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Abstract: Acute myeloid leukemia (AML), characterized by rapid progression, therapeutic resistance, and
high relapse rates, remains a critical threat to patient survival. The complex leukemic microenvironment often
diminishes the efficacy of conventional monotherapies and single-target approaches. Drug delivery strategies based
on microenvironment characteristics and multi-mechanism synergy are expected to have better therapeutic effects
on AML. Therefore, we developed a biomimetic supramolecular nanoparticle (Fe-GA@CM) through homologous
targeting strategy and metal-polyphenol coordination for co-delivery of gambogic acid (GA) and Fe*". The particle
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size, zeta potential, and release performance of the system were characterized. Furthermore, the efficacy and

mechanism of action of this system in treating AML was explored. The results showed that the particle size of the

nano system was approximately 270 nm and positively charged. After being specifically taken up by AML cells, it

is reduced by high concentrations of glutathione in the tumor microenvironment and released Fe** and GA in a

responsive manner. The combination therapy for AML is achieved by inducing ferroptosis with Fe’* and inhibiting

glycolysis in AML cells with GA. In summary, the formulated Fe-GA@CM provides novel ideas for targeted

therapy and combination therapy for AML.

Key words: acute myeloid leukemia; gambogic acid; metal-polyphenol coordination; ferroptosis; glycolysis

SAMEEE R A M (acute myeloid leukemia, AML) #&
— R LR LR R G PR, DA 2R 1 I 4 Y
MG AR e T O I i Sz A ) Oy 32 R I, R R
Y, AML B A E SE RS E R
TS DR S5 I PR R A, P B N SIS IR i R R A i 2
AP IR b, AML 32 B @ i 47 BRI A
JPVEEAT T, SR, BT B B R R, B Ak
IT LI 24 1 A B AN RS, AML B AT 1 I
Sy 53R FA M43 ) & TR BT . Rk, 4R IR
1) AML AT 7715, 152 Im PR B V) 75 5K .

BRIV TAE Dy — Mk R 1) 4 AR e 1t AE T T
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= [® Gibco /A 7] ; CCK-8 R F & W H (& WA R A
a7l FTR A S OE A (ROS) RA &I 39 REma
PR 22 7] N 1 (MDA) 71 & (L5 20250211, 7 5 &k
AR R A F]); GSHAR A & (it 5 A060B250102)-
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I VX B 4G H T g B (X-ray photoelectron
spectroscopy, XPS). X #f £k fiT 4 (X-ray diffraction,
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88eh, BHTAS AN S A 9 mL (1) 0.5% Tween 80 (1] PBS
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FH A FLAINN 0.5 mL & 2535 750k, 7541 fa s 77 4 Hh 4k 8
Bi 7212 h, WA, PBSEPE 2 WX, I 0.5 mL JC-1
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PR 0.5 mL 7 2585 7% 5, 75 40 M 15 75 56 h 4k 42 835 7%
24 h, WrHE 40 M, PBS TR 2 k. BEANEE S IIN 200 pL
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BHEAI LR & i

PEB AR X E B RIEKFERM  Western blot 5L
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FE I, 90 V HLIK 30 min J&, 120 V HL¥K 90 min; 400 mA
# [ 60 min; 15 FH 5% 4 3% (& = i 90 min;
INAH R — 0, 4 °CWF B ik 45 [l Us— i, TBST Bt
3K, N 455 & 90 min, [0 — i, TBST Pl 3 1K,
TIN ECL AL 22 K 6 i o A%, 15 A Image J%F B An 2
1 HK2 .PKM2.GLUT!1 #4723 #7 .

PRI T IR YIRS R4 () HL-60 41
Ji, T i) A 2 T 2 10° A2 it 1) VR B, B 0.5 mL 2/
T 24 FLAR 7 55 72 £ 24 h, i B IMDM 55 77 5 fic 1)
AH BE ) FeCly (10 pg'mL™")s GA (0.5 pg-mL™). Fe-GA
(0.5 pg'mL™")Fe-GA@CM (0.5 pg-mL™") ¥ ¥, If 1A L

BRI 0.5 mL 75 24 15 7% 3%, 75 41 i 5% 7% 46 b 4k B85 97
12 h, 4, PBS i3k 2 ]G k& 31l MDA \Fe** .GSH.
LPO [F)7KF.

HETHXEBARIAKTE LB R R F=4
i, 45 25 5 U AR 4 B, PBS ¥k 3 IR, I\ 24 M v 24 A 4m
Ji, 0N B REGE PR, 100 °C i 15 min 1] £ 85 (4 FE
i FC ] 10% ) SDS-PAGE %t %, L L #E 10 uL FE H
FE &b, 90 V HLYK 30 min JiF, 120 V HLJK 90 min; 400 mA
B i 60 min; {8 FH 5% 2F L3 B & B = il 3 90 min;
IINAE R —$t, 4 °CHE B 1% B — i, TBST ¥
3K, N HU% & 90 min, [ i, TBST Pl 3 UK
BN ECL A5 R B id, A8 H Image X H 45 £
1 SLC7A11.FTH1.GPX4 #4773 47 .

SwitFE 7% AW 5 GraphPad Prism 10 X%
AT G T, 45 R UL £ bRdEZE (x £ 5) K
7, K H one-way ANOVA 7 B % 55 A 11 22 577, P <
0.05 F IR % 2B 1\ 1) 22 57 B Gt 22 = 3

FER5TTR
1 HPLCE GA FAREN

5 3 ff) GA R & K FF (0.031 25~2 mg-mL") —i%
AR AR E M 28 (B 1) X RNy =10 458x +
2492, R°=0.995 5.
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Figure 1 GA concentration standard curve. The drug loading

rate of nanoparticles were determined by high performance liquid

chromatography (HPLC). GA: Gambogic acid

2 Fe-GAWHI &S

H A [F) LB 14 FeCl, 5 GA 3@ ik 9 3 43 4 15 ) %
Fe-GA, 175 %% Fe-GA I KL% LA\ PDI. 1 2 (1175
5 DL I H e A Fe il (3R 1). 4 GAIFeCl N 112 B,
HoRE A% e /N N 102.32 + 3.08 nm, HL A7 e KON 62.38 +
2.64 mV, 78 R i K (9.83 £ 0.73)%, K I % Fe-
GA M EE/REE N 102,
3 Fe-GA@CM W& R FRAE

| R 75 1k B 2 1 % Fe-GA@CM, 1E & 2 5
[fil, FeCl, N % 3% {0 . GA N 3 th . Fe-GA NIR T (1, Fe-
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Table 1
proportions. PDI: Polydispersity index. n=3,x £ s

Size, PDI, zeta potential and loading rate of different

Zeta potential ~ Loading

GA :FeCl
5 /mV rate/%

Size/nm PDI

141.90£5.50 0.12+0.04 +50.11+5.82 0.52+0.03
111.57+4.63 0.19+£0.05 +60.22+3.40 3.63+0.38
102.32£3.08 0.09+0.07 +62.38+2.64 9.83+0.73
104.45+£3.56 0.07+0.01 +55.71+2.67 5.45+0.38
107.62+3.46 0.12+0.08 +49.18+2.14 3.25+0.19
115.64 +3.32 0.06+0.05 +42.66+2.53 3.15+0.17

—_— = = N W

1:
1:
1:
1:
2:
3:

GA@CM Niktite (K2A). IE4h, H4E SDS-PAGE #t
Jie HL ik 45 SR B R (] 2B), Fe-GA@CM 5 CM 14 F18L
)2 E B, T Fe-GA R WAL . 48K kA8 &
zeta FLAL /3 AT 45 SR U 2C D FiaR, Fe-GA P EIRi4E A
102.32 + 3.08 nm, i it /& 0,78 /5 Fe-GA@CM -1~ 4 HiL
428 271.87 £ 26.95 nm, Fe-GA V- ¥ 147 A +(62.38 +
2.64) mV, 40 i JE 11135 A7 A —(57.16 + 0.36) mV, £

250 kDa
150 kDa
100 kDa
70 kDa i
50 kDa
40 kDa |
35 kDa

25 kDa

[ J& Fe-GA@CM ¥ Ha A7 FE A 9 +(17.82 = 1.18) mV.
EANAT WSO 25 R 27K, GA FIl Fe-GA 7£ 280 nm 4t
L I IR Y I, GA7E 360 nm AL WL, Fe-GA
£ 360 nm 4b TC B R WU, 427K Fe-GA i Th 2 4 (&
2E). SEM &% B i 7R Fe-GA 3R I Y6 1 « %6 BRI M, 1M
Fe-GA@CM RLAT I T K, 77 = 2K ERTE, JA [ 73 A
B RMELE N (B 2FG), LA 45 FE 4R 40 i A 1l T 0. 7
Fe-GA. FaiEMESLit st B8R, Fe-GA@CM 7E 10 KN
KR TG B3N (B 2H), 38 Fe-GA@CM H A HUF
FaEtE. XPS 4R WK 21 TR, Fe-GA fll Fe-GA@CM
Hi Fe y Fe™" . XRD 45 R 40 i 21 i, GA K W %% 31
B . PR AT S 0, 36 B HG DG 8 TR RS A2 1E, Fe-GA
Fe-GA@CM 23 2 ANRHAEAT 0, 7] RE DL4S S T 20
1PAE
4 K5 GSHIE R MRS

I H MB 45 75 AHIESE T Fe-GA@CM 1) GSH 1]

>
< ® c
@ X X & 15
RN F F
S @ @ W — Fe-GA
— Fe-GA@CM
3 104
2
[72)
=
[}
E 54
0 T
10?
Size / nm

D 100 E
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> .M — GA
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= >
g g
o] £
© -50
N
I 300 nm
100 T T T ' o—
300 400 500 600 700
Wavelength / nm
H 500 I J
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1007 M—\L/L_—/Ju‘—\
0 T T T T T T T T T T T T T -
2 4 6 8 10 12001000 800 600 400 200 O 20 40 60 80

Time /d

Figure 2

Binding energy / eV

Binding energy / eV

Characterization of Fe-GA@CM. A: The appearance and morphology of Fe’", GA, Fe-GA, Fe-GA@CM; B: Results of

SDS-PAGE gel-electrophoresis in different groups; C, D: Hydrodynamic diameter distribution and zeta potential of Fe-GA, Fe-GA@CM;
E: UV-vis absorption spectra of FeCl,, GA, Fe-GA, Fe-GA@CM; F, G: Scanning electron microscope (SEM) images of Fe-GA and
Fe-GA@CM; H: Fe-GA@CM stability experiment; I, J: X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) full spectrum

of GA, Fe-GA, Fe-GA@CM
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Figure 3  [n vitro release ability of Fe-GA@CM in different condition. A: UV-vis absorption spectra of MB in different conditions; B: GA
release from Fe-GA@CM in different pH and GSH levels; C: GA release from Fe-GA@CM in different GSH levels; D: Fe*' release from

Fe-GA@CM in different GSH levels. n = 3, x + s. GSH: Glutathione
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Figure 5 Mechanistic exploration of cell death. A: Flow cytometry data on cell apoptosis in HL-60 cells after different treatments; B:

Fluorescence image of HL-60 cells with reactive oxygen species (ROS) after various treatments. Scale bar: 50 um; C: Flow cytometry

data of membrane potential of HL-60 cells after different treatments; D: Statistical data of apoptotic flow cytometry; E: ROS fluorescence

statistical data; F: Flow cytometry statistical data of membrane potential. n = 3, x +5.”"P < 0.001. ns: P> 0.05
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Figure 6  Glycolysis related indicators of HL-60 cells after different treatments. A, B: The levels of glucose, lactic acid treated with FeCl,,

GA, Fe-GA and Fe-GA@CM; C: Western blot experimental results for HK2, PKM2, and GLUT]1 proteins. n = 3, x  s.
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Figure 7 Ferroptosis related indicators of HL-60 cells after different treatments. A—C: The levels of MDA, GSH, and Fe®' treated with
FeCl,, GA, Fe-GA and Fe-GA@CM; D, E: LPO staining images and quantitative analysis of HL-60 cells. Scale bar: 50 pm; F: Western blot
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