DENTAL MATERIALS 38 (2022) 824-834

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier.com/locate/dental

Chlorhexidine-loaded poly (amido amine) )
dendrimer and a dental adhesive containing -
amorphous calcium phosphate nanofillers for
enhancing bonding durability

Xue Cai, Xiaoyan Wang*

Department of Cariology and Endodontology, Peking University School and Hospital of Stomatology, Beijing
100081, China

ARTICLE INFO ABSTRACT

Article history: Objective: A novel method of combining chlorhexidine (CHX) loaded poly (amido amine)

Received 17 January 2022 (PAMAM) dendrimers with a dental adhesive containing amorphous calcium phosphate

Received in revised form 24 March (ACP) nanofillers are proposed for etch-and-rinse bonding system to enhance resin-dentin

2022 bonding durability.

Accepted 1 April 2022 Methods: The CHX-loaded PAMAM and ACP nanofillers were synthesized and character-
ized. Their effects on the cytotoxicity were tested by MTT assay. Micro-tensile bond

Keywords: strength (uTBS) before and after thermomechanical challenges were used to evaluate the

PAMAM dendrimer bonding durability. Anti-matrix metalloproteinase (MMPs) property was examined using

Chlorhexidine in-situ zymography. A double-fluorescence technique was used to examine interfacial

Amorphous calcium phosphate permeability after bonding. Dentin remineralization in Ca/P lacking solution was observed

Bonging durability under scanning electron microscopy.

Matrix metalloproteinases Results: Compared with a 0.2 wt% CHX solution, the PAMAM loaded CHX had less cyto-

toxicity, while the in situ zymography showed it could still inhibit MMPs activity within the
hybrid layer after released from PAMAM. The application of the novel method maintained
the uTBS better than the control group after thermomechanical challenges, and it did not
negatively affect water permeability of the bonding interfaces. CHX-loaded PAMAM regu-
lated the calcium (Ca) and phosphate (P) ions provided by the ACP-containing adhesives to
remineralize the demineralized dentin surfaces without initial Ca/P in the environment.
Significance: The novel method can reduce the cytotoxicity of CHX, inhibit MMPs activities,
maintain uTBS, and induce dentin remineralization, which are crucial factors for enhan-
cing bonding durability.

© 2022 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

* Corresponding author.
E-mail address: wangxiaoyanpx@163.com (X. Wang).

https://doi.org/10.1016/j.dental.2022.04.009
0109-5641/© 2022 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/01095641
www.elsevier.com/locate/dental
https://doi.org/10.1016/j.dental.2022.04.009
https://doi.org/10.1016/j.dental.2022.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2022.04.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2022.04.009&domain=pdf
mailto:wangxiaoyanpx@163.com
https://doi.org/10.1016/j.dental.2022.04.009

DENTAL MATERIALS 38 (2022) 824-834 825

1. Introduction

The instability of resin-dentin bonding interfaces is a major
issue in adhesive dentistry [1]. Hybrid layers created by
contemporary adhesives are unstable in aqueous environ-
ments because of hydrolysis of the adhesive resins and de-
gradation of demineralized collagen matrices [2,3]. Resin
monomers cannot completely infiltrate the demineralized
dentin, leaving the exposed collagen fibrils at the bottom of
the hybrid layer unprotected and providing an aqueous en-
vironment for degradation of collagen and leaching of en-
zyme degradable resinous components [4]. During the acid-
etching phase of the bonding procedure, endogenous pro-
teases, such as matrix metalloproteinases (MMPs) and cy-
steine cathepsins that are trapped by apatite crystallites,
become exposed and activated by acidic etchants [5]. The
subsequent application of resin monomers further promotes
protease activities, in either the etch-and-rinse mode or self-
etch mode [6]. Activated MMPs and cathepsins can degrade
exposed demineralized collagen fibrils within the hybrid
layers |7].

Remineralization is an effective strategy for protecting the
exposed demineralized collagen fibrils [8]. This procedure
can eventually exclude exogenous collagenolytic enzymes
and water from the resin-dentin interface [9]. To induce bio-
mimetic remineralization of demineralized dentin, Ca and P
ions must be regulated by biomimetic analogs to form hy-
droxyapatite. Over the last few years, poly (amido amine)
(PAMAM) dendrimers have been used to simulate the func-
tion of noncollagenous proteins (NCPs) for in situ reminer-
alization of enamel and dentin [10]|. Previous studies have
indicated that the 4th generation carboxyl-terminated poly
(amido amine) dendrimer (G4-PAMAM-COOH) can self-as-
semble into a micro-ribbon structure similar to the self-as-
sembly process of amelogenin [11]. The dendrimer can
induce both intrafibrillar and interfibrillar remineralization
on dentin in vitro in a relatively short time of 14 days [12].
However, biomimetic remineralization in vivo is still a time-
consuming process. It is likely that demineralized collagen
fibrils are already degraded by MMPs before remineralization
is achieved [13]. Therefore, it is important to preserve the
collagen template by inhibiting MMPs and reducing the re-
mineralization time.

Chlorhexidine (CHX), a nonspecific MMP inhibitor, can re-
duce the activity of MMPs within the hybrid layers, and it has
been incorporated into restorative materials [14]. As the cyto-
toxicity may increase with the concentration of CHX [15,16], it
is necessary to balance the cytotoxicity and anti-MMP property.
It has been widely accepted that CHX greater than 0.2 wt%
could be effective in enhancing bonding durability [17,18].
However, 0.2 wt% CHX also has a cytotoxic effect [19]. Direct
exposure even to a small amount of 0.02 wt% CHX for one
minute had a negative effect on cell survival rates compared
with no treatment [16]. In addition, CHX does not co-poly-
merize with resin monomers, eventually leaching from the
polymerized resin network [20]. Therefore, the long-lasting
anti-proteolytic effects may be a concern after CHX leaching.

Fortunately, G4-PAMAM-COOH is a highly branched
polymer with internal cavities that have the potential for

loading guest molecules [21,22]. Additionally, the molecular
weight of G4-PAMAM-COOH (Mw = 20,615 Da) is within the
size retention range of type I collagen (640 kDa). The col-
lagen network could let the G4-PAMAM-COOH infiltrate into
the collagen microfibrils because of the size-exclusion fea-
tures [23,24]. The G4-PAMAM-COOH then retains within the
dentin by electrostatic interaction between dentin minerals
and carboxylic terminates [25]. CHX-loaded G4-PAMAM-
COOH has been synthesized in a previous study, and it was
effective in inhibiting MMP activity in demineralized dentin
[26]. However, the CHX-loaded PAMAM was not incorporated
with restorative materials. The cytotoxicity and long-term
effectiveness were not investigated either.

Although various agents have been used for reminer-
alization, most are only effective in a saliva rich environment
[27-30]. The constant flow of saliva had strong buffer capa-
city. The high concentrations of calcium (Ca) and phosphate
(P) ions could help decrease the solubility of hydroxyapatite
and promote tooth remineralization [31]. However, in-
dividuals with higher risks of secondary caries usually suffer
from reduced saliva. Therefore, more effort is needed to
achieve remineralization with a deficient supply of Ca and P
ions. Nanoparticles of amorphous calcium phosphate (ACP)
were mixed into adhesives in many previous studies
[9,31,32]. These adhesives can release Ca and P ions, neu-
tralizing the acidic environment and providing Ca and P ions
for the remineralization procedure [33].

The objective of the present study is to propose a novel
method for enhancing bonding durability, including CHX-
loaded PAMAM dendrimers as a pretreatment agent and ACP
nanoparticles as adhesive fillers. Their effects on the cyto-
toxicity, micro-tensile bond strength (uTBS) before and after
thermomechanical challenges, anti-matrix metalloprotei-
nase (MMP) property, permeability of bonding interfaces, and
dentin remineralization were investigated.

2. Materials and methods

Deionized water was produced from a Millipore system
(MilliporeSigma, MA, USA). The G4-PAMAM-COOH was pro-
duced by Chenyuan Dendrimer Tech., Weihai, China. All
other unspecified solvents and reagents were obtained from
Sigma Aldrich, MO, USA. Extracted sound human teeth were
collected with the donors’ informed consent from Peking
University School and Hospital of Stomatology. All teeth were
stored in 0.9% NacCl at 4 °C and used within 3 months of re-
trieval.

2.1. Preparation and characterization of the CHX loaded
PAMAM dendrimer

An excess of solid CHX acetate powder was added to a 10 mg/
mL aqueous solution of G4-PAMAM-COOH. The solution was
kept in a water bath sonicator (Biosonic UC100, Coltene
Whaledent, OH, USA) at 37 °C for 1 h and then transferred to
an orbital shaker (Liuyi, Shanghai, China) at 37 °C for 24 h.
The solution was centrifuged at 4000 rpm for 10 min (5415R,
Eppendorf, Germany). The clear supernatant was dialyzed
against deionized water in dialysis bags with 1 kDa molecular
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Table 1 - Setting of the experimental groups.

Group Step 1 Total - etch Step 2 Coating with pretreatment Step 3 Adhesive
agent
Control 37 wt% phosphoric acid etch for 100 pL of deionized water for 40 min, blot Two consecutive coats of PBE adhesive
15 s, rinsed with water and blot- dried were applied and light cured
CHX-PAM dried with lint-free paper 100 pL of CHX-loaded PAMAM solution
(10 mg/mL) and brush with an applicator
tip for 40 min, blot-dried
CHX-ACP 100 uL of CHX solution (0.2 wt%) for Two consecutive coats of experimental
40 min, blot-dried adhesive (20 wt%ACP + 80 wt% PBE) were
CHX-PAM-ACP 100 pL of CHX-loaded PAMAM solution applied and light cured

(10 mg/mL) and brush with an applicator

tip for 40 min, blot-dried

weight cut-off to remove unloaded CHX. The resulting con-
jugate was lyophilized and characterized by 'H NMR spec-
trum analysis at 25 °C on a 500 MHz Advance spectrometer
(Bruker, Germany). The remaining solid CHX was collected
and lyophilized to calculate the drug loading.

2.2. Incorporation of ACP nanoparticles into a universal
adhesive

ACP nanoparticles stabilized with polyaspartic acid (PAsp)
were synthesized by mixing equal volumes of 10 mM CacCl,,
480 pg/mL PAsp, and 6 mM Na,HPO,. The liquid was then
stirred for 10 min at room temperature. The precipitate was
collected by centrifugation (15,000 rpm) and subsequently
washed with deionized water and ethanol sequentially.
Then, the ACP nanoparticles were dried at 30 °C in a vacuum
drying oven overnight.

The morphology of ACP nanoparticles was observed by
scanning electron microscopy (SEM, SU8010, Hitachi, Japan)
under 10 kV, and transmission electron microscopy (TEM,
JEM-1011, JEOL, Japan) under 100 kV. Dynamic light scattering
measurements (DLS, Dynapro nanostar, Wyatt Technology,
CA, USA) was used to analyze the particle size. The nano-
particles were suspended in deionized water at a concentra-
tion of 0.1 mg/mL. The amorphism of ACP was checked by
selected area electron diffraction (SAED) and Fourier trans-
form infrared spectroscopy (FTIR, Spectrum 400, MA, USA) in
the range of wave number 4000 ~ 400 crn ™.

Prime&Bond Elect (PBE, Dentsply Caulk, DE, USA) was
used as the carrier adhesive. The following four groups of
adhesives were made, and micro-tensile bond strength
(WTBS) was tested to select a proper concentration of ACP
nanofiller: (1) 100% PBE; (2) 10 wt% ACP + 90 wt% PBE; (3)
20 wt%ACP + 80 wt% PBE; (4) 30 wt% ACP + 70 wt% PBE.

The uTBS testing methods are described in Section 2.5.
After testing, (20 wt%ACP + 80 wt% PBE) was selected for
subsequent experiments because it was the maximum con-
centration that did not negatively affect the bond strength.

2.3. Ca and P ion release from the experimental adhesive

The experimental adhesive (20 wt%ACP + 80 wt% PBE) was
placed in a mold and light cured for 20 s to prepare 5-mm
diameter and 2-mm thick disks. Three adhesive disks were
suspended in 15 mL of deionized water and then placed on a

horizontal shaker at 25 °C and agitated at 50 rpm. At selected
points of time, 200 uL aliquots were removed and replaced by
an equal volume of deionized water. The concentrations of
Ca and P in the aliquot were analyzed using an automatic
biochemical analyzer (7180, Hitachi, Japan). Released ions are
reported in cumulative concentrations. The experiment was
repeated three times.

2.4. Cytotoxicity

2.4.1. Dentin disk preparation

A5 x5 x2mm dentin disk was cut from each extracted tooth
using a water-cooled low-speed diamond saw (Isomet,
Buehler, IL, USA). The coronal surfaces were polished with
600-grit wet silicon carbide paper until all of the enamel was
removed and a standardized smear layer was created.

2.4.2. Cell viability evaluation
Four groups were set in all the following experiments of the
current study as described below in Table 1:

Forty extracted sound human third molars were used in
cytotoxicity test (4 groups, 2 cycles, N = 5). Sterile Teflon
disks were used as the negative control. A cyclic protocol was
used to evaluate the viability of human dental pulp cells in
case the cytotoxic components diffused sustainably [34].
Samples were added to the culture medium (1 sample/1 mL)
and incubated at 37 °C for 24 h to simulate the elution of toxic
components from the adhesive after immediate curing in a
tooth cavity. After incubation, the eluent-containing culture
medium was filtered through a cellulose acetate filter with a
0.22 pm diameter pore size and sterilized with ultraviolet
light for 4 h for the cytotoxicity testing.

Dental pulp cells were collected from extracted healthy
human third molars with the donors’ written informed con-
sent. The cultured cells were passaged after achieving 80%
confluency. Fourth passage cells were used for the experi-
ment. The cells were seeded in a 96-well plate at a density of
1 x 10* cells per well and incubated in 100 uL of medium per
well for 24 h. The medium was then replaced with 100 uL of
the eluent-containing medium. After incubation for 3 days,
MTT assay was performed according to the manufacturer’s
instructions.

After the first testing cycle, the dentin-adhesive bonded
samples were retrieved and re-immersed in the culture
medium for 4 days to simulate continued diffusion of
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materials from the dendrimer or cured adhesives. The same
steps were repeated for the 2nd cycle. Data were expressed as
the percentage of viable cells compared with the Teflon ne-
gative control, which was taken to be 100% viable.

2.5. Micro-tensile bond strength (uTBS) test

2.5.1. Tooth preparation

The roots of the extracted teeth were removed 2-3 mm below
the cementoenamel junction with a low speed cutting saw
under water cooling. A flat mid-coronal dentin surface was ex-
posed by cutting the occlusal enamel perpendicular to the
longitudinal axis of each tooth. The exposed dentin was po-
lished with 600-grit wet silicon carbide paper until all the en-
amel was removed and a standardized smear layer was created.

2.5.2. uTBS evaluation

Forty extracted human teeth were randomly divided into four
experimental groups, as described in Table 1. After applying the
adhesives, two 2-mm thick layers of resin composite (Clearfil
AP-X, Kuraray, Japan) were placed over the bonded dentin.
Specimens from each group were divided into two subgroups.
One subgroup was stored in deionized water at 37 °C for 24 h for
immediate bond strength tests. The other subgroup was ther-
momechanically challenged (TMC, 10,000 thermal cycles at
10 °C, 25 °C, and 55 °C for 1 min each; 240,000 mechanical cy-
cles), corresponding to one year of intraoral use [35].

All the specimens were sectioned vertically into 0.9-mm
thick resin-dentin slabs. The slabs were sectioned into
0.9 x 0.9 mm beams containing the resin-dentin interface in
the center of the beam. The 10 longest beams from each
tooth were used for bond testing. Each stick was attached to a
testing jig with cyanoacrylate adhesive and stressed to failure
under tension with a universal testing machine using a
crosshead speed of 1 mm/min. The bonding procedure and
uTBS tests were performed by a single trained operator. All
failure data were included. Statistical analysis was performed
using the tooth as the statistical unit (N = 5).

2.6. In-situ zymography

Twelve extracted human teeth were prepared as described in
Section 2.5.1 and they were randomly divided into the four
experimental groups. In the bonding procedure, tetramethyl-
rhodamine B isothiocyanate (Aex/Aem 553/627 nm) was
mixed with the adhesives. After applying the adhesives, a 1-
mm thick layer of resin composite (Clearfil AP-X) was placed
over the bonded dentin. Then, a thermomechanical chal-
lenge was introduced using the protocol described in Section
2.5.2. Each sample was sectioned vertically into 1-mm thick
slabs containing the resin-dentin interface. Two central slabs
were selected and polished sequentially with 600-grit, 1200-
grit, and 4000-grit wet silicon carbide papers under running
water to obtain an approximately 50-um thick section with a
highly glossy surface. 50 uL of the substrate of the Gelatinase/
Collagenase Assay Kit (EnzChek™, OR, USA) was coated on
each slab and protected with a cover slip. After incubation in
100% relative humidity at 37 °C for 24 h, the substrate was
hydrolyzed by gelatinase or collagenase and fragments with
fluorescent (Aex/Aem 494/521 nm) were produced. Thus, the

activity of these enzymes could be expressed as the green
fluorescence within the hybrid layer for simultaneous iden-
tification with a confocal laser scanning microscope (CLSM,
LSM-780, Carl Zeiss, Germany). Three areas, each with a
surface area of 84.9 x 84.9 um, were used for evaluation of
each specimen. For consistency, one area was taken from the
center of the slab. The two other areas were taken 2 mm
away from the center area. For each area, twenty 350-nm
thick optical sections were acquired from different focal
planes. The images were stacked and processed with the ZEN
2010 software (Carl Zeiss). The activity of endogenous en-
zymes was expressed as a percentage of the green fluores-
cence area within the hybrid layer quantified using Image ]
software (3 areas x 2 slabs x 3 teeth, N = 18).

2.7. Water permeability of the bonded interfaces

Twelve extracted human teeth were prepared as described in
Section 2.5.1. The remaining dentin thickness of each sample
was 2.5 + 0.1 mm from the pulpal horn. The bonding proce-
dure was carried out in the four experimental groups. During
the bonding procedure, each sample to be bonded was at-
tached to a perforated Plexiglass block. The assembly was
connected to polyethylene tubing, which was attached to a
column of water containing blue fluorescence (Alexa Fluor™
405, Aex/Aem 401/421 nm; ThermoFisher Scientific, MA, USA)
20 cm above the Plexiglass block to simulate the delivery of
physiologic intrapulpal pressure [36]. Intrapulpal pressure was
applied to the prepared dentin surface during the adhesive
procedures and the 1-mm thick resin composite layer build-up.
The set-up was left in the dark for 4 h after bonding to enable
water permeation to the resin-dentin interface. Each sample
was removed from the Plexiglass block and sectioned long-
itudinally through the center of the tooth to retrieve a 1-mm
thick slab containing the water-perfused resin-dentin interface.
Each slab was polished sequentially and observed using CLSM
as described in Section 2.6. The image stack was also processed
as described in Section 2.6. Blue fluorescence within and above
the hybrid layer was quantified using Image ] to represent the
relative permeability of the respective resin-dentin interface (3
areas x 1 slab x 3 teeth, N = 9).

2.8.  Mineralization of dendrimer treated dentin without
the initial Ca or P ions

The dentin disks were prepared as described in Section 2.4.1.
The step 1 and 2 were performed for the four experimental
groups. The bonding surface of each sample was placed in
contact with an adhesive disk prepared as described in
Section 2.3 and they were completely immersed in 1 mL
deionized water with 0.5 wt% chloramine-T.

The samples were stored in 37 °C for 28 days, then dehy-
drated, sputter coated with gold, and observed with SEM.
Energy disperse spectra (EDS) was also performed to measure
the Ca/P ratio of the regenerated minerals.

2.9. Statistical analysis

For each analysis, the data sets were analyzed for their
normal distribution with the Kolmogorov—-Smirnov test prior



828

DENTAL MATERIALS 38 (2022) 824-834

A JJA

B

C

75 70 65 60 55 50 45 40 35 30 25 20 15 10

Fig. 1 - *"H NMR spectra of (A) G4-PAMAM-COOH, (B) CHX,
and (C) CHX-loaded G4-PAMAM-COOH.

to the use of parametric statistical methods. When those
assumptions were violated, the respective data set was non-
linearly transformed to satisfy those assumptions prior to the
use of parametric statistical procedures. One-way and two-
way ANOVA were applied to detect the significant effects of
the variables. Post-hoc comparisons were performed using
Tukey’s multiple comparison. Statistical significance was set
at a = 0.05.

3. Results

Fig. 1 is the 'H NMR spectrum of the CHX-loaded PAMAM
dendrimer. Compared with the spectrum of G4-PAMAM-
COOH (Fig. 1A) and CHX (Fig. 1B), the CHX-loaded G4-PAMAM-

COOH formulation (Fig. 1C) shows both dendrimer peaks and
CHX peaks, which demonstrates a possible displacement of
dendrimer protons resulting from drug inclusion and inter-
action. There are also slight downfield chemical shifts of
these protons after complexation of CHX because of en-
vironment changes around these protons caused by the in-
clusion of CHX molecules. This may also indicate weak
interaction between the drug and dendrimer and the forma-
tion of inclusion complexes. The calculated drug loading of
CHX-loaded G4-PAMAM-COOH is (19.56 + 1.27) %. If the CHX
totally released, it would correspond to 0.2 wt% CHX solution.
Therefore, the subsequent experiments in this study used
0.2 wt% CHX solution to compare.

The SEM and TEM images of PAsp (Fig. 2A, B) show the
morphology of ACP particles. The particles have uniform,
spherical forms and their diameters are smaller than 100 nm,
which conforms to the standard of nanoparticles. The inset
SAED pattern indicates that ACP nanoparticles remained
amorphous. The distribution of the ACP particle size is shown
in Fig. 2C. The FTIR spectrum in Fig. 2D also supports the
amorphism of ACP. The intense peaks at 1083cm™' and
580 cm™! are assigned to PO,>". The transformation of ACP to
hydroxyapatite is reportedly differentiated by the gradual
splitting of the single peak at 580cm™ into two peaks at
600cm™! and 560 cm™. A mild peak at 950cm™* is also as-
signed to PO,>". The peak at 1637 cm™ is assigned to the O-H
bending vibration [37].

Fig. 3 shows the cumulative release profiles of the ex-
perimental adhesive (20wt% ACP + 80 wt% PBE). The light
cured adhesive disks can sustainably release Ca and P ions
until 28 days with faster release at the beginning.

Diameter (nm)

C s D .. 1083
> 1.2
o 3
9 40 S 580
L [}] 0.8
% 30 g ) 1637
= g
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g ‘g 0.4-
2 10 a
£ <
s PR, == 0.0 . . .
z 30-40 40-50 50-60 60-70 70-80 80-90 1500 1000 500
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Fig. 2 — Characterization of PAsp stabilized ACP nanoparticles. (A) SEM image. (B) TEM image and SAED inset showing no
diffraction patterns. (C) Particle size distribution. (D) FTIR spectrum.
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Fig. 3 - Calcium and phosphate ion release from the

experimental adhesive (20 wt% ACP + 80 wt% PBE). Data are
mean and standard deviation.

Fig. 4 presents the relative percentage of vital cells after
incubating in the sample elution. There were significant dif-
ferences among the treating methods (P < 0.05) and testing
cycles (P < 0.05). The interaction of these two factors was
statistically significant (P < 0.05). The cell viability was in the
order: Teflon =Control = CHX-PAM = CHX-PAM-ACP > CHX-
ACP for the 1st cycle and Teflon > Control = CHX-PAM = CHX-
PAM-ACP > CHX-ACP for the 2nd cycle (P < 0.05). There was
no significant difference between the 1st and 2nd cycle for
the Teflon or CHX-ACP groups. For the Control, CHX-PAM, and
CHX-PAM-ACP groups, significantly more vital cells were
present in the 1st cycle (P < 0.05) than that in the 2nd cycle.
For the CHX-ACP group, the cell viability was significantly
less than the other groups in both cycles.

Fig. 5 reports uTBS values of dentin treated with the four
methods before and after TMC. The eight groups had a

I | [ Teflon
120 - I ] 1 Control
I - | [ CHX-PAM
9 A [ CHX-ACP
11 B £A A B [ CHX-PAM-ACP
- b b b
% 80 B x c
g
= 604
)]
(5}
S 401
=
K
& 204
0
1st cycle 2nd cycle

Fig. 4 - The relative percentage of vital cells. Data are mean
and standard deviation. For each chart, the columns in the
1st cycle labeled with different uppercase letters are
significantly different (P < 0.05). Columns in the 2nd cycle
labeled with different lowercase letters are significantly
different (P < 0.05). For comparison of the 1st and 2nd cycle,
columns linked with a horizontal bar are significantly
different (P < 0.05).

[ Control
1 I CHX-PAM
[ CHX-ACP
[l CHX-PAM-ACP

70

60 -

= >
= >
|_|

50+

40

30

201

10

Microtensile Bond Strength (MPa)

Before TMC After TMC

Fig. 5 - Micro-tensile bond strengths of the four groups
before and after thermomechanical challenge (TMC). Values
are presented as mean and standard deviation. For each
chart, columns in the before TMC group labeled with the
same uppercase letters are not significantly different

(P > 0.05). Columns in the after TMC group labeled with the
same lowercase letters are not significantly different

(P > 0.05). Columns linked with a horizontal bar indicate a
significant difference before and after TMC (P < 0.05).

similar distribution of failure modes and consisted primarily
of mixed failures, with some cohesive failure in the resin
composite or dentin. Similar uTBS values were obtained in all
four groups before TMC. After TMC, significantly lower uTBS
values were recorded in the Control group, while no sig-
nificant difference was identified for the other three groups
before or after TMC.

Representative CLSM images of in situ zymography con-
ducted on resin-dentin interfaces treated in the four groups
after TMC are shown in Fig. 6. Green fluorescence was in-
dicative of hydrolysis of the fluorescence-conjugated gelatin
into smaller peptides, namely the activity of endogenous
MMPs. Dentin slabs prepared from the control group showed
intense green fluorescence within the hybrid layers. The re-
lative percent area occupied by green fluorescence reached
80.5% + 9.6%. Statistically weaker green fluorescence was ob-
served in the CHX-ACP group. The percentage of green area
was 50.3% = 5.4%. The fluorescence value in the CHX-PAM
group (20.8% + 2.4%) and CHX-PAM-ACP group (19.2% + 2.1%)
were even less than that of the CHX-ACP group (P < 0.05).

Representative CLSM images of the permeability of the
resin-dentin interfaces created by the four methods are
shown in Fig. 7. The adhesive displayed red fluorescence, and
water applied with simulated pulpal pressure showed blue
fluorescence. For the ideal resin-dentin interface, there
should be no overlap of the two signals, which indicates
water permeation into regions infiltrated by the adhesive.
Water permeation was identified within the hybrid layer in
all groups. However, the permeation could be limited to only
the hybrid layer; no water channels or water bubbles were
within or above the adhesive layer. There was no significant
difference among the four groups (P > 0.05).

Demineralized dentin samples treated with the four
methods and reacted for 28 days without initial Ca and P ions
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Control

CHX-PAM

CHX-PAM-ACP CHX-ACP

Fig. 6 - Representative confocal laser-scanning microscopy images (Bar = 10 pm) of in situ zymography conducted on resin-
dentin interfaces treated in the four groups after TMC. Left: Red channel showing adhesive resin mixed with red fluorescent
dye. Middle (left): Green channel showing endogenous MMPs activity caused by breakdown of fluorescein-quenched gelatin
within the hybrid layer and dentinal tubules. Middle (right): Differential interference contrast images showing the optical
density of the resin-dentin interface. Right: Merged channel. (R, resin composite; a, adhesive; h, hybrid layer between

arrowheads; D, mineralized dentin).

are shown in Fig. 8. For the Control group (Fig. 8A1, A2), the
dentinal tubules were open, and exposed collagen fibrils were
thin and flexible at high magnification. For the CHX-PAM
(Fig. 8B1, B2) and CHX-ACP groups (Fig. 8C1, C2), the exposed
collagen fibrils were almost the same as the control. For the
CHX-PAM-ACP group, needle-like crystal minerals re-
generated on dentin and covered most of the dentinal tu-
bules (Fig. 8D1). Under higher magnification, the
remineralization was observed to start from the peritubular
dentin in the area which was not heavily mineralized
(Fig. 8D2). Energy dispersive spectroscopy (EDS) was per-
formed to detect the Ca/P ratio of the regenerated minerals in
the CHX-PAM-ACP group. The molar ratio was 1.65, close to
that of hydroxyapatite.

4, Discussion

The structure of G4-PAMAM-COOH includes three main
components: core, inner repeating unit, and peripheral
functional groups. The 'H NMR spectrum showed the main
structure of PAMAM was not changed after drug loading. The
CHX may be either incorporated into PAMAM dendrimers via
encapsulation within the core structure or attached to the
peripheral functional groups via electrostatic interactions
[26]. Because it slightly soluble in water and positively
charged. Although the mechanism of the interaction between
CHX and PAMAM remains unproven, the CHX loaded den-
drimers showed less cytotoxicity and more MMP inhibiting



DENTAL MATERIALS 38 (2022) 824-834 831

Control

CHX-PAM

CHX-PAM-ACP CHX-ACP

~BEF 7 oW gy

s
& (R

Fig. 7 — Representative confocal laser scanning microscopy images (Bar = 10 pm) demonstrating the permeability
characteristics of the resin-dentin interfaces in the four groups. Left: Red channel of adhesive resin mixed with red
fluorescent dye. Middle (left): Blue channel showing dye-containing water applied at 20 cm of water pressure from the pulpal
side across the resin-dentin interface. Middle (right): Differential interference contrast images showing the optical density of
the resin-dentin interface. Right: Merged channel. (R, resin composite; a, adhesive; h, hybrid layer between arrowheads; D,

mineralized dentin).

properties after drug loading compared with the 0.2 wt% CHX
solution.

The cytotoxicity increased as the components diffused
over time in the control, CHX-PAM, and CHX-PAM-ACP
groups, mainly because of the base materials of the PBE
adhesive that was contained in all the groups. The addition
of PAMAM dendrimers and ACP nanoparticles did not in-
crease the cytotoxicity. As proven in previous studies, the
4th generation PAMAM dendrimers are non-toxic and non-
immunogenic [38]. ACP is a natural precursor in the mi-
neralization procedure, so it cannot be cytotoxic. In con-
trast, the cell viabilities of the CHX-ACP group were
significantly less than the other groups in both cycles. The

cytotoxicity of the 0.2wt% CHX cannot be easily ignored
because the sample elution used in this study had already
been diluted. This result is consistent with previous studies
that demonstrate CHX concentrations greater than 0.2 wt%
have a cytotoxic effect [16,19,39]. Priyadarshini et al. used
Poly(e-caprolactone) nanocapsules to encapsulate CHX and
successfully reduced the cytotoxicity [40]. PAMAM den-
drimers in this study also had a similar effect after drug
loading. The reduction in cytotoxicity may improve the
potentiality of clinical application on deep caries close to
the pulp. The loading procedure may enhance the residence
time of CHX within the hybrid layers and change the release
mode [38].
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Fig. 8 — Representative SEM images (Bar = 2 pm) of demineralized dentin treated with the four methods after 28 days reaction.
(A1, A2) The Control group sample perpendicular to the dentinal tubule axis. (B1, B2) The CHX-PAM group sample. (C1, C2)
The CHX-ACP group sample. The peritubular collagen fibrils were still exposed in B1-C2. (D1, D2) The CHX-PAM-ACP group
sample showing needle-like minerals precipitated around dentinal tubules. (D3) EDS spectrum of the rectangular area in D2.

A relevant result was also observed using in situ zymo-
graphy. After TMC, the CHX-PAM and CHX-PAM-ACP groups
presented less MMPs activity than the CHX-ACP group. The
molecular weight of CHX is 897 Da, which alone cannot be re-
tained in the collagen fibrils. PAMAM dendrimers can be re-
tained within the collagen fibrils via the size exclusion effect.
After drug loading, more CHX may be preserved in the dentin
matrix than CHX solution without PAMAM. Then, during in-
cubation, CHX gradually separated from PAMAM and released
into the interfibrillar area, inhibiting the activity of adjacent
endogenous MMPs [26]. Therefore, a greater inhibitory effect
on the activity of endogenous MMPs can be achieved. The
latest research indicated PAMAM-NH, and PAMAM-COOH had
additional effect on the inhibition of MMPs [24,41]. But another
research, in which the methods were more similar to this
study, found that PAMAM-COOH had no effect on the activity
of dentin-bound MMPs [26]. It probably due to the different
experimental methods. The roles of PAMAM in these studies
were different as pretreatment agent or raw material of mi-
neralization. When PAMAM used for mineralization, it may be
fixed in the dentin matrix and difficult to interact with en-
dogenous MMPs [26]. Further studies may need to make the
mechanisms clear. However, the differences in anti-MMP ex-
periment did not affect the puTBS in the present study. The
three groups containing CHX (CHX-PAM, CHX-ACP, CHX-PAM-
ACP) all had greater uTBS than the control after TMC. There
was no significant difference among them, likely because the
hydrolysis of hybrid layers take time after the activation of
MMPs. The reduction of bond strength did not synchronize
with the activation of the MMPs.

ACP nanoparticles can readily flow into dentinal tubules
with adhesive to form resin tags [32]. The higher the ACP
nanofiller concentration of the adhesive, the more Ca and P
ions that can be released [33]. However, large amounts of
fillers may have side effects on the integrity of the adhesive
layer; the agglomeration of nanofillers may break off the
adhesive layer, especially within the small-scale resin tags. In
this study, the concentration of ACP nanoparticles reached
20 wt%. Although it was less than some previous work [31], it

was still a relatively high level of fillers for adhesives. PBE was
chosen as the adhesive base because it uses acetone as an
organic solvent. Acetone has a higher vapor pressure than
ethanol, resulting in rapid solvent evaporation and less re-
tention of residual water because of less vapor pressure re-
duction in organic solvent-water mixtures [42]. Furthermore,
the permeability of the resin-dentin interfaces created by the
experimental methods were also tested besides the im-
mediate uTBS. ACP nanofillers did not change the perme-
ability of the interfaces created by PBE.

The remineralization effect of PAMAM dendrimers has
been proven in many studies that were conducted in saliva-
like solutions with Ca and P ions and a stable buffered pH
[27,43,44]. The anionic carboxylic terminates of G4-PAMAM-
COOH, after coating for 1-12h [26,31], can attract Ca and P
ions in an artificial saliva solution to form ACP precursors
and arrange them in an ordered manner, resulting in crys-
tallization [25]. This study also proved that remineralization
could not be achieved without PAMAM (CHX-ACP group) or
Ca/P ions (CHX-PAM group). Both substances must exist to
induce mineralization. During this process, the only Ca and P
source was the ACP-containing adhesive. The ions released
from ACP-containing adhesive was sustained for longer than
30 days. The release was estimated to last longer than 2 years
in the oral environment [34]. The molar ratio of Ca/P had an
upward tendency after 14 days in our study. It might because
the released Ca and P ions reacted as the environmental pH
changed. The ions buffered the environment and serve as the
raw materials with PAMAM for mineralization at the same
time, which is consistent with a previous study [31]. The
application time for PAMAM accompanied by brushing was
reduced to 40 min in this study. Brushing may promote the
contact between PAMAM and demineralized collagen fibrils.
Further reduction of operating time will improve its potential
for clinical use.

However, there are inevitable limitations of the present in
vitro study. The better methods to simulate the in-vivo aging
process are needed. Animal studies are also required to
support the potential clinical application.
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5. Conclusion

Within the limitations of the present study, it can be con-
cluded that the novel method effectively enhanced bonding
durability. G4-PAMAM-COOH dendrimers acted as both car-
riers to encapsulate/release CHX and a biomimetic analog to
induce remineralization with the ACP-containing adhesive.
The loaded CHX presented reduced cytotoxicity and inhibited
MMP activities within hybrid layers to maintain pTBS
after TMC.
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