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Abstract: The application of pure chitosan film (CS) is limited by its high brittleness, strong hydrophilicity, and inadequate antioxidant
capacity. To address these drawbacks, aqueous suspensions of lignin nanoparticles (LNPs) and quercetin-encapsulated lignin nanoparticles
(QT-LNPs) were prepared using the anti-solvent method. Subsequently, a series of nanocomposite films were fabricated by blending these
suspensions with chitosan solution at volume ratios of 5% and 10%, separately. The physicochemical properties and antioxidant activities of the
resulting films were systematically evaluated. The results demonstrated that LNPs and QT-LNPs with average particle sizes of 125 nm and
245 nm, respectively, were successfully obtained and well dispersed within the chitosan matrix. Fourier transform infrared spectroscopy, X-ray
diffraction, and thermal analysis confirmed the formation of hydrogen bonding interactions between the nanoparticles and the chitosan matrix.
Such interactions reduced the crystallinity of composite films while improving their thermal stability. Additionally, the thickness, water content,
and swelling degree of the composite films were significantly reduced, while a slight increase in water solubility was observed. Both water vapor
and oxygen barrier properties of the composite films were remarkably improved. The tensile strength of the QT-LNPs-10% film increased by
147.08% of that of CS, reaching a maximum value of 39.83 MPa; meanwhile, the elongation at break of the film increased to 75.68%.
Antioxidant measurements showed that the QT-LNPs-10% film achieved maximum DPPH and ABTS free radical scavenging rates of 90.20%
and 93.43%, respectively. In summary, this film exhibited superior comprehensive performances and provides a theoretical basis for the
modification of active green food packaging films.
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{BAiFE R ME R R KB R g FEAS E BB Z UL RE S, T HIZ) 7 HSEhRR FPERE . IE5EK,
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H HESERGEJI5E: 4% 7 mmol L ABTS ¥ 5 2.45 mmol L™ i3 BRERAIATREAAFIR S, RGN 16 h #1115
ABTS B, fliFH 95% LREMiRE 78 734 nm ALy 0.7040.05. HX 2 cm> cm BYRE A& 5 4 mL Wik fs
ABTS TAEMRA, =M 10 min, T 734 nm AbIlEBO6E .. B i3EERRE AR (8) iHHH:
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Fig.1 The size of nanoparticles under different dialysis conditions

72: (@) LNPs fe£ & F7KA= PBS (& &4 RBI I Fog4ae Tk, RENBFERTHEAZFEH (P<0.05); (b) LNPs
Fa QT-LNPs f£5 & F/KENT 32 h 694542, REFRETHN £F5 2% (P<0.05).

la 7R 1B F7KA PBS VENENTIATINT LNPs RiAR s . BEA& T RINER, MRS 2E N
R I b Th s BT ] 8~32 h HHTA], 4R R NEREE N DES £F2E kR, LNPs Z5MIZ U4, ik Fhis 2
BEAIC: JEATINTE] 32 h INf, DES FEAMLFRTE A, RARIKRAKE, 77308 125 nm (Z2E517K) H1 146 nm (PBS). iX
THTEEFKIERPE FR L PBS K RIHEAK, LNPs R 8] 5 AT A6 SN BRI 5, T 4EREE /N
Rl fEH KPR bk B, BRI S SRR IR A Bk R, SR R A SR .
32 h GG KRR R R, VAT DES k)5, RAZHIEIERN, Pk RARR e R, #miarrE, §
FORAAIE R,k 1b B, QT-LNPs 752 55 F/K BT 32 h JERIAE N 245 nm, B35 T LNPs kifs. 1X—77
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22 HEEARFE T B

2 TR T HSAEASRIBORAEEL (5 000, 20 000> TR T BB, Wi 2a. b Fzx, CSJEfER
TR L T 850, o SR FLIR « Z48aliAl 43 B % . I\ 10%3E4HS , LNPs-10% (B 2¢. d) F1 QT-LNPs-10%
(] 2e. O BEREITERIIE) AN SERAVBURCR SR, IR RS K, (AR RO RL A R FLIF
S B ILR o IX R IIERHE LRSSl T R, it o e S S EAATE i R 1P L 456 - Zhang
SRR R, NS FREEG K R 21 70 SR o 7T B AR T ORI, B3 T AR T . Besh,
AR TR A R o Ak e, $ K 28 SRS BB T g

Saal A = €2 Aperture Size = 60,00 pm
Oate 22 Apr 2006

[ 2 SEERREIHEE FERERE
Fig.2 Scanning electron microscope graph of film surfaces
7E: (a)CS5000% (b)CS 20000 (c¢)LNPs-10% 5000% (d)LNPs-10% 20 000 (e) QT-LNPs-10% 5 000> ( f) QT-LNPs-10%
20 000,

23 MR RSN E AT

VR L P L AR 2T A I 8] 3 7. CS JEAE 3 252.43 cm™ kb2 O-H 5 N-H I ZEHREN TE s, X RiyT-
6] 55)F EBER; 2923.15cm™ #12878.79 cm™ &by C-H 4idRaNIE; 1539.28 cm™ AL B (N-H 25 i
5 C-N i EriREh) F#1Eg; 1409.22 cm™ 4y C-H 25 i 5-OH [ A 25 ihiREhI4E; 1020.78 cm™ 4k J9HiiFF C-O-C
IMGFARENIE, LRI A7 BERE RS, 3 N LNPs & QT-LNPs J& , 5 A LT /M6 sh kA 6 5 C-0-C
R RREAFAE, RIITTREM R ILSE S5 A B AR AZ IR 1% Pl R LT IR HE0E , IESESERHET I
RO T TWE I AL 22 55K . BEE ORI LIS N, CS FBAE 3 252.43 om™ K AORHIEWE IR SR 5, ik 273
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TR AN AR A G o, DEIIRRRR R R . Ml 550 R B 0-OH -NH B IR, PR T O-H
BEIIRAITR . FOE R CAHE, Dong PIRIGIAN —SUNREGPRIRDHRTHIR & B, AT
N-H/O-H {f4gfRzhid 5 N-H % iR A RpA0s s, VAR T3RHS Se BB TRl s, A SOt
W%, JRE it DR TUEIY O B A B REFI R .

QT-LNPs-10%

Transmittance (%)

L L L L . H
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

3 SRR B IR LTI E
Fig.3 Fourier transform infrared spectroscopy of films

24 B X-4F BAT A AT

HIE] 4 R, CS JBEAE 20~20° M BLIL R SETR AT U, RWIFERBERAAA LIS E X IO . 51 LNPs &
QT-LNPs Ji5, FeIWERMERTH IR B BAwEe , BIPRRBURAR 3 58 BB A E S AR o ORI EL 109 5%
I, REMAE 20 £ 8~12 X BLI RIS, PR320 70 BRI 9K URLIE 1 2 T =F ' PR B 5 e R IR
B, P T RGBT Y R SR P RS . NI SR 2 10% )5, AT IRmES, dizkiE T
LR, R T R IR TR S BIR 7 IS 0 TR A FPHES ), SRR AS f REE—D AR, 9K
FRUE AR RGP RIE L A1 R IR R IR, SR AN IR N S PR RS 3, T e S A 3
PITERBHFRIERE, VEE T LNPs PURL7eIRMEA PR R E LS. BEAh, RS ARG RN B2 3R AR S fh 0,
VRS B ELBE LNPs shIF IR A . A5 T SR I e R 2 OB I 11 8 S ARSI 2
IR 55 BT IERR I, SAIEFEH QT-LNPs 152 RBERE 4G AT A I AR AR .

cs

LNPs-5%

A\

Intensity (a.u.)

QT-LNPs-5%

(& 4 ERE X-FLELT5E
Fig.4 X-ray diffraction pattern of films

25 MIEZTHME R

VK DSC Hi ikt 5 AT %N, CS BK 7 BRI A7 T 85 °C, HWRHRE N 1.40 mW mg™s 5] A LNPs
5 QT-LNPs J&, MRS BE DRI N ELBIG I m$ s, %02 l T 4R AR 5 i i S o 7K 7 131
g, PEREUKBRATHREAGE . & S%IURH E A IR GG /NIE BRI, PR T K B0 A T R 55 e X &5
FAISE Gy NIGEE AR, KA BRI TR B A NI & 10%0, MR ) i s ke, o LNPs-109%f5
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(MR I T 95 °C, ¢ CS BT 10 'C, MRFRETHE 1.80 mW mg™, HATFEAIEA S TR ELF, B
SRR A A 5K, SRR BRERIEE . FISEIRINELSI T, & QT-LNPs B & BN R SR ISR T35 LNPs B 5
JE, - HEDIH R AR AR oL A B A, I 999K IORL S FAR IR ) SR 25 SR, (R S e e TR IX 1) 73
THERASh. BT T 110 CI, BENEKD ARG E 4, PRzl T-14z. CS IFERERNIRE Jy 142.73 C,
LNPs-10%H1 QT-LNPs-10% % fliiR £ 73 7 4 152.34 “CHI1 147.36 °C, FEAGKIERL A] B 50 BRI ke se v . 28
At 7E Jalal Z5PIRF T g R, BT 4E ROKET Y SERGK TR I 252 BREIE R, (A58 BRI
AR A 138.96 ‘CHEF 4 169.12 C,

—CS

—— LNPs-5%

—— LNPs-10%

—— QT-LNPs-5%
QT-LNPs-10%

Heat flow (mW/mg)
=

\

_//—\

0.5

0.0

L L L L
40 60 80 100 120 140 160 180
Temperature (°C)

5 JERE DSC #ARehEk
Fig.5 The DSC heat flow curves of films

26 EEMNEL

AR T VBT TG 5 DTG HIZREWRAE (B 6). HHIE 6a i, CS K ELEFRES =1
BB, SE—B Bt (50~150 ‘C) RE AR T ML H 7K 85 G 7/K 78k LIRS 28 — Bt (200~350 C)
NEFRRENBL, RN SERPENEANTRL., 7 REREME LA H A s 25 =B Bt (400~600 °C) o w4 2k A
TR B R % B it AL PR . AT CS B, LNPs-10%41 QT-LNPs-10%5 (5% 2 28 B &5 v -
P, 3R T i SRS I S AR FT T G R, RIERRINBEREIVER, A R AR 1 — D
I3 DTG HHZE ] 6b it — B IRE T 9Kk & A BEHAFE e M R TR - 4l CS BRI I iR IEA A 153.47 °C,
F& LNPs-5%JEE (147 °C) WEAHIRFERS A RS, HAME A5 ST CS B, o QT-LNP-1006 I iff 7 55 5,
Al 160.23 “C .o IX R BIE B HIAK BRI N & AT A SO R A A, T S EGaEtE, HE T4
RFTRL 5 5E SRS R (R R AR U N 2, BRI TSR ME oy TRERIZ S, LM R, MR snakmT it
— R AR E . SRR RO AR S T AR R R KT R S — R K B R R R R
SENTIFEE S

100

(b) O
NP5 \
——— LNPs-5% =
=
—— LNPs-10% E \
80 ——QT-LNPs-5% S TR\
——— QT-LNPs-10% ~
=
H
[ 2
S wl i
= £
= o0
-y E
2 —CS
£
* 23r ——LNPs-5%
or = —— LNPs-10%
& ———QT-LNPs-5%
- ~——QT-LNPs-10%
-]
s
20 F a
L L L L L s L ' L L L
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (%) Temperature (°C)

[ 6 SEIRRVRE S
Fig.6 Thermogravimetric analysis of films
Z: (a) TG; (b) DTG.
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27 WIERESL 6N

R R S S4ngR 1 s, JEFENRASE REW, AHECT CS I (0.047 mm), #iN LNPs 5 QT-LNPs
825 T JE R it SEURL AN 0 A3 () 385 m 2 3B el . Horh QT-LINPs-10%J58 JE 25 £ fik, M 0.032 mm. Z5 5%
P MR A1, LNPs A1 QT-LNPs 7EFERMERAR 803551, Al A 8RR T e b o5k, R iR S
SRR, A RIS S TR B SR, 0 0 PR R E S I RS . R, GKRTR R
SIB AR CE G IR AR S, TR L BOR A T O AR E . ORI, SR I 9 I
ko FHELT LNPs, QT-LNPs RIARAHXTECK, SRS IIHRRRCR R 2, PIULRISEAINE T QT-LNPs E4&
iy N s K (A S Y NTITIE=TE /S Y 1A e G ey A VAS AT auIN R (IR Py SR Y ENE e AN B S8 77N

BT, CS HEAfE LXME (89.04) 5&fk b*EH (2.23), EIREFFPDEFERME; 5INERE,
BETER LME R, bR e, H2IHERA R8I QT-LNPs-10%/5 L*{E 4 2 5k (83.99), HIFISH
IS QT-LNPs ZH 5 Bkl T~ LNPs 2H,  BLEAH R 28 0 it — DRI R . 022 AT RIR T AR Z 4K
FLA B AR L S FON S R A, —F W AR s s PrE Wi a (a3l HARUR
FERDN, GBI IR AL s L T s o thAh, EATEIIAE (E RGN KIERA I0 be A T e 2 3Ok,
QT-LNPs-10%/EAE {Ef5 i (13.74), UESEYRKEURL G| N o] i 2 o IR AU E5e,  ELAR R 38 i A st — A0 e
IS . Roy B LR I Ry 25 e SRR AR € Sk 3 €, 7BOR>83%, SIS 8. ik ir
T, GBI 5T N AT RIS JR 5 SR BB S RG22 1t e o SR PR R T3 A N Tt e, T 4 PR
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x 1 BERENEEMEESH
Table 1 Thickness and color parameters of films

Groups Thickness/mm L* ax b* AE
cs 0.04740.002°  89.0440.17° -0.4240.08°  2.2340.33°  2.3020.39°
LNPs-5% 0.03920.001°  86.5440.64° -0.5330.06" 4.5240.45°  4.474058°
LNPs-10%  0.03420.002° 84.7840.94° -0.6240.07° 8.6440.44°  9.72:4.00°
QT-LNPs5%  0.03840.002° 87.2740.86° -0.5740.07° 7.2240.31°  6.9440.98°
QT-LNPs-10%  0.03240.002° 83.9940.78° -0.6540.06° 10.8240.48* 13.74:+.01°

2 RAFELRRATEZASE (P<0.05), TH.
28 HEEGKE. BKEFKBEEIN

BRI K AR SRR AN R 2 R o BRIV IR 5 57K 00 & B AR S e A — 3, S BE 0K} L A5l 384 i S5t 2 PEAIK.
CS g /KA A, 7379 45.36%7F1 19.67%; QT-LNPs-10%JE ¥ P I{E A%, 19 38.24%F1 15.74%.
SRR, MEERERAS, SR, MK S IR RS . — 7 T2 e TR A T ek b 1 m] it
IR B, [ A I A AEDRRE 7 AR P B e e A S BELRS 7K 40 IR B 59508 55— 7T, AR i) ST
24 ] RAE5E TME S THRENAT R S0, A5 8B TIRIAS RIFEARIEIRFA TR, (BRI, Hingek
RG2S ERE 2 THe, QT-LNPs-10%f5 /K Ik i il 1% 22.84%. %IL5 5 £ 5 NP Fekl— 80, Bty
AR FLIRE M T R E T AL R UK AV B TR, UFSE T SR Py Sk 2R 43 o B T3 n &2 & 5k
T

R 2 CEIEAKE. IAKERIKENY

Table 2 Water content, swelling degree, and water solubility of films

Groups Water content/%  Swelling degree/%  Water solubility/%
Cs 45.364.86° 19.674.59* 14.8340.19°
LNPs-5% 40.500.59" 18.4340.99% 18.5440.54°
LNPs-10% 38.3040.83° 16.6740.78™ 22.1540.98°
QT-LNPs-5% 40.381.07" 17.89H.23% 19.0340.79°
QT-LNPs-10% 38.2440.98° 15.7440.84° 22.8440.33°
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