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Introduction

Proteomics aims for the full identification and
quantification of all expressed proteins in any
organism. This is however an extremely tedious task
since one gene often accounts for multiple proteins
due to gene splicing and processing of proteins, such
as the addition of post-translational modifications.
Moreover, the concentration range of occurring
proteins varies more than a factor of one million. For
these reasons, protein profiling was considered a
promising technique in the early days of proteomics.
Ideally a protein profile can be observed in one single
measurement. In various clinical studies profiling
methods have been successful in the detection of
proteome variations as a consequence of an altered
homeostasis. Proteins that are differentially expressed
as a consequence of a disease are very useful in
medical science as they can be used as new biomarkers
for the diagnosis, prognosis and as possible therapeutic
targets. In order to find such proteins or biomarkers
two different kinds of biological material have been
used: tissue samples and body fluids. Tissues are
obtained from biopsies, from stable cell lines or cell
cultures, or from subcellular fractions. Despite their
large usage tissues suffer from several disadvantages.
Tissue samples are difficult to obtain and are
comprised of several different type of cells.
Standardization of the methods to obtain subcellular
fraction that affects its preparation and purity is a
challenge not yet solved. The difference between a
cell culture and its corresponding wild type present
in the body limits the translation of information
derived from the first to the latter.

On the contrary body fluids do not suffer from
these limitations inherent to tissue samples. Fluids are
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very easily accessible with non- or very low-invasive
methods at relatively low cost. They perfuse all the
organs in the body carrying secreted protein from
tissues. Therefore the protein profile of the biological
fluids can reflect the status of the body. Among
biological fluids serum, plasma and urine are the most
analyzed samples but also cerebrospinal fluid (CSF),
saliva, amniotic fluids have been used. Moreover
classical methods to investigate the tissue proteome,
aiming at biomarker discovery, are generally based
on two-dimensional electrophoresis (2DE) and are not
suitable for clinical chemistry lab requirements in
which large sample cohorts have to be analyzed in a
short time. This addresses another great potential of
body fluids profiling : the analysis can be carried out
high-throughput without sacrificing robustness and
quality of the method. In fact 2DE is a laborious
process that is difficult to automate. It still suffers from
several technical limitations in terms of repeatability
and reproducibility even though progress has been
made using three different fluorescent labels that
enables simultaneous migration of three samples on
the same gel (e.g proteins extracted from control and
disease, and the internal standard).Since the beginning
of the 1990ties, when this new term (proteomics) was
coined, a lot of progress has been made. Among them,
several strategies to search these biomarkers in
biological fluids have been developed in order to try
to tackle some of the limitations of the current
methods.

Nowadays, mass spectrometry (MS) is the method
of choice for the analysis of proteins, and as a
consequence the field is now often referred to as
MS-based proteomics. Direct analysis of the biological
fluids with mass spectrometry is a challenging



approach due to the sample complexity. To carry out
a repeatable and robust mass spectrometric analysis
of proteins in body fluids a suitable clean-up procedure is
required in which salts and detergents are removed. The
presence of salts can suppress the ionization in the
mass spectrometer and chromatographic profiles may
be influenced by from tailing due to co-elution of
contaminants!. Therefore a pre-fractionation of the
fluids is essential in order to increase the number of
proteins that can be detected within a single
MS-experiment, thus facilitating the discovery of new
markers. Moreover, the fractionation of the biological
fluids will also enrich low abundant proteins in
fractions. These approaches lead to build the protein
profile of the different biological fluids. Variations
observed in patient profiles of body fluids compared
to those of controls can be used to find the best pattern
of signals that allows to discriminate two populations
or to stratify the patients according to tumour stage
or to the response to the therapy. One the major
advantages of this strategy is that no pre-knowledge
of the identity of signals selected for the cluster is
needed to allow their use as biomarkers?.

A specific agent to capture proteins enriches the
sample and thus contributes to sensitivity
enhancement. In general, protein separation
techniques are based on different protein physical
properties, such as size, isoelectric point, solubility
and affinity. Materials known from different
chromatographic platforms are coupled to the surface
of a carrier in order to obtain peptides and proteins.
One of the first approaches to pre-fractionate the body
fluid proteome using an activated surface was the
Surface-Enhanced Laser Desorption/Ionization
(SELDI) technique. The SELDI technique for protein
profiling is probably the most known and widely used
approach in which biological fluids are applied
directly to a target plate that is later introduced into a
mass spectrometer. After removing unbound material
to the modified surface of the SELDI chip, the
molecular weight of the captured proteins on the target
plate is determined using a time-of-flight (TOF) mass
analyzer®. In this way the body fluid protein profile
for the studied population is obtained. This technology
is not free of criticism. In particular not very good
reproducibility of the results due to drift, noise or the
use of different lots of chips are reported. Moreover
the direct identification of these markers cannot be

carried out using the SELDI-TOF system. Their
identity has to be determined with different analytical
approaches. Promising alternatives to this technology
are based on magnetic beads with a functionalized or
activated surface or on miniaturized chromatographic
systems that allow off-line fractionation of the proteome
present in the fluids before MS analysis. The
combination of magnetic bead purification and matrix-
assisted laser desorption ionization (MALDI) TOF-MS
has been shown a powerful alternative to the SELDI-
platform: the active surface of magnetic beads is much
larger, resulting in a higher binding capacity, and
identification of captured peptides and protein is
possible through the use of a more advanced TOF mass
analyzer. Moreover, only a small part of the eluted
peptide/proteins fractions are used for the protein
profile and the remaining sample can be to use to
identify markers with other MS-approaches (e.g.
MALDI-TOF/TOF or LC-ESI-MS/MS) without the
need of additional purification. This review is mainly
focussed on the pre-fractionation based on magnetic
beads and their applications.

Magnetic beads

In the middle of the 1990ties one of the first report
about this approach is that by Girault S. et al.
describing the use of magnetic beads with the external
surface modified with streptavidin to capture
biotinylated peptides*. Peptides were then eluted,
mixed with matrix and analyzed by MALDI-TOF.
Authors described this technology as a promising
strategy to study peptide/proteins interactions. Later,
an example of application of such approach based on
magnetic beads but applied to biomarker discovery
was reported®. Anti-PSA-IgG-biotin was bound to
streptavidin coated beads and used to enrich and to
purify PSA from serum. The authors reported that
purification was satisfactory being the co-elution of
non-specifically bound proteins highly reduced. Then
activities were rather quiescent until the beginning of
XX century when, driven from the SELDI technology
success, they started to be used in clinical studies more
frequently as indicated by the increment of the number
of publications®. A review describing the clinical
applications of mass spectrometry to biomarker
discovery using body fluids was published in the
2003°. The strategy to search, find and validate new
biomarkers is suggested to be generally divided in
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three phases: in the first step, discovery of a cluster of
signal able to differentiate patients from controls is
carried out, in the second phase, the diagnostic
capability of the cluster build in the first phase, is
evaluated with a new cohort of patients and controls
and, finally, in the third step unknown samples are
used to test the cluster in blind-experiments.
Villanueva and co-workers pioneered in using
functionalized magnetic beads, describing the serum
peptide profiling strategy based on magnetic particles
with the external surface modified with ligands of
increasing carbon chain length (C1, C2, C3, C8 and
C18) and with porous or non-porous surface’. Binding
capacity of the different beads, expressed as number
of peaks observed in MALDI-TOF spectrum, showed
that C8 was the best performance extraction phase.
The amounts of beads and serum and their volume
ratio, sample pre-treatment before extraction, best
eluent, and others aspects of the procedure were
investigated in detail. Initially they obtained few peaks
despite the extensive tuning of the mass spectrometer.
However, after applying few shots (20-30) at rather
high laser power, the acquired spectrum with the
following 100 shots, at the normal operating laser
power in the same position, resulted in many
additional peaks. The addition of the n-octyl-glucoside
in the samples before extraction has been shown to
give the highest number of peaks either in the
0.8-4kDa or in the 4-15kDa mass range. Preliminary
evaluation of the data reproducibility with C8
magnetic beads in serum showed a CV for inter-assay
measurements evaluated in four different days of about
20%?3. To correct for variability spiking body fluids
with synthetic peptides was suggested. Recently, a
study was reported aiming at finding the best strategy
to perform a comparative study of serum from breast
patients and healthy control persons with magnetic
beads with various functionalizations: -hydrophobic
interactions (C8), -weak cation exchange (WCX) and
-immobilized metal-ion affinity (IMAC-Cu)’. The
authors suggested to use WCX beads as a starting
approach since these resulted in the highest number
of'signals. Later, Callesen et al'® concluded differently
after evaluating not only commercially available
magnetic beads (C8 and IMAC-Cu) but also custom
made microcolumns (C8, C18, IMAC-Cu and anion-
exchange) used according to the manufacturer
instructions or after manual modifications of the
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protocols. After a careful adjustment of the analytical
procedures the highest number of reproducible peaks
(more than 400) was obtained with IMAC-Cu purified
fractions analysed by MALDI-TOF with 2,6-DHAP
as matrix. A detailed study on the optimal conditions
for serum pre-fractionation was described for new C18
magnetic beads!!. A similar value of the reproducibility
was observed analyzing either crude serum or
n-octyl-glucoside treated with an average CV of about
10-12% and 24-30% for the intra-assay and inter-assay
experiments, respectively.

Very soon it was clear to scientists involved in
biomarker discovery using proteomics approaches that
several factors affect the mass spectrum such as the
origin and collection of biological material,
the clean-up and MS-technique used. In this respect,
in 2005 Baumann et al showed that anticoagulant,
temperature and freeze-thaw cycles greatly influence
the serum proteome profile obtained using magnetic
beads (C3, C8, C18) following the manufacture
instructions'?. However, with a highly standardized
protocol for blood collection, serum preparation, time
of thawing, the intra and inter-assay variability,
measured with ions in the mass range 1,000-10,000
and with low, medium and high intensity, were in the
range of 3%-23% and of 6%-33% (CV%),
respectively. Several studies have been carried out to
investigate the effects of serum manipulation on the
spectrum profile. In particular, two of these studies
were based on fluids pre-fractionation with activated
beads!*!4. The first showed that storage temperature
is the main factor, among those been tested responsible
for mass spectra changes. It was concluded that
samples kept at -80 °C are more stable than those at -
20 °C". The second study was carried out not only
with C8 but also with IMAC-Cu beads. Different
conditions were evaluated (tubes, clotting time and
temperature) for serum and plasma sample
preparation'®. It was shown that procedures for serum
preparation had the greatest impact on the profile
compared to meals, handling procedures and storage
conditions. Moreover data about the effects of
different anti-coagulant on the protein profile of
plasma are also described. Finally, according to their
results both serum and plasma can be kept at 4 °C up
to 24 hours without any significant modification of
the protein profile within 1 to 25 kDa mass range. In
another study factors such as temperature and time



for serum preparation as well as analytical humidity
and temperature for the crystallization process were
investigated with respect to their effect on the
profiles'. The results showed that a large variations
in protein profiles were due to leaving serum at room
temperature for more than 30 min. In fact, mass spectra
variation evaluated using WCX beads under very well
controlled temperature (22 °C + 0.5 °C) and humidity
(35°C +1 °C) for 5 consecutive days gave an overall
CV 0f 0.27%. Statistical analysis of the results showed
that 73% of the mass spectra variability derives from
the humidity. Indeed when humidity is below that
value (e.g. 15%) the crystals morphology was heavily
affected thus resulting in unsuitable mass spectra.
Recently, the influence of using different
matrices (alpha-cyano-4-hydroxycinnamic acid,
sinapinic acid, 2,5-dihydroxybenzoic acid and
2,5-dihydroxyacetophenone) on the mass spectra
variability was evaluated for a standard peptides/
proteins mixture and plasma samples'¢. The authors
showed that matrix preparations had the greatest
impact on the spectra compared to sample process
before MS analysis using C8 magnetics beads. Earlier,
Villanueva et al. reported an optimized protocol for
biomarker discovery based on magnetic beads'’.
Serum preparation, storage and shipping conditions,
MS tuning, mass spectra processing, and statistical
analysis are described in detail showing possible
sources of error. Later, from the same group, a study
of the protein profile in serum of bladder, prostate
and breast cancer patients using C8 coated magnetic
beads was carried out'®. The authors showed that in
the serum protein there is a mixture of peptides
originating both from ex-vivo coagulation and
complement-degradation processes and from
exoproteases released by cancer cells. Therefore serum
can be a source not only of cancer-specific but also of
cancer-type serum peptides that can be used as
biomarkers after a validation study.

Alternative to beads

Besides functionalized magnetic beads other
approaches can be used to fractionate the proteome
before MS analysis'’. Among them we present here
two alternatives: ProteoMiner and micro-packed
column.

The first alternative is the recently developed
ProteoMiner pre-fractionation system based on

hexapeptide combinatorial ligand libraries bound to the
external surface of beads?*?!. The rationale was to
improve the protein separation capacity from fluids
using not a single amino acid as early reported in the
1970 by Porath et al?** but a small peptide. It was
expected that the number of proteins bound to the beads
was proportional to the length of the peptides.
Surprisingly, it was found that this was true only up to
a peptide length of six residues. Longer peptide
chains did not result in an increment of captured
proteins/peptides. Large numbers of copies of the same
peptide are fixed on the each bead at a concentration
of'about 10-15 pmol?'. A binding capacity of about 1-
3 ng proteins per bead was estimated, obviously varying
for different molecular masses?'.

The second alternative to magnetic beads consists
of custom-made microcolumns with different
stationary phases (C8, Cu-IMAC)!°. Highly
reproducible protein profiles were obtained for human
serum samples using 2,6-dihydroxyacetophenone
(2,6-DHP) as a matrix instead of the commonly
applied alpha-cyano-4-hydroxycinnamic acid. From
this study it was suggested to use magnetic beads with
immobilized metal affinity chromatography (Cu) in
combination with 2,6-DHP because these provide the
most comprehensive list of candidate biomarkers. In
another study, carried out by Tiss and co-workers,
serum proteome fractionation procedures based on
various stationary phases were compared®. Two
different strategies based on magnetic beads
(C8-C18-WCX) or on pipette tips pre-packed with a
stationary solid phase (ZipTip C4-C18 and OMIX
C4-C18) were evaluated. Their results using magnetic
beads were different from those above described in
terms of reproducibility of MS profile with obtained
CV's of about 62%, 50% and 42 % for C8, C18 and
WCX, respectively. It was suggested to use ZipTip
because of better results with respect to the lower
background noise and better signal-to-noise. The
intra-assay and inter-assay CV for ZipTip C18
evaluated with a standard serum sample was of about
9% and 10%, respectively. An intra-run and inter-run
CV 0of 9% and 7.5% was obtained analyzing 30 serum
samples.

Examples of clinical applications

Among the body fluids such as serum, plasma,
urine, amniotic fluids, saliva, tear, and cerebrospinal
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fluid, the most widely used for biomarker discovery
studies are those derived from blood. Serum is
successfully used to search differences in the protein
profile between healthy control individuals and
patients with bladder!®!, metastatic thyroid?®’,
hepatocellular?, ovarian®’, gastric®®, breast 8,
prostate'®, and renal cell carcinoma®.

Although cancer is the most studied pathology other
frontiers are open in this respect. Serum levels of two
peptides were found altered in dystrophin-deficient
mice®. One of these signals was identified as the N-
terminal portion of Factor XIIla and as such suggested
as a candidate biomarker for muscular dystrophy*.
Three peaks in the serum protein profile of 16 patients
affected by autistic spectrum disorder (ASD) were
identified after application of C8 magnetic beads®!. This
discovery opens a new technological approach in the
diagnosis and possibly also in the treatment of this
devastating psychiatric disorder. Unfortunately the
identity of these peptides is still unknown.

Similarly, plasma can be a source of potential
markers. Differences in peptide levels have been
reported using plasma from oral cancer??,
nasopharyngeal tumour??, and asthmatic patients**. An
example of markers that have been found in other
body fluids are three peptides in urine obtained from
renal cell carcinoma patients*. One of these peptides
was identified as a fragment of the Uromodulin
precursor. Furthermore, protein profiles were obtained
from amniotic fluids of 60 normal karyotypic and of
20 aneuploid women?¢. Eight peaks were chosen using
a genetic algorithm based on their discriminating
capability. The cluster display in the training phase,
used to build the diagnostic cluster with 30 normal
subjects, 100% and 72 % of sensitivity and specificity,
respectively while in the cluster validation 100% of
sensitivity and 96.6% of specificity. Finally, protein
profiles of the tear fluid have been obtained using a
pre-fractionation based on activated magnetic beads®’.
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