Heliyon 10 (2024) e32415

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Development of edible nanoemulsions containing vitamin E using
a low-energy method: Evaluation of particle size and
physicochemical properties for food and beverage applications

Wrya Mohamadyan “, Shima Yousefi®, Weria Weisany >

@ Department of Food Science, Science and Research Branch, Islamic Azad University, Tehran, Iran
Y Department of Agronomy and Horticulture Science, Science and Research Branch, Islamic Azad University, Tehran, Iran

ARTICLE INFO ABSTRACT
Keywords: Pasta, a globally popular dish, serves as a complete meal around the world. This research aims to
Enrichment improve the nutritional value of pasta by enriching it with vitamin E. Firstly, vitamin E and
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sesame oil were mixed in different ratios (1:10, 1:5, 10:10) and dissolved in an aqueous medium
at 50 °C with different concentrations of Tween 80 (10 %, 20 %, 30 %). Coarse emulsions were
formed by gradual addition of the oil phase to the aqueous phase, followed by equilibration using
an Ultratrax mixer at 15,000 rpm for 5 min. The target nanoemulsions were then produced using
an ultrasonic system. After 30 days of storage, the most stable nanoemulsions containing 10 %
Tween 80 and a 1:10 ratio of vitamin E to sesame oil showed minimal changes. In addition,
nanoemulsions with 10 % Tween 80 and a 10:10 ratio of vitamin E to sesame oil showed less
turbidity than those with 20 % and 30 % Tween 80. Evaluation of enriched pasta for physical,
chemical and sensory properties compared to non-enriched samples showed no significant dif-
ferences in properties such as pH, ash, total solids, texture and colour characteristics (P < 0.05).
Enriched pasta samples showed an increase in moisture content of 0.94 % and a decrease in
weight loss of 2.13 % compared to the control, with improved brightness (L) and yellowness (b)
due to the addition of nanoemulsion. Sensory evaluation showed higher scores for pasta samples
enriched with nanoemulsions containing vitamin E compared to control samples. This pioneering
study introduces nanoemulsion technology to improve the nutritional profile of pasta by
enriching it with vitamin E. The research demonstrates the successful formulation of stable
nanoemulsions and their positive effects on pasta properties, suggesting promising avenues for
improving public health through innovative pasta enrichment methods.

1. Introduction

In recent years, numerous studies have evaluated the absorption of vitamins through different food matrices [1] According to the
World Health Organisation (WHO), the majority of people worldwide do not receive adequate amounts of vitamins due to an inad-
equate daily diet [2]. Among cereal products, pasta is one of the most popular and efforts have been made to enrich it with nutra-
ceutical compounds such as vitamins [3]. Heating, whether drying or baking, is the most effective processing method for reducing
vitamins and other nutritional compounds [4]. To increase the chemical stability of natural ingredients, new approaches called micro-
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and nano-encapsulation have been developed [5].

Nanoemulsions are a type of emulsion with droplets of small diameter, typically in the range of 20-200 nm, due to their small
diameter their appearance is transparent or bluish translucent [6]. The preparation of nano-emulsions can be divided into two types:
low energy and high energy [7]. High-energy methods use mechanical equipment such as microfluidizers and high-speed homoge-
nisers or ultrasound systems [8]. The main low-energy methods include spontaneous emulsification, emulsion inversion point method,
phase inversion temperature and phase inversion composition [9]. Sometimes a combination of low and high energy methods can
produce a nano-emulsion with higher physical stability and bioavailability [10].

Spontaneous emulsification is used to form nano-emulsions, which require small molecule surfactants that can quickly adsorb onto
the surface of oil droplets and form a special arrangement where the hydrophobic tail of the surfactant interacts with the hydrophobic
tail of the oil molecules (fatty acids) and the hydrophilic tail interacts with the hydrophilic part of the oil molecules (glycerol) [11].

The nanoemulsions have a very low interfacial tension and considerable oil in the interfacial water region. The nanoemulsion has
greater sustainability aspects than basic micellar solutions, and its thermodynamic resilience gives it an advantage over unstable
dispersions such as suspensions and emulsions, as it is made with much less energy (heat or mixing) and has a long shelf life [12].

Sesame oil, extracted from sesame seeds (Sesamum indicum L.), is known for its nutritional and therapeutic value, with sesamolin
and console as its main components. These compounds have antioxidant activity and can increase plasma gamma-tocopherol, thereby
enhancing vitamin E activity to prevent cancer and heart disease [13]. Vitamin E, which is soluble in oil, provides antioxidant activity,
strengthens the immune system and prevents coronary heart disease. It has several isomers, including a-, p-, y- and &-tocopherols and
tocotrienols, with different bioavailabilities. Among these, a-tocopherol has the highest biological activity [14].

Nano-based dispersions offer promising ways to overcome the problems associated with low solubility and bioavailability of
bioactive and fat-soluble compounds, especially vitamins [15]. Recently, nano-emulsions containing bioactive and food-grade lipo-
philic nutraceuticals have been developed for the production of beverages, liquid foods and hydrogels [16].

Research has shown that vitamin E-enriched nanoemulsions, particularly those made from food-grade ingredients, can significantly
improve the nutritional value of various foods, including pasta, sauces, dressings, baked goods and dairy products [17]. These
nanoemulsions are stable and have positive effects on the properties of pasta, suggesting their potential for scalable production and
improving overall food quality and consumer appeal [18]. They can also be used in the food industry for the encapsulation and delivery
of bioactive lipophilic compounds such as vitamins and nutraceuticals [19]. Although promising, the produced nanoemulsions may
present challenges such as potential stability issues during prolonged storage or when exposed to varying environmental conditions.

This research pioneers the use of nanoemulsion technology to fortify pasta with vitamin E, addressing a critical gap in current pasta
production methods. Despite efforts to fortify pasta, significant vitamin and mineral losses occur during production and cooking. By
recognising the health benefits of vitamin E and using innovative nanoemulsion techniques, this study aims to improve the safety and
nutritional value of pasta while addressing nutrient deficiencies. The research demonstrates the successful preservation of vitamin E in
pasta, marking a significant advance in nutrient retention during production and cooking. Conducted in an industrial setting, the study
demonstrates the practical feasibility and scalability of this approach. The novelty of using nano-methods to fortify pasta further
highlights the potential impact on public health and dietary practices. Overall, the aim is to fortify pasta with vitamin E using
nanoemulsion technology and to evaluate its impact on pasta properties and consumer acceptance in order to improve overall health
outcomes.

2. Material and methods
2.1. Materials

All chemicals used in this study were of analytical grade and were purchased from Sigma-Aldrich (Spain). Vitamin E was purchased
from Zahravi CO. (Tehran, Iran) and sesame oil was purchased from Behshahr Co. Tehran (Iran).

2.2. Preparation of nano emulsions containing vitamin E

This involved mixing vitamin E with sesame oil at different ratios [1 (vitamin E):10 (sesame oil), 1:5 and 10:10], heating to 50 °C
and adding different concentrations of Tween 80 (10 %, 20 % and 30 %). The resulting mixture was gradually added to distilled water
to form a coarse emulsion, which was stirred to equilibrium. The coarse emulsion was further homogenised using an Ultra-Turrax
homogeniser at 15,000 rpm for 5 min to improve droplet size and stability. Finally, the nanoemulsion was prepared by ultra-
sonication [20], which includes preparation of the disperse phase, formation of the initial coarse emulsion, homogenisation and
preparation of the nanoemulsion [21].

2.3. Characterization nano emulsions

2.3.1. Particle size

The particle size distribution of the nanoemulsion sample was assessed using a Nanosizer dynamic light scattering instrument
(Malvern, USA). Samples were diluted 1:100 in phosphate buffer solution and injected into the instrument at room temperature [22].
Mean volume particle diameter and distribution were determined from the data collected [23]. Droplet diameter was calculated from
the mean volume diameter (D43) and reported as the final result [24].

The following equation was used to calculate the droplet dispersion index:
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Span = D (90%) — D (10%)/D (50%) (€D)]

Where D (90 %) is a diameter smaller than 90 % of the total volume of droplets in the system, D (10 %) a diameter of less than 10 % of
the total volume of droplets in the system and D (50 %) the diameter of a droplet smaller than 50 % of the total volume of droplets in
the system [25].

2.3.2. Stability index

To assess the stability of the emulsion against gravitational separation, aggregation, coalescence, oscillation and Ostwald ripening,
droplet diameters were measured at intervals of 1, 7, 14, 21 and 30 days with samples stored at a controlled 20 °C. Monitoring the
droplet size distribution over time allows the ability of the emulsion to resist destabilisation and maintain stability to be assessed [26].

2.3.3. Physical stability

To assess stability, 15 mL of each sample was left undisturbed in a test tube at room temperature for 90 days. The supernatant was
then measured and subtracted from the initial 15 mL to calculate the volume of the oil layer. This value was divided by the initial
sample volume to determine the percentage of retained oil [27]. This method provides an indication of the ability of the sample to
resist separation and maintain stability over time without agitation.

2.3.4. pH and turbidity

A digital pH meter (model PL 600, ezdo, Taiwan) was used to measure the pH of the nanoemulsion samples at room temperature
according to the method described by Leal-Calderon et al. [28]. After 30 days, the nanoemulsion samples were transferred to a cuvette
and their absorbance was measured at 600 nm using a UV-visible spectrophotometer (model 2100 A, Unico, USA). Distilled water
(twice distilled) was used as a control in this experiment, as described by Lee and McClements [29]. By comparing the pH and
absorbance values of the nanoemulsion samples with those of the control, we can gain insight into the stability and characteristics of
the nanoemulsion.

2.3.5. Rheological properties

Rheological tests were carried out on the nanoemulsion using a Physical Anton Paar Model 301 MCR Rheometer equipped with a
thermal circulator. Nanoemulsion samples were tested at 4 + 0.1 °C and shear stress and viscosity were measured at shear rates
ranging from 25~ to 100s-1 over a 10 min interval. Using the power law model described by Bouchemal et al. [30], the flow index and
consistency coefficient were determined. These measurements provide insight into the behaviour of the nanoemulsion and its suit-
ability for various applications.

2.4. Physiochemical properties of pasta

2.4.1. - Moisture and ash determination

Total ash was determined by the AOAC 923.04 17th Ed method as described by Hooper et al. [31]. These well-established analytical
techniques provide valuable insight into the composition and quality of pasta to ensure compliance with nutritional standards and
suitability for culinary use.

2.4.2. -Weight loss

Pasta quality was assessed by weight loss measurements according to AACC 66-50.01 [32]. This standard defines cooking con-
ditions and procedures to ensure data reliability and consistency [33]. Adherence to these guidelines allows comparison with industry
standards and provides valuable insight into the cooking behaviour of pasta. This knowledge is used in the development of new pasta
products to meet consumer needs and preferences.

2.4.3. - Total solid content in water after cooking

The total solid content of the pasta samples was determined using the methods described in the 10th edition of the AACC (American
Association of Cereal Chemists) Approved Methods [34]. This method involves the complete removal of moisture from the sample by
oven drying and subsequent measurement of the remaining solids content.

2.4.4. -pH and crude protein

The pH of cooked pasta strands was determined using a Metrohm 827 pH meter. Samples were prepared by homogenising 5 g of
pasta strands with 50 mL of deionised water for 5 min. After standing for 30 min, the suspension was filtered before pH measurement
[35]. The crude protein content of pasta samples was measured using AACC method 46-13, according to Pagnussatt et al. [36]. This
standardised approach ensures reliable determination of pasta protein content, which is critical in food production. These rigorous
methods ensure the accuracy and consistency of data that can be used to make decisions about pasta quality and nutritional value.

2.4.5. -Texture profile analysis (TPA)
A Brookfield CT3 texture analyser with Texture Expert software was used to assess pasta texture. Pasta samples enriched with
nanoemulsions were subjected to compression tests. Parameters such as hardness, stickiness, cohesiveness, chewiness and elasticity
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were obtained by analysing stress curves versus deformation. The compression rate was set at 60 % with a test speed of 2 mm s~ [37].
Texture profile analysis (TPA) is widely used to evaluate the mechanical properties of foods. The application of this method provides
valuable insight into the texture of pasta. By using a standardised approach and analysing different textural parameters, the effect of
nanoemulsion enrichment on pasta texture can be evaluated and used to guide the development of new and improved pasta products.

2.4.6. -Color measurement
To measure the colour of uncooked pasta samples fortified with Nano Emulsion Vitamin E (E.P.E), a Koolertron 5 MP 20-300X USB

Digital Microscope Magnifier was used to measure the L*, a* and b* values. The L* value measures the black to white colour of the
pasta, while the a* value measures the redness and greenness and the b* value measures the yellowness and blueness. A minimum of
six measurements were taken for each sample to ensure accuracy and consistency of results [36,38]. This rigorous approach to colour
measurement allowed us to obtain accurate and reliable data on the colour properties of the pasta samples, which can be used to inform
the development of new and improved pasta products.

2.5. Vitamin E

The antioxidant activity of the fortified pasta samples was assessed by their ability to scavenge the free radical DPPH, which is
indicative of preserved vitamin E [39]. The samples were reacted with stable DPPH radical in ethanol solution. Specifically, 0.5 mL of
sample was mixed with 3 mL of absolute ethanol and 0.3 mL of 0.5 mM DPPH radical solution [40]. Reduction of the DPPH radical by
antioxidants resulted in a colour change from purple to yellow, measured as absorbance (Abs) at 517 nm after 100 min using a UV-VIS
spectrophotometer (Spectra ax Gemini XS: Molecular Devices, Sunnyvale, CA). Background effects were accounted for using blank
(ethanol and sample) and control (ethanol and DPPH radical) solutions. The percentage of antioxidant activity was calculated from the
absorbance values of sample and control [41].

2.6. Nano emulsion efficiency

To determine the efficiency of the nano-emulsions in retaining vitamin E in the pasta after the extrusion and drying process, the
initial amount of vitamin E in the nano-emulsions was measured and compared with the amount of vitamin E retained in the pasta [39,
42]. The vitamin E assay was performed using a UV-VIS spectrophotometer (model UV2100, UNICCO, USA) according to the method
described by Garcia et al. [41].
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Fig. 1. Medium diameter emulsion nanoparticle containing 10 % tween with 1 g of vitamin E to 10 g of sesame oil during 1 (a), 7 (b), 14 (C), 21 (d),
and 30 (e) day of storage time.
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2.7. Sensory evaluation

Sensory analysis of pasta samples fortified with nano-emulsion vitamin E (E.P.E.) was carried out using a consumer panel of 20
members (11 women and 9 men, aged 25-40 years) according to ISO standard 6658:2005E. Panelists rated samples based on smell,
taste, texture and overall quality using a five-point hedonic scale. Samples were presented in random order to reduce bias. This method
provides valuable insight into the acceptability of the fortified pasta product and areas for sensory improvement [43].

2.8. Statistical analysis

Experiments were performed in triplicate and statistical analysis was performed using SAS statistical software (version 9.8) with a
randomised complete block design. Duncan’s test was used to determine significance, with p values < 0.05 indicating significance.
Conducting experiments in triplicate and using statistical analysis increases the reliability of results and ensures that observed effects
aren’t due to chance.

3. Results and discussion
3.1. Physiochemical properties of nano emulsion

3.1.1. -Particle size of nano emulsions of vitamin E

The study investigated the influence of different concentrations of Tween 80 and vitamin E on the particle size of nanoemulsions
formulated with sesame oil. The results showed that the lowest mean particle diameter of 160.78 nm was obtained on day 1 for
nanoemulsions prepared with 10 % Tween 80 and a 1:10 (w/w %) ratio of vitamin E to sesame oil (treatment A) (Fig. 1a). Conversely,
the highest mean particle diameter of 336.87 nm was observed for nanoemulsions formulated with 30 % Tween 80 and a 10:10 (w/w
%) ratio of vitamin E to sesame oil (treatment E). The mean particle diameter for all treatments was 214.2 nm with a mean dispersion
index of 0.216. Notably, increasing the Tween 80 content from 10 % to 30 % at a constant ratio of vitamin E to sesame oil (1:10)
resulted in a significant difference in nanoparticle size (p < 0.05), with a slight decrease in size observed when Tween 80 was increased
to 30 %. Consequently, based on these results, 10 % w/w Tween 80 was selected for future studies. Unexpectedly, increasing the Tween
80 concentration to 20 % SER (surfactant to emulsion ratio) resulted in an increase in droplet size and dispersion. This phenomenon is
consistent with previous research [44]. The increase in droplet size at higher Tween 80 concentrations could be attributed to the
formation of viscous liquid crystal structures at the interface of the oil, hindering surfactant migration into the aqueous phase and
delaying nanoemulsion formation [45]. In addition, beyond a certain threshold, escalating surfactant concentration can lead to the
formation of a crystalline phase with increased viscosity, which hinders spontaneous oil wall breakage [46]. In addition, increased
surfactant concentration can promote the formation of surfactant micelles, increase the local osmotic pressure and induce droplet
flocculation [47]. The instability of nanoemulsions at higher surfactant concentrations could also be due to the depletion mechanism of
flocculation of adsorbed surfactant micelles [48].

Vitamin E can act as a cofactor in the presence of Tween 80, meaning that when vitamin E molecules are sandwiched between
surfactant molecules, they can achieve their desired curvature [49]. This ability of vitamin E is attributed to the presence of functional
groups in its structure. Vitamin E contains the hydrophilic carbonyl group (hydroxychromium) which is capable of forming hydrogen

Table 1
Comparison of the average vitamin E Nano-emulsion treatments.
Treatments Nano-emulsion pH Physical Turbidity
treatments (nm) stability (%) (%)
1 day 7 day 14 day 21 day 30 day

Tween (10 %), vitamin E (1~ 160.56 + 20.15" 181 + 197.87 + 210 + 221 + 5.605 + 8.5+ 0.93" 0.2845 +
g) sesame oil (10 g) 15.36 8 21.5¢ 22.35! 10.23! 0.56° 0.01°

Tween (10 %), vitamin E (1 ~ 180 + 22.51° 188.82 + 197.64 + 258.95 + 324 + 5.485 + 9++0.89 0.265 +
g) sesame oil (5 g) 18.61 25.3f 15.3f 9.36 0.36° 0.00°

Tween (10 %), vitamin E 24 +19.253 ° 279.6 + 319 + 391.7 + 465 + 5.395 + 9+1.0° 0.224 +
(10 g) sesame oil (10 g) 16.36° 25.22¢ 14.3° 17.3° 0.53¢ 0.02¢

Tween (20 %), vitamin E (1~ 165.08 + 18.23f 180.55 + 198 + 216.55 + 234.1 + 4.96 + 8.5+ 0.56 ° 0.2735 +
g) sesame oil (10 g) 20.55" 18.3f 11.20 17.5" 0.61¢ 0.01°

Tween (20 %), vitamin E (1 ~ 195.46 + 15.9¢ 209.65 + 223 + 305.89 + 390 + 4.805 + 10.5+0.89*  0.254 +
g) sesame oil (5 g) 25.33¢ 15.3¢ 10.2¢ 23.6° 0.56° 0.024

Tween (20 %), vitamin E 240.64 + 23.5° 296 + 352 + 466 + 580 + 4.75 + 10.5 + 1.1° 0.2245 +
(10 g) sesame oil (10 g) 23.3° 12.3° 22.3° 26.3° 0.36° 0.01¢

Tween (30 %), vitamin E (1 ~ 163.12 + 16.33 180.1 + 195.43 + 2221 + 247 + 4.485 + 9.5 + 0.83° 0.2635 +
g) sesame oil (10 g) 18.33" 15.38 16.38 21.48 0.418 0.03°¢

Tween (30 %), vitamin E (1~ 243.12 + 21.33° 268.8 + 293 + 361 + 432.54 + 4.22 + 10.5+0.53*  0.2615 +
) sesame oil (5 g) 17.34 19.34 14.24 19.34 0.62" 0.01¢

Tween (30 %), vitamin E 337.23 + 24.33% 347 + 363 + 496.3 + 629 + 4.085 + 10.5+ 0.65  0.2235 +
(10 g) sesame oil (10 g) 25.33% 21.3° 12.37 12.37 0.15' 0.02¢

The treatments with a letter in common do not differ statistically significantly at the probability level of 5 %.
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bonds with water molecules [50]. On the other hand, the long carbon chains in its structure are hydrophobic and help to dissolve the
vitamin in the oil phase. Vitamin E therefore has an amphiphilic structure. It is likely that vitamin E has a synergistic behaviour with
Tween 80 [51].

In our study we observed a remarkable increase in the size of nanoemulsion droplets when the concentration of vitamin E in the oil
phase was increased to more than 50 % (Table 1). This finding highlights the importance of considering the composition of the oil
phase in nanoemulsion formulation. Low-energy methods, such as spontaneous emulsification, exploit the physicochemical properties
of both oil and aqueous phases, including viscosity, to produce nanoparticles with smaller droplet sizes [52]. Our results are consistent
with previous research by Ref. [53] who investigated the effect of oil composition on the particle size of vitamin E nanoemulsions and
found an average increase in particle diameter of over 60 % with increasing viscosity of vitamin E in the oil phase [54].

Analysis of the treatments on day 7 showed a significant difference in the particle size of the vitamin E nanoemulsions produced
(Fig. 1b). As shown in Table 1, the nanoemulsion with the largest particle size (348.5 nm) was formulated with 30 % Tween 80 and a
10:10 (w/w%) ratio of vitamin E to sesame oil (treatment E), whereas the smallest particle size (179.7 nm) was obtained with 30 %
Tween 80 and a 1:10 (w/w%) ratio of vitamin E to sesame oil (treatment K). The mean particle diameter of the nanoemulsion cohort
was 236.83 nm, reflecting a mean change of 22.62 nm, accompanied by a mean dispersion index of 0.223. Results from previous
studies indicate that both the surfactant to emulsion ratio (SER) and the surfactant to oil phase ratio (SOR) have a significant influence
(p < 0.05) on the particle size distribution of nanoemulsions [55]. These findings highlight the multifaceted nature of nanoemulsion
formulation, where subtle variations in surfactant and oil phase ratios can result in significant differences in particle size. Under-
standing and optimising these ratios is critical to tailoring nanoemulsions for specific applications and ensuring that desired properties
such as stability and bioavailability are achieved.

Synthesis of vitamin E nanoemulsions revealed a marked influence of tween 80 concentration on particle size, with a gradual
decrease with increasing surfactant concentration (Table 1) [46,56], an observation consistent with previous findings in the literature.
The unique chemical structure of tween 80, characterised by an oleate ester double bond in its hydrophobic chain, makes it more
mobile than other saturated chain tweens such as tween 20 [51]. Conversely, high molecular weight tweens, such as Tween 85, exhibit
reduced emulsifying activity due to their slower rate of movement from the oil phase to the aqueous phase [57].

The reduction in droplet size with increasing surfactant concentration can be attributed to the role of Tween 80 in increasing the
adsorption of surfactant molecules onto the oil surface, thereby reducing the surface tension [58]. In addition, the increased con-
centration of Tween 80 facilitates the diffusion of more surfactant molecules from the oil phase into the aqueous phase, thereby
promoting the formation of smaller emulsion droplets [59]. This phenomenon is consistent with the findings of Hategekimana et al.,
who also observed a decrease in droplet diameter with increasing surfactant concentration [60]. On day 7, the evolving trend in
nanoemulsion particle size mirrored that observed on day 1, highlighting the significant influence of the ratio of vitamin E to sesame oil
on particle size (p < 0.05) (Table 1).

On day 14, significant variations in the particle size of the nanoemulsions were observed (Fig. 1¢). The highest particle size of 362.9
nm was recorded for the nanoemulsion formulated with 30 % Tween 80 and a ratio of vitamin E to sesame oil of 10:10 (w/w%).
Conversely, the smallest particle size of 197.25 nm was obtained with a formulation containing 20 % Tween 80 and a ratio of vitamin E
to sesame oil of 1:10 (w/w%). Interestingly, increasing the Tween 80 concentration from 10 % to 30 % had no significant effect on the
particle size of the nanoemulsion samples (p > 0.05). The mean diameter of the nanoparticles was 259.88 nm, with a mean variation of
23.04 nm and a mean dispersion index of 0.234. In addition, an increase in the ratio of vitamin E to sesame oil corresponded to an
increase in nanoparticle diameter. This phenomenon could be attributed to the high ratio of sesame oil to vitamin E and the complete
dissolution of the oil composition in the aqueous phase, facilitated by the good coverage of vitamin E by the carrier oil [61]. The
functional and stability properties of nanoemulsions are often dependent on the physicochemical properties of the oil phase, including
polarity, water solubility, surface tension, refractive index, viscosity, phase behaviour and stability [62]. While certain edible oils are
conducive to the production of nanoparticles with fine particle sizes, the resulting emulsions often exhibit low stability [63]. Essential
oils, characterised by relatively high polarity, interfacial tension and low viscosity, are well suited to the production of nanoemulsions
using low energy methods. Most of these oils consist mainly of long-chain triacylglycerols (LCTs). On the other hand, oils such as
medium-chain (MCT) and short-chain (SCT) triacylglycerols, which are commonly used in the food industry, have high viscosity, low
polarity and reduced interfacial traction, making the preparation of nanoemulsions challenging [64]. Nanoemulsions formulated with
LCT and MCT oils typically exhibit high physical stability. In low energy methods such as spontaneous emulsification, MCT oils such as
coconut oil and sesame oil are more effective than LCT oils in producing nanoparticles with smaller particle sizes [65].

On day 21, significant differences in nanoparticle size were observed between samples with different formulations (p < 0.05)
(Fig. 1d). The nanoemulsion formulated with 30 % Tween 80 and a 10:10 (w/w%) ratio of vitamin E to sesame oil (treatment E)
exhibited the highest particle size (496.1 nm), whereas the lowest particle size (209.8 nm) was observed for the nanoemulsion con-
taining 10 % Tween 80 and a 1:10 (w/w%) ratio of vitamin E to sesame oil (treatment A). Increasing the concentration of Tween 80
from 10 % to 30 % had a significant effect on the particle size (p < 0.05) [66]. Specifically, the nanoparticle diameter increased from
209.8 to 225.55 nm with increasing amount of Tween 80 surfactant. On day 21, the mean nanoparticle diameter was 325.38 nm,
reflecting a mean change of 65.50 nm, with a mean dispersion index of 0.274 (Table 1). Notably, the nanoparticle size increased with
increasing ratio of vitamin E to sesame oil (0.1, 0.2 and 1), ranging from 209.8 to 391.6 nm. Overall, it can be concluded that the
droplet size of the nanoemulsion remained relatively stable over the shelf life due to droplet stability and surfactant composition. Over
time, the surface tension and interactions between the surfactant and the aqueous phase would reach equilibrium, leading to sig-
nificant changes in nanoparticle diameter [67].

On day 30, significant differences in nanoparticle size were observed between samples with different compositions (Fig. 1e). The
nanoemulsion formulated with 30 % Tween 80 and a 10:10 (w/w%) ratio of vitamin E to sesame oil (treatment E) exhibited the highest
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particle size (629.05 nm), whereas the lowest particle size (222.55 nm) was observed for the sample containing 10 % Tween 80 and a
1:10 (w/w%) ratio of vitamin E to sesame oil (treatment A). Increasing the Tween 80 content from 10 % to 30 % at a constant ratio of
vitamin E to sesame oil (1:10) significantly changed the nanoparticle diameter. Specifically, nanoparticle size increased from 221.25 to

247.26 nm with increasing amount of Tween 80. On day 30, the mean diameter was 391.4 nm, with a mean change of 66.01 nm and a
dispersion index of 0.254.

3.2. pH

Significant differences (p < 0.05) were observed in the pH values of the samples (Table 1). The nanoemulsion containing 30 %
Tween 80 and a 10:10 (w/w%) ratio of vitamin E to sesame oil had the lowest pH (4.08), while the sample containing 10 % Tween 80
and a 1:10 (w/w%) ratio of vitamin E to sesame oil had the highest pH (5.6). These results indicate that the pH decreased with
increasing concentration of Tween 80. Furthermore, samples with the same concentration of Tween 80 showed variations in pH
depending on the ratio of vitamin E to sesame oil, with the sample containing a 1:10 ratio of vitamin E to sesame oil having the highest
pH and the sample containing a 10:10 ratio of vitamin E to sesame oil having the lowest pH. These findings are consistent with previous
research suggesting that the pH of the nanoemulsion system becomes more alkaline as the droplet diameter decreases and more acidic
as the droplet diameter increases [68]. pH variations in nanoemulsions can result from interactions between formulation components
such as surfactants, oils and water, as well as changes in droplet size and surface area to volume ratio.

3.3. Physical stability

The physical stability of the nanoemulsions was evaluated over a storage period of 90 days to determine the optimum emulsion for
macaroni production. The data obtained from the physical stability test (Table 1) showed significant differences (p < 0.05) in the
physical stability values among the nanoemulsions. The highest instability (10.5 %) was observed in samples containing 20 % and 30
% Tween 80 and vitamin E to sesame oil ratios of 1:5 and 10:10 (w/w%). Conversely, the sample containing 10 % Tween 80 and a ratio
of vitamin E to sesame oil of 1:10 (w/w%) showed the lowest instability (8.5 %) of the samples. Emulsion stability, whether synthetic
or thermodynamic, is a critical property, particularly from an appearance point of view. Stability is closely related to the adsorption of
surfactant molecules at the interface of two phases, which reduces the surface interfacial tension [49,56,69]. The instability of the
nanoemulsions was directly correlated with the Tween 80 content; as the Tween content increased, the tendency to instability also
increased. According to Stokes’ law, the physical stability of the emulsion is inversely proportional to the size of the droplet diameter.
As the diameter of the nanoemulsion particles decreased, the physical stability increased. The droplet size and dispersion distribution
(polydispersity index) of nanoemulsions in colloidal systems are crucial in determining their physicochemical properties. The stability
of these parameters over time indicates the stability of the system. The creaming rate of a lipid droplet increases with increasing
droplet diameter [70]. Therefore, over a given storage period, emulsions containing larger droplets tend to become creamier than
those containing smaller droplets [71]. As a result, nanoemulsions containing larger droplets or with an increase in mean droplet
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diameter over time may become two-phase and creamy. Furthermore, the physical stability of the nanoemulsions decreased as the
ratio of vitamin E to sesame oil increased. As the oil phase increased, the interaction between the surfactant and the nanoparticles
weakened over time, leading to a loss of particle stability and subsequent separation of the dispersed phase from the continuous phase
[721.

3.4. Turbidity

The turbidity values of the nanoemulsions showed significant differences (p < 0.05), as shown in Table 1. An emulsion is
considered transparent when its turbidity is less than 0.05 cm-1. Our results showed a negative correlation between turbidity and the
amount of Tween 80. Specifically, higher surfactant content resulted in brighter nanoemulsions, whereas lower surfactant content
resulted in higher turbidity. This observation is consistent with a study by Wang et al., in 2014, where the turbidity of nanoemulsions
was inversely correlated with surfactant concentration [73]. The highest turbidity was observed in nanoemulsions containing a 1:10
ratio of vitamin E to sesame oil with a constant concentration of Tween 80 (10 %, 20 % and 30 %). This finding is consistent with the
results of a study by Lee et al., in 2010, which showed that the turbidity of nanoemulsions increased with increasing oil concentration
[63]. In our study, the optimum turbidity was determined by evaluating the surfactant/oil phase ratio (SOR concentration) between
0 and 0.1 % oil content, aiming for a turbidity of less than 0.05 cm ™. The optimum formulation was achieved at a 16 % SOR con-
centration with the lowest surfactant consumption, in agreement with the results reported by Lee and McClements in 2010 [29].

3.5. Rheological properties

In this study, the relationship between shear stress and viscosity was investigated to elucidate the flow behaviour of nanoemulsions
at different shear rates ranging from 1 to 729 s-1 over 10 min intervals. The flow behaviour of three nanoemulsions containing a
constant amount of 10 % Tween 80 and varying ratios of vitamin E to sesame oil (1:10, 1:5 and 10:10) was analysed and presented in
Fig. 2. The rheology of emulsions is influenced by numerous factors such as the volume fraction of the dispersed phase, the constituent
phases, droplet size and distribution, inter-droplet interactions, droplet flocculation, the type and thickness of the surfactant layer and
the ionic strength of the continuous phase [74].

The study showed that the ratio of vitamin E to sesame oil significantly affected the viscosity of the nanoemulsion. At low shear
rates of 3.29 s71, the viscosity showed a sharp decrease due to droplet deformation and the breaking of weak hydrogen bonds within
the bulk droplets. Conversely, at higher shear rates the viscosity became independent of shear rate and remained constant over all rates
applied (Fig. 2). However, a clear trend was observed for nanoemulsions containing a 1:10 ratio of vitamin E to sesame oil. The
viscosity of these emulsions showed a dependence on shear rate up to 57.4 s_1, exhibiting dilatant or thickening flow behaviour. This
increase in viscosity at low shear rates (1.27 s~) was probably due to droplet coagulation, which can increase viscosity [75].

As shown in Fig. 2, nano-emulsions prepared with 20 % Tween showed similar flow behaviour to those prepared with 10 %
Tween80. At low shear rates (1.61 s~!) the viscosity decreased abruptly and remained constant with increasing shear rate. The vis-
cosity was not dependent on the shear rate and increasing the shear rate had little effect on the viscosity of the nanoemulsion produced.
However, the flow behaviour of the sample prepared with a 1:10 ratio of vitamin E to sesame oil was different. Initially the viscosity of
the nanoemulsions was 0.006 Pa and up to a shear rate of 2.04 s~ the viscosity was dependent on the shear rate, indicating a dilatant
or thickening behaviour with shear. The increase in viscosity at low shear rates (1.27 s~!) was probably due to the smaller size of the
nanoemulsion droplets, as a smaller particle size (at constant volume fraction) results in a higher viscosity of the system [76].

Atlow shear rates (1.27 s~ 1), the viscosity of the prepared nanoemulsion showed a sharp decrease and then remained constant with
increasing shear rate, indicating a shear thinning behaviour. However, a distinct flow behaviour was observed for the nanoemulsion
containing vitamin E and sesame oil at a ratio of 10:1. The initial viscosity of the nanoemulsion was 0.011 Pa-s~! and was found to
depend on the shear rate up to 2.04 s}, indicating a dilatant or thickening behaviour. The viscosity of the oil phase plays a crucial role

Table 2
Comparison of average pasta tests containing vitamin E Nano-emulsions and controls.
Treatments Pasta E.P.E
pH 6.022 6.01°
Moisture (%) 10.51° 11.45°
Ash (%) 0.31* 0.35%
Weight (%) 76.86% 74.13°
Total solids in water (%) 4.9° 4.97°
Crude protein (%) 10.66° 10.57°
Texture (%) 24.712 20.86%
Vitamin E in Dough pasta (ppm) 0.125° 5.75%
Remaining in product (ppm) 0.074° 4082
Nano-emulsion efficiency Extruder step (ppm) 0.125° 5.75%
After process (ppm) 0.074° 4.08"
Color features L 64.89° 67.68°
a 6.02% 6.01%
b 5.277% 4.341°

The treatments with a letter in common do not differ statistically significantly at the probability level of 5 %.
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in determining the rate at which non-ionic surfactant molecules migrate from the organic phase to the aqueous phase, and a decrease in
oil viscosity can accelerate the movement of surfactant molecules, leading to the formation of smaller droplets [74]. However, a
decrease in viscosity was observed for the nanoemulsion over time, with occasional slight fluctuations [77]. Based on the results of the
nanoparticle diameter, turbidity, pH, rheological properties and physical stability tests, the nanoemulsion containing 10 % Tween, 1 g
vitamin E and 10 g sesame oil was initially selected for E.P.E. However, taking into account the experience of pasta production lines in
industrial plants and the suggestions of the authorities, the nanoemulsion containing 10 % Tween 80 and a 10:10 ratio of vitamin E to
sesame oil was finally selected. It was observed that the changes in diameter of the nanoemulsion with 10 % Tween 80 were lower than
those produced with 20 % and 30 % Tween.

3.6. Physiochemical attributes of E.P.E

3.6.1. Moisture

Based on the results presented in Table 2, a significant difference (p < 0.05) in moisture content was observed between the control
pasta and the pasta enriched with vitamin E nanoemulsion (E.P.E.). The E.P.E. sample had a higher moisture content (11.45 %) than
the control sample (10.51 %). Elevated moisture content can adversely affect the appearance of pasta and lead to surface cracking [78].
In addition, exceeding a certain moisture threshold can promote microbial growth. The robust gluten-starch-carrageenan network
formed during the drying process at high temperatures plays a key role in achieving low moisture content in pasta. These hydrophilic
compounds wrap tightly around the dried pasta strands, reducing the surface area available for water absorption during cooking. This
idea is supported by the firmer texture observed in pasta dried at 88 °C compared to pasta dried at 60 °C [79]. The
gluten-nanoemulsion network formed in the E.P.E. pasta was apparently strong enough to withstand higher moisture contents while
maintaining the desired texture.

3.6.2. Weight analysis after baking pasta

The weight after cooking of the E.P.E. pasta was significantly lower (p < 0.05) compared to the control sample, with mean values of
74.13 % and 76.86 %, respectively (Table 2). This reduction in weight after cooking in the pasta enriched with the vitamin E nano-
emulsion can be attributed to the rheological properties of the nanoemulsion used (containing 10 % Tween 80, 10 g vitamin Eand 10 g
sesame oil). The decreasing behaviour of the nanoemulsion could have influenced the texture of the pasta, possibly leading to a
compression of its structure and consequently a decrease in weight after cooking. However, the incorporation of the nanoemulsion (10
% Tween 80, 10 g vitamin E and 10 g sesame oil) into the semolina dough could have contributed to a firmer and more cohesive
texture. This improvement in texture could be explained by the strengthening and increased elasticity of the semolina network due to
its interaction with the nanoemulsion. In particular, semolina flour has a granular structure that exhibits elasticity upon hydration, and
a firmer texture is often desirable in pasta production [80].

3.6.3. Protein and vitamins of pasta

The addition of nano-emulsion significantly affected the protein and vitamin E content of E.P.E. (p < 0.05) (Table 2). The pasta
produced with nanoemulsion had a protein content of 10.57 %, which was slightly lower than that of the control pasta (10.66 %) [81].
However, the amount of vitamin E in E.P.E. was significantly higher than in the control sample, with 5.75 ppm of vitamin E compared
to 0.125 ppm (p < 0.05). The vitamin E content in the nano-emulsion fortified uncooked pasta was 6 ppm, which is within the
maximum limit of 2.5 ppm for mineral and vitamin supplements in 35 g of uncooked pasta set by the Australian and New Zealand
Standards Organisation [82].

3.6.4. Vitamin E content of baked pasta

Based on our results, the pasta enriched with the vitamin E nanoemulsion (E.P.E) retained a significantly higher amount of vitamin
E after processing compared to the control pasta (4.08 ppm vs. 0.074 ppm) (p < 0.05). It’s worth noting that pasta flour (semolina)
naturally contains trace amounts of vitamin E, which are further reduced during thermal processing and baking by the consumer.
However, the addition of the nanoemulsion containing vitamin E to the pasta dough seemed to help preserve the vitamin E content
[83].

3.6.5. Nano emulsion efficiency

Based on the Australian and New Zealand Standards Organisation’s maximum level for 100 kg of pasta, 7.15 g of vitamin E was
used to produce the nanoemulsion. The efficiency of the nanoemulsion was found to be 84.2 % after the extrusion process and 71.6 %
after the drying process. Consequently, the amount of vitamin E lost during the extrusion process was calculated to be 1.4 ppm (for 100
kg of pasta), while for the pasta after the extrusion step it was 1.67 ppm. The loss of vitamin E relative to the initial amount was
determined to be 2.84 ppm. Finally, the vitamin E content was calculated to be 6 ppm in the extruded pasta and 4.31 ppm in the baked
pasta.

3.6.6. Color

The L* value of E.P.E. was found to be superior to that of the control sample (Table 2). The acceptable colour of pasta is amber
yellow and it should be free from black spots caused by brown and light bran products without the addition of external colouring
agents. The evaluation of the sample prepared with the nano-emulsion containing vitamin E showed that it was lighter in colour than
the control sample. This was attributed to the presence of vitamin E, which has an amber colour. The main colour of pasta is also clear
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yellow [84]. The superior lightness-darkness of the produced pasta sample was observed over the control sample [81,83]. The b*
parameter of the pasta showed that the nano-emulsion containing vitamin E had a lower blue-yellow value than the control sample.
This lower value of the yellowness factor could be due to the turbidity of the nano-emulsion [79].

3.6.7. Sensorial analysis

It’s important to stress that sensory evaluation plays a key role in food product development as it reflects consumer preferences and
expectations. In this study, a panel of trained judges conducted sensory evaluations, rating samples based on appearance, aroma,
texture and taste. The results of this evaluation provide valuable insights for product improvement and guide future research di-
rections. Based on the sensory evaluation, the E.P.E. sample was deemed acceptable and received high scores in three categories
(Fig. 3). However, the control sample received a low score due to its chewing gum-like texture, while the sample containing the
vitamin E nanoemulsion received a lower score for taste.

4. Conclusion

The successful use of vitamin E nanoemulsions in the development of new pasta formulations represents a significant advance in the
field. The identified optimal nanoemulsion, characterised by a 10 % Tween concentration and a 1:10 ratio of vitamin E to sesame oil,
exhibited exceptional physical stability over a 30-day storage period. This nanoemulsion not only enriched the pasta with essential
nutrients, but also resulted in increased moisture content and reduced weight compared to the control, indicating potential im-
provements in both nutritional value and product characteristics. In addition, the addition of the vitamin E nanoemulsion enhanced
the visual appeal of the pasta by improving its colour, potentially increasing consumer interest and acceptance. Given the growing
market interest in food products enriched with nanoemulsions containing bioactive substances and the promising research results,
there is a clear opportunity to introduce nanoemulsion-enriched pasta to the public. By enriching pasta with essential vitamins such as
vitamin E through nanoemulsion methods, we can address nutritional deficiencies and promote health, while offering consumers a
convenient and enjoyable dietary option. In conclusion, the successful application of nanoemulsion technology to enrich pasta holds
great promise for meeting the nutritional needs of individuals and improving overall health. With further development and com-
mercialisation efforts, fortified pasta could become a valuable addition to the market, contributing to the well-being of consumers
worldwide.

Ethics statement

Our research paper maintains the highest ethical standards. We obtained informed consent from human participants. Data
collection and analysis were transparent and in line with guidelines. We have disclosed funding sources and declare no conflicts of
interest. Our research upholds academic integrity, acknowledging all contributions appropriately.
Data availability statement

Data will be made available on request.

CRediT authorship contribution statement

Wrya Mohamadyan: Writing — original draft, Methodology. Shima Yousefi: Writing — review & editing. Weria Weisany: Writing
—review & editing, Writing — original draft, Supervision, Project administration.

sample control

pasta cantining
vitamin E

Fig. 3. The sensory evaluation of pasta produced with Vitamin E and the control sample was conducted by 20 judges. The scoring was based on
taste, aroma, and the pleasure of chewing after cooking the pasta without salt, oil, and sauce. Scores ranged from 1 (lowest) to 5 (highest). Three
judges who rated the produced sample lower in the test did so based on taste and flavor.

10



W. Mohamadyan et al.

Heliyon 10 (2024) e32415

Declaration of competing interest

The authors declare that there are no known financial conflicts of interest or personal relationships that could have potentially

influenced or biased the outcomes reported in this paper.

References

[1]
[2]
[3]
[4]
[5]
[6]

7]

[8]
9]
[10]
[11]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]

[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]

[33]

P. Yuan, S. Cui, Y. Liu, J. Li, G. Du, L. Liu, Metabolic engineering for the production of fat-soluble vitamins: advances and perspectives, MIRCEN J. Appl.
Microbiol. Biotechnol. 104 (2020) 935-951, https://doi.org/10.1007/s00253-019-10157-x.
K.M. Fock, J. Khoo, Diet and exercise in management of obesity and overweight, Eur. J. Gastroenterol. Hepatol. 28 (2013) 59-63, https://doi.org/10.1111/

jgh.12407.

A. Skendi, K.G. Zinoviadou, M. Papageorgiou, J.M. Rocha, Advances on the valorisation and functionalization of by-products and wastes from cereal-based
processing industry, Food 9 (2020) 1243, https://doi.org/10.3390/foods9091243.

D. Rico, A.M. Gonzdlez-Paramas, C. Brezmes, A.B. Martin-Diana, Baking optimization as a strategy to extend shelf-life through the enhanced quality and
bioactive properties of pulse-based snacks, Molecules 25 (2020) 3716, https://doi.org/10.3390/molecules25163716.

R.K. Saini, A.E.-D.A. Bekhit, S. Roohinejad, K.R. Rengasamy, Y.-S. Keum, Chemical stability of lycopene in processed products: a review of the effects of
processing methods and modern preservation strategies, J. Agric. Food Chem. 68 (2019) 712-726, https://doi.org/10.1021/acs.jafc.9b06669.

E. Santamaria, A. Maestro, S. Vilchez, C. Gonzalez, Study of nanoemulsions using carvacrol/MCT-(Oleic acid-potassium oleate)/Tween 80®-water system by low
energy method, Heliyon 9 (2023) 16967, https://doi.org/10.1016/j.heliyon.2023.e16967.

F.U. Rehman, A. Farid, S.U. Shah, M.J. Dar, A.U. Rehman, N. Ahmed, S.A. Rashid, I. Shaukat, M. Shah, G.M. Albadrani, Self-emulsifying drug delivery systems
(SEDDS): measuring energy dynamics to determine thermodynamic and kinetic stability, Pharmaceuticals 15 (2022) 1064, https://doi.org/10.3390/
ph15091064.

G.J. Kaur, V. Orsat, A. Singh, An overview of different homogenizers, their working mechanisms and impact on processing of fruits and vegetables, Crit. Rev.
Food Sci. Nutr. 63 (2023) 2004-2017, https://doi.org/10.1080/10408398.2021.1969890.

Q. Zhang, Y. Qin, G. Duan, W. Ou, Y. Wang, W. Zhang, A Microstructural study of the O/W Primary emulsion on the formation of oil-in-water-in-oil multiple
emulsion, Curr. Drug Deliv. 18 (2021) 994-1002, https://doi.org/10.2174/1567201818666210101114517.

S. Manickam, K. Sivakumar, C.H. Pang, Investigations on the generation of oil-in-water (O/W) nanoemulsions through the combination of ultrasound and
microchannel, Ultrason. Sonochem. 69 (2020) 105258, https://doi.org/10.1016/j.ultsonch.2020.105258.

Q. Chen, J. Zheng, Self-assembly and structures of nanoscale double emulsion droplets through coarse-grained molecular dynamics simulations, J. soft matter 19
(2023) 7731-7743, https://doi.org/10.1039/D3SMO0656E.

H. Gul, R.D. Naseer, 1. Abbas, E.A. Khan, H.U. Rehman, A. Nawaz, A.K. Azad, G.M. Albadrani, A.E. Altyar, A. Albrakati, The therapeutic application of tamarix
aphylla extract loaded nanoemulsion cream for acid-burn wound healing and skin regeneration, Medicina 59 (2022) 34, https://doi.org/10.3390/
medicina59010034.

E. Ramazani, F. Ebrahimpour, S.A. Emami, A. Shakeri, B. Javadi, A. Sahebkar, Z. Tayarani-Najaran, Neuroprotective effects of Sesamum indicum, sesamin and
sesamolin against 6-OHDA-induced apoptosis in PC12 cells, Adv. Food Nutr. Res. 14 (2023) 126-133, https://doi.org/10.2174/
2772574X14666230804151124.

F. Zaaboul, Y. Liu, Vitamin E in foodstuff: nutritional, analytical, and food technology aspects, CRFSFS 21 (2022) 964-998, https://doi.org/10.1111/1541-
4337.12924.

0. Jennotte, N. Koch, A. Lechanteur, B. Evrard, Three-dimensional printing technology as a promising tool in bioavailability enhancement of poorly water-
soluble molecules: a review, Int. J. Pharm. Int J Pharm. 580 (2020) 119200, https://doi.org/10.1016/j.ijpharm.2020.119200.

D.J. McClements, J. Rao, Food-grade nanoemulsions: formulation, fabrication, properties, performance, biological fate, and potential toxicity, CRC Crit. Rev.
Food Sci. Nutr. 51 (2011) 285-330, https://doi.org/10.1080/10408398.2011.559558.

N. Dasgupta, S. Ranjan, S. Mundra, C. Ramalingam, A. Kumar, Fabrication of food grade vitamin E nanoemulsion by low energy approach, characterization and
its application, Int. J. Food Prop. 19 (2016) 700-708, https://doi.org/10.1080/10942912.2015.1042587.

G. Visioli, M. Lauro, F. Morari, M. Longo, A. Bresciani, M.A. Pagani, A. Marti, G. Pasini, Protein maps for durum wheat precision harvest and pasta production,
Plants 11 (2022) 3149, https://doi.org/10.3390/plants11223149.

J.B. Aswathanarayan, R.R. Vittal, Nanoemulsions and their potential applications in food industry, Front. Sustain. Food Syst. 3 (2019) 95, https://doi.org/
10.3389/fsufs.2019.00095.

D. Trujillo-Ramirez, 1. Olivares-Martinez, C. Lobato-Calleros, E. Rodriguez-Huezo, E. Jaime Vernon-Carter, J. Alvarez-Ramirez, Impact of the droplet size of
canola oil-in-water emulsions on the rheology and sensory acceptability of reduced-milk fat stirred yogurt, Int. J. Food Sci. 59 (2022) 4853-4862, https://doi.
org/10.1007/s13197-022-05573-3.

A. Cebe, B. Dessane, P. Gohier, J.-M. Bernadou, A. Venet, F. Xuereb, S. Crauste-Manciet, Hospital production of sterile 2% propofol nanoemulsion: proof of
concept, Pharmaceutics 15 (2023) 905, https://doi.org/10.3390/pharmaceutics15030905.

L. Yang, T. Ye, X. Zhao, T. Hu, Y. Wei, Design and fabrication of a microfluidic chip for particle size-exclusion and enrichment, Micromachines 12 (2021) 1218,
https://doi.org/10.3390/mi12101218.

W. Chen, Y. Xiao, J. Liu, X. Dai, Emission and capture characteristics of Chinese cooking-related fine particles, Environ. Sci. Pollut. Res. 30 (2023)
112988-113001, https://doi.org/10.1007/511356-023-30380-4.

C. Qian, D.J. McClements, Formation of nanoemulsions stabilized by model food-grade emulsifiers using high-pressure homogenization: factors affecting
particle size, Food Hydrocolloids 25 (2011) 1000-1008, https://doi.org/10.1016/j.foodhyd.2010.09.017.

L. Liu, J. Wei, Y. Li, A. Ooi, Evaporation and dispersion of respiratory droplets from coughing, Indoor Air 27 (2017) 179-190, https://doi.org/10.1111/
ina.12297.

R. Wang, M. Li, M. Liu, A. Wang, P. Strappe, C. Blanchard, Z. Zhou, Characterization of Pickering emulsion by SCFAs-modified debranched starch and a potent
for delivering encapsulated bioactive compound, Int. J. Biol. Macromol. 231 (2023) 123164, https://doi.org/10.1016/j.ijbiomac.2023.123164.

A. Wolfe, J. Zhang, J. Lapenskie, J. Downar, S. Kanji, Stability of dexmedetomidine in polyvinyl chloride bags containing 0.9% sodium chloride intended for
subcutaneous infusions, Int. J. Pharm. Compd. 25 (2021) 330-335, https://doi.org/10.1007/540122-023-00485-2.

F. Leal-Calderon, S. Homer, A. Goh, L. Lundin, W/O/W emulsions with high internal droplet volume fraction, Food.Hydrocoll. 27 (2012) 30-41, https://doi.
org/10.1016/j.foodhyd.2011.09.004.

S.J. Lee, D.J. McClements, Fabrication of protein-stabilized nanoemulsions using a combined homogenization and amphiphilic solvent dissolution/evaporation
approach, Food.Hydrocoll. 24 (2010) 560-569, https://doi.org/10.1016/j.foodhyd.2010.02.002.

K. Bouchemal, S. Briancon, E. Perrier, H. Fessi, Nano-emulsion formulation using spontaneous emulsification: solvent, oil and surfactant optimisation, Int. J.
Pharm. Int J Pharm. 280 (2004) 241-251, https://doi.org/10.1016/].ijpharm.2004.05.016.

S.D. Hooper, R.P. Glahn, K.A. Cichy, Single varietal dry bean (Phaseolus vulgaris L.) pastas: nutritional profile and consumer acceptability, Plant Foods Hum.
Nutr. 74 (2019) 342-349, https://doi.org/10.1007/s11130-019-00732-y.

AM. Cumhur, B.H. Tiga, S. Kumcuoglu, S. Tavman, Development of extruded noodles incorporated with dried vegetables and the evaluation of quality
characteristics, An. Acad, Bras. Cienc. 94 (2022) €20211401, https://doi.org/10.1590/0001-3765202220211401.

R. Schoenlechner, J. Drausinger, V. Ottenschlaeger, K. Jurackova, E. Berghofer, Functional properties of gluten-free pasta produced from amaranth, quinoa and
buckwheat, Plant Foods Hum. Nutr. 65 (2010) 339-349, https://doi.org/10.1007/s11130-010-0194-0.

11


https://doi.org/10.1007/s00253-019-10157-x
https://doi.org/10.1111/jgh.12407
https://doi.org/10.1111/jgh.12407
https://doi.org/10.3390/foods9091243
https://doi.org/10.3390/molecules25163716
https://doi.org/10.1021/acs.jafc.9b06669
https://doi.org/10.1016/j.heliyon.2023.e16967
https://doi.org/10.3390/ph15091064
https://doi.org/10.3390/ph15091064
https://doi.org/10.1080/10408398.2021.1969890
https://doi.org/10.2174/1567201818666210101114517
https://doi.org/10.1016/j.ultsonch.2020.105258
https://doi.org/10.1039/D3SM00656E
https://doi.org/10.3390/medicina59010034
https://doi.org/10.3390/medicina59010034
https://doi.org/10.2174/2772574X14666230804151124
https://doi.org/10.2174/2772574X14666230804151124
https://doi.org/10.1111/1541-4337.12924
https://doi.org/10.1111/1541-4337.12924
https://doi.org/10.1016/j.ijpharm.2020.119200
https://doi.org/10.1080/10408398.2011.559558
https://doi.org/10.1080/10942912.2015.1042587
https://doi.org/10.3390/plants11223149
https://doi.org/10.3389/fsufs.2019.00095
https://doi.org/10.3389/fsufs.2019.00095
https://doi.org/10.1007/s13197-022-05573-3
https://doi.org/10.1007/s13197-022-05573-3
https://doi.org/10.3390/pharmaceutics15030905
https://doi.org/10.3390/mi12101218
https://doi.org/10.1007/s11356-023-30380-4
https://doi.org/10.1016/j.foodhyd.2010.09.017
https://doi.org/10.1111/ina.12297
https://doi.org/10.1111/ina.12297
https://doi.org/10.1016/j.ijbiomac.2023.123164
https://doi.org/10.1007/s40122-023-00485-2
https://doi.org/10.1016/j.foodhyd.2011.09.004
https://doi.org/10.1016/j.foodhyd.2011.09.004
https://doi.org/10.1016/j.foodhyd.2010.02.002
https://doi.org/10.1016/j.ijpharm.2004.05.016
https://doi.org/10.1007/s11130-019-00732-y
https://doi.org/10.1590/0001-3765202220211401
https://doi.org/10.1007/s11130-010-0194-0

W. Mohamadyan et al. Heliyon 10 (2024) e32415

[34] G. Kaur, S. Sharma, H. Nagi, P. Ranote, Enrichment of pasta with different plant proteins, Int. J. Food Sci. Technol. 50 (2013) 1000-1005, https://doi.org/
10.1007/s13197-011-0404-2.

[35] B. Bchir, R. Karoui, S. Danthine, C. Blecker, S. Besbes, H. Attia, Date, apple, and pear by-products as functional ingredients in pasta: cooking quality attributes
and physicochemical, rheological, and sensorial properties, Foods 11 (2022) 1393, https://doi.org/10.3390/foods11101393.

[36] F.A. Pagnussatt, F. Spier, T.E. Bertolin, J.A.V. Costa, L.C. Gutkoski, Technological and nutritional assessment of dry pasta with oatmeal and the microalga
Spirulina platensis, Brazilian J. Food.Technol. 17 (2014) 296-304, https://doi.org/10.1590/1981-6723.1414.

[37] N. Sozer, A. Kaya, The effect of cooking water composition on textural and cooking properties of spaghetti, Int. J. Food Prop. 11 (2008) 351-362, https://doi.
org/10.1080,/10942910701409260.

[38] F. Salehi, M. Inanloodoghouz, Rheological properties and color indexes of ultrasonic treated aqueous solutions of basil, Lallemantia, and wild sage gums, Int. J.
Biol. Macromol. 253 (2023) 127828, https://doi.org/10.1016/j.ijbiomac.2023.127828.

[39] V. Conti, C. Piccini, M. Romi, P. Salusti, G. Cai, C. Cantini, Pasta enriched with carrot and olive leaf flour retains high levels of accessible bioactives after in vitro
digestion, Foods 12 (2023) 3540, https://doi.org/10.3390/foods12193540.

[40] S. Yazdankhah, M. Hojjati, M.H. Azizi, The Antidiabetic potential of black mulberry extract-enriched pasta through inhibition of enzymes and glycemic index,
Plant.Foods.Hum. Nutr. 74 (2019) 149-155, https://doi.org/10.1007/s11130-018-0711-0.

[41] E.J. Garcia, T.L.C. Oldoni, S.M.d. Alencar, A. Reis, A.D. Loguercio, R.H.M. Grande, Antioxidant activity by DPPH assay of potential solutions to be applied on
bleached teeth, Braz. Dent. J. 23 (2012) 22-27, https://doi.org/10.1590/50103-64402012000100004.

[42] P. Catzeddu, S. Fois, V. Tolu, M. Sanna, A. Braca, 1. Vitangeli, R. Anedda, T. Roggio, Quality evaluation of fresh pasta fortified with sourdough containing wheat
germ and wholemeal semolina, Foods 12 (2023) 2641, https://doi.org/10.3390/foods12142641.

[43] A. Attanzio, P. Diana, P. Barraja, A. Carbone, V. Spano, B. Parrino, S.M. Cascioferro, M. Allegra, G. Cirrincione, L. Tesoriere, Quality, functional and sensory
evaluation of pasta fortified with extracts from Opuntia ficus-indica cladodes, J. Sci. Food Agric. 99 (2019) 4242-4247, https://doi.org/10.1002/jsfa.9655.

[44] D. Hu, K. Ogawa, M. Kajiyama, T. Enomae, Characterization of self-assembled silver nanoparticle ink based on nanoemulsion method, R. Soc. Open Sci. 7 (2020)
200296, https://doi.org/10.1098/1r505.200296.

[45] F. Xiao, K. Li, W. Wang, Y. Ge, Z. Yu, Z. Peng, Y. Liu, J. Gong, Effect of oil-soluble/water-soluble surfactants on the stability of water-in-oil systems, an atomic
force microscopy study, Langmuir 39 (2023) 3862-3870. https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02992.

[46] A.H. Saberi, Y. Fang, D.J. McClements, Effect of glycerol on formation, stability, and properties of vitamin-E enriched nanoemulsions produced using
spontaneous emulsification, J. Colloid Interface Sci. 411 (2013) 105-113, https://doi.org/10.1016/j.jcis.2013.08.041.

[47] M. Dallavalle, M. Leonzio, M. Calvaresi, F. Zerbetto, Explaining fullerene dispersion by using micellar solutions, ChemPhysChem 15 (2014) 2998-3005, https://
doi.org/10.1002/cphc.201402282.

[48] L. Plankensteiner, M. Hennebelle, J.-P. Vincken, C.V. Nikiforidis, Insights into the emulsification mechanism of the surfactant-like protein oleosin, J. Colloid
Interface Sci. 657 (2024) 352-362, https://doi.org/10.1016/j.jcis.2023.11.165.

[49] A.M. Luz, G. Barbosa, C. Manske, F.W. Tavares, Tween-80 on water/oil interface: structure and interfacial tension by molecular dynamics simulations, Langmuir
39 (2023) 3255-3265, https://doi.org/10.1021/acs.langmuir.2¢03001.

[50] K. Hamaguchi, T. Sakamoto, N. Kurahashi, Y. Harada, T. Kato, Hydrogen-bonded structures of water molecules in hydroxy-functionalized nanochannels of
columnar liquid crystalline nanostructured membranes studied by soft X-ray emission spectroscopy, J. Phys. Chem. Lett. 15 (2024) 454-460, https://doi.org/
10.1021/acs.jpclett.3c03027.

[51] X. Wang, Y. Gao, Effects of length and unsaturation of the alkyl chain on the hydrophobic binding of curcumin with Tween micelles, Food Chem. 246 (2018)
242-248, https://doi.org/10.1016/j.foodchem.2017.11.024.

[52] A.S. Opalski, K. Makuch, L. Derzsi, P. Garstecki, Split or slip-passive generation of monodisperse double emulsions with cores of varying viscosity in
microfluidic tandem step emulsification system, RSC Adv. 10 (2020) 23058-23065, https://doi.org/10.1039/DORA03007D.

[53] A. Alayoubi, A. Abu-Fayyad, M.M. Rawas-Qalaji, P.W. Sylvester, S. Nazzal, Effect of lipid viscosity and high-pressure homogenization on the physical stability of
“vitamin E” enriched emulsion, Pharmaceut. Dev. Technol. 20 (2015) 555-561, https://doi.org/10.3109/10837450.2014.898655.

[54] Y. Tan, H. Zhou, Z. Zhang, D.J. McClements, Bioaccessibility of oil-soluble vitamins (A, D, E) in plant-based emulsions: impact of oil droplet size, Food Funct. 12
(2021) 3883-3897, https://doi.org/10.1039/D1F000347J.

[55] S.-A. Hwangbo, S.-Y. Lee, B.-A. Kim, C.-K. Moon, Preparation of surfactant-free nano oil particles in water using ultrasonic system and the mechanism of
emulsion stability, J. Nanomater. 12 (2022) 1547, https://doi.org/10.3390/nano12091547.

[56] P. Singh, G. Kaur, A. Singh, Physical, morphological and storage stability of Clove oil nanoemulsion based delivery system, Food Sci. Technol. Int. 29 (2023)
156-167, https://doi.org/10.1177,/10820132211069470.

[57]1 S.1i, B. Zhang, M. Chang, R. Zhang, B. Liu, T. Yin, Y. Zhang, H. He, J. Gou, Y. Wang, Evaluation of emulsifying ability of phospholipids by Langmuir monolayers
and stability of high oil ratio O/W emulsions, AAPS PharmSciTech 23 (2022) 208, https://doi.org/10.1208/512249-022-02325-6.

[58] Q. Wang, H. Zhang, Y. Han, Y. Cui, X. Han, Study on the relationships between the oil HLB value and emulsion stabilization, RSC.advances. 13 (2023)
24692-24698, https://doi.org/10.1039/D3RA04592G.

[59] N. Dechnarong, M. Ogawa, Soap-free emulsion composed of polymer solutions and an aqueous clay suspension, Langmuir 39 (2023) 756-762, https://doi.org/
10.1021/acs.langmuir.2c02599.

[60] J. Hategekimana, M.V. Chamba, C.F. Shoemaker, H. Majeed, F. Zhong, Vitamin E nanoemulsions by emulsion phase inversion: effect of environmental stress and
long-term storage on stability and degradation in different carrier oil types, Colloids.Surf. Physicochem, Eng. Aspects 483 (2015) 70-80, https://doi.org/
10.1016/j.colsurfa.2015.03.020.

[61] M.T.H. Swe, P. Asavapichayont, Effect of silicone oil on the microstructure, gelation and rheological properties of sorbitan monostearate-sesame oil oleogels,
Asian J. Pharm. Sci. 13 (2018) 485-497, https://doi.org/10.1016/j.ajps.2018.04.006.

[62] C. Zhao, L. Wei, B. Yin, F. Liu, J. Li, X. Liu, J. Wang, Y. Wang, Encapsulation of lycopene within oil-in-water nanoemulsions using lactoferrin: impact of carrier
oils on physicochemical stability and bioaccessibility, Int. J. Biol. Macromol. 153 (2020) 912-920, https://doi.org/10.1016/j.ijpbiomac.2020.03.063.

[63] A. Elik, D. Kocak Yanik, B. Ozel, M.H. Oztop, F. Go6giis, The effects of pectin and wax on the characteristics of oil-in-water (O/W) emulsions, J. Food Sci. 86
(2021) 3148-3158, https://doi.org/10.1111/1750-3841.15808.

[64] G. Han, X. Duan, B. Jiang, Y. Li, B. Li, J. Yang, S. Pan, F. Liu, Emulsifying properties, in vitro digestive characteristics, and p-carotene bioaccessibility of
Mandarin peel pectin emulsions prepared with different carrier oil phases, Int. J. Biol. Macromol. 242 (2023) 124961, https://doi.org/10.1016/j.
ijbiomac.2023.124961.

[65] T. Jiang, C. Charcosset, Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: impact of droplet size and
carrier oil on the chemical stability of curcumin, Food Res. Int. 157 (2022) 111475, https://doi.org/10.1016/j.foodres.2022.111475.

[66] A. Mohebban, P. Yaghoobzadeh, S. Gitipour, M. Abdollahinejad, R.M. Delarestaghi, M. Ramezani, Applicability of an anionic-nonionic surfactant in p-cresol
contaminated soil washing: finding the optimal mixing ratio, J. For. Environ. 18 (2020) 1207-1216, https://doi.org/10.1007/540201-020-00538-0.

[67] N. Adu-Gyamfi, D.K. Sarker, Interfacial effects and the nano-scale disruption in adsorbed-layer of acrylate polymer-tween 80 fabricated steroid-bearing
emulsions: a rheological study of supramolecular materials, J. Nanomater. 11 (2021) 1612, https://doi.org/10.3390/nano11061612.

[68] A. Arianto, C. Cindy, Preparation and evaluation of sunflower oil nanoemulsion as a sunscreen, OAMJMS 7 (2019) 3757, https://doi.org/10.3889/
oamjms.2019.497.

[69] Y. Yang, C. Marshall-Breton, M.E. Leser, A.A. Sher, D.J. McClements, Fabrication of ultrafine edible emulsions: comparison of high-energy and low-energy
homogenization methods, Food.Hydrocoll. 29 (2012) 398-406, https://doi.org/10.1016/j.foodhyd.2012.04.009.

[70] S. Geng, Y. Yuan, X. Jiang, R. Zhang, H. Ma, G. Liang, B. Liu, An investigation on pickering nano-emulsions stabilized by dihydromyricetin/high-amylose corn
starch composite particles: preparation conditions and carrier properties, Curr. Res. Food Sci. 6 (2023) 100458, https://doi.org/10.1016/j.crfs.2023.100458.

[71]1 R.W. Murphy, L. Zhu, G. Narsimhan, O.G. Jones, Impacts of size and deformability of p-Lactoglobulin microgels on the colloidal stability and volatile flavor
release of microgel-stabilized emulsions, Gels 4 (2018) 79, https://doi.org/10.3390/gels4030079.

12


https://doi.org/10.1007/s13197-011-0404-2
https://doi.org/10.1007/s13197-011-0404-2
https://doi.org/10.3390/foods11101393
https://doi.org/10.1590/1981-6723.1414
https://doi.org/10.1080/10942910701409260
https://doi.org/10.1080/10942910701409260
https://doi.org/10.1016/j.ijbiomac.2023.127828
https://doi.org/10.3390/foods12193540
https://doi.org/10.1007/s11130-018-0711-0
https://doi.org/10.1590/S0103-64402012000100004
https://doi.org/10.3390/foods12142641
https://doi.org/10.1002/jsfa.9655
https://doi.org/10.1098/rsos.200296
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02992
https://doi.org/10.1016/j.jcis.2013.08.041
https://doi.org/10.1002/cphc.201402282
https://doi.org/10.1002/cphc.201402282
https://doi.org/10.1016/j.jcis.2023.11.165
https://doi.org/10.1021/acs.langmuir.2c03001
https://doi.org/10.1021/acs.jpclett.3c03027
https://doi.org/10.1021/acs.jpclett.3c03027
https://doi.org/10.1016/j.foodchem.2017.11.024
https://doi.org/10.1039/D0RA03007D
https://doi.org/10.3109/10837450.2014.898655
https://doi.org/10.1039/D1FO00347J
https://doi.org/10.3390/nano12091547
https://doi.org/10.1177/10820132211069470
https://doi.org/10.1208/s12249-022-02325-6
https://doi.org/10.1039/D3RA04592G
https://doi.org/10.1021/acs.langmuir.2c02599
https://doi.org/10.1021/acs.langmuir.2c02599
https://doi.org/10.1016/j.colsurfa.2015.03.020
https://doi.org/10.1016/j.colsurfa.2015.03.020
https://doi.org/10.1016/j.ajps.2018.04.006
https://doi.org/10.1016/j.ijbiomac.2020.03.063
https://doi.org/10.1111/1750-3841.15808
https://doi.org/10.1016/j.ijbiomac.2023.124961
https://doi.org/10.1016/j.ijbiomac.2023.124961
https://doi.org/10.1016/j.foodres.2022.111475
https://doi.org/10.1007/s40201-020-00538-0
https://doi.org/10.3390/nano11061612
https://doi.org/10.3889/oamjms.2019.497
https://doi.org/10.3889/oamjms.2019.497
https://doi.org/10.1016/j.foodhyd.2012.04.009
https://doi.org/10.1016/j.crfs.2023.100458
https://doi.org/10.3390/gels4030079

W. Mohamadyan et al.

[72]
[73]
[74]
[75]

[76]

[77]
[78]
[79]
[80]
[81]

[82]
[83]

[84]

Heliyon 10 (2024) e32415

A. Richter, J. Feitosa, H. Paula, F. Goycoolea, R. de Paula, Pickering emulsion stabilized by cashew gum-poly-l-lactide copolymer nanoparticles: synthesis,
characterization and amphotericin B encapsulation, Colloids Surf. B Biointerfaces 164 (2018) 201-209, https://doi.org/10.1016/j.colsurfb.2018.01.023.

Q. Wang, Y. Lan, Y.-Y. Chen, X.-Y. Dai, J. An, W.-P. Wang, B.-C. Zhao, N. Liu, Y.-W. Zhang, Q. Wu, Preparation and optimization of zhitong micro-emulsion
formula, Zhongguo Zhongyao Zazhi 39 (2014) 222-229, https://doi.org/10.4268/cjemm20140212.

R. Najafi-Taher, A. Amani, Nanoemulsions: colloidal topical delivery systems for antiacne agents-A Mini-Review, Nano Res. J. 2 (2017) 49-56, https://doi.org/
10.22034/NMRJ.2017.23532.

S.B. Choi, J.Y. Park, J.Y. Moon, J.S. Lee, Effect of interactions between multiple interfaces on the rheological characteristics of double emulsions, Phys. Rev. E.
97 (2018) 062603, https://doi.org/10.1103/PhysRevE.97.062603.

T. Ishigami, T. Karasudani, S. Onitake, M. Shirzadi, T. Fukasawa, K. Fukui, Y. Mino, Effect of liquid volume fraction and shear rate on rheological properties and
microstructure formation in ternary particle/oil/water dispersion systems under shear flow: two-dimensional direct numerical simulation, J. soft. matter 18
(2022) 4338-4350, https://doi.org/10.1039/D2SM00373B.

S. Prashar, S. Sharma, N. Kumar, R. Kaushik, P. Chawla, Formulation, characterization, and in vitro mineral absorption of Ficus Palmata fruit extract
nanoemulsion, JANA. 41 (2022) 291-300, https://doi.org/10.1080/07315724.2021.1879693.

Y. Li, A. Hu, X. Wang, J. Zheng, Physicochemical and in vitro digestion of millet starch: effect of moisture content in microwave, Int. J. Biol. Macromol. 134
(2019) 308-315, https://doi.org/10.1016/j.ijbiomac.2019.05.046.

B.M. Howard, Y.C. Hung, K. McWatters, Analysis of ingredient functionality and formulation optimization of pasta supplemented with peanut flour, J. Food Sci.
76 (2011) E40-E47, https://doi.org/10.1111/j.1750-3841.2010.01886.x.

A.R. Ribeiro, T. Madeira, G. Botelho, D. Martins, R.M. Ferreira, A.M. Silva, S.M. Cardoso, R. Costa, Brown algae Fucus vesiculosus in pasta: effects on textural
quality, cooking properties, and sensorial traits, Foods 11 (2022) 1561, https://doi.org/10.3390/foods11111561.

C. Alamprese, E. Casiraghi, M. Rossi, Effects of housing system and age of laying hens on egg performance in fresh pasta production: pasta cooking behaviour,
J. Sci. Food Agric. 91 (2011) 910-914, https://doi.org/10.1002/jsfa.4264.

A.N. Zealand, Food standards Australia New Zealand. Australia New Zealand Food Standards Code — Amendment No. 78 — 2005, 2005.

R. Beleggia, V. Menga, C. Platani, F. Nigro, M. Fragasso, C. Fares, Metabolomic analysis can detect the composition of pasta enriched with fibre after cooking,
J. Sci. Food Agric. 96 (2016) 3032-3041, https://doi.org/10.1002/jsfa.7473.

S. Kitson, A. Geisow, J. Rudin, T. Taphouse, Bright color reflective displays with interlayer reflectors, OptEx 19 (2011) 15404-15414, https://doi.org/10.1364/
OE.19.015404.

13


https://doi.org/10.1016/j.colsurfb.2018.01.023
https://doi.org/10.4268/cjcmm20140212
https://doi.org/10.22034/NMRJ.2017.23532
https://doi.org/10.22034/NMRJ.2017.23532
https://doi.org/10.1103/PhysRevE.97.062603
https://doi.org/10.1039/D2SM00373B
https://doi.org/10.1080/07315724.2021.1879693
https://doi.org/10.1016/j.ijbiomac.2019.05.046
https://doi.org/10.1111/j.1750-3841.2010.01886.x
https://doi.org/10.3390/foods11111561
https://doi.org/10.1002/jsfa.4264
http://refhub.elsevier.com/S2405-8440(24)08446-9/sref83
https://doi.org/10.1002/jsfa.7473
https://doi.org/10.1364/OE.19.015404
https://doi.org/10.1364/OE.19.015404

	Development of edible nanoemulsions containing vitamin E using a low-energy method: Evaluation of particle size and physico ...
	1 Introduction
	2 Material and methods
	2.1 Materials
	2.2 Preparation of nano emulsions containing vitamin E
	2.3 Characterization nano emulsions
	2.3.1 Particle size
	2.3.2 Stability index
	2.3.3 Physical stability
	2.3.4 pH and turbidity
	2.3.5 Rheological properties

	2.4 Physiochemical properties of pasta
	2.4.1 - Moisture and ash determination
	2.4.2 -Weight loss
	2.4.3 - Total solid content in water after cooking
	2.4.4 -pH and crude protein
	2.4.5 -Texture profile analysis (TPA)
	2.4.6 -Color measurement

	2.5 Vitamin E
	2.6 Nano emulsion efficiency
	2.7 Sensory evaluation
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Physiochemical properties of nano emulsion
	3.1.1 -Particle size of nano emulsions of vitamin E

	3.2 pH
	3.3 Physical stability
	3.4 Turbidity
	3.5 Rheological properties
	3.6 Physiochemical attributes of E.P.E
	3.6.1 Moisture
	3.6.2 Weight analysis after baking pasta
	3.6.3 Protein and vitamins of pasta
	3.6.4 Vitamin E content of baked pasta
	3.6.5 Nano emulsion efficiency
	3.6.6 Color
	3.6.7 Sensorial analysis


	4 Conclusion
	Ethics statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	References


