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Abstract: Copolymer maleylated lignin-g-polyvinylpyrrolidone (MEHL-g-PVP) was prepared by free-
radical polymerization using enzymatically hydrolyzed lignin (EHL) and N-vinylpyrrolidone (NVP) as
main raw materials. And then the copolymer was self-assembled to obtain pH-responsive nanoparticles with
a diameter of about 40 nm. The effects of chemical modification, polymer concentration, addition rate of
water, stirring speed, water content and drug dosage on morphology, size and drug-carrying properties of
nanoparticles were investigated. The results showed that when the initial mass concentration of polymer
was 1.0 g/L, stirring speed was 600 r/min, addition rate of deionized water was 60 mL/min and water
content was 80%, the mass ratio of nanoparticles and ibuprofen (IBU) was 10 : 3, the maximum drug
loading and encapsulation rate of nanoparticles could reach 35.29%+2.3% and 68.17%+1.9%, respectively.
In vitro drug release indicated that MEHL-g-PVP had obvious pH response ability, and the release amount
of IBU was 63.75% and 11.10% in 72 h in simulated intestinal environment and gastric juice of human
body, respectively. The results of in vitro cytotoxicity test indicated that MEHL-g-PVP drug-loaded
nanoparticles had no cytotoxicity to normal cells and had a good inhibitory effect on colon cancer cells.
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1.1 RAAENEE

fEf AR ER (EHL ), (WA 1AW RHE A
FRAT]; WA TS TH (AIBN ), N-Z R b
il (NVP), AR, L& b BBRAR; T
I " WRBF (MA ). DMF, AR, EZj4E PRIk AH4
FRONHE] 4-—H e LnkE ( DMAP), AR, _FifgFHr
THEARHE R AR E ; NaOH, HCI, AR, #iH
R KGR AR,  IBU. Btz nhiaw, dbat
ZORERHE A IR A ; 44 mm BT (M, 2000 ),
[ Viskase AHl; B TR, LEEAH; R
LYEAHAE (L1929 4iff ) 5 A5 a4l (HT-29 4
). CCK-8 ikFl&. M-Iy (FBS), LIkt
AR A BRA A

Nicolet iS5 f# HL AR 21 A 3% 1, Thermo
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W R e IR BRERBEGORR T RES L Rife . 1
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Nicolet A7) ; Nano ZS90 B{GHN KK & N Zeta HL A
AHTAL, HEE Malvern /A F] ; K-Alpha X $148 G+
fEi% 1%, [ Thermo Scientific 23 ; N4S £54h-n]
WA, R TR A R AR G2
20S-Twin &5 HL ¥ 5 758 , 3¢ [ FEI 24 F] ; Multiskan
FC FiitRi%, 3% Thermo Fisher 225 .
12 Ak
1.2.1 B AR & o sit

6 FH BB - TR 1T T 9 Ah TR 4 Ak A iR 2R 1O
20 g EHL & FRepfrr, mdLHgifinA 200 mL 2 mol/L
NaOH & . FHREGWTE 35 CKIEH i 30 min,
B S K ol 75 1 A I 26 5 A v A A e il
B HEBFKERBRBNMABEARE, HE
PERCA . A IR N 2 mol/L HCI fifi H: pH
B2 6.5, UEIRTT IR MR B AR I (A HEFE 20 min
Ja , UK pH E 2 2 IR 2 65 °CoKihm#idia
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FHPUK(70 ~ 80 °CHUedk ML VLRI AR BT R 1E-80 °C
ARG AR A AR,

122 GkBet R #% (MEHL) #54&

# 4.00 g (2 mmol ) 4lifk EHL . 2.0 g ( 20.4 mmol )
MA. 196 mg (1.6 mmol ) DMAP /il A 60 mL DMF
o, 7E 50 CHEEKIBEH LS 4 he N2
J&, A 600 mL KB F/RKMEZ00E, o8, HEE
TAKEGTK CBERR S 3 IR, FFAE-80 CH&MF TR TR
TR B R A8 AR MEHL
123 L R BEA KA & -g- R T M k% % B

( MEHL-g-PVP ) 2% 46946 %,

¥ 2.0 g (0.67 mmol ) MEHL . 1.48 g ( 13.33 mmol )
NVP 5 0.015 g( 0.09 mmol ) AIBN % F 20 mL DMF
W, 75 cClEEARE S IEFER N 5 h, FfiJE,
WL BE e T, IR LB FoKENr
EBRBEHLET . BN 48 h I, KEEESL K UTTE I H
KEFKE CBERG 3 IR, fFTRE LB FKAE
SRR DL 2L BRER B AR SO )R PVP R Y
BifiJ5 7680 °C ¥R VR T1#4534li{L ) MEHL-g-PVP 1t
Ry HRRE T AR

Bk 2% = (my—my) / mg x 100 (1)
KH s mo MVAET MEHL i (mg ); my MR
N J&i MEHL-g-PVP B 5 ( mg ).
1.2.4 MEHL-g-PVP % K F ¢4 ) %

AR Bk wl & aoRp U7, =T, R
Ht—5E & MEHL-g-PVP RH& YA T DMF iFHH,
M 15 min, BEJS7E— & 5 3T ZE08 i 25 81K
BUBRE W R . KK | hipE R
K & /A58 A [F ) MEHL-g-PVP 40Kk 7, L5
YIIRIA R T M 1.0 /L, BRINIEFEFEH 600 r/min |
A EE 60 mL/min, K7 (BIARARR & B
WARTRE 340, TR 80%.

1.2.5 MEHL-g-PVP @IBU # 25 ¢h K 4 F 44 %] &

4 40 mg MEHL-g-PVP F1 20 mg IBU ¥ T 4 mL
DMF ', #8715 min, SRJ57E— @ T 42
EEFK. WIS G, #GHHE 60 min 44Kk
TRE. ME, BiEREEILEN T, JHERR
HEEF/KBEN 3d, 5 8 h T 1 Ik BITEEHIG,
WA DL (0.45 um ) 138, BER R T1RE
#| MEHL-g-PVP@IBU #2440 K kL H] T 5 2L KAk .
1.3 ZHRMESHERENIR
1.3.1 FTIR %&£

F LM ETE OGS AE i N LLAMGS . e
i 80 °CN T 1 h, BfJ5 5L 7R G342
Ja R

1.3.2 XPS %5 #
BUE R A WA, i X B4 i FRE g (O
REWMFRmITTR T T
133 HRE5EESH
38 13 7 5 HL - U5 € EHL fil MEHL-g-PVP
YRR T IES . K5 1 /L BRI TR0 L8 Bk S 5 A
L, MEET 25 CRMA T EREE91K
7 5 ASCIM 2 SRR () - BB AR R A B L, R LR
AT AE 3 K
1.34 1IBU#ZHE 5 a3t Fen e
R RV BE 9 IBU/PBS 25 s Wi 7 vk B -
W b o R £k, 3 HEFE 265 nm &b R 58 SN
K E KR T IBU RO 25 iR T =2XORIHE
# 2t (DLC) 54 #% (DLE):
DLC/% = M, / M x 100 (2)
DLE/% = M,/ My * 100 (3)
A M Ak R TP IBU SR FE (mg); M
H AL T B 5 ( mg ); Mo oA IBU (4% 21 mg ),
1.3.5 IBU oM £
it 11325 M ik DAL 28025 SR IR SRR T RE 7 o
5 mg RT3 90RR T B T %A 10 mL PBS (&N
&, I 37 CCRIBN I (pH=1.65 5 7.40)
o, FEREE IR TE] B, B S mL B OF A
S IENTIR . T UV ILTE 265 nm AL OG Bk
T IBU AR AR T =3 25 SRR
SRR/ % =
[Vi(Ci+ -+ Cpy) + VoC,] / Myx 100 (4)
K 7 BB TTREE (mL); C, 2% n k¥02l
IR 2N T R BE (/L ); Vo EWIIRYA 24
A B ( mL ); MR IBU A3 BT (mg ).
1.3.6 taje bk £
KH CCK-8 AL S AR S A B 5 o %
1929 4ifid5 HT-29 4l (4x10*4~/4L) FhF 96 fL
Merp, 78 200 pL #5353 h I E 24 ho SR, I DMSO
b B AN [ R BE 19 1BU 5 MEHL-g-PVP @IBU JilA
KR Rk S 1597 48 h, AN[FIXTHR4Lf IBU Jii i vk
¥ 15, 30, 45, 60, 75 pg/mL, BlJGERZEEIRIE,
JFH PBS i 3 IR 2Tk, BfLIMA 10 pL CCK-8
WA, FFE—WE 4 h a5, BRI,
D72 A 490 nm AL FE(H (OD ). ZHHEAE I %
i =W N
ANEAFTE /% = OD/ODy x 100 (5)
Krp: Thn CHREREHE; Thr TAAURIIRA,

2 HR5WR

21 FTIR &#F
[ 1 >4 EHL 5 MEHL-g-PVP A FTIR 144, 40
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4545 35 5 PVP [ —CO—N— (It IV JHe ) it A1 F ke s
BB RSB0 i 833 5 877 em ' Ab By
AN T Dok R P H—C=C 19725 th & 3h T 1 m
220 IRk P ) B W BRI Alifk , o SN SE AR PV P
KRy O o, DRSS R R I A
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Fig. 1 FTIR spectra of EHL and MEHL-g-PVP
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MR EEMS C. H. O, NJLK, Hf, Nt&
B FE I MEHL-g-PVP B8 h& i, it XPS
X A48, MEHL-g-PVP 1 C. N, O JTTEHMX & &
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Fig. 2 XPS spectrum of MEHL-g-PVP

2.3 FEIHEXT KN FRE S HRA M

[ 3 EHL F1 MEHL-g-PVP HkiA2 o0 A7 i £k
m & 3 7JAN, EHL R4 R 318.3 nm, £40HL
PEFEEL( PDI )N 0.252, Rif2 53 fi 38 4% . MEHL-g-PVP
() -4 4 91.43 nm, PDI Jy 0.185, #H%% T EHL,
i T PVP A5 (#4030 36.7% ) , MEHL-g-PVP
WA B FRAR H I S T, A B FARR T AR
DI % o

[l 4 4 EHL 5 MEHL-g-PVP 9K H0 F7E/K BT
PRRIAEAE L, 7E 72 h N, EHL Ml MEHL-g-PVP fY
ife R WA ARk, F B MEHL-g-PVP 1E/K A i
HA R e,

30
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- 3183 nm
MEHL-g-PVP
2 01.43 om PDI: 0.252
< PDI: 0.185
15t
bt
10
5 -

100 200 300 400 500 600
HifE mm

&l 3 EHL Fll MEHL-g-PVP B84 45
Fig. 3 Particle size distribution of EHL and MEHL-g-PVP
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Fig. 4 Particle size change of EHL and MEHL-g-PVP in
aqueous solution for 72 h

EHL 7£ pH=7.40(a) . MEHL-g-PVP £ pH=7.40(b)
Fl MEHL-g-PVP 1 pH=1.65(c)f TEM E WL 5.4
5a ffi7R , EHL 7EH K A 5T b I AR 50 g Rtk
ghtly, REBEEDOLHE, AU RANEMES, A
#2924 300 nm, MEHL-g-PVP ( [&] 5b) [RFETEH £
IKA BT I BT U R B AT kAR S5, Bl T
PVP 1yt Kife ROTHIE Y 40 nm, XHEEUN
PRI R TR FER N B B, BT 25 I FE AR
WIS IRIT RO . [RIFEEE T MEHL-g-PVP 7
pH=1.65 &M T HIESMEEH (K Sc), KIMYKIERL
RERANEH, XATREEH TYKRF7E pH<3.5
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P G T 1) LA B R 20 5341, TEM A1
KA AR E ORI A R AR ZOMR 2, X2 T

TEM JE7E TR T A A9 A, OLRLEE (N
FHIPRLAR D QAR T K5 AR

Kl 5 EHL 7E pH=7.40 (a), MEHL-g-PVP 7£ pH=7.40 (b ) il pH=1.65 (c) ) TEM [&
Fig. 5 TEM images of EHL at pH = 7.40 (a), MEHL-g-PVP at pH = 7.40 (b) and pH = 1.65 (c)

24 TITE£&#3% MEHL-g-PVP fif2, HHAEEG
HEMNZMW
241 REMRFREGHH
ARIR AW i e B~ MEHL-g-PVP 40Kk T
HkifE . B2 S RLE 1,

F 1 BAWREWEX MEHL-g-PVP Kifd . #ZiEYS
(R A

Table 1 Effect of polymer mass concentration on particle
size, drug loading and encapsulation efficiency of
MEHL-g-PVP

BAWTE

. KLtz PDI (/%% /%

W /L) HifE/nm HARY% AEE%
0.5 112.8¢4.6 0.126+0.003 29.82+1.3  82.63+2.4
1.0 128.5£3.8 0.102+£0.006 26.64+0.9 75.29+2.2
1.5 213.2+6.8 0.167+0.008 23.70+1.6 68.40+1.7
2.0 276.9£5.3 0.198+0.006 18.64+1.0 59.36=1.6

e PSS 600 t/min, KB TR S 60 mL/min,
IKEEHN 80%, m(BIHKAKLT) : m(IBU)=10 : 2, F 1~4 [d],

W 1 R, 9Kk RRLAR R R A P 0I iR 5
ORGSR, RS R A YY)
R S FEEZ IR Y T2 588K
WIIE S #2, E 0 S 2O G A 4RI i K
BRI (B2 S B R E R A IR R
R B BG IN MR REAR, X R TS5 A %REn
HRY T 5B E S, MELRY
WG TR BB, S5 B A0 259 2238 8
A NP2 SO EREK, YREY R
WHEN 0.5 /L i), 2y SR, [A7EILTK
BE R Bl & a2 gokobr TRy s>, I, ik
1.0 /L AEAER G YRR,

2.4.2 KiE Ak E WA
JK R I R X%F MEHL-g-PVP Rits . #2556

BRI WE 2, ATLIEN, BEE LT OKEm
U108 )| LD N ARRIEE TR i S N o < o
HORMFEARTR AdEry g, RMh T2 530
JIZEZ AR s 4, fEizad B v ) ) 2 LU EAS T
T, MW SEARRE ST LA “HREE” RASR
PETE LA AR F- 2O, I HLHR AR B Bk,
FE T 025 88 7K 0 (] B g 7K 5 1T 1) A A (R
WK, W AR BTR 4 e TS A
B 7K AT I A T 28R B SR, AT e 245 B A R
JRR HABMRAR R, SR, B 258 /KT
IR, KRR Z A A BRI, TP
e NN R e U N TR NP 5T
B35 AT I BE BN, Ak TR B2 S k)
REFE TEGESE, WER IS5 Q4N ILRY
525w R4y, 25N TR, RlIE
KR o YK N EE R 30 mL/min B, %02}
S5 ERE R, (BT KRR AR T gK kL
TAENEN L, 06508, A K% e B
& 60 mL/min,

%2 JKWEINE E ST MEHL-g-PVP Rif% . #2hit 5%
SR

Table 2  Effect of addition rate of water on particle size, drug

loading and encapsulation efficiency of MEHL-g-PVP

AWM o DL MR fIEE
(mL/min)
30 177.9447 0212£0.023 3172424  87.30+2.6
60 128.543.1  0.102£0.017 26.64+1.7  75.29+1.8
90 1248425 0.117£0.015 21.90+1.8  65.86+2.0
120 1245417 0.074+0.013 1630422  49.37+1.9

HREWOLR R ERE R 1.0 g/L, BEFEFE#R 600 t/min,
KRN 80%,
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243 BHREH PR
P FE 3 B XF MEHL-g-PVP Rife | #8257 543
RREM L 3, ATLLE L, BEE PR g R,
AN AL LA S /N A ok B R A D e
BYYI S, T AR TR RN R
S SUNESUELE S A S - R = 0h A TR TN LU
fads, WaERPWEKR, BTRES. Sk
HMUE N 600 r/min B, FORIAR, B2y 5 a0 E S Xt
BT
% 3 BEHESEEXT MEHL-g-PVP kiR . #2& 5mER
AT
Table SH/JEffenct of stirring speed on particle size, drug loading
and encapsulation efficiency of MEHL-g-PVP

B rom  PDI MR @R
(r/min)
200 207.2+6.7  0.243+0.007 24.83+2.2 91.49+2.3
400 133.1#4.4  0.197+£0.006  23.32+1.8 85.68+2.3
600 128.5£5.1  0.102+0.005 26.64+1.7 75.29+1.8
800 123.446.5  0.092+0.011  25.57+1.0 67.46x1.4

W BAEYWIEEWE R 1.0 /L, X5 FKEINEE N
60 mL/min, K&~ 80%.

244 KREFBHH@

K& H X MEHL-g-PVP Fifs | #i2h i 5 ER
BRI LR 4. W15 4 FR, BEE /KSR K,
YKL TR BN . X TR
SRR IKAE A5 40 K E - Hh A 8 7K 58 40 7 KA 5

R FIE R —2 “BE”, ok, B Hl At
%ij7ké‘§$ﬂsﬁiﬁjt Kk AR R 5 T RELE
“BETONERRE L, RASHAARRRESTSS
F 2GRS E I S0 Rk, KA d a2 fi
FENZEAER, AR ERREN

* 4 JKEEEXT MEHL-g-PVP Kif2 . #Hzhid SR
=2
5]
Table 4 Effect of water content on particle size, drug loading
and encapsulation efficiency of MEHL-g-PVP

KER/%  Rif/mm PDI HwehE/ % UBERY
20 287.6+6.7  0.054+£0.017 1543+1.4  46.84+2.5
40 156.245.5  0211£0.023 192112  58.83+1.9
60 134.944.7  0.223£0.016 23.47+1.0  67.28+2.4
80 128.544.5  0.102£0.009 26.64+2.1  75.29+1.4

H REYYIIR TR AE R 1.0 g/L, HiFE5: 34 600 r/min,
E BT K INEE S 60 mL/min,

SR, B AT IR EYIEIN, AORKL T 1 2y i
5 4 B AR I B A R H o T BE R TR
Ol R AN ZE R, SECE 2B 25t A F
ZORBURL P, e R B2 R 5 B R R i S
P, ifE Fe R K 5 i 80%.

245 #BEHHA

P24 8 X A KR 2 24 5 A R 1) T DL
5. Wk s FR, BEZ5Y) IBU 590K F 1 i
A 1: 10 88ms] 5 : 10, #258% ETEBRTF
%, HAEREMBL TR ES. EAY SR
B A, T ARE 1k 3R 25 9 Kok A
IR AN B T, HE58 MEHL-g-PVP 44K
i T4 IBU HALBRRURPO (H S 258 5 R & W) i &+
ik m i, i TR kb TR —E . fLBR
RAAXHEE, PRRFRIRREEN AR,
e FE, 2R S R EURE
SEREEHEGORRL T NER, MK B2 P g, il

@ﬁ%?ﬁm33]o% H &, YR 5259 1BU
Bt 10 2 3, BREE, Kk PRy E R

35.29%%2.3%, @i‘ﬂiﬁ 68.17%%1.9%,

F 5 HZYE N MEHL-g-PVP (030248 5405 51 5
Table 5 Effect of drug dosage on drug loading and encapsulation
efficiency of MEHL-g-PVP

m(AKKLF) + m(IBU) A% {35 /%
10 : 1 14.32+1.1 95.07+3.6
10 : 2 25.40+1.6 79.29+2.8
10:3 35.2042.3 68.17+1.9
10:5 35.3242.1 54.23+1.7

0 BAYWR TR BRI R 1.0 g/L, fitHEH 584 600 r/min,
£ B TR INEEE & 60 mL/min, 7K 80%,

25 MEHL-g-PVP @IBU H9Z5 4 R Hf 1t B

W T2 4% MEHL-g-PVP kit #2h i 540
AR5 MR 5, BE B AESEFE A 600 r/min
MEHL-g-PVP i iR N 1 g/L | 2555 T /K3 Jin ek
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