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          2.1   Introduction 

 The use of proteomics approaches is a powerful tool in food science in terms of process 
optimization and monitoring, quality, traceability, safety, and nutritional assessment 
(Pedreschi et al.  2010  ) . Proteins, together with peptides, are one of the major groups 
of food components, and they are found in many different organisms of both vegetal 
and animal origin. Peptides are also obtained during technological processes such as 
fermentation and storage of foods. Moreover, many experiments involve enzymatic 
hydrolysis of proteins from food resources such as milk, meat,  fi sh, eggs, or plants to 
produce a variety of peptides (Minkiewicz et al.  2008  ) . 

 The study of the food proteome at any speci fi c time is extremely complex and 
diverse. The major limitations of proteome analysis are, in general, associated with 
the heterogeneity of proteins and peptides in terms of physicochemical properties 
and the vast differences in abundance. A typical proteomics work fl ow consists of 
(1) protein extraction, (2) protein or peptide separation and quanti fi cation, (3) pro-
tein identi fi cation, and (4) data analysis and interpretation (Carpentier et al.  2008  ) . 
Sample preparation has a profound effect on the  fi nal outcome of protein and pep-
tide separation and their subsequent analysis. These procedures need to be compat-
ible with posterior analysis by two-dimensional electrophoresis (2DE) and/or liquid 
chromatography tandem mass spectrometry (LC-MS/MS). Therefore, sample 
 preparation should include the steps needed to isolate and fractionate proteins and 
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 peptides ensuring an unbiased reliable map that gives an accurate representation of 
all proteins and peptides initially present in a particular food. 

 A wide variety of extraction and fractionation tools for proteins and peptides are 
available based on their physicochemical and structural characteristics such as solu-
bility, hydrophobicity, molecular weight, isoelectric point (pI), and so on. Figure  2.1  
shows an integrated view of extraction and fractionation techniques for proteins and 
peptides used in food proteomics studies. Generally, different technologies focused 
on cell disruption, solubilization/precipitation, and enrichment systems are needed to 
obtain the protein fraction of interest. Removal of interfering compounds (mainly 
lipids, nucleic acids, phenolic compounds, carbohydrates, proteolytic and oxidative 
enzymes, and pigments) is crucial. These procedures need to be optimized to mini-
mize proteins´ modi fi cations and proteolysis, as well as to be compatible with subse-
quent analysis.  

 This chapter describes the state-of-the-art of extraction and fractionation tech-
niques for food proteins and peptides as a  fi rst step prior to proteome studies. The 
 fi rst part is dedicated to classical and novel extraction and fractionation techniques 
for food proteins, followed by a brief description on protein enzymatic digestion. 
The second part provides information about several extraction/fractionation tech-
niques mainly used for food peptides.  

Foods

Lipids
Carbohydrates
Nucleic acids

Phenolic
Proteins
Peptides
Minerals
Vitamins

Extraction/Fractionation Techniques

Proteins

Peptides

Hydrolysis

Protein enrichment methods

Mechanical homogenization Ultrasonic homogenization

Pressure homogenization

Temperature treatmentsOsmotic and detergent

Solubilization/Precipitation

Organic solvents

Aqueous solutions

Premiminary Sample Cleanup and
Fractionation

Methods of cell disruption

Low Pressure Liquid Chromatography

Ultrafiltration Solid-Phase Extraction

Precipitation Centrifugation

Elecrophoretic
methods

Chromatographic
methods

Enzymes Subcritical
water

  Fig. 2.1    Scheme illustrating integrated extraction and fractionation techniques for proteins and 
peptides employed on proteomics in foods       
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    2.2   Food Protein Extraction and Fractionation 

    2.2.1   Cell Disruption Methods 

 The preparation of any biological material as a sample for proteomic analysis 
requires homogenization. Plants are generally more problematic for protein extrac-
tion because tissues are rich in proteases and other interfering compounds (Wang 
et al.  2008a  ) . Proteins are usually contained in protein bodies inside cell walls so 
cell disruption is required before they can be totally solubilized and extracted. The 
general procedure for sample preparation in this case strongly depends on the plant 
type, its fragment (leaf, fruit, seed, etc.), or even the stage of plant development. 
Generally, disruption of the cell wall and protein release is crucial for analytical 
success. Various chemical and physical techniques can be used to destroy the cell 
wall. These techniques can be grouped into  fi ve major categories: mechanical 
homogenization, ultrasound homogenization, pressure homogenization, tempera-
ture treatments, and osmotic and chemical lysis. A summary of these methods with 
their applications in different food matrices is shown in Table  2.1 .  

    2.2.1.1   Mechanical Homogenization 

 Mechanical homogenization can be realized by at least two types of devices: so-
called rotor–stator homogenizers and open blade mills. Rotor–stator homogenizers 
are one of the best homogenizing tools applied in laboratories. To homogenize dry 
samples using mechanical processing, open blade homogenizers, also called blend-
ers, are used (Bodzon-Kulakowska et al.  2007  ) . In the case of plant tissues, where 
cells are covered with strong cell walls, mechanical homogenization seems to be 
one of the best methods for disruption (Van Het Hof et al.  2000  ) . Anderson and 
Guraya  (  2001  )  evaluated the use of colloid milling and homogenization to effect 
bran breakdown and extract rice protein. They demonstrated that the shearing 
actions of colloid milling and homogenization did not result in any signi fi cant dena-
turation of the proteins. Sometimes, a combination of mechanical homogenization 
with buffers is used. Examples of this are found in rice (Fukuda et al.  2003  )  and in 
olive tree seeds (Alche et al.  2006  ) . 

 Wet-milling is a physicochemical separation of the components of grain, namely 
germ, bran,  fi ber, starch, and protein. Chemicals and enzymes can be added to the 
steeping water to facilitate the separation of grain components and increase starch 
recovery. Sulfur dioxide, sodium metabisul fi te, sodium bisul fi te, or sodium hydro-
gen sul fi te, with variable effective concentrations, are typically added to solubilize 
the protein matrix enveloping the starch granules in the endosperm (De Mesa-Stonestreet 
et al.  2010  ) .  
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    2.2.1.2   Ultrasonic Homogenization 

 In recent years, some researchers have used the ultrasonic method for protein pellet 
homogenization. The energy is produced by an acoustic transducer coupled with the 
pellet in the microtube, which is carried out manually in small batches. Toorchi 
et al.  (  2008  )  have attempted to use a high-performance, single-tube sample prepara-
tion device (Covaris) for the noncontact disruption and uniform preparation of three 
different plant tissues from soybean (root, hypocotyl, and leaf) and rice (root, leaf 
sheath, and leaf). 

 Many researchers have investigated the advantages of ultrasonic-assisted extraction 
compared with the conventional method. Chittapalo and Noomhorm  (  2009  )  reported 
that protein yield increased using ultrasound and that this process can enhance existing 
extraction processes and enable new commercial extraction opportunities.  

    2.2.1.3   Pressure Homogenization 

 The use of high-pressure homogenization (HPH) for the extraction of food proteins 
has been investigated. Higher pressures (40 and 80 MPa) produced approximately 
double protein extraction compared to atmospheric pressure. Dong et al.  (  2011  )  
have suggested that HPH treatment could increase the susceptibility of peanut pro-
teins to proteolytic enzymes such as alcalase. The increase may be related to the 
denaturation, unfolding, or dissociation of the proteins into monomers, allowing the 
accessibility of enzyme to the binding sites. HPH revealed no alteration of protein 
solubility when compared with the raw protein with pH adjusted in rapeseed protein 
concentrates (Barbin et al.  2011  ) .  

    2.2.1.4   Temperature Treatments 

 Temperature treatments include the use of freeze–thaw and heat treatments. Freeze–
thawing uses the effect of ice crystal formation in the tissue during the freezing 
process. Lysis of the cells or tissues is usually achieved by  fl ash-freezing the cells in 
liquid nitrogen and homogenizing in a mortar with a pestle. Examples of this pro-
cess are found in the analysis of leaves (Wang et al.  2003  ) , fruits (Song et al.  2006  ) , 
and seeds (Liang et al.  2006 ; Méchin et al.  2007  ) . Vincent et al.  (  2006  )  developed a 
very ef fi cient cell disruption method for grape berry clusters, which were pulverized 
frozen with dry ice using a stainless steel blender. 

 The use of heat is common in protein processing. Heating protein solutions usually 
improves their solubility, emulsifying, and foaming properties, but it makes protein 
extraction more dif fi cult as reported in rice bran (Tang et al.  2002 ; Khan et al.  2011  ) . 
Another approach is the application of heat during the wet-milling process. Steeping 
experiments have been done on temperature and holding time on sorghum grain 
(De Mesa-Stonestreet et al.  2010  ) .  



26 D. Martínez-Maqueda et al.

    2.2.1.5   Osmotic and Chemical Lysis 

 Cell permeabilization or cell lysis can be performed by osmotic shock or chemi-
cal treatment. The use of osmotic shock implies cell suspension in a gently 
shaken hypertonic solution. Chemical treatment can include antibiotics, chelat-
ing agents, detergents, and solvents capable of disintegrating the cells. This pro-
cedure relies on the selective interaction of the chosen chemicals with 
components of the membrane and allows proteins to seep through the cell wall. 
The application of two or more procedures combined with the cell-wall disrup-
tion is also reported (Klimek-Ochab et al.  2011  ) . These procedures are used in 
cell cultures of bacteria, yeast, or fungi. Doolan and Wilkinson  (  2009  )  have 
compared the effects of various chemicals on cell permeability in  Lactococcus 
lactis  strains with the aim of selectively releasing important intracellular ripen-
ing enzymes. Their  fi ndings permit a better understanding of methods affecting 
cell permeability and can allow development of food-grade technologies for 
protein released from cells.   

    2.2.2   Protein Solubilization/Precipitation 

 Protein solubilization is considered one of the key steps in proteomic sample prepa-
ration procedures. It is generally employed to separate proteins in the sample selec-
tively from different substances that may interfere in the proteomic assay (Berkelman 
and Stenstedt  1998  ) . The solubilization/precipitation process strongly affects the 
quality of the  fi nal results and thus determines the success of the entire experiment. 
Taking into account the immense variety of proteins and the huge number of inter-
fering contaminants present in food-derived extracts, simultaneous solubilization of 
all proteins remains a great challenge. 

 Each food sample requires a speci fi c protocol that needs to be optimized to 
minimize proteolysis and modi fi cation of proteins (Bodzon-Kulakowska et al. 
 2007  ) . For animal tissues, which have higher protein yields, various protein solubi-
lization buffers, including the use of chaotrophic agents, detergents, reducing 
agents, buffers, and ampholites are used (Pedreschi et al.  2010  ) . The proper use of 
these additives avoids protein modi fi cations, aggregation, or precipitation that may 
result in the occurrence of artifacts and the subsequent lowering of protein yield 
(Gorg et al.  2004  ) . 

    2.2.2.1   Organic Solvents 

 The main organic solvents and additives used to extract proteins from food sources are 
shown in Table  2.2 . Many studies performed in the last few years aimed to compare 
different protein solubilization methods suitable for proteomic analysis 
(Jiang et al.  2004 ; Natarajan et al.  2005 ; He and Wang  2008  ) . The most common 
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method used for the extraction of plant proteins is tricholoracetic acid (TCA)/acetone 
precipitation as proposed by Damerval et al.  (  1986  ) . This method has been used to 
extract proteins from different tissues of cereals, legumes, and fruits. The extreme pH 

   Table 2.2    Examples of organic solvents and additives used to extract proteins from food sources   

 Solvent (s)  Food  Tissue  Reference 

 Acetic acid/urea/cetyltrim-
ethylammonium bromide 

 Rice  Bran  Hamada  1997  

 Aqueous ethanol  Distiller’s grain  Grain  Cookman and Glatz 
 2009  

 Aqueous isopropanol  Soybean  Seed  Natarajan et al.  2009  
 Rapeseed  Seed  Barbin et al.  2011  

 Ethanol   Saccharina japonica   –  Kim et al.  2011  
 Glacial acetic acid  Sorghum  –  de Mesa-Stonestreet 

et al.  2010  
 Phenol  Tomato  Pollen grain  Sheoran et al.  2009  

 Potato  Tuber  Delaplace et al.  2006  
  Aloe vera   Leaf  He and Wang  2008  
 Soybean  Seed  Natarajan et al.  2005  

 Phenol/ammonium acetate  Barley  Root  Hurkman and Tanaka 
 1986  

 Avocado/tomato/
orange/banana 

 Fruit  Saravanan and Rose 
 2004  

 Banana  Leaf  Carpentier et al.  2007  
 Grape  Fruit  Vincent et al.  2006  
 Pear  Fruit  Pedreschi et al.  2007  
 Apple/strawberry  Fruit  Zheng et al.  2007  

 Phenol/methanol-ammonium 
acetate 

 Coniferous  Seed  Zhen and Shi  2011  
 Banana/apple/potato  Tissues  Carpentier et al.  2005  

 Sodium dodecyl sulphate/
acetone 

 Coniferous  Seed  Zhen and Shi  2011  
 Potato  Tuber  Delaplace et al.  2006  

 Sodium dodecyl sulphate/
TCA/acetone 

 Apple/banana  Tissue  Song et al.  2006  

 TCA  Bean  Anther  Wu and Wang  1984  
 TCA/acetone  Citrus  Leaf  Maserti et al.  2007  

 Soybean  Seed  Natarajan et al.  2006  
 Soybean  Leaf  Xu et al.  2006  
 Coniferous  Seed  Zhen and Shi  2011  
 Tomato  Pollen grain  Sheoran et al.  2009  
  Aloe vera   Leaf  He and Wang  2008  
 Apple/banana  Tissues  Song et al.  2006  

 TCA/acetone/phenol  Olive  Leaf  Wang et al.  2003  
 Bamboo/grape/lemon  Leaf  Wang et al.  2006  
 Apple/orange/tomato  Fruit  Wang et al.  2006  

 Thiourea/urea  Soybean  Seed  Natarajan et al.  2005  
 Apple/banana  Tissues  Song et al.  2006  

 Tris–HCl buffer  Tomato  Pollen grain  Sheoran et al.  2009  
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and negative charge of TCA and the addition of acetone realizes an immediate dena-
turation of the protein, along with precipitation, thereby instantly arresting the activity 
of proteolytic and other modifying enzymes. However, a disadvantage of TCA-
precipitated proteins is that they are dif fi cult to redissolve (Nandakumar et al.  2003  ) . 
Sample solubility can be improved by using an appropriate mixture of chaotropic 
agents (urea or thiourea), and new ef fi cient detergents (such as sodium dodecyl sul-
phate, SDS). In the last decade, the phenol extraction procedure has been widely used 
because of its high clean-up capacity. In contrast to its strong solvent action on pro-
teins, phenol has little predisposition to dissolve polysaccharides and nucleic acids. 
However, phenol shows the disadvantages of being more time consuming than other 
sample precipitation procedures and of being toxic.  

 The alcoholic extraction process after dehulling and conventional deoiling has a 
high ef fi ciency of protein recovery. Aqueous alcohols (ethanol, isopropyl alcohol, 
butanol) are widely used on a commercial scale to remove phenolics, oligosaccha-
rides, or inhibitors from defatted meals and seeds (Moure et al.  2006  ) . However, as 
a result of the extraction with these alcoholic solvents, protein structures can be 
coagulated and therefore show reduced functional properties. To avoid these prob-
lems and to obtain protein concentrates or isolates with good functionality and suit-
able as food ingredients, mechanical and thermal treatments are applied (Moure 
et al.  2006 ; Barbin et al.  2011  ) . Recently, extractions with different organic sol-
vents, such as n-hexane, 2-methyl pentane, diethyl ether, acetone, 2-propanol, and 
ethanol were compared regarding effectiveness, suitability, and protein solubility of 
the full-fat and defatted lupin (Bader et al.  2011  ) .  

    2.2.2.2   Aqueous Solutions 

 In recent years, because of the growing environmental concerns over the use of 
organic solvents to extract oil/protein from oil-bearing food materials, aqueous 
extraction is gaining attention. Water is also operationally advantageous over alco-
hols because it is non fl ammable and neither explosive nor toxic. Commercially, the 
production of protein concentrates (48–70% protein) or isolates (85–90% protein) 
consists of an aqueous solubilization of protein and carbohydrates at acid, neutral, 
or alkaline pH and the selective recovery of the solubilized protein, separation, and, 
optionally, washing and neutralization before drying. The protein extraction yield 
and properties are in fl uenced by the type of extraction process and by different fac-
tors such as pH, salts concentration, the ionic strength of the medium, net charge, 
and electrostatic repulsions (Tan et al.  2011  ) . 

 A number of acid and alkaline protein extraction protocols have been published 
from various plant and animal tissues. In the last decade, different studies have 
focused on evaluating the effect of extraction methods on the functional and rheo-
logical properties of proteins recovered from by-products of the meat and  fi sh indus-
try (Liang and Hultin  2003 ; Chaijan et al.  2006 ; Hrynets et al.  2010,   2011 ; Moayedi 
et al.  2010 ; Omana et al.  2010  ) . In the case of plant proteins, the ideal extraction 
method is particularly challenging due to the metabolic and structural characteristics 
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of plant tissues, including the cell wall matrix. The majority of alkaline extraction 
protocols are based on the so-called Osborne method (Osborne  1924  ) , but each 
method is optimized according to the aim of the study and the type of vegetal pro-
tein source. Recent studies report the use of mainly sodium and calcium salts to 
extract proteins from different vegetal foods (Ghaly and Alkoaik  2010 ; Horax et al. 
 2010 ; Lestari et al.  2010 ; Karaca et al.  2011 ; Nadal et al.  2011  ) . These extraction 
methods are simple because the agents required are easily available. However, as a 
result of the degradation at high pH conditions, the protein yield is generally low. 
Also, the protein quality can be altered by alkaline processing due to undesirable 
reactions involving racemization of amino acids, formation of toxic compounds 
such as lysinoalanine, reduction of digestibility, loss of essential amino acids, and 
decrease in nutritive value. Furthermore, the remaining alkali needs to be washed 
thoroughly from the  fi nal product, leading to generation of a large amount of waste-
water (Sereewatthanawut et al.  2008  ) . To optimize protein precipitation recovery 
different strategies have been developed. Use of additives, such as TCA or car-
boxymethylcellulose is generally accepted (Massoura et al.  1998  ) . Extraction and 
further formation of protein micelles have also been proposed (Krause et al.  2002 ; 
Murray  2003 ; Ser et al.  2008 ; Green et al.  2010  ) . This method has been demon-
strated to reduce the concentration of problematic antinutritional or toxic factors, 
including the glucosinolates and their degradation products during canola protein 
extraction (Tan et al.  2011  ) .  

    2.2.2.3   Aqueous Enzymatic Extraction 

 An alternative approach combining aqueous and enzymatic extraction is attracting 
attention. Studies using this extraction process are shown in Table  2.3 . Enzymes can 
aid in the extraction of proteins in several ways. Carbohydrases, which can attack 
the cell wall components, may increase protein yield by liberating more protein 
from the matrix source (Ansharullah et al.  1997 ; Wang et al.  1999 ; Tang et al.  2002  ) . 
A combination of cell wall-hydrolyzing enzymes (i.e., Viscozyme L) has been used 
to cleave linkages within the polysaccharide matrix effectively and hence, liberate 
more intracellular protein from oat bran (Guan and Yao  2008  ) . In the last few years, 
different proteases, alone or in combination, have been used to partially hydrolyze 
proteins to peptides, increasing their solubility and making them more easily extract-
able. Recently, De Moura and co-workers  (  2011  )  developed a two-stage countercur-
rent aqueous enzymatic extraction process for soybean, signi fi cantly reducing the 
amount of water used. They achieved slightly higher oil and protein extraction 
yields than those from standard single-stage aqueous enzymatic extraction.  

 Aqueous enzymatic protein extraction has been de fi ned as an environmentally 
friendly, safe, and cheap alternative to extract oil and protein simultaneously (Latif 
and Anwar  2009  ) . Moreover, this process avoids serious damage to the proteins 
produced by the re fi ning steps, improving their nutritional and functional properties 
(Domínguez et al.  1994 ; Moure et al.  2000  ) . However, and although the enzymatic 
extraction process produces no toxic chemicals, it shows some disadvantages, such 
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as the long time required and the high cost of enzymes that makes this strategy 
uneconomical. The use of immobilized enzyme in protein extraction may reduce the 
overall cost by allowing the reuse of enzymes.  

    2.2.2.4   Subcritical Water 

 Recent studies demonstrate the use of water at subcritical conditions as an environ-
mentally friendly reaction medium to extract proteins from different food sources. 
Subcritical water is water that maintains its liquid state in the temperature range of 
100–374°C under pressurized conditions. Its unique properties, such as a lower 
relative dielectric constant and a higher ion product than ambient water, make sub-
critical water a promising extraction solvent for various compounds, including pro-
teins (Hata et al.  2008  ) . Ho et al.  (  2007  )  used pressurized low-polarity water to 
extract proteins from defatted  fl axseed meal. A number of studies have demon-
strated the ability of water at subcritical conditions to extract proteins from rice bran 
and soybean meal with high protein yields and good functional properties 
(Watchararuji et al.  2008 ; Fabian and Ju  2011  ) .   

    2.2.3   Protein Enrichments Methods 

 Once the protein fraction has been isolated from the rest of the constituents and the 
interference substances have been eliminated, there are still some other steps that 
are needed prior to the analysis of the sample by mass spectrometry (MS). Despite 
the last technological developments, no single analytical method exists covering the 
protein concentration range present in a speci fi c sample. Sometimes the total pro-
tein content is very low or the objective is the determination of minor proteins with 
post-translational modi fi cations (e.g., phosphorylation). 

 In many cases the methods described in this part are comparable (if not the same) 
to those previously seen in this chapter during protein extraction. However, this sec-
tion is focused more on those steps to be applied once the protein fraction has been 
separated from other interfering components. As a matter of fact, the purpose of 
fractionation and enrichment methods is to obtain distinguishable fractions and 
increase the concentration of the proteins of interest. 

    2.2.3.1   Centrifugation 

 The use of centrifugation is one of the simplest methods used for isolation and 
enrichment/fractionation of proteins. Centrifugation can be used for different pur-
poses. It can be a  fi rst step to separate different cell substructures where our proteins 
of interest are locally concentrated, for instance, mitochondria, membrane, or 
nucleus. This process involves multiple centrifugation steps and, as a result, the 
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 cellular homogenate is separated into different layers based on the molecular weight, 
size, and shape of each component. Afterwards, solubilization steps, as explained 
above, and enrichment and fractionation steps should be carried out to isolate the 
protein fraction from the selected layer prior to MS analysis. 

 Apart from its use separating crude mixtures of cell components, centrifugation 
is also commonly used to fractionate a protein mixture into different fractions. 
The separation takes place based on the coef fi cient of sedimentation of the pro-
teins. This coef fi cient is usually expressed in  Svedberg units  (S), and the smaller 
the S value, the slower a molecule moves in a centrifugal  fi eld. Separation will 
depend on the mass, the shape, and the protein density. Numerous examples are 
found in the literature using the differential coef fi cient of sedimentation of the 
proteins to carry out fractionation (Sharma et al.  2010 ; Jiang et al.  2011  ) . 
The ef fi ciency of this fractionation step can be enhanced using gradient centrifu-
gation, where the centrifuge tube is  fi lled with a solution of sucrose, forming a 
density gradient.  

    2.2.3.2   Precipitation 

 It is recognized that among the different precipitants the most widespread is ammo-
nium sulphate (Bodzon-Kulakowska et al.  2007  ) . The addition of high amounts of 
this salt or other such as sodium chloride into a protein solution provokes an increase 
of protein interactions followed by protein aggregation and  fi nally precipitation. 
This is known as a salting-out process and, as the salt concentration needed for 
protein precipitation varies from one protein to another, it allows selective protein 
separation. An alternative salting-out method using decreasing solutions of salt can 
also be used to enrich previously precipitated protein fractions. This salting-out 
approach has been used to separate the main storage soybean proteins, glycinin and 
 b -conglycinin (Deak et al.  2006  ) . 

 Another type of protein enrichment is immunoprecipitation, based upon the 
binding of the antigen to its speci fi c antibody to form the antigen–antibody com-
plex. In general it offers high recoveries of the proteins and it is widely used for food 
allergens (Pastorello and Trambaioli  2001  ) .  

    2.2.3.3   Electrophoretic Methods 

 Electrophoresis separates mixtures of proteins based on charge, charge/mass 
ratio, size, or shape. This technique is mainly used as an analytical and 
 preparative tool, especially one-dimensional separation, often employed as a 
pre-fractionating technique (Guttman et al.  2004 ; Jorgenson and Evans  2004  ) . 
Often, laboratories dedicate one-dimensional gel electrophoresis (1DE) to 
evaluate the outcome of protein puri fi cation preceding the analysis by (2DE) 
(Chen et al.  2007  ) . 
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 Electrophoretic pre-fractionation methods include electrokinetic methodologies 
performed in free solution, essentially all relying on isoelectric focusing (IEF) 
steps. Puri fi cation using IEF is especially advantageous when protein activity must 
be maintained. Bioactivity is maintained because the proteins remain in solution in 
their native conformation. Based on the IEF principle, different instruments have 
been developed such as the Rotofor, a multicompartmental device with focusing 
chambers that allows the fractionation of volumes of sample (12–60 mL) contain-
ing micrograms to grams of protein (Hey et al.  2008  ) . Another well-known device 
is the so-called “Off-Gel IEF” (Keidel et al.  2011  ) . Upon application of an electric 
 fi eld perpendicularly to the liquid chamber, the current lines penetrate into the 
chamber and extract charged proteins from the solution into the IEF gel. In its mul-
ticompartment format, the protein fractions are separated by ranges of pI depend-
ing on their positioning over the IEF gel strip. Other instruments of interest are the 
Octopus, a continuous- fl ow device for isoelectric focusing in an upward  fl owing 
liquid curtain, and the Gradi fl ow, where different pI cuts are obtained by a multi-
step passage through two compartments buffered at different pH values (Righetti 
et al.  2003  ) . 

 Depending on the complexity of the samples, the separated fractions can be ana-
lyzed directly by MS or in some cases they may undergo a subsequent separation 
step in a second dimension, generally SDS-PAGE, to separate the proteins accord-
ing to their molecular weight. In the  fi rst case, the possible presence of ampholytes 
may imply an extra step to remove them and avoid disturbance in MS.  

    2.2.3.4   Chromatographic Methods 

 Liquid chromatography (LC) techniques are the most commonly used in proteome 
pre-fractionation prior to in-depth analysis. The separation of the different proteins 
is achieved according to their charge, hydrophobicity, size, or speci fi city. In some 
cases, chromatographic methods can also be used to eliminate some interference 
substances (e.g., salts) coming from previous enrichment steps. 

 Among LC fractionation methods, ion-exchange chromatography (IEX) is prob-
ably the most used, with proteins being separated according to their pI. Acidic pro-
teins are usually fractionated by anion-exchange chromatography whereas basic 
proteins are fractionated by cation-exchange chromatography. IEX has been often 
used to separate milk proteins as reported by Gómez-Ruiz et al.  (  2007a  ) , who used 
cation-exchange chromatography to separate sheep milk caseins. 

 Reverse phase LC (RP-LC) separates proteins according to their hydrophobicity. 
Proteins are adsorbed on a stationary phase carrying hydrophobic groups, and are 
eluted with increasing concentration of an organic solvent, generally acetonitrile. 
RP-LC is widely used in proteomics in combination with IEX and MS analysis, 
usually in shotgun multidimensional strategies that are used as an alternative to 
2-D-PAGE technology. A special case of chromatography based on hydrophobic 
interactions uses a high concentration of lyotropic salts (frequently ammonium sulphate) 
to expose the hydrophobic parts of proteins towards the hydrophobic patches of 
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solid-phase sorbents. Desorption is promoted by using a decreasing concentration 
of the lyotropic salts. 

 Pre-fractionation with chromatographic methods is also used to investigate post-
translational modi fi cations such as glycosylation or phosphorylation, to cite perhaps 
the two most important. These modi fi cations are mainly studied using af fi nity chro-
matography (AC). This chromatography utilizes highly speci fi c biological interac-
tions (i.e., antigen–antibody, receptor–ligand, enzyme–substrate/inhibitor, etc.). 
AC results are quite adequate for accessing low concentrated proteins in complex 
samples, in some cases through the depletion of high abundance proteins that remain 
bound to the column. Examples of AC are heparin chromatography, broadly used 
for studying microbial proteins, or lectin chromatography that is specially used for 
glycoproteins (Lee and Lee  2004 ; Azarkan et al.  2007  ) . Immobilized metal af fi nity 
chromatography (IMAC) is used to enrich phosphoproteins. This chromatography 
is based on formation of coordinate bonds between basic groups on protein surface 
and metal ions. The major drawback is that little or no binding to Fe(III) or Ga(III) 
charged resins is observed at neutral pH, and using low-pH buffers may provoke 
protein denaturalization or precipitation in the column (Schmidt et al.  2007  ) . 

 Some other techniques such as size-exclusion chromatography (SEC) separate 
proteins according to their molecular mass, as the second dimension of 2-D-PAGE. 
However, unlike 2-D-PAGE this chromatography can be used under nondenaturing 
conditions allowing the study of protein complexes. As an example, SEC has been 
used for the evaluation of the bread-making quality of hard spring wheat  fl ours 
(Ohm et al.  2009  ) . Additional methods based on the use of chip-based arrays are 
gaining importance recently, with surface-enhanced laser desorption/ionization 
(SELDI) one of their maximum exponents (Righetti et al.  2005  ) . Unlike chromatog-
raphy separation, here only retained proteins are eventually studied and the other 
proteins are removed by one or more washing steps. Subsequently, the use of a pulse 
of laser light provokes the desorption of the proteins of interest which are converted 
into gaseous ions and analyzed by MS, typically using time of  fl ight (TOF) 
analyzers.    

    2.3   Protein Digestion 

 Once the proteins have been isolated from interfering compounds (other food com-
ponents such as lipids, nucleic acids, phenolic compounds, or carbohydrates) they 
are usually analyzed by 1D or 2-D SDS-PAGE, depending of the complexity of the 
sample. Gel electrophoresis analysis is typically followed by protein digestion, 
a key procedure prior to the identi fi cation of proteins by MS. However, in some 
cases digestion is carried out without electrophoretic separation. For instance, direct 
digestion of a mixture of proteins is adequate when a broad survey of the identi fi able 
protein components is desired or to minimize the loss of peptides by binding to the 
polyacrylamide when characterizing post-translational modi fi cations (Kinter and 
Sherman  2005  ) . 
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 Different proteolytic agents are used for protein digestion, including enzymes 
such as trypsin, different endoproteases (Lys-C, Arg-C, Asp-N, Glu-C), or chy-
motrypsin, as well as chemical reagents such as hydroxylamine or cyanogens 
 bromide. The speci fi city of the amide bond or bonds cleaved by these reagents 
allows the obtaining of speci fi c peptides that facilitate the interpretation of their 
mass spectra and database search. Trypsin is certainly the most popular reagent 
because it shows many advantages compared to other enzymes and chemical 
reagents, in addition to its relatively low cost of production and high purity. This 
enzyme cleaves amide bonds at the C-terminal side of Lys and Arg residues except 
when these bonds are to Pro. Apart from this selectivity, Arg and Lys are common 
amino acids distributed through most proteomes such that tryptic cleavage yields 
 peptides with an average length suitable for MS. Finally, trypsin cleavage yields 
peptides containing a strongly basic residue (Lys or Arg) at the C-terminal, a fact 
that facilitates the interpretation of collision-induced dissociation (CID) mass 
spectra (Couto et al.  2011  ) . 

 When talking about protein digestion in proteomic studies we mainly think of 
two types of digestion: “in-gel” digestion and “in-solution” digestion. Most pro-
teomic studies perform in-gel digestion of proteins previously separated by their 
charge and/or their molecular weight (1D or 2-D SDS-PAGE). Identi fi cation of pro-
teins from polyacrylamide gels offers a number of important advantages compared 
to gel-free approaches, such as higher dynamic range of analysis of protein mixtures 
(ratio of lowest to highest abundance protein detectable) or removal of low molecu-
lar weight impurities before the MS analysis. In-gel protein digestion was  fi rst 
established by Rosenfeld et al.  (  1992  ) . The typical steps of the method have remained 
the same since then, although small variations have been introduced to improve its 
performance. Destaining, reduction, and alkylation of Cys, enzymatic cleavage of 
proteins into peptides, and extraction of peptides from the gel are described as 
essential steps in obtaining high-quality mass spectra. Analysis by electrospray 
(ESI)-MS, less tolerant to salts, requires an additional desalting step which is 
optional for MALDI-MS (Granvogl et al.  2007  )  

 Despite its widespread use, conventional tryptic digestion is very time consum-
ing, with a typical digestion time in the range of several hours to half a day (Park 
and Russell  2000  ) . This is a clear limitation to the production of high-throughputs 
in proteomic analysis. Therefore, in recent times many efforts have been focused 
on developing ef fi cient and fast protein digestion methods. Several alternatives to 
the standard protocol have been proposed, many of them based on the use of elec-
tromagnetic waves (i.e., electromagnetic radiation), such as microwaves, infrared 
(IR) radiation, and ultraviolet (UV) light to accelerate protein digestion (Chen et al. 
 2011 ; Dycka et al.  2012  ) . Among these strategies, the use of IR-assisted digestion 
seems to be the most promising approach due to its safety compared to the other 
electromagnetic waves. Other alternatives are the use of modi fi ed trypsin, for 
instance, by reductive methylation which decreases autolysis and shifts its optimal 
catalytic temperature to 50–60°C. This modi fi ed trypsin allows the reduction of 
digestion times from 16 h to 30 min without losing ef fi ciency. For in-solution 
digestion, immobilized trypsin systems as part of a microchip bioreactor offer a 
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very ef fi cient alternative to conventional methods. As an example, the use of a 
 fi ber-based microchip bioreactor provides on-chip digestion in less than 5 s with 
similar tryptic digests to those obtained by the conventional in-solution tryptic 
digestion (Fan and Chen  2007  ) . 

 During each step along the protein digestion experiments extreme care is neces-
sary to avoid contamination that can compromise MS analyses and the outcome of 
the study. In some cases the contamination refers to low molecular weight com-
pounds (from either the polyacrylamide gel or the subsequent digestion of speci fi c 
bands) that will not provoke erroneous protein identi fi cation but will complicate 
peptide detection due to higher noise levels. The use of high-purity reagents through-
out the experiment, especially for gel-electrophoresis and digestion can signi fi cantly 
minimize this type of contamination. On other occasions, contamination with kera-
tins, proteins derived from skin and hair, is the main problem. In this case wearing 
gloves and an adequate handling of the laboratory consumables (e.g., pipette tips) 
and reagents will limit this contamination.  

    2.4   Food Peptide Extraction and Fractionation 

 Generally, food peptide content is not as abundant as would be desirable. In addition 
to this, the presence of nonpeptidic constituents (i.e., lipids, sugars) may also inter-
fere in peptide analysis. Therefore, in practice it is dif fi cult to analyze food peptides 
with good accuracy without performing a sample preparation step. This sample 
preparation can comprise diverse procedures for isolation, puri fi cation, and pre-
concentration of the analyte, more than one step being required in many cases 
(Poliwoda and Wieczorek  2009  ) . 

 RP-LC and capillary electrophoresis (CE), are the basic analytical methods 
used for chemometrical analysis of food peptidome (Minkiewicz et al.  2008  ) . In 
relation to CE and capillary electrochromatography (CEC), restrictions come 
from the small sample volume applied (nano- to picolitre) that necessitates the 
application of pre-concentration and pre-separation steps in samples with low 
peptide concentration or complex mixtures (Kasicka  2012  ) . 

 In general, food samples are  fi rst subjected to a preliminary sample cleanup step 
to remove interfering substances and then, different fractionation steps are applied, 
as has been widely revised (González de Llano et al.  2004 ; Asensio-Ramos et al. 
 2009 ; Hernández-Ledesma et al.  2012  ) . Several options that are summarized in 
Table  2.4  may be taken. Direct peptide analysis on food samples without any prepa-
ration treatment is not often reported in the literature (Cheison et al.  2010  ) .  

 Peptide derivatization may be necessary in some analyses for better detection 
(Wang et al.  2011  ) . Most derivatizations are developed with  fl uorescent labels to 
become detectable with  fl uorescence detection whose limit of detections (LODs) is 
about two to three orders of magnitude lower than common UV-absorption detec-
tions (Kasicka  2012  ) . An example may be found in the determination of glutathione 
in must and white wine during alcoholic fermentation (Lavigne et al.  2007  ) . 
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    2.4.1   Extraction and Preliminary Sample Cleanup 

 Hydrophilic peptides are generally extracted with homogenization in water or in 
solutions of organic acids whereas organic solvents are used to obtain highly hydro-
phobic peptides. Homogenization in a mixture of organic solvents (chloroform/
methanol) can be used for peptide extraction as well as for the removal of sample 
interferences after producing a biphasic system. By using this method, Kostyra et al. 
 (  2003  )  studied the opioid activity of cheese and fermented milk samples, On the 
other hand, homogenization in water has been widely applied on cheese,  fi sh, meat, 
and cereals samples as shown in Table  2.4 . Typically, the ratio of water to cheese 
used was 2:1 in the homogenization process, followed by an incubation step of an 
hour at 60°C (Gómez-Ruiz et al.  2002 ; Meyer et al.  2009  ) . 

 Peptide extraction is usually followed by a preliminary sample cleanup for removal 
of other food components (i.e., proteins, lipids). Deproteinization, the most important 
preliminary cleanup procedure in peptide analysis, is carried out by precipitation of 
protein using several agents. Deproteinization could also act as a fractionation proce-
dure for peptides because their solubility depends on the precipitant agent and its 
proportion (Cheng et al.  2010a,  b  ) . After precipitation, centrifugation and  fi ltration 
methods are used to separate proteins from soluble peptides. In addition, the applica-
tion of heat treatments or ultracentrifugation steps at high speed to eliminate the 
proteins has been reported (Gómez-Ruiz et al.  2007b ; Ho et al.  2010  ) . 

 The selectivity of precipitation directly depends on the type of precipitating 
agent applied. In addition to the use of organic solvents such as ethanol, methanol, 
or acetone, solutions containing acids such as TCA or tri fl uoroacetic acid (TFA) are 
classical protein precipitants (Juan-García et al.  2009 ; Escudero et al.  2010  ) . Salting-
out precipitation, based on polarity, with high concentrations of salts or precipita-
tion by adjusting the pH to the pI of protein (Contreras et al.  2010 ; Pihlanto et al. 
 2010  )  are other options. A representative example is found in the isolation and 
identi fi cation of an angiotensin I-converting enzyme (ACE) inhibitory peptide from 
whole buckwheat seeds after consecutive cleanup steps of diethyl ether extraction in 
order to remove most of the fat content and deproteinization by adjusting the pH to 
the pI of buckwheat protein (Ma et al.  2006  ) . 

 In some cases, the application of homogenization and/or deproteinization 
is enough to proceed with peptide analysis (Contreras et al.  2010  ) . Unfortunately, 
most of the samples need additional steps to achieve suitable peptide isolation and 
concentration levels before the analysis.  

    2.4.2   Fractionation 

    2.4.2.1   Ultra fi ltration 

 Ultra fi ltration is mainly useful for fractionating peptides as well as the removal of 
proteins and other macromolecules based on their molecular size. Dedicated 
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 membranes are mostly made of polysulfone or cellulose derivatives. Cellulose 
membranes have excellent hydrophilicity, which is very important in minimizing 
fouling, but they possess low chemical resistance and poor mechanical strength. 
However, polysulfone membranes provide high rigidity but foul earlier because of 
their hydrophobicity (Doyen et al.  2011  ) . Commercially, membranes offer a wide 
range of cutoffs (500–100 kDa) and different formats including centrifugal units 
or cassettes for peristaltic lab systems. Fractionation of peptides has been achieved 
in food samples by applying ultra fi ltration with more than one cutoff membrane. 
As an example, Samaranayaka et al.  (  2010  )  searched the presence of antioxidant 
and ACE inhibitory peptides in a hake protein hydrolyzate using an ultra fi ltration 
unit with different molecular mass cutoff membranes (10, 3, and 1 kDa). In sum-
mary, ultra fi ltration presents some advantages as the sample is not diluted or 
organic solvents are not required. Therefore, in some cases after the ultra fi ltration 
step no additional fractionation processes are applied before analysis, such as in 
cheese (Bütikofer et al.  2008  )  or champagne wine samples (Person et al.  2004  ) . 
Nevertheless, samples often need further pre-treatment procedures that mainly 
improve the analyte concentration. 

 A recent technology named electrodialysis with ultra fi ltration membranes 
(EDUF) has been developed to fractionate peptides from complex mixtures on 
the basis of their electrical charge, size, or molecular weight. A conventional 
electrodialysis is used but some ion exchange membranes are replaced by 
ultra fi ltration ones. This equipment has been employed for the concentration and 
selective separation of bioactive peptides from an alfalfa white protein hydrolyz-
ate (Firdaous et al.  2009  ) . A successful use of these membranes has also been 
reported, isolating an antihypertensive peptide from a tryptic hydrolyzate of 
 b -lactoglobulin (Poulin et al.  2007  ) .  

    2.4.2.2   Low-Pressure Liquid Chromatography 

 Low-pressure size exclusion chromatography (SEC) fractionates peptides on the 
basis of their molecular size. This technique separates analytes through a bed of 
porous beads where they can either enter or be excluded from the internal space of 
the beads based on their size. Elution occurs from the largest to the smallest analyte 
over time (Ly and Wasinger  2011  ) . Several resins with different pore sizes are com-
mercially available. Cross-linked dextran (Sephadex) resins are mostly used but 
polyacrylamide (BioGel P) or divinylbenzene polymers are also available as sta-
tionary phases (Poliwoda and Wieczorek  2009  ) . Depending on the resin composi-
tion, peptides are eluted with water, organic acids, ammonia, or ammonium salts, 
even as alcoholic solutions that reduce potential hydrophobic interactions. For 
instance, Mora et al.  (  2011  )  applied SEC to fractionate peptides released during 
dry-cured ham processing in a Sephadex G25 column under isocratic conditions in 
0.01 N HCl. Other uses have been reported, for instance, to identify ACE inhibitory 
peptides in white and red wines (Pozo-Bayón et al.  2007  ) . 
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 Low-pressure ion exchange chromatography (IEX) constitutes another technique 
for peptide fractionation in food analysis. In this case, peptides are fractionated 
according to their net surface charge/polarity. Porous or nonporous matrices with 
hydrophilic materials such as cellulose, cross-linked dextrans, polystyrene poly-
mers (Dowex resins), or Bio-Rex membranes are very useful as anion or cation 
exchange stationary phases. These matrices are substituted with functional groups 
that determine the charge of the medium (e.g., quaternary ammonium, diethylam-
inoethyl, sulfopropyl, carboxymethyl, etc.). The ionic strength increases as the elu-
tion method can carry a large amount of salts in the elution buffer that makes samples 
incompatible with techniques such as MS (Ly and Wasinger  2011  ) . 

 Off-line combination of IEX and SEC has been reported in some food peptide 
analyses. A representative example is found in the work of Liu et al.  (  2010  ) , who 
fractionated an egg white protein hydrolyzate by SEC with Sephadex G-25 resin 
followed by IEX (Sephadex C-25 column) of those fractions with the highest 
ACE inhibitory activity. A similar fractionation strategy has also been used in the 
study of antioxidant peptides in a  fi sh protein hydrolyzate (You et al.  2010  ) , and 
for the evaluation of the peptide contribution to the umami taste of soy sauces 
(Lioe et al.  2006  ) .  

    2.4.2.3   Solid-Phase Extraction 

 Solid-phase extraction (SPE) is based on the same principle of af fi nity-based sepa-
ration as liquid chromatography. SPE enables retention and elution of analytes from 
complex mixtures, removal of interfering compounds, and sample concentration. 
SPE is available in normal phase, reverse-phase, and ion exchange modes, reversed-
phase being one of the most used formats (Kole et al.  2011  ) . Based on the wide 
range of physicochemical properties of the analytes, several commercial sorbents 
(e.g., C 

18
 , C 

8
 , C 

2
 , phenyl, cyanopropyl, and ion exchange bonded materials, among 

others) are supplied to improve the versatility of SPE. Regarding this, in the pepti-
domic characterization of beer, Picariello et al.,  (  2011  )  applied the samples directly 
onto the C 

18
  pre-packed cartridges and eluted with acetonitrile/TFA to RP-LC. In 

other examples, Hernández-Ledesma et al.  (  2005  )  treated the water-soluble extract 
of fermented milk with a Sep-Pak C 

18
  cartridge and acetonitrile elution, and a simi-

lar extraction step was used by Muguruma et al.  (  2009  )  to desalt SEC-eluted frac-
tions from porcine myosin B. 

 Based on similar principles of SPE techniques, innovative size-reduced devices 
have recently appeared for concentration, puri fi cation, and desalting of peptides 
prior to analysis by MS. These devices support a membrane or microcolumn that can 
be of diverse nature (polar, nonpolar, and ion exchange) and feature an optimized 
procedure for sample preparation. For instance, in the study of trout peptidome 
changes during storage, Bauchart et al.  (  2007  )  used a C 

18
  membrane device prior to 

MALDI-TOF analysis with the aim of removing the perchloric acid used in the pre-
vious extraction. Another case is found in the study of beer peptidome in which 



42 D. Martínez-Maqueda et al.

residual interfering sugars are removed by applying the sample on C 
18

  Zip-Tip 
microcolumns and peptides eluted with acetonitrile/TFA (Picariello et al.  2011  ) .    

    2.5   Future Perspectives 

 Current efforts are mainly focused on the improvement and development of auto-
mated systems as today sample preparation implies several labor-intensive and 
time-consuming handling steps. Despite the generalized use of 2-D electrophoresis, 
this technology has limitations mainly when dealing with proteins at varying expres-
sion levels. An alternative could be the use of automated pre-fractionation methods 
such as electrokinetic methodologies performed in free solution combined with 
one-dimensional PAGE and capillary LC-MS/MS. Recent technologies such as 
SELDI also imply minimal requirements for puri fi cation and separation of proteins 
prior to their analysis by MS. For the investigation of post-translationally modi fi ed 
proteins the future approach seems to be the combined use of af fi nity-based enrich-
ment and extraction methods and multidimensional separation technologies prior to 
MS analysis. A persisting challenge is still the development of appropriate enrich-
ment/fractionation techniques to facilitate MS analysis of membrane proteins.      
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