foods

Article

Development of Lipid Nanoparticles Containing Omega-3-Rich
Extract of Microalga Nannochlorpsis gaditana

Cristina Blanco-Llamero 12(2, Ruth M. Galindo-Camacho 3430, Joel Fonseca !, Antonello Santini ®*(),

Francisco J. Sefiorans 2

check for
updates

Citation: Blanco-Llamero, C.;
Galindo-Camacho, R.M.; Fonseca, J.;
Santini, A.; Sefioréns, EJ.; Souto, E.B.
Development of Lipid Nanoparticles
Containing Omega-3-Rich Extract of
Microalga Nannochlorpsis gaditana.
Foods 2022, 11, 3749. https://
doi.org/10.3390/foods11233749

Academic Editors: Jean-Paul Vernoux

and Fatma Boukid

Received: 22 September 2022
Accepted: 21 November 2022
Published: 22 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Eliana B. Souto

1,7,%

Department of Pharmaceutical Technology, Faculty of Pharmacy, University of Porto, Rua de Jorge Viterbo
Ferreira, 228, 4050-313 Porto, Portugal

Healthy Lipids Group, Departmental Section of Food Sciences, Faculty of Sciences, Autonomous University
of Madrid, 28049 Madrid, Spain

Department of Pharmacy and Pharmaceutical Technology, and Physical Chemistry, Faculty of Pharmacy and
Food Sciences, University of Barcelona, 08028 Barcelona, Spain

Unit of Synthesis and Biomedical Applications of Peptides, IQAC-CSIC, 08034 Barcelona, Spain

Institute of Nanoscience and Nanotechnology (IN2UB), University of Barcelona, 08028 Barcelona, Spain
Department of Pharmacy, University of Napoli Federico II, Via D. Montesano 49, 80131 Napoli, Italy
REQUIMTE/UCIBIO, Faculty of Pharmacy, University of Porto, Rua de Jorge Viterbo Ferreira, 228,
4050-313 Porto, Portugal

Correspondence: ebsouto@ff.up.pt (E.B.S.); asantini@unina.it (A.S.)

N o G

Abstract: Microalgae are described as a new source of a wide range of bioactive compounds with
health-promoting properties, such as omega-3 lipids. This biomass product is gaining attention mainly
due to its potential to accumulate different compounds depending on the species and environment,
and it has been commonly recognized as a valuable nutraceutical alternative to fish and krill oils.
In this work, we obtained the extract of the microalga Nannochloropsis gaditana, selected on the
basis of its content of eicosapentaenoic acid (EPA) and glycolipids, which were determined using
GC-MS and high-performance liquid chromatography (HPLC), respectively. To develop an oral
formulation for the delivery of the extract, we used a 23 factorial design approach to obtain an optimal
lipid nanoparticle formulation. The surfactant and solid lipid content were set as the independent
variables, while the particle size, polydispersity index, and zeta potential were taken as the dependent
variables of the design. To ensure the potential use of the optimum LN formulation to protect and
modify the release of the loaded microalga extract, rheological and differential scanning calorimetry
analyses were carried out. The developed formulations were found to be stable over 30 days, with an
encapsulation efficiency over 60%.

Keywords: microalgae; Nannochloropsis gaditana; nutraceuticals; omega-3 lipids; lipid nanoparticles;
factorial design

1. Introduction

There is an increasing interest in the search for alternative and new biomasses for the
obtention of valuable compounds using an environmentally friendly approach, following
the principles of green chemistry and the circular economy. To this aim, the use of alterna-
tive extraction techniques, such as pressurized liquid extraction, which allow for traditional
and hazardous solvents, such as chloroform and methanol, to be avoided, are also gaining
attention, particularly when formulations are intended for oral administration [1-4]. Mi-
croalgae are one of the most promising alternative biomasses able to accumulate a wide
range of valuable compounds, such as lipids, carotenoids, and vitamins, which are inter-
esting due to their health-promoting properties, related to cardiovascular, neurological,
and visual diseases [5-14]. A wide range of bioactive compounds can be obtained from
microalgae depending on the species. For example, the microalga Nannochloropsis gaditana
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(N. gaditana) is able grow in wastewater and to accumulate large amounts of omega-3 lipids,
including eicosapentaenoic acid (EPA) and lipid bioactive compounds, such as carotenoids.
Indeed, N. gaditana is described as a great lipid producer, being the major component of this
microalga [15-18]. The main advantages of microalgae as an alternative source of bioactive
compounds, especially omega-3 lipids, include the substitution of traditional sources of
omega-3, fish and krill, which contribute to the overexploitation of oceans and abusive
fishing. Moreover, microalgae can be cultivated in wastewater, pools, and bioreactors, with-
out competing with secondary plants for arable lands [19]. Indeed, different microalgae
extracts/oils and biomasses have been extensively studied in terms of safety and have
been approved for human consumption by the European Food Safety Agency (EFSA),
which is a crucial step for their use in human nutrition [20,21]. Some of these species are
Chlorella vulgaris, Spirulina platensis, Nannochloropsis gaditana, and Tetraselmis chuii. All these
factors make these organisms a sustainable alternative source of bioactive compounds for
nutraceuticals [22-25].

Ensuring the adequate intestinal delivery of bioactive compounds is among the crucial
aspects of the formulation process, and LNs have advantages over conventional dosage
forms (for example, capsules) in this field [26,27]. The physicochemical protection of
bioactive compounds and, in the case of lipophilic compounds, the impact of formulation
on their solubility in aqueous media are the two main mechanisms involved. Other
advantages include improved stability, sustained release, and increased bioavailability due
to their nano-size [28,29].

Lipid nanoparticles (LNs) are obtained from lipid materials with a melting point
above 40 °C so that a solid matrix is produced to ensure a controlled release profile of
the loaded bioactive. The biocompatibility of LNs intended for the oral administration
of nutraceuticals is ensured, as the lipids used in their production are the same as those
found in the composition of foods. Lipids are known as absorption enhancers, thereby
contributing to the increased bioavailability of ingredients taken in the form of LNs [28-32].

Some of the lipids commonly used for oral LN formulations include triglycerides, such
as tristearin, tripalmitin, and trilaurin; such lipids as Witepsol® or SOFTISAN® series, glyc-
eryl behenate, and cetyl palmitate; and fatty acids, such as stearic and palmitic acid [28,29].
Previous studies described the production of LNs containing different drugs and bioactive
compounds for oral delivery. For instance, LNs containing insulin and SOFTISAN®100 as
a solid lipid were successfully produced using a modified solvent evaporation technique,
confirming that all components were well-tolerated after oral administration, with no toxic-
ity reported [33,34]. The bioactive compound, curcumin, which is characterized by a low
bioavailability and poor aqueous solubility, strongly limiting its potential health benefits,
was also encapsulated into LNs. The authors successfully produced curcumin-LN using
Compritol® as a solid lipid, evaluating in vitro drug release with promising results [35].

An experimental factorial design makes it possible to study the influence of the
components of formulations (e.g., surfactants and lipids), set as independent variables, on
the physicochemical characteristics of the produced LN (e.g., size, polydispersity index,
and zeta potential), usually set as the dependent variables. The purpose of this is to achieve
optimal production conditions with the minimum number of experiments [36-38].

The use of factorial designs in oral LN formulation has been extensively reported in
the scientific literature. Mucoadhesive and controlled-release LNs using trimyristin as a
solid lipid were developed by studying the influencing variables using a factorial design,
limiting the number of experiments and establishing the effect of multiple variables on the
formulation properties, including size (z-Ave), polydispersity index (PI), and zeta potential
(ZP) [36]. The production of lipid nanoparticles containing sucupira essential oil was
also optimized by employing a 22 factorial design, setting z-Ave, PI, and ZP as dependent
variables. The optimized formulation was then characterized for the encapsulated efficiency
and studied on Caco-2 cell lines, revealing an improved oral drug delivery [39]. Other
examples include the study of the encapsulation of alpha-pinene in Imwitor® 900 K-
composed LNs, evaluated using an experimental factorial design [40,41].
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Regarding omega-3 fatty acids, recent works have been performed to understand
lipid nanoparticle production using omega-3 lipids. Shahparast et al. [42] improved the
pharmacokinetic behavior of polyunsaturated fatty acid (PUFA) oxidation, enhancing
oxidative stability when it was included into NLC composed of Precirol® ATO5, stearin,
and palmitic acid as solid lipids.

Therefore, these findings suggest that the use of LNs might be a potential formulation
approach for the protection of a wide range of bioactive compounds, including omega-3
lipids. However, due to the complexity of microalgae composition, further studies need to
be performed to determine the optimal LN dispersion.

The present study aimed to produce and optimize omega-3 microalga extract lipid
nanoparticles based on an experimental 2° full factorial design. We carried out an assess-
ment of the long-term stability of the LN formulations with different concentrations of
solid lipid and surfactant by the variation in LN physicochemical properties (mean particle
size, polydispersity index, and zeta potential).

2. Materials and Methods
2.1. Materials

N. gaditana dry biomass was obtained from AlgaEnergy (Madrid, Spain). The N. gadi-
tana extract was obtained and analyzed in terms of lipid classes and fatty acid profile follow-
ing previously optimized methods [1]. SOFTISAN® 649 (bis-diglyceryl Polyacyladipate-2),
a lanolin substitute widely use in the industry [43], was obtained from Sasol Germany
GmbH & Co (Witten, Germany). Tween® 80 (polysorbate 80) was purchased from Sigma
Aldrich (Madrid, Spain). Soy lecithin was purchased from Acopharma (Barcelona, Spain).
Ethyl acetate was from Vaz Pereira S.A. (Sintra, Portugal). MilliQ water was obtained from
a MilliQ plus system (Millipore, Germany). Methanol was purchased from Lab Scan Analyt-
ical Sciences (Gliwice, Poland). The HPLC-grade solvents (2,2,4-trimethyl pentane, methyl
tert-butyl ether (MTBE)) were purchased from Macron Fine Chemicals (Gliwice, Poland).
Absolute ethanol (PRS grade), sodium hydrogen carbonate, and potassium hydroxide were
purchased from Panreac Quimica S.A (Barcelona, Spain). Glyceryl trilinoleate, dioleoyl-
glycerol (mixture of 1,3- and 1,2-isomers), 1-oleoyl-rac-glycerol, phosphatidylethanolamine,
mono galactosyl glycerol, di galactosyl glycerol, oleic acid, and ethyl linoleate used as
HPLC standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
reagents and solvents used were of analytical or HPLC grade.

2.2. Factorial Experimental Design for LN Production

A factorial design method was used to maximize experimental efficiency, requiring
the minimum number of experiments to optimize the LN formulation. Two independent
variables and their influence on the physicochemical properties of the produced nanoparti-
cles were studied using a 2k factorial design model composed of 2 independent variables
with 3 levels each, as shown in Table 1. For each factor, the upper, middle, and lower
levels were represented as (+1), (0), and (—1), respectively. These were selected based on
previous pre-formulation studies and the available literature. The independent variables
were the concentration of SOFTISAN® 649 as a solid lipid (SL) in the formulation and the
concentration of Tween® 80. In this case, SOFTISAN® 649 was chosen as the solid lipid
because of its superiority over other lipid excipients in omega-3 formulations due to its
food-grade classification and its low melting point, which make it possible to avoid high
temperatures and protect the omega-3 extract during the process.

The dependent variables established were mean particle size, polydispersity index
(PI), and zeta potential (ZP). Lecithin content was not studied as an independent variable,
as its content in this production method was optimized previously in other works carried
out by the research group [33]. Experiments were performed in triplicate, requiring a total
of 15 experiments. This design allows for the optimization of methods by using different
mathematical and statistical models, as response surface models and pareto charts are used
to study the influence of the independent variables on the dependent ones.
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EE(%) = (

Glycolipids in the crude N.gaditana extract — Glycolipids in the supernatant

Table 1. Upper, middle, and lower levels for each independent factor of the experimental design.

Independent Low Level Medium Level Upper Level
Variable -1 0) +1
% Tween® 80 0.1 0.5 1
% SOFTISAN® 649 1 25 3

2.3. Preparation of Nanoparticles

LN dispersions were prepared using a solvent evaporation method [33,36] in which,
first, 5 mL of ethyl acetate extract of N. gaditana (mass concentration, 4:1), SOFTISAN® 649
(1.25%), and soy lecithin (0.125 mg) were homogenized for 10 min in an Ultra-TurraxT25
at 40 °C (IKA®-Werke GmbH & Co, Staufen, Germany). This mixture was poured into
40 mL of MilliQ water containing Tween® 80 and homogenized for another 5 min. Ethyl
acetate was evaporated on a rotary evaporator (Buchi R-210, Merck Life Science, Algés,
Portugal) for 30 min at 25°C. The temperature was controlled throughout the process to
guarantee the stability of the N. gaditana extract. Finally, the particles were stored at 4 °C
under refrigeration.

2.4. Particle Size and Zeta Potential

The particles were physicochemically characterized using a dynamic light scattering
(DLS) analysis (NanoBrook Omni, Brookhaven Instruments, Holtsville, NY, USA). The
samples were diluted in MilliQ water 1:10 v/v and analyzed at 20 °C, with a refractive index
of 1.331 and a dielectric constant of 80.37. All mean particle size, PI, and ZP measurements
were performed in triplicate.

2.5. Determination of Encapsulation Efficiency Using HPLC-ELSD

The encapsulation efficiency (EE) was calculated using the indirect method
(Equation (1)), in which the non-encapsulated bioactive (glycolipids) was separated from
the LNs via centrifugation for 5 min at 5000 G. The resulting supernatant corresponding
to the non-encapsulated glycolipids was analyzed using HPLC-ELSD, and the encapsula-
tion efficiency (EE%) was calculated according to Equation (1). Both the method and the
HPLC-ELSD equipment were those already described.

Glycolipids in the crude N.gaditana extract )100 @

2.6. Rheological Analysis

Rheology studies were performed on a Malvern Kinexus rheometer (Malvern Instru-
ments, England). In this case, the oscillation frequency sweep test was applied in a range
from 0 to 10 Hz. The storage modulus (G'), the loss modulus (G”), and the complex viscos-
ity (m*) of the lipid nanoparticles were described as a function of frequency at a constant
strain amplitude of 5 Pa (linear viscoelastic region). All measurements were carried out
directly at room temperature (25 °C).

2.7. Differential Scanning Calorimetry

A differential scanning calorimetry (DSC) analysis was performed using a Mettler
Toledo DSC 200 E3 System (NETZSCH-Gerdtebau GmbH, Germany). Approximately
1-2 mg of bulk lipid, an equivalent LN dispersion containing a similar amount of the lipid,
or N. gaditana extract was filled into 40 L aluminum pans and sealed. The scan rate was
5 °C/min in the temperature range of 25-200 °C (above the melting point of each product),
and each product was cooled down to 10 °C. An empty pan was used as a reference.
Melting points correspond to the peak maximum of the heating curves.
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2.8. Stability Analysis

The stability of the formulations was studied over 30 days, keeping samples stored at
4 °C in the dark, inside glass containers. LNs were analyzed on day 0, day 15, and day 30
in terms of PZ, IP, and Ave-z to study the stability of these parameters over time and to
study the optimized formulation in comparation with the other samples.

2.9. Statistical Analysis

STATISTICA 7.0 software (Stafsoft. Inc., Moscow, Russia) was used for the response
surface methodology (RSM) and to statistically analyze the data obtained.

3. Results
3.1. Chemical Composition of N. gaditana Extract

N. gaditana extract was characterized in terms of lipid composition in a previous
work [1]. The HPLC analysis revealed a composition formed by different lipid species,
such as triglycerides (TGs), diglycerides (DGs), free fatty acids (FFAs), monoglycerides
(MGs), and glucolipids (GLs), where the main lipid class was GLs, which is in agreement
with previous works on N. gaditana composition [44,45]. The fatty acid profile of the lipid
class analyzed was investigated using a GC-MS analysis, showing a relative EPA content of
37.47%. Thus, N. gaditana extract can be considered an alternative source of PUFA omega-3
lipids, concretely, EPA. However, the main identified fatty acids were myristic acid (14:0),
palmitic acid (16:0), palmitoleic acid (16:1), stearic acid (18:0), oleic acid (18:1), linoleic acid
(18:2), linolenic acid (20:3), and eicosapentaenoic acid (20:5). Other fatty acids, such as
DHA, were not found in these samples of N. gaditana. EPA was the main omega-3 fatty
acid in the extract, as described by other authors [44—-46].

3.2. Influence of Formulation Variables on the Production of LN Dispersions Containing
N. gaditana Extract

A factorial design was used to optimize the formulation of the LNs, and the obtained
results are presented in Figures 1-6, analyzing the effect of the independent variables
(surfactant and solid lipid concentrations) on the dependent variables (Z,ye, PI, and ZP).

From the surface response charts, it can be inferred that the independent variables, the
% of solid lipid (SOFTISAN® 649) and the surfactant (Tween® 80), are directly related to
the dependent variables, particle size, polydispersity index (PI), and zeta potential (ZP).

In the surface response graphs (Figures 1-3) and in the Pareto diagram obtained for
each dependent variable (Figures 4-6), the significant influence of the interaction of the
concentration of SOFTISAN® 649 (X1) and that of Tween® 80 (X2) on the three dependent
variables (p < 0.05) is shown. In the case of PI and particle size, a negative effect of the
interaction of the two factors was observed, meaning that there was an inverse proportional
relationship between them. In fact, an increase in the percentages of X1 and X2 led to a
smaller particle size and PI. Furthermore, Tween® 80 had a significant influence on the
particle size, being proportionally inverse. However, in the case of the zeta potential, a
direct proportional relationship was observed, in which an increase in the two factors also
increased this dependent variable.

The particle size, ZP, and PI expected for the optimized formulation, then, should
ideally be <200 nm in size with a relatively low PI (<0.2) and ZP values > 120|. Taking into
account which values of the physicochemical parameters were the objective, the optimum
conditions for the independent variables were determined based on the presented plots.
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Figure 2. Surface response chart of the effect of the % of Tween® 80 and SOFTISAN® 649 on PI
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Figure 3. Surface response chart of the effect of the % of Tween® 80 and SOFTISAN® 649 on z-Ave.
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Figure 4. Pareto chart of the analyzed effects for z-Ave.
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From the results shown, it can be inferred that the particle size and the PI are the
limiting factors of the formulations, taking 0.6% SOFTISAN® 649 and 1% Tween® 80
as the optimum conditions based on the response surface plots. The physicochemical
characteristics of the particles obtained coincided with the expected results. The particle
size was around 180 nm, with an PI of 0.13 and a ZP of —30. The encapsulation efficiency
was found to be 61.48%, indicating an acceptable EE of the glycolipids from the N. gaditana
extracts. Six different formulations (LN1-LNG6), including the ones studied in the factorial
design and that selected as the optimum (LN6), were prepared and tested to determine the
stability of the dispersions.

3.3. Determination of the Stability of Dispersions by Means of Their Characterization Using DLS

To study the stability of the produced systems, the physicochemical characteristics
of the particles were investigated over time for 30 days using DLS equipment. The DLS
analysis was performed on the six types of LNs, and further analyses were performed on a
chosen formulation (LN6). The compositions of the formulations studied along with the
optimal LN formulation (LN 6) were as follows: LN 1 at 3% SL and 1% Tween® 80, LN 2
at 3% SL and 0.1% Tween® 80, LN 3 at 2.5% SL and 0.5% Tween® 80, LN 4 at 1% SL and
1% Tween® 80, and LN 5 at 1% SL and 0.1% Tween® 80. Table 2 shows the results of the
analysis on the day of production, on day 14, and on day 30 after production. The mean
diameter measurements varied from 180.6 to 562.6 nm, PI varied from 0.05 to 0.523, and
ZP varied from —44 to —20 mV, depending on the conditions used and the day of analysis.
These results are in the range found previously for LNs containing nutraceuticals [42,47].

Table 2. Physicochemical characteristics, namely, z-Ave, PI, and ZP, of LN over 30 days.

Mean Particle Size Polydispersity Index Zeta Potential
Formulation (z-Ave, nm) (PD (mV)
Day 0 Day 14 Day 30 Day 0 Day 14 Day 30 Day 0 Day 14 Day 30
LN1 268.5 £ 0.59 273.3 £0.63 379.1 £1.30 0.172 £0.03 0.189 £ 0.04 0.282 +0.08 —24 £0.01 —22+0.08 —20 £ 0.06
LN2 4742 +£1.15 489.5 £ 0.89 550.7 £0.91 0.299 £ 0.05 0.310 £ 0.06 0.358 £ 0.07 —44 +0.23 —44 £ 0.07 —38 £ 0.07
LN3 380.1 4+ 0.86 392.8 +2.03 562.6 + 0.68 0.253 £ 0.07 0.278 +0.03 0.319 £ 0.08 —37 £0.06 —35+0.05 —34+£0.05
LN4 462.9 £+ 0.27 478.1+1.27 485.8 +0.73 0.374 £ 0.06 0.446 + 0.01 0.523 4 0.06 —34 £0.08 —33+0.13 —34+0.27
LN5 4133+ 0.77 426.6 + 0.54 4349+ 124 0.05+0.01 0.05 %+ 0.02 0.08 +0.02 —33+0.07 —30+0.28 —30+ 041
LN6 180.6 +1.10 190.2 +0.88 2105 +£1.15 0.126 + 0.02 0.126 £ 0.01 0.146 £ 0.03 —38 £0.12 —39 £+ 0.09 —38 £0.03

3.4. Determination of the Rheological Properties of the LN Obtained under Optimized
Conditions (LN6)

An important part in the design and production of LNs is the behavior after in vivo
administration or after inclusion in food matrices. This behavior can be predicted by
studying the rheological properties of the formulation. Rheological features have a strong
impact on physical and sensory characteristics of food systems [48,49]. Figure 7 shows the
flow curves of the oscillation frequency sweep test of the aqueous LN dispersion at room
temperature. The storage modulus G’ (viscous component), the loss modulus G” (elastic
component), and complex viscosity (1) are presented.
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Figure 7. Rheological behavior of the LN6 dispersion (containing 0.6% of SL and 1% of Tween® 80).
Captions: Captions: storage modulus G’ (M, viscous component), the loss modulus G” (A, elastic
component), and 1 (e, complex viscosity).

3.5. Differential Scanning Calorimetry Analysis

The thermal behavior of the N. gaditana extract, raw SOFTISAN® 649, recrystallized
raw SOFTISAN® 649, and the LN6 were determined using differential scanning calorime-
try as shown in Figure 8 [50]. This well-established technique provides information on
the melting and crystallization behavior of crystalline materials, such as lipid nanoparti-
cles, to characterize physical and chemical changes in their enthalpy or the heat capacity
of the lipid [51]. The raw and recrystallized SOFTISAN® 649 thermograms showed en-
dothermic melting peaks of 33.0 and 33.3 °C with enthalpies of —0.5312 mW mg~! and
—0.4742 mW mg !, respectively. These values correspond to those expected from the liter-
ature review, with a slight variation, which may be due to the sensitivity of the instrument.
However, the N. gaditana extract revealed two endothermic peaks at 89.4 °C and 121.1 °C
with transition energies due to melting followed by decomposition and with enthalpies
of —2.559 mW mg~! and —2.33 mW mg~!, respectively. The extract was loaded into
the lipid matrices to formulate nanoparticles. The LN sample showed two endothermic
peaks at 92.1 °C and 115.8 °C, with corresponding enthalpies of —0.3344 mW mg~! and
—0.2631 mW mg !, respectively.
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Figure 8. DSC analysis of the optimal LN (blue), N. gaditana extract (gray), raw SOFTISAN® 649
(green), and crystallized SOFTISAN® 649 (red).

4. Discussion

The analysis of the N.gaditana extract confirmed a fatty acid profile rich in EPA and
glycolipids as being the main lipid class, which is in agreement with previously published
works [44,45,52-54].

Taking into account the dependent variable of particle size, theoretically, an increase
in the formulation of the solid lipid will affect the stability of the emulsion, giving rise
to a higher particle size of the system. This fact favors the agglomeration of the particles,
giving rise to a larger particle size and polydispersity index. To avoid this phenomenon, an
increase in the percentage of the solid lipid should be accompanied by an increase in the
concentration of the surfactant, as shown in Figures 1-6. However, the crystallization phe-
nomenon depends mainly on the concentration of the lipid and surfactants in the LN and
may lead to the formation of micelles in the external aqueous phase of the emulsion [38].
These micelles normally have a size between 10 and 100 nm and may affect the polydisper-
sity of the particle size of a system that has larger sizes [38,55]. Therefore, both phenomena
must be taken into account when studying the concentrations of the independent variables
in the system. LNs should ideally be <200 nm in size with a relatively low PI (<0.2) to be
able to be administered intravenously, or pulmonary, for example, whereas larger sizes can
be administered orally [28,32]. For oral administration, nano-sized particles improve the
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bioavailability of some bioactive compounds due to their increased surface area. Moreover,
by decreasing the particle size, the thickness of the diffusion layer is decreased, promoting
faster transport and absorption. Thus, low sizes for oral intake are also desirable [56].
Recent works on food nanotechnology reported a nanocarriers’ particle size from 100 to
500 nm with increased release and bioavailability of the compounds studied [42,47,57].

In contrast, ZP predicts the stability of the system, as well as the adhesive qualities
of the particles, leading to a longer residence time at the site of action. In theory, high ZP
values, whether positive or negative, tend to stabilize NP systems, so suspensions with
ZP values > |120| promote the electrostatic repulsion of particles with the same electrical
charge, thus avoiding particle aggregation and favoring system stability [30,37]. The results
found in the present work were within the range described as optimal for this factor, finding
negative values from —25 to —50 mV, which is characteristic of lipid nanoparticles with
values that provide adequate system stability. After analyzing the trends obtained, the
optimized formulation was developed and characterized containing 0.6% of SOFTISAN®
649 and 1% of Tween® 80. Further studies will be performed to study the influence of the
extract amount in the formulation. Moreover, zeta potential experiments at different pH
conditions should be carried out to observe how the zeta potential changes with reference
to pH.

The encapsulation efficiency of the optimized LN containing the microalga extract
was 61.48 £ 0.6%, showing results higher than previous ones in the production of lipid
nanoparticles containing omega-3 oil, where the EE did not exceed 30 4= 0.4% [42]. However,
the EE was lower than that found in other works producing LNs containing different
nutraceuticals, where the EE was >90% [30,39]. These results show the potential of this
work and the need to further investigate new materials for microalgae-LN formulations.

Taking into account day 0 (production day), Table 2 shows the different physicochemi-
cal characteristics of the obtained formulations. The influence of the % of SL along with
the % of Tween® 80 in the formulations on the particle characteristics is shown, where
large nanoparticles were found when maintaining the same %SL and when the %surfactant
employed was lower (LN 2 and 4). Taking into account day 14, the particle characteristics
hardly changed from those on day 0. The particle size, ZP, and PI remained stable for all
formulations, with slight variations per week of production. However, 30 days postproduc-
tion, a notable increase in particle size was observed for most of the formulations obtained.
This increase was observed in every sample, but it was especially emphasized in the LN1
formulation, which corresponded to the lowest zeta potential on the day of production,
affecting its stability and favoring the aggregation of particles and increasing their size,
with a corresponding increase in the polydispersity of the formulation. This phenomenon
was seen to a lesser extent in formulations LN 5 and 6, which correspond to those particles
with a higher zeta potential. Thirty days after production, the optimal formulation (LN 6)
kept the ZP relatively constant (—38 mV), but had a 0.85 times increased diameter size and
a 0.86 times increased PL

For oral formulations, the knowledge of their rheological properties is critical in order
to predict their behavior when included in food matrices or their mechanical interaction
with gastric mucous [58,59]. With the purpose of evaluating the viscoelastic behavior of
LN 6, dynamic oscillatory tests were performed. Previous works on nanoparticles for oral
delivery have established that, ideally, LN dispersions should have a pattern where the
storage modulus G’ (elastic component) and the loss modulus G” (viscous component) rise
with the applied frequency. Moreover, G’ should be greater than G”, indicating stronger
structures that are more resistant against deformation, therefore contributing to the elastic
behavior of the formulation [60-62]. There is an ascending pattern of G’ and G”, where
G’ > G”, as shown in Figure 7, coincides with the ideal behavior exposed. The storage
modulus G’ was greater than the loss modulus G” over the measured frequency range,
indicating the presence of a gel-like structure. The loss modulus G” showed less depen-
dence on the applied force, whereas the storage modulus G’ significantly increased over
the frequency range from 0.1 to 10 Hz, highly depending on it. Some studies employing
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mucin models for the evaluation of mucoadhesiveness have shown that compounds with
viscoelastic profiles with moduli G’ and G” being frequency-dependent, where G” is greater
than G’ at a low frequency—and this value is inverted at high frequencies—have a behavior
related to weak structure, suggesting poor interactions with mucin (less mucoadhesion)
compared to products that maintain a constant viscoelastic profile with G’ greater than
G” [58,63]. However, the rheological analysis of the nanoparticles showed a behavior with
a very low viscosity (1), which decreased with the applied frequency, demonstrating that
the behavior is ideal, as based on previous works on LN dispersions [55,64,65]. However, it
showed weak dependence on the applied frequency.

The results show the obtention of LN dispersions with appropriate consistency in
a one-step production process without the need for further ingredients or stages. The
DSC thermograms and the endothermic events of the main raw materials used to for-
mulate the LNs, as well as the extract, are shown in Figure 8. The results demonstrate
that the melting enthalpy decreased sharply when comparing the primary lipid and the
LNs [66,67]. This decrease in enthalpy indicates a decrease in the lipid matrix crystallinity,
and it is commonly reported in works on the production of nanocarriers with crystalline
structures, such as lipid nanoparticles [68,69]. It has been reported that the presence of a
drug/compound in the lipid matrix can generate alterations in the crystalline order of the
lipids; thus, the encapsulation of the extract may play a significant role in the occurrence of
this phenomenon [70,71]. Furthermore, the presence of surfactant in the formulation could
be considered an additional reason for matrix crystallinity distortion and, subsequently,
melting point variation [72,73].

5. Conclusions

Lipid nanoparticles (LNs) containing the extract of the microalga N. gaditana were
successfully produced with an EE above 60%. The microalga extract was mainly composed
of polar lipids, concretely, glycolipids containing 37.47 % of EPA. The factorial design of the
experiments revealed an inverse relationship between the interaction of the concentration
of Tween® 80 and SOFTISAN® 649 and the particle size and polydispersity index obtained.
In addition, the concentration of the surfactant also showed an inverse relationship with
the particle size obtained. The zeta potential was the least limiting factor of the dependent
variables studied, resulting in values greater than /20/mV for all points studied. However,
a directly proportional relationship was found between the interaction of the two inde-
pendent variables and ZP. The optimized formulation had a particle size <200 nm and a
polydispersity index <0.2, while the zeta potential presented was around —30 mV, main-
taining these values for a month from the day of production and revealing the potential
of this design. The reported data demonstrate the potential use of LN formulations and
their optimization in the production of nutraceuticals, showing their ability to efficiently
load the microalga extract [56,57], which is related to the growing interest in using LN
to improve nutraceutical delivery and efficacy. Further studies are needed, though, to
ensure the safety of the formulations and to study the kinetics of LN release in gastric
simulation models or in vivo studies in order to confirm the potential to modify the release
of loaded microalgae extract, as shown here in the rheological and differential scanning
calorimetry analyses.

Author Contributions: C.B.-L. and E.B.S. contributed to the conceptualization, methodology, valida-
tion, formal analysis, investigation, and the writing—original draft; C.B.-L.,, RM.G.-C,, J.F,, A.S., EJ.S.
and E.B.S. contributed to the supervision, writing—review and editing, conceptualization, project
administration, resources, and funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by Scholarships Santander Research/Convocatoria d’estades 2022
per a doctorands de la UB granted to R. Galindo and by UAM /Santander program for the mobility
of young researchers granted to C. Blanco.

Institutional Review Board Statement: Not applicable.



Foods 2022, 11, 3749 14 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Blanco-Llamero, C.; Senorans, EJ. Biobased Solvents for Pressurized Liquid Extraction of Nannochloropsis gaditana Omega-3
Lipids. Mar. Drugs 2021, 19, 107. [CrossRef] [PubMed]

2. Becker, J.; Manske, C.; Randl, S. Green chemistry and sustainability metrics in the pharmaceutical manufacturing sector. Curr.
Opin. Green Sustain. Chem. 2022, 33, 100562. [CrossRef]

3.  Constable, D.J.C. Green and sustainable chemistry—The case for a systems-based, interdisciplinary approach. iScience 2021,
24,103489. [CrossRef] [PubMed]

4. Prat, D.; Wells, A.; Hayler, J.; Sneddon, H.; McElroy, C.R.; Abou-Shehada, S.; Dunn, P.J. CHEM21 selection guide of classical- and
less classical-solvents. Green Chem. 2016, 18, 288-296. [CrossRef]

5. Bai, Z.G,; Bo, A; Wu, SJ; Gai, Q.Y.; Chi, I. Omega-3 polyunsaturated fatty acids and reduction of depressive symptoms in older
adults: A systematic review and meta-analysis. J. Affect. Disord. 2018, 241, 241-248. [CrossRef]

6. El-Mowafy, AM.; Abdel-Aziz, A.A.; Abdel-Dayem, M.A. Novel protection by Omega-3-FAs (DHA or EPA) against car-
bamazepine’s liver-injury: Differential suppression of oxidative-stress and inflammatory markers, and the influence on
carbamazepine-clearance. Clin. Nutr. Open Sci. 2022, 42, 14-26. [CrossRef]

7. Engler, M.B.; Engler, M.M. Docosahexaenoic Acid-Induced Vasorelaxation in Hypertensive Rats: Mechanisms of Action. Biol. Res.
Nurs. 2000, 2, 85-95. [CrossRef]

8. Eraky, S.M.; Abo El-Magd, N.F. Omega-3 fatty acids protect against acetaminophen-induced hepatic and renal toxicity in rats
through HO-1-Nrf2-BACH1 pathway. Arch Biochem. Biophys. 2020, 687, 108387. [CrossRef]

9. Farooq, M.A.; Gaertner, S.; Amoura, L.; Niazi, Z.R.; Park, S.H.; Qureshi, A.W.; Oak, M.H.; Toti, E; Schini-Kerth, V.B.; Auger, C.
Intake of omega-3 formulation EPA:DHA 6:1 by old rats for 2 weeks improved endothelium-dependent relaxations and normalized
the expression level of ACE/AT1R/NADPH oxidase and the formation of ROS in the mesenteric artery. Biochem. Pharm. 2020,
173, 113749. [CrossRef]

10. Farrell, SW.; DeFina, L.F; Tintle, N.; Barlow, C.E.; Leonard, D.; Haskell, W.L.; Berry, ].D.; Willis, B.L.; Pavlovic, A.; Harris, W.S.
Higher omega-3 index is associated with more rapid heart rate recovery in healthy men and women. Prostaglandins Leukot. Essent.
Fat. Acids 2020, 163, 102206. [CrossRef]

11.  Georgiou, T.; Neokleous, A.; Nicolaou, D.; Sears, B. Pilot study for treating dry age-related macular degeneration (AMD) with
high-dose omega-3 fatty acids. PharmaNutrition 2014, 2, 8-11. [CrossRef]

12.  Jiang, H.; Shi, X.; Fan, Y.; Wang, D.; Li, B.; Zhou, J.; Pei, C.; Ma, L. Dietary omega-3 polyunsaturated fatty acids and fish intake
and risk of age-related macular degeneration. Clin. Nutr. 2021, 40, 5662-5673. [CrossRef] [PubMed]

13. Jiang, W.; Whellan, D.]J.; Adams, K.E,; Babyak, M.A.; Boyle, S.H.; Wilson, ].L.; Patel, C.B.; Rogers, ].G.; Harris, W.S.; O’Connor, C.M.
Long-Chain Omega-3 Fatty Acid Supplements in Depressed Heart Failure Patients: Results of the OCEAN Trial. JACC Heart Fail.
2018, 6, 833-843. [CrossRef]

14. Jo,S.H.; Han, S.H.; Kim, S.H.; Eckel, R.H.; Koh, K.K. Cardiovascular effects of omega-3 fatty acids: Hope or hype? Atherosclerosis
2021, 322, 15-23. [CrossRef] [PubMed]

15. Chew, K.W,; Yap, ].Y.; Show, PL.; Suan, N.H.; Juan, ]J.C.; Ling, T.C.; Lee, D.].; Chang, ].S. Microalgae biorefinery: High value
products perspectives. Bioresour. Technol. 2017, 229, 53-62. [CrossRef]

16. Jacob-Lopes, E.; Maroneze, M.M.; Depra, M.C,; Sartori, R.B.; Dias, R.R.; Zepka, L.Q. Bioactive food compounds from microalgae:
An innovative framework on industrial biorefineries. Curr. Opin. Food Sci. 2019, 25, 1-7. [CrossRef]

17. Katiyar, R.; Arora, A. Health promoting functional lipids from microalgae pool: A review. Algal Res. 2020, 46, 101800. [CrossRef]

18.  Yen, HW.; Hu, L.C.; Chen, C.Y.; Ho, S.H.; Lee, D.J.; Chang, ].S. Microalgae-based biorefinery—from biofuels to natural products.
Bioresour. Technol. 2013, 135, 166-174. [CrossRef]

19. Abdel-Raouf, N.; Al-Homaidan, A.A.; Ibraheem, .B.M. Microalgae and wastewater treatment. Saudi J. Biol. Sci. 2012, 19, 257-275.
[CrossRef]

20. Sanchez-Parra, E.; Boutarfa, S.; Aboal, M. Are Cyanotoxins the Only Toxic Compound Potentially Present in Microalgae
Supplements? Results from a Study of Ecological and Non-Ecological Products. Toxins 2020, 12, 552. [CrossRef]

21. Mendes, M.C.; Navalho, S.; Ferreira, A.; Paulino, C.; Figueiredo, D.; Silva, D.; Gao, F; Gama, F.; Bombo, G.; Jacinto, R.; et al. Algae
as Food in Europe: An Overview of Species Diversity and Their Application. Foods 2022, 11, 1871. [CrossRef] [PubMed]

22. Koyande, A K.; Show, P.L.; Guo, R.; Tang, B.; Ogino, C.; Chang, ].S. Bio-processing of algal bio-refinery: A review on current
advances and future perspectives. Bioengineered 2019, 10, 574-592. [CrossRef] [PubMed]

23. Pereira, A.G.; Otero, P; Echave, J.; Carreira-Casais, A.; Chamorro, F; Collazo, N.; Jaboui, A.; Lourenco-Lopes, C.;

Simal-Gandara, J.; Prieto, M.A. Xanthophylls from the Sea: Algae as Source of Bioactive Carotenoids. Mar. Drugs 2021,
19, 188. [CrossRef] [PubMed]


http://doi.org/10.3390/md19020107
http://www.ncbi.nlm.nih.gov/pubmed/33673060
http://doi.org/10.1016/j.cogsc.2021.100562
http://doi.org/10.1016/j.isci.2021.103489
http://www.ncbi.nlm.nih.gov/pubmed/34934914
http://doi.org/10.1039/C5GC01008J
http://doi.org/10.1016/j.jad.2018.07.057
http://doi.org/10.1016/j.nutos.2022.01.006
http://doi.org/10.1177/109980040000200202
http://doi.org/10.1016/j.abb.2020.108387
http://doi.org/10.1016/j.bcp.2019.113749
http://doi.org/10.1016/j.plefa.2020.102206
http://doi.org/10.1016/j.phanu.2013.10.001
http://doi.org/10.1016/j.clnu.2021.10.005
http://www.ncbi.nlm.nih.gov/pubmed/34749130
http://doi.org/10.1016/j.jchf.2018.03.011
http://doi.org/10.1016/j.atherosclerosis.2021.02.014
http://www.ncbi.nlm.nih.gov/pubmed/33706079
http://doi.org/10.1016/j.biortech.2017.01.006
http://doi.org/10.1016/j.cofs.2018.12.003
http://doi.org/10.1016/j.algal.2020.101800
http://doi.org/10.1016/j.biortech.2012.10.099
http://doi.org/10.1016/j.sjbs.2012.04.005
http://doi.org/10.3390/toxins12090552
http://doi.org/10.3390/foods11131871
http://www.ncbi.nlm.nih.gov/pubmed/35804686
http://doi.org/10.1080/21655979.2019.1679697
http://www.ncbi.nlm.nih.gov/pubmed/31668124
http://doi.org/10.3390/md19040188
http://www.ncbi.nlm.nih.gov/pubmed/33801636

Foods 2022, 11, 3749 150f 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Tang, D.Y.Y.; Khoo, K.S.; Chew, KW.; Tao, Y.; Ho, S.H.; Show, P.L. Potential utilization of bioproducts from microalgae for the
quality enhancement of natural products. Bioresour. Technol. 2020, 304, 122997. [CrossRef] [PubMed]

Vasistha, S.; Khanra, A.; Clifford, M.; Rai, M.P. Current advances in microalgae harvesting and lipid extraction processes for
improved biodiesel production: A review. Renew. Sustain. Energy Rev. 2021, 137, 110498. [CrossRef]

Muller, R.H.; Runge, S.A ; Ravelli, V.; Thunemann, A.F,; Mehnert, W.; Souto, E.B. Cyclosporine-loaded solid lipid nanoparticles
(SLN): Drug-lipid physicochemical interactions and characterization of drug incorporation. Eur. J. Pharm. Biopharm. 2008, 68,
535-544. [CrossRef] [PubMed]

Souto, E.B.; Muller, R.H. Lipid nanoparticles: Effect on bioavailability and pharmacokinetic changes. Handb. Exp. Pharm. 2010,
197,115-141. [CrossRef]

Ali, A.; Ahmad, U.; Akhtar, J.; Badruddeen; Khan, M.M. Engineered nano scale formulation strategies to augment efficiency of
nutraceuticals. J. Funct. Foods 2019, 62, 103554. [CrossRef]

Rashidi, L. Different nano-delivery systems for delivery of nutraceuticals. Food Biosci. 2021, 43. [CrossRef]

Aditya, N.P.; Macedo, A.S.; Doktorovova, S.; Souto, E.B.; Kim, S.; Chang, P-S.; Ko, S. Development and evaluation of lipid
nanocarriers for quercetin delivery: A comparative study of solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC),
and lipid nanoemulsions (LNE). LIWT—Food Sci. Technol. 2014, 59, 115-121. [CrossRef]

Campos, D.A.; Madureira, A.R.; Gomes, A.M.; Sarmento, B.; Pintado, M.M. Optimization of the production of solid Witepsol
nanoparticles loaded with rosmarinic acid. Colloids Surf. B Biointerfaces 2014, 115, 109-117. [CrossRef] [PubMed]

Vozza, G.; Khalid, M.; Byrne, H.].; Ryan, S.M.; Frias, ] M. Nutraceutical formulation, characterisation, and in-vitro evaluation
of methylselenocysteine and selenocystine using food derived chitosan:zein nanoparticles. Food Res. Int. 2019, 120, 295-304.
[CrossRef] [PubMed]

Fangueiro, ].F.; Gonzalez-Mira, E.; Martins-Lopes, P.; Egea, M.A.; Garcia, M.L.; Souto, S.B.; Souto, E.B. A novel lipid nanocarrier
for insulin delivery: Production, characterization and toxicity testing. Pharm. Dev. Technol. 2013, 18, 545-549. [CrossRef] [PubMed]
Blanco-Llamero, C.; Fonseca, J.; Durazzo, A.; Lucarini, M.; Santini, A.; Sefiorans, EJ].; Souto, E.B. Nutraceuticals and Food-Grade
Lipid Nanoparticles: From Natural Sources to a Circular Bioeconomy Approach. Foods 2022, 11, 2318. [CrossRef]

Righeschi, C.; Bergonzi, M.C.; Isacchi, B.; Bazzicalupi, C.; Gratteri, P.; Bilia, A.R. Enhanced curcumin permeability by SLN
formulation: The PAMPA approach. LWT—Food Sci. Technol. 2016, 66, 475-483. [CrossRef]

Fangueiro, J.F; Andreani, T.; Egea, M.A.; Garcia, M.L.; Souto, S.B.; Souto, E.B. Experimental factorial design applied to
mucoadhesive lipid nanoparticles via multiple emulsion process. Colloids Surf. B Biointerfaces 2012, 100, 84-89. [CrossRef]
Gonzalez-Mira, E.; Egea, M.A.; Garcia, M.L.; Souto, E.B. Design and ocular tolerance of flurbiprofen loaded ultrasound-engineered
NLC. Colloids Surf. B Biointerfaces 2010, 81, 412—421. [CrossRef]

Gonzalez-Mira, E.; Egea, M.A.; Souto, E.B.; Calpena, A.C.; Garcia, M.L. Optimizing flurbiprofen-loaded NLC by central composite
factorial design for ocular delivery. Nanotechnology 2011, 22, 045101. [CrossRef]

Vieira, R.; Severino, P; Nalone, L.A.; Souto, S.B.; Silva, A.M.; Lucarini, M.; Durazzo, A.; Santini, A.; Souto, E.B. Sucupira
Oil-Loaded Nanostructured Lipid Carriers (NLC): Lipid Screening, Factorial Design, Release Profile, and Cytotoxicity. Molecules
2020, 25, 685. [CrossRef]

Zielinska, A.; Ferreira, N.R.; Durazzo, A.; Lucarini, M.; Cicero, N.; Mamouni, S.E.; Silva, A.M.; Nowak, I.; Santini, A.; Souto, E.B.
Development and Optimization of Alpha-Pinene-Loaded Solid Lipid Nanoparticles (SLN) Using Experimental Factorial Design
and Dispersion Analysis. Molecules 2019, 24, 2683. [CrossRef]

Zielinska, A.; Ferreira, N.R,; Feliczak-Guzik, A.; Nowak, I.; Souto, E.B. Loading, release profile and accelerated stability assessment
of monoterpenes-loaded solid lipid nanoparticles (SLN). Pharm. Dev. Technol. 2020, 25, 832-844. [CrossRef]

Shahparast, Y.; Eskandani, M.; Rajaei, A.; Yari Khosroushahi, A. Preparation, Physicochemical Characterization and Oxidative
Stability of Omega-3 Fish Oil/alpha-Tocopherol-co-Loaded Nanostructured Lipidic Carriers. Adv. Pharm. Bull. 2019, 9, 393—400.
[CrossRef]

Silva, M..; Barbosa, A.L; Costa Lima, S.; Costa, P; Torres, T.; Reis, S. Freeze-Dried Softisan® 649-Based Lipid Nanoparticles for
Enhanced Skin Delivery of Cyclosporine A. Nanomaterials 2020, 10, 986. [CrossRef]

Chua, E.T,; Schenk, PM. A biorefinery for Nannochloropsis: Induction, harvesting, and extraction of EPA-rich oil and high-value
protein. Bioresour. Technol. 2017, 244, 1416-1424. [CrossRef]

Zuorro, A.; Maffei, G.; Lavecchia, R. Optimization of enzyme-assisted lipid extraction from Nannochloropsis microalgae.
J. Taiwan Inst. Chem. Eng. 2016, 67, 106-114. [CrossRef]

Castejon, N.; Luna, P.; Sefiorans, EJ. Microencapsulation by spray drying of omega-3 lipids extracted from oilseeds and microalgae:
Effect on polyunsaturated fatty acid composition. LWT 2021, 148, 111789. [CrossRef]

Pereira, I.; Zielinska, A.; Ferreira, N.R,; Silva, A.M.; Souto, E.B. Optimization of linalool-loaded solid lipid nanoparticles using
experimental factorial design and long-term stability studies with a new centrifugal sedimentation method. Int. |. Pharm. 2018,
549, 261-270. [CrossRef]

Fathi, M.; Mozafari, M.R.; Mohebbi, M. Nanoencapsulation of food ingredients using lipid based delivery systems. Trends Food
Sci. Technol. 2012, 23, 13-27. [CrossRef]

Molina, C.V,; Lima, J.G.; Moraes, .C.F; Pinho, S.C. Physicochemical characterization and sensory evaluation of yogurts incorpo-
rated with beta-carotene-loaded solid lipid microparticles stabilized with hydrolyzed soy protein isolate. Food Sci. Biotechnol.
2019, 28, 59-66. [CrossRef]


http://doi.org/10.1016/j.biortech.2020.122997
http://www.ncbi.nlm.nih.gov/pubmed/32094007
http://doi.org/10.1016/j.rser.2020.110498
http://doi.org/10.1016/j.ejpb.2007.07.006
http://www.ncbi.nlm.nih.gov/pubmed/17804210
http://doi.org/10.1007/978-3-642-00477-3_4
http://doi.org/10.1016/j.jff.2019.103554
http://doi.org/10.1016/j.fbio.2021.101258
http://doi.org/10.1016/j.lwt.2014.04.058
http://doi.org/10.1016/j.colsurfb.2013.10.035
http://www.ncbi.nlm.nih.gov/pubmed/24413308
http://doi.org/10.1016/j.foodres.2019.02.028
http://www.ncbi.nlm.nih.gov/pubmed/31000242
http://doi.org/10.3109/10837450.2011.591804
http://www.ncbi.nlm.nih.gov/pubmed/21711084
http://doi.org/10.3390/foods11152318
http://doi.org/10.1016/j.lwt.2015.11.008
http://doi.org/10.1016/j.colsurfb.2012.04.014
http://doi.org/10.1016/j.colsurfb.2010.07.029
http://doi.org/10.1088/0957-4484/22/4/045101
http://doi.org/10.3390/molecules25030685
http://doi.org/10.3390/molecules24152683
http://doi.org/10.1080/10837450.2020.1744008
http://doi.org/10.15171/apb.2019.046
http://doi.org/10.3390/nano10050986
http://doi.org/10.1016/j.biortech.2017.05.124
http://doi.org/10.1016/j.jtice.2016.08.016
http://doi.org/10.1016/j.lwt.2021.111789
http://doi.org/10.1016/j.ijpharm.2018.07.068
http://doi.org/10.1016/j.tifs.2011.08.003
http://doi.org/10.1007/s10068-018-0425-y

Foods 2022, 11, 3749 16 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Lores-Motta, L.; van Beek, A.E.; Willems, E.; Zandstra, ].; van Mierlo, G.; Einhaus, A.; Mary, J.L.; Stucki, C.; Bakker, B,;
Hoyng, C.B.; et al. Common haplotypes at the CFH locus and low-frequency variants in CFHR2 and CFHRS5 associate with
systemic FHR concentrations and age-related macular degeneration. Am. J. Hum. Genet. 2021, 108, 1367-1384. [CrossRef]

de Carvalho, S.M.; Noronha, C.M.; Floriani, C.L.; Lino, R.C.; Rocha, G.; Bellettini, I.C.; Ogliari, PJ.; Barreto, P.L.M. Optimization
of «-tocopherol loaded solid lipid nanoparticles by central composite design. Ind. Crops Prod. 2013, 49, 278-285. [CrossRef]
Halim, R.; Papachristou, I; Kubisch, C.; Nazarova, N.; Wiistner, R.; Steinbach, D.; Chen, G.Q.; Deng, H.; Frey, W,;
Posten, C.; et al. Hypotonic osmotic shock treatment to enhance lipid and protein recoveries from concentrated saltwater
Nannochloropsis slurries. Fuel 2021, 287. [CrossRef]

Safi, C.; Olivieri, G.; Campos, R.P; Engelen-Smit, N.; Mulder, W.J.; van den Broek, L.A.M.; Sijtsma, L. Biorefinery of microalgal
soluble proteins by sequential processing and membrane filtration. Bioresour. Technol. 2017, 225, 151-158. [CrossRef] [PubMed]
Scholz, M.].; Weiss, T.L.; Jinkerson, R.E.; Jing, J.; Roth, R.; Goodenough, U.; Posewitz, M.C.; Gerken, H.G. Ultrastructure and
composition of the Nannochloropsis gaditana cell wall. Eukaryot. Cell 2014, 13, 1450-1464. [CrossRef]

Souto, E.B.; Wissing, S.A.; Barbosa, C.M.; Muller, R.H. Evaluation of the physical stability of SLN and NLC before and after
incorporation into hydrogel formulations. Eur. J. Pharm. Biopharm. 2004, 58, 83-90. [CrossRef]

Elmowafy, M.; Al-Sanea, M.M. Nanostructured lipid carriers (NLCs) as drug delivery platform: Advances in formulation and
delivery strategies. Saudi Pharm. J. 2021, 29, 999-1012. [CrossRef]

Akhoond Zardini, A.; Mohebbi, M.; Farhoosh, R.; Bolurian, S. Production and characterization of nanostructured lipid carriers
and solid lipid nanoparticles containing lycopene for food fortification. J. Food Sci. Technol. 2018, 55, 287-298. [CrossRef]

de Oliveira Cardoso, V.M.; Gremiao, M.P.D.; Cury, B.S.F. Mucin-polysaccharide interactions: A rheological approach to evaluate
the effect of pH on the mucoadhesive properties. Int. J. Biol. Macromol. 2020, 149, 234-245. [CrossRef]

Hassan, E.E.; Gallo, ].M. A simple rheological method for the in vitro assessment of mucin-polymer bioadhesive bond strength.
Pharm. Res. 1990, 7, 491-495. [CrossRef] [PubMed]

Wiedenmann, V.; Oehlke, K.; van der Schaaf, U.; Koivula, H.M.; Mikkonen, K.S.; Karbstein, H.P. Emulsifier Composition of Solid
Lipid Nanoparticles (SLN) Affects Mechanical and Barrier Properties of SLN-Protein Composite Films. J. Food Sci. 2019, 84,
3642-3652. [CrossRef] [PubMed]

Dieng, S.M.; Anton, N.; Bouriat, P.; Thioune, O.; Sy, PM.; Massaddeq, N.; Enharrar, S.; Diarra, M.; Vandamme, T. Pickering
nano-emulsions stabilized by solid lipid nanoparticles as a temperature sensitive drug delivery system. Soft Matter 2019, 15,
8164-8174. [CrossRef]

Collett, C.; Ardron, A.; Bauer, U.; Chapman, G.; Chaudan, E.; Hallmark, B.; Pratt, L.; Torres-Perez, M.D.; Wilson, D.I. A portable
extensional rheometer for measuring the viscoelasticity of pitcher plant and other sticky liquids in the field. Plant Methods 2015,
11, 16. [CrossRef]

Ruiz-Pulido, G.; Medina, D.I. An overview of gastrointestinal mucus rheology under different pH conditions and introduction
to pH-dependent rheological interactions with PLGA and chitosan nanoparticles. Eur. . Pharm. Biopharm. 2021, 159, 123-136.
[CrossRef]

Demirci, T.; Haskoylu, M.E.; Eroglu, M.S.; Hemberger, J.; Toksoy Oner, E. Levan-based hydrogels for controlled release of
Amphotericin B for dermal local antifungal therapy of Candidiasis. Eur. J. Pharm. Sci. 2020, 145, 105255. [CrossRef]

Lippacher, A.; Muller, R H.; Mader, K. Liquid and semisolid SLN dispersions for topical application: Rheological characterization.
Eur. ]. Pharm. Biopharm. 2004, 58, 561-567. [CrossRef]

Umeyor, C.; Anaka, E.; Kenechukwu, F; Agbo, C.; Attama, A. Development, in vitro and in vivo evaluations of novel lipid drug
delivery system of Newbouldia laevis (P. Beauv.). Nanobiomedicine 2016, 3. [CrossRef]

Seyed Yagoubi, A.; Shahidi, F.; Mohebbi, M.; Varidi, M.; Golmohammadzadeh, S. Preparation, characterization and evaluation
of physicochemical properties of phycocyanin-loaded solid lipid nanoparticles and nanostructured lipid carriers. J. Food Meas.
Charact. 2018, 12, 378-385. [CrossRef]

Doktorovova, S.; Kovacevic, A.B.; Garcia, M.L.; Souto, E.B. Preclinical safety of solid lipid nanoparticles and nanostructured lipid
carriers: Current evidence from in vitro and in vivo evaluation. Eur. |. Pharm. Biopharm. 2016, 108, 235-252. [CrossRef]
Doktorovova, S.; Souto, E.B.; Silva, A.M. Nanotoxicology applied to solid lipid nanoparticles and nanostructured lipid carriers—A
systematic review of in vitro data. Eur. |. Pharm. Biopharm. 2014, 87, 1-18. [CrossRef]

Billat, P.-A.; Roger, E.; Faure, S.; Lagarce, F. Models for drug absorption from the small intestine: Where are we and where are we
going? Drug Discov. Today 2017, 22, 761-775. [CrossRef]

Maretti, E.; Pavan, B.; Rustichelli, C.; Montanari, M.; Dalpiaz, A.; Iannuccelli, V.; Leo, E. Chitosan/heparin polyelectrolyte
complexes as ion-paring approach to encapsulate heparin in orally administrable SLN: In vitro evaluation. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 608, 125606. [CrossRef]

Souto, E.B.; Baldim, I; Oliveira, W.P; Rao, R.; Yadav, N.; Gama, EM.; Mahant, S. SLN and NLC for topical, dermal, and
transdermal drug delivery. Expert Opin. Drug Deliv. 2020, 17, 357-377. [CrossRef]

Souto, E.B.; Mehnert, W.; Muller, R.H. Polymorphic behaviour of Compritol888 ATO as bulk lipid and as SLN and NLC.
J. Microencapsul. 2006, 23, 417-433. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ajhg.2021.06.002
http://doi.org/10.1016/j.indcrop.2013.04.054
http://doi.org/10.1016/j.fuel.2020.119442
http://doi.org/10.1016/j.biortech.2016.11.068
http://www.ncbi.nlm.nih.gov/pubmed/27888732
http://doi.org/10.1128/EC.00183-14
http://doi.org/10.1016/j.ejpb.2004.02.015
http://doi.org/10.1016/j.jsps.2021.07.015
http://doi.org/10.1007/s13197-017-2937-5
http://doi.org/10.1016/j.ijbiomac.2020.01.235
http://doi.org/10.1023/A:1015812615635
http://www.ncbi.nlm.nih.gov/pubmed/1694990
http://doi.org/10.1111/1750-3841.14950
http://www.ncbi.nlm.nih.gov/pubmed/31774560
http://doi.org/10.1039/C9SM01283D
http://doi.org/10.1186/s13007-015-0059-5
http://doi.org/10.1016/j.ejpb.2020.12.013
http://doi.org/10.1016/j.ejps.2020.105255
http://doi.org/10.1016/j.ejpb.2004.04.009
http://doi.org/10.1177/1849543516673445
http://doi.org/10.1007/s11694-017-9650-y
http://doi.org/10.1016/j.ejpb.2016.08.001
http://doi.org/10.1016/j.ejpb.2014.02.005
http://doi.org/10.1016/j.drudis.2017.01.007
http://doi.org/10.1016/j.colsurfa.2020.125606
http://doi.org/10.1080/17425247.2020.1727883
http://doi.org/10.1080/02652040600612439
http://www.ncbi.nlm.nih.gov/pubmed/16854817

	Introduction 
	Materials and Methods 
	Materials 
	Factorial Experimental Design for LN Production 
	Preparation of Nanoparticles 
	Particle Size and Zeta Potential 
	Determination of Encapsulation Efficiency Using HPLC-ELSD 
	Rheological Analysis 
	Differential Scanning Calorimetry 
	Stability Analysis 
	Statistical Analysis 

	Results 
	Chemical Composition of N. gaditana Extract 
	Influence of Formulation Variables on the Production of LN Dispersions ContainingN. gaditana Extract 
	Determination of the Stability of Dispersions by Means of Their Characterization Using DLS 
	Determination of the Rheological Properties of the LN Obtained under OptimizedConditions (LN6) 
	Differential Scanning Calorimetry Analysis 

	Discussion 
	Conclusions 
	References

