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Abstract

In this article, we present an overview of the different strategies for sample preparation for identification by mass spectrometry (MS) of biomarkers
from serum and/or plasma. We consider the effects of the variables involved in sample collection, handling and storage, and describe different
approaches for removal of high abundance proteins and serum/plasma fractionation. We review the advantages and disadvantages of such techniques
as centrifugal ultrafiltration, different formats for solid phase extraction, organic solvent extraction, gel and capillary electrophoresis, and liquid
chromatography. We also discuss a variety of current proteomic methods and their main applications for biomarker-related studies.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

A handful of biomarkers, described by Adkins et al. [1] as
proteins that undergo a change in concentration or state in asso-
iation with a biological process or disease”, are currently used
outinely for population screening, disease diagnosis, prognosis,
onitoring of therapy, and prediction of therapeutic response.
nfortunately, most of these biomarkers suffer from low sensi-

ivity, specificity, and predictive value, particularly when applied
o rare diseases in population screening programs [2]. In the
ast few years, the development and implementation of pro-
eomic technologies to the field of protein biomarker discovery
as undergone exponential growth. Most of these proteomic
echnology platforms are centered on the implementation of

ass spectrometry in conjunction with several other analytical
echniques, such as solid phase extraction, chromatography, and
lectrophoresis [3].

The biomarker-related proteomics studies carried out to date
ave focused on identifying a particular biomarker or a group
f biomarkers able to distinguish between different states for a
iven disease, or on discovering the so-called “proteomic pat-
erns” for disease diagnosis that can be observed within mass
pectra. The seminal (but later controversial) study that gener-
ted excitement for the use of proteomic patterns as a tool for
isease diagnosis was reported by Petricoin et al. [4]. In this
tudy, mass spectra, or proteomic patterns, of serum samples
rom women with ovarian cancer and healthy, matched con-
rols, were acquired using SELDI-TOF MS [5]. The inherent
hroughput of proteomic pattern technology enables the analysis
f hundreds of clinical samples per day [5]. However, although
ass spectrometric patterns may be very useful, it now seems

lear that knowing the identity of the protein marker(s) is crucial
n order to validate these biomarkers.

As described by Zolg and Langen [6], bringing a biomarker
o market as a diagnostic tool generally involves three phases: (i)
iscovery, (ii) prototype marker development, and (iii) product
evelopment. Moreover, the discovery phase can be further split
nto three major stages: (i) identification of potential biomarkers,
ii) prioritization of identified biomarkers, and (iii) preliminary
alidation (qualification) of prioritized biomarkers [3]. Unfor-
unately, most of the studies carried out so far only deal with the
iscovery phase and within this, only with the identification of
otential biomarkers. It seems clear that much more effort, espe-
ially in the validation stage, is needed before these biomarkers
ctually can be used for clinical purposes.

Serum and plasma potentially contain elements of all proteins
roduced in the body [7]. Many studies suggest that low molec-

lar weight (LMW) protein/peptides in plasma or serum, such as
eptide hormones or small secreted proteins, are correlated with
athological conditions and present opportunities for potential
linical utility for therapeutic intervention or as diagnostic or

a
d
d

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

rognostic biomarkers [4,8–12]. The technical challenge in the
nalysis of the serum/plasma proteome is that the serum/plasma
roteins are present at unequal concentrations. A few are so
ominant, such as serum albumin and immunoglobulins (almost
0% of total serum/plasma protein by weight), that they mask the
etection of other proteins, especially low abundance proteins
13,14]. Without fractionation, the complexity of serum and
lasma can be overwhelming, and important biological informa-
ion can be lost in the background noise [15]. Not surprisingly,
ample preparation strategies including preliminary procedures
or sampling, handling and storage, methods for removal of high
bundance proteins, and fractionation approaches constitute an
mportant field of study for scientists involved in biomarker-
elated projects.

Sample preparation remains one of the most time consum-
ng, error prone aspects of analytical chemistry, so much so
hat it is increasingly being recognized as an important area of
pecialization in this field [16]. Standardizing sample prepara-
ion procedures for serum/plasma profiling is therefore critical
or obtaining reliable biomarkers and especially for building
iomarker patterns, since slight changes in a given sample
reparation procedure can lead to very different protein profiles
17]. Standardizing a given procedure involves the following
ctions: (i) feasibility studies or examination of the literature,
onsultation with experts and selection of a few methods. (ii)
nterlaboratory studies using the selected methods and reference
aterials. From the results, changes in the method to be used in

he last step may be decided upon. (iii) Validation through inter-
aboratory studies, in which the participating laboratories receive
amples for analysis following a strict protocol. The results thus
btained lead to either adopting the validated protocol or restart-
ng the standardization process by reselecting methods in the
ight of the outcome of the failed attempt [16].

In this review, we attempt to present an overview of the state of
he art of sample preparation for serum/plasma protein profiling
nd biomarker identification prior to MS. We review the effects
f the variables involved in sample collection and handling, such
s the type of collection tubes and anticoagulants, the clotting
nd the incubation times before the serum or the plasma is sep-
rated from the clot or the blood cells, respectively, and storage
onditions. We also discuss different strategies used for removal
f high abundance proteins, as well as fractionation techniques
sed either to generate several fractions or to selectively obtain
particular subset of proteins/peptides.

. Sample collection, handling, and storage
Although the great impact that sample collection, handling
nd storage have on the sensitivity, selectivity, and repro-
ucibility of any given analysis is well known, little has been
one to address these effects on serum/plasma samples used
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n biomarker-related studies. A few studies have been carried
ut showing that sampling procedures had the greatest effects
n proteome profiling, while handling procedures and storage
onditions had relatively minor effects [18]. However, everyone
grees that standardized protocols for serum/plasma sampling,
andling and storage are required since the issue is not about
hich procedure is better but rather about using standard-

zed procedures to obtain comparable and reproducible results
etween different laboratories [19]. We comment below on the
ifferences between serum and plasma, and the influences on
heir composition exerted by the type of collection tubes or
nticoagulant used (if using plasma samples), the clotting and
ncubation times before separating the serum or plasma from the
lot or the blood cells, respectively, and storage conditions.

.1. Serum versus plasma

Plasma is the liquid component of blood, in which the blood
ells are suspended. Plasma is the largest single component of
lood, comprising about 55% of total blood volume. For any kind
f hematological test, plasma is obtained from whole blood. To
revent clotting, an anticoagulant, such as citrate or heparine can
e added to the blood immediately after it is obtained. The sam-
le is then centrifuged to separate plasma from blood cells. For
any biochemical laboratory tests, plasma and blood serum can

e used interchangeably. Serum resembles plasma in composi-
ion but lacks the coagulation factors. It is obtained by letting a
lood specimen clot prior to centrifugation. For this purpose, a
erum-separating tube can be used which contains an inert cata-
yst (such as glass beads or powder) to facilitate clotting as well
s a portion of gel with a density designed to sit between the liq-
id and cellular layers in the tube after centrifugation, making
heir separation more convenient.

Although serum is preferred for many tests because the anti-
oagulants in plasma can sometimes interfere with the results,
lasma seems to be more stable than serum. It has been shown
y many authors that protein profiles obtained from plasma and
erum are very different [18,20]. At this time, insufficient infor-
ation is available to decide whether serum or plasma should be

referred in proteomic studies for biomarker discovery. While
ost studies have used serum, further research on this topic is

equired [21]. The ideal solution would be the use of both of
hem, although that would complicate data analysis and require
onger processing times.

.2. Collection tubes

Previous studies on the effects of blood collection on many
ther types of laboratory analyses [22–24] suggest that opti-
ization and standardization of collection tubes is an important

lement in reliable analysis of serum or plasma proteins. Com-
ercially available blood collection tubes contain multiple

omponents that may appear as interfering or confounding

eaks during the MS analysis. Silicones are commonly used
s lubricants for stoppers or coatings for the internal surface of
ubes. Polymeric surfactants, such as polyvinylpyrrolidones or
olyethelene glycols may be added to influence surface wetting.

s

f

omatogr. A 1153 (2007) 259–276 261

ubes may also contain either clot inhibitors or activators. Serum
eparator tubes contain polymeric gels with several constituents
o adjust viscosity, density and other physical properties. Rubber
toppers and the plastics comprising tube walls may also shed
ome polymers [25]. Drake et al. [25] examined the shedding
f components from several collection tubes commonly used.
nstead of using serum or plasma, the study was carried out with
n aqueous saline solution simulating typical contact times of
lood components with the tube from collection to processing,
hus avoiding the potential confusion of whether observed peaks
epresent peaks derived from the tubes or from the serum/plasma
omponents. The study showed that seven out of 11 tubes tested
dded polymeric components detected as multiple signals in the
/z range 1000–3000. These peaks could potentially compli-

ate and compromise the interpretation of MS spectra in the low
olecular weight range [25], especially when using MALDI or
ELDI, in which a broad spectrum of different components is
easured in a single analysis.
In addition to the shedding of components from the tube,

dsorption of serum/plasma proteins to the tube may occur, so
ifferent protein profiles from the same sample can be obtained
epending on the kind of tube used. Actually, significant dif-
erences have been found when comparing red-top tubes (glass
ubes containing no preservatives or anticoagulants) and tiger-
op tubes (also known as serum separator tubes or SST) in
ifferent studies [18,26].

.3. Anticoagulants

In order to use plasma samples, clotting must be prevented
y using anticoagulants immediately after the blood is col-
ected. They can be added to the samples, although usually the
nticoagulants are already in the collection tubes. Each of the
nticoagulants used for preparation of plasma samples has inher-
nt advantages and disadvantages. Although platelets are more
table in citrate anticoagulants, collecting tubes usually contain
liquid form that dilutes the plasma. Heparinized samples also

ppear to be relatively stable [27], but heparin, which acts by
inding to, and enhancing the activity of, antithrombin III, also
inds to a significant number of other proteins [28]. EDTA-
reated blood is only slightly less stable, but over longer periods
f time, marked changes appear as elapsed time before centrifu-
ation increases [20]. Because the activity of many proteases
equires metals, the chelating action of EDTA may help prevent
oagulation [20]. Prominent changes to MS protein profiles have
een observed after comparing different anticoagulants [29,30].
lasma protein profiles obtained by EDTA treatment were most
ivergent from those obtained by citrate or heparin treatment
18]. This may be due to the fact that EDTA causes platelet
lumping and aggregation, which might change the protein con-
ents of plasma [31].

.4. Clotting time and time of incubation before plasma

eparation from blood cells

The effects of the clotting time on protein profiles obtained
rom serum and the incubation time before separation of plasma
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Fig. 1. Effect of freeze-thaw cycles on serum peptide profiling using RP mag-
netic particles and MALDI-TOF MS. (A) Mass spectrum from serum subjected
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rom blood cells have been extensively studied by Hsieh et al.
18]. Serum and plasma samples obtained from blood stored at
ither 4 ◦C or room temperature for 1, 12 or 24 h clotting or
ncubation time, respectively, were analyzed. Protein profiles
rom plasma samples changed as the time lag before separat-
ng plasma from blood cells increased at either 4 ◦C or room
emperature, although protein profiles obtained under the same
onditions among different individuals showed relative con-
istency. The authors attributed the changes observed to the
ontinuous metabolism of blood cells, the alterations of cell
embrane integrity resulting in continuous release of metabo-

ites, and/or the release of degraded products from the clot
18]. Changes in protein profiles obtained from serum sam-
les were also observed for the different clotting times at both
◦C and room temperature [18]. These results are consistent
ith those obtained by other authors [26,32]. Villanueva et al.

26] observed significant differences in MS protein/peptide peak
ntensities depending on the clotting time. Sometimes the inten-
ity of the peaks diminished with the clotting time, but in other
ases it increased. The authors explained this behavior as the
egradation of plasma peptides or, on the other hand, the forma-
ion/accumulation of new peptides during and after the clotting
rocess [26].

.5. Storage conditions

The effects of short-term storage of serum and plasma and
he storage temperature have been studied [18,32]. Only minimal
hanges have been observed in the samples stored at room tem-
erature within the first 6 h [18] or 4 h [32], while the changes
ecame observable after 8 h, particularly for peaks in the m/z
ange <3000. These differences became even more pronounced
fter 24 h [33]. For serum and plasma stored up to 24 h at 4 ◦C, the
rofiles were quite similar. However, if the time was prolonged
o 48 or 96 h, significant changes were observed [32].

For long-term storage of plasma/serum samples, no major
ifferences have been observed at −20, −80 ◦C or using liq-
id nitrogen [19,32]. However, there is some controversy as to

hether freeze/thaw cycles may alter the serum/plasma com-
osition. After repeated freezing at −80 ◦C and thawing on ice
f serum/plasma samples up to 10 times, no detectable changes
ere observed [18]. Similar results have been reported by other

a
u
r

able 1
trategies used for depletion of highly abundant proteins

trategy Advantages

entrifugal ultrafiltration Fast
Easy to operate
Inexpensive

olid phase extraction
Columns High selectivity

High reproducibility
High sensitivity when using a series of differen

Disk plates Highly suitable for automation

rganic solvent extraction Fast
Easy to operate
o two freeze-thaw cycles. (B) Mass spectrum from serum subjected to four
reeze-thaw cycles. Reproduced from Villanueva et al. [26] by permission of the
merican Chemical Society.

uthors [34–37]. Noo et al. [37] observed small and consis-
ent changes in protein profiles after increasing the number of
reeze-thaw cycles, with the exception of a set of serum samples
hat were thawed only once but at room temperature instead of
t 4 ◦C. However, it is still generally believed that freeze/thaw
ycles will greatly change the serum/plasma composition most
ikely due to peptide aggregation, precipitation and adsorption
o surfaces [26,29] (Fig. 1). Hsieh et al. pointed out that this dis-
repancy could be attributed to variations in thawing procedures
r in assay methods since the influence of freeze/thawing was
easured on the basis of whole spectra [18] or several selected

eaks [29].

. Depletion of highly abundant proteins
As mentioned previously, comprehensive analyses of serum
nd plasma have proven to be difficult, especially for low molec-
lar weight and low abundance proteins, because of the wide
ange of concentration with the 10 most abundant proteins

Disadvantages

Potential loss of components binding to HMW proteins

t columns High cost (especially antibody-based depletion columns)
Low sample capacity

Requires organic solvents
Dilution of the sample
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onstituting almost 90% of the serum proteome by mass. The dif-
erent strategies and techniques for removal of high abundance
roteins (see Table 1) are reviewed here.

.1. Centrifugal ultrafiltration

Centrifugal ultrafiltration is a variety of membrane filtration
n which centrifugation forces a liquid against a semi-permeable

embrane. Suspended solids and solutes of high molecular
eight are retained, while the liquid and low molecular weight

olutes pass through the membrane depending on the molecular
eight cut off (MWCO) of the membrane used.
This simple technique has been extensively used for the

emoval of high molecular weight species for serum/plasma
ased biomarker discovery for clinical diagnosis of several
iseases, such as lung tumors [38], ovarian cancer [39], hep-
tocellular carcinoma [40], etc. Different MWCO membranes
anging from 10 [41] to 30 kDa [42] and 50 kDa [43] and vari-
us centrifugation speeds between 3000 × g [44] and 4000 × g
43] have been used. Special solvent conditions are required to
isrupt protein–protein/peptide interactions so that LMW com-
onents that may be bound to albumin or other larger species
re released and are free to pass through the membrane [9]. The
ddition of acetonitrile to diluted serum or plasma to a final con-
entration of 20% [38] or 25% (v/v) [40] has been shown to
ave a drastic positive effect on the enrichment of LMW pro-
ein/peptides without affecting the ability of the procedure to
emove larger proteins. A 15% increase of protein content in
he ultrafiltrate was observed after adding acetonitrile to 25%
nal concentration [40]. However, a study by Georgiou et al.
45] reported that ultrafiltration failed to remove albumin and
ther high molecular weight proteins from human plasma. In
his study the ultrafiltration was conducted at 12,000 × g and,
s it was pointed out by Tirumalai et al. [9], it is possible that
t this high centrifugal force the integrity of the membrane may
e compromised, thus allowing high molecular weight compo-
ents, such as albumin, to pass through. In addition, non-diluted
lasma was used and the ultrafiltration was conducted under
ondenaturing solvent conditions.

Based on these results, it seems that low speed centrifugation,
se of diluted serum or plasma and use of denaturing conditions
re key variables for successfully performing plasma/serum cen-
rifugal ultrafiltration for removal of highly abundant proteins
ogether with the enrichment of LMW protein/peptides.

.2. Solid phase extraction

Solid phase extraction (SPE) is a separation technique that
ses a solid phase to isolate one, or one type, of analyte from a
olution. SPE is commonly used in serum/plasma samples as a
lean-up step to remove high abundance proteins.

.2.1. Solid phase extraction columns

Solid phase extraction columns are probably the approach

ost widely used for depletion of high abundance proteins in
erum/plasma and they have been widely used as a first step
n biomarker-related proteomic studies. Different types of SPE
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olumns based on ion-exchange [46–48], metal-chelating [47],
ffinity ligands [49], dye-ligands [50–52], bacterial proteins
53,54], antibodies [49,55] or combinations of these [53] have
een used. Several high abundance protein depletion kits have
een marketed by companies, such as Agilent, GenWay Biotech,
io-Rad, Sigma–Aldrich, Amersham Biosciences, Pierce and
thers [46,48,49,55,56]. Different chromatography formats are
sed, including columns or cartridges [53], microcolumns
47,57] and spin columns [51].

Depletion strategies based on dye-ligands or ion-exchange
re not protein specific. By comparison, biological affinity sep-
ration based on antibodies, proteins, peptides, nucleotides,
ectins, etc. is much more selective for specific target pro-
eins. Bacterial Protein A and Protein G, which specifically bind
o the Fc region of immunoglobulin G (IgG), have been suc-
essfully used for specific separation of IgGs from serum and
lasma [1,58], and the antibody-based columns are the primary
hoice as they provided more efficient, selective and repro-
ucible depletion of high abundance proteins [46,49]. The major
isadvantages of antibody-based depletion columns are those
eatures inherent to working with antibodies, namely, relatively
igh cost and low sample capacity.

An interesting method by Guerrier et al. [59] employs a uni-
odal multidimensional concept to rapidly achieve an effective

ractionation of human serum. The method is based on the use
f a column composed of a superimposed sequence of sorbents.
s the sample crosses the different adsorbent layers, proteins
ithin are subsequently trapped according to the complementary
roperties vis-à-vis the sorbent. Once the loading and captur-
ng is achieved, the sequence of columns is disassembled and
ach column, containing a different complement of proteins,
s eluted separately in a single step and under optimal elu-
ion conditions. When compared to classical single-chemistry
ractionation based on, for example, anion-exchange and pH
tepwise elution, the new proposed approach showed much
ower protein overlap between fractions, and therefore, greater
esolution. Significantly higher sensitivity for low abundance
pecies also was found as evidenced by spiking trials [59].

According to a study by Björhall et al. [49], the
roteoExtractTM albumin/IgG removal kit was the most selec-

ive and reproducible among the 5 common disposable
single-use) depletion columns they tested. Recently a method
ased on a mix of six polyclonal antibodies in a column to
apidly and efficiently deplete the six most abundant proteins
rom serum and plasma in a single purification step has been
eveloped [60]. This approach is able to deplete 90–95% of the
otal serum proteins in serum/plasma, while, for example, the
ombination of a dye-ligand affinity column to remove albumin
nd Protein A column to remove Igs provided a depletion of only
0% of total serum proteins [53]. This multiple affinity removal
ystem (MARS), also called multiple affinity removal columns
MARC) has been commercialized by Agilent Technologies
55]. The major advantage of the MARS antibody column is

hat it can efficiently deplete the six most highly abundant pro-
eins including different molecular forms and many proteolytic
roducts of these proteins with low nonspecific losses of other
roteins, thus providing a larger number of detectable species
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Fig. 2. 2DE protein profiles of crude (70 mg protein) and depleted (100 mg protein) serum samples. The multiple affinity removal column was used to deplete a total
of six highly abundant proteins, namely albumin, IgG, IgA, a1-antitrypsin, transferrin, and haptoglobin. Removal of these proteins clearly improved the resolution
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Fig. 2) [49] in complex samples, such as serum and plasma
61]. For example, Echan et al., [55] comparing different SPE
olumns, showed that while the most extensive losses occurred
ith all dye-based affinity columns, the MARS columns had the

owest losses of nontargeted proteins [55]. Moreover, antibod-
es are relatively robust proteins, so the columns last for many
urification cycles (up to 200) if appropriate care is taken to min-
mize proteolysis and column clogging. It has been shown that
he MARS system also works effectively in the spin column for-

at, which allows parallel processing of multiple samples and
oes not require complex instrumentation. Two MARS columns
ave also been used in tandem to increase the loading capacity
o 75 �L of plasma [62].

Although the MARS column has been shown to be the best
PE column for depleting the most abundant proteins from
erum/plasma, even after depleting these six abundant proteins,
he next most abundant ones rapidly become a problem for iden-
ifying low abundance proteins. Hence, ideally a highly selective
olumn that could deplete at least 18–22 of the most abundant
roteins, which comprise 98–99% of total serum protein content,

ould be desirable. Towards this end, a new column contain-

ng 12 polyclonal immunoglobulin yolk (IgY) antibodies, the
epproTM mixed 12 spin column (Genway Biotech), may be a
romising step [56]. The 12 IgY antibodies against the 12 most

3

t

proteins. Reproduced from Björhall et al. [49] by permission of WILEY-VCH

bundant proteins are covalently coupled to microbeads used
o pack the column. High reproducibility and maintenance of
he separation capacity over multiple cycles has been observed.
ecycling of a spin column up to 135 times did not cause appar-
nt loss of specificity or capacity [56].

.2.2. Solid phase extraction disk plates
The underlying chemical principles of using SPE disk plates

or high abundance protein removal from serum/plasma samples
re the same as for using SPE columns. Different functional-
ties, such as ion-exchange [63], dye-ligand [50] and reverse
hase [64–66] disks have been used. The main advantage asso-
iated with the use of SPE disk plates is the increased ability
or automation. The disk plates are generally used in a 96-well
late format [67] allowing simultaneous processing of an ele-
ated number of samples by using a robot [65,66]. It is also
ommon to use different elution/washing buffers that are applied
equentially to the disks in order to assure that all the adsorbed
rotein/peptides are eluted, or for fractionation [63].
.3. Organic solvent extraction

The possibility of selectively removing large abundant pro-
eins from serum by precipitating them with simultaneous
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Table 2
Strategies used for serum/plasma fractionation

Strategy Advantages Disadvantages

Solid phase extraction
Surface-derivatized chips (SELDI) Raw samples directly analyzed No identity of the m/z detected

Detection within a broad molecular mass region in a single analysis Reproducible within but not between
laboratories

High throughput

Derivatized carrier materials (MELDI) Detection of a larger number of peptides (as compared to SELDI) Carrier materials have to be carefully chosen
Raw samples directly analyzed Only highly porous, spherical and low �m size

range particles can be usedHigh throughput

Surface-derivatized magnetic beads Possibility of automation Potential lack of reproducibility between
commercial batches of the same beadsWide range of derivatized beads with different functional groups

Compatible with any kind of mass spectrometer
More sensitive than SELDI

Capture of glycoproteins/glycopeptides High selectivity Potential loss of information (non-glycosylated
proteins)

Reduction of sample complexity Increase in number of false positive proteins
identifications

Nanoporous substrates Allow harvesting of distinct subsets of the proteome Not enough studies

Electrophoresis
Gel electrophoresis High separation power Low throughput

Labor intensive

Capillary electrophoresis High resolution Requires concentration step
Only nanoliter sample volumes required

Liquid chromatography High resolution Requires clean-up step
be us
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Multidimensional LC systems can
Easy to automate

xtraction of peptides and low molecular weight proteins using
rganic solvents has been tested [42,68]. The precipitation with
rganic solvents in the presence of ion-pairing agents dissoci-
tes peptides and smaller proteins from large abundant proteins,
hereby facilitating their extraction. It has been shown that two
olumes of acetonitrile added to serum/plasma samples effi-
iently precipitate large abundant proteins, such as albumin,
hile smaller proteins and peptides stay in solution and sub-

equently can be analyzed by MS [42,68]. Chertov et al. [68]
pplied this procedure for preparation of mouse serum samples
efore analysis by SELDI MS, showing a significant improve-
ent of the mass spectra. Some of the polypeptide signals

resent in the SELDI MS spectra of the extracted material were
bsent in the spectra of total serum. The observation of these
eptides in the serum extract was crucial for the detection of
he two markers that were of lower abundance in the serum
xtracts from the tumor bearing mice. The extraction procedure
as also very reproducible. Analysis of 40 aliquots of human

erum by MALDI MS provided practically identical spectra after
xtraction with acetonitrile containing 0.1% trifluoroacetic acid
TFA). Moreover, the extracted material had much less total pro-
ein, making it easier to purify and identify the potential markers
68].
. Sample fractionation

Due to the high complexity of serum/plasma samples, dif-
erent fractionation strategies have been used either to generate

i
e
w
O

ed Generates highly complex data sets
Often unsuitable for analyzing intact proteins

everal fractions, such as gel and capillary electrophoresis and
iquid chromatography, or to selectively obtain a particular sub-
et of proteins/peptides with common features based on their
imilar affinity to a particular solid support. Both types of strate-
ies are discussed here. We also include some strategies and
pplications that, although they have not been used yet for spe-
ific biomarker-related proteomic studies, show potential for
uture use in biomarker discovery (see Table 2).

.1. Solid phase extraction

As previously discussed, solid phase extraction is com-
only used for the removal of high abundance proteins from

erum/plasma samples. However, some SPE-based strategies
ave also been used to isolate a particular fraction of pro-
eins/peptides within the original sample to be further analyzed.

.1.1. Surface-derivatized chips
Surface-enhanced laser desorption/ionization (SELDI) is an

ffinity-based mass spectrometric method that combines sample
ractionation with MS analysis. SELDI utilizes stainless steel
r aluminum-based supports, or chips, engineered with chem-
cal (hydrophilic, hydrophobic, pre-activated, normal-phase,
mmobilized metal affinity, and cationic or anionic) or biolog-

cal (antibody, antigen binding fragments, such as scFv, DNA,
nzyme, or receptor) bait surfaces of 1–2 mm in diameter to
hich a selected subset of proteins and peptides are adsorbed.
ne of the key aspects that lend power to this process is that raw
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Fig. 3. General strategy for the acquisition of protein patterns by SELDI. A serum sample is applied to a protein chip, which contains one of several possible adsorbent
surface chemistries. After a series of washing steps and the application of an energy-absorbing molecule, a mass spectral image of the species retained on the protein
c the m
o t al. [5
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hip surface is acquired. Bioinformatic software is used to discover peaks within
f the patient from which the serum was acquired. Reproduced from Conrads e

iofluids, such as urine [69], synovial fluid [70], nipple fluid aspi-
ant [71], hemodialysis fluid [72], serum/plasma [73–75], etc.
nd tissues [76], can be directly analyzed after their application
o the chip surface. After a short incubation period, unbound
roteins are removed from the surface using washing buffers.
hus, only proteins interacting with the chemistry of the array
urface are retained for analysis. After washing, MALDI matrix
s applied to the array as a final step before acquiring the MS
pectra followed by the bioinformatics analysis (Fig. 3) [5]. This
echnology allows sensitive and high-throughput protein pro-
ling of relatively complex biological specimens [77]. When
ultiple surfaces are employed with step-gradient style wash-

ng procedures, a single sample can readily be dispersed over
any target spots. This limited fractionation allows detection of

dditional proteins in plasma/serum, increasing the number of
eaks to the hundreds range [78].

SELDI was one of the earliest platforms used for finding
roteomic patterns for disease diagnosis. Since the first study in
002, where the authors obtained a proteomic pattern in serum
or early detection of ovarian cancer [4], the number of pub-
ications describing the use of this technology has increased
ignificantly in the past few years [79]. The study by Petricoin
t al. [4] was followed by other reports [80] claiming to obtain
rotein patterns able to distinguish between patients with cer-
ain diseases, such as prostate [81], breast [82], ovarian [83],
nd renal cancer [84] and healthy patients, with a sensitivity and
specificity close to 100% in most cases. However, almost at

he same time, criticisms and shortcomings related to the use of

ELDI, especially including reproducibility issues [85–87], for
uilding protein patterns were reported by other authors [88–90].
iamandis [88] pointed out that the discriminatory peaks (i.e.
eaks representing molecules that appear or disappear during the

e
s
t
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ass spectral image that indicate the disease status (healthy or disease-affected)
] by permission of Adis.

isease progression, or whose amounts differ in disease versus
ealthy patients) obtained by SELDI and reported in four papers
tudying prostate cancer by three different research groups were
ery different, even in the two papers published by the same
roup using the same experimental data but different analysis
ools [90,91]. These discrepancies suggested that serum/plasma
roteomic patterns obtained by SELDI may not be reproducible
nd that the discriminatory peaks are not consistent within a
roup or among groups of investigators for the same type of
ancer, even when the general analytical methods or datasets
re the same. Furthermore, the reported diagnostic sensitivities
nd specificities differed substantially among the four reports.
nother phenomenon associated with these data was that serum
roteins that are known to distinguish patients with benign con-
itions from patients with malignancies were not identified by
ELDI, raising serious questions about its analytical sensitivity
88].

In 2005, the Human Proteome Organization (HUPO) carried
ut an interlaboratory study in which eight different laboratories
ere involved in analyzing serum and plasma reference speci-
en using SELDI [92] in order to answer pertinent questions,

ncluding whether the proteins detected by SELDI are a major
ubset of the plasma/serum proteome, i.e. is this an information-
ich fraction, and, can the SELDI analysis be done reproducibly
or dozens or hundreds of samples in a single laboratory or across
everal laboratories so that large population-based studies can
e reliably performed? The study [92] showed that the frac-
ion of the proteome observable by SELDI was in fact able to

stablish differences between groups. Clear differences between
erum and plasma and between plasma types were found using
he SELDI platform, and these differences were consistent and
ere reproducibly found by all laboratories submitting qualified
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ata. However, it also became clear that stringent steps must be
aken to enable meaningful comparisons of interlaboratory data.
his is in contrast to the relative ease and accuracy of differen-

ial profiling carried out on one instrument in one laboratory
92].

The original and most widely used SELDI MS instrument
latform to acquire proteomic patterns is the ProteinChipTM

iomarker System II (PBS-II), manufactured by Ciphergen,
nc. [93]. As with any developing area of research, there have
een significant advancements in this technology since its
evelopment [5], for example, the use of high-resolution mass
pectrometers [94]. Conrads et al. demonstrated increased sen-
itivity and specificity for ovarian cancer markers in serum after
sing a Q-STAR as compared with the conventional SELDI-TOF
94].

Despite extensive discussion in the literature as to whether
r not the use of SELDI MS for protein pattern discovery for
isease diagnosis and/or prognosis is a good choice, it is a
act that a large number of researchers have chosen this plat-
orm for their biomarker projects. A great number of papers
ave been published since 2002 and it has been applied to an
mportant group of diseases. Most of the studies using SELDI
ave focused on cancer, including breast [77,95–97], prostate
98–104], ovarian [10,105–114], colorectal [115–118], gastric
119,120], endometrial [121], pancreatic [122–124], head and
eck [125,126] and lung cancer [127], neuroblastoma [128,129],
epatocellular [130–132], renal cell [84,133,134] and nasopha-
yngeal carcinoma [135], metastatic pheochromocytoma [136],
lioma [137], melanoma [138] and bone metastases [139].
mong other diseases that have been studied using this tech-
ique are severe acute respiratory syndrome (SARS) [140–142],
cute myocardial infarction (AMI) and chronic heart disease
143], ischemic and hemorrhagic stroke [144], diabetes [145],
iver cirrhosis [146], intra-amniotic infection [147], rheuma-
oid arthritis [148], sleep-disordered breathing in children [149],
frican trypanosomiasis (sleeping sickness) [150], arsenic and

ead exposure [151], respiratory disease [152] and alcoholism
153]. Almost all these studies claim to provide MS patterns able
o distinguish between subjects with and without a disease; how-
ver, SELDI-MS does not provide the identity of the biomarkers
o it is not possible to know if the group of m/z values comprising
he pattern actually corresponds to molecules directly related to
he disease under study.

.1.2. Derivatized carrier materials
Material-enhanced laser desorption/ionization (MELDI) is a

ew technique that uses various functionalized carrier materials
or direct protein profiling employing a MALDI-MS instru-
ent [154]. This approach is quite similar to SELDI, since the

protein-functionalized beads-suspension” is directly applied
nto a MALDI-target, mixed with the appropriate matrix solu-
ion, and analyzed by MALDI-MS. However, MELDI uses
articles with a higher surface area than the spots used in SELDI

hips, so it allows detection of a larger number of peptides
nd proteins within a broad molecular mass range [155] and
ithout prior albumin and immunoglobulin depletion, elution,

nd desalting steps that are mandatory for other MS-analysis

n
a
a
c
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echniques [154]. However, different studies have shown that
he carrier material has to be carefully chosen to assure best
esults [156] and that particles with only certain properties, i.e.
ighly porous, spherical, and in the low �m size range, can be
ffectively used in MELDI [154,155].

Iminodiacetic acid (IDA)-Cu2+ linked cellulose, silica, poly
glycidyl methacrylate-GMA/divinylbenzene-DVB) particles
nd diamond powder have been tested as carrier materials
or serum protein profiling. The spectra recorded for each of
hese materials showed similar serum mass fingerprints with
nly minor intensity differences, which can be attributed to the
ariation resulting from sample preparation in suspension, appli-
ation to the MALDI target, and matrix crystallization effects
155]. A detailed analysis of reproducibility and robustness of
his approach recently has been reported, showing quite repro-
ucible spectra for serum samples analyzed at different times
ver several weeks with either cellulose [154] or silica [156]
articles. Two parameters, the time between sample preparation
nd MS analysis and the temperature, have been identified as
otential sources of bias. Comparison of the spectra obtained
rom a cellulose-serum suspension showed the absence of some
eptides when the MALDI target was stored at room temper-
ture for 4 h before analysis compared with samples that were
nalyzed immediately after plate spotting. On the other hand,
amples prepared at 4 and 21 ◦C yielded almost identical profiles
ut these were different from the profile of the sample prepared at
0 ◦C. In the latter case, the signal-to-noise ratio was decreased,
esulting in difficulty distinguishing noise from true peaks [154].

Although no extensive studies of serum/plasma protein pro-
ling for biomarker discovery have been reported using this
pproach, prostate and control serum samples were analyzed
s a first attempt to demonstrate the capability of this strat-
gy for detection and/or identification of new biomarkers [154].
he ongoing development of an automated MELDI technique
mploying liquid handling robotic devices for high throughput
nalysis represents a potentially key step towards multi-
lexed serum/plasma protein profiling for biomarker discovery
155].

.1.3. Surface-derivatized magnetic beads
In recent decades, magnetic beads have emerged as a

romising new platform in biomedical applications, particu-
arly bioseparations [32,157]. Functionalized magnetic beads
re used for solid phase extraction of a specific subset of
olecules from a liquid. The nature of the molecules retained

epends directly on the kind of surface-derivatized beads used.
his new technology was first applied for serum/plasma pro-

eomic profiling to obtain a pattern of 274 peptide masses
o distinguish between sera from brain tumor patients and
era from healthy people using reversed phase C8 beads
17].

The general operational protocol as originally described by
illanueva et al. [17] consists of: (i) Bead suspension: mag-

etic bead pellets are resuspended by pipetting up/down (in the
utomated protocol) or by vortexing (manually). (ii) Binding:
measured volume of bead suspension is transferred to a tube

ontaining an aliquot of serum or plasma. The magnetic beads
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nd the sample are mixed and the beads are pulled to the side by
agnetic force, the supernatant is then removed and discarded.

iii) Washing: a washing solution is added and the beads are
ulled from left to right over one or more magnets, resulting in
laterally jarring motion. Then, the beads are pulled to the side
nd the washing solution is removed. (iv) Beads pull-down: the
eads are resuspended and then pulled to the tip of the tube by
agnets positioned underneath followed by the careful removal

f the supernatant. (v) Elution: a minimal volume of elution sol-
ent is added to the bead pellet and mixed. The beads are then
ulled to the side and the eluate is collected.

The first studies using magnetic beads related with pro-
eomic profiling of serum/plasma for biomarker discovery using

ass spectrometry were carried out with beads derivatized with
eversed phased ligands, such as C1, C2, C3, C8, and C18
17,29,158]. After the relative success of these trials, the mag-
etic bead product line has been expanded significantly, most
otably by Bruker Daltonics, to include not only reversed phase
ead types, but also weak anion (WAX) and weak cation (WCX)
xchange beads; immobilized metal affinity capture (IMAC)

eads with both copper and iron variants; and large-protein beads
llowing retention of proteins up to several 100 kDa. Other mag-
etic beads include glyco-beads, offering multiple methods for
lycoprotein enrichment, including both chemical capture or

a
s
(
i

ig. 4. (A) Effect of different batches of C8/K magnetic particles on serum peptide
ssisted sample processing and MALDI-TOF MS. Reproduced from Villanueva et al
omatogr. A 1153 (2007) 259–276

ectin-capture strategies thus allowing profiling of all glycosy-
ated peptides, proteins or glycan-structures which can be very
nformative in cancer research, and antibody-capture beads for
he specific enrichment of different protein groups with the same
ntigen specificity or even of specific proteins, thus giving access
o low abundance proteins in serum/plasma.

This approach is intrinsically more sensitive than surface
apture on chips, such as SELDI, since spherical particles
ave larger combined surface areas than small-diameter spots.
etection of 400 polypeptides (0.8–15 kDa range) in a sin-
le droplet (50 �l) of serum, and almost 2000 unique peptides
n larger sample sets, have been reported using this strategy
17]. It is also amenable to robust automation, thus providing a
calable and reproducible approach. The cost of ClinProt mag-
etic bead arrays is quite low, according to Bruker Daltonics,
hus allowing larger validation studies. The most significant
roblem associated with this technology was reported in a
ater study by the same authors who developed the strategy.
hey found that different batches of the same beads from the
ame company provided very different results (Fig. 4A) [26],

lthough very reproducible profiles were obtained using the
ame batch of beads and the same sample on different days
Fig. 4B) [17]. This fact constitutes a major reproducibility
ssue, so potential batch-dependent differences should be veri-

profiling. (B) Reproducibility of serum peptide profiling by magnetic particle-
. [17,26] by permission of the American Chemical Society.



J. Chr

fi
[

e
M
e
t
e
p
m

4

g
l
f
M
t
[
t
I
s
[
o
d
n
a
d
a
p
t
M
5
g
t
t
r
i
o
o
a
a
a
t
a
p
n
i
i
f
m
d
i
o
f
p
c

t
Z
i
b
h
h
p
r
l
g
o
b
h
s
s
b
c
[
u
a
e
t
w
l
t
l
o
c
f
c
a
t
a
[
b

4

o
s
m
s
b
m
p
w
o
c
v
f
h
o

J.L. Luque-Garcia, T.A. Neubert /

ed by anyone using solid phase extraction for profiling purposes
26].

This strategy is compatible with any kind of mass spectrom-
ter. However, most studies to date have been carried out using
ALDI-TOF MS [37,159]. The combination of solid phase

xtraction using magnetic beads with MALDI analysis has led
o differential protein expression patterns associated with dis-
ases like asthma [158] and thyroid cancer [26] using reversed
hase C8-beads; and gastric cancer using antibody-conjugated
agnetic nanoparticles [157], among others.

.1.4. Capture of glycoproteins/glycopeptides
A new method based on the selective isolation of N-linked

lycosylated peptides after proteolysis of serum proteins, fol-
owed by the analysis of the complex mixture of deglycosylated
orms of these peptides by LC–MS/MS [160] or MALDI-

S/MS [161] has been reported. This approach has been found
o be a powerful method for the analysis of the serum proteome
160] and for the detection of proteins or protein patterns that dis-
inguish individuals in different physiological states [160,162].
t is well known that cellular glycosylation profiles change
ignificantly during oncogenesis [163–165] and other diseases
166,167]. Prostate specific antigen (PSA), for example, is one
f the best characterized secreted glycoproteins used in cancer
iagnostics. By selectively isolating this subset of peptides, a sig-
ificant reduction in sample and analysis complexity is achieved
t two levels: first, a reduction of the total number of peptides
ue to the fact that every serum protein on average only contains
few N-linked glycosylation sites; and second, a reduction of

attern complexity by removing the oligosaccharides that con-
ribute significantly to the peptide pattern heterogeneity [160].

oreover, the most abundant serum protein (constituting almost
0% of total serum proteins), albumin, does not contain N-linked
lycosylation motifs and therefore is effectively transparent to
he analysis. In addition, this approach only selects peptides from
he constant region of immunoglobulins and thus dramatically
educes the number of immunoglobulin-derived peptides. This is
mportant since immunoglobulins constitute approximately 20%
f total protein mass in serum [168] and comprise a population
f an estimated 10 million different molecules [14]. However,
lthough the reduction of peptide redundancy is beneficial for
chieving higher coverage of the proteome per analysis, it is
lso apparent that it leads to the loss of some, potentially impor-
ant information: (i) non-glycosylated proteins are missed in this
pproach. While it is believed that the majority of serum-specific
roteins are glycosylated [169], intracellular proteins (typically
on-glycosylated) that may represent a rich source of biomarkers
f leaked into serum might go undetected. (ii) The availabil-
ty of fewer peptides per protein may increase the number of
alse positive protein identifications. (iii) While this approach
ay reveal differences in protein level or glycosylation level,

isease processes that alter other protein posttranslational mod-
fications, including proteolytic processing, will not be detected

n a glycopeptide level. (iv) Collapsing peptides modified by dif-
erent oligosaccharide structures into a single signal will obscure
otential disease markers that are due to alterations in oligosac-
haride structure [160,169].
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A method based on the conjugation of serum glycopro-
eins to a resin using hydrazide chemistry was proposed by
hang et al. [160,170]. In this method, glycoprotein oxidation

s carried out first in order to convert the cis-diol groups of car-
ohydrates to aldehydes. The aldehyde groups react with the
ydrazide groups immobilized on the resin, forming covalent
ydrazone bonds, and the immobilized glycoproteins are then
roteolyzed on the solid support. Former N-glycopeptides are
eleased from the solid support by PNGase F treatment and ana-
yzed by MS [170]. It is also possible to isotopically label the
lycosylated peptides before release from the solid support in
rder to allow quantitative results. This method was shown to
e very reproducible, achieving increased analytical depth and
igher throughput compared with analysis of samples without
elective analyte enrichment. Furthermore, the authors demon-
trated that the peptide patterns obtained were able to distinguish
etween serum samples from mice with carcinoma-induced skin
ancer and samples from genetically identical, untreated mice
160]. Another approach reported recently [171] relies upon the
se of lectins, a class of proteins found in plants, bacteria, fungi
nd animals that are known to bind specific oligosaccharide moi-
ties [172,173]. The most common approach for using lectins
o capture serum glycoproteins has been to digest the serum
ith trypsin, isolate the glycopeptides with one or more lectins

inked to a support resin, elute and deglycosylate the bound pep-
ides with a PNGase. Drake et al. [171] showed how different
ectins bound to agarose beads conferred selective enrichment
f serum glycoproteins, and some overlap and redundancy in the
aptured proteins. Serial affinity capture strategies, in which dif-
erent lectins are used in tandem, can increase the fractionation
apabilities. Using this approach with fucose-specific lectins,
n increase in the level of fucosylated glycoforms of glycopro-
eins in serum from individuals with hepatocellular carcinoma
s compared with serum from healthy patients was observed
171], showing the ability of this strategy for finding diagnostic
iomarkers.

.1.5. Nanoporous substrates
As part of an ongoing trend aiming to translate the potential

f nanotechnology to proteomics, the application of nanoporous
ilica particles to filter serum/plasma proteins with the goal of
ore effectively harvesting plasma LMW proteins has been

tudied [12,174]. Silica particles [12], silicon wafers, and glass
eads [174] have been tested to act as a carrier protein-like
imetic and to enrich for low molecular weight proteins within

lasma/serum or other biological fluids. Nanoporous silicon
afers have been used to selectively deplete serum/plasma
f a fraction of proteins [174], while silica particles and
ontrolled-pore nanoporous glass beads have been used to har-
est distinct subsets of the proteome from serum/plasma samples
or subsequent elution and evaluation [12,174]. The authors
ave shown that the characteristics of fractionation depend
n the pore size of the material used. Additional pore sizes,

urface modifications, and carrier protein (e.g. albumin) immo-
ilization strategies must be tested to improve fractionation
nd purification of interesting low molecular weight species
174].
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.2. Electrophoresis

Electrophoresis is the movement of charged particles through
medium by using an electric field induced by electrodes.

n proteomics, electrophoresis, specially gel electrophoresis,
s still the cornerstone separation technique for complex pro-
ein mixtures, although alternatives based on chromatoghraphy
nd protein arrays are advancing to complement this technique
175]. Both gel and capillary electrophoresis have been used for
erum/plasma fractionation for biomarker discovery before MS
nalysis.

.2.1. Gel electrophoresis
Gel electrophoresis refers to the technique in which

olecules are forced across a span of gel motivated by an electri-
al current. Activated electrodes at either end of the gel provide
he driving force. The properties of the molecules, such as size,
lectric charge, structure, etc. determine how rapidly an electric
eld can move them through the gel. Two-dimensional gel elec-

rophoresis (2DE) is widely used in proteomic studies due to
ts separation power. Proteins are initially separated according
o their isoelectric point (pI) in the first dimension, followed by
eparation in the second dimension according to their molecu-
ar weight. The result is an array of spots detected by different
taining procedures [7]. The resolution and sensitivity can be
ncreased using strategies, such as immobilized pH gradients
ble to create a more complete picture of the actual protein
ontent of the sample [176,177]. However, applications of gel
lectrophoresis to biomarker discovery studies are rare due to the
act that the technique is not well suited to analyzing large series
f samples, as it is quite work intensive and slow [175,178].
t is also complicated by the typical abundance and dynamic
ange issues that afflict serum/plasma analyses; therefore, sam-
les are usually depleted of albumin and immunoglobulins prior
o 2DE [7,46,179]. After using gel electrophoresis, the proteins
onsidered to be relevant as biomarkers are identified mostly
ccording to standard proteomics protocols based on proteolytic
n-gel digestion and MS analysis.

Despite the problems associated with the use of gel elec-
rophoresis mentioned previously, a number of groups have
erformed comparative studies over the years and discovered
ome potential biomarkers [180–183]. Using 2DE followed by
ALDI MS analysis, potential biomarkers for acute myeloid

eukemia [184], hepatocellular carcinoma [185,186], liver toxi-
ity or hypertrophy [187] and breast cancer [188], among others,
ave been reported. Agarose 2DE gels have been successfully
sed for the identification of potential biomarkers for prostate
ancer by focusing on the high molecular weight (HMW) pro-
ein range. Proteins that were not previously reported in prostate
ancer by using genomic or conventional 2DE based proteomic
pproaches were found to be potential biomarkers [189]. 2DE
as also been used to complement SELDI [190] when search-
ng for biomarkers for acute renal allograft rejection. While

DE was superior for profiling at the protein level over a wide
olecular weight range, SELDI was faster and more sensitive

or the analysis of peptides and small proteins below 20 kDa
190]. Comunale et al. [191] proposed an approach based on

d
t
w
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he de-N-glycosylation of the polypeptides present in serum to
implify the serum proteome profiles obtained by 2DE. Sev-
ral polypeptides, apparent only after de-N-glycosylation, were
hown to correlate with the presence of hepatocellular carci-
oma. Although the results were preliminary and the identities of
ll the putative biomarkers not yet known, the data suggested that
e-N-glycosylation offers a method to enhance the resolution of
erum protein profiles [191].

Although the studies described above used conventional
taining procedure for protein detection [192,193], more subtle
hanges may be observed with the use of differential gel elec-
rophoresis (DIGE). DIGE constitutes the proteomic equivalent
o gene expression analysis by DNA microarrays. Even minor
ifferences of protein expression can be detected across mul-
iple samples simultaneously with statistical confidence [194].
he comparison of spot intensities using the DIGE approach and
eCyder software [195,196] is more objective than the approach
ased on the comparison of the brightness of gel images obtained
y conventional staining [197]. DIGE has been used after deple-
ion of high abundance proteins from serum by immunoaffinity
epletion columns for the identification of potential biomarkers
or pancreatic [179] and breast cancer [198].

.2.2. Capillary electrophoresis
Introduced in the 1960s, the technique of capillary elec-

rophoresis (CE) was designed to separate molecular species
ased on their size to charge ratio inside a small capillary
20–100 �m inner-diameter) of glass, silica or other material
lled with an electrolyte. Isoelectric focusing (IEF) and gel elec-

rophoresis occur within the capillary itself. CE has been used
n proteomics both to analyze and to fractionate samples before

S analysis and 2DE [199]. The high resolution of CE and
he nanoliter sample volumes used are especially advantageous
hen serially fractionating small clinical samples; however, the
umber of actual molecules of a low abundance protein that
re present in these minute samples needs to be kept in mind.
ithout a prior concentration or enrichment step, proteins or

eptides at low concentration may be entirely overlooked [7].
his is probably the reason why most studies for biomarker dis-
overy using CE-MS have been carried out in urine [200] and
nly a few with serum/plasma samples [201,202].

Centrifugal ultrafiltration has been used prior to CE to remove
igh abundance proteins from serum/plasma, since large pro-
eins are fairly insoluble, and would result in the appearance of
recipitate in the capillary [44,203]. Kaiser et al. [44] detected
pproximately 500 polypeptides with molecular weights from
00 to 12000 Da in plasma after ultrafiltration. Also, approx-
mately 500 components were detected using an automated
E-MS approach. The authors analyzed low molecular weight
eptides in serum after ultrafiltration using a CE-MS method
hat incorporates a transient isotachophoresis for in-line pre-
oncentration and a sheathless CE-MS electrospray interface
203].
Another promising approach, in which plasma samples are
irectly injected into the CE capillary without any sample pre-
reatment, is based in the use of a fused silica capillary coated
ith polybrene to avoid hydrophobic interaction with the cap-
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llary wall and to obtain a strong reversed electroosmotic flow
EOF). Using anodic separation, the proteins migrate against the
OF, and the lower (positively) charged proteins in the back-
round of acetic acid-based electrolyte enter the detector first.
his approach provides two advantages: (1) the proteins are
ompletely desalted, because the small cations migrate in the
ther direction and never reach the detector, and (2) modified
roteins, such as glycosylated forms, are separated from non-
odified forms because of their lower positive charge due to

on-charge-bearing groups or negatively charged modifications.
maller and modified (glycosylated) proteins are separated from

he predominant serum protein albumin. The high resolution
nd high mass accuracy provided by modern mass spectrometry
echnology is suitable for a tentative identification of the pro-
eins and for monitoring mass changes on the level of the intact
rotein for diagnostic purposes [204]. However, as far as we
now, no biomarker discovery studies have been reported using
his approach.

.3. Liquid chromatography

Chromatographic processes can be defined as separation
echniques involving mass-transfer between stationary and
obile phases. Liquid chromatography (LC) is the most widely

sed mode of analytical chromatography and uses a liquid
obile phase to separate the components of a mixture. These

omponents (or analytes) are present in a liquid phase or
issolved in a solvent, and then forced to flow through a chro-
atographic column usually under high pressure (HPLC). In the

olumn, the mixture is resolved into its components. The degree
f resolution depends on the extent of interaction between the
olute components and the stationary phase, which is defined as
he immobile packing material in the column. The interaction of
he solute with mobile and stationary phases can be manipulated
hrough different choices of both solvents and stationary phases.
s a result, LC acquires a high degree of versatility not found

n other chromatographic systems and it has the ability to easily
eparate a wide variety of chemical mixtures.

It is important to mention that although the principles of liq-
id chromatography and solid phase extraction are similar, and
he two techniques are often confused especially when using
olid phase extraction columns, they are used for different pur-
oses. In serum/plasma treatments, while SPE is commonly used
o selectively extract either undesirable high abundance pro-
eins (clean-up/purification) or a specific subset of proteins with
imilar characteristic, such as in the glycoprotein capture strat-
gy described above, LC is a separation/fractionation technique
here many serum/plasma fractions can be generated. There

re several SPE devices, such as the SPE disk plates, the MARS
ffinity columns or the SPE columns connected in series that can
rovide some fractionation of samples. However, the separation
btained (typically less than 10 fractions) is low as compared
o LC where the resolution is greater and the number of frac-

ions that can be collected is only limited by the time during
hich the chromatographic run is carried out. Also, there are

mportant differences between these two techniques in the oper-
tional protocols and in the solid sorbents used, such as in the

t
a
t
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article size, especially in high pressure liquid chromatography
HPLC).

LC in combination with MS is primarily performed in the
eversed phase mode for the analysis of peptides from natural
ources or generated by proteolytic digestion of larger proteins,
ince the mobile phase is directly compatible with the require-
ents for ionization at atmospheric pressure. In the case of

erum/plasma sample processing for biomarker discovery, LC
an be used as a last step for separation of peptides immedi-
tely before MS analysis and after using almost any of the other
ample preparation techniques described above, or as the main
ractionation approach for serum/plasma proteins/peptides. In
he latter case, multidimensional LC systems are usually cho-
en to separate serum/plasma samples into different fractions
ased on different principles, such as pI or hydrophobicity, thus
ecreasing the complexity of the samples with the subsequent
ncrease in the probability of identifying biomarkers at lower
oncentrations. Our interest in this study is focused on LC as a
ractionation approach for serum/plasma samples since the use
f LC–MS as a last step for identification of proteins is widely
sed in many kinds of proteomics studies and requires little or no
nnovation or modification for use in biomarker-related studies.

Application of LC–MS to biomarker discovery is not yet
ery widespread partly because the method generates large and
ighly complex data sets that require powerful algorithms and
oftware tools to handle and analyze them [175,205]. How-
ver, some attempts have been carried out recently, although
hey have not always been focused on biomarker discovery.
ow abundance proteins have been observed in serum/plasma
roteome investigations, suggesting LC–MS is a promising plat-
orm for biomarker discovery. Protein fractionation based on
D-LC using weak anion-exchange (WAX) and weak cation
xchange (WCX) columns connected in series has been used for
he investigation of the mouse serum proteome [206]. After load-
ng the serum samples, the columns were disconnected and the
aptured proteins were eluted from the two columns using multi-
tep salt gradients and collected in fractions every minute. After
ractionation, 4567 unique proteins were identified from 12389
nique peptides. Proteins from all functional classes and local-
zations were detected, and numerous low abundance proteins
ere identified without the need for prior removal of albumin
r Igs. This analysis established the basis for the detection of
otential biomarkers in mouse models to determine the pres-
nce or absence of various molecular species in control and
xperimental animals [206]. A similar strategy based on the use
f immunoaffinity chromatography to remove the most abun-
ant serum proteins, followed by sequential anion-exchange
nd size-exclusion chromatography, has been used for the study
f the human serum proteome [207]. This approach combined
ith 2DE succeeded in resolving approximately 3700 distinct
roteins including proteins present in serum at <10 ng ml−1

oncentrations, such as interleukin-6, cathepsins, and peptides
ormones [207].
LC is often unsuitable for analyzing intact proteins since pro-
eins tend to denature under reversed phase conditions (low pH
nd high organic solvent concentration), making their quan-
itative elution rather difficult. However, Qin et al. [13] used
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Fig. 5. Typical elution and retention profile for serum fractionation. Absorbance
at 280 nm illustrates protein concentration at various pHs and elution times.
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rotein concentration for each of the fractions is shown in the bar graph below.
eproduced from Qin et al. [13] by permission of WILEY-VCH Verlag GmbH
Co.

he Beckman Coulter ProteomeLab PF 2-D HPLC system to
eparate serum proteins by anion displacement LC. Serum frac-
ions were collected at pH intervals of 0.3 and further resolved
y DIGE [13]. Serum samples from patients with prostate can-
er and patients with benign prostate hyperplasia (BPH) were
tudied. Chromatofocusing appeared as a reliable and repro-
ucible method for separating protein and peptides, and 72%
f the serum proteins were recovered in fractions between pH
.0 and 6.4 (Fig. 5). The profiles obtained were able to dis-
inguish between BPH and prostate cancer. The reproducibility
f the serum fractionation approach was reported to be quite
ood, with no significant differences between chromatograms
rom different samples, thus demonstrating the potential of
hromatofocusing to reproducibly separate a desired popula-
ion of serum/plasma proteins on the basis of their pI [13].

oreover, comparing profiles obtained from fractionated serum
nd profiles from unfractionated serum demonstrated that more
otal and unique proteins were identified following fraction-
tion. Especially important was the presence of several low
bundance proteins in fractionated samples [13]. 2D-LC has
lso been applied to make comparative proteomic analyses
f plasma samples from an individual prior to and 9 h after
ipopolysaccharide (LPS) administration. Using a strong cation
xchange (SCX) chromatography column coupled off-line to
reverse-phase column, a total of 32 proteins were observed

o be significantly increased in concentration following LPS
dministration, including several known inflammatory response
r acute-phase mediators, thus constituting potential biomark-
rs for inflammatory response [208]. Sheng et al. [209] also
sed the commercial instrument PF2D from Beckman Coulter
o separate serum proteins in the first dimension using chromato-

ocusing followed in-line by reversed phase chromatography in
he second dimension, thereby separating intact proteins based
n pI and hydrophobicity. The PF2D system successfully iden-
ified both high and low abundance proteins. The addition of
omatogr. A 1153 (2007) 259–276

0% isopropanol to the first dimension buffer enhanced the
lution of proteins at or near their theoretical pI. The authors
eported that 150 non-redundant serum proteins (excluding all
mmunoglobins and albumin and considering a minimum of
wo peptides matches with acceptable Mascot scores) were
nambiguously identified, of which 81 had not been identified
reviously in serum [209].

. Conclusions

We have discussed many different strategies used for sam-
le preparation of serum/plasma for biomarker discovery using
ass spectrometry, from well established approaches, such as

el electrophoresis or ultrafiltration to relatively new strate-
ies, such as glycoprotein/glycopeptides capture or the use of
anoporous susbtrates. We have attempted to present the advan-
ages and shortcomings of each, as well as many of the applica-
ions reported so far in biomarker-related proteomic studies.

As demonstrated by the large number of papers that have been
ublished in the past few years, the discovery rate of potential
iomarkers and drug targets has already greatly exceeded the
ate of preliminary validation, and the gap is expected to increase
210]. Hence, one of the first steps required is the standardization
f sample preparation protocols in order to obtain reproducible
esults between laboratories that can lead to the establishment
f these potential biomarkers as valid tests for clinical pur-
oses. Further investigation is especially needed for new sample
reparation strategies that have already provided particularly
romising results, such as the multiple affinity removal systems,
ultidimensional liquid chromatography and use of nanoporous

olid phases.
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