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Abstract: A sodium alginate/chitosan solution was prepared by dissolving sodium alginate, chitosan,
and glycerol in an acetic acid solution. This solution was then combined with a sodium carboxymethyl
cellulose solution and the mixture was cast onto a glass plate and dried at a constant temperature of
60 ◦C. Then, a carboxymethyl cellulose/sodium alginate/chitosan composite film was obtained by
immersing the film in a solution of a cross-linking agent, CaCl2, and air-drying the resulting material.
First, the most advantageous contents of the three precursors in the casting solution were determined
by a completely random design test method. Thereafter, a comprehensive orthogonal experimental
design was applied to select the optimal mass ratio of the three precursors. The composite film
obtained with sodium alginate, sodium carboxymethyl cellulose, and chitosan contents of 1.5%,
0.5%, and 1.5%, respectively, in the casting solution displayed excellent tensile strength, water vapor
transmission rate, and elongation after fracture. Moreover, the presence of chitosan successfully
inhibited the growth and reproduction of microorganisms. The composite film exhibited antibacterial
rates of 95.7% ± 5.4% and 93.4% ± 4.7% against Escherichia coli and Staphylococcus aureus, respectively.
Therefore, the composite film is promising for antibacterial food packaging applications.

Keywords: sodium carboxymethyl cellulose; sodium alginate; chitosan; antimicrobial packaging

1. Introduction

With continuously intensifying environmental pollution and a gradual increase in environmental
awareness, the development of novel green materials to reduce the use of plastics has become popular.
The use of composite films prepared from natural materials is not only safe and environmentally
friendly, but also enables full utilization of the properties of the raw materials by compensating for any
shortcomings of the individual components and thus increasing their value for practical applications.
The use of composite films for food packaging applications helps reduce the adverse effects of using
plastic bags, such as fossil fuel consumption and soil and water pollution [1,2]. Targeted selection of
raw materials can allow the fabrication of composite films with special properties, such as antibacterial
properties and biodegradability [3,4], making them effective for food packaging applications.

Cellulose is the most abundant renewable and biodegradable material found in nature [5].
However, it has limited application because it is insoluble in water as well as in common organic
and inorganic solvents. Sodium carboxymethyl cellulose (CMC) is a modified cellulose obtained
through its carboxymethylation. CMC has an excellent film-forming ability, is biodegradable, and
has low toxicity. Moreover, it has strong hydrophilicity and a stable internal network structure.
These properties can be used to improve the performance of composite films [6,7]. Sodium alginate
(SA) is a type of biopolymer that is extracted from brown seaweed. Because of its wound-healing
properties, good moisture absorption and permeability, high viscosity in aqueous solutions, and
other characteristics, SA has been widely used in biomedical applications and for fabricating new

Coatings 2018, 8, 291; doi:10.3390/coatings8080291 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://www.mdpi.com/2079-6412/8/8/291?type=check_update&version=1
http://dx.doi.org/10.3390/coatings8080291
http://www.mdpi.com/journal/coatings


Coatings 2018, 8, 291 2 of 17

materials [8,9]. SA films have high mechanical strength; however, its poor moisture resistance hinders
their wide application [10]. Chitosan (CS) is produced by the deacetylation of chitin, which is the
main component of the exoskeleton of some crustaceans (such as crabs). CS, which is biodegradable,
non-toxic, and potentially antibacterial, has been used extensively in biomedical applications, including
tissue engineering [11]. The use of CS for fabricating new materials has also produced notable results.

In the process of selling goods, packaging plays a decisive role in protection, transportation,
and sales promotion. Traditional packaging cannot keep up with the needs of social development
in inhibiting microbial growth. Antibacterial (AM) packaging has attracted widespread attention
in the industry in terms of extending shelf life and ensuring food safety. Antibacterial packaging
is a food packaging prepared from green packaging materials and natural antibacterial agents to
inhibit microbial growth. AM agents include essential oils, bacteriocins, enzymes, etc. Chitosan
is useful in the field of antibacterial packaging research because of its non-toxic, degradable, and
antibacterial properties [12]. Since SA, CMC, and CS have many advantages, these three materials
are widely used in the preparation of AM packages, thereby generating a large amount of reference
data on new composite materials. Wang et al. [13] added the quaternary ammonium salt of chitosan
(HTCC) to a CMC film and obtained the best mechanical properties for a HTCC/CMC mass ratio of
10.0%, which produced the strongest intermolecular interactions within the film. Moreover, scanning
electron microscopy and infrared spectroscopy analyses studies revealed the interaction between
HTCC and CMC to be strong, and that chitosan derivatives helped enhance the mechanical properties
of the composite film. Han et al. [14] used SA and CMC as raw materials and added antibacterial
cinnamon essential oil (CEO) to formulate a SA/CMC/CEO film. The obtained composite film showed
notable antibacterial properties against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
Moreover, because CEO is a volatile substance with an unpleasant odor and a short-term effect, the
application of this type of composite films in the fruit and food industry has been greatly limited.
Therefore, CS, which is characterized by its long-lasting action, high adherence, and antibacterial
properties, is an optimal additive for formulating composite films for practical applications. Kawasaki
et al. [15] prepared a CS/CMC nanofiber composite film, and demonstrated that the addition of CS
effectively inhibited the growth and adhesion of bacteria, showing a vast potential for biomedical
material applications. Further, Noshirvani et al. [16] studied the influence of cinnamon and ginger
essential oils on the physical and chemical properties of CS/CMC films. The results revealed that the
added essential oils enhanced the moisture permeability and concurrently preserved the antibacterial
properties of the CS/CMC film, which is important for food preservation. However, because essential
oils have short-term effects, it is important to combine them with SA and CS/CMC films, which
have high moisture absorption and permeability and long durability. Zhuang et al. [17] studied on
double-layered nanofilms of polyvinyl alcohol (PVA)/CS/SA in which a PVA/CS film was used as
the outer film and an SA film was used as the inner film. Their investigation revealed that within a
certain range of concentration, the SA content improved the tensile strength of the double-layered
film. Bajpai at al. [18] investigated the release of curcumin in CS/CMC composite films and found that
the tensile strength increased with an increase in the CMC content, with the CMC crystals exhibiting
self-reinforcement and interactions between the polar groups, which enhanced the interaction with the
CS chains, and thus increased the tensile strength of the composite film.

However, studies on ternary CMC/SA/CS composite films have not yet been reported. In this
study, the good moisture absorption and permeability, ductility, and film-forming ability of SA [19], the
high strength of CMC, and the antibacterial properties of CS were combined to prepare an antibacterial
CMC/SA/CS composite film via a casting method. In addition, the effects of the preparation technique
and the change in the contents of the three components on the properties of the composite film were
studied. Accordingly, the results of a completely randomized design test were combined for an
orthogonal experimental design to investigate the optimal contents and proportions of CMC, SA, and
CS to achieve optimal mechanical properties, moisture absorption, and other characteristics of the
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composite film. Finally, the results of the orthogonal experimental design were combined with those
of the antibacterial property test to obtain a film that can be used for food packaging applications.

2. Materials and Methods

2.1. Materials and Instrument

CS (edible, degree of acetylation ≥ 90%) was purchased from Zhuhai Weijia Food Additive Co.,
Ltd. (Zhuhai, China). SA and CMC (edible) as well as glycerol, glacial acetic acid, and anhydrous
calcium chloride (analytically pure) were purchased from Chengdu Kelong Chemical Reagent Factory
(Chengdu, China).

2.2. Preparation of CMC/SA/CS Composite Films

The CMC having a mass of 0.5, 1.0, 1.5, and 2.0 g, respectively, was weighed into a beaker, and
100 mL of distilled water was added. The mixture was stirred with a magnetic stirrer (DJ1-40, Jiangsu
Maipulong Instrument Manufacturing Co., Ltd., Changzhou, China) in a constant temperature water
bath at 60 ◦C until the CMC was completely dissolved. SA (0.5, 1.0, 1.5, and 2.0 g), CS (0.5, 1.0, 1.5, and
2.0 g) and glycerin (1.0%, w/v, the same as below) were weighed into a beaker, and 2.0% acetic acid
solution 100 mL was added to the mixture and stirred in a water bath. Constant temperature 40 ◦C
until SA and CS are completely dissolved. The solution was allowed to stand for 12 h for deaeration.
The obtained solution was then mixed with the CMC solution at a mass ratio of 17:3, and stirred
magnetically for 30 min. Subsequently, films of the liquid was cast on a glass plate and baked for
10 h in a drying oven at 60 ◦C. After that, the film was removed from the oven and cooled at room
temperature. Then, the film was soaked in 2.0% CaCl2 solution for 2 min, retrieved and laid flat on a
glass plate and allowed to dry at room temperature to obtain the CMC/SA/CS composite film. Finally,
put it into an artificial climate chamber (temperature is 25 ◦C, relative humidity is 50%) and balance
for 24 h.

2.3. Thickness

A film sample that was smooth, unbroken, and had a relatively uniform thickness was selected
and cut it into strips (80 mm × 15 mm), and the thickness of each strip was measured at 5 points using
a thickness gauge (YHT-127, Shenzhen Yuanhengtong Instrument and Meter Co., Ltd., Shenzhen,
China). The measurements were recorded and the average thickness was calculated [20].

2.4. Light Transmittance

A smooth and undamaged film sample was selected and cut it into strips (30 mm × 10 mm) and
adhered on one side of a dry glass cuvette. Then, their absorbance was measured at a wavelength of
600 nm on a spectrophotometer (756PC, Shanghai Haoyu Hengping Scientific Instrument Co., Ltd.,
Shanghai, China) using a dry, clean, and clear glass cuvette as the control. Record the measurements
and calculate the average value [21].

2.5. Water Absorption

Water absorption was determined using the Ercelik method [22]. A film sample was cut into
patches (20 mm × 20 mm), which were then placed in separate beakers, each containing 20 mL of
distilled water. After 24 h, the patch surfaces were blotted using a paper towel and their weights were
recorded as W1. Next, the samples were dried at a constant temperature in an oven until a consistent
weight was obtained, which was recorded as W2. The moisture absorption was calculated using the
following equation:

W = (W1 − W2)/W2 × 100% (1)
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where W is the water absorption (%), W1 is the film weight after immersion and blotting the surface
dry (g), and W2 is the film weight after drying (g).

2.6. Moisture Permeability Coefficient

A smooth and undamaged film sample was selected and cut into circles using a round sampler
(33 cm2), and the thickness of each circular film sample was measured using a thickness gauge at
five appropriate points. After calculating their average thicknesses, they were input into a computer.
The samples were placed sequentially into a water-permeable cup (PERME W3-031, Jinan Languang
Electromechanical Technology Co., Ltd., Jinan, China), loaded into a water vapor transmission rate
tester for 24 h, and the measurements recorded [23].

2.7. Tensile Strength

A smooth and undamaged film sample was selected, cut into strips (80 mm × 150 mm), and
then secured vertically on a texture analyzer probe (WDW-D, Jinan Wenteng Test Instrument Co.,
Ltd., Jinan, China). The installation parameters are as follows: a return distance of 60 mm, a speed of
5 mm/s, an effective elongation distance of 80 mm, and a trigger force of 5 N. The maximum tensile
force and displacement of the sample strips that cracked in the middle during the experiment were
recorded. The analysis was carried out on three parallel groups of each sample and the mean values
are reported [24]. The tensile strength was calculated using the following equation:

TS = (F × 10−6)/S (2)

where TS is the tensile strength (MPa), F is the maximum tensile force when the sample fractures (N),
and S is the cross-sectional area of the sample (width × thickness; m2).

2.8. Elongation after Fracture

The displacement, L, which corresponds to the maximum tension during the tensile strength
measurement, was calculated using the following equation:

E = L/L0 × 100% (3)

where E is the elongation after fracture (%), L is the displacement corresponding to the maximum
tensile force when the film fractures (mm), and L0 is the relative distance of the texture analyzer probe,
that is, the return distance (mm).

2.9. Oil Permeability Coefficient

A test tube was loaded with 5 mL of edible oil and sealed with a film sample. The sealed test
tube was inverted and placed on a clean filter paper. The test tube was fixed at the center onto the
sidewall and left for 3 days. Thereafter, the filter paper was weighed using an electronic scale, and the
oil permeability coefficient was calculated using the following equation:

P0 = (∆W × FT)/(S × T) (4)

where P0 is the oil permeability coefficient (g·mm/(m2·day), ∆W is the change in filter paper mass
fraction (g); FT is the film thickness (mm), S is the film area (m2), and T is the sample placement time
(days).

2.10. Surface Morphology

The surface morphology of the composite film was observed using a scanning electron microscope
(COXEM/EM-20, Korea COXEM Corporation, Wuxi, China) with an acceleration voltage of 20 kV.
Before the observation, the film was cut into small flakes with dimensions of 2 × 5 mm2, and both
sides of each flake were glued onto a clean, circular metal tray. Finally, a thin layer of gold was sprayed
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uniformly on the surface of the film under vacuum, and the gold-coated surface was observed under
the electron microscope [25].

2.11. Infrared Spectroscopy Analysis

An infrared spectrometer (FTIR-650, Suzhou Leiden Scientific Instrument Co., Ltd., Suzhou,
China) was used to analyze the surface functional groups of the film at 32 scans in the measurement
range of 500–4000 cm−1 at a resolution of 4 cm−1 [26].

2.12. Antibacterial Testing

For the antibacterial tests, S. aureus (S. aureus PTCC 1112) and E. coli (E. coli PTCC 1270)
representing Gram-positive and Gram-negative bacteria, respectively, were selected. Firstly, all
samples of films were irradiated with UV light to kill bacteria. The film samples (1 g of each sample)
from the experimental group and the control group were cut into pieces and placed into different
Erlenmeyer flasks. Then, growth medium (50 mL) and the bacterial strains (1 mL) were added. Next,
the experimental group and the control group samples were shake-cultured at 37 ◦C for 24 h. A flask
containing bacteria and the SA film sample was used as a control. After incubating for 24 h, 1 mL
of bacterial culture was taken out from the flask, and serial dilutions were repeated with each initial
sample. Then, 0.1 mL diluent of the sample was spread onto nutrient agar plates and incubated at
37 ◦C for 24–48 h. Finally, the bacterial colonies were counted and recorded as the after-culture bacteria
count. The antibacterial rate was calculated and averaged [27]:

Mortality (%) = (B − A)/B × 100% (5)

where B and A are the mean number of bacteria in the control samples and the treated samples after
24 h incubation, respectively.

3. Results and Discussion

3.1. Results of the Completely Randomized Design

Because food packaging materials are required to have high strength, the tensile strength was
selected as the standard for the completely randomized design test [28]. The test results are shown
in Table 1. For an increase in the SA content for a fixed CS and CMC contents of 1.0% and 1.5%,
respectively, in the casting solution, the thickness of the composite film increased continually, while
the tensile strength first increased and then decreased. When the SA content was 1.5%, the maximum
tensile strength of 84.19 ± 12.86 MPa was achieved; however, the content had no significant effect on
the elongation after fracture of the composite film. The high viscosity and film-forming ability of SA
causes the molecules to link closely, decreasing the intermolecular spaces and increasing the tensile
strength of the composite film [29]. The highest tensile strength was observed for an SA content of
1.5%. When the SA content was less than 0.5%, the solution was as transparent as water and had no
film-forming ability. When the SA content exceeded 2.0%, SA did not dissolve completely during
the solution preparation process, and small air bubbles formed in the solution, which could not be
removed, thus preventing the film formation. For comprehensive tensile strength testing, SA contents
of 1.0%, 1.5%, and 2.0% were selected for the orthogonal experimental design.

With a change in the CS content of the casting solution from 0.5% to 2.0% (with fixed SA and CMC
contents of 1.0% and 1.5%, respectively), the thickness of the composite film continued to increase,
while the tensile strength and elongation after fracture changed minimally. Further, as the CS content
increased, the tensile strength of the composite film increased slightly at first and then decreased. The
maximum tensile strength was the maximum of 61.39 ± 10.07 MPa was achieved with a CS content of
1.5%. For comprehensive tensile strength test, CS contents of 1.0%, 1.5%, and 2.0% were selected for
the orthogonal experimental design.
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With change in CMC content from 0.5% to 2.0% (with fixed SA and CS contents of 1.0%,
respectively), the thickness of the composite film did not change significantly, whereas the tensile
strength first increased and then decreased. When the CMC content was 1.0%, the maximum tensile
strength of 78.23 ± 11.74 MPa was observed, while the cracking and elongation after fracture showed
a fluctuating trend. More specifically, the tensile strength first decreased, then increased, and finally
decreased again, with the maximum value reaching 9.56% ± 2.17%. Because of the low CMC content,
which was only 15% of the mass of the composite membrane sample, the film thickness did not
change significantly with a change in the CMC content. However, Because CMC has an internal
sugar ring structure, it has a good skeleton effect as a composite structure, and it can improve the
internal structural stability of the composite film, thus increasing the tensile strength and ductility of
the composite film [30]. In order to obtain a composite film that has high tensile strength and good
ductility, CMC contents of 0.5%, 1.0%, and 1.5% were selected for the orthogonal experimental design.
Although the ductility was good at 2.0% CMC, the tensile strength diminished. Therefore, this value
was not used.

In summary, the single factor concentration range of SA, CMC and CS is 0.5%–2.0%. This test
is to control the thickness of the film by mass. During the experiment, it was found that when the
concentration was less than 0.5%, the composite film formed was very thin due to the too small
amount of solute substances in the solution. As it is difficult to maintain the integrity of the film, the
composite film is intended for use in food packaging. Thickness is a key parameter in determining film
clarity, water permeability and mechanical properties, which increases the film’s ability to improve
the mechanical integrity of foods. When the concentration is greater than 2%, when the solution is
prepared, the solution reaches saturation, and the solute is difficult to completely dissolve. Therefore,
no further experiments were continued. And within the concentration range of this experiment, the
performance of the composite membrane showed a trend of increasing first and then less. The effect of
concentration changes on the performance of the composite membrane has been well demonstrated.
This concentration range is representative [28].

Table 1. The results of complete randomized design.

Samples Thickness (µm) Tensile Strength (MPa) Elongation After Fracture (%)

SA-0.5% 53.7 ± 1.10 46.48 ± 6.57 6.15 ± 1.07
SA-1.0% 67.3 ± 1.60 59.39 ± 9.89 5.03 ± 0.75
SA-1.5% 74.1 ± 2.10 84.19 ± 12.86 6.44 ± 1.16
SA-2.0% 97.8 ± 2.80 67.21 ± 10.33 7.67 ± 1.31
CS-0.5% 59.4 ± 1.40 54.59 ± 7.55 4.47 ± 0.52
CS-1.0% 67.3 ± 1.50 59.39 ± 9.86 5.03 ± 0.91
CS-1.5% 85.5 ± 2.50 61.39 ± 10.07 5.43 ± 0.86
CS-2.0% 112.7 ± 3.10 54.18 ± 7.59 5.68 ± 0.91

CMC-0.5% 70.2 ± 1.90 56.12 ± 8.89 9.56 ± 2.17
CMC-1.0% 65.4 ± 1.50 78.23 ± 11.74 5.20 ± 0.81
CMC-1.5% 67.6 ± 1.60 59.39 ± 9.86 5.03 ± 0.75
CMC-2.0% 74.9 ± 2.20 59.51 ± 9.59 8.98 ± 1.51

3.2. Results of Orthogonal Experiment

Based on the results of the completely randomized design test, a comprehensive orthogonal
experimental design was carried out using a combination of SA (content: 1.0%, 1.5%, and 2.0%), CS
(content: 1.0%, 1.5%, and 2.0%), and CMC (content: 0.5%, 1.0%, and 1.5%). Moreover, the tensile
strength, elongation after fracture, and other indices were determined. SA, CS, and CMC were used as
the test factors, while the tensile strength, elongation after fracture, water absorption, oil permeability
coefficient, moisture permeability coefficient, and transparency were the tested parameters. The
orthogonal experimental design factors and parameters are shown in Table 2.
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Table 2. The factors and levels of orthogonal experimental design.

Level
Factors

SA (%) CS (%) CMC (%)

1 1.0 1.0 0.5
2 1.5 1.5 1.0
3 2.0 2.0 1.5

The results of the orthogonal experimental design were processed and analyzed based on a
reference. According to the raw data, a series of the performance indicators of the nine composite
membranes are arranged in sequence. The best performance score is 10 points, and the worst is
1 point. The scores of the nine composite membranes were calculated according to the proportions.
All performance scores were added to get the total score; according to the factors, the total scores
were averaged to obtain K. According to the factors, the scores of a certain performance were added
and arranged in sequence, and the degree of the influence of the factors on the performance can be
judged [31]. Because the composite film is intended for food packaging applications, it is required
to have high strength and ductility. The higher the tensile strength and the elongation after fracture,
the better is the film [18]. Moreover, since food packaging often comes into contact with water and
oils, the lower the water absorption, oil permeability coefficient, and moisture permeability coefficient,
the better the composite film. In addition, the film should have high light transmittance so that
the packaging contents can be clearly visible [31,32]. Table 3 shows the results of the orthogonal
experimental design. Table 4 shows the raw data of the composite film, and Table 5 shows the
grading results for the individual factors. It is evident from Table 3 that the composite film 3, with
the highest score, has the optimal physical performance. Table 3 also indicates the following primary
and secondary relationships between the factors that affect the comprehensive performance of the
composite film: B > A > C, which is CS > SA > CMC. When the CS, SA, and CMC contents are varied,
the physical attributes of the composite film are mainly affected by CS and SA. The combination that
results in the optimal comprehensive performance is A2B2C1, that is, the composite film fabricated
with SA, CS, and CMC contents of 1.5%, 1.5%, and 0.5%, respectively.

Table 3. The results of orthogonal experimental design L9(3)3.

Level
Factors

A B C

1 A1 B1 C1
2 A1 B2 C3
3 A1 B3 C2
4 A2 B1 C2
5 A2 B2 C2
6 A2 B3 C3
7 A3 B1 C3
8 A3 B2 C1
9 A3 B3 C1

K1 35.82 34.87 36.86
K2 36.34 38.64 32.87
K3 29.92 28.57 32.35
R 6.42 10.07 4.51

Optimal level A2 B2 C1

A, B, and C stand for SA, CS, CMC; 1–9 represent the concentration combination of the composite
film; K1, the total score of each factor in its first level; K2, the total score of each factor in its second
level; K3, the total score of each factor in its third level; and R, the range score of each factor in its
each level.
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Based on the data in Table 5, the primary and secondary relationships between the three factors
based on their effects on each indicator were analyzed using a ranking score analysis, and the results
are shown in Table 6.

Table 4. The raw data of orthogonal experimental test.

Samples Thickness (mm) Tensile Strength (MPa) Elongation after
Fracture (%)

Water Uptake
(%)

1 70 ± 3.10 56.12 ± 2.11 9.56 ± 0.98 2.83 ± 0.12
2 75 ± 2.90 54.18 ± 3.12 5.68 ± 0.36 23.00 ± 1.02
3 96 ± 3.60 69.95 ± 2.07 15.51 ± 0.32 12.50 ± 0.89
4 97 ± 4.00 61.12 ± 1.81 30.46 ± 0.13 6.33 ± 0.09
5 125 ± 5.10 49.55 ± 1.98 3.47 ± 0.39 6.00 ± 0.13
6 134 ± 4.20 54.96 ± 2.22 13.05 ± 0.87 5.50 ± 0.32
7 108 ± 4.90 62.34 ± 2.43 19.51 ± 1.20 2.75 ± 0.17
8 129 ± 4.90 52.24 ± 1.19 7.35 ± 0.69 8.00 ± 0.28
9 153 ± 2.30 84.19 ± 0.53 6.44 ± 0.31 4.00 ± 0.03

Samples Oil Permeability
Coefficient Water Vapor Permeation Light

Transmittance (%)

1 95 ± 2.09 1271.73 ± 5.03 81.85 ± 1.07
2 156 ± 3.18 1292.93 ± 6.45 77.63 ± 1.78
3 25 ± 0.75 1272.93 ± 2.19 68.39 ± 3.56
4 289 ± 3.19 1382.13 ± 4.19 23.50 ± 2.13
5 171 ± 3.98 1290.00 ± 3.32 33.34 ± 0.19
6 163 ± 0.47 1289.20 ± 2.18 54.20 ± 2.00
7 178 ± 5.00 1528.27 ± 3.76 82.22 ± 3.13
8 241 ± 7.20 1220.93 ± 4.10 97.05 ± 2.50
9 45 ± 1.45 1356.13 ± 1.18 55.72 ± 1.72

Table 5. The data of calculation.

Samples Tensile
Strength

Elongation
after

Fracture

Water
Uptake

(%)

Oil
Permeability
Coefficient

Water
Permeability
Coefficient

Light
Transmittance

(%)

Total
Score

1 2.71 3.01 9.87 7.60 8.44 8.14 39.77
2 2.20 1.73 1.00 5.52 7.82 7.63 25.90
3 6.30 4.97 5.62 10.00 8.40 6.49 41.78
4 4.01 10.00 8.33 1.00 5.24 1.00 29.58
5 1.00 1.00 8.48 5.01 7.91 2.20 25.60
6 2.41 4.16 8.70 5.28 7.93 4.76 33.24
7 4.33 6.29 10.00 4.77 1.00 8.19 34.58
8 1.70 2.28 7.60 2.63 10.00 10.00 34.21
9 10.00 1.98 9.36 9.30 5.99 4.94 41.57

Table 6. The analysis of film index.

Index The Relations of Affect Range

Tensile strength B > C > A 15.56 > 12.96 > 6.13
Elongation after fracture B > A > C 14.17 > 8.86 > 5.5

Water uptake B > A > C 9.14 > 7.75 > 6.33
Oil permeability coefficient A > B > C 120.67 > 83.33 > 20.33

Moisture Permeability Coefficient A > B > C 120.93 > 117.42 > 57.07
Light transmittance C > A > B 30.27 > 29.61 > 24.56

It is evident that the tensile strength is an important indicator of the cross-sectional tension of the
composite film [28]. All the three test factors affected the tensile strength of the composite film. The
central part of the molecular structure contained a large number of hydroxyl groups, which provided
the necessary conditions for the formation of intermolecular hydrogen bonds and help increase the
intermolecular forces. Both CS and CMC strongly affect the tensile strength of the composite film,
while the viscous CS solution caused the molecules to bind more tightly, and CMC, which itself has a
stable network structure, increased the tensile strength of the composite film. Bajpai et al. [18] proposed
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that as the CS content increases from 0% to 2.0%, the tensile strength of the CS film increases by a
factor of three. This is related to strengthening of the cellulose crystals and is associated with the
interaction between the polar groups of the CMC and CS chains. The addition of CMC can enhance
the tensile strength of the composite film, however, when the CMC content exceeds a certain limit, it
reacts to the tensile strength. Atefa et al. [33] demonstrated that excessive super-hard stiffness and
cracks in the film matrix are the main reasons leading to brittleness and reduced tensile strength of the
film. However, Hu et al. [28] believe that some of the weak polymers replace the stronger polymers,
thereby weakening the internal network structure of the film, and thus causing a decrease in the
tensile strength. In addition, the cross-linking agent, CaCl2, can increase the tensile strength of the
composite film within a certain range. Calcium ions form strong chemical bonds with CMC, but
they also continue to concentrate, which can cause the film to have uneven internal structure, which
lowers its tensile strength. Contrast, the opposite occurs when SA cross-links with CaCl2. The SA
content affected the tensile strength of the composite film indirectly. Elongation after fracture is an
indicator of the composite film’s toughness. An appropriate elongation is essential for improving the
packaging adaptability, enhancing its protective quality, and ensuring that no breakage occurs when
the packaging is folded. The elongation after fracture of the composite film in this study was mostly
influenced by the CS content. CS molecules contain a large number of amino and hydrogen groups,
which form strong hydrogen bonds and prevent molecular slip, thereby increasing the tensile strength
of the composite film, but reduce its elongation capability [34]. The elongation after fracture was also
influenced by the cross-linking agent, CaCl2, which destroys the CS and SA hydrogen bonds, thus
lowering their crystallinity. The higher the crystallinity, the stronger the intermolecular force, which
increases the tensile strength of the material; however, it reduces the properties related to molecular
action, such as the elongation rate. The cross-linking agent reduces the tensile strength of the composite
film, while increasing its elongation after fracture. This is similar to the conclusions of [35]. Ebrahimi
et al. [32] believe that glycerin is the most common plasticizer that reduces the intermolecular forces
between polymers. This results in a decrease in the tensile strength and an increase in the elongation
at break.

The water absorption and moisture permeability coefficients of a film are related to the
hydrophilicity of the molecules. Ebrahimi et al. [32] clearly pointed out that WVP is one of the
important indicators to avoid mass transfer between food and the surrounding environment within the
membrane. Furthermore, Kanmani et al. [36] suggested that it is affected by factors such as crystallinity,
hydrophobic properties, and film thickness and integrity of the film components. All three precursor
molecules of the composite film contain a large number of hydrophilic hydroxyl groups, which
significantly increases the permeability coefficients of all substrate combinations, thereby limiting
the application of the film to packaging of food with lower water content. SA and CMC are soluble
in water, while CS is soluble in dilute acids. Adding a small amount of CMC has minimal effect on
water absorption and the moisture permeability coefficient. Because SA has poor water resistance,
the SA in the composite film was cross-linked using a CaCl2 solution, leading to the formation of a
gel network structure, which reduced the effect of water on the composite film. However, CS is also
strongly affected by water; therefore, without a cross-linking treatment, the problem of high water
absorption rate and moisture permeability coefficient of the composite film remains unsolved. Hu
et al.’s study [28] showed that the mixing of CMC and CS led to a significant drop in WVP. This is
the formation of hydrogen bonds between CS and CMC, which reduces the characteristics of the
hydrophilic polysaccharide matrix. However, due to the added amount of CMC, the hydrophilicity of
the composite membrane still exists. During the subsequent application of the composite film for the
preservation of perishable fruits, it was discovered that the high moisture absorption and permeability
helped absorb the moisture released during the respiration process of fresh fruit and prevented its
spoilage. Noshirvani et al. [16] added cinnamon essential oil to the CS/CMC composite film. Studies
indicated that the decrease in the WVP of CS/CMC composite films is due to hydrogen bonding
between the biopolymers. The added cinnamon oil plasticizes the polysaccharide network of CS and
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CMC, and improves the moisture permeability and oxidation resistance of the antimicrobial composite
membrane. The composite film can be used for food preservation and improve food safety and quality.
Bajpai et al. [18] proposed that the moisture absorption rate of the composite film is positively related
to the content of CMC, while the composite film has strong moisture permeability. This is mainly
due to the fact that CMC has a surface hydroxyl group and can easily adsorb water molecules, which
renders that the CMC composite membrane hygroscopic. When water vapor enters the membrane
matrix, the fluorene group in the cellulose chain does not interact with the invading water molecule
owing to the strong internal triple bond interaction, and it exhibits good moisture permeability. This
feature is important for preserving the freshness and extending the shelf life of fresh fruits.

The oil permeability of a film is related to the amount of lipophilic groups present in the film. The
high oil permeability coefficient of the composite film is partially affected by SA, which contains a
large number of lipophilic groups and ether groups. In addition, CS contains lipophilic groups and
amino groups. Ebrahimzadeh et al. [37] proposed that the CMC composite film has good oxygen
and lipid barrier properties. This conclusion is similar to that of [38]. However, owing to the small
amount of CMC added to the composite membrane, the effect of CMC on the oil-repellent properties
of the composite membrane is not significant. Therefore, the composite film has poor oil resistance
that renders it suitable for packaging food that has low oil content. This also implies a decrease in the
light transmittance rate of the composite film, which endows the film with an additional anti-oxidative
effect [39]. This is consistent with the idea of Hu et al. [28] who suggested that transparency is one
of the ideal features for food packaging films, and transparent films can see the packaged product.
After adding the CMC to the blend film, the CMC may cause optical scattering and refraction, so the
composite film transmittance decreases. However, it can shield some ultraviolet rays and prevent the
photo-induced deterioration of packaged foods. Bonilla et al. [40] proposed that, owing to the presence
of chitosan, the composite membrane is yellow, which limits the application of composite membranes.

3.3. The Morphology of Films

The surface morphologies of composite films were observed under electronic scanning microscope
(SEM). Pure SA films have transparent crystals; however, after CS and CMC addition, the film
transparency was reduced (Figure 1a). SEM images of the composite film demonstrated that the
surface of the composite film is smooth, clean, and uniform (Figure 1b), indicating that the proportion
and concentration used during the formation process facilitated even dispersion of CS and CMC
within the polymer matrix, as well as good adhesion with the polymer matrix.
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3.4. FTIR Analysis

Figure 2 presents the characteristic FTIR spectra corresponding to CS, SA, CMC, CMC/SA/CS.
For the SA film, the bands at approximately 3300 cm−1 are assigned to the stretching vibrations of the
hydroxyl group, respectively [41]. The band corresponding to asymmetric stretching vibrations of the
methylene group occurs at approximately 2931 cm−1 [42]. The stretching vibration of the carboxylate
anion –COO− exhibits two characteristic absorption peaks at 1590 and 1411 cm−1, corresponding to
asymmetric and symmetric stretching vibration of the carboxylate group, respectively [43–45]. The
band at approximately 1034 cm−1 corresponds to C–O stretching in the acetyl groups present on the SA
backbone [8]. This is similar to the results of Esteghlal et al. [46]. The characteristic absorption bands
of CMC were detected at 1601 cm−1 and 1406 cm−1, which were the –COO asymmetric vibration and
symmetric vibration absorption peak, respectively [8]. In the CS spectrum, The strong amino characteristic
bands at 1588 cm−1 and 1324 cm−1 are assigned to amide I and amide II, respectively [43,47].

The spectra of CMC/SA/CS show clear increases in the intensity of the band strength is
significantly wider and lower 3279 cm−1, attributed to the stretching vibration of CMC, SA hydroxyl
group and the secondary amide group of CS. This may be due to the formation of hydrogen bonds
between CMC, CS, and SA macromolecules. The formation of hydrogen bonds increases the degree
of polarization of chemical bonds. Physical cross-linking between the surface –OH of the CMC and
the –OH group of the CS molecule also consumes a small amount of –OH groups [16,47]. Followed by
the C–H stretching vibration peak at 2931 cm−1, the peak of the composite film almost disappeared,
which may be related to the participation of C–H in the Na+ crosslinking reaction [47]. Finally,
the –COO stretching vibration absorption peak at 1321 cm−1, the group pattern of the composite
film becomes sharp, indicating that the composite film contains SA component, and is related to
CS–NH3+ protonation and hydration [48,49]. This is also related to the interaction between CS and
CMC molecules [13]. In summary, the CS/SA/CMC composite film is not a simple physical mixture of
ingredients, so it has great research value.
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3.5. Analysis of the Antibacterial Activity

In the antibacterial activity test, the SA film was used as the negative control group. The composite
films of the experimental groups were prepared using SA, CS, and CMC contents of 1.5%, 1.5%, and
0.5%, respectively, and tested against E. coli and S. aureus (Figure 3). The addition of CMC in the
composite film may have an impact on the antibacterial properties, which is similar to that of Hu
et al. [28]. They included CMC in quaternized chitosan (HTCC)-based films to develop antibacterial
films for food preservation in order to meet the microbiological safety requirements for food packaging.
The incorporation of CMC improved the tensile strength, thermal stability, and water resistance,
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but increased the oxygen permeability and reduced the antibacterial activity against gram-positive
(S. aureus) and gram-negative (E. coli) bacteria. Further, the composite film could extend the shelf life of
bananas. The antibacterial test results of our study are shown in Figure 3. The antibacterial rate of the
composite film against E. coli is 95.7% ± 5.4%, while that against S. aureus is 93.4% ± 4.7%. These results
indicate that the CMC/SA/CS composite film has an obvious inhibitory effect on the two bacterial
strains. Figure 3 also reveals that the antibacterial performance of the composite film against E. coli is
better than that against S. aureus. The same amount of CS exhibited stronger antibacterial performance
against E. coli than against S. aureus, which is consistent with the conclusions of Ashraf et al. [50].
Being an organic antibiotic, CS can reduce or prevent bacterial adhesion and biofilm formation. The
antibacterial mechanism of CS occurs by the promotion of the separation of microbial cell walls and
films and destruction of the cell film by binding with the proteins in it; thus, the film loses its ability to
control the incoming and outgoing substances [51]. Doulabi et al. [52] also reported the inhibition rate
of CMC/SA/CS composite membrane against S. aureus to be 93.4%. This difference may be related
to the concentration of chitosan and the antibacterial properties of CMC to inhibit CS, which further
validates the above conclusions.

Liu et al. [53] tested the antibacterial activity of PVA/CS composite membranes with different
CS weight ratios on gram-negative (E. coli) and gram-positive (S. aureus) microorganisms. At the
mass ratio of the composite membrane of PVA/CS-2.5, the composite membrane showed the best
antibacterial effect. The antibacterial rate of PVA/CS membrane against E. coli and S. aureus were
reported to be 98.8% and 99.16%, respectively. The antibacterial activity of CS against gram-negative
bacteria is better than that against gram-positive bacteria, which is contrary to the conclusion of this
experiment. This may be attributed to the composition of the composite film and may also vary
depending on the preparation method and conditions [54].
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3.6. Film Performance Comparison

As mentioned earlier, SA has good film formation property, but it has strong water solubility,
which limits the scope of development. CMC has a good internal network structure, but it cannot form
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a film by itself, without plasticizers. Chitosan has excellent antibacterial properties, but its membrane
mechanical properties are poor. Each of the precursors, SA, CMC, and CS has its own defects, and
many researchers have used them in combination to complement each other and expand the role of
the field (Table 7). Such studies are remarkable, but new composite membranes consisting of SA, CMC,
and CS are not studied well. Wang et al. [13] prepared HTCC/CMC composite membrane and found
the tensile strength of the HTCC/CMC composite to be significantly higher than that of the pure
film. When the mass ratio was 10%, the tensile strength reached a maximum of 28.56 MPa. However,
there is a negative relation between the tensile strength and elongation at break; the elongation at
break decreases slightly to 2.27%. Those improvements were attributed to the excellent compatibility
between HTCC and CMC and strong electrostatic interaction between the molecules. Khazaei et al. [55]
proposed that the elongation at break is closely related to the formation of a stable structure of biological
macromolecules through hydrogen bonds or ionic bonds. The tensile strength of the composite film in
this study can reach 65.32 ± 14.31 MPa and the elongation at break is 17.85% ± 3.86%, which is far
beyond that of the pure HTCC film, pure CMC film, and HTCC/CMC composite film. This is mainly
because, with the addition of SA, which has good film formation ability and adhesion, the pores in
the composite membrane can be fully filled and the tensile strength and elongation at break of the
composite membrane can be improved. Hu et al. also prepared HTCC/CMC composite membranes;
with the addition of CMC, the tensile strength of the composite membranes increased from 2.06
to 45.56 MPa and the elongation at break decreased from 246.36% to 8.08% [56]. Treenate et al. [57]
developed a biomedical hydrogel film using hydroxyethyl acrylate chitosan (HC) and SA. The hydrogel
film was reported to have a tensile strength and elongation of 12.1 MPa and 162%, respectively, which
fully satisfy the reasonable mechanical properties and sufficient flexibility required during use. Han
et al. [14] also prepared an antibacterial SA/CMC composite membrane. The composite film uses
cinnamon essential oil as an antibacterial agent and glycerin as a plasticizer. The tensile strength and
elongation at break of the SA/CMC composite film in the control group were reported to be 32.10 MPa
and 20.07%, respectively. This may be related to the crystallinity of chitosan and also the amount of
CMC added. However, the CMC/SA/CS composite membrane is superior to the CMC/SA membrane
in terms of the tensile strength and antibacterial performance, and therefore, it is more promising.
Overall, the tensile strength of the CMC/SA/CS composite membrane is better than those of all other
previously reported composite membranes.

Table 7. Mechanical performance data summary.

Film Stress (MPa) Strain (%) Reference

SA/CMC 32.10 20.07 [14]
HTCC/CMC 28.56; 45.56 2.27; 8.08 [13,28]

SA/HC 12.10 162.00 [58]
CMC/SA/CS 65.32 ± 14.31 17.85 ± 3.86 Experiments

4. Conclusions

In this study, a novel food packaging material with antibacterial properties—CMC/SA/CS
composite film—was prepared using a casting method. The orthogonal experimental design indicated
that the optimal contents of the SA, CMC, and CS in the casting solution for the preparation of this
composite film to be 1.5%, 0.5%, and 1.5%, respectively. This composition endowed the film with the
most advantageous physical characteristics including the tensile strength, water vapor transmission
rate, and elongation after fracture. The tensile strength of the optimized composite film is 65.32 MPa
and the elongation at break is 17.85%. In view of the excellent performance and limitations of SA,
CMC, and CS for applications, there have been many researches on composite membranes with the
combination of two or more of these. The tensile strength of the CMC/SA/CS composite film is
significantly better than that of the two–two composite film. Although the tensile strength properties
of the composite film are not significant, further research on such materials is required. However, the
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strength and ductility of the CMC/SA/CS composite film can meet the basic requirements of food
packaging film. The prospect for the development of the composite film is promising. Moreover, the
CMC/SA/CS composite film possesses good antibacterial properties, exhibiting an antibacterial rate
of 95.7% against E. coli and 93.4% against S. aureus. Thus, the composite film has a promising future in
antibacterial food packaging applications.
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