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Preparation and cytopharmacology evaluation of self-assembled saikosaponin
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Abstract: Objective To prepare a self-assembled nanoparticles of saikosaponin D (SSD) and cannabidiol (CBD) and preliminarily
investigate their anti-hepatoma mechanism in vitro. Methods The SSD-CBD self-assembled nanoparticles were constructed using
the nano co-precipitation method at a mass ratio of 3 : 1, and their assembly mechanisms were characterized by techniques including
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and "H-'H nuclear overhauser enhancement
spectroscopy (‘H-'"H NOESY). Its physicochemical properties were evaluated by transmission electron microscopy (TEM) and
dynamic light scattering (DLS). The antitumor activity, apoptosis induction, and preliminary mechanisms were systematically assessed
by MTT assay, flow cytometry (Annexin V-FITC/PI staining), and cysteinyl aspartate specific proteinase (Caspase) activity assays.
Results The assembly was self-assembled through hydrogen bonding and hydrophobic interactions, with SSD and CBD showing a
synergistic effect against HepG2 cells (CI = 0.79). It exhibited pH-responsive drug release, specifically releasing drugs in the tumor

microenvironment (pH 6.8) while remaining stable at normal physiological environment (pH 7.4). Mechanistic studies indicated that
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it primarily induced HepG2 cell death by activating the mitochondrial apoptotic pathway. Conclusion The constructed SSD-CBD

self-assembled nanoparticles offer a carrier-free strategy that can simultaneously improve the delivery efficiency of CBD and achieve

precise collaborative drug delivery, providing an experimental basis for the development of intelligent nanomedicine based on SSD.
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PRI T RAF A, WA B4R 4t
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SSD & 44 =1 FE [FIYR Y S8 HH 25 A (saikosaponin A,
SSA) Bl B 2 B\ A I P B e RO R B %
PR AR J11) CBDUEAT W) ik, DA 42ahHy
FEBAE AR AL 22 53 S 00 B[R] AR R B o &85 1
7N, SSD 5 CBD W & HhEE 71, HibE
VEFVET AW D e 54 5 5 K J2 1 ) XU B A
TEAEY R, ST — 2 nAE P MR A T
TR ORI bR AR BANSNS; AR AR A5 2 T
SSD HIPsEMES) 5 CBD MG /K B 28 Kyt
[ IR AFAE R IR 431 L AMAE . IX P48 BAMAEAMY
N EIBIS E . BKE S SE 1 L AR R
T EEERE) 7, W 5 A g v e R A 5 pH
EHANH R REIEIE RGBT | HIR L.

AR, KB AE 3 25118 77 T AL %
= Hrh, BT 1 B HRE N O BRSNS £ 52 R,
EEBENH YT 8 S BT LA B A
FESANVER, SRBNH B R 3 S50 e B 9K Sk
PRO-100 3o < | 3k ” AR AN e A 288 s M v 1k
YR EE Gt s CBD 40K W
UESEHATATIETD, SN, ARG HANZ
Pl BG T — KGNS, NSEIAR 3L
SE ML IIR 5 EL AT I I B R T AR AL TR RE . AT
FAE A SSD-CBD H A ZLg Kk, LAHHSEHLZY
W RS E L3838 5 P R B0 IR 5O

1 UEEHH
1.1 {45

Zetasizer Nano ZS TUYHKRIE K Zeta HLAL 34T
A, FE B IR AR PR AW s HT7800 A4 it F 1
B, HARHIL AT Nicolet iS20 7Y HLIH-Ax #
LA A, 2B E TR R R BB A F] s Avance
NEO 500 MHz BUZ 3R w4, 1 AT & e A
Al SH-1000 ZUEEARAX, RIESCHHILE = W& A IR
AF]; K-Alpha B! X SF20GHLFREIEAY, 56 EFEER
K RBHE A T LSM-900 B AL SR A2 5 % i s
RIREEFD2H R A F; LongCyte C3140 T 204H
M, b ZIRAEDFRHA R AR ;s Amicon Ultra-
2 HBIEELE, BFEEEMEXN 27 E (molecular
weight cut-off, My) 24 30000, 3 [E Millipore A 7] ;
WX H2500R B! s v B9 0o b, 1R A SR =
IXEETF R AR AT
1.2 Zam5id

Wiz 2%, 15 AZ21101653, Fi &85> %0=>98.0%,
W H AR LAY R AR AR SSA (5
DSTDC000601)+ SSD (fit*5 DSTDC000802), Jii &
3 80=98.0%, T E BB R R R A RH A TR A A s
CBD, #t5 FE10071912, Jfi&E43%0=98.0%, W4H
ZE[H Cerilliant 2 5] .

DMEM b ga gk, fit's 3251148, T FEER
KRB (D R A A 5 BG4 I3 (fetal bovine
serum, FBS), 75 11012-8611, W EWILRAIIE
IR A IR AR R HE-EDTA HAGR (1t
5 TI300). HHER-FEHERBMR (H7'5 P1400),
WHIEERZEEREARAA; MIT, #t5
1334GRO01, W |7 I 28 H A MR A R A 7
Annexin V-FITC/PI 4 ffg i T2 M7 & (B85
C1056) R AT R R 57 14 1 1 I 2R i 11 /K g
(cysteinyl aspartate specific proteinase, Caspase)3/8/9
TEIER A & (525 C1118/C1155/C1161). &1k
FHGINRF & (525 S0034) . LA i mi A7 463
F& (JC-1, 5 C20018) ¥ H L= R4
FHARBABIRAF; JRUER % =08 (adenosine
triphosphate, ATP) 7 &l i7f&, $75 A095-1-
1, WOH MR ERAEY TR RAR.
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FE 7 11 40 B B0 T 4 55 B 5 O T ) (Z-
VAD-FMK, T%%5 C1202). S FE40#157] (Necrostatin-

1, T8 SC4359). FET-#dlK CWEife, 75
T819460) . H W4 7] (3-H EEJRgEeg, 155
M833793) . KAL) (Ferrostatin-1, %5
F864515) FHHFL T a7 (VUBREHIR %, T

A828261) B H i3 e kAL RHE AR A a] .
1.3 4HREER

W6 T BT 40 M HepG2, T H EilgEE =R
EMEARERAT, 7= idn's C6346, HASLEE
TRAEFEAEA
2 FAEEHR
2.1 HepG2 AptEF 542

HepG2 T4 10% FBS K 1% H & -H5
Z 1) DMEM 5Eaiigidk, 1£37 C. 5% CO, &
TR B 2t N H S 75 . SRIR YR AR A K
Y. FFIZ5%) (SSD. CBD. SSA. #itfz 2 fH:
YR G AR £h g2 il (PBS, pH 7.4) Hrfif
Bel, AR5 DMSO 2R EA KT 0.5%.
PLE 25 DMSO (4341 0.5%) 1) PBS 1E N

% A2
2.2 SSD-CBD B4HENKRMAIF]E. =MECLL K
EARMERFRIAE

2.2.1 SSD-CBD H 4 2E 40 KK 1) 1] 4% F0 e L AC EE
MR RASLSTE LT % SSD-CBD H 4139k
Fi. B, 4 SSD5CBD#IE1:1. 2:1. 3:
1. 401, 501 mEL, 25/ T DMSO H,
BC % 10 mg/mL (W, AL 5 min 78
I3V AR E =I5 500 v/min 1 HEEESE R, K CBD
WRET 5mLDMSO CHHLAD 1, fEHAHEYISE
5 EE N 10%, B 5 PL 1 mL/min (138 525 A SSD
T, EIEFFESEE 1 ho KR AT RS N R A
SrFIREN 1000 FRENTRE, HEEF/KIENT 48h,
IR 12 /NS 1 UGBTI, DMK R BRoARSS
A AR KA NIER . BERENT RN B, WHT
5, 3515 SSD-CBD H 434 KRik &

WIS MTT AR, 4 SSD 5 CBD #k}
Eeoh 301 B, Tl & 4K RifE 5.0~10.0 pg/mL
JoR B P G B YN Hep G2 44 it F A KA )37 1 A
S, AR E L R e R A T B
222 HEARVERRAE  CAREHUPUTIZEC B R 9K
KL 25515 Re, #2020 E S IR
O-A VBRI FLEE & HPLC R0, DU IE B O

AR Y), CFEWILE HPLC 705l e i =245
MU TREWREE ., ELBAILHE A RY, SSD 5
CBD BE B A2 BONEAA A EL

HRARAE, AWFFCLL CBD 1R TS 5L, 35,
AESEEHRITEARXMT. &g, ittt
(SSD 5 CBD #kHE A 30 1D gekhifizzig N
(91.24+3.5) %, AIHEA (88.514.1) %. Wt
PEBCEE (SSD 5 CBD #BCRHEE N 3 1 1) Kok i 2
P R 3E AT RAE, B T BB (transmission
electron microscope, TEM) 2DIIZR R, ghKk 23
BRIE, TR, RS T BIAZ 0 RS 41709 30 nm
(E 1. h8#0 (dynamic light scattering, DLS)
s HoOKARE N (110.1£5.7) nm, 243 ERE
(polydispersity index, PDI) 4 0.234+0.056, *H
KiAg A s) (B 2). CHAMES R (K 3) N
(—15.9+2.2) mV, &R AHA R T4 REE

i SOnr‘n’v:j'

E 1 TEM T BLEEHKRAFIRE

Fig.1 TEM image of self-assembled nanoparticles

i
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HifE/mm

B2 DLS UEMBERMKRKERIZNTH
Fig.2 Hydrated particle size distribution of self-assembled

nanoparticles determined by DLS
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¢ HA/mV

3 BB EMEICENER BERNKHK (BN
Fig. 3 { potential distribution of self-assembled

nanoparticles determined by laser Doppler electrophoresis
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meep NAEKRI A CBD i, M w8 SSD-CBD HA
BeAKRLI R B, M o BB CBD 85 &

2.3 5 SSD thEIEC{R A 5 B0 T iE S 30 E

KH MTT 7974k SSD 433115 SSA. #iH i = I
CBD HIYHIR &Y% HepG2 UMM EEE, LAGRGE
ARG . PEIRAY)354% SSD 5 CBD Fi&
FboA 3 01 fil#%, BURSEEAREL 2 k2, 43mlbhib
HIKOEEEAERASERR, EREL3 I 1RE)E,
Pl DMEM 523578 i R M B R T R 4R 2R
KRR OTE<0.1%, iRiE 30 s 1RE), Bif5.

[F 2 A IRAL (5 A2 F B O BE, A
TNZ5) o B B A KA HepG2 44 SRR VH AL )5
PABESL 6 000 > )% BERERT T 96 fLAR Y, 12 ALEL
PBS #H75. T 37 C. 5%CO, B 37 #1598 12h ff
MM TR WEEfS, W BRI, LIS AN
TR AR 2 W R RS R 3 100 ul, AkSRE9R
48 ho fifif5 , BFLIIA 20 uLMTT ¥ (5.0 mg/mL),
WEEIFE 4 ho NIRRT B3GR, BFLIMA 150 uL
DMSO, T#EK S HRY: 10 min 28 H S, 56 4
. fEFIBRARCIE 490 nm A T g & FLATHL
HEE () fH, SEIFL. FESL. SERRALW 4 EHy
AN A sy A wen A o AHIEAFIE T H A K
W AR ER 1 PR, fE R 8K E 5.0~20.0 pg/mL
INF,  PITAE AL B ZH 35 52 I 07 R A FEE AR S PR 4 i 2E K
. Hdr, SSD 5 CBD HIWIERIE &AL A
W EIKFE T, 2RI s IR i R

MATTE R =(A s —A =) A ww—A =)

*1 TRBYMRES SSD #94EEA X HepG2 RBETEER
RIS (X +s,n=6)
Table 1 Effects of different drugs and their combinations
with SSD on viability of HepG2 cells ( X £ s, n=6)

AT TG %

FEf 0 50 100 150 200

pgml™ pgml™" pgml™ pg-mL™

SSA 100+2 93+2 90+3 60%3  5%1
SSD 1004 95+9 89+6 23+3  6+2
i e & 100£2 97+3 96+2 94+4 92+4
CBD 100£5 99+7 794 263  6*1
SSD+SSA MR AY  100£3 9442 90+2 6243 5+1

SSD+1it f EMFIREY 100+3 9942 90+£3  76+3  67+3
SSD+CBD ¥)FEAY)  100+£2 99+4 77+4  7+2  3+0
SSD-CBD HALZEH KA 100£3 90+4 15+1 4+1  3+1

BT Bk IR, kP Bt 20
T SSD. CBD. —HWHIREGY) K& H A A gKh
M EIMER . S5 R 1 s, TR 10.0.
15.0 ug/mL ', SSD-CBD [ ZH 25 40 KA1 () 40 A7 3%
E (AN 15%F0 4%) 815 TSR FE T 14 3ER
B (T%~90%) A KIEFES, KU HALLSEE)
AL — DR 22 RV AE Jo &R 20.0 pg/mL
H H B GAKR R 35 1 5 P BEIR & AR T ) AR A
FEZ (3%). SiRVIPRY], BHARKEEYH
R R 2% HepG2 41 i i 400 i 1 P o

2515, SSD. CBD. R &) & SSD-
CBD H ZH3GHKRL ) B A E - (half maximal
inhibitory concentration, ICs) 43 %141 (13.01 £1.05)
(12.80£0.98). (11.14£0.87) K (8.92+0.75)
ug/mL. R#E Chou-Talalay 7 2% i #4515 SSD
5 CBD Y)#R &P [F]#5 % (combination index,
CD 4079 UNT 1, BWEWERD, Wik —#F 7L
BRI P R B U« MURHIE SRk CBD BN
Y5 SSD #4734t B 42 i S AR AL 2590

CI=Dssp/Dsossp+ Dcsp/Dsocp+ DsspDcsp/DsosspDsocsb
Dssp 5 Deap NIRA 11k E 1Cs0 25 B 24 1 5 &3¢ JE, Dsossp
55 Dsocsp 43 73 24 % 5 245 BUAE FE IR ) TCsol1!

ICso 1K GraphPad Prism 9.0 # {4, PAZ54)5R
EIRERIRTECR AL R . 4TS oA bR, @
i US4 Logistic AELEVERNETL G 384T
2.4 SSD-CBD BHRAMKKIMEINEAITH

K&, LL SSD Ml CBD KRS NG 5,
F 5T GURRLEA F A BT AR Z51T . S5 2R
WA 4 Jros, ZGIRRERBAU IR A ST (pH 6.8)
(1) PBS Z2iHh , I 422 1) pH B i B 12
48 h Itf SSD 5 CBD HJRFRBEZFHR 7358 50.6%A1
52.1%, PIEREBUT NEARIFD . 1E 12 h 9Kk
1) SRARE 2% Uk 25.98%, & B H HA o 2
W71, SUHR, EIEWABMSNE (pH 7.4) A%
10% FBS KA, Z9KKIAE 48 h BEII A 4a 24 v
e, REBRARERMMK N 5%), RFHIER
PMAIEFR P RaE , WA AT 1R 23R AT N -

EAFERENZ, 75 pH 5.0 1 T 2R 4% N
BUAK, X5AKH) pH ERM AR B 13 /)
P A RIS iZ AL B, SSD-CBD H 444K
RinT sl “IEW AR E . MR kG i
ik, HRH TGRS A R kg, 1 50 gl
Wi S G K 24540 () S gk vt R — A AR 4, GRS
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Fig. 4 In vitro drug release behavior analysis of SSD-CBD

self-assembled nanoparticles (X + s, n =3)

T () B 5
2.5 SSD-CBD BLEEHKNIFS HepG2 HHREIET
BFRIEE

I BRI SRS T I RS R, AT
e VAL T IE B A SRR 17, SRA T — RARe R
I BEAT AL . dHMR A S EF AL S, 5
SSD-CBD £ & 4345 7% , i i Ao il A 0 A7 3% 2 1) A%
b, VPAL AN I8 B RIS ROR, 45 SRR 2 s
TR R, A E R, 153
(72.1615.85)%, .3 = T HA AL B 2H (P<<0.001),
U BH BT Caspase FH PR T-I& 12 BE A 2408 #% SSD-
CBD HHFYRR I B . AR, IRFEHHI 7]
LA RN (23.53£5.17) %. HETEEN
A&, FFET-HEIR . BRAR TSI AR TR
W 10 1) 7] Ak 2 2H 1 40 M A7 0 AR AR, A
(11.00%£2.65) % (6.94+1.25) %. (6.80%£1.52) %
1 (6.19£0.84) %. %Z4R TR, SSD-CBD HAH
TGN ELE I PG Caspase MK TR 125

F HepG2 4HfI4ET: .
2.6 SSD-CBD B4R KRBT EHANE K
HLEIRR 3

2.6.1 BTN PG SSD-CBD H4134)
# 2 SSD-CBD BLEEHKAIFS HepG2 HFL T3
(X*s,n=6)

Table 2 Patterns of HepG2 cell death induced by SSD-

CBD self-assembled nanoparticles (X £ s, n =6)

MEFRR MIEER% | WHFER HREER%
PBS ()  100.00+4.98 FTH 72.16+£5.85"
I e A 1 5 6.1910.84™"## \SRTEHIHIF 2353 £5.17"##
FET I 6.80F 1.52" ## \F L T4 71 11.0042.65™##
YA HHIF  6.944 1,25

5 PBS AEH#: *P<<0.001; ST IR #P<0.001,
P <0.001 vs PBS group; ##P < 0.001 vs apoptosis inhibitor group.

SKRLTE I8 20 B )3 S LR T, AT F R
FITC RAGRHEATAR L, BB E S IRE X & 2 5
WAEPFRIE AN, FEil i R A B L
£ HepG2 4HMI NI fishas. SR wE 5 fs,
HepG2 4iffix} FITC 471t i) SSD-CBD HZH3:44K
L 1) e S TR 2 TR ) AH Gk . HeH, SSD-CBD
TR AYERAN M5B, DAPL R4t
Yuft,, Bright NAIMLIAAIERS, Merge A& INEIE,
TV B R = A T A P o B A% R X 3 3t
% 30min J5, SRERNE S FEE N TR
M BEEME TR E 12h, DB 40 iR
NI B, (E5REHEIGHE; 2 24h, KA ZI
SRIGVEIRTE I, RGP ORI A N B IR
MOy B A, 24 TR H A RGN A R 12
LA 5 A A8

SSD-CBD DAPI Bright Merge
E 5 FITC ¥5i2H SSD-CBD B4R 3EMKHI7ZE HepG2 £H
e YR EY

Fig. 5 Cellular uptake of FITC-labeled SSD-CBD

nanoparticles in HepG2 cells
2.6.2 HHMIET-REN v BV SSD-CBD H
YRR T HepG2 4HILYJH T R0UR , AHF 72K
F Annexin V-FITC/PI X GL09, i i =04t g A
BEAT M, BER I 6. Firb, BiMAR (FITC) A
Annexin V-FITC %G58, T Fric 28 T 40
SMRTE BRIt 22 2R, 455 P T Sk
tr (PD ABLPINE (propidium iodide, PI) 7 J5H
FE, FEA TRt OEeE) st
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PBS SSD-CBD 7.5 pgrmL™! SSD-CBD 10.0 pg-mL™
1 Q10.180% Q2 4.820% 1Q10.160% Q226.270% 1Q10.020% Q2 53.900%
10° - 105 4 ' 10° - :
= 104—E ~ 10* _E = 104 _f
10° 10° 3 10°
i a B d ;
2 X Q4 0.300% 3 Q4 1.770% 3Q3 Q4 26.500%
- T L T L T T L} T T T T T T - T T T T
10° 10 10° 10° 10* 10° 10° 10* 10°
FITC FITC FITC

6 % SSD-CBD 24 h #4325 HepG2 MMIMAT AT (RXLMAEAR)
Fig. 6 Apoptosis analysis of HepG2 cells treated for SSD-CBD 24 h (flow cytometry)

M. B 4 MZIRSIER: Q1 (PIY/FITC,
IAEL0ML), Q2 (PIYFITC*, MEHAET-40M1), Q3
(PI/FITC-, f@FEVG40A), Q4 (PI/FITCY, H.H
T . 45 5K ] SSD-CBD [ 4H 55 4 Kbt ] Joi
WA HIAE S HepG2 AHIHT: . S5xtREZHAH
Et, 7.5, 10.0 pg/mL PKRKIALE 24 h J5 G T3
(Q24+Q4) A 5.120%% 2% ETHE 28.040%A!1
80.400%.

2.6.3 Caspase &t [ EgIEPE ZRRiAR DI RE 22 40 B P v
PEART ATP KA IR AR ST SSD-CBD H 4
FEYRRL T F AN T AL, A TR TR T
PATE A Caspase MITEME. LhifAThfe. 4000 A%
PR S ATP Ko 253 15R 3 Fiox, 4 SSD-CBD
H HBe G KR 24 h 5, Caspase-3/8/9 HIE P15
EHUREIKREA T 5 . 7 10.0 pg/mL 2K
T, 3 Fl' Caspase [F3& 1 737 X BRI 4.9 5. 5.8

<3 SSD-CBD BE4HFIEHAKHKIXT HepG2 #ffl Caspase 5&
X ATP KFRIFME (X£s,n=3)
Table 3 Effects of SSD-CBD nanoparticles on Caspase
activity and ATP levels in HepG2 Cells (X £ s, n=3)

3 I/ & 1/(nmol pNA-h'mg™") ATP & &/
(ugmL™) Caspase-3 Caspase-8 Caspase-9 (pmol-cells™)

PBS (% fif) - 0.11£0.01 0.11£0.01 0.10£0.01 176.0£25.0
SSD-CBD 6.0  0.17£0.02 0.1440.02 0.14£0.01 146.0£25.0

7.5 - - - 78.0£15.0
100 0.54%0.04 0.64£0.07 0.60+0.05 35.0+4.0

51 6.0 fi5, $ERIETSZARIRAIT S LRAARIRIT W,
BOEEY,

JC-1 e sCAN AR M ik — PR S, 4Kk
Qb P 8 R A S M T B R AR IR AL TP, 2551
WK 7 Ao, 76 PBS X HEZH AR, ZRRifA i v A7 %
(EMAL) B4 LL BN 8.020%; 28 7.5+ 10.0 pg/mL

PBS SSD-CBD 7.5 pgmL ! SSD-CBD 10.0 pgmL!
106 -E 10(j '§ 106 _§
10° 3 105 % 105 2
] 3 3
1 ] ]
10° 3 104 3 104 =
& 3 SR >
10° = 105 < 10° =
= G2 < G2 e G2
@4 8.020% " : 12.260% 0 42.860%
10! S e 10! e ARy 10! i
ot 102 100 104 10° 100 102 100 104 10° 10 102 100 104 10°
FITC FITC FITC

b G2 1T 23 LE R R AR IR H 7 R e AL L A5«
The percentage within the G2 gate indicates the proportion of cells with decreased mitochondrial membrane potential.
7 AERERE SSD-CBD BARMAKKLLIE 24 h /5 HepG2 ZARIAILHIIAIRE L JC-1 RERNXMPEA T

Fig. 7 JC-1 staining-based flow cytometric analysis of mitochondrial membrane potential in HepG2 cells following 24 h

treatment with different concentrations of SSD-CBD nanoparticles
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