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Quaternary ammoniummethacrylates (QAMs) are useful antimicrobial compounds against oral bacteria. Here, we investigated the
effects of two QAMs, dimethylaminododecyl methacrylate (DMADDM) and dimethylaminohexadecyl methacrylate (DMAHDM),
on biofilm formation, survival and development of tolerance by biofilm, and survival and development of tolerance against QAMs
after prolonged starvation. Enterococcus faecalis (E. faecalis), Streptococcus gordonii (S. gordonii), Lactobacillus acidophilus (L.
acidophilus), and Actinomyces naeslundii (A. naeslundii) were used. Minimum inhibitory concentration (MIC) of QAMs against
multispecies biofilm was determined. Biofilm formed under sub-MIC was observed by crystal violet staining and confocal laser
scanning microscopy (CLSM). Metabolic activity was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and lactic acid production measurement. Development of tolerance was determined by MIC values before and
after exposure to QAMs or after prolonged starvation. It was found that E. faecalis and S. gordonii could survive and form
biofilm under sub-MIC of QAMs. Lactic acid production from biofilms formed under sub-MIC was significantly higher than
control specimens (p < 0:05). The exposure to sub-MIC of QAMs promoted biofilm formation, and prolonged starvation or
prolonged contact with sub-MIC helped bacteria develop tolerance against killing by QAMs.

1. Introduction

Dental diseases, including persistent periapical infection, are
biofilm-mediated infections, which have been associated with
the etiology of several systemic diseases, ranging from arthri-
tis to neurodegenerative diseases [1–4]. Biofilm is a commu-
nity of bacteria enclosed in the self-produced polymeric
matrix and adhered to the surface. Growth inside biofilm
facilitates bacteria to survive and produce chronic infection
[5]. Enterococcus spp., Lactobacillus spp., Streptococcus spp.,
and Actinomyces spp. are the most common species in persis-

tent periapical infection [6, 7]. These bacteria can be well
entrenched in the root canal system under lethal concentra-
tions of root canal irrigants and starvation due to biofilm
formation and synergistic effects.

Controlling bacterial infection is the key and difficult point
in the prevention and treatment of endodontic infections. The
use of antimicrobial compounds or antibiotics is an effective
way to control bacterial infection in the root canal system
[8–16]. However, due to the special structure of the root canal
system, bacteria are often starved along with their changed
growth metabolism and sensitivity to antibacterial drugs. So
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drug resistance induced by antibiotics is also a challenge for
the application of antibacterial agents. The gradient of these
agents decreases with the passing time, and it reaches the
concentration that could not inhibit bacterial adhesion or
biofilm formation. Previous studies have shown that bacteria
could make varied changes in their response to antimicrobial
compounds at subminimum inhibitory concentration, such
as changes in morphology, growth kinetics, coaggregation
mechanism, and enzyme and toxin expression [17–21]. Some
studies have shown that antimicrobial compounds under
sub-MIC could reduce biofilm formation while some may
influence biofilm formation on the opposite side [17, 18, 21].

Quaternary ammonium methacrylates (QAMs) are one
kind of cationic compounds with promising antibacterial
and antibiofilm action against oral bacteria [22–24]. They
can be copolymerized and covalently bonded in the dental
materials to form polymer matrices. The QAMs, immobi-
lized material surfaces, are highly positively charged, which
can attract the negatively charged bacteria. Furthermore,
the bacterial membrane would be penetrated and inter-
rupted by the long fatty alkyl chains of QAMs. This unique
“contact killing” antibacterial mechanism made QAMs
provide long-term contact inhibition against biofilm [25–
28]. In our preliminary study, two kinds of novel QAMs
have been synthesized, dimethylaminododecyl methacrylate
(DMADDM) and dimethylaminohexadecyl methacrylate
(DMAHDM), with strong antibiofilm potency [24–32].
And they have been incorporated into dental materials and
cross-linked with the resin matrix to form nonreleasing anti-
microbial materials. Recently, it was found that monomers of
these QAMs could get adsorbed inside the dentine block and
inhibit bacterial colonization on its surface [22] so that these
compounds could achieve subminimum inhibitory concen-
trations. But by now, no study has been reported about their
tolerance against killing after exposure to prolonged starva-
tion and biofilm formation ability under sub-MIC of antibac-
terial compounds. Consequently, a better understanding of
the response of oral biofilm to these sub-MIC of QAMs in
the oral cavity would allow clinicians to make better
informed choices of antibacterial agents.

Therefore, the objectives of this study were to investigate
for the first time the following: (1) the survival status and
drug resistance of bacteria in the infected root canal exposed
to prolonged starvation and (2) the growth and cross-
resistance of bacterial biofilms under the sub-MIC of
DMADDM and DMAHDM.

2. Materials and Methods

2.1. Synthesis of Antimicrobial Compounds. DMADDM was
obtained after chemical reaction between tertiary ammo-
nium compound 2-(dimethylamino)ethyl methacrylate
(DMAEMA) (Sigma-Aldrich) and respective organo-halide
by modified Menschutkin reaction [33]. Briefly, 10mmol of
DMAEMA, 10mmol of 1-bromododecane (BDD), and 3 g
ethanol were mixed together, capped, and starred at 70°C
for 24h in a vial. After 24 h, the vial was left open for ethanol
to evaporate, which left a clear viscous liquid of DMADDM
behind [34]. Likely, DMAHDMwas synthesized via modified

Menschutkin reaction where a tertiary amine group was
reacted with an organo-halide [35].

2.2. Bacterial Selection and Incubation. Enterococcus faecalis
(E. faecalis, ATCC 19433), Streptococcus gordonii (S. gordo-
nii, ATCC 10558), Lactobacillus acidophilus (L. acidophilus,
ATCC 4356), and Actinomyces naeslundii (A. naeslundii,
ATCC 12104) were obtained from State Key Laboratory of
Oral Diseases (West China School of Stomatology, Sichuan
University, China). Bacteria were incubated individually
overnight anaerobically (90% N2, 5% CO2, and 5% H2) at
37°C in brain-heart infusion (BHI) broth (Sigma-Aldrich).
10μL of overnight grown bacterial suspension was trans-
ferred to fresh BHI broth and incubated as described before.
But for the starvation test, bacteria were cultured in distilled
water, without the supply of glucose or other nutrients in
media.

2.3. Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC). To evaluate the antibacte-
rial properties of DMADDM and DMAHDM, a microtiter
plate assay was used to determine the MIC and MBC for the
four species. The MIC was measured as the lowest concentra-
tion of an antimicrobial agent at which no visible bacterial
growth appeared, while MBC was the minimal concentration
that produced no bacterial growth on an agar plate. MICmea-
surements were conducted according to the serial twofold
microdilution method using BHI broth [36, 37]. DMADDM
and DMAHDM were dissolved in sterile distilled water at
200μg/mL and diluted with a culture medium to prepare the
starting concentrations.

2.4. MTT Assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) could be reduced by enzymes
in viable cells to form purple color formazan, thus reflecting
the metabolic activity of the biofilms. Briefly, 1mL of MTT
dye (0.5mg/mL in PBS) was added to each well and incu-
bated anaerobically at 37°C for 1 h. After 1 h, the disk was
transferred to a new 12-well plate and 1mL of dimethyl sulf-
oxide (DMSO) was added to solubilize formazan crystals.
After brief mixing, DMSO solution was then transferred into
a 96-well plate and the absorbance was read at 540nm
(OD540) [26]. Three replicates were tested for each group.

2.5. Lactic Acid Production Measurement. In order to investi-
gate the lactic acid production by biofilm, disks with 5- to
30-day biofilms were washed twice with PBS, then immersed
in 1.5mL buffered peptone water (BPW) (Sigma-Aldrich)
supplemented with 0.2% sucrose and incubated at 37°C in
5% CO2 for 3h. The lactate concentrations in BPW were
determined using a lactate dehydrogenase enzymatic method
by measuring OD340nm [29]. Three replicates were tested for
each group.

2.6. DNA Isolation and Real-Time Polymerase Chain Reaction.
To monitor bacterial composition shifts in biofilm, DNA iso-
lation and quantitative real-time polymerase chain reaction
(qPCR) were performed. Total DNA of biofilms was isolated
and purified using a TIANamp Bacteria DNA kit (TIANGEN,
Beijing, China) according to the manufacturer’s instructions.
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The bacteria were lysed using the enzymatic lysis buffer
(20mMTris-HCl, pH8.0; 2mM sodiumEDTA; and 1.2%Tri-
ton X-100) containing 25mg/mL of lysozyme at 37°C for 1.5h.
The purity and concentration of DNA were detected by a
NanoDrop spectrophotometer (Thermo Fisher Scientific,
USA). The extracts were stored at -20°C for later use [24].

The qPCR was performed by a Bio-Rad CFX96™ Real-
Time System (Bio-Rad, CA, USA). Each real-time PCR
reaction mix consisting of 10μL of TaqMan Universal
PCR Premix Ex Taq, 1.5μL of template, 250 nM (each)
of sense and antisense primers, and 250nM of TaqMan
probes was placed into each well, and the cycling condi-
tions used are as follows: 95°C for 3min, followed by 40
cycles of 95°C for 10 s and 56°C for 30 s. Fluorescence
was detected after each cycle. The specificity of probes
was confirmed by conventional PCR, and the standard
curves of these bacteria were plotted for each primer/probe
set by using threshold cycle values obtained by amplifying
successive 10-fold dilutions of known concentrations of
DNA, which stands for the corresponding concentration
of bacteria from 109 CFUs to 104 CFUs. The quantifica-
tions of three strains were calculated based on standard
curves generated using respective standard strains. Three
replicates were tested for each group. Primers used for
the reaction are listed in Table 1.

2.7. Confocal Laser Scanning Microscopy Analysis. To deter-
mine the biomass of biofilm and volume of extracellular
polysaccharide (EPS) in biofilm, confocal laser scanning
microscopy (CLSM) analysis was performed. Briefly, biofilms
on the disks were washed three times with PBS and then
stained using the BacLight LIVE/DEAD bacterial viability
kit (Molecular Probes, Eugene, OR, USA). The disks were
examined using an inverted epifluorescence microscope
(Eclipse TE2000-S; Nikon, Melville, NY, USA). An EPS assay
was conducted according to a previous study [38]. In brief,
the bacterial cells were labeled with 2.5μmol/L SYTO9 green
fluorescent nucleic acid stain (480 nm/500 nm; Molecular
Probes, Eugene, OR, USA). The polysaccharides were labeled
with 2.5μmol/L Alexa Fluor 647-dextran conjugate (Thermo
Fisher Scientific, Waltham, MA, USA). The disks with bio-
films were examined using confocal laser scanning micros-
copy (Leica, Wetzlar, Germany).

2.8. Biofilm Cross-Resistance Analysis. To investigate the cor-
relation between antibacterial agents, including DMADDM
and DMAHDM, in bacterial cross-resistance, biofilm cross-
resistance analysis was performed. The 30-day-old bacterial
sample after starvation and bacterial samples from 10 days,
20 days, and 30 days of incubation under sub-MIC were col-
lected and incubated anaerobically overnight in BHI broth at
37°C. The overnight grown bacteria were subjected to test
MIC and MBC as described above. Bacteria grown under
sub-MIC of DMADDM and DMAHDM were tested against
the same compounds and exchanged to determine cross-
reactivity to each other.

2.9. Statistical Analysis. Statistical analyses were performed
using SPSS, version 22.0 (SPSS Inc., Chicago, IL, USA).

One-way analyses of variance (ANOVA) were performed to
detect the significant effects of the variables. Tukey’s multiple
comparison test was used to compare the means of each of
the groups. The differences in the means of data were
considered significant if p < 0:05.

3. Results

3.1. Starvation Resistance of Biofilm. Figure 1(a) shows the
logarithm of the number of viable bacteria after 30 days of
starvation. The number of E. faecalis, S. gordonii, and L. aci-
dophilus was significantly increased on day 15 (p < 0:05). The
proportion of E. faecalis increased significantly between day 1
to day 10 and day 25 to day 30 (p < 0:05). The proportion of
S. gordonii also increased on day 20 before observation, and
the growth trend continued until day 25, after which it began
to decline. The proportion of L. acidophilus decreased signif-
icantly on day 10 (p < 0:05) and decreased to 1% on day 30.

The change in the number of each bacterium is shown in
Figure 1(b). E. faecalis grew fastest in the first 10 days
(p < 0:05); then, this condition continued until day 25, after
which the colony units decreased; the number of colony units
significantly decreased from day 10 to day 15, but no signifi-
cant change thereafter (p > 0:05). By the end of the observa-
tion period, the E. faecalis colony count increased by one
log compared with the first day. The S. gordonii colony count
was reduced by one log on day 15. The L. acidophilus colony
count decreased significantly on day 10 (p < 0:05), and the
decline continued until the end of the observation period,
but the decrease was not as significant as day 10 (p > 0:05).
Statistical analysis showed that E. faecalis was the dominant
flora in the suspension, followed by S. gordonii (p < 0:05).

3.2. MIC, MBC of Bacteria. Table 2 shows the changes in tol-
erance of DMADDM and DMAHDM to bacteria after 30
days of starvation. The results were compared with the
MIC, MBC, and obtained in the previous experiments. The
MIC of DMADDM was unchanged, but the MBC and MBIC
values doubled. After 30 days of starvation, the MIC and
MBC of DMAHDM increased by twofold.

3.3. MTT Assay and Lactic Acid Production Measurement. As
shown in Figure 2(a), the metabolic activity of biofilm in the

Table 1: Bacteria-specific primers used for qPCR.

Bacteria Primer pairs

E. faecalis
F: 5′-CGCGAACATTTGATGTGGCT-3′
R: 5′-GTTGATCCGTCCGCTTGGTA-3′

S. gordonii
F: 5′-GCCTTAATAGCACCGCCACT-3′
R: 5′-CCATCTCTGTTGTTAGGGCGT-3′

L. acidophilus
F: 5′-AGAGGTAGTAACTGGCCTTTA-3′

R: 5′-GCGGAAACCTCCCAACA-3′

A. naeslundii
F: 5′-CTCCTACGGGAGGCAGCAG-3′
R: 5′-CACCCACAAACGAGGCAG-3′
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control group increased significantly on day 15 (p < 0:05),
and then the metabolic activity did not change significantly
with mature biofilm (p > 0:05). The biofilm bacterial meta-
bolic activity formed under sub-MIC of DMADDM
increased in the first 10 days (p < 0:05), significantly
decreased from 10 to 25 days (p < 0:05), and increased again
after 30 days (p < 0:05). The biofilm formation under sub-
MIC of DMAHDM was not significantly changed in the first
15 days (p > 0:05), and it decreased significantly after 20 days
and then gradually increased (p < 0:05).

As shown in Figure 2(b), the lactic acid production of the
control group showed a downward trend (p < 0:05). Under
sub-MIC of DMADDM, lactic acid production gradually
increased with biofilm ripening (p < 0:05). There was a
decrease on day 20 and day 30 (p < 0:05). Similarly, the
amount of lactic acid on day 10 increased (p < 0:05) and then
gradually decreased (p < 0:05). Compared with the lactic acid
production in the two experimental groups, it was found that
biofilm produced by the DMAHDM group had more lactic
acid, and the difference was statistically significant except
day 25 (p < 0:05).

3.4. Analysis of Individual Bacteria in Biofilm by qPCR. In the
biofilm formed by sub-MIC of DMADDM and DMAHDM,
the number of E. faecalis increased, and the numbers of L.
acidophilus and A. naeslundii decreased significantly. The
number of S. gordonii decreased in the first 5 days and
remained unchanged afterward. The changes in the number
of single species are shown in Figure 3.

3.5. Analysis of Biofilm Biomass and EPS Production. The
biomass analysis of live and dead bacteria in biofilm exposed
to drugs at sub-MIC is shown in Figure 4(a). There was no
significant difference in the biomass of live bacteria in the
control group and two experimental groups (p > 0:05), while
the biomass of dead bacteria was less on day 5 and increased
on day 10. The biofilm-producing biomass reached the peak
on day 15 under sub-MIC of DMADDM, while the peak of
the DMAHDM group appeared on day 25. Biomass in the
two experimental groups was basically at the same level on
day 5, but the biomass of dead bacteria in the DMADDM
group was significantly reduced on day 10 (p < 0:05) and sig-
nificantly increased on day 15 (p < 0:05). After day 20, there
was no significant change in the biomass of dead bacteria.

The three-dimensional construction of EPS staining of
each group is shown in Figure 4(b). In the control group,
the amount of EPS production increased from day 15,
reached the highest level on day 20, and remained unchanged
thereafter. There was no significant change in the EPS
amount under the sub-MIC of DMADDM. The biofilm
formed under sub-MIC of DMAHDM had significantly
lower EPS than the DMADDM group (p < 0:05), and it
increased slightly on day 10, significantly decreased on day
15 (p < 0:05), and increased on day 20 (p < 0:05), and it
remained unchanged by the end of the experiment. There
was no significant difference in EPS production between the
control group and the DMAHDM group (p > 0:05), but the
EPS production of the control group reached the peak on
day 15.

3.6. Biofilm Cross-Resistance Analysis. Table 3 shows that the
biofilm formed under sub-MIC of DMADDM showed no
resistance to DMADDM. However, the 10-day and 20-day
biofilms doubled the MIC and MBC of DMAHDM, while
the 30-day biofilm increased by 3 and 7 times, respectively.
Biofilm was formed after 10 and 20 days under sub-MIC of
DMAHDM, the MIC of DMAHDM increased by 8 times of
the original MIC, the MBC increased by 16 times, and the
MIC and MBC were at the original level on day 30.
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Figure 1: Analysis of bacterial percentage in biofilm after 30-day starvation. The results are presented as mean ± standard deviation, n = 3.

Table 2: Development of tolerance against DMADDM and
DMAHDM after 30-day starvation.

Antimicrobial compounds
MIC (μg/mL) MBC (μg/mL)
Control Test Control Test

DMADDM 50 50 100 200

DMAHDM 12.5 25 12.5 50
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Figure 2: MTT assay and lactic acid production measurement. (a) Absorbance values of biofilm exposed to sub-MIC of QAMs byMTT assay.
(b) Absorbance values of biofilm exposed to sub-MIC of QAMs by lactic acid production measurement. The results are expressed as mean
± standard deviation, n = 3. ∗p < 0:05.
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Figure 3: Analysis of bacterial percentage in biofilm exposed to sub-MIC of QAMs. (a) The bacterial percentage in biofilm under sub-MIC of
DMADDM. (b) Colony count of each bacterial species under sub-MIC of DMADDM. (c) The bacterial percentage in biofilm under sub-MIC
of DMAHDM. (d) Colony count of each bacterial species under sub-MIC of DMAHDM.
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Figure 4: Continued.
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4. Discussion

Quaternary ammonium methacrylates (QAMs) are a class of
cationic compounds with a broad spectrum of antimicrobial
effects and are widely used in consumer products for disin-
fection purposes. Compared to release-based biomaterials,

QAMs can be copolymerized with the resin matrix to
anchor into the polymer network with prolonged antimi-
crobial ability. QAMs are frequently detected in aquatic
systems at sub-MIC and were found to affect the develop-
ment of antimicrobial resistance if bacteria are exposed to
increasing concentration [39, 40]. However, the effect of
novel DMADDM and DMAHDM exposure to constant
sub-MIC on the development of bacterial resistance in
dental clinical application is unknown. In the study, we
found that E. faecalis along with S. gordonii could survive
and form biofilm under sub-MIC of antimicrobial com-
pounds. Bacteria showed increased tolerance against antimi-
crobial compounds under short exposure to sub-MIC.
Matrix production prevented bacteria from killing by antimi-
crobial compounds, and bacteria exposed to sub-MIC had
more matrix production than bacteria growing in normal
conditions in the absence of antimicrobial compounds.
Therefore, a better understanding of the differential effects
of various QAMs on oral biofilm could provide valuable
information to help clinicians choose the best QAMs for
clinical use.

QAMs affected the cell membrane and biofilm matrix. It
had been suggested that the matrix of biofilms could be
responsible for the increased resistance to antibiotics by act-
ing as a diffusion barrier [41, 42]. Changes in the biofilm
matrix could therefore influence the susceptibility of biofilm
cells to antibiotics. Exopolysaccharides (EPS) could affect the
diffusion of substances in and out of the biofilm, perhaps
helping create a diverse range of microenvironments within
the biofilm [43]. CLSM analysis was used in the study to
identify the live/dead cell volume and cell/EPS volume in
biofilm formed under sub-MIC. The analysis showed that
biofilm formed under sub-MIC was significantly thinner,
which indicated that biofilm formation was inhibited in the
presence of antimicrobial compounds. However, the live cell
volume and EPS volume from biofilm formed under sub-
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Figure 4: Analysis of biofilm biomass and EPS production in biofilm exposed to sub-MIC of QAMs. (a) Three-dimensional reconstruction
images of biofilm under sub-MIC of DMADDM (live bacteria, stained green; dead cells, stained red). (b) Biomass analysis of live/dead
bacteria under sub-MIC of DMADDM. (c) Three-dimensional reconstruction of EPS under sub-MIC of DMAHDM (bacteria, stained
green; EPS, stained red). (d) Analysis of EPS production and biofilm volume under sub-MIC of DMAHDM. Data are presented as mean
± standard deviation, n = 3. ∗p < 0:05.

Table 3: Biofilm cross-resistance analysis.

(a)

Antimicrobial compounds MIC (μg/mL) MBC (μg/mL)

DMADDM 50 100

DMAHDM 12.5 12.5

MIC and MBC values of biofilm exposed to DMADDM/DMAHDM.

(b)

Exposed to
sub-MIC of
DMADDM

Exposed to
sub-MIC of
DMAHDM

10 d 20 d 30 d 10 d 20 d 30 d

MIC (μg/mL)
DMADDM 50 50 50 100 50 50

DMAHDM 25 25 50 100 100 25

MIC values of biofilm after exposed to sub-MIC of DMADDM/DMAHDM.

(c)

Exposed to
sub-MIC of
DMADDM

Exposed to
sub-MIC of
DMAHDM

10 d 20 d 30 d 10 d 20 d 30 d

MBC (μg/mL)
DMADDM 100 100 100 200 100 100

DMAHDM 50 50 100 200 200 50

MBC values of biofilm after exposed to sub-MIC of DMADDM/DMAHDM.
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MIC reached a similar level with the control two to three
weeks later, which indicated that surviving bacteria were
capable of multiplying inside biofilm, although biofilm
formation was suppressed by the presence of antimicrobial
compounds. It was suggested that EPS production by bacte-
ria under the influence of QAMs at sub-MIC also played a
critical role in bacterial survival. Firstly, bacteria produced
enough volume of EPS, and afterward, bacteria started multi-
plying to reach the maximum cell volume, but this phenom-
enon was not seen with biofilm formation without an
antimicrobial agent. The live cell volume in the control group
was at the maximum volume on its initial five days and
remained constant, and EPS reached its maximum volume
after two weeks. In inverse, bacteria growing under sub-
MIC produced enough EPS at the beginning and cell division
started after the completion of EPS production. Therefore, it
was possible that QAMs at sub-MIC enhanced biofilm
formation andmatrix production under the influence of anti-
microbial compounds that protected bacteria from the lethal
effect of compounds.

Previous studies showed that after multiple exposures to
DMADDM, bacteria did not develop resistance against it
[36, 44]. In agreement with that, biofilm exposed to sub-
MIC of DMADDM did not show any change in MIC and
MBC, but the same biofilm developed tolerance against a
more potent compound, DMAHDM. Similarly, biofilm
under sub-MIC of DMAHDM showed increased tolerance
towards DMADDM and DMAHDM, but the phenomenon
was seen after 10 and 20 days of exposure while values
remained constant with prolonged exposure. This suggested
that there may be a clinical advantage to use DMADDM at
low concentration. It would also be interesting to analyze a
combination of DMADDM and DMAHDM since it was
often the case that dual therapy was used clinically.

Some bacterial species, e.g., Pseudomonas aeruginosa iso-
lates, were found to be resistant to QAMs. The intrinsic resis-
tance of this organism seemed to be due to the cell wall and
the cell membrane; for example, antimicrobials could not
easily access their sites of action because of the lower level
of permeability of the outer membrane [45], and efflux
pumps caused enhanced levels of efflux of antimicrobials
[46]. The cell wall was the site of action of QAMs, and bacte-
ria persisting under sub-MIC had an active pump to push out
QAMs out of the cell before getting incorporated in the cell
wall [47]. The confirmed reason for the susceptibility of
bacteria from mature biofilm was unknown, but we could
assume that as biofilmmatured, the diffusion of QAMs inside
biofilm became less, which might make bacteria shut down
the efflux pump and susceptible to compounds. It was
suggested that constant exposure to an antimicrobial com-
pound made bacteria tolerant against it and the development
of tolerance was the first step for the development of resis-
tance against it. Secondly, more potent and stronger com-
pound exposure initiated the development of tolerance
rapidly than their least potent compounds.

It was known that chemomechanical preparation and/or
intracanal medication could significantly reduce bacteria
from the root canal but could not eliminate bacteria from
the root canal completely [48, 49]. It was believed that ade-

quate sealing of the root canal would starve bacteria to death,
but failed posttreatment cases showed that bacteria had
survived starvation [50, 51]. So, we further identified bacteria
that could survive from starvation. The qPCR analysis
showed that E. faecalis and S. gordonii were common isolates
after prolonged starvation and from samples of biofilm
formed under sub-MIC of QAMs. The mechanism of
survival of these two bacteria together was unknown, but it
was proved that they could survive together after the treat-
ment of antimicrobial compounds. The phenomenon that
E. faecalis and S. gordonii could survive coincided with our
previous finding where it was seen that E. faecalis and S. gor-
donii were common isolates and they could survive together
[52]. The increase in antimicrobial resistance may compro-
mise the use of QAMs at sub-MIC to prevent endodontic
biofilm formation. New approaches are expected to be devel-
oped to eliminate biofilms from root canals and stop the
spread of resistance.

5. Conclusion

S. mutans and E. faecalis produced resistance to antimicro-
bial compounds after prolonged starvation. DMADDM and
DMAHDM at sub-MIC could inhibit the growth of multi-
species biofilm, increase the level of metabolism, enhance
the ability of acid production, and produce cross-resistance.
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