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A B S T R A C T

Objectives: The dentin bonding often fails over time, leading to secondary caries and restoration failure. The
objectives of this study were to develop an adhesive with dimethylaminohexadecyl methacrylate (DMAHDM)
and nanoparticles of amorphous calcium phosphate (NACP), and investigate the effects of storage in artificial
saliva for six months on the bonding durability, antibacterial activity, ion release and biofilm pH properties for
the first time.
Methods: DMAHDM was added at 5% (by mass) to Scotchbond Primer and Adhesive (SBMP). NACP was added at
10%, 20%, and 30% to SBMP adhesive. Dentin bonding durability, antibacterial activity against Streptococcus
mutans biofilms, and calcium (Ca) and phosphate (P) ion liberation properties were investigated after 1 day and
6months of storage in artificial saliva.
Results: Dentin bond strength (n= 50) had 25% loss after 6 months of aging for SBMP control. However,
SBMP+DMAHDM+10NACP and SBMP+DMAHDM+20NACP showed no loss in bond strength after storage
in artificial saliva for 6 months. The DMAHDM+NACP incorporation method dramatically reduced the biofilm
metabolic activity and acid production, and decreased the biofilm CFU by four orders of magnitude, compared to
SBMP control, even after 6 months of aging (p<0.05). DMAHDM+NACP had long-lasting Ca and P ion re-
leases, and raised the biofilm pH to 6.8, while the control group had a cariogenic biofilm pH of 4.5.
Conclusions: Incorporating DMAHDM+NACP in bonding agent yielded potent and long-lasting antibacterial
activity and ions liberation ability, and much higher long-term dentin bond strength after 6-month of aging. The
new bonding agent is promising to inhibit caries at the restoration margins and increase the resin-dentin bonding
longevity.
Clinical significance: The novel bioactive adhesive is promising to protect tooth structures from biofilm acids and
secondary caries. NACP and DMAHDM have great potential for applications to a wide range of dental materials
to reduce plaque and achieve therapeutic effects.

1. Introduction

Dental resin composite restores tooth defects by bonding to the
tooth structures via an adhesive [1–3]. The main challenge for the

adhesive is to provide durable and effective bonding to tooth hard
tissues [4]. Unfortunately, it has been estimated that as much as half of
dental resinous restorations have to be replaced with the main reason
for replacements being secondary caries at the tooth-restoration
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margins [5,6]. Bonding failure, microleakage and bacterial acid pro-
duction lead to secondary caries. Therefore, the development of a new
generation of dental adhesives with antibacterial activity and stronger
and longer-lasting bonds is needed to reduce secondary caries and re-
storation failure rates [7].

Quaternary ammonium methacrylates (QAMs) were synthesized
and incorporated into resins to kill the residual bacteria in the tooth
cavity as well as to suppress new bacteria at the tooth-restoration
margins. 12-methacryloyloxydodecyl-pyridinium bromide (MDPB)
with antibacterial function was incorporated into self-etching primer
and adhesive [8,9]. In addition, methacryloxylethyl cetyldimethyl
ammonium chloride (DMAE-CB) [10], 2-methacryloxylethyl hexadecyl
methyl ammonium bromide (MAE-HB) [11], and dimethylaminodo-
decyl methacrylate (DMADDM) were developed as polymerizable ca-
tionic monomers to covalently bond with the polymer matrix to kill
bacteria upon contact [12,13]. Also novel cavity disinfectant was for-
mulated with quaternary ammonium silane [14]. Recently, dimethy-
laminohexadecyl methacrylate (DMAHDM) was synthesized and
showed powerful antibacterial effects [15,16]. DMAHDM possessed a
minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) that were an order of magnitude lower than
DMADDM [15]. Moreover, DMAHDM induced no drug resistance in
cariogenic, endodontic and periodontal bacterial species, while chlor-
hexidine control showed drug resistance [17].

Another approach to enhancing the bond durability of adhesives is
via remineralization [18,19]. Because of the excellent biocompatibility
and bioactivity, nanoparticles of amorphous calcium phosphate (NACP)
were incorporated in composites and possessed much better mechanical
properties than traditional calcium phosphate composites [20]. More-
over, bonding agents containing NACP released high levels of calcium
(Ca) and phosphate (P) ions to induce remineralization [12,13]. Due to
their small particle sizes, NACP readily flowed with adhesive into the
demineralized dentin to deliver mineral ions to promote the regrowth
of apatite crystals in the interfibrillar region via classic nucleation
[20,21]. Thus, NACP-containing adhesive may be highly beneficial to
protect the exposed collagen, facilitate remineralization in the bonded
interface, and alleviate or eliminate microleakage.

Regarding durability, the resins containing MDPB and MAE-HB
maintained strong antibacterial effects after 3 or 6 months of immersion
in water, due to QAM co-polymerization with resin [11,22,23]. The
potent antibacterial activity of an adhesive containing 5% DMADDM
and 20% NACP was also demonstrated after 6 months of water-aging,
which improved the long-term dentin bond strength [12]. Even after a
longer aging time of 1 year, there was no decrease in the anti-biofilm
effects compared to those at 1 day, while the mechanical properties of
the antibacterial composite matched those of a commercial control
composite [24]. However, those studies used water as the storage
medium for the long-term aging tests [12,24], without using artificial
saliva. The use of artificial saliva storage would be more clinically-re-
levant for long-term aging tests [25,26]. In addition, the double effects
of antibacterial and remineralization agents in adhesive containing
DMAHDM and NACP on long-term dentin bonding durability and bio-
film pH have not been reported.

The objectives of this study were to investigate the effects of arti-
ficial saliva-aging for 6 months on bonding agents containing
DMAHDM and NACP for the first time. The following properties were
determined: (1) dentin bond strength durability; (2) antibacterial ef-
fects after long term immersion; (3) ions liberation and biofilm pH
measurements. It was hypothesized that: (1) The DMAHDM+NACP
bonding agent would have no decrease in dentin bond strength from 1
day to 6 months of immersion in artificial saliva, while a commercial
control would suffer a substantial loss in bond strength; (2) The anti-
bacterial activity of DMAHDM+NACP bonding agent would be potent
and not decrease from 1 day to 6 months of immersion; (3) The
DMAHDM+NACP bonding agent would maintain its ions liberation
ability in aging and be able to raise the biofilm pH to a safe region

of > pH 6, while the commercial control would have a cariogenic
biofilm pH of close to 4.

2. Materials and methods

2.1. Incorporation of DMAHDM into bonding agent

Scotchbond Multi-Purpose Adhesive and Primer (referred as
"SBMP") (3M, St. Paul, MN) was used as the parent bonding system.
According to the manufacturer, SBMP adhesive contained 60–70% of
bisphenol A diglycidyl methacrylate (BisGMA) and 30–40% of 2-hy-
droxyethyl methacrylate (HEMA), tertiary amines and photo-initiator.
SBMP primer contained 35–45% of HEMA, 10–20% of a copolymer of
acrylic and itaconic acids, and 40–50% water.

DMAHDM was synthesized using a modified Menschutkin reaction
method where a tertiary amine group was reacted with an organo-ha-
lide [9]. A benefit of this reaction is that the products are generated at
virtually quantitative amounts and require minimal purification.
Briefly, 10mmol of 2-(dimethylamino) ethyl methacrylate (DMAEMA,
Sigma-Aldrich, St. Louis, MO) and 10mmol of 1-bromohexadecane
(BHD, TCI America, Portland, OR) were combined with 3 g of ethanol in
a 20mL scintillation vial. The vial was stirred at 70 °C for 24 h. The
solvent was then removed via evaporation, yielding DMAHDM as a
clear, viscous liquid. DMAHDM was incorporated into SBMP primer at a
mass fraction of DMAHDM/(SBMP primer+DMAHDM)=5%. The 5%
was selected following previous studies [27,28]. Similarly, DMAHDM
was incorporated into SBMP adhesive at 5% mass fraction.

2.2. Incorporation of NACP into bonding agent

NACP [Ca3(PO4)2] were synthesized via a spray-drying technique as
previously described [20]. Briefly, calcium carbonate (CaCO3) and di-
calcium phosphate (CaHPO4) were dissolved into an acetic acid solu-
tion to obtain concentrations of Ca and P ions of 8mmol/L and
5.333mmol/L, respectively. The solution was sprayed into a heated
chamber to evaporate the water and volatile acid. An electrostatic
precipitator (Air Quality, Minneapolis, MN) was used to collect the
dried NACP powders. This yielded NACP with a mean particle size of
116 nm [20]. NACP were incorporated into the adhesive at mass frac-
tions of 0%, 10%, 20% and 30%, following previous studies showing
high releases of Ca and P ions while having no significant adverse effect
on mechanical properties [13,28,29]. Therefore, the following five
groups were tested:

(1) Commercial Scotchbond Multi-Purpose Adhesive and Primer (de-
signated “SBMP Control”).

(2) SBMP primer and adhesive each had 5% DMAHDM, no NACP
(designated “SBMP+DMAHDM+0NACP”).

(3) SBMP Primer + 5% DMAHDM. SBMP Adhesive + 5%
DMAHDM+10% NACP (SBMP+DMAHDM+10NACP).

(4) SBMP Primer + 5% DMAHDM. SBMP Adhesive + 5%
DMAHDM+20% NACP (SBMP+DMAHDM+20NACP).

(5) SBMP Primer + 5% DMAHDM. SBMP Adhesive + 5%
DMAHDM+30% NACP (SBMP+DMAHDM+30NACP).

2.3. Dentin microtensile bond strength (μTBS) test

Fifty extracted caries-free human third molars were collected with
donor consent under a protocol approved by the Institutional Review
Board (IRB) of the University of Maryland, Baltimore. The occlusal
enamel of the tooth was removed to expose midcoronal dentin via a
water-cooled low-speed saw (Isomet, Buehler, Lake Bluff, IL). Each
dentin surface was polished with 600-grit SiC paper under running
water for 60 s, etched with 37% phosphoric acid gel for 15 s and rinsed
with distilled water [30]. A primer was applied and the solvent was
removed with a stream of air for 5 s. Then an adhesive was applied and
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light-cured with continuous output using a light intensity of 430mW/
cm2, with a curing distance of 5mm and lasting for 10 s (Optilux VCL
401, Demetron Kerr, Danbury, CT). Two 2-mm thick layers of a hybrid
composite (Universal, 3 M, St. Paul, MN) were placed over the bonded
surface. Each layer was light-cured following the same aforementioned
photo-cure method for 40 s. After storing in artificial saliva at 37 °C for
24 h, each bonded tooth was vertically sectioned into beams with
0.9 x 0.9 mm cross-section. Ten beams were obtained from each tooth
and divided randomly into two groups: one group for immediate μTBS
after 1 day immersion, and the other group for testing after 6 months of
storage in artificial saliva. The artificial saliva contained (mmol/L):
CaCl2 (0.7), MgCl2 6H2O (0.2), KH2PO4 (4.0), KCl (30), NaN3 (0.3), and
HEPES buffer [31]. The artificial saliva was changed once every week.
Fifty beams were tested for each bonding agent at each time period.

For all groups, each beam was tested in uniaxial tension on a
computer-controlled Universal Testing Machine (MTS, Eden Prairie,
MN) at a cross-head speed of 1mm/min. The load-at-failure divided by
the cross-sectional area at the site of failure yielded the μTBS. Failure
modes were examined under a stereoscopic microscope and classified as
adhesive failure (failure along the adhesive interface), mixed failure
(failures in the adhesive joint together with failure in composite or in
dentin), or cohesive failure (failure in the composite or in dentin) [32].
Furthermore, four representative debonded specimens per group that
failed in adhesive mode were selected to analyze the micromorphology
of the fractured surface with SEM. The specimens were dried overnight,
sputter-coated with gold and observed with a scanning electron mi-
croscope (Quanta 200, FEI, Hillsboro, OR) at an accelerating voltage of
10 KeV.

2.4. Bacterial experiments

The cover of a sterile 96-well plate (Costar, Corning Inc., Corning,
NY) was used as molds to fabricate resin disks following a previous
study [15]. Briefly, 10 μL of a primer was placed in the bottom of each
dent of the 96-well plate. After drying with a stream of air, 20 μL of
adhesive was applied to the dent and photo-polymerized for 60 s (Op-
tilux), using a Mylar strip covering to obtain a disk of 8mm in diameter
and 0.5mm in thickness. The cured resin disks were immersed in dis-
tilled water and magnetically stirred with a bar at a speed of 100 rpm
for 1 h to remove any uncured monomers, following a previous study
[33]. The disks were then sterilized with ethylene oxide (Anprolene AN
74i, Andersen, Haw River, NC) and de-gassed for 3 days, following the
manufacturer’s instructions. For the aging process, the specimens of
each group were first immersed in artificial saliva at 37 °C for 6 months,
and then sterilized and subjected to the following tests. The artificial
saliva was changed every week.

The use of Streptococcus mutans (S. mutans) (ATCC 700610, UA159,
American Type Culture, Manassas, VA) was approved by the University
of Maryland IRB. S. mutans is a cariogenic, aerotolerant anaerobic
bacterium and the primary causative agent of dental caries. Brain heart
infusion (BHI) broth (BHI, Becton, Sparks, MD) supplemented with 1%
sucrose is termed the “growth medium”. Ten μL of stock bacteria was
added into 10mL of BHI broth and incubated at 37 °C with 5% CO2 for
16 h. During this culture, the S. mutans bacteria were suspended in the
BHI broth. Then, this S. mutans culture was diluted by 10 folds in the
growth medium to form the inoculation medium.

2.5. Live/dead assay of S. mutans biofilms on resins

Each resin disk was placed in a well of a 24-well plate, and 1.5mL of
the inoculation medium was added to each well. The samples were
incubated at 5% CO2 and 37 °C for 24 h. Then each disk with biofilm
was transferred to a new 24-well plate containing 1.5 mL of fresh
growth medium, and cultured for another 24 h. Specimens with 2-day
biofilms were washed with phosphate buffered saline (PBS). Then the
biofilms on the disks were stained using the BacLight live/dead

bacterial viability kit (Molecular Probes, Eugene, OR). Live bacteria
were stained with Syto 9 to produce green fluorescence. Bacteria with
compromised membranes were stained with propidium iodide to pro-
duce red fluorescence. An inverted epifluorescence microscope (Eclipse
TE2000-S, Nikon, Melville, NY) was used to examine three disks for
each group [28]. Six images were collected at random locations on each
disk, yielding 18 images per group.

2.6. MTT metabolic activity of S. mutans biofilms

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) is a colorimetric assay that measures the enzymatic reduction of
MTT, a yellow tetrazole, to formazan [34]. Briefly, disks with 2-day
biofilms were transferred to new 24-well plate, with 1mL of 0.5mg/mL
MTT dye in each well. All specimens were incubated at 37 °C in 5% CO2

for 1 h. During this process, metabolically active bacteria reduced the
MTT to purple formazan. After 1 h, the biofilm specimens were trans-
ferred to a new 24-well plate. An aliquot of 1mL of dimethyl sulfoxide
(DMSO) was added to solubilize the formazan crystals. After incubation
for 20min in the dark, 200 μL of the DMSO solution was transferred to a
96-well plate, and the absorbance at 540 nm was measured via a mi-
croplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA). A
higher absorbance indicates a higher formazan concentration, which
means more metabolic activity of the bacteria. Six replicates were
tested for each group (n= 6).

2.7. Lactic acid production and colony-forming units (CFUs) of biofilms

Disks with 2-day biofilms were rinsed in cysteine peptone water
(CPW) to remove loose bacteria and placed in a new 24-well plate. An
aliquot of 1.5mL of buffered peptone water (BPW) supplemented with
0.2% sucrose was added to each well. Samples were incubated at 5%
CO2 and 37 °C for 3 h to allow the bacteria to produce acid. After 3 h,
the BPW solutions were stored for lactate analysis. Lactate concentra-
tions were determined using an enzymatic method [35]. The microplate
reader was used to measure the absorbance at 340 nm for the collected
BPW solutions. Standard curves were prepared using a lactic acid
standard (Supelco Analytical, Bellefonte, PA) [36].

Bacteria in 2-day biofilms on the disks were harvested by sonication
(3510R-MTH, Branson, Danbury, CT) for 3min and vortexing (Fisher,
Pittsburgh, PA) for 20 s. The bacterial suspensions were serially diluted,
and spread onto BHI agar plates for CFU analysis (n= 6) following
previous studies [12,28,37].

2.8. Ca and P ion concentrations in biofilm culture medium

The biofilm medium after 48 h of incubation was collected and
centrifuged at 12,000 rpm for 5min (Eppendorf 5415, Brinkmann,
Westbury, NY). Then, the supernatant was analyzed for Ca and P ion
concentrations via a spectrophotometric method (DMS-80 UV–vis,
Varian, Palo Alto, CA) using known standards and calibration curves,
following previous studies [13,20].

2.9. The pH of biofilm culture medium

The pH of the biofilm culture medium was measured via a pH meter
(Accumet Excel XL25, Fisher, Pittsburgh, PA) at 48 h. The pH was not
measured during the first 24 h of culture, because the non-adherent
bacteria in the growth medium could contribute to the pH [37]. Since
the resin disk with adherent biofilm at 24 h was removed from the well
and placed into a new well, only the adherent biofilm on the resin
would be growing from 24 h to 48 h. This ensured that the measure-
ment at 48 h yielded the pH that was solely related to the adherent
biofilm on the resin disk, avoiding any contribution from planktonic
bacteria in the medium.
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2.10. Statistical analyses

Statistical analysis was conducted with two-way analysis of variance
to examine the effects of "different type of adhesives" and "two im-
mersion time periods", and the interaction of these two factors on mi-
crotensile bond strength, biofilm experiments and Ca and P ion release.
Parametric statistical methods were employed under the premise that
the normality and equal variance assumptions of the data sets were not
violated. Post-hoc pairwise comparisons were performed using the
Tukey's statistics. Statistical significance was set at α=0.05.

3. Results

Dentin μTBS at 1day and 6 months of artificial saliva immersion are
plotted in Fig. 1(A) (mean ± sd; n= 50). Two-way ANOVA revealed
that the immersion time and the type of adhesive had significant effects
on μTBS, with a significant interaction between the two factors (p <
0.05). There were no significant differences at 1 day (p > 0.05).
However, after 6 months, the μTBS of SBMP Control and SBMP

+DMAHDM+30NACP were significantly lower (p < 0.001) than
other groups. Significant differences in μTBS between 1 day and 6
months were detected for SBMP Control (p<0.001) and SBMP+
DMAHDM+30NACP (p < 0.001). No significant reduction was ob-
served in μTBS for the other three groups (p>0.05). Fig. 1B shows the
failure mode distribution in the bonded samples. Mixed failure was the
predominant mode. After 6 months, the ratio of adhesive failure was
increased in SBMP Control by 30%, and in SBMP+DMAHDM
+30NACP group by 34%.

Fig. 2 shows representative SEM images of adhesive fracture sur-
faces for: (A, B) SBMP Control, (C, D) SBMP+DMAHDM+20NACP, (E,
F) SBMP+DMAHDM+30NACP, at 1 day and 6 months in artificial
saliva. SBMP+DMAHDM+0NACP and SBMP+DMAHDM+10NACP
had fracture surfaces similar to those of SBMP+DMAHDM+20NACP,
and were not included here to avoid redundancy. For all groups, the
predominant failure mode was mixed failure. At 1 day, the mixed
failure mainly occurred in the middle or near the top of the hybrid
layer, because the demineralized dentin was covered by adhesive, and
resin tags were left in dentinal tubules. At 6 months, SBMP Control

Fig. 1. Dentin bonding. (A) Microtensile bond strength (μTBS) using extracted human teeth, tested after storage in saliva for 1 day and for 6 months aging treatment
(mean± sd; n = 50). Values with dissimilar letters are significantly different from each other (p<0.05). (B) The effect of DMAHDM and NACP on the distribution of
μTBS failure modes.
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Fig. 2. Typical SEM images of fracture surfaces of: (A, B) SBMP Control, (C, D) SBMP+DMAHDM+20NACP, (E, F) SBMP+DMAHDM+30NACP, at storage in saliva
for 1 day and for 6 months aging treatment. SBMP+DMAHDM+0NACP and SBMP+DMAHDM+10NACP had fracture surfaces similar to SBMP+DMAHDM
+20NACP, and hence were not included here to avoid redundancy. Mixed failure occurred in the hybrid layer for all groups at 1 day (A, C and E). Differences were
found between SBMP Control with adhesive fracture at the bottom of the hybrid layer (B), and SBMP+DMAHDM+30NACP with cohesive fracture in adhesive layer
(F). No obvious change was observed in SBMP+DMAHDM+20NACP after 6 months storage in artificial saliva. Adhesive resin (yellow asterisk); exposed collagen at
the bottom of the hybrid layer (white asterisk); exposed dentinal tubules (black arrow); resin tag (white arrow); crack in adhesive resin layer (yellow arrow). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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failed at the bottom of the hybrid layer (Fig. 2B); tubules were mostly
exposed, with few tubules containing resin tags. Partially-exposed col-
lagen at the bottom of the hybrid layer was also visible. However, for
SBMP+DMAHDM+20NACP, the adhesive fracture was localized in
the middle of the hybrid layer, the tubules were filled with resin tags,
and intertubular dentin was covered by adhesive (Fig. 2D). In contrast,

SBMP+DMAHDM+30NACP had cohesive fracture that was localized
in the adhesive layer (Fig. 2F).

Representative live/dead images of 2-day biofilms on resins are
shown in Fig. 3. In (A) and (B), SBMP Control were fully covered by live
bacteria. In contrast, images (C)–(F) show biofilms consisting of pri-
marily compromised bacteria. There was no noticeable difference

Fig. 3. Representative live/dead images of 2-day biofilms on adhesive resins: (A)-(F) SBMP Control, SBMP+DMAHDM+0NACP and SBMP+DMAHDM+20NACP
after 1day and 6 months of immersion in artificial saliva. SBMP+DMAHDM+10NACP and SBMP+DMAHDM+30NACP (not included to avoid redundancy) had
similar images to SBMP+DMAHDM+20NACP. Live bacteria were stained green, and bacteria with compromised membranes were stained red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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between 1 day and 6 months of immersion, indicating that the anti-
bacterial activity was not lost in artificial saliva aging. SBMP+
DMAHDM+10NACP and SBMP+DMAHDM+30NACP were similar to
SBMP+DMAHDM+20NACP, and hence are not included here to
avoid redundancy.

Metabolic activity of 2-day biofilms on resins is plotted in Fig. 4(A)
(mean ± sd; n= 6). The adhesive types had a significant effect on the
metabolic activity (p < 0.001), but the immersion time had an in-
significant effect (p > 0.05). No significant difference between 1 day
and 6 months was detected for all groups (p>0.05). In Fig. 4(B),
biofilms on SBMP Control produced the most acid. Incorporation of
DMAHDM dramatically decreased the acid production, to less than 1/
22 that of SBMP Control (p < 0.001). These results demonstrate a
long-lasting antibacterial activity of bonding agents containing
DMAHDM and NACP that was not lost in artificial saliva aging.

Fig. 5 plots the CFU of 2-day biofilms on resins (mean ± sd; n=6).
Groups containing DMAHDM reduced the biofilm CFU counts, which
were almost 4 orders of magnitude less than those of control (p <
0.001). The antibacterial potency did not decrease with from 1 day to 6
months (p>0.05).

Ca and P ion concentrations in biofilm culture medium are plotted
in Fig. 6 (mean ± sd; n=6). The BHI medium itself contained Ca and
P ions, manifested by the measured Ca and P ion concentrations in the

culture medium for SBMP Control and SBMP+DMAHDM+0NACP
groups. However, with increasing NACP mass fraction, the Ca and P ion
concentrations increased significantly (p<0.05). Even after 6 months
of immersion in artificial saliva and with the change of fresh medium
every week, the Ca and P ion concentrations in the biofilm culture
medium of SBMP+DMAHDM+20NACP and SBMP+DMAHDM
+30NACP were still significantly higher than those of SBMP control
(p<0.05). These results demonstrate that the NACP-containing resins
could provide a long-term reservoir of Ca and P ions.

The pH of the 2-day biofilm medium is plotted in Fig. 7 (mean ±
sd; n= 6). The pH for SBMP Control stayed at 4.5, which could cause
demineralization to tooth structures. In sharp contrast, the pH for all
DMAHDM+NACP groups was in a safe region of above 6.5. For each
group, there was no difference between 1 day and 6 months (p>0.05).
For all DMAHDM+NACP groups, their ability to raise the biofilm pH
was not lost in the 6 months of artificial saliva aging, compared to 1 day
(p>0.05).

4. Discussion

The present study determined the effects of immersion time in ar-
tificial saliva for 6 months on bonding durability, antibacterial activity
and remineralization ability of bioactive bonding agents containing
DMAHDM and NACP for the first time. The hypotheses were proven
that SBMP+DMAHDM+10NACP and SBMP+DMAHDM+20NACP
exhibited no decrease in dentin bond strength after 6 months storage in
artificial saliva, while SBMP Control and SBMP+DMAHDM+30NACP
had 25% and 21% of loss in bond strength, respectively. The anti-
bacterial activity of all DMAHDM+NACP bonding agents had no de-
crease from 1 day to 6 months of immersion in artificial saliva, which
reduced biofilm CFU by four orders of magnitude, and possessed long-
term potent anti-biofilm functions. Furthermore, SBMP+DMAHDM
+20NACP and SBMP+DMAHDM+30NACP maintained their re-
mineralization ability, with ion concentrations after 6 months of im-
mersion still being much higher than control, and with biofilm pH in a
safe region of above 6.8, while commercial control had a cariogenic
biofilm pH of 4.5. Based on these results, The optimal composition
appeared to be SBMP+DMAHDM+20NACP, which successfully
maintained the dentin bond strength during 6 months of aging in saliva,
and which had much higher Ca/P ion concentration than

Fig. 4. Biofilm viability on resins: (A) MTT metabolic activity, (B) lactic acid
production (mean± sd; n = 6). The resin disks were first stored in artificial
saliva for 1 day or 6 months, and then the resin disks were used to inoculate the
bacteria and cultured for 2 days. In each plot, values with dissimilar letters are
significantly different from each other (p<0.05).

Fig. 5. Colony-forming units (CFU) of 2-day biofilms on resins (mean± sd; n =
6). The resin disks were first stored in artificial saliva for 1 day or 6 months, and
then the resin disks were used to inoculate the bacteria and cultured for 2 days.
Values with dissimilar letters are significantly different from each other
(p<0.05). Note the log scale in the y-axis.
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SBMP+DMAHDM+10NACP.
Although the immediate bond strengths of contemporary commer-

cial adhesives are encouragingly satisfactory, substantial decreases in
resin-dentin bond strength occur after aging [38], with continuous loss
of bonded restorations over time for both etch-and-rinse and self-etch
adhesive systems [39]. The stability of the resin-dentin bonded inter-
faces still remains a major challenge [40,41]. In the oral environment,
progressive degradation of the hybrid layer at the resin-dentin interface
can weaken the adhesion and lead to gaps between the teeth and re-
storatives, which can be caused by hydrolytic and enzymatic degrada-
tion of the resin, collagenolysis by bacterial enzymes, as well as en-
dogenous matrix metalloproteinases (MMPs) and cysteine cathepsins
[31,42–46]. In the present study, SBMP+DMAHDM+10NACP and
SBMP+DMAHDM+20NACP showed no significant decrease after 6
months of storage in artificial saliva, while SBMP+DMAHDM
+30NACP and SBMP control has significant losses in bond strength.
Like chlorhexidine, QAMs are cationic compounds, can inhibit soluble
MMP-9, and can almost completely inhibit the demineralized dentin
collagen degradation [47]. But unlike chlorhexidine, QAMs are copo-
lymerized with and immobilized in the adhesive monomers, and hence

are not leached out and lost over time. Indeed, in vitro experiments
showed that MDPB, DMAE-CB and DMADDM inhibited the host-derived
collagenolytic enzymes from demineralizing the dentin matrix [48,49].
The covalently-bonded QAM with long-lasting anti-MMP effects may
explain the μTBS for the DMAHDM-containing adhesives showing no
loss during 6 months of artificial saliva aging. Further studies are
needed to validate the anti-MMP effect of DMAHDM on inhibiting
collagenolytic enzymes in the hybrid layer.

Further addition of 10% and 20% of NACP into the DMAHDM ad-
hesive did not negatively affect the immediate μTBS and long-term
μTBS after 6 months of aging, compared to the DMAHDM adhesive
without NACP. However, at 30% NACP, the μTBS after 6 months of
aging was lower than that at 1 day. Such a decrease was similar to
SBMP Control. During aging, the hydrophilic monomer HEMA is vul-
nerable to hydrolysis, due to the presence of ester linkages [50]. Pre-
vious studies have correlated the hydrophilic monomers in adhesives
with decreased longevity of the resin-dentin bonds [51]. This is because
adhesives with high concentrations of hydrophilic monomers exhibit
greater water sorption and are more susceptible to hydrolytic de-
gradation [52]. In the present study, there was an increased percentage
of adhesive failure mode in SBMP Control (30%) and SBMP+
DMAHDM+30NACP (34%) after 6 months of aging. The main adhesive
failure mode in SBMP+DMAHDM+30NACP group was cohesive
failure in the adhesive layer. This means that the mechanical properties
of SBMP+DMAHDM+30NACP adhesive deteriorated in 6 months of
saliva aging. This was likely because at 30% NACP, there were more
interfaces between NACP particles and resin matrix causing more water
diffusion, which increased the hydrolytic degradation of the resin.
However, at 10% and 20% NACP, there was no increase in cohesive
failure mode in the adhesive layer, consist with their excellent μTBS
showing no decrease after 6 months of aging. Therefore, it appears that
20% NACP caused no significant increase in resin hydrolysis than SBMP
control, while the DMAHDM exerted anti-MMP effects, yielding much
greater μTBS after 6 months of aging than SBMP control.

Furthermore, excessive mass fractions of NACP addition into the
adhesive may decrease the flowability of the adhesive and increase the
thickness of adhesive layer. A previous study found that adding 30%
NACP into an adhesive increased the average thickness of the adhesive
layer to 70 μm, while the adhesive without NACP had a layer thickness
of only 20 μm [28]. A thicker adhesive with a relatively high con-
centration of HEMA could be more prone to fracture duo to hydrolytic
degradation. Therefore, it is important to optimize the NACP mass

Fig. 6. Calcium (Ca) and phosphate (P) ion concentrations in 2-day biofilm
medium (mean± sd; n = 6). The resin disks were first stored in artificial saliva
for 1 day or 6 months, and then the resin disks were used to inoculate the
bacteria and cultured for 2 days. Then the ion concentrations in the medium
were measured: (A) Ca ions, (B) P ions. In each plot, values with dissimilar
letters are significantly different from each other (p<0.05).

Fig. 7. The pH of 2-day biofilm culture medium where the biofilms grew on the
resin disks (mean± sd; n = 6). Values with dissimilar letters are significantly
different from each other (p<0.05).
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fraction in the particular system of application. The NACP mass fraction
of 20% appeared to be optimal in obtaining high levels of Ca and P ions
and high pH, while simultaneously achieving a strong and durable
dentin bond, under the conditions of the present study.

The antibacterial monomer DMAHDM was incorporated into the
dental adhesive to inhibit bacterial aggregation and reduce acid pro-
duction. The excellent antibacterial properties of DMAHDM were pre-
viously investigated using different concentrations in various resins
[28,53,54]. However, the warm and moist oral environment can ac-
celerate the hydrolysis of the polymerized resin materials and cause
deterioration of the mechanical and bioactive prosperities [55]. In the
present study, after 6 months of aging, the SBMP control resin was
completely covered by live S. mutans biofilm, while the biofilm on
SBMP+DMAHDM consisted of primarily dead bacteria. This was due
to the co-polymerization of DMAHDM in the resin matrix without being
leached out or lost over time, thereby providing a lasting anti-biofilm
effect. Regarding biocompatibility, a previous study tested uncured
monomers and cured resin eluents, showing that DMAHDM had ac-
ceptable cytotoxicity similar to that of several common clinically-used
dental monomers [15]. DMAHDM had fibroblast and odontoblast cell
viability similar to that of commercial monomers HEMA and triethylene
glycol dimethacrylate (TEGDMA); they all had less cytotoxicity than
that of BisGMA [15]. This was likely because that DMAHDM was co-
polymerized by forming covalent bonds with the polymer network,
with no significant DMAHDM leach-out thus minimizing the cytotoxi-
city [15].

Bioactive materials with the ability of releasing and delivering high
levels of Ca and P ions are advantageous since they can deliver these
ions to infiltrate the carious subsurface to prevent demineralization and
promote remineralization. With the increasing popularity of minimal
intervention dentistry, more carious tissues and residual bacteria would
be left in the prepared tooth cavity [56–58]. NACP-containing resin
materials have ion release and acid-neutralization capability, which can
increase the Ca and P ion concentrations of the local environment and
facilitate dental tissue remineralization [59]. Providing Ca and P ions
can help reduce demineralization and tilt the balance toward re-
mineralization [60]. Indeed, our previous studies showed that NACP-
containing resins were effective in remineralizing enamel and dentin
lesions in vitro, achieving an enamel remineralization efficacy that was
4-fold that of a fluoride-releasing commercial composite control [61].
NACP-containing resin achieved dentin remineralization that was 9.6-
fold that of a commercial control [21]. NACP also helped reduce en-
amel demineralization at the enamel-composite margins to 1/3 the
demineralization of a control composite under oral biofilms in a human
in situ study [62]. Besides the ion release from NACP, the calcium and
phosphate ions from artificial saliva and BHI culture medium also im-
pacted the absolute values of the measured ion concentrations. That
was why the ion concentrations in Fig. 6 for SBMP control were greater
than 0. However, this did not affect the relative ranking, or the dif-
ference, between the experimental group and the control group. This
was because the contribution from artificial saliva and BHI culture
medium would be the same among all the tested groups. Therefore, ion
release from NACP increased the ion concentrations, tilted the balance
toward remineralization, and caused a net beneficial effect. Increasing
the NACP mass fraction in the resin significantly increased the Ca and P
ion concentrations. This is beneficial because the ultimate goal of dental
adhesives is to provide durable adhesion to dentin and to protect the
demineralized dentin matrix from degradation. Re-incorporation of
minerals into the demineralized dentin matrix is important because the
precipitated minerals could help repair the nanometer-sized voids such
as nanoleakage in the hybrid layer. The minerals could also block the
MMPs from penetrating and degrading the collagen matrix [63]. In-
deed, with the help of NACP, the hardness of an acid-etched deminer-
alized dentin was increased by almost 7-fold in a lactic acid solution,
and by 1.6-fold in a cyclic artificial saliva/acid treatment, compared
with control [64,65]. The remineralized dentin is more resistant to

degradation in the oral environment and can resist and neutralize
biofilm acids [66]. Besides remineralizing and protecting tooth struc-
tures, the Ca and P ion supplement strategy could potentially also be
useful for bone tissue engineering applications [67–69].

In the present study, the acid-neutralization and ion release cap-
ability of DMAHDM+NACP adhesive was maintained in a S. mutans
biofilm model even after 6 months of aging in artificial saliva.
SBMP+DMAHDM+20NACP had a biofilm pH of 6.8, while SBMP
Control had a biofilm pH of 4.5. By inhibiting the growth of biofilms
which produce acids and enzymes, DMAHDM+NACP bonding agent
could help combat secondary caries and improve the bonding dur-
ability. DMAHDM could help kill the bacteria, while NACP could de-
liver Ca and P ions to remineralize the carious tissues and induce al-
kaline stresses to reduce the growth of bacteria [70]. Protecting the
demineralized dentin matrix and promoting the formation of the newly
remineralized tissues are beneficial to resisting the degradation at the
bonded interface [4]. Further study is needed to investigate how the pH
difference would affect caries prevention and tooth protection. Further
studies are also needed to investigate the DMAHDM+NACP efficacy
and mechanisms on the remineralization of the collagen in the acid-
treated dentin bonded interfacial region using an in vivo model.

5. Conclusion

This study investigated the effects of immersion in artificial saliva
on the bonding durabiliy, antibacterial activity, ions liberation and pH
measurement of bonding agents containing DMAHDM and NACP for
the first time. The commercial bonding agent lost 25% of its dentin
bond strength in 6 months; however, the bonding agents with 5%
DMAHDM and 20% NACP showed no loss in dentin bond strength.
DMAHDM+NACP substantially reduced the biofilm metabolic activity
and lactic acid, reducing biofilm CFU by four orders of magnitude. The
novel adhesive increased Ca and P ion concentrations, neutralized
biofilm acids and raised the biofilm pH to 6.8, while biofilms of com-
mercial adhesive had a cariogenic pH of 4.5. There was no decrease in
the antibacterial potency, remineralization and acid neutralization
capability after artificial saliva-aging for 6 months. Therefore, the novel
DMAHDM+NACP adhesive provided three benefits: (1) Protecting
dentin bonded interface from degradation; (2) long-lasting antibacterial
activity; and (3) Ca and P ion reservoir and high pH to promote re-
mineralization.
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