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Purpose: To investigate the antibacterial effects of Terminalia catappa Linn (TCL) leaf extracts at different concentrations and
the effects of these extracts used as primers on the long-term adhesive properties of two universal adhesives.

Materials and Methods: After extract preparation, the antimicrobial and antibacterial activities of TCL against Streptococcus
mutans (UA 159) were assessed in microdilution assays to provide the minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC). Additionally, to provide quantitative data on the ability of TCL extract to reduce cell viabil-
ity, colony forming units (CFU) were counted. To examine adhesive properties, 288 human molars were randomly assigned to
32 experimental conditions (n =9) according to the following variables: (1) treatment agent: negative control (untreated sur-
face), and primers at concentrations of 1xMIC, 5xMIC, and 10xMIC; (2) adhesives: Scotchbond Universal (SBU) and Futurabond
Universal (FBU); (3) adhesive strategy: etch-and-rinse (ER) or self-etch (SE); and (4) storage time: 24 h or after 2 years. Primers
were applied for 60 s, upon which the teeth were incrementally restored and sectioned into adhesive-dentin bonded sticks.
These were tested for microtensile bond strength (LTBS) and nanoleakage (NL) after 24-h and 2-year water storage, as well as
in-situ degree of conversion (DC) at 24 h. The chemical profile of the hybrid layer was determined via micro-Raman spectros-
copy. Biofilm assay data were analyzed using the Kruskal-Wallis test; the pH of culture media and the chemical profile were
analyzed by one-way ANOVA. The adhesive properties (LTBS, NL, DC) were evaluated using a four-way ANOVA and Tukey’s

test. Significance was set at 5%.

Results: Similar values of MIC and MBC were observed (2 mg/ml), showing bactericidal potential. CFU analysis demonstrated
that concentrations of 5xMIC and 10xMIC significantly inhibited biofilm formation (p <0.001). The application of the TCL
primer at all concentrations significantly increased the immediate pTBS and DC, and decreased the immediate NL values
when compared to the control group (p < 0.05), regardless of the adhesive and adhesive strategies. Despite an increase in the
NL values for all groups after 2 years (p > 0.05), in groups where the TCL primer was applied, the uTBS remained constant after
2 years for both adhesives, while a decrease in the pTBS was observed in the control groups (p <0.05). Usually, 10xMIC
showed better results than 1xMIC and 5xMIC (p < 0.05). The application of TCL promoted cross-linking; cross-linking rates in-

creased proportionally to the concentration of TCL (p < 0.05).

Conclusion: Primers containing TCL promoted bactericidal and bacteriostatic action, as well as cross-linking with dentin,
while maintaining the adhesive properties of the adhesive-dentin interface after 2 years of water storage.
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Resin composite restorations are currently the most wide-
spread option for restorative treatments performed on pos-
terior teeth.43,53 However, secondary caries is considered one
of the most frequent causes of failure. For instance, Askar et al®
showed a higher risk of secondary caries when simplified adhe-
sives were used, and Nedeljkovic et al*> found that 66% of resin
composite restorations required replacement due to the pres-
ence of secondary caries.

In caries progression, the dentin organic matrix demineral-
izes, making it prone to slow hydrolytic degradation by host
collagenolytic enzymes, matrix metalloproteinases (MMPs),
and cysteine cathepsins.62 This collagenolytic activity in caries-
affected dentin may contribute to adhesive interface failure,
resulting in greater expenditures for dental services.62:33

To prevent the formation of secondary caries and avoid deg-
radation of the tooth-composite interface, many different sub-
stances have been examined. For instance, different bioactive
compounds, such as calcium phosphate, silver diamine fluor-
ide, and bioactive glass,?12,63 non-natural substances with anti-
microbial and anti-MMP action, such as chlorhexidine, tetracy-
clines, and 12-methacryloxydodecylpyridinium bromide
(MDPB), as well as natural substances, e.g., proanthocyanidins,
have been evaluated with excellent in-vitro results.”-22:49,71 How-
ever, their clinical performance remains questionable.420,34,49

For example, using proanthocyanidins associated with ad-
hesives causes a reduction in the mechanical properties of the
adhesive?> and stains dentin with a typical dark brownish
color.”#4 Both these factors lead to a higher number of failures
in composite restorations performed with adhesives associated
with proanthocyanidins.22:34 Considering that most agents are
of synthetic origin, plant extracts have provided a new alterna-
tive for the development of therapeutic substances with anti-
microbial and anti-enzymatic potential to reduce restorative
treatment costs and promote the long-term stability of adhe-
sive restorations.19:44

Plant extracts from Terminalia catappa Linn (TCL) have at-
tracted attention for their antiviral, anti-inflammatory, and anti-
enzymatic activities3:68 owing to their phytoconstituents, such as
flavonoids, carotenoids, and phenolic compounds.3 In dentistry,
TCL extracts have been shown to have a positive effect in decreas-
ing bacterial colonization of dental prostheses.2* However, ac-
cording to the authors’ knowledge, no studies have evaluated
the antibacterial effect of TCL extract against Streptococcus mu-
tans or its effect on the bonding properties of adhesives to dentin.

Thus, the first aim of the present study was to determine the
susceptibility of Streptococcus mutans to the TCL extract, ex-
pressed as minimal inhibitory concentrations (MIC) and minimal
bactericidal concentrations (MBC). The second aim was to evalu-
ate the effect on adhesive-dentin interfacial properties (micro-
tensile bond strength [UTBS], nanoleakage [NL], and in-situ
degree of conversion [DC]) of different multiples of MIC of the TCL
extract applied as pre-treatment (primers) with two universal ad-
hesives. The chemical profile of the hybrid layer was also evalu-
ated. The hypotheses tested were as follows: 1) Streptococcus
mutans would be susceptible to TCL extract; 2) the TCL extract
primer would affect the adhesive properties to dentin immedi-
ately (24 h) or after 2 years of water storage; 3) the TCL extract
primer would have some cross-linking effect in dentin after 24 h.
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MATERIALS AND METHODS

Collection, Botanical Identification, and Extract
Preparation
T. catappa was cultivated in an experimental field at CEUMAuni-
versity (Sdo Luis, MA, Brazil). Plant material was collected from
September 2019 to November 2019; only the leaves were used.
The exsiccate was prepared and sent to a special laboratory for
botanical identification under voucher template no. 01062. The
leaves were dried in an oven (Dabi Atlante; Ribeirdo Preto, SP,
Brazil) with air circulation at 37°C for one week, followed by
milling (Marconi Equipamentos; Piracicaba, SP, Brazil). Approxi-
mately 200 g of dry and ground material were macerated with
approximately 800 ml of 70% ethanol (Onixlimp; Santo André,
SP, Brazil) for 24 h at 37°C. This process was repeated four times,
and the obtained extract was filtered and concentrated using a
rotary evaporator (Lutech; Sdo José do Rio Preto, SP, Brazil).
The crude hydroalcoholic extract (purity 98%) was lyophi-
lized and then resuspended in 600 ml of MeOH/H,0 (80:20, v/v)
(Rauter Quimica; Gravatai, RS, Brazil), followed by liquid-liquid
fractionation with hexane (Merck; Darmstadt, Germany), ethyl
acetate (Merck), and n-butanol (Merck), resulting in three frac-
tions with different polarities: hexane fraction, which was the
least polar; ethyl acetate with intermediate polarity; and the
most polar n-butanol fraction.5° As previously observed, the
n-butanol fraction presented the best antibiofilm activ-
ity.24:46,61 The n-butanol fraction was concentrated using a ro-
tary evaporator (Blichi Labortechnik; Flawil, Switzerland) and
then lyophilized, resulting in a fine powder (VirTis Lyophilizer
Tray Dryer, ATS; Warminster, PA, USA). This powder was
weighed and stored in an amber-colored bottle until further
testing. One hour before use, 100 mg of TCL powder was dis-
solved in 1000 ul of sterile distilled water.

Antibacterial Properties

Microbiological susceptibility tests

Minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) analyses were performed to assess the sus-
ceptibility of planktonic S. mutans cells to the TCL extract. As a
positive control group, 0.12% chlorhexidine was used, while the
reference strain S. mutans UA 159 was used to reactivate the mi-
croorganism and prepare the inoculum. It is worth mentioning
that CHX was only used in the evaluation of antibacterial prop-
erties. This strain was reactivated in its original culture in a BHI
(brain heart infusion) plate at 37°C for 24 h under microaero-
philic conditions. To prepare the inoculum, colonies were
transferred to a tube containing 1000 pl of sterile saline solu-
tion (0.85% NaCl) and the turbidity of the solution was ad-
justed using the 0.5 McFarland standard, ensuring a suspension
of 1.108 = 5105 cells/ml.

MIC was determined by the microdilution method in broth
using a 96-well plate, as recommended by the Clinical and La-
boratory Standards Institute (CLSI).52 The initial 100 m|/mg con-
centration of the TCL extract was dissolved in 920 pl of sterile dis-
tilled water, following the CLSI protocol.52 Thus, 100 pl of the TCL
extract and 100 pl of the medium (standardized inoculum and
BHI) were added to the 96-well plate to perform serial dilutions.
The wells containing the different dilutions of TCL extract, con-
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Table 1 Adhesives, experimental groups, and application mode

Adhesive application®

Experimental

o

Adhesive groups ER SE

Scotchbond Control 1. Apply etchant for 15 s 1. Apply the adhesive to the entire preparation with a
Universal adhesive 2.Rinsefor10s microbrush and rub it in for 20 s. If necessary, re-wet
(SBU, 3M Oral 3.Airdry5s the disposable applicator during treatment

Care; St Paul, MN, 4. Keep slightly moist for the application of the 2. Direct a gentle stream of air over the liquid for about
USA) adhesive 5suntil it no longer moves and the solvent is

Apply adhesive as for the SE mode

evaporated completely
. Light cure for 10 s at 1200 mW/cm2

w

actively for 60 s

moist

1IxMIC** 1.Etchfor15s 1. Keep slightly moist
2.Rinsefor10s 2. Apply an aqueous solution of T. catappa L. actively
5xMIC 3.Airdryfor5s for60s
10xMIC 4. Keep slightly moist 3. Airdry for 5 s and keep the surface slightly moist
5. Apply an aqueous solution of T. catappa L. 4. Apply the adhesive to the entire preparation with a
actively for 60 s microbrush and rub it in for 20 s. If necessary, re-wet
6. Air dry for 5 s and keep the surface slightly the disposable applicator during treatment
moist 5. Direct a gentle stream of air over the liquid for about
7. Apply adhesive as for the SE mode 5 s until it no longer moves, and the solvent is
evaporated completely
6. Light cure for 10 s at 1200 mW/cm?2
Futurabond U Control 1. Apply etchant for 15 s 1. Apply the adhesive to the entire preparation with a
(FBU, VOCO; 2.Rinsefor10s microbrush and rub it for 20 s. If necessary, re-wet
Cuxhaven, 3.Airdry5s the disposable applicator during treatment
Germany) 4. Keep slightly moist for the application of the 2. Direct a gentle stream of air over the liquid for about
adhesive 5suntil it no longer moves, and the solvent is
5. Apply adhesive as for the SE mode evaporated completely
3. Light cure for 10 s at 1200 mW/cm?2
1xMIC 1.Etchfor15s 1. Keep slightly moist
2.Rinsefor10s 2. Apply an aqueous solution of T. catappa L. actively
5xMIC 3.Airdry5s for60s
10xMIC 4. Keep slightly moist 3. Airdry for 5 s and keep the surface slightly moist
5. Apply an aqueous solution of T. catappa L. 4. Apply the adhesive to the entire preparation with a

6. Air dry for 5 s and keep the surface slightly

7. Apply adhesive as for the SE mode

microbrush and rub it in for 20 s. If necessary, re-wet
the disposable applicator during treatment

. Direct a gentle stream of air over the liquid for about
5suntil it no longer moves, and the solvent is
evaporated completely

6. Light cure for 10 s at 1200 mW/cm?2

[&)]

* Adhesives were applied according to the recommendations of their respective manufacturers; ** MIC: minimal inhibitory concentration.

trols (positive and negative), and the inoculum were incubated
under anaerobic conditions at 37°C for 24 h. The test readout was
performed by visual comparison, and the MIC corresponded to
the lowest concentration that prevented the visible growth of
planktonic cells. Each concentration in the previous test that pre-
sented no visible growth was inoculated into a BHI plate.

MBC was determined as the lowest concentration of the an-
timicrobial agent which killed 99.9% of the initial bacterial
population. After MIC determination (termed 1xMIC), 10-ul ali-
quots of bacterial suspensions from the wells with concentra-
tions of 1xMIC, 5xMIC, and 10xMIC were seeded on BHI agar
plates and incubated under anaerobic conditions for 48 h at
37°C with 5% CO,. Three independent experiments were per-
formed for MBC and MIC.

Antibiofilm activity of T. catappa L. to Streptococcus mutans

Considering that the TCL extract proposed in this study is in-
tended for the treatment of carious lesions, S. mutans was cho-

doi: 10.3290/j.jad.b5199073

sen for the antimicrobial tests. Thus, to evaluate the antibio-
film activity of TCL, 200 pl of BHI culture medium, S. mutans
bacterial inoculum at a concentration of 1x106 CFU/ml, glucose
at a final concentration of 1%, and TCL extract at concentra-
tions of 1xMIC, 5xMIC, and 10xMIC were added in triplicate to
12-well microplates. Additionally, a group (S. mutans + BHI +
1% glucose) without TCL extract was used as a positive con-
trol.5! Subsequently, circular coverslips (13 mm diameter) were
inserted into the wells using sterile forceps. After being incu-
bated for 24 h at 37°C in 10% CO,, the circular coverslips were
carefully removed, washed twice with saline solution, and fixed
with 200 pl of methanol for staining with 0.1% crystal violet.
Following staining, the coverslips were evaluated using a Zeiss
Flow Microscope (Zeiss; Oberkochen, Germany). 51
Additionally, to provide quantitative data on the ability of TCL
extract to reduce cell viability, S. mutans biofilms (n=9/group)
were cultured in 96-well plates?3 in BHI supplemented with 1%
glucose for 24 h. Pre-determined concentrations of extract
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Table 2 96-well plate microdilution method for determining
minimum inhibitory concentration

Solution/concentration mg/ml
Chlorhexidine 0.006
1xMIC 2.0
5xMIC 10.0
10xMIC 20.0

(1xMIC, 5xMIC, and 10xMIC) and no treatment (control) were
tested. For this, the bacterial inoculum was adjusted
(OD600 nm = 0.5), mixed with the antimicrobial treatments (1:1
v/v), and incubated for 24 h at 37°C in an atmosphere of 10%
CO,. Afterward, biofilms were collected, and cell viability was
determined by serial dilution and CFU counting. Then, biofilms
were incubated with resazurin (0.03%, 37°C, 90 min) to qualita-
tively evaluate the metabolic activity of living cells,16 which is
indicated by a color change from blue to red.>8 Finally, a pool
of 3 wells from each biological replicate was prepared for pH
measurement using a pH meter calibrated with pH 4.0 and pH
7.0 buffers.15

Evaluation of Adhesive-Dentin Interface

Tooth preparation and experimental design

Two hundred eighty-eight caries-free human molars were used
after approval from the CEUMA university ethics committee
(#3.813.682). The teeth obtained were disinfected with 0.5%
chloramine and stored in distilled water to be used within
6 months after extraction. The occlusal third of the crown was
removed from all teeth with a diamond saw (Isomet, Buehler;
Lake Bluff, IL, USA) under water cooling, thereby exposing the
occlusal dentin surface, which was then sanded with 600-grit
silicon carbide paper (3M Oral Care; St Paul, MN, USA). Next, the
288 teeth were randomly allocated to 32 experimental condi-
tions (n =9) for the adhesive-dentin bonding tests according to
the following variables: (1) treatment agent: control (distilled
water), or aqueous solution with TCL extract of 1xMIC, 5xMIC,
and 10xMIC; (2) adhesives: Scotchbond Universal (SBU; 3M Oral
Care); Futurabond U (FBU, VOCO; Cuxhaven, Germany); (3) ad-
hesive strategy: etch-and-rinse (ER) or self-etch (SE); and (4)
storage time: 24 h and 2 years. The materials used, batch num-
bers, composition, and application modes are listed in Table 1.

Restorative procedure and specimen preparation

In the ER strategy, 37% phosphoric acid gel (Condac37, FGM;
Joinville, SC, Brazil) was applied to the dentin surfaces for 15 s,
rinsed with water for 30 s, and gently air dried for 5 s using an
air syringe at a distance of 10.0 cm, with the dentin surface kept
slightly moist. After etching, the dentin surfaces were treated
with each experimental primer based on the MIC of the TCL
extract, according to the experimental design. Distilled water
was used for the control group. All aqueous solutions of TCL
primers were vigorously applied for 60 s with a microbrush (KG
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Brush, KG Sorensen; Cotia, SP, Brazil) and kept slightly moist
for application of the adhesive.

In the SE strategy, distilled water and an aqueous solution of
each concentration of TCL primer were applied before using the
universal adhesive. Subsequently, the adhesives were applied
to all groups according to the respective manufacturer’s recom-
mendations (Table 1), and composite resin buildups (Opallis,
FGM; Joinville, SC, Brazil) were placed in increments of 2 mm
each. Each increment was light cured for 40 s with an LED light-
curing unit set at 1200 mW/cm? (Valo, Ultradent; South Jordan,
UT, USA). A single operator performed all bonding procedures.

After 24 h or 2 years, adhesive-dentin bonded sticks (cross-
sectional area around 0.9 mm2) were prepared using a slow-
speed diamond saw (Isomet) and measured by a digital caliper
(Digimatic Caliper, Mitutoyo, Tokyo, Japan) to calculate the
bond strength in MPa. The number of adhesive-dentin bonded
sticks showing pre-test failure (PTF) during specimen prepar-
ation was recorded for each tooth.5456 Two adhesive-dentin
bonded sticks per tooth from each experimental group were
used to evaluate the in-situ degree of conversion within the
adhesive/hybrid layers. Three adhesive-dentin bonded sticks
per tooth were used to evaluate nanoleakage (24 h and after
2 years), while the remaining adhesive-dentin bonded sticks
were tested for microtensile bond strength.

Microtensile Bond Strength Tests (LTBS)

After 24 h or 2 years of water storage, the adhesive-dentin
bonded sticks were fixed to a Geraldeli jig*8 using cyanoacryl-
ate glue and stressed under tension (Instron; Enfield, CT, USA)
at a crosshead speed of 1.0 mm/min until fracture occurred.
The uTBS (MPa) was calculated by dividing the applied force
(N) at failure by the bonded area. The fracture mode of the ad-
hesive-dentin bonded sticks was examined with a light micro-
scope at 100X magnification (Olympus SZ40; Tokyo, Japan) and
categorized as cohesive (C, failure exclusively within the dentin
or the resin composite) or adhesive/mixed (A/M, failure at the
adhesive-dentin interface or with partial cohesive failure of the
neighboring substrates). Specimens with PTF were included in
the tooth mean for statistical analysis.

Nanoleakage (NL)

Three bonded sticks per tooth from each storage period were
not used in the uTBS test, but were immersed in an aqueous
solution of ammoniacal silver-nitrate solution for 24 h, fol-
lowed by 8 h in a photo-developing solution under a fluores-
cent lamp.60 The specimens were wet-polished using SiC paper
and diamond paste (Buehler). The adhesive-dentin bonded
interfaces were observed using a field-emission scanning elec-
tron microscope (VEGA 3 TESCAN, Shimadzu; Tokyo, Japan) at
15 kV in the backscatter mode. The amount of silver-nitrate
uptake within the adhesive layer and hybrid layer of each ad-
hesive-dentin bonded stick was measured in three regions (5 x
5 um) of the bonded stick.>4 The acquisition mode of the im-
ages and the percentage of silver-nitrate uptake were calcu-
lated according to Hass et al.28 ImageJ software (National Insti-
tutes of Health; Bethesda, MD, USA) was used to calculate the
percentage of silver-nitrate uptake within the hybrid layers in
each specimen.
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Fig 1 Crystal violet staining of Streptococcus mutans cells treated with different concentrations of TCL extract primer. a) Biofilm formation of
S. mutans. After incubation for 24 h, biofilm inhibition of the S. mutans cells was observed at different concentrations of TCL. b) 1xMIC = minimum
inhibitory concentration of Terminalia catappa L. c) 5xMIC: 5 times the minimum inhibitory concentration. d) 10xMIC: 10 times the minimum inhibitory

concentration. Greater inhibition was observed using higher concentrations.

In-situ Degree of Conversion (DC) by micro-Raman
Spectroscopy
Adhesive-dentin bonded sticks (n =2 per tooth) were prepared as
described by Hass et al28 and the in-situ degree of conversion of
the adhesive interface was measured within the hybrid layer using
a dispersive micro-Raman spectrometer/microscope (XploRA ONE
Raman microscope, HORIBA Scientific; Piscataway, NJ, USA). Prior
to taking measurements, the micro-Raman spectrometer was
calibrated to zero. The micro-Raman spectrometer was config-
ured to use with a 638-nm diode laser (1-um spot diameter) at
100 mW, an X100/0.90 NA air objective, and at 600 lines/mm of
grating. The bonded interface was scanned from 400 to 2200 cm-1,
with a 30-s accumulation time and 6 co-additions. The spectra
were acquired at three different sites for each specimen in the
middle of the hybrid layer, and the values were averaged for stat-
istical purposes. Post-processing of the spectra was performed
using the Opus Spectroscopy Software version 6.5 (Bruker;
Billerica, MA, USA). Additionally, spectra of the uncured adhe-
sives were acquired with the method previously described.
The ratio of the double-bond content of monomer:polymer
in the uncured and cured adhesive was quantified by calculat-
ing the ratio of the aliphatic C=C (vinyl) absorption (1638 cm-1)
to the aromatic C=C absorption (1608 cm-1) signals for both
polymerized and unpolymerized samples. DC was calculated
using the following formula:

DC (%) = (1-[Rcured/Runcured]) * 100

where “R” is the ratio of aliphatic and aromatic peak intensities
at 1638 cm- and 1608 cm1 in cured and uncured adhesives.28
In addition, more intense peaks were observed for all mater-
ials, and the corresponding chemical bonding was recorded.
The mean values were used for statistical analysis.

Chemical Interaction Analysis by micro-Raman
Spectroscopy

Thirty-two teeth were prepared and restored (n=2), according
to the experimental groups. After 24-h water storage, each re-
stored tooth was sectioned into two slices using a slow-speed

doi: 10.3290/j.jad.b5199073

diamond saw (Isomet). Adhesive-dentin bonded slices were
polished with 1500-grit SiC paper for 30 s before being anal-
ysed. The chemical profile of adhesive-dentin interfaces was
examined with the same dispersive micro-Raman spectrome-
ter/microscope (XploRA ONE Raman microscope) in the same
configuration. Spectra were acquired at 3 random sites from
the top of the hybrid layer to the underlying dentin at 1-um
intervals.#2 Eleven spectra were acquired for each site via a
computer-controlled x-y-z stage. The acquired spectra were
analysed by Labspec 6 software (HORIBA Scientific). The spec-
tra were obtained in triplicate and a comparison was carried
out by spectra subtraction for qualitative analysis. The band
ratio between the intensity of the pyridinium ring and phenyl
vibrations (1032 cm1/1003 cm-1) was used to obtain informa-
tion on cross-linking in the different experimental groups.

Statistical Analysis

For biofilm assay, data were analyzed using the Kruskal-Wallis
test, and the pH of culture media was analyzed using one-way
ANOVA. Approximately 19 to 23 adhesive-dentin bonded sticks
were obtained per tooth, including the PTFs. The Shapiro-Wilk
test was used to assess whether the data from these tests fol-
lowed a normal distribution. Bartlett’s test was performed to
determine the validity of the assumption of equal variances.
The mean uTBS (MPa), NL (%), and in-situ DC (%) of all adhe-
sive-dentin bonded sticks from the same tooth were averaged
for statistical purposes. Therefore, the experimental unit used
in this study was the tooth. The value attributed to PTF speci-
mens was 4.2 MPa, as indicated by previous studies.28:54 The
UTBS (MPa), NL (%), and in-situ DC (%) means for every test
group were calculated from the average of the seven teeth
used per group. The uTBS and NL data were analyzed using
four-way ANOVA (treatment vs adhesive system vs adhesive
strategy vs storage time). The data on in-situ DC and cross-link-
ing rate were analyzed using three-way ANOVA (treatment vs
adhesive system vs adhesive strategy). The cross-sectional area
was also statistically evaluated using four-way ANOVA. For all
adhesive properties, after ANOVA, the data were subjected to
post-hoc Tukey’s test with significance set at 0.05.
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Fig2 CFU count of 24-h Streptococcus mutans biofilms
exposed to different concentrations of TCL extract. Different
letters indicate statistically significant differences among
groups (p <0.001).

RESULTS

Antibacterial Properties

Microbiological susceptibility tests

The MIC of the TCL extract which had an antimicrobial effect
against S. mutans (UA 159) was 2 mg/ml. Therefore, 5xMIC was
equal to 10 mg/ml and 10xMIC was equal to 20 mg/ml (Table 2).
The MBC values were similar to those observed for the MIC,
indicating bactericidal potential. For chlorhexidine, the MIC
was identified as 0.006 mg/ml.

Antibiofilm activity of TCL extract against Streptococcus
mutans

As observed in Fig 1, biofilm production of S. mutans was
abundant in the control group without TCL extract (Fig 1a). In
contrast, the 1xMIC (2 mg/ml), 5xMIC (10 mg/ml) and 10xMIC
(20 mg/ml) groups showed significant biofilm inhibition. This
was more evident with the higher concentrations (Figs 1c
and 1d).

Considering cell viability, the 5xMIC and 10xMIC groups
showed significant inhibition of biofilm formation (p <0.001),
similar to CHX. The findings on metabolic activity and pH of
culture media, which indicated biofilm acidogenicity, showed
the lowest pH and the greatest metabolization when no treat-
ment was applied to the cariogenic biofilms (Figs 2 and 3).

Microtensile Bond Strength (LTBS)

The most common failure pattern in all experimental groups
was adhesive/mixed (Table 3). The cross-sectional area in the
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Fig3 Medium acidification after 24 h of biofilm formation and resazurin assay

to illustrate S. mutans metabolic activity in the negative control group (not treated),
red color. Different letters indicate statistically significant differences in pH of
culture medium among groups (p < 0.001).

present study was 0.9 + 0.2 mm?2 (Table 4). The effect of cross-
sectional area on the uTBS among the groups was evaluated as
recommended by Armstrong et al.5 The results showed no sig-
nificant difference between groups (p > 0.32).

The four cross-product interactions as well as the triple
cross-product interactions did not yield significant differences
for uTBS values (p > 0.11). However, a significant difference was
observed in the two double cross-product interactions (treat-
ment vs adhesive and treatment vs storage time) (Table 4;
p <0.0001). At 24 h, the application of the TCL extract at all con-
centrations significantly increased the UTBS for both adhesives
when compared with the control groups (Table 4; p <0.0001).
Notably, the statisitcally significantly highest uTBS were found
with the highest multiple of MIC (10xMIC) vs the lower multi-
ples of MIC (1xMIC and 5xMIC; Table 4).

After 2 years of water storage, the uTBS of the control groups
significantly decreased compared to after 24 h of storage. On
the other hand, after2 years, TCL extract at all concentrations
maintained the uTBS for both adhesives when compared to the
results after 24 h (Table 4; p <0.0001). Once again, the statisti-
cally significantly highest uTBS at both evaluation times were
found with the highest concentration of TCL (10xMIC), in com-
parison with the two lower concentrations (1xMIC and 5xMIC;
Table 4). In all comparisons, SBU showed higher uTBS than did
FBU, regardless of the adhesive strategy (Table 4; p = 0.0001).

Nanoleakage (NL)

The nanoleakage data are presented in Fig 4 and Table 5. No
significant difference was found for the four cross-product in-
teractions, the triple cross-product interactions (p > 0.36), and

The Journal of Adhesive Dentistry



Lobao et al

Table 3 Number of specimens (%) according to fracture mode

Extract concentration

Control 1xMIC 5xMIC 10xMIC
ER SE ER SE ER SE ER SE

Adhesive AAM C PTF A/M C PTF AM C PTF A/M C PTF AM C PTF A/M C PIF AM C PTF A/M C PTF
SBU 24h 110 0 2 105 4 0 106 1 0 103 1 1 106 0 0 110 0 8 112 0 0 102 2 1
(98) (0) (2) (96) (4 (0 (99) (1) (0) (98 (1) (1) (r00) (0) (0) (93) (0) (7) (100) (O) (0) (97) (2) (1)

2y 130 0 10 115 0 5 124 0 0 134 0 0 118 0 2 120 0 0 114 0 1 110 2 2

(90) (0) (10) (%96) (0) (4 (100) (0) (0) (0) (0) (0) (98) (0 (2) (0 (0 (0) (99 (0 (0) (%) (2) (2

FBU 24h 108 0 5 102 2 1 1010 2 0 100 0 3107 2 1 116 0 3 106 1 0 116 0 5
(95) (0 (5 (O (2 (@) (98 (2) (0) (96 (0 (@) (97 2 Q) (97 (0 (3 (99 (1) (0) (94) (0 (6)

2y 130 0 5 120 0 10 110 0 0 128 2 0 129 2 2 135 0 0 140 4 0 150 0 0

(96) (0) (4 (92) (0) (8 (100) (0) (0) (98) (2) (0) (%6) (2) (2) (100) (0) (0) (96) (3) (0) (100) (0O) (0)

SBU: Scotchbond Universal Adhesive; FBU: Futurabond U adhesive; ER: etch-and-rinse; SE: self-etch; A/M: adhesive/mixed fracture mode; C: cohesive fracture mode; PTF: pre-test failures.

Table 4 Means and standard deviations of microtensile bond strength to dentin (MPa) for all experimental groups (*)

Extract concentration
Control 1xMIC 5xMIC 10xMIC
ER SE ER SE ER SE ER SE

Adhesive 24 h 2y 24h 2y 24 h 2y 24h 2y 24 h 2y 24 h 2y 24 h 2y 24 h 2y
SBU 44.2 + 351+ 433+ 349+ 47.1+ 46.8 + 473+ 47.5+ 48.4 + 47.2+ 49.1+ 48.4 + 522+ 51.9% 51.7+ 50.2 %

4.3A¢ 2.2Ad 3.2A¢ 2.8Ad 4.7Ab 2.3Ab 4.8Ab 2.7Ab 5.2Ab 3.6Ab 5.0Ab 3.08b 5.1Aa 2.7Aa 4.7ha 2.6ha
FBU 333+ 239+ 316+ 24.0+ 35.8+ 339+ 36.6+ 36.7+ 40.6 + 382+ 41.8+ 40.0+ 46.1+ 4544+ 442+ 448 +

4.4Bc 3.08d 4.4Bc 3.08d 5.48b 3.58b 5.1Bb 3.58b 4.3Bb 3.68b 3.28b 3.28b 3.682 2.5Ba 3.9Ba 2.0Ba
SBU, Scotchbond Universal Adhesive; FBU, Futurabond U adhesive; ER, etch-and-rinse; SE, self-etch. (*) Different superscript capital letters indicate statistically significant differences between ad-
hesives in each column. Different superscript lowercase letters indicate statistically significant differences between the groups for each adhesive (four-way repeated measures ANOVA; Tukey’s test,
p<0.05).

the four double cross-product interactions (p > 0.32). However,
a significant difference was observed in the two double cross-
product interactions (treatment vs adhesive and treatment vs
storage time) (Table 5; p <0.0001).

After 24 h, TCL extract at all concentrations significantly de-
creased the NL for both adhesives when compared with the
control groups (Table 5; p=0.0001). However, after 2 years of
water storage, all groups showed a significant increase in NL
compared to the control groups (Table 5; p = 0.00001). Notably,
the control groups exhibited significantly higher NL for both
adhesives when compared to the application of TCL extract at
all concentrations after 2 years of water storage (Table 5;
p =0.00001). It is worth mentioning that significantly lower NL
values at both evaluation times were found when the highest
TCL concentration (10xMIC) was used vs lower concentrations
(1xMIC and 5xMIC; Table 5). In all comparisons, both adhesives
showed similar NL values (Table 5).

In-situ Degree of Conversion (DC)

No significant difference was found for the triple cross-product
interaction, nor for the two double cross-product interactions

doi: 10.3290/j.jad.b5199073

(treatment vs adhesive strategy and adhesive vs adhesive strat-
egy; p>0.17). However, a significant difference was observed in
the double cross-product interaction (treatment vs adhesive)
(Table 6; p <0.02), as well as the main factors of treatment and
adhesive (p =0.00002 and p = 0.000001, respectively). Addition-
ally, the main factor adhesive strategy was not statistically sig-
nificantly different (p = 0.63). TCL extract at all concentrations
significantly increased the DC values for both adhesives when
compared with the control groups (Table 6; p =0.00002). In all
comparisons, SBU showed higher DC values than FBU, regard-
less of the adhesive strategy (Table 6; p = 0.000001).

Chemical Interaction Analysis by micro-Raman
Spectroscopy

Figure 5 shows representative micro-Raman spectra of the ad-
hesive-dentin interface created by SBU in etch-and-rinse mode
in the control group and in the TCL extract groups. The re-
corded spectra covered the range of 400 to 2200 cm-1, which
includes the fingerprint region associated with the hybrid layer
and dentin collagen bands. Peaks corresponding to the adhe-
sives were identified (C—O—C at 1113 cm-l, C=C at 1610 cm-,
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SBU

FBU

10xMIC

Fig4 Backscattered scanning electron micrographs of the adhesive interface of all experimental groups immediately (24 h) or after 2 years of water
storage. Silver-nitrate infiltration was observed for all experimental groups (white pointer). For both adhesives, less silver-nitrate infiltration was found
after 24 h (capital letters) than after 2 years of water storage (lowercase letters). However, these deposits were more evident in the control groups,
with the presence of debonded areas (red line in image “i”). When Terminalia catappa L. extract was used, independent of the concentration, the
silver-nitrate concentration was less evident after 24 h or 2 years of water storage when compared to control groups. SBU = Scotchbond Universal ad-
hesive; FBU = Futurabond U; ER = etch-and-rinse; SE = self-etch; 1xMIC: minimum inhibitory concentration of Terminalia catappa L.; 5xMIC: 5 times the
minimum inhibitory concentration; 10xMIC: 10 times the minimum inhibitory concentration (Rc = resin composite; HL = hybrid layer; De = dentin).

and C=0 at 1720 cm-1). The relative decrease in the intensity
of these peaks indicated the transition through dentin.

Dentin collagen bands were also evident, with peaks at
amide | (1667 cm-1), amide Il (1243 cm! and 1273 cm1), the
phenyl group (1003 cm-1) from the aromatic ring of phenylala-
nine residues in collagen, and the pyridinium ring (1032 cm-1),
which represents a trivalent amino acid cross-linking residue.
Additionally, functional groups of carbonated apatite (phos-
phate at 962 cm-! and carbonate at 1072 cm-1) were detected

within the mineralized dentin (Fig 5). Only one example of mi-
cro-Raman spectra of the adhesive-dentin interface from one
experimental group was included, considering the observed
similarities among the spectra in the former and other experi-
mental groups.

No significant difference was found for triple or double
cross-product interactions (p > 0.12), nor for the main factors
adhesive and adhesive strategies (p =0.52 and p =0.78, re-
spectively). However, a significant difference was observed in

Table5 Means and standard deviations of nanoleakage (%) for all experimental groups (*)

Extract concentration
Control 1xMIC 5xMIC 10xMIC
ER SE ER SE ER SE ER SE

Adhesive 24 h 2y 24h 2y 24h 2y 24h 2y 24h 2y 24 h 2y 24 h 2y 24 h 2y
SBU 143+ 21.0+ 14.2 £ 216+ 9.5+ 13.5+ 9.8+ 13.7+ 9.4+ 13.1+ 9.7+ 13.3+ 7.1+ 10.4 + 7.1+ 10.2+

1.8Ad 2.7he 2.1Ad 2.0Re 3200 25Acd  32Ab ] 4Acd 2.5b 1.8Acd  27Ab D 0Acd D 5Aa 2.2Ab 2.5ha 2.0Ab
FBU 148+ 22,1+ 147+ 220+ 9.1+ 13.1+ 9.2+ 136+ 9.9+ 13.0+ 9.8+ 12.8+ 7.2+ 109+ 7.2+ 10.8+

2.1Ad 2.4Ae 2.5Ad 2.1Ae 2.9Ab 1.9 Acd 2.9Ab 2.3Acd 3.2b 1.6Acd 2.7Ab 2.1Acd 2.3Aa 2.4Abc 2.5Aa 2.1Ab
SBU, Scotchbond Universal Adhesive; FBU, Futurabond U adhesive; ER, etch-and-rinse; SE, self-etch. (*) Different superscript capital letters indicate statistically significant differences between ad-
hesives in each column. Different superscript lowercase letters indicate statistically significant differences between the groups for each adhesive (four-way repeated measures ANOVA; Tukey'’s test,
p<0.05).
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Table 6 Means and standard deviations of in-situ degree of conversion (%) for all experimental groups (*)

Extract concentration

Control 1xMIC 5xMIC 10xMIC
Adhesive ER SE ER ER SE ER SE
SBU 62.7+2.8°b 62.1+2.0Ab 67.0+2.872 66.3+ 1.2A2 66.0 +2.6A2 67.7+1.92 66.2 +2.4h2 66.1+2.67A2
FBU 57.0+1.38b 57.4+2.38b 61.9+2.78a 61.0+2.182 61.2+1.78a 63.6+2.98a 61.0+2.382 61.5+2.782

SBU, Scotchbond Universal; FBU, Futurabond U. (*) Different superscript capital letters indicate statistically significant differences between adhesives in each column. Different superscript lower-
case letters indicate statistically significant differences between the groups for each adhesive (three-way repeated measures ANOVA; Tukey test, p <0.05).

the main factor treatment (Table 7; p = 0.00001). For all groups
treated with TCL, an increase in the cross-linking rate was ob-
served, as seen in the band ratio of pyridinium (1031 cm-1) /
phenyl (1001 cm-1) values for both adhesives when compared
with the control groups (Table 7; p = 0.00001).

However, the significantly highest cross-linking rate values
were found with the highest MIC concentration (10xMIC) com-
pared to the 1xMIC group. The 5xMIC group showed intermedi-
ary cross-linking rate values (Table 7). Additionally, for all
groups treated with TCL, a slight shift of amide IIl to a lower
wavenumber was observed. For the 1xMIC and 5xMIC groups,
it was possible to observe a slight shift of amide Il from
~1243 cm-1to a lower wavenumber of ~1238 cm-L. For 10xMIC,
a slight shift of amide 11l from ~1243 cm-1to a lower wavenum-
ber of ~1225 cm1 was observed.

DISCUSSION

Currently, plant extracts are a promising option for preventing
and treating infections.5561.64 Previous studies have shown that
polar fractions obtained from TCL leaves are effective against
bacteria and fungi.1457.61 The present pioneering study investi-
gated the effect of TCL extract on S. mutans by incorporating
the different concentrations of it into the restorative procedure.

The microbiological efficacy (MIC and MBC) was demon-
strated at a TCL extract concentration of 2 mg/ml, leading to a
99.9% reduction in the initial bacterial population. This anti-
bacterial effect was also confirmed in antibiofilm tests (Figs 1
to 3), particularly at higher concentrations, supporting our ini-
tial hypothesis. Incorporating the extract into the primer could
be an option to prevent biofilm formation at the restoration
interface and reduce the risk of secondary caries.

Using chemical analyses, previous studies have confirmed
the presence of hydrolyzable tannins (ellagic acid, punicalin
and punicalagin), gallic acid, and flavonoid C-glycosides in TCL
extract.61 Hydrolyzable tannins are the primary chemical con-
stituents of TCL leaves, and they are associated with antitumor
and antioxidant activity, along with strong antimicrobial activ-
ity against bacteria and yeast.11,3538 The antimicrobial action
is attributed to hydrolyzable tannin’s involvement in protein
precipitation and the removal of metal and hydrogen ions from
microbial enzymes, thereby altering crucial metabolic pro-

doi: 10.3290/j.jad.b5199073

cesses in the microorganisms.24:46,61 Their antimicrobial activ-
ity is reflected in the results of the present study.

However, despite this antimicrobial effect, it is important to
evaluate the effect of using different concentrations of TCL ex-
tract in the adhesive procedure, mainly because the adhesive-
dentin interface can be jeopardized according to the type and
concentration of the botanical agent.20,21,25,40

In the present study, regardless of the concentration used
(1xMIC, 5xMIC, or 10xMIC), the TCL extract significantly in-
creased the immediate bond strength and effectively preserved
it, while simultaneously preventing NL after 2 years for both ad-
hesives when compared to the control groups. Thus, the second
hypothesis was accepted. As previously described, the TCL ex-
tract contains natural and biocompatible hydrolyzable tannins
and flavonoid C-glycosides0:67 with excellent biomodification
potential.3.7:68 The fractions punicalagin and ellagic acid are
particularly relevant, due to their ability to interact with dentin
collagen.6! The free galloyl group present in these fractions has
been previously shown to play a significant role in cross-linking
and protecting collagen from degradation.?® This group is rec-
ognized for its crucial function in promoting strong interactions
between collagen and polyphenols.>? Specifically, the galloyl
group provides numerous collagen-reactive groups, including
aromatic and phenolic hydroxyl groups.3¢ The aromatic groups
enhance hydrophobic interactions through mt-t interactions
with the hydrophobic region of aromatic groups in polyphenols,
as found in the TCL extract, and the hydrophobic side chains of
amino acids in collagen.29:36 Additionally, the inclusion of phe-
nolic hydroxyl groups increases the potential for hydrogen bond
formation with carbonyl and free amino groups in collagen.30
Previously, a shift in the wavenumber of amide bands has been
demonstrated and attributed to hydrogen bonds mediated by
polyphenols on dentin collagen using FTIR.30 These shifts likely
account for the slight changes in amide Il bands observed in
the chemical profile by micro-Raman spectroscopy.

Interactions with collagen provided by other functional groups
in TCL extract, or even through other chemical mechanisms, are
not precluded. For instance, interactions through covalent bonds
would depend on the autoxidation of phenolic hydroxyl groups
into orthoquinones to react with amino and carbonyl on collagen
through a Schiff-base reaction.30:66 However, due to the limited
mobility of most functional groups in all TCL extract fractions,
these interactions are less likely to occur.29,59
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Fig5 Chemical profile with the representative micro-Raman spectra acquired across the adhesive-dentin interface created by the adhesives tested
with the application of the different concentrations of Terminalia catappa L. Spectra starting from the middle of the hybrid layer (top spectra) to the
underlaying dentin (bottom spectra) show the region of interest covering relative peaks assigned to methacrylate monomers, mineralized dentin, and
demineralized dentinal collagen in the hybrid layer. The indicated peaks - pyridinium ring at 1031 cm-! and phenyl vibrations at 1001 cm-! (1C;

1031cm1/1001 cml)

In the present study, in an attempt to find more evidence of
the role of TCL extract in significantly increasing the adhesive
properties of dentin, the cross-linking rate induced in dentin
collagen by the TCL extract was also quantified. The band ratio
of pyridinium (~1031 cm-1), which represents a trivalent amino
acid cross-linking residue, and that of the phenyl group
(~1001 cm1) from the aromatic ring of phenylalanine residues
in collagen were used.1” A significant difference was observed
for all groups in which TCL extract was applied compared to the
control group (distilled water), confirming the interactions me-
diated by TCL extract with collagen, as described above. This
leads to acceptance of the third hypothesis. Thus, we hypoth-
esized that this significant increase in the adhesive properties
of dentin#4 could be explained by the cross-linking effect of TCL
extract when applied to dentin. More important than an im-
mediate collagen cross-linking effect is the maintenance of this
effect over time. It is noteworthy that, regardless of concentra-
tion, the application of TCL extract used as a primer on dentin
preserved the adhesive properties even after 2 years of water
storage when compared with the control group. However, fu-
ture studies need to assess the long-term impact of the TCL
extract primer on dentin collagen cross-linking.
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- were used to measure the relative cross-linking effect of Terminalia catappa L. on collagen (Table 7).

Additionally, after both storage periods, a positive correla-
tion was observed between TCL concentration and uTBS, with
the significantly highest values observed with the highest con-
centration (10xMIC). This correlation agrees with previous stud-
ies, suggesting a dependency on the number of reactive phe-
nolic groups and the availability of reactive groups in each
molecule which can interact with hydroxyl, carboxyl, amine, or
amide groups in dentin collagen fibrils.1,26:27 This correlation is
supported by the chemical profile evaluation of the adhesive
interface, indicating a stronger cross-linking interaction be-
tween dentin and the TCL extract when a higher concentration
was used. Therefore, it was possible to confirm that with the
highest concentration of TCL extract in the 10xMIC group, more
molecules were available for bonding with collagen. Conse-
quently, a higher number of cross-links formed, resulted in
higher uTBS.

A noteworthy characteristic of the TCL extract is its dark
color, as previously described for other natural plant ex-
tracts.1844 However, the final solutions of 1xMIC, 5xMIC, and
10xMIC remain transparent. Additionally, all specimens treated
with the extract at different concentrations did not exhibit any
color alteration during the restorative procedure, which is ad-
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Table 7 Mean and standard deviation of crosslinking rate from pyridinium (1031 cm-1)/phenyl (1001 cm-1) for the different

experimental groups (*)

Extract concentration

Control 1xMIC 5xMIC 10xMIC
Adhesive ER SE ER ER SE ER SE
SBU 1.21 +0.09A¢ 1.11 +0.08A¢ 1.47 +0.09Ab 1.43 +£0.09AP 1.69 +0.09A2b 1.68 +0.12Aab 1.88+0.12Aa 1.92+0.10Aa
FBU 1.23 +0.09A¢ 1.14+0.07A¢ 1.49 +0.11Ab 1.44 +0.12Ab 1.71 +0.08Aab 1.67 +0.14Aab 1.90 +0.13Aa 1.86 +0.09Aa

SBU, Scotchbond Universal Adhesive; FBU, Futurabond U adhesive. (*) Different superscript capital letters indicate statistically significant differences between adhesives in each column. Different
superscript lowercase letters indicate statistically significant differences between the groups for each adhesive (three-way repeated measures ANOVA; Tukey’s test, p < 0.05).

vantageous for clinical application. The oxidative properties and
high-molecular-weight polyphenols of several flavonoids of
natural origin, such as proanthocyanidins, can induce several
color alterations in dentinal substrates.** Furthermore, at higher
concentrations (=5%), the polyphenols can potentially interfere
with the polymerization reaction of adhesives.2540 However,
this interference was not observed in the present study.

After 24 h, independent of the concentration, the TCL ex-
tract unexpectedly resulted in decreased NL for both adhesives
and adhesive strategies. The protocols tested in this study can-
not alter the hydrophilic nature of the adhesive, improve
water/solvent evaporation, or produce less permeable adhe-
sive interfaces. Therefore, it was not expected that the applica-
tion of the TCL extract would lead to an adhesive interface with
reduced NL. However, this result was observed in all experi-
mental groups compared with the control group.

Although not evaluated in the present study, a plausible ex-
planation for the above findings may be related to the ability of
flavonoids to modify the moisture level and permeability of
dentin.37 This effect may be attributed to the high density of
crosslinks formed by flavonoids in dentin, which reduces the
surface hydrophilicity of dentin,32 and the intrinsic hydrody-
namics of dentinal tubules.! Furthermore, flavonoids in syn-
ergy with the solvent used in this study may have improved the
displacement of proteoglycans within the collagen net-
work,19:37 which facilitated the infiltration of resin monomers
on the dentin surface.

Although TCL extract improved the pTBS to dentin in this
study, some signs of NL were present in all groups. It cannot be
expected that the application of flavonoids would produce a
NL-free adhesive-dentin interface. This is because the flavo-
noid agents do not alter the inherently hydrophilic nature of
the adhesives, improve water/solvent evaporation, or reduce
the permeability of adhesive interfaces.3!

Although it has been demonstrated that flavonoids could
prevent the degradation of organic components of the hybrid
layer,19 as observed in the present study, lower NL results were
observed after 2 years of water storage when different concen-
trations of TCL extract were used in comparison with control
groups. However, it is important to note that they cannot pre-
vent polymer degradation over time. With time, water sorption
and polymer swelling facilitate leaching of hydrophilic mono-
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mers within the adhesive blends,83° thus contributing to an
increase in the number of voids within the polymer network854
and exposing additional collagen that is vulnerable to attack by
proteolytic enzymes.47

Regarding the DC, the results of the present study showed
that, regardless of the concentration, a significant increase in
DC was observed with TCL extract compared to the control
group. Additionally, considering the changes in dentin mois-
ture due to the high-density crosslinking of flavonoids within
collagen and the therapeutic effect on dentin of crosslinking
molecules, some authors have suggested a positive copoly-
merization of flavonoids with the bonding agent, resulting in
ester-type chemical bonds that improve the mechanical prop-
erties of the adhesive layer.13:41,70 Therefore, these factors may
have increased the monomer conversion of the adhesive, inde-
pendent of the concentration of the TCL extract, explaining the
higher DC values observed in the present study.

Two universal adhesives were evaluated in the present
study. For all comparisons, SBU outperformed FBU, regardless
of the adhesive strategy. This difference in performance may be
explained by the absence of the functional monomer 10-MDP
in FBU,%5 while SBU contains 10-MDP and a methacrylate-mod-
ified polyalkenoic acid copolymer monomer,59,69 enhancing its
chemical interaction with the tooth structure.2 Therefore, this
could be considered another factor that positively influences
the performance of this adhesive.

Some limitations need to be addressed. Regarding the anti-
microbial properties, although we chose the main microorgan-
ism (S. mutans) associated with caries to evaluate how the
plant extract behaves in terms of reduction and/or control the
biofilm formation,15 the use of only one microorganism is lim-
ited and future studies should be conducted to evaluate the
antimicrobial potential of TCL extract in preventing secondary
caries. Despite the positive effects observed after two years of
water storage using TCL extract, as only two universal adhe-
sives were tested in the present study, the observed effect may
be adhesive specific. Therefore, future studies need to be con-
ducted to evaluate the effect of TCL extract when used with
other universal adhesives. Finally, due to the limitations of any
in-vitro study, future clinical trials are needed to better under-
stand the benefits of the use of the TCL extract associated with
the adhesive protocol in the inhibition of secondary caries.
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CONCLUSION

The use of Terminalia catappa L. extract showed microbiologi-
cal efficacy and antibiofilm activity against Streptococcus
mutans, as well as higher cross-linking rates with dentin, while
maintaining the long-term stability of the adhesive-dentin
interface.

REFERENCES

1. Aguiar TR, Vidal CM, Phansalkar RS, Todorova I, Napolitano JG, McAlpine JB,
Chen SN, Pauli GF, Bedran-Russo AK. Dentin biomodification potential de-
pends on polyphenol source. J Dent Res 2014;93:417-422.

2. Ahmed MH, Yoshihara K, Mercelis B, Van Landuyt K, Peumans M, Van Meer-
beek B. Quick bonding using a universal adhesive. Clin Oral Investig 2020;24:
2837-2851.

3. Anand AV, Divya N, Kotti PP. An updated review of Terminalia catappa. Phar-
macogn Rev 2015;9:93-98.

4. Araujo MS, Souza LC, Apolonio FM, Barros LO, Reis A, Loguercio AD, Saboia VP.
Two-year clinical evaluation of chlorhexidine incorporation in two-step self-
etch adhesive. J Dent 2015;43:140-148.

5. Armstrong S, Breschi L, Ozcan M, Pfefferkorn F, Ferrari M, Van Meerbeek B.
Academy of Dental Materials guidance on in vitro testing of dental composite
bonding effectiveness to dentin/enamel using micro-tensile bond strength
(muTBS) approach. Dent Mater 2017;33:133-143.

6. Askar H, Krois J, Gostemeyer G, Schwendicke F. Secondary caries risk of dif-
ferent adhesive strategies and restorative materials in permanent teeth: sys-
tematic review and network meta-analysis. J Dent 2021;104:103541.

7. Bedran-Russo AK, Pauli GF, Chen SN, McAlpine J, Castellan CS, Phansalkar RS,
Aguiar TR, Vidal CM, Napotilano JG, Nam JW, Leme AA. Dentin biomodifica-
tion: strategies, renewable resources and clinical applications. Dent Mater
2014;30:62-76.

8. Breschi L, Mazzoni A, Ruggeri A, Cadenaro M, Di Lenarda R, De Stefano Dorigo
E. Dental adhesion review: aging and stability of the bonded interface. Dent
Mater 2008;24:90-101.

9. Cabalén MB, Molina GF, Bono A, Burrow MF. Nonrestorative caries treatment:
A systematic review update. Inter Dent J 2022;72:746-764.

10. Cao N, Fu Y, He J. Mechanical properties of gelatin films cross-linked, respect-
ively, by ferulic acid and tannin acid. Food Hydrocolloids 2007;21:575-584.

11. Chen PS, Li JH, Liu TY, Lin TC. Folk medicine Terminalia catappa and its major
tannin component, punicalagin, are effective against bleomycin-induced
genotoxicity in Chinese hamster ovary cells. Cancer Lett 2000;152:115-122.

12. Chibinski AC, Wambier LM, Feltrin J, Loguercio AD, Wambier DS, Reis A. Silver
diamine fluoride has efficacy in controlling caries progression in primary
teeth: A systematic review and meta-analysis. Caries Res 2017;51:527-541.

13. Cho JH, Shanmuganathan K, Ellison CJ. Bioinspired catecholic copolymers
for antifouling surface coatings. ACS Appl Mater Interfaces 2013;5:3794-3802.

14. Cock IE. The medicinal properties and phytochemistry of plants of the genus
Terminalia (Combretaceae). Inflammopharmacology 2015;23:203-229.

15. Costa Oliveira BE, Cury JA, Ricomini Filho AP. Biofilm extracellular polysaccha-
rides degradation during starvation and enamel demineralization. PLoS One
2017;12:e0181168.

16. Costa P, Gomes A, Braz M, Pereira C, Almeida A. Application of the resazurin
cell viability assay to monitor escherichia coli and salmonella typhimurium
inactivation mediated by phages. Antibiotics (Basel) 2021;10.

17. Daood U, Igbal K, Nitisusanta LI, Fawzy AS. Effect of chitosan/riboflavin modi-
fication on resin/dentin interface: spectroscopic and microscopic investiga-
tions. J Biomed Mater Res Part A 2013;101:1846-1856.

18. Davila-Sanchez A, Gutierrez MF, Bermudez JP, Mendez-Bauer L, Pulido C, Ki-
ratzc F, Alegria-Acevedo LF, Farago PV, Loguercio AD, Sauro S, Arrais CAG. Ef-
fects of dentine pretreatment solutions containing favonoids on the resin
polymer-dentine interface created using a modern universal adhesive. Poly-
mers (Basel) 2021;13.

19. Davila-Sénchez A, Gutierrez MF, Bermudez JP, Méndez-Bauer ML, Hilgemberg
B, Sauro S, Loguercio AD, Arrais CAG. Influence of flavonoids on long-term
bonding stability on caries-affected dentin. Dent Mater 2020;36:1151-1160.

20. de Souza LC, Rodrigues NS, Cunha DA, Feitosa VP, Santiago SL, Reis A, Loguer-
cio AD, Matos TP, Saboia VPA, Perdigao J. Two-year clinical evaluation of pro-
anthocyanidins added to a two-step etch-and-rinse adhesive. J Dent
2019;81:7-16.

114

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Epasinghe DJ, Yiu CKY, Burrow MF. Mechanical properties, water sorption
characteristics, and compound release of grape seed extract-incorporated
resins. J Appl Oral Sci 2017;25:412-419.

Ferreira CJ, Leitune VCB, Balbinot GS, Degrazia FW, Arakelyan M, Sauro S,
Mezzomo Collares F. Antibacterial and remineralizing fillers in experimental
orthodontic adhesives. Materials (Basel) 2019;12.

Gomes LC, Moreira JM, Miranda JM, Simoes M, Melo LF, Mergulhao FJ. Mac-
roscale versus microscale methods for physiological analysis of biofilms
formed in 96-well microtiter plates. J Microbiol Methods 2013;95:342-349.

Goncalves LM, Madeira PLB, Diniz RS, Nonato RF, de Siqueira FSF, de Sousa
EM, Farias DCS, Rocha FMG, Rocha CHL, Lago ADN, Monteiro CA. Effect of Ter-
minalia catappa Linn. on biofilms of candida albicans and candida glabrata
and on changes in color and roughness of acrylic resin. Evid Based Comple-
ment Alternat Med 2019;2019:7481341.

Green B, Yao X, Ganguly A, Xu C, Dusevich V, Walker MP, Wang Y. Grape seed
proanthocyanidins increase collagen biodegradation resistance in the dentin/
adhesive interface when included in an adhesive. J Dent 2010;38:908-915.

Hagerman AE, Butler LG. The specificity of proanthocyanidin-protein interac-
tions. J Biol Chem 1981;256:4494-4497.

Han B, Jaurequi J, Tang BW, Nimni ME. Proanthocyanidin: a natural crosslink-
ing reagent for stabilizing collagen matrices. J Biomed Mater Res A 2003;65:
118-124.

Hass V, Dobrovolski M, Zander-Grande C, Martins GC, Gordillo LA, Rodrigues
Accorinte Mde L, Gomes OM, Loguercio AD, Reis A. Correlation between de-
gree of conversion, resin-dentin bond strength and nanoleakage of simplified
etch-and-rinse adhesives. Dent Mater 2013;29:921-928.

Hass V, Li Y, Nisar S, Peng Z, Wang Y. Salivary esterases dramatically reduce
biostability of dentin collagen treated with galloylated polyphenols. Dent
Mater 2022;38:2041-2051.

Hass V, Liu H, Cook W, Walker MP, Wang Y. Distinct effects of polyphenols and
solvents on dentin collagen crosslinking interactions and biostability. Dent
Mater 2021;37:1794-1805.

Hass V, Luque-Martinez IV, Gutierrez MF, Moreira CG, Gotti VB, Feitosa VP,
Koller G, Otuki MF, Loguercio AD, Reis A. Collagen cross-linkers on dentin
bonding: Stability of the adhesive interfaces, degree of conversion of the ad-
hesive, cytotoxicity and in situ MMP inhibition. Dent Mater 2016;32:732-741.
He L, Mu C, Shi J, Zhang Q, Shi B, Lin W. Modification of collagen with a natu-
ral cross-linker, procyanidin. Int J Biol Macromol 2011;48:354-359.

Jokstad A, Bayne S, Blunck U, Tyas M, Wilson N. Quality of dental restorations.
FDI Commission Project 2-95. Int Dent J 2001;51:117-158.

Josic U, Maravic T, Mazzitelli C, Del Bianco F, Mazzoni A, Breschi L. The effect
of chlorhexidine primer application on the clinical performance of composite
restorations: a literature review. J Esthet Restor Dent 2021;33:69-77.

Kinoshita S, Inoue Y, Nakama S, Ichiba T, Aniya Y. Antioxidant and hepatopro-
tective actions of medicinal herb, Terminalia catappa L. from Okinawa Island
and its tannin corilagin. Phytomedicine 2007;14:755-762.

Le Bourvellec C, Renard CM. Interactions between polyphenols and macro-
molecules: quantification methods and mechanisms. Crit Rev Food Sci Nutr
2012;52:213-248.

Leme-Kraus AA, Aydin B, Vidal CM, Phansalkar RM, Nam JW, McAlpine J, Pauli
GF, Chen S, Bedran-Russo AK. Biostability of the proanthocyanidins-dentin
complex and adhesion studies. J Dent Res 2017;96:406-412.

Lin CC, Hsu YF, Lin TC. Antioxidant and free radical scavenging effects of the
tannins of Terminalia catappa L. Anticancer Res 2001;21:237-243.

LiuY, Tjaderhane L, Breschi L, Mazzoni A, Li N, Mao J, Pashley DH, Tay FR. Lim-
itations in bonding to dentin and experimental strategies to prevent bond
degradation. J Dent Res 2011;90:953-968.

Liu Y, Wang Y. Effect of proanthocyanidins and photo-initiators on photo-po-
lymerization of a dental adhesive. J Dent 2013;41:71-79.

Maier GP, Rapp MV, Waite JH, Israelachvili JN, Butler A. Biological adhesives.
Adaptive synergy between catechol and lysine promotes wet adhesion by
surface salt displacement. Science 2015;349:628-632.

Maravic T, Mancuso E, Comba A, Checchi V, Generali L, Mazzitelli C, Josic U,
Hass V, Reis A, Loguercio AD, Tay FR, Breschi L, Mazzoni A. Dentin cross-link-
ing effect of carbodiimide after 5 years. J Dent Res 2021;100:1090-1098.

Moraschini V, Fai CK, Alto RM, Dos Santos GO. Amalgam and resin composite
longevity of posterior restorations: A systematic review and meta-analysis. J
Dent 2015;43:1043-1050.

Moreira MA, Souza NO, Sousa RS, Freitas DQ, Lemos MV, De Paula DM, Maia
FJN, Lomonaco D, Mazzetto SE, Feitosa VP. Efficacy of new natural biomodifi-
cation agents from Anacardiaceae extracts on dentin collagen cross-linking.
Dent Mater 2017;33:1103-1109.

Nedeljkovic I, De Munck J, Vanloy A, Declerck D, Lambrechts P, Peumans M,
Teughels W, Van Meerbeek B, Van Landuyt KL. Secondary caries: prevalence,
characteristics, and approach. Clin Oral Investig 2020;24:683-691.

The Journal of Adhesive Dentistry



Lobao et al

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Okuda T. Systematics and health effects of chemically distinct tannins in me-
dicinal plants. Phytochemistry 2005;66:2012-2031.

Pashley DH, Tay FR, Yiu C, Hashimoto M, Breschi L, Carvalho RM, Ito S. Colla-
gen degradation by host-derived enzymes during aging. J Dent Res 2004;83:
216-221.

Perdigao J, Geraldeli S, Carmo AR, Dutra HR. In vivo influence of residual
moisture on microtensile bond strengths of one-bottle adhesives. J Esthet
Restor Dent 2002;14:31-38.

Perdigao J, Reis A, Loguercio AD. Dentin adhesion and MMPs: a comprehen-
sive review. J Esthet Restor Dent 2013;25:219-241.

Perdigao J, Sezinando A, Monteiro PC. Laboratory bonding ability of a multi-
purpose dentin adhesive. Am J Dent 2012;25:153-158.

Pereira ML, Santos DCP, Soares Junior CAM, Bazan T, Bezerra Filho CM, Silva
MVD, Correia M, Cardenas AFM, Siqueira FSF, Carvalho EM, Fronza BM, Andre
CB, Nascimento da Silva LC, Galvao LCC. Development and physicochemical
characterization of eugenia brejoensis essential oil-doped dental adhesives
with antimicrobial action towards streptococcus mutans. J Funct Biomater
2022;13:149.

Pfaller M, ChaturvediV, Espinel-Ingroff A, Ghannoum M, Gosey LL, Odds FC. Ref-
erence method for broth dilution antifungal susceptibility testing of yeasts: ap-
proved standard-second edition. CLSI document M27-A2 (ISBN 1-56238-469-4).
Clin Lab Stand Inst 2008;22:1-51.

Rasines Alcaraz MG, Veitz-Keenan A, Sahrmann P, Schmidlin PR, Davis D, lheo-
zor-Ejiofor Z. Direct composite resin fillings versus amalgam fillings for per-
manent or adult posterior teeth. Cochrane Database Syst Rev 2014:CD005620.
Reis A, Grande RH, Oliveira GM, Lopes GC, Loguercio AD. A 2-year evaluation of
moisture on microtensile bond strength and nanoleakage. Dent Mater 2007;
23:862-870.

Rios JL, Recio MC. Medicinal plants and antimicrobial activity. J Ethnophar-
macol 2005;100:80-84.

Sano H, Chowdhury A, Saikaew P, Matsumoto M, Hoshika S, Yamauti M. The
microtensile bond strength test: Its historical background and application to
bond testing. Jpn Dent Sci Rev 2020;56:24-31.

Shinde SL, Junne SB, Wadje SS, Baig MM. The diversity of antibacterial com-
pounds of Terminalia species (Combretaceae). Pak J Biol Sci 2009;12:1483-1486.
Suntar I, Oyardi O, Akkol EK, Ozcelik B. Antimicrobial effect of the extracts
from Hypericum perforatum against oral bacteria and biofilm formation.
Pharm Biol 2016;54:1065-1070.

Tang HR, Covington AD, Hancock RA. Structure-activity relationships in the
hydrophobic interactions of polyphenols with cellulose and collagen. Bio-
polymers 2003;70:403-413.

Tay FR, Pashley DH, Suh BI, Carvalho RM, Itthagarun A. Single-step adhesives
are permeable membranes. J Dent 2002;30:371-382.

doi: 10.3290/j.jad.b5199073

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Tercas AG, Monteiro AS, Moffa EB, Dos Santos JRA, de Sousa EM, Pinto ARB,
Costa P, Borges ACR, Torres LMB, Barros Filho AKD, Fernandes ES, Monteiro
CA. Phytochemical characterization of Terminalia catappa linn. Extracts and
their antifungal activities against candida spp. Front Microbiol 2017;8:595.
Tjaderhane L, Buzalaf MA, Carrilho M, Chaussain C. Matrix metalloproteinases
and other matrix proteinases in relation to cariology: the era of ‘dentin degra-
domics’. Caries Res 2015;49:193-208.

Urquhart O, Tampi MP, Pilcher L, Slayton RL, Araujo MWB, Fontana M,
Guzman-Armstrong S, Nascimento MM, Novy BB, Tinanoff N, Weyant RJ, Wolff
MS, Young DA, Zero DT, Brignardello-Petersen R, Banfield L, Parikh A, Joshi G,
Carrasco-Labra A. Nonrestorative treatments for caries: Systematic review
and network meta-analysis. J Dent Res 2019;98:14-26.

Vieira DR, Amaral FM, Maciel MC, Nascimento FR, Liberio SA, Rodrigues VP.
Plant species used in dental diseases: ethnopharmacology aspects and anti-
microbial activity evaluation. J Ethnopharmacol 2014;155:1441-1449,
Wagner A, Wendler M, Petschelt A, Belli R, Lohbauer U. Bonding performance
of universal adhesives in different etching modes. J Dent 2014;42:800-807.
Wu L, Shao H, Fang Z, Zhao Y, Cao CY, Li Q. Mechanism and effects of polyphe-
nol derivatives for modifying collagen. ACS Biomater Sci Eng 2019;5:4272-4284.
Xiao J, Capanoglu E, Jassbi AR, Miron A. Advance on the Flavonoid C-glyco-
sides and Health Benefits. Crit Rev Food Sci Nutr 2016;56 Suppl 1:529-45.

Yeh CB, Hsieh MJ, Hsieh YS, Chien MH, Lin PY, Chiou HL, Yang SF. Terminalia cat-
appa exerts antimetastatic effects on hepatocellular carcinoma through tran-
scriptional inhibition of matrix metalloproteinase-9 by modulating NF-kappaB
and AP-1 activity. Evid Based Complement Alternat Med 2012;2012:595292.
Yoshihara K, Yoshida Y, Nagaoka N, Fukegawa D, Hayakawa S, Mine A, Naka-
mura M, Minagi S, Osaka A, Suzuki K, Van Meerbeek B. Nano-controlled mo-
lecular interaction at adhesive interfaces for hard tissue reconstruction. Acta
Biomater 2010;6:3573-3582.

Zhang H, Bre LP, Zhao T, Zheng Y, Newland B, Wang W. Mussel-inspired hyper-
branched poly(amino ester) polymer as strong wet tissue adhesive. Biomater-
ials 2014;35:711-719.

Zhou W, Liu S, Zhou X, Hannig M, Rupf S, Feng J, Peng X, Cheng L. Modifying
adhesive materials to improve the longevity of resinous restorations. Int J Mol
Sci 2019;20.

Clinical relevance: The use of adhesives containing TCL
prevents bonding degradation to dentin and may
represent a promising strategy to prevent secondary caries
in dentin.

115






