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ARTICLE INFO ABSTRACT

Handling editor: Dr. Xing Chen Hydroxypropyl starch (HPS) nano antibacterial films incorporating Ethylene Diamine Tetraacetic Acid (EDTA)
and lysozyme (LY) were fabricated via solvent casting method. The synergistic effects of EDTA and LY on the
microstructure, component interactions, color, optical, mechanical, barrier and antibacterial properties of HPS
Films o o nano antibacterial films were evaluated. The results indicated that EDTA and LY were well dispersed in the
ftl;ﬁier::edlamme tetraacetic acid matrix of the HPS nano antibacterial films, the film-forming substrates have good compatibility, resulting in a
H}; drgxypropyl starch dense multi-layer structure of the HPS nano antibacterial films. The addition of EDTA and LY increased the color
Antibacterial activity parameters (L*, a*, b* and /\E*) of the HPS nano antibacterial films. The synergistic effects of EDTA and LY
significantly decreased the light transmission of the HPS nano antibacterial films. The presence of EDTA and LY
increased the tensile strength (TS) and the elongation at break (EAB) of the HPS nano antibacterial films. The TS
and EAB of E2.5L1 reached the highest values of 6.329 MPa and 50.24 %, respectively. The incorporation of
EDTA and LY had positive effects on the improvement of water vapor permeability (WVP) and oxygen perme-
ability (OP). The WVP and OP of E2.5L1 reached the highest values of 0.9350 x 1072 g cm/cmZesePa and 0.297
x 10 ~2 g m/m? ed, respectively. In addition, EDTA and LY had significant synergistic effects on the antibacterial
activity against S. aureus (Gram-positive bacteria) and E. coli (Gram-negative bacteria). E2.5L1 exhibited the
highest antibacterial activity and the inhibition zone diameters of S. aureus and E. coli were 3.69 mm and 4.28
mm, respectively. The HPS nano antibacterial films incorporating EDTA and LY are potential functional pack-
aging materials.

Keywords:

1. Introduction natural biopolymer-based materials have become a research topic.

Starch is common edible films material with a wide range of sources,

According to statistics, 1.6 billion tons of food are wasted globally
every year. Food packaging can effectively protect food from chemical,
physical, and biological factors, reduce the loss of food nutrients, extend
the shelf life, and reduce food waste. The traditional petroleum-based
plastic packaging materials have the advantages of lightweight, low
cost, good processing properties and good physical properties (Mania
et al., 2020). However, petroleum-based packaging materials are
non-degradable, and pollutants accumulated in the environment harm
human health and the environment (Chae and An 2018). To overcome
these shortcomings, many researchers have developed biodegradable,
renewable, environmentally friendly biopolymer-based materials to
replace petroleum-based packaging materials, and edible films made of
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cost-effective and good compatibility. However, starch films generally
have poor mechanical properties, thermal stability, barrier properties
and antibacterial properties. Hydroxypropyl starch (HPS) is widely used
in the food industry as a modified starch. HPS has attracted considerable
attention due to its good film-forming properties, good stability, high
transparency, good resistance to acid, alkali and corrosion (Chen et al.,
2019b; Yu et al., 2023). However, the chemical modification process of
HPS results in poor water barrier properties. Therefore, further research
to improve the hydrophobicity and impermeability of HPS based films is
imperative (Duan et al., 2023). It is feasible to overcome the restriction
of HPS-based films through incorporating methyl cellulose (MC) and
nano-titanium dioxide (nano-TiO5). Nano-TiO5 has the characteristics of
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small particle size, large specific surface area, thermal stability, good
water and ultraviolet barrier properties. Previous research has reported
that Nano-TiO, enhanced the mechanical properties and barrier prop-
erties of the bovine bone collagen/hydroxypropyl methylcellulose films
(Chen et al., 2019a).

Microbial contamination is the main factor causing food spoilage and
loss of commercial value. Therefore, it seems to be an exciting strategy
to incorporate active components into the films, prolong the shelf life of
food products and improve the functionality of food packaging materials
(Bosch et al., 2000). The antibacterial agents, essential oil, antioxidants
and other active components can be effectively released into packaged
foods through active films (Qian et al., 2021; Ehsani et al., 2020).
Radhalakshmi V et al. (Radhalakshmi et al., 2023) developed active
packaging films based on poly (lactic acid) and betel leaf ethanolic
extract. The structural, functional, mechanical and antibacterial prop-
erties of the active packaging films were investigated. The results
showed that the active packaging films had significant film and anti-
bacterial properties and can be used in food packaging. Wang Y et al.
(Wang et al., 2023) developed an environmentally friendly active
packaging film using polyvinyl alcohol and sesbania gum as the film
matrix, tea tree oil as the active components, and hydroxyapatite porous
microspheres as the loading system. The addition of tea tree oil
increased the thermal stability, antioxidant and antibacterial properties
of the active packaging films. Tkaczewska J et al. (Tkaczewska et al.,
2023) obtained antioxidant active films from furcellaran and protein
hydrolysates, and investigated the possibility of films with antioxidant
properties as food packaging materials.

Ethylene diamine tetraacetic acid (EDTA) is an important, safe and
low-cost amino polycarboxylic acid metal chelator in the food industry
(Shahbazi et al., 2019). EDTA chelates the cations on the cell membrane
surface (such as Mg?", Ca®", Na™, K, etc.), destroying cell membrane
surface enzymes activity and cell membrane integrity (Chang et al.,
2021). Previous studies have shown that EDTA has inhibitory effects on
both Gram-positive bacteria (GPB) and Gram-negative bacteria (GNB)
(Tsai et al., 2002). Leelaphiwat et al., (2022) prepared EDTA/PBAT/TPS
(EDTA/poly butylene adipate terephthalate/thermoplastic starch)
biodegradable active packaging films by blown-film extrusion technol-
ogy, and applied the films in pork fresh-keeping packaging. The results
clearly indicated that the films containing EDTA showed lower total
viable counts in packaged pork, and EDTA showed great potential in
antibacterial. Murdock et al., (2007) proved the combination of EDTA
and other antibacterial agents have significant synergistic effects in vitro
tests, including S. typhimurium and E. coli O157:H7. Abarca R L et al.
(Abarca et al., 2022) developed gelatin-based films with nisin and EDTA
for active packaging. The addition of nisin and EDTA in the polymer
matrix generated a significant decrease in the growth of E. coli by
approximately 3 logarithmic cycles. Previous studies had shown that the
combination of nisin and EDTA was effective against other GNB such as
Salmonella typhimurium (Prudencio et al., 2016).

Lysozyme (LY) is a natural and safe alkaline enzyme widely
distributed in animals tissues and secretions. The mucopolysaccharides
in pathogenic bacteria can be hydrolyzed by LY (Ozer et al., 2016). LY
breaks down insoluble mucopolysaccharides into soluble glycopeptides
by breaking the p-1,4 glycosidic bonds, which causes the cell wall to
rupture and the bacteria to lyse (Lesnierowski and Yang 2021). The
exposed thiol group of LY had higher surface hydrophobicity, enhanced
the binding ability with peptidoglycan, and showed strong antibacterial
activity against GPB(Silva et al., 2018). LY has strong inhibitory effects
on GPB due to the high content of peptidoglycan in the cell wall of GPB.
In contrast, due to the low content of peptidoglycan in GNB, the inhib-
itory effects of LY on GNB is relatively weaker. (Morsy et al., 2018).
Recently, many researchers have suggested adding LY as a preservative
to extend the shelf life of food and medicines (Zhang and Rhim 2022).
Romruen et al.,, (2022) developed a smart bilayer film (alginate/agar)
containing 0.5% (w/v) catechin-lysozyme, the film possessed excep-
tional antibacterial and antioxidant activities. The results of the study
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showed that smart bilayer films containing LY extend the shelf life of
food effectively. According to Rawdkuen et al. (Rawdkuen et al., 2012),
the combination of catechin and lysozyme enhanced antibacterial ac-
tivity over either catechin or lysozyme alone. LY in combination with
chelating agents (organic acid, EDTA) or emulsifiers (Tween 80) has
strong inhibitory effects on GNB. It is related to changes in the protective
cell membrane and the formation of pores, resulting in the output of ion
export and the loss of the proton matrix force, thus generating cell death
(Gong et al., 2017). For the above reasons, EDTA and LY are good
candidates for antibacterial agents in food packaging films.

In this context, incorporating nanofillers and antibacterial agents
into biopolymers-based films is a promising way to modify the proper-
ties of food packaging materials. Consequently, adding MC, nano-TiO,
EDTA and LY together to HPS-based nano antibacterial films will
enhance the functionality of edible packaging materials through inter-
action between polymer and antibacterial agents. Nevertheless, the
synergistic effects of EDTA and LY on the properties of HPS nano anti-
bacterial films have been scarcely reported, not to mention the anti-
bacterial activity in vitro. The research aimed to develop a novel HPS
nano antibacterial film containing MC, nano-TiO», EDTA and LY via
casting method, investigate the synergistic effects of EDTA and LY on the
microstructure, component interactions, color, optical, mechanical,
barrier and antibacterial properties of HPS nano antibacterial films. The
preparation of biodegradable HPS nano antibacterial films incorpo-
rating EDTA and LY have potential as a new active packaging material.
The research findings can lay the groundwork for the commercialization
of food active packaging materials.

2. Experimental
2.1. Materials

HPS (molar substitution: 011, amylose content: 23 %) was supplied
by Henan Wanbang Chemical Technology Co., Ltd. (Zhengzhou, China).
MC was obtained from Liaoning Quanrui ReagentCo., Ltd. (Shenyang,
China). Nano-TiO, (diameter of 50-100 nm, purity of 99.9 %) were
supplied by Xusheng Biotechnology Co., Ltd. (Shandong, China). EDTA
was purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
(Tianjin, China). LY was purchased from Guangdong Hengyuan Food
Ingredients Co., Ltd. (Guangzhou, China). Glycerol (Gly, purity>99 %)
was supplied by Yongda Reagent. (Tianjin, China). Nutrient agar,
lysogeny broth and tryptic soy broth were supplied by Aoboxing Bio-
tech Co., Ltd. (Beijing, China). S. aureus (ATCC25923) and E. coli
(ATCC25922) were used as indicators of antibacterial activity.

2.2. Fabrication of the films

The HPS nano antibacterial films were fabricated via solvent casting
method (Sun et al., 2019). HPS (3 wt %) was dissolved and gelatinized in
distilled water at 85 °C for 25 min. MC (1.2 wt %) was dissolved in
distilled water at 45 °C for 25 min. Nano-TiO; (0.04 wt %) was dispersed
in Gly (1.5 wt %) with ultrasound assistance. EDTA (1.5 wt %, 2.5 wt %)
and LY (1 wt %) were dissolved in distilled water, respectively. All so-
lutions were mixed accordthing to e ingredients in Table 1. The mixture
was homogenized at 12 000 rpm for 30 min, and the mixture was
defoamed for 20 min under vacuum (—0.07 MPa). Subsequently, the
mixture was poured into the film former (20 cm x 20 cm) and dried at
55 °C for 6 h. Finally, the HPS nano antibacterial films were detached
and placed at 25 °C (60 % relative humidity) for 24 h. The HPS nano
antibacterial films prepared with different formulations are coded as
EOLO, EOL1, E1.5L0, E1.5L1, E2.5L1, respectively.

2.3. Characterization of the films

2.3.1. Morphology
The samples were trimmed into 5 x 5mm and 5 x 1 mm squares. The



X. Shao et al.

Table 1
Color parameters and antibacterial parameters of the HPS nano antibacterial
films.

Film Color parameters Antibacterial

sample parameters
L* a* b* A\E* S. E.coli

aureus

EOLO 91.25 + ~1.08+ 140+ 369+ O 0
0.24° 0.07° 0.09° 0.14°

EOL1 91.98 + ~0.85+ 245+ 401+ O 0
0.08%° 0.09° 0.18° 0.17°

E1.5L0 91.77 + -1.07+ 198+ 373+ 0 0
0.33% 0.10° 0.11¢ 0.12°

E1.5L1 92.38 + —0.78+ 320+ 460+  0.29+ 1.03 +
1.18% 0.11° 0.18° 0.28° 0.06° 0.15°

E2.5L1 92.46 + —0.71+ 3.63+ 488+  3.69+ 428 +
0.19° 0.08° 0.14° 0.08° 0.37° 0.27°

Data reported are mean =+ standard deviation. Within a column, different su-
perscript letters indicate significant differences (P < 0.05).

samples were fixed and sputter coated with gold. The surface and cross-
section morphology characteristics of the HPS nano antibacterial films
were investigated by scanning electron microscopy (Hitachi S-4800,
Japan) (Ahmad et al., 2016).

2.3.2. Fourier transform infrared spectroscopy (FTIR)

Infrared absorption spectra of the HPS nano antibacterial films were
collected by attenuated total reflectance Fourier transform infrared
spectroscopy (Thermo Nicolet IS50, USA) with the scanning range of
4000 cm~1-550 cm™! at the resolution of 4 cm™! and the average of 16
times (Qin et al., 2020).

2.4. Properties of the films

2.4.1. Color properties

The color parameters of the HPS nano antibacterial films were
recorded using RT-300 portable surface colorimeter (Tintometer-Lovi-
bond, UK). The L* (light/dark), a* (red/green) and b* (yellow/blue)
values were collected by placing the samples on the white standard
plate. The total color difference (/\E*) was calculated according to the
following formula (Adilah et al., 2018):

v
AEs = [(Lx—Lox)* + (ax—apx)’ + (bx—byx)’] :

2.4.2. Optical properties

The samples were trimmed into 40 x 10 mm rectangles and attached
to the inner wall of the cuvette. The light transmission of samples was
measured using UV-2600 ultraviolet spectrophotometer ( Shimadzu,
JPN) at the wavelength range from 200 nm to 800 nm (Zhang et al.,
2020).

2.4.3. Mechanical properties

Mechanical properties of the HPS nanobacterial films include tensile
strength (TS) and elongation at break (EAB). The mechanical properties
were evaluated using a CT-3 Texture Analyzer (Brookfield Engineers
Laboratories, USA) according to ASTM D882 standard method. The
texture analysis-dual grip assembly (TA-DGA) stainless fixture was used
for measurement. The samples were cut in the size of 70 x 20 mm and
clamped between two tensile clamps with an initial distance of 20 mm
and cross-head speed of 1 mm/s (Davoodi et al., 2017).

2.4.4. Barrier properties

Barrier properties of HPS nano antibacterial films include water
vapor permeability (WVP) and oxygen permeability (OP). WVP was
determined by the modified ASTME96 standard cup method. 20 mL
distilled water was added to the test dish, and the cropped samples were
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sealed at the mouth of the test dish. The test dish was placed in a dry
container containing silica gel at 25 C. Later on, the change in weight of
the test dish was recorded after 48 h (You et al., 2022). WVP of HPS nano
antibacterial films was calculated using the following formula.

Amxx

P=——
wv SXAP X t

where WVP is water vapor permeability (gecm/cm?esePa), Am is the
weight change of the test dish (g), x is the thickness of the sample (cm), S
is the mouth area of the test dish (cmz), /\P is the water vapor pressure
difference between both sides of the sample, respectively (Pa), t is the
test time (s).

The oxygen permeability (OP) of the HPS nano antibacterial films
was determined and modified using the method of Sun et al., (2019). OP
of the samples is calculated as the product of weight change and film
thickness, divided by the test area and test time.

2.4.5. Antibacterial properties

The inhibitory effect of HPS nano antibacterial films on GPB and
GNB in vitro was evaluated by the disk diffusion method (Singh et al.,
2018). Firstly, S. aureus and E. coli cultures were grown in the shaker
incubator at 37 °C for 18-24 h. The bacterial suspension was diluted to
the concentration of 10°> CFU/mL (Shao et al., 2020). Subsequently, 100
uL of the bacterial suspension was coated on nutrient agar Petri dish. The
samples were cut into circular slices (diameter 6 mm) by the hole punch,
and spread on the Petri dish individually. The Petri dish was placed in
the SPX-250B incubator (Boxun Medical Biological Instrument Co., Ltd.,
China) at 37 °C for 24 h. Finally, the diameter of inhibition zone was
measured by the vernier caliper.

2.5. Statistical analysis

All the measurements were performed in triplicate for each treat-
ment. Experimental data was statistically analyzed using one-way
analysis of variance (ANOVA), and multiple comparisons between
treatment means were completed by Duncan’s tests. The statistical sig-
nificance level of p < 0.05 was assessed using SPSS statistics software
19.0.

3. Results and discussion
3.1. Characterization of the films

3.1.1. Morphology

The micrstructure of the HPS nano antibacterial films is investigated
by SEM, and the morphology of the films are shown in Fig. 1 (surface
morphology) and Fig. 2 (cross-section morphology). The surface
morphology of EOL1 and E1.5L0 was similar to EOLO, showing smooth,
homogeneous, uniform, without cracks and holes. It showed that the
film-forming substrates have good compatibility. It indicated that EDTA
and LY were well dispersed in the matrix of the HPS nano antibacterial
films, and the film-forming substrates had good compatibility. The
surface morphology of E1.5L1 exhibited relatively smooth, uniform with
slightly cracked. It indicated that EDTA and LY were well dispersed in
the film matrix. However, E2.5L1 showed roughness and visible irreg-
ular cracks. It may be attributed to the uneven dispersion and local
enrichment of the high content of EDTA and LY in the matrix during film
preparation. These results were consistent with the research conclusions
of Wang et al., (2021), who reported the immobilization of lysozyme and
sodium alginate on layer-by-layer self-assembled cellulose acetate films.
Ahmad et al., (2012) reported the excessive addition was likely to result
in discontinuities or irregularities in the film structure.

Fig. 2 depicts that the cross-section morphology of the HPS nano
antibacterial films is dense. Compared to EOLO with a more regular
cross-section, EOL1, E1.5L0, E1.5L1 and E2.5L1 became more compact,
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(a) EOLO (Control)
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Fig. 1. Surface morphology of the HPS nano antibacterial films.

rough with a higher degree of shriveling and obvious multi-layer
structure. The cross-sectional morphology of the HPS nano antibacte-
rial films with different formulations was not completely consistent due
to the EDTA and LY increased interaction among the film matrix net-
works. The results indicated that the synergistic effects of EDTA and LY
had significant effects on microstructures of the HPS nano antibacterial
films. These experimental results were predictable and similar results
were reported by Leelaphiwat et al., (2022) the PBAT/TPS biodegrad-
able films were rough due to the plasticizing effect of Nisin and EDTA.

3.1.2. FTIR

FTIR spectra is used to reveal the interfacial interactions of different
components. Fig. 3 clearly shows the FTIR spectra of the HPS nano
antibacterial films and displays the fingerprint region and unique ab-
sorption bands between 500 and 4000 cm ™! attributed to different
constitutive materials of the films. All HPS nano antibacterial films had a
broad absorption peak from 3000 to 3700 cm ™! belonged to the inter-
and intra-molecular hydrogen bonding in hydroxyl groups (-OH) and
imino group (-NH) (Brandelero et al., 2011). EOLO showed the maximum
absorption peak at 3282 cm™!, which was attributed to the stretching
vibration of ~OH. Incorporating LY, the maximum absorption peak
shifted to lower wavenumbers, indicating the existence of hydrogen
bonding between film matrix and LY (Movasaghi et al., 2008). More-
over, the addition of EDTA resulted in a broadening band with a stronger
intensity. The characteristic peaks of HPS nano antibacterial films
appeared at 2922 cm ™! was due to the asymmetric stretching vibration

of = C-H and -NHgs(Shahbazi et al., 2019). The difference in intensity
and frequency of this region was related to the concentration of LY and
EDTA. Similar results were studied by Gussoni et al. (Gussoni and Cas-
tiglioni 2000), who revealed that the carbon atoms in C-H bond might
be hybridized with the negatively charged carboxyl group in EDTA, and
the different hybridization states were related to bond length, bond
energy and force constant.

The absorption bands of the HPS nano antibacterial films appeared at
1720-1590 cm ™! (amide I), 1480-1590 cm ™' (amide-II) and 1335-1200
cem ! (amide-III) were related to C=O0 stretching vibration and COO-
asymmetrical stretching, N-H bending vibration and C-N stretching
vibration, C-N vibration and CH; groups vibration, respectively (Wang
etal., 2018). As expected, the intensity and frequency of the bands from
1720 to 1200 cm ™! were changed with the addition of LY. The absorp-
tion between 1200 and 1100 cm ™' was attributed to asymmetric and
symmetric stretching of C-O-C. The typical peaks of HPS nano anti-
bacterial films at 1022 cm ™! were assigned to C-O stretching vibration.
It was worth noting that the typical peak of HPS nano antibacterial films
was enhanced as the EDTA concentration increased from 1.5 % to 2.5 %.
The results indicated that the film matrix interacts with EDTA via
alkylation, which was corresponded with the C-O stretching vibration of
ether and ester bonds in the molecule (Nobrega et al., 2012).
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Fig. 2. Cross-section morpholog of the HPS nano antibacterial films.

3.2. Properties of the films

16:35 1372 3.2.1. Color properties

v The appearance and color properties of the films are important fac-
tors affecting consumer purchasing decision when they are applied to
food products. The visual appearance of the HPS nano antibacterial films
was white and translucent which exhibited smooth and homogenous
surface without any holes or cracks, and easy to peel off. The L*, a*, b*
and A\E* values of the HPS nano antibacterial films are exhibited in
Table 1. The L*, a*, b* and /\E* of EOLO were 91.25, —1.08, +1.40 and
3.69, respectively. Compared with EOLO, the L*, a*, b* and AE* of the
HPS nano antibacterial films were increased with the incorporation of
EDTA and LY. E2.5L1 had the highest L*, a*, b* and /\E*, which were
92.46, —0.71, 3.63, and 4.88, respectively. It was attributed to the
native color of EDTA and LY is white. Furthermore, the increase of color

Transmittance (%)

1679° ¢

—— EOLO (Control) it : parameters might be due to the light-scattering effect of the additives
——E0L1 " 1405 (EDTA and LY) and the film matrix. Khodanazary (Khodanazary 2019)
—— E15L0 : . . .

ogiene 1540 had similar results in the study of gelatin poly-
— E25L1 1263 caprolactone/lysozyme/pomegranate peel extract composite film.

1022
T T T T 3.2.2. Optical properties
4000 3500 3000 1500 1000 500

The ultraviolet spectrophotometer is a simple and direct method of
Wavenmibers llen ) measuring the optical properties of films. The effect of EDTA and LY on
the optical properties in the wavelength range between 200 nm and 800
nm of the HPS nano antibacterial films is exhibited in Fig. 4. Fig. 4
showed that the HPS nano antibacterial films were opaque, and the light

Fig. 3. FTIR spectra of the HPS nano antibacterial films.
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Fig. 4. Optical properties of the HPS nano antibacterial films.

transmission in both UV and visible region was less than 5 %. The results
suggested that the HPS nano antibacterial films had excellent barrier
properties, which was due to as a white pigment TiO limit the pene-
tration of UV and visible light energy. The incorporation of additives
(EDTA or LY) reduced the light transmission of the HPS nano antibac-
terial films in the UVC region (200-280 nm), UVB region (280-315 nm)
and UVA region (315-400 nm). The light transmission of the HPS nano
antibacterial films in the visible region was reduced by LY. Meanwhile,
with the increase of EDTA from 0 to 1.5 %, the light transmission of the
HPS nano antibacterial films decreased significantly. The synergistic
effects of EDTA and LY significantly decreased the light transmission of
the HPS nano antibacterial films. With the increase of EDTA from 1.5 %
to 2.5 %, the light transmission of the HPS nano antibacterial films had
no obvious change and reached a plateau in UV and visible regions. It
indicated that E1.5L1 and E2.5L1 had UV and visible light absorption
properties, and showed better UV and visible light barrier properties. UV
and visible light accelerate lipid oxidation in food, resulting in nutrient
loss, discoloration, and off-flavor. Therefore, the optical properties of
films are an important factor affecting its appearance, marketability and
applicability. The optical properties of HPS nano antibacterial films
containing EDTA and LY exhibited potential in food packaging, which
will broaden the application of HPS nano antibacterial films.

3.2.3. Mechanical properties

It is very important that the polymer film has sufficient mechanical
properties to maintain food integrity. Therefore, TS and EAB of the HPS
nano antibacterial films containing different amounts of EDTA and LY
are investigated, and the results are shown in Fig. 5. The incorporation
of EDTA and LY in the HPS nano antibacterial films caused a marked
increase in TS. Meanwhile, TS was significantly increased with the
synergistic effects of EDTA and LY, especially the TS of E2.5L1 reaches
the highest value of 6.329 MPa. It indicated E2.5L1 enhanced the TS via
alkylation, which was consistent with the FTIR. Kristo, E. et al. (Kristo
and Biliaderis 2007) proposed that the highest crystallinity of
PBAT/TPS-nisin 9% formed crystallite reinforced fillers that enhanced
mechanical properties of TS. Leelaphiwat et al., (2022) reported that the
films containing Nisin-EDTA had higher TS than the films containing the
same concentration of Nisin. It suggested that EDTA improved the TS,
possibly due to enhanced compatibility and plasticisation of the films
matrix polymer. Similar trends were found in the study of Pérez-Arauz,
A. 0. (Pérez-Arauz et al., 2021), the TS of the base film was increased by
the addition of EDTA. Pattarasiriroj et al., (2020) reported an increased
TS in rice-flour-gelatine-based films reinforced with LY.

The effects of EDTA and LY on the EAB of HPS nano antibacterial

Current Research in Food Science 8 (2024) 100657
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Fig. 5. Mechanical properties of the HPS nano antibacterial films.

films were similar to the trend of TS. Compared to EOLO, EAB of EOL1
and E1.5L0 were increased 31.3 %, 23.9 %, respectively. It was consis-
tent with the study of Rawdkuen et al., (2012) who observed EAB of the
gelatin-based film was increased about 5 times with catechin-lysozyme
at the levels of 0.5 %. Pattarasiriroj et al., (2020) observed an increase in
EAB from 84.17 % to 97.35 % incorporating catechin-lysozyme into
rice-flour-gelatine-based films. Qin et al., (2020) concluded that the
increase in TS of chitosan-NC- pomegranate rind extract was due to the
dispersion of NC-CL in the polymer matrix and the strong interaction
between the polymers. The synergistic effects of EDTA and LY signifi-
cantly enhanced the EAB of the HPS nano antibacterial films, and the
most significant increase in EAB up to 50.24 % was found in E2.5L1. It
was attributed to EDTA and LY were used as plasticizers to enhance the
stretch ability of the films, and the EAB of the HPS nano antibacterial
films were increased. From these findings, it can be concluded that the
addition of EDTA and LY significantly effects the EAB of the HPS nano
antibacterial films.

3.2.4. Barrier properties

Water and oxygen play important roles in food spoilage. WVP and OP
can be reduced by suitable food packaging films, and the food shelf life
can be extended. The WVP of the HPS nano antibacterial films

wWvP (10712 g-cm/em?-s-Pa)
or (><10_2 g-m/mz-d)

Type of films

Fig. 6. Barrier properties of the HPS nano antibacterial films.
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incorporated with EDTA and LY at different concentrations is presented
in Fig. 6. Compared with the control film (EQOLO), WVP was reduced
slightly containing an additive (EDTA or LY). The synergy of EDTA and
LY resulted in the highest and lowest WVP of 1.0718 x 1072 g cm/
cm?esePa (EOLO), 0.9350 x 107'2 g cm/cm?esePa (E2.5L1), respec-
tively. It may be due to the structure modification of the HPS network by
the synergy of EDTA and LY. It was consistent with the above-mentioned
SEM results. Rawdkuen et al., (2012) reported catechin-lysozyme
functional groups chemically react with the gelatin film matrix com-
ponents to form stable bonds and complex structures, resulting in
restricted water vapor transfer and reduced WVP of the HPS nano
antibacterial films. Moreover, Leelaphiwat et al., (2022) found that films
containing EDTA had lower WVP than nisin, which may be due to EDTA
can effectively improve the compatibility of film matri.

As shown in Fig. 6, the OP of the HPS nano antibacterial films
decreased from 0.480 x 1072 g m/m2ed (EOLO) to 0.297 x 1072 gm/
m2ed (E2.5L1). It indicated that the dense structure formed by the
synergistic effects of EDTA and LY effectively inhibited the diffusion of
oxygen and improved the oxygen barrier properties of the HPS nano
antibacterial films. Similar results were described by previous research,
the OP of the PBAT/TPS biodegradable films decreased by 1.4 times
with the addition of EDTA (Leelaphiwat et al., 2022).

3.2.5. Antibacterial properties

The growth of microorganisms is an important factor leading to food
spoilage and foodborne illnesses, and films with excellent antibacterial
properties are promising in food packaging. Antibacterial properties of
the HPS nano antibacterial films incorporated with EDTA and LY at
various concentrations against S. aureus and E. coli are presented in
Table 1. The control film (EOLO) and the presence of one additive alone
(EOL1 and E1.5L0) had no inhibitory effect on the test microorganism. It
indicated that incorporating a single, low-concentration antibacterial
agent into the HPS nano antibacterial films did not have any antibac-
terial effect. The films containing EDTA and LY (E1.5L1) showed anti-
bacterial activity against both tested microorganisms, and the inhibition
zone diameters of S. aureus and E. coli were 0.29 and 1.03, respectively.
The synergy of EDTA and LY had a strong inhibitory effect on GNB and a
weaker inhibitory effect on GPB. Simultaneously, E. coli. was more
sensitive to the synergistic inhibitory effect of EDTA and LY, while
S. aureus was less susceptible to the synergistic inhibition. According to
literature, EDTA has a strong antibacterial activity on GNB and a weaker
antibacterial activity on GPB(Hua et al., 2016). Simultaneously, as an
attractive antibacterial agent in the food and medical care industry, the
antibacterial activity of LY was related to its muramidase activity,
cationic and hydrophobicity (Masschalck and Michiels 2003).

In addition, the antibacterial activity of the combination of EDTA
and LY significantly increased as the EDTA concentration increased. The
incorporation of EDTA increased from 1.5 % to 2.5 %, the inhibition
zone diameters of S. aureus and E. coli increased from 0.29 mm to 3.69
mm and 1.03 mm-4.28 mm, respectively. E2.5L1 exhibited the highest
antibacterial activity. Compared with E1.5L1, the inhibition zone di-
ameters of S. aureus and E. coli increased by 12.7 times and 4.2 times. It
demonstrated that as a metal chelator, EDTA showed a strong inhibitory
effect on bacterial growth. The synergistic inhibition of EDTA and LY on
GPB and GNB can be significantly improved by increasing the amount of
EDTA. It might be due to the chelation of EDTA with cations such as
Mg?t, Ca?t, Nat, K" on the cell surface, which destroyed the integrity of
the cell membrane and facilitated the invasion of LY (Belfiore et al.,
2007). Simultaneously, Murdock et al., (2007) showed EDTA enhanced
the penetration of LY into the outer membrane of GNB. The small mo-
lecular size of EDTA provided the fluidity of the polymer, increased
antibacterial activity of PBAT/TPS biodegradable films containing nisin,
and effectively delayed spoilage of pork (Leelaphiwat et al., 2022).
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4. Conclusions

In this study, the HPS nano antibacterial films were fabricated via a
low-cost solvent casting method, and the incorporation of EDTA and LY
improved mechanical properties, barrier properties and antibacterial
properties of the HPS nano antibacterial films. The incorporation of
EDTA and LY effectively increased interaction among the films matrix
networks, giving more compact film microstructures. The results of SEM
and FTIR showed that the synergy of EDTA and LY had significant effects
on the HPS nano antibacterial films. The color parameters of the HPS
nano antibacterial films were increased with the addition of EDTA and
LY. The synergistic effect of EDTA and LY had significant effects on the
optical properties and mechanical properties of the HPS nano antibac-
terial films. The addition of EDTA and LY improved the barrier prop-
erties, which was the same as the observation of SEM above-mentioned.
Furthermore, the films containing EDTA and LY had significant syner-
gistic effects on the antibacterial activity against GPB (S. aureus) and
GNB (E.coli). The results demonstrated that as a biodegradable active
packaging material, the synergistic addition of EDTA and LY in the HPS
nano antibacterial films is promising, especially in the food packaging
industry, and its commercialization requires further research in actual
food systems.
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