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Objective: The success of vital pulp therapy is crucial to preserve the integrity of the teeth and to enable an
uninterrupted root formation in a young permanent tooth. This warrants placement of an intact permanent
seal immediately in contact with the pulp capping material. Mineral trioxide aggregate (MTA) sets by hydra-
tion and deters placement of an immediate permanent resin composite restoration over it. The aim of this in
vitro study is to evaluate the wettability, surface morphology and shear bond strength (SBS) of polydopamine
(PDA)-pretreated MTA to resin composite (RC).

Methods: The contact angle (CA) and morphological changes caused by self-etch (SE) adhesive on untreated
and PDA-pretreated MTA was analyzed using contact angle meter and scanning electron microscope (SEM)
respectively. To evaluate SBS, 144 MTA samples were prepared using a custom-made mold of 5 mm diameter
and 3 mm height. The samples were randomly divided into two groups of 72 samples each based on whether
their surface was pretreated with PDA or not. Under each group, nano-hybrid RC restoration was done either
immediately or after a delay of 3 h, 24 h and 96 h. SBS of the MTA/resin composite assembly was tested in a
universal testing machine. CA values were analyzed using One-way analysis of variance and Games-Howell
Post Hoc test. Mann-Whitney test and Friedman post-hoc Dunn test were used to analyze SBS values.
Results: SE adhesive made a significantly lesser mean CA with PDA-pretreated MTA (27.20°+2.28) compared
to untreated MTA (34.22°+1.45, p<0.05). SEM micrographs showed that while etching with SE primer eroded
the surface characteristics, PDA coating minimized the erosive effect of the acidic primer and preserved the
original crystalline plate-like structure of MTA. At all tested time intervals, PDA pretreatment significantly in-
creased the SBS of MTA to RC, compared to untreated control. Immediate bond strength of PDA pretreated
MTA (26.30+7.60 MPa) was equivalent to the SBS value achieved at 96 h with untreated MTA (27.82+2.96 MPa).
Conclusion: Within the limitations of this in vitro study, it can be concluded that PDA pretreatment of MTA
surface improved its wettability, prevented loss of surface integrity following etching and increased the SBS
of RC to MTA.

Keywords: Composite resins, dentine bonding agents, dopamine hydrochloride, mineral trioxide aggregate,
shear strength

« Performing bonding procedure on freshly mixed MTA compromises its bond strength to
resin composite.

« This is the first study to evaluate the effect of wettability, surface morphology and shear
bond strength of polydopamine-pretreated MTA to resin composite.

« The wettability of self-etch adhesive was improved following polydopamine pretreatment
of MTA surface.

« Polydopamine pretreatment of MTA surface prevented loss of surface integrity following
etching and increased its shear bond strength to resin composite.
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INTRODUCTION

A tooth requiring vital pulp therapy (VPT) in the form of indi-
rect/direct pulp capping or pulpotomy procedures requires an
immediate capping material over the pulp to protect it from
further bacterial insults or other noxious stimuli. Placement
of a durable pulp capping agent (PCA) at the required site is
crucial as the outcome of the procedure not only determines
the vitality of the pulp, but also ensures continual root devel-
opment in young permanent teeth (1, 2). A definitive bonding
between the pulp capping material and the overlying restora-
tion is imminent to seal the PCA in place, enabling it to with-
stand dislodging forces and facilitate better stress distribution
at the interface (3). Calcium hydroxide, calcium silicate (CS) ce-
ments, calcium-enriched mixture (CEM), triple antibiotic paste
(TAP), platelet-rich fibrin (PRF) and recently nano-hydroxyap-
atite are some of the materials used successfully as PCAs (2-4).
CS-based materials are hydraulic cements predominantly
composed of dicalcium and tricalcium silicates. They are hy-
drophilic in nature and self-set forming a sticky calcium-sili-
cate-hydrate gel that hardens over time (5). They are widely
used in VPT, regenerative endodontic procedures and perfo-
ration repair owing to their biocompatibility, bioactivity and
biomineralization potential (5). Among these, CS-based min-
eral trioxide aggregate (MTA) is widely used as an endodontic
repair material and as a PCA (6).

MTA sets by means of hydration (6). In order to allow an un-
interrupted setting reaction of MTA, a moist cotton pellet is
placed immediately after its placement. The prolonged set-
ting time of MTA requires a temporary restorative material
to be placed over the cotton pellet, which might prevent the
completion of permanent restorative procedure at the same
appointment (7, 8). Literature reveals reports on the time of
placement of the final restoration over MTA, which ranges
from 24 to 96 hrs (9, 10). The two-visit procedure is a concern
as it increases the number of appointments, which could re-
sult in distortion or disintegration of the MTA and could make
the tooth vulnerable to microleakage through the temporary
restorative material (11).

Resin composite (RC) is the ideal material of choice for coro-
nal placement over MTA because of its esthetic, insulating and
strength properties (12). RC secures its adhesion to the tooth
structure micromechanically through the porosities created
by acid etching. One study showed that etching freshly placed
MTA with 37% phosphoric acid results in undesirable porosi-
ties on its surface (13). This surface disintegration of MTA has
been reported to adversely affect its compressive strength
(14). In addition, its mechanical properties upon setting are in-
fluenced by the pH and humidity of the environment (14, 15).
The microhardness values of CS-based materials are known to
decrease in acidic conditions, as encountered in total-etch (TE)
technique (13). Alternative to 37% phosphoric acid is the use
of milder self-etch (SE) adhesives, which do not require an ad-
ditional rinsing step. However, it was observed that bonding
with SE adhesive resulted in the loss of the crystalline structure
of MTA (13). Hence, there is a quest for a material, which when
applied over the MTA surface would both preserve its surface
integrity as well as allow an immediate permanent sealing.
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Polydopamine (PDA) is a synthetic analogue of mussel foot
proteins, which are secreted by the mussel byssus that enables
it to tenaciously adhere to aquatic bodies (16). Its unique ad-
hesive nature could be traced to the presence of catechol and
amine functional groups, which makes it bind tenaciously to
and functionalize any material surface, including wet and hy-
drophobic ones (16). PDA can be synthesized from dopamine
by three methods namely, enzymatic catalytic oxidation, elec-
trochemical polymerization and oxidative polymerization
(16). The well documented, alkaline-potentiated, self-oxida-
tive polymerization is used to prepare PDA, as this is a facile
process that can be conveniently conducted at room temper-
ature in basic aqueous solutions (17). Studies have shown that
coating implant surface with PDA improves cell adhesion and
osseointegration (18). Chen et al. (17) inferred that the glass
fibre posts (GFP) functionalized with PDA showed improved
adhesion to dentine. Tu et al. (19) observed that coating PDA
onto MTA powder did not jeopardize the physicochemical and
biological properties of MTA.

A thorough review of literature showed that the bond strength
of RC to MTA, after immediate pretreatment of the MTA sur-
face with PDA, has not yet been evaluated. Hence the aim of
this in vitro study was to pretreat white MTA surface with PDA
and to evaluate the wettability, surface morphology and SBS
of PDA-pretreated MTA to RC. The null hypothesis was that
PDA pretreatment of MTA surface will not have any influence
on the tested parameters.

MATERIALS AND METHODS

The study protocol was submitted to the Institutional Review
Board and its approval was obtained (SRMDC/IRB/2018/MDS/
NO.302). The study was conducted in conformation with the
principles of Declaration of Helsinki. The materials used in the
study, their composition and instructions of use are given in
Table 1.

Preparation of Polydopamine (PDA)

20 mg of dopamine hydrochloride (Sigma Aldrich, St. Louis,
Missouri, USA) and 12.11 mg of Tris buffer powder (Loba
Chemie Pvt. Ltd., Mumbai, India) were weighed using an elec-
tronic weighing balance (BSA224S-CW, Sartorius AG, Goettin-
gen, Germany). The powders were dispensed into a beaker
containing 10 mL of distilled water and the solution was stirred
mechanically using a magnetic stirrer for 1 minute to obtain a
homogenous mixture. Then the solution was kept open for ox-
idative polymerization of dopamine hydrochloride.

Contact Angle Measurement

White MTA powder (MTA Angelus, Londrina, PR, Brazil) was
mixed with distilled water according to manufacturer’s in-
structions using a glass slab and cement spatula. T mm thick
layer of MTA was coated on a glass microscope slide to obtain
a flat surface. The coated slides were stored for 96 h in 100%
relative humidity at 37°C. The wettability of a drop each of
distilled water (group 1), SE adhesive (group 2, AdheSE One,
Ivoclar Vivadent, Schaan, Liechtenstein) and PDA (group 3) on
untreated MTA surface and SE adhesive on PDA-pretreated
MTA surface (group 4) was analyzed. A drop of the respective
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TABLE 1. Materials used in the study, their composition and instructions of use

Materials

Composition

Instructions of use

Mineral trioxide aggregate (MTA
Angelus, Londrina, PR, Brazil)

Dopamine hydrochloride (Sigma
Aldrich, St. Louis, Missouri, USA)

AdheSE One, One-step self-etch
(Ivoclar Vivadent, Schaan,
Liechtenstein)

AdheSE, Two-step self-etch
(Ivoclar Vivadent, Schaan,
Liechtenstein)

Tetric N-Ceram (lvoclar Vivadent,
Schaan, Liechtenstein) Lot No.
X29208

Tricalcium silicate, dicalcium silicate, tricalcium
aluminate, calcium oxide, bismuth oxide

Dopamine hydrochloride (<100%)

Derivatives of bis-acrylamide, water, bis-
methacrylamide dihydrogen phosphate, amino
acid acrylamide, hydroxy alkyl methacrylamide,
silicon dioxide

Primer: Acrylic ether phosphonic acid, bisacry-
lamide, water, camphoroquinone, stabilizers.
Bond: bisphenol A-glycidyl methacrylate,
glycerol dimethacrylate, hydroxyethyl
methacrylate, fumed silica, camphoroquinone,
tertiary amine, stabilizers

Dimethacrylates, barium glass, ytterbium
trifluoride, mixed oxide and copolymers,
additives, initiators, stabilizers and pigments

The contents of one sachet is mixed with one
drop of distilled water for 30 seconds to a
homogeneous wet sand consistency

Used as polydopamine (PDA) solution. 0.10 pml
of PDA was dispensed over MTA surface using a
micropipette, brushed with a micro applicator
tip for 15 sec and left in place for 1 min

Apply a single layer, brush for 30 sec, dry with a
strong stream of air and light cure for 10 sec

Apply primer, brush for 15 sec and dry with
mild air. Apply bond, dry with mild air and light
cure for 10 sec

Apply in layers of not more than 2mm thickness,
contour and light cure for 15 sec

liquid was dispensed on the MTA surface and the advancing
contact angle (CA) was measured via standard sessile drop
technique with a measurement range of 0-180° in a contact
angle meter (HO-IAD-CAM-01, Holmarc’s Opto-Mechatronics
Pvt. Ltd., Kochi, India). The angle formed was analyzed by au-
tomatic curve fit analysis using drop snake method. The exper-
iment was repeated thrice and the mean CA value obtained
was used for statistical analysis.

Scanning Electron Microscopic Analysis

A total of 12 acrylic molds were prepared with an inner diam-
eter of 5 mm and height of 3 mm. MTA was mixed, placed into
the mold and packed tightly using a condenser. A moist cot-
ton pellet was placed over it and MTA was allowed to set for
96 h by storing the samples in 100% relative humidity at 37°C.
They were randomly divided into four groups of three samples
each based on the surface treatment done. Samples in group
1 did not receive any further treatment, while those in group
2 were etched with SE primer (SEP, AdheSE, Ivoclar Vivadent,
Schaan, Liechtenstein) for 15 seconds and the excess primer
was blot dried with tissue paper. Samples in group 3 received a
coating of 0.10 mL of PDA over the MTA surface, whereas sam-
ples in group 4, were etched with self-etch primer following
PDA coating of the MTA surface. The samples were mounted
on aluminium stubs, vacuum dried and sputter coated with
gold following which the microstructure of the MTA surface
was observed under SEM (Phenom Pro X, Thermo Fischer
Scientific, USA) with secondary electron mode of 10kV using
1000x and 2500x magnification.

Shear Bond Strength Evaluation
Preparation and grouping of MTA samples

A total of 144 acrylic molds were prepared and filled with
MTA as mentioned above. The samples were divided into two

groups of 72 each, based on the surface pretreatment of MTA
with PDA. Samplesin group 1 (PDA pretreatment), were coated
with a layer of PDA prior to bonding with RC. 0.10 mL of PDA
was dispensed on the surface of MTA using a micropipette and
brushed with a micro applicator tip for 15 seconds and left in
place for 1 minute. In the remaining half of the samples, RC
was directly bonded to the MTA surface without an intermedi-
ate layer of PDA (group 2). Each group was further divided into
4 subgroups of 18 samples each, based on the time the final
restoration with RC was done, either immediately (A) or after
a delay of 3 h (B), 24 h (C) and 96 h (D). In subgroups B, C and
D, the MTA samples were stored in 100% relative humidity at
37°C until the time of permanent restoration.

Bonding and resin composite build up

All the MTA samples were bonded using a one-step self-etch
(SE) adhesive system (AdheSE One, Ivoclar Vivadent, Schaan,
Liechtenstein). The adhesive was applied over the MTA sur-
face using an applicator tip. A cylindrical plastic matrix with
an inner diameter of 3 mm and height of 2 mm was secured in
place, prior to curing the adhesive with a light emitting diode
(LED) light curing unit (Bluephase N, Ivoclar Vivadent, Schaan,
Liechtenstein) having an intensity of 1,200 mW/cm? and the
adhesive was cured for 10 sec. Nano-hybrid RC (Tetric N Ceram,
Ivoclar Vivadent, Schaan, Liechtenstein) was then placed over
the MTA surface in two increments of T mm each, with each
increment being light cured for 15 seconds. The bonded sam-
ples were stored in 100% relative humidity at 37°C for 24 h.

Shear bond strength testing

The SBS test was performed in a universal testing machine
(TECSOL INDIA, Chennai, India) using a 50 kN load cell. A knife
edge blade set at a crosshead speed of 0.5 mm/min was di-
rected at the MTA-composite interface. SBS was calculated by
dividing the peak load at failure with the sample surface area.
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Figure 1. The images of contact angle formed by a drop each of (a) dis-
tilled water, (b) SE adhesive and (c) PDA on untreated MTA surface and
(d) SE adhesive on PDA-pretreated MTA surface

SE: Self-etch, PDA: Polydopamine, MTA: Mineral trioxide aggregate

The fractured samples were mounted on aluminium stubs,
vacuum dried, sputter coated with platinum and observed
under SEM (JSM-IT800, JEOL, Massachusetts, USA) with sec-
ondary electron mode of 2.20kV. The mode of fracture was
classified as cohesive, adhesive and mixed failures (20).

Statistical Analysis

Statistical analysis was done using IBM SPSS Statistics for Win-
dows V22.0 (IBM Corporation, Armonk, New York). Shapiro-
Wilk test was used to assess whether the CA and SBS data
were normally distributed. Since significant differences were
elicited, it was inferred that the data was not normally dis-
tributed. CA values were analyzed using One-way analysis of
variance (ANOVA) and nonparametric Games-Howell Post Hoc
test. For SBS, nonparametric Mann-Whitney test was used to
study the intergroup comparison. Intragroup comparison was
done using Friedman post-hoc Dunn test. The significance
level was set at 0.05.

RESULTS

Contact Angle Measurement

The images of contact angle formed are presented in Figure 1.
The mean (£5.D) contact angle of water, self-etch adhesive and
PDA on untreated MTA was 123.47°+1.19, 34.22°+1.45 and 0.0
respectively. Compared to untreated MTA, self-etch adhesive
recorded a significantly reduced contact angle of 27.20°+2.28
on PDA-pretreated MTA (p<0.05).

SEM Analysis

The SEM micrographs of the surface morphology of untreated
and PDA-pretreated MTA are shown in Figure 2. Untreated MTA
surface (group 1) showed irregular crystalline plate-like struc-
tures and superficial gel matrix with clusters of globular ag-
gregate particles. MTA etched with self-etch primer (group 2),
showed evidence of selectively eroded superficial gel matrix
with absence of the crystalline plate-like structures, while these

Figure 2. SEM micrographs of the surface morphology of (a) untreated
MTA, (b) MTA etched with self-etch primer showing eroded areas (ar-
row), (c) PDA-pretreated MTA and (d) PDA-pretreated MTA surface
etched with self-etch primer

SEM: Scanning electron microscope, MTA: Mineral trioxide aggregate, PDA: Poly-

dopamine

structures were still present in the PDA-pretreated MTA (group
3). Multiple areas of erosion were observed in MTA etched with
self-etch primer at a lower magnification (Fig. 3). Etching the
PDA-pretreated MTA surface (group 4) showed aggregation
of microspherical particles and clusters of globular aggregate
particles on the MTA surface, suggestive of a layer of PDA.

Shear Bond Strength Evaluation

Mean (£S.D) shear bond strength (in MPa) of resin composite
to MTA with and without PDA pretreatment at various time in-
tervals is given in Table 2 and the graphical representation of
the same is given in Figure 4. Intergroup comparisons showed
that at all time intervals, MTA pretreated with PDA showed
significantly higher mean SBS to RC than their untreated
counterparts [1A (26.30+7.60 MPa) > 2A (12.26+3.82 MPa), 1B
(29.14+6.50 MPa) > 2B (17.26+6.15 MPa), 1C (40.66+8.60 MPa)
> 2C (25.92+6.67 MPa), 1D (43.79+4.40 MPa) > 2D (27.82+2.96
MPa), p<0.05]. Intragroup comparison of both untreated and
PDA pretreated groups showed no significant difference be-
tween immediate and 3 h subgroups. Similarly, no significant
difference was noticed between 24 h and 96 h subgroups (1A
< 1B, 1C < 1D, 2A < 2B, 2C < 2D, p>0.05). Fractographic analy-
sis revealed that cohesive failure in MTA was the predominant
mode of failure in group 2A, the percentage of which decreased
with time as observed in the other subgroups under group 1
and PDA-pretreated subgroups under group 2. There were no
cohesive failures in composite. Table 3 summarizes the failure
mode analysis of all the groups at various time intervals. Repre-
sentative images of fractographic analysis are shown in Figure 5.
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Figure 3. SEM micrograph of the surface morphology of MTA etched
with self-etch primer at 1000x magnification showing multiple eroded
areas (arrows)

SEM: Scanning electron microscope, MTA: Mineral trioxide aggregate

DISCUSSION

An increased wettability of the substrate and a decreased
contact angle between the adhesive and the adherend are
desirable requisites in adhesive bonding (21). PDA is known
to increase the surface energy of the substrate through the
presence of hydrogen-containing functional groups such as
-OH and -NH- and is capable of forming an adhesive poly-
mer film on the surface of the substrate (21). In addition,
the catechol groups of PDA exert a chelating effect on the
calcium ions of MTA, enabling a rapid and uniform coating
on the surface of MTA (19). It was observed that, this unique
property of PDA enables the attachment of the organic resin
layer onto the surface of an inorganic, bioceramic material
like MTA. This may be the reason behind SE adhesive forming
a significantly lesser contact angle on PDA-pretreated MTA
compared to untreated MTA.
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Having known that the biological properties of MTA are in-
fluenced by its alkalinity, etching the surface of this material
raises concerns of its surface integrity and functionality (22).
SEM observations of the present study showed the ability of
SEP to erode the surface of MTA. Yavari et al. (22) showed that
the solubility of MTA was increased in an acidic environment.
This decreases the crystal forming ability of MTA leading to
porosities in the set structure. Shin et al. (13) observed micro-
morphologic changes in MTA following surface treatment
with phosphoric acid and SEP. While loss of crystalline struc-
ture was seen with both, exposure to phosphoric acid also re-
sulted in surface cracks and internal porosities, whereas SEP,
with a higher pH, showed no evidence of surface cracks (13).
As an increase in porosities is evident on the surface of MTA
in low pH conditions, there is a need to protect its vulnerable
surface prior to etching and bonding procedures associated
with RC restoration. In the present study, PDA application not
only preserved the crystalline structure of MTA, but also pro-
tected the morphologic structure of the latter by minimizing
erosive loss following etching.

Tu et al. (19) studied the effect of physicochemical properties
of PDA coated MTA particles. The authors observed that cate-
chol group of PDA formed aggregates with calcium ions and
silicate species of MTA, which served as space fillers thereby
eliminating porosities and leading to a dense surface pack-
ing of MTA (19). Dopamine also forms complexes with metal
species containing calcium, ferric, nickel, zinc and titanium
ions (17). It could be hypothesized that such an adhesive com-
plex could have been formed between calcium-rich MTA and
PDA in the current study, thereby improving the erosion resis-
tance of MTA in an acidic environment.

Shin et al. (23) stated that benefits of PDA coating were ob-
served even with a shorter coating time (5 min). A more clini-
cally feasible application time of 1 minute was adopted in this
study. In order to ensure standardization in the application of
PDA, a micropipette was used that enabled uniform delivery of
the same amount of solution over the surface of MTA. Improved
SBS of RC to MTA was seen with the use of SE adhesive system
compared to TE systems. Neelakantan et al. (24) evaluated the
SBS of RC to MTA using different adhesive systems (TE, 2-step
SE, 1-step SE), and showed that 1-step SE adhesive exhibited
significantly higher SBS than the other adhesive systems.
Hence, a 1-step SE adhesive system was chosen for this study.

TABLE 2. Mean shear bond strength (in MPa) of resin composite to MTA with and without PDA pretreatment at various time intervals

Statistical Groups
parameters
Group 1 (with PDA) Group 2 (No PDA)
Immediate 3h 24h 96 h Immediate 3h 24h 96 h
Mean#SD (in MPa) 26.30+7.60° 29.14+6.50° 40.66+8.60°c 43.79+4.40° 12.26+3.82* 17.26+6.15** 25.92+6.67°¢ 27.82+2.96¢
Median 24.40 28.50 38.28 4417 10.84 16.66 24.29 28.23
IQR 447 4.10 10.46 7.87 6.63 12.58 4.08 3.22

Under each group, different lower case alphabets denote significant difference between the time intervals (p<0.05). MTA: Mineral trioxide aggregate, PDA: Polydopamine,

SD: Standard deviation, IQR: Interquartile range
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Figure 4. Graphical representation of the mean shear bond strength
(SBS) of resin composite to MTA with and without PDA pretreatment
at various time intervals. Error bars indicate 95% confidence interval.
*Different upper-case alphabets denote significant difference between
PDA-pretreated samples at various time intervals. Different lower-case
a|phabets denote significant difference between the untreated samp|es
at various time intervals (p<0.05)

PDA: Polydopamine, MTA: Mineral trioxide aggregate

MTA requires 120+45 min to complete its initial setting reaction,
and an additional appointment is required for the placement
of a permanent restorative material (6). A number of studies
recommend the placement of both an immediate permanent
restoration over freshly mixed MTA as well as delayed restora-
tion after 96 h from the time of mixing, enabling MTA to achieve
its optimum physical properties (14, 24). Having given these
contradicting literature findings on the time of placement of
the final restoration over MTA, four time periods (immediate, 3
h, 24 h and 96 h) were chosen in this study. Owing to the brittle
nature of MTA, it was not feasible to evaluate the SBS between
MTA and adhesive restorations using micro bond strength test.
Hence, a macro SBS test was adopted in this study.

The results of the present study showed that carrying out
bonding procedure on freshly mixed MTA results in compro-
mised bond strength to resin composite. The SBS of untreated
controls, which were bonded immediately, and after 3 h were
significantly lesser than those bonded after 24 h and 96 h.
These results are in accordance with previous studies, which
have shown that carrying out bonding procedure on freshly
mixed MTA results in compromised SBS to RC (9, 14, 25). This
could be attributed to the dissolution of ions from the cement

Figure 5. Representative SEM images showing cohesive in MTA (a, 2500x),
adhesive (b, 2500x), mixed (¢, 250x & d, 650x) failure modes of samples

M: MTA, RC: Resin composite, SEM: Scanning electron microscope, MTA: Mineral
trioxide aggregate

leading to poor stability in the interfacial layer between freshly
prepared MTA and RC, resulting in cohesive failure of the for-
mer (25). The manufacturer of MTA Angelus, used in this study
claims a reduced setting time of 15 min. This property was
considered an advantage over the white MTA popular at that
time, namely the ProRoot MTA by Dentsply Tulsa Dental Spe-
cialties, which had a setting time of 165 min. A comprehensive
review of bio-inductive materials in direct and indirect pulp
capping by Kunert et al. (26) showed that MTA's granular con-
sistency and initial looseness continues beyond their claimed
short setting times. They also observed that MTA might take
a week to mature and this slow reaction might even continue
for a year. The authors emphasized that MTA be left to mature
prior to restorative procedure, both to protect it from bacterial
insults as well as to preserve its physical and mechanical in-
tegrity for bonding (26). Falling in line with these observations,
the results of the present study showed that freshly mixed
MTA is vulnerable to bond failure and a significant increase
in SBS of RC to untreated MTA could be elicited only after a

TABLE 3. Failure mode analysis (in %) of all the groups at various time intervals

Mode of failure Groups
1A 1B 1C 1D 2A 2B 2C 2D
n % n % n % n % n % n % n % n %
Cohesive in MTA 7 39 7 39 6 33 6 33 13 72 9 50 5 28 5 28
Adhesive 9 50 10 55 10 56 8 44 5 28 6 33 11 61 10 55
Mixed 2 11 1 6 2 11 4 23 0 0 3 17 2 11 3 17

MTA: Mineral trioxide aggregate
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period of 24 h. Bond strength values between 17-20 MPa are
considered optimal to produce gap free RC restorations to
dentine (27). This optimum value is achieved in the present
study when MTA is bonded with the SE adhesive after a period
of 3 h. But this finding contradicts with the recent systematic
review and meta-analysis by Hardan et al. (3) who analyzed the
bond strength of adhesive systems to CS-based materials. The
authors observed that the bond strength of RC to MTA was
enhanced when a TE adhesive system was used. Various stud-
ies were analyzed in the review which showed that the bond
strength of RC to MTA is enhanced by using phosphoric acid
etching as the porosities formed by the acid promoted inter-
locking between the two substrates (3).

The results of the current study also revealed that at all the
four-time intervals, the SBS of PDA-pretreated subgroups
was significantly higher than the corresponding untreated
subgroups. Hence the null hypothesis is rejected. In addi-
tion, the SBS of samples, which were bonded immediately in
the presence of PDA, was equivalent to the SBS of untreated
samples at 96 h. Thus, it can be inferred that coating the MTA
surface with a layer of PDA reversed the reduction in SBS that
could have otherwise occurred due to immediate bonding.
It is also evident that application of a layer of PDA allowed
bonding procedure to be performed immediately over the
freshly mixed MTA surface.

PDA exhibits strong covalent, coordinate or non-covalent
interactions with a wide range of inorganic and organic ma-
terials, including noble metals, polymers, semiconductors,
oxides and ceramics (28). This could have contributed to the
increased SBS seen in PDA-pretreated group. Calcium hydrox-
ide, being a product in the setting reaction of MTA increases
the surface alkalinity of the cement, which in turn could have
catalysed the oxidative polymerization and growth of PDA,
ensuring an uninterrupted PDA layer on the MTA surface
(15). Ho and Ding (2014) confirmed the presence of silanol
groups on MTA, which could have possibly formed hydrogen
bonds with the binding sites of PDA (29). Thus, the improved
SBS found in the experimental groups could be attributed to
the ability of PDA to form a tenacious bond to the particles of
MTA through the above-mentioned mechanisms.

Similar results were observed by Chen et al. (30) when glass fi-
bre post (GFP) was treated with PDA. The authors evaluated the
push-out bond strength (PBS) of PDA pre-treated GFP bonded
to root dentine using two different resin adhesive cements.
PDA pretreatment significantly improved the PBS of GFP to
root dentine compared to untreated controls (30). Lee et al.
(21) showed that PDA coating resulted in a greater number
of self-assembled dopamine monomers, which increased the
roughness of the PDA-coated surface, thereby increasing the
surface area available for adhesion . Drawing inferences from
this study, it could be hypothesized that the increased SBS in
the PDA pre-treated group in the present study could also be
because of the stronger micromechanical interactions between
the acidic monomers of SE and the rough surface of PDA coat-
ing over the surface of MTA. In addition, He et al. (31) observed
that the -OH and -NH- groups of PDA have a strong affinity to
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poly-methyl methacrylate surface. Hence, it could also be hy-
pothesized that in this study, the methacrylate group of self-
etch monomers might have had a strong affinity to the catechol
(-OH) and amine (-NH-) groups of PDA coated MTA surface. The
effect of PDA if any on the degree of conversion of the adhesive
resin can be ruled out as recent studies have shown that PDA
improved bond durability of resin composite without affecting
the degree of conversion of the adhesive resin (32, 33).

With a variety of bonding agents available commercially, fur-
ther studies should assess the effect of other bonding strate-
gies and bonding agents in this experimental set up. Simi-
lar studies including other commercial formulations of MTA
need to be done. Hardan et al. (3) also highlighted the lack of
evidence related to the chemical interaction of SE adhesive
systems and CS-based materials and recommended pretreat-
ment with phosphoric acid in such conditions . Future stud-
ies are warranted in this regard. Long term bond strength of
resin composite to MTA also needs to be assessed. One limi-
tation of the study was that the surface morphology of MTA
under SEM was observed only at 96 h, unlike the four-time
intervals tested under SBS. Lack of assessment of moisture
level in MTA, which could possibly influence the outcome of
SBS is another limitation of this study. Future studies should
assess the effect of PDA coating on the physicochemical
properties and microleakage of MTA. The effect of this coat-
ing in protecting MTA from any external noxious stimuli, fa-
cilitating uninterrupted odontoblast cell differentiation for
a successful single visit pulp capping procedure is yet to be
analyzed. Further clinical studies should also be done to eval-
uate the success rate of PDA coated MTA as a PCA.

CONCLUSION

Within the limitations of this in vitro study, it can be concluded
that compared to untreated control, PDA pretreatment of
MTA surface improved its wettability, prevented loss of sur-
face integrity following etching and increased the shear bond
strength of direct resin composite to MTA.
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