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ABSTRACT: Petrochemical plastics are widely used for food protection and preservation; however, they exhibit poor
biodegradability, resisting natural degradation through physical, chemical, or enzymatic processes. As a sustainable
alternative to conventional plastic packaging, edible films offer effective barriers against moisture, gases, and microbial
contamination while being biodegradable, biocompatible, and environmentally friendly. In this study, novel active food
packaging materials (in film form) were developed by incorporating starch, carrageenan, nanocellulose (NC), Aloe
vera, and hibiscus flower extract. The effects of varying the matrix composition (26.5–73.5 wt.% starch/carrageenan),
NC concentration (2.77–17.07 wt.%), and particle type (fibers or crystals) on the film structure and characteristics
were analyzed using various methods. Scanning electron microscopy demonstrated good homogeneity and effective
dispersion of NC within the blend matrix. An increased carrageenan content in the film improved wettability, moisture
absorption, solubility, and water vapor permeability. The mechanical properties of the films were enhanced by NC
incorporation and higher carrageenan content. The developed films also exhibited effective UV radiation barriers and
biodegradability. Films with low carrageenan content (less than 33.3%) and high NC content (7%, 10% crystals or
10%, 15% fibers) exhibited optimal properties, including enhanced water resistance, hydrophobicity, and mechanical
strength, along with reduced water vapor permeability. However, the high water solubility and moisture absorption
(above 55% and 14%, respectively) indicated their unsuitability as packaging materials for food products with wet
surfaces and high humidity. The results suggest that these films are well suited for use as edible food packaging for fruits
and vegetables.
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1 Introduction
From production in the fields to final consumption, food is vulnerable to external damage, bacterial

contamination, and oxidation, all of which can lead to a decline in quality [1]. Petrochemical plastics are
extensively used for food protection and preservation. By 2019, global plastic production had surged to 368
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million tonnes, with 40% allocated to food packaging and single-use takeaway items [2]. These plastics
exhibit poor biodegradability and cannot be effectively broken down by natural physical, chemical, or
enzymatic processes. Their accumulation disrupts natural ecosystems and has a profound environmental
impact due to their high durability and resistance to degradation, which can persist for up to 400 years [3].
As a result, plastic waste is often disposed of through burial or incineration, contributing to air, water, and
soil pollution, and posing risks to human health and the ecological environment [4].

To reduce reliance on conventional plastics, considerable efforts are being made to develop biodegrad-
able materials derived from both synthetic and natural polymers. Edible films, which are thin layers of
consumable materials, can act as barriers against moisture, gases, and microbial contamination, thereby
extending the shelf life of food products. These films offer a promising alternative to traditional plastic pack-
aging [5]. Furthermore, active packaging technologies can improve the safety and quality of packaged foods
by actively modifying the internal environment of the package [6]. From both environmental and economic
perspectives, there is an urgent need for bioactive and smart packaging films with antibacterial, antioxidant,
and barrier properties, made from biopolymers that are biodegradable, biocompatible, environmentally
friendly, and non-toxic [7].

Starch, a naturally abundant, renewable, and biodegradable polysaccharide, emerges as an attractive
candidate for replacing traditional plastics in food packaging [8]. Chemically, starch consists of two
polysaccharides: amylose and amylopectin. Amylose is a linear polymer with 1,4-glycosidic linkages, while
amylopectin is a highly branched polymer with both α-1,4-glycosidic and α-1,6-glycosidic bonds [9]. Starch
is valued for its biodegradability, abundance, chemical stability, resistance to degradation, and excellent film-
forming properties [10]. At least three components are required to form starch films: starch, a solvent (usually
water), and a plasticizer (such as glycerol or sorbitol) [11]. However, starch films often exhibit poor mechanical
properties [11]. To address these issues, other biopolymers are commonly added to the film formulation.
Additionally, the incorporation of plant extracts and oils can further enhance the films by providing smart
and active functions [12].

Carrageenan, a linear polysaccharide derived from red seaweed, consists of galactose and ester sulfates
and is known for its excellent film-forming ability [13]. Its addition to starch films has been shown to improve
tensile strength [14]. The combination of these polysaccharides can enhance mechanical and functional
properties by leveraging the advantages of each component while mitigating their potential limitations [15].
The potential for developing edible films from a carrageenan matrix reinforced with starch granules and
nanocellulose was demonstrated in our previous work [16]. However, the novelty of this study lies in
the production of films based on a carrageenan/starch polysaccharide blend, where starch granules were
destroyed by modifying the preparation conditions at elevated temperatures and incorporating additional
agents such as myristic acid (as an effective surfactant for mixing water with oil) and hibiscus flower extract
to impart novel properties. Therefore, detailed studies are necessary to understand the mechanisms of
interaction affecting film properties.

Cellulose in the form of nanocrystals or nanofibrils can also enhance film properties such as hydropho-
bicity, thermal stability, barrier characteristics, tensile strength, and elasticity due to its numerous hydroxyl
groups, which interact with starch to form a dense network structure [17]. Nanocellulose is classified into
two main types: (i) cellulose nanocrystals and (ii) cellulose nanofibrils [18]. Cellulose nanocrystals are rigid,
needle-like structures with thicknesses ranging from a few to several tens of nanometers (~3–50 nm) and
lengths from tens to hundreds of nanometers (~50–1000 nm). They are typically isolated via acid hydrolysis
from delignified and bleached cellulosic fibers. In contrast, cellulose nanofibrils are flexible structures with
diameters of tens of nanometers (~5–100 nm) and lengths in the micrometer range (50–3000 nm), obtained
by mechanically disrupting bleached cellulose fibers. This disruption is usually achieved through grinding,
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high-pressure homogenization, or similar techniques, which subject the fibers to shear forces that separate
the microfibrils constituting the fiber cell walls [18]. Due to their distinct properties, various forms of
nanocellulose exhibit significant potential as reinforcing agents in composites, leading to different behaviors.

Incorporating antioxidants into edible films can extend shelf life and maintain food quality by gradually
releasing these substances into the packaging environment [9]. Aloe vera, known for its antimicrobial and
antioxidant properties, is widely used in medicine and cosmetics, and it can significantly enhance food
packaging by extending the shelf life of perishable products [19]. Raw Aloe vera consists of approximately
98% water, with the remaining solid fraction composed of various bioactive compounds, including phe-
nolic compounds, amino acids, enzymes, carbohydrates, lipids, proteins, and vitamins [20]. Its soluble
fractions contain mucopolysaccharides, which exhibit bactericidal, fungicidal, and virucidal properties.
Several studies have demonstrated the beneficial effects of Aloe vera in preventing fruit decay and microbial
spoilage [20,21]. Aloe vera is an ideal natural antioxidant because it is widely used worldwide, its industrial
production process is well established, and it is compatible with various biopolymers. Sesame oil is another
natural component that can impart antioxidant properties to edible films [22], while also acting as a
plasticizer and compatibilizer, improving the film’s hygroscopic properties [23]. Its selection is based on its
balanced composition of fatty acids (oleic and linoleic), making it highly beneficial in dietary applications.
Sesame oil has been linked to numerous health benefits, including cardiovascular disease prevention,
cholesterol regulation, blood sugar control, anti-inflammatory effects, liver protection, and neuroprotective
properties, particularly in patients with Alzheimer’s disease [24].

Food packaging can also serve as an indicator of food freshness, quality, or safety through sensors and
indicators [25]. Color change is a visible and rapid method for assessing food quality, and natural pigments
from botanical sources serve as excellent quality indicators [26]. Hibiscus sp. is a herbaceous plant whose
calyces are widely used in the food industry for producing herbal infusions, beverages, sauces, juices, jellies,
jams, and baked goods [27]. The extract obtained from hibiscus calyces is considered safe as a food additive
by the FDA (U.S. Food and Drug Administration) [28]. This extract is rich in bioactive molecules such as
anthocyanins, organic acids, alkaloids, phenolic acids, and saponins. Anthocyanins possess antimicrobial
and antioxidant properties, making hibiscus extract a valuable addition to food packaging for extending shelf
life by acting as a natural preservative. Furthermore, anthocyanins are pH-sensitive pigments, meaning their
color changes depending on the surrounding environment [26]. Therefore, incorporating hibiscus extract
into film packaging solutions can enable food quality indication—a fundamental feature of smart packaging.

This study presents, for the first time, the development of a smart and active food packaging film
composed of starch, carrageenan, nanocellulose, Aloe vera, and hibiscus extract. The optimal composition
was determined, and the films were thoroughly characterized in terms of structure, morphology, and
physicochemical properties.

2 Materials and Methods

2.1 Reagent Extraction
The extraction of carrageenan (gel strength of 170 g/cm3, ~20% 3,6-anhydrogalactose content, Kot-

tayam, Kerala, India) was carried out from seaweed collected in Trivandrum (Kerala, India). The algal
mixture was air-dried at 60○C, boiled in a NaOH solution (1:20 ratio) for 2 h, and filtered into cold ethanol,
where the carrageenan precipitated. The precipitate was then filtered, washed with cold ethanol, and dried at
60○C.

To obtain starch (arrowroot, ~30% amylose, Kottayam, Kerala, India), washed and chopped arrowroot
rhizomes were placed in a 0.03 wt.% potassium metabisulphite solution for 15 min, followed by grinding
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in deionised water with high-speed stirring. The mixture was then filtered through a double layer of cotton
cloth, and the resulting homogeneous mass was washed with water to extract the starch. The filtrate was
left to stand for 12 h to allow the starch to precipitate. The precipitated starch was dried at 60○C for 5 h and
ground in a mixer [29].

A detailed characterization of the polysaccharides obtained using these extraction methods has been
published previously [16,29,30].

The preparation of nanocellulose (NC) crystals (particle size with a mean length of 215 ± 52 nm and a
mean diameter of 4.9 ± 1.5 nm, Uberlândia, Brazil) was carried out as follows: crushed sheets of eucalyptus
kraft bleached pulp (10 g) were immersed in 200 mL of a 60 wt.% sulfuric acid solution in a water bath at
45○C and kept for 55 min under constant mechanical stirring. At the end of the reaction, the dispersion was
poured into cold water to stop the reaction and left to settle until the solid particles sank. The solid residue
was then placed in a dialysis membrane and washed with water to remove the acid and bring the pH to 7. The
suspension was subsequently sonicated to disperse the nanoparticles and obtain the final colloidal dispersion
of NC crystals. To determine the NC crystal content, the dispersion was dried in an oven at 50○C for 24 h,
and the solid content was calculated based on the mass difference (~2–3 wt.%) [31].

NC fibers (particle size with an average diameter of 10–20 nm and an average length of a few hundred
nanometers) were obtained from pineapple leaves collected in Kottayam (Kerala, India). The leaves were
cut, oven-dried at 40○C for 24 h, crushed, and treated with 4 wt.% NaOH at 90○C for 2 h to extract lignin
and hemicellulose. The next step involved bleaching with 3 wt.% NaClO2 at 90○C, followed by rinsing with
10 wt.% H2C2O4 at 120○C under 20 lbs of pressure for 3 h. The resulting NC fibers were thoroughly washed
to remove the acid, centrifuged, homogenised, and freeze-dried [32]. To determine the NC fiber content, the
dispersion was dried at 50○C, and the solid content was calculated based on the mass difference (~4–5 wt.%).

A detailed characterization of the obtained cellulose nanofibers and nanocrystals has been published
previously [16,31].

The extraction of hibiscus flower extract (Uberlândia, Brazil) was carried out as follows: 50 g of crushed
dried flowers were placed in 500 mL of water and kept in a water bath at 50○C for 1 h. The solution was then
filtered through filter paper to separate the solid residues and transferred to a 500 mL volumetric flask. To
determine the solid extract content, a precisely measured mass of the solution was dried at 50○C, and the
solid content was calculated based on the mass difference (~3–4 wt.%).

2.2 Materials
Polysaccharides—carrageenan (Kottayam, Kerala, India) and starch (arrowroot, Kottayam, Kerala,

India)—in different ratios were used as the film matrix. NC fibers (Kottayam, Kerala, India) and NC crystals
(Uberlândia, Brazil) were used as reinforcing agents to improve the mechanical properties of the films. Aloe
vera gel (Cathedral Pharmaceutical Industry, Brazil) was added to impart antibacterial properties to the films.
Sesame oil (Pazze Food Industry, Brazil), myristic acid (≥99%, CAS 544-63-8, Sigma Aldrich, Malaysia), and
glycerol (CAS 56-81-5, Dinâmica Company, Brazil) were used as an antioxidant, surfactant, and plasticizer,
respectively. K2S2O5, NaClO2, and ethanol (Nice Chemicals, India), as well as NaOH flakes and H2C2O4
crystals (Sigma-Aldrich, USA), were used in their original forms.

2.3 Preparation of Films
To optimize the composition of the films, different ratios of carrageenan (26.5, 33.3, 50, 66.6, 73.5 wt.%)

and starch were tested. The polysaccharide mixture was prepared as follows: the required amounts of
carrageenan and starch were combined to obtain 2 g of total polysaccharides. Then, 0.6 g of glycerol was
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added, and the mixture was dissolved in 50 mL of water under constant stirring at 500 rpm at 80○C until a
homogeneous dispersion was achieved. The temperature of 80○C was chosen to facilitate the dissolution of
starch granules. After obtaining a homogeneous dispersion at 80○C, 0.1 g of myristic acid and 0.08 g of sesame
oil were added. Sesame oil and glycerol acted as compatibilizers and plasticizers, respectively, to enhance
hygroscopic and mechanical properties (brittleness and friability) [16]. Myristic acid served as a surfactant
to facilitate the mixing of water and oil, while also functioning as a flavoring agent commonly used in the
food industry [33,34]. Aloe vera gel (0.1 g) and hibiscus flower extract (1 g) were incorporated to provide
antibacterial and functional properties, including color changes in response to pH variations. Finally, NC
fibers or crystals were added to enhance the mechanical properties of the films, followed by continuous
stirring for 1 h.

To optimize the film composition, the particle structure (fibers or crystals) and NC content were
varied. The carrageenan/starch ratio and NC content were adjusted according to the factorial design shown
in Table 1. The factorial design matrix for film development is presented in Table 2. In statistical studies
using mathematical models, treatments are coded for the levels of variables being tested. These levels are
typically referred to as “high” and “low” or “absent” and “present,” represented as “+” and “−”, or “0” and
“1”, respectively. However, these codes correspond to actual values of the studied variables/factors [35], as
detailed in Table 1. All treatments in the statistical software were conducted using coded level values (−1, 0,
+1, etc.), and all equations were generated in coded form. Variations in the concentrations of polysaccharides
(carrageenan, starch, and NC) were made while keeping the concentrations of other components constant:
5 wt.% myristic acid, 5 wt.% sesame oil, 30 wt.% glycerol, 5 wt.% Aloe vera gel, and 25 wt.% hibiscus
flower extract, relative to the mass of the starch/carrageenan matrix. The carrageenan and starch levels
were chosen to cover a full range of possible compositions, from high starch and low carrageenan to the
reverse. The concentrations of glycerol, Aloe vera gel, sesame oil, and myristic acid were selected based on
a literature review, ensuring that the chosen amounts provided the desired properties for this study. The
hibiscus extract content (25% of the polymer weight) was optimized in a previous study: values below 25%
resulted in films with weak coloration, failing to meet the smart packaging requirement of color change
with pH variations, whereas values above 25% caused the films to lose transparency and become brittle.
Based on previous data, a defined range of NC values above and below the percolation threshold was used
to study the behavior of films containing these nanoparticles. Several percolation models exist, including
those developed by Takayanagi, Ouali, and the Halpin–Tsai model [36]. These models assume uniform filler
dispersion and interaction with the matrix. When a rigid network forms due to strong interactions between
filler particles above a critical content, this is referred to as the percolation threshold in the Takayanagi and
Ouali model [36]. The range of NC concentrations (2.77–11.23 wt.% for crystals and 2.92–17.07 wt.% for fibers)
differed due to structural and crystallinity variations. NC fibers contain both crystalline and amorphous
phases, allowing a higher concentration in the polymer matrix compared to NC crystals [37]. At the same NC
concentration, crystals are found to be more effective than NC fibers in enhancing the mechanical properties
of the composite material.

The films were prepared by depositing nanodispersions onto Petri dishes and evaporating the solvent
(water) in an oven without convection at 50○C for 24 h. This temperature was chosen because lower
temperatures would prolong the evaporation process, while higher temperatures (above 50○C) would cause
film shrinkage and deformation (changes in shape and size).

Photos of the developed films with different polysaccharide compositions (carrageenan, starch, and
NC) and their designations in coordinates are shown in Fig. 1. The first coordinate in the film designation
represents the carrageenan content, while the second coordinate corresponds to the NC content.
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Table 1: The factors and levels used to study the production of nanocomposite films

Factors Levels

−
√

2 −1 0 +1 +
√

2
Carrageenan, wt.% 26.5 33.3 50 66.6 73.5

NC crystals, wt.% with respect to the carrageenan/starch weight 2.77 4 7 10 11.23
NC fibers, wt.% with respect to the carrageenan/starch weight 2.92 5 10 15 17.07

Table 2: The planning matrix for the factorial design used to develop the films

Experiment Carrageenan, wt.% NC, wt.%
0 (×2) 0 0

1 −1 −1
2 +1 +1
3 −1 +1
4 +1 −1
5 0 +

√
2

6 0 −
√

2
7 +

√
2 0

8 −
√

2 0

Figure 1: (Continued)
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Figure 1: Photographs of films with various combinations of polysaccharides (carrageenan, starch and NC)

2.4 Film Characterization
2.4.1 Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectroscopy method was used to study the purity and structure of the obtained components
and films, using an IRAffinity−1S spectrometer (Shimadzu, St. Petersburg, Russia) with an attenuated
total reflection accessory, Quest Single Reflection ATR (Shimadzu, St. Petersburg, Russia), at ambient
temperature. The resolution was 2 cm−1, and the range was 500–4000 cm−1.
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2.4.2 Scanning Electron Microscopy (SEM)
The cross-sectional morphology of the films was studied using scanning electron microscopy (SEM)

with a TESCAN VEGA microscope, model VEGA 3 LMU. The film samples were fractured after immersion
in liquid nitrogen and then metallized with gold.

2.4.3 Thickness Measurements
The film thickness was measured using an electronic outside micrometer from Schut Geometrical

Metrology Company. Measurements were taken at a minimum of eleven sample locations.

2.4.4 Contact Angle Measurements
The “sessile drop” method was used to measure the water contact angle using the Goniometer LK-1

instrument from NPK Open Science Ltd. (Krasnogorsk, Russia). The collected data were analyzed with the
“DropShape” program, and the average values were presented. The experimental conditions were as follows:
measurements were taken every 3–4 s after the deposition of a 2 μL water drop, and more than nine locations
on the film surface were measured.

2.4.5 Mechanical Properties
The storage modulus values of films composed of unmodified polymers, with all other additives

but without the addition of NC as reinforcement, were evaluated through dynamic mechanical analysis
(DMA) using a TA Instruments DMA Q800 apparatus operating in tensile mode. The specimen was a thin
rectangular strip with dimensions of approximately 40 mm × 5 mm × 1 mm. The tests were conducted under
isochronous conditions at 1 Hz, with the temperature varying between 25○C and 50○C in 2○C increments.
The films were conditioned in an atmosphere of 56% relative humidity in a desiccator containing a saturated
calcium nitrate solution at 20○C.

To assess variations in mechanical properties due to differences in the carrageenan/starch mixture
and nanocellulose content, a comparative mechanical test was conducted exclusively between the studied
samples, without using any standard. The experimental conditions were defined to ensure all samples were
tested under the same conditions.

2.4.6 Thermogravimetric Analysis (TGA)
The components used in the film formulations were analyzed by TGA in an air atmosphere only.
Films were examined using a DTG-60H apparatus (Shimadzu, Japan) under an air atmosphere with

a flow rate of 30 mL/min, a heating rate of 10○C/min, a temperature range of 25○C–600○C, a sample mass
between 5 and 7 mg, and aluminum pans.

The thermochemical properties of the films were determined under an Ar atmosphere with a flow rate
of 50 mL/min using a TG 209 F1 Libra apparatus (Netzsch, Germany), with a heating rate of 10○C/min in the
temperature range of 25○C–600○C, a sample mass between 1 and 3 mg, and aluminum pans.

2.4.7 Differential Scanning Calorimetry (DSC)
DSC analyses of the films were performed on a TA Instruments Q-20 using 6 mg of sample in aluminum

pans. A first heating ramp was conducted from 25 to 160○C, followed by a second heating ramp from −70○C
to 350○C under a nitrogen flow of 50 mL/min at a heating rate of 10○C/min.
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2.4.8 Water Vapor Permeability (WVP)
The water vapor permeability of the films (WVP, g/(s⋅m⋅Pa)) was measured gravimetrically using a

modified ASTM E96-95 method [38]. The film was sealed in a cell containing silica gel to achieve 0% relative
humidity (RH) under the film. This cell was placed in a desiccator containing a saturated sodium chloride
solution to maintain a relative humidity of 75%. The water vapor passing through the film and absorbed by
the desiccant was determined by measuring the mass increase using Eq. (1).

WV P = (Δm ∗ l)/(t ∗ A∗ P ∗ ΔRH), (1)

where Δm is the weight difference (g), l is the average film thickness (m); t is the experimental time (s),
A is the area of penetration (the area of the bottle neck, m2), P is the water vapor partial pressure at 25○C
(3.169 kPa), and ΔRH is the relative humidity difference (0.75).

2.4.9 Oil Permeability (OP)
The oil permeability of the film was determined by placing an 8 cm × 2 cm film on a dried filter paper

with a constant weight (wi). Then, 25 drops of oil (moil) were applied to the film surface for 24 h without
exceeding its edges. The film was then removed, and the filter paper was weighed (wf ). The oil permeability
of the film was calculated using Eq. (2).

OP = (w f −wi)/moi l ∗ 100% (2)

2.4.10 Moisture Absorption (MA)
Moisture absorption (MA) of the films was determined by the Angles and Dufresne method [39]. Films

(2 cm × 2 cm), dried to constant weight (wi) at 60○C, were placed in a desiccator containing a saturated NaCl
solution to maintain a relative humidity of 75%. The samples were weighed after 24 h (wf ), and MA was
calculated using Eq. (3).

MA = (w f −wi)/w f ∗ 100% (3)

2.4.11 Water Solubility (Sw)
Water solubility (Sw) of the films was measured following the Bierhalz et al. method. Samples (2 cm ×

2 cm), dried at 60○C for 24 h to constant weight (wi), were immersed in vials containing 15 mL of distilled
water for 1 h at 25○C. The films were then dried under the same conditions at 60○C for 24 h and weighed
(wf ). Sw was calculated using Eq. (4).

Sw = (wi −w f )/wi ∗ 100% (4)

2.4.12 Film Light Transmission
Light transmittance (T), optical density (D), and film transparency were determined spectrophotomet-

rically using a PE−5400UV spectrophotometer [38]. The light barrier properties of a 10 mm × 45 mm film
sample were measured using a glass cuvette with air as a control at wavelengths between 350 and 750 nm.
Light transmittance was calculated using Eq. (5).

T = 10−D ∗ 100% (5)
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2.4.13 Film Color Depending on pH
To demonstrate the function of hibiscus flower extract as a pH indicator, films with optimal properties

(compositions (−1; +1) and (−
√

2; 0)) were immersed in buffer solutions of different pH levels: potassium
tetraoxalate (KH3C4O8⋅2H2O) 0.05M (pH = 1.68), saturated potassium tartrate acid (KC4H5O6) (pH = 3.56),
potassium phthalate acid (KC8H5O4) (pH = 4.01), potassium phosphate (KH2PO4) and sodium phosphate
(Na2HPO4) (pH= 6.86), sodium tetraborate (Na2B4O7⋅10H2O) (pH= 9.18), and saturated calcium oxyhydrate
(Ca(OH)2) (pH = 12.45). The color of the films and solutions was assessed every 10 min for up to 1 h.

2.4.14 Film Biodegradation
The biodegradability test was conducted on films with a carrageenan/starch matrix prepared without

hibiscus extract and on films corresponding to the coordinates (0; 0) in the factorial space (Table 1),
specifically those containing NC fibers (10 wt.%) or crystals (7 wt.%) together with hibiscus extract. The
test was performed under controlled composting conditions in a laboratory environment following the ISO
20,200 standard [40,41]. The films (initial weight wi) were placed in perforated material to ensure contact
with microorganisms and moisture, facilitating easy removal after testing. They were then buried in a mixture
containing 45% solid synthetic wet waste (10% compost, 30% rabbit feed, 10% starch, 5% sugar, 4% oil, 1%
urea, 40% sawdust) and 55% water in a plastic container.

The samples underwent aerobic degradation at a controlled temperature of 28○C. Periodically, they
were removed, dried under vacuum at 40○C for 2 h, and reweighed (wf ). A separate sample was taken for
each measurement period, with at least three samples buried for each time point. The average results were
presented. The degree of degradation (WL) was calculated by normalizing the sample mass on different
composting days relative to the initial mass using Eq. (6).

WL = (wi −w f )/wi ∗ 100% (6)

Samples before and after extraction from the reactor were also analyzed by NMR. Structural analysis was
performed using a Bruker Avance III 400 WB spectrometer (Bruker, Germany) at a magnetic field strength
of 9.4 T with a 4 mm CP/MAS probe. A 100.64 MHz Larmor frequency was used to study 13C nuclei.

2.4.15 Factorial Analysis
The results obtained in this set of experiments were analyzed using the Statgraphics (Statistical Graphics

System) 7.0 software package. The software provided the ANOVA table, estimated effects, and predicted
values for the studied variables. The effects of the variables and their interactions were analyzed concerning
responses such as thickness, water contact angle, WVP, OP, MA, Sw, and storage modulus. Analysis of
variance (ANOVA) was performed to eliminate non-significant effects. To ensure test reproducibility and
validate the statistical results, experiments at the central point (level 0, 0) were repeated twice.

2.4.16 Statistical Analysis
Results were presented as mean± standard deviation (SD) based on at least three parallel measurements.

The normal distribution of the random variables was confirmed, and outliers were excluded from the
analysis. The final analysis included the measured result, its random error, the total non-excluded systematic
error, and the general error of the obtained results.
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3 Results and Discussion

3.1 Structure Investigation
The structure of the reagents (starch and carrageenan, NC in the form of fibers and crystals, hibiscus

flower extract, Aloe vera) and films was studied by FTIR spectroscopy (Fig. 2). Films with compositions cor-
responding to the coordinates (0; 0) of the factorial design (Table 1), namely, matrices of carrageenan/starch
(50/50 wt.%), NC fibers (10 wt.%), or NC crystals (7 wt.%), were analyzed. This composition was chosen
because it consists of equal amounts of polymers by mass and the average concentration of NC across the
entire range.

The FTIR spectra of NC in the form of crystals and fibers correspond to the previously published FTIR
spectrum of NC [42]. Broad peaks around 3340 cm−1 indicate the stretching frequency of O-H bonds from
both free and intermolecular hydroxyl groups, which are involved in hydrogen bonding in cellulose. Peaks
at 2897 cm−1 correspond to the stretching frequencies of C-H bonds, 1648 cm−1 is related to the vibrations
of O-H bonds of absorbed water, 1429 cm−1 is related to the in-plane (scissoring) vibrations of C-H bonds in
the methylene group of cellulose. Peaks around 1317 cm−1 show the bending vibrations of O-H bonds in the
alcohol group, and the stretching frequency of C-O bonds in C-O-C pyranose is found at 1050 cm−1. Peaks
around 896 cm−1 are associated with β-glycosidic linkages [42,43].

The FTIR spectrum of hibiscus flower extract is also consistent with the previously published FTIR
spectrum of hibiscus extract [44]. Spectral analysis reveals that the major functional groups of hibiscus
include polysaccharides, suberin, and lipids [44]. The broad peak at 3400 cm−1 indicates the stretching
frequency of O-H bonds from both free and intermolecular hydroxyl, which are involved in hydrogen
bonding in polysaccharides. The peak at 1741 cm−1 corresponds to the stretching of the C=O bond in the
ether group of lipids [44]. The peak at 1620 cm−1 is related to the stretching of the C=O bond in the amide
group [45]. The peak at 1175 cm−1 shows asymmetric stretching vibrations of the C-O-C bond in suberin [44].
The peak at 1066 cm−1 corresponds to the stretching vibrations of the C-O bond in polysaccharides [44].

The FTIR spectrum of Aloe vera is also typical for this substance: 3305 cm−1 corresponds to the
stretching vibrations of the O-H bond [46]; 2935 and 2881 cm−1 are asymmetric and symmetric stretching
in the -CH2 group, respectively [46,47]; 1714 cm−1 is C=O stretching from the carboxylic acid RCOOH [48];
1625 cm−1 is asymmetric and symmetric stretching in the -COO- group of carboxylate compounds [48];
1031 cm−1 can be assigned to -C-OH and -C-O bonds in polysaccharides [48]; <1000 cm−1 corresponds to
aromatic -CH out-of-plane deformation [46,48].

The IR spectra of carrageenan and starch were found to be in agreement with those reported in the litera-
ture. For all samples, a broad peak in the range of 3600–3000 cm−1 corresponded to the valence OH vibration
of the hydroxyl group of polysaccharides and water absorption [49]. Peaks in the range of 2950–2800 cm−1

are attributed to valence vibrations of C-H and are related to the lipophilicity of the material [50]. Peaks in
the range of 700–1300 cm−1, related to the carbohydrate region, are specific and allow the identification of
each polysaccharide. The following characteristic peaks of starch were observed: 1637 cm−1 (C-O, associated
with OH group or tightly bound water), 1421 cm−1 (symmetric deformation of CH2), 1340 cm−1 (carboxyl
groups), 1151 cm−1 (stretching of C-C and C-O), 1076 cm−1 (functional groups C-O), 996 cm−1 (stretching
of C-O), and 927, 862, and 768 cm−1 (ring vibrations of C-O-C carbohydrate) [49,51]. Characteristic peaks
for carrageenan were obtained: 1226 cm−1 (ether sulfate groups), 930 cm−1 (3,6-anhydrogalactose group),
845 cm−1 (galactose-4-sulfate), and 730 cm−1 (3,6-anhydro-D-galactose) [15].
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Figure 2: FTIR spectra of starch, carrageenan, NC, Aloe vera, hibiscus flower extract, and films with NC crystals and
fibers

The FTIR spectra of the films with crystals and fibers are almost identical, and their peaks correspond
to the peaks of the individual components. Peaks in the range of 3600–3000 cm−1 correspond to the valence
vibration of the hydroxyl (-OH) group of polysaccharides (carrageenan, starch, and NC), Aloe vera, and
hibiscus flower extract (Fig. 2). Peaks in the range of 2950–2800 cm−1 are related to valence vibrations of
C-H. Peaks at 1151 cm−1 correspond to starch (stretching of C-C and C-O), peaks at 846 cm−1 correspond
to carrageenan (galactose-4-sulfate), and peaks at 924 cm−1 are related to starch (ring vibrations of C-O-
C carbohydrate). In addition, a new characteristic peak appears in the FTIR spectra of the films, which
is not present in the FTIR spectra of the polysaccharides (carrageenan, starch, and NC). This peak at
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1740 cm−1 corresponds to the stretching of the C=O bond of the ether group in lipids in hibiscus flower
extract (Fig. 2) [44].

SEM cross-sectional micrographs of the films at different magnifications containing NC fibers and
crystals are presented in Fig. 3.

SEM micrographs showed that most of the films had good homogeneity with a uniform distribution
of NC particles in the polymer matrix (no obvious NC particles were present). To avoid aggregation, NC
was used in the form of an aqueous dispersion and was not dried, which suppressed its agglomeration
in the polymer matrix to some extent [52]. Holes were observed in some samples due to the presence of
air bubbles trapped during film preparation. In general, the blends were compatible, resulting in visually
homogeneous films without phase separation [53]. The cross-sectional structure of the films containing NC
crystals differs from that of the films containing NC fibers and shows a “wavy” morphology, the intensity
of which increases with increasing carrageenan or NC crystal content. In addition, as the concentration of
NC fibers in the films increases, the size and number of “defects” or “indentations” in the cross-sectional
structure also increase. Films containing NC crystals show significantly fewer “defects” or “indentations” in
the cross-sectional structure. This behavior may be related to the amount and size of NC used as a reinforcing
agent, with NC fibers having larger dimensions than NC crystals, in addition to the fact that the NC fiber
content was higher.

3.2 Investigation of Physicochemical, Thermal and Mechanical Properties
The main parameters such as thickness, water vapor permeability (WVP), oil permeability (OP), water

solubility (Sw), moisture absorption (MA), and water contact angle were studied, as they are necessary to
evaluate the potential of using films as packaging materials. The effect of carrageenan content (X) and NC
loading (Y) (both linear (X or Y) and quadratic (X2 or Y2)) on the observed responses (film parameters) was
analyzed using response surface methodology (RSM). The data obtained for these parameters are presented
in Table 3 and Table S1 of the Supplementary Materials (values obtained for thickness, WVP, and OP).

The values of water contact angle, Sw and MA are related as they reflect the polar/non-polar nature of
the films. If films have low water contact angles, it indicates that they are more polar and therefore have a
good affinity for water, making them easier to wet, absorb more moisture, and dissolve faster. With regard
to the use of films for food packaging that may come into contact with water, it is preferable to obtain films
that are less soluble, absorb less moisture and have a more non-polar character (i.e., higher contact angle).
To assess the hydrophilic-hydrophobic balance of the film surfaces, the water contact angles of the films were
measured (Fig. 4).

The statistical treatments revealed that for films with NC fibers, the only significant variable was the
carrageenan content (based on ANOVA and the Pareto chart, it crossed the reference line with a p-value of
0.05). Therefore, the variation in this matrix component has a significant effect on the contact angle values.
For films with NC fibers, the lowest water contact angle values were obtained at intermediate (average)
concentrations of carrageenan [54] and NC fibers. For films containing NC crystals, no variable had a
significant effect, as indicated by ANOVA and the Pareto chart, which did not cross the reference line at
a p-value of 0.05. This suggests that changes in composition do not significantly affect the contact angle
values. The lowest water contact angle values for films with NC crystals were obtained at central (average)
concentrations of carrageenan, regardless of the NC crystal content. In these lowest ranges, the films are more
polar. However, the contact angles for all films are less than 90○, indicating that water wets the film and has
a good affinity for it due to their similar chemical nature. Comparing the water contact angle values of films
with NC crystals and fibers, it was shown that films with NC crystals were more polar (with lower contact
angle values). The moisture absorption (MA) parameter of the films was also statistically evaluated (Fig. 5).
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Figure 3: (Continued)
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Figure 3: SEM cross-sectional micrographs of films containing NC fibers and crystals

Table 3: Values of water solubility (Sw), Moisture Absorption (MA), and contact angle of water for the films prepared
with NC fibers and crystals

Sample Sw (%) MA (%) Contact angle (○)
(0; 0) 56 ± 5 19 ± 1 51 ± 2

(−1; −1) 53 ± 5 17 ± 1 64 ± 2
(+1; +1) 66 ± 5 21 ± 1 74 ± 2
(−1; +1) 54 ± 5 18 ± 1 67 ± 3

NC fibers (+1; −1) 66 ± 5 19 ± 1 66 ± 1
(0; +√2) 58 ± 5 18 ± 1 59 ± 1
(0; −√2) 61 ± 5 19 ± 1 51 ± 2
(+√2; 0) 65 ± 5 21 ± 1 56 ± 3
(−√2; 0) 55 ± 5 16 ± 1 73 ± 1

(0; 0) 59 ± 5 18 ± 1 40 ± 2
(−1; −1) 49 ± 5 16 ± 1 58 ± 2
(+1; +1) 60 ± 5 21 ± 1 38 ± 1
(−1; +1) 54 ± 5 16 ± 1 58 ± 1

NC crystals (+1; −1) 65 ± 5 21 ± 1 39 ± 3
(0; +√2) 61 ± 5 18 ± 1 25 ± 1
(0; −√2) 63 ± 5 18 ± 1 20 ± 4
(+√2; 0) 66 ± 5 20 ± 1 51 ± 1
(−√2; 0) 56 ± 5 14 ± 1 55 ± 1
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Figure 4: Pareto charts, 3D surface plots, and contour plots showing the dependence of the water contact angle of films
on NC and carrageenan content
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Figure 5: Pareto chart, 3D surface plot, and contour plot showing the dependence of moisture absorption in films on
NC and carrageenan content
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The statistical treatments showed that the carrageenan content variable is significant and has a positive
effect on the MA parameter for films containing NC fibers (confirmed by ANOVA and Pareto chart): the
increase in carrageenan leads to a higher MA. This behavior is due to the fact that carrageenan has higher
solubility in water than starch and, therefore, absorbs moisture more easily [54]. For films containing NC
crystals, none of the variables showed any significant effects. The statistical treatment data for film solubility
in water (Sw) are presented in Fig. 6.

The statistical treatments showed that for films with both NC fibers and crystals, the carrageenan content
variable is significant and has a positive effect on solubility. This means that increasing the carrageenan
content leads to higher solubility of the films, due to the high solubility of carrageenan in water compared to
starch [55].

Based on the results of the statistical analysis (ANOVA and Pareto chart) for the thickness of the films
(Table S1 of Supplementary Materials), it was verified that the variables (carrageenan and NC contents) did
not have a significant effect on the thickness response [56] (p-value higher than 0.05, as shown in Fig. S1 of
Supplementary Materials).

When packaging or coating fruits/vegetables, it is important that the films block the passage of water
vapor as much as possible to prevent moisture loss in the food products. The gravimetric method was used to
measure the water vapor permeability of the films (WVP) (Table S1 of Supplementary Materials). The result of
the statistical treatment is presented in Fig. S2 of Supplementary Materials. The statistical treatments showed
that no variable had a significant effect on films with NC crystals (confirmed by ANOVA and Pareto chart),
indicating that changes in composition did not significantly affect the WVP values. However, the carrageenan
content variable was found to have a significant impact on the WVP values of films containing NC fibers.
In the Pareto chart (Fig. S2 of the Supplementary Materials), the effect of carrageenan content is 5.47319
for films with NC fibers, indicating that it significantly influences the response; specifically, increasing the
carrageenan content leads to an increase in WVP [55]. The region with the highest WVP is the region with
the highest carrageenan content. Comparing the values for the two film types (Table S1 of the Supplementary
Materials), films containing crystals exhibited lower WVP values. This can be explained by two factors. First,
NC fibers were used in higher concentrations in the formulations compared to NC crystals, and the presence
of higher filler content could render the structure more susceptible to water permeation. The other effect may
be related to the size of the NC particles. NC crystals are much smaller and dispersed individually, whereas
the NC fibers, due to their structure, can form a network with channels for transport. Thus, in films with NC
crystals, water molecules find it more difficult to follow the path within the film, but with fibers, this path
can be facilitated. NC crystals are known to be a reinforcing filler, which also leads to an improvement in the
barrier properties of the composite against air, oxygen, and water vapor [57–59].
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Figure 6: Pareto charts, 3D surface plots, and contour plots showing the dependence of the solubility in water of films
on NC and carrageenan content

Oil permeability tests also show the chemical nature of the films, as more polar films do not allow oil
to pass through but repel it (Table S1 of Supplementary Materials). This property must behave oppositely
to that observed for WVP, as it changes the polar character of water to the non-polar character of oil. The
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result of the statistical treatment for oil permeability is shown in Fig. S3 of Supplementary Materials. It was
verified that films with NC crystals showed the same result regardless of the compositions, and this was
demonstrated by the statistical treatments in which the variables did not show significant effects on the oil
permeability response. However, for films with NC fibers, the two significant variables were the carrageenan
content (quadratic X2) and the NC fiber content (quadratic Y2). The values obtained in the Pareto chart are
negative (−9.14446 and−8.55687, respectively), showing that increasing these values reduces oil permeability
(Fig. S3 of Supplementary Materials). This is consistent with and contrary to what is observed for WVP. This
may also be related to the fact that films with NC crystals have a higher polarity (smaller water contact angle)
than films with NC fibers (Fig. 4) and repel non-polar compounds (oil) more strongly.

Good mechanical properties are also necessary for high-quality packaging. The results obtained for the
storage modulus of the films at 35○C are presented in Table 4, and the statistical treatments for this property
are presented in Fig. 7.

Table 4: Values obtained for storage modulus from DMA, as well as the glass transition temperature of thermoplastic
starch and the melting temperature of myristic acid, obtained from DSC for the films prepared with NC fibers and
crystals

Sample Storage Modulus (MPa) Tg starch (○C) Myristic acid melting temperture (○C)
(0; 0) 93.17 −26 48.5

(−1; −1) 26.62 −25 47.9
(+1; +1) 102.98 −26 49.8
(−1; +1) 104.35 −25 49.1

NC fibers (+1; −1) 119.78 −26 48.5
(0; +√2) 75.00 −23 50.1
(0; −√2) 41.25 −25 49.5
(+√2; 0) 110.30 −21 49.6
(−√2; 0) 37.51 −26 48.2

(0; 0) 74.92 −28 50.3
(−1; −1) 30.45 −26 49.2
(+1; +1) 16.69 −27 48.9
(−1; +1) 58.11 −21 55.0

NC crystals (+1; −1) 59.98 −21 48.6
(0; +√2) 40.45 −16 49.9
(0; −√2) 48.54 −23 48.3
(+√2; 0) 52.70 −27 48.4
(−√2; 0) 22.77 −27 48.1
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films containing nc fibers Films containing NC crystals
Storage Modulus (MPa) = 93.1687 + 24.3409*x +

13.5843*y − 4.0286*x*x − 23.6336*x*y − 11.9169*y*y
Storage Modulus (MPa) = 74.9155 + 11.2818*x + 5.9965*y

− 15.4795*x*x − 2.7873*x*y − 9.4029*y*y

p =,05p =,05

Figure 7: Dependence of storage modulus for films with NC fibers and crystals on carrageenan and NC content

From the statistical treatments, it was verified that for films with NC crystals, the carrageenan content
variable, both linear and quadratic (X and X2), had a significant effect on the storage modulus values.
The linear variable has a positive effect (+2.804599), indicating that greater carrageenan content results
in increased storage modulus. However, the quadratic variable has a negative effect (−2.9089), leading
to a reduction in the storage modulus. Therefore, considering that the effect of the quadratic variable is
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numerically greater than the linear one, it will result in a reduction in storage modulus values for both higher
and lower levels of carrageenan. This can be seen in the response surface plot, where the extreme regions of
the surface show a decrease in storage modulus values.

For films with NC fibers, the linear carrageenan content (X) and the ratio between the linear carrageenan
content and the linear NC fiber content (XY) have a significant effect on the storage modulus values.
The linear variable of carrageenan content has a positive effect (+4.264344), indicating that an increase in
carrageenan content leads to a corresponding increase in storage modulus. However, the XY ratio negatively
affects (−2.92773), leading to a reduction in storage modulus. Numerically, the effect of the linear variable
of carrageenan content is greater than that of the XY ratio; higher carrageenan content results in an increase
in storage modulus values. However, combinations of lower carrageenan and NC fiber contents (−1; −1) or
higher carrageenan and NC fiber contents (+1; +1) may contribute to a reduction in storage modulus values.
This can be seen in the response surface plot, where the regions with combinations of points (−1; −1) and
(+1; +1) show a decrease in storage modulus values.

Overall, the films with NC crystals had lower storage modulus values than the films with NC fibers.
This may be due to the higher content of NC fibers used in the film formulations. Additionally, the storage
modulus values of film formulations made with pure polymers—without the addition of NC as reinforcement
but including all other additives—were also evaluated. As a result, the values obtained for the film made from
starch and carrageenan were 44.90 and 40.46 MPa, respectively. The films made from the polymer blend
(carrageenan/starch) and with the addition of NC generally had increased storage modulus values compared
to films made from pure polymers. This increase was mainly due to the addition of NC as a reinforcing
agent. However, it was noted that in some regions, even with the addition of higher levels of NC, low storage
modulus values were observed, as in regions with low levels of carrageenan. This reduction, even with a
reasonable level of NC, may have been caused by the immiscibility of the carrageenan and starch mixture in
formulations with lower levels of carrageenan or by the formation of structures with holes from air bubbles,
as confirmed by the SEM data (Fig. 3). Therefore, the presence of these structures may have a negative effect
on the storage modulus values.

To study the miscibility of the polymers used in the formulations, DSC tests were carried out. The data
obtained are presented in Fig. S4 of the Supplementary Materials. It was shown that a small endothermic
peak between 40○C and 60○C was attributed to the melting of myristic acid (melting temperature of 54.4○C).
The melting temperature values of the peak, ranging from 48.1○C to 55.0○C for each film, are presented
in Table 4. During the second heating scan, the presence of a thermal event related to the glass transition
of the thermoplastic starch was observed in the range of −10○C to −30○C. The values obtained for each
sample are shown in Table 4. From the Tg values of the starch, the temperature variations were very small,
indicating that there was probably no miscibility of starch and carrageenan in the blend formed. The term
“miscibility” refers to the extent to which the polymers in a blend are dispersed in one another and the
interactions between them, which are highly temperature-dependent [60]. The SEM data also confirm that
the two polymers exhibit good compatibility. The term “compatibility” refers to the final properties of the
polymer blend with enhanced properties. To avoid the effect of the presence of immiscibility between starch
and carrageenan, a physical approach was used by incorporating compatible agents (e.g., nanocellulose, etc.).
In conclusion, starch and carrageenan are compatible but not miscible.

The thermochemical properties of the films and their pristine components were determined by TGA
under an Ar and air atmosphere (Fig. S5 of Supplementary Materials). The TGA curves of the film show
similar profiles, with stages of degradation related to their main pristine components (starch, carrageenan,
and hibiscus extract, which is around 1 g in the formulations and would represent 50% of the mass of the
polymers). The components with significant content are glycerol and NC. The minor variations in film
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degradation temperatures at each stage can be primarily attributed to differences in composition, particularly
the content of starch and carrageenan, and to a lesser extent, NC.

From the data obtained, it can be concluded that the most suitable formulations for packaging are those
with lower carrageenan content and higher NC content. These are the composition conditions (−

√
2; 0) and

(−1; +1), as these formulations have shown properties of greater water resistance, higher hydrophobicity,
lower water vapor permeability, and better mechanical properties. These properties are essential for food
packaging, which must be both mechanically resistant and resistant to the presence of water.

3.3 Optical Properties of Films
The optical density, light transmission, and transparency of the films were measured at wavelengths

ranging from 350 to 750 nm. The choice of this wavelength range was made to study the films’ behavior
under visible and UV radiation. For visible light, the short-wavelength limit is considered to be between
380–400 nm, while the long-wavelength limit is 760–780 nm (although visible radiation can extend up to 810
nm). The UV spectrum covers wavelengths from 100 to 400 nm, divided into three distinct regions: UV-A
(315–400 nm), UV-B (280–315 nm), and UV-C (100–280 nm). As sunlight passes through the atmosphere, all
UV-C radiation and 90% of UV-B radiation are absorbed by carbon dioxide, water vapor, ozone, and oxygen.
Therefore, the UV radiation that reaches the Earth’s surface consists mainly of UV-A rays and a small amount
of UV-B rays.

From the statistical treatments and ANOVA (not shown here), it was verified that no variable had a
significant effect on the optical density of any film (whether containing NC fiber or NC crystal) at any
evaluated wavelength. Thus, variations in the composition of the carrageenan/starch mixture and in NC
content do not appear to affect the optical density, as evidenced by the thickness measurements. The optical
density data obtained are shown in Fig. 8.

Figure 8: Optical density of films with (a) NC fibers and (b) NC crystals

The films containing NC fibers exhibited the highest optical densities at 350 nm, completely blocking
radiation at this wavelength. This demonstrates that the films serve as excellent barriers to UV radiation.
From 550 to 600 nm, these films showed reduced optical densities, allowing a small amount of radiation to
pass through. Low optical densities were observed at 650 and 750 nm.
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The films with NC crystals displayed high optical densities at both 350 and 550 nm, confirming complete
blockage of radiation at these wavelengths. This indicates that films with NC crystal offer a higher barrier to
UV radiation compared to films containing NC fibers. These results suggest that films containing NC crystal
possess radiation-blocking properties at wavelengths corresponding to the colors violet, blue, cyan, and green
(ranging from 400 to 565 nm), which may provide valuable characteristics for their potential applications.
The optical density values began to decrease at 600 nm, with low values recorded at 650 and 750 nm. Light
transmission values were calculated based on the optical densities obtained for the films (Fig. 8).

Considering that the films act as a barrier in the UV range, this opens new possibilities for their
application. For example, they could be used directly on fruits and vegetables in plantations (i.e., pre-harvest)
as a UV protective barrier, preventing significant losses due to sunburn, which can cause severe economic
damage to producers.

The films exhibited low light transmission in the UV range (up to 400 nm) (Fig. 9). Therefore, when used
as packaging material, these films can serve as a UV radiation barrier, helping to reduce oxidation reactions
in packaged or coated food products. As the wavelength increases within the visible range (400–750 nm),
the light transmission of the films also increases, reaching up to 30%. For food packaging applications, it is
crucial that the films do not completely block light in this range, as transparency allows consumers to see
the product inside. The developed films meet this requirement, as indicated by the light transmission values
obtained at the tested wavelengths in the visible range.

Figure 9: Light transmission properties of films containing (a) NC fibers and (b) NC crystals

3.4 Investigation of Activity of Incorporated Film Additive
To demonstrate the function of hibiscus flower extract as a pH indicator, films with optimal properties

((−
√

2; 0) and (−1; +1)) were immersed in buffer solutions of different pH, and their color was assessed every
10 min. The color of the films and solutions changed after 10 min of exposure. Fig. 10 presents photographs
of the solutions after 1 h, illustrating the color change as a function of pH.

The hibiscus flower extract incorporated into the films was shown to change color from pink to brown in
solutions ranging from acidic to alkaline. This confirmed that the developed films responded to pH variations
by changing color. However, further testing with different products is necessary to validate this effect.
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Figure 10: Photos of the resulting solutions after 1 h, showing the color change depending on pH (from left to right:
solutions with pH 1.68, 3.56, 4.01, 6.86, 9.18, 12.45)

3.5 Investigation of Film Biodegradability
During the first week of the biodegradation experiment, the films showed slight deformation, turned

yellow-brown, and became more opaque. These changes indicate water absorption and the formation of low
molecular weight compounds due to the hydrolytic degradation process [61]. As the exposure time in the
medium increased, the films continued to deform, collapse, and darken to a deep brown color. Meanwhile,
the compost medium facilitated the formation of humus-rich soil (darkening) due to microbial activity [62].
The decomposition of the films was also assessed based on weight loss as a function of composting time
(Fig. 11).

Figure 11: Film decomposition curves under composting conditions
The NMR spectra of the samples before and after extraction, along with the structure of the glucose unit

of starch, are presented in Fig. 12.
The spectrum of the film before testing can be described as the sum of the spectra of its main

components—carrageenan and starch. Additionally, two narrow intense lines at 64 and 73 ppm are observed
in the spectrum. These peaks may correspond to the C5 and C6 carbon atoms of the glucose units in starch
(Fig. 12b), which can be terminal and located in amorphous phases where water is retained. This water
retention may allow for rapid vibrational and rotational motion. From the spectra of the films after extraction
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from the reactor, it can be concluded that prolonged exposure in the medium leads to a gradual reduction in
starch content until it disappears completely. The absence of the previously observed narrow peaks in these
spectra indicates that the films become brittle, and the water-saturated amorphous phase disappears.

Figure 12: (a) 13C NMR spectra of samples and (b) structure of the glucose unit of starch

4 Conclusions
In this study, an innovative food packaging film was developed using starch, carrageenan, nanocellulose

(fibers or crystals), Aloe vera, and hibiscus flower extract. To determine the optimal concentrations of the
film components for improved performance in food packaging, different compositions were evaluated, and
a detailed analysis was conducted. Increasing the carrageenan content in the matrix significantly improved
the films’ wettability, moisture absorption, solubility, and water vapor permeability. Additionally, the incor-
poration of nanocellulose and carrageenan enhanced the mechanical properties. The starch/carrageenan
films demonstrated effective UV radiation barrier properties and excellent biodegradability over a period
of 170 days. The additives introduced (Aloe vera gel and hibiscus flower extract) provided the films with
functional properties, namely antibacterial activity and the ability to change color according to the pH of the
environment (experiments to be conducted as part of future research). Based on the data obtained, the most
suitable formulations for packaging are those with lower carrageenan content and higher NC content, as
they exhibit greater water resistance, hydrophobicity, lower water vapor permeability, and better mechanical
properties. However, the films showed water solubility and moisture absorption values of over 53% and
14%, respectively. Therefore, they are not suitable for packaging foods with wet surfaces and high moisture
content (e.g., seafood, meat) or for use in humid environments. Future research should focus on applying
this optimized edible film composition in food packaging testing and applications.
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