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[Abstract] Objective To investigate the barrier membrane fixation performance and enhanced guided bone regen-
eration (GBR) capability of a thermosensitive adhesive containing bioactive glass nanoparticles in order to provide a
novel solution for membrane fixation during GBR procedures. Methods M2NP@BGN (methoxyethyl acrylate-co-N-
isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle), a thermosensitive adhesive, was synthesized
via free radical polymerization by compositing methoxyethyl acrylate, N-isopropylacrylamide, and protocatechuic acid
into a basic adhesive that was modified with bioactive glass nanoparticle (BGN). The successful fabrication of basic ad-
hesive M2NP was characterized by attenuated total reflection — Fourier transform infrared spectroscopy and nuclear
magnetic resonance spectroscopy. The thermosensitive adhesive M2NP@BGN (BGN concentration of 1 mg/mL) was
characterized by scanning electron microscopy and a rheometer. By adjusting the BGN concentration (0.1 mg/mL,
0.5 mg/mL, 1 mg/mL, and 2 mg/mL), the adhesive and mechanical strengths were investigated with a universal testing
machine. Biocompatibility was evaluated with a cell counting kit-8 assay and hemolysis test to identify the optimal for-
mulation. The optimal material’ s extract was co-cultured with mouse bone marrow mesenchymal stem cells, and its os-
teogenic activity was examined in vitro by quantitative real-time PCR, alkaline phosphatase, and alizarin red S staining.
The rat mandibular defect model was established, filled with bone graft, and divided into 3 groups based on membrane
fixation method: M2NP@BGN (BGN concentration of 1 mg/mL) fixation group (M2NP@BGN), titanium nail fixation
group (Nail), and unfixed control group (Negative). Bone regeneration was analyzed after 8 weeks by micro computed to-
mography and histological staining. Results M2NP@BGN (BGN concentration of 1 mg/mL) was successfully synthe-
sized and demonstrated rapid gelation under warm, humid conditions. The adhesive with a BGN concentration of 1 mg/mL
exhibited the highest adhesive strength (P < 0.001) and significantly enhanced mechanical strength (P < 0.001) under
37° C wet conditions. All formulations showed excellent biocompatibility, with cell viability > 80% and hemolysis
ratio < 5%. M2NP@BGN (BGN concentration of 1 mg/mL) significantly upregulated the expression of Runx2 and Col I
(P < 0.001) and enhanced the activity of osteogenic differentiation markers (P < 0.05). In the animal model, the
M2NP@BGN group (BGN concentration of 1 mg/mL) achieved significantly higher bone volume fraction and better bone
maturity compared to the negative and nail groups (P < 0.05). Conclusion M2NP@BGN (BGN concentration of 1 mg/mL.)
combines excellent wet adhesion with potent osteogenic activity, enhances the bone augmentation efficacy of mem-
branes, and presents a novel fixation strategy with significant clinical translation potential for GBR therapy.

[Key words]) guided bone regeneration; barrier membrane; fixation; adhesive; bioactive glass nanoparticle;
wet adhesion; thermosensitive materials; bone defect; bone repair; osteogenic differentiation
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(2210-25-5, BT HL T 24w, H E) 5 PCA (99-50-3, Fif
LT3 d, s E) s BGN(B139901, BT fi7 T 23w ,
[E] ) 5 7 W A B B2 i ( Bio-Gide®, Geistlich , B ) L F
#5 (Bio-0ss®, Geistlich, Hij 1) , - & 7F 3C H fa Fr M
Gt b i 55 5k 5 JC 7K (515108, Biosharp, ) ;
g%@%(BL539A,Biosharp, FrE ) s N, N- 3t
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2 BUR ) & (RC102-01, i ME %8, b [E ) ; Prime-
ScriptTM RT Master Mix (RR036Q), Takara, H 74 ) ;
TB GreenTM Premix Ex TaqTM(RRSZOQ , Takara, H
%) 5 i#h 738 X-100 (octylphenol ethoxylate , TritonX-
100) (04807426, MP Biomedicals, 3 [H ) ; §fi 14 B iz
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R, P ) ; 75K LY (Alizarin Red S, ARS)
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ATR-FTIR) (FTIR-8400S , Shimadzu, H 4% ) ; #% fif; 4t
P& P 3% 4% (nuclear magnetic resonance spectroscopy ,
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tific, SE ¥ ) 3 SEIS 9 A it 55 i 5% 2R N (Quan-
titative Real-time PCR, qPCR) (CFX9 Conne, Bio-
Rad, 32 [E] ) 1% ; 18] ¥ A 25 2 105 (CKX53, Olympus ,
H 7R ) 5 WO 545 B 088 (FV1000, Olympus Oly-
VIA, HAS) ; 0 F A AL Z $ 4 (micro computed to-
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protocatechuic acid) . 2.5 ¢ MEA ,4.32 ¢ NIP
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1 mg/mL. 2 mg/mL A9 & GRS 42 50, 2 il 4w 44 4
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P 92 5 % 3, 6 F ATR-FTIR A 0 56 6l K 22 57
M2NP H B REH , 5 2% B B 1S T LERIESE .
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R4 h, 10.22 wm BT 308 A% T DEER A, ) 5 15
2| 10 mg/mL ¥ B 1) £ 2R 422 500 A BH iR 48 0 A
1896 fLAR LA 3 x 10° /L 1Y %5 i #2278 L BSMCs
Mk E . w48 0 s i
CCK-8 3271 &5 2 & 4 ML 0% 77 .
.52 WILSCE 48525 3G Rk KA ARG
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200 wL 38 T 96 LA H , Kl 540 nm (96 %5 A .
38 38 53 B £ 2O EE AR AT I YRR S PR
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1.6.1 WHIBERRERAEMECE  F R ZER A A
J£ 4 100 nmol/L . B H I R 44 24 4k &2 24 10 mmol/L,
Yk z 25 C AU 50 ug/mlL XU He B 1%
5 2F I35 U R 10% WO T 7 e B 50 4 i 15 %
REgR 4k R AE 4 “CAAF T HOE IR AR . K 500 mg 1Y
M2NP@BGN ( BGN ¥ & 4 1 mg/mL) K 422570 A4 4L, Jin
AF]50 mL B LR SRR 24 h 5,
0.22 pm £ UE LR L VEBR R & H o DR & M kR
P 1Y) 58 42 IR 1 S B R R T R

1.62 ALPFIARS B+ 5 /)N B BSMCs 1% 8x10° /
FLBY %5 B 2 A0 T 6 FLAR , FF 40 i % K & 70%~
80% Hf FF UG M A £ AL 5 S 3G R A (iR &
MRHEAEW ) o B3 d i T F W, 14 d J5 , I PBS
e, It 4% Z2 5 W RE [ 5E 15 min, i ] ALP i
frjeta s fE 21 dJ5, FH PBS VR, IFFH 4% 2 5 H S
[ 72 15 min J5 , 8 ARS AT 4 0, 59 25 Yo,
LB TR Z U8, T8 B 10505 [ 45 L
THARILER .

1.6.3  RT-qPCR K& il A% 8 355 5 B A ) = B S
Bk O o K BSMCs 4% %% 1 8x10° /FLEEFH T 6
UM I, 135 40 B8 255 B o 70%~80% I T 15 fin A B
B, 3 AR, 14 dJ5 0 RNA $2 G50 &
FEHURNA , B J5 18 FH PrimeScriptTM RT j2 77 k47 396
5 55 DLl #5 ¢DNA, 78 82 i 298 ) 18 PCRAY I K
I Runx2 | Col I ) mRNA ik, DL H i B -3- 8 iR
i & i ( glyceraldehyde-3-phosphate dehydrogenase ,
GAPDH) HNZ: . 5IWFHIL £ 1,

1.7 M2NP@BGN #94k 1 5 A 2R 3R
1.7.1 # # K BRCE WA sk 40 B A

®1 RT-qPCREI¥IFHI
Table 1  Primer sequences in RT-qPCR

fr & SD

Genes Primer sequences 5° -3’

F:CCCAACTTCCTGTGCTCCGT

Runx2
R:AGTGAAACTCTTGCCTCGTCC
ol 1 F:AGACCTGTGTGTTCCCTACT
0
R:GAATCCATCGGTCATGCTCTC
F:CTGGAGAAACCTGCCAAGTATG
GAPDH

R:GGTGGAAGAATGGGAGTTGCT

Runx2: runt-related transcription factor 2; Col- I : collagen type I

GAPDH: glyceraldehyde-3-phosphate dehydrogenase



O &mBIE 20265 18 $34% F1H

Journal of Prevention and Treatment for Stomatological Diseases, Jan. 2026,Vol.34 No.l1 https://www.kqjbfz.com <45 -

(sprague-dawley ) R FRU S F 25 4275 & K 2 5L 56 5))
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T3 RAR L2 TR R F S sh W) A1) 5 18 B Y
2t E (S BRI ME S+ 2024-kq-028) . L 8 JA#A 1A
H 250~300 g SD KB, BEHLT 4 3 20 (H32H n=3) , 5
¥ 20 L M2NP@BGN (BGN ¥ &£ A7 1 mg/mL) K 2 [
SE i i I (M2NP@BGN ) 5 BH 1 05 IR 20 LA BR BT [ 7
Bt BB (Nail) 5 B PR X5 B8 41 B B B O [
(Negative ) , Fr A BT T A i 2o Ji5 5 PN 7 55 3%
I H 2 B AT R . TR R N S TR
FU, A o0 g s S p 20 i 4 o (0 i ) 5 0 )
BT AR BB A DR LA S A R 4
SCYETH, 2 BRSCHR 2 0 5 1k, A T TR AR R K R
SLOPGE TR AT v R Sk 3 B (R xS 3
mmx2 mmx1 mm) . B, 76 S AL I 788 K, IF 43
S FH M2NP@BGN Al 432 5] 8 BT AR BT [ o o s
FEE B X6 HEOAS [ o Bl FH 5-0 W g ol 2 2k 4
AR )E 40 Nl ae s & IR Z . RIG 45
TREHKE.
1.7.2 Micro-CT PFAli H FE A= R Micro-CT 45 4
SHANT AR 80 kv, LI 70 wA o 7E 8 A Iy R ]
oo & G EEE 2 A0 (100 mg/kg ) 4b BER B, 4 K B
Gy AT i A ROR A5 R L5 E (bone vol-
ume/total volume, BV/TV) Fll ‘H /N 3 |2 F (trabecula
thickness, Th.Th) .
1.7.3  Masson Y (0 0 M1 & FAERUE KRG8
Jal R BT A REAS A 0 38T I b R R, 4%
HE U8 B 5 ] Masson = (0 Y R AT Rk e o . U1
J W 2K, SR IR AR 3R (T R LR AR e i AT
o, Y 58 LS HEAT K A B AL B B s R
NEEHAE, T30 B WA A [R5 RO #i IR
1.8 “it o4

fifi F GraphPad Prism 10.0 #4748 iF24 0471, 11
it PR X RO, BUE A G IE S 0 A R T 25 5%
PR, TR A (] L AR o K 6, 22 20 (8] HG 3R FH 5 T
B BN . P<0.05 WERAGITEE L,

g R
2.1 M2NP@BGN #j #) # & % fE

K R R A kb M2NP L b R 4 5
RAETYHY ATR-FTIR 25 5 7R 3 280 em™ &b (1)1
W U J& T NIP 19 N-H 0 i 45 4R 2l 1, 1 589 em™!
b J2 PCA H 2R B8 A9 1 2R R Bl W W 0, 1 157 em™ 20
WIXF R MEA | C-O-C 19 i 45 9 2y W Wic e, 7™ 4y 5%

Bt R 2 50 M2NP [ 21 0 35 0 v 4 35 T R B 1Y
SLU, AW AR G i (K 1a) .

HE— 2 3l 1k NMR 20 87 7R, B0 I SR 1) 45
J2 5T (8H 5.60~6.19 ppm) 15 5 KA T 2k , &% Hafk
YRR BT 15 55 2445 2 & L 3R W] M2NP R & K
o 1 PCAE R D 5L A, 38 1 5 NIP JE L &
B E A TR R R 2R, K Itk
Ty ke g 4 M2NP FERlRE #2500 (&1 1b) o R FH i & 43
B X 5 28 9% % X M2NP@BGN (BGN & £ 4 1 mg/
mlL ) Al 2 51 2 T 19 00 28 4 A i AT 3 b, 45 R R
BGN 7E & A~ FLAl R 42250 1 4% rh 1 2] 3 A5 (K 1e) o

M2NP@BGN 7E i % i 2% B i1 R 4 09 AT 3 5
PE, T AE N R BE B BE Ak (] 22) , T A5 7K
B HA —E R E v (E 2b) o M2 T, 1%
IKEEREAE T B 550 T R 2 e Re 4 22, oK =
R 42 M e ) AT DLAR T (I8 2¢) o 9 22 2= R i i
N T A I A (2 32°C) B, G T IR
G, RWIK R K Vs e -BE e i 42 (] 2d) o D 14
SRRV H AR A BT T M2NP@BGN A

R, Je 2 50 50 45 8 T L Ak L O L DA atE— 20 42
AR -2 K i
2.2 7 F) BGN i J& #5 M2NP@BGN #4 #b 3 1% 4 &
7y P AR AL

R SE M2NP@BGN {0 K 2 5770 75 A R 4544 T (1)
K EBE AR ISITAL T 4 Fh kb BE A F (25 °C T
WS 37 °C TR EE (25 “C BI85 A 37 °C IR B
B R ARG R . 45 BoR, TSR &R ik
P12 h 5, I B R B RN 3 9 B (P <
0.001, [8 3a) , 3 W] M2NP@BGN g i& 7 1A P 1 $4
B7 52

Bifi J5 , 3 33 ¥ BGN A HE (BGN ¥ B 43 31
4 0.1 mg/mL 0.5 mg/mL 1 mg/mL .2 mg/mL) LI %
TR 2 1 fE R A AL 2 A A, 45 2R B R M2NP@
0.1BGN (BGN ¥ & & 0.1 mg/mL) 5 M2NP@BGN
(BGN ¥ & 0 1 mg/mlL) 2H 3 90 iy S5 O R 42 i
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a: ATR-FTIR spectrum of M2NP showing characteristic groups from MEA, NIP, and PCA monomers. b: NMR spectrum of M2NP confirming the
proton signals of all monomers. ¢: SEM and elemental mapping of M2NP@BGN (BGN concentrationn: 1 mg/mL) indicating a uniform distribution
of BGN. ATR-FTIR: attenuated total reflectance-Fourier transform infrared; M2NP: methoxyethyl acrylate-co-N-isopropylacrylamide-co-
protocatechuic acid; NMR: nuclear magnetic resonance; BGN: bioactive glass nanoparticle; MEA: methoxyethyl acrylate; NIP: N-
isopropylacrylamide; PCA: protocatechuic acid; M2NP@BGN: methoxyethyl acrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive
glass nanoparticle; SEM: scanning electron microscopy
Figure 1 Synthesis and characterization of M2NP@BGN
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a: a digital photo of M2NP@BGN showing the injectability in a dry state and the water-triggered coacervation in a wet state. b: a digital photo of
the cured M2NP@BGN exhibiting adhesive properties. c: a digital photo demonstrating adhesion in a wet state. d: temperature sweep revealing a
phase transition-induced gelation point near 32° C. G': storage modulus; G'’: loss modulus; M2NP@BGN: methoxyethyl acrylate-co-N-
isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle (BGN concentrationn: 1 mg/mL)
Figure 2 Basic characterization of M2NP@BGN
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a: under four conditions, M2NP@BGN exhibited the highest adhesive strength at 37°C in a wet state. b: the results of regulating BGN concentra-
tion on the adhesive strength showed that M2NP@0.1BGN and M2NP@BGN had the best adhesive strength after 12 hours of curing at 37°C wet. c:
the influence of regulating BGN concentration on the mechanical strength showed that the tensile fracture strength of the material exhibited an up-
ward trend as the BGN concentration increased. d: after incubation at 37°C wet for 24, 48, 72, 120, and 168 hours, the time-strength curve of the
M2NP@BGN showed the best performance. M2NP@0.1BGN, M2NP@0.5BGN, M2NP@BGN, and M2NP@2BGN denote the samples with BGN
concentrations of 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL, respectively. BGN: bioactive glass nanoparticle; M2NP: methoxyethyl acrylate-
co-N-isopropylacrylamide-co-protocatechuic acid; M2NP@BGN: methoxyethyl acrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive
glass nanoparticle. n = 3, ns: no significance, **P < 0.01, ***P < 0.001

Figure 3 Influence of different BGN concentrations of M2NP@BGN on adhesion and mechanical performance
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a: the CCK-8 assay showed that after co-culturing with the extract solutions of each wet adhesive for 48 hours, the cell viability of the BMSCs was

all above 80% (red dashed lines), meeting the standards for in vivo application. b: the hemolysis rates of wet adhesives with varying BGN concen-
trations were all below 5%, indicating favorable hemocompatibility. M2NP@0.1BGN, M2NP@0.5BGN, M2NP@BGN, and M2NP@2BGN denote
the samples with BGN concentrations of 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL, respectively. BMSCs: bone mesenchymal stem cells;

BGN: bioactive glass nanoparticle; M2NP: methoxyethyl acrylate-co-N-isopropylacrylamide-co-protocatechuic acid; M2NP@BGN: methoxyethyl

acrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle. n = 3, *P < 0.05, **P < 0.01
Figure 4 Evaluation of the in vitro biocompatibility of M2NP@BGN by CCK-8 and hemolysis assays
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a: the representative ALP and ARS staining image (14 d and 21 d) indicating enhanced alkaline phosphatase activity and increased formation of
mineralized nodules in the M2NP@BGN treated group. b: quantitative analysis of ALP staining at 14 days and ARS staining at 21 days; c: relative
mRNA expressions of Runx2 and Col I. ALP: alkaline phosphatase staining; ARS: Alizarin Red S; Runx2: runt-related transcription factor 2; Col I:
collagen type I. Control: induction with standard complete osteogenic medium; M2NP@BGN (methoxyethylacrylate-co-N-isopropylacrylamide-co-
protocatechuic acid@Bioactive glass nanoparticle): induction with M2NP@BGN extract. M2NP@BGN denotes the sample with a BGN concentra-
tion of 1 mg/mL. n = 3, *P < 0.05, ***P < 0.001

Figure 5 Effect of M2NP@BGN extract on osteogenic performance of bone marrow mesenchymal stem cells
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M2NP@BGN ( methoxyethylacrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle ) : the barrier membrane fixed
with M2NP@BGN. M2NP@BGN denotes the sample with a BGN concentration of 1 mg/mL
Figure 6 M2NP@BGN adhesive for barrier membrane fixation in guided bone regeneration in a rat mandibular defect
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a: three-dimensional micro-CT images of bone formation in the mandibular defect area at 8 weeks after surgery. b-c: morphometric analysis of BV/

TV and Th.Th for micro-CT. micro-CT: micro computed tomograph. BV/TV: bone volume/total volume. Th.Th: trabecula thickness; M2NP@BGN

(methoxyethylacrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle):

the barrier membrane fixed with

M2NP@BGN. M2NP@BGN denotes the sample with a BGN concentration of 1 mg/mL; Nail: the barrier membrane fixed with a titanium nail; Nega-

tive: the barrier membrane placed without fixation. n = 3, ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001

Figure 7 Micro-CT scanning and analysis results of rat mandibular defects at 8 weeks after guided bone regeneration surgery
with the M2NP@BGN adhesive
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Black dashed box: bone defect sites; Black asterisk: adhesive; White asterisk: new bone; Black triangle: bone powder. M2NP@BGN

(methoxyethylacrylate-co-N-isopropylacrylamide-co-protocatechuic acid@Bioactive glass nanoparticle): the barrier membrane fixed with M2NP@BGN.

M2NP@BGN denotes the sample with a BGN concentration of 1 mg/mL; Nail: the barrier membrane fixed with a titanium nail; Negative: the bar-

rier membrane placed without fixation

Figure 8 Masson staining of rat mandibular defects at 8 weeks after guided bone regeneration surgery with the M2NP@BGN

adhesive
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