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Abstract
Purpose—The addition of anionic charge on denture base resins has been shown to inhibit Candida
albicans adhesion and to facilitate adsorption of salivary defense molecules. The aim of this study
was to evaluate the physical properties of a modified denture base resin for denture fabrication.

Materials and Methods—Specimens made from heat polymerizing resin Lucitone 199 were used
as the control group. The two experimental groups, E-10 and E-20, had 10% and 20%, respectively,
of the monomer substituted with an experimental phosphate-containing monomer. Flexural strength
and modulus, water sorption, solubility, and color stability tests were conducted to ensure compliance
with ADA specification No. 12. Water diffusion coefficient into the resins and stainability were also
assessed. ANOVA and Scheffe tests were performed for statistical significance.

Results—There was an overall decline in all properties with the addition of the experimental
phosphate compound. The flexural strength and modulus, water sorption and solubility for E-10, as
well as the control were, however, within the ADA specifications. The diffusion coefficients were
significantly different (p < 0.05) for the three groups. Staining and color specimens showed no
significant difference (p > 0.05) among the three groups.

Conclusions—Within the limitations of this study, the physical properties of the phosphate denture
base resin at 10% should be suitable for denture fabrication based on the properties assessed.
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The use of a dental prosthesis is indispensable for functional and esthetic rehabilitation of
edentulous patients. Despite concerns about the decline in the need for prosthodontic services
due to delayed edentulism, the actual unmet need for these services will rise steadily in the
next two decades.1 Douglass and Watson calculated that the unmet need for prosthodontic
services will increase from 488 million hours in 2005 to 560 million hours in 2020.1 It has
been estimated that the need for dentures will rise to 37.9 million adults in 2020.2 Synthetic
acrylics resins have a long, clinically proven history of use for dentures since they exhibit
adequate physical, mechanical, and esthetic properties; however, they are susceptible to
microbial adhesion, leading to denture stomatitis, which is the most common infectious disease
affecting the palatal mucosa, and is highly prevalent in denture wearers.3,4
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Denture stomatitis is a common clinical entity characterized by inflammation of oral tissues
and colonization of the intaglio surface of prostheses by pathogenic organisms. It has a multi-
factorial etiology reportedly consisting of either an ill-fitting prosthesis causing mechanical
irritation or poor hygiene leading to chronic infection. Rarely, allergic response to the resin is
also seen. Regardless of the initiating mechanism, denture stomatitis is characterized by the
presence of a yeast biofilm on the prosthesis, primarily associated with Candida albicans.5–
7 According to a report by Reichart on a group of Germans aged 65 to 74, there was an 18.3%
prevalence of denture stomatitis.3 Others have shown prevalence rates near 60% in a denture-
wearing institutionalized population.4

The treatment for denture stomatitis is as complex as the disease itself. Traditional treatment
modalities include the use of antifungal agents and modification of the prosthesis to receive a
temporary soft tissue reliner. Oral antimycotic agents seem helpful, but recurrence is rapid and
assured unless the denture tissue surface is modified to eliminate candidal hyphae.8 Using
either systemic fluconazole or topical amphotericin antifungal treatments for denture
stomatitis, Bissell et al documented a 50% relapse in stomatitis after 12 weeks using both
mycologic and clinical criteria independent of the type of therapy used.9 Additionally,
compliance with antifungal regimens can be compromised by a patient’s non-perception of
need for medication for a relatively painless condition. Therefore, there has been a tendency
toward the incorporation of antimicrobial agents into the denture liners or the resin itself and
other similar intraoral drug delivery systems.10–15

A previous study showed substantial differences in the protein compositions of the acquired
enamel pellicle in comparison to denture pellicle.16 The acquired enamel pellicle contains
antimicrobial peptides like histatins along with other constituents such as IgA, amylase,
salivary statherins, and mucins. In contrast, the denture pellicle lacks salivary statherins and
histatin. The absence of these important salivary defense molecules on the denture base has
been attributed to the lack of anionic charge in polymethyl methacrylate (PMMA) polymers.
16 Thus, this lack of surface charge may be responsible for the decreased protective function
of the acquired pellicle on the denture. Moreover, reduction of candidal adherence has been
demonstrated using a novel PMMA made with increasing amounts of methacrylic acid in place
of methyl methacrylate monomer during processing. The new polymer is more hydrophilic
and showed a significant correlation between the amount of methacrylic acid in the polymer
and decrease in adhesion of C. albicans.17

This formed the rationale for the hypothesis that denture base resins with a phosphate-based
anionic charge might also inhibit C. albicans adhesion, and should theoretically provide an
enhanced biomimetic surface for the salivary cationic antimicrobials, such as the histatins. The
protective role of these histatins would be a potentially viable treatment modality for denture
stomatitis; however, any new denture base material must meet standards for clinical
acceptability.

Therefore, the purpose of this study was to evaluate the physical properties of denture resins
with different concentrations of phosphate substitutions in the monomer. These resins would
be compared against each other and the control resin, Lucitone 199 (Dentsply International
Inc., York, PA), for suitability for denture fabrication. ISO 1567 for denture base polymers
and ADA specification No. 12 for denture base polymers were followed in setting up the study
design. The null hypothesis was that there would be no difference in physical properties of
Lucitone 199 and the other experimental resins.
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Materials and Methods
Three groups of acrylic were investigated in this study — a control group, and two experimental
groups. Acrylic denture base material, Lucitone 199®, identified as L199, was used as the
control. This material is supplied as a powder and liquid system. The main component of the
powder is the pre-polymer, PMMA and the main component of the liquid is the monomer,
methyl-methacrylate (MMA). The experimental groups, identified as E-10 and E-20, contained
two concentrations of a phosphate-containing monomer (10% and 20% by volume) substituted
into the liquid. This substitution was performed in the authors’ laboratory with no attempt made
to restore the original levels of cross-linker found in the monomer. Each group was tested for
flexural strength and modulus, water sorption, solubility, color stability, and stainability.

Flexural Strength and Modulus
The specimens were prepared by mixing powder and liquid in a 3:1 ratio and packing into
rectangular stainless steel molds (65 × 40 × 5 mm) in accordance with ISO 1567 for denture
base resins. The plates were then polymerized in a curing unit (Hanau Teledyne, Buffalo, NY)
at 73°C for 90 minutes and 100°C for 30 minutes. This process was repeated to obtain 24 acrylic
plates, 8 for each group. Each processed acrylic plate was cut lengthwise on a milling machine
under wet conditions to prevent overheating, yielding three specimens each (64 × 10 × 3.3
mm). The specimens were visually examined to ensure they were free of voids, with 16 samples
from each group chosen for testing.

The specimens were stored in distilled water at 37°C for 50 hours prior to testing for flexural
strength. Immediately after removal from water, the specimen was placed on the supports of
the three-point load fixture immersed in a water bath at 37°C mounted on the loading cell of
the universal testing machine (Model 55R1114, Instron Corp, Canton, MA). The distance
between the specimen supports was 50 mm. The loading force was applied to the specimen at
a cross-head speed of 5 mm/min until the specimen fractured. Flexural strength and modulus
were calculated using the recorded data values and specimen geometric measurements.

Water Sorption and Solubility and Diffusion Coefficient
Using two circular stainless steel molds, ten specimens with a diameter of 50 mm and thickness
of 1 mm were made for each of the three groups investigated. Due to the difficulty in fabricating
0.5 mm thick specimens described by ISO 1567, the thickness of the specimens was increased
to 1 mm. The specimens were first conditioned to a constant mass. This consisted of placing
them in a rack inside a dessicator with 0.5 kg of freshly dried silica gel (Sigma Aldrich,
Milwaukee, WI). The dessicator was placed in an oven at 37°C for 23 hours. Following removal
from the dessicator, the specimens were placed in a second dessicator containing freshly dried
silica gel at 23°C for 60 minutes. The conditioned mass was reached when the difference
between two successive readings was less than 0.2 mg. At this point, volume was calculated
using an average of three diameter readings and five thickness readings. Next, the specimens
were immersed in water at 37°C for 7 days. To obtain the data necessary to compute diffusion
coefficients, weight measurements were made at intervals of 1 hour for 8 hours on the first day
and at the conclusion of the immersion period of 7 days. After the final weighing on the seventh
day of soaking, the specimens were reconditioned to a constant mass following the same
protocol as for conditioning the specimens prior to water immersion. The amount of water
sorption and water solubility was calculated as in ISO 1567. The diffusion coefficient (D),
which gives a relation of water sorption over immersion time, was calculated using the
following formula derived from Fick’s second equation: D = S2πL2/4, where L is half the
thickness of the sample, and S is the slope of the linear portion of the Ms/Meq versus Time1/2

curve, where Ms equals 1 minus the mass uptake at a specific immersion time, and Meq is the
mass uptake at equilibrium (7 days).
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Color Stability
Specimens similar to those used for water sorption (50 mm diameter × 1 mm thickness) were
prepared for the color measurements. Five CIE L*a*b* measurements were made on each half
of the circular specimen (pre-exposure measurements) using a colorimeter (Chroma Meter
CR-300, Minolta, Langenhagen, Germany). One-aluminum foil, and the specimen was
exposed to UV light for 24 hours using an apparatus (Sabri Dental Enterprises, Inc., Downers
Grove, IL) described by a previous version of ADA specification No. 80 for color stability.
Five CIE L*a*b* measurements on each half of the specimen were made again (post-exposure
measurements). Except during the colorimeter measurements and prior to and after exposure
to UV light, the specimens were kept entirely covered to prevent exposure to light.

The total color difference between readings, ΔE*, was calculated by the following equation:
ΔE* ={(ΔL*)2+(Δa*)2+(Δb*)2}1/2, where ΔL*, Δa*, and Δb* are differences in measured
values on the specimens. Using the above methodology allows several color difference
comparisons to be made. ΔE*homogeneous, given by the difference in L*a*b* readings from the
pre-exposure UV-exposed side and pre-exposure non-exposed side, gives a measure of the
color homogeneity of the specimen. ΔE*UVexposure, given by the difference in L*a*b* readings
from the pre-exposure UV-exposed side and post-exposure UV-exposed side, gives a direct
measure of color change due to UV exposure. ΔE*ADA, given by the difference in L*a*b*
readings from the post-exposure exposed side and post-exposure non-exposed side, gives a
measure of color change representative of how these specimens are subjectively evaluated by
observers as specified in ISO 7491.

Staining
Five specimens (64 × 10 × 3.3 mm) per group were sectioned to make five test specimens and
five matched controls. The five test specimens of each group were placed in a concentrated
coffee solution (10 g coffee in 200 ml distilled water) at 43°C for 90 hours. The other five
specimens were placed in 200 ml of distilled water at 43°C for 90 hours to serve as the controls.
After the end of 90 hours, the specimens were rinsed and dried. A visual comparative
examination of each specimen pair was made by two observers. The visual scale used to rate
comparative stain level was: 0 = no staining, 1 = very light staining, 2 = light staining, 3 =
moderate staining, 4 = heavy staining, 5 = very heavy staining.

Statistical Analysis
The data for flexural strength, flexural modulus, water sorption, solubility, diffusion
coefficient, and color stability were analyzed using 1-way analysis of variance (ANOVA), and
an additional post-hoc Scheffé multiple comparison and range test was done when indicated
(SPSS Inc., Chicago, IL). Level of significance was set at p < 0.05. For stainability, a Kruskal-
Wallis test was used to determine significance.

Results
Flexure Strength and Modulus

The means and standard deviations for flexural strength and flexural modulus are displayed in
Table 1. One-way ANOVA showed a significant difference (p < 0.05) in flexural strength and
flexural modulus among the three groups. Scheffé’s multiple comparison and range test showed
that L199 had the highest flexural strength and modulus. There was a 5.25% decrease in flexural
strength and 12% decrease in flexural modulus associated with the addition of 10% phosphate
to the monomer of L199, while a 10.4% decrease in flexural strength and a 19% decrease in
flexural modulus were observed with the addition of 20% phosphate to the monomer of L199.
The decrease in flexural strength and modulus is significant in both the cases; however, the
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flexural strength and modulus values for E-10 comply with the minimum values (65 MPa and
2000 MPa, respectively) set forth by ADA specification No.12.

Water Sorption and Solubility and Diffusion Coefficient
The values for water sorption, solubility, and diffusion coefficient are also shown in Table 1.
ANOVA and post hoc Scheffé test showed significant differences (p < 0.05) among all three
groups for water sorption and diffusion coefficient. Despite an increase in the mean solubility
with phosphate concentration, ANOVA showed no significant differences (p > 0.05). Overall,
E-20 exhibited the largest water sorption and water solubility, although both L199 and E-10
were within the acceptable range specified by ADA and ISO. The average absorption curves
of the three groups tested are shown in Figure 1.

Color Stability
Results from the three color difference (ΔE*) comparisons are shown in Table 2. There were
no significant differences in ΔE*homogeneous among the three groups, indicating the specimens
did not differ in color homogeneity. For both ΔE*UVexposure and ΔE*ADA, the color change
increased with phosphate concentration, and there were significant differences (p < 0.05)
between L199 and E-20.

Staining
The specimens for the staining test showed no significant difference (p > 0.05; Kruskal-Wallis
test) among the three groups. The vast majority (82%) of observations were denoted as very
light staining when compared with the controls.

Discussion
Flexural Strength and Modulus

The flexural strength values for L199 were lower than the manufacturer’s claims (69.4 vs. 90
MPa), but the values obtained for flexural modulus were comparable (2420 vs. 2510 MPa).
The results for flexural strength were slightly lower than those reported by Smith et al (72 MPa)
18 and Williamson et al (73.3 MPa).19 L199 exhibited the highest strength and modulus, while
E-20 exhibited the lowest, indicating that the addition of the experimental phosphate compound
lowers the flexural strength and modulus in a dose-related manner. The flexural modulus was
similar to values (2441 MPa) reported by Phoenix et al.20 Compared with another method
used to modify the anionic charge on resin, namely the substitution of monomer with
methacrylic acid, the addition of phosphate appears to cause less decline in flexural strength.
21

The decrease in flexural strength and modulus can perhaps be associated with the dilution of
other components of the liquid, such as the crosslinking agent ethylene glycol dimethacrylate
(EGDMA). Denture base resins, specifically Lucitone 199, are primarily composed of pre-
polymerized PMMA powder, MMA monomer, and crosslinking agent EGDMA. During the
process of polymerization, the monomer penetrates the polymer and partially dissolves it. After
polymerization, a new larger molecular weight polymer is formed, and the crosslinking agent
aids in this process. EGDMA is chemically and structurally similar to MMA and may be
incorporated in the growing chain itself, facilitating the interlinking of two adjacent chains.
This assures a greater interlinking of polymer chains and increases the strength and stiffness
of the resultant resin. Usually crosslinking agent is incorporated in the resins to a concentration
of 5% to 6% by weight. Arima et al22 showed the interrelationship between increasing
concentrations of crosslinking agent and increased flexural strength and modulus, as well as
decreased water sorption and solubility. Also, the experimental resins exhibit greater water
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sorption, and since all the specimens were soaked in water for 24 hours, the plasticizing effect
of increased water sorption for E-10 and E-20 may partially be responsible for lower values of
flexural strength and modulus. Further studies are underway to assess whether the addition of
crosslinking agent can offset the increased water solubility and decreased flexural strength.
Preliminary data does suggest addition of EGDMA to the experimental formulations limits the
decline of flexural strength and modulus.

Water Sorption, Solubility, and Diffusion Coefficient
The values obtained for water sorption indicate that E-20 exhibited the greatest sorption,
followed by E-10 and L199. When expressed as a percent increase from original mass, the
water sorption for L199 (1.93%), and E-10 (2.39%) are within the range described by Murphy
et al23 (1.34% to 2.56%) and Anderson et al24 (0.92% to 2.53%) for Lucitone 199. The trend
toward an increase in water solubility of the resin with the addition of phosphate compound
indicates that the experimental groups are more hydrophilic. The absorption of water into the
resin is influenced by the polarity of the PMMA molecules and diffusion of water molecules
into the interstitial spaces between polymer chains. The addition of phosphate into the monomer
increases the polarity of the resin, causing increased water sorption. This causes two major
effects on the resin, namely a decrease in mechanical properties and an expansion due to the
pushing apart of the resin polymers by the water molecules. The limited absorption of water
over prolonged use can cause expansion of the resin, which in some measure helps to offset
the polymerization shrinkage, but extensive absorption of water can be detrimental. Greater
affinity for water may result in a long-term plasticizing effect on the resin after prolonged use.
Increased water absorption may also prevent the intermeshing of polymer chains, causing them
to be progressively more mobile, resulting in relaxation of built-up internal polymerization
stresses.25

As the physical and mechanical properties of denture base resins are adversely affected by
water, the diffusion coefficient of water for denture base resin also merits consideration. There
was an increase in water sorption but an overall decrease in the diffusion coefficient values
with the addition of a phosphate group. These results appear to be contradictory, but on closer
look the decrease in diffusion coefficient can be explained. This is due to the technique involved
for calculation of diffusion coefficient, which involves measuring the slope of the linear portion
of the absorption curve. The absorption curve reflects a ratio of the original mass over the
equilibrium mass of the specimen. Since the water sorption was greater for E-10 and E-20,
smaller diffusion coefficients would be obtained by dividing the original mass with an
increasing denominator.

Though the trend toward an increase in water solubility of the resin with addition of phosphate
(17.43% and 29.47% increase in water solubility compared with the control for E-10 and E-20,
respectively) did not reach statistical significance, it may indicate a greater leaching out of the
monomer over time and thus, perhaps, a lesser degree of conversion of the monomer to fully
polymerized polymer chains. Thus, it could be hypothesized that the addition of phosphate into
the monomer prevents optimal crosslinking of the polymers. It remains to be seen whether this
mechanism is due to the phosphate occupying a terminal position on the polymer chain, thus
causing premature chain termination, or perhaps the answer is much simpler, and the dilution
of crosslinking agent is responsible. ADA specification No. 12 describes the procedure for
measuring residual monomer using gas chromatography, which could provide greater insights
into the cause of increased solubility with increased addition of phosphate.

Color Stability
Color is an important property for the esthetic evaluation of denture base resins, as the denture
base resins are exposed to the oral environment and many colorants in food and beverages. It
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is essential for the denture base resin to maintain its color despite the onslaught of everyday
colorants. The three groups were tested for color stability, and changes in L*a*b* values were
observed after exposure to UV radiation for 24 hours. As initially found by Kuehni and
Marcus26 and subsequently quoted by other authors,27,28 under controlled laboratory
conditions, a color difference of 1 ΔE unit would be judged a perfect match by more than 50%
of the observers. Johnston and Kao29 have stated that color differences of 3.7 ΔE units were
unnoticeable in the oral environment, and Doray et al30 stated that a color change is visually
perceptible at 3.3 ΔE units. Although L199 showed the greatest color stability (lowest
ΔE*UVexposure and ΔE*ADA) followed by E-10 and then E-20, it is important to note that none
of the denture base resins showed ΔEs that would be clinically discernible.

Staining
One of the concerns that arose during the study was that if the denture base resin attracts salivary
defense molecules, does it also attract other agents responsible for odor and staining? Though
staining is not a test required by ADA specification No. 12, it was performed to evaluate the
staining potential of the resin. No observable difference was found among the three groups in
relation to the staining potential.

The limitations of this study were the negation of the crosslinking agent by its effective dilution
with the addition of phosphate to the monomer. It is not clearly understood what effects, if any,
it has on the physical and mechanical properties of the resin investigated. Thus, addition of
crosslinking agent as another control for the study is an area that needs further investigation.
Though previous studies with methacrylic acid instead of phosphate provide us an insight into
the role of surface modification of resins for anticandidal activity,17,31 further areas of
investigation with these denture base resins should include cytotoxicity tests for tissue and also
adherence of Candida albicans to the resin. Also, in-depth evaluation of the degree of
conversion of the resin and contact angle analysis would help to provide definitive answers to
the polar nature of these resins. Lastly, this was an in vitro study with a limited sample size,
and much larger clinical trials are needed to translate the impact such resins would have in the
prevention or treatment of fungal infections.

Conclusions
Based on the results and limitations of this study, the following conclusions can be drawn:

1. L199 exhibited the highest strength and modulus while E-20 exhibited the lowest,
indicating that the addition of the experimental phosphate compound may lower the
flexural strength and modulus in a dose-related manner.

2. L199 showed the lowest water sorption and solubility values. E-20, which had the
highest sorption and solubility, did not meet the criteria set forth by ADA specification
No. 12 and ISO 1567. E-10 and L199 showed water sorption and solubility values
less than the maximum permissible values.

3. For color stability, all three resins showed visually non-perceptible changes in ΔE
values, though it is noteworthy that L199 had the smallest increase in ΔE values, while
E-20 had the highest increase.

4. For staining, there was no statistically significant difference within the three groups
tested.

5. Within the limitations of this study, the preliminary tests show promising results for
phosphate resins at 10% having the threshold physical properties required for denture
base usage.
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Figure 1.
Absorption curves (water sorption ratio, Ms/Meq, vs. immersion time) for the three groups
tested.
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Table 1
Mean (Standard Deviation) Values for the Physical Properties Tested

Property/Measure Units L199 E-10 E-20

Flexural strength MPa 69.4 A (4.9) 65.8 B (2.8) 61.9 C (3.0)
Flexural modulus MPa 2420 A (89) 2128 B (77) 1949 C (83)
Water sorption μg/mm3 20.3 A (1.9) 27.5 B (2.4) 32.8 C (3.7)
Water solubility μg/mm3 3.02 A (0.81) 3.55 A (1.00) 3.91 A (0.60)
Diffusion coefficient cm2/s 1.64 × 10−8A (2.3 ×

10−9)
1.33 × 10−8B (1.7 ×

10−9)
1.12 × 10−8C (3.3 ×

10−9)

For each test, different superscript letters (within row) indicate the mean is statistically different (p < 0.05).
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Table 2
Mean (Standard Deviation) ΔE* Color Differences for the Three Groups

ΔE*homogeneous ΔE*UVExposure ΔE*ADA

L199 0.82 A (0.51) 0.94 A (0.41) 0.97 A (0.34)
E-10 1.48 A (0.82) 1.18 AB (0.72) 1.56 AB (0.68)
E-20 1.09 A (0.71) 1.88 B (0.84) 2.51 B (1.10)

For each ΔE*, different superscript letters (within column) indicate the mean is statistically different (p < 0.05).
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