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Abstract: In pursuing functional foods that promote health, nanoliposomal carriers have been used 

to enhance the stability and functionality of dairy products such as yogurt, promising therapeutic 

benefits. This study aimed to evaluate the impact of fucoxanthin-loaded nanoliposomes in yogurt on 

its antioxidant, physicochemical, and rheological properties under cold storage (21 days). 

Fucoxanthin-loaded nanoliposomes were prepared using the ultrasonic film dispersion technique 

and added at concentrations of 0%, 5%, and 10% in the yogurt (Y-C, Y-FXN-5, Y-FXN-10). 

Homogeneous and uniform nanoliposomes (98.28 nm) were obtained, preserving their integrity and 

functionality and ensuring prolonged release and bioavailability of fucoxanthin. Y-FXN-10 

maintained the highest antioxidant activity according to the DPPH (52.96%), ABTS (97.97%), and 

FRAP (3.16 mmol ET/g) methods. This formulation exhibited enhanced erythroprotective potential, 

inhibiting hemolysis, photohemolysis, and heat-induced hemolysis. However, viscosity and firmness 

decreased, affecting the texture and appearance. Sensory properties such as color, flavor, aftertaste, 

texture, and overall acceptance improved with the 10% fucoxanthin-enriched yogurt formulation. 

These results suggest that nanoliposomes are suitable for carrying fucoxanthin. Their incorporation 

into food matrices is critical to developing functional foods. Regulatory approvals and consumer 

perceptions regarding nanotechnology-based products must be addressed, emphasizing their safety 

and health benefits.  

Keywords: fucoxanthin-loaded nanoliposomes; functional foods; enriched yogurt formulation 

 

1. Introduction 

In a world where health and well-being are priorities, the quest for functional foods with 

additional health benefits has gained significant scientific interest. Dairy products like yogurt have 
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proven effective as vehicles for delivering bioactive compounds that enhance health and prevent 

diseases [1]. Incorporating nanoliposomes as carriers of bioactive compounds has emerged as a 

promising strategy to improve their stability and bioavailability in dairy products [2–4]. One such 

compound is fucoxanthin, a marine carotenoid found in brown algae with antioxidant and potential 

neuroprotective effects [5]. Fucoxanthin has gained attention for its ability to inhibit oxidative stress 

and reduce the risk of chronic and neurodegenerative diseases [4–6]. However, its application in 

dairy products has been limited by low water solubility and susceptibility to degradation during 

processing and storage. Encapsulating fucoxanthin in nanoliposomes offers a promising solution, as 

they are controlled release systems that protect and stabilize bioactive compounds, enhancing their 

solubility and bioavailability [6]. 

Nanoliposomes have emerged as promising delivery vehicles for bioactive compounds like 

carotenoids [4,7]. The absorption of carotenoids in the gastrointestinal system is influenced by their 

water solubility and the presence of lipids. Studies have shown that nanoliposomes significantly 

improve the bioavailability and absorption of carotenoids compared to conventional formulations 

[8,9]. Encapsulation in nanoliposomes also protects carotenoids from oxidative degradation and 

enhances their stability during food processing and storage [7,10,11]. The impact of storage on the 

antioxidant, physicochemical, and rheological properties of yogurt enriched with antioxidant 

compounds is crucial in developing functional dairy products [12,13]. During extended storage, 

antioxidant compounds in yogurt may be affected by oxidation, reducing their antioxidant capacity 

[14]. 

Prolonged storage of enriched yogurt can change its physicochemical properties, such as acidity, 

pH, viscosity, and texture. The acidification of yogurt during storage can affect its taste and 

acceptability [15,16]. Additionally, changes in the structure of the dairy matrix and the distribution 

of added compounds can affect the homogeneity and stability of the product. The rheology of yogurt, 

i.e., its behavior under deformation and flow, can change during storage due to the reorganization of 

the dairy structure. This can manifest in changes in the yogurt’s viscosity, elasticity, and fluidity 

[17,18]. The formation of whey and phase separation can also occur during prolonged storage, 

affecting the product’s texture and consistency [17,18]. Therefore, it is important to conduct stability 

studies during storage to evaluate how these changes impact the quality and acceptability of enriched 

yogurt [19,20]. These studies will provide a better understanding of the mechanisms of deterioration 

during storage and help develop strategies to improve the stability and quality of yogurt enriched 

with antioxidant compounds, analyzing the impact of nanoliposome addition on the antioxidant, 

physicochemical, rheological, and sensory properties. 

Thus, the present study aims to develop and evaluate yogurt enriched with fucoxanthin-loaded 

nanoliposomes, investigating the impact of storage on its antioxidant, physicochemical, and 

rheological properties under storage conditions. This multidisciplinary approach combines the 

encapsulation technology of bioactive compounds with food science and nutrition, aiming to provide 

a functional dairy product that can enhance the health and well-being of consumers. The results 

obtained will provide valuable insights into the feasibility of this fortification strategy and its 

implications for the formulation of functional foods in the future. 

2. Results and Discussion 

2.1. Morphological Study and Particle Size Measurement 

Scanning electron microscopy (SEM) was employed to visually validate the uniformity, size, 

shape, and integrity of the Fucoxanthin-loaded nanoliposomes vehicles, as shown in Figure 1. For the 

synthesis of nanoliposomes, it was necessary to adjust key parameters such as amplitude, duration, 

and the type of ultrasound used to ensure vesicle stability and reduce their size to the nanometric 

scale. Initially, an ultrasound bath was employed, yielding liposomes with sizes that were not 

considered optimal for their intended application. Subsequently, high-energy ultrasound methods 

were tested, adjusting the amplitude to achieve an effective reduction in particle size. The images 

obtained through scanning electron microscopy (SEM) illustrate the variation in nanoliposome sizes 
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depending on the synthesis method used. In Figures A and B, nanoliposomes obtained via an 

ultrasound bath exhibited larger sizes (0.506 µm, 0.348 µm, and 0.287 µm), indicating that this 

method is not efficient for significantly reducing particle size. In contrast, Figures C and D, where 

high-energy ultrasound with a 30% amplitude was applied, show a considerable decrease in 

nanoliposome size (0.320 µm, 0.216 µm, and 0.178 µm), resulting in a more homogeneous and stable 

structure compared to the ultrasound bath. Finally, in Figures E and F, increasing the ultrasound 

amplitude to 55% led to a further reduction in nanoliposome size (0.109 µm, 0.075 µm, and 0.056 µm). 

At this stage, the acoustic cavitation generated by bubbles allowed for a more efficient reduction in 

vesicle size, achieving a much more homogeneous particle distribution within the nanometric range.  

 

Figure 1. Morphology and particle size of nanoliposomes loaded with fucoxanthin by scanning electron 

microscopy (SEM). (A) Expansion to x20,000. Scale bar = 1 µm. (B, C, D, E and F) Expansion to x70,000.  Scale 

bar= 0.2 µm. 

Once the optimal conditions for obtaining nanoliposomes are determined (Figure 1 E, F), the 

shape of the lipid vesicles confirms that all particles exhibit a similar size and structure, which are 

characteristic of ideal nanoliposomes [21]. Moreover, no deformations, aggregations, or structural 

aberrations are observed in the nanoliposomes. In research, developing new delivery systems for 

bioactive compounds in food matrices is a highly attractive strategy for enhancing the biological 

functions of these molecules. The nanoscale size of liposomes facilitates their internalization into cells 

and biological tissues, improving aspects such as bioavailability, especially in complex membranes 

like the blood-brain barrier. Their well-defined spherical shape provides greater structural support 

and stability, allowing uniform distribution of encapsulated compounds within various matrices. The 

absence of deformations in the vesicles ensures the stability of the encapsulated compounds during 

storage [22–24]. 

2.2. Encapsulation Efficiency 

The encapsulation efficiency (EE) is a measure that indicates the percentage of fucoxanthin 

successfully encapsulated within the liposomal vehicles relative to the total amount of fucoxanthin 

used in the encapsulation process (free fucoxanthin). EE is a key indicator for estimating the stability 

of the liposomal system, which suggests that fucoxanthin is well protected within the liposomes and 

is crucial for maintaining its stability during storage and administration. The encapsulation efficiency 

of fucoxanthin in nanoliposomes (95.33 ± 1.34%) is considered high and efficient, indicating that the 

encapsulation process used in this study is highly effective. The results suggest that the process 

A B C 

D E F 
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parameters, such as lipid ratio, encapsulation technique, and operating conditions, have been 

adequately controlled to maximize the incorporation of fucoxanthin into the nanoliposomes. This 

high encapsulation percentage ensures fucoxanthin's protection and stability and opens doors for 

future research and practical applications in various fields. The ability to consistently maintain a high 

EE reinforces the viability of these nanoliposomes as efficient delivery vehicles for bioactive 

compounds, offering a robust platform for use in commercial and therapeutic products. 

Due to the nonpolar nature of fucoxanthin, its encapsulation likely occurs in the hydrophobic 

part of the vehicles, specifically within the lipid membrane between the hydrophobic tails of the fatty 

acids constituting the phospholipids. This characteristic increases the incorporation of fucoxanthin 

into the liposomal vehicles. Similar encapsulation efficiency has been observed in studies by Pan et 

al. [25], Rodríguez-Ruiz et al. [26], and Taksima et al. [27] for astaxanthin, with efficiencies ranging 

from 95-97%. The hydrophobic nature of carotenoids enhances their affinity for the hydrophobic part 

of phosphatidylcholine molecules, encapsulating them within the lipid bilayer and facilitating their 

interaction and encapsulation [24–27].  

2.3. Stability of Nanoliposomes by Centrifugation 

The stability of fucoxanthin-loaded nanoliposomal carriers indicates a high degree of stability 

(92.67 ± 2.34%), suggesting that the nanoliposomes effectively maintain their structural integrity and 

functional efficacy under the given conditions. Several key points emerge when comparing the 

stability of these nanoliposomes to other systems reported in scientific literature. According to a 

study by Sun et al. [8], nanoliposomes encapsulating natural antioxidants, such as resveratrol and 

curcumin, demonstrated stability percentages ranging from 85% to 90% over one month at room 

temperature. The observed stability of 92.67% for fucoxanthin-loaded nanoliposomes is slightly 

higher, indicating better preservation of encapsulated compounds under similar conditions. Research 

by Mozafari et al. [28] on nanoliposomes encapsulating bioactive compounds reported stability 

values of approximately 88% over a similar timeframe. The higher stability percentage in the current 

study suggests that the formulation and preparation method for fucoxanthin-loaded nanoliposomes 

may be more effective in maintaining structural integrity than the methods used in the referenced 

studies. The lipid composition of nanoliposomes plays a crucial role in their stability. Studies by 

Mozafari [29] highlight that including cholesterol in the lipid bilayer can significantly enhance 

nanoliposome stability. The 92.67% stability observed in the current study might be attributed to an 

optimized lipid composition, possibly including cholesterol or other stabilizing agents. Storage 

conditions also influence the stability of nanoliposomes. Thien et al. [30] study on nanoliposomes 

containing polyphenols reported stability percentages of around 87% when stored at 4 °C. The 

stability of fucoxanthin-loaded nanoliposomes at 92.67% could imply that the storage conditions 

were optimized, possibly involving controlled temperature and light exposure to minimize 

degradation. The observed stability of 92.67% for fucoxanthin-loaded nanoliposomes is noteworthy 

and compares favorably with other nano-liposomal systems reported in the literature.  

The stability of nanoliposomes is crucial for their incorporation into functional foods, such as 

enriched yogurt. High stability ensures that nanoliposomes maintain their structure during the 

processing and storage of yogurt, preserving their encapsulating properties and preventing the 

premature release of bioactive compounds. Stability contributes to the homogeneous distribution of 

bioactive compounds within the yogurt, guaranteeing a uniform concentration of the active 

ingredient in each serving, thus enhancing the consistency and efficacy of the functional product. 

Stable nanoliposomes minimize undesirable changes in the sensory properties of yogurt, such as 

flavor, texture, and color, as the degradation of unstable nanoliposomes could release compounds 

that negatively affect the product’s acceptability to consumers. Furthermore, the stability of 

nanoliposomes influences the preservation of biological activity by providing a protective barrier for 

bioactive compounds, shielding them from adverse factors such as light, oxygen, and temperature, 

thereby preserving their biological activity throughout the product’s shelf life. This stability also 
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allows for the controlled and sustained release of bioactive compounds, improving their 

bioavailability and efficacy ensuring that health benefits are maintained over time. 

Nanoliposome stability ensures that bioactive compounds reach their biological target in their 

most effective form, optimizing their antioxidant and anti-inflammatory effects in the organism. 

When compared to the delivery of other antioxidant compounds, resveratrol-loaded nanoliposomes 

exhibited a stability of 90% and significantly improved the bioavailability of resveratrol in functional 

foods, suggesting that fucoxanthin-loaded nanoliposomes with a stability of 92.67% could have a 

similar or superior impact [28,29]. Curcumin-loaded nanoliposomes, with a stability of 88%, were 

successfully utilized in enriched dairy products, preserving their bioactive properties, indicating that 

the higher stability of fucoxanthin-loaded nanoliposomes could better conserve their health benefits 

when incorporated into yogurt [8]. Polyphenol-loaded nanoliposomes, with a stability of 87%, 

maintained their antioxidant activity in functional foods, suggesting that the high stability of 

fucoxanthin-loaded nanoliposomes will not only preserve their biological activity but also potentially 

enhance the antioxidant benefits of enriched yogurt [30]. These studies indicate that the high stability 

of nanoliposomes is a determinant factor for their successful incorporation into enriched yogurt, 

ensuring the protection and controlled release of bioactive compounds, preserving their biological 

activity, and enhancing the functional properties of yogurt, indicating a promising application in the 

functional food industry. 

2.4. In Vitro Release 

As shown in Figure 2, the in vitro release profile results demonstrate that free fucoxanthin 

exhibits a rapid and significant release, reaching 98.78% within 24 hours, with an initial increase of 

21.87% at 0.5 hours. This percentage quickly rises, reaching 42.60% at 1 hour and 66.85% at 6 hours. 

By 10 hours, the release reaches 87.64%, and finally, at 24 hours, an almost complete release is 

observed. In contrast, fucoxanthin encapsulated in nanoliposomes shows a slower and more 

controlled release, achieving only 31.98% at the end of the same period, with no release in the first 

0.5 hours. The release gradually increases, reaching 1.38% at 1 hour and 6.62% at 4 hours. At 6 hours, 

the release is 11.81%, and it continues to increase at a constant rate, reaching 21.54% at 10 hours. This 

difference indicates that nanoliposomes effectively delay and maintain a sustained release of 

fucoxanthin, which could be beneficial in applications requiring prolonged compound release, such 

as drug delivery or nutritional supplements. Nanoliposome encapsulation provides a controlled and 

gradual release, whereas the free form offers immediate and rapid availability of fucoxanthin. In 

other words, the release of free fucoxanthin is much faster, with a high percentage of release achieved 

in the initial hours, indicating immediate and rapid availability in its free form. Meanwhile, the 

release of fucoxanthin encapsulated in nanoliposomes is significantly slower and controlled. Both 

forms of fucoxanthin show a continuous increase in the release percentage over time, but the 

magnitude and rate of increase differ significantly. To describe the mathematical expression of the in 

vitro release of fucoxanthin (FXN) and fucoxanthin encapsulated in nanometric liposomes (FXN-LN) 

based on the provided figure, we can fit the data to a linear release equation. The typical linear release 

equation can be expressed as: 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 𝑘𝑡 + 𝐶                              (1) 

where, k, is the release constant (slope of the line); t, is the time; C, is the y-intercept (initial release 

value at time zero).  
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Figure 2. In vitro release of free fucoxanthin solution (FXN) and fucoxanthin-loaded nanoliposomes (FXN-LN) 

in PBS (pH 7.4) at 37 °C. Data are presented as mean ± standard deviation (n = 3). 

The effectiveness of nanoliposomes in delaying and maintaining a sustained release of 

fucoxanthin has been well-documented in scientific literature. These characteristic benefits 

applications requiring prolonged compound release, such as drug delivery or nutritional 

supplements. Unlike free fucoxanthin, which offers immediate and rapid availability, nanoliposomes 

enable a controlled and gradual release. Studies have shown that nanoliposome-based formulations 

can increase stability, improve epithelial permeability and bioavailability, and prolong the drug’s 

half-life in the bloodstream, while minimizing adverse side effects [31–33]. Additionally, 

nanoliposomes' ability to encapsulate hydrophobic and hydrophilic drugs and release them in 

controlled amounts has been highlighted as a significant advantage in various biomedical and food 

applications [34,35]. These systems have shown efficacy in enhancing drug stability and improving 

targeted drug delivery, crucial in treating complex diseases such as cancer [36]. 

2.5. Impact of Cold Storage Conditions on Antioxidant, Physicochemical, and Rheological Properties of 

Different Yogurt Formulations. 

2.5.1. Antioxidant Properties 

Cold storage is a common practice to prolong the shelf life of food and preserve its functional 

and sensory properties. This study evaluated the antioxidant properties of yogurt formulations (Y-C, 

Y-FXN-5, Y-FXN-10) under a 21-day cold storage period (Table 1). The DPPH, ABTS, and FRAP 

methods assessed the antioxidant properties. The DPPH and ABTS methods measure a substance's 

antioxidant capacity to donate electrons or hydrogen atoms and neutralize free radicals. 

Table 1. Effect of cold storage on the antioxidant properties (DPPH, ABTS, FRAP) of yogurt formulations 

added with nanoliposomes loaded with fucoxanthin. 

Samples Storage time 

(days) 

Free radical-scavenging (%) mmol TE/g 

DPPH• ABTS+• FRAP 

Y-C 0 24.77 e±1.25 33.72 f±1.75 2.85 c±0.13 

7 24.32 e±2.45 30.36 fg±2.35 2.42 d±0.11 

14 21.68 f±1.74 28.41 g±2.95 2.23 d±0.10 

21 19.23 f±2.84 25.98 g±1.24 2.25 d±0.09 

Y-FXN-5 0 34.99 c±0.95 43.38 d±1.64 3.11 ab±0.07 

7 34.12 c±1.81 41.64 de±1.74 3.21 a±0.11 

14 32.58 cd±2.76 39.32 e±1.63 3.03 b±0.03 

21 30.23 d±1.63 39.64 e±2.87 2.98 b±0.08 
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Y-FXN-10 0 52.96 a±1.24 97.97 a±2.93 3.16 a±0.05 

7 50.23 b±0.35 92.54 b±2.26 3.14 a±0.03 

14 51.25 ab±1.55 90.23 bc±1.15 3.15 a±0.06 

21 50.34 b±1.23 88.42 c±0.74 3.04 b±0.03 

The results show a decrease in antioxidant activity for the different formulations as the storage 

period progresses. The free radical scavenging activity was evaluated using the DPPH assay: For Y-

C, the antioxidant activity decreased from 24.77% to 19.23% by day 21. Initially, Y-FXN-5 exhibited 

an antioxidant activity of 34.99%, which decreased to 31.06% at the end of the storage period. Finally, 

Y-FXN-10 showed a much higher initial antioxidant activity (52.96%), which was reduced to 50.34% 

by day 21. Thus, the results indicate that the Y-FXN-10 formulation maintained the highest DPPH 

free radical inhibitory activity. The ABTS assay also measures antioxidant capacity but, unlike DPPH, 

can react with a broader range of antioxidant molecules. The results show that the antioxidant activity 

of the control (Y-C) decreased from 33.72% to 25.98% after 21 days. In Y- FXN-5, the initial antioxidant 

activity was 43.38%, decreasing to 39.27% at the end of the storage period. Y-FXN-10 started with a 

high value of 97.97% and ended at 88.42%. Regarding the reducing power of the formulations 

measured by FRAP, the control (Y-C) showed a decrease from 2.85 mmol ET/g to 2.25 mmol ET/g, 

while Y-FXN-5 showed an initial capacity of 3.20 mmol ET/g, slightly reducing to 3.16 mmol ET/g. 

The Y-FXN-10 formulation presented the highest initial capacity (3.31 mmol ET/g), slightly 

decreasing to 3.04 mmol ET/g by day 21. These results indicate that the addition of fucoxanthin-

loaded nanoliposomes (Y-FXN-5 and Y-FXN-10) significantly enhances the antioxidant properties of 

yogurt compared to the control (Y-C), with Y-FXN-10 showing the greatest antioxidant stability 

during cold storage. It is observed that the nanoliposomes might be providing additional protection, 

possibly due to the controlled release of fucoxanthin and protection against oxidation. 

Yogurt formulations without antioxidant additives or functional ingredients such as 

nanoliposomes typically show a decrease in their antioxidant capacity during storage. This is due to 

the natural degradation of antioxidant compounds like vitamins, polyphenols, and bioactive 

peptides. Studies by Corrêa et al. [37] report that the antioxidant capacity in unenriched yogurts 

significantly decreases during storage, similar to what was observed in the Y-C formulation of our 

study. Bourne [38] and Lee & Lucey [39] reported a decrease in antioxidant capacity in natural 

yogurts due to the oxidation of lipids and proteins during cold storage. In our study, the Y-C 

formulation showed a significant reduction in antioxidant capacity (DPPH, ABTS, FRAP) over the 

21-day storage period, consistent with Lee & Lucey [39] findings. 

The results are expressed as mean ± standard deviation (n = 3). Means with different lowercase 

letters (a-h: time effects) within the same treatment are significantly different (p < 0.05). Y-C= Control 

Yogurt without nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-10= Yogurt 

enriched with 10% nanocapsules. 

On the other hand, natural antioxidants have been incorporated into yogurts to enhance their 

functional properties. According to studies by Jeong et al. [40], yogurt enriched with green tea extract 

significantly improved initial antioxidant capacity but decreased during storage. Zahoor et al. [41] 

reported that adding polyphenol-rich fruit extracts derived from pomegranate and açaí increased the 

initial antioxidant capacity of yogurt. However, antioxidant capacity decreased in both studies over 

time due to the degradation of bioactive compounds that were not protected or encapsulated. Using 

nanoliposomal carriers to transport bioactive compounds and effectively achieve a controlled release 

of antioxidants is a relatively new and promising strategy. Studies by Gómez-Estaca et al. [42] found 

that curcumin-loaded nanoliposomes significantly improved yogurt's stability and antioxidant 

capacity during storage. Encapsulation showed a lesser decrease in antioxidant capacity compared 

to non-encapsulated yogurts. Similarly, Kristl et al. [43] found that resveratrol-loaded nanoliposomes 

not only improved the initial antioxidant capacity of yogurt but also maintained these properties 

during a prolonged cold storage period. The results of both studies are consistent with our findings 

aimed at improving the stability of antioxidants in yogurt. Based on previous studies and the results 
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obtained in our research, incorporating nanoliposomes in yogurts can be an effective strategy to 

develop functional dairy products such as yogurt with enhanced antioxidant benefits, potentially 

contributing to consumer health and extending the product’s shelf life. These findings suggest that 

incorporating fucoxanthin-loaded nanoliposomes in yogurt improves its initial antioxidant 

properties and helps maintain these properties during cold storage, making the product more stable 

and potentially healthier for consumers. However, these results are insufficient to establish the 

therapeutic potential of yogurt formulations to delay cellular oxidation and premature aging. 

Additionally, the erythroprotective activities (Hemolysis inhibition, photohemolysis inhibition, and 

membrane stabilization test) will provide complementary information on cellular antioxidant 

activity. 

Compared with other studies, similar trends are observed where nanoliposome encapsulation 

enhances the stability and retention of antioxidant properties in food matrices. For instance, 

quercetin-loaded nanoliposomes showed sustained antioxidant effects and improved 

physicochemical stability, similar to the color stability observed in fucoxanthin-loaded yogurt 

samples. Quercetin encapsulation in nanoliposomes improved the retention of antioxidant activity 

and influenced the release profiles, providing a prolonged protective effect against oxidative damage 

[44]. Another study on rosemary oleoresin-loaded nanoliposomes demonstrated enhanced 

antioxidant stability and significant improvements in oxidative stability when applied to dried 

oysters. The rosemary oleoresin nanoliposomes maintained high antioxidant activity over an 

extended storage period, paralleling the sustained color stability in the fucoxanthin-enriched yogurt 

samples. This reinforces the efficacy of nanoliposome encapsulation in preserving the functional 

properties of antioxidants during storage [10]. These comparisons indicate that nanoliposome 

technology consistently enhances the stability and effectiveness of encapsulated antioxidants across 

different food systems.  

Table 2 shows the results of erythroprotective activities. Hemolysis inhibition (HI %) was 

significantly higher in the yogurt formulations enriched with nanoliposomes (Y-FXN-5 and Y-FXN-

10) compared to the control yogurt (Y-C). Y-FXN-10 exhibited the highest hemolysis inhibition at 

82.41%, followed by Y-FXN-5 at 63.83%, whereas the control only reached 17.29%. These data are 

consistent with the results for the percentage of photohemolysis inhibition, another method of 

inducing free radical production. Y-FXN-10 also showed a notably higher erythroprotective potential 

at 82.4%, significantly higher than the control (61.07%) and Y-FXN-5 (54.93%). Regarding the 

membrane stabilization test, for Heat-IH, Y-FXN-10 presented significantly higher values (46.8%) 

compared to Y-C (25.5%) and Y-FXN-5 (25.17%). Although the difference is not as marked as in the 

other parameters, these results indicate that incorporating nanoliposomal vehicles at a 10% 

concentration contributes to the stability of erythrocytes under thermal stress conditions. While 

stabilizing the membrane by Hypo-IH, the Y-FXN-10 formulation again exhibited the highest 

inhibition (93.62%), followed by Y-C (81.46%) and Y-FXN-5 (80. 87%). 

The results clearly demonstrate that adding FXN-LN significantly (p<0.05) enhances the 

erythroprotective potential of the yogurt formulations. Hemolysis inhibition, photohemolysis 

inhibition, and membrane stabilization test (heat-induced hemolysis inhibition, hypotonicity-

induced hemolysis inhibition) were the parameters that showed the most notable differences between 

the enriched formulations and the control, indicating that the antioxidant compounds present in the 

enriched yogurt have protective effect against oxidative damage. This can be attributed to 

fucoxanthin being a potent antioxidant, and its encapsulation in nanoliposomes can improve its 

stability and bioavailability. Therefore, the incorporation of nanoliposomes loaded with fucoxanthin 

not only enhances the antioxidant capacity, stability, and bioavailability of fucoxanthin in yogurt 

formulations but also potentiates its protective effect under various stress conditions, such as light 

and heat exposure, which are common in the food industry. These nanoscale vesicles could also 

confer an antioxidant power comparable to a food preservative, prevent lipid peroxidation, and 

extend the product’s shelf life. 
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Table 2. Erythroprotective potential of yogurt formulations that were added with nanoliposomes loaded with 

fucoxanthin. 

Samples HI (%) PHI (%) Heat-IH Hypo-IH 

Y-C 17.29 c ±2.67 61.07 b ±2.53 25.50 b ±2.35 81.46 b ±1.23 

Y-FXN-5 63.83 b ±2.34 54.93 c ±1.98 25.17 b ±2.87 80.87 b ±2.85 

Y-FXN-10 82.41 a ±1.54 82.40 a ±2.63 46.80 a ±3.63 93.62 a ±2.16 

The results are expressed as mean ± standard deviation (n = 3). Means with different lowercase 

letters (a-c: time effects) within the same treatment are significantly different (p < 0.05). Y-C= Control 

Yogurt without nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-10= Yogurt 

enriched with 10% nanocapsules. HI: Hemolysis inhibition; PHI: Photohemolysis inhibition. Heat-

IH: Inhibition of heat-induced hemolysis; Hypo-IH: Inhibition of hypotonicity-induced hemolysis. 

The Figure 3 presents three micrographs (A, B, and C) illustrating the morphological state of 

human erythrocytes under different experimental conditions. In micrograph A, healthy erythrocytes 

exhibit their characteristic morphology: biconcave cells with a round and uniform shape, 

homogeneous coloration, and no apparent alterations in the plasma membrane. The biconcave 

structure is essential for erythrocyte function, as it maximizes the surface area for gas exchange and 

ensures optimal deformability for passage through capillaries. Additionally, a bluish-stained cell, 

likely a leukocyte, can be observed, which is a common finding in blood smears. Under these basal 

conditions, erythrocytes maintain their structural integrity without signs of hemolysis or 

deformation, indicating a physiologically stable environment free from significant oxidative stress. 

 

Figure 3. Evaluation of the erythroprotective potential of a yogurt formulation enriched with fucoxanthin-loaded 

nanoliposomes in human erythrocytes exposed to oxidative stress. (A) Healthy erythrocytes (negative control). 

(B) Erythrocytes treated with a yogurt formulation enriched with fucoxanthin-loaded nanoliposomes, indicating 

a protective effect against oxidative damage. (C) Erythrocytes exposed to AAPH, a free radical generator. 

In micrograph B, erythrocytes were exposed to a yogurt formulation enriched with fucoxanthin-

loaded nanoliposomes, an antioxidant with protective activity against oxidative damage. Most 

erythrocytes retain their characteristic biconcave morphology, although slight membrane alterations 

are observed, possibly due to interactions with the antioxidant. The cellular structure remains largely 

uniform, with fewer altered cells compared to micrograph C. In contrast, micrograph C shows 

erythrocytes exposed to AAPH, a free radical generator that induces oxidative stress. Here, a 

significant alteration in cellular morphology is evident, with fragmented, hemolyzed erythrocytes 

and a loss of their biconcave structure. The plasma membrane appears visibly damaged, suggesting 

severe lipid peroxidation that compromises cell viability. Comparatively, micrograph B confirms the 

erythroprotective effect of fucoxanthin-enriched yogurt, as it largely prevents the oxidative damage 

observed in micrograph C, highlighting the critical role of antioxidants in cellular protection. 

2.5.2. Physicochemical Properties 

2.5.2.1. Electric Conductivity 
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The electrical conductivity of yogurt formulations was affected by the incorporation of 

fucoxanthin-loaded nanoliposomes and cold storage over 21 days (Figure 4). The control yogurt (Y-

C) maintained stable conductivity (~4.25 S/cm), while yogurt with 5% fucoxanthin (Y-FXN-5) showed 

a greater decline (4.16 to 3.91 S/cm), indicating possible ionic imbalance or matrix instability. In 

contrast, yogurt with 10% fucoxanthin (Y-FXN-10) exhibited a minor reduction (4.75 to 4.67 S/cm), 

suggesting a stabilizing effect at higher concentrations. Electrical conductivity, a key indicator of 

matrix homogeneity and product quality, reflects modifications in ionic balance due to nanoliposome 

dispersion [45]. Significant variations could indicate undesirable interactions affecting texture and 

flavor. These findings align with previous studies on bioactive nanocarriers in dairy products, where 

nanoliposome encapsulation of antioxidants, such as curcumin, influenced electrical properties [46–

48]. The observed conductivity changes reinforce the relevance of nanotechnology in enhancing 

yogurt stability and functionality. 

 

Figure 4. Effect of fucoxanthin-loaded nanoliposome addition and cold storage time on the electrical 

conductivity of yogurt formulations. All data were analyzed using two-way ANOVA with interactions. Means 

with different lowercase letters (a-c: pH effects) within the same treatment are significantly different (p < 0.05). 

Y-C= Control Yogurt without nanocapsules; Y-Ant-5= Yogurt enriched with 5% nanocapsules; Y-Ant-10= Yogurt 

enriched with 10% nanocapsules. Bars represent the standard deviation of at least three replicates (n > 3) per 

concentration. 

2.5.2.2. pH  

The analysis of pH changes in yogurt formulations over 21 days of cold storage indicates that 

fucoxanthin-loaded nanoliposomes influence acidification dynamics (Figure 5). The control yogurt 

(Y-C) exhibited a slight pH decline (4.40 to 4.26) due to lactic cultures’ metabolic activity. Yogurt with 

5% fucoxanthin nanoliposomes (Y-FXN-LN-5%) showed a more pronounced pH decrease (4.33 to 

4.18), suggesting increased acidogenic activity or acid release from nanoliposomes. In contrast, 

yogurt with 10% fucoxanthin nanoliposomes (Y-FXN-LN-10%) exhibited a milder pH change (4.22 

to 4.34), indicating potential stabilization effects, possibly through buffering or interference with 

lactic culture activity. These findings align with prior research showing that nanoencapsulation 

enhances carotenoid stability, bioaccessibility, and physicochemical properties, including pH 

regulation [49–51]. Studies on fucoxanthin and chitosan-based delivery systems confirm their role in 

maintaining carotenoid integrity and modulating acidification in food matrices, reinforcing the 

stabilizing impact of nanoliposomes in dairy products [52]. 
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Figure 5. Effect of Fucoxanthin-loaded nanoliposome addition and cold storage time on the pH of yogurt 

formulations. All data were analyzed using two-way ANOVA with interactions. Means with different lowercase 

letters (a-c: pH effects) within the same treatment are significantly different (p < 0.05). Y-C= Control Yogurt 

without nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-10= Yogurt enriched with 10% 

nanocapsules. Bars represent the standard deviation of at least three replicates (n > 3) per concentration. 

2.5.2.3. Titratable Acidity 

The titratable acidity of yogurt formulations over 21 days of cold storage showed a slight initial 

reduction with the addition of fucoxanthin-loaded nanoliposomes but remained stable in the long 

term (Figure 6). At day 0, the control yogurt (Y-C) had an acidity of 0.56%, while formulations with 

5% (Y-FXN-LN-5%) and 10% (Y-FXN-LN-10%) fucoxanthin nanoliposomes had slightly lower values 

(0.55% and 0.52%, respectively). Acidity increased by day 7 due to active fermentation but declined 

significantly by day 14, stabilizing at lower levels through day 21. This suggests that nanoliposomes 

may slow acid production, contributing to yogurt stability [53]. These results align with previous 

studies indicating that fucoxanthin incorporation alters acidity without negatively affecting 

physicochemical properties. Maintaining lower initial acidity can lead to a milder flavor, preferred 

by some consumers, while nanoliposomes contribute to structural integrity, texture, and extended 

shelf life, ensuring product quality and functional benefits over time [53–55]. 
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Figure 6. Effect of nanoliposome addition and cold storage time on the titratable acidity of yogurt formulations. 

All data were analyzed using two-way ANOVA with interactions. Means with different lowercase letters (a-c: 

pH effects) within the same treatment are significantly different (p < 0.05). Y-C= Control Yogurt without 

nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-10= Yogurt enriched with 10% 

nanocapsules. Bars represent the standard deviation of at least three replicates (n > 3) per concentration. 

2.5.2.4. Syneresis Susceptibility (STS) 

The addition of fucoxanthin-loaded nanoliposomes significantly reduces syneresis in yogurt 

formulations over 21 days of cold storage (Figure 7). The control yogurt (Y-C) initially had a syneresis 

value of 26.47%, which decreased substantially over time, indicating notable whey separation. 

Conversely, formulations with 5% and 10% nanoliposomes (Y-FXN-5 and Y-FXN-10) exhibited much 

lower initial syneresis values (~10.8%) and maintained stable, low levels throughout storage, 

suggesting that nanoliposomes enhance structural stability. This effect is attributed to 

nanoliposomes’ interactions with yogurt proteins, particularly casein micelles, strengthening the gel 

network and preventing whey expulsion [56,57]. Additionally, nanoliposomes may interact with 

polysaccharides and lipids, further improving viscosity, water retention, and textural integrity. 

Previous studies confirm that nanoliposomes function as emulsifiers and protein stabilizers, 

contributing to a more cohesive and homogeneous yogurt matrix. This structural enhancement 

ensures improved texture, reduced phase separation, and better overall product stability during 

refrigerated storage [56–59]. 
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Figure 7. Effect of Fucoxanthin-loaded nanoliposome addition and cold storage time on the syneresis 

susceptibility of yogurt formulations. All data were analyzed using two-way ANOVA with interactions. Means 

with different lowercase letters (a-c: storage time effects) within the same treatment are significantly different (p 

< 0.05). Y-C= Control Yogurt without nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-

10= Yogurt enriched with 10% nanocapsules. Bars represent the standard deviation of at least three replicates (n 

> 3) per concentration. 

2.5.2.5. Water-Holding Capacity (WHC)  

The addition of fucoxanthin-loaded nanoliposomes to yogurt formulations (Y-FXN-5 and Y-

FXN-10) significantly improved water-holding capacity over 21 days of cold storage compared to the 

control yogurt (Figure 8). While Y-C increased from 73.53% to 95.69%, nanoliposome-enriched 

formulations maintained consistently higher values from the start, with Y-FXN-5 ranging from 

89.24% to 95.92% and Y-FXN-10 from 89.13% to 95.82%. This suggests that fucoxanthin enhances 

water retention, contributing to better texture and stability [59–61]. Nanoliposomes interact with 

yogurt matrix components—proteins (casein and whey), carbohydrates, and lipids—creating a stable 

network that reduces syneresis and enhances creaminess. Their emulsifying properties further 

prevent phase separation, improving overall product quality. Similar results have been observed 

with polymerized whey proteins and plant extracts, confirming that functional agents like 

nanoliposomes can enhance yogurt’s structural integrity, maintain a uniform consistency, and 

improve consumer acceptability [60–63]. 

 

Figure 8. Effect of the addition of nanoliposomes and cold storage time on the water-holding capacity of yogurt 

formulations. All data were analyzed using two-way ANOVA with interactions. Means with different lowercase 
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letters (a-c: storage time effects) within the same treatment are significantly different (p < 0.05). Y-C= Control 

Yogurt without nanocapsules; Y-FXN-5= Yogurt enriched with 5% nanocapsules; Y-FXN-10= Yogurt enriched 

with 10% nanocapsules. Bars represent the standard deviation of at least three replicates (n > 3) per 

concentration. 

2.5.2.6. Viscosity  

The addition of fucoxanthin-loaded nanoliposomes and cold storage duration significantly 

influence the viscosity of yogurt formulations (Figure 9). The control yogurt showed an initial 

viscosity of 10,300, peaking at 12,715 after 7 days before gradually declining to 9,009 by day 21. In 

contrast, fortified formulations (Y-FXN-5 and Y-FXN-10) exhibited lower viscosity throughout 

storage, with sharp declines after 7 days, indicating potential destabilization of the yogurt matrix. Y-

FXN-5 started at 4,690, peaked at 8,473, and dropped to 1,771 by day 21, while Y-FXN-10 followed a 

similar trend, peaking at 7,323 before declining to 2,812. These changes suggest that nanoliposomes 

disrupt casein micelles through electrostatic and hydrophobic interactions, reducing micellar stability 

and viscosity. Additionally, nanoliposomes may act as surfactants, affecting protein aggregation, 

hydration properties of polysaccharides, and fat globule interactions, ultimately altering the gel 

structure and rheological properties. While fortification with fucoxanthin offers nutritional benefits, 

its impact on viscosity and texture requires optimization to maintain the yogurt’s stability and 

sensory quality [60–63]. 

 

Figure 9. Effect of fucoxanthin-loaded nanoliposome addition and cold storage time on yogurt formulations' 

viscosity (cP). Means with different lowercase letters (a-c: storage time effects) within the same treatment are 

significantly different (p < 0.05). Y-C= Control Yogurt without nanocapsules; Y-Ant-5= Yogurt enriched with 5% 

nanocapsules; Y-Ant-10= Yogurt enriched with 10% nanocapsules. Bars represent the standard deviation of at 

least three replicates (n > 3) per concentration. 

Casein micelles play a crucial role in yogurt’s gel-like texture, but their interaction with 

nanoliposomes can alter their size and stability. Fucoxanthin-loaded nanoliposomes may disrupt 

micellar structures through electrostatic and hydrophobic interactions, reducing viscosity by 

weakening protein-protein interactions and promoting a more dispersed network [42]. Additionally, 

nanoliposomes may compete with polysaccharides for water molecules, affecting gelation and 

thickening properties, while their integration into fat globules can modify size distribution and 

stability, influencing yogurt’s rheology [64,65]. Studies of Shokery et al. [66], Najgebauer-Lejko et al. 

[67], and de Campo et al. [68] confirm that nanoliposomes can lead to reduced viscosity due to 

interactions with proteins and fats, impacting stability and texture. The significant viscosity decline 

in fortified yogurts (Y-FXN-5 and Y-FXN-10) suggests a higher susceptibility to syneresis, as viscosity 
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is crucial for serum retention. However, research highlights that water-holding capacity and gel 

structure stability also influence syneresis. While the control yogurt (Y-C) retained higher viscosity 

and better water retention, enriched formulations exhibited structural modifications requiring 

optimization. Research by Anuyahong et al. [13], Liu et al. [18], and Athar et al. [69] supports the idea 

that increasing the total solids content and gel firmness can enhance viscosity and reduce syneresis. 

These findings highlight the importance of balancing nutritional fortification with maintaining the 

desirable physical properties of yogurt. 

2.5.2.7. Textural Properties (Firmness and Consistency)  

The incorporation of fucoxanthin-loaded nanoliposomes affects yogurt firmness during cold 

storage, depending on concentration and interactions with the food matrix (Figure 10). The control 

yogurt (Y-C) exhibited an initial firmness of 285.59 g, decreasing to 149.58 g after 21 days, indicating 

a significant texture loss. Yogurt with 5% nanoliposomes (Y-FXN-5) showed greater stability, with 

firmness declining from 169.89 g to 137.85 g, suggesting better retention of consistency. In contrast, 

yogurt with 10% nanoliposomes (Y-FXN-10) experienced the greatest firmness loss, dropping from 

134.44 g to 54.82 g, indicating a significant structural breakdown. Firmness is a key quality parameter 

influencing consumer perception, with higher firmness often associated with better texture in 

spoonable yogurts. However, reduced firmness may be desirable for drinkable yogurt formulations. 

While Y-C maintains higher firmness, Y-FXN-5 exhibits better stability, making it a potential 

candidate for improving yogurt formulations without compromising texture. These findings 

highlight the importance of balancing nutritional fortification with sensory and structural properties 

to optimize consumer acceptance. 

The incorporation of fucoxanthin-loaded nanoliposomes affects yogurt firmness and consistency 

during cold storage, with Y-FXN-10 experiencing the most significant reduction, potentially lowering 

consumer acceptance [56]. Nanoliposomes interact with yogurt components like caseins, proteins, 

lipids, and carbohydrates, influencing the protein network’s stability and modifying viscosity and 

texture [57,70–72]. After 21 days, Y-C showed the highest consistency retention (928.35 g·s to 424.14 

g·s), while Y-FXN-5 exhibited moderate stability (769.54 g·s to 517.21 g·s), suggesting its potential for 

better texture maintenance. Whereas, Y-FXN-10 displayed the greatest consistency loss (611.50 g·s to 

199.48 g·s), indicating structural breakdown. Shear stress analysis confirmed that nanoliposomes 

reduce yogurt rigidity, increasing fluidity, particularly in Y-FXN-10. These findings highlight the 

need to optimize nanoliposome concentration to balance nutritional benefits with maintaining 

desirable yogurt texture and stability [71,72]. 
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Figure 10. Effect of adding nanoliposome vehicles to yogurts under different cold storage times on their textural 

properties (firmness and consistency).  (A) Y-C: Control Yogurt; (B) Y-FXN-5: Yogurt-enriched with 5% of 

fucoxanthin-loaded nanoliposome; (C) Y-FXN-10: Yogurt-enriched with 10% of fucoxanthin-loaded 

nanoliposome. 

2.5.2.8. Rheological Properties 

The addition of nanoliposomes significantly reduces yogurt viscosity compared to the control 

(Y-C), likely due to interactions that alter the protein network and create a less rigid structure (Figure 

11). At a shear rate of 1.00 s⁻¹, Y-C has a viscosity of 31.8 mPa·s, while Y-FXN-5 and Y-FXN-10 exhibit 

lower values (19.42 mPa·s and 18.60 mPa·s, respectively), suggesting that nanoliposomes act as 

lubricants, facilitating flow. All formulations display shear-thinning behavior, with viscosity 

decreasing as shear rate increases. At 10.00 s⁻¹, Y-C maintains a viscosity of 4.9 mPa·s, whereas Y-

FXN-5 and Y-FXN-10 drop to 3.09 mPa·s and 2.89 mPa·s, respectively, indicating greater 

susceptibility to deformation. Over 21 days, nanoliposomes contribute to maintaining a stable, less 

rigid structure, potentially reducing syneresis by improving water retention, which enhances yogurt 

texture and consumer appeal [63]. 
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Figure 11. Effect of the incorporation of nanoliposomes under cold storage time on the rheological parameters: 

(A) Shear stress and (B) viscosity of different yogurt formulations. All results were analyzed in triplicate (n > 3). 

Yogurt firmness and viscosity are key quality parameters, influencing consumer perception of 

texture and palatability. While nanoliposomes reduce initial firmness, they enhance creaminess and 

smoothness, contributing to a more desirable yogurt texture [45]. Their ability to lower shear stress 

may also reduce syneresis by improving water retention. Studies on nanoencapsulation of bioactive 

compounds, such as fish oil, demonstrate improved stability, reduced syneresis, and enhanced 

sensory properties [73,74]. By interacting with casein micelles and proteins, nanoliposomes modify 

the gel structure, acting as emulsifiers that better distribute lipids and carbohydrates, leading to a 
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more homogeneous texture. These findings suggest that nanoliposome integration enhances both 

rheological and sensory properties while preserving bioactive compound stability, reinforcing the 

potential of nanoencapsulation in improving dairy product quality [75]. However, further research 

is needed to fully understand their behavior in food systems. 

2.5.2.9. Sensorial Analysis 

Table 3 provides a comprehensive sensory analysis detailing the evaluation conducted by a 

group of panelists on the sensory attributes of three different yogurt formulations (Y-C, Y-FXN-LN-

5, and Y-FXN-LN-10). The attributes assessed include color, flavor, aftertaste, aroma, consistency, 

texture, appearance, and overall acceptance. The sensory scale ranges from 0 (very unpleasant) to 9 

(very pleasant). The incorporation of fucoxanthin-loaded nanoliposomes in the yogurt, depending 

on the concentration, has a positive effect on various sensory attributes. In particular, an increase in 

the fucoxanthin concentration (10%) improves the color, flavor, aftertaste, aroma, texture, 

appearance, and overall acceptance of the yogurt. Similarly, a 5% fucoxanthin concentration enhances 

some attributes compared to the control. However, this 5% concentration is not as effective in 

acceptance by the panelists as the 10% fucoxanthin concentration.  

Table 3. Effect of nanoencapsulation on the sensory characteristics of fucoxanthin-enriched yogurt. 

Sensory quality attributes Treatments 

Y-C Y-FXN-5 Y-FXN-10 

Color 8.56a ±0.16 7.491a ±0.26 8.73a ±0.47 

Flavor 7.83a ±0.23 7.64.73b ±0.42 8.09c ±0.83 

Aftertaste 7.24b ±0.26 8.00a ±0.25 8.18a ±1.08 

Scent 8.61a ±0.45 7.73ab ±0.45 8.64b ±0.67 

Consistency 8.29a ±0.35 7.55ab ±0.34 8.19b ±0.94 

Texture 8.22a ±0.23 7.91a ±0.65 8.36a ±0.92 

Appearance 8.29a ±0.32 7.64a ±0.32 8.82b ±0.40 

General acceptance 7.88a ±0.15 8.00a ±0.21 8.36a ±0.81 

Means with different lowercase letters (a-c: yogurt formulations) within the same sensory quality attributes are 

significantly different (p < 0.05). Sensory scale: 0 being very unpleasant and 9 being very pleasant. Values in 

the same column with different letters are significantly different. Y-C: control sample (unfortified yogurt); Y-

FXN-5: 5% fucoxanthin-enriched yogurt; Y-FXNt-10: 10% fucoxanthin-enriched yogurt. 

Regarding the color attribute, the yogurt enriched with 10% fucoxanthin (Y-FXN-LN-10) was the 

highest-rated attribute, surpassing that of Y-C. However, the yogurt with a 5% fucoxanthin 

concentration (Y-FXN-LN-5) received the lowest score. This indicates that a higher concentration of 

fucoxanthin can significantly improve the color of the yogurt, making it more visually appealing. 

Similarly, Y-FXN-LN-10 received the highest score for flavor, followed by the control. Y-FXN-LN-5 

had the lowest score, although it remains high on the sensory scale. This suggests that higher 

concentrations of fucoxanthin can enhance the flavor of the yogurt. After consuming the yogurt, the 

aftertaste, the lingering flavor perception in the mouth, was best rated in the yogurt enriched with 

10% fucoxanthin. This indicates that fucoxanthin improves the initial flavor and contributes to a more 

pleasant aftertaste. It is important to note that a good aftertaste is generally pleasant, complementing 

the initial flavor of the yogurt. Conversely, an unpleasant aftertaste can deter consumers from 

repurchasing the product. Regarding aroma, consistency, texture, appearance, and overall 

appearance of the formulations, Y-FXN-LN-10 and Y-C were equally appreciated, while the 5% 

yogurt received a lower score. These results suggest that fucoxanthin is a beneficial additive for 

improving the sensory quality of yogurt at 10% concentrations. 
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According to the data provided by the sensory attribute analysis, the Y-FXN-LN-10 formulation 

has the highest acceptability, with a score of 8.36 on the sensory scale. This formulation also obtained 

the highest scores in several sensory attributes (color, flavor, aftertaste, texture, appearance, and 

overall acceptance), indicating a greater preference among the panelists. The attribute “Overall 

Acceptance” is the most important, as this information is crucial for concluding which formulation 

was most accepted by the panelists. Although other attributes such as flavor, texture, and appearance 

are critical, overall acceptance integrates a holistic evaluation of all these characteristics, reflecting the 

global perception of the product. The incorporation of nanoliposomes into yogurt significantly 

improves the overall acceptance of the yogurt compared to the control yogurt, which is an artisanal 

and natural yogurt without additives [76,77]. Based on the overall acceptance of the product, 

additional analyses are recommended to address various challenges in the development and 

distribution of yogurt in the food industry. It would be necessary to obtain regulatory approvals to 

ensure that nanoliposomes are safe for human consumption. Additionally, consumer perception 

needs to be addressed to overcome potential consumer reluctance towards products with 

nanotechnology by emphasizing safety and naturalness [78,79]. 

3. Materials and Methods 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 March 2025 doi:10.20944/preprints202503.1790.v1

https://doi.org/10.20944/preprints202503.1790.v1


 21 of 31 

 

3.1. Chemical Reagents 

All chemical reagents utilized in this study, including food-grade fucoxanthin (FXN), soy 

phosphatidylcholine (SPC), cholesterol, DPPH (1,1-diphenyl-2-picrylhydrazyl), ABTS [2,2' -azinobis 

(3-ethylbenzothiazoline)-6-sulfonic acid], dimethyl sulfoxide (DMSO), sodium acetate buffer, FeCl3 

(ferric chloride), TPTZ (2,4,6-tripyridyl-s-triazine), Triton X-100, AAPH [2,2′-azobis (2-

methylpropionamidine) dihydrochloride], and PBS (phosphate-buffered saline), were sourced from 

Sigma-Aldrich Co., St. Louis, MO, USA. All other solvents used were of analytical grade and the 

highest commercial quality. 

3.2. Biological Material and Ethical Considerations 

All techniques involving human red blood cells (RBCs) are subject to international regulations 

(FDA: CFR - Code of Federal Regulations Title 21, Part 640 for human blood and blood products, 

Subpart B Red Blood Cells, Sec. 640.14 Blood Tests [21CFR640.14]) and Mexican Additional Standards 

(NOM-253-SSA1-2012). The RBCs membrane was donated by the clinical analysis laboratory of the 

University of Guadalajara, accredited by ISO-IEC 17.025 (NMX-EC-17025) and ISO 15.189 developed 

by the ISO/TC 212 technical committee (Clinical Laboratory Testing and In vitro Diagnostic Systems), 

with ISO/IEC 17.025 and ISO 9001 as reference standards [80–85]. Human red blood cells were 

collected from healthy adult volunteers (aged 20 to 40) containing approximately 4.7 to 6.1 x106 

cells/µL. Before the procedure, informed consent was obtained from each individual. The venous 

puncture technique was applied to collect human red blood cells in a sterile vial with EDTA used as 

an anticoagulant. Using erythrocyte membranes as a cellular model aims to evaluate the 

erythroprotective potential of yogurt formulation [86–88]. According to university procedure, study 

approval was obtained by the authors (CI 2023-47). 

3.3. Synthesis of Fucoxanthin-Loaded Nanoliposomes 

Fucoxanthin-Loaded Nanoliposomes (FXN-LN) were prepared using the ultrasonic film 

dispersion [24]. A quantity of 1 mg of fucoxanthin was dissolved in 5 mL of ethanol/ sodium 

phosphate buffer (0.05 mol/L, pH 7.4). Lipid materials (SPC and Chol, 5:1 w/w) for the formation of 

liposomal vehicles were added to the fucoxanthin solution and dissolved into ethanol. This solution 

underwent rotary evaporation (Heidolph Laborata 4000, Germany) to remove completely the 

ethanol. Once the solvent was removed, the sample was hydrated with 25 mL of sodium phosphate 

buffer (0.05 mol/L, pH 7.4), and agitated for 30 minutes at 50 °C. Subsequently, the suspension 

underwent homogenization assisted by high-power ultrasonic pulses (Branson Digital Sonifier 

Qsonica, LLC. U.S.A.), 15 seconds per pulse, three pulses with a one-minute rest interval at an 

amplitude of 55% at 400w and 500mHz to reduce the particular size. Finally, the nanoliposomes are 

freeze-dried to be later integrated into an amber glass bottle under a nitrogen atmosphere and stored 

at 4 °C before the study. 

3.4. Morphological Study 

The morphological study of FXN-LN was conducted using scanning electron microscopy 

(HT7700, Hitachi, Tokyo, Japan). The lyophilized fucoxanthin-loaded nanoliposomal carriers were 

placed onto a copper tape to form a film. The samples were then coated with gold and analyzed by 

SEM [24]. 

3.5. Encapsulation Efficiency 

The encapsulation efficiency measurement was conducted using the extraction methodology 

outlined by Pan et al. [25]. A volume of 400 µL of FXN-LN solution was mixed with 1 mL of petroleum 

ether, followed by constant agitation (45 rpm) for 5 minutes at 30 °C. The resulting mixture was 

centrifuged at 4000 𝒙 g for 5 minutes to recover the supernatant. The upper portion was collected 

and subjected to rotary evaporation to remove the petroleum ether. After evaporation, the residual 

sample was resuspended in chloroform. The content of free fucoxanthin was quantified at 460 nm 
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using a 96-well microplate reader (UV-Vis spectrophotometer, Thermo Fisher Scientific Inc. 

Multiskan GO, NY, USA). The encapsulation efficiency (%) was calculated using the following 

equation: The encapsulation efficiency (%) will be calculated using the following equations: 

𝑬𝒏𝒄𝒂𝒑𝒔𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =  
𝑭𝑿𝑵𝒕𝒐𝒕𝒂𝒍−𝑭𝑿𝑵𝒇𝒓𝒆𝒆

𝑭𝑿𝑵𝒕𝒐𝒕𝒂𝒍
×  𝟏𝟎𝟎                             (𝟏)                  

3.6. Centrifugal Stability Measurement 

The stability of nanoliposome samples was examined using the method of Ghorbanzade et al. 

[76] with slight modification. A volume of 5 mL of nanoliposomes we subjected to centrifugation at 

3500 g for 15 min. Nanoliposome stability (NS) was calculated as follows: 

𝑁𝑆 =  
𝑭𝒆𝒗

𝑰𝒆𝒗
×  𝟏𝟎𝟎                                  (2) 

where Fev is the final volume of the bottom phase and Iev is the initial volume of liposomal 

dispersion. 

3.7. In Vitro Release 

In vitro release studies were conducted using 10 mL of pure fucoxanthin solution and FXN-LN 

at the same concentration (1 mg). This volume was placed into a dialysis bag (8000-14000 Da). The 

dialysis membrane was immersed in 100 mL of PBS (0.05 mol/L, pH 7.4) at 37 °C with constant 

agitation at 100 rpm. Aliquots of 1 mL were withdrawn from the release medium at intervals of 0.5, 

1, 2, 4, 6, 8, 10, 12, and 24 hours. The concentration of released fucoxanthin was measured in a 

microplate reader at a wavelength of 460 nm. The results will be reported as the percentage of 

fucoxanthin released. All release tests were conducted in triplicate [22]. The release rate of Ant was 

obtained using the following equation: 

𝑹𝒆𝒍𝒆𝒂𝒔𝒆 𝒓𝒂𝒕𝒆 =  
𝑹𝒆𝒍𝒆𝒂𝒔𝒆𝒅 

𝑻𝒐𝒕𝒂𝒍 𝑭𝑿𝑵
×  𝟏𝟎𝟎                         (3) 

3.8. Preparation of Functional Yogurt 

Artisanal yogurt was obtained from a local store (Ameca, Jalisco, Mexico). Artisanal yogurt is 

produced through the fermentation of milk with live bacterial cultures, resulting in a fresh product 

with an authentic flavor and creamy texture. Its composition includes approximately 85-88% water 

and 12-15% total solids. This yogurt is valued for its high nutritional content, being free from 

preservatives and artificial additives, and its digestive health benefits due to probiotics. Two 

formulations of yogurt enriched with 5 and 10% nano-liposomes loaded with fucoxanthin were 

prepared in separate 100 g yogurt samples [76]. The formulations were stored in glass containers in 

a refrigerator at 4 °C for subsequent analysis. The yogurt enriched with nanoliposomes was placed 

in airtight containers to prevent exposure to air and light. The containers were stored at 4 °C, 

simulating refrigeration conditions for 21 days. Samples of the enriched yogurt were taken as part of 

periodic sampling during the storage period every 7 days. Under this condition, the effect of cold 

storage conditions on the stability and physicochemical and rheological characteristics of the 

formulations can systematically be evaluated, providing important information for their application 

in refrigerated food products. 

3.9. Effect of Cold Storage Conditions on the Antioxidant, Physicochemical, and Rheological Properties of 

Yogurt Enriched with FXN-LN 

3.9.1. Antioxidant Properties  

The measurement of the antioxidant properties of fucoxanthin-loaded nanoliposome was 

carried out for 21 days under cold storage. The antioxidant activity was evaluated using three 

methods. The FRAP assay, based on Benzie and Strain [89], involved preparing a working solution 

from sodium acetate buffer, triazine-TPTZ in HCl, and ferric chloride, and measuring the reduction 

of TPTZ at 638 nm. The DPPH• assay, following 96. Brand-Williams et al. [90], required dissolving 

DPPH• in ethanol, adjusting its absorbance, and mixing it with the sample to measure absorbance at 

515 nm. The ABTS assay, modified from Re et al. [91], involved preparing an ABTS+• solution with 
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potassium persulfate, adjusting its absorbance, and mixing it with the sample to measure absorbance 

at 734 nm. All assays were performed in triplicate, and measurements were taken using a microplate 

reader (Thermo Fisher Scientific Inc. Multiskan GO, NY, USA). 

3.9.2. Erythroprotective Potential 

The evaluation of erythroprotective potential was conducted through a series of assays assessing 

oxidative inhibition by AAPH-induced hemolysis, ultraviolet radiation-induced hemolysis, and 

membrane stabilization test (heat-induced hemolysis inhibition and hypotonicity-induced hemolysis 

inhibition). The antihemolytic activity was evaluated by inducing oxidative hemolysis using the free 

radical generator AAPH [2,2′-azobis-(2-methylpropionamidine)], following the methods of Ruiz-

Cruz et al. [87]. Human erythrocytes were obtained from healthy adults aged 20-45 years who were 

informed about the procedure and provided informed consent. A 2% erythrocyte suspension was 

prepared, and an AAPH solution was made at 40 mM (pH 7.4). The reaction was initiated by mixing 

100 µL of erythrocytes (2%), 100 µL of the sample, and 100 µL of AAPH. Controls were prepared as 

follows: 100 µL of erythrocytes + 100 µL of PBS + 100 µL of AAPH (positive control, hemolysis) and 

100 µL of erythrocytes + 200 µL of PBS (negative control, no hemolysis). Samples and controls were 

incubated at 37 °C for 3 hours with constant shaking at 45 rpm. After incubation, 1 mL of PBS was 

added to each sample, including the controls, and they were centrifuged at 1500 rpm for 10 minutes. 

Finally, 300 µL of supernatant was collected, and the hemoglobin released by oxidation was 

quantified at 540 nm using a 96-well microplate reader (Multiskan Go, Thermo Scientific, Waltham, 

MA, USA).  

Ultraviolet radiation-induced photooxidation was carried out using UV-A (315-395 nm) and UV-

B (280-315 nm) light at an intensity of 0.85 mW/cm², with the UV light chamber maintained at 18 ±1 

°C. The photoprotective effect of fucoxanthin against UV-induced peroxidation was evaluated. 

Fucoxanthin was dissolved in DMSO and diluted in PBS:DMSO (90:10). A 1% erythrocyte suspension 

was used, with 3 mL aliquots placed in sterile vials and 150 µL of the sample added. Positive controls 

were erythrocytes exposed to UV radiation, and negative controls were non-irradiated erythrocytes. 

Samples were pre-incubated at 37 °C for 30 minutes, then exposed to UV-A and UV-B for 0, 15, 30, 

60, and 120 minutes at 10 cm from the lamps. Post-irradiation, samples were centrifuged at 2000 x g 

for 10 minutes, and 300 µL of each sample was placed in a 96-well microplate for measurement at 540 

nm [4].  

Heat-induced hemolysis and hypotonicity-induced hemolysis assays were conducted to 

evaluate various tested yogurt formulation's membrane stabilization (%). Encapsulated fucoxanthin 

carried in yogurt stabilizes erythrocyte membranes by inhibiting the release of hemoglobin 

constituents, making it a useful control in the Membrane-Stabilizing Capacity Assay to assess the 

potential of antioxidants as erythroprotective agents. The heat-induced hemolysis assay followed 

Agarwal et al. [92] methodology with minor modifications, involving the incubation of erythrocyte 

suspensions and samples at 55 °C for 30 minutes, followed by PBS addition and centrifugation, with 

absorbance measured at 540 nm. The hypotonicity-induced hemolysis assay followed Agarwal et al. 

[92] modified methodology, using distilled water as the hypotonic solution, and involved a similar 

incubation and centrifugation process, with different controls used for comparison. 

3.9.3. Physicochemical Properties 

3.9.3.1. Electrical Conductivity 

Measurements of the electrical conductivity of the yogurt samples will be carried out using the 

method described in Alimentarius, Codex [45] with slight modifications: the samples were diluted 

1:2 with distilled water, measured at 25 °C, and a platinum electrode was used. The conductivity 

meter was calibrated with a standard solution before each series of measurements, and the readings 

were taken after a 2-minute stabilization period. 
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3.9.3.2. pH 

The pH was assessed using a digital pH meter (HI 2211 PH/MV, HANNA) calibrated before 

measurement with reference buffer solutions (pH 4.0 and 7.0), according to AOCS [93,94], by 

immersing an electrode in the solution. The sample (1 g) was mixed in 10 mL of distilled water for 

analysis, and the reading was recorded. 

3.9.3.3. Titratable Acidity 

Titratable acidity and pH were measured according to the official AOAC 942.15 method [94]. 

Titratable acidity was expressed as grams of lactic acid per 100 grams of product after mixing 10 g of 

yogurt sample with 10 mL of hot distilled water and titrating with 0.1 N NaOH using a 0.5% 

phenolphthalein indicator. 

3.9.3.4. Syneresis Susceptibility (STS) 

To determine the syneresis of different yogurt formulations, 20 g of yogurt was centrifuged at 

2500 × g for 5 minutes. The separated liquid was collected in a graduated cylinder [95]. The 

percentage of syneresis was calculated using the following equation: 

𝑺𝒚𝒏𝒆𝒓𝒆𝒔𝒊𝒔 (%) =  
𝑻𝒐𝒕𝒂𝒍 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒍𝒊𝒒𝒖𝒊𝒅 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒆𝒅 

𝑻𝒐𝒕𝒂𝒍 𝒚𝒐𝒈𝒖𝒓𝒕 𝒘𝒆𝒊𝒈𝒉𝒕
×  𝟏𝟎𝟎                 (3)                          

3.9.3.5. Water Holding Capacity (WHC) 

To determine water-holding capacity (WHC), 2.5 g of sample were taken (Anderson et al., 1969) 

and homogenized with 30 mL of distilled water at 30 °C in a water bath for 30 minutes. The mixture 

was then centrifuged at 3000 x g for 30 minutes. The supernatant was decanted and dried in an oven 

(3489M-1, Barnstead International, Dubuque, Iowa, USA) at 90 °C for 24 hours. Additionally, the 

weight of the precipitate in the cylinders was recorded. The WHC results were expressed as a 

percentage of water holding capacity [95]. 

3.9.3.6. Texture 

The texture of the yogurt was evaluated using a TA-XT2 texture analyzer (Stable Micro Systems, 

Godalming, United Kingdom) with accompanying software. The probe utilized was cylindrical with 

a diameter of 25 mm (P25/L), and the test conditions included a pre-test speed of 5 mm/s, a test speed 

of 3.0 mm/s, a target mode set to strain, a duration of 3 seconds, and a trigger force of 0.5 g using a 

2000 g calibration weight. The test was conducted directly on a 40 g sample cup and performed in 

triplicate. All experiments were carried out at a temperature of 5 °C. The primary textural properties 

of the yogurt were measured, including firmness or gel strength (peak compression force during 

penetration) and adhesiveness (negative force area) [42]. 

3.9.4. Rheological Analysis 

Measurements were conducted using a rotational viscometer (Thermo Haake DC 10, model VT 

550, Karlsruhe, Germany), with concentric cylinders (NV ST 807-0713 CE and NV 807-0702), and the 

data were collected by the Pro Rheowin software program © (version 2.93, Haake). These analyses 

were performed in triplicate. The temperature was 25 °C, and the shear rate ranged from 0 to 2000 s-

1 (upward curve) and from 2000 to 0 s-1 (downward curve); each curve was obtained over 3 minutes. 

The flow behavior was described using the Power Law model, and the thixotropic behavior of the 

yogurt was evaluated by calculating the area of the hysteresis loop between the upward and 

downward flow curves [61]. 

3.9.5. Sensory Analysis 

Thirty panelists aged between 20 and 40 years were selected to participate in the sensory panel. 

The sensory evaluation was conducted at the Department of Medical and Life Sciences facilities, 

Cienega University Center (CUCIÉNEGA), University of Guadalajara, Av. Universidad 1115, 
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Lindavista, 47820 Ocotlán, Jalisco, Mexico. The sensory evaluation (color, flavor, aftertaste, scent, 

consistency, texture, appearance, and overall acceptance were based on 10-point hedonic scales (0: 

dislike extremely to 9: like extremely). Each sample was individually rated, and the samples were 

presented to the panelists in individual plastic containers. The yogurts (coded with 3 digits) were 

randomly presented to the panel group in each session [96]. 

3.10. Statistical Analysis 

The results will be reported as means ± standard deviation (SD) of at least three repetitions (n > 

3). All data were analyzed using JMP software v16 for Mac and expressed as mean ± SD (standard 

deviation). One-way and two-way ANOVA were performed to explore the interaction between the 

evaluated factors. Tukey's test was applied with a confidence level of p < 0.05. 

4. Conclusions 

The nanoliposomal vehicles that encapsulated fucoxanthin developed in this study were 

produced by applying a simple, low-cost ultrasonic film dispersion technique that could be scaled up 

industrially. Incorporating fucoxanthin-loaded nanoliposomes into yogurt has revealed significant 

findings about the bioactive potential to enhance and increase the therapeutic properties of yogurt. 

The nanoliposomes showed high encapsulation efficiency and stability, allowing for controlled and 

sustained release of fucoxanthin. This encapsulation method protects fucoxanthin from degradation 

during storage and increases its solubility and bioavailability. Fucoxanthin nanoliposome-enriched 

yogurt formulations demonstrated significant improvements in antioxidant capacity. It was 

confirmed that yogurt with nanoliposomes retained higher antioxidant activity without being 

affected by cold storage compared to yogurt without enrichment. On the other hand, although the 

incorporation of nanoliposomes decreases the viscosity and firmness of yogurt, which could affect 

the texture of the product, an improvement in pH stability and titratable acidity was observed. 

Furthermore, syneresis was reduced while water retention capacity increased, improving product 

stability during storage. The formulation with 10% fucoxanthin nanoliposomes not only improved 

the antioxidant properties of yogurt but also positively impacted sensory properties such as color, 

taste, and overall acceptance, suggesting a higher likelihood of consumer acceptance. Incorporating 

fucoxanthin-loaded nanoliposomes into yogurt could be a viable strategy to enhance the functionality 

and stability of the product. However, challenges related to texture need to be addressed to optimize 

the formulation fully. These findings create opportunities for future research on optimizing the 

interaction between nanoliposomes and the yogurt matrix and exploring other bioactive compounds 

encapsulated in nanoliposomes for applications in functional foods. Finally, these results suggest that 

nanoliposomal vehicles are suitable for carrying fucoxanthin. Their incorporation into food matrices 

is critical to developing functional foods. Regulatory approvals and consumer perceptions regarding 

nanotechnology-based products must be addressed, emphasizing their safety and health benefits. 
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