig. 1C) consists of a shaft with 

two flanges with a semicircular slit of 145° in the hat of the oesophageal flange, functioning 

as an one-way valve. The prosthesis is made of implant grade silicone rubber. 
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Biofilm formation. Groningen button voice prostheses were placed in five modified 

Robbins devices or artificial throats, made of stainless steel (Fig. 2).19 Artificial throats were 

autoclaved before use. Each artificial throat was equipped with two voice prostheses and 

maintained at physiologic temperatures, between 36ºC and 37ºC.

Figure 2. Schematic presentation of the modified Robbins device, used as an artificial throat, 
equipped with three Groningen button voice prostheses.

To mimic biofilms as found in laryngectomized patients, artificial throats were inoculated for 

five hours with a combination of bacteria and yeasts, previously isolated from explanted 

Groningen button voice prostheses from different patients and lifetimes varying from 1-29 

months. This combination comprised Candida tropicalis GB 9/9, Candida albicans GBJ 

13/4A, Staphylococcus aureus GB 2/1, Staphylococcus epidermidis GB 9/6, Streptococcus 

salivarius GB 24/9 and Rothia dentocariosa GBJ 52/2B and was cultured in a mixture of 30% 

brain heart infusion broth (OXOID, Basingstoke, Great Britain) and 70% defined yeast 

medium (per liter: 7.5 g glucose, 3.5 g (NH4)2SO4, 1.5 g L-asparagine, 10 mg L-histidine, 20 

mg DL-methionine, 20 mg DL-tryptophane, 1 g KH2PO4, 500 mg MgSO4.7H2O, 500 mg NaCl, 

500 mg CaCl2.2H2O, 100 mg yeast extract, 500 μg H3BO3, 400 μg ZnSO4.7H2O, 120 μg 

Fe(III)Cl3, 200 μg Na2MoO4.2H2O, 100 μg KI, 40 μg CuSO4.5H2O). After inoculation, a biofilm 

was allowed to grow on the voice prostheses during three days by filling the devices with 

growth medium. From day four till day seven, the artificial throats were perfused three times 

a day with 250 ml phosphate buffered saline (10 mM potassium phosphate and 150 mM 
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NaCl, pH 7.0). After each perfusion with phosphate buffered saline, the oesophageal side of 

the two voice prostheses of one artificial throat were dipped in phosphate buffered saline, pH 

7.0, which served as a negative control, or a salivary substitute with or without synthetic 

salivary peptides added. Two antiseptic solutions were included as positive controls. In the 

case of mucolytics and ascorbic acid, the device was flushed with the agent dissolved in 

sterile water. Subsequently, the prostheses were left in the moist environment of the artificial 

throats. At the end of each day the devices were filled with growth medium for thirty minutes 

and left overnight in the moist environment of the drained artificial throats. The tracheal sides 

of the prostheses were left in ambient air, similar to the situation with a stoma. Previously, 

this cycle of feast and famine and exposure to ambient air has been demonstrated to be 

essential to grow biofilms with features that cannot be distinguished from in vivo

biodeterioration seen on explanted prostheses.19 All experiments were carried out in 

triplicate.

Salivary substitutes, antiseptics, mucolytics and ascorbic acid. The salivary 

substitutes used in this study are Saliva Orthana (Pharmachemie BV, Haarlem, The 

Netherlands), Glandosane (cell pharm GmbH, Hannover, Germany) and Xialine (Lommerse 

Pharma, Oss, The Netherlands). Two antiseptics were included as a positive control, viz. 

chlorhexidine digluconate 0.1% and 0.15% Triclosan (Duchefa, Haarlem, The Netherlands), 

solubilized in propylene glycol (Genfarma BV, Maarssen, The Netherlands).20 The mucolytic 

agent used in this experiment was N-acetylcysteine (Zambon Nederland BV, Amersfoort, 

The Netherlands); i.e. 400 mg N-acetylcysteine dissolved in 100 ml sterile water. The

ascorbic acid used was Extra-C 1000 mg (Roter, Imgroma BV, Maastricht, The Netherlands); 

i.e. 1000 mg ascorbic acid dissolved in 100 ml sterile water. 

Synthetic salivary peptides. Dhvar4 and dhvar5 were chemically synthesized using the T-

bag method as described previously.21 The amino acid sequence of the peptides is given in 

Table 1.22 Both peptides are water-soluble and were dissolved in Xialine to a final 

concentration of 4 mg ml-1.23

Table 1. Amino acid sequence of the antimicrobial salivary peptides. 

Peptide Sequence 
10 20 

Dh-5* K R K F H E K H H S H R G Y
Dhvar4 K R L F K K L L F S L R K Y
Dhvar5 L L L F L L K K R K K R K Y

*The carboxyl terminus of the natural histatin 5 21.
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Measurement of air flow resistances. Compressed air was blown through each 

voice prosthesis prior to biofilm formation and as covered with the 7 days old biofilm. Air 

pressures were varied from 10 to 20 cm H2O and the resulting air flow (l s-1) through the 

prosthesis was measured using a flow head, calibrated with a Brooks flow meter. The 

pressure was measured just before the valve of the voice prosthesis with a pressure 

transducer, calibrated against a water manometer. The pressure range applied corresponds 

with clinically relevant conditions during tracheoesophageal shunt speech and yielded a 

linear relationship between air pressure and flow. All prostheses were measured three times 

and the mean was calculated. From the linear trajectory between air pressure and flow, an 

air flow resistance (cm H2O.s l-1) was computed by linear regression analysis, as appropriate 

for shunt valves.24 In this study, the differences in air flow resistance prior to and after 7 days 

biofilm formation were used to quantify the integrity of the biofilm. As the air flow resistance 

of individual voice prostheses prior to biofilm formation differed due to manufacturing, all air 

flow resistances measured were expressed relative to the air flow resistance of the same 

prosthesis prior to biofilm formation. 

Evaluation of biofilms. On the eighth day of an experiment biofilm formation on the 

valve side of one prosthesis was qualitatively assessed by scanning electron microscopy 

(SEM), while the second prosthesis was used to determine the number of colony forming 

units (CFUs).

For SEM, biofilm covered voice prostheses were flushed with 6.8% sucrose and 0.1 

M cacodylate buffer (pH 7.4), fixed and stained in 2% glutardialdehyde and 0.2% ruthenium 

red in 0.1 M cacodylate buffer at 4ºC and flushed again. Post-fixation and staining was 

carried out in 1% OsO4 and 0.2% ruthenium red in cacodylate buffer. After critical-point 

drying with CO2 for four hours, the specimens were mounted on SEM stubs and sputter-

coated with gold/paladium (15nm). SEM observations were made at different magnifications, 

using a JEOL 6301 at 15-25 kV. 

In order to determine the number of CFU’s, biofilms were removed by scraping and 

sonication and were subsequently serially diluted. After plating the serial dilution on MRS (de 

Man, Rogosa and Sharpe) agar plates for yeasts and blood agar plates for bacteria, plates 

were incubated at 37°C in an aerobic incubator for three days prior to enumeration. The 

number of bacterial and yeast CFUs on the oesophageal surface of each prosthesis was 

determined separately and expressed as a percentage with respect to the control. The 

consistency of the biofilm formation in each run was secured by comparison with the control 

throat.
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Statistical analysis. All data were compared with respect to the control.  A paired 

Student t test was used for the statistical analysis, accepting p < 0.1 as statistically 

significant.

RESULTS 

SEM images of voice prostheses removed from the artificial throat after seven days of 

biofilm formation were made of all the different chemical treatments evaluated. Figure 3A 

shows the biofilm covering the valve side of a prosthesis removed from the control throat, 

which is characterized by the presence of microbial communities of bacteria and yeasts 

adhering closely together with condensed EPS and connecting slime threads. The SEM 

images of ascorbic acid and Xialine with dhvar5 also showed EPS and connecting slime 

threads. Accordingly, the air flow resistance remained similar to that for the control (Table 2). 

Voice prostheses treated with Xialine with dhvar4 and chlorhexidine digluconate showed 

destruction of yeast hyphae. The effect of N-acetylcysteine on biofilm formation is shown in 

Figure 3B. Although communities of bacteria and yeasts still exist, condensed EPS and 

connecting slime threads are absent, corresponding with a significant decrease in air flow 

resistance, as compared with the control (see Table 2). Voice prostheses treated with 

Triclosan showed a similar effect as N-acetylcysteine. Table 2 summarizes the percentage of 

bacteria and yeasts on the oesophageal side of Groningen button voice prostheses. 

Figure 3. SEM images of a Groningen button voice prostheses after seven days of  biofilm formation 
influenced by A) PBS, negative control (patches of slime and slime threads are indicated by arrows) 
and B) N-acetylcysteine. Scale bar = 10 μm. 
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Table 2. Decreases (-) and increases (+) in air flow resistance caused by biofilms influenced by 
salivary substitutes with or without synthetic salivary peptides added, an antimicrobial mouthrinse or 
mucolytics, including ascorbic acid, compared with the effects of phosphate buffered saline as a 
control. The relative increase in air flow resistance caused by the control was set at 0 cm H2O.s l-1.
Also included are the percentage of viable bacteria and yeasts isolated from the voice prostheses after 
biofilm formation in the artificial throat. Both for bacteria and yeasts, the number of organisms found 
after using phosphate buffered saline as a control was set at 100%. All experiments were carried out 
in triplicate. 

Agents tested Percentage of 
bacteriaa,b

Percentage of 
yeastsa,b

Decrease (-) / increase (+) in air 
flow resistance (cm H2O.s l-1)b

N-acetylcysteine      28*     37**   -34 ± 36* 
Triclosan         8*       6**   -30 ± 36* 
Chlorhexidine digluconate          2**       6**  -12 ± 18 
Saliva Orthana   113  91    -3 ± 13 
Phosphate buffered saline    100c  100c     0d

Xialine    77 330 +0.4 ± 36 
Ascorbic acid    29*   47    +2 ± 12 
Glandosane 384   307*    +6 ± 27 
Xialine/dhvar5 (4 mg/ml)   22      6    +8 ± 9* 
Xialine/dhvar4 (4 mg/ml) 112  144     +63 ± 94** 

a Standard deviation over three experiments amounts 20-30%; b * = significant differences (paired 
Student t test, p < 0.1) from the control; ± = SDs.; ** = significant differences (paired Student t test) in 
case accepting p < 0.15 as statistically significant ;c = the number of bacterial and yeast colony 
forming units of the control amounted respectively 4.5 x 107 and 9.1 x 106 per cm2 on the oesophageal 
surface of the Low Resistance Groningen button voice prosthesis; d Phosphate buffered saline causes 
an increase in air flow resistance of  29 ± 29 cm H2O.s l-1.

N-acetylcysteine, chlorhexidine digluconate, ascorbic acid as well as Triclosan showed a 

significant decrease of the amount of bacteria and/or yeasts in the biofilm compared with the 

control. Ascorbic acid reduced the amount of bacteria significantly, in contrast with the 

reduction of yeasts. Saliva Orthana did not significantly alter the microbial composition of the 

voice prosthetic biofilms, while Xialine and Glandosane tripled yeast prevalence in the 

biofilms. Glandosane also tripled the number of bacteria, but Xialine yielded a small 

reduction in bacterial prevalence. Addition of dhvar5 to Xialine yielded decreases in both the 

percentages of bacteria and yeasts. Xialine with dhvar4 added hardly affected the amount of 

bacteria and the amount of yeasts showed a small increase compared with the control. 

Table 2 also shows the effects on the air flow resistance of biofilms as influenced by 

the different chemical treatments evaluated. The data are expressed relative to the effects of 

phosphate buffered saline. The air flow resistance of the Groningen button voice prostheses 

used prior to biofilm formation amounted 71 ± 7 cm H2O.s l-1, as averaged over all 62 
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prostheses involved in this study. The air flow resistance of prostheses increased on average 

by 29 ± 29 cm H2O.s l-1 after 7 days biofilm formation and perfusion of the artificial throats 

with phosphate buffered saline (negative control). N-acetylcysteine and Triclosan caused a 

significant decrease in air flow resistance of 34 and 30 cm H2O.s l-1 respectively, as 

compared with the control. Small changes in air flow resistances were caused by 

chlorhexidine digluconate, ascorbic acid and the three salivary substitutes (Saliva Orthana, 

Xialine and Glandosane). Addition of dhvar5 to Xialine showed a small, but significant 

increase in air flow resistance of 8 cm H2O.s l-1 with respect to the control. Xialine/dhvar4 

yielded a strong increase in air flow resistance of 63 cm H2O.s l-1, compared with the control. 

DISCUSSION

In this study, alternatives have been evaluated for the antifungal agents currently 

applied by otolaryngologists in the case of recurrent candidiasis that cause malfunctioning of 

voice prostheses in laryngectomized patients.25 The study reported here emphasized the role 

of EPS in causing malfunction of a device. The synthetic histatin analogues, dhvar4 and 

dhvar5, were included because of their broad antimicrobial activity in vitro against a variety of 

voice prosthetic oropharyngeal micro-organisms.15 Moreover, until now, no microbial 

resistance against these salivary peptides has been reported. This item is of great 

importance since laryngectomized patients with tracheoesophageal speech by means of a 

voice prosthesis mainly benefit by frequent and long-term “anti-biofilm” therapy. Helmerhorst 

et al. determined in vitro the antimicrobial activity of the synthetic salivary peptide dhvar4 

against a biofilm formed on hydroxyapatite discs consisting of seven oral bacterial species in 

the absence of yeast.22 Dhvar4 was shown to be capable of significantly reducing all bacterial 

strains within the biofilm. Additionally, Helmerhorst et al. demonstrated the candidacidal 

activity of histatin analogues by growth inhibition on agar, but the effects of histatin 

analogues on oral yeast strains employing a biofilm model have never been evaluated. 21

In this study, biofilms consisting of bacteria and yeasts offered full protection against 

dhvar4, while dhvar5 was effective in reducing the number of bacteria and yeasts in mixed 

species biofilms. Unfortunately, this reduction was not accompanied by a reduction in air flow 

resistance, suggesting that the integrity of the biofilm was not affected. This could be due to 

EPS and connecting slime threads still being present in the biofilm as was observed in 

scanning electron micrographs. 

The three salivary substitutes evaluated showed similar effects on air flow resistance, 

differing slightly from the control. Despite the fact that Glandosane and Xialine stimulated 
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microbial growth in the voice prosthetic biofilms, no significant effects on air flow resistances 

were observed, indicating that microbial prevalence in biofilms is not the most determinant 

factor controlling air flow resistance of prostheses. 

Chlorhexidine digluconate and Triclosan, both antiseptics used in mouthrinses, were 

included as positive controls in this study. Both decreased microbial prevalence in the 

biofilms with concurrent decreases in air flow resistance, most significantly by Triclosan. 

Chlorhexidine digluconate, however, is not appropriate for long-term use, because of 

irritation and dehydration of the mucosa and staining of teeth or prosthetic replacements. 

Triclosan is manufactured for use in oral preparations and is incorporated in toothpastes to 

fight cavities, plaque and gingivitis 26. However, instances of bacterial resistance to Triclosan 

have already been reported, although for strains not yet isolated in the oral cavity.27,28 

Based on the above, it can be concluded that the integrity of voice prosthetic biofilms 

is not determined by the number of organisms in the biofilm, but much more by EPS 

production. EPS "glues" the biofilm together, therewith impacting air flow resistance of voice 

prostheses. This is confirmed by the observation that both ascorbic acid and N-

acetylcysteine induced almost the same reduction in the number of bacteria and yeasts, 

probably due to their antioxidant natures, but with opposite effects on air flow resistances. 

Treatment with ascorbic acid did not result in a decrease in air flow resistance, whereas 

treatment with the mucolytic N-acetylcysteine did. Accordingly, in SEM of N-acetylcysteine 

treated biofilms (Fig. 3B), connecting slime threads are absent, whereas after treatment with 

ascorbic acid, extensive patches of condensed slime could still be seen. N-acetylcysteine 

opens di-sulfide bridges between EPS macromolecules and directly interferes with bacterial 

EPS production mechanisms, inducing a significant decrease in air flow resistance. Perez-

Giraldo et al. studied the influence of various concentrations of N-acetylcysteine on the 

formation of biofilms of different strains of S. epidermidis and found a dose-related decrease 

in biofilm and slime formation.29 N-acetylcysteine, therefore, is a promising chemical to 

disrupt the integrity of voice prosthetic biofilms, especially since it can be swallowed and 

used over a long period without adverse effects. It is, therefore, surprising that N-

acetylcysteine has not been used more often in prosthetic voice restoration, either to prevent 

biofilm formation and the occurrence of increased air flow resistance, or for the repair of 

malfunctioning prostheses. 

In summary, this study shows the importance of EPS in maintaining the integrity of 

biofilms on voice prostheses, as affecting their air flow resistances. Decreasing the integrity 

of biofilms through direct effects on the EPS appears to be more effective than reducing the 

number of viable organisms on the oesophageal surface of voice prostheses. Moreover, 
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mucolytics are more suitable for frequent and long-term use than antimicrobial agents, as 

they neither induce microbial resistance nor cause harmful side-effects in patients. 
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INTRODUCTION 

The oral cavity is the habitat of around 700 different microbial strains,1 which can form 

biofilms on the tongue, mucosa and teeth. The first step in biofilm formation in the oral cavity 

is the formation of a salivary conditioning film or pellicle, at least in healthy, non-xerostomic 

people, consisting of salivary (glycol)proteins. The composition of the biofilm is depending on 

whether it is formed on biomaterials, hard or soft tissues.2 On implant surfaces as dental 

prostheses, yeasts will have a more prominent presence than on the natural surfaces.3 

Moreover, differences in dietary intake, cleaning habits and the general health condition of 

the host influence the final composition of oral biofilms.  

This also counts for biofilms on tracheoesophageal shunt or voice prostheses. These 

prostheses are used for voice rehabilitation in laryngectomized patients. For voice 

rehabilitation, a tracheoesophageal shunt is made in which a voice prosthesis can be placed. 

In essence, a voice prosthesis is a simple one way valve, to facilitate air flow and prevent 

aspiration of food, drinks or saliva from the oesophagus into the trachea. The valves are 

prone to biofilm formation because of their non-sterile environment and the continuous 

exposure to food and drinks. Biofilm formation on the valve leads to its dysfunctioning and 

subsequent leakage of oesophageal contents into the trachea and limits the in situ life time of 

voice prostheses to three to six months.4-7   

Biofilm formation on the valves of voice prostheses in the neopharyngeal cavity 

follows the same sequence of events as oral biofilm formation, although voice prosthetic 

biofilms contain a higher number of yeast that appear in close association with bacteria in the 

biofilm, to form corncob-like structures as also found in oral biofilms (see Fig. 1).8-11 As 

another difference, salivary conditioning films on silicone rubber voice prostheses may be 

different in composition and thickness, as often laryngectomized patients have a reduced 

salivary flow rate as a side effect of radiotherapeutic treatment.12  

The possession of an adequate salivary flow rate is an important antimicrobial 

defence of any host.13 The antimicrobial properties of saliva are conveyed by a large number 

of proteins and smaller antimicrobial peptides (AMPs).14 AMPs have a broad antimicrobial 

spectrum of activity against Gram-positive and Gram-negative bacteria as well as against 

fungi 15,16 and in contrast to antibiotics, development of antimicrobial resistance to AMPs is 

rare. These properties make AMPs promising candidates for therapeutic drugs.17,18 For 

example, salivary substitutes like Xialine, have been complemented with AMPs for the 

treatment of oral candidosis19 and a mouthwash containing bovine lactoferrin and lysozym in 

combination with itraconazole resolved severe refractory oropharyngeal candidosis in HIV 

infected patients.20 AMPs have also been evaluated with respect to their possibilities in 
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controlling biofilm formation on voice prostheses in vitro.21,22 Three daily exposures of voice 

prosthetic biofilms in an artificial throat model to the AMPs dhvar5, a synthetic histatin 

derivate, yielded a reduction in bacterial and yeast prevalence in mixed species biofilms. In a 

clinical setting, however, daily exposures of a prosthesis to AMPs is impossible, as it would 

require either regular removal of a prosthesis for dipping in an AMP solution or intake of an 

AMP solution. Other options, like for instance adsorption of an AMP to the silicone rubber 

surface of a voice prosthesis are clearly preferable. 

It is the aim of this study, to investigate whether a single adsorption of the synthetic 

salivary peptides dhvar4, dhvar5, histatin analogues, human cathelicidin LL-37 or a recently 

described peptide of bovine lactoferrin LFampin 265-28423, reduces biofilm formation on the 

valve of voice prostheses in an artificial throat. 

 

 

 
Figure 1. Mixed biofilm of yeast and bacteria forming corncobs on a voice prosthesis in vivo. The 
bar denotes 4.9 �m.

 

 

MATERIALS AND METHODS 

Voice prostheses. “Ultra Low Resistance” Groningen voice prostheses made of 

implant grade silicone rubber were supplied by Médin Instruments and Supplies (Groningen, 

The Netherlands). The “Ultra Low Resistance” Groningen voice prosthesis consists of a shaft 
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with two flanges with a semicircular slit of 210º in the hat of the oesophageal flange, 

functioning as a one-way valve.  

Synthetic salivary peptides. The synthetic peptides dhvar4 (KRLFKKLLFSLRKY), 

dhvar5 (LLLFLLKKRKKRKY), LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) 

and LFampin 265-284 (DLIWKLLSKAQEKFGKNKSR) were synthesized by Fmoc-chemistry 

with a MilliGen 9050 peptide synthesizer (MilliGen/Biosearch, Bedford, MA) according to the 

manufacturer’s procedures and purified as described previously.24-26 Stock solutions of 2 mM 

of the synthetic peptides in demineralised water were used. 

 

Culture conditions of micro-organisms. Four bacterial and two yeast strains are 

used in this study to form a mixed species biofilm, previously isolated from explanted 

Groningen button voice prostheses from different patients and lifetimes varying from 1-29 

months: Candida tropicalis GB 9/9, Candida albicans GBJ 13/4A, Staphylococcus aureus GB 

2/1, Staphylococcus epidermidis GB 9/6, Streptococcus salivarius GB 24/9 and Rothia 

dentocariosa GBJ 52/2B. Yeast strains were stored on sterile Silicagel 60 (Merck, Darmstadt, 

Germany) and bacterial strains on plastic beads in TSC vials (Technical Service Consultants, 

Heywood, Lancs UK) at -22ºC and -80 ºC, respectively. The micro-organisms were grown 

aerobically at 37ºC in a mixture of 30% brain heart infusion broth (OXOID, Basingstoke, 

Great Britain) and 70% defined yeast medium (per liter: 7.5 g glucose, 3.5 g (NH4)2SO4, 1.5 g 

L-asparagine, 10 mg L-histidine, 20 mg DL-methionine, 20 mg DL-tryptophan, 1 g KH2PO4, 

500 mg MgSO4.7H2O, 500 mg NaCl, 500 mg CaCl2.2H2O, 100 mg yeast extract, 500 μg 

H3BO3, 400 μg ZnSO4.7H2O, 120 μg Fe(III)Cl3, 200 μg Na2MoO4.2H2O, 100 μg KI, 40 μg 

CuSO4.5H2O). 

 

Biofilm formation. A suspension of 2 mM of the AMPs in demineralised water was 

placed on sterile Groningen prostheses and left overnight at 4ºC. The next morning, 

prostheses were placed in an artificial throat.27 These artificial throats consist of a rectangular 

stainless steel tube with three openings to place a voice prosthesis in, through which liquids 

can be perfused (Fig. 2). Each artificial throat was equipped with a control and two 

prostheses with adsorbed antimicrobial peptides. The artificial throats were maintained at 

physiological temperatures between 36ºC and 37ºC. To mimic biofilm formation as occurring 

in laryngectomized patients, artificial throats were inoculated for 5 h with the combination of 

bacteria and yeasts as described above. After inoculation, a biofilm was allowed to grow on 

the prostheses during three days by filling the devices with growth medium (see above). 

From day 4 till day 7, the artificial throats were perfused three times a day with 250 mL 



SYNTHETIC SALIVARY PEPTIDES 
 
 
 

58 

phosphate buffered saline (10 mM potassium phosphate and 150 mM NaCl, pH 7.0) and 

prostheses were left in the moist environment of the artificial throats. At the end of each day, 

the artificial throats were filled with growth medium for 30 min, drained and left overnight in 

the moist environment. The tracheal sides of the prostheses were left in ambient air, similar 

to the situation with a tracheostoma.27 All experiments were carried out in six fold. 

 

 
Figure 2. Schematic presentation of the modified Robbins device, used as an artificial throat, and 
equipped with three Groningen button tracheoesophageal shunt prostheses. 

 

Evaluation of biofilm. On the 8th day of an experiment, the number of colony forming 

units (cfu’s) in the biofilm formed on the valve side of a prosthesis was determined. Biofilms 

were removed from the voice prosthesis by scraping and suspended in reduced transport 

fluid (NaCl 0.9 g/L, (NH4)2SO4 0.9 g/L, KH2PO4 0.45 g/L, MgSO4 0.19 g/L, K2HPO4 0.45 g/L, 

Na2 EDTA 0.37 g/L, L-cysteine HCl 0.2 g/L, pH 6.8), sonicated for 30 s and subsequently 

diluted serially and plated on MRS (de Man, Rogosa and Sharpe) agar plates for yeasts and 

blood agar plates for bacteria. Plates were incubated at 37°C in an aerobic incubator for 3 

days prior to enumeration.  

 The number of bacterial and yeast cfu’s were expressed as a percentage of the 

mean number of bacterial and yeast cfu’s formed on the control.  

 

Statistical analyses. The experiments in the artificial throats were done in six fold 

and the data for prostheses with adsorbed AMPs were statistically compared with respect to 
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the control. A Wilcoxon signed rank test was used for the statistical analysis, accepting P < 

0.05 as statistically significant. 

RESULTS 

In this study, the antimicrobial activity of different synthetic salivary peptides against a 

mixed species neopharyngeal biofilm, was investigated. In Table 1, the percentages of viable 

bacteria and yeasts are shown isolated from the voice prostheses with adsorbed 

antimicrobial peptides after biofilm formation in the artificial throat. The numbers of micro-

organisms isolated from the voice prostheses with adsorbed AMPs were compared to the 

mean numbers of micro-organisms isolated from the control. Significant decreases at p < 

0.05 were seen in the percentage of yeast on the voice prostheses with adsorbed AMPs with 

a maximum reduction of 85% for LL-37. None of the adsorbed AMPs with the exception of 

adsorbed LFampin 265-284 (38% reduction, albeit only at p < 0.1) caused a reduction in 

bacterial prevalence in the mixed species biofilms. 

 
Table 1. The percentage of viable bacteria and yeasts in biofilms formed on voice prostheses with 
adsorbed AMP. Percentages are expressed with respect to the mean number of bacteria and yeast 
found on control which was set to 100%. ± Indicates the standard deviation over six experimental 
runs. 
 

Voice prostheses Percentage of total bacteria Percentage of total yeast 

Original 100a 100a 

LL-37 
 

86 ± 69 

 

15 ± 12* 

LFampin 265-284    62 ± 42** 35 ± 41*

Dhvar4 80 ± 37 41 ± 40*

Dhvar5 90 ± 42 56 ± 39*

   

a = The absolute number of bacterial and yeast colony forming units on the control amounts 3.8 x 106 
and 1.2 x 106 per cm2 , respectively; * = significant differences (Wilcoxon signed rank test, p < 0.05) 
from the control; ** = significantly different from the control (Wilcoxon signed rank test, p<0.1). 
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DISCUSSION
 

In this study, the antimicrobial activity of different synthetic salivary peptides, 

adsorbed on silicone rubber voice prostheses was investigated against a mixed species 

neopharyngeal biofilm. Previous studies showed antimicrobial activity against single strain 

voice prosthetic micro-organisms and mixed species biofilms upon regular exposure of the 

biofilms to an AMP solution.21,22 However, this application method is not applicable for 

patients. Therefore in this study we adsorbed the peptides to the silicone rubber surface, in a 

single application, prior to biofilm formation, a method which was previously used by 

Rodrigues et al.28  

All adsorbed AMPs clearly showed a decreased yeast prevalence in the biofilm, with 

little (LFampin 265-284) or no effect on bacterial prevalence. Adsorption induces a 

conformational change of the AMPs, and the region that binds the protein to a solid surface 

may become inactivated, while the unbound region can remain to exhibit a biological 

function, such as antimicrobial activity. A net positive charge is important for the activity of 

AMPs. Upon interaction with the target organism most of the AMPs fold into an amphipathic 

�-helical conformation allowing the positively charged amino acids, like arginine and lysine, 

to interact with the negatively charged cell membrane of the target organism causing 

perforation of the cell membrane on contact with bacteria or yeasts and resulting in killing 

them.23,29 The reductions in biofilm formation found in this study over a prolonged period of 

time of several days suggest that the AMPs are adsorbed strongly on the silicone rubber. 

Since the silicone rubber is negatively charged, it is likely that electrostatic interactions 

between the silicone rubber surface and the positively charged AMPs play a role in this 

adsorption, while evidently leaving enough unbound active groups to exert the antimicrobial 

effects desired. 

Candidacidal activity is described in literature for all AMPs evaluated26,30-33 and is 

confirmed in the present study to exist also for bound AMPs. Antibacterial activity has been 

described as well in literature for a variety of applications ranging from strains found in 

infected orthopaedic joint prostheses31,34,35 to strains found in the oral and oropharyngeal 

cavity.36,37 It is of interest that regular exposure of mixed species oropharyngeal bioflms 

yielded a reduced prevalence of both yeast and bacteria in the biofilms, while in the 

adsorbed state efficacy of the AMPs against bacteria appeared to be lacking, possibly with 

the exception of LFampin 265-284. This might suggest that other active parts of the AMPs 

are involved in their antimycotic action than in their antibacterial action, and that their 

antibacterial active groups are involved in adsorption to the silicone rubber. Alternatively, the 

mixed species nature of the currently investigated biofilms may also contribute to the lack of 
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antibacterial efficacy observed, as reduced antibacterial activity of AMPs against a mixed 

bacterial biofilms was also reported by Helmerhorst et al.38  

In conclusion, AMPs adsorbed on silicone rubber voice prostheses in a single 

application showed a significant decrease in yeast prevalence in mixed species biofilms. 

Antibacterial efficacy of the adsorbed AMPs was virtually absent, possibly as a result of their 

adsorption or the mixed species nature of the biofilms. 
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INTRODUCTION 

Biofilm formation is the leading cause for the failure of biomedical prostheses1,2, 

including tracheoesophageal shunt prostheses, used for speech rehabilitation in patients 

after total laryngectomy because of a malignant laryngeal tumor. Tracheoesophageal shunt 

prostheses are made of a silicone rubber tube capped on one end with a one-way valve and 

are placed between the oesophagus and the trachea. The valve of the prosthesis constitutes 

its oesophageal side and the one-way mechanism allows air to pass from the tracheal side, 

but fluids passing the oesophagus are blocked from entering the trachea. Micro-organisms 

readily form a biofilm on the oesophageal side of a prosthesis, which leads to dysfunctioning 

of the valve and induces leakage of fluids in the trachea or increased air-flow resistance 

during speech.3,4 Consequently, the useful lifetime of a voice prosthesis varies between 3-6 

months.4-6   

Tracheoesophageal shunt prosthetic biofilms contain a mixture of yeast and bacteria, 

including Candida species, Staphylococcus and Streptococcus species, as well as Rothia 

dentocariosa. Especially Candida albicans, C. tropicalis and R. dentocariosa are known to 

reduce the lifetime of tracheoesophageal shunt prostheses in vivo.7 Both antimicrobials and 

or antifungal agents have been administered to patients in order to eradicate these biofilms8, 

but the biofilm offers effective protection against antimicrobials, to which planktonic 

organisms are usually susceptible.9,10 Therefore, preventive measures seem a better way to 

deal with these biofilms. Gottenbos et al. described the antibacterial properties of a positively 

charged, organosilane quaternary ammonium compound (3-(trimethoxysilyl)-

propyldimethyloctadecylammonium chloride (QAS), coating on silicone rubber against a 

variety of different bacterial strains in vitro, and moreover demonstrated effectiveness of 

QAS-coatings against a S. aureus biofilm in vivo.11 Similarly Biocidal ZF, a commercially 

available disinfectant, containing quaternary ammonium compounds as the only specified 

active ingredient, is used for coating incubators and sterile cabinets to protect cell cultures 

from microbial contamination. Neither the QAS-coating nor Biocidal ZF has ever been 

investigated for their efficacy against mixed fungal and bacterial biofilms.  

The aim of this study was to evaluate the inhibitory effect of QAS- and Biocidal ZF-

coatings against the development of a mixed fungal and bacterial biofilm on silicone rubber 

tracheoesophageal shunt prostheses in vitro, in order to develop new strategies for the 

prevention of microbial colonization of silicone rubber voice prostheses.  
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MATERIALS AND METHODS 
 

Tracheoesophageal shunt prostheses. “Ultra Low Resistance” silicone rubber 

Groningen button tracheoesophageal shunt prostheses were supplied by Médin Instruments 

and Supplies (Groningen, The Netherlands). The “Ultra Low Resistance” Groningen button 

tracheoesophageal shunt prosthesis consists of a shaft with two flanges with a semicircular 

slit of 210º in the hat of the oesophageal flange, functioning as a one-way valve. The 

prosthesis is made of implant grade silicone rubber.  

 

Silanization and surface characterization. The tracheoesophageal shunt 

prostheses were cleaned in a 2% RBS 35 detergent solution (Omniclean, Breda, The 

Netherlands) under simultaneous sonication and thoroughly rinsed in demineralized water, 

disinfected in 70% ethanol, washed with sterile Millipore-Q water and dried overnight at 80ºC 

under aseptic conditions. For coating with Biocidal ZF, tracheoesophageal shunt prostheses 

were sprayed twice with Biocidal ZF (WAK-Chemie Medical GmbH, Steinbach, Germany), 

fully covering the valve with the Biocidal, followed by exposure to ambient air and drying for 

20 h, under aseptic conditions. For QAS-coating11, prostheses were oxidized in a glow-

discharge reactor (a DC modified Edwards sputter coater S150B) through an argon plasma 

treatment, done under 5 mbar argon pressure, at a power of 7 W for 5 min, followed by 

exposure to ambient air. Subsequently, each oxidized voice prosthesis was immediately 

immersed in 0.5 % QAS (Dow Corning Corporation, Carrollton, Kentucky, USA) in Millipore 

water. Coated tracheoesophageal shunt prostheses were allowed to react and dry at 80ºC 

for 20 h11, under aseptic conditions. Sheets of silicone rubber (SR) (25 x 76 mm) were 

similarly treated for surface characterization.  

For surface characterization, QAS- and Biocidal-coated SR was washed for 30 min in 

PBS followed by rinsing with demineralized water. The chemical composition of SR, QAS-

and Biocidal-coated SR surfaces were determined by X-ray photoelectron spectroscopy 

(XPS) using an S-Probe spectrometer (Surface Science Instruments, Mountain View CA, 

USA) at a spot size of 250 � 1000 �m and X-rays were produced using an aluminum anode. 

A scan of the overall spectrum in the binding energy range of 1-1200 eV at low resolution 

(pass energy 150 V) was recorded, followed by scans over a 20 eV binding energy range at 

high resolution (pass energy 50 eV) for C1s, O1s, N1s, Si2p and Cl2p. The area under the peak, 

after linear background subtraction, was used to calculate the peak intensities after 

correction with sensitivity factors provide by the manufacturer. The elemental surface 

compositions were expressed in atomic % setting %C + %O + %N + %Si + %Cl to 100%.  
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Zeta potentials of the surfaces were derived from the pressure dependence of the 

streaming potentials employing a parallel plate flow chamber of which the top and bottom 

plate were constituted by SR, QAS- or Biocidal-coated SR sheets fixed on Perspex plates 

(25 x 76 mm), separated by an 0.2 mm Teflon gasket. Two rectangular platinum electrodes 

(5.0 x 25.0 mm) were located at both ends of a parallel plate flow chamber.12 Streaming 

potentials were measured during 1 h in PBS (10 mM potassium phosphate and 150 mM 

NaCl, pH 7.0), at ten different pressures ranging from 37.5 to 150 Torr and each pressure 

was applied for 10 s in both directions. 

Advancing type water contact angles were measured at room temperature with a 

home-made contour monitor using the sessile drop technique.  

 

Determination of in vitro cytotoxicity (ISO 10993-5). In order to ensure that 

potential future applications of these coatings would not be impeded because of cytotoxicity, 

silicone rubber sheets with a QAS coating were send to a reference laboratory (Toxicon 

Europe NV, Leuven, Belgium). In short, extracts of QAS coated silicone rubber were 

prepared at 37�C for 24 h by using 12.1 ml minimum essential medium supplemented with 

serum (MEM complete) for 72.5 cm2. Extracts of positive (natural rubber) and negative (bare 

silicone rubber) controls were also prepared to verify the proper functioning of the test 

system. The extracts were then tested for cytotoxicity using L929 mouse fibroblasts cell 

culture (USP 28-NF 23). QAS coated silicone rubber may be considered non-cytotoxic if 

none of the cultures exposed show greater than mild reactivity. The toxicity measurements 

were performed at a notified test institute following tests for in vitro cytotoxicity EN/ISO 

10993-5 (Toxicon Europe NV, Leuven, Belgium). 

 

Biofilm formation. A modified Robbins device made of stainless steel was used as 

an artificial throat (see Fig.1) to grow biofilms.13 Each artificial throat was equipped with three 

Groningen Ultra Low Resistance tracheoesophageal shunt prostheses an uncoated, a QAS-

coated and a Biocidal-coated prosthesis. During the experiment, the artificial throat was 

maintained at a temperature between 36ºC and 37ºC, as in a laryngectomized patient.  

To grow tracheoesophageal shunt prosthetic biofilms as found in laryngectomized 

patients, artificial throats were inoculated for 5 h with a combination of bacteria and yeasts, 

previously isolated from explanted Groningen tracheoesophageal shunt prostheses. This 

combination comprised Candida tropicalis GB 9/9, Candida albicans GBJ 13/4A, 

Staphylococcus aureus GB 2/1, Staphylococcus epidermidis GB 9/6, Streptococcus 

salivarius GB 24/9 and Rothia dentocariosa GBJ 52/2B and was cultured in a mixture of 30% 

brain heart infusion broth (OXOID, Basingstoke, Great Britain) and 70% defined yeast  
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Figure 1. Schematic presentation of the modified Robbins device, used as an artificial throat, and 
equipped with three Groningen voice prostheses. 

 

 

medium (per liter: 7.5 g glucose, 3.5 g (NH4)2SO4, 1.5 g L-asparagine, 10 mg L-histidine, 20 

mg DL-methionine, 20 mg DL-tryptophane, 1 g KH2PO4, 500 mg MgSO4.7H2O, 500 mg NaCl, 

500 mg CaCl2.2H2O, 100 mg yeast extract, 500 μg H3BO3, 400 μg ZnSO4.7H2O, 120 μg 

Fe(III)Cl3, 200 μg Na2MoO4.2H2O, 100 μg KI, 40 μg CuSO4.5H2O). After inoculation, a biofilm 

was allowed to grow on the tracheoesophageal shunt prostheses during three days, by filling 

the devices with growth medium. From day four till day seven, the artificial throats were 

perfused three times a day with 250 ml PBS. After each perfusion the prostheses were blown 

through, with compressed air at three different pressures (10, 15 and 20 cm H2O), to mimic 

shunt oesophageal speech and to mobilize the valve system.  

Subsequently, the prostheses were left in the moist environment of the artificial 

throats. At the end of each day, the devices were filled with growth medium during 30 min 

and left overnight in the moist environment of the drained artificial throats. The tracheal sides 

of the prostheses were left in ambient air, similar to the situation with a stoma.13 

 

Evaluation of biofilms. On day eight of an experiment, tracheoesophageal shunt 

prostheses were removed from the artificial throats. Biofilm formation on the valve side of the 

prosthesis was assessed by determining the number of colony forming yeast and bacteria 

(CFUs). To this end, biofilms were removed by scraping and sonication and subsequently 

serially diluted. After plating the serial dilution on MRS (de Man, Rogosa and Sharpe) agar 

plates for yeasts and blood agar plates for bacteria, plates were incubated at 37°C in an 
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aerobic incubator for 3 days prior to enumeration. In each experimental run, an untreated 

silicone rubber prosthesis was inserted as a control and the number of bacterial and yeast 

colony forming units on the oesophageal surface of each prosthesis was determined 

separately and expressed as a percentage with respect to that control to ensure consistency 

of biofilm formation in each run. 

Two artificial throats were used for imaging biofilm formation on the valve side of the 

prostheses with Confocal Laser Scanning Microscopy (CLSM). Voice prostheses of one 

artificial throat were visualized after Fluorescence in Situ Hybridization (FISH) with rRNA-

targeted oligonucleotide probes. FISH was performed using a modification of previously 

described protocols.14-16 After removal from the artificial throat the tracheoesophageal shunt 

prostheses underwent the following preparation steps: conservation for 24 h in sterile PBS, 

fixation for 24 h in a 4%-paraformaldehyde solution at 4ºC and conservation for at least 24 h 

in an ethanol/PBS (1:1) solution. After those preparation steps the valves of the prostheses 

were cut into small cross-sections and attached on glass slides. The fixed samples were 

hybridized (in a closed moist chamber by 50ºC) in a volume of 200 �l pre-warmed (50ºC) 

hybridization buffer (0.9 M NaCl, 20 mM Tris/HCl, pH 7.2, and 0.01% SDS) mixed with 10 �l, 

100 ng/�l rhodamine labeled EUB-338 probe (5’-GCTGCCTCCCGTAGGAGT-3’) for 

detecting bacteria and 10 �l, 100 ng/�l fluorescein-isothyocyanate (FITC) labeled EUK-516 

probe (‘5-ACCAGACTTGCCCTCC-3’) for visualization of the yeasts 1 (Eurogentic, Seraing, 

Belgium). After 17-19 h the slides were washed in a pre-warmed (50ºC) washing buffer for 15 

min to remove unbound probes, rinsed with sterile Millipore water, carefully dried with 

tissues, mounted in Vectashield® medium for fluorescence (Vector Laboratories, Inc. 

Burlingame CA 94010) and covered with a coverslip. The confocal images were obtained 

using a 20x oil immersion objective of a CLSM model LEICA TCS SP2 (Leica Microsystems 

Heidelberg GmbH, Heidelberg, Germany). 

Samples from the second artificial throat intended for imaging were subjected to 

live/dead baclight® (Molecular Probes, Leiden, the Netherlands) staining kits for yeasts and 

bacteria. Directly after removing the prostheses from the artificial throat, prostheses were 

stained for 15 min in the dark at room temperature with both the live/dead viability stain 

containing SYTO 9 dye (3.34 mM) and propidium-iodide (20 mM) and the live/dead Yeast 

viability kit containing FUN-1 cell stain (10 �M) and Calcofluor White M2R staining (25 �M), 

but in our experience the two-color fluorescent probe, FUN-1, sufficed for determining yeast 

viability. Series of about 20 images were made of each biofilm on the prostheses using a 20x 

water immersion objective and stacked into overlay projections. 
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Statistical analysis. All experiments in the artificial throats were done quadruple and 

the quantitative data were statistically compared with respect to the control. A Wilcoxon 

signed rank test was used for the statistical analysis, accepting P < 0.05 as statistically 

significant. 

 

 

RESULTS 
 

The surface characteristics of the silicone rubber prior to and after QAS- and Biocidal-

coating are summarized in Table 1. The presence of a QAS-coating increases %N and %Cl 

relative to the uncoated SR, whereas the presence of the Biocidal-coating is not evident from 

the XPS data, likely because its layer thickness is too thin for detection by XPS. Water 

contact angles are similar on QAS-coated (100 degrees) and uncoated SR (108 degrees), 

but the Biocidal-coating creates a more hydrophilic SR surface (40 degrees). Most 

importantly, the zeta potential of SR, authentically negative, becomes positive after QAS- 

and Biocidal-coating (16 and 29 mV, respectively). The Biocidal-coating however, becomes 

negatively charged within one hour whereas the QAS coating stays positively charged.  

 

 
Table 1. Chemical surface composition, equilibrium water contact angles (degrees) and zeta 
potentials (mV) in PBS of untreated silicone rubber, Quaternary Ammonium Silanized silicone rubber 
(QAS-coated SR) and Biocidal-coated SR. 
 

Surface property 
 

Untreated QAS-coated SR Biocidal-coated SR 

%C 49  63 49 
    

%O 26  19  25 
    

%Si 25  14 26 
    

%N 0  2.6 0 
    

%Cl 0  2.3 0 
    

Equilibrium water 
contact angle 

108 100 40 

    
Zeta potential - 15 mV + 16 mV +29 mV 
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The cytotoxicity of the QAS coated silicone rubber was tested and mild biological 

reactivity (Grade 2) was observed in the L929 mammalian cells at 48 h, post exposure. The 

observed cellular response obtained from the positive control extract (Grade 3) and the 

negative control extract (Grade 0) confirmed the suitability of the test system. The QAS 

coated silicone rubber can therefore be considered non-cytotoxic. 

The percentages of viable yeast and bacteria harvested from QAS- and Biocidal- 

coated SR are shown in Table 2, as well as the total number of micro-organisms cultures per 

cm2 prosthesis surface. Significantly (p< 0.05) less viable bacteria and yeast are harvested 

from the QAS coating than from authentic silicone rubber prostheses, while the Biocidal-

coating shows a reduction as well, that is however not significantly. These numbers are 

confirmed qualitatively in Figure 2 showing CLSM images of the prostheses surfaces after 

live/dead staining. Note some hyphae on the Biocidal-coating are observed, which are 

absent on the QAS coated prosthesis. 

 

 
Table 2. Decrease in percentage of viable bacteria and yeast isolated from the tracheoesophageal 
shunt prostheses coated with QAS or Biocidal with respect to untreated prostheses, as obtained in 
four independent experiments (± SD). Both for bacteria and yeasts, the number of organisms of the 
untreated prostheses was set at 100%. 
 
 

Coatings 
 

Percentage of total 
bacteriaa

Percentage of  
total yeasta

Total micro-organisms 
(CFU/cm2)

Untreated 100a 100a 2.5 106 ± 1.5 106 
   
   

QAS 36* ± 16 12* ± 9  0.8 106* ± 0.3 106 
   
   

Biocidal 27 ± 32 16 ± 15 0.6 106* ± 0.7 106 
   

 
a =  the number of viable bacterial and yeast colony forming units on untreated silicone rubber 
prostheses amounted respectively 2.1x 106  and 3.8 x  105 per cm2 on the oesophageal side of the 
Low Resistance Groningen Button tracheoesophageal shunt prostheses; * = significantly different from 
untreated prostheses (Wilcoxon signed rank test, p < 0.05) from the control. 

 

 

Figure 3 shows CLSM images of cross-sections of biofilms on the valve of the silicone 

rubber tracheoesophageal shunt prostheses prior to and after coating. As can be seen, the 

biofilm on the untreated prosthesis is thicker than on the coated ones. The high 



EFFECTS OF QUATERNARY AMMONIUM SILANE COATINGS 
 
 
 

76 

magnifications for the control and Biocidal coating show ingrowth of hyphae into the silicone 

rubber. No hyphae of yeasts in the biofilm on the QAS-coated surface have been observed.  

 

 

   
A B C
Figure 2. Confocal Laser Scanning Microscopy images (CLSM) of surfaces of Groningen button 
tracheoesophageal shunt prostheses, after live/dead staining for yeasts and bacteria. The arrows are 
pointing to hyphae. Bar denotes 40 �m. A) Untreated prosthesis; B) Quaternary Ammonium Silanized 
Silicone Rubber (QAS) coating; C) Biocidal coating. 

 
 

 

A

 

B

 

C

Figure 3. Confocal Laser Scanning Microscopy images (CLSM) of cross-sections of 
tracheoesophageal shunt prosthetic bioflims after in situ hybridization with fluorescence-labelled 
oligonucleotide probes, making bacterial cells appear red and yeast appear green. The arrows in the 
magnifications are pointing to hyphae. Bar denotes 40 �m for the overview and 10 �m for the 
magnification.A) Untreated prosthesis; B) Quaternary Ammonium Silanized Silicone Rubber (QAS) 
coating; C) Biocidal coating. 
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DISCUSSION
 

In this study silicone rubber tracheoesophageal shunt prostheses were coated with 

QAS- and Biocidal ZF-coatings to evaluate their inhibitory effect against the development of 

a mixed fungal and bacterial biofilm on these prostheses. QAS-coatings turned out to be 

stable coatings that were not cytotoxic in a first evaluation due to the stable bound state of 

the QAS-molecules (note that the Biocidal ZF-coating is not stable and was therefore not 

tested for its cytotoxicty). Thus QAS-coatings constitute a new strategy for the prevention of 

microbial colonization of silicone rubber of voice prostheses but also of medical devices in 

general and can be helpful in prevention of resistance of micro-organisms against antibiotics 

or antimycotics. 

The surface characteristics of the coated tracheoesophageal shunt prostheses 

showed that the Biocidal-coating was not evident from the XPS data, probably because the 

Biocidal-coating is thinner than the depth of information of XPS (3-5 nm). In contrast, water 

contact angles and the zeta potential, both measuring on the outer surface layer with an 

information depth of several �, clearly demonstrated the presence of the coating. The zeta 

potential of the Biocidal-coating quickly becomes negative, indicating the instability of the 

coating. In this respect it should be noted that the commercially available antimicrobial fluid, 

Biocidal ZF, is normally used as a coating for incubators, which have to be cleaned and 

recoated every 14 days. This is opposite to the chemical bonding established for the QAS-

coating 

Gottenbos et al.11 reported that the positively charged QAS-coating affects the viability 

of Gram-negative bacteria as well as of Gram-positive bacteria in single strain, bacterial 

biofilms. Here it is demonstrated that such a coating reduces also the number of viable 

bacteria and yeast in mixed biofilms, as demonstrated by plate counting and CLSM after 

live/dead staining. Immobilized QAS molecules are known to interact with cell membranes of 

adhering bacteria, presumably causing membrane leakage and cell death.11,17 The 

mechanisms of action of QAS causing death in yeast is not known, but it seems to impede 

the formation of hyphae (see Fig. 3). Alternatively, little is also known about the influence of 

the bacterial presence on the expression of hyphae in yeast. Consequently, the absence of 

hyphae could either be a direct effect of the coating or an indirect effect caused by the 

absence of bacteria on QAS-coated surfaces.  

This study demonstrates for the first time that the viability of both yeast and bacteria 

in mixed biofilms is affected by positively charged QAS-coatings on silicone rubber. Since a 

QAS-coating is non-toxic, clinical application could increase the useful lifetime of 

tracheoesophageal shunt prostheses by decreasing biofilm formation in vivo, as ingrowth of 
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yeasts is mainly held responsible for deterioration of the silicone rubber in vivo.18 The 

relevance of the current findings extends, however, to all biomedical and environmental 

applications where mixed biofilms develop and form a problem. 
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INTRODUCTION 

In the medical field, metals, polymers, ceramics and composites can be used to make 

prostheses. Two important issues in the choice of a biomaterial are its mechanical properties 

and biocompatibility. For voice prostheses silicone rubber has turned out to be the 

biomaterial of choice. These prostheses are one way valves, connecting the trachea and the 

esophagus in patients after a total laryngectomy because of a malignant laryngeal tumor. 

Silicone rubber is a polymer widely used as a biomaterial in many biomedical 

implants and devices. In 1955 the first silicone rubber product for medical application, a 

hydrocephalus shunt, was made.1 A wide range of medical devices followed through time: 

catheters, breast implants, contact lenses, cochlear implants etc.2-5 The widespread use of 

silicone rubber is due to its inactivity to the immune system of the human body, good 

possibility for sterilization, anti-adhesive and stable properties during long term residence in 

human body and minimum negative tissue response.6 Another positive characteristic is its 

ease of processing into different shapes by molding. This became even easier when liquid 

silicone rubber was introduced in 1979.  Liquid silicone rubber has the low viscous 

appearance of the raw material and can be molded into any shape before curing. Curing 

takes a couple of days at room temperature (20ºC), but at temperatures above 140ºC the 

reaction is completed within a few seconds.7 The process of turning liquid silicone rubber into 

an end product can be described in three steps: filling, packing/holding and cooling. During 

the first stage, the hot polymer melt rapidly fills a cold mold reproducing a cavity of the 

desired product shape. During the packing/holding stage, the pressure is raised and extra 

material is forced into the mold to compensate for shrinkage due to temperature decreases 

and the development of crystallinity during solidification. The cooling stage starts at the 

solidification of a thin section at the cavity entrance. When the solid layer on the mold surface 

reaches a thickness sufficient to assure the required rigidity, the product is ejected from the 

mold.8 

Silicone rubber has a hydrophobicity in the so-called bio-abhesive range, which 

constitutes another reason for its widespread use as a biomaterial, because infection is 

common in the clinical application of biomaterial implants, and almost inevitably leads to 

removal of the implant.9-11 This is also the case for voice prostheses despite the fact that they 

are made out of bio-abhesive silicone rubber. The positioning of the valve in the unsterile 

environment of the esophagus causes rapid biofilm formation and malfunctioning of the 

valve. By consequence, voice prostheses usually fail within 3-6 months.12-14 The biofilm on 

voice prostheses consists of a mixed biofilm of bacteria and yeast. The variety in 

oropharyngeal microflora between different patients results in different mixtures of bacteria 
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and yeast in biofilms on voice prostheses, and probably relates to the large difference in in 

vivo lifetime between patients. Elving et al. identified a group of microorganisms which are 

significantly more present in biofilms of prostheses that failed within 4 months compared to 

prostheses failing after 9 months from the time of insertion.15 This group of microorganisms 

(Candida tropicalis, Candida albicans, Rothia dentocariosa) supplemented with 

Staphylococcus aureus, Staphylococcus epidermidis and Streptococcus salivarius are 

comprised in our in vitro model to grow biofilm on the voice prostheses.16  

An important aspect of a biomaterial surface influencing biofilm formation is its 

roughness. The surface roughness of an end product is influenced by the material used and 

the surface of the mold, which is influenced by the polishing of the mold.  

The aim of this study is to produce a voice prosthesis, based on the regular 

Groningen prosthesis, with decreased surface roughness using liquid silicone and smooth 

molding, that shows reduced biofilm formation in comparison with regular “Ultra Low 

Resistance” silicone rubber Groningen voice prostheses.  

MATERIALS AND METHODS 

Voice prostheses. Commercially available “Ultra Low Resistance” silicone rubber 

Groningen voice prostheses were supplied by Médin Instruments and Supplies (Groningen, 

The Netherlands). The “Ultra Low Resistance” Groningen voice prosthesis consists of a shaft 

with two flanges with a semicircular slit of 210º in the hat of the esophageal flange, 

functioning as a one-way valve. The prosthesis is made of implant grade silicone rubber 

MED-4750 NuSil Technology (Carpinteria, United States of America). It is a two-part, high 

tear strength silicone elastomer, that consists of dimethyl and methylvinyl siloxane 

copolymers and reinforcing silica. To process prostheses using MED-4750, Part B is 

softened first on a cooled two-roll mill, and then Part A is softened. An equal portion by 

weight of softened Part B is added, these components are cross blend until thoroughly 

mixed. The temperature of the blended material is kept as low as possible to give maximum 

table life. The curing process takes 10 min at 116ºC, and adjusting the temperature may vary 

the rate of cure.17 

In addition to the commercially available prostheses, a smoother “Ultra Low 

Resistance” variant was made by a simple injection molding technique utilizing a single 

cavity hardened steel mold. To produce a smooth mold surface, an extreme level of polishing 

was applied to the relevant mold surfaces. The highly smooth finish was achieved by 

polishing using pure diamond particles of varying sizes from 45 μm down to 1 μm to create a 
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final surface roughness of between 0.05-0.2 Ra (�m). Prostheses prepared in this mold were 

made of silicone rubber MED-4850 (NuSil Technology Carpinteria, United States of America) 

which is a two part translucent silicone system, with a viscous liquid physical state.18 To 

produce the prostheses, the materials were mixed in a 1:1 ratio in a vacuum mixer before 

being loaded into a 10 ml syringe. The mold surfaces were sprayed with MACSIL silicone 

release agent (Polymed limited, Cardiff, United Kingdom) and the three parts of the mold 

were tightly bolted together. The MED-4850 was then injected through the injection port and 

the mold was placed in a dry oven at 100�C for 2 h to ensure full curing.  After curing, the 

prostheses were left in dry air for cooling. 

 

Surface characterization. Elemental surface compositions of the silicone rubber 

surfaces of the commercially available and newly made voice prostheses were determined 

by X-ray photoelectron spectroscopy (XPS). The XPS used was an S-Probe spectrometer 

(Surface Science Instruments, Mountain View CA, USA) with a spot size of 250 � 1000 �m 

and monochromatic X-rays were produced using an aluminum anode. A scan of the overall 

spectrum in the binding energy range of 1-1100 eV at low resolution (pass energy 150 V) 

was recorded for concentration measurements.

The roughness of the silicone rubber surfaces of the commercially available and the 

newly made prostheses were measured using Atomic Force Microscopy (AFM). The AFM 

used was a Nanoscope III Dimersiontm 3100 Digital Instruments, (Santa Barbara, CA, USA) 

operated in the contact mode using a Si3N4 cantilever tip with a spring constant of 0.06 Nm-1. 

The valves of the voice prostheses with their concave sides up were put below the cantilever 

of the AFM to obtain height images in three dimensions at six places per sample, from which 

its mean roughness (Ra) was calculated. Ra indicates the average distance of the roughness 

profile to the centre plane of the profile. 

Advancing type water contact angles were measured at room temperature using the 

sessile drop technique. Droplets were placed with a syringe and advancing angles were 

obtained by placing the needle in the water droplet (1-1.5 �l) and carefully moving the 

sample until the advancing angle appeared to be maximal. The contact angles were 

calculated from droplet profiles determined with a home-made contour monitor. On the 

different valves of the voice prostheses five droplets were placed over the surface.  

Biofilm formation A modified Robbins device made of stainless steel was used as 

an artificial throat (Fig. 6.1) to grow biofilms.16 Each artificial throat was equipped with original 

Groningen Ultra Low Resistance voice prostheses and a smooth variant in order to evaluate 
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both in the same artificial throat. During the experiment, the artificial throat was maintained at 

a temperature between 36ºC and 37ºC, as in a laryngectomized patient. 

 

 
Figure 6.1. Schematic presentation of the modified Robbins device, used as an artificial throat, 
containing three Groningen voice prostheses.

 

 

To grow voice prosthetic biofilms as found in laryngectomized patients, artificial 

throats were inoculated for 5 h with a combination of bacteria and yeasts, previously isolated 

from explanted Groningen voice prostheses. This combination comprised C. tropicalis GB 

9/9, C. albicans GBJ 13/4A, S. aureus GB 2/1, S. epidermidis GB 9/6, S. salivarius GB 24/9 

and R. dentocariosa GBJ 52/2B and was cultured in a mixture of 30% brain heart infusion 

broth (OXOID, Basingstoke, Great Britain) and 70% defined yeast medium (per liter: 7.5 g 

glucose, 3.5 g (NH4)2SO4, 1.5 g L-asparagine, 10 mg L-histidine, 20 mg DL-methionine, 20 

mg DL-tryptophane, 1 g KH2PO4, 500 mg MgSO4.7H2O, 500 mg NaCl, 500 mg CaCl2.2H2O, 

100 mg yeast extract, 500 μg H3BO3, 400 μg ZnSO4.7H2O, 120 μg Fe(III)Cl3, 200 μg 

Na2MoO4.2H2O, 100 μg KI, 40 μg CuSO4.5H2O). After inoculation, a biofilm was allowed to 

grow on the voice prostheses during three days, by filling the devices with growth medium. 

From day four till day seven, the artificial throats were perfused three times a day with 250 ml 

phosphate buffered saline (PBS). Subsequently, the prostheses were left in the moist 

environment of the artificial throats. At the end of each day, the devices were filled with 

growth medium during 30 min and left overnight in the moist environment of the drained 

artificial throats. The tracheal sides of the prostheses were left in ambient air, similar to the 

situation with a stoma. The experiments were carried out in quadruple for quantitative biofilm 

evaluation.  
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Biofilm evaluation. On day eight of the experiment, voice prostheses were removed 

from the artificial throats to assess the number of colony forming yeast and bacteria (CFUs) 

on the valve side of the prostheses. To this end, biofilms were removed by scraping and 

sonication and subsequently serially diluted. After plating, the serial dilutions on MRS (de 

Man, Rogosa and Sharpe) agar plates for yeasts and blood agar plates for bacteria, plates 

were incubated at 37°C in an aerobic incubator for 3 days prior to enumeration. In each 

experimental run, original and newly made silicone rubber prostheses were inserted. The 

number of bacterial and yeast colony forming units on the esophageal surfaces of the newly 

made prostheses was determined and expressed as a percentage of the mean number of 

bacterial and yeast colony forming units of  the original prostheses. 

 

Statistical analysis.The experiments in the artificial throats were done in quadruple. 

The quantitative data were statistically compared with respect to the mean of the original 

voice prostheses, using a Wilcoxon signed rank test and accepting P < 0.1 as statistically 

significant. 

 

 

RESULTS 
 

The physico-chemical surface characteristics of the original and newly made smooth 

Ultra Low Groningen voice prostheses are summarized in Table 6.1. The chemical surface 

characteristics and water contact angles are comparable. The main difference between both 

prostheses is in their surface roughness. The mean surface roughness of the newly made 

Table 6.1. Elemental surface composition, water contact angles (degrees) and roughness (nm) of 
original and newly made smooth silicone rubber prostheses.  
 

Surface 
property 

%C  %O %Si Water contact 
angle (degrees) 

Surface roughness 
Ra (nm) 

Original 48  26 26 108 46 

      

      

Smooth 48 27 25 112 8 
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prosthesis amounts 8 nm, which is significantly smoother than the original prosthesis with a 

roughness of 46 nm.  

The percentages of viable yeast and bacteria harvested from the original and the 

newly made, smooth Ultra Low Groningen voice prostheses are shown in Table 6.2. 

Percentages of viable bacteria and yeast were expressed with respect to the mean numbers 

found on the original prostheses, for which the number of organisms was set at 100%. A 

reduction of about 40% in both bacterial and yeast prevalence is seen for the smooth 

prostheses, as compared with the original Groningen button voice prosthesis, despite large 

differences between runs.  

Table 6.2. Percentage of viable bacteria and yeast isolated from original and newly made, smooth 
voice prostheses. Results were obtained in four independent experiments (± SD); percentage was 
expressed with respect to the mean of the original prostheses for which the number of bacteria and 
yeast was set at 100%.  
 

 

Voice prostheses Percentage of total bacteria Percentage of total yeast 

Original  100a 100a 

Smooth Run
I

 

56 

 

48 

II 85 102 

III 80 42 

IV 18 47 
 

Mean ± SD 
 

  

60 ± 31* 

 

60 ± 29(**) 

 

a = the number of viable bacterial and yeast colony forming units on original silicone rubber prostheses 
amounted 2.0 x 107 and 8.8 x 105 per cm2 , respectively; * = Significantly different from original 
prostheses (Wilcoxon signed rank test, p < 0.1) from the control; (**) = Significantly different from 
original prostheses (Wilcoxon signed rank test, p < 0.15) from the control. 
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DISCUSSION

In this study the original Groningen ultra low resistance silicone rubber voice 

prosthesis was modified through the use of a different mold and liquid silicone rubber filling, 

which resulted in a decreased surface roughness. Roughness has been shown in literature 

to be an important aspect in biofilm formation. In dentistry, a roughness above 200 nm is said 

to facilitate biofilm formation on restorative materials.19 Bruinsma et al. described an increase 

in deposition of Pseudomonas aeruginosa when rigid gas permeable contact lenses had a 

surface roughness exceeding 14 nm.20 Verran et al. contributed the effect of a rougher 

surface to an increase in surface area available for microbial attachment, and the provision of 

protection against shear off forces in the environment.21 Moreover, Whitehead et al. noted 

that the shape and size of microorganisms may play an important role in relation to the 

shape and dimension of the surface features in order to establish strong attachment. S. 

aureus (a 1 �m coccal bacterium) was more easily removed from titanium oxide surfaces 

with a mean surface roughness (Ra) of 8.7 nm compared to a 500 nm featured surface, while 

P. aeruginosa (a 1 �m x 3 �m rod shaped bacterium) showed an opposite result.22 Surface 

roughness of voice prostheses however, has never been subject of research before. 

In this study, a large decrease in roughness from 46 nm to 8 nm was established on 

the newly made, smooth voice prostheses compared to the original prostheses. This 

decrease was created by using a different silicone rubber MED-4850 instead of MED-4750 in 

combination with another mold. These two silicone rubbers differ significantly in their physical 

state: rubber-crepe for MED-4750, which is a high consistency elastomer, and viscous liquid 

for MED-4850, which is a liquid silicone rubber. Because of this difference in physical state, 

MED-4850 is easier to mix and more fully filling the mold. Moreover, an extreme level of 

polishing was applied to the surface of the mold, using pure diamond particles of varying 

sizes from 45 μm down to 1 μm to create the smooth finish of the mold with Ra values in the 

range of 0.05-0.2 (μm). Standard polish levels for injection mold tools are in a Ra range of 

0.4-1 (μm). 

In this study a voice prosthesis was produced, based on the regular Groningen 

prosthesis, with decreased surface roughness using liquid silicone rubber and smooth 

molding. These smooth prostheses showed reduced biofilm formation in comparison with 

regular “Ultra Low Resistance” silicone rubber Groningen voice prostheses in vitro, without 

the need of major adjustments in the production process or coating of prostheses after 

production. The next step is to investigate the effect of this smooth prosthesis on in vivo 

biofilm formation and lifetime in patients.  
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CHAPTER 7

For some patients with a laryngeal or hypopharyngeal tumour the only chance upon 

survival is to undergo a laryngectomy. Since Billroth performed the first laryngectomy in 

1873, major improvements have been established with regard to the quality of life of 

laryngectomized patients. However patients nowadays still are painfully aware that their 

appearance and voice will change. The vocal cords are removed leaving the patient with the 

inability to speak. It took until the late 19th century before the development in voice 

rehabilitation took a flight. Oesophageal speech and the electrolarynx were developed and in 

1979 the first tracheoesophageal fistula with insertion of a silicone rubber voice prosthesis 

was described by Blom and Singer.1 Until now this is the preferred form of voice 

rehabilitation, because oesophageal speech is difficult to learn for most people and an 

electrolarynx gives a robotic voice. Different prostheses were designed after Blom and 

Singers first prosthesis. The Provox®2 voice prosthesis is the most widely used prosthesis in 

The Netherlands, followed by the Groningen Ultra Low Resistance prosthesis, both made of 

silicone rubber. A major drawback of the Groningen voice prosthesis was the retrograde 

insertion of the prosthesis which created much more discomfort to the patient when changing 

the voice prosthesis compared to the anterograde technique used with Provox®2 prostheses. 

This difference is resolved by the introduction of the frontloading system for the Groningen 

voice prostheses. Both frontloading systems are currently evaluated in a prospective 

multicentre trial. An important difference between these prostheses is the design of the valve. 

The Provox®2 voice prosthesis is a biflanged device which has a hinge valve molded into one 

piece with the prosthesis and supported by a radiopaque, fluoroplastic ring (Fig. 1a). The 

Groningen Ultra Low Resistance prosthesis has two flanges with a semicircular slit of 210º in 

the hat of the oesophageal flange (Fig. 1b).  

Figure 1. A) Provox and B)
Groningen Low Resistance 
voice prosthesis open valves.

A B

However, both prostheses are in essence no more than one way valves, placed in a 

tracheoesophageal fistula, to prevent stenosis of the fistula and aspiration of food, drinks or 
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saliva from the oesophagus into the trachea. When the prosthesis would withstand time and 

the influences of saliva, food and drinks, this voice prosthesis could stay in situ, but as long 

as mankind uses prostheses for medical purposes, biofilm formation on these prostheses 

has been a troublesome fact. Biofilm formation on voice prostheses leads to dysfunction, 

resulting in the necessity to replace the prosthesis. In this thesis different strategies to reduce 

biofilm formation on the valve of voice prostheses are evaluated. 

METHODS TO EVALUATE BIOFILM FORMATION 

To evaluate strategies to decrease biofilm formation we used the so-called artificial 

throat, a model which was developed by Leunisse et al.2 and complemented by Elving et al.3

Every laboratory setup has its limitations compared to the in vivo situation and of course the 

artificial throat is no exception. Moreover creating a reliable experimental setup for biofilm 

formation and prevention on voice prostheses is very difficult because the variables between 

patients are multiple. Differences in composition of saliva, acid reflux and food habits for 

example, are not included in our experimental set up, but will create different biofilms. 

However including more variables will not necessarily improve the experimental setup as it is 

more difficult to differentiate what is influencing the results. Elving implied that an important 

step to improve the in vitro set up could be integrating leakage through the voice prosthesis. 

This can be done without changing the actual set up for biofilm formation in the artificial 

throat as described in chapter 2 and significant changes in leakage between voice 

prostheses with and without a biofilm were only seen for the Provox voice prostheses. 

Leakage characteristics of Groningen voice prostheses appeared not strongly influenced by 

the presence of a biofilm. 

Biofilms have been described since Van Leeuwenhoek examined the plaque of his 

own teeth, but it took until 1978 before research in biofilm formation took a huge flight.4

Nowadays, we are becoming more and more aware of the complexity of biofilms. The 

artificial throat is an interesting instrument to study influences on voice prosthetic biofilms in

vitro before testing in vivo. New ways to visualize biofilms, like fluorescence in situ 

hybridization (FISH), can also be used to label different micro-organisms in order to achieve 

a better understanding of the organization within a biofilm. It is interesting to look more 

closely to the biofilms again as they probably have changed over time as nowadays people 

are first treated with accelerated radiotherapy and surgery is performed in a later stage.  
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COATINGS 

Different coatings are used on voice prostheses or other biomaterials to decrease 

biofilm formation. In literature different coatings on different biomaterials are described. In 

this thesis two positively charged quaternary ammonium silane coatings and antimicrobial 

peptides are used.  

Antimicrobial peptides (AMPs) are natural defenses of the human species in the fight 

against bacteria and yeasts, as noted in many articles they are promising candidates for 

therapeutic drugs. In this thesis different antimicrobial peptides are tested on their activity on 

the voice prosthetic biofilm. Elving et al.5 showed a promising effect of the antimicrobial 

peptides dhvar 4 and dhvar 5 on single strain micro-organisms. However dhvar 4 did not 

show any effect when used on the mature voice prosthetic biofilm. Investigating the effect on 

younger biofilms can be interesting as it could be that reduced susceptibility develops only at 

a certain stage of biofilm maturation and that younger biofilms are not protected.6 Elving did 

not test these antimicrobial peptides on developing biofilms, because using these 

antimicrobial peptides from the start of the introduction of the prosthesis in the patient would 

mean frequent intake of the peptides demanding therapy loyalty of the patient. Adsorbing the 

peptides on the valve of the voice prostheses would overcome this problem. This was 

investigated in this thesis and achieved a significant decrease in yeast load, while the 

bacterial load was only significantly decreased for adsorbed LFampin 265-284. This 

antimicrobial peptide could be an interesting peptide to examine in an in vivo setting. 

However at this moment we do not know if we can store the AMP-coated prostheses as we 

do not know how long the peptides stay active on the voice prostheses.  

Polymer brushes are a different group of coatings which are described in literature. 

Cringus-Fundeanu described a polyacrylamide brush which showed a high reduction in 

microbial adhesion.7 The micro-organisms tested were Staphylococcus aureus,

Streptococcus salivarius and Candida albicans, all micro-organisms which are also seen in 

the biofilm on voice prostheses. This finding makes a polyacrylamide brush interesting in 

decreasing biofilm formation on these prostheses.   

An important drawback of the use of coatings on biomaterials is the complexity of the 

final production process and the subsequent increasing costs. 
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MODIFIED PROSTHESES 

Up to now in vivo research to decrease biofilm formation has led to an increase in 

costs due to a more complex production process or regular intake of medication for the 

patients. Decreasing biofilm formation, and therewith increasing in vivo lifetimes of voice 

prostheses without extra costs and discomfort to the patients, will be an important 

accomplishment in this line of research. In the last chapter of this thesis we produced such a 

modulated smooth voice prosthesis. The mold used for producing the voice prostheses was 

made smoother and a liquid silicone rubber was used, resulting in a smoother voice 

prosthetic surface. This prosthesis showed reduced biofilm formation in vitro compared to 

regular prostheses of the same type. Investigating the in vivo lifetime of these smoother 

prostheses will be a logical next step and is the topic of a next PhD project within UMCG.  

Another modification of voice prostheses could be prostheses made of silicone rubber 

mixed with fluoride. Fluoride is known to decrease biofilm formation and a silicone rubber 

mixed with fluoride is commercially available therefore these prostheses could be made with 

little extra effort.  

‘Prevention is better than cure’ and trying to influence biofilm formation from the onset 

is probably better than trying to eliminate a mature biofilm. However, as voice prostheses are 

situated in a moist environment surrounded by bacteria and yeast, total prevention will not be 

possible. Therefore, it is worthwhile to look at adjustments to the voice prostheses 

themselves so biofilm formation will have less effect on its function. Since the Groningen 

voice prostheses are used, the actual design has not been changed and changes in design 

may decrease the effect of biofilm formation on the closing mechanism of the valve. 

The search for methods to prevent or decrease biofilm formation on medical implants is in 

progress and probably will be for a very long time. It will be a challenge to unravel the secrets 

of the micro eco system of the biofilm. 
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CHAPTER 8

People who have had a laryngectomy because of a malignant tumor loose their vocal cords 

and the connection between lower and upper airway, therefore loosing their ability to speak. 

Voice rehabilitation is accomplished with tracheoesophageal shuntprostheses, in short voice 

prostheses. These biflanged silicone rubber tubes are placed in a tracheoesophageal fistula 

so air can flow from the trachea to the neopharynx, where the vibrating mucosa will produce 

a sound, enabling the patients to speak again. The oesophageal side of the tube is covered 

with a valve to prevent aspiration of fluids. The moist environment of the oesophagus and 

multiple nourishments make the valves of these prostheses prone for biofilm formation, 

which causes dysfunction of the valve. This results in a visit to the hospital to undergo an 

unpleasant replacement. The mean lifetime of a voice prosthesis is 3-6 months, however 

some patients need replacements every other week. Therefore finding (a) way(s) to 

decrease biofilm formation to increase in vivo lifetime of voice prostheses is the main aim of 

this thesis. 

Although leakage through a voice prosthesis is the main reason for replacement of the 

prosthesis in the clinical setting, this has never been the subject of in vitro studies. Therefore 

in Chapter 2 a model comprised of an artificial throat equipped with a single prosthesis 

coupled to a water reservoir was developed to compare the in vitro leakage patterns of three 

commercially available voice prostheses, in absence or presence of a biofilm. In this study 

Blom Singer prostheses showed the lowest leakage followed by the Groningen Low 

Resistance. Provox®2 voice prostheses showed significantly the most leakage, which 

significantly decreased in presence of a biofilm. Regularly blowing air through the Provox®2

prostheses, to mimic oesophageal speech, significantly increased the leakage again. This is 

in line with clinical observations showing 76% replacements for Provox®2 compared to 57% 

replacements for Groningen Low Resistance due to leakage, out of 746 clinical 

replacements.

A letter to the editor send about this chapter elaborates about the assumed non clinical 

significance of this research because of the tight fit around the prostheses in the artificial 

throat, which causes a very small distortion enabling the prostheses to leak. The extreme 

differences in leakage patterns between the measured prostheses are irrelevant according to 

the author of the letter. In our opinion however, a non challenged voice prostheses will close 

perfectly as a column of water is put over them. This pressure helps the original elastic force 

from the silicone rubber to close the valve. In vivo closure is impeded by trapping food 

remnants, minor deformations due to uneven pressure exerted on the shaft by the fistula 

circumference, biofilm formation in the valve or deterioration of the elastic properties of the 
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silicone rubber by ingrowing biofilm. Therefore the extreme increase of leakage in the 

Provox®2 compared to the other voice prostheses, with a small distortion of the voice 

prostheses is relevant. This seems also to be acknowledged by Provox as they designed a 

voice prosthesis which overcomes this problem by using a magnet on the valve which 

enables closure in more challenged circumstances. 

Biofilm integrity is ensured by extracellular polymeric substances (EPS). This statement is 

reinforced by the results described in Chapter 3. In this study synthetic salivary peptides, 

mucolytics and two different antiseptics (Chlorhexidine and Triclosan) were investigated on 

their effect on reduction and integrity of the biofilm on voice prostheses. The voice 

prostheses were incubated in an artificial throat model, allowing simultaneous adhesion and 

growth of yeast and bacteria. After initial biofilm formation they were dipped in the different 

substances, showing decreases in biofilm formation for the two positive controls and for N-

acetylcysteine and ascorbic acid. However, significant decreases in airflow resistance was 

only seen in treatment with triclosan and N-acetylcysteine which also showed an absence of 

connecting slime threads on scanning electron micrographs which suggests the importance 

of EPS on the integrity of biofilm. 

Antimicrobial peptides (AMPs) have shown in literature to be promising candidates for 

therapeutic drugs as they have a broad antimicrobial spectrum and development of 

antimicrobial resistance to AMPs is rare. In Chapter III dhvar5 showed a reduction of the 

voice prosthetic biofilm, but the application method is not applicable for patients. Therefore in 

Chapter 4 different AMPs were adsorbed in a single application on the valve of voice 

prostheses. Subsequently biofilms were grown on the voice prostheses in an artificial throat 

model. All the adsorbed AMPs showed a significant decrease in the yeast prevalence in the 

formed biofilms. In addition, LFampin 265-284 was the only AMP reducing bacterial 

prevalence. This lack of antibacterial efficacy of the other AMPs could be a result of their 

adsorption or the mixed species nature of the biofilms. 

Other coatings, two quaternary ammonium silanes, were investigated in Chapter 5. One 

coating [(trimethoxysilyl)-propyldimethyloctadecylammonium chloride] was applied through 

chemical bounding, while the other coating, Biocidal ZF was sprayed onto the silicone rubber 

surface. Both coatings were tested in the artificial throat showing significant reductions in 

numbers of viable yeast and bacteria compared to the control. This was confirmed using 

confocal laser scanning microscopy after live/dead staining of the biofilms.  However the 

sprayed coating lost its stability within an hour, while the chemically bonded coating 
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appeared stable. Moreover In situ hybridization with fluorescently labeled oligonucleotide 

probes showed that yeasts expressed hyphae on the untreated and Biocidal ZF-coated 

prostheses but not on the QAS-coated prostheses. Whether this is a result of the positive 

QAS coating or is due to the reduced number of bacteria is currently unknown. This is the 

first report on the inhibitory effects of positively charged coatings on the viability of yeasts 

and bacteria in mixed biofilms.  

The downside of the strategies to decrease biofilm formation described in the 

previous chapters are the extra steps and costs in the production process. Therefore in 

Chapter 6 the original Groningen ultra low resistance silicone rubber voice prosthesis was 

modified through the use of a different mold and liquid silicone rubber filling, which resulted in 

a decreased surface roughness. These smooth prostheses showed reduced biofilm 

formation in comparison with regular “Ultra Low Resistance” silicone rubber Groningen voice 

prostheses in vitro, without the need of major adjustments in the production process or 

coating of prostheses after production. 

In Chapter 7, the general discussion, methods to evaluate biofilm formation, different 

coatings and modifications of prostheses are discussed. Furthermore suggestions for future 

research are made for these subjects. 
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INLEIDING

Patiënten met kanker van het strottenhoofd, krijgen een behandeling met bestraling of 

microchirurgische behandeling. Echter als dit niet voldoende effectief is gebleken dan is een 

laatste hoop tot genezing een laryngectomie. Bij een laryngectomie wordt het strottenhoofd 

(= de larynx) met de tumor verwijderd, hierbij worden tevens de stembanden verwijderd. De 

luchtpijp heeft geen verbinding meer met de mond maar wordt in de hals vastgehecht, de 

luchtstroom van in- en uitademing verloopt via de hals via een zogenoemd tracheostoma 

(Fig. 1). Door deze rigoureuze anatomische veranderingen kan de gelaryngectomeerde 

patiënt niet meer praten. Gelukkig zijn de stembanden niet noodzakelijk voor het vormen van 

geluid. Bij het vormen van geluid ontstaan er dalingen en stijgingen in de luchtdruk die als 

een golf getransporteerd worden. Als er weer een luchtstroom naar de mond getransporteerd 

kan worden kan er dus geluid gemaakt worden. Met behulp van de tong, tanden en lippen 

kan dit geluid vervolgens gevormd worden tot gearticuleerde spraak. Op basis van dit 

mechanisme kunnen patiënten zonder strottenhoofd weer leren spreken bijvoorbeeld door 

oesophageale spraak. Hierbij wordt lucht ingeslikt wat vervolgens wordt opgeboerd; bij dit 

opboeren wordt slijmvlies boven de oesophagus in trilling gebracht en kan de patiënt weer 

woorden vormen. Voor veel patiënten is dit echter een lastige techniek om te leren, daarom 

is er een voorkeur voor de tracheoesophageale spraak.

A B

Figuur 1. Anatomie van de larynx in verhouding tot de slokdarm, luchtpijp en de mondholte A) voor 
een laryngectomy B) na een laryngectomy. De pijltjes geven de luchtstroom weer bij spreken.

Tracheoesophageale shuntprothese / stemprothese. Voor de tracheoesophageale 

spraak wordt een verbinding (= fistel / shunt) gemaakt tussen de luchtpijp (= trachea) en de 
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slokdarm (= oesophagus) om de luchtstroom naar de mond te herstellen (Fig. 1B). In deze 

shunt wordt een tracheoesophageale shuntprothese geplaatst om de verbinding open te 

houden. De prothese is een siliconen rubberen buisje met een klep aan de zijde van de 

slokdarm. Deze klep voorkomt lekkage van vloeistoffen en voedsel vanuit de slokdarm naar 

de luchtpijp wanneer de patiënt eet/drinkt. Wanneer de patiënt inademt en vervolgens de 

opening van de luchtpijp in de hals (= tracheostoma) afsluit gaat bij uitademing de lucht door 

de prothese en de klep naar de mond, waar het geluid tot spraak gevormd kan worden (Fig. 

1B). Daarom worden de tracheoesophageale shunt protheses vaak simpelweg 

stemprotheses genoemd. Praten op deze manier kan bijna elke patiënt aangeleerd worden.  

De eerste stemprothese werd ontwikkeld in 1979 door Blom en Singer.1 Sindsdien 

zijn er verschillende stemprotheses ontworpen. In Nederland worden de Provox®2

stemprotheses het meeste gebruikt gevolgd door de Groningen Ultra Low Resistance (Fig. 

2). Een nadeel van de Groningen stemprothese was het retrograde plaatsingsmechanisme, 

hierbij werd de stemprothese via de mond ingebracht, de meeste patiënten ervaren dit als 

vervelend. Dit plaatsingsmechanisme is nu echter aangepast in een anterograde techniek, 

overeenkomstig de Provox®2 stemprothese, waarbij de stemprothese wordt ingebracht via 

het tracheostoma. Deze beide systemen worden op dit moment geëvalueerd in een landelijk 

onderzoek. Het belangrijkste verschil dat overblijft, is het ontwerp van de klep. De Provox®2

stemprothese is een prothese met twee flenzen en een klep met een scharniermechanisme 

(Fig. 2A). De Groningen Ultra Low Resistance prothese heeft twee flenzen met een halve 

cirkelvormige snede in de hoed van de oesophageale flens, waardoor de klep gevormd wordt 

(Fig. 2B). 

A) Provox®2 B) Groningen Low Resistance 
Figuur 2. A) Provox®2 en B) 
Groningen Low Resistance
stemprotheses met 1) gesloten 
en 2) geopende klep.

1

2
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Biofilmvorming. Een biofilm is een laagje van bacteriën en gisten ingebed in een 

slijmlaag die gevormd worden in natuurlijke en kunstmatige omgevingen als een oppervlak 

omgeven wordt door voldoende vocht, zoals bij de romp van een boot of het afvoerputje van 

de douche. Ook op medische protheses ontstaan biofilms zoals een kunstklep in het hart of 

een kunstheup en stemprotheses. In het bijzonder bevindt de klep van de stemprothese zich 

in een ideale omgeving voor biofilmvorming, de slokdarm is vochtig en voedselrijk. Bacteriën 

en gisten hechten zich gemakkelijk aan het siliconen rubber van de prothese en de biofilm 

vorming vindt plaats. Naast het groeien van de biofilm in de klep tast de biofilm het siliconen 

rubber aan door in het rubber te groeien. Deze biofilm kan ervoor zorgen dat de klep van de 

stemprothese niet meer goed functioneert, zoals het moeilijker opengaan van de klep, 

waardoor het praten lastiger wordt. Echter de meest voorkomende disfunctie is lekkage van 

vloeistoffen van de slokdarm naar de luchtpijp met als gevolg hoesten en uiteindelijk mogelijk 

infectie van de longen. Van de boot en het afvoerputje is de biofilm redelijk tot goed te 

verwijderen, dit is echter moeilijker bij een kunstklep in het hart en ook de klep van de 

stemprothese laat zich niet zo gemakkelijk schoonmaken. Ook medicijnen tegen bacteriën (= 

antibiotica) en tegen schimmels (= antimycotica) werken niet goed tegen biofilms op 

protheses. De biofilm heeft namelijk een heel eigen ecosysteem waarin de bacteriën en 

gisten zich beschermen tegen deze medicijnen. In veel gevallen is verwijdering en 

vervanging van de protheses de enige oplossing. Vervanging van de stemprothese is ten 

opzicht van vervanging van een hartklep relatief gemakkelijk echter door zijn locatie treedt 

biofilmvorming en dysfunctie als gevolg van de biofilmvorming vroeg of laat altijd op. De 

patiënt moet hiervoor naar een ziekenhuis waar een minder plezierige wisseling volgt. De 

gemiddelde levensduur van een stemprothese is 3-6 maanden echter bij sommige patiënten 

moet de stemprothese om de twee weken gewisseld worden.  

Biofilmvorming in een laboratoriumopstelling, de kunstkeel. In het laboratorium 

wordt een kunstkeel gebruikt om middelen te testen die biofilmvorming verminderen. De 

kunstkeel is een roestvrijstalen buis waarin de stemprotheses geplaatst kunnen worden (Fig. 

3) waarop vervolgens een biofilm gegroeid kan worden. De buis wordt op 

lichaamstemperatuur gehouden en hierin kunnen we een mengsel met bacteriën en gisten 

brengen zodat deze zich kunnen hechten aan de stemprotheses. Vervolgens volgt er een 

traject van afwisselend voeden en niet voeden van de bacteriën en gisten zodat er binnen 

een aantal dagen een biofilm groeit, vergelijkbaar met de biofilm die zich vormt op een 

stemprothese van een laryngectomie patiënt.2,3
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DOEL VAN DIT PROEFSCHRIFT 
 In dit proefschrift worden een aantal experimenten beschreven met het volgende 

gezamenlijke doel: “Het vinden van (een) oplossing(en) om de biofilmvorming op 

stemprotheses te verminderen zodat de levensduur van de prothese in de patiënt langer 

wordt.”

Figuur 3. Schematische tekening van een kunstkeel met 3 Groningen stemprotheses. 

SAMENVATTING VAN DE HOOFDSTUKKEN IN HET PROEFSCHRIFT 

Lekkage door de stemprothese. Er zijn meerdere redenen om de stemprothese te 

vervangen. Dit kan zijn omdat het praten door de stemprothese lastiger gaat, of omdat er 

lekkage van vloeistoffen van de slokdarm langs de stemprothese lekken omdat de fistel 

eromheen te ruim is geworden. Echter de meest voorkomende reden om de stemprothese te 

vervangen is lekkage door de stemprothese heen, ‘een lekkende klep’. In het laboratorium is 

deze lekkage nog nooit onderzocht.  

Daarom is in Hoofdstuk 2 een model ontwikkeld waarmee de lekkage onderzocht 

kan worden. Dat model bestaat uit een kunstkeel, waarin 1 stemprothese wordt geplaatst, 

gekoppeld aan een waterreservoir (Fig. 4). Het waterreservoir zorgt voor een constante druk 

op de stemprothese zodat het lekkage patroon onderzocht kan worden. In dit hoofdstuk 

hebben we het lekkage patroon van drie commercieel verkrijgbare stemprotheses 

vergeleken, in af- en aanwezigheid van een biofilm. 
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Figuur 4. Schematische tekening van de experimentele opzet om lekkage door de stemprothese te 
meten gebaseerd op de kunstkeel. Het water reservoir heeft een groot oppervlak om een constante 
druk tijdens het experiment te kunnen garanderen. H is de hoogte in centimeters

In deze studie vertoonde de Blom Singer stemprotheses, welke in de Verenigde 

Staten van Amerika worden gebruikt, de minste lekkage, gevolgd door de Groningen Low 

Resistance stemprothese (Fig. 5). De Provox®2 stemprotheses lieten significant de meeste 

lekkage zien, wat significant verminderde in aanwezigheid van een bioiflm. Regelmatig lucht 

blazen door de Provox®2 stem protheses, om praten van de patiënten na te bootsen, liet 

vervolgens een significante stijging zien van de lekkage. Dit komt overeen met een klinisch 

onderzoek waarin is gekeken naar 746 klinische vervangingen van stemprotheses omdat 

deze protheses lekten. Dit onderzoek laat zien dat 76% van Provox®2 stemprotheses werden 

vervangen in verband met lekkage in vergelijking met 57% van de Groningen Low 

Resistance.

De strakke pasvorm om de protheses in de kunstkeel zorgen voor een kleine 

vervorming waardoor de stemprotheses kunnen gaan lekken en is bovendien niet klinisch 

relevant. Dit zijn de voornaamste argumenten aangevoerd tegen dit onderzoek in een brief 

aan de editor van het tijdschrift waarin het artikel over dit onderzoek gepubliceerd is. De 

extreme verschillen in het lekkage patroon tussen de gemeten protheses zijn irrelevant 

volgens de auteur van deze brief. In onze mening echter zal een stemprothese perfect 

sluiten als een waterkolom extra druk legt op klep, aangezien deze druk de originele 

elastische krachten van het siliconen rubber om de klep te sluiten alleen maar helpen. In de 
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patiënt is de sluiting niet perfect doordat voedselresten tussen de klep kunnen blijven zitten. 

Tevens zal biofilmvorming op de klep en aantasting van de elastische kenmerken door 

ingroei van biofilm in het siliconen rubber vervormingen van de klep geven. Daarom is de 

extreme stijging van lekkage bij de Provox®2 stem protheses in vergelijking met de andere 

twee protheses met de minimale vervorming wel relevant. Dit probleem lijkt ook erkend te 

worden door Provox aangezien ze een stemprothese ontworpen hebben die dit probleem 

omzeilt door gebruik te maken van een magneet in de klep die er voor zorgt dat de klep goed 

gesloten kan worden in meer uitdagende omstandigheden.  

 
 
 
 
 
 
 
 

Figuur 5. Lekkage patronen van de  
verschillende typen stemprotheses uitgezet 
tegen de druk van de waterkolom in 
afwezigheid en aanwezigheid van een biofilm 
en na regelmatig doorblazen met lucht tijdens 
biofilmvorming. (�) Zonder een biofilm 
(n=10);(�) met een biofilm (n=5); (�) met een 
biofilm gevormd tijdens regelmatig lucht 
doorblazen (n=5). [NB: de y-as van figuur B 
heeft een grotere schaal dan die van A en C]. 
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Integriteit van de biofilm. Biofilm vorming begint zodra de prothese geplaatst is. 

Bacteriën en gisten uit het speeksel en voedsel zullen zich hechten aan het oppervlak welke 

uiteindelijk een biofilm gaan vormen. Bacteriën en gisten zullen gaan groeien en een soort 

slijm produceren wat extracellulair polymere substanties worden genoemd of te wel EPS. Dit 

EPS vormt een soort frame waarin de bacteriën en gisten zich bevinden en de biofilm bij 
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elkaar houdt en bovendien beschermt tegen antibiotica en antimycotica. Deze stelling wordt 

bevestigd door de resultaten beschreven in Hoofdstuk 3. In deze studie worden kunstmatige 

speeksel eiwitten, vitamine C, een slijmoplossend medicijn en twee verschillende 

ontsmettingsmiddelen (Chlorhexidine and Triclosan) onderzocht op hun effect op het 

verminderen van het aantal bacteriën en gisten en de integriteit van de biofilm. In de 

kunstkeel lieten we op de stemprotheses een biofilm groeien waarna de stemprotheses, met 

de biofilm op de klep, gedipt werden in de verschillende substanties. Dit liet een 

vermindering van biofilmvorming zien bij de twee positieve controles (de 

ontsmettingsmiddelen), bij de slijmoplosser, N-acetylcysteine, en bij vitamine C. Echter 

vermindering van de luchtweerstand als we de stemprothese doorblazen, werd alleen gezien 

bij triclosan en N-acetylcysteine. Ook op electronen microscopische plaatjes lieten deze twee 

behandelingen een afwezigheid van slijmdraden tussen de bacteriën en gisten zien wat 

suggestief is voor het nut van EPS voor de integriteit van de biofilm (Fig. 6). 

Figuur 6. Elektronen microscopische plaatjes van een Groningen stemprothese na zeven dagen van 
biofilmvorming beïnvloed door A) Neutrale vloeistof (PBS = negatieve controle) en B) Slijmoplossend 
medicijn (= N-acetylcysteine). Streepje = 10 μm. De pijltjes geven de slijmplaques en –draden aan. 

Antimicrobiële eiwitten. Adequate speekselvloed is een belangrijk 

verdedigingsmechanisme in de mond tegen bacteriën en gisten. In het speeksel bevinden 

zich namelijk een groot aantal eiwitten en kleinere antimicrobiële peptiden (AMPs), die een 

natuurlijke verdediging zijn tegen allerlei bacteriën en gisten. Bij antibiotica en antimycotica 

(medicijnen tegen respectievelijk bacteriën en gisten) is bekend dat sommige bacteriën en 

gisten een weerstand hebben ontwikkeld tegen deze medicijnen. Dit is zeldzaam bij AMPs 

waardoor ze erg interessant zijn om ze onder andere te gebruiken tegen biofilmvorming. In 

hoofdstuk 3 zagen we een vermindering van de biofilm op de stemprothese bij gebruik van 

117



SAMENVATTING 

het AMP dhvar5, maar de manier waarop de eiwitten aangebracht werden kan niet bij 

patiënten gebruikt worden. Daarom werden in Hoofdstuk 4 verschillende AMPs 

geabsorbeerd op de klep van de stemprothese. Vervolgens werden biofilms gegroeid op de 

stemprotheses in de kunstkeel. Alle geabsorbeerde AMPs lieten een significante 

vermindering zien van de aanwezigheid van gist in de gevormde biofilms. LFampin 265-284 

was de enige AMP die ook de aanwezigheid van bacteriën in de biofilm verminderen (Tabel 

1). De afwezigheid van antibacteriële activiteit van de andere AMPs zou het resultaat kunnen 

zijn van de manier waarop ze absorberen op de stemprothese of doordat het een gemengde 

biofilm is met zowel bacteriën als gisten.  

Tabel 1. Het percentage van levensvatbare bacteriën en gisten in een biofilm gevormd op de 
stemprotheses met geadsorbeerde AMPs. Percentages zijn uitgedrukt ten opzichte van het 
gemiddelde aantal bacteriën en gisten gevonden op de controle prothese dit is op 100% gesteld. ± 
geeft de standaard deviatie weer van zes experimenten. 

 

Stemprostheses Percentage van totaal aantal 
bacteriën

Percentage van totaal aantal 
gisten

Origineel 100a 100a

LL-37 86 ± 69 15 ± 12* 

LFampin 265-284    62 ± 42** 35 ± 41*

Dhvar4 80 ± 37 41 ± 40*

Dhvar5 90 ± 42 56 ± 39*

 

a = Het absolute aantal bacteriën en gisten kolonie gevormde eenheden van de controle prothese 
bedraagt 3.8 x 106 en 1.2 x 106 per cm2 , respectievelijk; * = significant verschil (Wilcoxon signed rank 
test, p < 0.05) van de controle; ** = significant verschil van de controle (Wilcoxon signed rank test, 
p<0.1). 

Coatingen. De AMPs in hoofdstuk 4 zijn als een soort laagje op de klep van de 

stemprotheses aangebracht, dit wordt ook wel een coating genoemd. In Hoofdstuk 5 zijn 

twee andere coatingen onderzocht; twee quaternaire ammonium silaan coatingen (QAS). 

Eén coating [(trimethoxysilyl)- propyldimethyloctadecyl-ammonium chloride] werd door 
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chemische binding aan de stemprothese gekoppeld. De andere coating, Biocidal ZF een 

commercieel verkrijgbaar product, werd op de klep van de stemprothese gesprayed. Beide 

coatingen werden in de kunstkeel getest en lieten significante verminderingen zien van het 

aantal levende gisten en bacteriën ten opzichte van de controle prothese zonder coating. Op 

de biofilm zijn kleuringen toegepast waarmee levende en dode bacteriën en gisten 

aangetoond kunnen worden dit is op een foto terug te zien (blz. 76). Op deze foto’s werden 

de vermindering van de biofilm bij de stemprotheses met coating terug gezien. De gesprayde 

coating verloor echter zijn stabiliteit binnen een uur, terwijl de chemisch gebonden coating 

stabiel leek te blijven. Tevens hebben we de bacteriën en gisten gelabeld zodat ze zichtbaar 

werden. Hierbij werd gezien dat de gisten hyphen vormden, dit zijn uitlopers van de gisten 

die in het siliconen rubber van de stemprothese kunnen groeien en zo het siliconen rubber 

kunnen aantasten. De hyphen werden alleen op de onbehandelde en de Biocidal gecoate 

protheses gezien en niet bij de QAS gecoate protheses. Of dit een resultaat is van de 

positieve geladen QAS coating of als gevolg van het verminderde aantal bacteriën is op dit 

moment niet bekend. Dit is de eerste keer dat remmende effecten van positief geladen 

coatingen op de levensvatbaarheid van gisten en bacteriën in gemixte biofilms is 

aangetoond.  

Glad oppervlak. Dat een biofilm makkelijker op een ruw oppervlak hecht dan op een 

glad oppervlak is al langer bekend. Van deze kennis hebben we gebruik gemaakt in 

Hoofdstuk 6 waar beschreven wordt hoe de originele Groningen “Ultra Low Resistance” 

siliconen rubberen prothese aangepast is door het gebruik van een andere mal en een 

vloeibare siliconen rubberen vulling waardoor het oppervlak van de stemprothese minder ruw 

werd. Deze gladde protheses lieten een vermindering zien van biofilmvorming in vergelijking 

met de reguliere “Ultra Low Resistance” siliconen rubberen Groningen stemprothese. Het 

grote voordeel van deze methode om biofilmvorming te verminderen tov de eerder 

beschreven strategieën is dat er weinig extra kosten gepaard gaan met deze productie 

verandering. Er zijn geen extra stappen nodig zoals bij het aanbrengen van coatingen en de 

patiënt hoeft geen medicijnen in te nemen dus niet therapietrouw te zijn. 

CONCLUSIES 

Het lekkage model geeft interessante verschillen tussen lekkage patronen van 

verschillende stemprotheses. Ten aanzien van de antimicrobiële peptiden werkt LFampin 

265-284 geadsorbeerd op de stemprothese het best van de door ons geteste peptiden, 
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aangezien deze zowel de bacteriën als de gisten in de biofilm aanpakt. Dit zou een 

interessante peptide zijn om in vivo te testen echter we weten nog niet in hoeverre we de 

met AMP gecoate stemprotheses kunnen bewaren en hoe lang ze actief blijven op de 

stemprotheses. De QAS coating, die met een chemische binding op de stemprothese 

aangebracht werd, liet ook een positief resultaat zien ten aanzien van biofilm vermindering 

en bovendien zagen we hier geen ingroei van de biofilm in de stemprothese. Het grote 

nadeel van deze coatingen is echter de kosten die het aanpassen van het productieproces 

met zich meebrengt. Daarom is de gladde stemprothese beschreven in het laatste hoofdstuk 

het meest interessant, het productie proces hoeft hiervoor nauwelijks aangepast te worden. 

Momenteel wordt dan ook onderzocht of deze protheses ook een verlenging van levensduur 

bij de patiënten laat zien. Ten aanzien van het doel van dit proefschrift: “Het vinden van (een) 

oplossing(en) om de biofilmvorming op stemprotheses te verminderen zodat de levensduur 

van de prothese in de patiënt langer wordt” zijn een aantal mogelijkheden geopperd, 

waarvan in het bijzonder dit laatste beschreven onderzoek de meeste kansen maakt om 

daadwerkelijk de kwaliteit van leven van de patiënt te verbeteren.  
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Dit proefschrift is niet alleen tot stand gekomen door mijn inspanningen, daarom wil ik hier 

diegenen bedanken die dit mede mogelijk hebben gemaakt. 

Prof. Dr. FJW Albers ging met mij in zee in 2002 voor een ‘package deal’  van promotie en 

specialisatie. Helaas is hij er niet meer bij nu het eerste onderdeel is afgesloten. Mijn ogen 

spuwen nog steeds vuur als ik denk dat mij onrecht is aangedaan, zoals u eens terecht 

opmerkte. Uw overlijden was een groot onrecht wat uw familieleden en naasten dagelijks 

met zich meedragen. Mijn gedachten gaan naar hen uit.  

Interesse in onderzoek uitte zich bij mij tijdens de studie Geneeskunde. De artikelen die 

hieruit zijn gerold hebben me zeker geen windeieren gelegd toen ik op sollicitatie gesprek 

kwam in Groningen bij Prof. Dr. FJW Albers en Prof. Dr. HC van der Mei.
Henny van der Mei mijn eerste promotor, jij hebt het allerdichtst bij dit hele project gestaan. 

Alle praktische uitvoeringen zijn in overleg gegaan met jou. Soms zelfs samen met jou in het 

lab gezeten. Gelukkig heb je na alweer zoveel jaren baas te zijn, het labwerk nog onder de 

knie. Samen met Prof. Dr. HJ Busscher stomen jullie vele mensen klaar voor de dag dat 

weer een proefschrift verdedigd moet worden, Henk en Henny zijn een begrip binnen de 

biofilm wereld. Mijn stoomboot werd vertraagd door het feit dat ik de kliniek in ging en minder 

tijd kreeg voor het onderzoek, iets waar jullie begrijpelijk niet zo blij mee waren. Maar het is 

gelukt met veel dank aan jullie kundigheid en inzichten. 

Aan het begin van mijn onderzoek heeft Dr. R van Weissenbruch een belangrijke rol 

gespeeld. Ranny dank je wel voor je gesprekken, toen het nog een heel andere kant op zou 

gaan. Het project wat we toen hebben uitgedacht is denk ik nog steeds interessant om iets 

mee te doen. Helaas waren de middelen destijds niet allemaal voor handen, misschien iets 

voor in de toekomst? Ik mis je gezelligheid in Groningen.  

In 2005 werd de scepter van hoofd van de afdeling Keel-, Neus- en Oorheelkunde 

overgedragen aan Prof. Dr. BFAM van der Laan. Bernard als oncoloog sta jij uiteraard 

dichter bij dit onderzoek, bedankt voor jouw bijdrage in het bijzonder aan het laatste 

hoofdstuk en met de puntjes op de i zetten voor het eindresultaat! Ook jij staat vandaag als 

promotor tegenover me. 
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 DANKWOORD 

De eerste dagen in het laboratorium werd ik begeleid door Jolanda Elving, mijn 

voorgangster in het kunstkeel project, dank je wel hiervoor. Wij zijn destijds samen naar 

Prof. Dr. A van Nieuw Amerongen geweest in Amsterdam. U maakte een zeer vriendelijke 

indruk op mij. Twee hoofdstukken in dit proefschrift zijn mede dankzij u tot stand gekomen. 

Bij een van deze twee hoofdstukken mag Dr. JGM Bolscher uiteraard niet ontbreken, 

bedankt Jan voor de altijd snelle hulp en jouw kundigheid op het gebied van de 

antimicrobiële peptiden. 

Leo Basil and Mark Waters your supersmooth prostheses seem to work like a charm, but it 

was a hard effort to get them and the information about them. I hope this product will be seen 

in production in the future when the in vivo tests show the quality of these prostheses. 

‘The area under the curve’ als maat voor de lekkage, mmm…ja dat heb ik niet zelf bedacht. 

Dank je Hans Kaper voor jouw hulp bij het zichtbaar maken van deze resultaten! 

Plaatjes schieten vind ik zelf een erg leuke bezigheid maar elektronenmicroscopische 

opnames vallen toch echt buiten mijn kundigheid, bedankt Ietse Stokroos voor de mooie 

opnames.

Dr. Rolien Free in het eerste hoofdstuk staan mede jouw resultaten, echter er werd 

natuurlijk over meer dingen dan sec onderzoek gepraat. Dus ook voor de gezelligheid 

bedankt Rolien. 

En als opvolgers natuurlijk Kevin Buijssen en Kim Harms succes nog en hopelijk nog 

samen een publicatie Kevin!  

Van mei 2002 tot mei 2003 was mijn thuis plek op het werk een kantoortje op de 13e etage 

van het gebouw van de Medische Faculteit van de Rijks Universiteit Groningen aan de 

Antonius Deusinglaan, samen met de 12e verdieping, de Biomedical engineering, Materials 

Science and Application onderzoeksafdeling. Aan deze plek heb ik leuke herinneringen, die 

niet gemaakt werden door de locatie, hoewel het uitzicht wel fantastisch is, maar door de 

mensen.

Infectie in de kunstkeel wat een drama, we hebben alles gekweekt, Marjon Gibcus en ik, 

inclusief onszelf. Met theedoeken om ons hoofd en de broekspijpen ver omhoog gekruld 

gingen we het microorganisme in het kunstkeellab met alcohol en groene zeep te lijf. Helaas 

het mocht niet baten, het microorganisme was sterker dan wij, wel veel lol met je gehad. Je 
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bent een andere weg ingeslagen, ik hoop dat het goed met je gaat, bedankt voor je hulp. 

Voor jou met Jelly samengewerkt toen het project nog een andere richting op zou gaan, 

dank voor jouw hulp en enthousiasme Dit laatste geldt natuurlijk ook voor Betsy en Minnie 
een ander begrip op de dertiende verdieping; wat je ook maar te vragen hebt over het 

labwerk jullie wisten altijd wel een antwoord, dank jullie wel! En Debby jij sloot deze rij van 

analisten af en hoe! Het microorganisme wat we niet wilden zien heb jij neergehaald, zuur, 

heel zuur voor het microorganisme. 

Ellen en Ina op het secretariaat was het altijd gezellig, af en toe een kopje thee en even 

kletsen. Ook het labuitje iedereen uitgedost in alle kleuren, Ellen, Jan, Renske en ik we 

hebben er toch een leuke dag van gemaakt. 

Joop de Vries naast onze buurman tevens mijn hulp bij de XPS. Jan Ruben mijn 

overbuurman bedankt voor de gezelligheid en reductie van de stress we hebben 1 mM en 

2mM en vaste stof en dan…. Ik hoop dat je kunt fotograferen op de dag dat ik dit proefschrift 

verdedig. Joop en Jan zeker ook een begrip op de afdeling. Regelmatig in de buurt van de 

vensterbank op de 12e te bekennen waar de vrouwen toch veel minder kwamen, maar met 

de lunch mochten we er toch ook bij zijn, dank jullie wel! 

Geert Ensing kon zich het wel veroorloven om het territorium van de vensterbank te 

betreden, maar je was veel vaker aanwezig als mijn kamergenoot. Met Billy Joel op de 

achtergrond en een gestutte cactus tussen ons in, een pre-orthopedisch project, werd het 

wel en wee op het lab en daarbuiten besproken. Een betere kamergenoot kan ik me niet 

wensen schreef je in jouw proefschrift, ik kan het beamen. 

Overbuurvrouw Renske Thomas, Dr Renske inmiddels!!! Jou heb ik het meest gemist toen 

ik van het lab naar het ziekenhuis verhuisde. Als ik niet aan dit project begonnen was had ik 

jou niet leren kennen en dat was zeker een gemis geweest. Straks allebei 

weledelzeergeleerd, het is net echt. Ik ben blij dat jij me hierbij vergezelt als Paranimf! 

Lieve Vrienden, menigeen heeft het wel en wee van mijn promotie-specialisatie traject in 

stukjes en beetjes meegekregen. Lemke Pronk mag in dit rijtje ook zeker niet ontbreken, jij 

kon je als enige dokter binnen de jaarclub de meeste frustraties toch net iets beter inbeelden 

dank voor je ondersteuning. Almere mag zich een goede enthousiaste longarts rijker 

noemen! Ilse Feenstra voor jou hier ook zeker een paar woorden: Hang in there je bent er 

bijijjijijna!! 
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Lieve Familie, ja er is weer een onderdeel van mijn ‘studie’ klaar, maar don’t worry ik ben 

nog steeds in opleiding, het zou toch wat zijn als het straks helemaal klaar is en de Benjamin 

niet meer ‘studeert’… Lieve Zus het afgelopen jaar heb ik jou en jouw familie weer wat vaker 

gezien tijdens mijn weekenddiensten in Zwolle, erg gezellig! Ik ben erg blij dat jij vandaag 

ook naast me staat!

Lieve Raymond de start van dit hele gebeuren heb jij niet meegemaakt, maar het is alweer 5 

jaren geleden dat wij elkaar leerden kennen. De frustraties van dit project ken jij inmiddels 

dus wel. Gelukkig is ook dat stuk van dit onderzoek straks achter de rug. Dank je wel voor 

jouw steun! Voor jou ook nog even de laatste loodjes met je postdoc opleiding en dan 

hebben we hopelijk in de weekenden weer wat meer tijd voor elkaar en voor onze dochter in 

wording! Zullen we dan ook weer eens visjes gaan kijken?  







CURICULUM VITAE 
 

CURICULUM VITAE 

Janine Oosterhof werd op 20 maart 1975 geboren te Elburg. Alhier ging zij naar het 

Voortgezet Wetenschappelijk Onderwijs, waar zij in 1993 haar eindexamen haalde. In 

datzelfde jaar startte zij met de studie Geneeskunde aan de Rijksuniversiteit Groningen. 

Tijdens deze studie heeft zij voor haar wetenschappelijke stage een half jaar in Sydney, 

Australie gewoond waar zij onderzoek deed in the cardiovascular genetic laboratory of the 

Prince of Wales Hospital, onder begeleiding van Xing Li Wang. Na enige omzwervingen in 

Enschede en Haarlem voor haar co-schappen behaalde zij in 2001 haar artsexamen. In 

2002 startte zij met het promotieonderzoek binnen de afdeling Keel-, Neus- en Oorheelkunde 

(KNO) van het Universitair Medisch Centrum Groningen (UMCG) in samenwerking met de 

afdeling Biomedical Materials Science and Applications wat leidde tot dit proefschrift. Sinds 1 

november 2004 is zij in opleiding tot KNO-arts in het UMCG. 

 

 

PUBLICATIES 
 

Wang XL, Oosterhof J, Duarte N. Peroxisome proliferators-activated receptor gamma C161 

	 T polymorphism and coronary artery disease. Cardiovasc Res.  1999;44:588-594. 

 

Wang XL, Oosterhof J. Tumour necrosis factor alpha G-308 	A polymorphism and risk for 

coronary artery disease. Clin Sci. (Lond). 2000;98:435-437. 

 

Oosterhof JJH, Elving GJ, Stokroos I, van Nieuw Amerongen A, van der Mei HC, 
Busscher HJ, van Weissenbruch R, Albers FWJ. The influence of antimicrobial peptides 

and mucolytics on the integrity of biofilms consisting of bacteria and yeasts as affecting voice 

prosthetic air flow resistances. Biofouling. 2003;19:347-353. 

Oosterhof JJH, van der Mei HC, Busscher HJ, Kaper HJ, van Weissenbruch R, Albers 
FWJ. In vitro leakage susceptibility of tracheoesophageal shunt prostheses in the absence 

and presence of a biofilm. J Biomed Maer Res B Appl Biomater. 2005;73:23-28. 

 

Oosterhof JJH, van der Mei HC, Busscher HJ, Kaper HJ, van Weissenbruch R, Albers 
FWJ. Authors reply to comments of FJM Hilgers. J Biomed Mater Res B Appl Biomater. 

2006;77:448-449. 

 

131



CURICULUM VITAE 

132 

Oosterhof JJH, Buijssen KJDA, Busscher HJ, van der Laan BFAM, van der Mei HC. 
Effects of quarternary ammonium silane coatings on mixed fungal and bacterial 

tracheoesophageal shunt prosthetic biofilms. Appl environ microbial. 2006;72:3673-3677. 

 


