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ARTICLE INFO ABSTRACT

Keywords: This work aimed at preparing chitosan (CHI) composites with surface active chickpea protein (CP) showing
Chitosan better eugenol (EUG) retention and sustained release capacity than pristine CHI films. For this purpose, ionic
ChiCkpe_a protein complexation of CHI with CP (CHI:CP ratio = 2:1, w/w) in the presence of EUG at pH 5.0 was achieved using
Ez;i‘;slne mechanical homogenization alone (Hy) or in combination with ultrasonic homogenization (Hy-Hys). The Hy-
Ultrasound Hys treatment provided better solubility of CP (4.4-fold), increased emulsified EUG in film-forming solutions,
Encapsulation and denser films than Hy treatment. The composite films obtained using Hy-Hys (FLMcnur-cp-euc/Hwm-Hus)

retained 1.2-1.4-fold higher EUG after drying, and showed almost 2-fold slower EUG release in air at room
temperature than composite films prepared by Hy;, and control CHI films prepared by Hy (FLMcui.cuc/Hwm) or
Hy-Hys (FLMcur-eue/Hm-Hus). The FLMcprcp-ruc/Hm-Hus films also showed better moisture barrier and me-
chanical properties than other films. The developed films were proved in a challenging coating application with
onions. Escherichia coli and Listeria innocua counts of inoculated and FLMcpr.cp-rug/Hm-Hys (average coating
thickness = 4.5 &+ 1.3 pm) coated onions were significantly lower than those of uncoated (2.8 and 3.8 log) and
FLMcu/Hm-Hys (1.4 and 1.3 log) coated onions after 5-days at room temperature. FLMcpur-cp-euc/Hm-Hus
coating also reduced percentage of sprouted onions from 30 to 10% during storage. EUG odor of coated onions
could not have been detected by 80% of panelists after 4 weeks. Compositing with CP boosts the performance of
essential oil loaded CHI films by enabling use of film matrix as an encapsulant.

1. Introduction encapsulation is an effective strategy that reduces not only the percep-

tion of undesired odor and taste of EOs, but also prevents their loss

Due to its unique inherent antimicrobial properties chitosan (CHI) is
the most promising edible film material employed for active packaging
and coating of food (Chen et al., 2023; Verlee, Mincke, & Stevens, 2017;
Wang, Qian, & Ding, 2018). The incorporation of CHI with natural an-
timicrobials has also been attracting a growing interest since this creates
an additive or synergetic antimicrobial mechanism that allows effective
inhibition of spoilage or pathogenic microorganisms by use of minimum
amounts of antimicrobials (Dash, Kumar, & Pareek, 2020; Esmaeili
et al., 2020; Upadhyay et al., 2015). The minimization of antimicrobial
concentrations in the films is important, especially for essential oils
(EOs) that found limited food applications due to their distinctive odor
and taste incompatible with the desired sensory properties of most foods
(Gutierrez, Barry-Ryan, & Bourke, 2008; Ayala-Zavala,
Gonzalez-Aguilar, & Del-Toro-Sanchez, 2009; Perumal et al., 2022). The
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during film preparation and drying, and allows sustained release of
necessary amounts of EO from films on to food surfaces during storage
(Yemenicioglu, 2022). In general, the encapsulation of EOs was applied
before they were incorporated into the packaging (Froiio et al., 2019;
Sharma, Mulrey, Byrne, Jaiswal, & Jaiswal, 2022; Zhang, Jiang, Rhim,
Cao, & Jiang, 2022). However, the use of previously encapsulated active
components reduces the economic feasibility of edible films and coat-
ings since this needs investment for a separate facility using sophisti-
cated technology and equipment (e.g., homogenizers-dispersers,
extruders, or dryers). In contrast, the use of a film matrix as an encap-
sulant is an alternative practical strategy that allows spontaneous
encapsulation of active film components by hydrocolloids or lipids
added during homogenization of film-forming solution (Yemenicioglu,
2022). This strategy is frequently employed for encapsulation of
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flavoring agents including EOs incorporated into edible films (Esmaeili
et al., 2020; Hambleton, Debeaufort, Bonnotte, & Voilley, 2009; Mar-
cuzzo, Sensidoni, Debeaufort, & Voilley, 2010; Sabphon et al., 2020;
Shen et al., 2023; Xue, Gu, Li, & Adhikari, 2019; Zhang, Liang, Li, &
Kang, 2020).

Chickpeas have been increasingly used as a source of commercial
protein isolates and concentrates to meet the huge demand of the
growing plant proteins market. Chickpea protein (CP) is highly popular
among regular consumers and vegans as food ingredient due to its light
color and neutral taste, free from undesired flavors associated with some
legume proteins (e.g., beany flavor of pea proteins). Unlike CHI, which
has weak surface activity (Elsabee, Morsi, & Al-Sabagh, 2009; Schulz,
Rodriguez, Del Blanco, Pistonesi, & Agullo, 1998), CPs are well-known
with their outstanding oil-binding and surface active properties (Ayde-
mir & Yemenicioglu, 2013). Although reports related to the use of CP in
edible film matrixes as an encapsulating component of EOs are scarce,
these highly functional proteins and their mixtures with other hydro-
colloids have been effectively used for encapsulation of hydrophobic
substances such as oils (Karaca, Nickerson, & Low, 2013; Moser, Fer-
reira, & Nicoletti, 2019), essential oil (Atli, Karaca, & Ozcelik, 2023) and
polyphenol (Ariyarathna & Karunaratne, 2016; Shakoor, Pamunuwa, &
Karunaratne, 2023a, b). Therefore, it is thought that blending CHI with
highly surface active CP and application of ultrasonic homogenization
during film preparation could maximize essential oil emulsification, and
enhance retention and sustained release of these volatile active com-
ponents from composite films. Moreover, the ability of CHI to form
polyelectrolyte complexes with anionic proteins (Hein, Wang, Stevens,
& Kjems, 2008) could also be exploited to obtain a denser film matrix
from CHI-CP complexes and to achieve better sustained release prop-
erties for EOs as well as to obtain unique mechanical and barrier prop-
erties for the resulting composites.

The primary objective of the current work is to develop novel chi-
tosan (CHI) - chickpea protein (CP) composite films showing better
retention and sustained release properties for incorporated eugenol
(EUG) than pristine CHI films. Moreover, it is also aimed that the
effectiveness of the developed films are shown in an application on a
proper model food. The EUG, a generally recognized as safe (GRAS)
volatile phenol that forms up to 90% of clove essential oil (Santin et al.,
2011; Santos, Chierice, Alexander, Riga, & Matthews, 2009; Zhang et al.,
2017), could be an ideal antimicrobial coating component for onions
that are frequently linked with outbreaks and recalls due to pathogens
such as Escherichia coli 0157:H7, Listeria monocytogenes and Salmonella
spp. contaminating onions mostly by contact with soil (CDC, 2016;
2020, 2021; FDA, 2022; NBPSDHU, 2009). The EUG is not only an
effective antimicrobial for most human pathogenic bacteria (Almeida
et al., 2023; Oussalah, Caillet, Saucier, & Lacroix, 2007), but also an
effective antimicrobial against plant pathogenic bacteria and fungi
(Alkan & Yemenicioglu, 2006; Hu et al., 2019; Morcia, Malnati, & Terzi,
2012; Xie, Huang, Wang, Cao, & Zhang, 2017). The EUG is also
responsible for the antimicrobial potency of clove EO that is an effective
antimicrobial for Pectobacterium carotovorum subsp. carotovorum
responsible for onion soft rot (Zhang et al., 2023) and Aspergillus niger
causing black mold in onions (Devi & Rajini, 2021). The clove EO and
EUG are also well-known with their antisprouting activity (Finger et al.,
2018; Kleinkopf, Oberg, & Olsen, 2003; Santos, Araujo, Lima, Costa, and
Finger, 2020). The inhibition of sprouting by EOs and their components
is generally attributed to their effect on the synthesis and activity of
plant hormones (Clegg, Middleton, Bell, & White, 1980; Gumbo, Mag-
waza, & Ngobese, 2021; Oosterhaven, Hartmans, & Huizing, 1993;
Suttle, Olson, & Lulai, 2016). Thus, the use of GRAS phenolic compound
EUG as an antimicrobial and antisprouting agent could prevent great
economic losses in onions and reduce commercial use of synthetic
antisprouting agents (e.g., maleic hydrazide) that cause growing health
concerns. This work is innovative in that it developed a novel CHI-based
composite coating material using CP to emulsify and encapsulate EUG in
the film matrix, and employed this material as an antimicrobial and
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antisprouting coating on onions for the first time in the literature.
2. Materials and methods
2.1. Materials

Chitosan (molecular weight: 50-190 x 10° Da, deacetylation:
75-85%) and eugenol (E51791) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Glycerol and Tween 80 (hydrophilic/lipophilic bal-
ance, HLB = 15.0) were purchased from Merck (Darmstadt, Germany).
Listeria innocua NRRL-B 33314 (ATCC 1915) and Escherichia coli RSHM
4024 (ATCC 25922) were from culture collection of the microbiology
laboratory of the Department of Food Engineering at Izmir Institute of
Technology. Whole fresh shallots (average weight: 5.0 + 1.0 g) free from
defects and signs of sprouting were purchased from a local market.

2.2. Methods

2.2.1. Preparation of chickpea protein concentrate

Chickpea protein concentrate was obtained using alkaline extraction
and following isoelectric precipitation (IEP) method. For this purpose,
50 g of dry Kabuli type chickpeas were rehydrated overnight in 500 mL
of deionized water at 4 °C. The mixture was then homogenized in a
Waring blender equipped with a stainless steel jar for 2 min at high
speed. For protein isolation, the pH of the homogenate was adjusted to
9.5 with 1 M NaOH and stirred using magnetic stirrer for 45 min at
ambient temperature. The slurry was first filtered through cheesecloth
and then clarified by centrifugation for 15 min at 9600xg and 4 °C
(Sigma 6K15 centrifuge, Osterode am Harz, Germany). The supernatant
was collected and then its pH was adjusted to 4.5 with 1 M acetic acid to
precipitate the extracted proteins. The precipitate was collected by
centrifugation and resuspended in distilled water. The isoelectric pre-
cipitation at pH 4.5 and centrifugation were repeated, and the collected
precipitate was resuspended in distilled water. The protein solution was
then lyophilized (Labconco, FreeZone, 6 L, Kansas City, MO, USA) after
adjusting its pH to 7.0, and obtained powder was stored at —18 °C. The
total protein and carbohydrate contents of the obtained chickpea protein
concentrate determined by Kjeldahl and phenol-sulphuric acid methods
were 70% and 20% w/w, respectively.

2.2.2. Preparation of film-forming solutions by mechanical homogenization
(Hw

Different film-forming solutions (FFSs) were prepared as follows; the
basic CHI FFS (FFScyy) was prepared by solubilization of CHI at a con-
centration of 1.5% (w/w) in 0.5% (v/v) acetic acid solution by stirring at
300 rpm for 20 h. The FFScy; was used for preparation of control CHI
films or CHI-CP composite films. The composite FFS (FFScyr.cp) was
prepared by suspending CP at 0.75% (w/w) in FFScy; (CHI:CP ratio =
2:1, w/w). Then, both FFScy; and FFScyycp were treated by mechanical
homogenization at 12,000 rpm for 3 min using a homogenizer-disperser
(Heidolph Instruments, Silent Crusher M, Schwabach, Germany). The
FFScur and FFScyy.cp treated only by mechanical homogenization for 3
min were named FFScy;/Hy and FFScur.cp/Hy, respectively. The FFSs
were then filtered using a cheesecloth to remove air bubbles and insol-
uble residues. Then, glycerol at 1.5% (w/w) and Tween 80 at 0.1% (w/
w) were added into each FFS as plasticizer and surface active agent by
stirring at 300 rpm for 30 min, respectively. After that EUG at a con-
centration of 0.64% (w/w) was added into each solution with subse-
quent stirring at 800 rpm for 15 min. To emulsify the added EUG, the
dispersions of FFScy/Hy and FFScyr.cp/Hm were further homogenized
at 15,000 rpm for 5 min. After addition of EUG, the specified FFSs were
abbreviated as FFScurrug/Hm and FFScur.cp.eug/Hm. The controls,
FFScui/Hwm, FFSchi-cp/Hw, lacking EUG were also treated with additional
mechanical homogenization for 5 min.
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2.2.3. Preparation of film-forming solutions by mechanical homogenization
and ultrasonic homogenization (Hpy-Hys)

The FFScyr and FFScyy.cp were prepared by mechanical homogeni-
zation for 3 min as described in 2.2.2. Then, the FFSs were further
treated by ultrasonic homogenization at ambient temperature using a
processor (Vibra-Cell VC505, Sonics & Materials Inc., Newtown, CT,
USA) with an ultrasonic probe of 13 mm in diameter operating at the
frequency of 20 kHz. One hundred milliliter portions of the FFScy; or
FFScur.cp were treated in 150 mL glass beakers by immersing probe to a
depth of almost 3 cm and applying sonication at 75% amplitude for 10
min at 500 W (1st US). The samples treated both by mechanical ho-
mogenization and sonication were named FFScp/Hy-Hys and FFScpr
cp/Hwm-Hus, respectively. All FFSs were then filtered using a cheesecloth
to remove air bubbles and insoluble residues. Then, glycerol at 1.5% (w/
w) and Tween 80 at 0.1% (w/w) were added into each FFS as plasticizer
and surface active agent by stirring at 300 rpm for 30 min, respectively.
After that EUG at a concentration of 0.64% (w/w) was added into each
solution with subsequent stirring at 800 rpm for 15 min. To emulsify the
added EUG, the dispersions were first homogenized at 15,000 rpm for 3
min, and then they were further treated by sonication for 2 min (at
similar sonication conditions described above) (2nd US). The obtained
FFS with EUG were abbreviated FFScy.ruc/Hwm-Hus and FFScur.cp.rug/
Hy-Hys. The controls lacking EUG were also treated with additional
ultrasonication for 2 min and abbreviated as FFScy/Hy-Hys and FFScyr.
cp/Hm-Hus.

2.2.4. Preparation of edible films

The classical solution-casting method was used to obtain self-
standing films for characterization studies. For this purpose, 20 g por-
tions of film-forming solution were poured into disposable Petri dishes
(8.5 cm in diameter), and the dishes were dried at 45 °C for 20 h. The
films peeled-off from the Petri dishes were used in different analyses
[Note: the concentrations of CP and EUG used in film-forming solutions
were optimized with detailed preliminaries. Effects on film-forming and
mechanical properties were evaluated for CP while EUG was evaluated
for its effect on film-formation and minimum inhibitory concentrations
on L. innocua and E. coli (see method and results in Supplementary file,
Tables S1 and S2). The films obtained from different FFS were abbre-
viated only by replacing FFS in the abbreviations as FLM (film) (e.g.,
film from FFSCHI-CP-EUG/HM'HUS was abbreviated FLMCHI-CP-EUG/HM'
Hys)]. Film thickness was measured using a digital micrometer (Palmer,
Comecta, Barcelona, Spain).

2.2.5. Physicochemical properties of film-forming solutions

Soluble protein contents of FFSs were determined by the Bradford
assay (Bradford, 1976) using bovine serum albumin (BSA) (Sigma-Al-
drich, St. Louis, MO, USA) as protein standard. Results were expressed as
g soluble protein per 100 g of each FFS. Experiments of each solution
were replicated twice with three repetitions.

Emulsion stabilities of FFSs were determined by monitoring turbid-
ities of EUG containing FFSs using both a spectrophotometer (Shimadzu
UV-Vis, Model 2450, Japan) and a turbidimeter (HACH, 2100 AN, USA)
by the methods given by Ziani, Fang, and McClements (2012) and Zidan
et al. (2007), respectively. The wavelength was set to 600 nm for the
spectrophotometric method. Experiments of each solution were repli-
cated twice with two repetitions. For turbidimetric method, 30 mL of
freshly prepared samples were filled into the screw-capped cylindrical
bottles and the results were given in nephelometric turbidity unit (NTU).
The measurements were done at different time intervals during 28 days
at room temperature for samples kept in reading bottles.

EUG retention levels of FFSs were determined by assaying their total
phenolic content by Folin-Ciocalteu method (Singleton & Rossi, 1965).
The retention levels (%) were calculated considering the ratio of the
calculated amount of EUG in FFS after 10 days of cold storage at 4 °C to
the initial amount of EUG added into FFS. Experiments of each solution
were replicated twice with three repetitions.
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Particle size distributions of FFSs were monitored using laser
diffraction particle size analyzer (Mastersizer 3000, Malvern In-
struments, Malvern, UK) fitted with a Hydro EV which is the liquid
samples dispersion unit. The results of droplet size expressed as volume-
weighted mean particle diameter (D[4,3]) were given as pm. Experi-
ments of each solution were replicated twice with three repetitions.

Zeta (¢-) potential values of FFSs were determined using a zeta po-
tential analyzer (NanoPlus 3, Particulate Systems, Micromeritics, GA,
USA) at ambient temperature. Solutions were 10-fold diluted with 0.01
M acetate buffer adjusted to 5.0 pH and directly injected into the
capillary cell of the analyzer. Experiments of each solution were repli-
cated twice with three repetitions.

pH was directly measured by immersing probe of a digital pH-meter
(inoLab, Terminal, Level 3, WTW GmbH, Weilheim, Germany) into FFSs.
Experiments of each solution were replicated twice with two repetitions.

The light transmittances of FFSs were determined by measuring their
transmittance (T%) at 600 nm using a spectrophotometer (Shimadzu
UV-Vis, Model 2450, Japan). Experiments of each solution were repli-
cated twice with two repetitions.

For the microstructural investigation, 1 mL of film-forming solution
(FFSCHI-CP-EUG/HM or FFSCHI-CP-EUG/HM'HUS) was dyed USiIlg 5 HL fluo-
rescent stain Nile Red (1 mg/mL ethanol) in the dark. A drop of stained
sample was placed on a glass slide, covered with a coverslip and visu-
alized with a fluorescence microscope (Zeiss Observer Z1, Germany).
Digital images were taken with a final magnification of 50x (10x ocular
and 5x objective lens) and 630x (10x ocular and 63x objective lens,
immersion oil).

2.2.6. Physicochemical properties of films

Film solubility (S) and swelling (SW) tests were performed according
to the gravimetric method described by Ferreira et al. (2016) with slight
modifications. Films (15 mm x 7.5 mm) were dried in a vacuum oven
(Barnstead Lab-Line, Model 3608-6CE, USA) at 70 °C for 24 h and
weighed (W;). Then, dried films were placed in Petri dishes with 10 mL
of distilled water, and shaken at 80 rpm and 25 °C for 24 h. After that the
films collected carefully were weighed (W5), dried again overnight at
70 °C and weighted again (W3). Results were expressed as percent using
equations (1) and (2). Experiments of each film were replicated twice
with five repetitions.

S (%) = [(W1 — W3) / Wq] x 100 (€9)
SW (%) = [(W2 — W;) / W] x 100 )

Optical properties of films (10 mm x 30 mm) were determined by
measuring transmittances at 280 nm (T2g9) and 600 nm (Tggo) using a
spectrophotometer (Shimadzu UV-Vis, Model 2450, Japan). Opacity (O)
was calculated from equation (3) given by Han and Floros (1997). Ex-
periments of each film were replicated twice with three repetitions.

Opacity (O) = Absgno / mean film thickness (mm) 3)

Color of films was measured using a digital colorimeter (chroma
meter type, Konica Minolta, CR-400, Tokyo, Japan associated with
illuminant D65, standard observer 2° and illumination area of 8 mm
diameter) standardized with a white standard plate (Y = 93.80, X =
0.3159, y = 0.3322). The measured CIE; L*, a* and b* values were used
for calculation of color difference (AE*) relative to a white color plate
using equation (4) given by Gennadios, Weller, Hanna, and Froning
(1996). Experiments of each film were replicated twice with five
repetitions.

2 2 271/2
. . T . e * T
AE" = ( ‘standard L.mmplz’) + (axmndard asample) + (bcmndard b)‘ample)

4

where values in the parenthesis are differences between those of sample
and the white standard plate (L* = 97.54, a* = —5.02, b* = 7.05) used as
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background.

2.2.7. Water vapor permeability of films

The water vapor permeability (WVP) of films (diameter: 6 cm) was
determined using Payne cups (Elcometer 5100, 10 cm? orifice area,
England) containing 3 g of dried silica beads according to ASTM Stan-
dard Method E96-95 (ASTM, 1995) at 50% relative humidity (RH) and
25 °C. The weights of the cups were recorded at 3 h intervals over a 48 h
period. The measured WVP (g:-mm/m?day-kPa) of the films was calcu-
lated from equation (5). Experiments of each film were replicated twice
with two repetitions.

AWelL

WVP_I-A.AP ®)
where AW/t is the flux calculated as the slope obtained by linear
regression of mass gain of the film (g) versus time (s), L is the mean film
thickness (mm), A is the area of exposed film (mz), and AP is the partial
water vapor pressure difference (kPa) across the both sides of the film.

2.2.8. Oxygen permeability of films

The oxygen permeability (OP) of selected solution cast films were
determined by the oxygen scavenger method given by Zhang, Zhao, and
Shi (2016). 3 g of deoxidizing agent (reduced iron powder:sodium
chloride:activated carbon ratio = 0.5:1.5:1.0) were placed into Payne
cups (Elcometer 5100, 10 cm? orifice area, England) and the cups were
then sealed after placing the films. All cups were put into a desiccator
containing BaCl, saturated solution (90% RH) for 48 h at 25 °C. The
measured OP (g'mm/m?day) of the films was calculated from equation
(6). Experiments were performed with five replications.

(m;, —mg) o L

orP= oA 6)
where m; and my are, respectively, the final and initial weights of the
cups, L is the mean film thickness (mm), t is time (day), A is the area of
exposed film (mz).

2.2.9. Mechanical properties of films

Mechanical properties of films were evaluated by measuring their
tensile strength (TS), elongation at break (EB), Young’s modulus (YM)
and toughness (T) using TAXT plus texture analyzer (Stable Micro
Systems Ltd., Godalming, UK) equipped with tensile grips (crosshead
speed: 50 mm/min, initial grip distance: 50 mm, cell load: 5 kg) ac-
cording to ASTM Standard Method D882-02 (ASTM, 2002). For this
purpose, films were cut into 8 mm wide and 80 mm length strips. Tensile
properties were calculated from stress-strain curve. Experiments of each
film were replicated twice with five repetitions.

2.2.10. Morphological properties of films

The surface and cross-section morphologies of films were examined
using a scanning electron microscope (SEM) (FEI Quanta 250 FEG, FEI
Company, USA). The films investigated for their cross-sectional SEM
were fractured in liquid nitrogen. Micrographs were taken at 5000x and
2500x magnification for surface and cross-sections, respectively.

The surface topologies of films were examined using an atomic force
microscope (AFM) (Digital Instruments, MMSPM Nanoscope 8, Bruker,
USA). Film samples with an area of 2 pm x 2 pm were scanned at a rate
of 1 Hz using tapping mode in the air at ambient temperature using
Bruker NCHV model probe (with a spring constant 40 N/m at a reso-
nance frequency of 320 kHz, tip radius 8 nm). The captured images
(minimum 3 for each sample) were analyzed by Nanoscope Analysis
software, version 1.5 (Bruker, USA). Arithmetic mean roughness (R,)
was also measured for quantitative description.

2.2.11. EUG release kinetics of films in air
To determine the release kinetics of EUG in air, discs of films
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(diameter: 8.5 cm) were exposed to air at room temperature or refrig-
erated storage temperature at 10 °C for 3 weeks. Pieces from films (=14
cm?) were periodically analyzed for their retained EUG. For this pur-
pose, film pieces were homogenized at 18,000 rpm for 3 min in 5 mL
pure ethanol. The extract was then centrifuged at 10,000xg for 15 min,
and the EUG in the extracts were determined spectrophotometrically as
given in 2.2.12. The EUG retention in the films was analyzed by first-
order reaction kinetics. The retention curves were formed by plotting
log retained EUG contents (%) vs. time (h). First-order rate constants (k)
were determined from the slope of the initial linear portion of curves.
The half-life (T;2) of EUG loss (the time needed for 50% loss of retained
EUG in films by evaporation at ambient temperature) was calculated
from equation (7). Experiments of each film were replicated twice with
three repetitions.

Ty (day) =In (2) / k 7

2.2.12. Soluble EUG contents of films released in different food simulants

The soluble EUG contents of films were determined by release tests
performed in aqueous food simulant (simulant A: ethanol at 10%, v/v)
and fatty food simulant (simulant D1: ethanol at 50%, v/v) (EU Regu-
lation No 10/2011). Film samples (3 cm x 6 cm) were placed into flasks
containing 50 mL of each food simulant kept under stirring at 80 rpm at
4 °Cor 25 °C. The EUG in the extracts was determined periodically until
reaching of equilibrium using the spectrophotometric Folin-Ciocalteu
method (Singleton & Rossi, 1965). The calibration curve was prepared
by dissolving EUG (0.0078-0.25 mg/mL; R? = 0.9872) in ethanol. The
percentage of soluble EUG released from films (% soluble EUG) was
calculated from equation (8) given below:

Soluble EUG (%) = [EUGax / EUGincorporateal x 100 (€)]

where EUG,ay is maximum amount of EUG released from films at the
equilibrium (mg/cmz) and EUGincorporated i amount of EUG incorpo-
rated into films (mg/cmz). Experiments of each film were replicated
twice with three repetitions.

2.2.13. Application of developed films for active coating of shallot onions

Five bulbs were coated each time by dipping into different FFS (=50
g) for 3 min. The bulbs were drained and placed into sterile Petri dishes
without lids. The dish content was dried overnight in a biosafety cabinet
at room temperature. All samples were prepared in duplicate. The bulbs
were stored at ambient conditions for 28 days and different analyses
were carried out periodically.

2.2.13.1. Determination of coating thickness at the onion surface. The
thickness of active coating on bulb skin outer surface was determined
from cross-sectional images using SEM (FEI Quanta 250 FEG, FEI
Company, USA). The skins of bulbs were separated carefully and coated
with gold palladium for 1 min in a sputter coater (SPI-Module Sputter
Coater Unit, SPI Supplies/Structure Probe Inc., USA) before imaging.
Micrographs were taken at 1000x and 2500x magnification for the
surface and cross-section of onion skins, respectively.

2.2.13.2. Physicochemical changes in coated onions during storage. Total
soluble solid (TSS) content of bulbs was determined using a digital
refractometer (Atago 3830, PAL-3, Tokyo, Japan) according to
Roldan-Marin, Sanchez-Moreno, Lloria, de Ancos, and Cano (2009).
Measurements were replicated twice with five repetitions.

pH of bulbs was determined using a digital pH-meter (inoLab, Ter-
minal, Level 3, WTW GmbH, Weilheim, Germany) according to
Roldan-Marin et al. (2009). Measurements were replicated twice with
five repetitions.

Titratable acidity of bulbs was determined using the colorimetric
titration method in accordance with AOAC Official Method 942.15
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(AOAC, 2000). Results were expressed as g malic acid/100 g fresh
weight (g MA/100 g f.w.). Measurements were replicated twice with five
repetitions.

Firmness changes of onion bulbs was measured by a penetration test
performed on both at root-end and equatorial regions of onions using a
TA.XT plus Texture Analyzer (Stable Micro Systems Ltd., Godalming,
England) equipped with a needle probe attachment (crosshead speed:
0.5 mm/s, cell load: 5 kg). Test conditions used by Maw, Hung, Tollner,
Smittle, and Mullinix (1996) were applied with slight modifications. A
whole bulb was positioned in the center of the platform and the probe
penetrated into the polar region of the bulb to 50% from the surface.
Then, bulbs were halved vertically, each half was positioned in the
center of the platform and the probe penetrated into the equatorial
section of the bulb to 75% from the surface. Penetration force (N) that is
the maximum force required to insert the needle into bulb to a depth that
causes irreversible crushing was determined. Measurements were
replicated twice in each of the five bulbs with four repetitions.

2.2.13.3. Determination of antisprouting activity of coatings on coated
bulbs. The incidence of external sprouting of coated and uncoated bulbs
stored at room temperature was examined visually and recorded daily.
According to Miedema (1994), a bulb was considered sprouted when the
sprout leaves have emerged from the neck. The number of sprouted
bulbs was recorded for each group. Moreover, according to the method
applied by Temkin-Gorodeiski, Kahan, and Padova (1972), examined
bulbs were halved (vertically from top to bottom), and the strength of
green coloration in the stalk sprouting from the center of onion bulb was
graded visually using a color scale between 1 and 4 (1: white, 2: yellow,
3: yellowish green and 4: green) (see the scale at Supplementary file,
Fig. S1). Internal parts of onions were also photographed to record the
sprouting status.

2.2.13.4. Antimicrobial activity of film-forming solutions and dried coat-
ings on onions. The onion bulbs were surface-sterilized with 1% (v/v)
sodium hypochlorite solution for 15 min and rinsed with sterile distilled
water before used in antimicrobial tests. Ten bulbs from each group
were disinfected and dried in a ventilated cabinet. Meanwhile, the in-
oculums were prepared from 150 pL of stock cultures of L. innocua or
E. coli by transferring into 135 mL 1% (w/v) peptone water (Merck,
Darmstadt, Germany) and then incubating at 37 °C for 24 h. The initial
number of inocula was 108 cfu/mL. Bulbs immersed into one of the
cultures were drained in sterile Petri dishes and dried overnight in a
biosafety cabinet. The dried inoculated bulbs were then coated with
different FFS as described in section 2.2.13.

The effect of film-forming solutions on microbial load of inoculated
onions was determined on the 0 day when coated onions were still wet.
For this purpose, the inoculated and dip-coated bulbs were isolated with
10-fold of 1% peptone water by vigorous stirring in an Erlenmeyer flask
at 320 rpm for 30 min.

The effect of coatings on microbial load of onions was determined on
1st and 5th days when they were fully dried at 25 °C. The dried coating
prevents the isolation of inoculated bulbs by vigorous stirring. There-
fore, for isolation of inoculated bacteria in dried coated bulbs, the most
outer peel layers of bulbs were carefully peeled with a sterile knife, and a
0.5 g peel sample was homogenized in 10 mL of sterile 1% peptone
water at 6000 rpm for 5 min using a high speed miniature dispenser
(Ultra Turrax tube dispenser, IKA Werke GmbH & Co. KG, Staufen,
Germany). The serial decimal dilutions prepared from Oth-day isolate by
vigorous stirring, and 1st- and 5th-day isolates prepared by miniature
dispenser were spread-plated onto Oxford Listeria Selective Agar
(Merck, Darmstadt, Germany) enriched with Oxford Listeria Selective
Supplement (Merck, Darmstadt, Germany) and Violet Red Bile Agar
(Merck, Darmstadt, Germany) for enumeration of L. innocua and E. coli,
respectively. The plates were incubated at 37 °C for 24 h and the col-
onies were counted. Microbiological counts were expressed as log cfu/g
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Fig. 1. Effect of ultrasonication (US) and compositing with chickpea proteins
(CP) on soluble protein content of different film-forming solutions (Hy: me-
chanical homogenization; Hy-Hys: mechanical homogenization and a following
ultrasonic homogenization).

bulb. Experiments of each bulb were replicated twice with three
repetitions.

2.2.13.5. Detection of end-point for EUG odor in stored coated onions by a
sensory test. End-point odor testing was performed only for onion bulbs
coated with FLMcpr.cp-ruc/Hm-Hus in the sensory room at Department
of Food Engineering in Izmir Institute of Technology by trained panel-
lists. Ten adults aged between 25 and 35 years took part in this evalu-
ation. Uncoated bulbs free from EUG were used as control. After 0, 1, 7,
14, 21, 28 days of ambient storage, bulbs were coded with random three-
digit numbers and served to the panellists on trays. The room air was
refreshed between each assessment. In sensory evaluation, the panellists
were asked if they detect EUG odor in FLMcyy.cp-rug/Hm-Hus coated and
uncoated onions based on two response categories “yes” or “no”.

2.2.14. Statistical analysis

One-way analysis of variance (ANOVA) was used to process the data
of the characterization of film and FFS samples while two-way ANOVA
was performed to evaluate the storage period analysis of active films and
coated bulb samples using IBM SPSS Statistics for Windows, version 23.0
(IBM Crop., USA). Statistical differences among means were compared
with Duncan’s multiple range test at a significance level of P < 0.05.

3. Results and discussion

3.1. Effect of US and CP compositing on physicochemical properties of
film-forming solutions

3.1.1. Solubility of CP in film-forming solutions

The primary objective of the US treatment applied before addition of
EUG (1st US) was to improve CP solubility essential for its surface active
properties. On the other hand, the US applied after addition of EUG (2nd
US) aimed mainly emulsification of this EO. The data presented in Fig. 1
clearly showed that the protein solubility of FFS was significantly
improved by the US (P < 0.05). In fact, the FFScyr.cp/Hm-Hys and
FFScur.cp-euc/Hm-Hys showed almost 2.2- and 4.4-fold higher soluble
protein content than FFScyr.cp/Hm and FFScur.cp-ruc/Hwm, respectively.
It is interesting to report that Hys alone resulted with significantly higher
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Fig. 2. Effect of US and compositing with CP on EUG retention (A), particle size (B) and {-potential (C) values of different film-forming solutions.

(1.4-fold) CP solubility in FFScur.cp/Hm than in FFScur.cp.ruc/Hm. It
seems that Hy in the presence of EUG increased protein aggregation,
thus, this caused a reduction in CP solubility. In contrast, the US
application after Hy; (Hy-Hys) caused significantly higher (almost 1.4-
fold) CP solubility in FFScur.cp-ruc/Hm-Hus than in FFScyr.cp/Hm-Hus.
This finding suggested that the CP aggregated in the presence of EUG
after Hy resolubilized very effectively following the application of US.

3.1.2. EUG retention in film-forming solutions

The results of % EUG retention in FFS after 10 days of cold storage
clearly showed the beneficial effect of applying US in the presence of CP
to increase amount of emulsified and retained EO in FFS (Fig. 2A).
FFScurcp-rug/Hum-Hys showed the highest EUG retention (82%) fol-
lowed by FFSCHI-EUG/HM‘HUS (72%), FFSCHI-CP-EUG/HM (66%), and
FFScur.eug/Hum (56%). The beneficial effect of US on EUG retention was
clear as Hy-Hys gave greater EUG contents than Hy; for FFSs having
similar composition. The significantly greater EUG retention in FFScyy.
cp-eug/Hm-Hys than that in FFScyr.gug/Hm-Hus also clearly showed that
CP contributed to an increasing amount of EUG retained in FFS. More-
over, the distribution of emulsified EUG droplets in FFScyycp.ruc/Hm

and FFScur.cp-ruc/Hm-Hus was also observed using fluorescence mi-
croscopy by staining EUG with lipophilic dye Nile Red. The obtained
micrographs showed more homogenous distribution of EUG droplets in
FFSCHI-CP-EUG/HM'HUS than those in FFSCHI-CP-EUG/HM (see Supplemen-
tary file Fig. S2). These results proved that FFScpycp-ruc/Hm-Hus was
the best procedure to incorporate EUG into chitosan-based films.

3.1.3. Particle size of film-forming solutions

The D[4,3] particle sizes of different EUG containing FFSs are seen in
Fig. 2B. The significantly greater particle size of FFSchr.cp-ruc/Hum (5.91
pm) than that of FFScyrpug/Hm (3.71 pm) suggested that the incorpo-
ration of CP by Hy caused an increase in particle size. It appears that the
limited solubilization of CP by Hy leads to some protein aggregations
causing an increase in the particle size. In contrast, the smallest particle
size obtained by FFScur.cp-ruc/Hm-Hus (2.87 pm) suggested the benefi-
cial role of US in the solubilization of CP and dispersion of emulsified
EUG droplets. This finding is expected as increased solubility of CP by
US should have enhanced the emulsification of EUG. On the other hand,
it is interesting to report that the largest particle size was obtained for
FFScur.eug/Hm-Hus. Thus, it appears that the excessive EUG in FFScy;.
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Table 1
Solubility, swelling capacity and water vapor permeability of different films™".

Samples S (%) SW (%) WVP (g:'mm/m?/day-
kPa)

FLMcu/Hy 259 +2659 50.0+811%  20.9+1.2°

FLMcp/Hy-Hys 27.6 +3.33¢ 397 +555¢ 203+ 1.6%

FLMgpr.cp/Hum 30.9 +3.10° 359+ 11.39¢  19.2 4 1.4%>

FLMcpr.cp/Hy-Hus 28.3 & 36.9 + 5.60¢ 18.1 + 1.8
3.27¢

FLMchr.eue/Hm 36.2 +298"  29.2+9.49¢ 21.8 + 1.1%

FLMcpir-pue/Hum-Hys 38.7 + 31.1 + 5.50¢ 20.1 + 2.7%°
2.19%°

FLMchr-cp-ruc/Hm 38.6 + 59.6 + 21.5 4+ 1.9*
4.31°° 13.30%°

FLMcar.cp-suc/Hu- 40.8 +£2.66° 67.1 +£11.57 16.8 & 1.0°

Hys

@ Different lower superscripts in the same column indicate significant differ-
ence (P < 0.05).

b Values are presented as mean value + SD (n = 10 for S and SW, and n = 4 for
WVP).

euc/Hm-Hys has not been emulsified as effectively as that in FFScyy cp-
ruc/Hm-Hys. These findings indicated that CP played an important role
in enhancing the stability of classical monolayer emulsion formed by
Tween 80 employed in film making.

3.1.4. {-potential of film-forming solutions

In the current study, the pH of the FFSs changed between 5.1 and 5.2
(see Supplementary file Table S3), a very narrow range that is over the
isoelectric point (pI) of CP (pI ~ 4.1). As expected, the FFScy/Hy and
FFScui/Hm-Hys gave a positive (-potential due to the amino groups of
CHI (Fig. 2C). The significantly higher {-potential of FFScu/Hm-Hus
than FFScy/Hy suggested improved CHI solubility and/or exposed
charges of amino groups due to the linearization of this macromolecule
by the application of US. Although it is not a FFS, the {-potential of CP
prepared at the same concentration as in FFS and treated by Hy; or Hy-
Hys as described in sections 2.2.2 and 2.2.3 was also investigated to
understand the effect of these treatments on protein surface charges. Ata
pH (~5.1) above its pl, the CP treated by Hy or Hy-Hys gave quite
similar negative {-potentials (P > 0.05). In contrast, the FFSs with both
CP and CHI (FFScur.cp/Hm, FFScurcp-euc/Hm, FFScurcp/Hum-Hus,
FFScur-cp-euc/Hm-Hus) showed similar (P > 0.05) positive {-potential
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values ranging between +30 mV and +33 mV. The significantly higher
positive {-potential of FFSs obtained from a mixture of CP and CHI than
FFS containing only CHI was an evidence that suggested the complex-
ation of CHI with CP. It appears that the complexation occurs via charge-
charge interaction between negatively charged groups of CP (basic
amino acid side chains) and positively charged amino groups of CHI. As
a result, the negative charges of CP were masked and the resulting CP-
CHI complex bore mainly positive charges of both macromolecules.
This finding indicated that the greater EUG retention in FFScyr.cp-EuG/
Hy-Hys than FFScyrpug/Hm-Hys could be due to increased positive
charge-charge repulsion among emulsified EUG droplets surrounded by
positively charged CHI-CP complex.

3.1.5. Transparency/turbidity of film-forming solutions

The control FFSs with only soluble CHI were transparent (see T%
values for FFSCHI/HM = 89.83 + 3.73% and FFSCHI/HM-HUS = 86.66 +
0.24% in Supplementary file Table S3), but solubilization of CP formed
highly turbid FFSs due to blocking of light by the dispersed protein. A
considerably lower transparency was observed for FFS treated by Hy-
HUS than HM (To/o values for FFSCHI_Cp/HM = 6.24 4 0.25% and FFSCHI_
cp/Hum-Hys = 0.30 £+ 0.006%) as US treatment increased amount of
protein solubilized considerably (see also photos in Supplementary file
Figs. S3A and B). The addition of EUG formed opaque (milky) FFSs as a
result of emulsion formation (Figs. S3C and D), thus, this prevented
passing of light from FFS almost completely (T% values of all EUG
containing FFS were <0.03%). The turbid and opaque nature of FFS
originating mainly from solubilized CP and emulsified EUG were highly
stable and showed no considerable change when monitored by different
methods for 28 days. However, it should be reported that the FFSs
treated by Hy-Hys were slightly more turbid than those treated by Hy
(see Absgoonm and NTU measurements in Figs. S4A and B by spectro-
photometer and turbidimeter, respectively).

3.2. Effect of US and CP compositing on solubility and swelling capacity
of edible films

The effect of US and CP on the solubility and swelling capacity of
different films are presented in Table 1. FLMcy/Hy and FLMcy/Hy-Hys
films showed the lowest water solubility values that were not signifi-
cantly different (P > 0.05). The addition of EUG increased the solubility
of CHI films significantly. Therefore, FLMcyr.gug/Hm and FLMcyr.guc/

0y
e

Fig. 3. SEM surface images of different pristine CHI and CHI-CP composite films (magnification = 5000x, A: FLMcy1/Hy, B: FLMcur.cp/Hym, C: FLMcpr.cp-ruc/Hwm, D:

FLMcu/Hm-Hys, E: FLMcur.cp/Hum-Hus, F: FLMcnr.cp-eue/Hm-Hus)-
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Fig. 4. AFM images of different pristine CHI and CHI-CP composite films (A: FLMcu/Hwm, B: FLMcur.cp/Hum, C: FLMcpr.cp-ruc/Hwm, D: FLMcp/Hy-Hus, E: FLMcpr.cp/

Hy-Huys, F: FLMcaur.cp-rue/Hm-Hus).

Hy-Hys showed almost 1.4-fold greater solubility than FLMcy;/Hy and
FLMcur/Hy-Huys films. The use of CP in film making did not cause a
marginal change in solubility of obtained composite films. In fact, the
FLMcur.cp/Hwm films showed only slightly higher (1.2-fold) solubility
than FLMcy/Hy films while FLMcyr.cp/Hum-Hys and FLMcur/Hy-Hys
films showed similar solubility (P > 0.05). In contrast, the addition of
EUG caused significant increases in solubility of composite films (P <
0.05). Thus, these results proved that the incorporated EUG increased
the solubility of both CHI and CHI-CP composite films. The interaction of
phenolic compounds with hydrocolloids occurs by hydrophobic in-
teractions that form between aromatic rings of phenolic compounds and
hydrophobic groups of hydrocolloids (e.g., hydrophobic side chains of
amino acid residues in CP, and hydrophobic acetyl groups of chitosan)
(Yemenicioglu, 2022). Therefore, it seems that the EUG interacted with
hydrocolloids masked the hydrophobic groups of CHI and/or CP and
increased their hydrophilicity by its hydroxyl group.

The application of Hy; or Hy-Hys did not cause a significant effect on
the degree of swelling of films having a similar composition (P > 0.05).
However, the presence of EUG or CP alone in CHI matrix and application
of Hy-Hys gave a more swelling-resistant rigid film networking than that
of pristine CHI film obtained by Hy. It appears that the better solubili-
zation of film components by US caused more interactions created
within the film matrix, thus, this resulted in a more limited swelling
during the incubation of films in distilled water. In contrast, the presence
of both CP and EUG in FFSs gave edible films showing the highest degree
of swelling. This result proved that the interaction of EUG with CP
within the film matrix enhanced the hydrophilic interactions and this
loosened the film matrix during swelling.

3.3. Effect of US and CP compositing on morphological properties of films

3.3.1. SEM images of films

SEM images of surfaces of pristine CHI and CHI-CP composite films
are illustrated in Fig. 3. The surface photos of FLMcy/Hy film showed
that the CHI films prepared by Hy had some superficial non-uniform
formations that appear as light colored spots at film surface (Fig. 3A).
It seems that these are formed by local changes in CHI solubility,
possibly by transformation of CHI from amorphous to crystalline form at
film surface. Such changes could take place locally around pores during
final stages of drying as film-forming solution get concentrated by
evaporation. The addition of CP into films caused clearly observed
protein aggregates within resulting FLMcyrcp/Hm composite films
(Fig. 3B). The further incorporation of EUG caused disappearance of
protein aggregates in FLMcpy.cp.eug/Hwm films. However, unemulsified
(free) EUG caused formation of extensive tiny pores and craters at the
surface of these composite films prepared by Hy; (Fig. 3C). It is evident
that the Hy; alone is not sufficient for effective emulsification of all EUG,
thus, free tiny EO droplets accumulated at the surface of cast FFS, and
evaporated during drying left extensive pores and craters at the FLMcy;-
cp-euc/Hu film surface. Similar porous morphologies were observed also
by Nisar et al. (2018) at the surface of pectin films due to the phase
separation of incorporated clove bud essential oil. In contrast, the
application of US gave highly homogenous FLMcy/Hy-Hys films
(Fig. 3D). It appears that the application of US reduced the film porosity
by emulsification of excessive free EUG and prevented the formation of
unemulsified EUG droplets that tend to coalesce at the upper surface of
films during film-drying. The addition of CP also caused formation of
some protein aggregates in FLMcyr.cp/Hy-Hys, but these aggregates
were smaller and they distributed much more homogenously than those
in FLMcurcp/Hym (Fig. 3E). This finding was expected as effective
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solubilization of CP in film-forming solutions by US was demonstrated in
the current study (see Fig. 1). The addition of EUG into CHI-CP films by
use of US gave more homogenous films (FLMcyr.cp-ruc/Hm-Hus) by
significant reduction of protein aggregates at the film surface (Fig. 3F).
Moreover, FLMcyr.cp.euc/Hwm-Hus films did not contain pores and craters
at the surface as FLMcyr.cp-rug/Huw films. This finding proved that the US
effectively dispersed CP, emulsified the EUG, and prevented formation
of unemulsified free EO droplets that coalesce at the film surface to leave
pores and craters following evaporation. The investigation of film
cross-sections proved that all films with the exception of FLMcyyc
p-euc/Hm showed dense film morphologies (see Supplementary file,
Figs. S5A-F). The pores observed close to the surface of FLMcyyc
p-euc/HuMm film cross-sections supported our surface observations that
part of the EUG cannot be emulsified sufficiently with Hy (Fig. S5C).

3.3.2. AFM images of films

The topographic images of film surfaces obtained by AFM are given
in Fig. 4. The FLMcyi/Hum films are characterized by their rough flat
surface containing various sizes of circular crater-like pores having
curved edges above the height of film surface (Fig. 4A). Due to the high
edges of these craters, the FLMcy;/Hy films showed a high R, value that
is the second highest among those of all films. The images of FLMcpyy.cp/
Hy films clearly showed how the addition of CP caused the rough flat
film surface of FLMcy/Hy to turn into a wavy surface showing the
highest R, value (Fig. 4B). The addition of EUG into films reduced their
wavy nature, and caused a dramatic reduction in films roughness
(lowest R, among those of films obtained by Hy), but this also caused
formation of extensive tiny pores at the film surface (Fig. 4C). These
pores observed confirms that the EUG could not be emulsified effectively
by Hy and part of the EUG separated as EO droplets evaporated during
drying of films. The topographic images of FLMcy/Hy-Hys films
showed that Hy-Hyg treatment caused a much wavy CHI film surface
than that of FLMcui/Hm (Flg 4D). Moreover, FLMcur.cp/Hm-Hus film
surface also became much rougher than that of FLMcyy.cp/Hy (Fig. 4E).
It is also important to note that the Hy-Hyg treatment caused significant
reductions in R, of films. The surface images of FLMcyr.cp-ruc/Hm-Hus
film showed that addition of EUG reduced the roughness and R, of films
as observed similarly in FLMcprcp-rug/Hwm films (Fig. 4F). However,
extensive crater-like pores observed at the FLMcyr.cp.ruc/Hwm film sur-
face disappeared in FLMcur.cp-rug/Hm-Hus films. Thus, both SEM and
AFM images of films confirmed that the US is an effective method to
emulsify EUG and prevent pore formation at the film surface due to
evaporation of unemulsified EO droplets accumulated at the film surface
before cast films dried.

3.4. Effect of US and CP compositing on optical properties and color of
films

The effects of US treatment on UV light transmittance at 280 nm
(T2g0) and VIS light transmittance at 600 nm (Tg00), opacity and color
change (AE*) of films are presented in Table S4 (see Supplementary
file). The application of Hy-Hys in film preparation caused a signifi-
cantly lower Togq for pristine CHI films than application of Hy;. It seems
that the US caused some molecular modifications such as linearization of
folded CHI molecules that might expose UV-absorbing N-acetylglucos-
amine residues (Kasaai, 2009). The formation of composites with CP and
the addition of EUG caused further significant reductions in Togo due to
additional UV-absorbing aromatic amino acid residues and aromatic
ring of these molecules, respectively, but no significant differences exist
between Hy-Hys and Hy; treated EUG incorporated CHI or CHI-CP films.
As expected, CHI films showed a higher Teoo and lower opacity than
CHI-CP composites. Moreover, incorporation of EUG caused a reduction
in Tegp of films, possibly by the effect of emulsion formation in the
presence of essential oil by Hy-Hys or Hy;. The application of Hy-Hys in
film preparation caused a significantly lower Tgo for CHI-CP films than
application of Hy;, but no differences exist between Tgo values of CHI
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Table 2
Tensile strength, elongation at break, Young’s modulus and toughness of
different films™".

Samples TS (MPa) EB (%) YM (MPa) T (MPa)
FLMcr/Hu 3.54 + 92.12 + 0.02 + 129.33 +
0.38¢ 4.70° 0.001f 16.37°
FLMcu/Hy-Hus 4.24 + 17.69 + 0.21 +0.02°  36.70 + 8.19°
0.67¢ 2.07¢
FLMctir.cp/Hu 6.62 + 81.75 + 0.04 + 235.74 +
1.00¢ 5.92° 0.0054 41.62¢
FLMcpr.cp/Hy- 11.50 + 61.32 + 0.154+0.01> 32151 +
Hus 0.85% 3.03¢ 29.06°
FLMcareue/Hu 6.06 + 83.54 + 0.03 £0.01°  190.19 +
1.08¢ 5.47° 36.83¢
FLMcr.pue/Hu- 5.77 + 63.46 + 0.05+0.01¢  149.27 +
Hys 0.38° 2.80° 11.88°
FLMcurcp-sue/Hy ~ 10.05 + 82.91 & 0.07 £0.01°  339.81 +
1.05° 7.86° 52.56"
FLMch1.cp-5uc/ 11.80 + 91.68 + 0.07 +0.01°  418.41 +
Hyw-Hus 1.34 3.77% 50.17%

 Different lower letter superscripts in the same column indicate significant
difference (P < 0.05).
b Values are presented as mean value + SD (n = 10).

films obtained by different methods. It seems that the reduced Tgg in
CHI-CP films by application of US treatment occurred due to the
increased CP solubility and distribution within the film matrix. In gen-
eral, a reduced Tgoo caused parallel increases in film opacity. Moreover,
incorporation of EUG in CHI films caused increased yellowness (see b*
values and film photos in Supplementary file Table S5 and Fig. S6,
respectively), but this caused minimum color change in CHI-CP com-
posite films.

3.5. Effect of US and CP compositing on water vapor permeability of
edible films

The results of water vapor permeability (WVP) measurements for
CHI and CHI-CP composite films produced by Hy; or Hy-Hys treatments
were also presented in Table 1. The similar WVP values of FLMcy/Hym
and FLMcy/Hy-Hys films showed that the application of US did not
affect the WVP of CHI films. The similar WVPs of FLMcur.rug/Hm and
FFScur.eug/Hm-Hys also showed that the addition of EUG into CHI films
by Hy or Hy-Hys did not also affect the WVP. The FLMcyr.cp/Hm and
FLMcur.cp/Hm-Huys films also showed a similar WVP to all other CHI
films with the exception of FLMcyy.cp/Hm-Huys film that showed signif-
icantly lower WVP than FLMcy/Hy film. However, the FLMcyy.cp-euc/
Hy-Huys film showed the lowest WVP of the current study, indicating
that the use of CP and EUG, and the application of US are the key factors
causing a significant improvement in WVP of composite films. It appears
that the improved WVP of films might be due to the effect of multiple
US-mediated factors such as the formation of denser film morphology by
effective solubilization of CP, increased film tortuosity by the distributed
EUG droplets emulsified by CP, and pore free nature of films due to lack
of unemulsified EUG droplets.

3.6. Effects of US and CP compositing on mechanical properties of edible
films

The mechanical properties of CHI and CHI-CP composite films are
displayed in Table 2. The US-treatment did not significantly affect the TS
values of pristine CHI films and CHI films incorporated with EUG, but it
caused a reduction of EB and T values, and an increase in YM values of
these films. The reduced EB, but increased YM of US-treated CHI films
suggested that the sonication applied in film-making caused increase of
film stiffness and reduction of CHI biopolymers’ mobility within the film
matrix. Moreover, reduction of T values of films by US-treatment sug-
gested that the sonication caused some degradation of CHI biopolymer
resulting in a reduction of its chain length as observed also by Rokita,
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Fig. 5. EUG retention in different CHI and CHI-CP composite films incubated at room temperature (A) and refrigerated storage temperature at 10 °C (B).

Czechowska-Biskup, Ulanski, and Rosiak (2005). It is important to note
that the incorporation of EUG caused significant increases in TS and T of
CHI films treated with Hy; or Hy-Hys. These results suggested increased
interaction among CHI biopolymers, possibly due to cross-linking effect
of EUG. In the literature, ability of EUG to participate cross-linking of
zein film matrix has been reported by Khalil, Deraz, Elrahman, and
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El-Fawal (2015). The mechanical test results of CHI-CP films showed
that all composites showed significantly higher TS and T than their
corresponding CHI films. This finding clearly showed that the composite
films owe their mechanical stability to interactions and networking
formed between CHI and CP. It is also important to note that
FLMchr.cp-euc/Hm-Hus and FLMcni-.cp/Hm-Hus films showed
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Table 3

The first-order rate constant (k), half-life (T, 2), and correlation coefficient R
of EUG loss following exposure of films to air at room temperature (Tgr) and or at
10 °C.

Samples k (day ™" T1/2 (day) R?

Th FLMaisue/Hu 0.38 1.8 0.9973
FLMchr-ruc/Hm-Hus 0.37 1.9 0.9952
FLMcar.cp-ruc/Hm 0.37 1.9 0.9939
FLMcnir-cp-ruc/Hm-Hus 0.19 3.6 0.9705

10°C FLMchi-eue/Hm 0.17 4.0 0.9828
FLMchr-ruc/Hum-Hus 0.21 3.3 0.8895
FLMcr-cp-ruc/Hm 0.11 6.5 0.9639
FLMcir-cp-euc/Hm-Hus 0.08 9.1 0.9749

Table 4

Percentage of soluble EUG in films determined by release tests in aqueous and
fatty food simulants at 4 °C and 25°C5°.

Samples Aqueous food simulant

(simulant A)¢

Fatty food simulant
(simulant D1)°

4°C 25°C 4°C 25°C
FLMcpr.rue/Hu 51.9 + 41° 56.4 + 3.8° 54.4 + 4.0° 553+
1.9%¢
FLMcurpue/Hu-Hus  53.9 55.6 + 1.2° 481 4+1.0° 50.1 +1.3°
lec
FLMchr.cp-euc/Hu 57.3+3.3" 588+ 16.6° 583+ 57.2 + 3.8°
6.2%°
FLMcnr.cp-suc/Hu- 66.8 +1.4° 71.35+ 60.9 +£1.7°  70.0 +8.1°
Huys 6.03%

@ Soluble EUG (%) = (EUGmax/EUGincorporatea) X 100. b Different lower letter
superscripts in the same column indicate significant difference (P < 0.05). ¢
Values are presented as mean value =+ SD (n = 6). ¢ The equilibrium point of
release was reached at 24 h © The equilibrium point of release was reached at 44
h.

significantly higher EB than FLMcyr.gug/Hm-Hus and FLMcyy/Hy-Hys
films, respectively. In contrast, the application of Hy; alone did not give
CHI-CP films having superior EB values than those of CHI films. Thus, it
seems that the solubilization of CP by US treatment maximized film
flexibility by preventing formation of insoluble protein aggregates that
disrupt the continuity of the film matrix.

3.7. Release kinetics of EUG from edible films exposed to air

The ability of edible antimicrobial films to retain essential oils during
storage is a major factor affecting the shelf-life of coated or packaged
foods. Therefore, release profiles of EUG from films to air are estimated
by determining the remaining EUG in films exposed to air at room
temperature (TR) or refrigerated storage temperature at 10 °C (Fig. 5A
and B). Flg 5A clearly showed that FLMcur.ruc/Hm, FLMcureug/Hwm-
Hys, and FLMcyy.cp.gug/Hw films showed a rapid release of EUG to air at
Tgr. In contrast, FLMcyr.cp-ruc/Hm-Hys film showed a high retention of
EUG at Ty indicating superior sustained release properties of these films
than all others. For example, it should be noted that the FLMcyy.cp.cug/
Hy-Huys films lost only 3% EUG within 1 day at Tr while it took 3 days at
Tg to lost 38% of EUG from these films. However, all other films lost
almost 38% of their initial EUG content within 1 day at Tg. The reduc-
tion of release temperature to 10 °C reduced the release rates of EUG for
all films. However, FLMcyr.rug/Hm-Hys was still having the lowest
release rates for the EUG at 10 °C. The fitting of the obtained retention
data to first-order reaction kinetics (see Table 3 and Supplementary file,
Figs. S7A and B) revealed that the half-life (T /2) for EUG loss in FLMcy;-
cp-euc/Hym-Hus film exposed to air at Tg was 3.6 days while other films’
Ty /2 values changed between 1.8 and 1.9 days at Tg. The T; » of FLMcy;.
cp-euc/Hm-Hys at 10 °C was also 2.3-, 2.8-, 1.4-fold greater than those of
FLMcureue/Hm, FLMcureuc/Hm-Hus, FLMchr.cp.ruc/Hu, respectively.
These results clearly proved that application of Hy-Hys is highly

11

Food Hydrocolloids 151 (2024) 109790

Table 5
Sprouting rate of bulbs during storage at room temperature.

Samples” Storage time (days)

0 1 7 14 21 28
Control (uncoated) 0/10 0/10 2/10 4/10 4/10 3/10
FLMcur/Hy-Hus 0/10 0/10 0/10 4/10 4/10 4/10
FLMcpr.cp/Hm-Hus 0/10 0/10 0/10 3/10 3/10 2/10
FLMchr.cp-euc/Hm 0/10 0/10 0/10 2/10 4/10 2/10
FLMchr-cp-euc/Hm-Hus 0/10 0/10 0/10 1/10 1/10 1/10

 Different batches (10 bulbs) of bulbs were examined daily to count number
of sprouted bulbs.

beneficial to obtain CHI-CP composite films with sustained EUG release
properties. It appears that the CHI-CP complex is an effective formation
to encapsulate emulsified EUG and form a dense barrier against its loss
by evaporation. It is also important to note that even FLMcyr.cp-rug/Hm
showed hlgher T1/2 than FLMCHI-EUG/HM and FLMCHI-EUG/HM'HUS at
10 °C. It is evident that Hy; or Hy-Hys has no considerable effect on EUG
retention performance of pristine CHI films. It is clear that the CHI
molecules and conformational formations in the film matrix lack ability
to interact and encapsulate the EUG effectively.

3.8. Determination of soluble EUG content of edible films released in
different food simulants

The results of soluble EUG contents of films determined by release
tests performed in standard aqueous (simulant A: ethanol at 10%, v/v)
and fatty (simulant D1: ethanol at 50%, v/v) food simulants until
reaching of equilibrium at 4 °C and 25 °C are presented in Table 4 (see
release curves in Supplementary file, Figs. S8 and S9). As expected, the
percentage of soluble EUG released from most films at 25 °C was slightly
to moderately higher than that released at 4 °C. This was expected since
elevated temperature might have increased the tendency of emulsions to
destabilize and release emulsified EUG, or it increased diffusion of
entrapped EUG within macromolecular formations or complexes. It is
only the FLMcur.cp-rug/Hum film that showed almost same amounts of
EUG release at 4 °C and 25 °C in the fatty food simulant. Thus, it seems
that the large amounts of insoluble CP aggregates in FLMcpyr.cp-ruc/Hm
film adsorbed or entrapped part of the soluble EUG with high affinity
and prevented its release at elevated temperature. It should also be
noted that the amounts of EUG released in aqueous and fatty food
simulants by films were not considerably different from each other, but
reaching of equilibrium in the aqueous simulant occurred much faster
(24 h) than that in the fatty simulant (44 h) due possibly differences in
EUG solubility and film swelling profiles of simulants. The similar
amounts of EUG released in different simulants, originate possibly from
amphiphilic nature of this EO, suggest its suitability as a preservative
compound for a great variety of food products. These results showed that
CHI films prepared by Hy; or Hy-Hys maintained slightly more than half
of their initially incorporated EUG in soluble form. It seems that the
remaining EUG incorporated into films lost by evaporation during initial
drying period of films. The release tests of CHI-CP composite films
clearly showed that these films prepared by Hy or Hy-Hys showed
higher amounts of soluble EUG than corresponding CHI films. It is
important to note that FLMcpyycp-rug/Hm-Hus film showed the highest
amount of soluble EUG that is almost 28 and 40% higher than those of
FLMcurruc/Hm-Hys films in simulant A and D1, respectively. It is clear
that the surface active CP and its complexes with CHI helped retention of
EUG by encapsulating this EO via physical trapping and/or emulsifica-
tion and preventing its evaporation during film-drying. It is also clear
that use of CP in composite-making and US-treatment helped retaining
minimum 70% of incorporated EUG in soluble form.
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Fig. 6. Cross-section photos of onion bulbs after 2-weeks storage at room temperature [(uncoated control onions (A), onions coated with FLMcu/Hym-Hys (B),
FLMcpur.cp/Hm-Hus (C), FLMcur.cp-ruc/Hm-Hus (D), FLMcur.cp-euc/Hum (E)]; SEM surface and cross-section images of active composite coating at onion skins [surface
of uncoated onion skin (F), and onion skin coated with FLM ¢y cprug/Hm-Hus (G); cross-section of uncoated onion skin (H), and onion skin coated with FLM ¢y cp-

ruc/Hm-Hus (I); arrows indicate coating layer].

Table 6
Green color strength of developed sprouts.

Samples Green color strength®

1 2 3 4
Control (uncoated) - - 4/10 6/10
FLMcu/Hy-Hus - - 2/10 8/10
FLMcnr-cp/Hum-Hus - - 8/10 2/10
FLMcnr.cp-euc/Hum-Hus - - 5/10 5/10
FLMcHr-cp-euc/Hm 1/10 4/10 4/10 1/10

@ 1: white; 2: yellow; 3: yellowish green; 4: green.

3.9. Performance of developed composite edible films as active coating for
stored onions

3.9.1. Antisprouting effect of active composite coating for stored onions
The effect of developed composite coating on sprouting, the greatest
physiological problem causing decay in stored bulbs, have been tested
by examination of sprouting rate during storage at room temperature
(Table 5). Each time-point represents the result for a different party of
onions since the bulbs were cut and analyzed for internal details each
time (Fig. 6). At the first week of storage, the coated onions did not show
any sprouting while sprouting was observed in some uncoated control
onions (2 sprouted in 10 bulbs). The uncoated control onions and onions
coated with FLMcy/Hpm-Hys showed considerable sprouting after 2
weeks (Fig. 6A and B). In fact, 3-4 sprouted onions were observed in
every 10 bulbs of these samples between 2 and 4 weeks. The onions
coated with FLMcur.cp/Hm-Hys films showed slightly less sprouting
within 4-weeks period (2-3 sprouted in 10 bulbs) (Fig. 6C). However,
the use of FLMcur.cp-rug/Hm-Hus films in coating caused the most
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marginal drop in number of sprouted onions (1 sprouted in 10 bulbs)
between 2 and 4 weeks (Fig. 6D). In contrast, the use of FLMcyr.cp-EuG/
Hy films that caused poor EUG retention capacity caused 2-4 sprouting
in 10 onions during 28-days storage (Fig. 6E). Moreover, the FLMcyr.cp-
ruc/Hwm coating showed a similar effectiveness with FLMcyr.cp/Hm-Hus
coatings. Thus, it is clear that the amount of EUG left in coatings pre-
pared by Hy during storage was ineffective on inhibition of sprouting.

The green color strength of developed sprouts was also evaluated for
uncoated control and different coated bulbs at the end of 28 days as a
measure of strong sprouting (Table 6). The sprouts of uncoated control
bulbs, and those of FLM¢cy/Hy-Hys, FLMcur.cp/Hy-Huys, and FLM ¢y cp-
ruc/Hm coated bulbs were yellowish-green or green while sprouts of
FLMcaur-cp-euc/Hm-Hus coated bulbs were yellow or yellowish-green.
This result showed beneficial effect of FLMcur.cp-ruc/Hm-Hus coating
to delay accumulation of chlorophyll in sprouts formed by onions. In
contrast, the sprouts of bulbs coated with FLMcpurcp.rug/Hm had a
yellowish-green or green color very similar to those of uncoated bulbs.
These results were in line with those of sprouting rates, and they
confirmed that the FLMcyr.cp-ruc/Hm-Hys coatings were effective to
suppress development of sprouting in onions.

The solution-cast films of FLMcu/Hy-Hys and FLMcur.cp-euc/Hwm-
Hys, the worst and best performed coatings of these films in anti-
sprouting test, respectively, did not show considerably different oxygen
permeability values (28.07 + 3.33 g mm/m?.day for former and 27.94
+ 4.58 g mm/m?.day for latter films). Therefore, it is not likely that the
differences in the sprouting rate of onions were mediated by oxygen
permeability characteristics of coatings. It is clear that the FLMcpy.cp-
euc/Hm-Huys coating owed its effectiveness to its high retention capacity
of EUG that is a well-known natural antisprouting agent (Finger et al.,
2018; Kleinkopf et al., 2003; Santos et al., 2020).
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3.9.2. Effect of active composite coating on physicochemical properties of
stored onions

The effect of active coating on pH, titratable acidity (TA) and brix
(°Bx) of coated onions are presented in Tables S6-S8 (see Supplementary
file). The storage caused some limited drops in pH and TA of both un-
coated and coated bulbs due possibly to some reduction of acids (mainly
citric acid and malic acid) by respiration. It was reposted that the storage
temperature was the most important factor influencing the acid changes
(e.g., citric acid increases and malic acid decreases) in bulbs especially at
high storage temperatures near 30 °C (Salama, Hicks, and Nock, 1990).
At 1st and 28th days of storage, the pHs and TAs of uncoated control
onions were 5.81 and 5.66, and 0.27 and 0.21 g MA/100 g f.w. while
coated onions showed pHs and TAs of 5.82-5.88 and 5.71-5.76, and
0.27-0.30 and 0.21-0.24 g MA/100 g f.w., respectively. The °Bx values
of uncoated and coated onions changed between 13.5 and 15.3, and 13.2
and 15.8 during 28-days storage, respectively. No significant differences
were observed among °Bx of uncoated and coated onion samples. Most
samples also did not show a significant change in their °Bx during
storage, except significant increases in °Bx values of uncoated bulbs at
the 3rd week, and bulbs coated with FLMcy;/Hy-Hys at the 2nd week.
The uncoated bulbs maintained their increased °Bx at the 4th week
while FLMcy/Hym-Hys coated bulbs showed a rapid decline in their °Bx
at the 4th week. The increase of °Bx in onions is sometimes linked with
onset of sprouting while following decline in °Bx is linked with meta-
bolic activity of growing sprout (Hurst, Shewfelt, & Schuler, 1985;
Markovic et al., 2020; Sheikh, Jose-Santhi, Kalia, Singh, & Singh, 2022).
These results showed high parallelism with our findings since uncoated
and FLMcy/Hp-Hys coated bulbs showed highest sprouting rate and
greenest sprout color in our examinations.

3.9.3. Effect of active composite coating on firmness of stored onions

The firmness of onions determined both on their root-end and
equatorial regions are provided in Tables S9 and S10 (see Supplemen-
tary file), respectively. At the 1st day of storage, coated bulbs showed
slightly to moderately or considerably greater firmness than uncoated
control bulbs at the root-end and equatorial regions, respectively. All
bulbs showed a significant increase in root-end or equatorial region
firmness starting from 1st week by the effect of drying occurred at their
skins and 1st scales. However, the increases in the firmness of equatorial
regions were considerably greater than those at the root-ends. No sig-
nificant differences were determined among the root-end firmness of
uncoated and coated bulbs between 1st and 4th weeks of storage.
However, most coated bulbs showed a greater equatorial region firm-
ness than uncoated controls between 1st and 4th weeks. It appears that
the applied CHI and CHI-CP coatings increased the integrity of onion
skins by acting as a flexible supporting layer.

3.9.4. SEM surface and cross-section images of active composite coating at
onion skins

The application of coatings caused tight packing of skin and 1st scale
of onions, thus, this effectively prevented cracking and disintegration of
dried skins. The SEM photos of the skin surface of uncoated and FLMcy-
cp-euc/Hm-Hus coated onions clearly showed that the developed active
composite coating effectively covered the skin surface and increased its
smoothness (Fig. 6F and G). Although the skin outer surface was masked
by a cuticle layer, the cell-walls at the uncoated onion skin are somehow
identifiable (see arrows in Fig. 6F). In contrast, cell-walls in the surface
micrographs of FLMcyr.cp.rug/Hm-Hus coated onion skin were hardly
identifiable confirming the presence of composite coating at the surface.
The thicknesses of the onion skin and FLMcpr.cp-euc/Hm-Hus coating on
the skin determined from SEM cross-section photos were 45 and 4.5 pm,
respectively. No apparent changes were observed in the morphologies of
highly plated inner layers of coated and uncoated onion skins (Fig. 6H
and D).
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Table 7
Effects of antimicrobial coatings on L. innocua and E. coli counts of inoculated
bulbs stored at room temperature.

Microorganism Coatings Storage time (days)™”
Day 0’ Day 1 Day 5
L. innocua (Log cfu/  Control 5.8 + 7.1+ 7.0 £
2)° (uncoated) 0.41>4 0.07%% 0.30%*
FLMcp/Hy-Hus 47 + 4.6 + 45+
0.13%P 0.122>8 0.07>¢
FLMcnr-cp/Hm- 4.1 + 4.5 + 5.0 +
Hys 0.20%¢ 0.05”8 0.19%F
FLMcpr.pue/Hu- <2.0%P 3.6 + 3.8+
Hys 0.10>¢ 0.18*P
FLMchr-cp-Euc/ <2.0%P 2.8 + 3.2+
Hm-Hus 0.12>P 0.09%E
E. coli (Log cfu/g)° Control 4.6 + 51+ 55+
(uncoated) 0.30%4 0.362>A 0.76%*
FLMcui/Hm-Hus 44 + 4.3 + 4.1 +
0.20%* 1.13%4 0.80%8
FLMcnr.cp/Hm- 3.8+ 4.2 + 5.0 +
Hus 1.00%® 1.49%A 0.50%4
FLMcurguo/Hu-  <2.0°C <2.0%8 3.4+
Huys 0.48%B¢
FLMchr-cp-EuG/ <2.0%¢ <2.0°8 2.7 +
Hy-Hus 0.65%¢

2 Different lower and capital letter superscripts in the same row and column
indicate significant differences (P < 0.05), respectively.

b Values are presented as mean value + SD (n = 6).

¢ Initial L. innocua or E. coli loads were 8.7 log cfu/mL.

4 Bacterial load after 15 min when coated onions were still wet.

3.9.5. Antimicrobial effect of active composite coating on inoculated stored
onions

The results showing the antimicrobial effect of CHI and CHI-CP
coatings with or without EUG on L. innocua inoculated onto the sur-
face of bulbs prior to coating are presented in Table 7. The ability of
inoculated L. innocua to grow on to the surface of uncoated control
onions (increased > 1 log) during room storage showed that the test
bacteria survived on inoculation surface. The L. innocua counts of all
coated bulbs were significantly lower than that of uncoated control
bulbs on the 0 day when coatings were initially wet, and on the 1st and
5th days after drying of coating (P < 0.05). The antimicrobial effect of
coatings lacking EUG on L. innocua showed that both the pristine CHI
and CHI-CP composite films had antimicrobial effects on inoculated
bacteria. It is interesting to report that the wet FLMcur.cp/Hm-Hus
coating showed significantly higher antilisterial effect than wet FLMcp1/
Hy-Hys coating on the oth day. The dried FLMcy/Hp-Hys and FLMcyy.
cp/Hm-Hys coatings showed similar antilisterial effects on the 1st day of
storage, but the former showed significantly higher antimicrobial effect
than the latter on the 5th day of storage (P < 0.05). This result was
expected since CP probably blocked some reactive amino groups of CHI
in composite films by complexation, but it is evident that the developed
CHI-CP films still showed some significant inherent antimicrobial ac-
tivity. The incorporation of EUG into CHI and CHI-CP coatings boosted
their antimicrobial activity and caused a minimum 3.8 log lower Listeria
counts in coated onions than in uncoated onions on the 0™ day (wet
coatings). The onions coated with FLMcyrruc/Hm-Hys and FLMcur.cp-
ruc/Hm-Hys also showed minimum 3 log lower Listeria counts than
uncoated inoculated onions on the 1st and 5th days (dried coatings).
However, it is important to note that FLMcyi.cp-ruc/Hm-Hus coating
gave significantly lower Listeria counts than FLMcyr.guc/Hm-Hus coating
(P < 0.05) owing to its higher EUG retention capacity during storage.

The antimicrobial effect of CHI and CHI-CP coatings on E. coli
inoculated onto surface of bulbs prior to coating are also presented in
Table 7. The E. coli inoculated onto surface of control uncoated onions
showed no inactivation during 5-days room storage. The bacteria
initially showed a resistance against FLMcy;/Hym-Hys, immediately after
coating on the 0% day (wet coating) and after 1-day storage (dry
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Fig. 7. The results of sensory test showing proportions of yes/no responses for
detection of EUG odor.

coating) and showed no considerable inactivation, but the coating
caused significant inactivation of E. coli after 5-days storage. In contrast,
FLMcur.cp/Hum-Hys caused a significant reduction in E. coli counts
initially on the 0" day (wet films), but did not cause further significant
inactivation of E. coli during 5-days storage. Similar to Listeria, E. coli
also showed a considerable inactivation when EUG was incorporated
into coatings. The FLMcyrruc/Hm-Hus and FLMcyrcp-rug/Hm-Hus
coatings caused a minimum 2.6 log reduction of E. coli counts on the oth
day, and kept E. coli counts of onions 2.1 and 2.8 log lower than those of
uncoated controls at the end of 5-days, respectively. Although FLMcy;.
cp-euc/Hm-Hys coating was slightly more effective than FLMcyr.gug/Hu-
Hys coating on E. coli, the differences between antimicrobial activity of
two films were not significant (P > 0.05).

3.9.6. End-point sensory test for detection of EUG in coated onions during
storage

The sensory tests conducted to detect EUG originated odor difference
between uncoated and FLMcurcp.rug/Hm-Hys coated onions were
evaluated by determining “yes” and “no” responses for a paired com-
parison test (Fig. 7). According to results, the inherent clove-like smell of
EUG in FLMcyrcp.eug/Hm-Hys coated onions was detected by all
panelist after 1-week storage. The EUG odor of coated onions was still
detected by half of the panelists after 2 weeks, but it has not been
detected by 80% of the panelists after 28 days.

4. Conclusions

The poor surface activity of chitosan is a major problem causing
rapid loss of incorporated volatile essential oils into its edible films
intended for antimicrobial food packaging. The current work clearly
showed that the unique inherently antimicrobial edible packaging ma-
terial chitosan could be used more effectively in antimicrobial coating
by using its composites with surface active chickpea proteins. The major
beneficial effect of chickpea proteins originated from their essential oil
encapsulation and/or emulsification capacity that enhances the reten-
tion of essential oil in film-forming solutions and in dried films, and
enables its sustained release from packaging on to air or food surface
during storage. The composite structure also provides better mechanical
and moisture barrier properties than those of pristine chitosan films.
However, the use of ultrasonic homogenization is the key process
necessary to obtain desired composites since it effectively solubilize
chickpea proteins and emulsify incorporated essential oil. Most of the
benefits of composite structure, except improved mechanical properties,
could not be obtained when ultrasonic homogenization is replaced by
mechanical homogenization during incorporation of EUG. The test of
performances of eugenol incorporated composite films on onions as
coating showed that the developed coating inhibited contaminated
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gram-negative and positive pathogenic bacteria, and delayed sprouting
of coated onions more effectively than pristine eugenol incorporated
chitosan coatings. Tests with coatings free from eugenol showed that a
considerable portion of inherent antimicrobial activity of chitosan is
maintained in the composite films suggesting availability of most amino
groups of this polysaccharide after interaction with chickpea proteins.
This work opened a new perspective in more effective use of chitosan as
essential oil loaded antimicrobial packaging by forming its composites
with sustainable chickpea proteins.
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