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Abstract: Nanotechnology is a field of research that has been stressed as a very valuable approach
for the prevention and treatment of different human health disorders. This has been stressed as a
delivery system for the therapeutic fight against an array of pathophysiological situations. Actually,
industry has applied this technology in the search for new oral delivery alternatives obtained
upon the modification of the solubility properties of bioactive compounds. Significant works have
been made in the last years for testing the input that nanomaterials and nanoparticles provide for
an array of pathophysiological situations. In this frame, this review addresses general questions
concerning the extent to which nanoparticles offer alternatives that improve therapeutic value, while
avoid toxicity, by releasing bioactive compounds specifically to target tissues affected by specific
chemical and pathophysiological settings. In this regard, to date, the contribution of nanoparticles to
protect encapsulated bioactive compounds from degradation as a result of gastrointestinal digestion
and cellular metabolism, to enable their release in a controlled manner, enhancing biodistribution of
bioactive compounds, and to allow them to target those tissues affected by biological disturbances
has been demonstrated.
Keywords: phytochemicals; nanoparticles; controlled release; improved functionality; health;
smart-formulations

1. Introduction
In the late 1980s, Dr. Stephen De Felice first coined the term “nutraceuticals” that was defined
as “as foods, food ingredients, or dietary supplements with demonstrated specific health or medical
benefits, including the prevention and treatment of disease beyond basic nutritional functions” [1].
Nutraceuticals, in general, have been strongly suggested as candidates for the development of
chemo-preventive agents, regarding several pathophysiological situations based in the experimental
results retrieved from a range of studies [2]. Hence, upon the extensive research developed so far, some
of their mechanisms of action that involve competencies to modulate multiple molecular pathways,
without eliciting toxic side effects, have been demonstrated [1].
In recent years, and in close connection with the application of the promising chemo-preventive
agents, technological advancements have allowed describing nano-biotechnology as a powerful tool
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to create and enhance the utility of nano-size materials [3], especially concerning the administration
of bioactive phytochemicals in the frame of medical treatments [4]. In this respect, diverse types of
nanoparticles have been tested for various uses. For instance, nano-silver has been widely used aimed
to take advantage of its toxicity against a broad spectrum of microbes responsible, for instance, for
superficial skin and nail infections in humans [5], in addition to oral and vulvovaginal corruptions [6].
Based on the recently gathered knowledge, one of the most relevant advantages of implementing this
technology is to control the delivery of bioactive compounds, providing new and valuable responses
to the current challenges for new “smart-foods”, able to promote human health and wellbeing. In this
regard, this work reviews critically the recent advances on nanotechnology-related administration of
bioactive compounds and its socio-economic implications.
Societal Impact of Nanobased Technological Innovations for Food and Health
In recent years, nanotechnology has been noticed as one of the most important fields with
clear socio-economic impact in several fields of activity. In this aspect, it has been estimated that
the private sector has invested around 150 billion US dollars in the development of nanotechnology
and application models during 2015. Regarding this, the number of products that incorporate
nanoparticles in their formulations has enhanced, accounting for more than 1800 products containing
nanomaterials, produced by 622 companies [7]. This new application alternative has been possible
due to the 3.7 billion US dollars investment by USA, upon the National Nanotechnology Initiative,
followed by the European Union and Japan, which have invested up to 1.2 billion and 750 million
dollars, respectively, per year. If this evolution continues, in 2020, the worldwide economy could be
supported by nanotechnologies, with an input of 3 trillion US dollars [8].
Nowadays, and regarding the Science and Technology of Foods, the application by the industry
of the knowledge generated regarding nanotechnology is mainly focused on agriculture, foodstuffs
transformation, packaging, and storage, and the production of dietary supplements [9]. Indeed, during
food processing, the advances achieved so far have focused on nutrient delivery, considering distinct
issues that deserve to be depth studied, such as the preservation of the physico-chemical features of
foods (taste and color), and their safety, stability, bioavailability, and bioactivity. Regarding this, the use
of new nanosystems might result in great interest to achieve additional application for the currently
most widely characterized bio-functional compounds. Indeed, nanoencapsulation is a very valuable
approach that could allow controlling bioactives’ release and their pathophysiological relevance, as well
as their preservation after oral ingestion, with relevant applications for human health. As an example
of such applications, structural lipids have been explored as carriers of healthy component applied
for the inhibition of cholesterol transport from the digestive system to the bloodstream [10]. Thus,
resorting to the research results, colloids, emulsions, biopolymers, liposomes, solid–lipid nanoparticles,
and nanofibers have demonstrated an indubitable utility as vehicles of functional compounds [11].
Nonetheless, despite the increasing use of nanomaterials and the high number of derived
commercial applications, nowadays, there are some concerns regarding the potential risk for human
health derived from their use, as well as on the extent in which the inclusion of nanomaterials in foods
formulation could compromise foods safety. Indeed, in this concern, one of the main matters of debate
nowadays is focused on unravelling the extent to which nanoparticles and the bioactive compounds
carried by them are competent to access to tissues naturally protected by biological barriers such as
the blood–brain barrier [12,13], as well as the toxicological effects that this transportation could cause
that have not been properly addressed so far.
Depending on the nature of nanoparticles, as well as the surrounding environment, the materials
currently used can be aggregated, modifying their chemical properties, size, and shape [14]. These
changes could result in an altered nanomaterial form and, in this sense, some reports have been
focused on the evaluation of nanomaterials toxicity when they form part of a particular matrix [15].
To date, the gap in information existing in these concerns entails a lack of consensus about toxicity
and direct/indirect consequences on health. As a result, the legislation governing the use of
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nanoparticles does not elucidate clearly this situation, being almost limited to the requirement of
labeling food products containing nanomaterials. In 2009, the European Food Safety Authority
published “The Potential Risks Arising from Nanoscience and Nanotechnologies on Food and Feed
Safety” as an official document, while the European Union legislation differs depending if intended
use of a specific nanocarrier is as a primary ingredient or constitutes a food additive [16]. However,
the soft demand of the industry for incorporating this technology to production chains has prompted
to a lack of a regulatory frame for the use of nanotechnologies in foods. In any event, to extend
the utilization of this promising technology with industrial purposes, the advance of the desirable
features of nanoparticles in diverse food matrixes constitutes an important challenge that deserves
to be explored towards an enhanced use of such materials, according to their specific properties, at
the time that contribute to preserve safety and bioactivity.
2. Biocompatible and Biodegradable Nanoparticles: Looking for the Best Option
2.1. Solid Nanoparticles as Attractive Drug Vehicles: Composition and Properties
A variety of nutrients and non-nutrients has been identified, regarding their biological activity
once ingested by diet, being responsible for a diversity of biological activities, closely related with
the promotion of human health. However, bioactive compounds from nutrients such as lipid
derivatives (plant and mammals oxylipins), bioactive peptides, minerals and vitamins, as well
as non-nutrients (phytochemicals), can be degraded as a result of the gastrointestinal digestion.
Moreover, diverse barriers must be crossed by these compounds, which route towards the bloodstream,
and the final distribution to cells and tissues, including their absorption at gastric or intestinal levels.
During last decades, the search for effective carriers for bioactive compounds and drugs has been
based on the identification of new alternatives for oral administration with health-promoting purposes,
avoiding their early inactivation [17,18], because these factors limit the bioavailability of actives
or drugs [19]. According to the results retrieved in recent years, nanoencapsulation developed
using particles with diameters ranging from 1 to 100 nm enables augmented concentrations of
bioactive compounds in cells and tissues, enhancing also shelf-life (reducing the metabolization
and excretion of bioactive compounds) through a slowdown delivery [20]. Given these advantages,
and aimed to optimize the benefits for health derived from nutraceutical formulations, regarding
antioxidant, antiradical, and antitumor abilities, among others, the industry has boosted the research
on this technology.
Upon evaluating the profits of implementing nanotechnology in agro-food industries, it has been
noticed that nanoparticles have some advantages that deserve to be further explored. For instance,
specific high surface zone of nanomaterials has been related to an enhanced number of functional
groups, available for chemical reactions, relative to free functional compounds [14]. In addition,
the class of relationships between nanocarriers and bioactive nutrients and non-nutrients, and the high
area/volume ratios, contribute in some cases to suitable formulations, in which the adhesive properties
of the nanocapsules led to prolonged transits of functional compounds through the gastrointestinal
tract. This situation lets them reach unaltered specific areas, where their liberation provides enhanced
benefits. Consequently, an augmentation of its absorption and bioavailability is achieved [21–23].
Moreover, additional constraints associated to the inclusion of bioactive compounds in the food
matrix, such as the effect of light, temperature or oxygen, which compromise their stability and, thus,
the bioactivity of the compounds of interest, can be attenuated using nanoparticles [24,25].
Among the nanometric size delivery systems, there are different types of encapsulation, which
are classified depending not only on their nature, but also on the production method, properties of
the system, the system free energy, the interaction force in the system, etc. [14]. To date, the most
suitable nanoparticles with marked potential, regarding distribution of bioactive compounds, are
lipid-based delivery systems, which may comprise solid–lipid nanoparticles, liposomes, and micelles,
as well as protein- and polysaccharides-based biopolymeric nanoparticles. Specific structural
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properties of these nanosystems, as well as their low cost and non-toxic nature, make them suitable
carriers in food delivery compared to others, such as synthetic polymeric nanoparticles [26]. In addition
to nanoparticles, another nanotechnology application for the administration of bioactive compounds
are nanoemulsion droplets, formed by dispersion or high-energy and low-energy emulsification
methods. Although the main application of nanoemulsions is the preparation where droplets work as
nanoreactors, nowadays new specific applications are being envisaged concerning controlled drug
delivery and targeting [27].
2.1.1. Lipid Nanoparticles
In the frame of nanotechnology, lipid-based systems are mainly represented by solid–lipid
nanoparticles and nanostructured lipid carriers that have been commercially introduced as
nanocarriers of functional compounds, in the last years, mainly due to their natural composition
and biocompatibility. They can be made of different lipids, including fatty acids, steroids, and waxes to
monoglycerides, diglycerides, and triglycerides [28]. A typical percentage ratio fat/aqueous medium of
0.1:30.0 (w/w) has been considered for developing solid–lipid nanoparticles [29] that feature spherical
morphology and can be visualized, for instance, by transmission electron microscopy [30]. Particle
size and stability can be affected by their lipid composition and the surfactant properties.
Within lipid nanoparticles, there are advantages associated to the use of liposomes that constitute
nanosize artificial vesicles suitable to be obtained from phospholipids and cholesterol. In this concern,
recently, the role of these vesicles as immunological adjuvants and drug carriers has been revealed [30,
31]. Thus, it seems evident that several advantages can be obtained from using liposomes as carriers of
bioactive compounds, including their capacity to encapsulate diverse bioactive compounds featured
by a range of polarities, which are included into the aqueous core of the phospholipid vesicle or
at the bilayer interface, and their structural versatility [32]. Besides, an interesting characteristic
of liposomes is that they are obtained from natural lipids, being thus biodegradable, biologically
inactive, and without antigenic, pyrogenic, or intrinsic toxicity [33,34]. the compounds within these
nanoparticles are preserved from the deleterious activity of external factors, especially concerning
enzymes and inhibitors present in the gastrointestinal tract [35]. Based on these benefits, liposomes
are increasingly used by the pharmaceutical industry to control the release of several compounds
of interest, because of their biological activity (drugs, vaccines, and enzymes) in the prevention
of a range of pathological situations [32,36–38]. Nonetheless, liposomes are not absolutely free of
drawbacks, as nanocarriers, due to their instability in plasma [39]. In this regard, nowadays, it is
required to develop an evasion system to enhance the circulation time of these nanoparticles that
would results in an augmented concentration in vascularized tissues [40], especially in cases involving
active neoangiogenesis.
Apart from liposomes, micelles are very slim spherical additional lipid molecules of 10
to 100 nm formed in aqueous solutions [41]. These nanoparticles have been revealed as a
valuable alternative to improve bioavailability and retention of bioactive phytochemicals, since they
provide appropriate protection to these compounds against inactivation reactions by surrounding
factors, and constitute an alternative featured by even higher loading capacity and improved
stability [41,42]. the release of bioactive compounds from micelles is conditioned by an array of
factors, including micelle stability, rate of bioactive compounds diffusion, the partition coefficient,
the rate of copolymer biodegradation, the drug concentration within the micelles, the molecular
weight, and the physicochemical features of the bioactive phytochemical and its location within
the micelles [43,44]. Interestingly, release from micelles can also be enhanced in the targeted area
by certain stimuli, such as pH, temperature, ultrasound, and light [45]. Thus, besides providing
innovative solution to the solubility and long circulation of bioactive nutrients and non-nutrients,
micelles contribute to a more efficient internalization and the proper localization within the separate
cell compartments, where the biological activity of the compounds carried is required. This is
extremely important because it helps take the highest advantage of the specific mechanism of
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action from the entrapped bioactive compounds [46], also contributing to higher concentrations
at the organic site affected by pathological situations, thus decreasing side effects relatively to systemic
administration [47].
Additionally, niosomes are microscopic lamellar structures formed upon non-ionic surfactant
of alkyl or dialkyl polyglycerol ether class and cholesterol [48]. These lipid-based nanoparticles are
structurally similar to liposomes, constituting an effective alternative to these carriers. Indeed, given
their features as non-ionic particles, they seem to be less toxic, while providing an improved therapeutic
index for bioactive compounds [49]. Moreover, the niosome vesicles are osmotically active and stable,
and, thus, may act as a storage system, providing the controlled delivery of bioactive compounds.
Thus, they augment oral bioavailability of compounds with limited absorption, allowing to envisage
different therapeutic applications [50–53] and use as diagnostic imaging agents [49].
Solid–lipid nanoparticles share some features with nanoemulsions, such as low cost, good
release profile, stability, scalable for industrial production, and food safety [54]. As described for
nanoemulsions, when considering solid–lipid nanoparticles, the bioactive compounds are situated in
the core of particle; however, higher stability and ability to withhold phytochemicals in the nanosystem
complex has been described in relation to emulsions or liposomes [55].
Despite the promising features of solid–lipid nanoparticles, some potential disadvantages have
been associated to these nanocarriers [55,56]. Regarding this, the loading capacity is one of the major
constraints described so far. This seems to be a consequence of the crystallization or transformation
of lipids. Hence, the use of nanostructured lipid carriers could be an alternative to overcome this
constraint. Indeed, in nanostructured lipid carriers, although the lipid particles are also solid, the use
of specific lipids, such as isopropyl myristate or hydroxyl octacosanyl, avoids crystallization at low
temperatures [54].
2.1.2. Polysaccharide Nanoparticles
In respect to biocompound delivery systems based on biocompatible materials, it is remarkable
that those developed resorting to polysaccharides have been stressed as a valuable alternative
to achieve controlled and prolonged release of bioactive phytochemicals [57]. In this aspect,
the application of this type of compounds is reinforced by their amphiphilic nature that allows
self-assembly in aqueous environments and helps to form specific structures [58,59]. Besides,
polysaccharides feature a high affinity to mucosal cell layers in the respiratory and gastrointestinal
tracts [60] that turns nanoparticles developed using these compounds into very valuable alternatives
to enhance the bioavailability of the bioactive compounds of interest.
Based on the intrinsic charge of polysaccharide materials, they are classified into polyelectrolytes
that include cationic, anionic and neutral subtypes, and non-polyelectrolytes [61]. Besides the intrinsic
advantages noticed for this type of biocompatible material, it has recently been demonstrated that
coat materials, applied on nanoparticles developed using polysaccharides, can interact with specific
receptors in cells and tissues. the description of this interaction has allowed envisaging active
and site-specific controlled targeting for compounds carried in polysaccharide nanoparticles [60].
Concerning cationic polyelectrolytes, chitosan, which is composed of repeated units of
D -glucosamine, has been described as a non-toxic, biodegradable, and bioadhesive material that
provides the advantages of control of release of encapsulated agents, complexation with negative
charged macromolecules, avoidance of toxic solvents during preparation, and prolonged residence
time at the site of absorption due to its mucoadhesive nature [62]. Indeed, the latter is one of the major
advantages for the administration of compounds of interests against nasal, oral, ocular, and dermal
disorders [63]. Several factors condition the preparation, conformation, and loading of chitosan
nanoparticles, affecting their ability to delivery compounds [62]. In addition, chitosan nanoparticles
are suitable to be modified by adding specific ligands that contribute to a more rapid and efficient
interaction with cells membranes, and thus, to an enhanced delivery of bioactive compounds [64].
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In respect to anionic polysaccharide nanoparticles alginate, heparin, pectin, and hyaluronic acid
are important to mention [62]. An overview of the interest of these nanoparticles indicates that alginate
features biocompatibility, biodegradability, non-antigenicity, and mucoadhesive features [65–67],
which make it an interesting candidate for controlled delivery of bioactive compounds [62]. Regarding
the mechanism of release, the electrostatic interaction between carboxyl groups and divalent ions
mediates the formation of cross-linked gels, with a close relationship with the release of bioactive
compounds [62], thus the data reported in the literature indicate these nanoparticles are a valuable
alternative delivery system suitable for incorporating positively charged compounds. Interestingly, a
combination of alginate and chitosan has been pointed out as an alternative system for the controlled
delivery of bioactive compounds that could contribute to extend the circulation time, relatively to
alginate and/or chitosan alone [62].
Apart from alginate, hyaluronic acid nanoparticles feature high aqueous solubility and stability,
and are non-toxic and non-immunogenic, which have given rise to a reduced number of systems with
potential on passive tumor targeting [68], since they exhibit affinity to hyaluronan receptors with a
high expression pattern in tumor cells and, therefore, with high potential to carry bioactive compounds,
specifically identified concerning anti-tumor activity, that could release in the precise site, contributing
to increase their bioactivity.
Finally, in respect to neutral compounds, represented by dextran, pullulan, and pectin [62],
the presence of hydroxyl groups modulates the incorporation of bioactive molecules in the base
skeleton. Within this class of nanoparticles, dextran, for instance, has been used to design delivery
systems able to escape the reticuloendothelial system, thus enhancing the circulation time of
the bioactive compound of interest [62].
2.1.3. Protein Nanoparticles
To date, diverse arguments have been proposed supporting the use of protein nanoparticles:
(1) simple manufacturing by just heating protein solutions; (2) absence of requirement of emulsification
performance; and (3) compatibility with the high pressure emulsification process. Moreover, protein
nanoparticles feature high freeze–thaw stability, since the particles at the interface provide good
stearic stabilization [69]. To date, different types of nanoparticles have been described, which are
synthesized resorting to diverse classes of molecules. Actually, protein nanoparticles can be obtained
with a plethora of lab approaches, each of them with its advantages and constraints. However, when
compared with additional compounds suggested as nanoparticles for carrying bioactive compounds,
protein-based nanoparticles have various advantages, namely the abundance of proteins in nature,
their suitability to be transformed, and the absence of deleterious effects concerning the biological
systems in which they are applied.
the first classification of protein-based nanoparticles refers to their origin (animal or plant proteins).
the diverse types are associated to benefits and constraints, mainly regarding toxicity and/or infections
associated to their application (animal proteins), while plant proteins provide the advantage of
their hydrophobic characteristics because, which is associated with a lack of toxicity and a lower
economic cost [70]. Besides, the surface features of protein-based nanoparticles are susceptible to
be modified due to the occurrence of functional groups, which is of crucial relevance for obtained
desired biodistribution, biocompatibility, molecules carrying capacity, and stability [70]. In addition,
the surface amino groups, characteristics of proteins, allow the addition of hydrophilic polymers, such
as polyethylene glycol that augment the circulation time [71]. the loading efficiency of protein-based
nanoparticles is closely related to the isoelectric point. When assessing the compounds loading to
the protein nanoparticles, it is noticed that the total amount of bioactive compounds is determined by
monitoring (ultraviolet (UV)-spectrophotometry, fluorescence spectrophotometry or high performance
liquid chromatography (HPLC)) the non-entrapped compounds present in the supernatants. This
constitutes critical information for setting up the correct administration of the bioactive compounds.
Additional features that should be considered regarding protein-based nanoparticles are the delivery
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of the compounds carried and the biodegradation of the nanoparticles, being both interdependent
reactions [69].
2.1.4. Nanoemulsions
As mentioned before, the application of nanoemulsion droplets, to the controlled delivery of
bioactive compounds, is a recent approach in the field of Food Science and Technology, thus still
has much further to go [27]. To date, nanoemulsions have been mainly applied to the design of
new functional foods, since this technology allows regulating the release of bioactive nutrients
and non-nutrients featured by poor water solubility [72,73]. For the preparation of nanoemulsions,
aqueous solutions of lipid droplets (size approximately 100 nm) are prepared using different
methodologies. the most common technology applied is high pressure homogenization [74,75] that
avoids particle aggregation and compounds separation by gravitation in comparison with normal
emulsions [76]. In fact, in nanoemulsions, the functional compounds are protected from reacting with
the food matrix, which helps to preserve organoleptic properties, while enhancing the bioavailability
of the bioactive compounds of interest, because of favoring passive transport through biological
membranes [77,78]. Afterwards, during digestion, it has been reported that nanoencapsulation
increases solubility of bioactive nutrients and non-nutrients, as well as their presence suiting
aborbtion at the gastric and intestinal levels. Moreover, the application of these compounds using
nanoemulsions provides enhanced protection, reducing their metabolism and lowering the activity of
efflux transporters [79,80].
Currently, there is an extensive literature on the encapsulation of functional compounds, such as
curcumin and resveratrol [73,81–83], using nanoemulsions to protect these compounds from digestion.
Indeed, despite the evidence retrieved through the last decades from the array of in vivo and in vitro
characterizations, developed on the benefits for human health of bioactive phytochemicals, their current
use is still limited due to poor bioavailability [84]. Regarding this constraint, an adequate formulation
of nanoemulsifier has been demonstrated as a valuable alternative to improve the protection of these
compounds from chemical and enzymatic aggressions in the intestinal lumen, and thus provide an
enhanced absorption and bioavailability. In this sense, combinations of lipophilic and hydrophilic
emulsifiers, specifically nanoemulsions composed by lecithin, are competent to entrap resveratrol
in the nanoparticle core by hydrophobic forces, enhancing not only the shelf-life of the bioactive
molecules, but also their bioavailability by increasing the intestinal absorption and cellular uptake [85].
In addition to the specificity of the nanoemulsions for the diverse bioactive compounds, their
stability is also a critical issue that has been deeply evaluated in recent years. Hence, the stability
during storage is conditioned by an array of factors, namely pH, temperature, and ion strength, but also
on some intrinsic properties of the formulation as the emulsifier concentration or the use of additives
that should be adjusted carefully to guarantee the appropriate functionality of nanoemulsions [75,86].
Another factor that has to be considered to achieve the best outcomes from nanoemulsions, as
carriers of bioactive compounds, is the nanoparticles size. the right nanosize of emulsions could be
reached using co-adjuvants, since droplets prepared from low viscosity oils have been shown to be
able to reach the nanoscale. An example of this is the addition of butanol to sodium caseinate that
presents a nanoscale after the addition of the alcohol [87]. Polyethylene glycol and ethylene glycol
have also been used to achieve the desired nanomagnitude.
From the technological point of view, in the beverage industry, an additional quality of
nanoemulsions, i.e. the high optical clarity, provides advantages during manufacturing that have
advised on the challenge of prioritizing this technology in the design of new added-value products [88].
However, it is required to state that each protein has the capacity to encapsulate specific compounds
according to their hydrophobicity or hydrophilic features.
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2.2. Nanotechnology for Medical and Nutrition Research
As mentioned above, dietary supplements are useful for the prevention or reduction of different
pathophysiological situations and diseases, supported by their antioxidant, anti-inflammatory,
and antitumoral properties, among others [89]. Encouraged by the extensive bibliography on these
biological activities, many supplements have included phytochemicals in their composition. Given
diverse troubles reported regarding bioavailability (that is closely linked to their biological activity
in vivo), to take advantage of their biological potential, research efforts have been addressed to
explore the diverse encapsulation modes that would enhance bioavailability. Although this approach
has allowed developing new nanoencapsulated products addressed to be administrated via ocular,
transdermal, and intravenous [90,91], their application in the design of functional foods, because of
the specific chemical and enzymatic conditions in the gastro-intestinal compartments, with a direct
impact on their release from the food matrix after oral ingestion, integrity, and functionality, needs to
be further explored [92].
As an example of these applications, nanoemulsions have been successfully used for curcumin
(diferuloylmethane) and dibenzoylmethane (a structural analog of curcumin) encapsulation [93].
These compounds have demonstrated valuable therapeutic potential, while exerting reduced toxicity,
in phase I human clinical trials [94]. Upon the studies developed to improve their bioavailability
and bioactivity, it has been found that using a mix of triacylglycerol (as oil) and Tween-20 (as emulsifier)
could be enhanced the cellular uptake of curcumin and, consequently, an amended anti-inflammatory
activity [93,95]. Hence, although other encapsulation alternatives have been considered for curcumin,
such as hydrophobic starch [96], albumin [97], β-lactoglobulin [98] or chitosan [99], the poor
water-solubility of these compounds limited their application, remaining nanoemulsions as the most
suitable and efficient encapsulation alternative.
Other polyphenols of interest have been nanoencapsulated in emulsions for experimentation,
such as tannin, stilbenes, and flavonoids [100]. This reinforces the idea of nanoemulsions as a valuable
choice for these types of bioactive compounds. However, the emulsion composition has been reported
as a decisive factor for the final bioactivity. Thus, epigallocatechin gallate, a hydrophilic flavonol,
featured by similar and low bioactivity as antioxidant, in mice tissues, when formulated in two
esterified emulsions or in an aqueous phase, while the selection of a third emulsion composition results
in an increased antioxidant activity in mice plasma [101].
Essential oils are other important plant derived bioactive compounds with interesting benefits,
regarding the prevention of chronic pathologies or infectious diseases. Indeed, based on this evidence,
these compounds have been applied as analgesic, sedative, anti-inflammatory, spasmolytic, and local
anesthetic treatments [102]. Thus, although a great variability in micro encapsulation methods has been
described for these compounds, such as polysaccharides, spray-dried powders or Ca-alginate [103,104],
these encapsulation alternatives provide protection to essential oils but seem to be no competent to
enhance their antimicrobial activity. However, the nanoscale promoted a slower delivery and higher
cell permeability, especially in the skin layers, increasing the activity of essential oils [105].
According to the information referred above, lipid-based nanocarriers are noticed as valuable
alternatives to entrap essential oils in the core of the nanostructure and thus, reach different type of
cells. In this regard, these nanoparticles have been applied in microbial infections due to their higher
cell penetrability [106]; however, in some cases, antimicrobial capacity was reduced when compares
with microencapsulation forms [24].
Efficient nanoencapsulation of other compounds, such as ferulic acid and tocopherol in solid–lipid
nanoparticles, has been also reported recently [107]. Thus, in nanoemulsions, bioactive lipids were
protected against autoxidation [108,109] and carotenoids [110], increasing their bioaccesibility.
Another functional compounds used in the formulation of health foods are probiotics,
microorganisms, that improve intestinal microflora. Regarding probiotics, targeting specific regions
in gastrointestinal tract after nanoencapsulation has been achieved [111]. Nanoemulsions were
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used to protect lactic acid bacteria [112] and, thus, to fine-tune the microbiota in the diverse
intestinal conditions.
the micelle delivery system, for instance, is widely accepted as valuable carriers of antitumor
drugs, and has been evaluated in the frame of clinical trials [43]. In this regard, hydrophobic drugs, for
instance, can only be administered intravenously after their conditioning with solubilizing adjuvants,
which has been associated with the appearance of toxic symptoms [113]. However, the addition of these
drugs into nanocarrier-like micelles allows the replacement of the toxic adjuvants and contributes to
minimize toxic effects [114]. Furthermore, as an additional advantage, the unimolecular micelles exhibit
a maintained distribution jointly with a controlled pH-sensitive drug release. Likewise, it has been
demonstrated that rapamycin could be loaded efficiently in mixed micelles up to a concentration of
1.8 mg/mL by using a hot-shock protocol. Upon these characterization, the release kinetic of obtained
for rapamycin indicates that this micellar system could be triggered by varied pH environments
under physiological conditions [115]. Matsumura et al. demonstrated that a paclitaxel micellar
formulation consisting of polyethylene glycol and modified polyaspartate as hydrophobic block
features cytotoxicity in a range of human tumor cell lines compared with the administration of
the bioactive compound alone [116].
3. Phytochemicals Loaded Nanoparticles: Diving into Nanosized Drug Delivery Systems
3.1. Bioavailability Advantages of Nanoencapsulated Phytochemicals
Phytochemicals feature a diversity of chemical structures, represented by phenolic acids, indoles,
alkaloids, isothiocyanates, phytosterols, saponins, and phytoprostanes/furanes [117,118]. These
compounds have received growing attention boosted by their benefits for human health [119,120],
upon a plethora of mechanisms including free radicals scavenging, inhibition of the assembly of
microtubule and microfilament, metal chelation, and/or protease inhibition, among others [121].
Hence, the assessment of these compounds, from their in vivo metabolization point of view,
has revealed that, after oral intake, phytochemicals are recognized and processed as xenobiotics
and degraded as a consequence of the different digestion chemical, enzymatic, and microbial phases
in mouth, stomach, and small and large intestine; then absorbed, distributed, and metabolized in
cells and tissues; and finally excreted via renal, biliary or pulmonary [122]. Meanwhile, the maximum
bioaccessibility and bioavailability of phytochemicals give rise to their actual capacity to exert biological
effects in vivo (bioefficacy). the bioactivity of the bioactive nutrients and non-nutrients is demonstrated
by short-term changes in the expression of biomarkers of liver function, plasma lipid profiles, blood
pressure, plasma glucose, and plasma antioxidant activity [123]. In this sense, bioefficacy is influenced
by the chemical nature of these compounds and their metabolic derivatives.
the innumerous articles published to date on the bioavailability of phytochemicals thereafter
their oral intake have demonstrated that these compounds or their metabolites may fall in
the nano/picomolar range in cells and tissues, which may result in insufficient dose to achieve
the biological efficacy, demonstrated upon in vitro characterizations [124].
the dispersion and absorption, of these compounds, is closely dependent on their polarity. Once
absorbed, small intestinal enterocytes are responsible for the cellular uptake, efflux pumping, and phase
I and II metabolism, while the results of these processes are responsible for the amount of bioaccessible
phytochemicals [122]. Moreover, transformations occurring in the frame of phase I and II reactions in
hepatocytes give rise to active formats from inactive precursors that are the actual responsible of their
biological value [125]. In addition, unabsorbed phytochemicals reach the large intestine, where are
further metabolized by the local microbiota. This additional modification also affects their bioefficacy,
providing new bioactive compounds that contribute to the final biological interest of a given plant
matrix [122].
To prevent the deleterious effect of metabolization on the occurrence of truly bioactive compounds
in cells and tissues, at operative concentrations, it has been pointed out that edible nanoencapsulation
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vehicles could be a valuable alternative. Regarding this, nanoencapsulation technology has been
implemented, based on the information retrieved from an array of in vitro and in vivo characterizations,
set up aimed at assessing the capability of different tissues and cell types to uptake the bioactive
compounds at operative concentrations, according to an array of pathophysiological situations.
Diverse safe ingredients including lipids, polysaccharides, proteins, and biodegradable polymers
are currently applied towards the development of edible nanoparticles featured by well-characterized
size, surface properties, matrix materials, and compartment structure. These nanoparticles are
developed foreseen to obtain improved strategies to enhance the release of the compounds of interest in
target cells and tissues, as well as an increased bioefficiency [126,127]. the diverse types of nanoparticles
suitable to be used as carriers of bioactive phytochemicals, in the frame of oral administrations,
display a variety of structural features, such as is exemplified by nanoliposome, micelle,
nanoemulsion, solid–lipid nanoparticles, polymeric nanoparticles (nanospheres and nanocapsules),
protein–polysaccharide complex coacervation, cyclodextrin inclusion, and polymeric nanogel. Indeed,
these alternative nanoparticles provide a range of features, including the process of loading
phytochemical compounds, encapsulation efficiency, stability during gastrointestinal digestion,
the releasing mechanisms and, therefore, their capacity to enhance the bioefficacy of the carried
phytochemicals [122].
This situation has been recently illustrated by the evaluation of neuroblastoma cells (SH-SY5Y cell
line), on their ability to uptake nanoparticles that provide promising results. In fact, the results retrieved
from this work revealed that nanoparticles contribute to reach efficient concentrations of the bioactive
compounds in the nervous system, especially when applying anionic charged nanoparticles, that exert
a higher capacity to successfully go-through the blood–brain barrier, in comparison with cationic
nanoparticles [128]. In addition, when using this type of nanoparticles, given the repulsion among
the high negatively charged nanoparticles, it is possible to achieve extra stability for the bioactive
compounds in cells and tissues, in vivo [129].
A careful revision of the literature gives a close relationship between the capacity of nanoparticles
to enhance phytochemicals’ bioefficacy with particle size (the most relevant feature), surface properties,
matrix materials, and compartment structure [130]. Actually, these features affect bioefficacy,
influencing dispersion and gastrointestinal stability, as well as the release rate and the delivery
site, the efficacy of the transportation through the endothelial cell layer, the systemic spread,
and their capacity to control the impact of the microbiota metabolism [122]. Besides, when targeting
the improvement of cellular uptake, it is essential to notice that particle size, jointly with the use of
polymeric nanoparticles, solid–lipid nanoparticles, or nanoemulsions, contribute to the stability by
affecting to the repulsion facts and/or interfacial-tension-decreasing compounds [131,132], which
contributes to augment cellular uptake.
Based on these advantages, loading phytochemicals within such edible nanoparticles enhances
the dispersion of initially water-insoluble phytochemicals in aqueous media [133], while the physical
barrier provided by nanoparticles protects bioactive compounds against oxidation under acidic
and alkaline degradative conditions, in stomach and small intestine, respectively [134,135].
In the literature the bioactivity of phytochemicals in their native state has been frequently reported,
while, in vivo, as mentioned before, the delivery of bioactive nutrients and non-nutrients are critically
affected by their solubility, which affects stability and penetration under gastrointestinal conditions.
To overwhelm this conflict is a basic objective of nanotechnology in the field of Science and Technology
of Foods, specifically regarding the development of functional foods and nutraceuticals. Hence,
encapsulation of phytochemicals constitutes valuable alternatives to release bioactive compounds
in specific tissues, affected by pathophysiological situations. In this sense, carrying bioactive
compounds on nanoparticle limits their degradation under the chemical and enzymatic conditions
of the gastrointestinal tract, as well as their general metabolism. In this regard, the physico-chemical
features of the materials used to develop nanoparticles, as well as the digestibility of nanoparticles
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in the gastric or intestinal sections, are key issues that should be addressed, firstly, when designing a
nanoparticles-based strategy to the oral administration of phytochemicals [122].
Some examples illustrate this situation: while starch-based nanoparticles are digested at
oral level by the activity of α-amylase, additional polysaccharide nanoparticles are degraded in
the small intestine and protein−polysaccharide nanoparticles can be due to variations of pH and salt
concentrations, such as those occurring in the gastrointestinal lumen during the separate stages of
digestion [135]. Lipid nanovesicles release phytochemicals in the small intestine simultaneously to
the digestion of triglycerides [122].
In addition to the nature of the nanoparticle, the loading method has been revealed to be critical
for the final release of phytochemicals and, thus, for their bioavailability and bioactivity. Regarding
this, the drug-loading method strongly influences the loading efficiency, and it has been described that
nanoencapsulated compounds release to a lower extent relative to nanosphere-based delivery, even if
both formulations have similar efficiency [90].
Recently, a new type of compounds has emerged, plant oxylipins, such as phytoprostanes
and phytofurans, which are formed by non-enzymatic oxidation of α-linolenic acid. Bioavailability
and biological activity of such compounds have been suggested based on their structural analogy with
human eicosanoids [118,136]. These lipid phytochemicals are compounds of special features as they
migrate into fatty acids-based micelles, which contribute to their solubility and subsequent cellular
transportation [122].
Apart from the control of phytochemicals release, nanoparticles also influence the transport
of bioactive compounds through enterocytes (by transcellular endocytosis for particles between 20
and 1000 nm), by modulating residence time, transportation efficiency, and pathways, as well as
the metabolic reactions undergone by such compounds within endothelial cells. Hence, for instance,
chitosan derivatives have been related to mucoadhesive features and their capacity to open tight
junctions, improving paracellular transport [137–139]. Moreover, the nanoparticle’s charge also
influences the formation of hydrogen bonds with the mucosal surface, contributing to a momentary
retention [140]. Another feature of nanoparticles that influences their role as carriers of bioactive
compounds is the incorporation of cell-penetrating ligands that could contribute to enhance
transmembrane transport efficiency [122].
Once absorbed from the intestinal lumen, nanoparticles loaded with bioactive phytochemicals
move through endothelial layer to migrate to tissues into bloodstream. At this stage, nanoparticles have
already been included in endosomes and undergone oxidation, reduction, and hydrolysis reactions,
among others, as well as conjugations by diverse metabolization routes upon phase II metabolism.
However, unlike metabolism of free phytochemicals, when carried on nanoparticles, the bioactive
compounds are protected from such reactions, by modulating the exposition to metabolizing enzymes
in enterocytes [141].
Highly lipophilic phytochemicals featured by specific features, regarding the logarithm of
the oil−water partition coefficient and a long-chain triglyceride solubility (e.g., phytoprostanes
and phytofurans), may go through enterocytes and form chylomicrons with enterocyte
lipoproteins [142]. These reach the bloodstream via mesenteric lymph and thoracic ducts, avoiding
hepatic first-pass metabolism. This route of absorption has been imitated using nanoparticles
incorporating a lipid phase (for instance, emulsions, liposomes, and solid–lipid nanoparticles), which
enhance the participation of the lymphatic absorption at the time that augment the rate of transcellular
absorption [143]. Given the interest of integrating lipid phase in nanoparticles as modulators of
the absorption rate, the extent to which the phospholipid composition and concentration of emulsifiers
are competent to fine-tune biodistribution by modifying the lipophylicity and plasma-binding
properties of phytochemicals has been investigated [144].
Additional approaches that have been explored, as valuable modes to control release
and bioavailability of bioactive nutrients and non-nutrients administered, using nanoparticles as
carriers are represented by the use of magnetic nanoparticles, the alteration of the surface chemical
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properties, and the inclusion of ligands facilitating the cellular uptake [122]. However, for some types
of compounds, such as stilbenes, flavonols, and anthocyanins, which are metabolized by the intestinal
microbiota towards even more powerful bioactive compounds, could be interesting for avoiding their
digestion and absorption at gastric and small intestine levels. With this objective, the best option lies
in the use of nanoparticles manufactured with materials or multilayer structures, resistant to gastric
and small intestine conditions in terms of pH, osmotic conditions, and enzymatic activities. In addition,
to achieve this objective, it is required to design release mechanisms that allow the delivery of bioactive
phytochemicals under the osmotic and pH conditions of the large intestine, in which the microbiota
responsible for its transformation is present [122]. On the other hand, once this objective is achieved,
the challenge of reaching highly bioavailable compounds, derived from the microbiota metabolism,
constitutes an additional constraint, due to the low colonic absorption at the conditions of luminal
fluid volume, viscosity, and neutral pH of colon [145,146].
Once absorbed and circulating in blood stream, diverse strategies have been suggested
and explored to control the length of circulation, such as using hydrophilic coating. Polyethylene
glycol has been demonstrated as reliable to enhance circulation time, by acting as a steric barrier
and thus protecting nanoparticles from opsonization [147].
One of the most widely used material for the development of nanoparticles is
poly-(lactic-coglycolic acid) that represents a successfully used biodegradable polymer due to
the production of the metabolite monomers lactic acid and glycolic acid during their physiological
hydrolysis, that are easily processed via the Krebs cycle. Due to this rapid metabolization, low
systemic toxicity has been described associated to the application of this biomaterial for the control of
the bioactives compounds release [148]. However, it is crucial to develop surface modifications using
nontoxic and blood compatible material, that allow their uptake by macrophages and the augment of
the length of blood circulation, which contribute to the sustained delivery of the bioactive compounds
carried in this nanosystem [149,150]. In this connection, poly(ethylene-glycol) is used as hydrophilic
nontoxic segment in combination with hydrophobic biodegradable aliphatic polyesters, because
this provides the capacity to resist against opsonizing and the ulterior phagocytosis, contributing to
enlarged shelf life in the bloodstream and tissues [151–153].
3.2. Nanotechnology for Bioactives Delivery
In recent years, nanotechnology has emerged as a valuable alternative to control drugs delivery
and tissue engineering [31], because of the chance provided by this to design and develop new
strategies that could enhance the efficacy of natural bioactive molecules, currently used in a very limited
extent, as therapeutic compounds for the treatment of different pathophysiological situations [32].
Indeed, nanotechnology is an alternative to traditional formulation, which could contribute to
improve general bioavailability and site-specific release, simultaneously to toxicity reduction [33–35].
According to these aims, several epidemiological studies have been developed, during the last years,
aiming to take higher advantages of the influence of dietary habits on the incidence of an array of
pathophysiological situations, that have focused the assessment of several plant foods. From such
work, multiple compounds that display potential health benefits in vitro have been identified [154,155].
However, when evaluating the activity of those compounds upon in vivo studies, many of them were
not competent to translate the activities previously demonstrated in vitro, appearing as unstable in
the intestinal environments and, thus, exhibiting poor bioavailability. Thus, to achieve the required
bioavailability rates to take advantage of their biological activities, as a first approach, higher doses
were tested, which showed efficacy but resulted in systemic toxicity [95].
the major outcomes from these studies have allowed to notice that several factors are involved in
bioavailability, viz. chemical structure, solubility, stability against gastric and colonic pH, metabolism
by gut microflora, absorption across the intestinal wall, active efflux mechanism, and first-pass
metabolic effects [147]. However, when reviewing the data reported on the bioavailability of
phytochemicals, it is revealed that many of them are only partially absorbed/metabolized by
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the intestinal epithelium, a cellular type responsible for systemic occurrence by their uptake using
efflux transporters (mainly P-glycoprotein) [156]. the efflux transporter proteins mediate the active
extrusion of compounds back into the intestinal lumen [157] that, in turn, limit the bioavailability of
the bioactive phytochemicals of interest to nanomolar concentrations in blood, even if the ions have
been detected the intestinal section, where they are absorbed, in high concentrations [158]. Indeed, this
situation demonstrates that it is difficult to assess the bioavailability of chemical agents based solely
on their physicochemical properties.
This is not just a general concept related to the biological activity of a given phytochemical
compound, the bioavailability of the compound itself, at the target site, is a major issue that has
not be appropriately addressed in the last years [159]. In this regard, understanding the concerns
enclosed to the bioavailability of an individual compound is essential to draw strategies that might
help to overwhelm these limitations. In this sense, the emergence of new technologies that allow
the advance towards efficient and safe administration of newly identified bioactive compounds, has
increased the interest in new “smart” delivery systems that contributes to improve the pharmacological
properties of the administrated compounds [147]. Hence, a promising approach to avoid low
bioavailability and systemic toxicity, associated in some extent to the use of xenoparticles as carriers of
the bioactive compounds of interest, is the application of nanoparticles manufactured using materials of
demonstrated safety, such as polymeric nanoparticles, liposomes, dendrimers, and micelles [160,161].
Actually, the use of these types of carriers is associated to innumerous advantages relatively to
the traditional systemic administration, since this approach constitutes a powerful tool to modulate
the pharmacokinetics and to improve delivery of bioactive agents to target sites [147].
Indeed, nanoparticles may enhance the oral bioavailability of poorly soluble compounds, as
well as the tissue uptake after parenteral administration, supplying enhanced adherence capacity to
the capillary wall during the initial diffusion phases (tethering, rolling, adhesion, and transmigration).
Moreover, the selection of the most appropriate options between the currently developed could also
allow augmenting the delivery across membranes and biological barriers [162]. In this regard, the size
limitation to go through diverse biological barriers is closely related to target location and the chemical
features of the tissue [163].
In recent years, stimuli-responsive polymer-based nanocarriers have focused the attention of
researchers, working on the evaluation of bioactive phytochemicals in vivo. Regarding this, such
nanoparticles are exposed to modification of their physical and chemical properties when exposed
to the specific conditions (pH, temperature, light, magnetic field or glucose levels) in the intestinal
tract or the diverse tissues after distribution [163,164]. This dependency could be of significant interest,
as they provide the chance to set up valuable relationships between the release of bioactive compounds
and specific niches or pathological state [132]. This situation is exemplified by paclitaxel delivery
once loaded on pH-responsive nanoparticles, which has evidenced its utility upon in vitro and in vivo
antitumoral determinations [165,166].
Anthocyanins have been highlighted, for several years, as model phytochemical to assess
the potential of competence of polymeric nanoparticles to encapsulate hydrophilic compounds.
the final objective of these studies is to establish the contribution of these approaches to
the bioavailability and controlled release and release kinetics in vitro. In the case of anthocyanin,
these features have been evaluated on polyethylene glycol moieties. Hence, in these works,
anthocyanins were encapsulated with 60% efficiency in biodegradable nanoparticle formulation based
on polylactide-co-glycolide, which were stabilizer resorting to the use of polyethylene glycol. These
nanoparticles evidenced a biphasic release profile, in vitro. In addition, all the polyethileneglicosylated
nanoparticles present a similar delivery pattern, characterized by an initial abrupt release followed by
a continued supply [167]. Hence, this work described that bioactive compounds may be adsorbed on
the surface of nanoparticles as a burst release that is not maintained in time, while the sustained release
is due to the liberation of compounds encapsulated in the core domains of the nanoparticle [168].

Foods 2018, 7, 72

14 of 29

3.3. Nanoparticles towards Targeted Bioactivity
A further step of what has been discussed above is the exploration of the advantages provided by
nanotechnology concerning the release bioactive compounds carried in nanoparticles in specific tissues
or cell types affected by pathophysiological events that needs to be treated. In the last decades, it has
been boosted the application of bioactive phytochemicals as promising compounds capable to prevent
health disturbance by modulating molecular pathways in cells. These compounds feature strong
radical scavenging, anti-inflammatory, and neuroprotective activities, among others. Nonetheless, most
bioactive nutrients and non-nutrients are unstable and rapidly transformed into other compounds with
different biological attributions, which jointly with their fast degradation and excretion, limits the actual
benefits that could be retrieved from such healthy compounds [169]. For instance, during digestion,
the hydroxyl radicals of phenolics (for instance, anthocyanins) are oxidized into quinones, reducing
the biological power of these molecules [170]. Traditionally, these constraints have been overwhelmed
by therapeutic alternatives outlined for several diseases, which include invasive in situ administration
of bioactive drugs, as a way to guarantee high tissue concentrations of the functional molecules
of interest. Nevertheless, these administration alternatives are characterized by reduced patient
compliance, because of the distress associated with frequent administrations, generally related to an
array of side effects [171,172]. Alternatively, substitutive application forms of bioactive phytochemicals
have been associated to augmented costs, particularly when repeated administrations are required to
complete the treatment for a specific pathophysiological situation [173].
Apart from the side-impacts of the traditional administration of bioactive compounds, a loss
of bioactivity during storage, due to the xenobiotics metabolism in mammals, has recently been
reported, which could prevent them from reaching the target tissues and cells in which their activity is
desired [174–176].
To date, diverse works have been developed aimed to identify alternatives that allow to
overcome these problems; for instance, by using high dose or multiple treatments of bioactive
compounds. However, this has been associated with dangerous side effects related to overdoses
due to nonspecific toxicity of such compounds [174]. As a result, it has been identified an urgency to
develop biocompatible and biodegradable systems for packaging phytochemicals, based on carrier
systems constituted, for example, by oil-in-water emulsions and liposomes [177]. These alternatives
have been demonstrated useful to provide sustained release of therapeutics in target tissues and,
in addition, to reduce biological disturbances in cells and tissues, no compromising the stability
and functionality of macromolecules [178]. Hence, this provides stability that in turn is responsible for
a higher bioavailability and long term circulation [178], due to the protection supplied against outer
stresses in vivo [179]. the research on controlled delivery options in respect to tissue, concentration,
and pathophysiological modifications, has given rise to the description of biodegradable polymers
and formulations specific for diverse types of bioactive compounds, with interesting biological
activities, which have focused the preparation of phytochemicals-encapsulated nanoparticles [180].
Based on these applications, this technology has been noticed as highly useful for controlled delivery
of bioactive compounds in target sites.
Moreover, the structural features of the nanoencapsulations pointed out so far, have a direct
impact on the release profile [90,181]. This is specifically referred to as core−shell nanoparticles,
double-emulsions, gelled networks, multiple coating systems, and “prodrug delivery systems”.
Actually, when these systems are conjugated with azo- or glucuronic acid-including polymers, it
is possible to control the bioactive compounds carried by enzymatic hydrolysis, which can contribute
to retard the speed of phytochemicals release, as well as a noticeable change of their physical dispersion
state [123].
This is of special relevance regarding compounds that develop their biological functions in
tissues with high protection against xenobiotics by biological barriers, such as the blood–brain
barrier. In this frame, anthocyanins contribute to improve brain functionality and to reduce
oxidative stress associated to normal cells metabolism, resorting to their radical scavenging,
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anti-inflammatory, and anti-neurodegenerative capacity [168,170], thus preventing memory losses
in estrogen-deficient rats [182]. the polymer-based nanoparticles used for characterization in this
model were featured by a biphasic release profile, providing enhanced neuroprotective power of
anthocyanins against Alzheimer’s dementia. Besides, the efficiency of the anthocyanins administered
associated to nanoparticles has been further demonstrated by monitoring the capacity to attenuate
the expression of clinical (amyloid precursor protein and beta-site amyloid precursor protein cleaving
enzyme-1), inflammatory (p-nuclear factor kappa-B, Tumor Necrosis Factor-alpha, and nitric oxide
synthase), and apoptotic (B-cell lymphoma-2 (BCL2), BCL2 associated X (Bax), and caspase-3 protein)
markers [170]. Using this model, it was evidenced that anthocyanins loaded nanoparticles reduced
significantly the level of protein markers and were also more efficient in modulating the P38/JNK
pathway, according to reduced expression of various inflammatory markers, cytotoxic compounds,
and proinflammatory cytokines [168]. In respect to oxidative stress, non-conjugated anthocyanins or
molecules associated to nanoparticles significantly upregulate endogenous antioxidant genes, such
as nuclear respiratory factor-2 and HO-1 proteins, which has been related with the prevention of
oxidative stress and consequently, with an attenuation of the clinical symptoms of the Alzheimer’s
dementia [183].
An additional functionality demonstrated for anthocyanins loaded nanoparticles is related with
their capacity to revert the augmented and decreased expression of pro-apoptotic (caspase-3 and Bax)
and anti-apoptotic proteins (BCL2), respectively, thus reducing DNA damage in a higher extent
than native non-conjugated anthocyanin. All these findings together prompted Amin et al. [168] to
suggest a neuroprotection activity of anthocyanins loaded nanoparticles that surpassed significantly
the biological potential, enclosed to free anthocyanin. This enhanced activity, when combined with
polysaccharides, seems to be related to an increased stability and prolonged degradation time [170].
4. In Situ Bioactive Compounds Delivery Control: Drawbacks and Breakthrough Advantages
According to the constraints outlined before, in the last decades, growing attention and resources
have been devoted to the development of carrier systems that allow local delivery of therapeutic
agents, for instance, by using organic materials. Regarding this, control delivery has been identified as
a key stage of bioactive compounds administration, foreseen as a way to set up the timing, tissue/cell,
and pathophysiological conditions, under which therapeutic agents are released. Indeed, achieving this
objective would allow reaching higher local concentration near to the operative levels demonstrated
in vitro, while reducing the overall administered dose (and consequently systemic toxicity associated).
According to this objective, as a result of the research efforts developed in the last years, a diversity of
internal and external factors can control the specific release of bioactive phytochemicals, according to a
range of factors, including pH, the activity of local, temperature, ultrasound, magnetic field, and/or
light incidence [184].
Moreover, recently, the nanoencapsulation of compounds identified as potential therapeutic agents
has raised growing interest, due to the augment of the range of biomaterials with valuable applications
in this field [163,185]. Thus, polymeric nanocarriers can increase the bioavailability, improve solubility,
and prolong the shelf-life of potential compounds which, to date, have been difficult to deliver in a
controlled way. For instance, oil-cored nanocapsules improve originally the administration of bioactive
compounds, allowing targeted delivery and controlled, long-term, release that contribute to decrease
the dosage and frequency of administration giving rise to an increased patient compliance [184].
Due to this, the layer-by-layer self-assembly of pH-sensitive building blocks has been explored as a
promising approach to obtain biomaterials with customized properties [186] and, thus, with interesting
applications as stimuli-responsive nanocarriers for controlled release of phytochemical compounds,
which could also provide transport capacity through diverse biological barriers [187]. Moreover,
the use of appropriate pH-dependent biocompatible polyelectrolyte for nanocapsule shell formation
can provide the tools required to design non-toxic nanocarriers, with shell permeability [184].
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Loading bioactive phytochemicals in nanoparticles turns bioactive compounds into more effective
and contributes to achieve site-specific delivery. Once into the cells, some nanoparticles release
the bioactive phytochemicals slowly, contributing to sustained therapeutic effects, which constitutes
an additional advantage [188]. This capacity was demonstrated recently by using rhodamine-loaded
polyethylene glycol-nanoparticles. Upon this characterization, after the application of rhodamine
labeled nanoparticles to SH-SY5Y neuroblastoma cells, red fluorescence is visualized in the cytoplasm,
suggesting that nanoparticles are internalized via endocytosis [189], saving the phospholipidic barrier
that the cell membrane represent for hydrophilic compounds. An additional demonstration of these
advantages was obtained on prostate cancer DU145 cells with similar positive results [190].
In addition, in relation with the administration of bioactive compounds, pursuing
the development of activity at neural tissues and in the frame of deficits or overexpression
of neurotrophins, responsible for neurodegenerative diseases and psychiatric disorders, to date,
the research has demonstrated a delivery system competent to control of neurotrophin dosage in
the brain. In fact, the major outcomes obtained in this issue have suggested that carrying bioactive
compounds in nanoparticles might favor targeted delivery in specific brain areas, minimizing
biodistribution to the systemic circulation and, consequently, toxic side-effects. Indeed, this approach
provides valuable benefits concerning neuroregeneration [191].
In addition to oral administration, polymeric microspheres, scaffolds, and conduits have been
used as sustained-release systems for neurotrophic proteins [192,193] that even provide enhanced
neuroregeneeration, relatively to the implantation of polymeric scaffolds resorting to invasive
surgery techniques into the central nervous system [191]. Indeed, this situation is exemplified
by a slow release achieved of glial cell line-derived neurotrophic factor, by-using micro-reservoirs
created by biodegradable poly-(lactic-co-glycolic acid) microspheres or by Poly(lactic-co-glycolic acid)
microparticles [194,195].
Although the actual significance and advantages of the abrupt release of bioactive compounds,
when using controlled delivery systems, has not been entirely ignored over the last years, to
date, no plenary successful theories have explained completely the phenomenon. In addition, it
has to be considered that the negative effects, associated to burst release, are pharmacologically
dangerous and economically inefficient [196]. To overwhelm this inconvenience, new nanoformulations
composed of thermo-sensitive gelling copolymer has been successfully formulated and characterized.
the negligible amount of bioactive compounds released, when using these systems, prevent the toxicity
enclosed to peaks and valleys of concentration in target tissues. Therefore, the delivery systems
developed resorting to the application of this copolymer can minimize the side effects associated with
frequent injections for the administration of therapeutics of interest, without reducing the efficiency
of the bioactive compound, serving as a promising platform for avoiding pathophysiological
complications [173]. However, the demonstration of such advantages is based on in vitro evidence,
and remains to be further elucidated upon in vivo evaluations.
Studies on nanoencapsulation and controlled release from nanostructured carriers have
demonstrated the safety of these systems and their contribution to achieve operative concentrations in
target cells and tissues, when applying polymer- and lipid-based nanostructured systems [191]. Due to
this and according to previous reports, on the capacity of such carriers to protect instable therapeutic
proteins, e.g., from enzymatic degradation and other environmental stress factors [191], similar
approaches could be applied to the administration of bioactive phytochemicals and take advantage
of their biological potential, preventing their metabolization in vivo. In this frame, the research on
the beneficial effects of anthocyanins loaded nanoparticles against neurotoxicity in vitro, has been
focused on the evaluation of the cytotoxic profile of nanoparticles in the human neuroblastoma
model (SH-SY5Y cell line). Upon this study, different concentrations of both free-anthocyanins
and anthocyanins loaded in poly(lactide-co-clycolide) nanoparticles allowed discarding significant
cytotoxic effects, while the joint application of anthocyanins loaded nanoparticles increased the viability
of treated cells, by protecting them from neurotoxic events [168]. Thus, poly(lactide-co-clycolide)
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nanoparticles might constitute promising phytochemical carriers with negligible cytotoxicity events.
Additionally, the administration of the mentioned nanoparticles provides the advantage of avoiding
the need of removing an eventual implant placed as a local source of the bioactive compounds,
and thus, no surgery would be required [197,198].
5. Toxicity Facts Associated to the Administration of Biodegradable Nanoparticles
In respect to the toxicity associated to the administration of biodegradable nanocarrier systems
for bioactive compounds, as far as we are aware, there is no evidence on deleterious effects, although
the risks to human health that could be associated to the long term use, remain under explored [148].
the mechanisms responsible for the deleterious effects of nanoparticles in the frame of complex
biological systems are associated to increased productions of Reactive Oxygen Species (ROS) and free
radicals, that could give rise to oxidative stress, inflammation, and consequently to several disabling
pathophysiological situations, associated with solvent residues and polymers toxicity [199]. To shed
some light on the actual toxicity of nanoparticles, it is required to evaluate the separate trials
independently, paying attention to interactions between nanocarriers and biological systems. This
way of processing the available information on the toxicity, associated to nanoparticles, is crucial to
establish the reliability of the delivery systems. Actually, to translate successfully nanoformulations
from the experimental level to their practical clinical application, it is essential to establish their safety
profiles, including the evaluation of immunotoxicity. In this concern, special attention should be paid
to the linkage between the physico-chemical and functional properties of nanoparticles (surface charge,
size, modulate uptake and interactions with cells, control over surface modification and biodegradation
of nanovectors), and the extent in which, these features, contribute to achieve the functional potential
envisaged and to minimize potential health risks [200].
Hence, toxicological facts associated to nanocarrier systems involve several physiological,
physicochemical and molecular considerations. However, despite the evident interest of understanding
the toxicity of these delivery systems, to date, it has not been deeply explored, possibly because
the industrial use of this technology is in its infancy. From the information available in the literature
regarding this, it is noticed that toxicological facts associated to nanocarriers is closely linked to their
size and shape, biomaterials, as well as to their capacity to cross biological barriers [201]. Regarding
the molecular mechanisms, behind the toxicological effects, associated to treatments with bioactive
compounds carried on biodegradable nanoparticles, it has been noticed the formation of pro-oxidants
after their administration, disrupting the balance between their production and the detoxification
capacity of cells. This fact also entails augmented inflammation reactions due to the level of
redox-sensitive transcription factors [202,203].
In relation with the use of nanoparticles to carry bioactive compounds addressed to be ingested in
foods, water or drug delivery devices, the interest of biodegradable nanoparticles and the constraints
associated to their toxicity, following oral ingestion, has been associated to the occurrence of deleterious
effects on liver, kidney and spleen. In addition, even if the mechanisms responsible for triggering
the immune response induced by nanoparticles (especially concerning non-protein-based carriers) are
not clear, there is a growing attention on possible allergic reaction [202]. To gain a further insight in
this issue, further studies of the immunogenicity of nanocarriers are required to understand under
which conditions they are identified by the immune system, deserving the generation of a specific
immune responses [202]. Polyethylene glycol (PEG)-grafted liposome infusion has been described
to trigger non-IgE-mediated signs of hypersensitivity [204]. On the other hand, advantages can be
obtained from the immunogenic characteristics of nanoparticles, as these features suggest them as
valuable adjuvants, for instance, for the development of vaccines.
6. Future Perspectives for Targeting and Controlled Delivery
In the coming years, the research trends in the application of edible nanoparticles to
the administration of bioactive phytochemicals will be closely linked to new manufacturing strategies
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that combine multiple structural designs, more specific for the diverse types of bioactive compounds.
Achieving this objective is foreseen to strengthen the property of nanoparticles and to combine
the benefits identified on two or more types of biomaterials. This strategy would contribute to maximize
the benefits of loading bioactive compounds on nanoparticles, in terms of effectivity, extended release,
and in situ delivery control. Among the desired features, target delivery has not been completely
developed yet, remaining an issue with future prospects for implementation. In this sense, materials
and fabrication strategies would allow the creation of edible nanoparticles with improved properties
is constantly ongoing. Once improved, the specificity and versatility of available nanoparticles,
the administration of bioactive compounds orally, by using edible nanoparticles, will constitute a
valuable approach that would allow to take advantage from the actual potential of phytochemicals to
prevent and treat specific pathophysiological status, due to accurate tissue-targeted delivery.
One of the major constraints enclosed to the administration of bioactive compounds, even when
using nanotechnology products, lies in the degradation of these compounds in the gastrointestinal
lumen before being absorbed. Thus, although in vitro the works, available in the literature, reveal
promising potential of the use of nanoparticles for the administration of phytochemicals loaded
nanoparticles, nowadays it is required to complete the determination of the impact of gastrointestinal
digestion, by informative in vitro simulation models, as cost-efficient tools for forecasting the oral
bioavailability [167,205]. With this aim, in addition to implementing a model mimicking the salivary,
gastric, and intestinal fluids concerning salt and enzyme concentrations, it is required to avoid
an excessive simplification of the models, by including appropriate simulators of gastrointestinal
dynamics, structure, and mechanical issues.
the consideration of gut metabolism, on the actual biological activity of compounds
ingested by oral administration, requires a review of the current definition of “bioaccessibility”
and “bioavailability”, emphasizing the value of the absorption in the upper gastrointestinal tract.
Indeed, information on the features of this physiological process, according to the chemical properties of
the bioactive compounds of interest, and the derivatives that can be formed during the gastrointestinal
digestion, is crucial for the rational design of the specific nanoparticle system. With this objective,
the selection of the type of nanoparticles, to improve the absorption at the gastric and small intestine
(duodenum) level, may not serve as a gold standard anymore, because, for some phytochemicals,
high bioefficacy is associated with the additional compounds synthesized, for instance in the large
intestine, as a result of the metabolism of the local microbiota, turning into undesirable their absorption
in the upper gastrointestinal.
Besides, when evaluating the effects of nanoparticles and/or nanovesicles on the bioefficacy of
phytochemicals, special attention should be paid to eventual changes in the nanoparticle structure
as a result of the digestive conditions. Indeed, this modification of the nanoparticles structure
could entail changes in their functionality as carriers of bioactive nutrients and non-nutrients
and, consequently, induce misunderstanding results. Thus, considering that, when mixed with
digestion fluids, the dilution would have a crucial effect on the stability of micelles, liposomes,
and nanoemulsions, is required. This deserves to be considered because the surfactant concentration
should be maintained in a slim range. Moreover, pH and ions environments in the gastrointestinal
fluids, as well as the enzymatic activity in these compartments could also compromise the stability of
nanoparticles and the successful development of their role as carriers of bioactive compounds [122].
According to these constraints, it is necessary to evaluate the behavior of nanoparticles in complex
matrices and biological systems that will provide actual information on their practical significance.
An additional situation, that needs to be addressed, is the extent in which nanoparticles modify
the pharmacokinetics of bioactive phytochemicals, which would contribute to draw new applications,
for instance as boosters of the internalization speed. Clarifying this situation is essential for the proper
design of the sampling timing to determine pharmacokinetics bioavailability and bioactivity of
bioactive compounds subject of study. Overall, encapsulated phytochemicals within appropriate
nanoparticles enhance the bioavailability by protecting them from degradation during storage
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and gastrointestinal digestion, improving solubility in aqueous media, augmenting contact time
with the intestinal wall, increasing of the mucus penetration and intestinal permeation, facilitating
cellular uptake, prolonging residence time within the body circulation, controlling release rate
and site, and altering, according to the envisaged results, the microbiota metabolism. In addition,
it should be considered that loading bioactive compounds in nanoparticles, somehow, could be
an interesting strategy to prevent their metabolic conversion, while to date, little is known about
how the modification of cellular signaling routes differs between free and nanoparticles-linked
phytochemicals. In this regard, seems evident that the interaction between phytochemicals and matrix
material, or molecules in complex biological systems (for instance in mammals), deserves to be further
explored concerning metabolism and bioefficacy [122]. Hence, the information retrieved from studies,
focused on the correlation between the application of bioactive compounds carried by nanoparticles
with the metabolic profile, biodistribution and bioactivity, will be very useful as a guide for future
evaluation of the bioefficacy and predictable in vivo properties.
Concerning the final intestinal stage, the interactions between phytochemicals and drugs with gut
microbiota, as well as the consequences of these interactions on bioefficacy, remain underexplored, even
if it seems evident that they constitute additional challenges. Indeed, the application of the gathered
knowledge on the use of nanoparticles, as carriers of bioactive phytochemicals, would provide
the opportunity to decode and take advantage of the reciprocal interactions between phytochemicals
and gut microbiota.
Despite the rational utility of the nanotechnology to enhance the bioavailability and bioactivity
of bioactive compounds, nanoparticles are synthesized by physical and chemical methods, by using
expensive and hazardous chemicals, especially concerning metallic biomaterials, which could limit
their actual application in vivo. These constraints are also enclosed to the environmental impact
derived of the residues, generated from the nanoparticles synthesis, being required green technologies
using no toxic reagents to prepare metal nanoparticles. In this regard, the synthesis of nanoparticles
using eco-friendly and biocompatible reagents could contribute to minimize the side effect of
these processes.
7. Conclusions
Nutraceuticals’ potential benefits have been demonstrated, but increasing applications in the near
future, for the prevention of diseases onset and severity, are highly demanded. To take maximum
advantages of bioactive compounds (nutrients and non-nutrients), responsible for the functionality
of nutraceuticals, promising applications have been suggested based on combinations of individual,
well characterized, bioactive phytochemicals. This approach would allow synergic situations that
would help to reduce dosages and, thus, eventual toxic side effects, while becoming instrumental in
the prevention of an array of pathophysiological situations.
To improve the bioavailability of phytochemicals identified as valuable bioactive compounds,
in the frame of a specific clinical entity of health disorders, nanoparticles have been investigated as
promising delivery systems that could contribute to control release and to fine-tune pharmacokinetics,
bioavailability, and bioefficacy. Indeed, nanotechnology would contribute to improve stability of
encapsulated bioactive nutrients and non-nutrients against environmental changes (in the diverse
in vivo environments) and to release control. Therefore, it should be assumed that nanoparticles have
great potential as phytochemical carriers, as, at the dosages monitored, they are not cytotoxic. However,
critical aspects and potential for application of nanotechnology in Food Science and Technology field,
should be noticed, especially regarding the implementation of green technology for their development
and their use in the studies of additional issues, such as the crucial role of the intestinal microbiota for
obtaining additional bioactive metabolites, contributing to the health benefits attributed to plant foods
and nutraceuticals.

Foods 2018, 7, 72

20 of 29

Author Contributions: M.M.-B. and R.D.-P. conceived the focus of this review and drafted the manuscript. A.G.-I.
and C. G.-V. supervised the project and contributed to the final version of the manuscript upon critical revision of
the texts.
Acknowledgments: This work was partially funded by the Spanish Ministry of Science and Innovation (MICINN)
through the Research Projects AGL2016-75332-C2-1-R, AGL2016-80247-C2-1-R, and AGL2017-83386-R. In addition,
this work is included in the framework of the collaboration between the Spanish Research Council (CEBAS-CSIC)
and CNRS by “Projets Internationaux de Cooperation Scientifique” (PICS-2015-261141). R.D.-P. was sponsored
by a Postdoctoral Contract (Juan de la Cierva de Incorporación ICJI-2015-25373) from the Ministry of Economy,
Industry, and Competitiveness of Spain.
Conflicts of Interest: the authors declare no conflict of interest.

Abbreviation
EDC

1-(3-(dimethylamino) propyl) 3-ethylcarbodiimidehydrochloride

References
1.

2.

3.

4.
5.
6.
7.

8.

9.
10.
11.
12.

13.
14.
15.

16.

Pitchaiah, G.; Akula, A.; Parvathaneni, M. Anticancer potential of nutraceutical formulation through
antioxidant, anti-inflammatory, and antiproliferative mechanisms in N-methyl-N-nitrosourea-induced
mammary cancer. Int. J. Green Pharm. 2017, 11, 230–235.
Henrotin, Y.; Lambert, C.; Couchourel, D.; Ripoll, C.; Chiotelli, E. Nutraceuticals: Do they represent a new
era in the management of osteoarthritis?—A narrative review from the lessons taken with five products.
Osteoarthritis Cartil. 2011, 19, 1–21. [CrossRef] [PubMed]
Ahmad, A.; Wei, Y.; Syed, F.; Tahir, K.; Taj, R.; Khan, A.U.; Hameed, M.U.; Yuan, Q. Amphotericin
B-conjugated biogenic silver nanoparticles as an innovative strategy for fungal infections. Microb. Pathog.
2016, 99, 271–281. [CrossRef] [PubMed]
Mittal, A.K.; Chisti, Y.; Banerjee, U.C. Synthesis of metallic nanoparticles using plant extracts. Biotechnol. Adv.
2013, 31, 346–356. [CrossRef] [PubMed]
Havlickova, B.; Czaika, V.A.; Friedrich, M. Epidemiological trends in skin mycoses worldwide. Mycoses 2008,
51, 2–15. [CrossRef] [PubMed]
Sobel, J.D. Vulvovaginal candidosis. Lancet 2007, 369, 1961–1971. [CrossRef]
Vance, M.E.; Kuiken, T.; Vejerano, E.P.; McGinnis, S.P.; Hochella, M.F., Jr.; Rejeski, D.; Hull, M.S.
Nanotechnology in the real world: Redeveloping the nanomaterial consumer products inventory.
Beilstein J. Nanotechnol. 2015, 6, 1769–1780. [CrossRef] [PubMed]
Roco, M.C.; Harthorn, B.; Guston, D.; Shapira, P. Innovative and responsible governance of nanotechnology
for societal development. In Nanotechnology Research Directions for Societal Needs in 2020; Roco, M.C.,
Mirkin, C.A., Hersam, M.C., Eds.; Springer: Dordrecht, the Netherlands, 2011; pp. 561–617.
López-Lorente, A.I.; Mizaikoff, B. Recent advances on the characterization of nanoparticles using infrared
spectroscopy. TrAC Trends Anal. Chem. 2016, 84, 97–106. [CrossRef]
Dingman, J. Nanotechnology its impact on food safety. J. Environ. Health 2008, 70, 47–50. [PubMed]
Abbas, K.A.; Saleh, A.M.; Mohamed, A.; MohdAzhan, N. the recent advances in the nanotechnology and its
applications in food processing: A review. J. Food Agric. Environ. 2009, 7, 14–17.
Oberdörster, G.; Maynard, A.; Donaldson, K.; Castranova, V.; Fitzpatrick, J.; Ausman, K.; Carter, J.; Karn, B.;
Kreyling, W.; Lai, D.; et al. Review Principles for characterizing the potential human health effectsfrom
exposure to nanomaterials: Elements of a screening strategy. Part. Fibre Toxicol. 2005, 2, 8. [CrossRef]
[PubMed]
Nel, A.; Xia, T.; Mädler, L.; Li, N. Review Toxic Potential of Materials at the Nanolevel. Science 2006, 311,
622–627. [CrossRef] [PubMed]
Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2017.
[CrossRef]
Linsinger, T.P.J.; Chaudhry, Q.; Dehalu, V.; Delahaut, P.; Dudkiewicz, A.; Grombe, R.; von der Kammer, F.;
Larsen, E.H.; Legros, S.; Loeschner, K.; et al. Validation of methods for the detection and quantification of
engineered nanoparticles in food. Food Chem. 2013, 138, 1959–1966. [CrossRef] [PubMed]
Gallocchio, F.; Bellucoa, S.; Ricci, A. Nanotechnology and food: Brief overview of the current scenario.
Procedia Food Sci. 2015, 5, 85–88. [CrossRef]

Foods 2018, 7, 72

17.
18.
19.
20.
21.

22.

23.

24.
25.
26.
27.
28.
29.

30.
31.
32.
33.

34.
35.
36.
37.
38.

39.
40.

21 of 29

Rahimnejad, M.; Mokhtarian, N.; Ghasemi, M. Production of protein nanoparticles for food and drug
delivery system. Afr. J. Biotechnol. 2009, 8, 4738–4743.
Singh, T.; Shukla, S.; Kumar, P.; Wahla, V.; Bajpai, V.K.; Rather, I.A. Application of Nanotechnology in Food
Science: Perception and Overview. Front. Microbiol. 2017, 8, 1501–1506. [CrossRef] [PubMed]
Sant, S.; Tao, S.L.; Fisher, O.Z.; Xu, Q.; Peppas, N.A.; Khademhoseini, A. Microfabrication technologies for
oral drug delivery. Adv. Drug Deliv. Rev. 2012, 64, 496–507. [CrossRef] [PubMed]
Momin, J.K.; Jayakumar, C.; Prajapati, J.B. Potential of nanotechnology in functional foods. Emir. J. Food Agric.
2013, 25, 10–19. [CrossRef]
Bengoechea, C.; Jones, O.G.; Guerrero, A.; McClements, D.J. Formation and characterization of
lactoferrin/pectin electrostatic complexes: Impact of composition, pH and thermal treatment. Food Hydrocoll.
2011, 25, 1227–1232. [CrossRef]
Berton-Carabin, C.C.; Coupland, J.N.; Elias, R.J. Effect of the lipophilicity of model ingredients on their
location and reactivity in emulsions and solid lipid nanoparticles. Colloids Surf. A Physicochem. Eng. Asp.
2013, 431, 9–17. [CrossRef]
Cerqueira, M.A.; Pinheiro, A.C.; Silva, H.D.; Ramos, P.E.; Azevedo, M.A.; Flores-López, M.L.; Rivera, M.C.;
Bourbon, A.I.; Ramos, O.L.; Vicente, A.A. Design of bio-nanosystems for oral delivery of functional
compounds. Food Eng. Rev. 2014, 6, 1–19. [CrossRef]
Weiss, J.; Takhistov, P.; McClements, D.J. Functional materials in food nanotechnology. J. Food Sci. 2006, 71,
R107–R116. [CrossRef]
Neethirajan, S.; Jayas, D.S. Nanotechnology for the food and bioprocessing industries. Food Bioprocess Technol.
2011, 4, 39–47. [CrossRef]
Harde, H.; Das, M.; Jain, S. Solid lipid nanoparticles: An oral bioavailability enhancer vehicle.
Expert Opin. Drug Deliv. 2011, 8, 1407–1424. [CrossRef] [PubMed]
Solans, C.; Izquierdo, P.; Nolla, J.; Azemar, N.; Garcia-Celma, M.J. Nano-emulsions.
Curr. Opin. Colloid Interface Sci. 2005, 10, 102–110. [CrossRef]
Blasi, P.; Giovagnoli, S.; Schoubben, A.; Ricci, M.; Rossi, C. Solid lipid nanoparticles for targeted brain drug
delivery. Adv. Drug Deliv. Rev. 2007, 59, 454–477. [CrossRef] [PubMed]
Thatipamula, R.; Palem, C.; Gannu, R.; Mudragada, S.; Yamsani, M. Formulation and in vitro characterization
of domperidone loaded solid lipid nanoparticles and nanostructured lipid carriers. Daru 2011, 19, 23–32.
[PubMed]
Gregoriadis, G. Immunological adjuvants: A role for liposomes. Immunol. Today 1990, 11, 89–97. [CrossRef]
Alving, C.R. Liposomes as carriers of antigens and adjuvants. J. Immunol. Methods 1991, 140, 1–13. [CrossRef]
Sharma, A.; Sharma, U.S. Liposomes in drug delivery: Progress and limitations. Int. J. Pharm. 1997, 154,
123–140. [CrossRef]
Vanrooijen, N.; Vannieuwmegen, R. Liposomes in immunology–multilamellar phosphatidylcholine
liposomes as a simple, biodegradable and harmless adjuvant without any immunogenic activity of its
own. Immunol. Commun. 1980, 9, 243–256. [CrossRef]
Campbell, P.I. Toxicity of some charged lipids used in liposome preparations. Cytobios 1983, 37, 21–26.
[PubMed]
Chaize, B.; Colletier, J.P.; Winterhalter, M.; Fournier, D. Encapsulation of enzymes in liposomes: High
encapsulation efficiency and control of substrate permeability. Artif. Cell Blood 2004, 32, 67–75. [CrossRef]
Zhou, F.; Neutra, M.R. Antigen delivery to mucosa-associated lymphoid tissues using liposomes as a carrier.
Biosci. Rep. 2002, 22, 355–369. [CrossRef]
Matteucci, M.L.; Thrall, D.E. the role of liposomes in drug delivery and diagnostic imaging: A review. Vet.
Radiol. Ultrasound 2000, 41, 100–107. [CrossRef] [PubMed]
Mady, M.M.; Ghannam, M.M.; Khalil, W.A.; Repp, R.; Markus, M.; Rascher, W.; Muller, R.; Fahr, A. Efficient
gene delivery with serum into human cancer cells using targeted anionic liposomes. J. Drug Target. 2004, 12,
11–18. [CrossRef] [PubMed]
Koo, O.M.; Rubinstein, I.; Onyuksel, H. Role of nanotechnology in targeted drug delivery and imaging:
A concise review. Nanomed. Nanotechnol. Biol. Med. 2005, 1, 193–212. [CrossRef] [PubMed]
Jain, R.K. Delivery of molecular and cellular medicine to solid tumors. J. Control. Release 1998, 53, 49–67.
[CrossRef]

Foods 2018, 7, 72

41.
42.
43.
44.
45.
46.

47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

22 of 29

Kataoka, K.; Harada, A.; Nagasaki, Y. Block copolymer micelles for drug delivery: Design, characterization
and biological significance. Adv. Drug Deliv. Rev. 2001, 47, 113–131. [CrossRef]
Gong, J.; Chen, M.; Zheng, Y.; Wang, S.; Wang, Y. Polymeric micelles drug delivery system in oncology.
J. Control. Release 2012, 159, 312–323. [CrossRef] [PubMed]
Kwon, G.S.; Okano, T. Polymeric micelles as new drug carriers. Adv. Drug Deliv. Rev. 1996, 21, 107–116.
[CrossRef]
Teng, Y.; Morrison, M.E.; Munk, P.; Webber, S.E.; Prochazka, K. Release kinetics studies of aromatic molecules
into water from block polymer micelles. Macromolecules 1998, 31, 3578–3587. [CrossRef]
Rapoport, N. Physical stimuli-responsive polymeric micelles for anti-cancer drug delivery. Prog. Polym. Sci.
2007, 32, 962–990. [CrossRef]
Zia, Q.; Farzuddin, M.; Ansari, M.A.; Alam, M.; Ali, A.; Ahmad, A.; Owais, M. Novel drug delivery systems
for antifungal compounds. In Combating Fungal Infections; Ahmad, I., Owais, M., Shahid, M., Aqil, F., Eds.;
Springer: Berlin/Heidelberg, Germany, 2010; pp. 485–528.
Mikhail, A.S.; Allen, C. Block copolymer micelles for delivery of cancer therapy: Transport at the whole
body, tissue and cellular levels. J. Control. Release 2009, 138, 214–223. [CrossRef] [PubMed]
Malhotra, M.; Jain, N.K. Niosomes as drug carriers. Indian Drugs 1994, 31, 81–86.
Uchegbu, I.F.; Vyas, S.P. Non-ionic surfactant based vesicles (niosomes) in drug delivery. Int. J. Pharm. 1998,
176, 139–172. [CrossRef]
Jain, S.; Singh, P.; Mishra, V.; Vyas, S.P. Mannosylated niosomes as adjuvantcarrier system for oral genetic
immunization against Hepatitis B. Immunol. Lett. 2005, 101, 41–49. [CrossRef] [PubMed]
Balasubramaniam, A.; Kumar, V.A.; Pillai, K.S. Formulation and in vivo evaluation of niosome-encapsulated
daunorubicin hydrochloride. Drug Dev. Ind. Pharm. 2002, 28, 1181–1193. [CrossRef] [PubMed]
Gude, R.P.; Jadhav, M.G.; Rao, S.G.; Jagtap, A.G. Effects of niosomal cisplatin and combination of
the same with theophylline and with activated macrophages in murine B16F10 melanoma model.
Cancer Biother. Radiopharm. 2002, 17, 183–192. [CrossRef] [PubMed]
Shahiwala, A.; Misra, A. Studies in topical application of niosomally entrapped Nimesulide.
J. Pharm. Pharm. Sci. 2002, 5, 220–225. [PubMed]
Pardeshi, C.; Rajput, P.; Belgamwar, V.; Tekade, A.; Patil, G.; Chaudhary, K.; Sonje, A. Solid lipid based
nanocarriers: An overview. Acta Pharm. 2012, 62, 433–472. [CrossRef] [PubMed]
Mukherjee, S.; Ray, S.; Thakur, R.S. Solid Lipid Nanoparticles: A Modern Formulation Approach in Drug
Delivery System. Indian J. Pharm. Sci. 2009, 71, 349–358. [CrossRef] [PubMed]
Naseri, N.; Valizadeh, H.; Zakeri-Milani, P. Solid lipid nanoparticles and nanostructured lipid carriers:
Structure preparation and application. Adv. Pharm. Bull. 2015, 5, 305–313. [CrossRef] [PubMed]
Singh, R.; Lillard, J.W. Nanoparticle-based targeted drug delivery. Exp. Mol. Pathol. 2009, 86, 215–223.
[CrossRef] [PubMed]
Nitta, S.; Numata, K. Biopolymer-based nanoparticles for drug/gene delivery and tissue engineering.
Int. J. Mol. Sci. 2013, 14, 1629–1654. [CrossRef] [PubMed]
Fojan, P.; Schwach-Abdellaoui, K.; Tommeraas, K.; Gurevich, L.; Petersen, S.B. Polysaccharide based
Nanoparticles and Nanoporous matrices. Nano Sci. Technol. Inst. 2006, 2, 79–82.
Lemarchand, C.; Gref, R.; Couvreur, P. Polysaccharide-decorated nanoparticles. Eur. J. Pharm. Biopharm.
2004, 58, 327–341. [CrossRef] [PubMed]
Liu, Z.; Jiao, Y.; Wang, Y.; Zhou, C.; Zhang, Z. Polysaccharides-based nanoparticles as drug delivery systems.
Adv. Drug Deliv. Rev. 2008, 60, 1650–1662. [CrossRef] [PubMed]
Salatin, S.; Jelvehgarim, M. Natural Polysaccharide based Nanoparticles for Drug/Gene Delivery. Pharm. Sci.
2017, 23, 84–94. [CrossRef]
Amidi, M.; Mastrobattista, E.; Jiskoot, W.; Hennink, W.E. Chitosan-based delivery systems for protein
therapeutics and antigens. Adv. Drug Deliv. Rev. 2010, 62, 59–82. [CrossRef] [PubMed]
Duceppe, N.; Tabrizian, M. Advances in using chitosan-based nanoparticles for in vitro and in vivo drug
and gene delivery. Expert Opin. Drug Deliv. 2010, 7, 1191–1207. [CrossRef] [PubMed]
You, J.O.; Peng, C.A. Calcium-Alginate Nanoparticles Formed by Reverse Microemulsion as Gene Carriers.
Macromol. Symp. 2005, 219, 147–153. [CrossRef]
Ojea-Jiménez, I.; Tort, O.; Lorenzo, J.; Puntes, V.F. Engineered nonviral nanocarriers for intracellular gene
delivery applications. Biomed. Mater. 2012, 7, 1–6. [CrossRef] [PubMed]

Foods 2018, 7, 72

67.
68.
69.

70.
71.
72.
73.
74.
75.
76.
77.

78.
79.
80.
81.
82.

83.

84.
85.
86.
87.
88.
89.

90.

23 of 29

Sun, J.; Tan, H. Alginate-based biomaterials for regenerative medicine applications. Materials 2013, 6,
1285–1309. [CrossRef] [PubMed]
Arpicco, S.; Milla, P.; Stella, B.; Dosio, F. Hyaluronic Acid Conjugates as Vectors for the Active Targeting of
Drugs, Genes and Nanocomposites in Cancer Treatment. Molecules 2014, 19, 3193–3230. [CrossRef] [PubMed]
Zhu, S.F.; Zheng, J.; Liu, F.; Qiu, C.Y.; Lin, W.F.; Tang, C.H. the influence of ionic strength on the characteristics
of heat-induced soy protein aggregate nanoparticles and the freeze–thaw stability of the resultant Pickering
emulsions. Food Funct. 2017, 8, 2974–2981. [CrossRef] [PubMed]
Tarhini, M.; Greige-Gerges, H.; Elaissari, A. Protein-based nanoparticles: From preparation to encapsulation
of active molecules. Int. J. Pharm. 2017, 522, 172–197. [CrossRef] [PubMed]
Kaul, G.; Amiji, M. Biodistribution and targeting potential of poly(ethylene glycol)-modified gelatin
nanoparticles in subcutaneous murine tumor model. J. Drug Target. 2004, 12, 585–591. [CrossRef] [PubMed]
Donsìa, F.; Sessaa, M.; Mediounic, H.; Mgaidic, A.; Ferrari, G. Encapsulation of bioactive compounds in
nanoemulsionbased delivery systems. Procedia Food Sci. 2011, 1, 1666–1671. [CrossRef]
Ahmed, K.; Li, Y.; McClements, D.J.; Xiao, H. Nanoemulsion- and emulsion-based delivery systems for
curcumin: Encapsulation and release properties. Food Chem. 2012, 132, 799–807. [CrossRef]
Schultz, S.; Wagner, G.; Urban, K.; Ulrich, J. High-pressure homogenization as a process for emulsion
formation. Chem. Eng. Technol. 2004, 27, 361–368. [CrossRef]
McClements, D.J. Food Emulsions: Principles, Practice and Techniques; CRC Press: Boca Raton, FL, USA, 2005.
Montes de Oca-Ávalos, J.M.; Herrera, M.L. Nanoemulsions: Stability and physical properties.
Curr. Opin. Food Sci. 2017, 16, 1–6. [CrossRef]
Aboalnaja, K.O.; Yaghmoor, S.; Kumosani, T.A.; McClements, D.J. Utilization of nanoemulsions to
enhance bioactivity of pharmaceuticals, supplements, and nutraceuticals: Nanoemulsion delivery systems
and nanoemulsion excipient systems. Expert Opin. Drug Deliv. 2016, 13, 1–10. [CrossRef] [PubMed]
Kumar, K.; Sarkar, P. Encapsulation of bioactive compounds using nanoemulsions. Environ. Chem. Lett. 2018,
16, 59–70. [CrossRef]
Li, M.; Cui, J.; Ngadi, M.O.; Ma, Y. Absorption mechanism of whey-protein-delivered curcumin using caco-2
cell monolayers. Food Chem. 2015, 180, 48–54. [CrossRef] [PubMed]
Yu, H.; Huang, Q. Investigation of the cytotoxicity of food-grade nanoemulsions in caco-2 cell monolayers
and hepg2 cells. Food Chem. 2013, 141, 29–33. [CrossRef] [PubMed]
Sari, T.P.; Mann, B.; Kumar, R.; Singh, R.R.B.; Sharma, R.; Bhardwaj, M.; Athira, S. Preparation
and characterization of nanoemulsion encapsulating curcumin. Food Hydrocoll. 2015, 43, 540–546. [CrossRef]
Sessa, M.; Tsao, R.; Liu, R.; Ferrari, G.; Donsì, F. Evaluation of the stability and antioxidant activity of
nanoencapsulated resveratrol during in vitro digestion. J. Agric. Food Chem. 2011, 59, 12352–12360. [CrossRef]
[PubMed]
Sessa, M.; Balestrieri, M.L.; Ferrari, G.; Servillo, L.; Castaldo, D.; D’Onofrio, N.; Donsì, F.; Tsao, R.
Bioavailability of encapsulated resveratrol into nanoemulsion-based delivery systems. Food Chem. 2014, 147,
42–50. [CrossRef] [PubMed]
Wenzel, E.; Somoza, V. Metabolism and bioavailability of trans-resveratrol. Mol. Nutr. Food Res. 2005, 49,
472–481. [CrossRef] [PubMed]
Gupta, A.; Eral, H.B.B.; Hatton, T.A.; Doyle, P.S. Controlling and predicting droplet size of nanoemulsions:
Scaling relations with experimental validation. Soft Matter 2016, 12, 1452–1458. [CrossRef] [PubMed]
Zeeb, B.; Herz, E.; McClements, D.J.; Weiss, J. Reprint of: Impact of alcohols on the formation and stability of
protein-stabilized nanoemulsions. J. Colloid Interface Sci. 2015, 449, 13–20. [CrossRef] [PubMed]
Wang, T.; Soyama, S.; Luo, Y. Development of a novel functional drink from all natural ingredients using
nanotechnology. LWT Food Sci. Technol. 2016, 73, 458–466. [CrossRef]
Pan, L.; Liu, J.; He, Q.; Shi, J. MSN-mediated sequencial valscular to-cell nuclear targeted drug delivery for
efficient tumor regression. Adv. Mater. 2014, 26, 6742–6748. [CrossRef] [PubMed]
Sarkar, S.; Siddiqui, A.A.; Mazumder, S.; De, R.; Saha, S.J.; Banerjee, C.; Iqbal, M.S.; Adhikari, S.; Alam, A.;
Roy, S.; et al. Elagic Acid, a Dietary Polyphenol, Unhibits Tautomerase Activity of Human Magrophage
Migration Inhibitory Factor and Its Pro-Inflammatory Responses in Human Perfipheral Blood Mononuclear
Cells. J. Agric. Food Chem. 2015, 63, 4988–4998. [CrossRef] [PubMed]
Ezhilarasi, P.N.; Karthik, P.; Chhanwal, N.; Anandharamakrishnan, C. Nanoencapsulation techniques for
food bioactive components: A review. Food Bioprocess Technol. 2013, 6, 628–647. [CrossRef]

Foods 2018, 7, 72

91.
92.
93.
94.

95.

96.
97.
98.

99.
100.
101.

102.

103.

104.
105.

106.

107.
108.

109.

110.
111.

24 of 29

Fathi, M.; Martín, T.; McClements, D.J. Nanoencapsulation of food ingredients using acrobhidrate based
delivery systems. Trends Food Sci. Technol. 2014, 39, 19–38. [CrossRef]
Shani-Levi, C.; Levi-Tal, S.; Lesmes, U. Comparative performance of mild proteins and their emulsions under
dynamic in vitro adult and infant gastric digestion. Food Hydrocoll. 2013, 32, 349–357. [CrossRef]
Wang, X.; Jiang, Y.; Wang, Y.W.; Huang, M.T.; Ho, C.T.; Huang, Q. Enhancing anti-inflammation activity of
curcumin through O/W nanoemulsions. Food Chem. 2008, 108, 419–424. [CrossRef] [PubMed]
Cheng, A.L.; Hsu, C.H.; Lin, J.K.; Hsu, M.M.; Ho, Y.F.; Shen, T.S.; Ko, J.Y.; Lin, J.T.; Lin, B.R.; Ming-Shiang, W.;
et al. Phase I clinical trial of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant
lesions. Anticancer Res. 2001, 21, 2895–2900. [PubMed]
Simion, V.; Stan, D.; Constantinescu, C.A.; Deleanu, M.; Dragan, E.; Tucureanu, M.M.; Gan, A.M.; Butoi, E.;
Constantin, A.M.; Maduteanu, I.; et al. Conjugation of curcumin-loaded lipid nanoemulsions with
cell-penetrating peptides increases their cellular uptake and enhances the anti-inflammatory effects in
endothelial cells. J. Pharm. Pharmacol. 2016, 68, 195–207. [CrossRef] [PubMed]
Yu, H.; Huang, Q. Enhanced in vitro anti-cancer activity of curcumin encapsulated in hydrophobically
modified starch. Food Chem. 2010, 119, 669–674. [CrossRef]
Bourassa, P.; Kanakis, C.D.; Tarantilis, P.; Pollissiou, M.G.; Tajmir-Riahi, H.A. Resveratrol, genistein,
and curcumin bind bovine serum albumin. J. Phys. Chem. B 2010, 114, 3348–3354. [CrossRef] [PubMed]
Mohammadi, F.; Bordbar, A.K.; Divsalar, A.; Mohammadi, K.; Saboury, A. Interaction of curcumin
and acetylcurcumin with the lipocalin member beta-lactoglobulin. Protein J. 2009, 28, 117–123. [CrossRef]
[PubMed]
Shelma, R.; Sharma, C.P. Acyl modified chitosan derivatives for oral delivery of insulin and curcumin.
J. Mater. Sci. Mater. Med. 2010, 21, 2133–2140. [CrossRef] [PubMed]
Scalbert, A.; Williamson, G. Dietary intake and bioavailability of polyphenols. J. Nutr. 2000, 130, 2073S–2085S.
[CrossRef] [PubMed]
Koutelidakis, A.E.; Argyri, K.; Sevastou, Z.; Lamprinaki, D.; Panagopoulou, E.; Paximada, E.; Sali, A.;
Papalazarou, V.; Mallouchos, A.; Evageliou, V.; et al. Bioactivity of Epigallocatechin Gallate Nanoemulsions
Evaluated in Mice Model. J. Med. Food 2017, 20, 923–931. [CrossRef] [PubMed]
Orafidiya, L.O.; Agbani, E.O.; Oyedele, A.O.; Babalola, O.O.; Onayemi, O. Preliminary clinical tests on
topical preparations of Ocimum gratissimum linn leaf essential oil for the treatment of Acne vulgaris.
Clin. Drug Investig. 2002, 22, 313–319. [CrossRef]
Baranauskiene, R.M.; Venskutonis, P.R.; Dewettinck, K.; Verhe, R. Properties of oregano (Origanum vulgare
L.), citronella (Cymbopogon nardus G.) and marjoram (Majorana hortensis L.) flavors encapsulated into milk
protein-based matrices. Food Res. Int. 2006, 39, 413–425. [CrossRef]
Wang, X.; Wang, Y.W.; Huang, Q. Enhancing stability and oral bioavailability of polyphenols using
nanoemulsions. ACS Symp. Ser. 2009, 1007, 198–212.
Bilia, A.R.; Guccione, C.; Isacchi, B.; Righeschi, C.; Firenzuoli, F.; Bergonzi, M.C. Essential
Oils Loaded in Nanosystems: A Developing Strategy for a Successful Therapeutic Approach.
Evid.-Based Complement. Altern. Med. 2014, 2014, 1–14. [CrossRef] [PubMed]
Maryam, I.; Huzaifa, U.; Hindatu, H.; Zubaida, S. Nanoencapsulation of essential oils with enhanced
antimicrobial activity: A new way of combating antimicrobial Resistance. J. Pharmacogn. Phytochem. 2015, 4,
165–170.
Oejhlke, K.; Behsnilian, D.; Mayer-Miebach, E.; Weidler, P.G.; Greiner, R. Edible solid lipid nanopartilces
(SLN) as carrier systems for antioxidants of different lipophylicity. PLoS ONE 2017, 12, e0171662.
Jung, S.; Choi, C.H.; Lee, C.S.; Yi, H. Integrated fabrication–conjugation methods for polymeric and hybrid
microparticles for programmable drug delivery and biosensing application. Biotechnol. J. 2016, 11, 1561–1571.
[CrossRef] [PubMed]
González, M.J.; Medina, I.; Maldonado, O.S.; Lucas, R.; Morales, J.C. Antioxidant activity of alkyl gallates
and glycosyl alkyl gallates in fish oil in water emulsions: Relevance of their surface active properties and of
thetype of emulsifier. Food Chem. 2015, 183, 190–196. [CrossRef] [PubMed]
Nagao, A.; Kotake-Nara, E.; Hase, M. Effects of fats and oils on the bioaccessibility of carotenoids and vitamin
E in vegetables. Biosci. Biotechnol. Biochem. 2013, 77, 776–785. [CrossRef] [PubMed]
Vidhyalakshmi, R.; Bhakyaraj, R.; Subhasree, R. Encapsulation “the future of probiotics”—A review.
Adv. Biol. Res. 2009, 3, 96–103.

Foods 2018, 7, 72

25 of 29

112. Hou, R.C.W.; Lin, M.Y.; Wang, M.M.C.; Tzen, J.T.C. Increase of viability of entrapped cells of
Lactobacillus delbrueckii ssp. bulgaricus in artificial sesame oils emulsions. J. Dairy Sci. 2003, 86, 424–428.
[PubMed]
113. Kloover, J.S.; den Bakker, M.A.; Gelderblom, H.; van Meerbeeck, J.P. Fatal outcome of a hypersensitivity
reaction to paclitaxel: A critical review of premedication regimens. Br. J. Cancer 2004, 90, 304–305. [CrossRef]
[PubMed]
114. Rijcken, C.J.F.; Soga, O.; Hennink, W.E.; van Nostrum, C.F. Triggered destabilisation of polymeric micelles
and vesicles by changing polymers polarity: An attractive tool for drug delivery. J. Control. Release 2007, 120,
131–148. [CrossRef] [PubMed]
115. Chen, Y.C.; Lo, C.L.; Lin, Y.F.; Hsiue, G.H. Rapamycin encapsulated in dualresponsive micelles for cancer
therapy. Biomaterials 2013, 34, 1115–1127. [CrossRef] [PubMed]
116. Matsumura, Y.; Kataoka, K. Preclinical and clinical studies of anticancer agent-incorporating polymer
micelles. Cancer Sci. 2009, 100, 572–579. [CrossRef] [PubMed]
117. Swamy, M.K.; Sinniah, U.R. A comprehensive review on the phytochemical constituents and pharmacological
activities of pogostemon cablin benth: An aromatic medicinal plant of industrial importance. Molecules 2015,
20, 8521–8547. [CrossRef] [PubMed]
118. Pinciroli, M.; Domínguez-Perles, R.; Abellán, A.; Guy, A.; Durand, T.; Oger, C.; Galano, J.M.; Ferreres, F.;
Gil-Izquierdo, A. Comparative study of the Phytoprostane and Phytofuran Content of indica and japonica
Rice (Oryza sativa L.) Flours. J. Agric. Food Chem. 2017, 65, 8938–8947. [CrossRef] [PubMed]
119. Lu, B.Y.; Li, M.Q.; Yin, R. Phytochemical Content, Health benefits, and toxicology of common edible flowers:
A review (2000–2015). Crit. Rev. Food Sci. Nutr. 2016, 56, S130–S148. [CrossRef] [PubMed]
120. Chang, S.K.; Alasalvar, C.; Shahidi, F. Review of dried fruits: Phytochemicals, antioxidant efficacies,
and health benefits. J. Funct. Foods 2016, 21, 113–132. [CrossRef]
121. Son, Y.R.; Choi, E.H.; Kim, G.T.; Park, T.S.; Shim, S.M. Bioefficacy of graviola leaf extracts in scavenging free
radicals and upregulating antioxidant genes. Food Funct. 2016, 7, 861–871. [CrossRef] [PubMed]
122. Xiao, J.; Cao, Y.; Huang, Q. Edible Nanoencapsulation Vehicles for Oral Delivery of Phytochemicals:
A Perspective Paper. J. Agric. Food Chem. 2017, 65, 6727–6735. [CrossRef] [PubMed]
123. Medina, S.; Domínguez-Perles, R.; Gil, J.I.; Ferreres, F.; Gil-Izquierdo, A. Metabolomics and the Diagnosis of
Human Diseases—A Guide to the Markers and Pathophysiological Pathways Affected. Curr. Med. Chem.
2014, 21, 823–848. [CrossRef] [PubMed]
124. Ting, Y.; Jiang, Y.; Ho, C.T.; Huang, Q. Common delivery systems for enhancing in vivo bioavailability
and biological efficacy of nutraceuticals. J. Funct. Foods 2014, 7, 112–128. [CrossRef]
125. Melo-Filho, C.C.; Braga, R.C.; Andrade, C.H. Advances in methods for predicting phase I metabolism of
polyphenols. Curr. Drug Metab. 2014, 15, 120–126. [CrossRef] [PubMed]
126. Huang, Q.R.; Yu, H.L.; Ru, Q.M. Bioavailability and delivery of nutraceuticals using nanotechnology.
J. Food Sci. 2010, 75, R50–R57. [CrossRef] [PubMed]
127. Radhakrishnan, R.; Kulhari, H.; Pooja, D.; Gudem, S.; Bhargava, S.; Shukla, R.; Sistla, R. Encapsulation of
biophenolic phytochemical EGCG within lipid nanoparticles enhances its stability and cytotoxicity against
cancer. Chem. Phys. Lipids 2016, 198, 51–60. [CrossRef] [PubMed]
128. Lockman, P.R.; Koziara, J.M.; Mumper, R.J.; Allen, D.D. Nanoparticle surface charges alter blood-brain
barrier integrity and permeability. J. Drug Target. 2004, 12, 635–641. [CrossRef] [PubMed]
129. Liu, Y.; Li, K.; Liu, B.; Feng, S.S. A strategy for precision engineering of nanoparticles of biodegradable
copolymers for quantitative control of targeted drug delivery. Biomaterials 2010, 31, 9145–9155. [CrossRef]
[PubMed]
130. Kumari, A.; Singla, R.; Guliani, A.; Yadav, S.K. Nanoencapsulation for drug delivery. EXCLI J. 2014, 13,
265–286. [PubMed]
131. Xiao, J.; Nian, S.; Huang, Q.R. Assembly of kafirin/carboxymethyl chitosan nanoparticles to enhance
the cellular uptake of curcumin. Food Hydrocoll. 2015, 51, 166–175. [CrossRef]
132. Kumar, D.V.; Verma, P.R.P.; Singh, S.K. Development and evaluation of biodegradable polymeric
nanoparticles for the effective delivery of quercetin using a quality by design approach. LWT Food Sci. Technol.
2015, 61, 330–338. [CrossRef]
133. Pan, K.; Zhong, Q.X.; Baek, S.J. Enhanced dispersibility and bioactivity of curcumin by encapsulation in
casein nanocapsules. J. Agric. Food Chem. 2013, 61, 6036–6043. [CrossRef] [PubMed]

Foods 2018, 7, 72

26 of 29

134. Hu, B.; Ting, Y.; Yang, X.; Tang, W.; Zeng, X.; Huang, Q. Nanochemoprevention by encapsulation
of (−)-epigallocatechin-3gallate with bioactive peptides/chitosan nanoparticles for enhancement of its
bioavailability. Chem. Commun. 2012, 48, 2421–2423. [CrossRef] [PubMed]
135. Zou, L.Q.; Zheng, B.J.; Zhang, R.J.; Zhang, Z.P.; Liu, W.; Liu, C.M.; Xiao, H.; McClements, D.J. Food-grade
nanoparticles for encapsulation, protection and delivery of curcumin: Comparison of lipid, protein,
and phospholipid nanoparticles under simulated gastrointestinal conditions. RSC Adv. 2016, 6, 3126–3136.
[CrossRef]
136. Domínguez-Perles, R.; Abellán, A.; León, D.; Ferreres, F.; Guy, A.; Oger, C.; Galano, J.M.; Durand, T.;
Gil-Izquierdo, A. sorting out the phytoprostane and phytofuran profile in vegetable oils. Food Res. Int. 2018,
107, 619–628. [CrossRef] [PubMed]
137. Xiao, J.; Li, C.; Huang, Q. Kafirin nanoparticles-stabilized Pickering emulsions as oral delivery vehicles:
Physicochemical stability and in vitro digestion profile. J. Agric. Food Chem. 2015, 63, 10263–10270. [CrossRef]
[PubMed]
138. Liu, M.; Zhang, J.; Zhu, X.; Shan, W.; Li, L.; Zhong, J.J.; Zhang, Z.R.; Huang, Y. Efficient mucus permeation
and tight junction opening by dissociable “mucus-inert” agent coated trimethyl chitosan nanoparticles for
oral insulin delivery. J. Control. Release 2016, 222, 67–77. [CrossRef] [PubMed]
139. Perez, Y.A.; Urista, C.M.; Martinez, J.I.; Nava, M.D.D.; Rodriguez, F.A.R. Functionalized polymers for
enhance oral bioavailability of sensitive molecules. Polymers 2016, 8, 214. [CrossRef]
140. Barua, S.; Mitragotri, S. Challenges associated with penetration of nanoparticles across cell and tissue barriers:
A review of current status and future prospects. Nano Today 2014, 9, 223–243. [CrossRef] [PubMed]
141. Johnson, B.M.; Charman, W.N.; Porter, C.J.H. the impact of P-glycoprotein efflux on enterocyte residence
time and enterocytebased metabolism of verapamil. J. Pharm. Pharmacol. 2001, 53, 1611–1619. [CrossRef]
[PubMed]
142. Charman, W.N.A.; Noguchi, T.; Stella, V.J. An experimental system designed to study the in situ intestinal
lymphatic transport of lipophilic drugs in anesthetized rats. Int. J. Pharm. 1986, 33, 155–164. [CrossRef]
143. Kim, H.; Kim, Y.; Lee, J. Liposomal formulations for enhanced lymphatic drug delivery. Asian J. Pharm. Sci.
2013, 8, 96–103. [CrossRef]
144. Sha, X.; Yan, G.; Wu, Y.; Li, J.; Fang, X. Effect of selfmicroemulsifying drug delivery systems containing
Labrasol on tight junctions in Caco-2 cells. Eur. J. Pharm. Sci. 2005, 24, 477–486. [CrossRef] [PubMed]
145. Xu, X.F.; Xu, P.P.; Ma, C.W.; Tang, J.; Zhang, X.W. Gut microbiota, host health, and polysaccharides.
Biotechnol. Adv. 2013, 31, 318–337. [CrossRef] [PubMed]
146. Caesar, R.; Nygren, H.; Oresic, M.; Backhed, F. Interaction between dietary lipids and gut microbiota regulates
hepatic cholesterol metabolism. J. Lipid Res. 2016, 57, 474–481. [CrossRef] [PubMed]
147. Aqil, F.; Munagala, R.; Jeyabalan, J.; Vadhanam, M.V. Bioavailability of phytochemicals and its enhancement
by drug delivery systems. Cancer Lett. 2013, 334, 133–141. [CrossRef] [PubMed]
148. Kumari, A.; Yadav, S.K.; Yadav, S.C. Biodegradable polymeric nanoparticles based drug delivery systems.
Colloids Surf. B Biointerfaces 2010, 75, 1–18. [CrossRef] [PubMed]
149. Boulle, F.; Kenis, G.; Cazorla, M.; Hamon, M.; Steinbusch, H.W.; Lanfumey, L.; van del Hove, D.L. TrkB
inhibition as a therapeutic target for CNS-related disorders. Prog. Neurobiol. 2012, 98, 197–206. [CrossRef]
[PubMed]
150. Huang, E.J.; Reichardt, L.F. Neurotrophins:
Roles in neuronal development and function.
Annu. Rev. Neurosci. 2001, 24, 677–736. [CrossRef] [PubMed]
151. Cowansage, K.K.; LeDoux, J.E.; Monfils, M.H. Brain-derived neurotrophic factor: A dynamic gatekeeper of
neural plasticity. Curr. Mol. Pharmacol. 2010, 3, 12–29. [CrossRef] [PubMed]
152. Lindholm, P.; Voutilainen, M.H.; Laurén, J.; Peränen, J.; Leppänen, V.M.; Andressoo, J.O.; Lindahl, M.;
Janhunen, S.; Kalkkinen, N.; Timmusk, T.; et al. Novel neurotrophic factor CDNF protects and rescues
midbrain dopamine neurons in vivo. Nature 2007, 448, 73–77. [CrossRef] [PubMed]
153. Pattarawarapan, M.; Burgess, K. Molecular basis of neurotrophin-receptor interactions. J. Med. Chem. 2003,
46, 5277–5291. [CrossRef] [PubMed]
154. Gullett, N.P.; Ruhul Amin, A.R.; Bayraktar, S.; Pezzuto, J.M.; Shin, D.M.; Khuri, F.R.; Aggarwal, B.B.; Surh, Y.J.;
Kucuk, O. Cancer prevention with natural compounds. Semin. Oncol. 2010, 37, 258–281. [CrossRef] [PubMed]

Foods 2018, 7, 72

27 of 29

155. Naithani, R.; Huma, L.C.; Moriarty, R.M.; McCormick, D.L.; Mehta, R.G. Comprehensive review of
cancer chemopreventive agents evaluated in experimental carcinogenesis models and clinical trials.
Curr. Med. Chem. 2008, 15, 1044–1071. [CrossRef] [PubMed]
156. Zolk, O.; Fromm, M.F. Transporter-mediated drug uptake and efflux: Important determinants of adverse
drug reactions. Clin. Pharmacol. Ther. 2011, 89, 798–805. [CrossRef] [PubMed]
157. Kusuhara, H.; Sugiyama, Y. Role of transporters in the tissue-selective distribution and elimination of drugs:
Transporters in the liver, small intestine, brain and kidney. J. Control. Release 2002, 78, 43–54. [CrossRef]
158. Li, Y.; Paxton, J.W. Oral bioavailability and disposition of phytochemicals. In Phytochemicals—Bioactivities
and Impact on Health; Rasooli, I., Ed.; InTech: Rijeka, Croatia, 2011; pp. 117–138.
159. Manach, C.; Scalbert, A.; Morand, C.; Remesy, C.; Jimenez, L. Polyphenols: Foodsources and bioavailability.
Am. J. Clin. Nutr. 2004, 79, 727–747. [CrossRef] [PubMed]
160. Mishra, B.; Patel, B.B.; Tiwari, S. Colloidal nanocarriers: A review on formulation technology, types
and applications toward targeted drug delivery. Nanomed. Nanotechnol. 2010, 6, 9–24. [CrossRef] [PubMed]
161. Oerlemans, C.; Bult, W.; Bos, M.; Storm, G.; Nijsen, J.F.W.; Hennink, W.E. Polymeric micelles in anticancer
therapy: Targeting, imaging and triggered release. Pharm. Res. 2010, 27, 2569–2589. [CrossRef] [PubMed]
162. Davis, S.S. Biomedical applications of nanotechnology—Implications for drug targeting and gene therapy.
Trends Biotechnol. 1997, 15, 217–224. [CrossRef]
163. Zhao, Y. Photocontrollable block copolymer micelles: What can we control? J. Mater. Chem. 2009, 19,
4887–4895. [CrossRef]
164. Gil, E.S.; Hudson, S.M. Stimuli-reponsive polymers and their bioconjugates. Prog. Polym. Sci. 2004, 29,
1173–1222. [CrossRef]
165. Shenoy, D.; Little, S.; Langer, R.; Amiji, M. Poly(ethylene oxide)-modified poly(beta-amino ester)
nanoparticles as a pH-sensitive system for tumor targeted delivery of hydrophobic drugs: Part 2. In vivo
distribution and tumor localization studies. Pharm. Res. 2005, 22, 2107–2114. [CrossRef] [PubMed]
166. Devalapally, H.; Shenoy, D.; Little, S.; Langer, R.; Amiji, M. Poly(ethylene oxide)-modified poly(beta-amino
ester) nanoparticles as a pH-sensitive system for tumor-targeted delivery of hydrophobic drugs: Part 3.
Therapeutic efficacy and safety studies in ovarian cancer xenograft model. Cancer Chemother. Pharm. 2007,
59, 477–484. [CrossRef] [PubMed]
167. Allen, C.; Maysinger, D.; Eisenberg, A. Nano-engineering block copolymer aggregates for drug delivery.
Colloids Surf. B Biointerfaces 1999, 16, 3–27. [CrossRef]
168. Amin, F.U.; Shah, S.A.; Badshah, H.; Khan, M.; Kim, M.O. Anthocyanins encapsulated by PLGA@PEG
nanoparticles potentially improved its free radical scavenging capabilities via p38/JNK pathway against
Aβ1–42-induced oxidative stress. J. Nanobiotechnol. 2017, 15, 12–27. [CrossRef] [PubMed]
169. Torchilin, V.P.; Lukyanov, A.N. Peptide and protein drug delivery to and into tumors: Challenges
and solutions. Drug Discov. Today 2003, 8, 259–266. [CrossRef]
170. Jiménez-Aguilar, D.M.; Ortega-Regules, A.E.; Lozada-Ramírez, J.D.; Pérez-Pérez, M.C.I.; Vernon-Cartere, E.J.;
Welti-Chanesa, J. Color and chemical stability of spray-dried blueberry extract using mesquite gum as wall
material. J. Food Compos. Anal. 2011, 24, 889–894. [CrossRef]
171. Sampat, K.M.; Garg, S.J. Complications of intravitreal injections. Curr. Opin. Ophthalmol. 2010, 21, 178–183.
[CrossRef] [PubMed]
172. Thakur, S.S.; Barnett, N.L.; Donaldson, M.J.; Parekh, H.S. Intravitreal drug delivery in retinal disease: Are
we out of our depth? Expert Opin. Drug Deliv. 2014, 11, 1575–1590. [CrossRef] [PubMed]
173. Agrahari, V.; Agrahari, V.; Hung, W.T.; Christenson, L.K.; Mitra, A.K. Composite Nanoformulation
Therapeutics for Long-Term Ocular Delivery of Macromolecules. Mol. Pharm. 2016, 13, 2912–2922. [CrossRef]
[PubMed]
174. Traka, M.H.; Mithen, R.F. Plant Science and Human Nutrition: Challenges in Assessing Health-Promoting
Properties of Phytochemicals. Plant Cell 2011, 23, 2483–2497. [CrossRef] [PubMed]
175. Skrovankova, S.; Sumczynski, D.; Mlcek, J.; Jurikova, T.; Sochor, J. Bioactive Compounds and Antioxidant
Activity in Different Types of Berries. Int. J. Mol. Sci. 2015, 16, 24673–24706. [CrossRef] [PubMed]
176. Sahoo, S.K.; Dilnawaz, F.; Krishnakumar, S. Nanotechnology in ocular drug delivery. Drug Discov. Today
2008, 13, 144–151. [CrossRef] [PubMed]
177. Bangham, A.D. Liposomes: the Babraham connection. Chem. Phys. Lipids 1993, 64, 275–285. [CrossRef]

Foods 2018, 7, 72

28 of 29

178. Chiappetta, D.A.; Sosnik, A. Poly (ethylene oxide)-poly (propylene oxide) block copolymer micelles as drug
delivery agents: Improved hydrosolubility, stability and bioavailability of drugs. Eur. J. Pharm. Biopharm.
2007, 66, 303–317. [CrossRef] [PubMed]
179. Labhasetwar, V.; Song, C.; Levy, R.J. Nanoparticle drug delivery system for restenosis. Adv. Drug Deliv. Rev.
1997, 24, 63–85. [CrossRef]
180. Pescina, S.; Sonvico, F.; Santi, P.; Nicoli, S. Therapeutics and carriers: the dual role of proteins in nanoparticles
for ocular delivery. Curr. Top. Med. Chem. 2015, 15, 369–385. [CrossRef] [PubMed]
181. Oehlke, K.; Adamiuk, M.; Behsnilian, D.; Graf, V.; Mayer-Miebach, E.; Walz, E.; Greiner, R. Potential
bioavailability enhancement of bioactive compounds using food-grade engineered nanomaterials: A review
of the existing evidence. Food Funct. 2014, 5, 1341–1359. [CrossRef] [PubMed]
182. Varadinova, M.G.; Docheva-Drenska, D.I.; Boyadjieva, N.I. Effects of anthocyanins on learning and memory
of ovariectomized rats. Menopause 2009, 16, 345–349. [CrossRef] [PubMed]
183. Li, L.; Li, W.; Jung, S.W.; Lee, Y.W.; Kim, Y.H. Protective effects of decursin and decursinol angelate against
amyloid β-protein-induced oxidative stress in the PC12 cell line: the role of Nrf2 and antioxidant enzymes.
Biosci. Biotechnol. Biochem. 2011, 75, 434–442. [CrossRef] [PubMed]
184. Fomina, N.; Sankaranarayanan, J.; Almutairi, A. Photochemical mechanisms of light-triggered release from
nanocarriers. Adv. Drug Deliv. Rev. 2012, 64, 1005–1020. [CrossRef] [PubMed]
185. Alvarez-Lorenzo, C.; Bromberg, L.; Concheiro, A. Light-sensitive intelligent drug delivery systems.
Photochem. Photobiol. 2009, 85, 848–860. [CrossRef] [PubMed]
186. Bisby, R.H.; Mead, C.; Morgan, C.G. Wavelength-programmed solute release from photosensitive liposomes.
Biochem. Biophys. Res. Commun. 2000, 276, 169–173. [CrossRef] [PubMed]
187. Morgan, C.G.; Yianni, Y.P.; Sandhu, S.S.; Mitchell, A.C. Liposome fusion and lipid exchange on ultraviolet
irradiation of liposomes containing a photochromic phospholipid. Photochem. Photobiol. 1995, 62, 24–29.
[CrossRef] [PubMed]
188. Panyam, J.; Labhasetwar, V. Sustained cytoplasmic delivery of drugs with intracellular receptors using
biodegradable nanoparticles. Mol. Pharm. 2004, 1, 77–84. [CrossRef] [PubMed]
189. Bareford, L.M.; Swaan, P.W. Endocytic mechanisms for targeted drug delivery. Adv. Drug Deliv. Rev. 2007,
59, 748–758. [CrossRef] [PubMed]
190. Sha, X.Y.; Guo, J.; Chen, Y.Z.; Fang, X.L. Effect of phospholipid composition on pharmacokinetics
and biodistribution of epirubicin liposomes. J. Liposome Res. 2012, 22, 80–88. [CrossRef] [PubMed]
191. Angelova, A.; Angelov, B.; Drechsler, M.; Lesieur, S. Neurotrophin delivery using nanotechnology.
Drug Discov. Today 2013, 18, 1263–1271. [CrossRef] [PubMed]
192. Bertram, J.P.; Rauch, M.F.; Chang, K.; Lavik, E.B. Using polymer chemistry to modulate the delivery
of neurotrophic factors from degradable microspheres: Delivery of BDNF. Pharm. Res. 2010, 27, 82–91.
[CrossRef] [PubMed]
193. Checa-Casalengua, P.; Jiang, C.; Bravo-Osuna, I.; Tucker, B.A.; Molina-Martínez, I.T.; Young, M.J.;
Herrereo-Vanrell, R. Preservation of biological activity of glial cell line-derived neurotrophic factor (GDNF)
after microencapsulation and sterilization by gamma irradiation. Int. J. Pharm. 2012, 436, 545–554. [CrossRef]
[PubMed]
194. Garbayo, E.; Ansorena, E.; Lanciego, J.L.; Blanco-Prieto, M.J.; Aymerich, M.S. Long-term neuroprotection
and neurorestoration by glial cell-derived neurotrophic factor microspheres for the treatment of Parkinson’s
disease. Mov. Disord. 2011, 26, 1943–1947. [CrossRef] [PubMed]
195. Lampe, K.J.; Kem, D.S.; Mahoney, M.J.; Bjugstad, K.B. the administration of BDNF and GDNF to the brain via
PLGA microparticles patterned within a degradable PEG-based hydrogel: Protein distribution and the glial
response. J. Biomed. Mater. Res. 2011, 96, 595–607. [CrossRef] [PubMed]
196. Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug
delivery systems. J. Control. Release 2001, 73, 121–136. [CrossRef]
197. Pridgen, E.M.; Langer, R.; Farokhzad, O.C. Biodegradable, polymeric nanoparticle delivery systems for
cancer therapy. Nanomedicine 2007, 2, 669–680. [CrossRef] [PubMed]
198. Yamamoto, H.; Tahara, K.; Kawashima, Y. Nanomedical system for nucleic acid drugs created with
the biodegradable nanoparticle platform. J. Microencapsul. 2012, 29, 54–62. [CrossRef] [PubMed]
199. Maurer-Jones, M.A.; Bantz, K.C.; Love, S.A.; Marquis, B.J.; Haynes, C.L. Toxicity of therapeutic nanoparticles.
Nanomedicine 2009, 4, 219–241. [CrossRef] [PubMed]

Foods 2018, 7, 72

29 of 29

200. Shvedova, A.A.; Kagan, V.E.; Fadeel, B. Close encounters of the small kind: Adverse effects of man-made
materials interfacing with the nano-cosmos of biological systems. Annu. Rev. Pharm. Toxicol. 2010, 50, 63–88.
[CrossRef] [PubMed]
201. Vega-Villa, K.R.; Takemoto, J.K.; Yáñez, J.A.; Remsberg, C.M.; Forrest, M.L.; Davies, N.M. Clinical toxicities
of nanocarrier systems. Adv. Drug Deliv. Rev. 2008, 60, 929–938. [CrossRef] [PubMed]
202. Lanone, S.; Boczkowski, J. Biomedical applications and potential health risks of nanomaterials: Molecular
mechanisms. Curr. Mol. Med. 2006, 6, 651–663. [CrossRef] [PubMed]
203. Curtis, J.; Greenberg, M.; Kester, J.; Phillips, S.; Krieger, G. Nanotechnology and nanotoxicology: A primer
for clinicians. Toxicol. Sci. 2006, 25, 245–260. [CrossRef]
204. Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Nanomedicine: Current status and future prospects. FASEB J.
2005, 19, 311–330. [CrossRef] [PubMed]
205. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carrière, F.; Boutrou, R.;
Corredig, M.; Dupont, D.; et al. A standardised static in vitro digestion method suitable for
food—An international consensus. Food Funct. 2014, 5, 1113–1124. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

