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Abstract

Nutraceuticals have received a lot of attention from consum-
ers due to their numerous health benefits and high safety
profiles. Demand for efficient delivery of such substances is
also due to increased interest in naturally derived products
and a healthy lifestyle. In addition to their nutritional values,
these substances have anti-inflammatory, antioxidant, and
antimicrobial effects, among others, and can prevent and/or
treat chronic diseases. Despite various health benefits that
nutraceuticals provide, their use in food preparations is com-
monly limited due to their high sensitivity to external factors,
unpleasant odour or taste, low stability, and susceptibility to
degradation during in vivo digestion. In addition, many nutra-
ceuticals, including flavonoids, vitamins, fatty acids, curcum-
inoids, and essential oils have low water solubility, resulting
in low bioavailability implying limited health effects. These
problems can be solved by encapsulating nutraceuticals in
nanocarriers. In particular, lipid-based carriers, including
liposomes, nanoemulsions, nanostructured lipid carriers,
niosomes, solid lipid nanoparticles, and self-emulsifying drug
delivery systems are suitable for incorporating such com-
pounds in the food industry due to their high biocompatibility.
In addition, they can increase the bioavailability and stability
of encapsulated substances and deliver the substance to a
specific place in the body. This review covers characterization
of various lipid-based nanocarriers and provides examples
of these types of carriers developed in recent years for nu-
traceutical delivery, along with the benefits they provide.

Keywords: lipid-based nanocarriers, nutraceuticals, bio-
availability, encapsulation, lipophilic bioactives

Introduction

In recent years, interest in nutraceuticals has increased sig-
nificantly, reflecting a broader trend toward integrating nutri-
tion and therapeutic health strategies [1]. Such substances
include carotenoids, vitamins, flavonoids, polyphenols, fatty
acids, herbs, etc. Their high safety profile and health effects,

[Engineering of Biomaterials 173 (2025) 07]

doi:10.34821/eng.biomat.173.2025.07

Submitted: 2025-05-10, Accepted: 2025-06-17, Published: 2025-07-20

Copyright © 2025 by the authors. Some rights reserved.
Except otherwise noted, this work is licensed under
https://creativecommons.org/licenses/by/4.0

including reducing the risk of diabetes, hypertension, car-
diovascular disease, slowing aging, and improving cognitive
function make them an important element in healthcare
[2-4]. In addition, the synergistic effect that can be obtained
by co-delivering two or more nutraceuticals simultaneously
can enhance their effects, including anti-inflammatory, an-
tioxidant, antimicrobial, antiviral, cardioprotective, or anti-
obesity-enhancing effects [5]. These substances also play
an important role in anticancer therapy, as they can sensitize
cancer cells to anticancer drugs, reducing their toxicity and
the occurrence of side effects, and can combat resistance
to the drugs used [6]. The use of some nutraceuticals is
limited, as many have poor water solubility resulting in low
bioavailability [7]. These substances are often sensitive to
environmental factors such as oxygen, elevated tempera-
ture, or light. They may be susceptible to degradation during
processing or storage and some may have an unpleasant
odour or taste [8-10].

Encapsulation in a variety of nanocarriers can address
these problems, since, in addition to increasing bioavail-
ability, it can provide protection of encapsulated substances
from degradation or interaction with other ingredients and
improve the stability of encapsulated substances [11-12].
Encapsulation also offers advantages such as prevention
of ingredient deterioration, thus increased storage stability
and shelf life, taste and odour masking, increased food
safety, and the possibility of large-scale applications [13].
In particular, employing lipid-based carriers is a promising
strategy to solve the problem of low bioavailability of lipophilic
nutraceuticals. Lipid-based carriers in addition to improving
bioavailability have low toxicity and can be produced on an
industrial scale [14].

This paper reviews various lipid-based carriers for the de-
livery of nutraceuticals showing also some recent examples
of their applications. The main focus is on liposomes, nanoe-
mulsions, nanostructured lipid carriers (NLCs), niosomes,
solid lipid nanoparticles (SLNs), and self-emulsifying drug
delivery systems (SEDDS) (Figure 1 and Table 1). Methods
of obtaining them and the types of encapsulated lipophilic
nutraceuticals are presented.

Lipid-based nanocarriers
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FIG. 1. Schematic illustration of lipid-based nano-
carriers.
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TABLE 1. Overview of lipid-based nanocarriers.

Lipid
nanocarrier

Size (nm)

Definition and properties

Methods of preparation

Liposomes SUVs 30-100 | Self-organized spherical phospholipid vesi- | — Thin film hydration (TFH),
[15-17] LUVs >100 cles consist of an aqueous core and one | — Ethanol injection,
GUVs >1000 | or more phospholipid bilayers (lamellae). | — Microfluidics,
Hydrophilic compounds are encapsulated in | — Extrusion,
the aqueous core, hydrophobic compounds | — Reverse phase evaporation,
in the lipid bilayer, and amphiphilic com- | — Detergent depletion,
pounds may be present at the water/lipid | — Super critical fluid technology,
bilayer interface. — Dual Asymmetric Centrifugation,
— High sheer homogenization,
— Lyophilization Monophase Solution,
— Sonication
Emulsions NEs 10-100 | Colloidal systems composed of two immis- | — High-pressure homogenization (HPH),
[18-21] MEs 100-1000 | cible liquids, such as an oil phase dispersed | — Microfluidization,
Macroemulsion | in an aqueous phase (O/W), an aqueous | — Ultrasonic homogenization,
500-100000 | phase dispersed in an oil phase (W/O) or | — Rotor-stator homogenization,

double emulsions (W/O/W or O/W/O). Emul- | — Phase inversion,
sifiers that reduce surface tension (lipids, | — Solvent displacement,
surfactants, proteins, amphiphilic polymers) | — Spontaneous emulsification,
are used to stabilize emulsions. — Membrane emulsification method

Nanostruc- 10-1000 Developed due to the limitations of the SLNs | — High-pressure homogenization,

tured lipid car- core crystallinity. Unlike SLNs, the matrix | — Microemulsion,

riers (NLCs) of NLCs consists of a mixture of solid and | — Phase inversion,

[22-24] liquid lipids, which provides larger empty | — Emulsification-ultrasonication,
spaces, creating a non-ideal crystalline | — Solvent emulsification-evaporation,
structure that affects higher encapsulation | — Solvent diffusion,
efficiency and prevents leakage of the en- | — Solvent injection,
capsulated substance. — Film-ultrasonication,

— Hot melt extrusion,
— Supercritical fluid (SCF) technology
Niosomes SUVs 10-100 | Spherical monolayer vesicles (having a sin- | — Bubble method,

[25,26] LUVs 100-3000 | gle bilayer) or multilayer vesicles (composed | — Ether injection method,
of several bilayers) formed from non-ionic | — Hand shaking method,
surfactants, while they may also contain | — Heating method,
other compounds such as cholesterol or | — Microfluidization method,
its derivatives. The amphiphilic structure | — Multiple membrane extrusion method,
allows coencapsulation of substances that | — Reverse phase evaporation method,
differ in solubility. — Sonication method,

— Thin film hydration method,
— Transmembrane pH gradient,
— Supercritical carbon dioxide fluid
Solid lipid 50-1000 Developed as a substitute for liposomes | Preparation methods are the same as for
nanoparticles to overcome their drawbacks. They are | NLCs

(SLNs) defined as spherical nanoparticles com-

[27,28] posed of a solid lipid matrix (fatty acids,
triglycerides, waxes) dispersed in water or
surfactant solutions.

Self-emulsi- | SNEDDS <100 | An isotropic mixture of oil, surfactant (solid | Preparation of liquid SEDDS involves mix-
fying SMEDDS or liquid), and active substance forming an | ing oils, surfactants, and co-surfactants,
drug delivery 100-250 oil-in-water (O/W) emulsion under the influ- | usually using homogenization. Methods of
systems SEDDS ence of mixing induced by peristaltic mo- | preparation of solid SEDDS:
(SEDDS) 250-5000 tion and dilution in an aqueous environment | — Hot-melt extrusion,
[29-31] (gastrointestinal). — Spray drying,

— Lyophilization,
— Three-dimensional printing,
— Adsorption onto solid carriers

SUVs — small unilamellar vesicles, LUVs — large unilamellar vesicles, GUVs — giant unilamellar vesicles, NEs — nanoemul-
sions, MEs — microemulsions, SMEDDS — self-microemulsifying drug delivery systems, SNEDDS — self-nanoemulsifying
drug delivery systems




The choice of the appropriate carrier depends on
the properties of the encapsulated active substance,
as well as the desired functions. For this purpose, it is
useful to know the advantages and limitations of car-
riers, differences between them, and the parameters
that affect their properties. The advantages of emul-
sions, which are systems composed of two immiscible
liquids, are their high stability and permeability, ability to
increase bioavailability of the carried cargo, and ease of
preparation [32]. Physical destabilization can occur as a
result of flocculation, Ostwald ripening, phase reversal
or coalescence, among others [33]. In order to obtain
emulsions with specific droplet sizes and encapsulation
efficiencies, the concentration of the lipid and aqueous
phase, the type and amount of surfactant, as well as
the preparation method must be tailored accordingly.
The droplet size is very important because it affects
other physicochemical or structural properties includ-
ing bioavailability [34]. In addition to traditional O/W
or W/O emulsions, there are double emulsions, which
allow simultaneous encapsulation of a hydrophilic and
hydrophobic compound. However, they are often un-
stable, which can lead to low encapsulation efficiency,
so salt addition or increased viscosity can be used to
improve their stability [35]. The success of liposomes
is mainly due to the use of phospholipids, which give
this carrier biocompatibility with the cell membrane.
They can encapsulate substances of different polar-
ity, because the aqueous core allows for the encap-
sulation of hydrophilic substances, while hydrophobic
substances can be located in the hydrophobic region.
Niosomes were created in response to the limitations
of liposomes related to the availability of phospholipids,
stability and high production costs. Unlike liposomes,
they are composed of non-ionic surfactants, that are
commonly more stable and their production costs are
lower [36]. To overcome the limitations of emulsions
related to faster release of active ingredients and re-
duced oxidative stability, SLNs have been developed
using solid lipids [37]. While their advantages include
high stability, biocompatibility, prolonged release, or
ease of scale-up, they also have disadvantages, which
include low loading capacity and drug excretion due to
polymorphic transitions. For this reason, NLCs were
introduced, in which solid lipids were replaced by a
mixture of solid and liquid lipids. This allows for reduced
excretion of active ingredients due to the larger space
between fatty acid chains. The advantages of NLCs
over SLNs include greater stability and bioavailability
of encapsulated substances, greater encapsulation ef-
ficiency and loading capacity, and greater control over
release [38]. For SLNs and NLCs, it is very important
to choose the right lipid matrix, as it affects the stability
of encapsulated substances, encapsulation efficiency
and loading capacity. When choosing a lipid matrix, the
solubility of the substance and possible interactions be-
tween the compound and the lipid should be taken into
account [39]. SEDDS, on the other hand, are systems
that are easily scalable, their preparation is an easy
and economical process compared to other carriers,
as it only involves dissolving the active substance in
oil and mixing it with surfactants and co-surfactants
[40]. It is worth bearing in mind that the process of
self-emulsification depends on pH, temperature, as
well as the chosen surfactants and their concentration,
the oil and the ratio of oil to surfactant. These systems
guarantee dose uniformity, are stable and resistant to

small temperature changes. SEDDS formulation requires
a large amount of surfactant, and therefore, in addition
to the ability to self-emulsify, attention must be paid to
its toxicity. Interestingly, the potential of these systems
has greatly increased following the discovery of solid
SEDDS, which provide precise dosing, longer gastric
residence time, high stability and regulated drug release.
However, research is needed on the features that affect
drug absorption in vivo [41].

Lipophilic nutraceuticals

Nutraceuticals that are insoluble in water include phenolic
compounds, fat-soluble vitamins, unsaturated fatty acids,
and essential oils. Alarge group of compounds are poly-
phenols, which are divided into flavonoids (anthocyanins,
flavones, flavanones, flavanols, flavonols, isoflavonoids,
etc.) and non-flavonoids (stilbenes, lignans, coumarins,
curcuminoids, tannins, phenolic acids, etc.) [42]. They
have antioxidant, anti-inflammatory, anticancer, antimi-
crobial, anti-anxiety, and other therapeutically relevant
properties. These compounds can be extracted from
various plants, vegetables, fruits, including coffee and tea
[43]. In addition to their low solubility, their use is limited
due to the bitter taste of some of them and sensitivity to
increased temperature or light [10].

Fat-soluble vitamins (A, D, E, K) are essential for the
proper functioning of the body and show therapeutic po-
tential against many chronic diseases. Their deficiency
can lead to many diseases, for example, night blindness,
xerophthalmia, hyperkeratosis (vitamin A deficiency)
[34], fractures and loss of bone mass (vitamin D group
deficiency) [45], spinocerebellar ataxia, anemia, cervical
dystonia, macular degeneration or retinitis pigmentosa
(vitamin E deficiency) [46], osteoporosis, vascular calcifi-
cation, and deterioration of endothelial function (vitamin
K deficiency) [47,48].

Carotenoids are precursors of vitamin A and are an
important source of antioxidants. They are synthesized
by fungi, plants, algae, and bacteria, but are not produced
by humans. Their consumption has many health benefits,
including boosting the immune system, cognitive func-
tion, reducing the incidence of chronic diseases, and
anti-adiposity action [49].

Polyunsaturated fatty acids (PUFA), particularly w-3
and w-6 fatty acids, are also an important group of com-
pounds. They take part in cell signaling, regulation of
glucose levels and blood pressure, as well as blood clot-
ting. These compounds are not produced by the body that
is why it is so important to supply them. w-3 fatty acids,
which include eicosapentaenoic acid (EPA), docosahex-
aenoic acid (DHA), a-linolenic acid (ALA) are found in
plant seeds (flax, chia), fish oils or grain products. The
w-6 acids include for example linoleic acid (LA) and
arachidonic acid (ARA), and their sources are vegetable
oils. These compounds have anti-inflammatory effects,
and they can also protect against cancer, osteoarthritis,
and autoimmune disorders [50].

Essential oils are extracted from plant materials and
are valued for their antimicrobial, antioxidant, anti-in-
flammatory, anti-anxiety, and wound-healing properties.
However, they are characterized by high lipophilicity
and volatility, as well as low stability, which limits their
use [51]. Examples of specific lipophilic nutraceuticals,
along with their structure and the benefits they provide
are shown in Table 2.
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eeooeoooe TABLE 2 Overview of lipophilic nutraceuticals and their beneficial effects.

MV PEE D] Structure Beneficial effects
reference compounds
Apigenin Flavonoids OH Antioxidant,
[52] (flavones) anti-inflammatory,
OH O ° Q neuroprotective properties
\ OH
e}
Cholecalciferol Vitamins H,;C Immunomodulatory
(vitamin D3)
[53] H,C
|
| CH,
OH
Coenzyme - o Antioxidant,
Q10 H;CO CHg anti-inflammatory
[54,55]
H4CO X H
H3 10
Ubiquinone (oxidized form of coenzyme Q10)
OH
H5CO CHg
H;CO X H
H Hs 1o
Ubiquinol (reduced form of coenzyme Q10)
Curcumin Polyphenols o o Antioxidant,
[56] (curcuminoids) H,CO N = OCHj, anti-inflammatory,
O O anticancer
OH OH
Kaempferol Flavonoids Antiinflammatory
[57] (flavonols)
Lutein Carotenoids Antioxidant,
[58] HC CH,  CHs CH, HsC OH | anti-inflammatory,
) o NGNS NN antimicrobial,
o ‘ on Hs H, HsC CHy antiosteoporosis,
® neuroprotective,
ophthalmological
Luteolin Flavonoids Antiinflammatory,
[59] (flavones) anticardiovascular,
anticancer,
OH anti-neurodegenerative
properties
Lycopene Carotenoids Antioxidant
[60] HyC_ _CH,




Nur:?eiil:.t;:a" co(r:;apsosu?'ltzls Structure Beneficial effects
Mangiferin Xanthones Antioxidant, antiapoptotic,
[61] neuroprotective

Piperine Alkaloids Antiinflammatory,

[62,63] anticancer, insecticidal,
antiviral, antiallergic activity,
bioavailability enhancer

Resveratrol Stilbenes Antioxidant,
[64] anti-inflammatory,
anti-cancer activity
Rutin Flavonoids Antioxidant,

[65,66] (flavones) anti-inflammatory,
antiangiogenic,
anticancer, antidiabetic,
antimicrobial properties

Silibinin Polyphenols Antioxidant,

[67] (flavonolignans) anti-inflammatory
Quercetin Flavonoids Antioxidant
[68] (flavonols) and anti-inflammatory
a-tocopherol Vitamins Antioxidant,
vitamin E CHg neuroprotective
( p
[69]
- Carotene Carotenoids Antioxidant,
[70] anti-inflammatory,

anti-angiogenesis,
anticancer
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Nutraceutical/ Class of
reference compounds
w-3 fatty acids | Polyunsaturated o
[71] fatty acids
OH
o]
OH -

Structure

a- linolenic acid (ALA)

eicosapentaenoic acid (EPA)

docosahexaenoic acid (DHA)

Beneficial effects

Antiinflammatory,
antiaggregatory

Encapsulation of nutraceuticals

One of the most commonly encapsulated nutraceuticals
is curcumin, which belongs to the curcuminoids. Bender
et al. prepared liposomes with curcumin using three dif-
ferent methods: thin-film hydration method (TFH), lipid
film method (LF-DC), and powder method (P-DC). The
preparation method used affected the lamellarity of the
obtained structures. The use of the TFH method resulted
in single-cell liposomes with double lipid layers, the P-DC
method contributed to the formation of additional lamellar
structures and multilayered vesicles, and the LF-DC method
produced less uniformly sized round vesicles. Internalization
of curcumin and phototoxic effects of liposomes against lung
adenocarcinoma cells (A549) were confirmed. Liposomes
prepared by TFH and LF-DC method proved more effec-
tive than free curcumin and liposomes prepared by P-DC
method. After nebulization, curcumin-loaded liposomes
completely eliminated xenografted cancer cells in the 3D
model [72]. Effective delivery of curcumin in a dispersion
of capsules consisting of a modified hyaluronate-based
shell and liquid oil core was demonstrated by Czyzynska
et al. After administration of a low dose of curcumin encap-
sulated in a dispersion of capsules, hypotensive effects
were observed in rats, and delivery of the formulation to
blood vessel walls was confirmed [73]. Abasi et al. devel-
oped curcumin-loaded niosomes with a sustained release
profile and encapsulation efficiency reaching 97.96%. The
authors evaluated their anticancer activity and apoptotic
effect against a subtype of triple-negative breast cancer
using the MDA-MB-231 cell line. The obtained IC50 value
of curcumin-loaded niosomes was twice lower than that of
free curcumin. Compared with free curcumin and empty
niosomes, curcumin-loaded niosomes significantly inhib-
ited cell viability and induced the expression of essential
apoptotic genes. After administration of curcumin-loaded
niosomes, inhibition of cell migration, invasion, and mam-
mosphere formation was also observed [74].

Wan B et al. developed quercetin-loaded liposomes
that were coated with whey protein isolate (WPI) using
two methods: coating and inserting. Compared to physi-
cal mixing, liposomes inserted with WPI and coated with
WPI effectively masked the bitter taste of quercetin and
improved the thermal stability of the liposomes [75]. De Bar-
ros et al. developed NLCs based on natural oils (sunflower,
olive, corn, coconut, and castor oil) loaded with quercetin
for the topical treatment of bacterial skin infections. The
study showed an increase in the antimicrobial activity of

NLCs with quercetin against Staphylococcus aureus, an
increase in antioxidant activity, and a decrease in cyto-
toxicity against HaCaT cells compared to NLCs without
quercetin [76]. Talarico et al. encapsulated quercetin in
SLNs that were obtained by coacervation. They showed that
quercetin could be homogeneously distributed throughout
the nanoparticle structure, and the antioxidant activity of
quercetin loaded in SLNs was preserved [77]. Lin et al.
developed SEDDS with quercetin, which showed higher
antimicrobial activity against Escherichia coli, Staphylococ-
cus aureus, and Salmonella compared to free quercetin.
In addition, compared to free quercetin, the developed
system showed improved antioxidant activity of quercetin
in vitro and in vivo [78].

Research conducted by Valia et al. on pea protein-
stabilized nanoemulsions for vitamin D3 delivery showed
that cellular uptake of nanoemulsions with smaller sizes
occurs more efficiently (~2.5 times) than nanoemulsions
with larger sizes. In addition, the efficiency of vitamin D3
delivery to Caco-2 cells using nanoemulsions with smaller
sizes equal to 233 nm was ~5.3 times higher compared to
free vitamin D3 suspension. A high encapsulation efficiency
of 94-96% was also achieved [79]. Zou et al. developed
an emulsion with loaded vitamin A acetate, and the result-
ing microparticles improved their thermal stability, storage
stability, and protection from UV light [80]. Vitamin D3 was
also encapsulated in NLCs by Barri et al. A high EE value
of 96.14% was obtained. The in vitro cytotoxic effect against
colon cancer cells (HT29) was investigated, and the results
indicate that the NLCs with vitamin D3 prevent cancer cell
proliferation to a greater extent than free vitamin D3 [81].

Wang et al. developed iRGD peptide-modified liposomes
with curcumin and piperine. In vitro cytotoxicity studies have
shown that liposomes with a combination of curcumin and
piperine have a more cytotoxic effect on A549 cells than
liposomes with curcumin alone, indicating a synergistic
effect of these nutraceuticals. Moreover, an inhibition of
cancer cell proliferation and invasion has been observed. In
vivo results showed that the treatment using liposomes with
curcumin and piperine inhibited tumor volume growth, and
the attached iRGD peptide supported active targeting to the
tumor site [82]. He et al. investigated a microemulsion for
co-delivery of curcumin and DHA in mild non-alcoholic fatty
liver disease (NAFLD). Synergistic effect of the nutraceutical
combination on liver protection was observed. In mice with
NAFLD, disease amelioration, lower serum triacylglycerols,
and low-density lipoprotein cholesterol levels were observed
[83]. A microemulsion for co-delivery of vitamin A (retinol)
and vitamin E (a-tocopherol) was developed by Praga et al.



The vitamins combination showed additive effects against
acute skin inflammation, as tested against TPA-induced
skin inflammation in mice [84].

Regardless of the type of lipid-based carrier, nutraceuti-
cals can be encapsulated successfully, as indicated by the
high encapsulation efficiencies obtained. The most com-
monly encapsulated lipophilic nutraceuticals are vitamins,
curcumin or quercetin, among others. As the literature review
shows, a specific nutraceutical can be effectively encapsu-
lated in different types of systems, and the choice of a par-

ticular carrier often depends on the purpose of the therapy.

Itis worth noting the great potential of encapsulating several ® ® @ ® @ ¢ o

nutraceuticals in one nanocarrier, as the synergistic effect
that can be obtained increases the therapeutic efficacy. The
examples described also indicate the wide applications of
lipid-based carriers with nutraceuticals, including for the
treatment of metabolic diseases, cardiovascular diseases,
inflammation or in anticancer therapy. Table 3 shows recent
work on the encapsulation of nutraceuticals in lipid-based

carriers.

TABLE 3. Recent research (between 2020-2025) on lipid-based carriers for nutraceutical delivery.

Nanocarrier/

Components of

Method of

nutraceutical/  Size (nm)* ZP (mV) EE (%) . : Comments
h rrier reparation
reference the carrie preparatio
80.33 £ 0.62 -049+0.012
Liposomes/ re(s\’:I/I;rr];)tl:;I) re(::llltt;gtL:;I) Phospholipon 90G, Single-emulsion sol-
resveratrol 76.62 + 3.43 cholesterol, vgnt evaporation -
(5] 155.0 + 1.62 - 2.59+0.020 DSPE-mPEGz000
(with resveratrol) | (with resveratrol)
L'pos"[?:]s‘/ rutin 99.78 + 3.68 1.16 £ 0.21 88.1+2.1 DMPC pH-driven method -
29.86 + 2.85
-4.9+2.2 (TFH)
154.3£35.2 (TFH) (TFH) Chloroform and methanol
Liposomes/ -7.0+x19 DPPC, TFH, were used during the
curcumin 3238 T;égo (LF- (LF-DC) 29('5::3_;(5:')22 cholesterol, HEPES LF-DC, preparation of the li-
[76] buffer P-DC posomes, which were
1854442 (PDO)| ~ (Zb?;c(;'g 69.26 £ 5.76 later evaporated.
(P-DC)
Without WPI: Without WPI: Without WPI: . .
~40 — 180 —13.40 + 0.98 ~50 — 75 During the preparation,
o ethanol was used, which
Liposome/ Coated with WPI: | Coated with WPI: | Coated with WPI: Egg yolk Thin-film method | was then evaporated.
quercetin ~ 65— 135 —25-10 ~65% lecithin, assisted with ultrasoni-
[75] ’ ° Tween 80, cation The values of size,
Inserted with WPI: | Inserted with WPI: | Inserted with WPI: ZP, and EE depending
~ 65— 160 ~—175_-13 ~65 — 75% on loading concentration.
104.10 £ 1.74
- ~30 - 48 The range of sizes
109.60 + 1.77 -20.6 +1.6 (luteolin 7p EE?:Ie andin ’
Livosome/ (luteolin liposomes) - liposomes) Lecithin from on NéCI conzentrat?on
l‘; o -11.6+3.6 soybean (SOP), Thin-film :
87] 105.50 + 6.71 (SOP-decorated ~40-52 cholesterol, dispersion method During the preparation
- luteolin (SOP-decorated Tween-80, PBS ethangl waspusz " whic‘h
139.80 £ 14.21 liposomes) luteolin was then eva oniated
(SOP-decorated liposomes) P ’
luteolin liposomes)
Liposome/ ) . During the preparation,
lycopene 250.2 + 15.26 -6.43 +1.27 85.13+378 | nospholipon 90 G, f - Ether injection ap diethyl ether was used,
cholesterol, sucrose proach .

[88] which was then removed.
Emulsion/ MCT, Homogenization The values of sizes
curcumin 681.03 + 18.58 29.73 £1.53 90.15 £ 0.67 gum arabic, soybean through a high- 7P and EE at bH 66

[89] whey protein pressure homogenizer ’ pREL.

) 3B9ES  1-201£03 (with- Hydrophobically S
Emulsion/ (without curcumin) | out curcumin) modified Emulsification process
curcumin - hvaluronate (mechanical shaking -
[73] 403 £ 20 -17 +1 Y o and sonication)
. . . X corn oil
(with curcumin) | (with curcumin)
Emulsion/ 23960 £521 | -47.97+045 WPI-GA Homogenization with
(whey protein a high-
B-carotene B N . isolate-gum ressure .
[90] 303.63+10.46 | -35.330.76 ate-gum pressur
Acacia), corn oil microfluidizer
Emulsion/ Canola oil, pea r:o: zg:gézsj;ggrgﬁz
vitamin D3 170-350 -25 94— 96 protein in phosphate | "9 > ph e -
791 buffer 9np

homogenizer
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Nanocarrier/
nutraceutical/
reference

Size (nm)*

ZP (mV)

EE (%)

Components of
the carrier

Method of
preparation

Homogenization with

Comments

Emulsion/ Sodium caseinate, | a high-speed homog- Values of size
vitamin A acetate 571.2-2700 43.5-52.1 76.4 sodium alginate, enizer and a high- depending on sodium
[80] soybean oil pressure microjet alginate concentration.
nano-homogenizer
Er;\::(szlgir;/ Hydrophobically Emulsification process
9 480 — 560 -19--16 - modified hyaluro- (mechanical shaking -
compounds . s
[91] nate, corn oil and sonication)
Hot homogenization
NL(.:S/ 210 - 260 =27 —--22 >90 TS, M(.:T’ OVA-HA and ultrasonication -
curcumin [92] conjugates
method
88.38 + 0.23 -7.67 £0.92
NLCs/ pterostilbene te(rvc‘)”sttrillzile) te(r\g:trillgl:ne) Kolliphor® HS,
p[93] P p 98.02+ 0.43 isopropyl myristate, Phase inversion -
95.06+42 [-8.42+0.56 (with Epikuron 200
(with pterostilbene)| pterostilbene)
Anhydrous milk fat,
NLCs/ vitamin E acetate, Hot homogenization-
Vitamin D3 120.67 £ 5.47 -31.4 96.33 £2.29 polyglycerol ester, sonication -
[81] hydrated sodium technique
caseinate
~-50
. 160.5£5.9 ) (without quercefin) Sunflower/ olive/ Mini-emulsion )
NLCs/ (without quercetin) Size and ZP values
. corn/castor/coconut methodology
quercetin -51.9+47 >99 oil. Span 80 using an ultrasonica- refer to NLCs
[72] 505.9 + 31.8 (with - > Yrisrt)ic ey 9 i with sunflower oil.
quercetin) -337+1.2 Y P
(with quercetin)
Niosomes/ Tween 80, sorbitan
curcumin 251+7.14 -35.3+0.68 97.96 £ 0.55 monostearate, cho- TFH -
[74] lesterol, hyaluronan
2774£62 ~28.3+1.28 During the preparation pro-
Niosomes/ (without curcumin) | (without curcumin) N, N diphthalimide _ g he prep P
. Thin layer cess dichloromethane and
curcumin 641106 decane, hydration methanol were used, which
[94] 564.2 + 28.1 (with -29.2+1.21 cholesterol 4 ’
. . . were then evaporated.
curcumin) (with curcumin)
Sizes, ZP, and EE values of
Span 60, niosomes with vitamin D3
76 ~+20 h .
. . tween 80, depending on the composi-
) (without (without - ) )
Niosomes/ vitamin D3) vitamin D3) vitamin E- Thin laver tion of the niosomes.
Vitamin D3 75.3-94.3 acetate, qinaver.
hydration-sonication . .
[95] 74— 197 _15—+29 cholesterol, During the preparation
. . Polyethylene Glycol process isopropyl alcohol
(with vitamin D3) | (with vitamin D3) 400 was used, which was then
evaporated.
Niosomes/ 86.16£0.70 | -28.58+0.99 Span 60, We?:'j;‘;fgxr?n"d tﬁt:a'r‘:' .
quercetin - - 61.49 — 95.68 tween 80, Thin layer hydration ration process svhichpwe‘?e
[96] 149.57 +1.01 -8.59 + 1.39 phytosterol, PEG400 P '
then evaporated.
Li N:ngtr:igzgra Span 60, Tween 60 Ethanol was used during the|
ppia cit 57.6 —594.4 -3--21.9 31.29-91.20 cholesterol, TFH preparation process, which
essential oil (LCEO) o
[97] vitamin D3, PBS was then evaporated.
SLNs/ Stearic acid
kaempferol 451.2 -15.0 84.92 y Ultrasonication method -
polysorbate 80
[98]
SLNs/quercetin Sodium stearate,
[(;7] 480.1 + 112.0 -274+0.6 80.4+0.26 arabic gum, Coacervation method -
citric acid,
258.9+8.3
305+ 39.5 Curcumin mol-l
(without linolenic nooleate/capsaicin
SLNs/ acid) oleate/ resveratrol Microemulsion
linolenic Acid - 62 — 99 monooleate, technique -
[99] Tween 20, q
271.8+4.0 .
B sodium taurocholate,
butanol,

493.6 £ 183.90

(with linolenic acid)
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Nanocarrier/
. : omponents of Method of e o000
nutraceutical/  Size (nm)* ZP (mV) EE (%) ¢ thg?: ar ritt:' - p r:; a?ati?) n Comments
reference
77.49+1.70 — -20.03 £ 0.48 —
179.16 £ 0.94 -12.11 £0.80 81 .(1;L;\1835).38 GMS
SLNs, NLCs/ (SLNs) (SLNs) e High shear
. soy lecithin, Tween P
zeaxanthin 88.10+2.19 — 80 homogenization -
[100] 71.13+0.88 - -22.23+0.41 - 9(') 43_+ 2 85 GDS I’VICT and ultrasonic methods
130.16 + 1.58 16.88 £ 0.61 .(NLE:s). ’
(NLCs) (NLCs)
50.53 + 0,087 -4.513 £ 0.564
SEDDS/ (without quercetin) | (without quercetin) Ethyl oleate, RH40, Values of size
W | ssosoos |rswsomo| | TS ' e e
46.15+0206 | -6.127 +0.538 » Isoprop :
(with quercetin) (with quercetin)
Kolliphor® P188,
bIackiEeDdD;I/ (101] 183 -40.6 - polyethylene Mixing and heating -
glycol (PEG) 600
SNEDDS/ GT, MCT, labrasol,
sesamin 66.4 £31.4 - - Tween 20, - -
[102] Transcutol HP/
Cremophor EL
10.46 £ 0.08 — -5.51+2.50 —
17.08 £ 0.09 0.61+ 1.54
SNEDDS/ (without apigenin) | (without apigenin) Gelucire 44/14,
apigenin 84.20 £ 0.03 Tween 80, - -
[103] 10.59 £ 0.08 — -13.67 £0.32 - PEG 400
58.61 + 1.56 (with -0.89 +1.08
apigenin) (with apigenin)
242
. SEDDS/ with glycerin), 276 - - Glycerin/PEG, krill oil - -
inger extract [104]
ging (with PEG)
Co-delivery
) 95.23% + 1.08 Lecithin,
cumi) | erlstrs, D
it 93.9:0.9 0.3£0.1 PEG2000-Irgd, TFH niosgmespwr?ich e or
p[’;z] 97.04% £ 1.16 | DSPE-PEG2000, et
(piperine) PBS P ’
Emulsion/ MCT
curcumin + DHA- . Ultrasonic
: ) 179.37 £ 2.90 -35.28 £3.23 99.53 + 0.20 lecithin, e -
rich algal oil emulsification
(83] Tween 80
129.1 £2.61 -10.04 £ 0.5
Emulsion/ (without (without Isopropyl myristate
vitamin E nutraceuticals) nutraceuticals) o propy! my ’ I
+ vitamin A 90% Tween 80, Emulsification -
(84] 135.9+17.90 -9.63 +0.39 propylene glycol
(with (with
nutraceuticals) nutraceuticals)
Liposomes/ vitamin 9249+ 0.76 Soyb.ean Mixture of chloroform and
E (B-carotene), | phospholipid, hydro- ethanol was used during the
+ B-carotene 100-200 . genated soybean TFH reparation process w%ich
86.16 £ 0.58 |phospholipid, choles- prep: P ¥
[105] L was then evaporated.
(vitamin E) terol
92.30 + 1.20
SLNs/Omega-3 (vitamin D3) Beeswax,
fatty acids (DHA) + 63.5 -32 86.30 + 1.40 lecithin, Nanoemulsion method -
vitamin D3 [106] . Tween 80
(omega-3 fatty
acids)

* Unless otherwise stated, the data refers to the size of the carrier with nutraceuticall/s.

DMPC - 1,2-Dimyristoyl-sn-glycero-3-phosphocholine, DC — Dual centrifugation, LF-DC — Lipid film method DC,
P-DC — Powder method DC, DPPC — 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, HEPES — 4-(2- hydroxyethyl)-1-
piperazineethanesulfonic acid, SOP — Soybean oleosome-associated protein, DPPH — 2,2-diphenyl-1-
picrylhydrazyl, GTS — glyceryl tristearate, MCT — medium-chain triglycerides, OVA — ovalbumin , HA — hyaluronic acid,
ICG - indocyanine green , PEG 400 — polyethylene glycol 400, GS — glyceryl stearate , HPO — hydrogenated palm
oil, GMS - glycerol monostearate , GDS — glycerol distearate, GT — glyceryl trioctanoate, TPGS — D-a-Tocopheryl
Polyethylene Glycol Succinate, QS — Quillaja Saponin.
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Future Perspectives

The rapid development of nanotechnology has resulted in
ever-improving carriers for nutraceutical delivery, and new
technologies are setting the stage for further research. A
promising strategy includes fabrication of responsive car-
riers. This technology was introduced to deliver the active
ingredient to a specific location at a specific time, increasing
uptake and avoiding impact on healthy tissues and cells.
Carriers that respond to exogenous stimuli (light, ultrasound,
magnetic field) or endogenous stimuli (redox, pH, ROS (reac-
tive oxygen species)) are being successfully developed [107].
The use of nutraceutical carriers for personalized nutrition is
another interesting research direction. Customization of the
carrier to individual patients is particularly attractive in terms of
metabolic diseases or treatment of nutritional deficiencies. A
variety of biomimetic strategies that, in terms of nutraceutical
delivery, may involve the use of carriers that mimic various
biological functions of cellular systems, such as the structure
of cell membranes, may significantly enhance treatment ef-
ficacy. Moreover, combining such strategies with devices that
enable real-time health monitoring takes into account changes
in a given patient's needs and can allow nutraceuticals to be
released at the right time, such as at a certain glucose level
[108]. Recently, attention is also being paid to the use of
naturally occurring ingredients in the production of carriers so
as to obtain systems that are biocompatible, biodegradable
and safe for use. Also of great potential are hybrid carriers
combining lipids with other materials (proteins, polysaccha-
rides), which offer possibilities for better biodistribution, in-
creased permeability, stability and controlled release, among
others [109]. For example, a nanoemulsion that replaces a
low molecular weight surfactant with an amphiphilic modified
polysaccharide reduces surfactant toxicity and significantly
increases the stability of the system. Appropriate selection of
the shell also makes it possible to increase the efficiency of
cellular uptake of such carriers [12]. A limitation associated
with bringing new carrier technologies to market is the lack
of clear regulation of nanocarriers for nutraceutical delivery.
Another problem is the cost of new technologies, in view of
which efforts should be made to make these systems cost-
effective and achievable. In addition, promising carriers should
be thoroughly investigated for efficacy and safety in human
use, as most data currently comes from in vitro studies.

Summary

With the ever-increasing health awareness, interest in a
variety of nutraceuticals continues to grow. They have a
high safety profile and provide nutritional value, in addi-
tion to a variety of activities, such as anti-inflammatory,
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antimicrobial, antioxidant, cardioprotective, anti-obesity
treating and/or preventing and curing diseases, improving
cognitive function, slowing aging, reducing side effects of
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water solubility, their oral absorption, bioavailability, and
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can have a variable molecular weight and an unpleasant
taste or odor. All these factors make their use in the food
and pharmaceutical industries limited, and the development
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Lipid-based carriers represent a promising strategy for
their encapsulation. As shown in specific examples, they
can, among other things, enhance efficient delivery of nu-
traceuticals, provide a protective function against external
factors, improve stability during storage, mask unpleasant
taste, and provide prolonged release. They enable high
encapsulation efficiencies and can be easily functionalized
for targeted delivery. In addition, the use of these types
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fects of nutraceuticals, consequently demonstrating better
performance than a free nutraceutical, such as enhancing
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one substance can also be encapsulated in these carri-
ers - this approach creates opportunities to study different
combinations of nutraceuticals for synergistic effects. As
reported, some combinations of nutraceuticals show better
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ment and reduce side effects. At the same time, when de-
veloping a new nanoformulation for nutraceutical delivery,
it is important to keep in mind the appropriate choice of
carrier type, preparation method or selection of appropriate
excipients. Importantly, the nanocarriers under develop-
ment are costly, and efforts should be made to make them
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