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Interfacial structures
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ABSTRACT

Many food systems are dispersed systems, i.e. gpssdeast two immiscible phases. This is
generally due to the coexistence of domains witfiedint physicochemical properties

separated by many interfaces which control the @ppahermodynamic equilibrium. This

feature was and is still largely studied to desguparmaceutical delivery systems. In food
science, the recent intensification of in vitro elgjon tests to complement the in vivo ones
holds promises in the identification of the keyagraeters controlling the bioaccessibility of

nutrients and micronutrients. In this review, wegant the developments of in vitro digestion
tests for dispersed food systems (mainly emulsioiispersions and gels). We especially
highlight the evidences detailing the roles of tnstituting multiscale structures. In a

perspective section, we show the potential of #tred interfaces to allow controlled

bioaccessibility.
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INTRODUCTION

Because of the various physicochemical propertigbar constituents, many food systems
are dispersions. This means they are not homogsnaaupresent domains with molecules
remaining insoluble in the matrix (the continuousbcontinuous phase). These domains are
in fact both bulk and interfaciahultiscale structures, sizing from fewnanometers to few
millimeters. Aguilera (2006) gave some illustrations for theseuctures in food, either
naturally occurring or generated by processing.

This dispersed state is a chance for functionatl fdesign as each domain can be seen as a
potential micronutrient reservoir. micronutrient, micro does not refer to the length scale but
to the mass scale because micronutrients must $sddor optimal benefits, just like drugs
(Venkatesh Mannar 2003). To go on with this analagigronutrients must be released from
the food matrix to the digestive environments idesrto be available for given absorption
sites (mostly small intestine but also stomachk fdleased fraction of a given nutrient from
a food matrix is defined as the nutridmbaccessibility. It is part of a more general quantity,
the bioavailability, defined as the fraction of a (micro)nutrient franfood matrix that is
utilized for normal body functions (Fairweather<{Tand Southon 2003). The bioavailability
concept appeared in the 60s and started to gromei@0s. Bioaccessibility is a recent concept

which appeared in the 90s as scientists realizewt the matrix itself influences
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bioavailability. The reviews of Faulks and Soutl{@04) and of Parada and Aguilera (2007)
accounted for the early evidences showing the oblstructures. Duchateau and Klaffke
(2008) gave some illustrative examples based odyatcstructure. One recent review focused
on the role of structures for lipid bioavailabiliincluding bioaccessibility) (McClements et
al. 2009a), and two others on their role for ligigestion in emulsions (Singh et al. 2009,
Golding and Wooster 2010). McClements et al. (2008l10) gave principles to design
delivery systems for enhancbisactivity (which is the metabolic part of bioavailability).

Our review specifically focuses on the bioaccefigtbof nutrients and micronutrients from
dispersed food systems. In the first section, wawdthe link between bioaccessibility and
controlled release and briefly summarize the systdrat pharmaceutical science uses. In the
second section, we present the in vitro studiesi fu@rious dispersed food systems in the
chronological order. In the third section, we dssuhe results to determine the current
knowledge, highlighting the multiscale structuresl aheir possible roles in bioaccessibility.
In the fourth section, we evaluate the potential stfuctured interfaces to control

bioaccessibility.

1. LINK BETWEEN BIOACCESSIBILITY AND CONTROLLED REEASE

The controlled release concept (for its many nuances, see Zanowiak 266trged from the
need to improve drug action. To do so, it was redlithat the drug should be delivered at
specific sites targeted or topical) with specific rates. So, it is a matter of cohing the
spatiotemporal behavior of a drug in physiologicahditions. The means to achieve such a
control were termedelivery systems, ranging from the infusion set to the moleculaeasbly

of a drug vehicle. The corresponding food scienmecept is(micro)encapsulation, which
deals with the construction of tldelivery systems as well as theicontrolled release (Shahidi

and Han 1993, Gibbs 1999, Gouin 2004, Desai ankl Z#)5, Champagne and Fustier 2007,
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Luykx et al. 2008, Acosta 2009, Augustin and Her2d09, Huang et al. 2010). It can be
specifically based on polysaccharides (Kosarajus5200n polar lipids (Taylor et al. 2005,
Leser et al. 2006, Flanagan and Singh 2006) orroteips (Chen et al. 2006, Livney 2010).
The main difference between the above conceptdmadcessibility is that the latter always
refers to studies in biological environments (eitheal in vivo or artificial in vitro), only
possibly for the others. This is why our review @auts for the controlled release, delivery
systems and (micro)encapsulation literatures, mly presents the results obtained in the
biological environments relevant to oral administna

In this context, pharmaceutical science is advangild the development of biologically
relevant delivery systems. Among the first candidatwere liposomes (reviews by
Gregoriadis 1995, Ulrich 2002, Torchilin 2005). garallel, synthetic and natural polymeric

systems (including hydrogels) appeared in varions$:

biodegradable polymers (Uhrich et al. 1999),

- nanopatrticles (Janes et al. 2001, Couvreur andhv 2006),

- block copolymer micelles (Kataoka et al. 2001¢chdin 2001, Gaucher et al. 2005),

- polymers sensitive to stimuli of e.g. magnetic electric fields, ultrasound,
temperature, pH, ionic strength, molecules (Kostl dranger 2001, Jeong and
Gutowska 2002, Kikuchi and Okano 2002, Peppas et2@D0), specifically of
temperature (Bromberg and Ron 1998, Chilkoti e2@02), specifically of pH (Gupta
et al. 2002), specifically of molecules like glueaw protein (Miyata et al. 2002),

- cross-linked polymers (Hennink and van Nostrur@Z®erger et al. 2004),

- dendrimers (Malik et al. 2000).

These systems, although transposable, are notlgiegaplicable to food science. Some other

ones are more readily applicable, as specificadlyetbped for oral administration:
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- lipid-based formulations (Porter et al. 2008, Mulet al. 2000, Lawrence and Rees
2000, Shah et al. 2001, Gursoy and Benita 2004),

- biopolymers like alginate (Gombotz and Wee 19@8jtosan (He et al. 1999, Ravi
Kumar 2000, George and Abraham 2006), their mix{ltari et al. 1996), gelatin
(Tabata and Ikada 1998), cellulose derivatives pf8enn and Peppas 2001),
copolymers from lactic and glycolic acids (Desaakt1996, Freiberg and Zhu 2004),
cyclodextrin (Hirayama and Uekama 1999),

- polyelectrolyte multilayers (Qiu et al. 2001, Paput and Dahne 2004).

We will show in the third section that the explavatof such systems for foods is still poor

although it may bring very promising perspectives.

2. BIOACCESSIBILITY FROM DISPERSED FOOD SYSTEMS
There are actually only a few typical disperseddfggstems: emulsions, dispersions, foams
and gels. We now report the main results for tilsgséems in vitro (unless stated otherwise).

2.a. Emulsions
An emulsion is a system of at least two immiscitib@ses. One phase is usually dispersed as
droplets in the other, and stabilized by molecalete toact at theirsurfaces (which is why
these molecules are calladrfactants). In food, the most common emulsion is the oil-in-
water emulsion but water-in-oil or multiple emulssoalso exist.
Note that because of the complexity and varietthefartificial media used for emulsions, we
only detail the most common ones in table 1.

2.a.1. Some early studies

Pioneers focused on digestion of emulsified Tri&dykerols (TAG), the main process being
hydrolysis by lipases, cutting TAG to finally retea Free Fatty Acids (FFA) and

MonoAcylGlycerols (MAG). Loevenhart and Souder (IP8howed that bile salts or lecithin
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(both are constituents of bile) or whole bile aecae the hydrolysis of various TAG by
pancreatic lipase. For emulsions of alkyl esteréatfy acids, Weinstein and Wynne (1936)
observed that the hydrolysis by pancreatic lipaseeased with the length of the fatty acid
chain and decreased with the length of the alcchaln. On the other hand, there was no
clear trend for emulsions of different TAG. Schoyder and Volgvartz (1945) found that the
pancreatic lipase in the presence of a bile saltahauch higher affinity for insoluble than for
molecularly solubilized TAG. Sarda and Desnuell@5Q) also reported that pancreatic lipase
activity was low for solubilized esters but high evhemulsions of either soluble esters or
insoluble esters were formed. It increased with dhaplets specific interfacial area. More
results from the lipases point of view were revidviy Desnuelle and Savary (1963). Carey
and Small (1970) described the bile micelles arartholes on emulsion digestion at the
lipid/water interface and in the bulk as carrigvaylie et al. (1971) discovered that a small
protein from pancreas they named co-lipase wasssacg for the activation of pancreatic
lipase. Brockerhoff (1971) studied the interactidoreween pancreatic lipase, albumin and
bile salts and explained the activation by a meismarof prevention of both hydrophobic
bonding and unfolding of the lipase. Neverthelélss,activity was inhibited at high albumin
concentrations, and the author postulated thabitilsl not be so using co-lipase.

From 1971, many researchers studied the interacbetween pancreatic lipase, co-lipase and
bile constituents (mostly bile salts). Borgstron®{%) and Borgstrom and Erlanson (1973)
confirmed his previous result (Borgstrom 1967) th&igh bile salts concentration (above the
Critical Micelle Concentration CMC) was necessarysolubilize lipids from emulsions. But
adding lipase and co-lipase to the system revdalgdindividual bile salts above the CMC
could inhibit lipolysis, which could be restored lop-lipase. Vandermeers et al. (1975)
confirmed this result and suggested a mechanismrelvfiea complex is formed in the bulk

before it can adsorb at interfaces. Momsen andkBnaa (1976) confirmed this hypothesis
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using various techniques. Lairon et al. (1978, }3®0npared the use of whole bile and bile
salts alone and found that whole bile enhancedyl§m by pancreatic lipase and co-lipase.
This was explained by the formation in the bulkaocdomplex of lipase, co-lipase and whole
bile constituents (salts, phospholipids, cholestarm proteins), followed by its adsorption.
As bile lipids are highly hydrophobic, they weretight to enhance the adsorption compared
to bile salts alone. Another explanation was takem Linthorst et al. (1977) who found that
triolein was emulsified better by fatty acid soapsphosphatidylcholine than by bile salts
alone. Mixtures were also efficient, but only belthe CMC. This suggested that the presence
of bile lipids or lipolysis products could enhanlgegase activity by an effect of increased
specific interfacial area. With human milk fat gldés, Blackberg et al. (1981) found that
phospholipase A2 had the same properties thanpesdi for the activation of pancreatic
lipase in the presence of a bile salt.
Latter, Hermoso et al. (1997) and Pignol et al.0@0confirmed the role of a complex by
neutron studies of pancreatic lipase and co-ligaseciation with micelles of bile salts, oleic
acid, lysolecithin or lecithin alone or in combiimais. Only micelles or mixed micelles in a
specific size range (13-26 A) were found to compteith lipase/co-lipase in the bulk,
resulting in an enhanced lipase activity.
This kind of studies on the intestinal medium fté®dlcame scarce nevertheless the following
mainly refers to small intestine studies, with tise of at least pancreatic lipase, co-lipase and
bile salts (unless stated otherwise). The focuseddchanged from the biological to the food
science point of view, the parameters shifting fittved medium to the emulsion composition.
2.a.2. Effect of the emulsified lipids
Gargouri et al. (1986) compared the activity oftgadipase on Short or Long Chain TAG
(SCT or LCT) emulsions. A lower activity was obtihwith LCT, in contrast with the result

of Weinstein and Wynne (1936) with pancreatic lgpaBhe result of Gargouri et al. (1986)
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was confirmed in different cases (Deckelbaum efl@00, Armand et al. 1992, Borel et al.
1994). Tiss et al. (2001) found that gum arabiderofused to stabilize emulsions or to
normalize viscosity during lipolysis, inhibited enhanced human pancreatic lipase activity in
the absence or in the presence of co-lipase, regplgc With increasing chain length of the
TAG, the decrease of lipase activity was less pumoged with than without gum arabic.
Marangoni et al. (2007) designed an emulsion withGvin a liquid-crystalline form at the
interfaces allowing a control of in vivo TAG and AFRelease. Bonnaire et al. (2008)
compared crystalline and liquid (supercooled) tnipan droplets lipolysis and found at least
50% more FFA release for the liquid state thartHercrystalline state.

Borgstrom (1967) showed that the solubilizatioreofulsified lipids in individual bile salts
solutions was only significant for MAG compareditAG and DAG (DiAcylGlycerols). The
shorter the fatty acid chain, the higher the sdlybiFor other lipids such as cholesterol or
sitosterol, polarity was found to be an importaatgmeter. Borel et al. (1996) introduced
lipophilic carotenoids in emulsions stabilized byopphatidylcholine and investigated their
transfer to the intestinal medium. The polar zetharwas mostly located at the interface and
was able to transfer without lipolysis whereas dpelarp-carotene was not at the interface
and was only able to transfer with lipolysis. Tyss$iar et al. (2001) went on by investigating
other parameters and found a reverse relationséiyween carotenoid hydrophobicity and
transfer efficiency. A minimum concentration ofébgalts (above the CMC) was required for
the transfer to take place. The transfer dependguHy higher for neutral than acidic. Gervais
et al. (2009) prepared different milk emulsionsie@md in conjugated linoleic acid through
dairy cows diet or synthetic additions in the fooah FFA or TAG. FFA bioaccessibility
studied in a dynamic gastrointestinal set-up iniclgda gastric step (the TIM) was not
affected by the method of enrichment. Short ch&lR& were more bioaccessible than long

ones and unsaturated FFA were more bioaccess#Hnestiturated ones, except stearic acid.
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2.a.3. Effect of the free fatty acids
Gargouri et al. (1986) found a decrease of theohlg/drolysis by gastric lipase as a function
of time they explained by an inhibition due to thegressive release of FFA. This was
confirmed by Borel et al. (1994), but only for iatdd studies, not in the case of pancreatic
lipolysis following gastric lipolysis. Pafumi et.a{2002) studied how FFA progressively
inhibit TAG hydrolysis by gastric lipase. They deed a growth of the droplets and the
formation of spherical protrusions at their surlgaghich were found to be mainly composed
of FFA trapping gastric lipase.

2.a.4. Effect of the interfacial molecules
Borgstrom and Erlanson (1973, 1978) found thatgh lsiurfactant concentration (above the
CMC) or protein concentration inhibited lipolysisesm in the presence of co-lipase. The
presence of a bile salt restored lipolysis. Théanst postulated that the bile salt desorbed the
surfactant or protein but allowed lipase adsorpiiotihe presence of co-lipase. Gargouri et al.
(1983, 1984) studied the effects of surfactantsdfemulsifiers or proteins. They confirmed
that all of them inhibited lipase and co-lipase\aist, which could be restored in the presence
of a bile salt. Gargouri et al. (1987) found thaisgic lipase could also be inhibited by
proteins, but only for those adsorbing quickly he toil/water interface (bovine serum
albumin, soybean protein and myoglobin) comparethtse adsorbing slowly (ovalbumin,
melittin, p-lactoglobulin). Wickham et al. (1998) found noeeff of the interfacial charge
(zeta potential) of emulsions stabilized by phosiplyicholine on lipolysis in the presence of
individual bile salts of different hydrophobicitieBut the lag time before lipolysis was shorter
when the bile salt adsorbed at the interface, reexgent with the mechanism of surfactant
desorption. Shima et al. (2004) found that in W/OéwWiulsions, a higher concentration of
either the hydrophilic (polyglycerol esters of ya#cids) or the hydrophobic (polyglycerol

polyrincinoleate) emulsifier delayed lipolysis. Eski et al. (2004) studied the role of
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lysophosphatidylcholine, phosphatidylcholine andlividual bile salts on hydrolysis of
emulsified TAG or MAG. For TAG, lipolysis activityvas decreased in the presence of
lysophosphatidylcholine. Upon addition of phospihdtholine or a bile salt, activity was
restored. For MAG, lipolysis activity was lower atiee presence of lysophosphatidylcholine
had a smaller effect. Mun et al. (2006) studiedRR& release from emulsions stabilized by
a) anionic lecithin, b) anionic lecithin + cationohitosan or c¢) anionic lecithin + cationic
chitosan + anionic pectin. Only in case b) wasrtlease inhibited, attributed to a protective
layer of chitosan around the droplets and to bngdiocculation. In case c), the authors
hypothesis was that the complex desorbed. Beyssrial. (2006) confirmed that bridging
flocculation can occur with tween 80 + cationictoban at the interface whereas depletion
flocculation can occur with tween 80 + anionic pectind pectin was not found at the
interface. Mun et al. (2007) found that lipase aelamas always able to release FFA from
emulsions stabilized by different surfactants, @xoeith tween 20. The addition of bile
extract increased the release, especially with iwgéke Overall, the release fraction followed
the order tween 20 < lecithin < whey protein iselgtsodium caseinate. Wright et al. (2008)
found that pancreatin (i.e. pancreatic juice extre@ntaining proteases, amylases...) and bile
extract concentrations, especially the latter, @thyp key role in the bioaccessibility pf
carotene from emulsions with no other surfactaanthile constituents. It was also enhanced
by a more neutral pH compared to acidic, with atinogl at pH 8.0. Yin et al. (2008) reported
that increasing degree of polymerization of polgghpl esters of fatty acids stabilizing
emulsions decreasgdcarotene release in a gastric environment comgipepsin. Reis et al.
(2008), using the TIM, correlated a reduced liplysf tricaprylin by pepsin and fungal
lipase in the presence of different surfactants-ZSmonopalmitin or pB-lactoglobulin or
lysophosphatidylcholine). Lipolysis by pancreatm the presence of fresh bile was only

restricted in the case of Sn-2 monopalmitin, and similar high level fof-lactoglobulin or
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lysophosphatidylcholine. Sandra et al. (2008) ditl sbserve a significant difference in the
FFA release from lecithiri-lactoglobulin or cross-linked (by heat treatmetactoglobulin
emulsions. Fernandez-Garcia et al. (2008) repatsthtistical analysis strategy to optimize
emulsifiers composition for maximal carotenoidsamicessibility using pepsin then pancreatic
lipase and bile extract. Chu et al. (2009) inveggd the effect of galactolipids
(monogalactosylDAG or digalactosylDAG) stabilizieghulsions on lipolysis. An inhibitory
effect was found for the di- but not the mono- gtdépid. In the presence of lecithin, there
was less inhibitory effect so lipolysis was favaréidwas suggested that digalactosylDAG
resists displacement by bile salts at the oil/lwatezrface. Klinkesorn et al. (2009, 2010)
varied the concentration and molecular weight aofoslan added to emulsions stabilized by
lecithin in the presence of pancreatic lipase aldie higher the concentration of chitosan,
the less FFA but the more glucosamine released midlecular weight only had an effect on
the glucosamine, increasing its release. Additianaltodextrin had no effect whereas an
increasing pectin concentration increased the F&ldase, attributed to the ability of the
anionic pectin to bind with and remove the catiochitosan from the interface. White et al.
(2009) compared the bioaccessibility of the lipdiphi-tocopherol and FFA from sunflower
oil body suspensions and sunflower oil emulsiobiized by tween 20 or whey protein
isolate, incubated with pepsin then with pancregtiencreatic lipase and a bile salt. Both
release fractions in the micellar phase followeel dinder oil body < whey protein isolate <
tween 20. When expressed as molar concentratiotiseimicellar phase, the effect of the
surfactant disappeared. Bezelgues et al. (2009aped emulsions containing lipophilc
tocopherol or lycopene, stabilized by either wheytgin isolate, sodium caseinate or milk fat
globule membrane. The bioaccessibility during iratidn in first pepsin then in pancreatin
and bile extract was about two times higher withknfat globule membrane than with the

isolated proteins. In any cases, lycopene was athButimes less bioaccessible than
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tocopherol. Macierzanka et al. (2009) investigatbd role of physiological surfactants
(phosphatidylcholine and bile salts) on the hydsyby pepsin then trypsin ang
chymotrypsin of emulsions stabilized pytactoglobulin or3-casein. Both proteins underwent
more hydrolysis at the interfaces than in the agsquhase, especialflactoglobulin. But
both proteins were also desorbed by the physioébgiarfactants so the authors concluded
that most of the protein hydrolysis took place e taqueous phase. Sarkar et al. (2009,
2010a) studied the hydrolysis @flactoglobulin by pepsin (with or without mucin) in
emulsions and found it is much more hydrolyzedhatihterfaces than in the aqueous phase.
The hydrolysis rate increased in the presence ofimor sodium chloride. Bridging
flocculation followed by coalescence occurred ia #mulsions, again more pronounced in
the presence of mucin or sodium chloride. Sarkal.g2010b, 2010c) went on studying this
system in an intestinal medium with pancreatin el extract. Bile salts were thought to be
responsible for the displacement [plactoglobulin from the oil/water interface. Wh@a
lactoglobulin was replaced by lactoferrin to staleilemulsions, there was substantially less
displacement by bile salts but the coalescencearadehe FFA release increased. Liang et al.
(2010) compared the release wtocopherol fromp-lactoglobulin gelled emulsions in the
presence of pepsin and/or pancreatin. The release camplete after 6.5 hours of either
incubations but was only of 25% after 0.5 hour pepsllowed by 6 hours pancreatin. This
was understood as an inhibition of releas@tgctoglobulin partial hydrolysis products at the
oil/water interface. Nik et al. (2010) compared hyarolysis by pepsin di-lactoglobulin or
a-lactalbumin in solution and at the oil/water enmubsinterface. They confirmed thfit
lactoglobulin was more resistant in solution andnid in contrast thaéi-lactalbumin was
more resistant at the oil/water interface. For esionis stabilized b-lactoglobulin, Hu et al.
(2010) found that the most important parameter eiasing the FFA release was the

concentration of calcium chloride. When alginateswalso added, the release was
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dramatically reduced, whereas the addition of mggthoxy pectin had almost no effect.
Using lysolecithin or caseinate instead Bfactoglobulin had only a small effect on the
hydrolysis rate. Lesmes et al. (2010), using caseirand/or lactoferrin, and Li and
McClements (2010), usingrlactoglobulin or tween 20 or lecithin or lysolduit, also found
no significant effect of the surfactant. In contrd3udipati et al. (2010) was able to decrease
the hydrolysis rate by putting multilayer of citacid esters of MAG-DAG (Citrem), chitosan
and alginate at emulsion interface compared toe@italone. The lower rate was achieved
with the intermediate multilayer emulsion made @fén and chitosan.

2.a.5. Effect of dietary fibers
Lairon et al. (1985) found that wheat bran inhititgoolysis whereas cellulose, xylan and
low-methylated pectin had almost no effect. Inhdmtwas always more pronounced with
emulsified SCT. The water-soluble extract of wharan was thought to contain a protein in
part responsible for the inhibition. Hendrick et(@992) confirmed these results and specified
in their case that the water-soluble extract of lban was entirely responsible for the
inhibition. Pasquier et al. (1996) found a redupadcreatic and gastric lipases activity when
dietary fibers viscosified emulsions stabilized é&yg phosphatidylcholine and cholesterol,
especially those inducing high viscosities (guamyuThis was not understood by the
viscosity itself but either by the change in theamelroplet size or by an inhibitory effect of
protein moieties from the fibers able to reachititerface (gum arabic). Minekus et al. (2005)
studied emulsions stabilized by either egg yolkskim milk in the TIM (they developed in
the 90s). They explained a dramatically reduced BRA cholesterol bioaccessibility in the
presence of dietary fibers by a depletion flocaatamechanism by the biopolymer (partially
hydrolyzed guar gum), counteracting bile activitythe bulk. Na Nakornpanom et al. (2010)
followed the release of oil from emulsions digestedvitro by pepsin. The release was

increased by the presence of dietary fibers frognvgloereas there was no release when the
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dietary fibers were pre-hydrolyzed by pectinasebdth cases, a further in vitro digestion by
trypsin with or without bile extract lead to morné release.

2.a.6. Effect of droplet size
Sarda and Desnuelle (1958) reported that the ligedity increased with the droplets
specific interfacial area. This was confirmed byinsh et al. (2004) who protected a
hydrophilic salt in W/O/W emulsions and followed itelease during lipolysis. They found
that the larger the initial oil mean globule diaere(0.71, 2.2 and 32m), the lower the
degree of lipolysis and the lower the salt releddter 1 hour incubation, the mean globule
diameters were 27, 26 and 281 respectively. This agrees with the trends obskitwe
Armand et al. (1992, 1999) and Borel et al. (19ff)the relation between the degree of
lipolysis and the mean droplet diameter of emulsistabilized by a mixture of surfactants.
However, Armand et al. (1999) found in vivo that thean droplet diameter increased during
incubation with final values just below 10n whereas Armand et al. (1992) found in vitro
that the mean droplet diameter remained stableeoredsed during incubation with final
values close to lim. Hur et al. (2009) adopted complex in vitro cosipons, based on
Versantvoort et al. (2005), to mimic three digestsieps: mouth then stomach then small
intestine. They studied the systems of Mun et24l07) with a large (aroundn) or a small
(around 2um) initial mean droplet diameter. In all cases,leseence was not observed, the
mean droplet diameter decreased during digestgpeatally during the intestinal step, and
the final values were all close touin, not significantly influenced by the surfactalntand
McClements (2010) found that the lipolysis ratggdactoglobulin emulsions decreased with
increasing mean droplet diameter. When the lipslyate was normalized by the interfacial
area, the trend reversed. This was explained byglaeh concentration of lipase per unit
interfacial area with increasing mean droplet digeme

2.a.7. Other effects
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Juhel et al. (2000) compared the effect of a gteanextract (containing 25% catechins) on
the lipolysis of emulsions stabilized by phosphdttdoline. They found that gastric lipase
was totally inhibited and pancreatic lipase abdi#8nhibited by the green tea extract with
SCT emulsions. For LCT emulsions, inhibitions wiees pronounced (about 97% and 66.5%
respectively). These results were related to tte¥esd emulsification of LCT in the presence
of green tea extract.

Sanz and Luyten (2006, 2007) studied the releadsothf water- and fat-soluble soy germ
extracts from thickened custards with or withoutifaartificial mouth (human saliva) then
stomach (pepsin) then small intestine (pancrediip, extract and trypsin). There were no,
low and high releases in each medium respectivEhyckening lowered bioaccessibility
much more using carboxymethylcellulose than starchie bioaccessibility of the fat-soluble
genistein was enhanced in the presence of fat apmal concentration of 3%. In any cases,
genistein was only released in the presence dbitbextract.

Chung et al. (2008), Burgar et al. (2009) and Kasaet al. (2009) found that Maillard
reaction between a protein (sodium caseinate oryvgnetein isolate) and a carbohydrate
(high-amylose starch and/or glucose) increasedrébistance of tuna oil to dissolution by
pepsin then pancreatin solutions. Oil was releaksgthg pepsin then pancreatin dissolutions
only with the whey protein isolate formulation, math the sodium caseinate one.
Herrero-Barbudo et al. (2009) studied the bioacbdsg of vitamins A and E from
commercial fortified skimmed or whole milks usimgvitro compositions similar to those of
Versantvoort et al. (2005). For vitamin A, the degof hydrolysis was found to be higher in
the skimmed than in the whole milk, whereas the warhdransferred into taurocholate
micelles was not affected. For vitamin E, the saraed was observed with no hydrolysis in

the whole milk which resulted in no transfer indoitocholate micelles.
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Day et al. (2010) designed an experiment based amaR spectroscopy to image the

bioaccessibility of FFA and lipophilic micronutriesn(vitamin D3 or progesterone) during

lipolysis of emulsions with no other surfactantrttabile salt. When no lipase was present, a
significant amount of vitamin D3 was released itlte micellar phase. When lipase was
present, vitamin D3 or progesterone were founcetoain in the droplets, explained by their

low solubility in the lipolysis products. The raté lipolysis was found to depend on the

lipophilic micronutrient or the initial mean dropldiameter.

For specific results about the behavior of emulsian artificial oral steps, the reader is

referred to the work of van Ruth et al. (2002) #melreview of van Aken et al. (2007).

2.b. Dispersions
Starch is the main food constituent of many serdsdispersions, such as pasta, breakfast
cereal and biscuit. The main structure, starch deanis actually made of several
substructures, due to the organization of its tvasnntonstituents: amylose and amylopectin.
A classification was made according to digestipi(ihydrolysis degree): Rapidly Digestible
Starch (RDS), Slowly Digestible Starch (SDS), ResisStarch (RS, not digested at all). We
now present the main results highlighting the logtween the digestibility and structures in
starch dispersions.
2.b.1. Some early studies

Like lipolysis in emulsions quantifying the releasieFFA, hydrolysis of starch dispersions
was the initial major in vitro development, as utagtifies the release of saccharides. Major
advances came from Columbia University concernhmg rmethodology, the roles of salts,
amylases and starch origin (Sherman et al. 191ad&eand Sherman 1910, Sherman and
Baker 1916, Sherman et al. 1919). Balls and Schvam(t944) reviewed some works

attributing low hydrolysis of raw starch granulesat surface layer protection. In contrast, the
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authors could hydrolyze different raw starches detety using extracts of hog pancreas and
aspergillus oryzae (containing amylases). Salth sisccalcium chloride were confirmed to
catalyze hydrolysis. The source of starch was fowuntde a determining factor whereas the
granules size was not. Schwimmer (1945) compldtedet results by the observation that the
hydrolysis rate of cooked wheat starch increasedpamed to raw wheat starch.
Most of the studies reported below focuses on thallsntestine, with the use of at least one
amylase (pancreatie-amylase or pancreatig-amylase + amyloglucosidase unless stated
otherwise). Authors usually investigated many pai@nms simultaneously, which makes it
difficult to interpret their results. In the follomg, we only report the main conclusions of
each article except when a statistical analysavaslable.

2.b.2. Effect of granules structure
Leach and Schoch (1961) and Gallant et al. (19923)lobserved by microscopy that various
starches were attacked differently by amylaseleeinly at the granules surface, resulting in
slow hydrolysis (potato, high-amylose maize), doithe granules through pores or channels,
resulting in fast hydrolysis (corn, sorghum, mam@xy maize, wheat, tapioca). Hood and
Arneson (1976) compared the hydrolysis (by amyldses hog pancreas or aspergillus
oryzae) of raw and hydroxypropylated tapioca starghcroscopy revealed that starch
granules were destroyed by pancreat@mylase, resulting in a porous structure. Knutsbn
al. (1982) found a proportionality between the rattdnydrolysis and the specific interfacial
area of granules for different maize starches. Brrgsa et al. (2006) investigated the impact
of granules morphology on hydrolysis by pancreatmmylase (with or without a previous
pepsin step). Three different morphologies wereaiobt using three different sorghum
starches. With collapsed (toroidal shape) or por@uesenting channels) granules, the
hydrolysis was faster than with regular spherica becausae-amylase could access the

granule core. Zhang et al. (2006a) apparently aditted this finding with several native
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cereal starches, for which the hydrolysis by pepgancreatin, pancreatic-amylase,
amyloglucosidase and invertase was slow even iptegence of pores. However, they also
observed a layered structure of the amorphous ieystdline regions (onion-like), which was
more likely thought to be the cause of the slowrblais. Mahasukhonthachat et al. (2010)
and Dhital et al. (2010a, 2010b) studied the hyaiel kinetics of various starches hy
amylase then pepsin then pancreatin and amylogtlases By milling the granules using
different techniques or by sorting them by sediragon, they found that the specific
interfacial area (related to granule size) andpii®sity were the main factors governing the
hydrolysis kinetics. Zhang et al. (2010) investggathe structures formed in a Canna edulis
Ker starch during hydrolysis by pancreatiamylase, pancreatin and amyloglucosidase. The
measurement of a single length scale suggested ctietnels into the granules were
responsible for the initiation of the hydrolysisaBek and Copeland (2010b) compared the
hydrolysis of waxy (usually 100% amylopectin) anghhamylose wheat starch granules and
confirmed the waxy one was quickly hydrolyzed tlglowchannels whereas the high-amylose
ones were slowly hydrolyzed only from their surface

2.b.3. Effect of amylose
Knutson et al. (1982) found that a low amylose eontwas related to a higher rate of
hydrolysis for different maize starches. Sievertd &omeranz (1989) confirmed with six
different starches that a higher amylose conteateased the resistance to hydrolysis by
bacteriala-amylase and amyloglucosidase. Increasing the nuwibkeeating/cooling cycles
during preparation notably increased the RS, whiab identified as recrystallized amylose.
Cairns et al. (1995,1996) studied the in vitro andvivo structures of hydrolyzed pea
amylose. They also concluded that RS was compdsextiystallized amylose in the form of
a semi-crystalline material. Planchot et al. (199&5hpared the hydrolysis of various starches.

Except for wrinkled pea starch, a high amylose eohprevented hydrolysis much more than
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a low amylose content. A major role was attribui@dhe porosity of the granules, very high
for low-amylose and only superficial for high-ams#ostarches. Vesterinen et al. (2002) used
starches with different amylose contents to formakvéo strong gelatinized dispersions,
hydrolyzed by human salivaeamylase in vitro. The more the amylose content, Weshigher
the storage modulus and the lower the hydrolysie wehis was correlated to pH changes in
the mouth in vivo except for very strong dispersidavans and Thompson (2004) studied the
hydrolysis of various native starches. Low-amylasarches presented less RS than high-
amylose ones. For the latter, this was relatedh¢oobservation of a resistant layer near the
surface. Hu et al. (2004) confirmed that the higier amylose content in rice starches, the
more the RS and the slower the hydrolysis by pepsan pancreatia-amylase and
amyloglucosidase. Sandhu and Lim (2008a) compadmnedstructures of corn and mango
kernel starches and their hydrolysis. A lower tesise for corn was attributed to a lower
amylose content and a lower crystallinity togethwth the observation of a porous granule
structure. In the contrary, the granule surfacegweooth in the case of mango kernel.

2.b.4. Effect of amylopectin
Biliaderis (1982) studied the hydrolysis of acetgthsmooth pea or hydroxypropylated waxy
maize starches. In all cases a reduced hydrolysssalitained compared to the native starch,
which was related to changes in the amylopectincgire. Zhang and Oates (1999)
investigated the hydrolysis of different varietiessweet potato starch. They found that a
higher amylopectin content induced a higher gelediion temperature and a lower degree of
hydrolysis. Surface roughness was found to be al gogication that extensive hydrolysis
occurred. Zhang et al. (2006b) hydrolyzed severafivea cereal starches by pepsin,
pancreatin, pancreatic-amylase, amyloglucosidase and invertase. The arysorphology
was found to be a determining factor, with a slowgdrolysis in the case of a semi-

crystalline structure with short chains of amyldpecBenmoussa et al. (2007) studied the

Page 20 sur 80



impact of amylopectin structures on the hydrolysistwelve rice starches by-amylase,
amyloglucosidase and invertase. The prevalenceraf &nd intermediate/short amylopectin
linear chains resulted in slow hydrolysis wherdasgrevalence of very short chains resulted
in rapid hydrolysis. This effect could also be pegetl by viscosity measurements.

2.b.5. Effect of gelatinization
Gelatinization is the process of heating (possii@gt cycling) starch in the presence of water,
resulting in the swelling of granules and solulatian of amylose. Sagum and Arcot (2000)
characterized starch digestibility of three riceietees with different amylose contents. The
resistance to hydrolysis was found to increase wheh amylose content but was always
significantly reduced after gelatinization. Slawghtet al. (2001, 2002) found that
gelatinization increased the rate of hydrolysis vafrious starches, especially the ones
containing amylose, which had a native low hydrsly$he addition of guar galactomannan
to gelatinized starches reduced the rate of hydimlgither by binding-amylase or covering
starch granules. Parada and Aguilera (2009) hydedlygelatinized potato starch. Increasing
the degree of gelatinization decreased the starahuies size (and influenced other shape
parameters) and increased the in vitro hydrolysigrele or the in vivo glycemic response.
Although many structural parameters were investidiatheir contributions to the digestibility
were not clearly distinguished. Miao et al. (20&@)died the effect of gelatinization of waxy
maize starch on its hydrolysis. Heating to a terapge higher than 60 °C resulted in less RS
due to changes in structural parameters, but ttl@eiwere not able to separate their effects.
They nevertheless concluded that SDS mainly catsist amorphous regions and a small
portion of ordered double helix structure.

2.b.6. Effect of retrogradation
Retrogradation is the process of cooling (possh#gt cycling) starch after gelatinization,

resulting in its recrystallization. Bornet et al989) found a correlation between the in vivo
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responses and the short times degree of hydralysigferent starches. Legume starches with
high contents of amylose available for retrogramativere found to give especially low in
vitro hydrolysis and in vivo responses. Eerlingérale (1994) investigated the effect of the
heating/cooling cycling protocol on the hydrolysisa gelatinized waxy maize starch. They
found that the higher the retrogradation exteng tbwer the hydrolysis susceptibility.
Fredriksson et al. (2000) controlled the retrogtada degree of waxy maize or high-
amylopectin potato gelatinized starches by codtiegting cycling and found that a higher
amount of retrograded amylopectin resulted in auced hydrolysis. Sasaki et al. (2009)
prepared starch dispersions from three varietiedcef having different amylopectin chain
distributions. The lower the proportion of shoracts was, the better the recrystallization by
retrogradation was, leading to a higher resistaodgydrolysis. Park et al. (2009) studied the
impact of constant (4 °C) or cycled (4-30 °C) tenapare storage on the hydrolysis of
gelatinized waxy maize starch. Both storages induaeretrogradation which reduced
hydrolysis, with a more pronounced effect with aygl This was related to a more perfect
crystal structure and to a softer starch disper@igltecting the amorphous region state).
2.b.7. Interplay of amylose/amylopectin
Zhang et al. (2008a, 2008b, 2009) specificallyilaited the SDS to amylopectin and the RS
to amylose as the result of hydrolysis of eighteeamize starches by pepsin, pancreatin,
pancreatica-amylase, amyloglucosidase and invertase. Starbhesg a high content of
amylopectin short chains or a high content of aqttin long chains indifferently presented
more SDS. This was explained by a higher amouminoflopectin branches in the first case
whereas it was explained by the effect of retrogtiath on the crystalline structure in the
second case. A minimum was reached around a singt/€hains weight ratio of 0.5.
Hickman et al. (2009) subjected corn and wheatlsés to a heat treatment followed [By

amylolysis. The heat treatment formed a networkcthwas nearly destroyed by the
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enzymatic treatment. Thus, the latter had the nmaipact on the starch hydrolysis by
pancreatin and amyloglucosidase. The amount ofrid8ed increased due to an increase of
the amylopectin branch density and a general dsereé chain length, leading to a more
efficient amylose/amylose association.

2.b.8. Effect of crystallinity
Gerard et al. (2001) studied the hydrolysis ofusilial crystal morphologies of starch using
maize mutants. No effects of the crystallinity leaed of the amylose content were found
whereas a high content of B-type morphology crgstaas always associated with a high
resistance to hydrolysis. Chung et al. (2006) eateld the impact of the crystallinity on the
hydrolysis of waxy rice starch. The starch crystate was controlled by partial gelatinization
or retrogradation of a fully gelatinized starch.almy cases, the hydrolysis rate decreased with
increasing crystallinity. At a similar crystalligit the partially gelatinized starch was less
hydrolyzed than the retrograded one. This was eéldb a less ordered semi-crystalline
arrangement for the latter. Fassler et al. (20@Bnpared full gastrointestinal dynamic (the
TIM) and static in vitro protocols to quantify RBoth methods were in good agreement with
an in vivo study when retrograded maltodextrin wasd. In contrast, the methods diverged
when high-amylose maize was used. This was relaiethore severe conditions in the
dynamic method, leading to structural rearrangemant a lower residual crystallinity. Ao et
al. (2008) treated maize starch enzymatically taifyoits structure. Hydrolysis by either
pancreatico-amylase or by pancreatin and amyloglucosidase sikaged by the enzymatic
treatment, presumably because it shortened the opmgtin branch chains allowing the
production of more resistant crystal morphologiaad because it increased the branch
density, creating more resistant linkages.

2.b.9. Statistical analyses
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Yang et al. (2006) then Shu et al. (2006, 2009¥istl the hydrolysis by pepsin then
pancreatic pancreati@-amylase of mutant rice starches. Using a statistimalysis, they
found that the hydrolysis degree was reduced wighdr RS, amylose and lipid contents.
Capriles et al. (2008) studied the hydrolysis ofaeanth starch by pepsin then pancreatic
amylase and amyloglucosidase in different produ@tdy small effects were seen but in any
cases amaranth starch was found to be a RDS,utttilio small granules, high level of
amylopectin, and low gelatinization temperature v@wahich the crystalline and granular
structures are lost. Sandhu and Lim (2008b) conaptre hydrolysis of six legume starches.
Digestibility was found to decrease with the grandimeter, with the amylopectin molecular
weight (because it increased starch crystallinggyl with the amylose molecular weight.
Blazek and Copeland (2010a) conducted a statisitalysis of the results of hydrolysis of 35
wheat starches characterized by 22 properties idifferent states (native, gelatinized,
retrograded, complexed with monopalmitin, treatetzyenatically). The properties that
statistically affected hydrolysis were the amylosentent, the complexation with
monopalmitin, the amylopectin chain length disttibn, the enzymatic treatment and the
granules size. Once gelatinized or retrograded, herolysis of all starches was not
statistically different.

Some more results about starch digestibility arecidieed in the reviews of Colonna et al.
(1992), Asp et al. (1996), Gallant et al. (19973t€3 (1997), Buleon et al. (1998), Haralampu
(2000), Hoover and Zhou (2003), Sajilata et alO@0Lehmann and Robin (2007) and more
recently Zhang and Hamaker (2009), Dona et al. @2(ingh et al. (2010). Woolnough et al.
(2008) made a more general review about carbohsgldigestion in vitro. They concluded
that many methods are not quantitatively consistergtandardization is needed.

2.b.10. Effect of starch/lipid complexation
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Holm et al. (1983) made amylose/lipid complexesgsileic acid or lysolecithin, which were
submitted to a bacterial-amylase and pancreatin. Compared to pure potatdoas) the
complexes were slowly hydrolyzed, especially usysplecithin. Czuchajowska et al. (1991)
investigated the influence of complexing lipid améize starch on the generation of RS by
heating then cooling. Compared to pure starchatheunt of starch resisting hydrolysis was
reduced by the lipid, with a reduction followingetrder lysophosphatidylcholine > sodium
stearoyl lactylate > hydroxylated lecithin. ThissManderstood by a competition for amylose
chains between retrogradation and complex formatieneviratne and Biliaderis (1991)
created potato amylose/monostearin helical incltusiomplexes of various supermolecular
structures. The higher the degree of organizatiohetices into larger domains of ordered
chains, the lower the rate and extent of hydrolySiemplexes with a greater crystallinity
were more resistant, but were nevertheless fullyrated with enough time and enzyme
concentration. Guraya et al. (1997) used diffetgmdic emulsifiers to form complexes with
100% amylopectin (waxy) or 79% amylopectin ricerctas, submitted ta-amylase from
human saliva. Emulsifiers with fatty acid chainsabfleast 18 carbons and of saturated type
were found to reduce digestibility more than thagih shorter chains of any types. The waxy
starch did not form complexes with most of the esifiglrs, contrary to the other starches
containing amylose. Cui and Oates (1999) studied Hidrolysis of complexes made of
different lipids and sago starch. The degree ofrtlydis at different times decreased when
complexation was done, with a reduction dependingn dhe lipid used
(lysophosphatidylcholine > monomyristin > monopdimi> monostearin). Gelatinization
increased the degree of hydrolysis in any casesoftadation completely reversed the order
of reduction by lipids, with pure starch being ldsglrolyzed than complexes. Using pure
amylose or amylose/lipid complexes resulted in atmmo hydrolysis compared to starch

(containing 27% amylose). These results confirntex dompetition hypothesis between the
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amylose/lipid complex formation and the retrogramtatof amylose. Crowe et al. (2000)
investigated the hydrolysis of potato amylose, apgttin or starch and their complexes with
individual FFA, lysolecithin or cholesterol. Retragation of amylose reduced its hydrolysis.
All lipids except stearic acid and cholesterol reeth the hydrolysis of amylose. In the
contrary, there was no effect of FFA on the hyds@\yof amylopectin and only a small effect
for the starch, which was related to its amyloseteat. Tufvesson et al. (2001) used the
emulsifier monopalmitin to form complexes with lamylose potato or high-amylose maize
starches under heat treatments. Hydrolysis wassiigated using pancreati¢-amylase,
whereas the RS content was investigated using hsadara then pepsin then pancreatin and
amyloglucosidase. Complexation with monopalmitiduged the rate of hydrolysis of potato
starch, especially heat-treated ones. The ratgarblysis of the pure maize starch (about half
that of pure potato starch) decreased by heatmeds but increased when complexes were
also formed. Results for the RS content were similecreasing in the presence of complexes
for both starches. This showed there was a congetitetween the amylose/lipid complex
formation (favored by heat treatments) and theogeadation of amylose. Gelders et al.
(2005) studied the effect of the degree of polymsion of pure amylose from different
sources on the hydrolysis of complexes made witboslanoic acid or monostearin. The
resistance to hydrolysis increased with the degrepolymerization of amylose and the
temperature at which the complexation was done oBamoic acid complexes induced more
resistance than monostearin complexes. Lalush €2@05) investigated the complexation of
potato amylose with conjugated linoleic acid. Reéedests were performed using either
pancreatin ora-amylase from aspergillus oryzae or amyloglucogdas-amylase from
sweet potato. Release of conjugated linoleic aag wroportional to the starch hydrolysis
degree, decreasing in the order cited previougiyHe enzymes (with a full hydrolysis using

pancreatin). Lesmes et al. (2008, 2009) tried tmpmex starches differing in amylopectin
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content with stearic acid to design a controlldease system tested using pancreatin. Only
the starch containing 100% amylopectin was not sbland FFA molecularly, but seemed to
entrap it physically. By varying the saturation lohg chain FFA, they made different
complexes with potato amylose, and hydrolyzed thgrmpancreatin. The polymorphism was
found to play a role, associated to a slower reléashe case of molecular binding compared
to physical entrapment. The role of the saturati@as not elucidated as it also influenced the
complexes size, decreasing with saturation. Colteal.e(2008) made amylose/genistein
complexes with pure potato amylose or high-amylos® starch, and hydrolyzed them with
pancreatin. The release was low at various pH, Hagih in the presence of pancreatin,
indicating that the enzymes played a role. The agmpaelease was lower for pure amylose
but this could again be due to a larger complexas. ¥ang et al. (2009) investigated the
complexation of potato amylose cyclodextrin with conjugated linoleic acid. Reledssts
were performed using pepsin or pancreateimylase and amyloglucosidase. Pepsin induced
some release only fromfi-cyclodextrin. In the artificial intestinal mediuniglease was
correlated with the starch hydrolysis degree, dter 45 hours, both tended towards 100%
for amylose whereas they were around 20%gfoyclodextrin.

2.b.11. A real food case: pasta
In the study of real food dispersions, most ofwueks focused on pasta. Fardet et al. (1998,
1999) investigated the role of several parameteydifying the protein network of pasta on
the hydrolysis of wheat starch by human saliva angpeatica-amylase. The presence of
pepsin degraded the protein network, resulting amenstarch hydrolysis. The protein role was
confirmed by increasing its content, resulting irdelayed starch hydrolysis, presumably
because protein nodes protected starch. Differeat theatments or geometries of the protein
network did not affect the hydrolysis. Duodu et(2D02) studied the proteins digestibility by

pepsin (with or without a previous bacteraamylase step) of sorghum as a flour or a protein
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body dispersion. In the latter, where the proteind starch were separated, the digestibility
was increased. Upon cooking, the digestibility wigereased. With maize as a flour or a
protein body dispersion, those effects were noteontesi, presumably because maize
oligomeric proteins had higher molecular weightsl dormed less disulphide bonds than
sorghum ones. In any cases, thamylase step only slightly increased proteins stigédity.
Tudorica et al. (2002) investigated the wheat stdnydrolysis in pasta enriched in insoluble
(pea, inulin) or soluble (guar) dietary fibers.@®er hydrolysis by pancreaticamylase with
the latter was understood as the result of an mieat of starch granules within a protein-
fiber-starch network whereas insoluble fibers wtreught to disrupt the protein matrix.
Brennan et al. (2004) complemented the work onnnpdista by adding a pepsin step before
the pancreaticn-amylase step. They found a reduced hydrolysis wittreasing inulin
concentration, presumably because it reduced vaisorption and gelatinization and formed
a barrier around starch granules. Kim et al. (20@8)ed the protein matrix structure of pasta
through mechanical processing. This affected thdrdlysis of wheat starch by pepsin then
pancreatin and amyloglucosidase. A higher hydrslgsigree was obtained when the proteins
were dissociated from the starch granules by thegssing, indicating that digestibility could
be controlled by the starch/protein interactionsr & specific review about structures and

digestibility in pasta, the reader is referred &itét et al. (2009).

2.c. Foams
The in vitro digestibility of only one aerated ptmdl was investigated: bread, a solid foam.
For desserts like mousses or creme Chantilly (wédpgreams), the starting matrix is usually
an emulsion so they were studied as such.
Bread was studied extensively (white bread is evezference for the glycemic index) and its

matrix is a cereal starch dispersion so many daist.eThe early investigations of Blake
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(1916) allowed the identification of several molesuconstituting bread and their products
during hydrolysis by saliva. Gluten was found tovsldown the hydrolysis. The impact of
structure came from studies of botanical entitibed{es, cell walls, tissues) and their
disruption upon thermal, chemical or mechanicatessing. Although suspected before, one
of the first proofs was obtained in vitro for legmous starch hydrolysis by pancreatin and
trypsin, which was facilitated when granules wesleased from broken fibrous cells (Wursch
et al. 1986). Bread digestion in vitro was thendmd through the prism of multiscale
structures (Bjorck et al. 1994 and references therélolm and Bjorck (1992) investigated
the hydrolysis by pancreaticamylase with or without pepsin of starches in masi breads.
The main difference appeared when whole-grain wliagdct kernels) was used instead of
wheat flour, slowing down the hydrolysis due to firesence of cell walls. The use of oat
bran (rich in dietary fibers) had the same efféqiepsin was not included, those effects were
not seen and the hydrolysis was slowed down, stiggea role of protein which was not
observed in vivo (because pepsin and other pradeasee present). Brennan et al. (1996)
confirmed the role of dietary fibers using guar gmmvheat bread and found it reduced starch
hydrolysis by pepsin then pancreatieamylase because guar galactomannan formed a
physical barrier around the granules in additiomtweasing digesta viscosity. Hoebler et al.
(1999) substituted wheat for a high-amylose maizbread and found that the hydrolysis of
starch was reduced because some crystalline amydaseanot gelatinized during processing,
identified as RS. Englyst et al. (1999) designednawitro protocol with pepsin, pancreatin,
amyloglucosidase and invertase to evaluate theeglycresponse to carbohydrates in various
food dispersions (corn flakes, white bread, cookéddte spaghetti, and cooked pearled
barley). The in vitro measurements of the rapidigilable glucose were correlated to in vivo
glycemic responses. The food structure was sugpéatglay a role but the conclusions were

uncertain as the overall carbohydrate compositresr® all different. Walsh et al. (2003) used
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a three steps (oral, gastric and intestinal) patdo measure the bioaccessibility of
isoflavonoids from soy bread. The oral step wadopered in vivo by chewing, then the
following steps were done in vitro, using pepsin tlee gastric step, and using bile extract,
pancreatic lipase and pancreatin for the intessteg). Increasing the concentration of the bile
extract was found to have the main impact, enhgntlie release of isoflavonoids, which
were not released at all in the absence of bileaektThis effect was thus related to the
micellarization of isoflavonoids in bile salts. Beet al. (2004) compared the hydrolysis of
starch by pepsin then pancreatiamylase for breads with or without gluten. Thepfaoed
that the digestibility of starch was reduced bytgh) presumably because its network
preventeda-amylase accessing the granules. Overall, theuitno results did not correlate
well with in vivo data, overestimating the starcigestibility. This was understood by the
high protein content in breads, which stimulategulim secretion in vivo, not taken into
account in vitro. Kean et al. (2008) followed thgpeoach of Walsh et al. (2003) for the
bioaccessibility of carotenoids (especially luteind zeaxanthin) from breads and other
products made of yellow corn (whole-grain or nbtt the oral step was done in vitro using
a-amylase. The bioaccessibility of carotenoids wasegally higher in dry products, except
for the apolar carotenes bioaccessibility, higher porridge, a wetter product. One
interpretation was that it depended on the food pmmsition and preparation method. Mateo
Anson et al. (2009) studied the bioaccessibilityentilic acid from wheat fractions and breads
using the TIM. In any cases, it was very low exogpen free ferulic acid was added to the
ingredients. It was concluded that in the graihs, ferulic acid was bound to different cell

walls polysaccharides, restricting its release.

2.d. Gels
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As dairy products represent a large part of fodd,dbey were investigated earlier than novel
gels made of polysaccharides. For that matter, milteins are still the first choice
ingredients for the design of gels as delivery eyt (Livney 2010). Siu and Thompson
(1982) modified a commercial cottage cheese whegurginic anhydride and evaluated its
protein hydrolysis by pepsin then pancreatin. Timena acids release was greatly reduced at
high levels of succinylation, which was related ttee percent of amino acids bound to
succinic anhydride. Such reduction was not obtainedvo in the rat, presumably because
other proteases were present and because suceimg acids could be absorbed. Arkbage et
al. (2003), using the TIM, studied the bioaccedigybof folate from yogurts fortified with
folic acid or folate, with or without folate-bindinproteins (in the form of Whey Protein
Concentrate WPC). Both folic acid and folate gavegh folate bioaccessibility, which was
reduced in the presence of WPC, especially witkc fatid. This was correlated with the
observation that WPC was less hydrolyzed with fab@, suggesting more stable complexes
than with folate. Remondetto et al. (2004) compatied bioavailability of iron from
filamentous or particulate whey protein hydrogéltey found that both structures were
hydrolyzed to similar extents by pepsin or panaeneatut only the filamentous hydrogel
released more iron than in the corresponding salatetions without enzymes. Most of the
iron release took place during the intestinal ss&pwing that filamentous hydrogel protected
iron during the gastric step. Han et al. (2008) enadgel based on alginate and chitosan to
encapsulate ascorbic acficarotene, or ferrous fumarate. For all micronutse the release
was low in the gastric step with pepsin then inseglegradually during the intestinal step with
pancreatin. Tedeschi et al. (2008) compared tleasel of a green tea extract (containing 20%
catechins) from a filamentogslactoglobulin hydrogel in gastric or intestinal dne similar to
those used by Minekus et al. (2005) except thereneabile salt. The release was found to be

significantly higher in the intestinal medium ordfter three hours of dissolution. Somchue et
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al. (2009) encapsulateg-tocopherol inp-lactoglobulin or hen egg white gels coated by
alginate. Release was measured in the presenceepsinpthen pancreatin. Without the
alginate coating, most of thetocopherol was released during the gastric inecabaWith the
alginate coating, almost nae-tocopherol was released during the gastric stepitbwas
released during the intestinal step, faster fortactoglobulin gel and depending on the

alginate concentration.

2.e. Other dispersed systems
El Kossori et al. (2000) made complexes of sodi@semate with different dietary fibers in
order to reduce protein hydrolysis by pepsin thancpeatin. A reduction of the nitrogen
release was always obtained at high fiber conceortia (20 or 25 %), following the order
prickly pear extracts (pulp or skim) locust bean gur» carrageenamr gum arabic> citrus
pectin> alginate (almost no effect). There was no cori@hatvith the increased viscosity due
to the polysaccharide so specific casein/polysaabhanteractions were rather suspected.
Mouecoucou et al. (2003, 2004a,) made complexdslattoglobulin with different dietary
fibers in order to reduce protein hydrolysis by gigepalone or followed by trypsin and
chymotrypsin-lactoglobulin alone or in complexes was foundesist hydrolysis by pepsin.
Nevertheless some nitrogen release was measureth@edsed in the form of complexes,
even though pepsin activity was reduced in thegores of dietary fibers. When trypsin and
chymotrypsin followed, hydrolysis was found to iease. The nitrogen release was reduced
in the form of complexes, especially with xylan qared to gum arabic or low-methylated
pectin. Mouecoucou et al. (2004b) made similar @rpents using peanut protein isolate
complexed with the same polysaccharides. Theyedliced the nitrogen release in the small
intestine but this was attributed to the hydrolysfsproteins and high molecular weight

peptides for gum arabic and xylan, whereas this atasbuted to interactions with high
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molecular weight peptides for low-methylated pectis the hydrolysis was not increased.
Nacer et al. (2004) investigated the mechanisif-lactoglobulin digestion by pepsin in the
presence of different pectins. All of them redugeghsin activity but nevertheless lead to a
higher nitrogen release, presumably because itréav@omplexes at the expense [Bf
lactoglobulin aggregates, increasing the propomisolublep-lactoglobulin.

Nacka et al. (2001) studied the potential of sdupatl liposome to deliver polyunsaturated
FFA from TAG or phospholipids. Dispersed liposomese found to keep their structure and
to aggregate at acidic pH, which was partially relse when further neutralized. Incubation
in bile salts lead to lipids solubilization, favdravhen an initial acidic step was done.
Phospholipase A2 had a better activity in the atsesf bile salts, because the liposomes
were not destructured to form mixed micelles. Talshn et al. (2008) encapsulated a ukon
extract into soybean lecithin liposomes submittegépsin then pancreatin and analyzed the
released curcumin. Encapsulated or pure ukon éxtedeased only a small fraction of
curcumin in the pepsin step. In the pancreatin, stepencapsulated ukon extract released no
curcumin whereas the pure ukon extract releaseda@b®umin. Overall, only 10% curcumin
was released from the liposomes whereas 54% cuncuras released from the pure ukon
extract.

Kim et al. (2006) encapsulated isoflavone in MCTd ghrgalactosidase in MCT or
polyglycerol monostearate. A gastric test was dosiag pepsin and an intestinal test was
done using pancreatin, lipase and bile salts. €lsases of isoflavone @rgalactosidase were
similar and low at the end of the gastric steprgt @H between 2 and 5, but the releasg-of
galactosidase was faster. The releases of isoftavofi-galactosidase were similar and high
during the intestinal step at any pH between 7 @ndhey were low only at pH 6 with

isoflavone being less released.

Page 33 sur 80



Gunasekaran et al. (2007) designed whey proteimolggts and3-lactoglobulin particles for
controlled release purpose but only studied themeatic hydrolysis by pepsin or trypsin of
the B-lactoglobulin particles. They were degraded margastric conditions than in intestinal
conditions, all the more in the presence of enzyme.

Vitaglione et al. (2008) discussed the potentialcefeal dietary fiber to deliver phenolic
compounds into the gut. They reported that a hagio of soluble fibers to insoluble fibers is
needed to enhance the phenolic compounds bioabigsiThis effect of fibers solubility
was also found for minerals bioavailability by Gee1999). Thus, researchers tried to either
increase this ratio or to functionalized insolufilgers. Hsu et al. (2008, 2009) chose the
second strategy by micronization of insoluble fdoétom carambola or cellulose (with or
without an esterification by lactic acid) to corntrthe release ofa-tocopherol. The
micronization and the esterification increasedrtte and amount af-tocopherol released in
a gastric medium with pepsin, but the esterificatiad a much more pronounced effect. This
was explained by a higher loading of fibers for éiséerification. In any cases, insoluble fibers
from carambola had higher loadings and releasess. Whs attributed to the high level of
anionic rhamnose-rich pectic polysaccharides orsthtace of these fibers. In vivo studies in
the rat confirmed that higher levels of vitamin rfEglasma could be maintained using the

treated carambola fibers.

3. BIOACCESSIBILITY AND MULTISCALE STRUCTURES

In order to determine the current knowledge, we mscuss the results presented above,
highlighting the contribution of structures to bicassibility. To do so, we picture a model
aerated food dispersion containing the main nusias well as dietary fibers, hydrophilic and
lipophilic micronutrients (HMN and LMN). Such a gersion can be described at three length

scales at least: macroscopic, mesoscopic and sofgemtar (fig. 1). One must keep in mind
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that most of the in vitro results were obtainedheiton simplified dispersions of one or two
nutrients or using a reduced number of biomolecudggesenting one or two parts of the
digestive tract. So the interactions described heght change in a real food environment.
Focusing on emulsion digestion at the droplet séalesoscopic), it is established that in
excess of lipase, the rate of lipolysis increaseéh wicreasing specific interfacial area
(decreasing droplet size). The reverse trend cdoloed when normalized by the interfacial
area, which shows that lipase concentration ishigit enough to cover the whole interfacial
area in small droplets emulsions (Li and McClemez2@40). In addition, solubility also
increases with decreasing droplet size (Acosta R00%e interaction of droplets with some
biopolymers may lead to flocculation, as was shdyrMinekus et al. (2005) for depletion
flocculation by partially hydrolyzed guar gum (fi@A) or by Sarkar et al. (2010a) for
bridging flocculation by mucin (fig. 2B).

At the supramolecular scale, interactions betweaymes and surfactants occur in the bulk
and at interfaces. Most of the work was done initibestinal part with measurements at the
emulsion scale (macroscopic) to indirectly deduoe toles of molecules. Many authors
worked on the ternary system bile/pancreatic lifrmsepase. Most of the results shows that
the three components are needed to give a maxipwdysis (fig. 3). Bile salts play a major
role by displacing surfactants (including proteifi®m interfaces. At high concentrations
(above the CMC), all of them inhibit pancreaticage in the absence of co-lipase, and only
bile salts allow lipase activity in the presenceoflipase. These interactions are illustrated by
the results of Tsuzuki et al. (2004) for the pregenf lysophosphatidylcholine inhibiting
lipolysis, restored by individual bile salts (fig). Another example, in the presence of bile
salts, digalactosylDAG was found to inhibit lipalkysnore than lecithin alone or in mixtures
whereas monogalactosylDAG had almost no effect §)gThe theory of Lairon et al. (1978,

1980) describing the formation in the bulk of a gdex made of lipase, co-lipase and whole
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bile constituents (salts, phospholipids, cholesteemd proteins) adsorbing as a
superhydrophobic entity seems to explain quite tirldifferent interactions.

Nevertheless, the role of the surfactants stabdizhe emulsions before digestion is still not
known in the details. Mun et al. (2007) found vegntrasted emulsion intestinal lipolysis
degrees only by changing the stabilizing surfagtaith or without bile extract (fig. 6). From
their results, it seems that low molecular weig\(V) surfactants (notably tween 20) inhibit
lipolysis more than high molecular weight (HMW) sn@nilk proteins, notably whey protein
isolate). This was confirmed by Reis et al. (2008)h the spectacular effect of Sn-2
monopalmitin compared t@-lactoglobulin. In contrast, White et al. (2009) br and
McClements (2010) did not find significant diffecas between LMW and HMW. These
results could also be interpreted from the surfdatharge point of view, as tween 20 and Sn-
2 monopalmitin are nonionic whereas the othersaaienic in intestinal conditions. This
could also explain the calcium chloride effect sbgrHu et al. (2010), because it brings the
emulsions towards neutral charge. A special casalobition is thought to be due to the
water-soluble protein moiety of dietary fibers, ntracting bile activity in the bulk and
maybe able to reach interfaces.

Concerning the lipids, all the studies presente® leencluded that lipases activity increases
with decreasing TAG chain length. Saturated TAGewvfund to release less FFA than
unsaturated ones but this effect could only betduike physical state of the lipid phase, as
shown by Marangoni et al. (2007) or Bonnaire ef{2008). Many authors reported that the
generation of FFA during digestion inhibits furtHigrolysis by gastric lipase. The theory of
Pafumi et al. (2002) stating that FFA trap gaskipase at the interface is convincing, but
seems to be incomplete as the (physiological) staifds competition for the interface likely
plays a role (Reis et al. 2009). Finally, thereerelences that hydrophobicity plays a role too

as TAG, DAG and MAG partition from droplet core sarface respectively, and only the
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most hydrophilic micronutrients transfer into mixedcelles without lipolysis (Borel et al.
1996, Tyssandier et al. 2001). For lipophilic mmutrients, lipolysis is needed as they
concentrate in the core of the doplets (Day e2@l0). In any cases, a high concentration of
bile is needed for the transfer to occur (fig. A3. already mentioned, there are experimental
confirmations that mixed micelles play a role ie thansfer (Hermoso et al. 1997 and Pignol
et al. 2000) but only scarce indications about ssfie role of phospholipid vesicles (Somjen
and Gilat 1985).

Some results for protein-stabilized emulsions skimat proteins are hydrolyzed differently in
the bulk and at interfaces (Mackie and Macierz&2(Xk0). This seems to be dependent on the
protein conformations as well as the presence gftiplogical surfactants. As the latter
desorb proteins, there is no clear indication abioypsin or chymotrypsin activity at
interfaces.

As for the droplet scale in emulsions, it was foatdhe granule scale for starch dispersions
that the rate of hydrolysis increases with the gjeinterfacial area. At the same scale, the
bulk and interfacial porosity of the granules wakated to digestibility by many authors (fig.
8). It seems that only certain amylopectin/amylesectures allow amylase penetration. A
higher amylose content resulted in less porousctsires, as reported by Planchot et al.
(1995), Sandhu and Lim (2008a) or Blazek and Cope(@010b). There is actually a large
amount of studies reporting a decreasing hydrolysis an increasing amylose content (table
2), whatever the state of the starch is (nativégtopzed or retrograded). Besides, at a given
hydrolysis time, gelatinization is always founditcrease the hydrolysis degree compared to
native starch (fig. 9), and retrogradation to daseeit compared to gelatinized starch (table
2). The gelatinization effect might be related éveyal factors, among which a decrease in
crystallinity or a decrease in the granule sizeenamphasized. The retrogradation effect is

mostly explained by the formation of a semi-crystal structure, which is even more
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resistant if organized as concentric layers of gnous and crystalline regions within the
granules (fig. 8F). For example, we plotted in fi) the data of Hu et al. (2004) for
gelatinized or retrograded rice starches. Despitgel error bars, there is a decreasing trend
for the hydrolysis degree with the amylose conteftich is more pronounced between 13-
27% than between 0-13% amylose content.

At the biopolymers scale, there is no evidencelfermechanism but some authors found that
amylose should be partially crystalline to inducels an effect. Gerard et al. (2001) even
found that the crystal morphology has more infleean hydrolysis than the amylose content,
the B-type morphology being the most resistant. dimglopectin structure also plays a role in
the limitation of hydrolysis, essentially througts idegree of crystallinity. Contradictory
results about its chain length were elucidated hang et al. (2008a, 2008b, 2009) who found
that both a high content of long chain or a highteat of short chain lead to a high SDS
amount (fig. 11). This is explained by two mecharss retrogradation of the crystalline
structure or a high amount of amylopectin branchespectively.

For starch dispersions containing other componeasie results are also recurrent. One is
the role of proteins (including gluten proteinsynfong network or bodies around the starch
granules, as a chemical (disulphide bonds) or@syaical (protective layer) barrier (fig. 12).
A similar physical effect is attributed to intaallcwalls or dietary fibers coming from the use
of whole-grain cereals or botanical polysacchar{digs. 12, 13 and 14). This was confirmed
recently for maize starch hydrolysis in the preseoicguar gum (Dartois et al. 2010). Unlike
Vitaglione et al. (2008) stating that phenolic caupds or minerals bioaccessibility is
favored by a high soluble to insoluble dietary fggatio, we do not have enough evidences in
vitro to attribute the reduced starch hydrolysia &pecific type of dietary fibers.

The formation of starch/lipid complexes is alsocassted to a reduced starch hydrolysis

degree, yet only for pure amylose or starches witilgh amylose content. Pure amylopectin
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does not complex with lipids, although it might &kle to form a physical trap for some
lipids, as suggested by Lesmes et al. (2008, 200%tarches with a low amylose content, a
competition for amylose chains between retrogradatind complexation is thought to be
responsible for an increased starch hydrolysisedegrhe nature of the lipid appears to be an
important parameter but was not studied systenmigtiemough, and contradictory results
exist about the roles of e.g. chain length andratin. By studying the release of lipids from
complexes during starch hydrolysis, two independtuindies (Lalush et al. 2005 and Yang et
al. 2009) recently found that the release exters earelated to the hydrolysis degree (fig.
15).

Statistical analyses of data appear to be necesgey a large number of parameters interact.
The recent recovery of the most important factafkuéncing starch digestion proved it can
be an efficient way to set the focus on certain mmasms (Blazek and Copeland 2010a).
Another promising way is the use of computer simohs to apprehend the roles of
multiscale structures (Nielsen et al. 2004).

Although not as advanced as pharmaceutical delisystems, some new dispersions
modulating bioaccessibility were recently testeditno. Protein gels in the form of particles
or filaments are able to protect micronutrientarfrthe gastric medium and release them in
the intestinal medium. Coating or complexation vaéntain polysaccharides or dietary fibers
allowed the modulation of the release or proteidrblysis, attributed to the presence of some
protein moieties inhibiting or delaying the enzymatrocesses. Phospholipid liposomes also
present some interesting release properties.

To our knowledge, no systematic comparison of lwessibility of micronutrients is available
between an aerated product and its matrix (commardtarch dispersion or an emulsion or
both). However, depending on the stability of tbarh in the gastrointestinal tract, an effect

might be expected.
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A matter to consider is the design of the artifioreedia for in vitro hydrolysis. The most used
compositions for emulsions are reported in tabléVé. see that some salts are almost always
used (NaCl, CaGland HCI or KCIl). The main enzymes are also preseith notable
changes, e.g. from isolated bile salts to bile aettr(containing phospholipids and
cholesterol...), or from pancreatic lipase and cadgto pancreatin (containing proteases and
amylases...). For starch dispersions, the main fe€ws the small intestine but the use of
juice extracts is growing, especially for real prots like pasta and bread, for which a gastric
step using pepsin is usually added. From the furddah point of view, these substitutions
could be detrimental as it brings many componentthe media, increasing the potential
interactions between them, making the mechanisffisuti to interpret at the supramolecular
scale. From the complex systems point of view, iespe use of real products and artificial
media, the hydrolysis of the nutrients are usuatly investigated simultaneously. There is
consequently no insight about the role of differeydirolysates interactions on simultaneous
hydrolyses kinetics. To develop in vitro test apradictive tool for in vivo response, we
believe there is a need to standardize the adifroiedia, making them as realistic as possible.
So far, those of Versantvoort et al. (2005) appede the most suitable ones for this purpose,
although they are based on a rather old in viva datlection in the Geigy Scientific Tables

(Lentner 1981).

4. BIOACCESSIBILITY AND INTERFACES

We saw there are many strategies to control thecbassibility (the prerequisite for
bioavailability) of (micro)nutrients based on disged objects usually made using interactions
in the bulk. Nevertheless, despite the obvious irtkrfaces play in the reactivity and transfer
of (micro)nutrients in dispersions, efforts to dgsdelivery systems at the interface level are

scarce (McClements et al. 2009b, 2010).
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Many model systems and theories were used to waderdhe role of interfaces in the
transfer of solutes from an aqueous phase (micatlaot) to a lipid phase, using emulsions or
droplets (Goldberg et al. 1967, 1969, Suzuki e1@¥.0, Bikhazi and Higuchi 1971, Surpuriya
and Higuchi 1972, McNulty 1975, Miller 1986, Olbmiet al. 2000, Khare et al. 2003, 2004,
Ly and Longo 2004) or model membranes (Scholtensl.e1979, Guy et al. 1981, 1982,
Amidon et al. 1982, Leahy and Wait 1986, Knepp &uwy 1989, Marrink and Berendsen
1996, Paula et al. 1996). For technical reviews, ldanna and Noble (1985) and Tsukahara
(2006). This approach allows the study of a key d@ bioavailability: intestinal cell
absorption, that is from the biological point oéwi.

From the food point of view, the bioaccessibilitprh dispersed systems is the opposite
problem, that is to understand the role of intexfam the transfer of solutes from a dispersed
phase (lipid, insoluble domains, liposomes...) to dlggeous phase (micellar or not). This
problem was examined by Ghanem et al. (1969) whimdothat gelatin adsorbed at the
hexadecane/water emulsion interfaces considerabdgredsed the release rate of
diethylphthalate, attributed to a hexadecane/geledindensed film. Scholtens et al. (1979)
also found a similar effect for KCl transfer fronater to 1-butanol with polyvinyl alcohol at
the interface, attributed to the hydrodynamic dftefgpartial interface rigidification. Gupta et
al. (2008) performed simulations showing that ifateial transfer across a monolayer of
surfactants is controlled by steric repulsion ipeacolation network, denser for surfactants
with longer chains.

In emulsion science, a similar problem is Ostwab&ming, which is the exchange of matter
between droplets (Taylor 1998). In the details,réhare several processes: molecular
solubilization and diffusion, micellar solubilizati and transport from the bulk or from the
interface (Kabalnov 1994, 1996, Todorov et al. 20D@ngan et al. 2003, Pena and Miller

2006). For the latter, two hypotheses remain: aggroof the interface by bulk micelles or
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nucleation of loaded micelles from the interfacepehding on the surfactant charge.
Although there is a dilatation or a shrinkage af throplets interfacial area during Ostwald
ripening, the interfacial viscoelastic propertiesre just recently taken into account in the
theory by Meinders and van Vliet (2004). This canid that interfaces can be designed to
control mass transfer.

A few strategies are already used to specificalycsure interfaces in order to modify their
viscoelastic properties. Interfacial polymerizatigiessi et al. 1989, Khare et al. 2003, 2004)
or cross-linking (Groboillot et al. 1993, Dickinsoh997) are convenient methods.
Nevertheless, they use reagents that are not foamego modify proteins or polysaccharides
(usually transglutaminase or glutaraldehyde). aialternatives exist, but not as efficient as
the chemical way (Murray 2002). An appealing onkdat treatment, which is quite easy and
universal, as it allows modifications of all kindsf nutrients. The adsorption of
protein/polysaccharide complexes at interfaces abows promises, especially when
combined to heat treatment to initiate a Maillaedation (Dickinson 2008, Augustin and
Hemar 2009). A challenge is the focalization oatreents at interfaces, as these treatments
usually affects both bulk and interface. Moreov®opolymers are extremely responsive to
the physicochemical environment, making it difficuio control their properties in
environments in constant change like gastrointaktiredia. On the other hand, this also gives
many possibilities in the design of associationfiatvpharmaceutical science explores
thoroughly (Peppas et al. 2000). A food sciencesiasition is the development of interfacial
multilayer (usually three layers) of proteins amdpmlysaccharides based on electrostatic
interactions (McClements 2009b, 2010). AnotherradgBng system is exclusively based on
solid (nano)particles at interfaces. They give sbecalled Pickering emulsions or foams a
high stability against Ostwald ripening, presumdtdgause they impart the interfaces a high

dilatational elasticity (Dickinson 2010). So fanetmost studied and successful particles are
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based on silica, which is not food-grade. The figdptations to food dispersions explored the
properties of proteins and/or polysaccharides (iticlg starch granules modified by octenyl
succinate anhydride) to form structured systems irderfaces depending on the
physicochemical conditions (spheres, filamentsesub). Hydrophobin, a fungal protein, was
identified to impart high dilatational and sheasocagelasticities to interfaces, correlated to a
high emulsion and foam stability against Ostwajgening (Linder 2009, Blijdenstein et al.
2010). Many lipids are able to form assemblieshie bulk, but do not seem able to rigidify
interfaces enough to stabilize dispersions aloms€l et al. 2006, Dickinson 2010). Finally,
we note that the oil/water interface is widely staldas far as digestion is concerned, but the
air/water interface not much. This is probably hesea the gas phase can not carry
(micro)nutrients. Nevertheless, many of them ate &badsorb at the air/water interface, and
so do enzymes. The design of structured interfacédsams could then be another possible
way to control bioaccessibility.

As many processes in the digestion of food dispassbccur at the interface level, a link is
likely to exist between static/dynamic interfacmabperties and bioaccessibility. Studies of
mixtures of biomolecules at interfaces in the sgifithe works of Verger and de Haas (1976)
were recently revived by Maldonado-Valderrama et (@008), with new insights on
interfacial composition and viscoelasticity. Thippeoach should help to understand the
dynamics of (physiological) surfactants competitionthe interface during lipolysis directly
at the supramolecular scale. Moreover, it shoukb dlelp to understand how structured

interfaces are e.g. able to both increase stotagédityy and control (micro)nutrients delivery.

CONCLUSION

The behaviors of dispersed systems being largehtrabed by their structures, in vitro

digestion of food dispersions were analyzed frone thultiscale point of view. We
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highlighted the role of bulk structures in the lmoassibility of (micro)nutrients, and showed
that interfacial structures are also very importagtause many if not all enzymatic processes
occur at interfaces. In fact, bulk interactions ldoaven appear as strategies to enhance
interfacial activities of enzymes and carriers.

However, to be able to control bioaccessibility nirasuch complex systems as food
dispersions, interactions between bulk and int&afatructures have to be understood in the
presence of numerous components. As shown in figvelare still far from this complete
understanding. Intestinal hydrolysis is repres@rgadf such complexity, as it implies many
couplings between bulk and interfacial processed &n greatly influenced by food
composition. If the general mechanism is known wdimplified systems using bile
salt/lipase/co-lipase, we are less advanced assfamole bile is concerned, as the exact roles
of some constituents (phospholipids, cholestenatgins) and their assemblies (complexes,
mixed micelles, vesicles) are not studied enougbreddver, it depends on the properties of
molecules pre-adsorbed at interfaces. If a didibgr is added, bindings are known to occur
in the bulk and presumably at interfaces. In af@ad system, hydrolysates from all nutrients
interact, what would likely modify each specificopess. In starch dispersions, the impact of
the molecular organization of amylopectin/amylose hydrolysis is partially known but
requires refinements, especially as far as amydesa-crystalline structure is concerned. This
would also be important for starch/lipid complexas Jipid essentially interacts with amylose.
Studies about the role of the lipid nature in thesmplexes are also needed.

Recently, new strategies were used to design dglisgstems in food dispersions, mostly
based on biopolymers (proteins, polysaccharidegygmally on (phospho)lipids. Particles,
filaments, tubes were developed in the bulk fos thurpose, and just start to appear at
interfaces, as it is recognized that interfacey @alakey role in the control of dispersions

thermodynamics and kinetics. In the context of slige, many processes occur at interfaces,
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so controlling their properties would allow the t@h of (micro)nutrients bioaccessibility.
Direct measurements at the supramolecular scategale the in vitro study an added value
else than just its low cost and high availabiligmpared to the in vivo study, e.g. access to
the local dynamical mechanisms.

Finally, in order to use in vitro test to predict vivo bioaccessibility, we propose to
standardize the artificial media to be as complege possible, based on in vivo
characterizations of juices. These media could Pstematically used whatever the
complexity of the food is. For fundamental studiws, recommend a progressive addition of
the components starting with the presumed main(fmmeexampleo-amylase for starch). To
our opinion, this approach is a prerequisite to enslere that mechanisms in real foods and
environments do not differ significantly from sinfigdd systems due to possible multiple
interactions. In this context, the use of stat@tianalyses, physicochemical models or

computer simulations is required as many parameatéugnce the data.
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Figure 1: Multiscale structures in a model aerdbed! dispersion (which could be ice cream
or some cereal product) before and during digegaows indicate bulk interactionsg) (At
macroscopic length scales, only bubbles seem @vaat. p) At mesoscopic length scales,
dispersed structures interact, namely starch gean(@G), lipid droplets (LD), polysaccharide
gels (PSG), protein bodies (PB) and cell walls (C{)) At supramolecular length scales, the
starch biopolymers amylopectin (AP) and amylose Y A@nstitute crystalline and amorphous
layers respectively. Amylose forms complexes wighds or emulsifiers (AO/L-E). Dietary
fibers (DF) may also interact with starch at thkseth scales.d) At the lipid droplets and
the air bubbles interfaces, molecules of polysaidbdPS), folded or unfolded protein (FP or
UFP), and surfactant (SA) compete for adsorptiopojhilic micronutrients (LMN) may be
present in the lipid droplets. In the bulk, lipid @mulsifier or surfactant micelles (L-E-SA,
ML), protein aggregates (PA) or hydrophilic microments (HMN) may be present. During
the pre-intestinal steps of digestion, in the K@k carbohydrases (CA, including amylases),
pepsin (PSN) and phospholipase A2 (PLA-A2) genegiieose (GO), peptides (PT) and
lysophospholipids (LPL) respectively. The latterynfarm vesicles, similar to phospholipid
vesicles (PLV). Many other interactions are shoen At interfaces f(), lingual and gastric
lipases (L-G LA) hydrolyze triacylglycerols intodtacylglycerol and a fatty acid (FA), FP or
UFP may be hydrolyzed by PSN. During the inteststap of digestion, in the bulky) the
same structures still interact with each other anth bile constituents (bile salts BS,
cholesterol CS, PL) and enzymes (trypsin TS, chyypstn CTS, pancreatic lipase and co-
lipase PLA-CLA). In addition to PLV and ML, variousixed micelles (MML) may form
between BS, CL, PL, LPL, L-E-SA and FA. These dtitgs can solubilize LMN and/or
HMN. At interfaces lf), PLA, CLA and bile constituents can adsorb indally or as
complexes, producing a monoacylglycerol (MAG) awd £A. Throughout digestion, as LD
becomes more and more hydrolyzed, lipids are dsatehi in the form of FA and MAG,
making the LMN available at interfaces. Questionrkeastand for uncertainty for some

molecules activity at interfaces.
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Figure 2: (A) Schematic diagram illustrating theh@&eour of B-lactoglobulin-stabilized
emulsions in a simulated gastric environment caimigi both pepsin and mucin. From Sarkar
et al. (2010a) with permission of Elsevier. (B) &cafa of the depletion flocculation

mechanism adapted from Minekus et al. (2005).
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Figure 3

Figure 3: (A)pH activity curves for porcine pancreatic lipase (25 pmol) using tributyrine as
substrate, 1 mM Tris-maleate buffer, 150 mM NaCl and 1 mM CacCl; in the absence (open
symbols) and the presence (closed symbols) of 50 pmol co-lipase. (circle, full line) 4 mM
sodium taurodeoxycholate; (triangle) 6 mM sodiuraréaholate; (square) 4 mM sodium
glycochenoxydeocholate and (circle, dashed line)M sodium deoxycholate. (Hjffect of
the amount of co-lipase on the activity of rat pancreatic lipase. 4 mM sodium
taurodeoxycholate, 150 mM NaCl, 1 mM CaQ@ mM Tris-HCI pH 6.7. (triangle) 25 pmol
lipase and (circle) 50 pmol lipase. Lipase andipase concentrations in pmol per 15 mL
incubation volume. From Borgstrom and Erlanson 8)9¥ith permission of John Wiley and

Sons.
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Figure 4: (A-B) Influence of lysophosphatidylchaifLyso) on the hydrolysis of tricaprin, 1-
monocaprin, triolein and 1-monoolein by pancrebgiase. (C) Influence of taurodeoxycholic
acid sodium salt (Tau) on hydrolysis of the lipidmwsion composed of

lysophosphatidylcholine and tricaprin or triolekrom Tsuzuki et al. (2004) with permission

of Elsevier.
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Figure 5: Titratable free fatty acid released fraive oil emulsions as a function of
pancreatic lipase digestion time at various (A) B&@cithin and (B) MGDG/lecithin molar
ratios. The total lipid (DGDG or MGDG plus lecithimoncentration for all systems was
0.426 mM, and the oil concentration was 0.2% w/he Tlipolysis experiments were
performed in the presence of 9.7 mM bile salt mixtd0 nM colipase, and 2 nM lipase at 37

°C. From Chu et al. (2009) with permission of the&ican Chemical Society.
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Figure 6: The time dependence of the amount oy fatid @umol) released from emulsions
stabilized with (a) sodium caseinate, (b) WPI,I&)jthin and (d) Tween 20 after hydrolysis
with pancreatic lipase in the absence and presainode extract (5 mM phosphate buffer, pH
7.0). From Mun et al. (2007) with permission ofdéler.
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Figure 7: Influence of bile extract concentrationpecarotene transfer from the oily to the
aqueous phase at (A) 0.4 and (B) 2.4 mg pancredtolifestate. From Wright et al. (2008)

with permission of Elsevier.



Figure 8

Figure 8: Scanning electron micrographs of hightgarodigestibility mutant sorghum line
111: (A) undigested (1000 x), (B) undigested (2500(C) 30min digestion (1000 x), (D)
30min digestion (2500 x), (E) 1 h digestion (1000 and (F) 1 h digestion (2500 x) (bar
equals 1Qum). From Benmoussa et al. (2006) with permissiokVdéy-VCH Verlag GmbH
& Co. KGaA.
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Figure 9: RDS (square), SDS (circle), and RS (gli@ncontent on the basis of Englyst assay
of waxy maize starch granules in excess water Hdatspecific temperature. From Miao et
al. (2010) with permission of Elsevier.
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Figure 10: Percentage of hydrolyzed starch foreties of cooked or retrograded rice starch
varying in amylose content (for one amylose contdm maximal and minimal hydrolysis
percentages are plotted). Starches were hydroliaed hours. Linear regressions apply to
the whole data sets (thick line) or to the data between 13-27% amylose content (thin line).
Data are from Hu et al. (2004).
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Figure 11: Parabolic relationship between propartad Slow Digestible Starch and the

weight ratio of the short-chain fraction (SF, DR3) to the long-chain fraction (LF, DP13)

of debranched amylopectin. The two groups of staerhples were divided at the dotted line
with the lowest percent SDS. From Zhang et al. 80)0vith permission of the American

Chemical Society.



Figure 12

Figure 12: (a) Scanning electron micrograph ofwitieeous endosperm of NK 283 sorghum
showing tightly-packed starch (s) and protein bsdjeb) embedded in cytoplasmic matrix
protein. (b) Scanning electron micrograph of floengdosperm of NK 283 sorghum showing
loose packing of starch and protein bodies. (c)n3massion electron micrograph of pb-
enriched sample of NK 283 sorghum showing wedggzatein bodies embedded in matrix

protein and fragments of cell wall (w). From Ducatwal. (2002) with permission of Elsevier.



Figure 13

Figure 13: Optical micrographs of white kidney beabmitted to various treatments (scale in
um). (A) Bean soaked in cold water for several hpgtarch granules fill the cell (phase
contrast). (B) Bean soaked and cooked. The intltd are filled with gelatinized starch. (C)
Bean soaked, cooked, and blended. Gelatinizedhstmanules are released from broken cells.

From Wursch et al. (1986) with permission of theekiman Society for Nutrition.
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Figure 14: SEM micrographs of cooked pastas: (a)gpeontrol; (b) pasta with pea 7.5%; (c)
pasta with pea fiber 15%; (d) pasta with inulin93;5e) pasta with inulin 15%; (f) pasta with
guar gum 3%; (g) pasta with guar gum 10%. From Tigdcet al. (2002) with permission of

the American Chemical Society.
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Figure 15: Extent of hydrolysis (%) (A), and Comgibed Linoleic Acid release (%) (B) of
amylose-CLA complexes created in water/DMSO sofuab 90 °C (gray bars), 60 °C (white
bars), and 30 °C (black bars). Hydrolysis was peréml by pancreatin (pan),
amyloglucosidase (glucog;amylase ¢), andp-amylase §) at concentrations of 35 units/mL.
The control contained no enzyme. From Lalush g28I05) with permission of the American

Chemical Society.
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0.06 g/L KHPO, 0.4 g/L KCI
8 g/L NaCl 0.06 g/L KHPO,
0.35 g/L NaHCQ 8 g/L NaCl

0.35 g/L NaHCQ
0.0475 g/L NaHPO,
1 g/L glucose
10 units/L penicillinG
0.1 g titer/L
streptomycin

Yin et al. 2008

3.2 g/L pepsin

3.6 g/L HCI 36%

pH 1.5

5.9578 g/L HEPES
pH 1.2 bH 7.4
_ 2 gL porcine 12 g/L bile extract
Beysseriat et al. 2006 pH 2 ancreatin 100 mM NaHCQ
p pH 5.3 then 7.5
18.3 g/L bile extract
200 g/L human saliva 513 T/IMCN%O 64.1 o/l . 6.85 mM NaCl
Sanz and Luyten 2006, then 142 ac} -+ 9/L porcine 1 mM KCI
. .8 mM KCI pancreatin
2007 * 0.07 g/L porcine 5.7 mM NaCO; 2 mg/L bovine trypsin 0.15 mM Cad
pepsin ' pH 2.5 0.22 mM NaCGQ,
) pH 6.5
25 g/L bile extract
Mun et al. 2007 * 8 g/L (40 g/L) porcine 5 mM (10 mM)
(Bonnaire et al. 2008 pancreatic lipase phosphate buffer
pH7
1.25-20 g/L
. bile extract
Wright et al. 2008 * 0'1'?);% taf’t?nrc'“e 103 mM NaCl
33.3 mM NaHCQ
pH 6.5
2 g/L NacCl




Reis et al. 2008 *
(Minekus et al. 2005)
TIM

d

600 U/mL pepsin

(2500-3500 U/mg)

40 U/mLrhizopus
oryzaelipase

4.8 g/L NaCl

17.5 g/L pancreatin

Duodenal juice:

33.3 mg/L trypsin

500 g/L fresh bile
(18.75 g/L fresh bile)
1.25 g/L NaCl
0.15 g/L KCI
0.06 g/L Cad]

pH 6.5 (5.8)

2.2 g/lL KCI
0.22 g/L Cad]
1.5 g/L NaHCQ

(pH from 4.6 to 1.8)

Jejunal juice:

17.5 g/L pancreatin

500 g/L fresh bile
1.25 g/L NaCl
0.15 g/L KCI
0.06 g/L Cad]

pH 6.8

lleal juice

5 g/L NaCl
0.6 g/L KCI
0.25 g/L Cad
pH 7.2

Chung et al. 2008 *

0.486 g/L porcine
pancreatic lipase
(329 U/mg)

2.8 mM
mixed bile salts
208 mM MES
76.4 mM NacCl
10.4 mM Cad)

pH 6.5

5.58 g/L bile extract
92.9 mM phosphate

Versantvoort et al.
2005 *
Hur et al. 2009 *

Saliva:

0.290 g/Lo-amylase
(1.5 U/mg)

0.025 g/L mucin
0.896 g/L KCI
0.2 g/L KSCN

0.888 g/L NaHPO,
0.570 g/L NaS@
0.3 g/L NaCl
1.694 g/L NaHCQ
pH 6.8

Duodenal juice (60%):

Fernandez-Garcia et al. . 0.929 g/L pancreatic buffer
2008 * 0.5 gL pepsin pH2 lipase 139.4 mM NaCl
3.58 mM Cadl
pH 7
36 g/L pepsin 100 mM HCI pg?]gr/é_a%?ﬁ;na;e pufre0 t:ng/l salt
. . .
White et al. 2009 (2800 U/mg) pH 2 (100-400 U{mg) 490 mM NaHCQ
2 g/L porcine
- pH 7
pancreatin
. . 8.4 g/L HCI 36% . 6.8 g/L K.HPO,
Burgar et al. 2009 * 3'%%'6_225%”3 /rr;]ep;sm 2 g/L NacCl 100 (gll)lz Bzgn;)reatm 15.4 mM NaOH
9 pH 1.2 pH 6.8
0.2 g/L urea 0.1 g/L urea
0.015 g/L uric acid 1g/L BSA

9 g/L pancreatin
(1x USP)

1.5 g/L porcine

pancreatic lipase

(100-400 U/mg)

7.012 g/L NaCl
3.388 g/L NaHCQ
0.564 g/L KCI
0.215 g/L HCI 37%
0.2 g/L CaCJ.2H,0
0.080 g/L KHPO,
0.050 g/L MgC}
pH 8.1

Gastric juice:

2.5 g/L pepsin
(800-2500 U/mg)

0.650 g/L glucose
0.020 g/L glucuronic aciq
0.085 g/L urea
0.330 g/L glucosamin
hydrochloride
1 g/L BSA
3 g/L mucin
2.752 g/L NaCl
0.266 g/L NaHPO,

37

Bile juice (30%)

30 g/L bile extract
0.250 g/L urea
1.8 g/L BSA
5.259 g/L NaCl
5.785 g/L NaHCQ@
0.376 g/L KClI
0.180 g/L HCI 37%
0.222 g/L CaGl.2H,0
pH 8.2

0.824 g/L KCI
0.4 g/L CaCj}.2H,0
0.306 g/L NHCI

Solution (10%)

Bicarbonate 1 M

Macierzanka et al.
2009

50 mg/L porcine
pepsin (3300 U/mg)

7.75 giL HCI 37% PH 6.5-7
pH 1.3
. 7.4 mM
150 mM NacCl 2'5. mg/L. porcine mixed bile salts
trypsin (13800 U/mg) 150 mM NaCl

(2 mg/L-2.32 g/L
phosphatidylcholine)
pH 2.5

10 mg/L bovine
a-chymotrypsin

(1 mg/L-2.32 g/L
phosphatidylcholine)

(40 U/mg)

pH 6.5

Table 1



Table 1: Main artificial media compositions used tioe in vitro digestion of emulsions. To

be representative of digestive juices, concentnatiare relative to the medium before
incubation (not normalized by the lipid contenttloe specific interfacial area, for example).
The enzymatic unit (U) is generally defined ag équivalent fatty acid titrated per min. The
authors followed by * are cited with calculatiomerh quantities (volumes or masses) given in
their articles.



Period _ . Retrograded
Amylose Native starch Gelatinized starcl starch
Starch of . : . Authors
content . hydrolysis degree | hydrolysis degre¢  hydrolysis
hydrolysis d
egree
Waxy maize 0% 75-100%

Dent corn 20% ah 50-75% Knutson et
Amylomaize 5| 50% 5-25% 65-90% al. 1982
Amylomaize 7| 70% 10-35% 50-70%

Waxy maize 0% 2.5% RS
Potato 20% 4.4% RS
Wheat 25% 7.8% RS Sievert and
Maize 26% 1h 7% RS Pomeranz
Pea 33% 10.5% RS 1989
Amylomaize 5| 53% 17.8% RS
Amylomaize 7| 70% 21.3% RS 25.2-43% RS
Manihot 17% 5% 70% Bornet et
Wheat 27% 3h 20% 60% al 1989
Smooth pea | 35% 15% 35% '
48h 20°C
5% RS
. 24h 6°C + 48h| Eerlingen
Waxy maize | 0% 2h 8% RS 0%RS | %000 189% RS| ot al. 1004
24h 6°C + 29d
40°C 42% RS
Waxy maize 88%
Wheat 90%
Maize 9% Planchot ef
Smooth pea ? 29h 91% al 1995
Wrinkled pea 72% '
Potato 5%
Amylomaize 2%
11% 8.6% RS 1% RS Sagum and
Rice 20% 2h 9.2% RS 1.6% RS Arcot 2000
31% 12.9% RS 2.2% RS
Waxy rice 1.4% 104.7uM/min 136.9uM/min
Rice 16.1% 73.6 72.3 Slaughter
Potato 23.2% 2h 7.48 129.3 et al. 2001,
Wheat 27.5% 11.03 135.6 (61.6 with 2002
galactomannan)
Waxy maize 0% 16.9% Vesterinen
Amylomaize 7| 70% 5 min 6.5% ot al. 2002
Potato 100% 10.9% '
Wag)malze 50 RS
ae du 24.4% RS
: 40.6% RS
Amylomaize 5 5 66% RS Evans and
. F 0
Amylomaize 7 2h 0 Thompson
ae su2 69.5% RS 2004
Potato 69.5% RS
Gelatinized 74% RS
0.3% RS
potato
90.3% (60°C) | After 100°C gel
: 90.9% (65°C) | 96.6% (2 days) Chung et
Waxy rice ? 3h 89.9% 91.6% (70°C) | 96% (5d) | al. 2006
96.3% (100°C) 94.9% (7d)
70-75% (46% gel
70-80% (73% gel Parada and
Potato ? 1h 50-55% 75-90% (88% gel Aguilera
95-100% (100% 2009
gelatinization)




Wheat: Blazek and
Waxy 2% oh 34.1% 60% 45% Copeland
Commercial 25% 22% 60% 50% 2010a
High-amylose| 42.8% 16.1% 62% 46%
Table 2

Table 2: Hydrolysis degree of starches with difféer@amylose contents, in the native,
gelatinized (gel) or retrograded states. RS measistant starch, when no information was

available for the hydrolysis degree.



