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ABSTRACT: Plastic has become an essential ingredient in social life, especially in its function as food packaging. An increase in
plastic consumption can have a big impact, especially on environmental issues, because of the plastic waste produced. Substituting
petroleum-based plastic with bionanocomposites can be done to reduce the impact of environmental issues caused by plastic waste.
The purpose of this study is to produce nanoparticle-incorporated bioplastics, which can be applied as alternative food packaging,
especially as petroleum-based plastic substitutes, and as food packaging that has added value in the form of antimicrobial properties.
In addition, nanoparticles are also intended to improve the characteristics of bioplastics such as improving mechanical properties and
film permeability as well as increasing the barrier properties of bioplastics against ultraviolet rays that can damage packaged food.
Bionanocomposites with modified forms were investigated by various characterization such as Fourier transform infrared (FTIR),
mechanical property testing of bioplastics as well as analysis of water vapor permeability (WVP), scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), UV−visible spectrophotometry (UV−vis), and
antimicrobial testing. Visible improvement of mechanical and UV barrier properties was seen in bionanocomposites with the
addition of cerium nanoparticles. Furthermore, we have also demonstrated the antibacterial activity properties of nanoparticle-loaded
bionanocomposites, which can add value to their use as food packaging. These results indicate that carrageenan-based
bionanocomposites have a high potential for positive application in food packaging to ensure food safety and extend the shelf life of
packaged foods.

■ INTRODUCTION
Plastics are popularly used for food packaging due to their low
cost, ease of handling, stability, and good mechanical
properties.1−3 Conventional plastics are mostly derived from
petrochemical monomers, which are nonbiodegradable and
not environmentally friendly.1,4−6 The food industry is the
number one end user of packaging that plays a major role in
using plastics, accounting for approximately 40% of the overall
plastic usage. In addition, there is a 12% increase in plastic
usage as food packaging per year, resulting in a huge negative
impact on our environment, such as depletion of soil health,
climate change, and reduction in water quality, which affects

the health of living organisms.3,6−8 Therefore, biopolymer films
were made and continue to be developed as a measure to
address the negative impact of plastics on the environ-
ment.4,9,10
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Biopolymers are bioderived monomers obtained by chemical
synthesis or directly extracted from biomass materials or
industrial waste.11 Recently, biodegradable and renewable
polymers from marine-derived sources have been preferable to
other biomass sources due to their abundance, high
productivity, and continuous availability.3,12,13 Carrageenan is
one of the marine-derived sources of the polymer known to be
extracted from seaweed, specifically class Rhodophyceae of red
seaweed.12,14,15 Carrageenan is anionic linear, containing 15−
40% sulfated ester bonds polysaccharides. Carrageenan
provides an excellent gelling ability and a high solubility and
swelling in water, making it biodegradable, and it has been
extensively used in food and packaging.15−17 However,
although biopolymers are environmentally friendly, they have
a primary limitation of a shorter lifetime, mainly because of
their hydrophilic, poor barrier, and thermomechanical proper-
ties. This limitation made carrageenan-based biopolymers less
in demand as food packaging since food packaging must have
good barrier properties to protect its content against external
forces and contamination.18 Various methods can be carried
out to improve the properties of biopolymers, one of which is
with nanotechnology approaches like incorporating nano-
fillers.4,17 Nanofillers could improve biopolymer properties
through better mechanical and barrier properties. Nanofillers
also enhance the hydrophobicity and melting temperature of
biopolymers. Nanofillers, especially nanoclay, also have been
known to have the ability to improve the barrier properties of
bionanocomposites. Nanoclay creates a longer diffusion
pathway to delay the transfer of molecules, improving barrier
properties.19,20 Montmorillonite (MMT) is a widely used
nanoclay in food packaging applications.21 Shojaee-Aliabadi et
al.14 found that using MMT in a carrageenan film can improve
the physical and mechanical properties of the film by
increasing the tensile strength value. The addition of 5%
MMT can also improve barrier properties by lowering the
permeability of the carrageenan biopolymer film.22 Besides
mechanical and barrier properties, food packaging needs to
protect and prevent its content from microbial contamination.
Antimicrobial nanocomposite packaging systems are partic-
ularly effective in gaining these capabilities because of the high
surface-to-volume ratio and enhanced surface reactivity of
nanosized antimicrobial agents, which are highly useful in
preventing microbial contamination for extending shelf life and
securing food safety.23,24 There are several antimicrobial
agents, one of which is inorganic such as nanoparticles.
Nanoparticles are considered to be incorporated into
biopolymers to form antimicrobial packaging systems.25 Silver
nanoparticles (AgNPs) have been known as inorganic
antimicrobial agents due to their unique properties and low
toxicity.22,23 A study by Rhim and Wang in 201422 reported
that nanocomposites incorporated by AgNPs have a great
antimicrobial effect against Gram-negative bacteria (Escherichia
coli). However, AgNPs also have a toxic effect on various fungi,
including Aspergillus, Saccharomyces, and Candida.26 Another
inorganic material that has an antimicrobial effect is cerium
oxide nanoparticles (CeNPs). CeNPs have an antimicrobial
effect on Gram-negative and Gram-positive bacteria.27,28 So
far, CeNPs have been produced and applied to various
technologies, but there has yet to be a report on producing a
biopolymer-based nanocomposite film using CeNPs.
Carrageenan bioplastics as food packaging have the

disadvantage of not having antibacterial and UV barrier
properties. The novelty in this research is to study the addition

of cerium oxide nanoparticles (CeNPs) to provide antibacterial
and UV barrier properties to carrageenan-based bioplastics.
Therefore, the main objective of the present study is to prepare
a bionanocomposite polymer film reinforced with montmor-
illonite cerium oxide nanoparticles (CeNPs) as an antimicro-
bial agent. The properties of a bionanocomposite polymer film
containing CeNPs will be compared with those with AgNPs.
The synthesized AgNPs, CeNPs, and bionanocomposite
polymer film are characterized using SEM, UV−vis, and
FTIR. In addition, the properties of the carrageenan-based
bionanocomposite films, such as mechanical, water vapor
barrier, thermal stability, and antimicrobial properties, were
evaluated.

■ EXPERIMENTAL SECTION
Materials. Food-grade k-carrageenan was obtained from a

market in Malaysia. Dextrose, montmorillonite, and gum acacia
were obtained from a local market in Indonesia. Glycerol and
cerium nitrate hexahydrate (Ce(NO3)3·6H2O) were obtained
from Merck Millipore, Germany. Silver nitrate (AgNO3) was
obtained from PT. Antam Tbk, Indonesia.
Synthesis of AgNPs. The synthesis of AgNPs was

conducted using the sol−gel method with gum acacia as the
reducing agent, which was referred from the study of Dong et
al.29 The process began with the preparation of a gum acacia
solution. The gum acacia solution was obtained by heating 1 g
of gum acacia in 70 mL of deionized water for 90 min at 60−
80 °C. The resulting gum acacia solution was then mixed with
30 mL of a 0.1% silver nitrate solution and stirred for 3 h at
60−80 °C until a dark-colored mixture was obtained. The
mixture was then centrifuged at 20,000 rpm for 30 min. The
resulting precipitate was washed with deionized water to
remove impurities. The AgNP solution as the final product was
stored at a temperature of 4 °C.
Synthesis of CeO2NPs. Cerium oxide nanoparticles or

ceria nanoparticles (CeNPs) were synthesized using the
method referred from Asati et al. publication with slight
modification.28 In brief, 1 mL of cerium nitrate 1 M was added
into 2 mL of a 0.1 M dextrose solution. The mixture was
stirred while a 0.3 M sodium hydroxide solution was added
until the pH reached 9. This addition of sodium hydroxide
caused the mixture to turn bright yellow due to its role as a
precursor for forming cerium oxide nanoparticles. The mixture
was then stirred at room temperature for 24 h. After stirring,
the mixture was centrifuged at 20,000 rpm for 30 min. The
resulting precipitate was purified with deionized water (DW)
and ethanol to remove impurities. The solution of cerium
oxide nanoparticles was then stored at 4 °C.
Film Formation. Bionanocomposite films were prepared

by a solution casting method. First, precisely weighed MMT
(260 mg, 20 wt % of carrageenan) was dispersed into distilled
water (5 mL) and sonicated for 5 min to hydrate clay mineral.
Aqueous dispersions of k-carrageenan powder (2%, w/w) were
then stirred with no heat for 5 min using a hot-plate magnetic
stirrer at 2000 rpm. After the carrageenan powder dissolved, a
sonicated MMT dispersion was added to the film-forming
mixture. The mixture was continuously stirred and heated for
10 min at 80 °C. During the heating process, glycerol as a
plasticizer (3%, v/v) was added to the mixture. Completely
solubilized and well-dispersed film-forming solutions were cast
evenly onto a Teflon plater (d = 16 cm) and dried at 60 °C for
20 h. Dried composite film samples were peeled off of the
plate.
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Fabrication of bionanocomposite films loaded with nano-
particles began with the preparation of a nanoparticle solution.
The nanoparticle solution is prepared by homogenizing using
an ultrasonic homogenizer at a 34% amplitude for 10 min
before adding it to the bionanocomposite mixture. Bionano-
composite mixtures containing AgNPs and CeNPs have been
prepared using several treatment variations. The sample codes
used throughout this paper for each nanoparticle addition
variation are given in Table 1. The synthesis steps of

bionanocomposite films loaded by nanoparticles were identical
to those of carrageenan-based bionanocomposite films. The
difference lies in the solvent used, which is in the form of a
nanoparticle solution.
X-ray Diffraction (XRD) Analysis. The XRD patterns of

AgNPs and CeO2NPs were measured using an X-ray
diffractometer (Bruker D8 Advance, X-ray Diffractometer)
with Cu-Kα at 40 kV and 40 mA. Powder diffraction patterns
were obtained in step scanning mode, 2θ = 10−90° and step of
0.02°. The crystallite size of the nanoparticles was calculated
using peak height and width. The results were then analyzed by
using the Debye−Scherrer equation.

=D
0.9
cos

Determination of Particle Size of Nanoparticles. The
dynamic light scattering method was used to measure particle
size using a particle size analyzer (Horiba, SZ-100) with water
as the dispersion medium. The nanoparticle solution was
analyzed at room temperature with a fixed angle of 90°.

Transmission Electron Microscopy (TEM) Analysis. Shape
and size nanoparticles were analyzed using a transmission
electron microscope (TEM Hitachi HT-7700, Japan). Nano-
particles were dispersed in deionized water via sonication, and
a small amount of the solution was dispersed on a copper grid.
The samples were then mounted on a holder and transferred to
the microscope for observation.

Morphology of Bionanocomposites. The morphology of
carrageenan-based nanocomposites was observed by using
SEM (scanning electron microscopy, Hitachi SU-3500, Japan)
operated at an accelerating voltage (Vacc) of 10 kV.

Fourier Transform Infrared (FTIR) Spectrophotometry
Analysis. The FTIR spectrum of the nanocomposite film
samples was analyzed using the FTIR Bruker with the
attenuated total reflectance (ATR) method. Samples were
placed on the ray exposing stage, and the spectrum for each
sample was recorded between the wavenumber range of 500
and 4000 cm−1.

UV−Vis Spectrophotometry Analysis. The UV−vis spec-
trum of the nanocomposite film was measured on a
spectrophotometer. The transparency of the nanocomposite
film was determined using UV−vis spectrophotometry at room
temperature and a wavelength range of 200−800 nm.

Transparency of the film samples was expressed as the
following equation

= T btransparency log % /

where log %T is the log of %transmission and b is the thickness
of the film (mm).

Thermal Analysis. Thermal analysis of the nanocomposite
film is analyzed using differential calory scanning calorimetry
(TA-DSC25) with a range temperature of 30−350 °C.
Meanwhile, the thermal stability of the nanocomposite film
was tested with thermogravimetric analysis (TGA; USA Model
Q50) with a range temperature of 30−600 °C. These thermal
analysis processes were conducted at a heating rate of 10 °C/
min under a nitrogen flow of 50 cm3/min.

Water Vapor Permeability (WVP). Water vapor perme-
ability tests were conducted using the ASTM method E96-00
with some modifications. First, the nanocomposite film
samples’ water vapor transmission rate (WVTR) was
determined gravimetrically at 25 °C under 40% RH. Later,
the WVP of the film was calculated by using the following
equation

= × L pWVP (WVTR )/

where WVTR is the water vapor transmission rate (g/m2·s)
through the film, L is the mean of film thickness (m), and Δp is
the partial water vapor pressure difference (kPa) across two
sides of the film.

Mechanical Properties. Tensile strength (TS), elongation
at break (EAB), and elastic modulus (EM) were analyzed
according to ASTM D882-02 using a universal testing machine
(Dongguan Sinowon Precision Instrument SM-10, Dongguan,
China) equipped with a 10 kN load cell. Rectangular strips (3
cm × 4 cm) were cut from the individually prepared film. The
initial grip separation was set at 50 mm, preload speed at 50
mm/min, and pulling speed at 100 mm/min. The thickness of
all of the bioplastics was measured using a Mitutoyo Thickness
Gauge Digital.

Antimicrobial Activity. The agar disk diffusion method was
used to evaluate the antimicrobial activity of nanocomposite
films with the determination of inhibition zones.20 Bacillus
cereus as a Gram-positive bacterium and E. coli as a Gram-
negative bacterium were used as test organisms. Both bacteria
were prepared by diluting pure agar culture with sterile saline
(0.85%) until the microbial suspension was inoculated at ca.
108 cfu/mL. Then, each microbial suspension (0.1 mL) was
uniformly spread on the NA agar plate. Nanocomposite film
samples in the form of a round disk of 5 mm diameter were
carefully placed on the surface of the agar medium and
subsequently incubated at 37 °C for 24 h. The zone of
inhibition was then estimated by measuring the diameter of the
bacterial growth inhibition zone around the disk of the film
samples.

■ RESULTS AND DISCUSSION
Characterization of Nanoparticles. Silver and ceria

nanoparticles are both synthesized using the sol−gel method
but with different reducing agents: silver nanoparticles use gum
acacia, while ceria nanoparticles use dextrose. XRD measure-
ment results on both nanoparticles confirmed the formation of
nanoparticles and examined their crystal properties. Figure 1A
is the diffractogram of AgNPs, which shows peaks at 2θ of
38.05°, 42.1°, 64.5°, and 77.05° corresponding to (111),
(200), (220), and (311), respectively, of a face-centered cubic

Table 1. Nomenclature of Bionanocomposite Samples

sample code treatment

BC-K bionanocomposites without the addition of nanoparticles
BC-AG1 bionanocomposites with the addition of 1% AgNP (% wt)
BC-CE0 bionanocomposites with the addition of 0.5% CeNP (% wt)
BC-CE1 bionanocomposites with the addition of 1% CeNP (% wt)
BC-CE2 bionanocomposites with the addition of 1.5% CeNP (% wt)
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(fcc) silver crystal based on JCPDS 04-073.30 Whereas, the
formation of CeNPs is confirmed by X-ray diffraction analysis,
which shows peaks at 2θ of 28.4° (111), 32.7° (200), 47.2°
(220), 56.1° (311), 76.7° (331), and 77.3° (420) representing
the crystal planes of the fcc crystal of CeO2 (JCPDS 34-0394).
From XRD analysis, we obtained that the average crystallite

size of ceria nanoparticles was smaller (3.54 nm) than silver
nanoparticles (5.2 nm). The same results are also visible with
the average size of nanoparticles analyzed by PSA, which shows
that CeNPs are 42.69 nm in average size with a polydispersity
index (PI) of 0.50, while AgNPs are 82.71 nm with a PI of

0.40. Morphological analysis of nanoparticles shown in Figures
1B and 2B shows that nanoparticles were formed. Figure 1B
shows that the silver nanoparticles are spherical and have a size
range of 5.7−18.9 nm, with some larger particles due to
agglomeration. CeNPs were seen with a darker area (Figure
1D), and dextrose as a capping agent was seen as a brighter
area surrounding the darker area. The TEM image also
confirmed that formed CeNPs have smaller size than AgNPs; it
shows that formed CeNPs have a size ranging from 1.4 to 10
nm with an average size of 4.075 nm with some agglomeration
in several spots.
Incoroporation of Nanoparticles in a Bionanocom-

posite Polymer Film. The surface morphology of bionano-
composites can be seen in Figure 2; the morphology of
carrageenan bionanocomposites appears to differ in top-
ography and the presence of “ghosts” that appear to be
protruding structures. “Ghosts” are starch particles that can
persist as hydrated swollen starch due to incomplete
gelatinization.31 Figure 2B also shows that bionanocomposites
without nanoparticles have a smoother surface than those with
nanoparticles. The difference in the surface structure is due to
the homogeneity of surface morphology after nanoparticle
addition.32 Moreover, cerium bionanocomposites exhibit a

Table 2. UV−vis Analysis of Carrageenan-Based
Bionanocompositesa

treatment T280 T600 transparency

BK-K 18.915 ± 1.675b 19.256 ± 1.103b 14.967 ± 1.856b

BK-AG1 4.908 ± 5.424a 10.352 ± 3.008a 12.462 ± 1.249ab

BK-CE0 0.044 ± 0.039a 14.584 ± 2.755ab 13.050 ± 0.675ab

BK-CE1 0.005 ± 0.001a 10.278 ± 4.016a 11.284 ± 3.451ab

BK-CE2 0.004a 9.516 ± 1.079a 9.257 ± 1.384a
aValues listed in the table are average ± standard deviation. Values in
the same column followed by the same letter are not significantly
different from each other (p > 0.05).

Figure 1. Characterization of silver nanoparticles. (A) XRD diffractogram of AgNPs, (B) TEM image of AgNPs, (C) XRD diffractogram of CeNPs,
and (D) TEM image of CeNPs.
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smoother surface than silver bionanocomposites (Figure 2A).
The difference in nanoparticle size can be one factor causing
the phenomenon described, as it is known that the larger the
molecular size, the lower the ability of nanoparticles to
penetrate the polymer structure.33

The FTIR spectra of carrageenan bionanocomposites films
are shown in Figure 2D. All films exhibit characteristic peaks of
carrageenan in 3200−3600 cm−1 due to the vibration of −OH
groups.34 The peak at 2800−2900 cm−1 results from the
vibration of C−H bonds in the alkane groups of the
carrageenan polymer.22 An amide peak was seen at 1664
cm−1, which was prevalent throughout the nanocomposite film
spectrum.34 The peak observed at 1218 cm−1 was the peak for
the sulfated ester group of carrageenan.35 Other carrageenan
characteristics were observed through the 920 and 844 cm−1

peaks, representing the 3,6-anhydrous-D-galactose and gal-
actose-4-sulfate bonds, respectively.22 Peaks at 511 cm−1 also
appear in all bionanocomposites samples and represent the Si−
O bending of MMT.36 The FTIR spectrum does not show any
peaks from Ag metal as the Ag metal peak is outside the
spectrum of analysis at a range around 386 cm−1.37 In general,
as shown in Figure 2D, there is no significant change in the
functional groups of the nanocomposites, which indicates no
change in chemical bonding in the bionanocomposite film with
the addition of nanoparticles.
Functional Properties of a Bionanocomposite Poly-

mer Film as Food Packaging. Food packaging materials
have an important role in providing protection for food
products from environmental, chemical, and physical damage.
Good packaging can protect food from physical damage and
provide barriers to moisture, oxygen, carbon dioxide, and other

gases, as well as flavors and aromas. Food products are also
sensitive to UV light since they can induce food nutritional
content degradation, such as protein, vitamin B, and other
antioxidant molecules.38,41,46 Protection against light, partic-
ularly UV light, is also required for food packaging. In addition
to physical and chemical protection, protection against
microbiological hazards is also an important role of food
packaging. As food safety needs to be guaranteed and
maintained, it is closely related to food contamination and
damage due to microbial activity in packaged food.
Spectrophotometry analysis results are presented in Figure

2E. The result shows that silver and cerium bionanocomposites
exhibit better UV barrier protection than without nanoparticle
addition. The absorption peak of BK-AG1 is seen at 410 nm
due to silver nanoparticles with a plasmonic effect at
wavelengths of 410−480 nm.22,39 While in cerium bionano-
composites, high absorbance values above 2 au (1% maximum
transmittance) were observed for wavelengths below 350 nm,
and the absorption peak was observed around the wavelength
of 340 nm. Moreover, the absorbance values increased by the
increase in cerium nanoparticle concentration (Figure 2E).
These UV−vis results show that cerium bionanocomposites
exhibit an excellent UV barrier property, consistent with Dao
et al.’s findings in 2011, which observed that an epoxy
nanocomposite with the addition of cerium oxide nanoparticles
can absorb more than 90% of UV light.40 A significant decrease
in transmission is also seen due to the presence of
nanoparticles (Table 2), and it plays a role in preventing
light from entering the polymer matrix. However, the addition
of nanoparticles also reduces the transparency of the film.

Figure 2. SEM image of carrageenan-based bionanocomposites. (A) BK-CE1, (B) BK-K, and (C) BK-AG1. (D) FTIR spectrum of carrageenan-
based bionanocomposites and (E) UV−vis spectra of carrageenan-based bionanocomposites.
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Thermal decomposition of carrageenan bionanocomposites
is found to occur in several stages (Figure 3A). The first stage
is observed at around 100 °C, which is found to be due to the
desorption of water molecules in the polymer. The second
stage of decomposition occurred at around 200 °C, which is
explained by volatilization of the glycerol plasticizer or
degradation of low-molecular-weight molecules. The third
stage of decomposition is polysaccharide decomposition,
which forms a polymer matrix, usually occurring at a
temperature above 250 °C.22,41 Finally, the last stage of
decomposition above 500 °C occurs due to the water
hydrogen bond structure in the montmorillonite interlayer.42

Thermal analysis results exhibited improved thermal stability
of bionanocomposites incorporated with nanoparticles, as is
seen from the shift of endothermic and exothermic peaks at the
DSC results (Figure 3B), where the addition of nanoparticles
shifted the peaks to higher values. DSC results also show that
the cerium bionanocomposites exhibit better thermal stability
than silver bionanocomposites, where endothermic peaks for
BC-CE1 are at higher temperatures than that of BC-AG1.
Meanwhile, the exothermic peak of BC-CE1 cannot be
observed clearly; that is most likely due to the overlap between
the broad second endothermic curve and the exothermic curve
of BC-CE1. Furthermore, TGA results also show that the

Figure 3. (A) Thermogravimetric analysis, (B) DSC analysis, (C) tensile strength, (D) elongation, (E) Young’s modulus, (F) thickness, and (G)
WVP of carrageenan-based bionanocomposites.
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residual values of BC-K, BC-AG1, and BC-CE1, respectively,
are 4.82%, 10.35%, and 11.77%; this result is also evidence that
shows that nanoparticle addition could increase the thermal
stability of bionanocomposites where CeNPs’ addition give the
best thermal stability. Thus, the results show that incorporating
nanoparticles can improve the crystallinity of polymers, as
evidenced by the differences in residuals after thermal
analysis.44,45

More finding on thermal analysis is that carrageenan
bionanocomposites (Figure 3B) do not show any feature
indicating the composites’ glass transition temperature, likely
due to the decrease in transition glass temperature (Tg). The
decrease in Tg is due to the decrease in intermolecular forces of
the polymer caused by the addition of water and a plasticizer
during the synthesis of composites. This decrease in Tg also
correlates with the decrease in the EAB value and an increase
in TS in mechanical properties, which is also shown in this
research’s results (Figure 3C,3D).43

The addition of nanoparticles in the bionanocomposite also
causes a decrease in % elongation of the film (Figure 3D),
which leads to a decrease in film flexibility. The addition of
nanoparticles causes a decrease in water absorption into the
film, altering molecular interactions and reducing the ability of
water to act as a mobility enhancer, thus affecting film
flexibility.43 The integration of nanoparticles also affects the
tensile strength of bionanocomposites (Figure 3C). Cerium
bionanocomposites show an increase in tensile strength
(Figure 3C) due to the interaction of nanoparticles as fillers
with the polymer matrix, resulting in the expansion of the
contact area during stress, which becomes influential in film
strength.22,49 Unlike some previous studies,22 adding silver
nanoparticles to bionanocomposites decreased the TS value in
this study. Low dispersion and agglomeration may explain the

decrease in the TS value, causing stress concentration points in
the composite and leading to crack initiation.49

A decrease in WVP is seen in nanocomposites after adding
nanoparticles (Figure 3G), which is aligned with the study by
Rhim and Wang in 2020 that observed a decrease in WVP of a
chitosan-based nanocomposite film after the addition of MMT
and silver nanoparticles. The decrease in permeability
corresponds to the addition of nanoparticles that can obstruct
the path of water vapor, affecting the diffusion rate of water
molecules and increasing the film’s barrier properties. More-
over, a trend of decreasing WVP is also shown in Figure 3G, as
the concentration of ceria nanoparticles increases, due to the
increasing nanofiller volume, which alters the permeability of
nanocomposites. Three main factors affect the permeability of
nanocomposites: (1) the volume fraction of nanofillers or
nanoplatelets, (2) the orientation of nanoplatelets toward the
diffusion direction, and (3) the aspect ratio of nanoplatelets.48

However, the permeability of a nanocomposite film exhibits no
significant difference compared to carrageenan-based films (p
> 0.05), as shown in Table 3. This may occur due to a filler
dispersion problem, which can happen due to the agglomer-
ation of nanoparticles. The filler dispersion problem inhibits
the uniform distribution of nanoparticles in the polymer
matrix, which alters the permeability and mechanical properties
of the polymer matrix.47

The antimicrobial activity of a carrageenan-based bionano-
composite film was tested by an agar diffusion method against
two common foodborne pathogens, E. coli and B.cereus. The
results of the antimicrobial activity were determined by the
film samples’ inhibition zone diameter (DI). As expected, the
results showed that all bionanocomposites had antimicrobial
activity for Gram-positive and Gram-negative bacteria (Table
4). The carrageenan bionanocomposite has an inhibition zone
(DI) of Gram-negative bacteria larger than Gram-positive
bacteria. This result is in line with the results of a study by
Rhim et al. in 2014 that also showed the antimicrobial activity
of carrageenan-mineral clay nanocomposites, which is due to
the existence of alkylamine or quaternary ammonium groups
that can bind phospholipids and proteins disrupting the lipid
bilayer of microbial membranes, leading to lysis of the
microbial cell.39

Furthermore, Table 4 shows an increased inhibition zone
after the addition of silver and cerium nanoparticles. A silver
bionanocomposite tends to inhibit the growth of Gram-
positive bacteria more than Gram-negative bacteria, which may
happen due to the higher affinity of lipopolysaccharides in
Gram-negative bacteria compared to Gram-positive bacteria.
These lipopolysaccharides then trap Ag+ ions and hinder the
antimicrobial performance of AgNPs.50 Several hypotheses
have been explained to describe the antimicrobial activity of
silver nanoparticles, including the production of reactive
oxygen species (ROS), the release of Ag+ ions that causes
denaturation of proteins’ sulfhydryl bonds, and the attachment
of bacteria to AgNPs that can cause damage to bacteria.51 In
contrast with silver bionanocomposites, cerium bionanocom-
posites tend to inhibit Gram-negative bacteria. The difference
in the antimicrobial effect is related to the structure and
compactness of Gram-positive and Gram-negative bacteria cell
walls. Gram-positive bacteria have thicker cell walls, making
them more resistant than Gram-negative bacteria.27

Table 3. WVP Analysis of Carrageenan-Based
Bionanocompositesa

treatment WVP (×10−13) WVTR (g/m·s/day)
BC-K 5.12 ± 0.30a 31.41 ± 2.97a

BC-AG1 4.84 ± 1.38a 30.87 ± 8.24a

BC-CE0 4.85 ± 1.86a 29.27 ± 7.99a

BC-CE1 4.78 ± 0.97a 30.50 ± 4.12a

BC-CE2 4.53 ± 1.13a 25.12 ± 3.58a
aValues listed in the table are average ± standard deviation. Values in
the same column followed by the same letter are not significantly
different from each other (p > 0.05).

Table 4. Antibacterial Activity of Carrageenan-Based
Bionanocompositesa

inhibition zone (mm)

treatment Escherichia coli Bacillus cereus

BC-K 5.64 ± 2.54b 2.68 ± 1.13ab

BC-AG1 6.02 ± 1.72b 6.83 ± 0.94c

BC-CE0 7.46 ± 1.46b 4.36 ± 0.92bc

BC-CE1 7.64 ± 2.29b 4.58 ± 1.68bc

BC-CE2 7.87 ± 2.48b 4.77 ± 1.76bc

aquadest 0a 0a

penicilin 19.07 ± 4.68c 11.03 ± 3.62d
aValues listed in the table are average ± standard deviation. Values in
the same column followed by the same letter are not significantly
different from each other (p > 0.05).
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■ CONCLUSIONS
In this study, incorporating silver and ceria nanoparticles into
carrageenan-based bionanocomposites has successfully im-
proved bionanocomposite characteristics, such as mechanical
strength, permeability, thermal stability, UV light resistance,
and antimicrobial activity. The antimicrobial activity of
carrageenan-based bionanocomposites is visible against
Gram-positive and Gram-negative bacteria. However, the
inhibition of bacteria growth tendencies differed depending
on the added nanoparticles. Silver bionanocomposites
exhibited better antimicrobial activity against Gram-positive
bacteria, while ceria bionanocomposites exhibited better
antimicrobial activity against Gram-negative bacteria. Further-
more, adding ceria nanoparticles resulted in better UV barrier
properties with decreased transparency. The best mechanical
properties were achieved for CeNPs addition of 0.5%.
Nanoparticle addition enhances the composite film barrier
properties by lowering the WVP and improving thermal
stability. These results suggest that carrageenan-based
bionanocomposites have a high potential as active food
packaging applications to secure food safety and prolong the
shelf life of packaged foods.
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