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Abstract: The in vivo antioxidant efficacy of nanomaterial-based scavengers for reactive oxygen spe-
cies (ROS) 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 their intrinsic
ROS-scavenging activity from their targeting efficiency. Manganese—doped hollow mesoporous silica
nanoparticles (MSNs ) were first prepared by a sol-gel method followed by hydrothermal treatment. After
modification with polyallylamine hydrochloride (PAH), the MSNs were sequentially covalently conju-
gated with 4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-N-oxyl(Tempol) and the RAGE—targeting ap-

tamer (Apt) , successfully yielding aptamer—functionalized reactive oxygen species (ROS) —scavenging
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composite nanomaterials, denoted as TMSN@Apt. TMSN@Apt was comprehensively characterized
using transmission electron microscopy (TEM), scanning TEM—energy—dispersive X—ray spectrosco-
py (STEM-EDS) , and dynamic light scattering—based zeta potential analysis. TEM observations re-
vealed spherical hollow architectures with a diameter of (87.94+11. 14) nm and mesoporous chan-
nels 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 re-
vealed a stepwise surface charge reversal from negative (-20. 0+1. 4) mV to positive (23. 0+0. 3) mV
after PAH coating, a further increase in the surface charge to(30. 3+1. 1) mV upon Tempol grafting,
and an eventual reversal to(-2. 1£0. 3) mV following aptamer conjugation, thereby verifying the suc-
cessful layer—by—layer functionalization of the MSN. The targeted recognition and antioxidant efficacy
of TMSN@Apt were evaluated from four perspectives: molecular binding to purified RAGE protein,
cellular uptake by H,0,—stimulated MLE—-12 alveolar epithelial cells, intrinsic ROS-scavenging ca-
pacity in cell-free systems, and cytoprotection against oxidative stress—induced apoptosis. Flow cyto-
metric analysis revealed that TMSN@Apt exhibits approximately 12. 4—fold higher binding affinity to
immobilized RAGE protein compared with that of the random sequence control. Concentration—depen-
dent cellular association was observed at 12. 5, 25, and 50 pwg/mL, with the mean fluorescence in-
tensity increasing proportionally. Laser confocal scanning microscopy further revealed notable intra-
cellular colocalization of TMSN@Apt with RAGE, confirming receptor—mediated internalization,
whereas no significant intracellular fluorescence was detected in the random sequence control group.
In cell-free assays, TMSN@Apt displayed broad-spectrum ROS—scavenging activity against superox-
ide anion(0,~), hydroxyl radical(+OH), and hydrogen peroxide(H,0,) in a dose—dependent man-
ner, achieving 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 of TMSN@Apt was required to reduce in-
tracellular 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—effi-
cacy discrepancy between the cell-free and cell-based systems highlights the critical contribution of
aptamer—mediated targeted enrichment and intracellular accumulation. The established methodolo-
gy enables quantitative differentiation between the intrinsic antioxidant capacity and the target-
ing—enhanced biological efficacy of aptamer—functionalized nanomaterials, providing a robust
framework for their precise performance evaluation and rational dosage optimization in therapeutic
applications.
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Fig. 1 Characterization of TMSN@Apt

A. TEM image(scale bar: 100 nm); B. particle—size histogram with the corresponding Gaussian fitting(right) ; C. HAADF-STEM image and the
corresponding elemental mapping images of Mn, Si, and O(scale bar: 50 nm); D. Zeta potential changes during stepwise modification (MSN/

PAH, TMSN, TMSN@Apt), the data are presented as mean+SD(n=3)
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Fig. 2 Targeted recognition and cellular uptake analysis of TMSN@Apt

A. simulation of the secondary structure of Apt using mfold; B. flow cytometric detection of aptamer—RAGE binding (fluorescence intensities of

the random sequence(RS), free aptamer(Apt), and TMSN@Apt with RAGE beads) ;

C. concentration—dependent binding of TMSN@Apt to

MLE-12 cells 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 um
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Fig. 3 ROS-scavenging capability of TMSN@Apt
A-C: scavenging rate of superoxide aninn(Oz' ), hydroxyl radical (- O} 1) and hydrogen pemxide( I 1202) , respectively,

assay conditions: 37 ‘C, pH7.4
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Fig. 4 Comparison of the cytoprotective effects between TMSN@RS and TMSN@A pt
A. Comparison of the cytoprotective effects of TMSN@RS and TMSN@Apt A. DCFH-DA flow cytometry analysis of intracellular ROS scavenging
by TMSN@Apt or TMSN@RS in H,0,—-stimulated MLE-12 cells. 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 analy-
sis of apoptosis inhibition by TMSN@Apt or TMSN@RS in H,0,-stimulated MLE=12 cells. The numbers indicate the total apoptosis rate (early

apoptosis+late apoptosis) ; D. statistical bar graph of the total apoptosis rates for each group. Data are presented as mean + SD(n=3)
LN
3 #

ARG T — TPl S T AN PR R T PR AT BRAE T E S A K-F I SRR /> T45E . A
B, AN ROS TR BR . ML ORI DU 2 O SR, LU IR A D E 1k 19 ROS 175 B 49 K 44kt
(TMSN@Apt) K73 HTHERIIEAT T RGEHUE . A5 2R, R A X 7 FPRHE AT ROS 1 BREE 1 5 4%
PR R 1) G IS E BTHR b 1 A ST AT 1 AT PR AE 7700 5 LR DAL 1] PR AR R B AN A2
AW T 3280 5 L B DORFP MR R, R RBEh & P =R A @ AR N A+
K, HAML KPR S TR AN 2R P QIR R SR i BE SRR RN, F4 & HARFP R A
HFVE 55T 04T . BRICRIREEBL, Tl iR SR A, R AR EHEA LK1 80 SE PR ok
FE AT RN R B0-F SIS, UESE T H A KPR RE A A T PR E 77 15 L 1h) ' S0 & Y
g%, MARRIATEERAE B0t S s, TBSAIE 13RS IR SRS B 2240k . %07 i IR R Dy REft
AORAPEHOTERE PO B A= R R AR ARt 7Tk 2%

Sk

[1] WangJ Y, WangZK, LiYQ, HouYJ, YinCY, YangE D, LiaoZY, Fan CD, Martin L L, Sun D D. Biomateri-
als, 2023, 302: 122359.

[2] Kishi S, Nagasu H, Kidokoro K, Kashihara N. Nat. Rev. Nephrol., 2024, 20(2): 101-119.

[3] LiuJ T, Han XY, ZhangTY, TianKY, LiZ P, LuoF. J. Hematol. Oncol., 2023, 16(1): 116.

[4] Zhou SW, CaiH]J, HeXJ, TangZ Y, LuSY. Coord. Chem. Rev., 2024, 500: 215536.

[5] Patil P, Russo K A, McCune J T, Pollins A C, Cottam M A, Dollinger B R, DeJulius C R, Gupta M K, D’Arcy R,
Colazo J M, YuF, Bezold M G, Martin J R, Cardwell N L, Davidson J M, Thompson C M, Barbul A, Hasty A H,
Guelcher S A, Duvall C L. Sci. Transl. Med., 2022, 14(641): eabm6586.



2028 SRR ( http://www.fxcsxb.com) 545 3%

(6]
[7]

[24]
[25]

LuXY, Kuai L, HuangF, Jiang]JS, SongJ K, LiuY Q, ChenS, MaoL]J, PengW, LuoY, LiYY, DongHQ,
Li B, ShiJ L. Nat. Commun., 2023, 14(1): 6767.

Zhang D D, Chen Q, Ren Q X, Zhong W B, Zhang H J], Wang G N, Zhang Y. Coord. Chem. Rev., 2024, 508:
215771.

Wang Q W, Qian W C, Han YL, MaoY, GaoZ Y, Chen Y X, Zeng X, LuH, JiangL L, LiJX, GuN, Qian P
X. Nat. Nanotechnol., 2025, 20(7): 959-969.

Aldrich J, Dong G F, Panicker A, Russell J, Kumar S, Ovalle R, Jr., Allen KD, Ryan T E, Sharma B. ACS Appl.
Mater. Interfaces, 2026, 18(1): 649-663.

Chen CX, MaJJ, DuanSJ, Xue M H, YangZ, MaZW, JiJN, MaYF, QingGC, GuoKY, WuW, ChenT
F, WangZZ, Luo Y. Biomaterials, 2025, 318: 123119.

Zandieh M, LiuJ W. Adv. Mater., 2024, 36(10): 2211041.

Zheng JJ, Zhu F Y, Song NN, Deng F, Chen Q, Chen C, He]JY, GaoXF, Liang M M. Nat. Protoc., 2024, 19
(12): 3470-3488.

Panferov V G, Zhang X H, Wong K'Y, Lee] H, LiuJ W. Angew. Chem., 2025, 137(46): €2025124009.

Vardakas P, Kartsonakis I A, Kyriazis I D, Kainourgios P, Trompeta A F A, Charitidis C A, Kouretas D. Environ.
Res., 2023, 220: 115156.

Ruijter N, van der Zee M, Katsumiti A, Boyles M, Cassee F R, Braakhuis H. Nanolmpact, 2024, 35: 100521.
Peter A, JoseJ, BhatS G, Abhitha K. Results Eng., 2024, 24: 102925.

Zheng J, Zhang L. J, Qi) C, Zhang S X, Zhang D H, Zhang D S, Zhang Y, Hu J. J. Colloid Interface Sci., 2025,
683: 250-255.

DingJ L, DuYH, HuXY, ZhaoMY, LiYY, LiL, SuY, LinZK. Nanotechnology, 2023, 34(36): 365101.
YuLD, ChenY, WuMY, CaiXJ, Yao HL, Zhang L L., Chen HR, Shi]J L. J. Am. Chem. Soc., 2016, 138(31):
9881-9894.

LiXL, LiuY, QiXW, XiaoSL, XuZS, YuanZ X, LiuQ, LiHS, MaSY, LiuTF, HuangY, Zhang X R,
Zhang X, MaoZ W, Luo G X, DengJ. Adv. Mater., 2022, 34(19): 2109004.

Downs C A, Dang V D, Johnson N M, Denslow N D, Alli A A. J. Cell. Biochem., 2018, 119(1): 599-606.

Yang BW, GuoY D, Wang Y M, YangJC, Yao HL, ShiJL.CCS Chem., 2022: 4(5): 1499-1509.

Millozzi F', Milan—Rois P, Sett A, Delli Carpini G, De Bardi M, Gisbert-Garzaran M, Sandona M, Rodriguez—Diaz
C, Martinez—Mingo M, Pardo I, Esposito F, Viscomi M T, Bouché M, Parolini O, Saccone V, Toulmé JJ, Somoza
A, Palacios D. Nat. Commun., 2025, 16(1): 577.

Sarkar S, Moitra P, Duan W, Bhattacharya S. Adv. Healthc. Mater., 2024, 13(31): 2402259.

Higashimoto Y C, Matsui T N, Nishino Y R, Taira J I, Inoue H Y, Takeuchi M Y, Yamagishi S I. Microvasc. Res.,
2013, 90: 64-70.

Moradi Z, Abnous K, Taghdisi S M, Zamanian J, Moshiri M, Etemad D, Etemad L., Kesharwani P, Sahebkar A. J.
Drug Deliv. Sci. Technol., 2025, 105: 106614.

Gwozdzinski K, Pieniazek A, Gwozdzinski L. Molecules, 2025, 30(10): 2159.

Pelluau T, Sene S, Garcia—Cirera B, Albela B, Bonneviot L, Larionova J, Guari Y. Nanomaterials, 2022, 12(7):
1136.

LinJ Q, Miao L, Zhong G, Lin C H, Dargazangy R, Alexander—Katz A. Commun. Biol., 2020, 3(1): 205.

(WEHBE: RFH)



