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Objectives. Several polyphenols from renewable sources were surveyed for dentin biomodi-

fication. However, phenols from cashew nut shell liquid (CNSL, Anacardium occidentale) and

from Aroeira (Myracrodruon urundeuva) extract have never been evaluated. The present inves-

tigation aimed to compare the dentin collagen crosslinking (biomodification) effectiveness

of  polyphenols from Aroeira stem bark extract, proanthocyanidins (PACs) from grape-seed

extract (Vitis vinifera), cardol and cardanol from CNSL after clinically relevant treatment for

one  minute.

Methods. Three-point bending test was used to obtain the elastic modulus of fully dem-

ineralized dentin beams before and after biomodification, whilst color change and mass

variation were evaluated after four weeks water biodegradation. Color aspect was assessed

by  optical images after biodegradation whereas collagen cross-linking was investigated by

micro-Raman spectroscopy. Statistical analysis was performed with repeated-measures two

way  ANOVA and Tukey’s test (p < 0.05).

Results. The increase in elastic modulus after biomodification was in the order car-

dol  > cardanol > aroeira = PACs with cardol solution achieving mean 338.2% increase. The

mass increase after biomodification followed the same order aforementioned. Nevertheless,

after four weeks aging, more hydrophobic agent (cardanol) induced the highest resistance

against water biodegradation. Aroeira and cardol attained intermediate outcomes whereas

PACs provided the lower resistance. Tannin-based agents (Aroeira and PACs) stained the

specimens in dark brown color. No color alteration was observed with cardol and car-

danol treatments. All four agents achieved crosslinking in micro-Raman after one minute
application.
Significance. In conclusion

cation outcomes when ap
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, major components of CNSL yield overall best dentin biomodifi-

plied for one minute without staining the dentin collagen.
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1.  Introduction

Major drawbacks in dentin bond are related to enzymatic and
hydrolytic degradation of hybrid layer and resin-sparse colla-
gen matrix [1]. It is hypothesized that the quality and longevity
of the dentin adhesion may be improved by increasing the
dentin collagen mechanical properties [2]. In this regard,
dentin biomodification improves the stiffness of the adhesive
interface and protects the collagen fibrils from biodegradation
by promoting collagen crosslinking [3].

A variety of crosslinking (biomodification) agents have
proved to effectively increase mechanical properties of dentin
organic matrix [4]. Nevertheless, condensed tannins, also
known as proanthocyanidins (PACs), from grape seed extract
(Vitis vinifera) are a group of plant-derived polyphenols with
highlight and high crosslink potential to collagen thereby
providing biostability [3,5–7]. The positive influence of these
substances on bond strength [8] and dentin properties such
as ultimate tensile strength [4], resistance to demineraliza-
tion/biodegradation [9,10] and elastic modulus [11,12] was
described in several investigations. Due to the dark color of
PACs solution, the main shortcoming for its clinical use still is
the risk to stain tooth substrates [13].

Further plant extracts from Anacardiaceae such as
Anacardium occidentale (cashew) and Myracrodruon urundeuva

(Aroeira) [14] have potential significant capabilities for
application in dentin biomodification. Cardol and cardanol
are long carbon-chain phenols (Fig. 1) obtained from the

Fig. 1 – Chemical structures of biomodification agents surveyed. 

structure of proanthocyanidins from grape seed extract. (c) Chem
Chemical structure of cardol with its respective NMR  graph. *Des
outcomes of gas chromatography/mass spectroscopy analyses: c
1,08; 1,36; 1,45; 1,50; 1,71; 2,19 (t, 2H); 2,65; 2,94; 2,95; 5,13 (m)  5,
(t, 1H) ppm. GC/MS (EI): m/z  = 302. Cardol — Dark brown oil, 1H N
(t); 2,75 (m); 4,94 (m); 5,32 (m); 5,77 (m); 6,02 (s, 1H); 6,06 (s, 2H) p
 ( 2 0 1 7 ) 1103–1109

industrial extraction of cashew nut shell liquid (CNSL) [15]
during production of nuts. They have antioxidant capacity
[16,17], enzyme inhibitory potential [18,19] and two hydrox-
yls in p-position (in the case of cardol) similar to those of PACs
(Fig. 1). Extracts of Aroeira showed anti-inflammatory prop-
erties [20,21] and antimicrobial activity [22]. Moreover, major
polyphenols of Aroeira are characterized by hydrolysable
tannins [23] with high chemical interaction with proteins
producing tannin-protein complexes relatively insoluble and
resistant to degradation [24].

Although several plant-derived polyphenols were tested
for dentin collagen crosslinking [25,26], cardol/cardanol from
cashew nut shell liquid and Aroeira extract have never been
evaluated. Therefore, the aim of the present study was to
determine the effects of cardol, cardanol and Aroeira extract
as crosslinkers on mechanical properties and degradation of
demineralized dentin in comparison to PACs within clinically
relevant application time. The hypothesis tested was that car-
dol, cardanol, PACs and Aroeira provide similar increase on
elastic modulus and mass variation of demineralized dentin
beams.

2.  Materials  and  methods

2.1.  Preparation  of  biomodification  solutions
Cardol and cardanol were obtained from industrial cashew nut
shell liquid (CNSL) supplied by Amendoas do Brasil LTDA (For-
taleza, Brazil) separated employing a methodology described

(a) Main polyphenol from aroeira extract. (b) Major
ical structure and NMR  graph of purified cardanol. (d)
cription of nuclear magnetic resonance graphs and
ardanol — Light brown oil, 1H NMR  (CDCl3, ı): 1,03 (t); 1,06;
21 (m); 5,53 (m); 6,63 (m,  1H); 6,65 (m,  1H); 6,73 (d, 2H); 7,13
MR  (acetone-d6, ı): 0,80 (t); 1,26 (m); 1,51 (m); 2,05 (m); 2,39
pm. GC/MS (EI): m/z  = 314.

dx.doi.org/10.1016/j.dental.2017.07.003
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y Lomonaco et al. [27]. The products were also characterized
y gas chromatography/mass spectrometry and 1H nuclear
agnetic resonance (NMR) to ensure their purity [27]. The

NSL components were diluted in EtOH/H2O (1:1 volume ratio)
t 2 wt%  concentration. Aroeira extract was obtained from
ommercial mastic stem bark (M&A Natural Products, For-
aleza, Brazil) of M. urundeuva species through infusion in
tOH/H2O (1:1 volume ratio) with 15% bark (15 g bark in 100 mL
ydroethanolic solution). After 5 min  agitation in 25 ◦C, the
ixture was filtered twice to obtain the solution of Aroeira

olyphenols with approximately 2% concentration, as the
otal amount of polyphenols in Aroeira stem bark is approx-
mately 13% [23]. Proanthocyanidins (PACs) solution was
repared after dissolving 6.5% grape seed extract (V. vinifera,
eganatural Gold, Madera, CA, USA) in EtOH/H2O (1:1 volume

atio) with 5 min  agitation at 25 ◦C and final double filtering.
he solutions were buffered to pH 7.2. Ethanol/water solution
as employed to standardize the dissolution of agents, once

ardanol has very low solubility in only distilled water. Chem-
cal structures of major polyphenol from Aroeira, monomeric
nit of proanthocyanidins from grape-seed extract, and struc-
ures of cardol and cardanol are depicted in Fig. 1.

.2.  Structural  characterization  of  cardanol  and  cardol

MR  spectra were recorded on Avance DRX-500 (500 MHz
or 1H, Bruker, Bremen, Germany) using CDCl3 as solvent
or cardanol, and acetone-d6 for cardol. The gas chro-

atography/mass spectrometry analyses were performed on
C/MS QP-2010 Ultra (Shimadzu, Tokyo, Japan), equipped
ith a (5%-phenyl)-methylpolysiloxane (DB-5) capillary col-
mn  (30 m × 0.25 mm),  using helium (He) as carrier gas and

 flow rate of 1 mL/min in a splitless mode.

.3.  Sample  preparation

wenty five extracted caries-free human third molars were
sed in this study after approval by the Research Ethics
ommittee of Federal University of Ceará (protocol 1482602).
eeth were cut with slow-speed water-cooled diamond saw

Isomet 4000; Buehler, Lake Bluff, USA). One 0.5 mm-thick
isk from middle coronal dentin was obtained from each
ooth [12]. Disks were then sectioned into dentin beams
1.7 mm × 0.5 mm × 6 mm).  A total of 75 beams were obtained
nd were completely demineralized in 10% H3PO4 solution for

 h at 20 ◦C [12]. Demineralization was confirmed with digital
adiography.

.4.  Dentin  biomodification

emineralized dentin beams (n = 15/group) were randomly
ivided in five groups and treated with distilled water (control)
r one of the four biomodification solutions tested (PACs from
rape seed extract, cardol, cardanol and Aroeira bark extract).
efore the treatment, the initial dry weight and initial flexural
odulus (three-point bending test) were assessed as previ-
usly described [12]. For biomodification, the demineralized
eams were individually immersed in 1 mL  of each solution
or 1 min, to simulate a clinically relevant time. Afterwards,
eams were vigorously rinsed with distilled water for 30 s to
 0 1 7 ) 1103–1109 1105

remove unbound crosslinkers. The flexural modulus was re-
assessed immediately after immersion, and treated beams
were individually stored in 1 mL  artificial saliva containing
5 mM HEPES, 2.5 mM CaCl2, 0.05 mM ZnCl2 and 120 mM NaCl
(pH 7.4) at 37 ◦C for four weeks to undertake collagen degrada-
tion [28].

2.5.  Elastic  modulus

Specimens were tested on three-point bending set-up in a
universal testing machine (Instron 4484; Instron Inc., Canton,
USA), with a 5 N load cell at 0.5 mm/min  crosshead speed.
Load–displacement curves were converted to stress–strain
curves. Width and thickness of the specimens were measured
and the apparent elastic modulus was calculated at 3% strain
as previously described [12]. Data were expressed in MPa,  and
the percentage variation in elastic modulus was calculated as
the ratio of the final value (after biomodification) to the initial
values (baseline).

2.6.  Mass  change

Demineralized dentin beams were weighed before (M1) and
after (M2) dentin biomodification with an analytical balance
(0.01 mg precision, AUX-220, Shimadzu, Tokyo, Japan). Further
mass assessment was surveyed after 4 weeks degradation in
artificial saliva (M3). In each period, specimens were initially
dried in a vacuum desiccator containing silica gel beads for
72 h at room temperature. Mass variation (Wmc %) was deter-
mined as the percentage of gain or loss in mass for each
specimen as previously described [12] based on the following
formula for biomodification:

Wmc (%) = [(M2 × 100)/M1] − 100,

where M1 is the demineralized dentin beam mass before
dentin biomodification and M2 is the mass of biomodified
dentin matrix. Moreover, to assess the biodegradation per-
centage mass variation, the following formula was used:

Wde (%) = [(M3 − M1) × 100]/M1,

where M1 is the demineralized dentin beam mass before
dentin biomodification and M3 is the mass of dentin matrix
after four weeks artificial saliva immersion. After the final
weighing, pictures of each specimen were obtained using a
professional camera (Canon, Tokyo, Japan) with Macro lens
(100 mm,  Canon) in order to observe the final color and aspect
of biomodified demineralized dentin beams.

2.7.  Micro-Raman  spectroscopy

Vibrational analysis of the demineralized dentin specimens
before and after biomodification treatment as aforementioned
was assessed using the Micro-Raman spectrophotometer
(Xplora, Horiba JobinYvon, Paris, France) calibrated internally
in zero using the silicon standard sample provided by the man-

ufacturer. The configuration of the equipment were HeNe laser
with 3.2 mW power, 633 nm laser wavelength, 10 s acquisi-
tion time, 5 accumulations, 1.5 �m spatial resolution, 2.5 cm−1

spectral resolution, 10× magnification lens (Olympus, London,

dx.doi.org/10.1016/j.dental.2017.07.003


1106  d e n t a l m a t e r i a l s 3 3 ( 2 0 1 7 ) 1103–1109

Table 1 – Mean (SD) of elastic modulus (MPa)  of demineralized dentin specimens.

Initial modulus (MPa) Modulus after treatment (MPa) Elastic modulus variation (%)

Control (H2O) 2.76 (0.8) a 2.62 (0.6) a -5.0 (2.3) D
Grape seed extract 2.45 (0.7) a 3.83 (0.9) b 56.3 (5.0) C
Cardol 2,23 (0.5) a 9.78 (2.1) d 338.2 (45.1) A
Cardanol 2.91 (1.1) a 6.11 (1.4) c 109.9 (16.0) B
Aroeira bark extract 2.92 (0.9) a 4.66 (1.2) b 59.5 (7.9) C

riation (p < 0.05) whilst different tiny letters indicate statistical difference

Table 2 – Mean (SD) of mass variation (%)  of dentin
specimens.

Mass variation (%) After biomodification 4 weeks
degradation

Control (distilled water) +0.8 (0.3) d −39.5 (6.9) C
Grape seed extract +9.1 (3.0) c −38.6 (4.3) C
Cardol +22.9 (5.8) a −21.5 (2.9) B
Cardanol +15.1 (2.2) b −5.0 (2.3) A
Aroeira bark extract +8.6 (1.8) c −19.8 (7.6) B
Different capital letters depict significant difference in percentage va
on elastic modulus (p < 0.05).

UK) and 60 × 70 �m field area. For observation of dentin col-
lagen cross-linking, the range was 700–1800 cm−1 to survey
peaks/shoulders at 1117 cm−1 and 1235 cm−1 according to a
previous investigation [29]. Raman analyses were performed
in triplicate per group.

2.8.  Statistical  analysis

Analysis of elastic modulus data was carried out via one-way
repeated-measures ANOVA (biomodification agent), followed
by Tukey’s post hoc test (p < 0.05), after passing normality
(p = 0.657) and equal variance (p = 0.335) tests. The data of per-
centage modulus variation results, percentage mass change
after biomodification, and percentage mass variation after
4 weeks degradation were separately analyzed by one-way
ANOVA and Tukey’s test (  ̨ = 5%).

3.  Results

NMR  analysis demonstrated 99.8% purity and detection of
solely cardanol (Fig. 1c) and cardol (Fig. 1d) structures sep-
arately. Means of elastic modulus and standard deviations
are presented in Table 1. The statistical analysis depicted
significant differences between biomodification groups when
compared to control group (p < 0.05). Modulus was signifi-
cantly increased by biomodification regardless the agent used.
The higher results were observed when using cardol (mean
338.2% increase) followed by cardanol (mean 109.9% increase).
The treatments with Aroeira (mean 59.5% increase) and proan-
thocyanidins from grape-seed extract (mean 56.3% increase)
were statistically similar and achieved higher modulus than
control (distilled water), but lower than CNSL reagents.

Mass change outcomes are shown in Table 2. Cardol pro-
vided the highest increase of weight after biomodification,
followed by cardanol. Aroeira (mean 8.6%) and PAC (mean

9.1%) induced similar mass increase (p = 0.739). After four
weeks water degradation, control demonstrated mean 39.5%
mass decrease which was statistically similar (p = 0.892) to
PAC (mean 38.6% decrease). Cardol and Aroeira presented

Fig. 2 – Color aspect of demineralized dentin specimens after fou
interpretation of the references to color in the text, the reader is 
Different letters indicate statistically significant difference (p < 0.05)
within each column.

lower mass reduction (mean 21.5% and 19.8% respectively) in
comparison to control and PAC (p < 0.05). Cardanol afforded
the highest resistance against biodegradation with mean 5%
mass decrease.

Representative pictures of specimens after biodegradation
are presented in Fig. 2. Dark color was observed in specimens
treated with PAC and Aroeira whilst those treated with car-
dol and cardanol did not demonstrate signs of pigmentation.
Control specimens depicted aspect of highly degraded dem-
ineralized dentin. Raman spectra (Fig. 3) showed, for all four
biomodification agents, emergence of a shoulder at approxi-
mately 1117 cm−1 and increase of a peak at 1235 cm−1 which
represents collagen crosslinking.

4.  Discussion

The present study determined the effectiveness of three new
plant-derived compounds as biomodifiers in fully demineral-
ized dentin. It was observed differences in specimens’ elastic
moduli among experimental solutions, and biodegradation
rates were strikingly distinct. Therefore, the tested hypothesis
needs to be rejected.

Crosslinking of dentin may afford stabilization, biodegra-

dation resistance and strengthening to collagen matrix [26].
More stable and resistant collagen network is highly signifi-
cant for its function as a scaffold substrate for dental adhesive
infiltration [30]. The use of biomodification agents is pro-

r weeks biodegradation in artificial saliva. (For
referred to the web version of this article.)

dx.doi.org/10.1016/j.dental.2017.07.003
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Fig. 3 – Vibrational spectra of micro-Raman analysis from same specimens before and after 1 min  biomodification
treatment. All reagents induced emergence of shoulder at ∼1117 cm−1 (black arrow) and increase of Amide III peak at
1235 cm−1 (dotted line) which demonstrates collagen crosslinking according to Liu et al. [29]. (A) Spectra of treated (black)
and untreated (grey) specimens subjected to treatment with proanthocyanidins of grape seed extract. (B) Spectra of treated
(black) and untreated (grey) specimens submitted to treatment with Aroeira extract. (C) Spectra of treated (black) and
untreated (grey) specimens which undergone treatment with 2 wt%  cardol solution. (D) Spectra of treated (black) and
u %  ca
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ntreated (grey) specimens subjected to treatment with 2 wt

osed to improve mechanical properties of the dentin, to
ncrease resin–dentin bond strength, to reduce biodegradation
ates of demineralized collagen and, consequently, to extend
he longevity of adhesive restorations [2,4,31]. However, one
imitation of the present investigation and research design
omprises the usage of 0.5 mm-thick demineralized dentin
pecimens, whilst the phosphoric acid demineralized thick-
ess of dentin in the clinical scenario represents only few
icrometers [10]. Indeed, the cross-linking potential of tested

iomodification agents might be improved in a thinner zone
or interaction.

Tannins are natural and biocompatible polyphenols [14]
ith outstanding potential as biomodification agents [26] due

o their high molecular weight and tendency to form complex
ggregates with proteins. In this study, two main categories
f tannins were tested: the hydrolysable tannins, which are
resent in Aroeira bark extracts (M. urundeuva)  [23] and con-
ensed tannins or proanthocyanidins (PACs), the principal
olyphenols of grape-seed extract [26]. Furthermore, we  tested

ardol and cardanol from CNSL. To our knowledge, this is the
rst study to survey cardanol and cardol for dentin interaction

and dental research).
rdanol solution.

Biomodification agents with lower molecular weight (such
as cardol and cardanol) may attain greater and faster pene-
tration in dentin collagen matrix [32], which may explain the
highest increase in mass and in elastic modulus after 1 min
application of cardol and cardanol solutions (Tables 2 and 1
respectively). Crosslinking of dentin collagen may occur
mainly via hydrogen bonding (with natural agents) and cova-
lent bonds (with synthetic agents) [26] as demonstrated by
micro-Raman spectroscopy (Fig. 3). The chemical structures
of cardol and cardanol are similar, except for the number
of phenolic hydroxyls, as cardanol has one hydroxyl (Fig. 1c)
whilst cardol possesses two (Fig. 1d). Indeed, the role of one
hydroxyl in promoting dentin biomodification may be demon-
strated when comparing cardol and cardanol; thus, the higher
capacity of cardol to induce hydrogen bonding crosslinks may
explain the foremost increase in flexural modulus of deminer-
alized dentin in comparison with cardanol (Table 1). Moreover,
cardol and cardanol have a long 15-carbon alkyl side chain
(Fig. 1), thereby providing additional hydrophobic interac-

tion [26] with dentin collagen fibrils which may contribute
to biomodification. On the other hand, tannins of Aroeira

dx.doi.org/10.1016/j.dental.2017.07.003
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and grape-seed extract are unlikely to induce formation of
hydrophobic interactions.

Apart from the increase in elastic modulus, the biodegrada-
tion resistance is related not only to the formation of collagen
crosslinks, but also with the hydrophilicity of the biomodifica-
tion agent [7]. Cardol and cardanol are relatively hydrophobic
in comparison with tannins, but the former is slightly more
hydrophilic than the latter due to the additional hydroxyl.
More  hydrophobic feature of cardanol jeopardizes the dentin
diffusion and increase of mass after treatment. However, col-
lagen fibrils connected with cardanol molecules might tend to
become more  hydrophobic, avoiding the water seepage dur-
ing 4-week storage and consequently diminishing collagen
degradation (Table 2).

Although PACs present multiple free phenol functionalities
(Fig. 1b), the oligomeric structures which have high biomod-
ification potency [33], also have higher molecular weight,
what could justify their slower diffusion in collagen matrix,
thereby explaining the reduced effectiveness in increasing
elastic modulus and degradation resistance when applied for
1 min. Most investigations depicted the efficacy of PACs from
grape-seed extract when they were applied for 1 h or longer
periods [4,11,12]. However, the efficacy of PACs in clinically
relevant application time has also been demonstrated in thin
(few micrometers) demineralized dentin layer [10].

Hydrolysable tannins were related to some interactions
with proteins [23]. However, none of the biomodification stud-
ies have tested their effects on the dentin collagen matrix [26].
Aroeira bark extract has representative hydrolysable tannins
with many  galloyl groups (Fig. 1a) which are able to interact
through hydrogen bonds with the side chains of hydroxyl,
carboxyl-amine or amide groups of the collagen molecules
[5] and capable of inducing more  covalent and non-covalent
bonds [3,26]. The formation of these hydrogen bonds may
occur lately after partial hydrolysis of the polyphenols dur-
ing water storage. Therefore, although the positive effect on
elastic modulus was similar (Table 1) between both tannins
(PACs and Aroeira), the degradation resistance after using
hydrolysable tannins (Aroeira bark extract) solution was aug-
mented in comparison with PACs (Table 2), likely due to later
formation of collagen crosslinks.

One of the benefits of using biomodification agents to
crosslink dentinal collagen is that during formation of
crosslinker-protein bonds, they may remove proteoglycans
from dentin matrix, replace water bound to fibrillar collagen
and reduce hydrophilicity [7] what may also afford higher dif-
fusion of resin monomers into the fully expanded collagen
network [32]. Hence, they are able to reduce biodegradation
rates [26,31]. Indeed, such mechanism of improving adhesive
penetration and increasing longevity of adhesive interfaces
needs to be verified for these new biomodification agents sur-
veyed in this study.

Dentin specimens treated with PACs and Aroeira presented
brownish color (Fig. 2). This color change outcome may be
attributed to their oxidative properties, dark color of solutions
and content of polymeric high-molecular weight polyphe-

nols [13,14,26]. Although pure cardol and cardanol are dark
oils, their solutions are transparent and treated specimens
did not depict noteworthy color alteration (Fig. 2). This may
be explained by their lower molecular weight and lesser
 ( 2 0 1 7 ) 1103–1109

capacity to form polymeric structures. In fact, the color sta-
bility of dentin after biomodification with cardanol and cardol
might be considered another advantage for their clinical use
and a drawback when using PACs and Aroeira solutions.

Cardol and cardanol correspond to more  than 95% of the
composition of technical cashew nut shell liquid produced in
the industries [27]. Such liquid is a product of discard (byprod-
uct) resulted from the boiling of nuts and it was estimated
that one million tons are produced yearly worldwide [34]. This
liquid cannot be released in the environment [27] due to its
very slow natural biodegradation. Therefore, dental applica-
tion of cardol and cardanol may represent a sort of “recycling”
process thereby providing useful utilization in restorative den-
tistry with sustainability.

Cardol and cardanol are non-cytotoxic [15] compounds
in low concentrations possessing antioxidant effects [16]
and, similar to PACs [13], they present inhibition of matrix
metalloproteinase-2 and matrix metalloproteinase-9 [18].
Both cardol and cardanol demonstrated remarkable potential
as dentin biomodification agents in the present investigation
as also demonstrated by micro-Raman spectroscopy (Fig. 3),
attaining the highest increase in stiffness of demineralized
dentin and resistance to degradation without specimens’
staining.

Furthermore, unlike polyphenols from Aroeira and PACs,
both reagents are single molecules (Fig. 1) prone to chemical
synthesis of dental monomers which would afford the design-
ing of collagen-binding and collagen-crosslinking monomers
with substantial perspective for dentin bond. Indeed, further
studies are needed to understand long-term benefits of these
Anacardiaceae derived crosslinkers as well as their biocom-
patibility with odontoblast-like cells. In conclusion, cardol
demonstrated the highest potential to increase the elastic
modulus of demineralized dentin whilst cardanol treatment
attained the lowest degradation. Both reagents from cashew
nut shell liquid achieved overall best outcomes without stain-
ing dentin specimens.
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