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Application progress of nanomaterial-based delivery systems in atherosclerosis

CHEN Liang, WU Biao, YUAN Liangxi
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[Abstract] Atherosclerosis (AS), a chronic vascular inflammatory disease characterized by scattered and deep-seated lesions, is a
major cause of cardiovascular disease. Efficient drug delivery is crucial for enhancing therapeutic efficacy in this condition.
Nanomaterials exhibit significant advantages in drug delivery systems owing to their unique physicochemical properties. Through
targeted surface functionalization, they enable precise drug targeting, promote enhanced accumulation at pathological sites, reduce
off-target biodistribution, and ultimately improve both therapeutic efficacy and safety profiles. Nano-delivery systems, categorized
based on material characteristics into four major classes—lipid-based, polymeric, inorganic, and biomimetic nanocarriers—have
multifunctional composite designs that support multimodal synergistic therapies (e. g., photothermal conversion and magnetic-
responsive imaging-guided therapy). These approaches hold significant potential for enhancing therapeutic efficiency in AS
management. This review synthesizes recent advances in nanocarrier-based strategies for AS management, focusing on the synthesis
of diverse nanocarrier types, targeting mechanisms, and multimodal applications. It covers representative achievements ranging
from basic research to preclinical studies and partial clinical trials, while outlining future development directions for
nanotechnology-based therapeutic strategies and providing critical perspectives on technical innovations and persistent translational
hurdles in this field.
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Wik . HO%E ™ BT Il 46 17— BH S 7 i o 1Ak
F miR-146a (microRNA 146a) #i%, AH#EFE miR-
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AR S R 50 Wb S TR AR MO 1o M TR o A AR
R LR mIR, KR — O R 240
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VALK P B 8 UEE 301 ko B A Ak s 35 b T B T fil
FHALZEIR JE A e i A A i J5iT 4 499 K AU 1 1l R 1K
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RANA LW A A P8 ST K R E T B A
FETRR BT AR BAR I ) — A EE N S %
&% 11 (high-density lipoprotein, HDL) #§K# {4
HDL i i fie 2 5z 16] JE [ B iz L], mlA 28 1k =
M 241 v AL [T R ) ) BE AR R . BRI, HDIL 94K ik
TES ks FERE AL IR e B 2 g RSt T
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SR, R EAT R AR AR 3 20 PR
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AR GEAE P SN RN AP R ) ot 3 ok v kS A DG B A
AU, RONG %5 ' B & 1 BRCIR 8 20 v 2% B iR 2R 1
a4 K §i ki (reconstituted high-density lipoprotein,
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rHDL .3 4 7+ GM3 J7 30 J2 A= W %2 421 . HDL 442K
BRI E AT I ANGRSLE, ZHENG FIBA 1 38
aoF T A0 1A 55 360 31F B HDL #5401 25 %) CER-001 X 5
PER I HDL 7K V- F8 5 1) 28508 ik ok A Al Ak T ks 4 H
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o R e 1 M BRI Y, SE A A AL ROE R R
TR B K AP Z P GUOKERZE Y . X AP AURE R S5 F A
RSSO K M2 WA E b ik e R TP R E TR, IR
ARBTG5 R AR TIEE o G IR e IR s 5ok
i takae . a2 MG, W11k
AYHEM T, WANG % " JF % T H T 25 9
% ZJIRERK  (multifunctional peptide, MP) 2K i
A, LT R, MP QORISR A A5 [ AL RE, AT
TN 77.2% 9IRGB o X G R FORLIA ] DL )
HAMGE IS8 H  (oxidized low-density lipoprotein,
ox-LDL), ¥ masgE s sk B peshr, 3w B
R MU T ox-LDL AL, SRG W AR n] DL R S 1)
FEHIATT . WANG % 2 BFSE 30T T — Rt B4R
R FEFE DNA ZHK 24, A O Ay i MR T (O 0 o
DNA (plasmid DNA, pDNA), ifid##%E 7HEE 5
R O l-Rm @ R IR Y I RIVEH, 1757 pDNA
I 2H % JE 1040 oK PR IR B SR AR o i AR T e R i
VEGF R:IN, S50 3R W HLAE 3 3002 52 B VEGF 2L
ik, WERHER A M AR USRI g TR ek
TERNAFAE L VR, I EO S ARG AR 1 R
RN ag PV LIN % 2 W& T A W AR 25 0T B pH
M) 1 24 oK BiE A7 2R & 9 UKL (nanoscale coordination
polymer, NCP), HITshlkistEtlifbingy . 20k
FRHEREAEL (Gd™) g, REARFAUZHK X
L RALTT (Simvastatin, ST). FHIkiESHE, ST/
NCP-PEG 4 K JHORE # [6] LR R ML G PR 58, R A I [
AR ST (4 5 E B AL ) Gd™ (52 BLBE B
MRI B4, 8 I297 — AL T g . R -B- IR K
(poly-B-cyclodextrin, p-B-CD) HIWFFY i 7m HXT B 7K
Sy FRA MBI ER T P MOU 4 ** 5 CLIKKPF
FRFR SPEZE SRR AR IR 22 SR MY JE &, H6) I s 24 i e
AL 5% (1 FORRE 94 OK R (MM@NPs) o 3% 40 K OBL 28
CLIKKPF IR, i 7K DX 67 48 1 22 4 i, Al )
VCAM-1 i KRk iGN B A, 32 THs B AL 3% 15
B TEB Kok AR AL AL/ N, MM @NPs 3 i
W A AR SH BR3P

http://xuebao.shsmu.edu.cn

SETAPR TR 3% R Sefe SRR iy iy ne it | 1689
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(Bruton's tyrosine kinase, BTK) J iZ43-4i T4254%
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15 2 3 ok ks 5 B Ak 36 97 38 5 BRI 77 . WANG
25 ) Pt TR TR S BRI AR IR R G, &
ARG H BT CDAT Pk, K BTK Il K 8 e i 1)
ik 2 PRk FERE AL . 1545 TR Z B pH i
AT R AR, IZANK AR R G RE S TN IR
B8 v S B e 7 A TR A
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AL S ACREDURA R R IR R, ©lsE
PSS S DI RE AR, T2 T2k . A4
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SEA AT RYEE, G B ARG B T R N 2
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YKk T (gold nanoparticle, AuNP) 4 it
R & B AR AR, Hoa I8 R 5 RO E S a4 o3 [v)
T H R Gk e, 2R P e 2 v P 22 A
AR, AN R AT, SRR OR, 4
G i LR AR SR A2 T v, BERE R Ak th 2t
BKORFERE A 250, ATl DR Ak i it S s 2 4 53
Ml b %, MEEZ AR Ak R G Y, LEE BT
T2 B BA 2 R GE Al T 980 4 9k £ (fluorescent
gold nanoclusters, FANC) X 2l Jik o A fii b ik Je () +
PURAE . K IILE i 22 80 ML SR EARAE . DR
2 e o)) T A o [ (R BN [ -9 &= R A A VR g I
Y o[ N, 4-F % T4 (4-hydroxynonenal,
4-HNE) ] /K- QIFHESHT 7R 22 A B o U RO T3]
NGB SE A [ 3-F838-3-H L R s bl Il A 18

Jit T  (3-hydroxy-3-methyl glutaryl coenzyme A
reductase, HMGCR) . [& B i 95 JC 1F 45 & & H

(sterol regulatory element binding protein 2, SREBP) .
iR AL B A ST R 5 1B (proprotein convertase
subtilisin-kexin type 9, PCSK9) . ik %5 5 & (152 14
(low density lipoprotein receptor, LDLR) ] ik .
()l 1 JIF ] sz g AT AT ) 7% 1 5 24 AR R oK DA S
5% 2 W] FANC 3 i Z WL PR A 4550 3 koks a4k
£ . KHARLAMOV HBA 7 SR HI Tt -4 44 K JURL RS

i SRR (B0 2025, 45(12) (@)
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REIR) A4 %0 TU/T2 s BRI R] , HA WU RFA: /B PR X6 L 561
WLV T o AR5 BT R Z AN KRN 1A 52 i S8k
SRR S5 G, M IEH S kA AT B 455
FEN GO LA AR ) 57 | I A AR 25 A
Tk, dE— 2T T A ARG KRR A fE
ZOU % tf 58 & P4 Mgt 7 15 W 40 g JI5 410 78 () Fe,O,-
Cy7 94Kk (Fe,0,-Cy7@M2 NPs), JFIET gk
5 19 L1 B Jk o A A Ak A T8 - e XA 285 LIS AT
SRR, KRR R TR R S T AR
FEEXGT B, IS M 4 o B 7l it P A KA B o) o
BrkRg . HEIERGOKRR 5 ZFb B S, R
ARMFFE ) — B I7 1]

L6 4 A v] LA LA TR 9K B IR YT A A
BRI JSRETESE ', WANG % B¢ JF & 7 i W R iR
(hyaluronic acid, HA) fLE 0 A LT 90KEE (HA-
CeO, NP), HEH& =#0HE S Y ALE (superoxide
dismutase, SOD) BTG P, 2 WST-8 M i 1 %
(reactive oxygen species, ROS) {EBRICIRIUE, Al
FEHI ROSIK, H ARG E iR 7R 2l B
RE T o K] 3 B Dk B AR AR I LY 2/3, TF
[] 25 % AR A% %5 B2 JiE 42 11 (low density lipoprotein,
LDL) /K. [AFFEIEENE, RZHKE 4R
JLR WAATER BE s R BUE Y #ErE, P B RS T e
TR R H . WANG S5 P7 JF % T —Fh Rl G 4 )8
YUK (HCN@DS), BN 7 288U 697
Sk FERE L T B . HCN@DS i T4 i 18 K 52 {4
AWERTDY, JRIL RIFE At m ey, JFE
AR FOCR R EE T, LIS R IR T .
HUANG % P 331 7 —Fiifi 45 2 19 F iR (Cuf-Se)
UK, IZANKEEEA A B AR AN b H AR
AL W B RE TG . Cuf-Se 40 K il BE 0% 1= AU Hb Y R
ROS, #Mfl4if =%, JFB IbIRAEAERIE . B1E
T EVEA M, PR ROS K FIAR B & fk, M
[IETEZUNIE N EE S uR .
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KRGS, WUSE D g T3 5 7 5 IL-1Ra 1)
A ALEEG AR (IL-1Ra@CuMSNs), 5 7 [ A5 i k4l
BT EE M B IL-1Ra 3 A i ) T, S35 R
YA B Cu-MSNs 5K TL-1Ra 41 5t 3 410 il S
B e B EANRRE , ™ R A FLREGUR BRI R0R
JEOE . WELSE U 51 IR Hg T —Fh A 149 H,0,-
NIR BUBEAS AR Tk, RIELIE 22 AL 40 KR /40
A F B (GA-MCNs/Pt) , 4 A% £ 2k &3t
CD36 &M f5 , HAERTFR 534 fi Ak H2025 8 3K 3l By 15
18 S EGER AE RAEPE A ST ;. NIR 0% eG4
SEERAHE E I fih & SRE L REAN M R . HT CD36 &1
WsRE A A, - RTHRITRENE . BB R
(black phosphorus nanosheet, BPNS) B ZE#&
SEfe, RO AR A, AT LR . IR
2. WA, BPNS R LAY ROS N BE Sy, Al LA
B E T B A A Y ROS, AR AL R B, IR
il Bt 114 2R A B L4 G o PR, BPNS #) 12 i
FH 697 B DR R Bz 045 10 B % B A 0 of A% R
5 . HEZ%F “* B BPNS (25 #5511, ik
JHIEZ DI (resolvin D1, RvD1), XJ&—F7ES) #ish
Ik ks 9 B Al 0E e v i BB R 1) A T AR I B A T .
BPNS BEW A & bR 1% 09 ROS,  FF-4M i 2% F Wi 2
i v 5 B ok ok A B A A O B4 412 98 RE 40 PR 7 7 A
RvD1 #E—5 HE G Bt 2l kR FE I AL 1 DA% . 3 68 )
YR 2G> T BEHE R, I A G T RIRIK
BIEFRM RN R M B b= /N R B e v .

2.4 fikakEik

D K BRS04 ) — SRR, REAERA
AR A= W F et o ee, HoA B R i AE P E 2%
PR B R AR S L RE R A YR A FR RS R RN i
(g ke BE S 1, MR ZM R, (kg
KABORL R 40 AR 32 AR B Ak ARk . R
Y0 T I BEAL AR AR R0 I T AR Ak b R A

RG22 0 A AR ERAA 38 A T 1 iR SR 2
HE RS0 B2 T4k Wk e 1hT, B T XHR AN A P T e
(RG220 o BT e 5 2k A B v e B 5
O KA R A, s B R ST BB R
o ARV Z 05 A QKR R RN R E, Wi E
WA M YR 2 /NS L B AN YR 2 K
PR ARSI 2 55 A . YAO 45 1 il F g4
RS L —Fh L R 25 2% R YL (ZARMs), L
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AT BET N ) B 40 S . §RIK4R 2505, ZARMSs
TP MR ) B BES b, RO R BERR PN AETE B KT
ROS B, R 5 32 5w i A= P e, [A) B floh
Horp 7 B BB R A VTR . Atk AN R RO
RS A F AR, SR E T KRR
MIFRIEARE, 39 T H TS ae )y, ER 7RG
() —RBIH . HUANG % ' BRI & T —Foi
Pt CXC itk A+ Z f& 2 (C-X-C motif chemokine
receptor 2, CXCR2) LT 4 Al - 1fiL /)M B 4% 58 A 22 17
GKRKLF [RBC-P] NP, Z40K KL 38 o 45 5 P 45
£ CXCR2 3Z {ABH I CXCL8 15 CXCR2 2 1] i H.Af
., ARSIk ok FE A Ak G S 9 RE 38 B . E Ldlr™ /N
BEAITR AR 0 S AR BRI L IRFE X e
WEARAEE , SR T X B R 20, BRI S 3]
WA DG RN, etk RAF. LR J2 4 K
KIAUE R REZS IR R GE, K0T 25 ERf ik
AR, A3 I AR AR DI BE L BAYTRCR .
W FIRIZOE AR B, FIHAY T (i
PATERERLOR U RRE AR L R EAR S Y
T JOK R A ok L R 45 10 ) i e S v A S
71, SEELT R BB AEREAL RS HEIZ W RNE YT . AR
KEZ, BMRZES T 198K AR 5 )
REIANA W6 1 o AH B ZEAT R A AR P A E PR X
B PrE R Y, SR — PRI R .
GUKIORL T AN, fRER T — Rl 9ok kL
T A MLAR 25 G B AR SRS, R FH 20 M ) A= e e Ay
e, ST Sk R RE AL 2 W RNG YT . H ETE 7
B IR T TR IR ST B, ELAE B0 Bk R B A v
FE > . SHIAERFFTIATBA 2 Mg T — i 1 B AL
AL R AT B B IR T iR (cRGD-SVT-Lipo), H

®1 FARBERGEZEEII

Tab 1 Comprehensive comparison of different delivery systems
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(114028 sl &N [ o= W R oy vied 1| D | Boae) )71 G S = S L
BEHL, DA b G O 25 W) A BE UL A R R AR L TF
HL A B 2 A S ] 20 ok o A A A B B v v Mo
A SR 2 R R TEME, ATD BERR AR, FRE B
ghHY, R A HEZE B kook BRI AL RO F R . YE 4 B
T aF % 15 IncRNA H19 (9 T2 1k 14 Je 4L 40 g
(endothelial progenitor cell, EPC), HF5Y45 LK,
15 IncRNA H19 i) T2 4L EPC RERS fi it 32 454 5 ik
FRI-FER DAL B2 A 40 0 7 1A e =

3 RBENRE

ok ot R BE AL AL 52 2% HLiG) T FBURIFR, i
A TREMET TR R o AR AOR 2 25 Y DS g 1% Uk
R, HERSHME S AL . PR YT
BRI NSRRI, I BRI ) S R
B FET I, ARSCRGMBE T4 PR Ry
Ph, BARXHOULA 1o I PR R 4TS 8K T W 1 22 36
i e QDR 23 98 K b AR B 95 7 2 1 o AU DXL Wi
% Y QUFZHURM BN RE 2 A USRS
PR RI AT T A A AR — A TR
AR ZWFFE M T I 24 75 ZRh A2 o0 1) 22 ) e
KPR, WFFEN G2 ICTE R A B Rl B (9 A= 73
7, BRI T A Al o Z A A A B, nT e
TERL TP BURRH MY TR, @I AETEmG 14 s W) F 5
T ELUE AR BRI 4 A PRI 2L, (HIFARAE R
WL AR Th AT R G SE O OF HIG IR AT S
IR 8 2 R s PR~ 55 N2 AFAE 5 25 5%, M)
MER AT REATE T T AZE . X R 9K A 1 s IR
FALE AR B 2E

Type Advantage Limitation Research phase
. High drug loading capacity, gene delivery - L . . . L o
Lipid- . . . Low stability, and shortened in vivo circulation Predominantly preclinical investigations,
capability, natural targeting, and high K X i X . )
based NPs . o time with selective progression to clinical trials
biocompatibility
Tunable structural properties, stimuli- . . L Comprehensive preclinical investigation
Polymer | i Multi-step synthesis process, limited in vivo K K . .
responsive behavior, and broad-spectrum drug . i L with selective, clinical translation-
NPs L stability, and potential toxicity risks A i
compatibility oriented studies
. . . L. . Potential toxicity risks, incompletely Predominantly preclinical investigation,
Inorganic Precise controllability, theranostic integration, . . . .. .
. . characterized metabolic pathways, and with a limited subset progressing to
NPs and high stability

undetermined long-term safety profiles

Complex multi-step synthesis, restricted

Biomimetic High biocompatibility, prolonged circulation

membrane availability, and challenges in

NPs time, and homology-directed targeting
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standardization

clinical trials

Active preclinical research, remaining
largely in the preclinical phase without
clinical progression
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