
INTRODUCTION

Removable intra-oral prostheses require specific care 
and maintenance in order to reduce plaque accumulation 
and biofilm formation1). Denture biofilms can easily 
form, aided by the porous acrylic surface, are quite 
complex2), and have been associated with oral infections 
such as denture-induced stomatitis3-7). Candida species 
are dominant in these biofilms, but another pathogen, 
methicillin-resistant Staphylococcus aureus (MRSA) has 
also been isolated from the oral cavity and removable 
dentures of elderly or hospitalized patients8-10). The 
presence of MRSA is of growing concern as it could have 
implications in regard to cross infection and involvement 
in systemic infection8,11,12).

Various modifications or coatings of polymethyl 
methacrylate (PMMA) have been used with the aim 
to reduce biofilm formation3,13-16). Parylene, is the 
commercial name of poly(p-xylylene) which represents a 
variety of polymers which can be deposited as a vapour 
on a substrate. Parylene has low systemic toxicity, and 
is chemically inert and biocompatible, enabling its use 
in implantable medical devices17,18). It is transparent, 
highly resistant to the action of organic and inorganic 
solvents as well as to friction14,15). Recent studies have 
been evaluating the use of Parylene as a coating for 
intraoral prostheses, and the results have shown a 
decrease in surface roughness of PMMA accompanied 
by an increase in SFE16), a resistance to mechanical 
wear14), as well as a decrease in the growth of Candida 
albicans15).

Instructions for the care of removable prostheses 
may involve the use of mechanical means, such as 
brushing with or without a cream, and chemical means 
in the form of immersion in various solutions1,4,19). In 
some instances where an individual has decreased 

motor coordination or is disabled, chemical cleansers are 
necessary adjuncts to mechanical cleansing20,21) as they 
are easy to use and may reach undercuts otherwise left 
unclean. Several studies have demonstrated the efficacy 
of denture cleansers to reduce biofilm formation, making 
them a necessary adjunct in removable prostheses 
hygiene9,22-25). While denture cleansing agents can 
be important for maintaining denture hygiene and 
preventing colonization, they can have deleterious effects 
on the physical and mechanical properties of PMMA26,27), 
especially leading to an increase in surface roughness28). 
Surface roughness is defined as “the average absolute 
deviation of roughness irregularities from the main line 
over one sampling length”29). Ra is the most commonly 
used value for measuring surface roughness. A study 
by Bollen et al.30) showed that surface roughness had a 
significant effect on plaque retention if Ra exceeded 0.2 
µm. Achieving smoothness below this level had no effect 
on bacterial adhesion or colonization. Another surface 
property which affects biofilm formation is surface free 
energy (SFE), which refers to the difference between the 
energy of the atoms in the bulk of a material and the 
energy of the atoms located at the surface of the same 
material, which are in a higher energy state. SFE is 
determined by the measurement of contact angles31). 
Surface characteristics such as the surface charge, 
topography and chemical composition have an effect on 
the SFE32). Micro-organisms with low free energy tend 
to attach to surfaces with low SFE and the opposite 
applies to ones with high SFE33). In other words, micro-
organisms preferentially adhere to surfaces possessing 
similar energy levels34). However, the SFE of a substrate 
is a weaker determinant of bacterial adhesion compared 
to its surface roughness and these properties are also 
affected by the acquired salivary pellicle35,36).

As part of an ongoing series of laboratory studies 
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to evaluate the potential use of Parylene as a coating 
material for intraoral prostheses, the aim of this study 
was to compare the differences in surface roughness 
and SFE between coated and non-coated PMMA, after 
immersion in denture cleansers.

The null hypothesis was that there would be no 
difference in the surface roughness or SFE of Parylene 
coated PMMA before or after cleaning with each denture 
cleaning solution.

MATERIALS AND METHODS

A stone mould was produced to fabricate 120 rectangular 
PMMA samples measuring 15×15×3 mm. Heat-
polymerized PMMA (C&J De-luxe, Chaperlin & Jacobs, 
Sutton, UK) was used for the fabrication of the specimens 
in a liquid to powder ratio of 1:3 (30 mL monomer, 90 cc  
powder) according to the manufacturer’s instructions. 
The resulting doughy mass was packed into the mould 
encased within a rectangular custom made metal flask. 
The flask was placed in a polymerization unit (Acrydig 
10, Manfredi, San Secondo di Pinerolo, Italy) and a 
curing cycle was initiated which involved raising the 
water temperature to 70°C over a span of 1 h and then 
maintaining it for 4 h. The temperature was further 
raised to 100°C over a span of 1 h and maintained for 4 
h. Once the polymerization was completed the flask was 
removed and allowed to bench cool for 8 h. Subsequently, 
the samples were removed from the flask and the sample 
margins were smoothed with sandpaper and an acrylic  
bur (Acrylic Trimmer Crosscut, Komet, Lemgo, Germany).

The samples were initially prepared by polishing 
with abrasive paper (Waterproof silicon carbide paper, 
Struers, Rotherham, England) to a grit of 1000 at 300 
rpm under constant pressure and water for 45 s using 
a Struers (Laboforce-1, Labopol-5, Ballerud, Denmark) 
polishing machine. Custom-made acrylic holders 
fabricated from acrylic resin (Oracryl, Self-cure acrylic 
repair material, East Sussex, England) were used to 
hold the samples in position.

One hundred twenty samples of PMMA were 
produced and equally assigned to 6 groups. Half of the 
groups were to be coated with 10 µm of Parylene-C16) 
and the remainder left uncoated. A total of 60 PMMA 
samples were sent to Specialty Coatings Systems 
(SCS, Woking, UK) to be coated. Due to patenting and 
copyright issues, exact details of the handling of the 
acrylic samples were not available from SCS coatings. 
Sample preparation involved cleaning using de-ionized 
water and isopropanol, followed by the application of 
an adhesion promoter (Adpro Plus, SCS Coatings) and 
suspension in the vacuum chamber using small clamps. 
After an initial coating of 5 µm the position of the clamps 
were changed and further 5 µm coating was performed. 
Control of this thickness was ascertained by using 
reference coupons inside the coating chamber.

A sample size of 20 per experimental group was 
determined to be statistically significant. This was 
based on previous related studies14-16). All groups were 
randomly divided to be subject to immersion in either 

one of two commercially available cleanser solutions: 
Steradent (Reckitt Benckiser Healthcare, Hull,UK) an 
alkaline peroxide, or Poligrip (GlaxoSmithKline, Tokyo, 
Japan) which is marketed as a neutral peroxide with 
enzymes, or left in air acting as control.

Both coated and uncoated PMMA samples were 
immersed in the two test solutions according to the 
manufacturer’s instructions. A denture bath was 
used for 4 samples at one time. The manufacturers 
recommended an immersion time of 3 min for both the 
Steradent and Poligrip denture cleansers. One hundred 
millilitres of distilled water at 23±2 degrees Celsius was 
used to cover the samples. The study aimed to simulate 
a cleansing period equivalent to 1 year for that of a full 
upper denture. A year’s immersion was calculated by 
multiplying the recommended emersion time of 3 min by 
365 days to give 1,095 min. The control group was left in 
moisture tight sealed bags for the same amount of time. 
Nitrile gloves were used to handle all PMMA samples.

A laser profilometer (ProScan 1000® Scantron, 
Sommerset, England) was used to determine the initial 
and final values surface roughness. A laser at wave 
length of 780 nm was used to scan the sample. The laser 
was set to operate at a height of approximately 200 µm, 
an average setting of 4 and a gain of 30.

Contact angle measurements of the samples were 
made by using a goniometer (Cam 200, KSV Instruments, 
Helsinki, Finland). Three liquids (de-ionized water, 
glycerol and di-iodomethane) were used as test liquids 
and loaded into a microsyringe. Computer software 
accompanying the goniometer was used to measure the 
angle. The samples were placed on the goniometer stage 
after being carefully removed from sealed bags with 
nitrile gloves. A droplet (approximately 10 μL) of each 
liquid, in turn, was allowed to fall from the microsyringe 
unto the sample. Ten image frames were captured 
at 40 ms intervals. Both left and right contact angles 
values were calculated by the software and then used to 
calculate mean contact angle values. The Owens-Wendt 
approach was applied to obtain the SFE values.

Two samples were selected from each of the four 
sample groups for SEM analysis. The PMMA samples 
were mounted on a specimen holder and prepared for 
the SEM by sputter coating with 95% gold and 5% 
palladium. The samples were visualized under ×500, 
1,000, 2,000 and 5,000 magnification (Philips XL30).

All data were processed using Statistical Package 
for Social sciences software (SPSS, version 20, IBM, 
Portsmouth, UK) for the purposes of producing 
descriptive statistics and for determining if there were 
significant differences between the various grouped 
samples. Analysis of Variance (ANOVA) was performed 
on the data due to the normal distribution of values.

RESULTS

The mean surface roughness (Ra) values for the coated 
and uncoated PMMA samples that were exposed to 
either the two different chemical denture cleansers 
or the control are summarized in Table 1. The coated 
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Table 1	 The mean surface roughness (Ra) values for the coated and uncoated PMMA samples that were exposed to two 
different chemical denture cleansers along with a control

Cleanser/Medium Sample Mean surface roughness (Ra)µm SD

Poligrip
Uncoated PMMA
Parylene-Coated PMMA

2.80
1.54

1.31
0.43

Steradent
Uncoated PMMA
Parylene-Coated PMMA

3.21
1.45

1.0
0.21

Air
Uncoated PMMA
Parylene-Coated PMMA

2.69
1.21

0.80
0.20

SD: Standard deviation

Table 2	 Mean surface free energy (SFE) and standard deviation (SD) values for all groups

Coated Uncoated

Mean SFE γs (mJ m−2) SD Mean SFE γs (mJ m−2) SD

Steradent 42.37 3.70 46.17 3.51

Poligrip 36.12 4.73 33.71 3.04

Air 35.16 1.26 32.00 1.34

SD: Standard deviation

samples presented with lower mean Ra values compared 
to the non-coated. A univariate ANOVA test showed 
statistically significant differences in mean Ra values 
between all coated and uncoated PMMA sample groups, 
but the difference was more considerable in the groups 
immersed in the Steradent cleanser. There were 
statistically significant differences between coated and 
uncoated samples (p<0.001) and between the cleansers 
(p<0.001) but no statistically significant difference 
was detected regarding the interactions of cleanser 
and coated samples or cleanser and uncoated samples 
(p=0.114).

Regarding the analysis of the results of the SFE 
values (Table 2) ANOVA showed an interaction 
between the medium used (cleanser) and the coating. 
The residuals were plotted and the data was normally 
distributed. Due to the interaction the different cleaners 
were evaluated separately. Coated samples stored in 
air (control) or immersed in Poligrip showed higher 
mean SFE values when compared with the uncoated 
ones. On the contrary, the coated samples immersed 
in Steradent showed a lower mean SFE value than 
the uncoated counterparts. For the samples stored in 
air or treated with Steradent there was a significant  
difference between the SFE values of coated and 
uncoated samples (p<0.001 and p<0.002 respectively). 
In the samples treated with Poligrip no statistically 
significant difference in SFE was found between coated 
and uncoated samples (p=0.057). Based on these results, 
the null hypothesis was rejected.

SEM analysis of the samples allowed for visual 
comparisons of the PMMA samples. More grooves, 
striations and pits were evident on the surface of all 
uncoated compared to the coated PMMA samples (Figs. 
1–3). The uncoated samples exposed to Steradent (Fig. 
3) showed the most distinct grooves and striping of the 
surface. Small pits were also evident on these samples. 
In contrast the surface of the coated sample exposed to 
Steradent (Fig. 3) showed no obvious discontinuity.

DISCUSSION

This study was part of a series of studies evaluating 
the use of Parylene as a coating material for intraoral 
removable prostheses, the aim being, to reduce biofilm 
accumulation6,8). Two important properties that  
influence biofilm organization and retention are surface 
roughness and surface free energy32,34).

The results of this study clearly show that, 
regardless of the medium, Parylene coating led to a 
statistically significant reduction in mean surface 
roughness values of the PMMA samples tested. 
This is in agreement with previous studies14,16) and  
demonstrates that the coating, at a microscopic-level, 
covers the pits and grooves, and results in a more 
uniform surface. The results also showed that Parylene 
provided some form of physical resistance against the 
chemical action of the cleansers. The roughening effect 
of cleansers was significantly evident with Steradent 
which produced the roughest uncoated PMMA 
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Fig. 1	 SEM at ×2,000 of uncoated PMMA (left) and coated PMMA (right) (Control).

Fig. 2	 SEM at ×2,000 of uncoated PMMA (left) and coated PMMA (right) exposed to Poligrip.

Fig. 3	 SEM at ×2,000 of uncoated PMMA (left) and coated PMMA (right) exposed to Steradent.

surface. The increase in surface roughness caused by 
denture cleansers has been reported in the literature 
before, especially regarding alkaline peroxide-based 
solutions26,28,37). When the alkaline peroxide reacts with 
water it produces a solution of hydrogen peroxide and 
nascent oxygen. The nascent oxygen or oxygen bubbles 
are released once the pH approaches 7 and above. It 
is the released oxygen bubbles that cause mechanical 

cleansing of the denture resin surface particularly in 
the presence of organic material. The alkaline property 
causes a decrease in surface tension which would lead to 
a disruption of the forces holding fluids together. They 
are effective in removing stains but overtime they may 
cause bleaching of the denture resin. These cleansers 
are effective in removing plaque due to their ability to 
act on the organic component of plaque. Plaque adheres 
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to surfaces via this organic component38).
Surface free energy is another determinant of  

biofilm formation, and micro-organisms preferentially 
adhere to surfaces possessing similar surface free 
energy levels34), although the mechanism is not yet 
defined. The results of this study showed that Parylene 
C coated samples, exposed to either Poligrip or air 
exhibited higher mean SFE values compared to non-
coated. This is in agreement with a recent publication on 
the same subject16). A previous study also demonstrated 
an increase of SFE of Parylene coated PMMA samples, 
although it was not statistically significant15). In that 
study, the variant Parylene-N was used at a coating 
thickness of 5 μm, and a reduction of the adherence of 
Candida albicans was also demonstrated. On the other 
hand, the results of this study demonstrated a reduction 
in SFE for the coated samples treated with Steradent 
compared to the non-coated. There is no evident 
explanation for this disparity. However, the samples 
treated with Steradent showed the highest mean Ra 
values. Perhaps the hydrophobic quality of the coating 
in combination with all of these factors was effective in 
lowering the overall SFE of uncoated PMMA samples 
treated with Steradent. The evidence on the effect of 
SFE modifications on biofilm retention have not been 
conclusive since it has also been demonstrated that an 
increase in SFE may result in an increase in bacterial and 
fungal colonization34,39). Therefore, more microbiological 
studies would need to be conducted, following Zhou et 
al.15) in order to assess the influence of Parylene coatings 
on biofilm formation and retention.

The SEM images showed a noticeable difference 
in surface appearance or texture between coated and 
uncoated samples. The coated samples were noticeably 
less abraded appearing smoother and more matte. These 
findings also agree with those of related studies14,16).

CONCLUSIONS

Within the limitations of this study the following 
conclusions could be made: Parylene-C coating of  
PMMA resulted in a statistically significant decrease 
of surface roughness, and seemingly resisted the 
roughening effect of an alkaline peroxide cleanser 
(Steradent). The alkaline peroxide cleanser caused 
greater change in Ra than the neutral peroxide cleanser 
with enzyme (Poligrip).

The coating also resulted in an increase of surface 
free energy, with the exception of the samples treated 
with Steradent where a decrease was observed. The null 
hypothesis was therefore rejected.
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