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A B S T R A C T

In vitro digestion assays simulate the physiological conditions of digestion in vivo and are useful tools for studying
and understanding changes, interactions, as well as the bioaccessibility of nutrients, drugs and non-nutritive
compounds. The technique is widely used in fields such as nutrition, pharmacology and food chemistry. Over the
last 40 years, more than 2500 research articles have been published using in vitro digestion assays (85% of which
have been published in the last two decades) to elucidate multiple aspects such as protein digestibility, nutrient
interactions or the viability of encapsulated microorganisms. The most recent trend in the use of this technique
involves the determination of the antioxidant activity of bioactive compounds after digestion. However, the
inability to reproduce certain in vivo digestion events, as well as the multiple models of in vitro digestion, point to
a need to optimize and validate the method with in vivo assays to determine its limitations and uses. The purpose
of this paper is to provide an overview of the current state of the art of in vitro digestion models through an
analysis of how they have evolved in terms of the development of digestion models (parameters, protocols,
guidance) and taking into consideration the boom in new fields of application.

1. Introduction

Food digestion is a complex process in which many factors are in-
volved and that has actually aroused the interest of the food industry
because of there is a growing relationship between food and health and
therefore the reduction of development certain chronic diseases
(Bornhorst, Gouseti, Wickham, & Bakalis, 2016). During human di-
gestion, ingested foods are broken down into nutrients which are used
by the body for energy, growth and cell repair. Food digestion implies
two main processes that occur simultaneously: (i) mechanical trans-
formation, whereby larger pieces of food get broken down into smaller
pieces, starts in the mouth and continues into the stomach; and (ii)
enzymatic transformation, whereby several different enzymes break
down macromolecules into smaller molecules that can be absorbed into
the bloodstream, starts in the mouth and continues into the intestines
(Alminger et al., 2014; Guerra et al., 2012). Several organs, hormones
and nervous stimuli are involved in the digestion process. The liver and
the pancreas are also important players in the digestive system due to
their function of secreting hydrolytic enzymes and biliary salts
(Minekus et al., 2014).

Knowledge of the physicochemical changes that occur in foods

during the digestion process and the various factors influencing nu-
trient bioaccessibility (the amount of a compound that is released from
the matrix and is solubilized into the water phase (chyme) become
available for absorption in the systematic circulation through the gut
wall), bioavailability (the total amount of a compound that is released
and absorbed, to reach the bloodstream, where it is delivered to the
different body tissues) and digestibility (it applies specifically to the
fraction of food components that is transformed into potentially ac-
cessible matter (present in the complete digesta, soluble and non-so-
luble fractions) through all physical and chemical processes that take
place in the lumen) (Fernández-García et al., 2012; Hedren, Diaz, &
Svanberg, 2002), would be helpful for designing functional foods since
recommended daily nutrient ingestion and the processing conditions
that would maximize the health benefits of bioactive compounds
(Manach, Williamson, Morand, Scalbert, & Rémésy, 2005; Sengul,
Surek, & Nilufer-Erdil, 2014) could be established. It is clear that the
digestive system is central to numerous questions raised not only by
researchers, but also by commercial companies in various fields such as
nutrition, toxicology, pharmacology, and microbiology (Dean & Ma,
2007; McAllister, 2010).

Testing the efficacy of newly developed foods or delivery systems
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depends on the availability of digestion models that accurately simulate
the complex physicochemical and physiological events that occur in the
human gastrointestinal tract (Hur, Lim, Decker, & McClements, 2011).
In vivo feeding methods, using as models animals or humans, generally
offer the most precise results and as mentioned Marcano, Hernando,
and Fiszman (2015) are still considered the “gold standard” for de-
termined diet-related questions, but unluckily, analyse the complex
multistage process that occurs during the human or animal digestion is
technically difficult, costly, and limited by ethical issues when poten-
tially harmful substances are involved (Augustin et al., 2014; Minekus
et al., 2014). Consequently, there is a real need for use in vitro models
that closely mimic the physiological processes occurring during human
digestion (Minekus et al., 2014), taking into consideration several fac-
tors such as the occurrence and concentration of digestive enzymes, the
pH values in gastric and intestinal phases, digestion time and salt
concentrations, among other factors (Marcano et al., 2015). Such
models should be flexible, accurate, and reproducible. As of now, in
vitro digestion models provide a useful alternative to animal and human
models by rapidly screening food ingredients (Hur, Lee, Kim, Chun, &
Lee, 2013).

As, mentioned Coles, Moughab, and Darragh (2005) the perfect in
vitro digestion technique (i) should provide precise results in a short
time and (ii) might consequently help as a tool for quickly analysis of
foods or food models with different compositions and structures.
However, at this moment, any in vitro method is inevitably going to fail
to match the precision that could be obtained by actually studying a
food in vivo, basically by the inherent complexity of the digestion
process (Coles et al., 2005; Fuller, 1991; Hur et al., 2011).

Few years ago, food and animal scientists across the world have
used various in vitro digestion models to analyse the structural and
chemical changes that happen in several food matrices when are sub-
mitted to simulated gastrointestinal conditions, enabling the explosion
in the number of scientific works published on digestion studies in re-
cent years.

The aims of this paper is to provide an overview of the current status
of in vitro digestion models through an analysis of the evolution of these
methods as regards the development of digestion models (parameters,
protocols, guidance) and to study the boom in new fields of application.

2. Summary of survey

For the survey we have used Scopus® as a data base for the searches
because it is the largest searchable citation and abstract source for
searching the literature and because it is continually expanded and
updated (Chadegani et al., 2013). The following items were introduced
in the Scopus web page to refine the search: Years, from “all years” to
“2016”; Key words, “in vitro digestion” and “foods”; Type of document,
“paper” or “review”; The following “subject areas” were excluded:
nursing, veterinary, environment sciences, physic and astronomy, ma-
terials, neuroscience, computer science, energy, business, psychology,
earth and planet and undefined; The following “exact journal titles”
were also excluded: Animal, Journal of Animal Science, Poultry Sci-
ence, British Poultry Science, Journal of Allergy and Clinical Im-
munology, and Clinical and Experimental Allergy. With all these re-
strictions, a total of 2187 document results were obtained. Fig. 1 shows
a diagram explaining the search criteria and process. Within this final
result, different words were independently added to refine the search,
depending on the information required.

3. Interest and evolution of in vitro digestion models over time

A simple analysis of the evolution of the number of publications
(Fig. 2) is sufficient to appreciate the current interest of the scientific
community in the in vitro digestion of foods. While the first published
paper in this area dates from 1954 (DeBaun & Connors, 1954), which
was followed by a trickle of papers every year, the most important

efforts to simulated the human stomach and small intestine have been
made in the past two decades, a period in which more than 85% of the
papers published to date have appeared. In the four years preceding this
review, more than 150 papers per year have been published related to
in vitro digestion of foods, peaking in 2015 when 218 papers were
published.

The survey also showed that although in vitro digestion models have
been applied to all type of foods, the most common foods tested were:
vegetables (26%), dairy foods (23%), bakery foods (17%), meat pro-
ducts (13%), marine foods (12%) and egg foods (7%).

3.1. Static/dynamic in vitro digestion models

A huge range of gastrointestinal models have been designed to si-
mulate the food digestion process, ranging from single static systems to
multi-compartmental and dynamic systems. In addition, in vitro diges-
tion models differed from one another in various parameters. One of
these is the number and type of step included in the digestion sequence;
depending on the study purpose, simulated digestion models can in-
clude the oral, gastric or/and small intestinal phases, and in some cases,
large intestinal fermentation (Polovic et al., 2008; Sek, Porter, &
Charman, 2001). Another important variation between models is the
chemical composition of the digestive solutions used in each phase - the
type and enzyme concentrations, the salts and buffers used, the biolo-
gical polymers, the surface-active components, and so on (Almaas et al.,
2006; Boise & Eggum, 1991; Chattertona, Rasmussen, Heegaard,
Sorensen, & Petersen, 2004; Hur et al., 2011; Hur, Decker, &
McClements, 2009; Kitabatake & Kinekawa, 1998; Porter et al., 2004).
Finally, the mechanical stresses as well as the fluid flows used in each
phase in the digestion sequence flow geometries and profiles, magni-
tude and direction of applied stresses, etc. are also an important var-
iation factor (Brandon et al., 2006; Hur et al., 2011; McClements,
Decker, & Park, 2009). Different reviews have been published addres-
sing these variation factors (Bornhorst et al., 2016; Guerra et al., 2012;
Lefebvre et al., 2015). This only gives a brief idea about the sophisti-
cation that can be achieved with these systems, which, besides the
varying conditions that can be applied, help understand the difficulties
involved in comparing compare results between studies.

A wide number of these works have been accomplished using static
models (89%), in which gastric and small intestinal digestion is imi-
tated in three successive phases (oral, gastric and small intestinal). In
each phase, the food product is incubated for a specific time and at a
specific temperature with simulated artificial saliva and gastric and
small intestinal digestive fluids, respectively while the pH is generally
maintained at a fixed value by using a buffer. While this may seem a
simple method, the lack of consensus concerning the physiological
conditions applied has led to different models and hence results which
cannot be compared across research teams. To minimize this problem,
the COST INFOGEST network proposes a general standardized and
practical static digestion method based on relevant conditions that can
be applied for various ends (Minekus et al., 2014). The objective of this
consortium was to harmonize in vitro static systems that simulate di-
gestive processes by defining key parameters and conditions. The sci-
entific community has shown great interest in this study, as can be seen
from the numerous citations (345, by Scopus®) that it has received since
2014 (year of publication). This harmonized static in vitro digestion
method for foods should contribute to the production of more com-
parable data in the future. During the application of this standardized
method, several authors have reported some limitations, which much
be taken into account. Rodrigues, Barros-Mariutti, and Zerlotti-
Mercadante (2016) reported that this general method needs to be
adapted in the case of studies applied to lipophilic compounds (car-
otenoids, plant sterols, among others). They concluded that two steps
must be included (micelle separation by centrifugation and carotenoid
exhaustive extraction from the micelles with diethyl ether) in the case
of analysis on carotenoids from fruits. In spite of all these limitations, a
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recent review about the correlation between in vivo and in vitro data on
food digestion concludes that although, in vitro static models are
oversimplistic and do not reproduce all the dynamic aspects of the GIT,
they are increasingly useful in predicting in vivo digestion in some cases
(Bohn et al., 2017).

The in vitro gastrointestinal static models have numerous ad-
vantages, the principal purpose to imitate the biochemical processes
that happen in the gastrointestinal tract and normally use a single set of
initial conditions (pH, concentration of enzymes, bile salts, etc.) for
each part of the gastrointestinal tract. Nevertheless, this simplistic
method is frequently not an accurate reproduction of the more complex
in vivo conditions, where the biochemical environment is continually
changing and physical parameters such as shear and grinding forces can
have a large impact on the breakdown of larger food particles and the
release of nutrients (Golding & Wooster, 2010). The geometry (vertical
alignment, horizontal alignment or beaker) (Campbell, Arcand, &
Mainville, 2011; Tompkins, Mainville, & Arcand, 2011), the biochem-
istry (the different digestive secretions are added to the compartments
of the model over time) (Marciani et al., 2001) and the physical forces

Fig. 1. Flow chart of the search criteria applied to select the papers used in this review (based on the CONSORT diagram for clinical research).
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Fig. 2. Evolution of the number of publications on in vitro digestion studies.
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(simulated using Teflon rollers, flexible discs or water jackets) are the
three most important factors that have been differently addressed in the
design of these dynamic digestion models (Kong & Singh, 2010;
Vardakou et al., 2011). Some of the more advanced dynamic digestion
models have a geometry designed to represent the fundus and antrum
of the stomach, and/or the duodenum (Thuenemann, 2015). These
designs allow for the simulation of the physical forces exerted on the
digesta during transit through the gastro-intestinal tract, which in turn
allows simulation of the inhomogeneous nature of the digesta and lo-
calized biochemical environments, as in vivo (Kong & Singh, 2010;
Marciani et al., 2001; Marciani, Gowland, Spiller, et al., 2001;
Tompkins et al., 2011; Vardakou et al., 2011). Table 1 shows a general
comparison between static and dynamic digestion models as a function
of the type of study, type of food, major applications, main objectives
and advantages and disadvantages.

3.2. Evolution and new fields of application

Of note, too, is how the specific aim of this technique has changed
with time, taking into account that it can be applied to several scientific
areas such as, nutrition, food chemistry, pharmacology, microbiology
and toxicology. The greatest numbers of studies have been into the
behaviour of macronutrients (mainly proteins) and drugs during di-
gestion (Fig. 3). However, in the last decade (2006–2016), new fields of
applications have appeared, among which the three most relevant are:
(i) the effect of the digestion process on the bioaccessibility of bioactive
compounds and on their antioxidant activity (of a total of 562 docu-
ments found, 92% were published in last decade), although in most
cases the objective was (ii) the specific effect of the food matrix (mainly
dietary fiber in vegetable foods) on these properties (of a total of 692
documents found, 70% were published in the last decade); and (iii) the

effect of digestion on coating integrity (mainly focused on nanodelivery
systems) of bioactive compounds (a total of 481 documents found, 85%
were published in last decade). All of these are examples of new ap-
plications and the importance given to them in the last decade, because
most did not exist in in the 1980s and very few existed in the 1990s
(Fig. 3).

3.2.1. Effect of in vitro gastrointestinal digestion process on bioaccessibility
and antioxidant properties of bioactive compounds

During recent years, several bioactive compounds (vitamins such as
A, C, D and E, polyphenolic compounds, carotenoids and dietary fiber)
have been studied for their potential health benefits in the development
of functional foods, nutraceuticals, pharmaceuticals and other appli-
cations (Table 2) (Sotomayor-Gerding et al., 2016). Nevertheless, it
should be borne in mind that any healthy effects of above mentioned
compounds are determined by their bioavailability due to their che-
mical, thermal and shelf stability in the face of various processing
conditions as mentioned Sotomayor-Gerding et al. (2016) and Cilla,
Bosch, Barberá, and Alegría (2018). Furthermore, their lipophilic
nature and insolubility present challenges for their delivery and ab-
sorption (Alminger et al., 2014). For these reasons, when the potential
functionality of several bioactive compounds are analysed, their bioa-
vailability in food matrix is more significant than the amount of that
bioactive compound.

It is well known that fruits and vegetables are an important source
of bioactive phytochemicals (mainly polyphenolic compounds) which
could exert numerous beneficial effects in vivo, mainly related to their
high antioxidant potential donating a hydrogen atom or an electron to
other compounds, scavenging free radicals and quenching singlet
oxygen as reported Oliveira et al. (2009) and Chen et al. (2014). This
interest in the antioxidant properties of phenolic compounds has led to
a high number of papers being published on their characterization
(quantity and type of polyphenolic compounds) in all types of foods,
and on the effect of processing on their antioxidant properties (Colle,
Lemmens, Van Buggenhout, Van Loey, & Hendrickx, 2010; Karakaya &
Yilmaz, 2007; Rosa, Dufour, Lullien-Pellerin, & Micard, 2013). More-
over, the potential availability of antioxidants compounds after diges-
tion is important, and several works have indicated that the bioavail-
ability of individual compounds with antioxidant activity is poor
(Palafox-Carlos, Ayala-Zavala, & González-Aguilar, 2011). Because of
this, the impact of in vitro gastrointestinal digestion on the stability of
polyphenolic compounds, and hence on their antioxidant properties,
has been one of the more widely examined topics during last decade.
Such is the case with a wide variety of fruits including citrus (Chen
et al., 2014; De Ancos, Cilla, Barberá, Sánchez-Moreno, & Cano, 2017;
Rodrigo, Cilla, Barberá, & Zacarías, 2015), different types of berries
(Bermúdez-Soto, Tomás-Barberán, & García-Conesa, 2007; Correa-
Betanzo et al., 2014; Fazzari et al., 2008; Huang, Sun, Lou, Li, & Ye,
2014; Liang et al., 2012; Lucas-González et al., 2016), tomato
(Svelander et al., 2010; Talens, Mora, Bramley, & Fraser, 2016), grape
(Chen et al., 2014; Tagliazucchi, Verzelloni, Bertolini, & Conte, 2010),
apple (Bouayed, Deußer, Hoffmann, & Bohn, 2012; Bouayed,
Hoffmann, & Bohn, 2011) and figs (Kamiloglu & Capanoglu, 2013). But
its impact has also been tested in different vegetables (Pugliese et al.,
2014; Soriano-Sancho, Pavan, & Pastore, 2015), grains and cereals
(Chitindingu, Benhura, & Muchuweti, 2015; Gong, Jin, Wu, & Zhang,
2013; Podio et al., 2015), fruit juices (Aschoff et al., 2015; Cilla et al.,
2011; Cilla, González-Sarrías, Tomás-Barberán, Espín, & Barberá, 2009;
Fawole, Opara, & Chen, 2015; Gil-Izquierdo, Gil, Ferreres, & Tomás-
Barberán, 2001; Pérez-Vicente, Gil-Izquierdo, & García-Viguera, 2002;
Rodríguez-Roque, Rojas-Grau, Elez-Martínez, & Martín-Belloso, 2013),
vegetable juices (Wootton-Beard, Moran, & Ryan, 2011) and other
types of processed foods (Colantuono, Ferracane, & Vitaglione, 2016;
Dall'Asta et al., 2016; Dinnella, Minichino, D'Andrea, & Monteleone,
2007; Jiwan, Duane, O'Sullivan, O'Brien, & Aherne, 2010; Kamiloglu
et al., 2015; Oliveira & Pintado, 2015; Vaghini, Cilla, Garcia-Llatas, &

Table 1
Static vs dynamic in vitro human digestion models for food applications.

Static Dynamic

Type of study
Useful for limited digestions (gastric and/or

intestinal step)
Applicable to total digestion
studies

Type of food
Homogenized/simple foods

Isolated or purified food compounds
Complex foods

Major applications
Macronutrients

*Protein hydrolysis
*Lipid hydrolysis
*Starch resistance
Bioactive molecules
*Release from simple food matrices
*Solubility and bioaccessibility

Foods & Pharmaceutical
*Release and bioaccessibility of
nutrients from complex food
matrices
*Protein digestion
*Lipid separation
*Peptide production

Main objectives
Improve food properties

Preliminary trials to justify possible
nutrition and health claims

Effect of food structure on
nutrient delivery, nutrient
interactions, probiotic survival,
prebiotic delivery, etc.

Main advantages
Rapid and simple

Cost-effective
Need to be validated only in light of their
intended use

Better accuracy the dynamic
environment of the intestine:
peristaltic movements, physical
forces, shear forces, etc.
Allow direct comparison with
the results of in vivo/clinical
studies

Main disadvantages
Lack the mechanical forces that contribute to

in vivo digestion and the constant changes
in biochemical environment; excessive
metabolite accumulation, which can
interfere with digestion

Should be validated for their
ability to reproduce the
conditions of the gastrointestinal
tract.
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Lagarda, 2016). Henning et al. (2014) studied the variability in the
antioxidant activity of different dietary supplements commonly used as
sources of antioxidant polyphenols (pomegranate, milk thistle, green
tea, grape seed, goji and açai). In most of these studies, the stability of
phenolic compounds was assessed by determining the total phenolic
content (e.g. using the Folin-Ciocalteau method), which does not yield
information on the recovery of specific phenolic classes or molecules,
and by determining the antioxidant capacity (by methods such as
DPPH, FRAP, ABTS or FIC). In this case, controversial results have been
reported: in some cases, the total phenol content recovered and hence
the antioxidant activities, after the gastric and intestinal phase of in
vitro digestion was not reduced (compared with the gastric step)
(Fazzari et al., 2008; Tagliazucchi et al., 2010; Tagliazucchi, Verzelloni,
& Conte, 2012), but in other cases it was (Bermúdez-Soto et al., 2007).
Also in some cases a high and positive correlation between total phe-
nolic content and antioxidant activity was reported, but in some cases
no such correlation was found. In conclusion, it seems that digestion
may alter antioxidant properties of foods, depending partly on varia-
tions in the polyphenol content. Further analyses of specific phenolic
compounds, especially their possible degradation products, should be
carried out to clarify these conflicting results.

In an interesting work, Chen et al. (2014) analysed 33 fruits, eval-
uating their total phenolic content and antioxidant capacity before and
after in vitro digestion. They also reported great variations among fruits;
following the gastric phase of the in vitro digestion model, there was a
significant increase in the total phenolic content of 8 fruits. After the
duodenal phase of digestion, the total phenolic content of 25 fruits had
increased compared with their initial total values, while the total
phenolic content of 8 fruits had decreased. They also found that after
the gastric phase of digestion, the DPPH, ABTS and FRAP values of
some fruits had significantly increased (by up to 10.74 fold), but others
decreased compared with their initial values. Compared with the values
observed after the gastric phase of digestion, the DPPH, ABTS and FRAP
values of some fruits were significantly lower after the duodenal phase
of digestion, but others were higher. As can be seen, there is no overall
pattern to the behaviour of these fruits during in vitro digestion. Pre-
vious studies found that a number of polyphenols increased after the
gastric phase of the in vitro digestion process since polyphenols are
highly sensitive to alkaline conditions. After the pancreatic digestion
phase, the antioxidants are degraded by the alkaline pH, leading to an
overall loss in the antioxidant capacity after in vitro digestion
(Bermúdez-Soto et al., 2007). It is possible that when these compounds
are exposed to such conditions, a proportion of the polyphenol

compounds are transformed into different structural forms with dif-
ferent chemical properties, and different degrees of bioaccessibility,
bioavailability and biological activity, which are undetectable by the
individual HPLC and HPLC–MS polyphenol analyses. The presence of
polyphenol derivatives has been described in some studies (Aura et al.,
2005; Fleschhut, Kratzer, Rechkemmer, & Kulling, 2005).

In the study by Henning et al. (2014) into the effect of in vitro di-
gestion on the antioxidant capacity in some commercially available
polyphenol-rich antioxidant dietary supplements (including extracts
from pomegranate, green tea, grape seed, resveratrol, milk thistle, and
acai, and goji berry), differential results were also reported. In some
samples, the antioxidant activity after in vitro digestion remained un-
changed, but in other samples it was increased by 50%, compared with
non-digested controls. Such modifications were attributed to the hy-
drolysis of some of these compounds during digestion and the forma-
tion of other metabolites with higher or lower antioxidant activity
(Bialonska, Kasimsetty, Khan, & Ferreira, 2009; Janisch, Ölschläger,
Treutter, & Elstner, 2006).

In a study to assess the polyphenolic profile stability and changes in
the antioxidant potential of maqui berry during in vitro digestion, Lucas-
González et al. (2016) demonstrated that polyphenolic compounds
present in maqui are released, mainly in the early phases of gastro-
intestinal digestion, where they might exert bioactivity as antioxidant
compounds after their absorption in gastric digestion. However, their
stability, especially that of anthocyanin compounds, is profoundly af-
fected in the last phase of digestion, probably modifying their physico-
chemical properties which are reflected in their antioxidant properties
and bioaccessibility.

In vitro digestion studies have been applied not only in fruits and
vegetables but also their respective processed co-products (Table 2).
Although the co-products resulting from plant food processing re-
present a major disposal problem for the industry concerned, they also
represent a promising source of bioactive compounds. In this case, the
bioaccessibility of some of these bioactive compounds found in fruit-
processing (grape, mango, pomegranate, apple, etc.) (Blancas-Benitez
et al., 2015; Colantuono et al., 2016; Gullón et al., 2015a; Gullón,
Pintado, Fernández-López, Pérez-Álvarez, & Viuda-Martos, 2015b;
Mosele, Macia, Romero, Motilva, & Rubio, 2015; Wang, Williams,
Ferruzzi, & D'Arcy, 2013) and vegetable-processing co-products (cau-
liflower, black carrot, etc.) (Gonzales et al., 2015; Kamiloglu et al.,
2016) is also being investigated. For example, Gullón, Pintado,
Fernández-López, et al. (2015b) concluded that although the digestion
process of pomegranate peel flour reduces the polyphenolic
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Fig. 3. Change in main fields of application of in vitro digestion studies with time.
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Table 2
Recent studies about the effect of in vitro digestion process on antioxidant capacity and bioaccesssibility of bioactive compounds in foods.

Type of Food Bioactive compound Properties evaluateda Reference

Whole foods
Citrus fruits Polyphenols Bioaccesibility and antioxidant

properties
Chen et al. (2014)

Mullberries Anthocyanins Bioaccesibility and antioxidant
properties

Liang et al. (2012)

Maqui berries Polyphenols Bioaccessibility and antioxidant
properties

Lucas-González et al. (2016)

Wild blueberries Polyphenols Bioaccessibility and antioxidant
properties

Correa-Betanzo et al. (2014)

Chinese bayberries Polyphenols Antioxidant properties Huang et al. (2014)
Raspberries Polyphenols Antioxidant properties McDougall, Dobson, Smith, Blake, and Stewart (2005)
Chockeberries Polyphenols Antioxidant properties Bermúdez-Soto et al. (2007)
Figs Polyphenols Bioaccessibility Kamiloglu and Capanoglu (2013)
Grapes Polyphenols Bioaccessibility and antioxidant

properties
Tagliazucchi et al. (2010); Chen et al. (2014)

Apples Polyphenols Bioaccessibility and antioxidant
properties

Bouayed et al. (2011), Bouayed et al. (2012); Tenore,
Campiglia, Ritieni, and Novellino (2013); Chen et al. (2014)

Chaenomeles fruits Polyphenols Stability and antioxidant
properties

Miao et al. (2016)

Tomato Polyphenols Bioaccessibility Svelander et al. (2010); Talens et al. (2016)
Sweet cherry Polyphenols Antioxidant properties Fazzari et al. (2008); Chen et al. (2014)
Chilli peppers Carotenoids Bioaccessibility Pugliese et al. (2014)
Bean seeds Polyphenols Bioaccessibility and antioxidant

properties
Soriano-Sancho et al. (2015)

Cereals Polyphenols Antioxidant properties Gong et al. (2013); Chitindingu et al. (2015); Masisi, Beta, and
Maghadasian (2016)

Pomegranate juice Polyphenols Bioaccessibility and antioxidant
properties

Pérez-Vicente et al. (2002); Fawole et al. (2015)

Orange juice Carotenoids, flavonoids and
Vitamin C

Bioaccessibility Gil-Izquierdo et al. (2001); Aschoff et al. (2015)

Others fruit juices Polyphenols Antioxidant properties Ryan and Prescott (2010); Rodríguez-Roque et al. (2013)
Vegetable juices Polyphenols Antioxidant properties Wootton-Beard et al. (2011); Helal, Tagliazucchi, Verzelloni,

and Conte (2014)
Extra virgin olive oil Polyphenols Antioxidant properties Dinnella et al. (2007)
Black carrot jams and marmalades Polyphenols Bioaccessibility Kamiloglu et al. (2015)
Soluble coffee Polyphenols Bioaccessibility and antioxidant

properties
Podio et al. (2015)

Dietary supplements Polyphenols Antioxidant activity Henning et al. (2014)
Strawberry and peach yogurt Polyphenols Bioaccessibility and antioxidant

properties
Oliveira and Pintado (2015)

Different fortified foods Carotenoids and retinoids Bioaccesibility and antioxidant
properties

Courraud et al. (2013)

Bread Phenolic acids Bioaccessibility Dall'Asta et al. (2016)
Durum wheat pasta+ barley flour

enriched with β-glucan
Polyphenols Antioxidant properties Montalbano et al. (2016)

Pomegranate peels enriched cookies Polyphenols Bioaccessibility and antioxidant
properties

Colantuono et al. (2016)

Spice enriched starchy foods Thymol and carvacrol Bioaccessibility and antioxidant
properties

Aravena, García, Muñoz, Pérez-Correa, and Parada (2016)

Plant sterols enriched fermented milk
beverages

Plant sterols Bioaccessibility Vaghini et al. (2016)

Organic and non-organic baby foods Carotenoids Bioaccessibility Jiwan et al. (2010)

Coproducts from agrofood industries
Grape coproducts Polyphenols Bioaccessibility Wang et al. (2013)
Mango coproducts Polyphenols Bioaccessibility Blancas-Benitez et al. (2015)
Pomegranate coproducts Polyphenols Bioaccessibility and antioxidant

properties
Mosele et al. (2015); Gullón, Pintado, Fernández-López, et al.
(2015b); Colantuono et al. (2016)

Apples coproducts Polyphenols Bioaccessibility and antioxidant
properties

Gullón, Pintado, Barber, et al. (2015a)

Date palm coproducts Polyphenols Bioaccessibility and antioxidant
properties

Gullón, Pintado, Barber, et al. (2015a)

Cauliflower coproducts Polyphenols Bioaccessibility and antioxidant
properties

Gonzales et al. (2015)

Black carrot coproducts Polyphenols Bioaccessibility Kamiloglu et al. (2015)

a Bioaccessibility is evaluated as bioaccessibility index, representing the proportion of the amount of the bioactive compound in the soluble fraction of the digested sample respect to its
amount in the total digested sample (soluble+ non-soluble fraction). Antioxidant properties are evaluated comparing the antioxidant activity in the undigested sample (using antioxidant
methods such as DPPH, ABTS, FRAP, FIC, etc.) respect to the same values after each phase of in vitro gastrointestinal digestion. Stability of each bioactive compound is estimated as its
amount after each digestion phase respect to the amount in the undigested sample.
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concentration and the antioxidant properties, this co-product could be
used in the food industry as potential ingredient to develop functional
foods that promote health benefits. Kamiloglu et al. (2016) reported a
significant decrease (23–83%) in the total phenolic content, total
monomeric anthocyanin content and total antioxidant capacity in black
carrot, peel and pomace as a result of in vitro gastrointestinal digestion.
Nevertheless, the amount of pomace anthocyanins released at all stages
of in vitro gastrointestinal digestion was higher than that of black carrot
anthocyanins, suggesting that pomace may be a better source of
bioaccessible anthocyanins.

It is important to highlight that although fruits, in general, are rich
source of polyphenolic compounds, the quantity of compounds that are
available for absorption under the environments of the small intestine,
is possibly quite small. As mentioned Kamiloglu and Capanoglu (2013)
this does not mean that the ingested insoluble compounds have no role
in health protection, as these compounds, if they are not absorbed in
the small intestine, can reach the large intestine, where they can be
transformed and/or degraded by the colon microflora. Recent re-
searches have focused on studying the metabolites obtained, which
might have a beneficial effect on the large intestine cells and/or bac-
teria and also be absorbed to exert a biological action (Gullón, Pintado,
Barber, et al., 2015a). In this way, Cilla, Alegría, Barberá, & Lagarda
(2013, chap. 6) reported that the applications of combined systems,
that include the fractions obtained from simulated human digestion
(gastrointestinal and/or colonic fermentation) and the incorporation of
cell culture-based models, allow to evaluate bioaccessibility and to
conduct bioactivity studies, in order to gain better insight from a nu-
tritional/functional point of view of the chemopreventive action de-
rived from foods and bioactive compounds in cell models of disease.

Bohn et al. (2015) published a review about gaps of knowledge on
the bioaccessibility of bioactive compounds in which the effect of food
matrix and food processing was also commented; but this review was
mainly focused on factors effecting micelle formation, co-constituents
influencing influx and efflux via transporter systems or altering phase I/
II metabolism, as these have often been overlooked or excluded from
consideration.

3.2.2. Effect of food matrix on bioaccessibility of bioactive compounds
during the in vitro digestion process

The bioaccessibility of bioactive compounds from solid matrices
must also be taken into account since only the compounds released
from the food matrix and/or absorbed in the small intestine are po-
tentially bioavailable and able to exert their beneficial effects
(Tagliazucchi et al., 2010; Tagliazucchi et al., 2012). The main food
components are proteins, carbohydrates, fiber and fats, and their in-
teractions with phytochemicals must also been considered. It is clear
that the stability of bioactive compounds during gastrointestinal di-
gestion depends on their structure and the food matrix. For this reason,
different studies to investigate the effects of the food matrix and food
components on the bioaccessibility of bioactive compounds from dif-
ferent sources, using in vitro gastrointestinal digestion models, have
been proposed (Table 3).

Fruits and vegetables possess matrices rich in dietary fiber, whose
association with phytochemicals modulates their relative bioaccessi-
bility (Alminger et al., 2014). In a study comparing the stability and
bioaccessibility of carotenoids in pure forms or from whole food,
Courraud, Berger, Cristol, and Avallone (2013) demonstrated that vi-
tamin A and carotenoid standards were unstable, whereas food car-
otenoids were generally better protected by the food matrix (30–100%
recovery compared with 7–30% for standards). Podsȩdek, Redzynia,
Klewicka, and Koziołkiewicz (2014) studied the stability and anti-
oxidant capacity of anthocyanins present in raw red cabbage and in its
anthocyanin-rich extract, to evaluate the effect of the cabbage compo-
sition. The results also demonstrated that the food matrix is an im-
portant factor influencing the stability of red cabbage acylated antho-
cyanins subjected to in vitro gastrointestinal digestion. The authors

suggested that vegetable constituents (mainly dietary fiber) protect the
labile anthocyanins from degradation under the physiological condi-
tions simulated.

Although, it is clear that the susceptibility of phytochemicals to
degradation increases after their release from the food matrix, other
interactions with compounds released form the food matrix(including
soluble fibers) and overall viscosity may also affect their bioaccessi-
bility (Alminger et al., 2014; Schwiggert, Mezger, Schimpf, Steingass, &
Carle, 2012). Several studies have reported that molecular interactions
between dietary fibers and phenolic compounds could negatively affect
their bioaccessibility (Bouayed et al., 2011; Palafox-Carlos, Ayala, &
Gonzalez-Aguilar, 2011; Alminger et al., 2014), as fiber-entrapped
polyphenols are both poorly extractable and barely soluble in gastro-
intestinal fluids. Some of these studies have even shown that this in-
teraction may not only limit their absorption, but also prevent the hy-
droxyl groups from polyphenols from stabilizing free radicals. This
effect limits the bioaccessibility and consequently lowers the anti-
oxidant activity due to the fewer hydroxyl groups available to stabilize
radicals (Palafox-Carlos et al., 2011). Velderrain-Rodríguez et al.
(2016) also reported that this decrease in antioxidant properties could
be related to its instability due to changes in pH during digestion. So,
foods with a high amount of insoluble fiber and/or phytochemicals
bound to dietary fiber or entrapped in the food structures had lower
levels of bioaccessible phenolic compounds and so a lower antioxidant
capacity after in vitro digestion. It should be noted that the greatest loss
of these compounds takes place in the intestine and colon, not during
gastric digestion (Podsȩdek et al., 2014). Moreover, recent studies have
demonstrated that in this type of food, the action of bacterial enzymes
dramatically increases the antioxidant potential of the food residues in
the lower gastrointestinal tract (Azurra-Papillo, Vitaglione, Graziani,
Gokmen, & Fogliano, 2014; Napolitano et al., 2008).These findings
suggest the need to reconsider the correlations performed and it would
be advisable to include such measurements after the enzymatic diges-
tion procedure, including microbiota-like bacterial enzymes, to obtain a
more reliable picture, particularly when the health effects of the foods
within the gastrointestinal tract are being considered (Azurra-Papillo
et al., 2014).

However, not only dietary fibers affect the release of bioactive
compounds during the in vitro digestion process, and several studies
have highlighted the role of proteins and fats in this process. Mullen,
Edward, Crozier, and Serafini (2008) reported a positive effect of the fat
content on the bioavailability of pelargonidin 3-O-glucoside from
strawberries; their bioavailability was higher when strawberries were
consumed with cream due to positive effect of the fat in the cream on
the absorption of strawberries in metabolism. Ortega, Reguant,
Romero, Macia, and Motilva (2009) reported that during the in vitro
digestion of cocoa food products, the extractability of phenolic acids,
flavonoids and proanthocyanidins appeared to be improved in the
presence of fat, increasing by a factor of1.2 to 3 in cocoa liquour (50%
fat content) compared to cocoa powder (15% fat content). Other au-
thors have also reported the preserving effect of fat/oil on the total
phenolic content during digestion, an effect that could be related to the
delay in absorption and metabolism of fatty foods that resulted in
greater polyphenol absorption (Sengul et al., 2014).

The affinity of milk and egg proteins as well as gelatins for poly-
phenols depends on both the protein and phenolic structures (Bohin,
Vincken, Van der Hijden, & Gruppen, 2012). For example, chlorogenic
acid associated with milk caseins rather than with β-lactoglobulin, and
this complexation was relatively stable in simulated gastric and in-
testinal steps (Dupas, Marset-Baglieri, Ordonaud, Ducept, & Maillard,
2006). Keogh, Mclnemey, and Clifton (2007) determined that the ab-
sorption of flavonoids in milk chocolate decreased due to double bonds
formed between flavonoids and milk proteins.

Sengul et al. (2014) proposed an interesting study to understand
how the food matrix and individual food components affect the bioa-
vailability of phenolics, especially the anthocyanins found in
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pomegranate fruit (one of the richest sources of phenolics). Model
systems composed of both commonly consumed foods - liquid foods
(sunflower oil, skim milk, soy milk, honey, cream, skim plain yogurt,
probiotic yogurt and lemon juice) and solid foods (minced lean meat,
bread, read apple, soybean and wheat starch) - and food components
(soy protein, casein, meat protein, gluten, stearic acid, linoleic acid,
starch, lactose, galactose, fructose, glucose, pectin, cellulose, ascorbic
acid, tocopherol, citric acid and salt) were developed. The results
showed that the phenolic compounds from pomegranate were more
stable to gastrointestinal digestion than anthocyanins and that they
were mostly lost during pancreatic digestion rather than gastric diges-
tion. By and large, the consumption of pomegranate with foodstuffs or
food components exerted an inhibiting effect or no effect on the total
phenolic content. The preserving effect of oil and carbohydrates on the
total phenolic content during digestion was also observed in this study.
By contrast, significant decreases during gastric digestion were evident
in both the total phenolic and anthocyanin content of pomegranate
when it was consumed with foods rich in protein, such as milk, bread,
yogurt, soy protein, casein and meat protein.

In short, the application of in vitro simulated gastrointestinal di-
gestion has demonstrated that food components or food matrices have
different effects on bioactive compounds, and, in some cases, only a
minor fraction of the total quantity of these compounds in foods is
potentially bioaccessible. So, while developing or consuming a func-
tional food product, the interaction of the bioactive compound with a
food component in a given food matrix needs to be taken into con-
sideration to increase their bioaccessibility.

Another interesting application that has emerged in the recent years
is the use of in vitro digestion models in nanotechnology, more speci-
fically for assessing the digestion and absorption of engineered nano-
materials (metal/mineral-based, soft lipid and solid biochemical mac-
romolecules, including new proteins, polysaccharides and nucleic
acids) released from food matrices. A recent review published on this
aspect also highlighted the need to further adapt and standardize the
available models and the corresponding analytical methods to allow
quantification of the digestive fate of engineered nanomaterials,

including their uptake across the gastrointestinal barrier (Lefebvre
et al., 2015).

That the interest of these studies remains very high is clear; an ex-
ample of this is the recent review published about their contribution for
a better and extensive understanding of in vivo digestion conditions in
different groups of the population (infants, elderly and patients of cystic
fibrosis or gastric bypass surgery) which would offer better opportu-
nities to develop relevant products with high bioefficacy (Levi et al.,
2017). Improved in vitro digestion stability of bioactive compounds by nano-
delivery systems

As can be seen above, the bioavailability of bioactive compounds
contained in foods is affected by their solubility and stability, the food
matrix in which they are included and the location in the human gas-
trointestinal tract where they are released, often in response to an en-
vironmental trigger, such as pH, ionic strength or enzyme activity.
Therefore several approaches to increase the solubility, stability
(mainly protection against oxidation) and bioaccessibility (biosorption)
of these bioactive compounds, whether naturally present in foods or
intentionally added, have been exploited in the last decade (Bakowska-
Barczak & Kolodziejczyk, 2011; Çam, Içyer, & Erdogan, 2014; Jilani,
Cilla, Barberá, & Hamdi, 2015, 2016; Li, Lee, Shin, Chen, & Park, 2015;
Li, Shin, Chen, & Park, 2015; Li, Shin, Lee, Chen, & Park, 2016; Saenz,
Tapia, Chavez, & Robert, 2009; Shin, Chung, Kim, Joung, & Park, 2013;
Wang et al., 2015).

In order to better integrate some of these bioactive compounds into
a food matrix or beverage system, nano-delivery systems made of food
grade materials have attracted much attention (Fathi, Mozafari, &
Mohebbi, 2012; Li et al., 2016). A delivery system is defined as one in
which a bioactive material is entrapped in a carrier to control the rate of
bioactive release. A nano-delivery system (smaller than 100 nm) may
confer bioactive compounds with a rapid dissolution speed, higher
stability, a tailored release pattern, higher permeation rates, higher
bioavailability and other advantages compared with other similar de-
livery system (micro-sized or larger) (McClements, 2015; Weiss,
Gaysinksy, Davidson, & McClements, 2009). Typically, food applicable
nano-delivery systems can be carbohydrate, protein or lipid-based,

Table 3
Recent studies about the effect of food matrix on antioxidant capacity and bioaccesssibility of bioactive compounds during the in vitro digestion process.

Type of food matrix Bioactive compound Properties evaluateda References

Plant foods matrix Polyphenols Antioxidant properties Azurra-Papillo et al. (2014)
Dietary fiber Polyphenols Bioaccessibility Carlos et al. (2011)

Vitamin A and carotenoids Bioaccessibility Courraud et al. (2013)
Phenolic compounds Bioaccessibility Velderrain-Rodríguez et al. (2016)
Phenolics and anthocyanins Bioaccessibility Sengul et al. (2014)
Polyphenols Bioaccessibility Palafox-Carlos et al. (2011)
Polyphenols Bioaccessibility and antioxidant

properties
Bouayed et al. (2011)

Carotenoid Bioaccessibility Schwiggert et al. (2012)
Soluble dietary fiber Polyphenols Bioaccessibility Ortega, Macia, Romero, Reguant, and Motilva (2011)
Solid food matrices (peach, plums,

prunes, walnuts and tomatoes)
Polyphenols, flavonoids,
anthocyanins and carotenoids

Bioaccessibility Tagliazucchi et al. (2012)

Red Cabbage Anthocyanins Stability and antioxidant
properties

Podsȩdek et al. (2014)

Chocolate matrix (fats, proteins and
dietary fiber)

Polyphenols Digestibility and bioaccessibility Serafini et al. (2003); Keogh et al. (2007); Ortega et al.
(2009); Neilson et al., 2009Fogliano et al. (2011)

Coffe and milk Polyphenols Antioxidant properties Dupas et al. (2006)
Fat matrix Polyphenolic compounds Bioaccessibility Mullen et al. (2008)
Vegetable oil (hazelnut oil) Polyphenols Bioaccessibility Ortega et al. (2011)
Blueberry, oat meal and milk Polyphenols Antioxidant properties and

bioaccessibility
Cebeci and Sahin-Yesilcubuk (2014)

Carob flour Polyphenols Bioaccessibility Ortega et al. (2011)
Dairy and egg Polyphenols (grape extracts) Bioaccessibility and antioxidant

properties
Pineda-Vadillo et al. (2016)

a Bioaccessibility is evaluated as bioaccessibility index, representing the proportion of the amount of the bioactive compound in the soluble fraction of the digested sample respect to its
amount in the total digested sample (soluble+ non-soluble fraction). Antioxidant properties are evaluated comparing the antioxidant activity in the undigested sample (using antioxidant
methods such as DPPH, ABTS, FRAP, FIC, etc.) respect to the same values after each phase of in vitro gastrointestinal digestion. Stability and digestibility of each bioactive compound is
estimated as its amount after each digestion phase respect to the amount in the undigested sample.

R. Lucas-González et al. Food Research International 107 (2018) 423–436

430



although the possibility of industrial production and the greater en-
capsulation efficiency and lower toxicity attributed to lipid-based sys-
tems have tended to attract more attention (Aditya et al., 2013; Fathi
et al., 2012; Livney, 2015). As a consequence, various kinds of lipid-
based nano-delivery systems have been evaluated to encapsulate
bioactive compounds in order to better incorporate them into food and
beverage systems, including nanoemulsions, nanoliposomes, nano-
particles and nanospheres (Table 4) However, the stability and the
absorption efficiency of these carriers within the gastrointestinal tract is
still a major barrier, which has led to growing interest in understanding
the digestion process of food colloids.

3.2.2.1. Nanoemulsions. Oil in water (O/W) nanoemulsions are
colloidal dispersion systems composed of small lipid droplets
(50–100 nm) dispersed within an aqueous medium (McClements,
2012). This structure is particularly attractive for encapsulating,
protecting and transporting lipophilic nutraceuticals for food and
related applications. The relatively small size of the droplets in
nanoemulsions provides them with a number of potential advantages
over conventional emulsions: high optical clarity, good stability for
gravitational separation and particle aggregation, and increased
bioavailability (Liu, Sun, Li, Liu, & Xu, 2006; Shakeel & Ramadan,
2010; McClements & Rao, 2011). On the other hand, there is a limit to
the amount of a bioactive component that can be successfully
incorporated into a nanoemulsion before crystals are formed, which
may lead to physical instability of the delivery system as well as a
reduction in the bioaccessibility of the encapsulated component (Li, Du,
Jin, & Du, 2012). These nanoemulsions can been prepared using
different methods, including high-pressure homogenization,
ultrasonication, emulsification-evaporation, etc. Kim, Hyun, Yun, Lee,
and Byun (2012) used high pressure homogenization to prepare
nanoemulsions of supercritical CO2 extracted astaxanthin which were
unaffected during storage under light and thermal conditions. Acevedo
et al. (2014) found that these nanoemulsions also exerted a higher
antioxidant protective effect against cellular oxidative stress and
oxidative stability than free astaxanthin. Lycopene nanoemulsions
(with linseed oil) were prepared by Kim, Ha, Choi, and Ko (2014)
using an emulsification-evaporation method. Ha et al. (2015) and
Sotomayor-Gerding et al. (2016) reported that such nanoemulsions
protected the antioxidant activity and improved the bioaccessibility of

lycopene-enriched tomato extract. Nanoemulsions are
thermodynamically unstable and need certain emulsifiers or
encapsulating methods on the oil-water interface to stabilize the
colloidal system (Gonnet, Lethuaut, & Boury, 2010). Biopolymer is
usually used for coating nanoemulsions to increase the stability and,
absorption rate, as well as to modulate the payload release pattern
(Abbas, Bashari, Akhtar, Li, & Zhang, 2014; Ozturk, Argin, Ozilgen, &
McClements, 2015). Chitosan is a natural polysaccharide widely
applied used in functional foods and recently studied as a coating for
the encapsulation of several bioactive compounds (Shin et al., 2013). Li
et al. (2016) reported that chitosan coatings inhibit the degradation of
curcumin during thermal and UV irradiation treatment but may
interfere with the lipolysis of nanoemulsions during in vitro digestion,
which also slightly decreases its bio-accessibility. Liang, Shoemaker,
Yang, Zhong, and Huang (2013) reported that, through in vitro
digestion, the bioaccessibility of β-carotene was significantly
improved after encapsulation in nanoemulsions stabilized by modified
starches. Pool, Mendoza, Xiao, and McClements (2013) reported that
quercetin dissolved in nanoemulsions stabilized by a globular protein
(β-lactoglobulin) had higher bioaccessibility than quercetin dissolved in
bulk oils or in bulk water.

3.2.2.2. Nanoliposomes. Nanoliposome is a new technology for the
encapsulation and delivery of bioactive compounds (Zou et al., 2014).
Liposomes (spherical bilayer vesicles resulting from the dispersion of
polar lipids in aqueous solvents) have been widely studied for their
ability to act as drug delivery vehicles by shielding reactive or sensitive
compounds prior to release (Liu et al., 2011; Schroeder, Kost, &
Barenholz, 2009). Nanoliposomes, measuring less than 100 nm, can
be prepared using different methodologies such as extrusion, sonication
and dynamic high pressure microfluidization among others (Zou et al.,
2014). Compared with other delivery systems, liposomes have several
benefits like (i) the option of large scale production, (ii) target ability,
and (iii) the ability to transport water-soluble, water-insoluble and
amphiphilic compounds (Chen, Han, Cai, & Tang, 2010; Fathi et al.,
2012; Laye, McClements, & Weiss, 2008). Nevertheless, the applied of
nanoliposomes have been limited by different factors such as their
insufficient physical and digested stability (short release time) in the
gastrointestinal tract, the disruption of liposome integrity and leakage
of the encapsulated molecule (Liu, Jianhua, Wei, Ti, & Chengmei, 2013;

Table 4
Recent studies about the use of nanodelivery systems for coating bioactive compounds and their behaviour in the in vitro digestion process.

Type of nanosystem Stabilization Bioactive compounds References

Nanoemulsions Astaxanthin Kim et al. (2012)
Acevedo et al. (2014)

Nanoemulsions β-lactoglobulin Quercetin Pool et al. (2013)
Nanoemulsions Modified starches Β-carotene Liang et al. (2013)
Nanoemulsions Lycopene Kim et al. (2014)
Nanoemulsions Soy protein Beetroot pomace extract Tumbas-Šaponjac et al. (2016)
Nanoemulsions Chitosan Curcumin Shin et al. (2013); Li et al. (2016)

Curcumin Ahmed, Li, McClements, and Xiao (2012)
Nanoemulsions Lactoferrin and lactoferrin/alginate Curcumin Pinheiro, Coimbra, and Vicente (2016)
Nanoemulsions Carotenoids (asthaxantin and lycopene) Acevedo et al. (2014); Ha et al. (2015); Sotomayor-Gerding et al.

(2016)
Nanoemulsions Modified starch β-Carotene Liang et al. (2013)
Nanoemulsions Binary emulsifiers and β-cyclodextrin

complexes
Tocopherols and phenolic compounds Cheong, Tan, and Nyam (2016a, 2016b)

Nanoemulsions Different carrier oils β-Carotene Qian, Decker, Xiao, and McClements (2012)
Nanoliposomes Epigallocatechin gallate from green tea Zou et al. (2014)
Nanoliposomes Alginate-Chitosan Medium-chain fatty acids Liu et al. (2013)
Nanoliposomes Soy lecithin Green tea catechins Rashidinejad et al. (2016)
Nanoliposomes Curcumine Zou et al. (2016)
Nanoparticles Witepsol and camauba Rosmarinic acid Madureira et al. (2016)
Nanoparticles Pluronic F127 and lecithin Β-Carotene Chuacharoen and Sabliov (2016)
Nanoparticles β-Lactoglobulin-dextran Β-Carotene Yi, Lam, Yokoyama, Cheng, and Zhong (2014)
Nanoparticles Curcumin Noack, Oidtmann, Kutza, and Mäder (2012)
Nanoparticles Polyphenol compounds Pool et al. (2012)
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Reza, Johnson, Hatziantoniou, & Demetzos, 2008). To improve
nanoliposomal stability a variety of surface modified systems have
been developed, including poly-surface-conjugated nanoliposomes
(Ramez & Palmer, 2011), chitosan coated nanoliposomes (Liu et al.,
2013), silica external-layered nanoliposomes (Mohanraj, Barnes, &
Prestidge, 2010) and protein site-specific modified nanoliposomes
(Guo, Wu, & Guo, 2012).

Zou et al. (2014) successfully applied nanoliposome encapsulation
to epigallocatechin gallate (from green tea) and they found that the
degradation rate of their antioxidant activities during in vitro digestion
was slowed by this method. Liu et al. (2013) developed an alginate-
chitosan-coated nanoliposome to make better lipid membrane stability
and avoid depletion of encapsulated food components (mainly medium
chain fatty acids). These authors found that this delivery system might
better resist lipolytic degradation and facilitate a lower level of en-
capsulated component release in simulated gastrointestinal conditions.
Rashidinejad, Birch, and Everett (2016) encapsulated green tea ca-
techins in nanoliposomes using soy lecithin and added them into a full-
fat cheese; the authors reported a significant increase in the total
phenolic content and antioxidant activity of the full-fat cheese and no
effect on the pH or proximate composition. In the same way, these
authors (Rashidinejad et al., 2016) found that individual catechins were
recovered in different quantities comprised between 15 and 52% from
cheese digesta after 6 h of gastrointestinal digestion; the authors also
provided suggestion for the association of nanoliposomes with the
surface of milk fat globules inside the cheese matrix.

3.2.2.3. Solid nanoparticles. Couvreur, Dubernet, and Puisieux (1995)
defined nanoparticles as sub-micron solid particles, which may be used
for the nano-encapsulation of compounds that showed bioactivity.
However, it should be borne in mind that its possible obtained
different nano-compunds like as nanoparticles, nanospheres or
nanocapsules according on the method of preparation as mentioned
Faridi-Esfanjani and Jafari (2016). Thus, Nanospheres can be
considered matrix systems in which the bioactive compounds are
physically and uniformly dispersed, while nanocapsules can be
considered vesicular systems in which the bioactive compounds are
confined in a cavity consisting of an internal liquid core enclosed in a
polymeric membrane (Couvreur et al., 1995). To obtain the
biodegradable polymeric nanoparticles, different compounds could be
used for example (i) proteins like gelatin, whey or milk proteins, (ii)
polysaccharides as chitosan, sodium alginate and starch, or (iii)
synthetic polymers as reported Faridi-Esfanjani and Jafari (2016). At
present, the use of biodegradable polymeric nanoparticles has attracted
the attention of several scientific research groups mainly in food fields
thanks to their favourable properties which include as mentioned Bae
and Kataoka (2009) a good biocompatibility, easy design and
preparation, structure variations and very interesting bio-mimetic
characters. Especially in the field of smart bioactive carriers, polymer
nanoparticles can deliver bioactive compounds directly to the intended
site of action (Faridi-Esfanjani & Jafari, 2016). Conversely, natural
nano-carriers have appeared as very attractive choices for controlled
systems with bioactive compounds due to their resemblance to the
extracellular matrix in the human body and various other favourable
physicochemical properties. In this way, casein nanoparticles could be
used to bind phenolic compounds throughout hydrophobic interactions
between the phenolic rings and prolines, wrapping the casein around
the phenolic compounds as reported Jöbstl, O'Connell, Fairclough, and
Williamson (2004).

There are some reviews about the nano-encapsulation of bioactive
compounds, most of them focused in the methods used for their pre-
paration, and characterization, improving stability, and the suitability
requirements for the bioactive compounds selected (Faridi-Esfanjani &
Jafari, 2016; Fathi et al., 2012; Livney, 2015). However, the number of
studies on the application of in vitro gastrointestinal digestion methods
to evaluate the effect of these nanoencapsulation methods on the

stability, bioavailability and bioaccessibility of the bioactive com-
pounds is limited. Whatever the case, it is true that a greater number of
such studies deal with nanoemulsions, followed by nanoliposomes
while very few look at nanoparticles.

Some of these studies have compared the effectiveness of each en-
capsulation method in protecting the bioactive compound during the in
vitro digestion process. Chuacharoen and Sabliov (2016) carried out a
work with two different types of delivery system, such as nanoparticles
and nanoemulsions and they analysed the capacity of these compounds
to improve the physicochemical stability and the antioxidant properties
of β-carotene in the presence of milk under in vitro gastrointestinal
environments. They reported that nanoparticles enhanced the physic-
chemical stability and antioxidant properties of entrapped β-carotene
compared with emulsions in the presence of milk under in vitro gas-
trointestinal environments. Zou et al. (2016) investigated the potential
of three nanoparticle-based delivery systems to improve curcumin
bioavailability. These authors found that the loading capacity of cur-
cumin, the capacity to protect this compound from chemical degrada-
tion and its solubilisation inside intestinal fluids depended mainly on
the nanosystem composition. These authors conclude that, in general
terms, lipid nanosystems mainly nanoemulsions appeared to be the
most effective at increasing the amount of curcumin available for ab-
sorption (Zou et al., 2016).

In view of the results of some of these papers, we conclude that each
type of delivery nanosystem (nanoemulsions, nanoliposomes or nano-
particles) has their strengths and weaknesses to encapsulate, to protect
and to release bioactive compounds and those specific studies need to
be considered to improve the bioavailability and bioaccessibility of the
same.

4. Conclusions

In vitro gastrointestinal digestion systems are a valuable tool for
understanding the behaviour of food and food components during
human digestion, as demonstrated by the large number of publications
that they have generated. Their application has changed with time, not
only as regards the process conditions (parameters, length scale, pro-
tocols and guidance) but also in the selection of new fields of applica-
tion. In the last decade, for example, the greatest changes have tried to:
(i) standardize and harmonize in vitro static and dynamic systems which
gastrointestinal processes are simulate by defining critical parameters
and setting that could be applied for various ends and that allow results
to be compared across research teams; (ii) study the effect of the food
matrix on the release, bioaccessibility and antioxidant properties of
different bioactive compounds present in foods; and (iii) develop nano-
delivery systems to increase the stability of these bioactive compounds
and to evaluate their behaviour in each phase of gastrointestinal di-
gestion.

The results obtained have contributed to understanding the beha-
viour of these compounds with bioactivity and hence to improve the
development of new healthy foods.
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