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Abstract

The search for new natural bioactive compounds has recently been intensified; however, some compounds are unstable
under atmospheric conditions, suffering degradation and loss of bioactivity. Encapsulation is a strategy employed in the
food industry to enhance the stability of such labile compounds. This study presents a novel microencapsulation method for
preserving terpene-rich extracts from the microalga Dunaliella salina with potential neuroprotective activity. Microliposomes
were formed using phosphatidylcholine as encapsulating agent, creating a nanoemulsion stabilized by lyophilization. A puri-
fication step yielded a pure encapsulated product with an efficiency of 63%. The behavior of key compounds, particularly
terpenes and carotenoids, was analyzed throughout the encapsulation process. Low molecular weight terpenes were the most
affected by processing temperatures, while carotenoid encapsulation was linked to their structure-concentration relationship.
Stability tests under accelerated storage conditions (45 °C) revealed only a 20% reduction in bioactivity over three months,

demonstrating high stability under extreme conditions.
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Introduction

Terpenes, naturally occurring compounds with diverse struc-
tures, are found in plants and classified based on the number
of isoprene units (C5 skeleton) into mono- (C10), sesqui-
(C15), di- (C20), tri- (C30), or tetraterpenes (C40). They are
responsible for the aromatic properties of plant essential oils
and possess potential health benefits, including antioxidant,
anti-inflammatory, and antimicrobial activities (Déclaire &
Nzeuwa, 2021). Among them, tetraterpenoids (carotenoids)
are crucial in the diet as they can act as vitamin precur-
sors, such as -carotene (Maoka, 2020). These compounds
exhibit vibrant colors (yellow, orange, red, and purple) that
enhance food organoleptic properties and are known for
their antioxidant properties. Carotenoids have been linked to
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neuroprotective, hepatoprotective, anticancer, antidiabetic,
and cardioprotective effects (Olatunde et al., 2020).
Dunaliella salina, a microalga, is renowned for its high
carotenoid content, particularly p-carotene isomers. Carot-
enoids from D. salina have demonstrated antioxidant, anti-
inflammatory, and anticholinergic properties, particularly
when extracted using supercritical fluid extraction (SFE) and
ultra-high pressure SFE (UHP-SFE) (Amador-Luna et al.,
2024; Bueno et al., 2020). Our research group has focused
on carotenoid-enriched extracts from D. salina, investigat-
ing their potential as neuroprotective functional ingredients
(Amador-Luna et al., 2024; Bueno et al., 2020; Gallego
et al., 2022; Valdés et al., 2024). These extracts, obtained
under specific extraction conditions, show a highly enriched
carotenoid profile, responsible for their biological activities.
However, terpenes, particularly carotenoids, exhibit sen-
sitivity to light, oxygen, humidity, and temperature. This
sensitivity can lead to rapid degradation post-extraction,
reducing bioactivity (Mordi et al., 2020). Therefore, devel-
oping methods to preserve the bioactivity of these extracts
is essential. Encapsulation is a promising technique to pro-
tect and maintain the functionality of bioactive compounds.
Encapsulation can also improve the bioavailability and
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bioaccessibility of these compounds by providing protection
during gastrointestinal digestion (Morris, 2014; Davidov-
Pardo et al., 2013). Various encapsulation technologies are
employed in the food industry, with physical microencapsu-
lation techniques such as spray-drying, freeze-drying, extru-
sion, and supercritical fluid processes being among the most
commonly used methods (Fang & Bhandari, 2010).

Recent methods include spray cooling, ionic gelation,
solvent evaporation, liposome entrapment, and coacerva-
tion (Ozkan et al., 2019; Thies, 2012). Nanoencapsula-
tion techniques, producing particle sizes between 10 and
1000 nm, are increasingly popular due to better gastroin-
testinal absorption of bioactives (Desai et al., 1996; Sobel
et al., 2023). Lipid-based nanoparticles, such as nanoemul-
sions, liposomes, solid lipid nanoparticles, and nanostruc-
tured lipid carriers phytosomes, niosomes, glycerosomes or
invasomes, are effective for terpene stabilization (Akanda
et al., 2023; Andleeb et al., 2021; Cheng et al., 2022; Fei
et al., 2023; Ge et al., 2019; Kaltschmidt et al., 2020; Lason,
2020; Zhang et al., 2017).

Liposome-based encapsulation is particularly effective
for low-polarity compounds due to their amphiphilic nature,
enhancing encapsulation efficiency and compound solubil-
ity. Liposomes, consisting of phospholipid bilayers, offer a
safe, biocompatible option for food applications, protecting
encapsulated compounds from degradation (Akram et al.,
2023; Kosaraju et al., 2008). The USFDA supports liposome
use, highlighting their protective abilities against pH, light,
digestive enzymes, and cellular interactions (FDA, 2018).

This study aims to develop a novel encapsulation process
to protect and enhance the stability of a terpene-rich extract
from D. salina using UHP-SFE, assessing encapsulation
efficiency and comparing neuroprotective activity with the
crude extract. Moreover, a detailed evaluation of the effect
of each encapsulation step over the composition of the bio-
active extract has been provided, being the first time that
this kind of encapsulation is carried out in a complex high-
hydrophobic extract.

Materials and Methods
Samples and Reagents

The microalga Dunaliella salina was obtained from
Algalimento (Las Palmas de Gran Canaria, Spain). The
biomass was provided as a lyophilized powder (particle
size < 100 pm).

All the solvents and reagents used for the extraction,
bioactivities measurements, and LC and GC analysis are
described in Amador-Luna et al. (2024). Soy phosphatidyl-
choline from lecithin for the liposomal formation was pro-
vided by Thermo Scientific GmbH (Karlsruhe, Germany).

Supercritical Fluid Extraction

Terpene extraction from D. salina was conducted using a
semi-pilot scale SFE system (SFE lab 2L, SFE-Process,
Tomblaine, France) with an optimized UHP-SFE method
(Amador-Luna et al., 2024). The extraction cell contained
350 g of biomass and 700 g of glass beads. Purified CO, was
pumped at a flow rate of 60 g min™! for 1 h, under conditions
of 84.9 MPa pressure and 45 °C temperature. This extract
served as the starting material for encapsulation. Figure 1A
displays a microscopic image of the initial UHP-SFE extract.

Liposomal Microencapsulation Preparation
and Microliposome Purification

The developed encapsulation methodology consisted of
several steps, as can be seen in Table 1: (I) phosphatidyl-
choline (1 g) was mixed with 49 g of hot deionized water
(80 °C) and stirred at 300 rpm for 1 h using a Thermomixer
(Thermomixer comfort 50 mL, Eppendorf Iberica, Madrid,
Spain) to create the liposomal suspension (in triplicate); (II)
the terpene-rich extract was dissolved in ethanol, then it was
added after the first stirring step to obtain a final concen-
tration of 2000 ppm of extract. The mixture was stirred at
the same speed for 2 h at 60 °C to create a nanoemulsion
(Oskoueian et al., 2020). Figure 1B shows the microscopic
images of the resulting nanoemulsion; (IIT) the nanoemul-
sion was sonicated in an ultrasonic system Elmasonic S10
(Elma, 01006, Vitoria, Alava, Spain) for 15 min to obtain
the nanoliposomes; (IV) a new step was added at this point
consisted of the lyophilization of the microliposomes. The
microliposomes were frozen at — 80 °C, and lyophilized in a
freeze-dryer (Alpha LSCbasic, CHRYST, Osterode am Harz,
Germany) for 72 h to obtain the stabilized microliposome
mixture (Fig. 1C). To observe the contrast between stabi-
lized microliposomes with and without extract, the same
described process was performed but without adding the
starting UHP-SFE extract (Fig. 1D). After drying, the prod-
uct was stored at — 20 °C until used.

After the four previous steps, a purification of the stabi-
lized microliposome mixture was carried out to eliminate, on
one hand, the free phosphatidylcholine that remained after
encapsulation, and, on the other hand, to remove the non-
encapsulated extract. To do that, the following steps were
followed: (V) the stabilized microliposome mixture was
reconstituted with deionized water (1:10 w/v) by suspending
the mixture for 1 h under continuous stirring at 5 G. After this
period, the reconstituted microliposomes were centrifuged at
50,000 G in an ultracentrifuge (Fiberlite, Thermo Fisher Sci-
entific, Grand Island, NY, USA) for 10 min at 4 °C (Beyrami
et al., 2020). The generated supernatant (free phosphatidyl-
choline) was eliminated. The pellet after the phosphatidyl-
choline elimination consisted of a mixture of encapsulated
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Fig. 1 Microscopic images of
the resulting products corre-
sponding to different encapsula-
tion steps: A Phase-Contrast
image of starting UHP-SFE
extract. B Microemulsion (steps
I+1I), C stabilized microlipo-
some mixture (step V), D sta-
bilized microliposomes without
UHP-SFE extract. E Phase-
Contrast image of the non-puri-
fied encapsulated mixture show-
ing liposomes with extract (EE)
with monolayer structure, and
non-encapsulated extract (NE)
(step V). Encapsulated product
(step VI) under microscopic (F),
phase-contrast image (G) and
non-polarized light with black
and white contrast (H)

product and non-encapsulated extract (non-purified encap-
sulated mixture) (Fig. 1E); (VI) the pellet corresponding to
the non-purified encapsulated mixture was resuspended in
ethanol (1:10, w/v) under continuous stirring at 300 rpm for
1 hto dissolve the free non-encapsulated extract. The mixture
was again centrifuged at 50,000 G and the supernatant (non-
encapsulated fraction) was separated and stored at — 20 °C
for encapsulation efficiency analysis. This step resulted in the
encapsulated product that was dried using a speed-vac SPD-
1030 Integrated Vacuum Concentrator (Thermo Fisher Sci-
entific, Grand Island, NY, USA) for 2 h and stored at - 20 °C
until used (Fig. 1 F, G, and H). The microphotographs taken

EE(%) =

at different encapsulation steps (Fig. 1) were made using a
Leica optical microscope Dmil coupled to a digital camera
Flexacam C1 (Leica Microsystems CMS GmbH, Ernst-Leitz-
Str, 17-37, D-35578 Wetzlar).

Encapsulation Efficiency of the Extract

To calculate the total encapsulation efficiency, the ethanolic
supernatant (containing the non-encapsulated fraction) was
dried using a speed-vac for 2 h and the resulting dried sam-
ple was weighed. The encapsulation efficiency (EE) was
calculated using Eq. 1.

Startingextract(mg) — non — encapsulatedfraction(mg)

Startingextract(mg)

- 100% ey

Then, the encapsulation efficiency of each compound and
family of compounds was calculated, i.e., the encapsulation effi-
ciency was represented in terms of total terpene content (TTC),
individual terpenes, total carotenoid content (TCC), and individ-
ual carotenoids following the protocols detailed in Amador-Luna
et al. (2024). The encapsulation efficiency of TCC and TTC is
described in Supplementary Material S2 and S3.

Total Terpene Content

For the TTC calculation, the extract was prepared at
250 mg mL~! in EtOH. Then 200 uL of this solution were
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mixed with 1.5 mL of ChCl; and vortexed (30 s). The sam-
ples were placed in an ice-bath and 100 pL of sulfuric acid
were added to each sample. The mixture was gently tilted,
then incubated in darkness for 2 h. Following the same
procedure, a calibration curve of limonene was prepared
(31-500 mg mL~! in EtOH) reducing the incubation time
to 5 min. After the incubation, the supernatant was removed
and the resulting reddish precipitate was diluted in 1.5 mL
of EtOH and analyzed in an absorbance spectrophotometer
at 528 nm (Synergy HT, BioTek Instruments, Winooski, VT,
USA).
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Total Carotenoid Content

The extract was dissolved in cold acetone/water (90:10,
v/v) at 0.05 mg mL~" and stored in the dark at 4 °C over-
night. Then, the mixture was centrifuged at 1500 G (4 °C,
10 min). After that, the supernatant was recovered and
diluted with 5 mL acetone acetone/water (90:10, v/v) and
the absorbance was measured at 480 and 750 nm. The
value of TCC was obtained following the calculations
described in Amador-Luna et al. (2024).

Characterization of the Individual Terpenes

The individual terpenes were tentatively identified by
a GC-MS (Shimadzu Corporation, Kyoto, Japan). The
column to perform the separation was Zebrom ZB-5Plus
(30 m X250 pm i.D X 0.25 pm, Phenomenex, Torrance,
CA, USA) using helium as carrier gas (0.8 mL min~h).
More details about the GC separation can be found in sec-
tion S4.

Characterization of the Individual Carotenoids

The chemical carotenoid composition was performed in
an Agilent 1100 series liquid chromatograph (Santa Clara,
CA, USA). The selected column for the separation was
a YMC-C30 reversed phase column (250 mm X 4.6 mm
i.d., 5 um particle size; YMC Europe, Schermbeck, Ger-
many) and a pre-column YMC-C30 (10 mm X4 mm i.d.,
5 um particle size). The separation was performed using
methanol/MTBE/water (90:7:3 v/v/v) as mobile phase A
and methanol/MTBE (10:90 v/v) as mobile phase B at a
flow rate of 0.8 mL min~!. The complete LC-DAD-MS/
MS method is described in section S5.

Bioactivity Assays and In Vitro Characterization

To assess their bioactivity, all samples were diluted in eth-
anol (EtOH). The encapsulated product was homogenized
in EtOH using a Potter—Elvehjem glass homogenizer with
a PTFE pestle to release the extract by breaking the encap-
sulation until the pellet mass lost its color. The mixture
was then centrifuged at 5500 G for 5 min at 4 °C using
a Mikro 120 centrifuge (Hettich, Tuttlingen, Germany).
Detailed procedures are provided in Section S1 of the
Supplementary Material. The supernatant was extracted
with EtOH and used for bioactivity assays, including anti-
oxidant, anti-inflammatory, and anti-cholinergic activities
following the protocols described in Amador-Luna et al.
(2024). The protocols for these bioassays are described
in section S6. All assays were conducted in a 96-well

microplate using a Cytation 5 imaging reader with an
auto-disperser (BioTek Instruments, Winooski, VT, USA).

Evaluation of the Microencapsulation Process
Effects on D. salina Compounds by GC-MS
and HPLC-DAD-MS/MS

To assess the potential impact of each step of the micro-
encapsulation process on the bioactivity and composition
of the terpene-rich extract, aliquots of the supernatant
were collected after homogenization at each stage of the
process. These samples were analyzed using GC-MS/MS
and HPLC-DAD-MS. The methods used for both chroma-
tographic techniques are described in Amador-Luna et al.
(2024). The GC-MS and the HPLC-DAD-MS methods are
detailed in sections S5 and S6, respectively. The specific
fractions examined included (i) the stabilized microliposome
mixture, (ii) the non-purified encapsulated mixture, and (iii)
the final encapsulated product. All fractions were analyzed
under the same conditions as the starting extract to moni-
tor changes in the content and composition throughout the
process.

For the GC-MS analysis of terpenes and other volatile
compounds, the samples were analyzed in triplicates, deter-
mining the encapsulation efficiency of each identified com-
pound using the following formula (Eq. 2).

A —-A
= L. 100% )

1

EEVolComp(%) =1-

where EEy;comp 18 the encapsulation efficiency of each indi-
vidual compound present, Ai is the area in the starting UHP-
SFE extract and Af is the compound area in the encapsulated
fraction.

The LC method was used for the analysis of carotenoids
of both, the starting extract and the encapsulated product
(10 times higher concentrated in comparison to the start-
ing extract) in triplicate, determining the encapsulation
efficiency of each carotenoid using the following formula

(Eq. 3).

A=A 1007
N 6 3)

1

EEi,carot(%) =1-

where EEi, carot is the encapsulation efficiency of each
individual carotenoid, Ai is the carotenoid area in the start-
ing UHP-SFE extract, and Af is the carotenoid area in the
encapsulated fraction.

Stability Study
The stability of both the starting SFE extract (without encap-

sulation) and its encapsulated product was evaluated under
two different conditions. Firstly, both the SFE extract and
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the encapsulated product were subjected to a simple stability
study under atmospheric conditions (21 °C, 0.1 MPa, and
50% relative humidity) over the course of 1 month, with
measurements taken weekly. Additionally, the encapsulated
product was stored under accelerated conditions (45 °C and
0.1 MPa) for 3 months, with measurements taken monthly.
To assess stability, total carotenoid content (TCC), and
anticholinergic activity (AChE inhibition) were measured,
using the methods detailed in Supplementary Material sec-
tions S3 and S4.3.

Statistical Analysis

All the analyses were performed in triplicate. SPSS vs. 19
(IBM) was used for the statistical analysis of the results.
One-way ANOVA analysis (p values < 0.05) was applied to
evaluate the significant differences and then, Fisher’s exact
test was carried out.

Results and Discussion

This study presents, for the first time, the development of
a microencapsulation process using phosphatidylcholine-
based liposomes specifically designed for the encapsulation
of hydrophobic natural extracts. Figure 2 shows an outline
of the complete process carried out for the encapsulation
procedure and the evaluations performed in each step of this
process.

Microencapsulation for Terpene-Rich UHP-SFE
Extracts from D. salina Biomass

In this study, a terpene-rich extract from the microalga
Dunaliella salina was obtained using UHP-SFE. This
extract, particularly rich in B-carotene and other carotenoids
(Amador-Luna et al., 2024; Bueno et al., 2020), required an
encapsulation method that could effectively retain, protect,
and release the bioactive compounds. Phosphatidylcholine
was selected as the encapsulating agent owing to its capacity
to form liposomes and its potential neuroprotective benefits,
such as enhancing neuronal plasticity and reducing neuroin-
flammation (Magaquian et al., 2021). Other substances were
deemed unsuitable for being non-food-grade or having poor
nutritional value, including hydrogenated fats and various
lipid types.

A microencapsulation technique was selected to pro-
duce particles smaller than 100 um, which are more easily
absorbed in the gastrointestinal tract (Desai et al., 1996).
This process aimed to create micro- and nano-structures
(10 pm to 10 nm) suitable for encapsulating terpenoids by
forming emulsions (Oskoueian et al., 2020). Hydropho-
bic components were incorporated into nanocapsules by
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aligning their hydrophobic tails inward and polar heads
toward the aqueous medium. The resulting structures
included inclusion complexes and single or multilayer oil-
in-water (O/W) emulsions.

The encapsulation process, as detailed in “Liposomal
microencapsulation preparation and microliposome purifica-
tion” section, involved three critical steps (Table 1., Fig. 1):

Freeze-drying (Step IV): This step was added to remove
moisture from the micro- and nano-structures containing
the extract. After achieving a stable O/W nanoemulsion of
the extract in an aqueous medium with phosphatidylcholine,
moisture was removed via lyophilization. In this work, this
step was included instead of the use of hot-air that is nor-
mally used in this kind of encapsulation method. The main
reason for this substitution was that hot-air drying could
degrade carotenoids due to the use of high temperatures
considering that carotenoids may degrade at temperatures
higher than 40 °C. Therefore, freeze-drying reduced the pos-
sible thermal degradation of the terpenes present in the sam-
ple. Lyophilization resulted in a stabilized microliposome
mixture containing free phosphatidylcholine, encapsulated
extract, and non-encapsulated fractions.

Rehydration of stabilized microliposome mixture (Step
V): To eliminate excess encapsulating agent, the freeze-
dried liposomes were rehydrated with gentle stirring at 5 G,
preventing temperature increases. Ultra-centrifugation at
50,000 G (Oskoueian et al., 2020) then separated the phos-
phatidylcholine excess from the encapsulated extract. The
supernatant was discarded, resulting in a pellet of encapsu-
lated extract and non-encapsulated extract, forming a non-
purified encapsulated mixture (Table 1., Fig. 1E).

Purification of non-purified encapsulated mixture (Step
VI): To remove the non-encapsulated fraction, the mixture was
treated with ethanol, which solubilized the non-encapsulated
extract. The supernatant containing this fraction was separated
via centrifugation. Vacuum drying was preferred for solvent
evaporation, as it was faster and did not damage the liposome
membrane, unlike nitrogen stream evaporation, which caused
membrane rupture. This method yielded a final dried encapsu-
lated product suitable for storage under atmospheric conditions.

Following encapsulation, various parameters were exam-
ined to determine the feasibility and success of the process.
These included encapsulation efficiency, bioactivity of the
encapsulated extract, the impact of encapsulation on the
extract's chemical composition, and the stability of the
encapsulated product.

Encapsulation Efficiency

The total encapsulation efficiency of the process was calcu-
lated as a percentage of the total starting extract weight and
after the reconstitution of the encapsulated product in ethanol.
The total encapsulation efficiency of the D. salina UHP-SFE
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Table 1. Microliposome encapsulation process of the D. salina UHP-SFE extract

Step Process Result
Mixture of
phosphatidylcholine, water and Microemulsion
1+11
starting terpene-rich extract (Figure 1B)
2000 ppm —602C—2 h
c
o
5
o
©
Q.
(9]
s Ultrasonication
o 1] Microliposomes
E 40 Hz - 15 min
3
2
°
S
>
Stabilized microliposome
Lyophilization
I\ mixture
72 h
(Figure 1C)
Non-purified encapsulated
Elimination of free
mixture (mix of
phosphatidylcholine

c \" encapsulated and non-
2 Water-1h-5G
S encapsulated extract)
E Centrifugation 50000 G— 10 m
5 (Figure 1E)
o
[
§
§ Separation of the non-
§ encapsulated extract
L © Non-encapsulated fraction
= vi Ethanol-1h-5G e Encapsulated product

Centrifugation 50000 G — 10 (Figure 1F, 1G, 1H)

min

extract was 63 +5%. The encapsulation efficiency achieved in
this process was in the range of the usual values achieved for
this kind of encapsulation technique (usually between 40 and
80% efficiency). However, the encapsulation methodology
developed in this work presented a lower variability showing
to be a more robust process.

The most critical factors that may affect the efficiency
of the encapsulation process were temperature, pores
formation, and time. Specifically, the initial stage of the
nanoemulsion formation (60 °C) can affect the stability of
volatile and thermolabile compounds due to the absence of
nanocarriers that allow the fixation of bioactive compounds
during the emulsion formation process (Rostamabadi et al.,
2019). On the other hand, freeze-drying processes can also

reduce the encapsulation efficiency due to the destabiliza-
tion and disruption of the formed micro- or nanostructures,
and the increase in the size of the pores present in the nano-
structures which, in turn, might favor the initiation of the
degradation of the exposed molecules (Lavelli & Serei-
kaite, 2022). To our knowledge, this is the first work show-
ing the application of this kind of encapsulation process
for complex natural extracts, instead of pure molecules.
Having in mind the complexity involved in this kind of
extract in terms of chemical composition and properties,
besides the satisfactory encapsulation efficiency achieved,
it is necessary to evaluate the effect that the different steps
produce on the native compounds to ensure the quality of
the encapsulated extract.
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Dunaliella salina
liophilized

Liposome
purification

UHP-SFE extraction
849bar—45°C—1h

Stabilized
microliposomes

Dunaliella salina
extract

Liposome
preparation

- = = =

Non-encapsulated ool ENCAPSULATION |
GC-MS profile
STABILITY )
EIIC(lpSll[(Itl.’d Encapsulation vs extract LC-MS carotenoid profile
I"‘()duct BIOACTIVITY | o ____ 1
Encapsulation vs extract

Anticholinergic capacity

Anti-inflammatory capacity

Antioxidant capacity

Fig.2 Procedure employed to carry out the microencapsulation process and the study of the encapsulated extract (encapsulation efficiency, bio-

activity, composition and stability)

Effect of the Encapsulation Process on the Carotenoid
Profile

To gain more insight into the behavior of the most rele-
vant components present in the extract, the encapsulation
efficiency was also estimated for total terpenes and total
carotenoids (Fig. 3). The encapsulated extract showed a
total terpene content of 1035.08 +6.42 mg-eq limonene
g~ ! extract (Fig. 3A), and a total carotenoid content of
39.18 +3.69 mg-eq p-carotene 100 mg~! extract (Fig. 3B).
Comparing these values with those determined in the start-
ing UHP-SFE extract (1628.20 +21.98 mg-eq limonene
g~ ! extract for TTC, and 69.92 +0.52 mg-eq B-carotene
100 mg~! extract, for TCC), the encapsulation efficiency
was 64% and 56% for total terpenes and total carotenoids,
respectively. These values were in line with the overall
encapsulation efficiency previously determined. The loss of
efficiency observed in the case of carotenoids might be due
to a f-carotene partial degradation caused by the use of high
temperatures (60 °C) in the initial stage of the nanoemulsion
formation.

To better understand the encapsulation process of ter-
penes and carotenoids, the encapsulation behavior of the
individual compounds of each group was evaluated and their
encapsulation efficiency was also calculated. Regarding
carotenoids, the compounds contained in the encapsulated
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product, previously dissolved in ethanol, were analyzed by
LC-MS and compared to the starting UHP-SFE extract, as
well as to the non-encapsulated fraction. Figure S1 illus-
trates the carotenoid profiles obtained for each fraction ana-
lyzed (starting extract (Fig. S1 A), non-encapsulated fraction
(Fig. S1 B), and encapsulated product (Fig. S1 C)). After
the quantitative analysis of the obtained chromatograms
(Table 2), a total encapsulation efficiency for the separated
photosynthetic pigments of 51% was observed. This value
was close to the value calculated with TCC assay (56%).
This result demonstrates that, in this case, the use of col-
orimetric assays for calculating the encapsulation efficiency
could be highly representative of the overall encapsulation
efficiency of the major components presented in the extract,
being a simpler, cheaper and faster measurement. As can be
observed from the chromatograms shown in Fig. S1 B and
C and Table 2, all carotenoids were affected in a similar way
after encapsulation, presenting encapsulation efficiencies of
around 50%. Zeaxanthin, cryptoxanthin and 9-cis-p-carotene
(Peaks 2, 4, and 11, respectively), were the exceptions, pre-
senting higher encapsulation efficiencies (72, 86, and 86%,
respectively). The method used for the analysis of carot-
enoids also allowed the analysis of other natural pigments
such as chlorophylls. Interestingly, the chlorophyll was
detected in the starting extract (peak 5) was not observed
in the non-encapsulated fraction (Fig. S1 B), which could
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«Fig. 3 UHP-SFE extract and encapsulated extract content of A total
terpenoids (mg-eq limonene g~' extract) and B total carotenoids
(mg-eq p-carotene 100 mg™' extract) for the starting D. salina extract
(brown) and the encapsulated product (yellow). In vitro neuroprotec-
tive assessment: C anticholinergic capacity against AChE and BuChE
enzymes; D anti-inflammatory capacity against LOX enzyme; E anti-
oxidant RNS and ROS scavenging, and F Trolox equivalent antioxi-
dant capacity against ABTS and DPPH radicals. (*) indicates signifi-
cant differences (p value <0.05) between the starting extract and the
encapsulated product

confirm that the encapsulation of this compound was nearly
100%. This high efficiency of the chlorophyll and some xan-
thophylls could be due to their higher affinity to water com-
pared to carotenes, which allowed greater stability during
the heating applied to obtain the nanoemulsion.

The encapsulation efficiency for most of the p-carotene
isomers was correlated with the concentration of each iso-
mer in the sample, showing a better efficiency for those
isomers with a higher concentration. However, this trend
was not followed in the case of 15-cis-p-carotene (peak 10),
which exhibited the lowest encapsulation efficiency (32%)
albeit being the major compound within the sample. This
behavior showed that the efficiency is not only correlated to
the concentration of the carotenoid compounds but also with
their isomer inherent structure.

Therefore, the encapsulation efficiency for carotenoids
could be associated to their structure-concentration relation-
ship more than each of them separately. This opens the door
to new studies in order to fully understand the selectivity
observed for the different carotene isomers and to predict
the encapsulation efficiency of the compounds in order to
know the behavior in complex matrices such as the one used
in this work.

Table 2 also shows the comparison of the peak areas for
each individual pigment identified in the starting UHP-SFE
extract and in the non-encapsulated fraction and encapsu-
lated product. No significant differences were observed for
most of the compounds between the values before (starting
extract) and after the encapsulation process (sum of each
compound in the non-encapsulated fraction and the encapsu-
lated product). These results indicate that, during the entire
encapsulation process, the involved factors, including the
temperatures and time used during the emulsion and freeze-
drying steps did not affect the overall chemical composition
of the extract and there was no loss/destabilization or oxi-
dation of bioactive compounds, preserving the same profile
before and after the entire process.

Effect of the Encapsulation Process on the Terpene Profile
As mentioned in the previous section, the most critical

points throughout the encapsulation process are those related
to process temperature. Particularly, for the nanoemulsion

@ Springer

formation step, the temperature is maintained at 60 °C for a
period of 2 h, which could affect the most labile and volatile
compounds, favoring their thermal degradation. To evaluate
how the temperature in this step affected the composition of
the compounds present in the extract, the non-encapsulated
fraction, the encapsulated product as well as the starting
UHP-SFE extract were analyzed by GC-MS. The results
obtained in these GC—MS analysis correspond then to the
relative quantification of small volatile terpenes, without
considering the quantification of bigger terpenes such as
carotenoids. The obtained chromatograms are shown in
Fig. S2. Peak assignments and their relative amounts are
summarized in Table 3.

Significant differences could be observed between the
starting extract (Fig. S2 A) and the encapsulated product
(Fig. S2 C) with all the determined peaks showing very
low encapsulation efficiency values. To understand if the
loss of compounds in the encapsulated product was due to
a degradation process or to a low encapsulation affinity,
the non-encapsulated fraction was also analyzed. Compar-
ing the profile of the encapsulated product (Fig. S2 C) and
non-encapsulated fraction (Fig. S2 B), it can be observed
that many compounds could not be encapsulated since the
profile of the non-encapsulated fraction was more com-
plex, especially for the most volatile compounds. The low
encapsulation efficiency of terpenes could be related to the
nature of these components, having short chains and low
molecular weights, which could favor their diffusion through
the pores of the micelles or through the phospholipid layer
itself (Harnkarnsujarit et al., 2012). It is worth highlight-
ing the increase in encapsulation efficiency as the molecular
weight of the terpenes increased (especially in triterpene
compounds). This fact may corroborate that low molecular
weight compounds are less retained inside the liposomes.
But on the other hand, comparing the profile of the non-
encapsulated fraction (Fig. S2 B) with the starting extract
(Fig. S2 A), substantial losses of most of the components
occurred during the encapsulation process, since both, the
complexity and the abundance of these compounds was
reduced during the encapsulation. These results could cor-
respond most probably to a degradation suffered during the
thermal processes carried out during the encapsulation. A
practically total loss of the volatile compounds was observed
after the encapsulation process (Table 3).

To further investigate which step in the encapsulation
process could be responsible for the observed losses, the
original extract and fractions generated after each encap-
sulation step were characterized. Figure S3 shows the
chromatograms of the starting UHP-SFE extract compared
to the fractions obtained after the three critical steps—i.e.,
(i) emulsion and lyophilization (steps II-IV), (ii) reconsti-
tution (step V), and (iii) purification of the encapsulation
(step VI). Besides, the results in terms of areas for each
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Table 3 GC-MS identification, total peak area, and retention time of volatile compounds found in the starting UHP-SFE extract, the encapsu-
lated product and the non-encapsulated fraction from D. salina. Values in brackets show the encapsulation efficiency

Peak ID Rt (min) Identification  Selected ion Main fragments Starting UHP- Non-encapsu- Encapsu- Sum of the
(m/z) (m/7) SFE extract lated fraction lated product  non-encap-
(x10% (x10% (x10% sulated and
(Encapsula- encapsulated
tion effi- fractions
ciency)
Monoterpenes
2 11.03+£0.01 3,3-Dimethyl- 198 142,99,71, 43 496+024 1.44+0.08 0.69+0.02 2.13+0.10
2,7-octane- (14%)
dione
3 13.86+0.01 p-ionone 192 177, 149, 135, 206+0.05 044+0.04 ni. (0%) 0.44+0.04
93,91,43
5 15.99+0.01 3-oxo-p- 206 162,43 2.46+0.03 1.02+0.06  n.i.(0%) 1.02+0.06
ionone
2 olatile fraction = 9.48+0.32 29+0.18  0.69+0.02 3.59+0.20
(%)
Diterpenes
6 18.60+0.01 Neophytadiene 278 95, 83, 81, 68, 37.73+1.60 0.57+0.01 ni.(0%) 0.57+0.01
57
10 25.75+0.01 Phytol 296 137, 123,71, 3.99+0.41 1.95+0.01 0.51+0.01 2.69+0.02
57 (13%)
2 olatile fraction = 41.72+2.01 252+0.02 0.51+0.01 3.26+0.03
(1%)
Sesquiterpenes
7 18.68+0.01 Nerolidol 222 189, 161, 107, 2.71+0.21 1.32+0.01  n.i. (0%) 1.32+0.01
81, 67,43
14 29.22+0.01 a-Cedrol 222 151, 135,97, 61.94+1.70 1.51+0.01 0.76+0.01 2.27+0.02
41 (1%)
2 olatile fraction = 64.65+1.91 2.83+0.02 0.76 +0.01 3.59+0.03
(1%)
Triterpenes
17 30.79+0.01 a-tocopherol 430 205, 177, 165, 48.71+£2.94  0.59+0.01 0.24+0.02 0.83+0.03
121,95, 71, (<1%)
43
18 30.87+0.01 p-sitosterol 414 396, 329, 303, 5.65+0.38  0.53+0.01 0.03+0.01 0.56+0.02
255,213, 1%)
173, 145,
119, 105,
81,43
19 30.95+0.01 7-ergostenol 400 367, 315, 289, 991+0.54 0.50+0.01 0.21+0.01 0.71+0.02
255, 231, (2%)
173, 145,
119, 95, 81,
43
20 31.03+0.01 Stigmasterol ~ 412 351, 300, 213, 5.19+0.53 1.71+0.06  0.22+0.02 1.93+0.08
173, 159, (4%)
133,91, 83,
55
21 31.13+0.01 Stigmasta-4, 414 396, 303, 255, 277+0.19 1.25+0.10  0.14+0.01 1.39+0.11
7, 22-trien- 229, 145, (5%)
3-a-ol 133, 95, 81,
43
22 32.00+0.01 Spathulenol 220 220, 205, 159, 6.04+0.08  0.65+0.01 0.05+0.01 0.70+0.02
145, 105, 91, (1%)
55,43
23 32.74+0.04 Clionasterol ~ 413 213, 105, 91, 16.63+2.05 0.16+0.01  0.42+0.01 0.70+0.02
78, 55,43 (1%)
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Table 3 (continued)
Peak ID Rt (min) Identification ~ Selected ion Main fragments Starting UHP- Non-encapsu- Encapsu- Sum of the
(m/z) (m/z) SFE extract lated fraction lated product  non-encap-
(x10% (x10% (x10% sulated and
(Encapsula- encapsulated
tion effi- fractions
ciency)
24 32.83+0.05 Fucosterol 412 314, 299, 229. 8.81+0.18 0.25+0.01 0.52+0.02 0.77+0.03
272,105, 43 (6%)
25 32.98+0.10 o-tocopherol 430 205, 177, 185, 4.58+047  0.32+0.01 0.42+0.05 0.74+0.06
136, 95, 69, %)
43
2olatile fraction=  108.29+7.36  596+0.32  2.25+0.16 90.50+0.39
(2%)
Other compounds
8.37+£0.17 Glycerol 92 74,61,43 7.84+0.70 1.41+0.04  0.15+0.01 1.56+0.05
(2%)
4 14.55+0.01 5.,6,7,7a-tet- 180 152,137, 111, 3.37+0.37 1.00+£0.04 n.i(0%) 1.00+0.04
rahydro- 67,43
4.,4,7a-trime-
thyl-2(4H)-
benzofura-
none
8 19.00+0.01 9-hexadeca- 282 199, 157, 129, 38.13+0.58 1.60+£0.03  0.33+0.05 1.93+0.08
noic ethyl 97,73, 43 (<1%)
ester
9 24.17+0.01 Hecadecanoic 256 239,213, 171, 7.34+0.13 1.20+0.01 0.34+0.04 1.54+0.05
acid 157, 129, 98, (5%)
73,57, 43
11* 28.38+0.13 9,12,15-Octa- 264 208, 149, 93, 1.67+0.03 1.03+0.08  0.72+0.05 1.75+0.13
decatrienoic 79, 41 (43%)
acid (Z, Z,
Z)
12 28.72+0.01 Phthalic acid 362 279, 251, 149, 8.17+0.23 1.17+0.04  0.09+0.01 1.26+0.05
122, 104, (1%)
85,43
13* 28.93+0.01 Dodecyl 292 264,243,235, 2414025 2.54+0.11 0.18+0.01 2.72+0.22
2-ethylhexyl 150, 93, 67, 7%)
ester 55
15 30.27+0.01 9,12,15-octa- 294 121, 93, 80, 41 3.30+0.01 0.59+£0.03  0.32+0.02 0.91+£0.05
decatrienoic (10%)
acid methyl
ester
16 30.70+0.01 [H-indole 247 248,203, 130. 336+0.18 046+0.04 0.21+0.01 0.67+£0.05
derivative 105, 73, 43 (6%)
2 olatile fraction = 75.59+8.78 11.00+£042 2.34+0.20 13.34+0.62
(3%)

identified compound are summarized in Table 4. As can
be deduced from these results, each process step caused a
significant reduction in the number of compounds present
in the fraction. The fraction obtained after steps [I-IV pre-
sented losses of around 20% in the total content of com-
pounds compared to the starting extract. These compound
losses would be due to the formation of the emulsion and
the applied conditions in this step (60 °C, 2 h). However,

more pronounced decreases were observed in step V where
compound reductions reached 68% (in comparison to step
IV). Thus, the main parameters that affected both the
encapsulation efficiency and the stability of the volatile
compounds along the encapsulation steps were tempera-
ture and time in the different steps; this is crucial informa-
tion to consider for further development of encapsulation
processes regarding volatile terpenoids.

@ Springer
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Table 4 GC-MS study of the UHP-SFE extract evolution during the microencapsulation process for volatile compounds

Peak ID Rt (min) Identification Peak area (x 10°)
Starting extract Step II-IV Step V Step VI
1 8.374+0.17 Glycerol 7.84+0.70 1.78 £0.04* 1.63+0.06% 1.59+0.01*
2 11.03+£0.01  3,3-Dimethyl-2,7-octanedione 4.96+0.24 4.17+0.09%* 245+0.04*%  1.93+0.05*
3 13.86+0.01  p-ionone 2.06+0.05 2.28+0.18 1.96+0.01* 0.44+0.04*
4 14.55+0.01  5,6,7,7a-tetrahydro-4,4,7a-trimethyl-2(4H)- 3.37+0.37 2.87+0.12%* 2.65+0.03*  1.00+£0.04*
benzofuranone

5 15.99+0.01  3-oxo-p-ionone 2.46+0.03 2.12+0.22% 1.05+0.01*  1.04+0.06

6 18.60+0.01  Neophytadiene 37.73+1.60 12.83 +£0.54* 0.59+0.01*  0.55+0.03

7 18.68+0.01  Phytol 2.71+0.21 2.78+0.25 1.34+0.03*  1.37+0.09

8 19.00+0.01  9-hexadecanoic ethyl ester 38.13+0.58 37.82+1.34 10.45+0.02*  6.69+0.03*
9 24.17+0.01 Hexadecanoic acid methyl ester 7.34+0.13 1.98+0.10* 1.87+0.01 1.90+0.05

10 25.75+0.01  9,12,15-octadecatrienoic acid methyl ester 3.99+0.41 3.17+0.15* 3.07+0.01 2.55+0.10*
11 28.38+0.13  9,12,15-octadecatrienoic acid (Z, Z, Z) 1.67+0.03 1.77+0.12 1.62+0.14 1.77+0.04

12 28.72+0.01  Retinol 8.17+0.23 1.65+0.01* 1.22+0.10%  1.26+0.07

13 28.93+0.01 Terephthalic acid, dodecyl 2-ethylhexyl ester 241+0.25 1.34+0.01* 0.60+0.05*  0.39+0.05*
14 29.22+0.01 Hexadecanoic acid 61.94+1.70 62.37+1.75 11.61+0.01* 2.59+0.27*
15 30.27+0.01  Nerolidol 3.30+0.01 1.79+0.27* 0.57+0.03*  0.55+0.05

16 30.70+0.01  1H-indole derivative 3.36+0.18 3.33+0.06 1.13+£0.03*  1.12+0.02

17 30.79+0.01  a-tocopherol 5.65+0.38 2.82+0.19% 1.71+£0.02*%  1.71+0.03

18 30.87+0.01 Ergosterol 5.19+0.53 4.53+0.24% 2.96+0.05% 2.01+0.01*
19 30.95+0.01 7-ergostenol 48.71+2.94 51.70+3.81 2.11+0.02*%  1.56+0.05*
20 31.03+0.01  Stigmasterol 9.91+0.54 4.49+0.12%* 244+0.03*%  1.44+0.03*
21 31.13+0.01  Stigmasta-4,7,22-trien-3-a-ol 2.77+0.19 2.09+0.07* 1.29+0.10% 1.31+0.21

22 32.00+0.01  Spathunelol 6.04+0.08 1.78 +0.01* 1.24+0.05*%  0.71+0.02*
23 32.74+0.04  Clionasterol 16.63+2.05 13.58+0.08*  13.60+0.83 0.32+0.01*
24 32.83+0.05 Fucosterol 8.81+0.18 8.84+0.61 2.39+0.04*%  0.77£0.04*
25 32.98+0.10  6-tocopherol 4.58+0.47 452+0.21 3.86+0.05% 1.39+0.04*

*means significant differences (p-value<0.05) compared with the previous step

In Vitro Neuroprotective Assessment of the Encapsulated
Product

Encapsulation processes are carried out mainly to increase the
stability of the compounds as well as to serve as a protection
mechanism to avoid their biological and physical-chemical
degradation. However, as mentioned previously, liposomal
encapsulation technology is a method that could add other
advantages like the protection of a bioactive ingredient through-
out the gastrointestinal digestion process as well as to increase
its bioaccessibility and bioavailability (Gonzalez Gémez et al.,
2019). For this reason, the neuroprotective potential of the
encapsulated product was evaluated in this work, to study the
feasibility of the applied encapsulation process to produce a bio-
active ingredient. To describe the overall neuroprotective poten-
tial of the encapsulated product, different in vitro assays were
selected, according to various mechanisms of action implicated
in neurodegenerative diseases, i.e., anticholinesterase activity,
anti-inflammatory capacity, and antioxidant activity.

@ Springer

Anticholinergic activity has previously been related to the
normal maintenance of acetylcholine levels in the brain, as
it has been observed that levels of this metabolite in Alzhei-
mer’s patients, among other neurological disorders, are sig-
nificantly reduced. In the present work, the potential acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BuChE)
enzymes inhibition activities of the encapsulated product
were studied. The results obtained are illustrated in Fig. 3C.
As can be observed, the encapsulated product showed sig-
nificantly lower AChE and BuChE activities than the starting
UHP-SFE D. salina extract. Particularly, a reduction of the
AChE inhibition from 52.06 +5.32 mg-eq galantamine g~'
extract to 32.69 +3.37 mg-eq galantamine g~! extract was
observed. A lower decrease was found for BuChE enzyme,
from 28.20+2.25 mg-eq galantamine g~ extract for the start-
ing UHP-SFE extract to 24.42 +2.00 mg-eq galantamine g~
extract for the encapsulated product. Interestingly, the AChE
inhibition values of the encapsulated product were around 63%
of the activity of the starting extract. This value is very close to
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the total carotenoid encapsulation efficiency obtained, indicating
that most of AChE inhibitory action would correspond to the
carotenoids present in the extracts. On the other hand, consider-
ing the reduction of 13% observed for BuChE inhibition activity,
other components also present in the extract could have a direct
influence on the activity of this enzyme.

The anti-inflammatory capacity of both, the starting UHP-
SFE extract and the encapsulated product, is shown in Fig. 3D.
Comparing both results, the encapsulated extract suffered a
loss of 22% bioactivity compared to the original extract
(4.89+0.37 and 6.31 +0.53 mg-eq quercetin g~! extract).

Finally, the antioxidant activity of the different extracts
was studied following four different methods. Regarding
ROS inhibition (Fig. 3E), the encapsulated extract showed
a decrease in its activity of almost 60% of the original UHP-
SFE extract. This decrease could be related to the high cor-
relation between ROS inhibition and carotenoids presented
in this extract (Amador-Luna et al., 2024). This, in addition,
could explain the lower general activity of D. salina extracts
against these reactive species, due to the scarce presence
of short-chain terpene compounds. This was particularly
observed in the encapsulated product, where no monoter-
pene compounds were found. Regarding RNS scavenging
(Fig. 3E), the encapsulation process produced a loss of 40%,
with a value of 1.50 +0.20 mg-eq ascorbic acid g~ extract.
This value presented a similar trend to the percentage of
encapsulation of total terpenes, which may confirm that, in
the case of the RNS scavenging, terpenes were one of the
main components that influenced this bioactivity.

Focusing on the antioxidant capacity of the free radicals
(Fig. 3F), it was possible to appreciate that the bioactivity
related to the ABTS radical of the encapsulated product suf-
fered a loss of 40% (168 + 10 pmol-eq Trolox g~ extract vs.
280+ 2 pmol-eq Trolox g~! extract); that result showed a
response similar to the RNS inhibition, which could be due
to the encapsulation efficiency of total terpenes which are the
most important bioactive compounds presented in UHP-SFE
extracts (Amador-Luna et al., 2024). Finally, in the case of the
DPPH radical, the encapsulated product presented an activ-
ity of 132+7 pmol-eq Trolox g~ extract, a value 46% lower
than the original extract. These results are in agreement with
the encapsulation efficiency results, considering that the main
scavenging activity has been related to f-carotene isomers that
presented an encapsulation efficiency of around 51% (Miiller
et al., 2002).

The obtained results indicated that the encapsulation
process produced a notable loss of activity in comparison
to the starting extract; however, despite this loss of bioac-
tivity, the obtained results of the final encapsulated prod-
uct presented a great neuroprotective capacity. In fact, the
results observed for the anticholinergic, anti-inflammatory
and antioxidant activity of the encapsulated product, were
higher than those observed in previous works for free D.

salina extracts obtained under conventional pressure SFE
(Amador-Luna et al., 2024; Bueno et al., 2020).

Stability Study

The stability of the starting D. salina UHP-SFE extract and
the encapsulated product was studied over time using con-
trolled atmospheric conditions. Moreover, the encapsulation
product was submitted to accelerated conditions (45 °C) as
well. Results obtained from this study are presented in Fig. 4.
The stability of both extracts was estimated in terms of TCC,
as well as in terms of AChE inhibitory activity. As can be
seen in Fig. 4A, a rapid degradation of the carotenoids pre-
sent in the starting extract as well as a significant decrease
in its AChE inhibition activity were observed at room condi-
tions; in this sense, TCC was reduced by 59% in just 7 days,
and a complete degradation was observed after 21 days. The
same trend was followed by the AChE inhibition activity,
showing once more the high correlation between carotenoids
present in the extract and this activity. On the other hand,
TCC and activity of the encapsulated product remained con-
stant in all the tests carried out at room conditions, without
showing significant differences in any of the measurements
compared to the initial point measurement (0 days).

In the case of the evaluation of the accelerated conditions
on the stability of the encapsulated process (Fig. 4B), a slight
decrease in the concentration of carotenoids and bioactiv-
ity was observed over time, corresponding to a loss of 20%
of carotenoids and a 21% reduction of the initial bioactivity
throughout the entire period (3 months). These results are in
agreement with other stability studies of liposomal microen-
capsulates, in which the presence of the components of interest
was maintained without significant differences until the first
month (Katragadda et al., 1999). In general, the results obtained
in this work show that the developed encapsulation process is
a useful means to maintain the stability, chemical composition
and bioactivity of natural carotenoid-rich extracts over time.

Conclusions

The present study demonstrates the suitability of a liposome-
based microencapsulation process to efficiently protect the
bioactive carotenoid-rich natural extract obtained from D.
salina using UHP-SFE. A six-step process based on the use
of phosphatidylcholine as encapsulating agent allowed the
encapsulation of the most bioactive extract components. The
encapsulated extract presented an encapsulation efficiency of
63%, which coincided with the observed percentage of the over-
all neuroprotective activity of the encapsulated product. The
evaluation of the effect of each step allowed determining that
the main affected compounds were the volatile terpenes prob-
ably due to the temperatures used in the process, especially a
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Fig.4 Stability of the in vitro
neuroprotection (AChE inhibi-
tion) and TCC for the starting
UHP-SFE non-encapsulated
extract (brown) and the UHP-
SFE encapsulated product
(orange) along the time in A
simple (21 °C, 0.1 MPa and
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significant reduction of these compounds was observed during
the purification step. On the other hand, carotenoids showed an
encapsulation efficiency of 56%, but they did not suffer degra-
dation during the encapsulation process (showing the remaining
carotenoid content intact and present in the non-encapsulated
fraction). Considering the 63% efficiency, the encapsulation
method was demonstrated to be effective in preserving the
extract composition and bioactivity values over long periods.

Although the process is suitable for producing bioactive
ingredients with proper stability over time, further research
efforts should be focused on an optimization of the whole
encapsulation process, and even more in the emulsion forma-
tion process, to improve the liposomal encapsulation to reduce
the terpene degradation and to increase the carotenoid encap-
sulation efficiency.
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