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Abstract Background/purpose: Clinically, dentists are suggested to immerse autopolymeriz-
ing interim fixed restorations in hot water during fabrication. However, this suggestion,
without including the best temperature, mostly comes from clinical experience instead of sci-
entific evidence. This in vitro study evaluated the effect of water temperature on the cytotox-
icity of interim partial fixed dental prostheses (FDPs) and examined its correlation with
residual MMA.
Materials and methods: Tempron was chosen as the autopolymerizing polymethyl methacry-
late material. Tempron was mixed and then soaked in water at different temperatures, except
control group (Controlair) was not being soaking in water. The specimens were incubated with
conditioned medium. The concentration of residual MMA was determined by liquid
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chromatography-tandem mass spectrometry (LC-MS-MS). The cell viability of human gingival
fibroblasts (HGFs) was evaluated by MTT assay.
Results: The 60 �C and 80 �C groups exhibited significantly higher cell viabilities than those of
the other groups (P < 0.05) at 48 and 72 h. The concentration of residual MMA was highly corre-
lated with this outcome: the higher the concentration of residual MMA detected in the eluates,
the poorer the cell viability was; the longer the incubation time was, the stronger the corre-
lation was between the concentration of residual MMA and the cell viability.
Conclusion: Autopolymerizing PMMA interim FDPs that are polymerized in water up to at least
60 �C could reduce cell toxicity. Higher water temperature could certainly decrease the
amount of residual MMA, which is closely correlated with the outcome of cell viability.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Interim fixed dental prostheses (FDPs) play several impor-
tant roles in prosthodontic treatment.1 The most commonly
used material in interim FDPs has been autopolymerizing
polymethyl methacrylate (PMMA) since 1940.2,3 Autopoly-
merizing PMMA resins are relatively cheap and can be easily
fabricated or modified.4e7 However, there are still many
disadvantages when using autopolymerizing PMMA resins to
make interim FDPs, such as polymerization shrinkage, high
polymerization exotherm during setting, poor physical
properties and biological harms.1,2,5e10 Nevertheless, one
must emphasize that autopolymerizing acrylic resin has a
higher level of residual monomer, which may cause many
biocompatible problems.1,5,11e15 However, research over
the past few years has mostly focused on the material
properties of interim FDPs for physical and clinical appli-
cations but has not mentioned their cytotoxic effects.4

The cytotoxic effects of acrylic resin materials are
mostly believed to be caused by resin monomers in current
investigations.15,16 Methyl methacrylate (MMA) is the resin
monomer of autopolymerizing PMMA materials. MMA may
cause local irritation of tissues, inflammation or allergic
reaction to both patients and operators.12e19 According to
the manufacturers’ recommendation, dentists are sug-
gested to immerse autopolymerizing interim FDPs in hot
water during fabrication clinically, which can reduce the
amount of cytotoxic residual MMA and improve the con-
version rate during polymerization.1,3,18 However, this
suggestion, without including the best temperature for
autopolymerizing interim FDPs, mostly comes from clinical
experience instead of scientific evidence.5

The purpose of this in vitro study was to evaluate the ef-
fect of water temperature on the cytotoxicity of interim
FDPs and to examine its correlation with residual MMA. The
null hypotheses were that interim FDPs immersed in
different water temperatures during fabrication would not
influence the cytotoxicity and the concentration of residual
MMA.
Figure 1 Specimens were made in the Teflon mold to form
F Z 10 mm and h Z 1 mm in shape.
Materials and methods

This in vitro study stimulated the direct technique to
fabricate interim FDPs clinically by using autopolymerizing
PMMA resin to explore whether immersion in different
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water temperatures before complete polymerization would
influence the cytotoxic effect and the amount of residual
MMA.
Specimen preparation

Tempron (GC Corp., Tokyo, Japan) was chosen as the
autopolymerizing PMMA material since it was the most
common brand used in Taiwan. Specimens were made ac-
cording to the powder-to-liquid ratio recommended by the
manufacturer20: the first graduation of the liquid pipette of
Tempron liquid was taken into the mixing jar; Tempron
powder was slowly added up to the first graduation on the
powder measure and mixed for 20e30 s at room tempera-
ture (approximately 24 �C). Then, pour the mixed creamy
paste into the Teflon mold for 3 min to form FZ 10 mm and
h Z 1 mm for each specimen (Fig. 1). Next, each specimen
was carefully removed before it was fully set. The total
operating time was within 5 min.

In our experiment, all specimens were placed in water at
different temperatures except for Controlair. In the Con-
trolair group, specimens were set at room temperature
without immersion in water. The water temperatures we
used in this research were room temperature, 4 �C, 30 �C,
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Table 1 Information about the precursor/product ions in
positive mode, retention time of the analytes separated on
the LC column, individual collision energies, and individual
tube lenses when testing the amount of residual MMA
monomers.

Analyte Precursor/
product
ions (m/z)

Retention
time (min)

Collision
energy (V)

Tube
lens (V)

MMA 101/73 1.83 23 42

Note: MMA, methyl methacrylate;m/z, mass-to-charge ratio; V,
volt.
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40 �C, 50 �C, 60 �C and 80 �C. Sterile conical centrifuge
tubes containing 10 mL sterile double-distilled water were
placed in a water bath to reach each experimental tem-
perature except for the 4 �C group, which was prepared in
the refrigerator before making the specimens. Once the
specimens reached the initial polymerizing stage (approxi-
mately 5 min as mentioned above), they were put into
sterile conical centrifuge tubes for another 5 min to be fully
set in each experimental group. In addition, in the Con-
trolair group, after 5 min of making the specimens, the
specimens were set in empty sterile centrifuge tubes at
room temperature for another 5 min to be fully set
similarly.

Sample eluate preparation

For eluate collection, specimens set under the same con-
ditions were taken out and transferred into a new sterile
centrifuge tube containing 5 mL Dulbecco’s modified Eagle
medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) culture
medium with 1% penicillin-streptomycin. The ratio of the
surface area of the specimens to the volume of culture
medium was 3.01 cm2/mL, conforming to International
Standards Organization (ISO) 10,993e12.21 The eluates
were conducted for 4 days at 37 �C under an atmosphere of
5% CO2 and 95% air. After 4 days, the eluates were filtered
through a sterile syringe filter (0.20 mm), and 10% fetal
bovine serum (FBS) (Gibco, New York, NY, USA) was added
immediately before quantifying the amount of residual
MMA and cytotoxicity testing.

Cytotoxic assay

Cytotoxicity tests were performed by using the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazorium bromide
(MTT) (Sigma-Aldrich) assay according to ISO 10993e5.22

Human gingival fibroblasts (HGFs) purchased from Lifeline
Cell Technology (Frederick, MD, USA) were plated at
1 � 103 cells/well in DMEM with 1% penicillin-streptomycin
and 10% fetal bovine serum (FBS) in a 96-well dish and
incubated at 37 �C in 5% CO2 and 100% relative humidity.
After 24 h of incubation, the culture medium was removed
from each well, and 100 mL of 60% diluted eluate was added
for another 24 h, 48 h and 72 h since the cytotoxic result
showed no difference between groups by adding 100%
eluate (data not shown). Culture medium with 10% FBS was
used as the negative control (100% cell viability), whereas
0.02% sodium dodecyl sulfate (SDS) was used as the positive
control. To measure cell viability (n Z 4) after the treat-
ment, cells in each well were incubated with 10 mL of MTT
dissolved in phosphate buffered saline (PBS) solution at a
concentration of 5 mg/mL at 37 �C. After incubation for 2 h,
the medium was removed, and 100 mL dimethyl sulfoxide
(DMSO) was added to each well to dissolve the intracellu-
larly stored MTT formazan. The absorbance at 595 nm was
spectrophotometrically measured.

Chromatography and mass spectrometry conditions

Liquid chromatography-tandem mass spectrometry (LC-MS-
MS) was used to determine the amount of residual MMA in
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eluates. A stock solution of MMA (Merck KGaA, Darmstadt,
Germany) was serially diluted with methanol to obtain
calibration standard stock solutions of gradient concentra-
tions. For all detection and quantification of analytes, a
Waters ACQUITY UPLC system (Waters Corporation, Milford,
MA, USA) coupled with Finnigan TSQ Quantum Ultra triple-
quadrupole MS (Thermo Electron, San Jose, CA, USA) in
combination with Xcalibur software (Thermo-Finnigan,
Bellefonte, PA, USA) was used. The LCeMSeMS system was
equipped with an electrospray ion source (ESI) and was run
in positive mode. The injection volume was 10 mL on an
ACQUITY UPLC BEH C18 Column (130 Å, 1.7 mm,
2.1 mm � 50 mm, Waters Corporation, Milford, MA, USA)
equipped with a filter (Waters Acquity UPLC� BEH C18
column, 1.7 mm, 2.1 mm � 5 mm) in front of the column.

The flow rate was 200 mL/min, and the column tem-
perature was 40 �C. The solvents were A: 0.1% acetic acid in
water and B: 0.1% acetic acid in acetonitrile. Solvent pro-
gramming was 0.0e0.2 min, 30% B; 2.5 min, 80% B;
3.0e5.0 min, 30% B. MSeMS interphase settings were as
follows: spray voltage, 4000 V; sheath gas (N2) pressure, 28
psi; auxiliary gas (N2) pressure, 10psi; capillary tempera-
ture, 350 �C; collision gas (Ar) pressure, 1.0 mTorr. Infor-
mation about the precursor/product ions in positive mode,
retention time of the analytes separated on the LC column,
individual collision energies, and individual tube lenses are
listed in Table 1.

Statistical analysis

Data were statistically analyzed using IBM SPSS Statistics
v20 (SPSS Inc., Chicago, IL, USA). One-way ANOVA followed
by Bonferroni’s post hoc comparisons tests or Dunnett’s T3
was used to evaluate the values of cell viabilities between
different groups (a Z 0.05). The correlation between the
amount of residual MMA in eluates and the values of cell
viabilities were analyzed with Spearman’s rank correlation
coefficient test at a significance level of P � 0.05.
Results

Cytotoxic effect of the eluates, which were extracted from
Tempron specimens polymerized at different water tem-
peratures, on HGFs was shown in Fig. 2 by MTT assay at 24 h,
48 h and 72 h. According to ISO 10993-5 guidelines for bio-
logical evaluation of biomedical devices, the cell viability



Figure 2 The cell viability of HGF by MTT assay at 24, 48, and 72 h. The dotted line indicates 70% cell viability (cytotoxic indicator
line according to ISO 10993e5). Control group: culture medium; 4 �C, 30 �C, 40 �C, 50 �C, 60 �C, 80 �C and Room temp groups:
cultured with eluate from specimens were set at indicated temperature in water; Controlair group: cultured with eluate from
specimens were set at room temperature without immersion in water; SDS group: culture medium with 0.02% sodium dodecyl
sulfate. * Significantly different from all the other groups (P < 0.05) as determined by one-way ANOVA.
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rate lower than 70% is considered to be cytotoxic. After
culturing for 24 h, no cytotoxic effects were found in any of
the tested groups, and the 80 �C group showed the highest
cell viability rate of 84.7%. However, there was no significant
difference between all tested groups (P > 0.05). After
culturing for 48 h, the cell viability rateswere lower than 70%
in all tested groups except the 80 �C group, which showed a
77.3% cell viability rate. Moreover, the 80 �C and 60 �C groups
showed significantly higher cell viability rates than the other
groups (P < 0.05). After culturing for 72 h, although the cell
viability rates were lower than 70% in all tested groups, the
80 �C and 60 �C groups still showed higher cell viability rates
and revealed statistically significant differences among the
groups (P < 0.05). In addition, strong cytotoxicity was found
in specimens set at water temperatures below 50 �C, and no
significant difference was found among the groups
(P > 0.05). In summary, the 60 �C and 80 �C groups showed
better cell viabilities, and the 80 �C group exhibited the best
cell viability at each time point.

The concentration of residual MMA in each tested eluate
was detected by LC-MS-MS and is presented in Table 2. The
Controlair group in which the specimen was set at room
temperaturewithout immersion in water showed the highest
concentration of residual MMA (108 ppm). Meanwhile, the
concentration of residual MMA in the group in which the
specimen was set in water at room temperature was
approximately half that of the Controlair group (51 ppm). The
concentration of residual MMA in the 4 �C group was
66.4 ppm, which was the highest among all water-immersing
groups. The concentration of residual MMA in the 60 �C group
was 26.7 ppm, which was approximately half of the con-
centration of the 30 �C group (53.1 ppm). In addition, the
lowest concentration of residual MMA was found in the 80 �C
group (8.6 ppm). According to these findings, we can
conclude that the water immersion treatment can surely
decrease the amount of residual MMA. Nevertheless, in all
the groups in which specimens were placed in water, we
observed that the lower the water temperature was, the
higher the concentration of residual MMA would be.

The correlation between the concentration of residual
MMA and the cell viability at different water temperatures
was shown in Table 3. After culturing for 24 and 48 h, signifi-
cant negative correlations were found between the
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concentration of residual MMA and cell viability, with Spear-
man’s rho values of �0.714 and �0.75, respectively. After
culturing for 72 h, highly significant negative correlations
were found between the concentration of residual MMA and
cell viability, as Spearman’s rho reached�0.929 (P< 0.01). In
other words, the data indicated that the higher the concen-
tration of residual MMA detected in the eluates, the poorer
the cell viability was presented; the longer the incubation
time was, the stronger the correlation we could find between
the concentration of residual MMA and the cell viability.
Discussion

In this study, as the cell viability rates varied in different
temperature groups in the cytotoxicity test and the con-
centration of residual MMA differed in each tested eluate
detected by LC-MS-MS, the null hypothesis was rejected.

The effect of water temperature on the cytotoxicity of
interim FDPs has never been mentioned before. Few studies
have discussed the effect of polymerization temperature
on the physicomechanical properties or marginal accuracy
of interim FDPs. Ogawa et al.23 demonstrated that poly-
merizing interim FDPs at higher water temperatures could
greatly enhance their mechanical properties. The 60 �C and
80 �C groups produced two times greater strength than the
Controlair group.23 In addition, Chhabra et al. found the
highest transverse strength in the 60 �C group.24 A recent
study also claimed that if interim FDPs require additional
strength, they should not be placed in cold water during
polymerization.5 However, it is worth mentioning that when
speaking of marginal accuracy, most studies25e27 have
preferred a water temperature of approximately 20e30 �C.
To date, our study is the first to discuss the biocompatibility
of interim FDPs polymerized at different water tempera-
tures. In our study, we found that the 60 �C and 80 �C
groups showed better cell viabilities, and the 80 �C group
revealed the best cell viability at each time point. As we
know from the above, the interim FDPs polymerized in
60 �C and 80 �C water could have better strength and lower
toxicity but poorer marginal fit. Thus, this result is also
consistent with previous studies showing that the material
of interim FDPs is currently never perfect.1,9



Table 2 The concentration of residual methyl methacrylate (MMA) in all the eluate conditions according to liquid
chromatography-tandem mass spectrometry (LC-MS-MS).

Eluate conditions Controlair Room temp 4 �C 30 �C 40 �C 50 �C 60 �C 80 �C

The concentration of residual MMA (ppm) 108.0 51.0 66.4 53.1 49.2 38.1 26.7 8.6

Note: MMA, methyl methacrylate. Controlair group: eluate from specimens were set at room temperature without immersion in water;
4 �C, 30 �C, 40 �C, 50 �C, 60 �C, 80 �C and Room temp groups: eluate from specimens were set at indicated temperature in water.

Table 3 Correlation between the concentration of resid-
ual MMA and the cell viability (%) at different water
temperatures.

Spearman’s rank correlation
coefficient

24 h Cell
viability

48 h Cell
viability

72 h Cell
viability

MMA monomer (ppm) �0.714✝ �0.750✝ �0.929✱✱

Note: MMA, methyl methacrylate.
✝P value < 0.1.
✱P value < 0.05.
✱✱P value < 0.01.
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In this study, we found that a higher water temperature
could certainly decrease the amount of residual MMA,
which is closely correlated with the outcome of cell
viability. The levels of residual MMA were strongly affected
by the degree of conversion. Heat was certainly a good way
to improve the conversion rate.1,7,11,13,28e30 However, it
was recommended not to heat near 100 �C because mono-
mers may be vaporized, with subsequent formation of
interim FDPs porosity.1 Due to this, the highest tempera-
ture we used in this study was 80 �C. In addition, immersion
in water diminished the negative effect of oxygen and
removed residual monomers after polymerization.5,11,28

Similarly, in this study, the concentration of residual MMA
in the group in which the specimen was placed in water at
room temperature was approximately half that of the
Controlair group (51 ppm). According to this finding, we can
conclude that the water immersion treatment can surely
decrease the amount of residual MMA. Currently, the most
recent studies believe that residual monomers are the
primary issue in the biocompatibility problem of acrylic
resin.11,12,15e18 In this study, we observed that the higher
the concentration of the residual MMA was, the lower the
cell viability was presented. Thus, we could say that the
relation of residual MMA and cell toxicity was strong.
Decreasing residual MMA could benefit the safety of interim
FDPs.

A limitation of the current study is that the in vitro study
may not perfectly reflect the real metabolism in humans.
Previous studies once mentioned that MMA could be rapidly
hydrolyzed by enzymes in blood serum.13,18 On the other
hand, another study reported that residual monomers could
be detected for up to several years after use.12,29 In our
studies, we could not completely know if the cytotoxicity
lasted for the entire time that the toxicity continued to
come from the residual MMA after using interim FDPs for
several months. Nevertheless, we only used one kind of
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autopolymerizing acrylic resin. Studies have shown that
MMA may affect the lipid bilayer in biological membranes.18

Therefore, different monomers may have diverse cytotoxic
effects due to the different lipophilicities.16 Additionally,
we should still keep in mind potentially cytotoxic factors
other than incomplete monomer conversion or leaching
residual components. Further research is needed to inves-
tigate the above ambiguities.
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