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A challenging aspect of biomarker discovery in serum is the interference of abundant proteins
with identification of disease-related proteins and peptides. This study describes enrichment of
serum by denaturing ultrafiltration, which enables an efficient profiling and identification of
peptides up to 5 kDa. We consistently detect several hundred peptide-peaks in MALDI-TOF and
SELDI-TOF spectra of enriched serum. The sample preparation is fast and reproducible with an
average CV for all 276 peaks in the MALDI-TOF spectrum of 11%. Compared to unenriched
serum, the number of peaks in enriched spectra is 4 times higher at an S/N ratio of 5 and
20 times higher at an S/N ratio of 10. To demonstrate utility of the methods, we compared 20
enriched sera of patients with hepatocellular carcinoma (HCC) and 20 age-matched controls
using MALDI-TOF. The comparison of 332 peaks at p < 0.001 identified 45 differentially abun-
dant peaks that classified HCC with 90% accuracy in this small pilot study. Direct TOF/TOF se-
quencing of the most abundant peptide matches with high probability des-Ala-fibrinopeptide A.
This study shows that enrichment of the low molecular weight fraction of serum facilitates an
efficient discovery of peptides that could serve as biomarkers for detection of HCC as well as
other diseases.
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Discovery of biomarkers for clinical use typically requires
comparison of a large number of samples, which limits the
applicability of many elegant proteomic methods [1, 2].
SELDI-TOF and SELDI-QqTOF analyses of serum were
optimized for high-throughput comparison of biological
samples as small as a few microliters [3]. Advanced statistical
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and computational methods were designed to compare the
crude mixtures of proteins present in unfractionated serum.
The results were surprisingly encouraging given the com-
plexity of the problem and the performance of currently used
markers [4-8]. Alpha-fetoprotein, the only serum marker for
diagnosis of hepatocellular carcinoma (HCC), has reported
sensitivity of 39-64% and specificity of 76-91% [9]. SELDI-
based studies of HCC reported sensitivities of 61-90% and
specificities of 76-95% [10-13]. Recent analyses raised the
question of possible biases in profiling studies, which
underscores the need for verification of biomarker identities
[14-18]. The identification requires challenging com-
plementary methods in SELDI-TOF experiments [12]. Even
SELDI-QqTOF experiments did not sequence the identified
biomarker candidates [3]. Here we report an improved pro-
tocol that allows an efficient comparison of samples by
TOF MS, and identification of many peaks of interest in the
low molecular weight (LMW) region by direct TOF/TOF se-
quencing. The utility of the method was tested in a pilot
study of HCC, one of many diseases that could benefit from
identification of molecular markers in serum.

2 Materials and methods
2.1 Materials

C8 magnetic bead desalting kits, CHCA, and MALDI 600-
pm AnchorChip were purchased from Bruker Daltonics
(Billerica, MA, USA). SELDI protein arrays were obtained
from Ciphergen (Fremont, CA, USA). Microcon ultrafiltra-
tion membranes with 10-50-kDa cut-off were purchased
from Millipore (Bedford, MA, USA). Red top vacutainer
blood collection tubes (BD 366430) were obtained from Bec-
ton Dickinson (Franklin Lakes, NJ, USA). Tricine 10-20%
gradient gels for SDS-PAGE and SYPRO Ruby stain were
obtained from Invitrogen (Carlsbad, CA, USA). BCA protein
assay was purchased from Pierce Biotechnology (Rockford,
IL, USA). Other chemicals and solvents were purchased
from Sigma-Aldrich (St. Louis, MO, USA); solvents were of
HPLC grade.

2.2 Blood samples

A single batch of serum aliquots (standard serum sample)
was frozen at —80°C and was used throughout the study to
perform method optimization and quality control. Blood
samples of cancer cases and controls were obtained between
October 2002—April 2003 in collaboration with the National
Cancer Institute of Cairo University, Egypt. Controls were
recruited among patients from the orthopedic fracture clinic
at the Kasr El-Aini Hospital (Cairo, Egypt) and were fre-
quency-matched by gender, rural versus urban birthplace,
and age to cancer cases as described previously [19]. Blood
samples for all participants were collected around 10 am,
were processed within several hours of collection and then
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immediately frozen at —80°C in 1-mL aliquots. At first thaw,
sub-aliquots of 50 uL were generated and stored at —80°C
until mass spectrometric analysis. All measurements were
performed on aliquots of twice-thawed sera.

2.3 Sample preparation

Serum (15 pL) was desalted on C8 magnetic beads according
to the manufacturer’s protocol (Bruker Daltonics) and eluted
with 50% ACN. Microcon membranes were washed four
times with 0.15 mL dH,0. Samples were diluted with dH,0
to a final concentration of 25% ACN (60 pL total volume) and
ultrafiltered at 12 000 x g for 5 min using a 50-kDa Microcon
membrane. Ultrafiltrate was dried in a centrifugal vacuum
evaporator, reconstituted in 2 pL 5% ACN with 0.1% TFA
and mixed 1:1 with CHCA matrix (3.3 mg/mL in 50% ACN).
The sample (1 puL) was deposited on SELDI gold array or
MALDI anchor chip and allowed to crystallize at room tem-
perature.

2.4 SELDI-TOF MS

PBS II Protein Chip Array reader (Ciphergen) was externally
calibrated using the [M+H]" ions of five peptides in the
range 1084-7033 m/z. All mass spectra were recorded in
positive-ion mode at 20 Hz with an 80 ns delay. Saturated
solution of CHCA matrix (1 uL) in 50% aqueous ACN con-
taining 0.1% TFA was added to each sample for SELDI-
TOF MS analysis.

2.5 MALDI-TOF MS

Samples were analyzed using an Ultraflex MALDI TOF/TOF
mass spectrometer (Bruker Daltonics) equipped with pulsed
ion extraction ion source. Ionization was achieved by irra-
diation with a nitrogen laser (A = 337 nm) operating at
20 Hz. Ions were accelerated at +19 kV with 80 ns of pulsed
ion extraction delay. Each spectrum was detected in linear
positive mode and was externally calibrated using a mixture
of peptide/protein standards between 1 and 4 kDa. Mass
spectra were analyzed using the Flex Analysis and Clin-
ProTools softwares (Bruker Daltonics). Raw data were export-
ed as text files for further analysis.

2.6 Gel electrophoresis

Proteins were analyzed by SDS-PAGE using a 10-20% gra-
dient tricine gel and visualized by staining with SYPRO Ruby
(Invitrogen) according to manufacturer’s protocol.

2.7 Analysis of TOF MS spectra

To reduce the noise and dimensionality of the raw spectra,
we used a binning procedure (100-ppm step) that divides the
m/z axis into 23 846 bins in the 0.9-10 kDa region. The
maximum intensity within each interval was used as the
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protein expression variable for each spectrum. The baseline
of each spectrum was estimated by obtaining the minimum
intensity within a shifting widow size of 50 bins. Spline
approximation was used to regress the varying baseline and
the regressed baseline was subtracted from the spectrum.
Each spectrum was normalized by dividing by its total ion
current and the spectra were scaled to have an overall max-
imum intensity of 100. We used two methods for peak
detection. One method was used to define S/N ratios and
number of peaks [5]. The second method [5] was modified for
our study to calculate peak intensities for biomarker dis-
covery. In this latter method, a bin was identified as a peak if
the sign of the intensity’s slope changed from positive to
negative. Peaks with intensity below a pre-defined threshold
line were considered as noise and were discarded. To account
for drift in m/z location in different spectra, two peaks were
coalesced into a window if they differed in location by at most
7 bins or 0.03% relative mass. The maximum intensity in
each window was defined as the peak-intensity variable. To
distinguish cancer patients and healthy individuals, the pro-
cessed spectra were split into training and testing (inde-
pendent) datasets. The training dataset was used to select
m/z windows, to compare their intensities using a random
variance t-test, and to build a support vector machine (SVM)
classifier. Prediction accuracy of the classifier was evaluated
using the independent dataset. These functions were per-
formed in BRB-ArrayTools 3.1 software (NCI, Bethesda, MD,
USA) [20, 21]. Other analyses were carried out in MATLAB
(MathWorks, Natick, MA, USA), Clin ProTools (Bruker Dal-
tonics) and Splus (MathSoft Inc., Cambridge, MA, USA)
analytical software packages.

3 Results

Denaturing ultrafiltration enriches the LMW fraction of
serum and plasma (Fig. 1). Removal of proteins greater than
50 kDa including albumin appears efficient. SYPRO Ruby
staining detected at most traces of albumin in the ultra-
filtered serum. Some proteins smaller than 50 kDa are also
removed as shown by the SDS-PAGE in Fig. 1. This is con-
sistent with the manufacturer’s definition of the 50-kDa cut-
off based on retention of analytes. It is expected that partial
removal of analytes occurs below the specified cutoff. Our
studies focus on peptides <5 kDa because of the biological
importance of this fraction of serum and optimal perfor-
mance of the MALDI-TOF/TOF instrument in this LMW
region. Minimal losses are expected in the <5-kDa region
provided that protein-protein interactions are disrupted. In
this study, ultrafiltration was carried out in the presence of
25% ACN, which allowed removal of high molecular weight
(HMW) proteins including albumin with concurrent
enrichment of the LMW fraction sufficient for detection of
several hundred peptides. Quantification of proteins in the
desalted ultrafiltrate by BCA assay (Pierce) showed a
15% increase in the protein content with the addition of
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Figure 1. SDS-PAGE analysis of human plasma and serum.
Lanes 1 and 2, unfiltered plasma, lanes 3 and 4, unfiltered serum,
lane 5, enriched LMW plasma and lane 6, enriched LMW serum;
2 ng total protein was applied per lane and visualized by SYPRO
Ruby staining.

ACN (0.30 = 0.029 pg with 25% ACN; 0.26 = 0.027 pg
without ACN during ultrafiltration). Further experiments are
needed to compare various denaturing ultrafiltration condi-
tions [22-24].

The enrichment procedure begins with desalting of
serum on C8 magnetic beads, followed by ultrafiltration on a
50-kDa cut-off membrane as described in Materials and
methods. The desalted ultrafiltrate can be analyzed on any
MS platform of choice. Here we show SELDI-TOF (Fig. 2)
and MALDI-TOF (Fig. 3) mass analysis of the LMW fraction
spotted with CHCA matrix. The figures align three spectra of
independently processed aliquots of a serum standard (out of
9 SELDI spectra and 15 MALDI spectra used to estimate
CV). We optimized the method for MALDI-TOF analysis of
the 1-5-kDa region using an Ultraflex mass spectrometer
(Bruker Daltonics). This instrument allows direct identifica-
tion of peptides in this mass range by TOF/TOF sequencing.

The method is reproducible as shown by the calculated
CV. The mean CV across all peaks (n = 194) in the 9 SELDI-
TOF replicate spectra is 17%. The mean CV across all peaks
(n=276) in the 15 MALDI-TOF replicate spectra is 11%. Re-
producibility was determined for smoothed, baseline-cor-
rected, and normalized spectra (Fig. 4). Signal processing
decreases the CVs approximately two times, which is mostly
accounted for by the normalization step. Table 1 compares
CVs of small (1-3% maximum peak intensity), medium (5-
15% maximum peak intensity), and large (>25% maximum
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Figure 2. SELDI-TOF spectra, three independently prepared
samples of enriched LMW fraction of serum.
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Figure 3. MALDI-TOF spectra, three independently prepared
samples of enriched LMW fraction of serum. A spectrum of CHCA
matrix without sample is presented for comparison in the top
panel.
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Figure 4. MALDI-TOF spectrum of a standard serum sample
processed by smoothing, baseline correction, and normalization.
Top panel: raw spectrum; bottom panel: processed spectrum.

Table 1. CV for SELDI-TOF (n=9) and MALDI-TOF (n = 15) spectra
of independently processed aliquots of standard serum;
five peaks were randomLy selected for each group

Cvlt Cv2 Cv3 CV4 CV5 Mean

cv

SELDI High 9.4 9 16.1 20.6 126 13.6
Medium 17.4 23 29 88 113 17.9

Low 18.1 132 146 141 193 156.9

MALDI High 9.3 7.8 7.2 8.9 8.3 8.3
Medium 12.4 9.3 10.1 13.9 6.8 10.5

Low 8.8 10.4 9.2 16.8 5.3 10.1

peak intensity) peaks. Five peaks were randomlLy selected in
each category for this comparison. The mean CV ranges
from 8% to 11% for MALDI-TOF and from 14% to 18% for
SELDI-TOF spectra in the three intensity groups. The CVs do
not vary substantially with signal intensity.
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MALDI-TOF spectra of enriched serum prepared as
described above have, in our hands, substantially better
quality than spectra of C8 desalted serum without ultra-
filtration (Fig. 5). The increase in signal quality is demon-
strated by a 4-fold increase in the number of peaks at an
S/N of 5 and a 25-fold increase at an S/N of 10. It is
expected that removal of highly abundant proteins by
ultrafiltration under denaturing conditions will improve
detection of LMW peptides. We have optimized the proce-
dure such that the eluate of the C8 desalting step is diluted
with dH,O to a final concentration of 25% ACN for the
ultrafiltration step. Under these conditions the recovery of
peptides from ultrafiltration on the 50-kDa membranes is

adequate and reproducible.

The applicability of the method was tested in a pilot study
of HCC. We compared spectra of patients with HCC (n = 20)
and matched controls (n = 20) to examine whether we can
identify peptides associated with the disease. Overlay of the
spectra in ClinProTools software (Bruker Daltonics) is shown
in Fig. 6. The picture enlarges the 1200-1900-Da region to
better visualize the differences. There are several peaks that
strikingly differ between the two groups. This is highlighted
in the overlay of average spectra (n = 20 for each group) pre-
sented in Fig. 7. To carry out a preliminary statistical com-
parison of this pilot dataset, we first identified peaks in a
training set of 10 HCC cases and 10 controls. Our methods
defined a total of 332 peaks in the MALDI-TOF spectra
yielding a 332 x 20 matrix of peak intensities. This was used
to compare the HCC cases and controls by random variance
t-test (BRB Array Tools 3.1). The t-test identified 45 differen-
tially abundant peaks (p < 0.001) that were used to build an
SVM classifier. Compared to controls, 34 peaks are increased
in HCC and 11 peaks are decreased. The classifier correctly
predicted the presence of HCC in 18 of 20 spectra (90% sen-
sitivity and specificity) in an independent test set (10 cases
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and 10 controls). The independent test spectra were not used
for either peak finding or definition of the SVM classifier.
Since the test set is small, the data should be viewed as pre-
liminary. The identified peaks are not confirmed biomarkers
of HCC and a larger set of samples will have to be used to-
gether with multivariate analyses to validate these encoura-
ging pilot results.

The sequence of the most abundant discriminating pep-
tide (m/z 1465.6 Da) was defined by TOF/TOF sequencing as
DSGEGDFLAEGGGVR, which matches with high prob-
ability (MASCOT score 127) the sequence of des-Ala-fibrino-
peptide A (Fig. 8). The possibility to directly sequence the
peptides of interest is a powerful feature of this method.
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Figure 5. Enrichment of samples by denaturing ultrafiltration
expressed as number of peaks at an S/N ratio of 2-15.

Figure 6. Alignment of 20 HCC
cases and 20controls, mass
region of 1200-1900 Da, Clin-
ProTools (Bruker Daltonics).
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Figure 7. Average spectra of HCC cases and matched controls.
Full line: Cases (n = 20); broken line: controls (n = 20).

4 Discussion

Analysis of unfractionated serum samples by SELDI-TOF
allows comparison of a large number of samples, but the
resolution of the method is limited. It has been proposed that
fractionation may be needed to detect less abundant proteins
and peptides [17, 25]. More than 95% of serum proteins are
represented by 22 species; albumin alone represents about

Proteomics 2006, 6, 2895-2902

50% of the serum proteome. Disease-associated proteins are
typically found in the remaining fraction [22, 26]. This sug-
gests that removal of HMW carriers without loss of the LMW
fraction should improve MS-based biomarker discovery.

We adapted denaturing ultrafiltration, used previously
for improved LC-MS/MS and FT-ICR-MS [22, 23, 27], for
MALDI TOF/TOF analysis of serum. Our method com-
bines desalting/concentration on C8-derivatized magnetic
beads [24, 28] with denaturing ultrafiltration [22]. Desalting
on magnetic beads has a higher capacity compared to
SELDI surfaces and minimizes handling volumes (com-
pared to small columns, etc.). The paramagnetic properties
of the particles allow easy handling and automation of the
procedure [24]. We selected the 50-kDa cut-off in the pres-
ence of ACN, because it efficiently eliminates albumin and
other large abundant proteins and allows isolation of an
enriched peptide fraction (Figs. 1-5). This method is more
effective for isolation of the LMW fraction than immuno-
depletion, and facilitates comparison of large numbers of
samples. It was shown that the abundant HMW proteins
bind other peptides/proteins [29-31]. Immunodepletion of
the HMW carriers, which can lead to loss of disease-asso-
ciated peptides, has also been proposed as an enrichment
strategy for recovery of the biomarker candidates [32]. Dis-
ruption of the interactions by various denaturing condi-
tions including organic solvents is used to improve recov-
ery of peptides [22, 33].

Figure 8. MALDI-TOF/TOF spectrum of peptide with mass 1465.6 Da. Sequence DSGEGDFLAEGGGVR matches
with high probability des-Ala-fibrinopeptide A (MASCOT score 127).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.proteomics-journal.com



Proteomics 2006, 6, 2895-2902

The process was streamlined for fast processing of small
samples (15 pL serum). In our hands, the enrichment is
substantial compared to C8-desalted serum without ultra-
filtration (Fig. 5). This method is reproducible with about
10% mean CV across identified peaks (Fig. 5). Reproducibil-
ity is critical for biomarker discovery. The enrichment is
higher than previously reported likely because of optimal
denaturing conditions using ACN and use of different mag-
netic bead particles [24]. Analysis of unfractionated serum
requires careful selection of a batch of magnetic beads with
adequate performance [34]. We did observe efficient elim-
ination of albumin and other large proteins [23]. Traces of
albumin and presence of other HMW contaminants in our
samples did not limit our ability to obtain well-resolved re-
producible spectra (Fig. 2). However, we did see elimination
of proteins smaller than 50 kDa (Fig. 1). This may be due to
short filtration times, which limits contact of ACN with the
membrane. Detailed analysis of filters with lower cut-off
under various denaturing conditions is needed to further
optimize the enrichment for specific applications.

Our method was applied to a pilot analysis of HCC, one
of many diseases that could benefit from improved classifi-
cation based on molecular markers in serum. HCC is a
common cancer worldwide with as many as 500,000 new
cases each year [35]. Egypt is a country with high rates of
chronic HCV infection and associated HCC [36, 37]. The
40 samples analyzed in this study are a subset of a large
study of HCC we conducted in Egypt [19]. We proposed that a
set of peptides associated with HCC could be present in
serum and serve as a biomarker. Cancer biomarkers in
serum are not necessarily new antigens; they are often mod-
ified peptides and fragments of proteins [22, 26, 38]. Pro-
teases and peptidases are reportedly deregulated in HCC
[39-41], and it is reasonable to expect that cancer-specific
fragments of proteins will be found in the LMW region [12].

Here we demonstrate that our method is efficient for
discovery of peptides associated with HCC. We should
emphasize that the described peptides are not validated bio-
markers. Larger studies and additional analyses are needed
to confirm that these biomarker candidates have utility.
Nonetheless, the results are encouraging. We identified 45
peptides that are associated with HCC and classify the dis-
ease with 90% prediction accuracy in this small pilot.
Importantly, the method allows direct identification of the
peptides by TOF/TOF sequencing as demonstrated by the
identification of the peak at m/z 1465.6 as a fragment of
fibrinopeptide A.

Recent studies noted that human serum contains frag-
ments of relatively common proteins [42]. These fragments
are expected to be present in the ultrafiltered serum under
our experimental conditions. A fragment of fibrinopeptide A
was in fact the most abundant peptide in our study (Fig. 7)
and in a comparable study of ultrafiltered serum using FT-
ICR [27]. It is not clear whether these fragments and their
PTMs can be used for disease classification. The specificity of
these fragments and modified peptides was not explored.
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Clinical Proteomics 2901

The composition of the peptide mixture in our samples
remains to be defined. The distinct pattern of peptides in
HCC is most likely related to differential proteolytic activity
in cancer patients. It will be important to define whether the
peptides represent cancer-related antigens, fragments
derived from the activity of tumor-related proteases, or host
response. The use of combinations of peptides to define dis-
ease status was not studied extensively. Currently, it is
unclear whether a combination of peptides related to tumor-
related enzymatic activities or host response can provide an
efficient biomarker.

In summary, we describe a sensitive high-throughput
platform for discovery of biomarker candidates among pep-
tides in the LMW fraction of serum. This method combi-
nes C8 desalting and denaturing ultrafiltration for simulta-
neous measurement of several hundred peptides by MALDI-
TOF. Biomarkers can improve disease classification, early
detection and intervention, assessment of disease progres-
sion, and possibly long-term outcomes. It will be important
to use all available information (quantity, sequence, mod-
ifications, etc) to find optimal peptide biomarkers and their
combinations. The presented method is expected to facilitate
the discovery of biomarkers among peptides in the LMW
fraction of serum.
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