A& RmAE 20265 1H $34% F1H

Journal of Prevention and Treatment for Stomatological Diseases, Jan. 2026,Vol.34 No.1 https://www.kqjbfz.com - 29 -

[ DOT | 10.12016/j.is5n.2096-1456.202550493 cEYMRIERE EMR -

FE BT ULEREESHFIERN A BRALEE-5%
7K R B R Rl 2 A P RE TR

XN —, EHEEd, REM, EH, IME, RFSE, RHE, FWK
DAL TRALSBAL B ELER T AR OBRAREAESHATPC BB A OREFTLEELE , ZE5E
XF v ERSEA, G 5% (710032)

(BZE] B&y W —Fh A SOSBERR NUEE- B A K BERE , 7] 0 25 A AR B (0 A 5 5 5 TR 1 BE
h B FEM BT R ARALTT SR AL . iR R R R T M 4 £ = B S fE 8% (methacryloyloxyethyltrimeth-
ylammonium chloride , DMC ) 1 PU /i 5 £, — 2 1A Jis 12 i 1 3 TV 1l /K 5 e HE 22 D, AR UK A B 5 A/ AN 28 &
VE ISR IR JULRE DT B 5 AR B8 1 o A8 38k i R L2 B 5 1 ) K B I Bl i 44 O D, [ I 63 3RS i R L
Pt - 1 7K B B 6 4% 0 DIF, o 38 3 451 4% H 52 (scanning electron microscope , SEM ) | 1% 4 Hi 5% (transmission elec-
tron microscope , TEM) | g 15 {4 HL X 5 28 )6 1% 1L (energy dispersive spectroscopy , EDS) | BE X Hi F- 417 5 (selected
area electron diffraction , SAED ) 28 F=-BL £ AE DF, . DF, . DF, K% & B 7 AL 850 5 £ BIBE /3% 40 B Y €1 . CCK-8 5L 56
W 7 DF, DF, . DF, 7K 5 5 A= 90 A 250 5 38 28 05 14 3% 2 iff (alkaline phosphatase , ALP) 15 &K £1 S (alizarin red S,
ARS) Yt € 3 Ak DF, . DF, . DF, 7K % i %F /)y BUVE Jif B B 4 B A 45 41 B2 (mouse embryonic osteoblast precursors ,
MC3T3-E1) i B 75 T e J) 5 76 iR 4 Mg Se 5 v, 289 D)3t 35 SR BL IR SR 0 A LR X BR 4, 85 R DF, . DF, .
DF, 7K B IS 8% 5L 516 5, Horp DF, (DF, AT #E 6 d N 7= A B 19 A 74k 3042 ; TEM \EDS . SAED %5 54IE 52 DF, 24147
7= 1) S TCRE B BRIRAS , T DF, 28 7 4 4 TG %€ FE B PR BEES 5 AL WA A VESC B 45 3R /R, DF, . DF, \DF, 7K BE K AR
Xof 40 LA S 3 B A S W 5 S S SR R, DF, ZH A DF, 20 89 ALP K2 ARS B (L #8A BIr ini , o vh DF, 49
Fh A IR . B8 AT SE AL (19 7S B IR JUL I - B /K B I (D) mTH it | 7 Ak S B 4k 5 10 26 1k, [/
I e L R S 1) ol 5 AR e 5 3 A R e B T 8 XU AR R AR BRI R B A AR T — T I SR
[kgi|m] LWt ASBERIE; XARKEw: BEEM: BeEr: Ay
BBV KB ERA

(FESXS] R78 [X#EREHB] A [XEHS] 2096-1456(2026)01-0029-12 s
(SIAEREKX] XIng— BB, 2, 5. HE A5 b5 B 7 SR B0 7S B IR LIS -3 K B 15 1Y) ) 4
R ERETEOT I, S EIG BT 1A, 2026, 34(1): 29-40. doi:10.12016/j.issn.2096-1456.202550493.

Fabrication and evaluation of an inositol hexaphosphate-zinc hydrogel with dual capabilities of self-
mineralization and osteoinduction LIU Mingyi, MIAO Xiaoyu, CAl Yunfan, WANG Yan, SUN Xiaotang, KANG

Jingrui, ZHAO Yao, NIU Lina. State Key Laboratory of Oral & Maxillofacial Reconstruction and Regeneration, Na-
tional Clinical Research Center for Oral Diseases, Shaanxi Key Laboratory of Stomatology, Department of Prosthodon-
tics, School of Stomatology, The Fourth Military Medical University, Xi”an 710032, China

Corresponding author: NIU Lina, Email: niulina831013@126.com; ZHAO Yao, Email: zy1056314642@foxmail.com
[Abstract] Objective To fabricate a hydrogel loaded with inositol hexaphosphate-zinc and preliminarily evaluate
its performance in self-mineralization and osteoinduction, thereby providing a theoretical basis for the development of
bone regeneration materials. Methods The hydrogel framework (designated DF,) was formed by copolymerizing meth-

acryloyloxyethyltrimethylammonium chloride and four-armed poly(ethylene glycol) acrylate, followed by sequentially
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loading inositol hexaphosphate anions via electrostatic interaction and zinc ions via chelation. The hydrogel loaded only
with inositol hexaphosphate anions was named DF,, while the co-loaded hydrogel was named DF,. The self-
mineralization efficacy of the DF,, DF, and DF, hydrogels was characterized using scanning electron microscopy, trans-
mission electron microscopy (TEM), energy dispersive spectroscopy (EDS), and selected area electron diffraction
(SAED). The biocompatibility was assessed via live/dead cell staining and a CCK-8 assay. The osteoinductive capacity
of the DF,, DF, and DF, hydrogels on MC3T3-E1 cells was assessed via alkaline phosphatase (ALP) and Alizarin Red
S (ARS) staining. In the aforementioned cell experiments, cells cultured in standard medium served as the control
group. Results The DF,, DF,, and DF, hydrogels were successfully synthesized. Notably, DF, and DF, exhibited dis-
tinct self-mineralization within 6 days. Results from TEM, EDS, and SAED confirmed that the mineralization products
were amorphous calcium phosphate in group DF |, and amorphous calciumzine phosphate in group DF,. Biocompatibility
tests revealed that none of the hydrogels (DF,, DF,, and DF,) adversely affected cell viability or proliferation. In osteo-
genic induction experiments, both ALP and ARS staining were intensified in the DF; and DF, groups, with the most pro-
found staining observed in the DF, group. Conclusion The developed inositol hexaphosphate-zinc hydrogel (DF,) dem-
onstrates the dual capacity to generate calcium-phosphate compounds through self-mineralization while exhibiting excel-
lent osteoinductive properties. This biocompatible, dual-promoting osteogenic hydrogel presents a novel strategy for
bone regeneration.
[Key words] biomaterial;  inositol hexaphosphate;  natural compound;  chelation;  zinc ions;  self-
mineralization; osteoinduction; hydrogel; bone regeneration
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a: photographs of the hydrogel monomer solution before and after photocuring, with the left side taken before 365 nm irradiation and the right side

after. b: Fourier transform infrared spectroscopy (FTIR) analysis of the methacryloyloxyethyltrimethylammonium chloride (DMC) and DF; hydro-

gel. The characteristic peak at 1 637 cm™ is attributed to the C=C, which is exclusively present in the DMC monomer. The infrared absorption at

951 em™ corresponds to the —CH,—N*(CH,),, and this characteristic peak is observed in both DMC and the DF hydrogel

Figure 1  Synthesis of the DF hydrogel
B 1 DF,/KEEIR AL

EDS #a il 45 2R o (& 2) , #H 48T DF,, DF, #1
DF, 7K BE B ARG In T P #I Zn JT R 1945 5 06, UE
W1 T 1P6"™ Fl Zn™ 1Y W B B 48 . 2 1 45 R WK
DF, 7K BE e v POC 2 B o Ll 6.26% , DF, 7K B i
H PRI Zn (Y0 E BT o 7 LA o 4.71% .9.77%

ICP-MS A i 2% 3 7R, DF, Fll DF, 4 b 35 )
W oo R & wE Bl A B[R], RS T3 A A K BB I
X IP6'™ 1 28 B s Bk B2 AE 1 d INAEXT SR, 1 d e
AT g (K 3a) o BLAbh, DF, 7K BB 68 2% B¢ Zn
JUE, BHONES PR AU 3b) .

2.2 KRBk 8 AT A
= PR EEEAE SBEF HIR IS 77 AR TN [A] Y B

% . DF, Fl DF, J¥ 4h % 7 i i B AR Oy (1 ik, B
XA b 5 Y S B ) AR 5 5 2 A 2, DF,
IKBERAT SR R i I (B 4) .

HF 25 A B R) R 7K B B U AR O R T,
SEM WL (EI5) o ] WLRAE SBF =iy, = Fh /K ¢
JiE % 1 Y57 35 JC W) , 78 SBF 320 )5 , DF, Fl DF, /K ¢
Jie % T b  BRERE B9 DT R o BE R R RS UL
YR B Wi £, 6 d i JLF-5¢ & 78 5K B £
AT, 3 — B G2 5 7K B J5E 32 9 70 Y2 ek ) IR 2 AR AT
2.3 REREAFATHEE

DF, Fll DF, 7K # Jiz 2 11 U0 R 0 45 % 20 43 155 4
K, H-AE TEM F WL, DF, TR ks 52 B H AH X



O &mBIE 20265 18 $34% F1H

Journal of Prevention and Treatment for Stomatological Diseases, Jan. 2026,Vol.34 No.l1 https://www.kqjbfz.com © 33

50 000 DF

CK 0

40 0007

OK

30 000

Counts

20 000
pem OK

10 000

0 1 2 3
Energy / KeV

60 000

40 000

Counts

20 000

Energy / KeV

30 000

20 000

Counts

10 000

Energy / KeV

Element

Element
-
= N
= O
== Pt
[__\F
== Cl
=P

Element

-
=N
- ()
== Pt
= Na
== Cl
=P
==a/n

Energy dispersive spectroscopy (EDS) results revealed that no phosphorous (P) or zinc (Zn) elements were detected in the DF,) hydrogel. The P ele-

ment began to appear in the DF, hydrogel, while both P and Zn were present in the DF, hydrogel. DF: a monomer solution was prepared by thor-

oughly dissolving 8.5% (w/v) DMC, 2.5% (w/v) four-armed poly(ethylene glycol) acrylate, and 0.1% (w/v) photoinitiator 2959 in deionized water.

The hydrogel formed after curing this solution under 365 nm light for 10 min was designated as DF,. DF,: The DF; hydrogel was incubated in a

1% (w/v) sodium inositol hexaphosphate solution for 5 min to load TP6'*". The resulting hydrogel was labeled DF,. DF,: the DF, hydrogel was incu-

bated in a 0.1 mol/L Zn chloride solution for 5 min to further load Zn®". The resulting hydrogel was designated as DF,

Figure 2 EDS spectra and corresponding elemental mass ratios of the DF, DF,, and DF, hydrogels
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a: release profile of phosphorus (P) from the hydrogels in a liquid environment (n = 3). The gradually increasing concentration of P in the superna-

tant of the DF, and DF, groups indicates the sustained release of IP6'*". b: release profile of zinc (Zn) from the hydrogels in a liquid environment

(n = 3). The progressively rising Zn content in the supernatant of DF, groups suggests the sustained release of Zn*. DF group: normal saline incu-

bated with DF,, hydrogel. DF, group: normal saline incubated with DF, hydrogel. DF, group: normal saline incubated with DF, hydrogel

Figure 3 Phosphorus and zinc release profiles of the DF,, DF,, and DF, hydrogels
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With prolonged incubation in simulated body fluid (SBF), the
DF, and DF, hydrogels gradually transitioned from transparent
to turbid, while the DF, hydrogel remained transparent even
after 6 days of incubation. DI, group: DF,, hydrogels after incuba-
tion in SBF for 1, 3, and 6 days. DF, group: DF, hydrogels after
incubation in SBF for 1, 3, and 6 days. DF, group: DF, hydrogels
after incubation in SBF for 1, 3, and 6 days
Figure 4 Photographs of the DF,, DF,, and DF,
hydrogels after immersion in SBF
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Scanning electron microscope (SEM) results showed that spherical deposits emerged on the surfaces of the DF, and DF, hydrogels after simulated

body fluid (SBF) immersion, and their abundance increased with prolonged immersion time. DF, group: DF, hydrogels immersed in SBF and ly-

ophilized. DF, group: DF, hydrogels immersed in SBF and lyophilized. DF, group: DF, hydrogels immersed in SBF and lyophilized
Figure 5 SEM images of the DF, DF|, and DF, hydrogels before and after immersion in SBF
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a: transmission electron microscope (TEM) image and corresponding selected area electron diffraction (SAED) pattern of the deposits separated

from the DF, hydrogel. The SAED results indicated that they are amorphous materials. b: TEM image and corresponding SAED pattern of the de-

posits separated from the DF, hydrogel. The SAED results indicated that they are amorphous materials. ¢: energy dispersive spectroscopy (EDS)

spectrum of the deposits separated from the DF| hydrogel. d: EDS spectrum of the deposits separated from the DF, hydrogel. e: elemental mapping

of the deposits separated from the DF, hydrogel. These deposits exhibited distinct colocalization of calcium (Ca), phosphorous (P), zinc (Zn), and

oxygen (0). Deposits of the DF, group: deposits derived from the mineralization of the DF, hydrogel in simulated body fluid (SBF). Deposits of the

DF, group: deposits derived from the mineralization of the DF, hydrogel in SBF

Figure 6 Characterization of self-mineralization products in the hydrogels
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a: fluorescence images of dead/live staining of MC3T3-E1 cells. The viability of cells from the DF, DF,, and DF, groups was comparable to that of

the control group. b: absorbance at 450 nm of cell culture wells after adding CCK-8 reagent (n = 3). ns = not significant. No significant differences

in absorbance were observed among all the groups on days 1, 3, and 5. Control group: MC3T3-E1 cells cultured in standard a-MEM medium. DF,

group: MC3T3-E1 cells cultured in «-MEM medium containing extracts from the DF, hydrogel. DF, group: MC3T3-E1 cells cultured in o-MEM

medium containing extracts from the DF, hydrogel. DF, group: MC3T3-E1 cells cultured in «-MEM medium containing extracts from the DF, hy-

drogel

Figure 7 Biocompatibility assessment of the DF, DF, and DF, hydrogels
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a: alkaline phosphatase (ALP) and alizarin red S (ARS) staining results of mouse embryonic osteoblast precursors (MC3T3-E1). The expression of

ALP (14 d) and the number of calcium nodules (21 d) were elevated in the DF, and DF, groups, with the most pronounced enhancement observed

ok

in the DF, group. b: semi-quantitative analysis of ALP staining (n = 3). ¢: semi-quantitative analysis of ARS staining (n = 3). P < 0.000 1, ns =

not significant. Control group: MC3T3-E1 cells cultured in standard osteogenic induction medium. DF group: MC3T3-E1 cells cultured in osteo-

genic induction medium containing extracts from the DF, hydrogel. DF, group: MC3T3-E1 cells cultured in osteogenic induction medium contain-

ing extracts from the DI, hydrogel. DF, group: MC3T3-E1 cells cultured in osteogenic induction medium containing extracts from the DF, hydrogel

Figure 8 Evaluation of the osteogenic induction capacity of the DF, DF,, and DF, hydrogel extracts
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