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Abstract: Three-dimensional printed denture base resins are relatively new materials, and their
properties need to be thoroughly investigated to assess whether they can be used clinically. The aim
of the current study was to evaluate the colour stability of 3D printed and conventional denture base
resins after immersion in different staining solutions. A total of 200 specimens were manufactured
from two types of materials: 3D printed dental resin NextDent Denture 3D+ (NextDent, 3D Systems,
the Netherlands) and heat-polymerized PMMA Vertex (3D Systems, the Netherlands), which were
immersed in four types of colourants—artificial saliva, coffee, red wine and coke (n = 25). For measur-
ing the colour changes (CIE-L*a*b* system), a SpectroShade Micro spectrophotometer (SpectroShade,
Oxnard, CA, USA) was used. After seven days (T1), 14 days (T2) and 21 days (T3), the mean AE
values were calculated and compared by the Bonferonni post hoc test. The data were processed
using the statistical software SPSS 26. The level of significance for rejecting the null hypothesis was
fixed at p < 0.05. The highest mean values for AE were found for both types of dental resin in red
wine, and the lowest mean values for AE were found for 3D printed specimens in artificial saliva.
The 3D printed denture base resin demonstrated better colour stability than the conventional acrylic
materials. The staining effect correlated with the immersion time, with the red wine and coke having
the strongest chromogenic impact and the period with the highest colour changes being 21 days.

Keywords: 3D printing; colour stability; removable dentures; polymethyl methacrylate; denture bases

1. Introduction

Replacing defects in dental rows has been done for thousands of years. In the Middle
Ages, when dentures were fitted, they were hand-carved and fixed with silk threads.
Fixation of the teeth created difficulties, as the upper and lower dentures were held by
means of steel springs [1]. Many of the famous people of the time, such as the president
of the USA George Washington, had periodontal disease and used removable prosthetic
restorations. The deficiency of suitable materials for removable restorations was one of the
main reasons for the complicated treatment of edentulous patients [2].

After the introduction of acrylic plastics, in the 1930s, for the first time, entire pros-
theses were made from pressed polymerized plates [3]. In 1935, the company “Kultzer”
synthesized the first factory-produced acrylic plastic, which consisted of two components:
powder (polymer) and liquid (monomer) for the needs of dentistry, known by its trade
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name “Palladon”. Three years later, the first self-polymerizing plastic was created, for
which the polymerization process was activated using tertiary amines [4].

Since then, PMMA plastic has dominated the field of removable prosthetic construc-
tion. The advantages of this material are favorable physical and aesthetic characteristics,
availability of the material and relatively low cost. The relative ease with which PMMA
can be processed, adjusted or repaired is another preferable characteristic [5].

Dental resin is a high-molecular-weight mixture of natural or synthetic origin that
consists of a number of monomeric particles creating macromolecules (polymers) [6].
Monomers, on the other hand, are single simple molecules, which are attached to chains of
polymers. The synthesis of macromolecules is obtained by a reaction of polymerization. It
is divided into two types—condensation and addition [7]. Condensation polymerization
is characterized by the fact that the molecules of the monomer are joined into a polymer
molecule. It has a different empirical composition than the monomer, releasing a low-
molecular-weight by-product—water [8]. Addition polymerization results in a polymer
that is made up of multiple repetitions of the monomer molecule. Thus, the molecular
weight of the polymer is equal to the sum of the molecular weights of the participating
monomers [9].

Removable prostheses are still a preferred treatment option for edentulous people
by dental specialists. These prosthodontic restorations may be manufactured by the con-
ventional method, using heat-polymerized polymer polymethyl methacrylate (PMMA),
injection molding or the CAD /CAM method—using subtractive or additive manufac-
turing [10]. Three-dimensional printing technology or additive manufacturing (AM) is
a widely applied method. It is based on stereolithography (SLA), and the objects are
printed by the 3D printer layer by layer [11]. This method is used for fixed and removable
prosthodontic restorations, orthodontic aligners, surgical guides and implants [12,13].

All types of dental resins have relatively good optical and mechanical qualities and
easy processing. They have satisfactory dimensional properties and resistance to function
in the conditions of the oral cavity [14]. However, these types of dental materials also
have a number of shortcomings, such as staining from different food ingredients and
beverages after a certain period of time. The water sorption and the colouring effect of
different components may cause irreversible changes in a removable prosthesis [15]. As a
consequence, discomfort during chewing and degradation of the aesthetic appearance may
occur, which after a certain period of time may lead to the patient’s dissatisfaction with
prosthetic treatment [16].

Due to a number of contraindications of a general and local nature, when other
methods of treatment are not possible, this type of material for removable dentures will
continue to be dentists’ first choice. Other main reasons are the affordable price, simple
technology and high social acceptance [17].

The increasing awareness of dentists regarding the optical changes of dental resins
used for removable dentures in the oral cavity could help them to solve specific clinical
situations in their dental practice [18]. The need for prosthetic treatment to restore the
defects of the dental rows with removable dentures determines the actuality of the topic
about the colour stability of the denture base resins [19].

Dental resins for removable dentures exhibit certain colour changes over time due
to different staining factors. They are in constant interaction with oral fluids and differ-
ent kinds of food and beverages [20,21]. According to a number of studies, 3D printed
dental resins have better optical stability than PMMA (polymethyl methacrylate) resins
for removable prosthodontics [22-25]. The optical quality of the denture base resins is
a property of paramount importance because it ensures the aesthetical appearance and
patients” comfort [26].

In comparison with the conventional heat-polymerized PMMA for removable den-
tures, 3D printed dental resins have a number of advantages. They include simplified
laboratory protocol, time effectiveness and more efficient planning of the prosthetic restora-
tion [27-29]. The shortcomings of both types of dental materials include discolouration
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over time, which affects negative the aesthetics and the long-term success of the prosthetic
treatment [30,31].

Colour determination is possible via different visual and instrumental methods. The
visual method consists of a clinical evaluation performed by the dental practitioner using
different colour shade guides [32]. In comparison, the instrumental techniques are more
accurate and exclude the possibility of subjective errors. They include colourimeters and
spectrophotometers, which detect the colour values in accordance with the CIE L*a*b*
colouring system. The CIE L*a*b* system defines the colour space with both chromatic
value and saturation of the L*a*b* coordinates: L* measures colour bleaching (a value of
100 corresponds to perfect white and 0 to black); a* measures colour in the red (a* > 0) and
green (a* < 0) dimensions; and b* measures colour in the yellow (b* > 0) and blue (b* < 0)
dimensions [33].

Delta E is defined as the difference between two colours in an L*a*b* colour space,
which is referred to as a mathematical formula. This information is significant for the
evaluation of the distinct values. The CIE L*a*b* formula is based on the Euclidian distance,
which represents the distance between two points in a three-dimensional colour space [34].

In addition, the vision is more susceptible to particular areas of colour and less
susceptible to others. This is a fact that the formula does not take into consideration. The
deficiencies of the eyes were compensated using further colour equations [35]. Colours in a
highly saturated area are determined less significant during the evaluation than colours
along the gray axis. This is the area where the vision is most sensitive. In the case that the
delta E value of 1 is visible to the untrained eye, this does not apply for the highly saturated
region but it is true for the gray axis [36].

Spectrophotometry is a type of method that is explained by the theory of electro-
magnetic spectroscopy. This process is applied with the quantitative measurement of the
reflection of a material as a function of the wavelength [37]. The spectrophotometers are
used for the quantitative evaluation of molecules. They are based on the amount of light
that is absorbed by a variety of compounds. Spectrophotometers measure the intensity
of a light beam at different wavelengths and have the ability to obtain wide swaths of
the electromagnetic spectrum [38]. Significant features of spectrophotometers include the
spectral bandwidth. This is the scale of colours that can be transferred through the test
sample, the percentage of sample transmission, the logarithmic span of sample absorption,
and sometimes a percentage of reflectance assessment. Spectrophotometers can also be
designed to estimate the diffusivity on any of the listed light spans that usually enfold
around 200-2500 nm applying different adjustments. Within this extent of light, calibra-
tions are necessary using standards that vary in type depending on the wavelength of the
photometric resolution [39].

The aim of this in vitro study was to investigate and compare the colour changes
occurring in these two types of denture materials in various staining agents for the selected
immersion periods.

2. Materials and Methods

For the purpose of the current investigation, 200 samples were prepared in the shape
of a parallelepiped. They were manufactured with dimensions of 20 mm by 20 mm in width
and length and 3 mm in cross-sectional diameter. The shape and size of the test specimens
were designed according to the predetermined criteria. Non-parametric software (Free
CAD Version 0.19) was applied and a .STL file was created for this purpose (Figure 1).
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Figure 1. Graphic of the specimens’ design and dimensions.

The parameters of the experimental bodies of the two types of resin for removable
dentures were determined using the software program G*Power Version 3.1 (Universitat
Diisseldorf, Diisseldorf, Germany). G*Power is a tool for calculating statistical power
analyses for various tests. G*Power can also be used to calculate effect sizes and graphically
display the results of power analyses.

The evaluation of the sample size and the power analysis were implemented using the
following components: effect size, power (1-3), significance level («) and type of statistical
method. A priori analysis is a statistical test that is used for the determination of the sample
size and is usually performed before the investigation of the research has been planned.
Thus, it is used to define the sample size N needed to evaluate the effect size, the desired «
level and the power level (1-3).

Once the effect size (in this case the sizes of the test samples) is calculated, the pro-
cedure for determination of the sample size is very simple. For measuring the sample
size of a statistical test, the software of G*Power gives information about the effect size
conventions of “small”, “medium” and “large,” based on the recommendations of Cohen.
Thus, it evaluates conventional effect size values that are different for different tests.

e Two-sample or independent ¢-test

A two-sample f-test (also known as an independent t-test or Student’s t-test) is a
statistical test that differentiates the means of two independent samples. The null hypothesis
(Hp) proposes that the difference in group means is equal to 0, and the alternative hypothesis
(H;) states that the difference in group means is non-0.

For the purposes of our research, an a priori analysis was performed with a pre-
set p-value of 0.05 and a power of 0.95 with a two-group balanced design. The applied
t-test determined a total of 176 test specimens that were required from both types of
materials (n = 88 per group) with dimensions of 20 mm x 20 mm x 3 mm to satisfy the
aforementioned parameters.

The null hypothesis states that there would be no colour changes in the selected two
groups, while the alternative hypothesis proposes that there will be a significant staining
effect on the tested specimens. Two groups of specimens, 100 pieces of each type of dental
resin, were manufactured. The first group of experimental samples was made from Vertex
BasiQ 20 (Vertex Dental, 3D Systems, Soesterberg, The Netherlands) heat-polymerizing
acrylic by a conventional flasking method. The second group of experimental bodies was
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made by the 3D printing method from dental resin for removable dentures of NextDent
Denture 3D+ (NextDent, 3D Systems, Soesterberg, The Netherlands) [40] (Table 1).

Table 1. Types of materials used in the study.

Product Composition Detail Manufacturer
NextDent Denture Methacrylate—b;ased o NextDent, 3D
photopolymerized 3D printing Systems, Soesterberg,
3D+ .

resin Netherlands
Vertex Dental,

. . 3D Systems,

Vertex BasiQ 20 PMMA Heat curing Soesterberg,

Netherlands

The wax prototype of the experimental body with the predetermined shape and
dimensions was printed using a 3D printer. Castable Wax (Formlabs, Somerville, MA,
USA) is used to print wax prototypes of prosthetic structures, which are then packaged
and cast [41]. In this way, considerable time is saved in the laboratory protocol, and high
accuracy and precision of the part are ensured (Figure 2).

Figure 2. Process of printing the experimental samples in the 3D printer NextDent 5100 (NextDent,
3D Systems, Soesterberg, The Netherlands).

For the production of the experimental bodies of thermosetting plastic, the polymer
was pre-weighed and combined with the monomer in a weight ratio of 2:1. The polymer
and monomer were mixed in a clean porcelain vessel at room temperature as indicated
in the manufacturer’s instructions. After about 15 min, the working phase (dough) was
reached, in which the plastic was placed in the cuvettes and clamped in a hydraulic press
(Sirio P400, Sirio Dental, Meldola, Italy) under a pressure of 100 kg/cm? and slowly relaxed
until the final drop in the pressure. This was followed by placing the sample in a water bath
for 20 min at 1000 °C to complete the heat polymerization process. After the completion
of the polymerization cycle and slow cooling to room temperature, the surface of the test
samples was treated with 70% ethyl alcohol and then dried.

The samples in the second group of were made of dental resin for denture bases by
the 3D printing method using a pre-generated .STL file from the software program. The
.STL file format, which substitutes the geometry of an object in the shape of triangles, is
a standard for sending three-dimensional information to 3D printers. The dental resin
NextDent 3D Denture + is available in 5 colours, and for the purpose of the study, we chose
“Light pink” as the colour of the experimental bodies.
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The technology was implemented using NextDent’s 3D printer (NextDent 5100 DLP
3D Printer, 3D Systems, Budel, The Netherlands). Dental resin is a photopolymerizable
plastic based on polymethyl methacrylate and is in the form of a liquid. It was placed in
the tray at the bottom of the printer. Once the file was imported and the 3D images of the
trial bodies were positioned, the process in the 3D printer software could be started. The
resin specimens were printed at a 50 um layer thickness. and the exposure time for this
process was 95 min.

After printing, the finished experimental bodies were placed on a special platform
at the top of the printer. Samples were subject to additional processing—cleaning of the
unpolymerized material from the surface by placing them in a tub of isopropyl alcohol
for 10 min. Isopropyl alcohol (IPA-2-propanol or rubbing alcohol) is a transparent, strong
cleaning medium used for various 3D printing materials. For 3D printed elements, the
process usually takes six minutes, and the IPA is dissolved in distilled water to a ratio of 70%
isopropyl alcohol:30% distilled water. After cleaning, the test pieces were placed for another
45 min in glycerin in the final polymerization oven to react the remaining monomers.

From each group, we divided the experimental samples into 4 subgroups (1 = 25),
which we immersed in four different types of staining solutions—artificial saliva, coffee,
Coca-Cola and red wine. The artificial saliva was produced in accordance with a prelimi-
nary recipe by a chemist. The coffee was prepared in agreement with the manufacturer’s
instructions (Nescafe, Nestle, Vevey, Switzerland): First, 1.8 g coffee powder was mixed
with 200 mL water. Then, it was placed after cooling in a glass container. Red wine (Mezzek
Merlot, Katarzyna Estate, Svilengrad, Bulgaria) and coke (Coca-Cola, Coca-Cola HBC) were
purchased and also placed in identical glass containers. The solutions were 200 mL each
and were replaced with new ones every day. The study was conducted at room tempera-
ture, and changes in the colour of the materials were recorded on day 7, day 14 and day 21
by spectrophotometric analysis. For this purpose, a SpectroShade Micro (SpectroShade,
Oxnard, CA, USA) spectrophotometer was applied [42]. Before each measurement with the
apparatus, the experimental samples were washed with distilled water. Excess water on
the surfaces of the samples was eliminated with a paper towel and allowed to dry.

The colour changes of the test bodies were determined by the Commission Interna-
tionale de ’Eclairege L*a*b* (CIELab) system using visible light [22]. The CIE L*a*b* values
were measured for each test specimen three times to eliminate the possibility of an error
and to calculate the average value for each test body.

In agreement with the ISO/TR-28642:2016 standard, reported AE values that are <1.2
are accepted as the lower sensitivity threshold, and AE values between 1.2 and 2.7 are
considered clinically acceptable [43]. Any AE values that are above 2.7 are not clinically
acceptable. The obtained results were recorded in tables and analysed using the Bonferroni
post hoc test (IBM SPSS 26 statistical package).

3. Results

The results obtained are summarized in Tables 2 and 3; the mean and the standard
deviation of the colour changes (AE) of two types of denture base resin after immersion for
three periods of time (7, 14, 21 days) in four different types of staining solutions (artificial
saliva, coke, red wine, coffee) were evaluated.



Appl. Sci. 2022,12, 12560

7 of 13

Table 2. Scheme of the experiment organization—colour change values of the selected materials
according to the different periods of time.

Tvoe of Material Period of Time (T) Artificial Saliva Coffee Coca-Cola Red Wine SD

yP AE (Mean) AE (Mean) AE (Mean) AE (Mean) (Standard Deviation)
NextDent Denture 3D+ 7 days (T1) 0.498 2.129 2.676 3.016 1.1160103

Vertex BasiQ y 0.512 2.328 2.867 3.268 1.2170435
NextDent Denture 3D+ 14 days (T2) 0.471 2.194 2.722 3.163 1.1795063

Vertex BasiQ Y 0.484 2.576 2.966 3.508 1.3227450
NextDent Denture 3D+ 21 days (T3) 0.462 2.269 2.875 3.312 1.2535407

Vertex BasiQ ¥ 0.457 2.793 3.158 3.866 1.4764653

Table 3. Bonferroni post hoc test—multiple comparisons.

Multiple Comparisons

Dependent Variable; AE
Bonferroni Post-Hoc Test

95% Confidence Interval

(I) Period (J) Period Mean Difference (I-]) Std. Error P Lower Bound Upper Bound
” 14 —0.098750 0.0685752 0.504 —0.280817 0.083317
21 —0.237250 * 0.0685752 0.009 —0.419317 —0.055183
14 7 0.098750 0.0685752 0.504 —0.083317 0.280817
21 —0.138500 0.0685752 0.178 —0.320567 0.043567
” 7 0.237250 * 0.0685752 0.009 0.055183 0.419317
14 0.138500 0.0685752 0.178 —0.043567 0.320567

Based on observed means. The error term is Mean Square(Error) = 0.019. * The mean difference is significant at
the 0.05 level.

The Bonferroni post hoc test was used to evaluate the interaction effect of the type of
denture base resin, immersion time and type of solution on the colour stability. AE of all
denture base materials was affected by the immersion period. The staining agent, especially
combined with the period of time, significantly affected the values of AE for all types of
specimens (Table 3). The selected interval of confidence was 95%.

The results in Figure 3 represent the interrelation between the type of material and
observed time period, showing the lowest values for the first week for both of the tested ma-
terials and the highest values of colour changes for Vertex for the duration of three weeks.

Figure 4 represents the interaction between the staining agent and type of tested mate-
rial. The optical changes for red wine, coffee and coke gradually increased for the observed
period of three weeks, as they were the highest after the 21st day. The discolouration effect
of the artificial saliva between the selected periods of time was not remarkable for both
groups of specimens. The mean values for NextDent were lower in comparison with Vertex
BasiQ 20 for all four types of staining agents. The 3D printed resin showed better colour
stability for the three observed periods of time.
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staining medium, with thresholds of acceptability /perceptibility.



Appl. Sci. 2022,12, 12560

90f13

4. Discussion

In the current study, the colour changes of 3D printed and heat-cured PMMA denture
base resins were investigated. They were immersed in four staining agents for three periods
of time—7, 14 and 21 days. The results demonstrated that the different duration affected the
AE of all tested specimens. Furthermore, the type of staining agent interacted extensively
with the selected time periods. Therefore, the null hypothesis that there would be no major
colour difference in any of the tested materials irrespective of the staining medium and
duration of immersion can be rejected.

Our survey results concur with the findings of other authors [44—46]. Many researchers
studied dental materials placed in different beverages, which suggests the necessity for
standardization of the method. In agreement with the study of Alfouzan et al., the colour
stability of 3D printed denture resins was better compared to conventional PMMA for the
selected periods of time [47].

In accordance with the study of Faul et al., because a priori analysis provides a method
of controlling type I and II errors for hypothesis testing, it is one of the best possible options
for measuring sample size and power [48].

According to the research of Alp et al., after one week, all of the specimens had
significant colour changes, with a steady increase for the other immersion periods [49]. The
discolouration effect of the artificial saliva was investigated by a number of authors, and
the results showed that there was a slight decrease in the delta E values with the progress of
time [50]. This rate shows only a light degree of discolouration, which indicates a negligible
change in the optical stability of the tested specimens.

Kerby et al. found that CAD/CAM fabricated resins for removable dentures are also
responsive to hygroscopic dilation, which is caused by the two hydrophilic urethane units
within their molecular compound, but less responsive than PMMA [51].

According to the survey of Hipolito et al., coffee and coke were the staining solutions
demonstrating the highest colouring effect without any major differences [52]. However,
our findings showed the highest values for staining for the red wine for all immersion
periods in both of the tested groups, which was in accordance with the studies of Sarkis et al.
and Gregorius et al. [53,54].

In contrast, in the study of Tango et al., no difference was found in the colour stability
among the two groups of tested experimental polished specimens immersed in various
solutions [55]. This may be due to the different conditions and exposure times in the
individual studies.

According to the study of Zuo et al., the discolouration of different resins used in
prosthetic dentistry after immersion in a variety of colouring solutions was higher than the
clinically acceptable standard of AE 3.3. This is in contrast with the current investigation
results showing that the two groups of dental resins are clinically acceptable. The result of
the research of Zuo et al. could be due to the predisposition of high water absorption in
light-activated denture base resins when compared to the other materials [56].

In the present study, a higher colour difference for the two types of denture base resins
was found for the red wine group compared to other observed solutions. The most probable
cause is that red wine contains anthocyanin, which is a water-soluble pigment and provides
the grapes with their colour [57]. According to Paolone et al., the other possible reason
for staining by red wine is ethanol, due to the fact that it can plasticize the composite’s
surface [15].

In accordance with Mousavi et al., water absorption is involved in the process of
coffee colouring, while coke causes stains on the surface of the denture base only by
adsorption [58]. Moreover, a variety of cleansing agents are capable of reducing the
coloured areas to a great extent [59]. After 1 month of exposure of several resin materials to
coke, discolouration was measured in an acceptable range for AE0Q. The higher value of
discolouration after immersion in a coke solution is a result of the caramel colour, which
is created by heated glucose in the presence of acrylic acid. After 2 weeks of observation
of the test bodies in coffee (AE00 = 2.39), tea (AE00 = 2.7) and cola (AE00 = 2.42), an
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unacceptable degree of colour change was determined [60]. On the other hand, the alcohol
has a plasticizing effect on the organic matrix during the period of observation, creating a
significant level of water absorption of the red pigments and a higher staining effect [61,62].
A period time of 1 month of exposure to the staining agents might be considered too
long a duration for an experimental process. However, the maximum length of immersion
time is usually four weeks in most studies in order to obtain a distinct staining effect. One of
the disadvantages of this study might be related to the methodology regarding the staining
procedure. Between the different time intervals, the test specimens were not subjected to
any cleaning procedure, which might not objectively affect the clinical conditions. Thus, the
results from the current investigation might also be helpful in evaluating the consequences
of low-quality denture care and could lead to future research [63,64]. Another limitation of
this study was the fact that no thermocycling was performed. The conditions used for the
staining procedures were at room temperature, while coffee is generally drunk hot [65].

5. Conclusions

In the current study, the values of NextDent were slightly lower for all colouring
agents, in comparison with Vertex BasiQ), showing the better colour stability of the 3D
printed denture base resins.

e  The red wine and coke had the most significant impact.

e  The period with the highest colour changes was 21 days.

e  There was a significant interaction between the periods of observation and the type
of staining solution, as both groups of specimens demonstrated changes in colour
stability at T1 compared to T3.
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