4 . ~ o[ Y, .
M 38 I 20254 E70% 2343874 ~ 3888 ¢ CPERRE) 2ot
SCIENCE CHINA PRESS

CrossMark

& click for updates

MRIRES IR AL S iR G2 ¥

BIEA, B RK
TN KEETNREINAK SEA BT B, TLIRA BRIE DI REA B 5 S s BRI HE R 280 2, 750 215123
* L&, E-mail: Izfeng@suda.edu.cn

2025-02-21 Wk, 2025-04-28 &[], 2025-04-29 $532, 2025-04-30 ML K 2
&K B AR R4 (K121401523) % il

E EEEYWARAEEAADATWEIRZERAZ —, CAAEETEANWE RS ETIRHREEQNET £
Wbk, A EWLTEF, BEHBIBBEILET —RIEARRE DU 7k 5T FB&. B, ZHERAES
B & &, Salla R T H AR L EF R EUR R EHE N TRETENETIFR Hik, RINNBZFLREAL
B#E R EUR -SRI BERENETRRGEENE. AFK, MELUMHTIHRENEFERIXFH
WA RR, — RPN AR FEBUEREGEMFHRAMAM BB AT THEZ R BEROARP GRS
MEBRE, AR T HBEDH AR U R R TR T R 2 ek, BRREFNERTTFREFEN—X
T, BAEZTeK. 2 TETRMNEES. MR ES B EFRT B MER R, 7208 R B 40K %
BRAMA BB REMREETARIT S W RESHR, AXRALTRINEAMRE. KAERAEE BN B

BRSEMMPM R T & BT ik, TN BEAENERRD GRS, AWERER. B REEM BB
FHEHEFRIAR. &5, ALK ZAEFF AN TR ER G HATITR, AX KRG LT MATRE.

Kbl BRERAT, BN AL, BORRE R, FiF R T

FR P v ] SO O B, R 1202247 4% 28808
SEHTHE K 95482.47 1 9, HrHARET 257427519, IAFIE
iE FRE R 130077 61, JRAAE B L R RS g b % s 1
fa R Y BN T A ) T —U R, I PRI AR
FARTEM R G . I USG5
ARG LA, & WA IR GTT FBdn: FARYI
B, LSy, BOT . ISR WAATEEITRCR IR A
YEFEE KRR, MELIXHE Z I B T % 25
IR DRI, FRATTIO VI B % e o kA A 5
JEZYT 7 LAt — 25 4 T3 1 A S R RS 1 B A 7 T 1Y)
REJ). R R, SARMRE NAEAEE IR . Z 5. =il
PR I S I A R B, S by 4N i
A . WIS AN AN [FIRYT B R s, T
W RAY TR MO EE RNz —, KT, KR

TR IR O 1 R B BT IR TR B O SE BRI RS
HERIT IR Y E B AL

UL204FK, B ALV SEOR B PUE A, — &
S BAT 4 B 5 LR ) = DI RE R B A R SR
Yooz F B R 45 BB R BB IR BORDT b, il
R GERBE 4 T AR 25 P i AR S MR A R AR 2
— B fgihn, ST AORBEHDHA R 0 RS A0 T REAE
IR . SRR R A — 4R, — R A
A 1 D RE R AR IR BRI 48 o e S
AN Y R FELRERN L, R X S E R (A
Jo. L WL L AR KRR MR IR AR BRE S
Mo, Z . EALR D ) AT i P A REANOK IR
Bt AT LAHE— 2RI HAS I R A AR 5341, AN
KA AEA A 9 RS S50 A e B ) 24 1 3 5 1 e

10.1360/TB-2025-0183

SIAER: mid, o RER. RIS AN S TR QURNSTT. Bl iR, 2025, 70: 3874-3888

Gao J, Feng L. Calium carbonate-based micro/nano-materials for innovative tumor theranostics (in Chinese). Chin Sci Bull, 2025, 70: 38743888, doi:

© 2025 (PIERFE) Atk

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2025-0183&domain=pdf&date_stamp=2025-7-30
emailto:lzfeng@suda.edu.cn
https://doi.org/10.1360/TB-2025-0183
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/TB-2025-0183

ISk

AT LAA B 25 0 F AR N 2508 12447 R L ikt
HENCR . AR BUSCR L, A BT A, BT
T ] PR S A FE s R LR N T 2K R
H . BREERAGY ST, BERISEGYITSE
LRSI, SORARHE PR AT AR L E A
FEIGOEH, an: K5 ZE R fL 7, Embosphere® S5k
G ZE AL AT 38 o SEL BT e 4L i ot A OB B ARy T 2
SEEARS TR ZEUNEARYY, WM R KA
VIR, 1935 THROR M ARFURT AT ¥ A R ek, TRk
#25k (dnSandostatin LAR®) AJ 44 24 4 2% 16 J&) 30 4E
KEHUE, KRB BN, ok, AT,
5 R AR 2 HAT SRR R AP 5 A S Al ARk T LA S i Xt
PRSI T R, FE RS [REA SR F Y i
PR BTS2 R S, ST, R
M E RIEY R 2 S TR ST i 1% 5 2 R ne

(RS A N A2 — 25 20 e 4 T KB BT 2 TR 42
RGP % JE.

BRIRF5 2 H SR A R AP — 2K b Rl
ISR AGE . TOEMESI I 8% R S B 1A
AT IRZER BLAOL KRR RS R ) 4 ARG . FRAL
RELF S Rl 2 FVESERE . BRI TR, 1
AR TR, B T B AN, B P AR
S A A R AR ) A W A M T I B I FHAE 24
FHERE, ST R AR . R REIE 2 . B
B RENAE. 5T, BRPRES I Uk R T - Hh A BE
T/ TR RERE 1l )12 T A A5 2B i i
PEZG Y Bk, R AR . R RAESEASE
o5 AT 1) 55 BRSPS LA — 4R TH A S 25 M ) 7
U T B R 22 TG PRAF 5 LAFR 2R B R4S 1 1 30
SRR LBl R GE B N IR YT 5 E M N AT S
(NCT03582280, NCT03057314, NCT02864784). {H
B, BRIRESAEA BIAAE N 45 5y 38 i s A 45 45 =X
RAHBR, A A Y T e RN N
Uk, FFRAEAFRAME T HAT SRS TR B R 5 B 1
YRR R I PRIV e b BA B 2 S

IAER, B N A P B 2k — BT 2438 X2
Pk 2 J, 9T B & BURR IR A5 S 4 ks B T H A9
FAAVELT . B RO IR PR TR . R
NS ORI RE ) AR, ZEIR 2T IR RE
AL BB L Ak, AR AR AE P 1Y
AN AR A 5T TN & J T — 22 F i IR 5 ik A 4 Jk 75
RO B AN, e IERE EAEHE T 2R e R

Wi O PE AR R ARET T2 i B AR, TEsh KK b B35
P TR S RERECIE MR AR AL B SRR, LB T
FipyeE R A L A RS VS W A R R Y5 [N A B R
PR A TR T L 3 R e PR A5 R 30 e
BBEIM I, 7 4 e 22 b R X T e A A i FHLIBT
ik S ARTERE AT, DL AR T
ISR PRI, AR SO S X BRI B B T AN A1 R i
INEHATERIR,  Z IR GIRRTRES SN L R 1
PR ) 7 P A R A B R 88 18I v 7 5 T A BF 5 2
R ] BT I A B SR RIS R R T7 Tl

1 BRIRESIERENALRHI 25 K

TEFIRF R, BRIRESLATT AT . XA Bk 55
=l AR SO T R B R S IX — I R A 2UAF
FEM R R BUBRIR S, TCE TR S 7 R h £
FLERBLZEY, PR TEL A A PR i [0 1 73 e e
N SR T . B TRMEE S, JE—PhBEiAE 2y
PRI [R]E, GRS Tl IORLA vl DL 2 g
TR G, e R e A2 e 2 S D i
PBRE IR LNz ARk, AT, AORBRIRES Y
58 AL BB S A S RS, ot
TEEAUORBRIRES Tl A 7= s i IR DT, Tk,
ARSORGA G LE W R S0 U DL B B R 5% 44 K
RLAY & T .

L1 AEEEDOBLE

M L PURRTE A8 TR TN 25 1F T 1045 B TV
IABRTRAR B 1A BUBRTR E5 b R BB J7 3%, H.
AR FERRIE . 5 TRAESEOLRTC LR, kb
o HIBRIRES WURAFAEE RO SR — . BRI
B PE— 2P AT R B RT L i 4 R R e
PHES T RO SE SCBORIEE L SRR« SBpH . SIS
] LA K SO R IR S5 28, SRR RS ORI R L B
S ARBAEE AT R, AN, FRAEIC RN AR
A — I TAR R B, FERRIRES & ot P P 5 L AR N TR
A LAR 1 JCE TR R A 9N K OB ISAZ A6 ik, AT
1 T AR IIURLI A R PR PR A

1.2 fFLE

TRl e o 0 ) S 5 R PR 5 A Eh VR VR Y LR
b FRA, R LR A R A B i B R 5
R AR K R A — RS O RS A %0

3875



M4 b B 2025588 FT0%E £23H

T B R0 M A T S RN R S AR S A 4 A T oA
S b, R 4 A TR U P RUST L T ARt 2 A A
TEZITIE R BN b, AP A R LR - R AL ORI
2 IR Y (poly(lactic-co-glycolic acid)-polyethylene
glycol, PLGA-PEG)YE R, MEhA & ¥ —Ff
e T 6% 2 B8 1) UL V8 ke 1 25 A7 AIL- TE ML 2 A 1) Bl TR
FEIYORIR, 5L 45 I PLGA-PEGYY
KIGORIAR LY, 3205 5 45 () 2 AR AR IR X 35 FR 2k
/N1 25 AR 1 001 AT S AR R, T
I T4 56 24 40 40 I 1y g ik g 72021,

1.3 Sy

SR BT RO IR TR R PR, BRI B ke
PR A B A ik A B R T AR R B 2 1
WP SRR ORI B —Fp 5 AR5 O, 5 1
AT T AR L, SO Bk HAT HR AR R
R it A ] A ELARE T I S B, ek o g PR <

PR A fiph R S S S BT DA S B R G RS 5
AT PE R P45, 20054F, B E /R K% Kim
KwanZ{ #2 IR 8 T RS 80k b &
BTG AE AR RS AN KOk ) )7 22 (E 1 (). E1Z 51
BOFEA I, Gl e E AR RS OB 5 | A 43T
DAA i — RINIRFRES IR EZ A ). Bin, ASFSEL
—IWF LB, RS S P s AR 2B
e ¥, ZEMEEMARE TGS E FRAE R L E
e -Bi PR B 4R K 2 IV E Ry A% K5 ik R 5 E L3R i
DURL, TV TR IR AR B 7 H 3R 22 T2 e LA TR 1Y)
FERTEARE T, REER-BRERESANKE A9 545
T O 2 T B PO RR TR AR T VE T B 45 A
B, RS T RS 34— B v 2 YRR R 45 - SR 2 L i
(CaCOs-PDAYIKE S (E 1(b)).

P T TG 22 T 0k 05 90 A 7 485 W) 2 A A L
THZMAHEAGN: SRR, R, IR AR
SRIGECAIRE S, PMRERE MR R M/ N T 254, W)

(a) SR EGE (b) =DERESEST®
Z B /
O (9) Co, ()
o ~NH, (@4 ” ( T S
) L | ;
e \. e ./ L BB O o OJ,
RERSR CaCl,ZBEam RERE R CaCl,ZEEam
(c) FERPZIR
iR+ iR+
y /\\\\ L;; %NH
4 ) 4-P|
_> \ OH
o l,\ :ng\(OH
GA DA TCPP
o - TIVRERTES R BEF: Zn?t, Fedt, Nizt,
BRERS SRET gy Gd®. Mn2. Co?*...

Bl 1 BRERESAR IR S 2 DI BE AR R S Y & 0T En B, (a) ST Bk & UG E LRI AR UL /R AL (b) Z ORG-S
WA b s BUBR RS- 38 22 UM OR OB RO /R BB K. () R PRAP 2 il 48 BB A DL 5 W IE i A 2 D BRI ES R B S WY/ B
Figure 1 Scheme illustrating the synthesis of CaCO; nanoparticles and multifunctional CaCO; nanocomplexes. (a) Classical gas diffusion method for
synthesizing amorphous CaCOj3; nanoparticles. (b) Dopamine polymerization-induced biomineralization synthesis of CaCO;-PDA hollow nanoparticles.
(c) Surface-protected etching method for synthesizing multifunctional coordination polymer-coated hollow CaCO; nanocomplexes
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Figure 2 (a) Scheme of the synthesis process of amorphous carbonate nanoclusters (ACNCs). (b) 77 map of ACNC, AGC-PAA, and Gd-DTPA under
3.0T. (c, d) Contrast-enhanced MR angiography (MRA) images of the whole body on rat (c) and rabbit (d) immediately after the bolus injection of
Gd-DTPA (i) and ACNC (ii). (¢) MRA images of the upper body of the beagle dog immediately (IM) and 20 s after the bolus injection of Gd-DTPA (i)
and ACNC (ii), respectively. (C) and (S) represent the coronal plane and sagittal plane, respectively®, Copyright © 2022 Springer Nature. (f) Scheme
illustrating the mechanism of CO, generation, drug release, and bubble generation after accumulation of DOX-CaCO;-MNPs at tumor tissues.
(g) Optical micrographs of CO,-generating profiles of sub-micron-size aggregates of DOX-CaCO;-MNPs incubated in PBS ((i) pH 6.8 and (ii) pH 7.4)
for 90 min. (h) /n vivo US imaging of the SCC-7 tumor by intratumoral injection of DOX-CaCO;-MNPs. (i) Changes in tumor volumes after different
treatments. (j) Tumor weights after 16 days post-treatment*®]. Copyright © 2015 American Chemical Society
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LB E, WO —L 3T AE 25 YIE RIG Y7 R
MEEREZ —. ZE s s . R i
BRESH . IREELRDREA SR KWW, SR
IR B T — ) i 1 55 B P AR M A MR BE, I 2Rk
A RRANK 253 B R BT kR FH EHLA R PR v
il —1,

YT, ST Z IS S IR Rl R T 44 DK
AR Sy P S i) s 226 R T LA, 1) TR 50167 s 5 225 T
B VT 255 2R bR 2l T S5E5 0
BRI L, BRERESFEYK 245 W 2k AN {H BE A% 78 i
SR A AN ] B D o T R 2, e
I 210 i &7 p H R 8 T 7 2% 45 553 i 2 245 40 ) 4 e 5%
WUgeR, iR s 2 R T AH O 2 W W IR RO I T AR E
AIERRY. T g — A 3T 259 IR AR, A i
5% 2% W 30 1 2R TR 37 20 fob Y A Bk PR 5 400 DK R (1) 2% THT
K — 2 AR A& & F R (gallic acid, GA)ELA
T GA-Felt i KRG, HATLhid I A FHGA-Fef 5%
TR A BE 7205 g S S A HL O, 20 ift G B A o v S Ak
(IFEIE [ I SE(-OH), AT PR R) FIr 0 28 A I 1 24 36 ot
75 5 JiR 20 S A R T R T 6 O A ) b eg A
RS AR 5 — A OIS & B, GA-Fe/r S+
JSARE AL AR FH A W] LA 3o SR Z M A 1) T B8 A 300 o i
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22 R BT 1 AR BT R AN HEVE T, AT &80 5
i3 240 i 245147,

8 1197 % (photodynamic therapy, PDT) & HFk
TGO BRI S 67 a4 1 G RBOR A B AT AR M B
PTG PR A AL, DA R 20 A i — R i B e o'
SEIRIT RN, TESR I . IR SRR M rh I R
TRIT R B R0 SR, H TR WOGREGRAT
FEL KU MEZE . IR e 22 . R R B Ao T 4 Sk
R E I 55 I RIA T ORI B IR A R R A Ak
B D ETEENE. T AR, R HGER Ak
386 36 B AT LA R i YRR 0 A LA K e 3 )
HRERE T, (BRI 2 i — DA RO Y VR
FRRH[E], A % B R 2 23 R Ry ™ e G EE . AN TR
LA B 5 e ) P v s Ul R 55 - 2R 22 1 e A oK TR
T Ceol}, T2 1wt A s AR FR K Ce6
AOCELRE 7, 1 i3k S X B JER 4 1E R 2 2 O
Bk, YBRIRES -3 2 R K TR e MR 2 & 4R )
D0 7 fieb e T PR A i, Ce653 - PR RO 5
SEALRE T, T SEE PR RS A 6B iRy ). o
IR B A 0 AL 2= BIFFE TR 2R e LA AT
R AR R SR T AR K T IRFRES AL )2, TR R AR
W R T4 e FLAE 45 B i k0 s SRR, ik
V505 W 37 e 9 TR PR e i 2 8 AU L - 5 v e 7 1
IRV BB AR SO S A7 AR A ROt B 5 ALt
J1fICus,S 6, HETMTFE 1064 nndMNEBHOE A IS ST
SEEE RO AR TR

il . FRrCREDTIA . 4. EESEThRe AR
KT AR BT IR 25 i s ok 1R pLiE, 3
SETELYIT RS R TR I A B i . ARIME . fuyse it
PERAEPRAR. AR, YUK EAR R FEL e d . b
T ) e 06 SRR T E, Bl R R S S i
VR F 23 MER A RGRIR Z —. 20194F, 1
SEI KA AR KA BRI AL IR 5 T H BRI AR 545 5+
Z IR RCAI BT, B RG E R E5 AN K AU FH T 1) fieb
SR AN P ) 2B 125 /N T HERNA  (small interference
RNA, siRNA), VTN RE P PESET B iAR L (pro-
grammed cell death ligand 1, PD-L1)7;FRIFRA LA
ARG IR e e AR, T DI [H] s 4% (indocyanine
green, 1CG)FrFF B3N TG S7 K 2w il g
AR BRAl, ZZ TS 3 WA RS 44 K TR v LA
T 1) e A A R ] 32 3% Ik A R -12 (interleukin-
12, IL-12)f{5{RNA (messenger RNA, mRNA)PY,
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microRNA  (miR-451)PH5ETh BE R IR 53 S 31 il firh g
K.

ST B0 AR T R AL B R )
BHEST, BRERES TN E AT LU TR LR . 4iH
K. Btkor+ . e EAA IR RE R AE YR 5111
i Je R e 1y P S R, TR R R A DA K A 1Y
AR B2 0 [R) I 5 RS 4 S P ik s . T
REF IR BT R I, P42 CD-ATHUAR B IR 55 44
KRR AN T 4 8 B[R] B W U 7E B VBRI I, e
PR 515 M DK U i) 1y 8 R R BT CD-4 7HTAR, 38 ik
BHIFCD47-SIRP (signal regulatory proteins)4H Jifi & #4
P& 1 IV A4 X 3 2 e A4 R ) P %8, A A3k B
A Je M 2 % U X CDATHUARFR Ik 5 B B0 2/l
VEFHP, 5 R 290K SR A AE 52 P & BH, I FHBRTR
Y5 P K 2 A o R A 1% WA M A Y R, AT LA
R IR A G LW 20 B A 5 1Y) SR i A2 -4 i e
SRR BOL B, AT AT R DR LA R A A A P 7 iy
T AR T e, ASUREZH A FH Ak R 55 4
BB RUCELIE AR T —Rh R 28 AR D7 S AL A I 21 3R
R ALTR) F AN AR DI SN 2, 8T B o A A g =X
SIS AT R AT B R R e i 22 AN AR D
R %A BAT s M R I i Ak, IRy
g A A A= gae T, TR AL T2 1K (anti-pro-
grammed cell death protein 1, anti-PD-1)$¢ A0S E—
A RSRI AT IR R S 2 & I HICR!. 2021
AR, BRIUR 25K T W 04 A BRI Fe = R ke
Zn* T B B A 4 8 A HUAE SR 400 K R 0 22 HL A 40
MR MIRE TR REB N ZE FL R, JFFERRL R I A K —
JERIRAS A b2 T W BB V75 Tl A HEE ) B T A% R
IR (CD63-aptamer). A K A YT 4k T A 45
BUG TR BHARN MR LR | PURIEBAIC™, 5K
TR i 2 e ) I ) R A,

3.2 P FREILEL

B TR M PN B RN AE AR, AR A
L AR PN AN [R] X3 2 [ 54 e 38 22 (RS AR ),
XTI S T FEPRIL . AR aniE
WEFE S AET A A fd R A O L M, S YL
240 L L2 R AN (] S 2 200 0 A 815 88 R 2SR A o e A
JH 2 i R VT T A A 5 O 1),

T e 20T M PR 8 S R P PR T i
AL TS P AEUK 3 R SRR T RERE S 5 e

TAAMIAET, FIFHBRIRES | W2 T 5555 KL K WOk
SR SR 75 IR AT L PN << R A 32 B TGN OK R
WX ZA R RO, SR, BT R A B B KAy
5 B RS TRAERE ST, BT Al R S AN DK SR X LA AT
R A, BRI, AR AR i Y — 20 TAR
rh, R R T PR A 220 ek SR Al 1R 5 4 K SRR R T A=
K —J2 7 55T DU (4-FR LR FL )M} (meso-tetra-
(4-carboxyphenyl)porphine, TCPP)FIFe® T ji i Fic {7 5
¥, IR H k(glutathione, GSH)& Ml 7
—— TR R - IV K 1% (L-buthionine sulfoximine,
BSO) il ik R 55 44 K fik (BSO-TCPP-Fe@CaCOs).
LGN AR 3k p LA I 53 A e s e 4 <45 e 2
K5 AN NGRS T, Il U [FIBSOH
8N GSHA UM TCPPAY 5 14 7 3y 37 12k 75 e
HAET 0. o R B AR I AL A 5 TR 2
FEAEFL20224F & R W — IR it T —Fh 1 20252 3
RIBRIRES AV TE RS, FEMRI TR 2514 T Dt 7 fi
B Ca” K R, SNSRI N Ca> I
Y [ 75 < 240 L PN 0 1 K P — 20 T, IR kR
PR 2 L €2, 2R CRE R A B P Job R A4 2 R 2R 1 -3 (Cas-
pase-3)flGasdermin-E (GSDME)ZE [1AYG1k, HETi%
SR A A gl L0,

P 2RI il (dendritic  cells, DCs)Je—ZRE EHIHT
DRt A, STTHLIAR ST SR S A N e
N, TERUARXS B | B S5 E R vh R 155 B
BAER. ORI RO S IR DC R Y E W
AR g HA TR PR e Ty, SEMI RIS sh A 3L
) I AR S e B e O 2. RSN R o ik i R A 5
HORIR, DO IR RS N K URL 5 BE 88 1 2 = 40 g
PR 15— 7K 28 2 e SR S5 X B A s A i AR
T TR A5 i PR 65 240 DK A A5 4 ek A48 L & i = v
TR 928 240 B S i S M BE TR DR RIS L eI i 1 5,
AT S 48 R K AT R AR AR Y. D8 T
TR PN B3 22 0 b 00 S AR S P R R A A0 e 4 L 1 —
FEHE BV E R, 2R RVCDS T4
PR B 7K i 5 RE 38 L T M A R B (nu-
clear factor-xB, NF-kB)FI{iG L T4 4% K F-(nuclear fac-
tor of activated T cells, NFAT)Hi 2515 51 A2 ok HoO%
. BT IR TR B 23 38 ) 22 Ao A2 ke ¥ 553 e e 92 1
PECD8 THH L 1 AL K- S Thag, & EA IR TR
PR EARAE T TR R B, K anti-PD-1 /9B
PR 55 i o 4 K SR [ 328 3% B CD 8 " T4 J 1T LA AL
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R AL PN AT S KT, 35S TR Hh £ 28 o IR TR
(phorbol 12-myristate 13-acetate, PMA )15 P BEFC I
G UIRE, PHEHSRCDS T IE AL RIS TERE ), ST
RS U IR YT IR RCR 5 e im T AL,

3.3 iR G AR

KAEWFFE R, SRR N A R PR AN H 2358
Ao RO e 200 A AR i i A 3R PR Rk A B v
FRPEGREREE (038 W 1k, T8 23 e 5 e 55 A 245 40 1 4
MBEBCCR . ASCDS TN . H 4R AMi(natural kill-
er, NK)ZNME500 P G g AN ke, LA e A 1t Arbyg A1
KE WG  JATTHETANM . B 2R ok U5 0 1) 200 it 5
iRl oS Sl o ey W E | ES BEW O VP S
e AR IR G YT - BEma N M, 2 M m G R A R A
I F BTN B F B RN 2 —. #E Ay, 29006
PRAFESE A sh ) Sc s 4 S0, R AR R SUEN . KT |
JOT - SR P 70 A r R R A S A S5 T DA S 2 o e
FEANXT T 2R T 28R R, 201645, SEFE SR
FHEE O AFSE T Robert 1. Gillies#B2 0198 &, 1
I e i 2 Ak s Y T DA Sk 3 B v /N BRI PN i pHLA &G
CD8 TR A K-, ST TN BRI R % Tanti-
PD-1. HUZH A5 T L4 AROCHT)E4  (anti-cytotoxic
T-lymphocyte protein-4, anti-CTLA-4)% o2k 5 FH
W 3 A I SR RO, SR, A R R AN SR s A
FEA T PR e RIVE AR SR b, PRI &
HLA R A2 4 04 30 R ol A 35 v AR 750 A 1%
U — > ST T 1],

VAR, RS (o 40 ks R LA S A 22 4 ke
R A T HF ORI B R PR S B85 R 4 T A7 3
TENTZHRTE SO, BT R ET R K55
BPEALTT 25 B A RCR AN, 2T 5T R IR IR S 8
AT LA 3E 3 v R R AR P ROR B SR A2 EC DR T4
INK A 6 25 i) e 2 5 9% £ LA B I A 5 5 0 2
TR G Ty TR IR e M R MEOAEE. 20234F,
AP 5 K IR K 5 CaC O3 @PLG AN K ik
Jei T LA 3550 H R e 8 AR P K S0t 8 2 90 il 2
RS, AT EETEAS [ /N B8 X Fanti-PD-1/L 11
anti-CTLA-4% G KAt Y7k A L), 78 53—
FHOCIRIFTE Hh,  FRATDH 206 2t A b Ut ) B R 5 ) 4L
e REVE S 20 /N BRI 07, EL AT LA e [ s 36 2 i
JeR TR AN 2 S8 TS ke DI [ 336 7 g S il vk, aF
1M $& Ftanti-PD- 113 j2 24 K 1 Z ik PR Z AT
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Ml (epidermal growth factor receptor-expressing chi-
meric antigen receptor T cells, EGFR-CAR-T cells)%54,
PEVRTT AR RO Jin e R 32 75 IR KA MR 22 4%
W AEAIFFE e I a4 A St - kTR 5 494 oK JORE 7T L il
I HP R R (R 0T oA 3 =2 SR 0 B e o PR SR
T334 580 28 A6 a1 LI 325 (7 257,

I RS s ey y L ¥R T 2id e 5 e 4
% A B 2 D P BE T A D7 ORI U IR S e
55 G A e i BEL 7 BRI T W] LU RO A 0 03 J8 5 1Y
AAFIT ], AR OCHRGIRYT AN O O I PRI iG
J7 o PR B LAk, TS R RS il
AR RTRE AT LA Jo v A R IR PR B e S T bk iz
WA ST 202248, AR AITSE & A 304 0
15- 65~ STk 9 F80 AL B IR 45 200 K ASURE E I e &8 07 8 SR
TE )RR TR ES Hh AN 20 LA N1 ) B i 3 e 30 5 P e
Z SR AT bR 240 B ) RS A FLIRR FITHL, DTG Sk 2
Ft v e A M T XSmO R RIX -2
T AT /0N BV PAY AT g e I, T i R i Js
o2 RS2 S 5 A 98 A 14 [ 3 e T 7 ek 42 %190, it
Hb, BIFFE R IR FH BT 5% 2 K UKL ] ffrJed 135 346 1 Mg |
WE2,3-XUINM4E B 1 (indoleamine 2,3-dioxygenasel,
IDO1)AYFRTIF, T LLAE bR e G A5 1) ] e 41 )
GBS 3 7 RIREPRI A L, P [R) B far 8 /)N Bl
VRN IR SR 2K, I 28 4 s 22 A e B4
Fr AP, SR A L R AE ST b R R S
AP OR IO [1] fieh 958 PSS 338 8 Bl TR I P 40 A 5, TR T LA
TETH AL B A NH A 5] e ol e e 40 ML SR H 3846, t
SR IOT WO AUA Sy SO R RE T, I PH e A
ASBELIEY 7 i b 2 i BrRg 1 A R S RO, 534, R
FHBRTR B 20 AU [1] Jii e T 37 1 X TDO 14 ) 57 [R) A )
VL 25 14 ik B 8 2R S5 A T G W O R A i RE Sy, JF B
() PSP S BE N, A 2 AN B R A 2 rh S B
TR BT S Bk A IRy,

SRS AR FEVR YT I 21 H I R v 6 00 ST 200 e
RIT TR R — R I AIEYT FB, Hh & 585
JkALI 72 ZER (transcatheter arterial chemoembolization,
TACE) K R I . BRI/ INT R Fh i 0 )8 S8
HIE IR %, BJ2, TACETEIRIRATRE AT Hh &N
BELT 1 b Sk it i S BOMoRE = 4. GRSl
(3HE— 2 Ak, ™ ) 553 P98 A L X AR DG AR T ) i )3
PE. AUFCHGE, @A ARG . RN R
5 N X5 P B TR 05 U T L AT 3580308 e e J 1) R ok
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ISR, FHEVECDS TANME . NKAYHAE 00 628 240 it
TR NIRRT, DL SR E 2 PR 40 it e 1~
AR 43I, Sk B s W R P AR 3R TR,

3.4 PR

Jieh g 2 1 e — i 3k ) P e e S B R TR L
TR PE R G ol N e N 2, R PR IR T
Bl G YT DI RE ) S VR Y7 BT e m,  DRLEL AT A o) PR i
RIVE I/ INSEARE S TN A 2 e 3 o ol g — 0 K
M. MR v R L AR R 2 AR =
YRk, HEr s 2% AR A A i O PR e i A R T
SR . PRI R A M AR IR, DA
ENY YN SRR W S e L iR SR SR S N
PR S e S B RE ST, IEARESE, — RN
JRFMAR . RAEWEHR . o Tk, THLMgNK b
R0 PRG35 42 700 - 45 A58 A 2 B80T 9
THy R, HrhRETHEFREY . IBRiksE
(R R IR E 1 L 2 R T I AC IR o B 173741,

RIS N R AR B AR e L ik o e
3 VG Wi 7 P 3 e S5 R e T T 8 e ik [ A
B RPN AT . 20184F, H ERF# B f2 T AET
58 BT Ey Y B - FAR SR A 5 D3 A1 BA LA B3 85 1 (oval-
bumin, OVA) AR, il 15 A= 5 L 5Kg 5 IO VA @Ca-
CO; AR AR PR, TR A B IR S
EICAFRE KAEMERECA S, IR B R 2R
21 it 5 HBF A 15 AR A PR A o R R B — SR AR R
A, SXCANH RS 38 120 B s AR 2 e D R i 1) 240 i
JrR, BRI FH A A AR A = A LR ) s
ML B, WS PURAS R IBIK, T ENUA A
SR FUAIOVARE FECDS TN S, ARG £ 3T
A B — T 5% H A B0 LA AUEE DN A3 - W 1R A Bl
DNA@CaCO; kL, Al LI RS A 9 0 TP 38 3t
[R5 R ¥~ (stimulator of interferon genes, STING){5 5
. FEICIERN [, AR 4 i 24 A AR BT B R
T —Fh HA STINGAS 538 B0 T e i 4= e 20 e
1, BB RS B A R SR A CD8 TN fe 93 )
N, Hanti-PD- 157 vEHK H G BEAE A S5 HI A 5 5 4% i
S A RO,

SLNPEERE W AR, BRBRES a8 ok bR 1T nl
DI S AL TR MR B, 18 vT LA s ke 2k i e
SEPEER I L R A S R R O, B IR S T AN
L)1 I 245 02 2k e T (AT LA S ke sk - 2R M bt

JEL AR TR, mT LA S8CHE 8 SR e 3 791 45 AN ) S A
SPETEPERY, TR S iR i . et
SEWERRER S MR vl HAT DL 1 PR X — R,
(i3 A7, BRIRES ST (LR e W e 1 Bt R4
AR, A B R IR RE W7 A7 TH 9 2% .

SVARTITE, BRTRES (A TR AIC 5 AR PR A O P i
JBy- AN RE 3 R0 A W) 2 A e AT A e L 1) 24540 128
B A NES B TRRASTRE . IR ORI . e
MEESE T R BL T RSN W 1R 1), IR
— AR IR T R AL T LSRR SR A BAT
IREFAL RIS A AR T 2.

4 REibhes

ARICERIR T BRIR A AR B0 1 5 7 3k S A fie
T IR L R PR AR . AT 25 i R L AN A
BT RRATAE | MR SR PR RN A AR BB ST O
TR DTS HE R, PRBL T BRTR B I  B R RLAF (Y
IRFALHT S, o HAR BRI R B 4R At T —
EMSHWNE. MEH AR — A HE SRS PN b1
BHRIE RFACBTSE A A0 LA R R R Rk (1) 1
BRI B U AR RS L el B S5 B AR 50 A= 1)
SAIVRERIRZ . AT AR T T 45 SRR A AN [R] il 2
RSF BB RRAES TN VR E AN Rl pH AR B4 A o A7
TERRZES, WHA TR RE . BT h AAE D fE
HARIRN. P, JH TS iR B e URE i) _L 5%
FROGER, R IT i P AN [R) 1 FH 37 5% A 19 5 22 il
FIBAEZE L. (2) KRl FEA RN 2 £ 1
VisEmG, S iR AR A B E . AR
MR AN URLAE TR A1 T B R mAeEdt, (A2
BRTRAS SR, JCHE: I AR A 1 Bk A1 M RE TR
PREGIRL, TR AR B MF T il i 1 - T 4G i
TrAERAER, B2y idis . A, 4
AR AT R AE ) D RE. I, R RS CAS [ B
P87 55 1) 28 U A SR s Xt R e P S fole 2 A LA A
P 2 R Y P AL TR A BB (3) TFARTE
STIRTRES PRI 2 R 3 T2, FAT, BRIRES i
APRHERS B A e 2 IR AR P R 25 T
AZ R, B FRT S TS A BRI B2 A ) R
2y, ST IRREG AR RHE LR MR BIBA T 5
T AR S TS, O A T AR R R B I A PR 1) 225 o)
F TSR AR RS Tl R A0 H A EE 2
X
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1 BRERSSERAVEN 5 MR BT IR T

Table 1 Calcium carbonate-based micro/nano particles for innovative cancer therapy

MR RE AL TR (AN SCifk
DOX-Pt(IV)-CaCO;-PEG 7 [47]

DOX@ACC/PAA NP (%3 [17]

ACC-DOX@silica b7 [45]

DNCaNPs TI7 . RIERIT [21]

POFCaCO5-PEG 1bI7 . BIETIRIT [48]

Ce6(Mn)@CaCO5-PEG JeBIRIT . AT [36]

Ce6@CaCO5-PDA-PEG, B IR [23]

B 254 R DiR-DOX-Gd@pCaCO;-PEG JeRYT . T [46]
Cu,0@CaCO;@HA IS CEIRTT . AREIIRYT . B EIATT [51]

aCD47@CaCOs PERIT . FARYIBR [55]

NP/M-CSF/CaCOs BIEIRIT [56]

HLCaP NRs SRR . YT IR . IR [19]

LYS-NPs RPEIRIT [57]

Alg-CaCO;-PDA-PGED FEEEIT . AT [39]

M-CNP/Mn@pPHS FEPHRIT . IR [77]

BSO-TCPP-Fe@CaCO; FBINAYT . FSEENRIT [59]

CaNMs BIERST . PR EIRT [60]

PDCNP-Ab RPEIRIT . FSHBEIRYT [62]
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Ji e R v DNA@CaCOy/TCL@CaCO; TR IRRE T |« VRYT IR . AT [26]
VAX SRR T [82]
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Cancer remains one of the leading causes of death worldwide, posing a persistent global public health challenge. Despite
significant advancements in diagnostic and therapeutic technologies over recent decades, the clinical efficacy of
conventional approaches remains limited due to tumor heterogeneity, drug resistance, immunosuppressive tumor
microenvironment (TME), and other factors. Consequently, there is an urgent need to develop more sophisticated strategies
to improve diagnosis accuracy, therapeutic effectiveness, patient compliance, etc. Attributing to their excellent capacity in
versatile molecular encapsulation, tumor-targeted delivery, and/or TME modulation, a large variety of micro/nanoscale
biomaterials with tunable physicochemical and biological functions have been rationally designed, offering substantial
potential to enhance the clinical outcomes in cancer theranostics. Among these, calcium carbonate (CaCOs)-based
materials have emerged as a promising candidate due to their unique advantages, including facile synthesis, versatile
molecular/ionic loading capacity, pH-responsive decomposition, and proton neutralization, which collectively contribute to
their superior performance in biomedical applications.

This review first systematically discusses the strategies developed for the controlled synthesis of CaCOj3-based micro/
nanomaterials, such as the chemical coprecipitation method, micro-emulsion templating, gas diffusion, and polymer-
induced liquid precursor (PILP) approaches. It has been demonstrated that CaCO; nanoparticles with suitable surface
modification could be utilized to construct pH-responsive nanoprobes and drug delivery systems, leveraging the enhanced
permeability and retention (EPR) effect for passive tumor targeting. These nanoparticles show promise in improving tumor
diagnosis, treatment, and vaccine development. In contrast, CaCO; microparticles—their larger counterparts—are better
suited for site-specific administration and sustained local drug release due to their pH-responsive degradation kinetics. This
review further highlights the latest progress in employing CaCO; nanoparticles as pH-activated contrast agents for
magnetic resonance imaging (MRI), ultrasonication tomography, and photoacoustic imaging (PAI). Compared to their
corresponding species, these CaCO; nanoparticle-based contrast agents exhibited significantly improved contrasting
abilities, enabling more precise diagnosis of tumor masses at their early stages. Additionally, it summarizes applications of
CaCOs-based nano/microparticles in innovative cancer treatments, including tumor-targeted drug delivery, intracellular
Ca*"-overloading, tumor acidity neutralization, and cancer vaccine development. These studies demonstrate the great
potential of CaCOj3-based nano/microparticles for developing next-generation drug delivery systems with controllable drug
release and TME modulation abilities.

Despite these remarkable progresses, there are still several challenges impeding the clinical translation of these CaCOs-
based nano/microparticles for innovating current cancer treatments. (1) Physicochemical property optimization. The
influence of particle size, morphology, and crystallinity on performance as contrast agents or drug carriers requires further
elucidation. (2) Physiological stability. Effective surface modification strategies are needed to prevent dissolution-
recrystallization of metastable CaCOj; phases under physiological conditions. (3) Scalable manufacturing. Standardized
protocols for synthesizing injectable-grade CaCOj; particles with consistent quality remain underdeveloped.

In summary, CaCOs-based micro/nanomaterials exhibit outstanding biosafety and multifunctionality, positioning them
as pivotal tools for advancing cancer theranostics. Their integration into clinical practice could enable more personalized,
effective, and safer oncological interventions, ultimately improving cancer prevention, diagnosis, and treatment outcomes.

calcium carbonate, micro/nanomaterials, acid-responsiveness, tumor therapy
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