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T E AR T RAE . S50 3E0], MSN REREHh g5, Rif2h (87.94 +11.14) nm, FEEEW] WAFLILIE,
Mn, O, SiTCE¥E)HATFERE, Zeta AL PAHEMEM (23.0£0.3) mV 4 Tempol #AE & (30.3 +
L) mV, BZApHHEEFER (-2.1+£0.3) mV, WFSESHDINMEM. FHaCENE R TMSN@Apt 55 RAGE
AL B DO EERRTEALF F B T2 12, 445, H 55 3R 1K RAGE B MiE_I 57 40/ MLE-12 Sk EEAR
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Abstract: The in vivo antioxidant efficacy of nanomaterial-based reactive oxygen species (ROS)

scavengers is governed by both their intrinsic ROS scavenging capacity and biological factors, in-
cluding cellular interactions, internalization efficiency, and intracellular distribution. Currently,

cell-free chemical assays and cellular-level evaluation methods for assessing the antioxidant proper-
ties of nanomaterials are conducted independently, precluding the differentiation of intrinsic ROS
scavenging activity from targeting efficiency. Manganese—doped hollow mesoporous silica nanoparti-
cles (MSN) was first prepared by a sol-gel method followed by hydrothermal treatment, subse-
quently surface—modified with polyallylamine hydrochloride (PAH), and then sequentially conju-

gated with Tempol and the aptamer via carbodiimide chemistry. Comprehensive characterization was
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performed using transmission electron microscopy (TEM), scanning transmission electron micros-
copy—energy dispersive X-ray spectroscopy (STEM-EDS) mapping, and dynamic light scatter-
ing—based zeta potential analysis. TEM images revealed spherical hollow architectures with diameter
of 87.94 + 11. 14 nm and mesoporous channels in the shell walls. STEM-EDS elemental mapping
confirmed the uniform distribution of Mn, Si, and O throughout the silica framework without phase
segregation. Zeta potential measurements demonstrated a stepwise surface charge reversal: from
negative (-20.0 + 1.4 mV) to positive (23.0+ 0.3 mV) after PAH coating, further increas-
ing to 30. 3 + 1. 1 mV upon Tempol grafting, and finally decreasing to =2. 1 = 0. 3 mV after aptamer
conjugation, thereby verifying the successful layer—by—layer functionalization. The targeted recogni-
tion and antioxidant efficacy of TMSN@Apt were evaluated from four aspects: molecular binding to
purified RAGE protein, cellular uptake by H>0s—stimulated MLE-12 alveolar epithelial cells, in-
trinsic ROS—scavenging capacity in cell-free systems, and cytoprotection against oxidative stress—in-
duced apoptosis. Flow cytometric analysis demonstrated that TMSN@Apt exhibited approximately
12. 4—fold higher binding affinity to immobilized RAGE protein compared to the random sequence
control. Concentration—dependent cellular association was observed at 12.5, 25, and 50 pg/mlL,
with mean fluorescence intensity increasing proportionally. Laser confocal scanning microscopy fur-
ther revealed obvious intracellular colocalization of TMSN@Apt with RAGE, confirming receptor—
mediated internalization, whereas no significant intracellular fluorescence was detected in the ran-
dom sequence control group. In cell-free assays, TMSN@Apt displayed broad—spectrum ROS-scav-
enging activity against superoxide anion (O ~), hydroxyl radical (+ OH), and hydrogen perox-
ide (H20:) in a dose—dependent manner, reaching scavenging efficiencies of 75. 6%, 76.7%,
and 80. 1%, respectively, at 0.2 mg/mL. Remarkably, at the cellular level, only 0. 05 mg/mL
was required to reduce intracellular ROS levels from (82.30+1.91) %to (13.93 +1.33) % and
to attenuate total apoptotic rates from (20.94 +2.18) %to (7.85+0.61) % in H,0:—challenged
cells. This substantial concentration—efficacy discrepancy between cell-free and cell-based systems
highlights the critical contribution of aptamer—mediated targeted enrichment and intracellular accumu-
lation. The established methodology enables quantitative differentiation between intrinsic antioxidant
capacity and targeting—enhanced biological efficacy, providing a robust framework for precise perfor-
mance evaluation and rational dosage optimization of aptamer—functionalized nanomaterials in thera-
peutic applications.

Key words: aptamer; nanomaterial; targeted recognition; antioxidant activity; reactive oxygen
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1 K3aERsy

1.1 F5N=F

IEREMRCHE (TEOS) . &K (NHs-H.0, 28%). Jo/K&EE. Ffbsk (NH.CD . SAbEE (MnClo-4H,
0). B ENEERTREL (PAH) , 4-%3E-2, 2, 6, 6-PUHEIRIEASA E I (Tempol) . N-FRELBEH
MEIERE (NHS) . 1- (3-ZHREFHEFE) -3-2Hk % (EDC) ., 2-MIkZ i (MES) ¥WH L
Mok o T A e B R AR A A . B OE A Ape (F 4 5'-COOH-
CATTCTTAGATTTTTGTCTCACTTAGGTGTAGATGGTGAT-3") KKENLN IR )F 5 RS ¥ ZFE4E TA Y T2
(i) Bty ABR A m) A G . BRI SR 7oK, 8 S— 187956 19 A IR e Bl 5L Ak 5 |
A Int 6-FAM-dT & Int CY5. 5 dTH#RARIZEL R, LI 6-FAM ., Cy5. 5 53R HAbRid. Ni-NTA B
g BE 3 Bk (Ni Sepharose High Performance) W H Cytiva 2v 7] . DCFH-DA ) H Sigma—Aldrich 2 @] .
Annexin V=FITC/PT 20 i I8 T-AS ML S0 B BEVE Y H ARF R A F (BU) o BRZ4EIIE . 0. 25% Bl
-EDTA Wi B HyClone 23w (3£#) . DMEM/F-12B5 35560 H Gibeo A7) (ZEE) o /NI I Rz 4 R
MLE-1214 A T #i PR AR AR (L) . BERHE T B SR IRE . B B 2R
FI G A A SR IR S B R U AR Y TR

FESHE T EMEE (HT7700), HL@E#HHiAR AT (Hitachi High-Tech, HZAREKE); 4K &
Zeta AL HTAY (Zetasizer Nano ZS), /R XMAZELAE] (Malvern Panalytical , JLE TR ) s R ER
FEGE AN (Attune NxT), FE2R QRHHRBHE AR (EEIDEEEIEIM ) ;5 &5 Pris £ 0 R £ WA
(SpinSR), BAREHTZF] (Olympus, HARZRED) .

1.2 TMSN@AptBy#HI &

SR P B — g G v ) 2 B o B AR RE IR AL (SN) ™ ', FE25CHRAMET, BIKCEE. K
Tk, FUKFIERERRE CEGIR &KW 20 h, B0 (12000 r/min, 10 min) YCHE SN, Bl )G R K PGER] &
B S AL BB REDOR R (MSN) . ¥ MnCl-4H,0 . NH.Cl, /K5 SNIES, T 180°Crkhukt
8 h, FEY MG LFERUKSES . 0 (12000 /min, 10 min) J5 & H.

4 MSN IR 1 mg/mL B4 B0, BLS mL (3 MSN 5 mg), ML 10 mg PAH, =iRi+E2h, PAH
I ER R RS T MSN R TH - (Id o MSN/PAH) , A JE SB B SR TR M o o RS, RATENE
BREAR UGESE Tempol Al Apto K5 5 mg Tempol I T MESZZ b (0.1 mol/L, pH5.5) H, JIINEDC I
NHS, #5130 min, ¥ R 5 5 mg MSN (PAH&ME) F PBSZEPE (pH 7.4) "iRA, ZiRNN
S, 344 Tempol # MSN (TMSN) . K5 0D (12.7 nmol) HYAZTRIFEE Apt 5T MES Zihi (0.1
mol/L, pH 5.5) ", A EDCHI NHS, 3430 min, 4% 1. 8 mg TMSN 48T PBSZZ bl (pH 7. 4)
W, INTEAR G 00 Aptiasi, 4 CRVIIR, BB RIS TMSN@Apt, R FHAH [E] 7 10 # R AL 51
XA E TMSN@RS.,

1.3 AR S RN EERE T

MLE-12 4035 55 T3 109% B 2F L A 1% 85 -85 % F 1 DMEM/F-12 5538 56, BT 37°C. 5%
COMEEFERI L35 . TPANMAE K 5 809%6~90% Rl FERT,  H 0. 25% IR M AL A% AR . BN A= 240
TG 5E5L85




4 SR AR (http://www.fxesxb.com) XX

ST RAGE & R4S A 2 % MLE-12 415 200 wmol/L HOo 4L 5 6 ., lid Gy sk Y
G5 UE RAGE ek L U5 F 48 1) RO 5L
1.4 FREERAS

R A AAE W TMSN@Apt 5 RAGE S A M4 5 . K4 2] His—RAGE £ 8T His bR £ A
ZE T Ni-NTA Sepharose High Performance f{ ¥k I, % RAGE PR BB R T G, B TMSN@Apt 5
RAGE-beads JEWF & 30 min, PEk G R ARSI FAM 250 B

VA AN MK R 1 25 A RE 1, AR EIR EE TMSN@Apt (12,5, 25, 50 pg/mL) H£ H,0,TiAb
PR MLE-12 ZHH3EWF 5 1 h, Yelk e R A BRI A B8 S enm i . SR L3R A A s a2 bk
5 RAGERILEA . AiHEE TMSN@Apt (50 weg/mL) WEE G, blEFFFE1T RAGE s Yefa, DAPI
Yuks, TR RE T,
1.5 FHHEFEBRENNE

SRR SRS (FER @AY TREMITHT) E TMSN@Apt TR ATERREE 1. % H &+
(02 ) ARFLA WK ( OH) JERRIE TSR EBH & 1 H B ZLAS IR0 SRR B b S
BIE . BHAFHE TMSN@Apt  (0~1. 0 mg/mL) JIINBERZENS - B RE0& A AR R B AR R, 37°CIFE 30
min, JE 550 nm ARG, W EARE (H20,) 1ERRIEHE R A I A b SRR £ E o A5 A )ik B
TMSN@Apt (0~0. 8 mg/mL) 5200 wmol/L H,0.7E PBSZZ1pik  (pH 7.4) "-F 37°CJ W24 h, % 405
nm ARG
1.6 ZHpEK AN INBES

PO A MLE-12 48}, DI&EFL3x 10" % R 2 24 fLAR, T37°C. 5% COZ&5 3 2 40hl
Filb 25 BE IR 3] 30%~40% ., MIAA I EE TMSN@Apt (25, 50 pe/mL) FALRER 1 h, BAGHIANH,0, (£
FE200 wM), 4kLEE;5E24 h

ML NI PRI . BBREE T, PBSUREANM, MINTCILIE B AL H ) DCFH-DA (10 pM)
TAEW, 37 CHREOEHEE 20 min, B0 (300xg, 5min) WCELM, T2 ZE PBS 5 % H i 240 M Ak i
FITC HIEZECIRE, Flowlo ST .

RN IA TR . SR K EIERE R, a0 (300xg, S min), PBSEEJGMIA Annexin V-FITC
AIPL, ZEEEEIFE S min, SRR FITC I PLEIE DGR, Flowlo FA4: 4347 I8 125
(AT S T2 D .

2 GRS

2.1 TMSN@Apt Byl & SR RAE

SR AEST R AMEE (TEM) . BEIETHI 74T (STEM-EDS mapping) % Zeta HUfZX} “1.27 il &
() TMSN@Apt A TRAE, TEM ISR R, MSN RERFE 2451y, Feien] WALILIE (1A, 72); Hi
R NTER, BRCKAR R, SFERAEH87.94 + 11 14nm  (n=198), R2=0.9733, #H
PR A RIFR ) —tk (B1A, £7). BEREHI /AT (STEM-EDS mapping) Z53UE7R, Mn, O, SiJLE
TEFCREJE I N B &) 50 A, AR BUIH B8 L8, R Mn T % © 2 B 40 kN AL ik A 28
(FE1B).

Zeta AL E A R R (1C), B PAH G, MSN R Zeta AAZHI 7 (-20.0 = 1.4) $41E
(23.0+£0.3mV), KB PAH CEINMEMTAPEIRE . #A Tempol /5, BLAIAE30.3+ 1. 1 mV; #E—
HAEIR Apt e, HLAIFEZE-2.1 £ 0.3 mV. BEGEAMBIRG B AL ER 0, IESCERC A T Ak
Ko BT TMSN@Apt 7E/KHHH Zeta AT S, SIZOGHUN (DLS) Jeikakfs nl SER KRR A,
ORI AR S DL TEM ZEiH 25 R0 iE . R SRAELE RN, TMSN@Apt B & 23 fL&5H) . TR 2)35
A 2 FLIRE R I = 2 BRI, AR SRR P EATE R AAT SR TR A

A. TEM image (Left, scale bar: 100 nm) and particle size distribution histogram with Gaussian
fitting curve (right) ; B. HAADF-STEM image and corresponding elemental mapping of Mn, Si, and O
(scale bar: 50 nm) ; C. Zeta potential changes during stepwise modification (MSN/PAH, TMSN,
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TMSN@Apt) . Data are presented as mean + SD  (n=3) (A. TEM & (%, bR 100 nm) . Fif2o A EH
T RSl a 4 (£1); B. HAADF-STEM B{& B BT HI 73 A (Mn, Siv 0), $RR 50 nm; C.
Zeta BLNIBER ZE1iH0 254k (MSN/PAH, TMSN, TMSN@Apt), HELIEHEAREZEER (n=3) )
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Fig. 1 Characterization of TMSN@Apt

2.2 iRASHBEREN S A

RBEAZ R SR T REAb S AR R I RO RE T, T SeiE I T A M ARAS I TMSN@Apt 55 RAGE 7
HZE G o SR mfold AR Apt 9 2% 254 (E12A), H H HEE dG A-6. 97 keal/mol, FHHIZJFH)
HATREN K5, S EHRACE B A E T Ni-NTA BEISEE PR £, 5 TMSN@Apt I & )5 #1737
AT, g5 RER (E2B), WFEEME (Apt) BFXZEOEEE (MFL = 870) kAL FIXTEE (RS,
MFI =359) #2722, 44%, FLWHEAN RAGE & A H AR IR MIEE T . TMSN@Apt () MFTik 4455,
RO RS TEEY 5. LA, BCRSHRTHE 12, 4 6%, RIAGOK I E T 2 0 2 IR B 0 1 E
-RAGE IZE SRR . 45K, B8N FARIE T @i A B RO RE Bk As , i A i ik Joy 3R B e 7
52460 S FEE A AR ES T (avidity) W P, 48 K 2040 3 1 i 2% 5 20 3 A 5 8 1k
RAGE L FRRE N £ M E AW

B 228 TMSN@A pt 5753 763K RAGE By L Bz 4RO 25 &6 7. LA 200 wmol/L HoO 4118 MLE-
1220106 h 337 RAGE & 2358580, S AR EE (12.5, 25, 50 wg/mL) B TMSN@Apt 540 3L &
Ja AT RS, R ER (2C), B TMSN@Apt Ik EHIFHE . MFIM 724 23 513 1295, 1673 Fll
2351, IR IR AR A

B MR AR 259 (K2D) HE— R, 5 TMSN@Ap U & B4, LG58 (Cys. 5k
ICHEL) FEAEMENTET AT WL, H 5 RAGE SR e iR, R EIZ RAGE - S BN, A8
2z F, BEYLFZEMR TMSN@RS X BRZH R WL B A (5 5 . LR BRI UESE, HIRi&E Ik hREfk
PR E S RAGE IR BIER AR SE 45 A A M R BGHE A LP

A. Secondary structure simulation of Apt using mfold; B. Flow cytometric detection of aptamer—-RAGE
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binding (fluorescence intensity of random sequence RS, free aptamer Apt, and TMSN@Apt with RAGE-
beads) ; C. Concentration—dependent binding of TMSN@Apt to MLE-12 cells (12.5, 25, 50 wg/mL)
detected by flow cytometry; D. Confocal microscopy imaging of TMSN@Apt colocalization with RAGE and
cellular uptake (TMSN@Apt vs TMSN@RS; green: RAGE, magenta: TMSN@Apt, blue: nucleus),
scale bar: 20 pm (A, Apt ) 25 B B, AU AK NG F 5 RAGE AWML (FEPLFS)
RS, Jif 5 Apt. TMSN@Apt 5 RAGE-beads FZ5 598068 ) 5 C. WA MEARKE M TMSN@Apt 5
MLE-12 41 BERCME A & (125, 25, 50 pg/mL);  D. HEERALD I AUZ LI TMSN@A pt ZE41 i
W43 A e H 5 RAGE 3L 5E 7 (TMSN@Apt vs TMSN@RS, 4:{8: RAGE, FZfh. 49KH R, W
o MEatZ) . AR 20 pm)

A MEFE structure at 4.0 °C D
oA
* C
.1 :
5
)
- 6.97 keal/mol
&
B Blank ®
RS 7z
Apt 2]
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E B
= <
@] ®
-l
Z
10° 10° 10* 10°
Fluorescence intensity(a.u.)
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El2  TMSN@A pt [ [ U0 5 240 s B 45 B
Fig. 2 Targeted recognition and cellular uptake analysis of TMSN@Apt

2.3 EHERFRENDHT

K HHAGR G E TMSN@Apt X 4B ES T (02 7) (BI3A) ., FEEHBE ( OH) (&3B) At
L& (H.0,) (E3C) HTERREE . 45HIER, TMSN@AptXf 3 Fl ROS B i B R Y Bk EEAR#:, ity
B AR T TN, 24 TMSN@Ap ¥ 9 0. 025 mg/mL I, %t 02—, « OH FI Ho 0.0 75 B 55 51k
13.2%. 15.5%F18. 8%; MUKEEWIZ 0. 1 mg/mL I}, HERESMILE 64. 1%, 61. 7%H1 64. 1%; AkLLI
0.2 mg/mL B}, 5B R4 9K F] 75. 6%, 76. 7% F1 80. 1%; 0.4 mg/mL I}, i B 245 5 4 80. 1%,
79. 9% H183. 7%; 0.8 mg/mL I, 1EFRZS35486.3%. 83.8%F184. 6%, FHHO.2 mg/mL & i FR B IE
HZ%, FEARENFGM . FRESREY], TMSN@Apt B & [FiEFR 02 ~. « OH M H.0.HIAE ST, nIAEJE
FHEFF Tempol FEEAB 24/ B EI DIHR, Tempol VE MR A H HHIEERTIERE 02 Flk OH 7, fHB50HE
U ZSAAIERR Ho0.8k OH 2, 38 3k w1 ARG 28 ROS 32308 H ik BE AR I T Bk

A. Scavenging rate of superoxide anion (O ~); B. scavenging rate of hydroxyl radical (+ OH); C.

scavenging rate of hydrogen peroxide (H»0,) . Assay conditions: 37 °C, pH 7.4; Y-axis: scavenging
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rate (%) (A. Or JEFER; B.« OHTERRZE; C. H.O4HFRR ., WEHKM:: 37°C, pH7.4)

A B C

- - - - § -

9 100 £ 100 =~ 100

2 80+ £ s0- g g0

- ':' o"

S 60 o 60 £ 60

: 40 3 W ? 40

£ 204/ g 20+ g2 204

= 2 o

= 5 >

o9

s 0+ 3 O+ I O4——TTTTT
0.0 02 04 06 08 00 02 04 06 08 ¢ 0.0 02 04 06 08

TMSN@Apt (mg mL™) TMSN@Apt (mg mL™) TMSN@Apt (ng mL™)

3 TMSN@Apt BIff P4 PR AE
Fig. 3 ROS-scavenging capability of TMSN@Apt

2.4 HEERIPIERS

TE B BT 1 40 PR AE i 250l b, 2 — P AR 20 M /KB PR TMSN@Apt 1Y) 20 i R4 VEJH o SR
DCFH-DA FE G HE B I L P9 3% 4 K- o 828R (B14A L B) 7R, 200 wmol/L H20: K 24 h J& ,
MLE-12 48 g ROS BH 1 2y BH 1 0 B A (10.43 £ 1.37) %F+E (82.30 + 1.91) %; £ 25 pg/mL
TMSN@Apt FAL )G, BHPERFER (49.17 £2.00) %; SIREREE S0 pg/mL i, BHERE S EE
(13.93 + 1.33) %, AWIBHEL AR AR A0 /AP 8 ) BB TTER , AT E— A5 48 1 BRI 5 1
1) TMSN@RS 7E4H /KPR BT R . 45 R R (K[4A. B), 425 pg/mLA150 pg/mL TMSN@RS il
AbFRIE, ROSPHMER /3R (70.13 £ 1.99) %M1 (51.73 +2.39) %, RF & T [ E TMSN@Apt 4k
B . SR Annexin V=FITC/PURGEIEA AN I T2k F o GNEURIE (I4C, D) BoR, BIPER A
MPHT-R N (5,45 £1.26) %; 200 wmol/L HoO0.4MFE 6 h i, MPHTIRIFE (20.94 £2.18) %; 425
pg/mL TMSN@Apt TALFR 5, MPETRFEZR (13.17 £0.32) %; S EIRE 2 50 ne/mL B, HIET X
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A. DCFH-DA flow cytometry analysis of intracellular ROS scavenging by TMSN@Apt or TMSN@RS in H,
0, —stimulated MLE-12 cells (Blank, Negative control, H > O, positive control, 25 and 50 pg/mL
TMSN@Apt or TMSN@RS pretreatment groups) . The numbers indicate the percentage of ROS—positive
cells; B. Statistical bar graph of ROS—positive rates for each group. Data are presented as mean + SD  (n=
3); C. Annexin V-FITC/PI double staining flow cytometry analysis of apoptosis inhibition by TMSN@Apt or
TMSN@RS in H>0,-stimulated MLE=12 cells (Negative control, H>0, positive control, 25 and 50 wg/mL
TMSN@Apt or TMSN@RS pretreatment groups) . The numbers indicate the total apoptosis rate (early
apoptosis + late apoptosis) ; D. Statistical bar graph of total apoptosis rates for each group. Data are presented
as mean = SD  (n=3) (A. DCFH-DA JizR4H ARG TMSN@Apt 5, TMSN@RS %} Ho0,375 5 B i P i 14
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(RLIUA T+ I T2) 5 D, B AU TR G HRRE, BRI REERR (n=3).)
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