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Phenolic compounds (quercetin, rutin, cyanidin, tangeretin, hesperetin, curcumin, resveratrol, etc.) are known to have
health-promoting effects and they are accepted as one of the main proposed nutraceutical group. However, their
application is limited owing to the problems

related with their stability and water solubility as well as their low bioaccessibility and bioavailability. These limitations can
be overcome by encapsulating phenolic compounds by physical, physicochemical and chemical encapsulation
techniques.
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| 1. Introduction

The dynamic market of so called “superfoods” grows steadily worldwide and offers new health-improving products
regularly, although some of these foods have evolved into established products or food additives, e.g., Goji berries and
Chia seeds . While the demand for superfoods and healthier foods rose over the last years, the positive relationship
between nutrition and health became more and more pronounced and forced the development of these kinds of products
(2. Moreover, the individual-related and specific nutrient supply, especially for the elderly, comes into focus. In 2050,
nearly 16% of the world population will be aged over 65, whereby the demand for personalized functional foods will be
increased in parallel as the population age 3.

Despite market growth in functional and healthier foods, their beneficial effects are controversially discussed, e.g., as
reviewed by Marian (2017) . In this entry, nutrition studies with healthy humans consuming dietary supplements were
summarized. Conclusively, most of the studies showed health-improving effects induced by the supplements, but at rather
high doses which are unusual for the dietary intake 2. For example, one of these food supplements is resveratrol, a
naturally occurring phytoalexin that is synthesized in plants, e.g. grapes, as a response to injuries Bl. Resveratrol, as a
food additive, possesses various health promoting effects including high antioxidant and anti-inflammatory potential,
anticarcinogenicity in breast and liver tissue, prevention of osteoporosis, improving ischemic diseases and muscle
regeneration, etc. 81 Unfortunately, these health-improving effects have been mainly analyzed in cell culture studies or
preclinical models, which makes the application of effective concentrations and substances more difficult in humans (€,
For example, the functionality of resveratrol is limited owing to its low bioavailability . While the solubility of resveratrol in
aqueous solutions is 3 mg/L, the solubility is enhanced to 50 g/L in ethanol, which results in a higher uptake and plasma
concentration of resveratrol with a lipophilic-based food matrix. Besides, the bioavailability is too low to reach effective
doses up to 1 g/day only by consumption of resveratrol-containing food. Theoretically, the consumption of about 3500 L of
rose wine, 2600 kg of white grapes, up to 35,000 kg of peanuts or 2500 kg of apples per day were found to be necessary
to reach these daily intake doses [,

These results illustrate the need for developing new delivery systems for bioactive compounds, which show low
bioavailability values &, by altering the molecular structure or the physiochemical characteristics of bioactive compounds
[, The pharmaceutical industry has developed technologies to improve drug delivery systems, which could be transferred
to the food industry and may be also helpful for nanoscale delivery systems for food products Bl. The encapsulation of
these compounds using nanoparticles, nanodelivery carriers or various emulsions could protect them against enzymatic
degradation during digestion and increase the intestinal uptake, resulting in a higher gut concentration as well as
increased plasma levels of encapsulated food additives [,



| 2. Overview of Phenolic Compounds Bioaccessibility/Bioavailability

Phenolic substances are secondary metabolites which are present in a wide variety of foods such as fruits, vegetables,
cereals, horticultural crops, legumes, chocolate, etc. and in beverages, i.e., tea and coffee (101, Polyphenols with at least
one aromatic ring and one or more hydroxyl groups can be categorized primarily as flavonoids and nonflavonoids. The
basic structure of the common classes of flavonoids and nonflavonoids are shown in Figure 1. Flavonoids, as the most
widespread and diverse group of polyphenols, can be further subdivided into flavonols (myricetin, quercetin, rutin,
kaempferol etc.), flavones (aspigenin, luteolin, tangeretin etc.), flavanones (hesperetin, hesperidin, naringenin etc.),
isoflavones (genistein, daidzein etc.) and anthocyanidins (cyanidin, delphinidin, malvidin, pelargonidin etc.) depending on
the degree of hydroxylation, methoxylation, prenylation and glycosylation X1, Nonflavonoids include diverse classes of
polyphenols, such as stilbenes (resveratrol), lignans, hydrolyzable tannins and phenolic acids (hydroxybenzoic acids and

hydroxycinnamic acids) 12,
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Figure 1. Basic structure of (a) common classes of flavonoids and (b) nonflavonoid-type phenolic compounds.

Phenolic compounds have been used for the production of functional foods due to their many benefits to human health
through antioxidant, anti-inflammatory, anticancer, antiobesity, antiviral, antibacterial, antiaging and/or antiallergenic
activities 221, In vitro studies reported that flavonoids showed a high anticancer potential by inhibition of the proliferation,
metastasis and angiogenesis of tumor cell lines, while the process of apoptotic cell death was activated. Such beneficial
effects were also detected in mice fed with citrus peel extract, rich in phenolic compounds. The skin and colon
carcinogenesis as well as the tumor size and volume of mice suffering from prostate cancer was significantly reduced in



treated animals. In addition to the health-improving effects of a phenolic-enriched extract, the specific effects of each
individual phenolic compound can also be allocated; such as an anti-inflammatory potential of tangeretin and sinensetin or
the suitability of hesperidin as an antioxidant 241,

Bioaccessibility and bioavailability of phenolic compounds are the main factors which effect the biofunctional properties
and possible beneficial effects. Bioaccessibility as a clue for the release and solubility of bioactive compounds during
gastrointestinal digestion for further uptake, is a considerable factor for bioavailability 12!, Furthermore, various external
and internal factors are also determinants of the bioavailability of phenolic compounds. The external factors comprise the
nature of the bioactive agent, including solubility, crystallinity, etc., as well as the composition and structure of the food
matrix, while the internal factors include gender, age, health, nutrient status, and life phase 18],

The bioavailability of macronutrients such as carbohydrates, proteins, and fats are mostly higher than 90%. However,
most of the phenolic substances, especially lipophilic ones, possess low levels of solubility, stability, bioavailability and
target tissue specificity in the body 12 depending on their molecular and physicochemical characteristics £, Besides,
each class of phenolic substances has different chemical structures, solubility (hydrophilic or lipophilic) and sensitivity to
oxidation 131, For example, the bioavailability of lipophilic bioactives such as curcumin, quercetin, rutin or
polymethoxylated flavonoids (PMFs) is limited due to their poor solubility, high melting point and chemical instability 181119
(2011211 Overall, it is essential to have high bioavailability leading to a sufficient substance concentration in the blood
stream and finally enabling the production of effective functional foods with beneficial health effects &I,

Several approaches have been used to enhance the bioaccessibility and bioavailability of bioactive ingredients, including
chemical modifications of the molecules, dosing formulations, combination with other dietary components as well as
incorporating them within micro-/nanoparticle delivery systems 22, The rapid dissolution of bioactive compounds within
the gastrointestinal tract could be achieved by the relatively high surface area of these systems [23l. Consequently, there is
a great attempt to develop phenolic compound loaded micro/nanoscale delivery systems by pharmaceutical and food
industries.

3. Intestinal Transport Mechanisms and Effective Factors on Phenolic
Compound Bioavailability

An increase in bioaccessibility by encapsulation is the initial step for higher exploitation of phenolic compounds.
Nevertheless, the bioavailability is equally essential and represents the second step, which can be positively affected by
encapsulation. With increasing intestinal absorption of phenolic compounds, their biological activities will be increased.
The intestinal epithelial transport mechanisms can be divided into four different routes: the paracellular route, the
transcellular route, the carrier-mediated transport and transcytosis (Figure 2) 241231 while on the transcellular route
substances diffuse through the membranes and the intracellular space of the epithelial cells, on the paracellular route ions
and small molecules can passively diffuse through the tight junctions. More complex and hydrophilic molecules use
vesicles along transcytosis or they bind to specific transporters, which are integrated into the membrane of the intestine, in
the case of carrier-mediated transport 22, Phenolic compounds are mainly absorbed by passive diffusion, where the
lipophilicity and molecular weight of each molecule are crucial 12, While such substance-specific features represent the
first group of effective factors on polyphenolic bioavailability, the second group consists of all possibly consumed
compounds of the dietary matrix, which may influence the digestion processes and the composition of the person-related
microbiome.
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Figure 2. Uptake of food compounds by intestinal epithelial transport mechanisms from the gut lumen (apical side) to the
blood vessel (basolateral side).

One of the most important factors for high bioavailability is the degree of polymerization as well as the methylation of the
phenolic compound [28l27(281(29] (-)-Epicatechin, a flavan-3-ol, possesses moderate bioavailability in in vivo studies with
an average absorption of 23% after 90 min 28 or 46% after 2.5 h BY, While 95.8% of transferred flavanol-related
compounds were identified as (-)-epicatechin, the epicatechin dimers B2 and B5 showed a significantly lower content of
<1% of the total transferred value [28]. Similar results were detected for further flavan-3-ols, whose monomers can directly
be absorbed in the small intestine. More complex substances, e.g., polymeric forms will be transferred to the colon, where
gut bacteria metabolize the compounds by glucuronidation or sulfation prior to absorption 22, Unfortunately, the health-
improving potential of these microbial-derived metabolites are largely unknown. Whether a flavone will be directly
absorbed or possibly metabolized, depends on the methylation state likewise. Wen and Walle 22 and Wen and Walle B4
analyzed the stability of methylated and nonmethylated flavones in addition to liver S9 fraction or in the presence of
human hepatocytes. The methylated compounds showed a high resistance against metabolization in all assays compared
to the nonmethylated forms, suggesting that the methylation of flavonoids eventually protects them from metabolization
and excretion 34 . In further in vitro transport experiments, up to 8 times higher absorption rates were documented for
methylated compounds, while the rate of the nonmethylated forms was lower and correlated with their high potential of
metabolic transformation . Therefore, the replacement of hydroxyl groups by methylated groups may be another
suitable method for increasing phenolic compound bioavailability.

The metabolization of phenolic compounds by the microbiome and/or intestine epithelial cells plays an important role in
bioavailability. Nevertheless, elements of the dietary matrix can influence the bacterial growth and the composition of the
microbiome, resulting in different digestion and metabolization pathways. Roowi et al. 32 detected a high content of
phenolic acids (3-hydroxyphenylacetic acid, 3-hydroxyphenylhydracrylic acid, dihydroferulic acid, 3-methoxy-4-
hydroxyphenylhydracrylic acid and 3-hydroxyhippuric acid) in the urine of participants after consumption of orange juice,
which corresponded to 37% of total ingested flavanones. The excretion of these acids was significantly reduced by
parallel consumption of orange juice with yoghurt, suggesting an increased metabolization by gut bacteria 2. Similar to
the effects of yoghurt, the naturally occurring dietary fiber pectin influenced the metabolic activity and/or composition of
the intestinal flora and induced a higher quercetin plasma concentration after rutin digestion 23!, Moreover, glucose and
insulin are effective factors on bioavailability. While the total anthocyanin content in red wine and red grape juice was
comparable, the uptake of anthocyanins of red grape juice was significantly higher than that of red wine, which might be
due to the lower glucose content in red wine 4. Such synergistic effects of glucose and the phenolic compound
absorption may be based on the stimulation of bacterial growth, whereby the bacteria use glucose as an energy source
[33] or alternatively the high glucose content induces the release of insulin, which is able to influence the microbiome and
the phenolic bioavailability B2, Further, bacteria-independent effects may be induced by protein complexes and fat-
enriched diets. Proteins, e.g. the salivary protein histatine 5 can bind phenolic compounds and form insoluble complexes,
which are related to reduced absorption 8. Otherwise, experiments with milk protein had no effect on the uptake of



cocoa polyphenols 4. However, a high dietary fat content is associated with greater absorption in a dose-dependent
manner 38 Lesser et al. B analyzed the bioavailability of quercetin in pigs, whereby the dietary fat content was
increased from 3 to 17%, resulting in an enhanced absorption of 50%. It is assumed that quercetin was incorporated in
micelles, derived from the dietary fat, followed by absorption in the small intestine due to a higher solubility B2, This
principle of using a lipid carrier is already used as an effective encapsulation method for higher phenolic absorption.
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