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AR, MHiE3EIF LA o HA-SS-MTX #9 s AE 4k b, vL HCPT AR 54, RASULIEANEL 0B 54, # %K HA-SS-
MTX-LA NPs #) 33 25 PL Ak, i ad AR 9P BE30R 36 # X HA-SS-MTX-LA@HCPT NPs #9318 Re@ FLb, KA MTT &% K E 4K
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Preparation and in Vitro Evaluation of Reduction-responsive Methotrexate/Hydroxycamptothecin Nanoparticles

XU Hongting?, FEI Xuanting®?, CHEN Ruoqiao?® HU Qiaohonga’b*(Guangdong Pharmaceutical University, a.School of
Pharmacy, b.Guangdong Provincial Key Laboratory of Advanced Drug Delivery Systems and Guangdong Provincial
Engineering Center of Topical Precise Drug Delivery System, Guangzhou 510006, China)

ABSTRACT: OBJECTIVE To synthesize drug-polymer conjugate hyaluronic acid-disulfide bond-methotrexate-linoleic acid
(HA-SS-MTX-LA), prepare nanoparticles(NPs)(HA-SS-MTX-LA@HCPT NPs) with it as a carrier by encapsulating
hydroxycamptothecin(HCPT), and investigate its in vitro drug release behavior and in vitro antitumor activity. METHODS  The
drug-polymer conjugate HA-SS-MTX-LA was synthesized by amidation reaction under the catalysis of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide and N-hydroxy succinimde, and its structure was confirmed by hydrogen nuclear
magnetic spectroscopy and Fourier transform infrared spectroscopy. HA-SS-MTX-LA NPs were prepared by ultrasound method.
The critical aggregation concentration and particle size were used as indicators to optimize the feeding ratio of LA to
HA-SS-MTX. Using HCPT as a model drug, HCPT-loaded HA-SS-MTX-LA NPs(HA-SS-MTX-LA@HCPT) were prepared by
emulsifying solvent evaporation method to investigate the drug co-loading property. The reduction responsiveness of
HA-SS-MTX-LA@HCPT NPs was evaluated by in vitro release test. The anti-tumor activity in vitro of drug-loaded
nanoparticles was assessed by MTT assay. RESULTS HA-SS-MTX-LA NPs was prepared successfully. The optimal feeding
ratio of LA to HA-SS-MTX was 1 . 1, the critical aggregation concentration was 60.50 ug-mL~!, and the particle size was
(226.6+2.5)nm with PDI of 0.180+0.036. The particle size of HA-SS-MTX-LA@ HCPT NPs was (257.59+1.41)nm with PDI of
0.13240.009. The encapsulation efficiency and drug loading of HCPT were (72.46+0.73)% and (11.51+0.32)%, respectively. The
in vitro release results showed that the drug could be rapidly released under high concentration of glutathione. The results of
MTT experiment indicated that HA-SS-MTX-LA@HCPT NPs had a significant inhibitory effect on the growth of HepG2 liver
cancer cells and Bel-7402 liver cancer cells. CONCLUSION The HA-SS- MTX-LA@HCPT NPs have uniform particle size,
with high encapsulation efficiency and drug loading, good drug co-loading ability, good reduction responsiveness and anti-cancer
activity. The anti-tumor effect of HCPT and MTX in vitro is further improved.

KEYWORDS: hyaluronic acid; methotrexate; drug-polymer conjugate; nanoparticles; hydroxycamptothecin
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et KW LA, b T SEI A ORI
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BRI, AR g kB AR G & Iz M, R
YURBAR BT TR tE A= YR Tk 258, g
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M SR RERREE, )z H Tk Fekiis
SRR EARB R, A, HA PTRESFPELE A i
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Pk, H 2 M S (methotrexate, MTX)A] DL oi 4+ P
FH 20 0 — S PR S, RE R R i A, A
T g A LR T 100 kAl 22 b e 4 i 2 1 =
FEFE IR MR AZ AR, MTX PR AL 2544 5 i T AH AL
A -5 e 240 JE SR T ) IR A2 AR 25 A, AT e LR
moAEH fMWBIr/E T B ES WK
(hydroxycamptothecin, HCPT)J&—Fi ) 1% T b J&d
259, XHHALE MR TR o (B KIS TEAE,
AR K, B HAET NPs AYsisK 2 s rha] b
TS ff A a1, BN R B

ARG B MTX R (linoleic acid, LA)
WA SO SN RS B HA B A R — ARl
(14340 S AU 1 24 ) - 3R 5 R I ) 175 B o IR -
e PR 04T SRR (hyaluronic acid-disulfide bond-
methotrexate-linoleic acid, HA-SS-MTX-LA), Jf>k
FHM 7 43 HA-SS-MTX-LA NPs., JH %
HCPT, W58 L2 25 90 K RS NRE 257 T S FAR S
MRS
1 X 5EHF

Agilent 1260 =0 (415 (32 F Agilent 2
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A), %t h Phenomenex Cis 8 & ik i HE
(250 mmx4.6 mm, 5 pm); 90Plus Zeta 144 A &
N Zeta HLAV 43T (3E E Brookhaven 2\ H));
FreeZone 6L ELZ5 3 R T/ AL(3E E LABCONCO 2>
)); T18 digital ultra turrax 2> FOHL(FE E IKA 23 7);
Avance III HD 600 MHz #% % 3L 48 5 3% A% (35 [
Bruker /A #)); Spectrum 100 f# BLI£T 4GS (3E
Perkin Elmer 2\ #); Multiskan FC il 5 1%
(Thermo); 5424R 5 UK IR & 25,0 L(Eppendorf) 5
SCIENTZ- Il D &7 I 40 ML S i AN (77 8 2 A= 4
B AR A BRA 7] H-7650 33 5 o 1 W iBa (H
7K Hitachi A F]),

MTX(R X E R AR AR, fit5: 2021
1105); HCPT(RHR % DU AR A FRA W], HiE5 -
210920; ZiifE . 99.8%); MTT(HILS : MB4693).
HAM{ILS : M0220A, AHXF4rF Bk 10 kDa)i4
HREEZCHEYHAARAR; HEGEIE, b
UL EGAFHEA AT OISk, 6B
o) BRI AT R T A D R B A BR A
"), 5. 22090201); DMEM b g ALt 5
8122114) . oy R -HE R &R (It 5 : 2321138) , JH i (fit
5. 1928609414 [ Gibeo; K AZEMK ; HAR
R o pral . N4 HepG2 1 Bel-7402 52
W) RABER A E B R 1-43E-(3-
TR RS N L) B O R R R [1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide, EDCI](_I- i
BThr T A AR e A R AR, it . 1221307);
N-F2 3B 3119 W} (N-hydroxy succinimde, NHS)
UM = EYEARARAFE, #it5: 201908);
— H LV A (dimethyl sulfoxide, DMSO, t5: CI
4206253) ., ek — LR (cystamine dihydrochloride,
CYS, L5 C13193104)¥ 1 i 22 e A ALl
HARAH,

2 FAEEHR
2.1 HA-SS-MTX-LA M4 i

HA-SS-MTX-LA )4 iU WL 1,

2.1.1 HA-CYS W& FREL HA 100 mg, T
10 mL PBS(pH=7.2~7.4)"%, MKKMIA 3 f5EE /R &
f) NHS #1 EDCI, #H:-EMs, i 6k 2 h,
SRIGINA HA 5 f5EE /R B el —dhfedh, iR
RN 24 ho SRJGBMT 3 d, LAEBRAR R/
TYIR, %1, 4CHLEE,
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EDCI, NHS

OH OH
'“<o < QHO/tO >
HO. o -- + H’N/\/S\S/\/NHZT)
n

HA CYS

HA-SS-MTX-LA

1 HA-SS-MTX-LA 4 & ¥ %
Fig. 1 Synthetic route of HA-SS-MTX-LA

2.1.2 HA-SS-MTX &M &% ki P HE
& MEHC, FREL 60 mg MTX ¥5 T DMSO Hr, Rk
HA 3 f5EE/R &1 NHS #l EDCI, 72758 ik
2 ho J3FREL 2 f5EE /R & 1 HA-CYS T F 3 mL
e, 40 CHfiR, R AIZE RG] DMSO i
B3] 5 mL, #1158 HA-CYS ¥ . # HA-CYS IFK
B bR MTX B thIFFE iR R it 24 h, 28
JEENT 3d, BT, 4CHROLHAE R

2.1.3 HA-SS-MTX-LA fy& R, 24 HA-SS-MTX
5 LA MEERI A 11 B, #/EWTF . PRI
HA-SS-MTX 52.9 mg, f& 40 ‘C FIAf#LE 3 mL H
Bkfie, AHIE RS H DMSO #i k%) S mL,
1% HA-SS-MTX ¥, 7R 28 mg LA ¥f#TE
5 mL DMSO H, il A 3 f5E /R 1Y NHS #1 EDCI,
TEZE IR T HHE 2 ho¥ HA-SS-MTX A% LA
T, FIREOCHRE 24 h, RIFBENT 3 d, H 1
KB ZEEIKG = 1), 2, 3 KRB
HEBETK, T, 4 CROLRGFEH.

F R IR Tl £ HA-SS-MTX 5 LA 5
SRR 1:03, 1:05 1 1:2 () HA-SS-
MTX-LA.,

2.2 HA-SS-MTX-LA W45 HF=AF

2.2.1 BWEIARAERN PGS HA (HA-CYS,
HA-SS-MTX #l HA-SS-MTX-LA i % T 548K,
LA & =8P b, MTX & Tt
DMSO, SR FAZ RGP 0 1354 S0 7 454 i (R A A
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o
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PEEE ., HA-CYS 7E 1.9 ppm 15 58 T HA B4
) N-CEEER H T, 2.7~2.9 ppm BYFEIEIE
& CYS B0 B HE 760 3.3~3.8 ppm A ARTIEIG
& HA B2 FIBEIR BT I160Y, 4.4 ppm Ab 1 RHE
2 HA B R IEFN CY'S B2 HE S 77 Az 1 ok g
5 CYS MHi#E, 5HICEkHaE -0, W 2,

HA-SS-MTX 7£ 7.5, 8.0, 8.6 ppm ZbH ¥ T MTX
HOF BB AR, U] MTX 2 %43 HA &
2 021 HA-SS-MTX-LA 7E 0.81, 1.5 ppm Ak
BT LA W FRIENE, BB LA B4 E] HA
B, 4, HA-SS-MTX-LA BI&. HiE

PSRN S ——
R I S

T T T T T
9.0 85 8.0 7.5 7.0 6.5

Z A Rl
D
c L1 . 1l
‘ L
A B R SN
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H2ENI R /ppm

B2 wewezatkasE

A-HA; B—HA-CYS; C—MTX; D—HA-SS-MTX; E—LA; F—HA-SS-
MTX-LA(1 : 1),

Fig. 2 'H-NMR spectra of compounds

A—HA; B—HA-CYS; C—MTX; D—HA-SS-MTX; E—LA; F—HA-SS-
MTX-LA(L : 1).
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N-Z TR FEA RIS 5 MTX 55 75 BRI I g FR
Syt LA BUFRAEWER R o S HAT MTX
LA #3) HA B4 a3 MTX BUCE
12.5%;HA-SS-MTX 5 LA /R IR 1 : 03,1 ¢
0.5, 1:1f11:2HH LA BUCES1H 0.1%,
2.5%, 3.25%F1 4.6%.

2.2.2  [EE ARG O YR RS
o, SRALEIR RIS E R R, SR s L AR
LTSI 2 A AR T ZTAMETE . HA I RRIE I
FFA 3400 cm™! A AT B IER-OH 45 Ik 3h
W, 1740 em™ 22 A7 9 R 56 Y P SE R i 04 N
1613 cm™" 1% Ik e 119 3 2 W fic g U141 HA-CYS |
HA-SS-MTX F1 HA-SS-MTX-LA {11t iz it 5 5k 2
Wl HA ) =50 1 i % 1 640 em™' . 5 HA
AL, HA-CYS BB won it &2k, al
RS2 RN HARRAE IR AT B HA AR Iens g 2 1),
HA-SS-MTX #il HA-SS-MTX-LA i 3 300 cm™' /&
F ARG i S S A A HA 1 AR B8 A LR R
Ji PRI AT RS R A 1Y) O-H A i ik s 92D , e 1 N-H
giRan I, HA KN4, £ HA-SS-MTX
ML AR S, 76 1601 e A1 511 em ' B BL T
MTX [ 55 B B8 10 B e B 2R IR ol R 1E g, 7E
691 cm ™' R TR C-H NS hiRs)
()R E I, 2B HA-SS-MTX K Ih & . 78
HA-SS-MTX-LA ZLAMElEH, 3 080 cm ™' S Ak ik
W A—CH W icE, 1640 cm™! J2& C=C Wi
TRV i 1) S R A e P T 85 e, 3% P HA-SS-MTX-
LA WIA . S5 ILE 3,

E o
3010 1700 1645
592611 2860
¥ |p 1740 691@
S 1511
H 1640 <
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W |c
3361
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B 1740
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I
|
A 3400 1740\ |
Z 163<Y 1410
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3 feaden @ ER et s B

A-HA; B—HA-CYS; C—MTX; D—HA-SS-MTX; E—LA; F—HA-SS-
MTX-LA(1 : 1),

Fig. 3 FI-IR spectra of compounds

A—HA; B—HA-CYS; C—MTX; D—HA-SS-MTX; E—LA; F—HA-SS-
MTX-LA(I : 1).
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2.3 ImA R (critical aggregation concentration,
CAC)Hy &

K HEEDECIRET L E HA-SS-MTX-LA ()
CAC. EEMZOERIHEIETE 330~350 nm A 5 4
PRI, FHodr AT (372 nm)A1T3(383 nm) X fif 2 9k J&
(X B L, 22 pi Aot o7 1) Joi e v B RISk CAC AL,
ZER LA 4, HA-SS-MTX 5 LA RYEEIRIERIL K
1:03, 1:05, 1:1f1:2 8 CAC 251N
84.17, 78.28, 60.50, 53.9 ugmL™', FE#E LA HL
fREERYIEIN, CAC BHFEAR .

1.8 -

1.7+ "

1.6

1.5 u

I372/1383

1.4+

1.3

1.2+

1.1

35 30 25 —20 -15 10 —05 0
1gC

4 HA-SS-MTX-LA(1 : 1) Tz72/Ias3-1gC H

Fig. 4 Plot of I372/I383-1g C of HA-SS-MTX-LA (1 : 1)

2.4 HA-SS-MTX-LA NPs [l £ S Rift . Zeta i
A7 0 5

KRR 4 HA-SS-MTX-LA NPs, FREC
HA-SS-MTX-LA & TZ&IWAKT, KBk A
10 min, #RJ54k 0.45 um GEFLUERE, EDfSH 22
NPs B, 5E HARALH Zeta LA, ZERILE 1,
HA-SS-MTX-LA NPs fif£7E 226.6~338.5 nm, Pl
H LA BURBE RGN, b 42 2 B /D 5 35 in i
. fE HA-SS-MTX 5 LA BYEE/RIL A 1 ¢ 1 Wi
/o HA-SS-MTX-LA NPs ] Zeta H {74 F—23.07~
—22.58 mV, iIi% NPs 8k o L5 ARife Ml CAC
fH, PEHLHA-SS-MTX Il LA By ERE IR N
1:1,
%=1 HA-SS-MTX-LA NPs By 41 & F1 Zeta BLAL(X T 5, n=3)

Tab. 1 Particle size and Zeta potential of HA-SS-MTX-LA
NPs(x s, n=3)

FEAE(HA-SS-MTX : LA)  Kif&/nm PDI Zeta Hfii/mV
HA-SS-MTX-LA(1 : 0.3) 338.5+3.6 0.189+0.027 —22.58+0.21
HA-SS-MTX-LA(1 : 0.5) 282.6+4.5 0.213+0.019  -22.6140.13
HA-SS-MTX-LA(I : 1) 226.6+2.5 0.180+0.036  —23.07+0.17
HA-SS-MTX-LA(1 : 2) 269.7+1.3 0.193+0.042  -22.97+0.11
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2.5 HA-SS-MTX-LA@HCPT NPs [l 45 K ik )7
etk

2.5.1 HCPT F&ailE ikmgsr RH HPLC
M 5E HA-SS-MTX-LA@HCPT ' HCPT W& .

O iE &1 ik Phenomenex Cig(250 mmx
4.6 mm, 5um); WIHNNE-KQRS @ 75); T
4 1.0 mL-min'; KW KA 267 nm; HEEHK
25 °C; #EAERSN 20 uLo QL JEMEDIE « /3 FREL
1E# HCPT Jiikl24 . HA-SS-MTX-LA NPs K
HA-SS-MTX-LA@HCPT NPs 1 T H Bk, 43
S OIT A AR T, e SR EIE R, 4
RAIR: HCPT My IR AR ZY7E 9 min, R
I, HEAEL T BIWEK 0.01 ugmL™!, & &
B4 0.05 pg-mL™', G@HCPT FrifE il s . Fr
HUHCPT 24 2.5 mg, I B Al T 2 45 2 100 mL,
15 25 ug-mL IERE . 43 IS BOR R R B R
& MRS 0.05, 0.1, 0.5, 1.25, 2.5, 5.0, 10.0,
15.0 ug-mL™"' 1) HCPT RFNHKEE, W W THIF(A)-
LA (EXTWRBE(OL RN, 1545 ih 407 #2
A=85.701C-0.276 9(R?>=0.999 8), # W] HCPT 7&
0.05~15.0 pg-mL ™" M ¢ R R4, OFE%E : BGE
i HCPT £}, 431 0.05, 2.5, 15 ug-mL™!
) HCPT FEfhik, HWNELE 3 )k, 1 HW
Ko HLRE 3 d, A HEEHE, 45583
e B 1) H PUAS 25 3 RSD 20514 1.93%, 0.78% 1
0.11%, H a2 RSD 20514 0.64%, 1.87%#
0.30%, PRI kEEoR . OREMIALE: B
[i]— HA-SS-MTX-LA@HCPT NPs & 1 mL T
SmLfFE T, MPESES, &/~ 10 min, T
0, 2, 4, 6, 8, 12, 24 h ME WA, ARIGHRIAE
i3 HCPT ¥ EEJF1155 RSD. 452R RSD {H N
0.19%, i /2 ITIEF 0K,

2.5.2 HA-SS-MTX-LA@HCPT NPs [yl =%
SCHRITIE MR GHE , R FLAR I 4% & il &
HA-SS-MTX-LA@HCPT NPs. 5% FRH 20 mg
HCPT, T 20 mL FE i, MAFE-—&
HEE( - DIRBEREFS R, €45, 1% 1 mgmL™!
) HCPT i&7 - A5 % FREL S mg HA-SS-MTX-LA,

BT, InA—E &M HCPT &, FF4b
I EE- A FREQ  DIRAEFE 3mL, fF
HA-SS-MTX-LA 5¢ & f# )5 , 76 15 000 rrmin~' T,
A I B T OGS B ZE K, IR
5min, JEMHIF . BRI FL TR K0T L
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— i PR A5, 34 CTiEZE 10 min BR
EHPER], s HA-SS-MTX-LA@HCPT %4k
Bt 0.8 um MALIERE)E, HZEMBMKERE
25mL, UKEE 4 CIRAE, 5H,
2.5.3 HA-SS-MTX-LA@HCPT NPs 71 HCPT fu %}
KM ENME  BH HA-SS-MTX-LA@HCPT
YPKE 1 mL F 5 mL B sif, FH ESR
NPs S5 I 25 e, 45, #85). HPLC Ml
Hr HCPT W JE, A E %, HA-SS-MTX-
LA@HCPT KRR AE TG, Wi, [FENE,
TR R
£ 2 (%)=NPs T 259 1) J5T 5 /4% 25 1 < 100%
B2 1 (%)=NPs H1 245 1) 1) JiT 5t /NPs & BT i
100%
2.5.4 HA-SS-MTX-LA@HCPT NPs &bJ7 T 24K

b DI BRI 2 B LA PR e AR, R
Box-Behnken #if-Mp i fivALfk HCPT # 24+
(A) . ZKAH /3 A PR B L (B) FER 75 B 16T (C), SR
Design-expert 13 #fFiit 3 &K 3 /KF-H Box-
Behnken 1MW HHRL:, Z5& P45 R X
AR P52 M [ 2355 VP4 =(f 38 5/ R AL 3 58 % 0.5+
B2 B K3 2 5% 0.5)% 100] o SRR BET T 5 45 5
K2, IESPERILE 3,

% 2 Box-Behnken 1% it-7f i @R Wik it 54 K

Tab. 2 Design and results of Box-Behnken design-response
surface experiments

sy AR BACKUML CHA ki AR pp
f/mg  MARFLLL  FFA]/min % %
1 0.2 2 15 59.26 1.51 39.45
2 1.0 2 15 51.87 5.37 48.62
3 0.2 10 15 79.93 3.00 56.55
4 1.0 10 15 60.79 11.40 74.80
5 0.2 6 10 85.77 3.55 61.83
6 1.0 6 10 65.31 10.89 75.62
7 0.2 6 20 86.71 5.78 70.16
8 1.0 6 20 56.24 14.34 82.43
9 0.6 2 10 57.17 3.37 4473
10 0.6 10 10 55.90 6.49 54.87
11 0.6 2 20 44 .42 3.02 36.13
12 0.6 10 20 65.70 8.16 66.33
13 0.6 6 15 73.65 9.82 76.71
14 0.6 6 15 78.78 10.50 82.06
15 0.6 6 15 80.43 9.65 80.04
16 0.6 6 15 76.42 10.58 80.97
17 0.6 6 15 76.64 9.51 77.37
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#< 3 Box-Behnken B it-ve b H 42 B By 77 = AT 4 R
Tab. 3 Variance analysis result of Box-Behnken design-
response surface model

KU FHR A ¥or F P
Model 3 910.82 9 43453 73.44 <0.000 1
A 357.62 1 357.62  60.44 0.000 1
B 873.81 1 873.81  47.68 <0.000 1
C 40.47 1 40.47 6.84 0.034 6
AB 20.60 1 20.61 3.48 0.104 3
AC 0.58 1 0.58 0.10 0.763 9
BC 100.61 1 100.61 17.00 0.004 4
A2 7.02 1 7.02 1.19 03121
B2 2283.21 1 228321  385.89 <0.000 1
C? 133.39 1 133.39 22.54 0.002 1
B 2% 41.42 7 5.92
KA 20.17 3 6.72 1.27 0.398 7
a5 2% 21.25 4 5.31

B2 395223 16

i1 Design-Expert 13 FR{F X 25 5051 TR A 40
&, BB TIREZTTRE: LR I=T79.43+6.69A+
10.45B+2.25C+2.27AB-0.379 8 AC+5.02BC—1.29A?
—23.29B%-5.63C2, #— Xt e Rt o0, 55 =
Arne L, UL 5. EHER 3 RTAL, AR EA
FPEER(P<0.001); AU PR 03987, Fn
RAUTON 1 25, Uiz R A R Ry, Al
FER . —RIrh 255 (A) FIK AR/ AR AR 1L (B)
XERA VA B i B 2, B B R (O B3
ZRFH B il CP XEE SR I R, A2
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Fig. 5 Response surface diagram of two-factor interaction
affecting comprehensive score
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