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Abstract
Global increase in patients seeking orthodontic treatment creates a demand for the use of acrylic resins in removable
appliances and retainers. Orthodontic removable appliance wearers have a higher risk of oral infections that are caused by
the formation of bacterial and fungal biofilms on the appliance surface. Here, we present the synthetic route for an
antibacterial and antifungal organically-modified silicate (ORMOSIL) that has multiple methacryloloxy functionalities
attached to a siloxane backbone (quaternary ammonium methacryloxy silicate, or QAMS). By dissolving the water-insoluble,
rubbery ORMOSIL in methyl methacrylate, QAMS may be copolymerized with polymethyl methacrylate, and covalently
incorporated in the pressure-processed acrylic resin. The latter demonstrated a predominantly contact-killing effect on
Streptococcus mutans ATCC 36558 and Actinomyces naselundii ATCC 12104 biofilms, while inhibiting adhesion of Candida
albicans ATCC 90028 on the acrylic surface. Apart from its favorable antimicrobial activities, QAMS-containing acrylic resins
exhibited decreased water wettability and improved toughness, without adversely affecting the flexural strength and
modulus, water sorption and solubility, when compared with QAMS-free acrylic resin. The covalently bound, antimicrobial
orthodontic acrylic resin with improved toughness represents advancement over other experimental antimicrobial acrylic
resin formulations, in its potential to simultaneously prevent oral infections during appliance wear, and improve the fracture
resistance of those appliances.
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Streptococcus mutans [5] and Candida albicans [6]. Growth of biofilms
on the surface of these appliances may compromise the oral health
of patients, and jeopardize the efficiency of orthodontic treatment.
Porosities on the outer and inner surfaces of orthodontic acrylic
appliances also create favorable conditions for microbial colonization [7].
Mechanical cleaning of acrylic appliances is helpful in reducing
biofilm or its formation, particularly with the adjunctive use of
antimicrobial solutions containing chlorhexidine, cetylpyridinium
[8] or NitrAdine [9]. However, such measures rely primarily on a
patient’s compliance, and may be compromised in pediatric,
geriatric, and handicapped individuals. Hence, direct incorporation of antimicrobials into orthodontic acrylic resin has been
proposed, for sustained release of the antimicrobial component
into the oral cavity. Silver nanoparticles, either as-prepared [10–

Introduction
The demand for orthodontic services is increasing and about
60% of the US population requires some form of orthodontic
treatment [1]. Thus, there is an increasing need for the use of
orthodontic acrylic resins in removable appliances and retainers.
The oral cavity harbors a variety of microorganisms, most of
which are considered as opportunistic pathogens. Uncontrolled
accumulation of bacterial and fungal biofilms on or surrounding
dental devices may contribute to dental caries [2], periodontal
disease [3], and chronic atrophic candidiasis [4]. This is
particularly important for removable acrylic resin appliances,
which have to be worn for a prolonged period of time, and are
often exposed to intraoral conditions with low salivary pH levels.
Removable orthodontic appliances often promote the accumulation and colonization of dental plaque bacteria including
PLoS ONE | www.plosone.org
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monomer mix to completely hydrolyze the organosilanes. Subsequent condensation of the silanol groups was conducted at pH 7.4
by adding sufficient 1 M NaOH to the previously hydrolyzed
QAMS. The precipitate was vacuum-stripped to remove the byproducts of hydrolysis and condensation from the condensate,
producing a rubbery ORMOSIL with a final yield of 57.9 wt%.
The water-and-alcohol-depleted QAMS was characterized using
29
Si cross polarization-magic angle spinning nuclear magnetic
resonance spectroscopy (CP-MAS NMR) and attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR).

13], or generated in-situ during resin polymerization [14], have
been impregnated in acrylic resins to confer antimicrobial activity
to the removal appliances. Such antibacterial effects are mainly
attributed to the release of silver nanoparticles or ions upon
immersion of the resin in water. As acrylic resin is a rather
hydrophobic polymer with low water uptake, releasing of silver
nanoparticles from the bulk resin is limited [12,13]. Using a hybrid
process of plasma-based ion implantation and deposition,
Shinonaga and Arita introduced antibacterial properties to acrylic
resins by incorporating fluorine and silver ions [15]. Leaching of
antimicrobials from a composite often displays a burst-release
phase during the first few weeks after application. This phase is
followed by a much lower, tail-release that is too low to be
effective. This reduction is unacceptable for orthodontic appliances, which are intended to remain in the oral cavity for months
to years, wherein the antibacterial agent may be depleted.
Moreover, elution of antimicrobial agents may result in deterioration of the mechanical properties of the acrylic resin over time.
This reduction renders the appliance more susceptible to fracture,
due to its low resistance to impact, low flexural strength, or low
fatigue strength [16].
Recently, a new class of methacrylate macromonomers quaternary ammonium methacryloxy silicate (QAMS), has been
introduced [17]. By using tetraethoxysilane (TEOS) as the
anchoring unit, one molecule of 3-(trimethoxysilyl)propyldimethyloctadecyl ammonium chloride (SiQAC) and three molecules of 3methacryloxypropyltrimethoxysilane (3-MPTS) are attached via a
silane-based, sol-gel route. Due to the antimicrobial activity
endowed by the long, lipophilic –C18H37 alkyl chain of SiQAC
[18], this process results in an organically modified silicate
(ORMOSIL)-based antimicrobial, which can copolymerize with
methacrylate monomers. Incorporating QAMS into the acrylic
polymer matrix appears to be a promising alternative for
formulating an antimicrobial orthodontic acrylic resin that kills
oral microorganisms upon contact [19]. Because the cross-linked
backbone of a polymer determines its mechanical behavior,
polymers prepared from SiQAC-functionalized macromonomers
may have improved toughness and damping properties, due to the
flexibility of the siloxane backbone, as compared with rigid C–C
bonds [20].
The present study examined the antibacterial and antifungal
activities, wettability, flexural properties, fracture toughness, and
water sorption and solubility of a commercially available, pressureprocessed, orthodontic acrylic resin that had been incorporated
with different concentrations of QAMS. The hypotheses tested
were (1) QAMS-containing orthodontic acrylic resins exhibit
antibacterial and antifungal properties, and (2) incorporating
QAMS into orthodontic acrylic resins results in improved fracture
toughness properties without adversely affecting other physical
and mechanical properties.

Preparation of QAMS-containing Orthodontic Acrylic
Resin
A commercially available, auto-polymerizing orthodontic acrylic resin system (Ortho-Jet; Lang Dental Manufacturing Co. Inc.,
Wheeling, IL, USA) was used. The QAMS condensate, being
insoluble in water, was serendipitously discovered to be soluble in
methyl methacrylate (MMA). This finding enabled us to create
different concentrations of the water-and-alcohol-depleted QAMS
condensate in the Ortho-Jet MMA liquid component (Lot
144211DM/01AB, Ref #1304, clear, Ortho-Jet Liquid, Lang
Dental), resulting in five QAMS-MMA comonomer resin blends: 0
(control), 1, 5, 10, and 15% by weight of QAMS, respectively.
Each QAMS-MMA comonomer was mixed with the powder
component (Lot 602711AR/01AM, Ref #1330, Lang Dental)
(consisting of polymethyl methacrylate pre-polymer and diethyl
phthalate) in a liquid:powder mass ratio of 2:3. The dough was
packed into different molds as specified by the International
Organization for Standardization (ISO 20795-2) [21], and
processed in a pressure curing unit (AquapresTM, Lang Dental)
according to the manufacturer’s instruction. The polymerized
orthodontic acrylic resin specimens contained 0 (control), 0.4, 2, 4,
and 6% by weight of QAMS, respectively, and were characterized
using ATR-FTIR.

Solid-state

Si CP-MAS NMR

Solid-state CP-MAS silicon NMR was performed at ambient
temperature using a 270 MHz spectrometer (JEOL, Tokyo,
Japan) equipped with a 7 mm Magic Angle Spinning (MAS)
probe. Spectra were acquired in the 1HR29Si cross polarization
(CP) mode, using a MAS frequency of 4 kHz, with a 45 degree
pulse angle of 5 msec. The 1H Larmor frequency for 29S was
53.76 MHz. Chemical shifts were referenced to external tetramethylsilane (TMS) at 0 ppm.

ATR-FTIR
Infrared spectra were recorded between 4,000-400 cm21 using
a Fourier-transform infrared spectrometer (Nicolet 6700, Thermo
Scientific, Waltham, MA, USA) with an attenuated total reflection
(ATR) at a resolution of 4 cm21 and averaging 32 scans per
spectrum. Spectra of the QAMS condensate free of water and
alcohol, the MMA monomer component, and the polymerized
orthodontic acrylic from the five groups were collected.

Materials and Methods
Preparation of QAMS
The QAMS, being an organically modified silicate (ORMOSIL), was synthesized by sol-gel reaction in the manner described
previously [17]. Briefly, tetraethoxysilane (TEOS) and 3-methacryloxypropyltrimethoxysilane (3-MPTS) were obtained from
Sigma-Aldrich (St. Louis, MN, USA). AEM 5772 antimicrobial
agent (72% SiQAC in methanol) was obtained from W.M. Barr &
Company (Memphis, TN, USA). The QAMS monomer mixture
was prepared by adding TEOS, SiQAC, and 3-MPTS in a 1:1:3
molar ratio. Stoichiometric molar concentrations of acidified
MilliQ water (16 moles; pH 2.5) was added to the QAMS
PLoS ONE | www.plosone.org
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Biofilm Preparation and Antimicrobial Efficacy Evaluation
Preparation of bacterial suspensions. Streptococcus mutans
ATCC 36558 (ATCC, Manassas, VA, USA) and Actinomyces
naeslundii ATCC 12104 were cultured in Brain Heart Infusion
(BHI) broth (Difco, Becton-Dickinson and Co., Sparks, MD, USA)
supplemented with 50 mM sucrose (pH 7.2). Candida albicans
ATCC 90028 was cultured in Yeast Nitrogen Base (YNB; Difco)
supplemented with 50 mM glucose (pH 7.2). Cells were harvested
from 24-hour fresh culture by centrifugation at 4000 rpm for
2
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Images were acquired at a Z-step of 2 mm (i.e. distance between
each image in a stack), beginning from the bottom of the biofilm
that was in contact with the acrylic surface, to the top of the
biofilm. Each image had a field size of 318 mm6318 mm.
Analysis of biofilms. Images from each Z-stack were
analyzed using software (bioImageL v.2.1, Faculty of Odontology,
Malmö University, Malmö, Sweden) [23]. Three-dimensional
image analysis was performed for the S. mutans and A. naeslundii
biofilms. For each biofilm, the biovolume within the first 24 mm of
each Z-stack (i.e. 1st –13th images) was analyzed for the percentage
distribution of live and dead microbes. The first image of each Zstack, representing direct contact of the microbes with the pellicle
on the acrylic disk surface, was also analyzed, to identify the effect
of contact-killing by the immobilized antimicrobial agent. Data
obtained from the biovolumes of interest (first parameter), and
from the basal layer of the biofilms (second parameter) in the 5
groups were analyzed separately using one-way ANOVA and
post-hoc Tukey multiple comparison tests, after validating the
normality and homoscedasticity assumptions of the data set. If
either assumption was violated, the data set was transformed
logarithmically prior to the application of the aforementioned
parametric statistical analysis methods. For all analyses, statistical
significance was preset at á = 0.05.
As C. albicans only formed biofilms on non-QAMS-containing
acrylic surfaces, and attached poorly as a discontinuous monolayer
to QAMS-containing acrylic surfaces, 2-D image analysis was
adopted for evaluation. Briefly, a merged image obtained from a
representative location of each acrylic disk was used for 2-D
analysis of: a) the percentage distribution of total biomass (i.e. both
live and dead fungi) within the imaged field, and b) the percentage
distribution of green biomass (i.e. live fungi) within the total
biomass. The data set obtained for each of these parameters was
analyzed using the aforementioned statistical methods, under the
same statistical assumptions.

10 min. The respective cell pellet was washed three times with
sterile phosphate buffered saline (PBS, 0.01 M, pH 7.2), resuspended in 100 mL of the respective growth medium, and
adjusted to a concentration of 107 CFU/mL before use.
Growth of biofilm inside an oral biofilm reactor. Disks
(6 mm diameter61 mm thick; N = 6/group) from the control
group and the four QMAS-containing experimental groups were
prepared to fit the specimen holder of an oral biofilm reactor. All
disks were disinfected under ultraviolet light for 2 h prior to
experiments. Each microbe was used individually for the
formation of single-species biofilms. The oral biofilm reactor
consisted of a reactor vessel and a specimen holder (Figure S1)
containing 18 recessed holders for insertion of substrate disks over
which microbial biofilms could be grown [22]. The six acrylic disks
from each group were affixed to the sample ports of the specimen
holder, and incubated in pooled sterile saliva for 1 h at 37uC, to
create a salivary pellicle on the surface. The sterile pooled saliva
was obtained by collecting whole saliva from three healthy
volunteers without stimulation (flow rate 0.25 mL/min; pH 7.3).
The pooled saliva was centrifuged at 2000 rpm for 15 min to
remove cellular debris, oral microorganisms and particles, and the
supernatant was collected and mixed with dithiothreitol (SigmaAldrich, 2.5 mmol/L) to reduce salivary protein aggregation. The
mixture was centrifuged again at 2000 rpm for 15 min at 4uC.
The supernatant was collected and filter-sterilized through
disposable, sterile 0.22 mm filters (Nalge Numc International,
Rochester, NY), and stored at 220uC until use.
The specimen holder with the acrylic disks was then transferred
to the reactor vessel which was subsequently filled with S. mutans,
A. naeslundii or C. albicans cell suspension (107 CFU/mL). The
assembly was first incubated for 90 min at 37uC, in an orbital
shaker incubator at 50 rpm, to develop the adhesion phase of the
respective biofilm. Following the adhesion 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 (37uC; 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
48 h. The flow rate was adjusted according to the chemostat mode
at a dilution rate of 0.10 h21. 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 48-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.
Confocal laser scanning microscopy (CLSM). Microbial
viability within the biofilms was assayed with a staining kit (LIVE/
DEAD BacLight, Molecular Probes, Eugene, OR, USA). The
latter contains the fluorescent stain SYTO-9 to identify live
microbes, and propidium iodide (PI) for visualization of dead
microbes. Stock solutions of SYTO-9 and PI were diluted 2000fold, and staining of the biofilms present on the surface of the
acrylic disks was allowed to proceed for 15 min. After incubation
with the dyes, the biofilm-containing acrylic discs were placed on
glass slides and imaged using a CLSM (Fluoview FV1000,
Olympus, Tokyo, Japan) at 40 X magnification, using excitation
wavelengths of 488 nm and 568 nm for SYTO-9 and PI,
respectively. For each acrylic disk, an image stack (Z-stack) was
obtained at a location that was characteristic of that biofilm.
PLoS ONE | www.plosone.org

Remnant and Leachable Quaternary Ammonium Species
The number of QAMS species exposed on the acrylic specimen
surface after water-aging was assessed using the fluorescein
staining method [19,24–25]. This method was based on the
ability of a single fluorescein molecule to bind to the N+ charge of
a quaternary ammonium molecule. Briefly, acrylic disks (14.5 mm
diameter 6 0.4 mm thick; 75 mg 63 mg) containing 0, 0.4, 2, 4
and 6 wt% QAMS were prepared (N = 8). Each disk was aged in
2 mL of deionized water in a container at 37uC for 7 days under
continuously shaking. After aging, each disk was retrieved from the
aging solution, and placed into an individual vial containing 2 mL
of a 10 mg/mL stock solution of fluorescein sodium salt (SigmaAldrich). Specimens were allowed to stand in the dark at room
temperature for 10 min. The specimens were then removed and
placed into another container into which 20 mL of distilled water
was placed and shaken by hand vigorously. This process was
continued for five times, to ensure that all unbound fluorescein
had been removed. Extraction of bound fluorescein from the dried
QAMS-containing acrylic resin disks was performed in the dark,
by ultrasonicating each specimen in a vial containing 1.8 mL of a
0.1 wt% cetyltrimethylammonium chloride stock solution (SigmaAldrich). Ultrasonication was performed for 20 min to allow
desorption of the bound dye from the acrylic disc. Release of the
captured fluorescein from the extracted solution was achieved by
adding 0.2 mL of 100 mM of phosphate-buffered saline (pH 8.0)
to each vial. Two milliliters of this solution mixture was then
placed into a test cuvette of a UV-VIS spectrophotometer
(Chem2000, Ocean Optics, Dunedin, FL) to obtain an absorbance
spectrum of the bound fluorescein. The absorbance of the solution
3
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Accordingly, two acrylic plates (6564065 mm3) were fabricated
for each group. Each plate was sectioned lengthwise into three
strips using a precision cutting machine (Isomet 500, Buehler,
Lake Bluff, IL, USA) under water cooling to prevent overheating.
The strips were then ground to the required length, width, and
height of 64 mm610.063.3 mm, with an automatic grinding and
polishing unit (Ecomet III, Buehler) under water cooling, using
metallographic grinding paper (Leco, St. Joseph, MI, USA) with a
grain size of 15 mm. Specimens free of porosity were selected for
flexural testing (N = 10). The resulting bar width and height were
recorded, and the specimens were stored in deionized water at
3761uC for 5062 hours, prior to flexural testing. The specimens
were retrieved from water storage, and placed on the supports of a
three-point bending fixture that was immersed in a 37uC
temperature-controlled water bath. The distance between the
supports was 50 mm. An increased loading force was applied
through a universal testing machine (Model 5844 Instron Corp.,
Norwood, MA, USA), at a constant displacement rate of
561 mm/min, until the specimen fractured.
The flexural strength (s, in MPa) was calculated from the
equation:

mixture was measured at 501 nm. The extinction coefficient of
fluorescein in the solution was taken to be 77 mM21cm21 [19].
The number of nanomoles of fluorescein in the cuvette was
calculated from a calibration graph, relating fluorescein concentration and absorbance, and then divided by the surface area of
the specimen to arrive at an N+ charge density (nM/cm2).
As the fluorescein staining test did not account for the amount
of QAMS released into solution as an unbound component, the
amount of leached QAMS into the aged solution used for storing
the QAMS-containing acrylic was determined using the bromophenol blue assay [24,26]. For this assay, acrylic resin disks
prepared by incorporating 5 wt% SIQAC, which does not contain
an methacryloxy group and will leach readily from the processed
acrylic, were used as the positive control and aged similar in
deionized water for 7 days. Bromophenol blue is a dye which
forms a complex with quaternary ammonium compounds and
results in a shift of lmax from 593 nm to 603 nm as a result of
complex formation. Briefly, an aqueous solution of 0.001 wt%
bromophenol blue was prepared in deionized water and this
solution was buffered with sodium carbonate solution to pH 7.0 to
avoid absorption changes owing to pH fluctuations. A 0.5 mL of
the aged solution from each sample was collected at 24 h, mixed
with 1.5 mL bromophenol blue solution and agitated gently for
10 min. Absorbance of the leachate was recorded using the UVVis spectrophotometer at 603 nm. The absorption values of
different concentrations of SiQAC in deionized water (from 0 to
1.451 mM) were recorded to establish a standard curve to obtain
the molar concentration of N+ in the respective aged solutions.
The cumulative concentration of quaternary ammonium species
from the leachate was determined from the calibration curve
(N = 8). The data obtained from the SIQAC-containing control
acrylic and the 5 QAMS-containing acrylic were analyzed with
Kruskal-Wallis ANOVA and Dunn’s multiple comparison tests at
a = 0.05.

s~

ð1Þ

where F is maximum load (N) exerted on the specimen, l is the
distance (mm) between the supports, b is the specimen width (mm)
and h the specimen height (mm) prior to water storage.
The flexural modulus (E, in MPa) was calculated from the
equation:

E~

F1 l 2
4bh2 d

ð2Þ

where F1 is the load (N) at a point in the straight line portion of the
load/deflection curve, d is the deflection (mm) at load F1.
For each parameter (ultimate flexural strength or flexural
modulus), the data were compared with the ISO requirements.
Each data set was further analyzed using a one-way ANOVA and
the Tukey multiple comparison test at a = 0.05, using the statistical
assumptions described previously.

Contact Angle Measurement
Polymerized acrylic disks (N = 10) from the five groups were
prepared as previously described. The disks were immersed in
methanol for 24 hours to remove the unreacted monomer and
then vacuum-dried. A commercial contact angle measuring
instrument (EasyDrop DSA-20, Krüss, Hamburg, Germany) was
used to determine static contact angles of MilliQ water (5 mL)
dispensed over each acrylic resin disk surface at 23uC and 50%
relative humidity. That volume was computer controlled using a
stepper-motor-controlled actuator on a microsyringe. Digital video
files were recorded of the silhouette of the surface profile of each
water droplet at the rate of 1 image/sec for 60 sec. Static contact
angles at each time interval were calculated using the software
supplied with the device (Drop Shape Analysis V 1.92, Krüss). For
each acrylic resin disk, the static contact angle obtained 30 sec
after deposition was taken as the equilibrium angle value. The
relation between QAMS concentration in the orthodontic acrylic
and the mean equilibrium contact angle was investigated using
regression analysis, and the correlation between these two
parameters were analyzed using the Pearson Product Moment
statistic at á = 0.05. In addition, the correlation between the mean
equilibrium contact angle and the extent of C. albicans adhesion to
the 5 groups of orthodontic acrylic was analyzed using the same
statistical test and limits.

Fracture Toughness: Maximum Stress Intensity Factor
Following the specifications outlined for orthodontic base
polymers (ISO 20795-2) [21], two acrylic specimen plates were
sectioned breadth-wise, and ground under wet conditions to
produce specimens (N = 10) with length (l), width (bt ), and height
(ht ) of 39 mm64.0 mm (60.2 mm)68.0 mm (60.2 mm), respectively, using the same equipment as in flexural strength testing. A
pre-crack with depth of 3.060.2 mm was cut along the centerline
of each specimen, followed by the introduction of a 100–400 mm
sharp notch on the bottom of pre-crack. Specimen width and
height were recorded. The specimens were stored in deionized
water at a temperature of 37uC for 7 days, and then conditioned
in deionized water at 23uC for 1 h prior to testing. After
conditioning, the specimen strip was blotted dry and placed on
the supports of a three-point bending fixture with the notch facing
exactly opposite the load plunger. The distance between the
supports was 32 mm. A loading force was applied to the specimen
at constant displacement rate of 1.0 mm/min until maximum load
was achieved. The test was considered finished when the applied
load was reduced to 5% of the maximum value, or less than
1.060.2 N. The entire load/deflection curve was recorded and,
after completing the tests, the total crack length (consisting of the

Flexural Properties
The ultimate flexural strength and flexural modulus of the
QAMS-containing orthodontic acrylic specimens were evaluated
according to the specifications outlined in ISO 20795-2 [21].
PLoS ONE | www.plosone.org
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length of the pre-crack (a0 in mm) and the crack length (a in mm)
was determined based on three measurements of the distance
between the specimen surface and the area fractured in the test.
The stress intensity factor describes the stress necessary for
propagating a pre-existing flaw in a material, and is commonly
used to measure the fracture toughness of many materials. The
higher the value, the more resistant to crack propagation and
fracture is a specimen (i.e. the tougher is the material). The
maximum stress intensity factor (Kmax, in MPa?m1/2) was
calculated from the equation:
Kmax ~

fPmax lt
(bt ht

3=2

)

x

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
10{3 MPa m1=2

successive readings was less than 0.2 mg). At this point, the
diameter and the thickness of the specimens were measured for
determining the volume (V) of each specimen. The specimens
were then immersed in water at 37uC for 7 days. To obtain the
data necessary to compute diffusion coefficients during water
sorption, specimens were weighed every 1.5 hours for 9 hours
during the first day, every 12 hours during the second day and
every 24 hours until the end of the 7-day period. The final
weighting on the 7th day of water immersion was recorded as m2.
The specimens were reconditioned to a dry, constant mass (m3)
following the same protocol as for conditioning of the specimens
prior to water immersion. Water sorption (Wsp, mg/mm3) and
water solubility (Wsl, mg/mm3) were calculated using the following
equations:

ð3Þ

f is a geometrical function dependent on x:

f (x) ~

3x1=2

m2 { m3
V

ð7Þ

Wsl ~

m1 { m3
V

ð8Þ

2

½1:99{x(1{x)(2:15{3:93xz2:7x 
½2(1z2x)(1{x)3=2 

ð4Þ

and
x ~ a=ht

ð5Þ

Diffusion coefficients were determined using the conventional
solution to Fick’s 2nd law of diffusion for a plane sheet, by plotting
the Mt =M? ratios as a function of the square root of time. This
calculation was based on the assumption that the diffusion process
is linear during the early stage of water sorption (Mt =M? ‘#0.5)
[27]. The diffusion coefficients of water (D; cm2/s) for the 5
orthodontic acrylic groups were calculated using the approximation [28]:

where Pmax is the maximum load (N) exerted on the specimen, a
is the total crack length, lt is the distance (mm) between the
supports, bt is the width (mm), and ht the height (mm) of the
specimen measured prior to water storage.

Fracture Toughness: Work of Fracture
The work of fracture describes the energy required to form two
new, separated interfaces along the crack line. The total fracture
work (Wf, in J/m2) was calculated from the equation:
Wf ~

Wsp ~

U
x 1000 J=m2
½2bt(ht {a)

Mt
~
M?

16D
pL2

1=2

. t1=2

ð9Þ

where Mt is the mass gain (mg) at time t, M? is the mass gain (mg)
at equilibrium and L is the thickness (cm) of the specimen.
The water sorption and water solubility data were compared
with the corresponding ISO requirements. These data, and those
of the diffusion coefficient were analyzed separately using one-way
ANOVA and Tukey multiple comparison test at á = 0.05, in
accordance with the statistical assumptions described previously.

ð6Þ

where U is the recorded area under the load/deflection curve
(N?mm).
For each parameter (Kmax or Wf), the data were compared with
the ISO requirements. Each data set was further analyzed using
one-way ANOVA and Tukey multiple comparison test at a = 0.05,
using the statistical assumptions described in Section 2.4.4 (Note:
the Kmax data set was first transformed into the square of the
original values prior to analysis, to satisfy those assumptions). In
addition, the relation between QAMS concentration in the
orthodontic acrylic and the mean Kmax or Wf was investigated
using regression analysis. The correlations between QAMS
concentration and mean Kmax, and between QAMS concentration
and mean Wf, were further analyzed separately using the Pearson
Product Moment statistic at á = 0.05.

Cytotoxicity of QAMS-containing Orthodontic Acrylic
Resin
The cytotoxicity of QAMS-containing acrylic was investigated
using a murine dental papilla-derived odontoblast-like cell line
(MDPC-23). The MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to examine the effects of
QAMS-containing acrylic on mitochondrial metabolic activity.
Flow cytometry was used to identify the effects of QAMScontaining acrylic on cell death–induced plasma membrane
permeability to fluorescent dyes and DNA stains. As remnant
MMA within the polymerized PMMA acrylic is cytotoxic [29],
experiments were performed before and after the processed
QAMS-containing acrylic were subjected to methanol extraction
of the residual MMA. Details of the experimental protocols are
presented in Supporting Information (Text S1).

Water Sorption and Solubility
Water sorption and solubility were determined according to the
ISO specification for orthodontic base polymers (ISO 20795-2)
[21], except for specimen dimension (5060.1 mm diameter,
0.460.05 mm thick). In addition, diffusion coefficients for the 5
groups of orthodontic acrylic were also compiled to compare their
kinetic water sorption over immersion time.
After polymerization, specimens (N = 10) were stored at 37uC in
a desiccator containing silica gel. The specimens were repeatedly
weighed in an electronic analytical balance after 24 h until a
constant mass (m1) was obtained (i.e. the difference between two
PLoS ONE | www.plosone.org



Results
Compositional Analysis
Solid-state 29Si CP-MAS NMR of the water-and-alcoholdepleted QAMS condensate revealed two broad resonance peaks
5
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at 268.37 ppm that are assigned to silicon in the RSi(OSi)3 species
(T3 bonding), and at 258.41 ppm that is assigned to silicon of the
RSi(OH)(OSi)2 species (T2 bonding) (Figure S2). The presence of
T3 and T2 functionalities confirms the existence of the covalent
linkage between the organic alkoxy groups and the silicate
backbone. The broad peaks are indicative of the heterogeneous
nature of the condensate, and possibly others within the network
formation. No Q-series (siloxane, single silanol and germinal
silanols) could be identified from the spectra, indicating that the
final condensed product is an organically modified silicate
(ORMOSIL).
The infrared spectrum of the unpolymerized QAMS condensate from the fingerprint region (900–1800 cm21; see Figure S3
and Text S2) revealed a broad band peaking at 1040 cm21 that is
characteristic of the Si-O-Si linkages. In addition, the band at
1637 cm21 is indicative of C = C derived from unpolymerized
methacrylate functionalities. The latter was also identified in the
Ortho-Jet MMA liquid component, but absent from the powderonly component. This band was almost completely absent after
polymerization of the QAMS-free and QAMS-containing acrylic
resin. The presence of a small band (1637 cm21) in the acrylic
resins containing 4 and 6 wt% QAMS suggests that addition of the
QAMS component to this extent reduces overall conversion of the
PMMA resin, but could also represent unreacted silane functionalities introduced by the QAMS and not reacted with the PMMA.
The effect of QAMS addition to the orthodontic acrylic resin
could be identified from the increasing prominence of the Si-O-Si
linkages at approximately 1040 cm21.

Antimicrobial Activity
The percentage distributions of live bacteria present in S. mutans
and A. naeslundii biofilms are shown in Figures 1A and 1B,
respectively. Immobilization of QAMS within the PMMA
polymer matrix did not inhibit adhesion of S. mutans and A.
naselundii bacteria species to the pellicle-coated acrylic surfaces (see
left columns in Figures 2 and 3). However, there were significant
reductions of live bacteria within the biofilms that were dependent
on the concentration of QAMS into the acrylic resins. For all
QAMS-containing acrylic resins, the percentage of live bacteria at
the bottom of the biofilms was lower than those detected within
the biovolume of interest (i.e. the volume of biofilm from the base
to the 24th mm of a z-stack). For both locations, resins containing 2,
4, and 6 wt% QAMS provided more effective killing than the resin
containing 0.4 wt% QAMS, but were not significantly different
from one another. Figure 2 (S. mutans) and Figure 3 (A. naselundii)
contain merged images of the architecture of BacLight-stained
biofilms grown over the surface of orthodontic acrylic resins
containing increasing concentrations of QAMS (left column). The
distribution of live (green) and dead (red) bacteria within the
biovolumes of those biofilms are depicted as 3-D plots in the center
column. The percentage distributions of live and dead bacteria
from the biomass at each level are summarized in the line plots in
the right column.
Unlike S. mutans and A. naeslundii, C. albicans formed biofilms
only in the QAMS-free acrylic resin that consisted predominantly
of yeast cells (Figure 4A). There was minimal yeast-hyphal
transition in all the 48 hour biofilms. In the presence of QAMS,
C. albicans cells detached easily under the continuous flow
condition of the reactor vessel and did not mature into biofilms
on the pellicle-coated acrylic surfaces. Only discontinuous
monolayers of yeast cells were apparent on acrylic resins
containing QAMS (Figures 4B–4E). Two-dimensional image
analysis of the area occupied by the total (live and dead) biomass
within the field of view, and the percentage distributions of live C.
PLoS ONE | www.plosone.org

Figure 1. Percentage distribution (mean and standard deviation) of live bacteria within the biovolumes of interest (i.e. the
volume of biofilm from the base to the 24th mm of a z-stack),
and within the biomass at the basal layer of biofilms that were
grown on orthodontic acrylic disks prepared from the control
(0 wt% QAMS) and the four experimental groups (0.4–6 wt%
QAMS) (N = 6). A. Streptococcus mutans biofilms. B. Actinomyces
naeslundii biofilms. For each parameter (upper case letters for
biovolume and numerals for bottom of biofilm), groups labeled with
the same category of descriptors (i.e. upper case letters, lower case
letters, numeric) are not statistically significant (P.0.05).
doi:10.1371/journal.pone.0042355.g001

albicans within those biomasses are shown in Figure 4F. For both
parameters, acrylic resins containing 4 and 6 wt% QAMS
significantly inhibited C. albicans attachment and viability than
those containing 0.4–2 wt% QAMS. All of the acrylic resins
containing QAMS promoted significantly less C. albicans attachment compared to the QAMS-free acrylic resin.

Remnant and Leachable Quaternary Ammonium Species
Figure 5A presents the plot of mean charge density/unit area of
the N+ species present on the QAMS-containing acrylic surfaces
after a 7-day water aging period. The relation between charge
density and QAMS concentration could be modeled by a power
regression model (R2 = 0.981). Figure 5B shows the cumulative
molar concentrations of N+ species in the leachate derived from
the QAMS-containing acrylic and the SIQAC-containing acrylic
(positive control). There was negligible leaching of N+ species from
6
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Figure 2. Representative BacLight-stained 48-h S. mutans biofilms grown on the surfaces of orthodontic acrylic resins with different
QAMS concentrations. A. 0 wt%. B. 0.4 wt%. C. 2 wt%. D. 4 wt%. E. 6 wt%. Green: live bacteria; Red: dead bacteria. The first column represents
merged CLSM images of the biofilms. The second column represents 3-D plots of each biofilm within a biovolume extending from the 1st (basal) to
the 13th layer of a Z-stack (i.e. 24 mm thick). The 3rd column represents the percentage distribution of live and dead bacteria within the biomass at
each level of the biofilm (Z-step = 2 mm). For C–E, the blue dotted line denotes the levels with 50% dead biomass.
doi:10.1371/journal.pone.0042355.g002

resins containing 6 wt% QAMS had significantly higher water
sorption values than those containing 0.4–2 wt% QAMS, which,
in turn, had significantly higher values than the QAMS-free resin
(all P,0.05). Nevertheless, these values were much lower than the
ISO requirement for water sorption for orthodontic base polymers
(32 mg/mm3). Although no significant difference was detected for
water solubility among the 5 acrylic resin groups, none of the
groups was able to meet the ISO requirement for water solubility
(5 mg/mm3). There was no significant difference in the water
diffusion coefficient among the 5 acrylic resin groups.

acrylic specimens containing less than 4 wt% QAMS. Leaching of
N+ species from acrylic specimens containing 6 wt% QAMS was
significantly higher, while specimens containing 5% SiQAC
(without methacryloxy groups that copolymerized with PMMA)
leached the most (P,0.05).

Physical and Mechanical Properties
The mean equilibrium contact angle for the 5 groups of acrylic
with 0, 0.4, 2, 4, and 6 wt% QAMS are 72.664.3u, 76.262.4u,
83.061.4u, 85.262.7u, and 89.862.3u, respectively. Linear
regression provided a good fit of the changes in contact angle
with increasing QAMS concentration (r2 = 0.93). A highly
significant, positive correlation of these two parameters was also
identified (Pearson correlation coefficient = 0.954; P = 0.003).
Taken together, the data show that the orthodontic acrylic resin
becomes increasingly hydrophobic as the concentration of QAMS
increases. However, a significant correlation (P = 0.158) was not
found between the changes in contact angle and variations in C.
albicans total biomass in the QAMS-free and QAMS-containing
acrylic resins.
The effects of QAMS incorporation on the flexural properties of
orthodontic acrylic resins are shown in Figure 6. A small, but
statistically significant decline in ultimate flexural strength
(Figure 6A) could be identified after the addition of more than
0.4 wt% QAMS to the orthodontic acrylic resin. Nevertheless,
these values are all higher than the ISO requirement for
orthodontic base polymers (50 MPa). No additional decline in
ultimate flexural strength was observed with further increase in
QAMS concentration in the acrylic resin (P.0.05) A similar trend
in the reduction of the flexural modulus (Figure 6B) was also seen
after QAMS was incorporated into the acrylic resin. Nevertheless,
these values were all higher than the ISO requirement for
orthodontic base polymers (1500 MPa).
The effects of QAMS incorporation on fracture toughness
properties of orthodontic acrylic resins are shown in Figure 7. The
maximum stress intensity factors (Kmax) for the acrylic resins
(Figure 7A) all exceeded the ISO requirement for orthodontic base
polymer. No significant difference could be identified among the
five groups (P = 0.084). Nevertheless, a highly significant, positive
correlation was found between these two parameters (Pearson
correlation coefficient = 0.955; P,0.003). The total fracture work
(Wf) for the acrylic resins are shown in Figure 7B. Acrylic resins
containing 6 wt% QAMS had significantly higher Wf than those
containing 4 wt% QAMS, which, in turn had significantly higher
Wf than those containing 0–2 wt% QAMS. The QAMS-free
acrylic resin failed to meet the ISO requirement for the Wf of
orthodontic base polymers (250 J/m2 for 8 out of 10 specimens).
This requirement was met only when more than 2 wt% QAMS
was incorporated in the orthodontic acrylic resin. There was a
highly significant, positive correlation between Wf and QAMS
concentration (Pearson correlation coefficient 0.984; P = 0.0004).
Gravimetric analysis of the water sorption and water solubility
characteristics of the 5 groups of orthodontic acrylic, and the
variation in the water sorption diffusion coefficients with QAMS
concentrations are shown in Figures 8A, 8B, and 8C, respectively.
Figure 8D depicts an isotherm that is characteristic of the sorption
and solubility profiles among all the 5 groups of resins. Acrylic
PLoS ONE | www.plosone.org

Cytotoxicity
For the MTT assay, succinic dehydrogenase activity of the
MPDC-23 cells were significantly lower for acrylic resins containing 4 wt% and 6 wt% QAMS before methanol extraction
(P,0.05). No difference in succinic dehydrogenase activity could
be observed among the QAMS-containing acrylic (0–6 wt%) after
methanol extraction. For flow cytometry, the total percentage of
apoptotic and necrotic cells was larger for all groups before
methanol extraction, compared to the results after methanol
extraction. These values were similar to the Teflon negative
control, but were much lower than the positive control that was
designed to leach a highly toxic material. Taken together, the
results indicate that QAMS-containing acrylic resins are generally
as biocompatible as QAMS-free acrylic resins, and that cytotoxicity is attributed more to the leached MMA component from
polymerized PMMA than to the leached quaternary ammonium
species. Details of the results of the two cytotoxicity assays are
presented in Figure S4 and Figure S5.

Discussion
The data obtained from this study support the hypotheses that
(1) QAMS-containing orthodontic acrylic resins exhibit antibacterial and antifungal properties; and (2) incorporating QAMS into
orthodontic acrylic resins results in improved fracture toughness
properties without adversely affecting other physical and mechanical properties.
Microbial biofilms have been associated with many infections
and diseases in humans. Sessile microorganisms in the biofilm
frequently display properties that are dramatically distinct from
their planktonic counterparts [30]. Research has shown that
biofilms are at least 500 times more resistant to antibacterial agents
than planktonic cells. Various mechanisms have been proposed for
such resistance [31,32], including the inability of antimicrobial
chemicals to penetrate biofilms, binding of antimicrobials to the
exopolysaccharide matrix of a biofilm [33], and decreases in
growth rate of mature biofilm cells, due to nutrition limitation and
others [34]. Therefore novel strategies are needed to overcome
antimicrobial resistance of the biofilm microorganisms. Immobilizing antimicrobial agents in dental acrylic resin that kills bacteria
on contact is a viable alternative. The quaternary ammonium
function group in QAMS (SiQAC) exhibits antimicrobial activity
against a broad range of microorganisms [35]. Previous studies
have shown that SiQAC was successfully used as antimicrobial
coatings for fabrics and medical devices [36–38]. bisGMA resin
containing quaternary ammonium salt with methacrylate group
8
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Figure 3. Representative BacLight-stained, 48-h A. naeslundii biofilms grown on the surfaces of orthodontic acrylic resins with
different QAMS concentrations. A. 0 wt%. B. 0.4 wt%. C. 2 wt%. D. 4 wt%. E. 6 wt%. Green: live bacteria; Red: dead bacteria. Column
designations are the same as Figure 2. For the scatter plots in the right column of C–E, the blue dotted line denotes the levels with 50% dead
biomass.
doi:10.1371/journal.pone.0042355.g003
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Figure 4. Representative merged images illustrating the adhesion and growth of C. albicans on orthodontic acrylic surfaces
containing A. 0 wt% QAMS (control). B. 0.4 wt% QAMS. C. 2 wt% QAMS. D. 4 wt% QAMS. E. 6 wt% QAMS. F. Two-dimensional analysis of the
growth of C. albicans on the surfaces of orthodontic acrylic resins with different QAMS concentrations (N = 6). C. albicans did not form biofilms on
acrylic surfaces containing QAMS. Percentage distributions of the fungal biomass with the field of examination are shown as black columns, and the
percentage distributions of live fungus within the biomass are depicted as green columns. For each parameter, groups identified with the same
category of descriptors (i.e. upper case letters for biomass and lower case letters for live fungi) are not statistically significant (P,0.05). Values
represent means and standard deviations.
doi:10.1371/journal.pone.0042355.g004

[39], has also exhibited sustained antibacterial effect on S. mutans
after water-aging for 180 days [40].
Adhesion of microorganisms to a material surface is the initial
step in the formation of biofilms [41]. Biofilm formation can be
described as a two-phase process, including an initial, instantaneous and reversible physical phase (phase one), followed by a
time-dependent and irreversible molecular and cellular phase
(phase two) [42]. Many factors are considered to influence
bacterial adhesion to material surfaces [43]. It should be noted
that the salivary pellicle has an impact on both bacterial [44] and
fungal [45] attachment to teeth and prostheses in the oral cavity.
In addition, deposition of salivary protein on the material surface
might decrease the contact-killing efficiency of an antimicrobial
agent. To simulate the oral environment, all microbial biofilms in
this study were formed on salivary pellicle-coated acrylic surfaces.
In the oral cavity, the acquired pellicle is a biologic layer produced
by selective adsorption of salivary proteins on tooth surfaces. This
layer acts as the substratum for attachment of oral bacteria
including S. mutans and actinomyces species, in the presence of
sucrose. Interactions between these bacteria and the proteins in
the acquired pellicle form a very complex process that has been
intensively studied in recent years. In addition, surface characteristics such as hydrophobicity and charge density may influence
bacterial adhesion and proliferation [46,47]. While immobilization
of QAMS within the PMMA polymer matrix did not inhibit
adhesion of S. mutans and A. naselundii, acrylic resins containing
QAMS demonstrated effective contact-killing of the respective
biofilms in a dose-dependent manner.
Similar but not the same as bacteria, C. albicans biofilm
formation is characterized by initial adherence of yeast cells in
the first two hours, followed by yeast-hyphal transition, proliferation and maturation within 48 hours [48]. During the adhesion
phase, the yeast cells bind to a surface coated with a

glycoproteinaceous conditioning film [49]. In the present study,
contrasting to S. mutans and A. naeslundii, surface adhesion of C.
albicans was inhibited by QAMS, in a dose-dependent manner.
This observation may have been attributed to the increased
surface hydrophobicity with increasing concentration of QAMS.
Minagi et al. [50] have reported enhanced adhesion of C. albicans
to acrylic resin with surface free energy approximating that of C.
albicans. Such attachment mechanism is based on hydrophobic
interaction between C. albicans and the acrylic resin.
The results derived from fluorescein staining indicate that
quaternary ammonium groups were retained on the orthodontic
acrylic surfaces after water aging. This is comparable to a recent
study when similar concentrations of a quaternary ammonium
methacrylate were incorporated into resins used for preparing
tooth-colored filling materials [25]. Although leaching of quaternary ammonium species was also detected by the bromophenol
blue assay, this only occurred when a high concentration of
QAMS (6 wt%) was incorporated in the acrylic. Moreover, recent
studies have shown that quaternary ammonium silanes (SIQAC)
that leached out of substrates had no residual antimicrobial
activity [51], due to association phenomena in aqueous media,
such as micellization, formation of ion-pairs and small aggregates
[52]. These deactivation processes are significantly enhanced in
the presence of NaCl [51]. Although these leachate deactivation
phenomena may not be immediately apparent within the
biovolume of a biofilm, the fact that QAMS are present on the
acrylic surface after the leaching experiments indicate that contactkilling will be the predominant killing mechanism in QAMScontaining acrylic, particularly after the initially-formed biofilms
are removed by cleaning and tooth brushing.
In addition to antimicrobial properties, it is important for the
orthodontic acrylic resin copolymerized with QAMS to have
comparable mechanical and physical properties, as removable

Figure 5. Colorimetric assays for examining the amount of A. Remnant quaternary ammonium charges present on the surface of
the acrylic (fluorescein staining) after a 7-day water-aging period, and B. Cumulative amount (in mM) quaternary ammonium
moieties present in the leachate after the 7-day water-aging period. Columns indicated by different symbols are significantly
different from those without symbols (P,0.05).
doi:10.1371/journal.pone.0042355.g005
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Figure 7. Effects of QAMS concentration on the toughness
properties of the orthodontic acrylic resins (N = 10). A. Maximum
stress intensity factor (Kmax). B. Work of Fracture (Wf). For each
parameter, the ISO requirement is included for comparison (dotted
line). Linear regression models provide an excellent fit for the relation
between Kmax and QAMS concentration, and the relation between total
fracture work and QAMS concentration. For Kmax, groups with the same
upper case letter designators are not statistically significant (P.0.05).
For total fracture work, groups with the same lower case letter
designators are not statistically significant (P.0.05). Values represent
means and standard deviations.
doi:10.1371/journal.pone.0042355.g007

Figure 6. Effects of QAMS concentration on the flexural
properties of the orthodontic acrylic resins (N = 10). A. Ultimate
flexural strength. B. Flexural modulus. For each parameter, the ISO
requirement is included for comparison (dotted line). For the ultimate
flexural strength, groups with the same upper case letter designators
are not statistically significant (P.0.05). For flexural modulus, groups
with the same lower case letter designators are not statistically
significant (P.0.05). Values represent means and standard deviations.
doi:10.1371/journal.pone.0042355.g006

appliances prepared from acrylic resin fracture easily, particularly
along the midline, due to repeated masticatory loads and frequent
withdrawal and replacement of those appliances. Reinforcing
acrylic resins with high modulus glass or polyethylene fibers is a
possible strategy for improving their mechanical properties [53].
Nevertheless, such reinforcement may be compromised, due to
failure to achieve true adhesion between the fibers and the
methacrylate resin matrix [54]. After copolymerizing with methyl
methacrylate, the QAMS improved the fracture toughness of the
acrylic resin and its ability to absorb energy (total fracture work),
while maintaining flexural strength and moduli comparable to that
of the QAMS-free, control resin. Incorporating as little as 0.6 wt%
of a different type of antibacterial quaternary ammonium
methacrylate,
methacryloyloxyundecylpyridinium
bromide
(MUPB), into an acrylic resin was found to reduce the flexural
strength significantly [55]. In contrast, acrylic resin containing less
than 2 wt% QAMS exhibited a flexural strength comparable with
the QAMS-free, control resin. Another major advantage of the use
of QAMS over MUPB is that MUPB is only antibacterial, and is
not antifungal [56].

PLoS ONE | www.plosone.org

Although addition of the QAMS up to 4–6 wt% yields a
relatively high percentage of dead bacteria within the body of the
biofilms, there is concern that unreacted QAMS in the polymerized resin may leach out during aging in water. From the ATRFTIR results, the presence of methacrylate C = C peak at
1636 cm21 for polymerized acrylic containing 4 and 6 wt%
QAMS suggests reduced overall conversion in these resins.
However, these C = C peaks may also be representative of
methacrylate bonds of unreacted silane functional ends of the
QAMS, where at least one of the multiple linkages has reacted
with the PMMA polymer chain, thus creating a covalently bound,
non-leachable, pendent methacrylate group. While the bromophenol blue assay provided an indirect indication of the presence
of quaternary ammonium species in the leachate, the exact nature
of the quaternary ammonium species (e.g. hydrolysis product
derived from QAMS) should be further investigated using gas
chromatography (GC) or high performance liquid chromatography (HPLC) in future work.
Hydrophobicity of the acrylic resin was increased as QAMS
concentration was elevated. A previous study also reported
decreased wettability of silica surfaces coated by quaternary
12
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Figure 8. Effects of QAMS concentration on A. Water sorption; B. Water solubility; C. Sorption diffusion coefficients of QAMS-free
and QAMS-containing orthodontic acrylic resins (N = 10). Values represent means and standard deviations. ISO requirements for water
sorption and water solubility are included for comparison (dotted lines). For each parameter, groups designated with different categories of
descriptors (upper case letters for water sorption, lower case letters for water solubility, numerals for diffusion coefficients), are not statistically
significant (P.0.05). D. A water sorption isotherm representative of all the five groups.
doi:10.1371/journal.pone.0042355.g008

orthodontic acrylic appliance is accidentally dropped to the floor,
or when a patient generates a sudden impact force, as in chewing
ice. Hence, future work should be performed on the impact
resistance of orthodontic acrylic resins containing QAMS [58].

ammonium silane [57]. The simultaneous increases in hydrophobicity and water sorption of the QAMS-containing acrylic resins
appear to be contradictory. However, one must realize that the socalled increase in water sorption in the ISO standards is based only
on mass measurements. Copolymerization of QAMS with PMMA
could have produced co-polymer network or an interpenetrating
polymer network with smaller pore sizes. This formation could
have restricted the outward diffusion of heavier, unpolymerized
components (compared with water), while the inward diffusion of
water is hampered by the increase in hydrophobicity of the
QAMS-containing resin. In addition, all 5 groups of acrylic resins
failed to meet the ISO requirement for water solubility. This result
may be attributed to the dissolution of the phthalate plasticizer
from the resin system.
A non-leaching antimicrobial agent should have a long-term
effect. Thus, further studies are needed to test the retention of
antimicrobial activity in dental materials over time. Although the
results of the present study indicate definitive improvement in
toughness of the QAMS-containing acrylic resin, it should be
noted that fracture toughness evaluation is usually performed
using low displacement rates (ca. 1 mm/min). In contrast, impact
occurs using much higher displacement rates, and is a very
important phenomenon in governing the life of a structure under
function. For example, impact fracture can take place when an
PLoS ONE | www.plosone.org

Supporting Information
Figure S1 Schematic of the rotating disk reactor
employed for growth of biofilms. A. Nutrient bottle for
culture broth and sucrose supplement. B. Perfusion pump. C.
Reactor vessel. D. Waste bottle. E. Specimen holder. F. Recesses
for holding orthodontic acrylic resin disks. G. Photograph of the
biofilm reactor placed inside an anaerobic chamber for growing S.
mutans and A. naeslundii biofilms under anaerobic conditions.
(TIF)
29

Si CP-MAS NMR of completely hydrolyzed
and condensed QAMS. The NMR spectrum revealed two
broad resonance peaks at 268.37 ppm that are assigned to the
silicon in the RSi(OSi)3 species (T3 bonding), and at 258.41 that is
assigned to the silicon RSi(OH)(OSi)2 moiety (T2 bonding). These
broad peaks are indicative of the heterogeneous nature of the
condensate, with molecules containing -Si-O-Si-, -Si-O-Si-O-Si,
and -Si-O-Si-O-Si-O-Si siloxane bridges, and possibly others
within the network formation. The presence of T3 and T2
Figure S2
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functionalities confirms the existence of the covalent linkage
between the organic alkoxy groups and the silicate backbone. No
Q-series (siloxane, single silanol and germinal silanols) could be
identified from the spectrum, indicating that the final condensed
product is an organically modified silicate (ORMOSIL).
(TIF)

that QAMS-containing acrylic resins are generally as biocompatible as QAMS-free acrylic resins, and that cytotoxicity is attributed
more to the leached MMA component from polymerized PMMA
than to the leached quaternary ammonium species.
(TIF)

Figure S3 Representative ATR-FTIR spectra of compo-

after exposure to IRM and orthodontic acrylic specimens. Cells were stained with FITC-Annexin V (green
fluorescence) and ethidium homodimer III (red fluorescence), to
determine the percentage distribution of viable (lower left
quadrant), early apoptotic (lower right quadrant), late apoptotic
(upper right quadrant) and necrotic cells (upper left quadrant). A.
Before methanol extraction. B. After methanol extraction.
(TIF)

Figure S5 Two-dimensional dot plots of MDPC-23 cells

nents of the QAMS and resin-based materials used and
made in the study. Panel A. The totally hydrolyzed and
condensed QAMS. Panel B. The orthodontic resin (in the
uncured and cured states). Panel C. The polymerized QAMScontaining PMMA material.
(TIF)
Figure S4 Cytotoxicity studies on acrylic disks containing different concentrations of QAMS before and after
methanol (MeOH) extraction (to remove remnant methyl methacrylate monomers within the processed acrylic). Teflon was used as negative control and Intermediate
Restorative Material (IRM), a zinc oxide eugenol-based material,
was used as the positive control. A. MTT assay of cell metabolism
(mitochrondrial succinic dehydrogenase activity). For comparison
of activities before MeOH extraction, groups denoted by different
asterisk symbols are significantly different from those without
symbols (p,0.05). For comparison of activities after MeOH
extraction, the group indicated by ‘‘{’’ is significantly different
from groups without symbols (p,0.05). For before and after
MeOH extraction comparisons, adjacent columns from each
group that are labeled with a horizontal bar are significantly
different (p,0.05). B. Flow cytometry results, comparing the total
percent of apoptotic ad necrotic MDPC-23 cells after exposure to
the orthodontic acrylic specimens. Although these two tests
examined different aspects of cell viability, the results of the
MTT assay and flow cytometry are complementray, and indicate

Text S1 Experimental details: Cytotoxicity of QAMScontaining orthodontic acrylic resins.
(DOCX)
Text S2 Results Interpretation: ATR-FTIR of components of the QAMS and resin-based materials used and
made in the study.
(DOCX)
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