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anofibers (LCNFs) reinforced
starch-based intelligent film to detect chicken
breast spoilage

Afreen Sultana,a Sneh Punia Bangar *ab and William Scott Whiteside*a

This study developed pH-sensitive starch-based films reinforced with peach pit-derived lignocellulose

nanofibers (LCNFs) and blueberry anthocyanins (BA) at varying concentrations (0%, 10%, 25%, and 50%)

for intelligent packaging of chicken. Anthocyanin was extracted from blueberries using acidified solvent

extraction and incorporated into a starch/LCNF matrix to form films through solvent casting. The films

were examined for their structural properties. Scanning electron microscopy (SEM) analyses confirmed

that BA was successfully incorporated and uniformly dispersed within the starch/LCNF matrix. The tensile

strength of the starch/LCNF/BA50 film was decreased by a factor of 4, while the elongation at break was

increased to 12 times that of the control. Further, the color changes of films from reddish-pink at acidic

pH (2) to greenish-yellow under alkaline conditions (pH 13) confirmed the excellent pH sensitivity of BA.

Among all the tested films, the starch/LCNF/BA50 formulation, containing 50% BA, demonstrated the

most sensitive color responsiveness. Additionally, the starch/LCNF/BA50 films exhibited strong

antioxidant activity, with a DPPH radical scavenging rate of 53%. These films were subsequently used for

intelligent chicken packaging under both ambient and refrigerated conditions. On the 10th day of

storage (at 4 ± 1 °C), the pH and TBARS values of the chicken were recorded as 6.93 and 1.43 mg MDA

per kg, both of which are indicative of significant lipid oxidation. Correspondingly, the starch/LCNF/BA50

film showed a significant color change from red to grayish-purple, further confirming its responsiveness

to biochemical changes during spoilage. The developed pH-sensitive films could serve as effective

indicators for monitoring freshness, supporting their potential use in intelligent food packaging systems.
Sustainability spotlight

This research advances sustainable food technology by adding value to waste in the food processing industry. A typically discarded byproduct of the peach
processing industry is converted into a stable, functional ingredient through a combination of chemical andmechanical treatments. During processing, peaches
produce a lot of by-products, which include peel, stone (seed shell and seed), and pomace. The study contributes to waste reduction and adds new value streams
for the food and packaging industries by reusing waste from the agroindustry and contributing to the circular economy. Further investigation determines the
effects of blueberry anthocyanin incorporation at varying levels on lm characteristics and its application in food packaging. These research objectives are
aligned with Clemson University's Sustainability Action Plan. This research could have potential benets for the food packaging industry.
1. Introduction

Lipid oxidation is a complex process in which fatty acids react
with oxygen through the free radical mechanism. As a result,
hydroperoxides are produced, which are odorless but extremely
unstable. They quickly decompose into secondary chemicals,
such as acids, alcohols, esters, ketones, hydrocarbons, and
aldehydes, which impart undesirable avors and odors to
meat.1 Due to their high concentrations, low odor thresholds,
g Sciences, Clemson University, Clemson,
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and signicant role in volatile avors, aldehydes are the most
important of these compounds. Some of the aldehydes that
affect the nutritional and organoleptic qualities of proteins
include n-alkanals, trans-2-alkenals, 4-hydroxy-trans-2-alkenals,
andmalondialdehyde.2 Simultaneously, chicken breast spoilage
leads to protein breakdown due to microbial growth, producing
ammonia and amino acids.

Monitoring the freshness of meat products throughout the
supply chain is essential to prevent serious health risks asso-
ciated with the consumption of spoiled or contaminated food.3

Traditional methods of assessing food freshness, including
physicochemical, microbiological, and sensory evaluations, are
oen labor-intensive and time-consuming and frequently
require specialized laboratory equipment and trained
Sustainable Food Technol.
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personnel. As a result, they rarely provide real-time, reliable
freshness information to producers, retailers, or consumers.4

To monitor meat spoilage, pH-sensitive dyes are developed
that change color from acidic to basic forms due to volatile
amines produced by meat decay. Therefore, pH-responsive
colorimetric lms, which change color in response to lipid
oxidation and metabolic changes during spoilage, have
emerged as viable tools for real-time food quality monitoring.5

The pH-responsive lm uses a color-reactive substance that
reacts with the water molecules in the intelligent packaging to
produce hydroxide ions when it detects a change in the pH of
the packaging system caused by the accumulation of organic
amines or basic nitrogenous compounds during the storage of
meat.6 The color-reactive substance (known as dye) can be
synthetic (of chemical origin), like bromocresol purple, methyl
red, and cresol red, or natural (derived from plants, animals,
minerals, and microbes), like anthocyanins, curcumin, shiko-
nin, alizarin, and betalain.7 Natural dyes are preferred over
synthetic dyes in an intelligent packaging system because
migration of synthetic dyes can occur during the monitoring
process, which can be carcinogenic.8

Anthocyanins, a key class of natural dyes, typically occur in
six forms: malvidin, cyanidin, petunidin, peonidin, pelargoni-
din, and delphinidin. When anthocyanins are exposed to a high
concentration of hydroxyl groups or at a high pH, their electrons
become delocalized, resulting in a color change. Due to their
sensitivity to pH, these chemicals can react with volatile
compounds emitted from meat spoilage, altering their struc-
ture, resulting in a color change and predicting the quality.9,10

Blueberries, oen called the “king of anthocyanins,” contain
the highest concentrations, around 7 mg per g dry matter.11,12

Several studies have developed intelligent starch-based lms
incorporating blueberries in different forms, including blue-
berry extract,3,13 blueberry peel,14 blueberry powder,15 and
blueberry residue.16

Andretta et al., 2019 employed the thermocompression
technique to develop cassava starch-based lms containing
10% blueberry residue (w/w, based on the starch content).
These lms exhibited a reddish-orange color at acidic pH values
(2–5) and shied toward a yellowish-green color at basic pH
values (6–12). However, the thermocompressed lms exhibited
a decrease in tensile strength from approximately 6 MPa to
4 MPa, accompanied by a 35% increase in elongation at break.16

In one study, ethanol-dissolved blueberry extract (up to 3% w/w)
was sprayed onto starch/poly(butylene adipate-co-terephthalate)
(PBAT) pellets prior to extrusion blowing. The resulting lms
exhibited enhanced antibacterial activity (72.40%), antioxidant
capacity (68.69%), and a tensile strength of 7.85 MPa.3 Lignin
(A-LNP) was used to nanoencapsulate blueberry anthocyanin,
which was then utilized as an active ingredient in a polyvinyl
alcohol (PVA) and polyethylene glycol (PEG) matrix for room-
temperature packaging of tomatoes. On the 15th day of
storage, tomatoes packed in PVA and PEG matrix lost 16% of
their weight, while those packed in PVA and PEG matrix with A-
LNP lost only 7%, indicating an increase in their shelf life.17 The
shelf-life of raw peeled shrimp was increased by 2 days by
employing electrospun gelatin-xanthan gum mats containing
Sustainable Food Technol.
7% black barberry anthocyanin, because of the anthocyanin,
which delayed lipid oxidation.18 Commercially available prod-
ucts such as “FreshTag” and Toxinguard® are on the market for
detecting spoilage and giving real-time information to
consumers.19 This research could be useful for providing
sustainable, biodegradable alternatives to market available
freshness indicators.

Building on this, our research group previously reported that
reinforcing LCNFs into a starch matrix signicantly improved
mechanical properties and hydrophobicity. Therefore, the
primary objective of the current study is to extract anthocyanins
from blueberries and incorporate them into a starch–LCNF
matrix to develop a pH-sensitive lm. The second objective is to
evaluate the colorimetric response of these lms as indicators
of chicken quality deterioration during storage at 4 °C ± 1 °C
and 23 °C ± 1 °C.

2. Materials and methods
2.1. Materials

Blueberry was purchased from the supermarket (Food Lion)
supplied by Naturipe Farm in Florida, United States. Peach pits
were supplied by Titan Farms, Ridge Spring (South Carolina,
United States), and pearl millet grains were bought from the
USDA-certied B&B Organics brand. Sodium chlorite (80%
pure, NaClO2), sodium hydroxide (NaOH), sodium meta-
bisulte, and 95% ethanol were purchased from Thermo Fisher
Scientic. Hydrochloric acid (HCl), 2-thiobarbituric acid, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and sulfuric acid-ACS
reagents (95–98%) were all acquired from Sigma Aldrich. Tri-
chloroacetic acid was purchased from Macron Fine Chemicals.

2.2. Anthocyanin extraction from blueberry

Blueberries were washed, lyophilized (at −23 °C and 500 mTorr
pressure with secondary drying temperature of 25 °C) using
a freeze-drier (Harvest RightTM, Utah, USA), and then ground.
Subsequently, 10 g of ground blueberry was macerated with
80 ml of 70% ethanol (v/v), and the pH of the solution was
adjusted to 2 using 1 M HCl. The solution was refrigerated for
24 hours and then ltered using rWhatman lter paper No. 1 via
vacuum ltration. Further, the solution was centrifuged at
5000×g for 10 minutes to obtain pure ethanolic anthocyanin
ltrate. A rotary evaporator (IKA Rotary evaporator RV 10 D S99,
USA) was then used to remove the solvent at 50 °C in the dark.
The resulting extract coded as BA was kept at 4 ± 1 °C in the
dark until it was needed. The streamlined owchart shown in
Fig. 1 was used to extract anthocyanins from blueberries.

2.3. pH-sensitive lm preparation

Starch was isolated from pearl millet using the wet milling
process, as described elsewhere.20 LCNF was isolated from
peach pits using a method involving four steps. This process
involved bleaching of ground peach pits with NaClO2, alkali
treatment with NaOH, and mechanical brillation using
a planetary ball mill, followed by ultrasonication to yield
nanoscale bers.21
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the step-by-step procedure for the extraction of anthocyanins from blueberries.
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Based on the results of our previous research, we selected the
lm formulation with the best mechanical and water-barrier
properties. In 50 ml of distilled water, pearl millet starch (3 g)
and glycerol (30% of the starch weight) were added to prepare
a starch slurry. In the remaining 50 ml of distilled water, 1.66%
(w/w) of the LCNF was well-dispersed to form the LCNF
suspension using ultrasonication (40% amplitude, 30 minutes).
Further, LCNF suspension is added to the starch slurry to make
up 100 ml of lm-forming solution. The solution was homog-
enized for 5 minutes, followed by stirring at 400 rpm for 1 hour
at 80 °C. Further, the lm-forming solution was cooled to 50 °C,
and 0%, 10%, 25% and 50% (of starch weight) of BA was added
to develop pH-sensitive LCNF-reinforced starch-based lms and
coded as starch/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/
BA25, and starch/LCNF/BA50 (Table 1). Approximately 60 ml
of the homogeneous solution was poured into polystyrene Petri
dishes (150 mm in diameter) and le to dry in a hot-air oven at
50 °C for 48 hours. The thickness of the prepared lms was
measured using a digital micrometer (Excel Technologies, Inc.,
Arizona, USA) at ve random points for each lm sample. The
starch/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/BA25, and
Table 1 Composition of control and starch/LCNF/BA films with differen

Sample
Starch
(3% w/v) (g)

Glycerol
(30% of starch) (ml)

LCNF suspension
(0.1%)

LCNF
as pe

Starch/LCNF/
BA0

3 0.9 50% – 50 ml 1.66

Starch/LCNF/
BA10

3 0.9 50% – 50 ml 1.66

Starch/LCNF/
BA25

3 0.9 50% – 50 ml 1.66

Starch/LCNF/
BA50

3 0.9 50% – 50 ml 1.66

© 2026 The Author(s). Published by the Royal Society of Chemistry
starch/LCNF/BA50 lms exhibited average thicknesses of 4.02±
0.08 mm, 4.05 ± 0.10 mm, 4.08 ± 0.07 mm, and 4.12 ± 0.09 mm,
respectively. No statistically signicant differences were
observed among the lms (p > 0.05). No statistically signicant
differences were observed among the lms (p > 0.05), indicating
that incorporation of anthocyanins up to 50% did not affect lm
thickness.
2.4. pH sensitivity and UV-vis spectral analysis of BA

In 9 ml of a buffer solution with a pH range of 2 to 13, 1 ml of BA
was dissolved. Pictures of the solutions were captured. UV-
visible spectroscopy is used to measure the absorbance of BA,
assessing how its color changes in response to various pH
solutions. These absorption spectra of the solution in the 400–
800 nm region were captured using a Spectronic Genesys 20
spectrophotometer.
2.5. Color measurement of lms

The change in color for the prepared lms with varying BA
content (10%, 25%, and 50%) at various pH levels was
t BA concentrations

concentration
r the starch (%)

LCNF concentration
in grams (g)

BA
concentration (ml)

Total
volume (ml)

0.050 0 100

0.050 0.3 100

0.050 0.75 100

0.050 1.5 100

Sustainable Food Technol.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00942a


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

4/
20

26
 1

2:
07

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
measured. Films were cut into 3 × 1 cm2 rectangular strips and
submerged in buffer solutions with pH values ranging from 2 to
13 for 10 minutes. The lms were then removed from the buffer
solutions. Each lm's images were captured using an iPhone 13.
The color of the starch/LCNF/BA10, starch/LCNF/BA25, and
starch/LCNF/BA50 lms corresponding to a specic pH was
determined using a HunterLabTM Aeros Spectrophotometer
(Reston, VA) in three replicates. The values of the three-color
parameters, l, a, and b, were measured where l stands for the
sample's lightness (+) or darkness (−), a for its redness (+) or
greenness (−), and b for its yellowness (+) or blueness (−). Using
the following formula, the total color difference (DE) was
determined:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
l* � l

�2 þ ða* � aÞ2 þ �
b* � b

�2q

where l*, a*, and b* values represent the values of the lms
before submerging into pH buffers.
2.6. Microscopic structure of lms

The lm pieces were adhered to a metal stage using double-
sided tape, and then sputter-coated with platinum for 3
minutes to increase their conductivity. With a High-Resolution
Scanning Electron Microscope-Regulus 8230 (Hitachi High
Technologies America, Inc., United States) set to 9000×
magnication and 5 kV acceleration voltage, the surface
morphologies of the lm samples were examined.
2.7. Chemical structural analysis

To analyze the changes in the chemical structure of the pH-
sensitive lms compared to control lms, Fourier transform
infrared spectroscopy (FTIR) was used to record the spectra of
the lms using Thermo Fisher Scientic's Nicolet iSTM 10 FTIR
spectrometer (United States). With a resolution of 4 cm−1 over
the wavenumber range of 4000–500 cm−1, the instrument was
run in the attenuated total reectance (ATR) Fourier transform
mode.
2.8. Mechanical strength

The ASTM-D882 standard was used to evaluate the mechanical
strength of control lms and pH-sensitive lm samples by
measuring their tensile strength, elongation at break, and
Young's modulus. A Universal Testing Machine (INSTRON, New
Jersey, United States) equipped with a 1 kN load cell was used to
describe each lm specimen aer it had been sliced into 10 cm
× 1.5 cm strips. An initial clamp spacing of 50.8 mm and
a crosshead speed of 10 mm min−1 were used for the analysis.
2.9. Thermal stability

The thermal characteristics of the control lms and pH-
sensitive lm samples were determined by thermogravimetric
analysis (TGA) under a nitrogen ow of 40 ml min−1. Film
samples were dried at 45 °C, and around 2–5 mg of the lm was
placed in the pan of AutoTGA 2950 (Model V5.4A, TA Instru-
ments, Delaware, United States). The experiment was
Sustainable Food Technol.
conducted at a heating rate of 10 °C min−1, with the tempera-
ture ranging from room temperature to 600 °C.

2.10. Water vapor transmission rate

Water vapor transmission rates (WVTR) of control and pH-
sensitive lms were measured using Permatran-W 3/34 by
Mocon (Ametek, Minnesota, USA) (complies with the standard
ASTM F1249). With a test area of 1.13 cm2, a 3 × 3 cm lm
sample was cut and sandwiched between two aluminummasks.
The test conditions were 38 °C and 90% relative humidity. The
mean of two parallel measurements was used to provide the
results in g per 100 inch2 per day.

2.11. Antioxidant property of lms

The diphenyl picrylhydrazyl (DPPH) free radical scavenging
method was employed to assess the antioxidant activity of BA
and the prepared pH-sensitive lms. With this procedure, 10 ml
of freshly prepared DPPH solution was mixed with 30 mg of lm
samples aer the DPPH solution (0.01 mM) had been dissolved
in 99.9% methanol. Aer 24 hours in a dark room, the solution
without lm and extract was considered blank. Aer measuring
the solutions' absorbance at 517 nm using a UV-vis spectro-
photometer (Spectronic Genesys 20), the percentage of DPPH
scavenging activity was determined using the formula below:

DPPH scavenging activity% =

[(Abs DPPH − Abs sample)/Abs DPPH] ×100

where Abs DPPH represents the absorbance of DPPH and Abs
sample represents the absorbance of the sample.

2.12. Application of lms for monitoring chicken freshness

2.12.1. Packaging of chicken. The supermarket (Food Lion,
Clemson, USA) supplied the fresh, skinless chicken breasts,
which were delivered to the laboratory within one hour of
purchase. Chicken pieces were cut into ∼80 g. Wax paper was
placed inside the polypropylene container (18 cm × 9 cm × 4.5
cm), and chicken samples were placed on it, covered with
a transparent lid. The pH-sensitive lms (3 × 1 cm2) were
placed on the inner surface of a transparent plastic lid (which
was not in direct contact with the chicken sample). The packed
chicken samples were placed in refrigerated conditions at 4 ±

1 °C, 30% RH, and at room temperature, 23 ± 1 °C, 50% RH.
Three samples were taken randomly for photo, thiobarbituric
reactive substances (TBARS), and pH analysis every second day
for both 4 ± 1 °C and 23 ± 1 °C conditions over 10 days.

2.12.2. pH measurement. Five grams of chicken breast
were sliced up and mixed with y milliliters of puried water.
Following that, a Thermo Fisher ScienticTM Orion Star A214
pH/ISE Meter (Waltham, MA) was used to measure the
homogenate.

2.12.3. TBARS. TBARS were determined in triplicate for
each sample as described by Oxford Biomedical Research
(2008). Initially, 5 g of the chicken sample is homogenized with
10 ml of deionized water using a homogenizer. This is followed
by mixing 1 ml of the homogenate with a thiobarbituric acid/
© 2026 The Author(s). Published by the Royal Society of Chemistry
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trichloroacetic acid (TBA/TCA) solution, then vortexing using
a vortex mixer. The mixture is heated at 90 °C, and upon cool-
ing, it is centrifuged using an Eppendorf 5804R centrifuge. Aer
ltration through a 0.45 mm lter, absorbance is measured at
532 nm against a standard curve prepared with 1,1,3,3-tetra-
thoxypropane using a Spectronic® 20 GENESYSTEM™

spectrophotometer.

2.13. Statistical analysis

The data were recorded as the mean ± standard deviation, and
differences among the samples were determined using a one-
way analysis of variance (ANOVA) followed by Tukey's post hoc
test. Statistical analysis was conducted using IBM SPSS Statis-
tics soware (version 28.2.0), with a signicance level of p <
0.05. Triplicates (three independent samples) of the pH-
sensitive lm samples were considered for all the analyses.

3. Results and discussion
3.1. pH response and UV-vis spectrum determination of BA

Blueberry anthocyanins (BA) are natural pigments responsible
for the vibrant red, purple, and blue colors of the fruit. The color
variations of BA at various pH levels (2–13) and their light
absorption behavior, measured using UV-vis spectroscopy,
could be used to assess the viability of BA as a potential active
component for preparing pH-sensitive lms. Color changes in
starch/LCNF/BA lms were observed across pH buffer solutions.
As illustrated in Fig. 2(a), these visual changes were clearly
visible to the naked eye, indicating the responsiveness of BA
Fig. 2 (a) Shows the photos of BA in various pH buffers (2 to 13), (b) abso
between 2 and 13.

© 2026 The Author(s). Published by the Royal Society of Chemistry
within the lm matrix to environmental pH. Anthocyanins
possess the property of changing color, which is attributed to
their diverse chemical structures and varies depending on the
pH level, due to their ionic nature.22 The buffer solution with BA
ranged in color from reddish/pink to purple and then to yellow-
green, during a change in pH from acidic to alkaline. A similar
shi in color pattern from red to green was observed when
blueberry peel extract was added to solutions with different pH
levels, ranging from pH 2 to pH 10.14 At pH 2, BA was a light red
color, and gradually shied to pink as the pH increased to 5. At
neutral pH (7), the color changed to BA and then to light grayish
blue as the environment became slightly alkaline. With
a further increase in pH from 11 to 13, the BA solution changed
to a greenish-yellow color. Likewise, Hu et al., 2024 observed
that blueberry-extracted anthocyanins appeared reddish-pink in
acidic media, gradually turning purple, blue-violet, and even-
tually yellow-brown as the alkalinity of the solution increased.23

These consistent observations conrm the strong pH respon-
siveness of BA, reinforcing its potential as a natural colorimetric
indicator for intelligent packaging applications.

The UV-visible absorption bands of BA solutions varied with
pH (Fig. 2(b)). In the visible portion of the UV-vis spectrum
(400 nm to 700 nm), the BA solution displayed a bright red color
in the strong acid environment (pH 2 and 3), along with the
appearance of the maximum absorption peak (lmax) at about
520 nm, primarily due to its molecular form of avylium
cation.24 At pH 4, the solution exhibited a pink hue, and the
intensity of lmax decreased sharply, indicating a decrease in
avylium ion concentration. As the pH increased from 4 to 6,
rption spectra, and (c) structural changes of BA at pH solutions ranging

Sustainable Food Technol.
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the solution gradually darkened, likely due to the accumulation
of the colorless carbinol pseudobase due to the deprotonation
of hydroxyl groups.25 At neutral pH (7), the solution turned
purplish, shiing further to a grayish-blue shade, which can be
attributed to the presence of the quinonoidal base form.26

Under alkaline conditions (pH 8–11), the solution darkened
further, with a slight increase in absorption intensity and
a bathochromic shi of lmax to approximately 590 nm. At higher
alkalinity (pH 12–13), the absorption peak disappeared entirely,
and the solution took on a brownish-yellow color, indicating the
breakdown or transformation of anthocyanins into chalcone-
like or degraded forms.3

The primary reason for the difference in the UV-visible
absorption bands of anthocyanin solutions at varying pH
values is the ability of anthocyanin molecules to absorb elec-
tromagnetic energy in the UV-visible spectrum.27 Anthocyanins
generally show distinct structures at different pH values: yellow
salt ions (red in strongly acidic conditions), methanol pseudo-
bases (colorless in weakly acidic conditions), quinone bases
(blue in weakly alkaline conditions), and chalcone (yellow in
strongly alkaline conditions).28 Consequently, the structural
alteration of anthocyanins at varying pH values is the primary
source of the color shi and changes in the absorption peak.
Taken together, these ndings highlight the strong pH-
responsive behavior of BA, demonstrating its potential as
a natural dye for developing food freshness monitoring lms
that rely on clear and effective color changes in response to
environmental pH.
3.2. Colorimeter changes in the lm

Fig. 3 illustrates the pH responsiveness of the lms. The starch/
LCNF/BA0, which does not contain anthocyanins, showed no
pH sensitivity and was therefore excluded from colorimetric
analysis. On the other hand, anthocyanin-containing lms,
including starch/LCNF/BA10, starch/LCNF/BA25, and starch/
LCNF/BA50, exhibited strong pH sensitivity and displayed
noticeable color changes in various buffer solutions with pH
values ranging from 2 to 13. Generally, as the pH level
increased, the color of these lms shied from red to greenish
yellow. Furthermore, increasing the anthocyanin content from
10% to 50% intensied the color changes, making the pH
response more distinct and pronounced.

The L values of the lms are shown in Fig. 4(a), and did not
show a clear or consistent change with a change in pH. For
Fig. 3 Pictures of starch/LCNF film with 10%, 25%, and 50% BA showing

Sustainable Food Technol.
starch/LCNF/BA10, L values ranged from 79.18 ± 1.1 (pH 2) to
80.42 ± 0.45 (pH 13). For starch/LCNF/BA25, L values ranged
from 75.83 ± 1.2 (pH 2) to 74.71 ± 0.9 (pH 13). And for starch/
LCNF/BA50, L values ranged from 69.23 ± 0.6 (pH 2) to 75.4 ±

0.6 (pH 13). Similarly, a lm composed of 99% amylose and red
cabbage anthocyanin was exposed to buffer solutions ranging
from 2 to 11. The L values remained either non-signicantly or
only slightly affected between pH 2 and 8. However, a statisti-
cally signicant increase in L value from 34.6 to 36.9 was
observed between pH 8 and 10.29 Overall, a slight increase in L
value, indicating increased lightness, was observed as pH
increased to 6. With a further increase in pH to 10, the lms
exhibited increased darkness, followed by another rise in
lightness at pH 13. These L value trends correlate well with the
visible color changes in the lms, as illustrated in Fig. 3.

For all the lms, a* value decreased as the pH increased from
2 to 13, as represented in Fig. 4(b). At pH 2, a* value of starch/
LCNF/BA10, starch/LCNF/BA25, and starch/LCNF/BA50 was
recorded as 11.9 ± 0.4, 15.3 ± 0.7, and 16.25 ± 0.7, respectively.
Upon increasing the pH to 13, the a* value decreased to−2.27±
0.4, −3.52 ± 0.2, and −3.04 ± 0.6, respectively. Similar results
have been observed for starch, PVA, and blueberry peel-based
lm, where on increasing the pH from 2 to 8, the a value
decreased from 5.65 to −2.49, respectively.14 As observed in
Fig. 4(c), with the increase in pH from 2 to 13, b* values of the
lms increased from −10.57 ± 0.5 to −4.01 ± 0.3, −12.07 ± 0.7
to −1.57 ± 0.4 and −12.5 ± 0.7 to −0.8 ± 0.2 for starch/LCNF/
BA10, starch/LCNF/BA25, and starch/LCNF/BA50, respectively.
This indicates that the lm color shied from a bluish tone to
a yellowish tone as the pH increased from 2 to 13. Similarly, an
intelligent lm developed using potato starch and blueberry
anthocyanin copigmented with ferulic acid recorded b* values
of the lm as −2.57 at pH 2 and increased to −0.09 at pH 8.30

Fig. 4(d) compares the color parameters (DE) of the lms across
the pH range of 2 to 13. In the pH range above 3, all BA-
containing lms exhibited DE values $2, the recognized
threshold for a visible color change detectable by the human
eye.31 Notably, the starch/LCNF/BA50 lms showed signicantly
higher DE values than STARCH/LCNF/BA10 lms at the same
pH levels. In the alkaline range,DE values for starch/LCNF/BA50
exceeded 15, indicating very distinct color differences easily
noticeable without instruments. The mechanism behind the
color change in starch/LCNF/BA lms could be due to BA
structurally changing from avonoid cations to quinone-type
color change when exposed to different pH levels.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Color parameters L value (a), a value (b), b value (c) and DE (d) of starch/LCNF/BA0, starch/LCNF/BA25 and starch/LCNF/BA50.
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bases and nally to chalcones; therefore, starch/LCNF/BA10,
starch/LCNF/BA25, and starch/LCNF/BA50 lms displayed
notable color shis over the pH range. This reaction results in
a color change of the lm from red-pink to the green-yellow
spectrum.32 The results imply that starch/LCNF/BA50 lms
have the potential for application as pH indicators for moni-
toring food freshness.

While the starch/LCNF/BA lms exhibited strong pH
responsiveness, particularly the BA50 formulation, the color
change at neutral to slightly acidic pH (pH 5–7) was relatively
subtle compared to the more pronounced shi under strongly
acidic or alkaline conditions. This indicates a limitation in
detecting early-stage spoilage where pH changes may be minor.
To address this, co-pigmentation strategies, such as combining
anthocyanins with natural copigments like ferulic acid or
avonoids, could be employed. Co-pigmentation can enhance
color stability and amplify the visual response over narrower pH
ranges, improving sensitivity in real-time freshness monitoring.
Incorporating co-pigmentation in future formulations may
© 2026 The Author(s). Published by the Royal Society of Chemistry
therefore provide a more distinct and early-detectable colori-
metric response.
3.3. Morphology of lm

The diameter of the isolated LCNF from peach pits was
measured using the ImageJ soware. The mean diameter of the
LCNF was evaluated by analyzing transmission electron
microscopy images to record 30 measurements and calculating
their average. It ranged from 4 to 5 nm, and its morphology, an
interconnected cobweb-like structure, was observed (Fig. S1).
The crystallinity index of LCNF was recorded as 42.25% using
the Segal method. The inuence of incorporating BA into
starch–LCNF lms on the surface morphology was examined by
SEM (Fig. 5). The starch/LCNF/BA0 lm showed a smooth and
compact surface with homogenous dispersion of LCNF and
glycerol. However, few agglomerations were observed, which
could be due to starch gel lump or cluster formation due to
lignin.33,34 With the incorporation of BA into the polymer
matrix, the surface roughness increased. This could be due to
Sustainable Food Technol.
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Fig. 5 The SEM images representing surface morphologies of samples: starch/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/BA25 and starch/
LCNF/BA50.
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the breaking of intermolecular bonds in starch molecules due
to the presence of anthocyanin.35 And as the concentration of
BA increased from 10% to 50%, a slight increase in roughness
was observed, likely due to the development of a more porous
structure. Incorporation of anthocyanin might hinder the
hydrogen bond formation between starch and LCNF due to the
ring structure of anthocyanin. Similar morphological changes
were recorded when anthocyanin was incorporated into poly-
lactic acid and cellulose nanober (CNF) matrix.36 The SEM
images of pH-sensitive lm made using Dioscorea zingiberensis
starch and anthocyanin extracted from buttery pea showed
that incorporation of 2% and 3% of anthocyanin resulted in
a smooth surface with homogenous dispersion of anthocyanin
in the lms, and on an increase in the concentration to 4% of
anthocyanin, aggregation was observed.37 Additionally, a lm
composed of CNF and cellulose nanocrystals (CNC) incorpo-
rated with anthocyanin from red cabbage extract demonstrated
higher porosity at 50% anthocyanin concentration compared to
20%, attributed to new hydrogen bond formation between
anthocyanins and cellulose chains.38 Thus, it can be stated that
the incorporation of BA into the starch/LCNF matrix resulted in
morphological changes on the surface of the lm.

3.4. Structural changes in lm

The molecular cross-linking and structural changes in the lms
are clearly reected in the FTIR spectra (Fig. 6). For the control
lm, the peaks at 3298 cm−1 correspond to –OH stretching
Sustainable Food Technol.
vibration of the intramolecular and intermolecular hydrogen
bonding between the bound water and the glucose molecule
present in starch.39 The peaks at 2933 cm−1 and 1150 cm−1 may
be attributed to the stretching of the C–H bond and the
stretching of the C–O bonds in the pyranose ring of the glucose
monomer, respectively.40 The bands between 994 cm−1 and
1079 cm−1 were identied as corresponding to the pyranose
ring found in the glucose residues of the starch.41 The charac-
teristic cellulose peak was detected in all the samples due to the
presence of LCNF at 1417 cm−1 which is due to CH2 bending
vibration, 1328 cm−1, which is due to the C–O stretching
vibration, the phenol or alcohol vibrations are represented at
1150 cm−1, the C–O bond is assigned to 1018 cm−1 and the
C–O–C stretching vibration at the b-glycosidic bond is assigned
to 850 cm−1.42,43 The observed similarity between cellulose and
starch peaks is attributed to their comparable chemical
structures.44

The characteristic peaks of BA were observed at 3294 cm−1,
attributed to the –OH stretching, 1639 cm−1 due to the C]C
vibration of the aromatic ring skeleton, and 1448 cm−1 due to
the C]O stretching vibration, corresponding to the avonoid
structure in anthocyanins.45 The peak at 1155 cm−1 is attributed
to the stretching vibration of phenolic C–O, and the peak at
1041 cm−1 corresponds to C–H deformation of the aromatic
ring.31,46

The band corresponding to –OH stretching vibrations of the
lm samples exhibits a hypsochromic shi from 3298 to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The FTIR spectra representing structural changes in samples: starch/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/BA25 and starch/LCNF/
BA50.
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3305 cm−1 and a bathochromic shi from 1650 cm−1 to
1644 cm−1 aer BA addition, revealing hydrogen bonding
between BA and starch/LCNF. However, the position of the
distinctive peaks was not signicantly affected by the presence
of BA in the lms. This could be attributed to the relatively low
concentration of BA in lms, which was insufficient to cause
a noticeable peak shi. Furthermore, it was demonstrated that
the pH-sensitive lm conguration remained unaffected by
changes in BA concentration, consistent with previously re-
ported ndings. A starch and poly(butylene adipate-co-tere-
phthalate) (PBAT) matrix was incorporated with blueberry
extract to develop a pH-sensitive lm using the extrusion
method. FTIR results showed no signicant change in the
intensity of blueberry extract peaks.3,47 Some of the peaks, such
as 1448 cm−1 and 1041 cm−1 disappeared aer incorporation of
the BA into the starch/LCNF. The disappearance of peaks at
1442 cm−1 and 1268 cm−1 was recorded in a lm composed of
casein and carboxymethyl cellulose incorporated with antho-
cyanin.46 Therefore, it can be concluded that the addition of
anthocyanin did not substantially alter the structural bonding
of the starch and LCNF composite lms.

3.5. Thermal analysis

The thermal degradation behavior of the lms with varying BA
levels occurred in three distinct stages, as shown in Fig. 7(a).
The initial peak, ranging from 30 °C to 185 °C, could be
attributed to the vaporization of the lms' low-molecular-weight
compounds (including residual moisture and glycerol) and
bound water. During this phase, approximately 9% to 20% of
total weight was lost.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Films containing BA exhibited greater weight loss, ranging
between 10 and 14% compared to the control lms (9%), likely
due to the disruption of intermolecular hydrogen bonds
between starch and LCNF caused by the presence of BA at the
elevated temperature. With increasing BA concentration, weight
loss increased at this stage; however, the weight loss for starch/
LCNF/BA50 samples (13%) was lower than that for starch/LCNF/
BA25 samples (14.3%), which could be due to the slightly better
intermolecular bonding in the lm matrix and BA concentra-
tion. As mentioned by Cai et al., 2020, the maximum weight loss
temperature for anthocyanins is near 130 °C, where deglycosy-
lation and ring-opening processes occur, leading to the break-
down of anthocyanins into phenolic acids and aldehydes.48

These interactions may have facilitated faster water vapor-
ization and the early breakdown of starch and LCNF structures.
Similar thermal behavior was observed in cassava starch lms
incorporated with anthocyanins extracted from black plum
peel.49

The second stage of weight loss, occurring between 185 °C
and 266 °C, is primarily attributed to the thermal decomposi-
tion of glycerol. At the second stage, 9% to 12% of the weight
occurs. Similarly, cassava starch matrix incorporated with
Chinese bayberry anthocyanin showed a weight loss of
approximately 10% in the temperature range of 185–260 °C due
to the evaporation of glycerol.50

The third stage, which ranged from 266 °C to 360 °C, was
triggered by the removal of polyhydroxyl groups from starch, as
well as the depolymerization and breakdown of the starch
matrix. During this stage, the overall weight loss ranged
between 44% and 65%. In the temperature range of 300–390 °C,
Sustainable Food Technol.
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Fig. 7 The TGA (a) and DTG (b) curves of starch/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/BA25 and starch/LCNF/BA50 film samples.

Table 2 WVTR and AOA of control and pH-sensitive filmsa

Samples WVTR (g per 100 inch2 per day) AOA (%)

BA — 57.92 � 0.1e

Starch/LCNF/BA0 156.43 � 3.51a 44.39 � 0.1a

Starch/LCNF/BA10 186.31 � 6.66b 47.75 � 0.1b

Starch/LCNF/BA25 189.98 � 5.81b 51.45 � 0.1c

Starch/LCNF/BA50 194.60 � 4.88b 52.75 � 0.1d

a Values with subscripts a, b, c and d in the above table signify the
signicant difference at p < 0.05.
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signicant weight loss of approximately 30% in sweet potato
starch and purple sweet potato anthocyanin lm occurred due
to hydroxyl dehydration.22 Interestingly, the anthocyanin-
containing lms exhibited approximately 21% less weight loss
compared to the control lm. This suggests that the presence of
anthocyanins enhances thermal stability at higher tempera-
tures by forming additional interactions within the polymer
matrix that slow down decomposition.

Once 500 °C is reached, the weight percentage stays essen-
tially unchanged, indicating that all volatile substances have
been eliminated and that only the residue is le. Among all the
lm samples, starch/LCNF/BA50 showed the highest residual
weight of 13% at 600 °C, indicating better thermal stability
compared to other lms. Similar results were reported by Hasan
et al., 2025, who found that lmsmade from sweet potato starch
and chitosan nanoparticles incorporated with anthocyanins
from purple sweet potato reported a residual weight at 600 °C of
38%, whereas the control lm showed only 13%, indicating
enhanced thermal resistance due to the presence of anthocya-
nins.51 On the contrary, the incorporation of Lycium ruthenicum
anthocyanins into cassava starch lm did not show any signif-
icant changes in the thermal stability of the lms.52

The DTG curve peaks suggest the maximum weight loss rate
of the lm samples. The DTG curve (Fig. 7(b)) showed that the
incorporation of anthocyanin inuenced the maximum weight
loss rate of the lms. The DTG peak temperature of the starch/
LCNF/BA0 was recorded as 341 °C, which was higher than
starch/LCNF/BA10 (334.61 °C), starch/LCNF/BA25 (334.84 °C)
and starch/LCNF/BA50 (335.30 °C). The interaction between the
polymer matrix and anthocyanin may explain these results. A
similar decrease in DTG peak temperature was observed when
sweet potato starch was incorporated with 2% of anthocyanin.
The DTG peak temperature decreased from 356.83 °C to
354.71 °C.22 A pH-sensitive lm made from starch containing
30% amylose and 0.1 g of red cabbage anthocyanin exhibited
comparable degradation behavior. The starch lm exhibited
Sustainable Food Technol.
a DTG peak temperature of 302.6 °C, which decreased to 292.7 °
C upon the incorporation of anthocyanin.29

Overall, the incorporation of anthocyanin into starch and
LCNF matrix showed a slight decrease in thermal stability due
to the presence of anthocyanin, which interrupted the bonding
between the starch and LCNF matrix.
3.6. Water barrier property

Films used for food packaging should effectively prevent
moisture permeation between the food and its surroundings to
maintain food quality. Therefore, minimizing WVTR of the
lms is essential for their practical application in food pack-
aging. Based on the data shown in Table 2, the starch/LCNF/BA0
lm exhibited the lowest WVTR of 156.43 g per 100 inch2 per
day. Upon incorporating 10%, 25%, and 50% of blueberry
anthocyanins (BA), the WVTR values increased to 186.31,
189.98, and 194.60 g per 100 inch2 per day, respectively. This
increase can be attributed to a reduction in the structural
compactness of the lms and the formation of a more porous
surface, which enhances the permeability of water molecules
through the lm. These ndings are consistent with SEM
results, which indicate that the addition of BA resulted in an
irregular and rougher surface morphology. Similarly,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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cornstarch and polyvinyl alcohol composite lms were incor-
porated with anthocyanin extracted from purple sweet potatoes.
Water vapor permeability (WVP) of the lm was increased from
21 × 10−11 g m−1 s−1 Pa−1 to 23 × 10−11 g m−1 s−1 Pa−1 by the
addition of 1% of anthocyanin from purple sweet potato.53 On
the contrary, incorporation of purple sweet potato anthocyanin
into sweet potato starch showed a decrease in WVP by 58%.22

The well-dispersed extracts may function as ultra-ne llers,
increasing the tortuosity of the permeability channel for water
vapor, and the incorporation of extracts may increase the
surface hydrophobicity, which delays the dissolution of water
molecules.3 Overall, the current ndings suggest that while BA
incorporation enhances the visual and functional responsive-
ness of the starch/LCNF lms, it also compromises their water
barrier properties by increasing moisture permeability. The
acceptable WVTR for food packaging, oen measured at 100 °F
(37.8 °C) and 90% RH, typically ranges from 0.001 to 10 g per
100 inch2 per day. Commercialization of anthocyanin-based
pH-sensitive lms for intelligent packaging is still a new tech-
nology facing challenges. Therefore, future developments
include studying its performance under varying humidity
conditions and improving its hydrophobicity.
3.7. Mechanical strength

The mechanical characteristics of food packaging lms
demonstrate their capacity to maintain sustainability and high
integrity throughout the food supply chain, as determined by
measuring tensile strength, elongation at break, and Young's
modulus (Fig. 8). Tensile strength of starch/LCNF/BA0 was
recorded as 31.88 MPa, and with the addition of 10% of BA,
there was a noticeable decrease in the tensile strength (3.81
MPa). This may be attributed to the way anthocyanin molecules
hinder the interactions between starch and LCNF, leading to
a decrease in the lm's tensile strength.54 Tensile strength of
cassava starch on incorporation of anthocyanin was decreased
Fig. 8 Tensile strength, elongation at break and Young's modulus of starc
BA50 film samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
from 5.7 MPa to 3.8 MPa.16 This could be due to the extract's
poor interactions with starch, LCNF, and glycerol, resulting in
a heterogeneous and discontinuous lm structure, as observed
in the SEM images. In contrast, Mu et al. (2025) reported an
increase in tensile strength from 0.1 MPa to 1.1 MPa when BA
was added to a hydroxypropyl methylcellulose, gelatin, and k-
carrageenan composite, which could be due to the compatibility
between the polymer matrix and anthocyanin, which improved
the compactness of the lm.24

Elongation at break (EAB) for the starch/LCNF/BA0, starch/
LCNF/BA10, starch/LCNF/BA25, and starch/LCNF/BA50 lms
was recorded as 2.19%, 15.33%, 29.39%, and 25.68%, respec-
tively. The progressive increase in EAB with higher concentra-
tions of BA suggests enhanced lm exibility, likely due to the
plasticizing effect of anthocyanins and their ability to disrupt
the tightly packed polymer chains. This facilitates increased
molecular mobility and elasticity within the starch/LCNF
matrix. However, a slight decline in EAB at the highest
concentration (50%) may indicate the onset of saturation or
possible phase separation, which could hinder uniform stress
distribution. A similar trend was observed by Nandi and Guha
(2024), where the addition of 2% betel leaf petiole extract to
potato starch lms increased EAB from 9% to 20%, supporting
the role of plant-based polyphenols in enhancing lm
exibility.55

Young's modulus decreased signicantly with BA incorpo-
ration, from 2227.93 MPa for starch/LCNF/BA0 to 286.59 MPa
for starch/LCNF/BA50. This reduction indicates a soer and
more ductile material, aligning with the increased EAB. Similar
results were reported when sago starch was incorporated with
Brassica oleracea anthocyanin, which showed a decrease in
Young's modulus from 210 to 175.56 Thus, it can be stated that
the incorporation of BA resulted in a signicant change in the
starch and LCNF-based lm matrix, leading to a decrease in
tensile strength and Young's modulus, but an increase in EAB.
h/LCNF/BA0, starch/LCNF/BA10, starch/LCNF/BA25 and starch/LCNF/
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The acceptable tensile strength and Young's modulus range for
PLA-based lm manufactured in the industry typically range
between 39.9–52.2 MPa and 3300–3500 MPa, respectively.57,58

For the commercial production of starch/LCNF/BA-based lm,
the mechanical properties need to be further improved to meet
the acceptable level.
3.8. Antioxidant activity

Table 2 presents the antioxidant scavenging properties of BA
extract and the prepared pH-sensitive lms. The DPPH scav-
enging activity of BA was recorded as 57.8%. The minimum
antioxidant activity was recorded for the starch/LCNF/BA0 lm
sample (44.39%), and the highest was recorded for the starch/
LCNF/BA50 sample (52.95%). Starch/LCNF/BA0 itself exhibited
antioxidant activity due to the presence of lignin, which has an
aromatic structure acting as an antioxidant agent, thereby pre-
venting or retarding oxidation processes induced by oxidizing
species. Incorporation of 7% of LCNF isolated from wheat straw
into the PVA matrix showed an increase in antioxidant power
from 4.8% to 10% due to the presence of residual lignin.59

Specically, increasing the anthocyanin content from 10% to
50% raised the antioxidant activity from 44.39% to 52.75%. This
improvement is attributed to the strong electron-donating
ability of phenolic hydroxyl groups in anthocyanins, which
effectively trap free radicals and interrupt chain reactions,
making polyphenolic compounds excellent nucleophiles.3 Mu
Fig. 9 (a) Picture, (b) pH values and (c) TBARS values of the chicken sto

Sustainable Food Technol.
and his colleagues found that the anthocyanins enhance anti-
oxidant activity by contributing to the conjugated p-electron
system, which effectively scavenges free radicals. They reported
that incorporating 8% blueberry extract into a composite lm
made of hydroxypropyl methylcellulose, gelatin, and k-carra-
geenan increased its antioxidant activity from 20% to 86%.24

Compared with the literature, the antioxidant activity of starch/
LCNF/BA lms was lower than previously reported. This could
be due to the exposed temperature during the lm-forming
solution, which would have impacted anthocyanin degrada-
tion rates.60 Some studies have used puried anthocyanin
extracts, which explains the higher antioxidant activity in the
resulting lms. Similar results have been reported in earlier
studies in which red cabbage anthocyanins were added to
composite lms of cellulose nanocrystals and nanobrillated
cellulose. The antioxidant capacity of lms with 20, 30, 40, and
50 wt% of extract was 60%, 80%, 91%, and 92%, respectively.61

These results collectively indicate that incorporating blueberry
anthocyanins into starch and LCNF polymer matrices signi-
cantly enhances the antioxidant properties of the lms to
around 53%.
3.9. Application of starch/LCNF/BA lm in monitoring the
freshness of chicken

To evaluate the practical performance of the pH-sensitive lms,
the starch/LCNF/BA50 lm, chosen for its high DE values and
red at 4 ± 1 °C, 30% and 23 ± 1 °C, 50%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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visibly detectable color changes, was selected to monitor the
freshness of fresh chicken stored at 4 °C (30% RH) and 23 °C
(50% RH), as illustrated in Fig. 9(a). The starch/LCNF/BA50 lm
exhibited a noticeable color change aer 24 hours when used to
monitor chicken stored at 23 °C, likely due to a pH increase
within the chicken, signaling spoilage. In contrast, chicken
stored at 4 °C caused no signicant color change in the lm on
day 1. However, by day 5, the lm began to darken, and by day 9,
it had shied to a grayish-purple hue. Similarly, Gao et al., 2024
reported that a starch/PBAT/blueberry extract lm used as
a spoilage indicator for shrimp changed color from purple (day
0) to grey (day 8), demonstrating comparable effectiveness in
detecting food spoilage.3

The two key metrics used to assess the freshness of chicken
are pH measurement and thiobarbituric reactive substances
(TBARS), which can help compare the effectiveness of the
starch/LCNF/BA50 lm in preventing spoilage.

Meat and sh spoil primarily due to microbial spoilage, lipid
oxidation and enzymatic breakdown of proteins, producing
volatile compounds such as amines, ammonia and aldehydes
that increase the pH inside the packaging.62 The pH of fresh
chicken was recorded as 5.78 and increased to 7.07 on day 2 (at
23 °C), then gradually increased to 6.93 on day 10 (at 4 ± 1 °C),
as shown in Fig. 9(b). Similar results were obtained for chicken
breast stored at 4 ± 1 °C, allowing for the observation of the pH
sensitivity of a lm composed of gelatin, sodium alginate, and
plum peel extract. The chicken breast increased their pH from
5.82 (day 0) to 6.84 (day 10).63 The pH value of chicken above 6.7
is considered spoiled.64 This suggests that the chicken samples
remained in a consumable state until day 6, as indicated by the
color of starch/LCNF/BA50. On day 8, the pH was around 6.71,
indicating spoilage, which was also evident from the change in
lm color. TBARS values are commonly used to measure lipid
oxidation, a key factor affecting meat quality. Although there is
no official regulatory limit for TBARS concentration in meat,
values above 0.5 mg kg−1 indicate the onset of oxidation,
oen associated with rancid avors, while levels exceeding
1.0 mg kg−1 are generally considered unacceptable for
consumption.65

During storage, fat oxidation generally occurs and subse-
quently triggers decomposition, resulting in the production of
aldehydes and ketones, along with an increase in the TBARS
content.66 As shown in Fig. 9(c), the TBARS value of the chicken
on day 0 was recorded as 0.19 mg MDA per kg. On day 2, the
TBARS value for chicken stored at 4 ± 1 °C and 23 ± 1 °C was
recorded as 0.38 mg MDA per kg and 1.11 mg MDA per kg,
respectively. TBARS value for chicken stored at 4 ± 1 °C grad-
ually increased and reached 1.43 mg MDA per kg on day 10,
which also showed changes in the starch/LCNF/BA50 lm color
to grayish purple. A composite lm composed of starch, gellan
gum, sodium carboxymethyl cellulose, nisin, and anthocyanin
was used to study the pH sensitivity of chicken breast samples
stored at 4 ± 1 °C. The TBARS value showed an increase from
0.19 mg MDA per kg (day 0) to 1.71 mg MDA per kg (day 12).67

The breakdown of fat, protein, and carbohydrates in chicken
produces aldehydes, ketones, alcohols, and volatile
compounds, which inuence both pH and TBARS values and
© 2026 The Author(s). Published by the Royal Society of Chemistry
consequently alter the color of the lm. These ndings
demonstrate that the starch/LCNF/BA50 pH-sensitive lm can
serve as an effective tool for real-time monitoring of the fresh-
ness of meat and seafood products.

4. Conclusion

Blueberry extract was successfully extracted and incorporated
into the starch/LCNF matrix, as conrmed by FTIR, indicating
good compatibility. The observation of colorimetric changes
following the immersion of starch/LCNF-based composite lms
incorporating BA into buffer solutions with varying pH values
demonstrated the potential of an intelligent packaging system.
Overall color difference values (DE*) more than 3 were found in
the starch/LCNF/BA50 lm samples, indicating that the color
variations are visible to the naked eye. In the pH range of 2 to 13,
the color changes of lms containing BA varied from red to
green. The ndings have shown that the addition of BA impacts
the physicochemical characteristics and structure of lm
samples. Chicken stored at 4 ± 1 °C, 30%, and 23 ± 1 °C, 50%,
showed changes in lm color from reddish pink to grayish
purple, corresponding to changes in pH and TBARS value. To
improve the stability, sensitivity and resolution of color change
within this narrow pH range for intelligent packaging, these
developed lms need to be studied for co-pigmentation.
Therefore, the starch/LCNF/BA50 lm has great potential
application as a pH-sensitive lm, and the color changes of the
lm can easily indicate the freshness and quality of chicken at
ambient and chilled temperatures. In future work, incorpo-
rating a hydrophobic component could help improve the
WVTR, and studying the stability of an anthocyanin-
incorporated lm would be an essential aspect from
a commercialization perspective.
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