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Abstract: Objective To synthesize the amphiphilic polymer methoxy poly(ethylene glycol)-b-poly(B-benzyl L-aspartate) (PEG-b-
PBLA) and pH-sensitive polypeptide (OAPI), then, PEG-b-PBLA was used to construct pH-sensitive drug-carrying micelles containing
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OAPI and curcumin, finally, the physicochemical properties and anti-non-small cell lung cancer (NSCLC) effects of the micelles were
evaluated in vivo and in vitro. Methods The methoxy poly(ethylene glycol) amine (mPEG2000-NHz2) was utilized to initiate benzyl
(8)-2,5-dioxooxazolidine-4-acetate (BLA-NCA) to synthesize the amphiphilic polymer PEG-b-PBLA by the ring-opening
polymerization, and the pH-sensitive polypeptide OAPI was synthesized by ring-opening polymerization of BLA-NCA triggered by
stearamine and ammonolysis reaction. Then, the pH sensitive micelle (C-NP) containing curcumin was prepared by dialysis method.
The particle size, stability and pH-sensitive drug release properties of C-NP were investigated. Finally, the in vitro and in vivo anti-
tumor effects of C-NP micelle were evaluated by using A549 cells, three-dimensional tumor ball models and tumor bearing mice model
of NSCLC. Results The prepared C-NP showed a uniform spherical shape with obvious core-shell structure, uniform distribution
under transmission electron microscopy. Its particle size was (165.32 + 1.53) nm, { potential was (—5.24 + 0.42) mV, drug loading was
(5.27 + 0.14)%, and encapsulation effenciency was (88.46 + 3.28)%. The critical micellar concentration was 4.82 pg/mL. In vitro
stability experiments showed that under physiological conditions, C-NP had good stability, sensitivity experiments showed that under
acidic conditions, C-NP was unstable, with pH sensitive characteristics. /n vitro release results showed that the cumulative release of
C-NP reached (81.44 + 5.90)% after 72 h incubation in pH 5.0 medium, indicating that C-NP micelles had good pH sensitivity. The
cytotoxicity, tumor spheroid growth inhibition experiments revealed C-NP can enhance the anti-tumor activity in vitro. The cell
colocalization experiment showed that, compared with the pH-insensitive group C-B-NP, C-NP could be decomposed rapidly in acid
lysosomes, thus escaping to play an anti-tumor effect. /n vivo pharmacodynamic experiment results showed that C-NP group
significantly inhibited tumor growth in nude mice. Conclusion In this experiment, the pH sensitive C-NP micelle was successfully

constructed, which has good physicochemical properties, pH sensitivity, and strong inhibitory effect on NSCLC preliminarily

confirmed by a variety of models.
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Fig. 1 'H-NMR spectrum of PEG-b-PBLA
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Fig. 2 FTIR spectrum of BLA-NCA, OPBLA and OAPI
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Fig. 3 'H-NMR spectrum of OAPI
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Table 1 Particle size, PDI, { potential, entrapping efficiency
and drug loading results of C-NP and C-B-NP

W7 CF¥REmm  PDI (HAMV  EEFE%  HEE%

C-NP  165.35%2.56 0.11+0.02 —5.2440.42 88.46+3.28 5.27+0.14
C-B-NP 169.78+1.73 0.14+0.02 —4.33£0.15 83.36+2.16 5.9310.42
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NREAAER, 384, 373 nm AbFESITOE M 2 L
(Lsall73) NHPAERREE, 2 Z3UE BRI SUNIR
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%2 C-NP #1 C-B-NP 7£ PBS #1 PBS+10% FBS &1 24 h
ARIE L

Table 2 Particle size changes of C-NP and C-B-NP in PBS
and PBS +10% FBS over 24 h

C-NP }i4%/nm C-B-NP Fiff/nm

PBS  PBS+10%FBS  PBS  PBS+10%FBS
166.46+122 170.57£0.99 168.98+0.46 167.95+1.24
168.87+1.09 176.361.27 174.38+0.97 181.46+1.54
162.9940.98 168.33£1.52 172.62+1.27 179.2340.98
170.35+1.36 164.98+£0.63 177.54+1.65 180.55%1.45
165524127 170.87£0.26 172.28+1.35 175.75+1.22
10 172.89£0.46 176341123 175.4440.78 182.85£1.50
12 176.47£0.83 165.86+1.37 179.58+1.58 183.28+1.42
24 178.33£1.59 170.95+1.08 170.35+1.05 180.43+1.28

t/h
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—— C-NP (pH 5.0)
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---=- C-B-NP (pH 5.0)
- — - C-B-NP (pH 74)
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8 C-NP #1 C-B-NP £ N[E] pH F M FHURIZEN
Fig.8 Particle size changes of C-NP and C-B-NP at different

PH conditions
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Fig. 9 Curcumin release profiles of C-NP and C-B-NP at

different pH conditions

C-NP I C-B-NP M RBME I RA (433+
0.25) %M (4.31+0.14) %.

1% 3 740, pH7.4 I, C-B-NP fl C-NP 3%
HRMASNETL, Higuchi JFRERLA BT, BV R %
R2 435152 0.989 F10.987; pH 5.0 i, C-NP f447k
BT & Higuehi 712, [BIEHZRE R? 2 0.978.
pH 5.0 i C-NP FIMRAMREI AR, B 5 2B
SEIMENS IR, REZIHLHI AT B BRI B S bl
R
245 YUMEAEA SR MTT 5005 825 9K i
WX AS49 ZHMI ARSI R R, VRO T e 2k
B BRI R . C-B-NP fll C-NP /F As2ib 4,
FASE ML B 55 TR B R 2 BRI N 5~80
umol/L. ARALEE 4N HIAE R IR R, AUnkE 77
WAE N2 IR EZE . 8 96 FLAR T EL 5X 103 AN/ALIK
S AT BUE K AR AS49 4iffl. 24 h 5, SR
PAIMNTAMRTTREE, 2 A R X E e iR 77
5, FH4NEFL. Kt 24, 48, 72h )G, Wk
FEW, BFFLIO 20 uL ) MTT (5 mg/mL) &
4hfa, FEEFMW, BFIA 200 uL DMSO, i
JHRT 10 min, FRVERRLS Y. TR AR R
W 570 nm LI SEE (A4) {8, 14 Graphpad Prism
9 FRAFTHE B LI AH BAE S R AR EE (half
maximal inhibitory concentration, ICso) {H, %5
R4, 5. SiRER, IEEEHFMBAYURI AR A
X AS49 435 I H 755 DA AT () AF DG 1
FEAIHIER . 5 C-B-NP ZHAHLL, C-NP HEXIH &
R AR BOR , HIGSR A PR BEPE T e 2
H T pH BUS o B i 25 917E - 27,

2.4.6 AUfEILEALSLES  JEI AR, IR




« 6270 » F 8B 2023F108 $54% B 198  Chinese Traditional and Herbal Drugs 2023 October Vol. 54 No. 19
#*3 C-NP #1 C-B-NP 7£ pH 7.4, 5.0 {R5MERUIEE
Table 3 In vitro release model of C-NP and C-B-NP at pH 7.4 and 5.0
. C-NP C-B-NP
pH 7.4 pH 5.0 pH 7.4 pH 5.0
EHBM 0=0.05821+0.361 6, 0=0.959 0 t+19.409 0, 0=0.0579 40341 2, 0=0.0582 +0.451 0,
R>=0.958 R>=0.905 R*=0.970 R*=0.952
—HRIN In(100—0)=-0.000 6 t+  In(100—Q)=-0.0006¢+  In(100—Q)=-0.0006 7+  In(100—Q)=-0.000 6 1+
46010, R*=0.954 46020, R*=0.959 4.6000, R*=0.971 4.600 0, R*=0.959
Higuchi 0=11.0339¢2—10.4130, 0=10.0120¢"2—0.963 0, 0=0.587 8¢7—0.812 2, 0=0.5935¢2—0.809 6,
R>=0.987 R*=0.978 R>=0.989 R*=0.985
Weibull In[In(100/(100— 0))]=0.036 5 In[In(100/(100—0))]=0.033 3 In[In(100/(100— 0))]=0.036 2 In[In(100/(100— 0))]=0.033 8

t—5.3025, R?=0.790
Ritger-Peppas 1g0=0.842 9 1gt—0.890 3,

R>=0.980 R?=0.962

1—1.554 1, R>=0.788
120=0.594 1 1gt+0.861 1,

t—5.1337, R*=0.808
1g0=0.773 3 1gt—0.765 6,
R2=0.985

—5.3024, R>=0.804
1g0=0.832 9 Igt—0.881 4,
R2=0.988

*4 JFEEEFEZE. C-B-NP. C-NP £ 24. 48. 72 h B} A549 HRAHILABATEER (X+s,n=4)
Table 4 Cell survival rate of A549 cells by free curcumin, C-B-NP and C-NP at 24, 48,72 h (X £ s,n=4)

. 24 h I A549 ZHHIAE T /%

e 5 umol-L™! 10 pmol-L™! 20 pmol-L™! 40 pmol-L™! 80 umol-L™!
W EHER 96.48+2.73 80.27+1.82 75.95+1.05 56.74+1.21 40.97+1.13
C-B-NP 99.62+2.57 86.63+2.26 82.56+2.34 69.92+1.97 49.47+1.56
C-NP 98.50+2.19 83.42+2.64 77.93+1.33 60.61+1.49 42314124

. 48 h i} A549 ANHITEIE /%

e 5 pumol-L™ 10 pmol-L™! 20 pmol-L™! 40 pmol-L™! 80 umol-L™!
e 85.98+2.86 71.23+2.44 65.44+1.35 56.38+1.27 23.56+2.11
C-B-NP 95.3743.17 83.75+2.43 79.3342.66 64.48+2.11 28.9141.48
C-NP 92.2142.59 76.73£2.17 69.05+1.94 58.38+1.65 24484127

e 72 h i AS49 GHATIE /%

HA
5 pmol-L! 10 umol-L! 20 umol-L! 40 umol-L! 80 pmol-L!
= E 81.1843.25 63.48+2.14 51.5741.53 42.62+1.29 10.07+1.64
C-B-NP 82.26+1.55 7531£2.35 68.45+3.11 59.27+1.23 15.98+1.84
C-NP 80.34+2.34 70.47+2.53 66.92+2.62 54.26+2.08 12.334£1.39"

5 C-B-NP #lH#: “P<0.01 **P<0.001
"“P<0.01 *"P<0.001 vs C-B-NP group

IR T DL 3E A ORL A iR AR ik i . R, T8
BOE R BB — DA T C-NP iy %
a8 TR B KBRS R 3R RON 6 FLAR T, BL 2X10°
ANFLRE LD AS49 418 24 h J5 37 BRI
F PBS ¥ti% 3 6, I FITC #xic ) C-NP Al C-B-
NP, 37 C R E 4h. 454 FHALA M) PBS ¥E¥k 3
W BEJE, FFLIIA 2 mL Lyso-Tracker Red, ET
REFEAE R et 30 min, PBS JEE 3 i; AR5, FEAL
TIN 2 mL4%% 5 S PBS ¥, 76 =R FEE 15

min, PBS ¥E% 3 8; /)5, F 2 mL Hoechst =&
Jetf 10 min, FA PBS Peik 3 i, K a5 U,
SRR, BT A EOR PO G K B i kg
F b, [, H CLSM W%,

ZERANE 10 AR, 76 C-NP NG5, 40
e REIEREHA) PS5 (R FITC Frid
PR B2 85, 1% 3R = B AR Al
M C-B-NP Ay (RRERM RLEER
J (ARER FITC brid IR A JEAREF, RPHFE
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*S5 IFEZEHEZK.C-B-NP 1 C-NP 7£ 24.48.72 h Xt A549
YMBEAY ICs (X £s,n=3)

Table 5 1ICso of free curcumin, C-B-NP and C-NP on A549
cells at 24,48, 72 h (Xt s,n=3)

ICso/(umol-L™1)

T
24 h 48 h 72h
W EE 54204159 32814067 17911241
C-B-NP 87.30+£3.41  48.75+235  34.75+2.56
C-NP 60.12+£2.98"* 37.50+£2.37"" 27.23+1.58"

5 C-B-NP 414 "™"P<0.001
P <0.001 vs C-B-NP group

C-NP

20 pm

C-B-NP

Hoechst FITC

IIAAEVE B . XS RABIESE T C-NP W] DASE
BRIk e A BRI i, B 2540 AT S ik i
TMFEA G5

247  FOREERAERIMEIEY  HAT, K2 ERE A
AU S84 FH PR A% S B 2T I TR, A
BRI bR A B R S B TR P B 5 4
()R AR LA 5 55 S B b R P A A B 22 3 K
K H =4k 2 AR Bk (3D-MTS) {E 4SS 15
B, HEAAEEMEALRRVF 2L, fFAEESE)
RS, DL AR 0 e R PRI

Lyso-Tracker Merge

B 10 FITC #RiCHY C-NP 7 C-B-NP 7£ A549 ZHAEAIA 2 7R1E SR
Fig. 10 Cellular intracellular localization assay of FITC-labeled C-NP and C-B-NP after incubation with A549 cells

A PR B FEBRE &L, I & M5 1 1640 15
T, AR 80 CRIAMI e, K )G &
FL 80 uL MNAZE] 96 LA H1. K xT H A AR A549
YR 2000 AN/FLEYEE BE B R T2 IR .k iR FLAR
T 37 CCEEFRMTE RS 1.

PR IR TR ST AS49 HIRIER, RN 1 S
GEfEEE 0 KD B FEMIEERIIEE S KN,
BRI RSO3 B IR kg A7 5258 . I g
BET R, C-NP. C-B-NP (ARG IMIFEH 1640 1%
TR R 2 22 I B R A TR IR N 40 pg/mL) 1L
VERSEIRAH, UM IMIER 1640 B2 MFLIE
N AR, 1E 37 CHIFRME M. &FE3d
FEFBEFRW, N 100 pL IRV . i T g
CiEEliGH

Wik 11 Bor, FEAXTRAH O IER 1640
BEFRMREE TR I BRARAR B 25 9% & I () ZE KT AR K,

SRR ECE, X R A RIS TE . AR,
R ER G 2B K AT A C-NP B¢ C-B-NP i), X3
B 7 4K 24500t it e 40 S 1S B A RIE o R 2
5 C-B-NP 41#HLt, C-NP 4HA4MM e ig &, fi
Fi C-NP b2 1) = 4 2 41 o J5 BRA7E S50 45 A 2k 2%
SYESER . IXEEIREEW], pH U C-NP 4KIKR
AR EET R, SRR IR B = 4E 2 41 i BRI 1%
O DX, B0 R B Yk 2 a0 s Bk rb ) R 4 i
eiE bR

2.4.8 fRMPL NSCLC Zits A Tidt—Du A
C-NP &N BIPUIB a7 R, ARSI 1P, 1 X
AS549 7 TR R R AR KA HIE R . B AS49 4
MuEe -+ BALB/c #RRA R TR T, W
NSCLC B¢ FRERAA, i 12 Fis, CRhE
o AR IRAARK R 100 mm3 247 . KR/ SUBE
ML 4 4, e BAXTHRAE . 3R 4. C-B-NP 41



- 6272 - F 8B 2023F108 $54% B 198  Chinese Traditional and Herbal Drugs 2023 October Vol. 54 No. 19

0
e
A
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C-B-NP

C-NP

EAPN FaAKR

—_ - . 4 al i
RPN 12 R

B 11 S3IFE 0. 3. 6 RAFKIE 1640, EER. C-B-NP 71 C-NP £iFE/FH) AS49 FETKTESE 0. 4. 8. 12 RS
Fig. 11 Morphology of A549 tumor spheres on day 0, 4, 8, 12 after co-incubation with serum-free 1640, curcumin, C-B-NP and

C-NP on day 0, 3, 6, respectively

E 12 NRAEDEEHEIG

Fig. 12 Tmages of successful tumor grafting in mice

AC-NP 4, 6 R, #ul T2 0. 3. 6 K@
B ivAEHEEK, 28 K. C-B-NP fll C-NP, X
25 2570 0N 25 mg/kg. A KEREF, &3 K
AR~ RO 2 ANEFERI IR ELAR, FRE/NRI
P, il R R . FEbs R R
B, R, A TR R

PR AR =0.5 X K42 X i 2

S SRR BT /N BRI S0 B I A5, B
IR AR SRR B AR, 44 A 2T B 4% S0 4 R 4R 2

VR = O REALIR 1150 o B — SRR AU (AT 24 i )/
X IR LI AT 2 o

HIZE 6 ATCUAEL, BR 1l B 25006 T 4 /N B
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RIS, HoRA R R T Mg
EZILERTRAND S A

W 7. 8 Frow, ik MR AR R
&, C-NP ZHAE i A 4 b R B H sy P 8 A A ]

R, MRFE C-NP A 5X A, £ EH. C-B-
NP A BEMEIL, BARII¥ESR (P<0.01.
0.001), FHY C-NP X T 5 R MAEKA — & 14
H1EH

6 BHNRERELNL (X+s,n=6)
Table 6 Weight changes of mice in each group (X £ s, n=06)

‘ R g
FE i
Oh 3d 6d 9d 12d 15d
pagi 17.984+0.61 18.14+0.69 19.49+0.92 17.961+0.61 18.894+0.53 18.68+0.54
EHER 18.924+0.71 17.0310.81 17.661+0.97 17.031+0.89 16.94+0.46™" 16.19+0.71"
C-B-NP 18.92+0.80 17.52+0.72 17.671+0.48 17.411+0.66 17.90+0.83 19.1610.59
C-NP 18.98+0.40 18.234+0.62 17.87+0.33 18.171+0.89 17.76 +0.77 17.631+0.64
Lx AL *"P<<0.001
**P <0.001 vs control group
x7 BEANBHBEFRTL (X£s,n=6)
Table 7 Changes in tumor volume of mice in each group (X £ s, n=06)
. Ji 9o A4 AR/ mm®
T i
0d 3d 6d 9d 12d 15d
Xof HEt 101.42+4.88 163.28 +16.99 266.601+31.26 373.881+26.84 471.03+45.91 590.90 +49.80""
E 3N 103.86 £ 14.06 143.71+12.66 175.31+19.56 267.34133.87 335.19£39.92 426.57+33.88"
C-B-NP 98.20+12.89 142.74+17.96 187.62+23.64 271.67128.84 318.70+32.86 366.50+28.47"
C-NP 104.93+15.09 133.43+15.22 173.71+14.97 256.68 +26.56 297.70£29.61 329.43+29.28

5 C-NP 4lIb#%: "P<<0.01 "P<0.001, % 8 [d]
P <0.01 "™P<0.001 vs C-NP group, same as table 8
#*8 EHEMBER=ERINFIZE (X+s,n=06)
Table 8 Tumor mass and inhibition rate of each group
(X£ts,n=06)

51 AR /g BT /%
pagis 0.57+£0.04" -
e 0.47+0.02"** 17.54
C-B-NP 0.27+0.02" 52.63
C-NP 0.13+0.01 77.19

2.5 BURGIHS S

FrAHHREEILX £ 5 Fow, KH SPSS20.0 4tit
BWAE, PO ¢ RS, 2RI EHE I FLeR:
FHRZRTTZ 5 (AVONA), Ll P<<0.01 fll P<
0.001 NESFARITFE . & E Nl
Graphpad Prism 1 Origin 9.0 % 5422l .
3 Wig

A5G IEIT mPEGa00-NH, 5 BLA-NCA &4
TEIR G B Sl & TR EWEAE, ULRBEERN
HAIZ5Y), EE TR T % pH BURER S
IR C-NP. HLAMERE, K/ s), Rk

. HAARTE 160nm 47, (AL (—5.2440.42)
mV, GEEN (88.4613.28) %, #HZiEAN (5274
0.14) %. ZIHK CMC AN 4.82 ug/mL, A {FFH:
TEAR ARG DL N AR EARAE o MR AMEE TR 30 AT
T S0 R B I R AE R M AR T B s R T 2
Y, B pH BUSFHE, FHBIRAT A Higuchi 772, F2
SENESZIG F AL C-B-NP k& C-NP HH KT

Y1 B S 25 SR OR C-NP X AS49 2
B R IR FE A M AN (AR, M ICso R
5 C-B-NP 414k, C-NP 4%} A549 4iij 24 ¥ 50
AN It e A ses K C-NP 7] ATER
PEVEBEAR AT Hh R oA, BRI 254 . e
BRAEKAMHISLIG T, MR ERIISMIR T, C-NP Xt
JIev g B PR 0 ) 4 FH B 5

TEZIRESERR R, AR S0 [R] B 0 %26 /8 BRU )
PR M R/ IME R — B RS FEVEFR bR
SRR, fEXERYTHIE T, C-NP Al C-B-NP 41
FEXF 224, X — R AT LA F C-NP L& 1ER
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FFEKAEIR, EPR B, FRFALMIZMIRESR. S5t
B2 4H A C-B-NP MLk, C-NP 41 B4 S s b fib
JEIRIT BT

ZE LRk, ASLIG & T A pH BURE
EYIIH C-NP, HJEE T pH Wi B8 (140K i3 24 5
Gi. AR NIMEYEVFMUER T C-NP A DU 2
WRRPUMIR S BhAh, ARSI U0 pH BUK
FEREOIK I RGAEIG IR _E B AR KR 7
71, BT LAFE 022 38 300 v DAFE S A 254
B2 UEARRIBHEZ AW RAEG, FET
TEART V2 B T & MBIR R YT -

FBAFR FIAAEH ) EARGEEA TR

SE R
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