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In vitro and in vivo evaluation of folate-mediated triptolide exosome
targeted delivery system against malignant melanoma
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(1. Department of Pharmacy, Fudan University Shanghai Cancer Center, Shanghai 200032, China; 2. College of
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Abstract: In this study, exosomes were extracted from human malignant melanoma cell A375. Folic acid (FA)
receptor was used as target and triptolide (TPL) was used as model drug to prepare exosome targeted drug delivery
system, FA-Exo/TPL. The physicochemical properties and antitumor effect were evaluated in vivo and in vitro.
Gradient centrifugation method was applied to collect exosomes. Then, exosome was modified with FA for loading
TPL. The particle sizes of the FA-Exo/TPL were about 100 nm with a double-layer membrane structure like a tray.
It is characteristic of high encapsulation efficiency and drug loading. In vitro experiments showed that FA-Exo/TPL
could be effectively uptaken by A375 cells, thus significantly inhibiting proliferation and promoting apoptosis the
cells. In vivo experiment results showed that FA-Exo/TPL could effectively inhibit the growth of tumor tissue,
prolong the model mice life cycle, and significantly reduce the systemic toxicity of the free drug, playing a
synergistic and toxic role. Animal welfare and experimental procedures follow the regulations of the Animal Ethics

Committee of Fudan University Shanghai Cancer Center. This study provides a new strategies and methods for the
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preparation of TPL against malignant melanoma.
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T BB R (malignant melanoma, MM) #& — Ff
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W R F R AR R 7 O BRIG T, % T
BEFREMIA BIRT FB . RERBNAMIEITE
BAREWIT VEWIRTT KR EibIT 5. f X B R
TBIT I — AT 251, BRis R TR SOH AL T 2541,
AR P LT A S 25 I 1 oS-35 PR s g 55 LI
WIT A R R NERK, BB A 8RR A 10%~15%.
7 I BRAF #1141 55 )8 2 JEJE (vemurafenib). 5 22 7 34
JEIE AL B B4 BF (mitogen-activated extracellular signal
regulated kinase, MEK) #1155t 32 % JE (trametinib) .
WAL 6~7 4 H Gt L™ EAIM 251 . 2014 4F3
B2y B & B R (Food and Drug Administration,
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ZE AN BRSO A6 ) R, 7 A BRI PR LB

T AR, 77 A2 N K A LE 24 W 38 i) 326 5% v R T HY
PRI 3 . A AN (exosome, Exo) /& —FSki iz
£ 50~200 nm {1740 /i1 73 WA FEIHL, 7T by 22 b S R 4 ffd
A, FRAE T RZHR T . MERRIRIIGK L 3, 4
WK B BRI 0N L Ho 88 TR PR AR R 1) U B R g s A ]
B RN 2 22 AR L, AL O B ) B 2 i
IEFARE T I — R i, AHE 7 DA 83 48 i SR s 1)
AN UAMAAE N TPL (133 25 38044, ) A R SR 1 U5 B34 1
4 245 W B ) 3 1 2 MR A7, 1B AR 0 X TR A ks L

ATRIMEM, AT HE— 0 B s R 1 PE, o508 29 A
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5 IEE A EL, MR (folic acid, FA) 52K #F b f¢
WA AP T R, FRR, AR B ORRME
RNE TR K 35 3 TR I R 52 Ak, (TR IE R 4l K
NN R B BARFIEN. RN 515 08 A%
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BN E AR L, WA S BRI 2 R g
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HE5IRF  TPL (4L > 98%, s M4 ¥kl
Fo A IR =D G DMEM £ 9% W 6 4 103 XUt
(Gibco 7~ wl); W B £k 2% v 2% (PBS, Hyclone A #);
DSPE-PEG,,,-FA (¥ % Jiii 18 = W BHE A B A 7] ); RIPA
ZL 4% “BCA (bicinchoninic acid)if 7 & (Beyotime 2
#]); PKH67 iR 75 & (Sigma-Aldrich 24 #]); DAPI (4',6-
diamidino-2-phenylindole) if7fl|#&; (Solarbio A F]); CCK-8
i 77 & (cell counting kit-8, Biosharp /A #]); DiR %% J6
4%l Annexin V-APC/7-AAD T3 7 & (L A
Y%L 5 A BB 2 A); TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
assay) 71 & (Roche A &)); H g N (il 4fi, K A8 4t
K, Bl 5m ot 4t

WS SCIG N BRSO BB 4 ik A375
5 H ATCC (America Type Culture Collection). BALB/c
BRER, T B F i 7 33k v S AR S WA BR A ] (VR AT IE
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W siie 48 5 HLOR 2t g e = B S 56 sh A6 B 2 o 2
HLHE, S2I6sh A8 FH A E S SYXK (97) 2020-0006.
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SERT IR A 85% Al AR, B A375 41 HIE, IRIRE
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FIH BCA 551 & I 7 il £ 1) Exo M A 2R IR B2, DA
Exo: DSPE-PEG,,-FA (20 mg-mL™") = 20: 1 (w/w) (1
BRG], T HRFAMTHIBE L h KRG
F 120 000 xg+4 °C | & > 70 min, & % ¥ 2 (1) DSPE-
PEG,,-FA, # B0 UTUE Y H Tilve PBS H &, B 155 )
#H A& FA-Ex0.

K 8 75 V2 1] % FA-Exo/TPL A A 1K #1545 25 &
G801 TPL R — H 3£, (dimethyl sulfoxide, DMSO)
P (1 mg-mL™") F1 FA-Exo #0148 WU B T8 S 8 A X
TR AL . H AU S EOR BN 20% HR1E, 30 s
FF/e, 6 MR, FE4F5E 3 min, FAMEIR Z [ 45 2 min
AEIR A . SR E R AW T 37 °C R E 0.5 h,
4°CNEE 1 h, DAY E AP IR 4584, T 120 000 xg-
4 °CZ& M T B0 70 min, B2 BB, ¥ & O UUEYR
F 1574 PBS 5 &, R 15 A1 W 44 $E [7) 45 24 & 4t FA-Exo/
TPL. PAERARXI 25901 $ 3 (encapsulation efficiency,
EE) Ml# 2455 (drug loading, DL) ¥ #4E¥5, ¥ FA-Exo
(S EEE) MTPL M E A% E N 151,100 1,
5:1.1:1.1:5.1:10 1 1: 15, ft3% FA-Exo A1 TPL f
o RHFFER) T4 % Exo/TPL.

BHEMBASMNE 1% LR 556 &8
FA-Exo/TPL, Wit 4 FiF K, K H HPLC VI 52 A4 1.3
(997 2 TPL IR FED, RIS 7E R 2 PT0E Y TN R I,
fift, 10 000 xg &> 10 min, | 52 F N FP A& H ) TPL
SE, WL T AR (1)) i FA-Exo/TPL )41 &}
% (EE) M# 2 & (DL).

EE = (Wi = Wie) | W < 100% (1

DL =W,/ (W, + W) x 100% ()
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FA-Exo/TPL R & BRI FIFEASFEE  FIH 4
b 7K i B FA-Exo/TPL, | 3O Rz FE A a2 k4%
AR AT AR . B S L BT 4R L, 3R I i X
AR, TEIR TS, RAE S BN g5t
TEASLEH

Western blot i iE5M AR EER  HUHl &1
Exo M FA-Exo/TPL &, N N\ RIPA % fifg ¥ A1 ik 44
Zaf, PRELI R 4 SDS-PAGE ) B VB 4 il (A
T (BSA) H VS, 4 AU FE 1) CD63.CD9
M TSG101 —#1, W & BEME 5, I A\ SR & E Ak v g
FRic ) 3 Bt S 91, IR A ECL AL 27 & 6 il 71 &
TE AL PR R THURFHAIE B RIS 1 L

A375 YR8 3T FA-Exo/TPL BB EXIE R ¥ A375
Y f AT LR ER I, K ER SRS,

W 2R IR, 7 NN PKH67 F7ic i) FA-Exo/TPL Al
Exo/TPL, 4k 2207 & 4 h, 7+ 5 55 I B Pe i Al B, kX
TN 4% 22 5 I (] 5 40 e, DAPT V3 WA Je 4%, bt
DGR B i B, FBOE IS AR BB g2 4n R
I3 HT A375 4% FA-Exo/TPL Al Exo/TPL HI4EEUS I«

FA-Exo/TPL X} A375 ARG 7E R &0 1 A375
YN F T 96 FLAR Y, A K Z b AR AR, seatdl
43 5N 100 L A~ [\ 3 B /¥ Exo FA-Exo Exo/TPL .
TPL Fl FA-Exo/TPL ¥, Exo fll FA-Exo 4L H 1 M A
Jo R FE IR N 5.25.50.100.200 pg-mL™", Exo/TPL.
TPL #1 FA-Exo/TPL 2H ] 25 ¥ ot & ¥R B A X R 5. 25
50100200 ng-mL", % {8 ZH 480 i A~ in ] 751, 25 4 21 v
HEBHRFRE n=8). %&HE 2405, 00 TF&A
Fr AL m N CCK-8 477l 10 L, = i 2% 11 T~ 4k 2L 7
H 2 h, B EEAR OO 2 % FL IR BEAE, AR 4E LR
A 3) THE A S48 4 40 B I A7 95 3R, Horb As sk
96 Wt B L Ab SRS AL B L Ac Dt R 41 IR
HEE .

HMIAFIE R = [(As—Ab)/(Ac—Ab)]x100% (3)

FA-Exo/TPL X1 A375 ABAT KR K A375
Y MR R T 12 FLAR R, A M & Rl AR A R, 23l
A FA-Exo.Exo/TPL.TPL fll FA-Exo/TPL (FA-Exo 2
AMIAMAER R B N 50 pg-mL'; Exo/TPL 4. TPL
“H I FA-Exo/TPL 41+ TPL Ji & ¥ J& #4 50 ng-mL™),
Ak L8537 6 h, SR F U QA B AR A [R) Ak 320 (R 1
I, 320 B B ST 40 R 8 T R AR BT

ANEMEERBERBEBIREMNESL BT
AR A375 40 1, JEBE WAL B0 S, NI
DMEM #5755, B fuFon =T 2.5%10° 4 T4
B A TR Ak B2 R B Rl 200 wL 40 A, A5 IR K R —
EEFRG, AT 85

FA-Exo/TPL YR AR EME R % FiR 7k
Fo S A 5 AR BRUREZY, A57 R K &2 500 mm’ 2 A5 B FH T
%% 5% FA-Exo/TPL [ AR PY#E ] 14 . 37 °C T, ¥4 DiR
FEW (1 mmol-L™") 551 % f FA-Exo/TPL 1 Exo/TPL %
LI Ee R A (BZ bR S B H &), 15 min J5, T
120 000 xg 2514 F &0 1 h & % £ 4 DiR, PBS #H &, Rl
4 DiR % Y6 £ £t #5301 FA-Exo/TPL Al Exo/TPL. ¥
FL 4y ) Je sk i ok S A A R R AR N, 45245 0.5.2.
4.8.24 hiv}, F 55 S bE BRI, 7E 750 nm/780 nm JE KA,
R /N vk % & 40 (A5 : TVIS Lumina S5; #1
SRR (L) AIRAR] BEERHESH
R FE AR AL FNAR N 2 A, VRN 2 R AB I S R AN WA A
FA-Exo/TPL ) g #E ) 4

FA-Exo/TPL A AR &8 iR 7k i
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T IR R BB Y, 5 R K 2 100 mm® 22 A7 I, K B A B
YIBENL 2> A 5 4 (n = 6): 4 BH 25 /K 41 . FA-Exo. TPL.
Exo/TPL 1 FA-Exo/TPL #H.. TPL.Exo/TPL 1 FA-Exo/
TPL 4+, #% TPL 15, 452471585 0.6 mg-kg'; FA-Exo
ANIRZE 25708 N 6 ngkg! (B E AT, 51K
BUNENOR, B2 REZ 1R, LB H 14K (L4258
W)o BHRL 2 Ja PRt 4R R AR A4 2, 00 2 iy 2 2 i K
1% (a)JFaA% (b), IEHE BRI [V, V= (axb)/2], 221
BRI R AR A K ARG R . 2B 15 R, &b
BEARER, FE MR A R E R R G R =
(RSP 22 J e — S 2H T 49 o ) ok HR 4 45 J o
100%), # #1775 K & - 4 (hematoxylin-eosin, HE)
I TUNEL %8, % 5 %45 ZJ A I 408 15 0 [ I X
OB VE A, AT HE Qe i, B3R5 40 21
W, BIRIIAIRERR (n=6) k1R, 1l 3%
H AR S FH R AR KT 2 000 mm? (¥ [i], 22 i) A
1Fhzk.

Gt ES T BRI DS £ bR (£ 5)
For, 411 E 4 UL GraphPad Prism 6.0 34 4 i, 4811
75 55 UL SPSS 18.0 BAFREAT 40 4T, 43 M 5 VA AL EE ¢
K46 ANOVA J5 ZE 43T, P< 0.05 REHBE Gt 2 E R

#ER
1 FA-Exo/TPL 4K $R[6) 2425 R G W & R RAE
SERE TR . B1AB KR RIS 5 H 4 45

R, FEHUI AN ARLAE N 100 nm A 47, TE 45 24546
FE BB B 25 7 o BCA 7 &5 45 1) S B B i ik
FEN4.98 +£0.19 mg-mL". M- FRAS i 5 A1 48 17 344
FA-Exo, FEAARARTC B AL . T HLA2 45 R IR,
Exo }-25.14 £ 0.79 mV, FA-Exo [49-39.73 £ 0.32 mV,
#24)5, Exo/TPL 5 FA-Exo/TPL 5% B AN A
AT B 75 R, Exo/TPL Al FA-Exo/TPL H HL A7 43
AHE-25.52 £ 0.65 mV F1-38.03 + 1.43 mV, & B FA 1%,
DhiE4: 3] Exo % 1. Kl 1C A4 [A FA-Exo Al TPL i &
EE il % (1) FA-Exo/TPL 1) 0 35 Z 14 24 &, 45 R K W
FA-Exo BB & &5 TPLIFE LA 11, B ES
(L R AR, 75508 56.39% + 1.09% F136.06% +
0.44%. G LA PR RERH (F1AB), #5
TR 2545 1) Exo-TPL F1 FA-Exo/ TPL 4MNIMAZ: 245 5.4t
TR FE IR A A 450, (B R BT A2 K, 29 110 nm
KA. EID SRR, SRR e 4 iE, 3t
RELMARC 11 CD9.CD63 PA K TSG101 [l 3% .
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2k S A R R L R AT R T 4, ARk
56 M) FH O e 3R A8 S 1UE 75 %% PKH67 A7 10 1Y) Exo/TPL
HIFA-Exo/TPL 1) it A FE L% . 1 2A 29 FA-Exo/TPL
M Exo/TPL 5 A375 413 & 4 h [ AL 73 Ao &
HE AR R IR Y 10 A375 Al i %, & (X R PKH67 b
0 FA A AR S, Merge P& R 3 €0 R 43¢ €5 5% )l6 11 28 i 2K
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Figure 1

The characterization of Exo drug delivery systems. A, B: The morphology (A) and size distribution (B) of Exo, FA-Exo, Exo/

TPL, and FA-Exo/TPL; C: The drug loading and encapsulation efficiency of FA-Exo/TPL; D: The expression of CD9, CD63, and TSG101

of Exo and FA-Exo/TPL. Scale bar: 100 nm. n = 3, x + 5. Exo: Exosome; FA: Folic acid; TPL: Triptolide; TSG101: Tumor susceptibility

gene 101
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Figure 2 Cellular internalization of Exo drug delivery systems. A: Confocal laser scanning microscope images of FA-Exo/TPL and Exo/
TPL uptake by A375 cells. Blue: A375 cell nucleus; Green: PKH67-labelled Exo and FA-Exo; B: The mean fluorescence intensity of cells
treated with FA-Exo/TPL and Exo/TPL, respectively. Scale bar: 100 nm. n =3, x 5. "P < 0.01. DAPI: 4',6-Diamidino-2-phenylindole

Exo/TPL i FA-Exo/TPL ¥ 0] #f A375 4l a4 . 2B
N FA-Exo/TPL 1 Exo/TPL 5 A375 4fl il SL 0% & ), 4
L P (S 3 e B, R I IRIB A G, SN RS 24
RO R ) SR A L ES H, XTI e A2 E T A375 4
ek 1Y TR 52 AR ) I R A2 U 1D A W A A T 5 YD S AT
PE, I 59 568 1 44 i 40 L
3 FA-Exo/TPL X} A375 ¢RARIETE AV 220

& 3 Jg AN [e] 4ab BE 4H % A375 20T i 458 B P 2 0 445 B
GER R, ] & (AN IR Bxo S 28 I IR A 4 HR AR Wik A4
FA-Exo B A5 R UF 0 AR5, TL-F- 506 40 M 2 1
B 2 LH A SR I IR B O Y A B B A, DL TPL T,
Exo/TPL. TPL 1 FA-Exo/TPL [ 2 #1 i Y& /% 18 (half
maximal inhibitory concentration, 1C,)) 4 %l A 60.27+
45.54 F127.79 ng-mL"', L W¥ TPL 9.4 T Exo H aJ [
TR A B 30 ih1) ek e 40 B 38 B A o T TPL ALK
T FA-Exo Ji, 7 {3 14 3% TPL 41 i 2 {F 1, wT AE 2 th
T 5 24 W 2E T 25 ) K 338 ik N 4 L, ] S E)
RO 25 A% R 0 B ) VR AR T A I i 3 5 T
AEDRRZEPE, A RS AE IS, 358 T #0445 20 i [R) 1
FHEAEF, 2% 52 R4l X, 259 ml 7 40 i 9 2 AR,
T 38 56 7 AN H] A375 40 o 386 4 1 F A
4 FA-Exo/TPL %t A375 4RA A T8I0

A375 41 il & FA-Exo. Exo/TPL. TPL 1 FA-Exo/
TPL %5 S8 T 0 45 S 1 18] 4 7k, FA-Exo 45 %) R 41
T B 2R (P> 0.05), £ FA-Exo WA T2
SHEH (F4A.B). 1K 4C~E 7%, Exo/TPL.TPL Al
FA-Exo/TPL ZH ) 2 i H A [F) 4% B2 1) F IR E T2 (Q2)
B U U T2 AR BE (Q3), HUE A TS % (Q2 + Q3) ik k4
I (K 4F). 5 Exo/TPL #l TPL ZHAH L., FA-Exo/TPL 41
(R 20 R T R B i (P < 0.001), 7] BE 5 182 AN 4 il 3%
THD PR P PRS2 A4 AH ELAE L, 3G9 1 8 48 B 4t TPL (1) 4%
HUCA ¢, 55 200 P 3 7 S 36 4 R — 2
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Figure 3 The viability of A375 cells after treatment with differ-
ent concentrations of Exo, FA-Exo, Exo/TPL, TPL, and FA-Exo/
TPL. The "TPL" in horizontal axis means the TPL concentration in
TPL, Exo/TPL, and FA-Exo/TPL groups; The "Exo" in horizontal
axis means the total protein concentration of Exo in Exo and FA-

Exo groups. n=8,x+s. P <0.01. ns: No significance
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FA-Exo/TPL 41 |5 %5 i 8] £ RE K, 22 30 55 56 1) i e 2
Ve, BAESS 254 hisf R SRR 3B hL AR &R, Bl
Jo WA A AN, 4524 24 h ), FA-Exo/TPL 25 Jif 83 #45
AL 650 AT i 2% 7 T Exo/TPL 4, 3% W4 R 1B 1ffi
J&, Wh5R T AN 25 R IR R I M . iR A 1 Y
5 5 1% Fi BH A4 M. (enhanced permeation and retention
effect, EPR) LA % i J83 200 ffa >R Y5t 1 40 34 4% 1) R S8 U B
R, 4195 Exo/TPL HL AT — 52 19 Jif8g 0 1) 58 7715 AR s
JIFv 8 241 P 2 1T sy 9 0K I R 52 A2 (1) 4R 1L, 1) 4% 1) FA-Exo/
TPL it — 25 458 1 55 I8 40 B f00 A0 B4R, oo As Ak it
P B N 23 A AR, A T A P e 3 B, SR iR 5
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Figure 4 Cell apoptosis induced by different treatments for 6 h. A-E: The flow cytometry analysis of A375 cells apoptosis induced by
DMEM (A), FA-Exo (B), Exo/TPL (C), TPL (D), and FA-Exo/TPL (E); F: The cells apoptosis rate of different groups. n =3, x 5. P <
0.001. DMEM: Dulbecco's modified Eagle medium; 7-AAD: 7-Amino-actinomycin D; Annexin V-APC: Annexin V-allophycocyanin

FA-Exo/TPL

Exo/TPL

Epi-fluorescence

Radiant efficiency
(p-sec-cm’2~5r1 )
uW-cm™

Figure 5 Real-time fluorescence images of tumor bearing-mice treating with DiR-labelled Exo/TPL and FA-Exo/TPL at different time.

The black circle and white arrow indicate the location of the tumor
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Figure 6 Therapeutic efficacy of FA-Exo/TPL in vivo. A: The tumor volume curves of nude mice with different treating during the experi-

ment; B: The weight of tumors dissected from nude mice after administration; C: Representative images of HE and TUNEL staining of

tumor section. Blue fluorescence: A375 cell nucleus; Green fluorescence: Apoptotic cells. Scale bar: 50 um. n =6, x +s. ~"P < 0.001 vs control

group; “““P < 0.001 vs TPL group. HE: Hematoxylin-eosin; TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick

end labeling assay
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Figure 7 The biosafety evaluation of FA-Exo/PTL. A: The body weight of tumor bearing-mice during experiment; B: The Kaplan-Meier

survival curves of the mice with different treatment; C: HE photomicrographs of heart, liver, spleen, lung, and kidney (x200), Scale bar:

50 um. n=6,x*s.
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