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Experimental study on enamel remineralization induced by remineralization solutions with different calcium-to-phosphate
ratios mediated by P-PAMAM

SUN Siyi, SHA Ying, QIN Ziyt, JIANG Fei, XU Hai, ZHANG Guangdong. ( Department of Emergency and General Dentisiry, The Affil-
iated Stomatological Hospital of Nanjing Medical University, Nanjing 210029, China)

Abstract: Objective To investigate the effects of remineralization solutions with different calcium-to-phosphate ratios on the proper-
ties of the remineralized layer induced by phosphorylated polyamidoamine ( P-PAMAM) dendrimers, to determine appropriate P-PAM-
AM mass concentrations and calcium-to-phosphate ratio, and to provide insights for the construction of an intraoral remineralization sys-
tem. Methods Phosphoryl groups were used to modify PAMAM in vitro. The modification results were confirmed by attenuated total
reflectance-Fourier transform infrared spectroscopy and proton nuclear magnetic resonance. The mass concentration was screened by an-
alyzing the ability of P-PAMAM to absorb hydroxyapatite( HAP) and its biocompatibility. Demineralized human enamel samples were
prepared. The samples were divided into groups with remineralization conditions of 2 : 1+P-P, 1.67 : 1+P-P, 1.67 : 1, 1 : 1+P-P,
and 0.5 : 1+P-P. After 24 hours, 1 week, and 3 weeks of in viiro mineralization, the surface morphology was analyzed by scanning
electron microscopy, the hardness of the remineralization layer was analyzed by micro Vickers hardness tester, and the crystal structure
of the remineralization layer was analyzed by X-ray diffraction. Results Under a calcium-to-phosphate ratio of 1.67 : 1 and the media-
tion of 4 mg/mL P-PAMAM, a dense and smooth remineralized layer formed on the demineralized enamel surface after 1 week, with a
crystal structure similar to that of natural HAP. After 3 weeks, the surface micro Vickers hardness of the enamel was significantly higher

than that of the other groups(P<0.000 1), and the enamel surface hardness could be restored to the level of healthy enamel. Although

SEH T T HE A R R D BT TR VT 95 R 5 R the remineralized layer formed in the absence of P-PAMAM reached a

(YIXYYJSDWA) 7T 3540 B2 37 10 ( CXZX202227) s 51 1. certain thickness, the disordered growth of numerous crystals resulted
AR % SR I 4 ( YKK24293) in defects in surface morphology and micro Vickers hardness. Under a
VEF 07 .1 B ERF KM E D B E R A2 L4257 #1195 high calcium-to-phosphate ratio (2 ¢ 1), the remineralization layer in-
FAHL(210029) 52 W0 BERMR A% B2 B, YL R 5L (210029) ;5 duced by P-PAMAM tended to be disordered in the later stage, which
3 P AL BERF A MR 1 s s e AR R Y95 R 5 (210029) limited the recovery of the surface morphology and mechanical proper-

WAFAEH HOEAR E-mail:egd_zhang@ njmu.edu.cn ties of the enamel. A low calcium-to-phosphate ratio (1 : 1, 0.5: 1)
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limited the induction effect of P-PAMAM, resulting in poor formation of the remineralization layer and an increase in the content of car-

bonated hydroxyapatite and amorphous calcium phosphate in the remineralization crystals. Conclusion P-PAMAM-mediated reminer-

alization achieves optimal efficacy when the calcium-to-phosphate ratio in the mineralization solution is 1.67 : 1. Increasing or decrea-

sing the ratio may reduce its effectiveness.
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G3.0 PAMAM (it R, ) 5 SEBERR .37%
HER R (40% W1 \25% A AL S A ALHN (R 2597
W, D s mf DMEM B5 R0k HE R -#ERR
W B8 FU (Gibeo, 32 [H) 5 i 4- L7 ( Sincell, 32
) s BER EE 2% vh i (Hyclone , 3€ [E) ; 412K HAP (Ff
Fi T, PE) ; CCK-8 15 & ( DOJINDO, H A ) 3 U
AN (R, R D)  BURRAE I (OPT, SR 1) ;37 % Wk
TR IR ] ( Heraeus Kulzer, 2 ) ; A T HEWR (K&,
HIE ) s BER — AU (KH, PO, ) JE/KALAS (CaCly)
(Z3epk,FE),

B TR ( Mettler Toledo, Fi+) ; 1% S 4 FE 4 .
37 °CfH il B8 R (AR AR, D @ R TR L
(Christ, 725 ) ; ZLAMGIEAL 600 MHz A% 1 3 4k 1%
S0 X B AT B ( X-ray diffraction, XRD ) 1% ( Bruker,
) Mai Kbl (ELGA, ¥ [ ); &% T1E &
(Baker, &) ; MM 5% 558 ( Heraeus, T8 H ) s [HiR &
KZ 0N, A S A MUY ( Thermo, 35 ) ; il
¥ ( BioTek , 3 [ ) ; pH 11 ( Mettler Toledo, i) ;
B PR G AL (7 B R ) 5 AR AU ( Nikon, H
A F i H F BB (scanning electron microscope
SEM) (TESCAN, £ 50) 5 & St 4 QA B 1 ( ARAE,
) .

1.2 P-PAMAM )4 s A IIE

A 1 mL 500 mg/mL i G3.0 PAMAM BIR A
Gr KR 500 mg IEWERR (5.8 mL & ¥ K, 1E
RAYIHIA 2.5 mL 37% R AR, I E 40 °C {4
£ 30 min, TN 710 WL 40% A T, 2218 1
FONEHRIE 40 °C PREF 2 b, ZEME A 25% S A B
ARG W RSN e B BT 4% (1 000 Da)
e IRLZE K ZE AT 48 h, i B vh ) S 1 A% i S 4
FE B 12 b TR XZEK, DL EBROR R R, f e
RT3 E] P-PAMAM [ R

MEHC PAMAM 7K ¥ 0 A O -+ A MR P-
PAMAM £ 20 L 47 5 98 4 i e B A8 e 21 41
g AR (attenuated total reflectance-Fourier transform
infrared spectroscopy, ATR-FTIR) 73 #7, % B 77 #E %
94 em™ FHHIUCEL 32 U, JETEE L 4 000 ~ 400
em™ . WL HC PAMAM 7K % W& ORI R T HIT A9 W 1A
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P-PAMAM%% 0.5 mL JEA7A% 005 LR & i proton nu-
clear magnetic resonance,' H-NMR) 434, A 0.5 mL
STAGIET D,0 78531 il AF il 5 5 7% 22 05 v I A
B, 7E 600 MHz BB JLHRIE AT | 35 8 4 AL
32 KA S IR E] O 5 s, 45 A ATR-FTIR Al
"H-NMRZE J 4 P-PAMAM ({45 #EAT I
1.3 i R S AL Y g vy

Hfdt Rl i N5 = O (R U5 T R s BE R KA
B 1 s 2 g 0 i 4/ MR 81 L iy s 0 o0 P o3 1t 25 5
() M RIAYY 58 B J0 HoAth & 19 7 3R AR ) |, 3R B
JEHFARIII R BB At LA HLIE R, 3%k
ATRENIZ I BRI E N, PBS vhik, /R, 1
FF MBI R B 3 mmx3 mmx1 mm JRES,, A
TS WA Rl AR ff B 200,400,600, 800
1 000.2 000 HEPARME Rl s ke 5 TAE T, HoAh 3k
T FHBTIR s H ik A, B A5 Ab B 30 min, 37% W5 1R
FRIMFIBEA™ 30 s, PBS PE¥ 4 K, # A AL 5 min,
AR A 2 R SRR b PR AE R B oKk
1.4 P-PAMAM HkJEkE
1.4.1 HAP W25

EB T KR P-PAMAM % T8, 45 0.5.1,
2.4.6.8 mg/mL P-PAMAM /KPR, I A [7] 5T o
e P-PAMAM T 281 nm 7 K AL 19 6% B (optical
density,OD) {5, ¥ 100 mg HAP fill A 1 mL A [A] 5
HIREE ) P-PAMAM /KW H, 37 CHitk 24 h,
10 000 r/min &0 3 min, B, W2 HAE 281
nm &b OD {E #4740 Bt 38 3 W B TS % OD {8
(281 nm) P ZEERITEAN [F] BT 2 W B 9 P-PAMAM
IR HAP W B ), AL HEAT 3 IR AE W2
i,
1.4.2 YU TESL R

/NERUBLET A i 1.929 (2%, ) DhAgfL 1x
10* /™A 4 1t 32 R T 96 FLARH , LA 100 plL
FERIREFRIE (B 10% A TG IR 4 78 1% H B &
~BERE RO B DMEM 153558 78 37 °C 5%
CO, 5 N H55% 24 b LA % 3% 5L T i AN ] 52
R P-PAMAM #¥(0.,0.5.1.2 4.6 mg/mL) ,
B J B 96 FLAR T A 15 SRR 0 100 WL A fif I o)
) P-PAMAM 57, 55 24 .72 h J5 , WBRES R,
BALINA 100 pL A 51 CCK-8 TAEW (7% 10 pL
CCK-8 5 90 pL Al 5558 ) kOLMH 2 h J5, H
FRASCI 2 B L CCK-8 TAEWAE 450 nm 3% K A9 OD
{ELLAVT A 40 76 1 (S AN AL, BORME) , =R
3R,

1.929 21 Jifd 75 AN 7] JiT 12 ¥k FE 1 P-PAMAM 5%

7% 24 72 h A AF TS RN .

ODiﬁﬁé’ﬂ_OD"‘ﬁH?ﬂ

AT R (%) = %100,
( 0) ODxfrﬁazn_ODﬁstn
Hor XBRZH N 0 mg/mL P-PAMAM IEW4 , 25
H 4 R oA A X B2

1.5 {RINEA 1

CaCl, KH,PO, 435l LA 2+ 1,1.67 : 1,1 : 1,
0.5 : 1 MASBELL, TE %R T a0k 1 s AN ToHE
S IR AL, B 4 /L NaOH &7 A %% pH
£7.0, By FRBFE S 50 pL 4 mg/mL Y P-
PAMAM 7K ¥ WAL 8%, = IR & B 60 min [ 28 T,
PERESIZ AL, 37 CCoKTE . B 24 h Bl
G H DR R T AT 8

HRE LA™ 2 il SR it A P AL A5 1 B AR 5
il R S AT 4. D2 1 1+P-P 4 4
mg/mL P-PAMAM FUES#E LG 2+ 1 09 FR8 LR B
W AR BTREA S T L ;1,67 < 1+P-P {0 4
mg/mL P-PAMAM FIE5#LL 1.67 < 1 YR 1L B0
WA A Rl BT REAS AT PRk BD1.67 + 1 2 EL AT
FHESTELE 1.67 = 1 BP0 Ak R A0 B B8 2 il 5T A
A,@1 : 1+P-P 4 4 mg/mL P-PAMAM FI145
5 W W< 5 R T A A L A 7 a1 = o N
® 0.5 : 14P-P 4l F 4 mg/ml P-PAMAM Fil45
0.5« 1 I LA BRI 2 Rl SRR AR

x1 AEEHLLHETLEMES (S 50 mL)

Tab.l Formulation of remineralization solutions with

different calcium-to-phosphate ratios ( per 50 mL)

AT L CaCl, KH,PO,
2:1 18.55 mg 11.35 mg
1.67 : 1 15.55 mg 11.35 mg
1:1 9.23 mg 11.35 mg
05:1 4.65 mg 11.35 mg

1.6 P fLRAED T

F Rl TR o3 BAE TR A AR BE 24 b1 ]
3 JEE N AR B 22 8 oK R vk 5
W, FREE Au 25, H SEM WS 1k 5 1
R BRI HEAT 4540 3 Fr . A R BT RE A B 4k 3 T
&, A CRE BE 1L 0.490 3 N 2R A 45 3% 10
s, B 3 AFEA BN FEAR BEALZE B 3 A4S I A R
V-S4 bRl T 2L B I B R o DX e, HLAH AR
PIFEIR D RN K T HOR X M K 3 %, id %
TR R RE . XF 4k 3 FA S IREAHEST XRD 434,
) AT SR, R 3 20/ min, A
JE Y 20° ~60°
1.7 Seitsobr

Bl DL B+ e 22 R 7R, R ] GraphPad
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B R I A A
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Fig.1 ATR-FTIR spectrum of PAMAM and P-PAMAM
2.1.2 'H-NMR %7
"H-NMR 43 #7 25 32 7R, PAMAM 78 1L 2% 07 5%
(8)=2.33~3.63 MFFIFIEXT N PAMAM H 28 I 11y
W % (—N—CH,—CH,—) it 1, E2 5 AWk,
5o B I AH 4B 1 BT T, A T 8 =2.40 ~ 2.70 [ff
T SR B A R T, 7 T 8=3.10~3.60
BESEE ) AR A B B A W FR A AR, 433
1o AR R T AR A1 A R 3 S5 T 1) L T = 2 R
MUY BB S, P-PAMAM 7F & =4.20 ~ 4.53
P IHT RRAE e | B s W IR TR Sl R IR i (1) T 1
2.2 JBLAT I Rl BTSRRI RRAE
JEAT T B S R B R R B T R DT, &2
PRAgERRE FTR B (0P OGS I, Rl s 2R 11 %
2O, B A A s SRR (K 2a.b)
SEM &, A i i 2 il Jot 3 2 BOE DL, T 5 %

TR , W] DURAE A8 R (] 2¢ .d) .

a: LT HT, PR AR BE R (
(- %30) ;¢ JBL07HT, SEM 8 F W (
W( x5000),

B2 FRREYTAIENERERES SEM THRE

Fig.2 Stereomicroscope and SEM views of enamel before

x30) ;b WA )5, R BB T WL
x5 000) ;d: B )5, SEM 5 T

and after demineralization
2.3 P-PAMAM Jii B4 Ji 9 1 78
2.3.1 HAP WgZR=2s:

B P-PAMAM 7K % W o3 £ Vi B 1) 3 =5, P-
PAMAM Xf HAP 1 W fff 68 77 2 8L - F- & ¥, P-
PAMAM 7K BT KT 4 mg/mL PLJS,OD {H
ZEB WA T VR, $E/R LR P-PAMAM X HAP /iy

W B RE SR AR (E 3) .
0.15
o .10
#
g
g
g2 o0o0sf
0.00 L L - . !
) 4 6 8 10
P-PAMAMJ5 Bt ¥ J¥ /(mg/mL)

3 P-PAMAM XF HAP By Bt 8
Fig.3 Adsorption capacity of P-PAMAM for HAP

2.3.2 4TS

1929 2 AE A 7] BT 5t ¥k £ 9 P-PAMAM 1 85
F£24 h 72 h J5, #5250 40 A0 AT I R 5 X IR (0
mg/mL P-PAMAM 41) LG, fE7E B 22 5, Hi,
0.5 mg/mL ZH 1) 24 h .72 h 20 A1 56 5 %7 B8 4 A1
He 3 B EAR (24 h:F=2 216,P<0.000 1;72 h:F=
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1 286,P<0.000 1),1 mg/mL ZH 40 {0 77 1% FR B0} IR
AR, EARMEES 5 24 h S50 IRAAE BE 2R (P<
0.000 1), HiZ 22 %7€ 72 h B BA Gi it X
(P<0.001) , 2.4 .6 mg/mL ZH 1t 20 Jif 77355 R 55 ) B
HIRETHE (P<0.000 1) (Fl 4), 458K 2 4,
6 mg/mL f}) P-PAMAM 7E4I M5 5% 72 h NG &2
MAETEPE, 454 HAP WERSZE A2 R AR 73 ik 2
4 mg/mL A J5 B2 FAT LI (1) P-PAMAM Jit £ ik
JIE I S A B T S O 1 5 T 1) v 5O R R A
(AR A 2R

200 eokok K kKKK
5 1 I
k% %k k 3k ek ok 0 mg/mL

150f —=222 m 0.5 mg/mL
§ fkkk sk
- sk ah - 1 mg/mL
% 100f = T 2 mg/mL
= 9 4 mg/mL
T sof B 6 mg/mL

0 24 72
FEFRt[E] /b

EHXTHEZH (0 mg/mL A1) FHEL, # %% ;P<0.001; # %% . P<0.000 1,
4 1929 RBTEREIRERER P-PAMAM 53R
24,72 h MLARRTEIE 2
Fig.4 Cell survival rate of 1929 cells cultured with
different mass concentrations of P-PAMAM for
24 hand 72 h

2.4 B LRIESSHT
2.4.1 SEM

i FH SEM H52 AR X6 -0 4k Y Ak B S 6% 2 il o B
ARMETEIIATRAE, G5R SR 024 h (192 : 1+
P-P 21 77 Rl SRR e T B e, Ab B 1R R
i 2% I AT T iU B B L R 2, 3 RS 1 ik
2 S ARTE B ) JC AL (8] 5al ~a3), 1.67 : 1+P-
P 21,24 h Rl R b 2 1 R RT TR A R A
R, 1 J8 )5 P A2 351 0% B3 s
P IL 2 iR I A TPk 35 (B Sh1~b3), 1 1+
P-P 2, 5 R SRR S 2 Y B B AL JE AN L, 2R
BOAMMIEE (5 dl~ d3), 1M 0.5 : 1+P-P 4 Rl
o BV A4 3 8, 2% 101 IR B 00 P 6 )2t AH
PR AT B R A (8] Se3) o 7 L RTiR,
MHA LR AL 1.67 ¢ 1 i, 7 P-PAMAM
TN 1 Rl T RE ARAS BT B AR AR

TR 1.67 - 1 MWW T, 5
1.67 : 1+P-P 4AHIL,1.67 = 1 4Bk = P-PAMAM 4
S, RS R T A SRR DTERE 24 h B AL HES)
(Kl 5cl), FlEBTAIHERS  SORAEAR L Fli ) 5T ) 7
WAL B S, 3 RS 28 Rl T 3R T S BT Y A AR

HEZ (] 5¢3)

1.67 : 1+P-P 2 : 1+P-P

1.67 : 1

1:1+P-P

0.5 : 1+P-P

5 B#F24h.1E.3EEH SEM FETW(
Fig.5 SEM images of samples remineralized for
24 h, 1 week, and 3 weeks( x5 000)

2.4.2 I Ak CCAEE I 3t

b A PR R IR SR R W, AT =, 2 b e A
P L R EFEAR(F=115.9,P<0.000 1), FHHfk
3 JAJE , 2 A RETE WA B A I 2 Filt ot /=g 1) T
WALZ (P<0.000 1), Horb, S8 TR 10 4555 L R
1.67 : 1 B (1.67 : 1+P-P 41) , FHI T E P-PAMAM
VTN, BEIY A FC RS 4 0 25 v T LA™ i 28 il o 1)
A LZE (P<0.000 1), = P-PAMAM 5 &
(1.67 = 1 2H) oS mELb 2 1(2: 14P-P4) .1 : 1
(1:1+4P-P 41) M 0.5: 1(0.5 : 1+P-P 41) A}, -4~
& 3 JEG IR B0 R A2 S i e DR B % L
W5 AR BT W G (R R YR A 2 e i
B R T K SF (P<0.05) (E 6)
2.4.3  XRD 437

wmEl 7 Jrs, B AT R BT 3R Y HAP /Y
XRD B3 AR5 B 25.20 B B0 (002) FRAE I
TERGES M BE 3210 ffF il Y B0 (211) fAf T RAAE g, e
W5 1 AR BTRE AR (002 ) 47 i I A8 5 A T 79 24 il i
FEARRAR, 2008 3 R H0 1k, & A Ha LA
)2 MR FFEAT ST SEARLT A (002) 5 (211) fhTH

x5 000)
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FIRFIE, 2 ¢ 1+P-P 41H0 1.67 : 1+P-P 41 (002) 45
TIE04 55 40 T 5 B R Y, B A BT 5 R SR F il o
BAZRIEUE B HAP ik, 6= P-PAMAM 353
19 1.67 = 1 40, AR (002) W B s i | E g g e 1
T BR SAs A RIS P TRJE IR B A
AIRERE S PR R /NS F e, 1 1+P-P 4
(002) FHEVE(EFS 228, P27 MY 5K, AT RETE WL T
SRR BRI AT . 0.5 = 1+P-P 4H(002) W58 J3F 1
WSS, RO IEA R, AR TR 045 AR,

500
a
i ok a 5 - »

- 400F T 2 ‘::f R R JBeH i
E = e

|
% 300fF \ 2: 14P-P
-
= 1.67 : 1+P-P
2 00 ! *
% ‘ —1.67: 1
& 100k mm ] : 1+4P-P

} (.5 : 1+P-P

0

S RTZAARLL , % P<0.05; %% ; P<0.01; %% ; P<0.001; %% ;
P<0.000 1, S5W# 54, a:P<0.000 1,
6 BT HU3EARTHRRENEREREEE
Fig.6 Micro Vickers hardness of enamel after

3-week-remineralization
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) | _ 1
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) 1
1 1
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1
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1 iy
20 25 30 35 40
gt )

B 7 By {EH XRD o4

Fig.7 XRD analysis of the remineralized layer
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A7 PO R v i S ) 2 R TR
FMAUUR, SR B I FAEE N TR, Ak
Py R S0 AR e T 40 T 4 P RS A 1)
A A0 T e AR RS B RUA W A R
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