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Abstract: To enhance the Maillard reaction during the film formation process and improve their functional properties,
whey protein isolate (WPI), sodium caseinate (NaCas), and pullulan polysaccharide (PUL) were used as film-forming

substrates. Under alkaline conditions with a pH value of 7.0~12.0, wet heating (90 ‘C ) was used to synergistically trigger the
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Maillard reaction. The degree of carbonyl-ammonia reaction was determined by parameters such as changes in the content

of free amino acids and reducing sugars in the film-forming solution and degree of browning. The structural changes, barrier

properties, thermal stability and antioxidant activity of the modified films were investigated. These films were also applied to

the packaging and storage of coconut oil. The results show that alkaline conditions significantly accelerate and enhance the

Maillard reaction of the thermotropic film-forming solution and improve the functional properties of films. Furthermore, the

performance and properties of films significantly improved at pH value 11.0. Oxygen transmittance, water vapor transmittance,

and tensile strength reached 0.045 cm’/(m’-d), 5.680x10™* g-cm/(cm’-s-Pa), and 3.61 MPa high barrier and high strength, respectively;

DPPH radical scavenging ability and reducing power reached 95.07% and 1.83, respectively, achieving outstanding antioxidant

activities. In the accelerated storage experiment at 50 ‘C , the acid and peroxide values of coconut oil were 0.27 mg/g and

0.12 g/100 g, respectively, after 20 days. The films significantly inhibited the oxidative rancidity of coconut oil and extended its shelf

life. The results provide new applications of Maillard reaction modified films to prolong the shelf life of oils and fats.

Key words: pH value; maillard modification; free amino acids; reducing sugar; antioxidant activity

205 — B R R o) % AR e 9 36 A
L (BRI ND) B =4, AT S S5t VR R P e A
F . BRI  SCEE, B2 m AR R B L BELRR
PERE. HLAkME e, et R N R R B, IR R
W55 S A0 B ) 84S B N HH (] 8 — Amadori B
Her=4) (ARPs) s H A BOA B HEF= 45 Strecker
Bfle: Jo I BoBd Ak, AL SR OB,
AR O S B RGYMAILR G R ERY . Ehis
RS2 pH B MEE S SRSIES ] S22 A B
FFRE L K3 A5 R 3R

Han %55 i oo 38 6 22 2 B R 2R T 2R 1IN TR
A B, BEFE T 3 H A s R R RE R R,
JE A LA PE RE L RS e M ) 49 2142 | 5 Kchaou
S fh B i R TR SR, R AE TR S
T NS A R BB (R R I, R PR K VA M R A, L
AALRE DRI AR E eI . BR T IRE. WRESRY
mi DK 25, pH A 1 42 16 A5 52 i 7 5 1 B8, Etxabide
PV FE T AE pH {H 2.0 F1K 4R pH (. (pH 1 5.4)
TSR S N L - SR R A R R, K
YLTE pH E 2.0 B (RS BR R AIG, SEAE K P BE 5
TR, HOWSE AR I RAR pH (. FE% . pH {EXE
B R E SRR LB R K, B i pH
B 4 18 26 7 18 R N IR A6 46 0 3R, 4 pH E B2
TR A R, AR R 2 d i K A B
MUREE; R, #)F I8 T BENLR SR AL,
SELEMREWNIERY, BI55 7 B AE X
FEANE JERE PR, R T ER RN RAE, N
M- FEILNATER, TERZRE A

ARPs [ 58 b 27 2 5 7 8 S o 3o 7 rp S 11
—5, HRSRMNEIRT pHE, BRMHZ&MHT ARPs

230

FERA 1,2- GRS, TEROEE ;. Btk S&F T
FBP R H 2,3- IR SN, T S Wk Mo e s D
2 R PR B s TR B, SR E R,
T AT ORI ) B P o A, 3 A I B A AR
FERE SHUAA IS B DI C, BEE W SRR I K,
AR 2 (B BRI R R (R, BT PR
bz miderm. BT REFEM ARPs BA#E G &8 A
ERRE A BT, Kk, SERLE R N PR T
VERRIRBUAAMT, AESEEAM ] i i S Ak
WPI/NaCas & FJE I A] FEAR, BOBEPELF, (2
PHIRRE /122, PUL WA RUFMFHAMERE, W]
PRt a5 8 A B I R SR R R R, A
WART TERR TR BN T 238, W
SSEIF] ROBLE NSRRI SR T i RE I R
(95~110 'C, 24 h), HGAEHEGHITR; BRIEX
PE R 1) B RS R TR T ) SRR B M AN
WA, AT SRSIETE, L@ it
PR pH A 7592, LAASEILTEARIR AL (90 °C.
4h) AN, RSEERER N, & BRI R
T e 1 VR I FH R 7 v L, TR BB AT A
VIR, PURRIN . e L, LEKAT-Ih B H

1 MRI5EREE
L1 sttt

FIES B E A (UPD), 2 [H ISOPURE A Al ;
it 2 A BN (NaCas), L wikAEfbRi: (b
ED ARAA; H&=2H (PUL), BRIk H
R Ch#g) GRAR Hw, FiEgErkEst
HOCPED) ARAF: EBTK, LR=EAG; &




MR B R

Modern Food Science and Technology

2025, Vol.41, No.1

VR, SCEMEERERAA.
1.2 UHEEE

DHG-9045A AU 18 i s A 148, bl —1E R}
A AR PR A ] ; DF-101S 4 P 218 5 # kg 114
PEAY, TR B LR AGESA R AR 5 SHB-TIT A
BUE KR Z B 5, FBMAIRE TSGR A A 5
PHS-3E ! pH it, BigAC R I A R A A
U-3900 KAt i, HAH LR AREA
F] s XLW(EC) B8 g i+ h7 /73 b, Hrra sl
B ARH IR AE ; OX-TRAN 2/2H 4<% i R
A, ZEE MOCON A ; W-D-31D /KZE & 2
WA TN Ve ENL R A BR A R s CR-400 12
¢, HA]JE R ERRIEA R A ; Nicolet iS10 Thermo
R AN, TR RERE, (RED A
BRA s TA ZXP#EHAL, 2 E TA Instruments ;
S3400N B4 H 5%, HA Hitachi (H37) AH].

1.3 L35k
1.3.1 R R4 & A pHIE U

FRIXWPI 17.1 g+250 mL | | #REXNaCas 12.77 g+250 mL | | FREPUL 50 g+250 mL|
EBTK

EETFK EBTK
{ { {
‘ 25 CRESIBER2 h ‘
{ { {
‘ WP | | NaCas¥# ¥ ‘ ‘ PULW ‘
{ {

‘ 85°CHESIBE#E30 min, A4 |

L__T_J

| R |
|

; o : 953750 A pHAE IMA35%H B
v | |90 CHLIBE Z7.0. 80. 90, i, 25 CHE Y
Hah, B8 < Joo. 110, 120 [ Sein [ |VTES

B 1 BEaRIERne
Fig.1 Film forming solution process flow

PSR e e R PR S B e |
#, SHIFREL17.1. 12.77. 50 g i) WPI. NaCas Al
PUL, ¥ = Fh 2 51 7 5 ¥ fig T 250, 250, 500 mL
EHETFKE, FEEER NEA B A LB
2 h SR, REH BB MAE X B oK
) WPI Al NaCas 43 7€ 85 ‘C FHi$k 30 min, TRk
A E IR K WPL Al NaCas UAFRLEE 1:1 IR &, 2R
Ja I PUL, RGN Vipinacas: Vour=1:1,  F- AN
AN 35% BH . RGP RS = N 1 he R
A 1 mol/L NaOH V7 54V pH 1E, 7370 R4 &

7.0« 8.0. 9.0, 10.0. 11.0. 12.0. ¥ i % i pH 18
MVl S BT 90 CRIRL BRI+ 4 he %
HG, KR EE AL 4 C T AR
132 ey R A

¥ IR BB OIAT B R, R AR
£ 65 ClEIRE N T HRAFFHE 6 h, HRNHME. )%
U BRI B 7E 23 'Cy 50% RH HPEIRIEE & 1E T
FFIl o AR 2448 pH AR AN FE A0 T IS4 oot B 40
133 ARMEERE TN E

HR 4% Morales 26" ) J7 A VR ek sh . AR AT L
2:1 11 24% (JRESHD =& LR R 178 7
SN JE TR = iR R E3E4T B0 (7 000 t/min, 20 min),
B F3EW, 7E 420 nm A1 550 nm 4023 IR EUR G
A% OD A N:

OD = A0 w—Assoum (D

45 FE DU REJ5 S 1 OD/g oK.
134 BJRER T # B 2B GG

R4 Frank S5k e, FERIESE. 80 mg
AR —HIEE (OPA) ¥ T 2 mL HEE, N5 mL 20%
JREDHD + e B, (SDS), 50 mL 0.1 mol/L
WD A 200 pL B- #idk 8, 193] OPA 7. R
TR FE 50 1% )5 B 300 puL 5 6 mL OPA RV &
¥)5), A8 35 CHRIZKE#HE 2 min, 340 nm Rl
Wt RE, K5 OPA RAMEAEBIETH. L- R
PR b A AR v 1T 2
1.3.5  AJRZER T L RAE 8 M

RIS H I 5 A E 3. 3.15 g 3,5-
FK B8 5 131 mL 2 mol/L NaOH &I 250 mL
T 925 g WA BRI HOKIE R, 2.5 g R
Myt 2.5 g WHRER AN, HiHE, AR, AWK
ERZAE 500 mL, 5% DNS R7. BUREBER 2 mL
5 1.5 mL DNS {57 T tb & iR & 3550, #hKis
I#S min, HUH JE SZZ N A K R A H 2 =,
FZEMKEZR A 25 mL, JB%5). /K5 DNS IR
HWA 0, 540 nm TR OGSE . 0.1 mg/mL )i
I AR AE R T 2%
13.6 ey EE

I €8 22 A0 R L R AT I = AR 4
Kchaou ZM 77705, R R 512 K il 5 6
7#% (AE) F#75 5% (Browning index, BD) :

AE =J(L-L' y+(a—a' Y+(b-b')* 2)

231




MR B

Modern Food Science and Technology

2025, Vol.41, No.1

a+1.75%L

= 3
5.645xL+a-3.012xb
100x(z-0.31
_ 100031) )
0.172
A
L——H R,
a—— B LT G
b—— B R A,

La'b,——4r @A e) & F AL L' =98.84, a' =0.43, b’
=4.25).
137 HIEH R A

B RS ET AL 1 em>4 em T, B L4y
6 T AE R K 200~800 nm Vi FE P 0 R T ) 3%
13.8 1§ 2 etersbigntr

el P8 B 20 A0 SRS SO0 SR R AT T R, A
TGN 600~4 000 cm™, #FE N 4 em™s
1.3.9 B HMILEN

BT A T SR T Y B ) A R T gk AT O
8L, LRI R TR R R R VAR TR R AT I BT
S F T I PR ot T L] AR U A 5 R P A
[FE AL b, PR T e B, 51 5.0 kV
i e He T U 8 S R P TOUL 5 4
1.3.10 FJEAR AL
1.3.10.1 DPPH H &5 B g 1

FR¥E Hela 25 7 vk AT 00 5, RS 1E 2l
R S ETRE (m=20 mg), BEILT3A 1000 uL
BT K. 750 uL 99.5% (EFI %0 Jo/K L EER
250 uL 0.02 mmol/L DPPH (1] 99% (MRFL /3 %0) 2
BEVS W, B 24 he 76517 nm Fl&E, HHA
v/

R=ATATA) 00 (5)

A

B i

R——DPPH A wRHRE, %;

A,——DPPH %R B ;

A—— R4 TGRS 4 B

Ay——TFsm DPPH 500 4 58 JEAF b 69 RR .

1.3.10.2 i&JEEE

R 4% Matmaroh 25" () 7 vE S 1E i sh . FREL
10 mg B, A IR IAE 0.5 mL £ 5
F7K. 1.25 mL 0.2 mol/L 1 & £k 2% ¥ i Al 1.25 mL

232

10 g/100 mL ZFALHR AW+, SRIG7E 50 CF
KW 3 he WHL 1 mL MRS 500 pL 10% (&
DED ZRHORIBELIE], REEC (3 000 r/min,
10 min), 1.25 mL 257K, 0.25 mL 0.1 g/100 mL
S H 5125 mL EVWEWIE A, &M 10 min,
700 nm KL EIE . B IR FE ST RN SO
2IEHXK,
1.3.11  #Egentr

i 22 R R A IT I R S s . R
U S 20 7 mg B THRIR A, 7E 50 CH 290 C
Z1E]LL 10 “C/min F53 4 .

13.12 BB aagids

FIH OX-TRAN 2/2H R4S 3%E i 2R M0 &
RSB %, EBUCH . Jo S
S DIRI S AT )R], AR RN 50 em?®,  TEFE
RIAGI SRR AR LA AR, PR R DY ) 2%
B, # ERERBENET, BNNREF, 7EEE R
FERNEREE (23 °C, 65% RH) il & M 1 2U/<E
1.3.13 ﬁﬁ%*%%ﬁtﬁ

I W-D-31D 7K 28 32 ik 2 P AN e 78 st
7K 28R EL 2, iﬁ'ﬁﬂ%ﬁ}ﬁih\ TGS ) VL FH A
i V) B R AR BT AR 33 em® K/NEIRB A, [ EAE
RS & B 2T K AR AR TR, SR T Y
e R ) K 28 SO %, IR 40 °C, AHXTE
5 4 90% RH
1.3.14 BRI

W 3 R S BT N 15 mmx70 mm RIAETE, 4
IHFE BN 50 mm, JEEEN 50 mm/min, ffHH T
DRI AN T R (R B s i e K
13.15 #Fibthinit 0 ERBREE

T X R M R T R, M R AT I
pH {H 9.0, 10.0 F1 11.0 % = P 5 FH T £ 58 s
56 o BT RS AR [ 1 = 7 1 FH P ML T 4
FASE N 10 mL 873 SR nE L5, FH
R IE M A R, B HE T 50 T
fHIR B FRAE N 0. 4. 8. 12, 16 20 d, 2350
EM RN 5 Al . Bkt ks R
GB 5009.229-2016 (& a2 EHFKARME &R
W E Y 5 GB 5009.227-2016 (& 5% 4 [EH %
PR B A I e Y . AR R AT
MAEZ B




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.1

13.16 %ita#r

KH T SPSS 22.0 #1477 245381 (ANOVA),
AP EHNERA R FE X (P<0.05). W4E
M EHE DI + b2 (SD) RoR, IR
Origin 2018 24l

2 FR5VE
2.1 [l pHAE X BV 8 L A2 o %

0.07 -
0.06 -
0.05
0.04 -
0.03 -

0.02 E/i
0.01F

—

OD/g

pH{E
E 2 RE pH ETHREFEmESRNEEREE

Fig.2 Browning degree of the film-forming sample solution at

different pH values

pH 8 pHO pH 10 pH 11 pH 12

L i
3 NE pH E TR RSP ML
Fig. 3 Appearance changes of film forming solution at

different pH values

NT T BREE S AR B 1 R e AR AR g B
K HFIH 420 nm &b 11 W% B AE I 2% 550 nm &b 11
W BB A3 BIRE S 1A AR FE BN AN 2 FmT B
RIAE pHAA 7.0~11.0 JE Bl 4, FF 5 i T 48 8 2
[E5 pHAE IEAH K, JFAE pH A 11.0 I #5328 14 3 dx
K, IR RERTE, X2 BT pH EX a- B IR
584 2R T A SR 2L 5 ma, 55 e 1Y) pH A 3

0T SRR S N WA 4 A IR, IR TR S
R 2 Ta) s 1Y pH B 12.0 A48 A8 B BT Y B
T TFRERES, wTREE B T2 2% A S T
Amadori EHE", BRAC T RPLMER MR K3
A DA EWE b 0 5% SRR SR A Ak, R S K 2 il
&g —.

22 MEBEERFIREAERNENME

NTHFINBA R L (GER B RN FEEE, 4
BIREF T pH MR 90 ChInFARTE, M
0 U G R A LA RN A ARk, L,
i BS S BE IR oK B T BBV ¥ ) WPI-NaCas 477,
i B MR 5T PUL, # B L R O MIHFER)
FOK, VLIS 5 SR R N I B . 2 AR ]
%, RN,

Bl 4 45 F 3R, pH {E &b B AT A Ab 3 5 i 25
RAEMM BB 4 B E R, ke, ME
pH E M5, WS EA R & B WD, R
T R4S ) S h A SN BB pHL B 0 38 KT Ak R
Fls 23k 90 CHRIKBINAG, RIS 2 IR T
SEIF TR, RPS5H MM, pHAE
Ab PR HACFR R E R T BB S 2 R
MEAEH, BEM®E TR Kin#E, pH
fB 7.0~12.0 B i 25 2 HE R 11 75 & 49 %l Lk WPI-NaCas
U RS R R B B R AR T 14.10% 17.96%.
17.02%- 19.21%- 23.27%- 29.98% ; £ 90 C/K
WWINBE W5 B BEAR T 33.42%- 37.79%- 36.23%-
40.91%- 62.16%. 69.81%, H pH{H 12.0 I & IER
FROYRk /BB B B pH E 11.0 I SE, 26 4 48 f N7 ik
JERE 2 2% .

06 | —=— AN .
- —o— B

A& g4l
gﬁé ” +/
w03 +/~\+/ .
Mﬁ = 02k
ke E ' ] - /-/-
BE ot +/ -

0.0 7I é 9I lb lll 1I2

prE
B 4 AR pH BETHER RIS SERNTLE
Fig.4 Changes of free amino acids in film forming solution at

different pH values

233




MR B

Modern Food Science and Technology

2025, Vol.41, No.1

2.3 RIEERFEREREE BN R MM

045+ ___ e
~ 040+ $ J[
i) | —e— Bk ‘ :
i &[ 0.35
AE 030
§ @ 0.25
S 2 020f ¢
=S 0ust /’\+/
& e
0.10 / - ]
005 C 1 1 1 1 1
7 8 9 10 11 12
pH{E

B 5 A[E pH ETHEARHERENELE
Fig.5 Changes of reducing sugars in film forming solutions at

different pH values

HE 5 ATA1, 52 RS &AM 45 R AL,
pH (VR # 5 hn# b 28, #3280 78 R HE 0 & = P,
ULHHAE 25 'CH 90 CHIZKB IR kA T AN A2
5 1) 36 7 8 e oo pH AE 7.0~12.0 R AN B
W, R JERE S 200 TR T 6.06%. 9.15%.
7.60%- 9.49%- 10.02%- 8.92% ; I#JE FFET 9.45%-
13.33%. 12.28%. 15.32%. 30.20%. 30.20%. X T
W JFERERTERE, SRR N EREZ —, YA
FKAFAERS, 160 CLA LB mR T2 FEUERE RN
R A, BT ARSI B AR B E KT 160 °C,
T 2 A R AL S B 52 4, pH {E 12.0 Abik
J5 W B ek /b B oH I PR AR 3, IX AT RE A R I

VSR B AR S ', W= 2%
1) Ui 25 S TR 5 I R R AR SRR A RO, IX —
FE A B 2L ARG 43 v A B SR «
24 SEHHENEERBTER

FH 1 0] 0 AE R BI ¥ B8 pH {E IF138 KM 32 & s
FHAE pH A 11.0 B 3K B0 AA . A0 FE ZH 1) 7 5 AH
b AE A1 BI 43 1 #2 T+ 7 1.48~7.61 £5 411 0.60~33.89
. AE I BI 48 4 AR 3R 56 55 B4 e B 1) 72 B
X5 B A AR FE B IR AR DG . B pH {E 1Y
K, BI 5 OD {H #ipfi = 34 K, F#/E pHH 11.0
A B K. M pH A 12.0 I, R TR
@, R T pH E N 11.0 B F BI A1 OD {8
NBE 21.25% A1 7.14%. BI ()28 4k 5 % 1 3 5 4
WAL — 8. oAb, TR R € R R R R
AR SRR FFIT B
25 bFiER

b6 pH A [ b, S35 O e A T B,
JELE pH {H 11.0 A R R ACE (K 6), X5 AE M
BI BB ARWI G, WA SERLAE S B IR, R
PbE 2 AR, HsEGRe JthpE 2 58, pH{A 11.0
55 pH A 12.0 501 5 o] BAFE 44 300 nm LA T 4%
A, T A pH AE T AR, 3B BT
W BFR R E R TS, BRI AN R P B
B F Bl Ak, A S AR Y

# 1 AEpH{E TWPI-NaCas-PULEEFEH) fa £ M 18T H54L
Table 1 Color difference and browning index of WPI-NaCas-PUL films at different pH values

234

pH 14 L a b AE BI S
*HELE 91.62£0.37°  0.36£0.07" 7.85+0.25° 4.25+0.39° 8.94+0.27°

7 91.51£0.24°  0.64+0.09° 9.04+0.57° 1431335 10.54+0.63°
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10 89.22+0.29°  —0.24+0.1° 17.73+0.59° 101.9+8.98°  21.19+0.77° -

11 86.98+0.69° -1.22+0.49°  28.15+1.84° 311.86+48.1°  36.58+3.35" }m(
12 885550460 0570010 232:021°  194.15+624° 2881057 [

E: BB ERARM N EFREEATEAREERF (P<0.05).
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8 27.44 22.87 15.55 34.13
9 28.15 22.08 14.25 35.51
10 25.17 25.86 12.79 36.17
11 24.85 26.10 14.54 34.52
12 25.55 20.11 17.48 36.85
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Fig.8 Microstructure of thin films under different pH value
treatment conditions
E:(a) st (b)pH AL 7;(c)pH A 8 ;(d)pH A 9;
(e) pHAE 10; (f) pHAA 11; (g) pH 1A 12.

100
80
60
40

20

DPPH [ i FE35 M / %

XA 7 8 9 10 11 12
pH{E

B 9 [ pH EAE M T #EA DPPH B BEERREEN
Fig.9 DPPH free radical scavenging ability of thin films

under different pH value treatment conditions
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Fig.12 Changes of barrier properties of the films under

different pH value treatment conditions
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Fig.13 Changes of mechanical properties of the films under

different pH value treatment conditions
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