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fish oil in natural wax-based solid
lipid particles using supercritical carbon dioxide:
a green strategy to develop stable powder fish oil

Purlen Sezer Okur, a Deniz Ciftcia and Ozan N. Ciftci*ab

Fish oil has received significant attention owing to its high omega-3 fatty acid content. Regular fish oil

consumption can supply enough omega-3 fatty acids to human metabolism. However, omega-3 fatty

acids consist of a high amount of polyunsaturated fatty acids that are prone to oxidation, and hence, the

storage, transportation, and processing of fish oil are challenging. Therefore, fish oil needs to be

transformed into an easy-to-use and stable formulation. The objective of this study was to load fish oil

into hollow solid lipid particles using a particle formation technique based on supercritical carbon

dioxide (SC-CO2). Powder formulations of fish oil were obtained using two different natural waxes,

namely, candelilla and carnauba wax, at different initial fish oil concentrations (30, 40, and 50% w/w). All

particles exhibited a spherical shape with a smooth surface. The melting point of the particles decreased

on increasing the initial fish oil concentration. The highest loading efficiency was achieved at 50% w/w,

with the initial fish oil concentration for candelilla and carnauba wax particles at 72.9% and 92.5%,

respectively. Moreover, accelerated oxidative stability tests for 21 days of storage proved that the SC-

CO2-assisted particle formation technique successfully protected fish oil against oxidation and increased

the shelf life of fish oil. Loading fish oil into waxes enhanced the bioaccessibility of EPA/DHA fatty acids

regardless of the wax type, from 6.1% to 8.5% and 11.2% in CLW and CW particles, respectively. Thus, the

findings suggest that SC-CO2-assisted particle formation could be an efficient method for forming more

stable fish oil formulations.
Sustainability spotlight

Fish oil is a critical source of omega-3 fatty acids, which are essential for public health and disease prevention. However, its susceptibility to oxidation reduces its
shelf life, diminishes its health benets, and contributes to signicant food loss and waste. Traditional encapsulation methods oen require harmful organic
solvents, which pollute the environment. In this study, we addressed these challenges by utilizing the supercritical CO2 technology, a green and sustainable
method, to encapsulate sh oil within natural waxes, creating a stable, free-owing powder formulation. This innovative approach enhanced the oxidative
stability, bioaccessibility, and shelf life of sh oil without using any harmful solvents. Aligning with the UN's multiple Sustainable Development Goals, it
minimizes food waste, reduces environmental pollution, and provides a transportable, health-promoting ingredient suitable for food deserts, ghting
malnutrition and lack of proper storage facilities, fostering sustainable food systems.
1 Introduction

Increasing consumption of health and wellness-promoting
bioactive compounds has led to a rapid growth in the
manufacturing of functional foods.1 The consumption of
health-benecial long-chain polyunsaturated fatty acids
(PUFAs), namely, eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA), is believed to have great health-promoting
potential, especially for cardiovascular diseases.2 The majority
of ndings prove that PUFAs could decrease the risk of type-2
, University of Nebraska-Lincoln, Lincoln,

u
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25, 3, 436–444
diabetes and cardiovascular diseases if consumed in the rec-
ommended range of 250 to 1000 mg day−1.3 The human body
cannot produce omega-3 fatty acids owing to the lack of desa-
turase enzymes.4 Therefore, there is a growing interest in
incorporating omega-3 oils into food formulations to develop
health and wellness-promoting foods. However, incorporating
omega-3 oils into foods is challenging owing to their low solu-
bility, and also PUFAs are susceptible to oxidation owing to
a high number of double bonds in their structure,5 which
results in degradation during either processing or storage. This
degradation poses health risks to consumers and also causes
food loss and waste, which are pressing issues of our era.
Therefore, minimizing oxidation in food products is one way to
overcome food loss and waste problems in lipid-rich foods.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fish oil is a primary source of omega-3 fatty acids, yet its
incorporation into food formulations encounters challenges.
Owing to its water-insoluble nature, incorporating sh oil into
water-based and solid foods is difficult, and its high poly-
unsaturated fatty acid (PUFA) content makes it highly suscep-
tible to oxidation. Various encapsulation methods, such as
spray drying, freeze drying, and electrohydrodynamic processes,
have been proposed to reduce the oxidation rate and enhance
shelf life.5–7 Encapsulation serves several purposes, including
protecting the encapsulated compounds from oxidative degra-
dation, improving material handling, shielding contents from
environmental stressors, and facilitating the incorporation of
water-insoluble ingredients into food formulations. Ramos
et al.8 investigated the oxidative stability and encapsulation
efficiency of sh oil using vacuum spray drying and conven-
tional spray drying. Using maltodextrin and modied starch as
wall materials, they demonstrated that vacuum spray drying,
with its lower drying temperature, preserved sh oil better
against oxidation compared to conventional spray drying.
Another promising technique for sh oil encapsulation involves
solid lipid nanoparticle technology, utilizing wall materials
such as proteins, carbohydrates, or combinations of both.9 The
success of these processes oen depends on the wall materials
used and the intended application of the encapsulated product.
For example, Salminen et al.10 found that increasing the
concentration of tristearin in encapsulates improved oxidative
stability, emphasizing the importance of wall thickness in
protecting sh oil.

An innovative approach for sh oil encapsulation is the
supercritical carbon dioxide (SC-CO2) technology.11 SC-CO2 is
recognized as a generally safe (GRAS) solvent with several
advantages: it is cost-effective, abundant, easily removed
without leaving solvent residues, and operates at relatively low
critical temperature and pressure values. SC-CO2 assisted
particle formation minimizes oxidation during encapsulation
since oxygen is excluded from the particle formation environ-
ment, preventing oxidative degradation. In our previous
studies, hollow solid lipid particles were developed using fully
hydrogenated soybean oil (FHSO) as a wall material,11 while
Karim et al.12 encapsulated sh oil with hydroxypropyl methyl-
cellulose (HPMC) using a supercritical antisolvent technique.
Additionally, polyethylene glycol was employed in the encap-
sulation of cod liver oil via the particles from the gas-saturated
solution (PGSS) method.13

The SC-CO2 technology and related particle formation tech-
niques present valuable opportunities for protecting bioactive
components like sh oil, enabling better oxidative stability,
handling, and application versatility. However, the processing
conditions and wall materials have a big impact on the prop-
erties of the products and their food applications. There is
a need for detailed investigation of each wall material as they
have different properties in the SC-CO2 environment, which in
turn affect the processing conditions and the product proper-
ties. In our previous studies, we used triacylglycerol-based solid
lipids to load sh oil into solid lipids; however, there is a need
for a more robust lipid shell to protect sh oil from oxidation
completely.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Therefore, this study proposes using natural waxes—cande-
lilla wax (CLW) and carnauba wax (CW)—as wall materials to
create sh oil-loaded particles with a robust shell to enhance
oxidative stability and extend shelf life. The project focuses on
developing a natural, clean, and user-friendly powdered sh oil
formulation without non-food-grade chemicals. Specically, the
project seeks to produce sh oil-loaded solid lipid particles
from CLW and CW using SC-CO2 technology. The objectives of
this study are: (i) to examine how the initial sh oil concentra-
tion in the lipid blend affects the loading efficiency, particle
morphology, particle size, melting properties, and polymorphic
form; (ii) to assess the oxidative stability of sh oil-loaded solid
wax particles; and (iii) to investigate the impact of the particle
formation process on the bioaccessibility of EPA and DHA
omega-3 fatty acids.

2 Materials and methods
2.1. Materials

Fish oil (26.7 mg total EPA-DHA/100 mg sh oil), candelilla wax
(CLW), and carnauba wax (CW) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Bone dry CO2 (99.9% purity) was
purchased from Matheson (Lincoln, NE).

2.2. Formation of sh oil-loaded micro- and nano-particles
with SC-CO2

Fish oil-loaded particles were formed by a homemade SC-CO2

particle formation system reported previously.14 The main steps
for the particle formation remained the same. The vessel
temperature was maintained at 65 and 85 °C for CLW and CW,
respectively. Particles were formed at 100 bar using a 100 mm
diameter nozzle based on the previously optimized conditions.
To analyze the effect of the nal concentration of sh oil in the
lipid mixture, varying initial sh oil concentrations in the lipid
mixtures (30, 40, and 50%, w/w) were used. The molten wax–sh
oil mixture was placed into the vessel through the sampling
port, and the lipid mixture was agitated in the presence of CO2

for 1 h at 100 bar. Aerward, the SC-CO2-expanded lipid mixture
was atomized through the nozzle. The formed solid lipid
particles were collected and kept at −20 °C until analyzed.

2.3. Determination of the particle size

The average particle size of the sh oil-loaded wax particles was
analyzed using ImageJ soware.15 For each sample, three SEM
images were captured with at least 100 particles from the same
coordinates to calculate the average particle size of the sample.
In total, the diameter of 300 particles was measured to calculate
the average particle size for each sample.

2.4. Determination of the sh oil loading efficiency

Fish oil loading capacity was determined from the concentra-
tions of EPA and DHA as distinctive sh oil fatty acids. Fish oil-
loaded particles (∼7 mg) and a physical mixture of sh oil and
wax (control) at the corresponding concentrations (3 mL) were
methylated, according to Yang & Cici.16 Fatty acid methyl
esters (FAME) were then analyzed using a gas chromatograph
Sustainable Food Technol., 2025, 3, 436–444 | 437
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View Article Online
(GC) (7890 GC systems, Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with a ame ionization detector (FID). An
aliquot of FAME (2 mL) was injected into an Agilent HP-
INNOWAX capillary column (30 m × 0.25 mm × 0.25 mm) to
separate the FAME. The GC oven temperature was held at 90 °C
for 1 min, increased at a rate of 10 °C min−1 to 235 °C, and held
at 235 °C for 5 min. Hydrogen was used as the carrier gas.

The concentrations of EPA and DHA were identied with
authentic standards to determine the sh oil loading efficiency.
Fish oil loading efficiencies (LE) of the particles were identied
using eqn (1).

LE ð%Þ ¼ experimental loading capacity

theoretical loading capacity
� 100 (1)

Here, the experimental loading capacity is the total mass of EPA
and DHA in the particle determined by GC, and the theoretical
loading capacity is the total mass of EPA and DHA in the
physical mixture of sh oil and wax.

2.5. Morphological analysis

2.5.1. Scanning electron microscopy (SEM) analysis. The
morphology of the sh oil-loaded wax particles was analyzed by
using a eld-emission scanning electron microscope (S4700 FE-
SEM, Hitachi High-Technologies Corporation, Tokyo, Japan)
under a low vacuum mode at 5 kV and 15 mA. Sputtering of the
samples was conducted in an argon atmosphere with chro-
mium (Pfeiffer Vacuum, Ablar, Germany).

2.5.2. Confocal uorescence microscopy analysis. Fish oil
loading into wax particles was visualized using a confocal
uorescence microscope (A1, Nikon Instruments Inc., Tokyo,
Japan). Lipid particles were stained with Nile red solution
(0.00125% w/v, in propane 1,2-diol).16 To achieve adequate
staining, 3–5 mg of particles were mixed with 100 mL of Nile red
solution and stored at 4 °C overnight. Imaging was conducted
with z-series scanning at 1 mm intervals. The excitation wave-
lengths were set to 561 nm and 640 nm, and the emission
wavelength was xed at 600 nm for the red uorophores,
enabling detailed visualization of the stained lipid particles.

2.6. Determination of polymorphism

Polymorphism of the sh oil-loaded wax particles, original wax,
and hollow solid wax particles was analyzed using X-ray
diffraction (XRD) with a PANanalytical system (Malvern, UK).
Powder samples were measured at ambient temperature over
a 2q range from 2° to 50° using a continuous scan mode. The
scanning parameters included a step size of 0.02° with a scan
rate of 2q min−1.

2.7. Determination of melting behavior

Themelting behavior of the original wax and sh oil-loaded wax
particles was analyzed using a differential scanning calorimeter
(DSC) (Netzsch DSC 204 F1 Phoenix, Netzsch, Germany). For
each analysis, 3–5 mg of the sample was placed in an aluminum
pan, with an empty pan serving as the reference. Both pans were
equilibrated at 30 °C in the calorimeter for 1 min before starting
the sequence. The samples were then heated from 30 °C to 100 °
438 | Sustainable Food Technol., 2025, 3, 436–444
C at a controlled rate of 5 °C min−1, allowing for precise
measurement of melting transitions and thermal properties.
2.8. Oxidative stability

The oxidative stability of the sh oil-loaded wax particles was
assessed via an accelerated oven test over a 21 day period. Both
sh oil-loaded wax particles and pure sh oil were stored in
open-lid containers at 40 °C in an oven to ensure the presence of
excess oxygen. Oxidative stability was monitored daily by
measuring the peroxide value, which indicates the formation of
primary oxidation products, and the anisidine value, which
reects secondary oxidation products.

2.8.1. Peroxide value (PV). The peroxide value of the
samples was determined using a modied colorimetric method
based on Yang & Cici.11 A chloroform/methanol mixture (7 : 3, v/
v) was used to dilute the sh oil and sh oil-loaded wax particles
(1–30 mg) to achieve a nal absorbance of less than 1.0 cm−1. In
a test tube, 50 mL of the diluted sample was combined with 8 mL
of chloroform/methanol (7 : 3, v/v). Subsequently, 50 mL each of
ammonium thiocyanate and ferrous chloride solutions were
added to the mixture. Aer vortexing for 10 s, the mixture was
incubated for 20 min in a dark cabinet at room temperature.
Following incubation, the absorbance was measured at 505 nm
using a UV/Vis spectrophotometer (Evolution 201, Thermo Fisher
Scientic, Shanghai, P. R. China). The hydroperoxide concen-
trations were determined against a cumene hydroperoxide stan-
dard curve (0–25 mM) and expressed as milliequivalents (meq.) of
hydroperoxide per kg of sh oil.

2.8.2. Anisidine value (AV). The anisidine value (AV) of the
sh oil-loaded particles and sh oil was determined following
the AOCS Official Method Cd 18–90 with modications.17

Samples (1–30 mg, adjusted for secondary product concentra-
tion) were mixed with 8 mL of isooctane, and the absorbance
(A1) was measured at 350 nm using a UV/Vis spectrophotometer
(Evolution 201, Thermo Fisher Scientic, Shanghai, P. R.
China), with isooctane as the blank. Subsequently, 2.5 mL of the
sample mixture or isooctane was transferred to a separate test
tube, and 0.5 mL of p-anisidine solution (0.25% w/v in glacial
acetic acid) was added. Aer vortexing for 10 s, the tubes were
kept in a dark cabinet for 10 min at room temperature to
complete the reaction. The absorbance (A2) was then measured
at 350 nm. The anisidine value was calculated using eqn (2):

AV ¼ 8� 1:2� A2 � A1

sample weight ðgÞ (2)
2.9. Simulated in vitro digestion

The simulated oral, gastric, and intestinal digestion approach,
INFOGEST, was used to determine the in vitro bioaccessibility of
omega-3 fatty acids, EPA and DHA in the crude sh oil and sh
oil-loaded wax particles.18 Simulated salivary uid (SSF), simu-
lated gastric uid (SGF), and simulated intestinal uid (SIF)
were prepared using the corresponding electrolyte stock solu-
tions according to Minekus et al.18 All experiments were
repeated ve times.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fish oil loading efficiency at different initial fish oil concentra-
tions (%, w/w) for CLW and CW particles. Different letters represent
significant differences among the loading efficiency values (p # 0.05).
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2.9.1. Oral phase. The pre-heated (37 °C) SSF solution (8.95
mL) and the sample were mixed to obtain a uniform mixture of
SSF and the sample. Then, 1 mL of a-amylase solution (750 U
mL−1) was added to achieve a 75 U mL−1 amylose unit. Next, 50
mL of 0.3 M CaCl2 was added, and the pH of the mixture was
adjusted to 7.0 using NaOH. The mixture was incubated at 37 °C
for 2 min in a shaking water bath at 100 rpm.

2.9.2. Gastric phase. Aer the oral phase, 8.495 mL of SGF
was mixed with an oral bolus (10 mL), and then the pH was
adjusted to 3.0 using HCl. Then, 1 mL of porcine pepsin (40 000
U mL−1), 0.5 mL of gastric lipase (1000 U mL−1) and 5 mL of
0.3 M CaCl2 were added to the mixture. The mixture was incu-
bated at 37 °C for 2 h in a shaking water bath at 100 rpm.

2.9.3. Intestinal phase. Aer 2 h of gastric digestion, gastric
chyme (20 mL) was mixed with 7.92 mL of SIF, and the pH was
adjusted to 7.0 using NaOH. Next, 80 mL of 0.3 M CaCl2, 4 mL of
pancreatin (9 mg mL−1), 4 mL of bile salt (130 mg mL−1), and
4 mL of pancreatin lipase (80 mg mL−1) were added to the
mixture. Aerward, the nal mixture (40 mL) was incubated at
37 °C for 2 h in a shaking water bath at 100 rpm.

2.9.4. Calculation of omega-3 bioaccessibility. Aer simu-
lated digestion, 100 mL of Bowman–Birk inhibitor (0.05 g L−1)
per mL of the intestinal digest was added to the mixture to stop
digestion. The entire solution was centrifuged at 10 000g for
45 min at 4 °C to collect the bioaccessible fraction. The bio-
accessible fraction was ltered to separate the undigested oil
from the aqueous phase. The ltered digested uid was used to
quantify the amount of omega-3 fatty acids. The oil in the
ltered digested uid was extracted using hexane (1 : 3; super-
natant : hexane, v/v). The mixture of hexane and supernatant
was vortexed for 10 min and centrifuged at 4400 rpm for 5 min
at 4 °C to separate the hexane fraction. This procedure was
repeated 3 times to obtain the oil in the aqueous phase. The
hexane fraction was evaporated by ashing nitrogen. The fatty
acid composition of extracts was analyzed using GC analysis, as
described in section 2.4. Bioaccessibility of EPA + DHA was
calculated using eqn (3) below.

Bioaccessibility ð%Þ ¼
EPAþDHA in the bioaccessible fraction

total EPAþDHA in the sample
� 100 (3)
2.10. Statistical analysis

All statistical analyses were performed using the SigmaPlot so-
ware package (SigmaPlot ver.14, Chicago, IL, USA). Data were
analyzed through analysis of variance (ANOVA) and presented as
mean ± standard deviation. Tukey's multiple range test was
applied to compare the means and identify signicant differences
among factor levels, with a signicance threshold set at p# 0.05.
3 Results and discussion
3.1. Fish oil loading efficiency

The sh oil loading efficiencies of CLW and CW particles are
presented in Fig. 1. The highest loading efficiencies were
© 2025 The Author(s). Published by the Royal Society of Chemistry
achieved at a 50% (w/w) initial sh oil concentration in the lipid
mixtures, reaching 73.9% and 92.5% for CLW and CW particles,
respectively. The lowest loading efficiencies were found to be
42.9% for CLW and 43.1% for CW particles. A signicant
increase (p # 0.05) in loading efficiency was observed when the
initial sh oil concentration increased from 30 to 50% (w/w).

The SC-CO2-assisted particle formation process relies on the
solubilization of CO2 in the lipid phase and the volumetric
expansion of the lipid mixture due to this solubilization. During
the 1 hmixing time, SC-CO2 and lipid phases equilibrated in the
vessel, with the lipid volume constant at 20 mL. With constant
CO2 solubility at a xed pressure and temperature, a higher
initial sh oil concentration provided more liquid oil for
encapsulation, resulting in signicantly higher (p # 0.05) sh
oil loading efficiencies in both CLW and CW particles. In our
recent study on bioactive loading into triacylglycerol-based fats,
namely, fully hydrogenated soybean oil (FHSO), increased
lycopene concentration in the triacylglycerol mixture enhanced
lycopene loading efficiency in FHSO particles, indicating that
higher encapsulation efficiency is associated with greater
availability of the lower melting point compound.19

However, the same initial sh oil concentration resulted in
varying loading efficiencies between CLW and CW particles,
with CW particles consistently showing higher loading effi-
ciency. This difference was due to the higher solidication
temperature of CW, which affects the cooling rate during
particle solidication. Cooling rate impacts encapsulation effi-
ciency, with CW's higher crystallinity supporting greater
loading capacity.
3.2. Particle morphology

Fig. 2 presents the SEM images of the wax particles loaded with
sh oil at varying initial sh oil concentrations and wax types.
Across all samples, the particles maintained a spherical shape,
but higher initial sh oil concentrations (from 30 to 50%, w/w)
led to wrinkled surfaces in both candelilla (CLW) and carnauba
wax (CW) particles. This wrinkling was due to the lower melting
Sustainable Food Technol., 2025, 3, 436–444 | 439
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Fig. 2 SEM images (top) and the photographs (bottom) of the fish oil-loaded CLW and CW particles.
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point of sh oil compared to CLW and CW, which inuences
the particle morphology. During rapid depressurization of the
CO2-expanded lipid mixture, the rapid cooling at the nozzle due
to the Joule–Thompson effect causes the lipid blend droplets
(sh oil + wax + CO2) to solidify quickly. As the wax solidies
faster than sh oil, it traps the oil within, creating a wrinkled
surface at higher sh oil concentrations.

To further assess the loading efficiency across sh oil
concentrations, confocal uorescence microscopy images were
captured (Fig. 3). Hollow CW particles were used as controls. In
the images, hollow areas appear black, while the sh oil (dyed
with Nile red) is visible as pink. It is known that solid fat-
dominated regions (CLW and CW) show low solubility of Nile
red dye.20 Results showed that particles with a 50% (w/w) initial
sh oil concentration had more surface oil and internal sh oil.
Additionally, smaller particles exhibited better loading efficiency,
while larger particles contained less sh oil within their cavities,
likely due to varying dye penetration depths across particle shells,
with limited penetration leading to undyed cavities.20
Fig. 3 Confocal microscopy images of the: (a) hollow CW particles, (b)
30%-CW, (c) 40%-CW, (d) 50%-CW.
3.3. Particle size analysis

The average sizes of particles with different initial sh oil
concentrations are shown in Table 1. Results showed no
440 | Sustainable Food Technol., 2025, 3, 436–444
signicant difference in the average particle size by changing
the sh oil concentration (p > 0.05). The average particle size of
the sh oil-loaded particles ranged from 13.7 to 17.0 mm and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average particle size of fish oil-loaded wax particles

Sample
Average particle
size (mm)

30%-CLW 13.7 � 0.6a

40%-CLW 14.5 � 1.3a

50%-CLW 17.0 � 2.9a

30%-CW 12.9 � 0.4a

40%-CW 16.0 � 0.3a

50%-CW 16.3 � 0.7a

a Means with different letters are signicantly different (p # 0.05).
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12.9 to 16.3 mm for CLW and CW, respectively. It was found that
increasing the initial sh oil concentration resulted in larger
particles. These data were also in good agreement with the
visual observations from the SEM images.

The disadvantage of the higher initial sh oil concentration
was the agglomeration of particles. With increasing surface oil
on the particles and increasing initial sh oil concentration, the
liquid oil on the surface of the particles caused the particles to
stick to each other, causing agglomeration. However, this effect
was not signicant because the particles were in the powder
form at all conditions. Previously, it was reported that even
though particles agglomerate, they remain in the powder
form.21

3.4. Polymorphism

One of the important parameters that affect the melting prop-
erties and release of the loaded materials from the solid lipid
particles is the polymorphic form of the particles. The crystal
type of the lipid forming the solid shell is related to the release
kinetics and stability of the loaded material in lipid carrier
systems.22 Crystal types of fats could be a, b0, and b in the
increasing order of melting point, packing density, and ther-
modynamic stability. Fig. 4 shows that particle formation did
not affect the major polymorphic form of the hollow solid lipid
Fig. 4 XRD patterns of fish oil-loaded CLW (a) and CW (b) particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
particles and sh oil-loaded particles. XRD patterns of the sh
oil-loaded particles prove that loading sh oil into particles and
increasing the initial sh oil content did not affect the major
polymorphic form.

All samples showed peaks at 21.4 and 23.9°, which repre-
sented the stable b0 type of crystals with short spacings of 4.1
and 3.7 Å.23 The diffraction patterns of wax, hollow solid wax
particles, and sh oil-loaded wax particles exhibited the same
peaks as b0, which is related to the polymorphism of pure wax.
b0 type of crystals with short spacings of 4.1 and 3.7 Å indicate
the particles were partially crystalline, and these spacings are
characteristic of the orthorhombic subcellular packing in
lipids. These results show that the lipid material used as the
carrier matrix affects the polymorphism of the particles, which
is critical for real-life applications. Our previous study with
triacylglycerol-based fats has shown that the polymorphism of
the particle changes aer the particle formation process. The
polymorphic form of the fully hydrogenated soybean oil
changed from the more stable forms of b0 and b to a less stable
form of a. These new ndings show that the lipid shell
composition and the solidication rate during SC-CO2-assisted
atomization, a function of the lipid composition, are critical for
the polymorphic forms of the particles and determine their
physical stability during storage and potential applications in
the food industry.

3.5. Melting behavior

Differential scanning calorimetry (DSC) thermograms for the
heating phase of hollow particles and sh oil-loaded particles
with varying initial sh oil concentrations are presented in
Fig. 5a and b. Analysis of the melting behavior conrmed that
the melting temperature of the particles decreased as the initial
sh oil concentration in the lipid matrix increased. This
decrease aligns with expectations, as the sh oil—having
a lower melting point than pure wax due to higher amounts of
unsaturated fatty acids—lowers the overall melting temperature
of the lipid blend. Notably, the melting prole, characterized by
a single sharp peak at the melting point, remained consistent
across samples, indicating uniform melting behavior. The
polymorphic form of the lipid signicantly inuences the
melting properties of the particles. In this study, all samples
displayed the b0 polymorphic form, suggesting that the
observed single melting peak corresponds to a single crystal
type. The melting temperatures ranged from 67.7 to 60.1 °C for
CLW particles and from 86 °C to 82.4 °C for CW particles, as the
initial sh oil concentration increased from 0 to 50% w/w. This
shi in melting point is attributed to the addition of sh oil,
which has a lower melting point, to the lipid blend because
there was no change in the polymorphic form of the particles.
Moreover, while the melting peak shied downward with the
higher liquid oil content in the particle formation blend, the
peak shape remained similar across concentrations.

3.6. Oxidative stability

To evaluate the oxidative stability of the particles, peroxide
value (PV) and anisidine value (AV) were measured for 21 days of
Sustainable Food Technol., 2025, 3, 436–444 | 441
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Fig. 5 Melting behavior of fish oil-loaded CLW particles (a) and CW particles (b).
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storage period at 40 °C, with sh oil as the control. The results
for primary oxidation products are presented in Fig. 6a, while
secondary oxidation products are shown in Fig. 6b.
Fig. 6 (a) Peroxide value (PV) and (b) anisidine value (AV) of the fish oil
and fish oil-loaded wax particles during three weeks of storage at 40 °
C.

442 | Sustainable Food Technol., 2025, 3, 436–444
Encapsulating sh oil in hollow wax particles was employed as
a strategy to protect polyunsaturated fatty acids (PUFAs) from
oxidative degradation. The study found that particle formation
using supercritical CO2 (SC-CO2) signicantly improved the
oxidative stability of sh oil, as indicated by both primary and
secondary oxidation metrics. Additionally, the PV and AV values
measured immediately aer particle formation (day 0) sug-
gested that the SC-CO2-assisted particle formation did not cause
oxidation, even under high-temperature conditions, contrasting
with the effects seen in spray drying processes. El-Messery
et al.24 previously reported that spray-dried sh oil particles
exhibited higher PV values due to the elevated process
temperatures required. In the SC-CO2 process, the absence of
oxygen in the CO2 environment eliminates oxidation even at
high temperatures, offering a distinct advantage over spray
drying by protecting heat-sensitive compounds, such as poly-
unsaturated (PUFA) oils like sh oil, from degradation, making
it a promising technology for the processing of sh oil and
similar PUFA oils. For all samples, including those with varying
initial sh oil concentrations and types of wax, an increase in PV
and AV values was observed aer 6 days, similar to free sh oil.
However, the rate of oxidation was slower in sh oil-loaded
particles compared to free sh oil. While free sh oil showed
a sharp increase in oxidation rate aer day 6, encapsulated sh
oil exhibited a more gradual increase, demonstrating that
encapsulation effectively mitigated oxidation. These results
were in agreement with a previous study that identied the
effect of the solid lipid concentration in the particle formation
mixture.20 It was found that increasing solid lipid concentration
can result in better protection against oxidation. Furthermore,
sh oil-loaded particles with identical oil concentrations but
different wax types showed varying oxidative stability during the
storage period. Specically, CW particles demonstrated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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superior oxidative stability compared to CLW particles, likely
due to the higher melting point of CW, which may reduce
oxygen permeation into the cavity of the particles and thereby
enhance stability.

3.7. In vitro bioaccessibility of omega-3 fatty acids

This study investigated the effect of the wall material—speci-
cally, candelilla wax (CLW) and carnauba wax (CW)—on the
bioaccessibility of omega-3 fatty acids in powdered sh oil
formulations. Fish oil-loaded wax particles with the highest
loading efficiency were selected to analyze the EPA and DHA
bioaccessibility (Fig. 7). Bioaccessibility measurement is crucial,
as it reects the transfer capability of loaded compounds from
the particles to mixed micelles during digestion.25 The bio-
accessibility of EPA/DHA in crude sh oil was found to be 6.1%,
which increased to 8.5 and 11.2% in CLW and CW particles,
respectively. These results indicate that the SC-CO2-assisted
particle formation process can enhance omega-3 bio-
accessibility. Both CLW and CW were utilized as wall materials
to form sh oil-loaded lipid particles, and as non-digestible
lipids, they enable two potential mechanisms for micellar bio-
accessibility during digestion:26 the loaded material may either
transfer by simple diffusion or be solubilized by simple micelles
composed of bile salts and phospholipids. The ndings showed
that, despite the non-digestibility of the wall materials used in
this study, the bioaccessibility of EPA and DHA increased aer
particle formation. Additionally, the bioaccessibility of EPA and
DHA was higher when CW was used as the wall material. The
wax composition of CLW and CW differs signicantly; CLW is
primarily composed of hydrocarbons, while CW consists of over
80% wax esters.7 A higher melting point wax forms a harder
particle shell, which provides superior encapsulation and
protection of bioactive components during digestion. Conse-
quently, encapsulation with CLW and CW improved the
stability of sh oil, allowing EPA and DHA fatty acids to transfer
into the micellar phase during the intestinal digestion stage.
Fig. 7 EPA/DHA bioaccessibility (%) after simulated digestion.
Different letters represent significant differences among the bio-
accessibility values of EPA/DHA (p # 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

Due to the susceptibility of sh oil to oxidation, which
complicates its utilization, transportation, and storage, encap-
sulation is a promising strategy to inhibit the oxidation of its
health-promoting components. In this study, a powdered sh
oil formulation was successfully developed using two natural
waxes as encapsulating wall materials. The SC-CO2-assisted
particle formation process emerged as an effective approach for
sh oil encapsulation, with natural waxes—candelilla wax
(CLW) and carnauba wax (CW)—signicantly enhancing
oxidative stability. The formation of primary oxidation products
was delayed during the period from 6 days to 10–12 days,
affecting the stability of particles. The improved oxidative
stability observed in these hollow solid lipid particles indicates
that particle shell thickness is tunable, with natural waxes
offering an excellent option for creating a robust shell. Addi-
tionally, encapsulating sh oil with natural waxes increased the
oxidative stability of omega-3 fatty acids, specically EPA and
DHA, further supporting the effectiveness of this encapsulation
method. Particle formation using natural waxes not only pro-
tected omega-3 fatty acids against oxidation but also improved
the bioaccessibility of omega-3 fatty acids from 6.1 to 11.2% by
loading into CW particles. Nonetheless, further investigations
will be conducted to evaluate the performance of the particles in
real food systems and their overall quality in the foods.
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