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Abstract
Background and objective: Parylenes are conformal protective 

polymer coating materials utilized in various biomedical applications 
since they are chemically and biologically inert and stable. Acrylic 
resins, used in the manufacturing of different types of intra-oral 
prostheses, are vulnerable to fluid sorption and solubility and 
consequently alteration of different physical and mechanical 
properties. This study investigated the effect of surface coating of poly-
methyl methacrylate (PMMA) with Parylene-C, on surface free energy, 
water sorption, solubility, and staining.

Methods: Specimens were fabricated using heat-polymerizing 
PMMA, half were randomly chosen to be coated with Parylene-C 
and various groups were created for testing as follows: 24 specimens 
were subjected to water sorption and solubility tests in distilled water 
according to ISO 20795-1:2008 for denture base polymers. 48 specimens 
underwent staining tests by soaking in distilled water or coffee solution 
for one week. Discoloration was measured by comparing total colour 
differences (ΔE) and lightness values (L*) across groups after obtaining 
CIE L*a*b* values of all samples using a digital camera imaging and 
appropriate image analysis software. A further 40 samples were 
subjected to contact angle readings using deionized water and 
glycerol followed by surface free energy calculations. Nonparametric 
Mann-Whitney tests were used for statistical analysis (P<0.01).

Results: Coated PMMA specimens demonstrated significantly 
less water sorption and lower surface free energy compared to non-
coated (P <0.001), while no significant difference was found in solubility 
(P= .028). The coating did not have a significant effect on ΔE values 
after the staining tests, but the L* values in coated samples were 
significantly higher compared to the uncoated ones.

Significance: This study forms part of a series of experiments on the 
effect of Parylene coating of PMMA. The modified surface properties 
of coated PMMA may prolong the lifetime of intraoral prostheses and 
possibly reduce biofilm formation.

Introduction
Poly-methyl methacrylate (PMMA) resin is a low cost material 

that is easy to handle and has been used in dentistry for many years 
for the fabrication of intraoral prostheses. However, it is not an ideal 
material in every aspect [1]. It is subject to sorption, a process of 
adsorption and absorption of liquids dependent on the environmental 
conditions [2]. Should a contacting solution be pigmented, 
discoloration is also possible during service in the oral environment 
[2]. The sorption phenomenon is of considerable importance since 
it results in dimensional changes [3,4], as well as a reduction of 
flexural strength [5,6], impact strength [7], transverse strength [8] 
and fatigue life of PMMA [9]. Another problem of PMMA is the 
presence of surface and subsurface voids which may compromise its 

physical, aesthetic and hygiene properties [10]. These surface defects 
and porosities provide favourable niches for the development and 
differentiation of microbial colonies [11]. In addition, rough PMMA 
surfaces may predispose to colour changes [12]. Resin-based dental 
materials are prone to discoloration [1,2,13] and colour changes after 
exposure to denture cleansers and beverages [14,15].

Parylenes is a generic name of a unique polymer series which 
are widely used in medical sciences as a coating material. There are 
several variations of Parylene based on its monomer derivatives [16]. 
Parylene-C is a thermoplastic, crystalline and transparent polymer 
that is extensively used as a coating for insulating implantable 
biomedical devices [17]. In addition, Parylene-C is chemically inert 
and non-biodegradable [18]. Parylene-C is synthesized from a low 
molecular weight (MW) dimer, dichloro-di (p-xylylene), using a 
process that involves the decomposition of p-xylylene to yield chloro-
p-xylylene, followed by the polymerization of chloro-p-xylylene to 
Parylene-C [19]. Parylene-C can be vapour deposited onto substrates 
to generate uniform, pinhole free and hydrophobic membranes [20]. 

Parylenes may be used for the coating of intraoral prostheses made 
of PMMA, in order to reduce microbial colonization and improve 
surface properties [21]. The purpose of the present study was to 
investigate the effect of surface coating of PMMA with Parylene-C on 
water sorption, solubility, surface free energy, and staining.

Material and Methods
A commonly used heat polymerizing PMMA resin (Diamond D 

ultra-impact denture acrylic, Keystone Industries, New Jersey, USA) 
was used in the present study. A large metal two-part flask was used 
to prepare a stone mould for packing of the heat-cured acrylic resin 
dough to produce a sheet of PMMA resin with a thickness of 1.5 mm. 
The PMMA was processed under a slow cycle (8 hours) according 
to the manufacturer’s recommendations. This was then sectioned to 
produce 24 square specimens of 50 mm side for the water sorption 
and solubility tests, 48 square specimens of 15 mm for the staining 
test, and 40 square specimens of 15 mm for the surface free energy 
test. All the specimens were finished by hand by using progressively 
finer grades of silicon carbide water-proof paper sheets (240, 320, 
400 and 600 grit) until an even unblemished surface was produced 
similar to that encountered when making an intra-oral prosthesis. 
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The specimens were coded with a small round bur on the periphery 
of one side, steam cleaned for 5 seconds and dried with tissue paper. 
Half of all the specimens were coated with Parylene-C to a thickness 
of 10 μm (Specialty Coating Systems Ltd, Surrey, UK). Before coating, 
the specimens were cleaned by rinsing with de-ionised water and 
2-iso-propanol (IPA), and treated with the company’s chemical 
adhesion promoter (Adpro Plus, SCS Ltd, Surrey, UK). The samples 
were fixed by use of a crocodile clip in one corner. The parts were 
coated to a thickness of 5 μm, then the crocodile clip was moved to a 
new position before continuing coating to a total of 10 microns. The 
contact point created by the first position of the crocodile clip would 
therefore be the only point coated to 5 μm.  Control coupons were 
also placed within the chamber in order to verify the final thickness. 
The whole coating process was performed by the respective company 
(Specialty Coating Systems Ltd, Surrey, UK) without disclosing 
details of the process.

Water sorption and solubility test

Twelve uncoated and 12 Parylene-C coated PMMA samples 
were tested following the recommendations of ISO 20795-1:2008 
for base polymers [22]. The specimens were placed vertically on a 
wire rack to avoid sample to sample contact. The specimens were 
first conditioned to a constant mass by placing them in desiccators 
containing thoroughly dry anhydrous silica gel (Silica gel desiccant, 
Fisher Scientific, New Jersey, USA). The desiccators were placed in 
an incubator (LTE Raven, Richmond Scientific Ltd., Lancashire, 
UK) at 37°C for 24 hours. Following removal from the desiccators, 
each specimen was weighed on a scale (AG204 balance, Mettler, 
Toledo, Switzerland) with a precision of 0.1 mg. This drying cycle was 
repeated until the weight loss of each specimen was no greater than 
0.2 mg in any 24 hour period. At this point, the weight was considered 
constant (W1).

Next, the specimens were immersed in distilled water at 37°C for 
seven days. The water was changed every day to prevent saturation 
by soluble components. They were removed from the water with 
tweezers and wiped with a clean tissue paper until free from visible 
moisture and weighed again (W2). The specimens were finally 
reconditioned to a constant mass (W3) following the same protocol 
as for conditioning the specimens prior to water immersion. The 
final values of water sorption and solubility were obtained using the 
following formulas [22]:

Water sorption (Wsp) = W2 (μg) - W3 (μg) / sample volume 
(mm3)

Water solubility (Wsl) = W1 (μg) - W3 (μg) / sample volume 
(mm3)

Surface free energy test

All 40 samples were subjected to contact angle readings using de-
ionized water and glycerol followed by surface free energy calculations. 
A goniometer (Cam 200, KSV Instruments Ltd., Helsinki, Finland) 
was used for contact angle measurements. A droplet of approximately 
10μl was allowed to drop onto the sample after the software was pre-
programmed. This allowed frames to be captured at 40 millisecond 
intervals until one second had been reached (25 frames). The solid/
liquid/gas intersect could be determined using software analysis of the 
drop profile and multiple contact angles measured from the images. 

Both the left and right contact angles of the droplet were measured on 
each frame allowing for 50 measurements to be included for the mean 
value calculations. The protocol was repeated until measurements on 
all 40 samples were made using the two different liquids. Appropriate 
software (SFECam2008, KSV Instruments Ltd., Helsinki, Finland) 
was used to calculate the surface free energy of the samples using the 
surface tension data of the two reference liquids, mean contact angle 
data, and the Owens-Wendt theory [23].

Staining test

48 square (15 mm) PMMA specimens were used for the staining 
test. Half were left uncoated and half were coated with Parylene-C, 
in a random manner. Half of the specimens (N=12) in each group 
were immersed in distilled water at 40°C and half were immersed in a 
coffee solution made using 40 g of coffee powder (Gold Blend, Nestle 
Ltd, Gatwick, UK) dissolved in one litre of boiling distilled water. The 
coffee solution was stirred at 250 rpm on a magnetic hotplate/stirrer 
(Model MR 3002 S, Heidolph, UK) to prevent settling of any coffee 
powder. All immersed specimens were placed in an incubator at 40°C 
for one week (LTE Raven, Richmond Scientific Ltd., UK). At the end 
of the test period, the specimens were removed from the solutions and 
rinsed in distilled water. Excess water on the surfaces was removed 
with tissue paper and the specimens were allowed to dry.

A high resolution, 18 mega-pixel, digital camera (EOS 550D, 
Canon, Tokyo, Japan) with a 100 mm macro lens (Canon, Tokyo, 
Japan) was used to obtain photographs of the specimens. The settings 
used were: aperture set to f5.6, shutter speed to 1/125s and ISO was 
set at 400. Every effort was made in order to make the exposure 
parameters constant and uniform throughout the experiment: The 
white balance was set to tungsten light with a colour temperature of 
3200 K which was the closest setting to the actual colour temperature 
of the light source (3400 K). The camera was mounted on a rigid 
adjustable copy stand at 41 cm distance from camera to specimen. The 
distance between the front end of the macro lens and the specimen 
was 16.5 cm. The light source (KL1500-T, Schott, Stafford, UK) 
consisted of one halogen lamp (15 Voltage, 150 watt, 3400 K) with two 
flexible fibre-optic arms. These were set at 45° to the axis of the lens by 
means of a plastic holder because the diffuse reflection responsible for 
colour occurs at 45° from the incident light [24] (Figure 1). The lens 
was focused manually on the sample. Each specimen, to be measured 
was placed on a grey card (Art Shop, UK) ensuring the specimen 
was in the middle of the view finder. A middle-gray background was 
used as a way to produce consistent image exposure and colour in 
film photography [25]. Images were saved as high quality and then 
analysed using imaging software (Adobe Photoshop CS4 software 
Adobe, San Jose, USA) enabling the collection of quantitative colour 
parameters (L, a, and b values) [24,26]. The image was outlined using 
the marquee tool within the toolbar option of Photoshop, to select 
the maximum area of the specimen while avoiding the borders. A 
histogram was then provided that gave the mean L, a, and b values 
of all pixels within the selected area. The lightness, a, and b values in 
the histogram window are not standard colour values. However, they 
can be converted to L*, a*, b* values of CIE LAB using the following 
formulas [27]:

L* = Lightness/255×100

a* = 240a/255-120
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b* = 240b/255-120

The CIE system colour values28 (L*,a* and b*) of all the specimens 
were analysed before and after exposure to any medium. Colour 
differences (ΔE) of the specimens were calculated according to the 
equation28: ΔE*ab= [ (ΔL*)2 + (Δa*)2 +(Δb*)2 ]1/2

Where, ΔL, Δa, and Δb are differences in L, a, and b values before 
and after immersion in a solution. The reproducibility of the imaging 
system was tested by taking images of dental composite resin shade 
tabs (Gradia, GC Co, Tokyo, Japan). Three photographs were taken 
on three different days, of the middle portion of the shade tabs A1 and 
A4 and the relevant CIE L*a*b* values were obtained.

Scanning electron microscopy

Several specimens were prepared for Scanning Electron 
Microscopy (SEM) analysis by sputter coating with gold/palladium. 
A scanning electron microscope (JSM-5410 L, Jeol, Tokyo, Japan) 
operating at 10 KV was used at x1000 and X3500 magnification on 
the surface the specimens.

Statistical analysis

Non-parametric Mann-Whitney tests were used to compare the 
distributions of water sorption, solubility, surface free energy, and 
colour difference (ΔE) in PMMA coated and non-coated specimens 
after one week’s immersion in each of two media as the data were 
not normally distributed. The Mann Whitney tests were also used to 
compare the ΔE after immersion in distilled water and coffee for both 
coated and uncoated PMMA specimens, and to compare the lightness 
of the specimens in the two groups before and after immersion in 
each medium. The non-parametric Wilcoxon signed rank test was 
used to assess the effect of the staining test on the lightness shift of the 
specimens after immersing them either in distilled water or coffee. 
A significance level of 0.01 was chosen rather than the conventional 
0.05 to avoid falsely significant results arising from multiple testing. 
Appropriate software was used for statistical analysis (SPSS version 
20, IBM, Portsmouth, UK)

Results
Water sorption and solubility

The median, minimum and maximum values of water sorption 

and solubility are presented in Table 1. On average, there was 
significantly less water sorption in Parylene-C coated PMMA than 
in non-coated PMMA specimens (P <0.001), while no significant 
difference was found in the solubility between the groups (P=.028).

Surface free energy

Table 2 shows the descriptive statistics calculated for the two 
sample groups. There was a statistically significant difference (p< 
0.001) in the median surface free energy values between the two 
groups, with the median value for the uncoated PMMA group being 
consistently higher than the Parylene coated group (38.36 mJ/m2 
compared to 14.52 mJ/m2).

The interquartile range also differed between the two groups with 
the coated group presenting with a smaller range and more consistent 
values (Table 2).

Staining test

The median, minimum and maximum of colour difference ∆E 
of PMMA and Parylene-C coated PMMA specimens after one week 
immersion in distilled water or coffee solution are presented in Table 
3. There was no statistically significant difference in the distributions
when the ΔE values of coated vs. uncoated PMMA samples were 
compared after immersion in distilled water or in coffee solution 
for one week (P=0.52 and 0.932 respectively). The storage medium 
also did not exhibit any statistically significant effect when the ΔE 
values after immersion for uncoated and coated sample groups were 
compared (P=0.128 and 0.834, respectively). 

Furthermore, the lightness values of all groups of samples, 

Figure 1: The digital image capture set-up. (A: rigid adjustable copy stand. B: 
digital camera. C:  light source. D: middle-gray background. E: a specimen. 
F: Plastic holder).

Group Wsp (µg/mm3) Wsl (µg/mm3)

PMMA

N 12 12

Median
Minimum
Maximum

26.41
17.67
28.20

1.06
.92

1.18

Parylene-coated
PMMA

N 12 12

Median
Minimum
Maximum

15.32
14.89
16.92

.97

.52
1.10

Table 1: Water sorption and water solubility of the test materials.

Wsp: water sorption, Wsl: water solubility

Group Minimum SFE 
(mJ/m2)

  Maximum 
SFE (mJ/m2)

Median SFE    
(mJ/m2)

Interquartile 
range

Uncoated
PMMA 22.74 78.33 38.36 22.40

Parylene-coated
PMMA 11.74 27.78 14.52 5.04

Table 2: Surface free energy results.

SFE: Surface free energy

Group N ∆E Median ∆E minimum ∆E maximum

PMMA water 12 1.94 0.76 2.97

Coated-PMMA water 12 2.73 1.19 9.16

PMMA coffee 12 2.37 .87 5.41

Coated-PMMA coffee 12 2.84 0.93 8.29

Table 3: Colour differences (∆E) of uncoated and Parylene-C coated PMMA 
specimens after one week immersion in distilled water or coffee.
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before (L0) and after (L1) immersion in each of the two media, were 
compared. The median, minimum and maximum lightness of the 
samples before (L0) and after immersion (L1) in different media are 
presented in Table 4. Mann-Whitney tests revealed that Parylene-C 
coated samples were significantly lighter on average than PMMA 
samples (P <0.001) both before (L0) and after soaking (L1) in the 
storage media. Also, the effect of staining test on the lightness shift of 
the two groups was evaluated. Wilcoxon signed ranks test was used 
to compare the lightness of the specimens before (L0) and after (L1) 
soaking in each of the two storage media. It was found that there 
was a statistically significant reduction in L* value of the PMMA 
specimens after soaking in water and coffee solution (P = 0.005 and 
0.004 respectively). However, there was no statistically significant 
change in the lightness of Parylene-C coated PMMA samples after 
storage in either of the two media (P = 0.099 and 0.388 for water and 
coffee, respectively). In addition, L1 values of the PMMA specimens 
which were immersed in water and coffee were compared by Mann-
Whitney statistical analysis. It was found that there was significant 
difference in the lightness of the PMMA specimens soaked in two 
media with higher L values for those soaked in water (P=0.009). Some 
pictures of samples are depicted in Figure 2.

SEM photographs

The images of PMMA and Parylene-C coated specimens before 

immersion in the test solutions are presented in Figure 3. From the 
pictures it was evident that the non-coated PMMA specimen revealed 
a rougher surface after polishing with silicon sandpaper relative to 
the surface texture of Parylene-C coated PMMA where the grooves 
and scratches had been covered by uniform layers of spherical shaped 
Parylene-C particles.

Discussion
Various fixed and removable intra-oral prostheses are fabricated 

using PMMA. However, the material presents with certain inherent 
shortcomings while in service in the demanding oral environment, 
such as increased sorption, discoloration, deterioration of mechanical 
properties, and accumulation of microbial biofilms [1,2,10]. The 
present study was designed to investigate the effect of surface coating 
of PMMA, with a biomedical coating polymer, on water sorption, 
solubility, surface free energy, and staining.

Water sorption

Water sorption of a material represents the amount of water 
adsorbed on the surface, and absorbed into the body of the material 
[29]. It is important because it causes plasticization, lowering of the 
glass transition temperature (Tg) and may affect the mechanical 
properties and dimensional stability [30]. It also subjects the material 
to internal stresses that may result in crack formation and, eventually, 
fractures [31]. Based on the results of this study, Parylene-C coated 
PMMA presented with statistically reduced Wsp compared to 
uncoated PMMA. All samples presented with Wsp values below the 
acceptable 32 μg/mm3 [22]. No other study has looked at the effect 
of coating applications on PMMA water sorption. The difference 
in water sorption may be explained by the surface condition of the 
specimens. Although water sorption always occurs in acrylic resins, 
the sorption rate is accelerated in rougher materials, which are 
considered more hydrophilic [32,33]. In the present study, the SEM 
pictures revealed a rougher surface of the uncoated, polished PMMA, 
relative to the surface texture of Parylene-C coated PMMA. This 
initial rougher surface may have increased hydrophilicity, leading to 
increased wetting and water sorption. A recent study [34] investigated 

     Group L0 L1 P value

   PMMA water

Median
Minimum
Maximum

58.18
55.72
60.45

56.55
54.94
60.78

0.005

Coated
PMMA water

Median
Minimum
Maximum

64.75
62.04
67.58

66.72
63.44
70.47

.099

PMMA   coffee

Median
Minimum
Maximum

57.19
55.14
59.96

53.77
51.58
59.90

0.004

Coated
   PMMA coffee

Median
Minimum
Maximum

66.32
62.74
68.81

65.63
63.03
71.90

0.388

Table 4: Lightness values of the test materials before and after immersion in 
water or in coffee.

Figure 2: Digital image of different samples after one week immersion in 
the storage mediums: A) upper left: PMMA and water B) lower left: PMMA 
and coffee c)upper right: Parylene-coated PMMA and water d) lower right: 
Parylene-coated PMMA and coffee.

Figure 3: SEM images of uncoated (A and C) and a Parylene-coated (B and 
D) PMMA specimens at ×1000 and X3500 magnification respectively.

 L0: lightness value before soaking, L1: lightness value after soaking
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the effect of Parylene coating on the surface roughness of PMMA 
after subjected to cycles of brushing. The results showed that the 
Parylene coating maintained a statistically significant reduced surface 
roughness [34].

Another possible explanation for the reduced rate of Wsp of 
the coated specimens could be the fact that the coating itself was 
hydrophobic [20]. This was evident by the statistically significant 
reduction in surface free energy that occurred on coated samples.

Water solubility

The solubility of the acrylic resins that was measured represented 
the amount of water soluble ingredients, unreacted monomers, 
plasticizers, and initiators that leached out during the seven days 
the specimens were immersed in water [35]. This is important to 
investigate as these by-products have the potential to induce allergies 
[36] and cytotoxicity [37,38]. The results of this study indicated that 
the median values of Wsl of both groups were below the requirement 
of 1.6 μg/mm3 [22]. The median values of water solubility for 
PMMA and Parylene-C coated PMMA were 1.06 and 0.97 μg/mm3 
respectively and were not significantly different. This suggested 
that the coating did not act as an effective barrier for reducing the 
leakage of water soluble components. There is no clear explanation 
regarding the effect of the Parylene coating on Wsl. The surface 
condition of a denture plays a significant role in the release of residual 
monomer [38]. The effect of surface treatment of PMMA by polishing 
or by coating with another resin on the release of MMA has been 
investigated [38,39]. Vallittu [38] demonstrated that the polishing 
of the surface of PMMA reduced the amount of MMA release. This 
study [38] was based on the hypothesis that the reduced diffusion 
surface of the specimen brought about by polishing, decreased the 
MMA release into water. Another study [39] demonstrated that light-
cured resin coatings on the surface of PMMA provided an effective 
barrier against residual MMA release into surrounding water 
environment for 48 hours. The results of the present study showed 
that Parylene-C coating did not result in any significant reduction 
in the release of water soluble materials from PMMA during seven 
days water immersion, in spite of the smoother surface compared to 
untreated PMMA samples [34]. It may be suggested that Parylene-C 
film does not provide a highly cross-linked cover on the surface 
to suppress the leaching of the water soluble ingredients. Barrier 
performance of Parylene C may be dependent upon its thickness and 
more research is needed in this direction in order to optimize it for 
future use. Another factor which might have affected Wsl could be 
the stability of the adhesion of the coating on the PMMA substrate.  
One of the limitations of Parylene-C coatings is their poor adhesion 
to some substrates. Parylene, through its deposition process, does 
not adhere chemically, only mechanically [40]. The largest factor 
affecting Parylene adhesion is surface cleanliness and it is highly 
recommended that the substrate be cleaned prior to coating [41-
43]. Moreover, for optimal adhesion of Parylene to a wide variety of 
substrates, surface treatment with plasma and adhesion promoting 
agents prior to Parylene coating is performed [41-43], but details of 
these treatments remain undisclosed. Nevertheless, a previous study 
[34] demonstrated that Parylene was still adhering to PMMA even 
after mechanical challenges. More studies should be performed on 
the stability of the bond to the substrate, especially after artificial 
aging.

Surface free energy

Surface free energy is one of the most important physicochemical 
properties of a material that play a role during the early phases of 
microbial attachment. Being able to reduce the surface free energy of 
a material in a clinical situation would directly influence the amounts 
of initial microbial attachment [44,45]. This may be of particular 
importance in medicine and dentistry in the case of PMMA, which 
has been proven to retain such fungal and bacterial biofilms when 
used for the fabrication of intraoral prostheses. These PMMA 
biofilms have been repeatedly found to promote both local and, 
more importantly, systemic, potentially life-threatening infections in 
susceptible cohorts such as diabetic patients, hospitalised populations 
and other immune-compromised patients [46].

The results of this study showed that Parylene C coating 
significantly reduced the surface free energy levels of PMMA in a 
laboratory setting. This was expected due to the nature of Parylene 
polymers [47]. The reduced surface free energy levels of the test group 
could be explained by the fact that Parylene C has an all-carbon 
‘backbone’ which has no oxygen, nitrogen or sulphur atom links [47]. 
This chemical makeup is what gives Parylene C its low surface free 
energy. A previous study [48] did not find any statistically significant 
difference in surface free energy between Parylene coated and 
uncoated PMMA samples. The difference in results may be explained 
by the fact that in that study [48], the variant Parylene N was used that 
is chemically different to Parylene C used in this study, as well as by 
the different testing liquids used to calculate SFE. 

The results of this study also showed that the interquartile range 
of the uncoated control group was more than four times greater 
than the test group (22.40 mN/m to 5.04 mN/m). The lower range 
of values of the coated group may be explained by the effect of the 
coating on masking-out the various surface irregularities and micro-
defects of PMMA. As Parylene is highly conformal, it is able to fill 
in the microscopic pits and troughs of the PMMA surface during 
the coating process. In doing so, it provides PMMA with a more 
conformal, uniform and continuous surface that effectively reduces 
the surface roughness of the material. This surface uniformity 
increases smoothness which in turn reduces its surface free energy 
values.

Staining

The CIE Lab system is widely used in determining colour 
changes through the evaluation and expression of differences in three 
dimensions of colour space, thus obtaining mathematical data [1]. 
The three coordinates of CIE Lab represent the lightness of the colour 
(L* = 0 yields black and L* = 100 indicates diffuse white), its position 
between red/magenta and green (a* negative values indicate green 
while positive values indicate magenta) and its position between 
yellow and blue (b* negative values indicate blue and positive 
values indicate yellow) [28]. Judging the colour of a surface highly 
depends on the both the actual colours of the surface and the lighting 
conditions under which the surface is measured [49], time of the 
day, surrounding conditions and position of the specimen [50,51]. 
Smoothness of the specimen surface also affects colour measurement 
[49]. The ideal colour temperature of the light source for colour 
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reproduction is 5,500 K [50]. In the present study, since colour 
differences were being tested under uniform conditions, the choice of 
the illuminant was not critical [49].

In this study, it was expected that fine colorant particles of coffee 
solution could have been deposited more readily into pits and grooves 
of the rougher surface of uncoated PMMA samples compared with the 
smoother surface of Parylene-C coated ones. However, digital image 
analysis did not show any significant difference of ∆E values between 
the groups. The coating only seemed to affect L* values, the results 
showing that the L*values of the uncoated samples before and after 
immersion in the test solutions were consistently lower compared 
to the Parylene-coated samples. As the SEM images showed, 
the uncoated PMMA samples presented with a rougher surface 
compared to the coated notes [34]. This roughness may have caused 
reflection, refraction and scattering of the incident light in different 
directions resulting in a reduction in value. On the other hand, the 
spherical Parylene particles formed a smooth and uniform surface on 
the coated samples which might have resulted in a reflection of the 
incident light in a more uniform direction, contributing to the higher 
L*values measured. This assumption is in agreement with a recent 
study [52] which evaluated the influence of surface roughness on the 
colour of dental resin composites and found that lightness increased 
as roughness decreased. Furthermore, Parylene-C exhibits very little 
absorption in the visible region and is therefore, colourless in visible 
light [47]. This property may have led to an increased reflection of 
incident light, resulting in increased lightness values.

Statistical analysis showed that the CIE Lab values obtained from 
image analysis of uncoated PMMA specimens decreased significantly 
after immersion in the test solutions and that the L1 value of the 
uncoated samples immersed in coffee was less than those in water. 
This finding is in agreement with other studies [53,54] which showed 
that staining solutions caused a decrease in lightness. No statistical 
difference in L* values was seen between the coated sample groups 
in either solution. This function of the coating may be explained by 
the fact that Parylene-C is inert and has very few active sites to form 
molecular bonds with other chemicals. Buyukyilmaz and Ruyter 
[13] demonstrated that discoloration of denture materials results 
from the adhesion of colorants to the surface. Hersek et al. [1] stated 
that staining might be the result of molecular interactions between 
colorants and denture polymers. It was also explained that the resin 
specimens absorb the colorant solution, primarily due to the polar 
properties of the resin molecules and diffusion mechanism of water 
molecules.1 These properties might explain why the L* values in 
Parylene-C coated samples were not significantly different in the test 
solutions, since less adhesion of colorant agents to the inert surface of 
Parylene-C film may occur.

Further research should be conducted on the application of 
Parylene coatings on PMMA. Factors such as storage time and 
temperature may alter Wsp and Wsl values and should be investigated 
with an emphasis on the possible qualitative differences of the released 
chemicals between coated and uncoated PMMA. Other factors, such 
as initial PMMA surface roughness and coating thickness deserve 
further research. Future studies should also address the direct effect 
of the coating on biofilm retention. Some of these topics are already 
under investigation by the authors.  

Conclusions
Within the limits of this study, the following conclusions were 

drawn:

·	 Parylene C coated PMMA samples exhibited, on average, 
lower water sorption and lower surface free energy compared 
to uncoated samples.

·	 Parylene C coating did not have a statistically significant 
effect on water solubility values.

·	 No significant difference in ∆E values was found between all 
groups of test materials after soaking in distilled water and 
coffee solution.

·	 Parylene coated PMMA presented with significantly higher 
L*values, which were not affected after soaking in media, 
compared to uncoated PMMA.
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