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Abstract: DNA hydrogels exhibit unique properties such as sequence programmability, molecular
recognition capability, stimuli-responsiveness, biocompatibility, and biodegradability, which have enabled
their extensive applications in materials science and biomedical fields. Rolling circle amplification (RCA),
asimple and efficient isothermal enzymatic amplification strategy, can synthesize ultra-long single-stranded
DNA with numerous repeated functional units. Leveraging RCA technology, researchers have developed a
series of smart DNA hydrogel materials with promising potential for biomedical applications. This review
summarizes the methodologies for fabricating multifunctional DNA hydrogels via RCA reaction, discusses
the interactions between polyvalent aptamer-incorporated DNA hydrogels and biological particles upon
specific recognition, and highlights their applications in the field of disease therapy and diagnosis.
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FEME AR AN S SL 26 o B BT I AR 17
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P BB AN oW 25 44 ) R V& IR 4%, I8 R T 7 8 m)
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IX ST yEAR ] LLA i DNA BE, 5110, B2k DNA 2
V1) 38 ek 280 A A v ) 25 T kb 5 DNA 3% 422 il Tl IEG
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FERR (B0 51 D) M 25 B85 51 ) (51902 5 5143),
HAogm3rpsE517ee—. |k, 51491
B IOIRBER 45 & JF £ Phi29 DNA R4 BfEH ik
ITH 19 Bl S A & TR RT 5 9 K DNA 4
HANE GG 2, Rl IR I B el 5
VI3 s NME RS 5 M. #id 3 %K DNA
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LN AZIR )AL 2 KB AH EL, 124 3 DNA 7K 5 R
RO AR LR 72 1t e B /KIS 23T A, T

TEZK FR AT R 2 [ Al 1, B L) 02, ZEAN K
J&i, BE 2t 52 &7 I, %K B BT 2 SR 4R T
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JBhASZWAE R, H R 2 LA RS A Fh 45
AT 2 A2 T BE AT 5 I DNA 7K 58S . MCA Y&
ERE TOKER GBS RS Sl E , i0d
o HIE TSI T ALR A 1R I AR T
REFAIRG T2, il i M RE A e DNA /K EE 12
BT A IHEARTE.
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TE R RCR 5 nl sk, I8 n] S8 7 40 R v
25 [ 286 A2 B B (CELANT B KBS ) 5 Th RE A A 43
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1 (a) MCA [ BEit R 7RI (D) T MCA ) DNA KB H 20 1415 25 (40T (2012 Springer Nature AL V7T)
Figure 1 (a) Schematic illustration of MCA process; (b) Liquid- and solid-like properties of MCA-based DNA hydrogel (Reprinted

with permission from Ref. [13]; Copyright (2012) Springer Nature)

JB AL A DNA 43 71X — B — [ D BE i 70, 1)K
PRI T SR VE R . AR A1 (hybrid rolling
circle amplification, hybrid RCA) i i ¥ RCA F= 4
F 78 K DNABE 5 Ho A D e A4 R TeHLas KL 1
AHREYIEEE A5 BEAT U RIZH A, M B
Z YETNRE N A2 L DNA ZKEE it . 1% 5 1% F1 Fl DNA
H 51 Dh e 2 A, 44 2 B8 B o 1 B 2 BRI
X i AR ] S A AR R A U 2 UUE ) B E KB
R 2% o A A RCA AR B 7 DNA K BE )
EAEYIHENE S AT AR, B 5N 1Ok, L WA
HMIRARR I, S0 AR R T AR AR AL IR B I IR
AR REILTT 55 U T )

Tang %5 U™ & i 7 — 70 48 008 9 1 1 ik 21 Ak
DNA 7K ¥t A J9 v 1 A 1Y DNA SR BL 3 A .
2% DNA K Bt JIi 15 A 5K I 2 T MCA & 7, 4] 2%
RCA )1tk DNA Bt 1 26 P DNA B 5 5191

JE R, 7E Phi29 DNA R4 B4k T 5 DNA K55
HAE N RCA R NN . — 2 RCA 5| ) Fy
PE 240 K JURL (MNPs) 12 11 (1] 585 DNA, 4k 2L ik 47
P8G, B ST AR A RETE 9N K JURL Y 2 1L DNA
AKEERE (K 3a). Hidril ik MNPs 5 DNA 2455 1E
e g AT T 5 T DNA B [ 47 34 20 45 DU 77 /Kt fik Y
25 O BN 2 BK, A I AU AT B B K ssDNA
(1) Vi Bl I R AE A B AR Ak . X P 1 P DNA 7K
JB (s R B A T 1 Pa, RIS, HoAT b
FrAd 13 5, R B HRFE . MNPs (1 5] AR T
7 DNA K &GS AT R, IF I B ARG
YRR, TR I FR LA ST KB AT 78 Y
DNAHLEE N, SEHLEZ IR 5 IES MR 5 iz
By, FEFLAE L = 4 2 FLA5 R RV 5 26 A 25 1 s
IV A 1 S R S ik, A A T eI N R
24 AR ) T AR 25 B B A W I S A S A
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2 (a)X RCA W& K DNA #5-TE R DNA ZKEHR IR AR B K (b) DNA MR TE BGE FE R 0 T3 B S A A AT
B DNA #5841 218 1, Hob DNA %%-1 1 DNA 4%-2 4> 514 SYBR Green 11 5 Gel Red %% 3644k b7i2 ' (2020 American

Chemical Society A ¥ 1T)

Figure 2 (a) Schematic illustration of the formation of DNA hydrogel via the crosslinking of DNA chains generated by double-

RCA; (b) Photos of the mixed DNA chain system for observing molecular diffusion and phase inversion behavior during DNA
hydrogel formation. DNA-chain-1 and DNA-chain-2 were stained by SYBR Green II and Gel Red, respectively (Reprinted with

permission from Ref. [14]; Copyright (2020) American Chemical Society)

DNA {75 5 H ohge & V1A ¢, B 3 B A
£ () DNA 8 0] JE il R R 4548 s & B msing (C) 7
& 24 pH 261 T 2H 2 Bl i-motif 45 Ky 1w o L
14 (G) 7 JITEK BUNH," B F 7 7E B 7] [ 4038
G- VUSERG R EEM o BEAh, R e BRI (I T-A- T
i C-G-C) L =5 DNA 45y . & )8 1]
B ERBRE T R T-He™ - Tk C-Ag -CH &,
AFERAFIHAE 5 WEEDNA L. X E AW
Al P[] B2 i DNA BUBE sl oA AZ FR A K &5 4. i
I 7 RCA 2 B ) DNA FR AR 15 3% 28 e 51, ]
SO A AT 5l AT Geng 25191 78 43 F)
FIDNA 4> 1l g fe b, Seit& k7 BA Rk 7
F IR IR DNA FHHL 55 DNA AE il 5% G B 8L 55
BRI BCER 44 K A 7% 1) S 52, 1% ks DNA 7K i
JB2 R 40 K (2] 7% (AgNCs) 45 il 4, il 46 7 — Fol
2 Ui fg 5 4 10 2 1k DNA /K Bt i (8 3b). 1E# 1
ZKEE R &I E & CIIDNA T4, Xt Ag" BAf5
mEM T, L C-Ag-C AW, Nk Ag =4
T4F 78 (1) DNA {7 s, I 75 NaBH, i& J5/E %
ARG K 7% . AgNCs 7E 550 nm ¥ & 6 T /] K5t
630 nm [ R 5%, 14 DNA 7K IR B & 56T Rg.
1T AgNCs IAFTE, 1% 4 A 7K EE I H 45 R TG
PR L R ThRE, IX— 2410 DNA /KBB4 41
SUTFE 43 Ok, AR 4% B A W 1= 27 A 3

S W IPNIN YA R

Tang 25 815 J 7 —F RCA &2 B 7 4 ) DNA
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UCNP) {1 381 4H 2% 5 W%, 5 UCNP 5| X £|DNA 7K
et . UCNP & & f6 -8 1, £ L ERA, 5
DNA [Tl i 5 [ 2 1) 1R 55 P 7 EURE EC 4 RO
KA - #F DNA 5 UCNP 2 [a] s i AH BAE
AITE 1 s PN TN & i  UCNP 44 k. DNA /K BEfiE . (A
T BRI 43T AL 2 H o £ ) DNA i 545 TR H
(17 UCNP J& i 5 F e 5 /R, 4 23 (AT EE 295 SR )
DNA ) T 1% 5 [ 5 UCNP % T 144 55 7 (Y* ) i
REECAZAE F, 3K 3 DNA % 7E UCNP 2 [ & A= ST
A, A&, DNABELLUCNP NAZHL i, TR =4k
DNA JK 5t M 2% (B 4). Horbr, DNA % 1)K Al
UCNP 1 s 4% 7 X 1 425 7 gt Je oA 8% g 7t 1) o
K2, 7EDNA ST IHERAR T FI, o] LEK
IR ELARE B 1R AN 3 B AR e AL D RE . BR Ut
2.4, FFH UCNP ) 46 v 0 R OG22, Kk
K 6 R R K 0, A SR 4 i 5 52 0
ZT AR RS R AT o XK B A B SIS A
K DNA 751, BA R HE ARy R, A
EHFAMRIZEM3DITE S 5.

B SR DNA 7K i Jie H A AR ] B A i, 52
HAE B IR ) 35 T B AR e MR 2, IRAE I ]
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3 ()R DNA /KEER & ot Feors & EU1 (2020 Wiley-VCH GmbH BRAL T AT)s ()R 40K FE/DNA 7K e & it F o

= E19 (2018 Wiley-VCH GmbH FRAX -]

Figure 3 Schematic illustration of (a) the synthesis process of magnetic DNA hydrogel (Reprinted with permission from
Ref. [15]; Copyright (2020) Wiley-VCH GmbH) and (b) the synthesis process of silver nanocluster/DNA hydrogel (Reprinted
with permission from Ref. [16]; Copyright (2018) Wiley-VCH GmbH)

T, 33X — X PR T A A A i — A
RN . ik, Tang 2 "HRIE T —FEA KR
17 W1 PR (1) DNA K BEIZ . 124K R 1 J6 8 i RCA
N & B DNA K85, 2 J5 51 N5 -L- i & 1% (PLL)
VE R 55477, PLL 5 DNA K-8 2 [i] [ &
1 AH A F 3R 5 DNA/PLL 7K &¢I T 1%, [RJis) PLL
7. DNA R 1HI (1) 6078 38 i1 7 DNA 5 % R i 2 5] )
AL RBE, AT BG5S 1 A% T Nl o) P82 T e 1 7
1A (B 5). DA, DNA/PLL 7K %8 i 75 = 4 4
5 7% B AR A7 BIBR MO 8 1 1 RZEK & 15 KA
o BFIUIE K AS1411 3E L AR5 B 42 DNA/PLL /K
Y8 I F P T 45 S P e A L, 5 3 AR ) K
UGk 2 H 4 2 5 R A LU @ AR AR v T 443
% DNA/PLL 7K % fist v 20 F 35 5 42 41 7 R 4 1R ik
IEL, JEAE 15 R AR AT Rk A . 31X — 9
PRV 2 55 B8 A U T DNA 7K 38 i A5 A7 1 PR 7 T 1)

KA, A5 HE Bl DNA KSR 7E 41 i T RE 4
RIS FH A o

2 SYERSE L RIVIR

RCA i AR AL At e v R S IR AZ TR 38 45 1
I (0 77 5 AT g A 14 K RUF AR AR 2k, 2
AR R T BE AL DNA KBt () B2 T K. BT
RCA £ B ¥ K DNA & 7] 38 ot ) B g 2 | Bt I
AMEC T B T A 5 7 Y LR — 4 W 2 S 44
(7K B » AL LA v B 7K R 5 T i 1) 1 24 1 R
LAk 7K 7 DNA 43 (1) 55 R 1) 5 0 0 2 g
ITAER, 2K DNA JKEE IR AE A WAL B 2 TR
PR LIT S AV TR R I R 08 ),
ERBMEERTT 5 RERIERGNRE. K, &
VIAERL 5 A= PR 2 [0 (4 AH TELA'E P R e e G %
R ORI S8, Rk, TR B AR 5 1R
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&l 4 (a) UCNPs Z{k DNA /KEEI & Ll = 18 5 (b) 2%
& DNA JKBEfZ PRk 5 L R I8 7. DNA 4 GelRed
Yetts, FEAESANE TR (2021 Wiley-VCH GmbH i
BLHFAT)

Figure 4 (a) Schematic illustration of synthesis mechanism
of UCNPs/DNA hybrid hydrogel; (b) Photos of flash
synthesis process of hybrid DNA hydrogel. DNA solution
was stained with GelRed, and imaged at UV irradiation
(Reprinted with permission from Ref. [18]; Copyright (2021)
Wiley-VCH GmbH)

B DIBE I BAT e B4 D g
e B 2 N A R K 75K
2.1 SPMBREFRERANSSE

Gl 7/ < SR Y OO SRS TP 30

U e DNA K&,

(extracellular vesicels, EVs) 25 A4 ¥ Foky A& 2E v 3%
BN E BEPATE SR, 15 RR R
EhiyEE AT ERM MO R RRN S
TGRS SR SRR, JE SR S B R
(3 R 2 2, X EE KB B RS L BT K&
T f 0 55 R v R B A BB . DNATE T
PRI IS 4R 50 E 4R AR R Gt LR (SELEX) Jifi ik
IRAF, KPR T AR B R A P, {5 B DNAE
P AR AURE 1 2 - R B8 77 5 DNA 3 1 ] 4w A2 1)
Rtk @i 7t S5 Dhee i on ¥ &, FIFH RCA
SRS AT AL A B A ) FEV U IR B &
I3 — AL DI RE Y DNA /K& .

T4 A BRI R &2 m e fEe . 18
R 4u b, B B A 7o 40 i (BMSCs) Ay
) 45340 2HL 209 B 22 1m) 3 Ak 23 W 2 M AR A
Iy F I G R S AR R, e BT
] O RCA 20 F A 4 25 R 22 P s A Y T Ak
B B s x5 P, ARiM, BMSCs 7E B B &
EAR, A A% 2 R S 401 0.001%~0.01%.
I, 523 BMSCs (1) ] 2 4ifi 38 5 B 00 2o T i AR
YBE 2 B R . Yao & @i i K
DNA B8 5 S sE X EAEH, Mg 7 3T W
RCA [ BEAZ /K e, F T BMSCs 4 S Pl
R 4R MR R (Bl 6). ALPLEEHES
RET 20 M i bt B 3R 0K, & C A4 Apt19S 5 ALPL
B Z A SR 77, v S BMSCs I s R 1
B P2, DR, Al AT T3% Y Apt]9S [R3E BC AR A B

5 PLL/DNA /KEEIII 43 T vt B FLAE 3D 40 % 75 o 4 K AR A7 IR 1) B 2 FH 7 2 0T (2024 Wiley-VCH GmbH fii kL

YFD)

Figure 5 Schematic illustration of the molecular design of a PLL/DNA hydrogel for extended shelf-time in 3D cell culture
application (Reprinted with permission from Ref. [19]; Copyright (2024) Wiley-VCH GmbH)
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6 ()7 BMSCs 5 JE#E A0 A 178 & 47 A gk 3 PR Al 28 98 T 3% B i BMSCs 171 75 5 (b) ¥ ] BMSCs(41 )5 JE ¥ )
SMCs(& ) I 41 B TR G P75 173 3 HT 5 1 005 I 29 e AU RS (o) Bk T4 = 1t DNA -1 (17K B i 55 JE 4 = 1% DNA %%
4D 7K U P 3 P A SR A T 1 S A P 4 1) (2020 American Chemical Society WA 1 A])

Figure 6 (a) Schematic illustration of selective capture and controlled release of BSMCs from cell mixture containing non-

target cells and BSMCs; (b) Fluorescent microscopy images of cell mixture before and after capture by DNA hydrogel;

(c) Microscopy images of selective capture of cells by DNA hydrogel containing specific DNA chain-1 and nonspecific DNA

chain-1 (Reprinted with permission from Ref. [14]; Copyright (2020) American Chemical Society)

Je B S 2 RIE B KR Apt19S [F DNA B -1, M
ML B 1 % BMSCs B e e € . i — 2 I
DNA % -2 J5, & f 5 DNA %% -1 & 4> 5 40T 51 (1)
DNA 4 -2 7] 5| K 40 B % i DNA 5% -1 5 DNA -2
Z A A A Tk, 1T M 7 = 4 DNA ZK eI 2%, 52
Il BMSCs [ 3% 5 M AL 3, ] MCE B8 HH ks 5 PRl
I 73 B BMSCs. DNA /K &% 1) i & K %, £
FUMHE RN I S R 20 B R TR AR T R A I = 4R
B, BT KEER R & A DNA X —44y, Fitk
DNA [¥¥] 26 7] 3 i A% % P S5 I 42 5 o] 428 9 AL B A
SHL PN 060,355 1 BMSCs [ oA BRI

G 3% A0 WA S AR D Ak P9 ) — 2 B A i, K
P G g% AL T A s HERRMER, 25
TPENE o IR G B 1R TT SR HT % IR VR YT i,
2 LI S O A G A A 2 A L 4
o £ P B A 388 I 92 S S R 3t L
JIF 98l A 35 g e R 9 T R EL 4T i (TILs) 5 e
REREEVIMI S P, I B TILs BAT VR P HUIIR IS 2
H1F TILs % i i % 7% PD-1 & (4, [H] Ik Yao 25 4%
fity PD-13& FL A4 T 20 A s S PR R 3 S i e 1
DL Kz DNA % 8] 1) 42 22 2 B T fi% DNA 7K 8% it
Iy I8 2 2 P A P A v Hh 2 70 25 TILs( 1] 7a).
S A B U T 240 e ) RO R A A 3 Sl
151 7 7 s S A 6T T 4H PRLE 57 S DNA W 28 HH )

BENE AT T8 . 4R BN, WP T4
(1132 B2 R ILBENL 73 AT RFAE: 5 2 AR, DNA
W28 T 1 Je T 40 i ds 2 B 6 32 PR (1 7b). 5%
B e HE S MG B R T T 4 E DNA [ 2%
FH PR S 18] 90 A, RS T T 0B P B 4 3R A B2 /K
YT FZ [P 4% 235 WA 0T 240 B 1Y) R 7 SR (B 7).

IR 2 F DNA /K, 13 7E RCA v 1
ROIR DNA AR 15 11 #E 4w 41 B S P 2 1 06
[ IE FCAAR 7 51, A2 B 22 608 FL 4 1) DNA 7K
J s FTh SN 2 AR M R b e 0 S il Bk
5y B EEARAN A, IF HoMan iRt 2 A LA 2
PR = 24 S50, ORFF B0 M i R W vE v, M
TP R S 1 TO AR S B R Tk, BT R
(147 7 FH I 5% o

HRYE SN B 1 L HE, J T 0 RCA s o 4 2
1) DNA 7K % i 3k — 25 9 N F T S 3+ Ak &
HR 5 o B RST BN AR D RORL, A A A
1 A R A% . Tang 5 VR FROR AR | Bt
AT DL 4 Ak JEE 3R T A 0 A 2.4 CD63 B [ 5 57
PESS A 1) CDO3 & L 4 7 51, il i RCA 872 A
T 2 % CD63 & it 4 1) DNA K HUBE, 75 R 1
B e S U SR IR AN IR, 55 DNABE2 B
ML T i DNA JK IR, SEI0F A A (1) = 4,
i, 31T SC B 5 2440 B (1] 8a~8c) . Zhang 25 PO £l
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7 (a) DNA JKEEIE IIA6 2 B i 200 T ik B2 4 B 3R AR 1) /s 2 18] (b) DNA 7K BRI 240 s 2 0 1 B U0 s (o) e
IR T 4RAE DNA K 23 6] 43 A7 B = 4 5 1524 (2021 American Chemical Society AL )

Figure 7 (a) Schematic illustration of construction of DNA hydrogel and capture process of tumor-infiltrating T-cells;

(b) Monitoring of cell motion track of captured cells in the DNA hydrogel; (c¢) Three-dimensional stacking image of captured T-cells
spatially distributed in the DNA hydrogel (Reprinted with permission from Ref. [24]; Copyright (2021) American Chemical

Society)

WAy 55 20 5 A I 4 9 (OMVs) 2 [ OmpA & H 4F
S 45 A I GN6 & BL &, ST OMVs (1) 15 2R
Sl IR 4 B, TR A8 A% R I 1% iR DNA 7K 358 iR
J&i» OMVs [ 45 20 15 LE W T BE#0A 52 52
WE B 2 B 7 R B e AR, XA R TS A
5697 R (K] 8d Fl 8e).
2.2 MEETT

JI IR FRD v R SR R BE T R A L oA — AN K3
LR A BR AR R 6] . DNA ZKEBEIAE N —F %
IhREZIWIE I &, REWE T 2 Hh s 2 R SR R
I, EHHER R A RIFRCR P, i
PRME 22 1) R 8 LA I 5 R 22 55 52 B A2 X, DNA
KB El B T Ak 2R 7 PO B RA T P ok
BRI MBI T, A R 16 7 A i R
JeRTEH, FEAS T R RS SR .

T EIRIT & — Fh R LA 9% 22 Ge %t i
Je TG T 7710, B I 1 o R R T R G 0 I

N SR 3 2 Tk AR AT S 4B L. B R A A A RE
T (immune checkpoint blockade, ICB) ;& — Ff i
o A ) e 95 A L R TR S 52 AR S H AR S TEE A A
HAER, B2 T+ e 2 40 B O H 2 T 48 i)
e 928 44 B % 9 e 0 0 e R G 9% VR 9T SR, LR
97 R v R T e P e A A A R ) R AR
ORI AT H5OR L, DA K T4 A R0 PO
FAW, FE— 5 M2 FE L BH W7 41 i 25 44 T bk 2 40 i
HH 2% Bt 5L -4(CTLA-4)/B7 il B M1 S 7 1% 6 1 %2
{4 -1(PD-1)/ #5511 4 i 6 T~ i 44 - 1(PD-L1) i 1%
AT A o gt . SR, R — IR AR A A
il 700 R ARE S P TRl — N R, PR TR g
AR W 2 Pies S 1 A 2 R A ) 5B 5 A
F, AT [EI O PRANEE 5, AT 3 2 UM @
PO — AHRR R R RE A, SR IE vE T ROR .

12 B2 1 A 5 B P AR e MR S R vy, 1]
VENTEAE R S e b A s 7)o SR, R BRI T
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8 (a) DNA AKHBUBHE SHE 50 B Sbb 3o B 15 P (b) DNA /KIBEIRE 0 B3 5 06 5 BB 2. (c) DNA JKBER 12
S ) = e 72 FEE P (2023 the Authors Published by PNAS BKLYFTT): (d) DNA 7KIBEIZHF 51 45 B4 1 S e 0 i 72
7R B 5 () DNA 7K 43 125 T FURE T 40 8 4/ MRS 360 (0328 5 oL 7 S5 e 11451291 (2024 Science China Press ALY AT)

Figure 8 (a) Schematic illustration of specific isolation of exosomes by DNA hydrogel (b) Fluorescent microscopy images of

DNA hydrogel captured with exosomes; (c) Three-dimensional stacking images of DNA hydrogel encapsulated with exosomes
(Reprinted with permission from Ref. [25]; Copyright (2023) the Authors Published by PNAS); (d) Schematic illustration of
specific isolation of OMVs by DNA hydrogel; (e¢) TEM images of OMVs before isolation by DNA hydrogel and after release
from DNA hydrogel (Reprinted with permission from Ref. [26]; Copyright (2024) Science China Press)

PRTE A BLIR B R 5 W A% TR P4 A, LA 7 i 41 o1
FERE B LA . DR, R — b St A 7 o5 910
1170 i L R R AT I B RE I A e
B, DNA JKEERAE Ry — Fh A P AH 25 1 R 45 (1 Th
REM B, BERTE A ANR, CATHE R Z5)isik %
o DR, B ARG G AR A G 2 A i ) B
FIDNA /K EERL H, AT [F] I A% R 3 A 1 B %
FRE I % . Zhang 25 P45 CTLA-4/B7 LA
J% PD-1/PD-L1 ji #% & 1 1 1 B 4 XU 55 DNA 7K
EEIE (P-C gel-NP). 1% DNA 7K ¥t fH il it RCA &
I3 A B T 2% A8 K DNA 85 3540 T AN 5 9 45 T hR
55 Z Ay CTLA-4 F1 £ 1y PD-13& FL Ak, I8
/0, B A1) 14 A% 2 P D) T 1 98 O T 2 2 498 K SR

(EcoR T@TGMS)( K 9a #19b). 7£ R 4 A
i, PKIBURL ¥ 41 5% = H i B A S BR T (TGMS) i)
2 A 855 P 5 < e B 1 i A, R PR A A
%% W VI EcoR 1, B 5, EcoR 145 PE 1R
P FIXUEE BAML S, B 2 58 CTLA-4 #1PD-1
T Ay S Bt A m A 7, BELIBT S e A 25
PREL A I A AT T 40 R, RIS T 41
Jif %o i e 4 L g 1R R 9 (1 9¢)e TE /N B BB £
B SRR o, OUEE i DNA 7K i i S 7
o 98 AL 2 1 G 928 S BT, SR HE S 3 ) R 4 ) R
B(2965%) . XN DNA 7K B R U 55 24
VI TE R BEAL T — Bl S ms , @it R e 1) 8
M BV e DNA JE FC A4 7 51, 4 4 H R] 5 il 4k
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Eind 2026 4

5

9 ()i N2k DNA JRKIEEE 14 I 72 5 (b) i L4 99 K UKL FR) & R A 5 ()il B4 DNA 7K BRI A DA XU s 41 i) 751 FH

iR Jo5 i s 7 Y (2024 Wiley-VCH GmbH B ALY 7T)

Figure 9 (a) Synthesis process of responsive DNA hydrogel; (b) Synthesis process of responsive nanoparticles; (c) A responsive

DNA hydrogel as a dual-target inhibitor for localized cancer immunotherapy (Reprinted with permission from Ref. [31];

Copyright (2024) Wiley-VCH GmbH)

A3 R B 1 DNA 7K &S, A 2 o —Fhod A
(R IRIT 2R T & F T MR S iR 9T
B 0 e B £ 2 L S % TV tHRR Dy i 4k 4 iR
J7 12 (adoptive cell therapy, ACT), J&—FhF| F ok B
NAR B 5 595 2240 1) 410 B K 3 B i hE BV 97 77
PRI AR, G I T I T IR R Y
AT R S KA T TS R RCR,
1, CAR-T Iy 3% ™ NK 417 i B4, gz
T T AR S e ek, BT IRE T 4y 7% A2
H4 IR LA 1) T 40 53 Bt CEAR AT R
by S EIE e B E R NS N TE NG R VAP
Ji B AR R R I 7 (B B BT AEAE A 7 &
TIEARAEXT R K 5 51 N 15 e R PR,
PRI, i 55 R — T i R A5 R 4 L 70 28 T Bt o
Yao %5 P i DNA F# 9 (ks 15 80t M 7
T Z PR L DNA ZKEER 25, £ 45 PD-1
ERCAR ., CpG 5% H R B, B4 T FI A
PRSI VEAZ R N VIR . 2 5K PD-1 1& A n]
DA 2% A2 A 2 v R S P R 30 478 35 T 248
[ IS 35 A T 48 i 3 1 1) e ks A s 2 R CpG 5§

A% TR B T A Sy B 32 A 70 TG Bt it 2 326 24 i
H8 500 G 2 R s 2 2R BE R BETH I BLANR A A
DNA 7K &85 X 28 T2 1%, SEIL T 40 B 2%, FF 44t
IR, s BRI B ER K 5] N 1] {8 DNA 7K BER
Wi J97 fih 8 2% SE PR35, DI DNA 4%, X 26 1)) fE A
U 514 A DNA ASAREE HH , i = 2 B 3
R B, B IR R B K DNA LS, T B DNA
KU I P 4%, S BRI R V2 ) T 40 e ) v R R S
R Ir B o SRAT T 40 o 2 155 3k 31 98%, 77 1%
RILF)90%. 7 T 4L 1) DNA 7K B 7 5 22
SRR L S T N i RE 2 RE P, SIEIL T 4 A R
FBE , T /I8 BB 8 2008 1Y) SR 30 e B VR T AR B
Fo ZHTFN B R A SR TR TSRS, N
KPR I I8 TT F 9 T IR A%

H T, ST 2470 Th I 56 o 28 B A /2 F fo
P A BREE PR, B e ey S HA T IR AH 4
A B RON AR DRI B R (1 O RS . Jesh
J7IE S — PR M6 AR R N PE IR I 9T SRS, A
R T 12 % A0 J 8 AT, 38 i 3 B8 S0 e 9 A S
PG, BP0 5 A MR i S e OB, BRI
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TF R — P a5 63 IR 97 BT 1) 44 BE DNA 7K B
B ZR SRR G IR, G BT S I AR R
P IT . Tk, YangZ5POF R T — ik %
W BN I 8T8 G OIS B TR AN AR R A5 BT
ZH R B e DNA ZK R, SEBIL 1 s S8 v T 7 Al
JEN IR 9T B R R X B BE DNA K &t ik
HH 2 Ffd 3 RCA 2 B & BT 1 DNA B 5% 4 2%
M. Horf— 2 DNABE S A %o B Ve 7 A% 1 iR
(CpG ODN), AR HT-%&# B 28 31 (NK) 28 g 41
WA I 22 B IEAK (AptCD63); % — 2% DNA 4 2
2 19 A P B (G4), T 388063 1 oott.
B 8 DNA 7K B 7E 1A 41 5 2803 38 NKC4H i SR 5 1)
GMb A 2 Ja Bk R LA S R H Ul = ¥ (TGMS)
T 78 Hhal B 72 R 1 W S 18 999 K J50RL . o %5 A
DNA 7K 5% 5 1 5 21 fifr g 5 07, Jieb 98 [X 45k 98 i 34 355
H B 2 I 4 B L AR TGMS R s B R i
th Hhal [, [ ff 7K B e FE R 0 ThBE B o6, NK
S SRR AR S B LR AE T AR AR
PEPUMIRIVE ] . CpG ODN SATEHL 5 3 5L 41 L A 45
Ga B IT 3. TE 660 nm POLIR SR, kst il
FEJazh, BERAGMREA. Rt R A 4
MR AR R s b, g — P I aR iy A b
R 77 2 I R A G 3 B R A T g 1 NK 41 A
SRR AN A A S I 98 S 1 Tl e, iR SR VR 1 SEV
5 JRE 1A A AR RN R S IA %, S AR BILAE 0
g% Z G0 3 ARE SN LA K 3ok 9 4 i F 1
FARGE R o M R SR SEV A B R 390 1) ek 78
RIENIHTIER . sSEV KIEDIReMI T Rk E, @
T 24 H 2 BRT LA 40 B 8] SEV [ 23 9h AR,
S T e 98 A S A 22 6 I A X 6 = B AE VR T S
R AR, Yang P — R T — R T
DNA & GE/K B X 44 1£1 SEV [ B (DNET), 75 1198
ST E AR S MR R SEV, FR it a3 S fE sk
P SEV RN, #0441 7 sEV Xt g R R e E F
BN ER NP R WAN R E FNEA (¥ U )
FOGUR, FF 52 BR T4 FOCAE A b A B 1) 27 % e
Ho BEXFTIX— MR, Zhao 253 iE X RCA Jz b A4
TR Refit e 241k DNA KIS, 12K A T 5
¥ B2 25 %) CpG ODN 1 PD-1 k% 2 1 Bt 44« i J8g
B ) ASTA11 3 e 44 15 S SR 28 RS 11 i Jge 0 1) i
RESGBN IR, IF Ak T At B ROV 9K R,
fiti e J5 7T ATE TR G S84 N RNt HE 2 4
Ko XFHHET 1% AE DNA KB I TC 7R 0k G 4%

5 VTG T SR I A e R V6 T BRI T — RS M v Ak
Ji %, JRIL T DNA M RMEHE BN RS HELR YT R B 1
TR B4 s 1 P52,

AR g 2R 55 A% 2 S BUMIR VR TT R I
FEFH. N RZI S, Zhang 25K T —
Fho] J5 SR N IR 630 77 % R 15 DNA ZK B, H
T AT DA S R 2k (B 10). 17Kk
BT T 2 28 DNA BRARBER , H— £ 7 PD-L1i&
Wt A4 5 CpG i B AN 51, L A5 ss & 4 A6 I
BGEA AL I H AN A, 38 XURCA SN 53 )
772 % PD-L1IEFL AR LL % 2 5% 6% 472577 CpG K
FERF Ce6 B 5747 51, 41X 2 Fh R IR DNA BEAR
55 6 857 Ce6-cDNA J# i — #4375 RCA & M. A B
i 87 4 28 U 4% 7K Bk Ji (CPDH-Ce6). [ )i 3 it
J 51 44 28 F FOIR ATP A% 845 (cAS) £ % T CPDH-
Ce6 |, 5% % 3543 CPDH-Ce6@cAS 1k %, H i,
PD-L 13 it 4 e M4 3R I S A7 & 4 55k 1) I oe
AL, 5150 ATP R T, Mmife it RS Kk
TS 5. 2 BIBH M 5 0, B Al i@t & 50
WOG RS Y63 I8 7, A R B BT 3R 1 i
JeE A B, JFORE TSN AH P (TAA) . [R] IR 47 28k
(1) Ce6 ™= A= it P A8 AT B DR 7K 5 12 T 1) DNA B, B¢
Ji PD-L1 & Fie 4 J2 % 4477 CpG, 35 5 TAA P
[FEH, FIUR SRA 1104 G MU R % N2
TE/NRA G R FRRR , h 7K 6 52 R R
[y 26 ik 88.1%, JF REA AWz v 5 7%, M
AR IR R B B g AL T B SR
2.3 BhiE A&

I SR A O s 2 PR I 45 A R A L FR Y
Xof LR B RS AE S W A T VSR K T Vs B
BRXAEEME L EaMALER A RN
5 B ey IR PR DK L HME DL R 5T SR A S A, T
RIS A AE 9 — o X AR NP RS PE BT
T2 W AR, S8BT M PRI M 25 A v
598 FH O 1) AR bR B RE S 4TI S B RE 1)
SRS, Dy SISl A D R A
T RBE T B VAT A AR I R 2K T
FEEIA MR DNA(ctDNA). JE30 it 83 48 L (CTCs).
AN UAA (exosomes, EXOs) K fifad #H A% R 5 2 (1
RS o IR LA T IL [FIRE T A TR A () 22 4R
WAk 2, BEHED 7 MR HEE Z KR, XL
S S B 1) 1 BT B S SEELTE A A R Rk
AEVRUN 5 40 B AR bR AE P RIORE, BE T XU RCA J A4
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10 (263l )y G 15 DNA /KEER )& B 78 s (b) IR AR J5 52 R A5 o =y N CPDH-Ce6@cAS K563 111077
TR B s (VBRI CpG 5 JBRTAH SC 7 S5 (TAA) B [ 3% 5 R 40 1*%) (2023 Springer Nature iz ¥ i)
Figure 10 (a) Synthesis process of photodynamic immunomodulatory DNA hydrogel; (b) Schematic illustration of

photodynamic therapy mediated by locally implanted CPDH-Ce6@cAS in a post-surgical tumor recurrence model;

(c) Synergistic tumor cell killing effect through released CpG and tumor-associated antigens (TAA) (Reprinted with permission

from Ref. [40]; Copyright (2023) Springer Nature)

¥ DNA /K& 7k RARGF g e 7 Ml 78, SR
TR B 1 Rl
23.1  ZHfEAb AL

41 i Ab B ¥ (EV) A& — 25 B 41 4 Wk 119
HA NG5y 1 )2 45/ 1 383, R~T o fE
30 nm~5 um 2 Ji] ¥, WER RN, EViEd iR
AR RS2 M AEYEY S 72 5490 H 8
T, FETE R (1 % 2B L 36 B8 ROt 2 16 T i 55 1 2
R B SEEAE L U, BV AT I SRR
IR 5 2 Bl v R, B3 AR O B GE R N
10°~10"*/mL), FEA R FE. BV KB4 T
JZ G5 T B AR B G 2 TR T ORAR E
Ir T I SEREVE RS M, W ON JE 220 BT R AR T R
FEA . EVIINEWFETEE, B A FR 45w
[ EV #5741 S BAFAEZE 7, WI3RAS 58 =5 I MR
5 B, EV CRONIR A ISR AT L

TR EW, BIR 12 W R TR IR T T4t
A EAEERIGIRAKYE . E A T UFAEY i
FETT N S BERTBE, IS 2 A/ 5 s Bl
EV [ 40 fE R84 70 B 20 2. FIH DNA
(PR YR TR R ZH 6 11 R, T BRI R A T
FE EV AR TERTHOAR , DAHES) HAE MR 52 B
A EACIE ST T R R R FH o
HMILEAE N — R EZ R EV, H N #81) miRNA
ST PP R] R ORREE RS W A AR, SR
1M, EXOs [P B A E B e Bt AR A R 1 T
AU miRNA A I 1) REEE . 78 bk DNA 7K &
JR2 R S P AR O3] 43 5 4 PR A/ B B L 1 il |, Tang
25 DS FAL IR 2 115 b5 (MB) Al B3R £ (SP) ¢
4 B DNA K& A1, TR 7 — Flksr i 2L A=)
P AR microRNA-21(miR-21) RS 7732,
BA B IR e A (B 11). fEXXRCA A
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11 (a) - DNA 7KEEZ £ Gk 71 78 miRNA 75 5 K (b) DNA /K #EIH: AR 5 RT-PCR 5 VK A [7] 4H i 2 >R U5
EXOs H14M i miR-21 #2235 7K F s (o) 3L Bt i3 (BCs) 5 fi B 1L 3 (HDs) 1L i Hh #h 48 miR-21 3E4T DNA 7K &l A6
#1752 6 & s (A HD (n=15)5 BC (n=15)IMLiE #4573 B EXOs J DNA 7KEER 56 LR FIE B () F T 1E Al iz Al 4
ARAEFLIE 12 W R e 1) 32 108 BRAERHE(ROC) T 26 73T AUC o i 28 R THIAR; ()45 T DNA JKEER A A XS HD 5
BC #4742 3 (96 % 514121 (2023 the Authors Published by PNAS BRALT AT

Figure 11 (a) Schematic illustration of exosomal miRNA detection by DNA hydrogel-based detection system; (b) Detection of
exosomal miR-21 expression levels from different cell line-derived EXOs using DNA hydrogel technology and RT-PCR method;
(c) Fluorescent microscopy images of exosomal miR-21 detection in serum from breast cancer patients (BCs) and healthy donors
(HDs) using DNA hydrogel assay; (d) Scatter plot of DNA hydrogel fluorescence ratio from EXOs isolated after serum samples
of HD (n=15) and BC (n=15) (e) Receiver operating characteristic (ROC) curve analysis evaluating the performance of this
detection technology in breast cancer diagnosis; AUC indicates area under the curve; (f) Confusion matrix for classification
discrimination between HD and BC based on DNA hydrogel detection technology (Reprinted with permission from Ref. [25];
Copyright (2023) the Authors Published by PNAS)

TAERFAE 53 #7322 B 1% DNA 7K it fice RE % 7T 52 X 2
TR B EFEAR S A BEAUAREAR (2 N i AL =1,

J&% DNA 7K %t [ B AR AR 5] N 7] 5 4h ik 4k 3=
T 2E W hs £ W) CD63 25 1 5 57 1 45 & 1 CD63 i&

FC A, 1% DNA ZREEHZ N F T 40 A B 77 S A 8 1
5 W EXOs M I #5759, 43 2573 211 EXOs 7] LA
i WA N B e DK P BRI £E I
PREEA T, AT SIS AR EUR microRNA(mIRNA)
(YRG0 DA B b 8 440 O 4T 2 EXOs 1 20 1, 52 AR

K 11), 7325 B A 100% GO AT 100% 55 57048, &
7 W Z VA L i W P2 W v ) N R s

A& Gt 7 1A WU i 98 SR VR AR A 1 (TEXCs) 2 4
BH, TOESL e BRI 2807 E TR R IR
6 35 A B 43 B 0 IR, AN F - 250 KR RS W R A 4 A
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DI 8 2026 4

He %5 8 fd FFY AR S5 A 338 15 A 23 1) AR 591 TEXs | 2 b
bR &2 A : Mucin 1 f1PD-L1, 2 />3 Bt 44 4 B4
REIZ 5 RCA B, ¥ 1 HE & T8l C I L4k
DNA. &% TIifJDNA 5Hg" JER T-Hg'-T 454,
PH 1E Heg™ 5 & 7 £(QDs) & A B B 1 38 4 [ o
fR¥1QDs %o, & & C 1) DNA 5 H i (MB) AH
HAEH, BHASMB 1) H BRI s R . &
Bl 5 TEXs 45 & J5 2 FLAG RCA SRz, AT A 15
QDs 7tk 55, MB 281G 5% (& 12). 72 N 1A
Rz IER TR OG T, v LS R ok
T, % AT K6 I 30 particles/mL [ TEXs. £ 40 4]
I PRAE A (P ASE H a2z 45 R 5 S 30 5 8 AN 1 45
REE—8, 5 CTHUREE S RV &, I H %
DT ERIT B R S R A
232 4HHAS I

16 PR Jish 984 40 2 (circulating tumor cells, CTCs)
VE A i dar o 10 S B AR W bR 7B A, T TR B
IR 15 W R e i TE JR F Sz s ) 1200 ek, el
CTCs 7E 41 & 1 o 25 B AR AR, 78 A 17 38 % 75 2
WHBAIT B EE. A 03 RIEE RN K H
Ty F AR AR, BRI T CTC A4 A6 1 55 B B,
Fl. Wang 2% PR B SURCA 2 BN FF R T — i 52

T DNA /KB (1) CTCs B BRI i2 W R 46, AT E
2 ML YRR A S B0 CTCs FR R S 1 3R 1) 6 4%
P w4 S AER TN (B 13a). 1% DNAJKBERZ &
A 42 5 3 I A 18 K DNA B 5 5% Sl A6 A e 4y
o HA OB T Ein 515 SR ET,
a3 F-A5 b 9 3 43 T A 98 e FE A Cy3 5 i K [
BHQ2, Jf H 5i& LAk 7 513 5 HAb, HANE A G
BARG M TR RARTS « (55 HEr— B A 7
55 1 FAM, 8 [F] I} 45 4 76 DNA K F R4 4> 7
fEARVE K . DNABE IR 22 238 e A4 ] Ry 7 1k 45
4 CTCs 3K [ _F 7 40 ffa 36 Bt 4> 1 (EpCAM), i it
i 32 F 6 0% 5 DNA 7K 4 5 i, M T SE B CTCs
(¥ 75 20 & S . CTCs 5 3% Fi fk 45 & 1, 7)ol 471 3%
5 DNA#E I FEAR B R RIFEN A, fF
&S IREF FAM B 2O, M5 TEhn 54
M 1 miRNA 45 & )5, Cy3 JEH 1) 5%t ik &,
R, 1% RS EE T 2 Pl e H f 1h 2 21 2%, vl id
I B 6 5 6 A5 2 2 s B A I CTCs P Je A AH 26
miRNA [ 1% 7K (] 13b). LI PR LR A<
W, %R G X o FUARE B 5 R Ay T
SEIL T 100% FE1RE B BE 5 96% IR AE R &, 2 I
LR 1) FL AR I R 12 Wi 7 (B 130~13e).

12 RCA ()45 3R e A e 3 28 T st SR VB4 M b 4 1 Y 37 A s 2 P ) (2024 Wiley-VCH GmbH AL V7 1)
Figure 12 Schematic illustration of a portable aptasensor based on RCA for separation and detection of tumor-derived
exosomes (Reprinted with permission from Ref. [48]; Copyright (2024) Wiley-VCH GmbH)
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13 (a) DNA /K& RS R 2 B (b) DNA ZKEEBAS I CTCs FIALH 7= 7 B ()% T DNA 7K St il 3L fi
i 56 (BCs) 5 (2 E ALt P (FIDs) L0 RE A 9 miRNA-21 7T I P (d) SR T PR 2 T8 165 17 28 Bt LA
PRI B 5 (e) TR I HE Y A2 T 22 45 X 4 L e b 2 5 i e 3t 1 6 1101 (2025 American Chemical Society R A7)

Figure 13 (a) Schematic illustration of construction of DNA hydrogel-based diagnostic system; (b) Schematic illustration of

mechanism of DNA hydrogel-based diagnostic system; (c) DNA hydrogel-based detection of miR-21 levels in blood samples

from breast cancer patients (BCs) and healthy donors (HDs), presented as a scatter plot; (d) Evaluation of the diagnostic

system’s performance for breast cancer detection using the receiver operating characteristic (ROC) curve; (e) Confusion matrix

summarizing diagnostic system’s ability to differentiate between BCs and HDs (Reprinted with permission from Ref. [51];

Copyright (2025) American Chemical Society)

3 GE5RE

AR, B DNA 0K E AR KIANEK & 5%
SRR, DNA D BeM R AR P12 27 A0k i 2 A R
FHIREN. %1 RCA [ DNA & Bl R mg A
e BE AT, Be A% SCEI 2 A D e B TG IR HE AT
LR, HAEREHEE TR R0 R B — DNA

45k o BLRE DNA MBI AR 98k, kA2
ViR SRS L ERe. Hrh, DNAJKEE
J2, 45 5] 7 B T RCA SR K 2 1 e DNA K ik
AR Z, SEAE R R A 0 T IR BE 0 RIFHY
AR T S R R 4 RO AT O O R
YIRS AN W B 2 L v B B EER BT 6
T BRI H, DNA ZKEER SV i A
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XA 2 R Ge 5455 J A P AEAS 2 R 2 L, AR T
REFEHEM LRy 5] FHh o B AR H A R R
S IE RS DNA JKEEIR B % 500 4 4 41 L
B (1) Z2 3K 1 VR e AT 8 I A e e RS HE R TR
71, ATE NEA RSB OO Rl 7820 4R AR A
S r, AR R R A 2 R A A R e A A A i 1
LW, DNA KB &SR e 155 T
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