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Copper oxide nanoparticles (CuO NP) were prepared using melanin as a stabilizing agent, and the CuO NP was used to prepare
functional agar/CuO NP nanocomposite ﬁlms using a solution casting method. The CuO NP was roughly spherical and was
stable in aqueous solution. The CuO NP was homogeneously dispersed in the polymer matrix to form agar/CuO NP composite
ﬁlms. Incorporation of CuO NP increased the UV light barrier property with a little sacriﬁce of the ﬁlm transparency. The
mechanical properties of the ﬁlms did not change signiﬁcantly by the addition of CuO NP. Incorporation of CuO NP reduced
the water barrier property, while increasing the surface hydrophobicity of the nanocomposite ﬁlms. The agar/CuO NP
nanocomposite ﬁlms exhibited potent antibacterial activity against food-borne pathogens, E. coli and L. monocytogenes.

1. Introduction
Recently, research on nanocomposites composed of polymeric matrix and nanomaterials has been signiﬁcantly
increased due to various applications and advantages [1].
As useful nanomaterials, metal or metal oxide nanoparticles
such as Ag, ZnO, and CuO nanoparticles are attracting
attention due to their thermostability with various functionalities [2]. Of these nanomaterials, copper oxide nanoparticles (CuO NP) have attracted considerable attention due to
the low production cost, thermal stability, comparatively
lower toxicity, and strong antibacterial activity [3–6]. Various methods such as hydrothermal, precipitation, sol-gel,
electrochemical, sonochemical, and green processes have
been used to control the particle size, morphology, and crystallinity of CuO NP [7]. Among them, the green synthesis of
CuO NP using biological materials is more advantageous
than any other method because it is environmentally
friendly and safe because it is low in toxicity [8]. Melanin
is an interesting candidate as one of the biological materials
for the green synthesis of CuO NP [9, 10]. Melanin is a multifunctional biomacromolecule that is widely distributed in

the natural world with large biological functions such as
light protection, antioxidation, metal ion chelating, antibacterial, anti-inﬂammatory, temperature regulation, free radical scavenging, and chemical protection properties [11, 12].
On the other hand, as the problem of disposal of nondegradable plastic packaging materials increases, biopolymerbased packaging materials are attracting interest as they are
ecofriendly and sustainable materials with favorable structural and mechanical properties [13]. Biopolymer-based
packaging materials are made using a variety of natural
materials such as carbohydrates, proteins, and lipids. In particular, carbohydrate-based ﬁlms exhibit good ﬁlm-forming
properties due to their colloidal properties with reasonable
structure and mechanical properties which are highly desirable features of food packaging [14–16]. Agar, one of these
carbohydrate materials, has been used to make environmentally friendly packaging ﬁlms [17]. Agar is a linear polysaccharide derived from red seaweed consisting of alternating
β-(1,3)- and α-(1,4)-linked galactose residues with sulfated
functional groups. Agar has been widely used as a gelling
agent in the food industry and has also been used to prepare
transparent, ﬂexible biopolymer ﬁlms. However, relatively
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weak mechanical and low water vapor barrier properties
with hydrophilic nature of agar-based ﬁlms restricted their
application. To solve these problems, various types of nanoparticles such as nanoclays, metal or metal oxide nanomaterials, and cellulose nanocrystals are used as a reinforcing ﬁller
[1]. Substantial improvement in ﬁlm properties such as
mechanical, thermal, and water vapor barrier properties of
biopolymer ﬁlms have been reported by incorporating nanoﬁllers into the polymer matrix [14, 18]. However, to the best
of our knowledge, there is no report on the synthesis of
melanin-mediated CuO NP and its reinforcement into agar
to improve the structural, physical, and functional properties
of bionanocomposites for food packaging applications.
Therefore, the main objectives of the present study were
to synthesize CuO NP using melanin and to prepare functional agar-based nanocomposite ﬁlms with improved ﬁlm
properties by incorporating CuO NP as a reinforcing nanoﬁller. The prepared CuO NP and agar/CuO NP ﬁlms were
characterized using various analytical methods, and their
antibacterial property was evaluated.

2. Materials and Methods
2.1. Materials. As a source of melanin, food grade squid ink
was purchased from Cerezo Berzosa, S.A. C/Iglesia (Carcer,
Spain). Food grade agar was obtained from Gel-Tec Co.
Ltd. (Seoul, Korea). Copper chloride, potassium hydroxide,
and glycerol were procured from Daejung Chemicals &
Metals Co., Ltd. (Siheung, Gyeonggi-do, South Korea). Brain
heart infusion broth (BHI), tryptic soya broth (TSB), and
bacto agar powder were purchased from Duksan Pure Chemicals Co., Ltd. (Ansan, Gyeonggi-do, South Korea). Escherichia coli O157: H7 ATCC 43895 and Listeria monocytogenes
ATCC 15313 were obtained from the Korean Collection for
Type Culture (KCTC, Seoul, Korea). The bacterial strains
were grown in BHI and TSB agar plates and stored at 4°C
before testing.
2.2. Synthesis of CuO NP. Melanin-mediated CuO NP was
synthesized using copper chloride, melanin, and KOH. First,
melanin was separated from the sepia ink using a centrifugal
separation method, and a melanin solution of 0.1 mg/mL
was prepared by dispersing the melanin precipitated in
0.1 N KOH solution [19]. Then added copper chloride
(10 mM) to 100 mL of melanin solution and heated to
80°C. And 5 mM KOH solution was added dropwise to the
solution until the color of the solution became dark brown,
and heating was continued at 80°C for 2 h. The dark brown
precipitate indicates the formation of CuO NP. CuO NP
was collected by centrifugation at 10,000 rpm for 20 min,
washed with distilled water until the pH became neutral,
washed three times with ethanol, and dried overnight at
50°C in an oven to obtain CuO NP.
2.3. Characterization of CuO NP. The formation of CuO NP
was evaluated by measuring an absorption spectrum of the
solution using a UV-vis spectrophotometer (Mecasys Optizen POP Series UV/Vis, Seoul, Korea) in the range of
200-700 nm. The particle size of nanoparticles was measured
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by a dynamic light scattering method using a particle size
analyzer (Zetasizer Nano S (ZEN 1600), Malvern Instruments Ltd., UK).
The morphological structure of CuO NP was observed
using ﬁeld emission scanning electron microscopy (FE-SEM,
S-4800, Hitachi Co. Ltd., Matsuda, Japan), and the particle
size was calculated using ImageJ (ImageJ 1.46r, National
Institutes of Health, USA). The elemental analysis of CuO
NP was analyzed by energy-dispersive X-ray spectroscopy
(EDX) equipped with a FE-SEM microscope.
The interaction of melanin and CuO NP was evaluated
using a Fourier transform infrared (FTIR) spectrophotometer (TENSOR 37 Spectrophotometer, Billerica, MA, USA).
The CuO NP samples were pelletized using KBr (1 : 100
w/w), and spectra were recorded in the range of
4000-500 cm-1.
X-ray diﬀraction patterns of CuO NP samples were
recorded using an XRD diﬀractometer (PANalytical X’Pert
PRO MRD Diﬀractometer, Amsterdam, Netherlands) in
the range of 2θ = 20 − 80° with a scanning rate of 0.4°/min
at room temperature.
2.4. Preparation of Agar/CuO NP Nanocomposite Film.
Agar/CuO NP nanocomposite ﬁlms were prepared using a
solution casting method. For the preparation of the
ﬁlm-forming solution, 4 g of agar and 1.2 g of glycerol were
added to 150 mL of two diﬀerent concentrations of CuO
NP solutions (1 and 2 wt% of agar), respectively, and mixed
well at 90°C for 30 min using a magnetic stirrer. The
ﬁlm-forming solutions were cast on leveled Teﬂon ﬁlm(Cole-Parmer Instrument Co., Chicago, IL, USA) coated
glass plates (24 cm × 30 cm) and allowed to dry at room temperature. After drying, ﬁlms were peeled oﬀ from the plate
and conditioned at 25°C and 50% RH for 48 h before the further test.
2.5. Characterizations of Agar/CuO NP Nanocomposite Film
2.5.1. Surface Morphology. Surface morphology of the nanocomposite ﬁlms was tested using FE-SEM (FE-SEM, S-4800,
Hitachi Co. Ltd., Matsuda, Japan) operated with an acceleration voltage of 10 kV and current of 10 μA. The samples
were coated with platinum (Pt) using a vacuum sputter
coater for 30 sec before the measurement. Elemental analysis
of the CuO NP-incorporated agar-based composite ﬁlm was
analyzed by EDX with a FE-SEM microscope.
2.5.2. FTIR and XRD Analysis. Fourier transform infrared
(FTIR) spectra of nanocomposite ﬁlms were collected using
an attenuated total reﬂectance-FTIR (ATR-FTIR) spectrophotometer (TENSOR 37 Spectrophotometer with OPUS
6.0 software, Billerica, MA, USA) in the range of
4000-700 cm-1 with a resolution of 2 cm-1.
The XRD pattern of the ﬁlms was analyzed using an
X-ray diﬀractometer (PANalytical X’Pert PRO MRD diﬀractometer, Amsterdam, Netherlands). For this, the ﬁlm samples (2 5 cm × 2 5 cm) were placed on a glass slide, and the
XRD spectra were recorded using Cu Kα radiation (wavelength of 0.1541 nm) and a nickel monochromator ﬁltering
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wave at 40 kV and 30 mA. The diﬀraction pattern was
recorded at 2θ = 20 − 70° with a scanning speed of 0.4°/min.
2.5.3. Thermal Stability. Thermogravimetric analysis (TGA)
of the nanocomposite ﬁlms was performed using a thermogravimetric analyzer (Hi-Res TGA 2950, TA Instruments,
New Castle, DE, USA). Samples of 10 mg ﬁlm were heated
from 30°C to 600°C at the rate of 5°C/min. The maximum
decomposition temperature at each degradation step was
calculated from a derivative form of TGA (DTG) curves.
2.5.4. Surface Color and Transparency. The surface color of
the ﬁlm samples was evaluated using a Chroma meter
(Konica Minolta, CR-400, and Tokyo, Japan). A standard
white color plate (L = 97 75, a = −0 49, and b = 1 96) was
used as a reference background for color measurements.
The total color diﬀerence (ΔE) was calculated as follows:
ΔE = ΔL 2 + Δa 2 + Δb

2 05

,

1

where ΔL, Δa, and Δb are the diﬀerence between each color
values of the standard color plate and ﬁlm specimen, respectively. Hunter color values (L, a, and b) were determined by
taking an average of ﬁve readings from each ﬁlm sample.
UV-vis spectra of nanocomposite ﬁlms were recorded
using a UV-vis spectrophotometer (Mecasys Optizen POP
Series UV/Vis, Korea) in the wavelength range of
200-700 nm. The UV-light barrier property and transparency
of the ﬁlm were evaluated by measuring the light transmittance at 280 nm (T 280 ) and 660 nm (T 660 ), respectively.
2.5.5. Mechanical Properties. The thickness of the nanocomposite ﬁlm was measured using a digital micrometer (Digimatic Micrometer, QuantuMike IP65, Mitutoyo, Japan)
with an accuracy of 0.001 mm. An Instron Universal Testing
Machine (Model 5565, Instron Engineering Corporation,
Canton, MA, USA) was used to measure the tensile strength
(TS), elongation at break (EB), and elastic modulus (EM)
following the standard ASTM method D 882-88. For this,
ﬁve rectangular strips (2 54 cm × 15 cm) from individually
prepared ﬁlms were cut by a precision double blade cutter
(model LB.02/A, Metrotec, S.A., San Sebastian, Spain). The
machine was operated in a tensile mode with a grip separation of 50 mm and a cross-head speed of 50 mm/min. The
TS (MPa), EB (%), and EM (GPa) were determined using
the method of Shankar et al. [9].
2.5.6. Water Vapor Permeability (WVP) and Water Contact
Angle (WCA). The water vapor transmission rate (WVTR)
of the nanocomposite ﬁlms was performed at 25°C under
50% RH conditions using water vapor transmission measuring cups according to the ASTM E96-95 standard method
[20]. Then, the WVP (g.m/m2.Pa.s) of the ﬁlm was calculated by the following equation:
WVP = WVTR × L /Δp,

2

where WVTR is the measured water vapor transmission rate
(g/m2.s) through a ﬁlm. L is the mean ﬁlm thickness (m),

and Δp is the partial water vapor pressure diﬀerence across
the two sides of the ﬁlm, which was calculated using the
method of Gennadios et al. [20].
To determine the wetting properties, the water contact
angle (CA) of the ﬁlm was measured using a contact angle
analyzer (Phoenix 150, Surface Electro Optics Co. Ltd.,
Kunpo, Korea). For the measurement, ﬁlm samples were
cut into rectangular pieces of 3 cm × 10 cm and placed on a
black Teﬂon-coated steel plate using adhesive tape. Ten μL
of water was dropped to the surface of the ﬁlm using a
syringe, and contact angle was measured on both sides of
the water drop to assume symmetry and horizontal level.
Five measurements were taken for each ﬁlm sample, and
the mean values are reported.
2.6. Antibacterial Activity. The antibacterial activity of composite ﬁlms was examined against food-borne pathogenic
Gram-positive bacteria, L. monocytogenes, and Gram-negative
bacteria, E. coli [21]. The test bacteria were aseptically inoculated in the TSB and BHI broth, respectively, and subsequently
incubated at 37°C for 15 h. The inoculum was diluted, and
200 μL of diluted inoculum (108-109 CFU/mL) was aseptically
transferred to 50 mL of TSB and BHI broth containing
200 mg prepared ﬁlm samples and incubated at 37°C for 12 h
with mild shaking. The samples were taken out at 3, 6, 9, and
12 h of incubation, and the viable cell count was determined
by diluting and plating the samples on agar plates. The broth
without ﬁlm was considered as a positive control. Antimicrobial tests were performed in triplicate with individually
prepared ﬁlms.
2.7. Statistical Analysis. The ﬁlm properties were measured
in triplicate with individually prepared ﬁlms. For each ﬁlm,
three replicated measurements for surface color, optical
properties, and WVP and ﬁve replicated measurements for
mechanical properties and WCA were determined, and the
results were provided with mean ± SD (standard deviation).
One-way analysis of variance (ANOVA) was used to compare the mean diﬀerences between the samples, and the signiﬁcance of each mean value was determined (p < 0 05) with
Duncan’s multiple range test of the statistical analysis system
using the statistical software SPSS computer program (SPSS
Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Characterization of CuO NP. The apparent color of the
solution was monitored during the formation of CuO NP,
and the light absorption pattern of the solution was evaluated as shown in Figure 1(a). The color of the solution
becomes dark brown indicating the formation of CuO NP.
Generally, the CuO NP solution exhibits a maximum optical
absorption peak at ~350 nm [22, 23]. However, the maximum light absorption peak of the CuO NP solution shifted
to a lower wavelength (~300 nm), suggesting a structural
change in CuO NP due to the presence of melanin. The
energy band gap of the synthesized CuO NP was determined
using the Tauc plot [24, 25] as shown in Figure 1(b). The
band gap of the CuO NP determined from the Tauc plot

4

Journal of Nanomaterials
100

2.0

80
훼h휐2 (eV/m2)

Absorbance

1.5

1.0

60
40

0.5

0.0

20

200

300

400
500
Wavelength (nm)

600

0

700

2

3

4
h휐 (eV)

(a)

5

6

(b)

Spectrum 1

Cu

O
Cl

Cl

K

K

3.0 kV ×70.0 sk SE (m)

5000 nm

Cu
Cu

K

0
1
2
3
4
5
Full scale 1904 cts cursor 0.000

(c)

6

7

8

9

10
keV

(d)

Intensity (percent)

Size distribution by intensity
20
15
10
5
0
0.1

1

10

100

1000

10000

Size (d.nm)
(e)

Figure 1: (a) UV-vis spectrum of melanin-mediated CuO NP, (b) Tauc plot, (c) FE-SEM images, (d) EDX spectrum, and (e) DLS spectrum of
CuO NP.

was 4.01 eV, which was higher than the bulk bandgap value
of CuO NP (3.5 eV) [22]. The increased band gap can be
attributed to the intragap states and quantum conﬁnement
eﬀect due to melanin [22]. The band gap obtained in this
study was similar to that of CuO NP synthesized using a
sonochemical method [22].
The microstructure of the synthesized CuO NP was evaluated by FE-SEM, and the resulting SEM image is shown in
Figure 1(c). The CuO NP was relatively spherical in the range
of 20-130 nm, and an average diameter of 66 3 ± 24 nm was
estimated using ImageJ software analysis. Elemental analysis
of synthesized CuO NP was performed using EDX
(Figure 1(d)). The EDX spectrum showed a strong signal of
Cu atoms at ~1 keV and weak signals at ~8 keV and ~9 keV,
which is typical for the absorption of metallic Cu [23].

Dynamic light scattering (DLS) analysis was performed
to determine the particle size and quality of the synthesized
nanoparticles as shown in Figure 1(e). The hydrodynamic
diameter of the synthesized CuO NP was 280 7 ± 3 8 nm,
and the polydispersity index was 0 37 ± 0 02. These results
show that the CuO NP prepared in this study was smaller
and more monodispersed than the previously reported
CuO NP [26]. The zeta potential of the CuO NP solution
is -40 1 ± 2 6 mV, indicating a very stable solution. Zeta
potential values above +30 mV or below -30 mV are generally considered stable due to high charge repulsion between
particles suﬃcient to prevent aggregation and coalescence
of the nanoparticles [8].
The FTIR result of CuO NP is shown in Figure 2(a). The
broad absorption band at 3439 cm-1 was due to the -OH
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Figure 2: (a) FTIR spectrum and (b) XRD pattern of CuO NP.

group of melanin, and the broadening of the band was possibly due to the hydrogen bonding of OH groups and amine
groups [27]. The peaks at 2901 and 2830 cm-1 were assigned
to C-H stretching, and the peak observed at 1636 cm-1 was
due to C=C stretching. The peak at 1492 cm-1 was due to
N-H and C-N groups [28]. The peak observed at 1383 cm-1
was due to the bending of the O-H of carboxylic acid
present in the melanin. The FTIR results showed the interaction between melanin and CuO NP during the formation of nanoparticles.
The crystalline nature of the synthesized nanoparticles
evaluated using XRD analysis (Figure 2(b)). XRD reﬂections
at 2θ = 35 6° (002) and 2θ = 38 8° (111) were ascribed to the
formation of the CuO (space group C2/c) monoclinic crystal
phase [3], and the diﬀraction peaks of CuO corresponds to
monoclinic CuO (JCPDS card 05-0661). The average crystallite size of the nanoparticles was calculated using Debye
Scherer’s equation (D = 0 9λ/β cos θ), and the crystallite size
of CuO NP was estimated to be 13.1 nm.
3.2. Properties of Nanocomposite Film
3.2.1. Morphology. All ﬁlms formed ﬂexible ﬁlms with
smooth surfaces. Figure 3 shows the FE-SEM micrographs
of the surface morphology of the ﬁlm. Both nanocomposite
ﬁlms showed a uniform distribution of the nanoparticles in
the polymer matrix, indicating excellent compatibility
between CuO NP and agar ﬁlm. The composite ﬁlm with a
lower concentration of CuO NP (1 wt %) showed more uniformly distributed nanoparticles than the high concentration
of CuO NP (2 wt%). Similar results have been reported in
agar-based ﬁlms incorporated with diﬀerent forms of copper
nanoparticles (CuNP) [29]. Elemental analysis of the agar/CuO NP2 composite ﬁlm showed weak signals of Cu atoms
at about 1 keV and about 8 keV, which is typical for the
absorption of metallic Cu, indicating the presence of CuO
NP in the composite ﬁlm [23]. However, the peak intensity

was lower than that of CuO NP because the content of the
nanoparticles in the composite ﬁlm was low.
3.2.2. FTIR and XRD. FTIR spectra of the neat agar and
agar/CuO NP nanocomposite ﬁlms are shown in
Figure 4(a). The peak at 3300 cm−1 observed in both ﬁlms
corresponded to the O-H stretching [30]. The peak at
2933 cm−1 was due to the C-H stretching vibration of the
alkane group in the agar biopolymer chain. A typical amide
I peak appeared at 1635 cm−1 in both ﬁlms [31]. The peak
at 1370 cm−1 corresponded to an ester sulfate group of agar.
Peaks at 1040 and 930 cm−1 corresponded to the C=O
stretching group of 3,6-anhydro-D-galactose [17]. In general,
there were no notable changes in the functional groups of the
nanocomposite ﬁlms, suggesting that the structure of the
agar was not changed by the incorporation of CuO NP.
However, there was a change in the intensity of the peak
due to the physical interaction between CuO NP and agar
[32]. The change in intensity of FTIR peaks in agar-based
composite ﬁlm may be due to the van der Waals interaction between the CuO NP and the agar matrix [33]. The
FTIR results also indicate good compatibility of CuO NP
with biopolymers.
The crystallinity of CuO NP in the composite ﬁlms was
tested using the XRD analysis, and the results of XRD patterns of the agar and agar/CuO NP nanocomposite ﬁlms
are shown in Figure 4(b). Though the neat agar ﬁlm did
not show any speciﬁc diﬀraction peaks, the agar/CuO NP
composite ﬁlm exhibited characteristic diﬀraction peaks at
2θ of 35.45 and 38.56°, which were attributed to the (002)
and (111) lattice planes of the crystalline CuO NP [10].
The observed XRD diﬀraction pattern of the composite ﬁlm
was similar to the synthesized CuO NP (Figure 2(b)), and
the diﬀraction peaks of the resulting CuO NP are in good
agreement with monoclinic CuO (JCPDS card 05-0661).
Similar XRD results were also observed in agar/CuNP nanocomposite ﬁlms [29].
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3.2.3. Thermal Stability. TGA and DTG of agar and agar/CuO NP nanocomposite ﬁlms are shown in Figure 5. The
TGA thermogram shows the weight loss pattern of the ﬁlm
due to thermal decomposition, and the DTG curve provides
information on the maximum decomposition temperature
at each step of thermal decomposition. Both neat agar and
agar/CuO NP nanocomposite ﬁlms exhibited three stages of

thermal decomposition. The ﬁrst weight loss was observed
at 90°C and 95°C, respectively, for the neat agar and agar/CuO NP nanocomposite ﬁlms due to moisture evaporation
from the ﬁlm. The second decomposition started at about
200°C and reached a maximum of 250°C, which was due to
the glycerol decomposition used as a plasticizer [29]. The
main thermal degradation occurred at about 300°C due to
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Figure 5: TGA and DTG thermograms of agar/CuO NP nanocomposite ﬁlm.
Table 1: Surface color and transmittance of agar-based ﬁlms.
Films
Agar
Agar/CuO NP1
Agar/CuO NP2

L

a
c

90 6 ± 0 3
60 3 ± 0 4b
42 4 ± 1 3a

b

−0 64 ± 0 1
6 92 ± 0 1b
10 24 ± 0 1c

a

ΔE
a

7 3±0 1
20 3 ± 0 1b
19 04 ± 0 2b

T 660 (%)

T 280 (%)
a

3 2±0 2
36 4 ± 0 3b
53 0 ± 1 2c

c

44 5 ± 2 5
9 9 ± 1 9b
1 4 ± 1 2a

88 5 ± 0 9c
49 7 ± 0 1b
26 9 ± 0 1a

The values are represented as mean ± standard deviation. The value in the same column followed by the same letter is not signiﬁcantly (p > 0 05) diﬀerent.

the polymeric degradation of agar [29]. The second and third
stages of maximal degeneration of the agar/CuO NP nanocomposite ﬁlm were slightly lower than those of the neat agar
ﬁlm. The char residues of the neat agar and agar/CuO NP
nanocomposite ﬁlms at 600°C were 19.6% and 30.6%, respectively. The somewhat higher char content of the agar-based
ﬁlms was probably due to the nonignitable minerals of the
agar, and the more char residues of the agar/CuO NP nanocomposite ﬁlm was mainly due to the presence of
heat-resistant nanoparticles in the ﬁlm [17]. Similar thermal
degradation patterns were observed when diﬀerent types of
CuNP were incorporated into agar-based ﬁlms [29].
3.2.4. Surface Color and Transmittance. The surface color of
the neat agar and agar/CuO NP nanocomposite ﬁlms
determined using Hunter L, a, and b values is shown in
Table 1. All color values of agar-based ﬁlms changed signiﬁcantly (p < 0 05) by the incorporation of CuO NP.
Especially, the lightness (Hunter L value) of the ﬁlm
decreased profoundly depending on the concentration of
CuO NP. The redness (Hunter a value) and yellowness
(Hunter b value) increased, and consequently, the overall
color diﬀerence (ΔE) of the agar ﬁlm increased by the
incorporation of CuO NP.
The UV-barrier property and transparency of the ﬁlm
are described in Table 1. The light transmittance values of
the ﬁlm at 280 nm and 660 nm to evaluate the UV-barrier
property and transparency of the ﬁlms, respectively, are

shown in Table 1. The neat agar ﬁlm was highly transparent
with T 660 of 88.5%, and it became translucent with less than
50% of T 660 after incorporation of CuO NP, but it was still
able to see through. Ultraviolet transmission of the agar/CuO NP composite ﬁlm was blocked more than visible light.
When 2 wt% of CuO NP was incorporated into the agar ﬁlm,
UV light was almost completely blocked at 400 nm or less.
The high UV blocking properties of agar/CuO NP nanocomposite ﬁlms may be due to the presence of melanin
and CuO NP. Shankar et al. also observed an increased
UV-barrier property in agar/CuNP composite ﬁlms [29].
The agar/CuO NP composite ﬁlms, which have increased
UV-barrier properties with somewhat sacriﬁcing transparency, can be used as a UV barrier food packaging material
to prevent degradation of packaged food due to a photochemical reaction.
3.2.5. Mechanical Properties. The mechanical properties of
the nanocomposite ﬁlms are represented in Table 2. The
thickness of agar/CuO NP composite ﬁlms increased significantly (p < 0 05) than that of the neat agar ﬁlm, which was
due to an increase in the solid content [34]. The mechanical
strength (TS) and ﬂexibility (EB) of the agar/CuO NP composite ﬁlms did not change signiﬁcantly (p > 0 05) after
incorporation of CuO NP, but the stiﬀness (EM) of the composite ﬁlm was decreased slightly compared to the neat agar
ﬁlm. These results are in good agreement with those of
agar/CuNP composite ﬁlms [29]. The TS and other
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Table 2: Mechanical properties, water vapor permeability, and water contact angle of agar-based ﬁlms.

Films

Thickness (μm)

Agar
Agar/CuO NP1
Agar/CuO NP2

TS (MPa)

a

EB (%)

a

49 0 ± 0 4
59 2 ± 0 6c
55 5 ± 0 7b

EM (GPa)
a

45 1 ± 0 6
45 1 ± 1 8a
44 9 ± 0 9a

WVP (×10-9 g.m/m2.Pa.s)

WCA (deg.)

2 99 ± 0 3a
3 99 ± 0 4b
4 35 ± 0 5b

40 9 ± 3 8a
50 2 ± 4 0b
51 2 ± 2 7b

b

4 4±0 6
4 8 ± 0 6a
4 7 ± 0 3a

2 17 ± 0 05
1 85 ± 0 10a
1 95 ± 0 10ab

The values are represented as mean ± standard deviation. The value in the same column followed by the same letter is not signiﬁcantly (p > 0 05) diﬀerent.
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Figure 6: Antimicrobial activity of agar/CuO NP nanocomposite ﬁlms against E. coli and L. monocytogenes.

mechanical properties of the ﬁlms are primarily dependent
on the distribution of the inter- and intramolecular interaction between polymer chains [35].
3.2.6. Water Vapor Permeability (WVP) and Water Contact
Angle (WCA). The WVP and WCA of agar and agar/CuO
NP composite ﬁlms are also shown in Table 2. The WVP of
the agar/CuO NP composite ﬁlms was signiﬁcantly higher
than that of the neat agar ﬁlm, indicating that the water vapor
barrier of the composite ﬁlms decreased compared to the
neat agar ﬁlm. The increased WVP of the nanocomposite
ﬁlm may be due to the formation of a discontinuous phase
between nanoparticles and agar matrix resulting in a porous
structure in the ﬁlm [34].
The surface hydrophobicity of the nanocomposite ﬁlm
was evaluated by measuring the water contact angle as
shown in Table 2. WCA of the biopolymer ﬁlm is commonly
used to determine the surface hydrophobicity or hydrophilicity of the ﬁlm [36]. Biopolymer ﬁlms with WCA greater
than 65° are considered to have a hydrophobic surface
[37]. The CA of the neat agar ﬁlm was 40 9 ± 3 8° , and it
increased signiﬁcantly to 50 2 ± 4 0° and 51 2 ± 2 7° when 1
and 2 wt% of CuO NP was incorporated. The increase in
the WCA can be due to the relatively more hydrophobic
nature of CuO NP than that of agar. Similarly, the hydrophobicity of agar ﬁlms increased when CuNP was incorporated into the agar ﬁlm [29].

3.3. Antibacterial Activity. The antimicrobial activity of the
neat agar and agar/CuO NP nanocomposite ﬁlms was tested
against food-borne pathogenic bacteria, E. coli and L. monocytogenes, and the results are shown in Figure 6. As expected,
the neat agar ﬁlm did not exhibit any antibacterial activity,
but CuO NP-incorporated nanocomposite ﬁlms exhibited
signiﬁcant antibacterial activity depending on the types of
bacteria tested and the concentration of CuO NP. As shown
in Figure 6, the agar/CuO NP composite ﬁlms exhibited
strong antibacterial activity against E. coli; that is, the bacterial count steadily decreased after contacting with the nanocomposite ﬁlms and the growth of the bacteria completely
stopped after 9 h and 12 h of culture, respectively, with
2 wt% and 1 wt% of CuO NP-incorporated agar ﬁlms. On
the other hand, the agar/CuO NP composite ﬁlm exhibited
only a small amount of antimicrobial activity against L.
monocytogenes and only decreased the proliferation rate of
the test bacteria. Diﬀerences in the antibacterial activity of
CuO NP against Gram-positive and Gram-negative bacteria
are mainly due to diﬀerences in the cell wall structure of the
test microorganisms. Gram-positive bacteria consist of a
thick cell wall structure with multiple layers of peptidoglycan, and gram-negative bacteria consist of a complex cell
wall structure consisting of a thin peptidoglycan layer surrounded by an outer cell membrane [32, 38]. The lower antibacterial activity of CuO NP against L. monocytogenes may
be due to the diﬃculty of CuO NP transferring to the
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cytoplasm through the thick cell walls [16, 38]. The mechanism of inhibition of bacterial growth by CuO NP is not yet
clearly elucidated, but it is believed that copper ions are
released in water to interact with negatively charged cell
membrane proteins to destroy cell walls and cause cell death
[39]. It has also been suggested that CuO NP can interact
with DNA to inhibit the regeneration of bacterial cells
[23]. CuO NP also may result in the production of free radicals, reactive oxygen species, and lipid and protein oxidation, leading to bacterial cell death [40].

4. Conclusions
Spherical CuO NP was prepared using melanin as a stabilizing agent, and the CuO NP was used to prepare functional
agar-based nanocomposite ﬁlms. The FE-SEM micrograph
conﬁrmed that the CuO NP was uniformly dispersed in
the agar matrix, and FTIR conﬁrmed that the CuO NP stabilized with melanin was compatible with the agar polymer
matrix. The agar/CuO NP nanocomposite ﬁlm exhibited
excellent UV barrier property. Mechanical properties of the
nanocomposite ﬁlm were maintained as the same level as
the neat agar ﬁlm, and the hydrophobicity of the nanocomposite ﬁlm increased while water barrier property and thermal stability decreased compared to the neat agar ﬁlm. The
agar/CuO NP nanocomposite ﬁlms exhibited a distinctive
antibacterial activity against E. coli and L. monocytogenes,
but the antibacterial activity was more pronounced against
E. coli. The agar/CuO NP nanocomposite ﬁlms with a strong
UV barrier and antibacterial properties have a high potential
as environmentally friendly functional food packaging ﬁlms.
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