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ABSTRACT

Tallaga cheese is the most popular type of white soft cheese in Egypt. Cronobacter sakazakii is an opportunistic foodborne path-
ogen that poses a threat to the health of almost every age group, with a particular emphasis on neonates and infants. Essential
oils (EOs), such as olive oil and thyme oil, exhibit a broad-spectrum antibacterial effect. However, few studies have investigated
the antibacterial activity of these EOs and their formulated nanoemulsions (NEs)—olive o0il nano-emulsions (ONE) and thyme
oil nano-emulsions (TNE)—on C. sakazakii in cheese to date. The purpose of this study was to investigate the inhibitory effects
of these EOs and their NEs on the development of C. sakazakii during the processing and storage of Tallaga cheese. Additionally,
the organoleptic properties of the resulting cheese were evaluated. Herein, ONE and TNE were prepared and characterized using
a zetasizer and transmission electron microscopy (TEM). Furthermore, the minimum inhibitory concentrations (MICs) of EOs
and NEs were determined using well diffusion assay. Fresh buffalo's milk for the elaboration of Tallaga cheese was inoculated
with C. sakazakii at a concentration of 6log CFU/mL, along with the addition of MICs of either EOs or NEs. The obtained re-
sults showed that the MICs were 15 mg/mL (v/v) for either olive oil, thyme oil, ONE and TNE with diameter inhibition zones of
10.3+0.5, 13.3+1.7, 12.3+0.5, and 16 +0.8 mm, respectively. In addition, NEs exhibited high antibacterial activities against C.
sakazakii in comparison to pure EOs. Particularly, the strongest antibacterial effect toward C. sakazakii was reported with TNE
during manufacturing and storage of Tallaga cheese. Overall, these results suggest that thyme and its NEs have the potential to
prevent bacterial contamination by C. sakazakii in the dairy industry.

1 | Introduction temperature (El-Kholy et al. 2016). Due to the rich nutri-

ent composition and high moisture content (from 58.17% to

Tallaga cheese is the most popular white soft cheese in Egypt.
It is one of the local types of packaged or unpackaged cheeses,
its consumption is high due to its desirable flavor and texture,
high nutritional value, and pleasant taste with low salt con-
tent (average of 3%) (Hamad and Eldin 2021). It can be con-
sumed either fresh or after ripening for 1 month at refrigerator

66.02%) (Ghada et al. 2004), Tallaga cheese can support the
growth of foodborne pathogens during its shelf-life. Among
these, Cronobacter sakazakii stands out as a particularly
hazardous pathogen. It is the predominant species within
the Cronobacter genus, which comprises seven species: C.
sakazakii, Cronobacter malonaticus, Cronobacter turicensis,
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Cronobacter muytjensii, C. dublinensis, C. universalis, and
Cronobacter condiment (Healy et al. 2010). Particularly, C.
sakazakii has been implicated in severe, life-threatening
diseases, especially affecting neonates and immunodeficient
adults (Iversen and Forsythe 2003).

C. sakazakii is a widespread pathogen previously recovered
from different food substrates, including foods of plant origin
such as vegetables, herbs, spices, and cereal products, as well
as foods of animal origin such as powdered infant formula
(PIF), milk, cheese, fish, meat, and meat products (Beuchat
et al. 2009; Das et al. 2021; Hayman et al. 2020; Saad and
Ewida 2018). Isolates of C. sakazakii recovered from differ-
ent kinds of cheese have been reported in various countries
(Adeyemi 2012; Aigbekaen and Oshoma 2010; Casalinuovo
et al. 2014; Chaves-Lépez et al. 2006; El-Sharoud et al. 2008;
Morales et al. 2004; Restaino et al. 2006; Saad and Amin 2014).
In particular, El-Sharoud et al. (2008) reported that C. saka-
zakii can survive for up to 1 month in cheese processed from
contaminated milk powder under experimental conditions.
Cheese is light and easy to digest, so it is often recommended
in the diet of all ages. Consequently, isolation of C. sakazakii
from cheese produced in an artisan system sheds more light
on food contamination by this bacterium and reflects to what
extent consumers are exposed to the risk of diseases caused by
the microorganism (Casalinuovo et al. 2014).

To avoid and control food contamination with food patho-
gens as C. sakazakii, various strategies have been developed.
Physical methods, for instance, were used for microbial con-
trol to preserve food such as high temperatures, radiation,
filtration, and desiccation (drying). Nevertheless, these meth-
ods could induce some undesired changes in food through
production of free radicals, off-flavors, off-odors, viscosity
diminution, discoloration, and lipid oxidation (Ali et al. 2016).
Moreover, chemicals (e.g., salt, sugar, vinegar, and preserva-
tives) and biological preservation (e.g., beneficial microbes,
bacteriocins, or bacteriophages) were also applied in food
(Abdelhamid and El-Dougdoug 2020). Some of chemical
food preservatives pose health hazards to the consumers in
the form of headache, allergic reactions, asthma, cancer, and
others such as sulfates (Sharif et al. 2017). Recently, synthetic
antimicrobial preservatives are widely used in food industry
to increase food safety (El-Saber Batiha et al. 2021). However,
antimicrobials have gained researchers’ attention for their
unique advantages. For instance, using natural antimicrobi-
als could reduce the risk of using antibiotics in food which
is implicated in a serious problem called antibiotic-resistant
pathogens. In addition, the application of such antimicrobi-
als had no potential negative health effects as expected with
the synthetic preservatives (Guo et al. 2020). Among natural
antimicrobials, plant-derived compounds are considered ef-
fective natural antibiotics and/or bactericidal agents because
of their safety, nature, and abundance in environment (Farid,
Waheed, and Motwani 2023). Essential oils (EOs) have gained
more interest from food hygienists because of their antimi-
crobial effectiveness and their ability to enhance the food fla-
vor (Chang et al. 2021). Several studies previously examined
the strong antibacterial activity of EOs against pathogenic
and food spoilage bacteria such as Listeria monocytogenes,
Salmonella typhimurium, Escherichia coli O157:H7, Bacillus

cereus, Staphylococcus aureus, and C. sakazakii (Duda-
Chodak, Tarko, and Petka-Poniatowska 2023; Guo et al. 2022;
Kim and Rhee 2016; Wang et al. 2022; Yang et al. 2022).
However, only a few studies reported the inhibitory effects of
olive oil and thyme oil on C. sakazakii (Fei et al. 2018).

Olive oil was used for its antimicrobial activity in food industry
as a natural food preservative. The antibacterial effect of olive
oil was reported toward both Gram-positive and Gram-negative
bacteria such as Helicobacter pylori, E. coli, L. monocytogenes,
and Salmonella enteritidis (Guo et al. 2019; Karaosmanoglu
et al. 2010). This powerful antimicrobial effect has been attributed
to the high concentration of polyphenols (Nazzaro et al. 2019). On
the other hand, thyme (Thymusvulgaris L.) is an important medic-
inal herb that is considered a source of some bioactive substances
including EO and thymol (Gedikoglu 2022). These compounds
have a potential role in the microbiological stability of different
food matrices (Gedikoglu 2022; Posgay et al. 2022). Thyme could
exhibit the antibacterial effect by inducing the permeability and
depolarization of the cytoplasmic membrane of microorganisms
according to the previous suggestion by Xu et al. (2008).

On the other hand, nanoemulsions (NEs), which consist of very
small droplet-sized emulsions used for encapsulating bioactive
components, offer increased stability and have the potential to
enhance the biological activity of hydrophobic compounds. This
makes NEs suitable for utilization in the food industry (Acevedo-
Fani et al. 2015; Moghimi et al. 2016). Edible NEs can be used
for coating some food such as dairy products including cheese,
meat, vegetables, and fruits to keep it fresh and enhance their
storage (Mushtaq et al. 2023). The main advantages of oil-in-
water NEs are that they get digested quickly inside the gastro-
intestinal tract. Besides, they can inhibit gaseous exchange,
reduce moisture losses, and oxidation of food matrices (Jafari
and McClements 2017). Hence, edible NEs can meet the market's
large-scale demand in the dairy industries (Mushtagq et al. 2023).
Importantly, new research reported a higher antimicrobial activ-
ity of EO NEs (Davila-Rodriguez et al. 2019; Rinaldi et al. 2021;
Touayar et al. 2023). However, data focused on the antibacterial
impact of thyme or its NEs against C. sakazakii in dairy products
are still very scarce (Lee and Jin 2008; Tian et al. 2021). Thus, the
objective of the present study was to prepare and characterize NEs
of thyme and olive EOs using a zetasizer and transmission elec-
tron microscopy (TEM), then determine the inhibitory effect of
these EOs and their NEs against C. sakazakii in vitro and in vivo
during manufacturing and storage of the Egyptian Talaga cheese.

2 | Materials and Methods
2.1 | Bacterial Strain and Culture Conditions

C. sakazakii (ON197907) was previously isolated using stan-
dard culture methods on Cronobacter Chromogenic Isolation
agar (Oxoid, Basingstoke, UK) from dairy products in our lab-
oratory at the Department of Hygiene, Safety and Technology
of Food, Faculty of Veterinary Medicine, Assiut University,
Egypt, and identified with conventional biochemical methods,
PCR and gene sequencing techniques. Bacterial isolates were
stored in tryptone soya broth (TSB) with 20% glycerol (v/v) at
—80°C. Before each experiment, stock cultures were streaked on

20f11

Journal of Food Safety, 2024

85UB91 SUOWLIOD 9AIER1D) 3edt|dde auy Aq peussnob afe sapoiie O ‘8sh J0 Sa|nJ 10} Aeiq1 SUIIUO AB[1A UO (SUONIPUO-PUE-SWBIWOD" A8 1M ARelq 1 BUl |UO//:SA1Y) SUONIPUOD PUe SWe | 841 89S *[6Z02/2T/T0] Lo AeiqiTauliuo A3|1IM ‘€000 SH/TTTT OT/10p/wWod Ao Im Alelq iUl juo//:Sdny Wo.j papeoiumod ‘9 ‘¥20g ‘S9StSK.T


https://www.sciencedirect.com/topics/food-science/food-coatings
https://www.sciencedirect.com/topics/food-science/dairy-product
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gastrointestinal-tract
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gastrointestinal-tract

Cronobacter Chromogenic isolation agar and grew at 37°C for
18h. Then a loopful of each strain was inoculated into 30mL
TSB and incubated for 18 h at 37°C. Before inoculation in milk,
the inoculum was washed twice in phosphate-buffered saline
(PBS) (Oxoid), then resuspended in skim milk and kept at refrig-
erator temperature until further use.

2.2 | Preparation of NEs

NE of thyme (TNE) was carried out according to Ghosh, Mukherjee,
and Chandrasekaran (2012) with minor modifications. Briefly,
75% w/w of deionized water was mixed with 10% (w/w) of EOs and
15% (w/w) of Tween 80 at a total volume of 100mL for the solu-
tion, respectively. The mixture was homogenized at 800rpm with a
magnetic stirrer for 30min. The obtained emulsion was sonicated
for 20 min using a 25-kHz ultrasonic homogenizer (USH650, max
power of 650W). On the other hand, olive oil nanoemulsion (ONE)
was prepared as previously described by Karami, Khoshkam, and
Hamidi (2019) with some modifications. In brief, span 80 and span
20 were mixed in deionized water, then olive oil was added to the
mixture in a ratio of 6:9:2, respectively. Furthermore, 0.01 g of NaCl
was added to the mixture to increase the stability of the obtained
solution. Finally, the mixture was placed on a magnetic stirrer at
a high speed of 1.500rpm/min for 6h with a stirring rotor inside.
The resulting emulsion was then sonicated for 20min using a 25-
kHz ultrasonic homogenizer (USH650, max power: 650W). At last,
the obtained NEs (TNE and ONE) were stored at refrigerator tem-
perature for further use as a natural food biopreservatives during
manufacturing cheese.

2.3 | Characterization of the EOs’ NEs
2.3.1 | Particle Size Measurement for TNE

The diameter of thyme NE droplets was measured using dy-
namic light scattering (DLS, NICOMP 380 ZLS, DLS instru-
ment, USA) by photon correlation spectroscopy. Samples were
diluted in purified water prior to analysis to avoid multiple scat-
tering effects (Lu et al. 2017).

2.3.2 | Fourier-Transform Infrared Spectroscopy
(FTIR) Spectral Analysis

FTIR analysis was performed in the analytical chemistry-
accredited laboratory, Chemistry Department, Faculty of
Science, Assiut University, Egypt. This step was used to iden-
tify the functional groups with their means of attachment and
the fingerprint of the molecule. In FTIR, samples were prepared
by employing a suitable method called Nujol mulls method.
Briefly, a small amount of the sample was mixed with a suitable
liquid paraffin or Nujol to form a thick paste. Furthermore, the
Nujol-sample mixture was spread onto a transparent salt plate
or a suitable infrared-transparent window. The mixture was left
to evaporate forming a thin film of the sample. Then, the salt
plate with the Nujol mull was placed in the sample compart-
ment of the FTIR instrument. Finally, samples were scanned by
the FTIR spectrometer at wave numbers ranged from 4000 to
500cm~! (Mikhailova 2022).

2.3.3 | TEM

TEM analysis was carried out to confirm the size measurements
and determine the morphological characteristics of the obtained
NEs using JEOL JEM-1230 TEM (JEOL, Japan) (Gruskiene
et al. 2018). The sample was diluted with deionized water (100
times), then one drop of the diluted sample was placed on a 200-
mesh film grid and dried using Whatman filter paper at room
temperature. Furthermore, samples were stained with uranyl
acetate and allowed to dry for 10min before observation with
the electron microscope.

2.4 | Calculation of the Minimum Inhibitory
Concentrations (MICs)

The MICs of thyme, olive oils, and their NEs against C. sakazakii
were determined using the well diffusion method as previously de-
scribed by Suresh et al. (2016). In brief, the culture was initially
diluted with sterile peptone water (0.1% w/v) to achieve an inoc-
ulum of approximately 10°CFU/mL. Then, 0.1 mL aliquots were
placed onto the surface of Mueller Hinton agar (Oxoid). The plates
were allowed to dry for 20min at room temperature. 6-mm wells
were made using a sterile cork borer into each of the petri plates of
Mueller Hinton agar. Then, 5uL of the different concentrations (5,
10, 15, 20, 25, 30mg/mL) of EOs (thyme oil and olive oil) and their
NEs (TNE and ONE) were added to the wells. Sterile saline solution
(0.85v/v) was used as a negative control. The plates were incubated
at 37°C for 24h, then the inhibition zones were observed and mea-
sured in millimeters. All experiments were conducted in triplicate.

2.5 | Laboratory Manufacturing of Tallaga Cheese

Tallaga cheese was manufactured according to Abdel-Salam (2010)
(Figure 1). Fresh buffalo's milk was standardized to have 5%
fat followed by a pasteurization at 72°C for 15s. and cooling to
38°C-40°C. Calcium chloride, sodium chloride, and commercial
rennet were added at the ratios of 0.02%, 4% and 0.05% (w/v), re-
spectively. The obtained milk was divided into six equal portions
for further use as follows: (1) the first group used as negative con-
trol which free from EOs and pathogenic bacteria under study,
(2) plain sample contained EOs or NEs for sensory evaluation, (3)
samples inoculated with C. sakazakii without EOs or NEs (consid-
ered a positive control cheese), (4) C. sakazakii+15mg/mL olive
oil, (5) C. sakazakii+15mg/mL ONE, (6) C. sakazakii+15mg/
mL thyme oil, and (7) C. sakazakii+15mg/mL TNE. C. sakazakii
was inoculated in milk at a concentration of 10°CFU/g in all treat-
ments apart from the negative control group. All cheese milk was
kept coagulating at room temperature. The curds were whey out,
and the obtained cheeses were stored in refrigeration at 7°C +2°C.
Samples were collected and C. sakazakii was enumerated immedi-
ately after elaboration, and after 12, 24, 72, and 120h of storage in
Cronobacter Chromogenic Isolation Agar.

2.6 | Organoleptic Assay of Tallaga Chesse
Cheeses were processed with the addition of EOs or NEs, and

without inoculation of pathogen, then used for sensorial evalua-
tion just after processing and during storage of cheese (after 24,
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Negative control
cheese(olive oil or
thyme oil)

Positive control
cheese (C.
sakazakii only)

| Raw buffalo’s milk |

l

| Pasteurization at 72 °C/15 sec |

| Cooling (38-40°C) |

l

’ 4% NaCl, 0.02% CacCl,, 0.05% rennet

C. Sakazakii + olive
oil

C. Sakazakii +
ONE

C. Sakazakii +
thyme oil

C. Sakazakii +
TNE

l

The curd was whey out and the cheeses
were stored in refrigerator at 7+2°C

FIGURE 1 | Flow diagram of Tallaga cheese making; negative control cheese; and positive control cheese: C. sakazakii+ olive oil, C. saka-

zakii+ ONE, C. sakazakii+ thyme oil, and C. sakazakii+TNE.

48, 72, and 120h). Thirty-five panelists were selected in teams of
different ages, gender, and education. Sensorial attributes such
as color, flavor, mouthfeel, appearance, and overall acceptability
of the prepared cheese samples were assessed. The scale points
were excellent (5); very good (4); good (3); acceptable (2); and
poor (1) (Elsherif et al. 2024).

2.7 | Statistical Analysis

Experiments were done in triplicate to better capture microbial
variability. Descriptive statistics were calculated from the ob-
served data with MS Excel (Microsoft Corporation). The statis-
tical analysis performed consisted of means comparison tests,
univariate analysis of variance (ANOVA) followed by Tukey post
hoc test (p<0.05) to evaluate significant differences in the lev-
els of C. sakazakii in cheese. The SPSS v22.0 software (Chicago,
Illinois, USA) was used for statistical analyses.

3 | Results
3.1 | Characterization of the EOs’' NEs

3.1.1 | Particle Size Measurement of ONE and TNE
Using Photon Correlation Spectroscopy

In the current study, the freshly prepared ONE had an average
droplet size of 534.2+181.9nm and the polydispersity index
(PDI) was 0.280 using a zetasizer. The diameter of thyme na-
noemulsion (TNE) was 924.4+172.0nm with a PDI equal
to 0.113.

3.1.2 | FTIR Spectral Analysis

Herein, the nature of the biomolecules involved in the reduc-
tion and formation of NEs was examined by FTIR (Figure 2).
Several highlighted peaks can be observed in the FTIR spectra
of which six were the main ones. These primary bonds were
located at the following coordinates: 3423.72 (OH vibration of
thyme oil hydroxyl group), 2962.12, and 2871.12cm~! (C-H
stretching of methyl and isopropyl groups on the phenolic ring
that may be related to the two main bioactive compounds in
thyme oil, carvacrol, and thymol), and 1458.17, 1421.41, and
808.10cm~! (C-C in the ring of aromatics group). The peaks
centered between 1640 and 1736.16cm™' wavenumbers were
related to the C=C bonds, which were related to the thymol.
However, a smooth and enlarged peak at 3358.58cm™! was
observed, indicating the hydrophilic interaction between the
hydrophilic group in Tween and oil. On the other hand, the
olive oil peak at 2924.77cm™! indicated C-H stretching due
to alkenes, and pure olive oil showed two prominent IR bands
at around 1746.6 and 1456 cm™, respectively. These bands are
caused by the C=O stretching of acid halides and the C=N
stretching of amines. While in NE formulations, the peak at
1744.63-1465 was almost there, although there was a slight
shift to a lower wavelength (Figure 2). It was also clear that
when olive oil was encapsulated, some small and significant
peaks were created (Figure 2).

313 | TEM

TEM was carried out to determine the morphology and size of
the biosynthesized NEs of olive oil (ONE) and thyme (TNE).
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The TEM image of NEs (Figure 3) showed that the particles are (5, 10, 15, 20, 25, and 30mg/mL) of the studied EOs, 15mg/

spherical in shape, and the size of the ONE was found to be in mL was the MIC that could inhibit the C. sakazakii strains for

the range from 85 to 97nm. On the other hand, the size of TNE  both olive oil and thyme oil, but the diameter of the inhibitory

was in the range of (95:123)nm (Figure 3). zone was wider in the case of thyme oil in comparison with
that of olive oil (13.3+1.2 and 10.3+0.3mm, respectively).
The obtained MICs of ONE and TNE were 10 and 5mg/mL,

3.2 | Determination of the MICs respectively, and the largest inhibition diameters were shown
with TNE (Table 1).

MICs were examined to evaluate the antibacterial properties

of two EOs and their NEs against C. sakazakii (Table 1). After Overall, the obtained results showed a dose-dependent in-

determining the antibacterial effect of different concentrations crease in the diameters of the inhibitory zones against C.

(A) (B) 1 00-
100- K—y—"’\
95+ 901
90 80+
85- J
. i, g 70
80 &l
€ “<% 5 60 g
£ 75 £ z
E 0 . & 50 2 .
a = G -
& Py = S3 S 40 4
# 65- g g :4: g§ '_° B
X 604 > Bl - & 30
554 g g c )
' HE\' ] 20 $ — OEO
801 N — TEO ’ g o
45 g — T™NE 10+ : -
40 U U A L) T T L} c T T L) T L} L} L}
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm) Wavenumbers (cm)

FIGURE2 | Fourier-transform infrared (FTIR) spectra of (A) pure thyme oil (TEO) and thyme nanoemulsion (TNE); and (B) pure olive oil (OEO)
and olive oil nanoemulsions (ONESs).

100 nm 100 nm

FIGURE3 | Transmission electron microscopy images of the nanoemulsions prepared with the ratio of (A) thyme essential oil (TEO), Tween 80,
and water in 2:3:15; and (B) olive essential oil (OEQO), Span 80, Span 20 in 2:6:9 in deionized water; (w/w/w; scale bar is 100 nm).
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TABLE 1 | Inhibition zone diameter (mm) of pure essential oils (thyme oil and olive oil) and their nanoemulsions (TNE and ONE) against C.

sakazakii using well diffusion assay.

Concentrations of EOs or NEs (mg/mL) Thyme oil TNE Olive oil ONE
30 21.5+0.5° 27.54+0.52 18.0+1.0° 21.5+1.5°
25 17.5+0.5%° 22.5+2.5 14.5+0.5° 19.0£0.02b
20 15.3+1.2° 19.3+0.3? 12.3+0.9° 17.3+0.3%
15 13.3+1.2% 16.0 +0.6% 10.3+0.3Y 12.3+0.3°
10 57+2.8° 9.7+0.92 2.7+2.7° 5.0%2.5°
5 — 53%2.72 — —

Note: Means with different superscripts denote significant differences (p value <0.05) between the different treatments at the same concentration (different columns

within the same row). — indicates absence of inhibition zone.

sakaakii in all treatments (Table 1). However, there were sig-
nificant differences (p <0.05) in the inhibition diameters pro-
duced by TNE against the examined pathogen in comparison
to other treatments (thyme oil, olive oil, and ONE) at concen-
trations of 5, 10, 15, 20, and 30 mg/mL (Table 1). Notably, the
inhibitory effect of TNE was higher (p <0.05) than that in-
duced by thyme oil toward C. sakazakii. Both olive oil and
ONE exert similar antibacterial activity (p > 0.05) against such
organisms in the current study.

3.3 | Antibacterial Activity of EO (Olive Oil
and Thyme Oil) and Their NEs (ONE and TNE)
Against C. sakazakii During Manufacturing
and Storage of Tallaga Cheese

Herein, Figure 4 illustrates the antibacterial effect of olive oil
and ONE on the studied foodborne pathogen during manufac-
turing and storage of Tallaga cheese. There was a significant re-
duction in the mean count of C. sakazakii in olive oil and ONE
cheeses in comparison to control cheese (p<0.05). There was
rapid reduction in the level of C. sakazakii in cheeses formulated
with ONE (3.91+0.231ogCFU/g) after 12h of cheesemaking
when compared with control and olive oil cheeses (4.95+0.37
and 4.41 £0.221og CFU/g, respectively) (Figure 4). Interestingly,
ONE could induce the highest inhibitory effect (p <0.05) against
C. sakazakii as the organism failed to be detected at the end of
the experiment (after 120h of storage) in comparison to other
cheese formulations (Figure 4).

On the other hand, the periodical examination of Tallaga
cheese supplemented with the MIC of 15mg/mL of either thyme
(thyme oil) or TNE for their antibacterial activity on C. saka-
zakii showed that there was a drastic decrease in the number
of bacterial cells during manufacture and ripening of cheeses
versus to control samples (p<0.05). In other words, C. saka-
zakii counts were reduced directly after manufacturing (a
few hours after getting the finished product) thyme oil and
TNE Tallaga cheese (Figure 5). After 12h of storage time, the
population of C. sakazakii decreased by about 1.5log CFU/g
(3.64£0.4510g CFU/g) in thyme oil Tallaga cheese, while nearly
2log reduction (3.15+0.78logCFU/g) was observed in the
case of TNE group in comparison to initial time and control
cheese (4.96+0.261ogCFU/g). Additionally, C. sakazakii rap-
idly decreased (p<0.05) during cheese ripening until became

undetectable (< 10 CFU/g) at 120h of storage in both thyme oil
and TNE Tallaga cheeses (Figure 5).

Altogether, the microbial kinetics of C. sakazakii in control
Tallaga cheese compared with pure EOs (olive oil and thyme
oil) and their NEs (ONE and TNE) Tallaga cheeses is shown in
Figure 6. Free oils and NEs prevented the increase of C. saka-
zakii from the first step of manufacture with undetectable lev-
els at 120h of cheese ripening with thyme oil, ONE, and TNE
groups (Figure 6). After cheesemaking, the initial concentration
of C. sakazakii remained at the same levels in the control sam-
ples till 24 h of storage (4.85+0.871og CFU/g), while a slight de-
crease (p>0.05) was found for cheese sample with the addition
of olive oil (3.37£0.2510g CFU/g) at the same time (Figure 6).
On the other hand, a significant reduction (p <0.05) in the aver-
age count of C. sakazakii was found in Tallaga cheeses treated
with ONE, thyme oil, or TNE from 24 h of cheese making till the
end of the experiment (Figure 6). Moreover, there was a signif-
icant log reduction (p <0.05) of C. sakazakii strains in the pres-
ence of ONE, thyme oil, and TNE in comparison to control and
olive oil during making and storage of Tallaga cheese as shown
in Figure 7.

3.4 | Sensorial Evaluation of Tallaga Cheeses
Inoculated With EOs and Their NEs

Sensorial evaluation of Tallaga cheeses was carried out at differ-
ent time points till the end of the storage period (120h). The pan-
elists found that cheeses containing pure EOs (thyme or olive
oils) were unpalatable with strong smells. On the other hand,
Tallaga cheeses with NEs (TNE or ONE) had high scores of
general acceptability parameters (smell, odor, taste, and flavor)
(Figure 8). There were no significant differences between TNE
and ONE cheeses comparing with the control group until the
end of the experiment. However, the acceptability of all cheeses
was reduced with the progress of storage period (Figure 8).

4 | Discussion

The present study elucidates for the first time the inhibitory ef-
fect of EOs (olive oil and thyme) and their formulated NEs (ONE
and TNE) on C. sakazakii during the manufacturing and stor-
age of Tallaga cheese in Egypt. Interestingly, thyme and TNE

60f 11

Journal of Food Safety, 2024

85UB91 SUOWLIOD 9AIER1D) 3edt|dde auy Aq peussnob afe sapoiie O ‘8sh J0 Sa|nJ 10} Aeiq1 SUIIUO AB[1A UO (SUONIPUO-PUE-SWBIWOD" A8 1M ARelq 1 BUl |UO//:SA1Y) SUONIPUOD PUe SWe | 841 89S *[6Z02/2T/T0] Lo AeiqiTauliuo A3|1IM ‘€000 SH/TTTT OT/10p/wWod Ao Im Alelq iUl juo//:Sdny Wo.j papeoiumod ‘9 ‘¥20g ‘S9StSK.T



7

6 F

5 F

4 F
20
> L
= 3
Q
g 20
)

1k

o F

-1 F

2 L L L L

0 12 24 72 120
Time (h)
—6— Control = =& = OEO Cheese = — # — ONE Cheese

FIGURE4 | C.sakazakiisurvival during Tallaga cheese ripening for
120h storage after the addition of pure olive oil (15mg/mL) or olive na-
noemulsion (ONE; 15mg/mL) in comparison to control group (inoculat-
ed with C. sakazakii only).

6 r

Log CFU/g

0 12 24 72 120
Time (h)
—6— Control - -& = TEO Cheese =~ — #— TNE Cheese

FIGURES5 | C.sakazakiisurvival during Tallaga cheese ripening for
120h storage after the addition of pure thyme oil (15mg/mL) or thyme
nanoemulsion (TNE; 15mg/mL) in comparison to control group (inocu-
lated with C. sakazakii only).

exhibited the highest antibacterial activity against C. sakazakii
during the initial steps of Tallaga cheese making in comparison
to olive oil and its NE. Moreover, NEs did not change the senso-
rial properties of Tallaga cheese. Consequently, TNE followed
by ONE could play a crucial role as biopreservatives against C.
sakazakii in the dairy industry.

PDI can be defined as the ratio of standard deviation to the
mean particle diameter (Jaiswal, Dudhe, and Sharma 2015). The
higher value of PDI indicates the lower uniformity of droplet size
of NE. The current findings showed that reasonable small-sized
particles of ONE and TNE were obtained. Notably, the small size
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FIGURE 6 | Growth of C. sakazakii during Tallaga cheese matu-
artion for 120h of storage at 7°C+2°C. Cheese was treated with pure
essential oils (olive oil or thyme oil) or their nanoemulsions (ONE or
TNE) in comparison to control group cheese (inoculated with C. saka-
zakii only).
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FIGURE 7 | Comparison between the inactivation levels of essential
oils and their nanoemulsions (ONE and TNE) on the count of C. saka-
zakii versus control during manufacture and storage of Tallaga cheese.

of the prepared NEs and the small range of PDI (from 0.2 to 0.4)
indicated a good stability of the prepared NEs. The morphology
and size of the obtained NEs were measured using TEM. The
droplets had uniform spherical shape and size that was in agree-
ment with the findings reported by Moradi and Barati (2019).
Keeping this in view, FTIR spectra were studied for determining
any chemical change in ONE and TNE. Besides, the obtained
results specifying that ONE and TNE were chemically stable
(Chen, Zhang, and Zhong 2015; Wu, Luo, and Wang 2012).

The antimicrobial activity of olive oil and thyme oil showed
a dose-dependent inhibitory pattern against C. sakazakii.
However, the inhibitory effect of thyme oil was stronger than
those noticed with olive oil. This may be due to the higher an-
tibacterial activity of olive oil against Gram-positive and, to a
lesser extent, Gram-negative bacteria as previously reported
in the literature (Gutierrez et al. 2008; Svarcova et al. 2022).
These results are in line with those obtained by Abdollahzadeh,
Rezaei, and Hosseini (2014) and Mazzarrino et al. (2015) whose
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FIGURE 8 | Sensorial evaluation of Tallaga cheeses inoculated with: (A) thyme nanoemulsion (TNE) and (B) olive oil nanoemulsion (ONE) after

24,48, 72, and 120h of cheese storage.

reported that thyme oil had the highest antimicrobial activity
among several types of EOs.

Although olive oil and thyme oil have been reported to be effec-
tive against a variety of microbial species, few studies have been
focused on C. sakazakii. Notably, Tian et al. (2021) examined
the antibacterial effect of thymol and suggested that thymol has
the potential to prevent bacterial contamination by C. sakazakii
in the food industry. In contrast, Fei et al. (2018) indicated that
olive oil polyphenols extract (OOPE) played an effective anti-
bacterial activity against C. sakazakii. Importantly, the strong
antimicrobial activity of thyme oil may be due to its richness
with phenolic compounds such as thymol and carvacrol (Guo
et al. 2022).

Several studies have examined the antimicrobial effect of some
natural antimicrobial compounds of plant origin against C. saka-
zakii strains. For instance, Lee and Jin (2008) found that the MIC
of thymol was 0.19 mg/mL. However, the MICs of olive oil against
C. sakazakii strains were ranged from 0.625 to 1.25mg/mL (Fei
et al. 2018). While in this study, The MIC of olive oil and thyme
oil was 15mg/mL. Herein, the obtained MIC is higher than those
reported in the previous studies, which is possible due to the dif-
ferences in the origin of EOs and/or the examined pathogens.
Although there are many studies, with different outcomes, evalu-
ating the antimicrobial effect of pure EOs on foodborne pathogens,
little is known about the inhibitory activity of NEs on spoilage and
pathogenic microorganisms. The present study suggests that the
antibacterial potential of TNE was higher than ONE in vitro. In
line with our findings, He et al. (2022) studied the antibacterial ef-
fect of thyme EO NEs on E. coli 0157:H7 and S. aureus finding out
a higher bacteriostatic and bactericidal activities when compared
with control samples. Additionally, Liu et al. (2022) found that
garlic EO in water NE is a useful alternative to inhibit methicillin-
resistant S. aureus species. In particular, our findings confirms
that the antibacterial efficacy of EOs increased when utilized in
the NE form as previously reported by Pagan et al. (2017).

During the processing and storage of Tallaga cheese in the pres-
ent study, the inhibitory effect of thyme oil was higher than

olive oil against C. sakazakii. The application of thyme oil re-
duced the concentration of C. sakazakii to undetectable levels
(<10CFU/g) after 72h of Tallaga cheese storage. Similarly,
the inhibitory effect of EOs against different pathogens has
been proven in other food products. For instance, Al-Nabulsi
et al. (2020) investigated the inhibitory effect of thyme oil
against E. coli O157:H7 in Tahini. Furthermore, thyme oil also
inhibited the growth of Salmonella and mesophilic aerobic bac-
teria in hummus and chickpea dip, being microbial counts con-
stant until the end of storage at 4°C (Olaimat et al. 2019). On the
contrary, thyme oil was ineffective against S. enteritidis in the
full-fat cheese and showed antibacterial activity toward S. en-
teritidis from Day 4 of storage in low-fat cheese (Smith-Palmer,
Stewart, and Fyfe 2001). Despite the ability of thyme oil to ex-
tend the shelf-life of food, it leads to an unpleasant odor and
taste (Nieto 2020). Hence, we used NEs that did not change the
color, texture, appearance, flavor, and other sensory character-
istics of Tallaga cheese.

It is worth mentioning that the current study represents the first
record of utilizing NEs as in vivo food biopreservatives in the
dairy industry. Herein, we investigated that the addition of TNE
at a concentration of 15mg/mL (v/v) to Tallaga cheese reduced
the average counts of C. sakazakii after 12h of cheese making,
and the drastic decrease was continued till became below the
detection limit after 72h of storage at 7°C+2°C. Using NEs in
the food industry is still elusive; however, our findings provide a
theoretical possibility that TNE and ONE can be used as natural
antimicrobials to reduce the food safety problems caused by C.
sakazakii strains in the dairy industry. However, further studies
are required to investigate the mechanism of action of these NEs
in cheese, as well as the impact of cheese components on the
antimicrobial activity of NEs against C. sakazakii. Altogether,
when comparing the antibacterial effect of EOs and NEs on C.
sakazakii during Tallaga cheese making, it was obvious that
NEs (TNE and ONE) were more effective. Consequently, this
study could be useful for cheese makers and stakeholders to use
specific natural additives as novel preservation technologies to
inhibit bacterial growth in soft cheeses aiming to extend their
shelf-life.
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5 | Conclusions

Small-sized particles of ONE and TNE with good stability were
developed, characterized, and utilized in Tallaga cheese to evalu-
ate their antibacterial activity toward C. sakazakii. The obtained
MIC in the present study was 15mg/mL (v/v) for either EOs or
their NEs. NEs of olive oil and thyme oil could exert potent an-
tibacterial effects against C. sakazakii in Tallaga cheeses stored
at 7°C+2°C in comparison to pure EOs. In addition, the stron-
gest antibacterial effect toward C. sakazakii was reported with
TNE during the manufacturing and storage of Tallaga cheese.
The sensory evaluation of cheeses containing pure EOs (olive
oil or thyme oil) revealed the unpalatability of such cheeses due
to the strong smells of oils. Tallaga cheeses with ONE and TNE
had high scores of general acceptability parameters (smell, odor,
taste, and flavor). Overall, these insights develop more sustain-
able and efficient methods for ensuring the safety and quality of
cheese in the dairy industry.
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