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1. Introduction
There is a saying, “Eyes are the windows to the soul”. In

much the same vein, blood, since it flows through the entire
body, can be considered the window to the physical condition
of the patient. Virtually everyone who has been to visit their
doctor has given blood that is tested to detect any present
disease conditions and determine the functional state of the

body’s organs. A variety of different characteristics of blood
are often measured depending on the physical condition of
the patient (Figure 1). The fact that blood is comprised of
several different types of cells and compounds such as salts
and proteins makes blood tests very useful diagnostic tools.
For example, the physician may request a white blood cell
count if an infection is suspected or a Basic Metabolite
Profile (i.e., measurement of sodium, potassium, chloride,
calcium, bicarbonate, blood urea nitrogen, creatinine, and
glucose levels)1 may be needed to determine the present state
of renal function. Depending on the required test, blood can
be separated into different components. A simple blood smear
can be prepared on a microscope slide to examine and count
red and white blood cells, as well as platelets. The liquid
portion of blood is referred to as plasma.2 When blood is
permitted to clot after it has been drawn from the patient,
the blood cells and some of the proteins precipitate.
Centrifugation of this sample is used to separate these solids,
leaving behind the serum portion of blood.3

While numerous diagnostic tests for diseases ranging from
cancer to diabetes are presently conducted using blood
samples, the general consensus is that the archive of
information within this biofluid has only begun to be
understood. It is this hope that has driven the efforts to
develop technologies necessary to mine this information
within blood. These developments have impacted not only
the instrumentation used to acquire the data but also how
the samples are prepared and how the data is analyzed before
and after data acquisition, respectively. This review will focus
on the advances made in characterizing the serum and plasma
proteomes, beginning with sample preparation methods,
proceeding through fractionation methods, and, finally,
ending with mass spectrometry (MS) analysis. While protein
arrays are becoming increasingly important, MS remains the
analytical technique of choice for serum and plasma profiling.
For information on the use of protein arrays, the reader is
directed to several interesting reviews.4

2. Why Study the Proteome of Blood?
The human body possesses over 60 000 miles of veins,

arteries, and capillaries. Approximately five liters of blood
travels continuously through the body by way of the
circulation system. Blood carries oxygen and nutrients to
cells and transports carbon dioxide and waste products
excreted from cells.5 It is estimated that no cell is more than
four cell units removed from the circulation system. No other
biofluid has intimacy with the body like blood has, and
therefore, it is not surprising that it possesses such a richness
of information concerning the overall pathophysiology of the
patient. Unlike specific cell types, however, blood does not
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contain its own genome. Its genome can be considered as a
compilation of the organism’s foundational genome along
with all of the variations (i.e., mutations, single nucleotide
polymorphisms, gene duplications, etc.) that are found in
particular cells. Since it lacks a specific genome, blood does
not have its own transcriptome. Rather, it can potentially
contain any portion of a transcript that is transcribed within
any cell in the body. Likewise, the proteome of blood can

potentially contain portions of any protein found within any
cell. A recent study comparing N-linked glycopeptides within
cultured cells, solid tissues, and plasma, and other studies
that have characterized the serum proteome have clearly
substantiated this hypothesis.6

2.1. What’s the Difference between Serum and
Plasma?

There has been an overwhelming interest in trying to
decipher valuable information from the proteome content of
blood. To be clear, it is not actually blood that is directly
analyzed in most proteomic studies; rather, it is the plasma
or serum portion of blood. As briefly mentioned above,
plasma is the liquid portion ofunclottedblood that is left
behind after all the various cell types are removed. To prepare
plasma, blood is withdrawn from the patient using veni-
puncture in the presence of an anticoagulant and the sample
is centrifuged to remove cellular elements. The most com-
monly used anticoagulants include heparin, ethylenediamine
tetraacetic acid (EDTA), or sodium citrate.2 Heparin prevents
coagulation by activating anti-thrombin while both EDTA
and sodium citrate prevent coagulation by chelating calcium
ions. It is also possible to draw blood through a resin that
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Figure 1. Blood is an extremely valuable fluid for monitoring the
well-being of the patient. A variety of different tests are conducted
on a blood sample to assist the physician in diagnosing the patient’s
physical condition.
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removes calcium, thereby preventing the coagulation. Serum
is prepared by collecting plasma in the absence of any
coagulant. Under these conditions, a fibrin clot forms. This
clot is then removed using centrifugation, leaving behind
serum.3

The process of coagulation makes serum qualitatively
different from plasma. The removal of a large portion of
the fibrinogen content of plasma in the form of the fibrin
clot results in serum having a protein concentration lower
than that of plasma. This difference, however, is only on
the order of 3-4%.7 Other proteins are also removed by
specific or nonspecific interactions within the fibrin clot.
Conventional thinking would surmise that many coagulation
factors are also removed in the preparation of serum.
Actually, factors IX, X, XI, and VII/VIIa are found within
serum.8 While the primary effect of the coagulation process
is the removal of the fibrin clot, platelets, erythrocytes, and
leukocytes secrete and increase certain proteins in serum
during the same process. One study showed that the levels
of platelet-secreted vascular endothelial growth factor (VEGF)
are 230( 63 and 38( 8 pg/mL in the serum and plasma of
normal individuals, respectively.8 In studies of patients
suffering from thrombocytosis, in which their platelet count
is substantially increased compared to those of matched
healthy controls, VEGF levels are also much higher.9 These
results show that serum and plasma VEGF levels are affected
by platelets, but more markedly so in serum.

2.2. Collection, Handling, and Storage of Serum
and Plasma

One issue that is a constant concern in the proteomic
analysis of serum or plasma is the method used for collection,
preparation, and storage of the samples. It is universally
recognized that sample collection, handling, and storage have
a great impact on the sensitivity, selectivity, and reproduc-
ibility of any given analysis. Unfortunately, considering its
perceived importance as a source of biomarkers, little has
been done to address these effects on serum or plasma
samples. A recent study by Hsieh et al. showed that using
different blood collection tubes affects the observable pro-
teome of serum and plasma.10 In addition, other factors
utilized in the preparation of serum, such as the anticoagulant
used, the clotting time allowed, and the length of the time
period before centrifugation, had a significant effect on the
serum proteome. Other handling parameters, such as over-
night fasting, the time and speed of centrifugation, storage
conditions (e.g., temperature and time), and repeated freeze/
thaw cycles, had only a minor effect on the sample’s
proteome. Other studies, however, have shown a significant
effect of freeze/thaw cycles on the proteome profile of serum/
plasma.11 These comparative studies, however, were con-
ducted by profiling the low molecular weight proteome of
serum and plasma using MALDI-TOF/MS. Given the
penchant for this technology to detect only high abundance
species,12 more subtle effects on lower abundant proteins
would remain undetected. In addition, it is impossible to
study the effects of storage beyond a couple of years, as the
analytical technology used today in serum/plasma proteome
analysis has changed and continues to rapidly change. It is
virtually impossible to precisely determine what proteomic
changes have occurred in samples that have been stored in
repositories over decades of time.

Commercially available blood collection tubes are in
widespread use today for clinical sample collection. The two

primary effects of collection tubes on the blood proteome
are the addition or removal of components. Silicones are
frequently used to coat the internal surface of these tubes,
and polymers such as polyvinylpyrrolidines or polyethylene
glycols may also be added. A study by Drake et al. showed
that almost 65% of the tubes tested shed polymeric com-
pounds into the clinical sample.13 Instead of using serum or
plasma, the study was carried out with an aqueous saline
solution simulating typical contact times of blood compo-
nents with the tube from collection to processing, thus
avoiding the potential confusion of whether observed peaks
represent peaks derived from the tubes or peaks from the
serum/plasma components. The study showed that seven out
of 11 tubes tested added polymeric components detected as
multiple signals in them/z range 1000-3000. These peaks
could potentially complicate and compromise the interpreta-
tion of MS spectra in the low molecular weight range,
especially when using MALDI or SELDI, in which a broad
spectrum of different components is measured in a single
analysis. Due to the mass to charge (m/z) values and
propensity for such compounds to ionize, polymeric con-
tamination can severely confound the ability to analyze the
proteomic components of serum/plasma. Polymers also
wreak havoc by plugging and prematurely degrading chro-
matography columns. In addition to the shedding of com-
ponents from the tube, adsorption of serum/plasma proteins
to the tube may occur, so different protein profiles from the
same sample can be obtained depending on the kind of tube
used. Actually, significant differences have been found when
comparing red-top tubes (glass tubes containing no preserva-
tives or anticoagulants) and tiger-top tubes (also known as
serum separator tubes or SST) in different studies.14

A few studies have been carried out showing that sampling
procedures (i.e., fasting, time sample acquired from patient,
etc.) had the greatest effects on proteome profiling, while
handling procedures and storage conditions had relatively
minor effects.15 However, everyone agrees that standardized
protocols for serum/plasma sampling, handling, and storage
are required, since the issue is not about which procedure is
better but rather about using standardized procedures to
obtain comparable and reproducible results between different
laboratories.16

3. Characterization of the Serum Proteome

The proteome describes the entire compliment of proteins
expressed by a cell at a point in time. Alterations in protein
abundance, function, and structure can serve to indicate
pathological abnormalities even before clinical symptoms are
observed. Therefore, if the early detection of diseases such
as cancer is to become a reality, it is vital to identify useful
diagnostic and prognostic biomarkers. The methods that have
been evaluated for discovering proteins for diagnostic
purposes are often based on separation (electrophoresis and
chromatography) followed by MS for detection and identi-
fication. Since blood circulates throughout the body, early
hypotheses suggested that the serum/plasma proteome con-
tains a treasure trove of protein biomarkers. Without having
any prior information, discovering these biomarkers requires
analytical methods that can be used to examine as much of
this biofluid proteome as possible. Therefore, much of the
analytical development in the past few years has focused on
methods to identifying ever increasing numbers of proteins
within serum and plasma.
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3.1. Mass Spectrometry
The ability of the mass spectrometer to rapidly identify

proteins is arguably the parameter that makes this instru-
mentation the driving force in proteomics today. How exactly
does a mass spectrometer identify peptides? As shown in
Figure 2, peptides are being constantly eluted from a
reversed-phase column into the mass spectrometer (i). During
this separation, the instrument records the mass-to-charge
(m/z) ratios of the peptides that are eluting at a specific time
point (ii). The instrument then selects and isolates the most
intense ion observed in the previous scan (iii) and fragments
it, in a process referred to as tandem MS, to create a series
of sequence ladders (iv). After this fragmentation event, the
instrument proceeds to isolate and fragment the next most
abundant peptide ion. It does this sequential ion selection
and fragmentation for anywhere from 3 to 10 of the most
abundant peptide ions (depending on the operator setting).
Today’s mass spectrometers are able to collect approximately
7000 tandem mass spectra in a single hour. All of these
spectra are then analyzed using the appropriate software and
protein or genome database to identify the peptides that gave
rise to the individual spectra (v). In a typical analysis, 10-
20% of the spectra will give a “hit”, allowing between 700
and 1400 peptides to be confidently identified and then
correlated to their proteins of origin.

3.2. The Dynamic Range Problem Related to
Protein Concentration

At first glance, serum and plasma seem to be the ideal
clinical samples for MS-based proteomic analysis. They are
relatively easily obtained from the patient and have a very
high protein concentration (e.g., on the orders of tens of mg/
mL). The protein concentration, however, is deceiving.
Twenty-two proteins make up approximately 99% of the
protein content of serum and plasma (Figure 3).17 It is
estimated that the protein concentrations in these samples
span 10 orders of magnitude, and the prevailing thought is
that specific disease biomarkers for diagnostic and prognostic
purposes are most likely within the very low concentration
range. It was recognized early on, particularly in the analysis
of serum and plasma, that the high dynamic range of protein
concentrations found in these two fluids was going to be
problematic for downstream MS analysis.18 Considering that
the dynamic range of a mass spectrometer is on the order of
2 orders of magnitude, it is easy to figure out that a
straightforward liquid chromatography (LC)-MS/MS analysis
will result in the characterization of only the highest
abundance, and probably least interesting, proteins. While
strong cation exchange fractionation prior to reversed phase
(RP) LC-MS/MS analysis has been shown to increase the
ability to identify low abundant proteins in many proteomic

Figure 2. Identification of peptides within complex mixtures using data-dependent tandem mass spectrometry (MS/MS). In data-dependent
MS/MS, the mass spectrometer specifically isolates peptide ions based on their signal intensity. Collisional induced dissociation is then
used to fragment the peptide, and the mass-to-charge ratios of the resulting pieces are recorded. Software is used to compare the resulting
MS/MS spectra against protein sequences within an appropriate database to determine the sequence of the peptide. The peptide sequence
is then correlated back to its protein of origin. Modern mass spectrometers are able to repeat this process approximately 7000 times per
hour.
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studies,19 this strategy alone is not sufficient to gain
comprehensive coverage of the low abundance proteins
within biofluids.

It was quickly recognized that to effectively characterize
serum or plasma was going to require methods to remove
the high abundance proteins prior to downstream analysis.
One of the earliest approaches used to deplete high abun-
dance proteins was to pass a serum/plasma sample over
Cibracon blue, a dye with high affinity for albumin.20

Albumin, as shown in Figure 3, comprises approximately
50% of the protein content of serum/plasma; therefore,
removal of this single protein has an immediate impact on
the dynamic range problem related to protein concentration.
Recently, Agilent introduced the multiple affinity removal
system (MARS) for the immunodepletion of six high
abundant proteins (i.e., albumin, IgG, IgA, transferrin,
haptoglobin, and alpha-1-antitrypsin) in serum/plasma.21 The
usefulness of this product in removing high abundant proteins
is illustrated in Figure 4. Similar products have been
developed, including a Top 20 depletion column from Sigma,
and the Seppro MIXED12 IgY-based affinity LC column,

for the depletion of the twelve highest abundance plasma
proteins manufactured by GenWay Biotech Inc.22 The
reproducibility and effectiveness of these products to deplete
major proteins in serum/plasma samples have always been
a concern. In fact, a recent study published the results of
the reproducibility of a MARS column across serum samples
from patients with prostate cancer. They found that the
depletion of high abundant proteins from all 250 serum
samples was complete and reproducible, with a relative
standard deviation below 7%, over a six week period.21

Another study comparing a series of sample preparation
methods has also confirmed the effectiveness and robustness
of immunoaffinity subtraction methods for simplifying the
serum proteome prior to MS analysis.23 Depletion of high
abundant proteins is now considered an essential sample
handling step in any serum/plasma study regardless of
subsequent analytical strategies. There are always concerns,
however, when using affinity-based depletion strategies that
potentially important biomarkers will be lost either through
the possible “sponge” effect of the high abundant proteins
or by the nonspecific binding to the affinity column used.
Indeed, studies have shown that proteins remain bound to
the targeted high abundance proteins during their depletion.24

Moreover, major protein depletion alone certainly was not
enough to deal with the dynamic range problem.

3.3. Fractionation Methods for Serum Proteomics
Historically, the gold standard for the fractionation of

complex proteomes has been two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE). The primary char-
acteristics of 2D-PAGE that make it effective for fractionat-
ing these very complex mixtures are its resolution and
inherent quantitative abilities.25 Studies utilizing 2D-PAGE
have shown the ability to resolve upward of 3000 protein
spots.26 In addition, when comparing different proteomes,
the visualized spot intensities provide a direct measure of
the relative abundance of specific proteins between samples.
Like most analytical methods, however, 2D-PAGE is not
without its drawbacks. It is not amenable to proteins having
extreme molecular weights, isoelectric points, or hydropho-
bicity. To overcome some of the drawbacks of 2D-PAGE,
researchers have developed solution-based methods that
obviate the use of gels altogether. While many different
chromatographic and electrophoretic options (see below) are
available for conducting solution-based fractionation of

Figure 3. The dynamic range of protein concentrations in human serum. While the overall protein concentration of serum is high, 22
proteins make up 99% of the total protein amount.

Figure 4. Depletion of serum using a multiple affinity removal
system (MARS): lane 2, serum standard; lane 3, raw plasma; lane
4, plasma proteins that flow through a MARS immunodepletion
column during the first washing step; lane 5, plasma proteins that
flow through a MARS immunodepletion column during the second
washing step; lane 6, elution of high abundant proteins that are
retained by the MARS immunodepletion column. Lanes 7, 8, and
9 are replicates of lanes 4, 5, and 6, respectively, using a second
MARS column.
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proteomes, the most common approach utilizes a combination
of strong cation exchange (SCX) and reversed-phase liquid
chromatograph (RPLC). Another critical difference between
2D-PAGE and solution-based fractionation strategies is the
form of the proteins that are separated. While 2D-PAGE is
used to fractionate intact proteins, solution-based methods
generally require the proteome to be proteolytically digested
prior to their separation. While there is an increasing interest
in top-down proteomic methods in which the proteins are
kept intact throughout the analyses,27 these methods are not
yet mature enough to apply to serum/plasma proteomes.

3.3.1. Two-Dimensional Polyacrylamide Gel
Electrophoresis of Serum and Plasma

Seventy five years ago, Tiselius introduced the moving
boundary method as an analytical tool for studying the
electrophoresis of proteins.28 Using this method, he was able
to resolve serum globulin into its∀, ∃, and ( components.
Since his pioneering work, electrophoresis methods have
been employed for the separation of complex mixtures of
proteins with steadily increasing degrees of resolution. This
increasing resolution can be attributed to the introduction of
acrylamide gels,29 stacking systems,30 isoelectric focusing
(IEF),31 and a variety of 2D gel electrophoretic separations.
Electrophoretic migration of proteins in gel electrophoresis
depends on two important parameters: the electrophoretic
mobility of the protein and the resistance of the medium.
Currently, the electrophoretic procedures used for protein
analysis are primarily one- and two-dimensional sodium
dodecyl sulfate polyacrylamide gel electrophoreses (1D and
2D SDS-PAGE), 2D differential gel electrophoresis (DIGE),
and capillary electrophoresis (CE).

One-dimensional SDS-PAGE is by far the most commonly
used method in biological sciences today to fractionate
proteins. To separate complex protein mixtures, such as a
serum/plasma proteome, and be able to effectively interrogate
many of the species present in the mixture requires the use
of 2D electrophoresis. While we tend to think of serum/
plasma proteomics as a recent venture, investigators began
developing better methods to resolve serum/plasma proteins
over a half a century ago. For example, Smithies and Poulik
realized in 1956 that “a combination of two electrophoretic
processes on a gel at right angles should give a much greater
degree of separation than is possible with either separately”.32

These two electrophoretic processes resolve proteins based
on their (a) molecular size and (b) free solution mobility on
a starch gel. In these early experiments, the first separation
dimension was carried out on a 5 mmwide strip of filter
paper using a buffer of pH 8.55. The strip containing serum
proteins separated according to their free-solution mobilities
was then inserted into a 12 cm wide starch gel, and a second
dimension of separation was carried out at right angles to
the first. This early report of the separation of the serum
proteome reported the resolution of more than 15 proteins.32

Hermans and co-workers described a similar technique to
separate serum proteins in which paper electrophoresis was
used in the first dimension and cyanogum in the second
dimension.33 Ashton used agar in the first dimension and
starch gel in the second dimension.34

Raymond and Aurell realized the significant nonlinear
effects the gel concentration had on the electrophoretic
mobility of proteins.35 Therefore, they employed two different
gel concentrations to separate serum proteins: 5% acrylamide
in the first dimension followed by 8% gel in the second

dimension. Two years later, Raymond realized that conduct-
ing electrophoresis in the flat slab gel format had several
advantages over the cylindrical tube format.36 First, the flat
slab provides the maximum surface area for cooling the gel.
Second, the resulting patterns are easier to quantify in
standard recording densitometers. Third, a large number of
samples can be processed in a single gel, facilitating the direct
comparison of specimens processed under identical condi-
tions. Fourth, and most importantly for modern proteomics
research, the flat slab permits the application of two-
dimensional techniques. These insightful statements are as
true today as they were in 1964 and are the basis of modern
2D-PAGE. Raymond used acrylamide gel in his 2D experi-
ments, which he named “orthogonal gel electrophoresis or
Orthacryl”. He realized that using acrylamide gel in two
orthogonal directions provides increased resolution and
information about the molecular size and shape of related
proteins. Raymond also hypothesized that using different pH
values in each dimension would lead to better separation of
proteins using 2D electrophoresis. Human plasma proteins
were resolved by a combination of polyacrylamide discs in
the first dimension at pH 9.4 and gradient gel electrophoresis
in the second dimension at pH 8.6.37 In gradient gel
electrophoresis, proteins are driven through progressively
decreasing pore sizes until they are brought to a near dead
stop based on their size. Using this method, Slater was able
to resolve about 30 proteins within human plasma.38

Subsequent to these studies, human serum was resolved
using a soft polyacrylamide gel column followed by elec-
trophoresis in a 2-30% polyacrylamide linear gradient gel
slab.39 In this procedure, serum proteins were separated in
the first dimension using a 4.75% gel (2% cross-linkage).
The gel column was removed from the glass cylinder and
laid on the upper edge of a 2% gradient slab. Electrophoresis
was carried out at 20 mA per slab (140-160 V) at 4-10 °C
for 22 h. The gel mold was removed and placed in a staining
solution of 0.5% amido black for 30 min. The procedure
showed the capability of resolving 112 proteins. Many of
these proteins were subsequently identified as IgG, IgA, IgM,
haptoglobin, ceruloplasmin, transferrin, and albumin. This
same study also reported one of the first differential proteome
findings, as several post- and pre-albumin components were
detected in sera from patients with myeloma, leukemia, and
Hodgkin’s disease but were not detected in sera of normal
subjects.

The above developments form the basis for the modern
advancements that have made it possible to fractionate serum/
plasma proteins using 2D-PAGE. In 1975, O’Farrell intro-
duced 2-DE for the separation of cellular proteins under
denaturing conditions.40 These conditions allowed hundreds
of proteins from cells to be resolved on a single gel. The
procedure’s principle is inherently simple to understand:
separation of the proteins by IEF in the first dimension,
followed by molecular mass in the second. Recognizing its
utility for proteomics, Anderson and Anderson quickly
applied O’Farrell’s method for the analysis of human plasma
proteins.41 They were able to resolve approximately 300
distinct spots upon staining, which they surmised were
comprised of 75-100 proteins. Manabe et al. employed 2-DE
for the separation of plasma proteins without denaturing
agents.42 They used IEF in the first dimension followed by
electrophoresis in a 4-21% linear gradient slab gel. No
denaturing agent was used throughout the experiment,
enabling proteins to retain their native conformation. Al-
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though more than 230 protein spots could be observed on
the gel, the spots were smeared and not very well resolved.

Modern 2D-PAGE has proven to be an extremely efficient
method for the separation of complex protein mixtures. As
mentioned above, 2D-PAGE is comprised of IEF in the first
dimension followed by SDS-PAGE in the second. Since its
introduction by Kolin in 1954,43 IEF, which separates
proteins based on their isoelectric points (pI), has undergone
several advances. The most prominent advance, and one that
has had a great impact on serum/plasma proteomics, was
the introduction of immobilized pH gradients (IPGs) by
Bjellqvist et al.,44 which allowed the use of stable and
reproducible pH gradients. In IPGs, the carrier ampholytes
are attached to acrylamide molecules and cast into the gels
to form a fixed pH gradient. Fixing the gradient prevents
drift in the gel and also ensures that they can be cast in an
efficient and reproducible manner. Using narrow-range IPG
strips allowed a larger number of proteins to be separated
than were possible with standard 2D-PAGE, because a
narrower pH range was spread out over a greater physical
distance. This spread allowed proteins with similar pI values
to be separated with higher resolution. To illustrate this point,
Hoving et al. developed a 2D-PAGE method in which they
applied narrow range IPG strips in the first dimension.45 The
IPG strips were typically 1-3 pH units wide and overlap
with one another by at least 0.5 pH units. Six IPG strips
covering the pH ranges 3.5-5, 4.5-5.5, 5-6, 5.5-6.7, 6.2-
8.2, and 7-10 were used. Proteins from a B-lymphoma cell
line were applied to each strip and separated by IEF. The
strips were then applied to individual SDS-PAGE gels and
separated in the second dimension based on molecular
weight. The same sample was also run on a single standard
2D-PAGE gel with a single IPG strip with a pH range of
3-10. Using a single gel, the group was able to detect
approximately 1500 spots; however, using the six gels run
using the narrow range IPG strips, they were able to detect
approximately 5000 distinct spots. In addition, while only

0.8 mg of protein could be loaded onto a single gel, the use
of narrow range IPG strips allowed 11 mg of total protein
to be loaded onto the gels. The increase in resolution was
estimated to permit proteins present only at about 300 copies
per cell to be detected. Since then, the use of narrow-range
IPG strips has undergone significant improvements, as
discussed in an excellent review by Righetti et al.46

An extremely beneficial advantage of 2D PAGE is the
ability to compare expression levels of proteins extracted
from two different serum samples using two separate gel
plates. For example, proteins extracted from two serum
samples (healthy and diseased) are loaded on a separate gel
and fractionated. After separation, the proteins are stained,
and their abundance levels are compared by the intensity of
their staining.47 There are a variety of staining agents
available, both colorimetric and fluorometric. The most
popular staining techniques for 2D-PAGE separated proteins
are Coomassie blue and silver staining. Other more sensitive
stains such as Sypro ruby have been utilized; however, since
MS is ultimately used to identify the protein spot, it is often
folly to visualize a protein whose abundance is below the
detection level of the mass spectrometer.

One of the first large scale studies that showed the ability
to identify hundreds of proteins within serum utilized 2D-
PAGE fractionation (Figure 5).48 The serum sample was
immunodepleted to remove the most abundant proteins (i.e.,
albumin, haptoglobins, transferrins, transthyretin,R-1-anti-
trypsin,R-1-acid glycoprotein, hemopexin, andâ-2-macro-
globulin). To further reduce the complexity of the sample
that would be run on any one gel, the remaining proteins
were separated into 74 fractions using sequential anion-
exchange and size-exclusion chromatography. Each of these
74 fractions was separated on its own 2D-PAGE gel. After
visualization of the proteins using Coomassie staining,
approximately 20 000 individual spots could be seen. Re-
moval of redundant spots that were seen across many gels
left approximately 3700 unique spots. Analysis of these spots

Figure 5. Characterization of the human serum proteome using an immunodepletion/chromatographic/two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE) fractionation strategy followed by mass spectrometry (MS) identification. Serum, in which the high abundance
proteins had been immunodepleted, was fractionated using anion and strong cation exchange chromatography, resulting in a total of 72
fractions that were separated and visualized on 2D-PAGE gels. Raw and immunodepleted sera were directly separated on two other gels.
Analysis of the accumulative 20 000 spots resulted in the identification of 350 unique proteins. Data derived from ref 48.
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using MS resulted in the identification of 1800 of the spots,
which correlated to 325 unique proteins. Approximately 39%
of the proteins identified were known to be localized within
the circulatory system, while 35% represented intracellular
proteins that are hypothesized to enter circulation from cells
and tissues. Cell surface proteins made up just over 6% of
the total number of unique protein identifications. The value
of the extensive fractionation was reflected in the number
of proteins identified with known serum concentrations less
than 10 ng/mL (e.g., interleukin-6, metallothionein II,
cathepsins, and various peptide hormones).

From an analytical point of view, this effort provided the
largest characterization, in terms of the number of identified
proteins, of the serum proteome to date. From a practical
viewpoint, however, this study suggested that the compara-
tive analysis of serum/plasma samples from healthy and
disease-affected patients using 2D-PAGE was going to be
extremely laborious. While improvements in 2D-PAGE are
going to occur, it was obvious that other methods to conduct
serum/plasma proteomics were going to be needed.

3.4. Solution-Based Methods for Characterizing
the Serum Proteome

Investigators soon began looking for ways to analyze the
serum/plasma proteome without using 2D-PAGE. While
serum/plasma proteomics was relatively new, fortunately
chromatography and electrophoresis were not. As with 2D-
PAGE developments, however, it was going to require actual
experimental evidence to determine which solution-based
fractionation methods were best suited to maximize the
protein coverage of these complex proteomes.

The first step in the analysis of the blood proteome is to
decide if the analysis should be carried out at the intact
proteins or the proteins’ digest (peptide) level. There are
advantages and disadvantages to each, as indicated in Table
1. The primary advantage of initially digesting the proteins
into peptides is solubility. Peptides generally have a wider
range of solubility than proteins, and even difficult to
solubilize proteins (e.g., membrane proteins) will produce a
population of peptides in which at least a few are soluble.
In a vast majority of proteomic studies of serum/plasma, MS
is used as the identification tool. While top-down methods
to identify intact proteins using MS are being rapidly
developed and implemented, mass spectrometers are still best
at identifying peptides rather than intact proteins. Therefore,
proteome samples need to be broken down into peptides at
some stage prior to MS analysis. Digestion of proteins into
peptides, however, increases the complexity of an already
complex sample. If 20 000 proteins are present within serum/
plasma, digestion of this mixture could result in anywhere
between 200 000 and 1 000 000 peptides. These numbers are

well beyond the sampling capability of any mass spectrom-
eter. A quick scan of the literature reveals, however, that
most solution-based serum/plasma proteome studies (outside
of protein profiling, which will be discussed later) are
conducted at the peptide level.23,49

3.4.1. Affinity Chromatography
An effective method to simplify a proteomic mixture is

through affinity chromatography. Affinity chromatography
selects for a specific group of proteins with the selection
criteria typically based on some unique characteristic of the
protein such as its modification status (e.g., phosphorylation,
glycosylation, etc.) or class (e.g., kinases). Application of
affinity chromatography in proteomic research can be done
at the protein or peptide level as shown in Figure 2. Affinity
is based on the ability of a biologically active molecule to
bind specifically and reversibly to a complimentary molecule,
a ligand that is often bound to a solid support. These
molecules may include antibodies, metals, lectins, biotin,
aptamers, etc. The binding sites of the immobilized sub-
stances should be sterically accessible after their coupling
to the solid support and should not be deformed by
immobilization. In the case of specific proteins, an affinant
is attached to the active surface of the column packing
material or to the column surface. The sample is injected
onto the column, and the protein(s) of interest are captured
by the affinant. Proteins that do not possess a complementary
binding site for the bound ligand will either pass directly
through the column or be eluted using a low stringency
washing step. The bound protein(s) is recovered by washing
the column with a competitive substrate or a solution that
disrupts the interaction between the protein and the affinant
(e.g., denaturants). While the use of antibodies directed to a
specific protein remains the most popular affinity-based
fractionation method, many other affinity methods have been
developed in order to isolate a specific class of proteins or
peptides. These methods include immobilized metal affinity
columns (IMACs) containing nickel, to capture histidine-
containing peptides,50 or gallium, to isolate phosphopep-
tides.51 Recently, columns packed with resins containing
titanium oxide (TiO2) or zirconium oxide (ZrO2) have been
used for the affinity capture of phosphopeptides from
complex protein digests.52 Phosphopeptides are captured
under acidic conditions on a TiO2 or ZrO2 column and then
selectively released using an alkaline solution. Since the
number of phosphopeptides within a biological mixture is
quite large, the enriched mixture must still be fractionated
prior to MS analysis. Although different approaches to
phosphopeptide enrichment have been used, none of these
methods is able captureall the phosphopeptides in a
proteome, and no phosphoproteome has been mapped to
completion. In addition, affinity methods have been devel-

Table 1. Advantages and Limitations of MS Analysis of Proteins by “Top-Down” and “Bottom-Up” Approaches

top-down bottom-up

intact proteins peptides
proteins are fragmented in the MS protein digests
large peptide fragments small peptides
applied to single purified protein applied to complex protein mixtures
sophisticated and expensive instrumentation simple instrumentation
easier to identify protein modifications harder to identify protein modifications
solubility problems easier to solubilize
ESI, ETD, ECD ESI, MALDI
identifies proteins by MS/MS identifies peptides by MS/MS
harder to separate different forms of the same protein easier to separate
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oped to select peptides containing specific types of residues,
such as cysteine, tryptophan, or methionine.53 There are a
variety of different lectins that have been used to selectively
separate glycoproteins based on the composition of the
carbohydrate side chain.54 Glycoproteins from human serum
were identified by a combination of lectin affinity chroma-
tography along with anion exchange and Cu-IMAC selection
of tryptic peptides. Glycoproteins were selected using a
concanavalin A lectin column and tryptically digested prior
to sequential chromatographic selection of acidic and histi-
dine-containing peptides.55 Unfortunately, affinity methods
have not been widely used in the analysis of serum and
plasma proteomes. For example, while thousands of phos-
phopeptides have been identified in a number of different
cell types,56 no comprehensive analysis of serum or plasma
has yet been reported. Since it is widely accepted that serum
and plasma contain proteins originating from various cells
throughout the body, the use of affinity chromatography to
capture and analyze modified proteins within the blood
proteome will be an important tool for biomarker discovery
in the future.

3.4.2. Isoelectric Focusing

Separations using isoelectric focusing (IEF) methods are
based on the differences in proteins’ isoelectric points.
Proteins can carry positive, negative, or zero net charge
depending on the pH of the buffer in which they are
dissolved. Every protein has a specific pH at which its net
charge is zero. Isoelectric focusing can be carried out in a
liquid phase or a gel.

In liquid-phase-based IEF, the proteins in a sample are
mixed with the desired pH range carrier ampholyte buffer
in a focusing cell. Application of an electric potential to the
focusing cell causes the proteins to migrate to a position in
the established pH gradient equivalent to their respective pI.
If a protein diffuses away from this pH region, its net charge
will change and the resulting electrophoretic forces will
influence its migration back to its pI point. The net result is
the “focusing” of proteins into sharp bands at their pI values.
The pH gradients are established by using carrier ampholytes.
Ampholytes are compounds synthesized with a particular pK
that when combined form a mixture that will establish a pH
gradient. An advantage of liquid-phase IEF is the ability to
fractionate a complex mixture of proteins according to their
pI values in a nongel medium. The fractions can be collected
and further analyzed, if needed, by electrophoresis or
chromatography. The disadvantages of liquid-phase IEF are
that high concentrations of “neutral” proteins (e.g., when
focused at their pI) often precipitate from solution. Addition-
ally, the ampholytes used to establish the pH gradient may
interfere with subsequent analysis using techniques such as
electrospray ionization mass spectrometry (ESI-MS). Also,
highly hydrophobic proteins may be lost in sample prepara-
tion or during focusing when the proteins reach their
isoelectric point.57 Several IEF devices that can be used to
fractionate a complex mixture of proteins at the preparative
level are commercially available, including the Rotofor cell
apparatus, a Multicompartment Electrolyzer with isoelectric
membranes, recycling IEF, and free flow IEF.58

Isoelectric focusing has been used to fractionate human
serum prior to analysis via LC-MS.2 The human serum
proteome was analyzed in our laboratory using two different
strategies.59 In an early study, serum proteins were extracted,
digested with trypsin, and separated into twenty fractions

using ampholyte free IEF with a Rotofor apparatus. The IEF
fractions were collected and analyzed by reversed-phase LC-
MS.2 In addition, these twenty peptide fractions were each
resolved into seven fractions using SCX for a total of 140
fractions. Analysis of these fractions by LC-MS2 resulted in
the identification of 1444 unique proteins.

Fractionation of proteins/peptides by IEF is also ac-
complished using gel electrophoresis, which is well suited
for the separation of proteins. In a recent study, human
plasma proteins were fractionated by IEF using immobilized
pH gradient (IPG) strips.60 The plasma protein mixture was
separated on an IPG strip, after which the entire strip was
cut into sections. Proteins in each section were digested, and
the resulting peptides were analyzed by RP-HPLC followed
by electrospray-linear ion-trap MS. A total of 744 distinct
proteins were identified from an IPG strip loaded with 300
µg.

3.4.3. Ion Exchange Chromatography

One of the most popular methods to fractionate peptides
for proteomic analysis is ion exchange chromatography,61

which separates proteins/peptides according to their net
charge. Most published studies dealing with proteome
analysis using ion exchange for fractionation of the complex
protein mixture have been used to fractionate protein digests
rather than proteins because it is easier to work with peptides
than with proteins, as mentioned earlier. Since proteins and
peptides contain ionizable groups, the net charge is dependent
on the composition of the mobile phase. In general, as the
pH of a solution increases, deprotonation of the acidic and
basic groups on these biomolecules occurs, so that carboxyl
groups are converted to carboxylate anions (R-COO-) and
ammonium groups are converted to amino groups (R-NH2).
At a certain pH, the protein/peptide becomes neutral (has
no net charge). This value is known as its isoelectric point
(pI). At a pH > pI, the protein is negatively charged, and
when the pH< pI, the protein is positively charged. The pI
is different for different proteins. Separations using ion
exchange chromatography are based on charge-charge
interactions between the proteins in a sample and the
immobilized stationary phase (resin). Separation is based on
differences between the overall charges of the proteins or
peptides. Ion exchange chromatography is subdivided into
cation exchange chromatography, in which positively charged
proteins bind to a negatively charged resin, and anion
exchange chromatography, in which negatively charged
proteins bind to a positively charged resin. Cation and anion
exchange chromatography can be subsequently broken down
into strong or weak cation and anion exchange. Proteins are
selectively eluted from the column by changing the ionic
strength of the mobile phase.

3.4.4. Reversed-Phase Liquid Chromatography

No single chromatographic or electrophoretic technique
has had a bigger impact on proteomics than reversed-phase
liquid chromatography (RPLC).52 While improvements in
MS instrumentation are most often thought of as the driving
force, it is unlikely that proteomics would be where it is
today without the developments made in coupling RPLC with
MS. Not only do RPLC columns provide high-resolution
separations, they also utilize solvent conditions that make it
compatible with electrospray ionization (ESI) MS detection.
The column used in RPLC separation of peptides is packed
with bonded silica particles. The functionalities most widely
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bonded to silica are C18, C8, C4, and aromatic phenyl groups.
The bonded silica particles vary in size from approximately
1 to 10µm with a pore size, depending on the size of the
peptides, ranging from 90 to 300 Å. RPLC has been used
primarily as the second dimension of separation in the
analysis of peptides due to its high resolution and ability to
be coupled directly on-line with electrospray ionization (ESI)
MS analysis. In RPLC, a solute molecule binds to the
immobilized hydrophobic molecule and is eluted using a
polar solvent (water modified with a polar organic solvent
such as acetonitrile, methanol, or tetrahydrofuran). Partition-
ing of the solutes occurs as a result of hydrophobic-
hydrophobic interactions between the hydrophobic moiety
of the peptide and that of the stationary phase. Polar solvents
with increasing organic modifiers are used to break the
hydrophobic bond, and elution of the peptides off the column
will occur. The most hydrophobic peptides elute last due to
their stronger hydrophobic interaction with the alkyl group.
Normally, for the separation of complex mixtures of peptides,
a solvent gradient (linear or step) with increasing organic
modifier, and an ion pairing agent such as trifluoroacetic or
formic acid, is used. The separation of low molecular weight
serum protein digests using SCX and C-18 RPLC is shown
in Figure 6. Since the resolution of RPLC is much greater
than that of SCX, RPLC is always used after SCX in a two-
dimensional separation scheme.

3.4.5. Multidimensional Protein Identification Technology
(MudPIT)

Ion exchange and RP have been used extensively as the
first and second stage chromatographies for the MS analysis
of complex proteomes. The popularization of this combina-
tion can be directly attributed to the laboratory of John Yates
III, who initially utilized this technique in combination with
RPLC to develop a multidimensional separation method
termed MudPIT.63 Many of these early developmental studies
using this combination of chromatographic procedures
revolved around the analysis of the yeast proteome. In these
studies, the yeast proteome was first digested into peptides
and this mixture was loaded onto a SCX column. A discrete
fraction of peptides was displaced from the SCX column
directly onto a reversed-phase(RP) column. This population
was then eluted from the RP column directly into the mass
spectrometer for identification of the individual peptides. This
iterative process was repeated twelve times using steps of
increasing salt concentrations to elute the peptides from the
SCX column to the RP column.64 To minimize sample losses
between the two separation dimensions, the SCX and RP
columns were packed at opposing ends of a single capillary
column. An advantage of this separation technology is that
the entire system is coupled directly on-line with MS,
enabling a large number of peptides to be directly identified
in a high-throughput manner. These initial studies showed
the capability of identifying almost 1500 proteins within the
yeast proteome. This combination of SCX and RPLC has
become the most popular multidimensional fractionation
method used in proteomics today and has been used to
analyze a variety of clinically relevant proteome samples
including plasma, serum, urine, cerebrospinal fluid, plasma
filtrate, and blood ultrafiltrate.64

While ion exchange chromatography has been conducted
primarily at the peptide level for proteomic studies, it has
also been used to fractionate intact proteins. In a study
analyzing the mouse serum proteome, ion exchange chro-
matography was used to first fractionate the sample at the
intact protein level.65 In this procedure depicted in Figure 7,
anion and cation exchange columns were connected in series
as a first step in the fractionation of the intact proteins. The
columns were then decoupled from each other, and proteins
eluted separately from each. These fractions were then
tryptically digested, and each was separated using SCX
chromatography. Final analysis of the peptide mixture was
carried out by RP-HPLC/MS. This method resulted in the
identification of almost 5000 unique proteins.

In another study, proteins from human plasma were
separated as intact proteins, not peptides, into 30 fractions
using sequential linear gradient elution ion exchange chro-
matography.66 A 1.1 mL sample of human plasma (equivalent
to ∼20 mg of total protein) was injected onto an SCX column
and eluted using a salt gradient. The gradient mobile phase
was made up of solvent A (50 mM phosphate buffer at pH
2.5) and solvent B (2 M NaCl in 50 mM phosphate buffer
at pH 2.5), with both solvents containing 5% ACN (v/v).
Elution of the proteins was carried out sequentially using
six different linear gradients as follows: 0% B, 10% B, 20%
B, 40% B, 80% B, and 100% B corresponding to 0, 200,
400, 800, 1600, and 2000 mM NaCl buffers. Samples were
collected into tubes every 8 min (from 0 to 40 min), resulting
in a total of 30 samples. Each protein fraction was then
digested into tryptic peptides and analyzed by RP-HPLC MS/
MS. A total of 1292 unique proteins were identified.

Figure 6. Fractionation of serum using strong cation exchange
(SCX) (top) and reversed-phase liquid chromatography (RPLC)
(bottom). The higher resolution afforded using RPLC dictates that
it follows SCX in a multidimensional separation scheme for the
analysis of complex proteome samples. While fractions are collected
throughout the entire SCX separation, only those collected 12 min
after the start of the separation are subsequently analyzed using
RPLC chromatography.
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3.4.6. Capillary Electrophoresis

Capillary electrophoresis (CE) is the general term that
encompasses capillary zone electrophoresis (CZE), micellar
electrokinetic chromatography (MEKC), capillary isota-
chophoresis (cITP), and IEF.67 Capillary electrophoresis,
similar to HPLC, is a liquid separation technique. Unlike
HPLC, separations in CE are carried out in narrow fused
silica capillaries filled with a buffer. The inner surface of
the fused silica capillaries is permanently or dynamically
coated to prevent the proteins from adsorbing to the inner
surface. Capillary electrophoresis is a robust analytical
technique that can be used for protein/peptide separation.
The advantages of CE over 2D-GE and HPLC are its
simplicity and speed of analysis. In addition, it is automated,
requires small sample volumes (nanoliters vs microliters for
HPLC), and is not limited by the charge of the protein.
Separations by CE, as in HPLC and 2D-GE, can be
performed as part of a multidimensional fractionation method
when analyzing complex proteome mixtures.68

Two-dimensional chromatographic methods that employ
RP-HPLC in the first dimension and CE in the second

dimension are a powerful combination because they combine
two high resolving orthogonal techniques with different
mechanisms of separation. In comparison to HPLC, CE has
many advantages, including higher column efficiency, speed,
and simplicity. Since the CE column is constructed from an
open tubular fused silica capillary, contamination due to
carry-over effects is minimized. Moreover, the time between
consecutive CE experiments is much shorter than that of LC-
based separations with gradient elution, because the CE
capillary column does not require re-equilibration between
analyses.

Since narrow capillaries are used for CE separations, the
sample size injected is limited and the optical path length
for on-column detection is extremely short. These factors
serve to affect the detection sensitivity, especially when dilute
solutions are used. To overcome such problems, many
methods have been developed for on-column sample enrich-
ment for enhancement of detection sensitivity.69 These
include different stacking procedures that are the result of
either the manipulation of differences in the electrophoretic
mobility of analytes at the boundary of two buffers with
differing resistivities or the partitioning of analytes into a
stationary or pseudostationary phase. A number of different
techniques have been used, including field-amplified sample
stacking, large-volume sample stacking, pH-mediated sample
stacking, on-column isotachophoresis, and chromatographic
preconcentration, whereby a plug of chromatographic mate-
rial, C-18 or affinity material, is placed at the injection side
of the column. Sample stacking for micellar electrokinetic
chromatography has been used for on-column sample enrich-
ment.70 These procedures can enrich the sample by up to
1000-fold.69,70

Besides enrichment techniques designed to increase the
concentration of the sample that is loaded onto a CE column,
more selective devices have also been used to focus on a
specific protein or class of proteins. One of the earliest
examples of specific protein enrichment was demonstrated
in the analysis of human cardiac troponin I (cTnI), a
diagnostic marker for myocardial infarction.71 In this ap-
proach, termed precolumn affinity capillary electrophoresis
(PA-CE), a packed bed of porous silica to which a mono-
clonal antibody to cTnI was covalently linked was integrated
into the CE column. Injection of serum onto this column,
followed by the necessary washing steps to remove nonspe-
cifically bound proteins and other impurities, allowed cTnI
levels in the femtomolar range to be detected. Conducting
CE-based immunoaffinity studies provided a number of
advantages, including the ability to use MS for antigen
detection, which eliminates many uncertainties related to
antibody cross-reactivity. The CE platform also provides the
automation and throughput necessary to assay a large number
of serum or plasma samples in a clinical setting.

4. Comparative Analysis of Serum Proteomes
As described above, developments made in sample prepa-

ration, chromatographic fractionation, and MS have permitted
thousands of proteins to be identified within single studies.
If proteomics, however, is to deliver on the promise of novel
diagnostic and therapeutic biomarkers for disease states,
methods to compare proteins found within serum/plasma
samples obtained from different patients are necessary. The
primary characteristic that is compared in the analysis of
serum/plasma samples is protein relative abundance. While
the ultimate goal of routine biomarker discovery has yet to

Figure 7. Schematic representation of the experimental design
utilized to characterize the mouse serum proteome. Serum was
initially fractionated at the protein level using weak anion and cation
exchange chromatography columns in series. After separation of
the serum, the columns were decoupled from one another and
proteins were eluted from each. After tryptically digesting the
collected fractions, each was fractionated using strong cation
exchange (SCX). The SCX fractions were analyzed by microcap-
illary reversed-phase liquid chromatography/tandem mass spec-
trometry.
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be achieved, significant developments in the way these
complex proteome samples are compared have been made
in recent years.

4.1. Two-Dimensional Polyacrylamide Gel
Electrophoresis

Since the fractionation capabilities of 2D-PAGE have been
discussed previously in this manuscript, suffice it to say for
this section that this technique has also been a workhorse
for conducting quantitative comparisons of serum/plasma
samples.72 In this technique, proteomes extracted from
different sources (e.g., matched control and disease-affected
patients) are individually separated using 2D-PAGE. The gels
are stained (usually with Coomassie blue or silver stain) to
visualize the resolved proteins. After aligning the spots, the
relative intensities of the individual proteins between gels
are measured and those that appear to be more abundant in
one gel compared to the other are excised. The gel spot is
digested using trypsin, and the resultant peptides are analyzed
using MS. The protein is identified from the raw MS data
by matching either the masses or the tandem MS spectra of
the resultant peptides to data obtained from anin silico
analysis of an appropriate genomic or proteomic database.
The staining component inherent to 2D-PAGE analysis
provides a direct method by which to visualize changes in
protein abundances between complex proteome samples.
While the throughput of 2D-PAGE is comparatively slow,
it does have the advantage that only those spots that appear
differentially abundant need to be analyzed by MS.

A 2D-PAGE approach was recently applied to compare
plasma samples obtained from patients with severe acute
respiratory syndrome (SARS) and healthy individuals.73

Twenty-two plasma samples from four different SARS
patients were separated by 2D-PAGE using a narrow range
immobilized pH gradient (IPG) strip (pH 4-7), and the
resulting profiles were compared to those obtained from six
healthy plasma samples. Seven proteins were exclusively
present in the 22 SARS samples. Eight additional spots were
up-regulated in all 22 SARS patients compared to the healthy
controls. Many of the proteins up-regulated in plasma from
SARS patients can be classified as acute phase proteins
(APPs) that are produced as a consequence of serial cascades
initiated by the SARS-coronavirus infection. Interestingly,
the intracellular, antioxidant protein peroxiredoxin II was

found to be up-regulated in all of the 22 SARS plasma
samples. In a separate validation study, peroxiredoxin II was
found in the plasma of approximately 36% of SARS patients
but in only 10% of patients with fever. This rate of detection
is higher than that found in human immunodeficiency virus
(HIV) patients, suggesting that peroxiredoxin II may function
as a useful serum biomarker for SARS infection.

4.1.1 Two-Dimensional Differential In-Gel Electrophoresis

One of the general difficulties in comparing samples
analyzed on different 2D-PAGE gels is the inability to
perfectly align protein spots between gels. While many
advances in software alignment tools have been made,
sometimes they cannot overcome the inherent irreproduc-
ibility that is present within almost every analytical technique.
To overcome this limitation, 2D differential gel electro-
phoresis (DIGE) was developed in 1997 by Unlu¨ et al.74 This
approach allows for up to three different proteome samples
to be separated on a single 2D-PAGE gel. This coseparation
ensures accurate quantitation of the same spots from up to
three different samples on the same gel, eliminating any error
related to gel misalignment.75 In a typical 2D-DIGE experi-
ment, as shown in Figure 8, proteins extracted from three
different samples, healthy, diseased, and internal control (a
pooled sample comprising equal amounts of the proteome
extracted from the healthy and diseased samples), are
covalently labeled with three different fluorophores, 1-(5-
carboxypentyl)-1′-propylindocarbocyanine halideN-hy-
droxysuccinimidyl ester (Cy3), 1-(5-carboxypentyl)-1′-
methylindodicarbocyanine halideN-hydroxysuccinimidyl
ester (Cy5), and 3-(4-carboxymethyl)phenylmethyl-3′-eth-
yloxacarbocyanine halideN-hydroxysuccinimidyl ester (Cy2).
The control sample serves as an internal standard, enabling
both inter- and intragel matching. The control sample should
contain every protein present across all samples in an
experiment. This means that every protein in the experiment
has a unique signal in the internal standard, which is used
for direct quantitative comparisons within each gel and to
normalize quantitative abundance values for each protein
between gels. Equal concentrations of the differentially
labeled proteomes and the control sample are mixed, applied
to a single gel, and coseparated in the same 2D-PAGE
experiment. Scanning the gel at Cy2, Cy3, and Cy5 excitation
wavelengths using a fluorescence imager allows visualization

Figure 8. Schematic showing the comparative analysis of proteomes using two-dimensional difference in-gel electrophoresis (2D-DIGE).
Proteins showing differential fluorescent intensity (i.e., Cy3 versus Cy5) are extracted from the gel and identified using mass spectrometry.
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of the differentially labeled proteins. The images are then
merged and analyzed using image analysis software, which
enables differences between the abundance levels of proteins
to be compared. Proteins of interest are excised off the gel,
enzymatically digested, and identified using MS. Since it is
performed using a single gel plate, 2D-DIGE is more
reproducible and accurate than 2D-PAGE, which requires
each proteome sample to be fractionated on a separate gel.76

The advantages of using 2D-DIGE over 2D-PAGE for
proteomic analysis of the serum and plasma proteomes are
as follows: separation of the two protein extracts of interest
employing the same gel improves reproducibility; it is more
economical in terms of materials, since 50% fewer gels are
required; differences in protein expression between two
different samples of proteins are easier to compare by DIGE
and are more accurately imaged; DIGE requires less time to
detect the protein spots because the labeling reaction in DIGE
is faster than visualization using staining methods; and it is
the method of choice when the absolute protein expression
level between two biological samples is the primary target.77

One of the first studies utilizing 2D-DIGE for the
comparative analysis of serum samples was for the com-
parison of samples obtained from patients with pancreatic
cancer to those obtained from matched controls.78 In the first
stage of the analysis, high abundance proteins (i.e., albumin,
immunoglobulins, transferrin, haptoglobin, and antitrypsin)
were depleted from the serum samples. Serum samples from
three groups (pooled internal standard; cancer; and healthy,
matched controls) were labeled with Cy2, Cy3, and Cy5,
respectively. Serum samples from three individuals with
pancreatic cancer and three individuals without cancer were
compared. After analysis of the serum samples using 2D-
DIGE, a total of 56 protein spot features were found to be
significantly increased and 43 significantly decreased in
cancer serum samples. These spot features were excised from
the gel, digested with trypsin, and analyzed by MS. The MS
analysis resulted in the identification of 24 and 17 unique
proteins that were increased and decreased, respectively, in
cancer serum samples. Western blot analysis was conducted
to confirm the comparative levels of several of these proteins
in the pancreatic cancer serum samples. As is critical to every
biomarker discovery project, an independent series of serum
samples from 20 patients with pancreatic cancer and 14
controls were used to validate the 2D-DIGE/MS results. This
independent study confirmed increased levels of apolipo-
protein E,R-1-antichymotrypsin, and inter-R-trypsin inhibitor
in samples obtained from patients with pancreatic cancer.

4.2. Stable-Isotope Labeling for Quantitative
Proteomics

As for the identification of proteins with complex mixtures,
investigators have also been developing methods to do
quantitative comparisons without having to utilize 2D gels.
One of the popular methods is the use of stable-isotope
tagging.79 A popular method of stable-isotope tagging, the
use of isotope-coded affinity tags (ICATs),80 which represents
a good model for most of these types of studies, is shown in
Figure 9. Proteomes are extracted from two comparative
samples and are then labeled with functionally and chemi-
cally identical reagents (in this case the ICAT reagents) that
differ in their mass (i.e., 9.03 Da) based on their stable-
isotope content (i.e., nine carbon-13 atoms in the heavy ICAT
reagent in place of carbon-12 atoms in the light version).
Once the proteins are differentially labeled, the two proteome

samples are combined and digested into tryptic peptides.
These peptides are then passed over an avidin column to
extract out the stable-isotope tagged peptides. The ICAT
reagent is unique in that it has iodoacetamide and biotin
groups at opposite ends, resulting in the modification of
cysteinyl residues and the ability to reclaim these peptides
using avidin chromatography. The biotin portion is then
removed from the peptides and they are analyzed through a
combination of multidimensional chromatography coupled
directly on-line with data-dependent MS/MS. The mass
spectrometer is operated in such a way that an MS scan is
used to quantitate the relative abundance of the peptide within
the different samples and MS/MS is used to identify the
peptide in the same experiment. The net result is a list of
identified proteins with a measure of their relative abundance
between the samples being compared. Other stable-isotope
labeling approaches utilizing both chemical modification and
metabolic labeling have also been developed.81 While slightly
different than the ICAT method, they all use stable isotopes
and ultimately result in the same types of data sets.

Figure 9. Quantitative proteomics using isotope-coded affinity tags
(ICATs). Comparative proteome samples are labeled with chemi-
cally identical reagents that differ in their carbon isotope content
(i.e., nine carbon-12 atoms for the light reagent and nine carbon-
13 atoms for the heavy reagent). After chemically modifying the
proteins, the proteomes are combined and digested into tryptic
peptides, and the ICAT-labeled peptides are extracted using avidin
chromatography. The ICAT-labeled peptides are then analyzed by
reversed-phase liquid chromatography coupled directly on-line with
a mass spectrometer operating in a data-dependent tandem mass
spectrometry (MS/MS) mode. This instrument method enables the
relative quantitation of the peptide in the two samples to be
measured in the MS mode as well as the identification of the
peptides to be determined through data acquired by MS/MS.
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While ICAT-labeling has been used extensively in pro-
teomic research, the number of applications to serum/plasma
has been limited. In a recent study employing ICAT-labeling,
sera obtained from six pediatric patients with severe traumatic
brain injury (TBI) (heavy ICAT-labeled) were compared to
a pooled sample of sera from healthy adults (light ICAT-
labeled).82 Ninety-five proteins were found to be differentially
abundant in the TBI serum samples compared to the pooled
control. While most of these proteins are involved in
inflammation, innate immunity, and early stress/defense
response and therefore are not particularly useful as bio-
markers, several low abundant proteins such as Toll recep-
tors, signaling kinases, serine/threonine-protein kinases,
transcription factors (serum response factor, golgin 45,
myocyte-specific enhancer factor 2B), proteases (pappa-
lysin-2 precursor, MMP-9), and proteins involved in response
to oxidative-stress were also identified. Overall, these
changes reflect a massive defense response characterized by
the recruitment of proteins involved in inflammatory and
immune pathways. Several brain-specific proteins such as
R-enolase, amyloidâ4 precursor,R-spectrin, and cleaved
microtubule-associated protein tau, which have been previ-
ously detected in serum or CSF from TBI, or other types of
brain injury, were found at increased levels in pediatric TBI
patients.

Another popular isotope-labeling method that has been
applied to serum/plasma proteomics is trypsin-mediated O16/
O18 labeling.83 This method relies on the hydrolysis reaction
that occurs whenever a peptide bond is cleaved using trypsin.
If a proteome is tryptically digested in the presence of water
in which the oxygen atom has been substituted with a heavy
oxygen isotope (i.e., H2O18), the two oxygen atoms at the
carboxy-terminus of the resultant peptides will be displaced
with O18 atoms. This stable-isotope labeling method requires
minimal sample preparation. To conduct the comparative
analysis, two samples are lyophilized and one is resuspended
in normal H2O, while the other is resuspended in H2O18.
Trypsin is added to each, and after the samples are fully
digested, trypsin activity is quenched and the samples are
relyophilized. Both samples are resuspended in H2O, and
equal aliquots are combined. This single aliquot is then
analyzed using RPLC-MS/MS. As with ICAT-labeling,
doublets of peaks are observed within the MS chromatogram,
separated in this case by 4.02 Da (i.e., the mass difference
between two atoms of O18 and O16). These doublets represent
equivalent peptides observed within the two proteome
samples being compared. The relative abundances of the
peptides are measured based on the peak areas of the
individual peptides within the pair.

An example of O16/O18 stable isotope labeling is illustrated
in the analysis of serum proteomes from control mice and
those bearing human Lewis lung carcinoma.49c This study
resulted in 1647 proteins, which were identified by at least
two tryptic peptides, being quantitated. Two-hundred and
eleven and 246 of these proteins were measured as being at
an increased and decreased level of abundance, respectively,
in the serum of mice bearing Lewis lung carcinoma. Among
the proteins found to be up-regulated, many have been
implicated in cancer progression. In particular, vascular
endothelial growth factor receptor 1 (VEGFR-1) was up-
regulated over 7-fold in the mouse lung carcinoma model.

Stable-isotope labeling methods have shown the capability
of quantitating thousands of proteins in complex biological
samples. Unfortunately, they suffer similar disadvantages to

2D-PAGE. They are low-throughput, requiring days to
compare two samples. They are generally limited to compar-
ing two samples; however, the development of iTRAQ has
allowed up to four samples to be compared simultaneously.84

Even this number, however, is far too few to generate the
level of confidence required to take the next step and attempt
to validate the findings. Techniques that use metabolic stable-
isotope labeling, although not impossible,85 are highly
impractical for the study of serum/plasma samples. A unique
problem observed with O16/O18 labeling is the incomplete
exchange of both oxygen atoms at the carboxy-terminus of
peptides. Many of the peptides undergo incomplete exchange
so that a significant population of peptides with only a single
O atom is observed. This incomplete incorporation adds a
significant uncertainty to the accuracy of the relative
abundance measurements. While they have made a major
impact in the analysis of cellular and tissue proteomes, stable-
isotope labeling methods, particularly ICAT-labeling, have
not been widely used in biomarker discovery. The reasons
for this are not readily obvious. It is possible that the
domination of serum and plasma by a few high abundant
proteins impacts the chemical labeling of lower abundant
proteins by the stable-isotope reagents.

4.3. Subtractive Proteomics
One common feature of 2D-PAGE and isotope-labeling

quantitative proteomics is their lack of throughput. Since
most developments in serum/plasma proteomics are aimed
toward discovering novel biomarkers, increasing the through-
put is going to be critical. For this reason, investigators
worked to determine if the data obtained within the MS and
MS/MS data could be used to measure relative protein
abundance between samples. These methods do not use gels
or stable-isotopes but simply rely on quantifying proteins
based on either the number of peptides identified for each
species or the intensity of individual peptide peaks within
the MS chromatogram. In this method, the proteome is
extracted from a series of biological samples and digested
into tryptic peptides. The tryptic peptides are analyzed using
multidimensional chromatography coupled directly on-line
with MS.

The acquired data can be analyzed using two different
methods. In one method, the relative abundances of the
proteins are measured based on the number of peptides
identified for that specific protein in the comparative
samples.86 The validity of this hypothesis can be illustrated
in the analysis of a single serum sample. If digested serum
is analyzed directly by RPLC-MS/MS, a large number of
peptides from albumin will be identified. It is unlikely,
however, that even one peptide from a low-abundance
protein, such as a chemokine, will be identified. This result
is due to the high serum concentration of albumin (i.e.,∼60
mg/mL) compared to chemokine proteins (i.e., in the ng/
mL range). In a practical example, if nine peptides are
identified for cancer antigen-125 (CA-125) in serum sample
A and only three peptides are identified in serum sample B,
the conclusion is made that CA-125 is three times more
abundant in sample A.

This approach, known by a variety of terms, including
subtractive proteomics, peptide count, etc., is a very attractive
method for biomarker discovery because of its inherent
simplicity. Except for the depletion of high abundance
proteins, it requires minimal sample preparation. Most
proteomic laboratories have the capability of identifying
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thousands of proteins with serum/plasma, and this quantita-
tive measurement allows an unlimited number of samples
to be compared to one another. Like most techniques,
however, it also has its disadvantages. Although faster than
2D-PAGE analysis and stable-isotope labeling, it is still
relatively low-throughput, requiring several hours just to
acquire the raw MS data for each sample. This peptide
subtractive method is quantitatively imprecise compared to
stable-isotope labeling methods and can only measure
differences greater than 3-fold. Low abundance proteins,
which are generally only identified through one of two
peptides, may not be quantifiable using this method.

A second method of making quantitative measurements
from such data sets is to directly compare the peak areas of
individual peptides identified in different samples.87 This type
of quantitation requires software to generate selected ion
chromatograms of the peptides of interest so that the peak
area of each peptide can be determined. Strict analytical care
needs to be taken when acquiring data for this type of
analysis, as factors such as unequal starting amounts of
protein, irreproducible chromatography, etc. can skew the
results. Ultimately, since the relative abundances are de-
scribed based on the protein, abundance ratios are calculated
by averaging the peptide peak area ratios for the same
protein.

An excellent example of both of these methods combined
into one study was published by Richard D. Smith’s lab in
which peptide peak areas and the number of peptide
identifications from 2D-LC-MS/MS analyses were used to
garner a quantitative comparison of protein abundances
between plasma samples obtained from a human subject prior
to (untreated) and 9 h after lipopolysaccharide (LPS)
administration (treated).88 Lipopolysaccharide is an endotoxin
released by Gram-negative bacteria that is known to induce
inflammatory reactions, such as cytokine production, cell
migration, and production of acute-phase proteins. This study
sought to quantitate changes in the acute phase plasma
proteome in response to LPS administration. The untreated
and LPS-treated plasma samples were digested with trypsin,
and each sample was fractionated using strong cation
exchange chromatography. A total of 50 fractions were
collected for each sample, and each of these was analyzed
by RPLC-MS/MS. Some of the SCX fractions that had a
high peptide content were run twice, resulting in a total of
148 RPLC-MS/MS analyses. Combining both analyses (i.e.,
treated and nontreated) resulted in a total of 804 unique
plasma proteins (not including IgG’s) being identified from
5176 unique peptides. Of these, 83% (669 proteins) were
identified by at least two unique tryptic peptides.

To determine if the number of peptide identifications for
each protein could be used in a quantitative manner, the
group plotted the number of peptides identified for 74
specific proteins against their literature documented concen-
trations in plasma (Figure 10). In general, the correlation
was quite good, suggesting peptide hit number is at least
semiquantitative. The group also compared the peak areas
for peptides that were identified in both samples and used
this ratio, along with the number of peptide hits, to identify
proteins that were differentially abundant in LPS-treated
plasma. As shown in Table 2, eight out of the nine proteins
listed for which a protein abundance ratio was determined
showed an increase in concentration following LPS admin-
istration by both the protein abundance ratios and the ratios
of peptide hits. The two computational approaches, however,

are generally complementary, as many of the up-regulated
proteins were identified in only one of the two methods. This
study was one of the first to show that signal intensity and
peptide hit count could be used to quantitatively compare
protein abundances in biofluids analyzed by LC-MS/MS.
Presently, most non-gel-based comparative studies of serum
and plasma are conducted using either of these two compu-
tational approaches to measure the relative quantitation of
proteins in two or more samples.

4.4. Proteomic Profiling
The proteomic methods discussed in the previous sections

rely on extensive fractionation and MS identification of as
many proteins as possible within these complex mixtures.
A few years ago, a concept was put forth by a couple of
laboratories hypothesizing that a diagnostic fingerprint
obtained from a clinical sample could function as a diagnostic
or therapeutic indicator, without the need to identify the
species that comprise the fingerprint.89,90 The concept was
based on the hypothesis that diseases such as cancer manifest
themselves by changing the proteomic content of blood. The
hope in proteomic profiling was that the detection of a
number of proteins, rather than a single biomarker, may
provide higher sensitivities and specificities for diagnosis
than those that can be afforded with single markers. This
approach offers the advantage that it can quickly discover

Figure 10. Correlation between the known concentrations of
various plasma proteins and the number of peptides identified for
each during a multidimensional fractionation/tandem mass spec-
trometry analysis. Data derived from ref 88.

Table 2. Comparison of the Ratio of Peptide Hits and the
Relative Abundance Ratio (Determine by Measuring Peak
Areas) for Nine Proteins Observed To Be Up-Regulated in the
Comparison of Plasma Taken from a Patient prior to
(Untreated) and after Treatment with Lipopolysaccharide72

protein
ratio of peptide hits
(treated/untreated)

abundance ratio
(treated/untreated)

KIAA1009 protein 7 2.9
von Willebrand factor 4.3 1.1
hepatocyte growth

factor activator
4 3.8

serum amyloid A2 4 4.3
KIAA1301 protein 4 2.87
lipopolysaccharide

binding protein
3.9 2.6

NADH oxidase 2.6 1.95
serum amyloid A1 2.3 5.9
leucine-rich-R-

glycoprotein
1.5 2.87
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proteins as potential biomarkers by examining proteomic
profiles, and this method can be transformed to a clinical
application to predict susceptibility to certain diseases, obtain
an early diagnosis before symptoms emerge, and monitor
disease progression and treatment outcome. While proteomic
profiling has come under severe criticism in the recent past,
its impact has been such that it deserves mentioning within
this article.

The first technology utilized to obtain proteomic patterns
of serum and plasma samples for diagnostic purposes was
surface-enhanced laser desorption ionization (SELDI) time-
of-flight mass spectrometry (TOF-MS).91 This technique
combines protein retention chromatography with TOF-MS
detection, enabling proteins/peptides to be profiled from
complex biological samples, such as cancer cell lines, serum,
plasma, urine, nipple aspirate, and tissue extracts with very
little sample preparation.92 The SELDI TOF-MS system is
composed of three major components: the protein chip, mass
analyzer, and data analysis software.93 To analyze samples
using SELDI TOF-MS (Figure 11), a few (i.e., 1-5)
microliters are deposited on the chromatographic surface of
the protein chip. Depending on the surface chemistry,
proteins are captured on the chromatographic surface by
adsorption, partition, electrostatic interaction, or affinity
chromatography. After processing the protein chips (i.e.,
using a series of binding and washing steps), an energy
absorbing matrix such as sinapinic acid is deposited to embed
the proteins in crystalline form. Finally, the protein chip is
analyzed by TOF-MS. The result is a mass spectrum
comprised of them/z values and intensities of the bound
proteins/peptides. While SELDI provides a unique sample
preparation platform, its protein detection principle is similar
to that of MALDI-MS. The resulting mass spectrum is a
function of both the chromatographic chip surface and the
experimental conditions used (Figure 12). Based on the
spectral output, the analysis software can recognize peaks,
compare two or three groups of spectra, and conduct cluster
analyses to pinpoint significant protein abundance differences
between samples.

The first study that utilized SELDI TOF-MS in cancer
research was for the detection of ovarian cancer utilizing

serum samples.89 Serum samples from 50 healthy women
and 50 women in different stages of ovarian cancer were
used as the training set in the genetic algorithm and clustering
bioinformatic software that performed the analysis in two
stages: pattern discovery and pattern matching stages. In
the pattern discovery stage, the genetic algorithm and
clustering tool were used to analyze the SELDI serum mass
spectral data obtained from the training set using a hydro-
phobic chip surface. Them/z and intensity values were
employed to identify a proteomic pattern that discriminated
cancer from noncancer cases. In the pattern matching stage,
the discriminatory proteomic pattern from the training set
was compared with that in the test set of 116 masked serum
samples. All 50 blinded ovarian cancer cases and 63 of the
66 nonmalignant cases were correctly identified, yielding
100% sensitivity and 95% specificity. The significantly high
sensitivity implied the clinical potential of the proteomic
pattern as a diagnostic approach. On the other hand, if the
same method was to be applied for cancer screening in the
general population, the specificity of the serum patterns
would need to be improved to nearly 100% to avoid high
false-positive identifications (Rockhill 2002). To achieve
higher specificity, a hybrid quadrupole (Qq) TOF-MS
instrument equipped with the SELDI protein chip interface
was used to acquire high-resolution serum proteomic profiles
in ovarian cancer patients. As a result, four optimum
discriminatory patterns correctly identified 43 healthy women
and 68 ovarian cancer patients, including 18 stage I patients
with 100% sensitivity and specificity in the validation test.94

The study implied that the combination of SELDI and high-
resolution mass spectrometry instruments may offer great
potential in the field of in vitro diagnostics.

The results presented in the first SELDI TOF/MS manu-
script showing the remarkable ability to correctly diagnose
serum samples from women with ovarian cancer created a
frenzy in the clinical science and proteomic community. This
studied spurred a large number of investigations that
employed a SELDI TOF-MS-based approach to generate
protein profiles of serum for the early detection of cancers
such as breast,95 prostate,96 cervix,97 lung,98 bladder,99

colon,100 head and neck,101 and pancreas.102 In addition to
cancer, SELDI TOF-MS has also been applied to study

Figure 11. Disease diagnostics using proteomic patterns. The
sample drawn from the patient is applied to a protein chip, which
is made up of a specific chromatographic surface. After several
washing steps and the application of an energy-absorbing molecule,
the species that are retained on the surface of the chip are detected
using mass spectrometry. The pattern of peaks within the spectrum
is analyzed using sophisticated bioinformatic software to diagnose
the source of the biological sample.

Figure 12. Mass spectrum of human serum obtained using surface
enhanced laser desorption/ionization time-of-flight mass spectrom-
etry (SELDI TOF/MS) technology employing different chromato-
graphic protein chip surfaces. The top two panels illustrate the effect
of pH when using a single chromatographic surface.
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proteins related to other maladies, such as Alzheimer’s
disease,103 rheumatoid arthritis,104 and AIDS.105

The primary advantage of this proteomic pattern analysis
over other MS-based methods is throughput. Hundreds of
samples could be processed and analyzed in a single day,
allowing large cohorts of clinical samples to be analyzed.
The challenges facing proteomic pattern analysis at present
are daunting. One of these challenges is the reproducibility
of proteomic profiling experiments.106 It was reported that
chip-to-chip coefficients of variation of peak intensities
ranged from 10% to 40%.95 A number of approaches are
now routinely incorporated to improve reproducibility, such
as including a quality control sample on each chip array and
normalizing spectral data. In addition to this inherent
irreproducibility is the more disturbing issue of lab-to-lab
variability. Laboratories that have conducted studies using
the same technological platform to investigate the same
cancer condition have found different groups of diagnostic
peaks. Another challenge is answering what the bioinfor-
matics analysis of all of these spectra really means. Many
different types of algorithms have been brought to bear on
proteomic pattern datasets.107 Unfortunately, the peaks that
are selected as diagnostic for a particular disease condition
often vary depending on the algorithm selected. Therefore,
it is not clear which algorithm is selecting the diagnostically
valuable peaks. Finally, the obvious challenge is the iden-
tification of the important proteins and peptides that con-
tribute to a diagnostic pattern. While few studies actually
proceed to identify the peaks of interest, those that do
typically find that they are intact, or fragments of, highly
abundant proteins. These proteins are generally acute-phase
or inflammatory response proteins and are unlikely to have
the necessary specificity to diagnose a particular cancer.

5. Automation

The goal of finding biomarkers in serum and plasma using
proteomic technologies such as fractionation and MS is
extremely ambitious. Unless specific proteins are targeted,
the approaches are largely discovery driven and typically
rely on finding a protein(s) that is more abundant in serum
or plasma obtained from disease-afflicted individuals than
in healthy controls. Unfortunately, there are a number of
cumulative factors that make such discovery extremely
difficult. First of all, quantitative proteomic results do not
have the precision and accuracy found in standardized assays,
for instance. This deficiency requires a large number of
samples to be analyzed in order to achieve the level of
confidence that would be required before even considering
taking a potential biomarker into a validation phase. Unfor-
tunately, as can be surmised by the many sections within
this review, the throughput associated with proteomic
analysis of serum and plasma samples is very low. While
tremendous strides have been achieved in the past few years,
comprehensive analysis of a single complex proteome still
requires several days from start to finish.

One potential solution to this problem is automation. The
development of automated approaches for gene sequencing
was absolutely critical to the success of the Human Genome
Project. Proteomics, however, is not as straightforward as
sequencing. The Human Genome Project required continuous
sequencing of four bases, while proteomics requires the
identification of tens of thousands (to possibly>1 000 000)

of peptides with a variety of different physicochemical
properties. Present technology requires these peptides to be
separated prior to MS analysis. While separation, in the form
of chromatography and electrophoresis, can be automated,
it still must be done over a time domain that provides the
opportunity for adequate resolution of the analytes. The
interfacing of separations with MS has also been automated,
allowing unattended acquisition of the raw MS data. While
MS instrumentation is able to sequence an individual peptide
very rapidly, the analysis of a serum or plasma sample will
require tens of thousands of sequencing events. It is not
difficult to see that the more pressing issue in proteomics
today for clinical discovery is not automation but increasing
the throughput. Historically, the solution to increasing
throughput in proteomics has been to increase the number
of analytical platforms recording the necessary data.

Another area in serum and plasma proteomics that requires
automation is sample preparation. Many of the steps required
to prepare a sample for MS analysis are still done manually.
Robotic systems have been developed for a number of
different areas of proteomics, such as structural proteomics
and protein arrays. Probably the most utilized robotic system
in MS-based proteomics is the use of workstations that pick
spots from 2D-PAGE gels and automatically conduct the in-
gel digestion to prepare the protein for MS analysis.
Automation will fill the need to standardize sample prepara-
tion for clinical samples so that results obtained in different
biomarker discovery projects can be more effectively com-
pared. Unfortunately, until many of the issues related to
throughput are resolved, there will not be a strong push for
improved automated sample preparation methods.

6. Conclusions

Probably no samples have been the subject of more
proteomic studies in the last 5 years than serum and plasma.
The reason is clear; the discovery of novel biomarkers that
are indicative of diseases such as early stage cancer would
have a huge impact on public health. If the discovery of
biomarkers is used as the sole metric, then it must be
concluded that serum and plasma proteomics has been
somewhat of a disappointment. Looking closer, however,
reveals quite the opposite. As described in this review, it
was only 4 years ago that the first manuscript came out
describing the identification of over 300 proteins in plasma.
State-of-the-art MS-based proteomic laboratories are pres-
ently capable of identifying thousands of proteins in serum
and plasma samples. The need to garner this level of
coverage has spurred the investment of time and money into
the development of powerful analytical methods and instru-
mentation to meet the challenge of discovering useful
diagnostic biomarkers. While the development of faster and
more sensitive mass spectrometers has obviously had a major
impact on the ability to conduct serum and plasma proteom-
ics, improvements in sample preparation methods such as
high abundance protein depletion and chromatography have
also played key roles. The next major hurdle to overcome if
scientists hope to translate all of the information made
available by proteomic technologies is to find intelligent
solutions to determine which proteins discovered in a
comparative analysis have the greatest likelihood of being
validated as useful biomarkers.
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