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[Abstract] Objective To investigate the ability of different concentrations of piceatannol (PIC) solution to bio-
modify decalcified dentin matrices in primary teeth, thereby providing a theoretical basis for improving the durability of
resin — dentin bonding. Methods This study was approved by the Medical Ethics Committee of the institution. Mo-
lecular docking was performed to predict the interaction effects of PIC with type I collagen and matrix metalloprotein-
ases (MMPs) in dentin. A total of 124 clinically extracted intact primary molars were selected due to retention; of these,
76 were prepared into 60 completely decalcified dentin beams and 24 dentin slices. The 60 beams were equally allo-
cated for dry mass loss and swelling ratio testing (30 beams each). For both experiments, the beams were randomly di-
vided into five groups (n = 6): a control group, 5% glutaraldehyde group, and 2.5, 5, and 10 mg/mL PIC solution groups.
This was to evaluate the anti-enzymatic hydrolytic properties and mechanical performance of type I collagen. Of the 24
slices, 15 were assigned to the aforementioned five groups (n = 3) for Fourier-transform infrared spectroscopy (FTIR) to
explore the cross-linking mechanism. The remaining nine slices were randomly divided into three groups (n = 3): dis-
tilled water group A (SEM examination prior to enzymatic hydrolysis), distilled water group B (SEM examination after
enzymatic hydrolysis) , and a 10 mg/mL PIC solution group (SEM examination after treatment with 10 mg/mL PIC and
subsequent enzymatic hydrolysis). This was to evaluate the cross-linking effect on demineralized dentin collagen. The
remaining 48 molars were fabricated into bonding specimens and randomly divided into four groups (n = 12): a control
group (distilled water group) and 2.5, 5, and 10 mg/mL PIC groups. Immediate and aged shear bond strength (SBS) were
measured, and failure modes were observed under a stereomicroscope to investigate the impact of different PIC concen-
trations on the bonding durability of primary tooth dentin. Results Molecular docking revealed strong binding activity
between PIC and type I collagen/MMPs via hydrogen bonds, electrostatic potential, and hydrophobic forces; the FTIR
results confirmed hydrogen bond formation. In the dry mass loss test, mass loss rates in the 2.5, 5, and 10 mg/mL PIC
groups were significantly lower than that in the control group (P < 0.05), with the 10 mg/mL PIC group showing the
most optimized cross-linking effect. Swelling tests indicated that all three PIC concentrations reduced the swelling ratio
of the demineralized matrix, effectively improving its mechanical properties. SEM showed that collagen from the 10 mg/
mL PIC group retained its natural three-dimensional network post-enzymolysis, contrasting sharply with the disinte-
grated collagen in the enzymolyzed distilled water group B but resembling the morphology of the non-enzymolyzed dis-
tilled water group A. SBS results demonstrated that the 10 mg/mL PIC group exhibited significantly higher bond
strengths than the control group in both the immediate and aged tests (P < 0.05); immediate SBS in the 10 mg/mL PIC
group was also significantly greater than that in the 2.5 mg/mL PIC group (P < 0.05), while no other intergroup differ-
ences were found (P > 0.05). Failure mode analysis indicated predominantly mixed fractures, with the proportion of in-
terfacial fractures decreasing as PIC concentration increased compared with the control group. Conclusion A 10 mg/
mL PIC solution can effectively cross-link decalcified dentin matrices in primary teeth, enhancing the anti-enzymatic
hydrolytic capacity and mechanical properties during clinical operation, thereby promoting bond strength and interface
stability, which promises to improve the long-term durability of resin - dentin bonding.

[Key words] piceatannol; primary dentin matrix; type I dentin collagen; collagen crosslinking; dentin bio-
modification; crosslinking agent; matrix metalloproteinases; bonding durability
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a: overall structure of the PIC-Type-I collagen docking complex. Type I collagen is a purple cartoon structure, and PIC is a blue rod structure. b:

interaction diagram of the binding interface in the PIC-Type-I collagen docking complex. Type I collagen is a purple rod structure, and PIC is a

blue rod structure. The hydrogen bond is represented by a yellow dotted line, with the unit in A°. ¢: electrostatic surface potential at the interface

of the PIC-Type-I collagen docking complex. The color indicates the charge distribution: red area represents negatively charged; blue area repre-

sents positively charged; white area represents neutral or hydrophobic area. d: surface representation of the PIC-Type-I collagen docking complex.

e: two-dimensional structure diagram. Arg: arginine. Gly: glycine. Gln: glutamine. Lys: lysine. Ser: serine. Trp: tryptophan. Tyr: tyrosine. PIC:

piceatannol

Figure 1 The three-dimensional and two-dimensional structure diagram of PIC-type-I collagen docking complex

B 1 PIC-I AV Rt S W i) = 2 | — 25 M s = A
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a&b: three-dimensional structure (a)
and two-dimensional structure (b) of
PIC-MMP-2  molecular  docking.
c&d: three-dimensional structure (c)
and two-dimensional structure (d) of
PIC-MMP-9 molecular docking. In
figure a, c, the yellow rod structure
is PIC, the cyan cartoon structure is
. T/—';\ MMP-2, 9. The blue dotted line rep-

resents the hydrogen bond, the gray
O dotted line represents the hydropho-

bic effect, and the green dotted line

represents the pi-pi conjugate effect.
O In figure b & d, the purple line rep-
resents the hydrogen bond, and hy-

drophobic residues are indicated in

Figure 2 The three-dimensional and two-dimensional structure diagram of PIC-MMP-2, PIC-MMP-9 docking complex
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5%GA A 25 5 G 12438 L (P>0.05) , [H Rl %5
PIC ¥ B2 09t e, ot f 0 2k R Bl 2 AR . Hirpr 10
mg/mL PIC ZH (1) Jo7 it 461 2K 28 Ak i 1 %, H Con-
trol ZH 1Y 80.40%+2.88% F# Ik & 11.61%=+2.03% (P
<0.05).
24 Wik EaKER

24 1 K R R 2 L an 5] 4 7R o Control 4
5% GA #H .2.5 mg/mL PIC 4 .5 mg/mLPIC £ .10 mg/
mL PIC 41 ) % ik 2 43 51 24 1.91£0.09 | 1.48+0.06
1.88+0.06 . 1.57+0.07 . 1.52+0.07., #H%Z T Control ZH
#12.5 mg/mL PIC 4 , 5 mg/mLPIC 4H . 10 mg/mL PIC
5% GA AIE MK R REAL, Hord, 5% GA 41 ik %
FEAR A W, 22 55 BA g i 3 L (P<0.05) .

100+

Weight loss (%)

Variations in lowercase letters signify notable disparities among
the groups (P<0.05). Control group: not crosslinked; PIC group:
2.5, 5 and 10 mg/mL PIC were used for crosslinking for 60 s. GA
group: crosslinked with 5% (w/w) GA for 60 s. PIC: piceatannol.
GA: glutaraldehydeafter 24 h enzymatic digestion by group
Figure 3 The percentage loss of dry mass of demineral-

ized dentin beams after 24 h of enzymatic hydrolysis in

groups
B3 AABO SF A BB 24 h 5 B9 TR U
i NER i

2.5 mg/mL PIC 41 5 Control 21 #1 b o] fii i JIK %
1.91+0.09 [ & 1.88+0.06, 1H 2% 5% L4 i1 2% & S

(P>0.05) . 5 5% GA 4L A L, PIC ¥ B 1 FF i JF
F1# 5 mg/mL PIC 41 . 10 mg/mL PIC 41 % ik & 1Y %
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Variations in lowercase letters signify notable disparities among
the groups (P<0.05). Control group: not crosslinked; PIC group:
2.5, 5 and 10 mg/mL PIC were used for crosslinking for 60 s. 5%
GA group: crosslinked with 5% GA for 60 s. PIC: piceatannol.
GA: glutaraldehyde
Figure 4 Swelling ratio of demineralized dentin beams
in groups
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B4 445 9% 51, 1 — 2B EIDHIE PIC A 55 F BR 4544 . Con-
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FHIBERE T H .1 559 em™ &b C-N F1 N-H 847 30 fir
A2 Bt e T4 DL 1236 em™ 4b C-N 2 A1 9% 3 T
RFEERE W4 . PIC AL PR JEHEAE 1 636 cm™ 4b
114 Pk i U8 T AH 8 T Control 410 55 , W {57 B & A= %
3. HFfZE PIC V& BE A48 i , C=0 W o B 1 & A= ok
o 5% GA ZH7E 1 632 em™ Kb B A F 5 % 17 HE
i B -CHO B9 C=0 i 45 ¥k 3l . A% T Control 41 ,
PIC &b P 2H (2.5 mg/mL PIC 4 .5 mg/mL PIC 41 | 10
mg/mL PIC 41 ) 1) 19k e 11 7 2 30 06 I8 on s, T gk Jig
I 5 i 588 2 A1
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Compared with the control group, the PIC group retained the characteristic amide [, Il and Il peaks, indicating that PIC did not destroy the

natural triple helix structure of dentin collagen. PIC powder showed characteristic peaks at 3 513 em™', 3 269 em™', 1 629 ¢cm™', and 1 516 ¢cm™,

which further confirmed the aromatic ring structure of PIC. Control group: not crosslinked; PIC group: 2.5, 5 and 10 mg/mL PIC were used for

crosslinking for 60 s. GA group: crosslinked with 5% GA for 60 s; The infrared spectrum of PIC powder was also collected as a reference. PIC:

piceatannol. GA: glutaraldehyde

Figure 5 Representative spectra of demineralized dentin slices and PIC powder in groups
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i 235 g 7 B SR, I DT Ak D K 5 A RE A B K
S8 o D T 2 A S A WUHE S (1] 6b) o SR, 5 78
17K A 40 H B ZHAH HE , 10 mg/mL PIC 2H i )i 1 i
WA AR G o B B T B JRLEE (Y = 4 M 4%,

6 000 x 3500 x

20 000 x

Distilled water group A Distilled water group B

= e
AT Y A “ -
S SR}

[F1) 7 S 5 4 0 WA P DL, 2 2 SR 4 R L B
() L B2 B R A, O 0 B P I DR A2 TR, B R 28
il fige Ak PR ZE AR K A ZH S SR A AR AL (T8 6c ) o

a: the collagen fiber structure is intact, with the fi-
bers arranged in tight, cord-like structures around
the dentinal tubules. b: after enzymatic hydrolysis,
the fibers are severely collapsed, fragmented, and
loosely arranged, and have separated from the tu-
bule walls. ¢: following enzymatic hydrolysis after
PIC crosslinking, the collagen fiber network re-
mains Intact, resembling the morphology observed
in figure a, demonstrating the protective effect of
PIC crosslinking against enzymatic degradation.
Distilled water group A: uncrosslinked demineral-
ized dentin matrix. Distilled water group B: un-
crosslinked demineralized dentin matrix was di-
gested by collagenase for 24 h. 10 mg/mL PIC
group: demineralized dentin matrix was cross-

iz ’ % linked with 10 mg/mL PIC for 60 s, and then di-
10 mg/mL PIC group gested with collagenase for 24 h. Red arrow: cord-

o >l

like structures of collagen fibers. white arrow: bro-

ken collagen fibrous network. SEM: scanning electron microscopy. PIC: piceatannol

Figure 6 Representative scanning electron microscopy images of demineralized dentin slices before and after enzymatic

hydrolysis digestion in groups
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2% 20 SBS 4 45 SR i 2 2 TR, TG ie B %1 SBS
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£ S8 Gt 2F 5 X (P<0.05) 510 mg/mL PIC 41 5
2.5 mg/ml PIC 2H B %] SBS #H [t 22 5%t HoA 4 it 2%

B (P<0.05) ; HAxdL MM 22 5 RG22 8 X
(P>0.05) . & PIC il kb B R 25 52 i 3L oF A it
A B 2] SBS Fi2E 4k SBS, H H 28 10 mg/mL PIC fii &b
P S SBS AT T4 55 . 4 2H PIC &b PR ZH 4 B %] SBS . 2%
1k SBS [H] 22 5 4 L 40 124 7 L (P>0.05) .

R2 AU SBS 51k SBS
Table 2 The immediate SBS and aged SBS in groups

Group Immediate SBS Aged SBS F P
0 mg/mL PIC 26.12+5.06" 14.42+3.63" 0.315 0.587
2.5 mg/mL PIC 28.56+2.35" 20.02+1.97* 0.059 0.813
5 mg/mL PIC 31.58+7.50" 29.24+7.14" 0 0.998
10 mg/mL PIC 54.92+18.62" 46.96+15.39" 0.039 0.848

F 9.74 15.971 — —

P <0.001 <0.001 — —

Wihin the same row, statistically significant (P<0.05) between-group diferences are represented by different lowercase letters. SBS: shear bond strength.

PIC: piceatannol

2.8 B EBX 5T
25 S i 2R 5 1A 1 5 Wy 4488 503 A DL T
7, 4% 21 T SR U O IR A W, 5 Control £

HA L, BEAT PIC 75 904k J3E 6, Al 42 5 i Befr 2R A5 52X
ELA D, 52 5 B I A SR T A8 L (811484
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0 Distribution of failure modes after SBS testing

Control(immediate) M
Control(10% NaClO aged) m——
2.5 mg/mL PIC(immediate)
2.5 mg/mL PIC(10% NaClO aged) ™
5 mg/mL PIC(immediate)
5 mg/mL PIC(10% NaClO aged)
10 mg/mL PIC(immediate)
10 mg/mL PIC(10% NaClO aged)

a: adhesive failure; b: cohesive failure in compos-
ite; c: cohesive failure in dentin; d: adhesive fail-
ure and cohesive failure in dentin; e: adhesive
|| failure, cohesive failure in composite and dentin;
f: adhesive failure and cohesive failure in dentin;
g: adhesive failure and cohesive failure in compos-
ite; h: cohesive failure in dentin and cohesive fail-
ure in composite; SBS %40. SBS: shear bond
strength. PIC: piceatannol
Figure 7 Representative graphs of failure
modes after SBS testing and the distribution
of failure modes in groups
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