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Abstract Active edible films have been proposed as an

alternative to extend shelf life of fresh foods. Most essential

oils have antimicrobial properties; however, storage condi-

tions could reduce their activity. To avoid this effect the

essential oil (EO) can be microencapsulated prior to film

casting. The aim of this study was to determine the effects of

the type of encapsulating agent (EA), type of EO and storage

time on physical properties and antimicrobial activity of

alginate-based films against Escherichia coli ATCC 25922.

Trehalose (TH), Capsul� (CAP) and Tween 20 (Tw20) were

used as EA. Lemongrass essential oil (LMO) and citral were

used as active agents. The results showed that the type of EA

affected the stability of the film forming-emulsions aswell as

the changes in opacity and colour of the films during storage

but not the antimicrobial activity of them. Both microen-

capsulated EOs showed a prolonged release from the algi-

nate films during the 28 days of storage. Trehalose was

selected to encapsulate both active compounds because the

films made with this microencapsulated EA showed the

greatest physical stability and the lowest color variation

among all the films studied.

Keywords Alginate � Edible films � Lemongrass oil �
Citral � Microencapsulation

Introduction

Food industry faces the permanent challenge of extending

the shelf life of fresh products. Edible films and coatings

are used for preservation of fresh and minimally processed

foods. This technology allows to place a physical barrier on

the food surface, reducing moisture and solutes migration

as well as gas exchange, preventing oxidative reactions and

food deterioration during storage (Fakhreddin et al. 2013).

However, storage time could affect the physical and

organoleptic properties of the films and the food products

that is expected to protect (Riquelme et al. 2015; Bustos

et al. 2016). Alginate is one of the preferred hydrocolloids

for edible film manufacturing given its generally recog-

nized as safe (GRAS) status, availability, low relative cost,

well-known physical behavior in food systems and it is

ease to cast films in the presence of calcium (Córdova et al.

2015). Besides, it has also been demonstrated that alginate

films have the capacity of carrying different active ingre-

dients such as antimicrobials and antioxidants (Bustos et al.

2016; Navarro et al. 2016). Alginate is a natural product

extracted from brown seaweeds and it is made of b-D-
manopiranosiluronic acid (M) and a-L-gulopiranosiluronic
acid (G). Several emerging technologies utilize alginate as

a key component, for example, edible coatings for fresh

products (Matiacevich et al. 2015), microencapsulation of

labile compounds such as phytochemicals, pharmaceutical,

enzymes and others (Soukoulis et al. 2014), and transport

of antimicrobial agents (Matiacevich et al. 2015).

The addition of antimicrobial agents such as EOs to

edible films would increase considerably the protection of
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fresh foods, reducing microbial spoilage and, consequently,

extending the shelf life (Raybaudi-Massilia et al. 2008;

Burt 2004). It is worth mentioning that EOs and their

components have a GRAS status under US legislation and

equivalent status in the legislation of other countries.

Lemongrass (Cymbopogon citratus) is a perennial herb,

with a strong lemon-like aroma, widely grown in the tropics

and subtropics, farmed in the western regions of India.

Lemongrass essential oil (LMO) and its main component,

citral, are hydrophobic compounds and show antimicrobial

activity against enterohemorrhagic E. coli O157:H7 which is

comparable to the effect observed for oregano oil and only

surpassed by thyme oil (Burt 2004). Antimicrobial activity of

these oils can be lost for volatilisation of their active com-

pounds or by degradation of them when exposed to high

temperatures, oxygen and UV light (Beyki et al. 2014;

Navarro et al. 2016). In order to achieve a stable and

homogenous distribution of these natural antimicrobial com-

pounds inside an alginate film, proper formulation and pro-

tection mechanisms have to be considered. Several

technologies have been developed lately in order to achieve

that goal: emulsification, micro and nano-encapsulation,

liposome entrapment, coacervation and others. Among these,

emulsification is considered a technique that allows the

microencapsulation of active compounds with high efficien-

cies, homogeneous distribution, and controlled release

kinetics (McClements 2005). However, selection of the suit-

able encapsulating agent (EA) is crucial in order to improve

stability of the system. Among the different agents normally

utilized are: Capsul�, Caseinate,Maltodextrin, Trehalose and

Tween 20 (Elizalde et al. 2002; Finotelli and Rocha 2005;

Álvarez-Cerimedo et al. 2008; Raybaudi-Massilia et al. 2008;

Santagapita et al. 2012; Navarro et al. 2016).

Tween 20 is a common emulsifier for EOs in edible

films (Matiacevich et al. 2015; Navarro et al. 2016). Tre-

halose is considered a promising EA because of its high

vitreous transition temperature, providing a great stabiliz-

ing capacity (Álvarez-Cerimedo et al. 2008; Riquelme

et al. 2015). On the other hand, Capsul� is an amphipathic

starch derivative that shows excellent emulsifying proper-

ties, allowing to obtain very stable oil in water emulsions

(Finotelli and Rocha 2005). Additionally, the low viscosity

of aqueous solutions of Capsul� allows the preparation of

emulsions with high solids content, and the polymeric

interphase generated leads to microparticles with high

retention of the active compounds presents in the EOs

(Finotelli and Rocha 2005).

The main objective of this study was to evaluate the

effects of the type of EO (LMO or its active component

citral), type of EA and storage time on the physical and

antimicrobial properties of alginate films against Escher-

ichia coli ATCC 25922.

Materials and methods

Materials

Lemongrass oil (LMO) (from Cymbopogon citratus, East

Indian origin, Kosher), citral 99.9% (Kosher), sodium car-

bonate and Tween 20 (Tw20) were obtained from Sigma-

Aldrich (St. Louis, USA). Sodium alginate, trehalose (TH)

and sorbitol were supplied by Blumos (Santiago, Chile).

Capsul� (CAP) was purchased from Quimatic S.A. (Santi-

ago, Chile). Mueller–Hinton broth and agar for microbio-

logical analysis were obtained from Biokar Diagnostics

(Beauavais Cedex, France). Sodium hydroxide and

hydrochloric acid were purchased from Merck (Darmstadt,

Germany). All reagents were analytical grade.

Minimum inhibitory concentration (MIC) of film

forming emulsions

Antimicrobial activity of film forming-emulsions with the

active compounds were tested against Escherichia coli

ATCC 25922. The bacteria obtained from the Public

Health Institute of Chile (ISP Chile) and was stored at

-18 �C in Mueller–Hinton broth containing glycerol

(15% v/v). Prior to use the bacteria was grown in Mueller–

Hinton broth at 37 �C in 10 mL test tubes for 24 h. After

that time, absorbance at 625 nm was measured in a spec-

trophotometer (Shimadzu UVmini-1240, Japan) and the

concentration of E. coli in CFU/mL (Colony Forming

Units/mL) was calculated applying the factor 0.05 of

McFarland turbidity scale (approximately 108 CFU/mL)

(CDCP and WHO 2003).

For the MIC determination, dilutions of 1 mL were

prepared, which contained E. coli at 1 9 106 CFU/mL,

10 9 concentrated Mueller–Hinton broth, antimicrobial

agent (LMO or citral) at concentrations between 0.1 and

2% v/v and either water or 1.0% v/v alginate solution as

solvent. These samples were placed in 96 well microplates

and absorbance changes at 625 nm were recorded using a

Multiskan GO equipment (Thermo Scientific, Finland)

operating with agitation at 37 �C for a period of 30 h. The

MIC value corresponded to the minimum concentration

necessary to avoid any bacterial growth under the incuba-

tion conditions.

Film-forming emulsions

Suspensions were prepared with 1%w/w alginate and 1%w/

w sorbitol. The encapsulating agents (Tw20, TH and CAP)

were added to the suspensions in different stages of the

process depending on the water solubility of each one.

Capsul� was previously dissolved in water at 70 �C,
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trehalose was added at the same time than sorbitol, and

Tween20 was added mixed with the antimicrobial oil (le-

mongrass or citral). All the encapsulating agents were added

at the same concentration (1.5%w/w) and mixtures were

prepared using a thermoregulated magnetic stirrer (Velp

Scientific, Italy) set up at 40 �C until complete dispersion of

all components was achieved. After that, the antimicrobial

agents were added at concentrations (%w/v) equivalent to

their previously determinedMICs. Finally, suspensionswere

emulsified using an ultra turrax homogenizer (Tristor Regler

TR50, Germany) operating at 10,000 rpm, for 2 min inter-

vals and 15 s pauses to avoid overheating and the pH of the

emulsion was adjusted to 5.5.

Film casting procedure

Films were prepared by a hot casting method. 0.02%w/w

Calcium carbonate solution was added to the film forming-

emulsions as crosslinking agent (Benavides and Villalobos

2012). 40 mL aliquots of this mixture were poured into

petri dishes (8.5 cm diameter), and were placed in a drying

oven with forced air circulation (Wiseven Daihan Scientific

WOF-105, Korea) kept at 40 �C for 18 h.

Emulsion characterization

Microcapsule droplet size (d32)

To determine the droplet size of emulsion three samples were

taken from each film-forming emulsion and were observed

under a lightmicroscope (Carl Zeiss, Germany), using a 1009

magnification. Images were captured with a digital camera

(Canon EOS Rebel T3, Canon Inc., Tokyo, Japan) and the

droplet size was determined from those images using the

calibrated software Motic Images Plus 2.0 (Causeway Bay,

HongKong). At least 200microcapsules weremeasured from

each replicate. The droplet size valueswere reported using the

Sauter diameter (d32) (Eq. 1; Di Scipio et al. 2008):

d32 ¼
Pn

i¼0 nid
3
iPn

i¼0 nid
2
i

ð1Þ

where
Pn

i¼0 nid
3
i is the sumatory of the d32 corresponding

to the droplet volume.
Pn

i¼0 nid
2
i is the sumatory of the d32

corresponding to the particle area.

Stability of the film-forming emulsion

Stability was measured using Turbiscan technology

(Thermo Scientific, Germany). Backscattering profiles

were obtained at constant temperature of 22.5 ± 0.5 �C
under quiescent conditions. Measurements were performed

immediately after emulsion preparation and at regular time

intervals during 72 h of storage at three different temper-

atures (20, 30 and 40 �C).

Films characterization at initial time

Moisture content and thickness

The film thickness was determined with a digital micrometer

(0.1 mm resolution). Six measurements taken at random

places from each film duplicate were considered, and values

were expressed as the mean with its respective standard

deviation. The moisture content was determined from

gravimetric measurements obtained by oven drying at

105 �C for 24 h until constant weight. Results were

expressed as % dry basis (%db, g water/100 g of dry film)

and the average of three replicates of each filmwas reported.

Molecular mobility by nuclear magnetic resonance

(NMR) spectroscopy analysis

The molecular mobility of different populations of protons

present in each film were obtained from Free Induction

decay (FID) signals of the NMR spectra. FID analysis was

used to evaluate proton mobility associated to the solid

matrix in the range 15–70 �C. A pulsed nuclear magnetic

resonance (1H-NMR) Bruker Minispec spectrometer

model mq20 (Rheinstetten, Germany) operating with a

magnetic field of 0.47 T and a frequency of 20 MHz at

40 �C, was used for the measurements. The working

parameters were: pulse frequency 2.74 s, pulse angle of

90�, 4 scans, and different temperatures (15, 25, 30, 40, 50,

60 and 70 �C). Films were placed in NMR glass tubes and

let equilibrating at the selected measurement temperatures

in a water thermostated bath (Thermo Haake C35P, Ger-

many). Since measurements were taken within a very short

time (around 10 s), no detectable modifications of the

samples were expected to take place. The decay curves

were fitted to bi-exponential behaviour applying the fol-

lowing equation:

I ¼ A1�t=T2FID1 þ A2�t=T2FID2 ð2Þ

where I is the intensity of protons signals, A1 and A2 are

constants, and T2FID1 and T2FID2 correspond to relax-

ation times of protons that are part of the polymeric chains

and protons of water tightly bound to the polymer,

respectively.
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Interaction between components by Fourier

transform infrared spectrometry (FT-IR) analysis

The infrared spectra of the samples were registered utiliz-

ing a FT-IR spectrometer (Spectrum Two System, Perkin-

Elmer, USA). Analyses were performed utilizing a uni-

versal attenuated total reflectance unit (UATR) within a

spectral range of 4000–400 cm-1, with a resolution of

4 cm-1 and a constant pressure of 20 N. Three measure-

ments from random places of three replicates of each film

sample were analysed.

Microstructure of surface by scanning electron

microscopy (SEM) analysis

To observe the microstructure of films, these were cut into

pieces of 1 9 1 mm approximately, which were previously

covered with gold, and then surface and cross sectional cuts

were analysed in a Scanning Electron Microscope (Supra

40, Carl Zeiss NTS, Oberkohen, Germany).

Characterization of films during storage

Films were stored at 4 �C and 75% of relative humidity

(%RH) on desiccators. Relative humidity was obtained

using a saturated solution of NaCl (Greenspan 1977).

These storage conditions were selected taken into account

the environmental standard conditions at which the films

can be exposed during food storage.

Optical properties

Digital images from three replicates of each film were

captured on white and black background through a cali-

brated computer vision system (LabVisionQ, Chile),

according to Matiacevich et al. (2015). All images were

acquired at the same conditions, with a remote camera

controlled by the EOS Utility software (Cannon Inc.,

Japan). Images were analyzed using Adobe Photoshop v7.0

software to obtain RGB space parameters, which were then

converted into CIEL*a*b* standard colour space. Opacity

was calculated from the values of lightness (L*), obtained

from films placed over white (L*white) and black

(L*black) background surfaces (Eq. 2; Matiacevich et al.

2013).

Opacity ¼ L�black

L�white
� 100 ð3Þ

Color variations between each film sample and the control

film were calculated using the CIEDE2000 equation (Luo

et al. 2001).

Release kinetics of microencapsulated LMO

and citral from alginate films

Release kinetics of the active compounds (LMO and citral)

from films were performed following the methodology of

Bustos et al. (2016), with some modifications. Simulant D1

(UE 10/2011, 50:50 ethanol:water) was utilized as solvent

for migration studies. Briefly, film pieces of 2 9 2 cm

were placed inside dialysis bags (cut off of 12,000 Dalton,

Thomas Scientific, NJ, USA) and submerged in 30 mL of

simulant D1 within 100 mL glass bottles. Prior to release

studies, dialysis bags were hydrated for 6 h with distilled

water at room temperature. Calibration curves were per-

formed for each oil under study using dilutions of oil with

the D1 simulant and measuring the absorbance at a

wavelength of 274 nm. Then, absorbance vs concentration

curves were plotted and a linear adjustment was performed

to determine the concentration of oil released in the sim-

ulant. Release data from films were fitted to two different

models, Weibull (Eq. 4; Papadopoulou and Kosmidis

2006) and Peppas (Eq. 5; Bustos et al. 2016) according to

the following equations:

Ln 1� Qð Þ ¼ �a � tb ð4Þ
Q ¼ KP � tn ð5Þ

Q = Fraction of bioactive released, a and Kp are constants,

n and b are constants indicative of the release mechanism

and t is time. Release kinetics of each sample was per-

formed for each storage time, by triplicate. Mean values of

kinetics parameters were used to compare different sam-

ples over time.

Antimicrobial activity against E. coli

The antimicrobial activity of films was determined

according to Matiacevich et al. (2013), following the agar

diffusion methodology. Film pieces (1 cm2) were placed

on Muller Hinton agar inoculated with E. coli (103 CFU/

mL) by the pour plate technique and were stored at 37 �C
for 24 h. The growth inhibition percentage was determined

as the relation between the number of colonies that grew

underneath the film piece and the number of colonies that

grew within a 1 cm2 area of the control zone (without film)

multiplied by 100 (Bustos et al. 2016). Inhibition per-

centage was obtained for each sample at each storage time

by triplicate. Data reported is the mean value with their

corresponding standard deviation.

Statistical analysis

One factor ANOVA test was used for statistical analysis of

physical parameters. Significant differences were taken
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using a post-test Tukey with a confidence interval of 95%.

All statistical analysis was determined using software

XLSTAT2015 v17.1 (Adinsoft, France). All measurements

were performed by triplicate.

Results and discussion

Minimum inhibitory concentration (MIC)

To determine the MIC value for LMO and citral two

aqueous systems were considered: one in which EOs were

dispersed in water and another where EOs were dispersed

in a 1%w/w alginate solution, in order to estimate the

potential antimicrobial effects that alginate by itself could

have in addition to EO effect. For the oil–water system,

bacterial growth took place only at concentrations below

0.6%v/v. At any LMO concentration above that value no

growth of E. coli was observed, being such concentration

the MIC value for the corresponding organism (data not

shown). However, in the alginate-LMO suspension, growth

inhibition took place at a concentration of 0.3%v/v, half the

concentration required in the oil–water system, which

suggested that the film-forming suspension mixture dou-

bled the inhibitory effect on E. coli showed by the oil–

water system.

The MIC value for citral was also determined. In the

citral-water system growth inhibition took place at a citral

concentration of 0.6%v/v, the same MIC value obtained for

LMO. In the alginate-citral system, growth inhibition was

observed at all the concentrations equal or greater than

0.2%v/v, 2/3 lower than for the citral-water system. For

both oils, the MIC value were lower in presence of alginate

because of this polymer is able to immobilize some bac-

teria as demonstrated by Yabur et al. (2007) with alginates

extracted from a macroalgae. With these results, the MIC

values obtained in presence of alginate were chosen to

prepare film forming emulsions.

Emulsion droplet size and stability

The droplet size has a strong impact on stability over time

(gravitational separation, flocculation and/or coalescence)

and optical properties (color and transparency) of an

emulsion (McClements 2005). Droplet sizes obtained for

the emulsions prepared with LMO were: 1.6 ± 0.4;

2.0 ± 0.3 and 1.7 ± 0.4 lm and for the emulsions with

citral values were: 2.3 ± 0.4; 2.4 ± 0.5 and 1.9 ± 0.4 lm
using Tw20, TH and CAP, respectively. Thus, no signifi-

cant differences in microcapsules size (p[ 0.05) were

observed, independently of the type of EA and EO utilised.

Emulsion stability was analysed during storage at three

different temperatures: 20, 30 and 40 �C. As expected,

stability decreased faster at higher temperatures. Figure 1

corresponds to the stability of the LMO emulsions with

different EAs where significant differences in stability

behaviours can be observed. At initial time, all emulsions

were homogenous but, after a while, the principal desta-

bilization mechanism observed was flocculation/coales-

cence (data not shown). The effect of each EA on the

stability of emulsions was evaluated subtracting the initial

backscattering percentage in the central zone of the sample

tube (15–55 mm sample height) from the percentage of

backscattering obtained at a selected time. Trehalose was

the EA that gave place to the most stable emulsion at the

three temperatures considered since it showed a little

backscattering percentage variation during storage time

compared to the values of the emulsions containing Tw20

or Capsul�. Besides, the behavior of the Tw20 containing

emulsion was markedly different from the behaviour of the

emulsion with Capsul�. In the first case, there was a fast

destabilization within the first hours and then no more

changes in back scattering profiles were observed for the

rest of the time. On the contrary, emulsions containing

Capsul� remained stable for the first hours and destabilize

afterwards.

Results also demonstrated that droplet size does not

always influence emulsion stability. Droplet sizes were

similar (p[ 0.05) between the three emulsions but their

stabilities were greatly different. The higher stabilizing

effect observed for trehalose, in addition to its encapsu-

lating activity, could also be a consequence of its effect on

the viscosity of the continuous phase of emulsion. Specif-

ically, trehalose increases viscosity of the medium, which

make it more difficult for oil droplets to collide and coa-

lesce to destabilize the emulsion (Álvarez-Cerimedo et al.

2008).

Physical characterization of films at initial time

Moisture content and thickness

No significant differences (p[ 0.05) in moisture content

were observed among all films compared to the control

sample (11 ± 2%db). Although addition of an oily ingre-

dient to a film decrease water content, this principle does

not apply in this case, since oil concentration in the films

was too low (0.3–0.2%v/w for LMO and citral, respec-

tively) to have a measurable effect on the moisture content

of the films.

Films thicknesses varied between 0.15 to 0.22 mm fol-

lowing the trend Tw20\CAP\TH. However, neither

the EA nor the antimicrobial oil had significant effect

(p[ 0.05) on the thickness of the alginate films. The

thicknesses of all the films were below 0.25 mm, which is
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within the value normally accepted for films for food

applications (Skurtys et al. 2011). A structure with a

thickness value above 0.25 mm should rather be called a

sheet; and a structure with a thickness value below

0.10 mm would be too weak and with very limited physical

properties as to be useful for practical applications.

Therefore, moisture content and thickness of films were not

affected neither by the type of EA nor by the type of EO.

Analysis of molecular mobility of films components

by NMR

The study of the relaxation time by H-NMR (T2FID) as a

function of the EA and temperature gives information about

the mobility of the protons bond to water and/or to the solids

present in the film matrix (Farroni et al. 2008). Curves

obtained were fitted using a biexponential equation (Eq. 3),

obtaining two relaxation time (T2) values, one short and

other long. T2FID1 (short) represents multilayer water inter-

acting with the alginate matrix; and T2FID2 (long) corre-

sponds to water molecules that have a weak interaction with

the solid matrix (Farroni et al. 2008). Figure 2 shows that as

temperature increases, T2FID2 also increases because protons

get greater mobility as it is the particular case of the trehalose

containing films. Chung et al. (2000) found that the changes

in T2FID with temperature for several food powders are

highly associated with physical changes in the product such

as agglomeration and water evaporation. Films that showed

the highest values for T2FID2 had a global increase in the

mobility of their matrixes, which was observed in the films

with trehalose. The films that contained Capsul� showed the

lowest values for T2FID1 and T2FID2. The lower mobility of

water molecules in this film can be a consequence of matrix

(oil droplets and alginate) agglomeration resulting from the

hot casting (40 �C) method applied for the films

manufacture.

From an ANOVA analysis (data not shown) it was

possible to find that the relaxation time (T2FID) was

dependent on the EA utilized in the films (p\ 0.05),

whereas the type of EO did not have any significant effect

(p[ 0.05). For the films containing Capsul�, significant

differences (p\ 0.05) were observed for both T2FID1

(short) and T2FID2 (long), with respect to what happened in

films with the other EAs and in alginate control film.
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Fig. 1 Normalized backscattering variation during storage time at different temperatures of emulsions containing alginate and lemongrass oil

using different encapsulating agents a Tween 20, b Trehalose, c Capsul�
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Fig. 2 Relaxation time values

(T2FID) obtained by RMN using

FID measurements of alginate

films containing a lemongrass

oil and b citral oil using

different encapsulating agents.

T2FID1 is a short relaxation time

associated to mobility of matrix

and T2FID2 is a long relaxation

time associated to mobility of

water associated to matrix

Fig. 3 FT-IR spectra of films containing lemongrass oil using different encapsulating agents a control film of alginate, b Tween 20, c Trehalose
and d Capsul�
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Analysis of molecular interactions between film

components by FT-IR

The FT-IR spectra of the films containing LMO and the

different EAs are shown in Fig. 3. Same patterns were

observed for the films with citral. In general, the spectra

were affected by the type of EA but not by the type of oil

neither by the storage time of the films. All films presented

wave numbers in three different spectral zones:

3500–3200 cm-1, 2900–2930 cm-1 and 1000–1030 cm-1,

which can be assigned to bond stretching of the groups OH,

CH and COC, respectively (Navarro et al. 2016) present in

the alginate structure. Also, peaks at the wave numbers of

1600–1605 cm-1 and 1409–1412 cm-1 can be assigned to

asymmetrical and symmetrical stretching of the COO bond,

respectively (Li et al. 2015).

When the EA was added to alginate film new peaks

appeared in the FT-IR spectra. For the films with Tw20, a

peak for the stretching of the C=O group at a wavenumber

of 1736 cm-1 (Ren et al. 2012) and another peak at

2870–2873 cm-1 corresponding to the CH3 group

appeared. When trehalose was added, new peaks appeared

between 991 and 1148 cm-1, that belong to the glucosidic

bond of the sugar as it has been also observed by Santa-

gapita et al. (2012) in similar films to the ones utilized in

this work. The films containing Capsul� presented two new

peaks not present in the alginate control film. The first peak

was at a wave number of 1765 cm-1 and the second at

1148 cm-1, which corresponded to the stretching of the

groups C=O and C–OH, respectively. In all the films that

contained EAs, the peaks that belong to alginate were all

also present but with lower intensity than in films without

EAs.

Analysis of the surface microstructure

of the alginate films by SEM

Figure 4 shows photomicrographs of the cross sectional

area of the films containing LMO. The pictures clearly

show that the type of EA utilized for film manufacture had

an effect on the microstructure of films. Specifically, the

films with Capsul� showed a granular structure with sev-

eral slightly spherical elements. On the contrary, the films

with trehalose and Tw20 showed a very smooth and

homogenous microstructure with no granular elements

present, but some oval dark elements of regular size can be

observed that might correspond to holes left by oil droplets

that could have evaporated during the application of the

gold covering. In the samples with trehalose, there are also

some oval cavities that could also be interpreted as if the

Fig. 4 Microstructure morphology by SEM at 920,000 of transversal section of alginate films containing lemongrass oil and different

encapsulating agents a Tween 20, b Trehalose, c Capsul�, d control film of alginate
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LMO would have become uniformly incorporated within

the films in a similar way to what has been described for

cinnamon oil within chitosan films (Ojagh et al. 2010).

Solubility of films

Solubility is an important property to select the industrial

application of an edible film. High solubility ([70%) is

desirable if a coating application is required, where the film

and the food are consumed together. In contrast, films with

low solubility are normally used as packaging (Campos

et al. 2011). Mean solubility value of all films studied was

88 ± 3%, where no significant differences were observed

regardless of EA or EO used.

Characterization of films during storage

Optical property changes

In food products, optical properties (opacity and color vari-

ation) are the most important factors to be considered when a

new technology is being developed. For the intended purpose

of edible films, colour is usually considered one of the main

parameters that have to be tightly controlled in order to

achieve a successful industrial application.

Colour and opacity variations of films prepared with the

different oils and EAs with respect to the alginate control

film were recorded during 35 days of storage. Figure 5

shows that films containing LMO and trehalose signifi-

cantly increased (p\ 0.05) their opacity during storage.

The most likely explanation for this change would be the

crystallization of trehalose that can take place at the low

temperature and the high moisture content of the film

(Elizalde et al. 2002). The same behaviour was observed in

the films containing citral.

The films containing Tw20 decreased their opacity

during storage to values close to the opacity of the control

film. There could be different explanations for this but one

the most likely is the increased solubility of Tw20 and of

some EO at lower temperatures, which determines that

LMO and Tw20 droplets of lower sizes completely dis-

solve in water and, therefore, the amount of droplets that

remain dispersed in the film decreases which, in turn,

determines that a large proportion of the incident light can

cross the film making it less opaque. This ‘‘clarifying’’

effect is further enhanced by the water that films absorbed
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from the surrounding environment with 75%RH (Ziani

et al. 2008). The films containing Capsul� did not suffer

any significant change in opacity (p[ 0.05) with respect to

control film throughout the storage period studied.

With respect to colour variation, films containing Cap-

sul� as EA were the ones that showed the lowest colour

variation compared to films with the other EAs

(CIEDE2000\ 5). When films containing LMO were

compared with the films containing citral, it was observed

that the latter suffered the lowest colour changes

(CIEDE2000\ 3) during storage time, even reaching val-

ues close to 1. These values correspond to what the per-

ception by the human eye would recognize as between

slight and noticeable different (Yang et al. 2012). However,

for the films that contained LMO, colour differences had

CIEDE2000 values in the range of 2–4 which indicates that

the human eye perception of the difference would be

between noticeable and appreciable (Yang et al. 2012).

Release kinetics of EO from alginate film

Samples of the different films stored at 4 �C and 75%RH

were taken at different time intervals and the release

kinetics of the active principles was measured. The data

sets obtained were fitted to different kinetics models

(Eqs. 4, 5). It was observed that most of the release data

fitted well to the Weibull and Peppas models (R2 close to

1) (data not shown). For all EAs films containing LMO

showed release kinetics according to Weibull model and

remained the same throughout the storage period, as

expected. Only the films containing Capsul� with LMO

showed a minor change in the release pattern after the day

14, when the experimental data fitted better to Peppas

model (data not shown). On the other hand, for the films

containing citral, the release kinetics of the active principle

followed the Weibull model when Tw20 or trehalose

(Fig. 6a shows an example of the fitting of Weibull model

to the release data for both oils) were used and this beha-

viour did not change during all the storage time, which is a

desirable result. However, for films containing Capsul� as

the EA of citral, the release kinetics data fitted to Peppas

model (Fig. 6b) throughout the storage time.

For all the films that followed the Weibull model (Eq. 4)

the b constant of the equation was analysed in order to find

out the type of release mechanism that is involved in the

liberation of the EO’s components. In general, the b con-

stant took values lower than 0.75 (data not shown) which

indicates that the release of the active principles followed a

Fickian type of diffusion (Papadopoulou and Kosmidis

2006). On the other hand, the n constant of the Peppas

model (Eq. 5), like the b constant of the Weibull model,

indicates the type of release mechanism involved. Values

of n corresponding to the films containing Capsul� were

below 0.5, which indicates that the release mechanism is a

combination of partial diffusion through a swollen matrix

and pores filled with water (Aragón et al. 2010). Based on

these results, it can be concluded that LMO and citral are

released by diffusional mechanism that follow the first Fick

law when Tw20 and trehalose are used as EA. However,

the films with Capsul� showed partial diffusion through a

swollen matrix. This mechanism was corroborated with

swelling experiment for both oils, where films containing

Capsul� showed lower moisture uptake (0.005 g water/

min) during storage time than the other EAs (0.01 g water/

min), indicating that the swelling is slower in these films,

so permitting the partial diffusion of components.

For each storage time, the release rate of each film was

calculated and compared. Figure 6c, d report the release rate

of the active components LMO or citral from EAs. No sig-

nificant differences (p[ 0.05) in release rate were observed

for LMO regardless of the EA present in the film or storage

time. However, the films with citral showed an increase of the

release rate at the 9th day for all the EA used. This probably

happen because at this time alginate and microencapsulating

molecules reach the maximum hydration and swollen volume

(data not shown), which could facilitate the release of the

active principles contained inside the films.

Antimicrobial activity of films

In order to establish which EA or EO had the greatest effect

on the growth inhibition of E. coli, their effect on the growth

curves were compared. Figure 6e, f show the growth inhi-

bition of the films containing LMO and citral, respectively.

These figures show that the EA type affected bacterial

growth (p\ 0.05), regardless of the active ingredient

(p[ 0.05). This is not surprising since the main active

principle of LMO is citral (Seow et al. 2014). It is important

to note that all films containing EO showed prolonged

growth inhibition during storage time. However, the EAs

that promoted the greater and most perdurable inhibitory

activity of the films were trehalose with citral, and Capsul�

with LMO, indicating the importance of the selection of EA

to control the antimicrobial effect of edible films. Addi-

tionally, it can be observed that the maximum inhibitory

effect is achieved after nine days of storage regardless of EA

type, which was observed principally in citral samples,

according to the highest release rate of active compounds

(Fig. 6c, d).

Conclusion

The type of EA selected generated more differences on

physical and antimicrobial properties than the type of

active compound in both systems studied: suspensions and
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films. Film forming emulsions had similar droplet sizes and

stabilities during the first hours of storage at 20 �C, for the
three EAs studied; however, the emulsions with trehalose

showed the highest stability at higher temperatures, being

this EA the most suitable for industrial application. The

films with Tw20 showed the highest opacity and colour

variation during storage time. Therefore, these films could

affect the organoleptic properties of coated foods. The

films with Capsul� showed the lowest opacity and, the

films with trehalose, the lowest color variation, being both

suitable to use as edible coatings for fresh foods. The

release of active compounds and the growth inhibition of

E. coli were similar for both EOs studied, showing a

dominantly Fickian release mechanism during the whole

storage time. The maximum release rate and microbial

growth inhibition was displayed on the 9th day of storage

regardless of the EA used in the microcapsules.

Taking into account the different physical and antimi-

crobial properties of the edible films based on alginate, the

active compound selected was LMO because of their large

availability and low cost, comparing to their pure active

compound, citral. Finally, the best EA for LMO was tre-

halose because this one generated higher emulsion stability

and lower film colour variation, comparing to the other EAs.
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