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Abstract Four novel quaternary ammonium dimethac-

rylate monomers named IMQ (side alkyl chain length from

12 to 18) were synthesized with the aim to synthesize

dental resin with antibacterial activity. All of IMQs were

added into bis-GMA/TEGDMA dental resin system with a

series of mass ratio (5, 10, and 20 wt%), double bond

conversion (DC), flexural strength (FS), modulus of elas-

ticity (FM) and biofilm formation inhibitory effect were

studied. According to the results of DC, FS, FM, and the

biofilm inhibitory effect, IMQ-16 containing polymer had

the best comprehensive properties, and the optimal con-

centration of IMQ-16 in bis-GMA/TEGDMA dental resin

would be in the range of 5–10 wt%.

1 Introduction

Resin-based dental composites have been widely used to

restore carious teeth because of their superior esthetic

quality and excellent adhesive strength to dentin and

enamel [1, 2]. However, resin-based dental composites

have a limited service life, and secondary (recurrent) caries

is found to be the main reason to the restoration failure of

resin-based dental composites [3–5]. Secondary caries that

often occurs at the interface between the restoration and the

cavity preparation is primarily caused by demineralization

of tooth structure due to the invasion of plaque bacteria

such as Streptococcus mutans in the presence of ferment-

able carbohydrates [6, 7]. Therefore, to prevent secondary

carries, the dental composites and bonding agents could be

made antibacterial.

One approach to endow dental composites with an

antibacterial activity is incorporating releasable antibacte-

rial agents such as silver ions, zinc ions, chlorhexidine, and

cetylpyridinium chloride into the material by physical

blending [8–11]. Unfortunately, these agents could bring

some inevitable disadvantages, such as a small amount of

agent could decrease the mechanical properties of materials

[12], and the releasing agent may exert toxic effects as well

as cause short-term antibacterial effectiveness [13–15].

In order to achieve long-term antibacterial effectiveness,

Imazato introduced a concept of ‘‘immobilized bacteri-

cide’’ into dentistry. According to his innovative idea, a

quaternary ammonium containing polymerizable antibac-

terial monomer methacryloyloxy-dodecylpridinium bro-

mide (MDPB) was synthesized and used in dental

composite materials as an antibacterial agent [16]. After

that, many kinds of quaternary ammonium methacrylate

monomers (QAMs) were synthesized and incorporated into

dental materials as antibacterial agents [17–22]. However,

most of these QAMs have miscible problem with the

commercially used dimethacrylate diluent triethylene gly-

col dimethacrylate (TEGDMA), and only a small amount

of QAMs could be added into the resin system, which

limited antibacterial activity [19, 23–25].
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The objective of this study was to design and synthesize

a series of novel quaternary ammonium dimethacrylate

monomers (IQM) with different alkyl chain length (from

12 to 18). The hypothesis was that the synthesized IQMs

could be mixed well with the commonly used bis-GMA/

TEGDMA dental resin system. Then, the concentrations of

synthesized monomers in the resin system were optimized

by using antibacterial activity and mechanical property as

two parameters. Double bond conversion of every obtained

antibacterial resin system was also measured.

2 Materials and methods

2.1 Materials

2-Isocyanatoethyl methacrylate and TEGDMA were pur-

chased from Tokyo Chemical Industry Co. Dibutyltin dil-

aurate (DBTDL), bis-GMA, 2-(N,N-dimethylamino)ethyl

methacrylate (DMAEMA), camphorquinone (CQ), hydro-

quinone were obtained from Sigma-Aldrich Co. All of the

intermediate products HQAs were synthesized in our lab

according to literature [22]. All purchased reagents were

used without any purification.

2.2 General procedure for the synthesis of IMQs

Acetone used here was dried over 4 Å molecular sieves for

2 weeks. A mixture of HQA (0.04 mol), MEI (0.08 mol),

40 ml acetone, a small amount of hydroquinone, and two

droplets of DBTDL were stirred at 45 �C. The reaction was

continued until the infrared absorbance peak of the –NCO

group (2,270 cm-1) disappeared in the FTIR spectra of the

samples that taken from the reaction medium. After

removing the acetone by distillation under vacuum, the

product was washed with diethyl ether to remove DBTDL

and hydroquinone. Then the light yellow viscose liquid was

dried under vacuum at 35 �C for 48 h to obtain IQM. All data

of FT-IR and 1H-NMR of each IMQ were shown as below.

2.2.1 N,N-bis[2-(3-(methacryloyloxy)propanamido)

ethyl]-N-methyldodecyl ammonium bromide

(IQM-12)

FT-IR: v (cm-1) 3360, 2920, 2851, 1720, 1637, 1164, 814,

725. 1H-NMR (CDCl3, 400 MHz): d 6.61-6.62[2H, 2-NH–],

6.07[2H, 2CH2=C(CH3) trans], 5.52[2H, 2CH2=C(CH3)

cis], 4.51[4H, 2-NHCH2CH2O–], 4.15–4.17[4H, N?CH2

CH2O–], 3.87[4H, N?CH2CH2O–], 3.47–3.51[2H, N?CH2CH2

(CH2)9CH3], 3.36–3.41[7H, N?CH3 and 2-NHCH2CH2O–],

1.86[6H, 2CH2=C(CH3)], 1.66[2H, N?CH2CH2(CH2)9CH3],

1.18–1.28[18H, N?CH2CH2(CH2)9CH3], 0.73–0.82[3H,

N?CH2CH2(CH2)9CH3].

2.2.2 N,N-bis[2-(3-(methacryloyloxy)propanamido)

ethyl]-N-methyltetradecyl ammonium bromide

(IQM-14)

FT-IR: v (cm-1) 3360, 2921, 2857, 1717, 1638, 1159, 814,

721. 1H-NMR (CDCl3, 400 MHz): d 6.75–6.76[2H, 2-NH–],

6.14[2H, 2CH2=C(CH3) trans], 5.59[2H, 2CH2=C(CH3) cis],

4.59[4H, 2-NHCH2CH2O–], 4.22–4.25[4H, N?CH2CH2O–],

3.95[4H, N?CH2CH2O–], 3.56-3.58[2H, N?CH2CH2(CH2)11

CH3], 3.43–3.47[7H, N?CH3 and 2-NHCH2CH2O–], 1.93

[6H, 2CH2=C(CH3)], 1.74[2H, N?CH2CH2(CH2)11CH3],

1.25–1.35[22H, N?CH2CH2(CH2)11CH3], 0.86–0.90[3H,

N?CH2CH2(CH2)11CH3].

2.2.3 N,N-bis[2-(3-(methacryloyloxy)propanamido)

ethyl]-N-methylhexadecyl ammonium bromide

(IQM-16)

FT-IR: v (cm-1) 3340, 2925, 2851, 1720, 1637, 1164, 814,

722. 1H-NMR (CDCl3, 400 MHz): d 6.63–6.66[2H, 2-NH–],

6.15[2H, 2CH2=C(CH3) trans], 5.60[2H, 2CH2=C(CH3)

cis], 4.60[4H, 2-NHCH2CH2O–], 4.23–4.26[4H, N?CH2

CH2O–], 3.97[4H, N?CH2CH2O–], 3.57-3.61[2H, N?CH2

CH2(CH2)13CH3], 3.46–3.49[7H, N?CH3 and 2-NHCH2

CH2O–], 1.94[6H, 2CH2=C(CH3)], 1.75[2H, N?CH2CH2

(CH2)13CH3], 1.26–1.36[26H, N?CH2CH2(CH2)13CH3],

0.87–0.91[3H, N?CH2CH2(CH2)13CH3].

2.2.4 N,N-bis[2-(3-(methacryloyloxy)propanamido)ethyl]-

N-methyloctadectyl ammonium bromide (IMQ-18)

FT-IR: v (cm-1) 3360, 2925, 2851, 1720, 1637, 1164, 814,

720. 1H-NMR (CDCl3, 400 MHz): d 6.90–6.71[2H, 2-NH–],

6.15[2H, 2CH2=C(CH3) trans], 5.60[2H, 2CH2=C(CH3)

cis], 4.60[4H, 2-NHCH2CH2O–], 4.24–4.26[4H, N?CH2

CH2O–], 3.96[4H, N?CH2CH2O–], 3.54–3.58[2H, N?CH2

CH2(CH2)15CH3], 3.44–3.52[7H, N?CH3 and 2-NHCH2

CH2O–], 1.95[6H, 2CH2=C(CH3)], 1.74–1.75[2H, N?CH2CH2

(CH2)15CH3], 1.27–1.36[30H, N?CH2CH2(CH2)15–CH3],

0.88–0.91[3H, N?CH2CH2(CH2)15

CH3].

2.3 Preparation of experimental resin system

Each IQM was added into bis-GMA/TEGDMA (50/50, wt/

wt) resin system with mass ratios of 5, 10, and 20 wt%, CQ

(0.7 wt%) and DMAEMA (0.7 wt%) were mixed as a

photoinitiator system. bis-GMA/TEGDMA without IMQ

was prepared as control group. All of the compounds were

well blended to obtain a homogeneous mixture, and stored

in dark before use.
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2.4 Double bond conversion

The degree of double bond conversion (DC) was deter-

mined by using a FTIR spectrometer (Spectrum One,

Perkin-Elmer, Waltham, MA, USA) with an attenuated

total reflectance accessory. The FTIR spectra were recor-

ded with 16 scans at a resolution of 4 cm-1. All the sam-

ples were analyzed in a mold that was 2 mm thick and

6 mm in diameter. First, the spectrum of the unpolymer-

ized sample was measured. Then, the sample was irradiated

for 60 s with a visible light-curing unit (450 mW cm-2,

QHL750, Dentsply International, USA) at room tempera-

ture. The sample was scanned for its FTIR spectrum

15 min after the beginning of irradiation.

To determine the percentage of reacted double bonds,

the absorbance intensities of the methacrylate C=C absor-

bance peak at 1,636 cm-1, which were decreased after

being irradiated, and an internal phenyl ring standard peak

at 1,608 cm-1, were calculated using a baseline method.

The ratios of absorbance intensities were calculated and

compared before and after polymerization. The DC was

calculated by using the equation

DC ¼ 1� ðAC¼C=AphÞa
ðAC¼C=AphÞb

� �
� 100 %; ð1Þ

where Ac=c and Aph are the absorbance intensity of meth-

acrylate C=C at 1,636 cm-1 and phenyl ring at

1,608 cm-1, respectively. (AC=C/Aph)a and (AC=C/Aph)b are

the normalized absorbance of functional group after and

before being irradiated, respectively.

2.5 Three point bending test

Eight specimens were prepared for every sample formu-

lation (size 2 9 2 9 25 mm3). Three point bending test

(span 20 mm) was carried out to evaluate the flexural

strength and modulus according ISO 4049:1988 (E) stan-

dard with a material testing machine (model LRX, Lloyd

Instrument Ltd., Fareham, England), at a cross-head speed

of 1.00 mm min-1. Test was carried out in air for dry

specimens.

2.6 Biofilm Inhibition test

Disc shaped samples (2 mm thick and 8 mm in diameter)

for each resin formulation were prepared for a biofilm

inhibition test. Each disc was polished with 4,000 grit

(FEPA) grinding paper and soaked in distilled water for

24 h to remove the unreacted monomers.

The inhibition of biofilm formation reflecting plaque

accumulation was tested by using a modification of the

method originally presented by Ebi et al. [26]. The

microorganism we used was the reference strain S. mutans

Ingbritt. It was first grown overnight in Brain Heart Infu-

sion medium (BHI; Becton–Dickinson and Company,

Sparks, MD, USA). In the morning the cells were washed

with phosphate-buffered saline (5,0009g, 10 min) and then

they were suspended in BHI containing 1 % sucrose

(A550 = 0.05). This suspension (500 ll) was pipetted onto

the experimental discs placed in the wells of 24-well cell

culture plates. The plates were incubated anaerobically

(90 % N2, 5 % CO2, 5 % H2) at 37 �C for 24 h.

The biofilms were collected with microbrushes (Quick-

Stick�, Dentsolv AB, Saltsjö-Boo, Sweden) from the disc

surface exposed to the medium to test tubes containing

Tryptic Soy Broth (Becton–Dickinson and Company). The

tubes were vortexed and mildly sonicated and then serially

diluted for plate culturing of S. mutans. The plates were

grown for 3 days anaerobically (80 % N2, 10 % CO2,

10 %H2) at ?37 �C on Mitis salivarius agar (Becton–

Dickinson and Company), the colonies were counted under

a stereomicroscope and results expressed as colony-form-

ing units (CFU)/disc surface. The biofilm collection

method has been tested in our earlier studies and it is highly

reproducible [27, 28].

2.7 Statistical analysis

All the results were statistically analyzed with analysis of

variance (ANOVA) at the P \ 0.05 significance level.

Subsequent multiple comparisons were conducted using

Tukey’s post hoc analysis.

3 Results

Figure 1 is the synthesis route of IMQs, all of IMQs were

successfully synthesized through a two-steps route and

Fig. 1 Synthesis route of IMQs
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their structures were confirmed by FT-IR and 1H-NMR

spectra.

Results of the DC are shown in Fig. 2. There was no

significant difference between the DC of control resin and

the DC of every IMQ containing resin (P [ 0.05). The

concentration of IMQ and the alkyl chain length of IMQ

had no influence on the DC in this work (P [ 0.05).

Figures 3 and 4 are for the flexural strength (FS) and

modulus (FM) of control and IMQ containing polymers.

From Figs. 3 and 4, it could be seen that only polymers,

which contained 5 wt% of IMQ, had nearly the same FS

and FM as the control polymer (P [ 0.05), all of the other

IMQ containing polymers had lower FS and FM than the

control polymer (P \ 0.05). With the same content of

IMQ, the alkyl chain length of IMQ had no influence on the

FS and FM of relevant polymers (P [ 0.05).

Results of biofilm inhibition test are summarized in

Tables 1, 2, and 3. When content of IMQ was 5 wt%, only

IMQ-16 containing polymer accumulated less bacteria on

its surface than control polymer did (Table 1, P \ 0.05).

After increasing the content of IMQ to 10 and 20 wt%,

amount of bacteria recovered from the surfaces of IMQ

containing polymers were all less than the amount of

bacteria recovered from the surface of control polymer

(Tables 2, 3, P \ 0.05), and the amount of bacteria

recovered from the surfaces of IMQ-12, IMQ-14, and

Fig. 2 Double bond conversion of IMQ containing polymers and

control polymer

Fig. 3 Flexural strength of IMQ containing polymers and control

polymer

Fig. 4 Flexural modulus of IMQ containing polymers and control

polymer

Table 1 S. mutans colonies in 24 h biofilm of control polymer and

polymers with 5 wt% of IMQ

Resin systems S. mutans colonies

(log CFU mm-2 9 102)

Control 12.91 ± 0.49a

5 % IMQ-12 12.96 ± 0.86a

5 % IMQ-14 13.78 ± 2.53a

5 % IMQ-16 9.57 ± 0.08b

5 % IMQ-18 13.05 ± 0.05a

Lower case letters indicate statistical differences within a column

(Tukey’s test, P = 0.05)

Table 2 S. mutans colonies in 24 h biofilm of control polymer and

polymers with 10 wt% of IMQ

Resin systems S. mutans colonies

(log CFU mm-2 9 102)

Control 13.82 ± 0.18a

10 % IMQ-12 1.99 ± 3.45b

10 % IMQ-14 0.00 ± 0.00b

10 % IMQ-16 0.00 ± 0.00b

10 % IMQ-18 11.13 ± 1.04c

Lower case letters indicate statistical differences within a column

(Tukey’s test, P = 0.05)
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IMQ-16 containing polymers were nearly the same

(P [ 0.05), which were less than the amount of bacteria

recovered from the surface of IMQ-18 containing polymer

(P \ 0.05).

4 Discussion

Incorporation of QAM into dental materials is an effective

way to endow dental materials with long-lasting antibac-

terial activity [29, 30]. However, an appropriate concen-

tration of QAM in the dental materials is very important,

because insufficient QAM would limit the antibacterial

activity of dental materials [20, 23, 24], and excess QAM

would disrupt the mechanical properties of dental materials

[20, 22, 25]. In this work, we synthesized a series of novel

QAMs as antibacterial agents of dental materials, and tried

to find suitable concentrations of them in the dental resin to

keep the balance between antibacterial activity and

mechanical properties.

As an crucial factor in determining the mechanical

performance of dental materials [31, 32], the degree of DC

of experimental resins was studied. The results of DC

(Fig. 2) showed that all of IMQ containing polymers had

nearly the same DC as control polymer (P [ 0.05), which

means that all of IMQs have no negative effect on the

photopolymerizablity of the relevant dental resin within the

concentration range of 5–20 wt%.

Even having the same DC, most of the IMQ containing

polymers had a lower FS and FM than the control polymer

(P \ 0.05) except for the polymers containing 5 wt% of

IMQ which had nearly the same FS and FM as the control

polymer (P [ 0.05). It has been already reported that when

the concentration of QAMs was beyond a certain limit,

mechanical strength could be decreased significantly [5, 6,

20]. In this work, 10 wt% has already exceeded the con-

centration limit for the synthesized IMQs. Upon the current

work, only in the terms of FS and FM, the optimal con-

centration of IMQs in bis-GMA/TEGDMA dental resin

will be a value between 5 and 10 wt%.

Even though the present ecological plaque hypothesis

emphasizes that non-mutans bacteria may be the key

microorganisms responsible for maintaining dynamic sta-

bility on tooth surface, S. mutans has a central role in the

initiation of dental caries on enamel and root surface [33].

Therefore, a single-species biofilm model with S. mutans as

the testing organism was used to evaluate the antibacterial

property of the IMQ containing polymers. It is well known

that QAM containing antimicrobial polymers kill bacteria

on contact by causing the bacterial cell to burst and there

are four main elementary processes for antibacterial poly-

mer to kill bacteria: (1) adsorption onto the negatively

charged bacterial cell surface; (2) diffusion through the cell

wall; (3) binding to the cytoplasmic membrane; (4) dis-

ruption of the cytoplasmic membrane, release of cyto-

plasmic constituents and cell death [18, 34, 35]. Because

the step (3) and (4) can be promoted when the length of the

alkyl side chain increases [34, 36], lots of works have

found that antibacterial activity of QAM containing dental

polymer was enhanced when the alkyl side chain was

increased [6, 18, 37]. However, in this work, the IMQ-18

containing polymer, which had the longest alkyl side chain,

had the weakest antibacterial activity, and the IMQ-16

containing polymer was found to have the strongest anti-

bacterial activity. It is noteworthy that in most of the recent

works about QAM containing dental polymers [6, 18, 37],

the longest alkyl side chain length of studied QAM was

only 16, so the conclusion about the influence of the alkyl

side chain length on antibacterial activity was only suitable

for the length equal to or less than 16. In some other

studies, the investigators have shown that the antibacterial

activity of QAMs will decrease when the alkyl side chain

length reaches 18 or more [38, 39]. Moreover, the second

step of the elementary processes for antibacterial polymer

to kill bacteria will be weakened when the alkyl chain

length become longer [36]. Therefore, the IMQ-18 con-

taining polymer had the weakest antibacterial activity in

this research.

In the aspect of antibacterial activity, IMQ-16 might be

the best antibacterial agent because 5 wt% of IMQ-16 in

the dental polymer has already contributed to a polymer

with certain antibacterial activity.

5 Conclusion

Four quaternary ammonium dimethacrylate monomers

were successfully synthesized and applied into a bis-GMA/

TEGDMA dental resin as antibacterial agents. All of the

IMQs may be used in dental resin composites with an

antibacterial activity after their concentration increased to

10 wt% or more. According to the results of mechanical

and antibacterial properties, IMQ-16 should be the best

Table 3 S. mutans colonies in 24 h biofilm of control polymer and

polymers with 20 wt% of IMQ

Resin systems S. mutans colonies (log CFU mm-2 9 102)

Control 13.51 ± 0.44a

20 % IMQ-12 1.99 ± 2.81b

20 % IMQ-14 0.00 ± 0.00b

20 % IMQ-16 0.00 ± 0.00b

20 % IMQ-18 8.62 ± 0.35c

Lower case letters indicate statistical differences within a column

(Tukey’s test, P = 0.05)
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choice in this research and its optimal concentration in

dental resin would be in the range of 5–10 wt%.
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