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Abstract

Cerium oxide nanoparticles (CNPs) can effectively mitigate oxidative stress through the reversible
Ce3*/Ce** conversion reaction, showing their potential application in the field of biomedicine. In
order to resist oxidative stress during bone repair, monodisperse CNPs with an average particle
size of 3-5 nm were successfully synthesized using a hydrothermal method in this study. The CNPs
were then anchored onto the surface of mesoporous bioactive glass (MBG) powder materials via a
thioketal (TK) linker, which thereby formed CNPs@MBG composite powders with antioxidant
properties. The antioxidant capabilities of the CNPs@MBG composite powders were evaluated by
subjecting them to an H20; solution to simulate a reactive oxygen species (ROS) environment. The
results demonstrated that the CNPs@MBG performed high capabilities in decomposing H:0;, re-
ducing ROS levels and preventing oxidative stress. Furthermore, as the anchoring content of CNPs
increased, the antioxidant effect became more pronounced.
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1. 5|15

SISO 20 B P 3 T SR (ROS) S o 3 I DG T IR 22—, X FOIRAS 5 2 Foi B FRAH G, AL
AR THRE . 32 WA IR ATV o TR A, Wnid E A R B A A T,
XU EA B E, FFBE TR ARAE S BBE T SE M B [1]. ROS (57 38 %o 4 g 7 A2 =i 3 SR«
I pRIG T . vk Au i AR KB, PRGBS 2 ME 1R B iR T B AT .

AR, BB T (CNPS) PR L URR T A AR [2] [3], AT AR IE 5 40 A G 52 58 5 A 52 495
(4] AP435 R0 SOE I RE A [5],  TEAE A e 25 303852 B ok B 22 1A 55T . CNPs [ A= WA 53 14 T
DA TR 52 25 A BhFI[6], W5 2545 i A 45 4 [7] [8] [91 LA KL I FH T AE 432 42 [10] [11]. CNPs J& T
WMASBENY, BAWAEN, KRR O b, J\HARRIEE Ce® hy. A fbainrtt
F Ce® (PUEAb AN Ce™ (IR 2 A B Ak, 20 1 5 8 8 A I TR A E A8 4 55 [12] . BT
CNPs t Ce*/Ce™ M EHE1k, fHe A 5 HA — Sl fRetE, Bl inid A LA B (CAT) AR S AL AL
(SOD), XLk 28 B T4 23 TREATIR[13] [14] [15]. CNPs Pk Ce* /Ce™ [kl B 1%k fefis 5 2%
XU N RS, T DR AR A L B R AR, DRI, FEVRIT REE . JOE X HUpi B 4T M (1
AR PTZZMGERAE | I 1 XS S R 24 AU R s HE T K 9 B AT 5¢[16] . Nicolini 58 AR50 T —Ffi
F CNPs MEALTEYERI A D0iE TR TE, R T H AL THR[13], Ce B4 E WG ME BB AL s T N5 4
TR, I/ B K AR R [N . Zheng Z5[17) A& K T 2l CeNP BEAS, FE¥5i AL AR S 1)
FEAR T 98 RE A O A JEEHT A IS KBRS BY o 0T 98 & RO AL B B R AP I AR 8, REIEid i Hi
AR T JORE R T FRIBAKCE B, Hirst SE[510F 70 3RB], CNPs o] LLEES J774A.1 /N E WA i 14
P RN 4 K7 i-NOS & [ Rk .

VIR MBI R R EE S BRSR EYIRRMRIEAEA R, R H R TR
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ZRH . AYEESEEENHR  —0F, JEE R RERR SR . HL AR RS TEM LR T Y L IR A
JERIRE T, W Ca*. PO A Si**, MIfEHERcE . Mok, AFLAEYITEEBES C RN B AR TR S
e, HEABRMILRER, 7 DURE 5 825 i k) 7> 1 [18].

fLt, ASCR A PrE M BEEE(MBG) A P A FLELIE A b R A, W FLR B 4R B R (TK)
78 55 DA% 7 A9 R BIORL (CNPs) I A9 . ik iX 7 s, SEBL T %5 ROS i M 15 CNPs
RIS, AN AT RS HU A A R BB IR ROS 7KF o 32 —Fh B A Bra At RE I HLRE WS (2 it & (12
SRR XA EE B A TR SIS AT S R BB . ATUUE S, ARSCATR 17V T RoR B
HAEEMEHRAL T MR AR O E I N FANME -

2. SRS ISy
2.1. B8

IERERR DY Z.B5(TEOS, 98.0%), i = L F&(TEP, 99.8%), VU/KASER4E(Ca(NOs),-4H20, >98%), #hig
(HCI, 36~38%), J/K ZF#(CH3CH20H, >99.7%), (3-&NHE) = LAFEMELE(APTES, >98.0%), 1-Z.3E-(3-
T R L T ) Bk I i R R £h(98%) 7N K A i R . 4l (Ce(NO)3-6H20, 99%), 2 7K (NH4OH,
25~28%), FriEER, J7K(99.5%) it AL A (H20,, >30%) 0 F T [ 254 A 2R A A TR A 7l . BHAE L
bt - BIRE A BE - BIHRA L = BALREY) P123 (>99%) K A TAHEAH T K%, 3-(Kki-2,2- FE W (B ki
TR ZHRR) (TR SE T A BHEA R TT4E A F . 2-(N-1S ik HE) 25 52 (MES, >99%) I 3K T
Sigma-Aldrich. N-FJ T 8t . 1%(>98.0%) % 3£ T+ aladdin.

2.2. HIEFE

2.2.1. CNPs 1 CNPs-NH, #l| &

(1) CNPs il %«

KK #2414 CNPs [L91/I V500N : 126, FEFT IR AN 75 7K A i e 7442 R [ B8 7R LU I AR e 25
BETKF. AR, R EUKEROES S E I R R . B OR, RN 50 CHIZ&MTR, X
IRE G RIVEGEAT 24 h (i HE . LR IRNEE TR, ARSKHRAE 80°C KIS FHEAT 24 /NI HIZK FAALFE,

S SERE, VAR I B, DAREECH R S ByTiE, FERET B0, F RS =R, BE)G, 1F
37T CHIZAE kAT THE . ARG RIR 1K) CNPs #3 K o
(2) CNPs R M FEALITFE:

s CNPs ji 7 (i HL 28 21 1) 73 BUE SRR, BE TN — € B (3- 2 A 4) = LA R Rk be il U B
SL 24 /NEF (RO T ) e IRMETERE, XEBGEAT B OUER, IR OERTRR IR BE)E, RS RIR Yt
T TR R 2SR E 1 2 22 )5 () CNPs-NHLz.

2.2.2. MBG\, MBG-NH,. MBG-TK & CNPs@MBG #}#i#l&

(1) S FLAEYBFS(MBG) 1 il £«

N FHVAFE S5 R H A3 (EISA) 712k H] 4 MBG Mk, 4%, FREL 60 7o ZME Wi, Ei%amh
I 4 58 =R B AL IR Y (PL23) [ L 58 ¥ i, ARJERIRINN 0.73 wiilie = £ 8. 6.7 wiEfEfRIY 4Bk, 1.4
SEPUKAHERES A 1.0 58 0.5M 2RIER, JEAEH ML FHiHE 24 /NS, R RNZRE, K ZIRG SRR E— LA
PR AT B AR NTAE R T8 . 32 ok, Bl—@ & TR I TR g AT ot BE, Bt f5 4 mt
P 5 R B T S 3 3 1°C /min (3R THE 2 650°CHEAT IR DA 22 45K S )7 . SBBRALBR S, Ky
FE B NER BT BRES 1 2443 2 MBG B k.

(2) MBG 1R THIL A& -

DOI: 10.12677/jocr.2024.122022 251 HHL A5


https://doi.org/10.12677/jocr.2024.122022

%

3 150 mL ZPER = FURSHRE T8 v I — 2 51K MBG B R A 3 51 0. Bl Kl i 4
FHEZ 80°CHF, ZMIIAN—E &K APTES I HIFI 24 h, ¥[GRS (TR A 0T 850 T $RE A €4
DUSEFFH SRR =k, BEJETE 37°CF 4. RIS 2B 25 Y MBG-NH,.

FI B — 3L [20] [2113047 TK IEER . TERTIZ R N 2 7T 561 % (MES) 22 M (c = 0.1 M, pH =
5.5)LL% . ¥ 4.875 g MES (0.022 mol)¥%fi# T 200 mL ) DIW H, 3ZWMA 1 M ) NaOH ¥ 35 pH
%55, H DIW EA % 250 mL, 4°CNRfE. Jv 78S TK P R EFORERAE MBG £ i, HUEmA
5 L& APTES %5 /R E NI RN TK. K TK EAETE 20 mL MES 2+, IiN—E Ll 1-2.%-(3-
R R T A e % R R 2R (EDC)FI N-F825 T B AL (NHS), 2212 R 2218457 15 min (1),
B J5 K S AL 5 () MBG 402 Hor, B 87 12 h, 858 BE fE B0 9F ) DIW BEi% =B T 37CF T
e, SRR TK FAEDBEE.

(3) CNPs@MBG [1l] % :

¥ 2 g 1 MBG-TK ¥ a8 75 (1 T B A 2 BE— 2 &1 MES ZZ0iilirh, 2 Ja I —E /b
filf¥) EDCINHS 3546, Bl J5 7EBE G 26 F T 221245 +E 15 min. [RIEF, 2350 ] — & 48 MES S8l
AANE BT ) CNPs-NH, ¥y A GF Bl 75 7 . SR 46 75 5 AN [ER B ) CNPs-NH, 73 I A& AL S
1) MBG-TK ¥ H (AR A LB WAE 1), TERIR TP 12 h, B FE AR . 55 &
I B TR BRI T4 K T B A5 3 3R 1 12 AN [5) T & 1¥) CNPs [¥] MBG ¥4

Table 1. Mixing ratios of anchored CNPs with different quality and MBG-TK
=1 WETFFRER CNPs 5 MBG-TK BIR & LLfI

MBG-TK Jfi &(g) CNPs-NH, i &(g) P AR
2 0.5 1CNPs@MBG
2 1 2CNPs@MBG
2 15 3CNPs@MBG

2.3. MRIESRAE

FIF X-SH AT (XRD, Bruker D8 ADVANCE)X 4K Fiki A K AR S AR ZEAT WA 4075 )P {8 L
20 AR 6 1% A (FTIR, SPECTRUM  100) X 44 2K ki DL A2 AH 5 K 44 10 47 £ 5% B R0 25 (A 1 25 i s R
Micromerittics Tristar 3020 24 L. 2 [ AR SCMIR G K F0kz LA K2 MBG B AR TEAS i L 8 5 7T 5 10 N R B — 5t B
thk: FIH Zetasizer 4 (Malvern) il & 40K UKL (1 2 0 L AL AN BN OGO RS R KRGS S T
WBE(HRTEM, FEI TF20/2100F) M % 40 AKB0RL LA S AR SR A O T 3L

Table 2. Proportion of matrix solution and nanoparticles to be tested
= 2. EINBREHNR AR FRIEL 51

100 mM H,0,"(ml) CNPs gh2:4i7(mg)
5 0
5 8.5
5 255
5 425

CNPs 25 CAT BiiE P RAE -
FH -8 Al ks 2 BT I A AL SR R B S €, S B S AL ETE 240 nm AR AR
At EAL IR A 8 H.0, P2 AR ARE ST, BT LR R 7 H s A 8 2 2 A8 Ak 20 CNPs (1928
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CAT (351 155K 10 mL DIW JIA 0.102 mL ¥R &8 30% i S8 A0 & EL B K 100 mM (1) H,0, 1 A 244k
WIS 2 Fp ER DL U B AR RS OIS B A R 3E4T CNPs 1) CAT Bl PEIR . L5 , £ 10 min
) PR e S RS s R P AR BE s PSR 20 ATT CNPs (1925 CAT 7514

3. &R 51He
3.1. CNPs BR{L 14 BERY 940

1(a)’y CNPs () TEM K. W& 1(a)F AT LA H, CNPs FIBURI AR £BUH R ST ST IERTE H 436t
PER AP XAF 88 TIEEE MM 715 K #E I HE F TP B A R MOhr AR KA 5. AL 1(b) 20 %
P ] LU H CNPs [ En kg 2 SUE M, BORRSE K/NME 4 nm Zids, ST EEE Y 0.201 nm, X HE I dids
WHCHIKA(2 2 0) T . SULFIE, XHEMRT G CNPs BHT 31 8 6 BU AR (DLS) 2 (K 1(c)~(d)). H
H PDIEARER T R RAR I SIRE R . & 1(c), 1BMARTIY CNPs “FIRARTE 3.74 nm Ay, HE—BFsE
T TEM 4558, PDI =0.213, X5 TEM 25 R AL . ZE210 /5 CNPs P33Rt N 5.92 nm, R/ Ai%E,
{HFR A R R A R M R B %:, PDI = 0.545 A Bt B 1(d))»

£ XRD it (4 2(a))H, 8t 5 CeO, bRtk PDF 4 A (JCPDS card 43-1002)#F4T Eb ks, 45 5 R Bkt
i (1] XRD T (A RRAE U 52 00 1 AT S 0 s A S X, i 11 2R A X D = KA/Bcost (D-dikii s, B-~1 U4 i)
BEPLTHRAS AR~ A 4.10 nm, 5 TEM HI4uit-&5 R 20—, HRTHEME 1) CNPs-NH, Sk
FHBCH KR . 345t CNPs B J5 SGIEAT XPS 2007, 4553 Eon (14 2(b)#14G CNPs H Ce* s 5
Ce" ihasdtry, Hrp Ce™ 5N 52.20%, 4h CeOx ' x = 1.76 #iH] CNPs &% 7776 A 257 o

(b)

20 [ CNPs 20 [ CNPs-NH,
Average Size: 3.74nm Average Size: 5.92nm
PDI: 0.213 PDI: 0.545

Intensity (%)
Intensity (%)

2 4 6 8 10 12 14 16 18 20 22
Size (nm)
(© (d)
Figure 1. (a) (b) TEM images of CNPs and (c) (d) particle size profiles before and after modification
B 1. CNPs (a) (b)) TEM EIF(c) (d)I&IRATIFHIIZ S 70 [

Size (nm)
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Figure 2. (a) XRD spectra of CNPs before and after modification; (b) XPS graph (Ce3d) of unmodified CNPs
[ 2. CNPs (a) f&1FHT/EHI XRD i&El; (b) KRE121HH CNPs #9 XPS [E](Ce3d)

3.2. CNPs By CAT BE/E4EmAS

entration (mg/L)

Intensity (a.u.)

Oxygen Conc

Time (min) B.E. (eV)

@) (b) ©

Figure 3. Characterization of CNPs as CAT-like Activity: (a) optical images of particles immersed in H,O, solution; (b)
curve of oxygen release from degradation of H,O,; (c) XPS graph (Ce3d) of unmodified CNPs after reaction with H,0,

3. CNPs 2 CAT JEMRIE: (Q)FALRA H0, iRiGAEF R ; (b)FEAZ H.O0, BE ShZk; () REZIFAY CNPs
5 H,0, R 258 XPS [El(Ce3d)

feoRL ST CNPs (AL TS PR AT BITREIA, T2 R T b )X S B AT S8008 t  225 1 P HH B AR
B, Tk Ce* 5 Ce* B LIILAEIR T 7 13 CAT i& M o HoAE AL JEBE 1 R [ N TR : 2Ce™ + H,0, == 2Ce®
+2H" + 0, [12], W 3(a)fi7w, E4a1A 100 mM HoOp S AN AAN R EE CNPs, - 45 5 3L s B 1 )
Bt R B AR, X T CeS MU LT Ce A S B, HAIF W4 s B AT DA [ i3k 47 FF
HYATAE 5 h JEEeaAs sk, Xit— Ui TS RNGEET, Ce* kAl Ce® . SRR, ZRNE
Fur s N HEG IS T A R, ESEIRIFE T, RIS VA R BRSO, LT
TIEARADNR, SR WE ()R, 2 AHBERERENIN CNPs) AR E & E4ERF(E 5 mg/mL Zidy, 1
A AN AR EE CNPs [12H(CNPs = 10, 20, 30 mM) % fif S84 B 73 il ik 2] 7 31.47 £ 0.15, 25.8 + 0.26, 36.47
+0.15mg/L. %5 FUER CNPs BA K IFHIPT Ho0, il

B J5 A T B AE A A S R o B AN 2584k, % CNPs B i CEAT T 4K H,0, SRS R XPS 2347 4
() Fm. HHHEJEMSE RunE 3 frs.

ATLVEH, TR H00 G KB, Ce™ir s i th A 52.2% %% % 28.15%, x NFF% 1.64, Xt

DOI: 10.12677/jocr.2024.122022 254 HHL A5


https://doi.org/10.12677/jocr.2024.122022

it %

fHEAL Ho0, S A Th 51 T SR S A i ok LS80 T Ce™ i Ce® el ib—BEsk T ML RIS FE .
Zibybr, FIW CNPs BRI LABIE Al s &4, 45 Ce*' s Ce® 2 Il LU EL Ak, HAT S MLIE R
TR, AR Ho O 20, 5 BRI 7™ A2 51

Table 3. Changes of valence state and oxygen vacancy before and after CNPs catalytic decomposition of H,0,
7% 3. CNPs LR H.0, BIEMINTSREZ LWL

[Ce*] (%) [Ce™] (%) CeOx, x
1R 2 BRI 47.80 52.20 1.76
1AL RN 5 71.85 28.15 1.64

3.3. MBG K& CNPs #ERNER S

M 4(a) XRD EREH, TILLWEEE] MBG WHATE 20 = 22° kAN I8 JRAT T 906, R H AL,
PRI A [22] . FLIE R b S I B R R B B T AR A Bl . T AE S 32 CNPs Jii, EIELL CeO, %R
fEIE(JCPDS card 43-1002) ZHL k. H1-T CNPs@MBG 3 fif B4 ity B4 it 45 440 11 S — e T S8 TR A AR 22 /)N iy
BRI E SRR, K CeO, di AT i I 1 58 B [23] [24] 36 A 1] LB 1E 2 4K 13 B & B 145
Fro HBHULIEANEH CeO, fFfiEIEH 20 = 28°4b, [fiZE CNPs (& &340, FHATH IR E S,

JHILX MBG &1 S CNPs 4 7€ T JF #ET FT-IR Y1 Hr (il 4(b)FroR), RIS FEH ERAFTE—
S (R I, X SRIESR ) MBG F HAEMB I RE 38 KB B Ar . X S h K 613 cm ™ Abi)
P-O ARSI IS, Pk 1112 A1 797 cm ™ 4b i Si-O-Si 3 [F 4R s R, DL I%K: 3490,
1625 1 1376 cm™* A f-OH 2 (025 gk shW il . b4k, 768 MBG RfBEIR G, 7EHK 1503 cm™”
A VLT -NH, 38 B 125 R 3 g, W] T MBG #sREh I L. AL 2E3ER TK LS4 CNPs 7
iJF s -CHa B P ANKE R A 45 PR sh IR et BLLE T 95K 2875 et &b, i 7RI K 1680 om ™ Ak A T fre i o
C = O B AN iR S IIE . Ak, K 1560 A 1402 cm  ALMIFRBNIENISK 5 MBG #1fi CNPs 1]
-COOH & [ 4 41 2 W i vég

Zeta HUAZIIAZE R E— AR T R E R A B . g5 WA 4(c), BRI T 5 B i
AR ——XF RLo APEAN, 48 MBG IR HAAEFE 1 Si-OH, HRHHAE N-4.63 £0.39 mV. HT
-NH, B IE#YE, AR B G G (R A T 242733 £ 205 mV. X T TK 5, Humd A
-COOH [, —uiit5-NH, 854, o3 — iy 5 Ha AR AR T T 30— 2D 43 P AL (B 2 3 R P 2 -17.67 £ 2.05
mV. 5k CNPs /£ MBG KM, HACAH EA, (AT CNPs RIMAF/EFRSILA], Kt fr
WIR N BUE

M 4(dL) AT LA B, MBG FMA T N, IR B il 28 R FLAZ 20 A i 28 5 7R B A 1V RS 28, X
KR A ZFLE o BT A FLFLIE M BN 4 RIER P74 7 HL AU S 38, £k 7E P/PO = 0.4~0.8
Z G R RE, X R IARAG N ALALE, BINSLE . FIH BET f AT MBG #i4 LL 2 THi
TS, SEREIR, HERMFIM 199.23 m?/g 27 K BN 82.45 m?lg. FLAHBEEME 0.32~0.15 cm®/g 1
R TR, SFHFLAEM 4.23 nm /N3] 3.62 nm A AT . PEAR R MG SR R B TR A T 4R
HFL A (B I3 8T — R AR

M 4(d2) AT DL H, CNPs 7€ 5 R4 N WBE R th e FIFLAR A th 8k A T 8. IV YA
LRI B AR AT &, RN HAe BUEIGIR, X R FLE AR AR . XA
I FLES M AT BEZ HH T CNPs 75 MBG R 55 T A T BREE LA R A N fLIR B AAE S BUW . 54k, B
# CNPs g SR, A e R T A FLASE T TR, X 3R B I B A R AL 6 7= A T 56
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Figure 4. MBG modification and anchoring reaction: (a) XRD patterns; (b) FT-IR spectra; (c) Zeta potential changes; (d1)
N, adsorption-desorption isotherms and particle size distribution before and after modification; (d2) N, adsorp-
tion-desorption isotherms and particle size distribution before and after anchoring reaction
& 4. MBG f2ih R ER NAT/EHI(a) XRD Ei&; (b) FT-IR Ei&; () Zeta TfL; (d1) 12IHRIEHI N, RAMIFR
KFNRES; (d2) BERNAIE N, WEMFREFHZS

M 5(al)~(a3) AT LA E2 2], MBG A FLFLIE 2 A 7 FAT 1458 (P6 mm), Sl B iifnib =5t
Ja, BINRER T AALEEM . SR, s fE FLE AR IR, w2
X5 2 A A e A BIH BTG B 45 R — 5. A 5(b1)~(d1) v ATE R HE . MBG K i
HEMESEAE, SENILILERAEN, Bk 7S, X 5E 5(d2)4 Ny TR it 2 4 5
W&o I o HERE S (1] 5(b2)~(d3)), W LLE FI%4H MBG K35 /31 & CNPs, Rtk R 545 [
LRTAH A R AR, I HL s Sk S0 T rT H .

YR, fLIERS BN,

MBG-TK

3CNPs-MBG

DOI: 10.12677/jocr.2024.122022

256

HHUL 5


https://doi.org/10.12677/jocr.2024.122022

fh— %

Figure 5. TEM images of MBG modification and anchoring reactions with different concentrations
of CNPs: (al~a3) MBG, MBG-NH,, MBG-TK; (b1~h3) 1CNPs@MBG; (c1~c3) 2CNPs@MBG;
(d1~d3) 3CNPs@MBG

5. MBG & RIEAEIMRE CNPs $E K M HT/EH) TEM [E: (al~a3) MBG, MBG-NH,,
MBG-TK; (b1~b3) 1ICNPs@MBG; (c1~c3) 2CNPs@MBG; (d1~d3) 3SCNPs@MBG

4, gEip

LK IESE, (EH] Ce(NO3)s-6H,0 1R, AT IR A Jy ik A= AT, BRI 6 1 RiAR 1R

4nm JE A IR SEAATRURL, ZAKRORE B AT I R (070 B E AN DT LB ARG 1, I Hedb AT 1 = 56 D)
REALALER . BEAh, FIH] EISA L% T MBG. HLEA®LILRER . A FFRFLIE AN S . @i —
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