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Color stability of 3D-printed denture resins: 
effect of aging, mechanical brushing and 
immersion in staining medium
Afnan Fouzan Alfouzan1*, Hadeel Minife Alotiabi2, Nawaf Labban1, Hanan Nejer Al-Otaibi1, 
Sara Mohammad Al Taweel1, Huda Ahmed AlShehri2
1Department of Prosthetic Dental Sciences, College of Dentistry, King Saud University, Riyadh, Saudi Arabia
2College of Dentistry, King Saud Bin Abdulaziz University for Health Sciences, Riyadh, Saudi Arabia

Purpose. This in-vitro study evaluated and compared the color stability of 
3D-printed and conventional heat-polymerized acrylic resins following aging, 
mechanical brushing, and immersion in staining medium. Materials and 
methods. Forty disc-shaped specimens (10 mm in diameter and 3 mm thick) 
were prepared from two 3D-printed [DentaBASE (DB) and Denture 3D+ (D3D)] 
and one conventional polymethylmethacrylate (PMMA) denture materials. 
The specimens were thermo-cycled, subjected to mechanical brushing, and 
were immersed in either coffee, lemon juice, coke, or artificial saliva (AS) to 
simulate one and two years of oral use. Color measurements of the specimens 
were recorded by a spectrophotometer at baseline (T0), and after one (T1) and 
two years (T2) of simulation. The color changes (ΔE) were determined and also 
quantified according to the National Bureau of Standards (NBS) units. Descriptive 
statistics, followed by factorial ANOVA and Bonferroni post-hoc test (α=.05), were 
applied for data analysis. Results. The independent factors, namely material, 
staining medium, and immersion time, and interaction among these factors 
significantly influenced ΔE (P<.009). Irrespective of the materials, treatments, 
and time, the highest and the lowest mean ∆Es were observed for PMMA in 
lemon juice (4.58 ± 1.30) and DB in AS (0.41 ± 0.18), respectively. Regarding the 
material type, PMMA demonstrated the highest mean ∆E (2.31 ± 1.37), followed 
by D3D (1.67 ± 0.66), and DB (0.85 ± 0.52), and the difference in ΔE between the 
materials were statistically significant (P<.001). All the specimens demonstrated 
a decreased color changes at T2 compared to T1, and this difference in mean 
∆E was statistically significant (P<.001). Conclusion. The color changes of 
3D-printed denture resins were low compared to conventional heat polymerized 
PMMA. All the tested materials, irrespective of the staining medium used, 
demonstrated a significant decrease in ∆E values over time. [J Adv Prosthodont 
2021;13:160-71]
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Introduction

Edentulism or complete tooth loss is an incapacitat-
ing condition that has been shown to affect an in-
dividual’s Oral Health Related Quality of Life.1,2 Al-
though edentulism has decreased in the current 
generation cohort, an increased life expectancy has 
contributed to an increase in the overall number of 
edentulous patients.3 Edentulism is mainly the result 
of dental caries and periodontitis, and rehabilitation 
of patients with complete edentulism has been ac-
complished with complete dentures (CD).1,3 

Complete dentures are considered a primary op-
tion to treat complete edentulism in many patients.4-6 
The ‘gold standard’ material for fabricating tradition-
al CD has been the polymethylmethacrylate (PMMA) 
resin material due to its low cost, ease of handling 
and manipulation, acceptable physical and mechani-
cal properties and satisfactory esthetic appearance.7,8 
However, dimensional changes, susceptibility to frac-
ture, color instability, abrasion, tissue irritations, and 
increased risk of denture-associated infections are 
considered the main drawbacks of this material.8,9 
Furthermore, the denture’s surface and subsurface 
voids can jeopardize the mechanical properties and 
compromise the dentures’ esthetic and hygienic out-
comes.10 

In recent years, the use of digital technology is 
gaining tremendous recognition in various special-
ties of dentistry. This said, the designing and manu-
facturing of dental prostheses/appliances using digi-
tal materials, devices, computer-aided design, and 
computer-assisted manufacturing (CAD/CAM) have 
aided in limiting the burden of dentists and dental 
technicians.11,12 The advantages of 3D-printed den-
tures are less manufacturing time with high pre-
cision, cost-effectiveness, reduced number of pa-
tients’ visits, and increased patient comfort.11, 13 
3D-printed dentures are usually produced by the 
stereolithography (SLA) method, which involves 
layer by layer laser beam scanning and polymeriza-
tion of the methacrylate-based photocurable res-
in.14,15 

Poor oral hygiene among denture wearers is well 
documented. As a result, these patients suffer from 
denture-related stomatitis, which occurs mainly due 

to dental plaque accumulation over prolonged peri-
od.16,17 Thus, the denture wearers must follow a strict 
denture cleansing method to prevent biofilm forma-
tion on the denture surface.18 Denture cleansing with 
tooth brush and dentifrice or soap is the most com-
monly practiced method due to its simple technique, 
low cost, and proved efficacy in removing organic de-
posits.19 On the contrary, brushing with dentifrices 
significantly impacts the form of wear and roughness 
of restorative and prosthetic materials.20 The wear 
and roughness of acrylic dentures favor biofilm for-
mation and staining, in addition to the loss of surface 
details and diminished gloss.20,21

The other concern with poor oral hygiene is the 
staining of the denture resins, which could intensify 
with an individual’s dietary habits. There is consider-
able evidence that beverages such as tea, coffee, and 
wine significantly increase stains on acrylic resin.22 
Furthermore, it has been demonstrated that stains 
from carbonated drinks and juices have less staining 
effect on denture resin material compared to natural 
colorants found in coffee, tea, and tobacco.22,23 

3D-printed dentures are still a newer concept in 
dentistry, and they should be thoroughly investi-
gated in terms of mechanical, physical and aesthet-
ic properties before considering it as a viable alter-
native to conventional PMMA dentures. Therefore, 
the present in-vitro study aimed to evaluate and com-
pare the color stability of newly introduced 3D-print-
ed and conventional heat-polymerized complete den-
ture resins following aging and mechanical brushing. 
The null hypothesis is that there are no differences in 
color stability between the 3D-printed and conven-
tional denture resins used for fabricating removable 
CD.

Materials and methods

Two 3D-printed [DB (DentaBase, LOT # MO/07875, 
Asiga, Alexandria, NSW, Australia) and D3D (Denture 
3D+, LOT # WY032N01, NextDent, AV, Soesterberg, The 
Netherlands)] and one conventional (QC-20 heat-po-
lymerize, LOT # D64015111, DeguDent GmbH, Hanau, 
Germany) denture base acrylic resin were evaluated. 

The sample size was calculated using G*Power v. 
3.1.9.3 freeware (Heinrich-Heine-Universität Düssel-
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dorf, Germany). The effect size of 0.6, power of 0.8, α 
= .05 and estimated SD of 0.32 required a minimum of 
eight samples in each group. However, the samples 
were increased to 10 to accommodate any specimen 
loss during the experiment. 

Forty disk shaped specimens (10 mm diameter and 
3 mm thickness) were fabricated from each material. 
For DB and D3D materials, the digital specimen file 
(.STL)(Fig. 1A) was imported into a operational stan-
dard slicing software (Chitubox All-in-one SLA/DLP/
LCD Slicer, Guangdong, China) equipped with the 
3D-printer (ST-1600 3D-Printer, Satori Ltd., London, 
UK). The 3D-printing resin was poured into the print-
er, and the specimen was printed layer by layer at a 
thickness of 50 µm at 0° in a pre-determined dimen-
sion by Mask Stereolithography (MSLA) technique.24 
The obtained specimens were cleaned with isopropa-
nol and post-print cured by immersion in glycerin for 
an additional 40 min using a post-curing oven (Zirlux, 
Zahn Dental Labs, Henry Schein, Waltham, MA, USA) 
to ensure the reaction of remaining monomers.14 For 
the conventional heat polymerized acrylic resin spec-
imens, the lost wax technique was followed. The pre-

pared wax pattern was processed to PMMA using the 
flask-press-pack method.7 Following deflasking, the 
redundant resin from all the specimen surface was 
trimmed using a tungsten carbide bur. 

For the purpose of standardization, the specimens 
were handled by a single investigator for finishing 
and polishing. The specimens were finished with se-
quential use of silicon carbide paper (Dentaurum, Is-
pringen, Germany) at 300 rpm under water cooling. 
Polishing was accomplished using water and pumice 
slurry in a polishing unit (Derotor, London, England) 
for 90 s. The specimens’ dimensions to the nearest 
± 0.05 mm were confirmed using a digital caliper 
(Digimatic Micrometer, Mitutoyo, Kanagawa, Japan). 
The specimens were cleaned ultrasonically in distilled 
water for 5 min and dried with tissue paper before 
baseline color measurements (T0). 

Following T0, the specimens were thermocycled 
(TC), subjected to mechanical brushing and later im-
mersed in staining medium corresponding to one year 
of oral use. The specimens were TC for 10,000 cycles 
at 5°C - 55°C, with 30 s dwell time and 10 s transfer 
time in a thermocycler (Huber 1100, SD Mechatron-
ik GmbH, Feldkirchen-Westerham, Germany) to rep-
resent one year of oral use.25 After TC, the specimens 
were cleaned under running water and stored in dis-
tilled water before mechanical brushing simulation. 

A simulator device (ZM 3, SD Mechatronik GMBH, 
Feldkirchen Westerham, Germany) was used to simu-
late brushing. The specimens were fixed onto the cus-
tomized plexiglass inside the brushing device’s con-
tainers using a drop of acrylic monomer. The device 
was equipped with 12 separate slots to which 12 soft 
toothbrushes (Colgate® 360®, Colgate-Palmolive Com-
pany, Riyadh, Saudi Arabia) were attached. A slurry 
was then prepared using commercially available den-
tifrice (Colgate® Regular, Colgate-Palmolive Company, 
Riyadh, Saudi Arabia) and deionized water at a ratio 
of 1:1 (by weight) and mixed in a plaster vacuum mix-
er. All 12 containers were filled with the slurry to cover 
the specimens (approx. 12 ml/container). Mechanical 
brushing was accomplished at 356 rpm, under a verti-
cal load of 200 g and a stroke path of 3.8 cm, brushing 
12 specimens simultaneously. The total brushing time 
was 50 min (17,800 cycles) that equalled to one year 
of tooth brushing.26 The slurry was refilled, and tooth-

https://doi.org/10.4047/jap.2021.13.3.160
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Fig. 1. Representative specimen image. (A) Digital file im-
age used for fabrication of 3D-printed specimens, (B) Final 
specimen after polishing and identification.
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brushes were replaced every 4,500 cycles. The tooth-
brushes were replaced in accordance with the Amer-
ican Dental Association (ADA) recommendations, 
which states that brushes be replaced 3 - 4 months 
or earlier if the toothbrush bristles wear away.27 The 
specimens were then stored in distilled water for 24 
hours before immersion procedure according to the 
ISO/TR 11405:1994 recommendation.7 

After identification with a bur (Fig. 1B), the speci-
mens were randomly allocated into four groups (n = 
10) according to the staining medium used (coffee, 
lemon juice, coke, and artificial saliva). Coffee (Nes-
cafe Classic, Nestle, Riyadh, Saudi Arabia) and artifi-
cial saliva (AS) was prepared fresh. In contrast, lemon 
juice (Florid’s natural lemonade juice, Lake Wales, FL, 
USA) and coke (The Coca-Cola Company, Riyadh, Sau-
di Arabia) were used as received from the manufac-
turer. The coffee beverage was prepared by adding 15 
g of coffee powder into 250 mL of boiling water and 
continuously stirred for 10 min. Once the prepared 
solution was cooled down to room temperature, it 
was filtered using a filter paper to remove the resi-
due.28 The AS was prepared by a pharmacist per the 
description from a previous study.29 The pH of bev-
erages and AS was determined using a benchtop pH 
meter (pH 2700, OAKTON Instruments, Vernon Hills, 
IL, USA). 

The specimens were then individually immersed 
in vials containing 20 mL of either of the beverages. 
Each specimen was suspended inside the vial using 
dental floss to ensure equal exposure of both surfaces 
to the beverages. The specimens were immersed in 
their respective beverages for 288 hours, and the bev-
erages were changed every 24 hours. The immersion 
time used in this study was equal to one year of oral 
exposure.30 

The specimens were later removed from the vials, 
cleaned under running water, and further stored in 
distilled water for 24 hours. The second color mea-
surements (T1) were recorded, and the specimens 
were again subjected to the whole procedure (TC + 
mechanical brushing + immersion) as detailed above 
to simulate another year of oral use, followed by final 
color measurements (T2).

Before each color measurement, the specimens 
were dried well with a disposable paper towel. The 

color of the specimens were recorded in the 3-di-
mensional Commission Internationale de l’Eclairege 
L*a*b* (CIELab) color space using an UV light visible 
spectrophotometer (LabScan® XE, Hunter Associates 
Laboratory Inc., Reston, VA, USA). The CIE L*a*b* 
system is a chromatic value color space measuring 
both value and chroma on L*a*b* coordinates: L* mea-
sures the lightness of the color (a value of 100 corre-
sponds to perfect white and 0 to black); a* measures 
color in the red (a* > 0) and green (a* < 0) dimension; 
and b* measures color in the yellow (b* > 0) and blue 
(b* < 0) dimension.31 The CIE L*a*b* mean reading was 
repeated three times and the average was calculated 
for each specimen. The total color alteration (ΔE*) for 
each specimen at T1 and T2 was calculated using the 
equation (1) and (2), respectively:

ΔE*(T1) = [(ΔL1 - L0*)2 + (Δa1 - a0*)2 + (Δb1 - b0*)2]½   (1)
ΔE*(T2) = [(ΔL2 - L0*)2 + (Δa2 - a0*)2 + (Δb2 - b0*)2]½   (2)

According to the ISO/TR-28642:2016 norm, the 
CIELAB 50:50% perceptibility threshold (PT) ∆E val-
ues is ≤ 1.2, whereas 50:50% acceptability thresh-
old (AT) ∆E value is between 1.2 and 2.7. Any ∆E 
values above the AT limit is not clinically accept-
able.32 Furthermore, in relating the color difference 
to a clinical situation, the ∆E values were converted 
to National Bureau of Standards (NBS) units using the 
equation 3.33 

                           NBS unit = ΔE × 0.92                                   (3) 

Data analyses were performed using Statistical 
Package for Social Sciences v.20.0 (SPSS) (IBM SPSS 
Inc., Chicago, IL, USA). Shapiro-Wilk test revealed the 
presence of a normal distribution. Descriptive statis-
tics (mean and SD) were used to describe the quanti-
tative color difference (ΔE). Factorial ANOVA was used 
to quantify the effect of material type, staining me-
dium, and immersion time on ΔE values. Bonferroni 
post-hoc test was used for multiple comparisons be-
tween independent factors (Materials/staining medi-
um/Time) (α = .05). 

Results

The reported pHs of coffee, lemon juice, coke, and 
AS were 5.1, 2, 2.5, and 7.2, respectively. The results 
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(Mean ∆E values) are presented in Fig. 2. Irrespective 
of the materials, TC and immersion in staining medi-
um, the highest and lowest mean ∆E values were ob-
served for PMMA in lemon juice (4.58 ± 1.30) and DB 
in AS (0.41 ± 0.18), respectively. The mean ∆E values 
from all materials at T1 were below the AT except for 
coffee (2.74 ± 0.35), coke (3.56 ± 1.06), and lemon 
juice (4.58 ± 1.30) groups of PMMA. However, at T2, 
the mean ∆E values significantly decreased below 
the PT except for lemon juice (2.06 ± 0.47-PMMA) and 
coke (1.88 ± 0.66-D3D).

Factorial ANOVA demonstrated that independent 
factors namely material, staining medium, immersion 
time significantly influenced ΔE (P < .009) (Table 1).

Regarding the material type, PMMA demonstrat-
ed the highest mean ∆E (2.31 ± 1.37), followed by 
D3D (1.67 ± 0.66), and the lowest mean ∆E was ob-

served with DB (0.85 ± 0.52) (Table 2). The difference 
in mean ∆E between the materials was found to be 
statistically significant (P  < .001) (Table 3). Amongst 
the different staining media used, the highest ∆E was 
observed in lemon juice (1.93 ± 1.46) followed by 
coke (1.86 ± 1.09) and coffee (1.42 ± 0.84). The low-
est ∆E value was observed in AS (1.24 ± 0.72) (Table 
2). The difference in mean ∆E was found to be sta-
tistically significant between lemon juice and AS (P < 
.001), lemon juice and coffee (P < .001), AS and coke (P 
< .001), as well as between coke and coffee (P < .001). 
However, the difference in mean ∆E was not statis-
tically significant between lemon juice and coke (P > 
.05) as well as between AS and coffee (P > .05) (Table 
3). The mean ∆E at different measurement intervals 
showed higher ∆E values at T1 (2.16 ± 1.18) com-
pared to T2 (1.06 ± 0.65) (Table 2). The difference in 

Fig. 2. Mean ∆E values after thermal-cycling, mechanical brushing and immersion procedure. PT-perceptibility threshold 
(∆E ≤ 1.2); AT-acceptability threshold (∆E >1.2 and ≤ 2.7); AS-artificial saliva.
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Table 1. Two-way ANOVA for ΔE
Source of variation df Sum of squares (SS) Mean SS F P value

Material 2 85.546 42.773 144.163 < .001*
Treatment 3 20.172 6.724 22.663 < .001*
Time 1 72.897 72.897 245.693 < .001*
Material * staining medium 6 23.901 3.984 13.426 < .001*
Material * time 2 14.461 7.230 24.370 < .001*
Staining medium * time 3 2.609 0.870 2.931 .035*
Material * staining medium * time 6 5.257 0.876 2.953 .009*

df: Degrees of Freedom (N-1), F: variation between sample means / variation within the samples
*denotes significance

Table 2. Mean total color changes for the measured variables
Variables Mean SD Min Max

Materials
PMMA 2.31a 1.37 0.24 6.69
D3D 1.67b 0.66 0.00 2.96
DB 0.85c 0.52 0.15 2.22

Staining medium 
Lemon juice 1.93a 1.46 0.38 6.69
Artificial saliva 1.24b 0.72 0.15 3.88
Coke 1.86a 1.09 0.23 5.43
Coffee 1.42b 0.84 0.00 3.31

Measurement time
One year 2.16a 1.18 0.40 6.69
Two years 1.06b 0.65 0.00 2.96

Different lower case in a row indicates statistically significant difference within the measured variables

Table 3. Multiple comparisons between independent factors (materials/staining medium/time) to test pair-wise significant 
difference 

Materials/Staining medium/Time (i) Materials/Staining medium/Time (j) Mean difference (i-j) P value
Materials 

PMMA D3D 0.637 < .001*
DB 1.459 < .001*

D3D DB 0.822 < .001*
Staining medium

Lemon juice AS 0.691 < .001*
Coke 0.072 1.000
Coffee 0.508 < .001*

AS Coke -0.618 < .001*
Coffee -0.183  .404

Coke Coffee 0.435 < .001*
Time

T1 T2 -1.10 < .001*
*denotes significance
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mean ∆E between T1 and T2 was statistically signifi-
cant (P < .001) (Table 3). 

Fig. 3 presents the interactive plots for mean color 
difference. The interaction of materials and staining 
medium showed the highest mean and the lowest 
mean ∆E values for PMMA in lemon juice and DB in 
AS, respectively (Fig. 3A). Similarly, the interaction be-
tween materials and time showed the highest mean 
∆E for PMMA material at T1 while the lowest mean ∆E 
was recorded for DB at T2 (Fig. 3B). The interaction 
between staining medium and time demonstrated 
the highest mean ∆E for lemon juice at T1 and the 
lowest mean ∆E for AS at T2 (Fig. 3C). Irrespective 
of material type, treatment, and time, the lowest ∆E 
was recorded with DB in AS at T2. Based on the total 
mean color changes, material type was the most im-
portant factor followed by time and treatment influ-
encing the ∆E.

Table 4 presents the NBS and ∆E values. Among 
the tested materials, DB showed extremely slight col-
or change at T1 and slight color change at T2. D3D 
materials showed perceivable color change at T1 
and slight color change at T2. PMMA material at T1 
showed marked and perceivable color changes, but 
at T2, there was a slight color changes and perceiv-
able color change (lemon juice).

Discussion

In the current study, the color stability of two 3D-print-
ed and one conventional heat-polymerized denture 
resins were evaluated and compared. The materials 
were subjected to aging by thermal cycling and me-
chanical brushing and exposed to staining medium 
to simulate one and two years of oral use. The statis-
tical analysis outcome recommends rejecting the null 
hypotheses as significant differences in color stability 
were observed among the resin materials. 

The denture resin materials’ color in this study was 
recorded in 3D-CIE L*a*b* color space using a UV light 
visible spectrophotometer. The spectrophotometry is 
the most recommended and accurate method as they 
provide a quantitative assessment of a materials’ col-
or change besides allowing objective evaluation of 
the color.34 The ΔE (ΔEab), representing the color dif-
ference after different treatments, is obtained by cal-

A

Fig. 3. Interactive plot for total color change. (A) The inter-
action of materials and staining medium showed highest 
mean ΔE for PMMA in lemon juice and lowest mean ΔE for 
DB in AS, (B) The interaction of materials and time showed 
highest mean ΔE for PMMA at T1 and the lowest mean ΔE 
for DB at T2, (C) The interaction of staining medium and 
time showed highest mean ΔE for lemon juice at T1 and 
the lowest mean ΔE for AS at T2.
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culating the L*a*and b*values.34 There are two critical 
thresholds for assessing color differences: the percep-
tibility threshold (PT) and the acceptability threshold 
(AT). Under standard controlled environment, the ΔE 
value ≤ 1 is visually imperceptible. It is noteworthy, 
however, to stress that the perceptibility limit fol-
lowed by each author differ. Goldstein and Schmitt35 
report that having ΔE values ≥ 3.7 is not clinically ac-
ceptable, and the color difference between the two 
observed objects can be easily detected.31 

Thermal cycling (TC) is regarded as a valid meth-
od to simulate in-vitro aging of dental materials. Al-
though, there is no standardized TC protocol applied 
for laboratory testing of dental materials,36 the spec-
imens in the current study were subjected to 10,000 
thermal cycles that represented one year of oral sim-
ulation.25 The specimens were held alternatively first 
in 5°C cold water and then in 55°C hot water bath in 
accordance with ISO TS 11405 Technical Specifica-
tion.36 This repeated exposure to cold and hot bath 
mimics the thermal stresses occurring in the oral cav-
ity to which the denture resin materials would be ex-
posed due to the consumption of cold and hot bever-
ages.37 This TC process in wet conditions may cause 
denture polymer degradation, and heat stress may in-
crease water sorption, causing the absorbed water to 
behave as a plasticizer and soften the denture, thus 
affecting the denture resin properties.38

The AT and PT ∆E values in the present study were 
evaluated according to the ISO/TR-28642:2016 norms; 
∆E values for PT were ≤ 1.2, and between 1.2 and 2.7 
for AT. Any ∆E values above the AT limit was consid-
ered clinically unacceptable.32 It has been reported 
that ∆E values increase with an increased immersion 
time in staining medium.8, 39 However, in this study, 
we observed a significant decrease (P < .05) in ∆E 
values over time irrespective of the group and materi-
als tested. This could be attributed to the specimens’ 
mechanical brushing, which could have inhibited the 
adsorption of colorants onto the resin surfaces.40 An-
other possible explanation is the change in surface 
properties of the resins following aging.41 These find-
ings are consistent with those reported by others.42,43 
Keskin42 examined PMMA denture resins’ color sta-
bility following immersion in coffee and tea solu-
tions for one week and reported an initial increase 
and then a decrease, in the materials’ ∆E values. 
Similarly, Imirzalioglu et al .43 studied the effect of 
four solutions (saliva, saliva-tea, saliva-coffee, and 
saliva-nicotine) on various denture base resins at 7 
and 30 days. The authors demonstrated increased 
∆E values at one week followed by a decreased ∆E 
values at 30 days. 

The comparison among the denture material types 
showed that conventional PMMA had the highest total 
mean color changes (∆E = 2.31), followed by D3D (∆E 

Table 4. ∆E and NBS values

Materials 
Staining medium

AS Coffee Coke Lemon juice
∆E NBS ∆E NBS ∆E NBS ∆E NBS

PMMA
T1 1.95 1.79† 2.74 2.52† 3.56 3.27†* 4.58 4.21†*

T2 0.95 0.87‡ 1.07 0.98‡ 1.57 1.44‡ 2.06 1.89†

D3D
T1 1.93 1.77† 1.93 1.77† 2.21 2.03† 2.14 1.96†

T2 1.11 1.02‡ 1.07 0.98‡ 1.88 1.72† 1.11 1.02‡

DB
T1 1.09 1.00‡ 1.16 1.06‡ 1.46 1.34‡ 1.19 1.09‡

T2 0.41 0.37* 0.55 0.50* 0.45 0.41* 0.49 0.45*
NBS: National Bureau of Standards, AS: Artificial saliva 
NBS classification *- extremely slight change; ‡- slight change; †- perceivable; †*- marked change
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= 1.66) and DB (∆E = 0.85) materials. The difference in 
∆E between the materials was statistically significant 
(P < .001). The study revealed a significant difference 
among the resin materials, suggesting that color sta-
bility is material-dependent. The difference in the col-
or changes between the 3D-printing resins could be 
related with the composition of the materials. Den-
ture 3D+ (D3D) resin consist of more than 90% meth-
acrylic oligomers, methacrylate monomer, phosphine 
oxides, and pigment. On the contrary, DentaBase (DB) 
resin consists of functional methacrylic resins, initia-
tors, dyes, and stabilisers. Furthermore, the different 
values of ΔE could be related to the alteration in the 
optical characteristics of the resin materials due to 
water absorption.44 Resin materials that can absorb 
water can also be able to absorb other liquids that 
may contribute to discoloration.45

The present findings are in disagreement with pre-
vious studies.7,46 Gruber et al .7 evaluated the color sta-
bility of CAD/CAM subtractively and additively man-
ufactured (3D-printed) and conventional heat-cured 
PMMA resin. The authors demonstrated maximum 
discoloration and inferior color stability with 3D-print-
ed resin groups compared to CAD/CAM subtractive-
ly manufactured and conventional PMMA resins. The 
authors speculated that increased water sorption of 
3D-printed resin groups could be the possible reason 
for the low color stability. Furthermore, the authors 
stressed that surface deterioration of the 3D-printed 
resins is another aspect that may have influenced the 
color stability. Filler content has an inverse relation 
with surface deterioration, and most 3D-printed res-
ins have less inorganic fillers.7 

Similarly, Shin et al .46 evaluated the color stabili-
ty of CAD/CAM blocks and 3D-printing resins for their 
degree of discoloration based on material type, col-
orants types, and immersion duration in the colo-
rants. The authors concluded that 3D-printing resins 
demonstrated color differences above the AT (ΔE > 
2.25) following immersion for 7 days or longer in all 
test groups. The authors also revealed that after ther-
mal cycling, the water sorption of 3D-printed resin 
was high compared to prefabricated PMMA. Howev-
er, in the same study, the authors showed that each 
study material showed distinct properties, even when 
using the same 3D-printing method. Thus, it was ev-

ident that other factors, such as material properties 
and other output parameters, could affect the water 
sorption rate of 3D-printing resin.46 While water sorp-
tion alone does not justify low color stability; it could 
be considered a contributing factor.47

In contrast, the present findings are consistent with 
the outcome of a study by Koh et al .14 The authors 
evaluated and compared the color stability of Dentca 
3D-printed denture teeth and four conventional types 
of denture teeth. It was observed that Dentca denture 
teeth, when immersed in some colorants, showed 
color changes, but the maximum ΔE of 3D-printed 
denture teeth was within the AT limit. However, the 
comparison of the findings between studies should 
be made with extreme care due to the variation in the 
material type used, the experimental protocol fol-
lowed, measurement techniques and the immersion 
process, which can impede the comparison results.

The highest mean color difference among the bev-
erages was observed in lemon juice (∆E = 1.93) fol-
lowed by coke (∆E = 1.86) and coffee (∆E = 1.42). The 
least difference was observed in AS (∆E = 1.24). An 
unusual finding in this study was that specimens im-
mersed in AS (pH = 7.2) also produced color differenc-
es above the PT at T1. This suggests that the material 
properties such as the composition, surface charac-
teristics, amount of residual monomer and porosities, 
polarity of the beverages, and the immersion period 
in the beverages can interfere with other parame-
ters besides the solutions’ pH. These parameters can 
change the polymer’s solubility and promote surface 
degradation, thereby accelerating the discoloration 
process.48 

The difference in mean ∆E was insignificant be-
tween AS and coffee (P  > .05). It was assumed that 
coffee, being the most chromogenic beverage rela-
tive to others, would produce more discoloration. The 
coffee constituents (tannin and chlorogenic acids) 
and pH (4.9 to 5.2) are found to induce and accelerate 
the discoloration process.28 However, the assumption 
was wrong as coffee’s discoloration potential was be-
low lemon juice and coke. The low discoloration of 
specimens in coffee solution is possibly explained by 
the dislodging of the coffee layers from the specimen 
surface into the solution as they reach a certain thick-
ness.39,42 
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Compared to AS and coffee, specimens immersed 
in lemon juice and coke exhibited increased discol-
oration. However, no significant difference was ob-
served between them (P > .05). The NBS units are es-
sential for color comparison to a clinical situation and 
quality control.49 The results can be interpreted as 
trace to appreciable.

The current laboratory study’s strength is the sub-
stantial methodological approach, including thermal 
cycling, mechanical brushing, specimen exposure to 
staining medium, and color measurements to repro-
duce the clinical environment. Despite the strength, 
this study had few limitations. Firstly, the standard 
methodological approach may not be logical in in 
vivo  environments. The brushing cycles adopted in 
this study is based on the fact that patients brush 
their dentures twice a day. Nevertheless, the exact 
brushing cycles vary for some patients who practice 
cleaning their dentures repeatedly.50 Secondly, it is 
impractical to simulate the period that the beverage 
is in contact with artificial dentures inside the mouth 
before swallowing.51 Finally, there was no substan-
tial comparison of the present findings with previous 
data due to the limited number of studies concerning 
the properties of 3D-printed resins, such as water-
sorption, surface roughness, hardness before their in-
clusion in routine clinical practice. 

Conclusion

Based on the experimental conditions of the pres-
ent study and according to the methodology used, 
it was possible to conclude that the color changes 
of 3D-printed denture resins were low compared to 
conventional heat polymerized PMMA. All the tested 
materials, irrespective of the staining medium used, 
demonstrated significant decrease in color changes 
over time. 
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