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Development and stability
analysis of a lipid-based
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application and effect on the
immune response and survival of
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Carlos Costa Cavalcante, Scheila Anelise Pereira Dutra,
Felipe Boechat Vieira, Leticia Mazzarino,

Maria Beatriz da Rocha Veleirinho and Marcelo Maraschin

Federal University of Santa Catarina, Florianopolis, Brazil

This study aimed to develop and characterize a nanoemulsion containing
lipoencapsulated astaxanthin (AST) from Haematococcus pluvialis and
evaluate its effects on the immune performance and survival of Penaeus
vannamei shrimp when added to feed. The nanoemulsion was prepared by
high-pressure homogenization using vegetable oils, AST oleoresin, and
surfactants. It was characterized for size, polydispersity, Zeta potential, pH,
morphology, and physicochemical stability for 90 days at 4 °C, 25 °C, 30 °C,
and 54 °C. The fatty acid content was determined by gas chromatography, while
the AST content was determined by ultra-high-performance liquid
chromatography (UHPLC). The in vitro antioxidant activity was verified by the
DPPH method. The profile of vegetable oils showed significant concentrations of
PUFAs (77.18% and 78.74%, respectively). The AST concentration was 1.55 mg g™
of nanoemulsion. The colloidal dispersions showed an average particle size
319.6 + 0.5 nm, a polydispersity index (PDI) of 0.290 + 0.0 and spherical
shape. The formulation showed a negative Zeta potential (-44 + 0.40 mV).
The antioxidant activity occurred for 90 days, but varied over time (p < 0.001).
The nanoemulsion was stable during 90 days of storage at 25 °C. Six diets were
tested: 10, 30, 50, 70 mg AST/kg™ of feed, a negative control diet (NC) (70 mg
without AST/kg™), and a control diet. After 45 days of cultivation, hemolymph
samples were collected for analysis of immunological parameters [total
hemocyte count (THC)], protein content (P), phenoloxidase activity (PO), and
agglutination capacity (Agl). P. vannamei survival was evaluated after a 96 h
challenge with Vibrio parahaemolyticus (4 x 10®8 CFU mL™). There was no
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significant difference for THC and Agl (p < 0.05). P levels were higher in the
intermediate treatments (30-70 mg AST kg™) (p = 0.0454). PO showed higher
concentrations in the treatments with 70 and 10 mg AST kg™ (p = 0.0005). In the V.
challenge, there was no significant difference (p < 0.05) however, a promising trend
of protection conferred by the developed nanoemulsion was observed. The 70 mg
AST kg™ nanoemulsion shows strong potential for use in animal feed, offering a
sustainable option for shrimp farming by enhancing serum protein levels and
phenoloxidase activity in P. vannamei.

antioxidant, aquaculture, nanoemulsion, Penaeus vannamei, vegetable oils, vibrio

1 Introduction

The production of the Pacific white shrimp (Penaeus vannamei)
has increased significantly in recent years, due to the high global
demand for seafood and the development of more efficient and
sustainable cultivation techniques (N’Souvi and Sun, 2025).
However, shrimp farming also faces challenges, such as food
safety issues related to the inappropriate use of antibiotics, which
generate residues in the final product and pose a risk to public health
(Jasmin et al., 2020). Additionally, the occurrence of diseases due to
high stocking density in the ponds and the lack of biosecurity
favoring the spread of viruses and bacteria, e.g, White Spot
syndrome virus (WSSV) and V. parahaemolyticus, resulting in
large economic losses (Shinn et al., 2018). V. parahaemolyticus is
a pathogenic bacterium to shrimps, with P. vannamei being a species
particularly vulnerable under captive cultivation conditions, given
the high culture density (Gustilatov et al., 2022). Infection by V.
parahaemolyticus has caused significant economic losses due to the
emergence of early mortality syndrome (EMS), also known as acute

hepatopancreatic necrosis  disease (AHPND). Controlling
pathogenic bacteria is difficult in intensive P. vannamei
cultivation systems, with reports of antibiotic resistance

development by some species (Kewcharoen and Srisapoome,
2019). Alternatively, the use of natural products has been
investigated as a way to improve animal health and replace
antibiotics in farming, such as the use of carotenoid pigments,
due to their antioxidant and anti-inflammatory properties,
improving the immune response and reducing the use of
antibiotics (Li et al., 2021; Li et al., 2022a; Kumar et al., 2022).
Among these pigments, astaxanthin (AST), an oxycarotenoid with
anti-inflammatory and immunostimulant properties commonly
found in the microalga Haematococcus pluvialis, stands out
(Yamada et al,, 1990). Crustaceans and fishes have a limited
capacity to convert carotenoids and can not synthesize AST.
However, through feeding, they are able to accumulate this
pigment in their tissues (Miyakawa, 2021). Studies have shown
that AST supplementation in feed improves the immune
response of P. vannamei, including increased phagocytic and
phenoloxidase activities, besides gene expression related to the
immune response, resistance to V.
parahaemolyticus infection (Wang et al, 2015; Mansour et al,
2022; Lin et al., 2023).

Nanotechnology has established itself as an innovative approach

resulting in greater

for nutritional and functional improvement in aquaculture, offering
solutions capable of overcoming limitations associated with the low
solubility, instability, and reduced bioavailability of bioactive
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compounds used in the feeding of aquatic organisms (Fath El-
Bab et al., 2024). Among nanotechnology platforms, nanoemulsions
have gained prominence. Nanoemulsions are colloidal particle
systems with emulsions of small droplets, ranging from 10 to
200 nm, and stable against sedimentation. They are produced
using oil and an aqueous phase stabilized with the use of an
e.g., high kinetic stability
combined with the nanometer size of the droplets, increases the

emulsifier. Nanoemulsion traits,
surface area and improves the efficiency of encapsulation and
delivery of lipophilic compounds (Abdol Wahab et al, 2022).
These
degradation, better dispersion in food matrices, and greater

properties  provide protection against oxidative
absorption in the digestive tract, making nanoemulsions superior
in their performance to conventional emulsions (Jeevanandam et al.,
2016). Lipid-based nanocarriers are primarily indicated for the
administration of apolar compounds such as AST (Martinez-
Alvarez et al, 2020). Lipid components have been used in
the preparation of nanoparticles due to their biodegradability,
non-toxicity, and safety (Chauhan et al, 2020). In aquaculture,
such systems have shown potential to improve growth,
strengthen the immune response, and enhance the antioxidant
capacity of cultivated species, contributing to more
functional diets aligned with the sustainability demands of the
sector (Fath El-Bab et al., 2024). Studies in penaeid shrimp have
shown that nutrients and phytoactives delivered via nanoemulsions
can increase zootechnical performance, antioxidant enzyme activity
(SOD, CAT, TAC), humoral markers (lysozyme, PO, total protein),
and pathogen resistance when compared to the non-encapsulated
Ghaffarizadeh et al. (2022) that
with  selenium  nanoemulsion

growth, antioxidant capacity, and transcription of immunity-

form. found

dietary
supplementation increased
related genes in juvenile Pacific white shrimps. A study with P.
vannamei fed with curcumin-loaded olive oil nanoemulsion showed
gains in growth, redox state, and immune response (Fath El-Bab
et al., 2024).

In this context, AST has been widely used in aquaculture due to
its positive effects on the immunity, oxidative metabolism, and
zootechnical performance of crustaceans and fishes (Elbahnaswy
and Elshopakey, 2024). However, its traditional application faces
significant limitations due to its low water solubility, high sensitivity
to oxidation, and limited bioavailability when incorporated into
conventional diets. Nanoemulsification emerges as an effective
overcome  these barriers,

stability of AST,
degradation, and enhancing its absorption in the digestive tract
(Martinez-Alvarez et al., 2020).

strategy  to increasing  the

physicochemical reducing its oxidative
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For the assembly of AST nanoemulsion, PUFA-rich vegetable
oils, e.g., flaxseed and safflower oils, are relevant, because in shrimp
farming, PUFAs are vital for growth, reproduction, immunity, and
the quality of the final product reaching the consumer (Li et al.,
2022b). Flaxseed oil is rich in alpha-linolenic acid (C18:3 n-3, ALA),
while safflower oil is mainly rich in linoleic acid (C18:2 n-6), at
approximately 70%, and oleic acid (C18:1 n-9) (Amirkhiz et al,
2021; Sabaghnia et al., 2024). n-3 PUFAs play crucial roles in animal
nutrition, energy metabolism, anti-inflammatory responses, and
immunomodulation (Xu et al., 2020). Crustaceans require a
combination of n-3 and n-6 PUFAs in their diet. However, the
nutritional requirement for essential fatty acids is influenced by the
biosynthesis capacity and bioconversion abilities of the crustacean
species (Zheng et al., 2024). Studies have shown that crustaceans
have a limited capacity to resynthesize n-6 and n-3 fatty acid
families. They also have limitations in the elongation and
desaturation pathways of short-chain PUFAs, which convert
them into highly unsaturated fatty acids (Lim et al, 1997
Gonzalez-Félix et al, 2002; Zheng et al, 2024). Indeed, the
bioconversion rate appears to be insufficient to meet the
metabolic needs in crustaceans, and therefore, such nutrients
must be present in their diets (Li et al., 2024).

In this scenario, this study presents a novel astaxanthin-based
nanoemulsion formulated with a dual functional lipid matrix
composed of flaxseed and safflower oils, selected for their high
contents of n-3 and n-6 PUFAs and their potential synergistic
interaction with AST. Unlike previously reported astaxanthin
nanoformulations, which primarily focus on physicochemical
stability or bioavailability using neutral oils or polymeric carriers,
the nanoemulsion developed herein was specifically designed to
enhance immunological performance in P. vannamei. Thus, we
report, for the first time, the development of an AST nanoderivative
at an industrial scale for use in aquaculture.

2 Materials and methods
2.1 Astaxanthin (AST) nanoemulsion

The product developed and tested was a nanostructured
formulation containing vegetable oils and AST oleoresin, derived
from H. pluvialis, formulated in partnership with the company
Nanoscoping Solugdes em Nanotecnologia Ltda (Florianépolis,
Brazil). This product is undergoing the patenting process.

2.2 Astaxanthin oleoresin and vegetable oils
Commercial samples of AST-containing oleoresin and vegetable

oils (flaxseed and safflower) were provided by Nanoscoping
Solugdes em Nanotecnologia Ltda (Floriandpolis, Brazil).

2.3 Preparation of AST oleoresin
The commercial AST oleoresin used in this study is a lipid

extract obtained from H. pluvialis, in which AST is present mainly in
esterified forms and solubilized in olive oil, used as a lipid carrier.
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Olive oil was selected due to its high carotenoid solubilization
capacity, oxidative stability, and food safety, being commonly
used in lipid-based carotenoid extraction systems (Li et al., 2011;
Ambati et al.,, 2014).

For analytical purposes, 50 mg sample of AST oleoresin was
transferred to a 40 mL beaker wrapped in aluminum foil and 5 mL of
hexane: acetone extraction solution (1:1, v/v) was added. During the
extraction time (5 min), the samples were kept under agitation
(magnetic stirrer - Fisatom), protected from light, at room
temperature (~23 °C). Afterwards, the sample was stored in
amber vials (~10 mL) containing a N, atmosphere (Sithnel et al.,
2009). The sample remained stored at —80 “C until further analysis of
total carotenoid and AST contents.

This step was performed exclusively for
quantification and did not modify the composition of the

carotenoid

oleoresin used in the nanoemulsion formulation. The olive oil
matrix contributes to the solubility of AST and influences the
physicochemical behavior and stability of the nanoemulsion
(Ambati et al., 2014).

2.4 Total carotenoid analysis (TC)

The total carotenoid content in the oleoresin and nanoderived
product samples was determined by UV-visible spectrophotometry
(Hitachi, model U-1800), according to the protocol described by
Sithnel et al. (2009). The oleoresin and nanoemulsion samples were
diluted in a solution of acetonitrile and methanol (90: 10, v/v). An
AST standard solution (10 mg/mL DMSO, Sigma-Aldrich,
MO - USA) was used to construct a linear regression model of
that oxycarotenoid (10-80 ug mL™", y = 0.039x-r* = 0.999). Three
sequential readings/sample were performed, and the TC contents
were expressed in mg/g.

2.5 Carotenoid profile analysis of oleoresin
and AST nanoemulsion by high-
performance liquid chromatography
(UHPLC-DAD)

The AST contents of the oleoresin and nanoemulsion samples
were determined by reverse-phase ultra high-performance liquid
chromatography (Thermo Scientific Ultimate 3,000 - UHPLC-
DAD), according to the protocol of Sithnel et al. (2009). AST
was identified based on the retention time of the analytical
standard (Rt = 3.8 min - 40 pug mL™", Sigma-Aldrich-MO, USA),
and its contents were determined using a linear regression model
(10-70 pug mL™, y = 0.683x-r* = 0.990). The analyses were
performed in triplicate, computing the average of three sequential
injections (10 pL) per sample.

2.6 Fatty acid profile of vegetable oils

The fatty acid profiles in the safflower oil samples from

Destilaria Bauru® and flaxseed oil from Distrol® were
determined by gas chromatography with flame ionization

detection (GC-FID). An aliquot (50 uL) of each oil sample was
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collected and derivatized, as described by Hartman and Lago
(1973). Aliquots (1 uL) of the fatty acid methyl esters in hexane
were injected into a gas chromatograph (Shimadzu - 2014),
equipped with a manual injector (140 °C), flame ionization
detector (300 °C), and a capillary column (RTx 2,330% - 90%
biscyanopropyl/10% cyanopropylphenyl polysiloxane — 105 m x
0.25 mm internal diameter x 0.20 um). The identification of fatty
acids considered the retention times of the sample peaks,
according to the 37 component FAME Mix - Sigma-Aldrich
standard. Table 1 presents the results of the analyses regarding
the identified metabolites and the sums of PUFAs in flaxseed and
safflower oils.

2.7 Nanostructured systems of AST and
vegetable oils

Nanoemulsions with and without AST were prepared by the
high-pressure homogenization method (Yuan et al., 2008) using a
high-pressure apparatus (IBH, APL 300 model, 210-1,500 bar,
660-3000L/h, Sao Paulo, Brazil). The surfactants, co-surfactants,
and other ingredients used to prepare the nanoemulsions were
chosen based on their suitability for AST encapsulation, as well
as their biocompatibility and biodegradability characteristics. The
AST-based nanoderivative product is currently being patented, so its
specific composition cannot be entirely disclosed. After preparation,
the nanoemulsion was stored in a white plastic bottle, protected
from light and at room temperature (25 °C).

2.8 Morphological analysis of
nanostructured AST derivatives

The morphology of the AST nanoemulsions was investigated by
scanning electron microscopy (SEM), using a Jeol JEM-1011 model
(Jeol Ltd., Tokyo, Japan). Aliquots of the formulations of interest
were previously diluted to 10% in Ultrapure Milli-Q” water and
subsequently deposited on carbon-coated grids and stained with 2%
(w/v) uranyl acetate.

2.9 Physicochemical properties and stability
study of AST nanoemulsion

The determination of particle size and zeta potential of the
nanoparticles used dynamic light scattering (DLS) and laser-doppler
anemometry techniques, respectively, using a Zetasizer Nano ZS90 -
Model ZEN3690 (Malvern Instruments, Worcestershire, UK) at
25 °C, after dilution (10x) of the samples in ultrapure water,
followed by three readings/sample (n = 3). The stability of the
AST nanoemulsions during storage was evaluated by subjecting the
nanotechnological inputs to temperatures of 4 °C, 25 °C, 30 °C, and
54 °C for 3 months, as recommended in official guidelines (ICH,
2003; ANVISA - Agéncia Nacional de Vigilancia Sanitdria, 2012).
The stability of the colloidal systems during storage was evaluated by
macroscopic analysis, pH, particle size determination (nm),
polydispersity index (PDI), and zeta potential (mV), followed by
three readings/sample (n = 3).
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TABLE 1 Fatty acid profiles (%) of flaxseed and safflower oils determined by
gas chromatography with a flame ionization detector.

Fatty acids (%) Flaxseed Safflower
Palmitic acid (C16:0) 9.81 + 0.6 7.07 £ 0.5
Palmitoleic acid (C16:1n-7) 0.11 + 0.0 0.11 + 0.0
Stearic acid (C18:0) 3.46 + 0.2 3.46 + 0.1
Oleic acid (C18:1n-9) 21.46 + 0.1 21.46 + 0.1
a-Linolenic acid (C18:3n-3) 1721 £ 0.5 10.16 + 0.3
y-Linoleic acid (C18:2n-6) 40.76 + 0.6 40.76 £ 0.5
Total W-3 17.21 £ 0.5 10.16 + 0.3
Total W-6 40.76 + 0.6 40.76 £ 0.5
Total W-9 21.46 + 0.1 21.46 + 0.1
Total polyunsaturated 79.21 £ 04 7238 £ 0.3

2.10 In vitro antioxidant activity -
DPPH method

The antioxidant activity of the AST nanostructures at 4 °C, 25 °C,
30 °C, and 54 °C was determined spectrophotometrically (1 =
530 nm), as described by Mazzarino et al. (2017), using the 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) radical, during 30 h of
incubation at room temperature. The free radical scavenging
activity (FRSA) of the nanoemulsions was calculated based on
the equation:

FRSA (%) = (Ac— As)/Ac*100,

Where AC represents the absorbance of the DPPH solution
(control solution) and AS the absorbance in the presence of the
sample. As a negative control, a DPPH solution without the addition
of the AST nanoderivative was used. The results are expressed as
antioxidant capacity in Trolox equivalent (TEAC, mmol g’
nanostructured) and FRSA (%). All analyses were performed in
triplicate (n = 3), and the results were expressed as mean *
standard deviation.

2.11 Shrimp farming

Ethical approval was not required for this study because, to date,
there is no ethical procedure requirement for the crustacean
category, due to the fact that they are lower invertebrates.

For the proper containment and disposal of V. parahaemolyticus,
standard and special practices outlined in National Technical
Commission on Biosafety (CTNBio -
Commission on Biosafety, 1997) were followed. This included the

National Technical
use of safety equipment and facilities, such as appropriate personal
protective equipment (PPE) like gloves, aprons, and masks, in
addition to proper disinfection and waste disposal.

Marine shrimp (P. vannamei), acquired from Aquatec
Aquacultura Ltda. (Rio Grande do Norte, Brazil), were cultivated
at the Marine Shrimp Laboratory (LCM - UFSC) in a biofloc system
until they reached the ideal weight for the start of the experiments
(i.e, 3.0 £ 0.5 g).
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The experiment was conducted in a completely randomized
design and consisted of evaluating the in wvivo effect of
administering feed containing nanoemulsion with and without
AST nanoemulsions to P. vannamei shrimp, cultivated in clear
water, for 6 weeks. Six diets were tested in triplicate (n = 3),
totaling eighteen experimental units (EU). For the experimental
units (EU), polyethylene tanks containing 400 L of seawater were
used, with a RAS system (33.3 L/min") and diffusion aeration using
MixLife® microporous tubing. Thirty animals were distributed per
EU, being fed four times a day (8 a.m., 11 am., 2 p.m., and 5 p.m.),
according to Van Wyk et al. (1999). Feces and molts were removed
twice a week by siphoning.

2.12 Diet formulation and preparation

For the formulation of the diets (Table 2), Optimal Formula 2000°
software (version 19102009) was used, following the recommendations
and nutritional requirements of P. vannamei (NRC, 2011; Zhou et al.,
2014). The formulated feed was stored at 4 °C until use.

After the tests with the AST nanoemulsion, a fresh solution at
room temperature (25 “C) was added by spraying to the feed, followed
by drying in a laminar flow hood for 60 min. Six diets were evaluated,
namely: a) A - 10, B - 30, C - 50, and D - 70 mg kg™ AST kg™'; b)
negative control (NC) containing 70 mg kg™ of nanoemulsion without
AST and; c¢) control (without nanoemulsion). The centesimal
composition of the feed used to make the diets is shown in Table 3.

The water quality parameters of the shrimp cultures were
determined twice a day: pH (8.10 + 0.10), temperature (28.5 °C +
1.0 °C), and dissolved O, (7.10 * 0.42), determined with the aid of a
multiparameter probe (YSI Professional Plus model); salinity (33.0 +
1.0 mg L', YSI EC300A digital salinometer) and alkalinity (128 +
3.37 mg CaCO; L") (APHA - American Public Health Association,
2005). Total ammonia (0.03 + 0.5 mg L"), nitrate (0.06 + 0.05 mg
L") and nitrite (0.01 + 0.04 mg L") levels (Boyd and Gautier, 2000)
were assessed once a week.

At the end of the experiment, hemolymph was collected from the
ventral sinus of the shrimp (five animals/tank) for total hemocyte count
and serum collection for determination of protein concentration,
phenoloxidase (PO) enzyme activity, and agglutination capacity (Agl).
Hemolymph collection and serum preparation used anticoagulant
solution (0.114 M sodium citrate, 0.1 M NaCl, pH 745) at a I:
9 ratio (v/v; hemolymph: anticoagulant) (Cheng and Chen, 2001).

The total hemocyte count (THC) was performed as described by
Cheng and Chen (2001), from a 10 pL-hemolymph sample in a
Neubauer chamber. The determination of the number of hemocytes
was performed in triplicate with the aid of an optical microscope.

The serum protein concentration analysis used the Bradford (1976),
while the determination of phenoloxidase (PO) enzyme activity followed
the Soderhdll and Héll (1984). Agglutination capacity was evaluated
according to the method of Maggioni et al. (2004).

2.13 Exposure of P. vannamei to V.
parahaemolyticus

For the evaluation of the challenge with V. parahaemolyticus,
10 shrimps per treatment were acclimated in 60 L boxes, containing
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TABLE 2 Composition of the feed administered to P. vannamei with or
without the AST nanoemulsion.

Ingredients g kg™
Soybean meal 348.00
Wheat flour 208.00
Chicken offal 159.57
Fish flour 131.55
Soy lecithin 25.16
Sodium chloride 10.00
Potassium chloride 17.50
Methionine 1.51
Vitamin premix* 15.15
Mineral premix” 14.84
Vitamin C 1.00
Soy oil 15.06
Fish oil 15.30
Carboxymethylcellulose 4.89
Kaolin natura 100.00
Choline 0.25

Soybean meal Adicel”; Wheat flour Moliser”; Chicken offal flour”; Fish flour ViaFlor”; Soy
lecithin Adicel”; Sodium chloride Dindmica®; Potassium chloride AurosQuimicaﬁ;
Methionine Evonik”; Vitamin C Rovimix’; Soy oil Vitaliv®; Fish oil Bianquimica&;
Carboxymethylcellulose Synth”; Kaolin Natura Uralis”; Choline NuSci”.

*Vitamin premix (In Vivo Mix-Paulinea, Brazil): vitamin A: 900 mg kg™; vitamin D: 25 mg kg™;
vitamin E: 46,900 mg kg'; vitamin K: 14,000 mg kg '; vitamin B2: 20,000 mg kg™'; Pantothenic
acid: 40,000 mg kg '; Niacin: 70,000 mg kg; vitamin B12: 50 mg kg™'; Biotin: 750 mg kg™; Folic
acid: 3,000 mg kg™'; vitamin B1: 30,000 mg kg™; vitamin B6: 33,000 mg kg™

"Mineral premix (In Vivo Nutrido e Satide Animal Ltda-Sdo Paulo, Brazil): Magnesium:
20 mg kg; Potassium: 6.11 mg kg™'; Copper: 23,330 mg kg™'; Iodine: 1,000 mg kg™';
Manganese: 6,500 mg kg™'; Zinc: 100 mg kg™'; Selenium: 125 mg kg™

seawater at 28.5 °C, for 48 h. Subsequently, the shrimps were infected
with 100 pL of V. parahaemolyticus inoculum (viral load = 4 X
10°® uL', determined according to the LDs, test). The cumulative
mortality of the animals was evaluated for 96 h after infection,
according to Schleder et al. (2017).

2.14 Statistical analysis

The physicochemical data of the AST nanoemulsions were
subjected to one-way ANOVA variance analysis, Levene, and
Shapiro-Wilk, followed by the Tukey’s post hoc test. The results
were considered significant for p < 0.05.

In turn, the immunological parameter data were subjected to
one-way analysis of variance (ANOVA) and Bonferroni’s mean
comparison test, when applicable, with a significance level of 5%.
The survival data from the V. parahaemolyticus challenge assay were
evaluated using the Kaplan-Meier method. Homoscedasticity and
normality of sample distribution were determined using the Levene
and Shapiro-Wilk tests, respectively.

All statistical tests were performed with the support of Excel
Microsoft 365, Statistica 10.0 and Jamovi 2.6.25.0 software.
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TABLE 3 Centesimal composition of diets containing different concentrations of nanoemulsions administered to P. vannamei. Control (without AST
nanoemulsion), negative control (NC, 70 mg kg™ nanoemulsion without AST), and diets containing 10, 30, 50, and, 70 mg kg™ AST nanoemulsion.

Centesimal composition (%) Control NC A B C D
Dry matter 92.90 92.90 93.28 93.05 93.23 93.32
Crude protein 33.35 33.41 33.08 33.58 33.18 33.65
Ethereal extract 8.28 8.73 8.60 8.28 8.60 8.47
Mineral matter 18.65 18.59 18.59 18.57 18.66 18.47

A - 10 mg kg™" AST; B - 30 mg kg™ AST; C - 50 mg kg™' AST; D - 70 mg kg™" AST; NC - 70 mg kg™' without AST and Control group.
The physicochemical characterization analyses were carried out according to the methodologies described by AOAC (1999): Dry matter, method 950.01; Mineral matter, method 942.05; Protein
by LECO, method Dumas 990.03, conversion factor 6.25; Ethereal extract by Soxhlet, method 920.39C.

3 Results

3.1 Quantification of total carotenoids (TC)
and astaxanthin (AST)

The contents of TC and AST in the oleoresin and AST-
containing nanoemulsion samples were determined by UV-vis
spectrophotometry (Hitachi, model U-1800) and high-
(UHPLC-DAD),
respectively, after a saponification process. The results are

performance  liquid  chromatography

shown in Table 4.

3.2 Physicochemical properties and stability
study of the AST nanoemulsion

the
nanoemulsion exhibited a dark red to brown color, low viscosity,
and a characteristic odor of oleoresin. Macroscopic analysis revealed
a homogeneous appearance and absence of creaming or

Immediately  after  preparation, AST-containing

sedimentation. The pH of the nanoemulsion was slightly acidic,
i.e, 5.78 + 0.01. The colloid presented an average particle size of
319.6 £ 0.5 nm and a polydispersity index (PDI) of 0.290 + 0.0,
revealing homogeneity in the sample. The observed zeta potential
(—44 + 040 mV) indicated that the particles were electrically
stabilized (Table 5).

In contrast, at 54 °C, the nanoemulsion showed progressive
instability, with a significant decrease in pH over time (reaching
4.04 at 90 days), likely due to thermal degradation of lipid
components and hydrolysis of surfactants, leading to the
formation of free fatty acids. The marked increase in average
particle size (2,641.33 nm at 90 days) and the maximum PDI
(1.000)
characterizing loss of colloidal stability. In turn, the zeta
potential (mV) of the AST nanostructured derivative revealed
that particles remained electrically stabilized (>|30] mV)

indicate coalescence and flocculation processes,

throughout the storage period under all investigated thermal
conditions (Table 5).

3.3 Morphological analysis of AST
nanostructured derivatives

Transmission electron microscopy (TEM) analysis revealed
spherical nanostructures, without the formation of clusters (Figure 1).
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TABLE 4 Concentrations (mg g™) of total carotenoids (UV-vis, A = 470 nm)
and astaxanthin (UHPLC-DAD - A = 476 nm) in the oleoresin and derived
nanoemulsion samples.

Oleoresin Nanoemulsion
(mg g (mg g™
Total 10.94 + 0.4 244 %02
carotenoids
Astaxanthin 548 + 0.4 1.55 + 0.1

3.4 In vitro antioxidant activity of
nanoemulsion by DPPH

The antioxidant activity values of the AST nanoemulsion,
expressed as DPPH radical inhibition percentages, are presented
in Table 6. Data for the 30-min reaction time were obtained and
reported; however, it was not possible to calculate the ICs, due to
limitations in the experimental design, which focused on evaluating
the antioxidant activity of the formulation under different storage
temperatures and durations. Future studies using a range of
concentrations are recommended to allow for the determination
of these parameters and to enable better comparability with the
literature.

Immediately after preparation, the nanoemulsion exhibited an
antioxidant activity value of 32.0% # 0.1% at the 30-min time point.
After 15 days of storage, the nanostructured product showed
antioxidant activity starting at 31.9% + 0.1% under all tested
thermal conditions, with significant differences between treatments,
and the highest activity detected at 30 °C (34.5% = 0.1%) (Table 6).

At 30 and 60 days, a general fluctuation in antioxidant activity
was observed. Samples stored at 54 “C showed an increase in the
DPPH radical inhibitory effect, reaching 38.6% + 0.1% at 30 days
and 37.4% + 0.1% at 60 days.

Finally, at 90 days, the nanoemulsions exhibited DPPH
radical inhibition percentages starting from 31.7% + 0.1%,
with significant differences among all treatments. The
highest antioxidant activity was again observed at 54 °C
(41.9% + 0.1%) (Table 6).

3.5 Immunological parameters of
P. vannamei

The data of the immunological parameters of P. vannamei
according to the treatments with the AST-containing
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TABLE 5 Physicochemical characterization and stability of the AST nanoemulsion at different temperatures of storage.

10.3389/fnano.2026.1724130

Temperatures 4°C 25°C 30 °C 54 °C
Day 15 pH 5.75 + 0.0° 5.29 + 0.0° 5.14 + 0.0° 4.95 + 0.0°
nm 396.1 + 11.4° 407.5 + 17.4* 4013 + 10.6* 352.33 + 3.2°
PDI 0.260 + 0.0° 0.390 + 0.0° 0.580 + 0.0° 0.610 + 0.0
mvV 277 + 4.8° —40.7 + 0.5° 3773 + 1.2° —40.5 + 0.5°
Day 30 pH 5.36 + 0.0° 5.79 + 0.0° 5.80 + 0.0° 4.45 + 0.0
nm 339.97 + 5.4° 339.3 + 10.2° 363.6 + 2.7° 486.57 + 1.6
PDI 0.140 + 0.0° 0.160 + 0.0° 0.210 + 0.0 0.220 + 0.0°
mV -35.0 £ 0.7 444 + 0.5 —40.7 £ 0.3° -38.9 + 0.4°
Day 60 pH 5.55 + 0.0° 6.25 + 0.0° 5.04 + 0.0° 4.45 + 0.0
nm 3724 £ 0.9° 347.47 + 6.2° 265.93 + 5.5 480.7 + 26.2°
PDI 0.160 + 0.0° 0.170 + 0.0° 0.210 + 0.0 0.666 + 0.0°
mV -45.9 + 0.6 -37.1 £ 04" -39.5 + 1.6" -38.1 + 1.0°
Day 90 pH 5.59 + 0.0° 5.66 + 0.0° 476 + 0.0 4.04 £ 0.0°
nm 329.8 + 10.6° 337.0 + 18.3° 259.9 + 2.4° 2,641.33 + 1,017°
PDI 0.160 + 0.0° 0.130 + 0.0° 0.150 + 0.0° 1.000 + 0.0°
mV -41.0 £ 0.6 -37.8 £ 0.5" -36.7 + 0.8" —-41.1 + 1.3*

Characterization and physicochemical stability of the nanoemulsion at different temperatures, over the period of 15, 30, 60, and 90 days, under temperatures of 4 °C, 25 °C, 30 °C and 54 °C, until
the end of the 90-day test. (nm) Particle size; (PDI) polydispersity index; (mV) Zeta potential. Distinct lowercase letters, within the same day period, represent significant differences between

treatments (i.e., temperatures) (p < 0.05). Results are presented as mean + standard deviation.

FIGURE 1
Transmission Electron Microscopy (TEM) of AST nanoemulsion

from Haematococcus pluvialis and vegetable oils. PUFAs
nanostructure prepared by high-pressure homogenization. The
sample was diluted to 10% in ultrapure water and subsequently
deposited on carbon-coated grids and stained with 2% (w/v) uranyl
acetate, visible as the shadow deposited around the particle due to
interaction with the lipids. Nanoemulsion particle size of
approximately 300 nm. Image at 0.2 pym resolution.

nanoemulsion are shown in Table 7. The total hemocyte count
(THC) and serum agglutination titer (Agl) of the animals
treated with the nanoderived product did not differ
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statistically (p > 0.05) in relation to control. The total serum
protein (P) concentration significantly differed (p < 0.05)
according to the treatments D (3.75 + 0.3 mg mL™' P), C
(3.64 + 0.5 mg mL™" P), and B (3.63 = 0.4 mg mL™"' P).
Similarly, the phenoloxidase (PO) activity differed (p < 0.05)
in treatments B (84.09 + 13.2 min' mg'), C (80.60 *
23.1 min”' mg'), and NC (89.85 + 17.2 min™' mg™') in
respect to control (Table 7).

3.6 Survival of P. vannamei after challenge
with V. parahaemolyticus

After 96 h exposure to V. parahaemolyticus, no significant
difference (p > 0.05) in the animal survival was noted between the
treatments investigated. Shrimp fed the control diet showed 40%
survival, followed by treatment A (10 mg kg™') with 60%,
treatments B (20 mg kg'), C (50 mg kg'), and D
(70 mg kg™") with 70%, and treatment NC (70 mg kg™ without
AST) with 80% (Figure 2).

It was observed that the shrimp ate normally, and there
was no leftover feed in the experimental units
(EUs), indicating that the nanostructure is palatable. The
batch of animals used in this experiment appeared to be
unsuitable. The shrimp were sensitive and died after
handling, even when done every 15 days. The experimental
units and seawater were suitable for cultivation, with no
infectious agents present.
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TABLE 6 In vitro antioxidant activity of AST nanoemulsion as determined by the DPPH assay.

Treatments Day 15 Day 30 Day 60 Day 90

4°C 31.9 £ 0.1¢ 14.6 + 0.1¢ 27.1 +0.2¢ 31.7 £ 0.1¢

25°C 333 +0.1° 28.6 + 0.1° 29.2 + 0.1° 34.7 + 0.1

30 °C 34.5 £ 0.1* 29.8 +0.2° 31.1+0.1° 37.1+0.2°

54°C 331+ 0.1° 38.6 + 0.1° 37.4 + 0.1° 41.9 + 0.1
p-value 0.001 0.001 0.001 0.001

Antioxidant activity (DPPH, assay) of the AST, nanoemulsion at 20% in 80% MeOH, disrupted with acetonitrile (1: 3, v/v), stored at 4 °C, 25 °C, 30 °C, and 54 °C, after 30 min (p < 0.05).
Measurements were performed using an UV-vis, spectrophotometer (Hitachi, model U-1800). Different lowercase letters indicate statistically significant differences between treatments. Results
are expressed as mean + standard deviation of triplicates. p-value: A statistically significant difference is considered when p < 0.05.

TABLE 7 Immunological parameters of P. vannamei treated with the AST nanoemulsions (A, B, C, and D), negative control (NC), and control.

THC Protein concentration

(mg mL™)

Treatments PO activity (Unit

min— mg™ P)

Agglutination titer (Agl)
(log?)

(x 107)

Control 27.30 + 9.6 241+ 0.7 144.56 + 29.3° 10.00 + 0.0°
A 45.70 £ 6.6 2.98 + 0.1*° 108.34 + 18.4%>< 10.00 + 0.0°
B 26.30 + 35.4° 3.63 + 0.4° 84.09 + 13.2° 10.00 + 0.0
C 61.70 + 60.6" 3.64 + 0.5 80.60 + 23.1° 10.33 + 0.5°
D 51.30 + 9.5° 375+ 0.3 132,67 + 15.8*° 10.50 + 0.7°
NC 453 +22.2° 3.85 + 0.4° 89.85 + 17.2° 10.00 + 0.0

p-value 0.696 0.0454 0.0005 0.1375

Immunological parameters analyzed from the hemolymph serum of P. vannamei fed with AST, nanoemulsion, negative control (NC), and control. A - 10 mgkg™" AST; B - 30 mgkg ™" AST; C -
50 mg kg™ AST; D - 70 mg kg™ AST; NC, 70 mg kg~ without AST. (THC): total hemocyte count; (PO): phenoloxidase; (P): protein; (Agl): Agglutination titer. Distinct lowercase letters represent
significant differences between treatments. Results are presented as mean + standard deviation of triplicates. p-value: A statistically significant difference is considered when p < 0.05.

4 Discussion

- A C = Control
Groups

4.1 Physicochemical properties and —B—D=NC
nanoemulsion stability 100 —
The  formulated nanoemulsion  exhibited  desirable g 0.75 1 ] [
characteristics achieved through a high-shear energy method. 8
This technique effectively produces submicrometer particles, §°-5°' —
ensures better dispersion of high-lipid formulations with low g
polydispersion, avoids organic solvents, and is feasible for 3 "]
industrial scale-up (Juttulapa et al., 2017; Mistry et al., 2012).
Storing the AST nanoemulsion at higher temperatures (30 °C 1 - - g > p pA
and 54 °C) led to significant acidification (pH 4.76 = 0.0 and Time
pH 4.04 = 0.0, respectively), compromising colloidal stability CCURE 2

compared to 4 ‘C and 25 °C. This pH drop often indicates
chemical reactions, such as the hydrolysis of fatty acid esters in

Survival percentage of P. vannamei after challenge with V.
parahaemolyticus, after 96 h. A 10 mg kg™%; B - 30 mg kg'%; C -
. . . . . 50 kg™, D -70 kg™ NC - 70 kg™ without AST.
vegetable oil emulsions, generating free fatty acids that compromise Mo Mo Mo g wEnen
product quality (Cunha et al., 2010).

Nanoemulsions stored at 4 °C, 25 °C and 30 °C showed good

particle size stability, with a unimodal distribution. Since
nanocarriers are thermodynamically unstable, stability depends
on a robust, viscoelastic interfacial film. This study employed a
synergistic mix of soy lecithin and polysorbate 80 to ensure long-
term physicochemical stability, controlled release, and enhanced
bioavailability (Lacatusu et al., 2014; McClements, 2015; Tadros,
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2013). Nanoemulsions exposed to 54 °C maintained particle size
stability only for the initial 15 days, followed by a significant increase
and multimodal distribution. This size increase is primarily
attributed to Ostwald ripening, where the instability of the
surfactant film at high temperatures allows oil diffusion from
smaller to larger droplets (Prasert and Gohtani, 2016; Taylor, 1995).
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The formulation stored at 30 “C surprisingly showed a gradual
reduction in average particle size over time. This apparent
contradiction results from the inherent limitation of the Dynamic
Light Scattering (DLS) technique: large, degraded droplets sediment
or precipitate and escape detection, leading to an underestimation of
the true size distribution (Beliciu and Moraru, 2009; Marucco et al.,
2019). The observed reduction in particle diameter likely does not
signify enhanced stability, but rather a structurally compromised
system. Thermal degradation of the surfactant layer can cause larger
droplets to break down into smaller, measured micellar structures,
skewing the DLS signal toward smaller values (Beliciu and Moraru,
2009; Farkas and Kramar, 2021).

High PDI values indicate a wide particle size distribution, which
negatively impacts nanoemulsion stability (Gaumet et al., 2008). The
combination of phospholipids and polysorbates aids stability by
reducing internal phase droplet size, which, in turn, favors cellular
uptake and active ingredient delivery (McClements et al., 2017; Lin
et al.,, 2014).

Although zeta potential values remained in the electrostatically
stable range (>|30] mV), a minor magnitude reduction occurred at
higher temperatures. This suggests a weakening of the repulsive
barrier due to temperature-induced disruptions in the surfactant
interface, lower continuous phase viscosity, and accelerated particle
collisions, leading to destabilization (Rudin and Choi, 2013;
Montoya-Anaya et al., 2023).

In conclusion, the nanoemulsion exhibited good physicochemical
stability when stored under refrigeration (4 ‘C) and at room
temperature (25 °C), but showed pronounced thermal sensitivity at
elevated temperatures (30 °C and 54 °C), which is critical for defining
application and storage strategies.

4.2 Morphology of the nanostructured
system containing AST

Conventional negative staining using uranyl acetate allowed for
the identification of the lipid droplets present in the nanoemulsion,
which exhibited a spherical shape and homogeneous distribution in
their morphology (Figure 1). The results of the present study are
similar to those previously observed (Aratjo et al., 2011; Schuh et al.,
2014; Mattos et al., 2015; Abdou et al., 2018) for the morphology of
particles in nanoemulsion systems developed as nanocarriers for
bioactive compounds.

The use and choice of vegetable oil is a crucial step in the
design and development of nanoemulsions. It not only
determines the loading capacity and bioavailability of the
active compound, but also influences the physical stability,
shelf life, and additional functional properties of the final
product (Rostamabadi et al., 2020). TEM is also used at this
stage to determine the most appropriate stabilizer and carrier oil
(Banasaz et al., 2020). Abdou et al. (2018) used TEM to
characterize the morphology and size of nanoemulsion
particles prepared with garlic oil (CGN), cinnamon oil
(CCN), and sunflower oil (CSN). As a result, both CGN and
CCN provided spherical nanoemulsion droplets with higher
homogeneity and uniform distribution, which was not the
case for CSN, due to the discrepancy in the viscosity of the
carrier oils.
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4.3 Antioxidant activity — DPPH assay

The temporal pattern observed in the antioxidant activity of the
nanoemulsion (Table 6), ie., relatively high values in the first
15 days, a significant drop at 30 days, and a subsequent increase
up to 90 days, especially under storage at 54 °C) is consistent with the
dynamic interaction between degradation, isomerization, and
physicochemical changes in the nanostructured matrix. In the
initial stages, the homogeneous distribution of the droplets and
the protection conferred by nanoencapsulation preserve the
antioxidant activity, resulting in a high radical chelating capacity.
The reduction at 30 days likely reflects primary degradation and a
decrease in the fraction of intact AST available to react with the
DPPH radical, as described in kinetic studies of the thermal stability
of nanoencapsulated carotenoids. However, the subsequent increase
in antioxidant activity between 60 and 90 days can be explained by
the combination of progressive thermal release of the compound
from the nanoemulsion matrix and conversion of all-trans AST into
cis isomers, especially 9-cis, which exhibit greater radical-scavenging
activity in vitro (Liu and Osawa, 2007). Thermal conditions and
solvents promote trans—cis isomerization and structural
modifications capable of increasing antioxidant reactivity (Yuan
and Chen, 1999). Furthermore, elevated temperatures can generate
degradation products with residual radical neutralization capacity,
contributing to the observed increase (Rao and McClements, 2012;
Ahmad et al., 2019; Jia et al., 2021). Finally, fluctuations in activity
during storage can also reflect changes in the physical stability of the
nanoemulsion, such as partial coalescence, Ostwald ripening, or
alterations in PDI, which modify the release and extractivity of AST

during sample preparation for chemical analysis (Liu et al., 2019).

4.4 Immunological parameters

Although the present experiment did not reveal a clear and
uniform linear effect of AST-based nanoproduct on hemolymph
agglutination activity (Agl) or total hemocyte count (THC) in P.
vannamei, the serum protein (P) and phenoloxidase (PO) results
strongly suggest the occurrence of a non-linear dose-dependent
phenomenon (Costantini, 2019), possibly with an optimal window
of immune response (Table 7).

The immunoregulatory effects in P. vannamei, mediated by
AST, have been reported in previous studies. Flores et al. (2007)
observed significantly higher values of hemocyanin concentrations
and total hemocyte count (THC) in the hemolymph of shrimp
supplemented with 80 mg kg™' AST compared to shrimp fed other
diets. Chuchird et al. (2015) found that the THC and PO of shrimp
fed AST showed significant improvement compared to the other
groups. Experimental studies in P. vannamei have demonstrated
that dietary supplementation with AST increased important
activities related to such as acid

(ACP) and (AKP), by
approximately 20%-45%, as well as increasing total hemocyte

enzymatic immunity,

phosphatase alkaline phosphatase
count (THC) and antioxidant enzyme activities by 30%-60%
(Niu et al., 2009; Zhang et al., 2025).

Nutritional studies demonstrate that AST supplementation
elevates humoral and cellular markers relevant to agglutination

(Agl), THC, PO, and phagocytic capacity in P. vannamei and
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other crustaceans, suggesting a functional improvement in
hemolymph that may be reflected in greater agglutinating activity
(Chuchird et al., 2015; Mansour et al., 2022). Transcriptomic and
gene expression studies indicate that AST regulates redox pathways
and immunological genes (proPO, lectins, AMPs, caspases), which
provides a plausible mechanism for preserving and increasing the
activity of plasma proteins involved in agglutination (Pan et al,
2008; Zhang et al., 2009; Tan et al., 2020; Li et al., 2022a).

In particular, intermediate doses (30-70 mg kg™') resulted in
significant increases in P, indicating that AST nanoemulsion may
stimulate the synthesis or release of plasma proteins, such as
lectins, hemocyanins, or acute phase factors, while PO was
elevated at both the low dose (10 mg kg™') and the highest
dose (70 mg kg™'), suggesting an inverted U-shaped or
hormetic response curve (Calabrese and Baldwin, 2002). This
pattern is consistent with previous data on conventional AST
diets, where Mansour et al. (2022) observed a dose-dependent
upregulation of immune genes (proPO, lysozyme, crustin) and
SOD in P. vannamei with 2-6 g AST kg™', in parallel with
improved overall immunocompetence. Chuchird et al. (2015)
also reported that 50 ppm of AST increased THC, PO activity,
phagocytosis, and SOD in shrimp, although without affecting
growth, defining the dose- and treatment duration-sensitive
nature of the response. In turn, the study by Pan et al. (2008)
demonstrates that agglutination activity in shrimp depends on the
oligomeric conformation of hemocyanin, suggesting that AST
could modulate the structural stability of these plasma proteins,
but this modulation requires specific conditions (concentration,
redox, and time) to translate into increased Agl (Beltramini et al.,
2005). Finally, Lin et al. (2023) found that different sources and
doses of AST (100-200 mg kg™') increase PO, phagocytosis,
superoxide production, and expression of antioxidant and
antimicrobial genes in P. vannamei, demonstrating that the
immune response to AST is sensitive to the dose and source of
the carotenoid. Therefore, the results of the present study are
consistent with a non-linear response pattern. AST at moderate
doses stimulates the production of plasma proteins and the redox
pathway, while the activation of functional defense pathways,
such as PO, depends on the dose and the route of administration,
which in this study was via rationing of a nanoemulsion
containing that oxycarotenoid. This justifies the need to
expand the range of doses tested, explore the temporal kinetics
of the response, and directly quantify lectins and hemocyanins to
correlate with Agl. Based on the results obtained (Table 7), the
most promising concentration is 70 mg kg™

Recent studies demonstrate that dietary supplementation with
AST elevates immunocompetence and antioxidant markers in P.
vannamei, including promoting increases in plasma total protein (P)
content. In an assay with natural AST extracted from Arthrospira
platensis, the authors reported a dose-dependent regulation of
immune genes (prophenoloxidase, lysozyme, crustin, B-GBP,
(SOD),
improved growth and feed utilization (Mansour et al, 2022).

transglutaminase) and antioxidants associated  with

Another study that supplemented AST derived from Adonis

amurensis  observed increased antioxidant capacity and

various immunological responses at 60-120 mg kg diet,
suggesting that the carotenoid may favor the overall health and
protein homeostasis of P. vannamei (Zhang et al., 2025). Eldessouki
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et al. (2022) administered AST at 100-200 mg kg™' and observed
increases in immunological parameters and total serum protein,
concomitantly with a reduction in lipid peroxidation and

enzymes
shrimp, supporting the hypothesis that AST contributes to the

modulation of the expression of antioxidant in
preservation or synthesis of plasma proteins under oxidative
stress conditions.

PO is a key enzyme in the innate immune system of crustaceans,
involved in the melanization and encapsulation of pathogens
(Soderhill and Cerenius, 1998). The elevated PO activity in the
control group may reflect a compensatory immune response
triggered by environmental stressors during cultivation. In
contrast, in the groups treated with the nanoemulsion, especially
those receiving AST, the reduced PO activity may be attributed to
the antioxidant and anti-inflammatory properties of AST and the
vegetable oils, which mitigate oxidative stress and consequently
modulate the activation of the proPO system (Guerin et al., 2003;
Chen et al., 2017). This regulation of PO activity, accompanied by
the increase in serum proteins, suggests an immunomodulatory
effect, indicating a balanced immune state that prevents excessive
inflammatory hyperactivation without compromising defense
against pathogens. These findings are consistent with previous
reports showing that dietary antioxidants reduce stress-induced
immune hyperactivation in crustaceans (Zhou et al, 2016;
Ahmad et al., 2019).

Studies have shown that dietary inclusion of AST improves the
expression of antioxidant and immune-related genes, such as beta-
glucan binding protein (Bgp) and phenoloxidase (PO) in P.
vannamei muscle tissue (Mansour et al., 2022). Chuchird et al.
(2015) observed that P. vannamei fed diet containing 50 ppm AST
for 90 days showed increased PO activity compared to control.
Similarly, Wang et al. (2015) demonstrated that supplementation of
Pacific white shrimp with 80 mg kg™ of AST for 4 weeks affected
(p < 0.05) serum PO activity compared to control. Additionally, a
significant increase in PO activity was detected in P. vannamei fed
diets containing 25, 50, 100, and 200 mg kg™ AST for 8 weeks
(Eldessouki et al., 2022).

PO enzyme activity is an immunoparameter commonly used to
assess the health status of shrimp. When an organism is infected by
pathogens, these microorganisms bind either directly or indirectly
(i.e., via plasma pattern recognition proteins (PRPs)) to granular
hemocytes, inducing degranulation or regulated exocytosis and
releasing effector molecules, such as the proPO system (Barracco
et al,, 2014). The proPO system is known to play an important
defensive role against pathogens. The Bgp gene functions as a vital
factor for proPO system activation, coagulation progression, and the
expression of antimicrobial peptides after the recognition of
microbial components (Gongalves et al., 2012). It is worth noting
the existence of positive regulation of the Bgp gene in shrimp fed
diets supplemented with AST (Mansour et al., 2022). Consequently,
serum PO significantly improves when AST is added to P. vannamei
feed (Wang et al,, 2015).

Within the scope of nanotechnology, the use of nanoemulsions
allows for the formation and stability of small-sized particles with
improved bioavailability and absorption, increased solubility of
lipophilic compounds, and rapid and efficient penetration of the
compound (Soukoulis and Bohn, 2018; Dos Santos et al., 2018).
Currently, studies using nanotechnology in crustacean diets are
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scarce (Santos et al., 2024). Due to this, the bioavailability of
their the
crustacean intestine still require further investigation for a better

nanoemulsified compounds and absorption by
understanding of their mode of action.

The antioxidant properties of AST may directly participate in
enhancing immunity in P. vannamei, eventually by counteracting the
effect of reactive oxygen species. However, the immunostimulatory
activity of astaxanthin in crustaceans still requires further
investigation to better understand its mode of action (Mansour
et al., 2022). Importantly, this study provides the first in vivo
evidence that such a formulation significantly increases serum
protein levels and modulates phenoloxidase activity in P.
vannamei, key indicators of crustacean immune function. These
findings highlight a non-obvious integration of lipid composition,
processing technology, and biological efficacy, establishing the
nanoemulsion as a promising functional feed additive and
advancing the application of nanotechnology in sustainable

shrimp aquaculture.

4.5 Survival of P. vannamei after challenge
with V. parahaemolyticus

Despite the positive effects observed in baseline immunological
parameters, such as increased serum protein (P) concentration and
modulation of phenoloxidase (PO) activity, no significant
differences were observed in the survival rate of P. vannamei
the
experimental groups, including those supplemented with the

after challenge with V. parahaemolyticus between
AST-containing nanoemulsion (Figure 2). However, the results
demonstrated a promising protective trend conferred by the
nanoemulsion developed in this study. Although the statistical
analysis was inconclusive due to the low sample size (n = 10 per
treatment) and the known sensitivity of the experimental batch, the
observed difference in final mortality, reducing from 60% in the
control group to 30% in the optimized treatments (B - 30 mg kg™,
C - 50 mg kg' and D - 70 mg kg™'), is biologically significant and
has been observed in other studies (Chen et al., 2017; Zhou et al.,
2016; Wei et al., 2018). Indeed, studies have shown positive effects of
AST on the immune response, anti-stress capacity, and disease
resistance in shrimp (Lim et al, 2018 Wang et al, 2018).
Chuchird et al. (2015) found a higher survival rate in P.
fed 50 ppm AST
parahaemolyticus. Similar results were reported by Lin et al.
(2023) in P. vannamei shrimp fed 100 mg kg™' AST.

This result can also be attributed to interrelated factors. First,

vannamei after infection with V.

a potentially high bacterial load used in the challenge protocol (4 x
10° CFU mL™" for 96 h) may have overwhelmed the shrimp’s
immune system, even with prior tests to determine the ideal
concentration of V. parahaemolyticus, making it difficult to
detect differences between groups, regardless of the treatment.
Additionally, although the 45-day supplementation period was
sufficient to alter physiological parameters, it may not have been
enough to promote a robust protective response against a highly
virulent acute infection (Eldessouki et al., 2022). Compared to
other studies, the culture period was longer, lasting from 60 to
90 days (Zhou et al., 2007; Wei et al., 2018; Kumar et al., 2018;
Eldessouki et al., 2022). Previous studies have also presented
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mixed results. For example, Ahmad et al. (2019) reported
improved survival of P. vannamei supplemented with AST
nanoemulsion under pathogenic challenge. However, those
authors used higher doses and a longer supplementation
period comparatively to this study. Similarly, Zhou et al.
(2016) observed that the protective effect of AST depends on
the stress level and the intensity of the challenge.

PUFAs also appear to participate in the expression of
antimicrobial peptides that act against Gram-negative bacteria
(Zuo et al., 2017). Furthermore, studies have demonstrated that
essential fatty acids improve the immune response of shrimps and
their resistance to Vibrio spp. infection (Lim et al, 1997;
Gonzélez-Félix et al., 2002; Nonwachai et al., 2010). Pacific
white shrimp treated with exogenous alpha-linolenic acid (C18:
3 n-3, ALA) showed increased levels of EPA and DHA in the
with with V.

greater shrimp’s

hepatopancreas, or without challenge

of the
antimicrobial immune response, and increased survival against

parahaemolyticus, stimulation
pathogenic bacteria (Chen et al., 2024). The authors also observed
that the increase in DHA and EPA levels and the induction of
immune system gene expression were mediated by delta (A)
desaturases, especially A desaturase, showing that P. vannamei
has the ability to synthesize DHA and EPA from ALA, mainly
during challenge with pathogens, but the details of the molecular
mechanisms remain unknown.

Commonly, the composition of the gut microbiota exerts a
considerable influence on the health of aquatic organisms,
encompassing processes such as digestion, nutrient absorption,
immune responses, and biological antibiosis (Sharawy et al,
20205 Li et al., 2018). The bacteria present in the gut demonstrate
sensitivity to changes in food intake, diet composition, and its
components (Ringe et al, 2016). Consistently, Mansour et al.
(2022) observed a significant reduction (p < 0.05) in total
heterotrophic bacteria (THB) and Vibrio spp. (TVC) counts in P.
vannamei as AST inclusion levels increased, in respect to control
group. In parallel, the quantity of bacteria of the genus Vibrio
showed a decline in all diets enriched with AST compared to
control group. Corroborating these findings, Chuchird et al.
(2015) reported an increase in survival, growth, and resistance to
V. parahaemolyticus in P. vannamei fed a diet supplemented with
AST. Additionally, shrimp diets containing this oxycarotenoid
resulted in significantly lower counts of total gut bacteria and
Vibrio  spp. (Chuchird 2015). the
aforementioned authors, the precise mechanism by which AST

et al., According to
modulates the bacterial population remains uncertain and
requires further investigation. In this regard, Mansour et al.
(2022) concluded that AST presents itself as a promising
compound in controlling the load of pathogenic bacteria
throughout the shrimp culture cycle. These results were
attributed to the significant biological activities of the acetone
extract of A. platensis NIOF17/003, whose main component is
it the potential to be a remarkable,

feed additive

astaxanthin, giving

sustainable, and ecologically beneficial for
aquaculture applications.

The high biological efficacy observed in this study, even with the
can be attributed to nanoemulsion.
Nanoencapsulation, using vegetable oils, increases the

bioavailability and absorption of AST (Castro et al, 2020),

limited sample size,
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ensuring that the shrimp metabolize the compound efficiently,
which is crucial for a rapid and robust immune response against
an aggressive pathogen such as V. parahaemolyticus.

5 Conclusion

This study provides the first in vivo evidence that the developed
AST nanoemulsion significantly increases serum protein levels and
modulates phenoloxidase activity in P. vannamei treated with
70 mg kg™' AST, and its potential application in animal feed due
to its physicochemical characteristics represents a promising and
sustainable alternative for shrimp farming. Future studies should
focus on unraveling the molecular mechanisms underlying the
observed effects, improving treatment strategies, and examining
long-term effects.
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