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Abstract: Fresh meat and fish are widely consumed foods with short and very short shelf lives, respec-
tively. Efficient supply chains and the judicious use of food packaging are the most effective means of
extending shelf life and thus reducing food waste and improving food safety. Food packaging that
allows for the use of a modified atmosphere (MAP) is effective in extending the period where the
food is both palatable and safe. However, monitoring the state of aging and the onset of spoilage of
the product poses challenges. Microbial counts, pH measurements, and sensory evaluations are all
informative but destructive and are therefore only useful for monitoring quality via sampling. More
attractive would be a technology that can follow the progress of ageing in an individual product
while leaving the food packaging intact. Here, we present a pH indicator to be placed inside each
package that may be read by the naked eye. It is a colorimetric indicator with a matrix made of pure
amylose (AM; 99% linear α-glucans) and cellulose nanofibers (CNFs). Suitable mechanical properties
of films cast of the two polysaccharides were achieved via the optimization of the blending ratio.
The films were loaded with either of two pH indicators: anthocyanin extracts from red cabbage
(RCA) and the synthetic dye neutral red (NR). Mechanical, thermal, permeability, microstructural,
and physical properties were tested for all composite films. Films with 35% CNF (35AC-RCA) and
(35AC-NR) were selected for further study. Minced meat was packaged under MAP conditions
(70% O2 + 30% CO2), while minced fish was packaged under MAP (70% N2 + 30% CO2) and stored
at 5 ◦C for 20 days. Microbial growth, pH, and sensory scores of the minced meat systems differ-
entiated between fresh (0–6 days) and medium-fresh (7–10 days), and minced fish between fresh
(0–10 days) and medium-fresh (11–20 days). The total color difference showed that the RCA indicator
was able to differentiate between fresh (red) and medium-fresh (pink-red) minced meat, while for
minced fish, this indicator discriminated between three stages: fresh (red), medium-fresh (pink-red),
and spoiled (pink-blue). The NR indicator failed to discriminate the freshness of either meat or fish
under the effect of MAP. Pearson correlation statistical models showed a correlation between color
change of the indicator, pH, content of gases, and gas content. In summary, RCA immobilized in an
AM + 35% CNF nanocomposite film can monitor the freshness of packaged minced meat/fish under
the effect of MAP via color change that may be evaluated with the naked eye.

Keywords: biocomposites; pH indicator; modified gas atmosphere; amylose; cellulose nanofibers;
anthocyanins; neutral red
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1. Introduction

Fresh meat and fish age quickly due to endogenous biochemical reactions and spoil
easily due to microbial contamination. Spoilage is a complex process, and only a subset of
the changes (color and flavor) present as external features. Most methods for monitoring
these changes are complicated to implement and time-consuming [1,2].

Intelligent packaging is a system that creates an optimal environment for the food
product and, in the best-case scenario, also monitors this environment while providing
a suitable read-out by which to alert the user to the onset of spoilage. Known indicators
comprise freshness gas indicators and time–temperature indicators [3]. Previous studies
on meat and fish freshness have been based on volatile compounds released by microbial
spoilage, typically resulting in increasing pH inside package headspace. For example, a
colorimetric indicator with polyvinyl alcohol/chitosan matrix nanoparticles loaded with
mulberry extract as the pH-sensitive component was effective in monitoring pH variations
in spoiled fish. The color of the film changed from red to green as the fish spoiled [4].

There is a growing interest in colorimetric films produced using natural dyes and
biopolymers due to their general safety and biodegradability. Anthocyanins are natural
water-soluble pigments found in colored plants that change color with pH over wide
ranges. Several biodegradable biopolymers loaded with a variety of anthocyanins have
been reported to be useful for the fabrication of pH-sensing films. For example, corn
starch/glycerol containing anthocyanin extracted from blueberry agro–industrial waste has
been used [5]. Visual pH-sensing films based on starch–polyvinyl alcohol (SPVA) containing
Roselle anthocyanin were demonstrated to be suitable for monitoring the freshness of silver
carp during storage [6]. An on-package sticker sensor based on methyl red was developed
to successfully monitor beef and fish freshness, respectively [7,8].

An additional study showed that the incorporation of artificial dyes such as neutral red
(NR) in a gelatin matrix reduced the moisture content and water solubility (WS) compared
to methyl orange (MO) and bromocresol green (BBG) [9]. Moreover, NR incorporation
did not affect water vapor permeability (WVP) and improved the mechanical properties
as it significantly increased the tensile properties and Young’s modulus and reduced the
elongation at break. This may be attributed to NR crosslinking with the gelation network.
BBG did not interfere with the gelatin matrix.

Most packaging films are produced from plastic polymers. Recently, biopolymer-
based materials derived from natural sources have been considered potential substitutes
for conventional plastics due to their abundance, biodegradability, and low price. Starch
and cellulose are two abundant plant-derived polysaccharides. These resources provide
promising raw materials for the development of biodegradable materials. Starch and
cellulose are both composed of D-glucose. Cellulose is semi-crystalline, featuring only
β-1,4-glycosidic linkages; starch consists of two types of molecules: amylose (AM) and
amylopectin (AP) [10,11]. AM is a mainly linear molecule linked with α-1,4 linkages and is
only sparsely α-1,6 branched. Until recently, AM has not been attainable in large quantities
at a reasonable price. However, the production of pure AM in a transgenic barley grain
system has permitted the bulk production of this high-value polysaccharide [12]. Due to
its mainly linear structure, AM is considered to be an optimal raw material for bioplastic
purposes, and our previous work has demonstrated that AM can afford significantly
higher mechanical strength compared to normal starch due to its high gelatinization
temperature, showing high thermal stability comparable to semi-natural bioplastics such
as MaterBi® [13,14].

Colorimetric pH indicator films based on AM (99%) and RCA have been studied,
showing higher compatibility due to the interaction between the double helices and RCA
compared to normal starch [14]. Blending AM with other natural biopolymers has the
potential to enhance the mechanical, thermal, and barrier properties [15], such as in the
case of cellulose, which is a linear homo-polysaccharides linked via β-1,4 glycosidic bonds.
Cellulose nanofibers (CNFs) have the advantage of a high specific surface area, which is
favorable for composite materials. The development of composites and polymer blends
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with the aim of achieving enhanced functionality has been shown to be one of the most
cost-effective methods of modifying the bulk properties of individual polymers [10,16,17].
Another intelligent pH indicator based on starch and cellulose was developed via the
incorporation of alizarin to monitor the freshness of rainbow trout fish [18]. This eco-
friendly renewable biopolymer showed higher color sensitivity to ammonia and stability at
4 and 25 ◦C.

In this study, we evaluate pH indicators placed on meat and fish sealed under MAP.
The amount of data in the literature on indicators of minced meat and fish freshness in
MAP is limited; hence, more studies designing simple methods to provide information
about freshness status are required [19]. The purpose of this study was to improve and
assess colorimetric food package labels for the shelf-life assessment of packaged minced
meat and minced fish under MAP conditions under cold storage. The composite indicators
loaded with RCA and compared to the synthetic dye NR provided prototypes of pure AM
and AM-CNF composites with the two dyes. AM with RCA (AM-RCA), AM and neutral
red (AM-NR), and equivalent CNF systems (AC-RCA and AC-NR) were compared, as were
the AM:CNF blend films. They were tested for their mechanical properties, gas and water
permeability, and thermal properties. The films were structurally evaluated via Fourier
transform infrared (FT-IR) spectroscopy and wide-angle X-ray scattering (WAXS). The
physical and optical properties and surface morphology of the films were also recorded.

2. Materials and Methods
2.1. Materials and Reagents

AM was extracted from barely and purified from a genetically modified AM-producing
line produced by RNA interference suppressing all three starch branching enzymes de-
rived from Golden Promise d [12]. Chr. Hansen A/S (Hørsholm, Denmark) provided
anthocyanins (water-soluble) from red cabbage. Merck (Darmstadt, Germany) provided
all other chemicals used. Neutral red (NR, 2, 8-Phenazinediamine, N8, N8, 3-trimethyl-,
monohydrochloride) was purchased from Carbosynth, USA. Sugar beet pulp was obtained
as an agro-industrial side stream by Nordic Sugar A/S and CNF extracted as described [20].

2.2. Preparation of pH Indicator Films

The films were prepared by casting [15]. For this process, 2% AM and 1% CNF
solutions were prepared. The varying percentages of CNF (1%) were loaded with the
solution (5%, 10%, 15%, 25%, and 35%) of AM (2%). Glycerol 30% wt. was added, and all
the constituents were heated at 140 ◦C using a high-pressure glass reactor. The solutions
were cooled to approximately 70 ◦C, and 50 mg of RCA and 5 mg of NR were added to
each solution, respectively. The films were dried at 50 ◦C in a ventilated oven.

All of the samples were named to indicate the percentage of CNF loaded; two groups of
films were denoted as control samples: AM-RCA, where AM 2% solution contained 50 mg
of RCA, and the AM-NR sample, containing AM 2% and 5 mg of NR. Nano-composite
films were denoted as 5AC-RCA for a sample containing 5% CNF, 95% AM, and 50 mg of
RCA. Additionally, the 5AC-NR sample contained 5% CNF, 95% AM, and 5 mg of NR. All
films were placed in a sealed desiccator containing saturated sodium bromide (RH 50%,
20 ◦C) to equilibrate the moisture before analysis.

2.3. Characterization of Indicator Films
2.3.1. Moisture Content

The water content of the films was determined using a gravimetric protocol [21,22].
Film samples (2 × 2 cm) and their initial mass was measured (Mi), then dried in an oven at
105 ◦C for 24 h, and the mass was recorded (Mf). The moisture content of the films was
calculated accordingly (Equation (1)):

MC(%) =

(
Mi − Mf

Mi

)
× 100 (1)
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2.3.2. Solubility in Water

The total soluble matter was analyzed as described in [23]. Films (2 cm × 2 cm) were
immersed in MilliQ water (50 mL) and placed in a shaking incubator (ES20-Benchtop
shaking incubator. BIOSAN, Riga, Latvia) at 120 rpm at room temperature (25 ± 2 ◦C) for
24 h (W1). The samples were removed from the solution and dried in an oven at 105 ◦C
for 24 h before the mass calculation (W2). Finally, the solubility of the films in water was
calculated using Equation (2):

Solubility (%) =

(
W1 − W2

W1

)
× 100 (2)

2.3.3. Fourier Transform Infra-Red (FT-IR) Spectroscopy

The FT-IR spectra of the film samples were recorded on a Bomem MB100 FTIR spec-
trometer (ABB-Bomem, Québec, QC, Canada) using an attenuated total reflectance (ATR)
single reflectance cell with a diamond crystal. The samples were scanned 64 times over the
range of 4000–600 cm−1 at a resolution of 4 cm−1 against air as the background. The FTIR
spectra were used to identify the chemical interactions between the matrices and natural
fillers. Each sample was scanned twice to observe acceptable reproducibility [24].

2.3.4. Wide-Angle X-ray Scattering (WAXS)

WAXS analysis of the film was conducted using a Nano-inXider instrument from
Xenocs (Grenoble, France) using a Cu Kα source with a 1.54 Å wavelength and a 2D 300 K
Pilatus detector (Dectris Ltd., Baden, Switzerland). The samples were placed between mica
windows, and the background was subtracted from the measured spectra. The total relative
crystallinity was calculated as the ratio of the crystalline peak area to the total diffraction
area using Peak Fit software (Version 4.0. Systat Software Inc., San Jose, CA, USA) [25].

2.3.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis coupled with Fourier Transform Infrared Spectroscopy
was used to characterize the thermal stability of the different films. All of the samples were
tested using TG 209 F1 Libra PERSEUS from the NETZSCH Experiment, which was carried
under a N2 atmosphere (20 mL/min) with a heating rate of 10 K/min. The measurements
were obtained between 28 ◦C and 600 ◦C in a standard Al2O3 crucible using an automatic
sample changer. An empty crucible was also measured for instrument correction. The data
were analyzed using the software provided by NETZSCH, Proteus 8 software [26].

2.3.6. Permeability

The barrier properties of water vapor, O2, and CO2 were evaluated as described
in [15,24]. The films were analyzed using a MultiPerm apparatus (Extra Solution s.r.l, Pisa,
Italy) following standard protocols (ASTM D3985-05, 2010; ASTM F-2476-13, 2013). Each
sample was placed into the instrument, creating a separate septum between two semi-
chambers. A permeant gas stream streamed through the upper chamber, permeated
through the sample, and was then detected by the carrier gas and detected using a sensor.
This process occurred at 25 ◦C, with continuous monitoring of relative humidity (50%),
flow rate, and other variables affecting sample permeation. Masks made of aluminum were
used to decrease the film test area to 2 cm2, and the films were measured in duplicates [24].

2.3.7. Mechanical Measurements

The thickness of each film was determined in five replicates using a handheld digital
micrometer (148–121 Zhongtian Experimental Instrument Co., Ltd., Shanghai, China).
Tensile tests of the starch films were achieved using a TA-XT plus texture analyzer (TTC
Company, Surry, UK) with a grip accessory and a 50 kg load cell. Starch and starch indicator
films were cut into 10 cm × 1 cm strips and equilibrated at 60% relative humidity at 22 ◦C
for 5 days. The measured parameters (Young’s modulus, tensile strength, toughness, and
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strain to failure) were calculated from the obtained stress–strain curves. Data for each
material were based on 3–5 replicates [17].

2.3.8. Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM images were assimilated with a Quanta 3D FEG (FEI Company, Eindhoven,
The Netherlands). The films were censored into 1 × 1 cm, located on a metal plate,
and sputtered with a 2 nm colloidal gold layer before analysis. The cross-section and
morphology of the film specimens were cryo-fractured via immersion in liquid nitrogen
and then attached on aluminum stubs perpendicularly to their surface and then sputtered
with gold prior to analysis [14,15].

2.3.9. Opacity and Light Barrier Properties

The barrier to UV/Vis light was tested according to [27]. The films (3 mm × 3 mm)
were fixed in the UV-Vis spectrophotometer (BioTeK Synergy H1, Santa Clara, CA, USA)
so that the light beam passed through the film surfaces. Transmittance measurements
were recorded at wavelengths between 200 and 800 nm. The analyses were performed
in triplicate.

2.4. Monitoring Minced Meat and Minced Fish Films
2.4.1. Sample Preparation

A frozen Pengasius fish filet was purchased from a local Danish market, thawed and
chopped. The beef was freshly purchased and chopped. Samples of minced fish or minced
meat (200 g) were packed in the tray sealer in a polypropylene box. The composite indicator
films of 35AC-RCA and 35AC-NR were selected and placed in a weighing boat placed
on top of the minced fish. The trays were sealed using modified atmosphere packaging
(MAP) with a gas mixture of (30% CO2 + 70% N2) (Figure 1). The packages were incubated
at 5 ◦C for up to 3 weeks. The meat packages were sealed with a gas mixture of (30% of
CO2 + 70% of O2). Five samples for each package with meat/fish samples were prepared
for each sampling day over 3 weeks. The ID of the films for the meat samples are denoted
as follows: RCA-meat and NR-meat, respectively. For fish samples, they are RCA-fish and
NR-fish [28,29].
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Figure 1. (a) Minced fish samples with gas mixture (30% CO2 and 70% N2); (b) minced meat samples
with gas mixture (30% CO2 + 70% O2).

Control group samples were used to examine the effect of MAP on the indicators;
sterile cotton (20 g) and sterile water (140 g) were used instead of meat and fish. The indica-
tor was placed in a weighing boat and sealed with the gas mixtures (30% CO2 + 70% O2)
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and (30% CO2 and 70% N2) (Figure 2). Three replicate packages contained indicators of
sterilized cotton and water with low-O2 and high-O2 atmospheres withdrawn randomly
from the packages incubated at 5 ◦C. Sampling continued for three weeks.
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Figure 2. Control samples preparation. (a) sterilized wet cotton samples; indicator films added and
packaged under MAP gas mixtures of, (b) 30% CO2 and 70% N2, (c) 30% CO2 + 70% O2.

2.4.2. Microbial Analysis

Here, 25 g of each sample was collected aseptically, placed in sterile stomacher bags,
and homogenized for 2 min in 225 mL of peptone water (0.1%). A series of 10-fold dilutions
was prepared and spread over an agar plate medium (Brain Heart Infusion agar, BHI,
Metrohom, Denmark). Psychotropic counts were conducted after incubation for 10 days
at 6.5 ◦C. Experiments were conducted for 5 samples of meat and fish, and microbial data
were recorded as colony-forming units (CFUs) and expressed as log10 CFU/g.

2.4.3. pH Measurements

During the time intervals, the pH values of the samples were determined using a
handheld pH meter (Radiometer PHM93, Metrohom, Denmark) equipped with a
penetrating electrode.

2.4.4. Color Response of Indicator Films during Meat/Fish Packaging

The color of the indicator films (35AC-RCA and 35AC-NR) in the packaged samples
and control samples were measured using a handheld colorimeter reader CR-20 (Konica
Minolta, Tokyo, Japan), which was used to monitor the freshness indicator’s chromatic
changes. The color difference ∆E was measured according to Equation (3):

∆E = ((L* − L) + (a* − a) + (b* − b))1/2 (3)

where L*, a*, and b* are the initial values of the lightness, redness, and yellowness films
before immersion in the packaging, whereas L, a, and b are the values after packaging [23].

2.4.5. Gas Measurement

The gas composition of the packages was measured using a PBI Dansensor (ChekMate
9900). The measurement uncertainty was ±2%. A membrane was adhered to the package
before penetration for cannula sampling. The measurement range of the instrument was
set to 0–100% by volume (vol) for oxygen (O2) and carbon dioxide (CO2). The nitrogen
content was calculated as a difference from 100% after the measured concentrations of O2
and CO2 were deducted. The accuracy of the device was ±2% for both gases.
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2.4.6. Sensory Evaluation

A sensory evaluation was performed to evaluate the off–edible properties of the meat
and fish samples (approx. 25 g) at different storage periods. The off–edible properties in this
work refer to appearance and off-odor. A panel of 6 trained judges was used for the sensory
tests. Each panelist received 10 series of samples (5 samples of meat + 5 samples of fish)
and 2 samples hidden as a control (frost-stored) were placed in a stack per panelist. Each
panelist evaluated 2 qualities, the appearance and the odor, using a 4-point scale: 1 = fresh
no change; 2 = slightly diverging but acceptable; 3 = distinct changes (unacceptable);
and 4 = very distinct changes (spoiled). The samples were served once, and the order of
evaluation was randomized. The sensory data are based on the average of the separable
scores for the four sub-samples [30].

2.4.7. Statistical Analysis

All of the tests were statistically evaluated using analysis of variance (ANOVA) and
Tukey’s test HSD post hoc test of IBM SPSS Statistics at a 95% significance level. Correlation
trends between pH, color parameters, sensory analysis, gas composition, and microbial
count data were processed using SPSS. Significant correlation coefficients were classified as
weak, moderate, and strong, corresponding to r < 0.5, r > 0.5 < 0.7, and r > 0.7, respectively.

3. Results and Discussion
3.1. Moisture Content (MC) and Water Solubility (WS)

Moisture absorption is one of the most important sensing properties of an indicator
film. When an indicator is placed in meat/fish packaging, high humidity in the package
may have a negative effect on the color change of a pH indicator. This can lead to incorrect
results. Further, after absorbing the moisture, indicators become breakable and fragile.
Therefore, a lower MC is a preferable factor. The MC % of the AM-RCA and AM-NR film
indicators increased after adding CNF due to the small size of the fibers (Table 1). Adding
CNF to the AM should reduce the moisture content because AM is more hydrophilic than
CNF, and the presence of RCA and NR lowers the interaction between AM and CNF chains.

Table 1. Physical properties of AM-RCA/AM-NR nanocomposite indicator films, n = 3; same letters
in the same column are significantly different (p < 0.05).

Films MC% WS% Relative Crystallinity
(RC)%

TGA
(◦C)

AM-RCA 8.7 ± 2.9 a 16.7 ± 6.9 a 19.2 ± 0.1 a 309.5 ± 3.5 d

5AC-RCA 18.4 ± 7.0 a,b 14.5 ± 9.5 a 15.8 ± 0.1 a 309.0 ± 1.4 c,d

10AC-RCA 12.9 ± 1.7 a,b 24.6 ± 17.3 a 14.8 ± 0.1 a 306.0 ± 1.4 b–d

15AC-RCA 19.5 ± 6.2 a,b 16.8 ± 3.0 a 15.0 ± 0.1 a 307.0 ± 2.1 b–d

25AC-RCA 16.9 ± 7.4 a,b 21.4 ± 6.3 a 14.1 ± 0.1 a 308.0 ± 2.8 c,d

35AM-RCA 18.5 ± 2.9 a,b 11.3 ± 3.8 a 20.7 ± 0.1 a 311.0 ± 2.8 d

AM-NR 19.4 ± 1.9 a,b 24.2 ± 7.1 a 21.2 ± 0.1 a 310.5 ± 0.7 d

5AC-NR 23.4 ± 2.0 b 15.9 ± 0.8 a 20.1 ± 0.1 a 310.8 ± 3.5 d

10AC-NR 19.3 ± 2.7 a,b 19.5 ± 5.1 a 18.7 ± 0.1 a 301.5 ± 2.8 a–c

15AC-NR 17.2 ± 2.0 a,b 14.6 ± 2.0 a 18.0 ± 0.1 a 299.5 ± 0.7 a,b

25AC-NR 18.2 ± 2.7 a,b 14.6 ± 6.3 a 14.9 ± 0.1 a 298.3 ± 0.3 a

35AC-NR 20.8 ± 3.9 b 16.1 ± 5.1 a 19.6 ± 0.1 a 299.3 ± 1.4 a,b

WS was used to determine the water sensitivity towards AM-RCA/AM-NR in relation
to CNF composite films (Table 1). Potential applications may require lower WS to improve
product integrity. The films were unable to keep their integrity when dispersed in water.
The addition of CNF increased the WS % due to the hydrophilic molecules of RCA being
triggered, reducing the intermolecular interactions in the AM-CNF composite film [31].
Therefore, the free side groups of CNF molecules might interact with water and interrupt
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the network’s hydrogen bonds, decreasing the cohesiveness of the AM-CNF matrix and
increasing water moisture absorbance. RCA and NR showed no significant difference in
the composite films [32].

3.2. FT-IR

FTIR analysis was employed to detect the presence of possible new compounds
or physical interactions that were formed during the process. The ATR FTIR spectra
(Figure 3) of the AM-RCA films showed O-H stretching corresponding to a broad band of
3600–3200 cm−1 due to the extensive H-bonding network among the OH of AM glycerol
and CNF. C-H stretching was observed at 2900 cm−1. An absorption band at 1650 cm−1

was assigned to the water adsorbed due to the hygroscopic nature of polysaccharides. The
peaks at 1050 to 950 cm−1, assigned to C-O-C stretching, showed a slight shift towards
a higher wavenumber for the 35AC-RCA composite film from 1000 cm−1 to 1030 cm−1;
this could be attributed to the hydrogen bond between the hydroxyl group of AM, RCA,
and cellulose. No new covalent bonds formed between the AM and CNF composite films.
In RCA composite films, the peak at 1514 cm−1 was attributed to the phenolic groups of
anthocyanins (Figure 3a). AM-NR composite films revealed no new peaks or shifts related
to NR or CNF (Figure 3b) [15].
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3.3. Wide-Angle X-ray Scattering (WAXS)

WAXS of the composite films was conducted to determine the effect of fiber size and
concentration on the crystallinity of the films (Figure 4). The WAXS spectra of the control
matrix AM+RCA and AM-NR demonstrated the same diffraction peaks at 2θ~5.5◦, 16◦,
17◦, and 19◦, which were assigned to the V and B type of AM. No characteristic peaks for
RCA and NR were found, indicating that RCA and NR are miscible with AM [33], which is
in agreement with our previous work. Loading RCA in AM did not show any characteristic
peak in the WAXS pattern of AM [14]. The composite films showed a similar profile to
the control, except for an additional peak around 2θ~34◦ at 25AC-RCA, 35AC-RCA, 25AC-
NR, and 35AC-NR (Figure 4a,b), which was assigned to CNF crystalline plane 040 [15].
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Therefore, an increasing amount of CNF is expected to enhance the relative crystallinity
(RC %) of AM-RCA and AM-NR composites [34].
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However, the RC % of the composite films started to decline at lower ratios of CNF
(e.g., 5%, 10%, and 15%) and started to increase again at higher ratios (25% and 35%),
which indicates a slight phase separation between the CNF and AM. This suggests that the
interior structure of the films became more ordered when the CNF concentration increased.
Natural fibers are oriented materials and, therefore, their crystallinity is likely to be higher
than AM [35].

When greater CNF fillings were used, the crystallinity increased, which is probably
because the high CNF content exhibited a higher surface area ratio. The relative crystallinity
of the AM-RCA control film was 19.2%, and it increased to 20.7% after the addition of
35% CNF (Table 1). Therefore, the relative crystallinity of AM-RCA- and AM-NR-based
composites is expected to increase with a high fiber content.

3.4. Thickness and Gas Permeability

No significant difference was found in the thickness among the different composite
films (Table 2). For the RCA composite films, thickness decreased after the incorporation
of CNF. Most likely, the thickness was influenced by the size and content of the fiber. For
the NR films, the thickness of the composite films increased with increased fiber content
up to 10%, after which its thickness decreased. This might be attributed to the presence
of large-size fibers within the polymer matrix, which led to a less homogenous material
and could have promoted structural defects [36]. Films with high concentrations of fibers
(35AC-RCA and 35AC-NR) showed decreased thickness due to the smaller-sized CNFs.
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Table 2. Thickness and barrier properties of AM and composite indicators. Different letters in a row
indicate significant differences (p < 0.05). n = 4 for thickness; n = 2 for WVP.

Films
Thickness

(mm)

Permeability
(cm3 × mm/(m2 × h × kPa))

O2 CO2 H2O

AM-RCA 0.07 ± 0.01 c 4.28 ± 1.04 b 0.14 ± 0.00 a 4.48 ± 0.64 a

5AC-RCA 0.06 ± 0.01 b-c ND ND ND
10AC-RCA 0.04 ± 0.01 a–c 6.57 ± 0.96 c 0.12 ± 0.00 a 4.45 ±0.38 a

15AC-RCA 0.06 ± 0.01 b,c ND ND ND
25AC-RCA 0.05 ± 0.01 a–c ND ND ND
35AC-RCA 0.04 ± 0.01 a–c 0.03 ± 0.00 a 0.52 ± 0.11 c 8.99 ± 0.28 c

AM-NR 0.05 ± 0.01 a-c ND ND ND
5AC-NR 0.05 ± 0.01 b,c ND ND ND

10AC-NR 0.06 ± 0.01 b,c ND ND ND
15AC-NR 0.07 ± 0.01 b,c 0.86 ± 0.11 a 0.23 ± 0.01 a 6.91 ± 0.55 b

25AC-NR 0.06 ± 0.01 b,c 0.01 ±0.00 a 0.55 ±0.00 c 11.11 ± 0.32 d

35AC-NR 0.05 ± 0.01 a–c 0.05 ± 0.01 a 0.36 ± 0.01 8.73 ± 0.44 c

For the RCA composite films, water vapor permeability (WVP) increased significantly
at a higher ratio (35AC-RCA) compared to the control (AM-RCA) (Table 2). The WVP of a
material depends on three main mechanisms: surface defects, the tortuosity of the pathway,
and crystallinity. Moreover, the presence of CNFs increases the tortuosity of the pathway
for water molecules, and large filler promotes voids that facilitate the transport of water
molecules. However, for the NR composite films, the WVP increased at a ratio of 25AC-NR
and then decreased significantly (p < 0.05) at 35AC-NR (Table 2). According to [37], WVP
decreased in more homogenous structures with compact films. Thus, our WVP results
agree with RC % and SEM observations, which are associated with the crystallinity and the
heterogeneous structure of the reinforced matrixes).

The same effect relating to CNFs was seen for O2 and CO2 permeability, especially for
O2 permeability, which showed a significant reduction (p < 0.05) in RCA composite films
and a reducing trend for the NR composite films (Table 2). Reduced O2 permeability can be
advantageous for packaging [38].

3.5. Thermogravimetric Analysis (TGA)

The thermographs of the composite indicators (Figure 5) showed that the behavior of
the mass loss curves was similar in all films, irrespective of fiber concentration. The mass
loss below 100 ◦C was mainly ascribed to water loss (Figure 5a,b), whereas the second
mass loss from 100 ◦C to 230 ◦C was related to the volatilization of water and plasticizer.
The third stage of mass loss was observed between 245 ◦C and 378 ◦C for the AM-RCA
systems (Figure 5a), with a maximum weight loss at 307 ◦C due to the decomposition of
starch and RCA compounds. In the AM-NR matrix, a third stage of mass loss occurred
between 235 ◦C and 390 ◦C, which was related to AM decomposition and the NR of the dye
(Figure 5b). In the RCA composite indicators, the degradation temperature was slightly
increased, with small variations compared to the control matrix (AM-RCA). It has been
reported that the addition of fibers to a starch matrix can improve its thermal stability since
there is good adhesion between the fiber and the matrix [39].

In the NR composite indicators, the DTG decreased significantly (p < 0.05) due to the
addition of CNFs when compared to the control matrix (AM-NR) (Figure 3b).
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3.6. Mechanical Properties

The mechanical properties of the composite films (Figure 6) showed significant effects
relating to the addition of pigments. The presence of RCA can weaken intermolecular
interactions and thus affect the mechanical properties of the films [40]. Moreover, the plas-
ticizing effect of water and RCA can contribute to low tensile strength and high elongation
at break.
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The elongation at break of AM-RCA showed greater differences than AM-NR, sug-
gesting differential effects of RCA and NR on the mechanical properties (Figure 6). It has
been reported that the incorporation of NR in gelatin-based films enhances the mechanical
properties of the films developed compared to methyl orange and bromocresol green due
to the favor of NR crosslinking with the protein network [9].

The addition of CNFs increased the tensile strength, confirming the reinforcement of
the material indicated by the dye (Figure 6). The tensile strength of AM-RCA increased from
23.4 MPa to 43.0 MPa with the addition of 35% of CNFs, and it increased from 24 MPa in
the AM-NR film to 36 MPa with the addition of 35% CNFs. This is a well-known behavior
of polymeric composites reinforced with natural fibers, as described elsewhere [12,13].
However, the mechanical properties of the composite films did not differ significantly
from the AM-RCA and AM-NR matrices. This suggests that there are increased interfacial
interactions between AM and CNFs [41].

3.7. Optical and Barrier Properties

As film packaging is exposed to UV-vis light, it can be subject to oxidation, resulting
in discoloration, off-flavors, and nutrient loss. The transparency of the films was further
characterized by using their UV-vis spectra (Figure 7). Indicators containing RCA, syn-
thetic dyes, or betacyanins effectively reduce light transmittance due to the presence of
chromophores (e.g., C=C, C=O, and C=N) [42,43]. AM-RCA and 5AC-RCA had the highest
light transmittance, after which it was reduced at increased amounts of CNFs, which can
be likely attributed to the direct effect of fiber light scattering (Figure 7a). The same trend
was observed with the NR films (Figure 7b). However, in the UV region, the NR composite
films had lower transmittance than the RCA composite films in the UV region.
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3.8. Microstructural Analysis

Microstructural analysis conducted via SEM indicated the generally high homogeneity
of the films and the different CNF distributions throughout the AM matrix for different
composites (Figure 8). The SEM images of AM-RCA and AM-NR showed homogenous
cross-sections with no pores or cracks and a compact structure (Figure 8a,g). In both
composite films, the cross-sections and surface morphologies became rough by increasing
the CNF concentration, i.e., for the 35AC-RCA sample, a rough surface morphology was
observed (Figure S4f) due to the agglomeration of CNFs. However, 35AC-NR presented a
smooth and homogenous surface. Composite 25AC-NR showed a heterogeneous surface
accompanied by cracks (Figure S4). The same results were reported by [44], where the
surface morphology of the nanocomposites became rough by increasing the cellulose
nanocrystals CNC concentration in a chitosan matrix.
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Figure 8. SEM of cross-sections of (a) AM-RCA, (b) 5AC-RCA, (c) 10AC-RCA, (d) 15AC-RCA,
(e) 25AC-RCA, (f) 35AC-RCA, (g) AM-NR, (h) 5AC-NR, (i) 10AC-NR, (j) 15AC-NR, (k) 25AC-NR,
and (l) 35AC-NR.

3.9. Microbial Counts and pH Measurements

To extend shelf life during the refrigeration of packaged minced meat, psychrotrophic
and anaerobic microbes like lactic acid bacteria (LAB) are commonly grown (Table 3). Accord-
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ing to (ICMSF 1986) [45], 6 log10 CFU/g and 7 log10 CFU/g are the marginal standard limit
and tolerance limit of viable count, respectively. The plate count of the meat samples in the
present study delivered this acceptable limit on day 6 at 5 ◦C (7.4 log10 CFU/g ± 0.18) [46],
while the minced fish reached the usual (7 log10 CFU/g) limit of acceptability on day 10
(Table 3). The minced meat/fish stored under the MAP exhibited an initial slow increase
in pH. This was due to CO2 dissolving in the liquid phase of the meat/fish, leading to
non-dissociated carbonic acid [47].

In addition, storage temperature is an important factor affecting bacterial growth. The
used storage temperature of 5 ◦C led to an increase in the solubility of CO2 and augmented
antimicrobial activity due to the increased CO2 sensitivity of the bacterial cells. In this
study, the CO2 concentration was 30% at the beginning of the experiment and decreased
during the first four days of storage for the meat samples and after seven days for the
fish samples. This may be assigned to the CO2 absorption of the meat and fish samples,
and it increased continuously until its end of storage [29,48]. The increase in CO2 and the
decrease in O2 observed for the meat samples q43 due to the growth of aerobic bacteria
and microbial respiration. The pH of both the meat and fish samples increased gradually
during the first 10 days due to proteolysis and the production of amines (Figure 9).
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Table 3. Microbial counts and pH of MAP samples of minced meat and fish (mean ± SD); n = 5.
Different letters within columns indicate significant differences p < 0.05, n = 5 between different
storage days.

Days Microbial Count
(Meat)

pH
(Meat)

Microbial Count
(Fish)

pH
(Fish)

1 4.46 ± 0.17 a 5.81 ± 0.03 a,b 2.35 ± 0.07 a 6.16 ± 0.02 a–c

3 5.42 ± 0.10 b 6.49 ± 1.35 b 2.28 ± 0.32 a 6.26 ± 0.03 c,d

6 7.40 ± 0.18 c 5.96 ± 0.06 a,b 4.56 ± 0.30 b 6.44 ± 0.05 e

8 8.02 ± 0.05 d 5.72 ± 0.15 a,b 5.85 ± 0.36 c 6.26 ± 0.04 b,c

10 8.2 ± 0.2 d,e 6.00 ± 0.03 a 6.99 ± 0.36 d 6.32 ± 0.04 d

13 8.22 ± 0.02 d,e 5.45 ± 0.02 a 8.23 ± 0.20 e 6.15 ± 0.09 a,b

15 8.16 ± 0.05 d,e 5.44 ± 0.02 a 8.23 ± 0.05 e 6.11 ± 0.04 a

17 8.26 ± 0.13 e 5.39 ± 0.12 a 8.37 ± 0.07 e 6.07 ± 0.04 a

20 8.13 ± 0.04 d,e 5.48 ± 0.04 a 8.45 ± 0.06 e 6.24 ± 0.09 b–d

3.10. Color Changes of Indicator Films of Minced Meat and Minced Fish

Significant color changes in relation to the indicator films were observed during
storage (Figure 9). As bacterial growth commences, volatile organic bases are produced
from protein degradation, resulting in the increased pH of the headspace gas. However,
the samples in the sealed packaging also produce moisture, affecting the indicator films.
Thus, the color of the films will change due to meat/fish spoilage based on a pH increase
as the alkaline volatile amines are gradually produced in the headspace. For the RCA-meat
films, the color was red for 3 days (fresh period), and then it changed from red to reddish
pink on day 6, which was correlated to the spoilage of meat, as deduced from inspection.
This shift, however, was not sufficient to be detected by a potential customer due to the
minor difference in hue between medium-fresh and spoiled food.

The NR-meat indicator films did not provide any warning information between
freshness and medium fresh as the red color of the indicator did not change during the
change of these pH values. However, the RCA-fish indicator film exhibited significant
changes in color during storage. The color differed between days 3 (fresh), 6 (acceptable),
and 17 (unacceptable), where it changed from red to reddish-purple over to blue-purple.
The NR-fish indicator films showed a change on day 17; the color changed from red to
red-orange as the pH changed significantly to 6.24.

Neither the NR-meat nor the NR-fish films showed any difference between fresh,
medium fresh (acceptable), and spoilage stages, which could confuse consumers when
assessing the freshness. This may be ascribed to the narrow range of NR color change from
red (pH < 6) to yellow (pH > 8).

As the ∆E of an indicator film exceeds 12, the color difference is regarded as being
easily observed by the unassisted eye [49]. For the meat and fish samples, the ∆E of the
NR film values was not strictly associated with freshness throughout storage. Therefore,
the ∆E of the RCA films was most suitable for discriminating fresh fish, medium fresh fish,
and spoiled fish close to the threshold of fish spoilage (Figure 10). Pigment leakage due to
moisture and inhomogeneous color change (Figure S1) were problems associated with the
indicators in the case of MAP.

In the control samples (Figure S2), the indictor films in the MAP samples of 70% O2 + 30%
CO2 and 70% N2 + 30% CO2 were not significantly affected by pH or storage time. The
CO2 decreased significantly from day 7 due to its dissolution in the moist cotton, and the
relative amount of O2 and N2 significantly increased from day 7 due to the low amount of
CO2 (Figure S3).
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3.11. Sensory Scores

Sensory scores of the meat and fish during the 9 day storage at 5 ◦C demonstrated a
gradual decrease during storage, indicating a moderate increase in the off-edible properties
of the samples (Table 4). The sensory scores of the meats were 2.67 (acceptable) on day 8
and 3.26 (unacceptable) on day 10. Meat sensory analysis was concluded after 10 days due
to the unacceptable off-odors concomitant with meat spoilage; furthermore, the appearance
became dull and brownish in color with a firmer texture, in accordance with the changes in
microbial counts. In the case of the minced fish samples, the sensory scores were scored
as having fresh quality 1.03–1.97 (acceptable) for 10 days. The freshness scores started to
decrease significantly on day 15 and were thought to be unacceptable on days 17 and 21
(mean scores: 2.7 ± 1.0 in appearance; 3.13 ± 1.01 in odor), respectively, as the color became
lighter and changed from pinkish to yellow. Furthermore, considering the microbial count
and sensory scores, the threshold of spoilage was defined as day 6 and day 15 for meat and
fish samples, respectively.

Table 4. Sensory analysis of meat and fish (mean ± SD); n = 5; different letters within columns
indicate significant differences p < 0.05 between different storage days.

Days Meat Appearance Meat Odor Fish Appearance Fish Odor

0 1 ± 0.0 a 1 ± 0.0 a 1 ± 0.0 a 1.0 ± 0.1 a

3 1.3 ± 0.1 a,b 1.4 ± 0.3 a,b 1.4 ± 0.2 a,b 1.2 ± 0.3 a,b

6 1.5 ± 0.4 b 2.1 ± 0.6 b 1.7 ± 0.4 a–c 1.7 ± 0. 3 a–c

8 2.7 ± 0.9 c 3.2 ± 1.1 c 1.8 ± 0. 5 a–c 1.8 ± 0.6 b,c

10 3.3 ± 1.1 d 3.2 ± 1.1 c 1.7 ± 0. 3 a–c 2.0 ± 0.6 c,d

13 ND ND 2.3 ± 0.7 c,d 2.5 ± 1.0 d,e

15 ND ND 2.4 ± 0.7 d 2.7 ± 0.9 e

17 ND ND 2.9 ± 1.0 d 3.1 ± 1.1 e

20 ND ND 2.6 ± 0. 8 d 3.2 ± 1.17 e

ND: not determined.
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3.12. Correlation between Quality Indices

Correlation analysis clarified the relationships between the NR and RCA indicators
and pH, microbial analysis, color analysis, the effect of MAP gas, meat appearance, and
meat odor. The strength of the correlations was expressed using Pearson correlation
coefficients (Table S1). Specifically, the ∆E of the indicator films in meat and fish showed a
significance level of 0.01, indicating a highly significant correlation with pH and microbial
activity. The correlation coefficients of meat appearance and meat odor were all higher
than 0.9 and showed significance at the level of 0.01 with microbial activity, pH, and the
MAP effect of gases, such as CO2 and N2. Hence, a positive correlation was established,
demonstrating that increased microbial activity during the storage decreased pH, leading
to a change in the indicator signal, demonstrating that protein decomposition and/or lipid
oxidation of the meat/fish was detected by the monitor. Only a weak correlation was found
with ∆E and pH for the control samples (Table S2).

4. Conclusions

Our data reveal fast and sensitive integrated packaging detection of spoilage com-
pounds in meat and fish, which can be monitored in a MAP system via a non-invasive
colorimetric method. RCA and NR blended into an AM matrix with CNF added as a
reinforcement showed that a nanocomposite film with a content of 35% CNF had the high-
est mechanical strength, thermal stability, and barrier properties. The effect of MAP was
significantly influenced by the storage time, temperature, and packaging conditions. The
appearance of the meat and fish and RCA indicator color response were strongly correlated
to the microbial counts, enabling the real-time monitoring of fish and meat. However, the
RCA films provided two assorted colors in the meat samples, while for the fish samples,
it provided three different colors, showing freshness, medium freshness, and complete
spoilage. However, the color of the NR indicator composite films was only weakly corre-
lated to the microbial counts. In conclusion, the RCA indicator film successfully revealed
the quality of the meat under the storage conditions at 5 ◦C under the influence of MAP.
Further studies on freshness assessments with other different pH indicators at different
MAP concentrations should be conducted.
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