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Abstract This research investigated the creation of k-carrageenan films incorporating limonene
raw extract and curcumin, aiming to serve as effective freshness indicators in food packaging.
Fourier Transform Infrared Spectroscopy and Field Emission Scanning Electron Microscopy
were employed for film analysis. FTIR spectra indicated the presence of characteristic functional
groups including O-H, C-H, C=C, C-O, C—OH, sulphate esters, C=0 stretching, and CO-O—
SOs stretching vibrations. FESEM imaging demonstrated a homogeneous surface with a dense
and compact structure. The films' functional efficacy was assessed using chicken meat as a model
system. The addition of curcumin and limonene facilitated observable color alterations
corresponding to meat freshness, confirming the film's utility as a freshness indicator. In addition
to indicating spoilage, these natural additives conferred antioxidant and antibacterial properties.
The study underscored the potential of biodegradable k-carrageenan films fortified with natural
bioactive compounds as sustainable packaging solutions. However, further research is
recommended to optimize limonene and curcumin concentrations and to validate their
performance across diverse food matrices, thereby ensuring their commercial viability.

Keywords: Biodegradable plastics, Natural biopolymers, Limonene, Curcumin, Freshness
indicator

Introduction

The American Society for Testing and Materials (ASTM) defines
biodegradable plastics as polymeric materials capable of breaking down through
the action of naturally occurring microorganisms, including bacteria, fungi, and
algae (Shaikh et al., 2021). A wide variety of natural biopolymers such as pectin,
lipids, proteins, chitosan, and starch have been investigated for this purpose
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(Subbuvel and Kavan, 2022). These materials are generally considered non-
toxic, inexpensive, sensitive, predictable, fast-acting, non-destructive, and non-
invasive, making them attractive candidates for sustainable packaging
applications. Consequently, recent research has emphasized the incorporation of
pigments derived from plant sources and food waste into such biopolymers.
Depending on their functionality, these polymers can be employed either
individually or in combination. For instance, chitosan-based films have been
explored as pH-sensitive indicators capable of visually detecting spoilage in beef
and fish products. This approach addresses one of the major challenges in the
packaging industry—monitoring the microbial spoilage of perishable foods (Liu
etal., 2022).

Among perishable food products, chicken meat represents a highly
consumed protein source that supplies essential amino acids to humans.
However, it is prone to oxidative degradation, which reduces its quality. Lipid
oxidation generates harmful compounds, including hypoxanthine (HX),
xanthine, and ammonia, which compromise consumer safety (Abedi-Firoozjah
et al., 2023). HX, in particular, is a key purine metabolism product present in
biological fluids, cells, and tissues, and is widely used as a biochemical marker.
It provides insights into cell ageing, helps diagnose gout, cardiac, and cancer-
related conditions, and serves as an indicator of meat freshness and spoilage
(Varadaiah et al, 2022). In response, many studies have developed
biodegradable films incorporating curcumin as a bioactive component to monitor
the freshness of chicken meat (Yildiz, 2022).

K-carrageenan, a linear sulphated polysaccharide extracted from the red
seaweed Kappaphycus alvarezii, has gained attention due to its strong gelling,
emulsifying, and stabilizing capabilities. Its film-forming potential has led to
applications in dairy, confectionery, and meat products. Owing to the presence
of potassium ions (K*), k-carrageenan typically produces rigid, brittle gels.
Compared with iota- and lambda-carrageenan, as well as polyethylene-based
films, x-carrageenan generates transparent films with superior tensile strength.
Nonetheless, enhancements in mechanical properties and water vapor barrier
performance are required for broader packaging applications (Liu et al., 2020).

Limonene, a bioactive compound primarily extracted from citrus peels,
possesses antioxidant, anti-inflammatory, and anticancer properties. Once
isolated, it appears as a white powder and is widely used in consumer products
such as perfumes, beverages, soaps, and detergents. Limonene also exhibits
antibacterial activity by penetrating lipid membranes, disrupting cellular
structures, and causing protein denaturation. Its demonstrated ability to inhibit
the growth of bacteria, yeast, and fungi has been harnessed to extend the shelf
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life of fresh produce, including strawberries, blueberries, and cucumbers (Shaw
etal., 2023).

Curcumin, the principal bioactive compound in turmeric (Curcuma longa
L.), is well known for its potent antioxidant activity. Rich in phenolic
compounds, this natural polyphenol exhibits broad pharmacological effects,
including anti-inflammatory, anticancer, and antimicrobial properties. Curcumin
is also highly pH-sensitive: its phenolic hydroxyl groups undergo ionization
under alkaline conditions to form phenoxide anions, leading to changes in color.
This property not only enables curcumin to act as a pH-responsive indicator but
also contributes to the scavenging of oxygen free radicals such as superoxide
anions and hydroxyl radicals, which initiate lipid peroxidation (Rachtanapun et
al., 2021). Therefore, the objective was to characterize the physicochemical
properties of k-carrageenan films enriched with curcumin and crude limonene
extract and to elucidate their structure—property relationships.

Materials and methods
Raw material

Fresh orange fruit (Citrus reticulata), tarmeric powder, and raw chicken
meat were procured from a local supermarket in Kota Kinabalu, Sabah, Malaysia.
Analytical grade chemicals, including ethanol, acetone, acetic acid, sodium
hydroxide pellets, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and «-carrageenan
powder, were sourced from Systerm Company (Malaysia), Merck (Germany),
Merck (Germany), Sigma-Aldrich (United States), and Foodmate Co., Ltd.
(Shanghai, China), respectively.

Extraction of crude extract of limonene from orange peel

Limonene extraction was carried out following the procedure described by
Hasibuan and Gultom (2021), with slight modifications. Initially, pristine orange
peels underwent a thorough cleaning process to eliminate any contaminants,
followed by sun-drying and subsequent pulverization into a fine powder utilizing
a blender. Orange peels were cleaned, dried in the sun, and ground into a fine
powder. Subsequently, 25 g of this powder was combined with 350 mL of 80%
ethanol in a beaker, covered with aluminum foil, and allowed to steep at ambient
temperature for 72 hours. Following the extraction, the mixture was filtered, and
the resulting filtrate was concentrated through evaporation at 60 °C for 45-60
minutes.
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The characterization of the bioactive compounds was conducted utilizing
high-performance liquid chromatography. An HPLC system featuring a
reversed-phase C18 column was utilized. The mobile phase was composed of a
50:50 mixture of acetonitrile and purified water. Before application, all solvents
were filtered using a hydrophilic polypropylene membrane with a 0.2 um pore
size and subsequently degassed via ultrasonication. The chromatographic
analysis was conducted using a flow rate of 1 mL/min, an injection volume of 20
OL, and a total run time of 15 minutes for each sample. The column was operated
at a constant temperature of 25 0C, with detection achieved via UV absorbance
at 283 nm.

Fabrication of film

The film will be produced by Gao et al, (2022), with some modifications.
The control film was prepared using a solution casting method. 2 g of «-
carrageenan mixed with 150 mL of distilled water was put into a beaker filled
with magnetic stirrers at a temperature of 90 °C. Then, 3% of curcumin is added
to the solution. Films of CLC 0.15%, CLC 0.30%, and CLC 0.45% are provided
with the same formulation and added with limonene at different concentrations
of 0.15% (v/v), 0.30% (v/v), and 0.45% (v/v), respectively. The solution is then
stirred for 30 minutes, poured into the Petri plate, and allowed to dry for 48 hours
at room temperature.

Moisture content

The prepared films were dried at 105 °C for 24 h. The wet weight (W)
and dry weight (Wary) were recorded by measuring the films before and after the

drying process. Moisture content was then calculated using the following
formula, as described by AOAC (1990):

. Wwet— w )
Moisture content (%) = [u

]xlOO%

dry
Water solubility

The initial dry weight of each film sample (Winial) Was recorded after
drying at 105 °C for 24 h. The films were then immersed in distilled water for 24
h, after which they were removed and dried again at 105 °C for an additional 24
h. The final dry weight (Wsna) was subsequently measured. Film solubility was
calculated using the following equation, as described by Bhattarai and
Janaswamy (2023):

1756



International Journal of Agricultural Technology 2025 Vol 21(5):1753-1774

Winitial - W gipq7)

Water solubility (%) = x 100%

Winitial
Water Vapor Permeability (WVP)

The water vapor permeability (WVP) of the films was determined using
the ASTM E96 “cup method,” a standard gravimetric test for measuring water
vapor transmission (ASTM E96). Plastic cups with a diameter of approximately
9 cm were filled with 50 g of silica gel. The films were secured over the mouth
of each cup using cellophane tape and aluminium foil to ensure an airtight seal.
The cups were then placed in a desiccator containing distilled water and
maintained at 20 °C. The weight of each cup was recorded every 24 h for 5
consecutive days. The weight change over time was plotted, and linear regression
analysis was performed (> > 0.99). The water vapor transmission rate (WVTR)
was calculated as the slope of weight change (g/s) divided by the test area (m?).
Finally, WVP was determined based on a combination of Fick’s and Henry’s
laws of gaseous diffusion through films, using the following equation (Sree and

Nagaraaj, 2022):

WVTR (g/s)/(m?) = 222 ™)

WVP =WVTR x =
AP

Where, 4 (m?) represents the film area, x (m) denotes the film thickness, and AP
(Pa) corresponds to the difference in water vapor pressure across the film. A
driving force of 2339 Pa was applied as the differential vapor pressure of water.

Film thickness

The developed biodegradable film thickness is obtained using a handheld
micrometer (Wilkens-Anderson Co.) with an accuracy of 0.001 mm. The
analysis is made at least five random dots on each film (da Costa et al., 2023).

Color analysis

Color analysis of film samples will be measured using ColorFlex
Colorimeter (HunterLab, US). Film solutions are prepared and in containers
prepared for this analysis. L* (darkness), a* (red-green), and b* (yellow-blue)
will be measured. The total color difference (AE) will be calculated using the
following equation (Alipour et al., 2023):
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AE=V[(L* = L)* + (a* — a)® + (b* — b)?]
Opacity

A method prepared by Zhao et al. (2022), has been used to evaluate the
opacity of the films. The UV Visible Spectrophotometer (UV-Vis) is used to
analyze film absorption at 600 nm. A film is cut (3 cm x 1 cm) and placed in a
cuvette. Measurements are taken triplicate while the opacity of the film is
estimated to use the equation below:

AGOO
X

Opacity (Amm™1) =
Where Asoo is absorption at 600 nm, and x is the thickness of the film (mm).
Fourier-Transform Infrared Spectroscopy (FTIR)

The molecular arrangement of the films and the interactions between
polymeric components were examined using Fourier-transform infrared (FTIR)
spectroscopy. An Agilent Technologies Cary 630 FTIR spectrometer was
employed over a spectral range of 4000-600 cm™'. Spectra were acquired using
the attenuated total reflectance (ATR) technique with a resolution of 4 cm™
(Maroufi et al., 2021).

Field Emission Scanning Electron Microscopy (FESEM)

As for FESEM, film samples were analyzed using FESEM (JSM-7900F
Schottky) with an enlargement of x1, 500 and %10, 000 for cross-section and
surface of the films, respectively. The film sample is coated with palladium

platinum for FESEM to enable and improve sample imaging (Vonnie et al.,
2023).

Antimicrobial analysis

The antimicrobial activity of the films was evaluated using the agar
diffusion method (de Oliveira et al., 2020). The antimicrobial efficacy of the
developed films was assessed using the agar diffusion method. Escherichia
coli cultures were prepared in Mueller-Hinton broth and incubated at 37 °C for
18-24 hours in a shaker incubator. Isolated colonies were obtained by streaking
a loopful of the bacterial stock onto Mueller-Hinton agar plates and incubating
them at 37 °C for 18-24 hours. A bacterial suspension was standardized to a 0.5
McFarland turbidity using 0.85% normal saline and then inoculated onto MH
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agar plates using a sterile swab. Circular film discs were subsequently placed on
the surface of the inoculated agar. Streptomycin was utilized as the positive
control antibiotic for the tested bacterial strains. Following incubation at 37 °C
for 18-24 hours, the presence of inhibition zones around the film discs was
observed.

Antioxidant analysis

The antioxidant capacity of the environmentally friendly films was
determined via the 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay. The
procedure was adapted from Lyn et al. (2021) with minor modifications. To
evaluate the antioxidant capacity of the eco-friendly films, a 2,2-diphenyl-1-
picrylhydrazyl radical scavenging assay was performed, following a modified
protocol adapted from Lyn ef al. A 0.1 mM solution of DPPH was prepared by
dissolving 4 mg of DPPH in 100 mL of methanol. Subsequently, 20 mg of each
film sample was introduced into 4 mL of the freshly prepared DPPH solution.
The resulting mixtures were incubated in darkness at ambient temperature for 30
minutes. The absorbance of these solutions was then measured at 517 nm using
a UV-Vis spectrophotometer. The percentage of DPPH radical scavenging
activity for the biodegradable films was subsequently determined using the
following equation:

DPPH scavenging effect (%) = [M x 100%

ADPPH

Apppu and Aecxuact are the absorption values of DPPH ethanol solutions and
sample extracts respectively at 517 nm. Pure ethanolic solution without DPPH is
used as a correlate. Each sample is tested in triplicates.

Storage stability

The storage stability of the CLC films was evaluated over 14 days using
the gravimetric method described by Erna et al. (2022). Films containing varying
concentrations of limonene extract (0.15%, 0.30%, and 0.45%) were stored under
three conditions: room temperature (25 °C), incubator (37 °C), and cold storage
(4 °C), each maintained at 50% relative humidity (RH). The initial mass of the
films was recorded on Day 0, and subsequent measurements were taken on Days
7 and 14 to determine the final mass.
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Biodegradability

The biodegradability of the composite films in soil was assessed with slight
modifications to the method described by Choudhary et al. (2023). Soil was
placed in plastic containers to a depth of approximately 4 cm. The films were cut
into square specimens (2 cm % 2 cm) and buried 2 cm below the soil surface. The
initial mass (Mo) of each container, including the buried films, was recorded, and
the containers were maintained at £25 °C. The containers with the degrading
films and associated residues were weighed daily for 5 days. The percentage of
biodegradation of the films was then calculated using the following equation:

Biodegradability (%) =

(Mo — My,
_ 1009
g X %

Mo (g) is the initial weight of a plastic container grown with the original film
before biodegradation testing, and M; (g) is the weight of a plastic tray buried
with film residue after biodegradable testing.

PH sensitivity

Hypoxanthine (HX) solutions mixed with pH 1 to pH 14 have reacted with
three solutions of the k-carrageenan-limonene-curcumin (CLC) film with
varying concentrations: 0.15% CLC film, 0.30% CLC film and 0.45%. Color
changes of each solution of the CLC film have been observed and measured using
a UV-Vis spectrophotometer. 0.01 M HX was prepared and placed in a
centrifugal tube. Each centrifugal tube contains 10 mL 0.01 M HX, whose pH
ranges from 1 to 14. Different pH levels of 0.01 M HX have responded to CLC
film and further analyzed using UV—Vis (Xiang et al., 2023).

Real sample analysis

Using biodegradable films with an indicator of freshness in observing
chicken breast damage will be carried out following Said and Sarbon, (2023),
with slight modifications. First, 10 g of raw chicken meat is cut into squares (4
cm x 4 cm). Then, fresh chicken meat is placed on a petri dish and closed using
a cover patched with a different film of limonene concentration. All samples are
stored at room temperature (25-28 °C) and noticed within five days of storage
time. Film color changes are monitored and measured.
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Statistical analysis

Statistical analysis was conducted using IBM SPSS Statistics, version 29.
One-way analysis of variance was employed to assess differences between
components and treatment levels, with Tukey's post-hoc test utilized for multiple
comparisons. A significance level of p < 0.05 was adopted, and all experimental
trials were performed in triplicate, with outcomes presented as mean + standard
deviation.

Results
Extraction of crude extract of limonene from orange peel

Limonene, the main component of orange essential oil, a citrus scent and
is identified at 3.392 min using High Performance-Liquid Chromatography
(HPLC). a-pinene (3.834 min), B-pinene (5.486 min), myrcene (5.866 min),
limonene oxide (6.303 min), linalool (6.645 min) and a-terpineol (6.917 min)
(Fan et al., 2015). The appearance of the developed films is shown in Figure 1.
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Figure 1. HPLC limonene analysis where the main peak at 3.834 minutes is
limonene
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Physicochemical properties

Thickness film, opacity, and water hydrophobic properties including
moisture content, water solubility and water vapor permeability were used to
evaluate the films comprehensively based on Table 1 and Figure 2. Control films
showed higher moisture content, water solubility, water vapor permeability, film
thickness, and opacity compared with CLC films.

Table 1. Moisture content (%), Film thickness (mm), Water solubility (%),
Water vapor permeability (gs—' m Pa) (10°%) dan Opacity (Amm)

Parameter Control CLC 0.15% CLC 0.30% CLC 0.45%
?%ismre Content 15 9043540 6.68+2.28" 8.8843.60° 7.9841.95"
(Frﬂﬁ)th“kness 0.0240.01° 0.0140.00° 0.00+0.01° 0.0140.01°
gj)ter solubility 122940.28*  9.18+0.40° 8.64+0.37° 7.4140.09¢
Water vapor

permeability 33.1241.59"  8.58+0.32° 9.62+0.41° 9.61+0.30°

(gs™! m Pa) (10°)

Opacity 22.3248.60° 20.68+5.327 17.31£2.73% 20.47+4.14°

The value represents an average of + standard deviations of the three replications. Different letters
(in rows) show significant differences (one-way ANOVA, Tukey’s HSD test, p < 0.05.

a b c d

[ /[

4 |

Figure 2. The appearance of the (a) control film, (b) CLC 0.15% film, (c¢) CLC
0.30% film, and (d) CLC 0.45% film

Changes in the colour of the film were evaluated by measuring L*
(light/dark), a* (red/green) and b* (yellow/blue) according to Table 2. The
control films' L*, a*, and b* values were significantly higher than those of CLC
0.15%, CLC 0.30%, and CLC 0.45%. The a* values of the film exhibited a shift

from negative to positive, suggesting a change from green to red colour of the
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films. The b* values of the film exhibited a shift from negative to positive,
suggesting a change from blue to yellow colour of the films. There were no
significant differences between CLC films and control film.

Table 2. L, a, b, and AE for control film, CLC 0.15%, CLC 0.30%, and CLC

0.45%

Film L a b AE

Control 12.61 +0.06¢ -0.67 +0.20¢ -1.76 +0.33¢ 82.14 £ 0.06*
CLC 0.15% 43.33 £0.63¢ 2.84 +0.35* 57.47 £0.95¢ 74.71 +£0.28¢
CLC 0.30% 50.43 £0.01* 1.05 +0.04¢ 68.74 + 0.14* 79.01 £0.12°
CLC 0.45% 47.15£0.16° 1.73 £0.05° 63.79 £0.13° 76.95 £ 0.17¢

The value represents an average of = standard deviations of the three replications. Different letters
(in columns) show significant differences (one-way ANOVA, Tukey’s HSD test, p < 0.05).

The films' surface and cross-section were analysed using Field Emission
Scanning Electron Microscopy (FESEM) as shown in Figure 3. Control film
showed a homogeneous and compact structure without air bubbles, pores, cracks,
or droplets. However, the increases of limonene concentration made the surface
of the films smoother and the increased of small particles of limonene on the
surface of k-carrageenan-based film. From the films' cross section, the film
structure's uniformity increased as the limonene concentration increased.

A close range of this film's chemical composition and bonding patterns is
shown in Figure 4. There were seven observed characteristic peaks: O-H, C-H,
C=C, C-0, C-OH, sulphate ester groups O=S=0, C=0=C stretch and CO-O-SO3
stretch.
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Figure 3. Images of FESEM (a) control, (b) CLC 0.15%, (c) CLC 0.30% and
(d) CLC 0.45% film at an enlargement of x10,000 with cross-sectional

images (al) control, (b1) CLC 0.15%, (c1) CLC 0.30%, and (d1) CLC 0.45%
film at x1500 magnification
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Figure 4. Spectrum FTIR (a) control, (b) CLC 0.15%, (¢) CLC 0.30%, and (d)
CLC 0.45% film

The efficiency of the film

The inhibition zone for the film of CLC 0.30% was higher than CLC film
0.15% (Table 3). However, no inhibition zone is observed for control and CLC
0.45% film. The results showed that the antioxidants property of the film
increased as the concentration of limonene increased which compared to the
control film.

Table 3. Inhibition zones for antimicrobial and antioxidant activity of the control
film, CLC 0.15%, CLC 0.30% and CLC 0.45%

Inhibition zone (cm?)

Film DPPHscavenge (%)
Escherichia coli

Control 0.00 £+ 0.00° -66.49 + 42 .87°

CLC 0.15% 221+0.01° -1.96 +1.58

CLC 0.30% 242 +0.01° 8.03 £2.802

CLC 0.45% 0.00 £+ 0.00° 13.17 £0.48*

The value represents an average of + standard deviations of the three replications. Different letters
(in rows) show significant differences (one-way ANOVA, Tukey’s HSD test, p < 0.05).

Storage stability of the films was observed in three different conditions:
room temperature, incubator, and chiller. Among three different conditions, the
films were more stably kept in a cold room. The films were observed a decreasing
mass at day 7 and decreasing at day 14 except for those stored in room
temperature at shown in Figure 5.
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Figure 5. Control Film Storage Stability, CLC 0.15%, CLC 0.30% and CLC
0.45% on three conditions: room temperature, incubator (I) and Chiller (BS)

The biodegradability of CLC films decreased with increased limonene
concentration as compared with control films. CLC 0.30% showed the highest
biodegradability percentage compared with other film.

Table 4. Biodegradability (%) of control film, CLC 0.15% film, CLC 0.30%
film, and CLC 0.45% film

Films Biodegradability (%)
Control 14.80 + 4.84°
CLC 0.15% 37.76 £15.15%
CLC 0.30% 60.01 +13.59*
CLC 0.45% 35.78 £ 3.13%

The value represents an average of + standard deviations of the three replications. Different letters
(in columns) show significant differences (one-way ANOVA, Tukey’s HSD test, p < 0.05).

There was not significantly discolored from pH 2 to 9 is shown in Figure
6. The color changed from bright yellow to brown at pH 10. Only changed to
reddish brown at pH 11, and only reached the wine red when exposed to pH
levels of 12 and above.
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Table 5. Real sample analysis of CLC 0.15% film, CLC 0.30% film, and CLC
0.45% film
Film Before After

CLC
0.30%

CLC
0.45%

CLC
0.15%
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Figure 6. Color change of freshness indicator film for 24 hours at room
temperature from pH 1 (right) to pH 13 (left)

CLC films changed the color from yellow to orange after being left for 24 hours
at room temperature (Table 5). The changes of colour indicated that the chicken meat is
not fresh.

Discussion

According to Cataldo et al. (2004), limonene can be detected by using
HPLC at 3.7 minutes. There is a slight difference in retention time compared with
the literature due to factors such as the method and solvent used to extract
limonene. Next, the thickness of the film is decrecased with the addition of
limonene because limonene acts as a plasticizer in the film matrix, thus
increasing the free volume of the film, increasing flexibility, and reducing the
elastic modulus of the film (Roy and Rhim, 2020). The water barrier properties
of the films had been improved due to the characteristics of limonene and
curcumin, which are hydrophobic compounds. The film’s ability to absorb
moisture has been reduced (Cheng et al., 2022). Limonene and curcumin also
contribute to the interference of hydrogen bonding and electrostatic interactions
between the polymer chains of k-carrageenan that provide stability to the
hydrogel network (Yu et al., 2019). Moreover, the hydrophilic region of the k-
carrageenan chain interacts with limonene, thus reducing the number of binding
sites available to water molecules (Fani et al., 2022). The opacity of the control
film was low compared to CLC films because the addition of curcumin caused a
colour change, which can contribute to the opacity increase (Liu et al., 2018).
The curcumin added to the k-carrageenan film has the lowest size of the free-
volume hole, which can affect the emission rate of curcumin (Rhim et al., 2021).
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The difference in colours in control film is the lowest because limonene
incorporation has been linked to high glistering, which can be used for packaging
applications (de Castro et al., 2023). In addition, a value of “b” indicates that the
yellow colour intensity of limonene and curcumin films increases compared to
k-carrageenan-based control films. The surface morphology measured by
FESEM showed no visible cracks, suggesting greater flexibility and strength
(Arrieta et al., 2013). FTIR further analysed the film composition, which
revealed that hydroxyl (O-H) forms hydrogen bonds that contribute to chemical
reactions. The C-H bond discusses the enthalpy of thermal decomposition and
the energy required to break the carrageenan bond (Ramli ef al., 2023).

Based on the antioxidant results, it proved that limonene has antioxidant
properties naturally (de Avila Gongalves et al., 2023) and has antimicrobial
properties by causing bacterial cell changes and protein structure, leading to cell
death (Lan et al., 2019). The films have the stability to be stored at a cold
temperature, which slows down the loss of biologically active limonene.
Limonene can be degraded in two stages, one involves the thermal degradation
of limonene into other aromatic compounds via a secondary conversion
mechanism (Ma et al., 2020). Stage two involves the formation of oxidation
products that can further degrade limonene and lead to the formation of foreign
flavours and odours (Li and Lu, 2016). The mechanism of action is C=C
fragmentation in the limonene molecule, which may cause the formation of free
radicals that will react with oxygen and form peroxide, which can further degrade
limonene (Januszewicz et al., 2020). However, limonene and curcumin
combined with k-carrageenan-based films slow the film degradation process
based on the biodegradability results due to the strong interaction between
limonene, curcumin, and k-carrageenan molecules. The movement of water
molecules between film and soil is slowing down and exhibits high activity
against microbes during the soil degradation process (Dey et al., 2021). pH
sensitivity proved that curcumin decomposition is pH-dependent and undergoes
rapid degradation at higher pH values (Lee ef al., 2013). Priyadarsini (2014)
reports that completely deprotonated curcumin appears red at pH 10 and above,
where the absorption maximum is 467 nm. Furthermore, the degradation reaction
of curcumin continues rapidly at higher pH levels compared to lower pH levels
(Schneider et al., 2015). The colour changes in the real sample analysis showed
a reaction between curcumin and hypoxanthine. The mechanism is that curcumin
reacts with hypoxanthine, where hypoxanthine has purine-containing nitrogen
(Brychkova et al., 2008). The protonation of nitrogen increases, leading to darker
colour changes.

In conclusion, the physicochemical properties of the film can be
characterized. The stability of the k-carrageenan-based film have been improved
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with the addition of limonene and curcumin especially the water barrier
properties. The moisture content, water solubility, and water vapor permeability
have been improved as the addition of limonene in the k-carrageenan-based film
have reduced the number of binding sites of the water molecules. The films'
antioxidant and antimicrobial properties also proved that naturally limonene have
the antimicrobial and antioxidant functional properties. The colour changes of
the CLC films proved the capability of the films as the freshness indicator due to
the reaction between curcumin and nitrogen compound. However, the range of
colour changes can be improved by combining the curcumin with other natural
dye such as anthocyanin. On the other hand, the variety of the sample also can
be enhanced by using other samples such as fish, prawn, and meat.
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