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Quaternary ammonium methacryloxy silicate (QAMS), an organically modified silicate (ORMOSIL) func-
tionalized with polymerizable methacrylate groups and an antimicrobial agent with a long lipophilic
alkyl chain quaternary ammonium group, was synthesized through a silane-based sol–gel route. By
dissolving QAMS in methyl methacrylate monomer, this ORMOSIL molecule was incorporated into an
auto-polymerizing, powder/liquid orthodontic acrylic resin system, yielding QAMS-containing poly
(methyl methacrylate). The QAMS-containing acrylic resin showed a predominant contact-killing effect
on Streptococcus mutans (ATCC 35668) and Actinomyces naeslundii (ATCC 12104) biofilms, while inhibiting
adhesion of Candida albicans (ATCC 90028) on the acrylic surface. The antimicrobial activities of QAMS-
containing acrylic resin were maintained after a 3 month water-aging period. Bromophenol blue assay
showed minimal leaching of quaternary ammonium species when an appropriate amount of QAMS
(<4 wt.%) was incorporated into the acrylic resin. The results suggest that QAMS is predominantly
co-polymerized with the poly(methyl methacrylate) network, and only a minuscule amount of free QAMS
molecules is present within the polymer network after water-aging. Acrylic resin with persistent antimi-
crobial activities represents a promising method for preventing bacteria- and fungus-induced stomatitis,
an infectious disease commonly associated with the wearing of removable orthodontic appliances.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Uncontrolled biofilm formation is a major concern in individu-
als receiving medical devices such as implants, removable appli-
ances, intubation tubes and catheters. Microorganisms embedded
in a hydrated polymeric matrix of biofilms are much more tolerant
to antimicrobial agents than are planktonic microorganisms [1].
Given time and environmentally favorable conditions, most of
these biofilms eventually lead to persistent and chronic bacterial
infections. Thus, there is exigent demand for developing methods
or compounds to combat biofilms growing on medical devices.

Conventional approaches for biofilm control are based on leach-
ing of antimicrobial agents of small molecular weight into the sur-
rounding environment for killing microorganisms. For example,
chlorhexidine is added to methacrylate polymeric matrices to
produce antimicrobial resin composites [2,3]. However, effective
antimicrobial activity is only present during the initial burst-
release phase. The existence of a tail-release phase, which may
continue to release an antimicrobial agent for several years
without yielding an effective dose of antimicrobial activity, has
been criticized for the possible development of microbial resis-
tance [4]. Leaching of antimicrobials from polymers may also exert
toxic effects on the host cells, induce a population shift of the
microflora or result in deterioration of the mechanical properties
of polymers [5].

In terms of methacrylate chemistry, considerable efforts have
been devoted to developing antimicrobial resinous materials,
wherein antimicrobial compounds are immobilized by forming
covalent bonds with the polymer network. The rationale for syn-
thesizing this kind of compound is to combine an antimicrobial
agent with a methacrylate functional group, resulting in a poly-
merizable antimicrobial macromonomer. One excellent example
of this concept is 12-methacryloyloxydodecylpyridinium bromide
(MDPB), which is a quaternary ammonium dodecylpyridinium bro-
mide-functionalized methacrylate. Because of its bactericidal
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activity and low cytotoxicity [6], MDPB has been successfully
incorporated into primer [7,8], adhesive [9] and resin composite,
for use in restoring teeth [5,10]. Another monomethacrylate func-
tionalized QAS is methacryloxyethyl cetyl dimethyl ammonium
chloride, which has been employed as a monomer for imparting
antimicrobial capability in dental adhesive systems [11]. Recently,
a QAS dimethacrylate monomer was synthesized, via a modified
Menschutkin reaction [12], and demonstrated antibacterial activity
toward Streptococcus mutans after incorporation into a dental
nanocomposite [13]. Copolymerization of antimicrobial methacry-
lates with a methacrylate-based polymer network possesses sev-
eral advantages. A permanent antimicrobial surface would be
highly advantageous since the copolymerized antimicrobial agent
will not be released. Unlike antimicrobial coatings in which antimi-
crobial molecules are grafted on the surface, permanent antimicro-
bial activities are independent of loss of surface layer, because the
antimicrobial methacrylate is incorporated throughout the bulk
polymer network. In addition, non-leaching antimicrobial poly-
mers are more environmentally friendly, due to the elimination
of pollution issues associated with conventional biocides.

A technique for one-pot synthesis of quaternary ammonium
methacryloxy silicate (QAMS) has recently been reported [14].
Through a silane-based sol–gel process, one molecule of 3-(trime-
thoxysilyl)propyldimethyloctadecyl ammonium chloride (SiQAC)
and three molecules of 3-methacryloxypropyltrimethoxysilane
(3-MPTS) are attached to an anchoring, core unit – tetraethoxysi-
lane (TEOS). This synthesis technique results in an organically
modified silicate (ORMOSIL) with antimicrobial activities conferred
by the long, lipophilic, alkyl quaternary ammonium chain derived
from SiQAC [15]. The water-insoluble QAMS can be copolymerized
with methyl methacrylate monomer, due to the methacrylate
groups derived from 3-MPTS. In a previous study, QAMS was incor-
porated into an orthodontic acrylic resin system [16]. The flexibil-
ity of the siloxane backbone as compared with rigid C–C bonds
would also benefit the availability of the antimicrobial functional-
ity on the surface of acrylic resin, by enabling the long lipophilic
antimicrobial chain of the QAMS molecules to differentially align
on the acrylic surface, in spite of the presence of network forma-
tion within the bulk of the acrylic resin. The QAMS-copolymerized
acrylic resin demonstrated improved fracture toughness without
adversely affecting flexural modulus and strength of the orthodon-
tic acrylic. In addition, the QAMS-copolymerized acrylic resin
exhibited a contact-killing effect on S. mutans and Actinomyces
naeslundii biofilms, while inhibiting adhesion of Candida albicans
on the acrylic surface. While these preliminary antimicrobial re-
sults are encouraging, it is not known if the antimicrobial activities
are retained after the QAMS-containing orthodontic acrylic is sub-
jected to water-aging.

Thus, the purpose of the present study was to investigate the ef-
fect of 3 month water-aging on the antimicrobial activities of the
aforementioned ORMOSIL-containing orthodontic acrylic resin
against three common microbes, often linked with oral diseases:
the Gram positive bacteria S. mutans and A. naeslundii, and the fun-
gus C. albicans. The hypothesis tested was that biocidal properties
of the orthodontic acrylic are retained after 3 months of water-
aging.
2. Materials and methods

2.1. QAMS synthesis and incorporation into orthodontic acrylic resin

QAMS was synthesized through a silane-based sol–gel reaction
as described previously [14]. Briefly, the QAMS monomer mixture
was prepared by adding TEOS, SiQAC and 3-MPTS in a 1:1:3 molar
ratio, in a container with magnetic stirring at 200 rpm, for 1 h at
ambient temperature. A stoichiometric amount of acidified MilliQ
water (16 moles; pH 2.5) was then added to fully hydrolyze the
monomers. Subsequent condensation of the silanol groups was
conducted at pH 7.4 by adding sufficient 1 M NaOH to the previ-
ously hydrolyzed QAMS. The QAMS precipitate was heated at
100 �C and vacuum-stripped to remove the sol–gel by-products
(i.e. water and alcohols) from the condensate, yielding a rubbery
ORMOSIL.

A commercially available, auto-polymerizing, methyl methacry-
late/poly(methyl methacrylate) (MMA/PMMA) orthodontic acrylic
resin system (Ortho-Jet; Lang Dental Manufacturing Co. Inc.,
Wheeling, IL, USA) was used. To incorporate QAMS into PMMA,
freshly made, water- and alcohol-free QAMS was dissolved in the
MMA liquid, resulting in MMA containing 0 (control), 1, 5, 10
and 15 wt.% of QAMS. Then, MMA monomers with different con-
centrations of QAMS were mixed with PMMA powder at 2:3 mass
ratio, to produce 6 mm diameter and 1 mm thick disks. After poly-
merization, PMMA containing 0 (control), 0.4, 2, 4 and 6 wt.% of
QAMS were produced [16], and subsequently used for antimicro-
bial activity evaluation and leaching experiments using the bromo-
phenol blue assay.

2.2. Biofilm preparation and antimicrobial activity evaluation

2.2.1. Primary cell suspension
S. mutans ATCC 35668 (ATCC, Manassas, VA, USA) and A. naes-

lundii ATCC 12104 were cultured in brain heart infusion (BHI)
broth (Difco, Becton-Dickinson and Co., Sparks, MD, USA) supple-
mented with 50 mM sucrose (pH 7.2). C. albicans ATCC 90028
was cultured in yeast nitrogen base (YNB; Difco) supplemented
with 50 mM glucose (pH 7.2). Cells were harvested from 24 h fresh
cultures by centrifugation at 2500 rpm for 5 min at 4 �C. The
respective cell pellet was washed three times with sterile phos-
phate-buffered saline (PBS, 0.01 M, pH 7.2), resuspended in
100 ml of the respective growth medium and adjusted to a concen-
tration of 107 CFU ml–1 before use. Microbial concentration was
determined by measuring the absorbance of the inoculum with a
spectrophotometer (Beckman DU530 Life Science UV/vis Spectro-
photometer, Beckman Coulter, Inc., Indianapolis, IN, USA) at
660 nm for bacteria and 520 nm for yeast cells. The readings were
compared to a regression line derived from McFarland turbidity
standards (Pro-Lab Diagnostics, Richmond Hill, ON, Canada) to cor-
respond to a microbial concentration 107 CFU ml–1.

2.2.2. Biofilm formation
Acrylic resin disks prepared from the control and the four

QAMS-containing experimental groups (N = 12) were used for bio-
film preparation and antimicrobial evaluation. One-half of the ac-
rylic disks from each group were immersed in deionized water at
37 �C for 3 months, while the other half were designated as base-
line specimens and used within 24 h after preparation. All acrylic
disks were disinfected with UV light for 2 h prior to
experimentations.

Sterile, pooled human saliva was used for creating a salivary
pellicle on the surface of the un-aged and water-aged acrylic disks.
The pooled saliva was obtained by collecting whole saliva from
three healthy volunteers, without stimulation (flow rate
0.25 ml min–1; pH 7.3). The pooled saliva was centrifuged at
2000 rpm for 15 min to remove cellular debris, oral microorgan-
isms and particulates. The supernatant was collected and mixed
with dithiothreitol (Sigma-Aldrich, St Louis, MO, USA;
2.5 mmol l–1) to reduce salivary protein aggregation. After centri-
fuging the mixture again for 15 min at 4 �C, the supernatant was
collected and filter-sterilized through disposable, sterile 0.22 lm
filters (Nalge Numc International, Rochester, NY, USA). The sterile
saliva was stored at –20 �C until use.



Fig. 1. Percentage of live bacteria within the biovolume-of-interest (i.e. the volume of biofilm from the base to the 24th lm of a z-stack), and within the contact-surface
biomass (i.e. within 2 lm from disk surface) of biofilms that were grown on acrylic resin disks from the control (0 wt.% QAMS) and four experimental groups (0.4–6 wt.%
QAMS). (A, B) S. mutans biofilms. (C, D) A. naeslundii biofilms. For each parameter (upper case letters for baseline and lower case letters for 3 months), groups with the same
letters are not statistically significant (p > 0.05). For comparisons between baseline and 3 months, groups connected with a horizontal bar are not statistically significant
(p > 0.05).
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Each microbe was used individually for the formation of single-
species biofilms inside an oral biofilm reactor. The reactor con-
sisted of a vessel and 18 recessed holders for insertion of substrate
disks, over which microbial biofilms could be grown. The 12 acrylic
disks from each group were affixed to the sample ports of the spec-
imen holder, and incubated in thawed, pooled sterile saliva for 1 h
at 37 �C, to create a salivary pellicle on the disk surface.

The specimen holder with the pellicle-coated acrylic disks was
then transferred to the reactor vessel, which was subsequently
filled with a cell suspension (107 CFU ml–1) of S. mutans, A.
naeslundii or C. albicans. Each assembly was first incubated for
90 min at 37 �C, in an orbital shaker incubator at 50 rpm placed in-
side the respective chamber, to develop the adhesion phase of the
respective biofilm. Following this phase, the specimen holder was
removed, rinsed carefully with 100 ml of PBS (0.01 M, pH 7.2), and
transferred aseptically to a new, sterile reactor vessel, which held
the disks on a fixed stage in 200 ml of the respective nutrient
medium. The assembly was placed over an orbital incubator
(37 �C; 50 rpm), and connected to several vessels (nutrient, sucrose
solution and waste) and to an infusion pump, to complete the
in vitro artificial mouth system. A desired flow rate was obtained
before allowing biofilm formation to proceed for 24 h. The flow
rate was adjusted according to the chemostat mode at a dilution
rate of 0.10 h�1. S. mutans and A. naeslundii biofilms were grown
under anaerobic conditions (5% carbon dioxide, 10% hydrogen
and 85% nitrogen). C. albicans biofilms were grown under aerobic
condition. At the end of the 24 h growth period, the specimen
holder with the acrylic discs was aseptically removed, and
immersed in 100 ml of sterile PBS to remove non-adherent cells.
The acrylic disks with adherent biofilms were then retrieved for
further investigation.
2.2.3. Confocal laser scanning microscopy (CLSM)
Biofilms grown on top of the acrylic disks from each of the

five groups were stained using a LIVE/DEAD BacLight Bacterial
Viability Kit (Molecular Probes, Eugene, OR, USA). Live microbes
were stained with SYTO-9 to produce green fluorescence, and
microbes with compromised membranes were stained with pro-
pidium iodide (PI) to produce red fluorescence. The SYTO-9 and
PI stock solutions were diluted with PBS buffer (0.01 M) accord-
ing to the manufacturer’s instructions. Diluted fluorescent dye
solutions were incubated with the biofilm-coated disks for
15 min, and then imaged using a CLSM (Fluoview FV1000,
Olympus, Tokyo, Japan) at 40� magnification, using excitation
wavelengths of 488 and 568 nm for SYTO-9 and PI, respectively.
For each of the 12 acrylic resin disks in a group, five image stacks
(Z-stack) were obtained at locations that were characteristic
of each biofilm on that acrylic disk. Images (field size:
318 � 318 lm) were acquired at a Z-step of 2 lm (i.e. distance
between two adjacent images of a stack), beginning from the
bottom of the biofilm that was in contact with the acrylic sur-
face, to the top of the biofilm.

Images from each stack were analyzed using image analysis
software (BioImageL v2.1; Faculty of Odontology, Malmö
University, Malmö, Sweden) [17]. For S. mutans and A. naeslundii
biofilms, three-dimensional (3-D) image analysis was performed.
Two measurement parameters were employed: biovolume-of-
interest and the basal layer of biofilm. The biovolume-of-interest,
representing the first 24 lm of each Z-stack (i.e. 1st–13th
images), was analyzed for the percentage distribution of live
and dead bacteria. Because biofilms vary in thickness, a constant
biofilm thickness model for CLSM analysis was used to ensure
that the percentage live bacteria data could be statistically



Fig. 2. Representative live/dead stained S. mutans biofilms grown on the surfaces of 3 month water-aged acrylic disks with varied QAMS concentrations. Green: live bacteria;
red: dead bacteria. Left column represents 3-D plots of the 24 lm thick biovolume-of-interest from each biofilm. Right column represents the biomass of live and dead
bacteria as a function of biofilm level (Z step = 2 lm).
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analyzed using a general linear model; viability of biofilms in
situ was evaluated using CFU counts, as described in the subse-
quent section. The biomass along the basal layer of each biofilm
(contact-surface-biomass – first image of a Z-stack), representing
direct contact of the microbes with the acrylic disk surface, was
also analyzed to identify the effect of contact-killing by the
immobilized antimicrobial agent. Because C. albicans formed
biofilms only on the QAMS-free acrylic resin disk surfaces,



Fig. 3. Representative live/dead stained A. naeslundii biofilms grown on the surfaces of 3 month water-aged acrylic disks with varied QAMS concentrations. Green: live
bacteria; red: dead bacteria. Left column represents 3-D plots of the 24 lm thick biovolume-of-interest from each biofilm. Right column represents the biomass of live and
dead bacteria as a function of biofilm level.
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two-dimensional (2-D) image analysis was adopted for evalua-
tion. A merged image obtained from a representative location
of each acrylic disk was used for 2-D analysis of: (a) the percent-
age distribution of biomass (i.e. both live and dead fungi) within
the imaged field, and (b) the percentage distribution of live fungi
within the biomass.



Fig. 4. Representative merged images showing 2-D biomasses of C. albicans that adhered and grew on surfaces of 3 month water-aged acrylic resin disks containing: (A)
0 wt.% QAMS, (B) 0.4 wt.% QAMS, (C) 2 wt.% QAMS, (D) 4 wt.% QAMS, (E) 6 wt.% QAMS. For all images, bar = 100 lm. (F) Percentage distributions of live fungi within the 2-D
biomass on the surfaces of acrylic disks with varied QAMS concentrations. Data obtained from the baseline and 3 month water-aged specimens were included in the
statistical analysis. For each parameter (upper case letters for baseline and lower case letters for 3 months), groups with the same letters are not statistically significant
(p > 0.05). For comparisons between baseline and 3 months, groups connected with a bar are not statistically significant (p > 0.05).
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2.2.4. Colony forming unit (CFU) counts
Three acrylic disks from each group, after biofilm formation,

were placed carefully in a microtube containing 1 ml of phosphate
buffered saline (PBS), and vortexed (Maxi Mix vortex mixer, Ther-
mo Scientific, Waltham, MA, USA) for 2 min at high speed to detach
the biofilm. Ten-fold serial dilutions were generated in PBS
(0.01 mM, pH 7.3), and each dilution was plated (50 ll aliquots)
onto Sabouraud dextrose agar plates for C. albicans, and brain heart
infusion agar plates for S. mutans and A. naeslundii. The plates were
incubated at 37 �C for 48 h in an aerobic chamber for C. albicans
and anaerobic chamber for S. mutans and A. naeslundii. After incu-
bation, the CFUs per acrylic disk were calculated manually and sta-
tistically analyzed. Three replicates were performed for each
acrylic disk in each group (N = 9).
2.2.5. XTT assay
After the formation of biofilms on acrylic surfaces, three addi-

tional disks from each group were transferred carefully into sepa-
rate microtubes containing 4 ml of PBS (0.01 mM, pH 7.3), avoiding
any disturbances to the biofilms. 50 ll of 1 mg ml–1 solution of
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (XTT; Sigma-Aldrich) was then added to each micro-
tube, together with 4 ll of 1 mM menadione (Sigma-Aldrich). The
solutions were mixed gently, covered with aluminum foil and
incubated for 5 h at 37 �C. After incubation the solution was
transferred to a new microtube and centrifuged at 4000 rpm for
10 min at 4 �C. The supernatant was placed in a 96-well plate
and read at 492 nm using a spectrophotometer (Victor, R & D
systems, Minnesota, USA). Two readings were taken for each ac-
rylic disk from each group (N = 6).

2.3. Bromophenol blue assay

Acrylic disks (14.5 mm diameter � 0.4 mm thick; 75 ± 3 mg)
from each of the five groups were aged in 2 ml of deionized water
in a container at 37 �C under continuous shaking (N = 8). Bromo-
phenol blue is a dye which forms a complex with quaternary
ammonium compounds, and results in a shift of kmax from 593 to
603 nm due to complex formation. Briefly, an aqueous solution of
0.001 wt.% bromophenol blue was prepared in deionized water.
The solution was buffered with sodium carbonate to pH 7.0 to
avoid absorption changes owing to pH fluctuations. A 0.5 ml ali-
quot of the extract from each acrylic disk was collected at 7 days,
mixed with 1.5 ml bromophenol blue solution and agitated gently
for 10 min. Absorbance of the mixture was recorded using a UV-vis
spectrophotometer (160A UV-Vis spectrometer, Shimadzu, Kyoto,
Japan) at 603 nm. The absorption values of known concentrations
of SiQAC in deionized water (from 0 to 1.451 mM) were recorded
to establish a standard curve, for determining the molar concentra-
tion of N+ leachate in the respective aged solutions. Two periods
were examined: baseline and 3 months. For the latter, the 3 month
water-aged disks were removed from the original aging medium,
thoroughly rinsed and immersed in deionized water for 7 days,
after which the readings were obtained.

It is known that salivary enzymes (i.e. esterases) play an impor-
tant role in biodegradation of dental polymers [18,19]. Thus, the
bromophenol blue assay was repeated by aging QAMS-free and
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QAMS-containing acrylic disks in PBS (0.01 mM, pH 7.2), in the
presence or absence of porcine liver esterase (PLE, Sigma-Aldrich),
to test if PLE accelerates the leaching of QAMS from acrylic resin
[20,21]. The PLE solution was prepared by dissolving PLE powder
in sterilized PBS at a concentration of 40 U ml–1 and stored at –
80 �C until use. Additional acrylic resin disks from the five groups
(N = 8) were individually aged in 2 ml of PLE solution in a container
at 37 �C under continuous shaking. The used PLE solution was re-
placed with fresh solution every two days, resulting in 14 ml of
leachate-containing PLE solution after 14 days of aging. The meth-
od for determining N+ leachate concentration was similar to the
aforementioned descriptions, except that the SiQAC standard curve
was based on known concentration of SiQAC in PBS instead of
deionized water.
2.4. Statistical analyses

For each microorganism, two-factor repeated measures analy-
ses of variances were performed to detect significant differences
of various parameters with respect to the factors ‘‘QAMS concen-
tration’’ and ‘‘aging time’’, as well as the interaction of those two
factors. In the event that the normality or the homoscedasticity
assumptions of a data set was violated, the data set was logarith-
mically transformed, and with the normality and homoscedasticity
assumptions reconfirmed prior to performing the analysis. Post-
hoc multiple comparisons were conducted using the Holm–Sidak
method. For all analyses, statistical significance was preset at
a = 0.05.
3. Results

The biocidal effects of QAMS-containing acrylic resin on the
biovolume-of-interest, as well as the contact-surface-biomass
(biomass on disk surface) of the un-aged and 3 month water-aged
Fig. 5. Colony forming unit (CFU) cell viability counts and XTT cell metabolism assays o
QAMS) and four experimental groups (0.4–6 wt.% QAMS). (A, D) S. mutans biofilms. (B, E
baseline and lower case letters for 3 months), groups with the same letters are not statist
labeled). For comparisons between baseline and 3 months, groups connected with a bar
acrylic disks are shown in Fig. 1. Because the control group
(0 wt.% QAMS) had negligible antibacterial activity, this group
was not included in the statistical analyses. For the biovolume-
of-interest in S. mutans biofilms, the factor ‘‘QAMS concentration’’
was statistically significant (p = 0.001) while the factor ‘‘aging
time’’ was not statistically significant (p = 0.214). The interaction
of these two factors was not statistically significant (p = 0.097).
Differences among subgroups are shown in Fig. 1A. For the
contact-surface biomass of S. mutans biofilms, the factor ‘‘QAMS
concentration’’ was statistically significant (p = 0.003) while the
factor ‘‘aging time’’ was not statistically significant (p = 0.342).
The interaction of these two factors was not statistically signifi-
cant (p = 0.826). Differences among subgroups are shown in
Fig. 1B. For the biovolume-of-interest in A. naeslundii biofilms,
the factor ‘‘QAMS concentration’’ was statistically significant
(p = 0.002) while the factor ‘‘aging time’’ was not statistically sig-
nificant (p = 0.411). The interaction of these two factors was not
statistically significant (p = 0.724). Differences among subgroups
are shown in Fig. 1C. For the contact-surface biomass of A. naes-
lundii biofilms, the factor ‘‘QAMS concentration’’ was statistically
significant (p = 0.036) while the factor ‘‘aging time’’ was not sta-
tistically significant (p = 0.708). The interaction of these two fac-
tors was not statistically significant (p = 0.538). Differences
among subgroups are shown in Fig. 1D. There is extensive reduc-
tion of live bacteria within the biofilms, which is dependent upon
the concentration of QAMS in the acrylic resin. In addition, anti-
bacterial activities are not significantly decreased after 3 months
of water-aging.

For all QAMS-containing acrylic resins, the percentage of live
bacteria at the bottom of the biofilms was lower than those de-
tected within the biovolume-of-interest (i.e. the volume of biofilm
from the base to the 24th mm of a z-stack). Figs. 2 (S. mutans) and 3
(A. naeslundii) show representative distribution of live/dead bacte-
ria within biofilms grown on surfaces of 3 month water-aged ac-
rylic disks containing different concentrations of QAMS. The
f microorganisms grown on orthodontic acrylic resin disks from the control (0 wt.%
) A. naeslundii biofilms. (C, F) C. albicans. For each parameter (upper case letters for
ically significant (p > 0.05; note – only groups that are not significantly different are
are not statistically significant (p > 0.05).



Fig. 6. Leaching of quaternary ammonium moieties from QAMS-containing acrylic
disks (bromophenol blue assay). (A) Baseline and 3 month aging in deionized water.
(B) Aging in the absence of porcine liver esterase in phosphate-buffered saline (PBS)
for 2 weeks. Note that the scales of the y-axis in the two charts are different. For
each parameter (upper case letters for baseline and lower case letters for 3 months
in (A) and upper case letters for no esterase and lower case letters for with esterase
in (B)), groups with the same letters are not statistically significant (p > 0.05; note:
only groups that are not significantly different are labeled). For comparisons
between baseline and 3 months, groups connected with a bar are not statistically
significant (p > 0.05).
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distribution of live (green) and dead (red) bacteria within the bio-
volume-of-interest of those biofilms are depicted as 3-D plots in
the left column. The percentage distributions of live and dead bac-
teria from the biomass at each level of a z-stack are summarized in
the line plots in the right column.

Representative 2-D merged images of C. albicans that adhered
and grew on surfaces of 3 month water-aged acrylic resin disks
are depicted in Fig. 4A–E. Unlike S. mutans and A. naeslundii, C. albi-
cans formed biofilms only on the QAMS-free acrylic resin disks
(Fig. 4A). Only discontinuous monolayers of fungus cells were
apparent on acrylic resins containing QAMS (Fig. 4B–E). The per-
centage distributions of live C. albicans within the 2-D biomasses
are shown in Fig. 4F. Because the control group (0 wt.% QAMS)
had negligible antifungal activity, this group was not included in
the statistical analysis. Comparison of Groups II–V indicated that
the factor ‘‘QAMS concentration’’ was not statistically significant
(p = 0.085) while the factor ‘‘aging time’’ was statistically signifi-
cant (p < 0.001). The interaction of these two factors was statisti-
cally significant (p < 0.001). Post-hoc comparisons of the
subgroups indicated that difference between the aging times was
apparent except for Group III (2 wt.% QAMS; Fig. 4F).
The CFU counts and XTT assay of S. mutans, A. naeslundii and C.
albicans biofilms are shown in Fig. 5. Statistical analysis of CFU
counts of S. mutans indicated that the factor ‘‘QAMS concentration’’
was statistically significant (p < 0.001) while the factor ‘‘aging time’’
was not statistically significant (p = 0.773). The interaction of these
two factors was not statistically significant (p = 0.473). For simplic-
ity, only subgroups that exhibited no significant difference are
shown in Fig. 5A. Similarly, analysis of CFU counts of A. naeslundii
indicated that the factor ‘‘QAMS concentration’’ was statistically
significant (p < 0.001) but the factor ‘‘aging time’’ was not statisti-
cally significant (p = 0.238). The interaction of these two factors
was not statistically significant (p = 0.78). Subgroups that exhibited
no significant difference are shown in Fig. 5B. For C. albicans, anal-
ysis of CFU counts indicated that the factor ‘‘QAMS concentration’’
was statistically significant (p < 0.001) but the factor ‘‘aging time’’
was not statistically significant (p = 0.417). The interaction of these
two factors was not statistically significant (p = 0.222). Subgroups
not demonstrating significant differences are shown in Fig. 5C.

Statistical analysis of the mitochondrial metabolic activities of
S. mutans biofilms indicated that both the factors ‘‘QAMS concen-
tration’’ (p < 0.001) and ‘‘aging time’’ had statistically significant ef-
fects on the XTT results (p < 0.001). The interaction of these two
factors was also statistically significant (p < 0.001). Fig. 5D indi-
cates subgroups not demonstrating significant differences. For A.
naeslundii biofilms, both ‘‘QAMS concentration’’ (p < 0.001) ‘‘aging
time’’ had statistically significant effects on the XTT results
(p < 0.001). The interaction of these two factors was also statisti-
cally significant (p < 0.001). Subsets not showing significant differ-
ences are shown in Fig. 5E. For C. albicans, the factor ‘‘QAMS’’
concentration’’ produced statistically significant XTT results
(p < 0.001). No statistical significance could be identified for the
factor ‘‘aging time’’ (p = 0.161), as well as the interaction between
these two factors (p = 0.730). Fig. 5F presents that data, showing
sets of groupings that are not significantly different.

Fig. 6A shows cumulative leaching of quaternary ammonium
moieties from acrylic disks containing different concentrations of
QAMS during 7 days of water-aging conducted on the un-aged
and 3 month water-aged specimens. Because there was no leach-
able N+ from the QAMS-free acrylic, data from the two control sub-
groups were not included in the statistical analysis. For the other
four experimental groups, statistical significance was observed for
the factors ‘‘QAMS concentration’’ (p < 0.001) and ‘‘aging time’’
(p = 0.043). The interaction of these two factors was not statistically
significant (p = 0.207). Statistical groupings not showing significant
differences are shown. Taken together, the data suggest that there
was minimal leaching of N+ from acrylic resin disks containing less
than 4 wt.% QAMS. Leaching of N+ species was significantly higher
from acrylic resin disks containing 6 wt.% QAMS. After 3 months
of water-aging, acrylic resin disks containing 6 wt.% QAMS leached
significantly less N+ species than fresh, un-aged acrylic resin disks,
and significantly more than disks containing 4 wt.% QAMS or less.

Fig. 6B shows cumulative leaching of quaternary ammonium
moieties from QAMS-free and QAMS-containing acrylic disks after
those disks were immersed in porcine liver esterase (PLE)-free and
PLE-containing PBS for 14 days. Because there was no leachable N+

from the QAMS-free acrylic, data from the two control subgroups
were not included in the statistical analysis. Statistical analysis
indicated that while ‘‘QAMS concentration’’ has a statistically sig-
nificant effect on leaching of N+ species (p < 0.001), the presence
of PLE in the aging medium did not significantly influence the
amount of N+ species leaching the acrylic resin disks (p = 0.826).
The interaction of these two factors was not statistically significant
(p = 0.991). Leaching of N+ species was significantly higher from ac-
rylic resin disks containing 6 wt.% QAMS. However, there was no
significant difference between acrylic resin disks aged in PBS with
or without PLE.
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4. Discussion

The results of the present study did not warrant rejection of the
hypothesis that biocidal properties of the orthodontic acrylic are
retained after 3 months of water-aging. The degree of conversion
of MMA to PMMA is never complete; unreacted monomers are left
unbound and initially trapped with the polymerized resin [22,23].
Self-cured orthodontic acrylic resins have a higher level of unre-
acted monomers than heat-polymerized denture base acrylic resin
[24]. Water-aging testing of PMMA demonstrated continuous re-
lease of unreacted monomer into water for 8 weeks, with a rapid
phase of burst release within the first 24 h [25]. QAMS molecules,
if not copolymerized with the PMMA network, would also be ex-
pected to be released after aging in water or saliva. Thus, it is
important to examine the effect of 3 month water-aging on the
biocidal activities of QAMS-containing orthodontic acrylic resin.

In the present study, CLSM, CFU counts and XTT assay were
used to evaluate the biocidal activities of QAMS-containing
orthodontic acrylic resins, before and after 3 months of water-
aging. 3-D reconstruction of CLSM images enables the distribution
of live/dead bacteria to be identified from different depths of a bio-
film, thereby revealing the biocidal effect of an antimicrobial agent
as a function of the distance from the substrate surface. Based on
the analyses performed, the QAMS-containing orthodontic acrylic
resin kills S. mutans, A. naeslundii and C. albicans in a dose-
dependent manner and by surface contact. Nevertheless, dead
microorganisms are not only confined to the substrate surface
(Figs. 2 and 3). Although diffusion of non-covalently bound QAMS
from the PMMA substrate may have resulted in killing of
microorganisms within the bulk of a biofilm, toxic substances
released by dead microorganisms that are in contact with the
substrate surface may also have resulted in reduction of the viable
biovolume [26].

When biofilms are detached from the acrylic resin disks, diluted
appropriately and cultured, CFU counts enable us to quantify the
total number of viable bacteria or fungi present on the disks. The
CFU count results are complementary to the CLSM data, confirming
that the reduction in viable microorganisms is dependent upon the
concentration of QAMS incorporated into the acrylic resin. The CFU
count results also show that the biocidal activities of the QAMS-
containing acrylic resins are not significantly reduced after
3 months of water-aging. Compared to other cell metabolism as-
says, the XTT assay is a simplified procedure with higher sensitivity
and a higher dynamic range, and has been used for quantitating the
intracellular mitochondrial dehydrogenase activities of biofilms
and planktonic bacteria [27]. While the XTT results also show
decline in metabolisms of S. mutans, A. naeslundii and C. albicans
with increasing QAMS concentrations, there were, in general,
increases in the metabolic activities of S. mutans and A. naeslundii
after the QAMS-containing resins were subjected to 3 months of
water-aging. We speculate that the increases in metabolic activity
after water-aging may be partially explained by the toxicity
associated with the unreacted MMA monomers within the acrylic
resin. Using a slightly different metabolic assay (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT assay), the
authors have previously shown that PMMA is initially very toxic
to mammalian cells, and that its cytotoxicity to mammalian cells
is substantially reduced after leaching of the unreacted MMA
[28]. Prior to water-aging, the initially greater reduction in
microbial metabolism in the QAMS-containing PMMA resins may
be interpreted as the combined result of the toxic effect of
unreacted MMA monomer and the biocidal effect of QAMS. With
the leaching of unreacted MMA monomers in the 3 month
water-aged specimens, the ‘‘reduced’’ XTT activity is more likely
to be reflective of the effect of the QAMS component on the
metabolic activities of the microorganisms, than the effect from
MMA leaching. 3-(trimethoxysilyl)propyldimethyl-octadecyl
ammonium chloride (SiQAC), the chemical precursor from which
QAMS is synthesized, has a broad-spectrum antimicrobial activity
against Gram-positive and Gram-negative bacteria, fungi and
yeasts [29]. Though the exact antimicrobial mechanism of quater-
nary ammonium silanes such as SiQAC has yet to be determined, it
is suggested that they cause lysis of bacteria by binding to and
puncturing their cell wall components. This causes leakage of the
cytoplasmic components that ultimately results in cell death
[30,31].

Colonization of Candida species on acrylic resin surfaces repre-
sents a significant clinical problem, because fungi are known to ad-
here strongly to acrylic and are resistant to mechanical or chemical
removal [32,33]. Unlike bacteria, C. albicans biofilm formation is
characterized by initial adhesion of the fungal cells to glycopro-
tein-coated surface during the first 2 h, followed by yeast-hyphal
transition, proliferation and maturation of the biofilm within
48 h [34]. Adhesion of fungal cells to abiotic substrates is mainly
mediated by non-specific hydrophobic and electrostatic interac-
tions; microbial attachment is the result of the balance between
attraction and repulsion [35]. In the present study, surface adhe-
sion of C. albicans was severely inhibited by the QAMS-containing
acrylic resin. It is possible that during copolymerization with
PMMA, the QAMS molecules are spatially aligned on the acrylic
surface, due to their long octadecyl lipophilic chain, so that they
exert an electrostatic repelling effect on the cell wall of C. albicans.
This result is similar to a previous study showing significantly
reduction of C. albicans adhesion on SiQAC-coated titanium. In that
study, the authors suggested that the octadecyl alkyl chain of the
SiQAC molecule has the potential to inhibit initial adhesion of C.
albicans [36].

It is difficult for antimicrobial testing to distinguish between
contact-killing and agent-releasing systems, because those agent-
releasing systems also exhibit contact-killing characteristics. This
is especially so when the concentration of leached antimicrobial
agent is below the minimal inhibitory concentration (MIC) in the
top region of the biofilm [37]. Thus, the bromophenol blue assay
was performed as a complementary method to demonstrate that
QAMS was released minimally, after 3 months of water-aging, from
acrylic resins containing less than 4 wt.% of QAMS. The result is
supportive of a predominant contact-killing mechanism for the
QAMS-containing orthodontic acrylic resin. Bromophenol blue as-
say is a colorimetric method that has been widely used in the tex-
tile industry for detecting leached quaternary ammonium salts
from antimicrobial fabrics [38]. Degradation of acrylic resin caused
by water-aging over time was believed to accelerate leaching of
compounds from the polymer network [39]. The results from the
present study suggest that, when an appropriate amount of QAMS
is added (64 wt.%), QAMS is predominantly copolymerized with
the polymethyl methacrylate network, and only a minuscule
amount of free QAMS molecules is present within the polymer net-
work after water-aging, which may leach out upon degradation of
the acrylic polymer network. As revealed by FTIR analysis in our
previous study [16], addition of 6 wt.% QAMS reduced the overall
conversion of PMMA resin. The un-polymerized QAMS in acrylic
resin with lower degree of cure would leach out dramatically after
water-aging. The leached QAMS may contribute to a relatively
higher percentage of dead microbial. To further evaluate the effect
of leaching upon the degradation of the PMMA network, we exam-
ined the amount of leached N+ species with the bromophenol blue
assay after challenging the QAMS-containing PMMA with porcine
liver esterase for 2 weeks. Our results indicated that there were
no significant increases in the amount of leachable N+ species in
each of the QAMS concentration tested. The results suggested that
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the QAMS that did not leach may have formed an interpenetrative
network within the polymerized acrylic resin; the Si–O–Si
(siloxane) linkage in the QAMS is not susceptible of hydrolysis by
esterase. Thus, further work has to be performed to determine if
an interpenetrative network exists in the QAMS-containing acrylic
resin.

Since most orthodontic appliances have to be worn for a pro-
longed period of time under repeated masticatory loads, it is
important that the QAMS-containing orthodontic acrylic resin
possesses comparable mechanical and physical properties with
QAMS-free acrylic resin. Although our previous study has shown
that acrylic resin copolymerized with QAMS demonstrates
improved fracture toughness without adversely affecting the
flexural strength and modulus [16], future work should be per-
formed to investigate the effect of water-aging on the mechanical
properties of QAMS-containing acrylic resin.
5. Conclusion

In conclusion, when incorporated into PMMA resin, QAMS
exhibited a contact-killing effect on S. mutans and A. naeslundii,
and an adhesion-inhibition effect on C. albicans on the acrylic sur-
face, all in a dose-dependent manner. Acrylic resin with persistent
antimicrobial activities represents a promising method for pre-
venting bacteria- and fungus-induced stomatitis, an infectious dis-
ease commonly associated with the wearing of removable
orthodontic appliances.
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Appendix A. Appendix: Figures with essential colour
discrimination

Certain figures in this article, particularly Figs. 1–6, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi:10.1016/j.actbio.2013.02.031.
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