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In this chapter, modern analytical procedures usedtudy carbohydrates in foods and
beverages are discussed. The main advanced aabiytethodologies applied to determine
the different carbohydrate families (monosacchariddigosaccharides, polysaccharides and
macromolecules including different glycosilated @munds) are reviewed considering the
sample preparation required and the type of teclenigeparation or spectroscopic) used,
including their different couplings, multidimenseln approaches, modern glycomics
strategies, etc. The goal of this contributiontligrefore, to provide the reader with a broad
and critical view on the different analytical metlso nowadays employed to analyze

carbohydrates in foods and their foreseeable trends
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1. Introduction.

Carbohydrates are the most abundant and diverse ofaorganic compounds occurring in
nature. Chemically they are composed of carbonrdggh, and oxygen in the ratig, &2,

:0, . Food carbohydrates include a wide range of mackecules that can be classified
according to their chemical structure into thregamgroups: low molecular weight mono-
and disaccharides, intermediate molecular weiggbsaccharides and high molecular weight
polysaccharides. They can also be classified aplsior complex carbohydrates. Simple
carbohydrates are monosaccharides and disacchardiescomplex carbohydrates are made
up of many monosaccharides such as starches adfiysaccharides).

Carbohydrates are a major source of energy indheah diet with intakes ranging from 40 to
80% of total energy requirements (Muir et al. 2008arbohydrates constitute the main
source of energy for all body functions, particlyldrain functions, and are necessary for the
metabolism of other nutrients. Other important &feof carbohydrates on human physiology
are satiety and gastric emptying, control of blapdcose, insulin metabolism and serum
cholesterol, and influencing colonic microflora agastrointestinal processes such laxation
and fermentation (Muir et al. 2009).

Cereals, vegetables, fruits, rice, potatoes, leguared flour products are the major sources of
carbohydrates. Thus, naturally occurring sugars camesumed as part of a healthy diet.
Monosaccharides, sucrose, and polysaccharidegesern in all vegetables (Hounsome et al.
2008). Carbohydrates are synthesized by all grésmrtgand in the body are either absorbed
immediately or stored in the form of glycogen. Thean also be manufactured in the body
from some amino acids and the glycerol componefatsf Moreover, sugars can be added to
foods during processing or preparation, mainlyribasce food sensorial quality (Murphy et

al. 2003).



Nutritionists divide food carbohydrates into twas$esa, available or readily utilized and
metabolized, including mono-, di,- or polysacchesidike glucose, fructose, lactose, dextrins
and starch, ant, unavailable or carbohydrates not directly utdizeut instead broken down
by symbiotic bacteria yielding fatty acids, andgmot supplying the host with carbohydrates.
The second class includes structural polysacchamdelant cell walls and many complex
polysaccharides like cellulose, pectins gidlucans (Cui 2005). In other words, available
carbohydrates are those that are hydrolyzed bymeezyf the human gastrointestinal system
while the unavailable ones are not hydrolyzed bylogenous human enzymes (sugar
alcohols, many oligosaccharides, and nonstarchspotharides) but they can be fermented
by microorganisms in the large intestine to varyaxgents and then absorbed (Hounsome et
al. 2008).

Sugars (glucose, sucrose, fructose, lactose andosesl sugar polyols (sorbitol and
mannitol), oligosaccharides (GOS, galactooligosaddies and FOS, fructooligosaccharides)
and polysaccharides (starch and non starch pollgaades) have been described as the major
classes of carbohydrates relevant for human muiritiThe fermentable-short-chain-
carbohydrates-like oligo-, di- and monosacchariges polyols that can be poorly absorbed
by the small intestine are called FODMAPs and thmpvide different effects on
gastrointestinal health. FODMAPSs can be foundvige variety of foods (Muir et al. 2009).
Detailed information related to the chemistry obdocarbohydrates can be found elsewhere
(Cui 2005). In the next subsections, only key ctirsstic of the food carbohydrates relevant
for human nutrition are provided together with thgortance of developing powerful and

informative techniques for their adequate analysis.

1.1. Simple carbohydrates: Monosaccharide and chsaitles.



Monosaccharides require no digestion and can barladés directly into the blood stream. All
the monosaccharides can be synthesised by the (htmlynsome et al. 2008). The basic
carbohydrates are the monosaccharide sugars, ahvghicose, fructose, and galactose are
the most important nutritionally. Fructose struetis shown in Figure 1. Fructose, a major
component of fruits, fruit juices, honey and cogrup (Park et al. 1993), is one of the
principal FODMAPs of the Western diet (Gibson et28107).

Disaccharides are composed of two monosaccharidddritionally the important
disaccharides are sucrose, a dimer of glucose amtio$e; lactose, dimer of glucose and
galactose; and maltose, a dimer of two glucosesuhiictose has also been classified as

FODMAP (Muir et al. 2009).

INSERT FIGURE 1 HERE.

1.2. Sugar polyols.

Sugar alcohols, also called sugar polyols, areiddaby reduction of the corresponding
aldoses and ketoses. Sugar polyols have generateld imerest as food additives since they
can be employed as low calorie sweeteners. Figwt®®/s mannitol and sorbitol structures,
two sweeteners very frequently used in the foodistry. Although few data on levels of
polyols in foods have been published so far, knswn that mannitol is present in several
vegetables such as celery, carrot, parsley, pumpkiion, endive and asparagus (Hounsome
et al. 2008) while sorbitol is present in many tsubut it is also used as sweetener. Some
authors have suggested their use as indicatoreeohtithenticity or adulteration of foods

(Martinez-Montero et al. 2004; Ruiz-Matute et &02).



INSERT FIGURE 2 HERE

1.3. Oligosaccharides.

Numerous oligosaccharides, consisting of 3—5 marabsaide units, occur in foods and they
are in general non digestible. Oligosaccharides alao be defined as those carbohydrates
formed by 2 to 10 basic sugar molecules. Fructantsfructooligosaccharides (FOS, as e.g.,
nystose, kestose, see Figure 3) and galactooligbaades (GOS, raffinose, stachyose) are
considered FODMAPs and prebiotic carbohydrates (Miwet al. 2009).

Fructoooligosaccharides and non starch polysaatdgmplay an important role are dietary

fiber (Hounsome et al. 2008).

INSERT FIGURE 3 HERE

Garlic, Jerusalem artichokes and onions contaih kagels of fructans (Muir et al. 2007). The
Jerusalem artichoke has been found to have theestigtoncentration of FOS in cultured
plants. FOS have been used in dietary supplementapgan since the 90’s and they are now
becoming increasingly popular in Western cultumestiieir prebiotic effects. FOS serves as a
substrate for microflora in the large intestinegreasing the overall grastrointestinal tract
health. Moreover, several studies have found tkx$ Bnd the polysaccharide inulin promote
calcium absorption in both animal and human gue iftestinal microflora in the lower gut
can ferment FOS, resulting in the production ofegasnd in the reduction of pH that

increases calcium solubility and bioavailability.



1.4. Polysaccharides.

Glycans is a general term given to polysaccharideswhich large numbers of
monosaccharides are naturally joined K&tglycosidic linkages. Polysaccharides are
condensation polymers in which glycosidic linkageformed from the glycosyl moeity of
hemiacetal, or hemiketal, and a hydroxyl group mdther sugar unit, acting as an acceptor
molecule or aglycone (see Figure 4). Polysacchainday be linear or branched (see Figure
4). There are two types of polysaccharides: honigspocharides and hetero-
polysaccharides. A homo-polysaccharide has onlytgpe of monosaccharide repeating in
the chain; whereas, a hetero-polysaccharide is oeetp of two or more types of
monosaccharides. Unbranched polysaccharides cootdynalpha 1,4 linkages while some
branched polysaccharides are linked to a moledal@lpha 1,4 and to another one via alpha
1,6 glycosidic bonds. These macromolecules hage Iphysiological interest and they affect

both food quality and nutrition.

INSERT HERE FIGURE 4.

1.5. Conjugated carbohydrates.

Carbohydrates can also be attached to other dif@@mpounds as proteins, lipids, phenols.
Thus, glycans covalently bound to these compoundb/cdproteins, glycolipids,
glycophenols) play a pivotal role on their bioaityivand they are, for instance, involved in

cell signaling or bioavailability. Glycation andglgcosylation of proteins, for instance, have



been proposed as strategies for modulating the moneactivity of key food allergens (van
de Lagemant et al. 2007; Amigo-Benavent et al 2000)the way to provide new

technological attractive properties to proteinsr@@eMartinez et al. 2010).

The development of new analytical approaches foparsdion, identification and
quantification of carbohydrates is of huge impoc@ann many research fields. Thus,
knowlegde on the quality and quantity of carbohtelan fruits, vegetables, cereals and other
natural food matrices is essential to determinedfqwoperties and other important
characteristics like flavour, maturity, quality,thenticity, storage conditions, etc. A better
knowledge on carbohydrates composition is mandatothe new functional foods era, not
only to produce healthier foods but also to be dblessess and understand their role in

several functions in the human body.

2. Sample Preparation for Carbohydrates Analysis.

A critical step when analyzing carbohydrates indfammplex matrices is their separation

from the rest of the main components, such asdipitt proteins, that can somehow interfere
in their precise determination and quantificati@mce isolated, carbohydrates can be either
analyzed directly or subjected to some other aulthli treatments (such as hydrolysis and/or

derivatization) to favour their subsequent analysis

2.1. Extraction and fractionation.

The separation of carbohydrates from other foodpmmrants is generally carried out using

some kind of extraction or clean-up step priorheirt analysis. Nevertheless, in some cases



the sample obtained is still too complex to belgasialyzed and a further fractionation step
IS necessary to obtain a particular carbohydratetibn. In this section, the methods used for

extraction and fractionation of carbohydrates ascdbed.

2.1.1. Filtration.

Usually, when studying the carbohydrate fractionaobeverage, a simple filtration and
dilution step could be enough as sample preparakioninstance, this has been the case of
wines (La Torre et al. 2008), milk and whey (Mul al. 1997). Even ultrafiltration and
filtration based on the use of membrane technotobieve been employed to concentrate
carbohydrates (Kamada et al. 2002). Neverthelessnwhe original matrix is too complex or
the amount of different class of carbohydratesdsy \different, more sophisticated sample
preparation procedures are needed. It is integestinmention that a filtration step can be

employed as a clean-up step before using any girtiiedures explained below.

2.1.2. Traditional extraction methods (LLE, SPE).

Nowadays, the so-called traditional extraction teghes, such as liquid-liquid extraction
(LLE) and solid phase extraction (SPE), have bedtelyw applied to the extraction of
carbohydrates from food matrices prior analysisE $Bs been used to extract carbohydrates
from wine (Castellari et al. 2000), beer (Lehtom¢rml. 1994) or honey (Weston et al. 1999),
among others. The nature of the solid column packis well as the solvent employed for
elution is selected according to the nature ofgample to be analyzed.igcartridges are
probably the most used (Megherbi at al. 2008),caigin others such asg Kitahara at al.
2004), porous graphitic carbon (Arias et al. 20@8)even cartridges based on strong cation
exchange (Castellari et al. 2000) are also emplogfE has shown its capability in

fractionating complex samples; for instance, actigebon and celite columns were used to
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fractionate monosaccharides and oligosacchariades froneys using different ethanol/water
ratios to obtain a selective elution (Weston et1899). Although the results that can be
obtained using these techniques might be satisfgcdome important shortcomings inherent
to their experimental principles, mainly related ttee great amounts of organic solvents

needed, have brought about an increase in thefudtbeay extraction techniques.

2.1.3. Supercritical fluid extraction (SFE).

SFE is based on the use of fluids above theircatiforessure and temperature. Under these
conditions, supercritical fluids acquire propertiestween liquids (similar solubility) and
gases (similar diffusivity). CQis the most commonly used fluid, thanks to its srate
critical temperature and pressure, along with oimgrortant advantages such us the easiness
to modify the selectivity of the extraction by togithe operating pressure, the possibility to
obtain fractions by carrying out different depresztion steps and the attainment of an
extract free of solvent, since G@s released as a gas when pressure is decreased un
ambient conditions. However, its use in carbohyaleatalysis has been partly hampered by its
low polarity, which makes difficult the solubilisah of these compounds. In order to
overcome this problem different amounts of orgaivents employed as modifiers are used.
SFE has been employed several times to fractiahtiézent carbohydrates that could be used
in the food industry as prebiotics (Montafiés at2&8l07; Montafiés et al. 2006). In these
works, the authors demonstrated that the selectivets mainly influenced by the co-solvent
composition while other parameters such as temyrerapressure, and amount of polar co-
solvent had an effect on carbohydrates recovely. dxpected that other applications of this
technique to the extraction and fractionation afbolydrates can be developed following

similar methodology.
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2.1.4. Pressurized Liquid Extraction (PLE).

PLE is based on the use of solvents at high terpesaand pressures enough to maintain
their liquid state during the whole extraction m@ss. As a result of these experimental
conditions, the extraction processes are fastaglyme higher yields and consume fewer
amounts of solvents compared to the more traditierraction techniques. Due to these
advantages, PLE is being widely employed to extsachple components from food and
natural products (Mendiola at al. 2007). Differeotvents including water, organic solvents
and their mixtures can be used. As for carbohydrétectionation, few works have been
published dealing with the selective extractionlaiftulose from its mixtures with lactose
using a 70:30 ethanol/water mixture at 40°C fom8Autes (Ruiz-Matute et al. 2007). Also,
enriched fractions of di- and trisaccharides wdsimed from honey by using PLE combined
with the use of activated charcoal (Ruiz-MatutaleR008). In this case, honey was absorbed
onto activated charcoal and packed into a PLE etibra cell that was submitted to two
different extraction cycles. The first one using9ethanol/water for 5 minutes, and a second
using 50:50 ethanol/water for 10 minutes. This Rufcedure can easily be adapted for

carbohydrates fractionation from other sources.

2.1.5. Field Flow Fractionation (FFF).

This technique is based on the separation of saogutgonents being pumped by a laminar
flow inside an open channel in which a perpendicyklectric, thermal, magnetic or
gravitational) field is applied. The separationfi@actionation takes place according to the
differences on the mobility of the components ageault of the applied field. For
carbohydrates analysis, this technique is oftenl@yegd to fractionate large polysaccharides

that could not be otherwise fractionated, mainlutese, starch, pullulan, among others.

2.1.6. Chromatography-based methods.



12

Different techniques based on the use of chromapdgc procedures have been employed to
fractionate and separate carbohydrates. Thusgegidasion chromatography (SEC) is one of
the most popular techniques for determination ofecudar mass distributions of (relatively
large) carbohydrates (Eremeeva 2003). Due to thbkaeacteristics, SEC has been widely
employed to fractionate and separate oligo- angsaekharides, including the analysis of
prebiotic galactosaccharides (Hernandez et al. 288 analysis of carbohydrates in rice
(Ward et al. 2006), sorghum (Aboubacar et al. 20@@eat (Hartmann at al. 2005) or coffee
(Arya at al. 2007).

Another chromatography-based technique broadlyieghpd fractionate carbohydrates is lon
Exchange Chromatography (IEC). IEC is mostly suifed oligo- and monosaccharides
fractionation. Both anion and cation exchange sesan be used depending on the particular
application. The normal approach is to use IECrasytical step rather than for fracttionation
and, therefore, IEC will be discussed in more diéow in section 3.3,

The last technique included in this group is sirredamoving bed chromatography (SMBC).
This technique has been widely employed in the sugdustry for large-scale palatinose-
trehaulose fractionation. Two streams of productfigate and extract) are obtained from the
continuous counter-current separation of a samplaeted from a series of different
adsorbents. These adsorbents can be based on-&gahdnge chromatography or on size-
exclusion chromatography. This technique has a¢sml@mployed to fractionate lactose from

a complex mixture of human milk oligosaccharidesi§Ser at al. 2005).

2.1.7. Membranes and other methods.
The use of membranes is not new in carbohydratesplsapreparation. In fact, the
fractionation of sugars contained in sugar-canebleas carried out by dialysis, while the use

of membranes combined with ultrafiltration and rfdtration systems have also allowed the
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separation and fractionation of carbohydrates altiegrto their molecular mass (Godshall et
al. 2001).

Another technique worth to mention is carbon fi@udition. This technique has been
extensively used for many years in official methaasl it consists in the adsorption of the
carbohydrates in an activated charcoal column datkaelution with different proportions of
ethanol (1% for monosaccharides, 5% for disacckaridnd 50% for oligosaccharides
(AOAC Official method of analysis n954.11) to friactate them selectively according to
their degree of polymerization. The fractionatioithwactive charcoal has been shown to be
particularly useful to obtain monosaccharides fr@ry complex food samples (Morales et al.
2006). This techniqgue may also be used in comlunatiith other sample preparation
processes or fractionation steps (e.g., PLE) inerortb allow a more convenient
characterization of carbohydrates in a subsequaadiiécal phase (Ruiz-Matute et al. 2008;
Wei et al. 1997).

Other methods employed in carbohydrates sampleapapn include the use of molecularly
imprinted polymers (MIPs). MIPs have been provenb& useful for the recognition of
different saccharides or for the epimeric differatdn of disaccharides. Although the
potential of this technology is remarkable, its irs@®od science is still not very extended due

to the difficulty of obtaining selective and robbstPs in a reproducible way.

2.2. Chemical treatments.

Different chemical procedures are commonly emplagetie sample preparation step of food

carbohydrates in order to facilitate their subsetqaaalysis.

2.2.1 Hydrolysis



14

Frequently, prior to a chromatographic analysidyydrolysis step is carried out of large
carbohydrates to obtain fractions of low molecutawno- or oligosaccharides that can be
analyzed more easily. Under heating and in thegmasof a strong acid, the glycosidic bonds
joining the different monosaccharides forming aypatcharide can be cleaved. The most
commonly employed acids are trifluoroacetic acigjrbchloric acid or even sulphuric acid.
The treatment conditions, mainly acid concentratimmperature and time, have to be
optimized to achieve a total hydrolysis of the galgcharides contained in the sample. At the
same time, these conditions should not be too gthmtause they can produce the sample
degradation, since it is well known that duringstprocedure, the released monosaccharides
are prone to degradation. As an example, typicalitimns applied to process wheat flour
include the use of 2 M HCI at 100°C for 90 min.yRakcharides can be also submitted to
partial hydrolysis before analysis. Thanks to thiekntial susceptibility to hydrolysis of the
different glycosidic linkages, partial degradatiaras be obtained at controlled conditions in
order to produce mixtures of different mono- angjadaccharides whose analysis could be
useful to determine the polysaccharide structuexeRtly, microwave irradiation has been
employed as a tool to reduce the process time tloohyzate carbohydrates (Corsaro et al.

2004).

2.2.2 Derivatization

Given their intrinsic properties, carbohydrates dam difficult to analyze by different

separation techniques due to their low volatiliagk of chromophore or very similar polarity.
Thus, if analyzed by GC, carbohydrates have to émvatized so that their volatility is

increased. Monosaccharides can be analyzed by Gtliésl acetates obtained by reduction
and acetylation, while oligosaccharides can be yaedl by GC as trimethylsilyl or

trifluoroacetyl ethers.
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If CE or HPLC are the techniques of choice, carstrbe taken about the sensitivity required,
since the vast majority of intact carbohydratesaaly absorb UV light below 195 nm, or can
be detected using amperometric or refractive indetectors. Therefore, to increase the
sensitivity of their detection, UV-absorbing or dhescent labels are employed in different
derivatization processes. The reaction may takeeptefore or during the analysis, being the
more common procedure pre-column derivatizationm@a et al. 2003; Molnar-Perl 2000).
The most employed approach implies the use of ateguamination. These procedures are
based on the condensation of a carbonyl group pvithary amines to produce a Schiff base
that is later on reduced to give a N-substitutegicagili amine. 2-Aminopyridine of
trisulfonates are among the reagents more commemigloyed. Besides, considering that
most carbohydrates are neutral and hydrophilic @amgs, derivatization produces not only
a sensitivity enhancement, but also polarity arettekcal charge variations that can make
easier their separation by CE or HPLC. Extensiveeres about this topic can be found in the

literature (Lamari et al. 2003; Molnar-Perl 2000z8ki et al. 2003).

3. Advanced Analysis of Carbohydratesin Food.

Spectroscopic techniques, separation techniqueshairdmultiple combinations are the main
tools used to analyze carbohydrates in foods, afthasome other approaches based on the
use of sensors or the new glycomics platforms #&e af importance in this field. The
selection of the papers cited in this section hesnbperformed based on their novelty and

relevance, trying to provide an updated overviewhtoreader on food carbohydrate analysis.

3.1. Spectroscopic techniques.
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For years, spectroscopic techniques have been getpltor qualitative and quantitative
analysis of foods and food ingredients, using nyaialtraviolet (UV), visible (Vis),
fluorescence, infrared (IR), raman, atomic absomtiatomic emission, electron spin
resonance (ESR), nuclear magnetic resonance (NKMdRjress spectrometry (MS) (Ibafiez et
al. 2003).

Nowadays, there is a clear trend to use high réealNMR and MS instruments for the
development of different foodomics approaches @ifas 2009) including metabolomics.
Metabolomics attempts to detect and identify conmoisu(metabolites) such as carbohydrates,
amino acids, vitamins, hormones, flavonoids, phesoknd glucosinolates, which are
essential for plant and animal growth, developmsetrgess adaptation and defense and for
determining the nutritional and sensorial quality foods. Therefore, NMR and MS
techniques provide impressive possibilities in foodrbohydrates analysis and many
structural studies involve the application of bdtMR and MS for identification and

characterization of food components.

3.1.1. Nuclear Magnetic Resonance (NMR).

Since the structure of the carbohydrate will deteemits function, the use of NMR is

becoming crucial for an accurate characterizatibibaih the newly designed and natural
carbohydrates. The application of NMR may providerimation related to the structure,

purity and safety of carbohydrate samples. NMR bagn extensively employed for

identification of food carbohydrates and relatesgnpounds. This analytical approach has
shown its feasibility for the analysis of simpledatomplex carbohydrates either isolated or
incorporated to food matrices (Hounsome et al. 20Q8rrently, oligosaccharides naturally

composing the food matrices and those newly dedigmme of great interest because their
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numerous applications in the food industry (swesterhealth promoting, etc.). As a
consequence of the proved influenced of nutritionhealth and the demand of food
consumers, there is an increasing interest forsémrch of natural, low cost, bioactive
compounds to be used as health promoting food dngmés, also called functional foods. FOS
are the most popular oligosaccharides worldwideydwer, there is a lack of information
related to the properties of non inulin-type frut&a Recently, the application of thé NMR
along with enzymatic hydrolysis allowed identifyétants in milling fractions of two wheat
cultivars (Haska et al. 2008). Arabinoxylan, an artgnt indigestible component in cereal
grains with beneficial health effects, was founchasain component of the dietary fibre of all
fractions Complementary characterization of the fructantschswas determination of
molecular weight, involved the use of other teche for structural analysis such as high
performance anion exchange chromatography withepaiaperometric detection (HPAEC-
PAD) and MALDI-TOF-MS (Haska et al. 2008).

Synthetic carbohydrates can also be used in timeulation of specialty foods for people with
particular health concerns. The presence of gluaogdactose, for instance, may be risky for
diabetics and lactose intolerants. As an exampd®y ROS prepared from sucrose using
fungal fructosyl transferase have been identifieihgt NMR spectroscopy and LC-MS
(Mabel et al. 2008). In this work, the detectiord ajuantification of monosaccharides and
disaccharides in the FOS preparations to be emglagenon-nutrients sweeteners was also
undertaken. In addition, the spectral data obtaibgdapplication of these two analytical
approaches proved the absence in the carbohydragarption of any toxic microbial
metabolites certificating its safety as non-nutriemveetener with potential benefits to
diabetics (Mabel et al. 2008).

NMR has been also successfully employed for strattcharacterization of trisaccharides

obtained by enzymatic transglycosylation of lacseloAuthors use either 1DH and **C
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TOCSY) and 2D (gCOSY, TOCSY, ROESY, gHSQC and gHNIBIBR techniques. The
structure of the two trisaccharides obtained byyeratic treatment of lactulose was
completely elucidated and full proton and carbosigasnent were carried out. Based on the
structural data derived of NMR analysis, authogppsed the enzymatic transgalactosylation
as a new route for prebiotic synthesis (Martinellaguenga et al. 2008).

NMR has been also employed as a tool for searoboogomically viable sources for mass
production of pinitol, a sugar alcohol that posesdsypoglycaemic effect. The study involved
the analysis of 115 natural and food materials.eBam the NMR results, authors suggested
soy whey and carob pod as economically viable ssuo€ pinitol (Kim et al. 2005).
Characterization of very complex molecules contajréarbohydrates like coffee melanoidins
has been also undertaken by application of NMR.aM@idins contribute to the colour and
flavour of coffee and are believed to have phygimal activity. The application of 2D-NMR
technique permitted to obtain novel information guping the idea that coffee melanoidins
are based condensed polyphenols. Data is in opposidb those previously published
indicating that they can be formed by low-molecuilaeight chromophores bound to
polysaccharides or proteins (Gniechwitz et al. 3008is believed that the spectrometric
approaches, and particularly NMR, are very impdrtanthe analysis of carbohydrates linked
to proteins and other physiological relevant foochponents.

Other complex carbohydrates like polysaccharide® leeen identified byH and**C NMR.

For instance, major polysaccharides of hazelndtwells, have been determined by NMR
(Dourado et al. 2003); also, polysaccharides coitipnsof unripe tomato and a medicinal
mushroom has been also recently characterized byg udifferent NMR experiments

(Chandra et al. 2009).
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Various papers related to carbohydrate metabol@tudies in vegetable and animal foods
have been also reported (Karakach et al. 2009; stoue et al. 2008). It is expected an

increase of the number of applications of NMR i@ tomplex food carbohydrates field.

3.1.2. Mass Spectrometry (MS).

MS is a powerful analytical technique used to idgrthemical compounds based on their
different mass-charge ratio (m/z). In this sectionly the application of direct mass
spectrometry analysis to food carbohydrates is riest The use of the mass detectors
coupled to different separation techniques wildiseussed in following sections.

The chemical compound has to be ionized beforeriagt¢he MS analyzer; electron impact
ionization (EIl), chemical ionization (Cl), electppay ionization (ESI), plasma desorption
ionization (PDI) and matrix laser desorption iotiza (MALDI) are the most frequently used
ionization techniques for analysis of organic compis such as food carbohydrates. High
quality reviews providing huge and detailed infotima related to the state of the art of mass
spectrometry analysis of simple, complex and catjed) carbohydrates have been published
(Zaia, 2004; Harvey, 2008).

Historically, the structural analysis of carbohydsahas been a difficult task to be undertaken
due to their multiple combinations, complex natarel low volatility; consequently, the
functional implications of the carbohydrates arerboknown. At present, mass spectrometry
Is starting to be considered crucial for a fastrabi@rization of structures and functions of

these macromolecules under the so-called fieldyaognics.

The selection of the right matrix and ionizatiomheique are critical for obtaining good
structural results by mass spectrometry (Lastowiaket al. 2009; Cmelik et al. 2004). For

instance, MALDI-TOF-MS is considered to be moress@re for the detection of larger
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oligosaccharides, while ESI-MS seems to be mor&ul® structural studies (Cmelik et al.
2004). MS techniques have been used for the asabyssolated carbohydrates important in
food chemistry. Applications of MS to the analysfsoligosaccharides in various foods were
revised by Careri et al. in 2002. More recently, MA-TOF-MS has been applied for
characterization of oligosaccharides in some vddgetaamples (Jerusalem artichoke, red
onion and glucose syrup from potatoes); once tleetspmetric conditions were optimized,
the degree of polymerization of the oligossacharitieeach food was established. Authors
found MALDI-TOF-MS more sensitive for detection abligosaccharides than the
chromatographic methods used for the same pur@ig@ ovska et al. 2004), underlying the
importance of MS for food carbohydrate charactéiora According to the tremendous
impact of MS on glycomics and food chemistry, itaspected a larger number of MS

application for analysis of food carbohydrates.

3.2. Gas Chromatography (GC).

GC has been extensively applied to carbohydratesrrdaation in foods. Considering the
high diversity of carbohydrates in terms of struetusize and functionality and their low
volatility, GC has been mainly applied to study mgrdi- and tri-saccharides composition of
foods. However, oligosaccharides with polymerizatitegree up to 7 have been successfully
determined by GC using a temperature programmirgchiag 360°C as maximum
temperature (Montilla et al. 2006). Trimethylsilgkimes and ethers are possibly the most
used derivatives nowadays for the GC analysis dfadeydrates (Rojas-Escudero et al. 2004).
Nevertheless, acylated derivatives are preferredetect closely related species, such as
aldohexoses (mannose, galactose, glucose) or slgarols (mannitol, galactitol, sorbitol)

which only differ in one or more hydroxyl groups.
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Generally, for the separation of sugars by GC, thyigolysiloxane stationary phases with a
given percentage of polar phenyl groups are employéh final programmed temperatures
reaching typically 300-320 °C. Concerning the detecmethods, flame ionization detector
(FID) is the most commonly used. More recently, tise of mass spectrometers as detectors
has increased, providing several advantages owenrbre traditional FIDs, mainly, the
possibility of attaining a higher degree of certpaiim the identification of carbohydrates
thanks to the determination of the molecular mas$ @n the reproducible fragmentation
patterns. A common approach consists of using batlC-MS method to identify the
carbohydrates and a GC-FID to carry out the quaatibn. This approach was used to
identify and quantify minor carbohydrates in casr¢Boria et al. 2009) and coffee (Ruiz-
Matute et al. 2007). In fact, thanks to the MS dieteemployed, it was possible to identify
for the first time the trimethylsilyl oximes of dty-inositol and sedoheptulose in the carrot
chemical composition, together with other two knommor carbohydrates, mannitol and
myo-inositol.

Honey is a carbohydrate rich food whose compostiepends on its floral origin. The study
of carbohydrates contained in honeys as well as taktionships have been used to assess
the particular composition of unifloral honeys aallvas their origin (de la Fuente et al. 2007).
In this sense, statistical analyses such as pahcgpmponent analysis (PCA) have
demonstrated its usefulness for correct samplegm@®&nt (Terrab et al. 2001; Cotte et al.
2004).

The use of GC-MS has been also shown to be valdahi#entify unknown carbohydrates.
The disaccharides composition of several honeys a&ermined in different analytical
columns. The use of two different columns allowéddging the elution behaviour of an

unknown disaccharide. This was then compared teratbmmercial standards. Combining
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all this information and its fragmentation in theSMthe presence of inulobiose could be
confirmed (Ruiz-Matute et al. 2007b).

The carbohydrates composition of fruits and freiated products have also been widely
studied by GC. Mono-, di- and trisaccharides framit§ have been analyzed together with
sugar alcohols, flavonoids and carboxylic acids36y using FID (Bartolozzi et al., 1997) and
MS (Fuzfai et al. 2004) detectors. Different flavais together with mono- and
disaccharides, sugar alcohols, carboxylic and anaicids could be directly identified and
quantified in several citrus juices after sampldrolysis (Fuzfai et al. 2007).

Another interesting example is the determinatiomactulose; this disaccharide is formed by
lactose isomerisation under heat treatment in comiademilk. Several studies demonstrated
its different concentration depending on the typd @tensity of heat treatment; therefore,
this compound can be considered as a marker ofthestiment processes in sterilized and
UHT commercial milks. To determine lactulose, difiet methods have been described,
among them, the GC analysis of their corresponttingethylsilyl ethers separated on a 50%
diphenyl / 50% dimethylsiloxane capillary columnsiky this protocol, it was possible to
quantify lactulose on different treated milks (UHSterilized, pasteurized, condensed and
powder milk) (Montilla et al. 2005). Authors demtnased that the amount of lactulose
quantified on UHT milks was significantly higherath those determined in pasteurized
samples, thus, demonstrating that this compounddceerve as heat treatment marker in
commercial samples (Montilla et al. 2005). In thegard, carbohydrate determination can
also be used for detecting food adulterations €Ceitial. 2003).

Maltulose, another disaccharide resulting from osdtisomerisation during heat treatments
has been also suggested as a possible markertdféeanent. In fact, the maltose/maltulose
ratio measured after GC analysis was suggested pgssible indicator to assess heat

treatment during manufacture and storage of irdadt enteral formulas (Morales et al. 2004,
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Garcia-Banos et al. 2002). Difructose anhydrides leen also employed as quality markers
in sugar-rich foods such as honey and coffee (Margt al. 2006b). These compounds are
produced by condensation of two fructose molecdlggg caramelization reactions that take
place under heating. These compounds were analyz&aC being possible to statistically
differentiate between samples treated under diffeteeating treatments (Montilla et al.
2006b)

In conclusion, although GC provides excellent rssuthe adequate application of this
technique is limited by the required sample prejp@mssteps and its application to relatively
small carbohydrates. In fact, there is a fair cleanicsample losses during all the procedure,
mainly due to derizatization reactions and/or hijydie not completely finished. Other

techniques, such as CE or HPLC have been devetoprd to overcome these limitations.

3.3. High Performance Liquid Chromatography (HPLC).

HPLC is at present the main analytical techniquedusr carbohydrates analysis. Compared
to the other analytical techniques, HPLC is abl@rmvide some additional advantages. For
instance, although less sensitive than GC, HPLf@sier, does not necessarily require sample
derivatization, allows the analysis of larger cdmmrates and it is more versatile thanks to

the different separation mechanisms and detedtatan be employed.

3.3.1 HPLC separation mechanisms.

The separation mechanism can be selected dependirthe sample to be analyzed, the
particular carbohydrates of interest and the imséntal availability. The most employed
HPLC modes for carbohydrate analysis are ion-exgharhromatography, size exclusion

chromatography and partition (normal or reverseasph chromatography.
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lon-exchange chromatography can be applied usingni&nor cationic exchange resins.
Particularly, high performance anion exchange clatography (HPAEC) has found great
success in carbohydrates analysis (Cataldi eD@0DR To carry out the separation, quaternary
ammonium resins are commonly used under highlyiaka&onditions to allow carbohydrates
ionization, although different types of commeraialumns are available nowadays. Mobile
phase has to be carefully selected since it witingjly influence not only the selectivity of the
separation but also the total analysis time. Basideno- and disaccharides, oligosaccharides
can also be analyzed by HPAEC. Different methodgehbeen developed to separate
oligosaccharides according to their polymerizatategree. For instance, oligosaccharides
from honey samples and corn syrups have been dtudieg a gradient from 1 M sodium
acetate to deionized water, maintaining 10% 1 Mwudydroxide constant during the whole
analysis (Morales et al. 2008). Using this methdifeidnt malto-oligosaccharides (from
polymerization degree 1 to 16) were adequatelyraggad, as it can be appreciated in Figure
5. Oligo- and polysaccharides can also be analymeHiPAEC after sample hydrolysis in
order to simplify the complex carbohydrates profie a more simple mono- and

disaccharides composition.

INSERT FIGURE 5 HERE.

Cationic metal ions, such as Car Ag', have been also employed to separate mono- and
oligosaccharides from different food matrices. Téention mechanism in this case relies on
the formation of weak complexes between the metas$ iand the carbohydrates hydroxyl
groups. This particular separation method, alsdedaligand exchange chromatography,

allows the complete separation of monosaccharidatemers, such as glucose, mannose or
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galactose. Besides, sugar alcohol can be alsoctlyreeparated. However, this technique has
several shortcomings: columns are not very robsishe@ metals can be eluted from the resins
when analyzing complex samples and the resolutfooligosaccharides is frequently poor
due to the very weak interaction with the metabion

Another separation mechanism widely employed fadfearbohydrates separation is size
exclusion chromatography (SEC). This techniqueldesen already mentioned in the sample
preparation section, since it is also used to ifsaate carbohydrates. Moreover, technological
developments have allowed manufacturing analytodimns that have enabled its use as a
high performance liquid chromatography-based prodSEC is based on the permeation of
substances through resins with a particular pae and structure. Polysaccharides, being
large molecules, cannot penetrate into the threedsional network inside the resins, and
consequently are eluted first. The rest of the camepts will elute according to a decreasing
molecular size. Thus, monosaccharides with smad, swill interact more with the resins and
will take longer to elute. This technique has begplied for instance to the chemical
characterization of arabinoxylans from cereals (idann et al. 2005). Arabinoxylans are
related with different organoleptic parameters dadl as well as with several technological
aspects in breadmaking. SEC was employed togethlieraMJV detector to determine the
wheat and rye arabinoxylans mass distribution duttre breadmaking process.

The last separation mechanism that has to be nmeatis partition chromatography, either
normal or reversed phase separations. The notomopiovements and developments made
in the field of column technology are incresing thenber of applications based on the use of
this HPLC mechanism. In this regard, the new statip phases composed of spherical silica
particles bonded with trifunctional amino propydsie are finding many applications in
carbohydrate analysis. This special case of nophate separations is called hydrophilic

interaction liquid chromatography (HILIC). Thesen@tionalized amino columns have shown
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to be more resistant that the first commercial aationded silica gel columns that were used
to separate mono- and disaccharides. This colunsnelded with acetonitrile/water (75:25,

v/v) for the analysis of fermentable oligo-, di-damonosaccharides and polyols, including
glucose, fructans, fructooligosaccharides, galdigosaccharides and different sugar polyols
in several vegetables and fruits (Muir et al. 200%) same mobile phase was employed with
other column type, based on secondary-tertiary espifor the analysis of oligosaccharides
from chickpeas (Xiaoli et al. 2008). More stand&@ RP-HPLC columns have been also
used although the results obtained are not, inrgénas satisfactory as with the amino

columns. Besides, in this latter case, derivatizatif the carbohydrates may be necessary.

3.3.2 HPLC detectors.

When analyzing carbohydrates by HPLC, one of thearpaters to be considered is the
detection mode since its choice will greatly infiage the sample preparation to be performed.
In fact, if a photometric detection is going to bieed (UV-Vis or fluorescence), it will be
necessary to submit the carbohydrates to a deratain step in order to enable their
detection and/or to increase sensitivity. Carboatad derivatization reactions can be divided
into two main groups; the first consist on the aduiction of chromophores reacting with
hydroxyl groups and the second involves the reaatiith amines at the carbonyl group. One
of the most utilized derivatizing reagents to confd/ absorbance is 1-phenly-3-,ethyl-5-
pyrazolone. This compound can react with carbohigdrander mild conditions without the
common requirements of an acidic catalyst, whiclvigss degradation and unwanted
iIsomerization providing a sensitive UV detection 25 nm (Zhang et al. 2003). Other
reagents that are also used are p-nitrobenzoylridelo(absorbance at 260 nm) or

phenylisocyanate (detection at 240 nm).
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Although pre-column derivatization reactions are mthost commonly employed, post-column
derivatization reactions have also been descriBedzamidine was used as derivatizing agent
to produce a fluorescent complex in the presenceediicing carbohydrates in alkaline
medium and high temperature. This reaction was emphted for the simultaneous
determination of mono- and oligosaccharides inedgdft food related materials by HPLC
(Kakita et al. 2002). The fluorescence detectiors warried out using 288 nm as excitation
wavelength and 470 nm for emission, resulting irDL&f 1.78 and 2.59 pmol for D-glucose
and maltohexaose, respectively. A similar strategg followed to detect reducing sugars as
well as phosphorylated sugars in chicken meathis d¢ase tetrazolium blue was the chosen
reagent, which conferred absorbance at 550 nmr{iAdiaal. 2002).

Considering the problematic photometric detectiod @ order to be able to avoid laborious
derivatization steps, other detection systems hawen traditionally employed in food
carbohydrate analysis. In fact, refractive indeX @etection has been widely employed; this
detector is not selective, incompatible with gradlielution, gives low sensitivity and is quite
susceptible to flow rate and temperature changék.ittas been broadly applied to different
matrices, such as powder milk (Chavez-Servin eR@06), cider (Picinelli et al. 2000) or
meat products (Vendrell-Pascuas et al. 2000), amuagy others.

Evaporative-light scattering detectors (ELSD) h&esn also utilized in order to improve
sensitivity. This detector is for non-volatile coomgnts and provides approximately the same
response for every component. Moreover, ELSD allgveslient elution since the solvent is
evaporated just before detection. This kind of ctetehas been employed together with
HPLC and a silica gel column for the direct anaysf carbohydrates in food (Wei et al.
2002). The presence of soluble sugars in onion alss confirmed by ELSD detection

coupled to size exclusion and amino columns (Da&tisal. 2007). Moreover, ELSD has
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proven to be also useful as detector in combinatibin HPAEC separations of carbohydrates
(Muir et al. 2009).

Although these two detectors have found many agiitins in food carbohydrate analysis, the
most widely employed detection method has beertreldemical detection. Namely, pulsed
amperometric detection (PAD) has been consideredddal detector for HPLC separations
of carbohydrates. PAD is suitable for those compisuhat contain functional groups that are
oxidizable at the detection voltage employed. BdkicPAD uses a gold electrode and works
better in alkaline medium, which make it perfecyitable to be coupled to HPAEC
carbohydrates separations. In the analysis of iwatered carbohydrates, compared to the
above mentioned RI and ELSD detectors, PAD providil better sensitivities that can
reach LODs below 1Qg/L (Cataldi et al. 2000). When using a PAD theeptial waveform
has to be adequately optimized for carbohydrateaectien. The most frequently used
waveform implies three steps, each of one lastiggvan time (60-300 ms): detection, that
involves the direct oxidation of the electrode audf; cleaning, using higher potential in order
to fully oxidize the electrode surface and regetm@na by means of a very low potential to
eliminate the previously gold-oxide film and leabhe electrode ready for the next detection
step. Both, potentials and times intervals, havbdaet to attain the best possible results in
each application.

In spite of the good results that have been obdainsing PAD detection in food
carbohydrates analysis, the use of MS detectorsthheg with HPLC has also seen an
important increasing. The use of HPLC-MS in carlwbhte analysis has several advantages
because it can corroborate saccharides identicaéind help in the characterization of
unknown carbohydrates reducing the necessary tomésélation and purification. HPAEC
has been successfully coupled to MS detectionHeranalysis of food carbohydrates. This

coupling is not easy, given the technological inpatibility that poses the typical alkaline
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conditions of HPAEC with volatilization and ioniza prior to MS typically using an
electrospray interface (ESI). The salts inhibit toerect formation of the electrospray due to
their low volatility. Therefore, when operatingthese conditions, a desalting device has to be
employed between the HPAEC column and the ESI-Mt&ctler. Moreover, to further
increase carbohydrates signal in the MS analyzenlation of lithium chloride in added to
the eluent in order to produce *L{or chloride) adducts. Using this approach several
carbohydrates of different nature were correctlyedied in diverse food and beverages
allowing the determination of high molecular maasbohydrates (>2000 Da) with a single
quadrupole analyzer (Bruggink et al. 2005).

HPLC can also be combined with isotope ratio masstsometry (IRMS) for the analysis of
sugars. This technique is able to measure the ameecdf-*C in different compounds. It was
found that high fructose corn syrup and honeys diguiificantly different natural abundance
of 13C. Therefore, this technique was proven to be Uisefdetect adulteration of honely with
low amounts of corn syrup (Abramson et al. 200he $ame approach was also successfully
tested in order to reveal adulterations in fruitgs by studying théC ratios of different
sugars (Guillou et al. 1999).

Other detection methods have been also applied léssaextent combined with HPLC to
determine carbohydrates. For instance, HPLC has beapled to Fourier transform infrared
spectrometry (FTIR) to detect different carbohyesain food samples. Fructose, glucose,
maltose and sucrose were determined and quantifiedeverages using this procedure
(Kuligowski et al. 2008). Inductively coupled plaaratomic emission spectrometry (ICP-
AES) has been also coupled to HPLC to be used Gslen detector. The use of organic
compounds in the mobile phases has to be avoidedetent interferences in the detection.

Under these conditions, glucose, fructose, sucresditol and lactose, together with other



30

carboxylic acids and alcohols, were detected arghtified. Results were comparable, in
terms of LODs, to those obtained with Rl and UV-Wetectors (Paredes et al. 2006).

In summary, HPLC has been widely employed to amabarbohydrates in foods combining
different mechanisms and detectors (Martinez-Mantet al. 2004; Soga 2002; Peris-
Tortajada 2000). These applications include: cordfananufacturing processes, control of
products, detection of adulterations, authentidgtermination, etc (Cataldi et al. 1999;

Megherbi et al. 2009).

3.4. Capillary Electrophoresis (CE).

CE has already demonstrated to be a useful aralyéchnique in food analysis (Herrero et
al. 2009; Garcia-Canas et al. 2008). Under the itiond typically employed in CE, charged

compounds are separated in dissolution accordinigeio effective electrophoretic mobilities

under the influence of an electric field. Regardaagbohydrates analysis by CE, the main
drawbacks to be solved are similar to those meetlofor HPLC, i.e., most of these

compounds are neutral, polar and lack of chromaghoin spite of these limitations,

carbohydrates have directly been separated withenvatization using UV detection at 195

nm (Xu et al. 1996) or indirect UV detection. Byingsindirect detection it was possible to

improve the low response of these compounds at rifi5 detecting fructose, glucose,

maltose, maltotriose, galactose, lactose and seigrosereal (after ultrasonication) and dairy
(after dilution) samples with relatively low LOD3ager et al. 2007).

Modification of the carbohydrate structure througgrivatization procedures can improve
both sensitivity and selectivity of the CE sepanatiAmong the derivatizing compounds used
in carbohydrate analysis to allow UV detection, piiethylamine (200 nm), 4-amino-benzoic

acid ethyl ester (306 nm) or 6-aminoquinolone (2¥B) can be cited as examplgs.

Nitroaniline was used to allow UV detection of diént hexoses in powdered milk and rice
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syrup, using a blue light-emmiting diode as lightice and detecting at 406 mn. The use of
this reagent was justified considering its highubdity in water and molar absorptivity. The
detection limits could be lowered down to 1uM using a boric acid buffer at pH 9.7
(Momenbeik et al. 2006). Analysis of carbohydratedeverages has also been described
usingp-aminobenzoic acid as derivatizing agent; the readtok place at 40 °C for 1 hour in
the presence of the derivatizing agent and 20%caaeid. The products of this reaction were
separated with borate buffer (pH 10.2) in less t&n minutes. Glucose, maltose and
maltotriose were identified in different beverag€Sortacero-Ramirez et al. 2004).
Fluorescence labels that allow using laser-induitedrescence detectors have been also
employed for carbohydrate analysis. 9-aminopyredgsitrisulfonic acid can be employed to
detect oligosaccharides with different polymeriaatdegrees (Khandurina et al. 2005).

All the above mentioned protocols are based oncplemn derivatization, however, other
alternative approach as on-capillary reaction dse available in CE (Taga et al. 2001).
Neutral mono- and disaccharides can form enediaatens thanks to a cascade reaction
comprising ionization, mutarotation, enolizationdamsomerisation in aqueous alkaline
solution (Rovio et al. 2007). Using this approaeleyen different neutral carbohydrates were
detected at 270 nm, after reaction in an alkalieetelyte composed of 130 mM sodium
hydroxide and 36 mM disodium hydrogen phosphatedtgd Detection limits as low as 0.02
mM could be obtained. The methodology was succkgsdpplied to the determination of
target carbohydrates in fruit juices and cognath wnly a dilution step as sample preparation
(Rovio et al. 2007).

The interest of on-column reaction derives from skarch of more straightforward methods
that do not imply extensive and labour intensivengla preparation procedures. An on-
capillary clean-up has been also proposed for ¢tedrate analysis from juices. This

procedure was based on the partial filling of thgikary with carboxylated single-walled



32

carbon nanotubes that are able to efficiently netaierferences from the matrix allowing a
more precise identification and quantification loé tompounds of (Morales-Cid et al. 2007).
At it has been already mentioned, the derivatizggnts may not only improve the detection
of carbohydrates but can also effectively influenibe separation itself. In this sense, a
different kind of derivatization procedure has bedso developed including the reductive
amination of aldoses with phenylethylamine; givinge to carbohydrates labelled with a
chiral UV tag. Then, the separation of these caybdtes took place according to the
formation of charged complexes between the sugadrotyl groups and the
tetrahydroxyborate contained in the separationtrelgte (Noe et al. 1999). Using this
method, the presence of different enantiomeric sdddn several juices and wines could be
confirmed.

Although difficult to implement, CE coupled to M@&sibeen used to analyze carbohydrates in
red and white wines (Klampfl et al. 2001). In tluiase, volatile organic bases, such as
diethylamine, were combined with ESI negative iatitn mode. These conditions allowed
the detection of deprotonated carbohydrates. 1ferdiit carbohydrates could be separated
and quantified, obtaining LODs ranging 0.5-3.0 mdResults were in agreement with those
previously published using other analytical techies} Other detection methods that have
been used together with CE to detect underivaticatbohydrates are electrochemical
detectors or even Fourier transform infrared (FTdie)ection. In the latter case, an original
approach was followed to couple these two techsidé®lhed et al. 2005). The separation
took place in high alkaline conditions in ordehtave the carbohydrates deprotonized, and a
FTIR spectrometer was adapted as detector on-ltvader these conditions sucrose,
galactose, glucose and fructose were detected aatified in orange juices. Besides, their

spectra could be recorded and the compounds aogbyddentified. The LODs obtained
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ranged between 0.7 and 1.9 mM for the studied tedrates, more sensitive than those from
a more common UV detector (Kolhed et al. 2005).

There is a clear trnd in CE towards the developneeér€E analysis in microchips. In this
case, the separation is performed in a miniaturidedce that allows the separation in a
narrow channel typically manufactured on a glass/(dimethylsiloxane) or polymeric plate.
The separations on these chips have several adesntauch as low reagents and sample
consumption and high speed of analysis, i.e., highghput. A silicone/quartz chip was
employed combined with an amperometric detect@ntalyze carbohydrates in acacia honey
samples, with LOD as low as 90 amol (Zhai et aQ7)0A typical electropherogram obtained
using this device under optimized conditions cambserved in Figure 6. An increase of the
number of applications of chips for the detectidrncarbohydrates in food analysis can be

expected in a near future.

INSERT HERE FIGURE 6.

3.5. Multidimensional techniques, glycomics andeosh

In this section, multidimensional techniques alomgth hyphenated techniques for
carbohydrates analysis together with new approafireglycomics are presented. Sample
complexity has lead to the development of new naghavolving, in some cases, on-line
sample preparation through microdialisis coupled HPAEC and integrated pulsed
electrochemical detection-mass spectrometry (IPER)-M solve in a fast and automatic way
the complete analysis of carbohydrates. HPAEC-IRED-was used to determine
oligosaccharides during the on-line monitoring dfeat starch hydrolysis (Torto et al. 1998).

One of the key steps was the selection of a dagatievice based in a single cation-exchange
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membrane able to exchange sodium ions by hydrommsy allowing an easy coupling to a
MS detector. Several food applications have alrdsen described using the same approach
(Okatch et al. 2003; Torto et al. 2000).

Although in a less extent, multidimensional tecluas have also been developed for
carbohydrates analysis. Comprehensive two-dimeabigas chromatography with time-of-
flight mass spectrometry (GCxGC-TOFMS) has beerd useanalyze metabolites in plant
samples such as basil, peppermint and sweet hexblastResults showed that relative
abundances of amino acids, carboxylic acids, antbobydrates were responsible for
differentiating the three plants (Pierce et al. @0®&s for HPLC, the use of an hyphenated
RP-HPLC/HILIC approach has been proposed to analifierent model samples, including
sugars. Even if the application is not focused anvahydrates separation in food samples, the
set-up might be suitable for other complex samflesiw et al. 2008). In this contribution,
authors described a simple approach to couple HtalIRP-HPLC through the use of a 2 mm
[.D. column in the first dimension and a 4.6 mm.liDthe second dimension combined with
the addition of an excess of mobile phase contgihigh acetonitrile content (i.e80%) to
the mobile phase eluting from the RP-HPLC columa ai T-piece. Combination of both
mechanisms allowed the elution of compounds widdiffjerent in their structure and
properties.

Glycomics, that is, the systematic study of glycasmsapidly gaining attention. Until recently,
the complexity of glycan structures was a barmeumnderstanding the relationship between
glycan structure and function. The developmentes mnalytical tools based on the use of
micro- and nanochips coupled to biosensors and/@s spectrometry along with HPLC
mapping methods have increased the knowledge omotbeplayed by glycans in different
biological functions and on their mechanisms ofceictTakahashi et al. started developing a

3-D sugar mapping technique using 3 different HRidlumns (diethylaminoethyl, DEAE;
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octadecylsilica, ODS; and amide) to separate pifidgminated derivatives of
oligosaccharides (Takahashi et al. 1995; Tomiyaletl988). Data in three dimensions,
corresponding to the elution in the three HPLC oula was used to map the position of
several N-glycans and thus to identify their stnoet Data on more than 500 different
glycans, mainly those derived from glycoproteins, available in the web application
GALAXY (Takahashi et al 2003), including MS data.ed®ntly, data on anionic
oligosaccharides (Yagi et al. 2009) and on sulgh&teglycans (Yagi et al. 2005) has also
been reported, widening the applicability of thehteque.

Microarray technologies have emerged as an imporaalytical tool in glycobiology,
complementing other techniques such as mass speiro (Haslam et al. 2006). One
approach is the use of lectin-based microarragsine are carbohydrate binding proteins that
can help to efficiently profile glycan variations & wide range of biological systems (Sharon
2008; Gemeiner et al. 2009; Zhao et al. 2007). Miofermation on mycroarray-based
analysis of glycans can be found in this reviewgngisu et al. 2009). Other approaches
have been used, for instance, to analyze the dedrglgcosylation of proteins using a chip-
based method based on the energy transfer betwaantum dots (QDs) and gold
nanoparticles (AuNPs). Basic principle relies ondoiation in the energy transfer efficiency
between the lectin-modified QDs and carbohydratgugated AuUNPs by glycoproteins. The
chip-based format enables more reliable analysés na aggregation of the nanoparticles,
requiring smaller amount of reagents. Moreover, géhergy transfer mechanism allows the
development of a simple and highly sensitive metfawdthe detection of glycoproteins, in
contrast with the chip-based systems employinghgleifluorophore (Kim et al. 2009a). In
terms of improving detection of glycated proteiasystem based on the use of a protein chip

together with a plasmon resonance imaging (SPRdsdnsor has been developed to
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determine the presence of advanced glycation eratupts, implicated in diabetic
complications, in serum samples from diabetic (s et al. 2009b).

Finally, micro and nanochips have been used, cduf@emass spectrometry, as a tool for
structural analysis of carbohydrates in biolog&ahnples. Advantages of the chip-based MS
over the conventional MS include high sensitivily minute samples, prevention of sample
loss and extensive sample handling, increasedataiz efficiency, high reproducibility, high
quality spectra, superior stability of the elecn@y over extended analysis time and
possibility of high-throughput MS screening andwsateing (Zamfir et al. 2005; Lion et al.
2006). Recently, the integration of various anabftisteps onto chips and the direct
hyphenation to mass spectrometry has given rigertew tool for glycan studies: the lab-on-
a-chip MS glycomics. The use of chip devices forssnapectrometric studies of glycans
follows basically two different trends: the diréstusion of the sample mixture for ionization
through the chip-emitters, and the use of integrathips able to deliver in a single device
various sample treatment procedures, chromatogramhi electrophoretic separation,
purification, enzymatic reactions, derivatizatiamdasample ionization (Bindila et al. 2009).
One interesting application is the analysis of hanmalk oligosaccharides mixture by chip-
LC in direct conjunction to orthogonal TOF masslgrexr (Ninonuevo et al. 2006). In Figure
7, typical spectra of oligosaccharides used fontifieation are shown. The chromatographic
separation was conducted on a HPLC-chip consistih@n integrated sample loading
structure, an LC column packed with graphitizedboar media and nanoelectrospray tip
(Ninonuevo et al. 2005). A total of 150 distinctutral and acidic species expressing a high
structural variety were found, including novel gyc structures. The potential of the
HPLCchip/MS approach was further explored for dédfaial profiling of human milk
oligosaccharides (HMO) in five different randomlglected individuals to study person-to-

person variability of the oligosaccharide expressio
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INSERT HERE FIGURE 7.

These technologies (microarrays, chips, and theiplings with biosensors and MS) are
expected to find interesting applications in the@d&cience and Technology domain, more
probably within the glycomics area, although sortteeninteresting applications within the

foodomics field can not be discarded.
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FIGURE CAPTIONS.

Figure 1. Example of monosaccharide and disaccharide stegtu

Figure 2. Example of the chemical structure of two sugaypisl

Figure 3. Example of the chemical structure of two fructooigccharides.

Figure 4. Typical polysaccharide basic structure.

Figure 5. HPAEC-PAD chromatographic profiles of oligosacctarifraction of a honey
sample H1 and H1 adulterated with 20% of (a) comu (CS); (b) 20 high fructose corn
syrup (HFCS) and (c) 40HFCS. Reprinted with pesiois from Morales et al. 2008.

Figure 6. Separation of carbohydrates (1§81 each) under optimized conditions in a
miniaturized device with amperometeric detectiore, Trehalose; Suc, sucrose; Lac, lactose;
Gal, galactose; Glu, glucose; Man, mannose; Fugtdse; Xyl, xylose. Reprinted with
permission from Zhai et al. 2007.

Figure 7. IRMPD (Infrared multiphoton dissociation) speatrwof m/z 1244 from a HPLC
fraction in positive mode [M + N&]and (B) MALDI-FTMS spectrum of m/z 1244 in
digestion mixture with recombinarfi(1-3)-galactosidase. The loss of341-3)-galactose
during digestion is consistent with the structufe 30FLNH (fucosyllacto-N-hexaose).

Reprinted with permission from Ninonuevo et al. 200



