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Abstract

For purpose of enhancing the antibacterial activity of a universal adhesive, the antimicrobial peptide nisin was incorporated
into Single Bond Universal and its antibacterial effect on Streptococcus mutans monospecific biofilms and saliva-derived
multispecies biofilms was studied. Nisin was incorporated into Single Bond Universal and the antibacterial activity was
examined by confocal laser scanning microscopy (CLSM), reverse transcription-quantitative polymerase chain reaction
(qRT-PCR), phenol-sulfuric acid method and lactate dehydrogenase enzymatic method. The bonding properties were tested
by microtensile bond strength (WTBS) and degree of conversion (DC). Data were analyzed by one-way analysis of variance
(ANOVA) and least significant difference multiple comparison tests (P < 0.05). The Single Bond Universal incorporated
with 3% (w/v) nisin could significantly inhibit the growth of the S. mutans monospecific biofilms (P<0.01) and decrease
the expression of genes related to extracellular polysaccharide (EPS) synthesis (g#fB, gtfC, gtfD and spaP) and acidogenicity
(ldh) (P < 0.05). 3% (w/v) nisin-incorporated Single Bond Universal could also inhibit the growth of saliva-derived multi-
species biofilms and decrease the excretion of EPS and lactic acid (P<0.05). pTBS and DC of 3% (w/v) nisin-incorporated
Single Bond Universal did not deteriorate obviously (P> 0.05). In conclusion, 3% (w/v) nisin-incorporated Single Bond
Universal substantially inhibited the growth of both S. mutans monospecific and saliva-derived multispecies biofilms without
compromising the bonding properties.

Keywords Universal adhesive - Antimicrobial peptide - Single Bond Universal - Nisin - Saliva-derived multispecies
biofilms

Introduction

Dental adhesives and resin composites have been long and
extensively used to cure dental caries for their esthetics and
strength [1]. However, failure of restorations in the long term
is a major concern worldwide [2-5]. Secondary caries is the
most common reason for restorations failure [6]. The shrink-
age of dental adhesives during polymerization may lead to
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microcracks between the adhesives and the tooth tissue [7].
Cariogenic bacteria in the saliva, such as Streptococcus
mutans (S. mutans), can reproduce in these microcracks, ini-
tiating biofilms formation and producing acid, which leads
to secondary caries [8—10]. Therefore, inhibition of biofilm
formation and acid production is an effective way to reduce
secondary caries, expanding the life span of restorations and
reducing the economic burden.

Introducing antibacterial components into dental adhe-
sives is a common strategy to depress cariogenic biofilm
accumulation [7, 11-14]. Nisin, an antimicrobial peptide
produced by Lactococcus lactis, has aroused interest as
a potential additional component in the dental adhesives,
because it has antimicrobial effects on cariogenic bacteria
with negligible cytotoxicity to human cells in the oral cavity
[15, 16]. In addition, the acidic environment of dental adhe-
sives can enhance the stability and antibacterial activity of
nisin [17, 18]. In our pilot study [19], nisin additive shows
an effective and durable inhibitive effect on Streptococcus
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mutans of a 5th generation etch-and-rinse dental adhesive.
Although the aforementioned protocol yields promising
results, monospecific biofilms are rare under natural condi-
tions [20]. Dental plaque is composed of multiple micro-
organisms, thus multispecies biofilms should be examined
from a clinical perspective. In addition, with the develop-
ment of dental adhesives, the 8" generation universal adhe-
sives were introduced to simplify bonding procedures and
techniques [21, 22]. The antimicrobial property of the nisin-
incorporated 8th generation dental adhesives will provide it
with more clinical significance. As a representative of the 8
generation universal adhesives, Single Bond Universal (3 M,
St. Paul, MN, USA) is one of the most commonly used adhe-
sives in the clinical practice. To the best of our knowledge,
so far there is no literature regarding the antibacterial effect
on the saliva-derived multispecies biofilms of dental adhe-
sives with the antimicrobial pepetide nisin-incorporated. In
this paper, influences of nisin additive on the antibacterial
activities of S. mutans monospecific biofilms and saliva-
derived multispecies biofilms of Single Bond Universal
were reported. The null hypotheses tested were as follows:
(1) nisin-incorporated Single Bond Universal could inhibit
S. mutans monospecies biofilms and saliva-derived multi-
species biofilms; (2) nisin-incorporated Single Bond Uni-
versal could decrease the expression of virulence genes of
S. mutans; and (3) incorporation of nisin into Single Bond
Universal would not comprise its bonding properties.

Materials and methods
Flowchart of experimental process

For purpose of studying the antibacterial activity and bond-
ing properties of nisin-incorporated universal adhesives, a
flowchart of experimental process was designed, as shown
in Fig. 1. Detailed experimental materials and methods are
described below.

Preparation of nisin-incorporated adhesive
specimens

Nisin-incorporated dental adhesives were prepared using
nisin (Sigma-Aldrich, St. Louis, MO, USA) and Single
Bond Universal adhesive (3 M, St. Paul, MN, USA). Nisin
additives were mixed into the Single Bond Universal adhe-
sives, and the mixtures were vibrated by means of a vertical
oscillator to get a homogeneous dispersion system. The mix-
ing and vibrating process were carried out under the room
temperature and a light proof condition. Three experimental
concentrations of nisin [1, 2 and 3% (w/v)] and a blank-
control group [0% (w/v)] were selected for further tested.

Dental composite Z250 (3 M, St. Paul, MN, USA) was
light-cured to fabricate wafer-like samples with the size of
15 mm in diameter and 1 mm in thickness. 10-pL of each
group adhesive was spread onto the top of the Z250 samples,
with soft air-blowing and light-curing for 10 s. All speci-
mens were immersed in distilled phosphate buffer saline
(PBS) and agitated for 2 h to remove un-polymerized mon-
omers. Then, the adhesive samples were disinfected under
ultraviolet light for 20 min in preparation for the following
tests.

[ S. mutans //Whole saliva ] [ Nisin +Single Bond Universal ] [ Molars ]

\

\ v

Monospecific biofilms //
Multispecies biofilms

Nisin-incorporated

Self-etch //

adhesives Etch-and-rinse

\

)\ )

|

||

[ CLSM, qRT-PCR, PSA, LDH

[ uTBS, DC ]

v

v

[ Antibacterial activity ]

Bonding properties ]

Fig.1 Flowchart of the experimental process. Nisin-incorporated
dental adhesives were prepared. For one thing, S. mutans was cul-
tured and whole saliva was collected to form biofilms on the speci-
mens, respectively. Then CLSM, qRT-PCR, PSA and LDH were
applied to examine the antibacterial activity of nisin-incorporated

adhesives. For another, the collected molars were prepared according
to the etch-and-rinse mode or the self-etch mode. Then, pTBS and
DC were applied to examine the bonding properties of nisin-incorpo-
rated adhesives
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Effect on the S. mutans monospecific biofilms

Streptococcus mutans UA 159 was cultured overnight in
Brain Heart Infusion (BHI) broth (Sigma-Aldrich, St. Louis,
MO, USA) anaerobically (10% H,, 5% CO,, and 85% N,;
Forma Scientific, Inc., Marietta, OH) at 37 °C. The bacterial
suspensions were diluted with 1% BHIS (BHI solution sup-
plemented with 1% sucrose) to 10°~107 CFU/ml.

The effect of nisin-incorporated adhesives on S. mutans
monospecific biofilm formation and extracellular polysac-
charide (EPS) synthesis was explored by confocal laser
scanning microscopy (CLSM; CLSM 710, Zeiss, Jena,
Germany). S. mutans suspensions were put into a 24-well
cell culture plate in which three adhesive specimens from
each group had been put inside in advance. Alexa Fluor
647-labeled dextran conjugate (Invitrogen Corp., Carlsbad,
CA, USA) was added to the culture medium at a concentra-
tion of 1 uM for labeling EPS. After incubation at 37 °C
anaerobically for 24 h, the specimens were gently rinsed
with sterilized PBS for labeling of live and dead bacteria.
Under a light proof condition, the specimens were inocu-
lated with 100 pL of Live/Dead Baclight Bacterial Viabil-
ity Stain (Kit L7012, Invitrogen, Carlsbad, CA, USA) and
incubated for 15 min. After the reaction, each biofilm was
observed using CLSM, with three random area with size of
500 % 500 um being scanned. All three-dimensional recon-
structions of biofilms were performed with Imaris 7.0.0 soft-
ware (Bitplane, Ziirich, Switzerland). The biovolumes of live
and dead cells were quantified from the entire stack using
COMSTAT image-processing software (http://www.image
analysis.dk) [23]. The biovolume represented the volume of
the biomass (pmS) in the observation field (pmz).

Expression of genes related to EPS synthesis (g#fB, gtfC,
gtfD and spaP), acidogenicity (Idh) and aciduricity (atpD
and ffh) of S. mutans biofilms cultured on the surface of
nisin-incorporated adhesive specimens were tested with
quantitative real-time polymerase chain reaction (QRT-PCR)
analysis. Three specimens from each group were used in
the test. The specimens were incubated with S. mutans sus-
pensions and BHIS in a 12-well plate as described above.

After 24 h, the biofilms were harvested by centrifugation at
12,000 rpm for 5 min, and the total ribonucleic acid (RNA)
was isolated by ultrasonic crushing with a RNeasy Mini Kit
(QIAGEN, Valencia, CA, USA). The total RNA concentra-
tion and purity were determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Pittsburgh,
PA, USA). Reverse transcription of the total RNA and quan-
titative PCR were performed to quantify the mRNA expres-
sion of g#fB, gtfC, gtfD, spaP, ldh, atpD and ffh, with the
16S rRNA gene as an internal control. The primer sequences
were based on the literature and are listed in Table 1 [24-27].
The 2722 method was used to calculate the fold changes in
S. mutans gene expression.

Effect on the saliva-derived multispecies biofilms

Whole saliva was collected under the ethics-approved proto-
col of the Hospital of Stomatology, Sun Yat-sen University.
Informed consent was obtained from all individual partici-
pants included in the study. For each repeated assay, five
different donors with no evidence of present caries [decayed
and missing (DMT) =0] were included. All the donors had
natural dentition and had not used antibiotics in the past
3 months. The donors did not brush their teeth or take any
food or drink for at least 4 h prior to saliva donation [20].
Two milliliters of whole saliva was collected from each
donor and pooled [28] to form saliva-derived multispecies
dental biofilms.

The effect of the nisin-incorporated adhesives on the
multispecies biofilm formation was explored by CLSM. The
specimens were incubated at 37 °C for 24 h in a 24-well plate
with 900 pL BHIS and 100 pL mixed saliva, as prepared pre-
viously. Live/dead assays were performed as described in the
“Effect on the S. mutans monospecific biofilms” Section.

To further investigate the effect of the nisin-incorporated
adhesives on the metabolism of the saliva-derived multispe-
cies biofilms, phenol—sulfuric acid method (PSA) [23, 29]
and lactate dehydrogenase enzymatic method (LDH) [13]
were used to measure EPS synthesis and lactic acid produc-
tion, respectively. For both assays, six adhesive specimens

Table 1 Nucleotide sequence of

. Gene Primer sequence (5'-3") Product
primers used for gPCR length

Forward Reverse (bp)

gifB ACACTTTCGGGTGGCTTG GCTTAGATGTCACTTCGGTTG 127

gtfC CCAAAATGGTATTATGGCTGTCG  GAGTCTCTATCAAAGTAACGCAGT 135

gtfD TTGACGGTGTTCGTGTTGAT AAAGCGATAGGCGCAGTTTA 219

spaP TCCGCTTATACAGGTCAAGTTG GAGAAGCTACTGATAGAAGGGC 121

ldh AAAAACCAGGCGAAACTCGC CTGAACGCGCATCAACATCA 255

atpD TGTTGATGGTCTGGGTGAAA TTTGACGGTCTCCGATAACC 176

Jh TGGGAATGGGAGACTTGCTTA GCTCGGAGTTAGGAGGTCAG 305
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were tested for each group. The specimens were incubated
at 37 °C for 72 h in 24-well plates. To assess EPS synthesis,
the specimens were rinsed twice with PBS, and the sessile
cells were collected using a sterile centrifuge tube and resus-
pended in 2 mL PBS followed by centrifugation for 2 min
at 12,000 g. The precipitate was resuspended in 200 pL of
deionized water, and 200 pL of 5% phenol and 1 mL of 95%
sulfuric acid were then added. The solution was mixed by
pipetting and incubated for 30 min. The OD,q ., Of the
solution was determined by a spectrophotometer. Stand-
ard curves were prepared using standard glucose solutions.
The concentration of EPS was determined by comparing
the OD g ,,, With the standard curves. To assess lactic acid
production, the specimens were washed twice with PBS to
remove any planktonic bacteria and placed in 1.5 mL buff-
ered peptone water (BPW; Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 0.2% sucrose. After incubation at
37 °C for 3 h, the lactate concentrations in BPW were deter-
mined by measuring ODsy,, and compared to that of the
lactic acid standard curves. Standard curves were prepared
with a standard lactic acid.

Bonding properties

Bond strength of nisin-incorporated adhesives was tested
using microtensile methods (WTBS) [30]. Adhesives-bonded
teeth were prepared under the above ethics-approved pro-
tocol. Third molars with no caries were collected from
informed donors. The collected molars were randomly sepa-
rated into two groups, with 90 molars in each group, accord-
ing to the bonding systems, namely the etch-and-rinse mode
and the self-etch mode [31].

For the etch-and-rinse group, a 35% phosphoric acid etch-
ant (Select Hv Etch, Bisco, Inc. Schaumburg, IL, USA) was
applied for etching each dentin surface for 15 s. A separate
etchant was not used for the self-etch bonding group. The
experimental adhesives were then applied to the dentin sur-
face and light-cured for 10 s. Then Dental composite Z250
(3 M, St. Paul, MN, USA) was added to form a 4-mm thick
block and light-cured for 40 s. The composite—dentin speci-
mens were stored in PBS at 37 °C for 24 h. Rectangular
bar-shaped microtensile samples (0.9 X 0.9 X 8 mm) were
cut from the above composite—dentin specimens with the
resin—dentin interface in the middle. Microtensile tests were
carried out with a tensile tester (Bisco, Schaumburg, IL,
USA). The tensile strain rate is 0.5 mm/min till the specimen
was broken. The pTBS values were calculated by dividing
the breaking load by the cross-sectional area [21].

Degree of conversion (DC) of the nisin-incorporated
adhesives was evaluated using Fourier transform infrared
spectroscopy (FTIR, VECTOR-22, Bruker, Ettlingen, Ger-
many) [32]. Specimens for each group were analyzed by
applying the adhesives (20 pL) onto a potassium bromide

disc, and the spectra before and after light-curing for 10 s
were recorded. The DC% was calculated using the equation
below [13]:

ACqjiphatic/ ACaromaii

DC(%):[l—{ aliphatic aromatic }] )(1()0%’
Aualiphatic / Auaromatic

where ACyjipnaic and Aty refer to the absorbance inten-

sities of the aliphatic C=C bond peak at 1638 cm™! of the
cured and uncured specimens, respectively, and Ac,. aiic
and Au,, ... refer to the absorbance intensities of aromatic
C=C bond peak at 1608 cm™! of the cured and uncured
specimens, respectively.

Statistical analyses

All experiments were performed in at least triplicate. All
data were analyzed with GraphPad Prism version 7.0
(GraphPad Software Inc., San Diego, California) using one-
way analysis of variance (ANOVA) and least significant dif-
ference (LSD) multiple comparison tests. Significance was
set at a P value of 0.05.

Results
S. mutans monospecific biofilms characteristics

S. mutans biofilm was observed using CLSM, and three-
dimensional images were reconstructed (Fig. 2a). The EPS is
labeled blue, while the live bacteria are green, and the dead
bacteria are red. The biofilm accumulation on the surfaces
of the nisin-incorporated adhesive specimens was further
evaluated by the biomass of both total bacteria and EPS.
The total bacteria were calculated as the biomass sum of live
and dead bacteria. According to Fig. 2b, the total bacteria
in all experimental groups were reduced (P <0.01), and it
decreased in a dose-dependent manner. The biovolume of
EPS, calculated as the biomass in the observation field, was
quantified and illustrated in Fig. 2c. When the concentration
of nisin was 3%, the total bacteria and the EPS production
were decreased by 70.76% and 72.38%, respectively, com-
pared with the control group (P <0.01).

Figure 3 shows the effect of nisin-incorporated adhesives
on the mRNA levels of S. mutans biofilm virulence factors.
Compared with the levels observed in S. mutans biofilms
grown on the blank-control specimens, the expression levels
of EPS synthesis genes (gtfB, gtfC, gtfD and spaP) and an
acidogenicity-related gene (Idh) were significantly decreased
(P <0.01) after exposure to 3% (w/v) nisin-incorporated
adhesives for 24 h. In contrast, the expression levels of
aciduricity-related genes (atpD and ffh) were not decreased
significantly in the 3% nisin group.
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Fig.2 CLSM images of S. mutans biofilms (n=3 samples per group).
Each micrograph represents four optical sections a green (represent-
ing live bacteria), red (representing dead bacteria), yellow (represent-
ing the combined green and red from two channel images), and pur-
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Fig.3 gPCR of virulence genes of S. mutans bioflims. All targets
were amplified using primers. Different gene expression levels were
normalized to the level of 16S RNA gene transcripts. Statistical dif-

Saliva-derived monospecific biofilms characteristics

Three-dimensional images of the 24 h saliva-derived multi-
species biofilms were reconstructed in Fig. 4a. Quantization
revealed that the total bacteria in the 3% nisin-incorporated
adhesives were reduced by 65.70% compared with the con-
trol group (P <0.05, Fig. 4b), while the total bacteria did not
decrease significantly at the concentration of 1% and 2%.
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Figure 5 manifests the metabolism changes in the mul-
tispecies biofilms. With the increase in the nisin concen-
tration in the adhesives, the excretion of EPS and lactic
acid in the biofilms decreased. The EPS in the 3% group
was decreased by 72.37% (P <0.05), and the production
of lactic acid in the 2% and 3% groups was decreased by
25.67% and 29.84%, respectively (P <0.05).
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Comparison between S. mutans and saliva-derived
multispecies biofilms

To compare the effect of nisin-incorporated adhesives on S.
mutans and saliva-derived multispecies biofilms, the bio-
film formation and EPS synthesis are illustrated in Fig. 6.
Compared with the blank control, 1% and 2% (w/v) nisin-
incorporated adhesives exerted greater inhibitory effect
on the formation of S. mutans biofilms than multispecies
biofilms. However, when the concentration reached to 3%,
the reduction rate in biofilm formation of S. mutans and
multispecies biofilms were very close (70.76 +£0.11% and
65.70+£0.05%). When comes to EPS synthesis, the reduction
rate of S. mutans biofilms was approximately a constant, and
at the concentration of 3%, the reduction rate of S. mutans
and multispecies biofilms were very close (72.38 +£0.11%
and 72.37+0.21%), which is consistent with the trend in
the biofilm formation.

Bonding properties

The results of pTBS test are shown in Fig. 7. Twenty-eight
specimens were tested in each subgroup. For both groups,
the pTBS of 1-3% nisin subgroup did not decrease signifi-
cantly compared to the control group (P > 0.05). However,
the pTBS of both bonding mode groups drop rapidly when
the concentration exceeds 3%, suggesting that the concen-
tration of less than 3% (w/v) will not endanger the bond
strength of Single Bond Universal.

Figure 7c presents FTIR results for the nisin-incorporated
adhesives before (left) and after (right) light-curing. In the
control group without nisin additive, the intensities of the
peaks related to the stretching mode of the aliphatic C=C
bond and aromatic C=C bond at 1638 cm™' (number 1) and
1608 cm™! (no. 2) increased after light-curing. Besides,
no new peeks were observed before and after light-curing.

Similar spectra were obtained in the groups with nisin addi-
tive at various concentrations. Based on the FTIR spectra
calculation, the DCs for the blank control, 1%, 2% and 3%
experimental groups were 47.52 +0.82%, 58.99 +0.93%,
41.54+0.95% and 36.84 +0.52%, respectively.

Discussion

In the present study, nisin was incorporated into the 8th gen-
eration adhesive Single Bond Universal without compromis-
ing the bonding properties. Based on the literature [33, 34],
nisin is a cationic antimicrobial peptide that can interact with
the anionic lipids on the cytoplasmic membrane of bacte-
rial cells, which conducive to its antibacterial activity. It
can either bind to the nonspecific lipids on the cytoplasmic
membranes or to the specific Lipid II, a crucial component
of the cell membranes of Gram-positive bacteria [35-38].
The interaction causes pore formation on the cytoplasmic
membranes and the efflux of vital components of bacteria,
which leads to the cell death. Hence, nisin has more efficient
antibacterial effect on Gram-positive bacteria.

As shown in our results, nisin-incorporated adhesives
inhibited the biofilm formation and EPS synthesis of S.
mutans monospecific biofilms. And the inhibitory effect
increased as the nisin concentration increased. This result is
in accordance with the literature [35, 36] that the nisin can
inhibit S. mutans in a dose-dependent manner. S. mutans
plays a vital role from the initial stage to the advanced stage
of the biofilm formation, and is the main etiological microor-
ganism involved in the dental caries [39, 40]. Therefore, the
inhibition of S. mutans is a key objective in the prevention
of secondary caries. EPS, produced by S. mutans, constitues
a strong and sticky framework in the dental plaques and the
decrease of EPS adds to the evidence of the loss of biofilm
structure [41, 42].
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Nevertheless, under natural conditions, monospecific
biofilms are rare. Dental plaque is a dynamic complex com-
posed of multispecies microorganisms with interspecies
and intraspecies interactions [20, 42]. The bacterial spe-
cies alter constantly throughout the formation of biofilms
[40]. To mimic the situations in vivo, whole saliva was col-
lected as an inoculum and incubated on the surface of the
nisin-incorporated adhesive specimens. Similar trends were
observed with the saliva-derived multispecies biofilms. The
biofilm formation, EPS synthesis and lactic production were
all inhibited by the nisin-incorporated adhesives at the con-
centration of 3%. Thus, the first null hypothesis cannot be
rejected. EPS synthesis and acidogenicity promote biofilm
formation and demineralization of the teeth, thus leading to
the formation of caries in teeth [43, 44]. The results indi-
cated that the cariogenic ability of the multispecies bacteria
in the saliva was decreased and the components in the saliva
will not disturb with the antibacterial activity of nisin [16].
Although there are more than 700 bacterial species in the
oral cavity, most of the cariogenic bacteria are Gram-posi-
tive ones [45]. As the antimicrobial peptide nisin generally
has a strong antibacterial effect on Gram-positive bacteria,
the cariogenic bacteria may be specially targeted, which
leads to the loss of cariogenic ability in the saliva.

To better understand the antibacterial mechanism of
nisin-incorporated adhesives on the dental biofilms, the
expression profiles of virulence genes of S. mutans were
examined and the comparison of the antibiofilm effect on the
monospecific and multispecies biofilms was also made. The
cariogenic virulence of S. mutans is due to its acidogenic,
aciduric, and EPS synthetic ability [44]. Thus, the down-
regulation of the EPS synthesis genes gtfB, gtfC, gtfD and
spaP and the acidogenicity-related gene Idh in the results
implied that the cariogenic potential of S. mutans might be
inhibited, which is consistent with observation in other tests
mentioned above. Accordingly, the second null hypothesis
cannot be rejected. Peschel et al. [46] stated that nisin might
have other antibacterial activities based on the cytoplasmic
membrane interactions, such as inhibition of cell wall bio-
synthesis and activation of autolytic enzymes. Nevertheless,
there is little information about the anti-virulence activi-
ties of nisin against S. mutans [24], which should be further
explored in the future studies. Furthermore, the comparison
of the antibiofilm effect on S. mutans and saliva-derived
multispecies biofilms was made. According to Fig. 6, the
reduction rate of EPS in S. mutans biofilms of increasing
concentration of nisin is approximately a constant, while
the reduction rate of multispecies biofilms is not. This phe-
nomenon might indicate that the mechanism beneath the
inhibitory effect on the EPS synthesis is much more compli-
cated in the multispecies biofilms than in the monospecific
biofilms due to the intraspecies interactions. As a cationic
peptide, nisin can inhibit the coaggregation of multispecies

bacteria, thus disturbing the colonization and development
of biofilms [47]. Nevertheless, further studies are needed to
clarify the mechanisms of the interactions between nisin and
oral biofilm species.

The bonding properties of nisin-incorporated Single
Bond Universal were also examined for its future clinical
applications. For both self-etch and etch-and-rinse modes,
the pTBS of 1-3% nisin-incorporated adhesives showed no
significant difference in comparison with the control group,
indicating that 1-3% nisin-incorporated adhesives would not
adversely affect the bond strength. For a given nisin con-
centration, the pTBS of the etch-and-rinse mode is always
higher than that of the self-etch mode. This is because in the
etch-and-rinse system, 37.5% phosphoric acid can eliminate
the smear layer and demineralize enamel to induce a robust
surface that enhances the mechanical and chemical bonding,
while in the self-etch system, the smear layer is partly solved
by acidic monomers in the universal adhesives [48, 49]. The
etching ability of phosphoric acid is stronger than that of the
acidic monomers in the adhesive, and consequently, the resin
tags in the demineralized layer are thicker [50]. Hence, the
bond strength of the etch-and-rinse system is usually better
than that of the self-etch system [51, 52].

DC examination was supplemented by FTIR to get an
insight on how nisin influence the bonding properties. Rel-
ative DC value reflects the polymerization degree of the
monomers contained in experimental adhesives [53]. The
higher the DC value is, the higher the bond strength of the
adhesives might be. The maximum appears when the con-
centration of nisin is 1%. As there are C=C bonds in both
nisin molecules and resin monomers [54], these controver-
sial findings may be due to the ring being opened for both
components and reacted during light-curing. Furthermore, in
the FTIR spectra, no new peeks were found before and after
light-curing. Therefore, the nisin molecules were possibly
bound non-covalently to the resin monomers. But overall,
the concentration of nisin within 3% has little effect on the
relative DC value, which provides a plausible explanation
for the observation of pTBS.

Within the limitation of the present study, 3% (w/v) nisin-
incorporated Single Bond Universal achieved substantial
antibacterial effects on both S. mutans monospecific and
saliva-derived multispecies biofilms without compromising
the bonding properties, indicating that the nisin-incorpo-
rated Single Bond Universal can be a potential antibacterial
adhesive. Further investigations of secondary caries animal
models are necessary to determine the potential of nisin-
incorporated dental adhesives as therapeutic agents against
secondary caries in the clinical practice.
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