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Abstract
The low solubility of carotenoids is one of the main challenges for the food industry. Nanoemulsions may be a favorable approach 
for expanding the application of bioactive compounds with hydrophobic capacity such as β-carotene. The objective of this work 
was to develop two distinct food matrices (yoghurt and gelato-type ice cream) added with β-carotene nanoemulsions to determine 
the influence of nanostructures on technological parameters and product stability. The synthesis of nanoemulsions took place with 
corn oil and 0.2 mg mL−1 of β-carotene by high pressure homogenization. Parameters were evaluated for 28 days of storage. The 
addition of nanoemulsion increased the gelato yield, by increasing the overrun, without affecting the stability parameters. In yogurt, 
the nanoemulsions increased the syneresis index and reduced the parameters of firmness, consistency, cohesiveness and viscosity 
index in the formulation. The nanoemulsions protected the carotenoid during storage, leading to only a slight color variation. The 
results show that the use of nanoemulsions can improve the dispersion and stability of these compounds in the developed products.
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Introduction

Natural colored pigments have been widely used industri-
ally, mainly by the pharmaceutical and food industry, due to 
their medicinal and nutritional values (Zhang et al., 2022a, b). 

Carotenoids are present in some plants, fruits, vegetables, algae 
and photosynthetic prokaryotes, presenting pigments in the 
yellow, orange and red scale (Jalili-Jivan et al., 2022). Among 
the carotenoids, β-carotene stands out, as it is a precursor of 
vitamin A, important in the benefit of the immune system, 
mucous membranes and eyes, in addition to being a potent 
antioxidant, acting in the prevention of cardiovascular and 
degenerative diseases (Xie et al., 2021; Cardoso et al., 2017).

Foods enriched with active components, such as carot-
enoids, provide, in addition to basic food, health benefits, 
helping to prevent diseases, thus being of great interest to 
the food industry (Zardini et al., 2018). However, the direct 
application of β-carotene is restricted, since it has low solu-
bility in aqueous media, high sensitivity to extrinsic factors 
such as pH and light, in addition to low bioaccessibility (Yi 
et al., 2020).

Nanotechnology has been widely used in order to over-
come these limitations, mainly through lipid-based nan-
odelivery systems, such as nanoemulsions, which enable 
chemical stability, water solubility and bioavailability (Yi 
et al., 2021). The use of nanoemulsions can be designed to 
increase the bioavailability and release of vitamins, stabil-
ity and appearance of emulsified products, among others 
(Ozogul et al., 2022). These nanodelivery systems allow the 
solubilization of non-polar bioactive agents in hydrophobic 

 *	 Camila Ramão Contessa 
	 camilaramao@hotmail.com

	 Carina Molins Borba 
	 carinamolinsborba@yahoo.com.br

	 Gabriela de Moraes Soares Araújo 
	 gabrieladmsaraujo@gmail.com

	 Cristiana Lima Dora 
	 cristianadora@gmail.com

	 Janaína Fernandes de Medeiros Burkert 
	 jfmb@furg.br

1	 Engineering and Science of Food Graduate Program, College 
of Chemistry and Food Engineering, Laboratory Bioprocess 
Engineering, Federal University of Rio Grande, Italy 
Avenue, km 08, Campus Carreiros, 96203900 Rio Grande, 
RS, Brazil

2	 Engineering and Science of Food Graduate Program, College 
of Chemistry and Food Engineering, Nanotechnology 
Laboratory, Center of Southern Electron Microscopy, Federal 
University of Rio Grande, Italy Avenue, km 08, Campus 
Carreiros, 96203900 Rio Grande, RS, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-023-03060-x&domain=pdf


2431Food and Bioprocess Technology (2023) 16:2430–2442	

1 3

particles that have a hydrophilic external surface, allowing 
dispersion in aqueous media and expanding the application 
of bioactive compounds with hydrophobic capacity (Chen 
et al., 2020). Nanoemulsions are synthesized by economi-
cally viable means suitable for use in food, using technolo-
gies already widely used in the sector, such as sonication, 
microfluidization and homogenization (Rezaei et al., 2019).

Sensory characteristics are important indicators for food 
formulations that use emulsions, especially considering the 
interactions between matrices (Xie et al., 2021). However, 
the addition of nanostructures can change the appearance, 
texture and stability of products. In this sense, this study 
stands out for the investigation of the technological param-
eters and stability of the applied product of nanoemulsions. 
Unlike the studies published so far in the journal Food and 
Bioprocess Technology, which aim at the development, char-
acterization and investigation of nanoemulsions themselves 
(Choi et al., 2011; Pascual-Pineda et al., 2014; Pinilla et al., 
2020; Silva et al., 2012), and not the effect of their direct 
application in food products. Based on this, the objective of 
this work was to apply β-carotene nanoemulsions in different 
food matrices such as yogurt and gelato-type ice cream, in 
order to determine the influence of these nanostructures on 
the technological parameters and stability of the products.

Materials and Methods

Materials

Corn oil (Cargill, Mato Grosso, Brazil), Tween 20 (Lab-
Synth, São Paulo, Brazil), Span 80 (Sigma–Aldrich, Hes-
sen, Germany), β-carotene (Sigma–Aldrich), and ultrapure 
water, obtained from a Millipore Milli-Q filtration system 
(Merck, Hessen, Germany), were used for the preparation 
of all emulsions. All other reagents were analytical grade.

Preparation of Nanoemulsions

For nanoemulsion preparation, the oil phase was com-
posed of 70% (w w−1) corn oil, 30% (w w−1) Span 80, and 
β-carotene (0.2 mg mL−1). The aqueous phase consisted of 
10 mL of water and 1% (w v−1) Tween 20. The oil and aque-
ous phases were heated under magnetic stirring, at 60 and 
80 °C, respectively. After the complete solubilization of both 
phases, the aqueous phase was added to the oil phase under 
constant magnetic stirring (700 rpm). The formed suspen-
sion was pre-homogenized (Ultra-Turrax® T10 basic, IKA, 
Baden-Württemberg, Germany) at 14,500 rpm for 2 min, 
and then passed through a high-pressure homogenizer 
(EmulsiFlex-C3, Avestin, Ontario, Canada) at 10,000 psi 
for six cycles (20 s each) (Borba et al., 2019).

Mean particle size of the nanoemulsions were determined 
in triplicate by dynamic light scattering, using a Zetasizer 
(Nano-ZS90, Malvern Instruments, Worcestershire, UK) and 
its morphology using Transmission Electron Microscope 
(120 keV, Jeol, JEM-1400, coupled with EDS microprobe).

Product Formulation

Yogurt

In the preparation of the yogurt, instant whole milk powder 
was used, kindly provided by the company CCGL (Cruz 
Alta, Brazil), reconstituted according to the manufacturer’s 
instructions. The milk was heated to 45 °C and BioRich® 
dairy mix provided by Chr. Hansen (Hoersholm, Denmark) 
was added. During the fermentation process, the temperature 
was maintained at 45 °C, the pH was determined to reach 
4.7, when fermentation was interrupted by rapid cooling to 
8 °C (Quitanilha et al., 2021).

Three yogurt formulations were developed (Table 1): 
YC (corresponds to the control sample, without addition 
of dye and nanoemulsion), YβN (sample with addition of 
β-carotene nanoemulsion) and YFβ (sample with addition 
of non-encapsulated β-carotene). The β-carotene was kindly 
provided by Duas Rodas (Jaguará do Sul, Brazil). Samples 
were packed in sterile plastic bottles and stored at 4 °C for 
28 days.

Gelato

The semi-ready gelato base (Specialitá Gelato Aqua®) was 
used, being gently kindly supplied by Duas Rodas Company 
(Jaguará do Sul, Brazil). Gelato with the formulations GC 
(control, without addition of dye and nanoemulsion), GβN 
(with 15% v v−1 of β-carotene nanoemulsion) and GFβ (with 
non-encapsulated β-carotene, same concentration the YβN 
30 mg L−1) were produced using the ingredients shown in 
Table 1.

Initially, all the ingredients were dispersed in water 
using a planetary mixer (Arno Bpa model), and the syrups 
obtained were then frozen at − 5 °C. Afterwards, the syr-
ups were homogenized for 7 min (Borrin et al., 2018) using 
the planetary mixer. The gelato formulations were packed 
in 2 L plastic containers and stored in a freezer at − 18 °C 
(Kaminska-Dworznicka et al., 2022) for 28 days.

Proximal Composition

Moisture, ash, protein and lipid contents were determined 
(AOAC, 2000), and carbohydrate content obtained by the 
difference method.
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β‑Carotene Content

The carotenoid content of yogurt and gelato was monitored 
by a methodology described by Mezquita et al. (2014) with 
modifications. For this, 4 g of sample was mixed with 2 mL 
of dimethylsulfoxide (DMSO), 3 mL of acetone, 2 mL of 
20% NaCl solution (w v−1) and 2 mL of hexane. The mix-
ture was vortexed for 15 s and centrifuged at 2147 × g for 
5 min. The hexane phase containing the carotenoids was 
removed and stored. Successive extractions of the mixture 
were performed with 2 mL of hexane until no staining was 
observed. Determination of the total carotenoid concentra-
tion in hexane was performed using a spectrophotometer at 
450 nm (Mattos et al., 2022) using Eq. (1):

where TC = total carotenoid concentration (μg g−1); 
A = absorbance; V = volume (mL); m = sample mass (g); and 
A1cm−1

1%
 = specific absorbance of β-carotene in hexane (2592).

Color

The color variation of the yogurt and gelato was ana-
lyzed using a Minolta colorimeter (Chroma Meter Model 
CR-400/410, Konica Minolta, Osaka, Japan) in the CIELab 
system (illuminant D65), where a* indicates the region of 
red (+ a*) to green (− a*), b* indicates the area of yel-
low (+ b*) to blue (− b*), and L* is luminosity. From 
these parameters, the color difference (ΔE) was calcu-
lated through Eq. (2) (Yuan et al., 2018), chroma through 
Eq. (3) (Tupuna et al., 2018), and hue angle through Eq. (4) 
(Tupuna et al., 2018).

(1)TC =
(A × V × 10

6)

A1cm−1

1%
× 100 × m

(2)ΔE =

√

(

L∗ − L∗
0

)

−
(

a∗ − a∗
0

)

− (b∗ − b∗
0
)

where L∗
0
 , a∗

0
 and b∗

0
 are the parameters at the initial time 

(t = 0), and L∗ , a∗ and b∗ are the parameters at the time at 
which the analysis is performed.

Texture Analysis

Penetration assays were used to determine the texture of the 
products (TA.XT Plus, Stable Micro Systems Ltd., Surrey, 
UK). The operational conditions described in the equipment 
for yogurt were applied: 35-mm-diameter disc-shaped probe, 
1.0 mm s–1 penetration velocity, and 30 mm penetration dis-
tance. With the gelato tests were carried out under the condi-
tions a 2 mm diameter probe penetrated the sample to a depth 
of 10 mm. The analysis used 250 N load cells and probe speeds 
of 25 mm min−1 during penetration and 400 mm min−1 (Alfaifi 
& Stathopoulos, 2010). For each test, 100 g of sample were 
used, and four parameters were determined: firmness (g), con-
sistency (g s−1), cohesiveness (g), and viscosity index (g s−1).

pH, Titratable Acidity, Syneresis and Viscosity 
in Yogurt

The pH of the samples was determined throughout the 
lactic fermentation and in the product, using a digital 
pH meter (MEDBIO,Vitória, Brazil) (AOAC, 2000). For 
analysis of the titratable acidity, 10 g of the sample was 
diluted with 10 mL of CO2-free water, and 4–5 drops of 
the phenolphthalein indicator were added. The mixture 
was titrated with a standard solution of NaOH (0.1 N) 
under stirring until the endpoint detectable by the pink 
appearance of phenolphthalein (AOAC, 2000).

(3)Chroma =

√

(a∗)2 + (b∗)2

(4)Hue = tan−1
b∗

a∗

Table 1   Formulations of the 
yogurt and gelato

YC and GC (control, without addition of dye and nanoemulsion), YβN and GβN (with 15% v v−1 of 
β-carotene nanoemulsion), YFβ and GFβ (with non-encapsulated β-carotene, same concentration the YβN 
30 mg L−1)

Yogurt formulation Gelato formulation

Ingredient YC YβN YFβ GC GβN GFβ

Milk powder (g) 120 120 120 - - -
BioRich® dairy mix (mg) 400 400 400 - - -
Semi-ready base (g) - - - 100 100 100
Refined sugar (g) - - - 250 250 250
Nanoemulsion (mL) - 250 - - 240 -
Non-encapsulated β-carotene (mg) - - 48 - - 48
Water (mL) 1000 1000 1000 1000 760 1000
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For the syneresis analysis, approximately 10 g of each 
yogurt sample was homogenized using a glass rod, and 
shaken 20 times clockwise and 20 counterclockwise. The 
homogenization samples were left to stabilize at 4 °C for 
2 h and were then centrifuged at 10 °C, 3237 × g for 12 min. 
The weight of the separated whey was used to calculate the 
syneresis, expressed by Eq. (5) (Gilbert et al., 2021).

For the viscosity analysis, a Brookfield digital rheom-
eter (AMETEK Brookfield, Middleboro, USA) was used, 
coupled with a water bath at 25 °C, with an adapter for 
small samples. The readings were recorded at 15 s inter-
vals, and the shear rate ranged from 5 to 100 s−1 (Trindade 
et al., 2018). From the apparent viscosity curves (cP) as 
a function of the shear rate (s−1), the Ostwald–de Waele 
model (Eq. (6)) was tested:

where η is the viscosity (mPa s–1), K is the consistency index 
(Pa s−1), and n is the behavior index (dimensionless).

pH, Total Soluble Solids (°Brix), Overrun and Melting 
in Gelato

The pH of the samples was determined using a digital pH 
meter (AOAC, 2000) and the total soluble solids content was 
measured in triplicate using a handheld refractometer. The 
overrun calculated according to Eq. (7) (Liu et al., 2022).

The melting behavior of the GC and GβN samples was 
evaluated according to Rinaldi et al. (2014) with modifica-
tions. Gelato samples (75 ± 2.0 g at − 18 °C) were placed 
on a mesh (around 1 mm2) attached to a beaker and main-
tained in a controlled temperature room at 20 °C. The 
dripped mass was measured for 120 min, and the recorded 
data expressed as the percentage of melted volume relative 
to the initial one. The melting rate (g min−1) was calcu-
lated according to Amador et al. (2017) from the slope of 
the linear portion of the curve of the weight of the dripped 
portion (grams) plotted against time (minutes).

Statistical Analysis

All experiments were carried out in triplicate (n = 3). The 
analysis of variance (ANOVA), followed by the Tukey’s 
test, was used for finding significant differences at 95% 
confidence level (p ≤ 0.05). In order to evaluate statistical 

(5)Syneresis (%) = (
wheymass

initial mass
) × 100

(6)𝜂 = K𝛾̇n

(7)

Overrun (%) =
Volume of ice cream − Volume of mix)

Volume of mix
x 100

significance between two treatments, the t test was applied 
(p ≤ 0.05). Data were treated by Statistica 5.0 (StartSoft Inc., 
Tulsa, OK, USA).

Results and Discussion

In this study, two refrigerated products were developed: 
yogurt and gelato, applying nanoemulsions of β-carotene 
and corn oil, developed and characterized by Borba et al., 
2019. The nanoemulsions presented droplets with a size in 
the range of 300 nm (Fig. 1). The use of products with dis-
tinct characteristics such as pH, proximate composition, stor-
age temperature, and physical structure provided important 
information about the stability of β-carotene nanoemulsions 
when inserted in complex matrices.

The micrograph shows a smooth, spherical surface and 
a thin outer coating layer, indicating that the oil has encap-
sulated the surface of the β-carotene droplets. The average 
particle size is within the range of nanoemulsions used in 
industrial preparations, which include sizes between 50 and 
500 nm (Chaari et al., 2018).

Both products, gelato and yogurt with nanoemulsion, were 
visually homogeneous, the yogurt showed a small oily halo 
on the top of the samples that disappeared with agitation, 
after 21 days of storage. When non-encapsulated β-carotene 
was added to the (GFβ) and (YFβ) products, a heterogeneous 
appearance was observed, with non-solubilized carotenoid 
particles. The same behavior occurred in the orange drink 
fortified with unencapsulated lycopene instead of lycopene 
nanocapsules, where encapsulation overcame the low solu-
bility of lycopene and eliminated the unpleasant taste of the 
carotenoid (Zardini et al., 2018).

The difference in homogeneity between the sample added 
with nanoemulsion and those with the unencapsulated 
carotenoid demonstrates an important advantage of using 
nanoencapsulation to produce carriers of lipophilic com-
pounds. This process can help and simplify the manipula-
tion, application and solubilization of these compounds in 
different food matrices (Ghayour et al., 2018). The YFβ sam-
ple showed greater coloration (Fig. 2a) than YβN (p < 0.05), 
presenting ΔE of 7.59 ± 1.77, and 1.52 ± 0.55, respectively. 
However, the gelato samples did not differ statistically, 
showing a color variation of ΔE of 2.61 ± 0.82 (GβN) and 
3.68 ± 1.98 (GFβ). Color is an essential attribute in foods 
and often influences consumer preference (Balthazar et al., 
2018; Çakmakçı et al., 2016). Color, appearance and homo-
geneity are essential parameters, linked to the acceptability 
of products by the consumer, as well as the perception of 
sensory characteristics (Santagiuliana et al., 2019).

The color tone of the samples indicated by the shade 
angle (Tupuna et al., 2018) was close to 90° (Fig. 2b), show-
ing a yellowish color, even after 28 days of storage. Despite 
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having a similar hue angle, the color saturation indicated 
by the chroma values (Fig. 2c) was significantly different 
(p < 0.05). GβN saturation was higher than GFβ. Rinaldi 
et al. (2014) also described an increase in the color satu-
ration of gelato samples formulated with four surfactants 
(mono and diglycerides of saturated fatty acids, soy, milk 
and rice phospholipids) after 4 weeks of storage, and these 

changes were described as related to initial oxidation phe-
nomena of fat. The opposite occurred in the yogurt samples, 
YFβ presented greater tonality than YβN. In addition, the 
storage period had different effects on the chroma of the 
formulations. GβN, YβN and YFβ had a significant increase 
(p < 0.05) while GFβ had a significant decrease (p < 0.05). 
The same was described by Lima et al. (2016) in ice cream 

Fig. 1   MET (× 100) images 
of the β-carotene and corn oil 
nanoemulsions

Fig. 2   ΔE (a), Hue angle (b) 
and chroma (c) after 28 d of 
storage
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with β-carotene, which according to the authors may indicate 
that carotenoid oxidation may have occurred. The higher 
the chroma value, the greater the intensity of the color per-
ceived by the human eye, so GβN presented a more intense 
color than GFβ (Balthazar et al., 2018). Thus, the addition of 
β-carotene encapsulated in nanoemulsions allows the color 
of the product to become more intense without the need to 
increase the concentration of the dye.

The higher ΔE of the samples with unencapsulated  
carotenoid can be explained by the hydrophobicity of the bioactive,  
which makes it difficult to solubilize in the sample, which can 
be resolved with encapsulation. This process can reduce oxida-
tive degradation associated with acidic pH, as found in yogurt 
(Feng et al., 2018). The improved performance of nanoen-
capsulated β-carotene compared to its non-encapsulated form 
was also described by Assis et al. (2018). The authors applied 
carotenoid as an antioxidant in biodegradable films, noting that  
in addition to better dispersion homogeneity, the use of nanoen-
capsulated β-carotene increased the color intensity of the films  
and the elongation at break, decreased light transmission and 
provided greater protection to the sunflower oil, with less for-
mation of oxidation products.

According to Ba et al. (2020), the lower the ΔE, it is 
indicative that there was less difference in color, that is, 
less degradation of β-carotene. The low ΔE values were 
confirmed by the low reduction in the β-carotene content 
when encapsulated in the nanoemulsion (Fig. 3), evidenced 

by the C/C0 ratio (final concentration/initial concentration) 
for the products enriched with nanoemulsion during 28 days 
of storage. After this period, the products (gelato and yogurt) 
showed a C/C0 ratio around 0.8 ± 0.1, meaning that the final 
concentration of β-carotene was not statistically different 
(p > 0.05) from the initial. Due to the high heterogeneity of 
samples incorporated with unencapsulated β-carotene, the 
C/C0 ratios of these samples were not monitored.

The protection of β-carotene by nanoemulsions was also 
studied by López-Monterrubio et al. (2021). During 30 days 
of storage, nanoemulsions stabilized by soluble complexes 
of hydrolyzed whey protein and pectin showed no significant 
difference (p > 0.05) when compared to fresh nanoemul-
sions. Where it was established that, as in the present study, 
the nanoemulsions were able to protect the integrity of the 
encapsulated β-carotene.

Figure 4 shows the monitoring of titratable acidity, pH 
and syneresis of formulations developed during yogurt 
storage. In general, no significant changes (p > 0.05) were 
observed in the titratable acidity of yogurts throughout the 
storage period, remaining in the range of 0.6–0.7%. The 
pH values ranged from 4.2 to 4.4, and at the beginning, the 
YFβ formulation presented a significantly higher pH value 
(p < 0.05) than the other formulations. After 28 days of stor-
age, the YC and YFβ samples showed a low pH and signifi-
cantly (p < 0.05) higher (4.39 ± 0.01) than the YβN sample 
(4.33 ± 0.02).

Fig. 3   C/C0 ratio over the 
28 days storage of formulation 
YβN (a) and GβN (b)
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One of the defects found in yogurts is the separation of 
whey, called syneresis, which results from the rearrange-
ment of casein particles (Baba et al., 2018). In the syneresis 
analysis, no significant differences (p > 0.05) were observed 
between the YC and YFβ samples at 0 and 28 days. How-
ever, the sample added with nanoemulsion showed syneresis 
approximately 11.7% and 10.9% higher (p < 0.05) than the 
other samples at times 0 and 28 days, respectively.

The percentage of syneresis was evaluated by Campo 
et al. (2019) in yogurts added with zeaxanthin nanopar-
ticles, and also found an increase in samples added with 
nanoemulsion. The behavior was attributed to the greater 
amount of water in these samples, which is in agreement 
with this study. The formulations containing the nanoe-
mulsions contained the same amount as the other samples, 
plus 250 mL of nanoemulsion.

Yogurts with and without nanoemulsions showed a 
good fit to the Waele Ostwald model (R2 0.98 and 0.87, 
respectively) (Fig. 4(d)). The addition of nanoemulsion 

significantly decreased (p < 0.05) the consistency 
coefficient (K), from 6.93 ± 1.14  Pa  s−1 (control) to 
3.68 ± 0.009 Pa s−1 (with nanoemulsion). However, the 
values are still higher than those reported for this food 
category (1.312 Pa.s−1), indicating that they have a good 
consistency (Aguayo-Mendoza et al., 2019). The K value 
demonstrated the shear strength of the material (Oliveira 
et al., 2018), which means that the strength of the sam-
ple without nanoemulsions is higher than samples with 
nanoemulsion.

Nanoemulsion yogurts showed 43% reductions in force 
required during the “first bite”, indicative of firmness 
(Zhang et al., 2022a, b). This observation may be due to the 
reduction in the protein content and the increase in lipids 
observed in the nanoemulsion sample (Table 2), since the 
protein network recovers the fat globules, which improves 
the protein–protein interaction and consequently increases 
the firmness (Marques et al., 2021). In addition, this sample 
showed a 55% reduction in consistency, 39% reduction in 

Fig. 4   Titratable acidity, pH and syneresis of the yogurts YC (a), YFβ (b), YβN (c), during 28 d of storage at 4 °C and rheological parameters (d)
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the second compression compared to the first compression 
(cohesiveness) (Zhang et al., 2022a, b), and a 66% lower 
viscosity index.

The increase in whey expulsion and its consequent influ-
ence on the rheology and texture of the product is probably 
related to the water added to the product via nanoemulsion. 
This water cannot be retained by the gel matrix, resulting 
in increased syneresis and reduced solids content (Vareltzis 
et al., 2016). This did not happen in the gelato, because in 
the formulation the amount of water was reduced, (760 mL 
of water + 240 mL of nanoemulsion) (Table 1). Another 
cause of increased syneresis may be the damage to the gel 
structure induced during mixing of the nanoemulsion, reduc-
ing its retention capacity (Zhong et al., 2018). Such interfer-
ences in syneresis, rheology and texture parameters can be 
overcome by raising total solids, for example (Krstonosic 
et al., 2021).

The addition of nanoemulsions significantly increased 
(p < 0.05) the flow behavior index (n), designating the devia-
tion from the Newtonian flow (Oliveira et al., 2018), from 
0.07 ± 0.01 (control) to 0.20 ± 0.007 (with nanoemulsion). 
This parameter, with values lower than 1, showed that both 
yogurt formulations studied showed behavior of pseudoplas-
tic fluids (Kadiya & Ghosh, 2022).

The monitoring of soluble solids and pH of gelato for-
mulations (Fig. 5) during the 28 days of storage, showed 
constant pH, around 6.5, close to the value considered 
normal (6.3) for ice cream (Goktas et al., 2022). The total 
soluble solids content, formed mainly by sugars, stabiliz-
ers and emulsifiers (Lima et al., 2016), remained around 
25 °Brix for all formulations, in the follow-up time.

Gremski et al. (2019) also found a little variable pH in 
herbal ice creams (Ilex paraguariensis, Melissa officinalis 
and Cymbopogon citratus), in 72 days of storage. Yeboah 
et al. (2022) carried out the physical–chemical monitoring 

of ice cream made with brown sugar, and also identified 
the stability of the pH of the products around 6.5, noting 
that its properties did not change when replacing compo-
nents of the formulation.

During the analysis of the melting behavior (Fig. 5d), 
the first drop of the two formulations was observed 
between 35 and 40 min; 50% melting was observed at 
88.3 ± 2.8 and 83.3 ± 7.6 min for GC and GβN, respec-
tively, with no significant difference (p > 0.05) between 
samples. The melting rate of the samples was around 
1 g mL − 1, similar to that described by the other authors 
(Amador et al., 2017; Balthazar et al., 2018; Warren & 
Hartel, 2018).

When exposed to hot air, heat transferred from the air 
around the gelato to the product initiates the melting pro-
cess (Warren & Hartel, 2018). This process can destabilize 
the product and affect its structure, a process that varies 
according to the composition of the product. In a study with 
ice cream containing Fortunella margarita, the first drops 
occurred between 14 and 18 min, a value that increased 
with increasing fruit addition. This shorter time compared 
to that found in the present study may be related to the lower 
fat content (Lima et al., 2016). The extensive fat network 
formed between ice crystals and air bubbles by the addition 
of nanoemulsion stabilized the gelato structure (Amador 
et al., 2017).

Another technological parameter is the overrun, corre-
sponding to the industrial calculation of the air added to fro-
zen desserts. This quantification and control of air incorpo-
ration in the ice cream is essential for the quality, stability of 
the product and the most crucial parameter to determine the 
yield of the process (Bekiroglu et al., 2022). The addition of 
nanoemulsions to gelato influenced this parameter (Fig. 6), 
with a significant increase (p < 0.05) of 56% compared to 
the control samples. GFβ samples also showed a significant 

Table 2   Characterization (dry 
basis) of gelatos and yoghurt 
with (GβN and YβN) and 
without nanoemulsions (GC 
and YC) and interference of the 
addition of nanoemulsions in 
texture parameters

Means ± standard deviations (n = 3). Gelato means with different lowercase letters are significantly different 
(p < 0.05) in the row. Yoghurt means with different capital letters are significantly different (p < 0.05) in the 
row. *standard deviations < 0.01. 1Obtained by difference

Parameters YC YNβ GC GβN
Texture parameters

Firmness (g) 0.23 ± 0.01a 0.13 ± 0.007b 5.13 ± 0.49A 4.71 ± 0.72A

Consistency (g s−1) 5.20 ± 0.36a 2.34 ± 0.27b 11.66 ± 0.3A 6.38 ± 0.69B

Cohesiveness (g)  − 0.19 ± 0.01a  − 0.12 ± 0.007b  − 0.60 ± 0.07A  − 0.44 ± 0.03B

Index of viscosity
(g s−1)

 − 0.42 ± 0.03a  − 0.14 ± 0.03b  − 0.014 ± 0.001A  − 0.007 ± 0.001B

Characterization—dry 
basis (%)

Ashs* 0.60A 0.50B 0.05A 0.04A

Proteins 26.5 ± 1.5A 21.3 ± 2.1B 1.9 ± 0.3A 1.8 ± 0.4A

Lipids 8.0 ± 0.6B 23.8 ± 3.7A 23.8 ± 1.4B 38.6 ± 2.1A

Carbohydrates1 64.8 54.3 74.2 59.6
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increase in overrun (p < 0.05). However, this increment, 
around 24%, was smaller than for the addition of nanoemul-
sion. Similar behavior occurred in ice creams containing 
curcumin nanoemulsions and unencapsulated curcumin, 
with an overrun increase of 8% (Borrin et al., 2018).

Gelato generally shows an overrun value ≤ 30%, and tra-
ditional ice cream values are between 50 and 100% (Liu 
et al., 2022). The overrun values found in samples with 
nanoemulsions were close to those of ice cream. These 
values were likely a consequence of the 15% higher lipid 
content in samples with nanoemulsions (Table 2), which 
increases the available coalesced fat droplets to retain air 
bubbles in the ice cream (Wu et al., 2019). On the other 
hand, the lower overrun values for GFβ samples can be 
attributed to the increase in the viscosity of the mixtures 
(Table 2), according to Rizk et al. (2014). They observed 
a reduction from 46.32 to 34.62% for ice cream made with 
different levels (0–5%) of lycopene.

Overrun can affect ice cream firmness (Wu et al., 2019), 
but comparing the two formulations, no significant change 
(p > 0.05) was observed (Table 2), even with the highest 

Fig. 5   Monitoring of pH, soluble solids and carotenoids of formulations GC (a), GβN (b) and GFβ (c) and melting of ice creams with and with-
out the addition of β-carotene nanoemulsions during 120 min and melting rate (g min−1) (d)

Fig. 6   Overrun of samples GC, GβN, and GFβ
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overrun observed in samples with nanoemulsion, probably by 
other parameters, such as the size of the ice crystals, which 
can affect probe penetration and viscosity (Amador et al., 
2017). Velásquez-Cock et al. (2019) also found no significant 
difference (p > 0.05) in the firmness of ice cream containing 
0.15% and 0.3% (p) of cellulose nanofibrils. Similar values 
(around 5 N) were observed in samples of probiotic ice cream 
with 2% apple or oat fiber (Akalin et al., 2018) and in pulsed 
electric field-treated ice cream with and without zinc sup-
plementation (about 6 N) (Pankiewicz et al., 2019).

Gelato consistency was 45% lower (Table 2) in samples 
with nanoemulsion. Physically, this means that less work or 
energy is required to compress these samples compared to con-
trol samples (Zhang et al., 2022a, b). Cohesiveness (Table 2) 
was 27% higher in the GβN samples, so more deformation is 
required before they rupture (Aguayo-Mendoza et al., 2019). 
More force was required when collecting samples with nanoe-
mulsions than control samples, as their viscosity index was 
47% higher. This was probably caused by the decrease in the 
oil droplet diameter (as observed in nanoemulsions) leading 
to a larger contact surface, which generated an important fric-
tional force opposed to the free flow of the emulsion in a shear 
field, thus increasing its viscosity (Zhang et al., 2022a, b).

These changes in texture parameters may also be related 
to changes in the crystallization temperature of the sam-
ples. Truong et al. (2014) evaluated the effects of emulsion 
droplet size on milk fat crystallization and observed a ten-
dency to reduce crystallization temperature with droplet size 
reduction. The authors proposed that this change in crystal-
lization temperature between conventional emulsions and 
nanoemulsions could be used to modify the physical and 
functional properties of food products containing fat or fat-
based encapsulation and delivery systems made from differ-
ent types of emulsion.

In short, it was possible to develop two products added with 
β-carotene nanoemulsion, which showed an increase in solu-
bility and homogeneity when compared to non-encapsulated 
β-carotene, without changing the properties and characteristics 
of the products. Resulting in products enriched with a bioactive 
component, providing, in addition to basic nutrition, a benefit 
to the health of those who consume them.

Conclusion

This study investigated the effect of adding β-carotene 
nanoemulsion to two formulations, yogurt and gelato. 
The application of nanoemulsions as β-carotene carriers 
increased the syneresis index and flow behavior and reduced 
the parameters of firmness, consistency, cohesiveness 
and viscosity index in the yogurt formulation. The gelato 
applied from nanoemulsions had a significant increase in 
product yield, as evidenced by the increase in overrun, 

without affecting stability parameters such as pH, soluble 
solids, firmness and melting. In addition, the nanoemulsion 
applied to both products developed increased the carotenoid 
solubility, making the products more homogeneous than 
the samples added with non-encapsulated β-carotene. The 
nanoemulsions protected the carotenoid, so the β-carotene 
content was largely maintained during storage leading to 
only slight color variation. The results show that the use of 
nanoemulsions as carriers of lipophilic compounds, such as 
carotenoids, can improve the dispersion and stability of these 
compounds in the developed products.
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