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Abstract: Transarterial embolization and its derivative techniques, including transarterial chemoembolization and transarteri-
al radioembolization, have become established locoregional therapies for hypervascular solid tumors, particularly in intermedi-
ate- and advanced-stage hepatocellular carcinoma. However, their clinical efficacy remains largely palliative, as therapeutic
outcomes are constrained by adaptive tumor responses induced by vascular occlusion, including hypoxia-driven angiogenesis,
metabolic reprogramming and the establishment of an immunosuppressive tumor microenvironment (TME) , ultimately leading
to tumor recurrence and progression. Emerging evidence indicates that embolization is not merely a mechanical vascular occlu-
sion process, but a dynamic biological event accompanied by profound remodeling of the TME. Conventional embolic agents
and drug-eluting microspheres primarily rely on passive vascular occlusion and lack the capability to actively regulate post-em-
bolization TME evolution. Consequently, interventional embolic materials are shifting from single-functional vascular blockage
toward TME-oriented multifunctional design, enabling coordinated regulations of hypoxia, metabolic and immune components
through integrated structural and functional engineering. This review summarizes recent advances in embolic materials from the

perspectives of spatial regulation, temporally programmed release,
WS EE . 2026-04-30 EEEE. 2026-05-14 stimulus-responsive systems and externally triggered energy-driven
EEWE. % RFEE S BT H (82472088) ; #HTH platforms. Furthermore, it discusses novel embolic materials’
’ “ é’kﬂﬁ"ﬁ/\;‘ﬂﬁ; H( LLSSZZ4H18000,1 ) ) roles in immune reprogramming and different clinical scenarios,
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aiming to provide a reference for the optimization and translational
development of interventional embolization strategies.
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Fig. 1 Schematic diagram of tumor microenvironment ( TME)
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Fig. 2 Five dimensions of tumor microenvironment regulation
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Fig. 4 Tumor microenvironment (TME) characteristics at different stages after interventional embolization



524 Hh L b A

545 &

W I P B A AN, Wang &Y R AR
Pickering ?Lu]%%fﬁﬁ:ﬁ%ﬁ, S o Ay 7L 7 S o
TRBHWT, FHARKFCHERR 590 K b F P AR M TME; J5
FREERUN LA E IRt — 2 T 40 bR, (Rt
JHC p AR R A ARG 1) SR AL B TR AL 34 9 B A, AT RS T 40
BEAFIG B m BT IR TRl . 120K WK o Bk 2E . AR
W R R PEROS AR ] LTI R A, SEE AT AR R
TR J5 L b 5 B P HE SRR R

Zi L, I g AR R O 4 IR N TR BR T 24 W i
SERER, T AE T AS [RIEIT HLAED < r B & AR B an ]
B, HARSEAE TR 285 A sh A AL RS DT IC
AR ZE RS B L — 2B B 1) Z B BE AR P AR T R I i A% A2
HIHBRIET, RN RS 12232 iR AR RE T . M BHRE
ffe . JRER pH FERG MRS 2 H K m, SLPriE R TME By
B ERs m e, BRI, ARSRWIT 5T N EE A4 Y 2548245
KUK ANE BB A Wb 7 WD A e R A R T
R
3.3 55N BZEFR

Z kA ZEIG T G, TME £ Fif Bl i Bl 408 4 3 Ak
I ER AL IR | ROS)
FE | S H K (glutathione, GSH) T8 B 45 i B e 1k =
WA — R E S i%%nfﬁ%@WW%%ﬁ
PR RA B e I DR a1 1 e 1 2 U =
S EE, B, AR L R A SR fl e
F” AT DI RE RS HERGT , BB R ZE A R T T Y
JCHHR A,

144 DEB (254 BTk BRI B e i, B
ZXTHOA R AL IR AR 1, PR YRS LIRS
ZIFAREEL, MLLZF, FEREM BTG AR ES
W PSR (H A4 R RE S 7E A7 2 TME 54 T SE B “ $i2 7 1
W67, NFEREE B[] 5407 B A AR F B . S5t
T ORFR R AR ZE TN AN, {5 5 Wi 7 78 A4 S 50) 0 22 %
TME H 558 3 BRAE 5 1R S5 40 B0
3.3.1 #AmpR

AR TACE JRI7 e i 3 1Y TME ¢k =z —, [RlAT
WA TR R SR IRt R %, Fitk, BT
ER MRS AR R EERKZ —, Ma
Sy T O R i SO R 25 TH-302 19 PLGA fiER
e ZE I JR s i AR S B R, TH-302 7EAPERE IS P Hinh
JFEOATEPEREAER,  SEXT i 4 j 9 e B R A% (I 5a)
R R TE VX2 A sp AR 3 A% Go mili i 770 3 B o
%mmﬁﬁ&ﬁfﬁ% AN [ T ) FH St 4R 2R 5 R

i 20 ) 3 i 5 T A A U R R TME P R
m@i&ﬂm,Mﬁ%%ﬂﬂ#ﬁ%?h$Emﬂmm

1% P % (reactive oxygen species,

AR, EARTITR i A0 R 5 W 2 B AR P R B AR . —
2 R P e A T 2 S IR PR 0, R ad i Ak
PSR EGE TME, M43 J5 23R 7 US|
3.3.2 pHvaEA

Jifr 98 L 0 o M TR A 1 5 S LR AR R, R RS
FRVEROAEE , X —HRAE e AR 285 it — R, 22T
pH 2 S A5 2 B4 i o7 A 2R PS8 24 00 R T ok i oA b
JA4%, Zhang %7 BT TME I pH F¥AE, AGEE T pH i
Y Pickering FL7] ( CCaP-LPE) , H7EMR M &4 T i 1k JF
U B B IR CA4P | STEL b JR8 1M 8 oG ST o
(FE5h), 2, Zhang 457 JF &Y CaCO,-ALG fiEk:E
T RREE P R R PR B 5 R pH {H, [RIBHRE Ca™ P g
VPR AN AR A, MmN HIH R SR . pH MY
AU FEFRE AT AE N fob % BE 0 TR, o ] 3 2 919 R
Vi HES 5 TME B9,
3.3.3 Atz R/ S EREA

BRI SERPESN, TME Hif 77 7E B 35 i Sk IR 2
5, U GSH T & ROS A7k, ST x5 S
M o7 4 28 T — 2548 mA TR e, IR SEELZ LI
Yin 255 BET G F 410Kk T 1CT W] [ B pH Al
11 GSH PRBE S A5 HA) ik 125 1 T8 S0 5 L 75 5 P e o 7
Fe e, [FIIHA ZR B R 19 T RE 4 408 m i — 2 2 5 iR
SiEehia TS 2 (E 5¢) . Chen LU e S A
AL BE R S AT 25 P AL (TPZ) BT A 1R R,
IZURFREXT TACE J5 B2 1) Bl 405 R 1 L A7 11 TME R 1iE
BEATHR T, TEBRESNE T TPZ bRk T L S 3 i
TAANMURR S AT, T MgH, 7 B B85 vt ok 2 oK fige 7=
A OH |, H, & Mg™, SEBUX pH A AL, 25475 B &
G Z E PRI, SEELT X TME 4 SRR
FOIRIAE T 100, AT i 35 18 3, TACE JATT SR, MiAkE,
22T IO S S T e A 22 R TME SR1E 52 30 5EORS 4 114 fi
R A BT R IR AN, R Y AT BB A R W,

SR, G BRAR 5 Wh IS A% O AN T 7 B w18 A
2557, AT A A TME P BPES B IR EE 7 1T
REEWER S SR, WRFERTE, 55 i iy 544 ZE 7]
AT AR — 45, S b DX I A 5 5 B SRR
e, TS AT e B P PR AR TR R . HR PR
PEFEDR H TME {55 59725 8] 53 vk st ) i shik . 25 fi
RAG SR, "TRE S B BHEIE A FE 5 5 B 5
EREA, T gE s R AR AR S R s R YT . s, £
{555 Wi R R B P v B A R R 1, (b S 1 AR SE A
Rk A B 2 P R o e s MR T L RO, S R S T [
B PBRAAR Y fik & 250, I ST 5 05 B 5 04 3 AH DG i
MR T, RIS A A



% 6 1) XUPHEESE . MR B PR3 5 ) A AN SERD R 5T 1 525
> e o o [®)
% ‘%@ ”1‘()'/:{. é S0 ;' . - ..'°‘”‘.'..z
C e Ad R e Noeel Lol . ) §:3,:
e {% %}fﬂm :5 ey °f° 53 = I
o A L ..fl} : CCaP-LPE

Hypoxic conditions

angiolysis
"Hot" tumor

P P e

L 2an ¢

‘f.‘ )" ‘®¢
e e

o ow @ @m @

IS 35S0 R AR SE] . (a) F TH-302 19 PLGA SORRIYZ MR > 5 (b) pH W8 CCaP-LPE 1) il £ 3 Fi i 35 1 K M T TAE
5 BRI R A S (o) 1CT R ALR ARG DL 3 R e

Fig. 5 Three signal-responsive embolic agents: (a) oxygen release by PLGA microspheres contained TH-302""; (b) schematic diagram of the

preparation process of pH-responsive CCaP-LPE for tumor vascular rupture and acid neutralization in transarterial embolization ( TAE)

therapy[‘%] ; (c¢) schematic diagram of the anti-tumor mechanism of self-assembling nanoparticles 1cT®!
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Fig. 6 Action mechanism of external field energy-driven embolic agents: (a) schematic diagram of magnetic hyperthermia therapy and assisted immuno-

therapy of magnetic microspheres (ZnCo-Fe;0, CSNCs) in vivo under an alternating magnetic field
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J1. HERIRYTE IR SRS RGERYT R PRI

AR, TACE 5 RGURYT IS 45 Rt — 0 Kk
TX—REI W, —HiZ | BEPL, SR I
LEAP-012 #F 5% 2 /R , lenvatinib + pembrolizumab I &
TACE 7] & 3 fE K JEk R AEAE I s —T0REAL, MU
TRFIN I 2 28k 1A% EMERALD-1 #F5Y
ﬂ‘]‘iﬁg’;, durvalumab + bevacizumab Bt & TACE fEg o E
Teitk SR AP I RIS S R 3R W, L) TACE
BLA (0 R AT B IEAE R R GEIRYT 1 b e 4 A4k
il B — ey i e B

TEUHT 5N, HCC #2807 MRS T % 728 G HEAE
T HI AR FE R 2 W R I DR, B 1) A A AT A
BRATRIT IR R FE R IIRI T 67 HOCH TR
AHYR 3 A2 — AR AR AR T AL RE

WHBIERE S, LA/ TR SR T R X R
5O PEAS A R R K BT L4 A R T Y I T 5 23 ] P
[6], MIMBOR RGRTT BN, Wb, B XS 8 SR 1 1
RS0 32 B IR I S W R T Uy ), iR AlE R
AR (A A D e 43 R SR, LI R % A
(EHAX AR, BE—PME, MO s & 45 & A i R
BIT AR AT B . X TR A B R A T iR,
e FERPRE S i ] A BRI R AR E M ST DI RE
1, SRR 20 AIRIT I 25000 X T K K&
RGUOIT B, 0 5 OCTE JRy BB A T X S B R A B
P I A B R S A RE 5 TR AR L IR TR
Z S/ I A5 S e A i b, S T IR BR R
SRE DA A T E IR T ROCR A CBE N R, I 524551
SRe M EEEL S T A RERE N ™,
4.2 BHREEAmMERSEERERER

5 HCC #He, FFHARES 4998 (intrahepatic cholangio-
carcinoma, 1CC) X %5 H W9 5% ( colorectal liver metasta-
ses, CRLM) 7E L fAERAIE SR BRI AP AE i 25 5, 3X
HIRAE HCC Hh 2 S0 iE iy R ZERA SRS T AN RE ] B AN 2
ARG bR S 2, A ) fiek g 7. 28 52 00 ) 0 6 45
Fy BT R R G R, ERHGE T RERA A
IRIT R AR T B 1 28 Ak A RHE R 3K

TEICC v, g R Z Mk | w5 [E) 5 2% o £F 4k
FHIE, 131558 TACE 78 259 URR 5 A 280k 28 J5 T 4
RN R TACE AIFER 1CC AR JFHBITAYT i
— AP B, (R PR S A (A A A T M
T, TARE AR A AR, @id™Y 5" Ho %
BROCHLRREE B R AR S A, T Z AL b R B
R SR ER ISR, IF ARG RO S8 b s A A7 3k
UM Bk, X ICC i, MOBME T IS A R
AR FE AN e 1o P42 (8 IO 1 ek 55 R A ) o 4 A e A
(7 s AR AR X ] il A 28 e TS P 404403

CRLM 3 g 52 Z (1) Jos BRAFAE , JFC ik o A48 w8 8
S, HEMHEZMa A BEE R G0 IT 2 58 S 2457
S, TERX—ERT, B HLR M R ZEXE LB UK
PRI A, R B 2R T S Bk TE ALY . TARE
B A SR i iay7 I 5 RGIRITICG M B,
CRLM Fy e ZERRHRI T J7 1) 56 9 JR0RS e 338 1% BE ) 5 200
ISP PR E, AR Al o i A BE TR . X T[] B
T BRI 55, 32 T 25 W s P A 7 R
IS [B) oA —P DR S AR YT (kT . Sesiein
I R BRI R ) B PMRIROCR , FEAE M B — i ke FE s
)7 =8
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4.3 HWHMERNDDMEFEERSHIEE

TERRZE N 43 W4 I 988 11T %% 8% ( neuroendocrine tumor liver
metastases, NELM) & ¥ 41 }fiJ ( renal cell carcinoma, RCC)
I, BEEIR YT B IR R H AR RIS 4 DL B 2l 45 0 B
VSN (1 S35 B sy 5 o N2 VN2 35 B N T
2 Hbr, Wik, MG FAR L8 T“ERnE ST
" B ATRIPIA R, HAPRHSO R IR A A2

FE NELM 1, 20097 HARA L5 IR 67 far 458
i, VSRR S WA ER A IR 1 2R 5 R . 7R
WFFS5R, TARE PR AR 252 40 i 7 P 5500 S B 4 1) R R
FEHIRE ST, WA NN AT S, WAk, 2 sh kit
PEIRSZ IR TT 5 1 ZE R -5 SN IR 8 8 %2 B G, Baum
SRR WA, Lu-DOTATATE 5542 SE /Y Bt 8L 4 1
FHRTAE TSR A5 00555 160 A3 BEL DRIy 22 1) 7 A= 2 IOz, DA T 34
SRR ERIASTRCR

RCC I AIGIT 2 T M3 0 B SR 4l B 37 5
FRt HBRTE T 22 i I PR . TR S o /b AR Hp XU R
TAE 7EMZEY 5 C IR SE ] 9230 R4 A RAZE T BOR
1M TACE J¢ TARE 75 ¢ F T #E — 25 3% 58 )& & 2 i fiE
3R B, 7E RCC Y, B EEMRH BT I R IR 55
“EIRZE RS TR DAL, R SR A R R

HOCHEAE THEmINE | AT EE S S IR R GERE R
4.4 RERTESHEME ML

TE R ARG b B 23w i AR B AL v, R IR T
(1 FAREE— 20 ) < DHRE DRI 5 g+ B A, DUAEAR 1R
TENURE BT Sh bk ZEAR B, BR AL GEA AT R fif e 28
FERESS, TSR FE TAOsRaZ T2 B G TE . Spies'™ 3l i %
FASCBENLS REBTTE 19 73 M4 th, l WA P Aol B A R
FEYT R RIS, PR AR B R et Ry, 42
AT I RER B I 5 5t b HAT e AL, sl 7
P70 LB R R B M A (N B L SR AR G
i EORATRR ), AREEIRYT EERS TGN K
TP S s> TR AR rE AR, iRIESR 58 42 i
FASE, L, AORHSTT R R AR AR A T
P RAAT T, DL A S5 KUK

Mz B AR A, Al RS 5T 948 28
IR RHEAIX A ZEA B TR TETE Z B 2 22 BH2 YT H AR
MM (W35 1) o W0 B B AR RaRin A AR
FAE B RIAL 2, 1M 5 — L8 B WU = 2 DURE R 22 ik 5
BOIRELERF N AR, X P25 S g 1 AR T AN P
Gr—smALBRAR, TR I R H AR RS TSRET S
IF Z AT B A

R1 AEMEHETANREMRPEETRIME R TE
Table 1 The main demands and preferred design directions of interventional embolic materials in different tumor scenarios

Disease scenario Main pathological features

Clinical tasks

Characteristics of preferred materials

The hyperglycemic blood supply and

HCC TME hypoxia/acidification/immunosup-
pression are obvious tion
1cc Relatively poor blood supply and abun-

dant fibrotic interstitium

Heterogeneous blood supply, multiple

CRLM foci, often accompanied by a history of
systemic treatment
NELM Multiple foci often require long-term

symptom control

Hyperglycemic embolization is often
RCC used for palliative care in the late stage
or as an adjuvant before surgery

The treatment goal is mostly to relieve
symptoms rather than to cure them com-
pletely

Benign lesion

Improve local control, reduce repetitive
TACE, and serve local-system integra-

Improve local exposure, delay intrahe-
patic progression, and strive for a win-
dow of combined treatment

Control of dominant lesions in the liver,
conversion therapy or bridging

Relieve hormone symptoms and main-
tain long-term intrahepatic control

Simple TAE can effectively achieve pal-
liative goals

Shrink the lesion, reduce bleeding and
preserve tissue function

Visualization, depth distribution, sequen-
tial release, acid neutralization/immune en-
hancement, and compatibility with ICl/
VEGF combination

Stable local delivery, radiation or continu-
ous drug exposure, with controllable bile
duct injury

Local drug/nuclide delivery, repeatable
treatment, compatible with ablation/radio-
therapy/surgery

Good repeatability, relatively low toxicity,
suitable for radiation or targeted delivery

High controllability, safety, simple opera-
tion, and low risk of non-target emboliza-
tion

Biocompatibility, absorbability, and moder-
ate reversibility

5 & i&

2 Bk A Ak TN A e 22 5 I 1 T 52
W FBE, TETEE 7 A I BT ) 2 403007 F
RV ), 455 b 96 45 W 1 1 5 1 52 90
SRR, EL BT BT 80 BT B 5 e T

P A TR 2 AL A R

ITARR, BEAE PR 5 IR R ST S i S SR
BRI TIINIRE B R, U E R (R
SO | SR L SE T T L R A g e R S AR OR
W, KRFEPDRIN AL BENS SR R P, i ] R GEE
PR SRR, BT R S R ER R A,
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e AR, SR, AN [ BhR 26 R B PR 5 A
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