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Abstract: Two exopolysaccharide (EPS)-producing lactic acid bacteria (LAB) strains, Liquorilactobacillus
(L.) sp CUPV281 and Liquorilactobacillus (L.) mali CUPV271, were isolated from Spanish apple must.
Each of the strains produced a dextran, with different branching degrees, to be incorporated into
soy protein isolate (SPI) film-forming formulations. Films were prepared by compression molding,
a more rapid processing method than solution casting and, thus, with a greater potential for
scaling-up production. Thermal analysis showed that SPI and EPS start the degradation process
at temperatures above 190 °C, confirming that the compression temperature selected (120 °C) was
well below the corresponding degradation temperatures. Resulting films were transparent and
homogeneous, as shown by UV-Vis spectroscopy and SEM, indicating the good compatibility between
SPI and EPS. Furthermore, FTIR analysis showed that the interactions between SPI and EPS were
physical interactions, probably by hydrogen bonding among the polar groups of SPI and EPS.
Regarding antifungal/fungistatic activity, LAB strains used in this study showed an inhibitory effect
on germination of fungal spores.

Keywords: soy protein isolate; exopolysaccharides; compression molded films

1. Introduction

Exopolysaccharides (EPS) are polysaccharides secreted by bacteria into the extracellular matrix,
or they can also remain loosely associated to the cell surface by electrostatic interactions. Among EPS,
homopolysaccharides, containing only one type of monomer, or heteropolysaccharides, with two or
more different monosaccharides, can be found [1]. These biodegradable polymers have high molecular
weights and relevant physiological functions [2]. Their large variation in composition, charge and
structure confers multiple applications [3]. Some EPS, such as dextrans, produced by lactic acid
bacteria, are considered as generally recognized as safe (GRAS) substances as defined by the US
Food and Drug Administration (FDA) [4] and constitute a new generation of natural, harmless and
prebiotic additives [5]. In the food industry, these biopolymers are employed for thickening, gelling,
emulsification, stabilization, crystallization prevention, fat replacement, encapsulation, dough rheology
and food texture improvement [6-10]. Beside food industry, they are also used as cosmeceuticals,
herbicides and insecticides [11,12].
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In recent years, the demand for natural polymers has increased and, thus, the production of EPS
from new sources has gained more interest [13]. Moreover, the properties of EPS can be modified by
blending with other polymers. Indeed, polysaccharide—protein mixtures have been widely employed
for both films and biomaterials production [14]. In particular, soy protein has received much attention
since it is widely available at a relatively low cost and shows film-forming ability, biocompatibility,
biodegradability, and excellent oxygen and oil barrier properties [15-17]. Soy protein is mainly
constituted of 7S and 11S protein fractions; moreover, disulfide linkages are present due to sulfhydryl
groups of 11S fraction [18]. In this context, the objectives of this work were to develop films using
vegetal-derived raw materials, specifically soy protein and two EPS produced by lactic acid bacteria
(LAB) strains from our collection, and assess the effect of those EPS in the properties of soy protein films.

2. Materials and Methods

2.1. Materials

Soy protein isolate (SPI), PROFAM 974, was supplied by ADM Protein Specialities Division
(Amsterdam, Netherlands). According to the information provided by the supplier, SPI has a minimum
of 90% protein content on a dry basis, a maximum of 5% moisture, 4% fat, 5% ash, and its isoelectric
point is 4.6. Glycerol with a purity of 99.01% was obtained from Panreac (Barcelona, Spain).

The two EPS employed in this work were produced using two strains of lactic bacteria isolated from
apple must, known as Liquorilactobacillus sp. CUPV281 (AST1), and Liquorilactobacillus mali CUPV271
(E11). The monosaccharide composition analysis determined glucose as the only monosaccharide
present in both EPS. These EPS are homopolysaccharides, specifically dextrans, composed of a linear
backbone of x-(1—6)-linked glucosidic residues with variable degrees of strain-specific x-(1—3) and
less frequent a-(1—4) branching.

2.2. Bacterial and Fungal Strains and Their Growth Conditions

For EPS production, L. mali CUPV271 (E11) and L. sp. CUPV281 (AST1) were activated in MRS [19]
medium supplemented with 2% sucrose instead of glucose. Then, the preculture was grown in a
semidefined (SMD) medium supplemented with 2% sucrose and the final fermentation took place in 1
L of the same medium for 20 h at 28 °C in microaerophilic conditions (5% CO;). For the recovery of
EPS, a previously described protocol was used [20]. Dextran yield was 4.20 + 0.09 g/L for AST1 and
11.65 + 1.15 g/L for E11.

For bacterial/fungal co-cultures, strain BD185 of Aspergillus nidulans (genotype: pyrG89; argB2;
AnkuA::argB, gfp::fIbB, pyroA4; veAl) [21,22] and LAB strains AC1 (used as a reference) [20], AST1 and
E11 were co-cultured in MRS medium adjusted to pH 6.5, supplemented with glucose or sucrose as
repressor or inducer of EPS production [20], and also the nutrients associated with the genetic markers
of the fungal strain (pyridoxine; 0.05 ng/mL of culture medium; uracil: 0.55 mg/mL of culture medium;
uridine: 1.2 mg/mL of culture medium). Asexual spore production in strain BD185 is inhibited when
grown on this culture medium (see below). This does not occur under standard growth conditions in
Aspergillus minimal medium (AMM) [23].

2.3. Preparation of Films

Films were prepared by compression molding. First, 7 g of SPI, 40 wt % water, 30 wt % glycerol
and 0 or 5 wt % EPS were mixed (percentages on SPI dry basis). Then, 1.2 g of the mixture was
thermally compacted using a caver laboratory press (Specac, Barcelona, Spain), previously heated up
to 120 °C for 1 min, by applying a pressure of 4 MPa for 2 min. Films without EPS were designated as
control films, while those prepared with the EPS produced by AST1 and E11 were named SPI-AST1
and SPI-E11, respectively. All films were conditioned in a controlled environment chamber at 25 °C
and 50% relative humidity before testing.
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2.4. Characterization of Films

2.4.1. Color Measurement

Color parameters (L*, a*, b*) were determined using a CR-400 Minolta Chroma-Meter colorimeter
(Konica Minolta, Valencia, Spain). Films were placed on the surface of a white standard plate (calibration
plate values: L* = 97.39, a* = 0.03 and b* = 1.77) and color parameters were measured using the CIELAB
color scale: L* = 0 (black) to L* = 100 (white), —a* (greenness) to +a* (redness), and —b* (blueness) to +b*
(yellowness). Color difference (AE*) was calculated relative to the control film:

AE* = \/(AL*)2+ (Da*)? + (Ab*)? 1)

2.4.2. Gloss Measurements

Film gloss was determined using a Multi Gloss 268 Plus gloss meter (Konica Minolta, Valencia,
Spain). According to ASTM D523-14 [24], gloss values were measured at an incidence angle of 60°.

2.4.3. Light Absorption

Light absorption was measured in the UV-Vis range (200-800 nm) using a V-630 UV-Vis
spectrophotometer (Jasco, Madrid, Spain).

2.44. Differential Scanning Calorimetry (DSC)

DSC was carried out in a Mettler Toledo DSC 822 device (Mettler Toledo S.A.E., Madrid, Spain).
Samples (3.0 £ 0.2 mg) were sealed in aluminum pans to avoid mass loss during the experiment.
Filled pans were heated from —50 to 250 °C at a rate of 10 °C/min under inert atmosphere conditions
(10 mL Np/min) to avoid thermo-oxidative reactions.

2.4.5. Thermo-Gravimetric Analysis (TGA)

Thermal stability was analyzed by TGA and measurements were performed in a Mettler Toledo
TGA SDTA 851 equipment (Mettler Toledo S.A.E., Madrid, Spain). The samples were heated from
25 to 800 °C at a heating rate of 10 °C/min under inert atmosphere conditions (10 mL Nj/min) to avoid
thermo-oxidative reactions.

2.4.6. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of pure EPS and films were carried out on a Nicolet Nexus 380 FTIR spectrometer
using ATR Golden Gate (Specac, Barcelona, Spain). A total of 32 scans were performed at a resolution
of 4 cm™! in the wavenumber range from 800 to 4000 cm™".

2.4.7. Moisture Content (MC)

To determine MC of films, specimens were weighed (wp) and then dried in an oven at 105 °C for
24 h. After this time, samples were reweighed (w) to determine their MC according to the following
formula:

_ Wo — W

MC (%) = - 100 2)

2.4.8. Buffer Uptake (BU)

In order to study the buffer uptake of films, first, film pieces were weighed (wp) and then,
immersed into 20 mL phosphate buffer solutions (PBS, pH = 7.4) to simulate body fluids. Samples
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were weighed after immersion into buffer solution for specific times (w;), until constant values were
obtained. BU was calculated according to the following equation:

Wy — W

BU (%) = o

100 3)

2.4.9. X-ray Diffraction (XRD)

XRD analysis was performed with a diffraction unit (PANalytic Xpert PRO, Malvern Instruments,
Malvern, Spain) operating at 40 kV and 40 mA. The radiation was generated from a Cu-Kot (A = 1.5418 A)
source. The diffraction data were obtained from 20 values from 2° to 50°, where 0 is the incidence
angle of the X-ray beam on the sample.

2.4.10. Scanning Electron Microscopy (SEM)

The film inner morphology was visualized using a Hitachi 5-4800 field emission scanning electron
microscope (Hitachi High-Technologies Corporation, Madrid, Spain). Samples were mounted on a
metal stub with a double-side adhesive tape and coated under vacuum with gold (JFC-1100) in an
argon atmosphere prior to observation. All samples were examined employing an accelerating voltage
of 10 kV.

2.4.11. Tensile Test

Tensile strength (TS) and elongation at break (EB) were determined using a 5967 Universal Testing
Machine (Instron Systems, Barcelona, Spain), equipped with a tensile load cell of 250 N. According to
ASTM D638-03 [25], the crosshead speed was set at 1 mm/min and samples with 22.25-mm length and
4.75-mm width were used.

2.4.12. Co-Culturing of Aspergillus nidulans and Bacterial Strains

To assess the ability of LAB strains to inhibit active growth of A. nidulans strain BD185, the procedure
described in Figure 1 was followed. Briefly, the fungal strain was point-inoculated on the center of
Petri plates filled with the above described MRS media (see Section 2.2). After 48 h of culture at
37 °C, bacterial strains were inoculated on both sides of the fungal colony, maintaining the distances
indicated in Figure 1. Plates were sealed with parafilm and cultured at 30 °C for additional 48 h before
phenotypes were recorded.

Strain BD185 LAB strains

Phenotypic
analysis

MRS medium (pH = 6.5), supplemented with
glucose or sucrose, plus pyridoxine, uridine, uracil

Figure 1. Procedure followed for the assessment of the ability of lactic acid bacteria (LAB) strains to
inhibit active growth of A. nidulans strain BD185. Plates were analyzed in duplicates.

To analyze the potential of LAB strains to inhibit or delay germination of asexual spores of
A. nidulans, the procedure described in Figure 2 was followed [26,27]. Bacterial strains were inoculated
in the center of MRS plates by drawing two lines of approximately 2 cm each at a relative distance of
1 cm. Plates were sealed and cultured at 30 °C for 48 h. Then, asexual spores of strain BD185 (6 X 10°
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conidia, diluted in 8 mL of the same MRS medium as in the Petri plate) were added. Petri plates were
sealed again and further incubated at 30 °C for 48 h before phenotypic analysis.

Addition of BD185 spores

LAB strains diluted in MRS medium
48 h 48 h
ey 0°C Phenotypic
= = analysis
Sealed Sealed

MRS medium (pH = 6.5), supplemented with
glucose or sucrose, plus pyridoxine, uridine, uracil

Figure 2. Procedure followed for the assessment of the ability of LAB strains to inhibit or delay
germination of A. nidulans strain BD185. Plates were analyzed in duplicates.

Finally, with the aim of assessing the potential of SPI-EPS films to inhibit germination of fungal
spores, discs of a diameter of 1 cm were cut and sterilized with UV light. Conidia dilutions (6 x 10°
or 4 x 10* conidia, respectively, diluted in 8 mL of the same MRS or AMM media as in the Petri plates)
were poured on previously prepared MRS or AMM plates (Figure 3). After medium solidification,
sterilized discs were located on the surface of the plates. Phenotypes were recorded after 48 h of culture
at 37 °C.

Addition of BD185 spores SPI-EPS
diluted in MRS or AMM medium discs
I‘. 48 h
= ‘ ‘ g, Phenotypic
@ analysis
\/ <1.0cm>

MRS (pH = 6.5) or MMA (pH = 6.8) media, supplemented
with glucose or sucrose, plus pyridoxine, uridine, uracil
Figure 3. Procedure followed for the assessment of the effect of soy protein isolate (SPI)-exopolysaccharides
(EPS) films on germination of asexual spores of strain BD185 of A. nidulans. Plates were analyzed

in duplicates.
2.4.13. Statistical Analysis

Analysis of variance (ANOVA) was used to determine the significance of differences among
samples. The analysis was performed with a SPSS computer program (SPSS Statistic 23.0, Barcelona,
Spain) and Tukey’s test was used for multiple comparisons. At least three replicates were carried out.
Differences were statistically significant at the p < 0.05 level.

3. Results and Discussion

3.1. Optical Properties

First of all, film appearance-related properties were analyzed. Hence, film color and gloss were
determined and values are shown in Table 1. It is worth noting that all films showed high L* values,
indicating the lightness of control and EPS-incorporated SPI films. Additionally, all films showed a
yellowish color which is characteristic of SPI materials [28]. This yellowness, indicated by the positive
values of b* parameter, was more intense for SPI-E11 films, while SPI-AST1 films showed a less intense
yellowish color in comparison to control films. As a consequence, AE* parameter changed (p < 0.05),
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although this change was not relevant since it was lower than 5 and, thus, was non-perceptible to
the human eye [29]. Furthermore, gloss values were measured and are shown in Table 1. As can
be observed, all films presented low values of gloss, indicating non-glossy and rough surfaces [30],
which became even rougher when EPS were incorporated into the formulation.

Table 1. Color and gloss values of control and EPS-containing films.

Film L* a* b* AE* Gloss (GU)
Control 94.56 + 0.34 2 —0.84 £ 0.04° 8.66 +0.31P 2344272
SPI-AST1 9531 +045b —0.61+0.032 6.78 +0.312 208+0292 18.1+22P
SPI-E11 94.17 £ 0.202 —091+0.04° 11.93 + 0.58 ¢ 329 +0.59P 209 253

27¢ Two means followed by the same letter in the same column are not significantly (p > 0.05) different according to
the Tukey’s multiple range test.

Film transparency was measured by the absorbance at 600 nm in UV-Vis spectra. As can be seen
in Figure 4, no absorbance was observed at this wavelength, indicating that films were transparent.
Additionally, UV-Vis spectroscopy was carried out to determine light barrier properties of SPI films.
As can be observed in Figure 4, SPI films provided an excellent UV barrier from 200 to 300 nm, due to
the high percentage of aromatic amino acids (tyrosine, tryptophan and phenylalanine) present in soy
protein [31,32]. Moreover, this UV barrier was improved in EPS-containing films probably due to the
presence of hydroxyl groups in EPS, which have been described to act as auxochrome groups [33,34].

5

Control
—— SPI-AST1
4 —— SPI-E11

Absorbance (a.u.)

T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 4. UV-Vis spectra of control and EPS-containing films.

3.2. Thermal Properties of Films

Thermal properties of SPI films were analyzed by DSC and TGA. Regarding DSC analysis
(Figure 5), all films displayed an endothermic peak around 80-86 °C, associated to the denaturation of
7S protein fraction, the fraction of lower molecular weight. Another peak appeared around 220-235 °C,
corresponding to the thermal denaturation of glycinin or 11S protein fraction, the fraction of higher
molecular weight [35]. Denaturation temperatures are dependent on moisture content and shift to
higher values at lower moisture contents [36]; therefore, these results would be indicative of lower
moisture contents for the EPS-incorporating films.
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Figure 5. DSC thermograms of control and exopolysaccharide-containing films.

Concerning thermo-gravimetric analysis, all films showed three main weight loss steps (Figure 6).
The initial weight loss around 100 °C was associated to the evaporation of moisture in the film.
The second stage around 190 °C was related to the evaporation of glycerol [37]. Finally, the third stage
around 312 °C was an overlapping decomposition region, in which the thermal breakage of backbone
bonds among peptides in SPI chain, such as C-C, C-N, and C-O bonds, occurred [38,39]. This third
stage also involves the decomposition of EPS, as can be observed in comparison to DTG curves of
AST1 and E11, also shown in Figure 6.

100

I —o AST1
1 — E11

iy Control
it —— SPI-AST1
y — SPI-E11

80

Weight loss (%)
DTG (%/min)

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. Weight loss of control and EPS-containing films, as well as DTG curves of control and
EPS-containing films in comparison to DTG curves of pure EPS (dotted curves).

3.3. Physicochemical Properties

The interactions among the different components of films were studied employing FTIR analysis.
As shown in Figure 7A, the bands of SPI are related to O-H stretching and N-H bending, around
3275 cm~!; C=0 stretching (amide I), at 1625 cm™!; N-H bending (amide II), at 1533 cm~!; and C-N
stretching (amide III), at 1236 cm™~! [40]. The main five absorption bands of glycerol were located from
800 to 1150 cm ™!, corresponding to the vibrations of C-C and C-O linkages [41]. Both EPS had similar
spectra and showed the typical absorption bands of polysaccharides, mainly the strong band located at
1000 cm™! related to C—O bonds in EPS [20]. The abovementioned absorption bands arose on all films’
spectra. Nevertheless, it is worth noting that the intensity of amide I and amide II bands decreased
in EPS-containing films, while the intensity of the band at 1040 cm~! increased, as can be seen more
clearly in Figure 7B. Additionally, the small band at 1000 cm~! in SPI films became a shoulder in
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EPS-containing films. Since the appearance of new bands was not observed by FTIR analysis, it can
be said that no chemical reaction occurred between SPI and EPS, and the changes observed in the
intensity of the abovementioned bands can be related to physical interactions by hydrogen bonding
between amino and hydroxyl groups of SPI and hydroxyl groups of EPS.

A
B
—-= AST1
- A P E11 -== AST1

...... e o gt e e B P
_ \\\ //" A/ \,\!vf‘ ; Siq T .\‘a'-" V‘i_lf“‘
E] g L —~ Control - “ A
s oo 3 |—sPLASTY \5y J
8 i o |——SPILE1 Yoo/
5] 1! e §
- F.j' S Lo
g : 5 -
5 g 3
fadg ©
= =

Control
— SPIAST
— SPIET1 ;
T T T T T T ;
4000 3500 3000 2500 2000 1500 1000 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm) Wavenumber (cm™)

Figure 7. FTIR spectra of pure EPS (dotted curves) and those of control and EPS-containing films
(continue curves) (A) from 4000 to 800 cm™! and (B) from 2000 to 800 cm™1.

This physical crosslinking between SPI and EPS led to a reduction of moisture content in
films [42,43]. Although no significant (p > 0.05) difference was observed for MC values of SPI-AST1
(17.12 + 1.17%) and SPI-E11 17.97 + 0.10%), these values were significantly (p < 0.05) lower than those
of control films (20.58 + 0.51%). This decrease in MC values can be explained by the interactions
among the polar groups of SPI and EPS shown by FTIR, resulting in less available polar groups to
interact with moisture. These results are in accordance with the increase in denaturation temperatures
observed by DSC analysis (Figure 5).

For further assessment of the physical interactions effect in the physicochemical behavior of the
films, buffer uptake was measured. As can be seen in Figure 8, all films swelled rapidly from the
beginning of the test and BU values were maintained after one day. It is worth noting that the addition
of EPS caused an increase in BU values. Since swelling is directly associated with cross-linking [44],
these results can be related to the physical interactions formed between protein and EPS, which could
lead to a looser structure, facilitating buffer uptake.

90
. SPI
80 ® SPI-AST1
1 A SPI-E11
70 rY T
3 ®
= i
<
2 60
s
2
< 50 -
o
s
> 401
(0] .
£ Equation y = ATexpladti) + AZexp(x2) + YO
m 30 Plot SPI SPIAST1 SPIE11
1 Iyo 55.33464 + 1.09806 69.43416 + 31.11299 66.593 + 0.87218
20 - |A1 -28.00405 + 328.7564 -36.19032 + 12553.99349 -34.67224 + 322.16405
1t 0.96685 + 1.31698E12  0.19754 + 4.42032E64  0.47454 + 2.2343E25
10 A2 -25.68082 + 328.22588 -32.93825 + 12538.98462 -31.64281 + 321.74312
7] t2 20.7327 £ 91.82281 19.46908 + 2415.27797 19.82779 + 66.885
7 |Adj. R-Square 0,98978 0,99409 0,99549
0

T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Time (min)

Figure 8. Buffer uptake of control and EPS-containing films.
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3.4. Morphological and Mechanical Properties

In order to relate the properties of the films to their structure, XRD and SEM analyses were carried
out. As can be seen in Figure 9, two peaks appeared around 9° and 20°, associated to the «-helix and
[3-sheet structures of the soy protein secondary conformation, respectively [45]. Among the samples
under study, when EPS were added, the most relevant difference was related to the increase in the
intensity in the peak located around 20°, which indicated that the degree of structural order also
increased [46], due to the new interactions formed between SPI and EPS, as shown in FTIR spectra.

—— SPI
—— SPI-AST1
—— SPI-E11

Intensity (a.u.)

26 (°)

Figure 9. XRD patterns of control and EPS-containing films.

Additionally, SEM analysis was carried out in order to observe the morphology of the film
cross-section. As can be seen in Figure 10, all films presented homogeneous and rough structures and
norelevant difference was appreciated among the cross-sections shown in SEM images, although SPI-E11
films seemed to offer the roughest cross-section. Therefore, it was concluded that EPS were
well-distributed into the films at a microscopic level.

Figure 10. SEM micrographs of control and EPS-containing films.

Finally, the mechanical properties of the films were evaluated by measuring the values of tensile
strength (TS) and elongation at break (EB) (Table 2). There was no significant (p > 0.05) difference in TS
values, in accordance with the similar cross-sections observed in SEM images (Figure 10). In contrast,
EB values decreased (p < 0.05) with the incorporation of EPS, in agreement with a more ordered
structure, as shown in XRD analysis (Figure 9). Nevertheless, it is worth mentioning that the TS
values of the SPI films prepared in this work by compression molding are higher than those observed
for SPI films with the same plasticizer content (30% glycerol) but prepared by solution casting [47].
This confirms the suitability of this method, not only for scaling-up production but also for the
improvement of technological properties.



Polymers 2020, 12, 2106 10 of 14

Table 2. Tensile strength (TS) and elongation at break (EB) values of control and EPS-containing films.

Film E (MPa) TS (MPa) EB (%)
Control 213.56 + 16.68 2 12.47 + 0.46 2P 4817 +4.012

SPI-AST1 27859 + 18.79 b 13.03 + 0.412 4050 +541°b
SPI-E11 34251 + 15.87°¢ 11.54 + 0.88 P 25.04 £341°

27¢ Two means followed by the same letter in the same column are not significantly (p > 0.05) different according to
the Tukey’s multiple range test.

3.5. Germination Delay of the Filamentous Fungus Aspergillus nidulans in Co-Culture with LAB Strains

Specific LAB strains isolated from a variety of food matrices have been found to show
antifungal/fungistatic activity against fungal pathogens [48]; therefore, the potential of the LAB
strains from our collection, as well as those of the SPI films containing the EPS produced by them,
to inhibit or delay filamentous fungal growth and/or germination were assessed in this work. To that
end, co-cultures were carried out with the fungus Aspergillus nidulans, which is a widely used reference
ascomycete in the study of secondary metabolism and fungal-bacterial interactions [49-51].

First, the ability of LAB strains AC1 (used here as a reference), AST1 and E11 to inhibit active
growth of A. nidulans strain BD185 was assessed (Figure 11A). Phenotypes were analyzed on MRS
plates supplemented with glucose (Figure 11A, left), as a repressor of EPS production, or sucrose,
as an inducer (Figure 11A, right) [20]. After 48 or 96 h of culture at 30 °C, the presence of LAB strains
modified the growth pattern of the fungal strain (colonies use to be radial) in different ways. While LAB
strains AST1 and E11 seemed to decrease radial extension of the fungal colony, strain AC1 seemed to
stimulate it. The same behavior was observed in both MRS media used. Nevertheless, the fungus
grew over the bacterial colonies faster in MRS medium supplemented with sucrose.

Second, we tested whether the same LAB strains as above could inhibit or delay germination
of fungal asexual spores (also known as conidia). All LAB strains induced an inhibition zone in
which germination of A. nidulans conidia was delayed to a variable extent (Figure 11B). E11 induced
the biggest zone of inhibition (middle row in both panels in Figure 11B) and was the strain that
best resisted fungal invasion compared to strains AST1 and AC1. This behavior was observed in
both MRS media tested but, in general, the diameters of inhibition zones were bigger in a medium
supplemented with glucose. In addition, invasion of inhibition zones by the fungus was faster in an
MRS medium supplemented with sucrose, suggesting that this medium, and possibly the production
of EPS, stimulates germination of fungal spores and growth of hyphae.

Finally, SPI-AST1 and SPI-E11 films were tested based on their potential to inhibit germination
of A. nidulans conidia. Besides MRS media supplemented with glucose or sucrose, AMM, which is
routinely adjusted to pH 6.8, was also used. A soy protein film which did not incorporate any EPS was
used as a control. Results, mainly those obtained in AMM, showed that the presence of EPS did not
cause an inhibition of spore germination, but seemed to slightly stimulate it.

Overall, results suggest that the inhibitory effect of our LAB strains on germination of fungal
spores is not caused by EPS production and that culture conditions favoring EPS production stimulate
filamentous fungal growth.
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A C

MRS-Glucose MRS-Sucrose
48 hours

96 hours 48 hours 96 hours

AMM (pH 0 6.8) MRS-Glucose MRS-Sucrose

MRS-Sucrose
48 hours 72 hours 144 hours

Ast1

6x10°conidia

E11

4x10° conidia

Figure 11. Fungal-bacterial co-cultures. (A) Assessment of the potential of LAB strains to inhibit or
slow down active growth of hyphae of A. nidulans. Phenotypes were analyzed on MRS media (pH = 6.5)
supplemented with glucose (left) or sucrose (right) after 48 h of culture at 37 °C plus additional 48
(column 1) and 96 h (column 2) of culture after inoculation of LAB strains AST1 (row 1), E11 (row 2)
and AC1 (row 3) (see Figure 1). Scale bar = 2 cm. (B) Assessment of the potential of LAB strains to
inhibit or delay germination of A. nidulans conidia. LAB strains (AST1, E11 and AC1 in rows 1,2 and 3,
respectively) were inoculated on the center of MRS plates supplemented with glucose (left) or sucrose
(right). After 48 h of culture at 30 °C, a dilution of BD185 conidia was added to each plate (see Figure 2).
Phenotypes were analyzed after 48, 72 or 96 h of culture at 30 °C. Scale bar = 2 cm. (C) Phenotype of
A. nidulans growing on SPI-EPS films. Dilutions of 6 X 10° (row 1) or 4 x 10* (row 2) conidia in 8 mL
of MRS or Aspergillus minimal medium (AMM) media were poured on previously prepared MRS or
AMM plates (diameter: 9 cm) (see Figure 3). After addition of SPI-EPS films, plates were incubated for
48 h at 37 °C. C-: negative control, an SPI film without EPS.

4. Conclusions

Two exopolysaccharides (EPS), produced by Liguorilactobacillus strains AST1 and E11, derived from
vegetal sources, were incorporated into SPI film-forming formulations resulting in transparent and
homogeneous films, suggesting the good compatibility between SPI and EPS, as observed by SEM
images, which showed that EPS were well-distributed in the films. Additionally, the E11 strain
showed potential antifungal/fungistatic activity against germination of A. nidulans spores. Furthermore,
FTIR analysis indicated that new physical interactions were formed between SPI and EPS leading
to films with a higher buffer uptake capacity, a property that can be relevant for pharmaceutical or
biomedical applications.
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