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Abstract
The aim of the current research was to fabricate, characterize, and compare physical, mechanical, antimicrobial, antioxidant, and
release properties of whey protein isolate (WPI)-based films containing free or nanoencapsulated thyme (Thymus vulgaris) extract
(TE) at concentrations of 0, 5, 10, and 15%w/w ofWPI. Nanoliposomes with an average size of 350 nmwere prepared using thin-
film hydration and sonication method. The data obtained from FTIR reflected the occurrence of some new interactions between
WPI and nanoliposomes. XRD results approved the negative effect of free TE on the crystallinity of WPI. Besides, SEM images
showed that free TE caused the cracks and holes in theWPI matrix to increase. However, the encapsulated TE did not show these
negative effects. The nanoliposome incorporation improved the mechanical stiffness, leading to a decrease in the water vapor
permeability (WVP). The possible antimicrobial activity of the films containing TE-loaded nanoliposomes against Staphylococcus
aureus andEscherichia coliwas decreased in comparison to the free TE-incorporated films, probably due to the inhibition effect of
the encapsulation preventing the release of TE from the matrix. In addition, the antioxidant potential of the films containing TE-
loaded nanoliposomes was lower than that of free TE-incorporated films. Release studies indicated that the migration of TE in
ethanol 95% simulant decreased significantly by the nanoencapsulation of TE. However, the release rate increased by an increase
in temperature in both types of active films. Therefore, this work showed that there is a potential for the production of antioxidant
and antimicrobial controlled-release nanoactive WPI-TE films for use in food packaging and medical fields.

Keywords Whey protein isolate (WPI) . Thyme extract . Nanoliposome . Physical properties . Antimicrobial activity . Release
properties

Introduction

Most food products are perishable and sometimes associated
with outbreaks of foodborne illnesses or quality loss due to the
contamination by microbial pathogens or chemical/
biochemical undesirable changes. Many synthetic and/or nat-
ural preservatives have been used as food additives to extend
the shelf life of foods. The current major mode of application
of food additives is direct introduction to the food system in
free form (Devlieghere et al. 2004). However, undesirable

interactions of these active agents with food components re-
duce their efficacy against pathogens and other spoilage effec-
tive factors, thus requiring the addition of larger preservative
quantities to preserve the quality of food during storage and
distribution (Campos et al. 2011). Moreover, the most bioac-
tive compounds of natural preservatives are chemically reac-
tive species, which can bring about considerable problems
when being embedded into a complex food system, such as
negative effects on the physical stability or integrity of the
food chemistry as well as the degradation of the biological
activity of bioactive compounds (Haghju et al. 2016).

One of the most promising systems to protect foods against
oxidation andmicrobial or chemical deterioration, without con-
ventional limitations, is to use active packaging (Decker et al.
2010). Active releasing packaging is a type of food preserva-
tion system in which an antioxidant or antimicrobial agent is
incorporated into the package instead of being added at high
levels directly unto the food. Biodegradable polymers such as
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starch, poly (lactic acid) (PLA), pectin, chitosan, gelatin, and
cellulose derivatives offer alternative packaging options, ad-
vantageous to the synthetic packaging polymers because they
do not contribute to the environmental pollution. Several re-
searches have been conducted on using biopolymers for the
preparation of active packaging of foods (Kuorwel et al. 2011).

Whey protein isolate (WPI), an abundant by-product in the
cheese-making industry, has been successfully employed as a
raw material for the preparation of biodegradable polymers
(Ghanbarzadeh and Oromiehi 2008; Kadam et al. 2013).
WPI has desirable film-forming properties, high barrier and
mechanical properties, as well as good transparency and bio-
degradability (Bahram et al. 2014; Ramos et al. 2013). Apart
from acting as selective barriers for moisture, gas, and solute
migration, these films may be operated as carriers of many
functional ingredients. Nowadays, great efforts are being
made to prepare active packaging from WPI for food-
packaging applications. Various additives such as antioxidants
and antimicrobial agents, flavors, spices, and colorants have
been added to WPI-based active films (Khwaldia et al. 2004).

Thyme (Thymus vulgaris L.), a member of the Lamiaceae
family, is an aromatic and medicinal plant native to the west-
ern Mediterranean region of Europe (Lee et al. 2005). Thyme
acts as an expectorant and spasmolytic agent for the bronchia,
and it is part of herbal teas and infusions in folk medicine.
Also, in nonmedicinal uses, thyme serves as preservative for
foods and as an aromatic ingredient for seasoning various
dishes (Díaz-Maroto et al. 2005). Seven major bioactive com-
pounds of thyme essential oil are 1,8-cineole, linalool, α-ter-
pineol, geraniol, transthujan-4-ol and terpinen-4-ol, thymol,
and carvacrol. Caffeic, syringic, and genistic acids are the
main phenolic acids in thyme (Grigore et al. 2010). Recent
studies have shown that thyme extract and essential oil have
strong antimicrobial (Imelouane et al. 2009; Rota et al. 2008),
antifungal (Del Toro-Sánchez et al. 2010; Rasooli and
Abyaneh 2004), and antioxidant activities (Alizadeh 2013;
Roby et al. 2013).

Thyme extract (TE), as a natural preservative, can be used in
the preparation of food active packaging. The protection of the
active compounds against environmental factors (e.g., oxygen,
light, moisture, and pH) is a major challenge of bioactive com-
pound applications. Negative effects on the transparency and
optical characteristics of films, poor miscibility and phase sep-
aration during the film-forming process, and the thermal or
chemical degradation of the bioactive compounds during film
production and food storage are the most common shortcom-
ings of the direct addition of bioactive compounds into biode-
gradable active films (Haghju et al. 2016). The second problem
of active packaging is controlling the migration of additives
from the package to the food. Due to their low molecular
weight and thus high diffusion coefficients, the release rates
of most active compounds from films are potentially rapid,
leading to the loss of prolonged activity of the active packaging

during the shelf life of food products (Donsi et al. 2011). The
encapsulation of TEmight represent an alternative to overcome
the problems related to the direct application of TE in food and/
or active packaging. Liposomes are vesicles consisting of one
or several bilayer membranes. In the food industry, liposomes
have been investigated in terms of delivering proteins, en-
zymes, vitamins, antimicrobials, antioxidants, and flavors
(Sherry et al. 2013). The choice of nanoliposomes has been
preferred to liposomes, since they provide more surface area
and have the potential to increase solubility, enhance bioavail-
ability, improve controlled release, and enable precision
targeting of the encapsulated material to a greater extent
(Fathi et al. 2012; Gorjikhah et al. 2017; Mozafari 2010). The
incorporation of nanoencapsulated essential oils (EOs) and
herbal extracts in the form of nanoliposomes and
nanoemulsions in various biopolymer-based active films such
as alginate (Acevedo-Fani et al. 2015; Salvia-Trujillo et al.
2015), cornstarch and sodium caseinate (Jiménez et al. 2014),
fish gelatin (Wu et al. 2015), and chitosan (Almasi et al. 2016;
Haghju et al. 2016) has been described.

As the only research on the fabrication ofWPI-based nano-
active film by our other research group, Ghadetaj et al. (2018)
prepared WPI active films containing nanoemulsions of
Grammosciadium ptrocarpum Bioss. EO and reported that
the nanoencapsulation improved the stability of the EO,
resulting in the control of its release from the active film.
Apart from this research, no former study used WPI film as
the carrier of nanoencapsulated natural preservatives for the
preparation of nano-active packaging materials. The aim of
this work was to characterize morphological, barrier, mechan-
ical, thermal, antimicrobial, antioxidant, and release properties
of films cast from mixtures of WPI solution and various con-
centrations of TE-loaded nanoliposomes. Moreover, the influ-
ence of free and encapsulated TE was compared in order to
establish a possible enhancement of TE functionality due to
the encapsulation.

Materials and Methods

Materials

Whey protein isolate (WPI) (85% protein) was purchased
from Arla Food Ingredient (Denmark). Hydroalcoholic ex-
tract of thyme (Thymus vulgaris L.) (concentration of 75%)
was obtained from AdonisHerb Co. (Iran). To form
nanoliposomes, phospholipid (L-α-lecithin granular, 99%)
was obtained from Acros Organics (Geel, Belgium).
Water used in the preparation of liposomes was purified
and deionized using standard procedures. Glycerol, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and other solvents and
reagents (analytical grade) were purchased from Sigma-
Aldrich (Chemie, Steinheim, Germany).
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Preparation and Characterization of Nanoliposomes

Multi-lamellar vesicles (MLVs) were prepared according to
our previous work (Haghju et al. 2016) using 60 mg lec-
ithin and 10 mL thyme extract (TE) by thin-film hydration
and sonication method. Lecithin and TE were mixed and
their mixture was dissolved in dichloromethane/methanol
(1:1) in a 100-mL round-bottom flask. Then, the resulting
organic solvent was removed by a rotary evaporator for
6 h until a thin film was formed on the walls. After that,
the lipid film was hydrated in 10 mL of distilled water
and the mixture was stirred for 30 min at a temperature
above the gel–liquid transition temperature (Tc) of the
amphiphiles (~ 55 °C). In order to produce unilamellar
nanovesicles, the liposomal suspensions were sonicated
for 5 min at 20 kHz and 100 W through a probe-type
sonicator (Sonics & Materials Vibracell, England). Then,
the samples were cooled during the sonication using an
ice-water bath to prevent heating. Finally, the suspension
of nanoliposomes was stored in a refrigerator for further
characterization and utilization.

The mean diameter and particle size distribution of
the liposomes were determined using the dynamic light
scattering (DLS) technique employing a Zetasizer Nano-
ZS (Malvern Instruments, Worcestershire, UK) consider-
ing the method of Zhang (Zhang et al. 2012). Prior to
size measurement, the samples were diluted (1:100) with
distilled water. All measurements were carried out at
25 °C in three replicates. The electrophoretic mobility
or zeta potential of the nanoliposomes was measured in
the aqueous dispersion by means of a Malvern Zeta
Sizer Nano ZS (Malvern Instruments, Worcestershire,
UK) at 25 °C. It determines the surface charge at the
interface of the droplets dispersed in the aqueous solu-
tion. Dispersion was diluted to a particle concentration
of 0.01% using distilled water.

Preparation of WPI Active Films

WPI films were prepared according to the method of
Hassannia-Kolaee et al. (2016) with some modifications.
First, 8 g WPI was dissolved in 100 mL distilled water
and the solution’s pH was adjusted to 8 by using NaOH
0.1 N. Then, the solution was heated at 90 °C for 30 min
and stirred with a magnetic stirrer. After cooling to room
temperature, glycerol (40% w/w of WPI) was added as
plasticizer. Afterwards, the free and encapsulated TE at
three concentrations (5, 10, and 15% w/w of WPI) were
mixed into the WPI solution and stirred at 300 rpm for
1 h. A constant amount (40 mL) of the filmogenic solu-
tions was casted in a 10-cm-diameter Petri dish and dried
for 48 h at ambient conditions (25 °C). Dried films with
0.12 ± 0.02 mm thickness, measured with an Alton M820–

25 handheld micrometer (Beijing, China), were peeled and
stored in a desiccator at 25 °C until analysis. The prepared
films containing free extract and nanoliposomal encapsu-
lated extract were coded as TE and TE.NL samples, re-
spectively. Before the tests, all the samples were condi-
tioned in a desiccator at 25 °C and 50% RH, by using
magnesium nitrate-6-hydrate saturated solutions for 24 h.
All the samples were prepared in triplicate.

Characterization of Films

Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopic analyses of
films were performed by a spectrophotometer (Shimadzu
4100, Thermo Nicolet) with a resolution of 2 cm−1 and a
scanning range from 4000 to 400 cm−1. All the samples were
analyzed using a KBr-pellet method. Three droplets of cast
film solutions were dropped on a KBr pellet and dried gently,
and then the KBr pellet was pressed into a small pellet, about
1 mm thick.

X-Ray Diffraction Analysis

X-ray diffraction (XRD) measurements were performed on
the films, using a Bruker D8 Advance X-ray diffractometer
(Karlsruhe, Germany) operating at a CuKα wavelength of
0.154 nm. The samples were exposed to the X-ray beam with
the X-ray generator running at 40 kV and 40 mA. Scattered
radiation was detected at ambient temperature in the angular
region (2θ) of 2–40° at a rate of 1°/min and a step size of
0.02°.

Scanning Electron Microscopy

The morphologies of the surface and fracture surface of the
films resulting from the tensile tests were studied with a scan-
ning electron microscope (SEM) (Hitachi 4300S, Japan) at
room temperature. The accelerating voltage applied was
5.0 kV. A gold coating of a few nanometers in thickness was
coated on the fracture surfaces. For studying the cross section,
the samples were viewed perpendicular to the fracture surface.

Mechanical Properties

Ultimate tensile strength (UTS), elongation at break (EB), and
Young’s modulus (YM) of each film sample were measured at
room temperature with a Universal Testing Machine (Model
H100K-S, England) according to the standard test method
ASTM D-882-10 (ASTM 2010). Dumbbell-formed test spec-
imens with dimensions of 80 mm in length and 10 mm in
width were used. The gauge length and the crosshead speed
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were 50 mm and 50 mm/min, respectively. UTS, EB, and YM
were calculated by Eqs. (1), (2), and (3) respectively:

UTS ¼ Fmax

A
ð1Þ

EB ¼ Lmax

L0
� 100 ð2Þ

YM ¼ FL0
AΔL

ð3Þ

where Fmax is the maximum load (N), A is the cross-section
area (m2), Lmax is the extension at the moment of rupture (m),
L0 is the initial length of the specimen (m), F is force (N), and
ΔL is change in length. All measurements were performed in
three replicates.

Water Vapor Permeability

Water vapor permeability (WVP) was determined gravimetri-
cally according to ASTMmethod E96-05 (ASTM 2005). Glass
bottles, with a diameter of 20 mm and depth of 45 mm, were
used to perform the test. The bottles were filled with 3 g of
CaCl2 (for maintaining a relative humidity of 0% RH) and
covered with a film specimen. The bottles covered with the film
were placed in a container containing K2SO4 supersaturated
solution (97%RH) at 25 °C. They were then weighed ten times
at 3-h intervals. The water vapor transmission rate (WVTR)
was determined from the slope of the mass change of the bottle
versus time curve divided by the area of the glass bottle mouth
(m2). Then, the WVP of the film was calculated using Eq. (4):

WVP ¼ WVTR� L
ΔP

ð4Þ

where WVTR is measured as the water vapor transmission
rate (g/m2 s) through a film, L is the mean thickness of the
film (m), and ΔP is the partial water vapor pressure difference
(Pa) across the film. All measurements were performed in
three replicates.

Measurement of Released TE

Film specimens were cut into 2 × 2 cm2 and were immersed in a
glass vial containing 10mL of 95% ethanol (v/v), as the simulant
of fatty foodstuffs (Veraart 2010), under agitation (150 rpm) in a
shaker at 4, 25, and 40 °C. At pre-determined time periods, an
aliquot (2.0 mL) of the solution was removed, analyzed, and
then returned into the vial. This procedure was repeated at time
intervals during 168 h. The TE concentration in ethanol was
determined using a UV/VIS spectrophotometer (Unico, S
2100 SUV, Dayton, NJ, USA) at 383 nm. All measurements
per time and sample were performed in three replicates.

Antioxidant Activity of the Films

The antioxidant activities of the films were evaluated by the
DPPH radical scavenging assay according to the method of
Almasi (Almasi et al. 2014). First, approximately 100 mg of
film was placed in a flask containing 2 mL of methanol and
was stirred for 3 h at room temperature. The supernatant ob-
tained was analyzed for DPPH radical scavenging activity.
Then, 5 mL of supernatant was mixed with 0.2 mL of 1 mM
methanolic solutions of DPPH. After that, the mixture was
vortexed vigorously and left in the dark at room temperature
for 30 min. The absorbance was measured at 517 nm against
the corresponding blank solution (5 mL of methanol without
the presence of the film) using a UV spectrophotometer
(Unico, S 2100 SUV, Dayton, NJ). The percentage of DPPH
radical scavenging activity was calculated using the following
equation:

%DPPH radical scavenging activity

¼ Abscontrol−Abssample
� �

Abscontrol
� 100 ð5Þ

where Abscontrol and Abssample are the absorbance value at
517 nm of blank sample and DPPH assay solution, respective-
ly. The measurements were performed in three replicates.

Antibacterial Activity

The antibacterial activities of the film samples were evaluated
by the agar disk diffusion method with determination of inhi-
bition zones (Almasi et al. 2016, Shahmohammadi Jebel and
Almasi 2016). Two foodborne pathogenic bacteria, a Gram-
positive bacterium (Staphylococcus aureusATCC-19111) and
a Gram-negative bacterium (Escherichia coli O157:H7
ATCC-11775), were used as testing organisms. First, the
Gram-positive and Gram-negative bacteria were incubated
separately in brain heart infusion (BHI) broth (Sigma-
Aldrich Co., Ltd.) at 37 °C and in tryptic soy broth (TSB)
(Sigma-Aldrich Co., Ltd.) at 30 °C, respectively, under aero-
bic conditions for 16 h. Then, old cultured broths (0.1 mL)
from each bacterial strain were aseptically transferred to
Eppendorf tubes containing 0.9 mL sterile water and were
serially diluted twofold. After that, 1 mL of cells containing
~ 108 CFU mL−1 from the diluted broths was uniformly
spread on TSB and BHI agar plates. Then, the film samples
prepared in the form of a round disk of 5 mm diameter were
placed carefully on the surface of an agar medium and subse-
quently incubated at 37 °C for 24 h. Finally, the zone of inhi-
bition was estimated by measuring the diameter of the bacte-
rial growth inhibition zone around the disk. All measurements
were performed in three replicates.
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Statistical Analysis

Statistical studies on a completely randomized design were
performed with the analysis of variance (ANOVA) procedure
in SPSS (Version 21, SPSS Inc., Chicago, IL) software.
Duncan’s multiple range test (p ≤ 0.05) was used to detect
differences among mean values of film properties. All data
were expressed as means ± standard deviation (SD).

Results and Discussion

Characterization of Nanoliposomes

Before determining the effect of nanoliposomes on WPI film
properties, it was necessary to ensure the success of
nanoliposome production and the evaluation of produced
nanocarriers’ diameter. According to the results of DLS, the
produced nanoparticles have diameters in the range of 100 to
500 nm and the mean diameter of nanoliposomes was 355 nm.
Therefore, the term Bnano^ liposome might be applied for
them. This is because of the fact that in the production of
nanocarrier systems, particles with dimensions less than
500 nm are considered as the carriers with nano dimensions
(Sherry et al. 2013). Size measurements also revealed that the
particle size distribution is monodisperse, proving the high
efficiency of the method used in the production of the
nanoliposomes.

The zeta potential values of free and TE-loaded
nanoliposome-containing solutions were − 52.84 and −
52.46 mV, respectively. The liposome vesicles had charged
surfaces with negative potentials in the absence or presence
of encapsulated extract. The similarity of zeta potentials for
free and TE-incorporated liposomes suggested that polyphe-
nols were located inside the liposome structure rather than
coating the surfaces (Haghju et al. 2016). If the absolute value
of the zeta potential is between 30 and 60 mV, the
nanoliposome system is stable (Wu et al. 2015). The absolute
value of the zeta potential of nanoliposomes in this study was
greater than 30 mV, showing that TE-containing
nanoliposomes were stable enough to be incorporated with
film-forming solution.

Characterization of the Films

FTIR Analysis

Figure 1 shows the results of the FTIR test on the active films.
The pure WPI film showed several specific absorption peaks
including the following: (1) The peaks ranging from 500 to
750 cm−1 were related to absorption bonds of glycerol; (2) the
peaks ranging from 900 to 1150 cm−1 were related to N–H
bonds and C–N stretching bonds (amide type III); (3) the

peaks ranging from 1400 to 1550 cm−1 were related to bend-
ing groups of N–H (amide type II); (4) the peaks ranging from
1600 to 1700 cm−1 were related to vibratory stretching bonds
of groups C=O and C–N (amide type I); (5) the peaks ranging
from 2850 to 2980 cm−1 were related to the C–H stretching
bond; and (6) the peaks ranging from 3000 to 3600 cm−1 were
related to free O–H and N–H groups on protein strands
(Ramos et al. 2013).

By adding free TE, some changes occurred in the spectro-
gram of the WPI film, the most important of which was the
increase of the peaks’ intensity in the range of 2900 cm−1

related to the C–H bond as well as the emergence of a new
peak in 3080 cm−1 related to –CH2 groups belonging to the
phenolic compounds present in the TE. Besides, the intensity
of the peak increased in 1634 cm−1 by adding the extract,
attributable to the stretching vibration of the C=C bond in
the allyl groups present in phenolic compounds. The intensity
of these peaks increased with an increase in the concentration
of the extract from 5 to 15%. Moreover, the fourth specified
change due to the effect of TE addition was the decrease of the

Fig. 1 The FTIR patterns of pure and TE- or TE.NL-loaded active WPI
films
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peak intensity in the range of 3400 cm−1, related to free O–H
and N–H protein groups. The reduction in the intensity of
these bonds and the emergence of new peaks indicated that
the extract compounds were able to get linked with the relative
protein strands and to stay with the chemical connections
within the protein network.

The incorporation of nanoliposomes, however, changed the
type of bonds.When the nanoliposomes were added to theWPI
film, the intensity of the peak in the range of 2900 cm−1 fell
again and the newly created peak in 3080 cm−1 disappeared.
This shows that the creation of new connections and a change
in the chemical structure of the extract happened by the pres-
ence of lecithin. In addition, the two peaks related to the new
absorption bonds were observed in 1978 and 2504 cm−1 on the
nanoliposome-loaded film. Lecithin in these wavenumbers
showed an absorption bond (Jiménez et al. 2014). The intensity
of these changes went up by an increase in the amount of
nanoliposomes in the film. Another remarkable point in the
films containing nanoliposomes was an increase in the intensity
of the peak in the range of 3400 cm−1 compared to the films
containing free extract. However, the intensity of the peak in
the range of 1550–900 cm−1 reduced considerably, suggesting
that the nature and the type of nanoliposome bonds with WPI
are quite different from those of free extract bonds with these
protein chains. However, the nanoliposomes containing TE, in
any case, were able to stay in the network of the WPI film, not
only by physical entrapment but also by the establishment of
chemical bonds. Bahram et al. (2014) reported similar results
about the effect of adding cinnamon essential oil on the struc-
tural properties of the WPI film.

XRD Analysis

XRD test is used to study the crystalline structure of biopoly-
mer films. Figure 2 shows the X-ray diffractograms of pure
WPI films and the films containing the highest concentration
of free TE and nanoliposomes containing TE. Diffractograms
of other samples have not been presented due to the similar
effects of different concentrations on the structural properties
of the films. As can be seen, pure WPI films show four spe-
cific peaks at 2θ of 10°, 20°, 28°, and the range of 35 to 40°,
indicating that WPI has a relatively good crystalline degree;
therefore, it can be counted as a semi-crystalline biopolymer.
This type of behavior in the XRD test of WPI was similar to
that reported by Li et al. (2011).

As specified in Fig. 2, the intensity of all peaks consider-
ably decreased by the addition of the free TE and even some of
the peaks, including the peak available in 2θ = 10°, disap-
peared entirely. This result shows the adverse effect of the
extract on the crystalline nature of the WPI film. In fact, the
compounds with low molecular weights available in the TE
act as a plasticizer in the structure of the WPI film, preventing
more compact and powerful connections between protein

chains (Kavas et al. 2015; Tokur et al. 2016). Therefore, the
structural density in the film network and consequently the
crystalline degree reduced. Nevertheless, the crystalline nature
of the film was completely preserved when the nanoliposome
was added to the film structure, meaning that unlike the extract
components, the double amphiphilic molecules of lecithin in
nanoliposomes were able to create more and better connec-
tions with the hydrophilic protein matrix. Therefore, not only
do nanocarriers not have negative interference in the structural
density of the film but also they act as effective compounds in
increasing the density andmaintaining the crystalline nature in
the film. These results show that high compatibility between
biopolymer and the added active compound plays an impor-
tant role in the creation of the crystalline structure of the film.
As specified in Fig. 2, in the presence of 15% nanoliposome,
in addition to the peaks related toWPI, a new specified peak at
2θ = 16° was created, probably related to the crystallization of
lecithin molecules during the formation of the film.

Morphology Observation by SEM

The morphology of WPI films was evaluated by using the
SEM test. Figure 3 presents the cross-sectional images of the
films after rupture in the tensile test. As it is obvious, the pure
WPI film had a completely dense and compact cross section
with low porosity. Furthermore, some cracks in the internal
structure of the films were created; in addition, the amount of
cavities and pores increased when free TE at the level of 15%
was added. This would indicate a negative effect of the extract
on the integrity of the films and the reduction of its structural
density noted in the XRD test results. With the addition of

Fig. 2 XRD diffractograms of pure and TE- or TE.NL-loaded activeWPI
films
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nanoliposomes containing the TE, the amount of cracks as
well as the amount of empty cavities in the inner surface of
the film reduced, while both the density and integrity of the
biopolymer matrix increased. In Fig. 3, it is clear that with the
addition of nanoliposomes, the roughness of the internal struc-
ture of the films and its ripples increased, probably due to the
presence of lecithin molecules in these films.

Figure 4 shows the SEM images from the surface of the
films. Pure WPI film had a completely smooth, dense, and
uniform surface. The roughness of the surface increased with
the addition of the free TE. As it is clear, the sites of the extract
appeared with a darker color compared to other parts of the
film. TE was spread evenly on the bed of the WPI matrix,
indicating relatively good adaptation of this hydroalcoholic
extract and WPI protein film (which has active hydrophobic
and hydrophilic groups). By comparing the images in Fig. 4, it
will be undeniable that the surface roughness of a film like its

cross section increased by adding the nanoliposome. This in-
crease in roughness can be attributed to the presence of leci-
thin in the structure of the film. According to the figure, it is
clear that the sites creating roughness are spread evenly, most-
ly accumulating around the locations containing the extract,
confirming the role of lecithin in surrounding the phenolic
compounds of the extract. According to the dimensions of
nanoliposomes specified in Fig. 4, these images may be used
to determine the mean diameter of nanoliposomes which will
have similar results with those of the DLS test. The mean
diameter of the nanoliposomes in SEM images was calculated
as 400 nm. Generally, the results of the SEM test showed that
the TE was able to spread evenly on the bed of the WPI film
either in free or encapsulated forms. However, in a state of
nanoliposome, its negative effect on the structural integrity
and density of the film was less and did not cause any chaos
on the order of the internal matrix of the film (Wu et al. 2015).

Fig. 3 SEM images from the
cross section of pure and TE- or
TE.NL-loaded active WPI films
in two different magnifications
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Mechanical Properties

Table 1 shows the mechanical properties of the WPI active
film including ultimate tensile strength (UTS), Young’s mod-
ulus (YM), and elongation at break (EB). UTS and YM in
WPI films were 7.07 and 83.19 MPa, respectively, proving a
quite good mechanical strength of the WPI film. With the
addition of free TE, both UTS and YM significantly decreased
(p ≤ 0.05), and with an increase in the concentration of the
extract, the amounts further reduced. Moreover, EB, in 5%
concentration of extract, increased and fell again so that the
film containing 15% free extract had the lowest UTS
(2.09 MPa), the lowest YM (12.85 MPa), and the lowest EB
(10.11%). The negative effect of TE on the structure of the
WPI film was also proven by the results of SEM and XRD.
The molecules of the extract caused a reduction in the me-
chanical resistance of the film by positioning in the space
between the chains and reducing intermolecular connections

in the protein matrix. Besides, flexibility due to the reduction
of the molecular density was reduced in the high concentra-
tions of the extract (Kavas et al. 2015). Thus, it could be

Fig. 4 SEM images from the
surface of pure and TE- or
TE.NL-loaded active WPI films
in two different magnifications

Table 1 Mechanical properties of pure and TE or TE.NL loaded active
WPI films

Film sample UTS (MPa) YM (MPa) EB (%)

Control 7.07 ± 0.31c 83.19 ± 1.31e 14.54 ± 1.21b

TE.5 6.78 ± 0.54c 53.43 ± 1.65c 18.64 ± 0.67c

TE.10 4.51 ± 0.54b 43.49 ± 2.43b 14.21 ± 1.32b

TE.15 2.09 ± 0.00a 12.85 ± 1.12a 10.11 ± 2.34a

TE.NL.5 14.56 ± 0.21e 111.23 ± 2.21g 21.43 ± 0.45e

TE.NL.10 16.21 ± 0.11f 93.44 ± 0.56f 18.33 ± 1.65c

TE.NL.15 8.67 ± 0.57d 76.21 ± 3.00d 19.65 ± 2.87d

Values with the same superscript letter in the same column indicate that
they are statistically not different (p > 0.05)

Food Bioprocess Technol (2018) 11:1552–1565 1559



concluded that TE acts like plasticizer and causes a reduction
in the mechanical strength of WPI films. In the case of the
effect of cinnamon essential oil (Bahram et al. 2014) and
natamycin (Ramos et al. 2012), similar results have been re-
ported on the properties of the WPI film.

However, as specified in Table 1, adding nanoliposome had
a significant effect on the mechanical properties of the WPI
film and UTS was increased significantly with the addition of
5% encapsulated TE. Furthermore, YM and EB increased 1.5
times more than pureWPI film. However, all threemechanical
properties of the film reduced over again at higher concentra-
tions. These results suggest that nanoliposomes at low con-
centrations are able to increase the amount of inter-chain con-
nections by connecting lecithin to active groups of protein
chains, leading to an increase in the mechanical strength and
flexibility of film. At higher concentrations, with the
saturation of the maximum number of possible chemical
bonds, extra nanoliposomes like free TE acted as a
plasticizer. In addition, being located between the chains and
by the reduction of the molecular integrity, they reduced the
tensile strength of the film again. Haghju et al. (2016) obtained
similar results about the effect of nanoliposomes, carrying the
nettle extract, on the mechanical properties of chitosan film.
The effect of the other nanocarriers on mechanical properties
of biopolymer films was also similar (Imran et al. 2012; Ma et
al. 2016; Wu et al. 2015).

Water Vapor Permeability

For active packaging of food, water vapor permeability and
preventing moisture from penetrating the food are considerably
important. As shown in Fig. 5, the WVP of the control sample
was 3.6 × 10−10 g/m h Pa.With the addition of the free TE,WVP
increased significantly, and with the increase of the extract’s con-
centration, this increment was higher, the reason for which was
the negative effect of the extract on inter-molecular connections.
Therefore, increasing the free spaces between protein chains

caused the free movement of water vapor molecules in the space
between protein networks. The results showed that the active film
containing 15% free extract had the maximum amount of WVP
(5.9 × 10−10 g/m h Pa). However, the amount of WVP reduced
by adding nanoliposomes. With an increase in the concentration
of nanoliposomes in the film, WVP became less and the TE.NL.
15 sample showed the minimum WVP (3.3 × 10−10 g/m h Pa).
The structure of lecithin in the form of nanoliposome in TE.NL
films caused more inter-chain interactions, less empty space and
paths, and thus less WVP. These changes occurred because of
better reaction of outermembrane polar groups of liposomeswith
whey protein chains. On the other hand, the presence of
nanoliposomes in the structure of the film made the water mol-
ecules use a tortuous path in order to pass through the cross
section of the film. This torsion reduced the rate of migration
of water vapor molecules. The WVP reduction, by adding
nanoliposomes containing the extract, had similarities with the
results reported recently about the biopolymer-based edible films
containing nanocarriers (Acevedo-Fani et al. 2015; Haghju et al.
2016; Imran et al. 2012; Ma et al. 2016; Wu et al. 2015).

Release Properties

To determine the effect of nanoencapsulation of TE on its re-
lease from the WPI matrix, the prepared films were kept in
contact with ethanol 95% (as simulant of fatty foods). The
kinetics of migration of TE from active film containing free
and encapsulated extracts is shown in Fig. 6. The amount of
the released extract from the films containing nanoliposome
was less than that of the active films containing free extracts
at all studied temperatures. On the other hand, the kinetics of
TE release increased with an increase in the amount of extract
at both films. TE release from nanoliposome-loaded film con-
taining 15% extract occurred in the minimum speed and
reached its highest amount at 40 °C after 168 h which was less
than the released amount of other films, whereas the film con-
taining 15% free extract showed the maximum release after

Fig. 5 Water vapor permeability
of pure and TE- or TE.NL-loaded
active WPI films. Columns with
the same letter are not signifi-
cantly different (p > 0.05)
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72 h at the same temperature. Thus, the nanoencapsulation of
TE can be the main reason of release reduction to simulant in
the films containing nanoliposome (Almasi et al. 2016;
Jamshidian et al. 2012; Wu et al. 2015).

Similar results have been reported by Wu et al. (2015) who
studied the diffusion of cinnamon essential oil in nanoliposome-
loaded gelatin films. Ghadetaj et al. (2018) also reported a

similar effect of nanoemulsion formation on the release kinetics
of Grammosciadium ptrocarpum Bioss. EO from WPI films.
Important factors in the release rate of the solid polymer phase
to simulant liquid phase are the entrapment intensity inside the
polymer matrix, the molecular weight of the active substance,
and the amount of molecular bond with the polymer matrix. It
can be concluded that the nanoliposomes added to the active

Fig. 6 Release rate of TE from
WPI active films containing free
TE and nanoliposomes carrying
TE to simulant ethanol 95% in
three different temperatures
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films show less release rate due to properties such as high crys-
tallization (approved by XRD results), high molecular weight,
more structural density (approved by SEM images), and stron-
ger connections with biopolymer chains (approved by the FTIR
test). Nanoliposomes added to nano-active films in comparison
with the active films containing free extract causes the creation
of a film with a higher molecular weight of the migrant sub-
stance. A higher release rate of the extract in active films con-
taining free TE is due to the low molecular weight and higher
movement of TE compared to nanoliposome-loaded films, pro-
viding an easy pass from films to simulant.

Antioxidant Activity

The antioxidant activity of films was measured using the
method of determination of inhibitory strength of the free
radical DPPH, the results of which are shown in Table 2.
The WPI control film showed low antioxidant activity
(3.84%), probably because free radical reaction with the free
amine group (NH2) remained to form macromolecule stable
radicals. On the other hand, amine groups can create ammo-
nium groups (NHþ

3 ) by the absorption of hydrogen ions from
solution (Yen et al. 2008). The results showed that the antiox-
idant activity of the films increased significantly (p ≤ 0.05) by
adding TE. With an increase in the amount of extract, the
activity further increased. The film containing 15% free ex-
tract showed the utmost inhibitory activities on DPPH
(36.94%). The reason for the antioxidant activity of thyme is
the persistence of phenolic compounds in its structure, i.e.,
these compounds break the chain reactions of free radicals
(Güder and Korkmaz 2012). Hydroxyl groups of phenolic
compounds often act as hydrogen donors (Hamilton 1998).
As shown in Table 1, the antioxidant activity of the films
containing encapsulated TE is less than that of the films con-
taining the free extract with a similar concentration. This may
be due to a reaction between lecithin and amine groups or free
hydroxyl whey protein, causing a reduction in the release of
extract into the methanolic solution and finally a reduction of

inhibitory activity of TE against free radicals. The chemical
interactions between the whey protein macromolecules and
liposomes were approved by FTIR analysis. The bonds be-
tween antioxidants and WPI matrix might be formed by
means of hydrogen bonds, especially at the time of the film’s
formation. Hence, it can be concluded that a small amount of
antioxidants was extracted by methanol, while the majority of
these antioxidants were extracted when free TE was added to
the film. The low molecular weight of the free extract and low
chemical bonds between bioactive compounds and whey pro-
tein chains in the film containing free TE, in comparison with
the film containing nanoliposomes, are the reasons for the
higher extraction rate and higher antioxidant activity of the
films containing free TE (Almasi et al. 2016). Therefore, in
order to get a film with high antioxidant properties and better
inhibitory activity of free radicals, greater amounts of antiox-
idants should be added to the nanoliposome-loaded films.

The results of these tests are similar to those of previous
studies of Moradi et al. 2012 and Siripatrawan and Harte
2010, who studied the effect of green tea extract and grape
seed extract, respectively, on the chitosan film. Ghadetaj et al.
(2018) observed similar trends in antioxidant activity of WPI
films containing Grammosciadium ptrocarpum Bioss. EO
emulsion and nanoemulsion.

Antimicrobial Activity

The extract and essential oil of thyme usually indicate a good
antimicrobial property. Therefore, it was expected that active
films have significant antimicrobial activity as well. Table 2
suggests the inhibitory strength of active films against the
growth of Gram-negative bacteria (E. coli) and Gram-
positive bacteria (S. aureus). As can be seen, the WPI control
film has relatively lower antimicrobial property which is likely
due to sulfhydryl and amide groups in its side chains
(Fernández-Pan et al. 2012). By the addition of TE, the anti-
microbial activity of the film increased considerably. Besides,
with an increase in the concentration of the extract in both

Table 2 DPPH radical
scavenging activity and
antimicrobial properties of WPI
active films containing free
extract and nanoliposome
carrying TE

Film sample DPPH scavenging activity (%) Inhibition zone (mm2)

E. coli S. aureus

Control 3.83 ± 0.24a 11.84 ± 0.31a 10.67 ± 0.77a

TE.5 31.38 ± 0.21d 58.78 ± 2.56c 69.08 ± 0.54d

TE.10 35.02 ± 0.20e 76.29 ± 0.43e 96.61 ± 0.54f

TE.15 36.94 ± 0.09f 112.25 ± 1.56f 167.19 ± 0.70g

TE.NL.5 18.19 ± 0.25b 14.43 ± 3.21a 21.56 ± 0.29b

TE.NL.10 24.46 ± 0.47c 43.48 ± 0.51b 50.50 ± 0.61c

TE.NL.15 34.40 ± 0.34e 66.81 ± 3.50d 78.69 ± 0.58e

Values with the same superscript letter in the same column indicate that they are statistically not different (p > 0.05)

1562 Food Bioprocess Technol (2018) 11:1552–1565



types of films containing free and encapsulated extracts, the
antimicrobial activity increased.

The phenolic compounds in the thyme extract—particular-
ly thymol and carvacrol—have significant antimicrobial ac-
tivity (Imelouane et al. 2009; Fernández-Pan et al. 2012). For
this reason, the film containing TE can inhibit the growth of
test case microorganisms. As specified in Table 2, in a specific
concentration, the antimicrobial activity of the extract encap-
sulated in the nanoliposome is significantly less than when the
free extract is used. It occurs due to the creation of the chem-
ical bonds and an increase in the extract’s molecular weight,
reducing the speed of the migration of extract from the film to
the surface of the culture; therefore, the antimicrobial activity
of the film is reduced. In addition, the connection between the
active compounds of the extract and lecithin molecules may
reduce their antimicrobial activity.

The other remarkable point in Table 2 is that the antimicro-
bial activity of the TE on S. aureus in all concentrations is
considerably higher compared to that on E.coli. It is because
of the structural differences in the bacterial membrane. The
cell wall of Gram-negative bacteria such as E. coli is more
complex than that of Gram-positive bacteria such as S. aureus.
It has a lipopolysaccharide layer in addition to the peptidogly-
can layer, increasing the impermeability and resistance of
Gram-negative bacteria against the penetration of active oxy-
gen species and the destruction of the wall (Noori et al. 2018).

Conclusions

Thyme extract (TE)-incorporatedWPI films were prepared by
adding free and nanoliposomal forms of extract and were
characterized and compared with pure WPI films. FTIR re-
sults indicated that some interactions occurred between WPI
chains and nanoliposomes. Both barriers and mechanical
properties of the films were significantly affected by the addi-
tion of different concentrations of free TE and nanoliposomes.
The strong antimicrobial activity of the films containing TE-
loaded nanoliposomes was observed against S. aureus in com-
parison to E. coli. However, the antimicrobial activity was
diminished in nano-active films in comparison to free TE-
loaded samples. A similar trend was observed for the antiox-
idant activity of films. Our results also indicated that the in-
corporation of TE toWPI film led to a sustained-release effect,
which had potential for using the developed film as a release-
controlled active film. The results indicated that the addition
of TE in the nanoliposomal form to WPI film is able to slow
down the release rate of the extract. More research will be
needed to determine the efficacy of TE-loaded WPI-based
active films in food packaging applications in order to explore
their potential antimicrobial and antioxidant activities. The
application of TE-loaded nano-active films as a novel food
protection system has shown promising effect in the

packaging of a variety of food products. This research indicat-
ed that the antimicrobial effect of TE-loadedWPI film is more
than its antioxidant activity. Therefore, it would be suitable for
those foods such as meat, products, cheese, nuts, fruits, and
vegetables, suffering from microbial deterioration as their
main problems. However, its antioxidant activity could be
examined on the protection of edible oils, butter and other
fatty foods. Further studies are required to investigate the ef-
fects of fabricated active films on the shelf-life extension of
real food systems.
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