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Abstract This study investigated the potential of a safe and eco-friendly colorimetric indicator film
(CIF) for monitoring the spoilage of pork during storage. The film was developed using neutral
red covalently immobilized onto TEMPO-oxidized cellulose nanofibrils (NR@TOCNFs), and
fabricated in two forms: non-heat-treated (NHT) and heat-treated (HT). To evaluate the stability of
the indicator, both CIF types were stored under fluorescent light at room temperature for 6 weeks.
During this period, they maintained colorimetric stability despite exposure to light, temperature, and
oxygen. Subsequently, the CIFs were applied to pork samples stored under the same conditions.
During storage, pH, total volatile basic nitrogen (TVB-N), and total viable count (TVC) were
monitored. Both CIF types initially exhibited a red color with fresh pork, which gradually shifted
to orange as spoilage progressed, particularly along the film edges. By day 6, the pork was fully
spoiled, and both NHT-CIF and HT-CIF had completely turned orange. These findings demonstrate
that the Polyvinyl alcohol/Polyacrylic acid/NR@TOCNF-based CIF can serve as an effective smart
indicator for visual spoilage detection. Furthermore, HT-CIF exhibited superior mechanical stability
and dye retention. This study provides foundational insights into the development of intelligent
indicator films, and suggests that the adoption of more sensitive dye systems could enhance
stage-specific spoilage detection in future applications.

Keywords colorimetric indicator film, smart intelligent food packaging, neutral red, cellulose
nanofibrils, pork spoilage detection

1. ME

AHEE AF EA(smart food packaging) 2F SO REE AES Hrp 55408 AES
HASk= 71574 EA(active packaging) 7]&3, 459 F4 9 AH FEE AH[RA HAIZES
2 AF5k= A5d EA(intelligent packaging) 7|&S 25 ZI5H= 7fgo|th(Drago 5, 2020).
o] & A3 XY 71 JFS AL fEoHs IolA AR AL, 2 W3}, Fuf o
55 7A5ko] AlA(sensor) E= A Al A (indicator) S B3 AH|AR} GEAA A|ZHA 0l Ao g
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7152 $%dl= Ao|thKuswandi 5, 2012; Zhai 5,
2020).

Asd E 714 5 ofuel HjA A4 "E(colorimetric
indicator film, CIF):Z 4]&9] AAE 9 F49| ¥islo] wat
s $714L T 97] D, oftlE, ollsieks B
sjet o] dsjol] whgsto] AAA Aate] WSS fEshe
& B A2l CIFE A% 24 3}
2 A& AFoHA= SRR A2l Ae] Hel
7HQ1 ABAZE §9to 2 AAELY H o 7S A
UL 5to], AMAEY A 9 -5 LA 4l
wesks AAZE BUE DS 93 =4 8 5 3
im =, 2020).

CIF: gytE o= wizhg MAvt ohf-d AAAY ol& 1
AAE ¢ e EAR LAE R Mas pHY o
Huyole] & WslE & fAA[sto] Ao HalE Uetl= o
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bromophenol blue, bromothymol blue, chlorophenol red, methyl
red, phenol red, neutral red 5-°] ARE-EtHMohammadalinejhad
£, 200). W4 A4S DHSE TS o WEYAE £
2 24 vz PAE, AR 47 goldt 72}
27}, Alol4] SefE AR Belr] F SRl cellulose
nanofibrilsCNFY= Thg4 22 ola) 42 1] e
T 9k ofUjek, SRR SRk Estel HEA 4
2 ggA4o] =2 AAo|tk(EBzati &5, 2021; Lee 5, 2020).
CNF= &2 U4, 7414 Ak, Pasigdoz ohefdt AlA
of 885l loH, FZol= CNFEAF 78t g3 AlAE
o]-§et AF AAE EYHF(Zhu 5, 2024), CNF 7]5He] ¢F
Hyo} kA 4] AlA 7iE(Shahi &, 2021), CNF 7]4t9] ¢F
2o} 7148} pHO| WS} 74A| AlA 7§t (Khanjanzadeh &,
2022) OE TPt AN R S8EEe AFs0] HiEa §)
o 184 ONFoF 22 A 8 A2Ae2 93 5E, A%
£ 59 =94 540l 4 1EA] Bl F sty iz,
HHE Hebolr] figt Weto g Bt AA® A £5HAY, 7k
Ao} 22 SRS AT Atk olF BHLAT AzE
A= o] e % A1) olite] B4 Tkelel 747t 24
of Aol AHAHHUA o S 52 7HIA Hol 7s=
SHist & 4 glon, §o] 84 FstAo|1 PRSP0l =&
aAe] it At7F ] o] Fo|A AL Slth(Lee 5, 2010).

Polyvinyl alcohol(PVAYS F=A4]9] 3H4 &8 & slu=
Holu WE F4 Sz AR, 84, 47 A3 59
ARE A3 9o, Ak B o|isieiot 2 Tkl thh
AR 95alol AE 572 1] Tkt Y RopolA

M
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851 Qltt(JohanssonT} Clegg, 2015; Spagnol 5, 2018).
PVAL= 4H7] 24H9) 733t o4 Ao & Qlsf =gt 714 &}
DS 7w, ofHeh XA AE7o) 95f 5710 Fizt
SEIL 2ol FoRRE @Ao] Qlo] ARgo] AlgtA o]t of=gt ot
AE Bolr] o G 42 224 7t g AAISHAW,
7tAAE AHgSte] 2 E WA= BeHY Zha A7t
)7 JH(Nam 5, 2021; Song 5, 2018). §Hd, E A
7t A| % 5FQI polyacrylic acid(PAA)= 7t2EA 287]15
2 AR TRAZ, PVAS o282 Fge B9 Aele
7HE FAste] E PR WA 3ol 71olste] 24
42 MAE & SIth(Kim -5, 2022a). 0|9} o] CNF&
EAGsto] et AME §85= AT tiF=o] AA9 7
A wHAYZL] Aot FFEo] low A AEae] AA
dojut A& Al FE53 AAolt. wEhA PVA/PAASH &

of, A4 £5 A% F9 &4 WHsle} AR A &8 7HsA
S B7IFOEHN 7|E Ao ApH} H AEA HIEZ Al
shuA) speict.

oo & AtolA= RIZH A=< neutral redNR)7} F-
A3l TEMPO-oxidized cellulose nanofibrils(TOCNFs)E A}
25}o], CNFE 7|Hto.&2 A %3t PVA/PAA/NR@TOCNF ¥
a= AA AE AT JHBAE AFHeE EATL
M, A8 AAA AAMZ ZEs5t7] gt 7| & ik Algot
A} 3ttt PVA/PAA/NR@TOCNF EE9] 7t 2SS 735
AN717] 9ol EA 2 (heating)E §F heat-treated(HT)-CIFS} &
A& oFA] %L non-heat-treated NHT)-CIF 2555 0|85
of, X 1719] A% 5 WAct= FEYoL 7kALL pHO| W3t
£ Aoty WM W5 fste] FAEY ke & &
b 2 MARA 7FeE AESHIH

il

2.1. 48z
2.1.1. HIM XAIA 2EAN

= dd2 5 Jitg st v i ATAolA
AP A7k(Khanjanzadeh 5, 2022)2 3 /WE CIF AIAS
L PVA &%0] PAASY
NRO| 25235 TOCNFE tjofel =L T3lslo] d2g
A3t oM, pH 5 EYo} Hjef mhE A ¥} vheS 7]
Hro 2 b AlA 20) A9HdE B RSl T A3 7% PVA
£ 3% PAAS} 0.3% NR@TOCNFsS £9}5tal G 2]5}of
A3 PVA/PAA/NR@TOCNF @Eo| 714 A} wiglo] gz}
37 whgatgl o, CIFR w9 943t A% 7Hicky B
SFTt TS AR dAollAlE IE AR Al 170°CO)A] 458-7F
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£ EA 2 (heating)et 23}, AT EF] HI| AFE
7t S7FRIAL, 2 8ot Ba-eo] Aaste] WES| E40l
FEe A ASAA ole EAEE B3 PVASH PAA
e S84 7h 292 r=ET, 259 W 71AIA
47d0] Askdte A AARIT mEkA £ Ao E 5
3 F25 7HAAL A2’ HT-CIFS}E ¥l Hid ez QXSS
SHA @82 NHT-CIFE oA AlZsialtt. mebi 2 AollA=
& 72 Il T 4t = 7% PVA3%
PAA/0.3% NR@TOCNF=Z 2% slo] A 23t NHT- CIFet &
A3t HT-CIFE °]-8&3to] AA] 459l HA11L7] #74 3
2&3to], o5 AlMQ A A H7H L AAA A=A &
€ 7Fs/dE v - AESITE T, AX R AREE NR2
92 Bk 2UNH AT B AE 54 2 &F Aol
W2 AN GO AF 2 S8 Al P I} Thssiel &
8/30] B2 d=nE IHA 3Uth(Zuang, 2001). TERA 2 AT
AAE A&7t AETe HE Al AT = e A A
Fagpstaz 95 el 1gskd ez Y 3 HAa]
HHF A HAFEA] G=E dAIBI] Ade APk

2.2. CIF HA{9] 44 1% oYY T}
NHT-CIF ¥ HT-CIF AlA9] o3 g7of djgt Sl
RAE BRI SIE AEE Sasist & Ane AR
S BQEEI S 35 AR SYE 0, 4
232 thest 2o} Aao] 3 94 B7He EZLED EDGE
F5(315%1280 mm, 40 W, XA F) offjoflA] MY
om, FAL FFA(5700 K)o LED Hide, 53 F<
kel Ag)= 9F 2 m, =& 9F 366 Lux, AU &%= 2542°C
E FAEHAS ASRE 2ok @71 5 AE9 gubEQl
F 4 9 {5 718 14591 - s, & oA
AR A @AY ARG 7Rs/dHt 7] A b S
HE grislr] f1gt 717k AP A-L(Khanjanzadeh 5, 2022;
i 5, 2023)5 Faste] 678 A4ttt 252 7 534
S8t petri dishof] FoF 5Lt 2704 Fof A5 =EA
718 657(429)7 HastRl, 78 THH 0= 7F AlRE AUo]
A A (CM-600d series, Konica Minolta INC.)E AR&-5}o] M

S &5tk 4 CIF & 9 3709 pointE Y+, 7HF
A oA FAE AHste] HE(L*, lightness), HM%E
(a*, redness), ZM I (b*, yellowness)E =759t &4 A
B& WARTHL*: 93.8, a*: 0.31, b*: 0.33) o]&3j4 7]7] B
= AT SRS BHERTHARE UEglon,
A} 717bo] w2 M X}(total color difference, AE*)= T}2-9]
AAPAO] wht [(L*, - L) + (a*, - a%)” + (b*, - b*o)’]"?0]
A dste] A=l

[

o~

P

2 o Mo

o
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2.3. A& Ay =

2744 Br)9] NHT-CIF®} HT-CIFQ] A% #s}el 445
o] 4 9 38t wiste] A4AAE A3 ol rARl
WAS HAILZE ol8sto] A2(25+2°C)0A] 0-69 F3t
Aol A% Qg APE APt ALY g
A| B 249 “RFEIE L A 2022 =E7E A
A7) M S-S o8 AE AHiE s oA
F& 7Y A Aol FAskaon], ARoHY k&g Ha
SFet7] 9l 141ZF ofdioll A& EHE AFsHATh e
o 09 7FsE Haskey] sl BT dotd 7|
£ AREste] 100 g FUsHA WH-87]o] E2staion, A
= 2t QA Eol7] 98] TET Agrow o] A
AZSEGTt 27 Al CIF AlA7E A7)0 25 2] =g
EAE WHUE 7] viRel AT &, CIFE 28 U&s
Atk 7 AR F 3719 HES FHIste] A(25+2°C) U
HoTElo A 0-69 S ARsH A7 wE dA =t
HT-CIF®} A2J5H4] ¢ NHT-CIFQ] ¥5}E gelsal, wi4]
1719] oj3}shA 9l F4 £/4J] Wk vl EA5IIt AR
] oA BT 5 e E4 wsle 1Y A% A%
B 9 4E 2AE 59 Fassiglon, B A5 Y
20 FAloll ARste] 7] FE wAE AA ZAe] v]

Qe Hastsier.

0

[e)

o
oL ok

I

24, X0 HE OF} 99 Sepsrs H5f 2 M= 35

271 B19] 9] NHT-CIFe} HT-CIFS] ®jA|117]19] A7 7]7F
o ke Fejsta W B4 24 91} 7hleCoolpix
3700, Nikon, Tokyo)Z &s}o] H|Wsl9 oM, CIFS] 77] ¥
S caliper® AHg3le] 1moh A2e] 1AL 2okl Bl
St CIFQ] BAS 2ARSH] 915l AAHA|(CM-600d series,
Konica Minolta INC., Osaka, Japan)g AR&3slo] A& =74
St 7k CIF &5 9 3719 pointg SY+F, 7FAr2] 5ol
A B Agstel Lo, v, bv& 2gston, 29 4 2
Z WAITHL*: 938, a*: 0.31, b*: 033} o] &8)4 7]7] BA
AAskIT S BAEERESHAE UEiglon, A
17ko] w2 AEZES Th29] ARkl whet [(L*, - L*) +
a*, - a*)’ + (b%, - b¥)’]"*0] eJete] Ak&stYL.

o3t o A
N

~

2.5. XZ0 ItE =89 pH H3l FF

S 52719] A% 717ie] whE pHe| WSk B4 Al 9]
of A5} SFLE 1:9(W/V)9) H &2 &35} homogenizer
(HG-15A, DAIHAN Scientific Co., Ltd., Korea)E ©]-8-5}c]
25,000 ppmO.Z 17 59 #4353t &, pH meter(Orion 3-star,
Thermo Scientific)E ©]-&3) A& G 33 =45t A3k
< Beg=EEEAR YERfQIth
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2.6. A& M= =19/ total volatile basic nitrogen
(TVB-N) H3f 5%

HHR|11719] A% 7|7kl W2 TVB-N §F #3l+= conway
£ 0] &3t v (KFDA, 2012)2 #H3sto] 24519t
A, Al 10 g2 HSOs(pH 4) &4 Y1, WufE &7]0)A
3087 FE3 o2 filter® ojF}sto] of ol A GHO R
ARE519IT) o]%, conway dish®] YAlof& 0.01 N H,SO, 1
mLE EFoha, A Ald & 1 mLE E53 U,
K,CO; Z3}EH 1 mLE F712 Y2 F dishd] 2} 599
glycering E25}1, dish?] £ SA] @of RAAHA &
Sof Kolzole}. o|F: ALLQS2CIA 1412 B2t AT

2, WA 0.1% metylen red®} 0.1% metylen blueE 2:12
4lo) A A|Z3t brunswik A|2FZ o]-&5to] FMA]7|AL, o] &H
©] 0.01 N NaOHZ HEHlo] & wj7}#] HAJsto] ZAsI3irh
TVB-N &&(mg/100 g} 0.14 x {(TAIH AFF(mL) - A9
€4 A4g(mL)) x 0.01 N NaOHO| H7}H / Alz9] FA|(g)
x 1000 tHgste] 4AHEsHATH

2.7. K& = =29/ total viable count(TVC) Hi3f
=

YR]a1719] AF 717t wE TVC WIS 29lshy] 93|
A& 10 g} BH4> 90 mLE filter bagol] ol #2313t k2,
FAY | mLE B 9 mLE TI519] 108] 34 o 3]
Astgitt. 3l4E A8 10, 10° 1078]S AFEsHlon, LB
agar plateo] WA =gt F 2447k B2t 37°C incubatorof| A]
w3t & YERtE colony?] 5 24319Ith. TVC(CFU/g)
£ 2338 colony?] 4 x 314 vl (mlig)e] AYste] 4H&

A9l BT 394 Rigste] S4siom, A 23k B
A XH(meanzstandard deviation)Z HEHSITt. Axto] of
EA A2+ IBM SPSS Statistics(27, IBM Corp., Armonk,
NY, USA) Z2Hg o]8ste] YYPEAREA (one-way
ANOVA)S AAJ5F9 2™, Duncan’s multiple-range testE ©|
lo] wiel 719 Aol A1 ASINUTS. BE BAA 3]
FE(a) 0.05% HAAsHATh

=

1. NHT-CIFE} HT-CIF sensorS M4 1% OrX4
2 dFoxe =AY AR g AY APl oA,
NHT-CIFS} HT-CIFo] 2 A7) natural red 247} 9, AbA
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2% 59 9 FAol =EH S o AR ot A
Fg HAISHATE 22579 CIFS AL(25+2°C) 2704 F%
o2 AL 65F Bt HsHA 7|4 MAE S 5to]
Ao Woks BAstglom, 1 A= Table 10 YERAI.
£ oFA] 92 NHT-CIF9] 3%, & 959 1Y
ol WiTIHA FEE HH, MAyo] AXHO R FUstA EiLy]
o] AYTh AR 2715H 42971 S0 2= FasH At
Hsl7F B kot HEE Uehe Lo A, A% A
41954347904 AF 429 T 42.4043.622 H| 23 22 W
FUh ANEE Yehfls a*s A A 39.17£1.72004 A
429 T 37.80+1.712 YEPGOH, FAEE YEHYE= b*e
217 7 18.09+1.0400 4] A& 429 Fof= 18.83+1.198 LJE}
Wtk L*, a*, b* IF A% 7|70 wet AR 20 £AE
Uetflod, BAHCRE |olHQl Afol7t glolth. Total
color difference AEZFS A%} 42U7FA] 2.58+0.75-4.06+1.28
2 Yepgoy, A%7|7tl w2 foln|gt HstE Ho|A] okgt
o}, 3HH, 7t Ak A3A1717] s A EE g HT-CIFY
74, Hln A FHo| AW Aol Byt fdskA] gfom o
E31 o] Uepytth L2 A% 7 37.84+2.08004] A% 42
A T 37.54+1.582, a*= AXF A 31.74+3.3904 A% 429
3 30.59+2.522, b*= A A 18.73£2.059014 A% 429 &
o+ 19.2240.7002 X% foj& o7 A9 H3lrl QI}ict. AE
2o AR 429744] 2.33+1.16-5.46+1.36 2.8 YER} NHT-CIF
o] Aol FARIE o H, 27|t w2 F-2)FQl Afol= ¢l
et
Total color difference(AE)& Ao thst AAQ @A} H
9= ®7|5F o= = =7} BEH(NBS, National Bureau
of Standard Unit)Q] B7} 7|&0] w2, M2} AEZ0] 0-0.5%
u] A (trace), 0.5-1.50 <A (slight), 1.5-3.0 Alo]= =0l € A
T(noticiable), 3.0-6.00]H +OoZ AT & Q= HT
(appreciable), 6.0-12.0= *}o|7} -2 AT (much), 12.0 oA+
2 mjQ- & Zo|(very much)Z HF&H3}L JUTHO’ Brien %,
1989; Park &, 2019). W2k B A7 AE F35le) HW, 2%
29] PVA/PAA/NR@TOCNF CIF 2% 2%, H A =9
QIR 2 QRl¥t= FHolA Mape] Walrh o 2 F=9}
O AT & Sle A Aloof] &silou, AR
HAo] A5kA] oko} MAvo] 117 QHgAdo] Fagt o]t
SEAITE AEGES] EEHA AdHoR I3, A% 27]HE |
T =4 YEh AR Al I 719 FY/do] FEEofof
o Aoz HAEglon, o]2 Qs FAFQ] MA £419] 7Hs
do] EAQT Aoz L= o]t T2 HA= TFE AR
Al A B0 B4, Y EA9 Ato], A o5t +
22 HgloA 710 ACE ol wfekA] AA| ARl 9L
olA] CIFE 30% ol Hagt 749, dr 9 X33 27s}of|A]
Hol= Zo] CIFS] A4 ¥t Fadtol=t] 42T Ao

o
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CNF-based HT/NHT pH-ammonia indicator films for pork storage

Table 1. Changes in Hunter color values of heat-treated (HT) and non-heat-treated (NHT)-PVA/PAA/NR@TOCNF colorimetric
indicator films (CIFs) during storage at room temperature (25+2°C)

Sample Storage Hunter color value
period 1 2) 3) 4)
(days) L* a* b AE
NHT-PVA/PAA/ 0 41.95+3.4779 39.17+£1.72° 18.09+1.04° -
NR@TOCNF
. 7 41.79+3.81° 38.95+1.51* 17.60+1.72° 3.94+1.55%
. 14 41.73+3.32° 38.66+1.51% 17.50+1.26° 3.4241.51%
. 21 41.68+1.78* 38.86£1.77° 18.72+1.10% 2.58+0.75°
- 28 41.34+1.96° 38.29+1.34° 18.79+1.12° 2.66+0.84
. 35 41.2543.19* 38.63+£0.92% 18.85+1.34% 3.46+0.81%
. 42 42.40+£3.62° 37.80+1.71° 18.83£1.19% 4.06+1.28°
HT-PVA/PAA/ 0 37.84+2.08" 31.74+£3.39* 18.73£2.05% -
NR@TOCNF
. 7 37.98+2.69° 31.74+3.39% 19.29+1.71* 5.46+1.36°
. 14 37.75+3.31° 32.36+3.49° 19.43£1.47* 438+2.11%
. 21 37.23+0.91° 32.13+£1.95° 18.19+1.41° 2.33£1.16"
- 28 37.32+1.40% 31.22+2.04° 19.07+1.13% 2.60+0.65%
. 35 37.50+£1.35% 31.26+2.33% 18.62+1.61° 2.78+1.22°
. 42 37.54+1.58% 30.59+2.52% 19.22+0.70° 3.10+0.55%

UL*, degree of lightness (+100=white, O=black).

Ya* degree of redness (+100=red, -80=green).

Ib*, degree of yellowness (+70=yellow, -70=blue).

YAE*, total color difference ([(L*, - L*))* +(a*, - a%*)> + (b*, - b*)*1"2.

dAll values are meantSD (n=5).

9Values with different superscript letters (*°) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.
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2 et o4o] Astr 2744 Belo] CIF mE v
ol FANAE A% L AHgo] 15T Ma 14 IHHS
1 NS SRlstgon, ol F HAnY% 27H el
CIFS 717} Sustol AAsteA AZ0] Wag AAske] 7
AR AEE AL 4 e AN BE AN KA
shelshs g Ao

3.2 &0 E =22f NHT-CIFE} HT-CIFS| SEfsts]
Hsf

HR12719] A% 717k 2 NHT-CIFS} HT-CIFS] A
2 Hoks et 92 F3 wEsle, 1 A= Fig

NHT-PVA/PAA/NR@TOCNF film

1o]] e Qi A2(25+2°C)90A ARt HiA 7] A 2
UAPRE AR AHo] BEEF 2w, 6UA}ol= FHo] HitH
o7 ZHET o] W5t Setez A5 Fuf FEYd
& RIT & A

g, FA 25k g2 NHT-CIF= A A 2& 24
Aok, A 2UAE HAF AMo] Foju gt BEHleR
Yot e e Ble, olF A% 44AHEE PR oA
HE oRte] e XM oz Hosty] ARSI A 6LA
= AAFer iAoz WISl BF2 A= |
Pt A=, Table 29F 2] A% 7 A2 Lol 2.02+
0.05 cm, 7}2 Yo|H3dS 2.06+£0.04 cm oL, A7} 2UAFE

At

Room temp. (25+2°C)

Fresh Medium fresh

Warning

0 day 2 days

4 days 6 days

Storage period

HT-PVA/PAA/NR@TOCNF film

Room temp. (25+£2°C)

Fresh Medium fresh

Warning

0 day 2 days

4 days 6 days

Storage period

Fig. 1. Changes in the appearance of heat-treated (HT) and non-heat-treated (NHT) PVA/PAA/NR@TOCNF colorimetric indicator films

(CIFs) during storage with pork at room temperature (25+2°C).
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Table 2. Changes in dimensions of heat-treated (HT) and non-heat-treated (NHT) PVA/PAA/NR@TOCNEF colorimetric indicator films
(CIFs) during storage with pork at room temperature (25+2°C)

Storage period (days)  NHT-PVA/PAA/NR@TOCNF HT-PVA/PAA/NR@TOCNF

Length (cm) Width (cm) Length (cm) Width (cm)
0 2.02+0.05" 2.06+0.04* ' 2.050.05" 2.10£0.05°
2 2.40+0.07° 2.45+0.01° . 2.47+0.00° 2.40+0.03°
4 2.49+0.03° 2.54+0.00° 2.37+0.04° 2.44+0.15
6 2.48+0.05° 2.53+0.03¢ 2.48+0.02° 2.52+0.03°

DAll values are meantSD (n=3).

DValues with different superscript letters (*°) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.

B 2+ A2 Zoldlgko] 2.40+0.07 cm, 712 Yo T 2.45+
0.01 em2 F7ISIIEE. 2% 47174 64Rol = A2 o]
HFSES. 2.48+0.05 cm, 7FE Yo[HIES. 2.53+0.03 cmE L2
o 2717t frojH o AXE AC® YEH. HEo] A% 7
7ro] HTFetEA LI NHT-CIF: 7HdAe] So] Tejl o

(o]

ATH(Yeom &, 2021). o]t A TEAE F5H% B
HjEa gt BAbg THAA s, B2 xSl

% (crystalline) o] oFd 4% (amorphous) F 4]
& g4sto] wEaHA) g WasteA TEAY AHE $7
Al7]= EAS 7HAtk(Han 5, 1989). webA 924 18R}

o o

l_‘

A T AT} £ 39312 QI PVA/PAA/NR@TOCNF HEL g]7]117] 9]
ulel, AAe|S G HI-CIF 94 4% A% ol 22 4 A% o] Washs X4 o] S22 F4ahe Bastol
Mg B3 QIO A% 2R HH Auo] ojx ¢ CIF 2719 Wb} Uehd Aoz AR &, CIF 952

AL YR, ol A% 623jo] ANkt QAR Mo s
Ayo) WiskE Uehiglch W29 27] T3 NHT-CIFSE §41
a7 A A Al LIRS 2.050.05 om, 72 OIS
2.1040.05 em@OLE, AR 2UXEE AR Zo]gapo] 247+
0.00 cm, 7}2 Yol9akE 2.40+0.03 cm=Z 3717} 27515t
2% AR 6L A ZolIRES 2.48+0.02 em, 7
2 YolHeke 2.52+0.03 cmZ YEE S ™, NHT-CIFS] 37]
wsiel SA1E Aatelrh. ST BHE T HT-CIF A
PgAelo] Wl @ARS UeRi] QISIthTable 2)

ol A FA 2579 CIF 25 AFE 53] 27|
7} 2715 ARE Ueron, ol BEL TASIE 24 4
B0 W4, 354, BeA S04 7|ske Aow Bt

k. B Q70l4 A8 BEC| 29 HH 5 shiel PVAL

Sh
R ofy

=R=] %
A qlom, QA 2T} FARE FEE 7ML Qlof SRS o
Foh= Slo|ER 4 PR Wo| S8EA Ut EIF CNFE 7
4 B 2501 Qo] =2 & S HolH(Rana 5, 2021),
PAA GA] A4 TEARE W2 F9] £ES F5oks 9
B} (swelling polymer)o|H, &4 <=Z|(super-absorbent
polymer, SAP)ZA &4, 584 59 ARE gol &&=

890

A7\ 5 Be3 7] S7t TR, A4 A
Wl uhSol Faie GoEE FA| orch B3], NHT-CIFS
HT-CIF7} 207}o] -85 o] %ol A0 4 wis} o4t A
% 71700] W2 YRHE Aol WA ehtow, ol 4R
o] 4 olFo|E ANA M0 AHAT A 7150l §
ALk AL AA, of WEe] B34, 724 A
o guEo] A F SEo] gt Ax §Zol} AT A}
e gke Aoz wekEr

3.3 XEof LE NHT-CIFS} HT-CIFSl Az Higf
A% 97 wslo] e WM SHL AAA B AN
& 7154S Boshed) e $a3 aaolth TebA NHT-
CIF9} HT-CIFS 0|83 H37]9] 47|70 m 71414
WAE Z75to] 1 ATHE Table 30 AAISHITE WA NHT-
CIFS] 22, WES thehfs LA A% 4 40.52:237004] X
4 2UXRE 514624942 WSE UerEonl, A% 6L 7o)
T 51.4740.000.% LR} Ao 2 918 o uolx|= Aog
SlE|gith. HHEE Uehi ar A% Aol 41064108
oA AA 717k0] LojAeE A Fashs Ao e
o, A% 6QAol 25.8540.000.8 et A4 7I7to] et

https://doi.org/10.11002/fsp.2025.32.5.884



Food Sci. Preserv., 32(5) (2025)

Table 3. Changes in Hunter color values of heat-treated (HT) and non-heat-treated (NHT) PVA/PAA/NR@TOCNF colorimetric indicator

films (CIFs) during storage with pork at room temperature (25+2°C)

Sample Storage period Hunter color value
(days) LD a®? b AEY
WHT-PVA/PAA/ 0 40.52+2.37°20 41.06+1.08* -5.05+1.63° -
NR@TOCNF
2 51.46+4.94° 38.21+2.35 -4.01%0.78° 10.2242.85
4 47.19+1.31° 40.67+0.49° -1.68+0.77¢ 8.52+0.35°
6 51.47+0.00° 25.85+0.00° 29.33+0.00¢ 38.94+0.00°
HT-PVA/PAA/ 0 37.09+2.38° 31.38+2.67" 6.61x1.22° -
NR@TOCNF
2 36.38+2.60° 33.5043.54° 3.66+0.42° 4.98+1.10°
4 35.19+0.79" 32.93+0.40° 2.90+0.52° 4.03£0.01°
6 46.74+0.00 25.99+0.00° 23.10+0.00° 19.7240.00°

UL*, degree of lightness (+100=white, 0=black).
Ya*, degree of redness (+100=red, -80=green).
Ib*, degree of yellowness (+70=yellow, -70=blue).

YAE*, total color difference ([(L*, - L*o)> + (a*, - a*))® + (b*, - b*p)*]"?).

JAll values are mean+SD (n=3).

9Values with different superscript letters (*°) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.

o] 47 Bl 02 BT T PAEE ot
Ue b*2 A% Aol -5.05+1.63004 A7 7|7to] dojd4
£ A3 F7letglon, 53] A% 6YAol= 29.33+0.000 8
W% A UEht o] oA Aoz slslgld A
(total color difference) AEZF2 A7 6L x}0]| 38.94+0.000.2
UErston, A FHSH] Axel vlws) £ wf NHT-CIFS]
WAg ReroRE BuY AAE 4 USS AN,

M, IA2E 3 HT-CIFY H& L*= A% A 37.09+
2.380)4 A 4QA7MA = folH o2 Hslrt AT, A%
6z}o FAB] AFLDe] 46,740,000 ERITE HAE g*
E A A0 3138826704 A 493 AL foH oz
s e QoEAT, A% 6Ll 25990000 71
sieich TAE b A% A 6614122004 A% 62Ao]
2310200008 o 7 Z75to] o] WolA Aog
SH91% 2 9Tk AR ABGS A 6230] 19,720,009 2
UERtoH, olde] Axt= Stel & ul FHSH Wt Zxtet
T FARSE RS e
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o]4}o] A Aol Al NHT-CIFS] AEZH-Z 292te] 10.22+
2.85, 44xto] 8.52+0.35, 6YUA}of| 38.94+0.000.2 H5F z}o]
7F @ol U= o] &oto] AH oz Mol #SLE S9te
2 B0lo] 7Psdt Ao g WLtE|ITh B3] A% 2YA9] AEG:
of tha &=A UEhd A2 Bx SAY A Horh 24 283
A0 ATt HT-CIF FE3F 2UAof| 4.98+1.10, 42}
403£0.012 FO0 8 283 A4AT 4 9= Argow, A%
6RO = 19.72+0.000. & Hj-¢- & Z}o]F UEHYjo] SQto g
T S IRI 4= Qs ACE ERIEQH ol A=
F 579 CIF 25 A48 08 79 RujE A|4Ho & 7}
Aokl A 5= Q= AAA EF AANRE 75T & U3
AJALRHEE. o] &gt Ao] Wl A F SRolA WY sh= 3
4 71" A4 sRbEy} 22 Fuff AAEEANA 7191 748
o] =t} £3], pHY ®3}o] ¥1zslA ¥hEol= Mart BEol
el 73, ol2Iet 3kekd WSS AAFe] WstE HIIA[A A

(o]

T

N

A= _?—a
P40z Bdstes 7152 +3Y 5 Ut (Heising 5, 2014).

e B Aol ALSE CIFS] BA E3 Bedt 95 87
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of ofgt Wz} ohe}, A4 4189 A% 5 AT 859
RS A Ao 7HsAo] Erh waskelrt. ol
wel, A 5 9279 E2 Wstel CIFY] A4 wste] 4
TAE vl - RAFORA, AAA BE AA2AS 4L
8 T154e He Wes ARSI S

3.4. XE0 E =29 pH, TVB-N Z TVC Higf
579 pHe 489 £4 545 e #A7L Qledl, =
&3 A% 79 25 Wol EAsH= oftlleAl4RIAHATP),
7i o 7|4 AL AXHA fFBACZ B
, A4t geagao] o) ZAto R AT SAH
A 28 U] pHE YAIHO R 55-58 3202 AFIAT]
ot SHARE o] F AR 717to] Aojd4E AS T Eofw
A3 A7 Edo] F7IHA HWA pHe oA F7RRIt
(Kim &, 2016; Kim &, 2022b). A&2JeFEQPHA] Al &ET4
B8 AA B 7|&o] w2, 2489 pH7t 6.2-6.30H
27| Boj2 oAEtY Aol glon, T80 7|E
E S50 ALHATHMFDS, 2022). £ Aol 4] A+&3t CIFS]
pH A 2] neutral red= AHJQ1 pH 6-6.8 Alo]oflAle M

i
i)
m

g1, $/4%1 pH 6.8-8 Afolol A= A, 2|4 pH 8
ojofAl = FA o2 WMok EAE 7HItHArregui 5, 2003).
& Aol A= pHE| Mol Higt F 7HA] Bl CIFQ] HAY
AL 2 H|wsto] ABPAE Table 4] UehfiQict. 1 A,
ARt HA2L7]19] pHE 5.71+0.299] FiHdE HA o, of
w2744 CIF B% 22 A842 ehjglch. NHT-CIFS 5%
3 A7) AL (25+2°C)0 A AR 2UAIEE pHE 22
A Z715HEA 6.09+0.109] $2& e 91, NHT-CIF=
Hao] 234 FolAWA A% BFUL Wl 4ol
pH 6.21£0.142 Wb} 27] R Ao] sigstglon, NHT-
CIF9] 7PgR}e] HEGE oMo e Walsly] Alzksiolth. A%
64Aol= pH 6.68+0.12%2 453 &l Fufl o] o] 23],
NHT-CIF= AA A0 2 oot Az MAF Halr e 4|
A7F A Q1RA] 7FsSt &0 QXM o g WA QL) Tk &
ALE § HT-CIFME A1 H8le trefiglon, 2717
CIF 25 pH #islol] 1izkshA] ¥kahe 24 shelgh 4 9loic.
S579) TS AA7|to] Z71o] ufet HafeleA @71
38 7HE gEUot 9 oflRe Bejsled] olg #Ed o
718 A4 SRFE(TVB-N)o|2} gttt TVB-N2 579 AA:

Table 4. Changes in pH, total volatile basic nitrogen (TVB-N), total viable count (TVC) of heat-treated (HT) and non-heat-treated
(NHT) PVA/PAA/NR@TOCNEF colorimetric indicator films (CIFs) during storage with pork at room temperature (25+2°C)

Sample Storage period Analysis

(days)

pH TVB-N (mg/100 g) TVC (CFU/g)

WHT-PVA/PAA/ 0 5.71+0.29"% 10.61+3.54 ND?Y
NR@TOCNF

2 6.09+0.10° 16.80+0.88° 1.4x10%

4 6.21+0.14° 36.23+0.04° 4.0x10%

6 6.68+0.13° 84.84+0.00° 5.9x10%
HT-PVA/PAA/ 0 5.71+0.29" 10.6143.54° ND
NR@TOCNF

2 6.04+0.07 17.68+0.05 1.4x10%

4 6.28+0.09" 36.23+0.04° 3.5x10%

6 6.68+0.10° 74.24+0.15° 4.7x10%

DAll values are meantSD (n=3).

IValues with different superscript letters (*) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.

Not detected.
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o 71 ARE ANGE |, AF R A AESd 7
& AA B 7]l WEH, X52] TVB-N°| 20 mg/100
g ol’dold Fufj& o2 WAL 1 4SHL Uth(Arregui 5,
2003). AlAEH o] HjA]117]19] TVB-N T2 10.61+3.54
mg/100 g TVB-N &= Yetglon, = 71#] CIF 2% &
< A8Z YEf Tt NHT-CIFE 583 HA17]= A2
(25+2°C)0) A A% 4UAEE NHT-CIFE 583 HA17]|+=
TVB-N §efo] 36.24+£0.04 mg/100 g, HT-CIFE 553} 57|
117]%= 36.24+0.04 mg/100 gO 2 A58 7] Huj7} A&=
Ao ZRIEgloH, ojgf & 7HA] CIF BF & Ao] €of
AHAl ARt BEES Telon, 47 7PgAE 7 QEAA|A 0
& HAEQIH. o]% A% 6Yxtol= NHT-CIFE 583 HA|
117]% TVB-N §tefo] 84.84+0.00 mg/100 g, HT-CIFE S5
3t A 117]%= TVB-N o] 74.24+0.15 mg/100 gC.& A
Fujg #aElon, F 744 CIF 5 w07 gQlo] 7hagt
29 QAN o g WAL o] Ryl Z4X|7} 75 TH(Table 4).
uetA ool AE FHE W TVB-N $27F °F 30
mg/100 g o}go] =¥ 2712 9] CIF H5F o5 #A[5to
7PAERE o#l7] do g Wao] AIZE|{N, TVB-N 43|
of wet g AAT 5 = AAA EE Az AgT A
o7 7=t

F A SH(TVOE o - 79 Ar W) 7 ti®
ARl AR F sz, A% Al §579) A7} 10°-10° CFU/g
ol %7] RujE W5k, 1.5x10° CFU/g o]49] A9+ &
= THHHJin 5, 2005). AR AJE|e] A 7]ofA =
TVC7} YetA] ehgto, A% Al 44AH5E NHT-CIFE &
235+ gfx]127)0A 3.5x10° CFU/g, HT-CIFO|Al% 4.0x10°
CFU/gO 2 Z7}5to] Hufjst A o072 yehytth CIFe A w3}
+ TVC 453 37 443p5E A%t £59e Uy g5 7H
A7t QiAo 7 WA o] TAE| Tt A% 6 YA oll= TVC
7} B %7}5F0] NHT-CIFO] A= 4.7x10° CFU/g, HT-CIFOA]
L 59x10° CFU/gl &2 Uelytor, ol T 714 CIF 2% &
o= IRIF & Qe ££9] edX Mo Hlsto] g 7
A5t= Aog ol et

ool AWE T HH, A% 2939 A L7]oA =
SOM; AE Zo] TAE QoL pH, TVB-N, TVC A ¥ &
T+ Fuf 7|&s 23sHA] ehtoH, CIFoA= 2 L*9f ¥}
7b Tk WEEY WA, A% 493HEE =HR]17]9
pH, TVB-N, TVC A #7} 5% Z7]| B @A =gst3l o
o, NHT-CIF®} HT-CIF 25 BF 7PgAE] oA Heet o
A4l gAo] ¥hAgste], I AlA7F Rufjel HAE X #2l pH,
TVB-N, TVC ¥ig}o] & Whgotal AT 5 gle A 0= A
= Qictk ok, CIFS] A Hdhe AUt B Ao wg &
ofAE tha ARMAeIgloH, o= Kt Hiztstal @A1H
Sk A A AFO Tfo] 9 H T

)
(e
1
=
olo
-
el
ftjo
)
r
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[¢]

THSAT 22 294 "ol A 1 P S
A S HP HT-CIFZ} o 55 EAS Yehfjo], 4
d o)M= HT-CIF7} o 23t Aog woted. ut
A E 514 LS NHT-CIF IHE 3§t

S MG R AT 5 Qe ATER AAA A=A

e ANG N1z d7=A oot gk
4. 29

# AFoAE NRS daE ARESto], Qbdstar A4 Z1s}
49l CNF 7|¥to & A|&35t PVA/PAA/NR@TOCNF ZES
2lE SHA| 92 FEIINHT)ZF EAZE & FHHDZE A
Fo] B2 ZA|A "E(colorimetric indicator film, CIF)O. %
o] 7k53HA] AlE WA gt §MEES Hrstith |
A, 2714 19] CIFS] A4 117 Qb 4dS &elstr] 9l +
Z20] CIFE AL(25£2°C)01 4 F35 2%(9F 366 Lux) &
Asj] 677F HBSAN BAS 2gsto] M| Wa} oS
BARAT. 1 2, DM CIF 25 25, 4, Ak 59 9%
97 Q3laks Bl Aa 140] QPEHQl Ao gl
Q. o} AL AE WA Bl 5L Fls] S, 27l

>

N @R J
|'_>l~l_gr

O

S

)
ofo

olUgl 85729 Hujx#9l pH, TVB-N, TVC ¥3}l= Z£4319]
om, FAlol| 583t 2714 Y9 CIFS Fefsts] Hatel A
A2 sty 1 A3, 27)0) AAgE AdE e HiA a4
£ NHT-CIF®} HT-CIF H5% Z2 A4 Yepfglov, A%
717%o] gt whet Hjx]ar7] 9] Fufj7} 2= 1L pH, TVB-N,
TVC7} 4530l wheh NHT-CIF®F HT-CIF: 7HgRte| R g
QA Mo Mgl om, A7; 6UAol| HH Fuf7} HHA
T 7HA] CIF 2% A7} AR o &2 Helsleitt. ool 4
5 FolH, NHT-CIFS HT-CIF= HiEAQ] S72] Huf
A #2l pH ¥ TVB-NO| H3}o] RizdstA & whgsalon, &
S| HT-CIF= M4 117 P4} &84 QA WollA o &
3 545 Uelth mebs PVA/PAA/NR@TOCNFE 7]
"o 2 3k NHT-CIFS} HT-CIFZ7F S5/ A% 5 dAsh= A%
S AAH 02 AT 4= s AUES A 53 AF 2%
AAZ &8 7FsAol 2 Zox dddnh
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