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Antimicrobial active films are studied to increase fresh food shelf life. The aim of this study

was to evaluate the effect of process and storage conditions on physical properties and

antimicrobial activity of alginate-based films with encapsulated lemongrass essential oil.

Films  were obtained from film forming emulsions with different droplet sizes (2.9 ± 0.2 �m

and 0.43 ± 0.02 �m), containing 1%w/w alginate, 1%w/w sorbitol, 0.75%w/w–1.35%w/w

sodium caseinate, 0.5%w/v lemongrass essential oil and 0.02%w/w calcium carbonate.

Each film was characterized by physical properties and antimicrobial activity against

Escherichia coli and Botrytis cinerea. Films were evaluated in different storage conditions

(75%RH, 4 ◦C; 75%RH, 20 ◦C; 11%RH, 4 ◦C; 11%RH, 20 ◦C).

Droplet sizes of film forming emulsions affected significantly the physical properties

and antimicrobial activity of films, being more effective large droplet size. Particularly,

high  concentration of sodium caseinate affected optical properties of films. Moreover, stor-

age  conditions affected antimicrobial activity of films. The greatest inhibition of microbial

growth was observed at 4 ◦C, reaching the highest percentages, after 15 days of storage,

demonstrating the release of the active agent in a prolonged manner.

In conclusion, differences in sustained release of the antimicrobial depended mainly on
the  processing and storage conditions of active film.

©  2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

and can be processed by different methods without loss its proper-
1.  Introduction

In view of the increasing demand and consumption of healthier prod-

ucts, one of the biggest challenges of the food industry is to increase

the shelf life of fresh and minimally processed foods. To achieve this,

several technologies have been studied and applied; however, some of

them alter the properties and quality of foods. Meanwhile, emerging

technologies have been developed which does not alter significantly

the organoleptic properties of foods, such as edible films and coatings

(Pascall and Lin, 2013). Edible films are developing in order to per-
mit incorporation and prolonged release of active compounds, such as

∗ Corresponding author.
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antimicrobial agents, into a polymer matrix, improving safety and/or

nutritional and sensory attributes of foods, extending the shelf life and

reducing the risk of pathogens growth on the surface (Rojas-Graü et al.,

2009).

Alginate gels are used in the food industry as edible films for appli-

cation on fruits and vegetables (Arzate-Vázquez et al., 2012). There are

several studies about properties of alginate edible films that contained

natamycin (antifungal compound produced by the bacterium Strepto-

myces natalensis),  i.e., distinguishing that these have good properties
ties (Bierhalz et al., 2013). Films based on agar and sodium alginate

ier B.V. All rights reserved.
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ere developed by incorporation of cinnamon essential oil, where

hese shown high antioxidant and antimicrobial activities, being able

o reduce growth of Listeria monocytogenes (Arancibia et al., 2014). Aloui

t al. (2014) studied biodegradable coatings based on sodium algi-

ate with grapefruit seed extract or grapefruit essential oil, with the

bjective of preserve the quality of grapes, founding preservation of

ntioxidant activity, antifungal effect, weight loss reduction and firm-

ess maintenance. Navarro et al. (2016) studied active edible films,

ncorporating thyme oil as antimicrobial agent by emulsions, using

ifferent encapsulating agents (trehalose, �-cyclodextrin and Tween

0), founding the highest antimicrobial activity with �-cyclodextrin.

esides, alginate films with citric and/or ascorbic acid were developed

y De’Nobili et al. (2016), who reported that films can be potentially

seful to avoid oxidation in nuts.

In addition, different applications in foods have been reported such

s multilayered antimicrobial alginate-based edible coating to increas-

ng the shelf life of fresh-cut watermelon (Citrullus lanatus), without

ffecting its quality attributes and maintaining sensory acceptance

Sipahi et al., 2013). Robles-Sánchez et al. (2013) indicated that the com-

ination of alginate with an antibrowning agent (ascorbic and citric

cid) preserved the color of mango (Mangifera indica L.) and increased

he antioxidant potential of fruits until 12 days at 4 ◦C. Also, alginate-

ased coating incorporated with different concentration of lemongrass

ere used for fresh-cut pineapple (Anana scomosus cv. Josapine) dur-

ng low temperature storage, concluding that coatings has potential to

xtend the shelf-life and maintain the quality of this one (Azarakhsh

t al., 2014). Chiabrando and Giacalone (2015) applied biodegradable

lginate-based coatings with essential oils (cinnamon and rosemary) to

resh-cut apple (cv. Golden delicious), finding that addition of essential

ils was more effective than alginate alone on weight loss, preserving

he original color and lightness of fruits. Additionally, Matiacevich et al.

2015a) studied active edible coatings based on alginate with propionic

cid and thyme essential oil, applied by spray system on fresh chicken

reast fillet, where the selected coating increased the shelf life by about

3%, with the lowest dehydration of fillets. Moreover, a sodium alginate

oating with ascorbic acid was added to raw pork meat slices, where

he coating allowed a shelf life prolongation of 11 days (Gammariello

t al., 2016).

Essential oils contain a complex mixture of volatile and non-

olatile compounds produced in aromatic plants due to its secondary

etabolism, whose antimicrobial properties are attributed to their

nteraction with the cell membrane of bacteria (Salvia-Trujillo et al.,

015). Cymbopogon citratus, known as lemongrass, is an herb that has

een cultivated for medicinal purposes in various countries (Naik et al.,

010). It is characterized by a strong odor of lemon due to its high con-

ent of citral (75% of its composition) (Hanaa et al., 2012). Lemongrass

ssential oil has shown antimicrobial activity against various microor-

anisms such as fungi, yeasts and bacteria Gram (+) and Gram (−) (Naik

t al., 2010). An important issue is that application of essential oils

irectly into edible films may have limited benefits, because these can

e easily neutralized or diffused into food causing sensory problems,

hich has a major impact on the product acceptability. In addition,

hese active compounds are generally volatile and susceptible to oxi-

ation due to direct exposure to high temperature, pressure changes,

resence of light and oxygen (Keawchaoon and Rangrong, 2011). For

hese reasons, the micro and nano-encapsulation by emulsification

re an alternative to maintain the functional properties of active com-

ounds during storage and protecting them from deterioration. In

ddition, encapsulation allows better handling of the final product,

ince it facilitates incorporation of compounds at different matrices,

revents interaction of flavors and aromas and improves absorption

f active compounds in the body (Nedovic et al., 2011). Besides, other

mportant benefit of encapsulation is the gradually release of active

ompounds under influence of specific conditions (Anal and Singh,

007). However, selection of the encapsulating agent is critical since it

ay influence the emulsion stability (Gharsallaoui et al., 2007). Partic-

larly, sodium caseinate presents emulsifying properties, due to their

igh content of hydrophobic amino acids and its amphiphilic char-
cter, provides good encapsulation properties for hydrophobic active

ompounds (Pan et al., 2014).
The prolonged release of active compounds added to edible films

demands a high-level of coordination to be produced and applied

at a specific site, time, and rate onto a food (Barba et al., 2015).

In this sense, to optimize the functional properties of encapsulated

active compounds, it is necessary to know process conditions (such

as pH, type/concentration of the encapsulating agent and type/time

of homogenization) and storage conditions (such as relative humidity

and temperature), in order to allow gradually release and prolonged of

the active compound (Matiacevich et al., 2015b; Zhang et al., 2015). The

aim of this study was the physical characterization of alginate-based

films with encapsulated lemongrass oil, and evaluation of the effects

of processing and storage conditions on antimicrobial properties of the

films.

2.  Material  and  methods

2.1.  Materials

Sodium alginate, sorbitol and sodium caseinate were pur-
chased from Blumos (Chile), lemongrass essential oil was
obtained from Sigma–Aldrich (USA), and calcium carbonate
was purchased from Winkler (USA). The salts (sodium chloride
and lithium chloride) used to condition relative humidities
were supplied by Merck (Germany).

For antimicrobial activity measurements, the microor-
ganisms used were Escherichia coli ATCC 25922, obtained by
Instituto de Salud Pública (Chile), and Botrytis cinerea (previ-
ously isolated and identified in the laboratory). The culture
media used for microbial growth were Mueller-Hinton and
Potato Dextrose (PDA) Agar, supplied by Biokar Diagnostics
(France).

2.2.  Preparation  of  active  films

Active films were prepared by casting, at 40 ◦C for 15 h,
from film forming emulsions containing 1%w/w sodium algi-
nate as matrix, 1%w/w sorbitol as plasticizer, and 0.5% w/v
lemongrass essential oil as antimicrobial agent. Film form-
ing emulsions were prepared with different droplet sizes,
“large”, denominated LFFE (2.9 ± 0.2 �m)  and “small”, SFFE
(0.43 ± 0.02 �m).  Sodium caseinate as encapsulating agent at
optimum concentration to obtain stable emulsions (prelimi-
nary studies), 0.75%w/w and 1.35%w/w for the LFFE and the
SFFE, respectively.

Films from the LFFE were homogenized in a high-
speed homogenizer (Thristor Regler, TR50, Germany), at
10000 rpm for 2.5 min. On the other hand, the SFFE were pre-
homogenized, at 7500 rpm for 2.5 min, and then by ultrasound
homogenization (Sonics, VCX500, USA), for 20 min, using a
pulse on 15 s and pulse off 10 s, and 90% amplitude. Finally,
cross linker agent (0.02% w/w calcium carbonate) was added at
emulsions, adjusting pH at 4.0 using a pHmeter (Jenway, 3505,
UK), to obtain relatively stable emulsions (determined by pre-
liminary studies). Furthermore, control films were prepared:
alginate and alginate-antimicrobial. The moisture content
was determined by gravimetric analysis (at 105 ◦C for 24 h) and
thickness of films was measured using a micrometer (Mitu-
toyo, Japan).

2.3.  Characterization  of  active  films

2.3.1.  Fourier  transform  infrared  spectroscopy  (FT-IR)
The spectra were recorded on a FT-IR spectrometer with atten-

uated total reflectance unit (UATR) (Perkin Elmer, Spectrum
Two System, USA), using 16 scans with a resolution of 1 cm−1,
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in a spectral range from 450 at 6000 cm−1. Experiments were
performed in triplicate, at 3 random points of film.

2.3.2.  Optical  properties:  color  and  opacity
Color variation and opacity of the active films were deter-
mined using a computer vision system, which consists of
a black box with four natural lights D65 (Philips, 18 W,
Netherlands) and a digital camera (Canon, EOS Rebel XS,
Japan) at 22.5 cm of distance from the sample. The angle
between the camera lens and the light corresponds to 45◦

(Matiacevich et al., 2012). Calibrations of the camera and
image parameters used were obtained following the proto-
col stated by Pedreschi et al. (2006). The photographs were
taken using black and white background, then intensity of RGB
digital characteristics were extracted using Adobe Photoshop
7.0 software (Adobe Systems Incorporated, USA), and finally,
converted to CIEL*a*b* space, where L* indicates lightness, a*
red–green axis and b* yellow–blue axis.

Color variation of active films versus controls (alginate and
alginate-antimicrobial) was determined using CIE�E2000 equa-
tion described by Luo et al. (2001). Opacity was determined
using Eq. (1) (Matiacevich et al., 2015b).

Opacity (%) = L∗black background

L∗white background
× 100 (1)

where L* black background and L* white background repre-
sent lightness of active films in black and white background,
respectively.

2.3.3.  Solubility
The solubility of active films was determined at two temper-
atures, 4 ◦C, to simulate films behavior onto a food, and 37 ◦C,
to evaluate behavior during microbiological analysis. The sol-
ubility was determined following the methodology described
by Matiacevich et al. (2013). The amount of solubilized sample
was calculated according to Eq. (2).

%S =
(
W0 − Wf

W0

)
× 100% (2)

where %S is the solubility percentage of film, W0, the initial
weight of sample, on dry basis, and Wf , the final weight of
dried undissolved film.

2.3.4.  Molecular  mobility
The study of relaxation times by H1 NMR as a function
of temperature provides information about mobility of pro-
tons in water and/or solid matrix according to the pulse
sequence used (Blümich and Pretsch, 2016). A time-resolved
proton nuclear magnetic resonance (1H NMR) (Bruker Minis-
pec, mq20, Germany) was used to obtain time of transverse
or spin-spin relaxation (T2), consisting in a magnetic field of
0.47 T, operated at frequency of 20 mHz  and 40 ◦C.

Free induction decay (FID) of protons from water and solid
matrix was performed following the method described by
Navarro et al. (2016). The test time was about 15 s, whereby
samples do not suffer significant changes during NMR  mea-
surements.

The FID curves obtained were fitted to a bi-exponential
behavior, using Origin Pro 8 software (OriginLab Corporation,
USA), following Eq. (3).
I = A1
−t⁄T2FID1 + A2

−t⁄T2FID2 (3)
where I is the signal intensity of protons, A1 and A2 are con-
stants, T2FID1 and T2FID2 correspond to relaxation times of
polymer chains protons and tightly-bonded water protons,
respectively.

2.3.5.  Microstructure  of  film  morphology
The surface and edges of active films was observed using scan-
ning electron microscopy (SEM) (Zeiss, Supra 40, Germany).
Active films were fractured with liquid nitrogen and condi-
tioned before being photographed. Film pieces (∼2 mm2) were
placed in a platform and coated with platinum in order to con-
fer conductive properties. Photographs were taken at different
magnifications, from 500× to 50,000×,  of surface and edges of
active films.

2.4.  Antimicrobial  properties  of  active  films  during
storage  time

2.4.1.  Storage  conditions  of  active  films
Active films were stored for 15 days, at different humid-
ity and temperature conditions, 75%RH/4 ◦C, 75%RH/20 ◦C,
11%RH/4 ◦C and 11%RH/20 ◦C, in order to evaluate effects of
the storage conditions in the antimicrobial properties of active
films.

Relative humidity was conditioned by placing active films
into desiccators with saturated salt solutions (sodium chloride
for 75%RH and lithium chloride for 11%RH), at temperatures
studied (Greenspan, 1977). Measurements were made at 0, 3,
7, 10 and 15 days of storage.

2.4.2.  Inhibition  of  Escherichia  coli  growth
The antimicrobial activity of active films against E. coli was
determined for studying prolonged release of the antimi-
crobial agent under different storage conditions. For this,
E. coli was previously grown at 37 ◦C overnight in an incu-
bator with constant stirring (N-Biotek, NB-205, Korea). The
concentration of bacteria (colony forming units (CFU)/mL)
was obtained by optical density, measuring absorbance at
625 nm in a spectrophotometer (Shimadzu, UVmini-1240,
Japan). The concentration of the bacterial suspension obtained
was 108 CFU/mL by turbidity McFarland scale (CDCP and WHO,
2003). The bacterial suspension were serially diluted until
obtain a final concentration of 106 CFU/mL. Then, 1 mL  of
bacterial suspension was spread in Mueller-Hinton agar. More-
over, pieces of 1 cm2 of active film were placed on the agar
surface previously inoculated with E. coli, and, subsequently,
incubated at 37 ◦C for 24 h, in an incubator (Velp Scientifica,
FOC 225E, Italy), and the numbers of developed colonies were
counted. Finally, the percentage of colony reduction was cal-
culated using Eq. (4) (Kavoosi et al., 2013).

%colony reduction

= N◦ of colony in test samples − N◦ of colony in control

N◦ of colony in test samples

×100% (4)

2.4.3.  Inhibition  of  Botrytis  cinerea  growth
Antifungal properties of volatile compounds of essential oil
encapsulated in edible films were observed using vapour con-
tact (Velázquez-Nuñez et al., 2013). B. cinerea was spread into

a PDA agar acidified with tartaric acid 10% w/w and stored
for 2 days at 22 ◦C. After obtaining fresh B. cinerea,  films pieces
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Table 1 – Characterization of physical properties of films: Moisture content (%dry basis), thickness, color parameters of
CIELab space, color variation (�E2000) comparing with control film, opacity and solubility at two temperatures.

Moisture
content (%)

Thickness
(mm)

Color (CIELab) �E2000 Opacity (%) Solubility (%)

L* a* b* 4 ◦C 37 ◦C

Control 9.96 ± 0.97a 0.09 ± 0,02a 69.31 ± 0.54a 6.14 ± 0.19a −13.67 ± 0.13a 0.00 ± 0.00a 1.73 ± 0.25a 100.0 ± 0.0a 100.0 ± 0.0a

Control LFFE 8.60 ± 1.22ab 0.13 ± 0.03b 69.00 ± 0.13a 5.89 ± 0.07a −12.94 ± 0.45a 0.48 ± 0.42a 1.43 ± 0.19a 100.0 ± 0.0a 100.0 ± 0.0a

LFFE 8.31 ± 0.54ab 0.19 ± 0.03c 65.15 ± 0.38b -0.89 ± 0.72b 4.50 ± 2.33b 17.27 ± 2.40b 5.31 ± 3.24a 100.0 ± 0.0a 64.2 ± 18.6bc

Control SFFE 8.07 ± 0.99ab 0.10 ± 0.03ab 68.07 ± 0.36a 5.42 ± 0.06a -12.99 ± 0.30a 1.24 ± 0.21a 2.18 ± 0.14a 100.0 ± 0.0a 98.5 ± 1.4ac

SFFE 7.61 ± 0.72b 0.19 ± 0.03c 54.53 ± 0.79c −3.10 ± 0.92c 39.05 ± 0.38c 37.67 ± 0.13c 6.40 ± 0.59b 81.9 ± 15.5a 65.0 ± 3.5c

Note:  Different letters indicate significant differences (p < 0.05) in the parameters (same column) for different active films.
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f 1.5 cm2 were placed in the cover of each Petri dish (previ-
usly spread with B. cinerea), so that it does not directly touch
he surface of agar, in order to evaluate the antifungal activity
f volatiles in the active compound, and stored at 22 ◦C for 2
ays. In addition, positive controls, without the active agent,
nd negative controls, without fungi, were performed. Inhi-
ition percentage was calculated comparing growth diameter
f the positive control with growth diameter in presence of
ctive film.

.5.  Statistical  analysis

tatistical analysis of results was performed by ANOVA (anal-
sis of variance) and multiple comparison by the Tukey test,
ith a confidence level of 95%, in order to assess significant
ifferences between mean values, using the GraphPad Prism
.01 software (GraphPad Prism Ink., USA).

.  Results  and  discussion

.1.  Characterization  of  active  films

.1.1.  Moisture  content  and  thickness
able 1 shows that there are not significant differences
p > 0.05) between moisture contents of the LFFE films and

oisture contents of controls. On the other hand, the SFFE
lms showed different moisture contents regarding to con-
rol films moisture contents. These differences were attributed
o the fact that the SFFE active films have higher concentra-
ion of encapsulating agent (sodium caseinate) than control
lms, which could explain the lower moisture content of
hese films regarding to second ones. As sodium caseinate
s an amphiphilic molecule (Casanova and Cardona, 2004),
t can expose hydrophobic groups (not associated with the

olecules of the active compound) repelling water which
ould be absorbed by the matrix.

Thickness values are showed in Table 1, where this one
ncreased with the addition of encapsulating agent, being
bserved significant differences (p < 0.05) regarding to the con-
rol films, for both active films (the LFFE and the SFFE).

.1.2.  FT-IR  spectra
he FT-IR spectra of active films are shown in Fig. 1. For

he alginate control, peaks at 3271, 2932, 1300, 1077 and
025 cm−1 were observed, corresponding to bonds: O H, C H,

 C H and/or O C H, C O C of sodium alginate, respec-
ively. Similar results were reported by Lawrie et al. (2007)
nd Aguirre Calvo and Santagapita (2016). Although active

lms also showed these signals, by adding different com-
ounds (antimicrobial agent, encapsulating agent and the
mixture of both), new signals, corresponding to new interac-
tions, were found in the spectra (Fig. 1). For the LFFE films,
new bonds were observed (in relation to the alginate con-
trol, Fig. 1a), when it added antimicrobial agent (1737 and
815 cm−1) (Fig. 1b), encapsulating agent (1535 cm−1) (Fig. 1c)
and the mixture of all components (2971 and 1619 cm−1)
(Fig. 1d). For the SFFE films, the observed peaks were 1737 cm−1

for antimicrobial agent (Fig. 1e), 1535 cm−1 for encapsulat-
ing agent (Fig. 1f), and 1622, 1537 and 1240 cm−1 for the
mixture of all components (Fig. 1g). Therefore, interactions
between the antimicrobial-alginate, alginate-encapsulating
agent and encapsulating agent-antimicrobial-alginate were
detected since these new peaks (bonds) were observed, as was
reported by Anbinder et al. (2011), in alginate and yerba mate
extract matrixes, with formation of a shoulder between 1540
and 1570 cm−1, assigned to interaction of polar groups of the
active compound with hydroxyl or carboxyl groups of alginate.
The interactions were characterized by adding antimicrobial
and encapsulating agents separately, and, for both films (the
LFFE and the SFFE), similar results were found. However, when
all components were added, their interactions into the LFFE
and the SFFE films were different, indicating that interactions
were related to the droplet size of film forming emulsion.

3.1.3.  Optical  properties
The optical properties of active films are of great importance
since these directly influence the acceptability of foods on
which these are applied. Table 1 shows the optical proper-
ties of active films. Color parameters of the CIEL*a*b* space
of active films such as the L* value, showed significant differ-
ences (p < 0.05) between active films and their controls. Also
significant differences (p < 0.05) between the LFFE and the SFFE
films were observed. These results can be explained by an
increase in the concentration of the encapsulating agent in
the SFFE films (higher amount of solids particles of sodium
caseinate after drying by casting). Values of the parameter a*
decreased in the LFFE and SFFE films regarding to controls.
Secondly, the b* values, which are associated to yellow color,
of the LFFE and the SFFE films increased significantly (p < 0.05)
regarding to controls, indicating a high tendency to yellow-
ness (Table 1). Thus, the CIEL*a*b* space parameters showed
that active films tended more  to yellowness as the sodium
caseinate concentration increased.

The color differences of active films in relation to alginate
control were evaluated using �E2000; values are reported in
Table 1. Significant color differences (p < 0.05) between active
films and the control were observed, where the SFFE films

showed a greater color difference than the LFFE films, which
would probably limit the SFFE films application.
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Fig. 1 – FT-IR (a) control, (b) control LFFE (antimicrobial), (c) control LFFE (encapsulating agent), (d) LFFE, (e) control LFFE
) SFF
(antimicrobial), (f) control SFFE (encapsulating agent), and (g

Opacity of active films is shown in Table 1. Controls are con-
sidered transparent, because their opacity values are less than
5% (Banerjee and Bhattachrya, 2011). Addition of the encap-
sulating agent caused a significant increase in opacity values
(∼10%) of active films, which is consistent with the results
obtained for the CIEL*a*b* space parameters and the color dif-
ferences (�E2000), where the encapsulating agent generates
yellow films, increasing color at higher concentrations.
E.

3.1.4.  Solubility
The solubility percentages of all active films, at two tem-
peratures, are reported in Table 1. Controls films were 100%
soluble in water, independently of temperature, mainly due
to the hydrophilic nature of the matrix (sodium alginate).
This behavior can be attributed to its binding capacity with
water, with the plasticizing agent and the functional groups
(Rubilar et al., 2013); a similar result was observed by Santana

and Kieckbusch (2013), in sodium alginate films plasticized
with glycerol, xylitol and mannitol, which were completely
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ig. 2 – Molecular mobility (T2FID) by H1 NMR  for active films

olubilized in distilled water. Furthermore, addition of the
ntimicrobial agent did not modify the solubility (Table 1),
lthough its hydrophobic nature, since the concentration used
as relatively low, as was reported by Salmieri and Lacroix

2006), for alginate/polycaprolactone-based films with 1% of
ssential oils (oregano, savory and cinnamon), where the films
ere entirely soluble in water. Furthermore, the active films
ased on LFFE were 100% soluble at 37 ◦C, while its solubil-

ty decreased at 4 ◦C (∼60%). A same behavior was found for
he films based on SFFE; solubility at 37 ◦C was about 80%, but
ecreased at 4 ◦C, being around 60% at 4 ◦C (Table 1). Solubility
alues of the films based on LFFE and SFFE were lower than
heir respective controls. This behavior can be attributed to the
ddition of the encapsulating agent, which stabilizes the phys-
cal structure of films, reducing its solubility, due to an increase
f bond energy. Similar results were observed by Deepa et al.

2016), in alginate-based films with cellulose nanofibrils (CNF)
s encapsulating agent, where was found a water solubility
eduction from 8,6 to 1,7%, with incorporation of 10% of CNF,
ndicating a strong hydrogen bonds formation between the
NF and film matrix, where water molecules cannot break

hem.

.1.5.  Molecular  mobility
elaxation times for active films are reported in Fig. 2. All
lms showed two protons populations with different FID
ehaviors, where the first population was associated to solids
ound in the matrix (T2FID1) and, the second population, to
ater absorbed by the matrix (water monolayer) (T2FID2).

urthermore, T2FID1 values were not affected by increase of
emperature in all active films (Fig. 2), while T2FID2 values
ncreased at higher temperature. This increase is associated

ith greater mobility of protons of water absorbed into the
atrix (Farroni et al., 2008; Ritota et al., 2008), since temper-

ture rising increases the vibrational energy of protons. The
ncrease of T2FID2 in control films was higher than others
lms, which can be explained by the higher moisture content
bserved in these films in relation to the LFFE and SFFE films

Table 1). A system that contains greater amount of water in
ultilayer structure could show greater molecular mobility.
n the other hand, in Fig. 2, no change of slope in curves T2FID1
nd T2FID2 versus temperature were observed in all active
lms, which made no possible to observe the glass transition
emperature (Tg) of the films (Farroni et al., 2008). This behav-
or could occur because the films are in rubbery state, since
hey were made by casting (40 ◦C), at a temperature where

he molecules have no time to arranged and form a crystal
tructure.
e from (a) LFFE and (b) SFFE at different temperatures.

3.1.6.  Microstructure
In Fig. 3, the microstructure of active films was observed, both
its surface (Fig. 3a–e) and their edges (Fig. 3f–j). Control film
showed a smooth and homogenous surface, which could indi-
cate that their components are miscible with each other, while
certain roughness on its edge (Fig. 3f) was observed.

When antimicrobial agent was added (Fig. 3b, c, g and h),
oil droplets were observed on the surface and at the edges.
In the LFFE films, these droplets are larger compared to the
droplets observed in the SFFE film, which is consistent with the
droplet sizes of film forming emulsions. Furthermore, in the
surface of the LFFE control film, cracks were observed, which
is consistent with that reported by Hosseini et al. (2009); these
authors reported that the incorporation of active compounds
of hydrophobic nature (thymol and essential oil clove) caused
cracks and structure loss of chitosan films, which could also
explain the formation of cracks in active films. In the cases of
the LFFE and SFFE films, differences in the droplet sizes were
observed respect to their control films (Fig. 3d, e, g and h). The
antimicrobial agent droplets are not observed in the surface of
the SFFE films, because smaller droplets increase interaction
between polymer-plasticizer and antimicrobial agent causing
the droplets not to be recognizable in the structure (Atarés
and Chiralt, 2016). Also, it was observed that the droplets of the
antimicrobial agent were not uniformly distributed in the SFFE
and LFFE films, but were distributed forming a line through the
film. Sánchez-González et al. (2009) reported similar results in
hydroxymethylcellulose (HPMC) films with tea tree essential
oil, where patterns of the droplets were observed in the films,
attributed to the occurrence of creaming in a high viscosity
continuous phase. Although changes were observed in the
morphology of surface and edges of active films at microscopic
level, these differences are not noticeable at macroscopic level.

3.2.  Characterization  of  active  films  under  different
storage  conditions

Storage could affect antimicrobial and antifungal properties
of active films, therefore, it is very important to study activity
of these ones under different storage conditions, in order to
know the conditions that maximizes their activity and deter-
mine foods types where these would have better functionality.

3.2.1.  Antimicrobial  properties
Fig. 4 reports antimicrobial activity against E. coli for all
active films under different storage conditions (75%RH/4 ◦C,
75%RH/20 ◦C, 11%RH/4 ◦C and 11%RH/20 ◦C) by a period of 15

days. No high reduction in the number of E. coli colonies
was observed for all active films, independent of storage
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Fig. 3 – Morphology of surface of active films by SEM. Magnification 10,000×: (a) control, (b) control LFFE, (c) control SFFE, (d)
LFFE, (e) SFFE and morphology of edges of active films magnification 20,000×: (f) control, (g) control LFFE, (h) control SFFE, (i)

LFFE and (j) SFFE.

conditions, whereby the active agent could be encapsulated.
Particularly, the LFFE and SFFE films showed greater inhibi-
tion, under different storage conditions, compared to control

films. The highest values of inhibition were observed in the
SFFE films (60% of inhibition of colony growth), which was
attributed to the antimicrobial agent protected by the encap-
sulating agent, increasing antimicrobial activity of these films.

In Fig. 4, an increase in colony reduction percentage of E. coli
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Fig. 4 – Antimicrobial activity of active films against Escherichia coli as percentage of colony reduction, at different storage
conditions: (a) 75%RH–20 ◦C, (b) 75%RH–4 ◦C, (c) 11%RH–20 ◦C and (d) 11%RH–4 ◦C.

Fig. 5 – Antifungal activity of active films against Botrytis cinerea as percentage of inhibition of growth, at different storage
c  and

w
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i
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d
w
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s
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onditions: (a) 75%RH–20 ◦C, (b) 75%RH–4 ◦C, (c) 11%RH–20 ◦C

as observed in some active films (SFFE at 11%RH–20 ◦C and
FFE in other storage conditions), after 7 days storage, reach-
ng approximately over 20% inhibition. The behavior could be
ecause the active compound is released from active film as a
unction of storage time. Comparing the different storage con-
itions of films, the condition of 11% RH at 20 ◦C was the one in
hich the greatest colony reduction percentage was achieved,

fter 7 days of storage. This condition showed more  release
f the antimicrobial agent because, under this condition and
torage time, there is greater diffusion of the antimicrobial
gent from the active film into the culture medium and thus

reater growth inhibition of E. coli.  At a subsequent storage
 (d) 11%RH–4 ◦C.

time, colony reduction percentage was less than 5%,  indepen-
dent of film type and storage conditions, not achieving a total
release of the active agent in the time interval studied.

3.2.2.  Antifungal  properties
The antifungal activities of active films against B. cinerea,  under
different storage conditions, were observed in Fig. 5. First of all,
antifungal activity was not observed at zero time in all active
films, which could be due to the fact that the antimicrobial
agent is encapsulated. At 3 days of storage, in all conditions,

films showed inhibition of the sclerotia (structure developed
by the mold to survive in unfavorable conditions) (data not
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shown), demonstrating that the antimicrobial agent inhibits
survival mechanisms of B. cinerea.  At later storage times (start-
ing from 7 days), active films inhibited growth of B. cinerea,
for all storage conditions studied. Comparing the antifungal
activity of films stored at 75% RH at 4 ◦C, it can be observed
that the LFFE films exerted the highest activity, followed by
the SFFE films, and then, by their respective controls (Fig. 5a).
Furthermore, activity was maintained during storage, reach-
ing a relatively high growth inhibition percentage of B. cinerea,
at 15 days of storage. A same behavior was observed in the
other storage conditions studied, for example, in the con-
ditions with 75 and 11% RH, at 4 ◦C, showing about 30% of
inhibition (Fig. 5b, d), demonstrating the release of the active
agent in a sustained storage. Matiacevich et al. (2015) previ-
ously reported the efficacy of essential oils incorporated to
alginate films, who  studied the antifungal activity of carvacrol
against B. cinerea during storage. Results showed that B. cinerea
growth was inhibited due to the prolonged release of carvacrol
during storage. Finally, active films can serve as a carrier for
antimicrobial agents, due to their ability to maintain high con-
centrations of these last on the food surfaces during storage;
these could also be an alternative to extend shelf life of foods
(Supardan et al., 2016).

4.  Conclusions

The droplet sizes of film forming emulsions influence char-
acteristics and physical properties of active films made
from such emulsions. Different interactions, at molecular
level, between encapsulating agent-alginate and encapsu-
lating agent-alginate-antimicrobial agent were detected in
the microstructure of films. The interactions generated dif-
ferences mainly in the optical properties of films, limiting
application of high concentrations of encapsulating agent due
to a detectable yellowing emerging.

The antimicrobial and antifungal properties of active films
depended primarily on storage conditions, being higher in the
films made from emulsions with large droplet size (LFFE). The
storage conditions that allowed prolonging the release of the
antimicrobial agent and, consequently, improved antimicro-
bial activity of active films, differed according to the type of
microorganism; for E. coli, this condition was 11% RH at 20 ◦C
while, for B. cinerea,  were two conditions, 75% and 11% HR at
4 ◦C.

Finally, differences in the prolonged release of the antimi-
crobial agent depended both on the processing and storage
conditions of films. It is noteworthy that the highest activity,
during storage, was obtained in films with the larger droplets.
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