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RGN S AEMEAR B R (R AR R E PR AE I . mRNA % Je 0% S Al s . 2B 50 2
6~8 JEI Y HEPE BALB/c /N (A BT 24 20 o) , 28 5 N 1 R BR 1L 67 28 Flue-mRNA B350, SR 1/ 8)
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[Abstract] Objective To construct an engineered milk-derived exosome (mExos) vector for efficient

messenger RNA (mRNA) delivery to the respiratory tract by systematically screening cationic modification
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materials. Methods mExos were isolated wia ultracentrifugation, followed by electroporation-mediated
loading of firefly luciferase (Fluc) or enhanced green fluorescent protein (EGFP) mRNA. Chitosan (CS),
polyethyleneimine (PEI), poly(beta-amino ester) (PBAE), cationic lipid (DOTAP), and protamine were used to
modify mRNA-loaded mExos. Dynamic light scattering, nanoparticle tracking analysis, flow cytometry and
luciferase reporter assay were employed to evaluate particle size, zeta potential, colloidal stability, cellular
uptake, transfection efficiency, and cytotoxicity. Fifty female BALB/c mice (6 to 8 weeks, about 20 g) received
intranasal administration of dye-labeled or Fluc-mRNA-loaded formulations. [In wivo distribution and
pulmonary transfection kinetics were monitored by IVIS imaging, while histopathology and serum biochemistry
Results

successfully constructed. CS-modified mExos (CS-mExos) demonstrated surface charge reversal while

of major organs were analyzed at 24 h post-administration. Cationic-modified mExos were
maintaining optimal size and stability (PDI unchanged within 48 h). In witro, CS-mExos enhanced cellular
uptake in 16HBE and A549 cells by 2.56-fold (P<0.001) and 4.56-fold (P<0.001), respectively, and
increased Fluc-mRNA transfection efficiency by 28.9-fold (P<0.001) and 26.5-fold (P<0.001) versus
unmodified mExos, with >95% cell viability. In vivo imaging revealed CS-mExos specifically accumulated in
the lungs with sustained retention >72 h, mediating 9. 5-fold higher peak Fluc-mRNA expression at 6 h post-
administration. Histopathology and serum biochemistry confirmed no significant organ damage or abnormal
hepatic/renal indices. Conclusion Systematic screening identified chitosan as the optimal cationic material

for engineering milk exosomes. The developed CS-mExos vector enables efficient targeted mRNA delivery to

http ://aammt. tmmu. edu. cn

the respiratory tract with enhanced pulmonary transfection and favorable biosafety.
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BALB/c /N (W B Jb st i@ A 42 A 7)) N SL 5 sl ), 1)
I TG4 2 B R 2 I o e i AR Wl o TR RIS
Hl SPE B b7 1) 5 BB 45 R IREE 20~25 °C
AHSHEE 409%~70%, 12 h/12 h BREERR , [ iR BbRiE T
BRI K . AW KA sy sc sy 64581
Pl 4242 R AR S D1 23 1t (AMUWEC20210929)
SEgG LR, S D S AR SR TR R (R
LB R TE AR ERAE TR . AR R
RAETNANEA R FAF,
1.2 ## 5

16HBE , A549 . Raw264. 7 4 ifs ¥kl A< I 1851 41 [
o AR K HEE [ (firefly luciferase, Fluc) Fl
B i AU gk (0 9% % 5 1 (enhanced green fluorescent
protein, EGFP) Y JBUkE i H [ 4 17 B 2 7] 45 5 ; RPMI
1640 . DMEM . opti-MEM 1% % 5t | JIf 4= IfiL i . Pen-Strep
XL 0. 25 % . (1x)PBS  JCAZ i /K W [ 95 [ € 2R
RO E] EAREN B H R EELRER LCS VPEL, Protamine 14
H A E BT T 2 7 s PBAE W A 4 AR 08 7
DOTAP Il [ vh & vh A A SE R e A PR A 7] s BCA 2R
PR R I ) R K PR 9 R Tl i R B A D 3
R G A E 2R = KA T 77 i RNA 7 55
& Capl Mg & A b E 4 B AR A RA
Al DR ER A A EH R B Al Gel Extraction
R & e EKEAE P28\ CCK-8 15 I 7
BRIEN A 5 HA A 1 AR X 0 e BT T
A, H o o B 9 B8 m R0 AH €435 (high performance
liquid chromatography, HPLC )% .
1.3 Fshibtk ey R A B

JRE 2 7% (800 mLL) M\ >4 Hhy i T WA 15 . 4 i i 4
W5 2R 100: 1 AR A, TREIRFHE S min,
BEFLA4 °C 12 000Xg B0 15 min, B EIEH,£20. 22 pm
YEREAT U5 AT FLIE . FLIE P L4 °C 210 000xg i
B0 70 min, SUEERITVE , RIARAF A AN A . 44281
AR IMARDTTE FH PBS T &5, TR LA 4 °C 210 000xg it
B0 70 mine FHPBS VRS, ULTE S AT PBS H, LU
4 °C .10 000xg 50> 10 min, BRI B UITE . ME A
JFER I BCA & IE . 2F WhMAMA (B2 <3 mg/mL)
BiJ5 F-80 CLRFEELZEMH .

Sy Ak T B SR A , X mExos B FEARIEAT T
B AR BEAGIN o K A AT TE FH A B RIPA 24
TRA) . HE3E WEAS 5 M ol 55 o 5 4 AH [R] A 7 BV (an
1%SDS #9 PBS) , F F B il 4 1iL3% F & H (bovine serum
albumin, BSA)RIESHER MR YERI A 0~1 500 weg/mL,
SRIGIRF A 5 B4 50: 1 AYARFR L BC i BCA TAE

Wo TE96 AL, 73 BN 25 WL &4 AR e it M fif
DAL AH (252 AL) , BELANA 200 WL BCA TARH, 52
PRIR SIS BT 37 CHEOGIE 30 min, WEH % MUS 12
WA, 57 A RS R 562 nm ST AL
WOERE[OD(562) 1B o AR S FE (pug/mL) Ay A A
B V310D (562) (B 0 AL br 2 il b it 26, OF 4845
LAERATT R

1.4 18 & T I 5Lk 69 # s B R AE

141 5 B EME Wi mExos il id HL 28
FLBF IVT-mRNA 3% 3] mExos 77, il 45 H 712k mRNA A9
mExos. H2x10°4> mExos Uk (A RS HZIN 5 pg)
DU 55 22 wh i AR B L 1: 9 5% T Gene Pulser HL %
FLZE W BEFS N A 10 mg IVT-mRNA . 18 & %%
B B AL AL LA FTEUK BTV o % L A A
Gene Pulser Xcell™ Total System L FE LR R R AT
HUZEAL BB R J7 5 #2200 Vs R 10 ms;
Bk oS U Bkl Rg 1 s Je a8 Ultra-15 5500
U 2R (MR 4311k 100 kDa) AT I8 , 4 HL 27 AL
Gz PR R A S MR R 2 AR RER, BT AR A 2
IVT-mRNA f)) mExos.

%t F 51 8 IVT-mRNA (1 mExos , 4% 2 5 A [7] BH 25
- #4 Bt ——CS  Protamine , PBAE . PEI L\ & DOTAP #%
FEAE LL B 7, 76 37 CF IR 30~60 min, Bl , 45 1R
AW LL 100 000Xg 250> 70 min, 3525 1 W, A% 58 UL
UE , AT BJAS 28 A ) B 8 5~ A RHME A i S A
1.4.2  BKKARE 25 HUHE 28 (polydispersity index,
PDD) Zeta WL AL MBS M IFEAL RS B OSGHUN
(dynamic light scattering, DLS) F144 K k7 18 &5 43 1
(nanoparticle tracking analysis, NTA )X} mExos M & 1fii
J& SR B AL AR | Zeta H A FIRL F¥ BE AT T 1FAR
18 157 ) B B 5% (transmission electron microscope,
TEM) WLZE mExos M ABA f5 MR I TE A8 2 R -1, W
HREAE 5 2% B9 R 171 4% 1 min.

1.4.3 BUBHEBERCRIK SR BRARWEEEAE i Ukox
mExos 3 %¢ Flue-mRNA FUIE BT RAE . 23 51 5 LA
AR 25 mExos 24K Y Flue-mRNA 5 485 R 24
fift 1) mExos FE &, Lh K28 1% Triton X-100 24 fif B i P
Y mExos FE . FTA RS S EREGIRIR G S L TE
19% S NE R BE IS (5 AL TR G RE) vh BEAT HL DK . HBLIKAE
(1x)TAE 22w 120 VAE T #4729 20 min, HLIK
SE AU A0 ] 5E Ah BRI R AR B WL R T R A
FIR

144 FREMEELE NG FHE 2406 5 mExos
1 I AR S M B R B T 4 °C PBS TR . R
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DLSHEA , FERFIF 1 0.4.8.12,16,20,24 .36 J2 48 h
IR E) 5, 23 S HoK SRR A 5 £ Bde B, i
T A% B (]S B , 2 AR L R A AR DR AR 5 3
—PEM AL

1.5 mRNA/CS-mExos 1k #hif 3% 58 ) 69 3% 4%

1.5.1  CS-mExos 7£ AN [F) 40 i H ) 45 B fiE bt
16HBE 411 g (2x10°/4L ) . A549 41 §d (2x107/fL ) .
Raw264. 7 4 g (1x10°/4L ) £ Fh T 24 fLA b, 5537 3
o NG REIR R 25 70% i, FEFL A DD #5Ric
(49 BH B 71 i () mExos (DiD 5 mExos $# 4 F 1 1: 100
BEENC) . WH 4 hg, FHIRES CR & EDTA) WAL, I
BRI T NS BELR A% . B, L) 800 r/min 5.0 5 min
AR AN , I T PBS 8, i A O =X A A Sk
AE RGN I 4347 BE: 200 B %) A9

1.5.2  mRNA/CS-mExos % A [7] 20 g i 5% Y sdo

4 16HBE . A549 RAW264. 7 41} 75, T-37 °C.5%CO,
AIREFEA TP LR R RS 32 60%0~80% I , HEATIH AL
FHEL, VAR AR 2 2} L0 AL T 96 FLAR .
PBS ZZ 1 .400 ng # Fluc-mRNA L& 4% % 400 ng Fluc-
mRNA ) mExos .CS-mExos \Lipofectamine® 2000 il 57153
J55 100 wL opti-MEM IR & 5 AL . T 48
HRESE 4 h, B opti-MEM & & XL Al FBS (1) RPMI
1640 K5 35 5L, Ak 28555 24 ho {8 Flue 3R 45 3L PR RS )
TR S A B LA G55 X R

1.5.3 ZHAsEtkEscss 4iARIS J7iE i CCK-8 i it
PRI . Ks 16HBE 4fl g (3x10%4L) . Raw264. 7 4l iy
(3x10*/4L ) F1 A549 41 Jifg (2x10*/4L) 50T 96 FLAR
Rigt 24 he Bfi)5 , FH & 400 ng IVT-mRNA/FL 1) mExos/
CS-mExos 40 FLAH MY, I 7E JC 1MLV opti-MEM 15 37 B rh
F37 CWEE 6 ho ALHRJE , B by fof o8 A b5 55 5L, 4k
LW H 24 ho N PEAT CCK-8 23 #7, B AL N A 10 pL
CCK-8iX 7,76 37 ‘C FMFE 2 he f#i [ Varioskan™ LUX
TR L BN AE 450 nm P A0 I 22 WG EE [ 0D (450) ]
o ARACFRAHHIAE N 100% 15 F1 560 B8 AL & B 32 5L 1
25 LA 5 SRE .

1.5.4  FOUKMIEAL IR A RaeE S iPAh il
IS 19 EGFP-mRNA 7& 16HBE 21 il i 1 26 35 50K
i 35 9 B WER I 4 AT EGFP BHE 41 i 1) 294 ' 5k
B 400 ng B EGFP mRNA (4 it 14 5 75 43¢ 45,5 '
M IVT-mRNA) #1452 400 ng EGFP mRNA (1351,
P15, 2" L B e 16HBE 40 . 5€ U5 il A PBS
T 73 AL PR A, IOl FHB B 2O S BB LR
1.6 RN iEE L2 AMEFN

1.6.1 RN S mRNAZBBERCR [ FHZOEYLR

1, 1-2 /e 3k-3, 3, 3, 3- U FR Lm0 = F 6 5 LAk
(1,1’-dioctadecyl-3,3,3,3'-tetramethylindotricarbocyanine
perchlorate, DiR)FRC CS-mExos(HEBRAEEE /0. 05 mmol/L).
FE37 ‘CFWEE 2 hJ5 I Ultra- 15 B0 IEE B (R A
3T 100kDa), T4 ‘C .10 000Xg &> 15 min, R AR
ZiamirE gert, BiJS BT DR AR 12 HY CS-mExos/
mExos PLAE H/NERL 2x10° AN 0k 1) 751 2 48 5 PN i 1 4
R 25 2 MER . >R H IVIS Spectrum {15 & 4t WL 55 5¢
JAF T o AT BRI AL , 26 AR BRI ] S 322 2%
B LOGE DIR2EOGIE 5 o TEIAEY RS TR AEY) 53
A 25, BALB/e /N & S NI T IR IR 45 7% 5 ng
Fluc-mRNA [ CS-mExos il 5, 1 TAEM ROLIBER . 43
256 hm  JEIETES D-PEE 3 (150 mg/kg) o K TVIS
Lumina Il £ 4t #1745 A1) RO AS (B H ] 60~
120 s, ST 15~25 cm) , Bl R A/ B 2 B B (i L
W JHEEECE) o BUHR B A OR SR I B AT PO K
18 (B PR 640 nm, & 5 3K 680 nm) , A=W KOLTH
YZil 3T Living Image 4. 5 8042 5434, 28t B2 W] LA
A ot Ry HEHEREAT A — A Ab B
1.6.2 RPN PERT TE 45T CS-mExos/mExos
(R :5 pg mRNA/HD) JF 24 b B EZEEE (il 0
W M) L ] 4% 22 5 TR [, 2 B A Ak
B, W45 wm B HLAY R, AT 95 AR - DAL
(hematoxylin and eosin staining, HE) 4@, i j5 i FH JE
[ Eclipse Ci-L BB WS, LA B B84k . R bEAh
CS-mExos/mExos [ 4 4 5] (50 L/ H) 3 i
WEE A2 )74 T BALB/e /M. 4524)5 24 h, ZIRIESS
F R MR HR 4 11, 76 %35 T A 3 000%g B0 5 min, A
Oy o T AT IMLE AR AR 45 58 2 Servicebio (HE
DO HATEEE AT . AL IE AR 46 D B ds &
[ N AR5, 74 il (alanine aminotransferase, ALT) Fll
/I\ I‘j 43 /ﬁ @4’2 /ﬁ % "'-F& *fv @ﬁ (aspartate aminotransferase ,
AST) |, B Ifigtr s [ K R A (urea nitrogen, Urea) il
LR i & i (lactate dehydrogenase, LDH) |, Fr A i
D22 BRAR ol PR A 27 R A B 3l 2B Ao B A AT
I 7E
1.7 it FE 5

B2 AR D wves R, H 43 Lok e E (Can g =X
240 LA 00 9 BEL PR 200 B 0 LU ) DA s B (i B > e 46
JE AT . K GraphPad Prism 8. 0 5 F #E 4748 11
O3HT e A EARAT G IR A oy 22551, R TR R
77 22531 (One-way ANOVA) , Bifi |5 #£17 Tukey £ 5 [t
BRI s 5 AAF G SRR 3 45 0F Wk ] Kruskal-
WallisJEZHG K, L Dunn’ s Z 8 LK 56 . P<0. 055
mEFRAG R X
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2.1 mExos #4932 Ae R AE

i 3 P A i) R B O VR A B 1% UK TR TRIAL BE
RIS E A, 25 H mExos (B 1A) . TEM M%< i
T, KL AT MR P ARIRIE S, A2 80~100 nm
(E 1B.C) . DLS il 1% mExos fJ /K & i 7 K /NN
(141. 3+1. Onm(E 1D.E), HXHEAKAIPDIO. 181+0. 017)
AR s B P i [ (5. 16x10"'£7. 98x10°)mL] 36 B
mExos i3 E (K 1F) . TVT-mRNA 7] 3 3o #, Z5 FL,

=

iz £ mExos R4t . B WH5E I LUK UESE T IVT-
mRNA [ 58 205« 78 B 2800 S8 1A v 2 W 4% 28] i 25
RNA 454 (45 33K 38 ) , i Triton X-100 403 5 B 58
HEM IVT-mRNA H ICRE AR (57 4 UK 5% AR 2 DK B AH
), WL 16,
2.2 A& FHAASA SRk ey Mk

AWFFEiE L DLS 5 TEM 255 %6, KRG 0EAEG T 5 Fh
FH 25 744 #} (CS . PEI, PBAE . DOTAP , Protamine ) 7 A~
[F)& 7 A7) T % mExos #7482 . PDI & Zeta FL A 5200 .
AT R, BEE B L BN, 2 AUk S Zeta HL

Electroporation

W IVT-mRNA

N
N
| Mixed with — —
acetic acid 12 000xg — | 210000xg = 210 000%g
Milk = =1 N
5 min, RT 15 min, 4 C — | 70min4C L; 70 min, 4 C
\4/ =l —
A
Milk-Exos :nE‘ 30 :
g 25 Size:141.3£1.0 nm '
) PDI:0.1810.017 :
=] 2.0 '
- :
= H
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A: Extraction and isolation processes of mExos and the loading of IVT-mRNA; B: TEM images of mExos; C: Histogram of particle

size distribution measured using Image J; D and E: Results of nanoparticle tracking analysis of mExos, as well as particle size and

PDI measured by DLS and NTA (n=3, x+s) ; F: Relationship between protein concentration measured by BCA assay and particle
concentration measured by NTA; G: Gel electrophoresis of mRNA. Lane 1: Control (mExos), Lane 2: naked Fluc-mRNA, Lane

3: Fluec-mRNA encapsulated in mExos, Lane 4: Fluc-mRNA encapsulated in mExos with Triton X-100 treatment

Bl Ssh ik aiREUR RAE

Figure 1 Extraction and characterization of mExos
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P RIAFFEEE (B 2A~C) o TEILALILETT
CS-mExos . PBAE-mExos 1 DOTAP-mExos % #7428 43 5]
$9(207. 2+3. 2 )nm.(201. 9+5. 1) nm F1(216. 426. 8) nm,
Zeta M IEAS A (+11. 8+1. 2)mV.(=1. 31+1. 1) mVFI
(+22. 1£1. 9 mV(KI2D~F, 1 PEI-mExos #l Protamine-
mExos [ K7 4£>250 nm H PDI>0. 3,8 T LA HERG . LT
BiAe 5 PDI I AL i e 45 5% , ARWF R e 8 T I i 42
A6 T AN LA, I 5 22 % CS-mExos . PBAE-mExos Fl
DOTAP-mExos TR AR DI RE LLEL . BLA), 38 2 TEM
XEOEBE EE B A& M 1 A1 0 A E T 5 UL 5%, 45

7R, CS-mExos 5 G AT PR IURY (1) BEEDIR S5 4, 3R
WA 2ok R AR R IR LA e 3 (18 26 ) 6
2.3 R AMiH kR H F 5409 CS-mExos

N F G VEAL BB T 8 1 mExos ( B CS-mExos .
PBAE-mExos Fl DOTAP-mExos ) (V£ RE , A< A58 38 1 7
AN 2 Z B 15 3 DR RGN S A% PR 1 A 7
T 2 AR, HE o O A E  IVT-mRNA 7% L%
B ARRR e . MR S5 R R, CS-mExos 7E
16HBE FlI A549 2l Jifd v i H8 HURCH 43 S B ARAE M mExos
55 2. 564 (P<0. 001) F14. 56 4% (P<0. 001, K 3A .B) .
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Figure 2 Construction and characterization of different nanoparticles
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A and B: The intracellular uptake of DiD-labeled mExos or mExos modified with various cationic materials was detected by flow

cytometry in 16HBE cells and A549 cells; C: Bioluminescence intensity reflecting Fluc-mRNA transfection efficiency mediated by

mExos/cationic materials in I6HBE and A549 cells; D and E: Stability evaluation of mExos or various cationic materials modified mExos

in PBS; F: Comparative assessment of mExos and cationic modification strategies across 5 performance dimensions via radar chart
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Figure 3 Screening results of the optimal candidate CS-mExos (n=3)
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A~C: Comparison of Fluc-mRNA transfection efficiency mediated by mExos, CS/mRNA, and CS-mExos in various cell lines
(16HBE, A549, Raw264.7); D~E: Comparison of cell viability by CCK-8 assay after treatment with CS-mExos, CS/mRNA,
mExos or naked mRNA (control) across 16HBE, A549, and Raw264. 7 cell lines
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Figure 4 Cell uptake, protein expression, and cytotoxicity of the preparation
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G: Comparison of eGFP-mRNA delivery by mExos versus CS-mExos in 16HBE cells, visualized by fluorescence microscopy at

6 h post-transfection
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Figure 4(continued)
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A': Biodistribution of DiR-labeled CS-mExos and mExos in BALB/c mice after respiratory administration; B: Organ imaging at

selected time points post-administration of DiR-labeled CS-mExos and mExos; C: Expression kinetics of Fluc-mRNA in mouse lungs

mediated by intranasally administered CS-mExos or mExos over time; D: Quantitative analysis of fluorescence signal intensity in

mice over time ; E : Quantification of fluorescence signal in mouse lung tissues at indicated time points ; F: Luciferase signal

intensity in mouse lungs after intranasal delivery of CS-mExos and mExos
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Figure 5 Distribution of CS-mExos in vivo and their delivery capacity(n=3)
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A: Histopathological examination of heart, liver, spleen, lung, and kidney tissues at 24 h post-intranasal administration of

PBS, mExos, or CS-mExos; B~E: Comparative analysis of blood biochemical parameters in mice following intranasal

administration of PBS, mExos or CS-mExos
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Figure 6 In vivo safety evaluation of CS-mExos (n=3)
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