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Abstract: The growing environmental concern with the inappropriate disposal of conventional plas-
tics has driven the development of eco-friendly food packaging. However, the intrinsic characteristics
of polymers of a renewable origin, e.g., poor mechanical properties, continue to render their practical
application difficult. For this, the present work studied the influence of ionic strength (IS) from 0 to
500 mM to modulate the physicochemical properties of methylcellulose (MC). Moreover, for protec-
tion against biological risks, Nisin-Z was incorporated into MC’s polymeric matrices, providing an
active function. The incorporation of salts (LiCl and MgCl,) promoted an increase in the equilibrium
moisture content in the polymer matrix, which in turn acted as a plasticizing agent. In this way,
films with a hydrophobic surface (98°), high true strain (85%), and low stiffness (1.6 mPa) can be
manufactured by addition of salts, modulating the IS to 500 mM. Furthermore, films with an IS of
500 mM, established with LiCl, catalyzed antibacterial activity against E. coli, conferring synergism
and extending protection against biological hazards. Therefore, we demonstrated that the IS control of
MC dispersion presents a new alternative to achieve films with the synergism of antibacterial activity
against Gram-negative bacteria in addition to flexibility, elasticity, and hydrophobicity required in
various applications in food packaging.

Keywords: ionic strength; food packaging; active films; antibacterial activity; plasticizing effect;
methylcellulose; strain true; performance mechanical

1. Introduction

Bio-based polymers have been widely studied as potential food packaging materials
to replace, totally or in part, petroleum-based plastics [1-7]. However, certain features,
such as higher gas/water vapor permeability, poorer UV-Vis barrier, higher costs of
production, poorer mechanical properties, and higher hydrophilicity, still hinder or prevent
their practical application [4,6]. In order to improve these properties and bring them closer
to the those exhibited by conventional plastics, many strategies are proposed: chemical
or physical modification, incorporation of additives with particular properties, such as
plasticizers and nanoparticles fillers, blends of two or more polymers, and optimization of
the sample preparation method [1,6,8,9].

The modulation of ionic strength (IS) through the incorporation of salts is a scarcely
studied approach that appears promising regarding material enhancement. For example, by
adding divalent salts into polymeric matrices, Silva et al. [3] manufactured highly flexible
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methylcellulose (MC) films, producing a material with enhanced functionality. Flexibility,
for instance, is a crucial parameter that must be accounted for when selecting the packaging
material since non-flexible and brittle materials, such as bio-based plastics, may not be
able to maintain their physical integrity during handling [10]. Therefore, the increase
of bio-based film flexibility is an essential step in the ongoing search for the successful
implementation of these polymers as food packaging materials.

In addition to the impact parameters of films, modulation by IS can also influence
the kinetics diffusion of certain substances and their antimicrobial properties, as shown
by Wang et al. [11]. In order to mitigate food loss due to antimicrobial contamination, the
incorporation of active compounds into polymeric matrices to develop active packaging
is widely studied as a complementary technology to assist in food preservation [12-16].
Among the substances that can be added into polymeric matrices, it is worth highlighting
nisin, an antimicrobial peptide approved as a food preservative in more than 50 countries
and widely used in dairy products to extend their shelf-life and ensure food safety [7,17,18].
Nisin-Z is a commercial type of nisin that presents high activity against a wide range of
Gram-positive bacteria and low or no effectiveness against Gram-negative bacteria [18].
Kuwano et al. [11] verified that the low activity of Nisin-Z against Escherichia coli, a Gram-
negative bacterium, decreased when NaCl concentration increased. However, different
salts can cause different physicochemical and antimicrobial effects; in other words, each
case must be assessed separately since changes observed in Nisin-Z vary according to the
nature of the salt [18].

In this context, the present work aimed to develop and investigate changes in MC-
based films when incorporated with Nisin-Z and different concentrations of a monovalent
salt (LiCl) or a divalent salt (MgCly). The influence of IS effects and the ions” electric charge
(EC) on the films” mechanical properties, water vapor barrier, light barrier, and thermal
properties was evaluated. Moreover, we investigated whether the IS would promote
changes in the hydrophilic nature of the polymer, as well as the possible synergistic effect on
the antibacterial property of the active films when evaluated against three microorganisms:
E. coli, Staphylococcus aureus and Lactobacillus plantarum.

2. Materials and Methods
2.1. Materials

Lithium chloride (LiCl) was acquired from Vetec Co. (Duque de Caxias, R], Brazil).
Ethanol was purchased from Neon Co. (Suzano, SP, Brazil). Magnesium chloride (MgCly)
and glycerol were acquired from Synth Co. (Diadema, SP, Brazil). Methylcellulose
(40.000 My, viscosity 400 cP, 1.6 to 1.9 Degree of Substitution) was purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Nisin-Z was acquired from Handary (Evere, Brussels,
Belgium). Sodium chloride (NaCl) was purchased from Fmaia (Belo Horizonte, Brazil).
S. aureus ATCC 6538, L. plantarum ATCC 8014, (Gram-positive) and E. coli ATCC 11,229
(Gram-negative) were acquired from culture stock at Packaging Laboratory, Food Technol-
ogy Laboratory, Vicosa, Federal University of Vigosa.

2.2. Methods
Production of MC-Based Films and Active Films

The films with different IS were prepared using the casting method described by Silva
et al. [3] with modifications. Salts solutions 25, 50, 250, and 500 millimolar of LiCl or MgCl,
in 50 mL of deionized water were added in a beaker and heated to 100 °C &2 °C. The
salts concentrations were calculated employing Equation (1). Then, 1 g of MC polymer
was dispersed in this solution under magnetic stirring at 600 rpm for 15 min. Next,
glycerol (0.2 g) was added to the polymer dissolution and stirred for 10 min. When the
temperature was reduced to 40 °C, Nisin-Z at 10% wt. of MC was added into the dispersion,
with pH = 6.5, to evaluate the antibacterial activity synergy with the salts. Thereby, the
film-forming solutions were poured onto glass plates (34 cm x 18.5 cm) and placed in a
conditional chamber for 48 h at 23 & 2 °C and relative humidity (RH) of 55% for solvent
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evaporation. Following this, the films were removed from the glass plate with the aid of
a spatula. The variation of the thickness of the films was studied due to the variation of
the IS, since the same mass of MC was added for all treatments. The uniformity of the
films was controlled by the leveling of the base of the conditional chamber. The control
was prepared under the same conditions without chloride salt (0 mM).

n 2 .
FI = p = 2=t 4%G (1)
2
where p is the IS (mol-L~1), C; is the concentration of the ion (i) (mol-L~1), Z; is the number
of the EC of the ion (i).

2.3. Film Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the treatments were obtained using an FTIR spectrometer, model
Nicolet 6700 (Thermo Scientific, Waltham, MA, USA), equipped with an Attenuated Total
Reflectance (ATR), from 4000 to 900 cm 1, at a spectral resolution of 2 cm~! and 32 scans
per sample.

2.3.2. Energy Dispersive Spectroscopy (EDS)

A scanning electron microscope (JEOL JSM-6010LA) equipped with an energy dis-
persive spectroscopy (EDS) system was used, with 1000 x magnification at an accelerating
voltage of 5 kV to obtain images of the active films and controls in order to confirm the
presence and dispersion of Nisin-Z into the polymer matrix.

2.3.3. Thermogravimetry (TG)

The thermogravimetric curves of MC-based films were constructed in DTG thermal
analyzer (SHIMADZU, model 60H, Kyoto, Japan) to evaluate the films’ thermal stability.
Approximately 3 mg of each film was packaged in alumina pans and heated from 30 °C to
600 °C at a rate of 10 °C-min—!, under 50 mL min—! nitrogen flow rate.

2.3.4. Contact Angle

The contact angle between water and film surface (solvent-evaporation side) was
determined using a goniometer (Kruss, Hamburg, Germany), employing the sessile drop
method. The analysis was performed at 25 °C £ 2 °C with three repetitions for each
treatment.

2.3.5. Light Barrier Property and Moisture Content of Films

The light transmittance of the MC-based films was evaluated using a UV-Vis Spec-
trophotometer (model UV 1800, Shimadzu, Kyoto, Japan), operating from 200 to 800 nm.
Samples with 3 g of MC-based films were dried (105 °C for 24 h), and by weight difference,
the moisture content was determined, according to the ASTM D644-99 methodology [19].
A total of seven measurements were accomplished for each determination.

2.3.6. Density, Thickness, and Mechanical Performance

MC-based film thickness was determined using a digital micrometer with an accuracy
of 0.001 mm (Mitutoyo Corporation, Kawasaki, Japan). The averaging of 10 random
measurements determined the final thickness within the film’s area. Film density was
calculated by the quotient of sample weight over sample volume. Mechanical performance
of the MC-based films was determined using a Universal Testing Machine, model 3367
(Instron Corporation, Norwood, MA, USA) equipped with a 0.5 kN load cell, in accordance
with the standard method ASTM D882-12 [20]. Samples were previously conditioned for
48 h at 23 °C £ 2 °C and 50% = 3% of relative humidity (RH). MC-based films were shaped
into rectangular specimens (150 x 25 mm?), grabbed by two grips initially separated
by 100 mm, and stretched at a crosshead speed of 50 mm-min~!. The tensile strength-
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Tmax (MPa), modulus of elasticity—E (MPa), true strain-g; (%), and linear strain-¢; (%)
properties were determined using Equations (2)—(5) respectively. The tests were carried out

with at least seven replications.
F

Omax = Aio ()
Omax
E= o 3)
0
ly
& = ln(> x 100 4)
ly
g = %)l % 100 (5)

where (F) is the maximum force supported, (Ap) is the initial cross-sectional area of the
specimen, (lf) is the distance between the grips at the moment of rupture, (Iy) is the initial
length of the specimen, and (Al) is the variation between /s and Io.

2.3.7. Water Vapor Permeability (WVP)

The WVP of the MC-based films was determined gravimetrically according to ASTM
method E96-95 with modifications [1,21]. Before the analysis, the samples were conditioned
at 25 °C £ 2 °C and 53% RH for 12 h. The films were sized 80 mm in diameter, placed
under circular paraffin capsules, and sealed with liquid paraffin. Capsules were filled
with MgCl, saturated solution (32.5% RH) and stored at 25 °C £ 2 °C in a desiccator
containing a saturated solution of NaCl to maintain a RH of 75%. Samples were weighed
every 2 h for 48 h, and WVP was calculated using three replicates and expressed in
(g:um-m~2.day~1-kPa~1).

2.3.8. Antibacterial Activity

The antibacterial effect of the manufactured films was investigated against S. aureus
ATCC 6538, L. plantarum ATCC 8014 (Gram-positive) and E. coli ATCC 11,229 (Gram-
negative). The cultures were obtained from the culture collection of the Packaging Lab-
oratory, Federal University of Vigosa, Vigosa, MG, Brazil. For inoculum preparation, the
bacteria were activated on brain heart infusion (BHI, Kasvi, Roseto degli Abruzzi, Italy)
broth, incubated at 37 °C &= 1 °C for 24 h, streaked over non-selective agar (PCA, Oxoid, Bas-
ingstoke, Hampshire, UK), and incubated at 37 °C £ 1 °C for 24 h (E. coli and S. aureus) or
48 h in anaerobiosis (L. plantarum). Selected colonies of each bacterium were taken from the
agar and suspended in 0.85% (wt/v) saline solution until obtaining suspensions with a den-
sity similar to 0.5 McFarland turbidity standard (approximately 1-2 x 108 CFU-mL 1) [22].
Subsequently, the prepared bacterial suspensions were spread on the surface of solidified
BHI agar plate with a swab, and circular samples of the films (J = 1 cm) were placed on the
agar. The Petri dishes were incubated for 24 h at 37 °C £ 1 (E. coli and S. aureus) or 48 h at
37 °C £ 1 in anaerobiosis (L. plantarum), and the resulting inhibition zones were measured
(mm) [12].

2.4. Statistical Analysis

Experiments were carried out following a completely randomized design with two
factors: EC, with two levels (monovalent EC for lithium and divalent EC for magnesium)
and IS, with five levels (0, 25, 50, 250, and 500 mM of LiCl or MgCl,). All analyses and
measurements were performed three times, and the difference was determined, considering
the confidence level of 95%. All statistical analyses were performed with Origin Pro 8.5
and Minitab statistical program, version 17.
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3. Results
3.1. FTIR, EDS, and Contact Angle

Changes in the FTIR absorption behavior allow us to infer the intra and intermolecular
interactions of the components present in the films (glycerol, MC, water, and chlorinated
salts) as a function of the EC of the salts and the IS of the system when incorporating
LiCl and MgCl, (Figure 1). Four main peaks or bands are highlighted in Figure 1. The
band at 3400 cm ™! refers to the stretching of the OH bond, and it was found that the
increase in IS in the films containing salts increased the band intensity and shifted to
shorter wavelengths [23,24]. The shift of this band to shorter wavelengths is justified
by intermolecular interactions of the ion-dipole type between the hydroxyl groups of
methylcellulose and counter-ions of the dissociated salts, weakening the O-H covalent
bond and reducing the absorption frequency [3].

Figure 1. FTIR spectra of MC-based films with 0, 25, 50, 250, and 500 mM due to LiCl (a) or MgCl,
addition (b), and the EDS full elemental maps of (c) control film (0 mM of IS) and (d) active film
(0 mM of IS) incorporated with Nisin-Z.

Furthermore, we confirmed that the IS increase of the polymeric dispersion produced
MC films with significantly higher peak intensity at 1637 cm ™!, referring to the angular
deformation of the water [3,24]. In turn, the difference in the EC of the cations did not
significantly influence the water absorption capacity. The absence of chemical reactions
in the polymer structure is confirmed by the visualization of MC characteristic peaks in
the 1270-1030 cm ™! range, associated with asymmetric stretching bands of ethers, and
symmetrical stretching of ethers at 1180-1050 cm ™! [24,25].

Meanwhile, the wavelengths from 1320 to 1450 cm ! are associated with the harmonic
peaks of the ether group and the angular deformation of C-H of alkanes present in the
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MC [24]. The other peaks present in the infrared spectrum will not show significant changes
under the effect of the treatments evaluated and, therefore, were used only to diagnose
the presence of the constituents in the films. In turn, Nisin-Z’s incorporation in the MC
films was confirmed in Figure 1c,d. Furthermore, the requirements of good distribution
and dispersion of Nisin-Z in the polymer matrix are met with these characteristics being
critical in achieving homogeneity of antibacterial activity for food safety applications.

The solid surface affinity by water and air can be measured through the contact
angle (0), quantifying the hydrophobicity degree of films. The contact angle results and
their respective regression curves are shown in Figure 2a. These results indicate that the
concentration of LiCl or MgCl, modulated the contact angle. Incorporating different MgCl,
concentrations (IS > 250 mM) changed the films’ surface from hydrophilic to hydrophobic
character, i.e., 6 > 90°. According to Silva et al. [3], one of the reasons for the films’
hydrophobicity increase is the unavailability of the MC’s hydroxyl groups to interact with
the water molecules localized on the film'’s surface.

In addition, the EC effect also influenced the contact angles’ results. The behavior of
films incorporated which Mg (*?) can be described by a quadratic regression while Li (*1)
by linear regression. These observations are justified by the change in the balance of the
interfacial tension measurements between the film’s surface, the drop of water, and the
atmospheric air. There was likely an increase in the interfacial tension between the water
drop and the films’ surface. Salts diffused to the water drop, which caused a structural re-
arrangement of the water molecules through new interactions, e.g., ion-dipole, increasing
hydrophobicity of the films.

3.2. WVP and Light Barrier Property

The incorporation of LiCl or MgCl, into polymeric dispersions, modulating their
IS, caused a reduction of the WVP barrier of MC films. According to Kalkan et al. [26],
one of the main factors influencing WVP water molecules’ permeation and solubilization—
diffusion effect. Thus, the water absorption (solvation) incremented with the IS increase
since the presence of counterions (Li*! or Mg*?) changed the polarization affinity increasing
the solubility of water from the external environment to the films, thus reducing WVP.
Therefore, the IS of polymeric dispersions is remarkably capable of controlling WVP
in MC films, achieving greater water vapor protection than other conventional plastics
(EVOH, PET) or from renewable sources (bacterial cellulose, chitosan). Atta et al. [15],
showed that incorporating yeasts into polymeric films reduces the equilibrium moisture
due to the favoring of mass transfer. Therefore, combining these factors (incorporation
of microorganisms and IS) can potentially modulate the WVP and other physicochemical
properties of films for food packaging applications.
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Figure 2. Contact angle (6) measurement results between water and the surface of MC-based films
with 0, 25, 50, 250 or 500 mM due to LiCl (a) or MgCl, (b) addition (the obtained models are presented
in the Supplementary Materials). WVP results from MC-based films with 0, 25, 50, 250, and 500 mM
due to LiCl or MgCl, addition and other conventional commodity plastics (PET, PP, and EVOH) and
other films from renewable sources (Chitosan, bacterial cellulose, and paper) (b). The transmittance
of MC-based films with 0, 25, 50, 250, and 500 mM due to LiCl (c) or MgCl, addition (d). Photographs
of the films are shown in Figure S1 of the Supplementary Materials. * WVP values of conventional
and renewable source films according to Wang et al. [27].

Polymeric films must be flexible and elastic to be used as a material for food packaging.
Moreover, films must also guarantee the quality and safety of the food during storage.
Therefore, films with UV-Vis radiation blocking can improve food preservation, minimiz-
ing photooxidation and photodegradation, especially in oils [28] and meat products [29].
Figure 2¢,d exhibits the transmittance spectrum of films with added LiCl or MgCl,. The
ability to suppress UV-Vis radiation depends on the salt type (LiCl or MgCl,) since they
presented different results for films with the same IS and similar thickness (Table 1). For the
same IS, the incorporation of LiCl into the MC matrices blocked more UV-Vis light than
films with MgCl,. Freitas et al. [25] demonstrated that films incorporated with ethanolic
cabbage extract highlight another way to protect food against UV-Vis radiation. However,
these additives, e.g., phenolic compounds and anthocyanins, are highly sensitive to visible
light and reduce the protection capacity over time. Therefore, we show here that both salts
are better options due to their stability over time and their ability to modulate the barrier
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against UV-Vis light which can be achieved simply by adjusting the desired concentration
to block the radiation.

Table 1. Mechanical performance, namely thickness (Tck), tensile strength (TS), Young’s modulus
(YM), linear strain (¢1) and density (D) of the MC-based films prepared at different IS (0; 25; 50; 250
and 500 mM) due to LiCl or MgCl, addition.

Treatment Tck (mm) TS (mPa) YM (mPa) g1 (%) D (g-mL—1)
Control 731(11)¢  46.7(7.3)2 10909 (42)2 413 (2.5)be 1.14(0.1) ¢

25 mM-LiCl 81.1(65)¢ 25.0(29)bc  629.3(140)P  46.9 (8.4) bc 1.39 (0.1) 4

50 mM-LiCl 97.7(12.1)¢ 204 (4.7)¢  219.5(46) ¢ 56.6 (13) b 1.40 (0.1) 4

250 mM-LiCl 1562 (7.4)®  7.0(0.4)4 410.6)4 134.9 2.4) 2 2.40(0.2)b
500 mM-LiCl 251.5(24)2  1.6(0.3)4 1.6 (0.2) d 116.1 (952  425(02)2
25 mM-MgCl, 81.3(1.5)¢ 31.6(4.0)bc 7032(189)P 383 (14.2)¢ 1.35 (0.1) 4
50 mM-MgCl, 942(82)¢ 388(65P 6182(79)P  46.0 (4.2)bc 1.40 (0.2) 4
250 mM-MgCl, 1646 (9.1)® 121099 136(1.8)9  1105(67)? 1.75 (0.1)
500 mM-MgCl, 2493 (2.7)2  5.2(0.3)¢ 3.7(0.9) 4 119.5 (11) 2 217 (0.2)®
Means followed by the standard deviation between parentheses. Mean values followed by the same superscript
letter within the same column are not significantly different according to Tukey’s test (p > 0.05).

3.3. Thermogravimetry and Moisture Content of Films

Thermal decomposition of MC-based films, with added LiCl or MgCl,, were analyzed
by thermogravimetry, and the curves were plotted as exhibited in Figure 3a—c. Three main
events are highlighted, solvent evaporation (in blue), the decomposition of glycerol (in
green), and the decomposition of MC (in red). It was observed that with the increase of
salt concentration, the glycerol decomposition range and onset of the MC decomposition
temperature reduced. This behavior can be attributed to the presence of the salts, which in-
crease the physical spaces between polymeric chains, reducing the cohesive energy density
of the interactions between MC-MC and MC-Glycerol [3,30]. Furthermore, a significant
increase in water molecules into the polymeric matrix (i.e., equilibrium moisture content)
occurred with increasing IS (Figure 3d). In this way, MC backbone scission reactions were
catalyzed by hydrolysis, breaking skeletal bonds and reducing the MC decomposition
temperature [3,31]. Atta et al. [15], also verified the reduction of the thermal stability of
films based on bacterial cellulose due to the more significant amount of water molecules in
the polymeric matrix resulting from the use of a hygroscopic plasticizer (glycerol).

In Figure 3d, it can be observed that the equilibrium moisture was similar for both
salts (LiCl or MgCl,) at the same level of IS. However, the decomposition rate of the
MC-based film with Mg is significantly higher than the MC-based films with LiCl. This
confirms EC as a factor that influenced the kinetics of the thermal decomposition of MC;
however, complementary studies with counter-ions are being conducted to elucidate the
cause of this effect. In any case, reducing thermal stability to 180 °C (500 mM corrected
with MgCl,) does not affect applications such as packaging for any food class. Therefore,
the addition of chlorinated salts (or control of IS) remains a valid alternative for modulating
the physicochemical properties of the films.
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Figure 3. Thermal decomposition of MC-based films with 0 (a), 25, 50 (b) and 250, 500 mM (c) due to
LiCl or MgCl, addition. Moisture content of the MC-based films prepared at different IS (0; 25; 50;
250, and 500 mM) corrected with addition of LiCl or MgCl, (d).

3.4. Density, Thickness, and Mechanical Perfomance

Among the main requirements for the development of bio-based films for food ap-
plications, elasticity and flexibility are important to wrap the product without generating
damage or fractures of the film used as packaging, reducing the shelf life of the food. In
this sense, new strategies to increase true strain and reduce Young’s modulus have been
developed using plasticizers [1,32], blends [33,34], and gamma irradiation [35]. Table 1
shows that the simple addition of chlorinated salts can modulate mechanical performance.
In general, adding LiCl or MgCl, to MC-based films increased the thickness and EB, while
YM and TM were reduced.

In general, the addition of LiCl or MgCl, to MC-based films increased Tck, ¢; and
D, while YM and TM were reduced. These results can be explained by water absorption
into the polymeric matrices due to the presence of the salts, as evidenced in the FTIR
and moisture content results. The water in the polymeric matrix acted as a plasticizing
agent, reducing the cohesive energy between the polymeric chains and providing greater
flexibility and elasticity [31]. In turn, the increase in density of MC-based films was caused
by the water filling of voids in the polymeric matrix. Thus, the density difference between
MC-based films containing 500 mM LiCl versus MgCl, was the only significant difference
from these results, comparing salts at the same IS level. Therefore, this behavior occurred
due to greater LiCl mass added into the polymeric dispersion than MgCl, mass to achieve
equivalence IS (as reported in the transmittance results).



Polysaccharides 2022, 3

435

In Figure 4a, the comparison between two methods of obtaining the strain of materials
is shown, the true strain and the linear strain. We show here that up to 49% of errors can be
obtained when the proper strain equation is not used, which unfortunately is a prevalent
mistake in the literature [34,36-38]. In order to mitigate this problem, we show that the
linear strain equation should be used when the maximum of up to 60% of strain (I¢) is
obtained concerning the initial specimen (ly). In turn, strains with values above 60% must
use the true strain equation (also called logarithmic strain). We hope that this explanation
contributes to reducing error propagation in the literature, the standardization of results
and to serve as a validated reference for selecting suitable equations when calculating
strain or percentage elongation. Figure 4b shows that the IS modulates the stiffness of
MC-based films; that is, the greater the IS, the greater the flexibility. Thus, considering
other conventional plastic applications in food, we confirm that an expansion of MC-based
film applications can be achieved by IS modulation.

Figure 4. Linear Strain and True Strain results of MC-based films with IS of 0, 25, 50, 250, and
500 mM due to LiCl or MgCl, addition (a). YM results from MC-based films and other conventional
commodity plastics (PET, PP, HDPE, LDPE, and PTFE) (b). * Young’s modulus values of conventional
plastics according to Callister and Rethwisch [39].

3.5. Antibacterial Activity

Nisin is a hydrophobic and cationic polypeptide produced by a number of strains of
Lactococcus lactis subsp. lactis [40]. It is well known that nisin exerts antibacterial activity
against a wide range of Gram-positive bacteria; on the other hand, its activity against
Gram-negative bacteria, yeasts, and molds is primally limited [41]. The higher resistance
found for Gram-negative microorganisms could be related to the large size (1.8-4.6 kDa)
of nisin, which restricts its passage across their outer membrane [11,42]. In parallel, the
osmotic stress caused by lowering the water activity in the presence of solutes as salts (such
as NaCl, LiCl, MgCly,), sugar, or glycerol is well known [43].

The differences in susceptibility between Gram-positive and Gram-negative bacteria
against nisin have been reinforced in the present study (Table 2). E. coli, a Gram-negative
bacterium, only evidenced a discreet inhibition zone towards the film containing 500 mM of
the monovalent salt (LiCl). However, considering the Gram-positive bacteria, S. aureus, and
L. plantarum, even the control films produced exclusively with 10% Nisin-Z exhibited pro-
nounced antibacterial activity. The respective inhibition zones can be observed in Figure 5.
Previous studies mentioned that hydrophilic surfaces (e.g., methylcellulose matrix) en-
hanced both the release and water solubility of nisin, improving its antibacterial activity [44],
which can explain the good properties of films against the target microorganisms.
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Table 2. Inhibition zones (mm) of MC-films containing Nisin-Z and LiCl/MgCl, when evaluated
against S. aureus, L. plantarum and E. coli on BHI solid media.

Inhibition Zone (mm)

Treatment S. aureus (mm) L. plantarum (mm) E. coli (mm)

Control 21.7 (0.6) ™ 15.7 (1.2) bed NA
25 mM-LiCl 20.6 (0.5) ™S 14.2 (1.6) «d NA
50 mM-LiCl 21.2(0.3) " 15.5 (0.8) «d NA
250 mM-LiCl 20.1(0.6) ™ 16.3 (1.2) abc NA

500 mM-LiCl 20.0 (0.4) s 17.8 (1.3) 2P 11.4 (0.5)
25 mM-MgCl, 21.1(1.4)"s 14.5 (1.0) <@ NA
50 mM-MgCl, 21.7 (1.6) ™ 13.8(0.7) d NA
250 mM-MgCl, 202 (0.3) s 14.3 (1.9) <@ NA
500 mM-MgCl, 20.1 (0.6) ™ 18.5 (0.6) 2 NA

Average values were obtained, with three repetitions and standard deviation (SD). Non-significant (ns) at p < 0.05.
NA: did not exhibit an inhibition zone. Mean values followed by the same superscript letter within the same
column are not significantly different according to Tukey’s test (p > 0.05).

Average values were obtained, with three repetitions and standard deviation (SD).
Non-significant (ns) at p < 0.05. NA: did not exhibit an inhibition zone. Mean values
followed by the same superscript letter within the same column are not significantly
different according to Tukey’s test (p > 0.05).

The activity exhibited by the film containing the maximum concentration tested of LiCl
against E. coli contradicts results that mention the negative impact of a high concentration
of salts (NaCl) on Nisin-Z activity [11]. This can be attributed to the fact that each salt can
promote a different shift chance of amide N-H; intrinsically related to the nisin mechanism
of action (i.e., the amide N-H protons of residues within two hydrophobic A and B rings at
the N-terminus of Nisin-Z bind to the negatively charged pyrophosphate moiety of lipid
IT through a series of H-bond) [45-47]. Compared to Na* from NaCl, Li* is a strongly
hydrated cation [47]. The hydration level of a cation will affect whether any observed
chemical shift changes are a result of direct interactions of the cation with the peptide or
adjustments to the peptide’s hydration shell. Therefore, hydrated cations are less likely to
interact with the large number of hydrophobic residues in Nisin-Z, reducing the reversal
effect on the antibacterial properties of the peptide as provided by high concentrations of
NaCl in previous studies [18]. In addition, the presence of LiCl on active films, by itself,
may be responsible for an osmotic disbalance that influenced the susceptibility of E. coli to
the film, developing synergism for antibacterial activity against Gram-negative bacteria.

No effect was observed for films containing 500 mM MgCl, against Gram-negative
bacteria (Figure 5b). Despite Mg*? being known as a highly hydrated ion [46], the inter-
ference of this divalent cation on the inhibitory activity of antibacterial has been widely
discussed. Thus, a hypothesis that supports the non-activity of films 500 mM-MgCl, against
Gram-negative bacteria can be attributed to the fact that divalent cations are known to be
crucial for the integrity of the bacterial outer membrane in these microorganisms. Indeed,
chelation of divalent cations is a well-established method to permeabilize Gram-negative
bacteria such as E. coli, allowing the inflow of hydrophobic antibacterial compounds [47].
Lipopolysaccharide constituents of the outer membrane of Gram-negative bacteria, are
linked electrostatically via divalent cations (in particular, Mg*? and Ca*?), which bind to
the anionic phosphate groups in the inner core, significantly contributing to resistance
against hydrophobic antibacterial agents (e.g., nisin) [47,48]. Therefore, the presence of
MgCl, reduced, even further, the permeability of nisin on the outer membrane of E. coli,
reducing its activity, in comparison to the effect observed to the film added with LiCl.
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Figure 5. Photographs of the antibacterial activity of MC-based films with 10% of Nisin-Z with IS of
0, 25, 50, 250, and 500 mM due to LiCl or MgCl, addition, tested by direct contact against S. aureus
(a) = tested at 37 °C/24 h. Photographs of the antibacterial activity of MC-based films with 10%
Nisin-Z with IS of 0, 25, 50, and 250 mM (b) and 500 mM (d) due to LiCl or MgCl, addition, tested
by direct contact against E. coli. Susceptibility of L. plantarum against the active films with IS of 0
(control) and 500 mM due to LiCl and MgCl, addition at 37 °C/48 h, under anaerobic conditions (c).

On the other hand, some studies have demonstrated the antibacterial potential of
magnesium ions [49], which can also be observed on films prepared in the present study
against the Gram-positive bacteria (Figure 5a,c). In corroboration to the ion hydration
mentioned above, MgCl, and LiCl did not have a reversed nisin effect against S. aureus and
L. plantarum. For these bacteria, all treatments (including control) evidenced an inhibition
zone, highlighting the antibacterial effect of nisin. Regarding S. aureus, the type of salt and
IS did not exert a significant effect on the antibacterial properties of the films (p > 0.05).
Meanwhile, for L. plantarum, the 500 mM-MgCl, films presented the highest inhibition zone
(p < 0.05). Other films, including 500 mM-LiCl, evidenced antibacterial activity similar to
the control. Since the MgCl, in aqueous solution bears three ions in comparison to the two
provided by LiCl, there is an enhanced osmotic pressure attributed to the divalent salt.

In this case, since Gram-positive bacteria do not present an outer membrane, the
influence of MgCl, is different from the observed in E. coli. In addition to their presence on
the outer membrane of Gram-negative bacteria, Mg is an important element to bacterial
cells, and the intracellular concentration of Mg in many cell types is very high, ranging
between 15 and 30 mM; thus, to exert osmotic stress on cells, it must be present in a
concentration higher than this [50-53]. Both S. aureus and L. plantarum are halotolerant
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microorganisms, tolerating higher concentrations of solutes than many other bacteria and
likely require even higher amounts of salts to provide osmotic stress. However, the high
amount of MgCl, on films prepared at 500 mM can be responsible for the extra antibacterial
activity against L. plantarum.

4. Conclusions

In summary, the IS effect was studied by incorporating salts (LiCl or MgCl,) into MC
polymeric dispersions. It was observed that the produced films exhibited higher equilib-
rium moisture content, reaching up to 50% by weight. Moreover, the water molecules acted
as a plasticizing agent, modulating the MC’s physicochemical properties. Furthermore,
the incorporation of MgCl, at 500 mM of IS, obtained films with a hydrophobic surface
(6 = 98°), stretchability (80%), and flexibility (3.7 MPa). In turn, with LiCl incorporation
into MC polymeric dispersions, films were produced with high elasticity and flexibility,
better UV-Vis radiation block, and improved by synergism in the antibacterial activity
against E. coli. Thus, we validated a new strategy to catalyze activity against Gram-negative
bacteria using active films with Nisin-Z, extending protection against biological hazards in
foods. In addition, we clarify the most appropriate method to determine the percentage
elongation of films, aiming to mitigate frequent errors in the literature. Finally, we confirm
that IS represents a new approach to bringing MC-based film properties closer to those of
conventional plastics used in food applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polysaccharides3020026/s1, Table S1: Adjusted regression equa-
tions, lack of fit values (LF), and coefficients of determination adjusted (Rzaj) for contact angle of
MC-based films added with LiCl or MgClI2 resulting in IS of 0, 25, 50, 250, or 500 mM. Figure S1:
Photographs of MC-based films with IS of 0 (A, a) or 500 mM corrected for the addition of LiCl (B, b)
or MgCl, (C, c).
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