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WE: AW T UL 257 245 R VS 1 41 i 4 32 38 (Paeonia lactiflora derived extracellular vesicles-like particles, PL-
EVLP) t8A47 M8 73 A5 251 (paconiflorin, PF), LA 58 5T B2 Pk 5 2 RO, il i LUK B8 & (PF@PL-EVLP Gel) it
R TR IR AN 2 R R . DA S O E SR BN PL-EVILP, SR F B 75 45 4 1R Al ) 4 S35 25 10 AT
254 42 (PF@PL-EVLP), PE@PL-EVLP Ay B A XUZ BRI A FER A K RkL, T35 RiAE 2929 148.07 nm, BAH=
M2 B B i ARSE M e DR VRIS 934 1E I 4 51 i) £ PE@PL-EVLP Gel, 7KK 1A 2 v 41 i /1 B2 (14 25 1 58
B H BT, R e R . RN RS2 45 % W] : PFE@PL-EVLP Al PE@PL-EVLP Gel Bl A3 — & SRR 1k 4b
&R LN PF@PL-EVLP BB BRI EAL I Ry 76, AT 40 i N A A Y S AL B (superoxide dismutase,
SOD). J2 il % B (hydroxyproline, HYP) ¥ & & # $27F, H Z % (malondialdehyde, MDA) % 5T 4 J& & 1 -1 (matrix
metalloproteinase-1, MMP-1). i 1 44 (reactive oxygen species, ROS) & i B & F [%; A% T 1% W 41, PF@PL-EVLP
Gel AJ {5 244 (1) SRR S e H im0 2 10.82 3%, o 38 S Uil B e 4 =i 20 7.38 A, RABE A FE im0 9.36 15 . M N 2202
S5 W]: PF@PL-EVLP Gel AT R FE 5T B2 k28 2 A H, 4 v B DR 7Kk &, 389000 SRR Mk v 9 Ji S 2 4 L 451, 177 1k D-2
U S 8 2 /N WU B2 P AR 1 ELISA 45 1 £ B PE@PL-EVLP Gel A R4 55 /0 B W 4 23 A B AL RE 7 (total
antioxidant capacity, T-AOC). id % 1k E . (catalase, CAT).SOD HYP. % Jii 4 J& 2 FI B 40 1) 77)-1 (tissue inhibitor of
metalloproteinase-1, TIMP-1) & & & Ifi.i& 1 SOD & i, /b [ i ZH A MDA \MMP-1 & i &/ BRUIMLIE 1 MDA 5 3, 8
% R TR AL A 0 B2 B, Western blot SRS 2 W 7K B i & 2385~ 1 BAX F) a2k, H0) R Uk 40 B ) 1, R bt B Jik a2
YERL o ASTIEFE A~ 245 41 0 A1 B 7K o I R 28 5 28 3 3% v 24547 %00 03 S 2 B 30 22 77 1 ) 2 FH AR AR 1 S B AR A
HYIEI L g BE 2 K G B B ikl (kiS5 PZSHUTCM2503120002.PZSHUTCM230907004).
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Construction and mechanism study of paeoniflorin-loaded Paeonia
lactiflora extracellular vesicles like particles hydrogel for anti-skin aging
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Abstract: In this study, paconiflorin (PF), the active constituent of Paeonia lactiflora, was encapsulated within
Paeonia lactiflora derived extracellular vesicle-like particles (PL-EVLP) to augment anti-skin-aging efficacy. A
hydrogel system (PF@PL-EVLP Gel) was subsequently engineered to further enhance the formulation's stability
and transdermal delivery efficiency. PL-EVLP were isolated by differential centrifugation, and paeoniflorin-loaded
PL-EVLP (PF@PL-EVLP) were prepared via ultrasound-assisted freeze-thaw cycling. The resulting PF@PL-EVLP

exhibited cup-shaped, bilayer-membrane nanostructures with a mean diameter of approximately 148.07 nm, a high
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drug-loading capacity, and favorable stability. PF@PL-EVLP Gel was fabricated using Carbomer 934 as the gel
matrix. Within the hydrogel system, extracellular vesicles maintained structural integrity and uniform dispersion,
exhibiting excellent stability. /n vitro release studies demonstrated that both PF@PL-EVLP and PF@PL-EVLP Gel
exhibited sustained-release characteristics. /n vitro pharmacodynamic studies revealed that PF@PL-EVLP exerts
robust protection against oxidative damage, significantly elevating intracellular superoxide dismutase (SOD) and
hydroxyproline (HYP) levels while markedly reducing malondialdehyde (MDA), matrix metalloproteinase-1
(MMP-1), and reactive oxygen species (ROS) contents. Compared with the solution group, PF@PL-EVLP Gel
increased the cumulative transdermal permeation by approximately 10.82-fold, the local skin retention by 7.38-
fold, and the cumulative permeation rate by 9.36-fold. /n vivo pharmacodynamic evaluations demonstrated that
PF@PL-EVLP Gel exerts pronounced anti-skin-aging effects, as evidenced by increased skin hydration, elevated
dermal collagen-fiber density, and prevention of D-galactose-induced epidermal and dermal thinning. ELISA
analyses revealed that the hydrogel significantly augmented cutaneous total antioxidant capacity (T-AOC), catalase
(CAT), SOD, HYP, and tissue inhibitor of metalloproteinase-1 (TIMP-1) levels, concomitantly attenuating dermal
MDA and MMP-1 contents; serum SOD was also upregulated and MDA downregulated. Western blot confirmed
that the formulation mitigates keratinocyte apoptosis via BAX down-regulation. These findings provide a robust
foundation for the topical application of Paeonia lactiflora extracellular vesicle-based hydrogel systems in
transdermal delivery of active phytoconstituents for skin-aging retardation. The animal experiments were approved
by the Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine (approval numbers:

PZSHUTCM2503120002, PZSHUTCM230907004).
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F AN E 5 H G R G AT I AT
W R D e it SR I AR, RO N B B A,
A HUAR 322 B2 R I X —, R I Rk
SEHL T Re AN SRR AR AL, WA S0 2 L R
oty S SR R AR BRI LR B, B R AR R AR
A A 5 IR R IR S A% 0 R 2R B, A AR A,
S0 2 i AN 2H 23 AR 8 HL R B A5 A7, AT e R
IR

BT R 25 BRI 2 B0 SR R R SR R AR
P, A5 H AP0 Pk 3 22 s B AL 1 URR B A A R R
TR BETER I, RIE T B ERHEY AT 2 (Paeonia
lactiflora Pall.) 140K 2] 1 AT FE AR 24 7R ~F (E Bt
B Jok 225 T B AR GF IR 1. Aj 25 (paeoni-
florin, PF)'*! J& (A7 5 78 A5 1) 32 B0 PR e 3, wld o 4t
AT T 98 P4 (reactive oxygen species, ROS) 7K
PR CECEMIERS 2R R T Rk EEN 2
ANSRBEIRTT . SR, PF A4 B AL 2 A2 e PP AN A= 4 A
FH EEUOMAIG, PR 7 GRS . H A, JR A B
PEE AR ) )2 N T2 & j g™, H
TBARAFAE B R FRE g2 B IR FHEEZ R,
T 9 40 o 4 $E 7 (plant-derived extracellular vesicles,
P-EVs) J2 1 1) 200 MRS 501 40 K 4 Bl g 002 32360, Rt
PR A ) e B S L s RO 2 . 25 RUE Y EVs B gl
FERVRTT I ) AR 2 AV O R8s A (R )RR 2L 7 T
MIERAMIEF, PR R AR ik A

AW TT LAAT 2R YR A0 0 A1 FE i 09 B A4 47 2K PF, #4
EHTRBIR R, I R IRGK B A 25 52T PF AR
SE VERT R BRIZ IE N, [R5 P 830 B B G 1 o> 5 PF
I R RN o 7E R Al S 375 WY T B K B
PR ER, 2D 3R e L ) (0 A Ak R 24 ) 1 2 B3 3 2K
H, IS R 45 B B R AR

MR5HEE

HREIRF AHIR (& LR
JIT 4 T U %5 58 N B BRI AT 2 JB AE Y AT 2 Paeonia
lactiflora Pall. I HTEERR, V73 AR 4L PHAT 25 R fE S 4h),
AT E bR AE S (& 2 > 98%, M22HS 179898, il #f
TR AR A IR A F); D-FFLFE (S11050, FifIE
AR RS BR A7), B V)58 505 BT BR AN (< 10 kDa,
1201240424, 1L ERAE MBI A A BR 2 7]); 454 % C
(L-ascorbic acid, VC, WXBD5783V, 3£ [E Sigma-Aldrich
A PR AA]); BCA & [ & &5 & (MA0082-2, K% 3%
CAEMEARA R AW, 25 5 B 52 0 PR G (8 . ROS
Kl 7 £ (POO17F.S0033S, Fig28 = RAMH R H
A 7]); DIO (KGE2604-10, 1T 7R L IE A I AR ety f5
PR 2\ 7]); Hoechst 33342 44 (40732ES03, i35 54
YIRHE A A IR A 7)), N ALY B AL g ELISA Kit
(BPE11086, - Bt A= ¥+ R H IR A ), AN 4R
K A B -1 (matrix metalloproteinase-1, MMP-1) ELISA
Kit (EK1MO01-96, Bt M BX B} A ¥ B R I tr A R 4 #));
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P — B (malondialdehyde, MDA) & 4b ¥l 52 i 7 &
(A003-2-2). MDA 4 P4 il 52 8 71 &2 (A003-1) 52 Jifi &
1% (hydroxyproline, HYP) 44 #Mlll 52 155 & (A030-1-1).
HYP & I 2 375 & (A030-2-1). Mt E AL BE /T (total
antioxidant capacity, T-AOC) il 5& i 7] & (A015-2-1).
BB E ALY B AL B (superoxide dismutase, SOD) | &
A& (A001-1) it AL A (catalase, CAT) Il 5E i
AL (A007-1-1) I B’ 52 8 A AR W FC s 44
FEREWHWITEARMARAR,; RIERERE
F9 i 4100 1 771 -1 (tissue inhibitor of metalloproteinase-1,
TIMP-1) ELISA KIT. & MMP-1 ELISA KIT. f anti-
Bel-2. 241 i 1gG (H+L) HRP (SYP-M0164.SYP-M0204-
YP-mAb-00322 . YP848526-H, i /M 25 flt & 4= ¥ kBl +
AR AD; *E4i % 1gG (H+L) HRP (AA012218, 5
Origene 24 #); % anti-BAX (A 12009, 37 % 14 % 70 /&
IR BR AT,

1CER B 7 U AN B AR A I 2 S B AR
(JY92-IIN.SCIENTZ-48, T* i 2 AL VR I 3 A PR
A aE]); KA B EENL (HR2024, &R HL 7 7));
e 3 B ML 3 34 4% (XPN-100. CytoFLEX S, %
DL 8 P IR R R A WD) e 80 A € 354X (1260
Infinity I1, 3% [F Agilent 24 5]); WOBKLE A 9K B0k IE
EE 5> BT (Nano-ZS90.NanoSight NS300, 9% [§ Malvern
AT AR T (7740070, 2 [E Labeonco A /); 3%
S B 1% (JEM-1400 Plus, H 4< JEOL A w]); 4
B A% T FLAR RS ) 28 45 (Cytation 5, 35 [H Biotek /A );
% IhRE LR A5 {X (Spectramax iD5, 35 [E Molecular
Devices A A)); 25905 [ 3 BSR4 (RYJ-12B, L
I 2IR A A A PR A A, Ak 22 KOG 8 B BRI R A
(Touch Image, i 5 “FHFEHEEARGIR A 7).

YHAE  HaCaT 4NAHU: A IEH /K ZEAL A BT s 4m i,
T T v R 5 e R 1 SR 2 Do 4 B B U PR ; CCC-
ESF-1 40 Aa: NG B2 ok e £ 2 4 e, 0 o [ R} 2 B
SR ER TRV ZE 51 2 A0 M BEUR P

4 B9 (Kunming, KM) /) §,, HE 14, SPF,
18~20 g, T b 3 43 R 42 5256 sh W R A PR A =,
B b g A R 2K S S B S ) O B A [VE AT HE S
SYXK () 2020-0009], Ft A3 2l 47) < 46 35 775 & 46 2 2
VS (fLUE S PZSHUTCM2503120002) .

BALB/c-nu JG i i #f &, & 7%, SPF, 16~20 g, 1Y
T Rl HE ML SRR AR AR, B Bl EZA R
SIS F P OB, BT A S SR A R A A B AR
6 (fLHES: PZSHUTCM230907004).

A Z5HE HPLC KMy #7355

i 2 K F Diamonsil Plus C18 (250 mm x

4.6 mm, 5 um) ELRERE, 78 ZHE-0.1% B R /K N 15:85 1Y
S NV, A DU 230 nm, BEFEAFN 10 uL,
VN 1.0 mL-min™; A3 30 °C; A IS 1E]: 15 min.

PR RE R L RS % R 1.06 mg PF ARifE i B
F 10 mL &, 0N H R e 2, 153 IR E N
106.00 pg-mL™" [ ¥ 8 7 . DL B 7 B IC 6] i 0.34
0.68.1.36.2.71.5.43.10.85.21.71.43.42.54.27.67.84.
84.80.106.00 pg-mL" [¥] PF AR AE 5 75 W0ERERS I o

L@t g 4y I ELPFE bR e S I AT 25 40 R
YNFEL (Paeonia lactiflora derived extracellular vesicles-
like particles, PL-EVLP) ¥A ¥ [ 71 347 25 AT 25 41 g
AT (PF@PL-EVLP), HEFEN &, 5 L E M.

K% B 5 o BB HE P =R E (10.00+
50.00.100.00 pg-mL™") ff] PF 5 dE 5 & W, 767 — KW
BRI E S IR, SR

W 5 o BB P L mRE (10.00+
50.00.100.00 pg-mL™") [ PF A5k i 78 0, 1% 22 3E RE D
SE S IR 103 THI AR I 1 SR I AR S vk B, d i o
BRI 7 VAR 5 ST A B ) AR VP A T A

EEMEESE FATECH S 4 50.00 ug-mL” f) PF
B Sl T, A SRR RE, G0 S T R SR AR S B N
WRE, B8R E T,

FaE %5 FH 14 50.00 ng-mL" [ PF Ax #E
SRVETR, T 0.2.4.6.8.10.12.18.24 hi#k#E, 03¢
g TR AR S T SR L PR 7 VA B, 5 52 7 v AR e

PL-EVLP B2 ER S5 ¥] 5 RAE

FER B OETR I PL-EVLP BB 6EAT 2541, B id
TIRIEIRE (M ) B FLUIHE, N 2 £ 5 40 7K Al
i, 1 100 H 57 ik 38, 38 4 cCHEE R . KRB
1 500 xg > 10 min.3 000 xg &.C» 20 min, B -7 -
FLL5 000 xg B 0> 30 min. 10 000 xg &0 1 h, B L
WL 0.8 pm YEME . 150 000 xg B0 2 h, YTiE H & 54
TR, B3 PL-EVLP R T8 R, FRE (M pyp)e 1R
A (1) T PL-EVLP (42 BUIR . BLS 000 xg Al
10 000 xg B0 i 15 7 & 150 000 xg B0y T A3 T iE &
B, AT RLAR A0 B 5, A BT BB AR &P IR b kL
FOESIRES

Tﬁﬁxq&ﬁ (mg'kg'l) = MPL—EVLP / MJE%W (1)

Fif2 2 B R E zeta AL SOB S BT LS PL-
EVLP % T REBAUKE R G, @it BI/R CHOLR
FESCT 2 FLAT AR 3 A A 22 3 BUR B (polydispersity
index, PDI), F1 F 479 2K JUkE 38 B5 45 A A0 & F B0k
$ro BT WL FE 5L TN, B RO SR N HARE
T, T4 X 2R THR I 7 uL 2% f 55 R 4k €4 3 min, 37 B
HUR AR B 2 R0, T3& 99 L B% T~ W% PL-EVLP [f]



FEMG A O 25 AT 245 20 L A0 ZE 0 /K B e () e K FL 1 Bk s 2 AR A AL © 2309 -

TEASRFE

PL-EVLP [ S5t >R Bligh-Dyer iE" 1 $2 X
JE BT, To7K < BT 7R B BOBE, 8T BCA R F &€ &
EA, IFH PL-EVLP R iR B A& & .

PF@PL-EVLP B9#| & 5R1E

PF@PL-EVLP [l % ¥ PL-EVLP % T-H K HiEE
AR IE R ERZTHE A R 150 pg, FREUE & PF K
BN B, A8 PF i 2 BN 150 pgmL' s IR G
AR 5 (PRKE 75 %A% 15% 4R1E, 10 s /50 s
X, FESE9 min), B T 37 CRBEIKEE 1 he FHHIE
A VWE T -20 °C¥A % 30 min, E I F 4L 10 min
— WG IR, B k3 IR, RIS PF@PL-EVLP.

WA EMAERHELE K UEE %N E
PF@PL-EVLP " PF [ & F f1 45 25 /= . HL 100 puL
PF@PL-EVLP ¥ ¥ & T i J& B 0 & (3 kDa) 1,
12 000 r-min” 250> 10 min, B 2L JE L 0.45 pm P8 i,
HPLC M 7€ 1 55 PF i &2, B >y il 70) o 10 U0 15 24 490 )
(M, ). FEL100 uL PF@PL-EVLP, JiI A i B8 75
WL JE it 0.45 pm JEJE, HPLC I 5 I i 55 PF i &, B
NG 25 B R B (M,,,,) . BARIZINE PL-EVLP
HR PE i (Mo~ Moy o) TRAE A0 (2)2(3) H5
PF@PL-EVLP (1)l 2132 & .

@%TJ’% (%) = [(Motal - MEV»total) - (Mree - MEV—free)]/
(Mg = Mgy ) X 100% )
WAE (%) =M, /M, x 100 (3)

Hrh, M, N PF@PL-EVLP (LR 254 R & M, A~
PF@PL-EVLP [l & 254 i &5 M,,.,,,, )Y PF@QPL-EVLP
2y i s, SRR PL-EVLP ¥ PF Ji &; M, N
PF@PL-EVLP i 55 254 i & 1, KI5 T PL-EVLP [
PF Jiii &:; M, 57 o PF 5 PL-EVLP [ i & 2 Al

PF@PL-EVLPYIERAE M %558 %t PF@PL-
EVLP #4745 53 4« zeta HLAL I E 3% 5 H 8% 0 5% I
FRIEHE A SRAE, JEB 5 4 °CRE AP R E 1L

PF@PL-EVLP 7K £ % (PF@PL-EVLP Gel) gy
HFE5FRME R 934 K5 KX PF@PL-EVLP,
H (5%) 3% W5 RN (0.5%), = LT pH ~ 6.5,
R1#3 PF@PL-EVLP Gel. {1 mL PF@PL-EVLP Gel il
N CE A B IE AT R, R S S LRI AT
BET 10 mLEEgiKF . F32°C.100 rrmin” 215 F
TE IR AR ¥ 24 h, BURE GRGE L TEM WL 2, % %% PF@PL-
EVLP Gel H' PE@PL-EVLP 45 #4 [ 52 8 1 . 7] B, %t
PF@PL-EVLP Gel 1] & 0> I B F2 8 PEIEAT B 52 0

PF@PL-EVLP 1 PF@PL-EVLP Gel B (A5 B2 A
ITAREE DL KAE RO BT, 8 I E Ak
(32 °C . 100 r'min") %} PF@PL-EVLP. PF@PL-EVLP

Gel [RSNBELGAT N EAT B 88 . 1 mL A i N2 E00%
M 88 b, HE 200 5 LR BT R W i, R T
40 mL A= BE 2R K (O 2 IR Al 2% 4F) 1, 20 T 0.5~24 h
JE I BURE FE M . HPLC MIISE PF & &, 1HE PF (1 27
BB I 2 Rt 2k

HRAFRICH BB F DO (10 pgmL") 5
PL-EVLP T 37 °C 3 % ¥ F 30 min (5 10 min ¥a Jie),
150 000 xg & > 2 h, & ¥ ) 13 DiO #xic PL-EVLP ¥
¥ (DiO/PL-EVLP). %' J} B B (thodamine B, Rh B)
(10 pg'mL™") 5 DiO/PL-EVLP 5{ PL-EVLP j& & ), HJ
4 Rh B 5 DiO #xic PL-EVLP LR % 7 (Rh B + DiO/
PL-EVLP) & Rh B 5 PL-EVLP JLIE A ) (Rh B + PL-
EVLP), iZ & R4/ 45 A R ri kb B, RI75 412, Rh B
) DiO #5ic PL-EVLP ¥ i (Rh B@DiO/PL-EVLP) &
7 4 Rh B i) PL-EVLP ¥ # (Rh B@PL-EVLP). Rh
B@DiO/PL-EVLP Il A\ ¥ i J5 ) I= 8 4 934, T H i
% B R IR, — L EE T pH, P43 £1 % Rh B [ DiO
Fric PL-EVLP /K#E i (Rh B@DiO/PL-EVLP Gel).

EINEBR T M IFMN DL CCK-8 2 VA il 771 (1) 55
P£: HaCaT 5 CCC-ESF-1 41l i #% 553 4L 1x10* A 32 Fh 15
F 12 h Ji5, 43 5l 0 N #6 B 34 B2 1) PF 8 PL-EVLP, % %%
10T B (DAAS 5 1) 771 10 2 B 35 R AR 0t R AH,
AN A B ) A 1 B IR EE N B 4D); 24 hJE R 10%
CCK-8 £ 77 £, B0 F 30 min, T 450 nm | W % &
18, FEIR G A 3 (4) THEAFE & .

Al A7 (%) = (4 wy Agm)/ ! X A ) X

100% (4)

Hor, A4, N PTG EAE, A 0 X RO
FEAH, A .. 97 EVAHTROG B

CCC-ESF-1#1HaCaT fHiEIEEVT o £ 5

44 B 3t 5E 2 CCC-ESF-1. HaCaT 40 g (4 1L
3x10°4N) F 6 FLBR I E 12 h, 73 SIS /& #8597
B b HE 8 hy PBS PRk 2 G, LA 4% % K H I [ 2
15 min. Hoechst 33342 (10 ugrmL™) 4% £& 15 min, i# i
Cytation 5 3 7 WM 22 (Hoechst 33342: 377/447 nm; DiO:
469/525 nm; Rh B: 586/647 nm),

CCC-ESF-1 £ HaCaT 4l ffd X} Rh B@PL-EVLP 1]
4T A  CCC-ESF-1 5 HaCaT 40 il LA 45 4L 3%10° 4
()% BE P T 6 FLAR, WHBE J5 23 0 23 1/ 7 2 8 92 0k
% & 1~8 h; PBS ¥4, 0.25% ST 1L 41 g, 4 °C .
1 000 r-min” & 0> 3 min, 1% FBS-PBS & 41 fit - 1 v
2 Uk, 3 I A ARSI 7 D' e B

CCC-ESF-1 S LR taiRiFaE 15 &

PF@PL-EVLP (¥ 1t S A6 36 ¥ W4 CCC-ESF-1
(BFFL 1x10°4™) B2 96 FLAR, Wi BEES 7% 12 h, #K N



- 2310 - 242 %4} Acta Pharmaceutica Sinica 2026, 61(6): 2306-2319

B ¥k ¥ PF.PL-EVLP B{ PF@PL-EVLP ¥4 3% 24 h,
P LA 2 500 pmol L i 4 4k & (H,0,) ¥ 1 h; A
10% CCK-8 8 )6 05 & 30 min, 12 53% 450 nm W' B {8 3F:
THEAATER .

s Bt S AN BB ) B TR DR B 1 IR A SR i A e
CCC-ESF-1 (5 4L 3x10° ) £ Fh T 6 FLAR, W B 15 7%
12 h, I NEEEE ¥ E PF.PL-EVLP 8¢ PF@PL-EVLP
B4 9% 24 h, L2 500 pmol-L" H,0, H# 1 h; I 10%
CCK-8 6% & 30 min, 1C.5% 450 nm W & IF 115 A7
TER . O IR B K gR 2 A N S ARG R A B
24 ho BEAL5 4525410112 500 pmol-L! H,O, ¥ 1 h /5,
W B Bs 9% B3 (3 000 r-min™, 10 min) ] T SOD.
MMP-1 % &0 . 41 f 25 PBS H & | & & 4 il 24 i@
J&, 12 000 rmin” 0> 15 min, B 35, BCA € & E A
FEAI HYP MDA & & .

Y N ROS Rk B H%¢ ¥4 CCC-ESF-1 4l iy #%
“RMR P AL BE T R I AR AR OCHR AR AS I rhoAH (]
FAF AT 4R 2] G AR FE, 3 4 DCFH-DA %t IR &
(20 min). PBS ¥E¥%k 3 IKJ5, 4% % % H & [f 2 15 min.
Hoechst 33342 (10 pg'mL™") 4 {7 15 min, i# i Cytation
5 WM %% (Hoechst 33342: 377/447 nm; DCFH-DA: 469/
525 nm).

HINBRITAETER K06 KM /T 8 R
R, T8 e T o Rz 3K Franz 3B 12 4 B0 (FF 2%
YT 2.8 em?®, U 6.5 mL, 32 + 0.5 °C,
500 rrmin™). LAAEHERKAVE BN TR, #4452 (PF
E N2 mg, 2 mL AR/ J5, T8 TR TE] R
(0.5~12 h) 73 5 R4 1 mL B2 GR IF MK, HPLC 5 1
WEEREAT E &t . IS A I (5) tHE B AL R
MBEeE (Q) MAKBHEERE. LIERE, K¥AHK
3% B X 48 B Bk V1%, NN 10% DMSO [ PBS ¥ HH &)
3%, 4 000 r-min” B> 20 min. HX_Ej%, HPLC Il & it
SRR JER R R 2 i R

Q= (CnV + " CiVi)l4 (5)

Horp, C R C oy BIREE n SRS i A HURE 25451
2R IE, VLV 53 5 A EWSC AR AR (6.5 mL) FHEURE
AFR (1 mL), A A BEEE TR (2.8 cm’).

ZRIBEXETMAHR I E AL SR
BALB/c-nu # 5, BUE & 57 bk 48 A 2 £5 7K I3 % ) [ 5
F Franz ¥ #th, AREM L. L4343 mA 1 mL
Rh B #%#i-Rh B + DiO/PL-EVLP /% .Rh B@DiO/PL-
EVLP % -Rh B@DiO/PL-EVLP Gel (Rh B Jii & I /&
¥JN 10 pgmL™")yo 12 h 5 BUR B2 Bk, A= B K ok,
4% 2 T T o2, VA VR B R 0 T RGERTR, s

YY) . f# F Cytation 5 W22,

D-¥AMENRERKRZERENE MMM/
B, T 0 R R B S em?, B H 45 251, 23 LA/ BB
BB R VE ST 0.5 mL AR EE E KA TR, A 4 5/ BR 3
0 S R4 (1000 mg-kg™) D-2F-FU kA 7
IR, FRE 42 R ST k2R, 567 Kilg,
TE IR Y A /N BRR IR Al K, AR A A iRk
25y 464 & E (vitamin E, VE) 241 (£ H 100 mg).PF.
PL-EVLP.PF@PL-EVLP fll PF@PL-EVLP Gel 4 (%
015 mg), FFEl36 K. 5543 K, BRIEF 5 R P At EC L,
F R I, B0 B 7 R R AT . HU 1 om® JZ JBR 3 3,
2HVE T 4% 2 WV WU € [5O3 - 4L e (02
(hematoxylin-eosin staining, H&E). Masson % ff1], 1 3k
I8 B Ik 7K s 6 A% B R B R, —80 °CRAF; L
O BB, BT 4% 22 5 RS VA R 5E

NREBRIN B EREKESKENTH TiE
BEER 0,742 RAAMIC /N B RSN, FF il b AR
0.42 KARE . FREIFILFE 1 om’ 7 k44108 E
(M 5), 80 °CCHERE 24 h 5, RE B KT (M ), BRI
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BRI (%) = (M — M )M 5 % 100% (6)
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F-T A LRG0 = (e, DKIE R o3 4k, T 7K 3% BH
B . e RS N WS IFE T Image T E B IR
JiR £ T

NR BRI E AR IRRE B X E R RSN

N RSI R & R EA TR RHFREL0.1 g
FERRALZE, N 0.9 mL T4 1 AR 3 R K, F UK BT,
TN ISR B, 5 F e 3 B 2 U0 B A 0 AT B R 2D 3R
16 000 xg 250> 20 min, B _FiE B T-20 °CIRF 4% H .
I BCA WA &M E A K LIS EA & &,

N B RPUAAGRE I AR SR AR Rl P A IR
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B 52, AL HE - MMP-1 AT TIMP-1 & &5 55 K5 25 FR X
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— P4 CWE LR, TBS-TIEWAL3 K. —HEREE
2 h, TBS-TEVEME 3 k. WHINi&E & ECL TAEWE, fi H1b
56 NI UG AT % . 38 i Image I 3K A,
DA GAPDH & I K BEAEAE AXRTIR, e B B E A .

it F 5% K GraphPad Prism 9.5.1 814 %}
Kb BAT GE ik o M, 200 B CAP S E £ bR 2
(x £5) TR, P<0.05 B 2 5 BHA G2 L
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1 AAEHPLCHING A EMBEILSHEFER
DL 1 U TH AR (4) Xt PF bR B SIS TR IR C
(ngmL™") FEATERPERH, 43 PF 26 5 F2: C=0.084 14 -
0.165 8,7 =0.999 9. PF brifE it \PL-EVLP } PF@PL-
EVLP ¥ ' 1f) PF £ B2 I 18] 24124 10.2 min (& 1), & W
PL-EVLP &4 — & &= PF. JBid%f PL-EVLP /1 PF
FEHT e BT, AR JE 2R S HERR PL-EVLP H
IV K P A 24 R 9.99 + 0.061 .
51.59+0.4641100.36+0.79 ugmL"', RSD 7354 0.61%-
0.90% F10.79%, FI1Z T IERIRE RS RIT. SR E R
T P T 39488 99.01%~104.66%, H.RSD 17N F2%, it
BZ A HERA B R 4F . PR PRI & &N 5172+
0.21 pg'mL", RSD N 0.41%, iM% VLRI EE MR I
24 h N FF b PF T35 & & 5 50.59 + 0.34 pg-mL,
RSD 79 0.67%, FRHLEZIRIRE, PFFEM 24 h W EA R
It
2 PL-EVLP ¥ RAE HR T RIRE M
PL-EVLP 5 2 i 5235 Bk 1, T 38 7R 2508 B
5 R AR 20k BG4Ik, 8 S AT AT 2Ry
HHF5ESE. PL-EVLPHEEUKCR LA 742 + 34 mgkg
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FR HLI51 50, 3 W 22 3 5 0 v A R0 25 BR A I e v S5 2 ok,
A4l (Y PL-EVLP, 2 BN Al 58 (4R BT V.

A 100
=)
< 80
)
Q
% 40 /
< 20 Yn/\
g V
<
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Retention time / min
BD105
2 9%
)
[o3
§ 30 A
P =)
é 0 ,,{\JN___»
=}
<
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Retention time / min
C_ios
=)
E 90
Z 60
3
o A
g o
£O
<
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Retention time / min
Figure 1 HPLC chromatograms. A: PF standard stock solution;

B: PL-EVLP; C: PF@PL-EVLP. PF: Paeoniflorin; PL-EVLP:
Paeonia lactiflora derived extracellular vesicle-like particles;
PF@PL-EVLP: Paeoniflorin-loaded PL-EVLP

Table 1 The extraction yield of PL-EVLP. n = 3, x + 5. SD: Stan-

dard deviation

Sample Extraction yield / mg-kg™ Mean SD
PL-EVLP 781.04
PL-EVLP 723.40 74199  33.83
PL-EVLP 721.53

PL-EVLP K742 4 # 7€ 110~180 nm 2 [a], Ji ki
WE T (5.82 + 0.02)x 10" AN UKL, kL 2 A B
N TLE E (4.09 £ 0.02)x10" AN kL HAF k4
N173.90 + 3.14 nm, PDI 4 0.24 + 0.03, 5 B 4K R 43
5, R Ve R AT zeta HEAZ 9-19.17 £ 0.31 mV, &
B PL-EVLP /&5 7 B 28 7 I 90K B 451 . TEM &
78, T VR I PL-EVLP y EL AT 58 B 1 XUZ i
SER R FRARGUK IR, BRI R AR, A5 G i 4 i 41 32
WARFAE, U8B % T & B 3R PL-EVLP [/ 45 #) (& 2D).
PL-EVLP FF [ flg i & & N (11.12 £ 0.97)%, ¥ & &= A
(31.74 £ 2.56)%, FHH T &N (26.98 £ 0.57)%, PF &5 &
N (1.62 +0.14)%. 5N T4 BEAEME, PL-EVLP [
PR ZH 2 T A R A s

B LR 14 RN RLAR AR A n] BUK BN, PL-
EVLP & T # K IR A8 AR FE /), D9 A 38 1) ik A7
& 3\; PL-EVLP 8 ¥ 5 1% T8 K 7E 4 F1-80 °C i
TR, W fa 5 (B 2E~H). % T 8 J5 PL-EVLP [{]
Hi 1% (164.53 £ 2.29 nm—167.13 £ 2.89 nm) & Hi {7
(-16.23 £ 0.42 mV—-18.33 £ 0.78 mV) ¥ L & & %
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Figure 2 Characterization and storage stability of PL-EVLP. n = 3, x 5. A: Particle size distribution profile; B: Zeta-potential distribution
diagram; C: Nanoparticle tracking analysis of particle size; D: Transmission electron micrographs; E: Storage stability of PL-EVLP resus-
pension and lyophilized powder at 25 °C; F: Storage stability of PL-EVLP resuspension and lyophilized powder at 4 °C; G: Storage stability
of PL-EVLP resuspension and lyophilized powder at —20 °C; H: Storage stability of PL-EVLP resuspension and lyophilized powder at
—80 °C; I: Lyophilization stability

5, SRR TR SR, FRE 1 R i (B 2. N (52.78 £ 1.45)%, # 258N (12.48 £ 0.19)% (£ 2).
3 PF@PL-EVLP ¥ SR . ERARRIEEM PF@PL-EVLP 15 4 B AT I 45/ (1 9 Kohr, 52 R 1

11 % PF J5 , PE@PL-EVLP [ °F ¥ %Ki 1% )ik /s & TLYHE O, BURL 2 BB A 21 (B 3A), IXE BH 7 45 A 1
148.07 = 7.34 nm, PDI }0.21 + 0.04, zeta F1f7 A-17.13 + i Ak P B T S g Ak L, B R R AR I — 1

0.93 mV, ¥t Wk RELAE . PFQPL-EVLP 1 3 % BCA 5t it Jii, % SDS-PAGE (10% HE /2, 80 V)
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Figure 3 Characterization of PF@PL-EVLP and PF@PL-EVLP Gel. A: Transmission electron micrographs of PF@PL-EVLP; B: Protein
distribution profiles of PL-EVLP (1) and PF@PL-EVLP (2); C: In vitro drug release profiles of PF solution, PF@PL-EVLP and PF@PL-
EVLP Gel; D: Macroscopic appearance of PF@PL-EVLP Gel; E: Spreadability and texture profile of PF@PL-EVLP Gel; F: Transmission
electron micrograph of the release medium from PF@PL-EVLP Gel. n=3,x £
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Table 2 The entrapment efficiency and drug loading of PF@PL-
EVLP. n =3, x £ 5. EE: Entrapment efficiency; DL: Drug loading

Sample EE/%  Mean SD DL/%  Mean SD
PF@PL-EVLP 51.41 12.28
5430 5278 145 12,65 1248 0.19
52.65 12.52

% O e o, PL-EVLP.PF@PL-EVLP #F 16 kDa
A1 10 kDa Ab A7 EAH [F] 25 1 257 (8 3B), #7821 2
K OUAZ PL-EVLP (1) 25 [ 41 5 Fl 25 1) 52 84, 5 TEM
g5 — 2.

B 4% 3 1Y PFE@PL-EVLP & T 4 °CIEL, 15 KW,
FORLAR [ B (AT b T, (3 KM B AN R I 10 nm, B
R 2 AR N T 2%, 15 PFQPL-EVLP )
FaEt Rt
4 PF@PL-EVLP Gel (¥ 3RAE SETERE M RFRE M

T8 Je i o €035 B - T4, A0 B A5 L 3 AN T B,
PR Ay B 50, R A 0 M R K R, RSP, AN
IR (BI3D\E). &M 120 i s B Ia nT B 2 1
Ji R, T8 S R AR Ay BB TR 4K BV AT I R
S5k, A, R BRG] (K 3F), $om 1% 5EIR A] 4t
K 25 WA B k2% THI FA) i B2 I TR) R CR R GOK S5 4, R T

8 000 r-min™ &> 10 min J5, PF@PL-EVLP 1T [% B
i, 1 PF@PL-EVLP Gel .43 )2 IR FFI—E B, £
JE BB E AR . T 20 °C/= IR VR ML 3 & 50 °C
JE 12 h &, PF@PL-EVLP Gel & H B AL < 23 2 BRIT
TEBLR, BUERE IR, T3 ORFFIE B 1) 2 B AAOIR S, AR S
TR R BB ORI R R I . 4 °CHEIR
30 K J&, PF@PL-EVLP ¥ ¥ €4 I8 5 H 30 2R 0t
VE, B E ME B % PE@PL-EVLP Gel 22538 (1, TEUTTE «
2, R\HLSMREE R, @ T KA. L4
FUi B, PF@PL-EVLP Gel 71K K W65, BA
BRI R e 1, BRI 5Ptk e A R, B AR N A
IR AR )

5 ONERITHR

Wl 3C FroR, Wi 2 PF % PF@PL-EVLP H 112}
W4y AT 4 F1 12 h B AR Bl 5E 42, K W PL-EVLP )&
H, AT 4B . PF@PL-EVLP Gel 1) 5¢ 4= %%
2] [A] A K 22 24 h, I BH B i 45 40 T 3 — 2D IR R A1)
IR . 5 H R IE N 77%~86%, K I 41 i 4+
FE T8 5 A 2R W [R) 22 T 1 AN FELAS 25 P R o
6 IRIMARETE

PF Jii & K J& £ 0~1 000 pg-mL"', %} CCC-ESF-1
g0 M 70 B B B M, R VR B AE 0~2 000 pg-mL, Xf
HaCaT 41 g 7¢ B &5 %5 % ; PL-EVLP & 1 W & £ 0~

250 pgprot-mL", X 9 Fh 41 B 32 22 4, AE WA A5 PE R AF
(Kl 4A~D).
7 CCC-ESF-1f1HaCaT 4iEEITH

T7E 41 B 3 58 A7 5256 1, DiO 431 PL-EVLP (£%),
Rh B/REE25%) (41), Hoechst bric 40 A% (H5). 4. 40
155 ¥R GEH, #2785 PL-EVLP #75 Rh B 32 7 T Jiig
Jii; SR & T, I T PL-EVLP ¥ K 4R i it fiE
oy 54 A HAEH . 52§ Rh B AH EL, Rh B+DiO/
PL-EVLP & Rh B@DiO/PL-EVLP 41 £ {4 %¢ )¢ . 2 14
98, 3 W] PL-EVLP 8¢ A 202 # IFJEOK 40 /1 %F Rh B HY
L, H PL-EVLP [ £ 2 G 4% 55 K F%E B2 $2 7+ Rh B /)
2 i 5 i, AT A o) 71 B 47 R HE 24 2% (R 4B F)

18 v QA B AR I, 40 i &, Rh B@PL-
EVLP £ i 8] 55 1) 5 B 35 5 (4G H), 5400 A
A g R —8. HEW AT REJE 2, PL-EVLP FINIE I
i 5 55 41 B FEE R, 327 PL-EVLP n] J2 25 3% 58 25 1) %
B, AT K PF (3970 5 5822 258
8 CCC-ESF-1 A LR tnIRIP&E

7F H,0,1% 5 1 CCC-ESF-1 4 b B sl oh, PF
(500~2 000 pg'mL") F1PL-EVLP (50~250 pgprotmL™")
PR R Em A RS R (B SA), R 6 H,0,15 S
()4 i 452 45 LA G- 3 /E A, PL-EVLLP 3 R 3G 1 5
IR AR EIIAE. BL1 000 pg-mL" VC 1E N BH
XFHE, 150 ug-mL™" PF 5 H UG i 3% {97 F FH; PF + PL-
EVLP 440 M (4755 R N (98.80 + 4.04)%, T # 41
5y, #& 75 PL-EVLP 1] G& & 4% ¥ [7] 0 S A6 i 1E .
PF@PL-EVLP 2121 Jf) /7% % % PF + PL-EVLP Z1§2 J}
18.24%, VA DK T 41 A &b 3 30 1) (i $6 -5 i ] 386 2 A A,
45 555 4 i 15 S 56 A T (1 5B).

2 H,0, ¥ ¥ 5, 418 N SOD.HYP & & T [%,
MDA .MMP-1 % & 7. PF@QPL-EVLP &b # J5, 5
RYUZHAH B, 40 P9 SOD 1 & &4 /=129 2.04 fi5, HYP &
HIE L) 1.47 1%, MDA % & 4154 87.02%, MMP-1 &
2 AR 29 47.14%, 3 8208 1E % K (K SD), Uit B
PF@PL-EVLP n] & # S A3 00 DR (10 F, K %
KA TR S, JF 0T Bk % S5 B 1 1 B AR, A
JFEAREE, RAEKREZET.

B Ak, H,0, )35 faf 155 75 4 41 Al P 4 €6 5% S 5k
FThE, B ROS & & 42 T, 1M & 2 #1773 7] K i ROS
(F50). Hh, 4 PF@PL-EVLP 4B J5 , 40 i 4 ROS
&R IE i K, $27~ PF@PL-EVLP Fi4b B ] i 2 W5
41 i B P RE 7, IR AR A
9 IMERITHRERIBETMAHAR

FE4525 12 h )5, PF.PF + PL-EVLP.PF@PL-EVLP
HMIPF@PL-EVLP Gel ) SR ARIZ B 550 7108 6.26 + 1.74
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Figure 4 Safety evaluation of PF and PL-EVLP and results on the uptake behavior of CCC-ESF-1 cells and HaCaT cells. A: Cytotoxicity

of PF against CCC-ESF-1 cells; B: Cytotoxicity of PF against HaCaT cells; C: Cytotoxicity of PL-EVLP against CCC-ESF-1 cells; D:
Cytotoxicity of PL-EVLP against HaCaT cells; E: Uptake of various formulations by CCC-ESF-1 cells (Scale bar = 100 um); F: Uptake of

various formulations by HaCaT cells (Scale bar = 100 pm); G, H: Quantitative analysis of fluorescence intensity and representative flow-

cytometric histograms for CCC-ESF-1 (G) and HaCaT (H) cells uptake under identical incubation conditions. n = 5 (A-D), 3 (F-H), x £ s.

P <0.001 vs control; P <0.001 vs Rh B@PL-EVLP at 8 h

10.06 + 4.05.36.60 = 9.58 11 67.72 + 16.15 pg-em?, &
FRIE B2 295 9119 0.66%-0.92%-.3.42% F16.17% (K 6A) .
AT LRI, B Al 3R A oV iR i PF A B i e
77; T PL-EVLP (¥ £ 3 68 % &2 3 3¢+ 254 RIS
&, 11 PF (M 2 IRz i@ PEae; BEIR A Rk — Bk
PF [{)3% JZ 68 77, IX ml g2 TR IRk G 1EH S
% B B AN B CRARAE Y, W W R BRAR 25 W 22 B 1535 1)
J B B, AR 25917535 . PF@PL-EVLP Gel 3 &
o 48 VBT R N R B B, RIS S KB A A
B R 2iIMigik RS

WP 6B AT/, 2524512 h )&, Rh B 4140 6858 6 £ 59,
Rh B + DiO/PL-EVLP 21 41 5. %5¢ Y & A5 Jin 5% . 48 PL-
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PF@PL-EVLP Gel ZH/)N i IR BLLT, B2 ik (3 5 3t
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Figure 5 Results on the protective effect of CCC-ESF-1 cells against oxidative damage. A: Effect of PF and PL-EVLP on cell viability; B:
Effect of each formulation on cell viability; C: Intracellular ROS levels after treatment with different formulations (Scale bar = 100 pm); D:
Changes in SOD, MDA, HYP and MMP-1 contents in the CCC-ESF-1 oxidative-stress model. n = 5 (A, B), 3 (D), x £ 5. "P < 0.05, "P <
0.01, ™ P < 0.001 vs model; “P < 0.05, *P < 0.01, **P < 0.001. ROS: Reactive oxygen species; SOD: Superoxide dismutase; MDA: Malond-
ialdehyde; HYP: Hydroxyproline; MMP-1: Matrix metalloproteinase-1
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Figure 6 The transdermal results of PF@PL-EVLP and PF@PL-EVLP Gel in vitro. A: In vitro cumulative transdermal penetration

wkx

profiles, transdermal flux, and skin retention. n = 3, x £ 5. "P < 0.05, “P < 0.01, ""P < 0.001; B: Fluorescence micrographs of transdermal

delivery (Vertical section, x10)
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Table 3 Average body weight change in mice. n =6, x 5. "P < 0.05 vs model; “P > 0.05 vs blank. VE: Vitamin E

Group Pre-experiment body weight/g Post-experiment body weight/g Body mass increment/g
Blank 36.65+2.79 52.92+4.74 16.27 £3.11°
Model 33.50 + 1.81 45.77+2.45 12.27 £1.39
VE 34.02+1.72 48.30 +3.19 14.28 £2.08
PF 34.38 +£1.40 47.62 +3.18 13.23£2.16
PL-EVLP 35.08 +1.50 48.78 +£3.58 13.70 £2.27
PF@PL-EVLP 34.02+0.77 47.85+2.37 13.83+£2.12
PF@PL-EVLP Gel 3523+ 1.22 51.47 +1.96 1623 +1.65

H PF@PL-EVLP Gel i K L2 R K E & 5
IR R BEATE 2 57, R T PF.PL-EVLP 2 PF@PL-
EVLP (K 7B % 4). &R AE08 A A @ 259 /i
WREE, AR 2 WE R B J2 A L B J2 13 BR BT U], A6 BT
YRR R AR, 5 & RS SR LT T 4
HH—3.

B 7C Fr s, Masson Je {0 5, Ji TR 4F 4 2 1 (0,
M4 A RmMaOApEL G, EFDNROELE

RS A R A IS b, HES R G, R 2R 4E Ly
(69.20 + 2.23)%; % & /N B B2 R IR R 25 4, HEF1) 2%
BLETEAS HLAF AR B, i B 27 4 LU il (69.20 + 2.23)%
P4 (47.45 + 3.45)%, Ut B D-2- FL0E 2 Bl R 57 bk o Jie
JREFYE 24, FROL & &R B, AT 51k B k3 2 .
PF.PL-EVLP.PF@PL-EVLP.VE #l PF@PL-EVLP Gel
SR /N BRRZ B o 11 Js ST 4 L A9 350 AS TR R B 1 [ 7
J R R R R R R AR S B R AR IR, H

Table 4 Measurement of epidermal and dermal thickness and skin collagen fiber proportion in mice. n = 6, x +s. P < 0.01, ""P < 0.001

vs model
Group Epidermal thickness/um Dermal thickness/um Relative collagen fiber area fraction/%
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Figure 7 Cutaneous alterations in mice. A: Macroscopic morphological changes in mouse skin; B: Microarchitecture of H&E-stained dorsal

skin (x 100, Scale bar = 200 um); C: Microarchitecture of Masson-trichrome-stained dorsal skin (x 200; Scale bar = 100 pm). n =6, x £ s
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Figure 8 Biochemical analysis of mouse skin and serum and expression of related proteins in skin of KM mice. A: Determination of
T-AOC, CAT, SOD, MDA, TIMP-1, HYP and MMP-1 levels in murine dorsal skin homogenates; B: Determination of MDA and SOD levels
in murine serum; C: Representative Western blot images; D: Densitometric quantification of BAX and Bcl-2 expression in dorsal skin;
E: Ratio of BAX to Bcl-2 abundance. n = 6 (A, B), 3 (D, E), x £ 5. "P < 0.05, P < 0.01, ""P < 0.001 vs model; P < 0.01. T-AOC: Total

antioxidant capacity; CAT: Catalase; TIMP: Tissue inhibitor of metalloproteinase
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