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Abstract
The oral bioavailability of a health-promoting dietary component (nutraceutical) may be limited by various physicochemical and physiological
phenomena: liberation from food matrices, solubility in gastrointestinal
ﬂuids, interaction with gastrointestinal components, chemical degradation
or metabolism, and epithelium cell permeability. Nutraceutical bioavailability can therefore be improved by designing food matrices that control
their bioaccessibility (B∗ ), absorption (A∗ ), and transformation (T∗ ) within
the gastrointestinal tract (GIT). This article reviews the major factors
inﬂuencing the gastrointestinal fate of nutraceuticals, and then uses this
information to develop a new scheme to classify the major factors limiting
nutraceutical bioavailability: the nutraceutical bioavailability classiﬁcation
scheme (NuBACS). This new scheme is analogous to the biopharmaceutical
classiﬁcation scheme (BCS) used by the pharmaceutical industry to classify
drug bioavailability, but it contains additional factors important for understanding nutraceutical bioavailability in foods. The article also highlights
potential strategies for increasing the oral bioavailability of nutraceuticals
based on their NuBACS designation (B∗ A∗ T∗ ).
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1. INTRODUCTION
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Numerous classes of compounds found in natural and processed foods are claimed to have beneﬁcial effects on human health and wellness, and are known as nutraceuticals, e.g., vitamins,
carotenoids, ﬂavonoids, curcuminoids, polyunsaturated fatty acids, proteins, peptides, dietary
ﬁbers, oligosaccharides, and minerals (Espin et al. 2007, McClements et al. 2009, Wildman &
Kelley 2007). However, the potential beneﬁts of many of these nutraceuticals are not optimally
realized because of their relatively low and/or variable oral bioavailability (Fernandez-Garcia et al.
2012, Patel & Velikov 2011, Rein et al. 2013). The poor bioavailability of nutraceuticals may be
the result of various physicochemical and/or physiological processes: restricted liberation from
the food matrix (Moelants et al. 2012), low solubility in gastrointestinal ﬂuids (Porter et al. 2007,
Pouton & Porter 2008), formation of insoluble complexes with other components in the gastrointestinal tract (GIT) (Rimbach et al. 2008), low permeability across the mucus layer or epithelium
cells (Actis-Goretta et al. 2013, Fleisher et al. 1999, Martinez & Amidon 2002), and/or molecular
transformations in the GIT (D’Ambrosio et al. 2011, Fernandez-Garcia et al. 2012, Hurst et al.
2007). The bioavailability of many bioactive components depends on the nature of the food matrix coingested with them (Brown et al. 2004, Charman et al. 1997, Fernandez-Garcia et al. 2012,
Nagao et al. 2013, Porter et al. 2007, Pouton & Porter 2008, Rein et al. 2013, Varum et al.
2013, Yeap et al. 2013). Both the composition and structure of a food matrix can inﬂuence the
bioavailability of coingested nutraceuticals (Aarak et al. 2013, Salvia-Trujillo et al. 2013a,b). The
dependence of oral bioavailability on food matrix properties means that foods can be speciﬁcally designed to improve nutraceutical biological activity (McClements 2013, McClements &
Xiao 2014). For example, functional foods or excipient foods can be designed to increase the
oral bioavailability of nutraceuticals present within them or coingested with them (Figure 1),
respectively (McClements and Xiao 2014).
Designing food matrices that overcome the challenges associated with the oral bioavailability
of certain nutraceuticals requires understanding the key factors potentially limiting their uptake
Nutraceutical

Nutraceutical-rich food
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Excipient food

Figure 1
Illustration of the differences between functional and excipient foods. A nutraceutical is encapsulated within
the food matrix in functional foods, but it is coingested with a different food matrix in excipient foods.
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The biopharmaceutical classiﬁcation scheme, which characterizes drugs according to their solubility and
permeability characteristics.

in a biologically active form. The purpose of this article is therefore to review the major factors
inﬂuencing the gastrointestinal fate of nutraceuticals. We then use this information to develop a
new classiﬁcation scheme to characterize the major factors limiting their oral bioavailability, the
nutraceutical bioavailability classiﬁcation scheme (NuBACS). One motivation for developing this
scheme was the success of the biopharmaceutical classiﬁcation scheme (BCS) that is widely used
in the pharmaceutical industry to characterize the major factors limiting the oral bioavailability of
drugs, such as their low solubility and/or permeability (Amidon et al. 1995, Dahan et al. 2009). The
BCS has proven to be particularly useful in the development of drug delivery systems to increase
the bioavailability of different classes of drugs. There are various complicating factors that impact
the bioavailability of nutraceuticals present within food matrices, which limits the usefulness
of the BCS for food components. We have therefore modiﬁed and extended this scheme to make
it more applicable to classifying the factors limiting the bioavailability of nutraceuticals. Utilization
of this new classiﬁcation scheme may facilitate the rational design of food matrices to increase the
oral bioavailability of various classes of nutraceuticals (McClements & Xiao 2014).

2. CLASSIFICATION SCHEMES FOR DRUG AND
NUTRACEUTICAL BIOAVAILABILITY
2.1. The Biopharmaceutical Classification Scheme
We ﬁrst describe a classiﬁcation scheme used commonly in the pharmaceutical industry to characterize the major factors limiting the oral bioavailability of drugs. The BCS divides drugs into
the following four major categories, depending on their solubility and permeability characteristics
(Figure 2).
2.1.1. Class I: high solubility, high permeability. This class includes compounds that inherently have high solubility in gastrointestinal ﬂuids, as well as high permeability across epithelium
cell membranes. The oral bioavailability of Class I drugs is therefore not limited by their solubility or permeability characteristics, but it may be limited by other factors not included in the
traditional BCS, such as liberation, interactions, chemical transformations, metabolism, or efﬂux
within the GIT.
2.1.2. Class II: low solubility, high permeability. This class includes compounds that have
low solubility in gastrointestinal ﬂuids but high permeability across epithelium cell membranes.
www.annualreviews.org • Nutraceutical Bioavailability Classification Scheme
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Many lipophilic drugs fall into this category because they have low water solubility, but are easily
incorporated into epithelium cell membranes. The bioavailability of this kind of drug may be
increased using approaches that increase their solubility in gastrointestinal ﬂuids, such as chemical
modiﬁcation (prodrugs) or lipid-based delivery systems (Porter & Wasan 2008, Williams et al.
2013).
2.1.3. Class III: high solubility, low permeability. This class includes compounds that have
high solubility in intestinal ﬂuids but low permeability across epithelium cell membranes. Many
highly hydrophilic drugs fall into this category because they are readily soluble in aqueous solutions
but are not easily transported across epithelium cell membranes. The bioavailability of this kind of
drug may be increased by chemical modiﬁcation (prodrugs) or coadministration with substances
that increase cell membrane permeability (Lennernas et al. 2007, Saaber et al. 2014).
Annu. Rev. Food Sci. Technol. 2015.6. Downloaded from www.annualreviews.org
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2.1.4. Class IV: low solubility, low permeability. This class includes compounds that have low
solubility in gastrointestinal ﬂuids and low permeability across epithelium cell walls (Williams
et al. 2013). This type of drug typically has a low oral bioavailability because it is limited by both
poor solubility and poor permeability characteristics.
The BCS indicates that the oral bioavailability of a drug is primarily limited by solubility and/or
by permeability characteristics depending on its molecular and physicochemical properties. The
Food and Drug Administration (FDA) has deﬁned the solubility used in the BCS so that it can
be easily determined in the laboratory: A drug is deemed highly soluble if the amount required
to have a therapeutic effect fully dissolves in 250 mL of water from pH 1 to 7.5 at 37◦ C (Amidon
et al. 1995, Dahan et al. 2009, Wu & Benet 2005). In reality, the appropriate solubility of a drug
is really its ability to dissolve within the compositionally and structurally complex ﬂuids of the
GIT. For some drugs, there may be appreciable differences between their solubility in water and
in GIT ﬂuids. The FDA has also given a practical deﬁnition of the permeability characteristics
of a drug: A drug is deemed highly permeable if more than 90% of the administered dose is
absorbed. Practically speaking, a drug can be assumed to have high permeability across epithelium
cell membranes if its logP value is greater than 1, i.e., it has a much higher solubility in oil than
in water (Fong et al. 2013). In these examples, the permeability of a drug is assumed to be due to
passive transport mechanisms, such as simple diffusion across the epithelium cell membrane. In
practice, the permeability of many drugs depends on active transport mechanisms, such as speciﬁc
transporter proteins embedded within the lipid bilayer of the cell membrane (Fasinu et al. 2011,
Tso et al. 2004). Various in vitro and in vivo methods of measuring the permeability and solubility
characteristics of drugs are prescribed by the FDA.
Another aspect that is important for drugs is the rate at which they dissolve within the GIT:
Drugs will not be efﬁciently absorbed unless they fully dissolve within intestinal ﬂuids before
passing through the GIT. The FDA deﬁnes a drug as dissolving rapidly if >85% dissolves within
900 mL of buffer solution in 30 minutes using speciﬁed mixing conditions.

2.2. The Nutraceutical Bioavailability Classification Scheme
In this section, we introduce a new classiﬁcation scheme to characterize the main factors limiting
the oral availability of nutraceuticals in food matrices: the NuBACS. This scheme categorizes the
factors limiting the bioavailability of nutraceuticals into three major classes based on their bioaccessibility, absorption, and transformation within the GIT (Figure 3). Within these three major
classes, there are subclasses related to the speciﬁc physicochemical or physiological mechanisms
that inﬂuence bioavailability. Knowledge of the precise mechanisms that limit the bioavailability
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Figure 3
The nutraceutical bioavailability classiﬁcation scheme, which characterizes bioactive food components
according to their bioaccessibility, absorption, and transformation characteristics.

of a particular nutraceutical is useful for designing effective delivery systems or food matrices to
improve its bioavailability.
2.2.1. Bioaccessibility (B∗ ). This group of limiting factors is related to the bioaccessibility of
the nutraceutical within the intestinal ﬂuids of the GIT (Figure 4). Before ingested nutraceuticals
can be efﬁciently taken up by the body, they must be present within a physical form that is
suitable for absorption. For hydrophilic nutraceuticals, this may simply be the fraction of the
nutraceutical that is fully dissolved within the intestinal ﬂuids (rather than present in an insoluble,
complexed, or crystalline form). For hydrophobic nutraceuticals, this may be the fraction of the
nutraceutical that is solubilized within mixed micelles in the small intestinal ﬂuids. In the NuBACS,
nutraceuticals with relatively high bioaccessibility are designated as B∗ (+), whereas those with
relatively low bioaccessibility are designated as B∗ (−). We deﬁne high bioaccessibility as >75%
of the nutraceutical present in a form suitable for absorption at the appropriate absorption site
(e.g., the small intestine). The bioaccessibility-limited class can be divided into three subclasses
according to the major factors limiting bioavailability.

Liberation from
food matrix

Solubilization in
intestinal fluids

Interactions and
insoluble complex
formation

Figure 4
Some key liberation, absorption, distribution, metabolism, and excretion processes involved in the oral
bioavailability of a nutraceutical.
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2.2.1.1. Liberation limited (L). The bioaccessibility of a nutraceutical may be limited by its
ability to be released from the food matrix (Figure 4). For example, a nutraceutical may be
trapped within the solid matrix of a processed food, or it may be trapped within the cellular
structure of a natural fruit or vegetable. An example of this type of nutraceutical would be a
carotenoid trapped within the cellular structure of a raw vegetable that is not fully released in the
GIT after the vegetable is ingested (Failla et al. 2007, Panozzo et al. 2013). Increasing the release
of these kinds of nutraceuticals from the food matrix would be an effective strategy to increase
their bioavailability. This may be achieved by altering food processing conditions (such as cooking,
shearing, or homogenization), by changing eating habits (such as duration of mastication), or by
altering food matrix properties (such as composition and structure).
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2.2.1.2. Solubility limited (S). The bioaccessibility of a nutraceutical may also be limited by its
ability to be solubilized within intestinal ﬂuids (Figure 4). For example, hydrophobic nutraceuticals have low solubility in water, and therefore need to be incorporated into mixed micelles in the
small intestine before they can be absorbed (Porter & Wasan 2008). The bioavailability of these
types of substances may therefore be improved by utilizing food compositions or structures that
enhance their intestinal solubility.
2.2.1.3. Interaction limited (I ). In this case, the bioavailability of a nutraceutical is limited by
its interaction with other components in the gastrointestinal ﬂuids (Figure 4). These interfering
components may arise from the ingested food matrix, or they may be naturally present within
the GIT. A nutraceutical in this class may form an insoluble complex that is not easily absorbed.
For example, anionic long chain saturated fatty acids may interact with cationic calcium ions in
the intestinal ﬂuids and form an insoluble complex (referred to as calcium soap) that has low
bioaccessibility (Wydro et al. 2007). The bioaccessibility of certain nutraceuticals may also be
limited by the presence of particular components within ingested food matrices, such as ionic
biopolymers or chelating agents. For example, a chelating agent may decrease the bioaccessibility
of a mineral ion (such as calcium or iron), or a cationic biopolymer (such as chitosan) may decrease
the bioavailability of anionic fatty acids due to the formation of insoluble electrostatic complexes
(Wydro et al. 2007).
2.2.1.4. Overall factors limiting bioaccessibility. A bioactive substance with a relatively high
overall bioaccessibility (>75%) can be classiﬁed as B∗ (+). Conversely, a bioactive substance whose
bioaccessibility is relatively low may be classiﬁed as B∗ (−)L , B∗ (−)S , or B(−)∗ I depending on
whether its bioaccessibility is limited primarily by liberation, solubilization, or interactions. If
more than one of these limiting mechanisms strongly inﬂuences bioaccessibility, then it may be
necessary to increase the number of subscripts used to designate the limiting factors, e.g., B∗ (−)L,S
for a substance limited by both liberation and solubilization.
2.2.2. Absorption (A∗ ). This group of factors is related to the absorption of the nutraceutical
from the gastrointestinal ﬂuids, i.e., the fraction that travels through the mucus layer, across the
epithelium cells, and into the systemic circulation. The absorption class can be divided into several
subclasses according to the speciﬁc factors limiting bioavailability.
2.2.2.1. Mucin layer transport limited (ML). The epithelium cells lining the GIT are covered
by a layer of mucus that serves as a protective coating limiting the passage of certain substances
(Figure 5). The transport of a bioactive substance may be limited if it is too large to pass through
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Figure 5
Numerous factors potentially limiting the absorption of nutraceuticals by epithelium, such as transport
across the mucus layer, through epithelium cells (passive or active transport), or through tight junctions.

the pores of the gel-like mucus layer, reportedly approximately 400 nm (Cone 2009). In addition,
the transport of a bioactive substance through the mucus layer may also be retarded if there are
attractive interactions between the nutraceutical and mucus molecules (such as electrostatic or
hydrophobic interactions). The absorption of some electrically charged or nonpolar molecules
may therefore be limited due to their interactions with the molecular network that makes up
the mucus layer. Similarly, the absorption of bioactive substances that are relatively large may be
limited because they cannot travel through the small pores.
2.2.2.2. Bilayer permeability limited (BP). One of the major factors inﬂuencing the passive
absorption of nutraceuticals by epithelium cells is their ability to travel across the nonpolar phospholipid bilayer, which is an integral part of the cell membrane (Figure 5). The phospholipid
bilayer is relatively hydrophobic, and therefore nonpolar molecules with a relatively high oilwater partition coefﬁcient (KOW ) can easily penetrate through it, whereas polar molecules with
a relatively low KOW cannot. The permeability of cell membranes for speciﬁc nutraceuticals can
be measured in the laboratory using various in vitro or in vivo methods (Artursson et al. 1996).
However, this approach is often time consuming, laborious, and susceptible to variations between
different laboratories. For this reason, it is often more practical to characterize the bilayer permeability of bioactive compounds based on their oil-water partition coefﬁcients (KOW ), given that
these values can often be found in the literature or calculated using computational methods. The
greater the hydrophobicity of a bioactive compound (higher logP), the higher the bilayer membrane permeability. In the pharmaceutical industry, a molecule with a logP greater than 1 (i.e.,
KOW > 10) is assumed to have high epithelium cell permeability (Dahan & Miller 2012, Dahan
et al. 2009). The same criteria can also be used to classify nutraceuticals: If logP < 1, then the
bioavailability of a bioactive compound is limited by its bilayer permeability.
www.annualreviews.org • Nutraceutical Bioavailability Classification Scheme
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2.2.2.3. Tight junction transport limited (TJ). Some types of bioactive molecules have low bilayer membrane permeability but can still be transported across the epithelium cell layer due to the
presence of tight junctions (Kosinska & Andlauer 2013). Tight junctions occur within the region
that joins neighboring epithelium cells and consist of narrow channels that allow sufﬁciently small
molecules or particles to travel through them (Figure 5). Under typical physiological conditions,
the dimensions of the tight junctions are relatively small, with radii <0.7 nm; as such, they only
allow molecules with smaller dimensions to travel through, e.g., amino acids and sugars (Seki
et al. 2008, Tsutsumi et al. 2008). However, the dimensions of the tight junctions may increase
in response to the presence of certain types of molecules, such as some biopolymers, surfactants,
minerals, and chelating agents (Rosenthal et al. 2012, Shimizu 2010). In this case, molecules or
particles that are normally only slightly larger than the tight junctions may be able to travel across
the layer of epithelium cells. For the sake of classiﬁcation, we deﬁne a tight junction limited bioactive substance as one that is not able to pass through the tight junctions under normal physiological
conditions, i.e., radius >0.7 nm.
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2.2.2.4. Active transport limited (AT). Some types of bioactive molecules have low bilayer
membrane permeability, but they can still be transported across the epithelium cells due to active
transporter mechanisms (Figure 5). Typically, an active transporter consists of a single protein
or a cluster of proteins embedded within the epithelium bilayer membrane (Dahan & Miller
2012, Fasinu et al. 2011). These active transporters require a source of energy to operate [such
as adenosine triphosphate (ATP)] and are capable of transporting speciﬁc types or classes of
molecules across cell membranes. Several bioactive components are known to have active transport
mechanisms, including free fatty acids (FFAs), vitamins, and some phytochemicals (Dudhatra et al.
2012, Lo & Tso 2009, Tso et al. 2004). The fraction of nutraceuticals absorbed by the epithelium
cells may be relatively high when the nutraceuticals are present at low concentrations in the
GIT, due to these active transport mechanisms. However, the fraction absorbed may decrease
appreciably if the active transporters become saturated at high levels of nutraceuticals or if there
are other substances in the GIT that compete for the active transporters. We deﬁne a nutraceutical
that does not have an active transport mechanism, or that is present well above the saturation
concentration, as active transporter limited.
2.2.2.5. Efflux transporter limited (ET). After absorption by intestinal epithelium cells, some
nutraceuticals are transported back into the lumen of the GIT by efﬂux transporters embedded within the epithelium cell membranes (Misaka et al. 2013). These efﬂux transporters may
therefore limit the uptake of certain nutraceuticals into the systemic circulation. For example, the
bioavailability of some ﬂavonoids is limited by their transport out of epithelium cells by efﬂux transporters (Actis-Goretta et al. 2013). The bioavailability may be decreased in the following two ways:
(a) The nutraceutical is expelled from the epithelium cells, or (b) the degree of metabolism is increased as the nutraceutical is repeatedly absorbed and efﬂuxed. We deﬁne a bioactive substance
that is transported out of the epithelium cells and back into the intestinal lumen by this mechanism
as efﬂux transporter limited.
2.2.2.6. Overall factors limiting absorption. The absorption of a nutraceutical by the epithelium
cells lining the GIT may be limited by one or more factors, depending on its molecular and
physicochemical characteristics. For example, it may be classiﬁed as A∗ (−)ML , A∗ (−)BP , A∗ (−)TJ ,
A∗ (−)AT , or A∗ (−)ET if its absorption is limited by mucus layer transport, bilayer permeability, tight
junctions, active transporters, or efﬂux transporters, respectively. Nutraceuticals whose absorption
13.8

McClements

· ·
Li

Xiao

Changes may still occur before final publication online and in print

FO06CH13-McClements

ARI

6 February 2015

13:54

is limited by more than one physicochemical phenomena can be categorized by multiple subscripts,
e.g., A∗ (−)BP,TJ for a nutraceutical that is limited by both poor bilayer permeability and low tight
junction transport. A nutraceutical with relatively high absorption (>75%) by epithelium cells can
be classiﬁed as A∗ (+).
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2.2.3. Transformation (T∗ ). The bioavailability of many nutraceuticals is limited because they
are transformed into an inactive form within the GIT. These molecular transformations can be
divided into two subclasses according to their origin.
2.2.3.1. Chemical degradation limited (C). Some nutraceuticals undergo chemical transformations within foods or after ingestion that alter their biological activity, e.g., oxidation, reduction, or
hydrolysis reactions. For example, polyunsaturated lipids (such as ω-3 fatty acids or carotenoids)
may be oxidized due to the presence of pro-oxidants in the GIT (Carail et al. 2013, KenmogneDomguia et al. 2014), whereas proteins or peptides may be hydrolyzed by the highly acidic and
enzyme-active environment of the stomach (Moreno 2007, Wickham et al. 2009).
2.2.3.2. Metabolism limited (M). Some nutraceuticals are metabolized by speciﬁc enzyme systems within the GIT, e.g., resveratrol (Planas et al. 2012), quercetin (Petri et al. 2003), and
epicatechin (Actis-Goretta et al. 2013). Many important nutraceuticals are susceptible to phase I
and phase II metabolism within the GIT (Chen et al. 2014). Typically, metabolism increases the
polarity of lipophilic nutraceuticals by attaching hydrophilic side groups to the parent molecule,
thereby promoting reabsorption by the kidney and excretion through urine. Phase I metabolism
reactions commonly include hydrolysis, reduction, and oxidation. Many classes of enzymes are
involved in these metabolic reactions, including reductases, esterases, CYP450 enzymes, and dehydrogenases. For example, genistein and nobiletin are susceptible to oxidation by CYP450 enzymes (Koga et al. 2011). Phase I metabolites are often substrates for phase II enzymes, thereby
causing further changes in their molecular, physicochemical, and biological properties. Phase
II metabolism usually involves conjugation reactions between the parent bioactive molecules or
their phase I metabolites and endogenous molecules. Some of the major kinds of enzymes involved
in phase II metabolism are glutathione S-transferases, glucuronyltransferases, sulfotransferases,
methyltransferases, epoxide hydrolase, and acetyltransferases (Velderrain-Rodriguez et al. 2014).
Phase II metabolism in vivo contributes to low bioavailability of many bioactive phytochemicals.
For example, curcumin undergoes a complex series of metabolic reactions in the GIT resulting
in a variety of metabolites with different properties (Dempe et al. 2013, Metzler et al. 2013). Depending on the relative bioavailability and bioactivity of the parent compound and its metabolites,
metabolism may be either detrimental or beneﬁcial to the overall performance of nutraceuticals.
In many cases, metabolism may reduce the oral bioavailability and bioactivity of a nutraceutical,
but in other cases it may increase them.
Nutraceuticals that are not absorbed in the small intestine will reach the large intestine, where
they may be fermented by colonic bacteria (Bosscher et al. 2009, Monagas et al. 2010). These
fermentation reactions may alter the bioavailability and bioactivity of nutraceuticals in the colon.
Consequently, they may enter the systemic circulation and exhibit their biological activities. For
example, highly hydrophilic anthocyanins are not readily absorbed within the small intestine, but
they may be metabolized by enzymes in the colon and converted to forms suitable for absorption,
such as protocatechuic, syringic, vanillic, and 4-hydroxybenzoic acids (Hribar & Ulrih 2014,
Stevenson et al. 2009). These small phenolic compounds can be absorbed in the colon and exhibit
their health beneﬁts. For the sake of classiﬁcation, we consider those nutraceuticals that lose
www.annualreviews.org • Nutraceutical Bioavailability Classification Scheme
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their bioactivity due to chemical transformation or metabolism within the GIT as transformation
limited.
2.2.3.3. Overall factors influencing molecular transformation. A nutraceutical may therefore be
classiﬁed as T∗ (−)C , T∗ (−)M , or T∗ (−)CM if its bioaccessibility is limited by chemical degradation,
metabolism, or both, respectively. If a nutraceutical is relatively stable to molecular transformations
within the GIT (>75% remaining in a bioactive form), then it can be designated as T∗ (+).
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2.2.4. B∗ A∗ T∗ Designations. Overall, a speciﬁc nutraceutical can be classiﬁed by a B∗ A∗ T∗
designation according to the major factors limiting its bioavailability. Each physicochemical factor
is designated (+) if it is nonlimiting or (−) if it is limiting. For example, a hydrophilic nutraceutical
whose overall bioavailability is limited by poor absorption (due to poor bilayer permeability and
tight junction transport) and high chemical transformation (due to metabolism) within the GIT
would be classiﬁed as B∗ (+) A∗ (−)BP,TJ T∗ (−)M . If a detailed study were carried out, then speciﬁc
quantities could be given to the different factors that limit the overall bioavailability of a speciﬁc
nutraceutical.
One of the challenges with this classiﬁcation scheme is establishing quantitative criteria for
specifying whether a particular factor is limiting or nonlimiting. Several different values could
be deﬁned to specify whether a particular factor is limiting, such as a >10%, >25%, or >50%
reduction in bioavailability. Here, we use the criteria >25% reduction in bioavailability as an
arbitrary value, which is equivalent to saying that there is a >75% maintenance of bioavailability. Nevertheless, we recognize that there are some potential drawbacks with this deﬁnition. If
multiple factors affect the bioavailability of a nutraceutical, then it could have a low overall oral
bioavailability but no major limiting factor. For example, if the bioavailability of a nutraceutical
were decreased by 20% due to limited bioaccessibility, 20% due to limited solubility, and 20%
due to transformation to an inactive form, then the overall reduction in bioavailability would be
approximately 60% even though no individual factor would be considered limiting. Another challenge is to deﬁne appropriate analytical methods to measure each of the major factors that limit
the bioavailability of a nutraceutical. These methods should be readily available, relatively simple,
rapid and inexpensive to use, and standardized, so that a wide range of researchers can utilize them
and results can be compared between laboratories (Carbonell-Capella et al. 2014).
The NuBACS approach is useful for dividing different kinds of nutraceutical into general
categories that might require a similar food matrix design to improve their bioavailability. For
example, the bioavailability of nutraceuticals whose solubility is limited completely by low bilayer
permeability may be improved by encapsulating them in lipid-based delivery systems (as explained
later). However, the bioavailability of nutraceuticals that are susceptible to metabolism may be
improved by adding components that alter the activity of metabolic enzymes or that prevent these
enzymes from interacting with the nutraceuticals.
If a detailed study is carried out to identify all the major factors inﬂuencing the oral bioavailability of a nutraceutical, then it is possible to develop a quantitative expression to deﬁne the overall
bioavailability (BA) (Arnott & Planey 2012, McClements 2013):
B A = B ∗ × A∗ × T ∗ .

(1)

B∗ is the fraction of the nutraceutical that is bioaccessible, A∗ is the fraction of the bioaccessible
nutraceutical that is absorbed through the layer of epithelial cells, and T∗ is the fraction of the
absorbed nutraceutical that reaches the site of action in a metabolically active form. Expressions
can be derived for each of the major factors in the B∗ A∗ T∗ equation:
B ∗ = FL × FS × FI .
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Here, FL is the fraction of the nutraceutical liberated from the original food matrix, FS is the
fraction of the liberated nutraceutical that is solubilized within the intestinal ﬂuids, and FI is
the fraction of the solubilized nutraceutical that is not lost due to the formation of an insoluble
complex with other components in the intestinal ﬂuids. In practice, it is often difﬁcult to experimentally distinguish the liberated, solubilized, and interacted components. For this reason, it
is often more convenient to simply measure the fraction of the nutraceutical that is solubilized
within the intestinal ﬂuids, without taking into account whether the remainder of the nutraceutical
is trapped within the food matrix or whether it forms an insoluble complex. Experimentally, this
can be achieved by centrifuging the digesta from the small intestine (in vitro or in vivo) and then
measuring the fraction that is soluble in the supernatant (Carbonell-Capella et al. 2014).
The contribution of absorption-limiting factors to the overall bioavailability of a nutraceutical
is given by
A∗ = FML × FEL .

(3)

Here, FML is the fraction of the nutraceutical that is transported across the mucus layer, and FEL
is the fraction transported across the epithelium cells, which depends on bilayer permeability,
tight junction transport, active transporters, and efﬂux transporters. These values can often be
determined using in vitro gastrointestinal models that simulate the mucus layer or the epithelium
cells (such as Caco-2 cells).
The contribution of transformation-limiting factors to the overall bioavailability of a nutraceutical is given by
T ∗ = FC × FM .

(4)

Here, FC and FM are the fractions of the nutraceutical that reach the site of action in a metabolically
active form after any chemical transformation or metabolic process has occurred within the GIT.
The quantitative values of the various parameters used in these equations can be determined
experimentally using appropriate analytical methods.
2.2.5. Representation of B∗ A∗ T∗ designations. Speciﬁc nutraceuticals within particular food
matrices can be classiﬁed using B∗ A∗ T∗ designations. In this section, we provide a brief overview
of different methods for representing these values. As mentioned earlier, the simplest method
involves three components: (a) the letters B∗ , A∗ , and T∗ to indicate the main limiting factor;
(b) the signs (+) and (−) to indicate whether the factor is nonlimiting or limiting, respectively;
and (c) one or more subscripts to indicate the precise causes of the reduction in bioavailability
(e.g., TJ, BP, L, I). Thus, a lipophilic nutraceutical whose overall bioavailability was limited by
bioaccessibility (due to poor liberation and solubility) and high chemical transformation (due to
metabolism) within the GIT would be classiﬁed as B∗ (−)L,S A∗ (+) T∗ (−)M . Table 1 provides a
more detailed representation of the factors limiting bioavailability.
Table 1

Tabular representation of the main factors limiting the bioavailability of nutraceuticals
Subclassesa

Major classes
Bioavailability

L

S

I

Absorption

ML

TJ

MP

Transformation

C

M

AT

ET

a
The designations NL, L, and ? (not shown here) entered below each subclasses would indicate whether the bioavailability
due to that factor was, respectively, nonlimiting (bioavailability >75% for the speciﬁed subclass), limiting, or unknown.
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The NuBACS is most appropriate when applied to individual nutraceuticals in speciﬁc food matrices. However, it may also be useful for identifying the major factors limiting the bioavailability
of broad classes of nutraceuticals, such as lipids, carbohydrates, proteins, minerals, or phytochemicals. In this section, we highlight the utility of NuBACS for this purpose by identifying the major
factors that limit the bioavailability of lipids, and then use this information to highlight effective
strategies to improve their bioavailability. A lipid is deﬁned as a material that is soluble in organic solvents but poorly soluble in water (Akoh & Min 2008, McClements & Decker 2008). A
diverse range of bioactive food components fall into this category, including monoacylglycerols
(MAGs), diacylglycerols (DAGs), triacylglycerols (TAGs), FFAs, phospholipids, carotenoids, curcuminoids, phytosterols, lipophilic ﬂavonoids, and oil-soluble vitamins. Many of these lipophilic
components have health beneﬁts over and above those associated with their normal nutritional
function, such as the ability to reduce the incidences of coronary heart disease, diabetes, obesity,
hypertension, and cancer (Espin et al. 2007, Wildman & Kelley 2007). There has therefore been
considerable interest in utilizing these nutraceutical lipids within commercial functional food and
beverage products (McClements et al. 2009, Velikov & Pelan 2008). To classify bioactive lipids
according to the NuBACS system, it is important to establish the major factors limiting their
bioavailability.

3.1. Bioaccessibility
3.1.1. Liberation. Many bioactive lipids in natural and processed foods are trapped within structures that inhibit their release into the human GIT. For example, lipophilic nutraceuticals in
fruits, vegetables, seeds, and nuts are often present within cellular structures in plant tissues that
are not fully broken down by digestion (Failla et al. 2007; Jeffery et al. 2012a,b; Panozzo et al.
2013; Tydeman et al. 2010). This class of nutraceutical lipids can therefore be classiﬁed as B∗ (−)L .

3.1.2. Solubility. By deﬁnition, lipids have a low solubility in aqueous solutions and are therefore
naturally present at relatively low concentrations in gastrointestinal ﬂuids. For this reason, this
class of nutraceuticals can be classiﬁed as B∗ (−)S . The solubility of bioactive lipids in GIT ﬂuids is
greatly increased when they are solubilized within the hydrophobic core of mixed micelles formed
from bile salts, phospholipids, and lipid digestion products (Porter et al. 2007, Pouton & Porter
2008). Thus, the solubility of bioactive lipids is often increased when they are coingested with
digestible lipids, which increases their bioavailability.

3.1.3. Interactions. The bioaccessibility of some bioactive lipids may be limited because they interact with other components in the GIT that decrease their solubility. For example, as mentioned
previously, anionic long chain fatty acids may bind to cationic calcium ions in the small intestine,
thereby forming insoluble calcium salts with low bioaccessibility (Devraj et al. 2013). The bioaccessibility of some lipids may also be decreased due to their interactions with components arising
from the food matrix; e.g., fatty acids may bind with anionic mineral ions or biopolymers (Wydro
et al. 2007). When classifying bioactive lipids according to the factors limiting their bioaccessibility, it is more convenient to consider only those interacting components normally found in
the GIT, rather than those that are speciﬁc to particular foods. Nevertheless, it is important to
consider the potential role of food matrix components in bioaccessibility.
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3.2. Absorption
3.2.1. Mucin layer transport. Bioactive lipids and their digestion products are normally small
hydrophobic molecules that can easily diffuse through the pores in the mucus layer, either as
individual molecules or as part of mixed micelles. Consequently, mucus layer transport is not
usually a rate-limiting step.
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3.2.2. Bilayer permeability. Bioactive lipids typically have relatively high epithelium cell membrane permeability, given that their hydrophobic character (logP > 1) allows them to be easily
incorporated into the lipid bilayers of the cell membranes (Dahan & Miller 2012, Dahan et al.
2009). As a result, bilayer permeability is not usually a rate-limiting step for bioactive lipids.
3.2.3. Tight junction transport. Bioactive lipids would not be expected to travel across tight
junctions easily because they tend to associate with each other in aqueous environments and
form colloidal particles that are too large to pass through the narrow pores separating epithelium
cells. Tight junction transport would therefore limit the absorption of lipids; as such, this class of
nutraceuticals can be classiﬁed as A∗ (−)TJ . However, this designation is often omitted because this
is not usually considered to be a major transport mechanism for this class of molecules anyway.
3.2.4. Active transport. There are active transporters embedded within the epithelium cell membranes for certain types of bioactive lipids, e.g., FFAs and oil-soluble vitamins (Lo & Tso 2009,
Tso et al. 2004). When there are relatively low levels of FFAs present in the lumen of the GIT, the
active transport mechanism is dominant; when there are relatively high levels, however, absorption
is mainly due to passive transport across the lipid bilayers (Kindel et al. 2010). The importance of
active transporters in limiting the absorption of bioactive lipids therefore depends on their typical
concentrations in the GIT.
3.2.5. Efflux transport. After absorption by epithelium cells, some bioactive lipids may be transported back out of the apical side of the cells and into the GIT lumen due to the presence of
speciﬁc efﬂux transporters in the cell membrane. For example, resveratrol has been shown to be
pumped out of enterocytes by speciﬁc efﬂux protein transporters located in the cell membranes
(Alfaras et al. 2010, Planas et al. 2012). This class of nutraceuticals can therefore be classiﬁed as
A∗ (−)E .

3.3. Transformation
3.3.1. Chemical transformation. Some bioactive lipids are susceptible to chemical transformations within the GIT, which may alter their bioavailability and bioactivity. For example,
carotenoids and polyunsaturated fatty acids are highly prone to lipid oxidation and may therefore
chemically degrade within the GIT after ingestion (Boon et al. 2010; Goicoechea et al. 2008,
2011; Larsson et al. 2012). These bioactive lipids may therefore be classiﬁed as T∗ (−)C .
3.3.2. Metabolism. Some bioactive lipids are highly susceptible to chemical modiﬁcation within
the GIT due to the action of metabolic enzymes, e.g., curcumin (Dempe et al. 2013, Metzler et al.
2013), resveratrol (Azorin-Ortuno et al. 2011, Sabolovic et al. 2006), and polymethoxyﬂavones
(Xiao et al. 2012). The metabolism of a lipophilic nutraceutical often has a major impact on its
bioavailability and bioactivity. These bioactive lipids may therefore be classiﬁed as T∗ (−)M .
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Molecular structure of β-carotene, a strongly hydrophobic molecule used as a colorant and nutraceutical in
food and beverage products.

3.4. B∗ A∗ T∗ Designation
To a ﬁrst approximation, the general class of lipids can be given the following overall designation
based on the major factors limiting their oral bioavailability: B∗ (−)L,S ,A∗ (+),T∗ (−)C,M . This designation indicates that the main factors limiting lipid bioavailability are liberation from the food
matrix, solubilization within intestinal ﬂuids, and transformation to an inactive form within the
GIT. Absorption is not usually limiting because highly nonpolar molecules can be transported
across the epithelium cells by passive transport. In practice, the precise designation will depend
on the speciﬁc type of lipid molecule involved. For example, many lipids in processed foods are
readily liberated from the food matrix, e.g., polyunsaturated fats in food emulsions.

4. APPLICATION OF NuBACS TO SPECIFIC NUTRACEUTICALS:
β-CAROTENE
The NuBACS should be applied to speciﬁc nutraceuticals within speciﬁc food matrices to obtain
the most accurate representation of the main factors limiting their bioavailability. In this section,
we demonstrate the utility of the NuBACS using a speciﬁc example: β-carotene (Figure 6,
Table 2). Nevertheless, we anticipate that researchers will be able to apply this classiﬁcation
scheme to a wide range of nutraceuticals. We provide a brief overview of its utility for various
phytochemical nutraceuticals in Table 3.
Table 2

Tabular representation of the main factors limiting the bioavailability of β-carotene in

fruits and vegetables
Major classes

Subclasses

Bioavailability
Absorption
Transformation

L

S

I

L

L

?a

ML

TJ

MP

AT

ET

NL

L

NL

?

?

C

M

L

L

a
Here the designation ? indicates that the value is dependent on food matrix composition and structure or is unknown; H =
high bioavailability and L = low bioavailability with regards to the speciﬁed subclass.
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May
interact
with
proteins

Low

∗

∗

May be
trapped in
plant
tissue

Low

∗

May be
trapped in
plant
tissue

∗

Low

May be
trapped in
plant
tissue

Competition
with other
carotenoids

∗

High

S

Positive
charge
may
improve
absorption

ML

Limiting

∗

Limiting

∗

Limiting

∗

May pass
through
TJ

TJ

BP

High:
logP: 3.09

High:
logP: 3.28

High:
logP: 15.2

Low:
logP: 0.39

∗b

A∗

Competition
for MRP1

∗

∗

SR-B1
(saturable),
CD-36

∗

SGLT1,
Bilitranslocase,
LPH

AT

Extensive
MRP2
efﬂux

∗

P-gp

∗

ABC efﬂux,
ABCG5
efﬂux

∗

ET

Extensive:
Glucuronidation,
Sulfation,
Methylation

∗

Extensive:
(a) Stepwise
reduction of
oleﬁnic
heptanoid
chain
(b) Glucuronidation
Sulfation

∗

Limited:
Converted to
retinoids by
enzymes
BCMO1 and
BCMO2

Limited:
Glucuronidation,
Methylation

M

T∗
C

Auto-oxidation,
Sensitivity to
metal ions

∗

Sensitive
to alkaline pH
and
oxygen

∗

Oxidation due to
singlet oxygen,
metal ions, and
heat

∗

Acylation,
Physiochemical
degradation,
Sensitivity to pH

∗

B∗ (−)L,S
A∗ (−)TJ,AT,ET
T∗ (−)M,C

B∗ (−)L,S
A∗ (−)TJ,AT,ET
T∗ (−)M,C

B∗ (−)L,I,S
A∗ (−)TJ,AT,ET
T∗ (−)C

B∗ (+)
A∗ (−)BP T∗ (−)C

NuBACS
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2004,
Hong et al.
2003,
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2007
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2011,
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Boon et al.
2010,
Reboul 2013,
Herron et al.
2006,
Kiefer et al.
2002,
Yonekura &
Nagao 2007

McGhie et al.
2007,
Murota et al.
2000,
Passamonti
et al. 2002,
Prior & Wu
2006

Reference
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plant
tissue

∗
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trapped in
plant
tissue

Nobiletin

I

Interacts with
proteins

Interacts with
hydrophobic proteins
and other
phytochemicals

May interact
with dietary
ﬁber

Coingestion
with gallate
or
pyrogallol
increases
absorption

B∗

Some

Low

May bind
to mucus
layer

?

?

∗

∗

∗

TJ

May pass
through
TJ

?

ML

Low

∗

High

S

BP

High:
logP:1.48

∗

High:
logP: 2.48

High:
logP: 3.08

High:
logP: 1.2

∗

A∗
AT

SGLT1,
OATP-B

∗

∗

∗

ET

MRP2

∗

P-gp

Extensive
MRP2
efﬂux

∗

M

Glucuronidation,
Sulfation

∗

(a) Demethylation
and oxidation by
CYP 450 enzymes
(b) Glucuronidation,
Sulfation

Extensive:
(a) Cytochrome
p450 enzyme
oxidation
(b) Glucuronidation,
Sulfation

∗

Extensive:
Glucuronidation,
Sulfation

∗

T∗
C

B∗ (−)L
A∗ (−)BP,ET
T∗ (−)M

B∗ (−)S
A∗ (−) ML,TJ,AT
T∗ (−)M

B∗ (−)L,I,S
A∗ (−)AT
T∗ (−)M

B∗ (+)
A∗ (−)BP,AT,ET
T∗ (−)C

NuBACS

Chabanea et al.
2009,
Lesser et al.
2004

Kimura et al.
2014,
Li et al. 2014,
Murakami et al.
2002,
Xu et al. 2011,
Yao et al. 2013

Day et al. 2000,
Kulling et al.
2000,
Larkin et al.
2008,
Liu & Hu
2002,
Nielsen &
Williamson
2007,
Rothwell et al.
2005

Actis-Goretta
et al. 2013,
Diniz et al.
2008,
Tagashira et al.
2012,
Vaidyanathan
& Walle
2001,
Kosinka &
Andlauer
2013

Reference
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High

Low

∗

MW:
177 g/mol

?

Some:
logP =
0.72

∗

High:
logP: 2.57

∗

MRP3

P-gp

∗

MRP2

∗

Conjugation to
glutathione
by GST,
cleaved by
GTP and
CGase, yields
L-cycteine
conjugate, is
further
acetylated by
NAT to
produce
mercapturic
acid
derivative

∗

Glucuronidation,
Sulfation

∗

Auto-oxidation
and
degradation

∗

B∗ (−)L
A∗ (−)BP,AT,ET
T∗ (−)M

B∗ (−)S
A∗ (−)ET
T∗ (−)M,C

Cramer &
Jeffery 2011,
Elbarbry &
Elrody 2011,
Vermeulen
et al. 2008

Delmas et al.
2011,
Vaz-da-Silva
et al. 2008,
Vitaglione
et al. 2005,
Walle 2011

Abbreviations: ABC, ATP-binding cassette transporters; ACNs, anthocyanins; BCMO, β-C15,15 -oxygenase; CD-36, cluster determinant 36; CGase, cysteinylglycinase; EGCG,
epigallocatechin-3-gallate; GST, glutathione-S-transferases; GTP, enzymes γ-glutamyl transpeptidase; LPH, lactase phlorizin hydrolase; MRP, multidrug resistance–related protein; NAT,
N-acetyltransferase; NuBACS, nutraceutical bioavailability classiﬁcation scheme; P-gp, P-glycoprotein; SF, sulforaphane; SGLT1, Na+ -dependent glucose cotransporter 1; SR-B1, scavenger
receptor class B type 1.
b
Notations: ∗ , parameter is particularly important in limiting bioavailability; ?, value currently unknown.
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β-carotene is a highly hydrophobic molecule that is a member of a large group of strongly
colored and bioactive molecules known as carotenoids (Fernandez-Garcia et al. 2012). In nature,
β-carotene is found in a wide range of red/orange/yellow colored fruits and vegetables such as
carrots, apricots, cantaloupes, melons, squash, pumpkins, and red pepper as well as in some green
colored vegetables such as beet/collard greens and broccoli.

4.1. Bioaccessibility
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4.1.1. Liberation. As mentioned earlier, the oral bioavailability of many carotenoids in raw fruits
and vegetables is limited because they are trapped within speciﬁc plant structures and not easily
released in the GIT (Failla et al. 2007; Jeffery et al. 2012a,b; Panozzo et al. 2013; Tydeman et al.
2010). Research has shown that the bioavailability of β-carotene can be increased by processing
fruits and vegetables to partially break down plant structures and thereby facilitate the release of
β-carotene in the GIT (van het Hof et al. 2000). β-Carotene may also be isolated from natural
products and then encapsulated within processed foods (such as oil-in-water emulsions), where
it may have a much higher bioavailability because it has already been liberated from the original
matrix (Salvia-Trujillo et al. 2013a,b). In summary, the liberation of β-carotene from natural and
processed foods depends strongly on food matrix compositions and structures. For some foods
(such as raw fruits and vegetables), liberation plays a major role in limiting the oral bioavailability
of β-carotene, and these foods can therefore be classiﬁed as B∗ (−)L . However, in other foods (such
as processed foods), liberation plays a much less important role in the bioavailability of β-carotene.
4.1.2. Solubility. β-carotene naturally has a very low solubility in aqueous gastrointestinal ﬂuids
due to its high hydrophobicity (Figure 6). However, it can be solubilized when there are sufﬁcient
amounts of mixed micelles present. These mixed micelles consist of endogenous bile salts and
phospholipids, as well as exogenous lipid digestion products (such as FFAs and monoacylglycerols).
Typically, the amount of β-carotene solubilized increases as the concentration of mixed micelles in
the intestinal ﬂuids increases. However, solubility of β-carotene also depends on the composition
and structure of the mixed micelles in the GIT. Mixed micelles assembled from long chain FFAs
tend to have higher solubilization capacity than those assembled from short or medium chain
FFAs because they have nonpolar regions that are large enough to accommodate the relatively
long β-carotene molecule (Qian et al. 2012). Thus, coingestion of β-carotene with certain types
and amounts of dietary lipids is important to enhance its bioavailability (Qian et al. 2012, SalviaTrujillo et al. 2013b). The naturally low solubility of β-carotene in gastrointestinal ﬂuids can
therefore be considered to be one of the major factors limiting its bioaccessibility, which would
classify β-carotene as B∗ (−)B .
4.1.3. Interaction with food components. The bioaccessibility of carotenoids may be limited
due to their interactions with certain types of coingested food components. For example, the
incorporation of β-carotene into mixed micelles has been reported to be reduced due to its interactions with soluble dietary ﬁbers (Yonekura & Nagao 2007, 2009). In addition, the uptake of
β-carotene by Caco-2 cells has been reported to be reduced in the presence of phytosterols, such
as β-sitosterol (Fahy et al. 2004). If β-carotene is present within foods that contain high levels of
the aforementioned interfering substances, then it can be classiﬁed as B∗ (−)I .

4.2. Absorption
In this section we consider the major factors that may limit the absorption of β-carotene by
intestinal epithelium cells.
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4.2.1. Mucus layer transport. Due to its poor water solubility, β-carotene would normally be
present within some colloidal structure within the GIT, such as a crystal, emulsion droplet, vesicle,
or micelle. Relatively small colloidal particles (d < 400 nm) should be able to diffuse through the
pores in the mucus layer and reach the epithelium cells (such as micelles), whereas larger colloidal
particles may be prevented from traveling through the mucus layer (such as crystals or emulsion
droplets). Thus, if β-carotene is solubilized within mixed micelles it should be readily transported
across the mucus layer; if it is present within large crystals or indigestible particles, however, mucus
layer transport may be limiting, i.e., A∗ (−)ML .
4.2.2. Tight junction transport. As mentioned, the β-carotene molecule is so hydrophobic that
it will tend to be present within colloidal particles in the GIT. Even the smallest colloidal particles
(micelles), are usually too large to pass through the narrow channels separating the epithelium
cells. Thus, tight junction transport will limit the absorption of β-carotene, i.e., A∗ (−)TJ . However,
this designation is usually omitted given that it is well known that tight junction transport is not
a major absorption mechanism for carotenoids.
4.2.3. Bilayer permeability. β-carotene is a highly hydrophobic molecule with a logP value
>15 (McClements 2012). It is therefore easily incorporated into the nonpolar epithelium bilayer
membrane. Studies have shown that β-carotene absorption is linearly dependent on concentrations
between 0.5 and 11 mM, which suggests that passive absorption plays an important role for
this molecule (Reboul 2013). Nevertheless, active transport mechanisms may also play a role,
particularly when this nutraceutical is present at relatively low levels.
4.2.4. Active transport. The uptake of β-carotene has been shown to be saturatable and isomer
selective, which suggests that its uptake by intestinal cells does involve active transporters (During
et al. 2002, Reboul 2013). Several lipid transporters have been identiﬁed as playing a role in
β-carotene uptake by epithelium cells, such as scavenger receptor class B type I (SR-BI) (Rigotti
et al. 2003) and cluster determinant 36 (CD-36) (van Bennekum et al. 2005).
The active transport of β-carotene will be limiting if the transporters are saturated, either
by the presence of high concentrations of related compounds that compete for the active site
or at relatively high β-carotene concentrations. In these situations, the active transport mechanism may be a limiting factor for the absorption of β-carotene, i.e., A∗ (−)AT . Nevertheless, the
β-carotene may still be able to be absorbed by the epithelium cells due to passive transport via
bilayer permeation.
4.2.5. Efflux transport. There is some evidence for the efﬂux of β-carotene from the basolateral
side to the apical side of epithelium cells after it has been absorbed. ATP-binding cassette transporters responsible for pumping out other types of lipids may also play a role in carotenoid efﬂux
(Herron et al. 2006). SR-BI is also recognized as a potential efﬂux transporter for β-carotene, due
to its ability to transport lipid molecules in both directions at the cell membrane. Indeed, research
has shown that SR-BI can efﬂux vitamin E out of Caco-2 cells (Reboul et al. 2006). If the efﬂux
mechanism does play an important role for β-carotene, then it can be designated as A∗ (−)ET , but
more research is needed to fully understand any efﬂux mechanisms of β-carotene.

4.3. Transformation
4.3.1. Chemical transformation and metabolism. The polyunsaturated long chain structure
of β-carotene (Figure 6) makes it susceptible to oxidation and scission reactions. This chemical
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degradation of β-carotene is accelerated by heat, light, oxygen, acid, metal ions, and interactions
with radical species (Boon et al. 2010). The poor chemical stability of β-carotene may limit its
bioavailability, particularly if there are pro-oxidants in the GIT that promote its transformation
(such as high levels of iron or prolonged exposure to acidic pH). An appreciable fraction of ingested
β-carotene is converted into vitamin A within the GIT by metabolic enzymes in the enterocytes,
which is important in determining its overall bioactivity (Reboul 2013). Carotenoids may also
undergo cis-trans isomerization during food processing and within the GIT, which will alter their
bioavailability and bioactivity (Aherne et al. 2010, Granado-Lorencio et al. 2007). In cases where
the bioavailability of β-carotene is reduced due to these transformations, it can be designated as
T∗ (−)C,M according to the NuBACS.

4.4. B∗ A∗ T∗ Designation
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Per the above discussion, and on the basis of the major factors limiting its oral bioavailability
(Tables 2 and 3), β-carotene within fresh fruits and vegetables can be given the following overall
NuBACS designation: B∗ (−)L,S ,A∗ (+),T∗ (−)C,M . The main factors limiting the bioavailability are
liberation from the food matrix, solubilization within the intestinal ﬂuids, and transformation to
an inactive form within the GIT due to chemical degradation or metabolism. Absorption is not
usually limiting because this highly nonpolar molecule can be incorporated into and transferred
across the epithelium cells by passive transport.

5. FOOD MATRIX DESIGN
The information contained within a NuBACS designation can be helpful in designing and fabricating food products to improve the oral bioavailability of speciﬁc nutraceuticals or classes of
nutraceuticals. In this section, we highlight this principle using β-carotene as a model nutraceutical
that normally has low oral bioavailability.

5.1. Bioaccessibility
5.1.1. Liberation. The likelihood of β-carotene being liberated from a fruit or vegetable may
be enhanced by applying one or more processing operations to disrupt the cells or organelles
where β-carotene is normally entrapped, such as homogenization, enzyme treatment, or thermal
processing (Fernandez-Garcia et al. 2012, Yeum & Russell 2002). Alternatively, β-carotene can
be isolated from its natural state and incorporated into a suitable delivery vehicle (such as an
oil-in-water emulsion) (Salvia-Trujillo et al. 2013a). After consumption, β-carotene will be more
easily released from the food matrix within the GIT.
5.1.2. Solubility. After β-carotene is liberated from the food matrix, it needs to be solubilized
within the intestinal ﬂuids so that it can be transported to the epithelium cells. β-Carotene is a
highly hydrophobic molecule that normally has a very low solubility in aqueous intestinal ﬂuids.
Nevertheless, the solubility of β-carotene in the GIT can be greatly increased by ingesting it
with digestible lipids, which can be attributed to several factors (Charman et al. 1997, Porter
et al. 2007, Williams et al. 2013). First, consumption of digestible lipids stimulates the release of
digestive enzymes, bile salts, and phospholipids thereby increasing the solubilization capacity of
the intestinal ﬂuids. Second, lipid ingestion prolongs the GIT transit time thereby increasing the
time available for β-carotene to be liberated, solubilized, and absorbed. Third, the digestion of
coingested lipids within the GIT leads to the formation of FFAs and MAGs that are incorporated
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into the mixed micelles in the small intestine, thereby increasing the solubilization capacity of
intestinal ﬂuids. The extent of this increase depends on the type and amount of coingested lipids
that are consumed: Mixed micelles contain long chain FFAs with higher solubilization capacities
on β-carotene than short or medium chain FFAs (Qian et al. 2012). Fourth, ingestion of any
surface-active substances (such as phospholipids or surfactants) may also increase the solubilization
capacity of the intestinal ﬂuids due to their ability to help form mixed micelles (Cirin et al. 2012,
Rozner et al. 2010, Rupp et al. 2010).
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5.2. Absorption
β-carotene is a highly nonpolar molecule that can be incorporated into the nonpolar regions of
the cell membrane and passively transported across, as well as transported by active transport
mechanisms (Dahan & Miller 2012, Fasinu et al. 2011). Consequently, absorption should not be a
major barrier for this kind of bioactive molecule. Nevertheless, if there were circumstances where
the absorption of β-carotene relied on the operation of active transporters, then the bioavailability
could be limited if these transporters became saturated. Saturation may occur due to the presence
of other carotenoids that compete for the active transporter or if the β-carotene concentration is
too high. In these cases, the bioavailability may be increased by ensuring that other molecules that
compete with β-carotene are not present in the intestinal ﬂuids, or by ensuring the slow release
of β-carotene within the GIT. Extended release may be achieved by encapsulating β-carotene
within a delivery system that slowly releases it within the small intestine or by using a food matrix
that slows down the passage of the food through the GIT.
The bioavailability of several lipophilic nutraceuticals is limited by efﬂux transporters in the
membranes of epithelium cells (Constantinides & Wasan 2007, Fasinu et al. 2011, Planas et al.
2012). For example, P-glycoprotein (P-gp) and multidrug resistant protein have both been shown
to pump out a variety of nutraceuticals or drugs from intestinal epithelium cells (Constantinides
& Wasan 2007, Fasinu et al. 2011). As discussed earlier, efﬂux can reduce the bioavailability of
nutraceuticals by two mechanisms: (a) decreasing the total amount absorbed and (b) increasing the
extent of metabolism within the GIT given that the nutraceutical may be pumped in and out of the
epithelium cells numerous times. Some food-grade components may block efﬂux mechanisms and
thereby increase the net absorption of nutraceuticals by epithelium cells, e.g., some surfactants,
chelating agents, biopolymers, and phytochemicals (Fasinu et al. 2011, Jia & Wasan 2008, Jin &
Han 2010, Rein et al. 2013). For example, resveratrol, quercetin, and piperine have been shown
to act as efﬂux inhibitors (Challa et al. 2013, Chi et al. 2012, Choi et al. 2009, Jin & Han 2010,
Kang et al. 2009). If efﬂux transporters can limit the bioavailability of β-carotene, then it may be
possible to improve its absorption by adding efﬂux inhibitors to food matrices.

5.3. Transformation
The overall bioavailability of β-carotene may be limited due to chemical degradation or
metabolism within the GIT. In some cases, these transformations may be undesirable given they
reduce the bioavailability or bioactivity of a nutraceutical; however, in other cases they may actually
be beneﬁcial, e.g., conversion of β-carotene to vitamin A. Several approaches may be utilized to
control these transformations. The β-carotene may be encapsulated within some kind of delivery
system that protects it from chemical transformations and metabolism until it is released at the
site of absorption. For example, a delivery system could be developed that remained stable in the
mouth and stomach but that broke down in the small intestine and released the β-carotene near
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the epithelium cells, thereby limiting exposure to harsh conditions. Second, it is possible to add
food ingredients that protect nutraceuticals from chemical transformation in the GIT (Dudhatra et al. 2012). Some of these bioactivity enhancers act as antioxidants that retard nutraceutical
oxidation (Tarvainen et al. 2012). For example, there are many natural and synthetic food-grade
antioxidants that are effective at inhibiting oxidation reactions by mechanisms such as free radical
scavenging, singlet oxygen quenching, and chelating, e.g., butylated hydroxytoluene, butylated
hydroxyanisole, carotenoids, tocopherols, ﬂavonoids, and grape seed extract (Decker et al. 2011).
Other bioactivity enhancers may inhibit the normal function of metabolic or digestive enzymes
within the GIT or body (Dudhatra et al. 2012, Shimizu 2010). For example, piperine may retard
the metabolism of nutraceuticals (Dudhatra et al. 2012). These affects have been attributed in part
to its ability to inhibit metabolizing enzymes such as glucose dehydrogenase, cytochrome P450,
and others (Dudhatra et al. 2012).
Finally, coingested lipids may also alter the bioavailability of β-carotene through their impact
on the absorption pathway. When lipophilic nutraceuticals are ingested with long chain fatty
acids, they are packed into lipoprotein particles (chylomicrons) in the epithelium cells and then
transported by the lymphatic route (thereby avoiding ﬁrst pass metabolism in the liver); when they
are ingested with short or medium chain fatty acids, however, they are transported via the portal
vein where they must pass through the liver before entering the systemic blood circulation (Borel
et al. 1998, Yanez et al. 2011). Consequently, there may be substantial differences in the type and
amount of metabolism of a lipophilic nutraceutical depending on its absorption pathway.
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7. CONCLUSIONS
In this article, we have reviewed the major factors inﬂuencing the bioavailability of nutraceuticals,
then used this information to develop a new scheme, the NuBACS, for classifying nutraceuticals
according to the major factors limiting their bioavailability. The NuBACS is critically important
for rational utilization of a wide range of nutraceuticals for health promotion and disease prevention, which is equivalent to the role of the BCS used in the pharmaceutical industry to classify
drugs. In the NuBACS, a nutraceutical is given a three-component designation: (a) a letter indicating bioaccessibility (B∗ ), absorption (A∗ ), or transformation (T∗ ); (b) a sign indicating nonlimiting
(+) or limiting (−) bioavailability; and (c) one or more subscripts indicating the precise mechanisms
limiting bioavailability, such as liberation (L), solubility (S), interactions (I), bilayer permeability
(BP), tight junction transport (TJ), active transport (AT), efﬂux transport (ET), chemical modiﬁcation (C), or metabolism (M). Improved knowledge of the factors limiting the bioavailability
of different groups of nutraceuticals can be used to develop effective food-based strategies to improve their bioavailability. For example, the composition and structure of food matrices can be
speciﬁcally designed to improve the bioavailability of a nutraceutical based on information about
the major mechanisms that normally limit it.
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