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A B S T R A C T

This paper reports the incorporation of SiO2–ZnO nanoparticles (NPs) into semi-refined iota carrageenan-based
(SRIC) film as active food packaging. The dispersion of the nanoparticles was performed using a bead milling
method and the films were prepared using the solution casting method. The incorporation of SiO2–ZnO NPs into
SRIC films aims to provide multifunctional food packaging with enhanced water vapor barrier properties, UV-
screening, and antimicrobial activity. The effect of the incorporation of SiO2 NPs, ZnO NPs, and the mixtures
of SiO2–ZnO NPs varied in SiO2/ZnO ratios (SiO2–ZnO 1:1, 1:2, and 1:3) were investigated. The results showed
that the tensile strength, water vapor barrier performance, UV-screening, and antimicrobial activity of the SRIC
film were increased by the addition of either SiO2 or ZnO NPs alone. Interestingly, when the mixtures of SiO2–ZnO
were incorporated, more significant improvement was observed. Also, the bio-degradability and solubility of all
the SRIC films were confirmed. It was concluded that the SiO2–ZnO NPs incorporated into SRIC film provided
multifunctional activities and acted as a promising active food packaging material.
1. Introduction

Since food packaging made of non-renewable petrochemical mate-
rials has been found to cause health and environmental issues, the
application of biopolymers as food packaging materials has increased,
due to their degradability, availability, relatively low cost, biocompat-
ibility, and nontoxicity [1, 2, 3]. The most common types of bio-
polymers as the main biodegradable films material are polysaccharides,
proteins, and lipids [4, 5]. Polysaccharides are abundantly available and
interesting biopolymers due to their superior film-forming ability, good
colloidal nature, acceptable gas barrier, and strong mechanical charac-
teristics [3, 6]. Iota carrageenan is one of the polysaccharide-types
containing sulfate groups extracted from red algae (Eucheuma dentic-
ulatum) which can be used as a material to form film matrices. Besides
its abundant availability and suboptimal utilization, the properties of
iota carrageenan are very suitable to be applied as film-forming material
[7, 8]. Iota carrageenan-based films exhibit several advantages, such as
good mechanical properties, emulsion stability, and oxygen barrier [9,
10].
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However, biopolymers exhibit several weaknesses when applied as
food packaging materials, including relatively low mechanical and water
barrier properties. To overcome these weaknesses and improve the film
properties including providing UV blocking and antimicrobial features
while maintaining the biodegradable characteristic, nanoparticles have
been widely incorporated into the various biopolymer-based films,
forming a bio-nanocomposite film [1, 11]. Bio-nanocomposite is a
multiphase material composed of two or more elements with a
biopolymer as a continuous phase or matrix and nanofiller as a discon-
tinuous phase [2]. The large surface to volume ratio of nanoparticles
leads to form more interactions with the polymer matrix thus increasing
their effect on improving film properties [12]. Furthermore, blending
organic and inorganic materials to form composite materials may bring
more advantages which come from both the organic and inorganic ma-
terials [13].

Different types of nanoparticles have been incorporated into
biopolymer-based films to improve their characteristics, including silicon
dioxide, zinc oxide, titanium dioxide, copper, silver, and gold nano-
particles, which provide excellent features such as antimicrobial activity,
pril 2021
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water vapor and oxygen barrier enhancement, and UV protection [14, 15,
16, 17]. The advantages of silicon dioxide (SiO2) nanoparticles compared
to other particles are stable, non-toxic, and safe food additives used in
food processing and preservation [15]. While zinc oxide (ZnO) nano-
particles demonstrate the strongest antimicrobial activity against
numerous microorganisms, are more affordable, and listed as generally
recognized as safe (GRAS) material compared to other metal oxide
nanoparticles [16, 18]. Moreover, ZnO nanoparticles have been widely
applied as nanofillers in improving the packaging properties due to their
crystalline structure, high stability, excellent mechanical properties,
strong antibacterial activity, and high UV absorption capacity [13, 19].

Independent application of either SiO2 or ZnO nanoparticles (NPs) as
fillers in the carrageenan-based film has been reported in improving the
film properties in previous studies [1, 20, 21, 22, 23]. Among them, the
utilization of semi-refined carrageenan to produce bio-nanocomposite
film is more interesting with considerably low production cost compare
to the refined form which is relatively expensive. Moreover, there were
only limited studies on developing bio-nanocomposite film with the
semi-refined iota carrageenan (SRIC) as the main film matrix. Previous
studies showed the incorporation of SiO2 NPs and ZnO NPs separately
enhanced the properties of SRIC films [1, 21]. Also, recent study showed
that SiO2 NPs as fillers provided antimicrobial functionality [24]. These
various advantages raised the question of whether the incorporation of
the mixture of SiO2 NPs and ZnO NPs into SRIC film could provide
enhanced multi-functionalities of film such as UV blocking, antimicro-
bial, and water barrier as required in active food packaging applications
better than when these nanoparticles were used separately.

Although the incorporation of nanoparticles into biopolymer film had
been reported in many studies, these studies did not focus on the method
to incorporate the nanoparticle into the film. Nanoparticles are easily
agglomerated when dispersed in an aqueous phase [25], while a
well-dispersed nanoparticles suspension is required to be achieved in the
making of bio-nanocomposite film since the bad dispersion of nano-
particles and the formed-agglomerates in the suspension could diminish
their performances to produce more desirable film properties [12]. As
reported in previous researches, bead milling is the preferable method to
disperse nanoparticles in suspension [24, 25, 26, 27, 28]. In the bead
milling method, the collisions between micro-sized beads and the
nanoparticles by continuous agitation result in well-dispersed and stable
suspension [29]. No other studies used this method to prepare
bio-nanocomposite film before. Meanwhile, preliminary studies have
revealed the effectiveness of the beadmilling in dispersing SiO2–ZnONPs
and breaking up the agglomerates in suspension [29]. Furthermore, the
FTIR spectra observation of dispersed SiO2–ZnO NPs mixture after bead
milling showed prospective surface functional groups [30].

The novelty of this present study is the incorporation of SiO2–ZnO
NPs combinations prepared by bead milling process into semi-refined
iota carrageenan-based (SRIC) film as active food packaging provided
enhanced water vapor barrier, UV-screening, and antimicrobial activity.
Despite the active functionality of the SRIC film, other determining
characteristics and related properties of the film were also observed such
as surface morphology, mechanical properties, transparency, wettability,
water-solubility, degradability, and thermal stability.

2. Materials and methods

2.1. Materials

Semi-refined iota carrageenan (SRIC) powder was purchased from
Galic Artabahari, Co., Ltd. (Bekasi, Indonesia). Glycerol and Sodium
dodecyl sulfate (SDS) were purchased from Brataco, Co., Ltd. (Bandung,
Indonesia). SiO2 NPs powder and ZnO NPs powder with a particle size of
�50 nm and 100–200 nm respectively were received from JP Cipta
Nanotech Indonesia Ltd. (Bandung, Indonesia). Escherichia coli and
Staphylococcus aureus were obtained from the Department of Biology,
Universitas Padjadjaran (Bandung, Indonesia).
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2.2. Preparation of bio-nanocomposite film

Before being added to the film solutions, the nanoparticles need to be
dispersed into the water first to form NPs suspensions. In this study, five
different NPs formulas were used: SiO2 (0.5%), ZnO (1%), SiO2–ZnO 1:1
(0.5%:0.5%), SiO2–ZnO 1:2 (0.5%:1%), and SiO2–ZnO 1:3 (0.5%:1.5%),
based on the percentage of nanoparticle weight to carrageenanweight (%
w/w carrageenan). The NPs suspensions were produced using the bead
milling process in order to generate a good dispersion of nanoparticles, as
reported in a previous study [29]. 150 g of suspension containing
nanoparticles, SDS surfactant, and distilled water was prepared for bead
milling process. The NPs powder according to each NPs formula was
dispersed into distilled water and stirred for an hour, followed by adding
the SDS surfactant (10 % w/w NPs) and stirred again for 1 h. After being
sonicated for 30 min, the suspension was bead milled for 2 h. In the bead
milling process, the suspension was agitated in the vessel containing 150
mL of zirconia beads using an agitator which the speed was set up at 30
Hz. The vessel was coated with a cooling water jacket to prevent tem-
perature rise in system. A detailed description of the bead mill has been
reported in previous studies [24, 25, 27].

Based on the NPs formulas, six different film types were produced: IC
(SRIC film without nanoparticles), IC/SiO2 (SRIC film incorporated with
SiO2), IC/ZnO (SRIC film incorporated with ZnO), IC/SiO2–ZnO 1:1
(SRIC film incorporated with SiO2–ZnO 1:1), IC/SiO2–ZnO 1:2 (SRIC film
incorporated with SiO2–ZnO 1:2), and IC/SiO2–ZnO 1:3 (SRIC film
incorporated with SiO2–ZnO 1:3). The concentration of SiO2 remained
the same in all the formulas, referring to Aji et al. [21] and Rane et al.
[23], which found that the concentration of SiO2 nanoparticles that im-
parts the best film properties was 0.5% w/w carrageenan. Whereas the
concentration of ZnO nanoparticles was increased, referring to Oun &
Rhim [31] and Khoirunnisa et al. [1], which demonstrated that the film
properties increased as the ZnO concentration was increased.

The bio-nanocomposite films were prepared using the solution cast-
ing method, referring to Khoirunnisa et al. [1] with modifications. 100 g
of the film solution was prepared, firstly by added 15 g of bead milled
NPs suspension into distilled water and sonicated (30 min), then 2 g of
SRIC powder was added. Subsequently, the film solution was heated to
70 �C, then glycerol (1 % w/w film solution) was added while stirring
continuously for 10 min at 70 �C. Once the temperature had decreased to
50 �C, the film solution was poured onto a plastic plate (24� 16 cm) and
waited until turn to gel before drying it in the oven (50 �C; 3 h). Then the
dried film was peeled off from the plate and stored in a relatively low RH
cabinet for further characterizations. The other types of film were pro-
duced in the same way, except for the IC film which was produced by
adding SRIC powder into distilled water without nanoparticles.
2.3. Film characterizations

2.3.1. Surface morphology
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy

(AFM) were used to observe the surface morphology and characteristic of
the films [32]. For the SEM analysis procedure, the film samples were
coated with gold to improve contrast and the signal-to-noise ratio as the
samples were categorized as non-conductive samples.

2.3.2. Fourier transform infrared (FTIR)
FTIR spectrometer was used to analyze the functional groups of the

constituent materials and film samples. The infra-red (IR) spectrum was
measured at a range of 4000–400 cm�1 wavenumber at room tempera-
ture [33].

2.3.3. Thickness
The average thickness of the film was obtained by measuring at five

different points using a Digital Micrometer (KRISBOW KW06-85) with
0.001 mm of accuracy [34].
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2.3.4. Mechanical properties
The Tensile Strength (TS) and the Elongation at Break (EAB) were

measured using a Universal Testing Machine with a test speed of 10 mm/
min and operated under ASTM D 882-02 [35]. The TS and EAB were
calculated as follows (Eqs. (1) and (2)):

TS ðMPaÞ¼ maximum load ðNÞ
initial cross� sectional areaðm2Þ (1)

EAB ð%Þ¼ elongated length at break
initial length

� 100 (2)

2.3.5. Water vapor permeability (WVP)
The WVP was determined gravimetrically according to the ASTM

E96-00 with modifications [33, 36]. The test cup was filled with
anhydrous CaCl2 (3 g), then the film sample was placed over the top of
the test cup and sealed with melted paraffin around the edges and
placed in a humidity chamber (25 �C; 60% RH). The test cup was
weighed every hour for 7 h. The weight changes were recorded as a
function of time. The slope (g/h) was calculated from the linear
regression. The WVP (10�6 g/h m Pa) was calculated using the
following equation (Eq. (3)):

WVP¼ WVTR x
PðRH1 � RH2Þ (3)

The water vapor transmission rate (WVTR) is the slope (g/h) divided
by the transfer area (m2), where x is the film sample thickness, P is the
saturated water vapor pressure (at 25 �C), RH1 is the RH inside the hu-
midity chamber, and RH2 is the RH inside the test cup.

2.3.6. Wettability
The wettability of the films was evaluated based on the critical sur-

face tension (γc), which was determined by measuring the static contact
angle of three different test liquids (deionized water, formamide, and n-
hexadecane). The surface tension (γ) of each test liquid was entered as
the x-axis, and the cos value from the contact angle (θ) measurement was
entered as the y-axis in the linear regression analysis, for cos θ ¼ 1,
because when cos θ ¼ 1, then γ ¼ γc [37].

2.3.7. Optical properties
The optical properties (transparency and UV-screening) were

determined by measuring the transmittance (%) at the wavelength of
200–700 nm using a UV-Vis spectrophotometer. The film sample (3 � 1
cm) was placed on the cuvette wall which was illuminated by a UV-Vis
light [38].
2.3.8. Antimicrobial activity
The antimicrobial activity was examined using the agar disc diffusion

method [39], based on the inhibition against Staphylococcus aureus and
Escherichia coli. The bacterial culture at a concentration of 1-2 x 108

CFU/ml (0.5 McFarland) was inoculated on the agar plate. Then the film
sample (d¼ 7 mm) was put on the inoculated agar plate and incubated at
35 �C for 24 h. The diameter of the clear zone formed around the sample
was measured as the inhibition zone.

2.3.9. Water-solubility
The film solubility in water was determined as described by Bei-

gomi et al. [33] with modifications. The film sample (3 � 3 cm) was
dried in an oven (100 �C; 6 h) and weighed to determine the dry basis.
The sample was then immersed into distilled water (50 ml) under
constant stirring for 12 h, filtered using filter paper, and dried (100 �C;
6 h) to determine the un-soluble part of the sample. The
water-solubility of the sample was calculated using Eq. (4), where wi is
the initial dry basis of the sample and wf is the weight of the un-soluble
part of the sample.
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WS ð%Þ¼wi�wf

wi
� 100 (4)
2.3.10. Degradability
The degradability was determined by a soil burial test, according to

Swain et al. [40], to evaluate the weight loss of the film samples over
time. The samples (3 � 3 cm) were buried in a bucket filled with soil to a
depth of 10 cm. The bucket was covered to maintain its moisture and
placed in a laboratory (25 �C). The samples were weighed every 7 days
for 28 days. The weight loss of the samples over time was used to indicate
the degradation rate.

2.3.11. Thermal stability
A thermogravimetry analysis (TGA) was used to determine the ther-

mal stability of the films, according to Rhim & Wang [41] with some
modifications. The samples were heated starting from room temperature
up to 500 �C with a heating rate of 10 �C/min in a nitrogen atmosphere
(25 ml/min).

2.3.12. Statistical analysis
SPSS software was used to perform statistical analyses of the experi-

mental data using one-way ANOVA with a significant difference at a 5%
level of probability (p < 0.05). The analyses were continued to the
Duncan multiple range test if there was a significant difference in the
results.

3. Results and discussion

3.1. Surface morphology

The surface morphology of the SRIC-based films observed using SEM
showed the details of the surface structure of the film samples such as
smoothness and cracks and the distribution of the nanoparticles on the
film matrix [22]. As shown in Figure 1(a), the surface of the film without
nanoparticles (IC) appeared smooth with only a few cracks, whereas the
films with nanoparticles showed a rougher and non-homogeneous sur-
face. It is in agreement with other studies that the surface morphology of
carrageenan film becomes rough after the addition of ZnO nanoparticles
[31, 38]. However, the IC/SiO2–ZnO 1:3 film looked smoother and wavy.

The surface morphology was also observed using AFM to visualize the
surface of the films in a three-dimensional relief to provide information
about the surface contour of the films [42]. The surface of the IC film
looked uneven with large lumps and dents. The surface of the films with
SiO2 and ZnO nanoparticles separately appeared rougher because of the
presence of the nanoparticles. However, the surface of the films with the
addition of SiO2–ZnO 1:1 and 1:3 nanoparticles looked smoother and
more even which indicated better compatibility of the nanoparticles in
the film matrix (Figure 1(b)).

3.2. Fourier transform infrared (FTIR)

The FTIR result of the constituent materials is presented in
Figure 2(a), while the FTIR result of the bio-nanocomposite films is
presented in Figure 2(b). The transmittance peak of hydroxyl group v
(O� H) was appeared around the wavenumber of 3561–3607 cm�1 for
the bio-nanocomposite films, while for the constituent materials it was at
3379-3468 cm�1. The hydroxyl group in the films indicated the presence
of hydrogen bonds from the materials and adsorbed water [32, 43]. The
wavenumber indicating the appearance of v (CH)a (asymmetric CH
stretching) group was shifted to a greater value for the bio-nanocomposite
films compared to the iota carrageenan, glycerol, and SDS. The SiO2 and
ZnO nanoparticles did not show peak absorbance in this region because
they did not contain carbonyl groups. However, the peak was shifted to a
smaller wavenumber for the film with the addition of SiO2 nanoparticles
(IC/SiO2 film) compared to the IC film. Meanwhile, the film with the
addition of ZnO nanoparticles (IC/ZnO film) did not show such a shift in



Figure 1. Surface morphology of the bio-nanocomposite films, (a) SEM images and (b) AFM images.

Figure 2. FTIR result of the (a) constituent materials and (b) bio-nanocomposite films. Notes: (v) stretching vibrations; ðδ) bending vibrations (in the plane); ðγ)
bending vibrations (out of the plane); ðρ) rocking vibrations; (a) coupled asymmetric; (s) coupled symmetric.
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the absorption peak. For the film with a combination of SiO2 and ZnO
(IC/SiO2–ZnO 1:1), the wavenumber had a smaller value but shifted to a
greater value along with the increment of ZnO concentration in the film.

The functional groups which were not found in the four constituent
materials but were formed in all types of films were v (C� C) and γ(CH).
The δ(OH) group was also not found in any of the constituent materials
but appeared in all the film types except the IC/SiO2 film. Contrarily,
4

some functional groups were found in the constituent materials but did
not appear in the films, i.e. the v (C�O) group in the glycerol, the δ(CH)a
group and sulfate group (v (SO3)) in the SDS, and the C� O� C group
and 3,6-anhydro-D-galactose group in the iota carrageenan. In addition,
the groups found in either SiO2 or ZnO were not detected in any types of
film. The chemical interaction that occurred between the constituent
materials may have led to a shift in the wavenumber for the resulting
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films and changes in the film functional groups, therefore several func-
tional groups were found in the constituent materials but did not appear
in the films, and also there were new functional groups that appeared in
the films but were not found in any of the constituent materials.

3.3. Thickness

The film thickness increased with the addition of SiO2 and ZnO
nanoparticles separately (Table 1), which is probably because the solid
content in the film solution increased with the addition of nanoparticles.
Other studies have reported a similar trend after the addition of ZnO NPs
[38] and SiO2 NPs into carrageenan-based films [34]. Whilst the thick-
ness of the SiO2–ZnO nanoparticles film was not significantly different
from the IC film but significantly lower than the IC/SiO2 and IC/ZnO
films. The hydrogen atom from the hydroxyl group (O� H) in the film
matrix interacted with the oxygen atom from the nanoparticle molecules
to form a hydrogen bond. More hydrogen bonds were formed as the
nanoparticle concentration was increased. This led to a reduction in the
availability of the hydroxyl groups in the polymer to interact with H2O
molecules, thereby reducing the amount of water bounded in the film
matrix so that the thickness was also reduced [44]. The decrease in
thickness was also observed by another study which showed that the
thickness of the starch/kefiran film decreased with increasing ZnO con-
centration. This phenomenon may occur under the influence of the type
of polymer, the type of nanoparticles, the number of nanoparticles added,
and the film preparation method [45].

3.4. Mechanical properties

The addition of either SiO2 or ZnO nanoparticles caused an
enhancement in the TS, but their combination caused the TS to decreased
slightly, although not significantly (Table 1). However, as more ZnO
nanoparticles were added, the TS also increased, although the standard
deviations (SD) were quite larger in the IC/SiO2–ZnO 1:2 and 1:3 films. A
larger SD indicates a larger spread of the data distribution, which may be
affected by the presence of outliers in the data. The increment in TS
occurs due to the formation of strong hydrogen bonds between the
nanoparticles and the hydroxyl groups in the film matrix [22] and the
van der Waals force which strengthens the intermolecular forces between
nanoparticles and carrageenan [21]. The IC/SiO2–ZnO 1:3 film had the
greatest TS. The TS values in this study were generally still much higher
than in previous SRIC-based films such as SRIC/SiO2 films (8.52–11.68
MPa) [21], and SRIC/palmitic acid films (4.621–6.268 MPa) [9]. The
mechanical properties of films may also depend on the nanoparticle
dispersion in the matrix polymers [12]. The SEM and AFM analysis show
that the IC/SiO2–ZnO 1:3 film had good nanoparticle dispersion and
compatibility in the film matrix, which indicates a strong adhesion force,
so it had the highest TS.

Generally, the EAB of all the films did not differ significantly
(Table 1), which means there was no significant influence by the incor-
poration of nanoparticles into the film on its elongation. However, the
standard deviations (SD) were also quite larger in the IC/SiO2–ZnO 1:2
and 1:3 films. Nanoparticles are like ball bearings which make the
Table 1. Thickness, Tensile Strength (TS), Elongation at Break (EAB), and Water Vap

Film Type Thickness (mm) TS (MPa)

IC 0.067a � 0.002 18.36a � 0.

IC/SiO2 0.071b � 0.001 19.37ab � 0

IC/ZnO 0.070b � 0.001 19.42ab � 2

IC/SiO2–ZnO 1:1 0.066a � 0.001 15.82a � 1.

IC/SiO2–ZnO 1:2 0.064a � 0.003 17.92a � 5.

IC/SiO2–ZnO 1:3 0.067a � 0.001 24.59b � 4.

*Values are presented as mean � SD (n ¼ 3). Different letters in the same column in
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movement of the polymer chain easier [46] and do not interfere with the
movement of the polymer chain thereby the presence of nanoparticles
can maintain or even increase the film elongation [38].

3.5. Water vapor permeability (WVP)

TheWVP decreased as more nanoparticles were added (Table 1). This
indicates that the SiO2 and ZnO nanoparticles enhanced the moisture
barrier properties of SRIC film. The formation of tortuous pathways in the
polymer matrix by the presence of nanoparticles slows down the diffu-
sion rate of water molecules to pass through the film, thus increasing the
water vapor barrier [1, 44, 46].

The films with the combination of SiO2–ZnO nanoparticles showed a
lower WVP value compared to the films with only one type of nano-
particles. The interaction between the two types of nanoparticles may
create a synergistic effect in improving the barrier properties against
water vapor. Moreover, both types of nanoparticles are hydrophobic,
thus would reduce the hydrophilicity of the SRIC film, and reducing the
WVP [22, 34].

The rigidity of film structures might also have the effect on reducing
the WVP. The nanoparticles fill the pores or empty spaces in macromo-
lecular structures that are usually occupied by water molecules, leading
to structural rigidity [44] which decreases the diffusion of water vapor
molecules. Also, the formation of hydrogen bonds between the polymer
and the nanoparticles increases the adhesion force, making it harder for
the water molecules to diffuse through the film [46]. Similar results were
observed in previous studies, where the WVP decreased in the
gelatin/k-carrageenan film with the incorporation of SiO2 nanoparticles
[34], as well as in the SRIC films with the incorporation of ZnO nano-
particles [1].

3.6. Wettability

The wettability of the films presented in the form of critical surface
tension (CST). The incorporation of nanoparticles did not significantly
affect the CST of the films (Table 2). Moreover, from the data presented
in Table 2, it can be seen that the standard deviation of the IC and IC/SiO2

films was larger than that of other films, which may be affected by out-
liers in the data collected. The adhesive forces between the liquid and the
solid surface favor to spread of the liquid drop on a solid surface, con-
trary, the cohesive forces within the liquid counteract the spreading. The
liquid drop spreads with the contact angle of 0� and undergoes complete
wetting when a solid surface has surface energy higher than the surface
tension of the liquid [37].

The surface energy or the critical surface tension of the films in this
study ranges from 18.603-22.137mN/m, which still much lower than the
surface tension of water (72.8 mN/m), thus resulting in a large water
contact angle (>90o), and the film surfaces are said to be hydrophobic
[37, 47]. The CST of all the film types did not differ significantly.
However, the slight increase in the CST of the films with nanoparticles
might be due to the differences in the surface structure of the films, as
seen in the AFM test results, where the IC film had a wavier and more
uneven surface than the films with nanoparticles. The roughness of a
or Permeability (WVP) of the bio-nanocomposite films*.

EAB (%) WVP (10�6 g/h.m.Pa)

90 9.86a � 2.15 1.059b � 0.036

.52 10.92a � 1.91 1.035b � 0.074

.32 9.17a � 0.66 1.031b � 0.047

07 8.97a � 1.56 1.011b � 0.032

34 8.54a � 4.22 0.996ab � 0.041

75 9.00a � 3.47 0.918a � 0.048

dicate significantly different (p < 0.05).



Table 2. Critical surface tension (CST) of the bio-nanocomposite films*.

Film Type CST (mN/m)

IC 18.603a � 2.928

IC/SiO2 19.564a � 2.425

IC/ZnO 19.580a � 0.605

IC/SiO2–ZnO 1:1 22.137a � 2.047

IC/SiO2–ZnO 1:2 21.496a � 1.758

IC/SiO2–ZnO 1:3 21.430a � 0.589

*Values are presented as mean� SD (n¼ 3). Different letters in the same column
indicate significantly different (p < 0.05).
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solid surface creates empty spaces and air pockets that hold and prevent
the liquid from wetting the solid surface, and then resulting in a greater
contact angle [48].
3.7. Optical properties

Figure 3 presents the transmittance spectrum of Ultraviolet (UV)
(200–400 nm) to visible light (400–700 nm). The UV light transmittance
through the film decreased with the addition of SiO2 and ZnO nano-
particles. The film with the highest UV transmittance was the IC film,
followed by the IC/ZnO film, IC/SiO2 film, IC/SiO2–ZnO 1:1 film, IC/
SiO2–ZnO film 1:3, and IC/SiO2–ZnO 1:2 film. This indicates that the
SiO2 and ZnO nanoparticles increase the absorption of UV light by the
film so that it can promote a protective effect against UV (UV-screening),
thereby reducing the interaction of UV with food and thus preventing
oxidation.

The UV transmittance decreased as the concentration of ZnO nano-
particles was increased. This is due to the ability of ZnO to absorb UV
light, thereby reducing the transmission of UV light that passes through
the film. ZnO is a semiconductor material with bandgap energy (Eg) of
~3.37 eV, so it can absorb UV light with photon energy (hν) equal to or
greater than the excitation energy/bandgap energy (wavelength equal to
or less than 376 nm) [49, 50].

Percent transmittance at a wavelength of visible light (400–700 nm)
shows the amount of visible light that can be transmitted through the
film. Hence, the greater the transmission, the better the film transparency
[1]. The IC/ZnO and the IC/SiO2 films were the films with the highest
transparency. Although the transparency decreased when the two
nanoparticles were combined, generally the addition of SiO2 and ZnO
nanoparticles did not interfere with the transparency of the film, indi-
cating that the incorporated nanoparticles had good compatibility with
the film matrix, thus supporting the transmission of visible light through
the film [1].
Figure 3. UV-vis transmittance spectrum of the bio-nanocomposite films.
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3.8. Antimicrobial activity

The antimicrobial activity of the films in this study is the inhibitory
activity against the growth of pathogenic microbes Staphylococcus aureus
(gram-positive bacteria) and Escherichia coli (gram-negative bacteria),
presented in the form of inhibitory zone diameter (mm). The greater the
inhibition zone formed, the better the ability of the film to inhibit mi-
crobial growth. As presented in Table 3, the IC film did not exhibit
antimicrobial activity, while the films with the incorporation of SiO2 and
ZnO nanoparticles separately only exhibited inhibitory activity against
E. coli. The films with a mixture of SiO2–ZnO exhibited antimicrobial
activity against both types of bacteria, indicating the synergy effect of
both nanoparticles in inhibiting microbial growth.

Generally, the inhibitory activity in this study was found to be greater
against E. coli than S. aureus. This indicates that E. coli has greater sus-
ceptibility to SiO2 and ZnO nanoparticles than S. aureus. The cationic
metal ions from the nanoparticles have a higher affinity to gram-negative
bacteria than to gram-positive bacteria, promoting enhanced antimicro-
bial activity against gram-negative bacteria [31]. Also, the difference in
the intracellular antioxidant content of these two bacteria, such as the
carotenoid pigments in the interior of S. aureus promotes higher oxidant
resistance, and also the presence of strong detoxification agents such as
antioxidant enzymes (catalase) [18]. Other studies have also reported
similar results on the antimicrobial activity of the nanoparticle-loaded
films [5, 31, 51].

Themechanism of nanoparticles against microorganisms is associated
with the release of antimicrobial ions from the nanoparticles such as Zn2þ

into the medium containing the microorganisms [18]. Electrostatic in-
teractions between the positive charge of metal ions and the negative
charge of bacterial membranes and biomolecules (DNA and protein)
cause structural damage and consequently, the death of bacteria [31].
The absence of antimicrobial activity in the IC/SiO2 and IC/ZnO films
against S. aureus might also due to the concentration of nanoparticles
which was too low to promote any antimicrobial effect. Furthermore, the
release of ions from the nanoparticles depends on their concentration and
time, so if the ion concentration is too low it may encourage relatively
high tolerance to microorganisms, and even increase bacterial growth
[18].

Particle size also affects antimicrobial activity. Nanoparticles with a
size less than 100 nm are more abrasive thus contributing to greater
mechanical damage to bacterial cell membranes and increasing their
antimicrobial effect on films [52]. The smaller the size of the nano-
particles will increase the effectiveness of the antimicrobial because of
their large surface area, thus increasing the contact area with microbes,
and the smaller the size of the nanoparticles the easier their penetration
into the cell walls [18, 53]. From the particle size distribution analyses
carried out in the previous study [29], the SiO2 NPs suspension and ZnO
NPs suspension had a larger particle size than the SiO2–ZnO NPs com-
bination suspension. So that in this study, films with the incorporation of
SiO2–ZnO nanoparticles showed greater antimicrobial activity.

3.9. Water-solubility

The percent of film solubility increased with the addition of the
nanoparticles. The highest solubility was observed in the IC/SiO2 film
(85.88%), followed by IC/SiO2–ZnO 1:2 film (74.85%), IC/ZnO film
(74.69%), IC/SiO2–ZnO 1:3 film (73.47%), IC/SiO2–ZnO 1:1 film
(73.20%), and the lowest was in the IC film without nanoparticles
(66.48%). The increase of film solubility in water with the presence of
nanoparticles was also reported in other studies [20, 45, 54]. The high
water-solubility of the film is due to the hydrophilic nature of the iota
carrageenan provided by the presence of sulfate groups and hydroxyl
groups [55]. This increase in solubility may be due to the interaction of
the nanoparticles with the carrageenan polymers in the film matrix,
which may affect the carrageenan molecular forces by reducing the
cohesion force, or may affect the equilibrium of the cations in aqueous



Table 3. Antimicrobial activity of the bio-nanocomposite films*.

Film Type Inhibition Zone (mm)

E. coli S. aureus

IC 0.000a � 0.000 0.000a � 0.000

IC/SiO2 15.283b � 1.553 0.000a � 0.000

IC/ZnO 21.224c � 2.518 0.000a � 0.000

IC/SiO2–ZnO 1:1 24.814c � 0.446 13.450b � 0.229

IC/SiO2–ZnO 1:2 23.910c � 2.082 16.217c � 0.597

IC/SiO2–ZnO 1:3 21.508c � 4.477 15.683c � 0.562

*Values are presented as mean� SD (n¼ 3). Different letters in the same column
indicate significantly different (p < 0.05).

D. Praseptiangga et al. Heliyon 7 (2021) e06963
solutions, considering that the solubility of carrageenan in water does not
only depend on the number of sulfate groups but also the cations [56].

3.10. Degradability

The degradation rate of the films in the soil is shown in the form of
weight (%) over 4 weeks (Figure 4). The weight reduction indicates the
degradability of the film. After the first week, the weight of all film types
was increased due to the absorption of water by the hydrophilic SRIC
films from the moist soil. The films started to degrade in the following
week, and by the fourth week, almost all the films had degraded
completely. In general, it can be seen that the IC/ZnO, IC/SiO2, and IC/
SiO2–ZnO 1:2 films exhibited better degradability than the IC film, while
the IC/SiO2–ZnO 1:1 and the IC/SiO2–ZnO 1:3 films tended to degrade
more slowly than the IC film. The films were degraded by the enzymatic
reactions of living organisms (bacteria, yeast, and mold). With the
presence of particular enzymes, the polymer chain is broken into small
fragments that the microorganisms used as energy sources [57, 58]. This
result indicates that the incorporation of SiO2 and ZnO nanoparticles
separately did not impede the bio-degradation process of the film, but
their mixtures could slow down the degradation process. Some re-
searchers suggest that nanoparticles provide a catalyst effect on the
process of biodegradation or hydrolysis degradation, while others sug-
gest that nanoparticles inhibit the degradation of polymers because their
large aspect ratios and their dispersion in the film matrix provides more
tortuous pathways which will impede and prevent the penetration and
diffusion of microorganisms into the film matrix [12]. In this study, the
films with SiO2–ZnO nanoparticles showed an antimicrobial effect, thus
preventing the microorganisms from degrading the films.

3.11. Determination of the best film type

The best film type was determined by a compensatory model using a
non-dimensional scaling model [59]. The variables used to determine the
Figure 4. Degradability of the bio-nanocomposite films.
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best film type were the mechanical properties (TS and EAB), WVP, op-
tical properties (transparency at λ ¼ 660 nm, and UV-screening at λ ¼
280 nm), and antimicrobial activity. This method was implemented
firstly by determining the best and worst values of the analysis results for
each variable. Variable Weight (VW) then was assigned to each variable,
from 0-1 based on its value to the film quality. In this study, the Variable
Weight (VW) for all the variables used was 1, which means that they all
had equal value to the film quality. The next step was to determine the
Normalization Weight (NW) for each variable using Eq. (5):

NW ¼ VW
P

VW
(5)

and to calculate the Non-Dimensional Value (NV) using Eq. (6):

NV ¼ value� worst value
best value� worst value

(6)

Then the scores (NW x NV) were calculated for all the variables in
each film type. The film with the highest total score was determined to be
the best film type. In this study, after all the calculations were completed,
the IC/SiO2–ZnO 1:3 film appeared to be the best film type as it got the
highest total score (0.794) compared to all the other types of film, fol-
lowed by IC/SiO2–ZnO 1:2 film (0.521), IC/SiO2–ZnO 1:1 film (0.517),
IC/SiO2 film (0.511), IC/ZnO film (0.407), and IC film which had the
lowest total score (0.194).
3.12. Thermal stability

Figure 5 represents the thermal stability of the IC film and the IC/
SiO2–ZnO 1:3 film, which was determined to the best film type. Two
stages of thermal decomposition were found to occur. The first was the
evaporation process of the water loaded in the film, which began in the
early heating process [60]. The second stage started to occur at around
235 �C for the IC film and 260 �C for the IC/SiO2–ZnO 1:3 film. This was
the decomposition of carrageenan as the main film matrix and the
evaporation of glycerol [61]. It can be seen that there was a difference in
decomposition temperature between the two types of film, which in-
dicates that the film with nanoparticles (IC/SiO2–ZnO 1:3) had better
thermal stability than the film without nanoparticles (IC). However, at
500 �C the percent residual was less for the IC/SiO2–ZnO 1:3 film
(26.30%) than for the IC film (36.23%). This is related to the first stage of
decomposition in which the IC/SiO2–ZnO 1:3 film had greater weight
loss than the IC film, indicating that the presence of nanoparticles
reduced the formation of hydrogen bonds between water and the film
matrix, thus increasing the amount of water being evaporated [44].
Figure 5. Thermal stability of the bio-nanocomposite films.
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4. Conclusion

The incorporation of SiO2 and ZnO nanoparticles into SRIC-based film
has reinforced the films multifunctional properties with enhanced water
vapor barrier properties, UV-screening, and antimicrobial activity. Also,
to some extent, it did not cause loss of other useful properties of the film,
such as transparency, water-solubility, degradability, and thermal sta-
bility. Moreover, it was found that reinforcement with SiO2–ZnO
improved the tensile strength of the film. While the elongation at break
and wettability did not differ significantly between all of the film types.
The improvement in film properties is considered influenced by a well-
dispersed fillers suspension which was evenly distributed within the
matrix, creating strong interaction between nanoparticle fillers and the
film matrix. The surface morphology of the film also seemed to be
affected by the presence of the nanoparticles. It is concluded that the best
performance of the prepared active packaging films is the IC/SiO2–ZnO
1:3 film. Thus, this formulation of films provides a potential opportunity
to serve as an active food packaging film and as an excellent alternative to
petrochemical-based food packaging.
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