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Abstract

In this work, nanoemulsions were developed encapsulating essential oils (EOs) for the
preservation of meat products, based on rosemary (Salvia rosmarinus) and thyme (Thy-
mus vulgaris), which possess bioactive and antimicrobial properties that make them ideal
for replacing preservative agents in meat products. Two nanoemulsions with an R = 2:5
factor (oil/surfactant ratio) were developed and stored under refrigeration (4 °C), evaluat-
ing their stability, particle size, rheology and antioxidant capacity. For the preparation of
the sausages, three standard formulations were used according to NTC-1325 to deter-
mine the percentages of each nanoemulsion to be added (0.47% rosemary EO and
0.08% thyme EO), substituting the percentage corresponding to nitrates and nitrites. Mi-
crobiological tests were carried out on the sausages for coliforms, Staphylococcus aure-
us, Listeria monocytogenes and Clostridium sulfite reductant to determine the microbial
activity of the EOs incorporated in the formulation; moisture, color, texture and sensory
analysis were also evaluated. The nanoemulsions remained stable during storage time,
without significant changes; while microbiological analyses were below the <10 UFC/g
range at 21 days of storage for the nanoemulsion sausages, moisture and texture did not
show differences. In the sensory analysis, good comments were obtained with respect to
the odor and flavor provided by the EOs; color was the attribute with the lowest ac-
ceptance. It was demonstrated that the use of EOs as a replacement for chemical addi-
tives in meat products helps to extend their shelf life, taking advantage of their bioactive
and antimicrobial properties.
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Propiedades antioxidantes y antimicrobianas de nanoemulsiones elaboradas
con aceites esenciales de romero y tomillo y su aplicacién en productos
carnicos

Resumen

En este trabajo se desarrollaron nanoemulsiones encapsulando aceites esenciales (AE) para la conservacion de pro-
ductos carnicos, a base de romero (Salvia rosmarinus) y tomillo (Thymus vulgaris), que poseen propiedades bioactivas
y antimicrobianas que los hacen idoneos para sustituir los agentes conservantes en productos carnicos. Se desarrolla-
ron dos nanoemulsiones con un factor R = 2:5 (relacién aceite/surfactante) y se almacenaron en refrigeracion (4 °C),
evaluando la estabilidad, tamafio de particula, reologia y capacidad antioxidante. Para la elaboracién de las salchichas,
se emplearon tres formulaciones estandar de acuerdo con la NTC-1325 para determinar los porcentajes de cada na-
noemulsion a adicionar (0,47% AE de romero y 0,08% AE de tomillo), sustituyendo el porcentaje correspondiente a
nitratos y nitritos. Se realizaron pruebas microbiol6gicas a las salchichas para coliformes, Staphylococcus aureus, Liste-
ria monocytogenes y Clostridium sulfito reductor, para determinar la actividad microbiana de los AE incorporados en la
formulacion; también se evaluaron humedad, color, textura y se realizé un andlisis sensorial. Las nanoemulsiones per-
manecieron estables el tiempo de almacenamiento, sin exhibir cambios significativos; mientras los andlisis microbiol6gi-
cos estuvieron por debajo del rango <10 UFC/g a los 21 dias de almacenamiento para las salchichas con nanoemul-
sion, la humedad y la textura no presentaron diferencias. En el andlisis sensorial, se obtuvieron buenos comentarios con
respecto al olor y el sabor aportados por los AE; el color fue el atributo con menor aceptacion. Se demostré que al em-
plear AE como reemplazantes de aditivos quimicos en productos carnicos estos ayudan a alargar su vida Util, aprove-
chando sus propiedades bioactivas y antimicrobianas.

Palabras clave: aceites esenciales, nanoemulsiones, actividad antioxidante, antimicrobiana, salchicha

Propriedades antioxidantes e antimicrobianas de nanoemulsdes feitas com
Oleos essenciais de alecrim e tomilho e sua aplicagcao em produtos carneos

Resumo

Neste trabalho foram desenvolvidas nanoemulsdes, encapsulando 6leos essenciais (OE) para a conservagao de produ-
tos carneos, a base de alecrim (Salvia rosmarinus) e tomilho (Thymusvulgaris), que possuem propriedades bioactivas e
antimicrobianas, tornando-os adequados para substituir conservantes em produtos carneos. Foram desenvolvidas duas
nanoemulsdes com um fator R= 2:5 (relagdo dleo/surfactante) e armazenadas sob refrigeracdo (4 °C), avaliando-se a
estabilidade, o tamanho das particulas, a reologia e a capacidade antioxidante. Para a prepara¢éo dos enchidos, foram
utilizadas trés formulagdes padrao segundo a norma NTC-1325 para determinar as percentagens de cada nanoemulséo
a adicionar (0,47% de OE de alecrim e 0,08% de OE de tomilho), substituindo a percentagem correspondente aos nitra-
tos e nitritos. Foram realizados testes microbiologicos nos enchidos para a pesquisa de coliformes, Staphylococcus
aureus, Listeria monocytogenese Clostridium sulphite-reducing, para determinar a atividade microbiana dos OEs incor-
porados na formulagao, umidade, cor, textura e foi também realizada uma anélise sensorial. As nanoemulsées mantive-
ram-se estaveis ao longo do tempo de armazenamento, nao apresentando alteragdes significativas; enquanto as anali-
ses microbioldgicas se situaram abaixo do intervalo <10 UFC/g aos 21 dias de armazenamento para as salsichas em
nanoemuls&o, a umidade e a textura ndo apresentaram diferencas. Na analise sensorial, obtiveram-se bons comenta-
rios relativamente ao odor e sabor proporcionados pelos OEs, sendo a cor o atributo menos aceitavel. Foi demonstrado
que a utilizacdo de OE como substituto de aditivos quimicos em produtos & base de carne ajuda a prolongar o seu pra-
z0 de validade, tirando partido das suas propriedades bioactivas e antimicrobianas.

Palavras-chave: 6leos essenciais, nanoemulsoes, atividade antioxidante, antimicrobiana, salsicha
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1. Introduction

The use of artificial additives is essential for preserving the quality and shelf life of meat products. Nitrates,
nitrites, sulfites, and polyphosphates are among the most commonly used additives, which enhance organo-
leptic characteristics and prevent the rapid deterioration of processed meat products. However, regular intake
of these substances may lead to adverse health effects, prompting a growing interest in consuming healthier
and more natural foods. Therefore, there is a search for natural alternatives without adverse health effects for
consumers, employing essential oils from rosemary and thyme by incorporating them into the product formula-
tion as nanoemulsions, aiming to replace the nitrites and nitrates typically used for the preservation of meat
derivatives. Essential oils possess antioxidant and antimicrobial properties which help extend the shelf life of
products, particularly in the food sector(")(2),

In meat products and derivatives, the main factors of deterioration are microbial growth, color changes, and
rancidity due to oxidation. These deterioration principles can be reduced or prevented with the implementation
of chemical additives that, although effective, can be counterproductive to health in the long term or when
consumed in excess. Sausages are one of the processed meat products that fall into the category of cooked
and cured products made from meat, with the addition of permitted substances and preservatives, which, as
mentioned, can be harmful to consumer health. In sausage formulation®), these substances comprise a signifi-
cant percentage that not only ensures product preservation but also contributes to organoleptic characteristics
such as color, flavor, aroma, and texture that enhance product quality.

Sausages, being one of the most consumed meat derivatives in family diets, are of great interest for replacing
chemical preservatives with more natural alternatives, mainly focusing on essential oils extracted from plants,
which are a viable option due to their antioxidant and antimicrobial properties that provide similar preservative
action. However, the use of essential oils has limitations such as high volatility, low stability, and low solubility
in water, which diminish their potential effects(); in light of this, efforts have been made to find healthier alter-
natives to substitute chemical preservatives in these products. Among these alternatives, essential oils have
stood out not only for their antioxidant and antimicrobial properties but also because their incorporation into
nanoemulsions significantly increases the availability of bioactive compounds, enhancing nutritional quality
and contributing to the product's aroma and flavor.

Essential oils are found in products such as oils, vinegars, pickles, and sausages. In confectionery, they are
used to flavor and aroma products like candies and chocolates. They are also used in the preparation of alco-
holic and non-alcoholic beverages, soft drinks, and ice creams. Another application is as natural additives:
flavorings, colorings, antioxidants, or preservatives(®®. The function of the oils is linked to the preparation of a
nanoemulsion, which consists of a dispersion of two immiscible liquids (usually oil and water), where one of
the liquids is dispersed in the form of small spherical droplets (<200 nm) in the other®. Among the main ad-
vantages of using nanoemulsions in the development of new food products, compared to conventional emul-
sions, is that the droplet size is so small that they have virtually no light backscattering, so they tend to be
transparent, which has less impact on the optical properties of the food(?); high physical stability against parti-
cle aggregation and gravitational separation, increasing the stability of the nanoemulsion during storage(®); and
the potential to significantly enhance the bioavailability of lipid-based bioactive compounds(®.

In line with the above, this study aims to evaluate the bioactive and antimicrobial properties of nanoemulsions
based on essential oils of rosemary (Salvia rosmarinus) and thyme (Thymus vulgaris) in the preservation of
sausages against microorganisms such as Escherichia coli, Listeria monocytogenes, Staphylococcus aureus
and Clostridium sulfite reductant.
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2. Materials and Methods

2.1 Preparation of Nanoemulsions

The mass of the surfactant was determined considering the concentrations of essential oil used, which was
10% "w, and according to tests carried out the best ratio of oil/surfactant was 2.5, achieving an emulsion with
greater stability and with the capacity to encapsulate the active compound. These results are consistent with
previous studies that employed a similar mass of surfactant(19).

Two nanoemulsions were designed and developed from each of the essential oils with an R factor = 2:5
(oil/surfactant ratio). The oils were purchased from a company specializing in this type of product. For this
purpose, 5 g of the extracted essential oil and 12.5 g of the surfactant Tween 80 were weighed. The dispersion
was then agitated for 1 hour at 50 °C. After this process, 32.5 g of distilled water was slowly dripped with con-
stant stirring. After the dripping was finished, the mixture was stirred for 1 h at 50 °C until the nanoemulsions
were obtained and stored under refrigeration (4 + 2 °C)(").

The selected concentration of 10% Y was chosen according to previous storage trials of meat products (data
not shown), where the best inhibition results were presented at the selected concentration; at lower concentra-
tions the product exhibited no improvement. Furthermore, in previous studies it was shown that the essential
oils used obtained better results at concentrations higher than 10% w(12).

2.2 Characterization of Nanoemulsions

The selected techniques are used to characterize dispersed systems. Particle size determination (PSD) allows
knowing the distribution of particles in nanoemulsions, differentiating whether they are emulsions, nanoemul-
sions or microemulsions. In addition, by periodically evaluating the variation of the PSD, it is possible to de-
termine how stable the nanoemulsions are and to understand the destabilization mechanisms they present,
such as flocculation and coalescence.

It is essential to know the viscosity and the type of flow regime in nanoemulsions, since variations in these
parameters may indicate the onset of destabilization processes. This information also allows the selection of
the appropriate pumping and conveying equipment or mechanisms in piloting or in industrial scale-up stages.

The stability of the system can be evaluated by relating the two techniques mentioned above, and constitutes
an essential parameter in dispersed systems, considering that nanoemulsions are thermodynamically unsta-
ble, which can be complemented by visual observation(3)

2.2.1 Flow Behavior of Nanoemulsions

The flow behavior analysis was conducted to determine the rheological behavior (fluid type and viscosity) of
the nanoemulsions under storage conditions (4 + 2 °C). A rheometer AR-G2 (TA Instruments, Waters LLC;
Newcastle, DE, USA) with a cone-plate geometry of 40 mm diameter and a 2° angle was used for the deter-
mination; gap = 1000 pm, at a constant temperature of 25 + 1 °C, controlled using a thermostatic bath (Julabo
ACW100, Julabo Labortechnik; Seelbach, Germany) adapted to the rheometer. The analyses were conducted
on the initial nanoemulsions and over three weeks after their preparation, subjecting them to an increasing
shear rate from 0.01 to 200 s™". The tests were performed in triplicate, and prior to the tests, the nanoemul-
sions were allowed to rest for 2 min to achieve thermal equilibrium. Finally, the flow curves were fitted to the
Power Law rheological model('4).
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2.2.2 Steady-State Stability

Ten milliliters of each nanoemulsion were placed in graduated test tubes and, after 24 h, a visual observation
was made. This was done weekly for one month after preparation to evaluate whether the emulsions showed
apparent physical changes, such as phase separation or changes in turbidity that would indicate destabiliza-
tion processes.

2.2.3 Particle Size Distribution

The particle size analysis of the thyme and rosemary nanoemulsions was conducted at 25 £ 1 °C, utilizing
complementary dynamic light scattering (DLS) measurements. To measure the particle size distribution of the
nanoemulsions using DLS (photon correlation spectroscopy), a Malvern Mastersizer ZSP ZEN 5600 analyzer
(Malvern Panalytical Ltd; Worcestershire, UK) was employed, where aliquots of each nanoemulsion were
poured into a cell (model DTS0012) using a 175° detection optic. The particle size was expressed as De
Brouckere, the volume-weighted mean diameter(4).

2.3 Determination of Antioxidant Capacity of the Emulsions (Total Phenols, DPPH, and ABTS)

Total phenol (TP) content was determined according to the methodology described by Zori¢ and others('%) (mg
Gallic acid/mL). The DPPH free radical scavenging activity (mg of trolox/mL) and ABTS (mg of trolox/mL) were
determined according to the extraction methodology proposed by Sridhar and Linton-Charles('6), and quantifi-
cation according to Casagrande and others(17).,

2.4 Formulation and Production of Meat Products (Sausages) with and without Nanoemulsion

For the preparation of the sausages, a standard formulation was employed in accordance with the Colombian
Technical Standard (NTC 1325)@), and it was necessary to conduct three different trials to determine the per-
centages to be added of each nanoemulsion (based on a calculation base of 400 g); these corresponded to
0.44% of the rosemary nanoemulsion and 0.11% of the thyme nanoemulsion, replacing the corresponding
percentage of nitrates and nitrites (Table 1).

Table 1. Formulations of sausages with and without rosemary and thyme nanoemulsions

Raw material Formulatiop with Formulation yvithout
Nanoemulsion(%) Nanoemulsion(%)
Pork Meat 80:20 21.3 21.58
Beef Meat 80:20 40.45 40.7
Bacon 8:92 9.2 9.2
Ice 22.0 22.0
Cassava Starch 1.04 1.04
Soy Protein 2.33 2.33
Salt 1.45 1.45
Sausage Seasoning 117 1.17
Color 0.02 0.02
Sugar 0.2 0.2
Liquid Smoke 0.3 0.3
Nitrites-Nitrates - 0.01
Rosemary Nanoemulsion 0.44 -
Thyme Nanoemulsion 0.11 -
Total 100 100
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In each of the three trials, to obtain an appropriate product formulation, the process began with the preparation
of the meat for subsequent weighing and grinding (using a 4 mm disk). Next, the meat emulsion was made at
a controlled temperature below 15 °C with the addition of the meat and each of the dry ingredients, liquid
smoke, and ice (previously weighed). The corresponding amount of each nanoemulsion was added gradually,
and once the meat emulsion was obtained, it was stuffed into specific casings for sausages and scalded until
an internal temperature of 72 °C was reached. Finally, the sausages were cooled in ice water before being
labeled and stored.

The protein, moisture and fat contents of the sausages were determined using the methods given by AOAC
International(®), where the moisture content (method 925.10) was determined by gravimetric method in an
oven at 105 °C, until a constant weight was reached. The fat (method 920.39) was determined by solid-liquid
extraction (Soxhlet method) and the protein (method 920.15) was determined by quantifying the total nitrogen
content in the sample (Kjeldahl), with a factor of 6.25; while the content of salt, nitrates, non-meat protein,
phosphates, ascorbates and starch were calculated by performing a material balance based on the information
supplied in the technical data sheet by the supplier of the different inputs used (proximal composition) and the
quantities used according to the calculation base of 400 g that were prepared from each formulation.

2.5 Measurement of Moisture Percentage, Water Activity (aw), Color, and Texture in Sausages

Humidity percentage Official method AOAC('8); water activity (aw): determined with a spray point hygrometer at
25 °C (Aqualab series 3TE, Decagon, Devices, Pullman, WA, USD)(9), Color was determined through the
CIE-L*a*b* coordinates, using Hunter lab colorimeter spectrum (ColorQuest XE, USA) with D65 illuminant and
10° observer as reference in CIEL*a*b* space('?). For the measurement of the texture profile (TPA), a tex-
turometer (Stable Micro Systems TA.XT plus C, Godalming Surrey, UK) was used to perform a deformation
compression on the sausages, simulating the conditions when they are subjected to the normal chewing pro-
cess of a person(@), For the determination, samples were taken from sausages cut into 3 cm long cylinders.

For each test, 3 repetitions were performed in the sausage formulation.

2.6 Microbiological Testing

Microbiological tests were conducted for Coliforms, Staphylococcus aureus, Listeria monocytogenes and Clos-
tridium sulfite reductant, following the parameters established by NTC 13250) to determine microbial activity
for both the meat emulsion and sausages with the incorporated nanoemulsions after 21 days of refrigeration.

2.7 Sensory Analysis and Product Acceptability

The sensory analysis aimed to evaluate the level of liking and acceptability of the sausage samples with the
addition of rosemary and thyme nanoemulsions stored at refrigeration temperatures of 4 + 2 °C. Characteris-
tics such as odor, color, flavor, and texture were assessed using a 5-point hedonic scale, with the following
descriptions: | dislike it very much = 1, | slightly dislike it = 2, | neither like nor dislike it = 3, | slightly like it = 4,
and | like it very much = 5. This evaluation was conducted with 9 untrained panelists over an estimated period
of 21 days, at two sampling times (day 0 and day 21).

Additionally, during the same 21 days, 9 sampling times every 3 days were conducted to assess the product's
consumption suitability, where panelists were asked whether they would consume the refrigerated sausages
based on their sensory attributes, in order to estimate the shelf life using survival statistical methodology 2.
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3. Results

3.1 Characterization of Nanoemulsions

The two nanoemulsions were developed from each of the essential oils of rosemary (Salvia rosmarinus) and
thyme (Thymus vulgaris) (Figure 1), with a concentration of essential oil in each nanoemulsion of 10 g/100 g.
The obtained nanoemulsions were stored in refrigeration (4 + 2 °C) for further characterization; it was con-
firmed that the nanoemulsions remained stable during the established storage period, without exhibiting signif-
icant changes in particle size, rheological properties, aggregation states, and antioxidant capacity.

Al . ol

Rosemary essential ﬂ Rosemary essential Thyme essential T:‘yme esse?:a'
oil nanoemulsion oil nanoemulsion oil nanoemulsion oil n:noemu ion
Feb. 14, 2024 Feb. 14, 2024 Feb. 14, 2024 ke

~ _/ S — _/

Figure 1. Developed Nanoemulsions a) and c) correspond to the rosemary and thyme nanoemulsions 24 hours after
preparation, respectively; b) and d) represent the same emulsions on day 21 of storage

3.2 Flow Behavior of Nanoemulsions

The rheological data obtained from both nanoemulsions were fitted to the power law rheological model with a
fit for thyme and rosemary of R? = 0.9981; 0.9998, respectively. The model indices indicated that the systems
exhibited Newtonian behavior with values of n and K for the thyme nanoemulsion of 1.01 £0.10 and 0.73
+ 0.09 (Pas"), respectively. Similarly, the values for the rosemary nanoemulsion were n = 0.98 +£0.20 and K =
0.351 + 0.15 (Pas"), being a behavior characteristic of nanoemusions(1?).

3.3 Steady-State Stability

The visual appearance of the nanoemulsions was analyzed at 24 h and at days 7, 14 and 21 of storage.
Figure 1a and Figure 1c correspond to rosemary and thyme nanoemulsions stored under refrigeration (4 + 2
°C) after 24 h of preparation, while Figure 1b and Figure 1d show the same nanoemulsions after one month
of storage. The systems showed no evident changes in turbidity, results that could indicate a low
destabilization by flocculation or creaming, additionally these results agree with the rheological behavior (see
section 3.2) and the particle size distributions of the nanoemulsions (Figure 2).

3.4 Particle Size Distribution

Figure 2a shows the droplet size distribution of the rosemary and thyme nanoemulsions on days 1 and 21,
respectively. A monomodal droplet distribution in the nanometric range was observed, attributed to the charac-
teristics of the surfactant used (TWEEN 80), which has the ability to form nanometric droplets in an aqueous
medium. After 21 days of storage, both nanoemulsions did not exhibit representative increases in droplet size
distributions. The stability of nanoemulsions is related to the average droplet size, being considered stable
when they remain unchanged for long periods of time(22),

Agrociencia Uruguay 2025; 29(NE1): e1572 7
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Figure 2. Particle Size Distribution of rosemary (a) and thyme (b) nanoemulsions on days 1 and 21 of storage

3.5 Antioxidant Capacity of Nanoemulsions

Using the DPPH method, the antioxidant capacity concentration of thyme essential oil (EO) was 0.004 £ 0.000
mg/mL, while that of rosemary was 0.0021 + 0.000 mg/mL. For the ABTS method, the concentration for thyme
was 13.766 + 0.043 puM/mL and for rosemary 4.109 £ 0.026 uM/mL. Additionally, using the total phenols
method, similar to the other two methods, the antioxidant capacity concentration of thyme EO was higher at
16.328 + 0.087 mg/L, while rosemary was 8.914 + 0.043 mgl/L.

3.6 Formulation and Production of Meat Products (Sausages) with Nanoemulsions

The percentages used for the thyme and rosemary nanoemulsions were 0.11% and 0.44%, respectively. To
establish these percentages, several trials were conducted to ensure that the amount of essential oil in each
nanoemulsion did not result in negative sensory alterations, using formulations with a calculation base of
400 g. Once these percentages were established, the quality indices of the sausages were determined, which
allowed for the assessment of product quality. As shown in Table 2, the results obtained for sausages with
and without nanoemulsions presented differences in some parameters, as the formulation without nanoemul-
sions contained higher percentages of meat proteins, affecting all quality indices. However, considering the
guidelines established by NTC 13250), the sausages with nanoemulsions were classified as a premium product.

Table 2. Quality indices obtained from the preparation of sausages using the formulations presented in Table 1

Quality Index Formulati?n with Formulation. without Expected values according to
Nanoemulsions (%) Nanoemulsions (%) NTC 1325 (%)

Total Protein 1471+ 04 13.82+0.39 Min 14.0

Fat 2214 +1.08 2225+ 0.99 Max 28.0

Moisture 57.26 £ 0.05 58.62 +0.76 Max 58.0

Starch 1.11+0.2 1.10 £ 0.21 Max 3.0
Nitrites (ppm) 0 200+ 111 <200

Non-meat protein 2.23+0.02 2.22+0.03 Max 3.0
Salt 244 +0.01 2.43+0.01 <25
Phosphates 0.26 £0.0 0.26 £0.0 <05
Ascorbates 0.03+0.0 0.03+0.0 <0.05

Moisture+ Fat 80.4 +0.57 80.88 + 0.88 Max 86.0
Color (ppm) 99 +0.01 99 +0.01 <100

Agrociencia Uruguay 2025; 29(NE1): e1572
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3.7 Microbiological Tests

The results of the microbiological analyses for the detection of total Coliforms, Staphylococcus aureus, Listeria
monocytogenes and Clostridium sulfite reductant in the meat emulsion and the sausages with nanoemulsion
on days 0 and 21 at refrigeration temperatures of 4 + 2 °C were obtained. The results (Table 3) indicated that
the values were within the established ranges, remaining below the minimum permissible limits for a high-
quality product according to NTC 13256).

Table 3. Microbiological analysis results of the meat emulsion and sausages on days 0 and 21 of storage with

nanoemulsions
Test Day 0 Day 21 Reference Value Method
Total Coliform Count <10 UFClg <10 UFClg 100 — 500 UFC/g NTC 4458: 2018
c°"’9“'ase'p°s't"’ecit:,fthy lococcus aureus 100 yFcly  <100UFClg  <100UFClg IS0 6888-1: 2021
Detection of Listeria monocytogenes Absencein25g Absencein25¢ Absent ISO 11290-1: 2017
Spore count Clostridium sulfite reductant <10 UFC/g <10 UFC/g <10-100 UFC/g IS0 15213: 2023
3.8 aw

Sausages are a highly perishable food with a water activity (aw) ranging from 0.93 to 0.99, making them prone
to significant bacterial proliferation23). The aw of the sausages with nanoemulsions was measured 21 days
after production and during refrigeration (4 £ 2 °C), yielding a value of aw= 0.9496 £ 0.0004. This indicated a
good state for the sausages and confirmed that the thyme and rosemary nanoemulsions did not adversely
affect this parameter, as it remained within the acceptable range for this type of product.

3.9 Moisture

The moisture content of the sausages was 60.91 £ 0.76%, which is within the range established by NTC
13256), According to the theoretical quality indices obtained for the formulation used, the initial moisture per-
centage of the sausages was approximately 57.26%, as shown in Table 2. Despite the difference between the
theoretical and experimental moisture data, both values were found to be within the permitted range (58% to
62%).

The moisture percentage, along with other parameters, helps define the quality of the sausages as premium,
selected, or standard. Considering this, it can be stated that the sausages made with thyme and rosemary
nanoemulsions were of premium quality, especially given that the starch percentage was very low.

3.10 Color

Table 4 presents the color results for the sausages with and without nanoemulsions for both the initial (0) and
final (21) days, as well as for the commercial sausage, which serves as the standard sample.
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Table 4. Color results of the sausages (day 0 and day 21)

Sample Day L* a* b* h c* AL* Aa* Ab* AE
Sausage with 0 [54.81+0.03¢ [4.01+0.02° [14.65+0.03¢ [74.66+0.104|15.19+0.094| -2.97+0.020 | -7.36+0.100[3.22+0.01¢| 8. 41+0.09¢
nanoemulsions | 24 | 53874001 [467+0.01¢| 14.3:0.01¢ [71.92+0.02¢[15.04+0.01¢| 3430022 670+0.01¢[2.87+0.01|8.06+:0.070
Sausage without 0 [54.32+0.012 [3.71+0.012 [ 13.86+0.01¢ [75.01+0.02¢|14.35+0.012|-2.98+0.01%|-7.66:+0.03( 2. 43+0.082| 8 57+0.08¢
nanoemulsions | 24 | 5390+0.01° (4.88+0.08¢ |13.74:£0.01b [70.39:+0.016|14.58::0.03%|-3.40:+:0.012(-6.49:+:0.05¢|2.31+:0.10| 7.68:+0.082
Commercial sausage | 21 | 57.30+0.01¢ |11.37+0.04¢ | 11.43+0.022 |45.14+0.042|16.12+0.04¢

Equal letters in the same column indicate that there are no statistically significant differences at the 0.05 level of significance for each
variable.

Regarding luminosity (L*), both samples with and without nanoemulsions exhibited lower values after 21 days
compared to the initial measurements, though the difference was less than 1. In contrast, when comparing
these samples to the standard, a significant difference of approximately 2.50 to 3.50 was observed, which was
also visually evident (Figure 3a). The commercial sausage displayed the characteristic pink color from nitrites,
while the sausages made with nanoemulsions appeared paler. However, as seen in Figure 3b, the sausages
with nanoemulsions exhibited a more pronounced pink hue compared to the darker sausages without
nanoemulsions, despite being stored at the same temperature (4 + 2 °C). This difference can be attributed to
the antioxidant effects of the essential oils from thyme and rosemary.

Regarding the parameters a* and b*, the positive values indicated red and yellow tones. Similar to the lumi-
nosity, a* values showed significant differences, while b* values approached those of the standard sample, as
illustrated in Table 4 and Figure 3.

Watmancerie e D)

Withnanoemul- Withoutnanoe-
sionsday 21 at mulsionsday 21
4°C at4°C

Withoutnanoemulsions

Figure 3. a) Sausages with and without nanoemulsions and standard (commercial), day 0; b) Sausages with and without
nanoemulsions stored at 4 °C, day 21

3.11 Texture Profile of the Sausages

Figure 4 shows the curve of the behavior of the sausage samples on day 21 regarding the time taken by the
texturometer to measure the texture profile. It is evident that the sausage sample without nanoemulsions ex-
hibited the most peaks, and as shown in Table 5, it also had the highest cutting force, requiring the most effort
to cut compared to the standard sausage and the one with nanoemulsions. The sample with nhanoemulsions
and the standard sausage yielded similar values.
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Moreover, Table 5 indicates that over the course of 21 days, the force required for the sausage without
nanoemulsions decreased, while that of the sausage with nanoemulsions increased, approaching the value
obtained with the standard sausage. These results were also reflected during handling, as the sausage without
nanoemulsions had lost firmness and was much more malleable than the other two.

Table 5. Results of the texture profile analysis of sausage samples on days 0 and 21

Sample Day Force (g) Shear stress (g/s)
Sausage with nanoemulsions 0 | 1118.942025" | 1290.0240.91°
21 | 1195.9140.30¢ | 7840.01+0.272
Sausage without nanoemulsions 0 | 119468 £0.17¢ 7960.02+0.%°
21 | 1016.4240.152 | 9840.79+0.50¢
Commercial sausage 21 | 1185.840.32¢ | 26770.04+0.39¢

Equal letters in the same column indicate that there are no statistically significant differences at the 0.05 level of significance for each
variable.

Force (g)

~

U 4
fierrgoehs |
f M Ll
[ l»‘} 1 /I L
i “; =
} ;/’ et Sausags with nancemulsans
i % b
“ ' g’ 1 i Sausags without nanocamulsons
Jr M~ 3 ]
tr 5 o i
3 H % Commercial s3usage
$ X

1A
| = X\
| = .
87 =
[ =,
3 t
3 = s —~\Wodk of Lutting/ loughness—
Jpparm T s o

S /- | 48

"{;’,

Figure 4. Curves of the behavior of sausage samples on day 21, based on the applied force in the Texture Profile Analysis (TPA)

Time (s)

3.12 Sensory Analysis

In the sensory evaluation, the degree of acceptability was determined, revealing statistically significant differ-
ences in the attributes of color, odor, flavor, and texture on days 0 and 21 in the sausages with nanoemulsion
compared to the commercial sausage, finding statistically significant differences (p<0.05).

Table 6 shows the results of the sensory analysis, showing that the variables odor, flavor and texture present-
ed the highest values above 4.3, varying very little between days 0 and 21 of storage, while color obtained the
lowest value (3.22 - 2.89) in the same days of storage.
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Table 6. Statistical analysis of the rating for sensory attributes of sausages with rosemary and thyme nanoemulsions

Colorday | Colorday | Odorday0 | Odorday21 | Flavorday | Flavor day Texture Texture
Attribute 0 21 0 21 day 0 day 21
3.22+1.562 | 2.89+0.782 4.89+0.33a 4.78+0.44a 456+0.732 | 4.33+0.712 | 4.33+0.712 | 4.0+1.08

Equal letters in the same attribute indicate that there are no statistically significant differences, with a significance level of 0.05.

4. Discussion

The flow behavior of the nanoemulsions was evaluated based on data fitted to the power law model (R? =
0.9981; 0.9998), where K represents the consistency index and n represents the flow behavior index. When
n <1, the model predicts a pseudo-plastic behavior, where the apparent viscosity decreases with increasing
strain rate. Conversely, when n > 1, it indicates dilatant behavior, where the apparent viscosity increases with
increasing strain rate. When n = 1, the model reduces to Newton's law of viscosity with u = K(*4). The values of
n and K for the thyme nanoemulsion were 1.010 and 0.730 (Pasn), respectively, while for the rosemary
nanoemulsion, the values were n = 0.968 and K = 0.351 (Pas"), which indicates that both fluids present New-
tonian behavior, which is characteristic of nanoemulsions; additionally, when they exhibit a low increase in
droplet size during storage time, and the n and k indices do not register significant changes p > 0.05, it could
indicate the absence of destabilization processes such as creaming or coalescence (Figure 1 and
Figure 2)13)24),

In addition, a paper published by Llinares and others(22 reports that the addition of an oil phase contributes to
the increase in viscosity of the nanoemulsion not only because it is more viscous, but also because it makes
the structures formed closer together, creating interactions between the droplets that increase viscosity. This
phenomenon occurs with the addition of a surfactant, as there is a positive correlation between the surfac-
tant/oil ratio and K. In addition, it was observed that samples with low oil content and low surfactant-oil ratio
have an exponent close to 1, indicating that their behavior is very similar to that of a Newtonian fluid, since the
micelles are so dispersed, the predominant behavior will be that of the dispersed phase, which in this case is
water(25)6), On the other hand, the nanoemulsions in this study showed values indicating Newtonian behavior,
similar to that of the rosemary and thyme nanoemulsion, concluding that these results are in line with the typi-
cal behavior of emulsions, corresponding to an increase in the interactions of supramolecular structu-
res11(2)6), Therefore, the results obtained in this work demonstrate considerable stability in nanoemulsions
formulations with small increases in droplet size, which guarantees that the active compounds of rosemary and
thyme remain encapsulated, making nanoemulsions a good alternative as encapsulant and transport systems.

Regarding total antioxidant capacity (TAC), it is defined as the potential of a substance or compound to inhibit
or hinder the oxidation of a substrate in very small amounts (<1%, commonly 1-1,000 mg/L). The antioxidant
capacity of the sample is quantified by comparison with a calibration curve in units equivalent to the standard(@).

For the DPPH method, the concentration for thyme was 0.004 mg/mL, and for rosemary it was 0.0021 mg/mL.
Previous studies have reported results of 0.072 and 0.012 mg/mL(8), respectively. In the ABTS method, the
concentration for thyme was 13.766 um/mL, and for rosemary it was 4.109 um/mL; in this case, reported re-
sults were 38.1 and 20.5 um/mL(8), respectively. Several factors influence the concentration of antioxidants
and explain this phenomenon. The first factor is the wavelength at which measurements were taken for each
assay. Another reason could be the reaction mechanism of DPPH with antioxidants, which is directly related to
their structural conformation. Specifically, a smaller antioxidant with greater access to the radical will show
better antioxidant activity, considering that DPPH is sterically hindered. Lastly, this difference could be based

12 Agrociencia Uruguay 2025; 29(NE1): e1572



Calderon-Reyes LD, Herrera-Ldpez I, Rodriguez-Marin ND, Lucas-Aguirre JC, Henao-Ossa JS N

on the reversible reaction of the DPPH radical with phenols such as eugenol and its derivatives, which could
lead to lower readings of antioxidant activity(28).

On the other hand, for the total phenols method, the antioxidant concentrations were higher in the thyme
nanoemulsion (0.016 mg/mL), while the rosemary nanoemulsion showed a lower concentration (0.008
mg/mL). These values are lower than those reported by Mercado and others28), who indicated values of 1.3
and 0.057 mg/mL, respectively.

The sausages exhibited favorable microbiological behavior, considering that artificial preservatives (nitrates
and nitrites) used for such products were replaced by nanoemulsions containing essential oils of rosemary and
thyme. These oils have demonstrated, in various studies, the ability to disrupt and penetrate the lipid structure
of microbial cell membranes, leading to cell death(29). After 21 days of refrigeration, the sausages did not show
significant microbial growth, indicating that the addition of the nanoemulsions effectively preserved the product
under conditions suitable for human consumption. Additionally, significant results were obtained regarding the
microorganism Listeria monocytogenes, as its absence was confirmed in each 25 g sample. All of this relates
not only to food safety but also to quality factors such as color, flavor, and texture, since after 21 days the sau-
sages exhibited a firm texture and pleasant odor and flavor.

The mechanism of antimicrobial action of EOs is unclear due to their complex matrix composition, the neces-
sary interaction between the major and minor components of each EO, and the nature of the bacteria. The
known mechanisms of action of ECs on bacterial cells, where the lipophilic nature of ECs can alter the cell wall
structure and cause cell dysfunction, i.e. when the compounds penetrate through bacterial membranes into the
cell interior, affect both the outer envelope and the cytoplasm of the cell, resulting in changes in the lipid com-
position of the membrane (polysaccharide molecules). This process affects vital cellular activities such as
membrane transport, nutrient processing, energy production, synthesis of structural components and other
metabolic regulatory functions, ultimately leading to cell death(0),

The antimicrobial activity of ECs is also related to the decrease of cell membrane potential, the disruption of
proton pumps (H+/K+-ATPase) and the reduction of intracellular levels of adenosine triphosphate (ATP), re-
leasing extracellular ATP, loss of adsorbent materials and leakage of potassium ions which significantly affect
the biosynthesis of the main components related to the biogenesis of bacterial cell walls, impeding bacterial
growth by altering cell membranes, changing the lipid profile, inhibiting ATPase and inhibiting cell division(3),

In addition, phenolic compounds present in EOs can bind to proteins and inactivate their functions, this mech-
anism subsequently leads to coagulation of internal cellular components in the cytoplasm, disruption of meta-
bolic pathways and disruption of the bonds between lipid and protein layers in the cell30).

Regarding color, the Lab* coordinates of each sample compared to the standard were obtained for both the
difference in AL* (luminosity) and Aa* (between red and green), with negative values indicating greater dark-
ness and greenish tones, respectively. In contrast, for the difference Ab* (between yellow and blue), the ob-
tained values were positive, indicating yellowish tones. Additionally, Figure 3 illustrates the color difference of
each sausage, where the standard sausage appears with more red tones compared to the other two, which
aligns with the results obtained.

Furthermore, considering previous studies on color analysis of sausages, where the reduction in the amount of
nitrites added to each batch caused a decrease in the value of the a* coordinate (positive values) and an in-
crease in luminosity (L*)®"), it is evident that these additives directly influence the coloration of the sausage.
Specifically, a higher quantity of nitrites results in stronger red and yellow tones. The absence of these addi-
tives in the formulation of such products can affect consumer perception. In the referenced study, the sausag-
es contained 200 mg/Kg of nitrites and yielded a value of 5.73 £ 0.713), whereas the sausages containing the
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nanoemulsions showed values of 4.01 + 0.02 for the a* parameter. Although a change is evident, this color
difference is not significant enough to warrant concern, suggesting that a natural or artificial colorant could be
used without the need to add nitrites or alter flavor.

In terms of sensory analysis, it was determined that the differences were most prominent in the color attribute
compared to the other three attributes (odor, flavor, and texture), indicating that color was the least favorable
attribute of the sausages and faced greater rejection by the evaluators from the first sampling (day 0) to the
second sampling (day 21). A comparison of color and odor on days 0 and 21 showed statistically significant
differences (p < 0.05), suggesting that the sensory attribute rated highest was odor. However, despite this,
none of the attributes presented differences among themselves after 21 days of refrigeration, indicating that
they changed according to the evaluators' perceptions.

Nitrates and nitrites, which are synthetic additives, are traditionally used as curing agents in meat products, to
improve quality characteristics, develop distinctive flavors and red color stability, counteract lipid oxidation, and
microbiological safety, by exerting bacteriostatic and bactericidal action against spoilage microorganisms and
food borne pathogens such as Clostridium botulinum and Listeria monocytogenes. However, the use of nitrites
and nitrates is currently under study due to its relationship with cardiovascular diseases and colorectal can-
cer32), This work aims to replace them with the use of thyme and bay leaf EO with very good results, it is spe-
cial from the microbiological point of view, from the organoleptic point of view the color is the least desirable
variable, one could think of adding more coloring, but the NTC13256) has the restriction of maximum 100ppm.
Premi and others(32) propose several options that could be the possible use of coagulase-negative staphylo-
cocci (NEC) as substitutes for nitrate and nitrite in meat foods, a microorganism that reproduces the character-
istic red pigmentation and maintains the typical high-quality features of cured meats, thanks to its arginine
degradation pathway, thus providing the desirable attributes related to nitrite in cured meat. Another option
could be to supplement the meat with arginine to release nitricoxide (NO) and obtain a meat characterized by
the desired pinkish-red color.

However, the use of essential oils AEs as preservatives in foods has some limitations, such as the flavoring
power of some of them. On the other hand, undesirable organoleptic effects can be limited by carefully select-
ing the essential oil according to the type of food under consideration, but it is important to note that in most
cases the concentrations of oils used are so low that they do not modify the organoleptic qualities of the food.
Another aspect to be taken into account is to check that the essential oil selected does not have an antimicro-
bial effect against useful bacteria, in particular acidification, flavoring and refining ferments, which are essential
for the manufacture of the product. With these usual precautions, the use of essential oils during food pro-
cessing can have a triple benefit: flavoring, antioxidant and antimicrobial @3),

5. Conclusions

The nanoemulsions of rosemary (Salvia rosmarinus) and thyme (Thymus vulgaris) demonstrated stability for
over a month, exhibiting non-Newtonian rheology with pseudoplastic and dilatant behavior, respectively, a
nanometric particle size, and low phase dispersion. Moreover, despite the thyme nanoemulsion appearing
cloudier, it was determined to have a higher antioxidant capacity.

The sausages made with nanoemulsions received high sensory acceptance, particularly highlighting the at-
tributes of odor and flavor contributed by thyme and rosemary. However, the removal of nitrites, the chemical
additive responsible for imparting color to such products, resulted in a less appealing color that was not well
accepted sensorially. In comparison, sausages formulated without both nitrites and nanoemulsions showed
better results, as the nanoemulsions helped reduce oxidation.
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Microbiologically, the sausages proved to be a safe product of good quality, with no increase in UFC/g over 21
days of refrigeration (4 °C) from the time of production. The preservation of the product can be attributed to the
nanoemulsions incorporated into the formulation.

The development and implementation of nanoemulsions with encapsulated essential oils enable the utilization
of their bioactive, antioxidant, and antimicrobial properties for the preservation of meat products, serving as a
viable alternative to chemical additives such as nitrates and nitrites.
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