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Abstract: In addition to environmental concerns, the presence of microorganisms in plastic food
packaging can be hazardous to human health. In this work, cinnamon nanoparticles incorporated
with red seaweed (Kappaphycus alvarezii) biopolymer films were fabricated using a solvent casting
method. Cinnamon was used as a filler to enhance the properties of the films at different concen-
trations (1, 3, 5, and 7% w/w) by incorporating it into the matrix network. The physico-chemical,
thermal, mechanical, and antimicrobial properties of the cinnamon biopolymer films were obtained
using dynamic light scattering (DLS), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transmission infrared spectroscopy (FT-IR), water contact angle (WCA)
measurement, thermogravimetric analysis (TGA), mechanical testing, and antimicrobial testing,
respectively. The results showed that the addition of cinnamon nanoparticles to the film improved the
morphological, mechanical, thermal, wettability, and antibacterial properties of the nanocomposite
films. The cinnamon particles were successfully reduced to nano-sized particles with an average
diameter between 1 nm and 100 nm. The hydrophobicity of the film increased as the concentration of
cinnamon nanoparticles incorporated into the seaweed matrix increased. The tensile and thermal
properties of the cinnamon seaweed biopolymer film were significantly improved with the presence
of cinnamon nanoparticles. The biopolymer films exhibited good inhibitory activity at 7% cinnamon
nanoparticles against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Salmonella bacteria
with inhibition zone diameters of 11.39, 10.27, and 12.46 mm, indicating the effective antimicrobial
activity of the biopolymer film. The functional properties of the fabricated biopolymer film were
enhanced with the addition of cinnamon nanoparticles.

Keywords: cinnamon nanoparticles; seaweed; biopolymer films; food packaging; antibacterial

1. Introduction

Plastic products have become indispensable to our daily lives [1]. They are frequently
utilized in packaging and other applications. Plastic rubbish is plastic that has been
discarded after its usefulness has expired [2]. The majority of this plastic waste ends
up in landfills, beaches, rivers, and oceans, with only a small amount being recycled [3].
Plastics will never degrade and will remain in the environment for decades, producing
environmental issues. As a result, limiting the usage of plastic will ease environmental
problems. The creation of biodegradable materials to partially replace polymers derived
from petroleum could present benefits for both manufacturers and consumers [4].

New materials and technologies such as bio-based polymers have been intensively
investigated to meet the rising need for biodegradable and natural materials. Bioplastic or
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biopolymer products can be made from raw materials obtained from agricultural or marine
sources [5,6]. Numerous studies have been conducted on the creation of bioplastics from
diverse sources, including plants, microorganisms, and animals [7]. While research on new
materials for various purposes is ongoing, some, such as polylactic acid and starch-based
polymers, are currently commercially available on a worldwide scale [8]. Although there
are several renewable sources from which these components can be produced, their limited
biomass supply and cultivation or synthesis pose challenges.

The bio-nanocomposite-based film’s strength is still insufficient and inappropriate
for food packaging. Food spoilage can result from food-borne bacteria, particularly those
found in meal packaging [9]. Thus, the waste of disposable plastic that might cause
environmental difficulties can be reduced by merging a biopolymer with nanoparticles
to form a biopolymer film. In recent years, research has focused on the development
of seaweed-based films for use in food packaging applications [10]. The barrier and
mechanical properties of seaweed derivatives such as alginate and carrageenan have
been investigated for their use in film fabrication [7]. Due to the fact that seaweed is
predominantly composed of protein and non-starch polysaccharides, these molecules
could be used to create films and packaging [8]. Plastic takes a long time to degrade,
whereas seaweed films are biodegradable and beneficial to the environment [11]. Seaweed
is one such resource that can serve as a source of raw materials for the manufacture of
packaging materials [12]. Seaweed offers numerous advantages over terrestrial plant
sources, including its low price and natural abundance. In addition, because it is a non-
terrestrial plant material, there is no need to harm valuable land or compete with food
production [13]. Additionally, seaweeds are considered to have fewer effects on the food
chain and to avoid exposure to chemicals and fertilizers [14].

Cinnamon has recently been used as a preservative due to its antimicrobial proper-
ties [15,16]. It is also known for its high total phenol content and antioxidant activity [17].
Cinnamon is one of the most effective antibacterial spices, and its main component, cin-
namaldehyde, has minimum inhibitory concentrations (MICs) in vitro ranging from 0.05
to 5 L/mL [18]. Cinnamon has been shown to inhibit the growth of molds, yeasts, and
bacteria when consumed in food products [19]. As a result, they could be incorporated
into packaging materials or used as edible coatings to extend food shelf-life [20]. Previous
works have utilized cinnamon essential oil, cinnamon extracts, or conventional cinnamon
particles as fillers in their films. Oyenkami et al. previously demonstrated that cinnamon
oil extract from reinforced cellulose nanofiber biopolymer films successfully improved the
functional properties of the film [21]. In this study, we used cinnamon nanoparticles as a
filler to enhance the properties of seaweed-based biopolymer films particularly for food
packaging. The physical, chemical, mechanical, and thermal properties of the fabricated
films were investigated using dynamic light scattering (DLS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transmission infrared spectroscopy
(FT-IR), water contact angle (WCA) measurement, thermogravimetric analysis (TGA), and
mechanical testing for properties such as the tensile strength, Young’s modulus, and elon-
gation at break, according to the standard method. Finally, the antimicrobial properties
of seaweed-based biopolymer films were investigated using the agar diffusion method.
Therefore, the main objective of this research is to develop new biodegradable packing
materials containing cinnamon as a natural antimicrobial compound to improve the shelf
life and quality of food products.

2. Materials and Methods
2.1. Materials

In this study, the red seaweed (Kappaphycus Alvarezii) was from Sabah. The cinnamon
powder was purchased from the local supermarket (Lotus’s Malaysia). Analytical-grade
glycerol, which acts as a plasticizer, was supplied by Systerm Chemical Sdn. Bhd.
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2.2. Preparation of Cinnamon Nanoparticles

The cinnamon nanoparticles were created using a mechanical ball-milling process at
room temperature with a ball-to-powder weight ratio of 10:1. The milling time and speed
were set at 72 h and 160 r/min, respectively. The temperature of the drying oven for the
cinnamon nanoparticles produced by the ball-milling process was kept at 45 ◦C to prevent
moisture and agglomeration.

2.3. Preparation of Seaweed-Based Nanocomposite Film Incorporated with
Cinnamon Nanoparticles

The seaweed-based nanocomposite film incorporated with cinnamon nanoparticles
was prepared in a beaker using 10 g of seaweed, 500 mL of distilled water, and 5 g of
glycerol. The nano-cinnamon powder was added to the mixture in various amounts (1%,
3%, 5%, and 7% wt%). The mixture was then placed in a blender and blended for 3 min to
create a homogeneous seaweed slurry. The slurry mixture was then constantly stirred on a
hot plate at a speed of 500 rpm and a temperature of 190 ◦C. The hot solution was allowed
to cool for 5 min at room temperature before being poured onto a casting tray and dried for
24 h at 45 ◦C. The dried seaweed-based nanocomposite film incorporated with cinnamon
nanoparticles was peeled off the tray and immediately desiccated at 50% RH for at least 48
h before further analysis and testing.

2.4. Characterization of Seaweed/Cinnamon Biopolymer Films

The particle size of cinnamon nanoparticles was measured using dynamic light scat-
tering (DLS) on a Malvern Zetasizer Nano ZS Ver. 7.11 (Malvern Instruments, Malvern,
UK). The detector and laser were aligned, and the background was calibrated for each
measurement. The size distribution was quantified as the relative volume of particles in
size bands represented by size distribution curves. In order to investigate the morphology
of cinnamon nanoparticles, transmission electron microscopy (TEM) was performed using
an instrument that was manufactured by Libra-Carl Zeiss and featured energy-filtered
transmission electron microscopy. Before using TEM, the cinnamon nanoparticles were
dried in an oven at 60 ◦C for 1 h. The preparation of the cinnamon nanoparticles was
carried out in acetone, and they were then dispersed using an ultrasonicator for a period
of 10 min. When preparing the samples for TEM examination, a drop of colloidal disper-
sion containing nanoparticles of cinnamon was deposited onto a carbon-coated copper
grid. This step was followed by the preparation of the samples. Prior to being subjected
to an examination by a TEM instrument under controlled conditions, embedded POA
nanoparticles were allowed to air-dry at room temperature.

Fourier transform infrared spectroscopy (FT-IR) was used to analyze the functional
groups and new bonds involved in the nanocomposite film. The FT-IR test was performed
using the Shimadzu IR Prestige-21 machine. Cinnamon powder samples were prepared
and oven-dried in the oven at 60 ◦C for 24 h before FT-IR analysis. The functional groups
and new bonds in the nanocomposite film were examined using Fourier transform infrared
spectroscopy (FT-IR). Before FT-IR analysis, film samples were cut into (3 × 3 cm) squares
and oven-dried for 24 h at 60 ◦C.

The thermal stability of nanocomposite films was determined using a MettlerToledo
thermogravimetric analyzer (TGA/DSC 1, Switzerland) between 30 ◦C and 800 ◦C at a
heating rate of 20 ◦C/min in a nitrogen atmosphere. For each analysis, approximately
6 mg of the sample was placed in an alumina sample cup, and the empty cup served as a
reference. The TGA curve yielded the sample weight loss (%) and char residue, whereas
the DTG curve yielded the maximum decomposition temperature (Tmax).

The water contact angle was measured using the sessile drop method on a KSC CAM
(KSV Instruments Ltd., Espoo, Finland) at room temperature. A syringe containing approx-
imately 5 mL of water was injected onto the film surface. After the water was dropped
onto the film surface, images were shot and documented immediately. To determine the
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average, two measurements were taken at different locations on the films with a sample
size of 2.5 cm × 7.5 cm.

Using a tensile test (TS), the mechanical properties of nanocomposite films, including
tensile strength (TS), Young’s modulus (YM), and elongation at break (EB), were measured
at room temperature using a Texture Analyzer equipped with a 30 kg load cell in accordance
with the ASTM D882-02 standard method. Using a utility knife, five 10 mm × 100 mm
samples were cut from each nanocomposite film. The samples were initially conditioned
in a desiccator at 23 ◦C and 50% RH prior to being tested in accordance with the stan-
dard. The initial grip separation and test velocity were established at 100 mm/s and
10.0 mm/s, respectively.

The fracture surface morphology of nanocomposite films was determined using scan-
ning electron microscopy (Leo Supra 50 VP Field Emission, CarlZEISS SMT, Oberkochen,
Germany). Before testing, film samples were prepared by drying them at 60 ◦C for one
night. Before SEM analysis, film samples were adhered to the SEM pin holder with double-
sided carbon adhesive tape. The film samples were then coated with a thin layer of gold
prior to imaging to increase their electrical conductivity. The surface films were analyzed at
100–500× magnifications and 15 kV accelerated voltage.

Three food pathogens were used to test the antimicrobial activity. The pathogens
chosen for the test were E. coli, S. aureus, and Salmonella. Bacterial samples were cultured
for 24 h in sterile Mueller–Hinton broth at 37 ◦C. The test was performed on a punched
film with a 6 mm disc diameter, and the antimicrobial activities were determined using the
agar diffusion assay. Each bacterium was transferred to a Mueller–Hinton Agar (MHA)
plate using a FinnpipetteTM F2 Variable Volume Pipette. L-Shaped Cell Spreaders were
used to distribute samples on agar surfaces. Bacterial cultures were grown overnight on
inoculated agar plates. They were then incubated at 37 ◦C for 24 h. The diameter of the
inhibitory zone was measured with a caliper and expressed in millimeters.

3. Results and Discussion

The cinnamon powder was converted into nanoparticles using ball milling. Figure 1a
depicts typical SEM and TEM images of cinnamon particles. SEM and TEM were used
to examine the sizes and shapes of the cinnamon particles. The results show that they
were spherical and nano-sized. Figure 1b presents the particle size distribution range of
cinnamon nanoparticles determined using a particle size analyzer. From the figure, it is
observed that the nano-size distribution intensity of cinnamon particles reached around
90%, with an average cinnamon particle diameter ranging between 1 nm and 100 nm. These
findings indicate that the majority of the cinnamon particle sizes had been reduced to the
nanoscale due to the high intensity of the nano-size distribution [22]. As a result, both
analyses indicate that the cinnamon particles were in the nano range.

The FT-IR spectra of nano cinnamon powder are observed in Figure 1c. Nano cin-
namon powder’s primary absorption peaks were observed at the following wavelengths:
3329.14, 2931.80, 2158.35, 1612.49, 1517.98, 1442.75, 1369.46, 1317.38, 1249.87, 1022.27, and
773.46 cm−1. Peaks between 3400 and 3600 cm−1 are related to the hydroxyl groups’ vibra-
tional O-H stretching [23]. This proved that the cinnamon was linked to a few molecules of
water. There was another absorption band at 2931.80 cm−1 attributed to the asymmetric
stretching vibration of C-H in methylene and methyl groups. The peak at 1573 cm−1 is
assigned to the vibration of the aromatic ring C=C skeleton of an aromatic substance. The
peak at 1450 cm−1 is very characteristic of an alcohol C–OH group within the bending
vibration absorption [24]. A C=O aromatic structure represented by a transmittance peak
at 1517.98 cm−1 was seen during stretching vibration, and the intensity could be connected
to the stretching vibrations of C-H (methyl and methylene) at 1442.75 cm−1. The peak at
1727 cm−1 represents the carbonyl bond, and it is attributed mainly to the aldehydes of
saturated fatty acid signatures in the sample [25]. Syringyl and guaiacyl units account for
the vibration bands at 1249.87 cm−1 and 1022.27 cm−1. Later, a peak at approximately
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773.46 cm−1 was attributed to the out-of-plane bending vibration of the aromatic C-H
structure [26].
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Figure 2a presents the infrared spectra of seaweed film incorporated with nano cinna-
mon and the control film. The large peak seen at roughly 3329 cm−1 was attributed to the
presence of hydroxyl groups (O-H) in seaweed based on the FT-IR spectrum for the overall
seaweed film. Cinnamon nanoparticles have a lower wavenumber compared to the control
film, which reveals molecular changes due to the interaction between nano cinnamon and
seaweed. The band measured at 2939 cm−1 was attributed to the lengthening of C-H [27].
Meanwhile, carbonyl group (C=O) stretching was indicated by a peak at about 1543 cm−1.
Li et al. [24] associated the appearance of these peaks with cinnamaldehyde and other
aldehydes found at high levels in cinnamon bark. The peak at 1573 cm−1 corresponds
to the skeleton vibration of C=C of an aromatic ring, normally associated with eugenol, a
phenol present in cinnamon oil. This is referred to as the stretching of carboxyl groups in the
sulfated polysaccharides of seaweed. The sulfate ester-stretching of the kappa-carrageenan
backbone is responsible for a peak at approximately 1217 cm−1, which was used to confirm
the presence of carrageenan sulfated polysaccharide [28]. This group reflects macroal-
gae’s gelling characteristics. For raw seaweeds, a band that formed at roughly 1033 cm−1

revealed the glycosidic linkage in all carrageenan types. The peaks at about 921 cm−1

and 846 cm−1 were attributed to the presence of 3,6-anhydrous-D-galactose (DA) and
D-galactose-4-sulfate (G4S), respectively [29]. The FT-IR spectra of biocomposite films used
in this study include the distinctive bands of cinnamon nanoparticles and seaweed, as well
as their interactions.
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One of the common ways to determine how permeable a surface or material is to
water is through the contact angle. Figure 2b shows the water contact angles (WCAs) of
seaweed films incorporated with cinnamon nanoparticles. The results show that the fillers
can enhance the WCA of the film. Similar behavior was observed in carrageenan films that
also contained inorganic fillers, such as clay and silver nanoparticles (AgNPs), which were
shown to improve the CA of neat films [29]. Additionally, a greater WCA value leads to
improved solid surface hydrophobicity [2]. This may be explained by the fact that fillers
used in the films have increased hydrophobicity, which enhances the hydrophobicity of
seaweed-based films filled with fillers [29]. The composite films containing 7% cinnamon
nanoparticles had the best contact angle value (88.92◦) out of all the films, which minimized
water interactions with the film surface and created a solid water droplet. This finding
demonstrated that when the cinnamon nanoparticle loading increased, the interfacial
adhesion of the nanofillers and the seaweed likely improved. As the concentration of
cinnamon in the matrix component increased and the surface roughness decreased, the
hydrophobicity of the films also increased [18]. Following the insertion of a 1% concen-
tration of cinnamon nanoparticles with an equivalent contact angle of 61.74◦, the film’s
increased hydrophobicity was noticed. The surface roughness decreased when the content
of cinnamon was raised, and the hydrophobicity of the film rose as well. This apparent
trend reached its peak following the addition of 7% cinnamon particle nanofiller [18].

The thermal degradation properties of seaweed films incorporated with cinnamon
nanoparticles were analyzed using thermogravimetric (TG) analysis, as presented in
Figure 3a. These seaweed films containing 7% cinnamon nanoparticles had a lower mois-
ture content than the control film due to the equivalent weight losses. Furthermore, the
highest volatilization of glycerol (a plasticizer) from the biopolymer matrix was attributed
to the second stage of the thermal degradation of the films, which was seen in the tempera-
ture range of around 170 ◦C to 232 ◦C [30]. The primary step of film degradation, which
was represented by the third stage in the TG feature, took place between 240 ◦C and 340 ◦C
and is related to the thermal disintegration of the seaweed polymer. Finally, the highest
deterioration of cinnamon nanoparticles at temperatures between 360 ◦C and 410 ◦C might
be related to the fourth phase of thermal degradation. However, the glycerol removal from
the film does not correspond to the thermal performance of the film.

The weight loss and derivative weight loss (DTG) as a function of the temperature of
the cinnamon-nanoparticle-filled and neat marine algae films are shown in Figure 3b. As
the concentration of cinnamon nanoparticles in seaweed films increased to 5% and declined
thereafter, the starting temperature of decomposition (Ton) and the maximum temperature
of decomposition (Tmax) were transferred to higher temperatures. The maximum rate
of degradation occurred at a temperature of 222 ◦C, which was pushed from the onset
temperature of 206 ◦C to an average of 230 ◦C. This demonstrated that the inclusion of
cinnamon nanoparticles improved the thermal stability of the seaweed films up to the
optimal concentration of the filler [31]. Better thermal stability of the material was indicated
by a higher thermal breakdown temperature. Since Ton and Tmax were higher in films
containing cinnamon nanoparticles than in those without, they had improved thermal
stability. For films containing 5% cinnamon nanoparticles, the optimal Ton and Tmax were
found at 225 ◦C and 230 ◦C, respectively. Stronger intermolecular interactions created
by hydrogen bonding between the seaweed matrix and the cinnamon may be credited
for this improvement, as displayed in Figure 4 [21]. This led to increased Ton and Tmax
because it took more thermal energy to break the intermolecular bonds. Additionally, better
lignin–matrix contact might be supported by the dispersion agent (glycerol), which would
promote heat degradation.



Nanomaterials 2023, 13, 560 8 of 15Nanomaterials 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 3. (a) TGA and (b) DTG curves of seaweed films incorporated with cinnamon nanoparticles. Figure 3. (a) TGA and (b) DTG curves of seaweed films incorporated with cinnamon nanoparticles.



Nanomaterials 2023, 13, 560 9 of 15Nanomaterials 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 4. Possible mechanism (hydrogen bonding) of cinnamon incorporated with Kappaphyscus Al-

varezii biopolymer. 

The nature of the substance in the solution and the thickness of the seaweed film both 

affect the tensile strength of the film. Because the seaweed film has a higher tensile 

strength, it can sustain pressure better and is less brittle. The strength to withstand pres-

sure improves in films with a high tensile strength value [32]. The mechanical properties 

of seaweed film were investigated to determine the tensile strength (MPa) and elongation 

at break (%). As seen in Figure 5a, the film’s tensile strength increased as higher cinnamon 

nanoparticle concentrations were added. This might be because the film’s matrix elements 

interact more effectively. In this analysis, the results show that the 5% cinnamon nanopar-

ticle sample had the maximum tensile strength, which was 53.606 MPa. The strong tensile 

strength of the material was matched by its low (31.294%) elongation at break value. This 

demonstrated that seaweed-based films with cinnamon nanoparticles as fillers could 

withstand greater loads or stresses than the seaweed film without the filler and had higher 

mechanical strengths, rigidities, and flexibilities. The composition of seaweed-based films, 

where carrageenan from red seaweed (Kappaphycus alvarezii) can help build a robust film 

with improved gelation capabilities, can be attributed to their higher strength. Addition-

ally, it has been observed that an improvement in the filler’s mechanical qualities contrib-

uted to more acceptable interfacial adhesion between the matrix and fillers due to strong 

intermolecular contact, which was made possible by the hydroxyl groups in red seaweed 

and cinnamon nanoparticles [33]. Because of the fillers’ effective dispersion in the matrix, 

the enhanced mechanical characteristics also revealed that the cinnamon nanoparticles 

Figure 4. Possible mechanism (hydrogen bonding) of cinnamon incorporated with Kappaphyscus
Alvarezii biopolymer.

The nature of the substance in the solution and the thickness of the seaweed film both
affect the tensile strength of the film. Because the seaweed film has a higher tensile strength,
it can sustain pressure better and is less brittle. The strength to withstand pressure improves
in films with a high tensile strength value [32]. The mechanical properties of seaweed film
were investigated to determine the tensile strength (MPa) and elongation at break (%). As
seen in Figure 5a, the film’s tensile strength increased as higher cinnamon nanoparticle
concentrations were added. This might be because the film’s matrix elements interact more
effectively. In this analysis, the results show that the 5% cinnamon nanoparticle sample
had the maximum tensile strength, which was 53.606 MPa. The strong tensile strength
of the material was matched by its low (31.294%) elongation at break value. This demon-
strated that seaweed-based films with cinnamon nanoparticles as fillers could withstand
greater loads or stresses than the seaweed film without the filler and had higher mechanical
strengths, rigidities, and flexibilities. The composition of seaweed-based films, where
carrageenan from red seaweed (Kappaphycus alvarezii) can help build a robust film with im-
proved gelation capabilities, can be attributed to their higher strength. Additionally, it has
been observed that an improvement in the filler’s mechanical qualities contributed to more
acceptable interfacial adhesion between the matrix and fillers due to strong intermolecular
contact, which was made possible by the hydroxyl groups in red seaweed and cinnamon
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nanoparticles [33]. Because of the fillers’ effective dispersion in the matrix, the enhanced
mechanical characteristics also revealed that the cinnamon nanoparticles and red seaweed
acquired favorable compatibility with one another. Glycerol as a plasticizer improves the
matrix’s miscibility. The plasticizer improves the two polymers’ ability to mix together at
the interface [34]. The seaweed’s mechanical qualities are improved by the potent hydroxyl
group interactions between the cinnamon nanoparticles and the seaweed [35].
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The greater agglomeration point was likely the cause of the drop in TS following the
optimal loading. The tension created by the aggregation point reduced the intermolecular
contact between the macroalgae matrix and nanofillers. The composite films’ flexibility is
indicated by the elongation result. The versatility of elastic and flexible plastic products
is crucial in industries including cosmetics, agriculture, and food packaging [36]. The
control film did not exhibit as much elongation as the 1% films did. The loading of nano
cinnamon from 1% to 5% gradually causes the biocomposite’s elongation to rise. The film’s
elongation, however, dropped when 7% nanofiller was added. The macroalgae–glycerol
(plasticizer) connection may be disrupted by the addition of cinnamon nanoparticles at high
concentrations (7%), leading to a reduction in the elasticity and flexibility of the composite
films. Overall, it is evident that the mechanical properties of the films were enhanced by
the addition of cinnamon nanoparticles [37].

The SEM images displayed in Figure 5b present the surface morphology of fractured
seaweed-based films incorporated with cinnamon nanoparticles (3% and 5%) based on
the highest and lowest tensile strength values obtained from mechanical tests and control
sample film for differentiation at 100× and 500× magnifications. When compared to the
fracture surface of the control film at 100× magnification, the shattered surfaces of the
seaweed-based films containing 3 and 5% filler displayed a more compact shape with fewer
pores. This indicates the strong interaction between the seaweed and filler, which may have
resulted in good interfacial stress transfer [33]. This is also reinforced by mechanical and
physical tests, which showed that the 5% cinnamon nanoparticle concentration improved
the physical and mechanical properties of the seaweed film, demonstrating that the fillers
were evenly distributed throughout the matrix. Some holes can be seen in the morphology
of the control seaweed-based films, which suggests that they have worse mechanical
capabilities than the seaweed-based films that incorporate cinnamon nanoparticles.

Wide-ranging Gram-negative and Gram-positive bacteria are inhibited by cinnamon.
Consequently, this study was performed to identify cinnamon’s potential to inhibit the
growth of bacteria. Figure 6 shows the antimicrobial test results of seaweed-based films
incorporated with cinnamon nanoparticles against each tested bacterium: Escherichia coli (E.
coli), Staphylococcus aureus (S. aureus), and Salmonella. The results of the antimicrobial test
for each bacterium with different samples of seaweed films incorporated with cinnamon
nanoparticles are displayed in Figure 6. The diameter of the inhibition zone for each sample
was recorded by using a digital caliper. The seaweed film incorporated with 7% cinnamon
nanoparticles has antimicrobial activity against each of the tested bacteria. Cinnamon
will definitely have antimicrobial effects on other prevalent foodborne bacteria, such as
Salmonella and Campylobacter, if it can eliminate E. coli, one of the most virulent foodborne
germs known to exist today [19]. An unrecordable inhibition zone was not valid. The
growth of test bacteria showed isolated colonies or less than semi-confluent growth. The
zone showed distortion from a circular shape and was not within tolerance limits set. The
addition of cinnamon to the matrix structure significantly improved the mechanism of
the film’s antibacterial activity, which has noticeable effects on the surface structure and
functional properties of the biopolymer film [38]. Although the mechanical properties
of 7% cinnamon nanoparticles were not the best, it is still applicable for food packaging
applications. Our findings indicate the high potential of the antibacterial film in several
food and non-food packaging applications.
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4. Conclusions

A seaweed-based bio-nanocomposite film incorporated with cinnamon nanoparticles
was successfully prepared and characterized. The results revealed that the significant action
of the biopolymer matrix was remarkably enhanced by the incorporation of cinnamon
particles in the film’s components, as demonstrated by the morphology of the film. The
5% concentration of cinnamon nanoparticles led to the highest strength compared to other
concentrations. The introduction of the 1% nano cinnamon concentration already showed
positive results for the strength compared to the control film without the filler. This indicates
that the addition of cinnamon nanoparticles enhanced the strength of the biopolymer film.
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The hydrophobicity of the film gradually increased as the water contact angle values
increased due to the insertion of cinnamon nanoparticles and their interaction in the film
structure. Furthermore, the addition of cinnamon to the film caused a slight increase in the
degradation temperature, indicating the thermal stability of the film, with the increase in
cinnamon nanoparticles in the films. The presence of strong hydrogen bonds is suggested
by FT-IR results, indicating that strong hydrogen bonding influences the properties of
the biopolymer film. The antimicrobial properties of cinnamon nanoparticles are shown
through the effective outcome against foodborne bacteria. The optimal inhibition zone
diameters against E. coli, S. aureus, and Salmonella were 11.39 mm, 10.27 mm, and 12.46
mm, respectively, with the incorporation of 7% cinnamon. This shows that the addition of
cinnamon nanoparticles to the biopolymer film creates antimicrobial properties. Although
the mechanical properties of 7% cinnamon nanoparticles were not optimal, they are still in
average ranges and applicable for food packaging applications. The results of the functional
properties indicated that the seaweed-based 7% cinnamon-nanoparticle-reinforced film can
potentially be utilized for packaging applications.
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