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ABSTRACT

Nine antibacterial di-methacrylate monomers based on bis-quaternary ammonium salts (bis-QAMs) were
synthesized and structurally characterized. The biological activity of the bis-QAMs was tested in terms
of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) on different
bacterial strains achieving promising results and, in most cases, a complete bactericidal effect using a
bis-QAM concentration lower than 1 mg/mL. Two of the structures showed comparable and superior ac-
tivity against S. mutans than the commercial monomer 12-methacryloyloxydodecyl pyridinium bromide
(MDBP). All the bis-QAMs here described were able to inhibit S. mutans biofilm formation at a concentra-
tion equal to the MIC value. From the analysis of the obtained data, some correlation regarding the struc-
ture and the antibacterial activity of the bis-QAMs could be drawn: a flexible alkyl C;, spacer between
the two quaternary ammonium moieties increased the monomer antibacterial effect in comparison to the
aromatic ones; the equilibrium between hydrophobic and hydrophilic moieties was directly correlated
to the bactericidal range of action; the increase of the steric hindrance of the ammonium side groups
might be both advantageous or disadvantageous to the antibacterial efficacy depending on the whole
monomer chemical structure. Even though the possible correlation between the monomer structures and
their bacteriostatic or bactericidal effect is under investigation, the monomers exhibited low cytotoxicity
on human dental pulp stem cells, confirming their promising potential in the dental materials’ field.

Statement of significance

The use of dental resins with antibacterial monomers might prevent the formation of secondary caries
at the restoration margins. For this purpose, a series of di-methacrylate bis-quaternary ammonium
monomers (QAMs) was developed. Unlike antibacterial mono-methacrylate monomers already described
in the literature, the synthesized di-methacrylate monomers have the potential of acting as cross-linkers
stabilizing the polymeric network and bear two quaternary ammonium groups that increase their an-
tibacterial ability.

The QAMs exert bactericidal activity on both Gram(+) and Gram(—) bacterial strains maintaining at the
same time good biocompatibility with the oral environment.

Some structural elements of the monomers were clearly related to high antibacterial properties, and this
can help design new active structures and better understand their mechanism of action.

* Corresponding author.
E-mail addresses: emarsich@units.it (E. Marsich),
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1. Introduction

A major concern in restorative dentistry is bacteria presence
in the oral biofilm, which are involved in secondary caries de-
velopment and demineralization of enamel and dentin at the
restorations’ margins [1]. Among the many aspects influencing the
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longevity of dental restorations, secondary caries’ formation is con-
sidered the main reason for restoration failure [2]. Secondary caries
is strongly correlated with a defective adhesive interface and all
dental adhesive systems, in spite of their good performance in
terms of stability and mechanical properties, are subjected to some
degradation over time and do not have intrinsic antibacterial prop-
erties, which may lead to failure of the tooth-restoration bond,
leading to marginal leakage and bacteria infiltration [3,4]. To over-
come bacterial proliferation, several researchers have focused on
developing new resin restorative materials that possess antibacte-
rial potential. Some of the first attempts involved the development
of dental resins embedding releasable antimicrobial compounds,
such as chlorhexidine, fluoride, and silver particles [5-7]. One of
the disadvantages of these methods was the limited time frame
in which these materials could remain active [5]. Since Imazato
et al. introduced the concept of "immobilized bactericide" [8], sev-
eral efforts have been made for developing high-performance den-
tal materials that would assure long-lasting antibacterial proper-
ties. The current trend involves the development of antibacterial
monomers able to co-polymerize with the methacrylate monomers
commonly used in dentistry, leading to the formation of a poly-
meric network with antimicrobial properties [9]. Thus, the synthe-
sis of new methacrylate monomers based on quaternary ammo-
nium salts has become a research field vividly active. These new
compounds proved to be a convenient choice thanks to their activ-
ity against a broad spectrum of pathogens and the relatively low
toxicity for eukaryotic cells [10,11]. In most cases, they showed
strong antibacterial activity both as monomers and after their co-
polymerization, without the release of antibacterial components
from the polymerized matrix [10].

To the best of the authors’ knowledge, up to date, various qua-
ternary ammonium monomers (QAMs) have been proposed. How-
ever, only the mono-QAM 12-methacryloyloxydodecyl pyridinium
bromide (MDPB) [8,10,12-14] has been successfully introduced in
commercial dental adhesive systems, becoming a reference point
for the development of new monomeric structures.

The main classification of the several QAMs proposed after
MDBP is commonly based on their structural differences regard-
ing, in particular, the number of methacrylate functionalities (i.e.,
mono- or di-methacrylate monomers) and the number of quater-
nary ammonium groups (i.e., QAMs with one quaternary ammo-
nium moiety and bis-QAMs with two ammonium groups) [6]. In-
deed, each structure is characterized by different intrinsic proper-
ties [9]. Despite the high antibacterial activity and biocompatibil-
ity showed by some mono-methacrylate QAMs [5,6,12], their main
drawback is the impossibility of forming cross-linking bonds be-
tween polymeric chains. Thus, the incorporation of high concentra-
tions of mono-methacrylate QAMs in di-methacrylate resins usu-
ally employed in dentistry may significantly affect the formation
of the polymeric network, jeopardizing the material’s final me-
chanical and structural properties [6]. Besides, mono-methacrylates
with pendant quaternary ammonium moieties may present misci-
bility problems with hydrophobic di-methacrylates commonly used
in dental bonding systems and composite materials [15]. A series
of di-methacrylate QAMs have been developed and incorporated
into experimental resins to overcome these disadvantages [5,6,16].
Differently from mono-methacrylate QAMs, which are added in 1-
10% wjw to the resin mixture [13,17], di-methacrylate QAMs are
usually added from a minimum concentration of 10% w/w [15,18]
to a maximum concentration of 50% w/w [19] to guarantee an an-
timicrobial effect. Unfortunately, an increase in the di-methacrylate
QAMs concentration often corresponds to a decay of the polymer-
ized material’s mechanical properties [20,21].

In order to provide an efficient antibacterial dental resin sys-
tem that maintains adequate mechanical properties overcoming
the disadvantages of employing very high concentrations of mono-

QAMs, the use of monomeric structures bearing two quaternary
ammonium moieties can be considered an improvement. Consid-
ering the direct correlation between the charge-density of cationic
polymeric surfaces and their biocidal efficiency [22,23], bis-QAMs
with an increased charge-density in comparison to mono-QAMs
have the potential to provide a significant bactericidal effect even
at very low concentrations. Moreover, di-methacrylate bis-QAMs
with two active polymerizable sites could act as crosslinkers, sta-
bilizing the polymeric network and contributing to preserving high
mechanical properties. Thanks to their structural characteristics,
di-methacrylate bis-QAMs should be considered advantageous can-
didates as dental resins components. Surprisingly, only a few ex-
amples of this kind of monomers have been reported in the lit-
erature [15,24-27]. Moreover, for none of the di-methacrylate bis-
QAMs previously studied, the relationship between their chemical
structure and antibacterial efficacy was investigated.

Under these considerations, in the present study, nine antibac-
terial di-methacrylate bis-QAMs were synthesized and character-
ized. Their chemical structures differ for several characteristics,
such as the nature of the spacer between the two quaternary
ammonium functionalities (alkyl Cip, xylyl, bis-phenyl), the ge-
ometry of the quaternary ammonium (sp3, sp2), the steric hin-
drance of the ammonium substituents (methyl and ethyl), the na-
ture of the bond between the methacrylic moieties and the rest
of the molecule (ester, amide) and the counterion (bromide, flu-
oride) of the ionic forms. The synthesized monomers’ bacterici-
dal properties were tested on different bacterial strains in terms
of minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC), finding a clear structure-activity
correlation. Their bactericidal activity against Streptococcus mu-
tans was compared with that of formerly synthesized antibac-
terial monomers: 12-methacryloyloxydodecyl pyridinium bromide
(MDBP) [12] and 2,2’-bis[((methacryloyl)oxy)ethyl] dimethylammo-
nium bromide-1,1-benzyl (IDMA-2) [15]. The cytotoxicity of the
most active compounds was also tested on human dental pulp
stem cells to evaluate biocompatibility for their use in dental ma-
terials.

2. Materials and Methods
2.1. Synthesis of bis-quaternary ammonium di-methacrylates

The detailed synthetic conditions for preparing each new
monomer were patented (Italian patent n° 102019000020949, fill-
ing date 11.12.2019). The general procedure is available in the Ap-
pendix: Supporting information.

The obtained structures were characterized by nuclear magnetic
resonance. 'H,13C, HH-COSY, HSQC, and °F NMR spectra were
recorded on a Varian 400 spectrometer at operating frequencies of
400 and 101.56 MHz for 'H and 13C, respectively. Chemical shifts
relative to the solvent’s residual signal (DMSO-dg'H 2.50 ppm,3C
39.52 ppm; D,0 'H 4.79 ppm) were measured.

2.2. Microorganisms and media

Streptococcus mutans (S. mutans - ATCC 25175), Escherichia coli
(E. coli - ATCC 25922), Staphylococcus aureus (S. aureus - ATCC
25923), Streptococcus sanguinis (S. sanguinis - ATCC 10556), and
Streptococcus mitis (S. mitis - ATCC 49456) strains were chosen
to evaluate the antibacterial activity of the compounds. S. mutans
were grown in Brain Heart Infusion Agar/Broth at 37°C, E. coli and
S. aureus were grown and tested in Muller Hinton [28] Agar/Broth
at 37°C, S. sanguinis and S. mitis were grown in Brain Heart Infu-
sion (BHI) Agar/Broth at 37°C and 5% CO,.



2.3. Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)

MICs were determined using the broth micro-dilution assay
[28]. A pure single bacterium colony from the agar plate was inoc-
ulated into the bacterial culture medium and grown overnight at
37°C. Bacteria were then diluted in fresh growth-supporting broth
to a concentration of 1 x 10° cfu/mL. A stock solution of 20 mg/mL
of tested compounds was prepared dissolving the monomers in the
bacteria culture medium.

Compound stock solutions were serially 1:1 diluted in bacte-
rial broth into the wells of 96-well polypropylene microtiter U
plates. All dilutions of the tested products were then inoculated
with equal volumes of the specified microorganism. Bacteria sus-
pension without antibacterial agent served as the negative control,
culture media without bacteria suspension were used as the posi-
tive control. Positive and negative control wells were included for
every microorganism to demonstrate adequate microbial growth
throughout the incubation period and media sterility, respectively.
The plates were incubated at 37°C and the bacterial growth in each
well was detected after 24 h for E. coli and S. aureus and after
48 h for S. mutans, S. sanguinis and S. mitis. The lowest concen-
tration of the compound at which no bacteria growth was visu-
ally evident was considered the MIC value. Each concentration was
tested with N = 6 for each QAM. To determine the MBC values, the
dilution representing the MIC and two of the more concentrated
monomer dilutions were sub-cultured on an agar culture medium.
Viable colony-forming units were enumerated after 24 h for E. coli
and S. aureus and after 48 h for S. mutans, S. sanguinis and S. mitis.
The MBC value was considered as the lowest concentration with >
99.9% of bacterial killing.

2.4. Biofilm inhibition assay

A pure suspension of S. mutans in BHI (Brain Heart Infusion)
added with 1% w/v sucrose was obtained after an overnight incu-
bation at 37°C. The suspension was adjusted to a microbial con-
centration of approximately 3.0 x 108 cells/mL in BHI + 1% w/v
of sucrose in the presence or absence of free monomers. 200 uL
of bacterial suspension were then aliquoted in each well of a 96-
well microtiter plate (VWR Tissue Culture Plates) and incubated at
37°C. For each monomer, the tested concentration was equal to and
twice the MIC value.

After 24 h, medium and non-adherent bacteria were removed
and 200 uL of fresh BHI + 1% sucrose were added. After addi-
tional incubation at 37°C for 24 h, wells were washed two times
with 200 pL of PBS and then 100 pL of PBS containing 0.5 mg/mL
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) were added. The plate was incubated at 37°C for 3 h in
the dark. The wells were then washed with 150 puL PBS and subse-
quently, formazan crystals were solubilized with 100 pL of 100 %
DMSO for each well. Optical density at 550 nm was measured us-
ing a microplate spectrophotometer (Infinite M200PRO NanoQuant,
Tecan). Results were displayed as optical density (OD) units. Eight
replicates were tested for each monomer concentration (N = 8).
The data were presented as mean OD + standard deviation.

2.5. Human dental pulp stem cells (HDPSCs) isolation

Freshly extracted, non-carious, human third molars were col-
lected from surgical patients (16-25 years of age). Samples were
collected after obtaining patients’ informed consent (Authorization
by Regional Health Service- Azienda Sanitaria Universitaria Inte-
grata di Trieste and by the Comitato Etico Unico Regionale - CEUR
FVG, ID studio 2433: TERM - “Collection of biological samples
for the study of biocompatibility and bioactivity on dental pulp

cells of materials for restorative and regenerative dentistry”). Im-
mediately after extraction, teeth were immersed in PBS contain-
ing antibiotics (500 U/mL penicillin, 500 mg/mL streptomycin) and
promptly processed for pulp isolation. Under sterile conditions, the
teeth pulp chamber was exposed using a microtome (Isomet 1000,
Buehler Ltd., Lake Bluff, IL, USA). The entire pulp tissue was cut
into small pieces by a scalpel blade and transferred in a Petri dish
with 2 mL of proteolytic enzymes (12 mg/mL of Collagenase I from
Life technology and a 16 mg/mL of Dispase II from Sigma-Aldrich
in PBS) for 45 min at 37°C. Then, the digested cell suspension was
transferred in a 15 mL centrifuge tube with 3 mL of Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 2% glutamine,
500 U/mL penicillin, 500 mg/mL streptomycin and 10% fetal bovine
serum (FBS) and centrifuged for 5 min at room temperature. The
cell pellet was then resuspended in complete DMEM containing L-
ascorbic acid 2-phosphate 100 uM and seeded into a 25 cm? cul-
ture flask at 37°C and 5% pCO,. The culture medium was changed
every three days until 80% of cell confluence was achieved. The
expression of the positive markers CD90, CD73, CD29 and the neg-
ative markers CD14, CD34 and CD45 was evaluated by flow cy-
tometry analysis. On average, more than 95% of cells were positive
for the markers of staminality (CD29, CD73, and CD90) and less
than 5% displayed the markers of hematopoietic cells (CD14, CD34,
and CD45). HDPSCs were cultured in high-glucose DMEM medium
supplemented with 10% FBS, 1% penicillin/streptomycin, 2 mM L-
glutamine and 1 mM ascorbic acid, at 37°C with 5% CO,. Cells were
always sub-cultured at a confluence of 70-80% using trypsin diges-
tion.

2.6. Cytotoxicity assay

The cytotoxicity of the synthesized monomers was tested on
HDPSCs at passages 3-5 after isolation. Cell viability was eval-
uated after 24 and 72 h of cell culture in the presence of
the tested compounds by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) growth
assay (CellTiter 96®AQueous One Solution Cell Proliferation Assay-
Promega), based on the capability of viable cells to reduce MTS
into a colored formazan product. Tested compounds were solu-
bilized at different concentrations in a complete culture medium
and sterilized by 0.22 pm filtration. The cells were seeded into 96-
well plates at 6 x 103 cells/well. After 24 h, the cells were treated
with a culture medium containing the compounds. At the estab-
lished time points, the medium was replaced with a fresh one
containing MTS reagent according to the manufacturer’s protocol,
and the cells were incubated for 4 h in a dark and humidified
atmosphere of 5% CO, at 37°C. The medium was then collected
from each well and the absorbance was measured at 490 nm us-
ing a microplate spectrophotometer (Infinite M200PRO NanoQuant,
Tecan). The values obtained in the absence of cells were consid-
ered as background and subtracted from the optical density values
of the samples. Cell cultured in plain medium and the presence
of 0.01% v/v of Triton X-100 in DMEM were used as a negative
and positive control of cell death, respectively. The percentage of
vitality was calculated on the negative control. For each series of
samples, eight replicates were considered (N = 8).

2.7. Statistical analysis

Statistical analysis to evaluate biofilm inhibition and cytotoxic-
ity was conducted using the unpaired two-sample Student’s t-test
at a preset o = 0.01. Statistical differences between the treated
groups and the control group were evaluated considering eight
replicates for each group (N = 8). The data are reported as mean
value + standard deviation.
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Fig. 1. Structures of newly synthesized antibacterial di-methacrylate bis-QAMs monomers. N,N’-bis[2-((methacryloyl)oxy)ethyl]-N,N,N’,N’-tetramethyl-N,N’-dodecyl diammo-
nium bromide (DDM); N,N’-bis[2-((methacryloyl)oxy)ethyl]-N,N,N’,N’-tetramethyl-N,N’-dodecyl diammonium fluoride (DDM-F); N,N’-bis[2-((methacryloyl)amino)propyl]-
N,N,N’,N’-tetramethyl-N,N’-dodecyl diammonium bromide (DDMP); N,N’-bis[2-((methacryloyl)amino)propyl]-N,N,N’,N’-tetramethyl-N,N’-dodecyl diammonium fluo-
ride (DDMP-F); N,N’-bis[2-((methacryloyl)oxy)ethyl]-N,N,N’,N’-tetraethyl-N,N’-dodecyl diammonium bromide (DDE); N,N’-bis((4-methacryloyl)amino)phenyl-N,N,N’,N’-
tetramethyl-N,N’-dodecyl diammonium bromide (DDMAPMA); bis[4-(((2-methylacryloyl)amino)methyl)-1, 12-dodecyl dipyridinium bromide (DDPyMMA); N,N’-bis[2-
((methacryloyl)oxy)ethyl]-N,N,N’,N’-tetramethyl-N,N’-xylyl diammonium bromide (XyDM); 2,2’-bis[((methacryloyl)oxy)ethyl]-diethylammonium bromide-1,1"-benzyl (BPDE).

DPDE

3. Results 3.2. Minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC) and antibiofilm activity
3.1. Structure validation

Table 1 shows the MIC and MBC values against S. mutans ob-

Fig. 1 and 2 show the structures of newly and formerly syn-
thesized monomers used in this study and their identification
acronyms. NMR characterization of the synthesized structures is
available in the Appendix: Supporting information.

tained for the synthesized bis-QAMs compared to the monomers
already described in literature MDPB [12]| and IDMA-2 [15]. Among
the nine new di-methacrylate bis-QAMs, XyDM and BPDE were the
less active against S. mutans, showing MIC and MBC values of the
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Fig. 2. Structures of the formerly synthesized antibacterial QAMs monomers. 12-methacryloyloxydodecyl pyridinium bromide (MDPB); 2,2'-bis[((methacryloyl)oxy)ethyl]

dimethylammonium bromide-1,1"-benzyl (IDMA-2).

Table 1

Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC)
against Streptococcus mutans of nine synthesized
bis-QAMs compared with the formerly reported
antibacterial monomers MDPB and IDMA-2.

(N = 6).

Monomer S. mutans
MIC (pg/mL)  MBC (pg/mL)

DDM 150 300
DDM-F 156 313
DDMP 150 310
DDMP-F 156 156
DDE 10-20 20
DDMAPMA 5 10
DDPyMMA 2.5 2.5
XyDM 2500 2500
BPDE 2500 10000
MDPB 4,0-8.0 8
IDMA-2 5000 5000

Table 2
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of bis-QAMs against different bacterial strains. (N = 6).

Monomer E. coli S. aureus S. sanguinis S. mitis

MIC MBC MIC  MBC MIC MBC MIC MBC

(pg/mL) (pg/mL) (pg/mL) (ng/mL)
DDM 625 625 156 156 310 620 310 620
DDMP 1250 1250 625 1250 620 620 620 620
DDE 78 156 20 39 20-39 39 39 39
DDMAPMA 20 20 10 10 5 5 10 10
DDPyMMA 2.5 2.5 25 5 10 20 20 20

same magnitude of IDMA-2 and a thousand-time factor the ones
of DDMAPMA, DDPyMMA and MDPB. DDPyMMA showed excellent
inhibitory and bactericidal activity at a lower concentration than
MDPB, while the antibacterial efficiency of DDMAPMA was com-
parable to that of MDPB. DDE showed an excellent antibacterial
activity with MIC and MBC only slightly higher than DDMAPMA
and MDPB. DDM, DDM-F, DDMP and DDMP-F showed similar MIC
and MBC values and an intermediate efficacy as bactericidal agents
compared to the other monomers tested.

Table 2 shows the MIC and MBC values of DDM, DDMP, DDE,
DDMAPMA and DDPyMMA against Gram-positive S. sanguinis, S.
mitis and S. aureus, and Gram-negative E. coli. All the monomers
tested showed inhibitory and bactericidal effects against the
four bacterial strains comparable to that obtained for S. mutans.
DDMAPMA showed the highest activity with MIC and MBC ranging

Table 3

Effects of DDM, DDMP, DDE, DDMAPMA and DDPyMMA on S. mutans
biofilm formation. The tested concentration was (a) equal to or (b)
twofold the MIC value.

Monomer Tested concentrations (ng/mL)

MIC (a) % inhibition =~ 2xMIC (b) % inhibition
DDM 150 27 300 52
DDMP 150 50 300 60
DDE 15 53 30 60
DDMAPMA 5 48 10 66
DDPyMMA 25 68 5 70

between 2.0-10 pg/mL and the best results were found against E.
coli and S. sanguinis. Similar results were obtained for DDPyMMA
with MIC and MBC in the range 2.5-20 pg/mL with particularly
higher efficiency against E. coli and S. aureus. DDE showed the
same efficiency against S. aureus, S. sanguinis and S. mitis with MIC
and MBC in the range 20-39 pg /mL, but a higher concentration
was mandatory to inhibit and kill completely. E. coli (78-156 ng
/mL). DDM and DDMP values of MIC and MBC were higher than
those of the other monomers: DDM was active in concentrations
between 156-625 pg/mL against all the tested bacteria, and DDMP
in 625-1250 pg/mL. Both monomers showed less activity against E.
coli.

Investigating whether the synthesized bis-QAMs could also
exert an antibiofilm activity, the effects of DDM, DDMP, DDE,
DDMAPMA and DDPyMMA on S. mutans biofilm formation was
assessed using an MTT biomass staining assay, with the results
shown in Table 3 and Fig. 3.

A significant (p < 0.01) reduction in biofilm formation was
observed for all the tested samples in comparison to the "no-
inhibitor" control (CNT). Comparing the results of the tested
molecules with the control, it was observed that, even at a con-
centration equal to the MIC value, all the tested monomers sig-
nificantly inhibited the formation of the bacterial biofilm and the
inhibitory effect was directly correlated to the bis-QAM concentra-
tion.

3.3. Cytotoxicity

Cytotoxicity of the monomers DDM, DDE, DDMAPMA and
DDPyMMA was tested using HDPSCs as a cellular model. Cy-
totoxicity assays were performed exposing the cells for 24 and
72 h to monomers dissolved at various concentrations in a culture
medium.

Table 4 shows that toxicity was concentration-dependent, in-
deed increasing the monomer concentration in medium decreased
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Fig. 3. Inhibition of S. mutans biofilm formation after 24 h in the presence of five synthesized bis-QAMs compared with bacterial biofilm grown on plate-well bottom (CNT)
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Table 4

Percentage of viability of human dental pulp stem cells (mean value + standard deviation) at 24 and 72 exposition to free
monomers dissolved at various concentrations in culture medium (N = 8). n.t. = not-tested concentrations.

Monomer DDM DDE DDMAPMA DDPyMMA
Conc. % Viability % Viability % Viability % Viability

24 h 72 h 24 h 72 h 24 h 72 h 24 h 72 h
2 mg/mL 81 +£5 77 £ 8 n.t. n.t. n.t. n.t. n.t. n.t.
1 mg/mL n.t. n.t. (-04) £ (-1) (-2) £ (-4) 3+£1 4 +£2 49 £ 8 542
500 ng/mL 87 + 6 115+12 3 +1 (-3) + (-2) 241 3+4 92 +17 27 £5
100 pg/mL 103 + 7 122 + 7 96 + 7 69 + 18 11+£2 2+1 92 + 12 72 £ 13
50 ug/mL 106 £ 11. 111 +7 83 £5 71 £18 82 +38 72 £ 16 96 + 11 86 £ 16
10 pg/mL 95 + 13 110 + 14 119 £ 7 70 + 17 100 + 14 98 + 14 106 + 12 101 + 18
1 pg/mL n.t. n.t. 124 + 6 73 £ 17 95 + 13 103 +19 111 +£16 97 +18

cell viability. For the monomer DDM, the highest non-toxic con-
centration appeared to be around 2 mg/mL, whereas for DDE,
DDMAPMA and DDPyMMA it was in the range 50-100 pg/mL. All
four new monomers could be deemed biocompatible at concentra-
tions higher than their MIC and MBC values for the analyzed cells.

4. Discussion

In the present study, nine new polymerizable antibacterial
di-methacrylate bis-quaternary ammonium monomers (bis-QAMSs)
were developed and characterized. The final goal is to provide new
molecular structures that combine the advantage of bearing two
methacrylate crosslinker moieties for the co-polymerization with
commonly used methacrylate monomers, with an improved bac-
tericidal effect due to the presence of two quaternary ammonium
functionalities. Furthermore, the structural differences that charac-
terize the synthesized monomers could improve the understanding
of the correlation between the structure and the bactericidal effi-
cacy of antibacterial bis-QAMs. Indeed, this topic has not yet been
deeply investigated in the literature to the best of our knowledge.

For the preparation of the monomers, the Menschutkin reaction
[29] was used: starting from commercially available reactants, the

reaction conditions were optimized avoiding extreme pressure and
temperature; the purification process was simplified by precipitat-
ing the products directly from the reaction medium and obtain-
ing the final product in high yield (> 70%) by filtration. Only in
the case of DDPyMMA and DDMAPMA a two-steps synthetic route
was followed, the first step consisting of the preparation of the in-
termediates under common amide-synthesis conditions. [30]. The
second reaction step was an optimized Menshutkin reaction.

The monomer IDMA-2 was synthesized following a procedure
slightly different from the one reported in the literature [15], us-
ing CH3CN as a solvent and a temperature of 65°C. The monomer
was collected by filtration after reaction of 2.5 equivalents (eq) of
DMAEM with 1 eq of bPhMBr,.

For seven of the new monomers (DDM, DDM-F, DDMP, DDMP-
F, DDE, DDPyMMA and DDMAPMA), an alkyl C;, was chosen as
a spacer for the two quaternary ammonium groups because the
presence of a Cy, alkyl spacer can provide some useful features
for an antibacterial cross-linking di-methacrylate monomer. For in-
stance, the medium length of a Cy, chain could contribute to the
balance of the structure hydrophobicity, increasing the bacterici-
dal effect, as in the case of mono-methacrylate QAMs [6], and yet
could avoid a partial shielding of the quaternary ammonium site



due to an excessive bend/curl as in case of longer (Cqg, Cqg) alkyl
chains [31]. Also, a cross-linking bis-QAM bearing a Cq; spacer
that mimics the total length of common commercial crosslinkers,
such as bisphenol A-glycidyl methacrylate (Bis-GMA) and triethy-
lene glycol dimethacrylate (TEGDMA), could contribute to main-
taining the polymeric network stability and high mechanical prop-
erties. Moreover, to investigate the effect of a more rigid spacer,
the derivatives XyDM and BPDE were prepared with 1,4-xylene and
bis-phenyl moieties as monomer-core.

Considering the nature of the bond between the portion de-
rived from methacrylic acid and the rest of the molecule, among
the synthesized bis-QAMs, five of them could be classified as di-
methacrylamides (DDMP, DDMP-F, DDMAPMA and DDPyMMA) and
four of them as di-methacrylates (DDM, DDM-F, DDE, XyDM and
BPDE). Even though, in general, the ester or amide bond present
in QAMs is not directly correlated to the antibacterial properties,
their hydrolyzable nature could represent a drawback in terms
of monomer molecular stability. In the desired and reasonable
scenario in which these new bis-QAMs could be used in dental
adhesive systems, their compatibility in formulation with other
methacrylate monomers is an issue of primary importance. Besides
primers and bonding agents in etch and rinse adhesive systems,
characterized by the presence of low and high viscosity hydrophilic
and hydrophobic monomers, it is mandatory to consider the ex-
tensive use of resins classified as "self-etch” and "universal." These
classes of primers and bonding agents contain acidic monomers,
which could promote the hydrolysis of common mono- and di-
methacrylates and, indeed, QAMs [32]. Based on these premises,
the well-known lower reactivity of amides compared to esters in
acidic conditions [33] might allow extending the use of the new
bis-QAMs as components of "self-etch” and "universal" systems
avoiding hydrolysis and loss of chemical and mechanical proper-
ties of the material.

Although the detailed mechanism for the antibacterial effect
of QAMs has not been determined yet, the correlation between
their bactericidal effect and their contact-interaction with the bac-
terial membrane is generally accepted [6]. Under this considera-
tion, three modes of action have been proposed: 1) an electric
imbalance of negatively charged bacterial cells caused by contact
with positively charged nitrogen that leads to increased osmotic
pressure; 2) diffusion through the cell wall and binding to the cy-
toplasmic membrane; and 3) disruption of the cytoplasmic mem-
brane, the release of cytoplasmic constituents and cell death [6].
In particular, the first mechanism relies on the availability of the
cationic sites, implying that an increase in the material surface
charge density would correspond to an increased antibacterial ac-
tivity [34]. The other two hypothesized mechanisms could be cor-
related to the penetration of a hydrophobic chain, bonded to the
ammonium, into the cell membrane, explaining the greater activ-
ity generally found for mono-methacrylate QAMs with C;; and Cyg
alkyl substituents in comparison to those with shorter or longer
chains [31,35]. In the present study, the interest was mainly fo-
cused on the preparation of cross-linking bis-QAMs, in which the
antibacterial activity would be mainly related to the increase of the
charge density per molecule compared to common QAMs. Thus, to
assure the availability of the quaternary ammonium moieties also
after co-polymerization, low hindrance methyl groups were cho-
sen as two of the nitrogen substituents for most of the prepared
bis-QAMs. In the case of DDPyMMA, the intrinsic structural pla-
narity of the aromatic ring should assure a low steric hindrance
and good accessibility of the pyridinium ion. Additionally, DDE and
BPDE were synthesized as DDM and IDMA-2 homologous, charac-
terized by a slightly more hindered cationic nitrogen bonded to
two ethyl groups instead of two methyl groups.

To our best knowledge, the effect of the quaternary ammonium
counterion on the antibacterial activity has not been utterly elu-

cidated and controversial results can be found in the literature
[6]. For instance, Chen et al. [36] and Flemming et al. [37] de-
scribed a correlation between the type of counterion and the bio-
cide properties of quaternary ammonium-bearing dendrimers and
polyurethanes, respectively, reporting a greater activity when bro-
mide or iodide was introduced as counterion instead of chloride.
However, the work carried out by Panarin et al. [38] on the synthe-
sis of homopolymers of vinylamine and methylmethacrylate with
pendant quaternary ammonium groups showed no effect for coun-
terions on the antibacterial activities among chloride, bromide and
iodide. The variability of the obtained results might be correlated
to several differences among the studied structures and, conse-
quently, to their intrinsic structure-activity relationship, suggesting
that even if the effect of different types of counterion is not easily
predictable, it might not be entirely negligible. Based on this idea,
among the monomers developed in the present study, two fluori-
nated bis-QAMs (DDM-F and DDMP-F) were synthesized by anion
exchange reaction from the relative bromide derivative (DDM and
DDMP, respectively). Fluoride was chosen among other counteri-
ons because of its well-documented anti-cariogenic effectiveness
[39] and to increase the monomers’ potential against secondary
caries.

The range of activity of the new bis-QAMs was tested against
five different bacterial strains: four Gram-positive (S. mutans, S.
sanguinis, S. aureus and S. mitis) and one Gram-negative (E. coli).
S. mutans, S. sanguinis and S. mitis are typical inhabitants of the
healthy human mouth where are found in dental plaque, while E.
coli and S. aureus are two bacterial species that are not part of the
normal oral microbiota.

The first screening of the antibacterial activity was against S.
mutans: a cariogenic, aerotolerant anaerobic bacterium and the pri-
mary etiological agent of dental caries [40]. To clarify the relation-
ship between the bis-QAMs structure and its activity against bac-
teria, the inhibitory and bactericidal activity in terms of MIC and
MBC of the presented monomers was compared with that of one
of the oldest antibacterial compounds introduced in dental materi-
als: MDPB [8] and the bis-phenyl derivative IDMA-2 [15].

From the data obtained in the present study, some hypotheses
could be drawn on the correlation between the antibacterial effi-
ciency of di-methacrylate bis-QAMs and the type of spacer sepa-
rating the two quaternary ammonium moieties. The use of a xylyl
or a bis-phenyl-type spacer corresponded to an evident decrease of
the monomer inhibitory activity in comparison to structures with
alkyl Cq, spacer and comparable methacrylate portion, ammonium
substituents and counterion (MBCppy << MBCxypm < MBCipma-2;
MBCppg << MBCgppg). XyDM, BPDE and IDMA-2 showed MIC and
MBC values ten or even a thousand times higher than their ho-
mologous, suggesting that the spacer’s aromatic nature might be
correlated to this effect. The chemical behavior of cationic gem-
ini surfactants in an aqueous solution might be helpful to explain
this behavior. Cationic gemini surfactants consist of two symmetric
quaternary ammonium groups bonded with an alkyl or aromatic
spacer [41] and several studies showed a correlation between the
chemical characteristics of the spacer and the molecule antibacte-
rial activity [41]. Thus, it is possible to speculate about the results
obtained in the present study hypothesizing a similar behavior
for non-immobilized bis-QAMs: in fact, in amphiphilic molecules,
such as surfactants and QAMs, the balance between the hydrophilic
and the hydrophobic portion is a crucial parameter for achieving
good antibacterial properties and, to this end, the spacer nature
plays a paramount role [42]. Laatiris et al. [43] and, more recently,
Zhu et al. [44] reported an interesting inverse correlation between
the antibacterial activity of cationic gemini surfactants and their
aggregation in an aqueous solution, meaning that to a high sur-
face activity corresponded a low antibacterial activity. The chem-
ical properties of the spacer can be directly associated with the



aggregation behavior of amphiphilic gemini surfactants, in partic-
ular to the critical micellar concentration (CMC) and to the sur-
face activity, which was found to decrease and increase respec-
tively, with the spacer hydrophobicity and -7 stacking interac-
tions [45]. The ability of gemini surfactants with xylyl spacer to
tightly pack on the water-air interface is well known [46], as well
as the general negative effect of molecular aggregation on the an-
tibacterial activity [43]. In the same way, di-methacrylate bis-QAMs
characterized by aromatic spacers, such as xylyl and bis-phenyl,
have the potential to pack more tightly than the ones with alkyl
spacers, forming aggregates in aqueous solutions thanks to -7
stacking interactions. The higher the stability of the formed aggre-
gates, the lower their solubility [47], therefore decreasing the sin-
gle molecule’s ability to transfer into the bacterial membrane and
subsequently decreasing their inhibitory and bactericidal effect.

As expected, the methacrylate and the methacrylamide homol-
ogous DDM and DDMP showed no distinct differences in antibacte-
rial efficacy against S. mutans, neither did the counterion exchange
from bromide to fluoride in their structures. Thus DDM, DDMP,
DDM-F and DDMP-F could be considered all components of the
same bactericidal family, in which the few structural differences
did not affect the antibacterial activity.

Interestingly, the bis-QAMs derivatives bearing two ethyl lateral
groups as ammonium substituents, DDE and BPDE, showed a sur-
prising activity variation compared to their respective homologous
DDM and IDMA-2. DDE showed a significant decrease in both MIC
and MBC values with a bactericidal activity in concentration ten-
fold lower than the one used for DDM,; this result was opposite to
what expected, as the increase of the steric hindrance around the
ammonium would partially shield the cationic charge, affecting its
interaction with the bacterial membrane. Speculating about this re-
sult, it is possible to consider that free bis-QAMs in solution have
a potential bactericidal action through all the three mechanisms
reported before, following the structure-activity general rules de-
termined for mono-QAMs. Under this point of view, the principle
of "the more hydrophobic N-substituent, the higher antibacterial
activity” [31,35] might be considered and it is possible that even
a small increase of hydrophobicity due to the presence of ethyl
substituents instead of methyl, might provide more effective inter-
action between the monomer and the bacterial membrane. Differ-
ently, contrasting results were obtained comparing MIC and MBC
values of BPDE and IDMA-2, as BPDE showed inhibitory activity
in lower concentration, but the bactericidal effect in higher con-
centration than IDMA-2. In this case, the effects of the ethyl sub-
stituents were not completely clear and complex to explain: the
antibacterial activity of BPDE and IDMA-2 was probably correlated
to the equilibrium among rigidity and aggregation-ability due to
the aromatic spacer, to the increase of hydrophobicity due to the
ethyl substituents and the availability of the quaternary ammo-
nium moieties.

DDMAPMA and DDPyMMA showed superior bactericidal activ-
ity against S. mutans than DDM, DDE and DDMP and comparable to
MDPB. This result might be correlated to the increased lipophilic-
ity of DDMAPMA and DDPyMMA provided by the introduced aro-
matic moieties compared to the C; and Cs alkyl chain of DDM,
DDE and DDMP, and the consequent improvement of the bacterial
membrane affinity. A comparable effect for mono-QAMs [48] and
quaternary ammonium pyridinium salts [49] was reported in the
literature, confirming the increase of antibacterial effectiveness in
the case of molecules bearing aromatic groups.

The bactericidal activity showed by DDM, DDMP, DDE,
DDMAPMA and DDPyMMA against Gram-positive bacteria such
as S. sanguinis, S. aureus and S. mitis was indeed promising and
most of the same magnitude as the one observed against S. mu-
tans. DDMP was the sole to require a concentration higher than 1
mg/mL to achieve complete killing of S. aureus. Furthermore, DDE

and, most of all, DDMAPMA and DDPyMMA showed to be also
highly effective against E. coli and to be able to successfully in-
teract with the double bilayer cell membrane that characterizes
Gram-negative bacteria, probably thanks to increased lipophilicity
correlated to their structures.

The response of eukaryotic cells in direct contact with an an-
timicrobial material is a piece of important information. The cy-
totoxicity of the four bis-QAMs showing the best bactericidal ac-
tivity and the broader range of action was tested on HDPSCs. All
the tested monomers displayed a certain degree of dose-dependent
cellular toxicity. However, this was predictable since in the last
years several studies have investigated and identified the cytotoxi-
city and genotoxicity of non-antibacterial methacrylate monomers
commonly used in dentistry such as TEGDMA and HEMA [50].

From the obtained results, DDM was shown to be the less cy-
totoxic monomer and, theoretically, the use of this monomer in
concentration up to 2 mg/mL in dental resins would lead to opti-
mal biocompatible antibacterial materials. This result was not sur-
prising as, in general, cytotoxicity was directly related to the bac-
tericidal activity of the analyzed compound, in particular: higher
the MIC and MBC values, higher the monomer concentration that
can be used without relevant cellular toxicity. This can be proba-
bly associated with the fact that a certain extent of the molecu-
lar mechanisms driving the toxicity against bacterial cells can be
correlated to the ones that affect eukaryotic cell viability, such as
binding and disruption of the cytoplasmic membrane [6]. How-
ever, it is noteworthy that monomers with different antibacterial
activity, in terms of MIC and MBC, and different structures such
as DDE and DDPyMMA, showed similar cytotoxicity. On the other
hand, DDMAPMA and DDPyMMA showed a significant difference
in the value of minimum concentration affecting cell viability, de-
spite having some comparable structural features. On the basis of
the obtained results, the best performing monomer was DDPyMMA
that combined the lowest values of MIC and MBC with the lowest
cytotoxicity.

Moreover, it is noteworthy that the toxicity of all the new
monomers tested was lower than those of other monomers de-
scribed in the literature, such as: MDBP, which has been reported
to have a non-cytotoxic effect at a concentration up to 40 pg/mL
on HDPSCs [12]; methacrylate and di-methacrylate QAMs [11]; and
commonly used not-antibacterial Bis-GMA (2 pg/mL) [51] tested on
human gingival fibroblasts.

The different behavior of bis-QAMs towards procaryotic and eu-
karyotic cells could be correlated to different characteristics of the
cell membranes [52,53]: a different affinity between the membrane
lipids and QAMs seems reasonable, even though not fully inter-
preted yet could affect the antibacterial activity of the monomers.
Basing on the obtained results, it is possible to speculate that prob-
ably, thanks to their negatively charged membranes that could in-
teract with the positively charged ammonium salts, prokaryotic
cells are more sensitive to the QAMs antibacterial mechanism of
action than eukaryotic ones.

One of the major issues toward the development of antibacte-
rial materials for medical use is the possible correlation between
the employment of quaternary ammonium compounds (QACs) and
the development of antimicrobial resistance. Some evidence re-
ported in the literature shows that mono-QAM dimethylaminodo-
decyl methacrylate (DMADDM) and chlorhexidine (CHX) caused
drug resistance in S. gordonii [54] and associate the development
of S. mutans persistence with the use of DMADDM in concentra-
tion 10- and 100-fold the MIC value [55]. In the field of restora-
tive dentistry, the development of bactericidal adhesives contain-
ing QAMs aims to avoid bacterial proliferation at the restoration
margins, requiring a close contact between the QAM and the bac-
terial membrane to be effective. This means that not all the bacte-
ria present in the oral environment will be killed, but only those



adhering to the tooth surface near the restoration margins. In this
scenario, if oral bacteria will develop some resistance to the QAMs,
the result would only be the loss of the adhesive’s antibacterial
properties, which would become inactive against secondary caries
development. Moreover, considering that the adhesive interface be-
tween the tooth and the restoration has a thickness limited to few
microns and that the concentration of QAMs in the resin will not
exceed 5% w/w, the potential risk of dysbiosis in the whole oral
environment is very low.

5. Conclusions

From the obtained results, among the nine newly synthesized
bis-QAMs, DDM, DDE, DDMAPMA and DDPyMMA could be recog-
nized as very promising bactericidal agents to be used in the den-
tal field.

The analysis of the proposed structures and their comparison
with previously published antibacterial QAMs allowed to define
some general structure-activity correlations which could be as-
sessed for free di-methacrylate bis-QAMs:

- The presence of a flexible alkyl C;; spacer between the two
quaternary ammonium moieties (such as for DDM, DDM-F,
DDMP, DDMP-F, DDE, DDPyMMA and DDMAPMA) increased the
monomers antibacterial effect in comparison to the aromatic
ones, such as XyDM, IDMA-2 and BPDE;

- The equilibrium between hydrophobic and hydrophilic moi-
eties in the structure was paramount for the design of efficient
monomeric biocides, as it was directly correlated to the bacte-
ricidal ability and the range of action;

- The increase of steric hindrance of the ammonium side groups
might be both advantageous or disadvantageous depending on
the global structure of the monomer;

- Formulating a cytotoxicity prediction of a structure based on its
antibacterial activity in terms of MIC and MBC is not a trivial
task, although the correlation between toxicity and QAM nature
is not clear yet.
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