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Abstract: Our aims of the research were to study the antimicrobial effect of dimethylaminododecyl
methacrylate (DMADDM) modified denture base resin on multi-species biofilms and the
biocompatibility of this modified dental material. Candida albicans (C. albicans), Streptococcus mutans
(S. mutans), Streptococcus sanguinis (S. sanguinis), as well as Actinomyces naeslundii (A. naeslundii)
were used for biofilm formation on denture base resin. Colony forming unit (CFU) counts, microbial
viability staining, and 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
array were used to evaluate the antimicrobial effect of DMADDM. C. albicans staining and Real-time
PCR were used to analyze the morphology and expression of virulence genes of C. albicans in biofilm.
Lactate dehydrogenase (LDH) array and Real-time PCR were conducted to examine the results
after biofilm co-cultured with epithelial cell. Hematoxylin and eosin (HE) staining followed by
histological evaluation were used to study the biocompatibility of this modified material. We found
that DMADDM containing groups reduced both biomass and metabolic activity of the biofilm
significantly. DMADDM can also inhibit the virulence of C. albicans by means of inhibiting the hyphal
development and downregulation of two virulence related genes. DMADDM significantly reduced
the cell damage caused by multi-species biofilm according to the LDH activity and reduced the
expression of IL-18 gene of the cells simultaneously. The in vivo histological evaluation proved that
the addition of DMADDM less than 6.6% in denture material did not increase the inflammatory
response (p > 0.05). Therefore, we proposed that the novel denture base resin containing DMADDM
may be considered as a new promising therapeutic system against problems caused by microbes on
denture base such as denture stomatitis.

Keywords: denture base resin; dimethylaminododecyl methacrylate; antimocrobial material;
inter-kingdom biofilm; biocompatibility

1. Introduction

Denture stomatitis, a common multi-factorial disease, can be caused by biofilm of denture surface
owing to insufficient hygiene of oral cavity and dentures [1]. Candida associated denture stomatitis, also
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called chronic actrophic candidiasis, affects 11% to 67% of geriatric complete denture wearers [2–4].
Denture wearers also have a higher risk of dental decay and periodontal diseases in the residual
teeth [5,6]. Moreover, denture biofilm was also associated with systemic diseases, such as malodor,
aspiration pneumonia, pulmonary candidiasis, as well as infectious endocarditis, especially in aged
denture wearers [7–10].

These concerns suggest the need for a novel modified denture material, especially the ones
with antimicrobial activity. Lots of strategies had been applied to reduce the potential bacterial or
fungal pathogens, such as denture cleaning technologies based on denture cleaners [11], and denture
material antimicrobial modification [12]. Recently, a lot of drugs were added to the denture base to
carry out antimicrobial modification with basic antimicrobial categories of non-release antimicrobial
agents, polymeric surface coatings, and germifuga-releasing polymers, and with antimicrobial
mechanisms of electrostatic repulsion, contact or releasing active biocide [13–17]. C. albicans is known
as a kind of opportunistic pathogen which can be frequently isolated from oral mucosal surfaces.
Its virulence-associated factors include phospholipases, secreted aspartyl proteinases, adhesions,
as well as morphogenesis. However, previous modified denture base only evaluated the anti-C.
albicans single species biofilm, due to the strong association of C. albicans with denture stomatitis
development, while neglected the bacterial influence [18,19]. In fact, bacteria can even promote the
pathogenicity of Candida and cause the co-infections [20–22]. It is more valid to construct multi-species
biofilm containing denture stomatitis associated bacteria and fungi to value the effects of antimicrobial
modified denture materials in vitro.

Dimethylaminododecyl methacrylate (DMADDM), a new kind of quaternary ammonium salts
(QAS), is known as a long-lasting and remarkable antibacterial additive with well biocompatibility,
which had been incorporated into many dental materials [23–27]. QAS had a “contact killing”
antibacterial mechanism, as the QAS immobilized materials surfaces were highly positively charged,
which can attract the negatively charged bacteria, furthermore, the bacteria membrane would be
penetrated and interrupted by the long fatty alkyl chains of QAS [28,29]. In this study, we created
a kind of denture based on heat-polymerized denture-base resins in addition to DMADDM and
evaluated their effect on inter-kingdom biofilm constituted of fungi and bacteria in vitro, Finally, we
assessed the biocompatibility of this new modified material in rats.

2. Results

2.1. Dimethylaminododecyl Methacrylate (DMADDM) Reduced the Viable Microbes in the
Multi-Species Biofilms

After 72 h, 1.65% DMADDM, 3.3% DMADDM, and 6.6% DMADDM significantly reduced the
total viable microbes of the multi-species biofilms (Figure 1a) and the amount of C. albicans (Figure 1b)
according to the CFU counting assay (p < 0.05). The total microbes and C. albicans CFU were reduced
more than 53% in 1.65% DMADDM group, and reduced more than 80% to 90% in 3.3% DMADDM
group, while reduced about 97% in 6.6% DMADDM groups when compared with control group
suggesting the antibacterial and antifungal abilities of DMADDM.
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Figure 1. Colony forming unit (CFU) counts of multi-species biofilms: (a) The total CFU counts of  
72 h multi-species biofilms in different dimethylaminododecyl methacrylate (DMADDM) containing 
groups; (b) The C. albicans CFU counts of 72 h multi-species biofilms in different group. Values are 
significantly different when labelled with different letters (p < 0.05). 
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Figure 2. Biofilm structural and metabolic analyses: (a) The 3D reconstruction of 72 h multi-species 
biofilm in different DMADDM containing groups, live microbes dyed green, dead microbes dyed 
red, adjacent live and dead microbes were presented as yellow when they were merged; (b) The 
biomass of 72 h multi-species biofilm; (c) The thickness of 72 h multi-species biofilms in different 
DMADDM containing groups; (d) The 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5- 
carboxanilide (XTT) results of multi-species biofilms formed on different DMADDM containing 
denture base resin. Values are significantly different when labelled with different letters (p < 0.05). 

  

Figure 1. Colony forming unit (CFU) counts of multi-species biofilms: (a) The total CFU counts of
72 h multi-species biofilms in different dimethylaminododecyl methacrylate (DMADDM) containing
groups; (b) The C. albicans CFU counts of 72 h multi-species biofilms in different group. Values are
significantly different when labelled with different letters (p < 0.05).

2.2. DMADDM Changed the Multi-Biofilm Structuel and Inhibited Themetabolic Abilities

In three-dimensional biofilm CLSM (confocal laser scanning microscope) images, live microbes
dyed green, dead microbes dyed red (Figure 2a). Adjacent live and dead microbes were presented as
yellow when they were merged. Biofilm formed on denture base resin with DMADDM groups had
higher dead/live microbe ratio especially for 3.3% and 6.6% DMADDM containing groups (p < 0.05)
(Figure 2b). DMADDM containing groups also had thinner biofilm thickness compared with the control
(p < 0.05) (Figure 2c) in line with the inhibition of multi-species biofilm (Figure 1). The metabolic
activities of biofilm in DMADDM containing groups were also reduced (p < 0.05) (Figure 2d).
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Figure 2. Biofilm structural and metabolic analyses: (a) The 3D reconstruction of 72 h multi-species
biofilm in different DMADDM containing groups, live microbes dyed green, dead microbes dyed red,
adjacent live and dead microbes were presented as yellow when they were merged; (b) The biomass
of 72 h multi-species biofilm; (c) The thickness of 72 h multi-species biofilms in different DMADDM
containing groups; (d) The 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) results of multi-species biofilms formed on different DMADDM containing denture base resin.
Values are significantly different when labelled with different letters (p < 0.05).
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2.3. DMADDM Inhibited the Hypal Development and Virulence Ralated Genes Expression of C. albicans in
Multi-Species Biofilms

To evaluate the effect of DMADDM on C. albicans virulence factors in multi-species biofilm, we
first observed the hyphal development of C. albicans. C. albicans was stained with concanavalin-A
in multi-species biofilms (Figure 3a). Biofilms formed on DMADDM containing denture base
resin specimen had less hyphae when compared with control group. Furthermore, we measured
the virulence gene expression of C. albicans between control groups and DMADDM containing
groups (Figure 3b). There were no significant expression changes among PLD1 (phospholipase
D 1), ALS1 (human β-actin agglutinin-like sequence 1), SAP4 (secreted aspartyl proteinase 4), and
SAP6 (secreted aspartyl proteinase 6) (p > 0.05) in all groups, however, ALS3 (one kind of adhesins)
and HWP1 (Hyphal wall protein) were significantly downregulated (p < 0.05) in 3.3% and 6.6%
DMADDM containing groups when compared with control group, indicating the virulence inhibitory
of DMADDM containing denture base resin.
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Figure 3. The confocal laser scanning microscope (CLSM) images and relative gene expression of  
C. albicans in biofilms: (a) The CLSM images of C. albicans in multi-species biofilms, C. albicans  
dyed red, representative hyphae form of C. albicans was marked with white arrows; (b) Relative 
gene expression in C. albicans. Values are significantly different when labelled with different letters  
(p < 0.05). 
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Multi-species biofilms on DMADDM containing groups reduced the damage of TR-146 cell 
notably (p < 0.05) (Figure 4a), especially for 3.3% and 6.6% DMADDM groups (p < 0.05). The TR-146 
cell expressed low level of IL-18 (encoding pro-inflammatory cytokine) and Dectin-1 (encoding a 
Candida receptor) when co-cultured with the biofilm formed on DMADDM containing denture base 
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Figure 3. The confocal laser scanning microscope (CLSM) images and relative gene expression of
C. albicans in biofilms: (a) The CLSM images of C. albicans in multi-species biofilms, C. albicans dyed red,
representative hyphae form of C. albicans was marked with white arrows; (b) Relative gene expression
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2.4. DMADDM Reduced the Cell Damage Caused by Multi-Species Biofilm and Also Redeced the Candida
Receptor and the Pro-Flammatory Cytokine Prodction of TR-146 Cell

Multi-species biofilms on DMADDM containing groups reduced the damage of TR-146 cell
notably (p < 0.05) (Figure 4a), especially for 3.3% and 6.6% DMADDM groups (p < 0.05). The TR-146
cell expressed low level of IL-18 (encoding pro-inflammatory cytokine) and Dectin-1 (encoding a
Candida receptor) when co-cultured with the biofilm formed on DMADDM containing denture base
resin (p < 0.05) (Figure 4b) consistent with the reduced C. albicans virulence factors in these groups
(Figure 3).
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The present research investigated the effect of the denture base resin containing DMADDM on 
multi-species biofilm as well as the biocompatibility of this new modified material. Our results 
confirmed that denture base resin containing DMADDM groups can significantly inhibit the  

Figure 4. Cell damage based on lactate dehydrogenase (LDH) activity and relative gene expression of
TR-146 cell: (a) Cell damage based on LDH activity after co-culture with biofilm formed on different
DMADDM containing groups; (b) Relative gene expression of TR-146 cell after it was co-cultured
with biofilms of different groups. Values are significantly different when labelled with different letters
(p < 0.05).

2.5. Biocompatibility of DMADDM Modified Denture Base Resin in Vivo

The biocompatibility of denture base resin was assessed in vivo by subcutaneous implantation
in rats followed by examining the inflammation response of surrounding tissue (Figure 5a). The
inflammation response of the surrounding tissue in denture base resin containing 1.65% and 3.3%
DMADDM groups were similar to the control (p > 0.05). Only the 6.6%DMADDM containing group
increased the inflammatory response (p < 0.05) (Figure 5b).
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3. Discussion

The present research investigated the effect of the denture base resin containing DMADDM on
multi-species biofilm as well as the biocompatibility of this new modified material. Our results
confirmed that denture base resin containing DMADDM groups can significantly inhibit the
multi-species biofilms containing bacteria and fungi, which not only confirmed the antibacterial
ability of DMADDM as described previously [30], but also implied its antifungal ability for the first
time. The less C. albicans in multi-species biofilm of DMADDM containing groups may result from two
possible ways: (i) DMADDM can directly inhibit the growth and metabolic activity of C. albicans as
proven by another project on C. albicans single species biofilm subjected to DMADDM treatment [31];
(ii) C. albicans dose benefit from oral bacteria [32], which means that DMADDM may also block the C.
albicans growth promotion caused by bacterial neighbors. It was well known that QAS has the “contact
killing” antibacterial mechanism [28,29], while the antifungal mechanism of QAS remained unknown.
Though the cell structure of fungus is more complex than that of bacteria, the cell surface of C. albicans
was also negative charges which may lead it to be “killed” as same as bacteria due to the “contact
killing” mechanism.

C. albicans, an opportunistic pathogen in humans with high detection rates, is a major cause
of denture stomatitis [19]. Plenty of studies used C. albicans single species biofilm as a model for
high-throughput screening assays and antifungal testing [33–35]. However, bacteria also exist in
denture biofilm and will undoubtedly alter the local microenvironment [7,36]. Bacteria also take part
in the pathogenesis of C. albicans infections [37]. In this study, we used a multi-species biofilm model
constructed of C. albicans, S. mutans, A. naeslundii, and S. sanguinis to stimulate the more complex
denture biofilm, and to evaluate the co-effects caused by oral bacteria and C. albicans focusing on the
phenotype of C. albicans which we concerned about much at the same time taking the bacteria factor
into consideration [7].

It is well known that C. albicans hyphal form is more pathogenic than the yeast form. The hyphal
development of C. albicans plays an important role in disease by epithelial cells invasion and tissue
damage [38,39]. The C. albicans morphological switch from yeast form to hyphal form is not only
influenced by surroundings, like temperature, composition of gas, pH, and nutrients, but also affected
by the interaction with the microbiological flora [39]. Our results presented that DMADDM containing
groups reduced the hyphal from in multi-species biofilm without changing the pH value (appendix B)
implying that DMADDM may directly inhibit the hyphal development or disrupted the interactions
between fungi and bacteria. The low expression of virulence genes ALS3 and HWP1 of C. albicans
was consistent with the less hyphal form in DMADDM containing groups. HWP1 is associated with
adhesion and expresses specially on hyphae form, while ALS3 is a kind of adhesion associated with
substratum adhesion [32]. The inhibition of hyphal development together with the reduction of
virulence gene expression (HWP1 and ALS3) suggested that DMADDM can inhibit not only the growth
of multi-species biofilm but also the virulence factors of C. albicans.

A recent study showed that the multi-species biofilm containing C. albicans and oral bacteria
not only upregulated the virulence gene expression of C. albicans but also promoted cell damage and
upregulated IL-18 (encoding a pro-inflammatory cytokine) as well as Dectin-1 (a Candida receptor)
expression of reconstituted human oral epithelium after co-culture with biofilm, when compared
with C. albicans single species biofilm [32]. Our results showed that there was lower cell damage in
DMADDM containing groups (Figure 4a) and the IL-18 and Dectin-1 expression of TR-146 cells were
also downregulated compared with the control group (Figure 4b) possibly due to the decrease of the
biomass of multi-species biofilm and the inhibition of C. albicans virulence factors.

The well biosafety is indispensable for clinical application of materials. Previous studies used
human gingival fibroblasts and odontoblast to determine the cytotoxicity in vitro and the results
showed good biocompatibility with DMADDM [23,40]. A recent study showed milder pulpal
inflammation in composite and adhesive containing DMADDM in a rat tooth cavity model when
they investigated the antibacterial and remineralizing restorations of DMADDM [41]. In this study,
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we used a subcutaneous implantation to examine the tissue response of different DMADDM content
groups. Our results showed that 1.65% and 3.3% DMADDM containing groups had no significant
effect on inflammatory response compared with the control group, suggesting good biocompatibility
and biosafety of the newly synthesized material contained DMADDM as an antimicrobial additive.

In conclusion, we granted the denture base resin the abilities of antimicrobial activities, decrease
of fungal virulence factors, reduction of cell damage, with no significant change on biocompatibility
by adding DMADDM until 3.3%. Though there was still a lot work to do before it could be approved
for use in vivo, this novel modified resin may be considered as a new promising therapeutic system to
replace the conventional denture base material placing the DMADDM containing surface to fit closely
with the oral epithelium surface to combat problems caused by microbes on the denture base such as
denture stomatitis.

4. Materials and Methods

4.1. DMADDM Synthesis and Preparation of Specimen

The synthesis and identification of DMADDM were according to a previous research [25]
(see appendix A for detail). For specimen preparation, a heat-polymerized acrylic resin (Jianchi
Dental Equipment, Changzhi, China) was used and prepared according to the specifications then made
into into cube (10 mm square by 1.2 mm thick) (appendix B). For the in vitro experiment, DMADDM
was mixed with one-third of specimen, at a mass fraction of 0% (control group), 1.65%, 3.3%, and 6.6%
under the premise that not affected the mechanical properties [31]. For in vivo experiments, the entire
specimen was mixed with DMADDM at the same mass fraction as the in vitro experiment. The surface
roughness was standardized to 75.5 ˘ 17.5 nm using a horizontal polisher (Struers, Shanghai, China)
with gradually finer aluminum oxide papers (400-, 600-, 800-, 1000-, 1200-, and 2400-grit) to exclude the
roughness factor influence, as the roughness of three DMADDM containing groups had no significant
difference when compared with the control group (Data not shown). To eliminate residual monomer,
all the samples were immersed in distilled water for 1 day.

4.2. Microbial Cultures and Multi-Species Biofilm Formation

Streptococcus sanguinis ATCC 10556, Candida albicans ATCC 90028, Actinomyces naeslundii ATCC
12104, and Streptococcus mutans UA159 were all supplied by the State Key Laboratory of Oral Diseases
(Sichuan University, Chengdu, China). C. albicans were cultured in yeast peptone dextrose (YPD) at
37 ˝C aerobically, while S. mutans, S. sanguinis, and A. naeslundii were cultured in brain heart infusion
broth (BHI; Oxoid, Basingstoke, UK) with the condition of 37 ˝C anaerobically (5% CO2, 90% N2,
5% H2).

The final inoculum for inter-kingdom biofilm formation was composed of C. albicans (105 colony
forming unit (CFU)/mL) and bacteria (107 CFU/mL each) in 2 mL McBain medium [42] with 50 mM
piperazine-1,4-bisethanesulfonic acid (PIPES) and 0.2% sucrose in 24-well plates with specimens placed
at 37 ˝C aerobically for 72 h and the media was changed every 24 h. The final microbial content of
inoculum was determined according to previous research [32].

4.3. pH Measurement

For pH measurement, the 2 mL supernatant of biofilms was collected and measured by pH meter
(Thermo Scientific, Waltham, MA, USA) at 24, 48, and 72 h (appendix C).

4.4. Colony-Forming Unit (CFU) Counts

After culture, specimens with 72 h biofilms were washed twice with PBS buffer to remove
planktonic microbes then moved to culture dishes with 2 mL phosphate buffer saline (PBS) buffer
in advance. Biofilms were collected using sterilized blades to remove microbes from the specimen
then vortexed thoroughly. Brain heart infusion broth (BHI) agar plates and Sabouraud’s dextrose
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agar (SDA) were prepared for culturing the microbes which were gradient diluted in PBS previously.
Then BHI and SDA agar plates were cultured aerobically at 37 ˝C for 2 days for CFU counting.

4.5. 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) Array

XTT array were conducted to measure the metabolic activity of biofilm as described
previously [43]. Specimen with biofilm was washed using PBS followed by adding 1 mL XTT working
regent (XTT at concentration of 0.5 g/L with menadione at concentration of 1 µM) then cultured for
2 h at 37 ˝C. Microplate spectrophotometer (Gene, Hong Kong, China) was used to read the OD490 nm.

4.6. Cell Culture

The commercially obtained TR-146 cell (JENNIO Biological Technology, Guangzhou, China) was
routinely cultured in dulbecco’s modification of eagle’s medium (DMEM) (Gibco, Carlsbad, CA, USA)
+ 10% FBS (fatal bovine serum, Gibco) at 37 ˝C and 5% CO2. 12 mm diameter glass coverslips were
placed at the bottom of 12-well plates. Then the cells were seeded into the plate and cultured until
confluency was reached.

4.7. Cell Damage Assay

LDH array were conducted to determine the TR 146 cell damage after the cells were co-cultured
with biofilm as previously [32,44]. Briefly, monolayers of TR-146 cell grown on glass were overlaid on
biofilm’s surface which formed on acrylic coupons then incubated for 6 h in 2 mL FBS-free DMEM
with the condition of 37 ˝C and 5% CO2. After that, the supernatant was used for LDH array while
the TR-146 cell was used for RNA isolation for Real-time PCR. The LDH activity was analyzed
using a Roche cytotoxicity detection kitplus (LDH) followed by measuring absorbance at 492 nm. For
background cell control, after monolayer TR-146 cells were incubated with DMEM, the supernatant
was used for LDH activity detection. For background biofilm control, after biofilm was incubated
with DMEM, the supernatant was used for LDH activity detection. For high control, 1% Triton X-100
was added by using a pipette tip to disrupt monolayer TR-146 cells for the last 1 h of incubation. The
cytotoxicity percentage was determined in the following equation: experimental value minus cells
control minus biofilm control/mean high control minus cells control.

4.8. RNA Isolation and Real-Time PCR

For biofilm’s RNA isolation, the microbes were collected by centrifugation then were resuspended
in RNALater (Life Technologies, Carlsbad, CA, USA). The samples were stored at ´20 ˝C until RNA
extraction. Microorganisms were resuspended in 1 mL TRIzol regent (Invitrogen, Carlsbad, CA, USA)
and then were disrupted in a Precellys 24 system (Bertin Technologies, Paris, France) by high-speed
homogenization with glass beads. Phenol:chloroform:isoamyl alcohol (25:24:1) (Solorbio, Beijing,
China) was used for demixing to acquire total nucleic acid. For RNA isolation from TR-146 cell after it
was co-cultured with biofilm, total RNA was isolated form cells using the TRizol regent (Invitrogen)
according to manufacturers’ instructions. Then the DNA contamination from two kinds of samples
was removed by PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) from Takara Bio
(Otsu, Japan). The total RNA concentration and purity from two kinds of samples were measured by a
Nanodrop 2000 spectrophotometer from Thermo Scientific. Reverse transcription was performed by
using a PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) from Takara Bio.

Triplicate Real-time PCRs were performed in 96-well plates in CFX 96 equipment (Bio-Rad,
Hercules, CA, USA) using SYBR® Premix Ex Taq™ (Tli RNaseH Plus) from Takara Bio. 20 µL of each
reaction system comprised 10 µL SYBR Premix Ex Taq II (2ˆ), 2 µL template cDNA, and forward
and reverse primers (10 µM each list in appendix D, Table 1). ACT1 was used to normalize the gene
expression of C. albicans while the β-actin as was used as the reference gene for TR-146 cell. The
reaction conditions are set as follows: 2 min at 95 ˝C, then 40 cycles of 15 s at 95 ˝C, and 30 s at 58 ˝C.
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Then the results calculated by normalizing target genes to respective reference gene based on the
2´∆∆Ct method.

4.9. Biofilm Imaging

Live/dead staining was used for observing the microbial viability. For live/dead imaging, the
biofilms were stained with 2.5 µM SYTO 9 and propidium iodide (Invitrogen) for 15 min following
the manufacturer’s instruction [32]. For Candida staining, the biofilm were stained with 25 µM
concanavalin-A conjugated with Alexa Fluor® 594 (Invitrogen) for 30 min [45]. The Leica CLSM was
used to acquire the biofilms images using a 63ˆ objective lens. The channels were set as follows:
excitation/emission maxima 480/500 nm for SYTO 9 stain, 490/635 nm for propidium iodide stain,
while 590/617 nm for concanavalin-A stain.

All the biofilms’ three-dimensional reconstruction and thickness were performed by software
Imaris 7.0.0 (Bitplane, Zürich, Switzerland). The live/dead bacteria biomass was quantified using
software COMSTAT (http://www.imageanalysis.dk) as described previously [25,46].

4.10. Biocompatibility Experiment

The toxicity of denture base resin containing DMADDM was operated as described before [47].
Briefly, 10-week-old male Wistar rats with starting body weights of 285–300 g were obtained from
Chengdu Dashuo Biotechnology Co., Ltd. (Chengdu, China). Specimens that contained various
concentrations of DMADDM were subcutaneously implanted into Wistar rats. Ten male Wistar rats
were separated into two groups. Five Wistar rats were implanted into one piece of 0% DMADDM
specimen (control) on the left side and one piece of 1.65% DMADDM specimen on the right side.
Another 5 Wistar rats were implanted into one piece of 3.3% DMADDM specimen on the left side
and one piece of 6.6% DMADDM specimen on the opposite side. After 8 days, all the rats were
anesthetized to sacrifice. 4% paraformaldehyde-fixed tissue surrounding specimen was used for
histopathological analysis. 5 µm paraffin-embedded tissue sections were prepared with HE staining
technique and HE images all captured with a 4ˆ objective lens. Tissue inflammatory response was
evaluated according to 5 fields with each group assigned severity grades according to none or few,
slight, moderate, and severe inflammatory level as a previous study which scored 1–4, respectively [37].
The animal experiment was conducted following the guiding principles of local Animal Welfare
Committee (Ethics Committee of West China Hospital of Stomatology, Sichuan University, Chengdu,
China) (registration no.WCCSIRB-2015-108, date of approval: 22 October 2015).

4.11. Statistical Analysis

Data was subjected to one-way ANOVA to examine the significance of variables followed with
Student–Newman–Keuls except the inflammatory response scores. Differences were considered
significant when p < 0.05. While inflammatory response scores were subjected to nonparametric
Kruskall–Wallis analysis and the Mann–Whitney U-test at α = 0.05 level. Software SPSS16.0 (SPSS Inc.,
Chicago, IL, USA) was operated for statistical analysis.
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Abbreviations

DMADDM Dimethylaminododecyl methacrylate
QAS Quaternary ammonium salts
DMAD 1-(dimethylamino)dodecan
BEMA 2-bromoethyl methacrylate
CLSM Confocal laser scanning microscope
LDH Lactate dehydrogenase

Appendix A

Synthesis of DMADDM

Briefly, 10 mmol of 1-(dimethylamino)dodecan (DMAD) (Tokyo Chemical Industry, Tokyo, Japan),
10 mmol of 2-bromoethyl methacrylate (BEMA) and 3 g ethanol were added in a 20 mL vial with a
magnetic stir bar. The vial was capped and stirred at 70 ˝C for 24 h. After that, the ethanol solvent was
removed via evaporation, yielding DMADDM as a clear, colorless, and viscous liquid.
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Appendix D

Table D1. Primers used in Real-time PCR [31]. FW: forward; RV: reverse.

Primers Nucelotide Sequence (51–31)

ACT1
FW-TGCTGAACGTATGCAAAAGG
RV-TGAACAATGGATGGACCAGA

ALS1
FW-CCCAACTTGGAATGCTGTTT
RV-TTTCAAAGCGTCGTTCACAG

ALS3
FW-CTGGACCACCAGGAAACACT
RV-GGTGGAGCGGTGACAGTAGT

SAP4
FW-GTCAATGTCAACGCTGGTGTCC
RV-ATTCCGAAGCAGGAACGGTGTCC

SAP6
FW-AAAATGGCGTGGTGACAGAGGT
RV-CGTTGGCTTGGAAACCAATACC

HWP1
FW-TCTACTGCTCCAGCCACTGA
RV-CCAGCAGGAATTGTTTCCAT

PLD1
FW-GCCAAGAGAGCAAGGGTTAGCA
RV-CGGATTCGTCATCCATTTCTCC

β-actin FW-GAGCACAGAGCCTCGCCTTTGCCGAT
RV-ATCCTTCTGACCCATGCCCACCATCACG

IL-18
FW-CCTTCCAGATCGCTTCCTCTCGCAACAA
RV-CAAGCTTGCCAAAGTAATCTGATTCCAGGT

Dectin1
FW-ACAGCAATGAGGCGCCAAGGAGGAGATG
RV-GGAGCAGAAAGAAAAGAGCTCCCAAATGCT

References

1. Nakahara, T.; Harada, A.; Yamada, Y.; Odashima, Y.; Nakamura, K.; Inagaki, R.; Kanno, T.; Sasaki, K.;
Niwano, Y. Influence of a new denture cleaning technique based on photolysis of H2O2 the mechanical
properties and color change of acrylic denture base resin. Dent. Mater. J. 2013, 32, 529–536. [CrossRef]
[PubMed]

2. Akpan, A.; Morgan, R. Oral candidiasis. Postgrad. Med. J. 2002, 78, 455–459. [CrossRef] [PubMed]
3. Pereira-Cenci, T.; del bel Cury, A.A.; Crielaard, W.; Ten Cate, J.M. Development of Candida-associated

denture stomatitis: New insights. J. Appl. Oral Sci. 2008, 16, 86–94. [CrossRef] [PubMed]
4. Arendorf, T.M.; Walker, D.M. Denture stomatitis: A review. J. Oral Rehabil. 1987, 14, 217–227. [CrossRef]

[PubMed]
5. Nikawa, H.; Hamada, T.; Yamamoto, T. Denture plaque—Past and recent concerns. J. Dent. 1998, 26, 299–304.

[CrossRef]
6. Jepson, N.J.; Moynihan, P.J.; Kelly, P.J.; Watson, G.W.; Thomason, J.M. Restorative dentistry: Caries incidence

following restoration of shortened lower dental arches in a randomized controlled trial. Br. Dent. J. 2001,
191, 140–144. [CrossRef] [PubMed]

7. Coulthwaite, L.; Verran, J. Potential pathogenic aspects of denture plaque. Br. J. Biomed. Sci. 2007, 64, 180–189.
[CrossRef] [PubMed]

8. Taylor, G.W.; Loesche, W.J.; Terpenning, M.S. Impact of oral diseases on systemic health in the elderly:
Diabetes mellitus and aspiration pneumonia. J. Public Health Dent. 2000, 60, 313–320. [CrossRef] [PubMed]

9. Parahitiyawa, N.B.; Jin, L.J.; Leung, W.K.; Yam, W.C.; Samaranayake, L.P. Microbiology of odontogenic
bacteremia: Beyond endocarditis. Clin. Microbiol. Rev. 2009, 22, 46–64. [CrossRef] [PubMed]

http://dx.doi.org/10.4012/dmj.2013-047
http://www.ncbi.nlm.nih.gov/pubmed/23903632
http://dx.doi.org/10.1136/pmj.78.922.455
http://www.ncbi.nlm.nih.gov/pubmed/12185216
http://dx.doi.org/10.1590/S1678-77572008000200002
http://www.ncbi.nlm.nih.gov/pubmed/19089197
http://dx.doi.org/10.1111/j.1365-2842.1987.tb00713.x
http://www.ncbi.nlm.nih.gov/pubmed/3298586
http://dx.doi.org/10.1016/S0300-5712(97)00026-2
http://dx.doi.org/10.1038/sj.bdj.4801122
http://www.ncbi.nlm.nih.gov/pubmed/11523885
http://dx.doi.org/10.1080/09674845.2007.11732784
http://www.ncbi.nlm.nih.gov/pubmed/18236742
http://dx.doi.org/10.1111/j.1752-7325.2000.tb03341.x
http://www.ncbi.nlm.nih.gov/pubmed/11243053
http://dx.doi.org/10.1128/CMR.00028-08
http://www.ncbi.nlm.nih.gov/pubmed/19136433


Int. J. Mol. Sci. 2016, 17, 1033 12 of 13

10. Li, L.; Finnegan, M.B.; Özkan, S.; Kim, Y.; Lillehoj, P.B.; Ho, C.M.; Lux, R.; Mito, R.; Loewy, Z.; Shi, W. In vitro
study of biofilm formation and effectiveness of antimicrobial treatment on various dental material surfaces.
Mol. Oral Microbiol. 2010, 25, 384–390. [CrossRef] [PubMed]

11. Alam, M.; Jagger, R.; Vowles, R.; Moran, J. Comparative stain removal properties of four commercially
available denture cleaning products: An in vitro study. Int. J. Dent. Hyg. 2011, 9, 37–42. [CrossRef] [PubMed]

12. Stopiglia, C.D.; Collares, F.M.; Ogliari, F.A.; Piva, E.; Fortes, C.B.; Samuel, S.M.; Scroferneker, M.L.
Antimicrobial activity of [2-(methacryloyloxy)ethyl]trimethylammonium chloride against Candida spp.
Rev. Iberoam. Micol. 2012, 29, 20–23. [CrossRef] [PubMed]

13. Sivakumar, I.; Arunachalam, K.S.; Sajjan, S.; Ramaraju, A.V.; Rao, B.; Kamaraj, B. Incorporation of
Antimicrobial Macromolecules in Acrylic Denture Base Resins: A Research Composition and Update.
J. Prosthodont. 2014, 23, 284–290. [CrossRef] [PubMed]

14. Acosta-Torres, L.S.; Mendieta, I.; Nuñez-Anita, R.E.; Cajero-Juárez, M.; Castaño, V.M. Cytocompatible
antifungal acrylic resin containing silver nanoparticles for dentures. Int. J. Nanomed. 2012, 7, 4777–4786.

15. Paleari, A.G.; Marra, J.; Pero, A.C.; Rodriguez, L.S.; Ruvolo-Filho, A.; Compagnoni, M.A. Effect of
incorporation of 2-tert-butylaminoethyl methacrylate on flexural strength of a denture base acrylic resin.
J. Appl. Oral Sci. 2011, 19, 195–199. [PubMed]

16. Cao, Z.; Sun, X.; Yeh, C.K.; Sun, Y. Rechargeable infection-responsive antifungal denture materials. J. Dent.
Res. 2010, 89, 1517–1521. [CrossRef] [PubMed]

17. Arai, T.; Ueda, T.; Sugiyama, T.; Sakurai, K. Inhibiting microbial adhesion to denture base acrylic resin by
titanium dioxide coating. J. Oral Rehabil. 2009, 36, 902–908. [CrossRef] [PubMed]

18. Redding, S.; Bhatt, B.; Rawls, H.R.; Siegel, G.; Scott, K.; Lopez-Ribot, J. Inhibition of Candida albicans biofilm
formation on denture material. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2009, 107, 669–672.
[CrossRef] [PubMed]

19. Calderone, R.A.; Fonzi, W.A. Virulence factors of Candida albicans. Trends Microbiol. 2001, 9, 327–335.
[CrossRef]

20. Xu, H.; Sobue, T.; Thompson, A.; Xie, Z.; Poon, K.; Ricker, A.; Cervantes, J.; Diaz, P.I.; Dongari-Bagtzoglou, A.
Streptococcal co-infection augments Candida pathogenicity by amplifying the mucosal inflammatory
response. Cell. Microbiol. 2014, 16, 214–231. [CrossRef] [PubMed]

21. Ricker, A.; Vickerman, M.; Dongari-Bagtzoglou, A. Streptococcus gordonii glucosyltransferase promotes
biofilm interactions with Candida albicans. J. Oral Microbiol. 2014, 6, 23419. [CrossRef] [PubMed]

22. Sztajer, H.; Szafranski, S.P.; Tomasch, J.; Reck, M.; Nimtz, M.; Rohde, M.; Wagner-Döbler, I. Cross-feeding and
interkingdom communication in dual-species biofilms of Streptococcus mutans and Candida albicans. ISME J.
2014, 8, 2256–2271. [CrossRef] [PubMed]

23. Li, F.; Weir, M.D.; Fouad, A.F.; Xu, H.H. Time-kill behaviour against eight bacterial species and cytotoxicity
of antibacterial monomers. J. Dent. 2013, 41, 881–891. [CrossRef] [PubMed]

24. Wang, S.; Zhang, K.; Zhou, X.; Xu, N.; Xu, H.H.; Weir, M.D.; Ge, Y.; Wang, S.; Li, M.; Li, Y.; Xu, X.;
Cheng, L. Antibacterial Effect of Dental Adhesive Containing Dimethylaminododecyl Methacrylate on the
Development of Streptococcus mutans Biofilm. Int. J. Mol. Sci. 2014, 15, 12791–12806. [CrossRef] [PubMed]

25. Zhang, K.; Wang, S.; Zhou, X.; Xu, H.H.; Weir, M.D.; Ge, Y.; Li, M.; Wang, S.; Li, Y.; Xu, X.; Zheng, L.; Cheng, L.
Effect of Antibacterial Dental Adhesive on Multispecies Biofilms Formation. J. Dent. Res. 2015, 94, 622–629.
[CrossRef] [PubMed]

26. Cheng, L.; Weir, M.D.; Zhang, K.; Arola, D.D.; Zhou, X.; Xu, H.H. Dental primer and adhesive containing a
new antibacterial quaternary ammonium monomer dimethylaminododecyl methacrylate. J. Dent. 2013, 41,
345–355. [CrossRef] [PubMed]

27. Zhang, K.; Cheng, L.; Wu, E.J.; Weir, M.D.; Bai, Y.; Xu, H.H. Effect of water-ageing on dentine bond strength
and anti-biofilm activity of bonding agent containing new monomer dimethylaminododecyl methacrylate.
J. Dent. 2013, 41, 504–513. [CrossRef] [PubMed]

28. Chen, X.; Cai, K.; Fang, J.; Lai, M.; Li, J.; Hou, Y.; Luo, Z.; Hu, Y.; Tang, L. Dual action antibacterial TiO2

nanotubes incorporated with silver nanoparticles and coated with a quaternary ammonium salt (QAS).
Surf. Coat. Technol. 2013, 216, 158–165. [CrossRef]

29. Imazato, S.; Ma, S.; Chen, J.H.; Xu, H.H. Therapeutic polymers for dental adhesives: Loading resins with
bio-active components. Dent. Mater. 2014, 30, 97–104. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.2041-1014.2010.00586.x
http://www.ncbi.nlm.nih.gov/pubmed/21040512
http://dx.doi.org/10.1111/j.1601-5037.2009.00432.x
http://www.ncbi.nlm.nih.gov/pubmed/21226849
http://dx.doi.org/10.1016/j.riam.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21473928
http://dx.doi.org/10.1111/jopr.12105
http://www.ncbi.nlm.nih.gov/pubmed/24138425
http://www.ncbi.nlm.nih.gov/pubmed/21625732
http://dx.doi.org/10.1177/0022034510379604
http://www.ncbi.nlm.nih.gov/pubmed/20940361
http://dx.doi.org/10.1111/j.1365-2842.2009.02012.x
http://www.ncbi.nlm.nih.gov/pubmed/19941590
http://dx.doi.org/10.1016/j.tripleo.2009.01.021
http://www.ncbi.nlm.nih.gov/pubmed/19426921
http://dx.doi.org/10.1016/S0966-842X(01)02094-7
http://dx.doi.org/10.1111/cmi.12216
http://www.ncbi.nlm.nih.gov/pubmed/24079976
http://dx.doi.org/10.3402/jom.v6.23419
http://www.ncbi.nlm.nih.gov/pubmed/24490004
http://dx.doi.org/10.1038/ismej.2014.73
http://www.ncbi.nlm.nih.gov/pubmed/24824668
http://dx.doi.org/10.1016/j.jdent.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23876930
http://dx.doi.org/10.3390/ijms150712791
http://www.ncbi.nlm.nih.gov/pubmed/25046750
http://dx.doi.org/10.1177/0022034515571416
http://www.ncbi.nlm.nih.gov/pubmed/25715378
http://dx.doi.org/10.1016/j.jdent.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23353068
http://dx.doi.org/10.1016/j.jdent.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23583528
http://dx.doi.org/10.1016/j.surfcoat.2012.11.049
http://dx.doi.org/10.1016/j.dental.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23899387


Int. J. Mol. Sci. 2016, 17, 1033 13 of 13

30. Zhou, H.; Weir, M.D.; Antonucci, J.M.; Schumacher, G.E.; Zhou, X.D.; Xu, H.H. Evaluation of
three-dimensional biofilms on antibacterial bonding agents containing novel quaternary ammonium
methacrylates. Int. J. Oral Sci. 2014, 6, 77–86. [CrossRef] [PubMed]

31. Chen, H.; Han, Q.; Zhou, X.; Zhang, K.; Wang, S.; Xu, H.H.; Weir, M.D.; Feng, M.; Li, M.; Ren, B.; Cheng, L.
Heat-polymerized resin containing dimethylaminododecyl methacrylate inhibits Candida albicans biofilm.
J. Dent. 2016. submitted.

32. Cavalcanti, Y.W.; Morse, D.J.; da Silva, W.J.; Del-Bel-Cury, A.A.; Wei, X.; Wilson, M.; Milward, P.; Lewis, M.;
Bradshaw, D.; Williams, D.W. Virulence and pathogenicity of Candida albicans is enhanced in biofilms
containing oral bacteria. Biofouling 2015, 31, 27–38. [CrossRef] [PubMed]

33. Chandra, J.; Mukherjee, P.K.; Leidich, S.D.; Faddoul, F.F.; Hoyer, L.; Douglas, L.J.; Ghannoum, M.A.
Antifungal resistance of Candidal biofilms formed on denture acrylic in vitro. J. Dent. Res. 2001, 80, 903–908.
[CrossRef] [PubMed]

34. Braga, P.C.; Culici, M.; Alfieri, M.; dal Sasso, M. Thymol inhibits Candida albicans biofilm formation and
mature biofilm. Int. J. Antimicrob. Agents 2008, 31, 472–477. [CrossRef] [PubMed]

35. Pusateri, C.R.; Monaco, E.A.; Edgerton, M. Sensitivity of Candida albicans biofilm cells grown on denture
acrylic to antifungal proteins and chlorhexidine. Arch. Oral Biol. 2009, 54, 588–594. [CrossRef] [PubMed]

36. Campos, M.S.; Marchini, L.; Bernardes, L.A.; Paulino, L.C.; Nobrega, F.G. Biofilm microbial communities of
denture stomatitis. Oral Microbiol. Immunol. 2008, 23, 419–424. [CrossRef] [PubMed]

37. Shirtliff, M.E.; Peters, B.M.; Jabra-Rizk, M.A. Cross-kingdom interactions: Candida albicans and bacteria.
FEMS Microbiol. Lett. 2009, 299, 1–8. [CrossRef] [PubMed]

38. Salerno, C.; Pascale, M.; Contaldo, M.; Esposito, V.; Busciolano, M.; Milillo, L.; Guida, A.; Petruzzi, M.;
Serpico, R. Candida-associated denture stomatitis. Med. Oral Patol. Oral Cir. Bucal 2011, 16, e139–e143.
[CrossRef] [PubMed]

39. Sudbery, P.E. Growth of Candida albicans hyphae. Nat. Rev. Microbiol. 2011, 9, 737–748. [CrossRef] [PubMed]
40. Li, F.; Weir, M.D.; Chen, J.; Xu, H.H. Effect of charge density of bonding agent containing a new quaternary

ammonium methacrylate on antibacterial and bonding properties. Dent. Mater. 2014, 30, 433–441. [CrossRef]
[PubMed]

41. Li, F.; Wang, P.; Weir, M.D.; Fouad, A.F.; Xu, H.H. Evaluation of antibacterial and remineralizing
nanocomposite and adhesive in rat tooth cavity model. Acta Biomater. 2014, 10, 2804–2813. [CrossRef]
[PubMed]

42. McBain, A.J.; Sissons, C.; Ledder, R.G.; Sreenivasan, P.K.; de Vizio, W.; Gilbert, P. Development and
characterization of a simple perfused oral microcosm. J. Appl. Microbiol. 2005, 98, 624–634. [CrossRef]
[PubMed]

43. Peters, B.M.; Ward, R.M.; Rane, H.S.; Lee, S.A.; Noverr, M.C. Efficacy of ethanol against Candida albicans
and Staphylococcus aureus polymicrobial biofilms. Antimicrob. Agents Chemother. 2013, 57, 74–82. [CrossRef]
[PubMed]

44. Dalle, F.; Wächtler, B.; L’Ollivier, C.; Holland, G.; Bannert, N.; Wilson, D.; Labruère, C.; Bonnin, A.; Hube, B.
Cellular interactions of Candida albicans with human oral epithelial cells and enterocytes. Cell. Microbiol.
2010, 12, 248–271. [CrossRef] [PubMed]

45. Boros-Majewska, J.; Salewska, N.; Borowski, E.; Milewski, S.; Malic, S.; Wei, X.Q.; Hayes, A.J.; Wilson, M.J.;
Williams, D.W. Novel Nystatin A1 derivatives exhibiting low host cell toxicity and antifungal activity in an
in vitro model of oral candidosis. Med. Microbiol. Immunol. 2014, 203, 341–355. [CrossRef] [PubMed]

46. Xiao, J.; Klein, M.I.; Falsetta, M.L.; Lu, B.; Delahunty, C.M.; Yates, J.R., 3rd; Heydorn, A.; Koo, H.
The exopolysaccharide matrix modulates the interaction between 3D architecture and virulence of a
mixed-species oral biofilm. PLoS Pathog. 2012, 8, e1002623. [CrossRef] [PubMed]

47. Yudovin-Farber, I.; Beyth, N.; Nyska, A.; Weiss, E.I.; Golenser, J.; Domb, A.J. Surface characterization
and biocompatibility of restorative resin containing nanoparticles. Biomacromolecules 2008, 9, 3044–3050.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ijos.2014.18
http://www.ncbi.nlm.nih.gov/pubmed/24722581
http://dx.doi.org/10.1080/08927014.2014.996143
http://www.ncbi.nlm.nih.gov/pubmed/25574582
http://dx.doi.org/10.1177/00220345010800031101
http://www.ncbi.nlm.nih.gov/pubmed/11379893
http://dx.doi.org/10.1016/j.ijantimicag.2007.12.013
http://www.ncbi.nlm.nih.gov/pubmed/18329858
http://dx.doi.org/10.1016/j.archoralbio.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19249746
http://dx.doi.org/10.1111/j.1399-302X.2008.00445.x
http://www.ncbi.nlm.nih.gov/pubmed/18793366
http://dx.doi.org/10.1111/j.1574-6968.2009.01668.x
http://www.ncbi.nlm.nih.gov/pubmed/19552706
http://dx.doi.org/10.4317/medoral.16.e139
http://www.ncbi.nlm.nih.gov/pubmed/20711156
http://dx.doi.org/10.1038/nrmicro2636
http://www.ncbi.nlm.nih.gov/pubmed/21844880
http://dx.doi.org/10.1016/j.dental.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24534376
http://dx.doi.org/10.1016/j.actbio.2014.02.033
http://www.ncbi.nlm.nih.gov/pubmed/24583320
http://dx.doi.org/10.1111/j.1365-2672.2004.02483.x
http://www.ncbi.nlm.nih.gov/pubmed/15715865
http://dx.doi.org/10.1128/AAC.01599-12
http://www.ncbi.nlm.nih.gov/pubmed/23070170
http://dx.doi.org/10.1111/j.1462-5822.2009.01394.x
http://www.ncbi.nlm.nih.gov/pubmed/19863559
http://dx.doi.org/10.1007/s00430-014-0343-4
http://www.ncbi.nlm.nih.gov/pubmed/24924305
http://dx.doi.org/10.1371/journal.ppat.1002623
http://www.ncbi.nlm.nih.gov/pubmed/22496649
http://dx.doi.org/10.1021/bm8004897
http://www.ncbi.nlm.nih.gov/pubmed/18821794
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Dimethylaminododecyl Methacrylate (DMADDM) Reduced the Viable Microbes in the Multi-Species Biofilms 
	DMADDM Changed the Multi-Biofilm Structuel and Inhibited Themetabolic Abilities 
	DMADDM Inhibited the Hypal Development and Virulence Ralated Genes Expression of C. albicans in Multi-Species Biofilms 
	DMADDM Reduced the Cell Damage Caused by Multi-Species Biofilm and Also Redeced the Candida Receptor and the Pro-Flammatory Cytokine Prodction of TR-146 Cell 
	Biocompatibility of DMADDM Modified Denture Base Resin in Vivo 

	Discussion 
	Materials and Methods 
	DMADDM Synthesis and Preparation of Specimen 
	Microbial Cultures and Multi-Species Biofilm Formation 
	pH Measurement 
	Colony-Forming Unit (CFU) Counts 
	2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) Array 
	Cell Culture 
	Cell Damage Assay 
	RNA Isolation and Real-Time PCR 
	Biofilm Imaging 
	Biocompatibility Experiment 
	Statistical Analysis 

	
	
	
	

