
RESEARCH ARTICLE

Biodegradable gelatin-based films with nisin

and EDTA that inhibit Escherichia coli

Romina L. AbarcaID
1*, Javiera Medina2, Nancy Alvarado3, Pablo A. Ortiz4,

Bernardo Carrillo López2
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Abstract

In this study, we developed gelatin-based films for active packaging with the ability to inhibit

E. coli. We created these novel biodegradable gelatin-based films with a nisin-EDTA mix.

FT-IR, TGA, and SEM analysis showed that nisin interacted with the gelatin by modifying its

thermal stability and morphology. The use of nisin (2,500 IU/mL) with concentrations of Na-

EDTA (1.052 M stock solution) distributed in the polymer matrix generated a significant

decrease in the growth of E. coli when compared to the control. In freshly made films (t0),

the growth of E. coli ATCC 25922 was reduced by approximately 3 logarithmic cycles. Two

weeks after the films were made, a reduction in antimicrobial activity was observed in

approximately 1, 1 and 3 logarithmic cycles of the films with 5%, 10% and 20% of the com-

pound (nisin/Na-EDTA) distributed in the polymer matrix, respectively. This evidences an

antimicrobial effect over time. Also, biodegradation tests showed that the films were

completely degraded after 10 days. With all these results, an active and biodegradable

packaging was successfully obtained to be potentially applied in perishable foods. These

biodegradable, gelatin-based films are a versatile active packaging option. Further research

on the barrier properties of these films is needed.

Introduction

One of the major challenges for the food industry, particularly for the perishable food process-

ing industries—such as the meat and dairy industries—is conservation, that is, avoiding the

proliferation of microorganisms that break down food, generating economic losses and serious

damage to consumers’ health. Currently, competition in the food industry is very high and any

company that does not offer quality in its products is doomed to failure. The current consumer

is increasingly demanding, thus, the industry is making daily efforts to guarantee the quality

and safety of the manufactured products [1, 2].

For example, meat—as food and source of proteins of high biological value—has required

many techniques for its processing, storage, and preservation since man discovered fire and

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0264851 March 10, 2022 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Abarca RL, Medina J, Alvarado N, Ortiz
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learned to cook it for consumption. Given its high perishability condition caused by its high

water content, it requires different processes for its conservation that, over time and depending

on technological availability, have been changing and improving its shelf life [3, 4]. Microor-

ganisms that alter meat reach it by infection of the living animal (endogenous contamination)

or postmortem invasion (exogenous contamination); although both are of great importance,

alteration of meat as a result of exogenous contamination is the most frequent, thus, the con-

sumer can suffer serious infections or intoxication from consuming meat from contaminated

animals [5]. Escherichia coli, the causative agent of toxinfection, can produce a toxin that

invades the host’s intestine. Some products are handled under poor hygiene standards; the

presence of this microorganism in meat and meat products indicates a deficiency in the quality

assurance program [6]. This last microorganism is one of the most recurrent concerning con-

taminations within the meat industry [7–9]. One of the ways to preserve the shelf life of perish-

able foods is through packaging systems. A packaging is defined as a structure intended to

contain a product that protects it from microbiological damage and changes in organoleptic

characteristics, acts as a marketing element, and is a passive barrier since it only serves to iso-

late food from the environment [10–12]. The need for improving preservation and extend the

shelf life of food has led to the need for innovating through a new packaging concept: active

packaging. This packaging has components incorporated in its polymer matrix that can release

or absorb substances from or to the food, allowing it to extend its shelf life and preserve the

characteristics of the food. The active components of the container can generate changes at the

organoleptic or chemical level, so it’s fundamental to take care that it remains within the regu-

lations of each country [13].

The most common materials used for food packaging are paper, glass, aluminum, and plas-

tic based on polymers from non-renewable (petroleum-based) sources [14]. These materials

have excellent physical and mechanical properties, with a wide range of applications due to

their low cost and easy processing [15]. Although these materials offer advantages, the waste

produced by their processing over time has accumulated in massive proportions, generating a

negative impact on the environment. Therefore, these containers have become a great threat to

the environment due to their low biodegradation capability and high waste flow [3, 16]. Given

this problem, various strategies have been proposed to reduce the environmental impact gen-

erated by conventional packaging, such as the possibility of using biodegradable polymers,

which have become a focus of interest in recent years due to the exhaustion of fossil fuels and

then need for the development of food packaging with specific desired properties and with less

impact on the environment [17, 18]. Among these biodegradable materials, carbohydrates, lip-

ids, proteins, among others, have been used to develop films with increasingly versatile proper-

ties. Protein-based films offer better mechanical and barrier properties due to both the

structural specificity of the proteins and the ability to form stronger intermolecular covalent

bonds [19]. Biopolymers—such as gelatin—have emerged as an effective alternative to conven-

tional packaging materials due to their biocompatibility [20], good film-forming properties,

abundance in nature, effective absorption of UV light due to the presence of aromatic amino

acids in their structures, and good mechanical properties; however, they are sensitive to

humidity and have poor barrier properties against water steam [21, 22].

In this regard, it would be interesting to link both technologies and obtain food packaging

with antimicrobial capacity and a high percentage of biodegradability in short times, generat-

ing less environmental impact [23]. The choice of which active agent to use becomes relevant;

it will be a direct part of the polymeric matrix of the packaging which must extend the shelf life

of the food, guaranteeing the safety of packaged products [24], and not generate waste in the

degradation process of the base material. Among the agents with antimicrobial capacity per-

mitted by current legislation, silver, silver zeolite, glucose oxidase, chlorine dioxide, natamycin,
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sulfur dioxide, allyl isocyanate, and nisin stand out [1, 25, 26]. The latter has great potential

and effectiveness when used in the food industry and is defined as an antimicrobial protein or

peptide of ribosomal synthesis produced by lactic acid bacteria, which are used at low concen-

trations to improve the quality and preservation of food. Besides, it presents effective microbi-

ological inhibition against pathogenic microorganisms involved in foodborne illness [27].

Nisin is produced by the microorganism Lactococcus lactis subsp. Lactis, classified as lantibio-

tics (class I), has a wide spectrum of inhibition. A peptide made up of 34 amino acids is classi-

fied as Generally Recognized Safe (GRAS) by the FDA and its use as a food preservative (E234)

has been allowed by the European Union since 1983, however, it does not act against Gram-

negative bacteria, yeasts, or fungi. This substance, in combination with chelating agents

(organic acids, EDTA) or emulsifying agents (Tween 80), shows a great inhibitory activity

against Gram-negative bacteria since the protective cell membrane is altered allowing the for-

mation of pores and, as a result of that, the ion output and loss of the proton matrix force are

caused, thus generating cell death [28, 29]. In combination with nisin, for example, prior stud-

ies have shown this nisin-EDTA combination to be effective against other gram-negative bac-

teria such as Salmonella typhimurium [30].

The use of nisin in antimicrobial active films is not new, given that nisin is one of the most

commonly used bacteriocins in active packaging [31]. Although the chelator EDTA has been

combined with bacteriocins to potentiate their effects in active antimicrobial packaging, specif-

ically, a gelatin-based biofilm with nisin-EDTA has not been reported in the recent literature.

Based on the background presented in this study, highly biodegradable edible gelatin films

were made with a mixture of nisin/Na-EDTA, obtaining biodegradable composites with anti-

bacterial capacity against Escherichia coli.

Materials and methods

Materials

Edible gelatin (220 bloom) was used as the polymer matrix to produce the films, which was

purchased from the Floramatic company, Santiago, Chile. The antimicrobial agent nisin

(C143H230N42O37S7, CAS1414-45-5) was purchased from Chr. Hansen Holding A/S, Denmark.

Escherichia coli ATCC 25922 strain. Culture medium Agar soy trypticase was purchased from

Becton, Dickinson, and Company and EC broth was produced by the Liofilchem SRL com-

pany, Italy. Glycerol (C3H8O3) was purchased from the Winkler company, Santiago, Chile.

Ethylenediaminetetraacetic acid, tetrasodium salt (Na-EDTA, No. CAS64-02-8) was purchased

from the GTM company, Argentina.

Preparation of nisin in solution

100 mg of nisin were diluted in 10 mL of 0.02 M HCL (stock solution with a concentration of

10 mg/mL) of initial 10,000 IU/mL concentration at pH 2. The solution was filtered using a

0.22 μm filter and left in 1 mL aliquots frozen at -18˚C as stock. Different concentrations were

prepared from the nisin stock solution in combination with 40% Na-EDTA, (1500, 2000 and

2500 IU/mL).

Minimum Inhibitory Concentration (MIC)

The determination of the MIC of nisin against the E. coli ATCC 25922 strain was carried out

using the microdroplet technique in sterile Petri dishes. The plates were filled with 12 mL of

soy trypticase agar, allowed to solidify at room temperature. Then, 100 uL of the known bacte-

rial solution (1x106 CFU/mL) seeded by extension were applied with a sterile glass rake.
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Subsequently, 20uL microdroplets of the nisin/EDTA solution were applied in each of the con-

centrations indicated in point 2.2 in triplicate. The plates were incubated for 24 hours at 37˚C.

Results were reported in accordance with the formation of inhibition halos around the micro-

droplet (diameter).

Film preparation

The casting technique was used to make the antimicrobial films. Four different gelatin-based

solutions were prepared with different percentages (0, 5, 10, and 20%) of the nisin/Na-EDTA

solution, with a concentration of 2500 IU/mL, in accordance with the value obtained from MIC.

For each formulation of the films produced, edible gelatin powder (220 bloom) was dissolved

in 10% distilled water, as well as glycerol plasticizer by the same percentage; the amount of

water and the solution with the active agent (nisin) varied among each formulation. They were

shaken on a hot plate (Scilogex model MS-H280-Pro) at 60˚C for 120 minutes, with constant

stirring at 1000 rpm. Finally, each solution was poured into 22 cm-diameter glass Petri dishes

and brought to the oven for solvent evaporation (distilled water) for 48 hours at 45˚C. After this

time, they were stored in desiccators with humidity control, thus obtaining a control film (CF):

10% edible gelatin, 10% glycerol, 80% distilled water; active film 1 (AF1): 10% edible gelatin,

10% glycerol; 75% distilled water and 5% nisin/Na-EDTA solution; active film 2 (AF2): 10%

edible gelatin, 10% glycerol; 70% distilled water and 10% nisin/Na-EDTA solution; active film 3

(AF3): 10% edible gelatin, 10% glycerol; 60% distilled water and 20% nisin/Na-EDTA solution.

Film characterization

Each of the films is characterized in order to know which presents the best antibacterial activity

against the target microorganism.

Thermal assay. Thermogravimetric analysis (TGA). TGA was performed in accordance

with the methodology described by Abarca et al. [32], with modifications. It was carried out

using TGA/DSC1 STARe System Metler Toledo (Greifensee, Switzerland) thermo-gravimetric

analyzer. Approximately 20 mg of sample were uniformly spread on the bottom side of alu-

mina crucible. The experiment was performed at a heating rate of 10˚C/min in a dynamic high

purity nitrogen flow of 50ml/min. The furnace temperature was programmed to rise from 10

to 900˚C.

Optical properties. The optical properties assessment was performed in accordance with

the methodology described by Abarca et al. [32]. Film colour was measured using a colorime-

ter Hunterlab MiniScan XE Plus 45/0-L. The CIELAB scale was used, and the lightness (L�)

and chromaticity parameters a� (red–green) and b� (yellow–blue) were measured. A standard

white colour plate (L� = 97.11, a� = −0.03, and b� = 1.96) was used as the background for col-

our measurements, and D65 illuminant and 2˚ observer were used for analyses. Each analysis

was replicated 20 times, and the results reported the average value. Colour differences (ΔE)

were calculated using the Equation [32]:

DE ¼ ½ DL�ð Þ2þ Da�ð Þ2þ Db�ð Þ2�1=2 ð1Þ

Opacity of the films was determined using a UV–visible spectrophotometer (Spectronic1

Genesys 5). The film samples were cut into rectangular pieces (1.0 × 4.5 cm) and placed on the

sample compartment of a spectrophotometer. An empty compartment was used as a blank ref-

erence for the measurement. Opacity of the films was calculated using the Eq (2)

Opacity ¼ Abs 600=X; where Abs600 ¼ absorbance at 600 nm and X ¼ film thickness mmð Þ: ð2Þ
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Fourier transform infrared (FT-IR) spectroscopy. FT-IR was used to identify the chemi-

cal structure of the composite films and possible interactions between their components. The

FTIR spectra of the membranes were measured with a Jasco FT/IR6200 spectrophotometer.

The spectra were determined as the average of 64 scans recorded at a resolution of 4 cm-1 in

the range from 4000 to 400 cm-1.

Thickness and morphology. With the aim to determine the influence of the nisin on the

thickness of films, the thicknesses of the different films were measured using a Mitutoyo Digi-

matic micrometer (ID-C112 model, Kawasaki, Japan). The measurements were carried out in

fifteen different points of each obtained film. Thus, an average thickness value with its corre-

sponding standard deviation for different films is reported. In order to evaluate the effect of

the presence of nisin on the morphology of the films, SEM micrographs of the films were

obtained by scanning electron microscope CrossBeam (FIB-SEM), AURIGA Compact con

software SmartSEM.

Biodegradability of the films. The film degradation test was performed in accordance

with the methodology described by de Oliveira et al. [18], with modifications. Natural organic

soil contained in plastic boxes was used as the degradation environment. The film samples

were cut into rectangles (2cm×3cm), dried at 60˚C to a constant weight (w0), placed in a plastic

mesh, and buried 5 cm below the soil surface. The soil was watered to maintain a moisture

level of approximately 65%. The film was analyzed after 10 days (w10) and the rate degradation

was calculated by the Equation.

Rate Degradation ¼
o0 � o10

o0

� �

x100: ð3Þ

Antimicrobial activity of the films. The antibacterial evaluation against Escherichia coli

was performed based on ASTM E2149-10 with minor modifications. Standard Test Method

for Determining the Antimicrobial Activity of Immobilized Antimicrobial Agents Under

Dynamic Contact Conditions. The test involves determination of a variable number of bacteria

in liquid medio with samples (film) and comparison with the number of bacteria in a solution

without samples.

A preinoculum was prepared by transferring bacterial colonies with a handle loop in a test

tube with 5 mL of Escherichia coli (EC) broth. The test tube was incubated for 16 h at 3˚C and

constant agitation. After this time, 1 mL of the bacterial suspension was taken and transferred

to a test tube with 15 mL of EC medium to obtain inoculum. It was incubated at 37˚C in a

shaking incubator, until the culture was found in 0.8 optical density at 600 nm. In this range

the bacterial cells are in exponential phase. Then, diluting fixed concentration prepares con-

centration of 5×106 UFC mL−1 of the microorganism in a phosphate buffer stock solution of

KH2PO4 0.3 mM with pH = 7.2±0.1. A 0.5 g sample was placed in 250 ml Erlenmeyer flasks

and covered with 50±0.1ml of the bacteria-containing buffer. Flasks were placed in a shaker

thermostated at 37˚C and subjected to shaking for 24 h. A bacteria suspension without samples

was used as reference. 1 ml of suspension was collected after the incubation, and the number

of bacteria was determined using the decimal dilution method, followed by pour plate method

on the TSA, in triplicate from each of the dilutions. After a 24-hour at 37˚C colonies were

counted, and the number of bacteria was calculated expressed as log10 bacteria reduction.

Statistical analysis

The experiment was replicated three times. In each replication, analyses were conducted in

triplicate. The results correspond to the mean ± standard deviation of the mean. Data were
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analyzed by one-way analysis of variance (ANOVA), whereas Fisher’s test (p< 0.05) was used

for testing differences between the means.

Results

Nisin/EDTA MIC against Escherichia coli
Normally, nisin has activity against Gram positive bacteria, but low activity against Gram neg-

ative bacteria. In the second case, it has been described that when combining nisin with chelat-

ing agents such as Na-EDTA in concentrations higher than 100μM, an evident increase in the

inhibition effects of gram-negative bacteria is observed [33]. The nisin/Na-EDTA mixture

showed antibacterial effect in 6 of the 9 concentrations studied (Table 1). The table presents

three divisions because three different concentrations of Na-EDTA were used (3 treatments),

of which only two had the desired effect.

The results show that the first three analyzed mixtures of nisin (1500, 2000, 2500UI/mL

and Na-EDTA (0.0126M), showed no inhibition halos. The following analyzed mixtures

(Nisin + Na-EDTA (0.0253M)) against E. coli presented inhibition halos, which were com-

pared with the effectiveness of three proven antibiotics against E. coli as a model to deter-

mine levels of resistance and sensitivity of the microorganism against the active mixture of

nisin/Na-EDTA. In this case, they were compared with the ampicillin (20 mcg; halo

�13mm resistant; halo �17 susceptible), ceftazidime (30 mcg; halo �17mm resistant; halo

�21mm susceptible), and tetracycline (25 mcg; halo �11mm resistant; �15mm susceptible)

antibiotics [34, 35]. Despite presenting inhibition halos, these are not sufficient to generate

susceptibility in the target microorganism. Then, by maintaining the nisin concentration

and increasing the molarity of Na-EDTA, higher inhibition halos are obtained, thus pre-

senting a minimum inhibitory concentration of 2500UI/mL of nisin and 1.052M Na-EDTA,

whose halo formed was of 28 ± 1.0 mm. This concentration and mixture were chosen as

MIC because the diameter of the inhibition halo is above the halos generated by antibiotics

against E. coli. On the other hand, Sangcharoen et al. [36] reported similar results against

Salmonella enteritidis ATCC 13076 when combining the same concentrations based on the

active agent (nisin); in this regard, it is relevant to consider that Salmonella enteritidis is also

a Gram-negative microorganism, which shows the effectiveness of Na-EDTA as an agent

that enhances the activity of nisin.

Table 1. Determination of the minimum inhibitory concentration of the nisin/Na-EDTA mixture against E. coli.�

Active agent mixture Inhibition halo (mm)

1500 UI/mL/Na-EDTA 0.0126 M 0a

2000 UI/mL/Na-EDTA 0.0126 M 0a

2500 UI/mL/Na-EDTA 0.0126 M 0a

1500 UI/mL/Na-EDTA 0.0253 M 6.3 ± 0.57a

2000 UI/mL/Na-EDTA 0.0253 M 8.3 ± 0.5b

2500 UI/mL/Na-EDTA 0.0253 M 10.0 ± 0.5c

1500 UI/mL/Na-EDTA 1.052 M 16.5 ± 1.2a

2000 UI/mL/Na-EDTA 1.052 M 21.0 ± 2.1b

2500 UI/mL/Na-EDTA 1.052 M 28.0 ± 1.0c

� Each value represents the mean of 3 replicates with the corresponding standard deviation. Data were statistically

analysed with multiple range test, using the method of least significant difference (LSD) Fisher. Different lowercase

letters denote statistically significant differences (p < 0.05).

https://doi.org/10.1371/journal.pone.0264851.t001
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Characterization of the films

Films TGA. TGA analyses of different gelatin-based films were carried out in order to

reveal the thermal degradation behavior. Figs 1 and 2 shows the DTG thermograms for

nisin and all the gelatin-based films obtained, respectively In general, four main stages of

weight loss are observed in Fig 2. The first one, around 100˚C, corresponds to the evapora-

tion of free or adsorbed water of the films. The second stage, around 230–240˚C, is observed

as a shoulder from the major peak, which is attributed to the loss of glycerol that was used

as plasticizer [37, 38]. The major thermal decomposition occurred in the third stage, around

246–276˚C, which corresponds to the gelatin matrix [39]. Regarding CF film, the major

decomposition was at 265˚C, while for AF2 and AF3 films, this temperature increased to

276˚C and 272˚C, respectively. As for AF1 film, a slight decrease in the major

Fig 1. DTG thermogram of nisin.

https://doi.org/10.1371/journal.pone.0264851.g001
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decomposition at 246˚C is observed. For AF2 and AF3 samples at 420˚C a decomposition

can be observed. This could be explained due to the content of nisin incorporated in those

films since Fig 1, shows the decomposition of nisin where is possible to observe at 420˚C a

small shoulder. These results suggest that the nisin/Na-EDTA addition at the indicated con-

centrations (AF2 and AF3), increased the thermal stability of the gelatin films. This could

be explained through the intermolecular interactions developed as hydrogen bonding as

both gelatin and nisin have functional groups capable of generating these interactions. In

the case of AF1 film, the concentration of nisin/Na-EDTA incorporated does not seem to be

enough for increasing the thermal stability in gelatin film. The fourth stage, around 335–

340˚C, can be attributed to high molecular weight protein fraction.

Optical properties. The optical properties are relevant when choosing a food material

since consumer appreciation of the product plays a primary role in their choice. The colour of

the different films made was determined using the CIELab scale, where L� corresponds to

luminosity (0-black and 100-white) and a� and b� correspond to color parameters whose dis-

tribution is green(-)/red(+) and blue(-)/yellow(+), respectively [18].

The L� values did not show variations after the addition of the antimicrobial agent with

respect to the CF (p> 0.05) (Table 2). This suggests that the films tend to white despite the

increase in the concentration of the agent and that they do not differ between films, therefore

there are no statistically significant differences (p> 0.05). This agrees with the findings of

Kumar et al. [40], who reported that when adding silver nanoparticles to a film composed of

chitosan, gelatin, and polyethylene glycol, they do not differ and tend to be white.

The results show that the addition of the active agent in the chromatic parameter a� tended

towards the green color, showing significant differences between CF, AF2, and AF3. Regarding

the color parameter b�, it was observed that all the films tend to yellow, being observed, as in

Fig 2. DTG thermograms of gelatin films studied. AF: Active Film, CF: Control Film.

https://doi.org/10.1371/journal.pone.0264851.g002
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the previous case, statistically significant differences of AF2 and AF3 with respect to CF. This

is due to the increase in nisin in the polymeric matrix, considering that CF does not have

nisin, and AF2 and AF3 have increasing nisin respectively. The colour difference (ΔE) of the

films did not show statistically significant variations between them or concerning the control

sample (p> 0.05).

When choosing a food packaging material, the opacity parameter is relevant since, in most

cases, a higher opacity is undesirable as it hinders the correct visualization of the state of the

food by the potential consumer [41]. In some applications, it is desirable to provide protection

against reactions from the deterioration produced by the effect of light [42].

When visually appreciating the elaborated films, they are transparent. When performing

the opacity analysis on each of the analyzed samples, it was possible to observe that the opacity

parameter increased with the incorporation of the active solution when compared to CF,

denoting statistically significant differences (p<0.05), while the analysis conducted between

the elaborated active films showed no differences regarding the studied parameter. Cazón et al.

[14] point out that the differences in opacity or transparency of the films are mediated by the

thickness of each one of them, which is corroborated by the values obtained here.

FT-IR. FT-IR is a powerful tool that was used in this study to confirm the presence of gel-

atin and nisin and which, through displacement in bands, can deliver information about possi-

ble interactions within the films. Since the chemical structure of both gelatin and nisin is

constituted by amino acid residues, its FT-IR signals are similar.

The FT-IR spectrum of gelatin (Fig 3) shows that its characteristic peaks correspond to

those of a complex protein, a polymer constituted by amino acid units. The gelatin spectrum

has been analyzed in other studies [39, 43, 44]. The main signals in the spectra of CF show a

band at 3290 cm-1 named amide A, corresponding to the N-H stretching overlapping O-H

stretching vibration. The amide I band is identified at 1642 cm-1, which represents C = O

stretching of proteins amide groups. The peak at 1552 cm-1, named amide II, is assigned to

N-H stretching of protein ([37, 38, 45]).

Nisin spectrum (Fig 4) revealed a band at 3285 cm-1 corresponding to OH stretching (in

COOH group), a peak assigned to amide I at 1650 cm-1, while at 1533 cm-1 a band identified

as amide II was observed [46–48]. The FT-IR spectra of AF1, AF2, and AF3 films show a shift

in the characteristic bands of functional groups capable of forming intermolecular interac-

tions, such as hydrogen bonding. Displacements are observed in amide A, amide I, and amide

II bands of both CF and nisin. The FT-IR supports the evidence that nisin was incorporated

successfully into the gelatin films and also showed that there is compatibility between them.

Table 2. Analysis of color and opacity of elaborated films.��

Samples a� b� L� ΔE Opacity

CF† -2.73 ± 0.07a 5.53 ± 0.2a 87.18 ± 0.83a - 0.15 ± 0.03a

AF1‡ -2.78 ± 0.15a 5.47 ± 0.1a 87.75 ± 0.65a 0.71 ± 0.49a 1.14 ± 0.12b

AF2§ -3.04 ± 0.11b 6.55 ± 0.14b 87.18 ± 2.27a 1.96 ± 1.73a 0.92 ± 0.13b

AF3¶ -3.1 ± 0.1b 6.44 ± 0.09b 87.65 ±0.69a 1.24 ± 0.25a 1.06 ± 0.19b

�� Each value represents the mean of 10 replicates with corresponding standard deviation. Data were statistically analysed with multiple range test, using the method of

least significant difference (LSD) Fisher. Different lowercase letters denote statistically significant differences (p < 0.05).

† CF: Control film (10% edible gelatin, 10% glycerol, and 80% distilled water).

‡ AF1: Active film 1 (10% edible gelatin, 10% glycerol; 75% distilled water and 5% nisin/Na-EDTA solution).

§ AF2: Active film 2 (10% edible gelatin, 10% glycerol; 70% distilled water and 10% nisin/Na-EDTA solution).

¶ AF3: Active film 3 (10% edible gelatin, 10% glycerol; 60% distilled water and 20% nisin/Na-EDTA solution).

https://doi.org/10.1371/journal.pone.0264851.t002
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Determination of thickness and morphology of the films. Thickness of the films. The

thickness of the films ranged from 0.57 to 0.75 mm. The incorporation of the active agent

increased the thickness of films AF1, AF2, and AF3, by 0.06, 0.14, and 0.18 mm, respec-

tively, when compared to CF (Table 3). This increase generated significant differences (p

<0.05) in the films with 10% (AF2) and 20% (AF3) of the active agent, probably due to an

increase in the solids content after the incorporation of the antimicrobial agent into the for-

mulation [18]. The recently described event—regarding the variations and increases of the

thickness of the films—directly affects the opacity parameter, as the greater the thickness,

the greater the opacity value obtained; therefore, a film with a low level of transparency

could be intended for use as a packaging system for photosensitive food [49, 50]. The biode-

gradability process of films is facilitated in films with low thicknesses, which contributes to

the action of soil microorganisms becoming faster and more effective, thus generating total

biodegradation [51, 52].

Thicker films are often not preferable because they appear bulky and take up more space

than thinner films, resulting in higher transportation and storage cost [53].

Morphology of the films. The surface morphology of gelatin and gelatin/nisin films are

shown in Fig 5. CF sample shows a smooth and homogeneous surface, while the films with

nisin incorporated show some roughness but without aggregation. The above indicates that

the levels of nisin used did not alter the microstructure of the films [54]. It is observed that the

morphology of the films containing nisin is different depending on the concentration of nisin

used. AF3, which corresponds to the film with the highest contents of nisin, shows the rough-

est surface. Otherwise, AF1, which is the film with the lowest contents of nisin, shows a similar

surface to the control sample. These micrographs showed that the nisin was incorporated into

Fig 3. FT-IR of gelatin films studied. AF: Active Film, CF: Control Film.

https://doi.org/10.1371/journal.pone.0264851.g003
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the gelatin matrix generating films of homogenous surface, which is indicative of good disper-

sion and compatibility between gelatin and nisin.

Biodegradation analysis of the films. The assays shown in Table 4 were kept under room

temperature (20.0 ± 1.5˚C) and RH (65.0 ± 4.0%), and the moisture of the composite was kept

by spraying water once a day. The biodegradation analysis of the films was performed to simu-

late natural degradation conditions and to expose the films to the action of the mixed micro-

biota in the soil. The soil microbiota is rich concerning diversity of microorganisms, and when

in contact with the humidity of the medium, it allows the degradation of the films. The incor-

poration of the antimicrobial agent into the gelatin 220 bloom films did not significantly affect

their degradation capacity (p>0.05) and produced a 100% degradation, therefore, the results

suggest that the active agent, in conjunction with gelatin, is susceptible to the rapid action of

Fig 4. FT-IR of nisin.

https://doi.org/10.1371/journal.pone.0264851.g004
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microorganisms and the biodegradation process. Similar results were reported by de Oliveira

et al. [18], who performed biodegradability analysis of alginate films with cottonseed protein

hydrolysates, obtaining 96 to 98% biodegradability in the same period of days of this assay (10

days). The biodegradation analysis of the films was performed to simulate natural degradation

Table 3. Determination of thickness of the films.���

Samples Thickness (mm)

CF† 0.57 ± 0.14a

AF1‡ 0.63 ± 0.18ab

AF2§ 0.71 ± 0.10b

AF3¶ 0.75 ± 0.26b

��� Each value represents the mean of 15 replicates with corresponding standard deviation. Data were statistically

analyzed with multiple range test, using the method of least significant difference (LSD) Fisher. Different lowercase

letters denote statistically significant differences (p < 0.05).

† CF: Control film (10% edible gelatin, 10% glycerol, 80% distilled water).

‡ AF1: Active film 1 (10% edible gelatin, 10% glycerol; 75% distilled water and 5% nisin/Na-EDTA solution).

§ AF2: Active film 2 (10% edible gelatin, 10% glycerol; 70% distilled water and 10% nisin/Na-EDTA solution).

¶ AF3: Active film 3 (10% edible gelatin, 10% glycerol; 60% distilled water and 20% nisin/Na-EDTA solution).

https://doi.org/10.1371/journal.pone.0264851.t003

Fig 5. SEM micrograph of gelatin/nisin-EDTA films: A) CF; B) AF1; C) AF2 and D) AF3.

https://doi.org/10.1371/journal.pone.0264851.g005
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conditions and to expose the films to the action of the mixed microbiota in the soil. The soil

microbiota is rich concerning diversity of microorganisms, and when in contact with the

humidity of the medium, it allows the degradation of the films [55]. Films based on organic

materials degrade easily and minimize environmental impact, hence the importance of biodeg-

radation, which is a process characterized by weight loss. This process is favored if the thick-

ness of the material is less than 10 mm since it allows bacterial activity to attack the amorphous

areas (responsible for the elasticity), thus generating the total destruction of the macromolecu-

lar support of the polymer, and in parallel, of the by-products that are formed because of the

reactions [16]. It should be noted that in the case of both gelatin-based films and alginate films,

despite containing antimicrobial substances in their composition, the percentage of biodegrad-

ability is 100%. Moreover, research by Janani et al. [56] observed bioactive nanocomposite

films composed of tragacanth (TG), polyvinyl alcohol (PVA), ZnO nanoparticles (NPs), and

ascorbic acid (AA) using glycerol as a plasticizer and citric acid as a cross-linker for food pack-

aging. Pure PVA and TG films showed the lowest and highest biodegradation rate of 5% and

100% after 60 days in this study. However, it was reported that PVA has a high resistance to

biodegradation in the soil as its carbon backbone is not susceptible to biodegradation; hence,

its slight weight loss is related to its characteristic hydrolyzing ability. At the same time, they

point out that by decreasing the concentration of PVA and increasing the concentration of

ZnO nanoparticles in the films, the percentages of biodegradability of the films are observed.

The biodegradability of bio-based materials is the most important factor; it depends on the

chemical structure, hydrophilicity, reactivity, and swelling behavior of polymeric chains.

Other important factors are physical and physico-mechanical properties such as crystallinity,

molecular weight, porosity, elasticity, and morphology [57].

Antimicrobial effect of nisin. The antimicrobial activity of the different films (CF, AF1,

AF2, and AF3) was tested against E. coli ATCC 25922 at week 0 and 2 of elaboration. These

time ranges were determined aiming to find a possible packaging system for fresh meat of

direct sale, whose food-packaging contact period (film) would be around 5 days maximum.

The antimicrobial action only occurs in the films with the antimicrobial agent and not in the

control films. Regarding the freshly made films (t0), the growth of E. coli was reduced by

approximately 3 logarithmic cycles in the active films (Table 5). This high antimicrobial activ-

ity is given by the content of nisin and Na-EDTA in the films, which was estimated above the

minimum inhibitory concentration of this active mixture in order to inhibit E. coli. Then, a

reduction in antimicrobial activity at week 2 (t15) is observed in the films, where the films with

Table 4. Evaluation of the biodegradability percentage of the films.�

Sample Biodegradability (% at 10 days)

CF† 100a

AF1‡ 100a

AF2§ 100a

AF3¶ 100a

� Each value represents the mean of 3 replicates with the corresponding standard deviation. Data were statistically

analysed with multiple range test, using the method of least significant difference (LSD) Fisher. Different lowercase

letters denote statistically significant differences (p < 0.05).

† CF: Control film (10% edible gelatin, 10% glycerol, 80% distilled water).

‡ AF1: Active film 1 (10% edible gelatin, 10% glycerol; 75% distilled water and 5% nisin/Na-EDTA solution).

§ AF2: Active film 2 (10% edible gelatin, 10% glycerol; 70% distilled water and 10% nisin/Na-EDTA solution).

¶ AF3: Active film 3 (10% edible gelatin, 10% glycerol; 60% distilled water and 20% nisin/Na-EDTA solution).

https://doi.org/10.1371/journal.pone.0264851.t004
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5%, 10%, and 20% of the active agent, respectively, reduce approximately 1, 1, and 3 logarith-

mic cycles. In this regard, it should be noted that the outer membrane of the gram-negative

bacteria acts as a permeability barrier for the cell and prevents nisin from reaching the cyto-

plasmic membrane due to the presence of phospholipids (interior) and lipopolysaccharides

(exterior), which reduce the formation of hydrophobic compounds. [18, 58]. The lipopolysac-

charides in the outer layer of the membrane have a negative charge and the central region of

the oligosaccharide is ordered by cations (Ca2+ and Mg2+) that prevent nisin from reaching

lipid II in the inner membranes [33]. To improve the antibacterial activity and action of nisin

and the susceptibility of gram-negative bacteria to it, the penetration capacity of the membrane

must first be improved to allow pore formation, thus allowing the mode of action of nisin [36,

59]. To destabilize the membrane and increase the activity of nisin, it is combined with Na-

EDTA; the latter replaces the divalent cations of its binding sites (removes Mg2+ and Ca2+)

and reduces the interaction between lipopolysaccharide molecules. The loss of lipopolysaccha-

rides leads to the appearance of phospholipids on the outer membrane and the formation of

channels through the pores, in which hydrophobic residues that allow the binding of nisin are

found [60, 61].

Discussion

The results obtained agree with those from similar studies in which the effectiveness has

been demonstrated by combining nisin and Na-EDTA to generate an antibacterial effect

against Gram-negative bacteria. Ay and Tuncer [62] reported that combining nisin and

EDTA to face Salmonella typhimurium SL 1344 approximately reduces 2 logarithmic cycles

after 6 hours of incubation and between 0.7 to 0.96 logarithmic cycles after 24 hours of incu-

bation, considering that this combination was in direct contact with the bacterial strain.

Sangcharoen et al. [36], reported that the mixture of nisin + EDTA achieved a significant

inhibitory effect on Salmonella enteritis ATCC 13076, reducing 1.45 logarithmic cycles

when compared to the mixture of nisin + ascorbic acid + EDTA, which had a high inhibi-

tory effect, reducing 3.41 logarithmic cycles; this is mainly explained by the reduction the

pH facilitated by the addition of acid, which disables the growth of bacteria. Barı́s Bingol

et al. [61] stated that the inhibitory activity of nisin occurs when it is combined with a che-

lating agent such as EDTA, generating inhibition against a wide variety of Salmonella spe-

cies. With 30 minutes of exposure to 0.02M EDTA and 50 IU/mL of nisin, it is able to

reduce 2.5 to 4.7 logarithmic cycles, and with 60 minutes of exposure, it reduces growth by

3.2 to 5.3 logarithmic cycles.

Table 5. Evaluation of the antimicrobial capacity of the films.�

Time (week) Logarithmic cycle reduction

tdays = n˚week CF† AF1‡ AF2§ AF3¶

T0 = 0 0a 3.15 ± 0.24b 3.26 ± 0.44b 3.80 ± 0.51b

T15 = 2 0a 1.19 ± 0.05b 1.11 ± 0.16b 2.95 ± 0.73c

� Each value represents the mean of 3 replicates with the corresponding standard deviation. Data were statistically analysed with multiple range test, using the method of

least significant difference (LSD) Fisher. Different lowercase letters denote statistically significant differences (p < 0.05).

† CF: Control film (10% edible gelatin, 10% glycerol, 80% distilled water).

‡ AF1: Active film 1 (10% edible gelatin, 10% glycerol; 75% distilled water and 5% nisin/Na-EDTA solution).

§ AF2: Active film 2 (10% edible gelatin, 10% glycerol; 70% distilled water and 10% nisin/Na-EDTA solution).

¶ AF3: Active film 3 (10% edible gelatin, 10% glycerol; 60% distilled water and 20% nisin/Na-EDTA solution).

https://doi.org/10.1371/journal.pone.0264851.t005
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Conclusion

Active films for inhibiting Escherichia coli were successfully obtained after the incorporation

of nisin into the gelatin films, as a significant antimicrobial effect was found through in vitro

assays. The incorporation of nisin was verified through FT-IR analysis and the TGA analysis

showed the effects of the interactions concerning the thermal stability of gelatin films.

Gelatin films exposed in natural organic soil degraded rapidly (100%), which can be attrib-

uted to a higher microbial population (especially fungal biomass) and phosphorous availabil-

ity. Soil acidity and phosphorous availability are generally the main factors responsible for the

increase of fungi population. The film crystallinity could be affected by the soil moisture level,

which is reduced in high moisture conditions. As a consequence, the hydrolysis rate of the

polymer may be changed depending on the degree of disorder of the polymer. The biodegrad-

ability process of the films is favored in films with low thicknesses. At the same time, the thick-

ness of the films also plays a fundamental role in the opacity values, as well as in their

morphology, which was reflected in the SEM analysis.

The elaborated films would be viable for use in the packaging of fresh meat, since when in

contact with E. coli at t0, they reduce 3 logarithmic cycles, which is relevant regarding direct

sales products where the packaging has contact with food for periods of hours or a maximum

of 4 to 5 days at refrigeration temperatures. In this way, the shelf life of this highly perishable

type of food would be preserved. At the same time, the elimination of the packaging material

becomes friendly to the environment, which is reaffirmed by the biodegradability analysis.
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