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Abstract

:

This study investigated the influence of commercially available food preservatives: Natamax® (containing natamycin) and Nisaplin® (containing nisin) on the antimicrobial properties of LDPE film, commonly used for food packaging. Studies have shown that the addition of 3% Natamax® or, alternatively, the addition of 5% Nisaplin® provides an LDPE film with effective antimicrobial protection. The applied biocides did not significantly affect the strength and rheological properties of LDPE. However, differences in optical properties were observed. The transparency of the samples decreased slightly with the addition of 3% or 5% Natamax® (by approx. 1% and 3%, respectively). A significant change was observed in the film haze, the addition of 5% Natamax® increased this parameter by approx. 80%, while 5% Nisaplin® increased it by approx. 19%. Both Natamax® and Nisaplin® agents can be successfully used to manufacture food packaging materials with antimicrobial protection. Natamax® showed a stronger bactericidal effect, while Nisaplin® changed other properties less significantly.
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1. Introduction


Despite the intensive development of innovative technology using polymer materials in construction, medical industries and more recently in 3D printing, one of the most significant sectors using approx. 40% of this raw material is the packaging industry [1,2,3,4,5,6].



Despite the introduction of more and more biodegradable materials on the market, limited access to crude oil and the increasing prices of this raw material, the most successful materials in the production of packaging are: low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET) and polystyrene (PS) [7,8]. Among the above-mentioned, LDPE is used to make most film packaging [9]. Interest in conventional plastics is related to well-known methods of processing these materials [10,11]. Materials intended for packaging must have appropriate processability, good durability, barrier properties and the possibility of creating multi-layer materials or additional active properties, including biocidal and biostatic [7].



Since the onset of the SARS-CoV-2 virus pandemic in 2020, global interest in biocidal materials against viruses and other microorganisms has greatly increased [12]. The presence of pathogenic viruses, bacteria or fungi has caused increased societal anxiety. The development of innovative biocidal materials began, ranging from disinfectants, through to tools and items that ensure microbiological safety, as well as intensive work related to the development of new materials for the biomedical sector [13,14,15]. The search for new biocides, often based on metal nanoparticles or natural substances, has also intensified [16,17,18,19]. In the packaging industry, microbiological protection is an important factor that has the potential to extend the shelf life of the product inside the package, as well as improve the safety of the outer layer of the package. It is estimated that in combination with an appropriately modified atmosphere and barrier, it is possible to significantly extend the freshness of the packaged product, e.g., from 3 to 13 days [20,21]. The presented study focuses on bactericidal properties, which are particularly important for the packaging of meat, dairy products and bread [22,23].



Among the commercially available plastics with biocidal properties, most of them are currently modified with metal nanoparticles, the most popular of which is nanosilver [24,25,26]. Due to research showing that nanoparticles, after prolonged use, despite very good antimicrobial effectiveness, may have negative effects on the environment and human health, products of natural origin are becoming more and more popular [27,28]. Among natural products, we can distinguish two basic groups: plant extracts with antioxidant properties and antibiotics, bacteriocins or similar substances produced by microorganisms. Often, however, the effectiveness of natural biocides is much lower than that of nanometals, despite higher dosing of the polymer material. There are also problems regarding the high processing temperatures of polymers, which often precludes quick degradation of the natural components [29,30,31]. On the other hand, the use of natural substances produced by microorganisms, such as natamycin, nisin, astaxanthin, plantaricycline, lacticin, is often economically unprofitable but despite successful laboratory research results, they are not implemented in the industry [32,33]. Meanwhile, the use of products based on natural compounds such as nisin or natamycin has been practiced for many years to extend the shelf life of food products. One of the main producers of this type of product is DuPont Danisco (Stevenage, UK), which produces Nisaplin® containing nisin and Natamax® containing natamycin.



Natamycin, also known as pimaricin, is a versatile, naturally occurring antimicrobial that inhibits the growth of yeast and fungi in a wide variety of foods and beverages, as well as animal feed [34]. The compound is a tetraene polyene macrolide with a molecular weight of 665.7 Daltons. Commercial preparations of natamycin made by fermentation in a glucose-based media by selected strains of Streptomyces (e.g., Streptomyces natalensis) contain about 50% natamycin mixed with lactose. Most studies show that natamycin, despite its very strong effect on fungi, has no major effect on bacteria and viruses. This statement is often supported by fermentation efficiency studies, which are of key importance, for example, for the preservation of dairy products. There are a few studies on activity against pathogenic bacterial strains [35,36]. However, there is one study on Natamycin showing antibacterial activity [37]. The effectiveness of this biocide has been proven against pathogenic yeast strains such as Rhodotorula mucilaginosa and Candida parapsilosis [38]. As the manufacturer of Natamax® declares, the product has an antimicrobial effect in a wide range of pH values and heat treatment processes, which allows it to be used in the processing of polymeric materials.



Nisin is a polycyclic peptide made up of 24 amino acids and belongs to bacteriocins produced in the fermentation process by Gram-positive lactic acid bacteria belonging to Lactococcus, e.g., Lactocococcus lactis subsp. lactis [39]. Some strains of Streptococcus can also synthesise nisin. Nisin has been approved by the Food and Drug Administration (FDA) since 1988, while for several years it has also been used in biomedical clinical trials [40]. Nisin is widely used as a food bio-preservative, it is particularly popular in the dairy industry in the production of processed cheese. Studies have shown that nisin can prevent the development of drug-resistant Gram-positive and Gram-negative bacterial strains such as methicillin-resistant Staphylococcus aureus, Streptococcus pneumoniae, Clostridium difficile or Enterococcus bacteria [41].



It is possible to use pure nisin and natamycin as a component of polymers, especially as these are compounds with quite a high thermal resistance [32]. However, attempts to utilize it often indicate poor dispersion of the pure compounds in the polymer mass [42,43]. It is also economically unprofitable due to the 100% higher purchase cost of the product in its pure form compared to commercial products such as Natamax® or Nisaplin® (commercial data from September 2021). Research indicates that nisin and natamycin have anti-biofilm properties, which may be of particular importance for their use as a component of polymers [44]. There are reports of a study on the use of Nisaplin® as a component of antibacterial coatings applied with the flexographic method for meat packaging [45]. An ethylene vinyl acetate (EVA) film containing another commercial nisin-containing agent was also developed under laboratory conditions, but the study focused primarily on the release rate of nisin. There were also several reports of research on the development of biodegradable plastics with the addition of commercial products containing nisin or natamycin [46,47,48].



The idea behind this study was to develop a polymer material to be used as packaging material for food, which would additionally have high bactericidal activity. According to the hypothesis, the component of the polymeric material will be commercial products which are used in practice for spraying food to extend its shelf-life. This will enable, in the future, the production of packaging intended for food, in addition to other products, so that it may not be necessary to spray packaged food products with the applied biocides. Due to the use of the biocide in the entire mass of the polymer material, which therefore also ensures protection on the outer surface of the package, it is possible to use the material under development for other applications.




2. Materials and Methods


2.1. Materials


LDPE Malen E FABS 23-D022—polyethylene (Bassel Orlen Polyolefins, Płock, Poland), which is used to produce all kinds of flexible food packaging, was used for our study. It is characterised by high transparency and gloss.



The first bioactive additive was Natamax® (DuPont Danisco, Stevenage, UK) containing min. 50% of the active agent- natamycin (E235) and lactose.



The second additive used was Nisaplin® (DuPont Danisco, Stevenage, UK) containing the active agent—nisin A (E234) in the amount of min. 1000 IU/mg and sodium chloride (minimum 50%).




2.2. Material Processing


The individual active agents mentioned above were made into 10% masterbatch concentrates with polyethylene using a Bühler BTSK co-rotating twin-screw extruder (Uzwil, Switzerland) with a diameter of 20 screws and a plasticising system length of 42 L/D. Due to the limited thermal resistance of biocides, extrusion was conducted at the lowest possible temperatures in the range of 110–120 °C. LDPE was hand mixed with an appropriate amount of the masterbatch concentrates to obtain LDPE composites containing individual biocide agent concentrations of 1%, 3% and 5% in the polymer. From the obtained mixtures, flat films with a width of 100 mm and a thickness of approx. 0.04 mm were extruded using a laboratory single-screw extruder Plasti-Corder PLV 151 (Brabender, Duisburg, Germany) and cooled on a three-roll calendar. The film extrusion process was conducted at temperatures of 110–125 °C, and cooling was carried out on thermostated rollers with a temperature of 25 °C. From the obtained films, standardised test specimens were prepared with dimensions of 50 mm × 50 mm (±2 mm) according to ISO 22196 standard [49].




2.3. Bactericidal Properties


The bactericidal properties tests were carried out in accordance with ISO 22196 [49] which is an international standard compatible with JIS Z 2801:2000. The tests on the film samples were conducted with strains: E. coli (ATCC 8739) and S. aureus (ATCC 6538P). Strains were cultured according to standard guidelines for 24 h at 35 °C (±1 °C) in NA-Nutrient Agar (OXOID, Basingstoke, UK), then transplanted onto fresh media and re-cultured for 20 h.



Tests were conducted for each of the strains on three samples from each test material (containing the biocide) and on six samples of the control material (without the biocide). Half of the control samples were used to measure viable cells immediately after inoculation, and half were used to measure viable cells after 24 h of incubation. The samples did not require sterilisation prior to testing. The inoculum volume was 0.4 ml. The cover layer was a polyethylene film with dimensions of 40 mm × 40 mm (±1 mm) and a thickness of 0.06 mm. Petri dishes containing inoculated test samples (including half of the control samples) were incubated at 35 °C (±1 °C) and 90% relative humidity (RH) (±5%) for 24 h (±1 h).



For each sample tested, the number of live bacteria recovered was determined in accordance with the guidelines of ISO 22196 [49]. The antimicrobial activity was then expressed as the decimal logarithm cfu/cm2 reduction relative to the control sample.




2.4. Mechanical, Rheological and Optical Properties


Apart from the analysis of the bactericidal properties of the produced samples, the basic film parameters were determined to evaluate the influence of the applied biocides on the mechanical, rheological and optical properties. Before testing, the samples were conditioned in accordance with ISO 291 (23 °C ± 1 °C, 50% ± 5% RH) [50].



2.4.1. Mechanical Properties under Static Stretching


The static tensile mechanical properties of the film samples were determined according to ISO 527-1 and ISO 527-2 [51,52]. The tests were conducted using TIRATest 27025 equipment (TIRA GmbH, Schalkau, Germany). Test conditions are given in Table 1.




2.4.2. Mass Melt Flow Rate, MFR


The melt flow rate for the film samples was determined according to ISO 1133 [53]. The tests were performed using a capillary plastometer LMI 4003 (Dynisco, Franklin, MA, USA). The measurements were performed at a temperature of 190 °C with a load of 2.16 kg.




2.4.3. Light Transmittance


The analysis of changes in the light transmittance of the samples after the addition of biocides was carried out in accordance with ISO 13468-1 using a test stand equipped with a Hazemeter M 57 photometric device (Diffusion Systems, London, UK) equipped with a light source in the form of a 12 V tungsten lamp [54].




2.4.4. Haze Tests


Tests were carried out in accordance with ASTM D 1003-11 [55] using the same test stand as for light transmittance (Section 2.4.3). The haze value is determined by passing light through a sample, then entering a transmittance value divided by 100 into the measuring system, and then directing the light into a light trap. The optical system then measures the value of the scattered light.





2.5. Statistical Analysis


Figures are presented as mean ± standard deviation. For microbiological activity tests, the obtained results were analysed using the Past 321 program (Softpedia, Past 321, Bucharest, Romania, 2018). Significant differences were determined based on one-way analysis of variance (ANOVA) using Tukey’s and Mann–Whitney’s test for p < 0.05.





3. Results


3.1. Films


As a result of the extrusion, samples of LDPE films containing 1%, 3% and 5% Natamax® or Nisaplin® were obtained. The control sample was LDPE film containing no biocide of the same thickness as the other films (Figure 1). The addition of biocides did not significantly affect the colour of the samples. Moreover, no significant differences were observed in the samples in the scanning electron microscope (SEM) images. Only at 5% concentration of biocides were single agglomerates were noticed (Figure 1).




3.2. Antibacterial Properties


According to the methodology, the antibacterial properties of polymer materials are determined by measuring the reduction in antibacterial activity (R), i.e., based on the difference in the logarithm of the number of living cells found on the material containing the biocide and the control material after inoculation with bacteria and incubation. An antimicrobial product is assumed to have antimicrobial efficacy when R ≥ 2.0. The number of viable bacterial cells after sample incubation is presented in Table 2. The results met the validation conditions according to ISO 22196 [49].



In the presence of samples containing biocides, a significantly lower number of recovered microorganisms were observed in each case.



The lowest number of E. coli bacteria (cfu/cm2) was recorded for samples modified with 3% and 5% Natamax®. After incubation of the bacteria in the presence of the samples containing Nisaplin®, a lower number of E. coli (cfu/cm2) was also observed than in the control samples. For samples containing 1% Natamax®, a similar number of bacterial cells was observed as for samples with 3% Nisaplin® (Table 2).



The applied biocides reduced the number of S. aureus to a greater extent than that of E. coli. The lowest number of S. aureus bacteria was observed after incubation with samples containing 3% Natamax® and 5% Natamax® and Nisaplin® (Table 2).



Subsequently, based on the number of bacteria (Table 2), R was calculated for each variant. The results are shown in Figure 2.



The higher the antimicrobial activity, the higher the R index. As the concentration of each biocide increased, an increase in antimicrobial activity was observed (Figure 2).



Satisfactory antimicrobial activity (R ≥ 2.0) is customarily taken from the Japanese equivalent of the standard used (JIS Z 2801). For the E. coli strain, a satisfactory value was observed for the samples with 3% and 5% Natamax® (R = 2.5 and R = 2.6, respectively) and 5% Nisaplin® (R = 2.3). For 3% and 5% Natamax®, the values did not differ significantly from each other (Figure 2a) [56].



Similarly, to E. coli, satisfactory antimicrobial activity against S. aureus (R ≥ 2.0) was observed for samples with 3% and 5% Natamax® (R = 3.5 and R = 3.3, respectively) and 5% Nisaplin® (R = 3.5), with no significant difference between the 5% Nisaplin® samples and the Natamax® samples (Figure 2a).



Despite the lack of sufficient antimicrobial activity for the remaining variants, it was calculated that for most samples containing the biocide, the number of both bacterial strains (E. coli and S. aureus) was reduced by over 90% compared to the number of bacteria in control samples without the biocide. Lower values were obtained only for samples containing 1% of each biocide (approx. 77% for Natamax® and approx. 49% for Nisaplin®) (Figure 2b).




3.3. Mechanical, Rheological and Optical Properties


Subsequently, the mechanical, rheological and optical properties of the developed materials were measured to see if the addition of a biocide led to significant changes in the selected film parameters (Table 3).



Among the mechanical properties, the values of tensile strength (σ, MPa) and elongation at break (ε, %) were analysed. The addition of biocides did not significantly affect the σ values (Table 3). The addition of Natamax® and >1% Nisaplin® caused a slight decrease in the ε value (Table 3, Figure 3). After adding Natamax®, ε decreased in proportion to the biocide content: 1% of the biocide caused a decrease in this parameter by approx. 1%, 3% of the biocide caused a decrease of approx. 4% and 5% of the biocide caused a decrease of approx. 5%. After adding Nisaplin®, ε decreased, respectively: for 3% biocide a decrease of approx. 2% and for 5% biocide a decrease of approx. 3% (Figure 3).



There was no significant influence of the biocides content on the rheological properties of the LDPE film. Changes in MFR values were within the measurement tolerance of the study (Table 3).



As described above, after extrusion of the film, discolouration of the film was visually noticed upon the addition of biocides (Figure 1). In connection with the above, the changes in optical properties of the samples were verified using the transparency (T, %) and haze (H, %) analyses (Table 3). The analysis of the T value showed a slight decrease in the parameter after the addition of both biocides. However, a significant difference was only noted after adding 3% or 5% Natamax® (approx. 1% and 3%, respectively) (Table 3, Figure 4a).



The biocides used, especially Natamax®, had a much greater impact on the value of H. Natamax® caused a large increase in H from approx. 26% with 1% biocide content to approx. 80% with 5% biocide content. On the other hand, in the presence of Nisaplin®, the differences were much smaller and existed only with >1% biocide content: by approx. 7% with 3% biocide content and by approx. 19% with 5% biocide content (Table 3, Figure 4b).





4. Discussion


As part of the study, LDPE films containing biocides commercially used for food preservation were developed. The effect of additives Natamax® (containing natamycin) and Nisaplin® (containing nisin) on the antimicrobial properties of the material was analysed and whether these properties were sufficient for the material to be used as food packaging with biocidal properties. Additionally, selected properties of the developed materials such as strength, rheological and optical properties were determined to verify whether the addition of a biocide would deteriorate the functional properties of LDPE films used for packaging.



After using each of the biocides as a component of the LDPE film, very high antimicrobial properties against E. coli and S. aureus bacteria strains were found.



It was particularly surprising to find bactericidal properties for the Natamax® modified samples. This agent contains a minimum of 50% natamycin, which, until now was considered only as a biocide directed against fungi and yeasts [44]. The effect of natamycin on bacteria has so far been studied mainly against fermentation bacteria. In our research, we used pathogenic strains (E. coli and S. aureus) and the biocides used reduced the number of S. aureus to a greater extent than that of E. coli. The differentiation of the effectiveness of biocides on individual strains of microorganisms with different metabolic mechanisms was described, among others, by Orlo et al. [57]. While developing the antimicrobial effectiveness of natural compounds, they separately analysed the effectiveness against food spoilage bacteria (Shewanella putrefaciens, Brochothrix thermosphacta, Lactobacillus plantarum) and food-borne pathogenic bacteria (E. coli, S. aureus, P. aeruginosa). Among all examined, the greatest activity was found against the pathogenic strain S. aureus.



The highest effectiveness of Natamax® was found at 3% and 5% content in the LDPE film. After incubation with samples containing 1% Natamax®, a similar number of bacterial cells was observed as for the samples with 3% Nisaplin®. In addition, the results showed that for most samples containing the biocides used, the number of both bacterial strains (E. coli and S. aureus) were reduced by over 90% compared to the number of bacteria in control samples without biocide. Lower values were obtained only for samples containing 1% of each biocide (approx. 77% for Natamax® and approx. 49% for Nisaplin®). Such a high antibacterial effectiveness of the applied biocides could be indirectly influenced by a change in the structure of the film, which could result in stronger adhesion of bacterial cells to the film. In addition, it is believed that the high extrusion temperature of the samples activated the biocide release from the polymer mass.



The results showed that 3% Natamax® content, or alternatively 5% Nisaplin® content, provides an LDPE film with effective antimicrobial protection.



Other researchers have also attempted to include natural biocides mainly in biodegradable plastics. Since conventional plastics still dominate the market as raw materials for the production of food packaging, it was considered necessary to apply natamycin and nisin to LDPE. On the other hand, Settier-Ramírez et al. [21] developed active packaging containing other natural components, including phytic acid, which extended the shelf-life of chilled confectionery cream from 3 to 13 days. The material was found to be highly active against pathogenic Gram-negative bacteria (E. coli, Salmonella enterica and Pseudomonas fluorescens) and against Gram-positive bacteria (Listeria monocytogenes).



Although the studies with natamycin concerned mainly fungi, several studies were undertaken showing the high antibacterial activity of nisin [43,58]. Research on the antimicrobial effectiveness of cellulose nanocrystals containing nisin against selected lactic acid bacteria causing spoilage of meat was carried out, among others, by Gedarawatte et al. [59]. They confirmed the possibility of using the developed polymer material as a reinforcing agent in active food packaging. In the studies of Gedarawatte et al. [59], a nisin content of 2–2.5 mg/mL resulted in the inactivation of microorganisms. In our study, the highest effectiveness was obtained at a concentration of 3% or 5% of the agent, which, according to the manufacturer’s declaration, contains about 50% of the active substance.



However, also in the case of nisin, the results of various researchers are not unequivocal. Not all studies confirm the high effectiveness of this biocide. Alirezalu et al. [60] developed an antimicrobial polyamide and alginate casing containing nisin nanoparticles to inactivate bacteria in a nitrogen-free Frankfurt sausage [60]. The results showed a very weak inhibitory effect against E. coli, S. aureus, fungi and yeasts and the total number of viable microorganisms after 45 days at 4 °C.



Such divergent data on the effectiveness of the use of a selected biocide in the antimicrobial protection of a polymeric material may be caused by bad dispersion in the polymer mass. There are reports on the agglomeration ability of compounds with biocidal activity [61]. The method of processing the polymer material is very important to ensure proper dispersion. In our case, special attention was paid to mixing and the residence time of the material in the extruder, which is known to be of key importance for maintaining the appropriate durability of the processed material [62].



The applied biocides, apart from ensuring adequate antimicrobial protection, did not significantly affect the tensile strength, and the effect on elongation at break was relatively small (maximum decrease of approx. 3% in the case of 5% Nisaplin®). Additionally, the rheological properties did not change significantly. Similarly, Holcapkova et al. [63] found that the content of nisin powder (0.15% ww) had no major effect on the mechanical properties when compared to pure polylactide (PLA).



However, in this respect, the opinion of scientists is not clear, because in other studies, Jin and Liu [64] found that the addition of nisin significantly reduced the mechanical properties of the polymer material. Similarly, Czaja-Jagielska et al. [65], after the use of Nisaplin®, found a significant effect of this agent on the weakening of the mechanical properties of PLA film, not excluding the developed material from being used as a packaging material for food and cosmetics.



Similarly, Wang et al. [43], despite the high antimicrobial activity of the natamycin agar film, observed a reduction in the tensile strength of the film (from 17.61 MPa to 14.94 MPa), as well as a reduction in transparency, an increase in haze and a change in colour.



Additionally, in the presented study, after extrusion of the film, some changes in the colour of the film were visually noticeable after adding biocides, but the transparency analysis only showed a slight decrease in this parameter after the use of both biocides. The only significant difference in the values of this parameter was found after adding 3% or 5% Natamax® (decrease by approx. 1% and 3%, respectively). Much greater differences were observed in the haze values, where Natamax® had a more significant influence on this parameter as well (a decrease of up to about 80% with 5% biocide content), whereas Nisaplin® with the same content decreased the haze by about 19%.



Summarising the conducted study, both Natamax® and Nisaplin® agents can be successfully used to manufacture food packaging materials with antimicrobial protection. Natamax® showed a stronger bactericidal effect, while Nisaplin® changed other properties less significantly. Subsequently, it seems necessary to study the long-term properties of the developed materials, as well as the impact on extending the shelf life of the packaged products. As stated, among others, by Davidson and Harrison [35], the results of laboratory tests need to be confirmed in real conditions, where in each environment the processes may be different and unpredictable. Maintaining good sanitation of food contact materials is an important factor in controlling the risk of microbial contamination of food [66]. It is likely that in the future, use of the developed materials will provide sufficient protection to packaged food without the need to spray it, as is current practice.



The obtained results confirming high antibacterial activity suggest that the films can be used not only as a packaging material for food, but also for other types of applications. More so, because no considerable influence was found, of the components used on the strength properties of the polymer material. However, in the work undertaken, a slight change in the haze colour caused by the proposed additives should be considered. However, this is typical of many natural components [67].




5. Conclusions


The results showed that the addition of natural biocides in the form of commercial additives Natamax® and Nisaplin® during the extrusion process provides LDPE films with antimicrobial protection against E. coli and S. aureus. High efficiency was found for samples containing 3% Natamax®, while a similar effect was obtained after the use of 5% Nisaplin®. It is possible to use the developed films as a packaging material, with an antimicrobial effect, intended for food packaging, e.g., for meats. In the case of Natamax® film, the most important change in the film is the reduction in transparency and a significant increase in haze, which makes it impossible to use this additive in highly transparent packaging. Importantly, no significant influence of the biocides used on the mechanical properties of the film was found.







Author Contributions


Conceptualization, K.J., K.B. and B.K.; Formal analysis, K.J. and K.B.; Investigation, R.M., L.W. and D.K.; Methodology, K.J. and K.B.; Validation, K.J.; Visualization, K.J.; Writing—original draft, K.J. and K.B.; Writing—review and editing, K.J., K.B., L.W. and D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Geyer, R.; Jambeck, J.R.; Law, K.L. Producción, uso y destino de todos los plásticos jamás fabricados. Sci. Adv. 2017, 3, 1207–1221. [Google Scholar]

	



DeFrates, K.G.; Moore, R.; Borgesi, J.; Lin, G.; Mulderig, T.; Beachley, V.; Hu, X. Protein-based fiber materials in medicine: A review. Nanomaterials 2018, 8, 457. [Google Scholar] [CrossRef] [PubMed]

	



Walker, T.W.; Frelka, N.; Shen, Z.; Chew, A.K.; Banick, J.; Grey, S.; Kim, M.S.; Dumesic, J.A.; Van Lehn, R.C.; Huber, G.W. Recycling of multilayer plastic packaging materials by solvent-targeted recovery and precipitation. Sci. Adv. 2020, 6, eaba7599. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.Y.; Fu, J.; He, Y. A review of 3D printing technologies for soft polymer materials. Adv. Funct. Mater. 2020, 30, 2000187. [Google Scholar] [CrossRef]

	



Walczak, M.; Caban, J. Tribological characteristics of polymer materials used for slide bearings. Open Eng. 2021, 11, 624–629. [Google Scholar] [CrossRef]

	



Ramdas, V.M.; Mandree, P.; Mgangira, M.; Mukaratirwa, S.; Lalloo, R.; Ramchuran, S. Review of current and future bio-based stabilisation products (enzymatic and polymeric) for road construction materials. Transp. Geotech. 2021, 27, 100458. [Google Scholar] [CrossRef]

	



Badia, X.; Gil, A.; Shepherd, J.; Guarga, L. Access to Orphan Drugs (ODS) in Spain Compared with EU4 Countries: Inequity and Lack of Price Transparency Across Europe. Value Health 2017, 20, A665. [Google Scholar] [CrossRef]

	



Geyer, R.; Letcher, T.M. Plastic Waste and Recycling. In Chapter 2—Production, Use, and Fate of Synthetic Polymers; Academic Press: Cambridge, UK, 2020; pp. 13–32. [Google Scholar]

	



Adhikary, T.; Kumar, D.H. Advances in Postharvest Packaging Systems of Fruits and Vegetable; IntechOpen: London, UK, 2021. [Google Scholar]

	



Eichelter, J.; Wilhelm, H.; Mautner, A.; Schafler, E.; Eder, A.; Bismarck, A. High-velocity stretching of polyolefin tapes. Polym. Test. 2020, 81, 106228. [Google Scholar] [CrossRef]

	



Alberti, M.G.; Gálvez, J.C.; Enfedaque, A.; Castellanos, R. Influence of high temperature on the fracture properties of polyolefin fibre reinforced concrete. Materials 2021, 14, 601. [Google Scholar] [CrossRef]

	



Gadhave, R.V.; Vineeth, S.K.; Gadekar, P.T. Polymers and polymeric materials in COVID-19 pandemic: A review. Open J. Polym. Chem. 2020, 10, 66. [Google Scholar] [CrossRef]

	



Corrêa, H.L.; Corrêa, D.G. Polymer applications for medical care in the COVID-19 pandemic crisis: Will we still speak ill of these materials? Front. Mater. 2020, 7, 283. [Google Scholar] [CrossRef]

	



Mallakpour, S.; Azadi, E.; Hussain, C.M. Protection, disinfection, and immunization for healthcare during the COVID-19 pandemic: Role of natural and synthetic macromolecules. Sci. Total Environ. 2021, 776, 145989. [Google Scholar] [CrossRef]

	



Yougbare, S.; Chang, T.K.; Tan, S.H.; Kuo, J.C.; Hsu, P.H.; Su, C.Y.; Kuo, T.R. Antimicrobial gold nanoclusters: Recent developments and future perspectives. Int. J. Mol. Sci. 2019, 20, 2924. [Google Scholar] [CrossRef]

	



Argyri, A.A.; Doulgeraki, A.I.; Varla, E.G.; Bikouli, V.C.; Natskoulis, P.I.; Haroutounian, S.A.; Chorianopoulos, N.G. Evaluation of plant origin essential oils as herbal biocides for the protection of caves belonging to natural and cultural heritage sites. Microorganisms 2021, 9, 1836. [Google Scholar] [CrossRef]

	



Caldeira, A.T. Green mitigation strategy for cultural heritage using bacterial biocides. In Microorganisms in the Deterioration and Preservation of Cultural Heritage; Springer: Neuchatel, Switzerland, 2021; pp. 137–154. [Google Scholar]

	



Spirescu, V.A.; Chircov, C.; Grumezescu, A.M.; Andronescu, E. Polymeric nanoparticles for antimicrobial therapies: An up-to-date overview. Polymers 2021, 13, 724. [Google Scholar] [CrossRef]

	



Ribeiro, A.I.; Dias, A.M.; Zille, A. Synergistic effects between metal nanoparticles and commercial antimicrobial agents: A Review. ACS Appl. Nano Mater. 2022, 5, 3030–3064. [Google Scholar] [CrossRef]

	



Liu, B.; Sun, H.; Lee, J.W.; Yang, J.; Wang, J.; Li, Y.; Guo, X. Achieving highly efficient all-polymer solar cells by green-solvent-processing under ambient atmosphere. Energy Environ. Sci. 2021, 14, 4499–4507. [Google Scholar] [CrossRef]

	



Settier-Ramírez, L.; López-Carballo, G.; Gavara, R.; Hernández-Muñoz, P. Broadening the antimicrobial spectrum of nisin-producing Lactococcus lactis subsp. Lactis to Gram-negative bacteria by means of active packaging. Int. J. Food Microbiol. 2021, 339, 109007. [Google Scholar] [CrossRef]

	



Dubey, K.A.; Bhardwaj, Y.K. High-performance polymer-matrix composites: Novel routes of synthesis and interface-structure-property correlations. In Handbook on Synthesis Strategies for Advanced Materials; Springer: Singapore; Mumbai, India, 2021; pp. 1–25. [Google Scholar]

	



Kolbeck, S.; Hilgarth, M.; Vogel, R.F. Proof of concept: Predicting the onset of meat spoilage by an integrated oxygen sensor spot in MAP packages. Lett. Appl. Microbiol. 2021, 73, 39–45. [Google Scholar] [CrossRef]

	



Jo, Y.; Garcia, C.V.; Ko, S.; Lee, W.; Shin, G.H.; Choi, J.C.; Kim, J.T. Characterization and antibacterial properties of nanosilver-applied polyethylene and polypropylene composite films for food packaging applications. Food Biosci. 2018, 23, 83–90. [Google Scholar] [CrossRef]

	



Omerović, N.; Djisalov, M.; Živojević, K.; Mladenović, M.; Vunduk, J.; Milenković, I.; Vidić, J. Antimicrobial nanoparticles and biodegradable polymer composites for active food packaging applications. Compr. Rev. Food Sci. Food Saf. 2021, 20, 2428–2454. [Google Scholar] [CrossRef]

	



Garavand, F.; Cacciotti, I.; Vahedikia, N.; Rehman, A.; Tarhan, Ö.; Akbari-Alavijeh, S.; Jafari, S.M. A comprehensive review on the nanocomposites loaded with chitosan nanoparticles for food packaging. Crit. Rev. Food Sci. Nutr. 2022, 62, 1383–1416. [Google Scholar] [CrossRef]

	



Sokolik, C.G.; Lellouche, J.P. Hybrid-silica nanoparticles as a delivery system of the natural biocide carvacrol. RSC Adv. 2018, 8, 36712–36721. [Google Scholar] [CrossRef]

	



Rezvani, E.; Rafferty, A.; McGuinness, C.; Kennedy, J. Adverse effects of nanosilver on human health and the environment. Acta Biomater. 2019, 94, 145–159. [Google Scholar] [CrossRef]

	



Al-Jumaili, A.; Kumar, A.; Bazaka, K.; Jacob, M.V. Plant secondary metabolite-derived polymers: A potential approach to develop antimicrobial films. Polymers 2018, 10, 515. [Google Scholar] [CrossRef]

	



Li, W.; Cicek, N.; Levin, D.B.; Logsetty, S.; Liu, S. Bacteria-triggered release of a potent biocide from core-shell polyhydroxyalkanoate (PHA)-based nanofibers for wound dressing applications. J. Biomater. Sci. Polym. Ed. 2020, 31, 394–406. [Google Scholar] [CrossRef]

	



Pawłowska, A.; Stepczyńska, M. Natural biocidal compounds of plant origin as biodegradable materials modifiers. J. Polym. Environ. 2021, 30, 1683–1708. [Google Scholar] [CrossRef]

	



O’Connor, P.M.; Kuniyoshi, T.M.; Oliveira, R.P.; Hill, C.; Ross, R.P.; Cotter, P.D. Antimicrobials for food and feed; a bacteriocin perspective. Curr. Opin. Biotechnol. 2020, 61, 160–167. [Google Scholar] [CrossRef]

	



Nurdianti, L.; Rusdiana, T.; Sopyan, I.; Putriana, N.A.; Aiman, H.R.; Fajria, T.R. Characteristic comparison of an intraoral thin film containing astaxanthin nanoemulsion using sodium alginate and gelatin polymers. Turk. J. Pharm. Sci. 2021, 18, 289. [Google Scholar] [CrossRef]

	



Shah, A.A.; Wu, J.; Qian, C.; Liu, Z.; Mobashar, M.; Tao, Z.; Zhong, X. Ensiling of whole-plant hybrid pennisetum with natamycin and Lactobacillus plantarum impacts on fermentation characteristics and meta-genomic microbial community at low temperature. J. Sci. Food Agric. 2020, 100, 3378–3385. [Google Scholar] [CrossRef]

	



Davidson, P.M.; Harrison, M.A. Resistance and adaptation to food antimicrobials, sanitizers, and other process controls. Food Technol. 2002, 56, 69–78. [Google Scholar]

	



Akhila, P.P.; Sunooj, K.V.; Navaf, M.; Aaliya, B.; Sudheesh, C.; Sasidharan, A.; Khaneghah, A.M. Application of innovative packaging technologies to manage fungi and mycotoxin contamination in agricultural products: Current status, challenges, and perspectives. Toxicon 2022, 214, 18–29. [Google Scholar] [CrossRef] [PubMed]

	



Mo, X.; Peng, X.; Liang, X.; Fang, S.; Xie, H.; Chen, J.; Meng, Y. Development of antifungal gelatin-based nanocomposite films functionalized with natamycin-loaded zein/casein nanoparticles. Food Hydrocoll. 2021, 113, 106506. [Google Scholar] [CrossRef]

	



Anari, H.N.B.; Majdinasab, M.; Shaghaghian, S.; Khalesi, M. Development of a natamycin-based non-migratory antimicrobial active packaging for extending shelf-life of yogurt drink (Doogh). Food Chem. 2022, 366, 130606. [Google Scholar] [CrossRef]

	



Arthur, T.D.; Cavera, V.L.; Chikindas, M.L. On bacteriocin delivery systems and potential applications. Future Microbiol. 2014, 9, 235–248. [Google Scholar] [CrossRef]

	



Barbosa, A.A.T.; de Melo, M.R.; da Silva, C.M.R.; Jain, S.; Dolabella, S.S. Nisin resistance in Gram-positive bacteria and approaches to circumvent resistance for successful therapeutic use. Crit. Rev. Microbiol. 2021, 47, 376–385. [Google Scholar] [CrossRef]

	



Shin, J.M.; Gwak, J.W.; Kamarajan, P.; Fenno, J.C.; Rickard, A.H.; Kapila, Y.L. Biomedical applications of nisin. J. Appl. Microbiol. 2016, 120, 1449–1465. [Google Scholar] [CrossRef]

	



Zehetmeyer, G.; Meira, S.M.M.; Scheibel, J.M.; de Oliveira, R.V.B.; Brandelli, A.; Soares, R.M.D. Influence of melt processing on biodegradable nisin-PBAT films intended for active food packaging applications. J. Appl. Polym. Sci. 2016, 133, 43212. [Google Scholar] [CrossRef]

	



Wang, H.; Yang, B.; Sun, H. Pectin-Chitosan polyelectrolyte complex nanoparticles for encapsulation and controlled release of nisin. Am. J. Polym. Sci. Technol. 2017, 3, 82–88. [Google Scholar] [CrossRef]

	



Agustín-Sáenz, C.; Martín-Ugarte, E.; Jorcin, J.B.; Imbuluzqueta, G.; Santa Coloma, P.; Izagirre-Etxeberria, U. Effect of organic precursor in hybrid sol–gel coatings for corrosion protection and the application on hot dip galvanised steel. J. Sol-Gel Sci. Technol. 2019, 89, 264–283. [Google Scholar] [CrossRef]

	



Ayers, S.; Crawley, R.; Button, S.; Thornton, A.; Field, A.P.; Flood, C.; Smith, H. Evaluation of expressive writing for postpartum health: A randomised controlled trial. J. Behav. Med. 2018, 41, 614–626. [Google Scholar] [CrossRef]

	



Shiroodi, S.G.; Nesaei, S.; Ovissipour, M.; Al-Qadiri, H.M.; Rasco, B.; Sablani, S. Biodegradable polymeric films incorporated with nisin: Characterization and efficiency against Listeria monocytogenes. Food Bioprocess Technol. 2016, 9, 958–969. [Google Scholar] [CrossRef]

	



Gumienna, M.; Górna, B. Antimicrobial food packaging with biodegradable polymers and bacteriocins. Molecules 2021, 26, 3735. [Google Scholar] [CrossRef]

	



Rai, M.; Ingle, A.P.; Paralikar, P.; Gupta, I.; Medici, S.; Santos, C.A. Recent advances in use of silver nanoparticles as antimalarial agents. Int. J. Pharm. 2017, 526, 254–270. [Google Scholar] [CrossRef]

	



ISO 22196:2011; Measurement of Antibacterial Activity on Plastics and Other Non-Porous Surfaces. ISO: Geneva, Switzerland, 2011.

	



ISO 291:2008; Plastics—Standard Atmospheres for Conditioning and Testing. ISO: Geneva, Switzerland, 2008.

	



ISO 527-1:2019; Plastics—Determination of Tensile Properties—Part 1: General Principles. ISO: Geneva, Switzerland, 2019.

	



ISO 527-2:2012; Plastics—Determination of Tensile Properties—Part 2: Test Conditions for Moulding and Extrusion Plastics. ISO: Geneva, Switzerland, 2012.

	



ISO: 1133-1:2011; Plastics—Determination of the Melt Mass-Flow Rate (MFR) and Melt Volume-Flow Rate (MVR) of Hermoplastic—Part 1: Standard Method. ISO: Geneva, Switzerland, 2011.

	



ISO 13468-1:2019; Plastics—Determination of the Total Luminous Transmittances of Transparent Materials–Part 1: Single-Beam Instrument. ISO: Geneva, Switzerland, 2019.

	



ASTM D 1003; Standard Test Method for Haze and Luminous Transmittance of transparent Plastics. ASTM: West Conshohocken, PA, USA, 2013.

	



JIS Z 2801; Test for Antimicrobial Activity of Plastics. ISO: Geneva, Switzerland.

	



Orlo, E.; Russo, C.; Nugnes, R.; Lavorgna, M.; Isidori, M. Natural methoxyphenol compounds: Antimicrobial activity against foodborne pathogens and food spoilage bacteria, and role in antioxidant processes. Foods 2021, 10, 1807. [Google Scholar] [CrossRef]

	



Khazaei Monfared, Y.; Mahmoudian, M.; Cecone, C.; Caldera, F.; Zakeri-Milani, P.; Matencio, A.; Trotta, F. Stabilization and anticancer enhancing activity of the peptide nisin by cyclodextrin-based nanosponges against colon and breast cancer Cells. Polymers 2022, 14, 594. [Google Scholar] [CrossRef]

	



Gedarawatte, S.T.; Ravensdale, J.T.; Al-Salami, H.; Dykes, G.A.; Coorey, R. Antimicrobial efficacy of nisin-loaded bacterial cellulose nanocrystals against selected meat spoilage lactic acid bacteria. Carbohydr. Polym. 2021, 251, 117096. [Google Scholar] [CrossRef]

	



Alirezalu, K.; Yaghoubi, M.; Poorsharif, L.; Aminnia, S.; Kahve, H.I.; Pateiro, M.; Munekata, P.E. Antimicrobial polyamide-alginate casing incorporated with nisin and ε-polylysine nanoparticles combined with plant extract for inactivation of selected bacteria in nitrite-free frankfurter-type sausage. Foods 2021, 10, 1003. [Google Scholar] [CrossRef]

	



Janczak, K.; Kosmalska, D.; Kaczor, D.; Raszkowska-Kaczor, A.; Wedderburn, L.; Malinowski, R. Bactericidal and fungistatic properties of LDPE modified with a biocide containing metal nanoparticles. Materials 2021, 14, 4228. [Google Scholar] [CrossRef]

	



Kosmalska, D.; Janczak, K.; Raszkowska-Kaczor, A.; Stasiek, A.; Ligor, T. Polylactide as a substitute for conventional polymers—biopolymer processing under varying extrusion conditions. Environments 2022, 9, 57. [Google Scholar] [CrossRef]

	



Holcapkova, P.; Hurajova, A.; Bazant, P.; Pummerova, M.; Sedlarik, V. Thermal stability of bacteriocin nisin in polylactide-based films. Polym. Degrad. Stab. 2018, 158, 31–39. [Google Scholar] [CrossRef]

	



Jin, T.Z.; Liu, L. Roles of green polymer materials in active packaging. In Innovative Uses of Agricultural Products and Byproducts; American Chemical Society: Washington, DC, USA, 2020; pp. 83–107. [Google Scholar]

	



Czaja-Jagielska, N.; Praiss, A.; Walenciak, M.; Zmyślona, D.; Sankowska, N. Biodegradable packaging based on PLA with antimicrobial properties. LogForum 2020, 16, 279–286. [Google Scholar] [CrossRef]

	



Zhang, X.; Liu, X.; Yang, C.; Xi, T.; Zhao, J.; Liu, L.; Yang, K. New strategy to delay food spoilage: Application of new food contact material with antibacterial function. J. Mater. Sci. Technol. 2021, 70, 59–66. [Google Scholar] [CrossRef]

	



Puszczykowska, N.; Rytlewski, P.; Macko, M.; Fiedurek, K.; Janczak, K. Riboflavin as a biodegradable functional additive for thermoplastic polymers. Environments 2022, 9, 56. [Google Scholar] [CrossRef]








[image: Environments 09 00084 g001a 550][image: Environments 09 00084 g001b 550] 





Figure 1. Sample images (real photos and photos taken with a scanning electron microscope-SEM, Hitachi SU 8010, Tokyo, Japan). Abbreviations: 0- pure LDPE; Nt 1,3,5 (samples with 1%, 3% and 5% Natamax®); Ns 1,3,5 (samples with 1%, 3% and 5% Nisaplin®). 
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Figure 2. Antimicrobial activity (R) values of samples containing biocides relative to control samples (without biocide): (a) reduction in the decimal logarithm cfu/cm2 (Redlog10), (b) percentage reduction cfu/cm2; all R values are statistically significant in relation to control samples. Statistically significant differences between the variants in the graph are marked with different letters, for p < 0.05. Abbreviations: as in Figure 1. 
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Figure 3. Elongation at break (percentage differences compared to samples without biocide). Statistically significant differences (p < 0.05) compared to the control (0) are marked with asterisks. Abbreviations: as in Table 1. 
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Figure 4. Optical properties (percentage differences compared to samples without biocide): (a) transparency; (b) haze. Statistically significant differences (p < 0.05) compared to the control (0) are marked with asterisks. Abbreviations: as in Figure 1. 
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Table 1. Test conditions for mechanical properties under static tension.
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	Parameter
	Value





	Temperature (°C)
	23 ± 1



	Humidity, RH (%)
	50 ± 5



	Test speed (mm/min.)
	50



	Length of the measurement section, L0 (mm)
	50



	Sample width (mm)
	10
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Table 2. Number of viable bacterial cells after incubation CFU/cm2 (mean ± standard deviation in brackets). Statistically significant differences in the columns are marked with different letters for p < 0.05. Abbreviations: as in Figure 1.
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	Sample
	E. coli
	S. aureus





	0
	1.2 × 104 (1600) e
	1.1 × 104 (1700) f



	Nt1
	7.0 × 102 (90) c
	2.5 × 103 (280) d



	Nt3
	4.0 × 101 (10) a
	3.0 (1) a



	Nt5
	3.0 × 101 (5) a
	6.0 (2) b



	Ns1
	1.0 × 103 (200) d
	5.6 × 103 (300) e



	Ns3
	3.3 × 102 (60) c
	8.7 × 102 (70) c



	Ns5
	6.0 × 101 (8) b
	4 (2) ab
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Table 3. Comparison of selected LDPE film parameters with and without biocides (mean ± standard deviation in brackets). Statistically significant differences (p < 0.05) compared to the control (0) are marked with asterisks. Abbreviations: as in Figure 1.
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	σ (MPa)
	ε (%)
	MFR (g/10 min.)
	T (%)
	H (%)





	0
	11.9 (0.05)
	596.7 (2.08)
	2.1 (0.06)
	91.5 (0.10)
	40.7 (0.20)



	Nt1
	11.8 (0.05)
	588.0 (2.00) *
	2.2 (0.06)
	91.2 (0.06)
	51.3 (0.15) *



	Nt3
	11.8 (0.06)
	572.0 (2.00) *
	2.2 (0)
	90.4 (0.06) *
	66.2 (0.10) *



	Nt5
	11.7 (0.07)
	564.0 (2.00) *
	2.3 (0.1)
	88.4 (0.20) *
	73.2 (0.59) *



	Ns1
	11.8 (0.04)
	596.7 (2.52)
	2.1 (0)
	91.8 (0.35)
	41.0 (0.10)



	Ns3
	11.8 (0.04)
	582.8 (1.53) *
	2.2 (0.06)
	91.1 (0.87)
	46.0 (1.10) *



	Ns5
	11.8 (0.04)
	579.3 (3.06) *
	2.3 (0.06)
	91.4 (0.15)
	48.3 (0.61) *







Abbreviations: σ (MPa)—tensile strength; ε (%)—elongation at break; T (%)—transparency; H (%)—haze.
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