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Fabrication of denture base materials with
antimicrobial properties
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ABSTRACT
Statement of problem. Acrylic resin denture base resins are colonized by oral and nonoral bacteria
and Candida species. This reservoir of microorganism causes denture stomatitis, which can be
implicated in some life-threating infections in older denture wearers.

Purpose. The purpose of this in vitro study was to incorporate quaternized N,N-dimethylaminoethyl
methacrylate (DMAEMA) monomer into a denture base resin and investigate its antimicrobial and
mechanical properties.

Material and methods. Quaternized ammonium monomer (QAM) was synthesized through the
reaction of octyl bromide and DMAEMA. The synthesized QAM was incorporated into a denture
base resin system (8 to 12 wt%). The resulting material was characterized by Fourier transform
infrared spectroscopy. The in vitro antimicrobial property was determined by direct contact test
against Escherichia coli, Staphylococcus aureus, and Candida albicans. Release of the QAM was also
tested by means of an agar diffusion test. Mechanical properties were measured with a 3-point
bend test, and results were analyzed and compared using ANOVA and the Tukey post hoc test
(a=.05).

Results. Spectroscopy confirmed the formation of quaternized ammonium modified denture base
(QAMDB). The decrease in number of viable cells of E coli, S aureus, and C albicans was more than
99% for 12%-QAMDB in comparison with that of the control groups. An overall decline was
observed in the flexural strength and flexural modulus of the fabricated resins (P<.05), but no
differences were observed for strain at break or fracture work of the specimens (P>.05).

Conclusions. Denture base resins containing immobilized QAM provided high antibacterial activity,
but the flexural strength and flexural modulus of the denture base resins decreased. (J Prosthet
Dent 2018;119:292-298)
An aging population with the
need for removable complete
dentures continues to grow.1,2

Dentures have been fabri-
cated predominately from
poly(methyl methacrylate)
(PMMA) resins for over 50
years, because it has suitable
mechanical, physiochemical,
and working properties.3,4

However, denture base resins
may be colonized by microor-
ganisms, including Candida
albicans, Streptococcus mutans,
and Staphylococcus aureus spe-
cies, which contribute to oral
diseases such as denture sto-
matitis, chronic inflammatory
response in the oral mucosa,
and systemic infections such
as pneumonia.5,6

Denture and oral hygiene
for many older hospitalized
patients may be compromised

owing to physical or mental disabilities. Denture
cleansers are ineffective against typical denture plaque
microorganisms, or they cause significant damage to
acrylic resin dentures.7 Systemic or local antibiotic agents
have been prescribed for treating harmful microbial
species; however, uncontrolled use of systemic drugs
leads to antimicrobial resistance.8-10 Antimicrobial activ-
ity can be incorporated into denture base resin with
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biocides such as nanosilver, nanotitanium dioxide, or
nanosilicon dioxide particles, chlorhexidine, or organic
compounds such as 2-tert-butylaminoethyl methacrylate,
ethylene glycol methacrylate phosphate, and quaternary
ammonium salts such as methacryloyloxy undecyl pyr-
idinium bromide and quaternary ammonium poly-
ethylene imine nanoparticles.5,6,8,9,11-18 However, the
release of toxic substances may affect the oral mucosa,
Azad University, Tehran, Iran.
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Figure 1. Synthetic route for preparation of octyl bromide-quaternized
dimethylaminoethyl methacrylate (DMAEMA-OB) monomer
quaternized ammonium monomer (QAM).

Clinical Implications
Incorporation of quaternized ammonium monomer
in denture base acrylic resins imparts antibacterial
activity to the resins, helping denture wearers
improve their oral hygiene.
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bacterial resistance may occur, and the antimicrobicide
may lose effectiveness over time.19-22

Imazato et al23 introduced to dentistry the concept of
an immobilized bactericide in which the antibacterial
monomers are co-polymerized with methacrylate resin
monomers. Quaternary ammonium compounds with
polymerizable groups facilitate the immobilization of
quaternary ammonium group into the polymer back-
bone, which can give long-term antibacterial activity to
the polymer.24-26 These materials have low mammalian
toxicity and possess both a positive charge and a hy-
drophobic segment.27,28 The cationic charge on the
quaternary ammonium/phosphonium groups damages
the microbial outer membrane, cell wall, and cytoplasmic
membrane, followed by bacterial cell lysis death.20,29,30

Therefore, the purpose of this in vitro study was to
fabricate a denture base acrylic resin matrix with immo-
bilized antibacterial functionalities. The goal was to
produce methacrylate monomers containing quaternary
ammonium functionalities (QAM) from the quaterniza-
tion reaction of N,N-dimethylaminoethyl methacrylate
(DMAEMA). This reactive monomer may initiate novel
denture base resins with antibacterial activity because of
the presence of positive charge moieties on the polymer
backbone. The QAM and quaternized ammonium
modified denture base (QAMDB) were analyzed by
Fourier transform infrared (FTIR) spectroscopy. Me-
chanical properties and antimicrobial activity against C
albicans, S aureus, and Escherichia coli were also evaluated.

MATERIAL AND METHODS

DMAEMA, hydroquinone, and diethyl ether were pur-
chased from Merck. Octyl bromide was purchased from
Alfa Aesar. The denture base acrylic resin was supplied
by Vertex. The bacterial strains of E coli (American Type
Culture Collection [ATCC] strain 25922), S aureus (ATCC
25923), and fungal strain of C albicans (ATCC 1880) were
obtained from the Iranian Research Organization for
Science and Technology.

Octyl bromide-DMAEMA (DMAEMA-OB) was syn-
thesized according to the previously reported proced-
ure.31 DMAEMA (10.7 mL, 0.064 mol) was added to octyl
bromide (5.53 mL, 0.032 mol) in the presence of a small
amount of hydroquinone as an inhibitor. The mixture
was stirred overnight at 50�C. The reaction product, a
white powder, was collected after several washings with
Mirizadeh et al
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dry diethyl ether. It was dried under vacuum at room
temperature. The synthetic route for the preparation of
DMAEMA-OB monomers is shown in Figure 1.

Heat-polymerizing denture base resin (Vertex Regu-
lar; Vertex) was mixed according to the manufacturer’s
instructions (50 g of powder was mixed with 25 mL of
monomer). The DMAEMA-OB monomer was added to
the monomer of the acrylic resin at 0%, 8%, 10%, and
12%, based on the polymer mass (w/w). After the pow-
der and monomer were mixed, the dough was placed in
10×3×60 mm stainless steel molds sandwiched between
2 steel plates and polymerized for 1 hour at 70�C and for
2 hours at 100�C (dry heat), while the molds were
pressed using a hydraulic press (20 MPa). Four speci-
mens were fabricated for each concentration.

To confirm the synthesis of QAM monomer, the FTIR
spectra of the raw materials and the synthesized polymer
were recorded using a potassium bromide disk and
attenuated total reflection (ATR) techniques of FTIR
spectroscopy (Equinox 55; Bruker) at a resolution of 4
cm−1 and 32 scans in the range of 4000 to 400 cm-1.

For quantitative measurement of antimicrobial activ-
ity, the direct contact test32 was used with strip speci-
mens (30×10×3 mm) that had been soaked in distilled
water for 1 week to allow the release of free resin
monomer and quaternary ammonium compound. The
specimens were sterilized under ultraviolet light for 2
hours before assessment. Single colonies of bacterial
suspensions from fresh agar plate cultures were inocu-
lated in 10 mL of brain-heart infusion (BHI) broth for
initial suspension. One hundred microliters of the initial
and diluted suspensions (10−2, 10−3, 10−4) were plated
onto Petri dishes for colony-forming unit (CFU)
enumeration. The flow diagram of antibacterial assess-
ment is shown in Figure 2. In parallel, each resin strip
was inoculated with 40 mL of initial bacterial suspensions
of E coli and S aureus in 15 mL of BHI broth (under culture
conditions) and was incubated with agitation at 37�C.
Similarly, resin strips were inoculated with C albicans at
25�C. After 24 hours’ incubation, 100 mL of suspension
and diluted suspension (10−2, 10−3,10−4) were placed on
agar plates. All plates were incubated for 24 hours before
reading. The antiseptic effect was investigated by
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Figure 2. Flow diagram of antibacterial assessment.
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Figure 3. FTIR spectroscopy of (a) DMAEMA and (b) QAM. DMAEMA,
octyl bromide-quaternized dimethylaminoethyl methacrylate; FTIR,
Fourier transform infrared; QAM, quaternized ammonium monomer.
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determining reduction in colony counts. Results were
expressed as log CFU/cm2 for each specimen.

In order to assess the release of quaternary ammo-
nium salt, the agar diffusion test result was evaluated.
Disk-shaped specimens (1-cm diameter) were exposed to
S aureus and E coli to observe the inhibition zone around
the specimens. The specimens were placed on Muller-
Hinton agar plates, which were seeded with 1.0×106

CFU. After plates had incubated for 18 to 24 hours at
37�C, the inhibition zone for bacterial growth was
determined visually.

The 3-point bend test was carried out to evaluate the
fiexural strength (FS; MpA) and flexural modulus (FM)
with a universal test machine (STM 50; Santam) at a
cross-head speed of 2 mm/min. The FS was then calcu-
lated as: FS=3PL=2bd2, where P=load at fracture (N),
L=span length (40 mm), and b and d are the width and
thickness, respectively, of the specimens in millimeters.
The elastic modulus was determined from the slope of
the initial linear part of the stress-strain curve. Fracture
work (FW) was also calculated as the area under the
stress-strain curve.

Water sorption was assessed according to Interna-
tional Organization for Standardization (ISO) standard
10477.33 Three specimens (5 mm in diameter and 0.5 mm
in thickness) were immersed in water for 24 hours to
remove free unreacted monomers before the test. The
specimens were placed in a desiccator at 37�C for 23
hours and then in a second desiccator containing freshly
dried silica gel at 23�C for 1 hour to reach the constant
mass (m1). The volume (V) of each specimen was then
calculated. The specimens were immersed in water at
37�C for 7 days and were then weighed (mass 2 [m2])
after removing the surface moisture with tissue paper.
The water uptake (mg/mm3) was determined using the
equation:

Wsp=
m2−m1

V
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Results were statistically analyzed and compared us-
ing 1-way ANOVA and the Tukey post hoc test (a=.05).

RESULTS

Figure 3 shows the FTIR spectra of DMAEMA (spectrum
a) and QAM (spectrum b), which confirms the quater-
nization reaction by the disappearance of the character-
istic peaks of C-Br and tertiary amine groups and the
appearance of the quaternary ammonium group peak.
Figure 4 (spectrum a) illustrates the ATR-FTIR spectra
of the antibacterial denture base (QAMDB, containing
5wt% QAM monomer) and PMMA homopolymer
(spectrum b).

The antimicrobial activity of QAMDB was assessed
using S aureus (Gram-positive), E coli (Gram-negative),
and C albicans. Determination of CFUs is detailed in
Figure 5. Results show that fabricated resins were highly
active against the microorganisms. The decrease in the
number of viable cells of S aureus and C albicans was
more than 99% in comparison with that of control
groups. No significant differences were found between
the effect of the QAMDB resins with different amounts of
QAM against S aureus or C albicans (P>.05). In compar-
ison with the control groups, the inhibitory effects for E
coli bacteria were 94% for 8%-QAMDB, 96% for 10%-
QAMDB, and 99% for 12%-QAMDB (P<.05).

Agar diffusion test was used to assess the leaching off
the QAM monomer. The behavior of the 12%-QAMDB
resin against both Gram-positive (S aureus) and Gram-
negative (E coli) bacteria is shown in Figure 6, which
shows no inhibition zone around the specimens.

A significant decrease (P<.05) in FS was observed for
QAMDBs in comparison with that of the control resins,
but no significant differences were found among the
QAMDBs containing different amounts of QAM (8, 10,
and 12 wt%) (Fig. 7A) (P>.05). The FM of the QAMDB
resins was significantly lower than that of the control
resins (P<.05) (Fig. 7B). However, no significant
Mirizadeh et al
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Figure 4. ATR-FTIR spectra of (a) QAMDB and (b) DB. ATR-FTIR,
attenuated total reflection- Fourier transform infrared; QAMDB,
quaternized ammonium modified denture base.
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Figure 5. Effects of different percentages of QAM monomer
incorporated into acrylic resin specimens on viability of E coli,
S aureus, and C albicans biofilm cells. Same uppercase letters indicate
no statistically significant differences (Tukey post hoc test, P>.05).
QAM, quaternized ammonium monomer.

Figure 6. Agar diffusion test of QAMDB specimen activity against
A, E coli and B, S aureus bacteria. No inhibition zone observed. QAMDB,
quaternized ammonium modified denture base.
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differences were found between the specimens contain-
ing 10 wt% and those containing 12wt% (P>.05),
whereas the 8wt% was significantly higher than the 12%
and the 10% (P<.05). Figures 7C and 7D show strain at
break and FW. No significant differences were found in
the FW and strain at the break between specimens
(P>.05). The stress-strain curves of the specimens (Fig. 8)
showed ductile behavior.

The water uptake of QAMDBs specimens is presented
in Figure 9. Significant differences were observed (P<.05)
among the water uptake values of the denture base resin
containing different percentages of QAM. The water
uptake of the denture resins increased with the increase
in QAM content.

DISCUSSION

As illustrated in Figure 3, FTIR spectroscopy confirmed
the quaternization reaction by the disappearance of the
absorption bands of the tertiary amine group at 2815
cm−1 and 2763 cm−1 and the appearance of the absor-
bance peaks of the quaternary ammonium group at
approximately 1100 to 450 cm−1.10,34 This indicates that
the bromine group in octyl bromide successfully reacted
with the amine group in DMAEMA to form the quater-
nized ammonium group.35 Figure 4 (spectrum a) repre-
sents the characteristic peaks of PMMA (C=O stretching
at 1722 cm−1, C-O stretching at 1141cm−1, and peaks
around 2900 cm-1 attributed to the stretching vibrations
of eCH3 and eCH2 groups). The disappearance of the
C=C stretching band (at 1636 cm−1) of the methacrylate
double bond along with the presence of peaks at 1292
and 1313 cm−1 (Fig. 4, spectrum b), attributed to the C-N
stretching vibration, are clear indications of the formation
of QAM and methyl methacrylate (MMA) copolymer and
the incorporation of cationic moiety into the backbone of
the copolymer.10,21,36,37

The high antibacterial activity of the QAMDB is
attributed to the presence of quaternary ammonium
Mirizadeh et al
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moieties, as the control resins do not show antibacterial
activity.38 This antibacterial activity is not due to leaching
off the immobilized QAM monomer from the fabricated
denture base resins, as agar diffusion tests showed no
inhibitory effect. Increasing quaternary ammonium con-
centration could increase the charge density of polymer
and improve the antibacterial activity. That is why 12%-
QAMDB showed a >99% killing effect against all tested
microorganisms. The QAMDB resins interacted more
effectively with the cells of S aureus (Gram-positive
bacteria) as their polyglycan outer layer is loosely
packed and facilitated the interaction of the polymer
chains with the cytoplasmic membrane. The cellular
membrane of E coli is hydrophobic (possesses a net
negative charge). The positively charged QAMDB poly-
mers kill the microorganism with or without penetrating
the cell by disrupting the cell wall.22,39 The ammonium
group (positively charged) can interact with the bacterial
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 7. Control (0%) and QAMDB resins (8 to 12 wt%). Same uppercase letters indicate no statistically significant differences (Tukey post hoc test,
P>.05). A, Flexural strength. B, Flexural modulus. C, Strain at break. D, Fracture work. QAMDB, quaternized ammonium modified denture base.
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membrane (negatively charged) to alter the balance of
essential ions (that is, K+, Na+, Ca2+, and Mg2+), disrupt
membrane functions, interrupt protein activity, and
damage bacterial DNA.22 Murata et al29 concluded that
QAM surface-active groups destabilize the E coli cell
THE JOURNAL OF PROSTHETIC DENTISTRY
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membrane by exchange with the divalent cations,
causing cell death.29 Huang et al40 reported that the
biocidal action of short QAM chains supported the ion-
exchange mechanism rather than the penetration of the
E coli cell membrane.40
Mirizadeh et al
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Bactericide-immobilized materials often show the
antibacterial effect only against the bacteria in contact
with the immobilized antibacterial molecules (contact
killing). The materials are nonvolatile, chemically stable,
do not permeate the skin, and reduce the likelihood of
generating resistance to the active agent.27,29,41

The result of this study shows that the inhibitory ef-
fect becomes stronger in the following order: E coli < C
albicans < S aureus. Generally, Gram-negative bacteria
exhibit stronger resistance to antiseptics and disinfectants
than Gram-positive bacteria (with the exception of
Gram-positive mycobacteria). To a significant extent, this
is due to the structure of the outer membrane, whose
porin channels decelerate the molecular diffusion and, as
a result, limit cell penetration by antibacterial sub-
stances.42 Fungi of the Candida genus occupy an inter-
mediate position.20,26 The fabricated QAMDB reduced C
albicans adhesion more than it did that of E coli and may
be because of differences in alkyl chain length. De
Prijck18 showed that the poly-DMAEMA quaternized
with shorter alkyl chains (methylated/octylated moieties)
tended to reduce C albicans biofilm formation to a greater
extent than materials quaternized with longer chains.18

Apart from the chain length, the surface charge density
of the quaternary amine in immobilized polymers also
affects antibacterial activity.25

Although the results indicate that the denture base
resins containing quaternized DMAEMA provide anti-
bacterial activity, under in vivo conditions the biofilm
may be more mature depending on the degree of oral
hygiene.43

It is more likely that the decrease in FS and FM of
QAMDBs is due to the hydrophilic characteristic of QAM
monomer. The existence of QAM polar monomer in the
denture base resin matrix increases water sorption. The
water uptake results (Fig. 9) confirmed that the fabricated
resins with higher QAM content absorbed more water.
The absorbed water may act as a plasticizer,16 which
could reduce the mechanical properties of the denture
resin.43,44

The high QAM monomer content systems showed
more plastic deformation before fracture (Fig. 8). The
plastic deformation could be attributed to the higher
water uptake of the specimens containing higher QAM,
which results in more chain mobility and the relaxation of
built-up internal polymerization stresses.2 Fracture work
is representative of the essential energy needed to
propagate a crack over a large area rather than that
needed to initiate fracture, so it is related to resistance to
crack propagation.45,46 Plastic deformation or other
energy-dissipating mechanisms occurring during crack
propagation result in higher fracture toughness.47

The addition of QAM lowered the FS and FM of
the fabricated resins to below acceptable values (65 MPa,
Mirizadeh et al
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2 GPa) as recommended by ISO standard 20795-1.48 As
the miscibility of QAM with denture base resin decreased
at higher concentrations, QAMDB was not incorporated
in the resin at concentrations more than 12 wt%.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Incorporation of quaternized DMAEMA into the
denture base resin was significantly effective (>99%)
against Gram-positive and Gram-negative bacteria
and fungi.

2. Although the FS and FM of the fabricated resins
decreased, FW remained constant.

3. Quaternary ammonium monomer would endow
denture base resin with antibacterial activity.

4. Further work is needed to improve the mechanical
properties of this promising antibacterial denture
base.

REFERENCES

1. Carlsson GE, Omar R. The future of complete dentures in oral rehabilitation:
a critical review. J Oral Rehabil 2010;37:143-56.

2. Dhir G, Berzins DW, Dhuru VB, Periathamby AR, Dentino A. Physical
properties of denture base resins potentially resistant to Candida adhesion.
J Prosthodont 2007;16:465-72.

3. Matsuo H, Suenaga H, Takahashi M, Suzuki O, Sasaki K, Takahashi N.
Deterioration of polymethyl methacrylate dentures in the oral cavity. Dent
Mater J 2015;34:234-9.

4. Phoenix RD, Mansueto MA, Ackerman NA, Jones RE. Evaluation of me-
chanical and thermal properties of commonly used denture base resins.
J Prosthet Dent 2004;13:17-27.

5. Paleari AG, Marra J, Pero AC, Rodriguez LS, RuvoloFilho A, Compagnoni MA.
Effect of incorporation of 2-tert-butylaminoethyl methacrylate on
flexural strength of a denture base acrylic resin. J Appl Oral Sci 2011;19:
195-9.

6. Compagnoni MA, Pero AC, Ramos SMM, Marra J, Paleari AG. Rodriguez LS
Antimicrobial activity and surface properties of an acrylic resin containing a
biocide polymer. Gerodontology 2014;31:220-6.

7. Kiesow A, Sarembe S, Pizzey RL, Axe AS, Bradshaw DJ. Material compati-
bility and antimicrobial activity of consumer products commonly used to
clean dentures. J Prosthet Dent 2016;115:189-98.

8. Bueno MG, Urban VM, Barberio GS, Silva WJ, Porto VC, Pinto LR, et al.
Effect of antimicrobial agents incorporated into resilient denture relines on
the Candida albicans biofilm. Oral Dis 2015;21:57-65.

9. Pietrokovski Y, Nisimov I, Kesler-Shvero D, Zaltsman N, Beyth N. Anti-
bacterial effect of composite resin foundation material incorporating qua-
ternary ammonium polyethyleneimine nanoparticles. J Prosthet Dent
2016;116:603-9.

10. Gozzelino G, Lisanti C, Beneventi S. Quaternary ammonium monomers for
UV crosslinked antibacterial surfaces. Colloids Surf A Physicochem Eng Asp
2013;430:21-8.

11. Nam KY, Lee CH, Lee CJ. Antifungal and physical characteristics of modified
denture base acrylic incorporated with silver nanoparticles. Gerodontology
2012;29:413-9.

12. Monteiro DR, Gorup LF, Takamiya AS, De Camargo ER, Ruvolo Filho AC,
Barbosa DB. Silver distribution and release from an antimicrobial denture
base resin containing silver colloidal nanoparticles. J Prosthodont 2012;21:
7-15.

13. Song R, Jiao X, Lin L. Improvement of mechanical and antimicrobial prop-
erties of denture base resin by nano-titanium dioxide and nano-silicon di-
oxide particles. Pigment & Resin Technology 2011;40:393-8.

14. Pesci-Bardon C, Fosse T, Madinier I, Serre D. In vitro new dialysis protocol to
assay the antiseptic properties of a quaternary ammonium compound poly-
merized with denture acrylic resin. Lett Appl Microbiol 2004;39:226-31.

15. Puri G, Berzins DW, Dhuru VB, Raj PA, Rambhia SK, Dhir G, et al. Effect of
phosphate group addition on the properties of denture base resins. J Prosthet
Dent 2008;100:302-8.
THE JOURNAL OF PROSTHETIC DENTISTRY

l Hospital JC from ClinicalKey.com by Elsevier on February 12, 2018.
 Copyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0022-3913(17)30227-5/sref1
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref1
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref2
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref2
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref2
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref3
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref3
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref3
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref4
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref4
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref4
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref5
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref5
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref5
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref5
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref6
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref6
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref6
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref7
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref7
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref7
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref8
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref8
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref8
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref9
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref9
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref9
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref9
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref10
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref10
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref10
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref11
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref11
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref11
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref12
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref12
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref12
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref12
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref13
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref13
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref13
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref14
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref14
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref14
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref15
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref15
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref15


298 Volume 119 Issue 2
16. Regis RR, Zanini AP, Della Vecchia MP, Silva-Lovato CH, Paranhos HFO, De
Souza RF. Physical properties of an acrylic resin after incorporation of an
antimicrobial monomer. J Prosthodont 2011;20:372-9.

17. Bertolini MM, Portela MB, Curvelo JAR, Soares RMA, Lourenco EJV,
Telles DM. Resins-based denture soft lining materials modified by chlor-
hexidine salt incorporation: an in vitro analysis of antifungal activity, drug
release and hardness. Dent Mater 2014;30:793-8.

18. De Prijck K, Smet ND, Coenye T, Schacht E, J Nelis H. Prevention of
Candida albicans biofilm formation by covalently bound dimethylami-
noethyl methacrylate and polyethylenimine. Mycopathologia 2010;170:
213-21.

19. Beyth N, Yudovin-Farber I, Bahir R, Domb AJ, Weiss EI. Antibacterial
activity of dental composites containing quaternary ammonium
polyethylenimine nanoparticles against Streptococcus mutans. Biomaterials
2006;27:3995-4002.

20. Timofeeva L, Kleshcheva N. Antimicrobial polymers: mechanism of action,
factors of activity, and applications. Appl Microbiol Biotechnol 2011;89:
475-92.

21. Yang S, Fu S, Li X, Zhou Y, Zhan H. Preparation of salt-sensitive and anti-
bacterial hydrogel based on quaternized cellulose. Bio Resources 2010;5:
1114-25.

22. Kenawy ER, Mahmoud YAG. Biologically active polymers, 6: synthesis and
antimicrobial activity of some linear copolymers with quaternary ammonium
and phosphonium groups. Macromol Biosci 2003;3:107-16.

23. Imazato S, Chen J, Ma S, Izutani N, Li F. Antibacterial resin monomers based
on quaternary ammonium and their benefits in restorative dentistry. Jpn
Dent Sci Review 2012;48:115-25.

24. He J, Soderling E, Vallittu PK, Lassila LVJ. Investigation of double
bond conversion, mechanical properties, and antibacterial activity of
dental resins with different alkyl chain length quaternary ammonium
methacrylate monomers (QAM). J Biomater Sci Polym Ed 2013;24:
565-73.

25. He J, Soderling E, Lassila LVJ, Vallittu PK. Preparation of antibacterial and
radio-opaque dental resin with new polymerizable quaternary ammonium
monomer. Dent Mater 2015;31:575-82.

26. McDonnell G, Russell AD. Antiseptics and disinfectants: activity, action, and
resistance. Clin Microbiol Rev 1999;12:148-79.

27. Dizman B, Elasri MO, Mathias LJ. Synthesis and antimicrobial activities of
new water-soluble bis-quaternary ammonium methacrylate polymers. J Appl
Polym Sci 2004;94:635-42.

28. Lu G, Wu D, Fu R. Studies on the synthesis and antibacterial activities of
polymeric quaternary ammonium salts from dimethylaminoethyl methacry-
late. React Funct Polym 2007;67:355-66.

29. Murata H, Koepsel RR, Matyjaszewski K, Russell AJ. Permanent, non-
leaching antibacterial surface-2: how high density cationic surfaces kill bac-
terial cells. Biomaterials 2007;28:4870-9.

30. Klibanov AM. Permanently microbicidal materials coatings. J Mater Chem
2007;17:2479.

31. Hamid SM, Sherrington DC. Novel quaternary ammonium amphiphilic
(meth)acrylates: 1. Synthesis, melting and interfacial behaviour. Polymer
1987;28:325-31.

32. Pesci-Bardon C, Fosse T, Serre D, Madinier I. In vitro antiseptic properties of
an ammonium compound combined with denture base acrylic resin. Ger-
odontology 2006;23:111-6.

33. International Organization for Standardization. ISO 10477:2004. Dentistry-
polymer based crown and bridge materials. Geneva: International Organi-
zation for Standardization; 2004. Available at: http://www.iso.org/iso/store.
htm.

34. Dong Z, Wei H, Mao J, Wang D, Yang M, Bo S, et al. Synthesis and
responsive behavior of poly (N, N-dimethylaminoethyl methacrylate)
THE JOURNAL OF PROSTHETIC DENTISTRY

Downloaded for scmh lib (scmhlib1@gmail.com) at Show Chwan Memoria
For personal use only. No other uses without permission.
brushes grafted on silica nanoparticles and their quaternized derivatives.
Polymer 2012;53:2074-84.

35. Pupo YM, Farago PV, Nadal JM, Esmerino LA, Maluf DF, Zawadzki SF, et al.
An innovative quaternary ammonium methacrylate polymer can provide
improved antimicrobial properties for a dental adhesive system. J Biomater
Sci Polym Ed 2013;24:1443-58.

36. Brycki B, Szulc A, Kowalczyk I. Study of cyclic quaternary ammonium bro-
mides by B3LYP calculations, NMR and FTIR spectroscopies. Molecules
2010;15:5644-57.

37. Li J, Jiang TT, Shen J, RuanHM. Preparation and characterization of PMMA and
its derivative via RAFT technique in the presence of disulfide as a source of chain
transfer agent. Journal of Membrane Science & Technology 2012;1:117-28.

38. Sajomsang W, Ruktanonchai UR, Gonil P, Warin C. Quaternization of
N-(3-pyridylmethyl) chitosan derivatives: Effects of the degree of quaterni-
zation, molecular weight and ratio of N-methylpyridinium and N, N,
N-trimethyl ammonium moieties on bactericidal activity. Carbohydr Polym
2010;82:1143-52.

39. Kenawy ER; , Kandil AS Synthesis, antimicrobial activity and applications of
polymers with ammonium and phosphonium groups. In: Muñoz-Bonilla A,
Cerrada M, Fernández-García M, editors. Polymeric materials with antimi-
crobial activity: From synthesis to applications. London: Royal Society of
Chemistry; 2013:54-74.

40. Huang J, Koepsel RR, Murata H, Wu W, Lee SB, Kowalewski T, et al.
Nonleaching antibacterial glass surfaces via “Grafting Onto”: the effect of the
number of quaternary ammonium groups on biocidal activity. Langmuir
2008;24:6785-95.

41. Xu Xiaoming, Stephen C. Antimicrobial polymeric dental materials. In:
Muñoz-Bonilla A, Cerrada M, Fernández-García M, editors. Polymeric ma-
terials with antimicrobial activity: from synthesis to applications. London:
Royal Society of Chemistry; 2014:279-309.

42. Franklin TJ, Snow GA. Biochemistry and molecular biology of antimicrobial
drug action. 6th ed. New York: Springer; 2005:47-59.

43. He J, Soderling E, Lassila LVJ, Vallittu PK. Incorporation of an antibacterial
and radiopaque monomer in to dental resin system. Dent Mater 2012;28:
110-7.

44. Hoshika T, Nishitani Y, Yoshiyama M, Key WO III, Brantley W, Agee KA,
et al. Effects of quaternary ammonium-methacrylates on the mechanical
properties of unfilled resins. Dent Mater 2014;30:1213-23.

45. Aksel C, Warren PD. Work of fracture and fracture surface energy of
magnesia-spinel composites. Compos Sci. Technol 2003;63:1433-40.

46. Lee HH, Lee CJ, Asaoka K. Correlation in the mechanical properties of acrylic
denture base resins. Dent Mater J 2012;31:157-64.

47. Beigi S, Yeganeh H, Atai M. Evaluation of fracture toughness and mechanical
properties of ternary thiol-ene-methacrylate systems as resin matrix for
dental restorative composites. Dent Mater J 2013;29:777-87.

48. International Organization for Standardization. ISO 20795-1. Dentistry base
polymers: denture base polymers. Geneva: International Organization for
Standardization; 2013. Available at: https://www.iso.org/standard/62277.
html.

Corresponding author:
Mohammad Atai
Iran Polymer and Petrochemical Institute
PO Box 14965-115
Tehran 1497713115
IRAN
Email: m.atai@ippi.ac.ir

Copyright © 2017 by the Editorial Council for The Journal of Prosthetic Dentistry.
Mirizadeh et al

l Hospital JC from ClinicalKey.com by Elsevier on February 12, 2018.
 Copyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0022-3913(17)30227-5/sref16
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref16
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref16
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref17
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref17
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref17
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref17
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref18
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref18
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref18
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref18
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref19
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref19
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref19
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref19
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref20
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref20
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref20
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref21
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref21
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref21
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref22
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref22
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref22
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref23
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref23
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref23
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref24
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref24
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref24
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref24
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref24
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref25
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref25
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref25
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref26
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref26
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref27
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref27
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref27
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref28
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref28
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref28
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref29
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref29
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref29
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref30
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref30
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref31
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref31
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref31
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref32
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref32
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref32
http://www.iso.org/iso/store.htm
http://www.iso.org/iso/store.htm
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref34
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref34
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref34
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref34
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref35
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref35
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref35
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref35
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref36
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref36
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref36
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref37
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref37
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref37
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref38
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref38
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref38
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref38
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref38
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref39
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref39
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref39
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref39
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref39
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref40
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref40
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref40
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref40
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref41
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref41
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref41
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref41
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref42
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref42
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref43
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref43
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref43
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref44
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref44
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref44
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref45
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref45
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref46
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref46
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref47
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref47
http://refhub.elsevier.com/S0022-3913(17)30227-5/sref47
https://www.iso.org/standard/62277.html
https://www.iso.org/standard/62277.html
mailto:m.atai@ippi.ac.ir

	Fabrication of denture base materials with antimicrobial properties
	Material and Methods
	Results
	Discussion
	Conclusions
	References


