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Herein, we review the current state-of-the-art on the use of micro- and nano-delivery systems, a possible
solution to some of the drawbacks associated with the incorporation of resveratrol in foods. Specifically,
we present an overview of a wide range of micro-nanostructures, namely, lipidic and polymeric, used for
the delivery of resveratrol. Also, the gastrointestinal fate of resveratrol-loaded micro-nanostructures, as a
critical parameter for their use as functional food, is explored in terms of stability, bioaccessibility, and bio-
availability. Different micro-nanostructures are of interest for the development of functional foods given
that they can provide different advantages and properties to these foods and even be tailor-made to
address specific issues (e.g., controlled or targeted release). Therefore, we discuss a wide range of micro-
nanostructures, namely, lipidic and polymeric, used to deliver resveratrol and aimed at the development
of functional foods. It has been reported that the use of some production methodologies can be of
greater interest than others, for example, emulsification, solvent displacement and electrohydrodynamic
processing (EHDP) enable a greater increase in bioaccessibility. Additionally, the use of coatings facilitates
further improvements in bioaccessibility, which is likely due to the increased gastric stability of the coated
micro-nanostructures. Other properties, such as mucoadhesion, can also help improve bioaccessibility
due to the increase in gut retention time. Additionally, cytotoxicity (e.g., biocompatibility, antioxidant, and
anti-inflammatory) and possible sensorial impact of resveratrol-loaded micro- and nano-systems in foods
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1. Introduction

Over the last few years, the food industry has progressed from
a low-tech industry, resulting in an increase in new and more
innovative technologies and products.”” This modernization is
attributed to the changes in consumer behaviors and choices.
However, changes in dietary habits have been linked to an
increasing rate of chronic diseases, causing consumers and
the food industry to be more aware of the relationship between
dietary habits and health. Consequently, the demand for heal-
thier and more functional products has increased. Consumers
desire products that are natural, less processed and have

reduced amounts of fat, sugar, and salt. Furthermore,
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products that can provide health benefits by helping prevent
nutrition-related diseases have led to a pivot in the food
industry."*"°

This increased interest is evident based on the growth of
the global specialty food ingredient market. Specialty food
ingredients can help maintain the typical properties of a food
product (e.g., shelf life, texture, and color), while adding
additional health benefits through an improved nutritional
profile (e.g., micronutrients, bioactive compounds, and
reduced fat). They are used to develop functional foods, which
can be defined as foods that are demonstrated to improve
health by adding health benefits or decreasing disease risk."”

Two major objectives can be achieved with functional
foods, as follows: (i) improving physiological functions and (ii)
reducing the risk of chronic problems. Furthermore, they can
be categorized based on the mode and objective of fortification
with bioactive compounds (Fig. 1)."”

Several bioactive compounds and micronutrients can be
used in food fortification, such as minerals, vitamins, prebio-
tics, flavonoids, polyphenols, and carotenoids, depending on
the food matrix and the desired health benefit.”

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Categorization of functional foods.

Over the last few years, polyphenols have attracted increas-
ing interest due to their numerous bioactive and health-pro-
moting properties, such as antioxidant, antimicrobial, and
anti-inflammatory," and thus are considered excellent candi-
dates as bioactives in health-promoting and disease-preventing
functional foods.

One of the polyphenols that has gained attention in the last
few decades is resveratrol, (3,5,4-trihydroxy-stilbene), a natural
stilbene phytoalexin produced by plants as a defense mecha-
nism against external stimuli. Resveratrol can be found natu-
rally in two stereoisomeric forms, i.e., trans- and cis-, with the
trans isoform (Fig. 2) reported to display higher bioactivities."*

Interest in resveratrol dates back to the 1970s, but this
interest has increased exponentially since it was reported to be
one of the compounds that can explain the cardioprotective
effects of red wines, also known as the ‘French paradox’, in
1992.>'° This increase can be seen in Fig. 3, which shows the
Scopus data regarding publications on resveratrol in food to date.

However, similar to most polyphenols, resveratrol possesses
poor aqueous solubility and is chemically unstable and vulner-
able to chemical degradation in food products, hindering its
direct use as a functional food ingredient. Resveratrol degrades
when exposed to light (namely at 360 and 254 nm), oxygen,
low and high temperatures, and alkaline pH. This leads to its

OH
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Fig. 2 Chemical formula of trans-resveratrol.
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Fig. 3 Scopus data regarding resveratrol publications across time.
Resveratrol & food publication data across time was also plotted. Data
taken on 15th November 2022. Keywords used: resveratrol; resveratrol &
food.

isomerization and auto-oxidation from its more bioactive
trans- form to its cis-form."*"> Thus, resveratrol is a prime
candidate to be used in micro or nano delivery systems to over-
come its limitations as a bioactive agent in functional food
products.™**

In the last decade, researchers and the food industry have
increased their interest in micro- and nanotechnologies to
produce delivery systems for bioactive compounds to respond
to market demands and address some of the limitations of the
most interesting bioactive compounds. In this case, the use of
micro- and nano-delivery systems allows an increase in
surface/volume ratio, facilitating an increase in the solubility
and stability of bioactives, modifying their release, and most
importantly, increasing their bioaccessibility."> The selection
of the most appropriate delivery system is dependent on the
characteristics of the bioactive compound, the food matrix,
and the objective, among other variables. An array of different
delivery systems and techniques are available in the food
industry, each with its own benefits and drawbacks."'"'*
Currently, several materials (e.g., lipids, natural and synthetic
polymers) and techniques (e.g., spray-drying, ionic gelation,
electrohydrodynamic processing, and emulsification) are avail-
able for use in the food industry.">*

Different from other recent reviews focusing on multiple
bioactives of plant origin and specific techniques for their
delivery®* or use in different areas (e.g., pharmaceutical,*® bio-
medical,>* and cosmetics®®), this review highlights the diverse
delivery systems and techniques that can be used as oral deliv-
ery systems in food applications.

Special consideration is given to research involving the
assessment of the properties of bioactivities, such as their
digestibility, cell-based assays (e.g., cytotoxicity and in vitro
bioactivities), and incorporation in food products and their

organoleptic influence, which is lacking in other reviews.>® 2%
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The Scopus search engine was employed as a research tool
to search for original reports regarding the development of
resveratrol delivery systems, characterization of their physico-
chemical properties, in vitro digestion, cell-based assays (e.g.,
cytotoxicity and bioactivity), and food product incorporation
over the past five years (with exception of up to ten years for
less explored delivery systems). The search was performed
within the article title, abstract, and keywords, and the follow-
ing keywords were used: ‘resveratrol’ and ‘encapsulation’, and
from the obtained list, publications associated with food appli-
cations were selected.

2. Benefits and challenges associated
with resveratrol

Resveratrol is reported to have several impactful benefits in
human health, which have been assessed in in vitro and in vivo
studies.”""** These benefits include anticarcinogenic, anti-
inflammatory, antioxidant, antidiabetic, weight loss and
wound healing properties.?*® Several clinical trials have also
been completed or are underway regarding the use and effect
of resveratrol on several health conditions such as diabetes
and pre-diabetes, systemic inflammation, and obesity.*”°

Resveratrol can be found in a wide range of plants and
edible sources in varying amounts ranging from a few ng g™*
(e.g., ~32 ng g ' in blueberries) to a few pg ¢! (eg,
~24 pg g~ in grape skin) and a few mg L' in wines, namely
in red wines (e.g., up to 2 mg L' in white wine and 14 mg L™"
in red wine).>? As seen in Fig. 2, resveratrol has the molecular
formula of C;,H;,0;, corresponding to a molecular weight of
228.24 g mol™" and melting point of around 254 °C.*° 1t pre-
sents a pK, of 8.99 and logP of 3.4, indicating that it is a highly
hydrophobic compound, and thus has low water solubility
(around 0.03 mg mL™"). However, it is soluble in other polar
solvents such as ethanol (around 50 mg mL ") and dimethyl
sulfoxide (DMSO) (around 16 mg mL™"). Nevertheless, despite
its low water solubility, resveratrol displays high membrane
permeability due to its high lipophilicity.'*?

To date, despite its many potential health benefits, the use
of resveratrol in the food industry has been limited due to
some inherent challenges in using polyphenols and other bio-
active compounds, namely, their low aqueous solubility, ham-
pering their widespread use in the food industry.

Furthermore, despite the high oral absorption of resveratrol
(around 70%), it displays low bioavailability (reported to be
less than 1%) due to its fast and extensive metabolization in
the liver and intestine through glucuronic acid conjugation
and sulfation. After absorption, resveratrol is quickly metab-
olized in the liver, with a reported plasma half-life of 8 to
14 min, contributing to its low bioavailability.*"**

Currently, the daily intake of resveratrol is estimated to be
around 4 mg day ' and studies have shown that up to 5 g per
day in healthy humans is considered a safe daily intake,
whereas consumption of above 2.5 g per day can lead to some
adverse gastrointestinal symptoms.**
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Resveratrol can be consumed from natural sources and in
crystalline form™*'"**** (e.g., powders, capsules, and tablets),
either as a supplementf or incorporated in food products.}

Natural sources of resveratrol are associated with certain
challenges due to the variability in the content of resveratrol,
and also it is typically impractical to consume the quantities
needed to have a biological effect on human health, partially
due to the fact that resveratrol is usually located in parts of
fruits that may not be ordinarily consumed, such as the skins
and seeds, and partially due to its low bioavailability."*

The powdered crystalline forms of resveratrol used in sup-
plements can increase the daily intake of resveratrol but still
display some of the known challenges, namely, low solubility
and low bioavailability in the human gastrointestinal tract.
Additionally, its incorporation in food products can lead to
undesirable changes in organoleptic properties (e.g., appear-
ance and mouthfeel)."*

Given the ready availability of resveratrol supplements, in
the next section, we present an overview of the different strat-
egies to improve the aqueous dispersibility and/or solubility
and stability of resveratrol, protecting it from chemical degra-
dation during processing and storage in the food industry.
Also, examples of the effect of micro- and nano-delivery
systems on its oral bioavailability and bioactive properties are
discussed.

3. Food-grade micro- and nano-
delivery systems for resveratrol

Delivery systems can be produced using different techniques
to entrap one or several ingredients or compounds in a struc-
ture (e.g., capsules, particles, and fibers). The compounds to
be delivered are usually referred to as the active or bioactive
materials, while the material that forms the surrounding
matrix is referred to as the carrier or wall material.'**?
Additionally, particle diameter defines if the system is a micro-
(1-1000 pm) or nano-delivery system (<1000 nm).

At this scale, materials behave differently (physically,
chemically, and biologically) than materials at the macro scale,
which can improve the properties of materials and even enable
novel functionalities and applications. The reduced particle
size and high surface area-to-volume ratio allow for improve-
ments in bioavailability, solubility, stability, sensory pro-
perties, aggregation rates, transport properties through biologi-
cal barriers, reduced light scattering, etc. These properties can
be extremely beneficial when planning to use delivery systems
for bioactive compounds in foods.'**>*’

Over the last few years, research regarding delivery systems
for resveratrol has been increasing, but the focus has been
pharmaceutical applications. Alternatively, applications in the

T https://www.bulk.com/eu/resveratrol-powder-99-trans-resveratrol. html
1 https:/buckwheat.com.sg/products/bhp-buckwheat-lycopene-resveratrol-
cookies-100g.

This journal is © The Royal Society of Chemistry 2023


https://www.bulk.com/eu/resveratrol-powder-99-trans-resveratrol.html
https://www.bulk.com/eu/resveratrol-powder-99-trans-resveratrol.html
https://buckwheat.com.sg/products/bhp-buckwheat-lycopene-resveratrol-cookies-100g
https://buckwheat.com.sg/products/bhp-buckwheat-lycopene-resveratrol-cookies-100g
https://buckwheat.com.sg/products/bhp-buckwheat-lycopene-resveratrol-cookies-100g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo03065b

Open Access Article. Published on 10 November 2023. Downloaded on 11/6/2025 11:40:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

food industry need to address several other factors not con-
sidered in pharmaceutical applications, such as the need to
use food-grade materials that are generally recognized as safe
(GRAS) and both the encapsulation materials and technology
need to be approved by the governing agencies, such as the
European Food Safety Agency (EFSA) and the Food and
Drug Administration (FDA).'"'**> Additionally, the selected
materials and methods should be economically feasible to be
commercialized on a large scale. Also, the delivery system
should not negatively impact the sensorial and physico-
chemical properties of the final product (e.g., texture, flavor,
and appearance) and should maintain resveratrol in a metabo-
lically active form, capable of exerting its health-promoting
benefits when incorporated in a functional food.*****3

Several food-grade materials and techniques can be used to
develop delivery systems, depending on the compatibility of
the bioactive material with the selected food matrix, as well as
the end goal of the delivery system (e.g., gastric protection,
controlled release, and flavor masking).""'*** In this section,
we review the recent advances in the different production tech-
niques for food-grade micro- and nano-delivery systems suit-
able for the delivery of resveratrol (Table 1), including emulsifi-
cation, spray-drying, anti-solvent precipitation, thin-film
hydration, and electrohydrodynamic processing.’®*™>* Table 1
presents a literature review of food-grade micro- and nano-
delivery systems for resveratrol, focusing on works that
assessed the properties of in vitro release, in vitro digestion,
and/or cellular interactions (in vitro, ex vivo, and in vivo), which
is organized by the production method.

3.1 Lipid-based delivery systems

3.1.1 Emulsions. Emulsification involves the dispersion of
two immiscible liquids, where one of the two liquids, the dis-
persed phase, is dispersed in the form of small droplets in the
continuous phase. This process is typically thermodynamically
unstable, and thus emulsions eventually tend to breakdown
(e.g., Ostwald ripening, phase separation, and flocculation).>"**”
Thus, to improve the stability of emulsions, several stabilizers
are usually added to the mixture, such as emulsifiers and weight-
ing agents. Emulsions can be classified based on the liquids
used in the dispersed and continuous phases, i.e., water-in-oil
(W/0), oil-in-water (O/W) and even double or multiple emul-
sions, such as water-in-oil-in-water (W/O/W) and oil-in-water-in-
oil (O/W/O). They can be produced by high- (e.g., high-pressure
homogenization and sonication) or low-energy methods (e.g,
self-emulsification and phase inversion temperature).>*”>*

Emulsions can be produced with a wide range of droplet
sizes, ranging from the micro to the nano scale, with smaller
sizes typically presenting advantages, such as better stability to
avoid aggregation and better transparency properties.>*”>*

Recently, emulsions and nanoemulsions have been used to
develop delivery systems for resveratrol. Some examples are
presented in Table 1. Cheng et al.>® developed nanoemulsions
for the co-delivery of resveratrol and a-tocopherol through
high-speed homogenization, followed by high-pressure hom-
ogenization. The sunflower oil nanoemulsions were stabilized

This journal is © The Royal Society of Chemistry 2023
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with sodium caseinate in the absence or presence of gum
Arabic and pectin. The sodium caseinate nanoemulsions dis-
played a bi-modal droplet size distribution (~150 and 640 nm),
which was not affected by the addition of gum Arabic, but
increased with the addition of pectin (~300 and 860 nm,
respectively). In the study by Fang et al,*® the addition of
resveratrol to o-tocopherol improved its chemical stability,
both in storage and during in vitro digestion. The authors also
demonstrated that the addition of gum Arabic and low concen-
trations of pectin improved the bioaccessibility of both
a-tocopherol and resveratrol (up to ~40% and ~90%, respect-
ively), which is likely due to the increased protection conferred
during digestion, leading to more stable resveratrol being
available at the end of digestion.

Using a low-energy process, Mamadou et al.’>’ produced
micro-emulsions through self-emulsification processes using
liquid and semi-solid self-emulsification drug delivery systems
(SEDDS) composed of Miglyol® 812 and Montanox® 80 for the
liquid SEDDS. The nanoemulsions produced from the liquid
SEDDS displayed a droplet size of ~100 nm. The ex vivo per-
meability of these nanoemulsions was assayed using a Ussing
chamber model with the jejunum of rats. The permeability of
resveratrol tremendously improved using the nanoemulsions,
where an 8.5-fold increase was obtained for the liquid SEDDS
nanoemulsions compared to a resveratrol dispersion in an
ethanolic medium. There were no significant changes in trans-
epithelial conductance of the intestine (2 h of contact with the
nanoemulsions), indicating that the intestinal functional viabi-
lity was maintained.

To improve the gutretention time and permeability of
resveratrol, high-energy nanoemulsions produced using trica-
prylin were coated with waxy maize starch nanocrystals and
chitosan via the layer-by-layer methodology. The nanoemul-
sions displayed a Sauter mean diameter of ~500 nm for the
uncoated emulsions and ~575 to 650 nm for the coated emul-
sions. The coated emulsions showed a 24-fold improvement in
adhesion on porcine intestinal mucosa compared to resveratrol
powder, while also displaying a 14-fold increase in bio-
availability. The coated emulsions improved both the gut-
retention time and absorption of resveratrol, while maintain-
ing colloidal stability during storage for 60 days under acidic
conditions.”®

3.1.2 Liposomes. Liposomes can be defined as a continu-
ous bilayer structure composed mainly of lipids or phospholi-
pids molecules. They can be easily formed in an aqueous
environment by controlling the conditions such as tempera-
ture, pH, and ionic strength, given that changes in these con-
ditions cause lipids and phospholipids to assemble into
spherical bilayers.>>° In this process, the hydrophobic tails of
the lipids and phospholipids move to the center of the bilayer
membrane, while the hydrophilic heads face the external
aqueous environment. Liposomes with a smaller size (e.g,
nanoliposomes), as seen with nanoemulsions, display better
stability and good optical properties.>®° Therefore, some
studies have explored liposomes for the delivery of resveratrol
(Table 1).
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Huang et al.®" produced liposomes via thin-film hydration
from egg yolk phosphatidylcholine and Tween 80 to co-encap-
sulate resveratrol and curcumin. The diameter of the lipo-
somes was in the range of 75 to 90 nm, and increase in the
bioactive loading increased the size of the liposomes. The co-
encapsulated liposomes displayed better antioxidant and lipid
peroxidation inhibition properties and improved stability com-
pared to their individually loaded counterparts. An interesting
strategy was presented by Soo et al.®” using liposomes to co-
encapsulate pristine resveratrol and cyclodextrin-resveratrol
inclusion complexes. They were co-encapsulated in the lipo-
philic and hydrophilic areas of the liposomes, respectively,
using the thin film hydration method. The liposomes had a
mean size of ~130 nm, with a low polydispersity index (PDI =
0.089). The developed resveratrol-loaded liposomes exhibited
improved drug release (100%) over a 24 h period compared to
free resveratrol and conventional liposomal formulations
(~40-60%). Furthermore, the formulations were stable over
14-days storage (4 °C) and exhibited a dose-dependent cyto-
toxicity profile in HT-29 colon cancer cells.

In 2019, Peng et al® explored the use of pH-driven
methods combined with high-pressure homogenization to
produce polyphenol (curcumin, quercetin, and resveratrol)-
loaded liposomes. The results showed different encapsulation
efficiencies for each polyphenol, where the produced lipo-
somes could load curcumin with an encapsulation efficiency
of 100% and resveratrol at 93%, but quercetin at a much lower
efficiency (54%). These differences were explained by the stabi-
lity of the bioactives under alkaline conditions. Thus, the
above-mentioned studies show that using pH-driven methods
to encapsulate lipophilic polyphenols is dependent on the
impact of pH on the stability and solubility of the bioactives.

Recently, Baek et al®® developed nanoliposomes with
resveratrol, which enabled a delayed in vitro release profile,
resulting in an increase in the in vitro cellular transport,
in vitro cellular antioxidant activity, and ex vivo intestinal per-
meability of resveratrol.

3.1.3 Solid lipid nanoparticles.
between solid lipid nanoparticles (SLN) and O/W nanoemul-
sions is the presence of a solid lipid core in the former in a
crystalline state, which is typically composed of high-melting
lipids. Methods such as high-pressure homogenization, ultra-
sonication, and phase inversion can be used to produce SLNs.
Typically, the process involves a two-step procedure, where
firstly the lipidic and aqueous phases are homogenized at a
temperature above the melting point of the lipidic phase, pro-
ducing O/W emulsions, and then cooling is conducted at
temperatures below the crystallization point of the lipidic
phase, which will lead to recrystallization and the formation of
SLNs.>*” SLNs have some advantages due to their solid core
such as increased protection (e.g., from oxidation) and con-
trolled release.>*” Recently, they have attracted interest for the
delivery of lipophilic bioactive compounds, such as resveratrol.
Some examples are presented in Table 1. Mohseni et al®®
developed resveratrol-loaded SLNs for therapeutic treatment
associated with type 2 diabetes via sonication. SLNs were pro-

The main difference

This journal is © The Royal Society of Chemistry 2023
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duced from hydrogenated soybean lecithin, hydrogenated
palm oil and sorbitol through the solvent injection method.
The produced SLNs had a mean size of ~250 nm with a resver-
atrol encapsulation efficiency of ~80%. The oral adminis-
tration of the resveratrol-loaded SLNs prevented weight loss
and displayed better hypoglycemic effects than free resveratrol
in male Wistar rats.

Qin et al.®® used the emulsification and low-temperature
solidification method to produce SLNs from stearic acid,
lecithin and Myrj52, and obtained a mean diameter of
~150 nm (for resveratrol-loaded SLNs) and ~80 nm for blank
SLNs. The authors performed in vivo assays in mice to deter-
mine the effect of encapsulated resveratrol on physical fatigue.
The results showed that the resveratrol-loaded SLNs prolonged
the exhaustion time and running distance in the mice.
Biochemical blood analysis showed that fatigue markers were
also reduced (~25% for aspartate aminotransferase and ~40%
for alanine aminotransferase) in the resveratrol-loaded SLNs,
showing the great potential of using encapsulated resveratrol
for this purpose. Another great application of resveratrol can
be cancer treatment. Kumar et al.®” developed SLNs to target
colon cancer cells. The SLNs were composed of stearic acid
and Poloxamer-127, encapsulating resveratrol and ferulic acid.
After preparation through the solvent evaporation method and
hot homogenization method (homogenization via sonication),
the SLNs were coated with chitosan and folic acid was conju-
gated. The uncoated SLNs displayed a lower mean size
(~150 nm) than the coated ones (~170 nm). Over a 48 h
period, the coated SLNs released ~42% and ~45% of their
resveratrol and ferulic acid content, respectively. The authors
reported that in vitro anti-cancer studies using HT-29 showed
that the chitosan-coated SLNs effectively targeted and
increased cytotoxicity in cancer cells.

3.1.4 Nanostructured lipid carriers. Nanostructured lipid
carriers (NLCs) differ from SLNs in their core crystalline struc-
ture. SLNs have a perfect crystalline structure, whereas NLCs
have an amorphous solid structure or an imperfect crystalline
structure. This is due to the fact that NLCs are composed of a
combination of solid and liquid lipids (at room or use temp-
erature). Similar to SLNs, NLCs are also derived from O/W
emulsions, which can be produced via hot/cold homogeniz-
ation, solvent emulsification-evaporation and solvent
displacement.>'”*” Also similar to SLNS, due to their solid
core, NLCs have advantages for use as delivery systems of lipo-
philic compounds such as increased stability against degra-
dation and high encapsulation efficiencies.>"”*’

Babazadeh et al.°® developed resveratrol-loaded NLCs to
develop functional foods using high-speed homogenization
and ultrasonication. Different NLC formulations composed of
lauric acid, stearic acid or cocoa butter as the solid lipids, and
glycerol, Miglyol 812, corn oil or oleic acid as the liquid lipids,
and Poloxamer 407, Tween 80 or Tween 20 as surfactants, were
prepared via the hot homogenization method. The mean size
of the NLCs varied from ~40 to ~120 nm. The optimal formu-
lation yielded an encapsulation efficiency of ~99%, which was
stable against resveratrol leakage during 45-day storage at 5 °C.
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Using similar surfactants, Shimojo et al.®® produced NLCs
through high shear homogenization. The NLCs were com-
posed of Compritol 888 ATO, Miglyol 812 in the lipid phase
and Poloxamer 188 and Tween 80 in the aqueous phase. The
mean size of the tested formulations ranged from ~100 to
~260 nm for the unloaded NLCs and ~125 to ~190 nm for the
resveratrol-loaded NLCs. The optimum formulation was
reported to have a mean diameter of ~135 nm and PDI of
~0.4. The NLCs were produced with high encapsulation
efficiencies (~93%) and production yield (~65%).

Recently, Houacine at al.”® analyzed the effects of liquid
lipids in the development of NLCs for the oral delivery of
resveratrol. A hot melt homogenization process was used at
high-speeds and several liquid lipids were assessed (Miglyol
808, Triolein, Capryol 90, Lauroglycol 90, decyl oleate and
Labrasol). Trimyristin was used as the solid lipid, and the
aqueous phase was composed of Tween 80 and sodium cholate.
The more lipophilic liquid lipids (Triolein and decyl oleate)
yielded NLCs with a smaller particle size, and increasing their
concentration led to an increase in particle size. The drug
loading capacity was dependent on the solubility of resveratrol
in the liquid lipid. Tunable NLCs were produced with a mean
particle diameter of less than 100 nm, low PDI (<0.3), high
encapsulation efficiencies (91-99%) and a loading in the range
of 2% to 7%. Additionally, it was reported that the selection of
the liquid lipid influenced the storage stability (at 4 °C and
25 °C) of the resveratrol-loaded NLCs. Regarding resveratrol
retention, all the NLCs stored at 4 °C remained stable after one
month, while at 25 °C, only the Triolein NLCs remained stable.

Lipid-based systems seem to be a good strategy for the
development of delivery systems for resveratrol with interesting
results related to size, PDI, and stability. The most common
applications of the proposed systems are liquid foods, while
they can also be used in dried foods; however, in some cases,
an additional drying step may be needed.

3.2 Polymeric-based delivery systems

3.2.1 Particles. Presently, polymeric particles are some of
the micro- and nanostructures most frequently used by the
food industry. Several polymers and production techniques
can be used to develop polymeric micro- and nanoparticles
with a wide range of functions and applications.”* One of the
common strategies in the food industry is spray drying. Koga
et al.”? used spray drying to develop whey protein concentrate
(WPC) or sodium caseinate (SC) microparticles. The micropar-
ticles had a size in the range of 1 to 20 pm, with an encapsula-
tion efficiency between ~70% and ~80%. After exposure to
UVA light, the SC microparticles had a higher trans : cis resvera-
trol ratio (0.63) than the WPC microcapsules (0.43) and free
resveratrol (0.49). The use of resveratrol in both the SC and
WPC microparticles increased the digestive stability and bioac-
cessibility compared to free resveratrol (47% and 23%, respect-
ively). Between the two, the SC microparticles displayed better
digestive stability and bioaccessibility (86% and 81% com-
pared to 71% and 68% for the WPC microparticles, respect-
ively). Also using spray drying, Brotons-Canto et al.”® developed
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resveratrol-loaded zein-lysine nanoparticles through desolva-
tion and spray drying and assessed their oral bioavailability in
a human clinical trial. The developed nanoparticles had a
mean size of 331 nm with an encapsulation efficiency of 87%
and a resveratrol loading of 57 pg resveratrol per mg of formu-
lation. The subjects of the clinical trial received 4.8 g of the
developed formulation, equivalent to a dosage of 250 mg of
resveratrol, in 100 mL of drinking water. The formulation was
well tolerated by the participants in the clinical trial and quan-
tifiable plasma levels of resveratrol and its metabolites were
determined (maximum plasma concentration of 21.80 and
986.29 ng mL ", respectively), indicating that resveratrol or its
metabolites were absorbed in the blood stream. These values
were higher than that reported in the literature for conventional
resveratrol formulations (free compound), displaying the poten-
tial benefits of using delivery systems. The antisolvent precipi-
tation method was used by Fan et al.”* to produce nanoparticles
composed of zein and bovine serum albumin (BSA) and zein and
BSA-caffeic acid (CA) conjugates. The particle size of the zein-BSA
and zein-BSA-CA nanoparticles was ~206 and ~217 nm, with
encapsulation efficiencies of ~85% and ~86%, respectively. The
thermal- and photostability of resveratrol improved when it was
encapsulated, namely, when encapsulated in the zein-BSA-CA
nanoparticles. The bioaccessibility of free resveratrol after in vitro
digestion was reported to be ~44% and increased to ~63% after
its incorporation in zein-BSA nanoparticles and ~73% in zein-
BSA-CA nanoparticles. In addition, both the zein-BSA and zein-
BSA-CA nanoparticles displayed higher cellular antioxidant
activity values than that of free resveratrol.

In 2019, Huang et al”® produced zein-pectin core-shell
nanoparticles for the delivery of resveratrol through the combi-
nation of the antisolvent precipitation and electrostatic depo-
sition methods. The nanoparticles were stable against aggrega-
tion over a wide pH range (2-7) and to thermal processing
(80 °C for 1 h, pH 4), but degraded when exposed to high ionic
strengths (>50 mmol L™' NaCl, pH 4). The solubility of the
nanoencapsulated resveratrol was higher in simulated gastric
fluids than that of free resveratrol. The amount of resveratrol
released at the end of the gastric phase was higher for the
zein-pectin nanoparticle system (37%) than for the zein and
free resveratrol (13.1%). The encapsulated resveratrol displayed
higher levels of intracellular antioxidant activity compared to
free resveratrol. Using a similar strategy, Chung et al.”® pro-
duced resveratrol-loaded chitosan/y-poly(glutamic acid)
(y-PGA) nanoparticles via the ionic gelation method at
different concentrations. Two optimum formulations (maxi-
mized UV stability and resveratrol solubility) were designed,
i.e.,, one with a particle size of ~90 nm and encapsulation
efficiency of 33% and other with a particle size of ~260 nm
and encapsulation efficiency of 37%. The cellular antioxidant
activity values of the resveratrol delivery system were higher
than that of the free resveratrol, with the formulation with a
smaller particle size (i.e., 90 nm) displaying higher cellular
antioxidant activity.

3.2.2 Fibres. Fiber-like structures can have multiple uses in
the food industry.””””® One of the emerging methods to

This journal is © The Royal Society of Chemistry 2023
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produce fibers is electrohydrodynamic processing (EHDP).
EHDP enables high encapsulation efficiency at room or under
ambient working conditions at a low cost and in a facile
manner.”* ! EHDP allows the production of versatile micro
and nanostructures with a high surface-area-to-volume ratio
and narrow size distribution simply by fine tuning its proces-
sing parameters, and thus has recently been explored in the
food research area.”® 5!

The high interest in this technology has prompted research-
ers to explore its use for the delivery of resveratrol, given that it
is possible to obtain dried and encapsulated materials without
heating. In 2020, Seethu et al.®* developed whey protein isolate
(WPD)-pullulan nanofibers (50:50 ratio) at different concen-
trations (15%, 18% and 21% total solids (TS)). The produced
fibers displayed a mean fiber diameter in the range of ~60 to
~200 nm and encapsulation efficiency of ~75% to ~95%.
Uniform bead-free fibers were optimized under the electro-
spinning conditions of 18% TS, 18 kV applied voltage and
0.6 mL h™" flow rate. The antioxidant properties of resveratrol
were maintained. The release of resveratrol under simulated
gastric (pH 1.2 for 2 h) and intestinal (pH 7.4 for 6 h) con-
ditions was delayed when encapsulated in the nanofibers
(~30%, ~40%, ~73% and ~80% for 2, 4, 6 and 8 h, respect-
ively) versus free resveratrol (~50%, ~80%, ~96% and ~99%,
for 2, 4, 6, and 8 h respectively). This enabled a more con-
trolled and prolonged release, which is typically favorable for
increasing the bioavailability of resveratrol in the gastrointesti-
nal tract. Similar behavior was observed by Leena et al.® in
electrospun zein nanofibers produced at different concen-
trations (2%, 5% and 10%). The produced fibers had a ribbon-
like morphology with a mean fiber diameter in the range of
~400 to ~500 nm and high encapsulation efficiency (~80% to
~95%). Furthermore, between ~65% to ~80% of the anti-
oxidant capacity of resveratrol was maintained, indicating the
effectiveness of the electrospinning process in maintaining the
antioxidant properties of resveratrol. The in vitro release study
indicated that the incorporation of resveratrol in the zein
matrix resulted in its low release under gastric conditions
(~33% release) and quick release under intestinal conditions
(up to ~55% in less than 0.3 h), followed by its controlled and
sustained release up to 8 h. The bioaccessibility of free resvera-
trol’s was ~48%, while that of the resveratrol-loaded fibers
improved to ~70%, a 1.4-fold increase.

Aiming to control the release of resveratrol in the gastro-
intestinal tract (GIT), Rostami et al.®! developed resveratrol-
loaded chitosan : gellan nanofibers at two different ratios (95: 5
and 90:10). The fiber diameter varied in the range of ~160 to
~290 nm for 95:5 and 90: 10 ratios. Resveratrol-loaded chito-
san fibers were also prepared, with a diameter of ~170 nm. The
authors showed that the addition of gellan gum helped improve
the controlled release of resveratrol from the nanofibers under
gastro-simulated conditions, given that it reduced the amount
of resveratrol released from ~65% (for the chitosan fibers) to
~50% (for the chitosan:gellan nanofibers). At neutral pH
(intestinal conditions), the release between the chitosan and
the chitosan:gellan fibers was similar. The in vitro cell cyto-
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toxicity of the chitosan : gellan nanofibers was assessed and the
produced fibers displayed high biocompatibility.

3.3 Other resveratrol delivery systems

In addition to the aforementioned systems, others can be used
to encapsulate resveratrol. Recently, research has been con-
ducted regarding the use of systems such as edible films,
inclusion complexes, niosomes, proniosomes, micelles, gels,
and ternary complexes.

Edible films can be defined as a thin layer of edible
material that can be formed into a film that can be used as
food wrap, contact material, or in other applications such as
buccal films for the delivery of nutraceutical compounds. They
can be used to increase the shelf life of food products or
promote a health effect if a bioactive compound is added.®>®*

Ansari et al.®® developed mucoadhesive buccal films loaded
with resveratrol through the solvent casting technique using
hydroxypropyl cellulose (HPC) and ethyl cellulose (EC). The
film thickness varied in the range of 0.10 to 0.12 mm and dis-
played an encapsulation efficiency of ~93% to ~99%. All the
films displayed muco-adhesion and increasing the concen-
tration of HPC led to the formation of films with better
mucoadhesive properties. The release of resveratrol was found
to be in the range of ~33% to ~55%. The films with higher
amounts of HPC displayed a higher release of resveratrol, while
higher amounts of EC led to the release of less resveratrol.

A popular material to produce inclusion complexes is cyclo-
dextrins due to the simple and facile incorporation of bioac-
tives in their cavities. Escobar-Avello et al.®® developed a hydro-
xypropyl p-cyclodextrin (HP-B-CD) inclusion complex via spray
drying using a grape cane pilot-plant extract (GCPPE). The
spray drying process had a yield of 83.8%, which was more
than double that of the process yield for GCPPE alone (38.4%).
The phenolic profile of the developed system was analyzed via
LC-ESI-LTQ-Orbitrap-MS and displayed an encapsulation
efficiency of 32.7% for resveratrol. The developed inclusion
complex resulted in a size (d50, equivalent volume diameters
at 50% cumulative volume) of 10.9 pm. The authors analyzed
the antioxidant activity of the inclusion complex and deter-
mined it was 5300 pumol Trolox equivalents (TE) per g dry
weight, which is comparable to that of a previously conducted
study on non-encapsulated GCPFE (4612 pmol TE per g dry
weight). The data showed that the inclusion complex main-
tained the antioxidant capacity of GCPFE, and it may improve
its stability, solubility, and bioavailability.

Niosomes are delivery systems that possess a bilayer struc-
ture and are formed by the self-association of non-ionic surfac-
tants and cholesterol in an aqueous phase. They are bio-
degradable, biocompatible, and nonimmunogenic.
Proniosomes are enhanced versions of niosomes given that
they are in the dried state, making them easier to store, trans-
port and dose, and upon hydration they form the
niosomes.’®*! Pando et al.°> developed niosomes for the deliv-
ery of resveratrol using a thin film hydration method followed
by agitation and sonication. Niosomes were prepared from a
mixture of surfactants (Span 60, Labrasol or Maisine 35-1) and
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dodecanoyls, and their mean diameter was in the range of
~160 to ~220 nm for Span 60 niosomes, ~300 to ~700 nm for
Labrasol, and ~160 to ~400 nm for Maisine 35-1. The encapsu-
lation efficiency was also dependent on the surfactant, with
that of the Span 60 niosomes ranging from ~16% to ~72%,
Labrasol niosomes from ~16% to ~64% and Maisine 35-1 nio-
somes from ~25% to ~58%. The niosomes displayed good
stability, in particular the Span 60-based niosomes.

Recently, Schlich et al.®® also used the thin film hydration
method, combined with sonication to develop niosomes. The
solvent was removed under vacuum to produce proniosomes.
Tween 20, Span 60, and cholesterol were used to produce the
niosomes and lactose and maltodextrin were used to trans-
form the niosomes into proniosomes through the slurry
method. The produced proniosomes had a mean diameter of
~190 to ~280 nm, with a low PDI (<0.3), and a high EE (~75%
to ~85%). The authors evaluated the release of resveratrol
from the proniosomes under simulated gastrointestinal con-
ditions and reported that after 2 h of gastric digestion, ~25%
to ~50% of resveratrol was released from the different pronio-
some formulations. In simulated intestinal digestion, up to
~70% of resveratrol was released for some of the proniosome
formulations after 8 h, and a burst effect was reported during
the first hour of intestinal digestion. The cytotoxicity effect of
the developed proniosomes was assessed in Caco-2 cells and
up to a concentration of 73 pmol L™ of resveratrol for all the
proniosome formulations was deemed safe to use, while only
some of the formulations were safe to use at a loading of
146 pmol L™" of resveratrol.

Currently, some of the researched nanocarriers have some
limitations that can possibly be overcome through hybridiz-
ation techniques, given that they enable the development of
novel delivery systems by combining functionalities of
different nano delivery systems into a single system.”*

Nanomicelles are self-assembling colloidal structures made
of amphiphilic monomers, which are composed of two parts,
i.e., a small hydrophobic head and a long hydrophilic tail. The
hydrophobic core enables the compatibility of hydrophobic
nutraceuticals, while the hydrophilic tail helps prevent degra-
dation and enhances the solubility of molecules.”® In 2020,
Jangid et al.®® developed pH-responsive nanomicelles com-
posed of stearic acid, Pluronic F68 and inulin. The developed
resveratrol-loaded nanomicelles displayed a mean size of
~170 nm, with a low PDI (~0.24) and encapsulation efficiency
of above 90% and 55% for resveratrol concentrations of 10%
and 20% (w/w), respectively. Stability tests demonstrated the
superior stability of resveratrol when loaded in the nanomi-
celles, given that the resveratrol content after 48 h storage at
room and refrigerated temperatures was higher than ~98%
compared to ~20% for a resveratrol solution. The resveratrol-
loaded micelles displayed a release of ~35% in an acidic
environment (pH 1.2), which was much lower than the ~95%
obtained for a resveratrol solution or ~65% for resveratrol-
loaded nanomicelles developed without inulin. At a pH of 6.8,
the resveratrol-loaded nanomicelles displayed controlled and
sustained release. The blank nanomicelles displayed high bio-
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compatibility in HCT 116 human colon cancer cell lines, while
the resveratrol-loaded nanomicelles exhibited dose and time-
dependent cytotoxicity. Resveratrol-loaded nanomicelles were
also reported to have higher values of cellular uptake and
improved oral bioavailability in in vivo studies when compared
to a resveratrol solution.

Some macrostructures, such as gels, have also been used as
delivery systems for several bioactive compounds. Emulsion
gels are produced from a stable liquid-like emulsion through
the gelling of the aqueous phase. This process improves the
emulsion properties such as stability against coalescence and
phase separation. These emulsion gels can be used as fat sub-
stitutes in healthier functional foods or to develop products
with novel textures.”””°® Yan et al.°® produced resveratrol and
curcumin-loaded emulsion gels from Pickering emulsions via
high-speed homogenization using zein and sodium alginate as
gelling agents and transglutaminase and calcium ions as the
crosslinking agents. The double-crosslinked gels presented the
highest photostability, while the fastest resveratrol degradation
occurred in the absence of crosslinking. The highest bioacces-
sibility was determined for the double-crosslinked gels
(~70%), while the lowest bioaccessibility was observed for the
Pickering emulsions in the absence of crosslinking (~40%).
Alternatively, single crosslinking resulted in an intermediate
bioaccessibility (~55% for transglutaminase crosslinking and
~60% for calcium crosslinking). This likely due to the
increased protection provided by crosslinking and incorpor-
ation in the emulsion gel. The higher the protection during
gastrointestinal digestion, the higher the amount of stable and
active resveratrol will be bioaccessible at the end of the diges-
tion. 3D printed gels can also be used, as shown recently by
Kavimughil et al.,”® where they developed an MCT oleogel for
the co-delivery of curcumin and resveratrol. Resveratrol loaded
on the 3D printed gel was protected during oral and gastric
digestion, and released in the intestinal phase, with a 1.2-fold
increase in bioaccessibility compared to free resveratrol. Ex
vivo assays showed that the liposome loaded-resveratrol could
permeate 1.13-fold better than free resveratrol in oil.

A recent trend in the food industry is the use of food by-pro-
ducts to improve the stability and bioaccessibility of nutraceu-
tical compounds. This strategy was explored by Rai et al.,'*®
where they developed a novel system in which they infused
resveratrol in micron-scale grape skin powder (GSP) produced
through the vacuum-assisted infusion of GSP. It improved
photostability of infused resveratrol in GSP when exposed to
UV-A light. Specifically, ~45% of resveratrol was released from
the infused GSP during gastric digestion and the total release
in the intestinal phase reached ~70% and ~90% (using low
and high bile salt concentration, respectively).

4. Food applications

Food fortification can be defined as the practice of increasing
the content of essential micronutrients or other bioactive com-
pounds in a food product. However, the incorporation of bioac-
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tives, such as resveratrol, can lead to undesirable conse-
quences regarding changes in the sensory properties of func-
tional food products, namely, their appearance and mouthfeel.

Functional foods have only recently entered the shelves of
supermarkets, which can lead to skepticism and reluctancy to
adopt by consumers. It is also relevant that in many cases,
functional foods do not have an immediate impact given that
most are designed to mitigate specific health risks, which can
result in the belief that products do not act as they are mar-
keted, causing consumers to distrust the efficacy of functional
foods, a phenomenon typically food
neophobia.’®>'*> Food neophobia can be described as the
reluctance of consumers to eat and/or their avoidance of novel
foods.'®>'% This can cause novel functional food products to
be lower rated or have less interest simply due to consumer
suspicion or unfamiliarity.

Familiarity has been previously linked with consumer pre-
ference, namely, regarding food preference, with more familiar
foods or attributes rated higher in acceptance and less familiar
products or attributes rated lower. Some of the parameters that
can be affected by this are color, texture, aroma, flavor, and
even the consumer willingness to buy products with differ-
ences to what they expect.'®*'? Therefore, reducing organo-
leptic changes when adding functional compounds to food
products is paramount.

The use of delivery systems can help reduce these altera-
tions; nevertheless, careful analysis of the sensory changes in
the developed functional food products needs to be
conducted.>*” Sensory analysis is one of the key elements in
the development of a novel or modified food product and is
essential for the development of functional foods to ensure
that the incorporation of micro-nano delivery systems does not
have a detrimental effect on sensory attributes such as aroma,
flavor, mouthfeel, texture and overall consumer.*'"* There is a
lack of information in the literature on how resveratrol can
affect the development and acceptance of functional foods,
namely, food products that involve encapsulation technology,
and whether it can help reduce the effects on the sensory
profile of a product compared to the direct addition of resvera-
trol to a food product.

Only a few studies explored the use of resveratrol delivery
systems in food products. Recently, Silva et al''* explored
resveratrol-loaded y-cyclodextrin for the development of func-
tional lemon juices. A y-cyclodextrin aqueous solution was
homogenized with an ethanolic solution of resveratrol and
snap-frozen in liquid nitrogen and freeze-dried. Then, the
resulting product was rehydrated for 24 h in a water-saturated
chamber. Lemon juices were supplemented with 25 mg of
pure resveratrol or the equivalent quantity of resveratrol-loaded
y-cyclodextrin and their stability (resveratrol amount and anti-
oxidant activity) was assessed over a 28-day period. Color
differences were noted between the resveratrol-enriched juices
and plain lemon juice. The quantity of resveratrol was revealed
to be much higher, even immediately after formulation, in the
inclusion complexes, indicating their ability to improve the
dissolution of resveratrol. Over time, the amount of resveratrol

known as
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in the inclusion complexes decreased from 43% to 20% at day
0 and day 28 of storage, respectively, which suggests some dis-
integration/degradation of the inclusion complex over time.
Regarding antioxidant activity, no differences were observed
between the fortified juices and the plain lemon juice. These
results suggest that the antioxidant capacity of resveratrol was
masked by the high antioxidant capacity of the plain juice due
to the presence of other antioxidant compounds such as
ascorbic acid and citric acid and other phenolic compounds.

Seethu et al® developed resveratrol-loaded whey protein
isolate and pullulan nanofibers using EHDP and incorporated
them into milk. The resveratrol-fortified milk exhibited no sig-
nificant changes in its physiochemical and sensorial para-
meters. The physiochemical parameters such as pH, titratable
acidity and milk viscosity were similar, given that no signifi-
cant differences were found between the two samples.
Regarding sensorial parameters, the color and appearance,
consistency, flavor, and overall acceptability using a 9-point
hedonic scale ratings were slightly higher for color and appear-
ance and consistency and slightly lower for flavor and overall
acceptability when comparing the resveratrol-enriched milk
with the control formulation. Similarly, Pando et al.®* devel-
oped resveratrol-loaded niosomes and incorporated them in
yoghurt. They studied their influence on the textural properties
of the yoghurt and concluded that the addition of resveratrol-
loaded niosomes did not cause changes in its textural pro-
perties. Shruthi et al.'*® produced resveratrol-loaded pronio-
somes and tested them in milk and yoghurt. The incorporation
of resveratrol-loaded niosomes in milk and yoghurt did not
affect the organoleptic qualities of the products.

Koga et al.''® developed resveratrol-loaded sodium casei-
nate microcapsules through spray drying and evaluated their
consumer acceptance when incorporated in snack bars and
gummies. The use of 10 mg of resveratrol-loaded micro-
capsules in the snack bars did not significantly influence con-
sumer acceptance compared to the control samples. However,
when the resveratrol-loaded microcapsules were incorporated
in the gummies, the consumer acceptance decreased. Also
aimed at its use in snacks, Ahmad & Gani''” loaded resveratrol
in different starches (horse-chestnut, water-chestnut, and
lotus-stem) through ultrasonication and freeze-drying. The
resveratrol-loaded starch nanoparticles were incorporated
in wheat flour snacks, which were equally accepted by
the sensory panel compared with the control, indicating
that the addition of either free or loaded resveratrol at very
low amounts did not affect the sensory properties of the
snack.

In summary, sensory analysis conducted on foods fortified
with resveratrol delivery systems indicated that their addition
to food products slightly impacted their organoleptic pro-
perties. Nonetheless, only a few studies have added resveratrol
delivery systems to food products, and thus more information
on its use in the development of functional foods is still
needed.

As the market for these products continues to grow, this is
critical information for the development and consumption of
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functional food ingredients due to the potential negative
impact of their addition to food products on the organoleptic
properties.

5. Invitro models to assess safety
and efficacy

Understanding the performance of colloidal systems in the
human body is essential for the development of new formu-
lations for oral delivery given that their behavior (changes and
interactions under physiological conditions) determines their
efficacy and safety.

To date, different in vitro models are available in the litera-
ture to assess both bioaccessibility, which is the fraction of
bioactive that reaches the intestine and is ready for absorption,
and intestinal permeability, which is the fraction of bioactive
that crosses the intestinal epithelium."*

Human digestion can be simulated in vitro following
simple static digestion methods or using more complex
dynamic models. However, static methods have limitations,
given that they cannot mimic the complex dynamics of the
digestion process, such as the constant pH in the gastric
phase, the lack of gradual addition of gastric secretions, and
the absence of gastric emptying. Moreover, the enzymatic
activity is not adjusted to the type or amount of food. The
intestinal phase is taken as a whole, not considering the
sequential duodenal, jejunal, and ileal phases, which exhibit
different conditions. More complex dynamic models are also
available, such as the Dynamic Gastric Model (DGM) devel-
oped by the UK Institute of Food Research, TNO-Intestinal
Models (TIMs) developed by the Netherlands Organization for
Applied Scientific Research, DIDGI built at INRA and the
Human Gastric Simulator (HGGS) conceived by the University
of California-Davis.'*® However, these models are expensive,
labor intensive and time consuming. Recently, a semi-dynamic
model built on a previously described standardized static
protocol?*'?! was published, including gradual acidification,
enzyme addition and gastric emptying, in the gastric phase,
while the intestinal phase remains static.'>> The latter rep-
resents an intermediate approach regarding complexity and
physiological relevance.

For the evaluation of intestinal permeability, in vitro mono-
or co-cultures of intestinal human cell lines grown on semi-
permeable membranes are widely used to mimic the gut epi-
thelium and evaluate the intestinal absorption of test com-
pounds.'*® These models not only contribute to reducing the
use of animal models, but also minimize interspecies varia-
bility given that human cell lines are used.'** However, they
overlook important aspects of gut physiology, such as continu-
ous flow in the lumen, peristaltic movements (mechanical
stimulus), and co-cultures with microbiota. Microfluidic-based
technology plays an important role in in vitro methodologies/
models (organ-on-a-chip) for food and drug development. The
possibility to use miniaturized tools to mimic the digestive
system represents an advantage for scarce and expensive mole-
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cules, such as bioactives and nanoparticles, also allowing high
throughput.

Several authors have studied the stability of resveratrol,
both free and loaded in different delivery systems, under the
digestive conditions, where static in vitro digestion methods
are the most common approach (Table 1). However, despite
their simplicity, different protocols are reported in the litera-
ture, where some have slight differences, but these differences
are enough to hamper the comparison of results across labora-
tories. The most frequent differences among methods are the
enzymes used, their origin and concentration, pH, digestion
time in each phase, and how digestion is stopped and the
micellar phase recovered. The enzymes used are often referred
to in mass or molar concentration instead of enzymatic activity
(U mg™), which is critical given that the concentration does
not reflect the activity of a specific enzyme, where it varies over
the storage time or between lots.”>?>'2° The quantification of
bioaccessibility also differs, given that different authors use
different conditions to recover the micellar phase, namely,
regarding the centrifugation protocol (e.g., speed, time, and
number of centrifugations).’®”> Small differences over the
different stages of digestion protocols can add up and lead to
bigger differences in the reported bioaccessibility of com-
pounds, and thus the protocol for digestion and bioaccessibil-
ity should be carefully considered and standardized.'*" Great
effort has been devoted to the standardization of static diges-
tion models, allowing the comparison of inter-laboratory
results."”” Dynamic in vitro models have been identified as
physiologically more relevant to evaluate the bioaccessibility
and antioxidant activity of food polyphenols.'?®

Few studies have evaluated the behavior of formulations
during the complete physiological process. Table 1 demon-
strates that very few authors have reported in vitro digestion,
followed by cellular interactions in the same study, where the
studies reported by Huang et al.”® and Xu et al.** are the only
examples included in Table 1.

Reports are often limited to specific topics, such as physico-
chemical characterization and bioaccessibility or cytotoxicity
and/or other cellular responses, such as oxidative stress,
inflammation, cellular uptake, and transmembrane transport.
Critically, intestinal permeability or cellular responses are
often determined directly using freshly formulated systems.
However, it will be more realistic to test them after their
in vitro digestion for a better in vivo approximation. This evalu-
ation is crucial to understand whether the tested nanomaterial
or its cargo reaches the intestine. The main challenge to com-
pletely mimic the GIT is usually related to the cytotoxicity of
the simulant fluids."*® Huang et al.”® tested digested samples
after dilution (256 times) in hepatocarcinoma cells (HepG2),
demonstrating the cell viability (MTT assay) and improved
intracellular reactive oxygen species scavenging activity
(H,DCF-DA assay) of resveratrol-loaded zein-pectin core/shell
nanoparticles compared to free resveratrol. Fan et al.”* studied
resveratrol loaded in zein-bovine serum albumin-caffeic acid
nanoparticles, evaluating the bioaccessibility of resveratrol
after in vitro digestion. The authors also evaluated their cellu-
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lar antioxidant activity in human colon carcinoma cells (Caco-
2 cells); however, the nanoparticles were tested in cells without
previous digestion.

Xu et al'®® tested different concentrations of digested
resveratrol-loaded liposomes (5 to 90 puM) in Caco-2 cells,
demonstrating the dose-dependent effect of resveratrol on cell
viability (CCK-8 assay) (all concentrations were biocompatible)
and assessed the antioxidant effect of free resveratrol and
resveratrol loaded in liposomes (CellROX Deep Red assay),
with improved results for the delivery systems of resveratrol
versus free resveratrol.

As summarized in Table 1, different approaches have been
used following different production methodologies to develop
resveratrol delivery systems, demonstrating high capacity to
improve the bioaccessibility, reduce the cytotoxicity and
increase the transport of resveratrol through a cell monolayer
compared to that obtained for free resveratrol. The bioactivity
of resveratrol has also been evaluated after in vitro digestion,
such as antioxidant,”® anti-diabetic and anti-obesity."*" Cell
responses have been assessed using different cell types, such
as intestinal epithelium (Caco-2, HT29), chondrocytes
(TC-28a2), macrophages (RAW 264.7), fibroblasts (NIH 3T3),
erythrocytes, and adipocytes; however, few studies have used
co-cultures of intestinal epithelium cells,"** which are defi-
nitely physiologically more relevant to test bioactives for oral
administration.

Additionally, safety concerns also need to be addressed,
given that materials behave differently at the nanoscale. These
issues include questions regarding cytotoxicity and bioaccu-
mulation of nanomaterials, which need to be considered when
designing nanosized delivery systems. Mot et al.'** evaluated
the use of an emulsion delivery system and its impact on the
gastrointestinal transit time and tissue distribution of resvera-
trol and reported an increase in its bioavailability in the blood
and liver, which can lead to questions regarding the possibility
of its bioaccumulation in these organs. Other studies have also
shown that the use of resveratrol delivery systems can increase
the permeability of resveratrol through the intestine, and thus
increase its bioavailability.®*%°

Currently, the use of nano-delivery systems in the European
Union is covered by EC Regulation No 258/97,"** which that
legislates “novel foods” and “novel food ingredients”. The
guidelines for the risk assessment include the in vitro™*® evalu-
ation of the dissolution of these materials in lysosomal con-
ditions, and genotoxicity and cytotoxicity studies, followed by
the evaluation of parameters, such as in vivo genotoxicity and
90-day toxicity, in in vivo studies and organ histopathological
studies."?®

In conclusion, the standardization of methodologies to
assess the bioaccessibility and cellular responses of a particu-
lar bioactive such as resveratrol will be very helpful. After
proving the safety and efficacy of novel functional food ingredi-
ents, further steps need to be taken to ensure their proper use
in food fortification, ensuring that the consumer is as
unaffected as possible regarding organoleptic changes caused
by the addition of these functional ingredients to foods.
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6. Concluding remarks and future
prospects

Interest in functional foods is projected to continue to increase
over the next decade, reaching as high as 120 to 140 billion US
dollars by 2030. Resveratrol has numerous health-promoting
properties, making it a prime candidate for use in functional
food ingredients, but it also has some drawbacks associated
with its solubility, stability, bioavailability, and organoleptic
impact, which has hindered its use as a widespread functional
ingredient. In this case, the use of delivery systems has been
shown to minimize some of these drawbacks, and recently
explored for the delivery of resveratrol as a functional food
ingredient.

Recent studies have demonstrated that resveratrol can
display in vitro health-promoting properties, although in vivo
studies are still lacking, namely, regarding the use of resvera-
trol-loaded delivery systems. However, it can be concluded that
their use is beneficial, namely, regarding the stability of resver-
atrol. Research into the gastrointestinal fate and cytotoxicity
properties of delivery systems for resveratrol is also progres-
sing, with in vitro studies indicating that resveratrol delivery
systems are biocompatible and promote an increase in the bio-
availability and cellular antioxidant activity of resveratrol in
in vitro cell culture. Nevertheless, complete studies on the cyto-
toxicity properties of delivery systems for resveratrol after
in vitro gastrointestinal digestion are lacking, especially when
using complex food matrices.

Studies seem to show that applying coatings to the devel-
oped delivery systems can be helpful to improve some pro-
perties, namely, gastric stability, bioavailability, and mucoad-
hesion, given that they add additional properties to the
system. For example, a chitosan coating can help the mucoad-
hesion and tailor the release of resveratrol during gastrointes-
tinal digestion. Its bioavailability increased using delivery
systems, and the increase was typically higher when using
techniques such as emulsification, solvent displacement and
EHDP.

Although there are some studies on the organoleptic
impact of resveratrol in functional food products, this is
another key area in which information is still lacking. This is
particularly relevant when assessing the potential benefits of
resveratrol delivery systems and comparing the sensory pro-
perties of foods with resveratrol as an additive.

Some issues still exist regarding the use of delivery systems
in food products, namely, those with sizes in the nano range.
Most delivery systems present a low loading capacity, indicat-
ing that the addition of dried delivery systems to food products
must consider the fact that the replacement level of the
product will be higher compared to free resveratrol, thus poss-
ibly leading to unintended changes in some of the organolep-
tic properties of the functional food product.

Safety issues are also a concern, and hence additional
knowledge regarding the behaviour of nano-sized structures
when orally ingested is required. Thus, it is necessary to
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examine current food regulations and guidelines to ensure the
proper design and safe use of nano-sized delivery systems.

An ideal delivery system for resveratrol should provide a
high loading capacity and encapsulation efficiency, while pro-
viding chemical and physical stability to resveratrol. This
should allow its controlled and/or targeted release to the target
site, thus increasing its bioavailability, and consequently its
bioactivity in vivo. Additionally, flavor masking should also be
considered to ensure that the consumer does not experience
any organoleptic changes when consuming functional food
products.

Although some of the current technologies can adequately
improve the bioaccessibility and bioavailability of resveratrol,
such as EHDP, they still present some drawbacks, namely,
regarding the complexity of the delivery system, cost, and pro-
duction yield of the technology, as well as scaling up issues.

Addressing the above-mentioned issues can help further
the use and development of functional food products loaded
with resveratrol, which are currently lacking in the market,
allowing for the better exploitation of the current interest in
functional food products.
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