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Abstract: Objective To prepare reactive oxygen species (ROS)-responsive hyaluronic acid (HA)-modified podophyllotoxin (Pod)
nano-micelles (HA-oxi-Ms/Pod), optimize formulation, characterize physicochemical properties, and evaluate in vitro bioactivity.
Methods

employed to optimize the preparation process by examining the effects of three factors (Soluplus/TPGSio00 mass ratio,

HA-oxi-Ms/Pod were prepared using thin film dispersion method. The Box-Behnken surface response method was

Soluplus/Podophyllotoxin mass ratio, and hydration temperature) on encapsulation efficiency. The particle size and ¢ potential of the
micelles were measured using laser scattering particle size analysis. The morphology of micelles was observed using transmission
electron microscopy (TEM). The in vitro release behavior of micelles was studied using the dialysis bag method. The cytotoxicity of
the micelles against ovarian cancer cells was assessed using the CCK-8 assay. Cellular uptake was examined by flow cytometry and
fluorescence microscopy, and the effect of the micelles on the migration ability of ovarian cancer cells was evaluated using the
Transwell assay. Results The optimal preparation conditions for HA-oxi-Ms/Pod were Soluplus at 40 mg, Soluplus/TPGS1000 mass
ratio of 2:1, Soluplus/Pod mass ratio of 40:1, and a hydration temperature of 30 °C. Using the optimized formulation, the encapsulation
efficiency of HA-oxi-Ms/Pod prepared with Soluplus, TPGSi000, DSPE-PEG2000-ROS-responsive linkage-PEGsoo0, and DSPE-
PEGz2000-HA as the membrane materials was (94.28 + 0.51)%. The particle size of HA-oxi-Ms/Pod measured by laser scattering was
(104.85 £ 1.03) nm, which decreased to (86.94 = 0.62) nm after ROS response. The { potential of HA-o0xi-Ms/Pod was (—6.40 + 0.43)
mV, which changed to (—4.70 + 0.29) mV after ROS response. TEM revealed that HA-oxi-Ms/Pod were spherical. In vitro release
studies showed that at 30 h, the release rate of free podophyllotoxin was (87.12 + 6.62)%, Pod-Ms was (40.04 + 3.18)%, HA-oxi-
Ms/Pod was (35.42 + 3.91)%, and HA-oxi-Ms/Pod + H202 was (80.73 + 1.82)%, indicating that the podophyllotoxin loaded in HA-
oxi-Ms/Pod could be responsively released in an oxidative environment. Cytotoxicity assays showed that the ICso value of HA-oxi-
Ms/Pod was 18.94 umol/L. In vitro cellular uptake and Transwell assays demonstrated that hyaluronic acid modification significantly
increased the uptake of micelles by ovarian cancer cells and that HA-oxi-Ms/Pod had a more pronounced ability to inhibit the migration
of ovarian cancer cells compared to non-targeted Pod-Ms. Conclusion HA-oxi-Ms/Pod have been successfully prepared and can be
further applied in tumor prevention and treatment research.

Key words: podophyllotoxin; reactive oxygen species-responsive micelles; hyaluronic acid; targeted drug delivery; ovarian cancer
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Fig. 2 HPLC of podophyllotoxin reference substance
solution (A), HA-oxi-Ms/Pod test sample solution (B) and
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Table 1 Experimental design and encapsulation efficiency results of BBD-RSM (prescription dosage is 5 mL)

FF5 Xi X X3/C Y% | FF5 Xi X X3/C Y%
1 3501(+1) 20 0 1(+1) 30 (0) 81.31 10 2.0:1(0) 40 :1(0) 30 (0) 95.06
2 3501(+) 80 :1(-1 30 (0) 71.16 11 2.0 :1(0) 20 1 1(+1) 10 (-1) 81.77
3 3501(+) 40 1 1(0) 10 (-1) 85.24 12 2.0 :1(0) 40 1 1(0) 30 (0) 94.66
4 2.0:1(0) 80 :1(-D 10 (-1) 74.02 13 2.0:1(0) 40 1 1(0) 30 (0) 95.13
5 2.0 1 1(0) 80 I 1(-1) 50 (+1) 64.69 14 2.0:1(0) 40 1 1(0) 30 (0) 93.49
6 0.5:1(1) 80 :1(-1 30 (0) 66.51 15 0.5:1(¢1) 40 1 1(0) 50 (+1) 81.51
7 3501 (+D) 40 1 1(0) 50 (+1) 76.25 16 0.5:1(¢1D 40 1 1(0) 10 (-1) 81.83
8 0.5:1(1) 20 11 (+1) 30 (0) 84.50 17 2.0:1(0) 20 1 1(+1) 50 (+1) 81.31
9 2.0 :1(0) 40 1 1(0) 30 (0) 95.27
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Table 2 Analysis results of variance
TIEKIE CFTR BHE B FE PiE | FZERIE PR BAME B FE P1E

it 1572.370 9 174.710 231.730 <<0.0001 | X2° 637.630 1 637.630 845.730 <<0.000 1
Xi 0.019 1 0.019 0.025 0.8783 | X3? 204.460 1 204.460 271.190 <<0.000 1
X2 344.660 1 344.660 457.150 <<0.000 1 | %k 5.280 7 0.754
X3 45.600 1 45.600  60.480 0.000 1| A 3.170 3 1.060 2.010 0.254 5
XXz 15.370 1 15.370  20.380 0.0027| iRz 2.100 4 0.526
XXz 18.790 1 18.790  24.930 0.0016| &ESZE 1577.650 16
XoX3 19.670 1 19.670  26.090 0.0014 | R? 0.997
X2 180.420 1 180.420 239.300 <<0.000 1| Rag? 0.992
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KAIRE 30 C, A5 &N S mL.

2.3.3 IRIESEIS N T ISR IS I B HA-
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Fig. 3 Effect surface diagrams and contour maps of influence of various factors on micelle encapsulation efficiency
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£3 RHRKEZ. (BRERAHERITFER (X+s,n=3)
Table 3 Results of micelles particle size,  potential, and

encapsulation efficiency verification (X £ s,n=3)

A PEREm CHEA/mMV A ER%
Pod-Ms 73.381+0.97 ~1.33+0.17 94.58£0.47

HA-oxi-Ms/Pod 104.85+1.03 -6.40+0.43 94.28+0.51
HA-oxi-Ms/Pod+H202 86.94+0.62 —4.701£0.29 85.15+1.69

00100 10! 10° 10° 10°
HiAE/mm
4 HA-oxi-Ms/Pod FIRI1Z 5370
Fig. 4 Particle size distribution of HA-oxi-Ms/Pod

—260 —1(')0 0 l(I)O 2(I)0
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Fig. 5 { potential of HA-oxi-Ms/Pod

6 HA-oxi-Ms/Pod (A) #1 HA-oxi-Ms/Pod+H:0: (B)
# TEM
Fig. 6 TEM of HA-oxi-Ms/Pod (A) and HA-oxi-Ms/Pod +
H20: (B)
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Fig. 7 Release curves of Pod under different conditions



PED 2024FE 11 5 5% $ 228 Chinese Traditional and Herbal Drugs 2024 November Vol. 55 No. 22 - 7669 »

TERRAERE B REFER, DI IR A A 41
MOFE IR o & AR5 7[R “2.17 T

(2) 5 BB SR R AU L SK-OV-
3 LA 1.3 X 105/FLIE FERRM T 6 LR, W E
24h J54 B-Ms. FERIFEZ). Cou-Ms. HA-Ms/
Cou. HA-o0xi-Ms/Cou F1 HA-oxi-Ms/Cou-+H>0, il
FfLH (AL EH T RMLIREN 3 umol/L. LA
B-Ms {E AR, &4 3 MEFL), k4 HE 1 h,
DAPI Y6 Yett 15 min, %6 BB M 225
SREEIEIAIR, AERAE 4 FE 8 AR, X IR 414

B-Ms

Cou-Ms

HA-Ms/Cou

HA-o0xi-Ms/Cou

HA-o0xi-Ms/Cou-+H,0,

x4 BEMRARE (X+s,n=3)

Table 4 Relative fluorescence intensity (X + s, n=3)

20 51 AEXT 2 i
B-Ms 0.00
HEE 192.70 4 1.65%#
Cou-Ms 205.36+1.90%#
HA-Ms/Cou 226.82+0.57%#*
HA-o0xi-Ms/Cou 206.22 +4.05%#
HA-oxi-Ms/Cou+H20> 226.89+1.77##*

5 B-Ms AHE: #P<0.000 1; 5 Cou-Ms A "P<0.05.
##P<20.000 1 vs B-Ms group; “P < 0.05 vs Cou-Ms group.

50 pm

8 SK-OV-3 R R RLEE A
Fig. 8 Representative pictures of SK-OV-3 cells uptake
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RIWGEERN, HAHEARHBERETI, K
FEN B-Ms<& 5 % <Cou-Ms<<HA-o0xi-Ms/Cou <
HA-oxi-Ms/Cou+H,0, <HA-Ms/Cou, 7 Wifili%E
R R BRAS AR A, mI 5 25 3 0 SK-OV-3 4 i 2454
IR AR, k—BAEsE T HA-oxi-Ms/Cou J:
A TEA N B8 1, PEGsooo KA E VA J5, FLHE[A)
SK-OV-3 41 fE /15 HA-Ms/Cou #H24.

(3) i =Gt M % 2 e AR R AU I s 4 B A Y
FIEESLIR] “ (2) 7 TiJrik, SK-OV-3 4ifrE & 2ks
FREERRIE 1h 5, YA PBS ¥ 3 WK, HALE F 300
uL PBS &, KA 4 e 5 4 sl & A
SR, SRNE o Mk s . magl
PRASC I 45 R 5 5 WA s 48 A — 2,
— IR I R RS TR R, W] LA 24 45 G A
SK-OV-3 4i g & #L

HA-oxi/Cou
105 B-Ms HA-oxi-Ms/Cou |
1 HA-o0xi-Ms/
COU+H202
_ 7
=}
=
]
35
0
10° 10! 10? 10° 104

FL1-H

9 ML TR IR
Fig.9 Fluorescence intensity analyzed by flow cytometry

x5 BEXMRARE (X+s,n=3)

Table 5 Relative fluorescence intensity (X + s, n=3)

20 531 FEX 9 e i
B-Ms 501.67+164.26
HEEUE 930.33+9.29
Cou-Ms 930.33+9.29
HA-Ms/Cou 1 164.33 133,08 ##

HA-o0xi-Ms/Cou 1037.33+15.50"
HA-o0xi-Ms/Cou+H202 1143.33+35.16"
5 Cou-Ms AL "P<0.05; 5 B-Ms 4LLEE: #¥P<<0.000 1.
*P < 0.05 vs Cou-Ms group; *#P<<0.000 1 vs B-Ms group.

244 RHEXS SK-OV-3 ZHH g d&E KA
CCK-8 iENT A IE Ze AT H 5. DL 1.5 X 1094LHY
DK SK-OV-3 412 T 96 FLAR, 1555 24 h )&,
PR TR SL IR 25 A FRIVREE ) B-Ms RFIFEE
Pod-Ms. HA-Ms/Pod. HA-oxi-Ms/Pod F1 HA-oxi-
Ms/Pod+H,0,, HANKE K E 5 ME L, UL DMEM
BRI AN IR . RS 7 48 h JE AR RERT IR
] &AL NS 10% CCK-8 HIE 5, k4 E 2
h &, T 450 nm AW EFESIROGE (4), THE4NH
TEIGE, S H MM RN E 45 R R 6.
MM TE R =41/42
AV THLIBOREE SR, Ax D978 F0 BB 2L 1OV e B
SIS LG RN, TR R R A AR IR,
B R A ) R AR, LR R AT RE A
FRAIEIN T SR E R KA 3 W R RIS MR I e

*6 AEIREFIFIHMIESZMN (X+s,n=3)

Table 6 Cell cytotoxicity of preparations with different concentrations (X £ s,n=3)

SK-OV-3 01735 /%

A 0.005 pmol-L™"  0.050 pmol-L™!  0.500 pmol-L™!  5.000 pmol-L™!  25.000 pmol-L™!  50.000 umol-L™!
B-Ms 9845+4.12  98.43+387  9841+158 98284229  98.07+4.03  97.22+4.21
Pod 97.73+3.08 94.58 +4.52 92.98+4.95 82.21+5.16 61.43+3.92 35.29+4.14
Pod-Ms 84.66+5.65 81.54+3.18 75.36+3.68 65.54+4.67 55.61+3.49 33.30+3.18
HA-Ms/Pod 83.87+3.37  77.42+442  70.03+547  59.87+4.08 29.85+2.88 18.51+4.48
HA-oxi-Ms/Pod 86.84+4.76  82.87+5.07 77454386  64.15+3.83 55.77+5.87 27.06+3.52
HA-oxi-Ms/Cou-+H,0, 83.14+330  79.72+3.22  70.70+3.75  52.52+4.50 33.32+3.79 21.46+4.96

R A I R LA R i A B, LR R AT RE A
175 B R R 5 TR A i SR THI I R A ) CD44 A ELAE
F, B0 7 iR 20 B e A o B4R, AT I T R
FA&{EINEG: 1AL, HA-oxi-Ms/Pod+H,0, HI4H
M5 HA-Ms/Pod #H2Y, JF LB EMEZES, HN
BT HABLL ], B T HA-oxi-Ms/Pod e HLi 1t
S 7 R 2 B B e 1

245 HEHIME SK-OV-3 4t fhE J1irir  #

H Transwell /NZEERTMA R 25 25416 SK-OV-3 4f
JIEFEHE SRS . B Transwell /NN 24 FLER
Hr, TG 1640 H5 775 H& SK-OV-3 4Hifi)5,
¥ 180 puL 4N % Fis= s [FIR, K 600 pL 7
IMERE RN T = 2255 B-Ms. Pod-Ms.
HA-oxi-Ms/Pod. HA-oxi-Ms/Pod+H>0, DA 20 uL/fL
A LE=EF, #1E 12h 5B/ EEH, PBS &R
NN 3 IR, MR LR/ E N,
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4% % ¢ W e [ 7 S 1 RIS 4R 30 min, 2RJ5

0.1%45 S LB = R 44 5 20 min. ¢ )5 PBS %+
W, BT, BAE BB TSI, BT

o 1 A B 8T S VP A A s A% e

SEIG S5 AN 10 F13R 7 Fiz, B-Ms. Pod-Ms.
HA-oxi-Ms/ Pod. HA-oxi-Ms/Pod+H,0, #l#i SK-
OV-3 AT e /12T 5% 5 HA-oxi-Ms/Pod #H
tt, HA-oxi-Ms/Pod +H,0, #lifi] SK-OV-3 4ifiL

AAE %

- >
& t i .
s :
ac - & B
&8s, ’
: &
J L
% *a S S g 5 i
— i
Y adhe 771
i
(g >
- T X g
£ &
¥ ® e
W :
24 . ;
iy » .
TN
# ™
| b 08
R ;
e T
& &
Q. B S . b
LA s 50 um
< — ——

HA-oxi-Ms/Pod HA-o0xi-Ms/Pod +H,0,

B 10 BZR¥T SK-OV-3 AT #5aE HRIF MM
Fig. 10 Effects of micelles on migration ability of SK-OV-3 cells

®7 WHEIBH (Xxs,n=3)

Table 7 Cell migration number (X £ s, n=3)

givl LIRS 2

B-Ms 253.001+14.00
Pod-Ms 170.67+13.50
HA-oxi-Ms/Pod 87.67+12.86™"
HA-oxi-Ms/Pod+H>0: 70.33£5.51""

55 Pod-Ms 4 HL#E: ""P<<0.000 1; 5 HA-oxi-Ms/Pod 4LL#4:
#P<<0.05.
“*P<0.000 1 vs Pod-Ms group; *P<<0.05 vs HA-oxi-Ms/Pod group.

RESITESHR, 2 RAFESE L (P<0.05).
3 g

G0 SRR 2 SR B P IR o S3UAE e A v ) — T
Wi, ADRBREE, WE ARG, ROk Lt
MR RR . b2t B RT R R B 2 IR 7 ik
SR, FI TR I7 20 K ME ZE RIS R OB K2 )
B, AT T RO AR A N,

REARR R MR RIS ATER, AR
B, SRR RN 2 MR 4T i B B A

FHE31, B 35 2 Be A S b 5 At i 0 2R R b 1)
WELEA, WA 2 RYPERIE RIS, SR,
Ui F B 21 A7 10 KV T 22 B 38 v 1) A SO b B 1 45 il
A, BRI T HARNRR Tz SO, R, R
%2 RIS AR 2 R G, v LA T B R AN R B,
W ILAR A, PR S PR RO . R A e
EIEMSE, RIVEERN A SEA
W] () 5T, T A . AR R, VTR
TR R IEFE AR 100 5017181,

T 1 8 48 TK (Thioketal) J2& HIRAIBR T &
PR B Rt e, HRETE TG M A R Ak,
T T, PRI A 32 P W v i 1 S 3 4 254
1K R LR E (195 B AS Cln iy B8 58 R 5B A7)
TH TK B2 EAR T DATEIX ek 5 AL I PR
Hh AR, AT SCELZG A BIRE B, IR { R 4H
ZUNA R RN, IX IR 2] RS RENE 4 = 2 I 4
T, (294076 SK-OV-3 4l - iR il e o8 vy, 4
SRIGIT IR . IR, BRI H e
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BRI 251k R 40, Hool LS s g R b -2 A
R ERIAN) CD44 44, SEIZWEE RSN &
B [ 5 R0 0-21,

AT 5 368 3 S 3 HO P Dy A g — el 7 25
JR R A v 1 AU R B 3R 9K IR, B BBD-
RSM i e S fitib 77, BUER R AL 3% (94.28 +
0.51) %o HE—DXT A BRAL M B dE AT RAE, 225050
M5 HA-oxi-Ms/Pod [ R4 (104.854+1.03)
nm, {HBAN (—6.401+0.43) mV, EIMEEEEL N
GEREMEIT; T IS NS R R AR AR L, 2 A
HNBEIAT ARG N, 28 B2 R AR B A 1 1 S B e
TSN RIS, I I R RS R A SK-
OV-3 4t fifd i (3 BB DL 2 3 & T R R, HA-
oxi-Ms/Pod 7E 51 & % P S0 PR 358 rh (1) B I 1 5
HA-Ms/Pod #H24.

10 NN 531V s JB i BRI LL ) O S M S
HA-o0xi-Ms/Pod %t SK-OV-3 40 fA7i% KI5, 45
BB IR H i K Chalf maximal inhibitory
concentration, ICso) {4 18.94 umol/L, &L
WIS 5 ICso [EN 6.975 pmol/L, FILH 3R
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