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Advances in nanotherapeutic platforms for targeting CTC-blood
cell interactions
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Abstract: Metastasis is the leading cause of cancer deaths. It involves intricate interactions between
circulating tumour cell (CTC) and blood components such as platelets, neutrophils and macrophages. This review
first summarizes how CTC interact with these cells to promote their survival, immune evasion and seeding in
distant organs. We then focus on recent advances in nanodelivery systems designed to counteract these
processes — including the targeted elimination of single CTC, disruption of CTC homotypic clusters, blocking of
CTC-platelet/neutrophil aggregates, and inhibition of neutrophil extracellular traps (NETs). Various strategies, such
as ligand-mediated targeting, biomimetic cell membrane coating, and stimuli-responsive release, are critically
discussed. Finally, we highlight key challenges and future directions for translating these systems into clinical anti-
metastatic therapies.
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bR RE R A T 7% TR A A 4 B, 8 TR R i g T AR 28 R
il 22 JEC B, g 4 i AR A CTC 8% CTC 7% (19 1 XU 7%
N LA B, SR 48K 22 H CTC 22 A 4o 9% 1
PR SR T SR A R I BY D) ) R kAR 7R R
P EEOA B H Jy RAE R B T, T SO BT E
T B B bk (R MR 2R AR AR B AL R 7, THT XS 22
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T B A B 5 41, CTC LE G i 72 v 3k vT 5 22 M i 4
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Table 1

Nanomedicines approved for clinical use and in clinical trials for metastasis treatment. “The year indicates when the clinical study

was initiated. *Discontinued because of manufacturing issues. HER2: Human epidermal growth factor receptor 2; KRAS: Kristen rat sarcoma

viral oncogene homologue; N/A: Not available; NIR: Near-infrared; PEG: Polyethylene glycol; DOX: Doxorubicin; PSMA: Prostate-

specific membrane antigen; siRNA: Small interfering RNA; STAT6: Signal transducer and activator of transcription 6

Translational
Product name
stage

Composition

Indication

First approval

Explored for

Clinical trial (metastasis)®

Nanomedicines Doxil/Caelyx
clinically
approved for

PEGylated liposomal
DOX

Multiple cancers,
including metastatic
breast cancer in patients

USA (1995),
Europe (1996)

metastasis at risk of heart problems
treatment DepoCyt(e)® Liposomal cytarabine Leptomeningeal USA (1999), - -
metastasis Europe (2001)
Myocet Liposomal DOX Metastatic breast cancer Europe/ - -
(used with Canada (2000)
cyclophosphamide)
Abraxane Albumin-bound Metastatic breast USA (2005), - -
paclitaxel cancer, metastatic Europe (2008)
adenocarcinoma of the
pancreas
Nanoxel Micellar paclitaxel Metastatic breast India (2006) - -
cancer, metastatic non-
small-cell lung cancer,
metastatic prostate
cancer, metastatic
epithelial ovarian
cancer, metastatic
gastric cancer
Onivyde Liposomal irinotecan Metastatic USA (2015), - -
adenocarcinoma of the  Europe (2016)
pancreas
Oncaspar PEGylated L- Acute lymphoblastic USA (2006), - -
asparaginase leukaemia Europe (2016)
Vyxeos Liposomal Acute myeloid USA (2017), - -
daunorubicin and leukaemia Europe (2018)

cytarabine
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Continued
Translational . L . - . - \a
; Product name Composition Indication First approval Explored for Clinical trial (metastasis)
stage
Nanomedicines DaunoXome  Liposomal Kaposi sarcoma USA (1996)  Metastatic breast NCT00004207, phase I,
approved for daunorubicin cancer unknown status (2004)
clinical use . . . . .

. . Lipusu Liposomal paclitaxel Non-small-cell lung China (2003) Metastatic breast NCTO02142790, phase IV,
against primary .

. cancer, breast cancer, cancer, metastatic unknown status (2014);
solid tumours . ocell 1 ’
or blood ovarian cancer non-small-ce L.mg NCT02996214, phase IV,
cancers and in canc‘er, metastatic unknown status (2016);
clinical trials ovattan cancer NCT04807166, phase II,
for metastasis active not recruiting
treatment (2021); NCT06102824,

phase II, recruiting (2024)
Genexol PM  Micellar paclitaxel Breast cancer, South Korea  Metastatic pancreatic NCT00111904, phase II,
pancreatic cancer non-  (2007) cancer, metastatic completed (2005);
small-cell lung cancer breast cancer, NCTO01169870, phase II,

metastatic non-small- (2 40000 (2007);

cell lung cancer NCT00882973, phase I,
completed (2008);
NCTO00876486, phase III,
completed (2008);
NCTO01770795, phase II,
completed (2011);
NCTO01784120, phase II,
unknown status (2011);
NCT02064829, N/A,
completed (2014);
NCT02739633, phase II,
unknown status (2016)

Mepact Liposomal Osteogenic sarcoma Europe (2009) Metastatic NCT00631631, N/A,
mifamurtide osteosarcoma and completed (2008);
metastatic liver NCT02441309, phase II,
cancer terminated (2015);

NCTO03643133, phase II,
active not recruiting
(2018); NCT04062721,
phase I, unknown status
(2021)

Margibo Liposomal vincristine Acute lymphoblastic USA (2012)  Metastatic melanoma NCTO00145041, phase I,
sulfate leukaemia completed (2005);
NCT00506142, phase 11,
completed (2007)
Liporaxel Lipid nanodroplets Gastric cancer South Korea  Metastatic gastric NCT02890511, phase /11,
containing paclitaxel (2016) cancer, metastatic completed (2010);
breast cancer NCTO01839773, phase III,
completed (2013);
NCT03315364, phase 11/
111, active not recruiting
(2017); NCT03326102,
phase II, completed
(2018); NCT04046016,
phase I, completed
(2018); NCT06326346,
phase II, active not
recruiting (2024)
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Continued
Translational .. .. . .
. Product name Composition Explored for Clinical trial (metastasis)”
stage

Hensify

Nanomedicines Radiolabelled

in clinical trials Cornell dots

for metastasis
treatment

BIND-014

MM-302

#Cu-MM-302

AuroShell

ThermoDox

Cornell dots

Hafnium oxide
nanoparticles

RGD-targeted silica
nanoparticles
radiolabelled with **I
or¥Zr (in addition to
NIR fluorophore)

PSMA-targeted
polymeric
nanoparticle loaded
with docetaxel
HER2-targeted
liposome loaded with
DOX

HER2-targeted
liposome
radiolabelled with
#Cu and loaded with
DOX

Nanoparticle made of
silica core and gold
shell
Thermosensitive
liposome loaded with
DOX

RGD-targeted silica
nanoparticle labelled
with NIR fluorophore

Locally advanced soft-
tissue sarcoma

Europe (2019) Metastatic liver

cancer, metastatic
cervix cancer,
metastatic kidney
cancer, metastatic
melanoma, metastatic
breast cancer,
metastatic non-small-
cell lung cancer,
metastatic bladder
cancer, metastatic
head and neck
squamous cell cancer

Imaging of various
cancers, including
metastatic brain
tumours

Treatment of
metastatic castration-
resistant prostate
cancer

Treatment of
advanced HER2"
metastatic breast
cancer

Treatment and
imaging of advanced
HER2' cancer with
brain metastases

Thermal ablation of
different types of
cancer

Treatment of
localized
unresectable
recurrent and
metastatic breast,
pancreas, bone and
liver cancer

Imaging of head and
neck melanoma,
including nodal
metastases

NCTO02721056, phase I/
11, terminated (2016);
NCT03589339, phase I,
recruiting (2019);
NCT04862455, phase 1I,
recruiting (2021);
NCT05039632, phase I/
11, recruiting (2023)

NCT01266096, active not
recruiting (2011);
NCT03465618, phase I,
active not recruiting
(2018)

NCT01300533, phase I,
completed (2011);
NCT01812746, phase II,
completed (2013)
NCT01304797, phase I,
unknown status (2011);
NCTO02213744, phase 11/
11, terminated (2014)

NCTO01304797, phase I,
unknown status (2011);
NCT02735798, phase 1,
withdrawn (2016)

NCT01679470,
terminated (2012)

NCT00093444, phase I,
completed (2004);
NCT00441376, phase I,
completed (2007);
NCT00826085, phase I/
II, completed (2013);
NCTO01464593, phase 11,
terminated (2012);
NCTO01640847, phase II,
withdrawn (2012);
NCTO02181075, phase I,
completed (2014);
NCT03749850, phase I,
unknown status (2021);
NCT04791228, phase 11,
recruiting (2021);
NCT04852367, phase I,
withdrawn (2021)

NCT02106598, phase 1/
11, active not recruiting
(2014)
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Continued
Translational . .. .. . .
stage Product name Composition Indication Explored for Clinical trial (metastasis)
FixVac Liposome loaded - Cancer vaccine NCT02410733, phase I,
(BNT111, with different RNAs completed (2015);
BNTI112, NCT04382898, phase I/
BNT113 and 11, terminated (2019);
BNT116) NCT04526899, phase II,
active not recruiting
(2021); NCT04534205,
phase II, recruiting
(2021); NCT05557591,
phase II, recruiting (2023)
CriPec Polymeric micelles - Treatment of NCT02442531, phase I,

loaded with docetaxel

AGulX Polysiloxane core -
matrix bound to
gadolinium chelate

iNeST Lipid nanoparticles -
(RO7198457/  loaded with mRNA
BNTI122)

V940 Lipid nanoparticles -

(mRNA-4157) loaded with mRNA

Talidox PEGylated liposomal -
DOX

iExosomes Exosomes loaded -
with siRNA targeting

KRAS mutation
ONM-100 pH-sensitive micelle —
encapsulating a
fluorophore
ex0ASO- Exosomes targeting -
STAT6 STATG6 for
immunotherapy
THEO01 Thermosensitive -
liposome loaded with
DOX

metastatic solid
tumours
Radiosensitizer
(+MRI) against
various cancers
(primarily
glioblastoma and
brain metastases)

Cancer vaccine

Cancer vaccine

Advanced solid
tumours
Treatment of

metastatic pancreatic

cancer
Intraoperative

fluorescence imaging

Treatment of
advanced and
metastatic cancers
Treatment of
advanced and

metastatic soft tissue

sarcoma

completed (2015)

NCT02820454, phase I,
completed (2016);
NCT04094077, phase II,
terminated (2020);
NCTO03818386, phase II,
active not recruiting
(2019); NCT04899908,
phase II, recruiting (2021)
NCT03289962, phase I,
active not recruiting
(2017); NCT03815058,
phase II, active not
recruiting (2019)
NCTO03313778, phase I,
recruiting (2017);
NCTO03897881, phase 1I,
recruiting (2019);
NCT05933577, phase 111,
recruiting (2023)
NCT03387917, phase I,
recruiting (2018)
NCTO03608631, phase I,
active, not recruiting
(2021)

NCT04950166, phase II,
completed (2021)

NCTO05375604, phase 1,
terminated (2022)

NCTO05858710, phase I,
recruiting (2023)

FUGE AE g8 Rk AE R Bk B ) CTC #% 78 I
A6 1 EAE 55, BT 22 IR, (R4 % CTC ¥ ) i
Bk B B T TLE AR € I R 3 s A T5 L B B, Jo
FEANTT )R 1) e A IR VR 7 S R T 5 . A
I, ASCRGLER T 3T 90K M B 259 i3k RS AE
T CTC 55 1. 48 f AH B AE I J7 T 3 B, Rl 21
B 7 BH W7 CTC- 1ML /N AR 7%  CTC- A 4 L 401 i 7% T B,

i3 CTC [7] Jo 7% A8 2, AR v Ak R 4 D & 455 4 194

(neutrophil extracellular traps, NETs) M B # & 14 CTC
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1 CTC5m#MAEHEEIER
BTG R G5, CTC 1 5 4 2 I 20 g B e &
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Figure 1 Key molecular mechanisms underlying CTC-blood cell interactions. A: CTC-derived ADP activates platelets, leading to
upregulation of P-selectin, GPIb/V/IX and integrin allbf3, which mediate direct adhesion to CTC. This interaction not only protects CTC
from hemodynamic shear forces but also facilitates immune evasion via transfer of MHC-I molecules to CTC; B: Neutrophils bind CTC
through ICAM-1 on CTC and LFA-1/MAC-1 on neutrophils, forming CTC-neutrophil clusters that promote transendothelial migration and
extravasation. CTC-secreted cytokines such as TNF-a induce the release of NETs, which further engage CTC via f1-integrin; C: CTC form
homotypic clusters through plakoglobin and CD44, substantially enhancing their metastatic potential; D: CTC interact with red blood cells
via galectin-4; E: Macrophages engage CTC through the CD47-SIRPa axis and signals involving EGFR, CXCL8 and CXCL2, thereby
suppressing phagocytic clearance; F: T cells interact with CTC via PD-1/PD-L1, FAS/FASL, and IL-10/TGF-f pathways, contributing to an
immunosuppressive microenvironment; G: CTC suppress NK cell activity by releasing TGF-f and IL-10, and by downregulating NKG2D
ligands, thereby evading NK cell-mediated cytotoxicity, H: In cancer patients with elevated CTC counts, ¢cDC upregulate TLR2, TLR4,
TLR8 and CCR7, while pDC show increased CD86 expression. MDSC interact with CTC through enhanced Nodal signalling and
subsequent ROS generation, activating the Notch pathway in CTC. CTC: Circulating tumor cells; ADP: Adenosine diphosphate; TF: Tissue
factor; MMP: Matrix metalloproteinase; MHC-I: Major histocompatibility complex class I; PECAM-1: Platelet endothelial cell adhesion
molecule-1; PSGL-1: P-selectin glycoprotein ligand-1; GPIb/V/IX: Glycoprotein Ib/V/IX; NKG2D: Natural killer group 2, member D;
VCAM-1: Vascular cell adhesion molecule-1; NE: Neutrophil elastase; ARG1: Arginase 1; HMGB1: High mobility group box 1; ICAM-1:
Intercellular adhesion molecule-1; LFA-1: Lymphocyte function-associated antigen-1; TNF-a: Tumor necrosis factor-a; IL-6: Interleukin-6;
IL-10: Interleukin-10; G-CSF: Granulocyte colony-stimulating factor; SIRPa: Signal regulatory protein a; EGFR: Epidermal growth factor
receptor; EGF: Epidermal growth factor; NETs: Neutrophil extracellular traps; CXCL1/2/4/8: C-X-C motif chemokine ligand 1/2/4/8; PD-1:
Programmed cell death protein-1; PD-L1: Programmed death ligand-1; FAS/FASL: Fas cell surface death receptor/Fas ligand; TCR: T cell
receptor; TGF-f: Transforming growth factor-f; NKG2A: Natural killer group 2 member A; HLA-E: Human leukocyte antigen-E; CD47:
Cluster of differentiation 47; TLR2/4/8: Toll-like receptor 2/4/8; CCR7: C-C chemokine receptor type 7; CD40: Cluster of differentiation 40;
CD86: Cluster of differentiation 86; RBCs: Red blood cells; MDSC: Myeloid-derived suppressor cell; DC: Dendritic cell; NK: Natural killer
cell; cDC: Conventional dendritic cell; pDC: Plasmacytoid dendritic cell

RE PRI 5ANETERET (K ). B, RGN 4R, T RO E M RN — BRI (adenosine
CTC- 4 M AH BAE H (7 1 HLEL, X TF R #E A% diphosphate, ADP) &5 ] ¥ 11 a8l 71 L 73 WA 5 20 2 K -7

MR 2 B A = L. (tissue factor, TF) 4 fu 423, DL R &L B3 4R &
1.1 CTC-M/Mx M7 (matrix metalloproteinase, MMP) A 5% 8 i#% 1 #2 5%,

Job R L T 2 Mg AR S S L MBOE AL SR RIS R S e i A S R 1) A O, s A S R I
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IR RIEP-EFR B RERMEA, FFR&
WA R DKL Je 2 5 S % R YT IR Dy R, AT FE b R 2
WO 2 EAE P,

CTC 5 & A /N B AR BLAE F, 72 s I 7% 1
R T8 S e kR W OC B . — U7 1, CTC 3K [f P-
1k ZBE R (-1 (P-selectin glycoprotein ligand-1,
PSGL-1) 5Ifil/MRP-EFRL G FHEF M 5R
3y, JE S N RS 2 (W allbpl), 8 w2 F 7
g & A o B JE AR BB ULAR T , 9 CTC #7722 R
P13 38 5 i BE A, R TAMBEOT RS R,
M /NER E— A2 i A R /N B P B 20 B -1
(platelet endothelial cell adhesion molecule-1, PECAM-
1), 58S X FAEHIELE CTC R B HH KW I B,
P Bl L 2 A B R . 5 — T T, i /N ARGE i A B
PR TR CTC R PR, JHR B 5 3 2 U S 1%
5 & 4K 124 F (major histocompatibility complex
class I, MHC-I) ¥ % % CTC, ff F 4% 5 28 X 15 90 g
(natural killer cell, NK) &\ N H & 7 ik % & B,
WA, TF R ) I /N AR £ 24 2 1 B e i R B S
NK 2 i o 3 A 26 55 4k, /MR 5 5 CTC R i)
W E AR 5 47 40 i 2 7 5% 52 D (natural killer group 2,
member D, NKG2D) Ft 44, M 4 5 9% 5 &g %t b 98
A 1 B4 AR ), I T IR 40 ) NKC 2 0 I RORL e AR A Fe
2P 1 2 R DR 1) AR R (B 1A

WAL, A I /N R CE S 5% 43 A HL RS T8 22 F ] i
PEDE 7, B R U 2 b e S A A . — D7 D, FLRE TR /)
B ¥R M A K K 7 (platelet-derived growth factor,
PDGF) #11 il NK ZH i (1) 240 i 2 v MER12, T 4 A A= K A
“F-p (transforming growth factor-beta, TGF- ) I 417 il
NK 41 it 2 T 43 1L #% 226 (cluster of differentiation 226,
CD226) J 43 1k #& 96 (cluster of differentiation 96,
CD96) J¢ FAH KRB ALE CTC b3k, Mt —
A7 5 A HER NKCAH PR A0 1) 25 2B 55— T T, )
AR 3 W6 (1) Jt 7 TR A% Y TR 3R e YA, 1N B 4 L P2Y 2 32 A
(P2Y, purinergic receptor) F2 5t iy [|] 3% 42, {2 1 CTC
Ah B B ) CXCL5 (C-X-C motif chemokine
ligand 5, CXCL5)~CXCL7 S50 [R -1 M 55 4L Hr 41 i 5
FRZ 40 HERY, X AT RE 38 N CTC B s R L= . A
I, L /NS GBS i A TR BT A B AR K R F (vascu-
lar endothelial growth factor, VEGF)- i £ B £ 4 41 Jfy
£ KA F (basic fibroblast growth factor, bFGF) £ Ifil
B R T b R AT B A A R BT, B A TS R AR
I T BB e A, L /NBR R U 4 240 ) /1 ZE 7 (plate-
let-derived extracellular vesicle, PEV) 7 1] if5 S Ifl & 4=
B, N RS I S AR KR A S RERT

1.2 CTC-iERi A

CTC 5 v 1 b 48 B (10 AH B A F 38 i 2 =5 41 1) 4L
) e 2E IR % #% (&1 1B). —J7 11, CTC 3R [ ik 1 4
g 8] &% Bt 7 1 -1 (intercellular adhesion molecule-1,
ICAM-1)/1. % 41 B 3% B 43 F-1 (vascular cell adhesion
molecule-1, VCAM-1). 731 7% 47 (cluster of differentia-
tion 47, CD47). & Jii 4 J& &5 [ -9 (matrix metallopro-
teinase-9, MMP-9) & CD44 78 #J {& (CD44 variant,
CD44v) S BCAA, ] B 5 h PR 4E i R 1 55 2 5
F A % A «a (signal regulatory protein a, SIRPa)~ H 1
V24 i A 2 B A DG IR 532 #18  (neutrophil gelatinase-
associated lipocalin, NGAL) M ik ZE RS, LA
T A Bh At =F (microtentacles, McTNs) J& i ) B % 4%
SR AR AR, AT 2 35 38 9 CTC HIATIE I 5 S e R 78
RS2, S —TJ7 T, CTC 43 Wk B R 240 it £ 7% o 38 B 1
(granulocyte colony-stimulating factor, G-CSF)~ 1 4H il
/r%-6 (interleukin-6, IL-6).C-X-C %= /5 #a b P 7B 4k 1
(C-X-C motif chemokine ligand 1, CXCL1). 4B/ %&-8
(interleukin-8, IL-8). Ji' 83 41 S [A ¥~ - (tumor necrosis
factor-a, TNF-a). F 41/l /t % -18 (interleukin-15, IL-15)
K % Jig % 1 E (apolipoprotein E, APOE) %5 4| Jifg [A 7 nJ
R rh R B 0 2 TR 5 A, 0 T R R R
Fh R 2 B R 3E i 409 TL-8 . G-CSF TGF-.IL-6.VEGF
SR S AN T CTC AT AR (9 1B).

B AR, H R 4 3 A R TR 1 B TR B NETs 45
WA IO . FLRT o WA T vh VR 4 i 5 £
H i (neutrophil elastase, NE). 41415 Al G (cathepsin
G, CG). 2% il 4 J& & 1 ¥ (matrix metalloproteinases,
MMPs) K5 = B 1 (arginase 1, Argl) &5 n] 8 2 A
B2 R 73 1 2 H3E CTC 4. [H] B, NETs g % 1
il CTC R TH i, P By HC 308 3 4 22 355 B, A B BT &5
B AW 5 3 PE 4 (reactive oxygen species, ROS) [ fif
A A AP LR (extracellular matrix, ECM) 3 I IfiL & 38 3%
P, T HE [F HES) CTC I #EEL S e ™,

1.3 CTC-44ak0

CTC 5 2120 i 1) AH BLAE F B v oK 56 4 ) B, (H
FLAE bR ik FE i VB EAE B H 2R 2 B TE . BEFL R
BH, 2120 M AN TT 5 5 4 i LA R 1 FL o Re™, it
T i i 40 B IS AR 20 PR R 1 5 5 g2 1 T D e
AR, Pereira-Veiga 25 L 54 £2 14 L I e A0 il g
BB B LA B vT 15 T I R A i kAR R S T g e R,
035 BB T S AR 28 BE 038 5k, JF R B 4R N i
B Helwa S5 H, i 2g 2 i v] R 3 ik 580K 2 2L b%
Kt 4E % -4 (galectin-4, Gal-4) 54 YL & . IRARH %
P R, CTC R HH R 724K &R 2040 ) AEAE 3R 7
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AN RPIRS [R] I JA 3 PR A AR ) 41 40 i R 1 R A
FREHER R A T R SR, 3T, Richert 25158 i i
Gm A0 B ARAE B 51 e JB b O S B E R AL
A -CTC A TLAE I, A 55k 9% (&1 1D).
1.4 CTC-ENEZRAE

5 10 4 1 A g U5 T B 2R A 40 D 1) 2 D) e A v 4
P, FEAF MR B L SR S B s A R A R
BEAER o ARECT R R I ©A 7 4 W I S e 2 PR -
B4 i B A, 1Z AU AT TR IR AR R, AR T 3R
B, CTC W] fig i 3L % [l CD47 55 LW 41 iy SIRPa 45 4,
WO AWz 3R 7B 5, T 5k o % I R, CDA47/
SIRPo 4l g i 2 4 o 1 S B A 4 0, M S 5 A4
P A g2 U 5T, A 22 i R R DA S A o B e
FAh, CTC R E & P & 5 s & B SER
fih &5 0, AMYBEAR BT BT V) 0 5 0k R T, e it
H5 E R B AL thak, Bk i i o W&
J7 4K K F (epidermal growth factor, EGF).CXCLS8 45
(R fed B, ik — B b ) CTC ¥ B! (B 1E).

WEFE R, /N s KR K CTC Al AE AR S 341
JE) AL R A 20 1 R A DG BB B (tumor-associated
macrophage, TAM) F£R Y 734k, FEAR3E LT i il 3 #F 2
11 (chitinase-3-like protein 1, CHI3L1)-MMP-9.VEGF
SR TRk, XS B R AR 2R L I A B e
T PIAR 5GP o (B 459 R 2, 75 T 28 410 A I
o R ) B AT A 2 B 4 Y, $R R B
MW e 5 CTCAEMEH &R 4t bk A B 56 5 A B AH B4R
M, ABHBARThBE 5 70 5 HLBA A it — 20 e B
1.5 CTC-T4mAE

CTC 5 AN[F] T 40 2. A 2 18] 4778 52 245 1 0L [ 1 4
KA (E1F). —J7ii, CTC# it & £ 1 7 T R IB K
XU G T 21, SEBN T T 4H L (JCH: CD8 RN,
T2 L) (13835, JF175 5 R0SE T 248 1 1o 40 o) 1/ oy 2 284
AP 5 — 5, A% 8 BH 4 T (cluster of differen-
tiation 8 positive T, CD8" T) 4l it 1 Sy 2 H 11 G0 72 W5 40
A, T4 CTC I Ik i % MHC-13R0A K G e A 2 A5
54577 kit A BT R, CTCIERES I8
IR C-C 5 &AL E Bt /4 5 (C-C motif chemokine
ligand 5, CCL5).CCL22.CXCL9/10 % #a 1k [A 1 5% £
CD4 FOXP3" i 15 1% T4l Y (regulatory T cell, Treg), J5
R CD8” T 41 i 1 5 Il 55 NK 4 i S 74K
Y (dendritic cell, DC) (14 i &5 14, 313458 CTC [
TR S P R
1.6 CTC-BRARGHM

H AR A4 (natural killer cell, NK) 2 #1 J 4
328 W PR 11 G Sl 2808 4 i, SR 1T CTC w3 ik 22 ik A% 41 1

HIhee (B1G). —J7ifl, CTC il id 5 NK 40 i % Ifi %
PERT A S0 TR ELAE FH, B NK A s v 5
— 77 1, CTC i i i #% % 11 MHC-1 %1%, 5 NK 41 g
I PE 24k (a0 B SR %0 40 i 2 JR 7% It A, natural killer
group 2 member A, NKG2A) BHGE PESZ /4 (W NKG2D)
ghihy, MU S R Th A, 1Ak, CTCIE TS
53 W TGF-B S5 4 il K1, 5 5 NK 48 i 7] JF 40 i 55
MRS AL, I ZE4E Treg BEIE M F0H 40 # (myeloid-
derived suppressor cell, MDSC) % 3t — A5 #1li il NK 41 iy
T CTC HRYR I — M A A B (inducible nitric oxide
synthase, iNOS) 75 BE 41 5 NK 4 ffa 1 4% i 55 38 561,
X F 3L A 5 SUNK 40 R s b 5 D Re sz B, A
M Hl 55 HLAA 0T CTC i % 235 B e 77, (2 1 i g % #%
B

1.7 CTC-B4ff

IR AR T B 40 J AN F PR = B
TEJERE Fe R i AR P I XU T 4 1 F . B 41 il /£ TME
MR I BERT (R e B, R A RAE DU R RN . —
77 THI, B 4 i R % 369 5 frh R 4 L ) 18 B)) AR 28 RE T, 1R
I RO B A K, 25 ECM I E 38, T 3R 3
et A AR ) B, A wT I e o M e Bk B
L B 5 B G e AR A0 P, B B RS sE Y T
i1, B 2 A 7 e ik 38 o e S5 5 0 00 1) e 40 PR A )i R
Kb R S A WAAR I PR B A S U7 A, R IE SRR AR T
EAHER 2, CTC/RAE M /& ik CD40 Bt f& (CD40
ligand, CD40L). B 41 il i& {4 Xl ¥ (B-cell activating
factor, BAFF) %57y 1, & [\ if1% B 4l f Th &g, {E gk i1
£ B 20 M4 5 I 30 B B 2 s 1 B A A I A, AT
TV UL 1) A2 . 14D J 9 88 i 428 DX % 1721
1.8  CTC-BEIRIEHNE 20A

MDSC 1 Jy B A7 55 G 7 10 1] Ty e 1 5 Joid 8 i R 4
Jio, 38 5 23 W 3 40 i A 2 -10 (interleukin-10, IL-10).
TGF-B KA 5 ¥4 &R #Ev8 « 77 42 ROS/iG P % (reactive
nitrogen species, RNS) &5 1%, i 35 #8508 T 40 il 5
NK 40 Zh 66, MM BEAR CTC #iE BR I LR, (2 it
HAFIE 5 AN, [, MDSC &) 4 i VEGF %
e A8 PR AR T4 R AR 1 Bl (40 MMIP-9), 18 i fiL
HWFEMS ECM EM, it — B L CTC IR 55N
FEIT#e, FEAE IS5 4048 B U B BOAT 5% 48 TIOA 35 2 4
it EAT3 BE U7 (BT 1H)

Il PRI 9 22 B, 8 0 S8 & 7B 24 o MDSC i 2 2%
%, 35 CTC/AKFRIEM K™, i — 50 FE 5L,
CTC w] 5 MDSC #£ ffiL# 7/ i CTC-MDSC 4 il % %
AL RE 75 5 MDSC [ /2 Jif 988 3= AL 434k, 3 mT e i
ROS J Notch {5 ‘5 i H U CTC MR ALY K
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BRI G IR AE i i 5 A s A 2 b 45 B B0 RS, BRI
[i] CTC-MDSC #% I ¥ 1% -5 Dy e W RE A #1001 i 98d 2zt Ak
RS ALR 0T TR
1.9 CTC-RZIRLHAE

YE NG BR BT 236 41 L, DC 1) P Be nT 4% CTC 4l
7, INT B0 B 22 57 i 32 2. CTC 5 DC B Fe i ml
N DC % i MHC-I1 X 3L 3 ooy 1 i 2Rk, 1 55
T PR R S R T 40 M A RE ™. B4, CTC-DC #E
FM 2T (ICAM-1.VCAM-1) £ix W, A5 F CTC
TE ML BE [ B 5 AR BN M RNA DU JF (single-
cell RNA sequencing, scRNA-seq) #— 5 .7, % CTC
YA DC 2 B 52 1R AL, FRAE R P PEAE T A 1
(programmed death ligand 1, PD-L1)- Fj| Wt i 2,3- XU
%% 1 (indoleamine 2,3-dioxygenase 1, IDO1) 5 IL-10
i 2k, e I 5 AR Treg {2 3k % £% 1 75k 34 55 1) %
RO (B 1TH).

I R B 727, CTC Wl 3K 3 DC & Y 5 Ty 5 7] i
RITIARE A, FHEARRTGAHI. 1E R MEFL B

Fidr, 2161 (32.3%) CTC = 5 () & K AETE W (overall
survival, OS) fi. % %5 F CTC < S & (P = 0.045)™,
1% #E K DC 7£ Toll #£ %% f& (Toll-like receptor, TLR) ¥
5 J5 R I TNF-o 5 40 fig /- % -12 (interleukin-12,
IL-12) 73 uh 5, HALRB5r 7 (40 CCR7.CD86) KA
A, IR S PRI BE T R IE i 2 DC I g 3 T 5
i) £ AR AR
2 PEETCTC-M4AREIE E/EAMMKIEA RS

JUE BRI CTC B e 551 /N A 1 R 4T 5 8 1
(R A B A%, LA R R 2 R NETs, 2 300 il Fie 788 4% 7 (1) 985 1
FEWE, H I PR R AT T I v 2 Bk . CTC 1 7
PE A 1 & NETs [ 4 1, BRI T 48 807 V7097 2%
s LRI gORESHEEIFERIES SR
WS, Nk RS T Figs. ACE
RUERIR T I A SRR ) 9K & I A e, L FE T
B HE R CTC A 3 CTC [F A%  BHWr CTC- I /MR /
PR 4T B A% 140 2 e S AT 1 NETs 2B B 1 22 Fh 498 K SR s
)I_L];%% 2[87—106]0

Table 2 Representative nanomedicine strategies targeting CTC-blood cell interactions. TRAIL: TNF-related apoptosis-inducing ligand,

dTNP: Dual-targeting nanoparticle; EpCAM: Epithelial cell adhesion molecule; uPtD NPs: Ultrasmall Pt (II) dots nanoparticles; ITGAS:

Integrin alpha 5; TNBC: Triple-negative breast cancer; Rg3-Lp/DTX: Rg3-modified liposome loading docetaxel; GLUT1: Glucose trans-

porter 1; CD44v6: CD44 variant 6; TCSN: Targeted core-satellite nanomedicine; NM-NP-CFZ: Neutrophil-mimicking nanoparticle loading

carfilzomib; PLGA: Poly (lactic-co-glycolic acid); Dox-MPK@MDL: Doxorubicin-loaded pH-sensitive prodrug incorporated into macro-

phage membrane and liposome coated DNA dendrimer; EMPCs: Exosome-like membrane-coated sequential-bioactivating prodrug nanoplat-

form complexes; ROS: Reactive oxygen species; PTX: Paclitaxel; CuB: Cucurbitacin B; CPDD: Cancer membrane-coated digoxin and
doxorubicin co-encapsulated PLGA nanoparticles; DIG: Digoxin; GSNO@BMS: NO donor-modified GOx@the hydrophobic drug BMS-
202; NO: Nitric oxide; GV-Lipo/SF/DT: GV-lipo/sorafenib/digitoxin; hQNM-PLGA: hQ-MMAE2-loaded neutrophil membrane-camou-
flaged PLGA nanoparticles; MMAE2: Monomethyl auristatin E; Au-PB@mPDA: Gold-plasmonic blackbody@mesoporous polydopamine;

mP-NP-DNase/PTX: Modified poly-lysine-based nanoparticles co-delivering deoxyribonuclease I and paclitaxel prodrug; MMP-9: Matrix

metalloproteinase-9; GSH: Glutathione

Strategy category Nanosystem Core components & design Function Ref.
Targeting single E-selectin/TRAIL  Liposome co-decorated with E-selectin and E-selectin mediates targeted adhesion; membrane- [87]
CTC liposome TRAIL anchored TRAIL induces apoptosis in CTC
dTNP Paclitaxel-loaded nanoparticle conjugated ~ Simultaneously targets tumor vasculature and CTC via  [88]
with K237 peptide and Ep23 aptamer EpCAM, providing synergistic inhibition of primary
tumor and metastasis
uPtD NPs Ultrasmall platinum (II) dot nanoparticles  Targets ITGAS5 on TNBC cells, induces DNA damage [89]
modified with anti-ITGAS antibody and cell cycle arrest in stem-like cells within CTC
clusters
Rg3-Lp/DTX Docetaxel-loaded liposome functionalized Rg3 mediates active targeting via GLUT1 on CTC, [90]

with ginsenoside Rg3

CD44v6-targeting

micelles loaded with niclosamide

TCSN EpCAM antibody-conjugated

thermo-photosensitive magnetic core-

satellite nanodrug

CD44vo6-targeted polymeric micelles

combining chemotherapy with metastasis
microenvironment modulation

Specifically binds CD44v6, accumulates at colorectal [91]
cancer stem cell sites, and clears CTC

Magnetic enrichment combined with antibody targeting  [92]
enables efficient CTC capture and subsequent
photothermal/photodynamic inactivation
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Continued
Strategy category Nanosystem Core components & design Function Ref.
Platelet Hollow mesoporous silica nanoparticles Utilizes platelet membrane to target CTC-platelet [93]
membrane-coated  co-loaded with sorafenib and anti-PD-L1,  clusters, enabling synergistic targeted therapy and
system coated with platelet membrane immune checkpoint blockade
NM-NP-CFZ PLGA nanoparticles loaded with CFZ and  Inherits neutrophil membrane proteins for targeting; [94]

coated with inflamed neutrophil membrane CFZ induces apoptosis and inhibits proliferation of CTC

DOX-MPK@MDL Macrophage membrane-coated,

cell-mimetic nanoparticles with a

pH-sensitive DOX prodrug

EMPCs Exosome membrane-engineered
nanoparticles co-loaded with a
ROS-sensitive PTX prodrug and CuB

Hybrid Magnetic nanoparticles loaded with

membrane-coated

magnetic NPs hybrid membrane

indocyanine green and coated with a

Macrophage membrane targets lung metastatic sites; [95]
pH-responsive drug release directly clears CTC

Exosome membrane confers targeting; CuB inhibits the  [96]
FAK/MMP pathway and triggers ROS-activated
prodrug cascades

Combines tumor-homing specificity and "self" [97]
recognition, enabling efficient magnetic capture and
photothermal inactivation of CTC

Dissociating CPDD Tumor cell membrane-camouflaged PLGA Homologous targeting; DIG inhibits Na*/K*-ATPase to ~ [98]
CTC homotypic nanoparticles co-loaded with DIG and dissociate clusters, synergizing with DOX for
clusters DOX anti-metastasis
Blocking GSNO@BMS Self-assembled nanozyme from glucose Depletes glucose to inhibit platelet activation; releases [99]
CTC-platelet oxidase-NO donor conjugate and BMS-202 NO to disrupt adhesion; combines with immune
clusters checkpoint blockade
P-Lipo Biomimetic nanoparticles formed by Acts as a decoy to competitively bind CTC, blocking [100]
(nanoplateletsomes) fusion of platelet membrane and lipid their interaction with natural platelets and subsequent
membrane extravasation
Disrupting GV-Lipo/SF/DT Multifunctional liposomes co-loaded with ~ SF eliminates primary tumor ("root"); DT dissociates [101]
CTC-neutrophil SF, DT, and anti-VCAM-1 mAb clusters; anti-VCAM-1 mAb blocks cluster formation
clusters ("seed")
hQNM-PLGA Hypoxia-responsive neutrophil Competitively inhibits cluster formation; [102]
membrane-camouflaged PLGA hypoxia-triggered drug release enables targeted therapy
nanoparticles loaded with prodrug MMAE2
aNEM NPs Activated neutrophil membrane-coated Serves as nanodecoys to block adhesion between [103]
nanoparticles neutrophils, CTC, and vascular endothelium
Inhibiting DNase I-coated NPs Nanoparticles surface-coated with DNase I Enzymatically degrades the DNA backbone of NETs, [104]
CTC-NETs releasing trapped CTC and inhibiting metastasis

Au-PB@mPDA

core-shell platform loaded with DNase I

mP-NP-DNase/PTX Dual-functional system with

MMP-9-responsive DNase I release and
GSH-triggered paclitaxel delivery

Photo-responsive gold-polydopamine

NIR-II light triggers localized DNase I release to [105]
degrade NETs in the tumor microenvironment

Degrades NETs and delivers chemotherapy [106]
synergistically, enhancing tumor cell uptake and

inhibiting primary/metastatic growth

21 BEFHEANCTC

2 M ) A% O AE T FE 1) IR 9l CTC & T 4 AiE 1%
T, WE- LR MR 7 (epithelial cell
adhesion molecule, EpCAM). i % ¥ ¥ 12 &£ A 1
(glucose transporter 1, GLUT1).CD44 4% f4 /& 6 (CD44
variant 6, CD44v6). ¥ & % o5 (integrin a5, ITGAS5). A
= P K R F 52 4K 2 (human epidermal growth factor
receptor 2, HER2). ME ¥ 25 52 /K (estrogen receptor, ER)
Je R 324K (folate receptor, FR) 25, 41 M ¥ i1 95 k2%
YK 251 UL S RS SR 150 — A2 d I S AR B A e IR 32

L I 2 R G0, RSB (paclitaxel, PTX). £
Ph 4 3§ (docetaxel, DTX) EA0TT 24 R PR AL IR 5 AH ¢
T2 S ECAAR (tumor necrosis factor-related apoptosis-
inducing ligand, TRAIL) &4 -8 1 /N4 (D) &
[ultrasmall platinum (IT) dot] DNA $5 15 71) B¢ 58 A 0 ¢
S, AR5 T CTC I T 58 JARBH M, — 2 & 1 40 Mo i
A7 A2 SR W 1 0 KR, B 7 /N HR R R T B L S
JRL A1 WA A B 2 A8 4 B i, L R B AR )8 (sorafenib,
SO/SF) 5%t PD-L1 $iifk . RIEH K (carfilzomib, CFZ).
% Lt 2 i 245 [doxorubicin (DOX) prodrug]- #f /% % B
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oY 5] Wk 35 2% (indocyanine green, ICG) 4, i i 5 7% 1
2 AT BOCI OGS IR RN BR CTC. EIR R4
18 B IC A4 R 00 T A R B07 A B B AL AR, SR BT CTC
) v 2R 3R 5 A 0, D BEL T Jifr g 4 B S it R o T
£ RTO210m10]
211 EAENTSHEEMKRGY) CTC KL
BC AR AT FE MR BT V) 0 T 5 A R4 E-3k 2 R K AR
SRR, v g 25 A T ER KRN, Ortiz-Otero
SR T B-R R R 5 TRAIL HAB M 1 A8 AR, 78 71
Y| i % (prostate cancer, PC) 151 8 vt W] 5 [ £ 35 1L A
> 75% ) CTC, Hoy7 MU 3 0 T 7T 1% TRAIL, %
A S v s I X IR T S A CBEEH . BRE-
HFEZ A, EpCAM 2 51 — 4 M CTCHE i . BT R B,
EpCAM #§ 5 V£ RNA Jdi ic {4 Ep23 3t B =i o6 ) 45 &
5 {e it Z Ak 4 & B CE Ty ge > BTk, Yao S
4 B v e A4S 1 K237 K5 Ep23 IE FC AR AN B X &
# PTX NPs, 14 & 7 XU [ 99K °F & (dual-targeting
nanoplatform, dTNP), %1 & 7£ 4T1 fifi % #2151 144 rh i
B CTC FF 4 # e hl, SEILX 5 K98 5 CTC I
[ 0 e AL, ITGAS 8 = B 4 FL R & (triple
negative breast cancer, TNBC) /5 1% 28 V4 41 i & it #% #%
I R LisEIR g T AP ITGAS Pris izt |
ARG /N (D) A 9K 245 R 4R [ultrasmall Pt
(I1) dot nanoparticles, uPtD NPs], % & 4 fig 5 7 1 15 T
CTC #HH T-4H U AE 21 B 1) DNA 3245 5 &) 1 BE iy, B 2%
i) i et % R A o

R ZH B 5> 7 4h, CTC 3R I B 3Rk AU A G 2
&gl B bs B8 nfAE N R )N s GLUTI 7
ZMCTC LmEik, NS 2 Re3EN—FhHiSEEA
B, G5 A B S I R R A I [ e K S A
AR, N 20 2 T RIS B GLUT1 B A R S PR 45
A e /1P, Xia SV R & T Re3 T A AL IR AR
(Rg3-Lp/DTX) H T L% DTX, Z ARG #EL R N T
B GLUTL 5 8058 7] CTC, AR KA ALIT R/ 5%
B MR . 53 —J71H, CD44 22 57 /& CD44v6
FESMEROA TR0 M, 5 R R A B TS % )
FHRIT, - Andrade 5571 JT A 1 CD44v6 48 7] 1 5 &
MR R, S 3 S URE A 5 e AE 45 B T T 40 M r A
MER, FAER N I W3 ) CTCiE R

N R — T 75 R BR, Chiang &5 % iF T AT 1 )
B E B -GV AZ TR 99K 25 (targeted photosensitive
and magnetic core-satellite nanomedicine, TCSN), £ &%
ML T 63 & 9 CTC M HEYERZ S 5 B #9631
JIEIT A & g8 K %8 .l il 5 B Pt EpCAM it &,
TCSN Xf CTC HI &5 & 26 M T34 TH 3.7 1%, it S 30k 52

FLRE SR AT 1 400 ) v RO 3R 15 J5 206 K
212 AEBENRAY  (iEgKLiEd wE R
SRR, kR H R T 2> 7 5 YR A D RE, 4 CTC
FLIA) 5 s R o PR B AR 3 o AR BRI 5 B 3R
W, EE NS NI A R R SR A AT A RGP

I /N (platelet membrane, PM) £ 4 1) 44 2K i
FE R IR T T R DL B ), H AT AR D R
Yotk IERE R B IR R TR E A 5 0 T IR R .
PM 75 3 1K [ P- 16 £ 2K A 5 /IR 41 g 3% 11 CD44 32 44
55, NI S RS 2 1] I 52 T 33 2 5 = 520 )
1, Da %706 SO 54T PD-L1 fii A St & T i 2 v 4L —
AAMHEGN K AL (hollow mesoporous silica nanoparticles,
HMSNs), FH PM, #5 T aT4E ) CTC- ML/ IMRZ 11
4= 24t (aPD-L1-PM-SO@HMSNs), 3 it 1 i) $E ] i 1%
PUIR 2590 5 o Ao 2 ) AR 57 7 R0 B CTC. Ik
A, 9 RE I A6 1 R R 4 L IR (neutrophil membrane,
NM) 784 F 16078 A E 3 1 44 ) 57 CFZ 1 28 FLIK -
$2 3k 2% LB [poly (latic-co-glycolic acid), PLGA]
YK K (carfilzomib-loaded NM-NPs, NM-NP-CFZ), %
B0 o TR K AR R MY R R CTC I #E 1)
ARSI MOAEE, A CFZ 5T I T 55 400 1) 1 B 1) LB
HLHI5 B CTC, FELWT i R7 G b 4 850 B 0f il e A% 06
J7, ELWE4H B % (macrophage membrane, MM) [A| H 3%
[ R I o4 5 R 0] 5 MR 40 L B VCAM-1 ¢
YRS &, B R £8 SR 40 i 1, T
Ub, Li U etk 7 — i R AE A0 R 90 0K T 25 R 4t
(intelligent cell-like nano-prodrug, DOX-MPK@MDL),
24K 5 L DNA DY [ AR BOIR S W 9 WIPE & 28, 43k
pH B 2 DOX-MPK i 2 (H # DOX {F %4 DNA
R NG, JE R 2 2 AR BB IR B AT MM, T
FREAT i A S5 NPs. 1% R Gt n] 3 3l 4 ) 3L 1 e it
BB b, 597 BLAOA B rh i SR T DOX, M A 24 i
B CTC F- 4l il e #5272

G S — 2 AR 2 50~ 150 nm [ 40 i /P FE 1D,
AT PR 200 L 2 20 B D R B A B S 2 R 4
Jf 43 st JLEERTH & 2 CD44.CD47 645 5 EFh It
oy, W L R A7 R 1m0 R U BT, Wang
SEOVTF R T A WA AR RS T (1) 40 K 2459 (exosome-like
sequential-bioactivating prodrug nanoplatform, EMPCs),
2 B A R A A ELAE R e A R OT TS B
CTC. EMPCs i85 T ROS U ) 5042 B — i1 % 7
74 (paclitaxel-linoleic acid conjugates, PTX-S-LA) 4
72 B (cucurbitacin B, CuB) 20 43 3 A i 98 41 ffu
J& , B CuB 7] K il FAK/MMP 15 5 1% DA 30 1) #%
%, [F) I T v 40 S8 KT, HETT fih & ROS SR Y
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A2 RIRTEAL, W A R DU AR . AR AN FIAA A i
1K, EMPCs B A KIEIA ik 5158 ) & R &F b &
ZiERe /1, @R CTC JF 4% FAK/MMP il %
A e e

WAk, 385 Rl A [R] SR U5 R A L JE, T A i 22 P
I71) Ty £ ok 2 JE AR e M W P20 Qun TR T
i L B 8 40 i B (tumor cell membranes, TMs) 5 H
41 B (white blood cell membranes, WMs) 2H % ) 4%
ZZ W (hybrid membrane, HM), F LA 78 1 # ICG
PEGNK KL o 1% BT [F) I 4k 2K TMs 1 32 ] 45 e 1 A
WMs [ EH 370N Dh e, fE5FH CTC fi R A3 5 4l i
(PIJEAE L, 3E— 20 25 5 6 36 B 0 08 S B 3R ) 1)
JEALKIE, e T A 3R —18 B — Ak 1 1 [R] S g
2.2 $BERRE CTCRIEE

CTC 1£ K 5 ik B2 22 4t v mT DL 240 i i 2 it 7
TERAAAE, Horf CTC R B 3% 18 e vl ik S i (1) 23 ~
50 fix, PRIUb ) CTC 5% BT 15 7638 B Bt b 8 %
P 1) R B HE 10 Na/K-ATP g 400 1 7 vl 5@l 7 =
N Ca®™ 7K ST B O 40 fifa [ 3% 42, 48 CTC FE MR 15,
AT $00 1) e 7% g AR BT, L SEPSF T IR A
Jif A i ) G 28 b 75 % (digoxin/digitoxin, DIG/DT) 5
DOX PLGA 442K i (cancer membrane-coated DIG and
DOX co-encapsulated PLGA nanoparticles, CPDD). %
YK Z2 G0 FH [R5 88 24 M R ST 3RS o6 A 1), R[]
ERF IR M i 5 CTC #% . B i 307 DIG i #)
il Na'/K"-ATP B 3% 175 S 40 g A Ca™ B, {24l CTC
TEAR S, [R5 S R AR A T 0 R At e o, i
JZ —[8] Jii #6 4k, (epithelial-mesenchymal transition, EMT)
AR, AT RELBT L 4 B T B 51228 . SLIR 4
W], CPDD fEA& A AME AL th AN e A 204l CTC #%
(T LS B IA, 3 RTRE e 0 S5 e, e B H I8 35 1)
PR R PUEREROR
2.3 PEET CTC-M /MR

TEPEIN R G, I /NSCE I 4 3k CTC L 1 9 &
B IR E I A5, 038 T R e #E dh i . DRItk B
T 1) e 40 B 35 1) /AR 2R 4E- (tumor cell-induced
platelet aggregation, TCIPA) J% [H b CTC- ifiL /N # 7% 1)
TR, RN T TR AN A T 5 # 1 B 22 S0

M /N ARG A AR RE A, 00 AR AT A Rk
FREDRE. HuE" M 7l —% L% (nitric oxide,
NO) A4 12 1 1) 7] %5 5 48040 B 15 e 5 Ao A s 4100 1) 57
BMS-202 H 2H 2% 111 Ji& 1 44 K i & 48 (GSNO@BMS).
% 2 40 0] Ry S PEAE R TME A 86 25 85, AT 40 1] 1/ i
e B AU 5 11k, B> CTC- /IR ok S SRR TE 1 TR
B Ji A B T NO AT B I I /N AR 6 CTC 1 3 B AR 4,

FF- 75 [5] BMS-202 [ELIT PD-1/PD-L1 38 B, W05 T 40 i %
P, S Z AL P [R5 BR CTC.

FFH PM BT A= 45 1) 36 5+ 11 45 & CTC, W] FH W H
HRIRM/R M AR . Zhang 2 % 7 —Fi il
PM 5 I J5 s fih 45 10 R 160 “ 490 K I /N AR A (P-Lipo), %
7 £E 5 K W] 35 G 54 CTC, BELIT 3 5 % 4R L /N6 11
MEAER . W72, P-Lipo A8 AE 98K 3 18 o kil
3R CTC, FHLIAE ML P Rz b (13 B L 7898 S EMT iE
Fio 70/ BRFL MR IR 5L B A AL vh ) P-Lipo il il ik 3%
G PE 45 4 PRAK CTC 78 M (723G 26, IRk — Dl ik
1) 28 RE S 7 < B W CTC ¥ 3%, 7 R4 38 1 4 # 78 1
A K.

2.4 [FRETCTC-H ki mAEFE

CTC-H P 24 Jfa e i PR 3 CTC %52 5 5 B,
T B9 iR e B R R IR G B IR B (R 3 T PR 4
8 17 98 i SR AL I R AR B R 1, BT A 3 RYKIBTT
SR 308 Tk B 1) TR A (A1 T BT R IR R T

Mu ZE"F R T — R ARIE 5 R T 2 S b [F 4K
4t (GV-Lipo/SF/DT), I [A] i # [7] J52 & i 83 5 CTC
Zyk s B @ SF A DT 3L F AR ik, IR %
TH] [F] B A& i B e IR UL RS 85 (1 2R B 3 (glypican-3,
GPC3) ¥ [ Fi 7k 5 FiL VCAMI B 53 [ B 44 1] 4% 1M
. 1% &SR SF i bR JE R MR, MRk /b CTC
RIS [ BFfE Bh 6 GPC3 5 VCAMI 7 51 3 58 CTC
W3k, A DT 3 CTC #%, &5 VCAMI #.5g [%
PR B T CTC- A R 41 B 752 7 i, 4E 1 J@ ik SF 2% 4%
CTC. fEH22 JJE A FF i B v, % R 4 8 3 2 F+
CTC i& B & 3 i) 7% # I 14 58 0 98 97 2 . Huang
SO P F T — P e SR R iR 5 H MR A L -C TC 7%
(1 2 A s B 9ok 259, F T 38 9 R VR 7 5 55 A 40
il B S, B AE m  ER A T 1 — R A VT B
(monomethyl auristatin E, MMAE) — % & §i 2§ (hQ-
MMAE2) 4% T PLGA 9K kirh . it —20, 1 NM &
7 T PLGA 94K ki % i (\QNM-PLGA), TR T 3 o 2k
LY B 1) A2 4 2 R, T JRe U SR ) Bk CTC &
BEAE 1. S KE S S, hQNM-PLGA 44K 4 m] £ B
Hh I R B PR R SR T e B AR A 98 P iR S 4, AT
Hom A S B B, s OK R > MMAE 7
PAE PR e (e o G LR e ) P R SR SR PO B
™, hQ-MMAE2 "] & 4 [ fil, {2 3 MMAE F&J8, AT
SEHLR PR T 2. A, hQNM-PLGA 44K i
REAE A 205 Hh R 4 i 5 5+ 14 45 & CTC, AT BHL W7
PERLAN M -CTC 7% BT B, 33— B 40 g e F o X b
22 P T T R B I AR K 25 TR e R
) 5 RE VA T SR T OB SR . Zeng ZEU U ) T I
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16 NM 47 (95 K BL T (aNEM NPs), #5 HAE A 44K 5
T DA R By A R 4 A 5 A B EFE . aNEM NPs 7]
T PR 20 L 1 R B RS RO B ) SR 4R,
il 3 5 i & W & CTC 12 By, JF 78 & 9 A0 B3R
CTC-H PRI AR T . 1E 4T1 B MR AR A p | 1%
RGN ERRZHEHBRAEZR.

KL, B TE] CTC-H I R 4T i 72 1 499 oK S e i it 3%
G 1 5 B 1 WL 40 L L BEL T A% T T B W IR R A5 CTC
2 % FAL, 75 E R RS 7 TR B R 41 B
AU B 05 A2 32 O B3 e B 2 22 Dh g ik Rl H R
FIANBTIR N, I 2 TRUSR 0 A5 B8 DR i 8 % # ) 7 B At
BT PR A 7 1
2.5 PHETCTC-NETs

JFH BT NETs /1 5 1) CTC 3% b i 5 54 5% (e it E
FH, 37 2 99K SR s S = T NETs F9 00 1) 5 4 > Park
SN I SR T SA % BE 7% IR 1§ 1 (deoxyribonuclease I,
DNase I) 4% (1) 44 2K K7 B % NETs [ DNA & 42, 7E 7L
e /) BRURE ZRY v B ) AR 5 0 4 3R ¥ CTC, FEAE it 5% 4%
R 62%; BIF 5% [ IS I 92 DNase T 76 44 45 7] 38 i i 58
NETSs 45 14 400 il L Ji 4 40 PRUE 5

Yin ZE0V) £ T 3 B MMP-9 1 3 P4 DNase £
S A e K fih & PTX 3% 3% (10 W Th BE 40 K R 4t
(mP-NP-DNase/PTX), 7£ TNBC # %I ot Sz 3jl 84% 1]
NETSs [ i % %, I 38 1L Tat ik A~ 545 il I8 40 A 3 75 3%
FPE R 3.2 4%, AW R0 IR R AR (PR AIK 58%)
L% (i 73%).

Chen S5t — 30 ) 7 — Fb DL BAT 96 105 O % 1
) 45 5 4T 42 B AK (plasmonic gold blackbody, AuPB)
KA A FLE £ B E (mesoporous polydopamine,
mPDA) R4 FE 4K F &, 7] 5L L DNase 1 (1 /5 25 £t
H R, {E5 IR 414k (second near-infrared,
NIR-II) Jt HE R, 4% 75 B 8K DNase 10 250 38
“NETs /5 I P ELBE B, M 8 58 0% 1 /N B f 8 2
IS 4 A 55 P R 20 A B A, B RROR R T 4 EL W
(colorectal cancer, CRC) ] % 3% K 25 pi ¥R 97 o [H A 1E
B2, % AuPB@mPDA /A& R 445 %) J5 vl {£ CRC
BRI A% 4 B I E A s 4, JRid o i 2 R ik
JH B NETs /1 5 (19 CTC 4 3K, i3k 17 #0172 e fH . 1%
W5 R A T 1 R 9 1R 5 R Ml B2 it T B I
PREEALTE 7 008 SR s

gi B RTiR, 55T DNase 111 NETs # [7] 44 K 5 1% Ji
ik B fiA NETs &5 ¥4 L FELIT CTC i 35 L 25038 Hh J38 TER 51 4
% EALH, LE 30 R % Oy T R Bt SRR AT . B
5 W0 NP 36 526 22 T e [ BN T S 1) B R 1) AN T
Ji&, 1M 215 5 s A B Dy v 2 % T TR (LB 1 I DR % 1k

AT
2.6 MAKRAMNIEEKARSERA

JUE BRI IR VR T T I i 2 BRAR, 9K 259
Bl HRR (1) 254K 30 ) SRR 5 3 ik L B, ©AE
&R VG IT h R DL A . 82 B Al, 2K
O 8 KA K 25 W 3Rtk F T 5 B 1 g e 7™ (R
1) Hrr, B RN 2 F A (Doxil/Caelyx)
TEREARABI K4, |2 A T B
g MO MR T B E RS SR R
(Abraxane) WIAR ftk F T 5% 8 1t 5L B 0 B g S JE /)N
o it e SN A, i 5T AR A2 B B (Onivyde).
JI TG A B A i F (DepoCyt) M 542 B2 i B (Nanoxel .
Genexol PM) % ill 71 tH #H 4k 3R 4tk A T A [F] % %% vk Jib
JEEITY . AEAF R, R GOK 2 I R B
F 2 05T AR W) iR Ve o7 v BT RS 2 e A g,
T ARET X 5 4 1 R IR e v vk o SR, I R A FE 2
i SR, X B ) 77 W] I KA PRI [R] 3 5 i R 2 AR
MPEAR R G5 M, 02 OG5 B B VE R SR R T
ﬁ§[134’135]0

ARk, B A5 R i 98 A 78 IO AR A RTIRR N,
K 8 22 1B R 40 K 24 0 33 N e PR e B B, et
TR UL B AL G5 43 2 B8 1) YU B, [ 32 2 52 a) | ) I
71 TR S SR R B IRIT ST MR E (R D). B,
B0 1) /T 51 Ry S MR (prostate-specific membrane
antigen, PSMA) (1) BIND-014 44K i £ 58 iiG 7 # 1E
FL AN UIE AT Z1 B 1 1 PR 7 #E 1) HER2
(1) MM-302 g Jo 44 ¥ i3 N 7697 HER2 FH VR 1 2L e
F T/IIL #A i PR™7; 35 &8 B AR (Lyso-thermosensitive
liposomal doxorubicin, LTLD) Bt £ 5 5578 @l ve 7 BT #%
& 98 1 I PR AIE 7 S 7, G AT JR) 3B v i & T SE I 24
VIR RIS E AR OV B2, DU B 40 oK R i
% 1) mRNA P 1 O N XT 22 P 7 1 s A48 1) I
PRAFE ST B, 180 3 32 i I8 i 0 S Vs o e M 2 7
g A, SRR BB SR IT hRE ST — 1k
YK 254, a0 T PE AR AR 1) Cornell £ A pH B Y
ONM-100 %GB IREr, N It ks e E A0 5 F R
SHURME TR TR BRI R, 9K
WD AE e R P IR VAR T I Wl DR A% Ak TR IZ 8 AL St
AL T 38 B S e R AR R RIR T R ZE RS BE T
TR 77 T I8, Dl e A e 1 R R TS T RE TR
PRAT
3 RESHK

CTC )32t 3y 7€ A8 I AE AL S AF, T2 H 5 i
2 2 R R 23 (/DN AR H P R 4 S W A A Ak
A S5 kA AR B AR R 45 UMY, X s Al B
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E il i $2 (L B A 5 S e k3 ln B o 5 R B
54M%, LR IR R I A B 55 2 L, S R R R
T SCHE IR AT R RS R OGRS B BT IX — i
T, GOK B3Rt T 2 2 T A Ji i D) se Ak i
A BT A T J2 2 B 1) FF I B A CTC; R &+
0 T TR T R A AR S R AR T R I CTC A BY A% DA K iE
Tk A ) ot N AR A SE G M 2 G R M R 4T PR B R
NETs %5 755X, FHLKr CTC-1fi 40 g 57 24 A% 1 T B 5 T RE o
X LG HERE 7R R I T 4K eI A HE sk 5 2 HL
il B [E19E 9T 77 T R AR AL

SR, 12 003 TE 3 [ I PR 3 A i #8732
Pl (& 3)M7 OO g PR TR AR B ) 5 R
. CTC R HBM A TRUEBASERAN, RS
I 40 B PR AR BLAE B I 28 B35 238, IR 4K 25 W1 T
VU e DR B RE R T MR AR . R, PEH
BUERI A EATY 75 -4k . H RITX CTC 5 %5 € 4 i (a0
ZLAH M B 40 M) AH LA FH B VE A 5> L] T R A TS
g3, X PR T E R PR T . =, KRR
(AR AE 25V AT R el RIS Y o A7 AR K 25 T I
S RS SRR 7 B T A T T R R B TE XU (e
P AR AR ) SE Bk T A R K B EE SR L E
HIRe, FAR AR 2B AT N K 2 4
PER RGOS . &5, IR B 597 R0 TE A7 A2

Ve . AT TN BB, AR RS IR
Bi 5 NARAAAE 72 S, M DL SE BN A CTC I AEAE
H5HARRE; #5163 B A CTC MiE kR &%,
TE LI I PR A5 B o 37 DS IE

KR RITE LLR U7 T S 5 — R IR BAEAL
IR T . LR AR 2 HEH AR 5iEA IR, 54500 3
AN [F) CTC- M 41 A B A AE 55 4% 42 0 B2 o (0 SC B 7 1 =
RS E 50 ES, R DU S S e St . R
ANPKBARTH G R BRI E 5 G bk, $2
e LT B AS B i (R RE ) S A S AR LA 55 R I
RE; I iz B S SRR R A & T2, 37
W =8, =RIERBEARITHER. Bk n &
(1 CTC ¥E 173 B 15 4= B 1 e 2 VR 7 U7 BUAE Rl R T
IRBESE A, SEBLE kA2 1) 5 7 4% T i W R . DU 2
e 2 L T ) AR o ARURRR) N /)N B
BB RIF AR B SR S S e &, 7R IR
N A AR SRR BRI o PR A 400K S )G 1 S e A ik

k2, B[R] CTC- ML 40 S AH BAE F 409K 5 mg 1+
TR RS R AL T R R SRR RS . RAEENLEIA
HLBOR AL 5 I R P-4k 7 AT A E 1 2 Pk, (R BE
5 2Rl G RN S AR R R HF 8L 005, 3% JE kG i
A IR IT T BN A R E il e 5 8% o
TG TR (1 78 2 o

Table 3 Strengths and limitations of nanomedicine targeting CTC-blood cell interactions. HCC: H22 hepatocellular carcinoma

Strategy Strength
category

Targeting single Active recognition and clearance via

CTC specific ligands (antibodies, aptamers) CTC; binding efficiency under high shear

or biomimetic membranes

standardization of biomimetic membranes

Dissociating Disrupting intercellular junctions by

CTC homotypic modulating key targets (e.g., Na’/K*-  functions; ensuring sufficient drug

clusters
of clusters

Blocking CTC- Inhibiting platelet activation or using  Risk of interfering with normal hemostasis;

platelet clusters nanodecoys to competitively bind
CTC, thereby blocking physical
protection and immune evasion

Disrupting Destabilizing clusters or degrading
CTC-neutrophil NETs to remove CTC protection and
clusters/NETs  enhance immune surveillance

inflammation

Integrated Combining chemotherapy,

Heterogeneity and loss of target antigens on

Potential off-target effects on normal cell

ATPase), reducing metastatic potential accumulation at the site of CTC clusters

Possible impairment of neutrophil-mediated

Complexity in design, synthesis, and quality

potential pro-thrombotic risk associated with
platelet membrane-based materials

Limitation Experimental model Ref.
Patient blood samples (prostate ~ [87-97,
cancer); 4T1 mammary tumor 107-110,
stress in blood flow; scalable production and model; colorectal cancer stem 126,127]
cell model; TNBC lung
metastasis model
Orthotopic mammary tumor [98]
model; lymph node metastasis
model; experimental CTC
cluster metastasis model
4T1 mammary tumor model [99,100]
HCC model; 4T1 mammary [101-106]
host defense; need for precise spatiotemporal tumor model; colorectal cancer
control of NETSs inhibition to avoid excessive liver metastasis model; A549
subcutaneous xenograft model;
postoperative breast cancer
recurrence model
Microfluidic chip model [92]

multifunctional immunotherapy, and physical therapy control; challenges in balancing efficacy and

platforms

for synergistic anti-metastatic efficacy safety due to intricate pharmacokinetics of

multicomponent systems
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