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ABSTRACT

This study aimed to evaluate the effects of the combined application of
dimethylaminohexadecyl methacrylate (DMAHDM) and 10-methacryloyloxy-
decyl dihydrogen phosphate (MDP) on dentin bonding and its antimicrobial
properties. DMAHDM was incorporated into the adhesives at 5% by mass,
where two commercial adhesives were used: (1) MDP-free adhesive (single
bond 2); (2) MDP-containing adhesive (single bond universal, SBU). The
microtensile bond strength (uTBS) and nanoleakage were analyzed on the
combination. The effects of DMAHDM on the interaction between MDP and
hydroxyapatite and the degree of conversion were assessed by Fourier trans-
form infrared spectroscopy (FTIR). Antimicrobial properties were examined by
live/dead staining assay, colony-forming units (CFU), and metabolic activity,
and cytotoxicity was measured using cell counting kit-8 (CCK-8) assay. 5%
DMAHDM or MDP-containing groups showed increased immediate uTBS
compared with the control group. Nanoleakage showed that 5% DMAHDM or
MDP-containing groups presented little amount of silver penetration, while the
control group exhibited extensive silver uptake along the bonding interface after
water storage aging. FTIR showed that the interaction between MDP and
hydroxyapatite was not affected by DMAHDM, besides DMAHDM did not
hamper the polymerization of the bonding agents. The adhesives added with
DMAHDM inhibited biofilm formation and reduced the biofilm CFU and
metabolic activity of Candida albicans and Streptococcus mutans (P < 0.05). No
cytotoxic or slight cytotoxic effect was detected for the experimental materials
used (MDP and 5% DMAHDM). The addition of DMAHDM along with MDP
can obtain improved dentin bonding with increased antimicrobial performance.
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Introduction

Dental caries is a biofilm-dependent oral disease with
a high prevalence, usually leading to tooth defects,
affecting the masticatory function and impairing the
quality of life [1]. Composite resins along with
adhesives are commonly used in dentistry for tooth
cavity restorations due to their esthetics and direct-
filling ability [2], while secondary caries is claimed as
a major long-term complication of dental restorations
[3], typically occurring in primary carious lesions, as
well as along the bonding interface between tooth
and composite resins [4]. The main challenge for
restorations with composite resins is to provide
durable and effective bonding to tooth hard tissues
[5], meanwhile preventing secondary caries caused
by the bacteria present in dental plaque [6, 7]. The
adhesives containing antibacterial agents combat the
residual bacteria in the tooth cavity, with caries-in-
hibiting abilities, which are quite needed in clinical
treatment.

Microorganisms adhesion on the surface of
restorations produces a series of metabolites and
creates an acidic environment to demineralize the
teeth, leading to secondary caries over time [8, 9],
besides the material properties of the restorations
also influence the accumulation of biofilm [10]. Den-
tal biofilm throughout the bonding interface plays a
critical role in caries formation and serves as a source
of infection [11-13]. Consequently, composite resins
may be more susceptible to marginal discoloration
and loss of retention caused by bacterial acid pro-
duction [14, 15]. Therefore, efforts have been made to
explore new bonding agents with longer-lasting
antimicrobial activities and meanwhile maintain the
bonding efficiency to suppress biofilm formation and
secondary caries.

Currently, the resin—dentin bonding interface relies
primarily on the interlocking between the infiltrated
adhesive monomers and the exposed collagen net-
works [16]. Various types of monomers have been
employed in different adhesive systems, with phos-
phoric acid ester and carboxylic acid monomers [17].
Among them, 10-methacryloyloxydecyl-dihydrogen
phosphate (MDP), a phosphate ester monomer, can
chemically react with hydroxyapatite to form the
MDP-Ca salt structure, which is a key factor to
improve the stability of the resin—dentin bonding
interface [18]. Commercial MDP-based adhesive
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systems, such as single bond universal (3 M ESPE,
USA) and Clearfil Protect Bond (Kuraray Medical Inc,
Japan), have been reported that they can form an
acid-base-resistant zone, which exhibit hydrolytically
stable, leading to the promotion of restoration dura-
bility [19, 20]. Quaternary ammonium methacrylates
(QAMs) are antimicrobials with a broad spectrum of
activities including bacteria, fungi, etc. [21], and have
been incorporated into resins, root canal sealers, and
bonding agents, showing promising antimicrobial
activities and low toxicity [22-24]. Dimethylamino-
hexadecyl methacrylate (DMAHDM) belongs to
QAMs with a “contact killing” antibacterial mecha-
nism, which displays strong antibiofilm potency [25].
However, the effects of the addition of DMAHDM
into MDP-containing adhesive on dentin bonding
and antimicrobial properties have not been reported.

The objective of this study was to evaluate the
potential efficacies of interaction between DMAHDM
and MDP on dentin bonding and antimicrobial per-
formance by detecting the dentin bond durability,
antimicrobial effects, and biocompatibility. It was
hypothesized that: (1) Incorporating DMAHDM into
adhesive would not compromise the dentin bonding;
(2) DMAHDM alone would inhibit biofilm formation;
(3) DMAHDM + MDP adhesive would achieve dual
effects on dentin bonding performance and antimi-
crobial effects.

Materials and methods
Experimental design

The present study incorporated DMAHDM into two
commercial adhesives: MDP-free/MDP-containing
adhesive. For dentin bonding performance, this study
involved the analysis of two factors: 1. different
dentin bonding agents (six groups); 2. storage time
(24 h and 6 months). The main response variables
were bond strength to dentin measured using a
microtensile bond strength test (uTBS) and
nanoleakage observed by scanning electron micro-
scopy (SEM). For antimicrobial properties, this study
involved the analysis of one factor: different dentin
bonding agents. The main response variable was
biofilm formation, detected by live/dead staining
assay, colony-forming units (CFU), and metabolic
activity. Besides the impact of DMAHDM on the
interaction between MDP and hydroxyapatite, and
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the polymerization of the bonding agents measured
by degree of conversion (DC) were estimated using
Fourier transform infrared spectroscopy (FTIR). The
biocompatibility of DMAHDM was measured
through cytotoxicity.

Fabrication of DMAHDM

DMAHDM was synthesized according to a modified
Menschutkin reaction, in which a tertiary amine
group was reacted with an organo-halide [26]. In
brief, 10 mmol of 2-(dimethylamino) ethyl
methacrylate (DMAEMA, Aladdin, Shanghai, China)
and 10 mmol of 1-bromohexadecane (BHD, Aladdin,
Shanghai, China) were combined with 3 g of ethanol
in a 20-mL vial. The vial was stirred at 70 °C for 24 h.
After the reaction was completed, the solvent was
removed via evaporation, and DMAHDM was
acquired as a clear, colorless, and viscous liquid [27].
To determine whether DMAHDM has been synthe-
sized, the reaction products can be analyzed by
Fourier transform infrared spectroscopy (FTIR;
Nicolet 6700, Thermo Fisher Scientific, Waltham, MA,
USA) [28].

Teeth specimen preparation

Freshly extracted non-carious human third molars
were collected under a protocol approved by the
Ethical Committee Department, Affiliated Hospital of
Stomatology, Nanjing Medical University, China. The
teeth were cleaned and then stored in a 0.9% saline
solution. The roots of teeth were removed via a low-
speed saw (Isomet 1000, Buehler, Lake Bluff, IL, USA)
under plentiful water irrigation. The occlusal one-
third of the tooth crown was removed perpendicu-
larly to the long axis of the tooth to expose the mid-
coronal dentin, and a flat dentin disk with a thickness
of approximately 3 mm was obtained from each
tooth. The exposed dentin surface was wet-polished
using 400-grit silicon-carbide (SiC) abrasive papers to
acquire a uniform smear layer [29].

Dentin bonding procedure

Two commercial adhesives were selected in this
study: (1) MDP-free adhesive (single bond 2), which
served as a comparative control; (2) MDP-containing
adhesive (single bond universal). The compositions
of the two adhesives are listed in Table 1.
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DMAHDM was added into two commercial
adhesives at a mass fraction of DMAHDM/(adhe-
sive + DMAHDM) = 5%, and the 5% was selected
according to a previous study [30]. MDP-containing
experimental primer used was prepared following
the formula as previously described [31]: MDP (DM
Healthcare Products, USA), 10 wt%; ethanol, 88.8
wt%; camphorquinone (CQ, Aladdin, Shanghai,
China), 0.3 wt%; and 4-dimethylamino-benzoic acid
ethyl ester (4EDMAB, Aladdin, Shanghai, China), 0.9
wt%.

The extracted teeth were randomly divided into 6
groups with 10 teeth in each group. The dentin
bonding agents for each group are detailed in Table 2.
The surfaces of the dentin specimens were etched
with 35% phosphoric acid gel (Gluma Etch 35 Gel,
Heraeus Kulzer, Hanau, Germany) for 15 s to remove
the smear layer and rinsed with distilled water. A
primer was applied with a brush-tipped applicator,
and the solvent was removed gently with a stream of
air for 5 s. The corresponding adhesives were used
on the dentin surfaces of each group and light-cured
for 20 s with a curing unit (EliparTM S10, 3 M ESPE,
St. Paul, MN, USA). The composite resin (Filtek Z250,
3 M ESPE, St. Paul, MN, USA) was built up on the
adhesive-treated dentin surface in two 2-mm-thick
increments, and each increment was light-cured for
40 s. The bonded specimens were then stored in
distilled water at 37 °C for 24 h and 6 months,
respectively.

Microtensile bond strength

Each bonded specimen was vertically sectioned into
0.9 mm x 0.9 mm resin—dentin beams after storage
in distilled water at 37 °C for 24 h and 6 months. The
three longest sticks from the beams of each tooth
were selected at each period. Each beam was stressed
to failure at a cross-head speed of 1 mm/min using a
universal testing machine (Instron 3365 ElectroPuls,
Instron, Boston, MA, USA). The load-at-failure
(N) divided by the cross-sectional area (mm?) at the
site of failure yielded the microtensile bond strength
(uTBS) [32], and the pTBS was expressed in MPa. The
uTBS of each group for 24 h and 6 months of water
storage was recorded and mean, and standard devi-
ation values were calculated.

After uTBS testing, the two ends of a fractured stick
were observed under a stereoscopic microscope to
determine the failure modes, which were classified as

@ Springer



12688

| J Mater Sci (2023) 58:12685-12705

Table 1 Commercial adhesives and composite resin investigated in this research

Material Manufacturer Composition Batch
number

Single bond 2 3 M ESPE, Dimethacrylate resins, Vitrebond™ Copolymer, Filler, Ethanol, Water, Initiators NC75786
USA

Single bond universal 3 M ESPE, = MDP Phosphate Monomer, Dimethacrylate resins, Vitrebond™ Copolymer, Filler, 7836322
USA Ethanol, Water, Initiators, Silane

Filtek™ 7250 3M ESPE, UDMA, Bis-EMA, Bis-GMA, Aluminum oxide NC88269

composite resin USA

Abbreviation: MDP 10-methacryloyloxydecyl dihydrogen phosphate; UDMA urethane dimethacrylate; Bis-EMA bisphenol

A-dimethacrylate; Bis-GMA bisphenol A-glycidyl methacrylate

Table 2 Dentin bonding agents used in this study

Groups Dentin bonding agents
Control Single bond 2 (MDP-free adhesive)
MDP MDP-containing experimental primer + Single bond 2

5% DMAHDM
MDP + 5% DMAHDM

Single bond 2 added with 5% DMAHDM
MDP-containing experimental primer + Single bond 2 added with 5% DMAHDM

SBU Single bond universal (MDP-containing adhesive)

5% DMAHDM + SBU

Single bond universal (MDP-containing adhesive) added with 5% DMAHDM

adhesive failure (failure along the adhesive interface),
cohesive failure (failure in the composite or in den-
tin), or mixed failure (failure in the adhesive joint
together with failure in the composite or in dentin).

Nanoleakage

Three middle slabs from each group were used for
nanoleakage observation using scanning electron
microscopy (SEM; TESCAN MAIA3, Kohoutovice,
Czech Republic). Two layers of nail varnish were
applied on both surfaces, leaving a blank 1-mm
window along the bonded interface uncovered. The
slabs were immersed in ammoniacal silver nitrate
solution under light protection for 24 h, which was
prepared as described by Tay et al. [33]. The slabs
were rinsed with distilled water and immersed in a
photo-developing solution for 8 h under a fluorescent
light. The specimens were wet polished sequentially
using 600-, 1200-, 2000-, and 3000-grit SiC abrasive
papers, which were followed by cleaning ultrasoni-
cally for 5 min. The polished slabs were air-dried,
sputter-coated with Au, and examined by SEM using
back-scattered electron imaging mode.
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Fourier transform infrared spectroscopy

The potential interaction between MDP and hydrox-
yapatite (HA) affected by the incorporation of
DMAHDM was characterized chemically using FTIR.
HA powder was treated with MDP experimental
primer, 5% DMAHDM, and MDP + 5% DMAHDM,
which were referred to as M-HA, D-HA, and M + D-
HA, respectively. HA powder without any treatment
was analyzed as the control (referred to as HA). The
treated HA powders (referred to as M-HA, D-HA,
and M + D-HA, respectively) were washed, cen-
trifuged, and air-dried at ambient temperature over-
night. The infrared spectra from the above three
treated powders as well as the HA group were col-
lected in the 3200-500 cm ™' region.

Degree of conversion

The dentin bonding agents for each group were
prepared according to Table 2. The MDP-free adhe-
sive (single bond 2) served as the control. One drop of
each adhesive was spread on the top plate of FTIR
and light-cured for 20 s at a standardized distance of
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5 mm. The absorption spectra of uncured (0 s) and
cured (20 s) adhesives were obtained by FTIR in the
range of 1800 — 1500 cm ™. The degree of conversion
(DC) was calculated by changes in C = C intensity
according to the following equation:

Abs(1638
Cured [Abzgwosﬂ

DC (%) = (1 T [Abs(ms)]) x 100%

Abs(1608)

where Abs(1638) indicated the absorption peak of
aliphatic C=C at 1638 cm ™', while Abs(1608) indi-
cated the aromatic C=C at 1608 cm ™. The average of
three readings of each adhesive was obtained for
statistical analysis.

Bacterial strains and culture

The standard strain Candida albicans SC5314 (C. albi-
cans, ATCC® MYA-2876™) was purchased from the
American Type Culture Collection (ATCC, Rockville,
MD, USA), and Streptococcus mutans (S. mutans
UA159, ATCC® 700610) was purchased from
Shanghai Bioresource Collection Center (SHBCC,
Shanghai, China). Stock cultures were stored at -80 °C
until use. C. albicans were cultured overnight at 30 °C
and 200 rpm with shaking in Yeast Extract Peptone
Dextrose (YPD) medium (2% peptone, 1% yeast
extract, and 2% glucose). S. mutans were incubated
aerobically at 37 °C with 5% CO, in brain heart
infusion (BHI; OXOID, Thermo Fisher Scientific,
Waltham, MA, USA) medium. C. albicans was pre-
pared in a concentration of 1 x 10° cells/mL and S.
mutans in 1 x 107 cells/mL. Then, C. albicans and S.
mutans were suspended, respectively, in the RPMI
1640 (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) and BHI culture medium for further usage.

Induction of biofilm on resins

The cover of a sterile 96-well plate (Thermo Fisher
Scientific, Waltham, MA, USA), which had 96 indi-
vidual circular rims to lock with wells of the plate,
was used as molds for fabricating resin disks fol-
lowing a previous study [34]. DMAHDM-incorpo-
rated adhesive or control adhesive was spread onto
the bottom of each dent of the 96-well plate, air-dried,
and light-cured for 20 s. For MDP and MDP + 5%
DMAHDM group, the experimental primer contain-
ing MDP was spread first on the bottom of the dents
and left for 20 s. Then, the adhesive was applied, air-
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dried, and light-cured for 20 s. Subsequently, the
composite resin was applied onto the adhesive layer
of each group to the height flush with the rim of the
dent, to obtain a disk of approximately 8 mm in
diameter and 0.5 mm in thickness. The cured disks
were immersed in distilled water and magnetically
stirred with a bar for 1 h to remove any uncured
monomers [35]. The disks were exposed to ultraviolet
light on each side for disinfection.

A one-mL bacteria suspension of C. albicans or S.
mutans was added to each well of 24-well plates with
a resin disk and incubated at 37 °C in 5% CO, for
24 h. Then, the resin disks were transferred to the
new 24-well plates with fresh medium and incubated
for another 24 h. This constituted a 2-day culture,
which was previously shown to form relatively
mature biofilms on resins [36, 37].

Live/dead staining assay

Resin disks with 2-day biofilms were gently rinsed
with phosphate-buffered saline (PBS) and stained
using the LIVE/DEAD® BacLight™ Bacterial Via-
bility Kit (Molecular Probes, Eugene, OR, USA). Live
bacteria were stained with Syto 9 to produce green
fluorescence, and bacteria with compromised mem-
branes were stained with propidium iodide to pro-
duce red fluorescence. The stained disks were
observed using a confocal laser scanning microscope
(CLSM; Stellaris STED, Leica, Wetzlar, Germany).
Three fields of view were photographed at random
locations on each disk, and three specimens per
group were evaluated. The area of green staining was
measured using the Image] software (NIH, Frederick,
MD, USA), and the area fraction of live bacte-
ria = green staining area/total area of the image.

Colony-forming unit (CFU) counts

Colony-forming unit (CFU) counts were used to
quantitatively analyze the total number of viable
bacteria existing on each resin disk. Resin disks
covered with 2-day biofilms were washed with PBS
to remove unattached bacteria. Then, the disks were
transferred into tubes containing 1 ml PBS, and the
biofilms were harvested by sonication for 5 min,
followed by vortexing for 30 s using a vortex mixer
(MX-S, DLAB, Beijing, China), as described in pre-
vious studies [38]. The microbial suspensions (C.
albicans and S. mutans) obtained were serially diluted,
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spread onto YPD and BHI agar plates, respectively,
and incubated at 37 °C in 5% CO, for 24 h. The
number of colonies that grew was counted and used,
along with the dilution factor, to calculate the CFUs
on each disk. Six replicates of each group were tested
for CFUs analysis, and the assays were repeated at
least thrice.

XTT assay of metabolic activity

The disks with adherent biofilm grown for 2 days
were washed with PBS and transferred to a new
24-well plate. A 100 pL of the XTT (2,3-bis(2-meth-
oxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)car-
bonyl]-2H-tetrazolium hydroxide) solution [XTT
(0.5 mg/mL in PBS), menadione (0.1 mM in acetone)]
(APEXBIO Technology LLC, Houston, TX, USA) was
added to each well for the assessment of metabolic
activity [39]. After incubation at 37 °C for 2 h, 80 puL of
the solution from each well was collected and trans-
ferred to a new 96-well plate. The absorbance was
measured via a microplate reader (SpectraMax M2,
Molecular Devices, CA, USA). A higher absorbance
value indicates a greater biofilm metabolic activity on
the disks [40]. This experiment was performed in
quadruplicate and repeated thrice.

Cytotoxicity tests

The cytotoxicity tests followed the International
Organization for Standardization (ISO) 10,993-5
(2009) in which L929 mouse fibroblasts were used
[41]. Resin disks were prepared for cytotoxicity tests
as described above, and the disks without any treat-
ment were used as the positive control (referred to as
7250 resin). The recommended area to volume of
medium ratio was fixed at 3 cm? /ml in accordance
with ISO 10993-12 (2021) [42]. The specimens
(n = 12/group) were eluted with fresh RPMI 1640 at
37 °C for 24 h. The elution obtained was then filtered
through 0.22-pm filters and stored at -80 °C for
downstream experiments.

L929 mouse fibroblasts were incubated at 37 °C in
5% CO, and seeded at a density of 2 x 10* cells per
well in 96-well culture plates. The cells were allowed
to attach for 24 h, prior to exposure to the elution of
each group. The medium was discarded and 100 pL
of the elution was added into each well for further
incubation (4 wells at 24, 72, and 120 h each).
Untreated cultures without any material served as a
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negative control (referred to as NC), which was
replaced with RPMI 1640 containing 10% fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA). Following incubation, cell mor-
phological changes were observed by an inverted
microscope (DMIL LED, Leica, Wetzlar, Germany).

Cell viability was assessed by cell counting kit-8
(CCK-8) assay as previously described [43]. After
incubating for 24, 72, and 120 h, cells were then
incubated for 2 h in 100 pL fresh medium with 10 pL.
CCK-8 reagent (APExBIO Technology LLC, Houston,
TX, USA), and optical density (OD) values were
measured with a microplate reader at 450 nm wave-
length. Cytotoxicity was evaluated based on the rel-
ative growth rate (RGR) of the cells, and the RGR was
calculated by the following formula [44]: RGR
(%) = OD of the experimental group/OD of the
negative control group x 100%.

Statistical analysis

Statistical analysis was carried out using SPSS 22.0
statistical software (IBM SPSS Inc., Chicago, IL, USA).
After validating the equal variance assumption of
data, the pTBS results were analyzed using two-way
ANOVA followed by Tukey post hoc test to examine
the effects of different dentin bonding agents (i.e., six
groups) and storage time (i.e., 24 h or 6 months) and
the interaction of these two factors on dentin bonding
strength. The results including DC, live/dead stain-
ing assay, CFU, metabolic activity, and cytotoxicity
tests were submitted to one-way ANOVA followed
by Tukey post hoc test. The significance level was set
at 0.05 for all analyses.

Results
Fabrication of DMAHDM

The spectrum of DMAHDM in the range of
3200-1000 cm ™' is plotted in Fig. 1A. Characteristic
IR bands at 2925 cm™' (—CHy), 1719 em™' (C=0),
1635 cm™' (C=C), and 1463 cm™' (- CH,) were
indicated in the spectrum of the DMAHDM [45],
which corresponded to the chemical structure of
DMAHDM (Fig. 1B).
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Figure 1 The fabrication of DMAHDM. a FTIR spectrum of
DMAHDM in the range of 32001000 cm™'; b the chemical
structure of DMAHDM.

pTBS

The pTBS results from the six groups after 24 h and
6 months of water storage are summarized in Table 3.
In this study, no pre-test failure occurred. Two-way
ANOVA revealed that the different dentin bonding
agents and storage time had significant effects on
UTBS (P < 0.01). The addition of DMAHDM and/or
MDP attained higher bond strength values, irre-
spective of the water storage time. All groups mani-
fested inspiringly initial pTBS, while the control
group was the lowest (35.65 & 3.14 MPa), and no
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significant differences were found among the other
five groups. However, the pTBS of all the groups
were weakened by being submerged for 6 months,
where the control group yielded the lowest uTBS
(28.36 £ 2.69 MPa). The percentage of the failure
mode of the de-bonded dentin specimens of each
group is shown in Table 3, where mixed failure was
the predominant failure mode in all groups.

Nanoleakage

SEM images revealed the infusion of tracer (silver)
within the hybrid layer, which presented as water
tree-like patterns [29]. The representative SEM ima-
ges of silver infiltration that were randomly dis-
tributed along the resin—-dentin interfaces after 24 h
and 6 months of water storage are shown in Fig. 2
and 3, respectively. The control group showed rela-
tively continuous silver penetration indicating the
presence of interfacial gaps after 24 h of water stor-
age (Fig. 2). The control group also showed the
extensive nanoleakage that the silver deposits
occurred through the entire length of the hybrid
layer, while less deposition can be detected in other
five groups after 6 months of water storage (Fig. 3),
which was consistent with pTBS results.

FTIR

The FTIR spectra of hydroxyapatite (HA) submitted
to different treatments in the range of 3200-500 cm ™"
are presented in Fig. 4. The characteristic peak C = O
stretching vibration of the methacryloxy carbonyl
group at 1719 em ™" [46] could be distinguished in
M-HA and M + D-HA, but not in HA and D-HA,
indicating the immobilization of MDP onto the HA

Table 3 Microtensile bond

strength (mean + sd, MPa) Groups 24 h 6 months Failure mode (%)

and failure mode (%) of the six 2% h 6 months

groups after 24 h and

6 months of water storage AF CF MF AF CF MF
Control 35.65 £ 3.14* 2836 £2.69° 27 20 53 33 7 60
MDP 3851 +£320° 3285+198 20 13 67 7 13 80
5% DMAHDM 4028 £3.93° 33224255 20 7 73 20 20 60
MDP + 5% DMAHDM 4123 £271° 3393 £236* 27 13 60 27 20 53
SBU 41.03 +3.34° 34934253 13 7 80 20 7 73
5% DMAHDM + SBU  41.31 £237° 33404+ 1.72° 20 20 60 13 20 67

In each row (column), the pTBS values of groups marked with the same superscript letter are not

significantly different (P > 0.05). AF, adhesive failure; CF, cohesive failure; MF, mixed failure

@ Springer



12692

Figure 2 Typical back-
scattered SEM images of silver
deposition within the hybrid
layer after 24 h of water
storage. a: Control; b: MDP;
c: 5% DMAHDM,; d:

MDP + 5% DMAHDM,; e:
SBU; f: 5%

DMAHDM + SBU. Scale
bar, 20 pm.

J Mater Sci (2023) 58:12685-12705
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and that the chemical interaction between MDP and
HA would not be affected by DMAHDM treatment
(Fig. 4b, d).

Degree of conversion

The DC results of the dentin bonding agents for six
groups are presented in Fig. 5. There was no signifi-
cant difference in DC among these six groups
(P > 0.05), which indicated that DMAHDM and its
combined application with MDP did not significantly
affect the polymerization of adhesives used in this
study (single bond 2 and single bond universal).

@ Springer

Live/dead staining assay

The typical live/dead staining images of 2-day bio-
films grown on resin disks are shown in Fig. 6. Live
bacteria were stained green, and compromised bac-
teria were stained red. When live and dead bacteria
were in close proximity or on top of each other, the
staining showed yellow or orange colors. The bio-
films on the adhesives containing 5% DMAHDM (5%
DMAHDM, MDP + 5% DMAHDM, and 5%
DMAHDM + SBU) were composed of primarily red
C. albicans or S. mutans, while other groups (Control,
MDP, and SBU) were completely covered by green C.
albicans or S. mutans biofilms (Fig. 6A and O),
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Figure 3 Representative
back-scattered SEM images of
silver deposition within the
hybrid layer after 6 months of
water storage. The presence of
silver deposition can be
observed along the resin—
dentin bonding interface
consistently. a: Control; b:
MDP; ¢: 5% DMAHDM,; d:
MDP + 5% DMAHDM,; e:
SBU; f: 5%

DMAHDM + SBU. Scale
bar, 20 um.

showing that DMAHDM showed strong microor-
ganism inhibition abilities. The live microorganism
area fraction in biofilms of C. albicans and S. mutans
are plotted in Fig. 6B, D, respectively. The fractions of
the adhesives containing 5% DMAHDM were sig-
nificantly lower than those of the control, MDP, and
SBU groups (P < 0.05), which was in accordance with
the CFU results presented in the next section.

CFU counts

The CFU counts of 48-h biofilms on composite resins
are shown in Fig. 7. C. albicans were less than
10° CFU/disk, and S. mutans were close to 10!
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CFU/disk. The control, MDP, and SBU groups
showed similar CFU values (P > 0.05), while 5%

DMAHDM, MDP +5% DMAHDM, and 5%
DMAHDM + SBU groups showed lower CFU counts
than the groups above (P < 0.05), regardless of C.
albicans or S. mutans collected from the resins.
DMAHDM greatly decreased the biofilms CFU of C.
albicans or S. mutans, and the incorporation of
DMAHDM added a stronger antimicrobial potency
against the C. albicans or S. mutans biofilms.
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Figure 4 FTIR spectra of
hydroxyapatite with different
treatments in the range of
3200-500 cm ™. a HA; b M-
HA; ¢ D-HA; d M + D-HA.
The spectrum of
hydroxyapatite (HA) is
depicted in Fig. 4 a as a

control. The black arrows 5 1
- = 2925 cm”

revealed the characteristic g i

peak of the C = O stretching 5 (d)-—_

vibration of methacryloxy 2

carbonyl (1719 cm™"). < (c)

(b)
(@)
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Figure 5 Degree of conversion of dentin bonding agents. Groups
with the same letters are not statistically different (P > 0.05).

XTT assay of metabolic activity

The biofilm metabolic activity of C. albicans and S.
mutans is plotted in Fig. 8. The XTT assay showed
that groups with the addition of DMAHDM to
adhesives presented significantly lower biofilm-
forming ability than the others without DMAHDM
(P < 0.05), regardless of the biofilms formed from C.
albicans or S. mutans. The metabolic activity of MDP-
containing commercial adhesives (SBU group)

@ Springer
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resembled that of the groups pretreated with MDP-
containing primer (MDP group)
(P > 0.05).

experimental

Cytotoxicity tests

No or slight cytotoxicity was detected in the experi-
mental materials (MDP and 5% DMAHDM). The OD
values were lower in the MDP, 5% DMAHDM, and
MDP + 5% DMAHDM group than that in other
groups after 24, 72, and 120 h of culture (Table 4),
which were in agreement with the results of relative
cell proliferation (Fig. 9). According to the standard
of the cytotoxicity grade (CG) in Table 5, after 24 and
72 h of culture, the CG of MDP, 5% DMAHDM and
MDP + 5% DMAHDM group were Grade 2
(RGR > 50%), and after 120 h, all groups (except the
MDP + 5% DMAHDM group) were Grade 1
(RGR > 75%) (Table 6).

Cell morphology observation showed that the L929
cell was basically normal, and the L929 cells grew
adhering to the wall for all the groups (Fig. 10). The
density of cells in the MDP, 5% DMAHDM, and
MDP + 5% DMAHDM group was less than that in
the other groups after 120 h of culture.



J Mater Sci (2023) 58:12685-12705

V)

S 100pm 100pm

c
®) ‘e — 100~ .
IS a
s -
g8
0 b
§3 oo 7
5 L
20 404
O o C
o
S E 2-
Eo
%.Q 0- T T T T
C S S sS P
© N s
9 P
e g &
X
QQ o\e0
» )

Figure 6 Representative live/dead staining images of 2-day
single-species biofilms adherent on composite resin disks and
live bacteria fraction in biofilm (green staining) (mean £ SD;
n = 3): A and B: C. albicans; C and D: S. mutans; a: Control; b:
MDP; ¢: 5% DMAHDM; d: MDP + 5% DMAHDM,; e: SBU; f:
5% DMAHDM + SBU. The live bacteria were stained green, and
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the dead bacteria were stained red. The control group was covered
with biofilms consisting of mostly live bacteria. The adhesives
with 5% DMAHDM consisted of primarily dead bacteria.
Different letters indicate significant differences (P < 0.05). Scale
bar, 100 pm.
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Figure 7 Colony-forming unit (CFU) of 2-day single-species
biofilms on composite resins. A and B: C. albicans; C and D: S.
mutans. a: Control; b: MDP; ¢: 5% DMAHDM; d: MDP + 5%
DMAHDM,; e: SBU; f: 5% DMAHDM + SBU. The adhesives

Discussion

The oral biofilm accumulation in adjacent tooth-
restoration margins brings out detrimental responses
which is the main reason for restoration failures [47].
Therefore, it is highly desirable to develop dental
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added with DMAHDM resulted in much lower biofilm CFU,
compared with the other three groups without DMAHDM,
regardless of C. albicans or S. mutans. Values with dissimilar
letters are significantly different from each other (P < 0.05).

materials that were capable of suppressing cariogenic
species. If an antibacterial adhesive can inhibit the
invasion and colonization of oral microorganisms
along the bonding interface, it will provide persistent
antimicrobial efficacy to the tooth-restoration inter-
face. The present study determined the effects of the
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Figure 8 Effects of DMAHDM on biofilm formation in C.
albicans a and S. mutans b. Biofilm viability was quantified by the
XTT assay. A decrease in biofilm metabolic activity was observed
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with the incorporation of DMAHDM. Data are shown as
mean = SD. Values with dissimilar letters are significantly
different from each other (P < 0.05).

Table 4 Mean values and the

Time

24 h

72 h

120 h

standard deviation of optical Groups

density (OD) of resin disks

elution based on the different

bonding agents Control
MDP

5% DMAHDM

MDP + 5% DMAHDM
SBU

5% DMAHDM + SBU
7250 resin

0.6453 + 0.0054
0.6051 =+ 0.0138>¢
0.6404 + 0.0233%°
0.5886 + 0.0142°
0.8316 + 0.0064¢
0.8678 =+ 0.0127¢
0.8611 + 0.0056¢

2.1912 + 0.2068*
1.5048 + 0.1586°
1.6893 + 0.0813°
1.4602 £ 0.1113°
2.5637 + 0.1403*
2.5636 + 0.0987%
2.5184 + 0.1416*

2.4309 + 0.1032°
2.1639 =+ 0.049°
23791 + 0.0698*
2.1059 + 0.0332°
2.8115 + 0.0188¢
2.81 + 0.0232°
2.7614 + 0.0393°

In each column, the OD values of groups marked with the same superscript letter indicate no

significant difference (P > 0.05)

Figure 9 Relative cell CCK-8
proliferation curve of different
groups after 24, 72, and 120 h - 39 Gortis
of culture. The absorbance of £ = MDP
each group was measured at a 03 5 — 5% DMAHDM
wavelength of 450 nm. o —~ MDP+5% DMAHDM
§ 1 -+ SBU
8 14 -0- 5% DMAHDM+SBU
§ & 7250 resin
g -4 NC
c ) L] 1 L] 1
0 24 48 72 96 120

combined application of DMAHDM and MDP on
dentin bonding and antimicrobial properties. The
hypotheses were proven here that the incorporation
of DMAHDM into adhesives exhibited higher dentin

Time (hours)

bond strength and could effectively inhibit biofilm
formation compared with the control group.
DMAHDM + MDP adhesive reduced biofilm CFU
and metabolic activity, which possessed antibiofilm
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Table 5 Standard of the

J Mater Sci (2023) 58:12685-12705

cytotoxicity grade

Relative growth rate (RGR)

Cytotoxicity grade

Evaluation

> 100 0 No cytotoxicity
75 ~ 99 1 No cytotoxicity
50 ~ 74 2 Slight cytotoxicity
25 ~ 49 3 Moderate cytotoxicity
1 ~24 4 Moderate cytotoxicity
0 5 Severe cytotoxicity

Table 6 Relative growth rate

(RGR) and cytotoxicity grade Groups 24h 72 h 120 h

(CG) of resin disks RGR CG RGR CG RGR CG
Control 62.3% + 0.01° 2 82.4% + 0.06" 1 85.5% + 0.05" 1
MDP 58.41% £ 0.01*° 2 56.54% £ 0.04" 2 76.08% £ 0.02° 1
5% DMAHDM 61.81% =+ 0.02*° 2 63.61% =+ 0.03° 2 83.64% + 0.03* 1
MDP + 5% DMAHDM 56.82% =+ 0.02° 2 54.97% + 0.04°> 2 74.03% £ 0.01° 2
SBU 80.28% =+ 0.02° 1 96.66% =+ 0.08" 1 98.85% =+ 0.02° 1
5% DMAHDM + SBU  83.76% =+ 0.02° 1 96.51% + 0.04* 1 98.8% £ 0.02° 1
7250 resin 83.13% £ 0.02° 1 94.86% + 0.07* 1 97.07% =+ 0.01° 1

In each column, the RGR of groups marked with the same superscript letter indicates no significant

difference (P > 0.05)

functions, as well as improved dentin bonding
performance.

The antimicrobial activities of QAMSs are related to
the alkyl chain length [48]. DMAHDM, with an alkyl
chain length of 16, has a positively charged quater-
nary amine N + , which can attract negatively bac-
teria cells and disturb the electric balance [49].
Previous studies have suggested that DMAHDM was
incorporated into root canal sealers, composite resins,
and sealants, showing potent antimicrobial activities
[50-52]. The 5% DMAHDM possesses an excellent
biofilm inhibition potential among those dental
materials as mentioned above and would not bring
out obvious changes in physical and chemical prop-
erties [53]. The combined application of DMAHDM
and adhesive on antimicrobial properties was eval-
uated here, which showed that the adhesives con-
taining 5% DMAHDM had substantial amounts of
compromised microorganisms, significantly inhibit-
ing the growth of C. albicans and S. mutans biofilms,
while the control group was mainly composed of live
biofilm according to the live/dead staining results.
Besides incorporating 5% DMAHDM into adhesives
remarkably reduced the CFU counts and metabolic
activity of biofilms on the composite resins. These
findings indicated that 5% DMAHDM applied can
prevent the adhesion to the tooth surface of these two

@ Springer

tested strains and demonstrated the antibiofilm
effects against C. albicans and S. mutans.
Furthermore, the combined application of
DMAHDM and MDP on dentin bonding was evalu-
ated. Restorative materials including adhesives are
vulnerable to hydrolysis in a warm and humid oral
environment [54]. Previous studies have employed
diverse methods to simulate degradation conditions
in vitro, such as storing in water [55] or in artificial
saliva [56], and some accelerated aging methods
including thermal cycling [57], etc. During long-term
water storage, the retained water in the adhesive
interface may detriment the bonding durability [58].
Under thermal cycling conditions, the differences in
the thermal expansion between the dentin and
adhesives might result in cracks at the resin/dentin
interface [59]. However, no established standardized
methods can fully reproduce the oral environment. It
has been reported that the bonding strength could
present similar trends to some extent under different
aging conditions: thermal cycling and storage in
water at 37 °C [60]. In the present study, the uTBS
was evaluated after 6 months of water storage.
Besides phosphoric acid used prior to adhesives was
effective in removing the smear layer and dissolving
the mineral, which allowed penetration of the adhe-
sives into the tooth surfaces sufficiently and achieved
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Figure 10 Cell morphology of each group after 24, 72, and 120 h of culture. A. 24 h; B. 72 h; C. 120 h. a: Control; b: MDP; c: 5%
DMAHDM,; d: MDP + 5% DMAHDM,; e: SBU; f: 5% DMAHDM + SBU; g: Z250 resin; h: NC (negative control). Scale bar, 100 pm.
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the mechanical bond [61]. The addition of MDP or
DMAHDM into adhesives did not negatively affect
the uTBS after 24 h and 6 months of water storage
compared with the control group, and the pTBS
results showed encouragingly immediate resin-den-
tin bonds (around 35-45 MPa). Although the
decreases of bond strength still occurred over time,
fortunately, the adhesives containing MDP or
DMAHDM showed less reduction in uTBS after
6 months of water storage, while the control group
exhibited lower uTBS values. The methacrylate group
in DMAHDM allows it to be copolymerized and then
immobilized in the adhesive monomers so that the
DMAHDM would not leach out and be lost, dis-
playing durable bonding effects [62].

However, even if the dentin surface was thor-
oughly air-dried, the water remaining in the hybrid
layer was difficult to be fully eliminated, which may
enhance the water absorption within the hydrophilic
adhesive layer, leading to rapid deterioration along
the resin-dentin bonding interface [63]. Furthermore,
collagenolytic enzymes such as endogenous matrix
metalloproteinases (MMPs) and cysteine cathepsins
may progressively degrade the hybrid layer, even-
tually leading to interfacial gaps between the teeth
and restorations [64]. The interfacial gaps lead to a
decrease in bonding strength and provide an avail-
able area for the microorganisms to adhere to form
the biofilms. In the present study, SEM images
showed that the adhesives containing MDP or
DMAHDM had less nanoleakage, especially after
long-time (6 months) water storage, while nanoleak-
age was observed through the entire thickness of the
bonding interface in the control group, suggesting
that MDP or DMAHDM has a higher resistance to
nanoleakage. The nanoleakage or the interfacial gaps
are with an appearance of the reticular and spotted
patterns and striking silver deposition under SEM
observation [65]. The QAMs with long-lasting anti-
MMPs effects may inhibit the host-derived col-
lagenolytic enzymes from demineralizing the dentin
matrix [66], providing evidence for yielding much
greater uTBS and less nanoleakage of the DMAHDM-
containing adhesives during 6 months of water stor-
age aging. Nevertheless, further studies are needed to
clarify the inhibition mechanisms of DMAHDM on
collagenase within the hybrid layer.

MDP is a common functional monomer that can
chemically bond to HA to form stable calcium salts,
thus achieving long-term bonding durability at the
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MDP/HA interface [67]. Some previous studies have
indicated that MDP-containing adhesives can con-
tribute to the sealing of restoration margins [68]. In
the present study, absorbance peaks of the charac-
teristic functional group in MDP can be still detected
from FTIR even after the treatment with DMAHDM,
which showed that the corporation of DMAHDM
had no adverse effects on the interaction between
MDP and HA. FTIR results also confirmed the
bonding performance of the combined application of
MDP, and DMAHDM was not significantly different
from those of MDP applied alone. Moreover,
DMAHDM and its combined application with MDP
did not significantly hamper the polymerization of
adhesives, which can also promote the application of
DMAHDM in future clinical practice.

C. albicans and S. mutans are the most important
microorganisms in dental antimicrobial tests [69]. S.
mutans is considered to be the primary cariogenic
bacteria, which can colonize the oral cavity and form
biofilms, ultimately leading to the demineralization
of tooth hard tissue [70]. C. albicans is the most
common opportunistic pathogen and is frequently
found in oral biofilms together with S. mutans [71].
Although oral biofilms are formed by a variety of
microorganisms residing in the oral cavity [72], C.
albicans and S. mutans were employed to form bio-
films alone in this study, which was conducive to
acquiring a better understanding of the antimicrobial
effect of biofilms formed from the single species on
adhesives containing DMAHDM and/or MDP [73].

Cytotoxicity test was a simplified method to assess
how specific cell types were affected by the tested
materials concerning biocompatibility, although cell
experiments in vivo may be more accurate to simu-
late the conditions in vitro [73]. In this study, the
measured parameters are the OD values of L929 cells
treated with the elutions of samples from each group
using a CCK-8 assay. The OD values of each group
increased, with the increase of culture days, which is
consistent with the trend of the relative cell prolifer-
ation curve. A slight cytotoxic effect was detected for
MDP, 5% DMAHDM, and MDP + 5% DMAHDM
groups after the treatment with elution for 24 h and
72 h, and this effect appeared to be more apparent for
the combined applied group (MDP + 5%
DMAHDM) at 120 h, while the cytotoxicity of other
groups was not observed. A reason for the increased
cytotoxicity may be the potential interaction between
DMAHDM and MDP, which requires further studies.
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Campos et al. indicated that DMAHDM was incor-
porated into the resin materials, showing accept-
able cytotoxicity, which corroborated with the
present outcomes, despite the different methods used
to evaluate cytotoxicity [73].

Based on these results, the addition of DMAHDM
along with MDP can obtain improved dentin bond-
ing with increased antimicrobial performance. It is
prospective to develop novel dental adhesives, which
not only can prevent the colonization of microor-
ganisms but also improve the bonding performance.
Further studies are needed to investigate the
antimicrobial effects of DMAHDM on multi-species
biofilms that are clinically relevant, especially anaer-
obic bacteria should also be tested to establish a
subgingival root caries model.

Conclusions

The study concluded that DMAHDM at a concen-
tration of 5% together with MDP can provide potent
and stable dentin bonding with less nanoleakage
after long-term water storage aging. The DMAHDM-
containing adhesive can substantially inhibit the
biofilm growth and reduce the CFU and metabolic
activity of C. albicans and S. mutans. Therefore, the
combined application of MDP and DMAHDM is
highly looking forward to protecting the bonding
interface from degradation and reducing the lesion
caused by biofilms, whereas further clinically rele-
vant studies are still needed.
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