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characterization of novel
bionanocomposites based on garlic extract for
preserving fresh Nile tilapia fish fillets

Ahmed. M. Youssef, *a Hoda S. El-Sayed,b Islam EL-Nagara and Samah M. El-
Sayed*b

In this paper we describe the preparation of a new bionanocomposite based on carboxymethyl cellulose

(CMC), Arabic gum (AG) and gelatin (GL), incorporating garlic extract (GE) and TiO2 nanoparticles (TiO2-

NPs). The prepared bionanocomposites were evaluated using X-ray diffraction (XRD), Fourier-transform

infrared spectroscopy (FTIR), Energy Dispersive X-ray Analysis (EDX), and scanning electron microscopy

(SEM), and were evaluated for their antimicrobial effect. The permeability and thermal and mechanical

properties of the films were assessed. The water vapor transmission rate (WVTR), oxygen transmission

rate (OTR), and mechanical, thermal and antimicrobial properties of the prepared bionanocomposite

films were enhanced by the addition of GE and TiO2-NPs. The effects of GE and TiO2-NPs in

combination incorporated into a CMC/AG/GL blend as an edible coating on the quality of fresh Nile

tilapia fish fillets during refrigerated storage were evaluated. The microbiological status and weight loss

of fresh Nile tilapia fish fillets were periodically tested for 21 days during storage at 4 �C. The results

indicated that GE combined with TiO2-NPs has a synergistic influence on the enhancement of the

preservation properties of CMC/AG/GL/GE–TiO2 bionanocomposites for refrigerated tilapia fish fillets,

which could control microbial growth, and decrease weight loss during the storage of tilapia fish fillets.
1. Introduction

Nano-coating technology is an effective way in which to extend
the shelf life of food products. This technology uses metal
nanoparticles such as titanium dioxide, copper oxide, zinc
oxide, and silver and gold nanoparticles, plus hydrophilic and
lipophilic materials such as plant extracts or other carbohy-
drates to produce antimicrobial and antioxidant activity to
enhance the shelf life of various products.1–3 Active packaging is
an effective way to eliminate spoilage in food products like
cheese, fruits, meat, and sh, which rapidly spoil and become
unsafe for consumption.4–9

Research into bionanocomposite materials for use in food
packaging and food contact surfaces is expected to increase over
the next decade, with the development of new polymeric
materials and composites including inorganic nanoparticles.10

Eco-friendly packaging materials are synthesized from macro-
molecules including polysaccharides and proteins. Many kinds
of polysaccharides have been used in food packaging applica-
tions, including cellulose derivatives,11 gums,12 chitosan,13 and
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alginate.6 Proteins such as gelatin have also been used for the
preparation of biodegradable packaging.14 Such biopolymers
displayed have limitations in terms of material properties,
including unsatisfactory mechanical strength, poor water vapor
as well as oxygen barrier, and higher manufacturing cost,
although they are good at forming lms.15

Food spoilage and poisoning occurs when food becomes
contaminated with pathogenic bacteria and other microorgan-
isms. The usual approach to combating these pathogens is the
use of antibiotics. However, the over-use of antibiotics can lead
to the development of antibiotic resistance.16 Therefore, natural
antimicrobial agents from plant, animal, and microbial sources
are oen used as preservative agents.17,18 Antimicrobials are
added to food to eliminate natural spoilage and to control the
growth of microorganisms, to improve food safety.19 Adding
antioxidants to food is becoming widely used as a method to
extend the shelf life of different foods, and reduce nutritional
losses by controlling oxidation.20–22

Garlic (Allium sativum L.) has been recognized for its
medicinal properties in many cultures around the world. It is
believed to have anti-cancer effects, to stimulate the immune
function, reduce cardiovascular diseases, and to have antimi-
crobial and antioxidant effects.23 Garlic is a member of the lily
family (Liliaceae), and is widely used as a spice in food, and by
traditional medicine practitioners in the treatment of bacteria
related to issues such as dander, cough and rheumatism.24
RSC Adv., 2021, 11, 22571–22584 | 22571
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Garlic extract has been shown to have widespread antibac-
terial activity, including effects on Escherichia, Salmonella,
Staphylococcus, Klebsiella, Proteus, Clostridium, Mycobacterium
and Helicobacter species.25–28 Allicin is the main component of
the antimicrobial activity of garlic. It is a volatile sulfur mole-
cule with a distinct scent.28 Allicin has also been found to act as
an anti-fungal, anti-viral, and anti-parasitic agent,29 the antiox-
idant activity of garlic has been attributed to sulfur-containing
compounds.30 Reiter et al.,31 demonstrated that allicin dis-
played antimicrobial action against pathogenic bacteria in the
lung. The antimicrobial activity of garlic extract is also produced
by other hydrophobic compounds, such as vinyldithiins,
ajoenes, and diallyl polysuldes.24,32 Therefore, garlic extract
can be used to reduce microbial contamination of food during
storage. Garlic was shown to delay the rate of microbial spoilage
and extend the shelf life of tuna llets by six days during
refrigerated storage.33 Kombat et al.,34 found that the use of
garlic paste extended the shelf life of fresh Nile tilapia sh more
than three days over that of a control.

We describe a procedure for the preparation of CMC/AG/GL/
GE–TiO2 bionanocomposites based on carboxymethyl cellulose
(CMC), Arabic gum (AG), gelatin (GL) and titanium dioxide
(TiO2-NPs) as well as different concentration of garlic extract
(GE), using a solution casting technique. The physicochemical
properties and antimicrobial activity of the resulting CMC/AG/
CL/GE–TiO2 bionanocomposites were investigated. These
bionanocomposite materials are promising for use as antimi-
crobial agents. We tested their effects upon the preservation of
fresh Nile tilapia sh llets.

2. Materials and methods
2.1. Materials

Carboxy methyl cellulose (CMC), with a molecular weight 4.2 �
108, and a degree of substitution of 0.7 was purchased from
Kelong Chemical Agent Factory, Chengdu, China. AG was
provided by Alpha Chemica, Mumbai, India. Gelatin (GL) and
titanium dioxide (P25, TiO2-NPs) with cross-sectional dimen-
sions of about 21 nm were obtained from Sigma-Aldrich (St.
Louis, MO). Extra-pure citric acid (CA) as a crosslinker was
purchased from SDFCL Chem. Ltd. (Mumbai, India). Glycerol
(99% purity) was supplied by Merck (Darmstadt, Germany) used
as plastizer. Purple garlic bulbs were at six months of matura-
tion were obtained from a farm in Giza Governorate, Egypt. The
garlic was washed and then milled into small pieces with an
electric mill, and stored in polyethylene bags until extraction.
The solvent used was 99.5% ethanol and from ABCO CHEMIE,
Gillingham England. Tilapia sh with average weight around
500 g for each one was obtained from Giza Governorate, Egypt.
Distilled water was used in all preparation procedures.

2.1.1. Pathogenic strains. Pathogenic strains were collected
from the Dairy Department at the National Research Centre,
Egypt. They included Bacillus cereus B-3711; Staphylococcus
aureus ATCC 6538; Listeria monocytogenes 598; Escherichia coli
ATCC 8739; Pseudomonas aeruginosa ATCC 15442; Salmonella
typhmirum14028s; and Candida albicans ATCC 10231. The
strains were incubated in nutrient broth at 35 �C for 24 h until
22572 | RSC Adv., 2021, 11, 22571–22584
reaching a turbidity of 0.5, according to the McFarland
standard.
2.2. Methods

2.2.1. Preparation of solvent garlic extracts. Twenty-ve
grams of freshly minced garlic bulbs was extracted three
times with 400 ml ethanol at room temperature with stirring for
3 h. Each extract was ltered through Whatman no. 1 lter
paper, and the solvent was evaporated to dryness using a rotary
evaporator under reduced pressure at 40 �C.35 The extract was
then kept in the dark in sterile screw capped bottles and stored
at �20 �C until needed.

2.2.2. Fish lleted samples preparation. Fresh tilapia
(Oreochromis niloticus) was washed, cleaned, beheaded, and
lleted with a sharp stainless steel knife, washed with cooled
water again, and drained for twenty minutes on a sterile stain-
less steel slab, as illustrated by Etemadian et al.36 The sh was
then lleted and stored for later use.

2.2.3. Preparation of CMC/AG/GL/GE–TiO2 bionano-
composite. The CMC/AG/GL/GE–TiO2 bionanocomposites were
prepared using a solution casting method according to Ahmadi
et al.,37 with some modications. About 5.0% CMC solution was
prepared through dissolving 25 g CMC in 500 ml distillated
water, and prepared 5% AG and 5% gelatin using the same
method. CMC/AG/GL blends were produced by mixing the three
polymer solutions at a ratio of 40% : 40% : 20%. The bionano-
composites were prepared by gradually adding a 3% TiO2-NPs
suspension solution to the CMC/AG/GL solution (1 mg ml�1 in
water) and sonicating for 2 h at 25 �C using a Q500 Sonicator at
a sonication power of 500 W, a frequency of 20 kHz, and an
amplitude of 50%. Then, 30% wt/wt of CA was added to the
polymer blend with continuous mechanical stirring. Aer that,
the mixture was cured at 140 �C for 15 minutes to cross-link the
blend. The solution was le to cool at room temperature, and
then 20% wt/wt glycerol was added. GE was added at propor-
tions of (2%, 4%, and 8%). The homogeneous suspensions
solutions of CMC/AG/GL/GE–TiO2 bionanocomposite were
transferred into Teon Petri dishes and port at room tempera-
ture for 72 h in order to evaporate the solvent and allow a lm to
form.

2.2.4. Coating fresh Nile tilapia sh llets. Previously
prepared sh llets were separated into six groups. The rst
one was a control group, without coating, the second and the
third were coated with biocomposites lms based on CMC/
AG/GL (Blank1) and CMC/AG/GL/TiO2-NPs (Blank 2),
neither of which included GE. The fourth, h, and sixth
groups were coated with CMC/AG/GL/GE–TiO2 bionano-
composite suspensions contain 2% GE–TiO2, 4% GE–TiO2

and 8% GE–TiO2 respectively. All groups were stored at 5 �C �
1 �C for subsequent microbiological quality assessment,
which was performed within 21 days, to determine the overall
quality of sh.

2.2.5. Detection of antimicrobial effects of CMC/AG/GL/
GE–TiO2 bionanocomposite lms. The antimicrobial activity of
CMC/AG/GL, CMC/AG/GL/TiO2-NPs and different CMC/AG/GL/
GE–TiO2 bionanocomposite solutions was examined using
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nutrient agar and the well diffusion agar method published by
Youssef, et al.8 For each strain, 0.1 ml of the bionanocomposite
solutions was feast on the surface of a plate lled with nutrient
agar media. The plates were le for 2 h to allow the pathogens to
saturate the agar. Wells were prepared in the agar layer with
a 0.5 cm cork borer. Each well was lled with 100 ml of a bion-
anocomposite solution. The diameter of the clear inhibition
zone surrounding the wells was measured aer the plates were
incubated for 24 h at 37 �C. The antimicrobial activity of GE was
examined in the same manner.
2.3. Characterizations

2.3.1. X-ray diffraction. The crystallographic structure of
TiO2-NPs, CMC/AG/GL blend, CMC/AG/GL/TiO2 bionano-
composites as well as the CMC/AG/GL/GE–TiO2 bionano-
composites containing different ratios of garlic extract, (2% and
8%) were tested using a Philips X-ray diffractometer (PW 1930
generator, PW 1820 goniometer, Netherlands) armed by Cu Ka
radiation (45 kV, 40 mA, and l ¼ 0.15418 nm). Using a range of
2q from 5 to 70� thru step size of 0.05 as well as a counting time
per step was 2 s per step.

2.3.2. Fourier transmission infrared spectroscopy (FT-IR).
FT-IR spectroscopy in transmission mode was used to recognize
the functional groups of the GE, CMC/AG/GL blend, CMC/AG/
GL/TiO2 bionanocomposites along with the CMC/AG/GL/GE–
TiO2 bionanocomposites containing different ratios of garlic
extract, (2% and 8%). The FT-IR spectra were acquired by using
a FTIR was measured using Bruker vertex 80 (Germany) in the
range 4000–400 cm�1 with resolution 4 cm�1

2.3.3. Transmission electron microscopy (TEM). The
morphology of the TiO2 nanoparticles will be detected via
transmission electron microscopy (JEOL Co., JEM-2100, Tokyo,
Japan), below high-tension electricity of 160 kV at room
temperature.

2.3.4. Scanning electron microscopy (SEM) and EDX
determination. The morphology of the prepared TiO2-NPs,
CMC/AG/GL blend, CMC/AG/GL/TiO2 bionanocomposites along
with the CMC/AG/GL/GE–TiO2 bionanocomposites containing
different ratios of garlic extract, (2% and 8%) were distin-
guished using SEM (High-Resolution Quanta FEG 250-SEM,
Czech Republic).

2.3.5. Thermogravimetric investigation. TG study for all
the prepared samples was accomplished by a LABSYS evo TGA
STA DTA/DSC by Setaram A trademark of KEP Technologies
group, France. From 6–10 mg bionanocomposite was weighed
in an aluminum pan and then it was heated from ambient
temperature up to 700 �C under nitrogen gas and at a heating
ramping of 10�C min�1.

2.3.6. Water vapor and oxygen permeability measure-
ments. The permeability such as oxygen gas as well as water
vapor transmission rates (OTR and WVTR) for CMC/AG/GL
blend, CMC/AG/GL/TiO2 bionanocomposites along with the
CMC/AG/GL/GE–TiO2 bionanocomposites containing different
ratios of garlic extract, (2% and 8%) were carried out through
the oxygen transmission rate (OTR). It is computed viameans of
an N530 Gas Permeability Analyzer (China), as per the
© 2021 The Author(s). Published by the Royal Society of Chemistry
standards followed by ASTM D1434-82 (reapproved 2015). Also,
the GBI W303 (B) Water Vapor Permeability Analyzer (China)
was used for the determination of the WVTR through the cup
method, using precise conditions of temperature (38 �C) and
humidity (4%) as stated by the subsequent standards (ASTM
E96). The apparatus used smooth and uniform plastic lms
with thickness of 200 mm for both (GTR and WVTR). The
assessment test was repetitive three times and the average
values were recorded.

2.3.7. Mechanical properties. The mechanical properties of
CMC/AG/GL blend, CMC/AG/GL/TiO2 bionanocomposites along
with the CMC/AG/GL/GE–TiO2 bionanocomposites containing
different ratios of garlic extract, (2% and 8%) parameters for
example tensile strength and, elongation at break were studied
using a Zwick (Germany) tensile testing machine (Model Z010)
equipped with a load cell of 1 kN and a crosshead speed of 200
mm min�1, in accordance with ASTM D 882–18.

2.3.8. Determination of phenol compounds for GE by high
performance liquid chromatography (HPLC). High perfor-
mance liquid chromatography investigation was done via an
Agilent 1260 series. The separation process was done by Eclipse
C18 column (4.6 mm � 250 mm i.d., 5 mm). The mobile phase
containing (A) water and (B) triuoroacetic acid in acetonitrile
(0.05%) at a ow rate 1 ml min�1. It was set sequentially in
a linear gradient as follows: 0 min (82% A); 0–5 min (80% A); 5–
8 min (60% A); 8–12 min (60% A); 12–15 min (85% A) and 15–
16 min (82% A). The multi-wavelength detector was monitored
at 280 nm. The injection volume was 10 ml for each of the
sample solutions. The column temperature was maintained at
35 �C.

2.3.9. Determination of antioxidant activity of the GE and
CME/AG/GL/GE–TiO2 bionanocomposite lms. The antioxidant
activity of the garlic extract and CMC/AG/GL/GE–TiO2 biona-
nocomposite lm samples was estimated using 2,2-diphenyl-1-
picrylhydrazil (DPPH) radical scavenging, as published by
Jongjareonrak et al.38 The absorbance was measured at 517 nm
and the inhibition of DPPH-radical scavenging activity was
measured using the subsequent equation:

DPPH inhibition% ¼ ((Ac � As)/Ac) � 100

where, As is the sample absorbance and Ac is the absorbance of
the control sample.

2.3.10. Determination of total phenolic content of GE as
well as CMC/AG/GL/GE–TiO2 bionanocomposites lms. The
total phenolic content of the garlic extracts and the fabricated
CMC/AG/GL/GE–TiO2 bionanocomposite lm samples was
assessed colorimetrically using a Folin–Ciocalteau reagent as
described by Laa et al.39 The total phenolic content was
calculated using a standard curve constructed using gallic acid
as a standard, and was measured as mg gallic acid equivalent
(GAE g�1).

2.3.11. Weight loss of coated sh llets. All sh llets were
individually weighted at the start of the experiment and during
storage. The weight loss (WL) was calculated as follows:

WL% ¼ ((Wini � Wt)/Wini) � 100
RSC Adv., 2021, 11, 22571–22584 | 22573
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where Wini is the initial weight and Wt is the weight at time t.
2.3.12. Microbiological evaluation of coated sh llets

during cold storage. Several dilutions of the sh samples were
prepared. At each sampling interval, 10 g of sh llets was
mixed thoroughly with a sterile saline solution (0.85% NaCl) for
1 min to prepare the initial dilution (10�1). Serial dilutions were
plated on plate count agar (Merck, Germany) for total aerobic
bacterial counts (TABC), followed by incubation at 35 �C for
48 h.40 Samples for total anaerobic bacterial counts (TANBC)
were plated on plate count agar and anaerobically incubated
48 h at 35 �C.40 Enterobacteriaceae counts were carried out
using violet red bile glucose agar (oxide), with the plates incu-
bated for 24 h at 37 �C.41 Staphylococci counts were performed by
spreading 0.1 ml of a suitable dilution on the surface of a Baird
Parker agar plates complemented with egg yolk and potassium
tellurite solution and incubating for 48 h at 35 �C.41 Counts of
mold and yeast were performed by spreading 0.1 ml of a suit-
able dilution on the surface of rose bengal chloramphenicol
agar plates and aerobically incubated at 25 �C for four days.42

Finally, psychotropic bacteria were detected using plate count
agar and incubated at 5 �C for seven days.41 All microbiological
results were expressed as log10 CFU g�1.

2.4. Statistical analysis

Statistical analysis of the obtained results evaluations was per-
formed using means of three replicates � S. E using soware.43

The results were expressed as mean � standard error and the
differences between means were tested for signicance using
Duncan's multiple range tests at (p # 0.05).

3. Results and discussion
3.1. X-ray diffraction (XRD) examination of the prepared
bionanocomposite lms

XRD patterns are used to study the physical properties of crys-
talline structures, and evaluate the compatibility of all constit-
uent material in composite lms. Fig. 1a shows the XRD
Fig. 1 XRD of (a) TiO2-NPs, (b) CMC/AG/GL blend, (c) CMC/AG/GL/
TiO2 bionanocomposites as well as the CMC/AG/GL/GE–TiO2 bion-
anocomposites containing different ratios of garlic extract, (d) 2% and
(e) 8%.

22574 | RSC Adv., 2021, 11, 22571–22584
patterns of the fabricated TiO2-NPs. The majority of diffraction
peaks matched the rutile phase of TiO2-NPs with some anatase
phase. The diffraction peaks of 2 theta were observed at 27.30�,
35.36�, 37.67�, 39.86�, 41.4�, 56.76�, 61.85�, 73.32�, and 77.09�,
which match the rutile phase of TiO2-NPs.44 Additional crystal
phases concerning to peaks at 25.17�, 47.84�, 53.68�, 56.02�,
68.38�, and 70.07� correspond to the anatase phase.45. Fig. 1(b–
e) shows the diffractogram patterns at 2 theta, which are iden-
tical at 6.40� and 20� for the CMC/AG/GL blend, CMC/AG/GL/
TiO2 bionanocomposites and CMC/AG/GL/GE–TiO2 bionano-
composites containing different ratios of garlic extract: 2% and
8%. This peak reects the distance among amino acid remains
alongside the helix, which is around 0.44 nm.46 These dif-
fractogram patterns matched all of the prepared bionano-
composites, and had peaks caused by the presence of TiO2-NPs
in bionanocomposite lm formulations with different loadings
of GE. The CMC/AG/GL blend produced smaller peaks at about
2q ¼ 10� for the prepared lms. Generally, the detected peak
area patterns gotten via XRD were analogous for all fabricated
lms, since there was no signicant inuence of the GE on the
polymer crystallinity, as shown in (Fig. 1d and e).
3.2. FT-IR examination

Fourier transform infrared spectroscopic (FT-IR) investigation
provides information about the functional properties of func-
tional groups, as well as the structure of blended CMC/AG/GL
composite, and CMC/AG/GL/GE–TiO2 bionanocomposite
lms. Fig. 2 shows the FT-IR spectra for garlic extract (GE),
CMC/AG/GL blend, and CMC/AG/GL/TiO2 bionanocomposites
as well as CMC/AG/GL/GE–TiO2 bionanocomposites containing
different proportions of garlic extract. Fig. 2a, shows FT-IR
spectrum of GE, including functional groups such as
hydroxyl, carbonyl, and carboxylic. The broad band at
Fig. 2 FT-IR spectra for (a) garlic extract, (b) CMC/AG/GL blend, (c)
CMC/AG/GL/TiO2 bionanocomposites as well as the CMC/AG/GL/
GE–TiO2 bionanocomposites containing different ratios of garlic
extract, (d) 2%, (e) 4%, and (f) 8%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM of TiO2-NPs, (b) TEM of TiO2-NPs, (c) CMC/AG/GL blend, (d) CMC/AG/GL/TiO2 bionanocomposites, as well as CMC/AG/GL/GE–
TiO2 bionanocomposites containing different ratios from garlic extract, (e) 2%, (f) 4%, (g) 8% and, (h) EDEX analysis of CMC/AG/GL/TiO2 bion-
anocomposites containing 4% garlic extract.
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3370 cm�1 corresponds to the presence of O–H stretching of
a hydroxyl group, showing the existence of polyhydroxy
compounds such as saponins, avonoids, and non-avonoids.
The band at 2980 cm�1 is attributable to the asymmetric
stretching of the C–H groups of aromatic compounds. The band
at 1660 cm�1 is due to C]O stretching of peptide connections
and C]O stretching of carboxylic and carbonyl groups. The
band at 1380 cm�1 reects the O–H bend of carboxylic acids
© 2021 The Author(s). Published by the Royal Society of Chemistry
that in turn expose the attendance of tannins, saponins,
glycosides, and avonoids.35 Also, Rastogi et al.,47 recognized
that the presence of peak for O–H group of carboxylic acids at
1395 cm�1 that in turn displayed the existence of tannins,
avonoids, saponins as well as glycosides which matches with
our results. Furthermore, the peak of S]O group at 1036 cm�1

revealed the occurrence of organosulfur compounds
comprising allicin, alliin, as well as diallyl disulphide.48
RSC Adv., 2021, 11, 22571–22584 | 22575
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Fig. 2b, shows the FT-IR spectrum of the CMC/AG/GL blend.
The FT-IR can recognize the effects of molecular interactions
between CMC, AG, and gelatin, on the structure of a lm. In
Fig. 2b, the FT-IR spectra show the output of a CMC/AG/GL
blend, which demonstrates different functional groups
according to differences in drying conditions. Fig. 2b displays
the CMC established lm spectra with the adding of AG and
gelatin, including bands of O–H stretching which shi near
lower wavelengths (3328 cm�1). These shis indicate that
hydrogen bonds on OH groups in this blend were weaker than
those in blank polymer lms.49 The amide II bands appear at
1560 cm�1 for gelatin lms. Bands at 1689, 1616 and 1506 cm�1

designate C]O stretching (amide I) and NH bending (amide II)
in the CMC/AG/GL blended lms. Peaks at 2989 cm�1 are
produced by C–H stretching, and the lms also showed peaks at
about 1420 cm�1 that arose from anti-symmetric as well
symmetric COO– group vibrations. Therefore, mixing CMC with
gelatin and AG produced a reduced intensity of the COO– group
peak in our investigation, as presented in Fig. 2b.

Fig. 2c shows the FT-IR spectrum of CMC/AG/GL/TiO2

bionanocomposites containing 1% TiO2-NPs. A band at
3326 cm�1 corresponds to the stretching vibration of the
hydroxyl group of the TiO2-NPs. The band near 1610 cm�1 is
attributable to Ti–OH; and a noticeable band at 1371 cm�1 is
associated with Ti–O.50 In the FT-IR spectra of CMC/AG/GL/GE–
TiO2 bionanocomposites containing different ratios of garlic
extract (2% and 8%) all bands for garlic extract and TiO2-NPs
appeared at the same wavenumbers in CMC/AG/GL/GE–TiO2

bionanocomposites, as shown in (Fig. 2d and e).
Fig. 4 TGA of (a) CMC/AG/GL blend, (b) CMC/AG/GL/TiO2 bionano-
composites, as well as CMC/AG/GL/GE–TiO2 bionanocomposites
containing different ratios from garlic extract, (c) 2%, (d) 4%, and (e) 8%.
3.3. Morphological studies

Fig. 3 shows scanning electron microscope (SEM) images of the
surface morphology of TiO2-NPs, CMC/AG/GL blend, and CMC/
AG/GL/TiO2 bionanocomposites containing 1% TiO2-NPs, as well
as CMC/AG/GL/GE–TiO2 bionanocomposites containing
different proportions of garlic extract, (2%, 4%, and 8%) based on
polymer matrix concentration. From the SEM result it can be
seen that TiO2-NPs are spherical in shape, with particle sizes
around 10 mm, as shown in Fig. 3a. The images of the CMC/AG/
GL composite blend show a homogeneous surface with an
absence of TiO2-NPs, as well as the compatibility between three
biopolymers (Fig. 3c); while the addition of 1% TiO2-NPs to the
CMC/AG/GL matrix produces a heterogeneous surface for CMC/
AG/GL/TiO2 bionanocomposites in the presence of TiO2 nano-
particles, as revealed in Fig. 3d. This is a result of the accumu-
lation of TiO2-NPs throughout the lm fabrication. The SEM
images showed that spherical TiO2-NPs arise on the CMC/AG/GL
bionanocomposite surfaces with an approximately uniform
distribution. The bright zones indicate the crystalline TiO2-NPs,
whereas the gray areas show the mostly amorphous CMC/AG/GL
matrix, attributable to the high electron density of the TiO2

nanoparticles.51 An interface among TiO2-NPs and CMC/AG/GL
was detected, which would result in enhanced properties of the
fabricated CMC/AG/GL/TiO2 bionanocomposites.

The addition of GE to the bionanocomposite matrix makes the
surface more heterogeneous, due to the presence of the GE, which
22576 | RSC Adv., 2021, 11, 22571–22584
appears as a ower structure in the bionanocomposite lm (Fig. 3e–
g). To further characterize the morphology of the TiO2-NPs, TEM
analysis was performed. The TiO2 nanoparticles were regular in
shape, and occurred at the nanometer level, an observation which is
in agreement with the XRD and SEM results. Fig. 3h shows the
EDEX analysis of the CMC/AG/GL/GE–TiO2 bionanocomposites,
conrming the presence of TiO2-NPs in the polymer matrix.52
3.4. Thermal gravimetric analysis (TGA)

Fig. 4 shows the thermal stability of the prepared CMC/AG/GL
blend, CMC/AG/GL/TiO2 bionanocomposites, and CMC/AG/
GL/GE–TiO2 bionanocomposites containing different loadings
of garlic extract (2%, 4% and, 8%). The proximate weight loses
(%) and maximum temperature of degradation (Tmax) were
determined from TGA curves. Three steps of WL (S1, S2 and S3,
respectively) were detected for the CMC/AG/GL blend. In CMC/
AG/GL/TiO2 bionanocomposites the second step was over-
lapped with third, and just two steps were noted for CMC/AG/
GL/GE–TiO2 bionanocomposites containing different loadings
of garlic extract (2%, 4%, and 8%). The S1 occurred at 45–
120 �C, the S2 at 115–235 �C and S3 at 235–450 �C. The S1 is
attributed to free water evaporation; S2 is attributed to loss of
organic ingredients of CMC/AG/GL/GE–TiO2 bionanocompo-
sites and free glycerol evaporation, and S3 is ascribed to
biopolymer branch degradation, as well as the rest of the glyc-
erol and garlic extract volatile components. S1s of 5.4%, 5.2%,
4.6%, 4.4%, and 4.2% were assessed for CMC/AG/GL blend,
CMC/AG/GL/TiO2 bionanocomposites and for CMC/AG/GL/GE–
TiO2 bionanocomposites containing different loadings of garlic
extract (2, 4 and, 8%), respectively. The Tmax1 for CMC/AG/GL
blend was 70.9 �C, which was changed to 74.5 �C by the addi-
tion of TiO2-NPs for CMC/AG/GL/TiO2 bionanocomposites. The
addition of GE also improved the Tmax1 to 76.2 �C, 80.7 �C and
85.4 �C for CMC/AG/GL/GE–TiO2 bionanocomposites contain-
ing different loadings of garlic extract (2, 4 and, 8%),
respectively.53
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The S2 and S3 of 20.8% and 42.6% for CMC/AG/GL blend
were reduced to 18.6% and 41.8% for CMC/AG/GL/TiO2 biona-
nocomposites. The Tmax2 and Tmax3 were improved from
210.2 �C and 264.48 �C for the CMC/AG/GL blend to 215.4 �C
and 266 �C for the CMC/AG/GL/TiO2 bionanocomposites,
respectively. An S2 of 60.8%, 61.2% and 61.6% and Tmax2 of
245.5 �C, 267.8 �C and 273.6 �C was determined for CMC/AG/
GL/GE–TiO2 bionanocomposites containing different loadings
of garlic extract (2, 4 and, 8%), respectively. Associated with the
CMC/AG/GL blend, the O–H interaction between biopolymers
and TiO2-NPs, and the contamination of water and glycerol by
adding TiO2-NPs and garlic extract is the most likely reason for
higher Tmax1 & 2 in for CMC/AG/GL/TiO2 bionanocomposites.
The TiO2-NPs and GE therefore improved the evaporation
temperatures of entrapped water and glycerol. The weight loses
at higher temperatures (up to 500 �C) presented no certain peak,
indicating that there is no discrete or main phase in bionano-
composite constituents with a denite TGA behavior. Also, the
minor weight loses from 325 �C to 500 �C belongs to the residual
fraction of volatile composites of GE and non-degraded CMC/
AG/GL side-branches. The rise in total solid mass and the
higher degradation temperature of TiO2-NPs led to higher heat
stability of CMC/AG/GL/TiO2 bionanocomposites and CMC/AG/
GL/GE–TiO2 bionanocomposites.
3.5. Mechanical properties investigations

Mechanical performance and properties are the most signi-
cant factors for packaging materials. Mechanical properties are
important in marketing and protection of food products from
damage during storage and transportation. Table 1 displays the
mechanical properties of the CMC/AG/GL, CMC/AG/GL/TiO2,

and CMC/AG/GL/GE–TiO2 bionanocomposites comprising
various ratios of garlic extract (2, 4, and 8%). The addition of
TiO2-NPs produced important improvement in tensile strength
(TS). While likened to the CMC/AG/GL blend, the TS increased
from 38.70 MPa to 60.36 MPa by the adding of 1% of TiO2

nanoparticles into the CMC/AG/GL matrix, while in the CMC/
AG/GL/GE–TiO2 bionanocomposites comprising diverse ratios
of garlic extract (2, 4, and 8%) the TS values were increased to
65.76, 81.69 and 88.21MPa with increases in the ratios (2, 4, and
8%) of garlic extract (GE) in the CMC/AG/GL blend. This rise in
TS was accompanied by an initial rise in elongation at break for
TiO2-NPs loading, and the elongation increased by increasing
the loading of GE in CMC/AG/GL matrix, as shown in Table 1.
This trend is normal, and attributed to the interaction between
Table 1 The mechanical and permeability results of the prepared CMC
anocomposites containing different ratios of garlic extract

Samples GE, % TiO2-NPs, % OTR (g m�2 pe

CMC/AG/GL 0.00 0.00 40.34
CMC/AG/GL/TiO2 0.00 3.00 27.97
CMC/AG/GL/GE–TiO2 2.00 3.00 31.43
CMC/AG/GL/GE–TiO2 4.00 3.00 36.20
CMC/AG/GL/GE–TiO2 8.00 3.00 36.47

© 2021 The Author(s). Published by the Royal Society of Chemistry
the positive charges of TiO2-NPs and the negative charge of
carboxylic groups of CMC/AG/GL blend in addition the change
in the crystallinity, which are both important factors for the
enhancement of tensile properties of the CMC/AG/GL/GE–TiO2

bionanocomposites. The improvement in TS might also be
related to the well dispersion of TiO2-NPs inside the polymer
matrix that leads to a more uniform stress distribution, and
reduces the occurrence of stress concentration centers.54
3.6. Permeability properties examinations

The permeability property of the prepared bionanocomposites
is one of the most signicant factors for the stability as well as
shelf life of the foodstuff inside the bionanocomposites. The
water vapor transmission rate (WVTR) and oxygen transmission
rate (OTR) are dependent on various parameters, for example the
type of polymer matrix, activation agent, additives, and the
morphology of the prepared bionanocomposite lm. Table 1
shows the WVTR and OTR results. Adding TiO2-NPs and GE to the
CMC/AG/GLmatrix led to a signicant decrease in bothWVTR and
OTR. The presence of TiO2-NPs within the CMC/AG/GL matrix
decreased the WVTR from 1236 to 1116 g m�2 per day, and the
OTR from 40.34 to 27.97 g m�2 per day. Addition of GE into the
CMC/AG/GL/TiO2 bionanocomposites by different loading (2, 4,
and 8%) reduced the WTVR by 1053, 986, and 956 g m�2 per day,
respectively. The OTR also declined from 31.43, 36.20, and 36.47 g
m�2 per day with increased GE concentration.

This improvement in the permeability properties of the
prepared CMC/AG/GL/GE–TiO2 bionanocomposites is produced
by TiO2-NPs and GE inside the bionanocomposite structure as
nanoller, and obstructive the paths might form longer routs
for the transfer of water vapor molecules and oxygen gas, and
lower the WVTR and OTR.55 The initial hydrophilic interactions
between TiO2-NPs and the polymer matrix would reduce water
permeation from the cross-paths of the bionanocomposites
matrix. The permeability of bionanocomposite lms was
improved through the adding of GE, dependent on the hydro-
philic or hydrophobic nature of the fabricated bionanocompo-
site and GE constituents. The principal purpose for the water
barrier properties of extract comprising bionanocomposite
lms was the establishment of hydrogen bonds and hydro-
phobic interactions among bionanocomposite matrix as well as
GE constituents such as (chlorogenic acid, gallic acid, rutin,
vanillin, and catechin as major compounds and methyl gallate,
syringic acid, naringenin, querectin, coffeic acid, pyro catechol,
and ferulic acid as minor compounds).
/AG/GL, CMC/AG/GL/TiO2 as well as the CMC/AG/GL/GE–TiO2 bion-

r day) WVTR (g m�2 per day) T. S, MPa Elongation, (%)

1236 38.70 45.48
1116 60.36 49.45
1053 65.76 55.86
986 81.69 61.50
956 88.21 81.21

RSC Adv., 2021, 11, 22571–22584 | 22577

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03819b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

11
:2

1:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.7. Antimicrobial activity of different bionanocomposites
lms

Table 2 shows the antimicrobial effects of designated CMC/AG/GL,
CMC/AG/GL/TiO2, and CMC/AG/GL/GE–TiO2 bionanocomposites
containing different ratios of GE against some pathogenic strains.
The GE had antimicrobial activity when examined against the
Gram-positive bacteria S. aureus and B. cereus and the Gram-
negative bacteria L. monoctogenes, S. typhmirum, P. aeruginosa
and E. coli, and the yeast C. albicans. The zone of inhibition for GE
ranged between 10 and 22 mm. The diameter of the zone of
inhibition increased signicantly when GE was incorporated into
CMC/AG/GL/GE–TiO2 bionanocomposite solutions. The CMC/AG/
GL/GE–TiO2 emulsion had inhibition activity ranged between 10 to
15mmagainst tested strains and this inhibition occurred from the
effect of TiO2 nanoparticles. The antimicrobial mechanism of TiO2

was associated to reactive oxygen species (ROS) with high oxidative
potentials in the presence of O2. ROS are responsible for the
damage by oxidation of many organic structures of microorgan-
isms. TiO2-NPs have ability to loss of membrane integrity caused
by oxidation of phospholipids due to ROS such hydroxyl radicals
and hydrogen peroxide, which led to an increase in the membrane
uidity, leakage of cellular content, and eventually cell lysis.3,53

The inhibition zone was signicantly increased by the
addition of different concentrations of GE. In the case of CMC/
AG/GL/2% GE–TiO2 bionanocomposite solution, the zone of
inhibition was recorded between 11 to 18 mm depending on the
strain. But this inhibition was signicantly enhanced with
emulsion in the case of CMC/AG/GL/4% GE-TiO2, in which the
zone of inhibition ranged between 15 and 21 mm, and
increased with the concentration of 8% GE as a coating solution
for CMC/AG/GL/8% GE–TiO2 bionanocomposites solution, in
which the inhibition zone was between 20 and 25 mm. We
found that E. coli and P. aeruginosa were the most sustainable
strains to the GE and different designated nanoparticles coating
emulsions. Moreover, in case that using CMC/AG/GL coating
emulsion was not detectable any inhibition zone around the
well in the Petri dishes, where using this coating as a negative
control for others coating emulsions, as well to detect the
antimicrobial activity was due to garlic concentration and TiO2.

Our ndings agree with those of27,28 that indicate that garlic
essential oil possesses antimicrobial activity in a dose-
Table 2 The antimicrobial activity of different bionanocomposites films

Tested strains GE CMC/AG/GL CMC/AG/GL/TiO2

Diameter of inhibition zone (mm)
B. cereus 20Ab N.D 7Dd

S. aureus 19Ac N.D 11Dc

L. monocytogenes 18Bc N.D 10Dc

E. coli 22Ba N.D 15Da

P. aeruginosa 20Bb N.D 13Db

S. typhmirum 17Bc N.D 12Cb

C. albicans 21Ab N.D 10Dc

a N.D: not detectable. Means with capital letter superscripts indicate insign
indicate insignicant difference between columns.

22578 | RSC Adv., 2021, 11, 22571–22584
dependent process, besides the magnitude of activity be deter-
mined by the microorganism.56 The maximum activity was
observed contrary to S. aureus and E. coli. The antimicrobial
mechanism of GE was proposed to be because of its contented
of various suldes that are capable of damage microbial cells
through reacting using the sulydryl (SH) groups of cellular
proteins to create mixed disuldes. In addition, allicin can
inhibit the formation of bacterial biolms.32,57 Casella et al.,58

established that garlic oil had antimicrobial activity against S.
aureus, P. aeruginosa and E. coli, and that the allyl group was
necessary for this activity. Also, Wolde et al.,27 detected that the
highest yield potential of garlic extract was obtained from water
followed by ethanol, chloroform and petroleum ether respec-
tively. E. coli were so susceptible than S. aureus to the extracts.
Magryś et al.,59 found that the Allium sativum extract inhibited
the growth of a broad range of bacteria, including multidrug-
resistant strains with bactericidal or bacteriostatic effect.
Depending on the organism, the susceptibility to fresh garlic
extract was comparable to the conventional antibiotic
gentamycin.
3.8. Antioxidant activity and total phenolic content and of
GE and CMC/AG/GL/GE–TiO2 bionanocomposite lms

The antioxidant bionanocomposite packaging lms are an
original design for improving the stability of oxidation sensitive
food products. Table 3 illustrates the total phenolic content and
antioxidant activity (%) by DPPH of the fabricated bionano-
composite lms including different concentrations of GE,
ranging from 2 to 8 wt%. Both bionanocomposite lms based
on CMC/AG/GL and CMC/AG/GL/TiO2 free garlic extract had the
lowest antioxidant activity and total phenolic content, as shown
in (Table 3). With the addition of GE to the bionanocomposite
packaging material, the DPPH scavenging ratio increased to
47.22, 48.97 and 50.93%. The total phenolic content increased
to 29.58, 30.17, and 39.92 mg g�1 for bionanocomposite lms
contain 2% GE–TiO2, 4% GE–TiO2 and 8% GE–TiO2, respec-
tively. The antioxidant activity and total phenolic compound of
GE were 73.61% and 497.50 mg g�1 extract, which could be due
to the strong natural bioactive components of GE, such as
allicin, ajoenes, 1,2-vinyldithiin, allixin, S-allyl-cysteine, and
diallyl polysuldes; a wide range of antioxidant agents.24,32,60
a

CMC/AG/GL/2%
GE–TiO2

CMC/AG/GL/4%
GE–TiO2

CMC/AG/GL/8%
GE–TiO2

11Cc 15Bd 20Ac

17Cab 20Bb 24Ab

15Cb 20Bb 23Ab

19Ca 22Ba 26Aa

18Ca 21Ba 25Aa

14Cb 18Bc 21Ac

13Cb 18Bc 22Ac

icant difference between rows andmeans with small letter superscripts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Total phenolic content and antioxidant activity of GE and different bionanocomposites coating filmsa

Samples GE–TiO2% Antioxidant activity, % Total phenol content, mg g�1

GE 0.0 73.61 � 0.12a 497.50 � 4.12a

B1 0.0 41.49 � 0.29e 26.38 � 0.18f

B2 0.0 41.70 � 0.44e 24.00 � 0.23e

CMC/AG/GL 2.0 47.22 � 1.28d 29.58 � 0.33d

CMC/AG/GL 4.0 48.97 � 0.22c 30.17 � 0.29c

CMC/AG/GL 8.0 50.93 � 0.51b 39.92 � 0.12b

a All parameters are represented as means � standard error. Means in the same column with different superscript letters are signicantly different
at p # 0.05.

Table 4 Phenol compounds for garlic extract (mg g�1 extract)

Peak Phenol compounds
Retention time
(min) Peak area

Conc.
(mg g�1)

1 Gallic acid 3.08 94.67 96.01
2 Chlorogenic acid 3.64 229.59 187.44
3 Catechin 4.30 8.91 10.09
4 Methyl gallate 4.98 21.62 2.89
5 Syringic acid 5.67 5.18 2.26
6 Pyro catechol 6.12 1.04 1.03
7 Rutin 6.94 11.91 14.74
8 Coffeic acid 5.44 4.14 1.56
9 Vanillin 8.73 64.99 14.07
10 Ferulic acid 9.49 3.02 1.09
11 Naringenin 9.91 5.63 2.95
12 Querectin 11.99 3.99 2.57
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3.9. Phenolic compounds determination of GE by HPLC

Phenolic compounds are an important group of plant phyto-
chemicals which purpose as anti-bacterial, antioxidants, and
extra biological activities in foodstuffs.61 The phenol
Fig. 5 Changes in weight loss values of control and coated fish fillets d

© 2021 The Author(s). Published by the Royal Society of Chemistry
components and their concentration in garlic extract (mg g�1

extract) were revealed in (Table 4). There are twelve components
were recognized in garlic extract. The main phenolic
compounds were noted as chlorogenic acid, gallic acid, rutin,
vanillin, and catechin as major compounds. There are a seven
negligible compounds smaller than (10 mg g�1 garlic extract)
such as, methyl gallate, syringic acid, naringenin, querectin,
coffeic acid, pyro catechol, and ferulic acid. Our results ob-
tained for garlic extract by HPLC were similar to those reported
by Nuutila et al.;30,61 Sultana and Anwar,62 which did not found
noticeable amounts of myricetin and kaempferol.
3.10. Weight loss of sh llets

The weight of the sh llets was assessed weekly and weight
losses were calculated as a ratio from the initial sh llet
weight. The weight losses of coated sh from the different
treatments were less than that of those coated without the
addition of GE–TiO2 nanoparticles in the coat matrix (Fig. 5).
Fish coated with 8% GE–TiO2 bionanocomposite had the
minimum WL of 0.91% aer 21 days of storage time. A signif-
icant connection was established between WL and storage
uring storage as affected by coating.

RSC Adv., 2021, 11, 22571–22584 | 22579
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period, and the observed behavior can be attributed principally
to moisture loss. The low WL of sh llets coated with GE–TiO2

nanoparticles can be explained by the enhanced barrier prop-
erties the coating to water vapor. Similar ndings were reported
for cheeses coated with roselle extract (RE) combined with ZnO
nanocomposites. El-Sayed et al.7 found that an increasing ratio
of roselle extract–ZnO nanocomposites in prepared bionano-
composites lms decreased the extent of WVTR in these lms.

3.11. Microbiological evaluation of coated sh llets during
storage

We recorded the microbiological changes to sh llets during
storage, to evaluate the effectiveness of different coated biona-
nocomposites for preservation of the samples. During storage,
a gradually increase was witnessed in each sample, and signif-
icant variations were found among samples (P < 0.05) as shown
Fig. 6 Microbiological evaluation of coated fish fillets during cold storage
well as CMC/AG/GL/GE–TiO2 bionanocomposites containing different ra
as means � standard error.

22580 | RSC Adv., 2021, 11, 22571–22584
in Fig. 6. The counts of Enterobacteriaceae in the rst day of
storage were 2.07 log10 CFU g�1 and aer that, signicant rises
in all samples through storage were observed (Fig. 6A). At 21
days, the counts reached 5.89, 4.90, 4.04, 3.69 and 3.00 log CFU
g�1 for coated sh llets with CMC/AG/GL, CMC/AG/GL/TiO2

bionanocomposites, as well as CMC/AG/GL/GE–TiO2 bionano-
composites containing 2%, 4%, and 8% of garlic extract,
respectively and the uncoated sample became contaminated at
the same time. Fewer counts for Enterobacteriaceae were
recorded for samples coated with CMC/AG/GL/GE–TiO2 biona-
nocomposites containing 4% and 8% garlic extract.

The same trend in results was observed for total aerobic
bacterial counts (TABC) (Fig. 6B). The TABC at the rst day was
3.60 log10 CFU g�1 and it gradually increased during storage in
all samples. The counts reached 7.65, 6.59, 5.70, 5.25 and
5.10 log10 CFU g�1 for coated sh llets with CMC/AG/GL, CMC/
. B1: CMC/AG/GL blend, B2: CMC/AG/GL/TiO2 bionanocomposites, as
tios from garlic extract, 2%, 4%, and 8%. All parameters are represented

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03819b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

11
:2

1:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
AG/GL/TiO2 bionanocomposites, as well as CMC/AG/GL/GE–
TiO2 bionanocomposites containing 2%, 4%, and 8% of garlic
extract, respectively at 21 days of storage. Also, not determined
signicant differences in the TABC between the coated samples
with CMC/AG/GL/GE–TiO2 bionanocomposites containing 2%,
4%, and 8% of garlic extract and the counts still fall within the
acceptable levels 6 log10 CFU g�1.63 Our results indicated TiO2

with GE have anti-bacteriostatic activity, which was able to
reduce the growth of bacteria compared with uncoated samples
and samples coated with CMC/AG/GL lm. Eisa et al.,64 (2020) &
Othman et al.,65 showed that the TiO2-NPs exhibited potent
antimicrobial activity against Gram-positive bacteria and Gram-
negative bacteria.

The total anaerobic bacterial counts (TANBC) were recorded
during cold storage (Fig. 6C). By rst day, the TANBC were
2.80 log10 CFU g�1. The counts signicantly increased over time
during storage, but lower counts was recorded for the samples
coated with CMC/AG/GL/GE–TiO2 bionanocomposites contain-
ing 2%, 4%, and 8% of garlic extract than for samples coated
with CMC/AG/GL lm only. The uncoated samples become not
save at 21 days, but the anaerobic counts were reached to 6.90
and 5.45 for coated samples with CMC/AG/GL and CMC/AG/GL/
GE–TiO2 bionanocomposites, respectively at the same time. The
anaerobic counts in samples coated with CMC/AG/GL/GE–TiO2

bionanocomposites containing 2%, 4%, and 8% garlic extract
were around 1.90, 2.02 and 2.2 log cycles, compared with
samples coated with CMC/AG/GL. Our data therefore conrmed
the antimicrobial activity for GE with TiO2.

The safety of sh llet samples were also assessed using
counts of Staphylococci sp. during storage (Fig. 6D). When fresh,
Staphylococci sp. was detected at around 1.30 log10 CFU g�1. The
counts of Staphylococci sp. continuously increased with the
time, and the most counts were detected for samples coated
with CMC/AG/GL, followed by CMC/AG/GL/GE–TiO2 bionano-
composites. Samples coated with CMC/AG/GL/GE–TiO2 biona-
nocomposites containing 2%, 4%, and 8% of garlic extract had
lower counts. These counts were recorded 3.38, 2.80 and
2.48 log10 CFU g�1 for samples coated with CMC/AG/GL/GE–
TiO2 bionanocomposites containing 2%, 4%, and 8% of garlic
extract, respectively at the end of storage. We did not observe
signicant differences in Staphylococci counts between samples
coated with CMC/AG/GL/GE–TiO2 bionanocomposites contain-
ing 4%, and 8% of garlic extract.

We also did not detect any mold or yeast in fresh samples
(Fig. 6E). Small counts were detected at seven days of storage,
and the counts gradually increased with storage. More counts
were observed for samples coated with CMC/AG/GL (5.80 log10
CFU g�1) followed by samples coated with CMC/AG/GL/GE–TiO2

bionanocomposites (4.60 log10 CFU g�1). The addition of GE
enhanced the antimicrobial properties of coating bionano-
composites. The mold and yeast counts in samples coated with
CMC/AG/GL/GE–TiO2 bionanocomposites containing 2%, 4%,
and 8% of garlic extract were lower by around 1.90, 2.60 and
3.05 log cycles, than samples coated with CMC/AG/GL only. The
samples coated with CMC/AG/GL/GE–TiO2 had counts about 1.2
less than samples coated with CMC/AG/GL, but uncoated
samples became moldy by the end of storage.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The total psychrotrophic counts of samples were found to be
near those of the uncoated samples during the rst week of
storage (Fig. 6F), however, aer week, a slower increase in total
psychrotrophic counts was observed for samples coated with
CMC/AG/GL/GE–TiO2 bionanocomposites containing 2%, 4%,
and 8% of garlic extract compared with uncoated and CMC/AG/
GL. Counts of 5.00, 4.80 and 4.20 log10 CFU g�1 were obtained
for the coated samples with CMC/AG/GL/GE–TiO2 bionano-
composites containing 2%, 4%, and 8% of garlic extract,
respectively, on the twenty-rst day. The counts in samples
coated with CMC/AG/GL and CMC/AG/GL/GE–TiO2 bionano-
composites reached 6.85 and 5.23 log10 CFU g�1, respectively at
the same time.

These microbiological results show that coating with bion-
anocomposites with TiO2-NPs plus GE was more effective in
extending the shelf life of sh llets for one week than uncoated
samples and those coated with CMC/AG/GL only. These differ-
ences may be due to the GE antimicrobial activity,9,28,32,66 plus
the antimicrobial activity of TiO2-NPs.67

4. Conclusions

The current work showed that CMC/AG/GL/GE–TiO2 bionano-
composites containing garlic extract had good thermal, mechanical
and morphological properties. The Nile tilapia sh llets coated
with CMC/AG/GL/GE–TiO2 bionanocomposites containing 4%, and
8% of GE successfully delayed bacteriological development, lost less
water during cold storage for 21 days than uncoated samples, and
had prolonged storage time one week than uncoated samples.
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