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Abstract

In the present study, the antimicrobial efficiency of thymol and thymol-nanoemulsion (NE) was investigated against S. aureus,
E. coli, and C. perfringens on a sausage product during 4 weeks. The droplets size of the thymol-NE was 86.39 nm with the
zeta potential of —0.86 mV. The MIC and MBC values for thymol were approximately twice that of NE, indicating that NE was
more effective in inhibiting the growth of three tested bacteria. According to agar well diffusion test results, the antimicrobial
activity of thymol and the NE was not different against three tested bacteria. In inoculated sausages with E. coli, C. perfringens,
and S. aureus at 10> log CFU/g, the control had the highest bacterial counts, followed by 120 mg/kg nitrite treated samples,
both of which had an increasing trend over time. In contrast, the growth trend of all three bacteria, in the samples treated
with thymol (600 mg/kg), NE (containing 600 mg/kg thymol), thymol (600 mg/kg) + nitrite (60 mg/kg), and NE (containing
600 mg/kg thymol) + nitrite (60 mg/kg) decreased significantly (5.68—6.33 log CFU/g reduction in comparison with control),
with no significant difference among them against each bacterium. The color quality of NE + nitrite and thymol + nitrite was
quite similar to 120 mg/kg nitrite-containing samples. The bacteria growth followed a first-order kinetic. The results showed
the great potential of thymol and its NE for being used as an antimicrobial agent in the meat products, and NE + nitrite and
thymol + nitrite can be a good choice to maintain the microbial and color quality of the sausage products.
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Introduction

Hot meat products analogous to sausages are considered as
the most-consumed and desirable meat products in Iran. To
prolong the shelf life and maintain the nutritional value of
such meat products, the additives such as nitrites and nitrates
have been long used to stabilize the red color of the meat,
enhance flavor, and prevent the growth of certain microorgan-
isms like Clostridium spp. (Mortazavi & Motamedzadegan,
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2004). Nitrate entering the human body through food is deadly
at 330 mg/kg body weight, with nitrite being ten times more
poisonous than nitrate (Sadeghi et al., 2015a, 2015b). These
compounds react with amines and amides to form the carcino-
genic N-nitrogen compounds (Ding et al., 2018). The permis-
sible nitrite and nitrate levels in meat products at the time of
production are set at 120 and 500 mg/kg, respectively, in Iran
(Sadeghi et al., 2015a, 2015b).

Many efforts have been made to find a suitable substitute
for nitrate in sausages that offers the same commercial ben-
efits with fewer risks to human health. One possible alter-
native would be the use of essential oils (EOs) as natural
antimicrobial compounds. Essential oils are good sources
of natural antimicrobial agents that are active against organ-
isms such as insects, bacteria, fungi, and viruses (Pavela
& Benelli, 2016). Due to their antimicrobial, antioxidant,
anti-inflammatory, and anti-cancer properties, EOs can be
a good substitute for the nitrates used in sausages and other
processed meats (Sharifi-Rad et al., 2017).

Among the great variety of EOs, thyme EOs (Thymus vul-
garis) have attracted the attention of many food researchers
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due to their strong antimicrobial properties (Zarzuelo &
Crespo, 2003). The strong antimicrobial activity of thyme
EO is mainly related to its high amount of thymol (10-64%)
(Almasi et al., 2020a). Thymol (2-isopropyl-5-methyl phe-
nol) is a monoterpene phenol component (Xue et al., 2015),
which is well known for its antimicrobial activity against
Gram-positive (G*) and Gram-negative (G™) bacteria and
is listed as GRAS (generally recognized as safe) (Marchese
et al., 2015). However, the direct use of thymol in food
systems is limited due to its unstable nature and volatil-
ity, decomposition phenomenon under environmental and
chemical conditions (light, oxygen, dampness, etc.), and the
sensory properties change of the EO and the career products.
To decrease thymol instability and volatility and increase the
possibility of its use in the aqueous food systems, it can be
encapsulated and in fact, entrapped within different coating
materials (Almasi et al., 2020a). Various colloidal delivery
systems including microemulsions (MEs) (Xu et al., 2008),
nanoemulsions (NEs) (Almasi et al., 2020a), solid lipid nan-
oparticles (SLNs) (Bagheri et al., 2019), nanogels (Cinay
et al., 2017), and nanoliposomes (Bae et al., 2009) have been
used for encapsulating the EOs. Using nanoscale technology
to encapsulate thymol is a viable solution to the problem of
EO degradation Robledo (2018b).

Nanoemulsions (NEs) efficiently increase the dispersibil-
ity of EOs in foods, enhance their antimicrobial properties,
and decrease their adverse effects on the quality parameters
of the food stuffs (Silva et al., 2012; Galvio et al., 2018).
Nanoemulsions are thermodynamically unstable colloidal
dispersions made up of two immiscible liquids, with one of
the liquids being dispersed as small spherical droplets smaller
than 100 nm in radius (Radi et al., 2018). Many attempts
have been performed to encapsulate bioactive compounds
by nanoemulsification. In this regard, Robledo et al. (2018b)
observed higher antifungal activity for thymol-NE against
tomato fungi in comparison with unprotected-thymol. Also,
in another experiment, Chaudhari et al. (2020) declared that
anethole-based chitosan NE has a good potential for being
used on stored maize to reduce aflatoxin and fungal contami-
nation. Xu et al. (2020) used cinnamon EO-NE with ascorbic
acid to reduce the enzymatic browning of cloudy apple juice.
These findings suggest that NEs can be used as an effective
technique to improve the antimicrobial effects of EOs against
pathogenic microorganisms. However, no study was found
by the authors to investigate the effect of a NE system con-
taining EO on the shelf life of a sausage product. In a study
performed by Saggiorato et al. (2012), the antifungal activity
of basil EO was evaluated on an Italian-type sausage, but the
effect of basil EO-NE was not investigated. In another study,
eugenol was microencapsulated in gelatin-based emulgel to
prolong the shelf life of refrigerated meat (Wan et al., 2020).
Accordingly, this investigation was carried out to assess the
antibacterial effect of NE containing thymol (as a strong

antimicrobial agent) against Escherichia coli, Staphylococ-
cus aureus, and Clostridium perfringens in sausage. To the
best of our knowledge, the efficiency of thymol and its NE
as a nitrite substitute has not been investigated in sausage.
As the sausage medium is a strong emulsifying medium, this
study was conducted to determine whether NE can enhance
the antimicrobial effect of an antimicrobial agent like thymol
in a strong emulsion system like sausage.

Materials and Methods
Materials

Thymol was purchased from Gol-Ghatreh (Fars, Iran).
Strains of S. aureus (ATCC 1337), E. coli (ATCC 1276),
and C. perfringens (ATCC) were purchased from the
Persian Type Culture Collection (PTCC). The materials
used, including Tween 80 (T80), triphenyl tetrazolium
chloride, nutrient broth, Sulfadiazine Polymyxin Sulfite
agar (SPS agar), Violet Red Bile Agar (VRBA), Baird
Parker agar (BPA), and Mueller-Hinton agar (MHA),
were purchased from Merck Chemical Co. (Darmstadt,
Germany).

Formulation of NE

One gram of thymol was added to 100 mL distilled water
containing 2 g T80, and then stirred for 30 min at 1200 rpm
to form a coarse emulsion. A nanoemulsion was then pro-
duced by sonicating (Q700, Q-Sonica, USA) the coarse
emulsion for 4 min at an intensity of 100 W cm™2. A jack-
eted glass container and a cold water circulation device
(TC502D, Brookfield Engineering, MA, USA) were used
to prevent temperature rise during sonication (Almasi et al.,
2020b).

Determination of Particle Size Distribution and Zeta
Potential

The particles size of the thymol nanocapsules in the NE sys-
tem was measured. The measuring instrument was equipped
with a 4-mW He-Ne laser. Particle size measurement was
performed at 633 nm with a dynamic viscosity of 8.76 mPa-s
(at 25 °C) and detection angles of 70 and 90° (Nano ZS,
Malvern Instruments Ltd., UK). A DTS software (5.02 ver-
sion, Malvern Instruments Ltd., UK) was used to analyze
the z-average, hydrodynamic droplet size, and polydispersity
index (Almasi et al., 2020a).
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Minimum Inhibitory Concentration

Minimum inhibitory concentration was measured using
the microdilution broth method (Almasi et al., 2020a).
This method was used in the cases where the well diffusion
method showed a significant effect. A bacterial suspension
was prepared from an overnight culture which was diluted
to 0.1 and then 0.01 of its initial concentration in order to
determine the approximate number of 10° log CFU microor-
ganisms per mL of suspension. To perform the experiment,
Miieller-Hinton broth medium and 96-well microplates were
used. Only the culture medium and a bacterial suspension
(10 pL, S. aureus, E. coli, and C. perfringens) were added
to the first row of wells. In the next rows, 100 pL of the
Miieller-Hinton medium was added to the plates and then
6.25, 12.5, 25, 50, 100, and, 200 pg/mL thymol or NEs
containing the equal amounts of thymol were added to the
wells. Ten microliter of the bacterial suspension was added
to each well, separately. The microplates were then incu-
bated at 37 °C for 24 h. The turbidity or non-turbidity of the
wells was first visually evaluated. Then the lowest concen-
tration of bacterial growth inhibitor (MIC) was determined
using a 5-mg/mL solution of triphenyl tetrazolium chloride
(a growth color change reagent that is colorless in the oxide
state but when is reduced by microorganisms, turns to red
due to the formation of formazan). Thereby, the reagent (50
pL) was poured into all plate wells before re-incubation for
3 h. After the required time, the microplates were taken out
and the results were evaluated. The concentration higher
than the last concentration that turned to a red color was
considered as the MIC.

Minimum Bactericidal Concentration

To determine the MBC of thymol and the NE containing
thymol against S. aureus, E. coli, and C. perfringens, 100 pL
of the non-turbid wells were transferred into Miieller-Hinton
agar and incubated at 37 +2 °C for 24 h. The lowest concen-
tration at which no growth was observed was considered as
MBC (Almasi et al., 2020a).

Agar Diffusion Method

The antimicrobial activity of thymol in plain or nano-
emulsified form was assessed using the agar well diffusion
method (Almasi et al., 2020a). For this purpose, Mueller-
Hinton Agar plates with three wells were inoculated
with relevant microbial suspension (0.1 mL) containing
10° CFU/mL. Afterward, 50 pL of thymol or NEs con-
taining equal amounts of thymol was added into the wells.
For this purpose, the concentration of 6.25, 12.5, 25, 50,
100, and, 200 pg/mL of thymol were used for both free
and nano-emulsified thymol in the wells. Lastly, the plates
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were incubated at 37 +2 °C for 24 to 48 h, and the inhibi-
tion zones were measured. At the same time, the antimicro-
bial activity of thymol and its NE was compared with the
penicillin antibiotic. For this purpose, a penicillin solution
containing 10 ug/mL penicillin was used in the wells and
the diameter of the inhibition zones was reported for each
bacterium.

Sausage Preparation

A mixture of 70% beef, soy protein isolate (20%), sodium
chloride (1%), corn starch (1%), sodium phosphates (0.2%),
water (5%), oil (2%), and dry milk (0.8%) was used for the
sausage preparation. Spices were removed from the sausage
formula to remove any interference effect with the antimicro-
bial effect of thymol or its nanoemulsion. The raw materials
were all mixed (Robokit 2154, BEKO, Istanbul, Turkey) well
to produce a batter. The produced batter was then divided
into six parts, and each part was well homogenized (Robokit
2154, BEKO, Istanbul, Turkey) with thymol (600 mg/kg),
NE containing 600 mg/kg thymol, nitrite (120 mg/kg), thy-
mol (600 mg/kg) + nitrite (60 mg/kg), and NE (containing
600 mg/kg thymol) + nitrite (60 mg/kg), separately. The
concentration of thymol used in the sausage formulation
did not adversely affect the sausage taste and was consist-
ent with the taste of this product. A sample without nitrite,
thymol, or NE was considered as control. Afterward, each
treatment was divided into three parts, for being inoculated
with 107 log CFU/g E. coli, S. aureus, and C. perfringens,
separately. The inoculated batter sausages were packaged
in plastic wraps using a Bush filler (MFW68640, Stuttgart,
Germany). Then, baking was carried out at a temperature
of 70 °C for 40 min using a water bath (SHZ-82, Aria teb,
Tehran, Iran). After baking, the samples were transferred
into a refrigerator (4 °C), and the effect of treatments on the
bacterial growth was assessed every week for 30 days.

A completely randomized design was used for the experi-
ment. The sausages were packaged in 100 g plastic wraps,
and 5 plastic wraps containing 100 g sausage were placed in
a tray to be used as a replicate for each measurement time.
Regarding the presence of 5 measurement times (throughout
the storage time), 25 plastic wraps were considered for the
total measurement time of 30 days for one replicate and a
total of three replicates were considered for each treatment.

Sausages Microbial Counts

Ten grams of each sample (sausage) was aseptically weighed
and diluted with 50 mL of peptone water (BPW, Biokar
diagnostics, France). After performing the serial dilution, a
0.1 mL of the desired dilutions was cultured on the surface
of BPA (for treatments inoculated with S. aureus), SPS agar
(for treatments inoculated with C. perfringens), and VRBA
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(for treatments inoculated with E. coli) using the surface
culture method (surface plate count method). For S. aureus,
the Petri dishes were kept at 37 °C for 48 h and glossy black
colonies with thin white edges and a clear and colorless halo
were counted. In regard to E. coli, the plates were incubated
at 37 °C for 24 h, and the numbers of purple colonies were
counted (Almasi et al., 2020b). For C. perfringens, SPS agar
was the medium of choice and the plates were incubated at
37 °C for 48 h under anaerobic conditions. The differentia-
tion of microorganisms grown on SPS agar is based on the
reduction of sulfate to sulfite, which turns the colony and
sometimes the surrounding environment black. Sulfadiazine
inhibits coliforms, Proteus, and Pseudomonas growth, and
polymyxin inhibits the growth of G~ bacteria. Black colo-
nies, with or without a halo, were selected phenotypically
and counted as suspected C. perfringens (Ghorchian et al.,
2019).

Mathematical Modeling

The growth rate of E. coli, S. aureus, and C. perfringens
in the sausages was calculated by the first order model:
In(C) =1In(C,)—kt, where C is the bacterium population at
time 7 ((log CFU/g)), C, (the bacterium population at time
zero (log CFU/g)), k (S. aureus, E. coli, and C. perfringens
growth rate (per week)), and ¢ (the storage time (in week))
(Amiri & Niakousari, 2008; Parsa et al., 2020). The valid-
ity of model was evaluated by the calculation of Pearson R*
and the lack of fit test by using IBM SPSS version 22 (IBM
Armonk, NY, USA).

Statistical Analysis

A completely randomized design was used. All experiments
were performed in triplicate, and the average values were
recorded. IBM SPSS version 22 (IBM Armonk, NY, USA)
was used for the statistical analyses, and an alpha level of
P <0.05 was set as a threshold for differentiating the means
by using Duncan’s multiple range test (after ANOVA) or
t-test.

Result and Discussion
Zeta Potential and Dynamic Light Scattering

The zeta potential was measured using a nanoPartica SZ-100
instrument (Horiba Ltd., Japan), and it was —0.86 mV. It has
been reported that zeta potentials lower than —30 mV indi-
cates the presence of a strong electrical charge for droplets
which keeps the droplets stable due to the repulsive forces
between them. Therefore, NEs have higher stability than
macro emulsions (Salvia-Trujillo et al., 2015). The mean

droplet size of thymol-NE and its polydispersity index (PDI)
were 86.39 nm and 0.28, respectively. The polydispersity
index shows the particle homogeneity and ranges between
0 and 1. When the index moves to zero, the system is more
homogenous (Amiri et al., 2013). Moghimi et al. (2016)
also obtained a diameter of 143 nm for their Thymus daen-
ensis NE. Liu et al. (2020) and Salvia-Trujillo et al. (2013)
reported particle sizes of 97.1 and 5.12-34.95-nm diameters
for their star anise EO, polylysine, and nisin NE and lemon-
grass EO-alginate NEs, respectively.

The In Vitro Antimicrobial Activity of Thymol
and the NE Containing Thymol

The MIC and MBC values of plain thymol and the NE con-
taining thymol against S. aureus, E.coli, and C. perfringens
are presented in Table 1. According to Table 1, the MIC val-
ues of 103, 60, and 93.3 mg/L and MBC values of 406, 200,
and 406 mg/L were obtained for thymol against E. coli, S.
aureus, and C. perfringens, respectively. The MIC value of
1.2 mmol/L for thymol against E. coli was reported before.
Meanwhile, it was reported that the MIC values of thymol
ranged from 0.03 to 0.06% v/v against 8 strains of S. aureus
(Marchese et al., 2015).

Results showed that the MIC and MBC of NE were
significantly lower than that of thymol against all exam-
ined bacteria (Table 1). In this regard, the MIC and MBC
values for thymol were approximately double the values
of NE, indicating that NE was more effective in inhibit-
ing the growth of S. aureus, E. coli, and C. perfringens.
The antimicrobial activity of thymol may relate to the
ability of this compound to perturb the lipid fraction of
bacterial membrane (Marchese et al., 2015). Thymol has
a phenolic hydroxyl on its phenolic ring, which increases
thymol hydrophilic ability and helps it dissolve in micro-
bial membrane and damage the membrane (Xu et al.,
2008).

Thereby, thymol increases membrane permeability and
decreases the stability of bilayer, resulting in the intracellular
materials leakage (Marchese et al., 2015). Membrane poten-
tial is another important mechanism of thymol (and other EO
components) to inactive bacteria. When thymol disturbs the
membrane integrity and increases membrane permeability,
the leakage of protons and potassium is induced which in
turn leads to the loss of membrane potential. The presence
of the hydroxyl group on thymol plays an important role
to depolarize membrane potential and decreases the mem-
brane potential (Xu et al., 2008). Besides, thymol may cause
some changes in the secondary structure of DNA, resulting
in the alteration of DNA morphology and the creation of a
minor groove in DNA (Liu & Liu, 2020). The antimicrobial
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Table 1 Antimicrobial activity of thymol and its NE against E. coli, S. aureus, and C. perfringens

Samples E. coli S. aureus C. perfringens
MIC (mg/L) MBC (mg/L) MIC (mg/L) MBC (mg/L) MIC (mg/L) MBC (mg/L)
Thymol 180 + 0.0a* 406 + 0.0a 110+£0.0a 200+0.0a 196.67+0.0a  406.6+0.0a
Nanoemulsion 103.3 +0.0b 193.3+0.0b 60+0.0b 100+0.0b 93.3+0.0b  200+0.0b
Samples Conc. (mg/mL) Inhibition zone (mm)
Penicillin 10 18.3+ 1.0b** 38.6+0.5a 16.7+0.5b
Thymol (mg/L) 100 11.3+0.5d 12.6 +1.5de 10.3 +.5de
50 10.3+0.57de 12.0+1.0e 9.3+0.5¢ef
25 9.0+ 1.0ef 11.0+1.0ef 9.3+0.5¢ef
12.5 7.6+0.57 fg 9.3+0.57 fg 83+0.5fg
6.25 6.7+05¢g 80+10¢g 7.6+06¢g
Thymol 100 9.6+0.5de 12.6 +1.5de 10.3+0.5d
nanoemulsion 50 9.0+0.0¢ 12.0+ 1.0 10.0+ 1.0de
(mg/L) 25 8.6+0.5¢ 1.0+ 1.0ef 1064 1.1 cd
12.5 8.0+ 1.0ef 9.3+0.57 fg 9.6 +0.6de
6.25 7.0+1.0f 80+10¢g 8.6+0.5¢

“Data with different small letters in each column are significantly different (P <0.05) as analyzed by r-test

“*All data with different small letters in the columns and rows are significantly different (P <0.05) as analyzed by the analysis of variance

(ANOVA) and the complementary Duncan multiple range test

activity of thymol has demonstrated by Ma et al. (2016),
Robledo et al. (2018a), and Wattanasatcha et al. (2012).
The results of this study showed that thymol nanoemulsi-
fication improved its antimicrobial activity. This is due to the
uniform and homogeneous distribution of the antimicrobial
agent in the microbial broth medium, which enabled thymol
to act well against the three examined bacteria according to
the above mechanisms. However, free thymol certainly did
not have a good distribution in the microbial broth envi-
ronment due to its oily nature, and a significant part of it
accumulated on the surface of the broth medium. It has been
reported that the conversion of thymol to nano-scale parti-
cles enhances the antibacterial activity of the antimicrobial
agent (Moghimi et al., 2016), due to the particle size reduc-
tion of the EO, which increases the affinity with the bacteria
cell wall as well as enhances the stability and solubility of
the EO (Liu et al., 2020). Similar results were also obtained
by Zhang et al. (2014) on D-limonene NE and Bhargava
et al. (2015) on oregano oil NE, who reported improved
antibacterial activity for their EOs (or flavor) NE systems.
However, Ma et al. (2016) and Almasi et al. (2020a) reported
higher MIC and MBC values for their ME systems contain-
ing thyme EO than that of free EO. Wattanasatcha et al.
(2012) found the same MIC and MBC values for free thy-
mol and the encapsulated one against E. coli and S. aureus.
Among the three pathogenic bacteria, S. aureus showed
the lowest MIC and MBC values (MIC (60 mg/L) and
MBC (100 mg/L) for NE and MIC (110 mg/L) and MBC
(200 mg/L) for thymol), indicating the higher sensitivity of
this bacterium to thymol and the relevant NE. E. coli and
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C. perfringens showed almost the same sensitivity against
thymol and the NE. These results were also confirmed by
the agar well diffusion test, which indicated higher inhibition
zones and therefore lower resistance for S. aureus against
thymol and its NE in comparison with E. coli and C. per-
fringens. In this regard, E. coli and C. perfringens showed
smaller halo diameters than S. aureus but equal to each other.

Gram-negative bacteria are slightly less sensitive to
EOs than G* bacteria (Seow et al., 2014) which is due to
the structural difference in their cell walls. In G* bacteria,
hydrophobic molecules easily penetrate through the thick
peptidoglycan layer but in G~ bacteria, the outer membrane
is almost impermeable to these molecules, which limits their
access to the cell membrane (Nazzaro et al., 2013). Nanoe-
mulsion droplets can efficiently penetrate through the porin
proteins of the outer membrane due to their smaller size,
enabling effective delivery of the EO to the G™ bacteria cell
membrane (Moghimi et al., 2016).

According to the agar well diffusion test results, the halo
diameters ranged between 6.6 and 38.6 mm depending on
the antimicrobial agent and the kind of bacterium. The inhi-
bition zones of the penicillin antibiotic were significantly
higher than those of thymol and the corresponding NE. In
this regard, there was no significant difference in the anti-
microbial activity of thymol and its NE against three tested
bacteria. In the well diffusion test, the antimicrobial agent
must diffuse in the medium to be effective, and it seems that
thymol could diffuse into the medium in the same way as its
NE form, resulting in the same performance of thymol and
its NE against S. aureus, E. coli, and C. perfringens.



Food and Bioprocess Technology (2021) 14:1936-1945

1941

Meanwhile, thymol concentration (in the plain or nano-
capsulated form) had a significant positive effect on the anti-
microbial activity, so that by increasing the concentration of
thymol in free and nanoencapsulated forms, the halo diam-
eter increased significantly against all three tested bacteria.
Liu and Liu (2020) declared that the higher concentration
of thymol increases the permeability of the bacterial cell
membranes, leading to leakage of intracellular materials and
change in the morphology of cells. However, the maximum
inhibition zone diameters were observed against S. aureus
for penicillin, and then thymol and thymol-NE. E. coli and
C. perfringens showed the same resistance to the studied
antimicrobial agents and, of course, their resistance was
higher than that of S. aureus, as they formed smaller halo
diameters than S. aureus. In line with our findings, Liu and
Liu (2020) found out that chitosan NE loading thyme EO
or thymol inhibited S. aureus and E. coli. The inhibitory
activities of the thyme EO-chitosan and thymol-chitosan
NEs on S. aureus were better than E. coli, which was due
to the differences in the cell-wall structure of the bacteria.
In Trombetta et al. (2005) studies, S. aureus appeared to be
more sensitive than E. coli toward thymol. In a study con-
ducted by Almadiy et al. (2016), four Achillea species EOs
and their NEs were investigated for their antibacterial activ-
ity against two G* foodborne bacteria (S. aureus and Listeria
monocytogenes) and three G~ species (E. coli, Pseudomonas
aeruginosa, and Salmonella enteritidis). These researchers
reported that the G* bacteria were more susceptible than
the G~ ones, where P. aeruginosa was the most resistant
one. Besides, the activity of EOs increased significantly in
the NE forms.

The In Vivo Antimicrobial Activity of Thymol
and the NE Containing Thymol

For in vivo investigation, a meat product (sausage) was
inoculated with E. coli, C. perfringens, and S. aureus to
evaluate the effect of thymol and thymol containing NE on
the microbial count of sausages. Figure 1 shows the antimi-
crobial activity of thymol and thymol containing NEs on the
inoculated sausages. The starting population of S. aureus,
C. perfringens, and E. coli on the sausages was about 10°~
log CFU/g. In the control samples, this population increased
from 5.5 log CFU/g to 8.0 (for S. aureus and E. coli) and
8.3 log CFU/g (for C. perfringens) after 4 weeks of storage.

For three examined bacteria, the sausage samples con-
taining 120 mg/kg nitrite had the highest bacterial growth
after control, and this growth, like control, had an increasing
trend over time. In these samples, nitrite did not affect the
bacterial population until about the third week of storage
but after this time, nitrite began to slow down the bacterial
growth trend significantly, so that in the third and fourth
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Fig. 1 Antibacterial activity of nitrite, thymol, thymol + nitrite, NE,
and NE + nitrite in inoculated sausages by S. aureus, E. coli, and C.
perfringens during 4 weeks of storage at 4 °C
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weeks, the bacterial populations reduced by about one loga-
rithmic cycle.

The growth trend of all three bacteria, in the sam-
ples treated with plain thymol, NE, thymol + nitrite, and
NE + nitrite followed a different trend and decreased sig-
nificantly (Fig. 1). However, no significant difference was
observed in the performance of thymol, NE, thymol + nitrite,
and, NE + nitrite against each tested bacterium (P> 0.05).

The samples treated with thymol, NE, thymol + nitrite,
and, NE + nitrite reduced the population of S. aureus by
1.60, 2.62, 5.02, and 5.68 logarithmic cycles after 1, 2, 3,
and 4 weeks of storage, respectively (P <0.05). This reduc-
tion was about 1.60, 3.11, 4.23, and 6.33 logarithmic cycles
after 1, 2, 3, and 4 weeks of storage for E. coli, respec-
tively (P <0.05). Meanwhile, the bacterial count reduction
was estimated about 1.03, 3.46, 4.03, and 6.16 logarithmic
cycles after 1, 2, 3, and 4 weeks of storage for C. perfrin-
gens, respectively (P <0.05). Thereby, the effect of thymol
or its NE on the reduction of the bacterial count was remark-
ably great in the sausage product.

In sausages, as in the well diffusion test, no statistically
significant difference was observed between the performance
of thymol and its NE against the three tested bacteria. For
manufacturing of the sausages, thymol was dissolved in
the oily phase of the sausage and then was added into the
product batter. As sausage batter is a very strong emul-
sion, thymol was evenly and homogeneously distributed in
sausage tissue. In this case, it can be said that thymol was
encapsulated in the oil droplets. On the other hand, NEs
are susceptible to the Ostwald ripening phenomenon over
time. Ostwald ripening is the main degradation mechanism
of NEs. It is noteworthy to point that the experimental rates
of Ostwald ripening are much higher than those of the theo-
retical values, indicating that other phenomena like floccu-
lation, coalescence, and subsequent creaming influence the
breakdown of NEs (Koroleva et al., 2018). Thereby, the NE
system might have been affected by the Ostwald ripening
phenomenon, and thus, its thymol content, like free thy-
mol, was integrated into the oil droplets of the sausage and
thereby, was emulsified in the sausage medium. Therefore,
no difference was observed between the performance of free
thymol and the nanoemulsified one.

Liu and Liu (2020) reported that the total viable counts
(TVC) of refrigerated pork treated with the thyme-chitosan
and thymol-chitosan NEs were 5.93 and 5.77 log CFU/g,
respectively, on the 12th day, which were much lower
than the control samples. Jayari et al. (2018) reported that
Thymus capitatus and Thymus algeriensis EOs exerted a
bacteriostatic effect against E. coli and S. typhimurium
at low concentrations (0.01 and 0.05% (v/w)), which
increased significantly at higher concentrations of 1 and
3% (v/w). Liu et al. (2020) reported the longest shelf life
(16 days) for ready-to-eat Yao meat products due to the
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Table 2 .Microbial growth Treatments S. aureus E. coli C. perfringens

rate (k) in sausages treated

with nitrite, thymol, NE, k (week™) R2 k (week™") R2 k (week™") R2

thymol + nitrite, and NE + nitrite

throughout the 4 weeks of Control 0.128a 0.97 0.118a 0.98 0.162a 0.97

storage at 4+1 °C Nitrite 0.094b 0.84 0.092b 0.90 0.124b 0.82
NE —0.122a 0.96 —0.114a 0.89 —0.118¢ 0.98
Thymol —0.128a 0.96 —0.115a 0.89 —0.116¢ 0.95
Thymol + Nitrite —0.127a 0.91 —0.114a 0.97 —0.115¢ 091
NE + nitrite —0.124a 0.91 —0.111a 0.90 —0.116¢ 0.99

““Data with different small letters in each column are significantly different (P <0.05)

use of NE-based active coatings with a composite mix-
ture of nisin, star anise EO, and polylysine. Robledo et al.
(2018a) observed higher antifungal activity for thymol NE/
quinoa protein/chitosan coating on strawberries than that
of the controls, increasing the shelf life of these samples
in 4 days.

In addition, the microbial growth reduction obtained in
this study was in accordance with the antimicrobial effects
of orange peel EO NE and microemulsion on fresh-cut
orange (Radi et al., 2018), carnauba wax-based NE con-
taining lemongrass oil on fresh-cut apples (Salvia-Trujillo
et al., 2015) and grape berry (Kim et al., 2012), carnauba-
shellac wax-based NE containing lemongrass oil on apple
fruit (Jo et al., 2014), and oregano oil NE on fresh lettuce
(Bhargava et al., 2015).

Kinetic study of S. aureus, E. coli, and C. perfringens
growth in sausages

Microbial population is an important quality parameter of
sausages, in which its increase seriously limits the product
shelf life. When the logarithms of S. aureus, E. coli, and C.
perfringens growth were plotted versus time, straight lines
were obtained (with determination coefficients between
0.82 and 0.99; Fig. 2; Table 2). Table 2 shows the growth
rate (k) of S. aureus, E. coli, and C. perfringens in the
sausages during 4 weeks of storage. Results showed a first-
order reaction for all three bacteria growth during 4 weeks
of storage. However, the bacteria growth increased with
storage time in the control and nitrite containing samples,
as a positive k values were obtained for these samples. In
contrast, negative k values were achieved for treated sam-
ples with thymol, NE, thymol + nitrite, and NE + nitrite,
indicating a decrease in the bacterial growth of these sam-
ples. It seems that different mechanisms or some new fac-
tors are involved in the bacterial growth of these samples,
mainly referring to the antimicrobial agents added to the
sausages.

Comparison of the & factors in all treatments showed that
this factor was the highest in the control, followed by nitrite

containing samples. This indicates a higher rate of bacterial
growth in the control and then nitrite containing sausages.
Meanwhile, no significant difference was observed among
the k values of thymol, NE, thymol + nitrite, and NE + nitrite
samples, indicating the same trend in bacterial growth in
these samples. It should be noted that the numerical value
of k in the samples containing thymol, NE, thymol + nitrite,
and NE + nitrite was higher than those of nitrite contain-
ing samples, which indicates that the rate of bacterial count
reduction in these samples was faster than the growth rate of
bacteria in the samples containing nitrite. The comparison of
k values of different bacteria indicated that the growth rate
of C. perfringens was higher than that of S. aureus, which
in turn was higher than that of E. coli.

Conclusion

In this study, thymol-NE was successfully prepared and its
particles diameter was measured which was 8§9.39 nm. The
MIC and MBC values of thymol and thymol-NE showed
that thymol-NE could significantly improve the antimi-
crobial performance of thymol. But a comparison of their
antimicrobial activity in the sausage product showed no sig-
nificant difference among them. This result might be due
to the occurrence of the Ostwald phenomenon in NEs over
time as well as the good emulsification of thymol in the sau-
sage medium. The results of this study were contrary to our
previous results on the application of thyme NE on straw-
berry and cucumber (Almasi et al., 2020a) and ground meat
(Almasi et al., 2021) which showed that thyme NE was able
to reduce the microbial load of these products effectively
and was better than the plain EO. It seems that NEs can act
well in food mediums that are not emulsions, and thereby,
the nanoemulsification of the EO makes it act better than
the plain EO. But in foodstuffs that have their own emulsion
systems such as sausages, NE may not lead to a better EO
performance.

According to the color analysis of sausage samples, the
reduction of nitrite concentration to about half of the initial
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value (60 mg/kg) could maintain the quality parameters of
color as well as 120 mg/kg. On the other hand, the use of
thymol or its NE could reduce the bacterial population to
5.68-6.33 log CFU/g. Therefore, it can be concluded that
the use of thymol or its NE in combination with 60 mg/kg
nitrite can be very effective in maintaining the microbial and
color quality of the sausage products.
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