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Abstract HPLC was used to examine the leachability of
three non-phthalic and four phthalic post-polymerized
residual monomers from three commercially available
heat-cured acrylic resins. Specimens of equal dimensions
were constructed from each brand of material by fol-
lowing the standardized procedure and were stored un-
der three different conditions, namely, distilled water,
artificial saliva, and a binary mixture of ethanol/water.
The resulting liquids provided samples for analysis by
HPLC. Three different experiments were performed for
each brand of acrylic and each storage condition in or-
der to examine the effects of parameters, particularly
time and temperature. The results obtained from this
study suggest that a wide spectrum of residues diffuse
out of the three examined acrylic resin materials. The
non-phthalic compounds were leached at high concen-
trations, whereas all the phthalates examined exhibited
different degrees of elusion commensurate with the
storage condition, brand of material, and type of
experiment. It seems that a significant quantity of non-
phthalic and phthalic residues diffuse out of the acrylic
resin materials examined. The main component ex-
tracted was methyl methacrylate, the level of which
seems to be time-dependent and decreases for a period of
up to 5 days when resins are stored in distilled water at
room temperature.
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Introduction

The residual monomer content of denture base resins
(after processing procedure) has been suspected of being
a contributing factor to chemical irritation, sensitization,
or allergic reactions of the oral mucosa [1]. In addition,
hypersensitivity reactions to heat-polymerized acrylic
dentures, which had been worn for between 5 and
10 years, have been reported [2].

Some authors have claimed that monomers, by
reacting with molecular oxygen, may produce formal-
dehyde, which is known to cause hypersensitivity reac-
tions [3, 4]. Several investigators have suggested that
true allergy is rare and that most mucosa reactions ap-
pear because of a variety of other reasons, for instance,
trauma, fungal infection with candida species, poorly
fitting dentures, unbalanced occlusions, and chemical
irritation from monomers [5–6]. However, despite
inconclusive clinical trials, some studies using cell cul-
ture techniques have provided strong evidence that the
cured denture base resins have a direct cytotoxic effect
on cells [7, 8].

The mechanical and physical properties of denture
base materials depend on their composition about which
very little information can be found in the literature.
Modern acrylic resins contain additives that have been
incompletely studied. For example, phthalates, inter-
fused with high polymers, as plasticizers in order to in-
crease flexibility, extensibility, and to enhance working
properties, are potentially toxic compounds. When the
environment has a very high affinity for the plasticizer it
may migrate or be extracted from the polymer matrix at
a rate dependent on the ability of the plasticizer to dif-
fuse through the resin matrix to the attracting media [9].
In medical use, phthalates were detected in human
plasma perfused through hemodialysis units and have
been found in the tissues of diseased patients who had
received transfusion [10, 11]. Phthalates have come un-
der close investigation [12, 13]; however, some phtha-
lates have shown low or no toxicity [14].
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A literature search revealed that a number of papers
[15, 16] have dealt with the leachability of plasticizers as
a means of studying the physical or mechanical prop-
erties of tissue-conditioning materials; thus far, less
attention has been given to the leachability of plasticiz-
ers from heat-cured acrylic resins. This may be due to
their long history in clinical use without reports of major
biological or toxicological problems. However, since
denture base materials are to have long-term contact
with tissue, it is important to be able to develop an
analytical methodology to assess the presence of unre-
acted monomers remaining after the polymerization.
Over the years several methods have been used for the
determination of residual monomer content [17, 18]
among which gas chromatography circumvented many
of the technical problems [19–21]. In alternative ap-
proaches, high-performance liquid chromatography
(HPLC) has offered a convenient method of determining
various organic materials and evaluating low residual
monomer values, which can be compared under identi-
cal conditions [22, 23].

The purpose of the present study was to identify and
quantify several monomers leaching out of three com-
mercially available products of heat-cured acrylic resin
denture base materials after polymerization. HPLC was
chosen as a sensitive and reliable analytical method.

Materials and methods

The following commercially available products were
investigated: Triplex (Ivoclar AG, Schaan Liechtenstein),
Paladon 65 (Kulzer & Co. GmbH, Germany), and Type
15 (Ivoclar AG, Schaan Liechtenstein). Molds were pro-
duced by fixing stainless steel blocks with dimensions of
10·10·2 mm in stone according to conventional dental
flasking techniques. The dough was prepared in a poly-
mer–monomer mixing ratio 3.5:1 (by volume). The mold
separation, packing with two trial closures and clamping
procedure, followed standard practice. The curing cycle
ran overnight at 90�C for 10 h. Polishing procedures were
not carried out in an attempt to avoid contamination.

The cured specimens were stored at room tempera-
ture (23±2�C) in de-ionized water for 24 h before fur-
ther investigation. The entire specimens were used in
order to simulate a situation close to clinical use.

The release of seven monomers (listed in Table 1) was
monitored; these were selected as probable or potential
constituents of the materials under investigation.

HPLC was chosen as the analytical monitoring
method. The apparatus used was a Shimadzu HPLC
chromatograph Model LC-10AD. A Zorbax ODS re-
served-phase partition chromatographic column (25-cm
long and 4.6-mm bore) was used with a solvent system
comprising of a combination of isocratic and gradient
elusion. Acetonitrile and water were used as solvents
(Fig. 1).

Twenty-four hours after processing the specimens
were rinsed and stored in three liquid environments:

artificial saliva, fresh distilled water, and a binary mix-
ture of 40% ethanol and 60% water. After treatment a
sample suitable for analysis was injected into the chro-
matographic column and analyzed by HPLC.

The chromatograms shown in Fig. 2 were run at a
flow rate of 0.4 mL min�1 with an operating pressure of
80 bars. The samples were injected by means of a rotary
valve injector equipped with a 20-lL sample loop. The
UV detector (SPD-10AV, Shimadzu) was set at 210 nm.
A qualitative analysis was performed first by comparing
the chromatograms of the samples with those of the
standards. For the quantitative determinations, the peak
areas of the chromatograms obtained from the leaching
monomers were compared to a standard calibration
curve obtained by plotting the peak areas against known
concentrations of the seven monomer standards. The

Fig. 1 Elution profile for acetonitrile/water mobile phase

Table 1 The seven standard samples used in this study

Standard materials Lot Manufacturer

Methacrylic acid (MA) 2012044 Fluka, Germany
Methyl methacrylate (MMA) 16304-077 Aldrich, UK
Diallyl phthalate (DAP) Aldrich, UK
n-Butyl methacrylate (N-BMA) 67H3453 Sigma Chemical

Co., USA
Butoxy carbonyl methyl butyl
phthalate (BPBC)

Aldrich, UK

Dibutyl phthalate (DBP) 67H0327 Sigma Chemical
Co., USA

Dioctyl phthalate (DOP) 24772-078 Aldrich, UK

Fig. 2 Typical chromatogram of the seven standard monomers
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peak areas were measured electronically with a com-
puting integrator (C-R5A Chromatopac Shimadzu). By
referring the peak areas from the HPLC analysis of the
samples to the standard calibration curve, the amount of
each component was calculated in ng lL�1. The limit of
detection for the different monomers lies in the range
0.02–0.10 ng lL�1. The recorded chromatograms were
integrated three times and the relative intensities of the
lines were obtained as the mean value of the integration.

Three different experiments were performed for each
acrylic resin material (Triplex, Paladon, Type 15) and
each storage condition (artificial saliva, water, and eth-
anol/water) in order to investigate the effects of time and
temperature on the extent of release of monomers from
the polymerized materials.

In the first type of experiment, monitoring was per-
formed every 24 h for 5 days at room temperature.
Specimens of each material were kept under stirring in
8 mL of each storage solution at room temperature
23±2�C. Aliquots of 20 lL were analyzed every day for
a period of 5 days.

In the second type of experiment, monitoring was
performed at constant temperature up to 6 h. Specimens
of each material were kept under stirring in 8 mL of
each storage solution for 6 h at a constant temperature
of 40�C. Every 2 h, 20-lL aliquots were analyzed.

In the third type of experiment, monitoring was
performed at a temperature in the range from 10�C to
40�C. Specimens of each material were kept for 1 h at
10, 20, 30, and 40�C under stirring in 8 mL of each of
the storage solution. At the end of every hour, 20-lL
aliquots were analyzed.

Statistical analysis was conducted with the S-plus
2000 (MathSoft Inc., MA, USA) package. The statistical
methods used were the one-way and multiple-way
ANOVA with Tukey’s post-hoc tests and the paired t
test. The p values were considered as statistically sig-
nificant whenever they were less than 0.05. For p values
smaller than 0.001 the difference was considered as very
significant. The standard deviations of the chromato-
graphic measurements were 1.5% (n = 5).

Fig. 3 Rate of elution of
monomers leaching out of
Triplex in artificial saliva,
distilled water, and a binary
mixture of 40% ethanol and
60% water during daily
monitoring at room
temperature
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Results

Monitoring every 24 h for 5 days at room temperature

Methacrylic acid (MA) eluted from Triplex specimens
stored in artificial saliva and Paladon stored in water
decreased during the period up to 3 days. In contrast,
MA leaching from Paladon specimens stored in ethanol/
water increased, reaching a maximum concentration of
0.875 ng lL�1 on the 5th day.

The experiments showed that methyl methacrylate
(MMA) leached out from all the acrylic resins examined.
The various storage conditions influenced the rate of
leaching of MMA. For the specimens stored in water
and artificial saliva the elusion decreased with time for
approximately 4–5 days, whereas in ethanol/water the
rate of elusion was positive up to the 5th day.

Diallyl phthalate (DAP) leached out of all the
examined acrylic resins but was not detected under all
storage conditions. The rate of extraction decreased
after the 2nd or 4th day with the exception of Type 15
specimens stored in artificial saliva. A quantitative

determination showed that concentrations of 0.02–
0.50 ng lL�1 remained even after 5 days.

n-Butyl methacrylate (N-BMA) was detectable at
decreasing and very low levels only from Triplex speci-
mens stored in artificial saliva and ethanol/water in this
experiment. No chromatogram was obtained after the
4th day.

Butoxy carbonyl methyl butyl phthalate (BPBC) was
detected leaching out of all the examined resins under all
storage conditions. The rate of extraction decreased with
time with the exception of Paladon specimens stored in
ethanol/water and Type 15 in artificial saliva, for which
even on the 5th day concentrations of 0.18 and 0.51 ng
lL�1, respectively, were measured.

Dibutyl phthalate (DBP) was released from all the
resins under examination under all storage conditions
except for the Triplex specimens stored in ethanol/water.
Although the rate of release decreased continuously in
most of the cases, small amounts of residue were mea-
sured even on the 4th day. The concentration measured
for the Type 15 specimens, stored in ethanol/water, was
0.59 ng lL�1 even on the 5th day. Paladon specimens in

Fig. 4 Rate of elution of
monomers leaching out of
Paladon in artificial saliva,
distilled water, and a binary
mixture of 40% ethanol and
60% water during daily
monitoring at room
temperature
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ethanol/water and Type 15 in artificial saliva eluted 0.59
and 0.41 ng lL�1, respectively, on the 5th day indi-
cating continued leaching.

Dioctyl phthalate (DOP) was detected leaching out of
all the resins examined and under all storage conditions
with the exception of Paladon specimens stored in arti-
ficial saliva. Although decreasing in most cases, small
amounts of the residue were still detected on the 5th day.
The rate of extraction from Triplex specimens stored in
artificial saliva increased, reaching a concentration of
2.1 ng lL�1 on the 5th day.

Comparison of materials

The HPLC analysis of the three acrylic resins provided
data about the release of almost all the examined
monomers. Figures 3, 4, and 5 show the variations in
residual monomers leaching out of the three resins under
several storage conditions. The results of the elemental
analysis demonstrated that the leaching monomers were

similar in the three resins. A time-associated effect was
found, as the residues extracted from all materials and
under most storage conditions became noticeably
smaller with the time. The main variations between
resins occurred according to the storage conditions.
Some differences were observed between brands with
respect to the amounts of the additives present that were
leached, probably due to the differing chemical formu-
lations of the products.

Within 5 days all the monomers under examination
had been leached out of Triplex resin except for DAP
stored in artificial saliva and DOP stored in the ethanol/
water mixture. Measurements on Paladon resin dem-
onstrated that on the 5th day small amounts of DAP,
BPBC, and DOP persisted when specimens were stored
in water, while concentrations of 0.12–4.18 ng lL�1 of
all the examined monomers were still leaching from
specimens stored in the ethanol/water mixture. As re-
gards the Type 15 resin, analysis on the 5th day revealed
that no elusion was observed when specimens were
stored in water, whereas MMA, DAP, BPBC, and DOP

Fig. 5 Rate of elution of
monomers leaching out of Type
15 in artificial saliva, distilled
water, and a binary mixture of
40% ethanol and 60% water
during daily monitoring at
room temperature
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were detected from specimens stored in artificial saliva,
and MMA, BPBC, DBP, and DOP continued to be
eluted even after the 5th day from specimens stored in
ethanol/water mixtures.

Monitoring at constant temperature

Figures 6, 7, and 8 show the release of the monomers
examined from the three resins under different storage
conditions at constant temperature. The analysis re-
vealed differences in monomer leaching compared to
daily monitoring at room temperature. In most cases the
leaching occurred rapidly at an increasing rate closely
related to the surrounding storage condition. A quanti-
tative determination of residual monomers showed that
significant amounts (p <0.05) still remained even after
6 h, demonstrating a continuing process of leaching.
Completion of the leaching after the 4th hour was ob-
served only for MMA and DBP in Triplex specimens
stored in artificial saliva, and BPBC and DOP in Type
15 specimens stored in ethanol/water mixtures.

Monitoring at a temperature range from 10�C to 40�C

Temperature variations of 10–40�C produced no change
in the leaching of monomers but did cause variation in the
rate of the process as illustrated in Figs. 9, 10, and 11.
When samples of the three brands were examined at a
temperature of 10�C, only DOP was observed leaching
out of Triplex specimens stored in ethanol/water, whereas
peaks of the majority of the residues were obtained from
Paladon and Type 15 resins. Generally, although the rate
of extraction seemed to increase with temperature, vari-
ations in peak areas observed in the temperature range
from 10�C to 40�C suggest a close relationship to both
temperature and storage conditions (p <0.001). How-
ever, in this experiment the levels of residual monomers
were found to be higher at 40�C in most cases.

Discussion

The results obtained from this study suggest that a
whole spectrum of residues diffuse out of the three ac-

Fig. 6 Rate of elution of
monomers leaching out of
Triplex in artificial saliva,
distilled water, and a binary
mixture of 40% ethanol and
60% water at constant
temperature (40�C) for 6 h
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rylic resin materials examined. The error connected with
the method was used was about 8–10%, and the varia-
tions of the calculated results indicate trends rather than
accurate values of concentrations. All the experiments
revealed that the organic component extracted consists
primarily of methacrylate, the level of which seems to be
time-dependent and decreases for a period up to 5 days
when resins are stored in distilled water at room tem-
perature. These results, although not strictly comparable
because of the different methods applied, seem to be in
general agreement with qualitative and quantitative
investigations previously described [2, 24]. However, the
post-polymerized residual monomer levels in this study
do not approach the limiting values obtained from other
studies [25–27]. This may be due to the use of a long-
term curing cycle of polymerization without a terminal
boil, which reduces the residual monomer level signifi-
cantly [28, 29]. Treatment with artificial saliva revealed a
decreasing residual MMA extraction over 5 days of the
experiments although the examined resins were cured at
90�C for 9 h. This result does not support a previous

study [10] in which the in vivo release of monomer into
saliva proved that residual MMA in saliva was not de-
tected leaching out of appliances polymerized at 70�C
for 3 h. Apart from the fact that the results in vivo may
differ significantly from those in vitro, this discrepancy
could be also explained by: (1) the different brands of the
materials and thus the different compositional com-
pounds of the acrylic resin materials, (2) the probable
difference in polarity between artificial and natural sal-
iva, and (3) the potentially different sensitivities of the
analytical methods.

This study also confirms that another non-phthalic
leachable compound, methacrylic acid, is extracted in
high concentrations in all experiments as well. Unre-
acted residual MA is known to be present in acrylic
resins after curing; however, it has been found negative
in sensitizing tests [30].

The HPLC used in this study offers a convenient
method of evaluating various monomers at very low
levels. As a result of this technique a relatively large
number of phthalate esters were detected. The extraction

Fig. 7 Rate of elution of
monomers leaching out of
Paladon in artificial saliva,
distilled water, and a binary
mixture of 40% ethanol and
60% water at constant
temperature (40�C) for 6 h

1342



of phthalate esters from thermopolymerized resins has
rarely been investigated [31, 32]. The extraction of
dibutyl phthalate and dicyclohexyl phthalate has been
detected (in vivo) in saliva from patients with new den-
tures, but not with old ones [31].

Once the presence of phthalate esters was known it was
of interest to establish their concentration. In contrast to
the relatively large amounts of the non-phthalic mono-
mers, phthalates leach in smaller amounts at a rate
dependent upon their ability to diffuse through the resin
matrix into the storage medium. As the analysis revealed,
the examined phthalates exhibited different degrees of
release related to the storage condition, brand ofmaterial,
and type of experiment (p<0.05). A general observation
could be that the extraction rate is directly dependent
upon temperature: the higher the temperature, the higher
the rate of extraction. This observation supports results of
earlier investigations by other workers [9].

As regards the effect of ambient temperature, the
results obtained when the temperature was kept constant

at 40�C indicated small differences in levels of residual
monomers with leaching increasing continually up to the
6th hour. Variations of the temperature from 10�C to
40�C produced no change in the weights of residues,
while leaching did not occur very rapidly. However, the
level of residual monomers was always higher in the
range between 30�C and 40�C.

In both types of experiments the rate of release was
closely related to both ambient temperature and storage
condition (p <0.05).

In comparing the polarity of the different storage
media it should be noted that the release of monomers in
distilled water was less than in artificial saliva, whereas
in the less polar binary water/ethanol mixture the level
of residual monomers was always higher (p <0.001).

The time for completion of leaching of the monomers
in distilled water was estimated to be approximately 4–
5 days for the examined materials, although in a previ-
ous study significant amounts of monomers continued to
leach from the acrylic dentures for a longer time [33].

Fig. 8 Rate of elution of
monomers leaching out of Type
15 in artificial saliva, distilled
water, and a binary mixture of
40% ethanol and 60% water at
constant temperature (40�C) for
6 h
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The potential toxic effects of the monomers analyzed
are beyond the scope of this study. However the release
of plasticizers during use is an important consideration.
Although there have been no observations of clinical
problems attributable to the use of those compounds,
there is experimental evidence of subtle toxicity [14].

It must be pointed out that the level of residues in this
study were determined 24 h after processing, with the
specimens stored in distilled water for that period,
according to commonly followed practice.

Acrylic resins have shown a high degree of safety over
many years of clinical use. In the past, emphasis has
been given to physical or mechanical properties with less
attention placed on their biological evaluation. Because
of the increased concern about dental toxicology [33, 34]
several articles have dealt with the leachability of
monomers as a means of studying the toxicity of dental
items [35, 36].

While most of the monomers under investigation
were detected leaching out of the resins examined, un-
der several storage conditions, it seems probable that
several products contain a number of undetected
compounds. The analysis showed that the three

commercial products differed with respect to the
leaching of additives. These results are reasonably
consistent with the chemical formulation of the prod-
ucts. Therefore, further consideration must be given to
the individual chemical constituents of dental materials
and the manufacturers should make specific composi-
tion details available.

Conclusions

In summing up the results of the various analyses carried
out in this study, the following conclusions are drawn:

1. HPLC offers a convenient method of evaluating
various monomers at low concentrations, which can
then be studied and compared under the same con-
ditions.

2. A lot of non-phthalic and phthalic residues diffuse
out of the acrylic resin materials examined.

3. The main component extracted was methyl methac-
rylate, the level of which seems to be time-dependent,
decreasing over a period of up to 5 days when resins
are stored in distilled water at room temperature.

Fig. 9 Rate of elution of
monomers leaching out of
Triplex in artificial saliva,
distilled water, and a binary
mixture of 40% ethanol and
60% water after stepwise
elevation of the temperature
from 10�C to 40�C
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Thus a period longer than 5 days immersion of ac-
rylic dentures in water is suggested.

4. Although in smaller amounts, a large number of
phthalates were detected leaching out of examined
resins at a rate dependent upon both the storage
medium and ambient temperature.

5. The release of monomers in distilled water is less than
in artificial saliva, whereas in the binary water/etha-
nol mixture (60% and 40%) the level of leaching
monomers is generally higher.

6. Further consideration must be given to the chemical
ingredients of dental materials and the manufactur-
ers should make specific formulation details avail-
able.
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