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Supplementary materials

FTIR measurements confirmed hydroxyl, carboxylic, and ester groups. Figure 1 (a) shows the Ink ingredients and
prepared INK I. Figure 1 (b) shows the developed pH indicators (Ink I-NTT and Ink I-165-5). All samples showed
similar behavior, with bands in the 3400-3200 cm™ range due to the O-H group's stretching vibration!2. In PVOH,
the absorption band around 1638 cm™ is due to C=O stretching vibrations, indicative of the presence of residual
carbonyl groups in the polymer backbone®. The 1638 (C-O stretching) and 1572/1517 bands indicate roasted black
rice protein. The C-H bending vibration bands were 1441-1323 cm’!, while the O-H band was 1242 ¢m' 4. The
bands at 1157 and 1008 cm™ were ring vibrations displayed with lateral group stretching vibrations (C-OH) and C-
O-C glycoside vibrations®. In CA, two peaks at approximately 1745 and 1700 cm™ could be attributed to the C=0
stretching!. In PEG, the band observed at approximately 2875 cm™! and peak 1466 cm™ were attributed to the C-H
stretching and C-H bending vibrations of the -CH; group of ethylene glycol, respectively?. Other peaks also observed
at 1245, 1051, 944 and 874 cm™' 2 . In prepared INK 1, there is a new peak (approximately at 1600 cm™" that can be
attributed to the interaction between black rice, PEG, and CA.

In coated PET films with INK I formulation, a new peak at 2919 cm™! may be owing to PEG bridging PVOH groups.
Temperature treatment reduces hydroxyl band intensity, indicating water loss and fewer water molecules available
for hydrogen bonding due to dehydration. Absorption of 1713 cm™ is attributed to C=O stretching vibrations from
coated film carbonyl groups. The esterification is supported by Fisher's esterification's 1230 cm™! band®. This peak

shows CA-PVOH crosslinking.
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Figure 1 FTIR-spectra of each component of formulated ink solution (Ink I) (a) and produced colorimetric films

with and without thermal treatment (INK I-165-60, INK-I-NTT), and PET film (b).

Signal response against Ammonia gas



A scanner recorded the color change of the colorimetric films before and after a 24-hour exposure to ammonia gas in
combination with water vapor, which forms ammonium hydroxide. The colorimetric films were placed inside the
containers with an inlet to pour Ammonium hydroxide solution. After introducing the ammonium hydroxide, we
quickly capped the inlet and sealed the container to avoid any leakage. Then the ammonium solution under a
reversible equilibrium equation can change its form to ammonia gas and water. Figure 2 demonstrates that the
developed sensors effectively change color due to the exposure of nitrogen-based components (such as NH3) during
fish spoilage. Other TVB-N gases sensing capability also checked with exact description in our pervious study’.

The storage stability of pH indicators that have undergone thermal treatment is superior to that of untreated
indicators when exposed to humid environments. However, their detection capacity is limited to 5 pL of the solution
stock. In addition, the pH indicators exhibited a rapid color shift upon the introduction of 25 pL of the base solution
to their headspace. The response time of pH indicator (165-5) was around one minute after the addition of 5 pL of
the base solution. The lag time in color change for thermally treated pH indicators can indeed be attributed to a slight
degradation that affects the active sites (specific chemical groups that can interact with hydrogen ions or hydroxide
ions) responsible for the acid-base reactions. Thus, with fewer active sites available, the pH indicator may not
respond immediately to changes in pH. This results in a lag time, as it takes longer for the available active sites to
interact sufficiently with the ions in the solution to cause a noticeable color change. Also, there is a correlation
between surface polarity and the pH sensing response; as the hydrophilicity of the pH indicator surface increases, the
response time will increase®. As in our previous study, we documented that, through thermal treatment procedure, the
surface of pH indicators becomes more hydrophilic’.

Crosslinking networks could also explain this observation. These networks made it harder for the analyte (in this

case, ammonia gas) to diffuse, which made the dye less effective at binding to the analyte®.
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Figure 2 Color change of the colorimetric films with and without thermal treatment (INK I-165-60, INK-I-NTT)

when exposed to different volumes of the same ammonia concentration.



Figure 3 illustrated the ARGB (color change) response of the pH sensor to various weights of fish samples (30, 50

and 100 gr) stored over nine days in packages with different pH indicators (NTT and 165-5). According to the

observations, the different weights and conditions of the fish samples impacting sensor response exhibit varying

levels of sensitivity, as indicated by the range of ARGB values.
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Figure 3 Sensor Response to Different Fish Weights Over Storage Time.

Chemical stability and Recovery tests
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Important attributes of intelligent gas sensors include high sensitivity and immediate reaction to gas vapors, exhibit a

distinct color change, as well as the ability of indicator films to be reversed®!°. The reversibility of the indicator films

was tested by exposing the films repeatedly to a defined volume of ammonia and Hydrochloric acid vapors for 3 min

each as described °.

Table 1 standard dilutions for TMA: 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 1.5 (wt/wt) for storage condition (T=

60 °c for 30 minutes).

Concentration | MeanR | MeanG | MeanB | StdR Std G Std B Hue
(degrees)

0 157.24 88.23 114.67 79.47 58.49 76.44 342.02

1 170.39 64.07 104.89 87.83 39.17 53.94 344.24




160.19 86.08 113.38 82.88 46.57 59.29 340.88
TMA 160.75 103.58 126.02 83 53.97 65.64 341.37
162.59 103.17 132.33 83.7 53.14 68.34 335.95
187 115 149 18.01 40.61 35.6 328.41

186.98 139.31 158.37 51.23 39.42 43.59 322.65
187.56 140.06 159.09 51.77 39.94 44.02 322.8
189.89 143.87 163.67 53.62 41.67 46.27 3194
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Table 2 standard dilutions for DMA: 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 1.5 (wt/wt) for storage condition (T=

60 °c for 30 minutes).

Concentration | MeanR | Mean G | Mean B Std R Std G Std B Hue
0 157.24 | 88.23 114.67 | 79.47 58.49 76.44 337.01
1 167 147 169 61.14 55.31 56.31 294.55
2 167 146 167 15.79 19.16 18.64 300
DMA 3 158.45 139.78 | 159.75 15.83 19.72 18.87 296.09
4 104.3 98.22 111.98 | 53.87 51.19 57.75 266.51
5 137.57 | 137.46 | 14227 | 17.95 19.5 21.39 241.37
6 136.1 119.81 | 137.74 | 68.65 61.05 69.62 294.51
7 141.97 | 13874 | 14354 | 22.58 23.12 23.81 280.38
8 137.78 | 13523 | 139.54 | 21.53 21.81 22.55 275.5

Table 3 standard dilutions for NHs: 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 1.5 (wt/wt) for storage condition (T= 60

°c for 30 minutes).

Concentration | MeanR | MeanG | MeanB | StdR Std G Std B Hue
(degrees)
0 157.24 0 60 79.47 58.49 76.44 337.11
1 149 49 99 18.6 18.68 18.33 330
2 149 81 29 15.4 15.98 16.67 26
NH;3 3 115 76 112 12.48 19.29 19.49 304.62
4 131.29 93.92 132.71 12.64 14.23 13.36 297.8
5 129 120 151 10.71 23.6 17.77 257.42
6 95 91 122 15.31 25.24 20.2 247.74
7 98.17 96.33 130.3 15.29 14.81 16.11 243.25
8 107.38 108.14 143.96 17.23 16.66 15.58 238.75




NTT, T=60 for 30 min, mix standard (100 pl from each standard)
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Figure 4 Sensitivity trials for NTT pH indicators at T=60° C for 30 minutes.
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Figure 5 Sensitivity trials for NTT pH indicators at T=40° C for 30 minutes

Mathematical model for shelf-life predication based on the experimental data

At the last step, the mathematical models were employed to experimental data to predicate the fish spoilage. The
modified logistic and Howgate models provide superior performance in predicting TVB-N gas, while the modified
Arrhenius models demonstrate greater performance in predicting bacterial population. The mean value of six
experimental data points for TVB-N levels provides some insights but does not capture the system's full variability
and complexity. With an inadequate number of samples, error estimation (RMSE and AIC) may be unreliable, and
the model may overfit or underfit. Model validation requires enough data points, but splitting a limited dataset for

validation is a challenge.
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Figure 6 TVB-N content and pH level of fish fillet during the storage time at 4 °C.

Mathematical model for TVB-N and Interpretation of Metrics

The simulation models were fitted using the experimental TVB-N values (mean) of Pangasius fish during storage to
predict their release. According to the literature, an experimental model is suggested for storage temperatures ranging
from 5 to 4 °C!!. However, the exponential model showed the least satisfactory results, due to high RMSE and AIC
compared to other models (Modified logistic and Exponential polynomial). The observed low fitting exponential
model in the stored samples may be attributed to several factors, including changes in the composition of microbial
activity over time, chemical interactions between TVB-N gases and other compounds in the headspace of fish
samples, and the volatilization and adsorption of TVB-N gases on the surface of the fish containers during storage.
The exponential model has less explanatory power. Improved the model performance were performed by Introducing
a quadratic term (Bt?) in the exponential model, significantly improved its performance by lowering the RMSE and
AIC metrics, highlighting the need for incorporating additional terms to better capture the underlying processes'2.
Since, the observed data points had an S shape curve similar to the exponential growth function, the modified logistic
function is also explored as a potential model for formation of TVB-N gases during fish spoilage at 4 °C. To employ
the Howgate model, we needed to parametrize Ymax, Ymin, K, and td. However, the fitting algorithm did not converge
due to the limited number of observational and experimental data points. Therefore, we assumed, entered Y min as the
initial value, and then proceeded to parametrize the remaining parameters. The study found that the Howgate,
modified logistic, and exponential polynomials had lower RMSEs of 2.28, 2.29, and 2.88 than all the other models
that were fitted to the experimental data. A lower RMSE indicates better predictive accuracy. We also obtained lower
AIC values, which can suggest better model parsimony: 34.95 for both the Howgate and modified logistic models,
and 37.74 for the exponential polynomial model. Table 4 summarizes the model parameters along with goodness of
fit metrics. Therefore, the Modified logistic model and Howgate showed the best fitting performance with lowest
AIC and RMSE among the models. In comparison, the modified logistic model has a reduced number of parameters
and requires fewer assumptions to develop predictions. Noticeably, the A, K parameters of the Modified logistic

model and Ymax ,ta and K are statistically significant with p-values below 0.01 and 0.05 respectively.



Mathematical model for TVC, pseudomonas spp and Interpretation of Metrics

Food safety and quality can also be assessed using predictive microbiology instead of traditional methods. As storage
conditions can alter spoiling microorganisms, we used TVC data points for fitting with available kinetic models.
Initially, the logistic and modified logistic as three-parameter models were applied to the microbiological
experimental data of the present study. Subsequently, the modified Gompertz model (four-parameter) were fitted!!.
In modified Gompertz model, pmax has estimated (0.6649 + 0.14 day!) and statistically significant at p-value <
0.0115, A "lag time" is the amount of time it takes to achieve a 50% or 100% increase. We used an arbitrary
criterion to consider this parameter which is approximately 2 for Modified Gompertz equation. The “lag time” can be
determined graphically as the intersection of the tangents to the growth curve at the “lag” and “exponential” phases'®
(Figure7). The Logistic, modified logistic and modified Gompertz showed similar performance. Therefore, the
Modified Arrhenius (I) showed the best fitting performance with lowest AIC and RMSE among the models.
Noticeably, the Yo, K parameters of the Modified Arrhenius (I) are statistically significant with p-values below 0.05.
Hence the Modified Arrhenius (I) model appears to be the best fit model for TVC predication of current study.
Comparable to the results of the TVC prediction, the best fit for the Pseudomonas spp population found is Modified
Arrhenius (II). While both Modified Arrhenius models have similar RMSE values, Modified Arrhenius II has a
significantly lower AIC than Modified Arrhenius I. Furthermore, the RMSE values for Modified Arrhenius (II),
logistic, and modified logistic models are all 0.18; however, Modified Arrhenius (II) has a lower AIC value than the
other models. As a result, the Modified Arrhenius (II) model appears to be the best fit model for predicting

Pseudomonas spp population in this study.
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Figure 7 Traditional method for lag time assumption: to~ 2 day.






Table 4 Displays the parameter values derived from models based on TVB-N data obtained from the present study.

Parameters

Yo

Ymax

ta

AIC

AlCc

Exponential

11.9064 +£3.42

sk

0.1343+0.04 **

43.69

55.69

Modified
Arrhenius (I)

5.2182+5.49

3.3437+ 0.97**

1.2406+ 2.45

41.31

81.31

Modified Arrhenius

(I

3.28142 +4.31

6.70694+ 2.69

-0.06392+ 0.04

39.01

79.01

Exponential

polynomial

5.6052+2.35 *

0.4912+0.15 **

-0.0317+0.01 *

37.74

77.74

Modified logistic

35.3510+2.89 ***

0.8666+0.27 **

11.0001+7.86

34.95

74.95

Howgate

0.8665+0.27**

39.8511+2.89

sksksk

2.76+0.36 ***
34.95

74.95



BIC 43.06

RMSE 5.60

Level of significance codes: P-value<0.01 *** P-value<0.05 **  P-value <0.1 *

40.48

3.88

38.18

3.20

36.90 34.11

2.88 2.29

Table 5 Displays the parameter values derived from models based on TVC data obtained from the present study.

Parameters Modified
Arrhenius (I)

A -
K 0.43+0.07 ***
B -

D -1.70+1.89

HUMax

Modified
Arrhenius (IT)

0.30+0.10**

0.02+0.03

logistic

18.0461+£29.29

0.1008+0.07

13.4270+29.21

Modified logistic

18.0459+29.29

0.1008+0.07

3.8725+7.74

34.11

2.28

Modified Gompertz

53.6758+9.43

0.6649+0.14#**



Yo 3.80+0.22 #**
AIC 4.45

AlCc 17.78

BIC 4.77

RMSE 0.19

Level of significance codes: P-value<0.01 *** P-value<0.05 **, P-value <0.1 *

3.71£0.20%**

5.30

18.63

5.61

0.20

5.23

18.56

5.54

0.20

- 0.789446.19

5.23 5.25
18.56 18.58
5.54 5.56
0.20 0.20

Table 6 Displays the parameter values derived from models based on pseudomonas spp data obtained from the present study.

Parameters Modified
Arrhenius (I)

A -
K 0.28090+0.04***
B 2.19637+1.02

HUMax -

Modified
Arrhenius (I)

0.73090+0.16%**

-0.08645+0.02**

logistic

5.5070+0.27%**

0.4385+0.10%**

0.5567+0.31

Modified logistic Modified Gompertz

5.50714£0.27%%* 2.354940.5180%**

0.4385+0.10%** -

1.2765+0.19%** -

- 0.7835+0.37



AIC

AlCc

BIC

RMSE

Level of significance codes: P-value<0.01 *** P-value<0.05 **, P-value <0.1 *

2.44132+0.32%**

7.99

27.90

1.77

0.24

2.38712 +£0.21%**

391

2391

3.70

0.18

447

24.47

4.26

0.18

4.47

24.47

4.26

0.18

3.0284+0.3151***

15.52

35.53

15.31

0.55
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Figure 8 Different models curve for TVB-N of Pangasius fillets during 4 ° C storage for 9 days.
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Figure 9 Different models curve for TVC of Pangasius fillets during 4 ° C storage for 9 days.
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Figure 10 Different models curve for Pseudomonas spp of Pangasius fillets during 4 ° C storage for 9 days.
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