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A B S T R A C T   

The water systems inside a dental unit are known to be contaminated with a multi-kingdom biofilm encom-
passing bacteria, fungi, viruses and protozoa. Aerosolization of these micro-organisms can potentially create a 
health hazard for both dental staff and the patient. Very little is known on the efficacy of dental unit disinfection 
products against amoeba. In this study we have examined the effect of four different treatment regimens, with 
the hydrogen peroxide (H2O2) containing product Oxygenal, on an in-vitro multi-kingdom dental unit water 
system (DUWS) biofilm. The treatment efficacy was assessed in time using heterotrophic plate counts, the 
bacterial 16S rDNA, fungal 18S rDNA gene load and the number of genomic units for Legionella spp. the amoeba 
Vermamoeba vermiformis. The results indicated that a daily treatment of the DUWS with a low dose H2O2 (0.02% 
for 5 h), combined with a weekly shock dose (0.25% H2O2, 30 min) is necessary to reduce the heterotrophic plate 
count of a severely contaminated DUWS (>106 CFU.mL− 1) to below 100 CFU.mL− 1. A daily treatment with a low 
dose hydrogen peroxide alone, is sufficient for the statistically significant reduction of the total amount of 
bacterial 16S rDNA gene, Legionella spp. and Vermamoeba vermiformis load (p < 0.005). Also shown is that even 
though hydrogen peroxide does not kill the trophozoite nor the cysts of V. vermiformis, it does however result in 
the detachment of the trophozoite form of this amoeba from the DUWS biofilm and hereby ultimately removing 
the amoeba from the system.   

1. Introduction 

The dental unit is an important part of the dentist’s toolbox for 
providing dental care. Besides the obvious seating part, it also contains 
all the instrumentation the dentist uses during treatment. Inside this 
dental unit, the dental unit water system (DUWS) is situated which 
supplies cooling and irrigation water to the high and low-speed rotary 
instruments, ultrasonic scalers and the three-way air water syringe. The 
DUWS is a vast and complex network of tubing, multiple connectors and 
valves. Within the European Union, mostly potable tap water is used to 
fill the DUWS, either directly connected to the watermains or by using a 
reservoir system [1]. This water meets the microbiological criteria as set 
in the European Drinking Water Directive [2], but does contain small 
amounts of micro-organisms. The intrinsic properties of the DUWS, 
namely; small diameter tubing made of different (plasticized) materials, 
intermittent low water flow combined with long periods of stagnancy 
and operated at room temperature, create perfect conditions for 

microbial growth and biofilm formation. This type of microbial 
contamination was first described by Blake in 1963 [3] and since, 
several studies have shown the DUWS contains a multi-kingdom biofilm, 
encompassing bacteria, fungi, protozoa and viruses [4–6]. 

Water extruded from these contaminated DUWS, either as a splatter 
or aerosol can pose a risk to both the patient as the dental staff [7,8]. 
Even though infections associated with contaminated DUWS water are 
likely to be underreported [9], some cases have been described for 
nontuberculous mycobacteria, which are associated with post-treatment 
oral soft tissue infections in both children and the elderly [10–13]. 
Additionally, Pseudomonas and Legionella species have been associated 
with occupational asthma, Pontiac Fever and even Legionnaire’s Disease 
of dental staff and patients [14–16]. To guarantee safety of both patients 
and dental staff, dental associations in the USA and Europe recommend 
adhering to the microbiological standards set by the American Dental 
Association (<500 CFU.mL− 1 HPC) and European Union water quality 
standards (<100 CFU.mL− 1), respectively [17]. Within for example The 
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Netherlands, the Royal Dutch Dental Association (KNMT) has adopted 
this European standard [18]. To be able to comply to these standards, 
dental staff needs to perform disinfection protocols and monitor the 
microbiological quality of the dental unit water. In daily practice, well 
studied DUWS treatment agents containing hydrogen peroxide with or 
without silver ions, sodium hypochlorite, citric acid, or quaternary 
ammonium chlorides (QAC) are used and are primarily aimed at and 
tested for reducing the bacterial burden in the effluent water and the 
biofilm [9,19–21]. Only few studies describe the effect of these agents 
against the eukaryotic constituents of the DUWS biofilm. Hydrogen 
peroxide containing agents have for instance shown to be active against 
fungi [22,23], but do not seem to inactivate amoeba [24,25]. 

In a recently published study on the microbial load and microbiome 
of the Dutch dental unit there was however, an indication that hydrogen 
peroxide might have an effect against amoeba [6,26]. Although not 
statistically significant, the prevalence of Vermamoeba vermiformis 
(formerly Hartmannella vermiformis) in DUWS treated with agents con-
taining hydrogen peroxide seemed to be lower than untreated units or 
units treated with agents containing for instance QAC or citric acid. 

The prevalence of free-living amoeba (FLA) in DUWS is estimated at 
40–60% and is mainly represented, but not exclusively, by V. vermiformis 
[5,6,25,27,28]. This protozoa has a two-stage life cycle, switching be-
tween the trophozoite form, necessary for division, migration and 
feeding and the cyst form [29]. The trophozoite encysts when chal-
lenged with hostile conditions (e.g. biocide treatment or nutrient 
depletion) and can excyst when conditions become more favourable [30, 
31]. The trophozoite form exclusively feeds on microorganisms residing 
in biofilms [32,33]. Prey-organisms are phagocytosed and digested, but 
some bacteria such as Legionella pneumophila, nontuberculous myco-
bacteria and Pseudomonas spp. have developed mechanisms to avoid 
digestion and are able to survive and even replicate inside the FLA. In-
side the amoeba, accumulated bacteria, plasmids and DNA are concen-
trated in the food vacuole which can promote horizontal gene transfer, 
potentially resulting in the development of antimicrobial resistance and 
increased virulence [24,34–36]. Once released from the amoeba, high 
numbers of these pathogens can re-occupy the existing biofilm or be 
aerosolized from the DUWS during dental treatment. Several fungi and 
respiratory viruses have also developed mechanisms to use the protozoal 
host for their own proliferation and protection against antimicrobial 
treatment [24,37–39]. Although V. vermiformis itself can be the causa-
tive agent for keratitis, it is otherwise rarely responsible for human 
disease [37]. Indirectly, the FLA can therefore play an important role in 
the adaptation, transmission and dispersal of pathogenic FLA resistant 
micro-organisms by acting as a ‘biological gym’ for future encounters 
with more evolved hosts [40]. 

Controlling the presence of FLA could therefore also indirectly pre-
vent an increasing virulence of opportunistic pathogens present in the 
biofilm. As the results from the Dutch dental unit microbiome [6] have 
indicated a (possible) effect of hydrogen peroxide containing agents 
against amoeba, Legionella spp. and biofilm in general, in this study we 
have assessed the effect of such products in a translational in-vitro dy-
namic flow model. For this study we had a threefold aim: 1. To deter-
mine which treatment regimen using a hydrogen peroxide containing 
disinfection agent is most suitable for the disinfection of a severely 
contaminated unit and long-term overall biofilm control. 2. Whether a 
hydrogen peroxide based dental unit water disinfection agent is suitable 
to prevent V. vermiformis proliferation and 3. How does hydrogen 
peroxide interact with V. vermiformis? 

2. Materials and methods 

2.1. Evaluation of the most effective treatment regimen to control DUWS 
biofilm 

To assess the most effective treatment regimen for overall biofilm 
control and specifically the inactivation of the amoeba V. vermiformis, a 

translational in-vitro dynamic flow model was used to simulate DUWS 
biofilms consisting of an multi-kingdom biofilm, including 
V. vermiformis [33]. 

2.1.1. Pre-conditioning of the model 
In short, 13 models were constructed as described and depicted by 

Hoogenkamp et al. [33], fitted with polyurethane tubing (internal 
diameter 4 mm, 1 m length) and subsequently inoculated with 
non-potable laboratory tap water containing ~2⋅103 colony forming 
units (CFU).mL− 1 as determined by heterotrophic plate counts (HPC). 
This water was left static for 24 h to allow the micro-organisms to adhere 
to the tubing surface, followed by a dynamic flow protocol (See Fig. 1). 
On weekdays, this protocol consisted of daily, 30 cycles in which water 
was flowed (30 mL.min− 1) for 30s followed by 9.5 min stagnancy. After 
the daily cycles and during the weekend, the water was left stagnant. 
Biofilms in all models, bar one, were allowed to develop for 4 weeks at 
23◦C (±1◦C). From this one tubing, the biofilm was harvested after two 
weeks and used for BioFlux analysis to analyse how hydrogen peroxide 
acts on the amoeba present in the biofilm. Of the remaining 12 models, 
at week 4, a 55 mL baseline effluent sample was taken immediately after 
an overnight stagnancy period and prior to any hygiene measures 
(‘proxy’ biofilm sample). Samples were processed immediately, as 
depicted in Fig. 1 for the determination of the HPC and the remaining 
sample was concentrated by filtration and stored at − 80◦C for further 
DNA isolation and analysis of the bacterial and fungal DNA load and the 
amount of Genomic Units (GU) of Legionella spp. and V. vermiformis by 
Q-PCR, depicted in exactly as described before [6]. 

2.1.2. Treatment regimes 
After the initial baseline sample was taken, the 12 models were 

divided into four groups (See Fig. 2., n = 3 per group), (I) no treatment, 
(II) a daily low dose disinfectant (DLDD, 300 times diluted Oxygenal™ 
6; KaVo, Biberach an der Riss, Germany, final concentration 0.02% 
H2O2, present during the cycling period), (III) a weekly high dose bio-
film disinfectant (shock dose, 24 times diluted Oxygenal, final concen-
tration 0.25% H2O2, 30 min), (IV) a combination of a DLDD and shock 
dose. Shock dose treatment for groups III and IV (0.25% H2O2 for 30 
min) were performed straight after taking the baseline sample. The 
shock dose was washed out, by flushing the models for 5 min with tap 
water (30 mL.min− 1). Subsequently, the DLDD groups (II and IV) 
received water containing 0.02% H2O2 and Groups I and III, tap water 
during the daily cycles. During weekdays the dynamic flow protocol was 
used as described above. On weekends the models were left static 
without any flushing of water. 

To monitor the efficacy of the treatment regimes, one week after 
commencing the treatment regime a ‘proxy’ biofilm sample was taken 
on the second weekday (See Fig. 2) and processed as described above for 
the baseline samples. This procedure was repeated at week 3, 5 and 7. 

2.2. BioFlux analysis of the anti-amoebal effect of hydrogen peroxide 

2.2.1. Preparation of the inoculum 
The biofilm from a single model, as mentioned above, was collected 

at week two and was used for the BioFlux analysis. The biofilm (con-
taining about 1.5⋅106 CFU of heterotrophic bacteria.cm− 2) was resus-
pended in 5 mL R2A broth (0.5 g.L− 1 of Yeast Extract (BD), Proteose 
Peptone No. 3. (BD), Casamino acids (BD), Glucose (Sigma), Soluble 
Starch (Sigma), 0.3 g.L− 1 of K2HPO4 and sodium pyruvate (both Sigma) 
and 0.05 g.L− 1 MgSO4.7H2O) [41] and vortexed for 2 min to suspend the 
inoculum. Prior to use, the suspension was corrected to an OD600 ≈ 0.2. 

2.2.2. Visualization of the anti-amoebal activity of hydrogen peroxide 
For the visualization of a possible anti-amoebal effect of the 

hydrogen peroxide, the BioFlux Z1000 platform (Fluxion Biosciences, 
Alameda, CA, USA) was used. This platform is an automated microscopy 
system, combined with a microfluidics device, which enables for high 
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throughput shear flow assays using positive pressure fluid displacement 
and is described in detail by Volgenant et al. [42]. During the entire 
experiment, both plates and fluids used, were kept at 23◦C to avoid air 
bubble formation. All incubation steps were performed under aerobic 
conditions. Each channel in the BioFlux plate was seen as an indepen-
dent sample and each treatment was tested in triplicate in two inde-
pendent experiments. The detailed sequence of procedures to grow the 
biofilms is shown in Fig. 3. In short, the microfluidic channels of the 
BioFlux plates were primed by adding R2A broth to the inlet channel to 
remove all air from the channels. Then, the channels were seeded using 
70 μL of the inoculum and the micro-organisms were allowed to adhere 
for 24 h. Subsequently, R2A broth was chosen to accelerate bacterial 
biofilm growth and biofilms were grown for 5 days under the dynamic 
flow protocol as described in Fig. 2 and similar to the protocol used in 
the in-vitro model described above. 

Prior to treatment, the channels were checked for the presence of 
both the trophozoite and cyst form of V. vermiformis. Channels were 
subsequently flushed with sterilized tap water to remove loosely 
adhered cells and the proteinaceous growth media components of the 
R2A broth. Oxygenal solutions were prepared in sterilized tap water to a 
final concentration of 0.25% H2O2. Due to the high oxidizing and proven 
biofilm disruption potential, hydrogen peroxide (final concentrations 
0.25%, 2%, Both Sigma Aldrich, St. Louis, Mo, USA) were included as 
positive controls [43]. Treatment solutions were added to the appro-
priate inlet wells and the plate was mounted on the microscope stage. 
Fixed microscope positions (3 per channel) were chosen, covering 
almost the entire length of the channel and a real-time image sequence 
was initiated. Brightfield images were taken every 5 min using a 20x 
magnification. Immediately after the initial image, the treatments so-
lutions were flowed into the channel using 1 dyne flow for 5 min. 

Fig. 1. Flowchart depicting the sample processing.  

Fig. 2. Depiction of the treatment groups and disinfectant regimens used during the experiment.  
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Due to the higher oxidative potential, treatments with 2% hydrogen 
peroxide were imaged every 1 min using a 20x or a 10x magnification 
for a better overview. 

Stacks of each image sequence were created and automatically 
adjusted for brightness and contrast using Fiji (Image J 1.53c, 
Java1.8.0_172, 64 bit, http://https://imagej.net/Fiji), and the Bio- 
Formats import option [44]. Stacks were analysed and specific events 
were noted, such as the effects on biofilm characteristics and/or 
amoeba. 

2.3. Statistics 

Prior to statistical analysis, the HPC, Legionella spp. and 
V. vermiformis data were log10 transformed. Values below the detection 
limit were set a factor 10 lower than the detection limit to allow for 
successful log10 transformation. For between group comparisons (Dif-
ference between treatment groups at baseline or week 7), the Kruskal- 
Wallis test was used and when significant differences were observed, a 
Bonferroni post-hoc test was applied. To assess if there was a correlation 
between the Legionella and Vermamoeba load, a Spearman’s ranks cor-
relation test was performed. Differences were deemed statistically sig-
nificant at p < 0.005 [45]. Statistical analysis was performed using SPSS 
26.0 (IBM, Amsterdam, the Netherlands). 

Due to the nature of the BioFlux analysis data, the anti-amoebal ef-
fect of hydrogen peroxide cannot be tested statistically. 

3. Results 

3.1. Evaluation of the most effective treatment regimen to control DUWS 
biofilm 

3.1.1. Effect of treatment regimen on heterotrophic plate counts 
The HPC data revealed that the ‘proxy’ biofilm sample contained on 

average (±SD) log10 6.1 (±3.2⋅10− 2) CFU.ml− 1 at baseline. As shown in 
Fig. 4A, the HPC in the control group remained biologically stable, yet 
did show to have a statistically significant increase in numbers over time 
(comparison baseline vs week 7 (log10 6.2 (±5.1⋅10− 2) CFU.mL− 1, p <
0.005). Only groups receiving a DLDD in combination with a weekly 
0.25% H2O2 shock dose had a statistically significant lower (p < 0.005) 
HPC than the control group at week 7 (log10 1.7 (±0.5) CFU.ml− 1). 
After an initial decrease after 3 weeks, the group which received only a 
weekly shock dose, almost recovered completely after 7 weeks of 
treatment (log10 5.4 (±3.9⋅10− 2) CFU.mL− 1). 

3.1.2. Effect of treatment regimen on the bacterial 16S rDNA gene 
concentration 

Similar to the HPC, the bacterial 16S rDNA gene concentration (See 
Fig. 4B) in the control group increased significantly (p < 0.005) in 7 
weeks (6.1⋅101 (±5.1⋅101) and 3.8⋅102 (±1.2⋅102) pg.μl− 1, respec-
tively). When comparing between treatments at week 7, the group 
receiving only a DLDD or a DLDD with an additional 0.25% H2O2 shock 
dose contained a significantly lower bacterial 16S rDNA concentration 
(2.3⋅10− 2 (±1⋅10− 2) and 2.1⋅10− 2 (±8.5⋅10− 3) pg.μl− 1 respectively, p <
0.005). 

Fig. 3. Workflow of the biofilm growth and treatment protocol to observe the biofilm removal efficacy of the dental unit water disinfectants in the BioFlux system.  
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3.1.3. Effect of treatment regimen on the fungal 18S rDNA gene 
concentration 

The fungal 18S rDNA gene load at baseline fluctuated strongly (range 
<2.5⋅10− 5 (detection limit) – 1.4⋅10− 1 pg.μL− 1) and was irreproducible 
within groups in time. 

3.1.4. Effect of treatment regimen on the amount of Legionella spp. 
As shown in Fig. 4C, within the control group the Legionella spp. load 

a statistically significant increase over time (baseline vs week 7, log10 
5.6 (±4.3⋅10− 1) and log10 6.7 (±1.3⋅10− 1) GU.L− 1, respectively). When 
comparing treatment regimens at week 7, only the group receiving a 
DLDD had a significantly lower Legionella spp. load as compared to the 
untreated control group log10 4.0 (±5.9⋅10− 1) GU.L− 1 and log10 6.7 
(±1.3⋅10− 1) GU.L− 1, respectively p < 0.005). 

3.1.5. Effect treatment on the amount of Vermamoeba vermiformis 
The presence of the amoeba V. vermiformis showed identical results 

as the Legionella spp. (See Fig. 4D). The amount of Legionella and Ver-
mamoeba had a statistically significant (p < 0.005) Spearman’s ranks 
order correlation of rs of 0.996. Within the control group the 
V. vermiformis load increased statistically significant over time (baseline 
vs week 7, log10 3.2 (±4.4⋅10− 1) and log10 4.3 (±1.3⋅10− 1) GU.mL− 1, 
respectively). When comparing treatment regimens at week 7, only the 
group receiving a DLDD had a significantly lower V. vermiformis load as 
the compared to the untreated control group (<log10 1.1 and log10 3.5 
(±2.8⋅10− 1) GU.mL− 1, respectively p < 0.005). 

3.2. Visualization of the anti-amoebal activity of hydrogen peroxide 

Five-day old biofilms containing V. vermiformis were treated under 
flow conditions with both water and Oxygenal (0.25% H2O2). Tropho-
zoite and cyst forms of the amoeba were not removed by flowing water 
over the biofilm. Treatment with Oxygenal appeared to act directly on 
the trophozoite form of the amoeba as it was removed from the biofilm 

within 5 min of flow (See Fig. 5). Cyst forms remained unaffected in the 
biofilm (data not shown). 

To determine whether a higher concentration of 2% hydrogen 
peroxide had an enhanced effect on the biofilm, this solution was also 
flowed over the biofilm. As shown in Fig. 6 and as real-time footage in 
Suppl. File 1, treatment with H2O2 resulted in incomplete removal of 
biofilm layers, while complex structures seemed to partially dissolve 
into streamers. Trophozoite forms of amoeba were removed within 3 
min upon exposure to the H2O2, while cysts initially shrink (darkening) 
and eventually swell and lyse. 

4. Discussion 

In this study we aimed to validate which treatment regimen, with a 
hydrogen peroxide disinfection agent, is most effective in the overall 
reduction of the biofilm by reducing the HPC till below the recom-
mended 100 CFU.mL− 1, the total bacterial 16S and fungal 18S rDNA 
gene load and the Legionella spp. and V. vermiformis load for prolonged 
time. As a DUWS disinfection agent, the hydrogen peroxide containing, 
Oxygenal 6 was used as this has proven to be effective against poly-
microbial biofilms, both in-situ [21,46] and in-vitro [19,23]. 

At baseline, the HPC was log10 6.1 CFU.mL− 1 and this would be 
comparable to heavily contaminated dental units [6,47]. Treating the 
biofilm with only a weekly shock dose of Oxygenal (0.25% H2O2), 
resulted in an initial reduction in HPC which was effective until week 3. 
In the weeks after, this biofilm recovered from the applied treatment 
regimen. This process of survival, adaptation and regrowth has been 
described by others [33,48,49] and confirms the suggestion made by 
Walker et al. [19], that ‘weekly treatment programs may not be suffi-
cient’. Performing a daily treatment protocol with a daily low dose 
Oxygenal (0.02% H2O2), which is aimed at reducing the microbial load 
in the effluent water, resulted in a log10 4 reduction in HPC within the 
first week. This reduction was consistently, although not statistically 
significant, effective till week 7. This observed biologically significant 

Fig. 4. Effect of four different treatment regimens (n = 3 for each regimen) in time on; (A) the heterotrophic plates count expressed in CFU.mL− 1, (B) Bacterial 16S 
rDNA genes expressed in pg.mL− 1, the amount of Legionella spp. expressed in GU.L− 1 and (D) the amount of Vermamoeba vermiformis expressed in GU.mL− 1. The black 
bars represent the control group (no treatment), the dark grey bars the daily low dose group (0.02% H2O2), the light grey bars the weekly shock dose group (0.25% 
H2O2), the speckled white bars the daily low dose with an additional weekly (0.25% H2O2) shock dose group. The dotted lines in each panel represent the detection 
limit of the respective assay. The black bars marked with an (a) are statistically significant different to the respective baseline value at week 0 (p < 0.005). Bars 
indicated at week 7 with a (b) are statistically significant different to the control group at week 7 (p < 0.005). 
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effect is consistent with previous studies that have shown similar results 
using Oxygenal, both in in-situ experiments and using advanced in-vitro 
models [19,21,23,46,50]. As a result, the HPC levels obtained turned out 
to be lower than those of the input water. It is important to note that this 
level of decontamination is not exclusive to hydrogen peroxide, as other 

substances such as tetraacetylethylenediamine (TAED) perborate or 
electrolyzed water have also been shown to produce similar results in 
complex in-vitro models, inhibiting biofilm growth [51,52]. The current 
study shows that for a reliable and reproducible inactivation of a biofilm 
in DUWS using hydrogen peroxide, at least a daily suppression of biofilm 
growth with Oxygenal (0.02% H2O2) was needed in combination with a 
weekly shock treatment with a high concentration of Oxygenal (0.25% 
H2O2). This finding confirmed results obtained from a field study in the 
general dental clinic, which indicated that the combination treatment 
was more effective in reducing the HPC than only treating the biofilms 
with a daily low dose [6]. From a mechanistic point, this result can be 
explained, since H2O2 only inactivates the outer layer of biofilms as 
naturally occurring deposits (inorganic salts and biofilm itself) prevent 
its penetration and subsequent removal of the biofilm [50]. BioFlux data 
obtained in the current study supports this as a single treatment with an 
Oxygenal shock dose did not remove the complete biofilm, although 
more research is needed to study this effect in more detail. Unaffected 
micro-organisms in the inner layers of the biofilm can therefore recover 
in the absence of disinfectant, leading to selection and succession to-
wards more H2O2 resistant and catalase positive micro-organisms, such 
as Pseudomonas spp. and many more [46,53]. These micro-organisms 
can subsequently get aerosolized during dental treatment and (in) 
directly cause a health risk to dental staff and the patient [46]. The 
combination treatment in which a daily low dose of H2O2 inactivates the 
planktonic cells, combined with a weekly high dose of H2O2 which 
slowly peels the biofilm off the surface, could explain the treatment 
efficacy of the combined use of a daily low dose and a weekly shock dose 
tested in in-vitro flow models [19,50]. 

As the growth media used for HPC, does not support the growth of all 
micro-organisms [49] and lack of growth is not indicative for the 
absence of Legionella spp. [6], we also analysed the bacterial 16S rDNA, 
Legionella spp. and V. vermiformis load. Even though Legionella spp. were 
detectable at all timepoints, the use of a daily low dose of Oxygenal 
alone, contrary to the HPC, was enough for a statistically significant 
reduction of all DNA parameters. We could speculate that this treatment 
regimen would also prevent the biofilm formation and Legionella and 
amoebal proliferation as the survival of Legionella is dependent on the 
presence of amoeba and biofilm [54–56]. In the current study also, a 
strong correlation was found between the presence of Vermamoeba and 
Legionella and both organisms showed a similar response to the anti-
microbial treatment. Amoeba are known to have a higher tolerance to-
wards antimicrobials and internalized Legionella spp. are hence 
protected against these agents [37]. The biofilms which received only a 
weekly shock dose, showed a relatively unaffected bacterial 16S rDNA 
load, while an initial increase in both the Legionella and Vermamoeba 
load immediately after the first week of treatment was observed. 

It is known that Oxygenal does not irradicate eukaryotes such as 
amoeba and fungi [24,25,57,58] and antimicrobial treatment only kills 
the bacterial components in the biofilm, but does not remove them [59]. 
It can be questioned whether the silver ions in Oxygenal play a part in its 
efficacy to remove the biofilm? In theory, the silver-ions could 
de-stabilize the biofilm matrix, resulting in removal [60]. Although not 
individually tested in the dynamic flow model, previous studies have 
shown that for instance, Citrisil, a disinfection agent containing the 400 
ppm silver ions did not show any biofilm removal effect [61], nor did it 
remove amoeba from the biofilm (own unpublished data). To assess the 
effect of Oxygenal on the fungal part of the DUWS biofilm the fungal 
load was determined. This fungal load, unfortunately, showed a large 
variation at baseline and was irreproducible within the groups during 
the study. Hence, no conclusions on the efficacy of the treatment regi-
mens on the fungal constituents of the biofilms could be drawn. In-vivo 
data also shows this high variability of the fungal load [6]. A possible 
explanation for the variability could be that fungal growth has a longer 
lag phase as compared to bacterial growth in a water biofilm, possibly 
indicating that the duration of the current study should be extended to 
observe fungal growth [49]. 

Fig. 5. Photomontage of a single channel location showing the biofilm removal 
efficacy of Oxygenal (0.25% H2O2) under 1 dyne shear force. Panel A shows the 
presence of the trophozoite form of the amoeba (indicated with blue arrows). 
Panel B shows the removal of the trophozoite form. Panel B & C show the 
shedding of the biofilm after 5–30 min (indicated with black arrow). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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A possible explanation for the increase of Legionella and Vermamoeba 
after shock treatment could be that inactivated biofilm cells remain 
behind and serve as a nutrient source for the surviving amoeba [55]. 
Subsequent release of living internalized Legionella cells from amoeba, as 
a part of the natural turnover, could results in an increased Legionella 
presence [62]. As Oxygenal, does not kill V. vermiformis [24,25,57], 
there has to be an alternative mechanism in which the amoeba are 
removed from the biofilm. One indication could be that the lack of 
killing efficacy is caused by an experimental artefact in previous studies, 
as in those studies the biofilms/organisms were given a single treatment 
under static batch conditions and were subsequently (re-)cultured to test 
the killing efficacy. In the current study however, all treatments were 
performed longitudinally for 7 weeks and under flow conditions, the 
latter flushing out whatever is detaching from the biofilm. To test this 
hypothesis, the anti-amoebal effect of Oxygenal was visualized under 
flow conditions using the BioFlux platform. The plates used in this 
experiment were inoculated with biofilm originating from the dynamic 
flow model. To enhance bacterial growth in time, R2A broth was used to 
allow for biofilm development. Although water biofilms fed with R2A, 
as compared to water as a nutrient source, are likely to differ compo-
sitionally and structurally [63], there is no scientific evidence that the 
behaviour of amoeba is different. The BioFlux biofilms grew heteroge-
neously with respect to biofilm structure and all contained cysts and 
trophozoite forms of V. vermiformis, either embedded in the biofilm or 
grazing on the biofilm, respectively. Treatment with Oxygenal resulted 
in the detachment of the trophozoite forms of the amoeba within 5 min, 
but not of the cysts. This effect was comparable to treatment of the 
biofilms with 0.25% ‘pure’ hydrogen peroxide. A similar effect of 
hydrogen peroxide on the release of Neoparamoeba perurans trophozoites 

has been documented in relation to the treatment of amoebic gill disease 
[64]. A possible explanation for the sudden detachment of grazing tro-
phozoites from the biofilm after H2O2 could be the oxidative denatur-
ation of the lectins on the protozoal cell. Amoeba use these lectins to 
bind to the bacteria in the biofilm [32,34] and loosing this grip will 
likely results in removal from the DUWS. For full removal of both 
trophozoite and cyst form of V. vermiformis, the concentration should be 
increased to 2% H2O2. At this concentration, lysis of the cyst form 
occurred after initial shrinkage (darkening of the cell) and subsequent 
permeabilization. This cellular response has been described previous in 
response to cysts of the amoeba A. castellanii to a chlorine treatment 
[65]. Further research is required to prove the working mechanisms of 
these oxidative reactions on V. vermiformis. Within the context of the 
dynamic flow model, it was shown that the daily low dose of Oxygenal 
was sufficient to remove the trophozoite form of V. vermiformis. Patho-
genic bacteria ‘frozen’ within the cysts would remain unaffected [38], 
but can only become virulent when the amoeba excysts. This chemical 
interaction is, in our opinion, independent on the test model used and 
therefore continuous treatment with a daily low dose of Oxygenal would 
subsequently inactivate the planktonic bacteria, including Legionella 
spp. and remove the amoebal trophozoite from the DUWS. 

In this study we have proven that, using a translational in-vitro dy-
namic flow model, a contaminated DUWS can be decontaminated within 
one week. More importantly, the DUWS can be kept within the recom-
mended guidelines over at least 7-week period using a hydrogen 
peroxide containing disinfection product. This is only achievable by a 
strict compliance to a treatment regimen with at least a daily low dose 
(0.02%) preferably combined with a weekly shock dose (0.25%) of 
hydrogen peroxide. Additionally, we have shown that hydrogen 

Fig. 6. Photomontage of a single channel loca-
tion showing the biofilm removal efficacy of 2% 
H2O2 under 1 dyne shear force at 10x magnifi-
cation. On initiation of fluid flow the biofilm is 
partially displaced (Blue circle). Removal of the 
trophozoite form occurs within 3 min (blue ar-
rows), while remaining cysts appear to shrink 
(darkening) and subsequently swell up before 
complete lysis (encircled). For real-time footage, 
please see Suppl. File 1. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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peroxide in the concentrations recommended by the manufacturers does 
indeed not kill V. vermiformis. It does however, maybe even more 
importantly, remove the trophozoite form of the amoeba from the 
DUWS. This research also highlights the need for further evaluation of 
the efficacy of commercially available DUWS disinfectants and their 
application protocols for the removal of multi-kingdom biofilms to 
prevent DUWS-related infectious diseases. 
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Mondzorgpraktijken 2016;124. https://www.rivm. 
nl/sites/default/files/2018-11/Richtlijn Infectiepreventie Mondzorgpraktijken 
DEFINITIEF.pdf. [Accessed 8 February 2021]. 

[19] Walker JT, Bradshaw DJ, Fulford MR, Marsh PD. Microbiological evaluation of a 
range of disinfectant products to control mixed-species biofilm contamination in a 
laboratory model of a dental unit water system. Appl Environ Microbiol 2003;69: 
3327–32. https://doi.org/10.1128/AEM.69.6.3327-3332.2003. 

[20] Walker JT, Bradshaw DJ, Bennett AM, Fulford MR, Martin MV, Marsh PD. 
Microbial biofilm formation and contamination of dental-unit water systems in 
general dental practice. Appl Environ Microbiol 2000;66:3363–7. https://doi.org/ 
10.1128/AEM.66.8.3363-3367.2000. 

[21] Schel AJ, Marsh PD, Bradshaw DJ, Finney M, Fulford MR, Frandsen E, et al. 
Comparison of the efficacies of disinfectants to control microbial contamination in 
dental unit water systems in general dental practices across the European Union. 
Appl Environ Microbiol 2006;72:1380–7. https://doi.org/10.1128/ 
AEM.72.2.1380-1387.2006. 
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