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Abstract: The present study aimed at the preparation of antimicrobial films based on low-density
polyethylene (LDPE), with zeolite exchanged with Silver (Ag) in 1, 5 and 10 wt.%. Zeolites
with Ag were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
X-ray Fluorescence (XRF). LDPE films with added silver-substituted zeolite A were synthesized by
wet-casting, with the zeolite content in the films ranging from 1-5 wt.%. The antibacterial activity of
the silver-substituted zeolite was assessed according to its minimum inhibitory concentration (MIC),
using Escherischia coli as the target bacteria. LDPE films with silver-loaded zeolite were also tested
against E. coli and Staphylococcus aureus. Silver insertion in the zeolite did not change its structure.
The MIC of the zeolite with 1% silver and a concentration of 0.05 mg zeolite/mL was not able to
inhibit the visible growth of the bacteria; however, an increased silver concentration resulted in total
inhibition after 24 h of incubation. Zeolites with 5% and 10% of silver showed a MIC of 0.05 mg
zeolite/mL. The films with best antibacterial activity against E. coli and S. aureus were those prepared
with 5 wt.% zeolites loaded with 5% and 10% of silver. LDPE films with silver-loaded zeolite A are
potential resources in the development of active packaging for food preservation and safety.
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1. Introduction

Metals have been widely applied in public health as antimicrobial agents [1], even before the
clinical introduction of antibiotics in the 1940s [2]. Silver has been used for decades to inhibit pathogenic
microorganisms in a range of areas [3]. Ionic silver has the highest antibacterial activity of all metal
ions, and is widely used in topical medicines [4]. In addition to being broad spectrum antimicrobials,
silver compounds, when used at appropriate concentrations, exhibit low mammalian cell toxicity [5].

Ionic silver is a Lewis acid with a high affinity to sulfur and nitrogen. Therefore, it can easily affect
important biochemical processes. With bacteria, its mechanism of action involves the transformation
of DNA into a condensed form, resulting in a significant loss in its replication ability. In addition to
damaging genetic material, silver ions react with ribosomes within the cytoplasm, directly affecting
the expression of enzymes and proteins essential in the production of important substances for
microorganisms [6-8].

Zeolites are among the materials used as carrier supports where silver can be incorporated.
They display specific attractive characteristics, such as rigid structures, good thermal, mechanical and
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chemical stability, high specific areas, and microporous systems that allow the controlled release of
silver [9]. Zeolite A, modified with Ag* by ion exchange, was reported to exhibit good antibacterial
properties against the growth of Escherichia coli and Staphylococcus aureus [3]. The antimicrobial activity
of Ag-zeolites on different microorganisms has been previously studied, mainly for application in
the health and food fields [6,10,11]. Silver can also be incorporated into other materials, such as
clays [12,13], ceramics [2] or polymers [14], for specific bioactive applications.

The inclusion of antimicrobial substances in polymeric films inhibits the growth of microorganisms
through their gradual release on the surface of the substrate surrounded by these films [15]. There are
many studies where the application of antimicrobial agents in polymer films has been tested for
pathogen inhibition [16-20]. Reports on the production of polymer films impregnated with Ag-zeolites
can also be found in the previous literature [4,15,21,22].

The incorporation of silver-containing zeolites in polymeric matrices has some advantages,
including allowing a silver-containing film on both sides, which enhances its antimicrobial effect [23],
as well as allowing the gradual release of silver into the medium [24]. These attributes accredit
silver-substituted, zeolite-containing films for applications such as active food packaging.

The present study aimed to synthetize and characterize antimicrobial polyethylene films containing
silver-exchanged zeolite A, suitable for use as antimicrobial coatings, with a potential application in
active food packaging.

2. Materials and Methods

2.1. Materials

A commercial zeolite A (Diatom, Mexico) was used in the experimental procedures. Zeolite A can
also be obtained using IZA (International Zeolite Association) methodology synthesis [25]. The model
microorganisms tested in the study of antimicrobial activity were strains of Escherichia coli (ATTC
25922) and Staphylococcus aureus (ATTC 25923). Lactose broth (BD, Atlanta, United States) was used to
determine the minimum inhibitory concentration. Mueller—-Hinton agar (TM Media, Dehli, India) was
used for the plate diffusion method. Commercial low-density polyethylene ((-CH,—CHj-),Branched)
(LDPE) (BRASKEM, Porto Alegre, Brazil), in pellet form, was used as a base polymer for the preparation
of the films. For wet-casting film preparation, xylol (CgHjg) (Exodo Cientifica, Sao Paulo, Brazil) was
used for LDPE solubilization. The silver ions were obtained using 99% silver nitrate (AgNO3) (Exodo
Cientifica, Sao Paulo, Brazil).

2.2. Silver Incorporation in Zeolite A

Silver was incorporated into zeolite A by cationic exchange. In a beaker protected from light, 3 g
of the zeolitic material and 50 mL of 1%, 5% or 10% AgNOj solution (w/v) were added. The system
was kept under magnetic stirring at room temperature for 2 h. After the exchange, the material was
filtered and placed in a drying oven at 60 °C overnight. The solids were stored in suitable containers in
a dry place, protected from light.

2.3. Calculation of Crystallinity of Zeolite A

The crystallinity of zeolite A, substituted with different silver concentrations, was calculated by
comparing the intensity of the following 26 reflections: 7.2°; 12.5°; 16.1°; 21.7°; 30°; 34.2°. Commercial
zeolite A, with no insertion of Ag, was used as a standard.

2.4. Preparation of Composite Films

The films were produced using xylol solubilization. On solubilization, 5 g of LDPE was dissolved
in 45 mL xylol at 120 °C, at reflux, for 1 h. After completing the polymer solubilization, the material
was transferred to a petri dish under a constant heat of 110 °C for film formation. Following the same
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polymer solubilization procedure, 1%, 2.5% and 5% (w/w) of each silver-substituted zeolite (1%, 5% or
10% ag) was incorporated to form the composite film.

2.5. Characterization of Materials

The characterization of silver-exchanged zeolite A was carried out using X-ray diffraction
spectroscopy (XRD, D2 Phaser, Bruker, with Lynxeye detector, Atibaia, Brazil), field emission scanning
electron microscopy (FESEM, Auriga, Zeiss, Madrid, Espanha), and X-ray Fluorescence spectroscopy
(XRF, 52 Ranger, Bruker, Atibaia, Brazil).

2.6. Antimicrobial Activity of Silver Exchanged Zeolite A

The antimicrobial analysis of the Ag-zeolite was carried out using the minimum inhibitory
concentration (MIC) technique, using E. coli (ATCC 25922) and S. aureus (ATCC 25923). The MIC was
determined through broth macro-dilution [26,27]. Ten different concentrations of zeolite A, containing
1%, 5% and 10% silver, were tested. The concentration ranged from 0.05 mg/mL to 25.6 mg/mL.
The broth macro-dilution method involves arranging broth-containing tubes with varying contents of
the compound with antimicrobial activity. Aliquots of the microorganism to be tested are then added
to the tubes containing the antimicrobial compound. The selected microorganism was cultivated in a
lactose broth at 35 °C for 24 h. The adjustment of the bacterial inoculum was based on the 0.5 McFarland
scale. To obtain the MIC, 1 mL of the bacterial inoculum was inserted into tubes containing 1 mL of the
antimicrobial compound. The tubes were incubated at 35 °C for 24 h and after this period, the turbidity
was visually read.

2.7. Antimicrobial Activity of Composite Films

The antimicrobial activity of the polymer films was determined using the plate diffusion
method [27]. The bacterial inoculum tested were previously adjusted using a spectrophotometer
to correspond to 0.5 on the McFarland scale. The microbial culture was spread over a Petri dish
containing Mueller-Hinton agar. The polymer films were cut into discs, each 4 mm in diameter. In each
plate, four discs, corresponding to the blank (pure polymer) and three Ag-zeolite mass concentrations,
were placed on the inoculated agar and incubated at 35 °C for 24 h. Inhibition was verified using a
manual paquimeter. The halos were measured, taking into account the diameter of the disc, plus the
area of the opaque zone (halo). All the tests were performed in triplicate.

3. Results and Discussion

3.1. Materials Characterization

X-ray diffractograms for 1%, 5% and 10% silver-substituted zeolite A are shown in Figure 1.
The characteristic reflections of zeolite A were observed at 20 values of 7.2°,12.5°, 16.1°, 21.7°, 30° and
34.2°. Therefore, the cation exchange process does not cause structural changes in the zeolitic material,
or in the emergence of other phases, as was previously reported [28]. However, in the commercial
zeolite sample there were impurities, as denoted by the 26 peak of 9.0°. In addition, there was a
clear decrease in peak intensity when an increasing silver content was incorporated into the zeolite.
This pattern has been explained in the literature as a result of the incorporation of silver and other
cations in zeolites, and may be due, among other reasons, to the internal redistribution of cationic
charge in the material and the loss of crystallinity [15,29]. Besides this, the amount, position and
nature of the extra-network cations from the cation exchange process also explain the variations in
peak intensity observed in the diffractograms [10]. Rivera-Garza et al. found that the impregnation of
clinoptilonite zeolite with sodium or silver at low concentrations did not lead to significant changes in
diffraction patterns [30]. Zhou et al. incorporated 365.73 mg/g of silver in zeolite A, and did not observe
structural changes in X-ray diffractograms, evidencing an excellent cationic exchange process [31].
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Figure 1. X-ray diffraction (XRD) of zeolite A without Ag (red line), 1% Ag (Blue line), 5% Ag (yellow
line) and 10% Ag (green line).

According to Table 1, a sharp decrease in the crystallinity of silver-substituted materials is observed,
mainly at 5% and 10%, which corroborates the results obtained using the X-ray diffractograms. The silver
contents obtained by XRF analysis (Table 1) were found to increase with the nominal synthesis content,
as expected, and were relatively close for samples containing 1% and 10% silver.

Table 1. Crystallinity values (%) and Elemental Chemical Composition (% by mass) for the
silver-substituted materials.

Sample Crystallinity (%) Ag (XRF) (%)
Zeolite A 100 0
Zeolite A-Ag (1%) 98 0.79
Zeolite A-Ag (5%) 86 1.57
Zeolite A-Ag (10%) 70 13.29

Considering that zeolites are porous materials, it can be inferred that small contents, such as 1%
silver, should be close to the surface, so the nominal values agree with those measured by the technique.
When the amount is increased to 5%, the incorporation tends to be more intense and, therefore, only
1.57% is measured, as most of the silver is within the zeolitic material structure. With a higher content
of silver (10%), the entire interior of the zeolite has already been filled and the outside is probably
covered, or partially covered, with silver. Also, based on XRF results, it was observed that the Si/Al
ratio of the materials remained constant and close to 1, indicating that the incorporation of silver does
not significantly change the chemical composition of the zeolite surface.

Figure 2 presents the SEM images for the materials under study. The material shows the typical
cubic morphology of zeolite A; however, the presence of an amorphous material (possibly sodalite) is
also observed. Another important feature is the crystal intergrowth, denoted by the interpenetrated
growth of some cubes over others, indicating that the synthesis, although resulting in zeolite A, does
not achieve the same degree of purity as a small-scale one. This suggests that the material is commercial
zeolite A, obtained using large-scale synthesis, which, in principle, does not influence the material
performance. The maintenance of cubic morphology demonstrates that the cation exchange process
does not cause structural changes in the material, regardless of the amount of silver added, which is in
agreement with the literature [3,10].
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Figure 2. Scanning electron microscopy (SEM) images of the (a) Zeolite A, (b) Zeolite A-Ag-1%,
(c) Zeolite A-Ag-5% and (d) Zeolite A-Ag-10%.

3.2. Minimum Inhibitory Concentration of Zeolite Impregnated with Different Silver Contents

Minimum inhibitory concentration is defined as the lowest concentration of an antimicrobial
agent that prevents the visible growth of a microorganism in the agar or broth dilution susceptibility
tests [32]. In the present analysis, the target microorganism tested was E. coli.

The results were interpreted according to the turbidity of the medium, which was proportionally
related to microbial growth. The zeolite A with a silver content 1%, at a concentration of 0.05 mg
zeolite/mL (Figure 3b), was unable to inhibit the visible growth of E. coli. However, with an increase in
concentration, there was total inhibition after the 24 h incubation period. Thus, for the zeolite A-Ag-1%,
the MIC was 0.1 mg/mL (Figure 3c).

0,05 mg/mL 0,1 mg/mL

005 mpfal 0,05 mg/mL

Figure 3. Minimum inhibitory concentration of silver-exchanged zeolite A with (a) 0% silver; (b) and
(c) 1% silver; (d) 5% silver; (e) 10% silver.
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The incorporation of 5% silver into zeolite A resulted in an MIC not greater than 0.05 mg/mL, as
shown in Figure 3d. Similarly, 10% silver-substituted zeolite A also inhibited microbial growth at the
minimum concentration tested (Figure 3e).

Jiraroj et al. tested zeolite A and silver composites, with varying silver concentrations from 25
to 200 mg/mL, and fixed the composite concentration to 0.1 mg zeolite/mL. The inhibition effect was
accentuated against E. coli bacteria. There was an 80% to 90% inhibition in silver concentrations
between 50 and 200 mg/L [3]. Krishnani et al. [33], working with zeolite A and silver, found a MIC of
40 ug/mL when testing in E. coli, resulting in similar findings to those reported in the present study.
Tosheva et al. used zeolite X and beta zeolite, both containing silver at concentrations ranging from
0.05 to 0.5 mg zeolite/mL. The MIC of zeolite X was 0.1 mg/mL for the inhibition of E. coli. Beta zeolite
was effective from 0.05 to 0.5 mg/mL [9]. Other authors reported the loading of 5.8% (w/w) silver in
zeolite X, finding the excellent inhibition of Gram-negative and Gram-positive microorganisms over
the course of 24 h, with no growth occurring within the first hour of analysis [34].

The effectiveness of silver-exchanged zeolite as an antibacterial compound can be attributed to
the high amount of silver ions and, possibly, the low reduction of Ag™ in elemental silver on the zeolite
surface [33].

3.3. Antimicrobial Activity of the Polymer Containing Zeolite Impregnated with Silver

After identifying the remarkable antimicrobial activity of zeolite A with different silver
concentrations, antimicrobial activity was tested using the plate diffusion method with the LDPE
composite films, loaded with different concentrations of silver-exchanged zeolite A.

There was no microbial growth inhibition for films containing 1% silver in all mass ratios
(Figure 4a,b), nor for films containing 1% and 2.5% by mass at 5% silver concentration. For the 10%
silver films, there was no inhibition when the mass ratio was 1%. However, discs containing zeolite in
the ratios 2.5% (w/w) and 5% (w/w), with silver concentrations of 5% and 10%, were more effective
against both microorganisms tested (Figure 4c—f). The inhibition halos reached 5-6 mm in diameter.
They are highlighted in Figure 4c1,d1,el,e2,f1.

Boschetto et al. [15], working with 7 mm diameter discs composed of LDPE and silver-substituted
zeolite Y, obtained inhibition halos close to 7 mm using E. coli as a target bacteria. Sdnchez et al. [35],
using discs with silver-substituted zeolite ZSM-5, obtained inhibition halos that were 1 cm in diameter
when testing for the inhibition of E. coli. In comparison with other studies, the inhibition halos observed
in this study were smaller. However, according to SNV 195920-1992, the presence of an inhibition zone
greater than 1 mm is considered to be an indication of good inhibition, and the presence of a zone
smaller than 1 mm is considered reasonably good [36].

No microbial growth inhibition was visualized in the LDPE films without zeolite A containing
silver (discs identified as “blank” in the Figure 4). Therefore, it is evident that the inhibition of
microorganisms is, in fact, related to the release of silver by the film. Plates containing agar do not
present considerable amounts of water, which hinders the diffusion of the active agent in the medium
and, consequently, generates smaller inhibition halos [15].
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Figure 4. Antimicrobial activity of LDPE films with different concentrations (1%, 2.5% and 5% w:w)
of zeolite A loaded with Ag. (a) Films with zeolite A-Ag-1% against E. coli. (b) Films with zeolite
A-Ag-1% against S. aureus. (c) Films with zeolite A-Ag-5% against E. coli. (c1) Inhibition halo produced
by the film with 5% of zeolite A-Ag-5% against E. coli. (d) Films with zeolite A-Ag-5% against S. aureus.
(d1) Inhibition halo produced by the film with 5% of zeolite A-Ag-5% against S. aureus. (e) Films
with zeolite A-Ag-10% against E. coli. (el) Inhibition halo produced by the film with 2.5% of zeolite
A-Ag-10% against E. coli. (e2) Inhibition halo produced by the film with 5% of zeolite A-Ag-10% against
E. coli. (f) Films with zeolite A-Ag-10% against S. aureus. (f1) Inhibition halo produced by the film with
5% of zeolite A-Ag-5% against S. aureus.
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4. Conclusions

The incorporation of different silver concentrations in zeolite A did not morphologically alter the
material under study. However, with increasing silver content, there was a decrease in reflections on
XRD analysis, probably due to the loss of crystallinity after cation exchange.

An important antimicrobial activity was performed by zeolites A containing 5% and 10% silver,
and when they were incorporated into LDPE films at concentrations of 2.5% and 5%, respectively,
they were able to inhibit bacterial growth at a satisfactory rate. Therefore, those composite films
demonstrated the potential for diverse applications, such as in the development of active packaging
for food or pharmaceutical products. Given the intended purpose, additional studies must be carried
out, not only for a better characterization of the material, but also, regarding silver diffusivity, aiming
toward the prolonged antimicrobial effect of the films.
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