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The growing interest in environmentally friendly packaging and smart food monitoring systems has driven the
development of biodegradable films with pH-sensitive indicators. Among various biopolymers, natural gums and
plant-based flours are being explored due to their film-forming abilities and biodegradability. In particular, lo-
cust bean gum (LBG) and unbleached wheat flour (UWF) exhibit potential due to their functional properties and
abundance. This study aimed to determine the optimal film produced from LBG and UWF infused with antho-
cyanin from butterfly pea flower (BPF) extract, as a smart pH indicator. LBG’s side branches can create a strong
synergistic interaction with UWF, making it a promising matrix for producing pH indicator films. Films
comprising 100 % LBG (L1), 100 % UWF (U1), 50 % LBG + 50 % UWF (LU), 70 % LBG + 30 % UWF (L2), and
30 % LBG + 70 % UWF (U2) were formulated. The physicochemical and microstructural characteristics of the
different formulations were analysed. The pH indicator film containing 70 % LBG (L2) demonstrated greater
stability, with lower moisture content (3.22 %), improved swelling properties (56.06 %), increased thickness
(0.31 mm), strong water vapour permeability (3.87 x 107 g-s”'-m™'.Pa™!), high tensile strength (0.82 MPa), and
good elongation at break (57.75 %) in comparison to the other films. Furthermore, the microstructural properties
of L2 exhibited a compact and dense structure compared to the other films. L2 also displayed visible colour
changes across various pH levels (1.0-13.0). In conclusion, L2 film demonstrated balanced characteristics,
making it the most suitable film for selection as a pH indicator film with immobilised BPF anthocyanin, and
proved its effectiveness as a freshness indicator when applied to silver pomfret samples.

1. Introduction intense deep blue colour [26,57].

Recent technologies for producing biodegradable packaging from

Rising consumer concerns about food safety and quality have driven
interest in smart packaging, which provides real-time information on
food freshness through active and intelligent functions [14,22,53,63].
pH indicator films, incorporating natural colourants like anthocyanins,
change colour in response to volatile amines from bacterial activity,
offering an efficient, low-cost, and non-toxic method for freshness
monitoring [67]. Anthocyanins are vibrant, water-soluble pigments
found in many plants, with colours ranging from blue to red depending
on composition [6]. BPF (Clitoria ternatea L.) is a rich, stable source of
anthocyanins—primarily ternatin and delphinidin—that produce an

renewable polymers or plant-based materials have emerged in response
to environmental concerns regarding reliance on plastic packaging
derived from petroleum. Polysaccharides, including gum, starch, and
cellulose, have been utilised as components for future polymer alter-
native materials in film development [48]. LBG is a gum commonly
regarded as a plant-derived heterogeneous polysaccharide, extracted
using boiling water from the endosperm of the carob bean (Ceratonia
siliqua L.) [68]. Due to LBG’s excellent film-forming and biodegradable
properties, it serves as a suitable matrix for the manufacture of pack-
aging films [35]. Barak and Mudgil [8] reported that LBG’s properties
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consist of a p-(1—4)-linked D-mannopyranosyl backbone with D-gal-
actopyranosyl side branches attached via a-(1-6) linkage. LBG-based
packaging films act not only as semi-permeable barriers to moisture
and gases but also as carriers of bioactive substances, such as antibiotics,
bacteriocins, plant extracts, and essential oils [35]. However, due to the
high water uptake and low mechanical properties of single LBG films,
they cannot be developed for practical application [58]. Yuan et al. [64]
reported that the properties of LBG’s D-galactopyranosyl side branches
can create a strong synergistic interaction with other biopolymers such
as polysaccharides, proteins, and lipids. Therefore, blending LBG with
other substances, including biopolymers, hydrophobic compounds, and
plasticisers, presents a viable approach to counteracting the limitations
of films made solely from LBG.

UWF provides a denser structure and acts as a structure-building
agent due to the interaction between gluten and starch content [34].
In conjunction with that, UWF might be suitable as a complementary
material for LBG films. UWF and bleached wheat flour (commercial)
have little difference. Bleached flour typically has a higher pH due to the
use of alkaline bleaching agents like chlorine [41], resulting in a slightly
more alkaline pH and potentially interfering with pH-sensitive compo-
nents in films [42] compared to UWF. UWF generally has a pH between
6.0 and 6.8, making it slightly acidic but closer to neutral. UWF, with its
denser texture, off-white colour, and natural chemical composition, was
selected for developing pH indicator films to avoid bleaching agents that
may affect pH sensitivity [7]. Its slightly acidic pH could enhance
interaction with pH-sensitive dyes, though no specific studies on its use
in such films have been reported.

In conjunction with that, five different LBG/UWF ratios (100:0,
70:30, 50:50, 30:70, and 0:100) were selected to systematically evaluate
the effects of varying gum-to-flour proportions on the films’ functional
and structural properties, and to identify the most suitable combination
for pH indicator applications. LBG has high water uptake, which can
limit film performance. Blending it with UWF in different proportions
allows variation in water absorption and other characteristics, enabling
optimisation of the final film formulation. Therefore, this study aimed to
develop five LBG/UWF film formulations incorporating BPF anthocy-
anin and to evaluate their structural, physical, and functional properties
for potential use as biodegradable intelligent packaging.

2. Methodology
2.1. Materials

Fresh BPF were purchased from a local farmer (Shah Alam, Selangor,
Malaysia). LBG and UWF were obtained from Mei Loon Sdn. Bhd,
Selangor, Malaysia. All chemicals used, such as ethanol, hydrochloric
acid (HC), sodium hydroxide (NaOH), potassium dihydrogen phosphate
anhydrous (KHyPO4), potassium hydrogen phthalate (CgHsKO4), so-
dium carbonate (NaCOs3), and borax, were supplied from Scienfield
Expertise PLT, Selangor, Malaysia.

2.2. Extraction of BPF anthocyanin

The petals of BPF were removed from the stem and leaves, and then
dried using a freeze-dryer (FreeZone 4.5, Labconco, USA) at —48°C for
48 h to preserve the anthocyanin content. After that, the dried BPF was
ground into a powder form using a dry mill (MX-EX1031, Panasonic,
Malaysia) and then passed through a 0.841 mm (20 mesh) sieve. Exactly
2.5 g of BPF powder was dissolved in 100 mL of 50 % (v/v) ethanol and
sonicated using a probe ultrasonicator (Q500, QSonica Sonicator, USA)
for 25 min at 60 % amplitude and 240 V. This method followed ac-
cording to Santos, Martins [49] with slight modifications. The extracts
were filtered using a vacuum filter to remove the solid residues. The BPF
extracts were covered with aluminium foil and stored in the freezer at
—20°C before further analysis.
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2.3. Formulation of the pH indicator films

The film preparation method, as described by Li et al. [34], was used
with some modifications. The solvent casting method was used to pre-
pare the pH indicator films. The LBG solution was prepared by dis-
solving 2 g of LBG in 100 mL of distilled water (2 % w/v) and stirring at
80°C for 30 min using a magnetic stirrer (MS-H280-Pro, DLAB Scientific
Inc., Malaysia) until complete gelation was achieved. The UWF solution
was prepared by dissolving 4 g of UWF in 100 mL of distilled water (4 %
w/V), followed by the addition of 30 % glycerol into the solution. The
two polymer solutions were mixed in the following proportions: LBG:
UWF 100:0 (L1), 0:100 (U1), 50:50 (LU), 70:30 (L2), and 30:70 (U2).
After that, the solution was cooled to 40°C, and 3 mL of BPF anthocyanin
extract was added, followed by thorough mixing for 15 min. The solu-
tion was then sonicated for 10 min at 30°C to remove the air bubbles,
and the film-forming solution (30 mL) was poured into a petri dish
(diameter of 140 mm). The films were dried in a hot air dryer oven (ED
23, Dynamic Oven Binder, Germany) at 40°C for 18 h. The dried films
were peeled and kept in a desiccator until the evaluation.

2.4. Determination of the physical properties of pH indicator film

2.4.1. Film thickness

The thickness of the films was measured at five random points on
each film by using a hand-held digital micrometre (C112XBS, Mitutoyo,
Japan) with an accuracy of 0.001 mm. The average values were calcu-
lated [39].

2.4.2. Moisture content

The moisture content of films was determined by using a moisture
analyser (MX-50, A&D, Japan). The film was cut into a square shape (4 x
4 cm) and dried until a constant weight of the film was achieved. The
percentage of moisture was recorded and analysed.

2.4.3. Swelling properties

Swelling properties were determined by cutting film samples into a
square shape (2 cm x 2 cm) and drying in an oven at 60°C for 24 h [4]
with slight modification. The dried film was weighed (W) and then
immersed in a beaker containing 20 mL of distilled water for 24 h. The
surface of the swollen film was blotted with filter paper to remove any
adsorbed water before being weighed again (W;) and calculated ac-
cording to Eq. (1):

W1 - W()

%Swelling = — X 100 @
1

2.4.4. Water solubility

The solubility test was analysed according to the method of Hanani
et al. [25] with slight modifications. A film sample (2 cm x 2 cm) was
cut from a different formulation, dried at 105°C for 24 h by oven-drying,
and weighed to determine the initial dry weight (Wy). After that, the
dried films were immersed in 50 mL of distilled water for 24 h. The
residual pieces of film were taken out and re-dried at 105°C overnight.
The weight percentage of the total soluble matter of the final films (W)
was calculated using the following Eq. (2):

W, —-W

%Solubility = — X 100 2
0

2.4.5. Water vapour permeability (WVP)

The WVP of the film was analysed gravimetrically according to the
method of Adilah et al. [3]. Briefly, the film sample was sealed over
30 mL of a crucible containing 6 mL of distilled water. Afterwards, the
crucible was maintained at 23 + 2°C and 50 £ 5 % relative humidity
(RH) in a desiccator containing silica gel. The crucible was left for 8 h,
and the weight difference was monitored at 1 h intervals. WVP of the
film was determined by the following Eq. (3):
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Aw  x1
ww= —— 3
A x t x P 3
Where Aw is the weight difference (g); | is the film thickness (m); A is the
exposed area of the film (mz); t is the time (s); and P is the partial
pressure difference of water vapour (Pa).

2.4.6. Mechanical properties

The mechanical analysis of films was evaluated using a method
developed by Xue et al. [60] with a texture analyser (TA.XT2i, Stable
Micro Systems, UK). Film samples were cut into rectangular strips (3 cm
x 6 cm) and fitted between the tight-grip and using the A/TG system
tensile mode. The parameters used were: a minimum induction force of
5 g, a pre-test speed of 1 mm/s, a test speed of 1 mm/s, and a post-test
speed of 3 mm/s. The tensile strength (TS) and elongation at break
(EB) were calculated based on the following Egs. (4) and (5):

TS =2 4

x 100 ()

Where F is the maximum tension of film at fracture (N); S is the cross-
sectional area (mm2); L is the final length (mm); and L, is the initial
length (mm).

2.4.7. Appearance and colour analysis

The film’s appearance was captured using a digital camera against a
white background. The colour analysis of the film was conducted with a
colourimeter (CR-410, Chroma Meter, Japan), based on three colour
coordinates: L*, a*, and b*. The colour was measured using the units L*
(Lightness/darkness; 0-100), a* (positive = redness/negative = green-
ness), and b* (positive = yellowness/negative = blueness).

2.5. Structural characterisation of pH indicator film

2.5.1. Scanning electron microscopy (SEM)

Scanning Electron Microscope (SEM) analyses were performed ac-
cording to Peralta et al. [45] with slight modifications. The film samples
were immersed in cryogenic fracture and cut into a square strip (2 cm x
2 cm). After that, the samples were sputter-coated with gold and
attached to the aluminium tape stub. The micrographs of the surface and
cross-section of the films were observed using scanning electron mi-
croscopy (JEOL, JSM-5800LV, Japan) using operational conditions:
voltage = 5 kV and magnification = 500 x .

2.5.2. Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the films was examined using an attenu-
ated total reflection-Fourier transform infrared (ATR-FTIR) spectrom-
eter (1760X, PerkinElmer, USA) to investigate the relationship between
the sample materials and their film-forming properties. Absorbance
spectra of films were obtained from 4000 to 400 em ! [27].

2.6. Colour response of L2 film indicator to different pH values
(1.0-13.0)

To evaluate the colour sensitivity of the film samples to changes in
pH, the films were cut into a square shape (4 cm x 4 cm) and then
immersed in solutions with different pH values. The pH solutions were
prepared using 1 M HCI (pH 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0) and 1 M
NaOH (pH 7.0, 8.0, 9.0, 10.0, 11.0, 12.0 and 13.0). The colour changes
of the films were recorded by a digital camera with a white background.

2.7. Colour stability and light barrier properties of L2 film during storage

The storage analysis of the film was analysed according to the
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method of Chen et al. [15] with slight modifications. The L2 film indi-
cator was stored for 9 days at three different temperatures: (1) room
temperature (25°C); (2) chilled temperature (4°C); and (3) frozen tem-
perature (-18°C). The colour changes of the indicator were assessed
every 3 days, and total colour difference (AE) and opacity of the film
were calculated.

2.8. Application of L2 film to monitor the freshness of the fish

The L2 films were used to monitor the freshness of silver pomfret
fish. The films were cut into squares (3 cm x 3 cm) and attached to the
lid of the containers (10 cm x 10 cm x 4.5 cm). Each container con-
tained approximately 30 g of sample weight and was stored in a chiller
(4 £ 1) for 6 days, and was analysed every 48 h. The fish sample was
evaluated for their pH values and colour appearance by the naked eye.
For pH measurements, the sample was homogenised with distilled water
for 5 min using a homogeniser (Heidolph Silent Crusher, Schwabach,
Germany). Whereas the colour changes of the pH indicator film were
evaluated using a chromameter [30].

2.9. Statistical analysis

All analyses were performed in triplicate. Statistical analysis for all
data was conducted using MINITAB Statistical Software (MiniTab Inc.,
USA). One-way analysis of variance (ANOVA) was performed, and
Tukey’s tests at a 95 % confidence level (p < 0.05). The results obtained
in this research were expressed as the mean values + standard deviation.

3. Results and discussion
3.1. Physical properties of pH indicator film

3.1.1. Film thickness

Thickness is a crucial factor in creating packaging film as it affects
opacity, sturdiness, and water vapour permeability [13]. Based on
Table 1, the thickness of films ranged from 0.16 to 0.39 mm, with Ul
films being the thickest at 0.39 mm (p > 0.05) and L1 films being the
thinnest at 0.16 mm (p < 0.05). Blended films of LBG and UWF in
different ratios (LU, Ul and U2) exhibited significantly thicker films
compared to 100 % LBG (L1). This can be attributed to the differences in
composition, molecular structure, crystallinity, and the process of gel

Table 1
The physical properties of the pH indicator film with different ratios of LBG and
UWF incorporated with BPF anthocyanin.

Physical Film types

Properties L1 U1 LU L2 U2

Thickness (mm)  0.16 0.39 0.35 0.31 0.39

+0.02°  +0.12° + 0.04° +0.03? +0.08°

Moisture 3.79 9.58 4.26 3.22 6.85
Content (%) +219° +£269* +1.91° +1.72° +2.59%°

Swelling power 94.28 22.55 67.43 56.06 75.61
(%) +281°  +11.43¢  +£6.97"  +153° +3.18°

Water Solubility ~ 80.03 20.79 81.77 40.02 62.01
(%) +4.08°  +£5.71° + 6.70° +12.95"  +8.92%

Water Vapour 2.80 1.15 2.31 3.87 5.59
Permeability +0.23"  +£1.08% +1.34° +0.62° +1.57°
(x10°g.

1rn’lpa’l)

Tensile strength 0.83 0.01 0.09 0.80 0.07
(MPa) +0.15°  +0.01° +0.02° +0.12° +0.08"

Elongation at 37.13 67.43 60.20 53.75 61.86
break (%) +4.66°  +3.84° + 8.28° +11.63%°  +4.23°

All values are mean =+ standard deviation of three replicates. Means that do not
share the same letter are significantly different (p < 0.05) in the same row.
L1 =100 LBG:0 UWF; Ul = 0 LBG: 100 UWF; LU= 50 LBG: 50 UWF; L2 = 70
LBG: 30 UWF; U2 = 30 LBG: 70 UWF.
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formation of LBG and UWF, as outlined in Table 2 [54,68,8,37,24]. LBG
film (L1) was thinner than UWF (U1) because the amorphous structure
of LBG allowed better solubility of the polymer in water [52]. This
resulted in a more homogeneous film-forming solution, which in turn
produces a more ordered structure and consequently forms compact and
thinner films. Yong et al. [62] reported similar findings, where LBG
produced thinner films when blended with other starch-based films. In
contrast, UWF-dominant films were thicker due to the semi-crystalline
structure of the starch-dominant UWF, which reduces the solubility of
UWF in water [24]. This led to a less ordered structure, resulting in
thicker films. Blended films exhibited an intermediate thickness be-
tween L1 and U1, indicating that the mixture of LBG and UWF enhances
the solubility of the film-forming solution and produces a more homo-
geneously dispersed polymer matrix compared to 100 % UWF (U1).

3.1.2. Moisture content

Moisture content is a crucial factor for food packaging materials
because high moisture levels can encourage the growth of microbes on
the surface of packaged foods [16]. Based on Table 1, there was a sig-
nificant difference (p < 0.05) in U1, which has the highest moisture (>
10 %), so it was considered unsuitable for creating a pH indicator film.
This is attributed to the presence of gluten in UWF, which has a good
water absorption capacity and can form a three-dimensional network
structure after hydration, retaining water in the film even after drying
[21]. In contrast, L2 has the lowest moisture content (3.22 %) and the
thickest film (0.31 mm), indicating the homogeneity of the film
compared to other formulations.

3.1.3. Swelling properties

The swelling property was defined as the water uptake percentage of
the film until saturation was reached, and the swelling behaviour was
proportional to the total water molecules contained in the polymer

Table 2
Comparison of composition, molecular structure, crystallinity and gel formation
of locust bean gum (LBG) and unbleached wheat flour (UWF).

Properties LBG UWF

Composition

Molecular
structure

Crystallinity

Formation of
gel

Contains approximately

80-85 % galactomannan (of
which 50-65 % is mannose,
14-18 % is galactose, and the
rest are traces of glucose,
rhamnose, arabinose and
xylose), 10-12 % moisture, 5 %
protein, 1.0 % ash, 1.0 % crude
fibre, 0.5 % fat.

A non-starch polysaccharide
composed of p-(1—-4)- linked D-
mannopyranosyl backbone with
D-galactopyranosyl side
branches attached via a-(1-6)
linkage

Amorphous LBG hydrates easily
due to its amorphous structure,
forming a gel-like network.

Gelation through thermal
hydration

Mainly contains a combination
of starch (78-82 %) and
protein (8-16 %).

The starch is made up of
amylose (linear structure and
bonded via 1,4-a-glycosidic
linkage) and amylopectin
(branched structure linked via
1, 6-a-glycosidic bond).

The starch has a semi-
crystalline structure composed
of alternating amorphous
regions (predominantly
amylose) and crystalline
regions (mainly amylopectin).
Crystalline regions act as
barriers to water absorption
making it less soluble in cold
water.

Gelatinisation (the process of
heating starch in excess water,
melting of starch crystallites,
and the granules lose their
molecular order, structure, and
birefringent character, and
simultaneously starch
solubilization takes place)
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matrix of the film [31]. The greater the water uptake, the greater the
swelling property. Based on Table 1, there was a significant difference in
swelling power among all films, with L1 exhibiting the highest swelling
power (94.28 %) and Ul showing the lowest (22.55 %). The high
swelling power of L1 is attributed to its amorphous structure, which
facilitates interaction and penetration of water molecules into the
polysaccharide chains, resulting in the formation of a swollen gel.
Conversely, Ul demonstrated the lowest swelling ability (p < 0.05) due
to its semi-crystalline structure, which resists water penetration and
limits swelling capability.

Furthermore, the properties of amylose act as a swelling inhibitor
[28]. The low swelling rate was potentially due to intermolecular in-
teractions between the linear chain of amylose starch and the BPF
extract, which inhibited starch swelling and allowed for less water up-
take in the polymer matrix [66]. Ahmad et al. [4] reported similar
findings, where sago starch film was less affected and swelled signifi-
cantly less compared to other starch films. On the other hand, the
blended films exhibit intermediate swelling power (56.06-75.61 %),
indicating a synergistic effect stemming from the combination of LBG
and UWF. In these films, LBG disrupts the crystalline regions of UWF,
enhancing the water uptake capacity of the composite films. The
amorphous nature of LBG creates more water-accessible regions,
contributing to the improved swelling behaviour of the blended films.

3.1.4. Water solubility

In film fabrication, water solubility is a vital attribute to consider, as
it indicates the water resistance ability and integrity of polysaccharide
films (Atef, Rezaei, & Behrooz, 2014). Generally, higher water solubility
is not desirable for developing food packaging due to its limitations for
foods in high relative humidity environments. Similarly, in line with its
swelling properties, Ul displays significantly lower water solubility
(p < 0.05) compared to L1 and the blended films (Table 1). This is pri-
marily because a substantial portion of the starch in Ul maintains its
semi-crystalline structure, which restricts water interaction and reduces
solubility. In contrast, LBG exhibits high water solubility due to its
amorphous structure, which facilitates extensive interaction with water
and allows for easy hydration. The blended mixture of LBG and UWF
balances these properties, resulting in films with moderate solubility.
Among the blended films, L2 demonstrated the lowest water solubility,
making it suitable for a wide range of applications. These findings
regarding swelling and water solubility further support the selection of
LBG/UWF as the polymer blend for developing pH indicator films.

3.1.5. Water vapour permeability (WVP)

WVP is a crucial factor in determining the moisture transfer of
polymeric materials in intelligent packaging film performances, which
protects and prolongs the shelf life of food products. Based on Table 1,
there is no significant difference among all films (p < 0.05). Theoreti-
cally, based on the results of swelling power and water solubility, LBG
was expected to have lower water resistance properties (high WVP) due
to its high water affinity resulting from its amorphous structure. In
contrast, UWF was expected to have better water resistance and,
therefore, a lower WVP, as suggested by previous findings (swelling
power and water solubility). However, WVP is primarily influenced by
the structural characteristics of the films, such as the formation of or-
dered structure, the presence of voids, or tortuous pathways caused by
dispersed particles such as BPF extract [36,40] to prevent moisture
transfer through the film, on top of its water affinity properties as dis-
cussed in previous analyses (swelling power and water solubility). In L1,
the homogeneous film-forming structure facilitates the development of a
more ordered and compact matrix, which effectively reduces moisture
transfer, resulting in a lower water vapour permeability (WVP) [38],
despite its high swelling power and water solubility. On the other hand,
the insoluble crystalline regions in Ul disrupt the formation of an or-
dered structure, creating voids that allow moisture to pass through, thus
causing high WVP. In blended films, both properties were adjusted,
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resulting in an intermediate WVP. Similar findings were reported by
Hashim et al. [27], who investigated the WVP values of different for-
mulations of sugarcane wax and agar, showing that there were no sig-
nificant differences in WVP values.

3.1.6. Mechanical properties

Table 1 presents the mechanical properties of the pH indicator film,
comprising different ratios of LBG and UWF, expressed as tensile
strength (TS) and elongation at break (EB). TS is defined as the
maximum tolerance of the composite films against the applied stress
when being pulled or stretched before breaking occurs. Moreover, EB is
defined as the maximum capability of composite films to maintain al-
terations in their length and shape without any crack formation [1].
Based on Table 1, LBG-dominant films (L1 and L2) exhibited the highest
TS, with a significant difference (p < 0.05) compared to the other films.
This is because the amorphous structure allows LBG to form homoge-
neous film-forming solutions and produce films with compact, dense and
ordered structures [43]. This provided films with higher rigidity, thus
increasing the tensile strength. Additionally, due to the presence of
abundant hydroxyl groups, LBG can form strong synergistic interactions
between the D-galactopyranosyl side branches and other biopolymers
(UWF) through hydrogen bonds [64]. In contrast, UWF films (U1, LU,
and U2) showed significantly lower tensile strength compared to LBG
dominant films. The low tensile strength of UWF dominant films is
attributed to the less ordered structure resulting from the insoluble
crystalline regions. This disrupts the formation of a more rigid matrix,
thus lowering the tensile strength.

In terms of EB, UWF dominant films (U1, LU, and U2) exhibited
significantly higher EB compared to LBG films, showing an opposite
trend to that of tensile strength (TS). This is due to the significantly
higher moisture content of UWF films that act as a lubricant to improve
the flexibility of the film, thus increasing the EB [59]. Furthermore,
these results appear to be linked to the amylose/amylopectin and pro-
tein (gluten) content of UWF [20]. UWF films contain gluten (made up of
glutenin and gliadin). Glutenin forms a distinctive protein network
through disulfide bonds, providing cohesiveness and elasticity to the
film. Meanwhile, gliadin acts as a plasticiser within this protein network,
enhancing the ductility of UWF films [21]. Collectively, these in-
teractions improved the EB of UWF films. The U1 and U2 films consist of
high concentrations of amylose and amylopectin, which provide
adequate polymer linear chain motion and allow chain-chain connec-
tions of polymeric backbones by hydrogen bonds [28]. Although L2
slightly decreases the percentage of EB, it maintains a stable film in
terms of TS mechanical properties, as evidenced by the uniform and
compact morphology structure of L2, as observed through SEM
(Table 4). Similarly, the result is supported by Mostafavi et al. [43]. This
demonstrated that LBG can be combined with polysaccharides to
enhance the mechanical properties of the film.

3.1.7. Film appearance and colour analysis

Based on Table 3, the inclusion of BPF anthocyanin influenced the
appearance and blue colour of the surface-intelligent pH indicator film.
All film samples exhibited a blue colour because of the delphinidin
anthocyanin that is responsible for the deep blue to purple colour of BPF
[11]. Apart from that, there was no significant difference between all
types of film (p > 0.05) in lightness (L*), which can be attributed to the
white colour properties of the LBG and UWF powder. Additionally, the
redness (a*) was not affected since the anthocyanin concentration used
in the film formulation was fixed. These results indicate an excellent
dispersion between anthocyanin and polymer matrix, which did not
affect the pH indicator film’s colour properties.

3.2. Structural characterisation of pH indicator film

3.2.1. Fourier transform infrared spectroscopy
The FTIR-identified differences between the molecular interactions
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Table 3
Appearance and colour of the pH indicator film with different ratios of LBG and
UWF incorporated with BPF anthocyanin.

Film  Appearance Lightness Redness Yellowness
(L*) (@*) (b*)

L1 57.26 5.12 —20.01
- +0.47° +0.58°

Ul 58.18 3.85 -12.51
41790 +0.51° +1.67°

LU 50.35 6.23 -18.30
o1 +0.95% +1.12b¢

L2 57.06 6.03 -15.47
708 +1.82% + 2.582P

U2 4.12 ~14.90

+0.38% + 0.48%

All values are mean =+ standard deviation of three replicates. Means that do not
share the same letter are significantly different (p < 0.05) in the same column.
L1 =100 LBG:0 UWF; Ul = 0 LBG: 100 UWF; LU= 50 LBG: 50 UWF; L2 = 70
LBG: 30 UWF; U2 = 30 LBG: 70 UWF.

and chemical structure of pH indicator films are observed in Fig. 1. All
the film’s samples with anthocyanin displayed a dominant band at
3281-3331 cm !, where N-H/O-H stretching and 2923- 2934 cm ! for
C-H stretching vibrations, which corresponds to the aliphatic moieties
in polysaccharides [23]. Additionally, the formation of hydrogen bonds
between the BPF anthocyanin and the film matrices also contributed to
this effect. Apart from that, L1 and L2 exhibited a typical band at
811 cm™, corresponding to the mannose residues of LBG [65]. The
wavenumber in the range 1651-1654 cm ™! corresponds to the Amide I
band, which is associated with the C=0 stretching vibration and can be
used to distinguish a- and f-gliadins [55] of the secondary structure
protein (gluten) in the film. The peaks at 2882 cm™! and 2884 cm™!
confirmed the presence of hydrogen bonding in the BPF anthocyanin
extract, which is assigned as O-H stretching [18]. Wavenumber
1026-1022 cm ! reflects the degree of double-helix structure in starch
granules [29], where a similar report was made on saccharide structure
between 1035 and 1023 cm™! in different polysaccharide/PVA films
incorporated with red pitaya betacyanin [61]. All of the film samples
had similar diffraction spectra, indicating that the addition of LBG and
UWF at any concentration did not affect the functional group of the
intelligent pH BPF indicator film.

3.2.2. Scanning electron microscopy

The microstructures of pH-intelligent films with different composi-
tions of LBG and UWF are shown in Table 4. LBG-dominated films (L1
and L2) showed a relatively smooth structure due to the high homoge-
neity of LBG in the film-forming solution. Meanwhile, UWF-dominated
films (Ul and U2) and also LU films had a rough surface, indicating
that starch globules were not well dispersed in the polymer matrix,
probably due to the semi-crystalline structure of starch, which has low
solubility in water.

Additionally, the high polymer content in the film causes it to
become saturated with starch granules, resulting in incomplete polymer
gelatinisation [4]. Among all films, L2 has a compact and dense struc-
ture, with no pores visible in the cross-sectional view. A similar
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Fig. 1. FTIR spectra of the pH indicator film with different ratios of LBG and
UWF incorporated with BPF anthocyanin.

phenomenon was observed by Wu et al. [58] in the LBG/PVA blend film.
The L2 exhibits good interaction and compatibility between the two
polymers (UWF and LBG) and the BPF anthocyanin compound, likely
due to hydrogen bonding between the carboxylate (C—=O0) groups of the
protein (gluten) and the —OH groups of the polysaccharides, working in
conjunction with water-soluble anthocyanin [32]. Clearly, the L2 film
exhibited a good balance of physical and structural properties and has
been chosen for application as a pH indicator film with immobilised BPF
anthocyanin.

3.3. Application of L2 film indicator in monitoring the freshness of silver
pomyfret fish

3.3.1. Colour changes of BPF anthocyanin and L2 film

Based on Fig. 2A, the BPF anthocyanin displayed various colour re-
sponses after exposure to a wide pH range. The colour of the BPF
anthocyanin turned red in a buffer with a pH of 1 and 2, which is a strong
acid. Then, the colour of the BPF anthocyanin turned to purple at pH 3
and to deep blue at pH 4-6, which is slightly acidic. The natural pH 7
and 8 were displayed in blue. The colour of the BPF extract changed to
bluish-green at pH 9 and 10, greenish at pH 11, dark green at pH 12, and
yellow at pH 13 in alkaline conditions. These colour changes were
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similar to those reported in the previous study by Ahmad et al. [5].

The colour changes that happened were influenced by the shifting of
the pH between H+ and OH— ions. The colour of anthocyanin at acidic
pH values (pH < 2) was red, where the formation of the flavylium cation
is favoured. This condition is fully protonated and has a delocalised
H+ positive charge [56]. The first deprotonation occurred when a slight
increase in pH, related to the kinetic reaction on acidic hydroxyl groups
[9], favoured the colour change from red to purple and the formation of
a quinoidal base. Further deprotonation occurred at pH values between
4 and 6, forming an anionic quinoidal base, which resulted in a colour
change from purple to blue. After that, the stability of anthocyanins
gradually declines as pH increases (pH > 7), causing a colour change
from green to yellow in alkaline conditions. This results from the addi-
tion of OH— ion and isomerisation into chalcone formation [50]. Due to
these abilities (colour changes), BPF anthocyanin could be beneficial for
developing intelligent packaging to monitor the freshness of food
products, which is associated with a rise in pH.

L2 film, identified from preliminary research, was chosen as a pH
indicator film due to its good mechanical and water barrier properties.
Based on Fig. 2B, the colour trend of L2 films corresponded to the BPF
anthocyanin extract (Fig. 2A) where the colour gradually changed from
red (pH 1) to pink (pH 2) to purple (pH 3) to blue (pH 4-5) to deep blue
(pH 6) to bluish green (pH 7-9) to greenish (pH 10-11) to darken green
(pH 12) and yellow (pH 13). A previous study reported similar colour
changes from red to yellow in semolina agar starch films incorporated
with BPF after being immersed in pH levels ranging from 1 to 13,
indicating that the films exhibit a prominent colour response to different
pH values [51]. Thus, the results showed that BPF anthocyanin had
excellent colour stability when reacting with various pH solutions. The
colour changes of the LBG:UWF pH indicator films can be effective for
their application in monitoring the freshness of food products.

3.3.2. Colour stability and light barrier properties of L2 film

Fig. 3 shows the L2 film’s colour stability (AE) and light barrier
properties (opacity) change over 9 days of storage at room (25°C),
chiller (4°C), and frozen (-18°C) temperatures. In Fig. 3A, the colour
stability is represented by the AE values, which indicate the magnitude
of colour change [33]. It is observed that at day 3, the AE values are
relatively stable across all storage temperatures. However, from day 6 to
day 9, there is a noticeable increase in AE, especially at the frozen
temperature (9.75 + 0.56), indicating a highly significant change in
colour under this condition. This colour change is attributed to struc-
tural stress in the polymer matrix, which affects anthocyanin stability
and leads to greater colour degradation [19,47]. Besides, AE values are
lowest at room temperature (4.99 4+ 0.11) and chiller temperature
(7.95 + 0.81) during short storage, indicating better colour stability of
anthocyanin pigments under these temperature conditions. Similar
research was observed by Chen et al. [15] in corn wheat starch film.

The opacity of a film represents its ability to block or absorb light.
For food packaging films, good light barrier properties protect the
contents from harmful effects of light, such as photo-oxidation or
pigment degradation [44]. Fig. 3B shows the variation in the opacity of
the L2 film with time under different storage conditions. The opacity of
the L2 film remained relatively unchanged with increasing storage time.
However, over the nine days, the opacity decreases slightly at all tem-
peratures, exhibiting a gradual decrease in opacity that indicates a loss
of light barrier capacity over time. Chen et al. [15] reported similar
findings, where the light barrier properties of bilayer films did not
change significantly with prolonged storage.

3.3.3. Application of L2 film on silver pomfret fish

To determine the practicality of the L2 indicator in monitoring the
freshness of silver pomfret fish, the L2 film was placed on top of the
package, avoiding direct contact with the food items. Thus, the L2 film
will only come into contact with volatile compounds released by the
fish, providing direct information to the consumer with their naked eye.
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Table 4
Surface and cross-section morphology of the pH indicator film with different ratios of LBG and UWF incorporated with BPF anthocyanin.

Film types Upper Surface Cross-section

L1

)
002x  VH 02.0.9mm8IaW Vy0.01v032
< (001-TI M2L) MIUM3

SED 100K/ WOTHRAP.C:50 400 = x300 SED 10,0k WD18mmiP.C.80° HV- x250

EMUPM (JSM 1T-100). EMUPM (JSM IT-100)

SED 10.0kV WD18mmP.C.50 (HV <x —_— SED 10.0kV WD1SMMP.C.50 HV _ x200  100um.

EMUPM (JSM IT-100) Sop 05, 2023 EMUPM (JSM IT-100) = Sop 08, 2023

SED 10.0kV WD19mmP.C.50 HV X800 — SED 40, 0KMWD1BMATR.C.50 HY _ x
EMUPM (JSM IT-100) Sop 05, 2023 a

The magnification used for surface and cross-section images is 500 x . L1 = 100 LBG:0 UWF; U1 = 0 LBG: 100 UWF; LU= 50 LBG: 50 UWF; L2 = 70 LBG: 30 UWF;
U2 = 30 LBG: 70 UWF.

Parameters related to the freshness of silver pomfret and the colour accumulation of volatile basic nitrogen (NHj3), resulting from protein
value of the L2 film indicator are presented in Fig. 4. The initial pH of breakdown caused by microbial activity [46]. This finding is similar to
silver pomfret was 7.10 = 0.10 (Fig. 4A), which increased with the previous studies by Boonsiriwit et al. [10].

storage time. At the end of the storage period, the pH of the silver Other than that, the initial colour of the L2 indicator was used as a
pomfret increased to 8.16 + 0.06. This pH increase was attributed to the reference for AE calculation, and changes in AE during storage are
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Fig. 3. Colour stability (A) and light barrier (B) properties of L2 film during storage at three different temperatures.

presented in Fig. 4B. The AE value after 2 days of storage was 11.94
+ 3.60, which increased with an increase in spoilage parameters. The
AE value of the L2 indicator increased sharply to 22.38 + 3.57 after 6
days of storage, and the indicator changed from blue to a greenish blue.
Thus, the colour of the L2 indicator changed according to the changes in
the quality of silver pomfret. Therefore, the silver pomfret was marked
as spoiled after 4 days of storage. Images of fish packaging and changes
in the colour of the L2 indicator are presented in Fig. 4C. Initially, the
indicator was deep blue (fresh), which turned to light blue (fresh),
greenish blue (spoiled), and green (spoiled) after 0, 2, 4, and 6 days of
storage, respectively.

The appearance of the L2 indicator changed from blue to green over
time due to the absorption of moisture and volatile nitrogen from the
packaging headspace. Previous studies have shown that microbial ac-
tivity in fish releases volatile basic nitrogenous compounds (TVB-N),
primarily trimethylamine (TMA) and dimethylamine (DMA), which in-
crease the pH during storage and indicate spoilage [12]. TMA, a natural
marine compound with a strong fishy odour, accumulates in spoiled
silver pomfret, raising the sample’s pH to an alkaline condition [17].
This rise in alkaline volatile amines increases hydroxide ions (OH"),
which convert BPF’s anthocyanin into a carbinol base [2], causing the
L2 indicator to change from blue to green colour. Therefore, the L2
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Fig. 4. pH of silver pomfret (A), colour change (AE) of the L2 film indicator (B), and L*, a*, b* values of the L2 film on silver pomfret packages (C) during storage

at 4°C.

indicator was selected to monitor the freshness of silver pomfret due to
its ability to change colour on each sampling day clearly. This study
highlights the potential of pH-sensitive indicators for detecting spoilage
gases in intelligent packaging.

4. Conclusion

Films containing LBG demonstrated greater stability than those with
UWF. However, the pure LBG film (L1) displayed high swelling prop-
erties, water solubility, and low elongation at break, which limits the
functionality of LBG as a pH indicator film. Conversely, UWF films
exhibited superior tensile and water resistance properties. The combi-
nation of LBG and UWF in various ratios enhanced the mechanical,
water barrier, and structural properties of the films, making them more
suitable for use as pH indicator films. The optimal formulation
comprised 70 % LBG and 30 % UWF (L2), resulting in a stable film with
low moisture content, the greatest thickness, strong water vapour
permeability (WVP), high tensile strength, good elongation at break
(EB), and compact structure in SEM compared to other composite films.
The L2 indicator showed clear colour changes corresponding to the
quality deterioration of silver pomfret. The release of alkaline com-
pounds increased the pH, which altered the BPF anthocyanins and
caused the L2 film to shift from blue (fresh) to green (spoiled) colour.
Therefore, the blend of polymers between LBG and UWF (L2) proved to
be the most suitable for developing an intelligent pH indicator. These
findings offer valuable insights for further research on the application of
pH indicators to monitor the freshness of muscle food products.
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