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Figure S1. Macroscopic appearance of iEXOs suspended in phosphate-buffered saline, PBS. Photograph of extracted iEXOs dispersed in PBS, showing the characteristic pale-yellow coloration consistent with small extracellular vesicle suspensions. [image: ]
Figure S2. Dose-dependent cytotoxicity screening of cEXOs and EXOs. A) Cell viability of bone marrow mesenchymal stem cells, BMSCs, treated with increasing concentrations of cEXOs for 48 h, assessed by CCK-8 assay. B) Cell viability of BMSCs treated with EXOs at concentrations of 0, 25, 50, 100, and 200 μg mL⁻¹ for 48 h. Data are presented as mean ± SD; n = 5 independent experiments.
[image: ]
Figure S3. Comparative metabolomic and proteomic profiling of EXOs and iEXOs. A) Heatmap of differentially expressed metabolites between EXO and iEXO groups; red indicates upregulated and blue indicates downregulated metabolites. B) Heatmap of differentially expressed Proteomic between EXO and iEXO groups. C) Metabolomic loading plot illustrating the distribution of major contributing metabolites. D) Proteomic loading plot revealing the contribution of key differentially expressed proteins. [image: ]
Figure S4. Comprehensive metabolomic and proteomic comparison of cEXOs and iEXOs.
A–C) Metabolomic analysis. A) Volcano plot of differentially expressed metabolites between cEXO and iEXO groups. B) Bar chart and C) bubble plot of KEGG pathway enrichment for differential metabolites. D–L) Proteomic analysis. D) Volcano plot of differentially expressed proteins. E, I) Hierarchical clustering heatmaps of differentially expressed proteins. F) Scatter plot and G) circular diagram of KEGG pathway enrichment (rings: pathway categories, pathway names, gene counts, significance). H) Bar chart of significantly enriched KEGG pathways. J) Integrated scatter plot revealing pathway-level changes across proteomic and metabolomic dimensions.
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Figure S5. A) Quantification of BMSC migration capacity in response to the three types of exosomes, B) Quantification of relative ALP activity and C) quantification of ARS activity.
[image: ]
Figure S6. iEXOs promote 3T3 fibroblast migration assessed by Transwell assay. A) Representative crystal violet-stained images of 3T3 cells that migrated through the Transwell membrane following treatment with BLANK, EXO, cEXO, or iEXO. B) Quantification of migrated cell number per field. Data are presented as mean ± SD; n = 5 independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05 by one-way ANOVA with Tukey's post-hoc test. [image: ]
Figure S7. iEXOs accelerate scratch wound closure in 3T3 fibroblasts. A) Representative brightfield images of scratch wounds in 3T3 fibroblasts at 12 h after treatment with BLANK, EXO, cEXO, or iEXO. Red dashed lines demarcate wound boundaries. B) Quantification of wound closure area as a percentage of initial wound area. [image: ]
Figure S8. iEXOs accelerate scratch wound closure in BMSCs. A) Representative brightfield images of scratch wounds in BMSCs at 12 h after treatment with BLANK, EXO, cEXO, or iEXO. Red dashed lines demarcate wound boundaries. B) Quantification of wound closure area as a percentage of initial wound area. 
area. [image: ]
Figure S9. iEXOs reduce intracellular reactive oxygen species levels. A) Representative brightfield images, upper row, and DCFH-DA fluorescence images, lower row, of cells treated with BLANK, EXO, cEXO, or iEXO. Green fluorescence indicates intracellular ROS. Scale bar: 200 μm. B) Quantification of relative DCFH-DA fluorescence intensity. [image: ]
Figure S10. iEXOs preserve mitochondrial membrane potential. A) Representative JC-1 staining images of cells treated with BLANK, EXO, cEXO, or iEXO. The upper row shows merged fluorescence, and the lower row shows separated channel images. Green fluorescence indicates JC-1 monomers in depolarized mitochondria; red fluorescence indicates JC-1 aggregates in polarized mitochondria. Scale bar: 400 μm. B) Quantification of relative JC-1 monomer fluorescence intensity. C) Quantification of relative JC-1 aggregate fluorescence intensity. iEXO-treated cells maintained significantly higher mitochondrial membrane potential compared with controls. [image: ]
Figure S11. GSEA plots showing significant enrichment of representative gene sets in iEXO-treated BMSCs, including A) mitochondrial proton-transporting ATP synthase complex, B) proton motive force-driven mitochondrial ATP synthesis, C) mitophagy, and D) fibroblast growth factor bindin. Data represent n = 3 biologically independent samples per group.
 [image: ]
Figure S12 A) Quantification of ALP activity at day 7. B) Quantification of ARS staining intensity at day 21. C) Quantification of Runx2 fluorescence intensity at day 14.[image: ]
Figure S13. Transcriptomic analysis of differentially expressed genes between exosome groups. Volcano plots of differentially expressed genes, DEGs, identified by RNA sequencing. A) DEGs between iEXO and cEXO groups. B) DEGs between cEXO and EXO groups.
[image: ]
[bookmark: OLE_LINK2]Figure S14. Cytocompatibility evaluation of hydrogel formulations across multiple cell lines. A–C) Representative live/dead fluorescence images of A) BMSCs, B) human umbilical vein endothelial cells, HUVECs, and C) 3T3 fibroblasts cultured with PAS, PAS-MOS, PAS-MOS@EXO, PAS-MOS@cEXO, or PAS-MOS@iEXO hydrogels. Live cells are stained green by Calcein-AM; dead cells are stained red by propidium iodide, PI. Scale bar: 400 μm. D) CCK-8 quantification of cell viability across all five hydrogel formulations in the three cell lines. All groups maintained viability above 90%, confirming excellent cytocompatibility. Data are presented as mean ± SD; n = 3 independent experiments. 
[image: ]
Figure S15. Curves of the cumulative release of exosomes from the iEXO@PM hydrogel in vitro.[image: ]
Figure S16. Micro CT analysis of the distal femur in 3D profile(A), coronal (B), sagittal(C) and cross-sectional (D) positions in OVX rats.  [image: ]
Figure S17. Surgical procedures for ovariectomy-induced osteoporotic model establishment and hydrogel implantation. A) Representative intraoperative photographs of the ovariectomy, OVX, procedure for establishing the osteoporotic rat model, showing the surgical site and excised ovarian tissue. B–E) Intraoperative photographs demonstrating creation of an approximately 3 mm diameter bone defect at the distal femur using a microelectric drill, followed by implantation of B) BLANK, C) PAS-MOS@EXO, D) PAS-MOS@cEXO, and E) PAS-MOS@iEXO hydrogels, respectively. All groups demonstrate the injectable and in situ gelling properties of the hydrogel formulations.
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Figure S18. In vivo tracking of DiR-labeled iEXO-loaded hydrogel at the bone defect site. Representative whole-animal fluorescence images acquired at 0, 3, 6, and 9 days after implantation of DiR-labeled PAS-MOS@iEXO hydrogel into the femoral bone defect. Red fluorescence signals indicate retention and spatial distribution of labeled exosomes at the defect site. Sustained fluorescence over at least 9 days confirms prolonged local retention of iEXOs, supporting continuous delivery of bioactive signals for bone regeneration. [image: ]
Figure S19. Micro-CT evaluation of bone defect repair at 4 weeks post-surgery. Representative micro-CT images at 4 weeks post-surgery across all experimental groups, including three-dimensional reconstruction, sagittal cross-section, axial cross-section, and color-coded bone thickness distribution maps. Red dashed circles indicate the bone defect region. [image: ]
Figure S20. Histological evaluation of bone regeneration at 4 weeks by H&E staining. Representative hematoxylin and eosin, H&E, stained sections of bone defect areas at 4 weeks post-surgery across all experimental groups, evaluating new bone formation and tissue organization within the defect. [image: ]
Figure S21. Histological evaluation of collagen deposition at 4 weeks by Masson's trichrome staining. Representative Masson's trichrome-stained sections of bone defect areas at 4 weeks post-surgery across all experimental groups. Blue staining indicates collagen deposition; red staining indicates newly formed bone matrix. [image: ]
Figure S22. Immunohistochemical and histochemical evaluation of osteogenesis and osteoclastogenesis at 4 weeks. Representative OPN immunohistochemical staining and TRAP staining of bone defect sections at 4 weeks post-surgery across all experimental groups, evaluating osteogenic activity and osteoclast number within the defect region, respectively. [image: ]
Figure S23. Immunofluorescence evaluation of vascularization and immune regulation at 4 weeks. Representative immunofluorescence images of bone defect sections at 4 weeks post-surgery across all experimental groups, stained for CD31, α-SMA, IL-1β, and CD163, assessing neovascularization, vascular maturation, pro-inflammatory cytokine expression, and M2 macrophage polarization, respectively. [image: ]
Figure S24. In vivo safety of the implantation in SD rats. HE staining of histological sections from major organs, including the heart, kidneys, liver, lungs, and spleen. 

Table S1 Primers used for qRT-PCR of osteogenic genes (Rat)
	Gene
	Forward primers (5’ to 3’)
	Reverse primers (5’ to 3’)

	Bglap
	TCAACAATGGACTTGGAGCCC
	GCAACACATGCCCTAAACGG

	Col1a1
	ATCAGCTGGAGTTTCCGTGC
	GGACCCATTGGACCTGAAGC

	Runx2
	GCGGTGCAAACTTTCTCCAG
	TGCAGCCTTAAATGACTCGG

	


 Table S2 Primers used for qRT-PCR of osteoclastogenic genes (Mouse)
	Gene
	Forward primers (5’ to 3’)
	Reverse primers (5’ to 3’)

	Ctsk
	CCTGTTGGGCTTTCAGCTCT
	CCGTTCTGCTGCACGTATTG

	Mmp9
	TGGTCTTCCCCAAAGACCTG
	CACAGCGTGGTGTTCGAATG

	
	
	


Table S3 Primers used for qRT-PCR of angiogenesis genes (Human)
	Gene
	Forward primers (5’ to 3’)
	Reverse primers (5’ to 3’)

	FGF2
	AGCGACCCTCACATCAAG
	ATCTCATCTTCCTTCATAGC

	VEGF
	ATGAGCTTCCTACAGCACAACA
	ACGTACACGCTCCAGGACTTAT



image3.tiff
NEG_379.2068_362.4607_1_[12]-Gingerdiol
POS_411.1804_468.3851_1_alpha-Mangostin
POS_210.1101_231.5492_1_Proflavine
POS_633.179_257.5863_1_Hesperetin 7-neohesperidoside
POS_595.285_370.7294_1_Ganoderic acid H

P13084_Npm1
POS_130.159_238.6283_1_Dibutylamine P35281_Rab10
POS_275.0485_225.2996_1_BR-Xanthone B

NEG_671.2895_370.7831_1_LysoPI(16:0/0:0)

£ POS 649,153 257.5863_1_Avatrombopag 3 P34056. Hepooast
NEG_291.1973_457.8074_1_Dimethindene ABKING Actb
POS 539.0072_354.6672_1_4.4"5,5".7,"~Hexahydroxy-3,8'-biflavone AOABISZNGG_Ppic
POS_125.0961_231.7048_1_2,3-Dimethyl-2-cyclohexen-1-one ACABIBALGO_ Rnaset2

POS_590.4888_395.7747_1_Cer(d16:1/20:4(62.8E10E, 142)-20H(5S.12R)) ! [
POS_118.0863566.3706_1_Betaine jarellind
NEG_469.2847_416.9625_1_Ceanothine C 0 AOAOGIKB45_Adipoq
NEG_426.2618_414.0409_1_Pimavanserin ABHHS4 Vin

NEG_513.3112_418,8907_1_Flaviduiol C ~ AOABIBAQLS Hspab-ps23
NEG_328.1835_385 6932_1_Trlostane 1 poues pare
AOABIGAGST  Emiint
AQABIBAEHE Pdiad
QSXIED_Anp3ze

NEG_325. 1845385 6408_1_4-Doccy benzenesuloni Ao
NEG_339.1999_308.6659_1_Pexacerfont

NEG-342 1986308 7105 1_Piperolen &

NEG_601.3638_ 421 4913 1_PA(18:3(10,12,15)-OH(9)/10:0)
T i e antne L
NEG_314.168_372.0518_1_(E)~Piperolein A POsaod Map
NEG_323.169_369.9165_ -Epoxymenaquinone

NEG_163 0125, 571 6763, 1 Polyayrens sulfonte
NEG_337.1847_384.0373_1_(8S,9S,10R 115, 138,14S,175)-11,17-Dihydroxy-10
NEG_357 2056400 386, 1 Dodecy!gallte
NEG_381.232_409.7189_1_Levonorgestrel butyrate

Q63207_F10
P63018 Hspas
P18418_Calr

8
ol

Q62636 Rapb
Q9QZK5 Hirat
Metabolite Loadings Plot Pi8292 F2

AOABIGASH? Hops2
P11442 Ci
0z oKFGs
P02401 Rplp2
Q83041 Alm
P04908 Gstp
AOAOGZJY81_Fbint
ACABIGA3AB Rhog
Q92048 _Scpep
AOABISGSTS pkm
ABJDY2_ N
P5050375t13
P62755 Rpst

P85125_Cavini
ASHYAZ.
BSDFCE_EIf3c
AGABIBAZKC Naptlt
aczrse_Pgin

P26453_B:
GD\M’\Q,NHEVM
[T —— Y R

_Rpl
PUIE1012157 001100 Faag e gz D4A4BE Setl2
28t et ] e P08050_Gja'

Loagg2

(o217 15:0wos
P
s 5-arnors -
RS 8 148751 7aa s
o0 o8 ~dos ~dor ~dos
Loading 1

P47245_Nrdc
P04550_Ptms.
”, P30009_Marcks

AGAOGIKAJ7_Colt2at
ACABISZNNS Myh11
BSDF94_Srp2
P68035 Actc
POGG85_Atpiat
QSIFUS_Kit17
ACABIBGS02_AKS
ABIEC5_Cali

ABJSKE_Pba3
F1LS40 Colta2

Protein Loadings Plot

004+

P15087_Cpe
P63039_Fspd1
000+ AAOGZJSHS_Alb.
P97682_Esmi
QZ1GE_
Q01205 Dist
070613 Lgals3bp
AOA0GZ1V24_Thbs1
Q8IFUg_Kit15
D3ZAR_Sprr2d
P29975 Agp
P62260_Ywhae

Loading 2

004

008+

012+

a6 95 aang1




image4.tiff
cEXO VS EXO

D E

>

‘ KEGG Enrichment ScatterPlot

| A0A0G2U212_Eprst
B1WC84_Crpyd

yizhivScontrol

NEG 1480515 500578.1 24 14 Bereosan A one Pasose Pt
|A0A0G2UXT8_Finb
|AOA140TAA4_Pdcdsip

[T ————— °
k11 52779 2 -0 2o FeaturosPeak Number
Significant

i o sssa s 21 sy

© S Up 1)
NoDIf (837)
 Sig_Down (a7) Q08647_AtpSpo
P48721_Hspad

1225_Hp

significant [T ——— . ]

10(pVal)
Pathway
~log10(pval)

&)

+ Sa.bon PB4 oo 11 B 2 s [T T———— Y 0z

P30152_Len2
[AGHVXT_Gisa2
|A0ABISZMD4_Amxat

|A0A0G2K0S1_Eeat

TR ——]

NEG 78 145451 S581_1_yssPA18 4657922215700

o
log2(FC)

[ TR TR TR
Rich Factor

P24268_Ctsd

KEGG Enrichment BarPlot Q63313 Lop
et Gy o o P34058_Hsp0ab1
I Pag03s_Actc:

%
== | AOABIBAGST_Emilint
P40241_Cdo
P28480_Tcp!t
QsJ192_Sdcbp
P04762_Cat
FIMAAT_Lamet
Q8PECA_Skpt

 Geratt ntomatin pracesaing P46462_Vop
PO0786_Ctsh

F E |
¥y |

E— B

g 1

S

KEGG Enrichment ScatterPlot

PrtenNumber s Bt st e oav

“log10(P.value)
oo

|A6KDFO_Vps3s
[r— AOAOG2JYL6_Fina
P31232_Tagin
P31000_Vim
Q920A6_Scpep1
Q6P9TS_Tubbab
P24365_Ppib
|A0JPMB_Chx3
organismatsysame. P35213_Ywhab

Pase

Pathway Name.

Pathway

2005
e
e

o fram——

Rich Factor

Protsin Number 16292_F2
P02401_Rplp2
Q841X3_Hexa
F7EN36_titm2
|A0ABISZQ25_Lamb1
Pes125_Cavint
Q63716_Prx1
Q9EQV6_Tppt
|AOABIBALGO_Rnaset2
Q3MIEa_vat1
AGKFGE_Fn1
P25419_Atpsme
|AOABIGAOES Eitsat
oo Q32KJ5_Gns
- . X . s Q84537_Capns1
Jazafo.cefo ) Menaquinol Ubiquinone and other terpenoid—quinone biosynthesis 4 - - P11232_Txn

0z ® 2 P0g527_Rab7a
P60711_Acth

codaadar tepsrytnm-tssleoing 40 | Q5XHZ0_Trap1
e Q64591_Decrt

I - @ oo | AGABIGAEHB_Piat

) Q9ULTO_Myh10
o i im0, 177 57y P63018_Hspad
Q63365_Myotc
Pvalue P12001_Rpl18
P05952_Nao1
e 13383 Nl
Pa2793_Filt
Metabolic pathways - » A 3_

Pathway_Name

be e 0.2 |A0ABIGASVS Larma
P07861_Mme
P10719_AtpStib

" |A0AOGZKA4 Mmp3
F23355_Rol12

Type Q27W01_Rbmsa

|A0ABISZM12_AnxaT

. meta Q07936_Anva2

P26452

Biosynthesis of cofactors{ = A A prot el
Q5,419 _Nherft

[A0ABISY215_Eohdcz
Q9Z2Q4_Mtr
D3zt _Ton
[ASKING_Acts
[ AIEC5_Calu
Q63270_Aco1
0.00 0.02 0.04 0.06 RACSS,Fo0

Rich_Factor &

o,
“a
wora
1o
g
soen
s
o
wn
oty
sty
sea)

o

@
oy
a
e
w
-
o
oy
e
o
oy
s
w0,
e
o
o

costauesy





image5.png
Migrated Cells

o

Relative ALP activity

IS

N

P <0.001

P =0.02

|

Relative ARS activity

P =0.03

P <0.001

P Fm

@)

S~ o

N

P <0.001

P =0.01

|

P =0.006

P <0.001

sl

I Blank
mm cEXO
- EXO

. iEXO




image6.png
B P <0.001
P =0.001
400 —
P=0.03
% 3004 1
8 P <0.001
B 2004 ' !
®
) ; .
= ﬁ ﬁ 1
0 T
]
mmmBlank  WemEXO
mmCcEXO  mmmEXO





image7.png
150
&
@ 100
o
©
5
= 50
S &
¥ O
WX wn
A\
W 0
R

mmm Blank  mmm EXO
. cEXO = EXO




image8.png
150

RN
o
o

Scratch area (%)
(€]
o

0

s Blank  mmm EXO
N cEXO = iEXO





image9.png
_ 200 P =0.001
[

E '
< 150 p-002

DI 1
z P =0.01

51004 —m

g P <0.001
2 50 U
k<t

[0

o

B Blank SN EXO
BN cEXO WM EXO





image10.png
P =0.001

B 200 P <0.001 C 200 I oot
g 8 — I Blank
5 Proo 2 P =0.04
2 150 — & 150 =0.
o
E_ P <0.001 S_ I cEXO
) T o P <0.001
v 3 100 1 ~ > 100
oe ) |
= P <0.001 o2
Q i - EXO
% 50 g 50 g
k] A 2 _
e (I [aa s | | | exo





image11.png
A mitochondrial proton-transporting B proton motive force-driven mitochondrial

» ATP synthase complex(G0O:0005753) @ ATP synthesis(G0:0042776)
O o
90.50 ©0.50
§0.40 §o_4o
£0.30 £0.30
[ o
£0.20 £0.20
< E=
0.10 Lo0.10
W0.00 UNFS+ 1.9, p- 0.016_FDR: 0.003 50.00 p<0.001. FDR<0.001
2525 | < 25| s
©2 00 | 2200 }
EE-ZS —— 52—2.5 Zero score st 6662
2350 ¢ 2350 ¢
C D fibroblast growth factor
@ Mitophagy - animal(rno04137 @ indi : 134
Umd, 30— p o.zsgy ( ) I-IrfJ, 0.40 —s: o.aEzmdmg(Go 0017 )
£ 020 2 0.30
3 010 & 0.20
g G 0.10
% 0.00 % 0.00
E - £.0.10
& 19 NES: 148, p<0.001, F i NES: 1.58, p: 0.023, FD

gg. 25| gg. 25( 5
3o 0o 35 00
Eg 25 Zero scare at 6682 Eg_z_s Zero score at 6682
o
g -50 ¢ 3 -50 ¢





image12.png
0.02

p=

£
£
I
=3
[
° o
> [y
T +
o O ¢ ¢
X X X X
[N w
N 1]
o
5rS ]
S
" ﬁp
[ la-
o
o
n
o H _H
| S — p—
< © o~ -~ o
&) |oA87 Zxuny aAneRY
A
<
<+« 2
o £l
grs O
S| a
n
a-grlll ]
n
aQ mo
I e .
o o~ — o

M Awioe v eneRy

=0.02
[

- o

~
Ainnoe sy ennejey




image13.png
A Advanced Volcano Plot
iEXO VS cEXO

-log10(pval)

10g2(FC)

Significant

© Sig_Up
NoDiff
© Sig_Down

-log10(pval)

300

Advanced Volcano Plot
cEX(_) VS EXO

10g2(FC)

Significant

© Sig_Up
NoDiff
® Sig_Down




image14.png
373

PAS-MOS
= PAS-MOS@EXO

=31 PAS-MOS@cEXO
= PAS-MOS@IEXO

=3 PAS

Svd

SOW-SVd

OX3DSON-Svd

OXFDSOW-SVd

OX3DSON-SVd

HUVEC

[a]

BMSC

1
HUVEC 3T3

BMSC

T
o
o
—

(%

) Angern 180




image15.png
Exos related (%)

1 1
9 12 1
Time (days)

5

T T
18 21

B Blank
mw cEXO
B EXO




image16.png




image17.png
R '?.4 E S

1|I|I‘I‘I[l|1|l’H\|J|IVW ll |I u‘l‘“l‘\‘lll\ll\\l\l





image18.png




image19.png
|enibes uonnguisip
SSauNoIy |





image20.png




image21.png




image22.png




image23.png
=
o
®
o
>
(1]
=
(oL,
®
o
>
Ll
[S]
=
o
©)
o
>
Ny




image24.png
Lung Splen Liver Heart

Kidney





image1.png




image2.png
y >

Cell viability (%

B
180 1T="5 150 ——
1004 §=5 : 2 1009 (&
° 3
50 = 504
[
[&]
0 0

T T T T T
0 25 50 100200
CEXO (ug/mL)

T T T T T
0 25 50 100200
EXO (ug/mL)





