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Abstract

Petroleum-based plastics have been widely used as packaging materials because of their low-cost availability and good
mechanical properties. However, the use of plastics has become restricted as they are highly resistant to biodegradation,
causing environmental problems. This work aimed to produce and characterize emulsified pullulan films incorporating
geraniol for application as food packaging materials with potential to substitute the conventional plastics. When geraniol was
incorporated in the films, they showed antimicrobial activity against Enterococcus faecalis ATCC 29212 (inhibition zone
diameter=15.19 +0.66 mm) and Pseudomonas aeruginosa ATCC 27853 (inhibition zone diameter=10.99 + 1.82 mm).
Furthermore, scanning electron microscopy showed the inhibition of Enterococcus faecalis ATCC 29212 biofilms when
they were directly formed on the emulsified pullulan films incorporating geraniol. The produced films also demonstrated
high transparency (>90%) and hydrophilic surfaces (water contact angle < 90°). This work demonstrated the viability of

using geraniol to produce pullulan active films as new food packaging materials.
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Introduction

Plastics are widely employed in a variety of industrial
fields because they are lightweight, manageable, resistant,
and affordable. Most plastic packaging materials are made
of synthetic polymers (70-99%), which are always mixed
with different additives like plasticizers, antioxidants, dyes,
antistatic agents, fillers, and many other substances [1]. As
petrochemical corporations make substantial investments
in new production facilities and infrastructures, there is a
predicted rise in global demand for conventional plastics
[2]. However, plastics are creating several environmental
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problems and, therefore, it is urgent to develop alternatives
to their use, namely biopolymer films.

Nowadays, food packaging plays more than a passive
role in protecting and promoting an edible product [3]. An
active package material is considered to be one that contains
components that can interact with the internal environment
and the food to extend its shelf life and increase its margin
of safety [4]. Among the compounds of natural origin most
used in active packaging are essential oils, plant extracts,
and their isolated compounds. However, when incorporating
essential oils in aqueous filmogenic solutions, they tend to
not mix completely, usually remaining on the surface, result-
ing in a non-uniform distribution in the films.

Biopolymers are polymers of natural origin made up of
monomeric units that are covalently bound to one another,
producing molecules that resemble chains [5]. Among the
biopolymers most used for the development of films, poly-
saccharides stand out. By combining two or more constituent
materials with different properties, a film forming dispersion
is obtained. After casting and drying processes, a heteroge-
neous structural material mix called biopolymer composites
is obtained [6]. Either a stable emulsion or a bilayer can be
used to produce a composite film [7].
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Emulsified films require the dispersion of the lipo-
philic component (like essential oils or their isolated
compounds) into the aqueous filmogenic solution to make
a stable emulsion. Polysaccharides stabilize emulsions
through stearic effects, which are primarily stabilized by
electrostatic forces. To generate a polymeric layer or net-
work with a substantial thickness, polysaccharides must be
tightly bonded to the surface of the lipophilic compound
and significantly protrude into the continuous phase [8].
Nevertheless, polysaccharides frequently have a limited
amphiphilic character, therefore, adding emulsifiers, like
polysorbate, is necessary to increase the emulsion stabil-
ity [7]. Because of their hydrophilic nature coming from
the available hydroxyl groups, polysaccharides typically
produce films with strong mechanical properties but poor
moisture barriers [9]. The incorporation of lipophilic com-
pounds to films causes an increase in oxygen permeability
and a decrease in moisture barrier [10].

The extracellular polysaccharide pullulan, which is
produced by the polymorphic fungus Aureobasidium pul-
lulans, is a linear a-D-glucan that has a regularly repeating
trisaccharide residue [11]. Pullulan has good fiber and film
forming capacities, is water soluble, biodegradable and
exhibits great adhesion. Additionally, pullulan is ‘gener-
ally recognized as safe’ (GRAS) [12]. Glycerol that acts
as a plasticizer, reduces the intermolecular forces between
polymer chains and increases their mobility, reducing the
H-bonding interactions. These effects are the main reasons
for the interest of using glycerol [13]. Tween 40, or Poly-
sorbate 40, is a surfactant used as an emulsifier. Emulsi-
fiers could make primary emulsion formation easier and
boost their stability after formation by reducing interfacial
tension through adsorption at the boundary between the oil
and aqueous phases [14]. Geraniol is an acyclic monoter-
pene alcohol that can be obtained from Cymbopogon
martinii essential oil. Geraniol appears as a transparent to
pale yellow oil that is soluble in most organic solvents but
insoluble in water [15]. A review of geraniol's antimicro-
bial properties reveals that its antimicrobial activity may
be primarily due to its non-polar nature, which may allow
it to interact with the components of the microorganisms’
cell membrane and disrupt its lipid structure. Geraniol has
also the ability to enter the cells and bind to intracellular
sites crucial for the survival of the bacteria, hence limiting
its growth [16].

As the replacement and/or reduction of plastics is one
of the biggest challenges facing the food industry towards
the implementation of a circular economy, the objective
of this work was to develop emulsified pullulan films with
incorporation of geraniol for future application as food
packaging materials The barrier, mechanical and active
properties of the produced emulsified films were further
evaluated.
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Materials and methods
Reagents

Pullulan (CAS No.: 9057-02-7), molar mass 574.57 g/mol
was acquired from TCI Europe NV. Glycerol (anhydrous,
extra pure) (CAS No.: 56-81-5) was purchased at Merck.
Geraniol (CAS No.: 106-24-1), molar mass 154.24 g/mol
was bought in TCI Europe NV. Tween 40 (CAS No.: 9005-
66-7), molar mass 1283.63 g/mol was acquired from Alfa
Aesar.

Preparation of films

The initial preparation of the pullulan aqueous solution (3%,
w/v) involved magnetic stirring (300 rpm) at room tempera-
ture for 5 min of 3 g of pullulan with 100 mL of distilled
water. Then, 0.45 g of glycerol were added as plasticizer
(15%, wiw relative to pullulan), and the solution was stirred
for 30 min at 50 °C. Subsequently, 150 mg of geraniol (5%,
w/w relative to pullulan) and 0.5 mL of Tween 40 were
added to the solution and agitated for 10 min under the same
conditions. Before the distribution of the solution to the
polystyrene Petri dishes (16 mL/plate), it was subjected to
homogenization at 21,500 rpm for 5 min using an IKA T25
Digital Ultra-Turrax rotor—stator homogenizer. This process
leads to formation of foam in the solution so, a vacuum cycle
with a Rotavapor RE 111 regulated with a Vacuum Control-
ler V-850 up to 130 mbar was required to remove the foam
bubbles. After that, the Petri dishes were placed for 3 hin a
ventilated oven at 60 °C. For the preparation of the control
films, the method used was similar, except the addition of
Tween 40 (in the PuGer films), the addition of Ger (in the
Pu40 films) and the addition of Tween 40 and Ger (in the Pu
films). After being dried, the films were removed from the
plates and stored at a temperature of 23 +2 °C and a relative
humidity (RH) of 50 +5% [23].

Characterization of films
Grammage, thickness and mechanical properties

According to ISO 536:1995, the grammage of the films was
determined using the mass-to-area ratio (g/m?) [40]. The
thickness was measured using an Adamel Lhomargy type
MI 20 um in accordance with ISO 534:2011. Each film was
subjected to five measurements at random positions, and the
mean values were used to determine the mechanical prop-
erties [41]. Elongation (%), tensile strength (MPa), tensile
index (N.m/g), and elastic modulus (MPa) of the films were
measured in accordance with ISO 1924/2 using a tensile
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tester (Thwing-Albert Instrument Co., West Berlin, NJ,
USA), with the initial grip set at 50 mm and the crosshead
speed set at 10 mm/min [27].

Optical properties

A Technidyne Color Touch 2 spectrophotometer was used
to evaluate the optical properties of the films (color coor-
dinates and transparency). Several random measurements
were carried out on each sample using the D65 illuminant
(daytime light with the ultraviolet component) and the obser-
vation angle of 10°. Color coordinates L* (lightness), a*
(redness; +red-green) and b* (yellowness, + yellow-blue)
were obtained. The ISO 22891 Eq. (1) was used to calculate
the transparency (7) of the samples [42]:

T=\/<RW—R0>(§§)£—RO>, (1)
W)

where, Ry, is the reflectance of the sample in % when posi-
tioned against a white background, R, is the reflectance of
the sample against a black background and R,,=90.41 is
the reflectance of the standard white background used in
the test.

Fourier transform infrared spectroscopy (FTIR)

Using a Nicolet iS10 smart iTRBasic (Thermo Fisher Scien-
tific, Waltham, MA, USA) model with 64 scans and a 4 cm”!
resolution, FTIR spectra of the films were acquired between
4000 and 600 cm™" [43].

Differential scanning calorimetry (DSC)

With a calorimeter Netzsch DSC 204 operating in an inert
atmosphere and heating the films at a rate of 10 °C/min from
25 to 400 °C, DSC thermograms of the films were acquired.
Samples of the films remained at 105 °C for 24 h prior the
thermal analysis to totally evaporate the water [44].

Contact angle and surface free energies

The sessile drop contact angle method was used to deter-
mine the contact angles of the films, and the model OCAH
200 (DataPhysics Instruments, Filderstadt, Germany) that
allowed image acquisition and data analysis was used.
Deionized water, ethyleneglycol, and diiodomethane were
used to measure the contact angles to allow the determina-
tion of the surface free energy (total, dispersive, and polar
components) of the films. The software of the equipment
provided the surface tension components of the reference
liquids [40]. For each liquid and each sample, contact angles
were acquired from at least six measurements, and the

surface free energies of the samples were determined using
the Owens, Wendt, Rabel and Kaelble (OWRK) method
[41].

Barrier properties

Oil permeability First, test tubes were filled with 5 mL of
edible vegetal oil from sunflower seeds, which were then
covered with each film. The tubes were placed upside-down
on a filter paper surface. The weight difference of the filter
paper (before and after oil exposition), the thickness of the
films, the effective contact area, and the storage time (24 h)
were used to calculate the oil permeability (OP) (g.mm/m?.
day) as follows:

OP = (Aer>,

Axt @

where AW is the weight difference of the filter paper (g),
e corresponds to the thickness of the film (mm), A is the
contact area (m?), and ¢ is the storage period (days) [32].

Water vapor permeability According to the standard proce-
dure ASTM E96-00, water vapor permeability (WVP) (g/
Pa.day.m) and water vapor transmission rate (WVTR) (g/
m?.day) were measured. The films were adhered to the top
of adjusted cups that contained a desiccant (13 g of anhy-
drous CaCl,, dried at 105 °C before use). After that, the test
cups were kept in a cabinet at 23+2 °C and 50+5% RH.
Over the course of 48 h, the weight variations were tracked
every 2 h. The slope of a linear regression of the weight gain
vs time was used to calculate the gradient. Equations (3) and
(4) were used to determine WVTR and WVP, respectively
[31]:

Am

WVTR = %, (3)

where Am is the weight changes of test cups (g), A is the test
area (m?), and ¢ is the test time (day).
WVTR

WVP= ————— Xe,

px(RH, —RH,)  © @)
where p is the vapor pressure of water at 23 °C (Pa), RH, is
the RH of the cabinet (50%), RH, is the RH inside the cups
(0%), and e is the thickness (m) of the films.

Evaluation of the antibacterial activity of the films

Three Gram-positive bacterial strains (Enterococcus fae-
calis ATCC 29212, Listeria monocytogenes LMG 16779,
and Staphylococcus aureus ATCC 25923) and three
Gram-negative bacterial strains (Salmonella Typhimurium
ATCC 13311, Pseudomonas aeruginosa ATCC 27853 and
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Escherichia coli ATCC 25922) were employed for the anti-
bacterial experiments. The American Type Culture Collec-
tion (ATCC, Manassas, VT, USA) and the BCCM/LMG
Bacteria Collection (Belgian Co-Ordinated Collections of
Microorganisms, Gent, Belgium) provided the reference
strains. The bacterial strains' stock cultures were stored at
— 80 °C in 20% (v/v) glycerol (Himedia, Mumbai, India).
24 h prior to the assays, all the strains for the antibacte-
rial activity were sub-cultured in brain—heart infusion agar
(BHI).

Solid diffusion assay Bacteria were suspended in sterile
saline solution (NaCl, 0.85% (w/v)) to a cell suspension of
0.5 McFarland (1-2x 10® colony-forming units/mL (CFU/
mL)) to create the inoculums for this test. 6 mm diameter
films’ discs were prepared. Then, the previously prepared
discs were placed on the top of the BHI or Miieller—Hin-
ton Agar (MHA) plates that were previously inoculated.
The plates were then incubated for 18 h at 37 °C. Following
incubation, the diameters of the inhibition zones were meas-
ured with a digital pachymeter on each plate [45]. This assay
was performed three independent times.

Anti-biofilm activity Scanning electron microscopy (SEM)
was used to study the antibiofilm activity of the films for one
Gram-positive bacterial specie (E. faecalis ATCC 29212).
Bacterial biofilms were formed for that purpose directly
on the discs of the films (about 1 cm?) that were set up on
12-well plates. The suspensions' turbidity was adjusted to
have an gpg;o nm Of 0.7. The BHI medium was then added
(700 pL) to the bacterial suspensions (300 uL). The plates
were incubated for 24 h at 37 °C. The biofilms were then
fixed with 2.5% (v/v) glutaraldehyde (Sigma—Aldrich,
USA) diluted with phosphate-buffered saline solution (PBS)
and incubated at 4 °C for 4 h after being washed twice with
sterile saline solution. After that, samples were given a
single PBS wash before being dehydrated in ethanol for
20 min at each of the following concentrations: 30, 50, 70,
80, and 90% (v/v) and absolute. The samples were then left
to dry in a desiccator overnight. Then they were mounted
on the stubs and coated with gold using a metal evaporator
(Quorum QI150R ES, East Sussex, UK). VP SEM Hitachi
S-3400N was used to observe the biofilms, with a voltage of
20.0kV and a 120.0 A emission [31].

Statistical analysis

Generally, the results were presented as mean =+ standard
deviation (SD). Microsoft Excel® was used to evaluate the
data. Student’s ¢ test was used to examine significant varia-
tions in mean (assuming the normal distribution of the con-
tinuous variables). p values lower than 0.05 were considered
as statistically significant.
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Results and discussion
Characterization of films

Four types of films were produced. PuGer40 (pullulan, glyc-
erol, geraniol, and Tween 40), PuGer (pullulan, glycerol, and
geraniol), Pu40 (pullulan, glycerol, and Tween 40) and Pu
(pullulan and glycerol).

Grammage, thickness and mechanical properties

Elastic modulus, elongation and other mechanical properties
are influenced by the films’ formation process as well as their
constituents [17]. Because packaging films are designed to
endure external forces while preserving their integrity, these
properties are crucial. By measuring the mechanical proper-
ties, it is possible to forecast how the material would respond
under the food processing conditions and to compare it with
commercial polymers [18].

The results obtained for grammage, thickness and
mechanical properties of the emulsified films produced in
this work are presented on the Table 1. The grammage is
higher in Pu40 and PuGer40 films due to the presence of
Tween 40. However, it was found that these films have the
lowest apparent density due to the increase in their thick-
ness caused by the presence of foam produced during the
homogenization process. Although the vacuum cycle, some
films keep bubbles in their composition.

Polysaccharides films are stiff in terms of their mechani-
cal properties; hence, plasticizers are required to increase
their flexibility [19]. The tensile strength of the films with
Tween 40 decreased compared to Pu and PuGer films, which
means that the presence of foam probably influences this
property. Similar results were observed for elongation and
elastic modulus. These results could be compared with a pre-
vious work with plasticized pullulan films where, the tensile
strength, elongation and elastic modulus also decreased with
nanocrystals addition [20]. The mechanical properties of the
emulsified films now developed are weaker when compared
with plastic films used in the food industry, such as low-
density polyethylene (LDPE) [20].

Optical properties

The results of the color coordinates and transparency are
summarized in Table 2. It was possible to verify that the
addition of Tween 40 did not affect the color coordinates in
comparison to the Pu film, an interesting conclusion since
Tween 40 is a surfactant with greasy appearance.

The incorporation of geraniol in the Pu films has not
affected the color coordinates, with similar results being
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Table 1 Grammage, thickness and mechanical properties of the emulsified

films produced (Results presented as mean + standard deviation)

Properties PuGer40* Pu® Pu40° PuGer! p values
Grammage (g/m?) 93.27+3.81 83.56+3.39 97.24+5.56 85.93+6.63 <0.001%0%
<0.001¢0%
0.360%
Thickness (um) 79.84 +18.67 61.43+14.48 84.24+17.35 59.26+13.42 0.0012°%
<0.001*
0.610%
Apparent 1.17+0.20 1.36+£0.23 1.15+£0.32 1.45+0.39 >0.050%
Density (g/cm’) >0.050%
>0.005%
Tensile Strength (MPa) 12.80+3.70 37.70+4.18 12.38+4.94 29.76 +4.68 <0.001%*
<0.001*
0.020%*
Elongation 0.80+0.08 1.28+0.07 0.92+0.13 1.23+0.10 <0.0012
%) <0.001
0.440%
Elastic 2375.66 +364.87 3943.34 +132.00 224193 +113.26 3126.90+353.66 <0.0012
Modulus (MPa) <0.001¢b=
0.010%*
*Indicates a significant result (p value <0.05)
Superscript letters (*%) indicate the samples under statistical comparison
Table2 Color coordinate§ and Properties PuGer40?* Pu® Pu40° PuGer* p values
transparency of the emulsified
films produced (Results L (lightness) 94.56+0.19  93.12+023  94.64+0.31 92.94+0.42  <0.001%*
pres.en'ted as mean + standard <0.001¢b+
deviation)
0.560%
a (redness) 1.66+0.01 1.84+0.02 1.64+0.05 1.84+0.06  <0.001%%
<0.001¢*
1.000%
b (yellowness) —-6.68+0.03 -7.30+0.06 -6.68+0.15 -7.28+028  <0.001%*
<0.001¢*
0.920%
Transparency (%) 90.41+0.50 95.25+0.53 89.36 +0.65 95.59+0.76  <0.001%>*
<0.001¢*
0.760%

*Indicates a significant result (p value <0.05)

Superscript letters (**%) indicate the samples under statistical comparison

found previously [21]. However, when adding geraniol
together with Tween 40, the values turn into more light than
in Pu or PuGer films. This result can be explained because
Tween 40 is an emulsifier and can make the PuGer40 films
more homogenous than PuGer, increasing their lightness.
The incorporation of geraniol did not affect the transpar-
ency of the films because geraniol, without Tween 40, may
have evaporated during the casting process. It was also found
that with the incorporation of Tween 40, the transparency of
the films (with or without geraniol) decreased. In a previous

work, the transparency of the films also decreased with glyc-
erin incorporation [22]. In general, the transparency of the
produced films was above 85%, so it can be concluded that
the emulsified films have great optical properties as transpar-
ent food packaging materials.

Fourier transform infrared spectroscopy (FTIR)

With the aim of identifying the main functional groups pre-
sent in all compounds used in the films' formulation, as well
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as for emulsified films produced in this work, FTIR was car-
ried out. The FTIR spectra obtained are presented in Fig. 1,
where it is possible to observe some of the main functional
groups of all the compounds.

In Fig. la, the spectrum correspondent to Tween 40
showed that it possesses a methyl group, an ester group,
an alkene group, and an ether group. A previous report
showed that Tween 80 presented a band near 1735 cm™!
associated to the stretching vibration of the carbonyl group
[23]. In Fig. 1b, the spectrum correspondent to glycerol
showed that it possesses an alcohol group, a methylene
group, and an alkyne group, which is corroborated by pre-
vious research [24]. In Fig. 1c, the spectrum correspondent

Tween 40

v
c-0
1100cm’
-
C-H g
296ocm*

C=0
1740cm’ C=C
. | 1640cm:*
-
A4
(c) Geraniol

C-H c-0
2930cm” 995cm!

-

m Pugo

WPrug0
Wru

] (8) ) PuGergo
WPuGergo

to geraniol showed that it possesses a methylene group,
an alkyne group, and an ether group. Similar results were
obtained previously [25]. In Fig. 1d, the spectrum cor-
respondent to pullulan showed that it owns a bending
oscillation of hydroxyl groups (observed frequently in the
structure of polysaccharides), a methyl group, an alkene
group, and an ether group, as it was mentioned earlier [26].

Comparing the FTIR spectra of the films’ components
with the spectra of the produced films it was possible to
conclude that pullulan spectra and Pu spectra are very
similar, Pu40 spectra just has a different peak comparing
to Pu spectra (marked with an arrow in Fig. le) that can
be associated with the presence of Tween 40. Same result

[ v
3310cm’

C-H
2930cm*
c=C
1658cm* |\
-
i Pullulan

v
(d) — 50
3310cm’ 995cm’
C-H
X ’ C=C

»

(h) PuGer

WruGer
mru

Fig.1 FTIR spectra of the compounds and of the emulsified films produced: a Tween 40; b Glycerol; ¢ Geraniol; d Pullulan; e Pu40; f Pu; g

PuGer40; h PuGer
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was observed in Fig. 1g with the same peak associated to
Tween 40.

Differential scanning calorimetry (DSC)

It is possible to detect changes in the physical and chemical
properties of materials as a function of temperature using the
DSC: below the glass transition temperature (7g), a material
is rigid and fragile, whereas above, it becomes more flexible
and brittle. The Tg is the temperature at which a material
undergoes a structural transition from a solid, amorphous
state to one that is more viscous and elastic [27].

The thermal profiles of pullulan films with (PuGer40) or
without (Pu) geraniol incorporated were evaluated by DSC
(Fig. 2).

The pullulan Tg is 154.5 °C. The DSC thermogram
showed that Tg of PuGer40 films is 71 °C (marked with a
cross), which transition ends in a baseline. The peaks that
appear bellow this baseline represent exothermic reactions
and the peaks above the baseline represent endothermic
reactions. The decrease of the 7g means that geraniol pre-
sented a plasticizing effect on the produced films. In accord-
ance with the results now obtained, the plasticizing effect
of one essential oil was also observed previously because
its incorporation caused a decrease in 7g in the produced
pullulan films [27].

Contact angle and surface free energies

Through the measurement of the contact angle, the interac-
tion between a surface and a certain liquid can be examined.
The contact angle is defined as the angle be-tween a plan
parallel to a liquid drop and a plan containing the surface
where the liquid is deposited [28]. The results of the contact
angles obtained for the emulsified pullulan films are shown
in Table 3.

The experiments conducted with a water droplet showed
that the produced films have a hydrophilic behavior since

Table 3 Contact angles (°) with three different liquids (Results pre-
sented as mean =+ standard deviation)

Films Water Diiodomethane Ethyleneglycol
PuGer40® 41.15+5.01 21.68+2.29 37.27+1.55
Pu® 55.13+6.05 36.78 +£3.50 37.87+3.24
Pud0° 4579 +5.90 20.28 +1.72 37.89+1.50
PuGer? 64.34+7.24 45.72+1.62 42.67+1.51
p values 0.039% 0.005%x 0.792%
0.128¢ 0.006+ 0.993¢P
0.168%® 0.03190% 0.108%

*Indicates a significant result (p value <0.05)

Superscript letters (*) indicate the samples under statistical compari-
son

05C Kmwomg)

‘oo
0.800
0700
0600
0 500
0400
0.300
0200
0.100

Film without geraniol (Pu)
0 Film with geraniol (PuGer40)
£.100
“w 100 150

Fig.2 DSC thermograms of the emulsified pullulan films produced
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their water contact angles are smaller than 90°. The incor-
poration of geraniol into Pu films increased the water contact
angle, which can be explained by the hydrophobic nature
of geraniol that keeps the droplets less dispersed. However,
when geraniol was emulsified with Tween 40, the water
contact angle decreased because geraniol is in the emul-
sion, reducing cohesion forces allowing greater adhesion
and consequent spreading.

The sum of the polar and dispersive components of the
surface free energy can be used to represent the total surface
free energy of the solid and liquid phases [29]. In this work,
the OWRK method was applied, which calculates a solid
surface's total energy as the sum of all interactions at the
solid/liquid interface, divided into two contributions: polar
and dispersive [30]. This study indicated that the dispersive
component was higher than the polar component (Table 4).

Comparing Pu and PuGer films, it was observed that
geraniol decreased the total surface free energy due to the
decrease of both dispersive and polar components, being the
ratio dispersive/polar quite similar. The addition of Tween
40 in Pu40 films, increased their total surface free energy
due to the increase of dispersive component, when com-
pared with Pu films, which caused an increase of the ratio
dispersive/polar. In the emulsion, Tween 40 will decrease
the interfacial tension between the molecules of water and
geraniol (two liquid phases). After the films’ preparation,
the hydrophilic phase evaporated, suggesting that Tween 40
molecules were preferentially oriented towards the surface
of the films since their total surface free energy increased
mainly due to the increase of the dispersive component.
PuGer40 films presented similar values of the total surface
free energy of the Pu films, but with higher values of disper-
sive component. This result suggests that the total sur-face
free energy of PuGer40 films was influenced by the presence
of Tween 40. The ratio dispersive/polar obtained for these
films indicates the highest adhesion when compared with
Pu40 films, being lower than the other types of films.

In a previous work with pullulan films containing rock-
rose essential oil, the total surface free energy of the films

and the corresponding polar component were significantly
reduced, but the dispersive component increased. These
results are also connected to the rockrose essential oil
hydrophobicity [31]. Contrariwise, in the present study,
the incorporation of geraniol in the PuGer40 film increased
the dispersive component and the total surface free energy,
when compared with Pu film; however, the polar component
decreased.

Barrier properties

To preserve the integrity of the packaged food during the
entire handling process until it reaches the ultimate con-
sumer, one of the major properties of the food materials is
their ability to create a protective atmosphere [27]. Good
barrier properties are a reliable predictor of packaging mate-
rials over time [32]. The oil and water vapor permeability
results, as the barrier properties studied, are presented in
Table 5.

Analyzing the results, the oil permeability (OP) of Pu
and PuGer films are similar, which may be explained by
the absence of Tween 40. Without the emulsifier, geraniol
may evaporate during casting, presenting these films very
similar characteristics with Pu films. The addition of Tween
40 increased the OP of the films, this compound may have
enlarged the free volume between the pullulan molecules,
which made oil to permeate easily. Also, the films with
Tween 40 presented higher thickness and lower apparent
density, which also corroborates the different matrix of the
films obtained with Tween 40 incorporation, affecting the
OP.

When assessing the practical uses of functional films,
water vapor permeability (WVP) is a crucial factor to cal-
culate or estimate the shelf life of the packaged food. Plastics
typically have a strong barrier to tiny molecules like gases,
water vapor, organic vapors, or liquids. These substances
might penetrate the polymer package wall from the interior
or exterior environment, causing a permanent change in the
quality of the product and shortening its shelf life [33].

Table 4 Surface free energies

fth Isified pullulan fil Films Dispersive compo- Polar component  Total surface free Ratio dispersive/polar
(6} € emuisified pullulan ms t N/ N/ N/
produced (Results presented as nent (mN/m) (mN/m) energy (mN/m)
mean + standard deviation) PuGer40* 46.69+0.72 2.76+0.36 49.44+0.80 16.92+2.00
PuP 40.25+1.64 5.23+1.05 45.48+1.95 7.69+1.56
Pu40° 47.52+0.51 2.15+0.29 49.66+0.58 22.09+1.76
PuGer? 36.50+0.87 4.51+0.56 41.01+1.03 8.09+1.55
p values 0.011%% 0.0432b 0.056% <0.001%%
0.011¢bx 0.029°0x 0.055% <0.001¢bx
0.0399+ 0.370% 0.03840% >0.050%

*Indicates a significant result (p value <0.05)

Superscript letters (*%) indicate the samples under statistical comparison
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Table 5 er ier properties of Properties PuGer40? Pu® Pu40° PuGer? p values
the emulsified pullulan films
produced (Results presented as oP 87.82+840  938+099 41424513  9.64+142  0.040%"
mean + standard deviation) (g.mm/m2.day) 0.060<
0.850%
WVTR (g/(m?.day)) 71.94+0.56 80.29+7.87 67.17+281 97.78+10.12 0.370®
0.230®
0.200%
WVP (g/(Pa.day.m)) (x10%)  435+0.03  3.73+£037  4.28+0.18  4.38+045  0.250®
0.240
0.260%

OP Oil permeability, WVTR Water vapor transmission rate, WVP Water vapor permeability

*Indicates a significant result (p value <0.05)

Superscript letters (*%) indicate the samples under statistical comparison

Due to the hydrophobic nature of geraniol, it was
expected that the films incorporating it presented lower
water permeability (Table 5). However, the results showed
that the geraniol incorporation increased the WVP, but
not significantly (p value > 0.05). Since PuGer film is
thinner than Pu film, it could explain the rise of water
vapor transmission rate (WVTR). These findings dem-
onstrated that the water vapor barrier of the films was
weakened by foam, which also affected their thickness.
Furthermore, pullulan is a linear polymer that has the pos-
sibility of establishing in-termolecular bonds in the poly-
mer chains, which can give rise to a more closed matrix,
thus making it difficult for water vapor molecules to pass
through, which was also corroborated by the mechanical
resistance results showed previously. In a previous study
with pullulan films incorporating rice wax (hydrophobic),
the presence of wax decreased the WVP in contrast with
what was observed in the present study [34].

Evaluation of the antibacterial and anti-biofilm activities
of the films

The antibacterial agents can stop or slow down the microbial
growth that cause rapid food spoilage and disease transmis-
sion [35]. Given that geraniol has antimicrobial activity, the
antibacterial and anti-biofilm activities of the emulsified
films produced were also evaluated. The results of the solid
diffusion assay are presented in Table 6.

From the results presented, it was possible to verify that
only Pu40 and PuGer40 films presented activity against
Enterococcus faecalis ATCC 29212. All the emulsified films
produced were able to inhibit the growth of Pseudomonas
aeruginosa ATCC 27853. The Pu40 film showed contact
inhibition against Staphylococcus aureus ATCC 25923.

The potential for applications in antimicrobial packag-
ing systems that could lower the risk of foodborne illnesses
related to microbial contamination in food products is dem-
onstrated by packaging materials using antibacterial agents
[36]. To the best of our knowledge, no studies regarding the
incorporation of geraniol in active films were performed yet.

Table 6 Diameters of inhibition

Microorganisms PuGer40 Pu Pu40 PuGer
zones (Results presented as
mean + standard deviation) Enterococcus faecalis 15.19+0.66 0.00+0.00 17.73+2.33 0.00+0.00
ATCC 29212
Listeria monocytogenes 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
LMG 16779
Staphylococcus aureus 0.00+0.00 0.00+0.00 6.00+0.00 0.00+0.00
ATCC 25923
Salmonella Typhimurium 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
ATCC 13311
Pseudomonas aeruginosa 10.99+1.82 0.00+0.00 13.33+2.33 6.56 +0.49
ATCC 27853
Escherichia coli 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
ATCC 25922
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Fig.3 SEM images of the anti-
biofilm activity of the emulsi-
fied films produced against
Enterococcus faecalis ATCC
29212

Since the emulsified films produced showed interest-
ing results of antibacterial activity against Enterococcus
faecalis ATCC 29212 and considering the ability of this
bacterium to form biofilms, the anti-biofilm activity of the
films was then evaluated.

Biofilms were described as organized bacterial cell
populations that adhered to inert or alive surfaces inside
of a self-produced polymeric matrix [37]. Evidence sug-
gests that anti-biofilm agents change biotic and abiotic
surfaces as well as the physical characteristics of bacte-
rial surfaces involved in processes of cell-to-cell adhesion
and aggregation [38]. In fact, the images of SEM (Fig. 3) it
was observed that the incorporation of geraniol, as active
agent, and Tween 40, as emulsifier, increased the anti-bio-
film activity of pullulan films. While in the Pu film a bio-
film is formed with a regular 3D structure and several lay-
ers of bacteria, in the Pu40 and PuGer40 films no biofilm
was formed and a substantial reduction in the number of
bacterial cells was even observed. These findings may sug-
gest that the addition of geraniol alters the sur-face charges
of the polymer, as verified in a previous work that studied
the an-ti-biofilm activity of chitosan [39]. In this work, it
was proven that charged interactions alter the permeability
of the cell membrane and cause cytoplasmic material to
flow, which ultimately resulted in cell death [39].

@ Springer
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Conclusions

In this work, pullulan-Tween 40 emulsified films contain-
ing geraniol were produced and characterized as active
food packaging materials. The mechanical properties of the
films were influenced by the geraniol incorporation. That
is, the grammage and thickness increased, while the ten-
sile strength, elongation and the elastic modulus decreased.
Concerning the optical properties, the films presented great
transparency. The films have promising antibacterial and
anti-biofilm activities, particularly against Enterococcus
faecalis, a known foodborne pathogen.

Further studies applying the developed films in a food
model will be necessary to evaluate the release kinetics of
geraniol over time.
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