g E%2 4B g R

I I I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?‘l\.i/t\.i

E TS 44a am S RNy g REER
$0 a1 2535 1% DNA 205 A 3

T &, EaE, Rk, TTKR, B F,
IFER, £ F, RERK
CRELEIRE (AR L0095 266580)

FE  DURWY 3 (RCA) A K BREE I AU RIAZ IR (DNA) S0 28, R T —Fh LT RCA LB EAR . 3%
SRS HA AR I Re R BE LR N IE LR, TSR AL R A (Fe-CDs) 255, W T 2@ Mo i
TR A1 $ /R -Fe-CDs-F[ 55 2 (AFD)4KT- 5, I TREMERIIR GREAEIRYT . /£ AFD ZKF- 5, MUCL A& FLIARRERS
R AR 0 RE T, AR WA P T i 2 0 1 1] B il 2 T8 2L AR 4735 . Fe-CDs BAT 2 S A W i 12k
DR A S A A i R B R, T SEBRAR 2730 26T . HAh , ARD i b = 1 CG X RR A%
R IR R (DOX). 42N & BU AR a3 ) e AR AN IS , SRR 21 Fe-CDs FIDOX, 2B
S SR AR A R K

KR R kil ZUNERI; 2Bk RRERIT

FESES 0648 XHEFRERG A doi: 10.7503/c¢jcu20260027

Iron-doped Red Carbon Dot and Rolling Circle
Amplification-mediated DNA Nano-assemblies
for Targeted Drug Delivery
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Abstract A rolling circle amplification (RCA ) -based assembly technique was proposed, which utilized the long
single-stranded DNA produced by RCA as a scaffold. This scaffold was assembled with functional short strands into
multivalent aptamers and subsequently combined with iron-doped red carbon dots(Fe-CDs) to construct a multivalent
aptamer-based nanoplatform, termed assembly-Fe-CDs-doxorubicin (AFD) , for precision combination cancer
therapy. In the AFD nanoplatform, the MUC1 aptamer exerted efficient targeting capabilities, precisely acting on
cancer cells while minimizing collateral damage to normal cells. The Fe-CDs possessed peroxidase-like activity,
which catalyzed the decomposition of hydrogen peroxide (H,0,) into hydroxyl radicals ( *OH) , thereby achieving
chemodynamic therapy (CDT). Furthermore, the abundant CG base pairs within the AFD structure enabled the high-
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efficiency loading of doxorubicin (DOX). Upon entering cancer cells via highly efficient targeting, the multivalent

aptamers released the encapsulated Fe-CDs and DOX, facilitating the effective eradication of cancer cells. In
summary, this multivalent aptamer nanoplatform based on DNA and Fe-CDs provided a promising and highly
selective approach for enhancing the efficacy of cancer treatment.

Keywords Rolling circle amplification; Carbon dot; Polyvalent aptamer; Drug delivery; Cancer therapy
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Scheme 1 Schematic diagram of the preparation of polyvalent aptamer AFD(A) and the mechanism of

killing cancer cells(B)

1 SEEERSY

1.1 RXFI5EE

4-1R-1,2-2K Z % (BBD) |, X238 R I (AT) . =5 Ak4k (FeCly) | 1-(3-“H LN L) -3- 2, ik
TR ERER (EDC) | 1-HJERRME | 3,37,5, 5 -PUH LR (TMB) | 27,7/ - & SR B RRER
(DCFH-DA) Fl 4-¥%2 2, EWRWE T iR (HEPES) , /0Afrali, i a2 e A AL B A A BR A 7l 5 10xPhi29
DNA REWHZE i, L3R = RAEVIT ARG RA A 2XTE-Mg 28 MK . L IRENGE IR A IR 8 22 nhil
(PBS), Jb i R ERHA PR F] 5 1929 A MCF-7 41t , Jb 5 AL 9y G BE AE M8 R 5T B 5 BRI 7
(FBS) | Hi 75 (RPMI-1640) Fil T 85 R -8 R I, F2[E Gibeo A R] . ARSI i ) DNA 51 F B 52 4x
Wi E YR AT R F], DNA RSN 1 iR .

Table 1 DNA sequences employed in this work”

DNA Sequence(5'—3")
Circular template TGTCTTCGCCTTCTTGTTTCCTTTCCTTGAAACTTCTTCCTTTCTTTCTTTCGACTAAGCACC
Circular primer GGCGAAGACAGGTGCTTAGTC
63base GGTGCTTAGTCGAAAGAAAGAAAGGAAGAAGTTTCAAGGAAAGGAAACAAGAAGGCGAAGACA
Al PO,-TCTTTCTTTCGACTAAGCACC
A2 TTGCAGTTGATCCTTTGGATACCCTGGTTTTTTTCCTTGAAACTTCTTCCTT
A3 TGTCTTCGCCTTCTTGTTTCC

* The sequences marked in bold is the MUC1 aptamer.

JEM-1400Plus 1 JEM-2100 (UHR ) 4375 5 Hi 2 {058 (TEM) , H A< JEOL /2wl 5 Nicolet iS50 71 {8 HL
AR e 2T AR H %A (FTIR) , 32 [ Thermo Fisher 23 w] 5 U-3900H %128 # - AJ WL 435656 B 11 (UV-Vis ) Al
F-7100 B5EE3Y, H A Hitachi 23 1) 5 ZetaPals 8 Zeta BLA 23 HTX , 24 Brookhaven 23 7 ; 1X73 %445
BOICRMEE, HA Olympus A H] .
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1.2 KR

1.2.1 Fe-CDs fn R-CDs ty & i ZHESCHR[27 )7 IF R MME i 5 1 Fe-CDs. #40.2 ¢ BBD, 0. 16 g AT
F10. 035 g FeCLE T 20 mLAKH, MG HERB RN, T 180 CTH M8 h. £ Wik R & H)
Je, B EORES O L 1, R B AR IENT 24 h. el i B TR T AT T RS B Fe-CDs B3 oK

R-CDs Il & BEA TN FeCL AN, HAAETR S Fe-CDs —%X .

1.2.2 IR AR K 100 wmol/LZRYERAR | 10 U/WL T4 PNK ., 1 mmol/L ATP X & MR A, T
37 CHE 30 min, F-90 CKIE 5 min; MIA 100 pmol/L 514, F 95 “CHE 10 min J5 Z 184 M R =T, i
3 h; JIA 350 U/pL T4 DNA M3 S 10xZ2 i, T 16 “CRE, IFT 65 “CKIE 10 min; fILAS U/pL
Exo 1. 200 U/pL Exo I X Z& P, F 37 ‘CHAL3 h, T80 ‘CK I ; fe)r Xt MMM IS T L BEVisE, T
-20 C 1747

123 RCA 4894k SHSCHR21 15 A M RCA 728 . Beiil 20 wL S WA R (5514 . IR |
10X 2% R AT ANTPs 45 2 wl, Phi29 B4 0.5 pl, & F/K 115 pl). IR E.OJFE T PCRUF T
30 ‘CIFE 25 minJi, T 65 'CKIE, F25 ‘CRAN, BIMRE™Y). XHS2IH RCA 7Pkt r 3 e Mise i ik
ST, B USRS GHET T U .

124 FE 4 EEmE P IEERIRA SRR HI R 5 RAE : BUS pLAEE T 0. 2 wmol/L 1 63 B L7
G, Se)E 5 3PN R EE (R EEEA O 0. 2 wmol/L, (AR 5 pL)IRG, IAS nLoK, FRAI25 L 2%/
TE-Mg> 2% Ml , S5 RAT, fEABUE ] 50 pl. FHEA T 95 CFIEHE S min, FiJ5 LA 1 C/min (3£
RIEILE 25 °C, MRPAMIEFIRAZER . B)a, RIS AEE IS H ko HEaE A 7 3RAE

MF (il 45« 2 BESCHR[ 28 119 5 s EA T BRI AR L 256 AR S Fe-CDs AOMBEK . B 10 WL HLA 38 AL iA
ZH2E4K (30 nmol/L) 5 10 pL EDC (10 mmol/L) & 10 wL 1-H JEBEME K 75 (20 mmol/L) 7E pH=6 £ T ik
4, F37 CHEE 90 min AR /0 iGifb . Bl , R R A 10 pL 4- %8 2 FE IR B 2,1 iR (HEPES)
(0.2 mol/L, pH=8) P& 53 855, FFMA 10 wL Fe-CDs ¥ (1 mg/mL) , 7£ 55 ‘CF S B/ N . 52 py 4%
W, Wit Edraifl.

LM I PR LB ) 45 5 RAE - BUS wWLIREE R 0. 2 wmol/L 1Y RCA F=4), MU A 3 R [m] i
(WEEYIN 0.2 wmol/L, PRI R 5 w)IRA, TIAS wLikK, BN 25 WL 22X TE-Mg> 2% i, 1R A4
AY, i EARFAR) S0 pL. BHRA T 95 CFHFE S min, M5 LA 1 °C/min (RH R R 2 25 °C, 1584
LR (Assembly). fieha, AL BARHHEE L HEL UK X152 19 Assembly 4T 3RAE . A BT A RIHEE O,
T el S e P v B R AT

AF B £ . AR £ 15 2] 1) Assembly [R#E K F EDC 4 S i IE RIS . OFF 10 WL Assembly 7 W
10 pL EDC (10 mmol/L) 5 10 wlL 1-H & BRI 7K 75 W (20 mmol/L) 78 pH=6 5144 TR &, T 37 CIHFHE
90 min. JHALSERIS , A 10 L HEPES 2% i (0. 2 mol/L, pH=8) 1 10 pL Fe-CDs ¥&¥#, T 55 CIh
BUNG, 2 aiEvaife, & M.

AD [l % #4 Assembly 5 DOX #Z HEEE /K bRy 1:200 7 37 “CF % E 30 min, RIFSE] AD.

AFD (145« % AF 5 DOX F BEEE /R Ho oA 1:200 76 37 °C R %5 30 min, BIF53] AFD.

1.2.5 Fe-CDs 2t 1t 4 b 4 B 7% M o 47 7EPEAL Fe-CDs 19 28 i 48046 Wy 1 1% PR 15, 50 we/mL 1Y
Fe-CDs. 300 wmol/L /i) H>0,5 64 mmol/L ) TMB IR 4 F 0. 1 mol/L., pH=4. 5 ) Z BRENZE vhifi b . T
5 minJ5, M2 HAE 652 nm ARG IEIE . HAHH SR 28 1 S IS P35 2 BE B SRR A 50
1.2.6 & 40 f 28 o AT % 1929 Fil MCF-7 4fi s 5351 55 Fe-CDs . MF 5% AF 0% 5 30 min. Ffif5, FI1H
Hoechst 33258 YeAZ #5471 B ¢ 't B B s G R . RIS, ZEAH R & 25040 1 6747 2H 40 a3 fh i
£E, PR MA E SR N 2GR, ARG AR LK.

127 @ W E A (ROS) AKF i A2, 7 - @ AR B R R (DCFH-DA) K5l 41 i 4
TEHEEUKOE . B, B 1929 20 Fl MCF-7 4l il b 2] 3% IS EE S5 ML, 3535 24 h. 245, 453k ES
FEMLA A BIMAAFAL R, LEA RS i Mg 23 R 55 5% 30 min. ZJ5, %0125 wmol/L % DCFH-DA , 4#

Chem. J. Chinese Universities, 2026, 47(9), 20260027 20260027(187/193)



Jd EF 2K g %R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

SERESR 1S min, BEFRGE T, FIBERRER S v (PBS) X AN PR 14 3 U, dncJm (i 81 B0 't i Al ot 40 i
PEA AR IE S

1.2.8  ZFj & Al R CCK-8 ¥ 1RAL iF B DOX 45 40 K b B} (Fe-CDs . AF Fil AFD) XF 1.929 Fll
MCF-7 40 L ) B2 1 . K AR I FaE 1104/ 14 %% BE 2 Fh T 96 FLAR - 15 9% 24 h. £ B4 DOX B 14 5250
W, DA FIR BE DOX L0 5 24 h S KGNS 7 . FEASARHRETEPEM o, AR A RIEE 4 h
Jo AR i BRI, AR 24 h BRI E A LAE TS 5

1.2.9 ERZEE MR K MCF-7 LA 11044 /FLI0 % BE R R 2] 96 FLAR . RR4m MG BE 5 , 43 504
i 5 Fe-CDs . DOX, AF FIAFD JL[FHFH 4 h. WFHL5HE, FFE 2R, EaUH B IRk, gk
WEE 24 h. ZJ5, RIS E R EE (AM)/BUAL N RE (P X A0 BEHE T 6, Yo se slUn , 5 20 A 1) B 20k
W NI TSR

1.2.10 03t #% 525 MCF-Z0 LA 1x 104 AL 2 FE R F 96 FLAR  , Frdi K 2 )5, 20l
JIA Fe-CDs . DOX, AF fIIAFD L0 5 4 h. FfiJ5 I 10 WLAGSKAEH RIR , I PBS ¥k 3 U5 e F JC I
REFR Ak g%, TR RIS a4 B SR Al i A A 1 O

2 GRS

2.1 Fe-CDs FNZAZEKHIRAE

85 S #2608 (TEM) XF R-CDs ll Fe-CDs FFE AT T HAE . R-CDs B9 TEM B& - o, H5
EERTE , K12 R (2. 89+0. 02) nm[ & 1(A)F1(C) |. Fe {844 Fe-CDs -k 12 M K F R-CDs, A
(4.48+0.07) nm[E 1(B)FI(D) |. #bAb, Mo B i i+ B (HRTEM) 2087 [ 1] 1(B) 4 &1 HIESE T
FELE A% (IR R 0. 21 nm FAT 7 A& 2. ZESGIE R T 1T, R-CDs 76 FUE K 560 nm MIYEIUR BT, fek
R K2 655 nm[ B 2(A)]. FedBZR)5, Fe-CDs i & S04 LTI A A K 2(B) 1. £E£24bh-1] UL

0.4 04

(©) (2.89£0.02) nm (D) (4.48 £0.07) nm
03F 0.3
02F 02F
0.1F 0.1
0 2 4 6 0 2 4 6 8
Particle size/nm Particle size/nm

Fig. 1 TEM images(A, B) and particle size distributions(C, D) of R-CDs(A, C) and Fe-CDs(B, D)
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Fig. 2 Fluorescence emission spectra of R-CDs(A) and Fe-CDs(B) under different excitation wavelength
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WERELEI3(A) I, R-CDs A3 2 AW i, 43511437 F 250. 38 F1520. 40 nm, 3X 0] 5 PR 55 75 I -7 HE
B n—ar I FERAE™. 1 Fe-CDs I L4 43 3143 F 235. 86 1 520. 40 nm, iX ] BESE T Fe #5844
MUY CDs F RSB IR BT 0. A, 842 Fe Jo AR R I K R 2R T8, X —4k 1] T
Fe 452577 520 . JE— 4 % 0 B 28 3021 4% (FTIR ) BF 58 T Fe-CDs B’JEﬁ‘E. wiE 3(B) fr
7N, 5 R-CDs 2840}, 7£ 3325. 63 1 3202. 59 cm™ ' 4b (1) W Wi 1 43 51 U5 J& F O—H Fl N—H; 1616. 35 Fll
1501. 88 em™ AL 14 43 T J& F C=0 £ C=C/C=N M 4E IR 3l ; 817. 69 F1599. 35 em™' &b A1 43511 )1
J&F C—H M C—Br M 4a P sh . 5 R-CDs AN[E A&, Fe-CDs [ FTIR i &I 7E 445. 94 cm ™ Ab BT —
AN, %I JE T Fe—O—N MRS, IXUEM T Fe ElINB2% . 254 LA F 45 0] Ml Fe-CDs K TH
T FE W EIEA, X T T B R IR

I BB MR A FE IO B A PRARBAR BE UEA T T 30E . AN 4(A) FITZR , IOBRASEAR i 215 10 B 5 4k

)y——Fe-CDs(Abs)

A
Lo g™ R.CDs(Abs)

——Fe-CDs(Ex) &
0.8 ——R-CDs(Ex) z
o ]
= 06 %
£ 3
2 04 2
=1

< 2
[
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=
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Fig.3 UV-Vis absorption and fluorescence excitation spectra(A) and FTIR spectra(B) of R-CDs and

Fe-CDs
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Fig. 4 Characterization and drug delivery profiles of RCA-based DNA/Fe-CDs assemblies
(A) Preparation of circular template; (B) preparation of RCA product; (C) verification of the step-by-step assembly of the assembly;
(D) assembly optimization at varying short-chain DNA/RCA product molar ratios; (E) Zeta potential of Fe-CDs and Fe-CDs@AT;
(F) the result of agarose gel electrophoresis of AF(left) and the agarose gel under white light(right); (G) TEM image of AF; (H) UV-Vis
spectra of different materials. The specific fragment sizes of the DNA markers from bottom to top are 50, 100, 150, 200, 250, 300,
400, and 500 bp in (A) and (C). The DNA marker in (B), (D), and (F) ranges from 100 to 10000 bp, with prominent reference bands at
500, 1000, and 3000 bp.
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PERMEAARAL , (HIEAS R RIS . X FE RS R A o RS IESE 1 Arid AR B £ SEBIFR AL Bfig b
BECHL UK S [ 4(B) ] 6B, 78 Phi29 DNA KA . RREAREE RS | WAELER 544 T, RCA =i
AR, T RCA YL 63 B8R M K M0, [RIL A BhAs ok 10 UF 25 R e 5 A0 41 %% . ikl 4
(CFn, BEAE R BERZ AL, TKIE N AT 1) RS OB AR 18, X R A B T 45 5K 9 DNA
P, WA T AR AT . B, TR E RCA PRI BE IO S O0 T, A RV B i 48 B A T T4
B[ E 4(D) ], S5REH, 4 RCA =1 55 BE M BE K He ok 1: 50 B Y BOR AR i R . 25525 R A3
i, JRELSLRG R TR H . Fe-CDs J2 i o Pk A S W AR IR B AT BRI A1 R 5% I, dM 3 Zeta LA B0
WE, ATLLNE 4(E)F Y, Bl Fe-CDs Y Zeta LA /2 +16. 9 mV, 5 ALBEL)S , Zeta A7 FFEZE+10.7
mV. A, B R R R K S - AT T IR UE . ME 4(F) AT LIE H, B0 ) Assembly #f B 7EEFLIN .
T Fe-CDs #7 IEHLff , 5 Fe-CDs I I ALK (AF) [aAH S5 81328 . DA H OB AOBERS I T %0, Bl
Fe-CDs (i # BT AF, XUEW] T AF il s . ok, EI4(G) A LIE i, 5HM T Fe-CDs AH
Eb, AF7E TEM BE R w80 B R0 A HES , X it — RS T AF il 2% . BEJE , fF B TMB Ak
SCG, UESE T Fe-CDs B BAFRZE i B AL WIS TE . Xt AF 255 AL VI BEHE PE RSB oE 245 R0, AF F1I
H—[) Fe-CDs —#F, [AFECRRRE RAFH 2T Sk i e[ 4 (H) .
2.2 DOXHIHEH SN

] REGUIRE 25 DOX A HF- T PO PR 45 R R 5 i 5 A DNA 19 CG BRCE XS o, 38 ik BELIT DNA 52 il 1
WSROI A AR B . b TR AR T2 I BE T, 2536 T DOX MbRHERN R, dnifE 2k
iR y=5. 15x+50. 64[ E15(A) |. DOX i A DNA FEEXT 5 23 & AE DI, R I AT 38 £ A6 I 2 A3 K
PRV e B . (AN TRV BE AR AR EA T T DOX T kst ss . B S(B) &5 on, 46k
DOX 1 25 HL 5 %) 1:200. 7EWAHG T 42X DOX A 2 BE J1)5 , WIFSE 259 A RRe 5 e o+ Sk
JIR SE A% R T T(DNase 175 2 5525 W) AR S AR 0 45 2L U R A Al 32, 2 TP RS DNA FY
SR BT N S(CO R AR, 4133 DOX R, 966K AETEK s MiZEMA DNase 15, HEE1)
DOX BB oK, DB HIMKE . T Fe-CDs A B HAG UG, FrLLAF MG L ADBS K. JFH., %
F IR AT R EaYE, FFRE T DOXFEANE pHAE T A b BERCSE S . &5 8w, 7EpH=5.0f pH=6.0
IR, AR 2 AR e ROB O 51 280 DOX. D B 45 59843 E B T DOX REfS A R4 71 2807E AF |,
HAER s, [ RE S 2L 25 P i .

6000 2500
(A) y=5.15x+50.64 2500 KB)
. 5000f
2 5 L 2000
§ 4000 - 3 2000 E
Z 2
£ 3000 -‘? 1500 - 7 1500 i
i 3 5 ~—AD+DNase |
= 2000f E 1000t £ 1000 B¢ AFD+DNase I(pH=7.4)
= 1000 [ [ [ - —+AFD+DNase [(pH=6.0)
500 - 500 ~AFD+DNase I(pH=5.0)
O L 1 1 1 1 1 1 O i | 1 1 1 1 1 O 1 1 1 1 1
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Fig. 5 Standard fluorescence curves of different DOX concentrations(A), changes of fluorescence intensity
after DOX being loaded into assemblies of different concentrations(B) and AFD under the action of
DNase I(C)
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Fig. 6 Fluorescence microscopy images of L929(A) and MCF-7(C) cells after being incubated with Fe-CDs,
MF, and AF for 30 min and the corresponding flow cytometry plots to analyze the fluorescence inten-
sity of Fe-CDs inside 1.929(B) and MCF-7(D) cells
Scale bar: 20 wm.
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Fig. 7 Intracellular ROS generation after 30 min incubation with different materials
Fluorescence images and Image]J quantitative analyses of (A, B) MCF-7 cells and (C, D) 1.929 cells.
Scale bar: 40 pm.
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Fig. 8 In vitro evaluation of the biocompatibility, cytotoxicity, and anti-tumor efficacy of the nanoplatform
(A) Cell viability of 1.929 and MCF-7 cells after 24 h incubation with different concentrations of DOX; (B) cytotoxicity of different
materials(DOX: 30 nmol/L, Fe-CDs: 50 pwg/mL, AF: 1. 5 nmol/L, AFD: 1. 5 nmol/L) on 1.929 and MCF-7 cells; (C) cell survival rate
based on the proportion of red and green areas in the live-dead staining results; (D) healing rate of MCF-7 cells after treatment with
different materials; (E) wound closure assay of MCF-7 cells after treatment with different materials; (F) fluorescence images of live/
dead staining of MCF-7 cells after treatment with different materials.

(E, F) Scale bar: 200 pum.
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