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Abstract

In order to solve the problems of high recurrence and oxidative stress in the defect site of osteosar-
coma after operation, MAEO composite nano-hydrogel with photothermal anti-tumor and anti-oxi-
dation functions was designed and prepared by using hydrogel as drug delivery carrier. The hydro-
gel matrix was prepared from modified hyaluronic acid and sodium alginate through dynamic Schiff
base bonding and ionic coordination crosslinking. Molybdenum disulfide (Mo0S:z) nanoflowers were
physically incorporated as photothermal agents, while epigallocatechin gallate (EGCG) was loaded
as a potent antioxidant. Upon 1064 nm near-infrared (NIR) laser irradiation, the hydrogel contain-
ing 100 pg/mL MoS: exhibited an efficient photothermal conversion effect, resulting in significant
tumor cell ablation while maintaining favorable biocompatibility. Meanwhile, the released EGCG
effectively scavenged reactive oxygen species (ROS), thereby alleviating local inflammation and ox-
idative stress and contributing to the improvement of the bone defect microenvironment. By syn-
ergistically integrating photothermal therapy with antioxidative drug delivery, the MAEO hydrogel
demonstrates considerable potential as a therapeutic strategy for postoperative prevention of os-
teosarcoma recurrence and tumorous bone defect repair.
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1. 5|15

IKEEIRAE A R B 2 s A4 [ 1], mT DTS I 2 e e S B 24 ) R TR A 7K B i B A — e i S A
JEBR ROS MIBE/I[2]. REBTILRREE FREF(EGCG) & —F M AT IR Z Wy 2ib &4, TR Ar
PRISLARA 2250, B R P s, o DUA RSO RRRN B HEE[3]. EGCG B it 1 H
HFERE e, AR B 3T BRI E 4], AN, EGCG Al DUBIE E8E . 7 HEFRRIS B A P A5 A0 B4
R KB IR R R, KB IRAEPU AL RE[S] [6]

B R R — MG Mg, BT E R AR AT R IR S, EIRIR RN g — R B P s
W, RS FRAEFAFICT 20% (7] [8]. VIBRT-ARZIBIT B WAL S HagA 200 seng, S8, s
RAAR S5 G B AR JF I e @2 —([9]. KRBT IST SRR EARINH, B4 S EIHEHATAR
ANTTER[10]0 MEAE, B PR VIBR AR J5 o 18 BE RS0 BB BT Be e i skt BB MEREAR &, AR bE AR
R BEA S MBRH A PRSI, AR ESRE IR KBRS, 5 NEES
TREAHTEEE[11] [12]. HXFEMIENR, SeRITIECTTEN—FHEERAERIT %, Sl THFRA
RIARRGER, FH N T O @G maEnsT AW SESR[13]. BT EMANFEE. mitE
B R LT Te#dii s, 1064 nm 3T £L AR A A G RN R fi & #45 © 78 B 7 A4S 2132 R [14] [HI,
— RANFEAM R EBE[15]. MXene [16]. BEHAGER[1 7158 R . LB MoS,) & —Fh 4t )
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B, R KRGEREA S B EA R, st v s n 05 5] A KER
FAPE NG, AR b s 2R B2 N TR RMELN 5 IR 40 B A 18] [19].

TENG, 56T KRB 5 5 7245 A I 3 3 A oK o M2 BH 0T IR 5 eOPE B BR TR & JF 13 EGCG M
MoS:, fillf§ MAEO 7K#&E/K[20][21]. MAEO 7KEERHA B UF R ERBCER LIRFEMIR 4, [m] i it 5712k
1) EGCG W T /K EE e bt & i bt ag, CUA R TT IR v S i B (1

2. MRS RE
2.1, EEMUFRAHA

FEAGE: BRI (ZNCL-BS IR AR A A AN O EETH(TT00AS dbatE ). 3t
A B MEE(LCS SP8 Leica). T-HFal4LAMMEA(TISS5+ EEAERE ). 518 AW T MEL(XDS-1B H AR
MR iR EE ISR A (HH306 32 FERCK )«

FERAA: BYRRE ). HR(EZ). R BHFETH T). MES (G iih). A&k
B 2) RN T MR EACE TOAK) . SAREN(EZY). CRE(E ). 2 IR (99%FTHi 1), Pk
HHIRE(AR EHZh). BiRABIZO9%MF 1) REETFILRREE TIREN99% 15 245)k).

2.2. EAKERHI%E

2.2.1. BEEARBAHS)HI&

¥ 1 g HA ##AE 100 mL MES 2231 (pH = 6.5)+, #KIXIIA EDC (1.25 g)F1 HOBt (0.89 g) X M. 1 ho
SRIG, N 4.5 ¢ E R —(ADH), fE=E FHEXMN 24h, WE 1R, RNTEH)GE, REEREENT
BT S day, BJGIETE R TESRR Y. SRR IR —E WA T 58 S iEil, S5
2= AHS, TRAFIE 4 CLLHE—DfE .
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Figure 1. Schematics for the synthesis of HA-NHz
1. HA-NH: B & Pl B 2%

2.2.2. BEEEERM(OSD)HIE
YR N3 o)V T 300 mL 2B 1K, il 1 wi%P¥a i, Bl 5 I\ = iR (0.65 ), 7E7%
B N 4 h, I 3 mL Z EEKAE RN 2 h, SRJE IO 1 g EALEN, TN 100 mL Z B G5
BRI Aar=. HEETFKIENEMIG, B3 day FRR2SA G T8, 58] A GRS ERR N
PN BERRIN(3 @) IRAE 300 mL £ B 17K, SR/ EDC (2.71 @)1 NHS (1.63 g). ER/ MR
PR, SRIEIMA DA (2 g), fERMNEFED, WH pH £ 4.5~5.5, HHFEELEIZIGREN . 500N
W, R SVEBRN BT S ENT 5 day, YA TR OSD, W& 2 Fis.
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Figure 2. Schematics for the synthesis of OSD
[ 2. OSD WY& BB 2k

2.2.3. ZWHREBARIEMoS)HIEF

B ZBE (2.3 mmol)« (NHg)sMo07054-4H,0 (0.12 mmol)FEEZE /K (28.0 mL)II A 100 mL & /& 28,
FEAWHEFE 0.5 h VM, INEHF 2 HAE 200°C )V 24 h, A5 A ALK EEE & R r=y, AR
JEAE 10000 rpm FE N EG O AR TIRE, 15300 O 4y MoS, 40K .

2.2.4. IKEEZ(MAEO)HI&

4 OSD BA 15 wt% & BIEARIE EGCG W H, H15 5 wt% AHS IR G Hl £ /K B, KB 11K MoS,
WEEN 100 pg/mL, JER MAEO 7K#&HR . 428 FIR IR/ % A& MoS, 5 EGCG 1] AO K&K, A
& MoS; ] AEO /KB, A% EGCG ) MAO /KEERE, ik MAEO /K&ER4H .

2.2.5. MAEO 7KERERAE

(1) SV : K MoSy PAAS [FIVR B 40 BU7E 25 B Tk H . FHERAM Y66 FETH(T700AS A6 50 4T) R4k
HgHha] WO, (2) FIE B2 463 (S 10 SEEJE 5 /) (FT-IR)FAE & 1E 4000~500 cm ™' 78
FEIA ) FT-IR Y%, (3) B3R A4 s RE Sl 1 W Ui (Talos F200X 3 [ FRER ) A7 R 54
R (SUB010 HASHAZ)ERAE MoS, JES. (4) FKE: KR EAN 10 mm, &ER S mm [1EHTE
MAEO 4UKEARE id5%, WiFT8, BREFTA/KSEERIET, BUH PRk B id 55 % /K EER I i
o FEMIEKETEARWT:

w,—-Ww
Water content % = ———<%x100
w,

Hep wo R TR ES, W, R TEENER. (5) BHMERE: £ 1064 nm FEOEB00 mW/em?) 5T,
& MoS, 73 BRI IR EEAE A . 43 HIECH] 500 100 200 300. 500, 700 pg/mL ] MoS, ¥, FES 10
min, LA PBS VAN HE Al MoS, FIE RS . F 1064 nm WO0'6(800 mW/cm?) R4 IR 5 MoS, 43 Btk
10 min, FHAE) 10 min, AT =M, WHRILARE M. MAEO /K& 16 M R 20 2 #osig A
FOEHRENR .

2.2.6. MAEO 7B RBE & ¥E A MK

LO2 H1 4T1 4Hi7E DMEM £578 (1% 5 2 /FE 5 R A 10%[6 45 %) 1559%, HUVECs Al rBMSCs
S L R IR B 9, FRIE B 5% COL 1) 37T CHIMuIG F-AE TR & .

KH CCK-8 7l & (Cell Counting Kit-8, 2z KA PEM MoS, MEHIIUFIK &% LO2. HUVECs
A BMSC 4ufifd a1 . 4 LO2 1 HUVECs 4l 73 Al#E A 7E 96 FLAR (1 < 10* 4Hfi/AL), WiBEfm, 43nilm
AR EE MOFs MBS PR 4H i L8559 3 day, BN CCK-8, 1 h JafaIgnfueett, FERBORN 25 (EL-
10A, FERHEM)ZE 450 nm KNI ERA LI OGE B2 (OD).  PAGHMIAEN 4 K2 (RGRTE N A M AR A 1L HR
Fro DLRASINA B0 IR, BRI 3 k. MR LT & i 54 s /) -

Cell Viability (%) = (ODsample — ODbackground)/(ODcontrol — ODbackground)

ODsample: SEIRZH(S A MMM FRIE, CCKS8, Frllm);

ODcontrol: XJHRAL(F A MG FRIL, CCKS, TLfFvn);

ODbackground: 7% [ ZH (A& 4 AN A BT (135 75 2%, CCK8).

S
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RV FEH AR, 8IS FAREr: 5 1E 42 AM (Ethidium Homodimer-1 and Calcein AM)>K
MM S YA LO2. HUVECs Al BMSC MR ENE . K dm e A e B R b, 2B A R EE
PR, FEIREFRE = RGN B4 AM Jukl, 8Os R A B (TCS sp8, Germany Leica) Wi
AN A O

2.2.7. MAEO 7KE R B 4Bk Fi8 7L /5 3%

it CCK8 LIl MoS, A1 MAEO ZH/K B G R ERIIEEEIE . K LO2 A1 4T1 TS L 8 x
103 /FLAZE FE Rl ) 96 FLAR, 7EANPRSFRFE TR RS FF 24 he FRgUpuibiEfs, XBrE; 7%, H DMEM
MoS, WM RS 504 100, 200, 300, 500 pg/mL, FEINFEFLF. #E 2hj5, XFFsLid, A 1064 nm
(800 mW/em?)EEFAEFL 10 min. FH¥HE 12 h, A CCK8 kit E, HEFFRGIC 450 nm ARG
BE, W3R ARG ST /.

[ K AT AP E AT R A /NI, 15 9% 24 ho W5 973, DNV E A 300 pg/mL MoS; ] DMEM
WS, BEJS 1064 nm (800 mW/em?) B ST 41 10 min, XFHRAA AL HOCIU, gk22555% 12h,
TN AM. PLARFIST 40 4 2 20 min, {3 L3R A BB (LCS SP8 Leica)ift {7 LR A AL .

T TR RE PR 7 Y R 7K e M 2L 1) 40 o 2 1 o
2.2.8. MAEO 7K E RS 3R piT R 05 M

¥ BMSC gifu sz phfE LA T, A SKTEFUIR R R R, FF20 BBON DU FF K R 5 B KB, et 9%
36 h, FMEIE R EMEE S MAE Ohy 12h. 24 h #1136 h HIRBIC A0 R Z (A B 55 . DAAC VS Ik Bt ke
FE St AU AE Xt FE 4 .

2.2.9. BIEDH

FIT A SO0 K s 25K Origin 2024 #E47 AT AL FNGE 112290 1. PRALIR] ELBCR IO FEAS ¢ /556, 24
[ EL R FH R 2 T 25001, BAP<0.05 AZEFEFGIFFE LK P<0.05, **LE P<0.01, ***+{
P <0.001).

3. ER 5118
3.1. MRRIE
3.1.1. ZHHRAKIEMoS)FE
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Figure 3. UV-Vis absorption spectra of MoS2
3. MoS: HYZ5h - AT DLARUSTAE i
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WiE 3 fR, ZEACEHAURTEM RHE BN A IE I N EA RIS, HAE 1064 nm AT R FFECRILIS
F B HL 2 AR ot g

IS KL LI G BT A GURARL, SR RS S A AT R AE . Wil 4(A)FIE] 4(B)
fiias, LG BV 299K 2 SO IR EE M, P EARLZN 400 nm, JLF-FTA B9k Bk i fr 45
B RSFATERS, TEOK G RIE B0 ) fn A& S S0(n & 4(C)RIE] 4(D)). A8 S S B 1 W e pe 1
(STEM-EDS)%t i AL s 9K REEAT LR 04T, @1 5 BTk, Mo JGE AT S JURI I EEM kL L, 3
A AR 9K B D B

B
: e

Figure 4. TEM images of (A)~(D) MoS:
[ 4. (A)~(D) MoS: B TEM [El&

Figure 5. HAADF-STEM (A) and elemental mapping images of MoS: (from (B) to (C): Mo and S)
5. HAADF-STEM El#& (A)F1 MoS: ((B)~(C): Mo, S)ENgE B B BIEE

ZERAHANR AR T RIAEIROIR i R T A U 2 T R R A DR R AR, BT AN
KA BT IRAE W] WG 2L AR X SR I H s ZU BRI, 7E 1064 nm U ZLAME S TR e G8. 7ET)
BN 0.75 Wiem? WO T, B GUORAE M6 RSB R I H R BE AR (an 1] 6(A)). R4k, 1E
100 pg/mL [# € VR B BIFI T, B EHRAE I 6 RN R I D 2 AR () 6(B)). 4 R AL EHH
KGR EEFD 1064 nm T 2141 R 5 1R D 28 % B 43 4 i 4E 100 pg/mL #10.75 W/em? I, 7£ 600 5 A i E
TR E] 67.1°C o Bbabh, AT 7 = IRTF - KERFIEIA, UE S A RAE B Aok da e & 6(0)).
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Figure 6. (A) Photothermal conversion behavior of MoS: at different concentrations (20~100 pg/mL) under 1064 nm laser
irradiation (0.75 W/cm?); (B) Photothermal conversion behavior of MoS2 (100 ug/mL) with at 1064 nm laser under different
irradiation intensity (0~1.25 W/cm?); (C) Temperature fluctuation of MoS: over three laser on/off cycles

6. (A) REIRE MoS: (20~100 pg/mL)7E 1064 nm BF(0.75 W/em?)BREH RIS #EEITA; (B) MoS2 (100 pg/mL)
£ 1064 nm B EIFERERE(0~1.25 W/em?) FRISHAIEWITA; (C) MoS2 7 3 NMHL T/ X AHAPKYIE K E)

3.1.2. MAEO 7KERZICTEM R
Xt HA Fil HA-NH, 47 7 BLH- AR e 20 ANFTIR) 20 H7, FHIE 7 W41, 7E 3300 cm ' AR B T NH, [%F
fiEE, 1F 1720 em ' AL I T C=0 HIFEE, FRIHMINE KT HA-NH,.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 7. FT-IR spectra of HA and HA-NH:
7. HA #1 HA-NH: # FT-IR FiZ[E

Wi 8 FTIR B AR, OSA 1 OSD 7E 1741 em™ 445 Hr IR, it F-CHO FIMRIL. 5 SA HLL,
-OH MIFLHIRSN WAL T OSA [J-OH ¥4 k. 75 OSA w1, BEFEWTRELL: AW 2. TE 2 HiSs
Pk, ST DL AE AR B BE PR B A R B AR EAE R, AN P2 AR AN R R ST AR A AR, X B A A
FAREEHEAIE T MR 223058 . [FIBHAIE B OSA F1 OSD 1 Ih & k-

9 P ARMIAE B MAEO /K& IR B — e fase ks 1 oB)MS /K ZEMRE I, PTURKER 15K
BT 90%, A LUAAEYIHSEREHEEAEE; B o(O)MPtE LI+, AO. AEO. MAO. MAEO /K
HERZ ) DPPH JEBR RN 41%- 78%- T1%- 79%, R FEITAITT EGCG ] AEO. MAEO 7K#&Efk:
F LI DPPH {ERRRCR, REWS itttk . [FIRE, (TH 2% B 7 shaS /Kt e i 48 1% 4 oA s 2218
PRI EGCG Hl MoS,, HEMIZ BT FRAREN 528 B /Kt R AE 55 BR AU A BRAMOA B3 b R AR A8 B, A

DOI: 10.12677/ms.2026.166148 168 FHER2


https://doi.org/10.12677/ms.2026.166148

RIZE 5

2218873 EGCG 1 MoSs.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 8. FT-IR spectra of SA, OSA and OSD
[ 8. SA. OSA #1 OSD By FT-IR ik [E
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Figure 9. (A) Rheological curves of MAEO hydrogels; (B) Water content of MAEO hydrogels; (C) DPPH scavenging rate of
MAEQO hydrogels

9. (A) MAEO 7K BB A%k ; (B) MAEO 7KEEIR & 7K E; (C) MAEO 7KEEAR DPPH JERRZE

s 10(A)AE 10B)Fr7s, MoS, 73 T Zh AL WK B 5 T 1 MAO 1 MAEO 7KEE AT 28 PR 1F
RIFHDEANERE, BmiRERE 75°C. AIE 10(B)AT LA 2] MAO A1 MAEO JKEEZ L e v, A it
JERAR, EREAT, IR R TR IR T IR Ry A ] 1 L G 52 B4t

A o] o B 4o AEO MAO MAEO
4 MAO "

o 801 7 MAfo sttt
< 70
Py A vrvrrvvYYYY
E 604 “A:vv',vvv
§ 50 o
§ 4o o eanessereseetet e

30 v ‘l'::::n---.

20 o

0 100 200 300 400 500 600 20°C S 50°C

Time (s)

Figure 10. Photothermal performance of MAEO hydrogel
& 10. MAEO 4H7KBRS S HI RE
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3.2. MAEO 7KEEEPHE AN

3.2.1. ZERASEPIRTE(MoS) AR B i

fifi Fl CCKS8 RFIPEAl T MoS, #48L%F LO2 il HUVECs 20 il ARSI # 1 AR E MoS, #1EHS
LO2 A HUVECs 43t [AIR5% 3 day JGMIAM0E 77, il 11(A)FE 11(B)FR, 7RG AR 1A
600 pg/ml i, LO2 40 4G 1 7E 100%0 =, H HUVECSs 40 M0 1940 H 15 1 0 R R JE AR TE 100%
DAL, RUERA R4 EE 1, R MoS M RLRA R iF 1A MIAR S

PSR EE T MoS, IANHAHZYE, ¥4 MoS, 5 LO2 #liffi L% % 3 day, H Calcein-AM/PI XJi%4H
M/ FEARREAT AR G, ] 12 Fow, JUFERE WS RIBRANM, R A BRI A

A140 Bi14o
120 120+
< 1004 & 100+
£ 80 £ 301
Z Z
S 60+ i 60+
§ 401 E 40-
20+ 20
T T T T T T T 0+ T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Concentration (pg/ml) Concentration (ng/ml)

Figure 11. Cytotoxicity of MoS: towards (A) LO2 cells and (B) HUVECs cells
11. MoSz 5(A) LO2 4HREFA(B) HUVECSs {RARAZHRE 14

PBS 100 pg/ml 200 pg/ml 300 pg/ml 500 pg/ml

Red Green
Channel

Channel

Merge

Figure 12. LO2 cells were co-cultured with different concentrations of MoS: and then confocal imaged using
co-staining with calcein (Calcein-AM, green) and propidium iodide (PI, red), excitation: 488 nm and 520
nm, emission: 505~525 nm and 610~625 nm; scale bar: 20 pm

12.LO2 RS A RIRE MoS: #1255, RAISRERCalcein-AM, S &)MBMLALEPL, L)
HrtEHEBERG. BKL: 490 nm # 535 nm, &8f: 505~525 nm 1 610~625 nm; #RR: 20 um

3.2.2. MAEO 7K 5 BR ZHpatE = M
KEREA B R A A RN TN EREE, WEtEHEEEBEMBRE Bt 5T
MAEO /KR I s, & 13 FrosfEEs 32 gl i 5 day S5 RIS II7E 95% LA L, RIS 14
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WS NEEIEAPRE, JUPRA RO ORISR, BLREAE FE IR G0, 26058 't i ik 40 i 2
AT RN, X5 CCK-8 LI R —2, FRH MAEO /KELR A RAFHI 40 HIAH A1 .

A 140 Control AO MAO B140_ Control AO MAO
AEO MAEO AEO MAEO
1201 1204
;\? T . oy 1.l 14 ;\; 11T T T L T
= 10090 . T T B - < 100 N .
= 80 2 801
] ]
> 60 > 60
S 40 S 40
20+ 20
DAY1 DAY3 DAY5 DAY1 DAY3 DAY5
Figure 13. CCK-8 quantification of cell viability in (A) HUVECs and (B) rBMSCs
13. CCK-8 JUE(A) HUVECs #1(B) rBMSCs ZRAEE NHIE B %It
Control AO MAO AEO MAEO Control MAO AEO MAEO

Green >

Red
Merge Channel Channel

Green w

Red
Merge Channel Channel

Green

U Red
Merge Channel Channel

Green

Red
Merge Channel Channel

Figure 14. HUVECs: cells were co-cultured with four hydrogels (A) for 1 day and (B) for 5 days and then confocal
imaged by co-staining with calcein (Calcein -AM, green) and propidium iodide (P, red); BMSC cells were co-cultured
with four hydrogels (C) for 1 day and (D) for 5 days and then confocal imaged by co-staining with calcein (Calcein -
AM, green) and propidium iodide (PI (Calcein-AM, red)) and propidium iodide (PI, red) co-staining followed by
confocal imaging, Excitation: 488 nm and 520 nm, emission: 505~525 nm and 610~625 nm; scale bar: 20 pm

B 14. HUVECs 4B 5 M7k EBRHIEFR(A) | day FI(B) 5 day /&, RAFERL R (Calcein-AM, LRE)FIHIL
AIECPI, )HREEHBERS; BMSC MBS IIFERKIEIESR(C) | day FI(D) 5 day 5, RAEHS
#F(Calcein-AM, ZRE)FIHMLALEPPI, L8)HREFEHBEMRS, B 490nm F 535nm, K5 505~525
nm M 610~625 nm; #r/R: 20 pm
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Figure 15. Cell viability of 4T1 cells treated with different concentrations of MoS2 was determined by CCK-8 assay: (A)
without laser irradiation; (B) under 1064 nm laser irradiation
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Figure 16. Fluorescent imaging live (green) /dead (red) 4T1 cells. Excitation:
488 nm and 520 nm, emission: 505~525 nm and 610~625 nm; scale bar: 20 pm
16. 4T1 HASE(LRE)/FE(LLB) MR KE R #A&: 490 nm F1 535 nm,
%5t: 505~525 nm F 610~625 nm; #5]: 20 pm
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Figure 17. Effect of GMPD hydrogel on BMSC cell migration. Scale bar: 200 pm
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