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a b s t r a c t

The search for disease markers is not new; however, with the emergence of new technologies such as
nano-HPLC and electrospray ionization and time of flight mass spectrometry, the search has intensified
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considerably. Genomic, proteomic and metabolomic technologies are being used to search for novel dis-
ease markers. In this manuscript emphasis will be on different HPLC and MS methods that are used to
search for metabolites and proteins that can be used for the discovery of novel, sensitive and specific
disease biomarkers. Definitions of terms such as sensitivity, specificity, and protein profiles will be given.
Methods used for effective fractionation, separation and quantitation of proteins and peptides using
HPLC/MS will be discussed and examples are presented. A brief discussion of electrophoretic procedures
roteomics

etabolomics used for protein fractionation and biomarker discovery is also included.
© 2008 Elsevier B.V. All rights reserved.
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hat indicates the presence of an abnormal condition within
patient and allows disease progression and/or therapeutic

esponse to be monitored. A biomarker can be gene- (e.g. single
ucleotide polymorphism), protein- (e.g. prostate-specific antigen),
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or metabolite-based (e.g. glucose, cholesterol, etc.) that has been
shown to correlate with the characteristics of a specific disease [1].
An ideal diagnostic biomarker test should be fast, easy to perform
and interpret and allow the early detection of a disease, preferably
with 100% sensitivity and specificity (no false positive or false neg-
ative), and the disease progression and/or therapeutic response to
be monitored. To have the greatest impact, a biomarker should be
present within an easily obtainable sample, such as urine or blood
8. Future outlook. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction

A biomarker is a substance that is objectively measured
so that it can be monitored through a non-invasive testing. The
test must be capable of screening thousands of samples in a high-
throughput manner at affordable cost using accessible equipment.

In the past decade tremendous efforts have been made in the
search for novel disease biomarkers using genomic, proteomic

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:issaqh@mail.ncifcrf.gov
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nd metabolomic technologies [2–8]. The search for biomarkers
n tissue and biofluids is a worthwhile endeavor because of the
remendous benefits of early detection of a disease when the
hances of survival are the highest. The major reason for the high
ate of mortality from a disease such as cancer can be attributed
o the lack of biomarkers amenable for early screening with high
ensitivity and specificity. There is an urgent need for the discovery
f disease biomarkers, and this area of research should be given the
ighest priority.

Proteomic- and metabolomic-based approaches have the poten-
ial of leveraging novel discoveries into diagnostic tests that will
llow better understanding of disease pathogenesis and progres-
ion. The search for a molecule(s) that can be used as biomarker is to
earch for proteins in a proteome, or metabolites in a metabolome,
hat show a different characteristic (e.g. abundance, modification,
tc.) between control and diseased specimen. Unfortunately, most
f the recently identified protein or metabolite biomarkers have
ailed to replace existing clinical procedures because verification
nd validation phases of biomarkers are costly, labor intensive and
equire more time than just the discovery of a biomarker, and
hey suffer from low diagnostic sensitivity and specificity [9,10].
n spite of the fact that proteome and metabolome profiling is still
ar from demonstrating its application in clinical diagnosis, prelim-
nary studies clearly indicate its significant potential.

Separation science, chromatography and electrophoresis, com-
ined with mass spectrometry (MS), are essential technologies in
he search for proteins and metabolites that can be used as biomark-
rs. However, the complexity of the proteome and metabolome
number of compounds, concentration dynamic range and chemi-
al diversity) make the search equivalent to looking for a needle in
hay stack. The large concentration dynamic range of a serum pro-

eome (i.e. ∼1012) or complexity of the metabolome (hundreds to
housands of compounds) exceeds the capabilities of current ana-
ytical methodologies. This complexity requires the development
f special fractionation and separation procedures in order to sim-
lify the mixtures and allow their efficient detection when using
S [11].
While different chromatographic and electrophoretic

pproaches have been developed for analysis of the metabolome,
any more have been developed for proteome analysis. Scientists

ave used electrophoretic and chromatographic technologies,
eparately and in combination, both off-line and on-line for the
ractionation and separation of protein digests. These combinations
nclude two-dimensional high-performance liquid chromatogra-
hy [12–14]. In spite of all these efforts, it is still not possible to
ompletely separate, detect, and identify the entire proteome or
etabolome.
The complexity and concentration dynamic ranges are major

roblems for the analysis of serum or plasma proteins; arguably
he most interrogated specimen used for biomarker discovery stud-
es. A handful of highly abundant proteins, such as albumin, make
p over 90% of serum protein content and can mask the detection
f low-abundant proteins. To remove these proteins, affinity chro-
atography or membrane filters have been used to deplete the high

bundance proteins when proteomics is used for biomarker dis-
overy. Depletion of these proteins, however, may cause the loss of
roteins that are complexed (generally non-specifically) to highly
bundant proteins resulting in the potential loss of beneficial infor-
ation [15].

. Definitions
Before we discuss biomarker discovery, a number of important
efinitions should be clarified. In this section, for the benefit of read-
rs who are not familiar with the terminology, we will define a few
erms that will be used throughout this manuscript.
r. B 877 (2009) 1222–1228 1223

2.1. Sensitivity

The percentage of positive samples is identified by a model as
true positive. Sensitivity decreases with an increase in false nega-
tives. It can be defined by the following equation:

Sensitivity = #of true positives
(# of true positives + #of false negatives)

× 100

2.2. Specificity

The percentage of negative samples is identified by a model as
true negative. Specificity decreases with an increase in false posi-
tives. Specificity is defined by the following equation:

Specificity = #of true negatives
(# of true negatives + #of false positives)

× 100

2.3. Proteomic patterns

Alterations in proteins abundance, structure, or function, act as
useful indicators of pathological abnormalities prior to develop-
ment of clinical symptoms and as such are often useful diagnostic
and prognostic biomarkers. It is for this reason that recent hypothe-
ses suggest that detection of panels of biomarkers may provide
higher sensitivities and specificities for disease diagnosis than is
afforded with single markers. Proteomic patterns as a clinical test
for disease diagnosis is a concept that was first introduced by Pet-
ricoin et al. [16]. Proteomic pattern analysis relies on comparison
of differences in relative abundance of a number of polypep-
tides/proteins [mass-to-charge ratio (m/z) and intensity] within
the mass spectrum of two sample sets. For a review of proteomic
patterns and their potential in disease diagnosis see reference
[17].

3. Sample fractionation for effective analysis

The strategy for the discovery of protein or metabolite biomark-
ers requires the identification and quantitation of as many entities
in a proteome or metabolome as possible. The complexity of
the proteome and the metabolome requires the development
of efficient fractionation, concentration and separation proce-
dures in the hope of detecting the largest possible number
of compounds using MS. Analytical chemists have made many
attempts to develop methods that possess sufficient resolution
to separate large numbers of compounds (proteins and metabo-
lites), as well as be sensitive enough to detect those compounds
present in low abundance. Single dimension separations are
not capable of resolving all the compounds in the proteome
or metabolome. Therefore, the focus has been on developing
multi-dimensional separation methods where the first dimen-
sion is a fractionation procedure followed by separation and
MS analysis. The procedures used are mostly two-dimensional
(2D) liquid chromatography and 2D gel electrophoresis. In spite
of the fact that 2D fractionation procedures can resolve thou-
sands of proteins and hundreds of metabolites, no method
presently exists that can separate, detect and quantify all the
proteins within a given proteome, or all the metabolites in a
metabolome.

Since the physicochemical nature of the metabolome and pro-
teome differ, they require different fractionation and separation

procedures. The proteome is made up of thousands of polypep-
tides/proteins that possess the same amino acid building blocks;
however, they vary in size and cover a wide range of chemical prop-
erties (e.g. acidity, basicity, hydrophobicity, hydrophilicity, etc.).
Unlike the proteome, the metabolome contains compounds that
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re structurally unrelated and have different chemical and physical
roperties. Compounds such as sugars, lipids, steroid hormones,
ydrocarbons, etc., require different procedures for extraction,
eparation and detection. A comprehensive separation of all the
etabolites in a metabolome may require multiple solvent systems

or extraction followed by different separation methods, reversed-
nd normal-phases in addition to ion exchange and gas chromatog-
aphy (GC). Also, MS analysis should be carried out using positive
nd negative ionization modes, since the ionization potential of
etabolites differ as well.
Fractionation of a serum, urine or tissue proteome, prior to sep-

ration and MS analysis can be carried out at the protein or peptide
evel after extraction of proteins from the sample. Protein properties

ake them amenable to different electrophoretic and chromato-
raphic fractionation approaches. Fractionation of the metabolome
equires the use of different solvent systems for extraction followed
y a chromatographic or CE separation and MS for identification.
ost electrophoretic and chromatographic fractionation proce-

ures published to date employ 2D separations, which results in a
arge number of fractions that require MS analysis. While 2D-PAGE
s the most popular electrophoretic procedure for the separation of
roteins, SCX/RP HPLC on-line with MS is one of the most popu-

ar chromatographic methods. Researchers have attempted to use
ore than 2D fractionation to increase the number of proteins iden-

ified; however, increasing the number of dimensions causes a large
ncrease in the time and cost required to conduct the experiment,
nd may lead to sample loss [18–21].

.1. Electrophoretic fractionation

Electrophoretic fractionation of a proteome has been mostly car-
ied out by gel electrophoresis although there have been a few
ttempts at using liquid-phase IEF. Gel electrophoretic fractiona-
ion of a proteome is carried out at the protein level according
o their isoelectric point (charge) by isoelectric focusing (IEF) in
pH gradient or size by SDS-PAGE. Due to pH gradient instabil-

ty and irreproducibility, Bjellqvist et al. introduced immobilized
H gradients (IPG) for IEF [22]. In IPGs the pH gradient is gen-
rated by a limited number of chemicals. The carrier ampholytes
re attached to acrylamide molecules and cast into the gels to
orm stable, reproducible and fixed pH gradients capable of focus-
ng acidic and basic proteins on a single gel prepared with broad
H gradients. Studies have shown that using narrow-range IPG
trips allowed a larger number of proteins to be separated than
ad been possible with standard 2D-PAGE [23]. IEF using IPGs is
n excellent first step for the fractionation of complex mixture of
roteins.

Protein fractionation by IEF is not limited to gel electrophoresis
24]. In liquid-phase-based IEF the proteins in a sample are mixed
ith the desired pH range carrier ampholyte buffer in a focusing

ell. Application of an electric potential to the focusing cell causes
he proteins to migrate to a position in the established pH gra-
ient equivalent to their respective pI. If a protein diffuses away
rom this pH region, its net charge will change and the resulting
lectrophoretic forces will influence its migration back to its pI
oint. The net result is the “focusing” of proteins into sharp bands
t their pI values. The pH gradients are established by using car-
ier ampholytes. The advantage of liquid-phase-based IEF is that
he proteins are separated in a solution and can be eluted in dif-
erent vials for analysis. For example, the fractionation of proteins
sing Rotofor from BioRad results in 20 fractions. The disadvantage
s that if concentrated protein solution is used, protein precipi-
ation will take place. Liquid-phase-based IEF is faster than gel
lectrophoresis and is easier to handle; however, it does not have
he resolving power of gel electrophoresis, and cannot be used in a
D-format.
r. B 877 (2009) 1222–1228

3.2. Chromatographic fractionation

Fractionation is the first step in the comprehensive analysis of
the proteome which is mostly done by gel electrophoresis and liquid
chromatography using different column chemistries (reversed-
phase, ion exchange, affinity, size exclusion). Most of the published
work in this area is carried out by fractionation of the proteome at
the protein or at the peptide level after protein digestion. It is eas-
ier to do the fractionation of peptides rather than proteins because
peptides are more soluble and easier to handle. For reasons dis-
cussed earlier, extraction of the metabolites from serum or urine for
global metabolome analysis is more difficult than proteins from the
proteome. For example, extraction of the metabolites from serum
requires, first, the precipitation of proteins; then, because of the
diversity of the metabolites, extraction of the metabolites by differ-
ent solvent systems. Want et al. [25] evaluated 14 different solvents
including methanol, ethanol, acetonitrile and acetone as well as
different combinations of methanol and acetonitrile or ethanol in
different ratios to select the best solvent system for the comprehen-
sive extraction of metabolites from serum. Methanol was proven to
be the best solvent not only for extraction of metabolites but also for
precipitation of serum proteins. Targeted analysis of the proteome
and the metabolome simplifies the analysis considerably because
the analysis is limited to a specific group of compounds to which an
analytical procedure is devised. A review of the role of separation
science in metabolomics was recently published [26].

Many approaches, using two or more orthogonal HPLC sepa-
ration procedures, for example, IEX/RP, Affinity/IEX/RP, have been
tried to separate complex peptide mixtures such as cell lysate
digest. A review by Issaq et al. [4,27] discussed the different multi-
dimensional approaches for the extensive separation of peptides.

4. Protein markers

Alterations in proteins abundance, structure, or function, act as
useful indicators of pathological abnormalities prior to develop-
ment of clinical symptoms and as such are often useful diagnostic
and prognostic biomarkers. The discovery of protein markers
is based on quantitatively measuring the same protein in two
different samples reproducibly and accurately. For the sake of repro-
ducibility, it is preferred that both control and diseased specimen
be treated differently then analyzed, in the same experiment. The
two most common forms of gel electrophoresis are 2D-PAGE and
2D-DIGE. In both methods, proteins are resolved in two sequen-
tial steps, according to their charge in the first dimension and by
their mass in the second dimension. Good resolution of proteins is
obtainable; however, the technique is not amenable to automation
or direct coupling to the mass spectrometer. In 2D-PAGE aliquots
from two samples are spotted and analyzed on two separate gel
plates. After separation staining is carried out to reveal protein
expression. The protein levels are compared, spots of interest are
excised, the proteins within the spot are enzymatically digested,
and the resultant peptides are extracted and analyzed using MS.
Ünlü et al. [28] introduced 2D-DIGE to improve the reproducibility
and reliability issues encountered with 2D-PAGE. Proteins from two
samples are labeled, each with a different cyanine fluorescent dye
that has a different excitation and emission wavelengths. The two
samples are mixed and spotted on the same plate. The same pro-
tein labeled with any of the dyes will migrate to the same position
on the gel because the dyes do not affect the size or the isoelectric

point of the protein. The proteins are visualized by illuminating the
gel with the excitation wavelengths of each of the dyes. Proteins of
interest are excised and treated as mentioned earlier. This method
allows comparative samples to be run together on the same gel,
while 2D-PAGE requires each sample to be run on separate gels and
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he staining intensity of coincident spots to be compared between
els. For reviews on 2D electrophoresis the reader should consult
wo recent reviews [29,30].

Gel-free 2D LC, unlike 2D SDS-PAGE, allows the direct coupling of
he LC system to the mass spectrometer so that the effluent from the
olumn (separated species) can be detected and characterized by
S/MS. While 2D-PAGE and LC/MS are used to fractionate complex
ixtures of proteins, they can also be used to quantify the relative

bundances of proteins within two different samples, one healthy
nd one diseased. The difference between the two methods of com-
arisons is that the relative abundances of proteins in the samples
re compared before MS analysis (2D-PAGE), while in LC/MS the
omparison is carried out after the MS data have been acquired.
elative quantitation of proteins in a bottom-up LC/MS-based pro-
eomics quantitation is carried out by a variety of stable isotope
abeling techniques that rely on post-digestion and quantitation of
ifferentially labeled peptides/proteins were recently reviewed by
enselau [31]. For a general review of mass spectrometry-based pro-
eomic quantitation the reader should consult the review by Ong
nd Mann [32].

These techniques are used in realm of biomarker discovery.
ypically, control and compared samples are differentially sta-
le isotope tagged using in vivo or in vitro labeling. Commonly
sed in vivo (metabolic) labeling techniques depend on supply-

ng the cell/organism with nutrients containing stable isotopes,
llowing simultaneous differential isotope incorporation into all
ellular proteins [33,34]. In vitro labeling relies on chemical or
nzymatic incorporation of stable isotopes allowing labeling of
pecimens after cell lysis or tissue homogenization [35–37]. Enzy-
atic labeling can be efficiently used for quantitative profiling of

mount-limited specimens, including proteins isolated from mem-
rane microdomains [38] or for direct labeling of clinically relevant
uman specimens [39].

There is no clear consensus in the literature for a “best practice”
sotope labeling strategy for biomarker discovery. Our opinion is
hat the choice of isotope labeling technique is highly dependent
n experimental design, the scope of a particular analysis and the
ample or system being analyzed. Quantitation of peptides/proteins
s not limited to isotope labeling as discussed above. An alternative
pproach to stable isotope-based quantitation of proteins has been
eveloped that does not require differential stable isotope label-

ng and is thus referred to as label-free method. This approach is
ttractive because it is simple, economical and easy to apply. How-
ver, this approach requires high reproducibility of HPLC separation
peptide retention times) and high sensitivity to detect low abun-
ance peptides. Statistical methods have been developed for peak
lignment. For a review of these methods the interested reader
hould consult ref. [40,41]. Mass spectrometry-based quantitation
f proteins is achieved by measuring the peptide levels in a mix-
ure. It has been reported that the peak areas of measured peptides
s directly proportional to the concentration of proteins [42].

Few selected examples of the role of proteomics in biomarker
iscovery are presented here. The first example is an interesting
pproach because the researchers, using their biological knowledge
ombined PAGE with LC/MS, searched for discriminating proteins in
rines from bladder cancer patients and controls [43]. The authors’
ypothesis is that since most bladder cancers originate in the
rothelial cells lining the lumen of the organ, these cells will release
icroparticles into the urine. The objective of the study was to

dentify potential biomarkers in the urinary microparticles of indi-
iduals with bladder cancer. This is interesting because, rather than

oing a global proteomic analysis of whole urine a specific target

n the urine was isolated. Urine microparticles from five healthy
ndividuals and four individuals with bladder cancer were isolated.
amples were isolated from lipids by PAGE followed by digestion
f the proteins with trypsin, and analysis of the resulting peptides
r. B 877 (2009) 1222–1228 1225

by RPLC–MS/MS. The results showed that eight proteins, potential
biomarkers, were elevated in the microparticles from individu-
als with bladder cancer. The authors used four patients and five
controls, which is a small number. For these eight proteins to be val-
idated as potential biomarkers for bladder cancer, a larger number
of subjects (hundreds) should be studied.

The following example deals with the search for biomarkers for
epithelial ovarian cancer which is the most lethal gynecological
malignancy. An integrated proteomic and bioinformatics analysis
was undertaken in the search of biomarkers for this cancer [44].
Abdominal distention is a common symptom that is the result of
the accumulation of ascites fluid in the peritoneal cavity. Ascites
fluid represents the local microenvironment that is secreted by
ovarian tumors that contains different cell types. It is logical, there-
fore, to believe that proteomic analysis of ascites may lead to the
identification of proteins that can be used as biomarkers of ovar-
ian carcinoma. The proteomic study (SCX followed by LC/MS/MS
and Gel fractionation/MS/MS) resulted in the identification of more
than 2500 proteins. Comparison with other existing data sets, such
as urine and plasma proteome profiles, and available 59 ovarian
cancer microarray data sets resulted in 80 proteins that can be used
as putative biomarkers, of which 18 proteins were detected in the
ovarian cancer ascites of the four patients. Only four patients, which
is rather a small number, were used in this study. Also, the resulting
number of proteins that are labeled as putative biomarkers is quite
large. Many other proteomic studies of disease biomarkers can be
found by searching PubMed.

5. Metabolomic markers

Analysis of the metabolome gives an indication of cell func-
tion. The current standard of care for detecting and monitoring
bladder tumors is cystoscopy, which is invasive, painful and costly,
and not suitable as a screening test. Issaq et al. [45] demonstrated
that metabolite variations can be used to discriminate between
urines from healthy individuals and transitional cell carcinoma
(TCC) patients. HPLC metabolite separations and MS detection along
with statistical data analysis were used to profile metabolite varia-
tions between the normal and diseased individuals. Urine samples
from 48 healthy volunteers and 41 bladder cancer patients were
each analyzed by HPLC/MS. Two different statistical methods were
used to analyze the data; principal component analysis (PCA) an
unsupervised procedure in which linear combinations of all peak
intensities are constructed to produce orthogonal components that
maximize the total variance in the samples independent of their
group labels, and orthogonal partial least square–discriminate anal-
ysis (OPLS–DA) a supervised procedure that constructs a linear
combination of all peak intensities, which maximizes the separa-
tion between healthy and diseased samples. The results indicated
that OPLS–DA gave the best sensitivity and specificity by correctly
predicting 48 of 48 healthy and 41 of 41 TCC urines, while PCA
correctly predicted 46 of 48 healthy and 40 of 41 TCC urines.
This proof-of-concept study indicates that metabolomics using
HPLC–MS combined with OPLS–DA has the potential of becoming
a non-invasive clinical test for bladder cancer.

In a recent study [46] urinary ribonucleosides were used to dif-
ferentiate between breast cancer patients and healthy volunteers.
The nucleosides were extracted from 113 urine samples from breast
cancer patients and 99 control samples. Using affinity chromatogra-
phy combined with LC/MS and bioinformatics pattern recognition,

a sensitivity of 87.67% and a specificity of 89.90% were achieved. The
study is based on the concept that modified nucleosides are formed
post-transcriptionally in RNA. In cancer disease, the cell turnover
is increased, yielding higher concentrations of excreted modified
nucleosides. The authors concluded that metabonomics based on
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he urinary nucleoside profile significantly improved classification
ompared with breast cancer biomarkers such as CA15-3.

. Current HPLC/MS approaches to biomarker discovery

The analysis of the metabolome and the proteome is tedious,
ime consuming, and does not possess the throughput required for
se as a clinical test. Identification of protein biomarkers from clin-

cally relevant samples including human tissues, and biofluids is
urther complicated by heterogeneity present in both, human spec-
mens and human population. Importantly, a discussion “tissue vs.
uids”, related to the specimens of choice for protein biomarker
iscovery, gained significant momentum. In terms of biomarker
iscovery, current results indicate that it is too early to decide
hat should be a preferential specimen. It appears that both spec-

mens should be used concurrently relying on tissue samples to
dentify and subsequently track potential biomarker in peripheral
erum/plasma [47].

The search for biomarker requires the proteome analysis of
undreds of human serum, urine or tissue samples. It would be
dvantageous if there were a way to use animal specimen in
lace of human samples in the search process, then confirm the
esults using human samples. Pitteri et al. [48] of the Fred Hutchin-
on Cancer Research Center in Seattle, Washington developed a
uantitative proteomic LC/MS approach for the identification of
rotein changes in plasma samples obtained from a mouse model
f breast cancer. They hypothesized that proteins up-regulated in
he plasma from mice with tumors may be expressed in human
reast cancer cell lines. They hoped to identify a subset of up-
egulated proteins in common with proteins expressed in breast
ancer cell lines that may represent candidate biomarkers for breast
ancer. The authors used a three-dimensional method for fraction-
ting and separating the proteins extracted from plasma. Anion
xchange chromatography was used in the first dimension to collect
ight separate fractionations. Each fraction was further fraction-
ted using RPLC. These fractions were then treated and digested
ith trypsin. The resulting peptides in each fraction were analyzed

y nano-RPLC/MS–MS. A total of 2310 proteins were identified, of
hich 133 and 162 proteins were found to be increased or decreased

y 1.5-fold or greater, respectively. Those proteins that increased in
lasma were compared with a list of 100 reported proteins from
roteomic analysis of human breast cancer cell lines. This compar-

son yielded 49 proteins with increased levels in mouse plasma
hat were identified in breast cancer cell lines. While it has not yet
een reported, it would be of interest to see if any of the 49 com-
on up-regulated proteins could be detected in plasma obtained

rom breast cancer patients. Differentiating proteins could then be
nalyzed using specific procedures, such as affinity chromatogra-
hy/MS. ELISA or antibody high-throughput methods might be a
ood choice for the analysis of specific differentiating proteins for
onfirmation purposes.

Separation is an important aspect of the search for disease
arkers. The HPLC methods used are nano-LC using narrow bore

olumns, mostly fused silica capillaries packed with different chro-
atographic materials, connected on-line to a high resolution mass

pectrometer. The most widely used columns for biomarker dis-
overy are packed with 3 �m I.D. RP particles that have 300 Å
proteomics) or 100 Å (metabolomics) pore size. Conventional
PLC, not ultrahigh pressure LC (UPLC), have been mostly used for
iomarker discovery.
Recently monolithic capillary columns have been used for pep-
ide separation. Monolithic columns consist of a single, rigid or
emi-rigid, porous rod that can be organic-based (polymeric) or
ilica-based. The application of monolithic columns in HPLC and
apillary electrochromatography (CEC) have gained momentum in
r. B 877 (2009) 1222–1228

the last decade and have been used for the separation of different
groups of compounds, including peptides [49]. The separation of
hydrophilic peptides can be resolved in HPLC using a column packed
with porous graphitic carbon (PGC), which has a different selectivity
than columns packed with RP-derivatized silica and polymer-based
bonded phases. In PGC, compounds are retained by a polar retention
mechanism [50].

Affinity chromatography, which was first introduced in 1968,
is a selective purification, separation, and enrichment technique
in which a specific peptide or group of peptides can be enriched
from a complex mixture of peptides, for example, cell lysate.
The peptide of interest must have a specific property that can
be exploited during the affinity procedure. The column is then
designed in such a way as to take advantage of the specific property
of the peptide(s) of interest, glycopeptides, and phosphopeptides.
An organomercurial-agarose (Hg beads) column, which specifically
captures cysteine-containing peptides, was used for the enrich-
ment of cysteine-containing peptides from yeast cell lysate [51].
Boronic acid affinity chromatography was used for the enrichment
of glycated peptides [52].

7. Mass spectrometry in biomarker discovery

Mass spectrometry is arguably the most critical technology in
the search for biomarkers in both proteomics and metabolomics.
Needless to say that without the recent advances in MS, proteomics
and metabolomics would not exist as they do today. The major
developments that have had the greatest impact on the ability to
use MS for the study of biomolecules such as proteins and peptides
are electrospray ionization (ESI) and matrix-assisted laser desorp-
tion/ionization (MALDI) [53,54]. In ESI–MS, highly charged droplets
dispersed from a capillary in an electric field are evaporated, and
the resulting ions are drawn into the inlet of a mass spectrometer
where they can be manipulated and eventually detected. Chemistry
professor Malcolm Dole of Northwestern University in Evanston,
IL first conceived of the technique in the 1960s; however, it was
first applied to the analysis of proteins in the early 1980s by Fenn
while at Yale University [55]. MALDI–MS was developed in 1987
at the University of Frankfurt, Germany, by Hillenkamp and co-
workers [54], and independently by Tanaka et al. at Shimadzu Corp.,
Kyoto, Japan [56]. In MALDI, sample molecules are laser-desorbed
from a solid or liquid matrix containing a highly UV-absorbing sub-
stance. Drs. Fenn and Tanaka were awarded the 2002 Nobel Prize in
Chemistry for their development of ESI and MALDI and their appli-
cation to macromolecules. Both ESI–MS and MALDI–MS have made
MS increasingly useful for sophisticated biomedical analysis. While
MS used to be restricted to the analysis of small organic and inor-
ganic molecules, the development of ESI and MALDI has allowed
for such applications as the sequencing and analysis of peptides
and proteins, studies of non-covalent complexes, characterization
of immunological molecules (i.e. antibodies), and the analysis of
intact viruses.

Further important developments in MS include improved sensi-
tivity, resolution, mass accuracy, and scanning speed for tandem MS
analysis. MS, unlike other detection methods such as UV/vis and flu-
orescence, provides a direct, not average, signal for each analyte in
the mixture, enabling the surveying of large numbers of analytes in
complex mixtures. Other advantages include wider dynamic range,
the ability to detect widely different compounds, and its ability to
make both, qualitative and quantitative measurements when using

the proper experimental design.

In a recent study Nordstrom et al. [57] compared different
MS ionization strategies that included ESI, atmospheric pressure
chemical ionization (APCI), and MALDI for the identification of
metabolites in complex mixture. For this study, extracted serum
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Table 1
Characteristics of different types of mass analyzers.

Analyzer Sensitivity Resolution Mass accuracy

Ion-trap Good Low Low
Linear ion-trap Excellent Low Low
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Detect. Prev. 26 (2002) 249.
riple-quadrupole Good Good Good
OF Good High High
TICR Excellent High High

nalyzed using ESI (in both negative and positive ionization modes)
esulted in greater than 90% additional unique ions being detected
ompared to the use of negative ionization mode only. Comple-
enting the ESI analysis with APCI resulted in an approximately

0% increase in unique ions [57]. The results of this study suggest
hat for true global metabolomics, multiple ionization technologies
hould be used in order to identify the largest number of metabo-
ites in a metabolome. This is especially true when searching for a
iomarker by a strategy that usually involves trying to identify as
any components within a mixture as possible.
The majority of published HPLC/MS studies dealing with disease

arker discovery utilized mass analyzers of lower resolving power
hat are not able to resolve overlapping peptides exhibiting similar
/z ratios. Also, potential errors in mass measurement, charge state

etermination and quantitation cannot be ignored. Recently, MS
ossessing high resolution capability and high mass measurement
ccuracy became commercially available (i.e. hybrid linear ion-trap
ourier-transform instruments). A broader use of high resolution
nd mass accuracy MS instruments should result in enhanced iden-
ification of specific and clinically relevant biomarkers [58]. Table 1
ives the overall sensitivity, resolution and mass accuracy of differ-
nt mass analyzers. As the table indicates FTICR mass analyzers give
he highest values and are the preferred analyzers for detecting low
bundance molecules.

In contrast to identity-based biomarker discovery that relies on
S to identify potential biomarkers, a significant effort has been

nvested in MS-derived pattern for biomarker discovery [59]. This
trategy relies on detection of protein/peptide peaks that differ
n their mass-to-charge ratio (m/z) and intensity in patients with
ancer compared with healthy individuals. Typically patterns are
btained from human plasma specimens analyzed by MS [60,61].
aw data are subsequently processed using variety of algorithms
nd analyzed employing statistical methods, such as principal com-
onent analysis (PCA), partial least square-discriminate analysis
PLS–DA), orthogonal PLS–DA and support vector machines (SVM).
CA and OPLS–DA are the two programs that have been used the
ost. PCA is an unsupervised technique whereby a large data set

an be simplified so that components which contribute to the vari-
nce can be ranked and compared. It uses linear transformation
o define a new coordinate system so that the data set contribut-
ng the greatest variance is projected on the first axis (the first
rincipal component), the second greatest variance on the second
xis, and so on. PCA reduces dimensionality while it keeps those
haracteristics that contribute most to the variance. It does this
y giving more importance to ‘lower order’ principal components
nd ignoring ‘higher order’ ones, using the assumption that low-
rder components often contain the “most important” aspects of
he data. The data collected from the HPLC–MS chromatograms are
ubjected to a base-e logarithmic weighing step and scaled using
n Applied Biosystems beta version of the MarkerViewTM software
ackage prior to performing PCA. OPLS–DA is also a dimension-
lity reduction method, the same as PCA; however, OPLS–DA is a

upervised technique that uses additional information about group
r class separation when the new coordinate system is calcu-
ated by emphasizing those variables that are responsible for the
roup separation. Orthogonal PLS–DA (OPLS–DA, SIMCA-P Statis-
r. B 877 (2009) 1222–1228 1227

tical Program, from Umetrics, Kinnelon, NJ, USA) takes this one
step further by capturing variables responsible for group separa-
tion in the very first principal component, and other variances in the
data set such as intra-group variability are explained by the second
and higher principal components. Data obtained by pattern recog-
nition indicate that some proteins/metabolites found in biofluids
differ between cancer patients and healthy individuals. The major
drawback of this approach is the difficulty in deciding whether the
observed differences represent systemic responses to a disease (i.e.
immune response) or genuine cancer-specific markers.

8. Future outlook

Genomics, proteomics and metabolomics are three important
branches of life sciences that are being used for biomarker discov-
ery. Genetic analyses will identify individuals with a predisposition
to certain disease, and therefore long-term risk, while proteomic
analysis provides the opportunity to detect diseases as they occur.
Therefore, direct measurement of protein expression and metabo-
lites is essential to analyze biological processes in normal and
disease states.

Although the identity-based biomarker discovery plays major
role in MS-based biomarker research certain challenges still exist
[9]. In addition to the large concentration dynamic range of pro-
tein/metabolites in human biofluids the biological variability of
protein/metabolites expression in specimens obtained form diverse
human population can be significant. Also, certain disease may
represent a collection of different sub-phenotypes involving patho-
logical derangement of biologically diverse pathways/proteins.
These factors can introduce significant pre-analytical, analytical
and subsequent statistical biases. One of the solutions is to col-
lect the samples under stringent and well controlled processing
conditions while employing rigorous statistical data processing. At
present, MS-based analysis of human specimens for biomarker dis-
covery is still technically challenging. The use of high resolution
and high mass measurement accuracy MS, prospective collection
of specimens, appropriate sample processing and statically rigorous
analysis should result in more effective biomarker discovery.

Proteomic and metabolomic analyses have not resulted, to date,
in a biomarker to replace a clinical test; however, the hope is
that with increased efforts by talented scientists, development
of efficient separation techniques, sensitive MS and NMR instru-
mentation and high-throughput validation procedures the future
outlook is bright. This requires the support and infusion of funds
by the federal government, universities and pharmaceutical com-
panies.
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