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Abstract

Flavonoids are among the biggest group of polyphenols, widely distributed in plant-based foods. A
plethora of evidence supports the health benefits and value of flavonoids can play in the physio-
logical function treatment and in the prevention of disease particularly in the prevention of dege-
nerative conditions including cancers, cardiovascular and neurodegenerative diseases. Hence,
flavonoids represent the active constituents of many dietary supplements and herbal remedies, as
well as there is an increasing interest in this class of polyphenols as functional ingredients of be-
verages, food grains and dairy products. Conversely, various studies have also shown that flavo-
noids have some drawbacks after oral administration such as stability, bioavailability and bioeffi-
cacy. This article reviews the current status of novel nanodelivery systems including nanospheres,
nanocaspsules, micro- and nanoemulsions, micelles, solid lipid nanoparticles and nanostructured
lipid capsules, successfully developed for overcoming the delivery challenges of flavonoids.
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1. Introduction

Plants are, virtually, inexhaustible sources of biologically active compounds, which are their defense mechan-
isms against microorganisms, insects and herbivores. Flavonoids are a large group of polyphenols which occur
ubiquitously in plant-based foods and mostly of herbal remedies. Structurally, flavonoids are low-molecular-
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mass phenylchromane derivatives with a basic carbon-based skeleton in C6-C3-C6, a general structural back-
bone in which the two C6 units (Ring A and Ring B) are of phenolic nature and according to the variations in
the heterocyclic ring C, flavonoids can be divided in different classes (Figure 1). The presence of phenyl hy-
droxyl groups and sugars moieties is very common with a huge number of substitution patterns in both the ben-
zene rings A and B, including methyl and isopentyl units, O- or C-glycosyl group(s), galloyl, feruroyl and caf-
feoyl acids, dimers, oligomers, and polymers [1]. Flavonoids exhibit a wide spectrum of biological activities,
either as antioxidants or modulators of cell signaling, and the influence of their metabolism on these properties
is key to the evaluation of these potent biomolecules as antioxidants and anti-inflammatory agents, cardiopro-
tectants, and inhibitors of neurodegeneration. Moreover, they have the capacity to inhibit the growth of a wide
range of microorganisms and viruses [2]-[4].

Despite the health benefits produced by Flavonoids, the therapeutic outcome is still dependent by the im-
provement of the pharmacokinetic profile of these compounds after oral administration. Flavonoids have limited
water solubility even if they are in the form of glycosides, poor bioavailability, and can be easily modified by
environmental factors such as temperature, pH and light. The mechanisms of gastrointestinal absorption of fla-
vonoids are complex which are poorly absorbed in their natural form in the intestine. It is believed that flavonoids
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Figure 1. Structures of flavonoids.


http://upload.wikimedia.org/wikipedia/commons/e/e9/Flavanone_num.svg
http://en.wikipedia.org/wiki/File:Flavan-3-ol.svg
http://www.google.it/imgres?um=1&sa=N&hl=it&rlz=1T4AURU_itIT499IT499&tbm=isch&tbnid=5aYftG0r0HJGSM:&imgrefurl=http://commons.wikimedia.org/wiki/File:Flavonol.svg&docid=HIz90znPJqP_MM&imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/4/43/Flavonol.svg/242px-Flavonol.svg.png&w=242&h=189&ei=jcClUs6BG4Ww7Aa3n4CQCA&zoom=1&iact=hc&vpx=187&vpy=216&dur=1234&hovh=151&hovw=193&tx=99&ty=63&page=1&tbnh=143&tbnw=183&start=0&ndsp=25&ved=1t:429,r:1,s:0,i:86
http://upload.wikimedia.org/wikipedia/commons/5/52/Taxifolin_structure.svg
http://www.google.it/imgres?um=1&sa=N&hl=it&rlz=1T4AURU_itIT499IT499&tbm=isch&tbnid=zyp_5q2YStZWgM:&imgrefurl=http://commons.wikimedia.org/wiki/File:Isoflavone_acsv.svg&docid=cBhZ99vHVVqmcM&imgurl=http://upload.wikimedia.org/wikipedia/commons/c/cd/Isoflavone_acsv.svg&w=980&h=642&ei=L8GlUpPRMsnF7Aam1oDACw&zoom=1&iact=hc&vpx=2&vpy=325&dur=1969&hovh=182&hovw=277&tx=106&ty=91&page=1&tbnh=134&tbnw=232&start=0&ndsp=23&ved=1t:429,r:8,s:0,i:107

A.R.Bilia et al.

are extensively degraded by intestinal microorganisms and/or enzymes, producing different metabolites. These
metabolites, if absorbed, are subjected to the hepatic enzymatic system and new metabolites can be formed va-
rying in bioactivity [5] [6].

After the hydrolysis of the sugar moieties in the small intestine or due to bacterial activity in the colon, agly-
cones are generated and further metabolized into the metabolism before reaching the systemic circulation.
Briefly, numerous factors could play a role in limiting glucuronidated or sulfated form [5] [6]. As a consequence,
flavonoids result in poor bioavailability, poor permeability, instability and extensive first-pass bioavailability of
flavonoids, such as low water solubility, instability to gastric and colonic pH, metabolism by gut microflora,
absorption across the intestinal wall, active efflux mechanism and first-pass metabolic effects. Nanocarriers
could be useful to enhance biovailability and bioefficacy of flavonoids because they can increase solubilization
potential, alter absorption pathways, and prevent the metabolic degradation within the gastrointestinal tract.

2. Nanosized Delivery Systems to Increase Oral Bioavailability

A promising approach to overcome the low oral bioavailability of constituents is the development of nanosized
drug carriers (in the size range of 10 - 1000 nm, Figure 2) which can generally be divided into two groups: po-
lymer- and lipid-based systems. Molecular complexes such as cyclodextrin inclusion complexes and molecular
associations with lecithin (phytosomes) also represent a valid strategy.

Oral route is the easiest and the most convenient route for both preventive or therapeutic use but flavonoids.

Nanosized delivery systems significantly affect the absorption profile of the loaded molecules because the
particle size, shape and surface properties of the nanoparticles play a crucial role in the uptake across the ga-
strointestinal mucosa. The nanocarriers with particle size of 50 - 300 nm, positive zeta potential and hydrophob-
ic surface were found to have preferential uptake from gastrointestinal tract as compared to their counterparts

[7].
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Figure 2. Nanosized delivery systems for oral route.



A.R. Bilia et al.

Nanocarriers improve the absorption by enterocytes due to increased solubilization and dissolution, mucoad-
hesion (interaction between the positively charged nanocarrier with negatively charged mucin), tight junction
modulation (capability of nanocarriers to interact with the tight junction proteins), receptor-mediated endocyto-
sis and transcytosis, phagocytosis via specialized microfold cells (M cells) of the Peyer’s patches and other mu-
cosa associated lymphoid tissues (MALT) and lymphatic absorption via chylomicron uptake mechanism from
the enterocytes (mediated by lipase for various lipid based drug delivery systems) [8].

2.1. Potential Absorption Mechanisms Implemented by Polymer-Based Nanocarriers for
Increasing Oral Bioavailability

Figure 3 depicts various absorption mechanisms by which polymeric nanocarriers improve the oral bioavaila-
bility of bioactives.

Various types of polymer based nanocarriers implemented for improving the oral delivery of drugs include
nanoparticles and polymeric micelles. The principal advantage of polymeric nanocarriers is their robust struc-
tural characteristics imparting very high stability in the gastrointestinal tract. Furthermore, the hydrophobicity
and hydrophilicity within the polymeric system can be manipulated to accommodate wide variety of drug mole-
cules [9]. The polymeric nanoparticles tend to show very high degree of sustained release of drug molecules,
which could be of special significance for oral delivery to guarantee that no drug is released from the formula-
tion till it reaches systemic circulation thereby bypassing various physiological barriers to oral delivery of diffi-
cult-to deliver drugs [10]. Polymeric nanoparticles have the preferential uptake as all nanoparticles, by specia-
lized Peyer’s patches (M cells) and the isolated follicles of the gut-associated lymphoid tissue present in the ga-
strointestinal tract.

After reaching the apical membrane of intestinal epithelial cells, most nanoparticles cross enterocytes via
transcellular transport. Through exocytosis they enter the bloodstream or lymphatic vessels. Particles less than
500 nm in diameter are internalized through both clathrin- and caveolae-mediated endocytosis. Moreover, coat-
ing nanoparticles with cationic chitosan or ions protects them from endolysosomal degradation in enterocytes
[11].

Polymeric micelles, have been also successfully employed for oral route, considering their various advantages
such as superior stability compared to surfactant micelles, enhanced solubilising power, small size [12]. An ex-
haustive review on the various mechanisms of drug absorption via polymeric micelles from gastrointestinal tract
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is available in literature [13]. Briefly, an alteration in the membrane permeability and an absorption via fluid
phase pinocytosis, receptor mediated endocytosis, inhibition of the efflux transporter proteins and mucoadhesion
along the gastrointestinal tract represent the major mechanisms of enhanced drug absorption of polymeric mi-
celles.

2.2. Potential Absorption Mechanisms Implemented by Lipid-Based Nanocarriers for
Increasing Oral Bioavailability

Figure 4 depicts various absorption mechanisms by which lipid nanocarriers improve the oral bioavailability of
bioactives. Various types of lipid based nanocarriers have been developed and include microemulsions, nanoe-
mulsions, lipid nanocapsules and nanoparticles, self-emulsifying systems, micelles.

The intraluminal processing of the lipidic excipients has been exhaustively reviewed [14]. Briefly, gastric li-
pases digest triglycerides in diglycerides and fatty acids in stomach generating an emulsion of lipids wich is ex-
posed to bile salts, cholesterol and phospholipids secreted by gall bladder and pancreatic lipase/co-lipase se-
creted by pancreas. A further digestion occurs with the formation of stable small sized emulsion droplets.

Acid pathway and the formed micelles will then be absorbed by enterocytes, where it gets converted to the
chylomicron upon re-esterification via monoacyl glycerol or phosphatidic subsequent stabilization by phospho-
lipids. Macropinocytosis and endocytosis can also occur.

3. Flavonoids Loaded in Polymer-Based Nanocarriers

The carrier materials are natural polymers or synthetic biodegradable high molecular polymers. The latters
usually include poly-a-cyanoacrylate alkyl esters, polyvinyl alcohol, polylactic acid, polyglycolic acid and po-
lylactic-glycolic acid. The natural ones are usually divided into two classes: polysaccharides and proteins. Poly-
saccharides include compounds from plant origin (e.g. pectin, cellulose and its derivatives, starch and its deriva-
tives, gum arabic, carrageenan, alginate) and polysaccharides from microbial or animal origin (e.g. xanthan gum,
chitosan). Proteins are albumin, gelatine, soy proteins, casein.

Nanoparticles made of polysaccharides, due to their unique properties are promising carriers to deliver and
protect the physiological properties of hydrophilic drugs and have been successfully applied as drug-delivery
systems [15]. As natural biomaterials, polysaccharides are stable, safe, non-toxic, hydrophilic and biodegradable.
In addition, polysaccharides have abundant resources in nature and low cost in their processing.
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3.1. Polymeric Nanoparticles

Drugs can be embedded or dissolved in nanoparticles and can also be adsorbed or coupled on the surface. As a
consequence, nanoparticles can be broadly divided into reservoir systems like core-shell nanocapsules where the
bioactive compound is encapsulated in the core surrounded by polymeric wall and matrix systems wherein the
bioactive molecules are embedded in the polymeric matrix. The loading of functional ingredients in the carrier
matrix further leads to prevention of degradation. The release of functional ingredients from carriers occurs
through one of the following process: dissolution; desorption of the surface-bound/adsorbed functional ingre-
dient; diffusion through the matrix; matrix erosion including enzyme degradation; and a combination of these
processes [16].

Diverse examples of successfully polymeric nanocarriers loaded with flavonoids have been reported in the li-
terature.

Catechins, especially those of green tea, have received considerable attention due to their favorable biological
properties but their therapeutic potential is limited by their low oral bioavailability (<5%) attributed to poor sta-
bility and intestinal absorption and a short half life owing to strong systemic clearance [17].

Chitosan nanoparticles significantly (p < 0.05) enhanced intestinal absorption of both (+)-catechin and
(—)-epigallocatechin gallate. The cumulative amounts transported after encapsulation were significantly (p <
0.05) higher, i.e. 302.1 + 46.1 vs 206.8 + 12.6 ng/cm? and 102.7 + 12.4 vs 57.9 + 7.9 ng/cm? for catechin and
epigallocatechin gallate, respectively. The mechanism by which absorption was enhanced was likely due to sta-
bilization of catechins after encapsulation (99.7 + 0.7 vs 94.9% + 3.8% and 56.9 + 3.0 vs 1.3% + 1.7% of the in-
itial catechin and epigallocatechin gallate concentration respectively) [18].

A study reported the preparation of rutin loaded in chitosan (CH)-tripolyphosphate (TPP) nanoparticles. Op-
timised particles (4.0:1.0 of CH:TPP mass ratio only) were found to retain rutin in simulated gastric fluids,
whereas in conditions which simulated fluids from the small intestine, only 20% of the entrapped rutin was re-
leased and 80% remained absorbed to the CH:TPP carriers. The particles carried a high positive charge which
promoted also mucoadhesion [19].

Polysaccharides nanoparticles based on maltodextrin (hydrolyzed products of starch) and gum Arabic (a hy-
drocolloid produced by the natural exudation of acacia trees) were loaded with catechins. The particles of 80 nm,
negatively charged (—22 mV), had a release triggered by temperature, but not by acidic pH [20].

A similar formulation was reported for epigallocatechin gallate and coated with lipid layers. including phos-
phatidylcholine (egg-yolk PC) and stearylamine (SA), a cationic additive. Diameter was 300 nm and the zeta
potential was 56 = 5 mV. It was observed that lipid coated nanoparticles retain more efficiently the catechins
when compared to uncoated particles [21].

Quercetin shows multiple biological activities but it has a poor bioavailability, poor permeability, instability
and extensive first pass metabolism before reaching the systemic circulation. PLA nanoparticles loaded ith
quercetin were developed with a mean diameter of ca.130 £ 30 nm. Antioxidant activity was retained after na-
noencapsulation. The in vitro release kinetics under physiological condition show initial burst release followed
by slow and sustained release. The complete release and maximum retention of quercetin is 72 and 96 h respec-
tively [22].

3.2. Polymeric Micelles

The hydrophilic shell plays an important role for the in vivo behaviour of the micelles, in particular their steric
stabilization and ability to interact with the cells. Quercetin-loaded micelles made from the diblock copolymer,
polyethylene glycol (PEG)-derivatized phosphatidylethanolamine (PE) were prepared. Their sizes were 15.4 -
18.5 nm and polydispersity index was ca. 0.250. Solubility of quercetin by the nanomicelles increased by
110-fold. The quercetin nanomicelles were stable when tested in simulated gastric (pH 1.2) and intestinal (pH
7.4) fluids, and were non-toxic to the Caco-2 cells. The anticancer activity of the nanomicellar formulation in-
creased when tested using the A549 cancer cell line and murine xenograft model [23].

Apigenin has been recognized for many biological properties but it is poorly water soluble molecule (2.16
pg/mL in water and 0.001 - 1.63 mg/mL in high hydrophilic or nonpolar solvents), leading to a poor absorption
in gastrointestinal tract.

Polymeric micelles of Pluronic P123 and Solutol HS 15 with an average diameter of 16.9 nm were prepared.
The low CMC (4.23 x 10 mol/L) of the micelles indicated their stability even in a diluted environment. The in

()
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vitro drug release study showed nearly 84% of apigenin was released from micelles within 36 h, showing the
sustained release property. Cytotoxicity of apigenin loaded polymeric micelles against HepG2 and MCF-7 can-
cer cell in vitro was remarkably higher than that of the free drug [24].

4. Flavonoids Loaded in Lipid-Based Nanocarriers

Lipid based nanosystems include micelles, solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC),
nanoemulsions and microemulsions. Lipids and surfactant active agents are generally selected from a big ple-
thora of edible constituents and Generally Recognized As Safe (GRAS) approved compounds. Their size can
range from around 10 nm for micelles to hundreds of nanometres for the other systems. Stabilization which is
the basic requirement for formation of colloidal systems could be achieved either by surface charge (electrostatic
stabilization); surface adsorption of a layer of surfactant or polymer (steric stabilization) or a combination of
both surface charge and steric adsorption (electrosteric stabilization).

4.1. Micelles

Micelles are colloidal assemblies of amphiphilic molecules that occur at the critical micelle concentration
(CMC). In polar media such as water, the hydrophaobic part is the core while the polar head groups tend to locate
at the solvent interface taking up several forms, depending on the conditions and composition of the system,
such as distorted spheres, disks, or rods. Bioactive compound can be solubilized in molecular state and localized
either in the core or the palisade of micelles (depending on its polarity) and a equilibrium partition of compound
in micelles and aqueous bulk phase is established [25]. When a combination of hydrophobic (HLB value < 10)
and hydrophilic surfactants (HLB value > 10) is used we can also form a mixed micellar system which can be
used as delivery system [26].

Micellar systems have several attributes to be considered as effective delivery systems: small size (typically <
20 nm); thermodynamic stability (spontaneous formation above CMC) and colloidal stability [26].

Rutin has various biological effects, attributed partly to its ability to scavenge free radicals which can be re-
lated to the nature of micellar media. As a consequence, the interaction of rutin with the radical DPPH (2,2-di-
phenyl-1 picrylhydrazyl) in presence of cationic (CTAB, TTAB, DTAB), non-ionic (Brij78, Brij58, Brij35),
anionic (SDS) and mixed surfactant systems (CTAB-Brij58, DTAB-Brij35, SDS-Brij35) has been investigated.
The results show that the solubilization capacity of various single surfactant systems for rutin followed the order:
cationics > non-ionics > anionic. The radical scavenging activity of rutin in the solubilized form was higher
within ionic micelles than in non-ionic micelles. Mixed surfactant systems exhibited better solubilization capac-
ity than single component systems indicating a favorable mixing effect on solubilization of rutin as well as a
similar rutin interaction with the radical DPPH [27].

4.2. Microemulsions, Nanoemulsions and Self-Microemulsifying Drug Delivery Systems

Microemulsion also known as swollen micelle, typically contains droplets with radii between the range of 2 to
100 nm. They are thermodynamically stable and formed spontaneously. Fabricating nanoemulsions and micro-
emulsions usually requires fairly similar ingredients: an oil phase, an aqueous phase, a surface active agent and
probably a co-surfactant [28]. Microemulsions require special oils and synthetic surfactants, very high concen-
tration of surfactant and precise production approach. Moreover they are prone to disintegration upon the
changes of environmental conditions (e.g. composition and temperature).

Nanoemulsions, often also called miniemulsions, are emulsions consisting of droplets which are significantly
(by a factor of 10 or so) smaller than the droplets present in ordinary emulsions. They are thermodynamically
unstable systems exhibiting, however, high kinetic stability which can be for several years. Moreover their low
viscosity and optical transparency make them very attractive delivery systems for example, in the pharmaceuti-
cal field as drug delivery or other application area. The droplet is typically stabilized by a layer that consists of a
mixture of surfactant and co-surfactant [28].

Although both nanoemulsions and microemulsions show long-term stability (due to a different mechanism),
microemulsions are much more sensitive to envionmental changes, such as temperature, ionic strength, compo-
sition (adding/removing molecules to/from the aqueous continuous phase). A drawback when comparing to na-
noemulsions, is that microemulsion formation requires the use of relatively large amounts of surfactant, i.e.,
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their loading capacity is significantly lower than this of comparable nanoemulsion delivery systems, especially
when using triglycerides as the dispersed oil phase [28].

A further and very successful approach to improve the solubility, chemical stability, and oral bioavailability
of poorly water soluble molecules is self-microemulsifying drug delivery systems (SMEDDS). They are defined
as isotropic mixtures of oil, surfactant, cosurfactant and drug, which form oil-in water microemulsion with
droplet size less than 100 nm when exposed to aqueous media with gentle agitation or motility of gastrointestin-
al tract [29].

Quercetin-loaded microemulsion (oil-in-water microemulsion content 0.02:0.2:1 of lecithin:castor oil:Solutol
HS15®) has been developed and compared with quercetin in vivo. Only quercetin-loaded microemulsion inhi-
bited in a dose-dependent way, the eosinophil recruitment to the bronchoalveolar lavage fluid and significantly
reduced both IL-5 and IL-4 levels, the nuclear transcription factor kappa B activation, P-selectin expression and
the mucus production in the lung. Quercetin-loaded microemulsion exhibited pronounced anti-inflammatory
properties in a murine model of airways allergic inflammation [30].

Puerarin, the characteristic flavonoid of the root of Pueraria lobata, an herbal drug used in traditional Chinese
Medicine with many beneficial properties is practically water insoluble with a low bioavailability.

A study [31] has reported the preparation of self-microemulsifying drug delivery systems (SMEDDS) in sus-
tained release pellets to enhance the oral bioavailability of puerarin. Castor oil was used as the oil phase, Cre-
mophor® EL as the emulsifier, and 1,2-propanediol as the co-emulsifier. The mean particle size was 50 + 8 nm.
The pharmacokinetic and bioavailability of the puerarin-SMEDDS ustained-release pellets and puerarin tablets
were compared in beagle dogs. The absolute bioavailability of the puerarin-SMEDDS was enhanced by 2.6-fold
compared with that of the puerarin tablet. The relative bioavailability of the SMEDDS pellets was 259.7% com-
pared with the conventional tablet group. The results demonstrated that the puerarin-SMEDDS pellets had a
sustained-release effect, and could remarkably improve the oral bioavailability of puerarin [31].

Polymethoxyflavones including 5,7 dimethoxyflavone, 5,7,4’-trimethoxyflavone, and 3,5,7,3’,4’-pentame-
thoxyflavone are the characteristic constituents of Kaempferia parviflora, widely used as herbal medicine for
centuries in Asia for diverse biological properties. Polymethoxyflavones have poor water solubility and low oral
bioavailability (1% - 4%).

Accordingly, SMEDDS were developed as follows: polyoxyethylene castor oil (53.3%), propylene glycol
(26.7%), and triglyceride of coconut oil (20%). The oral bioavailability values of SMEDDS formulations were
higher than those of plant extracts (25.38-, 42.00-, and 26.01-fold for 3,5,7,3",4’-pentamethoxyflavone, 5,7,4’-
trimethoxyflavone, and 5,7 dimethoxyflavone, respectively) [32].

Silybin, a characteristic flavolignan from fruits of milk thistle (Silybum marianum (L.) Gaertn), has always
been used to treat liver, spleen and gallbladder disorders. However, the clinical efficacy of silybin is limited by
its poor water solubility (0.4 mg/mL), which results in poor oral absorption and bioavailability. A formulation
consisting of silybin, Labrafac CC, Cremophor RH40, Labrasol and 5% HPMC enhanced oral bioavailability of
silybin [33]. The in vivo study indicated that the area under the concentration—time curve (AUCO — 12 h) of the
silybin-preparation increased by nearly 3-fold more than those of the conventional self-emulsifying drug deli-
very systems without the presence of HPMC at a drug dose of 533 mg/kg [33].

Another study investigated SMEDDS loaded with silymarin (the total extract, principally silybin). It consisted
of 10% (w/w) of ethyl linoleate, 30% of Cremophor EL, and 60% of ethyl alcohol. The bioavailability was en-
hanced about 2.2-fold compared with the unformulated extract in fasted dogs [34].

Also quercetin has been formulated into SMEDDS to improve its oral bioavailability and antioxidant potential.
The formulation was optimized using 40:40:20 w/w of Capmul MCM:QT (19:1)/Tween20/ethanol. The formu-
lation showed a rapid internalization within 1h of incubation with Caco-2 cells and a significant increase in cel-
lular uptake by 23.75-fold in comparison with free quercetin cultured with Caco-2 cells. Five-fold enhancement
in oral bioavailability compared to free quercetin suspension was found [35].

Baicalein, the characteristic flavone of the root of Scutellaria baicalensis, has multiple biological activities
but its poorly water solubility is limiting its bioefficacy. Optimized SMEDDS formulations for baicalein were
Cremophor RH40 (53.57%) as surfactant, Transcutol P (21.43%) as cosurfactant, and caprylic capric triglyce-
ride (25%) as oil. The drug release rate of SMEDDS was significantly higher than that of the baicalein suspen-
sion. The in vivo studies showed that the absorption of baicalein from SMEDDS resulted in about 200.7% in-
crease in relative bioavailability compared with that of the baicalein suspension [36].
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4.3. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLN) refer to nanoscale size particles prepared using lipids that remain solid at room
temperature (or/and body temperature). The lipid component may comprise of a broad range of lipid and li-
pid-like molecules such as triacylglycerols or waxes.

The diameter of such lipid particles can be also quite small, i.e. in the range between 50 nm and 1 um. Active
ingredients can be solubilized homogeneously either in the core of the SLNs or in the outside part. The advan-
tages of SLNs are an increased chemical protection, less leakage and sustained release [37].

Quercetin-loaded SLN were 155.3 nm, the average drug entrapment efficiency, drug loading and zeta poten-
tial were 91.1%, 13.2% and —32.2 mV, respectively. The relative bioavailability of quercetin loaded in SLNs
compared to quercetin suspension was 571.4% [38].

SLNs were also developed with puerarin, a hardly water-soluble flavonoid with protective effects on cardio-
and cerebrovascular diseases. SLNs with average particle size of 160 nm and a zeta potential of —35.43 mV
were formulated using monostearin, soya lecithin and poloxamer 188. The Cmax value of puerarin after the ad-
ministration of SLNs was significantly higher than that obtained with puerarin suspension (0.33 + 0.05 pg/mL vs.
0.16 + 0.06 pug/mL, P < 0.01). The Tmax value after the administration of the SLNs was significantly shorter
than that after puerarin suspension administration (40 = 0 min vs. 110 £ 15.49 min, P < 0.01). The AUCO — t
values of puerarin were 0.80 = 0.23 mg-h/L, and 2.48 £ 0.30 mg-h/L after administration of the puerarin suspen-
sion and SLNs loaded with puerarin, respectively. The relative biovailability of puerarin loaded in SLN im-
proved more than 3 fold [39].

4.4. Nanostructured Lipid Carriers

The process of full-crystallization or recrystallization of fat reduces the drug solubility, leads to drug expulsion
from the lipid nanoparticles especially when the drug concentration in the formulation is too high. Majority of
thedrugs have higher solubility in a liquid lipid rather than a solid lipid. Nanostructured Lipid Carriers (NLC)
are a modified SLN in which the lipidic phase contain both solid (fat) and liquid (oil) lipids at room temperature
[40]. The lipid blend in NLC has slower polymorphic transition and low crystallinity index. Along with existing
oil in the NLC-core, the spherical shape of the particle may account for these improving properties [40]. It
therefore seems that NLC dispel the SLN drawbacks and possess the advantages of SLN and thereupon other li-
pid nanocarriers. Thus, NLC may increase encapsulation efficiency, drug loading and physical stability and it
seems to be a valuable option for improving the chemical stability, bioavailability and controlled release of
functional lipophilic compounds.

Quercetin has been loaded in cationic NLC made of solid lipids (glycerol monostearate)/liquid lipids (medim
chain triglycerides) ratio was 4:1, concentration of lecithin was 3%, concentration of didodecyldimethylammo-
nium bromide was 1% and the quercetin 5%. The average particle size was 126.6 nm, a zeta potential of +40.5
mV and 89.3% entrapment efficiency. The formulation performed slower release compared with quercetin sus-
pension in vitro, and it showed higher AUC and Cmax values in lung, liver and kidney compared with control
group after oral administration of the formulation compared with quercetin suspension [41].

Hesperetin is a flavanone abundantly found in Citrus fruits has diverse valuable benefits, its poor solubility in
water (20 ppm or less) and bitter taste represent considerable obstacles to its use for food fortification. A recent
study reports the development of both SLN and NLC [42]. SLN were prepared using different ratios of glycerol
monostearate or stearic acid, glyceryl behenate (Compritol® 888) and Tween 80. For NLC formulations 15 % of
the solid lipid was replaced by oil, i.e. Estasan (caprylic/capric triglyceride) and oleic acid.

NLC formulations showed smaller size in comparison to SLN formulations and hesperetin encapsulation load
ranged from 3.00% to 6.28%.

NLC formulation containing glycerol monostearate and 0.064 % hesperetin had better properties in term of
size, zeta potential, encapsulation efficiency, stability and hesperetin release [42].

In a further study [43], different polymers (chitosan, alginate and low methoxypectin) were employed and
evaluated in their behavior to mask bitterness, inhibit colour change and enhance hesperitin solubility.

Among different nanoparticles, those containing 0.5% alginate—chitosan polymers had better protection
against acidic conditions which resulted about 11% of released hesperetin after 2 h. Pectin was not able to pro-
tect hesperetin against acidic conditions probably due to its incapability to form a film on the surface of NLC

[43].
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5. Molecular Complexes

A simple strategy to deliver active ingredients is by physically complexing them with other molecules in order
to have a better solubility profile and/or an increase in the chemical stability of the complexed system. In this
context a molecular complex is referring to the physical association between a host and a guest (active ingre-
dient) molecule.

5.1. Cyclodextrins Inclusion Complexes

Cyclodextrins are natural macrocyclic oligosaccharides well known for having toroid-shaped structures with ri-
gid lipophilic cavities and a hydrophilic outer surface insuring good dissolution of the complex in an aqueous
environment. They are able to enclose highly hydrophobic molecules inside their hydrophobic cavity, constitut-
ing a true molecular encapsulation [44].

The major advantages of the use of CD-complexation are protection of the active ingredients against oxida-
tion, control of light induced reactions, of decomposition and thermal decomposition, of loss by evaporation and
sublimation, elimination or reduction of undesired tastes/odors, prevention of gastric-intestinal irritation (mainly
due to anti-inflammatory drugs) or ocular disturbances, avoidance of drug-drug or drug-additive interactions,
and even conversion of oils and liquid molecules into microcrystalline or amorphous powders. Reduction of mi-
crobiological contamination and hygroscopicity are also reported. Moreover, formation of inclusion complex
(IC) increases the guest’s in vivo bicavailability and bioefficacy [44]. There are three main types of natural CDs:
a-, - and y-cyclodextrins, corresponding to 6, 7 and 8 glucopyranose units linked by a-(1,4) bonds, respectively
(Figure 5). The dimensions of the internal cavity are 0.5 - 0.8 nm and are crucial for the ‘encapsulation’ of guest
molecules [44].

Besides natural cyclodextrins, a growing number of semi-synthetic derivatives and co-polymers has been de-
veloped and because their better solubility in water, modulation of the release rate, the inclusion capacity and
side effects of guest molecules. Based on the literature data, especially g-cyclodextrin and its derivatives,
represent good carriers to improve water solubility and stability of flavonoids, increasing their antioxidant activ-
ity, bioavailability and bioefficacy. The p-CD derivatives are: hydroxyproyl-S-cyclodextrin (HP-5-CD), me-
thyl-g-cyclodextrin (M-$-CD), dimethyl-g-cyclodextrin (DM-5-CD), trimethyl-S-cyclodextrin (TM-$-CD), sol-
phobutylether-g-cyclodextrin (SBE-$-CD), glucosyl-g-cyclodextrin (G2--CD).

The solubility profile of epigallocatechin after encapsulation with -CD, HP-5-CD and DM--CD has been
recently investigated [45]. DM-$-CD was the most suitable CD for the complexation and to increase solubility
of epigallocatechin.

The encapsulation of rutin with «-CD, -CD, HP-4-CD and DM-$-CD was described by different authors in
order to improve its solubility. The enhancement of the oral availability by the capsulation of rutin by HP-5-CD
was proved by Miyake and co-workers after administration of the ICs to beagle dogs [46]. The stability of rutin
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Figure 5. Structure of natural cyclodextrins.
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was improved by complexation with HP-y-CD or HP-5-CD. The HP groups enhanced the interactions stability
of the CD with rutin and the analysis of NMR showed that the A ring was inside the cavity of HP-4-CD [47].

Chrysin IC with g-CD, HP-4-CD, DM-S-CD had stoichiometry 1:1 and HP-5-CD complex had the higher K
(1855 M ™). The interaction between the chrysin and the CDs occurs by the A-ring of the flavones [48].

The S-CD, SBE-S-CD and HP-5-CD were also used to improve solubility and photostability of quercetin by
several authors. The CD derivatives were more efficient on the solubilization of quercetin than the natural CD
and showed better antioxidant activity. Temperature is a crucial parameter on IC formation [49] [50].

Carlotti et al. (2010) also reduced the photodegradation ratio of the quercetin by its complexation with
M-4-CD [51].

The interactions of galangin, kaempferol and quercetin with a, - and y-CDs were investigated by Bergonzi
and coworkers [52]. The host-guest interactions were studied both in solution and in the solid state. The in-
creased solubility of quercetin and kaempferol in the presence of f-CD was assessed. Multidimensional NMR
experiments in DMSO and water were consistent with dynamic binding processes, dominated by insertion of the
B ring into the wider rim of the CD cavity. In addition, some smaller interactions with protons of ring A and the
protons inside the CD cavity were found, probably according to a dynamic binding between flavonol and CD
systems.

IC formation of kaempferol with g-CD derivatives such as HP-4-CD, DM-4-CD and G2-8-CD has also been
reported. NMR experiments provided data indicating that the B-ring of kaempferol is immersed in the apolar
cavity with the A- and C-ring protruding from the wider rim for the cyclodextrins. The complexes behave as
better antioxidants than kaempferol alone [53].

The formation of IC between naringenin and $-CD and its derivatives (HP-5-CD, DM-$-CD, M-$-CD and
TM-B-CD) was analysed by several authors. For all the tested CDs the stoichiometry of the IC was 1:1, and the
HP-$-CD was the CD with higher stability constant [54]. It was demonstrated that the water solubility and ther-
mal stability of this flavonoid was improved when encapsulated by f-CD, DM-4-CD or TM-4-CD. Based on
NMR analysis, they assumed that the C-ring of naringenin was interacting with the CDs’ cavity [55]. The bio-
logical effect of the IC naringenin/HP-4-CD was also described. It was proved that the solubility of the flavono-
id was increased 400 times when complexed with the HP-5-CD; moreover the naringenin transport across the
model of the gut epithelium (Caco-2 cells) was also enhanced of 11-fold as well as its plasma concentration.
Complexation with HP-$-CD increased the oral bioavailability of naringenin of 7.4-fold [54].

It has been investigated the effect of the f-CD and HP-4-CD on the solubility of hesperetin and its glycoside
hesperidin [56] [57]. ICs showed an improvement on the solubility and chemical stability [57]. The better com-
plexation was observed with HP-8-CD and hesperetin, based on the higher K values (21,000 M*) when com-
pared to those of hesperidin (K 90 M) [56].

Native CDs and HP-5-CD were investigated for their ability to form an IC with taxifolin. f-CD showed better
capacity to interact with this dihydroflavanonol [58].

The IC formation between genistein and g-CD, p-CD, HP-5-CD and RM-S-CD has been studied. Genistein
was capable of interacting with all the CDs, but the CD derivatives induced a higher effect on the solubility of
the compounds. Genistein ability to cross biological membranes was also improved by the encapsulation with
the CDs [59]. g-CD and HP-p-CD IC formation was investigated with a mixture of daidzein, genistein and gly-
citein [60]. All the isoflavones showed the highest affinity with HP-$-CD and the interaction between the CD
and the bioactive molecules occur by insertion of the B-ring into the CD cavity [60].

5.2. Phytosomes®

Several herbal extracts or single constituents from the diverse classes of metabolites (principally polyphenols
and terpenoids) are marketed in the form of Phytosome®, a patented technology made of a special molecular
complex with naturally occurring phospholipid molecules, mainly phosphatidylcholine, in order to enhance ab-
sorption and bioavailability of the constituents. Phytosome® is the result of a molecular complex between phos-
phatidylcholine and the plant components (1:1 or a 2:1), involving chemical bonds [61] [62]. Phytosomes® are
highly compatible with the human physiological system and more bioavailable as compared to conventional
herbal extracts or single constituents owing to their enhanced capacity to cross the lipidic enterocyte cell mem-
brane and finally reaching the systemic circulation. They also help in reducing their dose and increasing their
duration of action because of the sustained drug release pattern with them [61] [62]. Flavonoids represent good
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candidates for this formulation approach.

The pharmacokinetic profile of quercetin, kaempferol and isorhamnetin present in Ginkgo biloba extract after
oral administration in rats by formulating phytosome has been evaluated. C, of quercetin increased from
179.21 to 724.89, from 180.23 to 323.56 in case of kaempferol and from 195.96 to 672.29 in case of isorhamne-
tin. The AUCOs of quercetin, kaempferol and isorhamnetin of the G. biloba phospholipid complex relative to the
G. biloba extract were found to be increased by 2.42, 1.95 and 2.35 times respectively. The Tmax of all the three
constituents was found to be shorter in case of the phospholipid complex when compared with the Tmax of
crude extract. The results also demonstrated a large increase in bioavailability of the extract in its phospholipid
complexed form [63].

Silybin phytosome was the first commercially available product based on Phytosome® technology, and
showed significant liver protection and enhanced bioavailability of silybin [64]. In the phytosome silybin binds
with the phospholipid via its polar end, and the nonpolar portion of the phospholipid remains free, enhancing the
lipid solubility of the complex. These lipophilicity-improved flavanolignan-phospholipid complexes have in-
creased oral bioavailability and, consequently, enhanced pharmacological activity. In a comparative pharmaco-
kinetic study using an equimolar dose of silybin and its complex, the plasma Cmax of silybin after four hours
was <35 ng/ ml, whereas for the silybin complex, it was 112 ng/ml [65]. A phytosome made of a commercial
green tea extract, principally represented by (-)-epigallocatechin 3-O-gallate, enhanced the absorption of cate-
chins, when compared with free-form green tea catechins. The peak concentration at two hours was more than
doubled with the phytosome compared with the simple commercial extract [66].

The water solubility of quercetin was improved by 12 folds (from 3.44 pg/ ml to 36.81 pg/ml) in the phyto-
some formulation. The antioxidant activity, was not affected by the complexation [67].

6. Concluding Remarks

Flavonoids have a low bioavailability but an enormous health potential which should be explored through some
value added drug delivery systems. Water solubility and gastric stability are the major limiting factors for fla-
vonoids to pass the biological membrane and to be absorbed systematically following oral administration. As a
consequence, many excellent bioactivities in vitro demonstrate less or no in vivo actions. Flavonoids when ad-
ministered through nano-sized delivery systems show much better stability and absorption profile. Consequently,
the activity becomes enhanced, more detectable and prolonged. In comparison to micro-delivery systems, the
nanocarriers have some advantages: they are more stable, provide more surface area and have the potential to
enhance the bioavailability by increasing the absorption from enterocytes, by receptor-mediated endocytosis and
transcytosis, phagocytosis via specialized microfold cells. Finally, the nano-delivery systems improve controlled
release of the encapsulated flavonoids. All the nanocarriers reported in this review are made of Generally Rec-
ognized As Safe (GRAS) approved compounds and can represent driving formulating carriers for innovative and
more effective formulations of functional foods, dietary supplements and herbal medicinal products.
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