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pH levels within the packaging environment. Plants, such as green coconut

husk extract, contain anthocyanin, a water-soluble natural pigment with
©Dhena Ria Barleany et al.
This is an open-access article
distributed under the terms response to variations in the surrounding pH. This research focuses on the
of the Creative Commons
Attribution License, which
permits  unrestricted  use, polyvinyl alcohol (PVA), integrated with green coconut (Cocos nucifera L.)
distribution, and

significant antioxidant and antibacterial properties, whose color changes in
development of a pH-responsive packaging film utilizing chitosan and

reproduction in any medium, husk extract, through a casting method to monitor milk freshness. An
provided the original author extraction procedure employing a maceration technique was conducted on
and source are credited. green coconut husk utilizing methanol solvent with the incorporation of 1
% HCI (v/v). The thickness, mechanical properties, and pH-responsiveness
of the resulting films with varying extract to chitosan volume ratios were
examined in detail. The films were subsequently employed to monitor real-
time applications concerning milk freshness. The results indicated that the
addition of green coconut husk extract resulted in significant variations in
the thickness, tensile strength, and elongation at the break of the film
samples. The films exhibited thicknesses between 0.28 and 0.38 mm,
demonstrating optimal mechanical properties at an extract-to-chitosan ratio
of 4:1 (v/v), with tensile strength (TS) and elongation at break (EB) recorded
at 4.65 MPa and 3.625%, respectively. The films exhibited a pH-sensitive
color change from dark red to brown in acidic conditions. The findings
indicate that the PVA/chitosan smart film, which contains green coconut
husk extract, has the potential to serve as a deterioration indicator in
packaged milk products.
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extract
Introduction third of the world's food supply being lost or
discarded!. Throughout storage,
Food wastage is a significant issue both on a transportation, and sale, food is susceptible to
global and national scale, with roughly one- spoilage from microorganisms, enzymes,
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temperature fluctuations, and various other
factors, leading to a decline in freshness(2.
Packaging plays a crusial role in preserving
food quality and safety in today's food
industry®l. In recent years, the growing
preference for fresh and safe food consumption
has led to heightened consumer demand for
effective food packaging, thereby posing new
challenges for the advancement of packaging
technology!4l. Conventional food packaging
methods are unable to adequately monitor food
freshness, leading indirectly to substantial food
wastage and the potential emergence of health
pathogens!sl.
Therefore, easy and real-time methods for

hazards  from  foodborne
monitoring food quality and safety throughout
the supply chain are urgently needed to
maintain order in the food market and protect
the rights and interests of consumers/2.

Milk, being highly perishable, requires careful
storage and temperature control to prevent
spoilage. The United States Department of
Agriculture (USDA) suggests that milk should
be stored at temperatures ranging from 0.0 to
4.4 °C. Nevertheless, milk is frequently exposed
to temperature fluctuations due to improper
storage practices during distribution, at retail
stores, and in home refrigerators!él. Fresh milk
generally maintains a neutral pH around 6.8-
7.2, which declines as microbial activity
increases, producing lactic acid and lowering
pH levelsl”l. Monitoring these pH fluctuations
provides insights into the milk's freshness and
microbial quality. Enhancing the contrast of
pH-sensitive films to reflect these subtle pH
shifts effectively aids in the visual assessment
of milk spoilage, reducing waste and ensuring
product safetyls]. For instance, a report
illustrated how protein-polysaccharide films
containing pH-sensitive pigments could detect
spoilage from volatile ammonia and moisture,
leveraging anthocyanin's color sensitivity for
visible quality control ©1.

Colorimetric indicator films that are sensitive to
changes in pH and/or chemical composition are
invaluable in creating smart packaging
materials for fresh foods(!?l. These substances
can detect alterations in the pH of food
products or their surroundings, triggering a

color change that visually signals the freshness
and quality of the foodll. Standard
colorimetric indicator films utilize pH-sensitive
pigments such as bromophenol blue and
chlorophenol red, which were previously
regarded as colorants potentially harmful to
human healthi12l. Moreover, the extensive use of
petroleum-based plastic packaging has become
a significant global issue due to the
environmental problems associated with their
production and disposal. Consequently, smart
packaging utilizing natural colorants and
biopolymers has emerged as the latest
technology in the food packaging sector(7.131.

Anthocyanins have attracted much attention as
pigments commonly used in pH-responsive
packaging, and obtain them from various
sources such as jambolan (Syzygium cumini)
fruitl2l, red cabbagel!4, purple sweet potatol's,
red beetroot!'¢, black barberryl'7], onion peell”,
and blueberry 4818, The increasing demand for
anthocyanins in the food industry underscores
the importance of evaluating new potential
sources of anthocyanins that could be
developed on an industrial scalel®. Green
coconut (Cocos nucifera L.), a readily available
agricultural product in Indonesia, possesses a
high anthocyanin content in its husk,
valuable

presenting a opportunity  for

developing pH-responsive films [19].

Multiple studies support the effectiveness of
anthocyanin-based films for spoilage detection,
such as a study which utilized basil seed gum,
chitosan, and red cabbage anthocyanin in a film
that showed color changes in response to
volatile nitrogen compounds from decaying
fish, correlating well with microbial counts and
pH, thus allowing an estimation of spoilage
levelsi20l.  Moreover, a previous study
demonstrated the use of bilirubin-containing
kappa-carrageenan-based films to track pH
fluctuations due to microbial or enzymatic
activity in food spoilage, underscoring that
natural pH-sensitive films can provide clear
information on food quality through observable
color differencesi2ll. Other study noted that
films containing Amomum tsao-ko essential oil
displayed significant color variation between
pH 7 and 8, making them suitable for shrimp
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spoilage monitoring, confirming the potential
of pH-sensitive natural pigments in smart
packaging applications!22.

Chitosan is a frequently utilized biopolymer for
its excellent film-forming, biocompatible, and
antimicrobial qualities®24. In addition, the
safety of chitosan for use in commercial food
products has been approved by the US Food
and Drug Administration (FDA)?. However,
its rigidity and limited solubility above pH 6.5
reduce its practical applications without
modification/?]. To enhance its mechanical
properties and film stability, chitosan is often
combined with Polyvinyl Alcohol (PVA), a
polymer with high hydrophilicity, chemical
stability, and film-forming capabilities!3l. PVA
possesses a range of beneficial properties that

food packaging film
including

are suitable for
formulations, increased
hydrophilicity, strong chemical stability, and
exceptional film-forming ability!?l. The use of
PVA for food-related purposes has been
analyzed by the European Food Safety
Authority (EFSA) and has been reported as a
coating material for various types of food that
does not cause health problemsi?l. Numerous
studies have explored chitosan/PVA blends in
smart films with natural indicators(121327], yet
none have utilized green coconut husk extract
as a color indicator for monitoring food
freshness. Therefore, in this research, green
coconut husk extract was employed as a natural
color indicator within chitosan/PVA-based
films to monitor milk freshness.

Given these developments, the use of natural
pH-sensitive indicators like anthocyanins in
biodegradable film matrices offers a viable
approach to enhance food freshness monitoring
and tackle sustainability issues. This research
focuses on utilizing the anthocyanin content
from green coconut husk extract in a
chitosan/PVA-based film to develop a
colorimetric  indicator for assessing milk
freshness. This research aims to offer a
practical, visually accessible tool for consumers
and industry by observing pH-responsive color
changes in these films, thereby contributing to
food safety and waste reduction in the supply
chain.

Experimental

Equipment

Analytical balance (Fisher Scientific), hot plate
magnetic stirrer (IKA MAG HS 7), rotary
vacuum evaporator (IKA RV 3), Whatman filter
paper No. 1, pH meter (Smart Sensor PH818),
and alumunium disks for film casting.

Material

Green coconut (Cocos nucifera L.) husk was
collected from coconut ice sellers in the Cilegon
area, Banten, Indonesia. Food-grade chitosan
with a deacetylation degree of 872 % was
produced by PT. Biotech Surindo, Cirebon,
Indonesia. The chemicals used in the study
comprised polyvinyl alcohol (PVA) fully
hydrolized, glacial acetic acid (100 %),
methanol, hydrochloric acid (HCl) 37 %, and
sodium hydroxide (NaOH), all of which were
procured from the Merck (Darmstadyt,
Germany).

Methods

Green Coconut (Cocos nucifera L.) Husk
Extractions

Applying a method adapted from the previous
publication, an extract was made from green
coconut husk waste using the maceration
techniquel®l. The current study involved the
cleaning of fresh green coconut husks with
distilled water to eliminate dirt, followed by the
peeling of the husks into small fibers. One
hundred grams of fine fiber were extracted
using methanol solvent, which was acidified
with hydrochloric acid at a concentration of 1 %
(v/v). The choice of HCl was informed by prior
demonstrating  that
solutions with HCl were more effective than

research extraction
those with acetic acid or formic acid in
extracting total phenolic compounds, especially
anthocyanins(3). Maceration was conducted for
24 h at room temperature with a husk sample to
solvent weight ratio of 1:10 (w/w), followed by
filtration wusing Whatman No. 1 paper
(diameter: 90 mm; CAT No. 1001-090;
Whatman International Ltd., Maidstone, UK)[311,
The supernatant was subjected to a second
maceration with methanol solvent containing 1
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% HCl (v/v), utilizing a husk-to-solvent weight
ratio of 1:10 (w/w) for a duration of 24 h at
room temperature. A subsequent filtration step
was conducted to collect the supernatant from
the second filtration stage. The filtrate from the
second filtration was combined with the initial
filtrate and concentrated using a rotary
evaporator at 50 °C and 80 rpm. The yield of
green coconut husk extract was calculated
using equation (1).

weight of extract

Yield (%) = x 100 )

weight of green coconut husk

Sensitivity Test of Green Coconut Husk Extract
to pH

The pH sensitivity of green coconut husk
extract was investigated using a variety of
standard solutions ranging in pH from 5 to 11
produced using HsPOs and NaOH 6], to prove
its efficacy as a pH indicator for the
manufacturing of food quality film labels. Upon
establishing reliable pH sensitivity of the
coconut husk extract, it is considered
appropriate for the development of smart
packaging films.

Smart Films Preparation

The chitosan/PVA based smart films were
fabricated followed a sequential procedure
reported by study2  with
modifications. Initially, 3.4 g of chitosan was

previous

mixed with 80 mL of distilled water containing
10 % (v/v) acetic acid on magnetic stirrer, then
left for 24 h at room temperature. 40 mL of
distilled water was heated to a temperature of
100 °C, then 1.7 g of PVA was added to it and
continued with constant stirring for 2 h until
fully dissolved. The PVA solution was cooled
to room temperature and then gradually mixed
into the chitosan solution, followed by stirring
at a constant speed to prevent the formation of
lumps.

The incorporation of coconut fiber extract into
the PVA and chitosan solution was conducted
by adjusting the volume ratio of coconut fiber
extract to chitosan at ratios of 1:2, 1:4, 1:6, 2:1,
4:1, and 6:1 (v/v). Subsequently, the film
solutions were dispensed using stainless steel

plates with a diameter of 10 cm and left to air-
dry for approximately 2 d at room temperature
until fully dehydrated. The resulted films were
delicately peeled off and stored in sealed
containers at room temperature in dark
conditions until ready for characterization.

Film Thickness Measurement

The thickness of the films was measured using
Mitutoyo No. 293-766 digital micrometer (0.001
mm; Tester Sangyo Co. Ltd., Tokyo, Japan).
The average thickness of each film was
calculated based on the measurements taken at
five different randomly selected positions32.

Mechanical Study

The mechanical characteristics of the film were
assessed by gauging its tensile strength (TS)
and elongation at break (EB) wusing an
Autograph Machine
(Shimadzu  Corporation, Kyoto, Japan),
following the ASTM standard method D882-
0231, The film samples were cut into squares

Universal Testing

measuring 700 mm x 100 mm, then mounted on
two grips and tested with a load speed of 1 mm
secl. The TS and EB were then determined
using equation (2) and equation (3)
respectively!32, as follows:

Fm

TS (MPa)= (X—W) @)

o)= (AL
EB (A>)—(LO ) x 100 @3)
where:
Fr : maximum pressure causing film
fracture (N)
X : thickness of the film (mm)
w : width of the film (mm)
AL : length increase at the film break (mm)
Lo : initiallength of the film (mm)

Application of The Colorimetric Indicator
Films for Monitoring Milk Freshness

The pH sensitivity of the resulted film was
assessed following the method outlined by
previous study!'?, with certain adaptations. 100
mL of milk was placed within a clear glass
container and sealed using a transparent plastic
cover equipped with a colorimetric indicator
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film (2 x 2 cm) attached to the inside wall of the
glass. The container was kept at room
temperature for 48 h. Film color changes were
monitored visually and documented every 8 h,
and the corresponding pH value of the milk
was also measured with a digital pH meter.

Results and Disscusion

Yield of Green Coconut Husk Etract

The green coconut husk was subjected to two
24-h maceration processes with methanol and 1
% HCl respectively. After filtration, the solution
was evaporated using a rotary evaporator, and
the outcomes are depicted in Figure 1.
Concentrated extract from green coconut (Cocos
nucifera L.) husk displayed a typical dark brown
color, similar to the color of coconut (Cocos
nucifera) husk extract illustrated in a previous
report(34.,

This current study achieved a 48 % yield (w/w)
of concentrated extract from green coconut
husk waste, with approximately 29.83-35.51
mg/g of anthocyanin content, based on
previous researchl®. Earlier research has
demonstrated  differing  extract  yields,
influenced by the type of coconut and the
employed. For

researchers extracted husks from three coconut

solvent instance, some

3z

evaporation

==

varieties which grown in Malaysia utilizing
ethanol solvent, resulting in yields ranging
from 9.65 % to 16.85 % (w/w)i35], while other
researchers varied the concentration of ethanol
solvent from 20 % to 100 % to extract local Thai
coconut husk and obtained dry extract yields in
the range of 4.2 % to 12.3 % (w/w)3l.

Color Response to pH Change

Anthocyanins undergo structural alterations
depending on pH levels, leading to noticeable
changes in color perception. The equilibrium
structures include: red flavylium cation (below
pH 4), colorless carbinol pseudobase (around
pH 4-5), blue/purple quinonoidal anhydrobase
(around pH 6-8), and light yellow or colorless
chalcone (above pH 8)i¥l. Anthocyanin extract
from green coconut husk in this current work
was at pH 3 and had a brownish red color.
Upon the addition of 2 drops of 025 N HCl
solution, the extract solution shifted towards
increased acidity (pH 0.3), resulting in a change
in color to a dark brown hue. This occurs
because anthocyanin pigments are mostly
flavylium cations which imparting their red
color. The formation of the flavylium cation at
lower pH level enhances anthocyanin solubility
in water and intensifies the red color!®l. The
response of extract color to pH change in acidic
condition is shown in Figure 2,

A -

Figure 2. The influence of pH on the alteration of color in the extract: (A) Extract color before adding
HCI; (B) Extract color after adding HCl
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Figure 3. Extract color changes in the pH range from 5 to 11.

The study also conducted pH sensitivity tests of
extracts across a range of pH levels, from 5 to
11, utilizing standard solutions of HsPOs and
NaOH. The use of HsPOs dan NaOH solutions
were performed based on previous literatureflsl.
The color differences experienced by green
coconut husk extract at various pH values are
shown in Figure 3. Figure 3 shows that the
color of the extract which was initially
brownish red at acidic pH then changed
gradually to reddish-purple as the pH value
increased to alkaline. The alterations in color
indicate that the anthocyanin extract derived
from green coconut husk has the potential to
serve as an effective indicator of food freshness
across a wide pH spectrum. However, the color
changes are not very noticeable to the naked
eye, which may be due to the low anthocyanin
content obtained from the green coconut husk
extraction process. In this study, extraction was
performed using a methanol solvent with
added HCl. The acidic condition of this solvent
may be responsible for the degradation of
anthocyanins in the green coconut husk extract,
as previous research has shown that
anthocyanins  are unstable in  acidic
conditions(9).

The color changes of the anthocyanin extract
from green coconut husk due to pH differences
did not in line with other research observations
from different anthocyanin sources. A study
observed that anthocyanin extract derived from

jambolan fruit exhibited a characteristic red
color at pH levels of 1-2. Within the pH range
of 3 to 7, the anthocyanin extract transitioned to
a purple shade, while at pH levels above 7, it
gradually shifted from purple to blue, and
eventually, to green and yellow due to
anthocyanin alkaline
conditions('?. Substantial alterations in color

were likewise noted in bayberry extract

degradation in

abundant in anthocyanins in response to pH
variations. Below a pH of 7, the bayberry
extract solution exhibited a red/pink hue.
Under neutral conditions (pH 7), the solution
took on a brown color. Ultimately, at pH levels
ranging from 8 to 10, the bayberry solution
assumed a purple tint, while at pH 11-12, it
transitioned to yellowl®2l. According to a
literature, the pH of the solution impacts the
color of anthocyanins, attributed to the ionic
properties inherent in the molecular structure
of anthocyanins[3sl.

Color changes at several pH values were also
tested on chitosan/PVA films with green
coconut husk extract. In this test, indicator films
were made with varying volume ratios of
coconut husk extract and chitosan, namely 2:1,
4:1, 6:1, 1:2, 1:4, 1:6. The film label was then
dripped with a standard solution which has a
pH value of 1. Figure 4 shows the color changes
that occur during testing the sensitivity of the
film to pH.
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Figure 4. Visual colors of indicator films in a function of extract to chitosan ratio and pH

Figure 4 indicates that the extract content
significantly influences the color variation of
the indicator film. The introduction of green
coconut husk extracts has been shown to
darken the color of chitosan films due to the
turbidity. This added turbidity affects the
optical properties, leading to a more intense
yellow appearancel®. However, the color of
chitosan-based films can be significantly
influenced by various factors, such as chitosan
concentration, the presence of additives, and
the molecular weight of the chitosan itself.
Studies indicated that chitosan typically has a
yellowish hue due to its chemical structure and
chromophores formed during processing.
Therefore, with the same extract volume, an
increase in chitosan volume will result in a
higher color intensity of the film, as observed in
the extract-to-chitosan volume ratios of 1:2, 1:4,
and 1:6 (v/v).

The color reaction to pH variation in the
indicator films was in contrast with the color
alteration observed in the green coconut husk
extract. All film samples showed a paler color
after being treated using HCl solution (pH 1).
The results obtained in this study are consistent
with previous research [12, where the film
containing anthocyanins from jambolan fruit
extract initially exhibited a red color, which
then slightly faded when immersed in a lower
pH medium (acidic conditions) and shifted to a
bluish-purple hue at higher pH levels (alkaline
conditions). Moreover, the color change of films
based on chitosan, PVA, and jambolan fruit
extract became more apparent with rising
anthocyanin concentration. The results of this
research show that chitosan/PVA films added
with extracts from green coconut husk are

sensitive to pH and have great potential for
application in smart food packaging.

Thicknesses of Indicator Films

The thickness of the film is essential in
influencing its mechanical strength, water
vapor permeability, and light transmission
characteristics/#l. Figure 5 illustrates that the
thickness of chitosan/PVA-based smart films
ranged from 0.28 to 0.38 mm. The incorporation
of anthocyanin extract from green coconut husk
into chitosan produces thinner films, unlike
films derived from chitosan/PVA that utilize
anthocyanin from jambolan fruit extract!’2.
Following the previous research, elevated
extract levels can yield a more intricate matrix
and lead to augmented film thickness!4l.
Nonetheless, the results of this investigation
reveal an opposing outcome. The diminished
anthocyanin concentration in coconut husk
extract may account for the reduction in film
thickness as the volume ratio of extract to
chitosan increases, as indicated by literature
suggesting that variations in composition and
anthocyanin levels in the extract can lead to
differences in the thickness of the resultant
filmsl#l. A separate investigation indicated that
a high concentration of Chinese bayberry
extract integrated into intelligent films derived
from cassava starch did not significantly alter
the film's thickness!®l A separate investigation
indicated that a high concentration of Chinese
bayberry extract integrated into intelligent films
derived from cassava starch did not
significantly alter the film's thickness. It is
essential to assess the film's thickness with
other properties for a thorough evaluation(43l.
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Mechanical Properties

The mechanical properties of films utilized in
food packaging are essential during handling
and must withstand external pressures/*l. The
mechanical properties of colorimetric films
composed of chitosan/PVA and green coconut
husk extract were evaluated using tensile
strength (TS) and elongation at break (EB), with
the results presented in Figure 6.

TS and EB are the two primary mechanical
characteristics that indicate the resistance and
stretchability of the films, respectively®l. As
shown in Figure 6, the TS value of the film
exhibited a notable decrease from 4.39 MPa to
1.03 MPa as the extract to chitosan ratio was
increased from 1:2 to 2:1. Similar phenomenon
was reportedi6l. It was found that the TS of
cassava film

starch/k-carrageenan was

decreased with the increase of the addition
amount of black nightshade (Solanum nigrum L.)
fruit extract. The decrease in TS of anthocyanin-
rich films might be due to the formation of a
less dense and fragmented microstructuref*!l.
Also, this could be linked to the development of
particular interactions between the extract and
the composites, as well as the plasticizing
effects of green coconut husk extract. These
factors influence the positioning of hydrogen
bonds
molecular mobility. As a result, this disrupts
the structural integrity network, thereby
reducing the tensile strength of the
anthocyanin-incorporated film[l. Surprisingly,

within polymer chains, enhancing

there was a remarkable rise in TS from 1.03 to
4.65 MPa, as the ratio of extract to chitosan was
raised from 2:1 to 4:1. Films containing greater
amounts of extract exhibited higher TS than
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those with lower amounts, suggesting that
incorporating green coconut husk extract can
enhance the TS of chitosan/PVA films. This
could be attributed to the hydrogen bonds that
form between the groups of
anthocyanin and the polymers (chitosan and
PVA), thereby enhancing their adhesion at the
interfacel#7].

hydroxyl

Figure 6 indicates that the addition of green
coconut husk extract elevated the EB value
from 2.775% to 3.625%. The film enriched with
green coconut husk extract exhibited a flexible
structure, suggesting its viability for freshness
indications. A comparable tendency was noted
in chitosan/gelatin  films infused with
anthocyanin from Zingiber striolatum Diels for
assessing fish freshness(#l. The anthocyanin
molecule diminished the interactions among
adjacent macromolecules and augmented the
accessible area for molecular chains to move
freely, hence enhancing the film's flexibility [431.

Application of The Colorimetric Film in
Monitoring Milk Freshness

Figure 7 illustrates the variation in milk pH
across various storage durations, accompanied
by the particular film color reactions. The
chitosan/PVA film containing green coconut
husk extract exhibits a progressive color change
when retained at room temperature for
prolonged durations. After 16 h, the pH of the
milk declined from 6.91 to 6.82, resulting in a
color change of the film to pale brown. Upon
reaching a storage duration of 48 h, the pH fell
to 549, and the film displayed a deeper hue.
This decrease in pH resulted in a reduction in
the brightness of the film, as the anthocyanins
from the coconut husk extract are more stable
and intense in higher pH conditions, but lose
their vibrancy in more acidic environments. In
these conditions, the milk emits a distinct
rancid odor, signifying spoiling. The literature
attributes  these findings to  microbial
multiplication and lactic acid buildup in milk,
leading to substantial CO: generation*l. In
high-humidity situations, acidic gasses increase
the acidity of milk, resulting in a fall in pH. The
pH alteration subsequently causes a discernible
color change in the film containing anthocyanin
derived from green coconut husk extract.

Time (h)

Figure 7. Color response of the film for milk freshness monitoring within 48 h at room temperature,
(a) film color difference and milk appearance, (b) the change of pH level of stored milk
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This observation is consistent with previous
findings!®, which reported significant color
transformations of films prepared from Aronia
melanocarpa anthocyanins, cassava starch, and
PVA to a pink hue after 12 h of milk storage,
with further darkening observed after 36 h at 40
°C. Moreover, an investigation about the
possible use of black carrot anthocyanins to
create pH-responsive indicator films in a
cellulose/chitosan matrix had been conducted
and noted color variations of these films when
exposed to fresh pasteurized milk and spoiled
milk stored at 20 °CI5U. The findings highlight
the capability of husk
anthocyanins to change color, serving as an
effective indicator for assessing milk quality
under different pH conditions.

green  coconut

Conclusions

Colorimetric films responsive to pH were
effectively synthesized utilizing chitosan, PVA,
and extract from green coconut husk. The
extract-to-chitosan volume ratio of 4:1 is the
most preferred among the various films with
differing extract and chitosan compositions.
The material exhibited superior mechanical
properties, attaining a maximum tensile
strength (TS) of 4.65 MPa and an elongation at
break (EB) of 3.625%. The addition of green
coconut husk extract resulted in a chitosan/PVA
film exhibiting satisfactory pH sensitivity. The
film exhibited significant color changes that
correlated with pH variations in milk samples,
indicating its effectiveness for monitoring milk
freshness. This sets forth its potential as an
advanced smart packaging material, allowing
consumers to visually evaluate milk freshness.
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