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Diffusion and Migration Behavior of Thyme Essential Oil in Pectin Esterase-responsive
Antibacterial Films
YANG Chenhao, XIN Ying", LIU Zhenzhen, YAN Xiaoke, LIU Kunlun®
(College of Grain, Oil and Food, Henan University of Technology, Zhengzhou 450001, Henan, China)

Abstract: Antimicrobial films are widely used in fruit and vegetable preservation due to their excellent preser-
vation performance. However, the elevation of endogenous pectin methylesterase activity and the infestation of
exogenous microorganisms during the storage process of fruits and vegetables can interfere with the migration
and diffusion of antimicrobial agents in antimicrobial films. The mass transfer and migration of antimicrobial
agents in the films determine whether the antimicrobial films can perform their expected roles. Therefore, in
this work, the enzyme -responsive migration behavior of thyme essential oil in nanocomposite antimicrobial
films was investigated, and a release kinetic model was developed. The swelling rate and scanning electron mi-
croscopy (SEM) results of nanocomposite antimicrobial films showed that the antimicrobial films exhibited no-
ticeable swelling behavior in the food simulation solution with pectin methyl esterase activity of 0-2.5 U/mL.
As the enzyme activity increased, the microstructure of the film cross-section gradually changed from dense to
loose, and even holes or slits appeared. The results of the release kinetics of thyme essential oil showed that
the essential oil release curve tended to be linear when the diffusion ratio of the early stage of the release, M/
M..<2/3. Simulation analysis using the short-time release model and power law model revealed that the release
mechanism of thyme essential oil shifted from irregular diffusion to Fick’s law with the increase of enzyme ac-
tivity. The entire process of the diffusive release of thyme essential oil followed the diffusion-solubilization su-
perposition mechanism, which was consistent with the self-fitted negative exponential growth regression model
(R%0.95).

Key words: responsive antimicrobial films; thyme essential oil; pectin methylesterase; diffusion-swelling;

self-fitting model

FEETH H R ARBEIES T 10 H (32172258) 530 FF Toll K275 484 T H0M 55 75 1100700 H (21420089) 531 Fg Tl K201 3% 4 S 51l &
I %E Wy (2021ZKCJ03)

VEF TR M SR (1999—) , 55 (B0) B AIF S AR, WFSE 5 1o - £ e O 5 SR
EfFVEE - H(1985—) , 2 (DU) , I, W4 WS 18] Bl BE IR A SR s X R (1982—) , 55 (0) , Bef , Tl W58 1) « £ BT

K EFIH



ERiFFR

RRtASHR

202443 A
EASEESH

7l A
R, A, XS
#,2024,45(5) :8-14.

JE LB 2 AR E R BB B R AR R P e F A R L AT A R RAF RS T

YANG Chenhao, XIN Ying, LIU Zhenzhen, et al. Diffusion and Migration Behavior of Thyme Essential Oil in Pectin Ester-
ase-responsive Antibacterial Films[J]. Food Research and Development,2024,45(5) :8-14.

KRR B R4 A O HLBRE BE LR
iy SR Z HUBRAR 1, ST AR B BRI L AR R T AR i
SRATU TR 5 i T A ) A JEE -2 S T B 7R A
PR TR] , ST i 25 A0 TR ] L i o A DR A1 T 25
g, FT, RO YRT AR g — ) 1 Bt B 55 A
ST AL R TR it AL U A BIF S R (HHOE
ATy I3 ik KR 22 A R BRI T A DA B0 R A
5 r (9 ISE T, DRI R FH L 1A 2o e 2R ) o f B AR
HBTBFT 2 B TR AL e

FURT, B3 8 - e H AR RS B AR S - 1
S SR RO S 5 ) N T L L S R PR
FE Y0 B HEE PTTEA  TTR R A RAR R O T
iR K W 2 [ 25 R 0 AR RO A2 AT O R R 3 L
PR PR EE D RET . XN AR Rz 3 g 20 Rk
R E R AR, T LA A 0 TR R A G A R
TRCHR M BRI M AR, AT T LB S XS £ il R 28R
HIAT B, 1 2010 A o DU R R PP (i A
AT 22 B Z2 P RS R 3R 2R, F TR IFE 2 4
HE pH fEL 7K 2037 FE Rl B2 AEIDR 3% (ELRE 3 SR i
R A PR SR Y TR RS N TR T SRR
T 290 0 B S, AT AR R TR R A Y
T PRYY, SRR A 10 T 3 ) 2R JE T 2 7K St e 2 B TR
70 H s AR SRR , AR B A MR A IR PR RS BT L
T S S A, DT T 97 48 I ST BRI R BT
TR I i &1 S 2R i P T il 47 7 T 94 e S iy L Z
A HR ARG IR EE P RO RLITE J1 o PRI, B BT
PSS A R 7R A T A R B A R e LA TSN (L

PRI, A SCAT 5 60 1L 1 HE 5 M 00 1% T e 7 2R 7 o
FLYG I B AN A SRR P A 250 T i A
RGBT o ARAE DL B0 B0 9 BIOML A , A 0
T BRI A D RICR O o R, S R R
Pt 7 ) g 2 R LY DAy i 7 7R A7 R B A 2R
TN SE EEE 2%

1 MREFE
L1 FEZRPRS G

NN G T DEPNE PN e e I /A
w20 (A4l ) « X HE R L 22 1R A R A
SR R T (30 000 Ulg) « LI AR B By T 1 790 A5 PR 22
Al FUE B EE (R B8 2 AE RN 1

Tkt i - 5 2T TP A R IR AT RS 7] 5 RS SR R
(BRALEE 60%~70%) : T I Sl oo & i BHE A BRA Al .
12 FEUSRHRE

B R ST KR R (FIS-6) « LAY 2%
A BRA T 5 M EAL (GM280F ) : RN AX #$AY F A7 R
N FE] T B (Regulus8100) : HAR H 37 A 5
B AL (F18) - b gh & sa b4 & A R
IS HE R AR R (JY92-TIN) « 7 5 2 A= W Bk
H R A R
1.3 Kk
1.3.1 R Pickering FLUE A HI4%

Z M Wijaya SO0 753 RSB0, B — o i
MFLIE R (whey protein isolate, WPI) Fl ey B AR 3
BN (high methoxy pectin, HMP) ¥ T 10 mmol/L pH4.5
HIBETRZE v v 0 P, ISR AV e, T 1%
i pH HZE 4.5, 5% 15 min J5 85 "C/KIE M 15 min,
SRR VKK A H R B S 2L B -
15 & 3 R I - 0% T (whey protein isolate- high me-
thoxy pectin-heat, W-H-h) & & 40 A 5L B Bl W-H-h 444
BERE . 10 A5 B9 W-H-h 40K BB i A 20% (1R FR
) B LRSI, 13 500 t/min 854 30 s 1AM FLIK
SRIGAE RS D) 87 W 5 IR 1 min S HIPR 2 s
TARUREE 25 “CHYEAET Al FH 75 I 40 it 1 e A Stk A 7
FLI A 55
1.3.2  GRE AP M 5

AR — @ i M ALE B E AR, A ST
K RIS RE 2], H145 10.5% (4380 95U 4
BEEAWW . S 90 CA&AM FHEHE 30 min, 37 EIA A
Je A 60% (J5 243 %50 0 H Il FFE FE 35 2900 i J5 i
A 0.5% (RFR ) B B B ARG I Pickering FLIE , #% J)
PEFE 15 min, 13 500 v/s (= 3 85Y] 2 min, 15 2] 7 AR
il Pickering FL-FLIE 70 B 8 AR A KU, B 5K
PRI AR At 3R L 78 50 CHERR 8 3 h, B
AR E A YU M, TS A EAE 25 °C AT
FE 50% ZAF T A 3 d, IR AR R,

1.3.3  JBEA R I

T RIS R K S RO 2 R 6 B
A 2 emx2 em A IR HCLE AN [ SR s Y R 6 g 0% 1) 455400
W (BT 5080 3% TR 7KV W+ L 3t 4348 2% kil 20)
sl g b — B A1) (5.10.15.20.25.30.40.50.60 min)



2024 4E3 A
EASEESH

RattaSHR

EHRtHR

10

P RS FHUE AR 25 B 2 1 2 AR, R P FRE S F
0T AEAS AR PRI 3 A AT, 4B A (D) A
RS ik
S=[(W,~Wy)/W,] X100 (1)

K. S R KA, % ; Wo IR G T i, o5
W, s W e R v AS () i 22 S B 1 S e
1.3.4 HAfHET BB

HE A B SR T &R ST R T
RIEWT AL BE , IF Ml bric , B BE 4 ELRE W v, XoF e A%
TR TGOS R AR A0S, I R 5.0 kV,
KATEL 800%,
1.3.5 PEuEfgilm

BB B R AN, 2 emx2 em KN, SR R
SRR (BTG A 5 A w0 R JE O 391
FE 2 TR 2 BT U 1 B4 ) A R R G S 0.
0.5.1.0.1.5.2.0.2.5 U/mL A9 AR (434X 3%
R IK TR+ T 2 A3 B0 2% kiR 20) T, 45 B8 2 min 1%
B3 mL AU, R 55 A1 o0 6 BE VAN 8 E B A T
W AR (274 nm) , LABS[R] ¢ Ry A AR A, BT LE % (MY
M..) WA FR 22 B 48 | 1 2 4% 20 1 3k B 1
A0 o M,y o B2 R, ML B 2 R
JilE
1.4 Bgabr

JIT A B2 5% ] SPSS 26.0 il Origin 2021 45
P8t o SRR

2 HBREHW
2.1 IR ZAF T DR KR AL 1

PO R AE AN [] SRR P P gl 0 1 26 1F B R B
NG SRS IR S B T P2 R N
I P AL i A RIS R AL B E T
PR KR A AR AN 1 B

60
sof %
s 40f —+——j
JOREN —=—0 U/mL
= ——0.5 U/mL
201 —— 1.0 U/mL
—— 1.5 U/nL
10t ——2.0 U/mL
——2.5 U/nL
ol

0 10 20 30 40 50 60
B ] /min
1 AEBETABFIEEENEARBARENTL
Fig.1 Changes in swelling rate of antibacterial film of whey pro-

tein isolate under different enzyme activities
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transfer (800x)
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Fig.3 Release kinetic curves of thyme essential oil under different

enzyme activity conditions
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Table 1 Diffusion index n, k value and diffusion coefficient D of

antibacterial films under different enzyme activities

75 /(U/mL) D/(m%s) nfd k {H R2
0 8.330x10°12 0.989 8.292 0.965
0.5 1.574x10713 0.857 6.912 0.992
1.0 2.355x10713 0.762 6.267 0.977
L5 6.353%10713 0.638 5.106 0.943
2.0 8.121x10713 0.460 3.960 0.959
2.5 16.319x10713 0.353 3.044 0.921

TE :D SIS P A 1803 B0 kA AR T 20148 ) 45 R Rk 19
Bsn NG TER) R Y B R
AR 1AL, BRI BT R AR 1 ROR

AR 1073, RNZFLHE 708 S R R 2
PR EAT B G REAE IS, 530, Bt W 1 T, 47
R K BT SO 1 mT R A H g it A
DRBEIE PRI KA T A R RR L B S0, A
HRBEAARE IR, X 55 P 1 B B R A R LA A 2
ARV SIS J BOUL S R AL TS SR AANAT

SR A A0 TR R R T AR R I A A A AL
R 3T A% i LRI T 20 (25 MU/ML.<2/3 i ) fCA RS
U@;@[[ZZJC

T (6)

Ak TR IR K57 25 R 25 K R AE 198 B n
FRIE D Y SR B R TR . B2 L
T 4 FE O - n<0.5 B, JE 7055 — 22 15 0.5<n<1 B, JE
i 2 R AEE R s S5 A RS RN 85 n=1 B, JE
TS e n> 1 BB IETESE

M M/M.<2/3 B, 9 BUHE 5 n (ERH 50 Kk (B 0T 38
i In(MyM) X Ine (AR MEREE RS /ELT InM/M..
XT Int BZAE R IEANE 4 B .

YU HLAE 0~1.5 U/mL B o (8GR, A T
0.5~1.0 Z[0], J& T RHUM A . MifE 1.5~2.5 UmL [
BB n (B, AT 0~0.5 Z 0] iEFE 1L
RAETS — e A SR, n (BRGS0 T &, R %

=251

-3.01

45 50 55 60 65 70 75 8.0
Int
4 0.5 U/mL EgiE &4 THIERR In(M/M.,) X Int
Fig.4 Plot of In(My/M.,) against Inf of antibacterial film at
0.5 U/mL enzyme activity

W R REES . MR 1AL AHSC R B R2IRT 0.9, 41
BB R RBIR RE W B s R K S A4t
R T 7 R AR T A BT

S I R TSRS AL R R AR AL R AR 9z W H L BB
ST ARSI R BORME BT AL BT ) 20 )
TE ST, FAT — 52 B4R T S0, (HHA R TR 2 My
M..<2/3 BF 71 LA I 9 1, O 1 AL HLE R Il R
O Az it AR, A SCS B Y L1 K S A R g 25X
(4) 2 th —Fh R B AR, AT .

M) -
. 7] (7)

A o AE Y HUAT R R BG A 0 AR Y
BT R (RSB IR 9 28GR PO RS ,ms
5 RG WA AHSCHY AL SIS 8], s

K] Origin HA Pl L D05 Al 3 Kk SRS 1Y
FFEF Ap Ag o (8B ER TR A Levenberg-Mar-
quardt, WCELHEN A 0.000 01, 38 3 TTHIR ORI & T3,
R I A FEEA K AR RE S AR S 3 1 HL b
IMAEREA S FE h AL BT A . 53 8h , S0 A
SEUSHYRTTE  BIA 2 DY AT W T By By Horb, B 3R
A B A v A SR se 47 BT O B/ T [Be=1A )/
(A +1ARDT; By Fn Al Bt B vp, AR AE sy BTy (A
st AT o) BT i B AR/ T, PR O BEARE sE i BT
B 5 X1 [Br=IARl/ (AR +HARD 1o 753 912 BE S8 K
JESRbR Sy BT A IR 2.

=All—e L]+ Ayl —e

®2 BUERERSHMBEXRY

Table 2  Self-fitting mass transfer model parameters and correlation coefficients

i /(U/mL) Ay An /s R? Byl% Bul%
0 -0.027 33 1.034 82 3 046.5896 0.998 85 2.57 97.43

0.5 -0.023 67 1.024 01 1913.66294 0.998 03 2.26 97.74

1.0 0.014 66 0.984 44 2151.05911 0.998 24 1.47 98.53

15 0.155 48 0.860 46 2369.49121 0.988 23 15.30 84.70

2.0 0.099 32 0.91551 1785.14347 0.992 19 9.79 90.21

25 0.211 48 0.798 19 1785.37949 0.989 3 20.95 79.05
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Fig.5 The matching degree between the self-fitting model equa-

tion and the experimental observations
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