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Active Chicken Meat Packaging Based
on Polylactide Films and Bimetallic Ag–Cu
Nanoparticles and Essential Oil
Jasim Ahmed , Yasir Ali Arfat, Anibal Bher, Mehrajfatema Mulla, Harsha Jacob, and Rafael Auras

Abstract: Plasticized polylactide (PLA) composite films with multifunctional properties were created by loading bimetal-
lic silver–copper (Ag–Cu) nanoparticles (NPs) and cinnamon essential oil (CEO) into polymer matrix via compression
molding technique. Rheological, structural, thermal, barrier, and antimicrobial properties of the produced films, and
its utilization in the packaging of chicken meat were investigated. PLA/PEG/Ag–Cu/CEO composites showed a very
complex rheological system where both plasticizing and antiplasticizing effects were evident. Thermal properties of plas-
ticized PLA film with polyethylene glycol (PEG) enhanced considerably with the reinforcement of NPs whereas loading
of CEO decreased glass transition, melting, and crystallization temperature. The barrier properties of the composite films
were reduced with the increase of CEO loading (P < 0.05). Their optical properties were also modified by the addition
of both CEO and Ag–Cu NPs. The changes in the molecular organization of PLA composite films were visualized by
FTIR spectra. Rough and porous surfaces of the films were evident by scanning electron microscopy. The effectiveness of
composite films was tested against Salmonella Typhimurium, Campylobacter jejuni and Listeria monocytogenes inoculated in
chicken samples, and it was found that the films loaded with Ag–Cu NPs and 50% CEO showed maximum antibacterial
action during 21 days at the refrigerated condition. The produced PLA/Ag–Cu/CEO composite films can be applied to
active food packaging.

Keywords: cinnamon essential oil, compression-molding, complex viscosity, nanocomposite, polylactide

Practical Application: The nanoparticles and essential oil loaded PLA composite films are capable of exhibiting antimi-
crobial effects against Gram (+) and (–) bacteria, and extend the shelf-life of chicken meat. The bionanocomposite films
showed the potential to be manufactured commercially because of the thermal stability of the active components during
the hot-press compression molding process. The developed bionanocomposites could have practical importance and open
a new direction for the active food packaging to control the spoilage and the pathogenic bacteria associated with the fresh
chicken meat.

Introduction
The responsible use of natural resources and the concerns

about plastics’ environmental pollution or safety of petrochemical-
based packaging materials have galvanized researchers to develop
biodegradable and environment-friendly polymers as an alterna-
tive to widely used plastics in the packaging industry. A trending
approach to replace the fossil-derived materials is the use of eco-
friendly materials. Biopolymers like polylactides (PLA) have been
of increasing interest due to ease of production, the possibility
of recycling and composting at the end of life, and commercial
acceptance in various areas such as food packaging, biomedical ap-
plications, and automobile industry (Gao, Picot, Bilotti, & Peijs,
2017; Sung, Chang, & Han, 2017; Tawakkal, Cran, Miltz, & Big-
ger, 2014). However, PLA-based films are brittle/rigid, biologi-
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cally inactive and possess poor barrier properties (Javidi, Hosseini,
& Rezaei, 2016; Zhu, Tang, Yin, & Yang, 2018), which limit
their applicability for food packaging films. In response to these
drawbacks, development of nanocomposites has been investigated
through some physical approaches such as the reinforcement of
several kinds of nanofillers such as metallic nanoparticles and nan-
oclays into the biopolymer matrix to enhance physicomechanical,
barrier and thermal properties of films (Jamshidian, Tehrany, Im-
ran, Jacquot, & Desobry, 2010; Rhim, Park, & Ha, 2013). In a
polymer blend, the compatibility among constituents with phase
changes play an important role, which finally improved the ther-
momechanical and structural properties of the blend over the neat
polymers. Several studies on polymer blends have indicated that
their resulting properties were not only influenced by the distribu-
tion of monomers but also chemical constituents of the participat-
ing polymers (Rana, Mandal, & Bhattacharyya, 1993; Rana, Man-
dal, & Bhattacharyya, 1996). During thermal analysis, the presence
of a single glass transition temperature is the key characteristics
signifying the miscibility of polymer blends whereas a phase sepa-
ration is obvious for immiscible polymers. Unlike to conventional
polymeric blends, the miscibility of nanofillers into polymer ma-
trices is studied differently. The Tg of nanocomposite films is
mainly dependent on the type of interaction (attractive, repulsive,
or neutral) between groups present between the nanofillers and the
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polymer chains. The composite materials based on PLA and rein-
forced with single metal NPs like ZnO, TiO2, and Ag have been
characterized by numerous researchers (Murariu et al., 2011;
Zhuang, Liu, Zhang, Hu, & Shen, 2009). Recently, monometallic
NPs (for example, Ag, Cu) have been alloyed to produce bimetallic
(Ag/Cu) NPs with improved thermal, optical, interfacial and an-
timicrobial properties (Perdikaki et al., 2016; Tan & Cheong, 2013.
Among the metal NPs, silver–copper (Ag–Cu) nanoalloys showed
strong antibacterial activity with low loading concentrations as
compared to single metal NPs like Ag or Cu (Taner, Sayar, Yulug,
& Suzer, 2011; Zain, Stapley, & Shama, 2014). It has been estab-
lished that NPs exhibited a strong antimicrobial activity; however,
few reports are available on the nanoparticle resistant microorgan-
isms (Scandorieiro et al., 2016; Graves Jr et al., 2015). Therefore,
studies are sought to overcome the on-going problems on NP
resistant organisms by following a combination of selected antimi-
crobial agents (Scandorieiro et al., 2016). A loading of NPs and
naturally derived essential oils (EOs) into the PLA matrix could
be the best strategy for the inactivation of food-borne pathogens.
Scandorieiro et al. (2016) further reported that a blend of Ag NP
with oregano essential oil resulted from an additive and synergis-
tic antimicrobial activities against the multidrug-resistant bacte-
rial strains namely, E. coli, A. baumannii, and methicillin-resistant
Staphylococcus aureus (MRSA) strains. Moreover, the incorporation
of EOs with antioxidant and antimicrobial properties into the film
matrix diminishes uncertainties regarding their toxicity and safe
use in food products (Holley & Patel, 2005). Among various EOs,
cinnamon essential oil (CEO)—a rich source of cinnamaldehyde
and eugenol active compounds has remarkable antibacterial, an-
tioxidant, and antifungal activities (Oussalah, Caillet, Saucier, &
Lacroix, 2007). Additionally, active compounds like cinnamalde-
hyde and eugenol obtained from cinnamon are recognized as gen-
erally recognized as safe (GRAS) materials. A limited number
of studies have been carried out on PLA-based packaging added
with either nanoparticles or EOs; however, no report is available
on the compression-molded PLA/NP/EO films and its charac-
terization. Additionally, there is no consensus among researchers
whether a synergism or antagonism effect occurs against pathogens
when both nanoparticles and essential oils are incorporated into
the packaging materials. This work has been carried out to address
the issue.

In this study, plasticized PLA based films incorporated with
bimetallic NPs and CEO were prepared using the compression-
molding technique. The study aimed to prepare plasticized
PLA/NPs/CEO composite films with antimicrobial properties,
which were further evaluated for chicken meat packaging applica-
tions. The effect of Ag–Cu NPs and CEO on the rheological and
thermal properties as well as color and transparency of plasticized
PLA was also studied.

Materials and Methods

Materials
Polylactide (PLA) (IngeoTM Biopolymer 4043D) was obtained

from NatureWorks LLC, USA. Pellets were vacuum dried during
24 hr at 60 °C before used. Polyethylene glycol (PEG) - Mn = 1,500
Da, cinnamon oil (Ceylon type; Product Number: W229202;
Appearance: yellow to dark brown; refractive index at 20 °C:
1.529 to 1.537 and specific gravity: 1.030 to 1.050) and Ag–Cu
NPs (Product Number: 576824; Appearance: grey to brown to
black, and particle size: <100 nm) were bought from Sigma-
Aldrich, U.S.A.

Strains and media used for microbiological test
Microbial strains of Gram (-) Campylobacter jejuni (ATCC 33291)

and Salmonella enterica sv Typhimurium (ATCC 14028) and Gram
(+) Listeria monocytogenes (ATCC 19114) were purchased from
Remel Europe Limited (Kent, U.K.) and MediMark Europe
(Grenoble, France). Media, Muller hinton agar (MHA), brain
heart infusion broth (BHIB), tryptic soy broth (TSB), PALCAM
agar base or polymyxin-acriflavin-lithium chloride-ceftazidime-
aesculin-mannitol, CampyGenTM gas generation sachet, laked
horse blood, PALCAM selective supplements, campylobacter se-
lective agar base, xylose lysine deoxycholate agar (XLD), preston
campylobacter selective and growth supplements were all obtained
and produced as previously described (Ahmed, Mulla, & Arfat,
2017).

Preparation of compression molded PLA and
composite films
(i) PLA-PEG/Ag-Cu (98/2 and 96/4) were compounded using

a batch mixer Brabender R© ATR Plasticorder (Brabender In-
struments, Inc., NJ, U.S.A.) outfitted with 50 cm3 mixing
cell and torque recorder, at 180 °C, 80 rpm, during 5 min
followed by compression molding with a thicknesses of 1 mm
on a hot press (PHI QL438-C, City of Industry, CA, U.S.A.)
at 172 °C by operating with a force of 25 tons for 5 min, and
finally cooled on a cold press to room temperature.

(ii) PLA-PEG and CEO blend at a ratio of 2:1 was compounded
by a twin-screw extruder - screw L/D ratio: 42 and screw
speed: 80 rpm (Century ZSK-30 (Century, Traverse City, MI,
U.S.A.)). The temperature for the master-batch formulation
ranged between 160 and 180 °C in the different zones. The
extruded mass was pelletized in a BT 25 pelletizer (Bay City,
MI, U.S.A.), oven dried at 50 °C and 3 hr in, then stored
at −15 °C until use. Ag-Cu and PLA/CEO master batch
were also mixed and compression molded in composite films
(PLA/CEO/Ag-Cu 64/32/4) as described in step (i).

(iii) Neat plasticized PLA films were prepared by the method de-
scribed in step (i & ii) with slight temperature modifications
and used as a control.

The prepared films were stored at cold room (4 ± 0.5°C) for
150 days for microbial validation (in vitro).

Characterization of the films’ properties
Rheological measurements and thickness. A micrometer

from Mituyoto Corp., Japan was used to determine the films’
thickness at different positions (n = 10) with a sensitivity of
0.001 mm. Three films were used for the measurement.

Rheological measurements of the plasticized PLA and the com-
posites films were studied with an advanced rheometer (Discovery
HR-3, from TA Instruments, U.S.A.) operating an electrically
heated plate (EHP) with a diameter of 25 mm. The temperatures
selected for the experiments were 160, 170, 180, and 190 °C,
and the gap between the two plates was maintained at 500-mm.
The samples were positioned between two plates and allowed to
reach the set temperature for approximately 5 min before testing.
Dynamic frequency-sweep (0.1 to 10 Hz) and time sweep (0 to
1800 s; frequency of 1 Hz) experiments were done in the LVR
region (that is, linear viscoelastic response), with a constant strain
of 0.05%. All rheological data were acquired for duplicate samples
from the software attached to the instrument.

Barrier properties. Water vapor permeability (WVP) was ac-
quired with a Permatran W3/31 (Mocon Inc., MN, U.S.A.) at

2 Journal of Food Science � Vol. 0, Iss. 0, 2018



Fo
od

En
gin

ee
rin

g,
Ma

ter
ial

s
Sc

ien
ce

,&
Na

no
tec

hn
olo

gy

Active chicken meat packaging . . .

Figure 1–Time dependency of PLA composite films as influenced by nanoparticles and essential oil (A). Effect of nanoparticles and essential oil on the
mechanical spectra of plasticized PLA at 180 °C as a function of frequency (B). Effect of temperature on complex modulus and phase angle values of
PLA/PEG/4% Ag-Cu/50% CEO composites with frequency (C). Generation of master curve for the composites at a reference temperature of 170 °C
(D). Effect of storage period on mechanical rigidity of antimicrobial films (E).

23 °C with 50 ± 1% RH following the ASTM standard F1249
(ASTM, 1995a). The O2 permeability (OP) of the films was ob-
tained using an Extra-Solution PermeO2 instrument from Capan-
nori (LU, Italy) at 23 °C and 50 ± 1% RH following the ASTM
D3985-05 procedure (ASTM, 1995b). Measurements of WVP

and OP were conducted in triplicate using three different set of
films.

Optical properties. A Hunter tristimulus colorimeter from
Hunter laboratory, VA, U.S.A. was selected to measure the color
of the films (i.e., L∗ indicating lightness, a∗ indicating the degree
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of redness to greenness, and b∗ indicating the degree of yellowness
to blueness values). The total color difference (�E∗) was estimated
following the method described elsewhere (Ahmed et al., 2017).
The light transmittance in the UV (200, 280, and 350 nm) and
visible (400, 500, 600, 700, and 800 nm) wavelength regions was
obtained using a spectrophotometer (Thermo Scientific, U.S.A.).
The transparency value (TV) of the film was based on our earlier
work (Ahmed et al., 2017). The color and optical properties were
measured in triplicate using three different set of films.

Fourier transform infrared (FTIR) spectroscopy. The
FTIR measurements of three different set of films were obtained in
an attenuated total reflectance using a Nicolet FTIR Spectrome-
ter (iS5, Thermo Scientific). Each spectrum was gathered between
550 and 4000 cm−1 with a resolution of 4 cm−1. Reported spectra
contain mean values over three replicated.

X-ray diffraction (XRD). XRD was conducted on an Ad-
vance diffractometer from Bruker D8, Germany with a Cu-Kα

source (wavelength: 0.154 nm) at 40 kV and 250 mA. The 2θ val-
ues ranged between 5° and 80°. Measurements were conducted
in two samples.

Thermal properties. The melting temperature, Tm (from the
first heating cycle), and crystallization (Tc) and glass transition
temperatures (Tg) – (from the second cycle) were obtained as pre-
viously described (Ahmed, Mulla, & Arfat, 2016). The enthalpy
and the crystallinity (% Xc) were calculated using the instrumen-
tal software (Universal Analysis). Triplicate measurements were
conducted from three set of films.

Morphology. A scanning electron microscope (SEM) model
JCM-6000 Plus from JEOL, Japan was used for assessment of sur-
face morphology of film samples. The films were coated with a
thin conductive layer of the brass stub and sputtered with gold
using a current of 10 kV, and photographs at 300× magnification
were obtained. Three different films were used for the measure-
ment.

In vitro antibacterial effectiveness of PLA composite
films. S. Typhimurium (Gram (–)), C. jejuni (Gram (–)), and
L. monocytogenes (Gram - (+)) were employed to assess the antimi-
crobial activity of the films (after day 1 and 150 days of storage)
using the liquid culture test (Ahmed, Hiremath, & Jacob, 2016b;
Ahmed, Mulla, & Arfat, 2016). Briefly, methods are described
here. For Salmonella and Listeria, a disc of a film (0.4 g) was steril-
ized using UV light and immersed in a test tube containing 10 mL
TSB. The TSB was inoculated with 0.1 mL (1 × 108 CFU/mL)
inoculum and incubated at 25 °C with shaking at 200 rpm. One
milliter of the inoculated medium was sampled after 24 hr, and
a serial dilution method was employed for spreading onto BHIA
plates. The inoculated plates were incubated @ 37 °C for 24 hr,
and the cell concentrations were counted as colony-forming units
(CFU). The PLA/PEG film was kept as a control. For C. jejuni,
a film disc was placed in a test tube containing 10 mL BHIB and
0.1 mL of C. jejuni inoculum were added (1 × 108 CFU/mL).
The test tubes were incubated at 42 °C for 48 hr. Then, 1 mL
aliquots were serially diluted with BHIB and 0.1 mL spread plated
onto Campylobacter agar plates. The organisms were grown at
42 °C for 48 hr under microaerophilic conditions and the cell con-
centrations were counted as CFU. For assessment of the microbial
inactivation efficiency of the film, three samples were chosen for
each treatment and three measurements were carried out for each
sample.

Confirmation test with chicken. The antimicrobial effec-
tiveness of PLA and PLA/Ag-Cu/CEO films was tested in chicken
as a model food system against S. Typhimurium, C. jejuni, and

L. monocytogenes following the method described by Ahmed
et al. (2016). Briefly, 3 sets of sterilized minced chicken samples
(�10 g) were put in different petri dishes. An aliquot of a 1 × 108

CFU/mL inoculum of S. Typhimurium, C. jejuni and L. monocy-
togenes were added into each petri dish, spread over the minced
chicken, and hold for 30 min. Afterwards, minced chicken in-
oculated with test organisms were wrapped individually with the
selected films (8 × 8 cm), and stored at 4 °C. All samples were
tested for the presence of S. Typhimurium, L. monocytogenes or C.
jejuni at different time intervals (0, 7, 14, and 21 days). Chicken
samples wrapped in neat PLA/PEG films served as a control
sample.

For counting, the films were removed from the chicken sam-
ple, homogenized for 2 min in 10 mL of sterile peptone water
(0.1 % w/v) for S. Typhimurium or L. monocytogenes and 10 mL
of sterile BHIB (0.1 % w/v) for C. jejuni. Homogenates (0.1 mL)
were spread-plated on PALCAM agar for L. monocytogenes, XLD
agar for S. Typhimurium and on Campylobacter agar plates for
C. jejuni, respectively. Plates were incubated at 37 °C for 48 hr
(L. monocytogenes), 24 hr (S. Typhimurium) and at 42 °C for 48 hr
under microaerophilic conditions (C. jejuni) before strain counting
and reported as log CFU/g of chicken. All tests were evaluated in
duplicate and repeated twice (n = 4).

Statistical analysis
The data were analyzed with the SPSS software (SPSS 17.0,

SPSS Inc., Ill., U.S.A.) through the analysis of variance (ANOVA).

Results and Discussion

Rheological measurements and thickness
The thickness of compression-molded PLA films incorporated

with Ag–Cu NPs and CEO is shown in Table 1 The composite
films had the same thickness than the neat plasticized PLA film
(P > 0.05).

Time sweep tests were first used to examine the thermal stability
of neat plasticized and composite PLA films due to PLA’s sensitiv-
ity to thermal degradation. The compression molded (CM) PLA
composites thermal stability was measured by employing dynamic
frequency time sweep tests, so that we could observe any changes
with time in their complex viscosity at a constant 170 °C and 1 Hz.
Figure 1A shows that the melt composites films behave differently
with time. The η∗ of PLA/PEG degraded dramatically between
0.04 and 0.002 Pa.s (�95%) during a holding period of 30 min,
and the degradation was somewhat restricted (�91%) by a loading
of Ag-Cu in the PLA/PEG blend indicating that the PLA com-
posites exhibited time dependency with a substantial reduction in
the mechanical property. A significant drop in PLA’s viscosity af-
ter 30 to 40 min holding period was reported (Murariu, Murariu,
Raquez, Bonnaud, & Dubois, 2015; Ahmed et al., 2016; No-
far, Heuzey, Carreau, & Kamal, 2016). The thermal degradation
mostly happens at temperatures that are very close to and above
the melting temperature one (Gerard & Budtova, 2012). Those
authors opined that metal oxide incorporation into the PLA ma-
trix at temperatures closed to melt processing is conduced to the
“unzipping” depolymerization leading to considerable degrada-
tion of the molecular weight of the PLA. Incorporation of CEO
into the PLA/PEG matrix produced a composite almost time-
independent, and the time independency was more obvious for
CM PLA/PEG/Ag-Cu/CEO melt.

Frequency sweeps of plasticized PLA composites are shown in
Figure 1B. All studied composites show predominantly liquid-like
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Table 1–Thickness, water vapor, and oxygen permeabilities of compression-molded plasticized PLA films incorporated with Ag–Cu
NPs and CEO.

Film sample Thickness (mm)

Water vapor
permeability (g

mm/m2 day atm)
Oxygen permeability
(cc mm/m2 day atm)

Control PLA/PEG (90/10) 0.182 ± 0.005a 26.9 ± 2.1c 22.8 ± 1.6b

PLA/PEG/2% Ag-Cu NPs 0.183 ± 0.004a 20.6 ± 1.4d 17.9 ± 1.2c

PLA/PEG/4% Ag-Cu NPs 0.184 ± 0.005a 16.0 ± 1.2e 14.0 ± 0.7d

PLA/PEG/25% CEO 0.183 ± 0.004a 32.6 ± 2.8b 24.9 ± 2.1b

PLA/PEG/50% CEO 0.185 ± 0.003a 40.1 ± 2.2a 32.1 ± 3.6a

PLA/PEG/4% Ag-Cu NPs/50% CEO 0.186 ± 0.005a 30.7 ± 3.0bc 23.6 ± 1.8b

Values are given as mean ± SD (n = 3).
Different superscript letters in the same column indicates significant differences (P < 0.05).

Control PLA/PEG PLA/PEG/2% Ag-Cu NPs

PLA/PEG/4% Ag-Cu NPs PLA/PEG/25% CEO

PLA/PEG/50% CEO PLA/PEG/4% Ag-Cu NPs/50% CEO

Figure 2–Appearance/transparency of compression-molded plasticized
PLA films incorporated with Ag–Cu NPs and cinnamon essential oil.

behavior (G′′>G′) throughout the frequency range. While Ag–Cu
nanoparticles (NP) were added to the PLA/PEG blend, the elastic
modulus, G′ and the viscous modulus, G′′ dropped significantly,
and it indicates that the metallic NPs acted as a catalyst for the
degradation of the blend above the melting temperature. Degra-
dation of PLA in the presence of nanoparticles has been evident
in the literature, and even it is recommended the use of silane-

treated metallic oxide surface to prevent the degradation (Arfat,
Ahmed, Al Hazza, Jacob, & Joseph, 2017). Mostly, it has found
that at a higher filler concentration, G′ does not depend on the
frequency at low frequencies, which could indicate a solid-like
behavior (Bhatia, Gupta, Bhattacharya, & Choi, 2009). However,
when we added 4% Ag–Cu, the G′ of the PLA nanocomposites
do not considerably illustrate this effect.

CEO incorporation into PLA/PEG, however, improved both
the moduli significantly, and the increasing trend continued for
the composites loaded with NPs and CEO. PLA/PEG/Ag–Cu
and PLA/PEG/CEO composites showed the typical terminal be-
havior with the scaling law (that is, G′�ω2 and G′′�ω). It sug-
gests better affinity of CEO for PLA/PEG blend compared to
Ag–Cu NPs. Indeed, the PLA/PEG/Ag–Cu/CEO composites
represented a very complex rheological system where both plasti-
cizing and antiplasticizing effects were evident, and it is attributed
by the presence of PEG, CEO, and NPs, respectively. Further-
more, it can be argued that the essential oil could make a thick
layer on the film surface (although volatiles evaporated) that re-
stricted the melting of the PLA/PEG blend, and improved the
mechanical properties. However, this observation is in contrast to
our earlier observations on solvent cast PLA/PEG/CEO compos-
ites where addition of CEO into the PLA/PEG matrix acted as
an extra plasticizer and reduced both dynamic moduli abruptly
(Ahmed et al., 2016). Similar CEO induced plasticization effect
has been reported in the literature (Lee, Lee, & Song, 2015).

PLA/PEG/Ag–Cu/CEO composites’ complex shear modulus
(G∗) and phase angle (δ) were plotted against frequency at se-
lected temperatures (Figure 1C). It shows that the G∗ decreased
and the δ augmented as the process temperature increased be-
tween 160 and 190 °C due to shear-thinning of the NC. The
G∗-ω rheograms showed a similar pattern with increasing tem-
perature, and the slopes were varied between 0.90 and 0.97. All
rheograms were shifted into G� and δ master curves by employing
time-temperature-superposition principle at 170 °C—use as ref-
erence temperature (Figure 1C) following the method described
by Ahmed (2017). As it can be seen that the reduced frequency,
aTω extended to a lower range, and G∗-ω rheograms were super-
imposed adequately with longer relaxation time. However, it can
be seen that the rheograms for δ−-ω in the lower frequency range
were not superimposed adequately especially at the lowest and the
highest temperatures employed for the experiments since at low-
frequencies or high temperatures an additional relaxation mecha-
nism involving morphological changes could occur. The failure of
superposition suggests an incompatibility of CEO and Ag–Cu NPs
with the plasticized PLA/PEG blend in the melt. While we pro-
duced a master curve for PLA/PEG/Ag–Cu and PLA/PEG/CEO
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separately at a reference temperature of 170 °C (not shown), and
a similar failure of the TSS with more scattered data, in particu-
lar, Ag–Cu loaded composite, was observed. We could attribute
this finding to the limited flow of the polymer chains in the
molten state produced by the addition of nanoparticles to the
PLA matrix. The NC sample showed shear-thinning behavior, at
high-frequency regions (aTω > 1 Hz). At high frequency, align-
ment of the NPs can happen, and the presence of NPs has just
almost no effect on the dynamic moduli of the PLA nanocom-
posite and relaxation mechanism. At this stage, the polymer ma-
trix mostly controls the deformation. According to Haley and
Lodge (2004), small intramolecular contributions to local com-
position are enough to produce time-temperature superposition
failure. The applicability of the TTS principle for PLA/PEG/Ag–
Cu/CEO samples is an indication of thermorheological simplicity
of the composites upon which it exhibits the predictability of these
materials’ rheological characteristics when subjected to a wide
range of temperatures (Dealy & Plazek 2009; Distefano & Pister,
1972).

The mechanical strength of the PLA/PEG/Ag–Cu/CEO com-
posite films was monitored up to 150 days as shown in Fig. 1E.
As expected, the η∗ of both CEO containing films were increased
twofold, which is believed to be associated with the evaporation
of CEO on the course of the storage period, and the film became
more rigid. It suggests that the antimicrobial films could not be
used for food packaging after a longer period of manufacturing.

Barrier properties
WVP and OP values of compression-molded PLA based films

loaded with Ag–Cu NPs and CEO are presented in Table 1. The
WVP and OP values obtained for the control plasticized PLA are
comparable to previous reports (Martino, Jimenez, & Ruseckaite,
2009; Rhim et al., 2013) whereas the values for Ag–Cu reinforced
films were reduced significantly. This trend was ascribed to the in-
crease in a tortuous path, which causes disruptions in the diffusion
of O2 and H2O across the PLA composite film. However, both
WVP and OP of composite films loaded with CEO were higher
than that of control film (P < 0.05). Barrier properties could be
influenced by several factors like water or oxygen sensitivity and
crystallinity. The reduced crystallinity of CEO loaded composite
films (discussed later) might have a role in increasing permeability
values. Loading of hydrophobic CEO could affect the cohesion
forces of PLA network, and thus it could enhance water vapor or
oxygen transport through the film matrix. These results matched
the findings of Rojas-Graü et al. (2006) who described that EOs
loaded into biopolymer films increase the permeability of the pro-
duced films as non-polar ingredients such as EOs and lipids can
act as poor gas barriers.

Optical properties of films
The appearance of compression-molded plasticized PLA films

incorporated with Ag–Cu NPs and CEO are illustrated in Fig. 2.
The change in color values was pronounced when NPs were
reinforced into the PLA matrix as shown by the �E∗ values
(Table 2). The L∗ considerably dropped to less than half of the
L∗ measured for the plasticized PLA film, and a∗ and b∗ values
augmented (P < 0.05). These changes in the color parameters
could be accredited by the characteristic surface plasmon reso-
nance of the Ag-Cu NPs (Varshney, Bhadauria, & Gaur, 2010).
These results were also found by Rhim et al. (2013) who reported
that Ag nanoparticles markedly increased a∗, b∗, and �E∗-values
and decreased L∗- values of agar-silver nanocomposites. With the
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Figure 3–FTIR spectra (A) and X-ray diffraction patterns (B) of compression-molded plasticized PLA films incorporated with Ag–Cu NPs and cinnamon
essential oil.

incorporation of CEO in the PLA films, L∗ values do not change
whereas the color a∗ and b∗ values changes considerably suggest-
ing an increase in greenness and yellowness. These changes in
color values have been accredited to coloring ingredients of CEO
(a∗ = –0.18 and b∗ = 1.75). Similar effects on color due to the
addition of essential oils into PLA have been reported by Qin, Li,
Liu, Yuan, and Li (2017).

Table 2 shows the light transmission (at UV and visible wave-
lengths) and transparency values of compression-molded PLA
based composite films. The control plasticized PLA film exhibited
the highest %T at 600 nm (85.38%) with a poor anti-UV property
(280 nm: 48.63%; 350 nm: 70.14%). After incorporation of Ag-Cu
NPs or CEO into the plasticized PLA matrix, the light transmit-
tance of the films decreased at all wavelengths in a dose-dependent
manner. However, the films incorporated with both Ag–Cu NPs
and CEO showed lowest %T. This drop in %T is attributed to
the light scattering due to the presence of the Ag–Cu NPs and

coloring components in CEO droplets dispersed in the polymer
matrix (Arfat, Benjakul, Prodpran, Sumpavapol, Songtipya, 2016).
Therefore, this is an edge contributed to Ag–Cu NPs and CEO,
making the composite films viable as packaging films for UV and
light sensitive food products. A similar trend in %T of whey pro-
tein nanocomposite films was reported by Sothornvit, Hong, An,
and Rhim (2010). The TV of the compression-molded plasticized
PLA film increased after incorporation of Ag-Cu NPs and CEO
(P < 0.05), indicating a lower transparency of the produced films.

FTIR spectroscopy
Figure 3A shows the FTIR spectra of PLA films added with NPs

and CEO. The FTIR spectra of neat plasticized PLA film exhibited
characteristic peaks at 3000-2887 and 1757 cm−1, representing the
C-H stretching vibrations of the –CH3 group and –C = O of the
ester group of PLA, respectively (Gong et al., 2014; Haafiz et al.,
2013). The asymmetric (1453 cm−1) and symmetric (1359 cm−1)
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Table 3–Thermal properties of compression-molded plasticized PLA films incorporated with Ag–Cu NPs and CEO.

Film sample Tg (°C) Tm (°C) �Hm (J/g) Tc (°C) �Hc (J/g) Xc (%)

Control PLA/PEG (90/10) 34.1 ± 0.6b 150.0 ± 0.3a 14.2 ± 0.2c 90.2 ± 0.9a 19.2 ± 0.7c 20.6 ± 0.9c

PLA/PEG/2% Ag–Cu NPs 40.1 ± 0.6a 151.0 ± 0.4a 19.9 ± 0.3a 87.6 ± 0.6b 22.5 ± 0.3b 24.2 ± 0.6b

PLA/PEG/4% Ag–Cu NPs 39.9 ± 0.5a 150.9 ± 0.4a 20.1 ± 0.2a 88.1 ± 0.4b 23.8 ± 0.2a 26.5 ± 0.3a

PLA/PEG/25% CEO 27.6 ± 0.9c 140.8 ± 0.7b 14.8 ± 0.4c 75.0 ± 0.7c 14.4 ± 0.1e 18.0 ± 0.9d

PLA/PEG/50% CEO 10.5 ± 0.5e 131.2 ± 0.8d 12.9 ± 0.3d 69.0 ± 0.4e 11.8 ± 0.3f 13.7 ± 0.5f

PLA/PEG/4% Ag–Cu NPs/50% CEO 14.9 ± 0.6d 134.3 ± 0.7c 18.2 ± 0.6b 73.6 ± 0.5d 15.3 ± 0.1d 14.9 ± 0.2e

Values are given as mean ± SD (n = 3).
Different superscript letters in the same column indicate significant differences (P < 0.05).

Control PLA/PEG PLA/PEG/2% Ag-Cu NPs 

PLA/PEG/4% Ag-Cu NPs PLA/PEG/25% CEO 

PLA/PEG/50% CEO PLA/PEG/4% Ag-Cu NPs/50% CEO 

Figure 4–Scanning electron micrographs of compression-molded plasti-
cized PLA films incorporated with Ag–Cu NPs and cinnamon essential oil.
Magnification: ×300.

absorption peaks are attributed to the CH3 deformation vibra-
tional peaks of PLA (Chieng, Ibrahim, Yunus, & Hussein, 2013).
Also, the peaks detected at the wavenumbers of 1181 and 1130
cm−1 were attributed to the symmetric C–O–C stretching of
PLA ester group and -CH3 rocking mode, respectively (Kister,
Cassanas, & Vert, 1998). The absorption band for asymmetric C-
O-C stretching vibration was observed at 1091 cm−1. The peaks
ascribed to C-CH3 and C-COO stretching vibrations were ob-
served at 1047 and 870 cm−1, respectively (Gong et al., 2014).
No new peaks were evident due to the reinforcement of Ag–Cu
NPs in the film matrix, which may indicate that there was only
physical interaction between plasticized PLA and Ag–Cu NPs.
Qu, Gao, Wu, and Zhang (2010) reported similar results for PLA
based nanocomposite films. However, the FTIR spectra revealed a
different peak at 1519 cm−1 when CEO was loaded into the PLA
film matrix indicating a chemical interaction between plasticized

PLA and CEO. The aromatic region with N–H bending vibration
is evident by the band at 1519 cm−1 (Ahmed et al., 2016).

XRD analysis
Figure 3B shows the XRD patterns of compression-molded

PLA composite films. The neat plasticized PLA films revealed a
wide intensity with a maximum peak at �2θ = 17°, representing
the semi-crystallinity structure of PLA (Pluta, 2004). Plasticized
PLA film reinforced with Ag-Cu NPs exhibited four diffraction
peaks corresponding to the (111), (200), (220), and (311) plane
reflections of Ag-Cu NPs placed at 2θ = 37.4°, 44.8°, 64.8°,
and 77.5° (Ahmed, Arfat, Castro-Aguirre, & Auras, 2016c). This
spectrum indicated the presence of the Ag–CU NPs with a small
variation of intensity of the 2θ = 17° peak. Loading of CEO did
not also affect the basic amorphous structure of PLA films after
compression molding. Other authors also demonstrated that the
biopolymer film structure was not affected by adding EO (Ab-
dollahi, Rezaei, & Farzi, 2012; Atef, Rezaei, & Behrooz, 2015).
Nevertheless, the PLA peak at �2θ = 17° varied in strength with
NP and CEO loading.

Thermal properties
The plasticized PLA film exhibited a Tg, Tm, and melt enthalpy

around 34.1 °C, 150 °C, and 14.2 J/g, respectively (Table 3). Re-
inforcement of NPs increased the Tg of the resultant composite
films by almost 6 °C and produces a significant change in the en-
thalpy. Such increase in Tg could be attributed to the restriction of
polymeric chain mobility when bimetallic nanoparticles with the
large specific surface area are reinforced into the matrix (Ahmed
et al., 2016c). A significant increase in Tg of PLA based films re-
inforced with various nanoparticles has been reported (Cacciotti,
Fortunati, Puglia, Kenny, & Nanni, 2014). The reinforcement of
Ag–Cu NPs into plasticized PLA improved Tc and Xc; indicating
decreased polymer chain movement and flexibility. A similar in-
crease in Tc and Xc induced by reinforcement of nanoparticles has
been reported (Fortunati et al., 2012).

Loading of CEO into the plasticized PLA films enhanced PLA
chains molecular mobility and decreased the thermal properties
in a dose-dependent manner. The Tg and Tm decreased signifi-
cantly from 34.1 to 10.5 °C and 150.0 to 131 °C with 50% CEO
in the composite films. Addition of CEO imparted a plasticiza-
tion effect, which was in agreement with the rheological studies
as discussed earlier. The Tc and %Xc followed a similar trend.
These changes in thermal properties of CEO loaded PLA films
are attributed to the ease in PLA crystallization at lower temper-
atures (Martin & Averous, 2001). A similar behavior in thermal
properties of biopolymer/EO composite films has been reported
(Javidi et al., 2016; Qin et al., 2017). However, Yahyaoui, Gordo-
bil, Dı́az, Abderrabba, and Labidi (2016) reported a small change

8 Journal of Food Science � Vol. 0, Iss. 0, 2018



Fo
od

En
gin

ee
rin

g,
Ma

ter
ial

s
Sc

ien
ce

,&
Na

no
tec

hn
olo

gy

Active chicken meat packaging . . .

Figure 5–In vitro antibacterial activities of compression-molded PLA films incorporated with Ag–Cu NPs and CEO against L. monocytogenes, S.
Typhimurium and C. jejuni after incubation for 1 (A) and 150 days (B).

in Tc with an increase of crystallinity for PLA/EO films produced
with myrtle, thyme oils, and rosemary. They proposed the molec-
ular structure and composition of the essential oils (Eucalyptol,
Camphor, and α-pinene) play a vital role in the polymer chain
mobility, and consequently, it behaved contrarily from other EO
loaded polymer matrix.

Film morphology
Figure 4 illustrates the microstructure of compression-molded

PLA composite films. The control plasticized PLA films had a
non-porous surface structure confirming the good compatibility
of PLA and PEG (Figure 4A). Loading of NPs into polymer matrix
occasioned a coarse structure of the composite film and dispersed
NPs (shown as white spots in the surface SEM image). With the
loading of CEO, the film surface changed into a rough perforated
structure with some distinct pores. The development of spongy

structure was attributed to the CEO evaporation from PLA/CEO
matrix during film development. Javidi et al. (2016) reported that
EOs incorporated in the PLA polymer matrix caused a discon-
tinuous film structure due to evaporation of volatile components
happening during the drying of the films. The porosity of CEO
loaded composite films decreased with 4% NPs reinforcement,
signifying fine structural integrity.

Antimicrobial activities of compressed molded plasticized
PLA composite films

The in vitro antimicrobial properties of plasticized PLA films
and Ag–Cu NPs and CEO against S. Typhimurium, L. mono-
cytogenes, and C. jejuni are shown in Figure 5. As expected, no
antimicrobial activity was noticed for the control film after 24 hr
of incubation whereas, the film loaded with NPs or CEO showed
a significant reduction of all test microorganisms. However, the

Vol. 0, Iss. 0, 2018 � Journal of Food Science 9
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Figure 6–Growth of L. monocytogenes, S.
Typhimurium and C. jejuni in chicken meat
samples wrapped with compression-molded
control PLA and PLA composite films and stored
at 4 °C for 21 days.

films with 50% CEO showed strong inhibition against C. jejuni
and the numbers were below the detection level (<10 CFU/mL).
The higher antimicrobial effect of CEO loaded films can be at-
tributed to the volatile nature of CEO making it release faster than
NPs, and the high load of CEO used in this test. The quantity of
antibacterial agent liberated from the film and the quantity of an-
tibacterial agent on the surface of the film controls the inhibitory
effect of the films against the test microorganism. Amongst all

films, those incorporated with 50% CEO and 4% NPs exhibited
the strongest antimicrobial activity and reduced the growth of S.
Typhimurium, L. monocytogenes and C. jejuni by 6.89, 7.24, and
8.10 log10 CFU/mL, respectively. The excellent antimicrobial
activity and mechanisms of action of Ag-Cu NPs and essential
oils against various bacterial species have been demonstrated (Ar-
fat, Benjakul, Prodpran, Sumpavapol, & Songtipya, 2014; Burt,
2004). The release of Ag+ or Cu2+ ions from the PLA films
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could penetrate the cell wall and create a reaction with key cel-
lular ingredients, which lastly lead to cell death. Furthermore,
cinnamaldehyde, the main compound present in the CEO, can
inhibit production of essential enzymes, stimulate protein denat-
uration and damage microbial cell wall permeability (Sanla-Ead,
Jangchud, Chonhenchob, & Suppakul, 2012).

Antimicrobial activity of films PLA/PEG/4% Ag-Cu,
PLA/PEG/50% CEO, and PLA/PEG/4% Ag-Cu/50% CEO was
tested for their antimicrobial activity against selected pathogens
after 150 days storage at 4 °C. The observed results are shown
in Figure 5B. It can be seen that the antimicrobial activity of the
films decreased after 150 days storage because of the high volatility
and evaporation of CEO active components during storage of the
films having less active compound (Hili, Evans, & Veness, 1997;
Li, Kong, & Wu, 2013). The drop in the antimicrobial activity in
the NP incorporated films could be influenced by the prolonged
storage when the films become stiff that hindered the release of
the NPs.

Microbial validity of the compressed molded PLA
composite films with chicken sample

Figure 6 shows the degree of survival of L. monocytogenes, S.
Typhimurium and C. jejuni in contaminated chicken in PLA com-
posite packaging films during 21 days of refrigerated storage con-
ditions. L. monocytogenes, S. Typhimurium and C. jejuni, average
initial counts for the inoculated chicken samples were 6.65, 5.40,
and 5.52 log CFU/g, respectively. The growth of all test microor-
ganisms was controlled if cinnamon oil was incorporated in the
PLA composite films. The counts of L. monocytogenes, C. jejuni,
and S. Typhimurium decreased significantly to 3.87, 2.59, and
2.42 log CFU/g when packed in the film loaded with 50% CEO.
Qin et al. (2015) also observed pronounced reduction in the mi-
crobial count of mushrooms when they were packed in PLA blend
film incorporated with 9 wt% cinnamaldehyde.

The counts of C. jejuni and S. Typhimurium in chicken sample
packed in PLA/Ag-Cu4%/CEO50% reached below the detection
level on the 21st day. A considerably higher reduction of microor-
ganisms was attributed to the synergistic effect triggered by the
release of both cinnamaldehyde and silver/copper ions from the
composite film which leads to disruption of metabolic processes
or rupture of the bacterial cell wall, causing cell death (Li et al.,
2010). Echegoyen and Nerı́n (2013) studied the migration of silver
nanoparticles from nanocomposite films, and they described two
mechanisms for the migration of silver nanoparticles, which were
the detachment of the silver nanoparticles from the nanocompos-
ites and dissolution of silver ions upon oxidation. These authors
also concluded that the Ag migration was well below the maxi-
mum migration limits as stated by the European Union legislation.
Cushen, Kerry, Morris, Cruz-Romero, and Cummins (2014) also
studied the effect of time and temperature on the migration of sil-
ver and copper from polyethylene nanocomposite films to boneless
chicken breasts, and they also showed that silver migration limits
were below the values stated by the European Union legislation.

Conclusions
We produced active PLA composite films by incorporating Ag–

Cu NPs and CEO via compression-molding method. Frequency
sweep tests of plasticized PLA composites showed predominantly
liquid-like behavior. Incorporation of NPs and CEO greatly influ-
enced the barrier and structural properties of PLA nanocomposite
films. Both Ag–Cu NPs and CLO influenced thermal properties
of plasticized PLA films. The interaction between PLA matrix and

Ag–Cu NPs was physical whereas chemical interactions were ob-
served between PLA and CLO as revealed by FTIR spectroscopy.
PLA composite films showed strong antimicrobial activity against
all test microorganisms on contaminated chicken meat samples
during 21 days at 4 °C. Overall, the PLA based composite films
had the potential for development of UV protective and antimi-
crobial packaging material inhibiting the development of food
borne pathogens.
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