Int J Clin Exp Med 2015;8(7):10793-10803
www.ijcem.com /ISSN:1940-5901/1JCEM0009426

Original Article
Morphological effects of MMPs inhibitors
on the dentin bonding

He Li, Tianbo Li, Xiuying Li, Zhimin Zhang, Penglian Li, Zhenling Li

Department of Hospital of Stomatology, Jilin University, Changchun, China
Received April 21, 2015; Accepted June 21, 2015; Epub July 15, 2015; Published July 30, 2015

Abstract: Matrix metalloproteinases (MMPs) have been studied extensively, and MMP inhibitors have been used as
dental pretreatment agents prior to dentin bonding because they reduce collagen fiber degradation and improve
bonding strength. However, morphologic characteristics of the collagen network after etching and of the post-adhe-
sive dentin hybrid layers (DHL) after MMP inhibitors pretreatment have not been evaluated. Thus, we investigated
demineralized dentin pretreated with chlorhexidine (CHX) and minocycline (M) in an etch- and -rinse adhesive
system with field emission scanning electron microscopy (FESEM) and immuno-gold labeling markers to observe
the collagen network and DHL. FESEM revealed after CHX and MI, a demineralized dentin surface and improved
collagen network formation, reduced collagen degradation, and distinct gold-labeling signals. Applying adhesive
after either MMP inhibitor created a better dentin interface as evidenced by immuno-gold staining, better adhesive
penetration, and higher DHL quality. With microtensile bond strength tests (UTBS) we estimated bonding strength
using uTBS data. Immediate yTBS was enhanced with MMP inhibitor application to the bonding surface, and the
CHX group was significantly different than non-treated etched surfaces, but no significant change was detected in
the MI group. Surface micromorphology of the fractured dentin resin restoration showed that the CHX group had a
better resin and dentin tube combination. Both MMP inhibitors created uniform resin coverage. Thus, morphologic
results and uTBS data suggest that CHX and Ml can inhibit MMP activity, improve immediate bonding strength, and
enhance dentin bonding stability with an etch- and -rinse adhesive system.
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Introduction

Even today, with novel dental bonding adhesi-
ve systems, dentin bonding is difficult becau-
se of its unique organic nature. The dentin ex-
tracellular matrix (ECM) consists of a 3D scaf-
fold of chiefly type | collagen fibrils (90%) [1].
Compared to enamel, dentin is less mineralized
and contains abundant organic material (19-
20%). Resin-dentin bonds, due to collagen ma-
trix loss in the dentin hybrid layer (DHL) are
more complex and can not remain stable ov-
er time as resin-enamel bonds [2, 3]. Using an
acid-etching treatment on the dentin surface,
dentin was demineralized, the collagen netwo-
rk was exposed, and the resin monomer pene-
trated into the tubular and lateral branch to pro-
vide mechanical interlocking with dentin to cre-
ate a DHL [4]. Collagen fiber quality is related to
DHL stability and auto-degradation of collagen
fibers occurs within the DHL created by con-
temporary dentin bonding systems via the slow
action of matrix metalloproteinases (MMPs) [5].

Thus, MMPs are implicated in degradation of
poorly resin-infiltrated DHL and dentin bonding
stability [6-8].

MMPs are a family of 30 host-derived proteo-
lytic zinc- and calcium-dependent endopep-
tidases that, together, degrade practically all
ECM components. Thus, they are important to
many biological and pathological processes [9].
MMP-1 and -8 (collagenase) [10], -2 and -9 (ge-
latinase) [11] and -3 (stromelysin) [12] have be-
en found in normal dentin. Under normal cir-
cumstances, MMPs are secreted into the ECM
as inactive proenzymes which require activa-
tion by proteinases, chemicals, or low pH to de-
grade matrix components [13]. When dentin
MMPs are exposed and activated by self-etch
or etch- and -rinse adhesives [5, 14], they de-
grade type | collagen fibers [15], as well as influ-
ence DHL and bonding strength. With both self-
etch or etch- and -rinse adhesives, denuded
collagen fibers can be seen at the bottom of the
DHL, because of incomplete resin monomer
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infiltration. Once MMPs are activated, they ad-
versely modify dentin bonding durability.

Recently, MMP inhibitors have been employ-
ed to pretreat the demineralized dentin inter-
face or have been incorporated into the bond-
ing component to prevent activation of MMPs.
MMP inhibitors are endogenous inhibitors/tis-
sue inhibitors of metalloproteinases (TIMPs) or
exogenous inhibitors. A recent review suggest-
ed that exogenous MMP inhibitors, such as
chlorhexidine (CHX), tetracyclines (TCs) and de-
rivatives, quaternary ammonium compounds,
benzalkonium chloride (BAC), natural substanc-
es (green tea polyphenol epigallocatechin-3-ga-
llate), and other synthetic MMP inhibitors such
as gallardin, and the chelating agent ethylene-
diaminetetraacetic acid can all inhibit dentin
MMPs, preserve the DHL, stabilize the adhe-
sive interface and increase bonding strength
[16].

CHX and minocycline (MI) have received in-
creased interest as they compete with MM-
Ps for calcium and zinc ions as metal chelating
agents to inhibit their activity. Specifically, MM-
P-2, -8, -9 activity are reduced and this slows
collagen degradation in the DHL and improves
bonding strength [17, 18]. A 2% CHX solution
applied to a demineralized dentin surface and
analyzed with enzyme spectrum detection and
nanoleakage studies confirmed that CHX could
inhibit gelatinase activity and maintain the sta-
bility of the bonding interface [19]. TC com-
pounds can also prevent collagen degradation
and improve stability in the DHL [20]. Chemical
modification of TC class members such as dox-
ycycline and Ml can also be used as nonspecific
MMP inhibitors for treatment of oral diseases
[21-23]. Recent research suggested that the
application of aqueous solutions of MI, doxycy-
cline, and semisynthetic TCs as a pretreatment
after acid-etching improved immediate bonding
performance [18].

Therefore, we analyzed and evaluated the ef-
fect of CHX and MI pretreatment on the mor-
phology of dentin collagen fibers and the st-
ructure of the DHL under field emission scan-
ning electron microscopy (FESEM). Together wi-
th the structural analysis, we also measured
immediate microtensile bonding strength cre-
ated by an etch- and -rinse adhesive system.

Material and methods

Forty-five freshly extracted caries-free human
(18-30 years-of-age) third molars were select-
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ed with informed donor consent. All extracted
teeth, removed tissue remnants, and debris
were stored in refrigerated distilled water at
4°C, and were used within 2 weeks post-extra-
ction.

Initial specimen preparation

The tooth occlusal enamel was removed per-
pendicular to the long axis of the tooth to
expose flat dentin and then roots were removed
at the cementum-enamel junction. A dentin
block (6.0 mm x 6.0 mm x 2.0 mm) was obta-
ined from the mid-coronal portion of each tooth
using a low-speed precision diamond saw
(Model SYJ-150A, Shenyang Kejing Equipment
Manufacturing Co., Ltd) with water-cooling. Con-
firmation of lack of enamel residue was made
with a stereomicroscope (12 x SZ51/61, Olym-
pus, Tokyo, Japan). Next, the dentin block sur-
face was polished with a #600-grit wet silicon
carbide (SiC) abrasive paper on a grinder (UN-
IPOL-820, Shenyang Kejing Equipment Manu-
facturing Co., Ltd) for 60 sec to standardize the
smear layer. Then, the sample was rinsed thor-
oughly with water.

Etching and bonding procedures and treat-
ment groups

All dentin blocks (n = 45) were experimentally
pretreated for 60 s with either 0.01 M phos-
phate buffered saline (PBS, pH 7.2), 2% CHX
solution, or 2% MI solution after etching with
phosphoric acid and before applying dentin
adhesive. Dentin blocks were randomly divided
into nine equal groups (n = 5). Three groups
were acid etched and examined without further
application of adhesive or resin: (etching-PBS
(PE) group, etching-CHX (CE) group and etching-
Ml (ME) group). Three groups had adhesive
applied after etching and experimental pre-
treatment, and these were adhesive-PBS (PA)
group, adhesive-CHX (CA) group and adhesive-
Ml (MA) group. Finally, three groups had com-
posite resin applied after etching, experimental
pre-treatment, and adhesive application (Filtek
Z250, 3M ESPE, St. Paul, MN), and these were
the resin-PBS (PR) group, the resin-CHX (CR)
group and the resin-MI (MR) group. The corre-
sponding etch-and-rinse adhesive systems (Ad-
per Single Bond 2) were applied in accordance
with the manufacturer’s instructions (See Table
1). For PR, CR, MR groups, to each adhesive
surface a composite resin in three increments
was applied, and each increment was com-
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Table 1. Adhesive system (batch number), composition, manufacturer and application technique according to manufacturer’s instructions

Adhesive system (batch number) Compositions Manufacturer Application Technique
Adper Single Bond 2 (479674) 1. Etchant: 35% phosphoric acid (GelEtch, SCI-PHARM, America) 3M ESPE, St. Paul, MN 1. Apply etchant for 15 s
2. Adhesive: Bis-GMA, HEMA, dimethacrylates, ethanol, water, photoinitiator 2.Rinse for 15 s
system, methacrylate functional copolymer of polyacrylic and polyitaconic 3. Blot excess water using a cotton pellet without air-drying

acids, 10% by weight of 5 nm-diameter spherical silica nanopaticles . . o
4. Apply one coat of adhesive for 10 s with gentle agitation

5. Gently air-dry (10 s at 20 cm)

6. Apply one coat of adhesive for 10 s with gentle agitation
7. Gently air-dry (10 s at 20 cm)

8. Light curing for 10 s

Bis-GMA: bisphenol-A-diglycidylmethacrylate; HEMA: hydroxyethylmethacrylate.
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Figure 1. Image of etched surface (FESEM images of the pretreatments on etching groups): A. PE: collagen fibers
were visibly exposed with a 3D reticular structure, collagen fibers staggered in a mesh formation, and gold was a
dense white dot. Gold labeling is absent in areas without demineralization (30,000x%); B. amplification of PE local
collagen fibrils, the 3D structure is clearly visible, gold nanoparticles are evident (60,000x); C. CE: collagen fibers
exposed, collagen fibers staggered in a mesh formation, visible major collagen fibers, gold increased in secondary
fibers (30,000x); D. amplification of CE local collagen fibrils, 3D structure is more clearly visible, gold nanoparticles
are evident (60,000x); E. ME: collagen fibers exposed, collagen fibers staggered in a mesh formation, visible major
collagen fibers, gold nanoparticles clear in secondary fibers (30,000x%); F. amplification of ME local collagen fibrils,
3D structure is more visible, gold nanoparticles are clear (60,000x) (white arrows indicate gold nanopaticles).

pressed firmly (~2 mm high) and light cured for Immunolabeling specimen preparation

20 s. Completed samples were rinsed in dis-

tilled water and then incubated for 24 h at For the PE, PA, CE, CA, ME, and MA groups, im-
37°C. muno-gold nanoparticle labeling was perfor-
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Figure 2. Cross-sectional image of the DHL (FESEM images of pretreatments on adhesive treatment groups): A. PA:
DHL is uniform and dense, high density regions are visible at the bottom of the DHL where exposed collagen fibers
marked by gold nanoparticles (2,000x); B. part of the exposed collagen fibers at the bottom of the DHL can be
clearly seen (8,000x); C. CA: DHL is more uniform and dense, high density regions are visible at the bottom of DHL
where exposed collagen fibers are indicated by gold nanoparticles (2,000x); D. few exposed collagen fibers at the
bottom of the DHL can be seen (8,000x); E. MA: DHL is more uniform and dense, with no obvious boundary between
the bonding agent layer and the hybrid layer, high density regions are less visible at the bottom of the hybrid layer
where exposed collagen fibers are indicated by gold nanoparticles (2,000x); F. few exposed collagen fibers at the
bottom of the DHL can be seen (8,000x%) (A: adhesive D: dentin hybrid layer R: resin tag).

med using an IgG anti-type | collagen (rabbit nanoparticles (Yikang Bio-engineering Co.) Bri-
polyclonal, Bioss Antibodies) and goat anti-rab- efly, specimens were rinsed in PBS and non-
bit-IgG antibodies conjugated to 25-nm gold specific protein binding sites were blocked with
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Table 2. Mean uTBS and modes of failure model for each group

cutting process. Then, sam-

Group N Mean (MPa) + SD F-value P-value

Failure Mode %
(Adhesive/Cohesive/Mixed)

ples were sectioned with a
low-speed diamond saw in

PBS 15 32.25+4.12A
CHX 15 43.47+£3.94B 32.24 0.0000
Ml 15 34.16 + 4.52A

(100/0/0)a
(86.7/6.7/6.7)a
(100/0/0)a

the buccal-lingual direction
perpendicular to the adhe-
sive interface to obtain

Groups identified by different uppercase letters are significantly different (p < 0.05).
Groups identified by the same lowercase letters are not significantly different (p >

0.05).

normal goat serum (Yikang Bio-engineering
Co.) for 30 min at room temperature. Overnight
incubation was performed using the primary
antibodies (1:50 diluted in 0.01 M PBS at pH
7.2) at 4°C. After incubation, specimens were
rinsed with Triton X-100. Next, immunolabel-
ing was performed with secondary antibodies
(1:20 diluted in 0.01 M PBS at pH 7.2) for type |
collagen visualization. The secondary antibod-
ies were incubated with the specimens for 90
min at room temperature then rinsed in Triton
X-100. After labeling of the collagen, dentin
plates (1.0 + 0.02 mm thick and 2.0 mm x 4.0
mm?) were then obtained from the first piece of
dentin near the enamel-dentinal junction sec-
tioned perpendicular to the treated side, using
a slow-speed diamond saw with cold water.
Dentin plates surfaces were then treated with
37% phosphoric acid solution for 3 s, and cut-
ting debris were removed for observation of the
collagen fibers and the DHL. Then, samples we-
re saline-flushed for 15 min [24].

FESEM evaluation

Dentin plates were selected from each group
after storage for 24 h and each sample was irri-
gatedthoroughly with distilled water. Specimens
were fixed in 2.5% glutaraldehyde in 0.1 M PBS
(pH 7.2) for 4 h at room temperature, rinsed in
0.01 M PBS, dehydrated in an ascending etha-
nol series (25, 50, 75, 90, 95 and 100%). Then,
samples were air-dried at room temperature for
24 h and sputter-coated with gold nanoparti-
cles (nanoparticles < 5 nm, thickness < 10 nm),
using an ion-sputter coater (Hitachi E-1010) for
10 s, Observations were performed under an
FESEM (Hitachi S-4800 Nissei Sangyo Co. Ltd.,
Tokyo, Japan) at 7 kV.

Microtensile bond strength (uTBS) specimen
preparation

Samples from the resin-treated teeth (groups
PR, CR, and MR) were embedded with medici-
nal plaster to prevent micro-cracks during the
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bonding sheets. Sheets
were embedded again, and
dentin-resin composite sti-
cks were produced by cut-
ting the sheets in the mesial-
distal direction, each stick had an adhesive
area of ~1 mm?2, and this was confirmed with a
stereomicroscope. Defective sticks with micro-
cracks were excluded. Fifteen sticks were used
for each group (n = 15) and were incubated at
37°C for 24 h prior to uTBS testing.

uTBS testing

The adhesive area of each stick was measur-
ed with a micrometer, and sticks were placed
on a paper towel to absorb excess moisture.
Individual sticks were bonded onto a test block
of the microtensile testing machine (Bisco Inc,
Schaumburg, IL). The block was composed of
two test jaws with sticks testing surfaces, link-
age and slide keys, the jaws had a 2-mm gap
between them and the edges were cut back at
an angle to allow the testing sticks to be glued
to the block in place without glue migrating and
dripping between the jaws. We ensured that no
tension was placed on the stick, and we placed
a drop of glue on each jaw in the middle of the
test stick mount area. We handled sticks with
tweezers at the interface to place them on the
jaws. All sticks were parallel to the direction of
the linkage to prevent sideways vectors for ten-
sion, the stick bond interface was over the gap
and no excess glue had dripped into the gap.
The test block was run at a speed of 1 mm/min
until the sample was broken.

Then PuTBS was calculated by dividing the load
at failure by the cross-sectional bonding area.

Statistical analysis

One-way ANOVA was used to compare differ-
ences of immediate bonding strengths, and to
determine significance among groups (@ =
0.05).

Failure analysis

After uTBS testing, failure sticks surfaces were
dried with a gradient alcohol dehydration and

Int J Clin Exp Med 2015;8(7):10793-10803
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Figure 3. Image of the resin fracture surface (FESEM images of failed interface of the resin treatment groups after
force fracture): A. PR: binder covers the surface homogeneously at the bottom of the DHL (2,000x); B. PR local
amplification; fractures between resin and tubular wall exist, remaining tubular resin is short, no exposed collagen
fibers observed (10,000x%); C. CR: binder connects to the DHL completely, much better resin infiltration into dentin
tubules can be seen (2,000x); D. CR local amplification; resin is obviously thicker and longer and combined with
dentin tubule, no collagen fiber exposure (10,000x); E. MR: homogeneous binder coverage, most of the tubes have
resin infiltration (2,000x%); F. MR local amplification; resin is thick and within tubules, with small cracks between the
resin and tube wall, no exposed collagen fiber can be seen (10,000x).

gold-sputter coated nanoparticles, and exam- hesive (failure within resin or dentin compos-
ined under FESEM to determine the mode of ite), adhesive (failure at resin-dentin interface)
failure. The failure mode was classified as co- or mixed (failure included both cohesive and
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adhesive types). Differences between groups
were evaluated for significance by Fishers exact
test.

Results
Immunolabeling and FESEM

FESEM images of the demineralized collagen
fibers in the etching-treatment groups with dif-
ferent pretreatments are shown in Figure 1. PE,
CE, and ME groups all had exposed collagen
fibers but the CE group had more exposed col-
lagen fibers than the rest and dentin is less
mineralized. Major collagen fibers were visible
and gold nanoparticles were clearly visible in
secondary fibers (Figure 1D). In the ME group,
there was also gold labeling of type | collagen
fibers and fibers were exposed (Figure 1F).
Adhesive-treatment groups with different pre-
treatments are shown in Figure 2. PA, CA, and
MA groups all had a uniform and dense DHL
with high density regions visible, at the bottom
of the DHL exposed collagen fibers indicated by
a layer of colloidal gold (Figure 2A, 2B). The CA
group had the most uniform and dense DHL
(Figure 2C) and exposed collagen fibers at the
bottom of the DHL were seen (Figure 2D). For
the MA group, a boundary between the bonding
agent layer and the hybrid layer was evident
(Figure 2E) and high density regions of labeled
collagen were minimally exposed at the bottom
of the hybrid layer (Figure 2F).

uTBS

The mean UTBS and standard deviations for
each group are shown in Table 2. One way
ANOVA test revealed a significant difference in
the bonding strength among pretreatments (P
< 0.0001). CHX and control groups were signifi-
cantly different (P < 0.01) as were the CHX and
MI groups (P < 0.01). uTBS of the MI group
exceeded that of control but not significantly
(Table 2). Within failure models, there were no
significant differences (P > 0.05) among each
group according to Fisher’'s exact test. AlImost
all failures were of the adhesive mode (Table
2). Data from micromorphology for the resin
treatment groups with different pretreatments
are shown in Figure 3.

Discussion

Commercial adhesive systems can be classi-
fied into two categories: self-etch and etch- and
-rinse adhesive systems. In spite of the simplifi-
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cation of adhesive systems, three-step etch-
and -rinse adhesives are still gold standard
methods in terms of durability and bond st-
rength [25-27]. Etch- and -rinse adhesives use
phosphoric acidic to demineralize the dental
substrate and to remove the smear layer, leav-
ing behind a collagen-rich mesh-work. Demi-
neralized dentin has two types of porosity: tu-
bules and collagen networks. Characterization
of this open network porosity is crucial to pre-
dict bonding efficiency [28]. To obtain stable
bonding, effective impregnation of the collagen
network porosity is necessary [29]. Previous
work suggests that 35% phosphoric acid (pH
0.7 1o -1) to acid-etching dentin in an etch- and
-rinse adhesive system approach initially inacti-
vated pro-MMPs trapped in the mineralized
dentin due to low pH which was believed to
denature MMPs [30]. However, recent work
suggests that dentin treatment with 37% phos-
phoric acid does not denature endogenous pro-
teases of the dentin matrix [31]. When acid-
etching dentin, the acidic environment can
activate MMPs trapped in the peripheral den-
tin. Thus, we selected etch- and -rinse adhesive
system to study the morphology of collagen
networks and to learn how the DHL is influ-
enced by MMP inhibitors.

Many studies have confirmed that MMP inhibi-
tors can reduce collagen fibers degradation in
the DHL, but few studies have examined the
potential effect of CHX and MI and compared
them to determine the best pretreatment for
the formation of a collagen network and a DHL
for better immediate bond strength. Also, there
are little morphological study data about the
effect of MMP inhibitors on collagen fibers and
the DHL. Immunolabeling methods with FESEM
along with antigen-specific probes labeled with
gold nanoparticles allow observation of target
antigens at high resolution [32].

Thus, we measured gold immunolabeling of
type | collagen fibers and the corresponding
DHL and compared treatments to controls. The
CHX group had more uniform and exposed col-
lagen networks and offered better fibers pro-
tection, assisting adhesives to penetrate into
the collagen network, enhancing adhesiveness
between the fibers and the resin. The quality of
the DHL and the bonding strength was signifi-
cantly improved as well, suggesting that CHX
can prevent MMP activity that degrades colla-
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gen fibers in the DHL [33]. The MI group also
had a higher density DHL, and bonding strength
was improved. The MI groups also had a denser
DHL and bonding strength was improved.
Although these data were not statistically sig-
nificant, the fracture mode was relatively uni-
form, resin combined with the dentin tubule
closely. There were smaller cracks between
resin and dentin tube wall, but longer resin tags
penetrated to the demineralized dentin surface
was still able to maintain the stability. Ml can
be used as a nonspecific MMPs inhibitor in the
treatment on oral diseases in many aspects,
the effect of chemical modification of tetracy-
clines still need further study.

This work supported previous studies which
suggested that a 2% aqueous solution of CHX
and Ml did not impair resin-dentin bond
strength or the DHL formation for etch- and
-rinse adhesives [18]. Thus, CHX and MI pre-
treatments of demineralized dentin offered
better collagen networks and increased interfi-
brillar volume, which enhanced adhesive resin
penetration and produced a higher quality DHL
with greater immediate bonding strengths.

Over time, studies have confirmed that MMPs
are critical for degrading collagen fibers, dam-
agingthe DHL and decreasing bonding strength.
MMP inhibitors thus have an enormous poten-
tial for inhibiting MMPs activity by protecting
collagen fibers from degradation and increas-
ing bonding strengths. Additional approaches
have been attempted to obtain an effective
bond to the dentin substrate such as remineral-
ization [34], ethanol wet-bonding [35], and the
use of collagen-cross-linkers, such as proan-
thocyanidin, glutaraldehyde, genipin, riboflavin,
carbodiimide, and ultraviolet radiation [36].
Although CHX and MI as MMP inhibitors have
been studied recently, they still have many
aspects to research. Even CHX and MI cooper-
ate with these additional approaches have not
been studied.

In our hands, CHX and Ml as MMP inhibitors
can be used to pretreat the dentin bonding
interface. Optimal treatment conditions are the
application of CHX or MI for 60 sec after etch-
ing to stabilize the DHL and improve immediate
bonding strength via inactivation of endoge-
nous proteases. This treatment also prevented
disintegration of DHL collagen fibrils. Thus, col-
lagen-associated MMP inhibitors can prevent
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collagen fibers degradation during and after
acid-etching but the long-term efficacy of differ-
ent MMP inhibitor pretreatments warrant fur-
ther study.
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