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ABSTRACT
Novel smart packaging systems demonstrate great potential in addressing challenges related to cold chain management and 
in reducing food waste. This study focused on the development of smart indicators composed of polyvinyl alcohol and starch, 
infused with anthocyanins extracted from winery residues. The extract held an adequate amount of anthocyanins (~339 mg/L 
cyanidin-3-glucoside equivalents) and showed increased pH sensitivity. Similarly, the obtained smart indicators exhibited high 
pH responsivity (ΔΕ = 39.37) and exhibited sensitivity to volatile amines, as tested with trimethylamine (ΔΕ reached 53.34), 
dimethylamine (ΔΕ reached 54.71) and ammonia vapour solutions (ΔΕ reached 57.69). Based on microstructure and infrared 
spectra, the incorporation of anthocyanins slightly enhanced the miscibility of the polymers. Water solubility, swelling index and 
wettability values did not show significant variations between the control indicators and the smart indicators. The films were 
also evaluated for water adsorption, water solubility, wettability and colour stability over a 45-day storage period under three 
different temperatures (5°C, 15°C and 25°C) and five distinct relative humidity (33%, 56%, 75%, 90% and 98%) environments. 
Increased temperature and relative humidity conditions compromised the functional properties of the films. Subsequently, the 
smart indicators were incorporated into sealed packages of gilthead sea bream to monitor fish freshness under constant and 
variable temperature conditions. Fish spoilage was verified using microbiological (total viable counts, Pseudomonas spp. and 
Enterobacteriaceae) as well as physicochemical (pH, total volatile basic nitrogen) indices. The colour change (from pinkish-red 
to pale green-blue) of the smart indicators, along with the total colour difference (ΔΕ reached 23.5 at constant and 35.7 at variable 
temperature conditions), indicated that the fabricated smart labels were capable of reflecting temperature fluctuations during 
fish storage and providing insights into the spoilage level of the packaged fish.

1   |   Introduction

The global challenge of increasing food demand and waste is 
well documented in the literature [1, 2]. Fish and seafood are 

commodities that are also experiencing this trend worldwide, 
characterized by a rising volume of waste [3]. This can be at-
tributed to their perishable nature; consequently, fish and sea-
food undergo significant biochemical changes after harvest, 
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resulting in a noticeable deterioration in quality and consider-
able financial losses. Waste is spotted at several levels of the fish 
supply chain, including the distribution, retail and consumer 
stages [4]. Smart freshness labels represent a valuable solution 
for reducing waste at both the household and retail stages, of-
fering consumers an intuitive and accessible means to visually 
assess the freshness of fish [5, 6].

Significant advancements have been achieved in packaging-
related research regarding the development of smart films 
that monitor the deterioration of food product quality and 
contribute to shelf life prediction [7, 8]. Materials derived 
from petroleum contribute to environmental pollution due to 
their slow and challenging degradation, resulting in their ac-
cumulation in both terrestrial and marine environments [9]. 
With the introduction of increasing regulations on packaging 
sustainability (EU Regulation 2025/40), which mandate the 
restriction of excess packaging, the pursuit of biodegradable 
and environmentally friendly packaging materials presents a 
significant challenge [10]. Several attempts have been made 
towards the introduction of more sustainable materials in the 
food packaging sector [11–13]. Biopolymers, that is, starch, 
chitosan, polyvinyl alcohol (PVA), gelatin and methylcellu-
lose, serve as effective alternatives to synthetic plastics due 
to their solubility in water, biodegradability and exceptional 
film-forming properties. To enhance the structural integrity 
and stability of the films, various biopolymer combinations 
have been investigated for the development of smart films, 
with the compatibility of the polymers playing a crucial role. 
Starch is favoured for its biodegradability and film-forming 
capacities; however, it often demonstrates brittleness and high 
sensitivity to moisture. Nevertheless, blending it with chitosan 
is recognized to enhance its stability and reduce its water up-
take [14]. Similarly, starch-based films exhibit significant im-
provements in flexibility and mechanical resistance with the 
incorporation of PVA into the film, as PVA functions as a plas-
ticizer and promotes intermolecular interactions [12, 13]. The 
incorporation of reinforcing agents, such as chitin whiskers 
and bentonite nanoclays, further enhances the strength of the 
films and reduces their water vapour permeability [14, 15].

The use of natural pigments as pH-sensitive compounds that 
change colour throughout the fish shelf life is becoming in-
creasingly attractive due to the disadvantages associated with 
synthetic dyes, such as toxicity [16]. The most common nat-
ural pigments include anthocyanins [17], betalains [6] and 
curcumin [18]. Several researchers have investigated the fabri-
cation of smart packaging solutions based on PVA and starch, 
incorporating anthocyanins into their formulation [16, 17]. In 
their study, Zhai et  al. [19] examined the addition of roselle 
anthocyanins to PVA/starch films and observed enhanced 
compatibility between the two polymers, as well as an over-
all improvement in the functionality of the smart films due 
to the incorporation of anthocyanins. Similar findings were 
reported by Liu et  al. [20] for PVA/starch films containing 
purple sweet potato.

The utilization of anthocyanins extracted from agricultural 
waste enhances the sustainability of the final indicators and pos-
itively contributes to the principles of circular economy. Typical 
examples of agricultural by-products include plum and prune 

residues of berries [21], black rice bran, purple sweet potato 
peels, red cabbage outer leaves [22] and pomegranate leftovers 
from juice extraction [23]. Grape pomace, a widely recognized 
waste material from the winemaking industry, is both economi-
cal and environmentally friendly due to its abundance and high 
content of bioactive compounds, making it a viable alternative to 
synthetic dyes. The use of such industrial by-products not only 
reduces waste but also complies with circular economy regula-
tions, further promoting the transition towards sustainable food 
packaging technology.

Despite the increased potential of smart freshness indicators in 
reducing food waste by visually revealing the product's state of 
freshness, there are limitations regarding the large-scale appli-
cation of smart labels [24]. Some of these include the stability 
of the pH-sensitive compounds when the surrounding tempera-
ture and humidity conditions fluctuate as well as the interaction 
of the smart packaging materials with the moisture inside the 
food package headspace [25]. These aspects that highly affect 
the indicators longevity are intensified when biopolymers and 
water-soluble materials in general are involved in the develop-
ment of the smart packaging systems [26]. Also, the detection 
precision and sensitivity of the freshness indicators may vary, 
creating a need for standardized production methods of the 
freshness indicators [25].

Film storage conditions represent a significantly less re-
searched parameter in literature. Environmental factors such 
as temperature, relative humidity (RH) and light may influ-
ence the stability of both polymer matrix and the pH-sensitive 
pigment. High levels of humidity can cause the premature 
degradation or dissolution of water-soluble films, whereas 
temperature fluctuations may result in the pigments chang-
ing colour at a rate that exceeds the rate of accurate colour 
response. Zhai et al. [19] studied the colour stability of smart 
PVA/starch/anthocyanin films conditioned for 14 days at 4°C 
and 25°C under 75% RH and concluded that colour was re-
tained adequately at both temperatures; however, better co-
lour sensitivity results were reported for films kept at 4°C. The 
self-stability of the colourimetric films was essential to their 
final colour performance, due to the fact that smart films in-
teracted with oxygen and were partially oxidized as storage 
time increased. The overall colour change of the smart films 
stored at 25°C was around 4%–5%, whereas the colour change 
of the films stored at 4°C was < 1%, highlighting the effect of 
temperature on the functionality of the anthocyanins.

Romruen et  al. [27] investigated the effect of temperature 
and RH on smart films based on sodium alginate/butterfly 
pea anthocyanins/catechin–lysozyme agar containing cellu-
lose nanospheres. According to their results, increased RH 
conditions seemed to compromise the integrity of the films, 
probably due to the excessive interaction of water molecules 
with the structural units of the polymers. Conversely, tem-
perature emerged as a more significant factor influencing co-
lour stability, with improved colour retention observed at 4°C. 
An interesting finding was that after cellulose nanospheres 
incorporation in the film matrix, the colour stability of the 
films increased (lower colour change during storage) regard-
less of storage temperature or humidity level. Cellulose nano-
spheres may have acted as a barrier against oxidative factors 
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(i.e., oxygen and light) and moisture due to their hydrophobic 
nature, thus protecting anthocyanin from degradation. These 
findings highlight the necessity of investigating the reliability 
and longevity of smart freshness films prior to their actual im-
plementation, particularly for indicators designed to monitor 
the freshness of food products, such as fish, where the humid-
ity levels of the packaging headspace tend to increase (e.g., 
90% RH).

In this context, the present study focused on the development 
of pH-sensitive freshness labels based on PVA and starch, in-
fused with anthocyanins derived from winery grape pomace. 
By integrating biopolymers and natural pigments, this study 
aims to provide an environmentally sustainable approach to 
monitor fish spoilage while simultaneously valourizing ag-
ricultural waste. Additionally, the study aims to investigate 
various storage scenarios of smart films to highlight the sig-
nificance of temperature and RH on the integrity and func-
tionality of the films. The main advantages of the proposed 
freshness indicators compared to other relevant smart pack-
aging systems are based on the utilization of vineyard pomace 
to extract anthocyanins, thus promoting the circular economy 
model. Furthermore, in comparison to other relevant studies, 
in this work, the smart indicators were tested simultaneously 
under multiple RH and temperature conditions for a compara-
tively longer duration. To provide a more realistic smart pack-
aging solution, the fabricated smart labels were tested for fish 
shelf life monitoring under constant and variable temperature 
conditions, simulating potential temperature fluctuations in 
the actual cold chain.

2   |   Materials and Methods

2.1   |   Materials

Packtin s.r.l. (Reggio Emilia, Italy) provided dried winery 
grape pomace, recovered as winemaking residue from wine 
production in Reggio Emilia, Italy. PVA with a molecular 
weight of 27 kDa and a 98% degree of hydrolysis was pur-
chased from Fluka (Steinheim, Germany). Starch powder 
was purchased from Merck (Darmstadt, Germany). Disodium 
phosphate, citric acid, glycerol (≥ 99.5%), hydrochloric acid 
solution, trimethylamine (TMA), dimethylamine (DMA) and 
ammonia (NH3) solutions were provided by Sigma-Aldrich 
(St. Louis, MO, USA). Plate count agar (PCA), cetrimide agar 
(CFC) and violet red bile glucose agar (VRBG) used for mi-
crobial enumeration were purchased from Condalab (Torrejon 
De Ardoz, Spain). Ringer tablets were purchased from Merck 
(Darmstadt, Germany). The gilthead seabream (Sparus au-
rata) fillets used for the shelf life test were obtained from 
AVRAMAR SA (Greece).

2.2   |   Anthocyanin Extraction

Dried and milled grape pomace (comprising grape skins, seeds 
and pulp) was used as a raw material to extract anthocya-
nins using the solvent-based extraction method described by 
Alizadeh Sani et al. [28]. The pomace powder was blended with 
80/20 (v/v) distilled water/ethanol at a plant material-to-solvent 

ratio of 1:20 (w/v). Mild stirring followed (24 h at 25°C ± 2°C, in 
the dark) and then mixtures were filtered through Whatman 
Grade 4 filter paper (Whatman plc—Cytiva) × 5 times and 
centrifuged at 5000 × g for 10 min at 4°C. Anthocyanins were 
concentrated through a rotary evaporator with vacuum pump 
(37°C, 25 mmHg).

2.3   |   Anthocyanin Characterization

2.3.1   |   Determination of Total Anthocyanin Content

pH differential technique (AOAC Official Method 2005.02) was 
used to evaluate the total anthocyanin content of the pomace 
extract through spectrophotometry at 520 and 700 nm. The pH 
differential method essentially calculated the amount of an-
thocyanin present in the sample by measuring the absorbance 
(A) of the sample at two different pH values (1.0 and 4.5) at the 
same wavelength λvis-max (520 nm) with a spectrophotometer. 
The difference in the absorbance of the samples at λvis-max 
(520 nm) was proportional to the concentration of the pigment. 
The absorbance measurement at 700 nm was conducted to cor-
rect for haze/turbidity. Total monomeric anthocyanin content 
(expressed as cyanidin-3-glucoside equivalents) was calculated 
using Equation (1):

where A = (absorbance at 520 nm–absorbance at 700 nm) at 
pH 1.0 minus (absorbance at 520 nm–absorbance at 700 nm) 
at pH 4.5, MW = molecular weight of the predominant an-
thocyanin (cyanidin-3-glucoside, 449.2 g/mol), DF = dilution 
factor, ε = molar absorptivity (26 900 L/mol·cm for cyanidin-3-
glucoside) and l = path length of the cuvette (usually 1 cm).

2.3.2   |   Anthocyanin pH Responsivity

Buffer solutions were prepared across a pH range of 2–12 by mix-
ing a disodium hydrogen phosphate solution (0.2 M) with a citric 
acid solution (0.1 M) at appropriate ratios. The pH-dependent 
colour-changing ability of the anthocyanins was assessed by 
dissolving the anthocyanins in the pH 2–12 buffer solutions and 
recording their colour (CIE L*, a* and b*) using a colour spectro-
photometer (i1Pro, X-Rite) [29].

2.4   |   Preparation of Smart Labels

Control and smart films were produced through the solvent 
casting method. Starch and PVA were dissolved by stirring in 
distilled water at 90°C for 60 min, and glycerol (10% w/w of 
dry matter) was added as plasticizer. Smart labels were pre-
pared by incorporating the anthocyanin-rich extract (0.37% 
v/v) in the aqueous solution of starch (4% w/v): PVA (2% w/v) 
at a 3:1 ratio [27, 28]. 0.5 mL HCl (37%) was added to the final 
film-forming solutions to stabilize anthocyanins. Following 
the complete dissolution of the dry mass, 20 mL of the film-
forming solution were cast into clean Petri dishes and placed 

(1)

Anthocyanin pigment (cyanidin−3−glucoside equivalents,mg∕L)

=
A x MW x DF x 1000

� x l
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in an incubator at 40°C for 24 h to dry under dark conditions. 
The films were subsequently peeled from the Petri dishes and 
stored at 50% RH for further use [30].

2.5   |   Characterization of Smart Labels

2.5.1   |   Thickness and Optical Properties

Film thickness was measured with a digital micrometer (IP65, 
SAMA Tools, Viareggio, Lucca, Italy) at 10 different randomly 
chosen positions. The average and standard deviation of 10 
measurements were recorded. The analysis of optical prop-
erties included the colour measurement of the films (CIE L*, 
a* and b*) using a colour spectrophotometer (i1 PRO, x rite), 
as well as the evaluation of light barrier properties, measured 
using a spectrophotometer (VWR Douple Beam UV × Vis 6300 
PC spectrophotometer, China). The light transmittance of 
the films was assessed in the visible wavelength range (380–
730 nm) [31].

2.5.2   |   pH Responsivity of Smart Labels

A pH-responsivity test was conducted to evaluate the pH-
dependent colour changing ability of the smart labels [32]. 
Buffer solutions were prepared at a range of pH values from 2 
to 12, as described in Section 2.3.2, and were gently applied on 
the surface of the smart labels for the evaluation of the colour 
response. The colour response was measured using a colour 
spectrophotometer and expressed through the colour parame-
ters L (lightness, black = 0 to white = 100), a (greenness = −60 to 
redness = +60) and b (blueness = −60 to yellowness = +60). The 
determination of the total colour difference (ΔE) was calculated 
using Equation (2):

where L0, a0 and b0 represent the initial values of the colour pa-
rameters and L, a and b denote the values recorded after the pH 
response test.

2.5.3   |   Sensitivity to Volatile Amines

Smart labels were evaluated for the ability to detect volatile 
amines commonly produced during fish spoilage, such as TMA, 
DMA and NH3 vapour, according to the method described by 
Kuswandi et al. [33] with slight modifications. The smart labels 
were positioned 1 cm above a flask containing an aqueous solu-
tion (20 mL) of TMA, DMA and NH3, each tested separately at 
various concentrations (0.002–1 M) for maximum duration of 
20 min to evaluate the sensitivity of the labels. The flasks con-
taining the smart labels on top were placed inside larger sealed 
containers (~50 mL in volume) during the sensitivity test to pre-
vent the leakage of the volatilized compounds and to generate 
an ‘isolated headspace’, simulating a fish package. The colour 
parameters L, a and b were measured using a colour spectro-
photometer, and the total colour difference (ΔΕ) was calculated 
according to Equation (2).

2.5.4   |   Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to analyse the 
microstructure of the cast films using an Everhart–Thornley de-
tector (ETD) in combination with HiVac mode that allows the de-
tection of secondary electrons and provides images of ultra high 
resolution. Surface and cross-section micrographs were observed 
at 5000× and 1000× magnification, respectively, for all cast films.

2.5.5   |   Fourier Transform Infrared Spectroscopy 
(FT-IR)

An FT-IR spectrometer was used to measure the infrared 
spectra (Alpha, Bruker Optik GmbH, Ettlingen, Germany) of 
the films in the wavenumber range of 4000–600 cm−1 with 64 
scans at a resolution of 4 cm−1. Three replicates of each spec-
trum were captured.

2.5.6   |   Moisture Content (MC), Water Solubility (WS) 
and Swelling Index (SI)

The moisture content (MC) of the films was determined grav-
imetrically by measuring the weight loss of the films (cut at 
1 × 5 cm2) before (W1) and after (W2) drying at 105°C for 24 h. 
Five replicates of each film were evaluated. The MC value was 
calculated using Equation (3):

For the determination of WS and SI, films were cut into 1 × 5 cm 
pieces and left to dry in a desiccator with dried silica for 7 days. 
Once the films were completely dry, they were weighed (W3). 
According to the method suggested by Oliveira et al. [34], the dry 
films were immediately immersed in containers with 20 mL of dis-
tilled water, where they were left to soak for 24 h.

After removal from the water, the films were softly blotted on 
tissue paper to remove residual water and weighed again (W4). 
SI was calculated using Equation (4):

For the determination of WS, the films were dried at 105°C for 
24 h and subsequently weighed until a constant weight was 
achieved (W5). Five replicates of each film were evaluated. Total 
soluble matter (TSM) was calculated using Equation (5):

2.5.7   |   Wettability

Static contact angle measurement was performed using the ses-
sile drop method with a Theta Flow Optical Tensiometer (Biolin 
Scientific, Gothenburg, Sweden) according to ASTM D5946 
method. The films were adhered to glass slides, and a droplet 
of deionized water (4 μL) was placed on the surface of each film. 

(2)ΔE =

√

(

L−LO
)2

+
(

a−�O

)2
+
(

b−bO
)2

(3)MC =
W1 −W2

W1
x 100

(4)SI =
W4 −W3

W3
× 100%

(5)TSM% =
W3 −W5

W3
× 100%
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The sessile drop technique was performed at room temperature 
in ambient air. The determination of the static contact angle, ‘θ’, 
at the three-phase line of contact relied on fitting of the drop 
profile, often using the Young–Laplace equation [35]. The mean 
contact angle was measured from 3 different film replicates and 
on 5 points on the surface of each film (for a total of 15 repli-
cates) by analysing the shape of the droplet using OneAttension 
software.

2.6   |   Storage of Smart Labels

2.6.1   |   Conditioning of Films at Various Temperature 
and Humidity Conditions

Considering that the smart labels produced in this research are 
intended for use in environments with high RH (such as fish 
packaging) and are distributed through cold chain systems, it 
is important to investigate the effect of different storage con-
ditions on the final properties of the films [27]. Therefore, con-
trol and smart films were conditioned under three different 
storage temperatures (5°C, 15°C and 25°C) and five distinct 
RH environments (RH 33%, 56%, 75%, 90% and 98%). Most re-
search studies to date have been testing the effect of storage 
temperature of films at 4°C and 25°C [19, 27, 36]. Therefore, 
based on the lack of an intermediate temperature, 15°C was 
chosen to be investigated in the current study. More specifi-
cally, dry films (1 × 5 cm) with five replicates were placed in 
weighing bottles and stored inside five glass desiccators, each 
containing a specific saturated salt solution selected to cre-
ate constant and specific RH within the desiccator. The salts 
used were MgCl2, Mg(NO3)2, NaCl, BaCl2 and K2SO4. Each 
set of five desiccators was placed inside three high-precision 
(±0.2°C) low-temperature incubators (Sanyo MIR 153, Sanyo 
Electric, Ora-Gun, Gunma, Japan) set at 5°C, 15°C and 25°C. 
Equilibrium was achieved after 15 days, at which point the ini-
tial measurements were taken. The storage of the films contin-
ued for a total of 45 days, with measurements described below 
conducted every 15 days.

2.6.2   |   Adsorption Isotherms

Adsorption isotherms were employed to express the amount of 
water absorbed by the samples, in each storage scenario. The 
equilibrium moisture (g water/g dry base) of the samples was 
determined as described below. The water was analysed as 
being divided into two components: the first layer (monolayer) 
and the remaining layers, which were assumed to have uniform 
properties (multilayer). Monolayer moisture (M0) is a critical pa-
rameter of moisture sorption, as it indicates the point at which 
all available binding sites for water molecules are occupied. 
GAB equation (6) was used to fit the experimental data, and the 
parameters of the equation were determined as described by 
Blahovec and Gianniotis [37]. The properties of the remaining 
layers were different from the monolayer and were represented 
by the parameter k of GAB equation (6).

where X is the moisture (g water/g dry base) of the film, aw is the 
water activity, M0 is the monolayer moisture of the film on a dry 
basis and C, k are dimensionless parameters.

2.6.3   |   Colour and Light Barrier Properties of Films 
During Storage

All films stored under different temperature and RH conditions 
were analysed for colour (CIE L*, a* and b*) and light barrier 
properties as described in Section 2.5.1 at different time inter-
vals (15, 30 and 45 days). Light absorbance of the films was mea-
sured in the visible wavelength range (380–730 nm).

2.6.4   |   WS of Films During Storage

TSM % of all films stored under different temperature and RH 
conditions was determined as described in Section 2.5.6 at dif-
ferent time intervals (15, 30 and 45 days).

2.6.5   |   Wettability of Films During Storage

Static contact angle measurement of all films stored under vari-
ous conditions was performed by the sessile drop method using 
Theta Flow Optical Tensiometer (Biolin Scientific, Gothenburg, 
Sweden) according to ASTM D5946 method, as described in 
Section 2.5.7.

2.7   |   Fish Freshness Monitoring

To validate the functionality of the fabricated smart labels, a 
shelf life monitoring experiment was conducted on fresh gilt-
head sea bream (S. aurata) fillets. After cutting the smart films 
into dimensions of 2 × 2 cm two replicates were attached inside 
sterilized packaging pouches (polyethylene/polyamide low-
permeability pouches, 70 μm thick and measuring 15 × 20 cm). 
50 g of fresh gilthead sea bream fillets were also placed inside 
the pouches, which were then sealed and stored for shelf life 
monitoring. All measurements were carried out at appropriate 
time intervals during fish storage.

2.7.1   |   Storage of Fish Under Constant and Variable 
Temperature Conditions

Fish freshness monitoring was conducted under various stor-
age conditions (both more and less favourable conditions to 
fish spoilage) to evaluate the sensitivity of the smart labels in 
detecting different rates of fish spoilage. Therefore, fresh gilt-
head sea bream filets were stored under constant (1.7°C) and 
variable temperature conditions (ranging from 1.3°C to 25.6°C 
and set randomly). Temperature in the incubators was con-
stantly monitored with electronic, programmable miniature 
dataloggers (RC-5 USB Temperature Data Logger Recorder, 
Elitech Ltd, UK). Fish quality level was determined using the 
Arrhenius-based kinetics developed from the data obtained 
from the isothermal experiments. To demonstrate the inte-
grated effect of temperature variability on product quality, 

(6)X =
MO C aw

(

1 − aw
) (

1 − k aw + C k aw
)
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the term effective temperature (Teff) was introduced. Effective 
temperature equals a constant temperature that resulted in 
the same quality value as the variable temperature distribu-
tion over the same period [38].

2.7.2   |   Microbial Growth Measurement

The microbiological aspects of fish spoilage were determined 
throughout the shelf life experiment [39]. Fish skin and flesh 
(10 g) were diluted with 90-mL sterilized Ringer solution into a 
sterile bag using a Stomacher device (BagMixer, Interscience, 
Saint-Nom-la-Breteche, France) for 90 s. For microbial enu-
meration, a volume of 0.1-mL sample homogenate of 10-fold se-
rial dilutions was spread on the surface of appropriate growth 
media in Petri dishes. For total viable count (TVC) enumeration, 
the plates (plate count agar) were incubated at 25°C for 72 h, 
whereas for Pseudomonas spp., plates (cetrimide agar) were in-
cubated at 25°C for 48 h. For Enterobacteriaceae enumeration, 
the pour plate method (violet red bile glucose agar) was used 
with incubation at 25°C for 48 h. Sampling for microbiological 
analysis was performed on experiment days 0, 1, 2, 5, 7 and 9. 
Microbial load was expressed as the average log cfu/g. Two rep-
licates of three appropriate dilutions were enumerated per fish 
sample and spoilage microorganism.

2.7.3   |   pH and TVB-N Content

Physiochemical quality markers, such as pH and total volatile 
basic nitrogen (TVB-N), were determined during the storage of 
fish fillets under all tested storage conditions.

pH of the homogenized fish samples (10 g of fish flesh at 90-mL 
Ringer solution) was measured at room temperature at appro-
priate time intervals using the edge HI2002 pH meter, equipped 
with digital glass body pH electrode (Hanna Instruments Inc.).

TVB-N content was determined using Conway's microdiffusion 
method. 4 g fish flesh sample were added to 16 mL of 4% w/v tri-
chloroacetic acid and homogenized with Ultra Turrax T25 basic 
(IKA-Werke GmbH & Co.), repeatedly at room temperature. The 
sample extract was then filtered through Whatman Grade 4 fil-
ter paper (Whatman plc—Cytiva). One millilitre of the obtained 
supernatant was placed in the outer ring of the Conway appara-
tus, and 1 mL of the inner ring solution (1% boric acid contain-
ing the Conway indicator) was placed into the inner ring of the 
apparatus. Finally, 1 mL of saturated K2CO3 solution was mixed 
with the sample extract. The Conway apparatus was sealed, 
manually shaken and incubated at 37°C for 60 min. The inner 
ring solution was then titrated with 0.02 N HCl using a micro-
burette until the green colour turned to pink. TVB-N content 
was calculated using Equation (7):

where VS is the titration volume of 0.02 N HCl for sample ex-
tract (mL), VB is the titration volume for blank (mL), NHCl is the 
normality of HCl, AN is the atomic weight of nitrogen, WS is 

the weight of muscle sample (g), M is the percentage moisture 
of muscle sample and VE is the volume of 4% TCA used in ex-
traction (mL).

2.7.4   |   In-Package Gas Composition

The in-package gas composition was measured using a gas anal-
yser (Danseonsor, CheckPoint 3) at all sampling points of the 
fish storage experiment.

2.7.5   |   Colour Response of Smart Labels

Colour evaluation of the smart labels was conducted at all sam-
pling points of the fish shelf life experiment to assess their abil-
ity to respond to fish quality alterations. Colour parameters (CIE 
L*, a* and b*) were monitored at each time interval with a colour 
spectrophotometer (i1PRo X-Rite). Total colour difference (ΔΕ) 
and change in colour parameter a, Δa (ainitial–afinal) of the smart 
labels were monitored as described in Section 2.5.2 and calcu-
lated according to Equation (2).

2.8   |   Statistical Analysis

The data obtained during the experimental processes were 
fitted using the Baranyi Growth Model and curve fitting was 
enabled through DMfit 3.5 software (IFR, Institute of Food 
Research, Reading, UK) (available at http://​www.​comba​se.​
cc/​index.​php/​en/​, accessed on 20 January 2025). Significant 
differences for the parameters studied were determined using 
Duncan's multiple range test at a significance level of 95% 
(a = 0.05).

3   |   Results and Discussion

3.1   |   Anthocyanin Characterization

3.1.1   |   Total Anthocyanin Content

Total anthocyanin content of the extract was ~339 mg/L 
cyanidin-3-glucoside equivalents.

3.1.2   |   Anthocyanin pH Responsivity

The pH of the anthocyanins extract was measured and was 
equal to 3.36. The colour variations of anthocyanins in re-
sponse to pH levels are attributed to their structural trans-
formations in different buffer solutions. Table 1 presents the 
change of the colour parameters L, a and b as well as images 
of the extract during exposure to various pH buffer solutions. 
At acidic pH levels from 1 to 3, anthocyanins predominantly 
exist in the form of flavylium cations, which impart red co-
louration. As the pH increases to 4–7, the molecular structure 
transitions to that of the colourless carbinol pseudobase and 
purple quinonoidal base. In the pH range of 7–8, anthocya-
nins are converted into their anionic quinonoidal base form, 
resulting in a blue appearance. At higher alkaline pH levels, 

(7)
TVB−N (mg∕100 g fish)=

(

Vs−Vb
) (

NHCl AN
)

[ (

Ws
M

100

)

+VE

]

100

Ws
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they convert into the chalcone form, which exhibits a yellow 
hue [28, 29]. These characteristic colour changes were also 
observed in anthocyanins extracted from vineyard grapes 
pomace. Different types of anthocyanins present different co-
lour responses to pH, affected by the plant source [40]. Zhai 
et al. [19] extracted anthocyanins from roselles and reported 
slightly different colour change when exposed at pH buffers. 
Specifically, the colour of anthocyanins solutions was pink at 
pH lower than 5 and changed gradually to purple at pH 6–7. 
When the solutions were basic, the colour altered to blue 
and yellow at pH 8–9 and 10–12, respectively. Luchese et  al. 
[41] monitored the colour change of anthocyanins extracted 
from blueberry pomace; the colour became red-pink-purple 
at pH values lower than 5, slightly yellow at pH values 6, 7, 
8, 9 and finally brownish and slightly blue in a pH range of 
7.0–11.0.

The a-value decreased immediately following exposure to in-
creasing pH levels, with the exception of pH 2. This was antic-
ipated, as the initial pH of the extract was 3.36, thus, exposure 
to a lower pH resulted in a slight increase. Parameters a and b 
increased at pH 12, which can be attributed to the orange-yellow 
colouration associated with the chalcone form of the anthocya-
nins [42]. Overall, the grape pomace extract appeared to carry a 
sufficient concentration of anthocyanins and responded appro-
priately to the various pH buffer solutions.

3.2   |   Characterization of Smart Labels

3.2.1   |   Thickness and Optical Properties

The average film thickness was 0.1113 ± 0.0107 mm, whereas 
the control films were slightly thicker with an average thickness 
of 0.1238 ± 0.0118 mm. However, this difference was not statis-
tically significant.

The PVA/starch smart film incorporating anthocyanins is 
depicted in Figure  1A. The colour of the film was rose-red, 
attributed to the inherent colouration of the anthocyanins in-
tegrated into the PVA/starch matrix. The measured colour 
parameters (L, a and b) of the smart labels were 50.11 ± 4.68, 
48.87 ± 4.84 and −5.53 ± 0.55, respectively. Comparable findings 
have been reported by several researchers regarding the colour 
of smart labels composed of PVA, starch and anthocyanins ex-
tracted from various natural sources [16, 43, 44].

Another important optical property assessed was light trans-
mittance, which provided insights into the film's ability to block 
light (Figure 1B). Transmittance was evaluated within the visible 
wavelength range (380–730 nm) and exhibited high values for the 
PVA/starch films (exceeding 65%), particularly beyond 400 nm, in-
dicating the transparency and optical clarity of the control films. 
This observation was further supported by the colour parameters 
(L = 88.03 ± 1.52, a = −0.68 ± 0.03 and b = −5.02 ± 0.23), which are 
characteristic of a colourless and transparent film. The smart la-
bels displayed lower transmittance within the visible wavelength 
range, possibly due to the incorporation of the extracted antho-
cyanins that reduced their transparency and provided an intense 
colouration (an innate characteristic of anthocyanins). There was 
a sharp reduction in light transmittance of smart labels around 
560–580 nm, which is attributed to the absorption spectrum of the 
anthocyanins, which falls between 450 and 580 nm [45]. A simi-
lar decreasing trend in light transmittance, along with a slight in-
crease up to 700 nm, has also been reported in previous studies on 
anthocyanin-incorporated smart labels [31, 46].

3.2.2   |   pH Responsivity of Smart Labels

The fabricated smart labels were exposed to pH buffer solutions 
ranging from pH 2 to 12 in order to evaluate their pH-dependent 
colour response. A rapid colour change was observed within 

TABLE 1    |    Colour parameters and digital images of the anthocyanin extract exposed to pH buffer solutions.

pH L a b Image

Control 26.96 ± 2.28b 43.87 ± 1.71d 30.84 ± 2.34e

2 27.90 ± 2.16b 45.53 ± 2.32d 34.93 ± 2.12e

5 41.86 ± 1.36d 19.37 ± 0.36c 11.96 ± 0.91d

6 31.59 ± 1.89bc 17.71 ± 2.04c 8.28 ± 0.74c

7 25.85 ± 2.04b 12.51 ± 0.89b 5.72 ± 0.02b

8 15.64 ± 0.85a 6.40 ± 1.38a 2.43 ± 0.03a

12 35.01 ± 2.45c 20.78 ± 1.53c 43.58 ± 1.89f

Note: Data are expressed as mean ± standard deviation. Values with different superscripts in the same column (a–f) indicate statistically significant difference, as 
determined by Duncan's multiple range test (p ≤ 0.05).
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approximately 1 min following the immersion of the labels in 
each pH buffer solution. The initial colour of the films was char-
acterized by a pinkish-red hue (high a-value and low b-value), as 
shown in Figure 2. In the acidic pH range (pH 2–4), the a-value 
remained elevated, although it exhibited a gradual decline. The 
reddish hue gradually shifted to a more colourless or light purple 
hue upon exposure to intermediate pH values (5–7), which sub-
sequently transitioned to light green at pH 8–9 and ultimately 
blue at pH 10–12. Figure 3A illustrates that the a-value, initially 
measured at 41.93, started to decrease at pH 3, with the rate of 
decline becoming pronounced until reaching a plateau between 

pH 7 and 9 (approximately 3), before ultimately decreasing to a 
lower value of −2.33. In contrast, the b-value, which began at 
−4.15, exhibited a slower yet visible upward trend as the films 
were exposed to an increasing pH, with a final value of −0.25. 
These changes are reflected in the final appearance of the film, 
which displays a pure blue colour.

Overall, as illustrated in Figure 3B, the total colour difference 
(ΔE) of the smart labels exceeded 3 and progressively increased 
with rising pH, ultimately reaching a final ΔE value of 39.37. 
This indicates that the smart labels were sufficiently responsive 

FIGURE 1    |    (A) PVA/starch/anthocyanin-based smart label and (B) light transmittance (%) of films with and without the incorporation of 
anthocyanins.

FIGURE 2    |    Digital images of the smart labels exposed to pH buffers solutions (2–12).

FIGURE 3    |    (A) Schematic presentation of the colour parameters L (lightness), a (greenness/redness) and b (yellowness/blueness) and (B) total 
colour difference (ΔΕ) after exposure of smart labels to pH 2–12 buffer solutions.
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and could provide a clear indication of pH variation. Similar ΔΕ 
values have been reported for smart labels based on anthocya-
nins obtained from other natural sources, such as sweet potato 
[47] and flowering plants [48].

To further investigate the pH-sensitive properties of the labels 
following the immobilization of the anthocyanin extract within 
the PVA/starch matrix, the total colour difference (ΔE) of the 
labels was compared to the corresponding value of the pure ex-
tract. The results, given in Figure 4, indicate that the highest ΔE 
values were observed when the pure anthocyanin extract was 
subjected to pH buffer solutions, as anticipated. However, the 
ΔE values for both the pure extract and the smart labels were 
relatively close and at elevated levels, demonstrating that the in-
corporation of a reactive natural pigment, such as anthocyanins, 
into a biopolymer matrix did not compromise its pH-dependent 
colour-changing ability.

3.2.3   |   Sensitivity to Volatile Amines

As fish products begin to spoil, trimethylamine oxide (TMA-O), 
an osmolyte naturally present in fish, is enzymatically decom-
posed into DMA and TMA. Elevated concentrations of DMA, 
TMA and ultimately NH3 are associated with the undesirable 
‘fishy’ taste commonly encountered in stale fish products [49]. 
Therefore, the presence of these volatile compounds serves as 
an indication of fish spoilage, prompting the assessment of the 
smart labels to evaluate their response time. The smart labels 
were exposed to varying concentrations (0.002–1 M) of TMA, 
DMA and NH3 solutions. The films exhibited colour changes 
under all tested conditions, as shown in Table 2.

The freshness stage of the fish (‘fresh’, ‘moderate’ and ‘spoilt’) 
was determined using the known mean spoilage threshold of 
NH3 (35 mg/100 g fish) produced during spoilage of fish and 
comparing it with the concentrations of NH3 used in this sensi-
tivity analysis [50]. To calculate the molarity of NH3 correspond-
ing to a spoilage threshold of 35 mg per 100 g of fish, a theoretical 
approach was employed. The NH3 mass was first converted to 
moles using its molecular weight (17.03 g/mol), yielding ap-
proximately 2.056 × 10−3 mol. Considering that fish tissue is ap-
proximately 70% water by weight, the molarity was calculated, 

resulting in a concentration of approximately 0.0293 M. This 
concentration was used as a reference for simulating fish spoil-
age in the label sensitivity evaluation. This NH3 concentration 
corresponds to a colour change similar to the one provided be-
tween 0.02 and 0.2 M NH3. According to Table 2, at the point 
of the expected fish spoilage, the colour of the smart label has 
turned from reddish-pink to colourless green.

To further understand the responsiveness of the smart labels to 
each volatile amine, a schematic comparison of the total colour 
difference (ΔΕ) is presented in Figure 5. Upon exposure to TMA 
and DMA, the smart labels demonstrated similar colour changes 
in terms of ΔΕ values; however, the colouration of the labels ex-
posed to DMA appeared more intense (Table 2). The exposure of 
the labels to NH3 solutions resulted in higher colour difference 
values (approaching 60) at all the tested concentrations, with 
the exception of the lowest (0.002 M). This phenomenon can be 
attributed to the intermolecular interactions affecting the vola-
tility of each compound. NH3 molecules are smaller and more 
polar, forming stronger hydrogen bonds due to the presence of 
an electronegative nitrogen atom and hydrogen atoms directly 
bonded to it. In contrast, TMA does not form hydrogen bonds, as 
its hydrogens are attached to carbon atoms, which are less polar.

In general, this test indicated that the fabricated smart labels 
were capable of sensing progressively increasing concentrations 
of volatile amines, which was reflected in an observable increase 
in colour change from reddish-pink to colourless-pale pink and 
finally to light green and yellowish-brown. The colour change of 
the smart labels was clearly visible within the first minute of the 
experiment and continued to intensify over time. Ameri et al. 
[51] in their study regarding the development of a colourimet-
ric indicator based on black rice anthocyanin and polyethylene 
terephthalate performed a similar sensitivity test to TMA, DMA 
and ammonium hydroxide. They reported a transition in the 
film's colour, progressing from a red hue to a deep purple/blue 
shade and to a light brown/dark yellow tone.

3.2.4   |   Microstructure Characterization

The films microstructure was examined using SEM at a mag-
nification of 5000× (Figure  6A,C), employing an ETD in 

FIGURE 4    |    Schematic comparison of the total colour difference (ΔΕ) observed after the exposure of the anthocyanin extract and the smart la-
bels containing anthocyanin extract to pH 2–12 buffer solutions. Values with different superscripts (a, b) were significantly different as shown by 
Duncan's multiple range test (p ≤ 0.05).
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combination with HiVac mode to enable the detection of sec-
ondary electrons and to produce images of ultra high-resolution. 
PVA and starch appear to have bonded adequately, as proven 
from the homogenous surface of the control film. The blurred 
interface between the two polymers suggests the presence 
of strong bonding interactions. Tian et  al. [52] and Patil et  al. 
[15] have conducted comprehensive studies on the interactions 
between starch and PVA blends, reporting similar findings re-
garding the surface and cross-sections of the composite films. 
Concerning the PVA/starch/anthocyanin films, the SEM mi-
crographs revealed adequate dispersion of the natural extract 
within the polymer matrix. A few small but evenly distributed 
micropores observed on the film surface indicate slight surface 
separation; however, the overall miscibility remained good. The 
compatibility of the materials was further confirmed through 
cross-section images at 1000× magnification (Figure  6Β,D). 
The cross-sections confirmed the uniformity of the structure of 

PVA/starch/anthocyanin films and highlighted a slight separa-
tion phase within the PVA/starch films, which displayed some 
pores and folds. The folds revealed at the cross-sections of the 
PVA/starch films, which were not present in the PVA/starch/
anthocyanin films, may suggest that anthocyanins acted as a 
cross-linking agent and reduced the phase separation. Qin et al. 
[29] studied the incorporation of anthocyanins on PVA/starch 
blends and stated that by incorporating compounds with pH 
sensitive charges such as anthocyanins could improve the mis-
cibility of dissimilar polymers, as the counterions contribute to 
mixing entropy, promoting better compatibility.

3.2.5   |   FT-IR

FT-IR spectroscopy (4000–600 cm−1) was used to explore the 
physicochemical structure and intermolecular interactions 

FIGURE 5    |    Schematic comparison of the total colour difference (ΔΕ) observed after the exposure of the smart labels to different concentrations of 
TMA, DMA and NH3. Values with different superscripts (a, b, c, d) were significantly different, as shown by Duncan's multiple range test (p ≤ 0.05).

TABLE 2    |    Digital images of the smart labels exposed to varying concentrations of TMA, DMA and NH3 displaying the colour response and the 
anticipated freshness stage of the fish determined based on the NH3 concentration.
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between the polymers and the anthocyanins (Figure 7). The 
absorption band around 3200–3500 cm−1 shows the O–H 
stretching. Both PVA/starch and PVA/starch/anthocyanin 
film spectra revealed broad O–H stretching bonding in the 
region of 3275–3277 cm−1, which is a strong indicator of hy-
drogen bonding. The PVA/starch/anthocyanin film showed a 
3275 cm−1 peak, which was shifted compared to the pure PVA/
starch peak at 3277 cm−1. This shift indicates that the incor-
porated anthocyanins are likely bonded to PVA and starch 
through hydrogen bonding, thus resulting in a denser poly-
meric structure.

The peak value at 2930 cm−1 that is associated with both PVA 
and starch reinforces the aliphatic C–H stretching. It serves as 
an indicator of the presence of the polymer backbone. The PVA/
starch/anthocyanin film features a 2930 cm−1 peak value that 
is slightly higher than pure PVA/starch (2921 cm−1). This small 
modification of the peak could be attributed to the introduction 
of anthocyanins within the polymer structure.

The band at 1651 cm−1 (C=O and C=C stretching) found in PVA/
starch/anthocyanins but not in the pure PVA/starch film likely 
corresponds to C=O stretching (carbonyl groups), along with 
C=C vibrations from anthocyanins, and shows that anthocya-
nins are successfully incorporated in the polymer matrix. This 
confirms that all anthocyanins contain a conjugated carbonyl 

ring and an aromatic ring. Wang et  al. [53] reported similar 
peaks in their smart films containing anthocyanins, such as 
C=C aromatic ring stretching vibrations around 1640 cm−1. 
The peak at 1734 cm−1 in the PVA/starch film probably comes 
from the leftover acetate groups in PVA. As there was no peak 
at 1734 cm−1 in the PVA/starch/anthocyanin film, anthocyanin 
interactions might have changed or lessened the remaining ac-
etate groups in PVA.

The peak at 1419 and 1335 cm−1 correspond to CH2 bend-
ing vibration in PVA and starch molecules, respectively. The 
1335 cm−1 band could be related to any C–O–H deformation 
of starch. In PVA/starch/anthocyanin film, peaks appeared at 
1419 cm−1 in addition to 1335 cm−1, whereas in pure PVA/starch 
film, peaks occurred at 1372 cm−1 along with 1247 cm−1. These 
shifts clearly indicate structural modifications as anthocyanins 
were fully incorporated in the polymer matrix, affecting the 
way starch interacted with PVA molecules. According to Pereira 
et al. [54], changes that appear in the region of 1500–1600 cm−1 
with a clear increase in the intensity of the bands in this region 
indicate the successful incorporation of anthocyanins into the 
polymer matrix.

Both film categories showed a peak around 998–994 cm−1, and 
this relates to C–O–C stretching. The starch glycosidic linkages' 
C–O vibrations and C-C stretching of C–O–C groups usually 

FIGURE 6    |    SEM photographs of the surface (A) and cross-sections (B) of the PVA/starch (control) films and surface (C) and cross-sections (D) of 
the PVA/starch/anthocyanin films.
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result in the appearance of this peak around 1000 cm−1 [52], in-
dicating the existence of polysaccharides in the film matrix. The 
shift from 994.7 to 998.7 cm−1 in the PVA/starch/anthocyanin 
film suggests that anthocyanins possibly interacted with starch 
through the hydroxyl groups.

Overall, both spectra revealed a homogeneous polymer network, 
which is crucial for film integrity and functional properties. 
Hydrogen bonding was stronger in the PVA/starch/anthocyanin 
films, as evidenced by the slight shift in the O–H stretching peak 
(~3275 cm−1), indicating that anthocyanins formed stronger in-
termolecular interactions with the film matrix, a finding that is 
also supported by SEM analysis. This could be explained by the 
fact that anthocyanins' hydroxyl groups formed hydrogen bond-
ing interactions with the hydrophilic groups of starch, PVA and 
glycerol [29]. Several researchers have reported similar struc-
tural changes following the incorporation of anthocyanin into 
films [37, 55].

3.2.6   |   MC, WS and SI

The fabricated films were evaluated for physical properties, in-
cluding MC, WS and SI, to determine the water interactions of 
the molecules and their potential impact on the functional prop-
erties of the labels. The results obtained are presented in Table 3.

The control films consisting of PVA and starch presented a 
high SI, possibly attributed to the high degree of swelling 
exhibited by PVA in water [56]. PVA molecules swell con-
siderably because of their hydrophilic hydroxyl groups, non-
crystalline structure and ability to form hydrogen bonds with 
water [57]. These interactions lead to the absorption and re-
tention of water by multiple polymer chains, leading to sig-
nificant expansion. The incorporation of the anthocyanin 
extract into the PVA/starch matrix resulted in a decrease in 
the SI of the films; however, it did not appear to affect WS, as 
the difference was not statistically significant. This finding is 
consistent with observations reported by numerous research-
ers regarding the incorporation of anthocyanin extracts into 
water-soluble membranes [58, 59]. For example, Jayakumar 
et al. [60] studied the swelling capacity of PVA/chitosan smart 
films and found that it decreased sharply from 209.5 ± 0.4 to 
67.9 ± 0.5 after the incorporation of sweet purple potato antho-
cyanins into the polymer matrix. The incorporation of antho-
cyanins into the films considerably increased the number of 
cross-linking points between the polymer chains, because an-
thocyanins possess numerous hydroxyl groups that can form 
hydrogen bonds with the polymer chains [61]. This observa-
tion was also evident in the FT-IR analysis of the films. The 
restriction of chain movement reduced the polymer's ability 
to expand and absorb significant amounts of water, leading 

FIGURE 7    |    FT-IR spectra of PVA/starch (control) (A) and PVA/starch/anthocyanin (B) films.

TABLE 3    |    MC (%), TSM (%) and SI (%) obtained for control and 
smart labels.

Sample MC % TSM % SI %

PVA/starch 
(control)

11.52 ± 0.9b 74.18 ± 3.88a 183.24 ± 7.88b

PVA/starch/
anthocyanin

9.21 ± 0.6a 70.67 ± 4.88a 47.69 ± 1.63a

Note: Values are expressed as mean ± standard deviation. Values with different 
superscripts in the same column (a, b) were significantly different as shown by 
Duncan's multiple range test (p ≤ 0.05).
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to a lower swelling degree. A lower SI indicates lower water 
absorptivity and thus higher stability of the smart labels. As 
for the WS of the films, it was found comparably higher than 
similar smart films based on red grape skins anthocyanins, 
probably attributed to the polymers selected. Specifically, Ran 
et  al. [36] in their study about pH-colourimetric films based 
on soy protein isolate/ZnO nanoparticles and grape-skin red 
reported WS values ranging between 22.2% and 27.2% with 
the addition of anthocyanins significantly decreasing the WS. 
A slight decrease in WS after anthocyanins incorporation was 
also observed in this work, but it was not found statistically 
significant, possibly due to the fact that anthocyanins have a 
less pronounced effect on WS compared to the primary film-
forming components, PVA and starch.

3.2.7   |   Wettability

The water contact angle (WCA) is generally considered a precise 
index of the wettability of a film [62]. WCA values lower than 
90° characterize materials as hydrophilic, whereas values higher 
than 90° indicate hydrophobic materials. Figure 8 presents the 
wettability of the control (A) and smart labels (B), which exhib-
ited WCA values of θc = 82.78° ± 8.10° and θs = 82.39° ± 7.44°, 
respectively.

Both film categories (with and without anthocyanin extract) 
demonstrated a moderately hydrophilic profile (θ < 90°), which 
is in agreement with the WS results. Although both PVA and 
starch are hydrophilic polymers, the WCA values were relatively 
close to 90°. Similar findings were reported by Patil et al. [15], 
who noted WCA values of PVA/starch membranes that were 
slightly below 90°. That observation may be attributed to sur-
face factors such as the surface roughness [63]. In the case of 
smart labels, the WCA could also be explained by the incorpo-
ration of anthocyanins, which may have partially functioned as 
a cross-linking agent and blocked several hydrophilic groups 
of the polymer matrix, reducing the bonding with water mole-
cules [20]. On the other hand, partial hydrophilicity is a desired 

feature because it facilitates the rapid diffusion of hydrogen ions 
and hydroxide ions into the fibrous structure and interacts with 
anthocyanins, resulting in colour responses to different pH val-
ues [64]. Overall, these results are encouraging, as they suggest 
low porosity of the films (indicating that droplets do not pene-
trate easily) and relatively reduced wettability.

3.3   |   Storage of Smart Films

3.3.1   |   Adsorption Isotherms of Films During Storage

The moisture sorption isotherms of all the films stored under 
different conditions exhibit sigmoidal curves, characterized by a 
gradual initial increase in moisture at low water activity values 
(aw < 0.7) and an exponential increase at higher water activity 
values (aw > 0.75). Storage temperature appeared to influence 
the moisture sorption of smart labels, with the films stored in 
lower temperatures demonstrating greater adsorptive capacity, 
especially in higher aw environments (aw > 0.75). At a storage 
temperature of 25°C, the incorporation of the anthocyanin ex-
tract affected the sorption behaviour of the films by increasing 
the moisture sorption (g water/g dry base) in all tested aw envi-
ronments. Similar results were observed at 15°C, except for the 
aw = 0.9 storage environment, where control films appeared to 
be more adsorptive. For the samples stored at 5°C, smart labels 
were more adsorptive than the control ones after the aw = 0.34 en-
vironment. The adsorption isotherms are displayed at Figure 9.

GAB model was used to describe experimental data to better 
understand the moisture sorption of the films. GAB equation 
has a similar form to Brunauer–Emmett–Teller (BET) equation, 
with an extra constant, k, which improves adaptation to a wider 
range of moisture contents than BET (aw > 0.9). Therefore, given 
the values of the k parameter were close to 1 (0.92 < k < 1), both 
models could adequately describe the current experimental 
data. All the GAB parameters are presented in Table 4. The R2 
coefficients (≥ 0.95) reveal that the GAB model described satis-
factorily the adsorption of water in all tested films.

FIGURE 8    |    WCA of the control (A) and smart labels (B) provided by the Theta Flow Optical Tensiometer camera.
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The monolayer value (M0) represents the approximate amount 
of water required to form a layer of one molecular thickness on 
the highly polar groups of the dry film (approximately 1 mol of 
water per mole of highly polar groups). This water is immobile, 
cannot serve as a solvent and behaves as part of the solid [37]. 
Small M0 values indicate a limited number of active sites avail-
able for water binding [65]. The highest M0 value was obtained 
in the smart labels stored at 5°C, which may be attributed to the 
enhanced interactions between water molecules and the film 
structure at lower temperatures, leading to higher monolayer 
values. Several researchers have reported that the GAB mono-
layer value tends to decrease with increasing temperature [66].

The C constant in the GAB model is related to the difference 
in free enthalpy between the molecule in the first layer and 
those in subsequent layers. This parameter offers a quantitative 

assessment of the binding energy differences between multilayer 
adsorption and condensation. The incorporation of anthocya-
nins into the PVA/starch matrix did not appear to significantly 
affect the C constant, except for the films stored at 5°C, where 
the smart labels displayed a statistically significant lower C 
value, indicating a weaker binding force of water to the materi-
als. This phenomenon may be attributed to the fact that antho-
cyanins occupied or blocked some of the primary water-binding 
sites on the starch or PVA molecules, a finding that has been also 
reported by other researchers for chitosan/anthocyanin smart 
films, where anthocyanins were also extracted from grapes [67].

In general, the sorption isotherm experiments highlighted the 
importance of storage conditions for films based on biodegrad-
able materials, such as starch and PVA, which are inherently 
hydrophilic. Both RH and temperature influenced significantly 

FIGURE 9    |    Moisture sorption isotherms of the control and smart labels at all storage conditions (5°C, 15°C and 25°C).

TABLE 4    |    GAB model parameters for control and smart labels at all storage temperatures (M0 represents the monolayer value in g water/g solids, 
and C and k are the GAB constants).

Storage temperature Sample type M0 k C R2

5°C Control 0.0146 ± 0.0015bc 0.97 ± 0.03a 2.75 ± 0.28a 0.99

Smart labels 0.0181 ± 0.0011d 0.98 ± 0.04a 2.72 ± 0.09a 0.98

15°C Control 0.0116 ± 0.0012a 0.99 ± 0.01a 4.64 ± 1.39bc 0.97

Smart labels 0.0135 ± 0.0012ab 0.98 ± 0.01a 6.82 ± 1.55cd 0.99

25°C Control 0.0165 ± 0.0021cd 0.92 ± 0.05a 7.22 ± 1.16d 0.95

Smart labels 0.0167 ± 0.0013cd 0.99 ± 0.01a 3.92 ± 0.35b 0.95

Note: Values are expressed as mean ± standard deviation. Values with different superscripts in the same column (a, b, c, d) were significantly different as shown by 
Duncan's multiple range test (p ≤ 0.05).
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the stability of the films and consequently, their shelf life. After 
45 days of storage, it was evident that the shelf life of the films 
was reduced when stored under lower temperature and higher 
RH conditions due to the increased moisture sorption capacity, 
which accelerated the rate of deterioration of the films.

3.3.2   |   Colour and Light Barrier Properties of Films 
During Storage

Control films and smart labels were stored at three different 
temperatures (5°C, 15°C and 25°C) and five RH (33%, 56%, 75%, 
90% and 98%) environments for 15, 30 and 45 days. At prede-
termined time intervals, films (with 5 replicates) were removed 
from each storage environment and evaluated for their visual 
properties. The light absorbance results for the PVA/starch and 
PVA/starch/anthocyanin films under all storage conditions are 
presented in Figures 10 and 11, respectively.

It is evident from Figure  10 that during the 45-day storage of 
PVA/starch films, a slight increase in light absorbance was ob-
served, which correlated with the duration of storage. The opti-
cal parameters of the films were expected to change as a result 
of the light scattering caused by water uptake. Because the films 
under higher humidity conditions absorbed more water, the 
light absorbance also increased. At 5°C, this finding was partic-
ularly pronounced at the end of the storage period (45 days) for 
films stored at RH 90% and 98%, a finding that is consistent with 
the adsorption isotherms. Practically, this implies that the con-
trol films became opaquer and absorbed more light as a result of 
increased water uptake.

It is known that anthocyanins have two characteristic absorp-
tion peaks at a wavelength region of 260–280 nm (UV light) and 

490–550 nm (visible light). The intensity of the absorption of the 
films under each storage condition (aw-temperature) can provide 
important insight into the colour retention and integrity of the 
smart labels. Generally, the highest light absorbance was ob-
served at lower aw conditions, regardless of the storage tempera-
ture. When stored at the highest aw environment (98%), the smart 
labels that retained their colour intensity most adequately were 
those stored at 25°C, whereas at RH 90% the film colour was 
retained similarly at both 15°C and 25°C. At the end of the stor-
age period (45 days) at 5°C, the highest light absorbance around 
the wavelengths corresponding to anthocyanin absorption was 
noted at the films stored at RH 56% > 33% > 75% > 90% > 98%. 
This indicates that the smart labels stored at 5°C begin to lose 
their colour intensity when kept in higher RH environments. 
Ran et al. [36] in their study about colourimetric films based on 
soy protein isolate/ZnO nanoparticles and grape-skin red ob-
served that films stored at 4°C exhibited superior colour stabil-
ity than films stored at 25°C, a finding that was consistent with 
the results of Sinela et al. [68]. However, these studies did not 
include intermediate temperatures. The current study suggested 
that better colour preservation of the smart labels was observed 
at the intermediate storage temperature of 15°C, especially 
for films stored in environments with increased RH. Relevant 
research by Zhai et  al. [19] investigated the colour stability of 
smart PVA/starch/anthocyanin films stored for 14 days at 4°C 
and 25°C under 75% RH, concluding that colour was more ef-
ficiently maintained at 4°C, albeit with only a small difference 
from 25°C.

3.3.3   |   WS of Films During Storage

During the storage experiment, TSM % of all films was mea-
sured at 15, 30 and 45 days to determine how the different 

FIGURE 10    |    Light absorbance of PVA/starch films stored at different temperatures (5°C, 15°C and 25°C) and RH conditions (33%, 56%, 75%, 90% 
and 98%) after 15, 30 and 45 days of storage.
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storage conditions affected the films WS. Figure 12 presents the 
TSM % for control and smart labels stored at 5°C, 15°C and 25°C 
under RH conditions of 33%, 56%, 75%, 90% and 98%.

During the first 15 days of storage at 5°C, all films exhibited a 
decrease in TSM % as the RH of storage increased (i.e., TSM of 
smart labels was 75% at RH 33% and decreased to 36% at RH 
98%). For control films stored at 15°C and 25°C, the TSM % val-
ues did not vary significantly between the two temperatures, ex-
cept for the ones stored at RH 56%, where WS was considerably 
higher at 25°C. For smart labels stored at 15°C and 25°C, the 
TSM % values showed statistically significant differences only in 
the 90% and 98% RH environments, with TSM % values nearly 
doubling at 25°C.

After 30 days of storage, the solubility of the control films did not 
differ significantly between the three storage temperatures but 
was enhanced compared to the first 15 days of storage. Regarding 
the smart labels, the TSM % values at 5°C and 25°C did not dif-
fer significantly and were relatively higher than those recorded 
during the initial 15 days of storage. The smart labels stored at 
15°C presented the lowest WS values (approximately 50% TSM), 
apart from the ones stored at 98% RH environment (80% TSM).

After 45 days, both control and smart labels displayed reduced WS 
compared to 15 and 30 days of storage. The high peak of TSM % at 
30 days of storage, observed at all storage conditions, may be at-
tributed to the amount of water that films had absorbed at that 
time. According to several researchers [47, 69], higher WS is antici-
pated when films have not yet reached the maximum water uptake, 
as this allows the polymer chains to disperse in the surrounding 
water. The TSM % values suggest that at 30 days of storage, the 
films had not yet reached the maximum water uptake threshold. 

After 45 days, the films absorbed a greater amount of water, lead-
ing to lower WS. Once again, films kept at 15°C displayed the most 
uniform TSM % values, regardless of the RH environment.

3.3.4   |   Wettability of Films During Storage

WCA measurements were conducted during film storage to in-
vestigate the effect of the storage conditions on the wettability of 
the films. Figure 13 illustrates the WCA values of both control 
and smart labels obtained during the storage experiment where 
the respective water droplets depicted on top of each WCA bar 
for visual comparison.

In general, films conditioned in lower RH environments 
(aw < 0.75) appeared to be more hydrophobic (θ > 90°). In the 
case of control films, storage RH appeared to be the dominant 
factor for film wettability, having a clear negative correlation 
with WCA values at all tested temperatures (downward trend of 
WCA values when increasing aw). At 90% and 98% RH environ-
ments, control films at all tested temperatures were significantly 
more hydrophilic (θ around 45°–60°) than the respectively con-
ditioned smart labels (θ around 65°–80°). Smart labels did not 
present significant variances in the distribution of WCA val-
ues between the tested aw storage conditions at 5°C and 15°C. 
However, smart labels stored at 25°C were found to be more hy-
drophilic at higher (90% and 98%) RH environments. At the end 
of the storage period (45 days), the smart labels were slightly less 
hydrophobic than at 15 and 30 days of storage. However, overall, 
the storage duration did not appear to have a clear and signifi-
cant effect on the wettability of the films, as no statistically sig-
nificant differences were observed for the smart labels stored for 
15 and 30 days or for any of the control films.

FIGURE 11    |    Light absorbance of PVA/starch/anthocyanin films stored at different temperatures (5°C, 15°C and 25°C) and RH conditions (33%, 
56%, 75%, 90% and 98%) after 15, 30 and 45 days of storage.
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3.4   |   Fish Freshness Monitoring

3.4.1   |   Storage of Fish Under Constant and Variable 
Temperature Conditions

Fresh gilthead sea bream (S. aurata) fillets were stored for 
9 days at constant (isothermal) and variable temperature 
conditions. Figure  14 presents the time–temperature pro-
files for both storage conditions during the fish shelf life 
experiments.

The quality parameters associated with the constant stor-
age temperature (1.7°C) and variable temperature conditions 
(0°C–25°C) of fish stored in sealed pouches with smart labels 
attached inside the headspace of the pouches are presented and 
discussed below.

3.4.2   |   Microbial Growth

The initial microbial load of the fish samples expressed by total 
viable counts (TVC) was 3.78 log cfu/g (day 0) and reached 
7.62 ± 0.3 log cfu/g at storage day 9 at constant temperature con-
ditions, whereas for variable storage conditions, TVC reached 
7.37 ± 0.3 log cfu/g at storage day 7. Pseudomonas spp. exhibited 
a significantly higher growth rate in fish fillets stored under 
variable temperature conditions (1.103 ± 0.052 d−1) compared 

to constant temperature conditions (0.348 ± 0.011 d−1), as de-
termined by the Baranyi model, which was used to fit the mi-
crobial growth curves and assess growth kinetics. However, 
following oxygen depletion inside the package (after Day 5), 
Pseudomonas spp. populations were eliminated, allowing for 
the rapid proliferation of other anaerobic microorganisms, such 
as Enterobacteriaceae [70]. The effective temperature, Teff, de-
termined by Arrhenius kinetics for the variable storage condi-
tions of fish was 6.15°C. Growth kinetics for all microorganisms 
(R2 > 0.90) are presented in Table 5.

Considering the acceptable limits for microbial contamination 
of 7 log cfu/g for TVC [71], the shelf life of sea bream fillets 
stored isothermally at 1.7°C was calculated as 7–8 days, whereas 
for fillets at variable conditions the shelf life was 5–6 days. 
Figure 15 presents the growth curves of spoilage microorgan-
isms throughout the storage test of gilthead sea bream fillets. 
Based on the calculated log cfu/g of the microorganisms, the 
characterization ‘fresh’ (< 4 log cfu/g), ‘moderate’ (4–7 log cfu/g) 
and ‘spoilt’ (> 7 log cfu/g) was used for describing the freshness 
state of the fish fillets [72].

3.4.3   |   pH and TVB-N Content

The pH of fish flesh varied between 6.5 and 6.7 for both stor-
age conditions. A slight decrease in pH was observed during the 

FIGURE 12    |    TSM % of PVA/starch (control) and PVA/starch/anthocyanin (smart) films stored at different temperatures (5°C, 15°C and 25°C) 
and RH conditions (33%, 56%, 75%, 90% and 98%) after 15, 30 and 45 days of storage. Values with different superscripts (a, b, c, d) in each figure were 
significantly different as shown by Duncan's multiple range test (p ≤ 0.05).
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initial hours of storage (24-40 h), possibly attributed to autolytic 
reactions occurring within the fish flesh. The pH then increased 
progressively from 6.58 to 6.67 as the fish spoiled up to approxi-
mately 6–7 storage days. From Days 7 to 9, another pH decrease 
in pH was observed (6.56), primarily due to the accumulation of 
CO2 in the package, which temporarily produced carbonic acid 
upon reacting with water molecules (as in-package moisture 

increased during fish storage), but also due to the proliferation 
of lactic acid bacteria accumulation [73].

TVB-N associated with volatile amines produced during fish 
spoilage such as TMA, DMA, and NH3 was initially calculated 
at 7.29 mg/100 g and increased gradually during storage, reach-
ing 23.50 and 25.80 mg/100 g by day 9 of storage at constant and 

FIGURE 13    |    WCA of control and smart labels stored at different temperatures (5°C, 15°C and 25°C) and RH conditions (33%, 56%, 75%, 90% and 
98%) after 15, 30 and 45 days of storage provided by the Theta Flow Optical Tensiometer camera. On top of each WCA measurement bar, the respec-
tive droplet is presented. Values with different superscripts (a, b, c, d) in each figure were significantly different as shown by Duncan's multiple range 
test (p ≤ 0.05).

FIGURE 14    |    Temperature fluctuations during the 9-day storage period of fish at constant (1.7°C) (A) and variable (B) temperature conditions for 
fish shelf life monitoring.
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variable temperatures. TVB-N values of fish fillets were gener-
ally higher at all time intervals during storage at variable tem-
perature, indicating faster spoilage rates.

3.4.4   |   In-Package Gas Composition

The composition of the in-package headspace underwent contin-
uous changes during fish spoilage (Figure 16). The O2 concentra-
tions decreased from 20.95% on storage day 0 to 1.45% at the end of 
storage (Day 9) under constant temperature conditions, followed 
by a characteristic increase in CO2 concentrations, which rose 
from 0.93% on Day 0 to 6.8% on Day 9. At the end of the storage 

period under variable temperature conditions, the O2 and CO2 
concentrations were 0% and 10.85%, respectively. The increase in 
CO2 is attributed to microbial metabolic activity, which was more 
pronounced in fish stored under variable temperature conditions, 
resulting in a faster increase in headspace CO2 (e.g., on Day 6 of 
storage, CO2 concentrations were 4.9% and 12.1% at constant and 
variable storage conditions, respectively).

3.4.5   |   Colour Response of Smart Labels

The smart labels exhibited a significant colour change during 
fish storage under both storage conditions, transitioning from 

TABLE 5    |    Baranyi parameters (i.e., k = growth rate (d−1), Nmax = maximum population at the end of storage (log cfu/g) and R2 = coefficient of 
determination) of microbial growth in sea bream fillets stored under constant (1.7°C) and variable (0°C–25°C) conditions.

Storage temperature Microorganism k (d) Nmax (log cfu/g) R2

Constant (1.7°C) TVC 0.445 ± 0.025 9.14 ± 0.70 0.996

Pseudomonas spp. 0.348 ± 0.011 5.79 ± 0.41 0.901

Enterobacteriaceae 0.714 ± 0.068 8.16 ± 0.82 0.929

Variable TVC 0.634 ± 0.044 10.44 ± 0.59 0.926

Pseudomonas spp. 1.103 ± 0.052 6.56 ± 0.55 0.904

Enterobacteriaceae 0.520 ± 0.050 8.47 ± 0.49 0.934

FIGURE 15    |    Microbial growth of TVC and Enterobacteriaceae during storage of gilthead sea bream fillets at constant (1.7°C) and variable tem-
perature conditions.

FIGURE 16    |    Headspace composition during storage at constant (1.7°C) and variable temperature conditions of gilthead sea bream fillets.
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pinkish-red on day 0 to light purple (colourless), then to light 
green, and finally to pale bluish-grey by Day 9. As indicated by the 
colour measurements of the smart labels, the a-value (reflecting 
the red hue) consistently decreased during the storage experiment, 
with a more pronounced decline observed under variable storage 
conditions. Specifically, the a-value decreased from 52.95 on Day 0 
to 32.11 and 19.94 under constant and variable temperature condi-
tions, respectively, with the latter corresponding to a faster spoil-
age of the fish. The colour parameter b (reflecting the yellow hue) 
in the smart labels decreased during fish storage, with values drop-
ping from −1.29 at Day 0 to −7.85 and −6.10 at constant and vari-
able temperature conditions, respectively. This indicates that the 
colour of the films shifted more towards the green-blue spectrum. 
The lightness of the films remained unchanged (with no statisti-
cally significant difference) during the initial days of storage, after 
which it increased slightly. Similar colour changes were observed 
when smart films from polyvinyl alcohol/palmyra root sprout, 
carbon dots and anthocyanins were developed by Koshy et  al. 
[74] to monitor sardine freshness and colour shifted from purple 
(fresh) to greenish purple (sub fresh) to completely green (spoiled). 
According to another study of Boonsiriwit et al. [75], pH freshness 
films based on hydroxypropyl methylcellulose/microcrystalline 
cellulose and butterfly pea anthocyanin changed colour from light 
purple to violet and finally green during mackerel spoilage.

The colour change of the smart labels was also quantified 
through total colour difference (ΔΕ) and the a-value difference 
(Δa), both of which consistently exceeded 3 (the lowest threshold 
detectable by the human eye) and progressively increased with 
the increasing spoilage rate of fish. ΔΕ and Δa were consistently 
higher under variable storage conditions than constant ones 
(Figure 17). By the end of the shelf life of the gilthead sea bream 
fillets, ΔΕ and Δa were 23.5 and 20.9 at constant and 35.7 and 
33.0 at variable temperature conditions, respectively. Previous 
studies about smart films comprising anthocyanins and mon-
itoring the freshness of various fish species have reported ΔΕ 
values around 48 after 9 days of storage at 4°C [75] or 57 after 
3 days of storage at room temperature [76].

By correlating the measured microbial growth of the fish fillets 
(Figure 15) with the smart labels colour change at each time in-
terval (Figure 17), it is possible to classify the freshness states of 
the fish and provide a discreet characterization for each one of 
them. As presented in Figure 18, there are 3 zones—fresh, mod-
erate and spoilt—in which the fish could be classified depending 
on their freshness level. Specifically, the first freshness state in-
cluded ‘fresh’ until the fourth and second day of fish storage at 
1.7°C and variable temperature, respectively: < 5.5 log cfu/g and 
the colour of the smart labels gradually turned to light pink. The 

FIGURE 17    |    Total colour difference (ΔΕ) and change in colour parameter a, Δa (a0–a) of smart labels during storage at constant (1.7°C) and vari-
able temperature conditions of sea bream fillets.

FIGURE 18    |    Correlation of the colour change (ΔΕ) kinetics of the smart labels and the TVC growth kinetics during storage at constant (1.7°C) 
and variable temperature conditions of sea bream fillets.
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second freshness state included ‘moderate’ until seventh and 
fifth day of fish storage at 1.7°C and variable temperature, re-
spectively: < 7 log cfu/g and the colour of the smart labels grad-
ually turned to colourless. Finally, the characterization ‘spoilt’ 
was given after 7 and 6 days of fish storage at 1.7°C and variable 
temperature, respectively: > 7 log cfu/g and the colour of the 
smart labels gradually turned to light green.

As shown in Figure 19, TVB-N progressed during fish storage 
experiments in a pattern similar to the smart labels' colour 
change (ΔE). A similar trend was observed in the in-package 
nitrogen (N2%) concentration, indicating the ability of the smart 
labels to monitor fish freshness and highlight the impact of vari-
able storage conditions during cold chain management.

Overall, the fabricated smart labels based on PVA/starch/antho-
cyanins demonstrated satisfactory performance in monitoring 
the freshness of gilthead sea bream fillets stored at constant 
(1.7°C) and variable temperature conditions. The colour change 
of the labels reflected the deterioration of fish quality in both 
storage scenarios, indicating their ability to signal fish spoilage 
due to temperature fluctuations during distribution and storage.

4   |   Conclusion

Smart labels were produced from PVA and starch by incorporat-
ing anthocyanins derived from winery grape pomace. The grape 
pomace extract was rich in anthocyanins and exhibited suffi-
cient pH sensitivity. Both control and smart films demonstrated 
satisfactory structural integrity, light barrier properties and 
water contact properties. The infusion of anthocyanins into the 
polymer matrix was successful, and the smart labels displayed 
increased sensitivity to a wide range of pH and volatile amines. 
The 45-day storage experiment indicated that temperature and 
RH significantly affected the properties of the films. At higher 
temperatures, the colour stability of the films weakened with 
increasing RH. The storage duration did not appear to signifi-
cantly impact the wettability of the films, as similar results were 
observed at all time intervals. The intermediate storage tem-
perature of 15°C appeared to favour both the water contact prop-
erties and colour stability of the films. During the fish freshness 
monitoring test, the smart labels effectively reflected the deteri-
oration of fish quality in both constant and variable scenarios, 
exhibiting distinct visual colour changes (ΔΕ). Future research 

will focus on investigating further the rigidness and structure 
integrity of the smart films under different storage conditions to 
address limitations such as scalability.
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