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Abstract: For controlling pathogenic bacteria using nano-
polymer composites with essential oils, the formulation
of chitosan/alginate nanocomposites (CS/ALG NCs) loaded
with thyme oil, garlic oil, and thyme/garlic oil was inves-
tigated. Oils were encapsulated in CS/ALG NCs through
oil-in-water emulsification and ionic gelation. The CS/ALG
NCs loaded with oils of garlic, thyme, and garlic–thyme
complex had mean diameters of 143.8, 173.9, and 203.4 nm,
respectively. They had spherical, smooth surfaces, and zeta
potential of +28.4mV for thyme–garlic-loaded CS/ALG NCs.
The bactericidal efficacy of loaded NCs with mixed oils out-
performed individual loaded oils and ampicillin, against
foodborne pathogens. Staphylococcus aureus was the most
susceptible (with 28.7mm inhibition zone and 12.5 µg·mL−1

bactericidal concentration),whereasEscherichia coliwas themost
resistant (17.5µg·mL−1 bactericidal concentration). Scanning elec-
tron microscopy images of bacteria treated with NCs revealed
strong disruptive effects on S. aureus and Aeromonas hydrophila
cells; treated cells were totally exploded or lysed within 8 h.
These environmentally friendly nanosystems might be a
viable alternative to synthetic preservatives and be of
interest in terms of health and food safety.
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natural products, foodborne pathogens

1 Introduction

Bacterial foodborne infections and outbreaks are enduring
global threats. Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, and other pathogenic bacteria
present in food can cause deterioration and contribute to
the development of foodborne disease (1). Foodborne ill-
ness is believed to represent a serious public health hazard
worldwide, with 420,000 fatalities happening each year
(2). One potential strategy for lowering foodborne infec-
tions is the development of efficient preservation systems
capable of eradicating microbial contamination of food (3).
Antibiotic resistance in microorganisms has arisen because
of widespread usage of accustomed antibiotics, posing a
threat to public health (4). As a result, there is an essential
need for antibacterial herbal remedies (5).

Essential oils (EOs) are a complex combination of vola-
tile components generated from aromatic and other plant
species’ secondary metabolism (6). Antiseptic, antibacterial,
antiviral, antioxidant, anti-parasitic, antifungal, and insecti-
cidal properties have been reported for EOs (7). Thymol and
carvacrol are the main active constituents of the thyme
(Thymus vulgaris) family (Liliaceae) (8). Thyme oil has anti-
bacterial and antimicrobial properties, making it valuable as
a medicinal herb and as a food preservative (9). Diallyl dis-
ulfide, alliin, and allicin are the main active components of
the garlic (Allium sativum) family (Liliaceae) (10). Garlic EO
has been shown to prevent the growth of Shigella dysenteriae,
E. coli, S. aureus, and Salmonella typhi (11).

However, EOs have a number of undesirable physio-
chemical features that prevent them from being extensively
used. EOs can induce off-flavors and change the color of
food products (12). The antibacterial and antioxidant prop-
erties of EOs are severely limited due to their extremely
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volatile and poor water-soluble components (13). Encapsu-
lating EOs can boost the concentration of bioactive com-
ponents in food areas where microorganisms grow, such
as water-rich phases or liquid–solid interfaces (14). The
nanoencapsulation of EOs protects the active ingredients
from environmental influences such as oxygen, light,
moisture, and pH (15). It also enhances their distribution
and controlled release by trapping in the core of the
membrane wall’s nanocapsule structure and/or adsorp-
tion onto the carrier (16). The encapsulation of EOs in
nanoemulsions has shown to be a novel method for
enhancing their potency, stability, and use (17). Nano-
emulsions are significantly more stable against floccula-
tion, coalescence, and creaming due to their tiny particle
sizes, making them a great choice for food industries as well
as pharmaceutical and medication delivery agents (14).

Because of their biocompatibility, biodegradability,
and extended in vivo circulation duration, alginate (ALG)
and chitosan (CS) have gained the most attention among
nanocarriers (18). CS is a cationic linear polysaccharide com-
posed of linked D-glucosamine and N-acetyl-D-glucosamine
(19). Because of its advantageous properties such as abundant
sources of supply, controlled, easy extraction, and biocompat-
ibility, it has the potential to be used in the manufacture of
nanoparticles (20). It has a unique property known as the
permeation enhancing effect, which boosts the permeability
of hydrophilic substances (21). ALG is a naturally occurring
negatively charged polysaccharide composed of co-polymers
of -L-glucuronic acid and -D-mannuronic acid extracted from
brown seaweed (22). Alginic acid forms an insoluble ALG skin
at low pH, limiting the release of encapsulated compounds.
However, with higher pH, it transforms into a soluble viscous
layer, releasing the contained components (21). CS, which is
cationic, and ALG, which is anionic, combine to form an out-
standing polyelectrolyte complex (PEC) (23).

As far as we are aware, no published articles have been
presented on the antibacterial properties of thyme and garlic
EOs encapsulated in CS/ALG nanocomposites (NCs) as yet. As
a result, the goals of this study were to (i) synthesize innova-
tive CS/ALGNCs containing thyme and garlic EOs through oil-
in-water emulsification and ion gelation techniques, (ii) inves-
tigate the physiochemical properties and structural character-
istics of novel thyme and garlic EOs loaded CS/ALG NCs, and
(iii) assess the antibacterial activities and action modes.

2 Experimental

All used chemicals, media, and reagents in the current
study were obtained from Sigma-Aldrich Co. (St Louis,
MO), unless other sources were mentioned.

2.1 Bacterial strains and cultures

Three different bacterial strains were tested: E. coli (ATCC-
35218), S. aureus (ATCC-25923), and Aeromonas hydrophila
(ATCC-27853). The bacterial cultures were cultivated on
Trypticase soy broth and agar (TSB and TSA, Difco, Sparks,
MD) at 37°C for 24–48h. Microbial inocula were prepared by
adjusting the turbidity of the medium to match the 0.5
McFarland turbidity standard. The cultures of microorgan-
isms were maintained in TSA slants at 4°C throughout the
study and used as stock culture.

2.2 Extraction of sodium ALG

Sargassum latifolium alga was collected from Red Sea
coast, Hurghada, Egypt, following the institutional, national,
and international guidelines and legislation. The seaweeds
were rinsed with distilled water, dried in the shade, and
ground into a fine powder. Biomass (1.5%w/v)was soaked
in a 2% citric acid solution for one night before being
rinsed with distilled water. For 4 h at 40°, the acidified
algal biomass was suspended in a 3% Na2CO3 solution
for ALG extraction. Filtration was used to collect the super-
natants following extraction. Ethanol (1:2 v/v) was used to
precipitate sodium ALG. The precipitated ALG was col-
lected using vacuum filtration and left to dry at room tem-
perature (24).

2.3 Extraction of CS

Shrimp (Penaeus monodon) shell waste was collected
from the local fish market. The shells were washed prop-
erly with flowing tap water, dried in sun for 8 h and then
ground into fine powder. About 15 g of powdered shells
was treated with 4% HCl at solid to solvent ratio of 1:10
for 16 h with constant stirring at 200 rpm in an incubator
shaker at 25°C. The samples were washed with tap water
until they reached neutral pH, and dried at 45°C. Afterward,
samples were treated with 4% (w/v) of NaOH solution at
solid to solvent ratio of 1:20 for 4 h with constant stirring at
200 rpm in an incubator shaker at 50°C. The sample was
washed with tap water for achieving neutral pH and then
dried. The obtained chitin was treated with 60% (w/v)
NaOH solution for 24 h at 60°C, followed by washing until
it reached neutral pH. The sample was then washed with
distilled water until reaching neutral pH, and dried at
45°C (25).
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2.4 Preparation of CS/ALG NC

Ionic gelation was used to prepare a CS/ALG NC (26). CS
powder was dissolved in 1% (v/v) aqueous acetic acid to
yield concentrations of 0.6% (w/v). Sodium ALG was dis-
solved in distilled water to form homogeneous solutions
of 0.3% (w/v). The pH of the ALG and CS solutions were
first adjusted to 5 and 5.5, respectively. For ALG nanoparti-
cles (NPs) preparation, 20mL of aqueous calcium chloride
(0.6mg·mL−1)was added dropwise to 50mL of sodium ALG
solution while sonicating with a microtip probe ultrasonic
sonicator (XK97-2 two-way homoiothermymagnetic stirrer),
then the resultant calcium ALG pre-gel was further soni-
cated for 60min. For CS NPs, an aqueous solution (0.5%,
w/v) of Na-tripolyphosphate was prepared and 30mL from
this solution was dropped slowly (at 18mL·h−1 rate) into
50mL of CS solution, while stirring vigorously at 780×g.
The resulted CS NPs were harvested via centrifugation at
10,800×g for 35min, dried at 45°C and reconstituted in
deionized water to have 1.0% (w/v) concentration. For
CS/ALG NCs formation, 25mL of CS NPs solution was
dropped into equal volume of calcium ALG pre-gel solution
and stirred (720×g) for 90min. The resultant suspension
was equilibrated overnight to allow nanospheres to form,
having uniform particle size. The formed NCs were har-
vested via centrifugation, dried at 45°C, and reconstituted
in deionized water to have 0.1% (w/v) concentration.

2.5 Preparation of thyme and garlic EOs
loaded CS/ALG NC

Emulsification processes are used generally in the prepara-
tion of EOs loaded CS/ALG NC. The CS/ALG NCs solution in
deionized water was prepared (0.1%, w/v) and used for
loading with EOs loading. Thyme oil-loaded NC was pre-
pared by adding 0.6mL of thyme oil solution (20mg·mL−1)
dropwise into 20mL of CS-ALG NCs solution. Garlic oil-
loaded NC were prepared by addition of 0.6mg·mL−1 of the
garlic oil into 20mL of CS/ALG NC dropwise. The mixtures
were subjected to sonication for 60min, for each. Garlic
oil–thyme oil-loaded NC was prepared by addition of
0.3mg·mL−1 of the garlic oil and 0.3mg·mL−1 of thyme
oil into 20mL of CS/ALG NC and sonicated. The resulting
emulsion was equilibrated overnight, and solvent was
removed by rotatory evaporation at 40°C (27). The formed
EOs loaded CS/ALG NCs were centrifuged at 10,800×g for
35min and lyophilized for further analysis.

2.6 Characterization of EOs loaded
CS/ALG NC

2.6.1 Particle size and zeta potential of NC

Particle size and zeta potential of the NCs were analyzed
through a dynamic light scattering method using a
Zetasizer 3000 HS, Malvern Instruments, UK. The nano-
emulsions were diluted with distilled water to a suitable
concentration (1:10) at room temperature before ana-
lysis. The analysis was performed in triplicates at a tem-
perature of 25°C.

2.6.2 Scanning electron microscopy (SEM)

The shape and size of EOs loaded CS/ALG NC were distin-
guished by SEM. The NCs were lyophilized, placed onto a
self-adhesive carbon disc mounted on SEM stubs and
sputter-coated with gold/palladium using a cool-sputter
coater (E5100 II, Polaron Instruments Inc., Hatfield, PA)
and examined using SEM (S-500, Hitachi, Tokyo, Japan)
operating at 8 kV.

2.6.3 Fourier transforms infrared spectroscopy (FTIR)

The chemical functional groups of CSNPs, ALGNPs, CS/ALG
NC, thyme oil-loaded CS/ALG NCs, and garlic oil-loaded
CS/ALG NCs were determined by an FTIR. For FTIR analysis,
the samples were lyophilized and mixed with KBr powder to
obtain the pellets. The FTIR spectra were obtained at a reso-
lution of 4 cm−1 in the 4,000–500 cm−1 region using Thermo
Fisher Nicolet IS10, USA.

2.7 Antimicrobial activity of EOs loaded
CS/ALG NC

The antimicrobial activity of EOs loaded CS/ALG NC was
assayed by agar well diffusion method. Each test micro-
organism was grown in TSB at 37°C overnight and diluted
to 2 × 107 colony forming unit (CFU)·mL−1. Wells of 6 mm
diameter were made on agar plates using a cork borer.
About 20 µL of EOs loaded CS/ALG NCs aqueous solution
(concentration 0.1%, w/v) was injected into the wells.
Antimicrobial activity was evaluated by measuring the
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zone of inhibition (ZOI) around the wells. The inhibition
zones are given as mean ± standard deviation (SD).
Studies were performed in triplicate. Discs of ampicillin
(10 μg, Sigma, St Louis, MO) were used as positive con-
trols (28).

For determination of minimum inhibitory concentra-
tion (MIC) of EOs loaded CS/ALG NC, micro-dilution
broth method was used. The stock concentrations of
nanoparticles were diluted by serial dilutions method to
obtain concentrations in the range 1–100 µg·mL−1. Each
test microorganism was grown in TSB at 37°C overnight
and diluted to 2 × 107 CFU·mL−1. In sterile 96-well plates,
20 µL of each dilution of NCs was placed into the well
containing 20 µL of bacterial suspension and incubated
overnight at 37°C. Subsequently, 20 μL of p-iodonitrote-
trazolium violet aqueous solution were dropped into each
well and incubated for 24 h at 37°C. The plates were read
at 570 nm in a plate reader (Multiskan GO Thermo
Scientific™, Waltham, MA). MIC was defined as the
lowest NC concentration that completely inhibited bac-
terial growth. Triplicate samples were performed for
each sample. Ampicillin was used as positive control.
Wells containing culture medium and bacteria were
used as negative control (29).

2.8 SEM imaging of bacterial strains treated
with garlic/thyme oil-CS/ALG NC

Bacterial morphology before and after treatment with
garlic/thyme oil-loaded CS/ALG NC was analyzed by
SEM. In brief, logarithmic growth phase of A. hydrophila
and S. aureus bacterial cultures (2 × 107 CFU·mL−1)
were treated for 0, 4, and 8 h with garlic/thyme oil-
loaded CS/ALG NC at MIC values. For 30 min, cells
were fixed with a fixative buffer (2.5% glutaraldehyde,
2% paraformaldehyde in 0.1 M Na-cacodylate buffer,
pH 7.35). Following washing with ultrapure water, the
samples were dehydrated using a succession of ethanol
solutions (10%, 30%, 50%, 70%, 90%, and 99%). The
dehydrated samples were dried with a critical point
drier (Auto-Samdri-815 Automatic Critical Point Dryer;
Tousimis, Rockville, MD), mounted on SEM stubs, and
sputter-coated with gold/palladium using a cool-sputter
coater (E5100 II, Polaron Instruments Inc., Hatfield,
PA). Sections were then examined using the SEM at
8 kV (30).

2.9 Statistical analysis

Triplicated experiments were conducted (three assess-
ments/each analysis); results mean ± standard deviation
(SD) were computed via Microsoft Excel 365. The ANOVA
and t-test of SPSS package (SPSS V-11.5, Chicago, IL)
were used for statistically analyzing the significances of
data (at p ≤ 0.05).

3 Results and discussion

3.1 Characterization

3.1.1 Particle size and zeta potential analysis

Size and zeta potential of the synthesized nanomaterials
are essential physiochemical features for nanoparticles
(31). Table 1 shows that the mean diameters of CS NPs,
ALG NPs, and CS/ALG NC were 73.8, 86.6, and 128.7 nm,
respectively. NCs have larger particle size diameter due
to aggregation of isolated nanoparticles (32). It can be
also shown that the mean diameter of garlic oil-loaded
CS/ALG NC, thyme oil-loaded CS/ALG NC, and gar-
lic–thyme CS/ALG NC have average diameter of 143.8,
173.9, and 203.4 nm, respectively. With the addition
of EOs, the particle size of the CS/ALG NC gradually
became larger. This may be due to the embedding of
EOs (33).

Zeta potential is the surface charge, which can greatly
influence the particle stability in suspension through the
electrostatic repulsion between the particles (34). Table 1
shows that zeta potentials of CS NPs, CS/ALG NC, thyme
oil-loaded CS/ALG NC, garlic oil-loaded CS/ALG NC, and
garlic oil–thyme oil-loaded CS/ALG NC were +36.9, +32.5,
+28.5, +26.6, +28.4mV, respectively, while that of ALG NPs
is −24.2mV at pH 5.5. Since the amine groups are posi-
tively charged due to protonation at low pH levels, CS can
be a water-soluble cationic polyelectrolyte (21). The car-
boxyl group of ALG and amino group of CS can form PEC.
PEC formation is due to charge neutralization mainly by
electrostatic interactions between polyanion–polycation
systems (35). The greater concentration of CS to ALG
resulted in the positive zeta potential of the CS/ALG NC
(36). The positivity of the CS/ALG NCs decreased with the
embedding of the EOs due to the charge generated by the
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NCs containing EOs shielding the CS amino groups (37). It
was also shown that absolute differences in zeta potential
values were more than 10mV. Losso et al. (38) stated that
emulsions with absolute zeta potential differences greater
than 10mV allow for the prediction of unique stability.
MojtabaTaghizadeh et al. (39) stated that the accepted
range of zeta potential to give good stability in solution
is −30 to −20 mV or +20 to +30 mV. The positive zeta
potential of nanoparticles allows for extended adhesion
to bacteria’s negatively charged cell membrane (40).

3.1.2 FTIR measurement

FTIR spectra of sodium ALG NPs showed mannuronic
acid functional group at wavenumber 884 cm−1 and the
uronic acid at wavenumber 939 cm−1. The asymmetric
and symmetric stretching vibrations of carboxylate groups
(COO−) on the polymeric backbone of ALG appeared at
1,614 and 1,417 cm−1, respectively. A broadband at 3,420 cm−1

and a weak signal at 2,230 cm−1 were assigned to hydrogen
bonded O–H and C–H stretching vibrations, respectively (41)
(“A” Figure 1). The principal spectral features of CS NPs are
as follows: A broadband between 3,750 and 2,500 cm−1,
associated with the stretch of the O–H and N–H bonds,
2,878 cm−1 (C–H stretch) in pyranose ring, 1,647 cm−1

(amide I band, C]O stretch), 1,561 cm−1 (N–H bending
of amine), 1,152 cm−1 (antisymmetric stretch C–O–C and
C–N stretch), and 1,032 cm−1 (skeletal vibration of C–O
stretch) (42) (“B” in Figure 1). FTIR spectra of ALG/CS NC
showed that stretching peak of O–H and N–H groups was
shifted to 3,355 cm−1 and the peak of N–H stretching vibra-
tion was shifted to 1,407 cm−1. In addition, the asymme-
trical and –CO stretching vibration at 1,653 cm−1 shifted to
1,605 cm−1 because of the reaction between sodium ALG
and CS. Furthermore, the –NH2 bending peak at 1,560 cm−1

disappeared due to interaction of the amine group of CS

with the carboxylic group of ALG to form PEC (43) (“C” in
Figure 1).

FTIR spectra of thyme oil-loaded ALG/CS NC show
broadband at 3,229 cm−1 corresponding to phenolic –OH
stretching involving hydrogen bonding. Peak at 2,952 cm−1

Table 1: Particles size distribution and charges (zeta potential) of synthesized nanoparticles and NC

Nanomolecules Particles range (nm) Mean diameter (nm) ± SD* Zeta potential (mV)

CS NPs 16.5–168.6 73.8 ± 4.2a +36.9
ALG NPs 19.3–193.4 86.6 ± 5.3b −24.2
CS/ALG NCs 20.9–263.2 128.7 ± 7.1c +32.5
Thyme oil-CS/ALG NCs 41.8–324.9 173.9 ± 9.7d +28.5
Garlic oil-CS/ALG NCs 22.3–283.6 143.8 ± 7.9c +26.6
Thyme/garlic oil-CS/ALG NCs 46.5–435.8 203.4 ± 11.3e +28.4

Abbreviations: CS NPs – chitosan nanoparticles, ALG NP – alginate nanoparticles, CS/ALG NCs – chitosan–alginate nanocomposite.
*Triplicated experiments mean; dissimilar superscript letters within one column indicate significant difference (p ≤ 0.05).

Figure 1: FTIR of ALG NPs (A), CS NPs (B), ALG/CS NCs (C), thyme
loaded-CS/ALG NCs (D), and garlic loaded-CS/ALG NCs (E).
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was attributed to the C–H stretching vibration of aromatic
compound. The peaks at 1,700 and 1,612 cm−1 were attrib-
uted to N–C bending of the aliphatic CH2 groups. The
absorption peaks at 1,583, 1,350, and 1,250 cm−1 were char-
acteristic peaks of thymol. The band at 800 cm−1 is attributed
to aromatic C–H wagging vibrations (44) (“D” in Figure 1).
FTIR spectra of garlic oil-loaded ALG/CS NC show broadband
at 3,229 cm−1, corresponding to phenolic –OH stretching
involving hydrogen bonding. Peak at 1,036 cm−1 indicates
S]O group, revealing the presence of organosulfur com-
pounds such as alliin and allicin (45) (“E” in Figure 1).

3.1.3 SEM

SEM analysis was carried out to visualize the size and
shape of EOs loaded NCs. Thyme oil-CS/ALG NC and garlic
oil-CS/ALG NC were uniformly distributed, had spherical
shape morphology, and their surface was smooth. The
mean size of thyme oil-CS/ALG NC and garlic oil-CS/ALG
NC were 176.2 and 145.5 nm, respectively (Figure 2). This
result agrees with the size distribution results. Harmonized
results were obtained by Natrajan et al. (21), who stated
that EOs loaded NCs had spherical shape and their mean

size was found to be below 300 nm with aggregation. The
smooth surface of NCs indicates that the EOs were well
encapsulated in NCs (33).

3.2 Antimicrobial activity

3.2.1 ZOI, MIC, and minimum bactericidal
concentration (MBC)

Different bacterial strains (one Gram positive and two
Gram negative) were examined for their susceptibility to
EOs loaded CS/ALG NCs The results reported in Table 2
show that thyme oil-loaded CS/ALG NCs, garlic oil-loaded
CS/ALG NCs and garlic–thyme oils loaded CS/ALG NCs
exhibited a remarkable zones of inhibition for all tested
species.

Regarding thyme oil-loaded CS/ALG NCs, the highest
ZOI (27.6 ± 2.4 mm), the lowest MIC, and lowest MBC (10
and 17.5 µg·mL−1) were recorded against S. aureus. While,
the lowest ZOI (22.3 ± 2.1 mm), the highest MIC and MBC
(15 and 22.5 µg·mL−1)were recorded against E. coli. Regarding
garlic oil-loaded CS/ALGNCs, the highest ZOI (24.8± 1.7mm),

Figure 2: Scanning microscopy images of EOs loaded NCs: (a) thyme oil-CS/ALG NC and (b) garlic oil-CS/ALG NC.

Table 2: Antimicrobial activity of thyme oil-CS/ALG NC, garlic oil-CS/ALG NC, and garlic/thyme oil-CS/ALG NC against bacterial strains

Challenged
bacteria

Thyme oil-CS/ALG NCs Garlic oil-CS/ALG NCs Garlic/thyme oil-CS/ALG NCs Ampicillin

ZOI* MIC MBC ZOI MIC MBC ZOI MIC MBC ZOI MIC MBC

S. aureus 27.6 ± 2.4 10.0 17.5 24.8 ± 1.7 12.5 15.0 28.7 ± 2.7 7.5 12.5 23.8 ± 1.8 12.5 17.5
E. coli 22.3 ± 2.1 15.0 22.5 21.9 ± 3.2 15.0 20.0 24.6 ± 3.3 15.0 17.5 19.6 ± 2.6 17.5 20.0
A. hydrophila 24.5 ± 1.9 12.5 25.0 20.3 ± 2.8 17.5 25.0 26.8 ± 3.5 17.5 15.0 21.8 ± 2.2 20.0 22.5

Abbreviations: ZOI – zone of inhibition (mm), MIC –minimum inhibitory concentration (µg·mL−1), MBC –minimum bactericidal concentra-
tion (µg·mL−1).
*Triplicated experiments mean ± SD.
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the lowest MIC and MBC (12.5 and 15 µg·mL−1) were recorded
against S. aureus. While, the lowest ZOI (20.3 ± 2.8mm), the
highest MIC and MBC (17.5 and 25 µg·mL−1) were recorded
against A. hydrophila. Regarding thyme–garlic oils loaded
CS/ALG NCs, the highest ZOI (28.7 ± 2.7mm), the lowest
MIC and MBC (7.5 and 12.5 µg·mL−1) were recorded against
S. aureus. While, the lowest ZOI (24.6 ± 3.3mm), the highest
MIC and MBC (15 and 17.5 µg·mL−1) were recorded against
E. coli. No significant differences (at p ≤ 0.05) were reported
either between treatment ZOIs or between them and standard
antibiotic (ampicillin), which indicates the efficiency of NCs,
compared to standardized antibiotic. The increased sensitivity
of (G+) bacteria may be related to the outer membrane’s rela-
tive permeability in comparison to (G−) bacteria (46). Gram-
negative bacteria have a thick lipopolysaccharide layer that
decreases microorganism’s susceptibility (47).

CS is a non-toxic, biodegradable, and biocompatible
natural polymer that is bacteriostatic and bactericidal
and has inherent antibacterial activity (48). The electro-
static interactions between the polycationic structure of
CS and the negatively charged bacterial cell wall cause
rupture of the cell, thereby affecting membrane perme-
ability, followed by attachment to DNA, causing inhibi-
tion of DNA replication and, ultimately, cell death (49).
Another suggested mechanism is that CS serves as a che-
lating agent, binding to trace metal elements and produ-
cing toxins while inhibiting microbial growth (50). In the
case of Gram-negative bacteria, CS can form a polymer
membrane around the bacterium, preventing nutrients
from entering (51). CS, being a positively charged mole-
cule, interacts with teichoic acid in S. aureus’ cell wall,
affecting cell permeability (52).

Figure 3: Scanning microscopy images of A. hydrophila (A) and S. aureus (S) treated with garlic/thyme oil-CS/ALG NC for 0, 4, and 8 h.
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The antibacterial character of the thyme oil studied
appears to be related to its high phenolic content, notably
carvacrol and thymol. Some studies suggested that thy-
mol’s antibacterial mechanism was caused, at least in
part, by a shift in the lipid component of the bacterial
plasma membrane, resulting in alterations in membrane
permeability and the escape of intracellular content (53).
It has been hypothesized that phenolic components such
as thymol and carvacrol suppress calcium and potassium
transport via partitioning in the lipid phase of the mem-
brane and therefore modifying the local environment
of calcium channels (54). Garlic has been studied and
reported to have inhibitory effects against other bacterial
strains including S. typhi, E. coli, and S. aureus; the gar-
lic’s organosulfur compounds are expected to scavenge
free radicals and inhibit bacterial growth via interactions
with sulfur-containing enzymes (55).

The antibacterial effect of EO-loaded NCs was greater
than that of CS and EOs alone (56). The nanometric scale
(subcellular dimensions) of the CS-based nanosystems
including EOs resulted in a significant increase in bacter-
icidal activity when compared to pure EOs and unloaded
CS NPs, indicating a synergistic impact. CS nanoparticles
can operate as active carriers, boosting EO penetration
over the bacterial cell membrane, due to interactions
between the CS cationic group and the anionic compo-
nents on the cell membrane surface (57).

3.2.2 Morphological test of the bacterial cells

SEM images of the effect of a garlic/thyme oil-CS/ALG NC
on the morphological and structural features of A. hydro-
phila and S. aureus are shown in Figure 3. Before being
exposed to NC, the morphology of S. aureus can be seen
in Figure 3 (subfigure S-0), having a normal and spherical
shape and a well-preserved cell membrane. However, after
being exposed to the garlic/thyme oil-CS/ALG NC (Figure 3,
subfigures S-4 and S-8), the morphology of S. aureus was
distorted. The peptidoglycan structure of the cell seemed
depressed, suggesting that the intracellular material had
seeped out. The decrease in cell size, length, and diameter
seen in S. aureus in response to the active chemical might
be attributable to cytosolic fluid leaking outside the cells.
Untreated A. hydrophila cells were rod-shaped, regular, and
had intact morphology (Figure 3, subfigure A-0). However,
after exposing cells to a garlic/thyme oil-CS/ALGNC (Figure 3,
subfigures A-4 and A-8), SEM pictures revealed morpholo-
gical changes and lyses of the outer membrane integrity.
The electrostatic reaction between CS NPs and bacteria

might explain this phenomenon. This was followed by
the creation of pores or the disintegration of the mem-
brane (20,58).

4 Conclusion

Based on the data obtained, we can infer that CS/ALG
NCs containing EOs of thyme and garlic might be offered
as an efficient and potent antibacterial agent against both
Gram-positive and Gram-negative bacteria. They caused
bacterial cell to burst or lyse, and its antibacterial effect
was more potent in Gram-positive bacteria. The applica-
tion of CS/ALG NC loaded with EOs of thyme and garlic
could be recommended as a preservative agent against
foodborne pathogens, in food industry. Further practical
applications of this innovative NC in foodstuffs preserva-
tion are suggested for future investigations.
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