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Spain 
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A B S T R A C T

There is a paramount demand on the enhancement of plastic package properties to reduce food loss and waste. 
With this awareness, ternary composite films based on low density polyethylene (LDPE) reinforced with silver- 
(Ag/FS), copper- (Cu/FS) and copper hydroxynitrate-fumed silica (CuHS/FS) micron-sized dual-side fillers, were 
produced via melt-blending and compression molding techniques. The ternary films exhibited antibacterial ac-
tivity against the foodborne pathogens Staphylococcus aureus and Salmonella enterica, showing a stronger effect in 
the LDPE-Cu/FS with a 0.3% and 30.9% survival ratio, followed by LDPE-CuHS/FS films with a 0.4% and 50.7%, 
respectively. The specific Cu migration presented a maximum value of 1.29 mg/ kg of food simulant, that is 
within the threshold limit established by current legislation for food contact materials, thus permitting their use 
as packaging films for acidic, alcoholic, and aqueous foodstuffs. This work presents the relevance of alternative 
fillers to produce active packaging products.   

1. Introduction

Nowadays, food loss and waste are still a very problematic issue. The
FAO (Food and Agriculture Organization of the United Nations), in a 
2019 report, presented that close to one-third of the world food intended 
for human use (approximately 1.3 billion tonnes of food per year) is lost 
or wasted (FAO, 2019). This was a 2011 approximation and is still 
regarded as the only global estimation covering all food supply and 
production sectors (FAO, 2019). The food packaging is amongst the 
solutions, and as reported by AMERIPEN (American Institute for Pack-
aging and Environment), approximately 20–25% of food waste can be 
avoided by applying food packaging technologies (AMERIPEN, 2020). 
This active role is related to the improvement of the food shelf life 
(quality-related) and safe life (safety-related), that is often through, but 
not only, the reduction of microbial growth, being this also associated to 
foodborne diseases, responsible for 420 thousand deaths in a 2010 
estimation (WHO, 2015). 

Accordingly, there is a need to improve currently available food 

packaging options with the adequate functionalities to reduce microbial 
growth. For this, the dispersion of metal-based nano/micro-fillers into a 
polymer matrix is a well-known route to develop antimicrobial active 
packaging (Videira-Quintela, Martin, & Montalvo, 2021). As the most 
used inorganic fillers to provide this active property, one can include: (i) 
metallic nanoparticles (NPs), such as AgNPs (Jo et al. 2018) and CuNPs 
(Lomate, Dandi, & Mishra, 2018); (ii) Ag-Cu alloys (Ahmed et al. 2018), 
and (iii) metal oxides, such as ZnO (Shankar, Wang, & Rhim, 2018), 
TiO2 (Díez-Pascual & Díez-Vicente, 2015), and CuO (Dehghani, Peigh-
ambardoust, Peighambardoust, Hosseini, & Regenstein, 2019; Peigh-
ambardoust, Peighambardoust, Pournasir, & Mohammadzadeh Pakdel, 
2019). 

Despite the high effectiveness of the metal-based fillers in microbial 
reduction, the regulations with respect to their approval are complex, 
mostly due to the concerns related to their human toxicity impact 
(Videira-Quintela et al., 2021). This is directly related to the migration 
behavior of such fillers, that can occur through i) particle diffusion from 
the interior of the film, ii) particle desorption located at the surface of 
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the film, and iii) metallic ion dissolution, where the film acts as an 
ionic-exchange polymer (Duncan & Pillai, 2015). Consequently, the 
development of strategies to attenuate and somehow control the 
migration behavior of such fillers is an interesting field to diminish the 
negative impacts related to their use. 

One approach to reach this goal is by the entrapment of the active 
site (e.g., AgNPs, CuNPs, or CuONPs) physically and/or chemically into 
another inorganic filler, creating dual- or triple-side fillers. This would 
cause migration constraints of the active site by avoiding particulate 
migration and high levels of metallic ion migration (Videira-Quintela 
et al., 2021). On the other hand, these can offer a broad range of 
enhanced properties (e.g., gas barrier, thermal, mechanical, etc.) due to 
the combined synergistic effect coming from both the structures present 
in the filler. For example, a AgNPs/clay dual-side filler allowed a 
controlled release of Ag+, enhanced thermal stability and improvements 
in oxygen and water vapor permeability in a poly(lactic acid)-poly 
(-butylene adipate-co-terephthalate) polymer blend (Girdthep et al. 
2014). In another example, a chitosan film filled with AgNPs/laponite 
dual-side filler allowed the lowering in the migration (5.6%) in com-
parison to the AgNPs-chitosan film (29.1%) with no significant alter-
ation in the antibacterial properties of the films (Wu, Huang, Li, Xiao, & 
Wang, 2018). Other related fillers can be found in a recent review 
(Videira-Quintela et al., 2021). 

With this strategy in mind, recently, antibacterial dual-side fillers 
comprised of silver (Ag/FS), copper (Cu/FS), and copper hydroxynitrate 
(Cu2(OH)3NO3; CuHS/FS) micro-sized particles decorated onto a pyro-
genic fumed nanosilica (SiO2, FS) were developed to be used as polymer 
fillers (Videira-Quintela, Guillén, Montalvo, & Martin, 2020). The cop-
per hydroxynitrate, which is comprised of copper(II) hydroxide layers
(Cu(OH)2) interconnected by nitrate (NO-

3) ions and mostly used as
catalyst (Dai & Mao, 2020; Srikhaow & Smith, 2013), was highlighted as 
a novel antibacterial active material with potential to develop antibac-
terial active films (Videira-Quintela et al., 2020). Despite the 
non-approved food contact character of the active site of the fillers (i.e., 
the micron-sized Ag, Cu and Cu2(OH)3NO3 particles), the use of a food 
grade fumed silica as the doping matrix presents a good approach for 
their less troubled approval in terms of the final product, due its clas-
sification as an approved food additive (E551) and substance to be used 
on food contact materials (EC, 2011). On the other hand, since the size of 
the active site is not within the nano-size range, compliance with the 
regulations regarding the use of nanotechnology in food packaging is 
expected. 

In this study, we focused on evaluating the effectiveness of the dual- 
side fillers (i.e., Ag/FS, Cu/FS and CuHS/FS) to develop antibacterial 
active films for rigid packaging, with the CuHS/FS being here presented 
as a novel filler. To this end, the powder-like fillers were incorporated by 
melt-blending followed by compression molding to create LDPE com-
posite films. The physicochemical, thermal, and morphological proper-
ties are studied in detail throughout this work, to evaluate the impact of 
the dual-side fillers on the film integrity. The bacteria S. aureus and 
S. enterica, which are amid the responsible for foodborne intoxications
(acute intoxications) and as a diarrhoeal disease agent (WHO, 2015),
respectively, were chosen for the antibacterial evaluation. Our results
show that the copper-based films (LDPE-CuHS/FS and LDPE-Cu/FS)
were efficient against both bacteria, achieving bacterial reduction as
high as 99.7% vs. S. aureus and 69.1% vs. S. enterica . The specific copper
migration is also addressed, displaying values below the threshold limit
of 5 mg/ kg of food simulant (EC, 2011), thus permitting their use as
packaging films for acidic, alcoholic, and aqueous foodstuffs.

2. Material and methods

2.1. Materials

Low density polyethylene (LDPE, Riblene MP30R, d25 ◦C = 0.925 g/ 
cm3, melting point of 112 ºC, Versalis, Milan, Italy), kindly gifted by 

EMSUR (Spain), was used as the model polymer matrix. The polymer 
pellets were used without pre-treatment. Homemade dual-side fillers 
(Videira-Quintela et al., 2020) characterized by having quasi-spherical 
metallic silver (Ag/FS, 210 nm average Ag size), copper (Cu/FS, 
310 nm average Cu size), and plate-like copper hydroxynitrate 
(CuHS/FS, 930 nm x 60 nm length x width average Cu2(OH)3NO3 size) 
decorated onto a micro-aggregated fumed silica (FS) were used as fillers 
for polymer matrix incorporation. The active components (i.e., Ag, Cu 
and CuHS) have a quantified weight percentage of ~43, 35 and 14 wt% 
for the Ag, Cu, and CuHS, respectively. 

2.2. LDPE-X/FS composite films 

LDPE-X/FS composite masterbatches were manufactured via melt- 
blending at 120 ◦C in a Haake internal mixer (Thermo Haake Rheomix 
Polylab System) during 40 min and at 40 rpm (rotations per minute). 
Before the melt processing, the different X/FS fillers were dried over-
night at 75–80 ◦C. The LDPE pellets were melt-blended with the 
appropriate amount of the X/FS (X = Ag, Cu, and CuHS) fillers to obtain 
a 2 wt% final concentration. Filler loading optimization was performed 
based on the optimal antibacterial activity initiation at 2 wt%. Giving 
the wt% of the Ag, Cu, and CuHS in the dual-side fillers (see Section 2.1), 
the wt% in the composite films regarding the active components was of 
~0.86, 0.7, and 0.28 wt% for the Ag, Cu and CuHS, respectively. 

Next, the masterbatches were compressed using a hot-plate hy-
draulic press (Fontijne Presses) at 120 ◦C and 120 kN during 18 min, 
giving the LDPE-Ag/FS, LDPE-Cu/FS, and LDPE-CuHS/FS composite 
films (22.2 cm × 12.2 cm; 0.027 m2). Given the film dimensions, the 
concentration of the Ag, Cu, and CuHS was of ~1.3 × 104, 1.0 × 104, 
and 4.1 × 103 mg/ m2 respectively. Neat LDPE served as control films 
fabricated under the same experimental conditions. The composite films 
have the objective to be applied for rigid packaging, and thus all films 
presented a thickness of ~500 µm (Table S1) to ease the evaluation of 
the physiochemical and food packaging properties. 

2.3. Physicochemical characterization 

Fracture surface was examined using a field emission scanning 
electron microscope (FESEM, Hitachi SU-70) applying an acceleration 
voltage of 10.0 kV. 

Infrared spectral analysis was carried out on a Thermo Scientific 
Nicolet IS10 FT-IR spectrometer (Waltham, MA, USA) in attenuated 
total reflectance (ATR) mode. The spectra were taken in a range between 
4000 and 525 cm− 1, 32 scan accumulations, and with a resolution of 
4 cm− 1. Raman data was collected using a Thermo Scientific DXR2 
Raman Microscope spectrometer (Waltham, MA, USA) according to the 
same conditions described in a previous study (Videira-Quintela et al., 
2020). Total acquisition time for each spectrum was 75 s (5 s exposure x 
15 exposures). Three different films (3 cm × 3 cm; 9 cm2) of each 
sample were analysed from 3 to 5 different locations across the sample 
and averaged to get their corresponding fingerprint spectrum. 

Differential scanning calorimetry (DSC, Mettler Toledo 822 differ-
ential scanning calorimeter) was carried out under N2. The DSC curves 
were obtained by applying conventional dynamic scanning (previous 
thermal history was eliminated) in a − 100–150◦C range at 10 ◦C/ min 
and sample weight of ~13 mg. The normalized peak enthalpies were 
used to determine the degree of crystallinity according to the equation: 
Xm = (ΔHm,LDPE/ΔH0

m,LDPE) × 100% where ∆Hm,LDPE is the apparent 
melting enthalpy of LDPE, and ∆H0

m,LDPE is the melting enthalpy for a 
100% crystalline sample (293 J/ g) (Li, Zhou, Wang, He, & Yang, 2019). 

Thermogravimetric analysis (TGA, Perkin Elmer 6000STA system) 
was used to evaluate the thermal stability. The conditions included a 
heating step from 50◦ to 600 ◦C at 10 ◦C/ min under a synthetic air 
(20 mL/ min) atmosphere. 

D. Videira-Quintela et al.
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2.4. Migration 

The specific migration test was obtained under different liquid food 
simulants: food simulant C for aqueous and alcoholic food (10% v/v 
ethanol) and food simulant B for acidic food (3% v/v acetic acid), ac-
cording to the Regulation (EU) no. 10/2011 (EC, 2011). A total immersion 
test was performed at a surface to mass ratio of approximately 4.44 dm2/ 
kg of the food simulant and kept at 40 ◦C for 10 days. Subsequently, the 
films were removed, and a 1 mL aliquot was diluted accordingly with 
Milli-Q water and 5% nitric acid for Ag and Cu quantification using 
inductively coupled plasma - optical emission spectroscopy (Varian 720 
ICP-OES). A series of silver and copper dilutions containing 0.2, 0.5, 1, 2, 
and 4 mg/ L in 5% nitric acid, were used as standard solutions. The ob-
tained migration values, in mg of Ag or Cu per kg of food simulant, were 
later estimated using the standard value of 6 dm2/ kg surface to mass ratio 
stipulated by the Regulation (EU) no. 10/2011 (EC, 2011) and according 
to a safety evaluation of a dual-side filler (iron/clay) to be used in food 
contact packaging by the European Food Safety Authorization (EFSA) 
agency (EFSA Panel on Food Contact Materials & Aids, 2012). The 
migration was also presented as migration ratio (%), calculated according 
to the equation: Migration ratio (%) = (Mrelease ÷ Mcontent) × 100 %, 
where Mrelease (in mg) is the metal released by the film composites, and 
Mcontent (in mg) is the theorical approximate metal quantification in each 
composite film, determined using a mgfiller/ mgfilm relation given by the 
TGA results. Then, the average of the migration ratio (%) from both food 
simulants was determined to give the total migration ratio (%). Average 
values and standard deviation of three independent experiments are 
reported. 

2.5. Antibacterial activity 

The LDPE-X/FS composite films were tested against S. aureus 
(American Type Culture Collection, ATCC 29213) and S. enterica (ATCC 
35664). The test was based on a combination of two standard protocols 
for assessing the antibacterial activity on plastic materials, the Japanese 
industrial standard (JIS Z 2801) (JIS, 2010) and the ISO 22196 (ISO, 
2011) with some modifications as described below. Both bacteria were 
plate incubated at 37 ◦C for 24 h. Next, the bacteria were suspended in 
0.1 mM phosphate buffer (pH 7), and consequently diluted in order to 
obtain an absorbance (Hitachi U-2001) at 550 nm (optical density, 
OD550 nm) of ~0.125 that corresponds to the 0.5 McFarland standard 
with a bacterial concentration of ~1.5 × 108 CFU (colony forming 
units) per mL. This bacterial solution was used from this point forward to 
determine the antibacterial action of LDPE-X/FS composite films. Before 
testing, all the films used were cleaned and disinfected with 70% (v/v) 
ethanol. Briefly, the films (3 cm × 3 cm) were allocated into a plastic 
sterile petri dish, and a 100 µL of the bacterial solution (~1.5 ×108 

CFU/ mL) was dropped on the surface of the LDPE-X/FS films, subse-
quently covered by an inert LDPE film of 2 cm × 2 cm and incubated at 
28 ◦C for 24 h with a relative humidity of 100%. After incubation, the 
bacteria were recovered by adding 9.9 mL of 0.1 mM phosphate buffer 
(pH 7), and subsequently agitated at 6 × 100 min− 1 for 20 min to ensure 
proper recovery of the bacteria. Afterwards, a plate count method was 
performed by 10-fold serial dilutions of the bacteria suspension, fol-
lowed by spread plating on PCA (plate count agar) medium and incu-
bation at 37 ◦C for 24 h to quantify the number of viable bacterial cells. 
Neat LDPE films without the X/FS fillers were used as negative control. 
The antibacterial test was independently repeated at least three times for 
each polymer composite and neat LDPE, and the results are described 
with the average value of the survival ratio (%) and the correspondent 
standard deviation. 

3. Results and discussion 

3.1. Physicochemical characterization of the LDPE-X/FS composite films 

In Fig. 1 the photos of the LDPE-X/FS composite films with the 
corresponding FESEM images from fractural section zones are 
presented. 

The pure LDPE films are colorless and completely transparent. By 
addition of the fillers a clear change in color in the LDPE is observed, 
typically ascribed to the addition of metallic filler particles, changing to 
yellow for LDPE-Ag/FS, red/violet for LDPE-Cu/FS, and light green for 
LDPE-CuHS/FS. The black cross mark is clearly visible in the LDPE-Cu/ 
FS and LDPE-CuHS/FS films, with a visibility decrease in the LDPE-Ag/ 
FS (Fig. 1, up), probably due to the higher metal percentage in this filler, 
as given in the materials Section 2.1. In the FESEM images (Fig. 1, 
middle), the light-gray irregular shapes (marked by white arrows) 
correspond to the X/FS micro-sized fillers, also represented in the inset 
FESEM images (Fig. 1, down). The bright dots inside the X/FS fillers 
correspond to the Ag, Cu, and CuHS particles (Fig. 1, down). The ho-
mogeneous dispersion of silica-based inorganic fillers into nonpolar 
polymeric matrices (such as the LDPE) by melt-blending is extremely 
hard to achieve due to their strong surface activity leading to particle- 
particle interactions that tend to form micron-sized agglomerates (Jez-
iórska, Zielecka, Gutarowska, & Żakowska, 2014). However, in this 
study, the filler is already characterized as having a micro-sized struc-
ture of fumed silica decorated with Ag, Cu and CuHS particles (FESEM 
insets in Fig. 1, down), thus an equally random filler dispersion can be 
observed in each composite film. 

To provide information about the dual-side filler incorporation, 
vibrational spectroscopy was performed and the ATR-FTIR of the films 
were recorded and compared in Fig. 2A. 

Pure LDPE film displays -CH2 rocking vibrations at ~719 and 
730 cm− 1, and -CH2 wagging at ~1301 and 1369 cm− 1 (Jung et al. 
2018; Noda, Dowrey, Haynes, & Marcott, 2007). The sharp bands at 
~1463 and 1472 cm− 1 are associated to the -CH2 bending vibrations. 
The ones located at ~2848 and 2916 cm− 1 are related to the -CH2 
stretching vibrations (Jung et al., 2018; Noda et al., 2007). Furthermore, 
the methyl (-CH3) bending vibrations can be observed at ~1377 cm− 1 

(Jung et al., 2018). The high similitude between all the infrared spectra 
is clearly observed (Fig. 2A) with no significant deviations in the -CH 
vibrations with respective to neat LDPE, however a characteristic band 
correspondent to the SiO2 matrix at ~1084–1087 cm− 1 is observed in 
the composite films, and related to the Si-O-Si stretching vibrations 
(Alessi, Agnello, Buscarino, & Gelardi, 2013; Becaro et al. 2015). By 
comparing the same SiO2 vibration from the Ag/FS, Cu/FS, and 
CuHS/FS fillers (see Fig. S1), a higher shift is detected in the composite 
films, which could point to the existence of weak filler-polymer in-
teractions. Between 2500 and 3000 cm− 1, no shift n the -CH2 stretching 
vibrations are detected, either in the Raman and IR spectra, and thus this 
spectral region is superimposed in Fig. 2. 

Raman spectroscopy was also performed and is represented in 
Fig. 2B. The Raman spectrum of pure LDPE is characterized by having 
-CH2 vibrations at ~1170 cm− 1 (rocking), ~1296 cm− 1 (twisting), 
~1370 cm− 1 (wagging), ~1419, 1440 and 1459 cm− 1 (bending), 
~2849 and 2883 cm− 1 (stretching) (Kida, Hiejima, & Nitta, 2016; Sato 
et al. 2002). Also, vibrations at ~890, 1063, and 1130 cm− 1 are linked 
to the C-C stretching (Kida et al., 2016; Sato et al., 2002). In the 
LDPE-X/FS films, the Raman spectra mainly manifested the peaks of the 
LDPE with some influence of the filler. The LDPE-Ag/FS spectrum dis-
plays peaks at ~239 cm− 1 related to the Ag-O vibrations (Biswas, Tii-
mob, Abdela, Jeelani, & Rangari, 2019; Oliani et al. 2017). The 
spectrum of LDPE-Cu/FS exhibits Cu-O vibrations at ~390, 528 and 
622 cm− 1, the latter two assigned to Cu2O phase (Deng, Handoko, Du, 
Xi, & Yeo, 2016). At last, in the LDPE-CuHS/FS, NO3 vibrations at 
~1050 cm− 1 are observed, typical of the copper hydroxynitrate salt 
(Cu2(OH)3NO3) structure (Pereira, Faria, & Constantino, 2006). 

D. Videira-Quintela et al.                                                                                                                                                                                                                      
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Dynamic DSC thermograms were taken to evaluate alterations on the 
thermal behavior of the LDPE due to filler incorporation, with the results 
depicted in Fig. 3 and Table 1. 

The incorporation of 2 wt% of each filler did not significantly altered 
the crystallization temperature (Tc), melting temperature (Tm), and the 
degree of crystallinity (Xc), in comparison to the neat LDPE (see Fig. 3 
and Table 1). Thus, the thermal behavior of the LDPE was not altered by 
the filler addition. Nonetheless, a broadening effect on the crystalliza-
tion and melting peaks for LDPE-Cu/FS and LDPE-CuHS/FS (Figs. 3A 
and 3B) can be observed, which is characteristic of a poorer crystalli-
zation process (Díez-Pascual & Díez-Vicente, 2014, 2015). Changes in 
the crystallinity behavior have been previously reported in a HDPE filled 
with unmodified SiO2 and Ag-Cu/SiO2 nanofillers (Jeziorska, Szad-
kowska, Zielecka, Wenda, & Kepska, 2017), and in a Ag/SiO2 nanofiller 
reinforced LDPE matrix (Becaro et al., 2015). 

TGA was performed to study the thermal stability, and the results are 
shown in Fig. 4. In Fig. S2 is represented the TGA data for the pure dual- 
side fillers. The characteristic degradation temperatures along with the 
char residue (CR), are displayed in Table 1. 

The one stage thermal decomposition of neat LDPE (Fig. 4B) under 
air initiates at ~357 ◦C (Ti) with the Tmax at ~461 ◦C (Fig. 4A, Table 1). 
The degradation mainly occurs by oxygen-induced scission reactions of 
the C-C backbone with the additional generation of radical and oxidized 
species, and subsequent propagation (García, Hoyos, Guzmán, & 
Tiemblo, 2009; Jeziorska et al., 2017). The composite films are also 
characterized by a one stage thermal decomposition (Fig. 4B) albeit 
slightly shifted to higher temperatures for the LDPE-Cu/FS and 
LDPE-CuHS/FS, thus demonstrating a thermal stabilization effect by the 
addition of the dual-side fillers, and to lower temperatures in the case of 
the LDPE-Ag/FS (Table 1). In overall, the LDPE-CuHS/FS composite film 
presented a slight enhanced thermal stability in all stages of the thermal 
decomposition with increases of 21.2, 12.4, 1.7 and 2.9 ºC at the Ti, T10, 
T50, and Tmax parameters (Table 1), respectively, under air environment. 

A different behavior in the LDPE-Cu/FS film is observed, where at the 
initial stages both Ti and T10 increases by 9.8 and 7.7 ◦C, respectively, 
and at the final stages of the thermal degradation a decrease of 2.9 ºC at 
Tmax is observed. The LDPE-Ag/FS composite film presented the worst 
thermal stability in all stages of the thermal decomposition, with de-
creases of 5.6, 9.4, 4.9 and 2.2 ºC at the Ti, T10, T50, and Tmax parameters 
(Table 1), respectively. Such an observation was also found in a LDPE 

Fig. 1. Photos and FESEM images of LDPE-Ag/FS, LDPE-Cu/FS, and LDPE-CuHS/FS (left to right) composite films with 2 wt% filler concentration. The black cross 
mark shows the transparency of the films (up). The white arrow points out the X/FS filler (middle), represented in the inset FESEM images (down). 

Fig. 2. (A) ATR-FTIR and (B) Raman spectra of neat LDPE and the composite 
films LDPE-Ag/FS, LDPE-Cu/FS, and LDPE-CuHS/FS with 2 wt%. 

D. Videira-Quintela et al.                                                                                                                                                                                                                      
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composite filled with AgNPs, in which the AgNPs acted as thermal 
degradation active sites due to their high thermal conductivity (Bum-
budsanpharoke, Lee, & Ko, 2018; Dehghani et al., 2019). 

The increment of thermal stability can have multi-factor reasons that 
can be related to the (i) filler acting as a physical barrier protecting the 
polymer and hindering the transport of the volatile products generated 
during the thermo degradation of the material, preventing also oxygen 
diffusion (García et al., 2009); (ii) elevated thermal conductivity of the 
copper-based fillers (Cu/FS and CuHS/FS) that favors heat dissipation 
within the LDPE matrix (Díez-Pascual & Díez-Vicente, 2015); and (iii) 
presence of an already thermal stable filler, the metal oxide silicon di-
oxide (SiO2) (Becaro et al., 2015). 

3.2. Migration 

The specific migration tests were conducted in 10% (v/v) ethanol 

and 3% (v/v) acetic acid solutions to evaluate the quantity of material 
that might migrate to the food simulant. The results expressed as mg of 
Ag or Cu per kg of food simulant are displayed in Fig. 5A. Further details 
about the calculation method are given in Table S2. 

ICP-OES analysis was performed to obtain the specific migration for 
silver and copper in the LDPE-based composite films, and the values 
were estimated giving the 6 dm2/ kg standard ratio (see Table S2 for the 
calculation method). For the LDPE-Ag/FS (Ag+), LDPE-Cu/FS (Cu2+) 
and LDPE-CuHS/FS (Cu2+), average specific migration values of ~0.28, 
1.10 and 0.76 mg/ kg of acetic acid food simulant, and ~− 0.0090, 1.29, 
and 0.050 mg/ kg of ethanol food simulant, were obtained respectively. 
There is a tendency of higher migration in the acetic acid simulant, also 
observed by other authors (Cao et al. 2018; Liu, Hu, Zhao, Shi, & Zhong, 
2016), due to the facilitated oxidation of the metallic particles at acidic 
conditions. A clear oxidation of the metallic copper is observed in the 
acetic acid, in contrast to the film with ethanol simulant (Fig. S3) for the 

Fig. 3. First cooling (A) and second heating (B) DSC thermograms of neat LDPE 
and the composite films LDPE-Ag/FS, LDPE-Cu/FS, and LDPE-CuHS/FS with 
2 wt%. 

Table 1 
Calorimetric dataa obtained from DSC and TGA of the neat LDPE and the composite films with 2 wt%. Corresponding units are given in parentheses.  

Films Tc (◦C) Tm (◦C) Xc (%) Ti (◦C) T10 (◦C) T50 (◦C) Tmax (◦C) CR (%) 

Neat LDPE  95.8  113.3  37.3  356.7  403.1  454.0  461.2  0.1 
Ag/FS  96.4  112.1  36.2  351.1  393.7  449.1  459.0  3.1 
Cu/FS  95.8  112.4  36.0  366.5  410.8  451.1  461.7  1.3 
CuHS/FS  95.0  113.0  36.7  377.9  415.5  455.7  464.1  2.4  

a Tc: crystallization temperature; Tm: melting temperature; Xc: degree of crystallinity; Ti: initial degradation temperature at 2% weight loss; T10: temperature at 10% 
weight loss; T50: temperature at 50% weight loss; Tmax: temperature of maximum rate of weight loss; CR: char residue. 

Fig. 4. (A) TGA and (B) DTG (derivative thermogravimetry) curves of neat 
LDPE and the LDPE-Ag/FS, LDPE-Cu/FS, and LDPE-CuHS/FS films with 2 wt%, 
under synthetic air environment. 
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LDPE-Cu/FS film. The migration values of LDPE-Cu/FS in 10% (v/v) 
ethanol (Fig. 5A) show a deviation to the normal migration behavior, 
and this could be due to the presence of the Cu/FS filler in the cutting 
edges of the film, allowing an erroneous increase in the migration 
values. Particle release from the edges in cut up film slices may interfere 
with the measurability of migration (Duncan & Pillai, 2015). 

The average values (Fig. 5A) obtained for the migrated Cu in the 
LDPE-Cu/FS and LDPE-CuHS/FS composite films are below the recal-
culated specific migration limit (SML; see Fig. 5A and Table S2 for cal-
culations) giving a SML of 5 mg/ kg for copper (EC, 2011). However, in 
the case of the LDPE-Ag/FS, specifically in the acetic acid simulant, 
superior values were obtained giving a recalculated SML on basis on the 
standard SML for silver of 0.05 mg/ kg of simulant (FSVO, 2016). 
Considering the presented data, the LDPE-Cu/FS and LDPE-CuHS/FS 
composite films fulfill the established migration limit for all types of 
foods (alcoholic, acidic and aqueous foodstuffs) (EC, 2011). In the case 
of the LDPE-Ag/FS film, this is only accepted for alcoholic and aqueous 
foodstuffs. Furthermore, considering the applied test conditions (40 ◦C 
for 10 days), composite films can be applied as contact materials with 
food for up to 30 days at room temperature, and for more than 30 days at 
refrigerated or frozen temperature, as given by Regulation (EU) no. 
10/2011 (EC, 2011). 

One of the main ideas of developing the dual-side fillers, such as the 
X/FS (X = Ag, Cu, and CuHS), was to hinder the migration of the 
metallic active site, and hence leading to acceptable limits and mini-
mizing consumer exposure. Thus, the good metallic-silica interaction 
caused the low migration limits observed. Another reason could be the 
particle sizes of the metallic active compound being superior to 100 nm 
in the X/FS (X = Ag, Cu, and CuHS) fillers (see Section 2.1). This is 
linked to the acceptance that nano-sized metallic particles (< 100 nm) 

tend to oxidize much faster and release larger quantities of metallic ions 
(Weiner, Sharma, Xu, Gray, & Duncan, 2018). 

3.3. Antibacterial activity 

As previously indicated, the Gram-positive S. aureus and Gram- 
negative S. enterica, are two of the main bacteria responsible for the 
appearance of foodborne diseases. Thus, restricting their growth can 
prove as an effective pathway into the reduction of foodborne disease 
dissemination, also improving the food safety and quality. The LDPE-X/ 
FS (X = Ag, Cu, and CuHS) films were explored as active antibacterial 
films against the aforesaid bacteria, and the results are presented in 
Fig. 5B, in line with the calculated values summarized in Table S3 for the 
total migration ratio and Table S4 for the survival ratio. The LDPE-Cu/FS 
and LDPE-CuHS/FS films presented a more effective reduction of both 
bacteria, achieving 0.3% and 0.4% survival ratio (i.e., 99.7% and 99.6% 
reduction) against S. aureus, respectively, and 30.9% and 50.7% survival 
ratio (i.e., 69.1% and 49.3% reduction) against S. enterica, respectively. 
The LDPE-Ag/FS composite film presented the worst antibacterial 
reduction for both bacteria with ~88.7% and 19.6% survival ratio (i.e., 
11.3% and 80.4% reduction) for S. enterica and S. aureus, respectively 
(Fig. 5B). These results highlight the antibacterial capacity of the 
copper-based LDPE films, especially the LDPE-CuHS/FS as a novel type 
of antibacterial active filler. 

The differences observed in the antibacterial results of the composite 
films could be explained considering (1) the cell structure of both bac-
teria, and (2) the metallic ion migration capability of the active site of 
the filler. A trend is observed where the survival ratio of S. enterica is less 
affected in comparison to S. aureus. The cell wall complexity of the 
Gram-negative bacteria with an outer membrane could provide greater 
resistance in comparison to the Gram-positive bacteria cell wall lacking 
this membrane (Díez-Pascual & Díez-Vicente, 2015). Moreover, the 
danger sensing combined with the moving ability of the S. enterica, could 
result in a trickier bacterium to inactivate (Shippy, Eakley, Bochsler, & 
Fadl, 2011). 

With respect to point (2), it is of general thinking that the antibac-
terial capability of polymer composites filled with metal-based fillers is 
related to their migration ability from the polymer matrix, more spe-
cifically their metallic ions (in this case, Ag+ and Cu2+) (Videir-
a-Quintela et al., 2021). In Fig. 5B, a clear correlation between the 
migration ratio (%) and the antibacterial activity is presented, with a 
rise of ion migration indicating a rise on the antibacterial effect by the 
copper-based films. This demonstrates the relation between the ability 
of metallic ion liberation and the antibacterial effects. Consequently, the 
metallic ions are associated with multiple pathways of bacterial cell 
damage, being some of them related to protein inactivation, disruption 
of DNA replication (Jo et al., 2018), or by ROS (reactive oxygen species) 
generation inducing cellular oxidative stress (Duncan, 2011). 

Previous literature has reported several antibacterial thermoplastic- 
based composite films with metal-based fillers (Table 2). In comparison 
with the reported data and considering (i) the average size of the metal 
particles in the X/FS dual-side fillers (>100 nm), (ii) the thickness of the 
used film (500 µm), both influencing the migration kinetics of the 
metallic ions (Videira-Quintela et al., 2021), and (iii) the inert anti-
bacterial character of the SiO2 (Videira-Quintela et al., 2020), the 
as-prepared composite films, especially the LDPE-CuHS/FS and 
LDPE-Cu/FS, demonstrate strong competitiveness as to provide alter-
native and novel options as antibacterial active films. The LDPE-Ag/FS 
composite film showed an unusual behavior, since antibacterial fillers 
based on silver usually provide higher values of antibacterial reduction 
(Table 2). However, other authors also observed in a LDPE matrix filled 
with varied amounts of AgNPs, CuONPs, and ZnONPs, that the incor-
poration of AgNPs showed smallest antibacterial results in comparison 
with the incorporation of CuONPs and ZnONPs against S. aureus (Beig-
mohammadi et al. 2016; Dehghani et al., 2019). 

In respective to the cytotoxicity, in a recent study (Jiang, Yu, Li, Zhu, 

Fig. 5. (A) Specific migration in mg of Ag or Cu per kg of food simulant at 
40 ◦C for 10 days with the correspondent specific migration limits (SML) for the 
Ag and Cu (dashed lines). (B) Antibacterial results against S. aureus and 
S. enterica at 28 ◦C for 24 h, by establishing the CFU/ mL from the neat LDPE as 
the 100% survival ratio. Correlation with the migration as the total migration 
ratio (%) is also presented. 
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& Hu, 2019) related to the production of polypropylene-CuNPs 
(PP-CuNPs) composite films, the cytotoxicity of different concentra-
tions of Cu2+ (0–80 µg/ g or mg/ kg) on L-02 (human normal hepato-
cellular cell line) cells, showed that the viability started to significantly 
decrease in concentrations between 10 and 80 µg/ g (<70% cell 
viability). The authors concluded that since the copper migration of the 
PP-CuNPs films (0.25 and 0.5 wt%) was inferior to 4.5 µg /g (or 4.5 mg/ 
kg), insignificant cytotoxicity from the films should be observed. In this 
study, giving the average values of copper migration, a similar 
assumption of an insignificant cytotoxicity activity from the 
LDPE-Cu/FS and LDPE-CuHS/FS can be made. 

In overall, the results displayed in this study can indicate the feasi-
bility of the synthesized copper-based composite films in the reduction 
of microbial proliferation, applicable to rigid food packaging. This 
would result in the extension of the foodstuff safe life. The term “safe 
life” is regarded as the length of time by which a food product is safe, 
being directly related to safety issues provoked by, but not only, the 
growth of food pathogenic microorganisms that lead to consumer health 
risks (i.e., foodborne diseases) (Manzocco, 2012). It is a term highly 
related to perishable foods (e.g., meat, fish, dairy products, etc.), 
commonly labeled “use by” according to EU regulations, which are 
susceptible to microbial growth to become unsafe to be consumed 
(Nicoli, 2012). The as-prepared films would act in this regard, by 
striking the microbial growth. 

4. Conclusions 

LDPE-based composite films incorporating X/FS (X = Ag, Cu, and 
CuHS) dual-side fillers were successfully prepared by conventional melt- 
blending. The filler incorporation did not result in significant changed in 
the thermal behavior in comparison to the neat LDPE. The composite 
films, more specifically the LDPE-Cu/FS and LDPE-CuHS/FS, displayed 
superior thermal stability. Specific migration from the copper-based 
composite films were within the established limits by the current 
legislation, providing evidence of their applicability as food packaging 
material in acidic, alcoholic, and aqueous foodstuffs. Antibacterial ac-
tivity was observed against S. aureus and S. enterica, with the copper- 
based composite films presenting higher activity related to their 
higher ion-liberation. The incorporation of the copper-based fillers, Cu/ 
FS and CuHS/FS, shows potential as alternative filler materials appli-
cable for rigid food packaging polymer composite manufacture, 
providing low migration levels due to the strong attach of the metallic 
particles within the nanosized fumed silica matrix, and additional 
antibacterial activity. 
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