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Supplementary Figures
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Figure S1. Detailed results of machine learning-based feature selection. (a) LASSO cross-validation plot and coefficient paths. (b) SVM-RFE recursive feature elimination accuracy trajectory. (c) Random forest variable importance plot (mean decrease in Gini) for the top 20 features from each GEO dataset.
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Figure S2. Competitive SPR binding assays confirming target engagement specificity. Pre-incubation of immobilized proteins with excess structural analogs (100 μM) significantly reduces quercetin binding to AKT1 and β-sitosterol binding to IL-1β.



Table S1. Physicochemical and surface chemical properties of GO and cGO. (n=3)
	Parameter
	GO
	cGO
	Method

	Lateral size (nm)
	520±160
	540±170
	AFM

	Thickness (nm)
	1.05±0.18
	1.02±0.16
	AFM

	Hydrodynamic diameter (nm)
	612±96
	638±101
	DLS

	Polydispersity index (PDI)
	0.23±0.04
	0.24±0.04
	DLS

	Zeta potential (mV)
	-39.6±3.2
	-38.1±3.1
	ELS

	C/O atomic ratio
	2.31±0.10
	2.28±0.09
	XPS

	Raman ID/IG ratio
	1.02±0.05
	1.01±0.05
	Raman(532 nm)

	Endotoxin level (EU mg-1)
	0.18±0.06
	0.17±0.05
	LAL assay(562 nm)

	Fe3+-to Fe2+ reduction rate at pH6.5 (min-1)
	0.215±0.018
	0.086±0.010
	UV-Vis(562 nm)

	Fe3+-to Fe2+ reduction rate at pH7.4 (min-1)
	0.091±0.009
	0.034±0.005
	UV-Vis(562 nm)



[image: /Users/jinwang/Library/Containers/com.kingsoft.wpsoffice.mac/Data/tmp/photoeditapp/20260514112838/temp.pngtemp]
[bookmark: _GoBack]Figure S3. Synergy analysis and cytotoxicity screening for drug ratio optimization. 
Table S2. Drug loading content,encapsulation efficiency, and release characteristics of GO@Drug and cGO@Drug.
	Formulation
	Drug
	Loading content
(wt%)
	Encapsulation efficiency(%)
	Release at pH 7.4 at 48h(%)
	Release at pH 6.5 at 48h(%)
	Notes

	[bookmark: _Hlk229640301]GO@Drug
	quercetin
	18.7±1.4
	83.6±3.2
	28.4±2.1
	72.6±3.7
	pH-reponsive release

	GO@Drug
	β-sitosterol
	32.1±2.1
	89.2±3.6
	21.7±1.8
	68.9±3.4
	pH-reponsive release

	cGO@Drug
	quercetin
	21.3±1.6
	88.9±3.1
	33.1±2.4
	81.2±3.9
	Enhanced loading and release

	cGO@Drug
	β-sitosterol
	35.4±2.2
	92.7±3.4
	24.6±1.9
	74.8±3.6
	Enhanced loading and release


[bookmark: _Hlk229640586]Loading and release parameters of the pH-responsive GO-based co-delivery system. Date are mean±s.d. from n=3 independent experiments
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Figure S4. CD44 blockade efficiency and dose-dependent uptake of FITC-GO@Drug. (a) Flow cytometry histogram showing CD44 surface expression before and after antibody blockade. (b) Mean fluorescence intensity as a function of GO@Drug concentration.


[image: ]
Figure S5. Ferrostatin-1 (Fer-1) control experiments confirming ferroptosis pathway dependence.

[image: /Users/jinwang/Library/Containers/com.kingsoft.wpsoffice.mac/Data/tmp/photoeditapp/20260514113157/temp.pngtemp]
Figure S6. Expand physicochemical characterization confirming successful drug loading and stable colloidal behavior of GO@Drug.
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Figure S7. Systemic metabolic and inflammatory profiles in ApoE-/-mice after 8-week treatment. (a) Serum total cholesterol, LDL-C, HDL-C, and triglycerides. (b) Serum IL-1β, TNF-α, and CRP levels measured by ELISA. 
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Figure S8. H&E staining of major organs (heart, liver, spleen, lung, kidney) from all treatment groups, showing normal histology without evidence of toxicity. Scale bar, 100 μm.
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Figure S9. Long-term (6-month) safety assessment. (a) Body weight curves. (b) Complete blood counts at sacrifice. (c) Serum biochemistry panel. (d) Prussian Blue staining of major organs showing no abnormal iron deposition.
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Figure S10. Advanced lesion intervention model (20-week HFD before treatment initiation). (a) En face Oil Red O and lesion area quantification. (b) H&E-stained aortic root sections. (c) Fibrous cap thickness measurement. (d) Gelatin zymography for MMP-9 activity in aortic extracts.
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Figure S11. Characterization of the FRET-based Fe2+ nanosensor. (a) Schematic of Fe2+-dependent peptide cleavage and FRET disruption mechanism. (b) Fluorescence emission spectra before and after Fe2+ exposure, showing increased Cy3/Cy5 ratio. (c) Calibration curve of FRET ratio versus Fe2+ concentration. (d) pH stability profile of the sensor.
[image: /Users/jinwang/Library/Containers/com.kingsoft.wpsoffice.mac/Data/tmp/photoeditapp/20260514113559/temp.pngtemp]
Figure S12. Characterization and pharmacokinetics of 3H-labeled GO@Drug. (a) XPS C 1s spectra of 3H-GO@Drug confirming identical surface chemistry to standard GO. (b) Hydrodynamic size and zeta potential comparison. (c) Radiochemical purity by SEC-HPLC. (d) Drug loading equivalency. (e) Organ biodistribution of 3H-GO@Drug at 24 h post-injection. (f) Size-exclusion chromatography of urinary 3H fractions at day 28 showing low-molecular-weight degradation products (<5 kDa).

[image: ]
Figure S13. Long-term histopathological safety at 180 days post-treatment. H&E and Prussian Blue staining of liver, spleen, kidney, lung, and heart from 3H-GO@Drug-treated ApoE-/-mice, showing no evidence of necrosis, fibrosis, steatosis, or iron overload. Scale bar, 100 μm.
image5.png
0

Count

150 P
—
125 P .
g 9 -
< 100 .
2
g 715
)
|
> 50
=
o
Q 25
o > Iy >
« & & o o«
o & ¥ xdﬁ? 8
& g
& exd”@
o
C11-BODIPY (Lipid ROS)
S
Control ocLDL  oeLDLFerl  Goapre i ol
er-
) 68 356 193 ’ 82 16.7

10100100 10 10t 10 10"

100100 100 10 100 10° 100 10° 10° 10 10° 100 10° 1 10 100 10 10*
C11-BODIPY (581/591) —————————————»

E 10 25
L £ 2
E £

¥ 6 © 15
3 4 g 10
£ 5 5
g o 0
= gé P

P ;’o@v A
‘,\,v“

o>

> © e
& 3 oF o S’°® = £
v N € e
> >
o c@ & & .;»’yv gS
a3
$e
GPX4 | D —  w—— D e |1) (Da x'z
&3
&
-actin | GEEND GEED GEED GEED @S | 12 kDa N
CI1-BODIPY (green)
oxLDL+
ovLDLY  GoGDrugr
Control ox-LDL ox-LDL+Fer-1  GO@Drug Fer-1

-
2.0
.

15

e
in

3

8 8 &

Lipid ROS (C11-BODIPY MFI)
H




image6.png
a -OH
(3430 cm™)

C-H
(2920 cm™)

C=0 Cc=C CcC-0 C-0-C
(1725 cm™) (1620 cm™) (1220 em™) (1050 cm™')

GO@Drug |

Fl NN
& )
8 E
=
a 1
= :
z :
w 1
= H
g :
[ '
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
e
GO
GO + Quercetin
- GO + B-Sitosterol
=: GO@Drug (Quercetin + B-Sitosterol)
«~
@
o
=
]
=
—
=
174
=
<

. 200 250 300 350 400 450 500 550 600
Wavelength (nm)

b

Intensity (a.u.)

800 1000 1200 1400 1600

Raman shift (cm™)

1800 2000

(e
W
>
—

—o— Hydrodynamic diameter
—&— PDI

N
74
(—]

PDI

50

Hydrodynamic diameter (nm)

0 12 24 36 48 60 72
Time in 10% FBS (h)




image7.png
a Serum lipid profile
Total Cholesterol

8

246228

8 & 8
g

150

2

g
LDL-C (mg/dL)

HDL-C (mg/dL)
8 & 8 8

B

Total Cholesterol (mg/dL)
g g

°
°

°

PBS FreeDrug GO GO@Drug PBS FreeDrug GO GO@Drug PBS FreeDrug GO GO@Drug PBS FreeDrug GO GO@Drug

b Serum inflammatory markers (ELISA)

IL-1p TNF-a CRP
. 6
o] = 9822101 4822068
-~ =y g
& o~
3 i g
S 18250 W 1374 3032045
2 S &
e ? P
= Fyven £ . Sese g unxuz
2 » |:u:u E it o .
196231 oseznw
» . m
o 0
PBS  FreeDruig GO GO@Dmg PBS  FreeDng GO GO@Drug PBS  FreeDrug GO GO@Dnlg

8 pBs B Free Drug I co B Go@Drug




image8.png
I

=T

b e





image9.png
40+

35

Body weight (g)

20

15

100

30

25+

—e— PBS (n=10)
—#— GO (n=10)
—&— GO@Drug (n = 10)

ALT
)

4 8 12 16 20 24
Time (weeks)
AST BUN Creatinine
(L) (mg/dL) (mg/dL)
200 “ 10
o 150 £ " L

sl o 2

10

ALP
L)

® &

e

100- 20
° 044|®
10
= 02
0 00

<9 & & & & &
¥y

il -

t}fé&

15

10

HGB
(g/dL)





image10.png
Thickness (um)

120

PBS

Free Drug

GO@Drug

Lesion area (% of total area)

kDa

60

50

40

30

20

10

rer

PBS Free Drug GO@Drug

PBS

Free Drug

Plaque area (x10° um?)

140
120

100
80

20

7

GO@Drug

PBS Free Drug

MMP-9

(~92 kDa)

(% of PBS)

Relative MMP-9 activity
& 3

GO@Drug

882

2
8

°

PBS  Free Drug GO@Drug




image11.png
a
. -~
© Gly-His-Leu-Gly-His-Ala @
oo T e ,ﬁ,
Fe*-cleavable motift ~ ——— *
Intact nanosensor After Fe?* cleavage \&.
FRET ON FRET OFF
Low Cy3/Cy$ ratio High Cy3/Cys ratio
@ Cy3 (Donor) @ Cy5 (Acceptor) — Peptide linker & Fe* cleavage site

Cc

25

y =0.52 log,o[Fe**] + 1.03

204 R?=0997
2 Linear range: 0.05-100 uM
£ 15
&
S 10
2
&)

05

0.0 . - - .

0.01 0.1 1 10 100 1000

Fe?* concentration (uM)

o

Fluorescence intensity (a.u.)

Cy3/CyS5 ratio

1.2x10°

1x10°%

8x10¢

6x10*

4x10*

2x10*

— OuMFe?*
- = 100 uM Fe?*

Cys

0 T
560 580 600 620 640 660 680 700 720 740
Wavelength (nm)
25
Buffer: 10 mM HEPES (pH 6.0-7.4)
20 10 mM Tris (pH 7.4-8.5)
100 mM NaCl, 25 °C

15
] F—+—4+—3 3 3 3 3 —*
0.5
0.0

5.0 55 60 65 70 74 78 80 85

pH




image12.png
30.0k

p=0.74
—— GO@Drug (standard) - 250 0 —
250k 1 . _ _ 3H-GO@Drug
286.1 eV 200 I~
S 20.0k z -10
< _— ——
E 15.0k E il 'g 0
w -
§ 100k § 100 ;g 30
| P -40
5.0k 50 S _s0 -36.1+21mV  -36.8+23mV
0 0
292 290 288 286 284 282 280 GO@Drug *H-GO@Drug GO@Drug SH-GO@Drug
Binding Energy (eV) (standard) (standard)
c d e
1.2x10° 14.6 min [ GO@Drug (standard) [ 3H-GO@Drug 100
T 1.0x10° DOt RadiOC_ln;l;ﬁg;l purity 25 p=0381 g
=98.6% r 1 -
@ 8.0x10° 20 ] 187£06% 18.6+0.5% E 10
g g &
£ coaot Zs p=076 5 1
: 2 FrTeT
5 4.0x10% .g 10 84£0.3% 83203% g
& o0x10t S = 0.1
3
0 0 , S £ 0.01
0 5 10 15 20 25 30 Quercetin B-Sitosterol » Heart Liver Spleen Lung Kidney Aorta
f Retention Time (min) b
3.0x10% MW Standards 100 kDa 30 kDa 10 kDa 5kDa
T (11.7min) (14.6min)  (17.6 min) (19.2 min) 1 kDa 0.1 kDa
£ 25x10* ; : : : (23.6 min) (32.1 min) )
T 2.0x10% : ] . ) Majority of radioactivity elutes
.Z’ .Ox . ' at <5 kDa, indicating urinary
E 1.5x104 excretion of low-molecular-
s 4 :
S 1.0x10% Degradatiih Products weight metabolites.
E 5.0x103 (<5 kDa)
0

0 5 10 15 20 25 30 35 40 45 50
Retention Time (min)




image13.png
(ND)

ApoE"
(HFD)

H&E

ApoE-~ (HFD)
+ 'H-GO@Drug
(5 mg/ke)

ApoE~" (HFD)
+ Atorvastatin
(10 mg/kg)

ApoE™"~ RN die e S e 8
(HFD) a < / X

ApoE™” (HFD) i i
+H-GO@Drug 3 St el / Ve
(s mg/ke) . - S , S ® e

ApiE™* (HFD) SRR B , i S
+ Atorvastatin 7 i i 2 7 3 72

(10 mg/kg)

Prussian Blue
I
I
[
|





image1.png
LASSO cross-validation
58 54 50 44 37 28 2217129753211

14.0

13.5

13.0

12.5

12.0 { L

Partial Likelihood Deviance

11.0

,7“1
11.5~|

C

LILRB4 -
ALOXSAP -
FCERIG -
SLCIIAL -
MS4A6A -
CD300LF -
TYROBP
Ly =
CTSE 1~
FCGR3A -
2
PLACS
CIQA -

CIQB {-®

CD68 -
SIGLEC1
LGALS3
TREM1
CYBB

1 2 3 4
Mean Decrease in Gini

Coefficients

LASSO coefficient paths

SLCI1AI ~

TYROBP -
FCERIG -

ALOXSAP -
MS4AG6A -
CD300LF -

LST] 1
ITGAM -

CD68
FCGR3A -

LYZ -
CTSS -
CIQA

SIGLECI 1
TREM]

LGALS3 +-

PLACS +
CIQB 1
CYBB

0

1 2 3 4 5
Mean Decrease in Gini

SVM-RFE accuracy trajectory

SLCI1AI -

LILRB4 -

ALOXSAP ~
TYROBP -

FCERIG -
MS4A6A -

CD300LF --
LGALS3 1

LSTI
CIQA

TREMI
FCGR3A A
CTSS
SIGLEC1 A

CIQB A

LYZ
CD68
CYBB
PLAC8

ITGAM -

Mean Decrease in Gini

1.00 -
i Optimal: 20 features
0.95 - H
1
= 0.90 :
© :
o I
= 0.85 - |
G E
2 0.80 A {
& i
g 0.75 - :
3 i
g 070 + i
0.65 4
0-60 T T T E T T T T E ] T T T
5 10 15 20 25 30 35 40 45 50 55 60
Number of features
LILRB4 -
SLCI1Al -
ALOXSAP -~
TYROBP +---
FCERIG -
MS4A6A -
CD300LF 1
ITGAM -
LST1 =
LGALS3 1
FCGR3A
CTSS 1
TREM1 1
CIQA
SIGLEC1 1~
CD68 1
LYZ 71+
CIQB 1
PLACS -
CYBB -
T T T T T T T T T T T T T
0 1 2 3 4 S 6 0 1 2 3 4 5

Mean Decrease in Gini




image2.png
Response (RU)

o

Response (RU)

Quercetin binding to AKT1

Association Dissociation

100 200 300 400 500 600
Time ()

B-Sitosterol binding to IL-1f

Association |, Dissociation

100 200 300 400 500 600
Time (s)

Quercetin (M)
No competitor
— 25

— 125

— 625

— 3125
— 1.56

+ Analog competitor
---25
===1255

--- 625

3125
--- 156

B-Sitosterol (uM)
No competitor
—25

— 125

— 625

— 3125

— 156

+ Analog competitor
25

125

625

3.125

--- 156

Apparent K, (uM)

Apparent K, (uM)

100

10

0.1

0.01

100

10

0.1

0.01

Quercetin binding to AKT1

g

F — 4

0.11 £ 0.03

No competitor

7.12+1.30

+ Analog
competitor

B-Sitosterol binding to IL-1p

L

S

0.13 +£0.04

No competitor

8.35+1.52

+ Analog
competitor




image3.png
Bliss synergy score 2.0
40 1.0 CI < 1: Synergy
; - CI = 1: Additive
o : .
20 Synergy C 15 it CI > 1: Antagonism
E 0.5 b 1.18
10 e N B
S 101 000 | ol6 [HO55 SN | _! Best synergy | = 1.0
‘g 0 | nearl2 i -
g 3 i @QBS) | =
s 1 molar ratio | _g 0.5
o . N N I
25 . L ( 0.41 -0.5 H
]
25 5 10 20 40 80 '
B-Sitosterol (uM)
Optimal
Quercetin:B-Sitosterol molar ratio (Q:BS)
& d
Composite score
140 Cholesterol efflux (higher is better)
(fold vs. model)
8 106.2 1:0 0.45
R LT 1033 1021 984 o, — 10 Pyt
S 100 o LS :0. 0.68
& — 1:1 1:1
= 80 Acceptable S
-g viability — l:Z. 1:1.5 | 1.08
> 60 (=80%) - BB 1:2 1.48
= — 14 1:3
20 — 0:1 1:4
0 Cytotonicity 0:1
S ° > % v o T N otoxici Synergy
A A A (1 - viability) (lower CI

. . . (lower is better) is better) w0 " i L =
Quercetin:B-Sitosterol molar ratio (Q:BS) Composite score




image4.png
a
500
= Isotype control
—— No blockade
400 1 —— IgG control
—— Anti-CD44 antibody
o 3004
g
Q
o}
200
100
0 T T
10° 10 10? 10° 10* 10° 10
CD44-PE (FL2-H)
T Mean Fluorescence % CD44 Expression
b Intensity (MFI) (Relative to No blockade)
— Isotype control 112 2.1%
== No blockade 28,657 100%
= IgG control 27,894 97.3%
= Anti-CD44 antibody 2,186 7.6%

Mean Fluorescence Intensity (MFI)

40,000

35,000

—— FITC-GO@Drug (no blockade)
—8— FITC-GO@Drug + anti-CD44 antibody

T
5 10 20 50

GO@Drug Concentration (ug mL™)

kK




