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a b s t r a c t

The composite fibrous films were developed from zein and poly(lactic acid) (PLA) by incorporating
carvacrol at three different concentrations (5, 10 and 20%) using electrospinning. The morphology and
size of fibers obtained from both zein and PLA were affected by the level of the incorporated carvacrol.
The Fourier transform infrared (FTIR) spectroscopy and thermogravimetric analysis (TGA) results showed
that carvacrol was encapsulated in electrospun zein and PLA fibers. The antioxidant activity of carvacrol
loaded zein fibers ranged from 62 to 75%, while antioxidant capacity of PLA fibers varied from 53 to 65%
for 5e20% carvacrol content. The composite fibrous films showed a sustained diffusion controlled release
behavior. Preliminary studies on whole wheat bread samples showed that carvacrol loaded electrospun
zein and PLA fibers are able to preserve bread samples, indicating that they are good candidates for active
food packaging applications to extend the shelf life of whole wheat bread.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electrospinning is an efficient and cost-effective technique for
the production of fibers from both natural and synthetic polymers.
This technique involves the stretching of a polymer solution in a
high electric field to produce fibers with a diameter ranging from
tens of nanometer to submicron. Electrospun fibers exhibit a large
surface area to mass ratio and their surface can be functionalized.
These properties have led to diverse applications of electrospun
nanofibers in tissue engineering, drug delivery systems, biosensors
and many others (Uyar & Kny, 2017). Most recently, there has been
an increasing interest for the potential of electrospinning in the
field of food science as an alternative method for encapsulation of
bioactive compounds (Drosou, Krokida, & Biliaderis, 2017). In food
processing and packaging, electrospun fibers have been proposed
for stabilizing or controlling the release of the active compounds
(Kayaci & Uyar, 2012; Li, Lim, & Kakuda, 2009; Vega-Lugo & Lim,
2009). However, the limited number of studies are present for the
application of electrospinning in active packaging (Aytac, Keskin,
Tekinay, & Uyar, 2017; Wen et al., 2016).
ltan@yahoo.com (A. Altan),
Active packaging is defined as a type of packaging that changes
the condition of the packaging to prolong the shelf life or enhance
safety or sensory properties while maintaining the quality of the
food (Talens, Fabra, & Chiralt, 2011). The incorporation of antimi-
crobial substances in packaging materials is a promising way to
produce active packaging materials and to control undesirable
growth of microorganisms (Vermeiren, Devlieghere, van Beest, de
Kruijf, & Debevere, 1999). Natural antimicrobial agents such as
essential oils have attracted increasing interest due to natural
antifungal, insecticidal, antimicrobial and antioxidant properties.
Carvacrol is a major component of oregano and thyme oil (Wu, Luo,
& Wang, 2012). It contains phenolic compounds that possess the
antimicrobial properties against food-borne pathogens, fungi, yeast
andmolds (L�opez, S�ancez, Battle,& Nerín, 2007; Nostro et al., 2012;
Quintero, Rodriguez, Bruna, Guarda, & Galotto, 2013; Ramos et al.,
2013). Carvacrol has been recently incorporated in chitosan nano-
particles, cellulose acetate, polypropylene, polyethylene-co-
vinylacetate and sodium-calcium caseinate films (Arrieta, Peltzer,
Garrig�os, & Jim�enez, 2013; Keawchaoon & Yoksan, 2011; Nostro
et al., 2012; Quintero et al., 2013; Ramos, Jim�enez, Peltzer, &
Garrig�os, 2012). To the best of our knowledge, the loading of
carvacrol into electrospun fibers from zein and poly (lactic acid)
(PLA) has not been reported.

Zein is a water insoluble hydrophobic storage protein in corn
kernel and is renewable and biodegradable. Zein has natural water
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and grease resistant properties since it is hydrophobic due to
presence of the apolar amino acids such as proline, leucine and
glutamine in it (Shukla & Cheryan, 2001; Torres-Giner, Ocio, &
Lagaron, 2009; Wang & Chen, 2012). PLA is a biodegradable, com-
postable and biocompatible polymer and safe for the environment
and for the food packaging applications (Rhim, 2013). Therefore,
the objectives of this study were to incorporate carvacrol in elec-
trospun zein and PLA fibers and evaluate its impact on fiber char-
acteristics and to determine release behavior of carvacrol from
composite fibrous membrane. Preliminary studies were also con-
ducted on whole wheat bread as a model food to determine
effectiveness of obtained fibers for preserving fresh food.

2. Materials and methods

2.1. Materials

Zein from maize, carvacrol (CRV) (98%), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), chloroform (99e99.4%) and ethanol
(99.8%) were purchased from Sigma-Aldrich. PLA (4043D) was
kindly donated by NatureWorks LLC Co. N,N-Dimethyl formamide
(DMF) was supplied by Merck.

2.2. Preparation of polymer solutions

Zein solution (30% w/v) was prepared by dissolving zein powder
in aqueous ethanol (80% v/v) solution. PLA (10% w/v) was dissolved
in a chloroform/DMF (9:1, v/v) solvent system. Both solutions were
stirred at room temperature undermagnetic stirring until polymers
completely dissolved. Carvacrol (CRV) was added at levels of 5, 10
and 20% (w/w) with respect to polymer content. After mixing
carvacrol for 30min at room temperature, solutions were used for
electrospinning.

2.3. Rheological measurements

The rheological measurements were determined by Haake
Rheostress RS1 rheometer (Karslruhe, Germany) equipped with a
plate-plate accessory (diameter 35mm, gap 1mm) at a controlled
shear rate between 0 and 500 s�1 at 25 �C. The flow curves of zein
and PLA solutions obtained from shear stress versus shear rate data
were fitted to the power-law equation:

t ¼ K _gn (1)

where t is the shear stress (Pa), _g is the shear rate (s�1), K is the
consistency coefficient and n is the flow behavior index. The
apparent viscosity of PLA solutions was determined using the
power-law equation for viscosity (Eq. (2)) at a shear rate of 100 s�1.

h ¼ K _gn�1 (2)

where h is the apparent viscosity (Pa s). Experiments were per-
formed in triplicate. The rheological properties of solutions are
given in Table 1.

2.4. Electrospinning process

A 5mL syringe fitted with a metallic needle (0.7mm outer
diameter) was used for electrospinning of zein and PLA solutions.
The syringe was mounted on a syringe pump (KDS 101, KD Scien-
tific). Polymer solutions were electrospun using the horizontal set
up. The solution flow rate was kept constant at 1mL/h for both
polymer solutions. The applied voltage was adjusted to 15 kV by a
high voltage power supply (Spellman, SL Series). The distance
between the collector and needle tip was 20 cm. Fibers were
collected on a grounded metal collector covered by aluminum foil.
The electrospinning unit was placed in Plexiglas box and electro-
spinning experiments was carried out at 24 �C and 21% relative
humidity.

2.5. Characterization

The morphology of electrospun zein and PLA fibers was exam-
ined by a field emission scanning electron microscope (FESEM)
(Supra 55, Carl Zeiss, Germany) at an operating voltage of 5 kV. The
samples were mounted on metal stubs using a double-sided ad-
hesive tape and coated with 2 nm platinum prior to examination
(Q150R ES, Quorum Technologies, England). In order to determine
average fiber diameter, 100 fibers were analyzed using image
analysis software (Image J, NIH, Maryland, USA).

For Fourier transform infrared (FTIR) spectroscopy analyses, a
small amount of sample was mixed with potassium bromide (KBr,
FTIR grade) in amortar, and then a pellet was obtained using a press
by applying high pressure. The infrared spectra of the samples were
obtained by using FTIR spectroscopy (Bruker-VERTEX 70). The FTIR
spectra were recorded from 400 to 4000 cm�1, at a resolution of
4 cm�1, by taking 64 scans for each sample.

The thermal stability of the zein and PLA fibers was investigated
by thermogravimetric analysis (TGA; TA Q500, USA). The mea-
surements were performed under nitrogen atmosphere, and the
samples were heated up to 450 �C at a constant heating rate of
20 �C/min.

2.6. Release study

The cumulative amount of carvacrol released from zein and PLA
fibers were determined at 160 and 350min by headspace gas
chromatography-mass spectrometry (GC-MS) of Agilent Technol-
ogies 7890A gas chromatograph coupled to an Agilent Technologies
5975C inert MSD with a triple-axis detector. The used capillary
column was HP-5MS (Hewlett-Packard, Avondale, PA)
(30m� 0.25mm i.d., 0.25 mm film thickness). The headspace GC-
MS experiments were performed with a CTCPAL auto sampler.
Electrospun fiber of zein and PLA fiber (14mg) was placed in 20mL
headspace glass vials. The vials were agitated at 500 rpm at 30 �C of
incubation temperature. Helium was used as carrier gas was at a
flow rate of 1.2mL/min 500 mL of vapor was injected to the head-
space GC-MS by using a headspace injector (MSH 02-00B, volume:
2.5mL, scale: 60mm). The syringe temperature was 35 �C. Oven
temperature was held at 75 �C for 1min and increased to 250 �C at
the rate of 20 �C/min and held at this temperature for 5min.
Thermal desorption was conducted in the split mode (20:1).
Headspace GC-MS analyses were carried out in the complete
selected ion monitoring mode (SIM). Flavor 2 and NIST 0.5 libraries
were used to decide carvacrol peak. The release experiment was
performed in triplicate and the results were reported as
average± standard deviation.

2.7. Antioxidant activity

The antioxidant activity of carvacrol loaded zein and PLA fibers
was measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical.
For the DPPH assay, 5mg of the fiber sample was mixed with 3mL
of DPPH solution (10�4M) and allowed to stand in the dark for
30min at room temperature. At the end of the 30min, the absor-
bance of the solution was measured with UV-Vis NIR Spectroscopy
(Varian Cary 5000) at 517 nm. The antioxidant activity (AA) of
samples was calculated using the following equation:



Table 1
The consistency coefficient (K), flow behavior index (n) and apparent viscosity (h) of polymer solutions used for electrospinning and average fiber diameter of resulting
electrospun fibers.

Polymer Carvacrol content
(%, w/w)

K
(Pa sn)

n R2 h
(Pa s)

Average fiber diameter
(nm)

Zein 0 0.156± 0.003b 1.000± 0.005a 0.999 e 604± 120b

5 0.154± 0.005b 1.000± 0.006a 0.998 e 647± 113c

10 0.136± 0.012a 1.000± 0.001a 0.998 e 539± 103a

20 0.137± 0.002a 1.000± 0.002a 0.999 e 553± 123a

PLA 0 2.502± 0.094a 0.903± 0.001a 0.997 1.600± 0.067a 1899± 278a

5 2.368± 0.105a 0.933± 0.010b 0.998 1.738± 0.008a 1822± 500a

10 2.706± 0.020a 0.925± 0.011b 0.998 1.922± 0.114a 1914± 468a

20 4.047± 0.410b 0.920± 0.002b 0.999 2.208± 0.300b 2268± 395b
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AA ð%Þ ¼
�
Acontrol � Asample

�
Asample

� 100 (3)

where Acontrol and Asample are the absorbance values of the DPPH
solution without and with the presence of the sample solutions.
The measurements were carried out in triplicate.

2.8. Study of effectiveness of the fibers to preserve bread

Whole wheat bread without preservative was produced in the
Center of Food Researches and Applications at the Mersin Univer-
sity, Mersin (Turkey). Preliminary studies were carried out to test
the effectiveness of the zein and PLA fibers with carvacrol by
putting them in petri dishes with sliced bread and further
observing the occurrence of fungal growth on bread samples with
time. For this purpose, bread slices (around 10 g) were placed on
the base of glass petri dishes (inside dimensions: 10.5mm diam-
eter, 2.5mm height). Fibers (25e40mg) were cut and placed in the
petri dishes. There was no direct contact between fiber and bread
samples. Petri dishes were sealed with parafilm and incubated at
25 �C in an incubator during 7 days. Experiments were carried out
in duplicate. After 7 days, microbiological quality of bread samples
was evaluated by determining total aerobic and yeast and mold
counts. Bread samples were homogenized with 90mL of 0.1%
peptone water for 30min on a magnetic stirrer. Serial dilutions
(10�1-10�6) were performed using peptone water and 0.1mL of
dilutions was plated onto plate count agar for a total aerobic count
and potato dextrose agar for yeast and mold count. The plates were
incubated at 37 �C for 24 h and at 25 �C for 48e72 h for aerobic
count and yeast and mold count, respectively (Lopes, Soares, Lopes,
Silva, & Júnior, 2014). The results are expressed in colony forming
unit (CFU.g�1). The tests were performed in duplicated. The growth
inhibition rate (%) was calculated as follows:

Growth inhibition rate ð%Þ ¼
�
Ccontrol bread � Csample

�
Ccontrol bread

� 100

(4)

where Ccontrol bread and Csample are the numbers of colonies
(CFU.g�1) of the bread sample without fibers and with fibers stored
at 25 �C for 7 days.

2.9. Data analysis

Duncan’s multiple range test was performed to determine the
effect of carvacrol level on rheological parameters of polymer so-
lutions, fiber characteristics and antioxidant activity by using SPSS
11.0 (SPSS Inc., Chicago, IL, USA). The parameters of the model used
in the release study were calculated using the NLIN procedure of
the Sigma Plot software (Scientific Graph System, version 10.0, SPSS
Inc., Chicago, IL).

3. Results and discussion

3.1. Characterization of electrospun fibers

The effect of carvacrol content on the morphological structures
of electrospun zein fibers is shown in Fig. 1. FE-SEM images showed
that neat and carvacrol loaded zein fibers had ribbon-like
morphology (Fig. 1aed). The formation of ribbon-like morphology
is due to rapid vaporization of ethanol from the surface of the jet
and hence collapsing the resulted fibers. When the jet is collapsed,
the diametrically opposite parts of the fiber skin come into contact
and small tubes are formed at each edge of the ribbon
(Koombhongse, Liu, & Reneker, 2001; Neo, Ray, Easteal, Nikolaidis,
& Quek, 2012). The average diameter of pure zein fibers was
604 ± 120 nm, whereas those of zein fibers containing 5,10 and 20%
carvacrol were 647± 113, 539± 103 and 553± 123 nm, respec-
tively. At 5% carvacrol content, the average fiber diameter of zein
fibers slightly changed when compared to the pure zein fibers.
However, the average fiber diameter decreased significantly
(p< 0.05) when the carvacrol content was increased from 5 to 20%
(Table 1). The change in fiber diameter distribution by the addition
of carvacrol is also shown by histogram graph of FE-SEM images
(Fig. 1). As shown in histogram graphs, the incorporation of
carvacrol in the zein solutions resulted in narrower fiber diameter
with homogeneous size distributions. The reduction of fiber
diameter might be due to the increased charged density by the
incorporation of carvacrol above 5% level. Increasing charge density
would improve the stretching forces and self-repulsion of the jet
and thus it would decrease the fiber diameter (El-Naggar,
Abdelgawad, Salas, & Rojas, 2016). Another possible reason may
be the effect of carvacrol level on viscosity of zein solutions. In order
to evaluate the effect of carvacrol level on rheological properties of
zein solutions, the experimental shear stress data as a function of
shear ratewere fitted to the power-lawmodel (Eq. (1)). It was found
that the experimental data fitted well with a coefficient of deter-
mination (R2) greater than 0.99. The consistency coefficient (K) and
flow behavior index (n) values are given in Table 1. The flow
behavior index values (n¼ 1) indicated that zein solutions with and
without carvacrol showed Newtonian behavior. As carvacrol con-
tent increased from 5 to 20%, the consistency coefficient decreased
significantly (p< 0.05) and thus viscosity of solutions decreased.
The decrease in viscosity caused thinner fiber resulting from the
higher degree of jet stretching during electrospinning (Neo et al.,
2012). It is well known that solution parameters such as viscosity
and electrical conductivity directly affect the shape and size of
nanofibers (Torres-Giner, Gimenez, & Lagaron, 2008).

The FE-SEM images of PLA fibers with different carvacrol con-
tent and their corresponding histogram graphs are illustrated in
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Fig. 1. FE-SEM images and fiber diameter distributions with average fiber diameter of the electrospun fibers obtained from solution of zein with different carvacrol content (a) 0%;
(b) 5%; (c) 10%; (d) 20% (w/w).
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Fig. 2. The carvacrol free PLA fibers were smooth on surface and
uniform with an average diameter of 1899± 278 nm. The average
fiber diameter of fibers containing 5, 10 and 20% carvacrol was
found as 1822± 500, 1914± 468 and 2268 ± 395 nm, respectively.
The average fiber diameter increased significantly (p< 0.05) as the
carvacrol content was increased from 5 to 20% (Table 1). The in-
crease in the average fiber diameter can be due to the increase of
viscosity of PLA solutions with increasing carvacrol amount. The
apparent viscosity values of PLA solutions are shown in Table 1. The
apparent viscosity increased with the addition of carvacrol to the
PLA solution. However, the increase of apparent viscosity was only
significant (p< 0.05) for 20% carvacrol level. A higher viscosity
would cause less stretching of jet, thereby reducing jet path and
producing larger fibers (Phiriyawirut & Phaechamud, 2012). The
flow behavior index values of PLA solutions with and without
carvacrol were lower than 1, indicating a non-Newtonian shear
thinning behavior (Table 1). This shear thinning behavior may
improve polymer chain entanglement (Kriegel, Kit, McClements, &
Weiss, 2009), resulting in larger fiber diameter. In the study of Neo
et al. (2013a), the increase in electrospun fiber diameter was
attributed to the increased number of molecular entanglement in
the solution. Khalifa (2015, p. 46) explained that such chain
entanglement creates more resistance to the stretching of the
polymer jet by the effect of electrostatic repulsive force during
electrospinning.

The size of fibers varied unevenly by the incorporation of
carvacrol (Fig. 2bed). A fused morphology was observed for PLA
fibers at 20% carvacrol content. Similar result was found by Zhang,
Huang, Kusmartseva, Thomas, andMele (2017). In this study, two or
more PLA fibers had fused together and formed bundles at 10% (v/v)
of tea tree essential oil concentration in PLA solution. When the
concentration of essential oil reached 15%, highly interconnected
fibers were produced. This kind of changes observed in PLA fiber
morphology was attributed to the thermal properties of the com-
posite fibers. Fig. 3 shows FE-SEM images of carvacrol loaded zein
and PLA fibers at higher magnifications. Fibers electrospun from
zein solutions containing different amount of carvacrol had a
smooth surface morphology without any pores and pits (Fig. 3aed).
In the case of PLA fibers, the fiber structure changed from smooth to
textured topography as the carvacrol content increased from 5 to
20% (Fig. 3eeh). At 10% carvacrol content, PLA fibers showed an
increase in surface roughness with few pits when compared with
pure PLA fibers and PLA fibers containing 5% carvacrol. Incorpora-
tion of carvacrol in the PLA solutions at 20% resulted in deep pits
and wrinkles on the surfaces of PLA fibers (Fig. 3h). The volatile
nature of carvacrol might affect solvent evaporation rate and hence
caused pits on the surface of fiber. The reason of wrinkled surface
occurred can be attributed to the shrinkage of the polymer jet
resulting from the formation of interior pores (Liu, Huang, & Jin,
2015).

The infrared spectra of the carvacrol, electrospun pure zein fiber
and carvacrol loaded electrospun zein fibers is shown in Fig. 4a. The
spectrum of carvacrol showed the stretching absorption peak at
3370 cm�1 associated with eOH group (Keawchaoon & Yoksan,
2011). Peak at 2961 cm�1 could be attributed to C-H stretching
bonds. The bands between 1620 and 1420 cm�1 could be assigned
to C-C stretching of aromatic ring of carvacrol molecule. The C-O
stretching in C-OH peak was observed around at 1252 cm�1

(Arrieta et al., 2013). The C¼C stretching of aromatic ring was found
at 866 and 813 cm�1 (Arrieta et al., 2013; Keawchaoon & Yoksan,
2011). Characteristic protein bands for pure zein fiber were found
at 3413, 1655 and 1542 cm�1 indicated the presence of amide A (N-
H stretching), amide I (C-O stretching) and amide II (N-H bending
and C-N stretching), respectively (Arcan & Yemenicio�glu, 2013;
Wongsasulak, Tongsin, Intasanta, & Yoovidhya, 2010). FTIR
spectra of carvacrol loaded zein fibers showed that no new peaks
appeared by the addition of carvacrol into zein solution. Although
the FTIR spectra of carvacrol loaded electrospun zein fibers was
similar to that of zein fibers, the characteristic peak of N-H
stretching of pure zein fiber at 3413 cm�1 shifted to 3436, 3435 and
3437 cm�1 for 5, 10 and 20% carvacrol loaded zein fibers, respec-
tively. This peak shift observed in the N-H band could be attributed
to the interaction between phenolics of carvacrol and zein
(Fuenmayor& Cosio, 2016; Neo et al., 2013a). Fuenmayor and Cosio
(2016) observed the changes in the N-H and amide bands by the
incorporation of gallic acid in the zein fibers. Arcan and
Yemenicio�glu (2013) found a band shift in the amide A band with
the addition of catechin in the zein film. They suggested that a band
shift was due to the potential roles of H-bonds formed between
zein and catechin. The C-C and C-O stretching peaks of carvacrol
molecule at 1620-1420 and 1252 cm�1 overlapped with electro-
spun zein fiber peak at 1655, 1542 and 1252 cm�1, respectively.
Therefore, the characteristic peaks of carvacrol were not obvious in
the FTIR spectra of carvacrol loaded electrospun zein fibers.

Fig. 4b represents the FTIR spectra of pure electrospun PLA fibers
and carvacrol loaded PLA fibers. A broad peak around 3495 cm�1

could be assigned to the stretching of O-H group of pure PLA. The
PLA spectrum showed a peak at 1759 cm�1 related to the C¼O
stretching of carbonyl groups of PLA. The peaks at 1184 and 1088
were attributed to C-O-C bending vibrations (Cosme, Silva, Nunes,
& Picciani, 2016) while peak at 1047 cm�1 was due to C-CH3 vi-
brations (Armentano et al., 2015). The absorption bands at 1455 and
1384 cm�1 were observed. These peaks were attributed to the C-H
deformation from eCH2 (Cosme et al., 2016). The C-C stretching
vibrations were identified at 870 and 757 cm�1 (Oliveira, Mattoso,
Orts, & Medeiros, 2013). Dai and Lim (2015) found absorption
bands at 862 and 755 cm�1, which related to the amorphous and
crystalline structure of PLA. The peak position at 3495 cm�1 shifted
to around 3500 cm�1 in PLA fibers as carvacrol content increased
from 0 to 20%. The peak of carvacrol at 1620 cm�1 appeared in
carvacrol loaded PLA fiber at 1637 cm�1. The intensity of this peak
increased when carvacrol content increased from 5 to 20% in PLA
fibers. Similarly, the intensity of peaks at 1455, 1384, 870 and
757 cm�1 increased in carvacrol loaded PLA fibers. Bands of
carvacrol molecule at 1459, 1383, 866 and 813 cm�1 were observed
in spectrum of carvacrol loaded PLA fibers at 1455, 1384, 870 and
757 cm�1, respectively. The peak shifts suggested that the incor-
poration of carvacrol in the electrospun PLA fibers. In addition, the
intensity of these peaks increased as carvacrol content increased,
which shows presence of carvacrol in PLA fibers.

TGA was used to study the effect of carvacrol incorporation on
thermal stabilities of the electrospun zein and PLA fibers. Fig. 5a
shows TGA thermograms of carvacrol, electrospun pure zein and
carvacrol loaded electrospun zein fibers. The TGA curve of pure zein
fiber exhibited two stages of weight loss as a function of temper-
ature. The first stage occurred in the range of 130e220 �C with a
weight loss of around 3.4%, whereas the second stage was observed
between 240 and 400 �C. Both of these weight losses were attrib-
uted to the main degradation of zein, which is observed relatively
slow at the beginning as reported in the study of Neo et al. (2013a).
As shown in Fig. 5a, pure carvacrol evaporated completely at
around 170 �C. Zein fibers showed one more stage of weight loss
between 75 and 150 �C after incorporation of carvacrol. The weight
loss of carvacrol was calculated as ~3.3, 6.1, and 9.2% for 5, 10 and
20% carvacrol, indicating that indirect confirmation of presence of
carvacrol in the zein fibers.

The peak temperatures at the highest rate of weight loss were
found as 329, 330 and 326 �C for carvacrol loaded zein fibers at 5, 10
and 20% carvacrol level. These results showed that incorporation of
carvacrol in the zein did not affect significantly thermal
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Fig. 2. FE-SEM images and fiber diameter distributions with average fiber diameter of the electrospun fibers obtained from solution of PLA with different carvacrol content (a) 0%;
(b) 5%; (c) 10%; (d) 20% (w/w).
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Fig. 3. High magnification FE-SEM images of electrospun fibers from zein (aed) and
PLA (eeh) with different carvacrol content (aee) 0%; (bef) 5%; (ceg) 10%; (deh) 20%
(w/w).

4000 3500 3000 2500 2000 1500 1000 500

A
bs

or
ba

nc
e

(a
.u

)

Wavenumber (cm-1)

CRV

zein fiber

5%CRV-zein fiber

10%CRV-zein fiber

20%CRV-zein fiber

3370 2961
1620

1420 1252 866 813

3413
1655 1542

3436

3435

3437
a

4000 3500 3000 2500 2000 1500 1000 500

1383
1459

A
bs

or
ba

nc
e

(a
.u

)

Wavenumber (cm-1)

CRV

PLA fiber

5%CRV-PLA fiber

10%CRV-PLA fiber

20%CRV-PLA fiber

3370
2961

1620

1420
1252866 813

3495 1759

1184 1088
1455

1384 870 757

3504
b

Fig. 4. FTIR spectra of carvacrol, electrospun fibers from (a) zein and (b) PLA with
different carvacrol content.

A. Altan et al. / Food Hydrocolloids 81 (2018) 48e5954
degradation profile of zein fibers. The addition of carvacrol might
act as natural plasticizer and interrupt interactions between zein
molecules. Therefore, the significant improvement of thermal sta-
bility was not observed for the carvacrol loaded zein fibers. Arrieta
et al. (2013) observed that the incorporation of carvacrol did not
influence significantly thermal stability of calcium caseinate films
but the carvacrol added sodium caseinate films had lower thermal
stability. The reduction in thermal stability was explained by the
decrease in the number of protein-protein bonds due to the pres-
ence of carvacrol in the formulation.

The TGA curves of neat PLA and carvacrol loaded PLA fibers are
given in Fig. 5b. The neat PLA fibers showed two stages of weight
loss. The initial weight loss (2.3%) occurred below 80 �C was
attributed to the remaining solvent in the PLA fibers. The main
weight loss appeared between 220 �C and 355 �C with degradation
peak at around 346 �C, which is consistent with the study of
Gonçalves, da Silva, Picciani, and Dias (2015) who attributed this
degradation to chain scission. The TGA curves for PLA fibers with
carvacrol also showed twoweight loss stages. Unlike neat PLA fiber,
the weight loss below 80 �C was not observed for carvacrol loaded
PLA fibers. This result indicated that there was no remaining sol-
vent in the carvacrol loaded fiber samples. The first stage of weight
loss was found to be about 4.4, 6.8 and 11.5% for PLA fibers at 5, 10
and 20% carvacrol level, respectively. This weight loss was due to
the evaporation of carvacrol incorporated in the blends. The major
weight loss occurred in the range of 267e392 �C, 273e387 �C and
267e391 �C for 5, 10 and 20% carvacrol level. This weight loss in-
dicates thermal decomposition of PLA. The degradation peak tem-
perature of PLA fibers shifted from 346 �C to 377, 376 and 377 �C for
PLA fibers at 5, 10 and 20% carvacrol when compared to neat PLA
fiber. The present results showed that the decomposition temper-
ature of carvacrol loaded PLA fibers is higher than that of neat PLA
fibers. Therefore, the addition of carvacrol increased the thermal
stability of neat PLA fibers. This increase could be attributed to the
interaction between the PLA chains and carvacrol molecules by
hydrogen bonding (Alvarado et al., 2018).
3.2. Release study

To evaluate release of carvacrol from zein and PLA fibers, the
carvacrol peak area obtained from headspace GC-MSwasmeasured
at each time interval during releasing of carvacrol until equilibrium
reached. Fig. 6aeb shows cumulative release of carvacrol from zein
and PLA fibers in terms of peak area as a function of time. The
curves indicated that there was an increase in the release of
carvacrol when the carvacrol level increased in the fiber samples.
An initial burst release followed by sustained release of carvacrol
was observed for zein fibers at 5, 10 and 20% carvacrol level. In the
case of PLA fibers, the low sustained release of carvacrol occurred at
5 and 10% carvacrol level. However, the release profile of PLA fibers
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at 20% carvacrol showed the initial burst effect followed by sus-
tained release. The difference in release profile of PLA fibers was
probably due to the morphology and size of fibers obtained at
different carvacrol contents (Fig. 3eeh). The release rate of anti-
microbial compound is a critical factor for maintaining food quality
and safety. If the release rate of the antimicrobial agent is very slow,
microorganisms can grow before antimicrobial compound is
released. On the other hand, if the release rate of antimicrobial
compound is too fast, the released antimicrobial agent may diffuse
into food and may not be available at the food surface to inhibit
microbial growth (Marathe, 2008; Uz& Altınkaya, 2011). Therefore,
the controlled release of active agents where an initial relatively
higher antimicrobial agent release followed by a slower sustained
release may be necessary to maintain its minimum inhibitory
concentration on the food surfaces.

The amount of released carvacrol from zein fibers at equilibrium
were lower than that released from PLA fibers. As seen from the
TGA results, the amount of carvacrol is different from each other in
carvacrol containing zein and PLA fibers. Therefore, lower release of
zein fibers as compared to PLA fibers might be due to lower amount
of carvacrol found in zein fibers as compared to PLA. In addition,
zein fibers with and without carvacrol had ribbon morphologies
with smooth surfaces (Fig. 3aed). On the other hand, an increase in
carvacrol content from 5 to 20% in PLA solutions resulted in wrin-
kles and deep pits on the surfaces of PLA fibers (Fig. 3feh).
Therefore, these wrinkles and pits provided much greater surface
area per unit volume or mass of materials and hence affected
release of carvacrol from PLA fibers (Yang, Zha, Yu, & Liu, 2013).

The release mechanism of carvacrol from zein and PLA fibers
was further investigated using Eq. (3):

At

A∞
¼ ktn (5)

where At/A∞, a dimensionless quantity, was calculated by peak area
of the released carvacrol at time t (At) and peak area of released
carvacrol at equilibrium (A∞); k is the rate constant and n is the
diffusion exponent (Keawchaoon & Yoksan, 2011; Sangsuwan,
Rattanapanone, Auras, Harte, & Rachtanapun, 2009). The diffu-
sion exponent n� 0.5 indicates a Fickian diffusion, while n in the
range of 0.5 and 1 indicates a non-Fickian (anomalous) diffusion
(Sangsuwan et al., 2009). Release kinetic parameters n and k values
for carvacrol loaded zein and PLA fibers are given in Table 2. The
model gives a good prediction of experimental data with a coeffi-
cient of determination (R2) in the range of 0.951e0.987. The n
values of zein fibers decreased from 0.380 to 0.235 when the
carvacrol content increased from 5 to 20%. A decrease in diffusion
exponent n of gallic acid loaded zein fibers with the increase of
gallic acid contents was previously reported by Neo et al. (2013b).
The n value lower than 0.5 suggested that release of carvacrol from
zein fibers showed a typical Fickian diffusion mechanism in which



Table 2
Diffusion exponent (n) and rate constant (k) for released carvacrol from electrospun
zein and PLA fibers at different carvacrol content.

Polymer Carvacrol content
(%, w/w)

n k
(min-n)

R2

Zein 5 0.380 0.148 0.951
10 0.348 0.174 0.961
20 0.235 0.325 0.959

PLA 5 0.538 0.047 0.972
10 0.767 0.017 0.959
20 0.289 0.273 0.987
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release caused by the concentration gradient between fibers and
releasing medium (Lu, Wang, Li, Qiu, & Wei, 2017). The values of n
were 0.538 and 0.767 for PLA fibers at 5 and 10wt% carvacrol
content. The release of carvacrol from PLA fibers at 5 and 10%
carvacrol level showed a non-Fickian diffusion mechanism as
indicated by a value of n. The diffusion exponent of PLA fibers at 20%
carvacrol was 0.289, suggesting that release of carvacrol was
controlled by the Fickian diffusion.

3.3. Antioxidant activity

The antioxidant activity of carvacrol loaded zein and PLA fibers
was tested by DPPH assay. The DPPH radical scavenging activity is
based on the reduction of DPPH in the presence of an H-donating
antioxidant into yellow colored substance. The antioxidant capac-
ities of zein and PLA fibers at different carvacrol contents are shown
Fig. 7. The antioxidant activity of carvacrol loaded zein fibers ranged
from 62 to 75%, while antioxidant capacity of PLA fibers varied from
53 to 65% for 5e20% carvacrol content. The pure zein and PLA fibers
also showed 38 and 9% radical scavenging activity on DPPH. First,
the inhibition of pure zein and PLA fibers may be related with the
absorption of DPPH solution due to the high surface area of the
nanofibers providing more contact with medium (Aytac, Kusku,
Durgun, & Uyar, 2016). Moreover, a-zein in pure zein (Li et al.,
2013; Zhang, Luo, & Wang, 2011) and other antioxidants in PLA
structure (Ineiguez-Franco et al., 2012) contributed to the inherent
antioxidant activity of pure zein and PLA fiber. Results showed that
DPPH scavenging activity of the both zein and PLA fibers increased
as carvacrol content increased (Fig. 7). However, this increase in
DPPH activity was only significant (p< 0.05) for zein fibers at 20%
carvacrol level. No significant difference (p> 0.05) in antioxidant
activity was observed between zein fibers with 5 and 10% carvacrol.
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According to the results of release study, the amount of carvacrol
released from PLA fibers showed significant differences depending
on the carvacrol concentration. However, the antioxidant activities
of PLA fibers were not significant (p> 0.05) at 5, 10 and 20%
carvacrol content. This may be result of small amount of carvacrol
extraction by methanol due to the interaction of carvacrol and PLA
formed by hydrogen bonding (Alvarado et al., 2018). The zein fiber
with 20% carvacrol exhibited the highest antioxidant activity, 75%
owing to the greater contribution of pure zein in antioxidant ac-
tivity when compared to pure PLA. On the other hand, PLA fiber
with 5% carvacrol had the lowest antioxidant activity, 53% (Fig. 7).
The results indicated that carvacrol incorporated samples showed
antioxidant capacity. Therefore, they may have potential uses as an
antioxidant fibrous film in food and packaging applications.
3.4. Study of effectiveness of the fibers to preserve bread

The shelf life of bread without preservatives has been reported
as around 3e4 days at ambient temperature (Jideani & Vogt, 2016).
Not only microbial growth but also firming of bread limit the shelf
life of bread. Refrigeration and addition of preservatives are com-
mon methods to extend shelf life of bread. However, staling of
bread occurs under refrigeration temperature. There is an
increasing consumer concerns about preservatives nowadays.
Therefore, there is need to be found a new route to extend shelf life
of bread without preservatives. To this end, preliminary tests of
zein and PLA fibers with and without carvacrol were performed on
whole wheat breads to evaluate their ability to preserve bread
samples.

Fig. 8a shows the appearance of bread samples after 7 days of
storage at 25 �C. The effect of carvacrol loaded fibers on growth
inhibition rate of aerobic mesophilic bacteria and mold and yeast is
given in Fig. 8b. The growth of microorganism was easily seen in
bread samples with pure zein and PLA fibers. On the other hand, the
reduction of microbial growth was observed visually in bread
samples with 5% carvacrol of both zein and PLA fibers. It was
noticed that no visual evidence of microbial growth was observed
for bread sample with PLA fiber at 10% carvacrol but bread sample
with zein fiber at 10% carvacrol had mold growth. In the case of
bread samples packed with fibers at 20% carvacrol, no microbial
growth was observed visually (Fig. 8a).

The inhibition of both aerobic mesophilic bacteria andmold and
yeast growth in bread samples increased as the carvacrol content
increased in the both zein and PLA fibers (Fig. 8b). These results
confirm what have been shown in the pictures of bread samples in
Fig. 8a. Zein fibers at 20% carvacrol level exhibited 87.6% and 99.6%
inhibition against aerobic bacteria and mold and yeast whereas the
rate of growth inhibitions were 87.0% and 91.3% for PLA fibers at
20% carvacrol level, respectively. The release test, which was per-
formed at higher temperatures, has shown that PLA fibers released
more amount of carvacrol than zein. However, here both of the fi-
bers exhibited similar antimicrobial activity and the reason behind
this situation might be the stronger interaction of carvacrol and
PLA, which do not allow carvacrol to be released as much as zein
does at 25 �C. The inhibitory effect of carvacrol has been attributed
to the alteration of cell membrane permeability by the action of
phenols (Ben Arfa, Combes, Preziosi-Belloy, Gontard, & Chalier,
2006). The antifungal and antimicrobial effect of carvacrol has been
shown in different studies (Nostro et al., 2012; Ramos et al., 2013).
Results showed that carvacrol loaded fibers are promising alter-
natives to increase shelf life of whole wheat bread but further in-
vestigations are needed to study effect of released carvacrol into
headspace on organoleptic properties of bread.
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4. Conclusions

Results demonstrated that highly volatile carvacrol was suc-
cessfully encapsulated in electrospun zein and PLA fibers by elec-
trospinning process. SEM images showed that bead free fibers were
obtained from zein and PLA polymer solutions containing carvacrol
at different concentrations. The incorporation of carvacrol in PLA
fibers resulted in an increased thermal stability. In the case of zein,
the addition of carvacrol did not influence the thermal stability of
zein fibers. The encapsulation of carvacrol in electrospun fibers
enhanced sustained release property. The release of carvacrol from
electrospun fibers changed depending on the amount of carvacrol
and surface morphology of fibers. The release of carvacrol from fi-
bers was Fickian diffusion except for PLA fibers at 5 and 10%
carvacrol content. The composite fibrous zein and PLA films at 20%
carvacrol content inhibited 99.6 and 91.3% of the growth of mold
and yeast. Carvacrol loaded electrospun fibers with its antioxidant
and antimicrobial properties can be used to extend shelf life of fresh
foods as a new approach of electrospun fibers in food applications.
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