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Running title: 


The following study explores new polymer blends at various blend ratios of ethylene vinyl acetate and co-polyamide for the controlled release of the polypeptide “nisin” from a thermoplastic film to extend shelf life and increase food safety for the consumer. 

ABSTRACT

This
 study tests flexible films incorporating nisin for antibacterial active packaging purposes.
A novel approach was used to control the nisin release profile from a thermoplastic film to 
enhance its antibacterial efficiency by incorporating polymer blends of ethylene vinyl acetate 
and co-polyamide at various ratios. The release profile of an antibacterial substance from active packaging to foodstuff is a key factor concerning the antibacterial efficiency. 
Samples of 400[μm] 
were produced by using a laboratory twin-screw compounder and a laboratory hot press and then characterized for their antibacterial activity, migration kinetics, molecular interactions, and water swelling. Bacterial tests show that nisin-incorporated films reduced bacterial count by different extents, which Listeria ATCC 33090 was used as the target bacteria. The nisin-migration profile to water medium was determined by Lowry’s protocol. 
Scanning electron microscopy images and thermal analysis indicated that no significant molecular interactions occurred. Furthermore, droplet and co-continuous-like 
morphologies were seen at different polymer-blend ratios. The osmotic pressure driven release mechanism 
appears to be the dominant migration mechanism and diffusion kinetics was dominant. Results also show that morphology of the polymer-blend matrix alters the diffusion coefficient. In addition, water swelling characterization of different samples was measured to reveal the relations with the diffusion coefficient. It seems that there is an inverse resemblance between water swelling and the diffusion-coefficient trends. 
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INTRODUCTION

One of the most relevant fields concerning bacterial contamination is ready-to-eat foodstuffs. Foodstuffs are a concern because people are exposed to them daily, and food-borne pathogens are a growing concern worldwide. For instance, the World Health Organization 
and the European Food Safety Authority reports in recent years that there is an increase in food-borne illnesses. 
Moreover, there are reports of new food-borne pathogens that are emerging in many parts of the world [1].
To reduce the risks associated with foodstuff packaging, 
polymer packaging is increasingly used for foodstuff packaging purposes as a physical barrier, among other reasons, from the surroundings. Active packaging is a sophisticated approach for the preservation of fresh foodstuffs, control over food-borne pathogens, and extension of shelf life [2]. This sophisticated approach actively involves the foodstuff's polymeric packaging in the preservation of its content. The objectives of antibacterial active packaging are to reduce the bacterial growth rate of non-sterile foodstuffs and to maintain the pasteurized stability for sterile foodstuffs [3].  
Bacterial contamination occurs primarily at the surface of foodstuffs due to post-processing handling. Consequently, attempts have been made to disinfect the surface of contaminated foodstuffs by using direct nisin formulated antibacterial sprays or dips. However, this direct application has had little effect on bacterial contamination due to nisin antibacterial activity exhaustion [4].
Nisin is a potent polypeptide bacteriocin produced by the lactic acid bacteria. Nisin is water soluble and is known to inhibit the growth of gram-positive bacteria, and Nisin has been used by humans for decades and is considered safe for consumption [5] [6], which it exhibits the greatest stability 
under acidic conditions [7] [8].
In
 addition, nisin antibacterial performance increases when it is controlled released to the surface of foodstuff compared to traditional nisin instant addition [9] [10] [11]. Consequently, control over the release kinetics of nisin from packaging material to foodstuffs is needed.
Release kinetics control technology is used in many fields and particularly in drug delivery devices. One method of obtaining control over drug release kinetics is by using polymer blends [12]. Each polymer has a unique effect on drug release kinetics, and drug release kinetics control may be achieved by changing the ratio of the polymer blend.
This work aims to study the enhancement of antibacterial effectiveness of nisin incorporated polymer-blend films. 

EXPERIMENTAL
Methodology
To obtain nisin incorporated polymer films that control nisin release kinetics and possess antibacterial activity, suitable polymer components were selected per their thermal, rheological, and hygroscopic properties:
Since nisin is susceptible to thermal conditions [7] [13], high processing temperature 
polymers were screened. Hygroscopic properties were of interest since nisin migration occurs on a water medium basis. 
To verify nisin migration from film to Deionized Water (DI water), preliminary water swelling tests were done (data not shown). Additionally, polymers that did not increase their water swelling extent due to incorporating Nisaplin were screened.
To quantify the nisin-migration profile, DI water was used as a migration medium; this medium simulates ready-to eat foodstuffs. Preliminary bacterial tests determined that nisin antibacterial activity was retained at defined processing conditions and that nisin migration occurs to DI water (data not shown); additionally, films containing 4[wt%] of Nisaplin were investigated
. 


Materials

Two polymers were used as polymer matrix components: GreenFlex FF55 and ethylene vinyl acetate copolymer (EVA) supplied by Polimeri Europa. This EVA is designed for flexible packaging and complies with the rules and regulations of the European Union and other countries regarding the use of plastic materials in food contact applications. 
Some of its properties include
 a melting point of 84[°C], 19[%]vinyl acetate content, melt flow index 
= 0.7 [g/10min] (ASTM 
D1238), and a density of 0.94[[image: image2.png]



]. 
Grilon CF 6 S was generously donated by EMS 
(PA). This Co-polyamide is designed for packaging applications and complies with EU requirements and FDA regulations regarding food contact.
Some properties include melting point of 130[°C], MVR = 180 [[image: image4.png]Tomin



] (ISO 1133), and density of 1.05[[image: image6.png]


]. 
Nisaplin, supplied by Handary SA, Brussels, Belgium (Nis), is a commercial product. Nisaplin appearance is a light brown fine powder and is composed of 2.5[wt%] nisin, 95[wt%] sodium chloride, and remains of milk solids as reported by the manufacturer.

Sample preparation

Compound preparation

EVA, PA, and Nisaplin were compounded using a twin-screw extruder (Prism, EuroLab). Screw speed was 250[RPM], dwell time was about 30 seconds
, and temperature profile was 160[°C] 
for all five heating zones. Samples of 4[wt%] Nisaplin were produced for biological tests and samples of 12[wt%] Nisaplin for migration tests. Composition ratios are specified in table 1. 

Film preparation
Films were prepared using a laboratory hot press and a rectangular shaped mold. The Laboratory press was heated to 160[°C], and the samples were incubated for 5 minutes. Pressure of 15,000[psi] were applied for 10 seconds, and the resulting film thickness was about 400[μm]. 

Characterization
Differential Scanning Calorimetry (DSC)

DSC (TA instruments, Q200) was used (temperature ramp of [image: image8.png]10[5]




) to evaluate the degree of polymer-blend interactions by monitoring the change of characteristic transition temperatures with composition. 


To eliminate thermal history, two runs were performed within a temperature range of –40–200[°C]. 


Scanning electron microscopy (SEM)

SEM (Aspex, explorer) was used to characterize polymer-blend morphology and evaluate the Nisaplin response to water activity when nisin migration occurs. Afterwards, samples were immersed for 24 hours in DI water to witness the film state. A cryogenic fracture was performed and the cross section was examined. Samples were then coated with a thin layer of gold, and images were captured at a magnification of 750X.


Nisin-migration profile 
The effect of polymer-blend composition on nisin-migration profile to DI water was evaluated using migration cells at room temperature. Migration cells were composed of a glass cell equipped with a removable 60[mm] diameter lid. Afterwards, 10[ml] of DI water were introduced to the cell as the migration medium, and Nisaplin incorporated films were cut to fit the cell's lid. Each container was positioned so that DI water and film contact occurred. Films were let to reach equilibrium for one hour
, and perfect sink conditions were verified [14].
At specific time intervals
, water samples were taken and characterized for their nisin concentration by Lowry’s protocol [15]. A ultraviolet 
visible spectrophotometer (SHIMADZU, UV-1650PC) was used to evaluate the maximum absorbance peak, which nisin exhibits its maximum absorbance peak at 750[nm] using this protocol. Nisaplin was used as the standard, and samples were tested using triplicates.


Film DI water swelling

DI Water swelling properties were monitored as supplementary data to this study, since it is known that nisin migrates from polymer packaging to foodstuff on a liquid water medium basis.
The hypothesis was that DI water swelling extent may be correlated with nisin-migration extent [16]. This principle may give a simple preliminary approach to estimate nisin-migration extent when designing antibacterial packaging. 
Additionally, DI water swelling of films was characterized by a moisture analyzer (Sartorius, MA100), and films were soaked in DI water for 24 hours. The surface of the films was wiped dry before the measurements. Test conditions included incubation at 70[°C] and automatic shutdown was set, so results were obtained when no weight loss was detected within a period of 24 seconds. Additionally, each test was done with about 1.6[gr] of film, and samples were tested using triplicates.

Antibacterial activity
To evaluate the antibacterial activity of the films, a Gram-positive target bacteria (Listeria ATCC 33090) was used. Antibacterial activity tests were done at 12.5[%] nutritional broth at room temperature. Samples were tested using duplicates, and the corresponding control films were tested, which no significant influence on target bacteria was seen (data not shown). 
Films containing 4[wt%] Nisaplin were tested, as noted earlier, due to an applicative approach and the high sensitivity of this test. 

RESULTS AND DISCUSSION


Thermal analysis

Figure 1 shows a DSC diagram of EVA/PA blends and shows melting temperatures of 130[°C] and 86[°C] for PA and EVA blends, respectively. Additionally, the EVA/PA-70 sample does not show the EVA melting point, probably due to the existence of a Tcc peak at 77[°C], which is attributed to PA. 
The PA glass transition temperature is depicted at about 29[°C]; however, the EVA glass transition temperature is not detected and is reported to be below -80[°C] by the manufacturer.
All EVA/PA blends show approximately these melting points and glass transition temperatures without any significant change with composition. Thus, no significant polymer interactions exist in these blend compositions.
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Figure 1: 
DSC diagram of EVA/PA blends. 


SEM


SEM images of 4[wt%] Nisaplin incorporated EVA/PA blends are shown in Figure 2. Image A shows cracks and crevices close to the surface to a depth of about 100[µm]. Furthermore, a few voids are seen at a depth of 100–200[µm] and can be related to Nisaplin dissolved particles. Also, a few intact Nisaplin particles are seen at a depth of 200–300[µm].
Images B and C show rough fractures with droplet and co-continuous-like 
morphology, respectively. No cracks and crevices can be seen, which is probable due to the rough surface. Additionally, intact Nisaplin particles can be seen at a depth of 150–300[µm].
 Image D shows droplet morphology, large voids at a depth of 100–200[µm], and intact Nisaplin particles at a depth of 200–300[µm]. Lastly, Image E shows a few large voids close to the surface. No intact Nisaplin particles are seen up to a depth of about 300[µm]. 
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Figure 2: SEM images of the crosssections of A: EVA/Nis4, B: EVA/PA-30/Nis4, C: EVA/PA-50/Nis4, D: EVA/PA-70/Nis4, and E: PA/Nis4.

These images indicate that osmotic pressure driven release is the main Nisaplin release mechanism from this system. This is due to the presence of 95[wt%] of sodium chloride used as matrix for nisin. [17] [18]. 


Nisin-migration profile and diffusion-coefficient determination
Samples containing 12[wt%] of Nisaplin were characterized so that reliable detection was obtained.
The migration profiles of samples that contain 4[wt%] of Nisaplin can be derived from the samples containing 12[wt%] of Nisaplin. This assumption can be made due to the 5.5 [vol%] Nisaplin loading for the 12[wt%] samples. This extent of loading is below the critical volumetric loading (about 33 [vol%]) [17] [18].
Figure 3 illustrates plots of nisin concentration versus time for various matrix compositions. An initial steep raise of nisin concentration is seen (0–1 hour), probably due to Nisaplin particles that are easily accessible to DI water at the surface of the sample [19]. SEM images reveal that more Nisaplin particles are exposed at the surface of EVA than at the surface of the PA matrix 
(data not shown). This indicates that the PA matrix encapsulates Nisaplin particles better than EVA due to polarity compatibility. 
The figure also shows that different matrix compositions give different migration profiles with time. 
Furthermore, after 24 hours of exposure, the final concentration of different samples is spanned over a range of 2–6 [μg/ml] that correspond to 0.6–1.8[%] released by weight of total nisin content.
The corresponding diffusion coefficients, specified in table 2, were determined by the trend line slops of fractional release vs. square root of time plots (1–24 hours) (figure 4) according to Fick's second law, which is presented as follows [20] [21]: 
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 is the fractional release at time t, [image: image18.png]


 is the diffusion coefficient [image: image20.png]
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 is the sample thickness [[image: image24.png]


]. However, Equation 1 
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Figure 3: Migration curves of EVA/Nis12, EVA/PA-30/Nis12, EVA/PA-50/Nis12, 
EVA/PA-70/Nis12, and PA/Nis12 at 20°C. Error bars refer to ±2σ.
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Figure 4: Plots of fractional release versus square root of time for the migration of nisin from diffrent polymer matrix blend compositions at 20°C. Error bars refer to ±2σ.
Figure 5 illustrates the change in the diffusion coefficients as a function of weight percent of PA in the matrix polymer blend. It also shows that the diffusion coefficient is governed by the continuous phase and that the diffusion coefficient does not change significantly when neat EVA or PA are blended (EVA/Nis12, EVA/PA-30/Nis12, EVA/PA-70/Nis12, or PA/Nis12). A significant change in the diffusion coefficient is seen when the morphology changes to co-continuous (EVA/PA-50/Nis12). 
All samples, except EVA/PA-50/Nis12, have a least square fit above 0.90, meaning that diffusion is the dominant release mechanism. EVA/PA-50/Nis12 sample has a lower least square fit (0.83), and this indicates 
that diffusion is not the only migration mechanism in this scenario. Additionally, this indicates that the morphology of the immiscible polymer blend is responsible for altering the nisin diffusion coefficient.
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Figure 5: Diffusion coefficiant as a function of PA [wt%].
DI water Swelling

Figure 6 illustrates plots of DI water swelling of neat polymer films (EVA/PA series), Nisaplin incorporated films (EVA/PA/Nis4 series), and the swelling difference plot (difference) as a function of PA[wt%] in the polymer blend. The difference plot characterizes the influence of polymer-blend compositions on water accessibility to Nisaplin. This plot is composed of the DI water swelling difference of corresponding PA[wt%] of EVA/PA/Nis4 series from EVA/PA series. 
Results show a synergistic effect concerning films of EVA/PA series compared to the rule of mixtures. This synergistic effect characterizes the effect that morphology has on the swelling properties, and when Nisaplin is added (EVA/PA/Nis4 series), an increase in DI water swelling is seen relative to EVA/PA series. This DI water swelling extent increase is related to the hygroscopic nature of sodium chloride, which is the major component in Nisaplin. Furthermore, this result supports SEM images (figure 2) that indicate 
an osmotic pressure driven release mechanism.
Figure 7 depicts swelling difference and diffusion-coefficient plots (linear scale and binary logarithmic scale, respectively) as a function of PA[wt%] in the polymer blend. An inverse resemblance can be seen between the two plots.
Concerning the case of swelling difference plot, where a continuous/droplet polymer-blend morphology exists (EVA/Nis4, EVA/PA-30/Nis4, EVA/PA-70/Nis4, and PA/Nis4), DI water swelling value is quite constant, about 3[wt%]. These samples show a somewhat constant diffusion-coefficient value for each continuous polymer phase.
Where morphology is co-continuous (EVA/PA-50/Nis4), DI water swelling is significantly lower, about 1.7 [wt%]. Furthermore, co-continuous morphology causes the diffusion coefficient to peak. Thus, polymer-blend morphology alters the diffusion coefficient and the swelling properties in an inverse manner. To fully understand this result, further research is needed. 
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Figure 6: DI water swelling at 24 hours immertion of EVA/PA/Nis4 series at varying PA composition, difference of the water swelling values of EVA/PA/Nis4 series and EVA/PA series, EVA/PA series at varying PA composition, and the mixture rule at 20°C. Error bars refer to ±2σ.
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Figure 7: Relations of the diffusion coefficient, D, and DI water swelling versus PA[wt%]. Error bars refer to ±2σ.
Antibacterial activity

Bacterial tests were performed to determine whether the nisin antibacterial activity post processing conditions were retained and to evaluate the target bacteria response to different nisin-migration profiles. Also, this test gives additional confirmation 
for nisin migration from film to simulant. 
Bacterial response was evaluated after 24 hours of exposure to the antibacterial film. Control refers to the natural growth of target bacteria. 
Figures 8 and 9 show that EVA/Nis4 and EVA/PA-70/Nis4 samples had significantly reduced bacterial counts compared to the control. The other samples, EVA/PA-30/Nis4, EVA/PA-50/Nis4, and PA/Nis4 show no significant reduction in bacterial growth within SD values (Figure 8 and Figure 9). These results clearly show that nisin migrates on a water basis and holds its antibacterial activity post thermal-processing conditions.
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Figure 8: Bacterial tests of EVA/Nis4 and corresponding control. Error bars refer to ±2σ.
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Figure 9: Bacterial tests of EVA/PA-30/Nis4, EVA/PA-50/Nis4, EVA/PA-70/Nis4, PA/Nis4 and corresponding control. Error bars refer to ±2σ.
In addition, the effect that antibacterial films inflict on the bacteria is a result of different exposures that result from different migration profiles induced by polymer-blend composition. These results may indicate that the reduction of bacteria count is not necessarily related to the nisin concentration but could be related to certain migration profiles (EVA/Nis4 and EVA/PA-70/Nis4) that "agitate" bacteria growth more than others. 
CONCLUSIONS
This study shows that different matrix morphologies can alter the diffusion coefficient and the extent of nisin migration and that Nisaplin can retain its antibacterial activity in the EVA/PA blends matrix when subjected to a temperature of 160[°C] for 5.5 minutes
. Antibacterial activity tests show different target bacteria responses to different migration profiles. Varying the polymer-blend ratio can also be used to induce different migration profiles that "agitate" bacteria growth at different extents and to enhance the effectiveness of nisin. In addition, SEM images indicate an osmotic pressure driven release mechanism due to the presence of 95[wt%] of sodium chloride used as a matrix for nisin. These results show a potential method that enables the controlled release of nisin that can be used for shrink/vacuum skin active packaging for fresh foodstuffs. 
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	Sample notation
	Matrix composition 
EVA/PA [wt%]
	Nisaplin (Nisin) [wt%]

	EVA/Nis4
	100/0
	4 (0.1)

	EVA/PA-30/Nis4
	70/30
	4 (0.1)

	EVA/PA-50/Nis4
	50/50 
	4 (0.1)

	EVA/PA-70/Nis4
	30/70
	4 (0.1)

	PA/Nis4
	0/100
	4 (0.1)

	
	
	

	EVA/Nis12
	100/0
	12 (0.3)

	EVA/PA-30/Nis12
	70/30
	12 (0.3)

	EVA/PA-50/Nis12
	50/50 
	12 (0.3)

	EVA/PA-70/Nis12
	30/70
	12 (0.3)

	PA/Nis12
	0/100
	12 (0.3)


Table 1 – sample compositions.
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	Specimen
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	EVA/Nis12
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	EVA/PA-30/Nis12
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	EVA/PA-50/Nis12
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Table 2 - calculated diffusion coefficients and least-squares fit for diffrent polymer-blend compositions.
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�Please clarify if this is the thickness of the film. 


�Since you define this term later in the document, you should use the definition here.


�This term seems strange; please confirm this is the appropriate format for formatting it. A Google search showed that this was the most appropriate term.


�Please check with the guidelines of the publishing body regarding hyphens, but I feel that no hyphens in this context improve the readability. 


�Since you only use the acronym once, you do not need to present it. 


�Please consider presenting references for these claims. 


�Please confirm that this edit presents the intended idea. 


�Please state what you are comparing it against.


�You may put the previous sentence after this one, as I have done.


�Depending on the guidelines of the publishing body, I recommend changing this to high-processing-temperature polymers.


�Can you expand on the rational why films with 4[wt%] were of interest?


�Clauses before colons need to be complete sentences.


�Please confirm this is what you mean.


�You should not need to define this acronym, but please confirm.


�This format is unusual; Please consult with the publishing body and confirm that this format conforms to the guidelines of the publishing body. 


�If this is a acronym , please define it.


�Can you be more precise? 


�Why do you have brackets around the units? Please consider remvoing them. 


�This gap is fairly large; please consider reducing it to be more similar to the other gaps between sections. 


�Again, this is an unusual way to present your units. Please refer to the guidelines of the publishing body and format accordingly.


�If you define SEM here, I recommend defining it earlier in the manuscript. 


�Please confirm that the publishing body uses magnification to describe its SEM images. Some researchers and editors prefer to state the dimensions of what they are measuring. 


�Please be more specific in this phrase. Did the films actually reach equilibrium? 


�Again, please be more specific. 


�You don't need to abbreviate this term. 


�Again, can you be more descriptive regarding the "applicative approach?"


�Again, please check with the publishing body to determine if this spacing follows their guidelines. 


�Please presents a consistent caption introduction throughout the manuscript. 


�Please confirm that this caption follows the guidelines of the publishing body and that the format of the figure is also acceptable to the publishing body. For example, you could remove the outer line and "universal..." and exo up" in the figure".


�Since it was defined earlier, it doesn't need to be defined here. 


�Again, this term is unclear; please clarify and present a unifrorm term throughout the manuscript.


�Please prove that the particles can be seen at this depth using the graph.


�Please indicate what they arrows are either in the manuscript or in the figures. 


�Images A appears much more difficult to see than the other image. Please find another image to show this feature. Additionally, please consider using the same bar length througout all your figures. The bar length for Image A is much shorter than the other figures. 


�Please confirm that this format is acceptable to the publishing body. Some prefer presenting letters as (a). 


�Original is unclear; please confirm this is what you mean. 


�Please consider using the Microsoft Equation Editor to write your equations. 


�Please also consider using Microsoft Equation Editor to present these variables. 


�Please confirm that this is how the publishing body prefers equations presented in the text. 


�Please consider presented SQRT time as the square root symbol. You can do this with PowerPoint. 


�Please confirm this presents the intended idea. 


�Since you are talking about what the figures show, you can use the present tense. 


�Please correct the spelling of difference in this graph. Please also capialize rule. 


�Please correct the spelling of difference in the key of this graph. Please also capitalize difference. 


�It seems that this is the word you mean. 


�Please confirm that you are comfortable being this precise in presenting this information. You want to be as quantitative as possible. 


�Please confirm that Lactice Acid should not be capitalized.


�Please confirm that the publishing body does not want the first letter of the table caption phrase capitalized





