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films based on the nanoform of
chitin, alginate, and layered double hydroxides:
characterization, mechanical properties,
permeability, and bioactive properties

Mohamed S. Hasanin, *a Youssef R. Hassanb and Ahmed M. Youssefbc

Their unique characteristics make plastic films frequently utilised for packaging products. However, this

petroleum-derived material has a long history of being linked to environmental contamination and

hazardous degradation. Petroleum plastic can be substituted with edible packaging. The objective of this

study was to combine sodium alginate with chitin, both in their nanosized form to formulate active

packaging films containing different ratios of Zn/Al-layered double hydroxides (LDHs). Subsequently,

active packaging films were formulated via a green method with different percentages (0%, 1%, 3%, and

5% w/w) of LDHs. The LDH particles were shaped as rectangular rods with a length of about 60 nm and

width of around 20 nm. The films were evaluated for their physicochemical, topological, thermal,

mechanical, water vapour, oxygen permeability and antimicrobial properties. Results indicated that active

packaging with LDHs (3%) enhanced mechanical properties (tensile strength) by two-fold. Moreover, the

addition of LDHs led to decreased permeability properties. Additionally, the antimicrobial study showed

that the films with LDHs possessed a broad spectrum of antibacterial and antifungal activities, and the

time required for bacterial killing was recorded to be less than 16 hours for films containing 5% LDHs.

Thus, the formulated films show potential for use as active packaging.
Introduction

The food shortage is a dangerous condition, causing deaths
around the world.1 In this context, the United States Depart-
ment of Agriculture (USDA) has dened food insecurity as a lack
of dependable access to enough food for everyone.2 Moreover,
according to the World Health Organization (WHO), more than
two hundred diseases can be transmitted through contami-
nated food, resulting in 420 000 deaths and the loss of 33
million healthy lives per year.3

Generally, food and health associations use hunger and food
insecurity to represent the lack and contamination of food.
Accordingly, active packaging materials can preserve food and
prevent hunger.4–6 Various petroleum-based polymer packaging
materials, such as high-density polyethylene (HDPE), low-
density polyethylene (LDPE), polypropylene (PP), polyethylene
terephthalate (PET), and acrylonitrile butadiene styrene (ABS),
still dominate the food packaging sector owing to their high
mechanical properties, exibility, and low cost but are
l Research Centre, 12622, Dokki, Cairo,

l Research Centre, 12622, Dokki, Cairo,

h Tito St, Huckstep, El Nozha, Cairo
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biodegradable during transport.7–9 Consequently, in recent
years, food contamination with plastic ingredients has become
a global problem, posing a serious threat to consumer health
and environmental pollution.10,11

Alternatively, biopolymers play a restricted role in food
packaging applications despite their excellent salient features,
including environmentally friendly nature, biodegradability,
and biocompatibility.12–14 However, some of them lack the bio-
logical activity to overcome the issue of contaminants. Indeed,
biopolymers loaded with bioactive materials lead to an ampli-
cation of the properties of these multifeatured materials.5,15 In
addition, alginates are natural polysaccharides extracted from
some marine brown algae with chemical structures composed
of linear homopolymeric (D-mannuronic acid (M block) and L-
guluronic acid (G block)) and heteropolymeric regions (M
blocks and G blocks), which are anionic radicals usually used as
a sodium salt and are nontoxic and approved by the FDA .16,17

Meanwhile, the sodium salt of alginate is a water-soluble poly-
saccharide that is characterised by biological compatibility.
However, the viscosity of alginate solution is not adequate for
the formulation of lms; thus, they sometimes need support
from other materials.18,19 Compared to cellulose, which is the
most prevalent polysaccharide in nature, chitin may be the
second most prevalent.20 Chitin is a long-chain polymer of N-
acetylglucosamine, an amide derivative of glucose, and is the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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source of chitosan. Alternatively, nanochitin is one of the new
nanomaterials reported to show unique properties, including
strong biological activities and low toxicity, for application in
the biomedical, agriculture, and food packaging elds.21–23

Accordingly, nanochitin can be employed to support low
viscosity lm formulation components.

Nanometals have numerous uses as well as added multi-
function properties, which can be used in active packaging
materials.24 Among them, layered double hydroxides (LDHs)
such as aluminium oxide/zinc oxide are advanced and unique
nanomaterials. LDHs have attracted signicant attention in
recent years due to one of their key features of surface protec-
tion, together with their advantages of mass production and
potential productivity.25,26 LDHs are used in packaging lms as
additive materials in low concentrations to enhance their
barrier, mechanical, and thermal properties.27–30 Furthermore,
LDHs possess abundant hydroxyl groups, adding to the bio-
logical advantages of these metal oxides.31 Therefore, in this
study, we explored the possibility of using nanoscale sodium
alginate and chitin as renewable resources to prepare cross-
linked lms doped with layered double hydroxides (LDHs),
possessing the additional advantages of improved thermal and
food active packaging properties. Additionally, the produced
active packaging lms were characterized physiochemically,
topographically, mechanically, and biologically. In this context,
the present study aims to ll the gap in active packaging by
delving deeper into the characterization, properties, and
potential applications of the prepared lms.
Materials and methods
Materials

Sodium alginate (SA) was supplied from Alpha-Chemika (India).
Glycerol (Gl) and tannic acid (CA) were obtained from Merck
Company (Germany) and used without further purication.
Chitin puried akes (molecular formula: (C8H13 NO5)n) with
a nitrogen content of 6.0–8.0% was obtained from SDFCL Co.,
Mumbai, India. For the preparation of 2 : 1 ZnAl LDH, Zn-
acetate (C4H6O4Zn$2H2O, puriss, Reanal, Hungary), Al-nitrate
(Al(NO3)3$9H2O, puriss, Molar, Hungary) and NaNO3 (puriss,
Reanal) precursors were used with NaOH (A.R., Molar, Hun-
gary). All other organic solvents, as well as microbial media and
reagents used in this study, were of analytical grade and used
without further purication. They were purchased from Loba
Chem Co., India.
Methods

Preparation of layered double hydroxide (Zn-Al LDH). The
layered double hydroxide was synthesized according to the
method reported in the literature.32 Before its preparation,
carbonate-free distilled water was obtained by boiling and N2-
bubbling through cooled water. In the case of the 2 : 1 compo-
sition, an Al-nitrate (Al(NO3)3$9H2O) solution containing 37.5 g
of solute and 600 mL of water was stirred in a three-neck round
ask, and then Zn-acetate (C4H6O4Zn$2H2O) solution (43.8 g in
600 mL) was poured to the above-described solution. Then,
© 2024 The Author(s). Published by the Royal Society of Chemistry
a solution of NaOH (28.0 g) in excess and Na-nitrate (20.0 g) in
2800 mL of carbonate-free distilled water was slowly added
(within 10 min) to the precursor-containing mixture under
vigorous stirring and an N2-atmosphere. The white dispersion
was heated to 60 °C and le for 5 h. Subsequently, the precip-
itate was aged for 14 days at ambient temperature. The
dispersion was centrifuged and washed, while the original pH
of 9–10 decreased to 8–9. The washed samples were dried at 60 °
C to obtain the nal product.

Active packaging lm formulation. The active packaging
lms were prepared using nanoalginate (sodium salt) (NALG)
prepared according to ref. 33 and 34 and suspended in double-
distilled water with a concentration of 3% (w/v). Nanochitin
(NCH) was prepared according to ref. 35 and suspended at
a concentration of 0.3% (w/v). Aerwards, both of the above-
prepared suspensions were mixed (100 mL each) under
vigorous stirring conditions for 4 h at 70 °C, and the mixture
produced, called NALG/NCH, was divided into 50 mL. LDHs (1
g) were suspended in 100 mL double distilled water and ultra-
sonicated with an ultrasonic tip for 3 min. The LDHs were
added with different concentrations to 50 mL of NALG/NCH
individually as equivalent volumes for 0 (blank), 1%, 3%, and
5% w/w based on the solid content of the lm constituents. The
prepared mixtures were ultrasonicated in a water bath for 1 h at
70 °C. The active packaging lms were cast in Teon dishes with
a diameter of 15 cm and depth of 5 mm and le to dry in an
oven overnight at 70 °C. The formulated lms were maintained
at 23 ± 2 °C and relative humidity of 50 ± 5%.

LDH characterisation. The LDHs were characterised via
surface morphological analysis on a eld emission SEM, Model
Quanta 250 FEG and TEM, Model JEM2010, Japan. Dry samples
were used for the SEM analysis, whereas they were suspended in
deionized water at a concentration of 0.1 g/5 mL for TEM.

Active packaging lm characterization. The surface
morphology and topography analysis was performed using SEM
and TEM. The physiochemical analysis was performed on an
FTIR spectrometer (Nicolet Impact-400 FT-IR spectrophotom-
eter) in the range of 400–4000 cm−1. X-ray diffraction (XRD)
patterns were recorded using a Philips X-ray diffractometer (PW
1930 generator, PW 1820 goniometer) with a CuK radiation
source (l= 0.15418 nm). TGA was carried out using a TGA Q500
device.

Mechanical. Tensile strain testing was carried out according
to the TAPPI T494-06 standard method using a universal testing
machine (LR10K; Lloyd Instruments, Fareham, UK)36 with
a 100-N load cell at a constant crosshead speed of 2.5 cm min−1

including tensile strength (MPa), Young's modulus (MPa) and
elongation at break (mm).

Permeability study. A GBPI W303 (B) water vapor perme-
ability analyzer was employed to measure the water vapour
transmission rate using the cup method. The water vapour
transmission rate (WVTR) was calculated in terms of the
amount of water vapour that moved in a unit of time across
a unit area under a specic humidity of 4–10% and temperature
of 38 °C according to the standards of JIS Z0208, 53122-1, TAPPI
T464, ASTM D1653, ISO 2528, and ASTM E96. The rate of
transmission of gas (GTR, O2) was measured by using an N530 B
RSC Adv., 2024, 14, 37380–37391 | 37381
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Gas Permeability Analyzer (China), according to the ASTM
D1434-82 (2003) standards.

Antimicrobial study
Strains cultivated. Foodborne microorganisms were selected

according to the main purpose of the presented work. The
selected microbial strains used in the antimicrobial test were
cultures of the following microorganisms: Escherichia coli
(NCTC-10416), Pseudomonas aeruginosa (NCID-9016), Strepto-
coccus aureus (NCTC-7447), Bacillus subtilis (NCID-3610),
Candida albicans (NCCLS 11) and Aspergillus niger. The cultiva-
tion of bacteria was carried out on a nutrient medium, and
unicellular fungi strains were cultivated on a potato dextrose
broth medium. Unicellular fungi were cultivated for 24 h at 37 °
C and lamentous fungi for 72 h at 27 °C, while the bacterial
strains were grown in nutrient broth medium for 24 h at 37 °C.
The turbidimetric method was used, according to our previous
work.37–39 The weight of the lms (0.2 g) was dened, and they
were suspended in the culture media aer sterilisation using
a UV-lamp 450.

Time required for killing. The time required for killing the
microorganisms during exposure to the active packaging lms
was determined according to Eid, I. et al., 2017.40 The obtained
data were compared with a blank sample that contained all the
microorganisms without a test sample.

Statistical analysis. The results were expressed as the mean ±

standard deviation for triplicate samples. The statistical anal-
ysis was performed using the XLSTAT 2014 (5.03) soware
(USA).

Results and discussion
LDHs characterization

The evaluation of the LDHs is illustrated in Fig. 1, which
involved TEM and SEM imaging and FTIR spectroscopy. The
TEM images with low magnication (Fig. 1a) showed that the
LDH particles were arranged over each other with a type of
condensation. Alternatively, the high-magnication image
(Fig. 1b) illustrated the particle shape as rectangular rods with
a length of about 60 nm and width of around 20 nm, which
conrmed the nanosize of the LDHs and is in agreement with
previous works.41,42 Furthermore, the SEM images emphasised
the surface morphology that appeared at low magnication
(Fig. 1d) as a needle-like shape that looked like rectangular rods.
In addition, the high-magnication SEM image (Fig. 1c) illus-
trated the LDH particles as an irregular surface with aggregated
particles, which is in agreement with the previous works.43–45

Notably, the difference in the details between the SEM and TEM
images is due to the nature of the sample preparation method
during the test.

The FTIR spectrum of LDHs (Fig. 1e) shows a broad band at
about 3420 cm−1. It is ascribed to the O–H stretching vibration
in the interlamellar water molecules and brucite-like layers,
whilst the hydrogen bond formation is responsible for its
broadening.46 The band at 1630 cm−1 indicates the bending
vibration of the interlayer water molecules. The band at
1455 cm−1 corresponds to the symmetrical C]O stretching in
the carboxyl group, and the bands at 1351 and 1189 cm−1
37382 | RSC Adv., 2024, 14, 37380–37391
correspond to the C–O and C–O–C stretching in the acetyl
group, respectively.47,48 In summary, the above-mentioned
results conrmed the successful formulation of LDHs. The
XRD pattern of LDHs is illustrated in Fig. 1f. The diffraction
peaks show a well-formed crystalline layered structure for the
(003), (006), (012), (107), (015), (1010), (110) and (113) crystal
planes, corresponding to the peaks at 2q values of 11.34°,
23.77°, 35°, 36.2°, 52.05°, 63° and 68°, respectively, which show
that the metal ions in the hydroxide layers are well dispersed
according to the previous reports.49,50

Formulation of active packaging lms

The lm formulation active packaging lms were based on the
NALG reinforced with 10% NCH and loaded LDHs with three
different concentrations of 0.1%, 0.3%, and 0.5% w/w. The
hypothesis for the formulation of the active packaging lms was
based on the following aspects. Firstly, the active packaging
lms use NALG as the main matrix, which is edible, biode-
gradable, and nontoxic. Secondly, NCH was added in a xed
concentration (0.3% (w/v)) to increase the viscosity of the
formulated lm. Thirdly, LDHs were added as a suspension to
achieve an excellent distribution in the lm matrix. LDHs were
added in different concentrations, namely 1%, 3%, and 5%w/w,
based on the solid content of the lm constituents and
compared with the blank (NALG/NCH). A comparison study was
carried out to investigate the efficiency of LDHs to act as
a crosslinker according to their high content of hydroxyl groups
and the enhancement of the mechanical, permeability, and
antimicrobial properties.

Characterization of active packaging lms

The characterization of the active packaging lms was carried
out via physiochemical and topographical analysis. The physi-
ochemical analysis included FTIR (Fig. 2) and XRD (Fig. 3),
which were used to study the difference between the neat
materials and the formulated active packaging lms. The FTIR
spectrum of NALG in the nanoscale showed evident bands at
3377, 2942, 1614, 1413, and 1037 cm−1, which are ascribed to
the alginate functional groups such as hydroxyl groups
stretching vibrations, CH3 stretching vibrations, symmetric
stretching vibrations of the carboxylic groups, and a symmetric
and carbohydrate C–O–C linkage, respectively.17,51 Alternatively,
NCH showed bands at 3454, 3253, 3105, 2891, 1619, 1553, 1424,
and 1004 cm−1, corresponding to the hydroxyl group stretching,
NH stretching, CH3 stretching (symmetric), CH3 stretching
(asymmetric), amide I, amide II, CH2 bending & deformation
and carbohydrate linkage, respectively.52,53 Meanwhile, the
active packaging lm without LDHs showed a signicant
redshi in the OH and CH3 stretching vibrations, as well as the
NH stretching band. On the contrary, the band in the 1600 cm−1

region was shied to the blue area in comparison with the
spectra of both neat materials. In addition, the values were
recorded in between that of the neat materials with bands at
1416 and 1024 cm−1. In summary, the above-mentioned results
conrm the interaction between NALG and NCH at the molec-
ular level. Besides, the addition of LDHs affected the FTIR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images of LDHs at low (a) and high magnification (b); SEM images at high (c) and low magnification (d). FTIR spectrum of LDHs (e).
XRD pattern of LDHs (f).
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spectra of the active packaging lms as follows. The low
percentage of LDHs added was shown as a blueshi in the
bands of OH, CH3, and C–O–C, with the appearance of a band at
2933 cm−1. Moreover, the characteristic bands of LDHs were
recorded at 921, 563, and 420 cm−1. These observations were
due to the effect of LDHs on the NALG and NCH helix, such as
crosslinking.54 Indeed, an increase in the content of LDHs
affected the behaviour of the functional groups in the FTIR
spectra with a signicant increase in the intensity of the char-
acteristic bands of LDHs. In other words, the FTIR spectra
clearly explained the intermolecular interaction between the
active packaging lm functional groups and conrmed the
formation of a new structure. Herein, the crosslinking
© 2024 The Author(s). Published by the Royal Society of Chemistry
mechanism involving LDHs, NALG, and NCH helix could
potentially involve numerous steps or interactions. The inter-
action of LDHs with the NALG and NCH helix may be due to the
LDHs being layered structures with positively charged layers
and interacting with the negatively charged components such
as NALG and NCH helix through electrostatic interactions.
Alternatively, it may owing to the adsorption of LDHs onto the
surfaces of the NALG and NCH helix due to the attractive forces
between the layers of LDHs and the helical structures. Also, the
LDHs may swell the interlayer spaces when interacting with the
NALG and NCH helix, leading to the expansion of the helical
structure. The swelling and interaction can facilitate the
formation of crosslinks between the LDH layers and the helical
RSC Adv., 2024, 14, 37380–37391 | 37383
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Fig. 2 FTIR spectra of active packaging films and their neat materials.

Fig. 3 XRD pattern of active packaging films and their neat materials.
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structures, which can stabilize the helix and potentially alter its
properties. This suggested mechanism explains how the inter-
action among LDHs, NALG, and NCH helix can contribute to
37384 | RSC Adv., 2024, 14, 37380–37391
crosslinking and potentially inuence the properties of the
prepared nanocomposite material.

The crystallography patterns of the prepared active lms and
their neatmaterials are illustrated in Fig. 3. NALG showed peaks
at 2q values of 12°, 17°, 20°, and 23°, which indicate the
amorphous and crystal structure of NALG.55,56 Additionally, the
crystallographic pattern of NCH showed peaks at 9.4°, 12.3°,
18.9°, 24°, and 26°, which are in good agreement with other
works reporting the mixed amorphous and crystal structure of
the a-chitin nanostructure.57,58 In this context, the pattern of
active packaging lm without LDHs showed peaks at 9°, 12°,
and 20° due to the interaction between NALG and NCH helix,
and the same information was extracted from the FTIR data.
However, the XDR pattern of the active packaging lms con-
taining LDHs showed no signicant effect due to the low
amount of LDHs as well as the amorphous behaviour of the
domain matrix, which affects the XRD pattern more than the
crystalline LDHs.

The morphological study of the surface topography of the
active packaging lms with the absence and presence of
different percentages of LDHs is shown in Fig. 4. The free LDH
lm showed atypical polymer surfaces that were smooth with
overlapped areas due to the interaction sites of the NALG and
NCH helix, as shown in Fig. 4a. Alternatively, the addition of the
LDHs signicantly affected the lm surface behavior, as shown
in Fig. 4b–d. An increase in the ratio of LDHs resulted in an
increase in the amount of wrinkles, which conrmed the
crosslinking effect of LDHs, as remarked in the FTIR section.
Moreover, rods of LDHs that were homogeneously distributed
were noted in active packaging lm 5.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of the formulated active packaging films with different concentrations of LDHs of 0, 1%, 3%, and 5% in (a), (b), (c), and (d),
respectively.

Fig. 5 Thermal analysis of the formulated active packaging films.
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The thermal gravimetric analysis (TGA) analysis is illustrated
in Fig. 5. The thermal analysis of LDHs demonstrated their high
thermal stability in the range 50–600 °C, with weight loss at
© 2024 The Author(s). Published by the Royal Society of Chemistry
600 °C of less than 20% (data not shown). Alternatively, the TGA
charts showed the classical behaviors of polysaccharides, which
start to decomposed at 281 °C and are destroyed at 550 °C.
However, the addition of LDHs enhanced the thermal stability
of the active packaging lms, as shown in the TGA curve of the
lm with 0.3% LDHs, where amplication in its decomposition
can be observed, which started at 291 °C, whereas that for the
lm containing the highest percentage of LDHs showed an
increase up to 428 °C. This information emphasized a new
feature of the prepared active packaging lms, i.e., high thermal
stability, which could be due to LDHs and their interaction with
polysaccharides in the nanoformulation.
Mechanical properties

The mechanical properties of the formulated active packaging
were studied and compared with that of the neat NALG. Fig. 6
shows an enhancement in the tensile strength of NALG to
15 MPa, which is a good result in comparison with conventional
Na-alginate, as well as good elasticity according to the inverse
relationship between deection and Young's modulus, as re-
ported in previous studies.59,60 Additionally, the addition of
NCH enhanced the tensile strength of NALG by about 47% and
its elasticity by about 25%. Otherwise, the addition of LDHs
increased the tensile strength by 25% and 41% in active pack-
aging lms 1 and 3, respectively, which are acceptable values in
comparison with the mechanical properties of biobased poly-
mers61 and petroleum-based lms such as PP polymer lms
used for packaging purposes.62 However, active packaging lm 5
RSC Adv., 2024, 14, 37380–37391 | 37385
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Fig. 6 Mechanical properties of the formulated active packaging films.
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was the opposite, with a decrease in its tensile strength, which
may be due to the strong cross-linking effect of LDHs at high
concentrations, causing the lm to become more rigid. This
observation was conrmed by the elasticity values, where the
deection decreased by 45%, and Young's modulus increased
by about 100%.
Permeability of active packaging lms

The oxygen transmission rate (OTR) and the water vapor
transmission rate (WVTR) of the formulated active packaging
lms were investigated using a GBI W303 (B) water vapor
permeability analyzer and N530 gas permeability analyzer,
respectively. The permeability of oxygen and water vapor is
crucial for the materials used in packaging applications, espe-
cially food packaging. Therefore, the amount of water vapor and
oxygen gas that enters the food, as well as the loss from food to
Table 1 Permeability evaluation of the formulated active packaging film

Samples
Thickness,
mm O2 TR (g per m2 per day)

0 0.2 70.8 � 9
1 0.2 50.9 � 5
3 0.2 38.4 � 5
5 0.2 24.6 � 4

37386 | RSC Adv., 2024, 14, 37380–37391
the environment, has a unique effect on the consistency, quality
under protection, and shelf life of food. Herein, the obtained
data reinforced the acceptable values in comparison with bio-
based polymers63 as well as petroleum-based polymer lms
used in packaging.64 The OTR and WVTR values for the
formulated active packaging lms are shown in Table 1. The
obtained results (Table 1) revealed that the formulated active
packaging lm without LDHs exhibited a greater WVTR than
that containing LDHs, which was recorded to be 1870.6 g per m2

per day. Alternatively, the prepared active packaging lms
containing LDHs with percentages of 1%, 3%, and 5% w/w were
observed to show a decrease in WVTR value from 1870.6 g per
m2 per day to 1640.3, 1380.6, and 860.8 g per m2 per day,
respectively.

Additionally, the OTR is essential given that oxygen is the
primary component in the oxidation process, which affects the
avor, odor, and color of food, as well as nutrient degradation.65
s

O2, permeability, g per m2 per day WVTR per m2 per day

7.06 × 10−2 1870.6 � 16
5.1 × 10−2 1640.3 � 14

3.84 × 10−2 1380.6 � 21
2.46 × 10−2 860.8 � 17

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As a result, the active packaging lms containing LDHs offer
a sufficient O2 barrier, which may help improve the quality and
increase the shelf-life of food. The oxygen transmission rate
(OTR) of the LDH-free active packaging lm was 70.8 g per m2

per day, while the addition of LDHs in various ratios was seen to
have the following properties: the OTR of the manufactured
active packaging lms containing LDHs decreased compared to
the LDH-free lm with an increase in the loading of LDHs in the
active packaging lms. With an increase in the presence of
LDHs by 1%, 3%, and 5%, the OTR of the synthesized active
packaging lms containing LDHs was subsequently consider-
ably lowered, with the OTR increasing to 50.9, 38.4, and 24.6 g
per m2 per day, respectively. The results indicated that the active
packaging lms containing LDHs are promising packaging
materials.
Fig. 7 Antimicrobial activity of formulated packaging films. (A) Anti-
microbial activity via turbidimetric method (samples 0 (0 LDHs), 1 (1%
LDHs), 3 (3% LDHs), and 5 (5% LDHs)) as well as (B) time required for
killing by the active packaging film containing 5% of LDHs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Antimicrobial

The antimicrobial study for the prepared active packaging lms
tested their ability to reduce the microbial communities
affecting the food quality. Fig. 7a illustrates the antimicrobial
behavior of the tested active packaging lms. The active pack-
aging lm without LDHs was observed to have a low antimi-
crobial activity, which was around 20% inhibition of most of the
microbial population used in this test. This activity may be due
to chitin, which has limited antimicrobial activity.66,67 In
contrast, the addition of LDHs enhanced the antimicrobial
activity, which increased with an increase in the concentration
of LDHs. In this context, the 2% and 3% concentrations of
LDHs were observed to result in excellent antimicrobial activity,
especially against bacterial strains and unicellular fungi, with
inhibition of more than 80% and 90%, respectively. The anti-
fungal activity of the active packaging lms containing LDHs
was relevant, with about 70% inhibition in the highest
concentration and less than 50% in concentrations of 1% and
3%. In summary, this observation conrmed the antimicrobial
activity of the active packaging lms containing LHDs and their
moderate antimicrobial activity against lamentous fungi.
Indeed, the antifungal activity, especially for lamentous fungi,
is usually lacking in antimicrobial agents. However, antimi-
crobial activity of above 50% inhibition is acceptable in the
fungal case given that these robust microorganisms are resis-
tant. Also, the antimicrobial activity of the active packaging
lms mostly originated from LDHs, which consisted of Al2O3

and ZnO,68,69 and chitin. All the components showed a syner-
getic effect, which was reected in the antimicrobial activity.
Thus, the bioactive packaging lms containing LDHs are
described as broad-spectrum antimicrobial packaging lms.

In addition, the time required for killing microorganisms
was studied for the active packaging lm containing a high
concentration of LDHs, as presented in Fig. 7b. The growth log
showed a high rate of killing of most of the microbial pop-
ulations, which were deactivated aer 12 h. In detail, the E. coli
and P. aeruginosa strains were killed aer 8 and 10 h, respec-
tively, while S. aureus and B. subtilis were killed aer 12 h, as
well as C. albicans. These observations are related to the regular
growth rate, which can affect the time required for killing,
where the Gram-negative bacteria exhibit fast growth in
comparison with Gram-positive bacteria, and Candida,
depending on the structure of its cell wall is less complicated in
Gram-negative and highly complicated in Gram-positive
bacteria and Candida.
Conclusion

Indeed, the utilization of renewable sources to obtain sustain-
able products is attractive to satisfy the requirements of envi-
ronmentally safe policies. In this work, nanostructured active
packaging lms were successfully formulated based on NALG,
which was reinforced with NCH and doped with LDHs in
different concentrations. These lms were characterized with
unique properties and shown to be suitable as food packaging.
The formulated active packaging lms showed excellent
RSC Adv., 2024, 14, 37380–37391 | 37387
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homogeny at the molecular level, as observed via SEM. These
formulations possessed a nice physical texture that is accept-
able for use as packaging lms. Moreover, they exhibited good
permeability and mechanical behaviors, as well as antimicro-
bial activity, which were ascribed to the addition of nanochitin
and LDHs. These active packaging lms were based on edible
and biodegradable biopolymers, which can be biodegraded or
consumed by animals to solve the plastic degradation problem
and save the environment. Also, the impact of humidity on their
barrier properties can be further studied in the future.
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