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An active film made from modified peanut protein isolate (PPI) and incorporating thymol (TML) was
developed. The physical, antioxidant and antimicrobial properties of modified PPI based films containing
TML at 0.5, 1, 1.5, and 2% (w/v) were examined. Incorporation of TML decreased the water vapor
permeability, tensile strength (TS) and percentage of elongation at break (E) of the film. TML incorporation
decreased the transparency and made the film darker, but increased the total phenolic content and
antioxidant capacity. Antimicrobial activity was significantly increased by adding TML; Staphylococcus
aureus and Lactobacillus plantarum were more susceptible than Escherichia coli and Pseudomonas
aeruginosa. These results suggest that edible, modified PPI films incorporating an appropriate amount of
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1 Introduction

As environmental pollution issues caused by non-biodegradable
plastic material receive increasing attention, edible and biode-
gradable films come to the fore. This type of packaging reduces
the use of synthetic materials, and has the potential to extend
shelf-life and enhance the quality of food.* Edible and biode-
gradable packaging materials are usually based on proteins,
polysaccharides and liquids, or a combination of these, which
are natural and sustainable.?

Proteins play an important role in film-forming agents due to
their superior physical and mechanical properties, as well as
their nutritional value.>* Peanut is an important oil crop in the
US and worldwide. Peanut meal is an under-used, low-priced
byproduct of the peanut oil industry, and is primarily used for
animal feed.” Peanut protein isolate (PPI), extracted from
peanut meal, has a higher protein content and better functional
properties than other peanut protein products, which could be
used to develop films.® However, because of their significant
hydrophilicity and poor mechanical properties compared with
synthetic films, the properties of peanut protein films must be
improved. Chemical, physical and enzymatic treatments of
proteins and addition of plasticizers are methods that have
been widely and successfully used to improve the mechanical
properties of protein films.”

Because of the requirements of consumers regarding the
quality, safety and preservative-free nature of food, active
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compounds, like antioxidants and/or antimicrobial agents, have
been added to edible and biodegradable films.*** Some studies
have demonstrated that some essential oils and their compo-
nents, which are extracted from various aromatic plants, have
strong antioxidant and antimicrobial properties.”*™** Therefore,
they have been incorporated into edible films to act against food-
borne pathogens and increase the shelf-life of food. Thymol
(TML), which is a major component of essential oils from
oregano and thyme, has shown wide-spectrum antimicrobial
activity against Gram-negative and Gram-positive bacteria, as
well as fungi.'>'® TML is classified as GRAS (generally recognized
as safe), and it is used as a safe food additive in the United States
and Europe.” TML was successfully added into chitosan/
polyethylene, polylactic acid, zein nanofibers and poly-
propylene to make antimicrobial and antioxidant films.**>*

Increasing research has been undertaken into edible anti-
microbial films based on soy protein, chitosan and zein.**>*
However, few edible antimicrobial films based on PPI have been
developed. This work was undertaken to optimize the constit-
uents of PPI film using transglutaminase (TG) for improvement
of its mechanical properties. The study also aimed to evaluate
the physical, mechanical, antioxidant, and antimicrobial prop-
erties of modified PPI films containing different concentrations
of TML.

2 Material and methods
2.1 Materials

Defatted peanut meals were provided by Qingdao longevity food
Co., Ltd (Shandong, China). Thymol (99.5%), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical, polyoxyethylene sorbitan mono-
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oleate (Tween 80), glycerol were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Transglutaminase (TG), 3713 U g '
powder, was provided by Dongsheng Food Technology Co., Ltd.
(Taizhou, China). The other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd., China.

2.2 Preparation of peanut protein isolate (PPI)

PPI was prepared from the defatted peanut meal according to
the method of Liu et al.*® with slight modifications. Defatted
peanut meal was totally dispersed in a 10-fold volume of
deionized water, and the pH was adjusted to 9.0 with 1 N NaOH,
and stirred at 65 °C in a water bath for 30 min, then cen-
trifuged in a CR21G high-speed centrifuge (Hitachi Co., Japan)
at 8000 x g for 20 min to remove the insoluble material. The
supernatants were acidified to pH 4.5 with 1 N HCI and
centrifuged at 8000 x g for 10 min. The precipitates were
rewashed until pH was adjusted to 7.0, and then freeze-dried to
obtain PPI.

2.3 Preparation of modified PPI

8% (w/v) PPI solution was dispersed in distilled water, the pH
was adjusted to 9.0 and then the solution was heated to 70 °C
for 60 min. After cooling down to room temperature, TG was
added to the solution at a ratio of 5 U g~ of protein. Then the
mixture solution was thoroughly stirred for 30 min in a ther-
mostatic water bath at 50 °C. After that, the reaction was
stopped by placing the solution in a water bath at 85 °C for
20 min, and then cooled to 30-40 °C to obtain the modified PPI.

2.4 Preparation of edible films

Film solution was prepared by casting. Glycerol was added as
a plasticizer at 15% of the protein. Then, tween 80 at 0.2% (v/v)
was added as an emulsifier to assist TML dissolution. After that,
thymol (TML) was separately added to the solution at various
concentrations of 0% (control), 0.5%, 1%, 1.5% and 2% (w/v)
while homogenized (IKA, T25 basic, Germany) at 13 000 rpm
for 5 min to obtain emulsions. The film-forming solutions were
degassed under vacuum for 10 min to remove air bubbles. The
final film-forming solutions were poured in framed square glass
plates (15 x 15 cm®) and dried at 65 °C for 3 h. The dried films
were peeled off and conditioned in a ventilated climatic
chamber (KBF 240 Binder, ODIL, France) at 25 °C and 55%
relative humidity before testing. Thicknesses of films were
measured with a digital micrometer (no. 293-5, Mitutoyo, Japan)
and the average was taken 120 + 5 um.

2.5 Film analysis

2.5.1 Mechanical properties. Tensile strength (TS) and
elongation at break (E) of films were determined based on ASTM
standard D882-97 using an Instron Universal Testing Machine
(Instron model 5569, MA, USA) with a 0.5 kN static load cell. The
films were cut into strips of 10 mm wide and 100 mm long.
Initial grip separation and cross-head speed were set at 100 mm
and 50 mm min ", respectively. TS and E was evaluated in five
samples from each type of film.
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2.5.2 Water vapor permeability (WVP). The WVP of films
was determined gravimetrically following a modified ASTM E96-
80 standard method, adapted to edible materials by Mchugh
et al.*® Circular glass cups with a diameter of 37 mm and a depth
of 68 mm were applied. The circular film sample was sealed
onto the cup mouth containing 6 ml distilled water (100% RH;
3.1671 x 10° Pa vapor pressure at 25 °C), stored at a desiccators
at 25 °C and 0% RH (0 Pa water vapor pressure) including silica
gel. Then, the weight loss of the glass permeation cell was
calculated every 2 h for 10 h. WVP was calculated using the
following equation:

Am X e

P= ——F——
wv At x Ap x A

where Am/At is the weight loss of moisture per unit of time
(g s, 4 is the film area exposed to the moisture transfer
(1.08 x 10~ m?), e is the film thickness (m), and AP is the water
vapor pressure difference across the two sides of the film
specimen (kPa). Three replicates for each film were carried out.

2.5.3 Opacity index. Opacity was determined according to
Maran et al.”’ by measuring the film absorbance at 600 nm
using a using a UV-1650 spectrophotometer (Model PC, Shi-
madzu, Kyoto, Japan). The film specimens were cut into a rect-
angle piece (1 cm x 4 cm) and directly placed in
a spectrophotometer test cell. Air was used as reference. The
opacity of the films was determined by the following equation:

. Ab
Opacity = AD%00

where Absg is the value of absorbance at 600 nm and x is the
film thickness (mm).

2.5.4 Color. Color was measured using a Konica Minolta
CR-400 Chroma Meter (Konica Minolta Sensing, Inc., Osaka,
Japan) under a standard white reflector plate, and Hunter values
(L*, a* and b*) were obtained. The Hunter L*, a*, and b* values
for the standard plate were L* = 97.25, a* = —0.52, and b* =
1.22.

2.5.5 Antimicrobial activity

2.5.5.1 Microbial strains. Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 29213), Lactobacillus plantarum
(ATCC 4008) and Pseudomonas aeruginosa (ATCC 27853) were
used in this study.

2.5.5.2 Determination of minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) of TML in an
in vitro condition. The MIC and MBC of TML against four
studied microorganisms (E. coli, S aureus, P. aeruginosa and L.
plantarum) were determined in vitro using broth microdilution
method.”?° Serial dilutions of antimicrobial agents (3000;
1500; 1250; 1000; 750; 625; 500; 375; 312.5; 250 mg 17!) were
prepared in sterile TSB for the bacteria (E. coli, S aureus, P.
aeruginosa), and in sterile MRS for the bacteria (L. plantarum). A
control tube without antimicrobial agents was inoculated to test
microbial growth and another tube containing only broth
medium was ensure no possible contaminations. MIC is
defined as the lowest concentration (mg 17') of TML at which
the growth of the microorganism is prevented, and MBC is
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defined as the lowest concentration (mg 1™ *) of TML at which
the incubated microorganism is killed.

2.5.5.3 Antimicrobial properties of the films. To determine
the antimicrobial properties of the films, the agar diffusion
method was used. The nutrient agar medium in Petri dish was
inoculated with 100 pL 10° to 10° cfu ml™' bacteria. The
prepared films were cut into 10 mm diameter discs using a hole-
puncher and then placed on inoculated agar. L. plantarum was
incubated in MRS broth at 28 °C for 24 h. E. coli, S. aureus and
P. aeruginosa were incubated in tryptic soy broth at 37 °C for
24 h. The diameter of the inhibition zone was measured in mm
using a caliper.*

2.5.6 Total phenolic content assay. Total phenolic content
(TPC) was determined by the Folin-Ciocalteu reagent method
and using gallic acid equivalent (GAE) as a standard. The results
were expressed as mg of GAE per grams of film.*

2.5.7 Antioxidant activity. The antioxidant activity of the
films was determined using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals scavenging assay.*” All films (25 mg) were dis-
solved in 3 ml distilled water, and then 3 ml of the film extract
solution were mixed with 1 ml of 1 mM methanolic solutions of
DPPH and incubated at ambient temperature for 30 min in
darkness. The absorbance measured at 517 nm. The percentage
of DPPH was calculated by using the following equation:

AbSDppH - Absﬁ]m extract

x 100
Abspppy

DPPH scavenging effect (%) =

2.5.8 Fourier transform infrared (FTIR) spectra analysis.
FTIR spectra of these films were obtained using a Perkin Elmer
spectrometer (Spectrum two, Perkin Elmer, IL, USA). The FTIR
spectra of these films were recorded from 4000 to 500 cm ™" at
resolution of 1 em ™.

2.5.9 Scanning electronic microscopy (SEM). Film surfaces
morphology were examined using a scanning electron micro-
scope (FE-SEM, S$4800, Hitachi, Japan), and operated at a voltage
of 1.0 kV. Prior to visualization, the specimens were gold coated

to prevent charging under the electron beam.

2.6 Statistical analysis

All experimental designs were performed in triplicate and data
were analyzed by variance (ANOVA) using SPSS (version 12.1,
SPSS, Chicago, IL, USA). Values are expressed as means + SD.
Statistical significance between means was determined using
Duncan's multiple range tests and the significant difference
between treatments set at the 95% confidence level.

3 Results and discussion
3.1 Mechanical properties

Fig. 1 shows stress—strain curves of films. Notably, film con-
taining TML was more rigid than the control film. This behavior
was possibly due to TML having low affinity toward water.
Table 1 summarizes the results of incorporating TML in
different proportions on the mechanical properties of modified
PPI films. The incorporation of TML at low concentration (0.5%
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Fig. 1 Stress—strain curves of modified PPI films incorporated with
different amounts of thymol (TML).

w/v) resulted in increased TS and E compared with the control
(p > 0.05). However, TML incorporation above 1% concentration
resulted in a significant decrease of the TS and E of the film (p <
0.05). Since TML formed a non-miscible emulsified phase, the
protein chains segregated to constitute a protein-rich phase. We
suggested that the addition of a low concentration of TML to the
modified PPI film matrix would favor protein-protein interac-
tions. According to previous study, adding higher concentration
of hydrophobic agents to a film may result in lower flexibility
and resistance to fracture due to the structure with less
mobility,*® which may explain why film incorporating TML
above 1% concentration had decreased TS and E. Similar results
were also obtained for whey edible protein films with added
almond and walnut oils,** and TML was added to novel nano-
biocomposite films based on poly(lactic acid).* The results
showed the observed mechanical changes were not dramatic
decreased, and that adding low content of TML did not interfere
with the applicability of the developed films.

3.2 Water vapour permeability (WVP)

The addition of TML into modified PPI film led to lower WVP
values than the control film, and a decreasing tendency of WVP
with increasing TML concentration was also observed. This
result may be explained by the hydrophobic nature of TML,
which affects the hydrophilic/hydrophobic balance of the film.*
Similar results were found in PLA-based films containing TML,
and chitosan films incorporated with carvacrol.’”*®* However,
other works found that the addition of essential oils caused no
changes in WVP* or that the addition of essential oils
improved WVP.**** Therefore, it cannot be assumed that the
WVP values of edible films are reduced easily by adding
hydrophobic constituents into the film matrix. Since the
primary function of food packaging is to avoid or reduce
moisture transfer between the surrounding atmosphere and the
food, the WVP should be as low as possible. Our results indi-
cated that modified PPI film with TML could potentially be used
for food packaging by enhancing water resistance.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Mechanical properties, and water vapor permeability (WVP) properties of PPl modified films incorporated with different amounts of

thymol (TML)*

TML (% wi/v) Tensile strength (MPa) E (%) WVP (g mm kPa~' h™' m™?)
0 (control) 2.17 + 0.04% 82.80 + 2.76 2.10 + 0.10%

0.5 2.22 4 0.03% 84.45 + 1.90% 1.61 + 0.08°

1 2.17 4+ 0.03% 78.91 4+ 1.81° 1.48 + 0.06°

1.5 1.52 + 0.06" 44.77 + 4.68° 1.17 £ 0.08°

2 1.26 £ 0.16° 37.72 £ 3.07° 1.15 £ 0.08°

“ Values are given as mean =+ standard deviation. Different letters in the same column indicate significantly different (p < 0.05) when analyzed by

Duncan's new multiple range test.

3.3 Opacity and color parameters

Color and opacity are important factors that influence
consumers in buying a food product. The color and opacity
parameters of each film are shown in Table 2. Compared to the
control film, films incorporating TML were less transparent
since the opacity increased. The opacity of the film samples
significantly increased with increasing TML concentration (p <
0.05). This finding is in agreement with Ramos et al.** It could
be ascribed to the presence of polyphenols in the films.*

There was no significant difference among L*, a* and
b* values of the modified PPI films containing TML, except for
the film containing 2% (w/v) TML, which had a lower L* and
higher b* value (p < 0.05), indicating that the film became
yellowish and darker. These results suggested that adding low
concentrations of TML did not influence the film color, but
incorporating high concentrations of TML could change the
color of the film. Similar tendencies in color have been reported
that incorporating 3% (v/v) ZEO in starch films decreased L*
and increased b*.** Although essential oils can affect the optical
properties of film, they might have advantages as antioxidants
due to the yellowish color protecting food products from light.*®
According to data obtained in this study, modified PPI film
added TML should be acceptable for use as see-through
packaging.

3.4 Antimicrobial activity of TML

The antimicrobial activity of TML was assessed against four
bacteria by determining the minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) values. As

Table 3 Minimal inhibition concentration (MIC) and minimal bacteri-
cidal concentration (MBC) of thymol (TML)

Bacteria MIC (mg 1Y) MBC (mg 171
E. coli 500 3000
S. aureus 250 1000
P. aeruginosa 650 3000
L. plantarum 500 1250

Table 3 shows, the MICs of TML toward Gram-positive bacteria
(250-500 mg 1) were lower than those toward Gram-negative
bacteria (500-650 mg 17'). Regarding MBC, P. aeruginosa and
E. coli needed the same concentration to kill bacterial cells
(3000 mg 1), while L. plantarum and S. aureus needed 1250 and
1000 mg 17" respectively. Therefore, TML was more effective
against the Gram-positive L. plantarum and S. aureus than
against the Gram-negative E. coli and P. aeruginosa in terms of
both MIC and MBC values. This may be because the cell wall
structures of these bacteria are different, the cell walls of
Gram-negative bacteria include lipopolysaccharides, which
may restrict active components from reaching the cytoplasmic
membrane.*>*® The results are different from those of Guarda
et al.,"” who reported TML had the same antimicrobial activity
against S. aureus and E. coli (MIC = 250 ppm). According to
Atef et al.,*®* TML was more effective against E. coli than
P. aeruginosa and S. aureus based on MBC value. These
differences may be due to the use of different methods to
obtain TML and/or differences in protocols of the antimicro-
bial measurements.

Table 2 Color value and opacity for PPl modified films incorporated with different amounts of thymol (TML)*

Color
TML (% w/v) Opacity (A mm™") L* a* b*
0 (control) 1.52 4 0.05¢ 77.68 + 0.81° 4.19 + 0.18%° 21.47 + 0.82"¢
0.5 2.76 + 0.08° 81.48 + 1.312 2.79 £ 0.07° 19.08 + 0.69°
1 3.07 + 0.13° 78.70 + 1.90% 3.09 + 0.49° 23.94 + 0.66"
1.5 3.11 + 0.03° 79.07 £ 3.41% 3.07 + 1.30° 22.64 + 2.81°
2 3.44 + 0.02° 72.51 + 4.69° 5.59 + 1.34% 29.13 + 0.58%

% Values are given as mean =+ standard deviation. Different letters in the same column indicate significantly different (p < 0.05) when analyzed by

Duncan's new multiple range test.

This journal is © The Royal Society of Chemistry 2017
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3.5 Antimicrobial properties

Inhibition zone diameters of modified PPI based edible film
disks containing various concentrations of TML (0, 0.5, 1, 1.5
and 2%) against test bacteria are shown in Table 4. No inhibi-
tion zone was observed for the control film (without TML).
Adding TML into films led to inhibition of all test bacteria even
at the minimum concentration (0.5%) applied into the film
formulation. As the concentration increased, the zones of
inhibition increased significantly in a concentration-dependent
manner (p < 0.05). Fig. 2 shows the inhibition zones obtained

View Article Online
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with modified PPI films containing 2% TML against S. aureus, L.
plantarum, E. coli and P. aeruginosa. At all concentrations
assayed, S. aureus showed the largest inhibition zones (p < 0.05)
with values between 22.23 and 32.62 mm (including the film
disc), followed by L. plantarum and E. coli with statistically
significant differences (p < 0.05) between them. P. aeruginosa
was the most resistant bacterium (p < 0.05), with inhibition
zones 13.01-19.55 mm (including the film disc). The results
were in agreement with previous reports that Gram-positive
bacteria are more sensitive than Gram-negative bacteria to

Table 4 Antibacterial activity expressed as the inhibition zone (mm) of modified PPI films incorporate different amounts of thymol (TML)*

Inhibition zone (mm)

TML (% wi/v) E. coli S. aureus P. aeruginosa L. plantarum
0 (control) ND ND ND ND

0.5 13.73 + 0.65¢ 22.23 + 0.23° 13.01 + 0.53¢ 16.19 + 0.22¢
1 16.93 + 0.49° 22.48 + 0.54¢ 16.55 + 0.24° 16.85 + 0.27¢
1.5 20.13 + 0.49% 29.59 + 0.57° 19.55 + 0.09% 19.56 + 0.20°
2 20.79 + 0.38% 32.62 + 0.45% 20.05 + 0.47% 21.17 + 0.26%

% Values are given as mean =+ standard deviation. Different letters in the same column indicate significantly different (p < 0.05) when analyzed by

Duncan's new multiple range test. ND, not detected.

|
el

Fig.2 Representative pictures of inhibitory zones of modified PPI films incorporated with 2% (w/v) thymol (TML) against tested microorganisms:

(a) S. aureus, (b) L. plantarum, (c) E. coli, and (d) P. aeruginosa.
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essential oils and their components.'>*® It was reported that
pullulan films containing TML gave rise to their largest inhi-
bition haloes for Gram-positive bacteria (B. subtilis and S.
aureus) and their smallest inhibition haloes for Gram-negative
bacteria (E. coli and S. enteritidis).* It was also reported that
polypropylene films containing TML were more effective against
S. aureus than E. coli.*>®

The mechanism of the inhibitory effect of TML on the growth
of various microorganisms is not completely known, but several
studies have shown that the antimicrobial activity of
TML involves inner and outer membrane disruption, and
interaction with intracellular targets and membrane proteins.
The interactions affect cell membrane permeability, evidenced
by cellular uptake of ethidium bromide, loss of membrane
potential, ~ATP, leakage of potassium ions, and
carboxyfluorescein.'®**>

It should be also noted that the inhibitory effect of TML
included in film matrices was lower than that of pure TML,
which may due to partial loss of volatile compounds during film
manufacturing.*® However, our results show that TML can be
successfully immobilized in modified PPI films and conse-
quently released, thereby inhibiting target microorganisms.

3.6 Total phenolic content (TPC) and antioxidant activity

The TPC and antioxidant activity values of modified PPI films
are shown in Fig. 3 and 4. Phenolic compounds are suggested to
be the most active antioxidant extracts from plants.*® The total
phenolic content and antioxidant activity of some medicinal
plant infusions were analyzed, which showed a significant
linear correlation between total phenolic content and antioxi-
dant activity.>»*

In the present study, total phenolic activity varied from 0.43
to 3.82 mg gallic acid per g film, and antioxidant activity
changed from 4.25 to 22.47%. The results showed that TPC in
the modified PPI films significantly increased (p < 0.05) with

4 a a
g
= 3- b
) c
-
2
)
o 2
5
)
E -

14

d
[V
control 0.5% TML 1% TML 1.5% TML 2% TML
Film type

Fig. 3 Total phenolics contents of modified PPI films incorporated
with different amounts of thymol (TML). Different letters indicate
a statistically significant difference (P < 0.05).
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DPPH scavenging activity (%)

0.5% TML 1% TML

Film type

1.5% TML 2% TML

control

Fig. 4 DPPH scavenging activity of PPl modified films incorporated
with different amounts of thymol (TML). Different letters indicate
a statistically significant difference (P < 0.05).

increasing TML concentration. As expected, the antioxidant
activity of the films increased progressively with addition of
TML. The highest TPC and antioxidant activity was found in the
film containing 2% TML, the values were 8.88-times and 5.29-
times greater than those in the control film, respectively.
Previous studies have also found that TML has antioxidant
activity, and the addition of TML to film matrix conferred
antioxidant ability on the film.***” The present study confirms
those findings.

3.7 Fourier transform infrared (FTIR) spectra analysis

The FTIR spectra of modified PPI-based films with and without
TML showed similar major peaks, but the amplitudes of the
peaks varied depending on the amount of TML incorporated
(Fig. 5). The absorption bands at 3650-3200 cm ' and
2930 em™ " correspond to the stretching vibration of free

Transmittance (%)

2% TML
— 1.5% TML
1% TML
—0.5% TML
control

T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5 FTIR spectra of modified PPI films incorporated with different
amounts of thymol (TML).
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hydroxyl and the stretching vibration of C-H, respectively. The stretching) bands, respectively. The band observed at 1044 cm ™"
characteristic bands of the film at approximately 1654, 1542, arises from an -OH group, mainly from glycerol added as
and 1241 cm™ ' are assigned to the amide-I (C=O stretching), a plasticizer.*®

amide-II (N-H bending) and amide-III (N-H bending and C-N

$4800 1.0kV 8.0mm x2.50k SE(L) §48001.0kV 8. 1mm x2.50k SE(L)
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Fig. 6 Scanning electron micrographs of the surface of modified PPI films incorporated with different amounts of thymol (TML): (a) control, (b)
0.5% TML, (c) 1% TML, (d) 1.5% TML, (e)2% TML.
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It can be seen from the FTIR spectra that as the amount of
TML progressively added, the absorbance associated with -OH
group (3650-3200 ¢cm™ ') and N-H bending (amide-II at
1542 em™ " and amide-IIT at 1241 cm™ ') vibrations gradually
decreased, which could be due to a particular arrangement in
the films resulting from the interaction of TML with hydroxyl
and amino groups in modified PPI. This result could explain to
some degree the mechanical properties and WVP of the films
with TML incorporated.

3.8 Films morphology

Fig. 6 shows micrographs of the film surfaces. The control film
had a smooth and continuous structure. As compared to control
film, the presence of TML made the film slightly rougher.
Though TML caused discontinuities in the film matrix, the
surface showed dense structure associated with TML as
a hydrophobic agent. Similar results were observed for chitosan
films with added cinnamon essential oil, and chitosan films
with added carvacrol and grape seed extract.”>*® Pores can be
seen in Fig. 5d, which might due to the evaporation of TML
during dehydration.** We postulate that the film microstructure
could be related to the lower WVP of films containing TML
compared with the control film.

4 Conclusions

The incorporation of thymol into modified peanut protein
isolate matrix was successfully performed to obtain biode-
gradable films. Modification of PPI film by adding thymol (TML)
significantly improved (i.e. lowered) water vapor permeability,
and increased antioxidant and antimicrobial activity. Addition
of a low concentration of TML did not affect the mechanical
properties of the film or its color, although high concentrations
of TML negatively affected film mechanical properties and
made the films darker. Based on our results, modified peanut
protein isolate films incorporating TML have the potential to be
used in the food industry as antimicrobial and antioxidant
packaging materials.
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