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Abstract

Surface-enhanced laser desorption/ionization (SELDI)
time-of-flight mass spectrometry with protein arrays
has facilitated the discovery of disease-specific pro-
tein profiles in serum. Such results raise hopes that
protein profiles may become a powerful diagnostic
tool. To this end, reliable and reproducible protein
profiles need to be generated from many samples,
accurate mass peak heights are necessary, and the
experimental variation of the profiles must be known.
We adapted the entire processing of protein arrays to
a robotics system, thus improving the intra-assay
coefficients of variation (CVs) from 45.1% to 27.8%
(p-0.001). In addition, we assessed up to 16 technical
replicates, and demonstrated that analysis of 2–4 rep-
licates significantly increases the reliability of the pro-
tein profiles. A recent report on limited long-term
reproducibility seemed to concord with our initial
inter-assay CVs, which varied widely and reached up
to 56.7%. However, we discovered that the inter-assay
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CV is strongly dependent on the drying time before
application of the matrix molecule. Therefore, we
devised a standardized drying process and demon-
strated that our optimized SELDI procedure generates
reliable and long-term reproducible protein profiles
with CVs ranging from 25.7% to 32.6%, depending on
the signal-to-noise ratio threshold used.

Keywords: high-throughput; plasma protein profiling;
proteomics; serum protein profiling; surface-
enhanced laser desorption/ionization time-of-flight
mass spectrometry (SELDI TOF-MS).

Introduction

Surface-enhanced laser desorption/ionization time-of-
flight mass spectrometry (SELDI TOF-MS) has been
developed for rapid peptide and protein profiling
of all kinds of complex biological samples (1). To
this end, samples are incubated on protein arrays
(ProteinChip� arrays; Ciphergen, Fremont, CA, USA)
with hydrophobic, ionic or metal affinity capturing
properties. Depending on the array’s binding proper-
ties, different peptides and proteins are retained on
its surface. After dispensing a matrix molecule onto
the sample spots, the protein arrays are inserted into
a TOF mass spectrometer (PBS II; Ciphergen) which
then generates a spectrum of peaks.
Recently, this innovative approach has led to sev-

eral very exciting discoveries. For instance, SELDI
TOF-MS has been successfully used to generate dis-
ease-specific protein profiles from patient sera in
large-scale studies. With such profiles, six independ-
ent research groups were able to distinguish ovarian,
prostate, breast, and hepatocellular cancer patients
from healthy individuals with high sensitivity and
specificity (2–7). These results strongly support the
hope that protein profiles may emerge as a powerful
new tool in diagnosing diseases such as cancer faster,
more easily, and more importantly, earlier (8).
However, to reach this goal, large numbers of sam-

ples need to be analyzed. The resulting protein pro-
files have to be reliable and reproducible to avoid
useful protein profiles being obscured by substantial
variation. Consequently, automation in a high-
throughput format is desirable, because it not only
saves time, but also, more importantly, ensures high-
er standardization of the experiments.
Furthermore, accurate information about the height

or area-under-curve of the mass peaks is needed.
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Accuracy relies on many factors germane to chip
array processing (9), but optimization is still needed
(10, 11). As shown for gene array experiments (12,
13), replication might be a way to improve accuracy.
Despite the intuitive advantage of replication, protein
profiling projects are expensive and laborious, and
therefore the issue of the optimal number of repli-
cates needs to be formally addressed to achieve effi-
cient resource utilization.
Finally, the variation inherent to protein profiles has

to be known, particularly in large-scale experiments
for which inter-assay as well as long-term variation
has to be considered. Hitherto, published studies
claimed coefficients of variation (CVs) between 6%
and 34%, but these analyses were mostly restricted
to only a few selected peaks (from 3 to 8 peaks) (2–4,
14), and did not highlight long-term variation, apart
from one study (14). It is also largely unknown to what
degree the reproducibility of SELDI protein profiles
might be influenced by varying sample parameters,
such as clotting time, number of freeze-thaw cycles,
and hemolysis.
These considerations prompted us to first imple-

ment protein array processing using a fully automat-
ed liquid-handling robotic system. Secondly, we
assessed the potential usefulness of replicating sam-
ple spots, and, thirdly, carried out a comprehensive
analysis of the reproducibility of protein profiles,
including the issue of long-term robustness. Finally,
we demonstrated the crucial influence of the drying
time (before matrix molecule application) on the
reproducibility of SELDI-derived protein profiles over
time.

Materials and methods

Serum and plasma samples

We collected blood from 80 persons into silicone-coated
tubes (Vacutainer�, Becton Dickinson, Franklin Lakes, NJ,
USA), and after a clotting time of 20 min, blood tubes were
centrifuged at 48C and 2500=g for 5 min. Sera were then
carefully transferred into cryovials and stored at y808C.
We also obtained two sets of plasma samples from 14

healthy volunteers from a plasma bank (Channing Labora-
tory, Harvard Medical School and Brigham and Women’s
Hospital, Boston, MA, USA). Plasma had been prepared as
published elsewhere (15). Each of the two sets contained
seven paired samples that had been generated by aliquoting
each sample into two tubes. The identity of the samples was
blinded to us; these sample sets are referred to as ValSet-I
and ValSet-II.
Before analysis, samples were thawed at 48C, and again

centrifuged at 48C and 10,000=g for 10 min to eliminate
occasional precipitates.
Blood procurement was approved by the Institutional

Review Boards. All blood donors gave written informed con-
sent prior to blood drawing.

Reversed-phase chromatography

H50 ProteinChip arrays (Ciphergen) were bulk washed with
50% acetonitrile (HPLC grade; Aldrich, Milwaukee, WI, USA)
for 2=5 min. After drying for 1 h, they were loaded onto a

192-well bioprocessor (Ciphergen) and equilibratedwith 10%
acetonitrile/0.1% trifluoroacetic acid (Fisher Scientific Inter-
national, Hampton, NH, USA). This bioprocessor holds up to
12 16-spot arrays and creates 100-mL wells above each spot.
A 2:3 mixture of serum or plasma and sample buffer con-
sisting of 8 M urea (Sigma, St. Louis, MO, USA), 2% 3-w(3-
cholamidopropyl) dimethylammoniox-1-propansulfonate
(CHAPS; Sigma), pH 7.4 was prepared. Unless otherwise
indicated, the following procedure was carried out using a
fully automated liquid-handling robotic system (Biomek
FX�, Beckman Coulter, Fullerton, CA, USA) equipped with a
96-channel 200-mL head. For manual experiments, washing
and incubating steps were carried out on a Titer Plate Shaker
(Lab-Line Instruments, Melrose Park, IL, USA) using identical
times as for the automated procedure.
A 10-mL sample and 50 mL of 10% acetonitrile/0.1% trifluo-

roacetic acid were dispensed onto each array spot, and incu-
bated for 1 h. This incubation comprised 60 cycles of
pipeting the sample mixture up and down for 30 s. Array
spots were washed 3=5 min with 75 mL of 10% acetonitrile/
0.1% trifluoroacetic acid, and 1=5 min with 75 mL water. Our
computer program used to process chip arrays with the Bio-
mek FX robot can be downloaded from our website (16).
Finally, the top of the bioprocessor was taken off to allow

spots to air-dry before applying the matrix molecule. When
we later tested the effect of different drying times, we carried
out an additional centrifugation step before taking off the top
of the bioprocessor: using a swinging bucket rotor, we cen-
trifuged the bioprocessor in upside-down position for 1 min
at 300=g.

Immobilized metal affinity capture and cation

exchange chromatography

The metal-affinity (IMAC3) and cationic (CM10) protein
arrays were processed similarly to the H50 arrays, except for
the following modifications: IMAC3 arrays were charged
with 0.1 M CuSO4 for 20 min and washed with 0.5 M NaCl/
0.1 M NaH2PO4. CM10 arrays were activated with 10 mM HCl
for 5 min and washed with 20 mM NH4OAc/0.1% Triton
X-100, pHs6.

Matrix application

Sinapinic acid (SPA; Fluka, Buchs, Switzerland), our default
matrix molecule, was prepared as a saturated solution in
50% acetonitrile/0.5% trifluoroacetic acid, and then diluted
1:1 in 50% acetonitrile/0.5% trifluoroacetic acid. An alterna-
tive SPA solution was prepared by saturating SPA in a mix-
ture of formic acid/water/isopropanol (1:3:2), subsequently
referred to as SPA-1:3:2. We also tested another matrix mol-
ecule, a-cyano-4-hydroxy cinnamic acid (CHCA; Fluka),
which was saturated in 50% acetonitrile/0.5% trifluoroacetic
acid, and then diluted 1:1 in 50% acetonitrile/0.5% trifluoro-
acetic acid prior to application.
After air-drying the arrays, we again employed the fully

automated liquid-handling system using 20-mL filter tips
(Beckman Coulter) to pipette the following amounts of SPA
onto each array spot: 2=1 mL for H50, 1=1.2 mL for IMAC3,
and 2=0.75 mL for CM10. The arrays were air-dried again,
and immediately subjected to mass spectrometry. Our com-
puter program for dispensing the matrix molecule using the
Biomek FX robot is available on our website (16).

SELDI-TOF MS

Mass spectrometry was carried out with the Protein Biology
System II SELDI-TOF mass spectrometer reader (Ciphergen).
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Figure 1 Average number of peaks for each of the protein
array types. Analysis of 80 different spots using peaks
defined by signal-to-noise ratio G2 yielded similar peak
numbers for all three array types. The error bars represent
standard deviation.

The reader was externally calibrated every day with 10 dif-
ferent calibrants (Ciphergen) with molecular weights ranging
from 1296.5 to 43,240 Da. In addition, prior to each series of
experiments, we examined the spectrometer resolution and
sensitivity. Prerequisites for running an experiment were
insulin peaks with a resolution greater than 600 from an
insulin standard chip (Ciphergen) and signal-to-noise ratios
(SNRs) for immunoglobulin G (IgG) greater than 700 from a
bovine IgG standard chip (Ciphergen). For SNR values below
700, we increased the detector voltage to adjust the reader’s
sensitivity, thus maintaining a very consistent read-out
performance.
Time-of-flight spectra were derived from 80 laser shots per

spot, collected at two different laser settings: one low-energy
protocol, which is most suitable for detection of peptides
and proteins -10,000 Da; and a high-energy protocol, which
is optimal for capturing proteins between 10,000 and
40,000 Da, as recommended by the manufacturer. For the
low-energy protocol, we used laser intensities between 210
and 225, a detector sensitivity of 8, and a mass-weight opti-
mization range of 2500–10,000 Da. For the high-energy pro-
tocol, we used laser intensities between 225 and 240, a
detector sensitivity of 9, and a mass-weight optimization
range of 10,000–40,000 Da. Spectra were analyzed with the
ProteinChip Software Biomarker Edition, Version 3.1
(Ciphergen).

Statistical analyses

We tested for statistical significance with the Mann-Whitney
U-test using non-transformed data and the analysis of vari-
ance (ANOVA) test using log-normal transformed data. All
p-values reported are two-sided.
We applied an unweighted pair group method with arith-

metic mean (UPGMA), also known as hierarchical clustering
(17) to examine whether replication improved the identifi-
cation rate of paired samples from blinded sample sets. We
used 1–r as the distance metric between samples, where r
is the correlation coefficient between a pair of mass spectra.
In the tree-building algorithm we used the ‘‘average linkage’’
method to update the distance between clusters of samples
combined in later iterations.

Results

Protein array and matrix molecule selection

We generated serum protein profiles with the three
most commonly used protein array types for protein
profiling to determine the average number of peaks
(defined by SNRG2) for each type. We analyzed the
range between 2500 and 10,000 Da from spectra
derived from 80 different samples on IMAC3, CM10,
and H50 arrays, and found an average peak number
of 30.5"2.9 for the IMAC3, 33.9"2.8 for the CM10,
and 36.4"1.3 for the H50 arrays (Figure 1). Therefore,
we selected H50 arrays for further experiments.
On H50 arrays, we then tested alternative matrix

molecule preparations with regard to their potential
influence on reproducibility. We analyzed six samples
in duplicate and found our default SPA, the SPA-1:3:2,
and the CHCA preparation to yield an average CV of
24.1%, 26.3%, and 28.8%, respectively, indicating
equal reproducibility for the different matrix
solutions.

Automation

We examined whether automation of ProteinChip
experiments improves the reproducibility of protein
profiles. Therefore, we loaded serum samples in
duplicate on H50 ProteinChip arrays: 20 manually,
and 80 using an automated liquid-handling robot sys-
tem. From the resulting TOF mass spectra, we utilized
every peak with SNRG2 to determine the average CV
for each pair of duplicates. We obtained an overall
average CV of 45.1"43.2%, and 27.8"30.9% for the
manual and automated procedures, respectively, pro-
viding strong evidence for the superiority of auto-
mation for sample loading. This advantage of the
automated procedure was statistically significant,
with p-0.001 according to both Mann-Whitney and
ANOVA tests. Therefore, all subsequent experiments
were carried out using the liquid-handling robotic
system.

Replication

We generated spectra from our two blinded sample
sets, ValSet-I and -II, each consisting of 14 samples
from seven persons, and determined by means of
hierarchical cluster analysis whether replication
improves the rate of correct identification of a priori
paired samples. To this end, we applied each sample
to four spots, and alternatively tested 4, 3 and 2 rep-
licates, as well as single spots per sample. Using
averaged peak data from every peak with SNRG2, in
ValSet-I we identified six pairs using 4 replicates,
5"1.2 pairs with 3 replicates, 4.3"1.5 pairs with 2
replicates, and 2.5"1.5 pairs with one replicate. In
ValSet-II, we identified all 7 pairs using both 4 and 3
replicates, 6.8"0.4 pairs with 2 replicates, and
5.3"0.8 pairs with one replicate (Figure 2A).
In addition, we spotted serum on 16 array spots and

determined the resulting mean peak heights based on
all 16 replicates (mean16). These mean16 values were
defined as our best estimates of the true expression
levels. We then measured how well a mean peak
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Figure 2 Influence of replicate number on the reliability and accuracy of protein profiles. (A) Two blinded sample sets each
consisting of two samples from seven different persons (ValSet-I and -II) were analyzed. Hierarchical cluster analysis was
applied to identify samples from the same individual using SELDI-TOF profiles from 1 to 4 replicate spots. Successful iden-
tification depends on the number of replicate spots per sample. (B) Mean16/meann ratios show the degree to which replication
improves the accuracy of the estimated peak height, where mean16 is the mean peak height based on all 16 replicates. The
mean16 values were set to be our best estimates of true expression levels. We then measured how well a mean peak height
derived from n replicates (meanns1–8) approximates that mean16 by taking the ratio of mean16/mean1–8. Ratios are given as
log2 values. The error bars represent standard deviation.

height derived from n replicates (meanns1–8) approx-
imates this mean16 value by taking the ratio of
mean16/mean1–8. These ratios were transformed into
log2 values to ease comparisons between ratios )1
and -1 (Figure 2B). When comparing mean16/mean1
with mean16/mean2 and mean16/mean4, the averaged
ratios from six samples showed an expected improve-
ment from 0.52"0.23 to 0.38"0.13 and 0.31"0.09,
respectively.

Signal-to-noise ratios

We examined a probability density function (PDF) for
SNRs of peaks across both technical and biological
replicates. The PDF reproducibly consisted of an
exponential decay followed by multi-modal Gaussian
peaks (data not shown). Therefore, the use of a uni-
form SNR threshold is warranted, and for our analy-
ses, we chose a threshold of G2. Using our spectra
from ValSet-I and -II, we tested the potential useful-
ness of peaks defined by more liberal SNR thresholds,
namely G1.75, G1.5 and G1.25, in at least 1 out of 4
replicates. Cluster analyses with peaks derived from
decreasing SNR thresholds did not increase the iden-
tification rate of paired samples. The number of peaks

increased from 141 to 365 (ValSet-I) and from 150 to
281 (ValSet-II); however, the average CVs between the
4 replicates of each sample deteriorated, e.g., for
peaks with SNRG1.25, the CV was 53.2%, whereas for
peaks with SNRG2 the CV was only 26.4%.

Intra-assay variation

For 12 samples, we calculated the average CVs
between replicate spots using all peaks between 2500
and 40,000 Da with SNRG2 in at least 1 out of 4 rep-
licates. We obtained an average number of 110.3"5.6
interrogated peak positions per sample, and an intra-
assay CV of 26.4"6.2%. This CV was consistent with
the value obtained from our earlier analysis on auto-
mation. Using the same samples, but assessing only
peaks with SNRG2 in at least 3 out of 4 replicates, we
observed an improvement in the intra-assay variation
to 17.1"3.3%, while the number of interrogated peak
positions dropped to 73.2"4.2 per sample. Using only
2 replicates and peaks with SNRG2 in 2 out of 2
replicates resulted in an intra-assay variation of
10.6"3.9% with an average number of 69.8"4.0
peaks per sample (Figure 3).
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Figure 3 Inter- and intra-assay variation. To determine
inter-assay variation, peaks were defined by signal-to-noise
ratio (SNR)G2 in 1 of 4 replicates. To determine intra-assay
variation, peaks were defined by SNRG2 in 1 of 4, 3 of 4, or
2 of 2 replicates. The error bars represent standard deviation.

Figure 4 Influence of different drying times (15, 40 and
65 min) before matrix application on SELDI-TOF profiles. (A)
Raw spectra and (B) spectra after applying the total ion cur-
rent normalization, excluding noise from the matrix mole-
cule between 0 and 2500 Da.

Sample preparation

We tested the influence of the number of freeze-thaw
cycles, the clotting time, and hemolysis on the repro-
ducibility of serum protein profiles. Four samples
were split into two aliquots. Prior to protein profiling,
the first aliquot was frozen and thawed five times,
whereas the second one was frozen and thawed only
once. We defined and detected peaks as described
above, and found the resulting average CVs for paired
aliquots to be 32.1"17.5%.
In the same fashion, we also assessed the CVs

resulting from different clotting times by comparing
our default time of 30 min to clotting times of 1, 2 and
12 h. The comparisons yielded average CVs ranging
between 17.1% and 25.3%, and none of the differenc-
es reached statistical significance (Mann-Whitney
test).
The degree of hemolysis was measured in 137 dif-

ferent serum samples by means of a serum hemoglo-
bin enzyme-linked immunosorbent assay (ELISA).
Among those samples we selected the 30 samples
with the highest level of hemolysis, as well as the 30
samples with the lowest level of hemolysis, i.e., on
average 13-fold lower serum hemoglobin values.
These 60 samples were subjected to SELDI-TOF MS,
and the resulting peak data were analyzed by unsu-
pervised hierarchical clustering. The resulting dendro-
gram revealed one small sub-cluster (ns9) consisting
only of hemolytic samples, whereas all other clusters
were rather even distributions of hemolytic and non-
hemolytic samples.

Inter-assay variation

To assess the inter-assay variation, we compared six
samples run on 2 different days, with 4 replicates on
each day. We calculated the average CV for all peaks
that had SNRG2 in any of the 2=4 replicates. The
mean CV across the six samples was 43.8%, ranging
from 56.7% to 16.4%. This wide variation was unex-
pected, as almost every step of our procedure had
been standardized. Therefore, we focused on one fea-
ture that we had not yet adequately controlled, name-
ly the time allowed for air-drying of the spots before
applying the matrix molecule. We repeated five
experiments using a drying time identical to that of
the initial experiments, and obtained an improved
inter-assay CV of 25.8% (range 21.7–29.9%) (Figure 3).

Drying times

Given these observations, we carried out three addi-
tional experiments with test samples that had been
processed identically, except for varying drying times
(5, 15, 30, 40 and 65 min). Spots that were dried for
longer than 30 min yielded fewer and rather smaller
peaks than spots that were dried for 5 or 15 min, even
though the total ion current normalization partly com-
pensated for this effect (Figure 4).
When the drying times between two experiments

differed by 12.5 min and 25 min, we obtained a mean
inter-assay CV of 25.9"1.8% and 67.2"8.2%, respec-
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Figure 5 Effect of increasing the signal-to-noise ratio (SNR)
threshold on the long-term coefficient of variation and the
number of peaks detected. SNRG5 appears to completely
compensate for instrument drift, although up to 50% of
peaks are eliminated.

tively, for peaks between 2500 and 10,000 Da
obtained with the low-energy protocol. Similarly,
the mean inter-assay CV was 25.9"5.1% and
44.5"14.1%, respectively, for peaks between 10,000
and 40,000 Da obtained with the high-energy
protocol.

Long-term variation

We determined the spectral reproducibility and its
potential dependence on the drift of the mass spec-
trometer by re-running 30 serum samples that had
already been analyzed 7 months earlier. This second
experiment was carried out with a different laser and
a different detector. In addition, the detector voltage
was different from the first series of experiments due
to a decline in detector performance with age.
Using all peaks in the range between 2500 and

12,000 Da, we found a CV of 32.6% w95% confidence
interval (CI) 2.4%x for peaks defined by the standard
SNRG2. If we only considered peaks defined by a
more stringent SNR, we achieved similar CVs to those
observed without instrument drift, that is 29.0% (95%
CI 2.5%) for SNRG3, 26.9% (95% CI 2.2%) for SNRG4,
and 25.7% (95% CI 2.2%) for SNRG5.
Simultaneously, the number of detected peaks

dropped to 71.4%, 59.1%, and 52% of the initial peak
number when employing SNR thresholds of G3, G4,
and G5, respectively (Figure 5).

Discussion

We improved the reproducibility of peptide and pro-
tein profiles derived from SELDI-TOF by adapting
ProteinChip processing and matrix application to an
automated liquid-handling robotic system, including
use of a 192-well bioprocessor. When using such a
bioprocessor for large-scale experiments, accurate

manual pipetting is hampered, because the upper and
lower apertures of its wells measure only 37 mm and
29 mm, respectively, and the surface of the chip
arrays must not be touched throughout the entire pro-
cedure. Moreover, variations in the application of
matrix molecules have detrimental effects on the con-
sistency of mass spectra. Therefore, in large-scale
experiments, pipetting with an automated liquid-han-
dling system circumvents these pitfalls. This is reflect-
ed in the significantly better CVs for the automated
compared to the manual procedure in our study.
Hence, automation not only facilitates high-through-
put studies, i.e., up to 24 chip arrays with 16 spots
each per day, but also substantially improves the
reproducibility of SELDI-TOF-derived profiles.
Only a few studies used replicates when profiling

with SELDI TOF-MS. In this report, we demonstrate
that the use of 2–4 replicates significantly increases
the reliability of protein profiles. Very sophisticated
algorithms have been implemented to demonstrate
the advantages of replication and to explore the opti-
mal number of replicates in gene array experiments
(12, 13). However, caution is recommended when try-
ing to directly transfer conclusions from gene array
analyses to the field of mass spectrometry (18). We
clustered the samples according to their protein pro-
files in order to evaluate the relative performance of
different numbers of replicates. We assumed that the
information captured in the mass spectra of replicates
from samples of ValSet-I and -II should allow us to
identify a priori blinded sample pairs. Therefore, we
used the number of pairs that were correctly identi-
fied as a surrogate for the incremental benefit of rep-
lication. Using only one spot per sample, we failed to
identify half of all the paired samples, whereas repli-
cation substantially improved the identification rate.
In our hands, lowering the SNR below 2 to obtain

additional peaks did not seem to improve the quality
of protein profiles, since the number of paired sam-
ples identified did not increase and the average CV
worsened. This means that the more liberally we
defined peaks, the less reliable their heights became.
Nonetheless, lower SNR thresholds in order to
increase peak numbers might still be an option when
the number of biological replicates is very high, thus
compensating for the potential error arising from
such thresholds.
Depending on the criteria used to qualify peaks, we

obtained intra-assay variations ranging from 10.6% to
26.4%, while mean peak numbers ranged from 69.8
to 110.3 per sample. Expectedly, more peaks will
result from extending the analysis to fractionated
samples and more chip array types.
A variable number of up to five freeze-thaw cycles

did not deteriorate the CVs significantly. Likewise,
varying the clotting time between 30 min and 12 h did
not lead to statistically significant differences. We
tightly controlled all parameters in our analyses,
whereas in other studies, with less experimental con-
trol, freeze-thaw cycles or clotting time may become
more detrimental if not kept appropriately standard-
ized. In our study, the degree of hemolysis seemed to
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be a minor factor in affecting overall similarities
among samples assessed by hierarchical clustering.
We calculated an average inter-assay CV of 25.9%.

Similar to the intra-assay analysis, this CV value
depends on the peak definition criteria. Therefore, the
inter-assay CV would have been even lower if we had
been more selective in peak definition in lieu of inter-
rogating any peak with SNRG2. However, that would
have meant that the average CV was derived from
fewer peaks, and thus, would be less representative
of the complete spectrum.
We found that the drying time before matrix appli-

cation has to be kept constant throughout an entire
profiling study to ensure consistent spectra over time.
When varying the drying times by more than 25 min
between two experiments, the inter-assay CV was 2.2-
fold higher than when varying the drying time by
12.5 min or less. A possible explanation for this phe-
nomenon is that proteins attach more strongly to the
array surface the longer they dry on it. Due to this,
protein vaporization might be hampered, and thus,
fewer and smaller peaks would be displayed. Accord-
ingly, we observed fewer and smaller peaks when the
drying time exceeded 30 min (Figure 3). This effect
was most pronounced for spectra analyzed with low
laser energy.
Interestingly, in a recent multivariate analysis of

experimental parameters of SELDI TOF-MS, drying
time did not seem to affect protein profiles from a
statistical standpoint (10). One possible explanation
might have been a lack of sufficient statistical power
to simultaneously detect significant effects of all
potentially relevant factors. Conceivably, the effect of
other factors influencing reproducibility in that study
was so strong that only standardization of those other
factors could reveal the detrimental effect of the dry-
ing time. Alternatively, too high a laser energy or too
concentrated a sample might have masked the effect
of drying time in that study.
Initially, we decided to set the drying time to

15 min. However, after taking off the top of the bio-
processor, many spots dried immediately while
others needed up to 10 min, because varying
amounts of water remain inside the wells of the bio-
processor after the last washing step. Therefore, we
introduced an additional centrifugation of the biopro-
cessor. This eliminates residual water from all wells,
standardizes drying for all spots, and tremendously
increases the consistency of the profiles.
Long-term robustness of protein profiles is a very

important point, elegantly raised for the first time in
a recent paper by Rogers et al. (14). They reported a
substantial drop in sensitivity when re-running six
samples 10 months after the first series of SELDI
experiments. They did not report use of an automated
liquid-handling robot nor of a standardized drying
procedure. Also, it is not clear if a frequent perform-
ance check of the mass spectrometer was carried out,
as described here. Therefore, it might not be surpris-
ing that the long-term inter-assay variation in our
experiments, i.e., 7 months later using 30 different
samples, was still better than the average CV reported

for the intra-assay variation in their study (34.2%). On
the other hand, a comparison between their and our
results might not be appropriate, since they used a
different protein array (WCX2) and a different tissue
source (urine).
A more stringent peak definition yielded similar CVs

to those observed without instrument drift over time,
but the number of detected peaks dropped simulta-
neously. Evidently, there is a trade off between the
number of peaks detected and their reproducibility
over time with respect to instrument drift, since up to
50% of the initial peaks were eliminated by increasing
the SNR threshold to G5. An intermediate SNR (e.g.,
2.5–3) may represent a reasonable compromise,
allowing for the majority of peaks to be retained while
limiting the negative effect of instrument drift on
reproducibility to a bare minimum.
The reproducibility of protein profiles from large-

scale studies relies on a high degree of standardiza-
tion and optimization. To accomplish this, our data
suggest the use at least 2 replicates per sample, a
uniform drying procedure, a frequent performance
check of the spectrometer, and ideally an automated
liquid handling system for pipetting, particularly, if a
large-scale 192-well format is required.
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