
Vol.:(0123456789)

Polymer Bulletin (2021) 78:1671–1682
https://doi.org/10.1007/s00289-020-03175-7

1 3

ORIGINAL PAPER

CuO/LDPE nanocomposite for active food packaging 
application: a comparative study of its antibacterial 
activities with ZnO/LDPE nanocomposite

Hakimeh Esmailzadeh1 · Parvaneh Sangpour2 · Farzaneh Shahraz1 · 
Arvin Eskandari3 · Jalal Hejazi4 · Ramin Khaksar1,5

Received: 19 August 2019 / Revised: 25 January 2020 / Accepted: 19 March 2020 / 
Published online: 27 March 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The usage of active antimicrobial food packaging systems has become inevitable 
with the globalization of food trade, and in this regards antimicrobial nanocom-
posites have attracted universal attention. The present study aims to examine the 
antimicrobial effects of CuO-containing nanocomposite on two important spoilage 
bacteria, namely gram-positive Bacillus subtilis and gram-negative Enterobacter 
aerogenes, and comparison of its antibacterial effect with ZnO-containing nano-
composite. To synthesize the nanoparticles of CuO, sonochemical method has been 
employed. The nanoparticles have been characterized by X-ray diffraction. By melt 
mixing in a twin-screw extruder, nanocomposite film containing 2 wt% CuO nan-
oparticles was prepared. CuO-containing nanocomposites had reduced the growth 
of both bacteria. CuO-containing nanocomposite had a stronger antibacterial effect 
on both of the microorganisms in comparison with ZnO-containing nanocomposite, 
which could be ascribed to their small size. Due to the significant antibacterial effect 
of ZnO- and CuO-containing nanocomposites, they have the potential to be used in 
active food packaging.
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Introduction

The tendency to use fresh and minimally processed foods has increased drastically 
during recent years; on the other hand, the globalization of food trade and the trans-
portation of food over long distances problematize the safety and quality of the 
food; therefore, there is an increasing attention for the development and usage of 
novel food packaging systems [1, 2]. Active antimicrobial food packaging systems 
are developed to protect food products against environmental factors, retarding and 
additionally hindering microbial growth and food spoilage [3]. The development of 
new antimicrobial agents has become feasible due to recent advances in nanotech-
nology and mainly because of the ability to produce metal oxide nanoparticles of 
any size and shape [4]. As a result, the food packaging industry can be a good market 
for innovative products of nanotechnology [5]. Materials in nanoscale have a larger 
surface-to-volume ratio than similar materials in normal molecular size, which is the 
main reason for the acceleration in antibacterial activity of some nanoparticles [6]. 
Stability of inorganic materials such as metal and metal oxides at high pressure and 
temperatures enables them to tolerate severe process condition, and for this reason 
these materials have attracted universal attention over the past decade [7].

Silver nanoparticles are among the most studied metal nanoparticles with anti-
microbial effect in food packaging [8]. Although the antibacterial properties of 
these nanoparticles are well recognized, their use in the food industry has also some 
disadvantages such as their high price and toxic nature [9]. As a result, during the 
recent years, investigators have studied antimicrobial properties of some other metal 
nanoparticles including ZnO, Fe2O3, TiO, MgO and CuO. Although most of these 
studies reported promising results, there are still large controversies regarding their 
antibacterial power [10] and there are only few studies regarding some of these nan-
oparticles including CuO nanocomposites [11].

Copper is an essential mineral present in most foods in the form of ions or salts 
and also has remarkable antimicrobial attributes. In February 2008, the US Environ-
mental Protection Agency (EPA) approved copper alloys as compounds to reduce 
lethal bacteria-linked infections [12]. Owing to the fact that copper is not concen-
trated by animals and consequently has a negligible adverse impact on higher ani-
mals, it is judged as relatively safe [13]. CuO’s efficiency and stability have led to 
its popularity as the simplest member of the copper compounds. Even though CuO 
has some of the same properties of noble metals, such as silver and gold, its usage 
is more cost-effective [14]; moreover, it easily mixes with polymers and is relatively 
stable, both chemically and physically [15].

In a previous study, we showed the antibacterial properties of ZnO-containing 
nanocomposite [16]. The objective of the present study is to assess the antibacterial 
activity of CuO-containing nanocomposite and its comparison with the antimicro-
bial effects of ZnO-containing nanocomposites on gram-positive Bacillus subtilis, 
one of the most important spoiling bacteria in the food industry and gram-negative 
Enterobacter aerogenes, pathogenic bacteria that are found in water, vegetable and 
meat.
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Materials and methods

For synthesizing CuO nanoparticles, 1  g of Cu(NO3)2 was first dissolved in 
100 ml of deionized water. 10 ml of NaOH (1 M) solution was then added slowly 
to the solution under applying ultrasonic waves (30  min, 80  W). A green–blue 
precipitate, which substantiated the synthesis of copper oxide, was attained. The 
obtained precipitate was then centrifuged and washed with distilled water. After 
washing the obtained CuO nanoparticles with hot deionized water, they were 
centrifuged at 4000  rpm at 25  °C for 15  min. To ensure the complete removal 
of water-soluble impurities, washing and centrifugation of nanoparticles were 
repeated four times. Finally, the sediment was dried at 100 °C for 3 h to obtain a 
black powder of CuO nanoparticles.

The process of synthesizing ZnO nanoparticles has been explained elsewhere 
[16].

X-ray diffractometer (XRD, Philips, X’Pert) was employed to examine the 
phase composition and the microstructure of ZnO and CuO nanoparticles. The 
particle size and morphology of the CuO nanoparticles and its dispersion in the 
LDPE film were assessed using scanning electron microscopy (SEM, Tescan). 
To analyze the surface chemical composition, X-ray photoelectron spectroscopy 
(XPS) using Al-Kα X-ray source at an energy of 1486.6 eV was used. All binding 
energy values were calibrated by fixing the C (1s) core level to the 285.0 eV. The 
SDP software was used to deconvolute all of the peaks (version 4.1) with 80% 
Gaussian–20% Lorentzian.

Using a twin-screw extruder with a screw diameter of 42  mm, nanoparticles 
were inserted into a low-density polyethylene matrix. Film grade LDPE resin pel-
lets (300 g) were directly mixed with ZnO and CuO nanoparticles (6 g for 2 wt% 
ZnO- and CuO-containing nanocomposites), and the mixture was fed into a twin-
screw extruder machine. The heating profile was set up to six heating zones of 
the twin-screw extruder including 90  °C, 160  °C, 175  °C, 155  °C, 155  °C and 
150 °C. Then, by using a hot press with a pressure of 120 kg/cm2 at 200 °C, the 
nanoparticle-containing granules were transmuted into the nanocomposite films 
with an average thickness of 0.1 mm.

The Iranian Research Organization for Science and Technology provided us 
with the required B. subtilis (American type culture collection 6051) and E. aero-
genes (American type culture collection 13,048). To carry out antimicrobial tests, 
the bottom of the 8-cm plates was coated by the nanocomposite films. Addition-
ally, 100 μl of 106 cfu/ml microorganisms containing suspension which were pre-
viously inoculated into 10  ml of tryptic soy broth (TSB Merck, Germany) was 
poured into plates. The incubation of the plates took place in 37 °C (the optimum 
temperature for the bacterial growth), and meanwhile the bacterial growth was 
monitored turbidometrically each 2 h (up to 24 h) at the wavelength of 600 nm 
via Bioscreen C (FB1100C/Finland). Ultimately, the growth curves of microor-
ganisms over the incubation period were plotted.

In order to perform statistical analyses, SPSS 19.0 (SPSS, Chicago, IL) was 
used. All statistical tests were two-tailed, and a p value < 0.05 was considered to 
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be significant. Between-group differences were also analyzed using analysis of 
variance (ANOVA).

Results and discussion

The X-ray diffraction of CuO nanopowders synthesized by the sonochemical method 
is presented in Fig. 1. Following Scherrer formula (Eq. 1), in this equation, D, λ, θ 
and β stand for the average grain size, the X-ray wavelength (0.15405 nm), the dif-
fraction angle and the full width at half maximum of an observed peak, respectively.

The average crystalline size of the ZnO and CuO particles is 39.7 nm and 20 nm, 
respectively

According to the classical theory of nucleation, the construction of nanoparticles 
has three steps: (1) pre-nucleation, (2) the formation of metal nuclei or clusters, and 
(3) growth. A sonochemical hydrolysis mechanism has been advanced to explicate 
the non-oxidative reaction of metal species. The sonochemical synthesis of CuO 
from Cu+2 can be expressed as

The extreme condition during the sonochemical process provides the means of 
the formation of a large number of product nuclei. The extreme condition could 
also assist us in avoiding the accumulation of newly formed nanoparticles. Accord-
ingly, highly dispersed CuO nanoparticles (70 nm) were acquired without using a 

(1)D = 0.891�∕� cos �.

(2)Cu2+(aq) + H2O → CuO(s) + 2H+(aq).
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Fig. 1   XRD pattern of CuO nanoparticles
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stabilizing agent (Fig. 2a). Figure 2b shows the SEM micrograph of CuO-containing 
nanocomposite. The image proves that the CuO nanoparticles are not aggregated.

Figures 3 and 4 present the growth curves of B. subtilis and E. aerogenes in the 
presence of ZnO- and CuO-containing nanocomposites and control nanocomposites. 
The curves represent the relationship between microbial population and optical den-
sity (OD) versus time of incubation.

Figures  5 and  6 verify this hypothesis that both ZnO- and CuO-containing 
nanocomposites can have a substantial role in reducing the growth of bacteria. 
These findings are in accordance with several previous studies. In a study by 
Emamifar et al. [17], 0.25% ZnO-containing LDPE nanocomposite significantly 
reduced the numbers of Lactobacillus plantarum. In another investigation, gela-
tin/ZnO nanocomposite films showed a strong antibacterial effect on food-borne 
pathogenic bacteria. These nanocomposite films inhibited the growth of both 
gram-positive Listeria monocytogenes and gram-negative Escherichia coli [18]; 

Fig. 2   a SEM micrograph of CuO nanoparticles. b SEM micrograph of LDPE-based nanocomposite film
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Fig. 3   Growth curve of B. subtilis in the presence of ZnO- and CuO-containing nanocomposites
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furthermore, it has been outlined that the poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV) films prolong the antimicrobial activity against L. monocy-
togenes [19]. In a recent study by Beigmohammadi et  al. [20], the researchers 
assessed the antibacterial effect of LDPE films containing silver, ZnO and CuO 
nanoparticles to see if they could be utilized in active packaging of ultra-filtrated 
cheese. They conducted an inquiry into different compositions of these nanoparti-
cles to introduce the optimum sample for diminishing coliform load of the cheese 
with no toxicity. Ultimately, a composition of 0% Ag, 0% ZnO and 1% CuO was 
introduced to serve this end. Yadollahi et  al. [21] have reported that carboxy-
methyl cellulose/CuO bio-nanocomposite hydrogels have noticeable antibacte-
rial effects on gram-positive staphylococcus aureus and gram-negative E. coli. 
Further research studies conducted by Llorens et  al. [2] have also verified the 
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Fig. 4   Growth curve of E. aerogenes in the presence of ZnO- and CuO-containing nanocomposites
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reduction of 4 log cycles a load of yeasts and molds which are present in pineap-
ple juice by using cellulose/copper composites.

The exact procedure of the antimicrobial activity of metal nanoparticles is still 
unknown. However, several studies have suggested the formation of reactive oxygen 
species (ROS) as the main mechanism responsible for the antimicrobial activity of 
these nanoparticles. The reactive oxygen species include hydrogen peroxide (H2O2), 
superoxide ions (O2−) and hydroxide (OH−). High reactivity and oxidizing property 
of ROS incur toxicity to bacteria. These species can pass the bacterial cell mem-
brane and damage the cellular components such as lipids, DNA and proteins [22]. 
It is likely that the internalization of nanoparticles is another mechanism for their 
antibacterial activity. Nanoparticles attach to the bacterial cells and subsequently 
rupture the cell membrane. Once nanoparticles internalize the bacteria, they inhibit 
the energy metabolism of cells [22, 23]. Several studies have reported that ROS gen-
eration by the CuO nanoparticles attached to the bacterial cells causes the toxicity 
of CuO nanoparticles [24–26]. Some other studies list the interaction of copper with 
the thiol (–SH) groups of bacterial proteins and enzymes as possible antibacterial 
mechanisms [27]. Furthermore, the antibacterial effect may be due to the penetra-
tion of copper ions to the bacteria cell membrane and as a result alteration of the 
permeability and functionality of the outer cell membrane [28, 29] that ultimately 
leads to damaging DNA and vital enzymes of bacteria [30–32].

As represented in Fig.  3 and Fig.  4, CuO-containing nanocomposites had a 
stronger antibacterial effect on both B. subtilis and E. aerogenes compared with 
the nanocomposite films containing the same amount of ZnO. A previous research 
compared the antibacterial effects of nanocopper oxide (CuO)- and nanozinc oxide 
(ZnO)-coated orthodontic brackets on Streptococcus mutans. The findings of the 
study confirmed that CuO and ZnO–CuO nanoparticles-coated brackets were supe-
rior to ZnO-coated brackets in terms of the antimicrobial effect on S. mutans [33]. 
In a more recent study, Duffy et al. [34] compared the antibacterial efficacy of silver, 
ZnO and CuO nanoparticles against Salmonella and Campylobacter  strains; they 
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Fig. 6   XPS spectra of CuO nanoparticles
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concluded that the minimum inhibitory concentration (MIC) for all Campylobacter 
strains was in the order of Ag > CuO > ZnO nanoparticles. Our findings are in con-
sistence with these results; however, in an investigation by Azam et al. [35], it was 
decided that out of three metal oxide nanomaterials (ZnO, CuO and Fe2O3), ZnO 
showed the greatest antimicrobial activity against both gram-positive and gram-
negative bacteria, while Fe2O3 nanoparticles exhibited the least bactericidal activ-
ity. They suggested that the stronger antimicrobial effect of ZnO nanoparticles was 
due to their smaller size (18 nm) compared to CuO (22 nm) and Fe2O3 (26 nm). 
In the present study, the sizes of ZnO and CuO nanoparticles were 39.7  nm and 
20 nm, respectively. Therefore, the greater efficiency of CuO nanoparticles in inhib-
iting the bacterial growth could be associated with their smaller size. The size of 
the nanoparticles is directly correlated with many essential properties, such as sur-
face property, solubility and chemical reactivity, and these properties can exert an 
influence on the interactions between nanoparticles and biomolecules. A reduction 
in size results in the enlargement of nanoparticle’s specific surface area which in 
turn increases reactivity and interactions between nanoparticles and microorganisms 
[36]. Moreover, the smaller particles perforate the bacterial cells and disorganize 
the cell membrane [37]. In addition to size, the higher oxidizing power of Cu com-
pared with Zn can also affect the antibacterial efficiency. Ivask et al. [23] reported 
that CuO nanoparticles can bring high amounts of oxidative damage and can even 
surpass Ag nanoparticles in this regard. It is known that ions of redox-active metals, 
including copper, can produce free radicals by using the Fenton-type reaction and 
inflicting intracellular oxidative stress [38]

In a study on antimicrobial properties of CuO nanoparticles by Ren et al. [15], 
it was demonstrated that the minimum bactericidal concentrations (MBCs) of CuO 
nanoparticles for decreasing the amount of seven strains of gram-positive and gram-
negative bacteria were lower than MBCs of ZnO nanoparticles.

As shown in growth curves of bacteria (Figs. 3, 4), B. subtilis as gram-positive 
bacteria is more reactive to both nanocomposites compared to E. aerogenes as gram-
negative bacteria. In line with our findings, Tam et  al. [39] concluded that ZnO 
nanorods are more effective against gram-positive bacterium Bacillus atrophaeus 
compared with gram-negative E. coli. Azam et al. [35] also asserted that CuO nano-
particles have a stronger antibacterial effect on B. subtilis and S. aureus in compari-
son with E. coli and Pseudomonas aeruginosa as gram-negative bacteria. In another 
research by Bhuyan et al. [40], the antibacterial effect of Cu-doped ZnO nanorods 
was more conspicuous for gram-positive bacteria (S. aureus and Streptococcus pyo-
genes) in comparison with gram-negative bacteria (E. coli).

Different factors such as the cell structure, physiology, metabolism or degree of 
contact of microorganisms with nanoparticles can determine the variations in sen-
sitivity of nanocomposites between gram-positive and gram-negative bacteria [35]; 
however, the differences in cell wall structure are considered to be the main deter-
miner of this sensitivity. Gram-positive bacteria have a thick peptidoglycan layer 
which contains teichoic acids. Phosphodiester bonds link these teichoic acids. The 

(3)Cu(I) + H2O2 → Cu(II) + ⋅OH + H−.
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phosphodiester bonds give an overall negative charge to the gram-positive bacte-
ria; meanwhile, gram-negative bacteria lack in teichoic acids and phospholipids and 
lipopolysaccharides surround a thin peptidoglycan layer [8, 16]. Therefore, posi-
tively charged ions are more inclined to attach to gram-positive B. subtilis compared 
with gram-negative E. aerogenes.

To investigate the presence of nanoparticles on the surface of polymer films, we 
have used XPS analysis. The results of the study verified the purity of the synthe-
sized films since no other chemicals except for the zinc, copper oxide and carbon-
based polymer were observed on the surface of the films. The peak of Cu 2p3/2 at 
932.98 eV with two shake-up satellites at higher binding energy and the Zn 2p at 
1043 eV is attributed to CuO and ZnO binding on the surface. Besides, the presence 
of carbon-based polymer on the surface of polymer films is confirmed by peak C 
(1s) at 284.6 eV. The peak at about 530 eV represents O (1s) level in ZnO and CuO, 
which is surrounded by Zn and Cu atoms. The XPS results (Figs. 5, 6) also show that 
the presence of CuO nanoparticles on polymer surface is greater than ZnO nanopar-
ticles. It can be safely deduced that the interaction between CuO nanoparticles and 
B. subtilis and E. aerogenes increases with the expansion of surface concentration.

The ultimate purpose of the present study is to develop nanocomposites for active 
food packaging application. In this regard, the effect of incorporation of nanoparti-
cles on the barrier properties of nanocomposites can be an important issue. Although 
in this study we did not investigate the permeability of CuO and ZnO nanocompos-
ites, there are several studies which show that metal nanoparticles can improve the 
barrier properties of polymer composites. In a study by Polat et al., the investiga-
tors assessed the permeability of Ag and ZnO LDPE nanocomposites and concluded 
that the addition of nanoparticles reduced the oxygen and water vapor transmission 
rates. The proposed mechanism by the authors is that impermeable nanoparticles 
fill the amorphous regions of the polymer matrix and lead to a decrease in the area 
available for diffusion [41]. In a recent review study by Abbas et al., it has been con-
cluded that the barrier properties of the nanocomposites can be improved by a high 
aspect ratio, uniform dispersion and low incorporation (up to 5 wt%) of nanoparti-
cles within the polymer matrix [42].

Conclusion

In the present study, both ZnO- and CuO-containing nanocomposites inhibited the 
growth of bacteria. Furthermore, CuO-containing nanocomposite had stronger anti-
bacterial effects on both gram-positive and gram-negative bacteria compared with 
ZnO-containing nanocomposite. Our results also substantiated that the gram-pos-
itive B. subtilis was more sensitive to both nanocomposites than gram-negative E. 
aerogenes.

In view of the fact that inorganic antimicrobial materials such as Zn and Cu easily 
incorporated with different polymers and were stable in the processing procedure, it 
can be concluded that polymer nanocomposites are highly appropriate materials to 
be used in active food packaging with the aim of extending the shelf life of foods. 



1680	 Polymer Bulletin (2021) 78:1671–1682

1 3

However, further studies are needed to investigate the safety aspects of their applica-
tion in the food industry.
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