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Ferrocene Modified Oxidized Dextran Micelles for
Anticancer Drug Delivery

XIANG Zhenni, WU Wanxia
(College of Pharmacy, Chengdu University, Chengdu 610000, China)

Abstract: A novel amphiphilic polymer carrier named Fc-ODex was successfully synthesized by modifying ferrocene (Fc)
groups onto oxidized dextran (ODex) via a Schiff base reaction, endowing it with the ability to induce Fenton reaction. This
amphiphilic polymer enables self-assembly into micelles, making it a promising drug delivery system. Using doxorubicin
(DOX) as a model anticancer drug, the DOX-loaded micelles Fc-ODex@DOX were prepared through the dialysis method,
and the self-assembly properties, pH responsiveness, and cytotoxicity of micelles were systematically investigated. Results
confirm that Fc-ODex exhibits excellent performance in multiple aspects. Its amphiphilic structure allows stable self-assembly
into micelles, ensuring effective encapsulation and protection of DOX during circulation. Cytotoxicity tests reveal that the
blank Fc-ODex carrier has low toxicity with a cell survival rate exceeding 87%, indicating good biocompatibility.
Collectively, Fc-ODex integrates pH-triggered drug release, Fenton reaction-mediated oxidative therapy, and
biocompatibility, presenting a potential synergistic strategy for targeted cancer treatment. Importantly, the polymer shows
remarkable pH responsiveness due to the presence of imine bonds formed via the Schiff base reaction. The drug-loaded

micelles achieve a DOX release of 69% after 108 h at pH 5.0. In the slightly acidic microenvironment of tumors (pH 5.0-6.5),
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these imine bonds break, triggering the disassembly of Fc-ODex@DOX micelles and rapid release of DOX, which directly
kills cancer cells while reducing damage to normal tissues. Additionally, Fc-ODex demonstrates strong Fenton reaction-
inducing activity. Tumor cells, characterized by high metabolism, produce excessive hydrogen peroxide (H,O;). The
ferrocene groups in the carrier react with this endogenous H,O» through the Fenton reaction, generating highly cytotoxic
hydroxyl radicals (-OH). These radicals further induce oxidative damage to tumor cells, including DNA breakage and lipid
peroxidation, and these radicals synergize with DOX to enhance anticancer efficacy.
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I R AACKE 245 1 e R I % F AR A U B R HARER AL, R A ORI R AL SURSZ 58 ), X Fh 45 25 R 456
B T YT IR0 T RIVE R,

AR, RV R o F R a4 DIRe ] I8 SR PE 5 52 S B4, Hrh 28 (nse R0 . A R0 . &
BT RR 4 ) SRS LA A DA 2 . AR At . SRITTE PRI 24 | SR UR) 2 SRR A, UM HERT T 2 R G
(R ERAE A RHS) 336 220 T L 3 3 T Ak A O S R [ B 36 245 ) | B IR T IR IRIKRIERII B . 5
IEH ALURIRE, MR A5 (TME) HA K pH. BEURN # SAL IE S A SRR AR, 228 3 T 6 1k S A1 20, T
EI X TME B4 TR S8 (55, BEREME b B AN (R D A8 1 B K it A8 i, AR BHE 73597 09 H A9U7), Feng S50 K 4 2
Y FH o IR i 4T i S T SR I, O3 3 5 SR B 17 5 B 8 3 (DOX) (R4S 2 SR ME R B . 1% Rk
RA ALK R T B 51 BRI 98 K JBURL, 78 rht: 858 vh 9 K ORLCR R RS 5 1024 pH BRAIGHS, 49K it
oz ) ST e B R T 24, (5 DOX 5 JR) s B O A e R A it rh R HEAE o Zhou PV AL BRI LA R 50K
VR 2 T 3 Ao I SR 5 I T L AT pHL M 7 P 7K BRE G o 3¢ S 7K i 1 FL AR R T LU AE 55 PR P SR8 T L P M 2R
BFK, I BB R s e, DR T & B 25 W e mi e H

122 3h J1 2497 15 (CDT) S —Fp 3k T Ah 2 SO A3 B HTIE 6 7 F- 00, 355 TME H (4 2500 2 1y ) £k 2
B 2T T 2016 A 1 YR HRE H O, A O D B R 4 S S A S 2R (ORI S, Ak A f A A
J e B A PR F R (-OHD , AT A5 IR 4 A . S5 A e IR YT I YA A L, CDT A 458 e 1 e e S 1k A
PERENE . BRI A B BEPE S 0, Li SIS AT — M L FesOu AR TR, BAMR- BRI LMRILRY)
(PLGA) N B 22 K Fes04-PLGA, I Ho0, B H A, 1% 22 RARFIE PR 5807 J5 , Ha0, #RIL,
Y5 Fe;04 PRI AL 510 5 R 5 SR, 24 HL 1) Ho O, 2 FL 1l Ui 1T BB 2 6 1 55 21 213 i A Ak 8495 . Huo 4504 i 45
T — T 2 A A B I S (GOD) Y 8k R4 K 1 7] GOD-Fe;0,@DMSNs (GFD), 144 ki Al LB it GOD £ fith
S AN AR R L R A0 A ) B A 2 HL0,, AT IS B ER Ho05/Fes04-PLGA #2540 KL R BE 9 HL AP H 1
CDT MR YT 1 B8 52 F1] 224> S HlE [ 1 174 B2 i 5 7™ 7 ) 20 FL 0 R B F AR 050, 55 1 A4S [m] 2 TME b o U 1
H,0, & A X AR, I HEUA LT (U0 FesO4 Al CuO,) ML RCR X LLIA B FRARIA P RCR o X — Jmy Bk
B T CDT MG RS AR R, o LA I 7 4k 11 1y FH T s 7 Rk 000, 65 2 A ] LI oo e ol B 5% e At
BRI, (H AN 2 DAk B 250 ok 35 2 S5 S 7 fe A0 M pH(pH 4.0), BRI 1 2501 5 0 2403, I 5 M 96 T7 3%
SROT B 3 A ) R R S BRI r e v B A IR B (AN I K (GSHY) 4w RN 2 s vy A il 1 2 3k
P, M 58 5 FRAR CDT BYIE Y7 AR, A5 CDT 7852 FH ik DL FE 20 K 45167 I8 1081,

TR —Fh BR84S E 1951 ARk e IR0, JE— Bl 2 R R R A AR S AL = BR A5
M4 B A N &Y, BA RIFAfa e te . BIRTE MG I ER, — R AL T — ANt FesO4 AR E () Fe2*
SR, B TRAE AN i Ak 2 3 1Ry T . AR, CDT S ARy 7 B4 I I I WF 9 i #s . X RhIBES AT
O X EA B3 B U RN — 7 T Ak T 2590 RE %8 a4 AL 1 m 40 L P HoOo IR B2, bR 25 it
J VR 3 — )7 T CDT 54657 (B4 RES SRy &L, ml i 38 24 9s /Ay 259 1) ff FH 70 s o jsl e A7 259
X B R IEF ALV B I 20, R 412U IR HaO, Bt AR AN S, i 25 s I A 16 IR Iz FH A2 21 B
il P, AT LA SR HoO, M ARYT 259 2 1w k2 ) 243697 (ECDT) M BARSERE . Li P ST —
Tl S RN PRI (CA) G 1 480 (ROS) M 37 58 G540, B 0 4 T 45 480 1) 3R 5 ) 2 B8 2 ) 132 ROSS 5 BT I
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B CA AR N H0, 34 22, Tk 26 FR R4 HoO, T LABR )N B 1 A9 — 8Bk foh 2% 250 S 75 S R AE T . —
LeApyy 25, B EE 2 FDUEA, B8 AR AU B 1, RS i A M AL T (SOD) 5% 16 HaO,, 3 58 25 151 5
B TER). Song FER4 HiRiE T — M 2K DOX Y M 2% ik BLIL R Y ——R & " W-p-R & W FE- 58k (mPEG-PCL-
Fo), %55 W B F B8 e 2 200 L m ) 58 R PR B3 P T, B DOX 5 e ki 5 Y kBB T BRI 7 i
it o NI, 4 CDT 5 2 MR 75 45 s 28 W7 . — 9OKF- B A AR T, GE 7 A8 1 35 1) P [ 3 5 R 290,

ARSCBETH S I T — o LA A SR (ODex) 28K i Be . — Bk AT A= 90 i K e B, 3 2 G K B8 S i 1
YR ) — Fof g 28 ] 5 | 23 s O F) pHL M7 5 4 S A A AR (Fe-ODex) ol e i A ik B 48 Bl i 28 19 B 2 24 I
W, %Y B U e R 400 4 53 PR M PR 5T I J R 8 DA I O R A 2R O T R 5 A A G
Hy0, I =5k — 82 5RO, 7 A ek )l A, ik — 20 R AU R 40

1 SLIGER4Hy

1.1 RERFR

7] %R W% (Dextran, o-1,6-H 11 5 2 32, 43 #7746, A6 XT 43 F i &t i 6000, 10000, 20000) . =5 LR £ (NalOs,
w=99%) . Ak R (w=96%) . £h R ¥2 M (w=98%) . 4B 2K — H R Z B (w=99%) . 4-— H & L it i& (DMAP,
w=98%) . LR (w=99.5%) . TL/KBHEIREN (Ww=99%) . —F LR (TFA, w=99%) . 1- F&-(3- HI FL R FE N 5L ) Ak ok
T AR FR R (EDCI, w=99%) . N-FU T S8 Bk FE-1,4-T [ (w=98%) . P[5 K th B2 £k (w=98%) . = Z Jlz (Et:N,
w=99.5%) . Je/K —H 3L (DMSO, w=99.7%) . oK ~ A H K (w=99.9%) , AL 5 (CDCls, w=99.8%). T
A& H R -ds ( DMSO-ds, w=99.8%) : & 1t 7% 4k 2% 23 Wl 5 3,3',5,5'- DU HH BB R i (TMB, w=98%) : [T fif iz T
AR B A7 FRAA Fl 5 w=30% 2o Ak & SRR b 2li, R f s A IRA F .
1.2 M5 RIENEE

2o b ] W66 BE I (i 96 Tk XA BR S B] UV-3100 PC AU ) 5 4% % 4R Il % (NMIR ) A3 (7 [ 4 45 e
Avance NEO 400 M %) ; 7 5 L+ I 5% ( H A L 4k X 254t JEOL-F200 %) 5 2l A8 WO HS (DLS) X (3 5
JR3C ZEN3600 2 )5 JAH (535 (HPLC)AX (Hh EZEE BHEL (i) A PR H] LC-10 T A, A3 41 : Ultimate AQ-C18,
5 um, 4.6 mmx250 mm; K& %% : SPD-10 Tvp, J K75 Fl: 190~ 700 nm) ; {8 BLF 28 e 2T /MG 3% (FT-TR) 42 (3
45 /R Bk Spectrum 3 A ). Y K EE bR (3 FETEER K 1550 A51119700 DPC £ ) ; 2 6 Y6 (i K SRl
AR BR 2 7] FL970 #1)
1.3 ODex & B

FREL 6 g ARl AH X5 431 5 44 SR8, 2309 T 50 mL 22 85 17K v Bl )5 221234 0 0.99 g iy NalO, % T
ZARF T, R PR R s PR R RS BB it 3500 BB HTAS T, BT S & R R TIRILA T
J&, 138 HAMERIREAR, B ODex. 44 SR 14 AHXT 43+ Bt > 6000, 10000, 20000 Ff, 15 %] ODex 43 5]
fit %4 4 ODex6k, ODex10k, ODex20k1. 525525 B[] I, X F A0 X 43 5t & S 20000 £ 5 50, K 3 i i)
NalOy T 35K 0.79 g, 135 1 ODex i 44 & ODex20k2.
1.4 Fc-ODex HIH X

Fc-ODex N H: X} BR¥) Ar-ODex -G Mgk tnlE 1 s .
1.4.1 N-(4-BRTAEKAML) =K% F B (Fe-Boc) 896 FREL 4.00 ¢ — R H R . 3.67 ¢ EDCI fil 1.94 ¢ —
CMETF 40 mL 9 0 °C Jo/K A B, BEFEE 1R 0.5 hy AT 3 (4-2 3L T 3E) &L RS 3.60 g, DMAP
0.23 g Z Ik SV 24 hy W45 0 N 40 mL 7K PR K 5 B S BE AR 3 Ik, &I A HLZ, A 50 mL /R Fl £
BRI 2 W HIC/K B IR BE T, 08, WU 2808, A 2AT MO IRTRLL 1:1 W 2R O FR- A R bR &
) 7815 6.23 g B4 [ 1K Fe-Boe (23N 91%), 'H-NMR (400 MHz, CDCl3) 6: 6.08 (s, 1 H), 4.70 (s, 2 H), 4.33
(s, 2 H), 4.19 (s, 5 H), 3.40 (d, J= 4 Hz, 2 H), 3.17 (d, J= 4 Hz, 2 H), 1.61(s, 4 H).,
142 N-(4-F2ATHK) R4k FBLM (Fe-NH) 894  FREX Fe-Boc 2.00 g % T 25 mL & H ke, il 5mL =
LR, 7E 0°C FHEPER R 2 h, FFAEZ IR 10 hy Jill 10 mL 7K =K 2 R, Bl FH 25 mL A AT SR /K #E 5 2 1K,
I w=20% 1 & E AL B IR T pH 2 9, I G H e 2 B 3 Uk, FH JCOK B R B T, DR, U0 v 4 A5
1.11 g # {4 [5 {& Fe-NH, (7% %N 74%). 'H-NMR (400 MHz, CDCl;) 0: 6.34 (s, 1 H), 4.69 (s, 2 H), 4.32 (s, 2 H),
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Fig. 1 Synthesis routes of Fc-ODex and Ar-ODex

4.19 (s, 5 H), 3.38 (d, J=4 Hz, 2 H), 2.78 (s, 2 H), 1.61 (s, 4 H), 2.07 (s, 2 H), 1.56 (d, J =36 Hz, 4 H).,
1.43 Fc-ODex #9 4  HRHL 0.8 g ODex6k (7 0.50 mmol [if #£) 1 0.24 g Fe-NH, ¥ F 25 mL — H JE& 7
£ 50 °C RN 48 hy TR 2 0 C 1Y H JLBUT JEEBEDE R 3 K, 76-60 C NIRRT 2 d, 15 BB LT (A F6 W Fe-
ODex6k 0.42 g(7 % N 45%). 'H-NMR (400 MHz, DMSO-dq) d: 6.48 (d, J = 28 Hz, O=CNHC), 4.15~ 4.93 (m,
OCH,OCH,0, OCH,0, Fe(CsHs),), 3.19~ 3.74 (m, OCH,CHOHCHOHCHOH, OCH,C, CN=CHC), 1.46 (m,
CH,CH,CH,N=C),,

i B2 7 553 ) i Fe-ODex 10k, Fe-ODex20k1, Fe-ODex20k2 .
1.5 Ar-ODex HIH
1.5.1 N-(4-8 T A& HE A ) K FBLIE (Ar-Boc) #9 & PRI 1.5 g KR . EDCI 2.59 g fll 1.37 g = 4 & T
30mL ¥ 0 °C JoRK G H e, Bk G 46 0.5 h, ITAGEUT 5 (4-2028 T ) 2L H RN 2.54 ¢. DMAP 0.15 g, &
TS 24 hy FEANZK 35 mL WK, F 5 W 6 40 mL 0 3 3k, & IFAHLE, R /K 50 mL ¥ %
2 UK INTC/K B R BE T4, b0k, WURZE 1R, A EAT (20RO IR 101 B R O TR- — A IR G R) 4 15
F A FE R Ar-Boc 2.33 g(= RN 65%).
1.5.2 N-(4-8HATH) KVBLE (Ar-NHy) #9468  FREL1 g Ar-Boc i T 10 mL S H Leh, A 2 mL =&
fi%, 76 0°C F 4Pk I 2 h, FF7E 26 R 10 hy in 5 mL KV K 28, Bl A 10 mL # AR AR K 265 2 7k, A
w=20% I Z A AR W IR 1 pH 2] 9, A 30 mL AU H B A I 3 ¥k, I oK B R BE T, ik, el v 4 A5 v
0[5 1A 0.48 g(7 %l 77%). 'H-NMR (400 MHz, CDCls) 8: 7.76 (d, J = 8 Hz, 2 H), 7.39 (m, 3 H), 6.94 (s, 1 H),
3.46 (d,J =4 Hz, 2 H), 2.77 (s, 2 H), 1.56~1.70 (m, 6 H).
1.5.3 Ar-ODex #94-2%  FREL 0.4 g ODex20k1 (7 0.32 mmol AYEEHE) A1 0.10 g Ar-NH, % T 20 mL — H 3L 7l
1, 7E 50 °C RSV 48 hy TV 2 0 °C 1 HELRCT SEER VR U 3 IR, 7660 C T ¥ ¥R T4 2 d, 15 80R ¥ (L3 i
Ar-ODex20k1 0.21 g % & 47%), 'H-NMR (400 MHz, DMSO-dg) 6: 7.83 (s, CH=C —CH), 7.45 (m,
CH=CHCHC), 6.60 (s, O=CNHC), 4.52~ 4.94 (m, CH,CH,CH,N=C, OCH,0CH,0, OCH,0), 3.21~ 3.75 (m,
OCH,CHOHCHOHCHOH, OCH,C, CN=CHC), 1.56(m, CH,CH,CH,N=C).,
1.6 Fc-ODex B354 & Mz 75 M £ 22

L TMB 15 by #8038 0 EE 4, % FH 458 ) A8 B F 98 T Fe-ODex (19258 5 7 36 M o B 2 mL, pH=4 1Y 2% i
Y (0.4 mol/L). 1.6 mL Fe-ODex20k 13§, Ar-ODex20k 1 7K (0.1 mg/mL). 0.2 mL TMB [ ZEEA# (0.02 mol/L).
0.2 mL H,O, % ¥ (0.1 mol/L), 7£ 25 & T N 10 min 57 B FH 48 Z1- 17 WG 3% 0 2 52 07 ¥ 7E 650 nm A9 WG JEE
Z IR BILIANTE B pH., HyO, e | Fe-ODex it H e 8 A8 B, 5 2850 )52 1y () 3 s o
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1.7 #HZK X Fe-ODex@DOX #1 Ar-ODex@DOX HY i &

FRHL 30 mg Fc-ODex (%, Ar-ODex) % T 2 mL DMSO H, fill A 3 mg B %5 2 Eh iR £h A1 50 pL = 2, #6 T
PP, S INA 8 mL 2l 7K, B R G A% B R 4 3500 BB AT AR AT 1d; £ VR TR 5 15 313k
5 Fe-ODex@DOX (8¢ Ar-ODex@DOX) o I I 430606 B2 11l 5 2424 & (DL ) A4 EH 4 (EE) o
1.8 pH M 5714 B8 B9 6 E

i 5 DLS 2K 36 3iF 58 o9 (9 pH Wi 7 1 BE . 4% Fe-ODex20k1 B8 & W1 vA T A 5] pH 14 2% wh s Wi, 10 71 i
0.2 mg/mL MY IEHUE i, T 37 °C TEIRAE K TP 4iR4E 72 h, H1 DLS W5 R kA2 A2 4k

BU/b & Fe-ODex ¥ F 1.5 mL /KAl 1.5 mL H B AW B 1.5 mL i@ W T 55— D b I i
TR B2 15 W& (0.01 mol/L) 815 pH & 4, 15 | B2 AL i) Fe-ODex 15 ¥k, JF-7E 37 C FHEIRIEIAMH 3 dJ5, @i
HPLC 73K f# 7= ¥) . HPLC AR 30 °C, Wi sh A w=0.5% BIEERIA R (B F A) 5 HEBE (57 B) IR &
5 6 B VR R )T 7E 30 min PURE R B AH H 90% (R R4 5, R [A]) 35 71 A+10% %5 5771 B 3% #7725k 10% ¥ 7
A+90% %571 B; #1321 nmy #FAE 20 pL.

1.9 HYEMERITARE

4 Fc-ODex20k1@DOX FH 4l /K ¥ fift I H B&, 1 A0 52 (1) DOX Jii & ¥ FE ol 32 mg/L, R J5 45 B 1 mL Jit A 3
MFEHTAE, 735 T 40 mL (19 pH 7.4, 6.5, 5.0 BZE this W b 78 37 °C T RLEE R h R Se 4R B2, 768 5 1] 1] [R] &
PR 3 mL IR A W 32 9SG, [R) I b 78 45 8 1) 97 i 2 Wik
1.10 ZHRaEHENE

SR FHWE M 2% (M) 4t it 25 4 3 50 40 0 2 225 71 e R 288 24 JE SR LE 5 48 il NTH3 T3 il 2 il HepG-2
PRI R . BRA TR ECAE K IR NIH3T3 41 A1 HepG-2 4 Jifg LAAEFL 1> 104 A4 g i 48 i B2 R T 96 FLAR
o, FEES SR ML R E 24 he #BAL 100 pL AR ER, 23510 AR [R] 5 1Y Fe-ODex e o7 R4 At 55 77 5
ol B 25 KA e A R IR B R 5. 10, 20, 40, 60 mg/L, 5% 24 h J5, FEEREFREL, INA MTT W (5 mg/mL), 4k
ZLWEE 3 h, 8 2 EhR A R LR AR E P 490 nm Ak F YR

2 #R5iTiE

2.1 Fc-ODex HI& B B RAE

il A5 2 1Y 4 Fh 1L 75 BB ODex6k, ODex 10k, ODex20k1, ODex20k2, i i3 £5 2 #2 e 12 I 5 Fi 3k 5 4%
7 0.6183. 0.4918, 0.8207. 0.6373 mmol/g. Fif i Ji5 Fmd S 7, 15 2 P SE MR 54 Fe-ODex. & 2(a) 4 Fe-
ODex20k 1 (¥ S35 1K, ARG a~ g #BIT & T Fe-NH, U0/ 454, B mE 0 1~7 #B)9J8 T ODex 343 45
¥ M 2(b) #ZREN LK 7R, ODex 7EAL -1 #% 9.67 Ab AU JLIEW 26, IF HZ T 4.19 &b iy — 5 5
I, IFAA T Fe-ODex B B EI & ;s B 3 S Fe-ODex., ODex #1145 BRI 21 40X} it El . Fe-ODex HI4T M

(a) (b)  ODex
o
3 6 oMl 26, ¢, f, H,0 !
- ° Fc-ODex
DMSO A b/ "
Fc-NH,
ol 1
M 9 8 7 6 5 4 3 2 1 0 121110 9 8 7 6 5 4 3 2 1 0
o o

2 (a) Fc-ODex20k1 F1(b)ODex. Fc-ODex. Fc-NH, ['H-NMR %4
Fig.2 'H-NMR spectra of (a) Fe-ODex20k1 and (b) ODex, Fc-ODex, Fc-NH,
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£ 7 1546 cm™ A C=N B4 IR s A 950 em 9 — %4k b IR A C-H 18 40 il 3% 3h i, 5] Fe-ODex
PR
2.2 Fc-ODex BIZ5H /2 Rz & 14

TMB J& —Fi L 308 19 TR P 9 0, o] DA 1 4L Ab R i 6 7 0, I 7E 650 nm &b H 4L A TMB
(oxTMB) HYFFIEML W . MIEl 4 & 5(a) 7T LA Hi, 24 Fe-ODex Hfl 5 TMB mk H,0, & if . TMB 5 H,0, Ht
MR . Ar-ODex 5 TMB 58, HyO, [RJE 52 07 i, 5 V0 #0 5 B TC €6, 38 3 IR i €6, L 650 nm Ab 14 58 A AL 38, 35 1k
55 . HA Fc-ODex. TMB Fl HyO, [A] B £ 7E B, 448 3R (¥ W0 €5 A A8 IR W €5, JTHE 650 nm A A7 58 W AT 0
SR R A7 pH., FeX Uit W B . HoOp WREEAE DRI ZE 52 M0 . fh ] 5(o) Al 0, S50 f i 1 M 3 Bl pH %
i+ o Il SCe, d) AT %, Fe-ODex A4 254 52 17 A9 745 1 [ B 52 21 Ho0, ¢ B il Fe-ODex Ji 2 v & A 22,
Bl % HoO, T 2 V& JE 1 Fe-ODex [t itk B2 A3 0, 250 S5 17 i 4 8 35 1 it o DA SIE 50 25 S 6 B Fe-ODex 1 LA
PR Ho0, A AE 5 B 0 I 7 AR 1 PR AR, O FLIZR N 7 559 BR VR SR8 B TR PRI i o

4000 3500 3000 2500 2000 1500 1000
Wave number/cm™!

a—Fc-ODex; b—Fc-ODex+TMB; c—Fc-ODex+TMB+H,0,;
d—Ar-ODex+TMB+H,0,; e—H,0,+TMB

[ 3 Fc-ODex. ODex. Dextran MJ£T 4Nt 4 RFEHHERAR RS R E
Fig.3 FT-IR spectra of Fc-ODex. ODex and Dextran Fig. 4 Color comparison of different component solution systems
207 (a) L6 (b)
1.8} 14l
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12} 1LOr
10 08}
= Fc-ODex =
0.8 Fe-ODex+TMB 06+
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—_— 0 , , .
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—0
1.2+
10} -3
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0.8}
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0 . . . Y
500 600 700 800 500 600 700 800
Wevelength/nm Wevelength/nm

KIS (a) ARIZLM IR R A S SMRIGRIE; (b) pH. () HO, WeEEAN (d) Fe-ODex Jitfi o S8 S50 S L1 AR
Fig. 5 (a) UV absorption intensity of different component solution systems; Effect of (b) pH. (c) H,O, concentration and (d) Fc-ODex mass

concentration on Fenton reaction activity



$2 M B, % PR AR T 241815 173

23 BEREBMEREFAE

W VOCIREN R E T AR 2441 B Fe-ODex6k . Fe-ODex 10k, Fe-ODex20k 1, Fe-ODex20k2 £ 7K i i
PR B R A I S I TR ok BE (CMIC) 43 1) 0.2, 0.15., 0.47., 0.09 mg/mL(1& 6(a) ), %X F W] Fe-ODex TE 7K 5
o 5 AT R R 45 M . 3 5 DLS K5 T Fe-ODex ki 4t M 43 A , 45 4N &l 6(b) i 7% . Fe-ODex6k ., Fe-
ODex 10k, Fc-ODex20k1, Fc-ODex20k2 Ji& 5 b 42 (d) S 22 43 #PE 45 %4 (PDI) 43 %1 & (257.3+10.4) nm (PDI =
0.397+0.047). (232.2+14.4) nm (PDI= 0.399+0.043). (325.2+18.1) nm (PDI= 0.325+0.016) 1 (356.0+15.2) nm (PDI=
0.402+0.022); %% 24 X ¥ Fe-ODex6k@DOX ., Fc-ODex10k@DOX ., Fe-ODex20k1@DOX ., Fe-ODex20k2@DOX
B2 4394 (31.0+7.8) nm ( PDI= 0.458+0.034). (39.3+14.5) nm ( PDI= 0.278+0.04). (27.9+5.7) nm (PDI = 0.326+
0.007)F1 (35.84+4.9) nm (PDI= 0.305+0.022), ¥ S 4347, H2H IR BRI AR B /N T 25 FUBRCR, 3X T BBJ2 H T
B85 2% 5 15 AR ) A ik i K AR AN e MERRAE L, SO IR R K B0 L . AT — 2558 13 9 6 4 i
% 22 B B Fe-ODex6k, Fc-ODex10k, Fc-ODex20k1, Fc-ODex20k2 J X} Hf Ar-ODex20k1 (1) 2k 24 &t 43 il 4
4.3%. 6.0%. 8.3%. 5.7%. 8.7%; FLER I HIH 45%. 64%. 88%. 61%. 92%. WKEHE /K i B Ak B> T
R, FAAR B ) B SR 2 A P R . MU R R — B, 22 i B AU B 1 BT U
ZIN, T PR S SR AR AV ol S i 16 1) — S8R B K B A, T AR A R i 7K 2 ) A BB T B AR . 2R 25 8 Fe-
ODex@DOX B A AN 6(c) 7R, 2247 ot 2 B0 FLU . 34— 1y IR stk

0.83 (al) Fc-ODex6k 0.85 (3.2) Fc-ODex 10k (b) — Fc-ODex6k
0.82f 0.84 | — Fc-ODex10k
0.83 + — Fc-ODex20k1
2081+ 20821 y — Fc-ODex20k2
< 080 <81l — Fe-ODex6k@DOX
ekad §0.80 — Fc-ODex10k@DOX
= o079l < oUr — Fe-ODex20k1@DOX
' 0.79 — Fc-ODex20k2@DOX
' ' s s ; 0.77 ' ' ' s S ' s )
-45 -35 25 -1.5 05 05 -45 -35 -25 -1.5 —05 0.5 10! 102 103 104
lg[p/(mg-mL1)] lg[p/(mg-mL-1)]
083 1 (a3) Fe-ODex20k1 085 (a4) Fe-ODex20k2
0.82
0.83
0.81}
< <
50.80 | 5081
< 079 I .
<078} . <07 .
g-;é CMC = 0.47 mg/mL 0.77 CMC = 0.09 mg/mL
' : : : : ; 0.75 : : :
-35 25 -15 -05 0.5 -25 -15 05
lglp/(mg-mL1)] lg[p/(mg-mL1)]

6 (a) Fc-ODex ) CMC fi; (b) Fc-ODex Hil Fe-ODex@DOX #4543 4i; (c) Fe-ODex20k1@DOX ) TEM K15
Fig. 6 (a) CMC value of Fc-ODex; (b) Size distributions of Fc-ODex and Fc-ODex@DOX; (¢) TEM image of Fc-ODex20k1@DOX

2.4 pH MRZHLIE

T B R AR R pH R BE, K LA 0 TN R pH 22t D, #E 37 C TEIRFE R TR 72 h,
TE 1 72 B[] N 38 F DLS 430 Afr Fe-ODex B RLAR 284k, 25 R &l 7 7k . Fe-ODex 7E pH 7.4 W22 vh i h ilF &
72 h &, RiAR B AR A AR AN, UEIZ AN K AR I A B EE Tfa TARE . 7E pH 5.0 F pH 6.0 ZZ 1
WY, Fe-ODex oA A28 Bl IR [R] 14 2 4 117 52 90 22 40 A0 AR, JORL R AR 43 A 0 70 M A8 5 o X0 Hh T 0 B B A PR
PRS0 20 B B SR A 5 IR T S 80 o i %5 %% Fe-ODex 7 55 R M P45 rh i B 1%, B HPLC 734 T
Fi% k.1 Fc-ODex. Hi &l 8(a) W] l, Fc-ODex £ R AL, JiiA A Y7E 14.5 min {55 1804 2%, [FAF7E 25.5 min
WP N-(4-RUT ER R L) Rk T R BR ER (Fe-NH,-HCI) (1915 5104, 31X # B Fe-ODex 1ERR LG, i R Wl &
AW, 1531 5 R (1) Fe-NHa.
2.5 EIMRERITA

Sy it — L PEAl Fe-ODex@DOX 1Y pH i i B 25 PR BE, 435I 7E pH 7.4, 6.5, 5.0 Z& mfifd , 2 H: DOX (1% ¢
i . M 8(b) AT UL, #E pH 7.4 ZZ v, 12 h J&, A& FRF B DOX; 108 h J&5, DOX A9 B B (A



174 Y/ T s A #5395

18 18
30 (a) pH 74 16 F(b) pH= 6.5 16 F () pH=5.0
_14l  ¢=5h Jl4F  7=5h
24 S12 S12
18 210 210
g 12 g 8 g 8
6 6
Z 6 “ Z 4
2 2
0 ) 0 . g 0 . )
10! 104 10! 102 103 104 10! 102 103 104
d/nm d/nm d/nm
18 18
25 (d)pH="74 16 L(©® pH 6.5 16 L(HpH=5.0
20 t=24h 014 014 t=24h
= S12 S12
515 21 21
: £ £'s
£ 10 ES 2 6
z z z
Z s 4 4
; ; 'y
0L ) 0 0 .
10! 3 104 10! 102 103 104 10! 102 103 104
d/nm d/nm
16 18 18
1al (®@pH=74 16 (h)pH 6.5 16 L®PH=5.0
S12f (=72h o 14 .14
S S12 <12
510 510 510
S 8 S S
E ¢ g 8 g 8
2 Z 0 z 0
4 4 4
2 2 2
(s . ) 0 0
10! 102 104 10! 102 103 104 10! 102 103 104
d/nm d/nm d/nm
&7 Fe-ODex TEARIZ&A T ki 2L
Fig. 7 Particle size variation of Fc-ODex under different conditions
80 1
@ o |®
) —.—
Acidified-Fc-ODex J s60+
jol
-
>
)
Fc-NH,-HCI 2 40
A 8
=
Fc-ODex g 20
A E
10 15 20 25 30 0 12 24 36 48 60 72 84 96 108 120
t/min t/h

8 (a) BfLH) Fc-ODex, Fc-NH,-HC1 55 Fc-ODex fi) HPLC i l; (b)Fc-ODex@DOX #AkiHh DOX HASMEEIL DOX (37 °C)

Fig. 8 (a) HPLC chromatograms of acidified Fc-ODex. Fc-NH,HCI and Fc-ODex; (b) In vitro release of DOX from Fc-ODex@DOX
nanoparticles (37 C)

23%. SRTMAE pH 6.5 Fll pH 5.0 2 M+, A 3 h PN BEGECR AP, Bl IS 2212 Bl 108 h J&, DOX 4 S Bl & 43
A E) 48% Fl1 69%. pH 5.0 454 T REHGE B & F pH 6.5, iX /& i F Fe-ODex f77E FUHZEAE, 75 55 R 1
BN, R i N R0 58 & A Ak, 15 C=N RV 0 i, 1 = % 1 i SRR . R e T W, kil &
JI F R 1) 7K A DT 28, 2B SR L Y S SRS . X — 5 SRR, E YR IIURL Fe-ODex@DOX MY BETE IE # 11
A FEREE AR RS E, T 25 Wik, I AR 55 AR MR B T i B D B DOX, HAT — 5 1Y pH i i 1
2.6 EEEH

PR E AR R R 1, T MTT 20 50 %E Fe-ODex B8 HAE IE 41 il NIH3T3 119 20 il HepG-2
(AR EEYE . DAIEL 9 I %, B % Fo-ODex B A 5T it ik B 184 K, NIH3T3 41 fifd Fl HepG-2 41 Jfd i A7 1% A A /)
e JEE P AR5 24 Fe-ODex JiE o (1 o 55 9% 2 34 2] 800 mg/L B, 2 411 Jifd %) A7 15 SR ATSHE 87% LA |, W Fe-ODex fi
WEA BRI . AT — 25 %% T Fe-ODex@DOX %k 24 fice o XoF fih 723 44H it 154 58 (1 00 1 20 (11 10) &
Ar-ODex@DOX. Fc-ODex@DOX . i 25 BT 75 2 6T [ 4 it 1) 4 52 PR AR YR A2 K, 3X AT e PR R 4R 2 R B
YR REE . TEAF R ERE T, Fe-ODex@DOX X 1E % 4 s NIH3T3 H 9 2 1 Fb X HepG-2 41 fifd i) 2 PEAIK,



%52 W), % Z BB R A R AU T 25 ik 175

120 ¢ 120 ¢
(@) ) ®)
100 - 100 |
X L ° L
s 80 %, )
£ 60r E 60t
> =
S 40y 3 40t
20+ 20
0 0
50 100 200 400 800 50 100 200 400 800
pl(mg-L™) pl(mg-L™)
€19 Fc-ODex KEHAE (a) NIH3T3 ZHEAI (b) HepG-2 4L i) 40 3 1
Fig. 9 Cytotoxicity of Fc-ODex micelles in (a) NIH3T3 cells and (b) HepG-2 cells
(@) (b)
100 . I Fc-ODex@DOX 100 Il Fc-ODex@DOX
[ Ar-ODex@DOX T B Ar-ODex@DOX
I DOX I DOX
80 - 80 F
g S
z o00r 2 60}
z z
> 40+ a0l
i 3
O &}
20+ 20l
ot 0
5 10 20 40 60 5 10 20 40 60
p/(mg-L™") p/(mg-L™)

& 10 Fc-ODex@DOX il Ar-ODex@DOX K2R TE (a) NIH3T3 AHfFN (b) HepG-2 A (W 4l =R 1
Fig. 10  Cytotoxicity of Fc-ODex@DOX and Ar-ODex@DOX micelles in (a) NIH3T3 cells and (b) HepG-2 cells

X AT RE S T A P ) 55 R M A B BT B R B 22 . B 25 28 24 B ORI S A A B B4 I, Fe-ODex@DOX #
245 e 0] P 0 M 1 TR R A R TR B Bk 1 Ar-ODex@DOX 2524 8 o5 3 7] B8 2 i TRl 1 14 ] 55 %5 176

SR AN ) Ho05, 7T LB Fo-ODex@DOX #R25 e ot 1 — 1 ik — ) 2 A 25005 oL, DA T 722 85 7 A
BRI 1 b, E— 2 2% BE BRI AT

3 & g

(D) A BT — P 78 pH M Rz 1Y 58 Bk 1 4801k 380 SR B 40 K A 8L Fe-ODex, 38 o i A ik s D il 48 1742
PR R A2 25 Fe-ODex@DOX o

(2)%3IE T Fe-ODex #AR AT LA i A0 UK A SR S N IF 77 A= 52 4k A il Ak, IF BL7E 55 IR M 28 AF T B i
A R

) TEARSNBE AT IAFFE T, 222 I8 Fe-ODex@DOX 1 24 1) T il 3 2675 55 W M PR 485 vp S 35 i pe, % b
o8 200 it 154 5 EL AT P A R

SEHk:

[1] LI J, KUANG X. Global cancer statistics of young adults and its changes in the past decade: Incidence and mortality from
GLOBOCAN 2022 [J]. Public Health, 2024, 237: 336-343.

[2] CROMMELIN D J A, FLORENCE A T. Towards more effective advanced drug delivery systems [J]. International Journal of
Pharmaceutics, 2013, 454(1): 496-511.

(3] XA, skok¥h, E#C, X357, M. BT RPN RSB # JetEae [J]. TR 7254k, 2024, 37(4): 347-
355.


https://doi.org/10.1016/j.puhe.2024.10.033
https://doi.org/10.1016/j.ijpharm.2013.02.020
https://doi.org/10.1016/j.ijpharm.2013.02.020
https://doi.org/10.14133/j.cnki.1008-9357.20240219001

176

Y/ T s A %539 %

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

(23]

[24]

[25]

LIUY C, ZHANG Y Q, DONG J W, LIU F, LIU J R. Preparation and properties of polymer micelles based on polygalacturonic acid
[J]. Journal of Functional Polymers, 2024, 37(4): 347-355.

VT, BARAR, REPE, SKCks, WIE, Z5HoHE. SEACIRGK BRI SRR BER M H 5 BT (7). DhRE & 43 F 24, 2024, 37(5):
433-440.

PANG J, WU C C, ZHU Q Q, ZHANG W N, TANG S Q, LI Y Y. Preparation and application of photo cross-linked nanase dextran
hydrogels [J]. Journal of Functional Polymers, 2024, 37(5): 433-440.

GAIKWAD D, SUTAR R, PATIL D. Polysaccharide mediated nanodrug delivery: A review [J]. International Journal of Biological
Macromolecules, 2024, 261: 129547.

MPEKRIS F, VOUTOURI C, PANAGI M, BAISH J W, JAIN R K, STYLIANOPOULOS T. Normalizing tumor microenvironment
with nanomedicine and metronomic therapy to improve immunotherapy [J]. Journal of Controlled Release, 2022, 345: 190-199.

WU Q, HU Y, YU B, XU F J. Polysaccharide-based tumor microenvironment-responsive drug delivery systmes for cancer therapy
[J]. Journal of Controlled Release, 2023, 362: 19-43.

FENG X, LI D, HAN J, ZHUANG X, DING J. Schiff base bond-linked polysaccharide-doxorubicin conjugate for upregulated cancer
therapy [J]. Materials Science and Engineering: C, 2017, 76: 1121-1128.

ZHOU Y, ZHAI Z, YAO Y, STANT J C, LANDRUM S L, BORTNER M J, FRAZIER C E, EDGAR K J. Oxidized hydroxypropyl
cellulose/carboxymethyl chitosan hydrogels permit pH-responsive, targeted drug release [J]. Carbohydrate polymers, 2023, 300:
120213.

TANG Z, LIU Y, HE M, BU W. Chemodynamic therapy: Tumor microenvironment-mediated Fenton and Fenton-like reactions [J].
Angewandte Chemie, 2019, 131: 958-968.

ZHANG C, BU W, NI D, ZHANG S, L1 Q, YAO Z, ZHANG J, YAO H, WANG Z, SHI J. Synthesis of iron nanometallic glasses and
their application in cancer therapy by a localized Fenton reaction [J]. Angewandte Chemie International Edition, 2016, 55:2101-
2106.

LIS L, JIANG P, JIANG F L, LIU Y. Recent advances in nanomaterial-based nanoplatforms for chemodynamic cancer therapy [J].
Advanced Functional Materials, 2021, 31(22): 2100243.

LIWP,SUCH, CHANG Y C, LIN Y J, YEH C S. Ultrasound-induced reactive oxygen species mediated therapy and imaging using
a Fenton reaction activable polymersome [J]. ACS Nano, 2016, 10(2): 2017-2027.

HUO M, WANG L, CHEN Y, SHI J. Tumor-selective catalytic nanomedicine by nanocatalyst delivery [J]. Nature Communications,
2017, 8: 357.

LIU G, ZHU J, GUO H, SUN A, CHEN P, XI L, HUANG W, SONG X, DONG X. Mo,C-derived polyoxometalate for NIR-II
photoacoustic imaging-guided chemodynamic/photothermal synergistic therapy [J]. Angewandte Chemie International Edition, 2019,
58: 18641-18646.

LIN L S, HUANG T, SONG J, OU X Y, WANG Z, DENG H, TIAN R, LIU Y, WANG J F, LIU Y, YU G. Synthesis of copper
peroxide nanodots for H,O, self-supplying chemodynamic therapy [J]. Journal of the American Chemical Society, 2019, 141: 9937-
9945.

WANG Y, GAO F, LI X, NIU G, YANG Y, LI H, JIANG Y. Tumor microenvironment-responsive Fenton nanocatalysts for
intensified anticancer treatment [J]. Journal of Nanobiotechnology, 2022, 20(1): 69.

GONG F, YANG N, WANG X, ZHAO Q, CHEN Q, LIU Z, CHENG L. Tumor microenvironment-responsive intelligent
nanoplatforms for cancer theranostics [J]. Nano Today, 2020, 32: 100851.

KEALY T J, PAUSON P L. A new type of organo-iron compound [J]. Nature, 1951, 168(4285): 1039-1040.

WU G L, TAN S, TAN X, CHEN G, YANG Q. Recent advances in ferrocene-based nanomedicines for enhanced chemodynamic
therapy [J]. Theranostics, 2025, 15: 384.

REN Z, SUN S, SUN R, CUI G, HONG L, RAO B, LT A, YU Z, KAN Q, MAO Z. A metal-polyphenol-coordinated nanomedicine for
synergistic cascade cancer chemotherapy and chemodynamic therapy [J]. Advanced Materials, 2020, 32: 1906024.

LI J, ZONG Q, LIU Y, XIAO X, ZHOU J, ZHAO Z, YUAN Y. Self-catalyzed tumor ferroptosis based on ferrocene conjugated
reactive oxygen species generation and a responsive polymer [J]. Chemical Communications, 2022, 58: 3294-3297.

MA P A, XIAO H, YU C, LIU J, CHENG Z, SONG H, ZHANG X, LI C, WANG J, GU Z, LIN J. Enhanced cisplatin chemotherapy
by iron oxide nanocarrier-mediated generation of highly toxic reactive oxygen species[J]. Nano Letters, 2017, 17(2): 928-937.

SONG C, YANG F, JIR, LV Y, WEI Z. Construction of a drug delivery systme via pH-responsive polymeric nanomicelles containing
ferrocene for DOX release and enhancement of therapeutic effects [J]. ACS Omega, 2021, 6: 28242-28253.

FAN W, YUNG B, HUANG P, CHEN X. Nanotechnology for multimodal synergistic cancer therapy [J]. Chemical Reviews, 2017,
117: 13566-13638.

(A%, x| EHF)


https://doi.org/10.14133/j.cnki.1008-9357.20240219001
https://doi.org/10.14133/j.cnki.1008-9357.20240308001
https://doi.org/10.14133/j.cnki.1008-9357.20240308001
https://doi.org/10.1016/j.ijbiomac.2024.129547
https://doi.org/10.1016/j.ijbiomac.2024.129547
https://doi.org/10.1016/j.jconrel.2022.03.008
https://doi.org/10.1016/j.jconrel.2023.08.019
https://doi.org/10.1016/j.msec.2017.03.201
https://doi.org/10.1016/j.carbpol.2022.120213
https://doi.org/10.1002/anie.201510031
https://doi.org/10.1002/adfm.202100243
https://doi.org/10.1021/acsnano.5b06175
https://doi.org/10.1038/s41467-017-00424-8
https://doi.org/10.1021/jacs.9b03457
https://doi.org/10.1016/j.nantod.2020.100851
https://doi.org/10.1038/1681039b0
https://doi.org/10.1002/adma.201906024
https://doi.org/10.1039/D1CC06742G
https://doi.org/10.1021/acsomega.1c04330
https://doi.org/10.1021/acs.chemrev.7b00258

