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Objectives. The interactivity of proanthocyanidins (PACs) with collagen modulates dentin

matrix biomechanics and biostability. Herein, PAC extracts selected based on structural

diversity were investigated to determine key PAC features driving sustained effects on dentin

matrices over a period of 18 months.

Methods. The chemical profiles of PAC-rich plant sources, Pinus massoniana (PM), Cinnamomum

verum (CV) and Hamamelis virginiana (HV) barks, as well as Vitis vinifera (VV) seeds, were

obtained by diol HPLC analysis after partitioning of the extracts between methyl acetate

and  water. Dentin matrices (n = 15) were prepared from human molars to determine the

apparent modulus of elasticity over 18 months of aging. Susceptibility of the dentin matrix

to  degradation by endogenous and exogenous proteases was determined by presence of

solubilized collagen in supernatant, and resistance to degradation by bacterial collagenase,

respectively. Data were analyzed using ANOVA and Games–Howell post hoc tests (  ̨ = 0.05).

Results. After 18 months, dentin matrices modified by PM and CV extracts, containing only

non-galloylated PACs, were highly stable mechanically (p < 0.05). Dentin matrices treated

with CV exhibited the lowest degradation by bacterial collagenase after 1 h and 18 months

of  aging (p < 0.05), while dentin matrices treated with PM showed the least mass loss and

collagen solubilization by endogenous enzymes over time (p < 0.05).
Significance. Resistance against long-term degradation was observed for all experimental

groups; however, the mo

non-galloylated PACs.
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.  Introduction

dhesive resin restorative therapies are widely used to
eplace decayed and lost hard tissue structures of teeth.
entin, the bulk component of teeth, retains type I collagen-

ich organic phase, an essential anchoring component of
esin-based restorative materials [1]. However, enzymatic
nd hydrolytic collagen degradation destabilize the complex
entin-resin interface, thereby increasing susceptibility to
econdary caries, which is a major reason of failure of resin-
ased restorations [2].

Introducing exogenous collagen cross-links by treatment
ith plant-based proanthocyanidins (PACs) is a biomimetic

trategy to modify the dentin extracellular matrix and improve
he stability of the resin-dentin interface [3]. The effec-
iveness of PACs depends on their ability to engage in
ydrogen bonding, hydrophobic, and covalent interactions
hat mediate collagen cross-linking at intra-molecular and
nter-microfibrillar levels [4]. Exploratory studies showed that
lant sources rich in PACs improve the physicochemical prop-
rties of the dentin matrix [4–6].

In addition to the mechanical enhancement of the dentin
atrix, there is considerable evidence for the direct effect

f PACs in the inactivation of key endogenous dentin pro-
eases [4,7] involved in caries progression and degradation
f the dentin-resin interface [8,9]. Matrix metalloproteinases

MMPs) [10,11] are compromising the stability of collagen
t the dentin-resin interface and, thus, can shorten the
ervice-life of resin composite restorations [12]. Inhibition
f dentin matrix degradation by crude PAC-rich extracts
nd isolated PACs were observed using recombinant and
ative matrix metalloproteases and cathepsins [13] as well
s aggressive enzymatic models with bacterial collagenase
14,15]. Mass loss and detection of collagen specific hydrox-
proline amino acid in storage media are valuable methods
o study biostability of type I collagen in dentin matrices
5,6,12,].

The sustainability of the PACs-dentin matrix interactions
s key for successful clinical application. Distinctive chemi-
al features in biosynthesized PACs may hold important clues
o the sustained interactivity with the dentin matrix com-
onents. Studies of isolated compounds and crude extracts
oint to key chemical structural features of PACs on their spe-
ific dentin bioactivity [3–6]. Particular structural motifs are
revalent in certain plant species (Table 1). Evaluation of the
ustained, long-term activity of PACs can guide the selection
ource of renewable resources which are specialized in the
iosynthesis of PACs that elicit long-lasting dentin activity
nd will ultimately help in the discovery of new lead struc-
ures.

Covering a period of 18 months, this study assessed dentin
atrices that were modified by PACs from four distinct natural

ources, all of which are rich in these polyphenols, but differ
ot only in their actual PAC content but also in their degree of
olymerization (DP) and other parameters of structural diver-
ity. The overarching hypothesis tested was that predominant

tructural features such as galloylation and interflavan link-
ges are key to the durability of permanent physicochemical
odification of dentin matrices.
( 2 0 1 9 ) 328–334 329

2.  Materials  &  methods

2.1.  Plant  extracts  selection  and  chemical  profiling

Extracts known to be rich sources of proanthocyanidins
(PACs) were obtained from the following plants species:
seeds of grapes, Vitis vinifera L. cf. (Polyphenolics MegaNat-
ural Gold Grape Seed Extract, Madera, California, USA, No.
206112508-01/122112505-01); stem bark of true cinnamon,
Cinnamomum verum J. Presl. (Oregon’s Wild Harvest, Sandy,
Oregon, USA, No. CIN-07011p-OMH01); the inner bark of
Pinus massoniana Lamb. (Xi’an Chukang Biotechnology Co.
Ltd., China, No. PB120212). Raw material of witch hazel
bark (Hamamelis virginiana L.) was obtained from Moun-
tain Rose Herbs Inc. (Eugene, OR, USA) and prepared in
house using 70% acetone extraction. The PACs-rich crude
extracts are represented by abbreviations as follows: P. mas-
soniana (PM), C. verum (CV), H. virginiana (HV), and V. vinifera
(VV).

The chromatographic profiles of crude extracts are com-
plex and difficult to interpret due to the abundance
of polymeric PACs. Thus, all extracts were subjected to
water/methyl acetate partitioning, whereby most of the
polymeric PACs were concentrated in the LP enabling the
interpretation of UP chromatograms (Fig. 1). Both the methyl
acetate (upper phase-UP) and water (lower phase-LP) parti-
tions were dried in a speed vacuum dryer. The UP and LP
samples were dissolved in 1.5 mL  and 2.5 mL 70% methanol
respectively and filtered prior to injection. Acetonitrile/acetic
acid (98/2) was solvent A, and methanol/water/acetic acid
(95/3/2) was solvent B. The HPLC analysis was performed
according to a method previously reported in the litera-
ture [18] using the Develosil 5 �m Diol 100A 250 × 4.6 mm
column (Phenomenex, Torrance, CA, US). The extracted
chromatograms (280 nm)  were stacked using the Empower
data software from Waters 600 HPLC (Fig. 1). Table 1
contains a description of the main constituents of each
extract.

2.2.  Dentin  preparation  and  biomodification

Fifty-two extracted sound human molars were selected fol-
lowing approval by the Institutional Review Board Committee
of the University of Illinois at Chicago (protocol No. 2011-
0312). A total of 225 dentin specimens (1.7 × 0.5 × 6.0 mm)
were obtained and fully demineralized in 10% H3PO4 (Ricca
Chemical Company, Arlington, Texas, US) for 5 h, as previ-
ously described [5]. The treatment solutions were prepared at
0.65% and 6.5% w/v, by dissolving each extract in buffer solu-
tion (0.02 M HEPES), except for CV which was dissolved in an
ethanol:buffer mixture (ratio 50:50) to increase PAC solubility.
All treatment solutions had pH adjusted to 7.2. Dentin speci-
mens were randomly divided into 9 groups (n = 15, totaling 135

specimens), immersed in 100 �L of treatment solutions for 1 h,
at room temperature under stirring. Specimens corresponding
to control group were immersed in 0.02 M HEPES buffer for the
same time.

https://doi.org/10.1016/j.dental.2018.11.029
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Table 1 – Overview of primary phytochemical components in pine bark, grape seed, cinnamon bark, and witch hazel
bark extracts.

Source Type of tannins Interflavan linkage
(IFL)

Major constituent
monomers

Known major compounds and
distinctive PAC characteristics

Pinus massoniana
(PM)
bark

condensed (procyanidins) A-type, mixed A-B type catechin, epicatechin

procyanidin A1, A2; higher polymeric
PAC content relative to CV

Cinnamomum verum
(CV)
bark

cinnamaldehyde,  procyanidin A1, A2,
cinnamatannin B1; enriched in
trimers and tetramers relative to PM,
VV and HV

Vitis vinifera
(VV)
seed

condensed
(procyanidins,
prodelphinidins,
including galloylated
congeners)

B-type catechin, epicatechin,
epigallocatechin,
gallocatechin

procyanidins B1, B2, C1; highest
polymeric PAC content relative to PM,
CV and HV

Hamamelis virginiana condensed B-type; ester linkage
e and

catechin, epicatechin, hamamelitannin, pentagalloyl glucose

(HV)
bark

(procyanidins,
prodelphinidins) and
hydrolyzable

between sugar cor
gallic acid moieties

2.3.  Mechanical  studies  of  the  dentin  matrix

The apparent modulus of elasticity was determined in a
three-point bending flexural test with a 1N load cell on
a universal testing machine (EZ Graph, Shimadzu, Kyoto,
Japan) at crosshead speed of 0.5 mm/min  [5]. The speci-
mens were immersed in distilled water using a custom-made
submersion three-point bending fixture. The demineralized
dentin beams (n = 15) were assessed at baseline and after
one hour of treatment in the respective solutions. Speci-

mens were then stored individually in 2 mL  of simulated
body fluid (SBF) at 37 ◦C, which was collected every 2 weeks
and replaced with fresh SBF. The modulus of elasticity was

Fig. 1 – Stacked Diol HPLC-UV profiles of methyl acetate/water pa
Cinnamomum verum (CV), Hamamelis virginiana (HV) and Vitis vin
chromatograms were  stacked in OriginPro using Waterfall Z:colo
(UV peaks) eluting with an increasing retention time indicate an
stationary phase is especially utilized to separate the extracts ac
with the same DP grouped together.
epigallocatechin,
gallocatechin, gallic acid

assessed at 1-h, 3-month, 9-month, 12-month, and 18-month
time points. SBF consisted of 50 mM HEPES, 5 mM CaCl2·2H2O,
0.001 mM ZnCl2, 150 mM NaCl, and 3 mM NaN3 at pH 7.4.
The apparent modulus of elasticity was calculated as pre-
viously described [5]. Data were statistically analyzed using
2-way ANOVA, followed by Games–Howell post hoc test
(˛ = 0.05).

2.4.  Biodegradation  of  the  dentin  matrix  by

endogenous  proteases

Collagen solubilization was quantified by the release of
hydroxyproline (Hyp) into the storage media (SBF) through-

rtitions of crude extracts. Pinus massoniana (PM),
ifera (VV). UP – upper phase; LP – lower phase. The
r plot; * cinnamaldehyde; ** Hamamelitannin. Compounds

 increasing degree of polymerization (DP). The diol
cording to their DP. Each UV peak represents several PACs

https://doi.org/10.1016/j.dental.2018.11.029
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Table 2 – Long-term evaluation of the apparent modulus of elasticity of the dentin matrix treated with proanthocyanidins
sources with distinct phytochemistry.

Apparent Modulus of Elasticity of the Dentin Matrix [Mean(SD)]

Source* Concentrationı Incubation time in SBF

Immediate 3 months 9 months 12 months 18 months

Pinus massoniana
(PM)

6.5% 56.51a (10.37) 50.16 ab (8.83) 45.80 ab (9.43) 46.48 ab (10.20) 42.09 b (9.29)
0.65% 28.22 a (4.26) 29.37 a (6.32) 26.72 a (4.80) 26.89 a (7.03) 24.49 a (6.34)

Vitis vinifera
(VV)

6.5% 60.01 a (12.97) 46.75 ab (12.39) 43.91 b (11.93) 43.39 b (11.53) 23.91 c (3.73)
0.65% 22.00 a (3.99) 24.22 a (4.78) 22.91 a (5.62) 21.26 a (4.88) 20.36 a (4.34)

Cinnamomum verum
(CV)

6.5% 46.07 a (5.80) 45.97 a (6.18) 38.59 bc (3.10) 42.92 ab (5.29) 34.36 c (5.86)
0.65% 15.57 c (4.09) 26.82 ab (7.13) 20.47 bc (4.96) 23.20 ab (6.63) 20.67 bc (6.41)

Hamamelis virginiana
(HV)

6.5% 42.32 a (6.75) 28.92 b (5.81) 26.04 b (5.57) 26.81 b (5.25) 23.49 b (4.48)
0.65% 17.66 b (3.58) 22.58 a (4.40) 16.45 b (3.50) 18.26 ab (3.24) 15.26 b (3.43)

Control 8.67 b (1.93) 11.92 a (3.00) 9.23 ab (2.55) 9.27 ab (2.35) 8.70 b (2.67)

Different lowercase letters depict statistically significant (p < 0.05) differences between storage times for individual extracts and concentrations
(comparison made in each row).
� Higher concentrations were significantly higher than lower concentrations of crude sources (p < 0.001).
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∗ Statistical significant (p < 0.001) differences among crude sources w
0.65%: PM > VV = CV = HV > C.

ut the 18 months of aging. Sodium azide was used in
he SBF to inhibit bacterial growth, thus the presence of
yp is attributed to the activity of tissue-derived enzymes.
he SBF was collected and pooled individually (n = 15 per
roup) into five periods: 1–3 months, 3–6 months, 6–12 months,
nd 12–18 months. The pooled media from each speci-
en  was lyophilized and resuspended in 0.2 mL  deionized
ater. The Hyp assay followed a standard protocol with
odifications [16]. Absorbance was measured at 550 nm in

 spectrophotometer (Spectramax Plus, Molecular devices,
unnyvale, CA, US). Standard curve using various Hyp con-
entrations (0.25, 0.5, 1, 2, 3, 4, 5 ug/mL) were generated
sing 1 ug/mL OH-L-proline. Data were statistically ana-

yzed using 2-way ANOVA and Games–Howell post hoc test
 ̨ = 0.05).

.5.  Biodegradation  of  the  dentin  matrix  by  exogenous
rotease

fter 18 months of aging in SBF, the dentin specimens were
ndividually dried and weighted (M1). Additional dentin spec-
mens (n = 15, totaling 90 specimens) were freshly prepared
o evaluate the resistance against enzymatic degradation
mmediately following dentin matrix treatment (24 h). The
reatment protocol (Section 2.2) described above was repeated
nd the dry mass was collected (M1). Following re-hydration,
ll specimens were immersed in 2 mL  of digestion medium
ontaining bacterial collagenase (100 �g/mL Clostridium his-
olyticum; Sigma-Aldrich, St. Louis, Missouri, US) in 0.2 M
mmonium bicarbonate buffer (pH 7.9) for 24 h at 37 ◦C [5].
ollowing, specimens were kept in a desiccator for 24 h and
ndividually weighted after exposure to collagenase (M2). The
ercentage of biodegradation (R) was calculated as follows:

 (%) = 100 − ((M2 × 100)/M1), where M1 is the dry mass of

pecimens after biomodification, and M2 is the mass after bac-
erial collagenase digestion. Data were statistically analyzed
sing 2-way ANOVA, followed by Games–Howell post hoc test

 ̨ = 0.05).
oncentration dependent as follows: 6.5%: PM = VV = CV > HV > C and

3.  Results

The apparent modulus of elasticity of experimental groups
are shown in Table 2. All time-points showed a significant
increase in the modulus of elasticity after biomodification
of dentin matrices with any of the PAC-rich intervention
materials, when compared to control (p < 0.001). Statistically
significant differences were also observed between concen-
tration groups as follows: 6.5%: PM = VV = CV > HV > Control;
and 0.65%: PM > VV = CV = HV > Control (p < 0.001). Among the
various PAC sources, HV exhibited the lowest increase to the
modulus of elasticity of dentin (p < 0.001). The highest increase
was observed for groups treated with PACs solutions pre-
pared at 6.5% w/v (p < 0.001). However, for these treatment
groups, a lower stability of the modulus of elasticity was also
observed (p < 0.001). Dentin matrices treated with 0.65% PM
and VV remained stable after 18 months (p > 0.05). Interest-
ingly, an increase in the mechanical properties occurred for
both CV and HV in the first 3 months, conversely only for CV
the enhancement in modulus of elasticity was permanent,
whereas for HV a significant drop in the modulus of elas-
ticity was observed after 18 months, resulting in the lowest
values among all PAC-treatment groups (p < 0.001). However,
the modulus of elasticity of the 0.65% HV group remained sta-
tistically higher than that of the control group after 18 months
of aging (p < 0.001).

Collagen solubilization analyses revealed significantly
lower release of Hyp in groups treated with PACs-rich extracts
than the control group after 18 months in SBF (p < 0.001,
Fig. 2A). There was no significant interactions between type
of extract and concentration (p = 0.193). Higher concentrations
of extracts resulted in significantly less collagen solubiliza-
tion, regardless of the source of PACs (p < 0.001). Statistically
significant differences were observed among the PAC sources
(p < 0.001), but no differences in HYP detection were observed

among PM,  VV, and CV. Significantly higher collagen solubi-
lization occurred for HV specimens as compared to all other
PAC sources, with the exception of CV.

https://doi.org/10.1016/j.dental.2018.11.029
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Fig. 2 – Results of the long-term evaluation of dentin matrix degradation via endogenous proteases (A) and exogenous
bacterial collagenases (B) upon treatment with proanthocyanidin (PAC) sources with distinct phytochemistry (Pinus
massoniana – PM,  Cinnamomum verum – CV, Hamamelis virginiana – HV, and Vitis vinifera – VV). In A, the * control group
exhibited significantly higher degradation than all treatment groups (p < 0.001). Higher concentrations of extracts resulted in
significantly increased resistance to degradation for all PAC sources (p < 0.001); statistical differences among sources of PACs
is depicted by different letters (p < 0.05). In B, *indicates statistically significant higher resistance to degradation for the
treatment groups, whereas **indicates higher degradation of control groups long-term when compared to short term storage
(p < 0.001); ¥ indicates that the controls exhibit statistically higher degradation than all other groups (p < 0.05); ı indicates

ll exp
that 6.5% CV treatment exhibits the lowest degradation of a

Exogenous enzymatically-mediated dentin biodegradation
data shows the lowest collagen solubilization for 6.5% CV
when compared to all other PAC sources prepared at either
6.5% or 0.65% (p ≤ 0.013, Fig. 2B). After 18 months of aging
in SBF, a lower mass loss was observed for all PACs groups
compared to immediately post-treatment (p < 0.001), except
for 6.5% CV treatment (p = 0.251). Conversely, greater dentin
matrix biodegradation was observed for the control groups
after 18 months (p < 0.001, Fig. 4). Likewise, after 18 months of
aging, the 6.5% CV group showed the least degradation when
compared to 0.65% CV, 6.5% PV, and 6.5% VV (p ≤ 0.004).

4.  Discussion

This study confirms that the investigated PAC-rich sources
exhibit favorable potential for dentin biomodification. Not
only the initial potency of the PACs varies based on the out-
come measures, but also the sustainability of their achieved
biomodification, i.e., the biostability differs. For example, VV
and PM were the most potent sources inducing an immediate
(post-treatment) enhancement of the dentin matrix modulus
of elasticity. In contrast, when biostability played a major role
in the assessed biomodification potency, the best results were
obtained using PM and CV, both representing extracts that
only contained non-galloylated compounds. Between these
two groups, the one treated with CV exhibited the greatest

short- and long-term biomodification stability against bacte-
rial collagenase (after 1 h and 18 months), while specimens
treated with PM showed the least dentin matrix degradation
by endogenous proteolytic enzymes after 18 months of aging.
erimental groups (p ≤ 0.004).

The mechanical properties of dentin treated with high con-
centration (6.5% wt.) of PM and CV were more  stable over
time than those treated with VV and HV. The abundance of
A-type trimeric PACs in CV and dimeric procyanidin A1 and
A-type interflavan linkages (IFLs) in PM are likely contribut-
ing the most to the resistance against degradation. This is in
line with previous outcomes that demonstrated the greatest
protective effect against collagenase degradation with A-type
trimeric and dimeric PACs [6]. A-type PACs also exhibit bet-
ter stability in solutions and lower degradation or oxidation
rates. Both CV and PM do not contain gallocatechins (B-ring
3,4,5-trihydroxy substitution) or 3-O-gallates [18], which also
is a plausible contribution to the improved stability.

A remarkably high modulus of elasticity was found for
the dentin treated with VV at 6.5%. At the monomeric level
of catechins, it was shown that galloylated moieties have
higher potency to enhance the dentin-collagen cross-linking
compared to their non-galloylated counterparts on initial
treatment [19] and greater collagen stabilizing effect against
bacterial proteolytic degradation [4]. Additionally, it is not only
the hydroxy groups that contribute to the cross-linking, but
the entire PAC skeleton including the aromatic rings that can
lead to hydrophobic interactions.

After 18 months of aging, dentin matrices treated with
VV exhibited the highest rate of decrease in the mechani-
cal properties when compared to dentin treated with PM and
CV. The following two different mechanisms associated to
VV composition may have contributed to the poorer stabil-

ity of the cross-links: (1) the abundance of B-type PACs in
the VV extract, having procyanidin B2 and procyanidin C1 as
the most abundant dimer and trimer, respectively; and (2)

https://doi.org/10.1016/j.dental.2018.11.029
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he presence of galloylated PACs, even though in a smaller
atio, as compared to non-galloylated PACs. It is known that
ACs consisting of B-type interflavan linkages are less sta-
le compared to A-type PACs [20]. In addition, galloylated
ompounds can undergo hydrolysis of the 3-O-gallate ester
onds, a reaction that is thermodynamically likely to occur
ver time and in water-based solutions. Moreover, higher oxi-
ation/epimerization rates of galloylated PACs [20,21] could
xplain the loss in activity of the VV from the initial post-
reatment time-point and up to 18 months.

While related molecules with very small size, such as gallic
cid itself and its simple derivatives (methyl-gallate, propyl-
allate) show a potential to bind to collagen intramolecularly,
id-molecular weight compounds such as PAC dimers (A1,

1, B2) and higher can diffuse into dentin to interact with
ollagen in a more  efficient manner, at both intermolecular
nd inter-microfibrillar levels [6]. Despite the fact that small
olecules appear to be highly efficient in improving stability

f the tissue, small molecules cannot improve the mechani-
al properties as efficiently and sustainably as their oligomeric
nalogues. Galloylated PACs can mediate collagen cross-links,
owever the enhancement in the modulus of elasticity often
resents with a significant drop after storage in water-based
olutions like SBF. This is likely due to cleavage of the ester
onds in the galloylated PACs, resulting in non-galloylated
ompounds and gallic acid. This mechanism could explain
he observed drop in mechanical properties of the galloylated
xtracts, which seems to appear without negatively affect-
ng the resistance to biodegradation of the biomodified tissue.
nother reason could be the oxidative degradation of B-type
ACs, resulting in the formation of higher molecular weight
olymeric phlobaphenes or quinones [22,23], both of which
o longer elicit the desired dentin cross-linking interactivity.

Regardless of the applied concentration, HV was the weak-
st in enhancing the modulus of elasticity of the dentin
atrix. However, the dentin biomechanics and the resistance

gainst endogenous and exogenous enzymatic degradation
ere still greater than control groups. Thus, the overall lower
entin biomodification potency of HV likely arises from the

arge presence of hydrolysable tannins (80%) and lower con-
ent of condensed tannins (20%) [24]. HV contains B-type
ACs and the vast majority of the other polyphenols are
ydrolysable tannins. The excessive presence of pyrogallol in
V [25] may contribute to the observed initially high, but rel-
tively poorly sustained activity.

Control group was more  susceptible to exogenous trig-
ered degradation after 18 months (Fig. 2B). This is explained
y the activity of endogenous MMP,  initiating partial cleav-
ge of unprotected regions in the dentin matrix during
ong-term storage, thus facilitating degradation by bacterial
ollagenase. The protective effect of PACs against degrada-
ion by bacterial collagenase was sustained for all extracts
nd at both concentrations. Interestingly, unlike the control
roup, biodegradation was lower after 18 months aging for all
iomodified dentin specimens; except for 6.5% CV, which the
rotective ability remained the same as for the immediate

ests.

When interpreting dentin bioactivity results of highly com-
lex chemical matrices such as PAC-rich extracts, only the
ajor differentiating factors such as the DP, interflavan link-
( 2 0 1 9 ) 328–334 333

age type, and galloylation can be reasonably correlated with
the observed activity. Correlation of additional subtle struc-
tural features such as the interflavan linkage position or
the stereochemical differences of the constituent monomers
or perhaps the 3D conformations is valuable and desirable
[17,26–28], but requires extensive separation and isolation
efforts. However, the present results highlight those factors
that are responsible for sustainable dentin biomodification.
This new insight helps in further prioritizing the source mate-
rials based on the major structural features of the constituent
PACs. Considering the large number of biosynthetic permu-
tations and combinations of PACs, pinpointing the role of
interflavan linkages and galloylation helps in significantly
narrowing down the structural motifs of interest. Moreover,
long-term stability test of dentin biomodification by PM frac-
tions was performed in the previous study [27]. The PM
fractions prepared according to the DP and bioactivities eval-
uated at five time points (up to 18 months) revealed that the
DP did not affect stability. Therefore, it is considered that DP
can be excluded as a factor affecting long-term stability.

In summary, this long-term study for the first time
demonstrated that plant source-based structural diversity of
PACs influences the long-term dentin biomodification effects.
While galloylated PAC sources exhibit high initial dentin
biomodification, the effects are not as sustainable. In contrast,
extracts s with non-galloylated PACs retain the dentin biome-
chanical and biochemical stabilizing effects in the long-term.
The interflavan linkages appears to affect the stability, where
A-type linkage favors long-term stabilities.
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