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Objective. This study evaluated the influence of experimental composites containing qua-

ternary ammonium monomers (QAM) at different concentrations and alkyl chains on

demineralization at enamel-composite margins after cariogenic challenge.

Methods. Standardized 4 × 4 mm cavities were cut into 35 bovine enamel blocks, which were

randomly divided into seven groups (n = 5) and restored with the following experimental

composites and commercial materials: (G12.5) – 5% dimethylaminododecyl methacrylate

(DMADDM) with a 12-carbon alkyl chain (G12.10) – 10% DMADDM, (G16.5) – 5% dimethy-

laminohexadecyl methacrylate (DMAHDM) with a 16-carbon alkyl chain (G16.10) – 10%

DMAHDM, (CG) – control group (without QAM), (GZ250) – commercial composite (Filtek

Z250
®
), and (GIC) – glass ionomer cement (Maxxion R

®
). After restorative procedures, initial

microhardness was measured and experimental composites were subjected to Streptococ-

cus  mutans biofilm formation for 48 h. After cariogenic challenge, the samples were washed

and  microhardness was reassessed. A 3D non-contact profilometer was used to determine
surface roughness and enamel demineralization was assessed by micro-CT. Microhardness

results were analyzed by the Kruskal–Wallis and Mann-Whitney tests and micro-CT results

were analyzed by Tukey’s HSD test (95% confidence interval).

Results. None of the materials could prevent mineral loss at the enamel-restoration margins.

The addition of 10% DMAHDM yielded the lowest, albeit statistically significant, mineral

loss  (p < 0.05). 3D non-contact profilometry showed enamel surface roughness modification
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after biofilm exposure. The CG had the highest roughness values. Micro-CT analysis revealed

mineral loss, except for GIC.

Significance. The addition of 10% QAM with a 16-carbon chain in experimental composites

reduced mineral loss at the enamel-restoration margins after cariogenic challenge.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
1.  Introduction

Although composites are widely used as direct filling materials
for tooth restorations, they tend to accumulate more  biofilms
than any other restorative materials in vivo [1]. As a result,
biofilms at the enamel or dentin-composite margins may pro-
duce acids and cause secondary caries, which is one of the
main reasons for restoration failure and replacement [1]. In
order to minimize these effects, current research has focused
on incorporation of antibacterial monomers into the organic
matrix of composites [2,3].

Caries disease is a biofilm-dependent condition in which
Streptococcus mutans is the main etiologic agent. Dental biofilm
is composed of different microorganisms that organize them-
selves into complex tangles, becoming more  pathogenic [4].
The development of caries around a previously restored tooth
is related to the progressive demineralization at the tooth-
composite interface caused by the acid produced by the
adhered biofilm [5–7]. Although composites are the first choice
for the restoration of cavities, they cannot, by themselves,
inhibit bacterial colonization.

Experimental composites containing antibacterial sub-
stances such as quaternary ammonium monomer (QAM)
have thus been developed to provide an organic matrix that
can effectively reduce bacterial growth by the release of
cationic monomers [8,9]. QAM may inhibit biofilm forma-
tion since it increases bacterial cell permeability, leading to
the disruption of the cell membrane wall and causing death
[10,11].

Among QAMs, previous studies [12,13] have demonstrated
high antibiofilm properties of DMADDM (2-(dimethylamino)
ethyl methacrylate 1-bromododecane) and DMAHDM (2-
(dimethylamino) ethyl methacrylate 1-bromohexadecane).
The former has a 12-carbon chain and the latter a 16-carbon
chain. Besides the chain length, increasing QAM concentration
also improves the antibacterial effect of the composite [14,15].
Furthermore, incorporation of QAMs into restorative materials
is promising since they are copolymerized with the composite,
forming a network with its polymeric structure, thereby reduc-
ing leachability and maintaining the antibacterial properties
for longer periods [16].

Although a significant reduction in S. mutans biofilm forma-
tion was described when these experimental composites were
evaluated immediately after placement, after finishing and
polishing, or after toothbrush abrasion [17], it is still unknown
how this type of material can influence cariogenic demineral-
ization at the enamel-composite margin. Therefore, the aim

of this study was to investigate changes in enamel at the
restorative material interface performed with experimental
composites containing QAM after cariogenic challenge.
The research hypothesis was that the addition of a higher
concentration of QAM in experimental composites influences
changes in enamel at the interface (i) by maintaining the same
initial hardness values of enamel-margin restorations, (ii) by
resulting in minimal changes to the topography, and (iii) by
reducing demineralization, as shown by micro-CT, after cari-
ogenic challenge at the enamel-composite margin.

2.  Material  and  methods

2.1.  Synthesis  of  antibacterial  monomers

Antimicrobial monomers were synthesized using the Men-
schutkin reaction, as previously reported [14]. In this addition
reaction, a tertiary amine and an organic halide were added in
equal amounts (60 mmol) to a round-bottom flask coupled to
a condenser with 20 mL  of ethanol and refluxed for 24 h. After
that, the solvent was evaporated to dryness (rotary evapora-
tor) to afford the pure monomer, which did not require any
further purification. For each monomer, a different organic
halide was used, since the tertiary amine was always 2-
(dimethylamino)ethyl methacrylate (DMAEMA).

To characterize the reaction products, nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) were used. 1H and 13C NMR  spectra
were recorded on an Avance 200 MHz spectrometer (Bruker,
Billerica, MA, USA) using CDCl3 as solvent. Standard Bruker
software was used throughout and chemical shifts were given
in ppm (� scale) and coupling constants (J) were given in hertz
(Hz). High-resolution mass spectra were obtained on a Bruker
microTOF II mass spectrometer using ESI.

2.1.1.  Dimethylaminododecyl  methacrylate  (DMADDM)
Yield 24.07 g (98.8%); 1H NMR (CDCl3) � 6.11 (s, 1H), 5.64 (s, 1H),
4.64 (br s, 2H), 4.11 (br s, 2H), 3.72–3.50 (m,  2H), 3.47 (s, 6H), 1.92
(s, 3H), 1.81–1.63 (m,  2H), 1.30–1.17 (m,  18H), 0.84 (t, J = 6.6 Hz,
3H); 13C NMR (CDCl3) � 166.4, 135.3, 127.4, 65.6, 62.4, 58.3, 52.0,
32.0, 29.6, 29.5, 29.5, 29.4, 29.3, 26.4, 23.0, 22.7, 18.3, 14.2; HRMS-
ESI: m/z  [M-Br]+ calculated for C20H40NO2Br: 326.3059; found:
326.3062.

2.1.2.  Dimethylaminohexadecyl  methacrylate  (DMAHDM)
Yield 27.52 g (99.3%); 1H NMR (CDCl3) � 6.12 (s, 1H), 5.65 (s, 1H),
4.64 (br s, 2H), 4.13 (br s, 2H), 3.70–3.55 (m,  2H), 3.49 (s, 6H), 1.93
(s, 3H), 1.90–1.61 (m,  2H), 1.37–1.20 (m,  26H), 0.85 (t, J = 5.7 Hz,

13
3H); C NMR (CDCl3) � 166.4, 135.3, 127.4, 65.6, 62.3, 58.3, 52.0,
32.0, 29.7, 29.6, 29.5, 29.4, 29.3, 26.4, 23.0, 22.7, 18.3, 14.2; HRMS-
ESI: m/z  [M-Br]+ calculated for C24H48NO2Br: 382.3685; found:
382.3691.

https://doi.org/10.1016/j.dental.2019.05.021
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.2.  Formulation  of  experimental  composites

omposite formulation was previously described by Rego
t al. [17]. A mixture of bisphenol-A-glycidyl dimethacrylate
Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA)
Esstech Inc., USA, batch 610-43) was used at a weight ratio
f 50:50. This mixture was supplemented with 1% cam-
horquinone (Esstech Inc., USA; Lot TSNP004397) and 1%
DMAB amine (Sigma-Aldrich, MO, USA, lot MKBB3614), used
s photoinitiator/co-initiator system. Pre-silanized spherical
ilica (average size of 7 nm;  Aerosil R812, Evonik Degussa, lot
523102) and pre-silanized SiO2BaO particles (average size of
.7 �m,  Esstech Inc., USA, batch 699-17) were added at a total of
0% weight. QAMs (DMADDM or DMAHDM) were added at con-
entrations of 5% and 10% of the total organic matrix weight.
he groups were named according to the alkyl chain length
nd monomer concentration, as follows: G12.5 (5% DMADDM),
12.10 (10% DMADDM), G16.5 (5% DMAHDM), G16.10 (10%
MAHDM), and control group (CG), without any QAM.

In addition, two more  experimental groups: GZ250 and GIC,
espectively a commercial composite (Z250, 3M Espe, Seefeld,
ermany) and a commercial glass ionomer cement (Maxxion
, FGM, Santa Catarina, Brazil), were evaluated.

.3.  Enamel  blocks  and  specimen  preparation

hirty-five enamel blocks (4 mm × 4 mm × 3 mm)  were pre-
ared from extracted bovine incisors, which had been
reviously stored in chloramine solution (pH 7.0) for 30 days
t room temperature. One sample was cut from each crown
sing an ISOMET low-speed saw (Buehler, Lake Bluff, IL, USA)
nd two diamond discs (Extec Corp., Enfield, CT, USA), which
ere separated by a 4-mm diameter spacer. The enamel sur-

ace was ground flat with sandpaper discs (320, 600, and 1200
rades of Al2O3 papers; Buehler, Lake Bluff, IL, USA) and pol-
shed with felt paper soaked in diamond slurry (1 �m;  Buehler).
his procedure resulted in removal of about 100 �m of enamel.
icrohardness was determined by performing five inden-

ations in randomized areas at the enamel surface (Knoop
ardness diamond, 25 g, 5 s, HMV-2000; Shimadzu Corpora-
ion, Tokyo, Japan). Only enamel specimens with hardness
alues ranging from 320 to 385 KHN were selected.

After enamel block selection, standardized cavities (1.5 mm
iameter for 1.5 mm deep) were prepared at the center of the
namel surface using a spherical diamond bur # 2292 (KG
orensen, Barueri, SP, Brazil). Specimens were randomly dis-
ributed into seven groups (n = 5). In all groups, except in group
IC, enamel and dentin were etched with 35% phosphoric acid

3M ESPE, St Paul, MN, USA) for 15 s, rinsed off for 15 s, and blot-
ried. Thereafter, the adhesive system (Adper Single Bond 2,
M ESPE, St Paul, MN, USA) was applied in two coats with a
icrobrush tip, lightly dried, and photocured for 10 s following

he manufacturer’s instructions.
Restorative materials were inserted in the prepared cav-

ty and covered with a polyester strip and a glass slab under

ressure to remove excess material from the cavity. For light-
ured composites, polymerization was carried out through the
olyester strip for 40 s using a light-curing unit (Radii CALL,
DI) with a power density of 800 mW/cm2.
 0 1 9 ) e175–e183 e177

After 7 days of storage at 4 ◦C at a relative humidity of 100%,
to obtain reference surfaces for lesion depth determination,
the restoration surfaces were ground flat as described above.
Then, the initial enamel surface microhardness (SMH) (dis-
tance of 50 mm from the restoration margin) was measured
(Knoop indentation at 50 g, 15 s with five indentations, 100 mm
from each other). After that, half of the restoration and enamel
margins were covered by two layers of nail varnish for main-
tenance of a sound surface reference [18].

2.4.  Biofilm  formation

The biofilm model chosen for the experiment was composed
of S. mutans. This microorganism plays the main role in the
onset and progression of enamel caries and it is commonly
found in the oral cavity.

The specimens were sterilized with ethylene oxide and
fixed at the bottom of well plates (24-well plate) with a resis-
tant acid varnish. S. mutans isolate from the American Type
Culture Collection (ATCC 25175, Fundação Oswaldo Cruz, Rio
de Janeiro, RJ, Brazil) was cultured in brain heart infusion (BHI)
(Difco, Sparks, USA) broth supplemented with 2% sucrose at
37 ◦C under anaerobic conditions for 24 h. Afterwards, the bac-
terial suspension was adjusted to an optical density of 0.5 at
550 nm using a UV/Vis spectrophotometer (Beckman Coulter
DU

®
530, LifeScience, San Diego, CA, USA) in accordance with

the McFarland scale (Biomérieux Brazil S.A., RJ, Brazil). The
suspension was diluted 1:100 and 10 �L of this suspension was
added to each well, containing a specimen with 2 mL  of BHI
broth supplemented with 2% sucrose. The 24-well plates were
kept for 48 h at 37 ◦C under microaerophilic conditions. Dur-
ing the experiment, the growth medium was changed every
24 h.

2.5.  Knoop  microhardness  analysis

After the biofilm formation period, enamel samples were
removed from the plates and the nail varnish on the reference
surfaces was carefully removed with acetone-soaked cotton
wool. The final surface microhardness evaluation (SMH1) was
performed at 100 �m apart from the initial indentations on the
enamel and restoration. The percentage of hardness change
for enamel and restorative materials was calculated as fol-
lows:

%hardness = 100(SMH1 − SMH)/SMH.

2.6.  3D  non-contact  profilometry

To perform 3D non-contact profilometry, the specimen with
microhardness values more  similar to the mean values of each
group was selected. The surface topography of the specimens
was analyzed by a 3D profilometer (Nanovea PS50 Optical,

NANOVEA Inc., Irvine, USA). The measurements were per-
formed with a chromatic confocal sensor with a white light
axial source at a scan velocity of 3 mm/s  and with a refractive
index of 1 [19].

https://doi.org/10.1016/j.dental.2019.05.021
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Fig. 1 – Left (1): micro-CT tridimensional specimen visualization for quantification of mineral density in sound (P – protected
enamel area), carious exposed enamel (E – exposed enamel area), and restoration (R – restorative material). White lines
indicated the direction of reslicing. Right (2): representative micro-CT slice. Full and dotted lines indicate the area where the

nam
gray values were  measured (P – protected enamel area; E – e

2.7.  Micro-CT  acquisition,  reconstruction,  and  analysis

The specimens were scanned using micro-CT following the
methodology described by Neves et al. [20]. A high-energy
micro-CT scanner (Skyscan 1173, Bruker, Kontich, Belgium)
was used, with the following acquisition parameters: 70 kV,
114 �A, 14.6 �m pixel size, 260 ms  exposure, frame averag-
ing of 5, and rotation step of 0.5◦ through 360◦. A flat-field
reference image  was obtained before the first scan and the
random-movement amplitude was set to 20 lines to reduce
ring artifacts. A 1-mm aluminum filter was also used to reduce
the beam hardening effect. The data were saved as 16-bit TIFF
format projections.

The acquired micro-CT projections were reconstructed into
cross-sectional slices using the Nrecon v.1.6.6 software inter-
face (Bruker). Specific reconstruction settings included a 50%
beam hardening correction, ring artifact correction factor of
5, and input of optimal contrast limits (0–0.075) for all stack
reconstructions. The reconstructed slices were saved in 8-bit
BMP  format. A volume of interest (VOI) was then cropped from
the original stacks and aligned, with the protected enamel side
on the left side, exposed enamel side on the right side, and the
restored cavity at the center (Fig. 1.1).

After that, 10 representative slices were chosen from the
VOI and line profiles were taken from the enamel surface to at
least half of the enamel layer depth near the interface in both
the protected (sound) and exposed (carious) areas (Fig. 1.2).
The sound and carious profiles were compared and the inte-
grated difference in gray values were measured and taken
as the representative mineral change. Negative values indi-
cate net mineral loss, while positive values indicate mineral
density increase. Lesion depth was also obtained from all eval-
uated samples.
2.8.  Statistical  analysis

Microhardness values were analyzed using SPSS for Win-
dows, version 20.0 (IBM Corporation, New York, NY, USA),
el exposed to the biofilm).

in order to calculate correlations between groups and the
percentage of surface microhardness loss (SMH%). Results
were first subjected to the Shapiro–Wilk and Levene’s tests
to evaluate the data distribution model. The Kruskal–Wallis,
Mann–Whitney, and Tukey’s HSD test were carried out to com-
pare the microhardness values according to the groups and
distances between the enamel-restoration margin. Tukey’s
HSD test was used for the micro-CT analysis. The significance
level was set at 5%. A descriptive analysis was used for 3D
profilometry.

3.  Results

3.1.  Surface  microhardness  loss

After the cariogenic challenge, a decrease in surface micro-
hardness was observed on the enamel near the restorative
interface in all groups evaluated, with a significant effect
for the restorative material (Table 1). However, this was not
observed for the distance from the margin (Kruskal–Wallis
test, p > 0.05) (Fig. 2). Overall, specimens restored with
glass ionomer cement (GIC) presented statistically significant
higher microhardness values (resistance to demineralization)
compared to the other materials for all indentation dis-
tances.

The Mann–Whitney test was used to detect differences
in total mineral loss among the groups. Overall, significant
high mineral loss was observed for all groups; however, G16.10
presented better resistance to mineral loss among the other
composites. In addition, GIC had statistically lower mineral
loss compared to the other groups (Fig. 3, Table 1).

Tukey’s HSD test was used to evaluate whether there were

statistical differences among the different groups at the same
indentation distance from the enamel margin. All GlC inden-
tation distances had statistical differences among the other
groups (Table 1).

https://doi.org/10.1016/j.dental.2019.05.021
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Table 1 – Percentage of hardness loss for enamel adjacent to restorative materials after biofilm formation at different
distances.

Distance
Hardness loss % (SD)

G12.5 G12.10 G16.5 G16.10 CG GZ250 GIC

50 �m 88.5 (3.01)A 90.4 (1.56)A 92.5 (0.44)A 78.6 (5.20)A 92.4 (0.89)A 92.8 (0.47)A 27.5 (14.29)B

150 �m 88.4 (3.01)A 87.1 (3.25)A 93.0 (0.35)A 79.5 (3.60)A 92.5 (1.14)A 92.9 (0.59)A 24.2 (8.64)B

250 �m 85.1 (3.48)A 84.7 (3.89)A 92.2 (0.47)A 78.6 (4.23)A 89.9 (2.50)A 92.9 (0.43)A 16.5 (10.57)B

350 �m 84.3 (3.43)A 84.7 (3.32)A 92.1 (1.61)A 78.2 (4.82)A 88.6 (3.38)A 92.5 (0.52)A 22.5 (11.03)B

450 �m 85.1 (2.77)A 80.8 (2.84)A 91.1 (1.52)A 77.4 (4.13)A 87.9 (2.79)A 91.5 (1.04)A 24.6 (9.76)B

Different letters indicate statistically significant differences (p < 0.05).

Fig. 2 – Mean percentage of surface microhardness loss at the enamel margin according to the distance from the restorative
interface after cariogenic challenge.

Fig. 3 – Percentage of total surface microhardness loss for
enamel adjacent to restorative materials after biofilm
formation, regardless of the distance from the restoration.
Different letters indicate statistically significant differences
(

3
a

T
s

Table 2 – Mean surface roughness in �m (Ra and Sa) and
gap between protected and exposed enamel areas.

Ra Sa Gap

G12.5 −0.14 −0.22 10.22
G12.10 −0.16 −0.20 10.69
G16.5 −0.03 −0.24 7.97
G16.10 −0.22 0.12 6.77
CG −0.01 −0.39 12.5
p < 0.05, Mann–Whitney test).

.2.  3D  non-contact  profilometry  and  micro-CT

nalysis

able 2 shows linear surface roughness values (Ra), volumetric
urface roughness (Sa), and the step (gap) between the cov-
GZ250 −0.45 −0.38 5.32
GlC −0.92 −1.20 4.88

ered and exposed area for each group. GIC presented lower
step sizes and linear surface roughness values. Regarding Sa,
G16.10 resulted in rougher surfaces compared to all groups
evaluated.

Fig. 4 shows profilometry images of surface roughness after
the cariogenic challenge. Note that all groups presented dif-
ferences in roughness between the protected area and the
exposed enamel, resulting in a step between the two  areas.

Fig. 5 shows mineral density changes (represented by dif-
ferences in gray values) in enamel adjacent to the restorations
measured by micro-CT. All specimens presented a reduction in
mineral density (higher absolute values indicate greater min-

eral loss), except for the GIC group, which exhibited a mineral
density increase after the cariogenic challenge. Table 3 shows
values of lesion depth among the groups. Although both GC

https://doi.org/10.1016/j.dental.2019.05.021
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Fig. 4 – 3D profilometry surface image representation of the interface between the tooth and the restorative material (R) after
el. F
the cariogenic challenge; protected (P) and exposed (E) enam

and GZ250 showed higher lesion depths, values were not sta-
tistically significant from the other groups.

4.  Discussion

Even with all advances in dental materials research, replace-

ment of composite restorations due to recurrent caries is still
common [21]. In this regard, incorporation of antibacterial
monomers into dental composites seems to be a promising
alternative for inhibiting biofilm formation and decreasing
ull black line rectangles indicate the analyzed areas.

acid production by microorganisms [16]. This is the first study
to investigate demineralization of the enamel adjacent to
restoration margins in cavities filled with experimental com-
posites containing QAMs subjected to a cariogenic challenge.

Regarding the complex degradation of the dental structure
when subjected to a cariogenic challenge, it has been shown
that the Knoop hardness test is a pertinent method to con-

firm demineralization after acid challenges [18]. This test was
used in the present study to verify whether restorative mate-
rials with reported antimicrobial properties [17] can protect

https://doi.org/10.1016/j.dental.2019.05.021
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Fig. 5 – Mean gray values indicate mineral loss in adjacent
enamel restorations. Different letters indicate statistically
significant differences (p < 0.05) (Tukey’s HSD test).

Table 3 – Mean ± standard deviation of lesion depth (�m)
among the groups*.

Groups Lesion depth

G12.5 142.3 ± 18.4a

G12.10 146.0 ± 11.9a

G16.5 148.6 ± 13.9a

G16.10 142.3 ± 21.9a

GC 149.6 ± 7.3a

GZ250 160.6 ± 20.6a

Different letters indicate statistically significant differences
(p < 0.05) (Tukey’s HSD test).
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their diffusion through the substrate, enabling a positive min-
∗ As lesions in GIC group showed increase in integrated mineral
loss, no measurable depth of lesion could be measured.

he enamel at the interface against demineralization induced
y cariogenic biofilm formation. Compared to the controls (CG
nd GZ250), only the experimental composites with 10% qua-
ernary ammonium were able to reduce total hardness loss
Fig. 3). On the other hand, the adjacent enamel in cavities
estored with G16.10 (10% DMAHDM) presented the lowest

icrohardness percentage loss among the experimental com-
osites. In accordance with the current literature, DMAHDM
as the longest alkyl chain [22], which is more  effectively asso-
iated with the inhibitory potential of S. mutans growth [13,22].
n the present study, when the concentration of DMAHDM was
0%, there might have been lower biofilm formation, which
ulminated in lower demineralization percentage around the
namel-restoration margin.

The short-chain quaternary monomer DMADDM has also
hown efficiency in inhibiting biofilm growth [15,16,23,24]. In
ine with that, our results indicated less demineralization on
he margins of cavities restored with DMADDM at 5% and
0% concentrations when compared to commercial composite
Z250 (Fig. 3). However, unlike the concentration of DMAHDM,

hat of DMADDM in experimental composite did not influence
he prevention of enamel demineralization around restoration
argins.
In the present study, commercial composite GZ250 served

s reference and a negative control while GIC was used as
 0 1 9 ) e175–e183 e181

a positive control as its ability to interact with dental hard
tissues is widely known [25–27]. The fluoride-releasing GIC
materials exhibit a secondary caries inhibiting effect even
during cariogenic challenge [28]. However, the concentration
of ions released appeared not sufficient to inhibit bacterial
growth [29]. This ionic diffusion capacity certainly promoted
remineralization of the exposed enamel, as seen in the pro-
filometry (Table 2 and Fig. 4) and micro-CT analyses (Fig. 5),
resulting in fewer alterations in microhardness values.

A significant difference was found in the percentage of sur-
face microhardness change in adjacent restorations between
the CG and commercial composite GZ250. In general, the CG
presented better results compared to the commercial material
and, even though none of them had an antibacterial monomer
in their composition, filler sizes could be a reasonable explana-
tion for these findings. Whereas the control group was made
up of a standardized filler size of 40 nm,  the commercial com-
posite, according to the manufacturers, contained filler sizes
that could reach up to 3.5 �m.  It is known that after polish-
ing, fillers could come off the matrix, leading to a rougher and
porous surface, facilitating the growth of S. mutans and biofilm
formation [30,31].

The present study did not demonstrate any statistical dif-
ference in enamel demineralization at different distances
from the restoration margins. Glasspoole et al. [32] observed
that GICs were able to influence mineral changes in enamel up
to 800 �m from the restoration margin. Thus, one can specu-
late that the area of protection of the different materials in the
present study might be even higher than 450 �m,  which was
the indentation farthest from the margin used in our experi-
ment.

Surface roughness was evaluated by 3D non-contact pro-
filometry. By measuring enamel loss with a laser, this method
does not damage the specimen’s surface as occurs in contact
profilometry [33]. In addition, this method enables a volumet-
ric loss analysis by the surface place generated [34,35]. Higher
linear surface roughness was found in the CG and lower volu-
metric surface roughness and step sizes were found in the GIC
group. This result was similar to those observed in the micro-
hardness test and in the micro-CT analysis, which means that
rougher surfaces were found in groups without any antimicro-
bial monomer. By contrast, GIC produced protective properties
against demineralization [35] and resulted in fewer surface
modifications.

A micro-CT analysis is more  advantageous than the
conventional microradiographic technique for the study of
demineralization since it allows a volumetric and non-
destructive analysis of the whole specimen [36]. In all
experimental groups, a decrease in mineral content was
detected while comparing the sound area with the area
exposed to the biofilm. The micro-CT analysis corroborated
the results observed in the microhardness test, which demon-
strated that G16.10 exhibited less mineral loss. Among all
restoration groups, GIC was the only group with an increase
in mineral density. This result may be attributed to the well-
known ability of GICs to release fluoride ions constantly and to
eral change [7]. Additionally, our cariogenic challenge (biofilm
formation model) could be considered short (48 h), i.e., with
the presence of acids only for a short period. This might have
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facilitated fluoride ion release from the GIC to the restoration
margins without further mineral loss.

Although the development of primary or recurrent den-
tal caries depends on a complex microbial community, we
used bacterial monocultures to cariogenic challenge [17]. Nev-
ertheless, this biofilm model was appropriate for the posed
research question, considering the need to better under-
stand the results obtained with single-species models and
experimental composites containing quaternary ammonium
monomers.

Despite evaluating the demineralization protection capac-
ity of DMADDM and DMAHDM for the first time, this study
could not address all the complexity of the in vivo caries for-
mation process. Furthermore, with the results obtained, we
refute hypothesis (i), since all experimental composites pre-
sented lower microhardness values. However, hypotheses (ii)
and (iii) could be partially accepted, since the addition of
10% DMAHDM produced lower changes in the topography and
lower demineralization, confirmed by micro-CT. Thus, in addi-
tion to the antibiofilm properties already demonstrated in
previous studies [17], in general, QAMs were able to prevent
demineralization around enamel-restoration margins after
the cariogenic challenge.

5.  Conclusion

Except for 5% DMAHDM, all experimental composites demon-
strated a statistically significant reduction in demineralization
around the enamel-restoration margins. DMAHDM at 10%
concentration presented better resistance to the cariogenic
challenge. Furthermore, enamel at the margins of the GIC
restoration had a remineralization behavior.

In general, the addition of antibacterial monomers, based
on QAMs, to experimental composites improved resistance to
demineralization in enamel-restoration margins when sub-
jected to cariogenic challenge.
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