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ABSTRACT

Surface-enhanced laser desorption/ion-
ization time-of-flight mass spectrometry is a
powerful tool for rapidly generating protein
expression data (peptide and protein pro-
files) from a large number of samples. How-
ever, as with any technology, it must be opti-
mized and reproducible for one to have
confidence in the results. Using a classical
statistical method called the fractional fac-
torial design of experiments, we assessed
the effects of 11 different experimental fac-
tors. We also developed several metrics that
reflect trace quality and reproducibility.
These were used to measure the effect of
each individual factor, and the interactions
between factors, to determine optimal fac-
tor settings and thus ultimately produce the
best possible traces. Significant improve-
ments to output traces were seen by simulta-
neously altering several parameters, either
in the sample preparation procedure or dur-
ing the matrix preparation and application
procedure. This has led to the implementa-
tion of an improved method that gives a bet-
ter quality, reproducible, and robust output.

INTRODUCTION

The concept of examining and com-
paring expression data at the genomic
and, more recently, proteomic levels for
disease profiling and toxicity prediction
screens has been gathering interest,
particularly in the pharmaceutical in-
dustry (3,7,13,14). While the use of mi-
croarrays has been examined quite
extensively for profiling the transcrip-
tome (15,17), until recently, there has
been little available in the proteomic
arena that could provide the analysis of
a large number of proteins simultane-
ously. 2D-PAGE has been, and general-
ly still is, the favored tool for proteomic
analysis, with high success rates for
protein identification (6,10,11). How-
ever, it still remains a very resource-in-
tensive process, both at the practical
and at the data/image analysis levels,
making it unsuitable for routine, medi-
um- to high-throughput screening pur-
poses. The surface-enhanced laser des-
orption/ionization time-of-flight mass
spectrometry (SELDI-TOF MS) system
potentially fills this niche, with the abil-
ity to generate panels of protein profiles
from samples of interest in a relatively
simple and rapid manner (4,8,9).

The technology is essentially ma-
trix-assisted laser desorption/ionization
time-of-flight mass spectrometry
(MALDI-TOF MS), based on the use of
ProteinChip® arrays (Ciphergen Bio-
systems, Fremont, CA, USA) as the
MALDI target. These protein biochips
have been designed with modified
areas that affinity capture subsets of
proteins from complex biological sam-

ples (e.g., hydrophobic, weak cation
exchange, strong anion exchange, and
immobilized metal affinity chromatog-
raphy surfaces). Once the proteins are
bound, the protein biochips may be
washed, removing contaminants such
as buffer salts and detergents that pre-
vent the effective ionization of pro-
teins. This enables the profiling of pro-
teins and peptides from complex
biological samples. The mass spectra
generated from various samples can
then be analyzed and compared, with a
new expression profile generated for
each chip surface that is examined.

As with any proteomic analysis,
only a subset of the proteins and pep-
tides present in the original sample is
examined. The protein subset present in
the final analysis is dependent on a
multitude of factors. These include the
methodology used to extract proteins,
the chip type used, the incubation and
wash conditions, the type of matrix
used and method of application, and the
laser intensity settings.

While the technology is suitable (in
principle) for screening based on pro-
tein and peptide profiles, the process
needs to be optimized to distinguish
true differences due to treatment. This
entails generating the highest quality
traces while maximizing reproducibi-
lity to ensure that differences in traces
are true (not caused by artifacts), repro-
ducible, and do not change over time.
We have devised an approach to identi-
fy the best experimental method, based
on the assessment of the quality and re-
producibility of different combinations
of factors. Eleven factors were chosen,
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based on previous experience using the
hydrophobic chip (Figure 1, A–K and
Table 1).

Traditionally, we have used two
buffers adapted from the 2D-PAGE
methodology (9 M urea or 7.5 M urea
with 2 M thiourea). We wished to com-
pare them for their utility in SELDI-
TOF. Despite the high urea concentra-
tion, proteins may still be degraded due
to the presence of proteases in the pro-
tein lysate (J. Weekes, personal com-
munication); therefore, we examined
the presence or absence of protease in-
hibitors. Because high-molarity urea
buffers are used, samples are main-
tained at room temperature throughout
the sample preparation process to pre-
vent precipitation at low temperature.
However, this offers further opportuni-

ty for proteolysis, so we decided to ex-
amine whether the time that samples
were held at room temperature during
the homogenization procedure impact-
ed significantly on trace quality or re-
producibility. From experience with
other biochemical methodologies (e.g.,
overlay assays, ELISA, Western blot
analysis, and immunohistochemistry),
it was anticipated that the manner (vol-
ume and concentration) in which a
fixed amount of protein was presented
to an affinity surface over a fixed time
period might alter the output trace. To
investigate this assumption, the vol-
ume/concentration was included as a
factor for examination. If the manner of
sample application were unimportant,
then it would give more flexibility in
the future, allowing for the use of more

dilute samples if necessary (e.g., when
using cell culture samples). The num-
ber and length of washes were also ex-
amined because these factors were
thought likely to affect the output trace.

When using SELDI-TOF, the ma-
trix, or energy-absorbing molecule
(EAM), is crucial to the output traces.
When the EAM [sinapinic acid (SPA)
in this study; Ciphergen Biosystems] is
applied, the associated solvent solubi-
lizes the proteins on the chip surface,
which co-crystallize with the matrix as
the solution dries. These crystals ab-
sorb the energy from the laser and gen-
erate the ionized proteins that are de-
tected by the mass spectrometer (1).
The quality of the matrix solution and
reproducibility of deposition are inte-
gral to the quality and reproducibility
of the traces observed. Because matrix
degrades over time in the light, the ef-
fect of time on a range of matrix-asso-
ciated factors (e.g., the age of the EAM
solvents and the time elapsed between
matrix preparation and application)
was investigated to determine whether
the time frames used had a detrimental
impact on output traces. The time over
which the chip was allowed to dry be-
fore the addition of EAM was also in-
vestigated, as proteins that are well
dried onto the chip surface might be
more difficult to resolubilize and thus
adversely affect the traces generated.
Because the matrix addition is so cru-
cial in determining which proteins are
ultimately detected with this technolo-
gy, we also investigated the method of
matrix application. In addition to deter-
mining whether the type of pipet used
impacted the traces, we examined
whether our traditional method of ap-
plying the matrix in two 0.5 µL aliquots
was preferable to applying the matrix
in a 1 µL application. 

For each of these factors, up to three
different settings were chosen (Table
1). A multifactorial experiment was de-
signed, and the results were analyzed
for trace quality and reproducibility.

MATERIALS AND METHODS

Practical Procedure

Figure 1 shows an outline of the
SELDI process. The standard protocol
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Figure 1. Outline of the SELDI-TOF preparation process.



is given below, and variations of this
are described in Table 1. Ultra-pure
reagents, HPLC-grade water, and posi-
tive-displacement pipets were used
throughout, unless otherwise stated.

Preparation of protein lysates.
Liver tissue from untreated male
Sprague-Dawley rats was stored at
-80°C. Approximately 100 mg frozen
tissue were weighed and gently crushed
under liquid nitrogen. The resultant
powder was placed into 1 mL room
temperature extraction buffer [7.5 M
urea, 2 M thiourea, 2% CHAPS, and
1% dithiothreitol (BDH Laboratory
Supplies, Poole, UK)] and homoge-
nized at room temperature using a Ri-
bolyser (Hybaid, Teddington, UK) for
2 × 10 s on speed setting 4. Homoge-
nization was minimized, and bursts
were separated by 1 min intervals to
prevent the overheating of the urea so-
lution. Lysates were then removed from
the ribolyser tubes and stored at -80°C.
Protein concentration was determined
using a modified Bradford Assay (12)
and reagents from Bio-Rad Laborato-
ries Ltd. (Hemel Hempstead, UK).

Incubation, spiking, and binding
process. Eight-spot hydrophobic pro-

tein biochips (C16 surface H4 biochips;
Ciphergen Biosystems) were used for
this analysis. Protein lysates were de-
frosted, diluted to 2 mg/mL in extrac-
tion buffer, and centrifuged at 15 800×
g for 5 min before use to remove any
particulates (each aliquot was only
used once to prevent freeze-thaw ef-
fects). Lysozyme (BDH Laboratory
Supplies) was spiked into the sample to
a final concentration of 75 µg/mL to act
as a reference for normalizing to peak
height. Lysozyme was selected because
it appears at a molecular weight region
where few other peaks are present.
“Bioprocessors” (Ciphergen Biosys-
tems) were used, which form separate
wells above each spot on a protein
biochip and enable loading of volumes
up to 500 µL in each well. Sample (50
µL) was placed into each well of the
bioprocessor, which was covered with
Parafilm® to minimize evaporation and
contamination, and then incubated on a
circular shaker for 30 min (approxi-
mately 400 rpm) at room temperature.
After incubation, the samples were re-
moved by inverting the bioprocessor
sharply. Three 5 min washes with 350
µL HPLC-grade water were performed,

placing the chips on a rotary shaker
during each wash. The bioprocessors
were removed from the chips, which
were allowed to dry at room tempera-
ture after carefully removing the excess
water from the around the spots with a
paper towel.

Matrix preparation and applica-
tion process. The EAM used for these
experiments was SPA. A saturated so-
lution of SPA was prepared approxi-
mately 10 min before use by the addi-
tion of 400 µL of a freshly prepared 1:1
mixture of 100% acetonitrile (ACN)
and 1% trifluoroacetic acid (TFA) (both
from BDH Laboratory Supplies) to ap-
proximately 10 mg SPA in a light-resis-
tant 1.5 mL microcentrifuge tube. This
was mixed vigorously using a vortex
and was then centrifuged for 5 min at
15 800× g. After air-drying, 2 × 0.5 µL
EAM solution were pipetted onto each
spot of a protein biochip, allowing time
for the first application to dry before
the addition of the second. Once the
matrix was applied, protein biochips
were kept in the dark until they were
read using a consistent, automated
data-collection protocol in the MS ma-
chine (PBS-II; Ciphergen Biosystems).
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ID Factor Type Low level (-) Midpoint High Level (+)

A Urea:thiourea ratio in Continuous 9.5 M urea 8.5 M urea, 1 M thiourea 7.5 M urea, 2 M thiourea
extraction buffer

B Protease inhibitora Categorical Absent N/A Present

C Time between crushing Continuous 5 min 17.5 min 30 min
and homogenization

D Concentration and  Continuous 100 µL at 1 mg/mL 40 µL at 2.5 mg/mL 25 µL at 4 mg/mL  
volume of sample

E Length of washes Continuous 0 min 5 min 10 min  

F Number of washes Continuous 2 3 4  

G Time between last wash Continuous 5 min 32.5 min 60 min
and addition of matrix   

H Age of TFA/ACN mixture Continuous Immediate 3.5 days 1 week  

I Age of matrix Continuous 5 min 32.5 min 60 min  

J Pipet type used for matrix Categorical 10 µL positive N/A 2 µL Standard Gilson
deposition displacement

K Number and volume of Categorical 2 × 0.5 µL N/A 1 × 1 µL
matrix depositions   

aProtease inhibitors (Calbiochem, Nottingham, UK) at final concentrations of 5 µg/mL aprotinin, 5 µg/mL pepstatin, 5 µg/mL
leupeptin, 100 µg/mL 4-(2-aminoethyl) benzenesulfonylfluoride, HCL (AEBSF).

Table 1. Altered Factor Settings



Data capture. Data were collected
using the following settings: 2× warm-
ing shots at laser intensity 240 (not col-
lected); collection of 5× laser intensity
230 every five positions between 20 and
80; high mass 50 000 Da; detector volt-
age 1800 V; and focus mass 12 000 Da.

Design of the Factorial Experiment

Due to the difficulty of examining
11 factors simultaneously in any detail,
the factors were split into two groups:
those related to sample preparation and
application/binding (Figure 1, A–F, the
“sample preparation” experiment) and
those related to the formulation and de-
position of the matrix (Figure 1, G–K,
the “matrix experiment”). We thought
it unlikely that there would be signifi-
cant interactions between factors in the
two groups. Two experimental designs
were created for these factor groups;
both were half-factorial designs (26–1

for the sample preparation experiment
and 25–1 for the matrix experiment).
For the sample preparation experiment,
factors G–K were set at previously
used defaults, as were factors A–F dur-
ing the matrix experiment.

Center points were added to each

design to confirm that a linear model
was suitable for the continuous factors.
These were positioned at the midpoint
of each continuous factor and repeated
at both levels of each categorical factor
(Figure 2). All points were replicated
four times (Table 1 and Reference 2).
The sample preparation design there-
fore contained 136 measurements, and
the matrix design contained 80 mea-
surements. Ideally, the order in which
the replicate measurements were taken
would have been completely random-
ized to prevent time trends from influ-
encing the results. However, this was
not possible with this technology be-
cause of the collocation of eight sam-
ples on a single biochip, each of which
must receive washes of identical dura-
tion and number. Therefore, the mea-
surements were grouped by wash factor
levels and randomized within these
groups.

Data Preprocessing

Ciphergen ProteinChip software
(version 2.0) was used for data prepro-
cessing. Baseline subtraction was per-
formed, followed by normalization of
traces for intensity using either an inter-

nal or external standard peak. Peaks
were then detected using the built-in
peak detection algorithm, setting the
minimum valley depth and minimum
height above baseline to be twice the
local noise, with a lower limit of 1000
Da. Data were exported to Microsoft®
Excel® for the calculation of response
variables.

Response Variables

The response variable is a metric by
which results are judged. For example,
microarray technology conditions have
been optimized based on the desired
metric of signal-to-noise ratio (16). For
the optimization of SELDI-TOF traces
for screening purposes, a panel of crite-
ria was identified that describes or con-
tributes to an improved trace. These
are: more peaks, “cleaner” peaks (i.e.,
sharp peaks that are well separated
from each other, with smooth lines,
with no secondary under lying peaks),
peaks spread over a wider mass range
(MR), more reproducible traces, traces
better suited to an external spike, less
noise, and fewer artifacts. In addition,
the ease of the experimental procedure
was considered. From this list, five
metrics were selected that gave a quan-
titative representation of the aspects of
the quality of a trace.

First, the number of peaks detected
per trace (NP) was noted. This is im-
portant because the more datapoints
one collects for analysis, the greater the
likelihood of finding patterns of pro-
teins that might reflect a result of inter-
est. Second, the MR was calculated as
the difference in the mass between the
peaks detected at the highest and low-
est molecular weight. This is also im-
portant because it is beneficial to exam-
ine as wide a range of proteins as
possible. Two metrics were developed
to assess “peak cleanness” (Figure 3).
Peak cleanness 1 (PC1) gave a measure
of the shape of the peaks: the average
broadness of peaks relative to their
mass. It was defined as
1/NP ∑ M/W1/2, 

(where NP is the number of peaks, M is
the mass of a peak, W1/2 is its width at
half-height, and the summation is taken
over all the peaks in the trace). Thus,
the aim of this response variable was to
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Figure 2. Illustration of midpoints in the design of factorial experiments. A simplified half-factorial
experimental design shown here with one categorical factor and two continuous factors. Center points
are included in the design, at the midpoints of each continuous factor, and repeated at each level of the
categorical factor.



maximize the PC1 value. Peak clean-
ness 2 (PC2) gave a measure of the
minimum (worst) peak resolution from
a trace. The resolution between each
consecutive pair of peaks was calculat-
ed according to the formula 
2(M2 – M1)___________
W11/2 + W21/2,
where M is the mass of a peak and W1/2

is its width at half-height. The mini-
mum value of this quantity was deter-
mined for each trace. An increase in
this response variable indicates an im-
provement in peak resolution. The Ci-
phergen software output of the pre-
processed data occasionally gave no
value for the width at half-height of
some peaks; these peaks were excluded
in the calculation of PC1 and PC2. Fi-
nally, for the sample preparation exper-
iment, the suitability of each method
for use with lysozyme as an external
spike [“spike suitability” (SS)] was as-
certained by measuring the minimum
separation between the spike and adja-
cent peaks found on the trace (PC2 lim-
ited to a specific area of the trace).

On initial examination of the data,
SS was noted to have a strongly posi-
tively skewed distribution. Therefore,
analysis was performed on the log10
scale, and a check of the residuals con-
firmed that this transformation gave a
response variable with a distribution

that was reasonably unskewed and
close to the normal.

Treatment of outliers. For two
traces, a response variable was greater
than the next largest replicate value by
more than 10 times the range of the oth-
er replicates. These responses were ex-
cluded from further analysis.

Analysis of the Factorial Experi-
ment

The experiments were analyzed
with two objectives: (i) to determine
the factors that were important for opti-
mal trace quality and (ii) to determine
those factors that were important to
minimize variation. All analyses were
carried out using Design Expert (ver-
sions 5.0.7 and 6.0.1; Stat-Ease, Min-
neapolis, MN, USA).

Optimization of response vari-
ables. Each response variable was ana-
lyzed using analysis of variance
(ANOVA). The main effect and two-
and three-way interactions for all fac-
tors were determined. Effects and inter-
actions were reported if they were sig-
nificant at the 0.01 level—a more
stringent criterion than usual because
of the large number of effects examined
in each analysis (31 in the sample
preparation experiment and 15 in the
matrix experiment).

It should be noted that, because of

the fractional nature of the experimen-
tal designs, some of the higher-level in-
teraction results can be interpreted in
two ways. For example, in the sample
preparation experiment with six fac-
tors, when the three-way interaction of
factors A, B, and C is examined, the
three-way interaction of factors D, E,
and F is examined at the same time. If
the three-way interaction were found to
be significant, then it would be impos-
sible to distinguish whether this was
due to the interaction of A, B, and C or
D, E, and F. (Similarly, if ABF were ex-
amined, then this would be indistin-
guishable from CDE). In this case, the
previously calculated main effect and
two-way interaction results were exam-
ined, and the trio that included a factor
with significant effect in these other re-
sults was reported as the likely source
of the interaction.

For the matrix experiment with five
factors, if G, H, and I were examined,
then this would be confounded with an
interaction between J and K. (Similarly,
if GHK were examined, then this could
not be distinguished from IJ). In this
case, the two-way interactions were
deemed more likely to have an effect
than the three-way interactions.

Minimization of variation of re-
sponse variables. To analyze the varia-
tion of the response variables, the coef-
ficient of variation of each set of four
replicates was calculated for each re-
sponse variable. The advantages of us-
ing this measure are that (i) it is on the
same scale as the response variables
themselves (contra the variance) and
(ii) that it is not correlated with the
mean (contra the standard deviation),
which would contradict the ho-
moscedasticity assumptions behind
ANOVA. The coefficients of variation
were analyzed using ANOVA as de-
scribed earlier. Again, two- and three-
factor interactions were confounded in
pairs, and these interactions are report-
ed according to the preferences previ-
ously outlined.

RESULTS AND DISCUSSION 

A comparison of a number of sam-
ple and matrix preparation protocols
was performed, and the impact of these
differences were noted, both in terms of
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Figure 3. Explanation of PC1 and PC2 response variables. (A) PC1 measures the average broadness
of peaks relative to their mass, and (B) PC2 measures the minimum resolution between two adjacent
peaks on a trace.



trace quality and reproducibility for
five different response variables.

Effects of Factors on Trace Quality
Response Variables

Table 2 displays the significant re-
sults of the optimization for trace quali-
ty experiments (P < 0.01). Six of the 11
factors examined (A, B, C, E, F, and K)
had a significant impact on one or more
of the response variables. Only two of
these, A (ratio of urea:thiourea) and K
(number and volume of matrix deposi-
tions), had significant main effects,
both on the number of peaks. Factors
D, G, H, I, and J (concentration and vol-
ume of sample, time between last wash
and matrix addition, age of TFA/ACN
mixture, age of matrix, and pipet type
used for matrix addition, respectively)
had no significant effect on any re-
sponse variable.

Sample preparation experiment.
The 9 M urea buffer appears to give an
improved number of peaks compared to
the urea:thiourea mixture. The strong
three-way interaction between A, B,
and F (P < 0.001) indicates that the ad-
dition of protease inhibitors, combined
with performing fewer washes, also in-
creases the number of peaks detected.
Protease inhibitor incorporation with
the 9 M urea buffer (AB interaction)
also leads to an improved MR for
traces, as does minimizing the amount
of time the sample is held at room tem-
perature before homogenization (AC
interaction). All of these findings sup-

port the hypothesis that the protein
degradation of larger molecules can oc-
cur during the sample preparation
process and that one should take care to
minimize this for better quality traces.

The two-way interaction finding be-
tween C and E for PC2 (increasing time
before homogenization while minimiz-
ing the length of wash, which leads to
improved peak resolution) is more dif-
ficult to explain. Continuing the prote-
olysis hypothesis, increasing the time
before homogenization would allow
more time for protein degradation, re-
ducing the number of peaks identified.
This, in itself, is likely to lead to an in-
creased PC2 value, as it is likely that
the remaining peaks would be more
separated on the resulting trace, but the
impact of shorter washes is more diffi-
cult to rationalize. The washes used in
this experiment were pure water wash-
es, and one hypothesis that might help
explain this phenomenon is that a short
wash simply removes any unbound
molecules, but a longer wash might al-
low an on/off binding equilibrium to be
established between the chip surface
and the wash solution. This equilibrium
would not only allow for the rebinding
of peptides that had become removed
but, more importantly, would enable
the binding of proteins under different
molarity conditions.

The fact that factor D (concentration
and volume of sample) had no signifi-
cant effect on the results is intriguing
because we anticipated that sample con-
centration might impact the subsets of

proteins that bound to the chip surface,
both specifically and nonspecifically.
However, the results obtained suggest
that the system is reasonably robust
with respect to the amount of protein
and time frame used here and, therefore,
need not be critical for future work.

Matrix experiment. Only factor K
(number and volume of matrix deposi-
tions) had any significant impact in this
experiment; applying the EAM in two
smaller volume applications signifi-
cantly increased the number of peaks
that were identified. Exactly how ma-
trix transfers energy to proteins and
peptides before flight remains a topic of
debate (5). One possible explanation
for this finding is that allowing two
crystallization events somehow im-
proves the matrix:protein interaction,
which results in a better transfer of
laser energy to the protein and in more
molecules flying.

The fact that none of the other fac-
tors (G, H, I, or J) impacted trace quali-
ty was unexpected but demonstrates
that the range of settings examined
have no detrimental impact on traces.

Effects of Factors on Reproducibili-
ty of Trace Response Variables

Table 2 displays the significant re-
sults of the optimization for trace quali-
ty experiments (P < 0.01). Six of the 11
factors examined (B, E, G, H, J, and K)
had a significant impact on one or more
of the response variables. Only two of
these, E (length of washes) and K
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(A) Trace Quality (B) Trace Reproducibility

Significant Value Significant CV (%)
Response factors and Best obtained with factors and Best obtained with
Variable interactions P-value settings best settings interactions P-value settings best settings 

NP A 0.0047 K 0.0004 K+ 26
ABF 0.0006 A–, B+, F- 67.9
K 0.0031 K– 26.3

MR AB 0.0019 GK 0.0061 K–G+ 3
AC 0.0065 A–B+C– 20438 JH 0.0013 J+H+ 3

PC1 — — — — — — — —

PC2 CE 0.0053 E–C+ 1.295 E 0.0083 E– 31

log10 (SS) — — — — BE 0.0006 B–E+ 28

Only factors that were found to be significant (P < 0.01) are shown.

Table 2. Results of the Trace Quality (A) and Reproducibility (B) Optimization Experiments



(number and volume of matrix deposi-
tions), had significant main effects,
which were on the PC2 and NP re-
sponse variables, respectively. Factors
A, C, D, F, and I (ratio of urea:thiourea,
time between crushing and homoge-
nization, concentration and volume of
sample, and age of matrix, respective-
ly) had no significant effect on the re-
producibility of any response variable.

Sample preparation experiment.
Minimizing the length of wash (factor
E) improves the reproducibility of PC2,
yielding a CV of 31% (compared with
49% obtained with the worst settings).
As for the trace quality experiment fac-
tor E finding, this is difficult to explain.
However, it reinforces the trace quality
experiment finding, indicating that
short washes should be used.

Contrary to the finding above, a
long wash time combined with the non-
incorporation of protease inhibitors
(the two-way BE interaction), appears
to give the best reproducibility for
spike suitability with a CV of 28%
(compared with 55% obtained with the
worst settings). An explanation for this
might be that protease action removes
peaks that would normally occur in the
molecular weight range around 14 300
Da (the molecular weight of our
lysozyme spike—supported by the
strong ABF finding for the NP re-
sponse variable from the trace quality
experiment) and that a long wash re-
moves these, giving a more open area
for the spike. This finding shows that,
although the response metrics were de-
veloped in an attempt to improve
traces, one should take care to ensure
that the results are interpreted in a coor-
dinated way when deciding which
combination of settings to use for fu-
ture work.

It is surprising that none of the re-
maining sample preparation factors has
an impact on reproducibility; however,
this finding gives an indication of the
robustness of the system and allows
one to define settings that can be used
without adversely affecting repro-
ducibility.

Matrix experiment. Factor K (vol-
ume and number of matrix applications)
was found to be significant for the NP
response variable and the trace quality
experiment. However, in contrast to the
trace quality experiment finding, a sin-

gle 1 µL deposition was shown to
strongly improve reproducibility (P <
0.001), improving the CV to 26% (com-
pared with 41% obtained using the
worst settings). The two crystallization
event method apparently increases the
number of peaks identified, while one
application of the matrix improves the
reproducibility of the numbers of pro-
teins and peptides that are detected.
This latter finding could simply be a re-
flection of reduced pipetting error with
the larger volume. More accurate, auto-
mated, reproducible matrix application
methods are currently under investiga-
tion in our laboratory in an attempt to
optimize for both the quality and repro-
ducibility of the NP variable.

The application of matrix as two 0.5
µL aliquots was also found to have a
significant impact on the reproducibili-
ty of the MR response variable when it
was combined with extending the time
since last wash (GK interaction). Al-
though altering the settings for these
factors had a statistically significant im-
pact on reproducibility, even the worst
setting for these two factors gave a CV
of 8%, which meets our expectations (a

CV of 3% was achieved with the best
settings).

Similarly, the two-way interaction
between using a standard 2 µL pipet
and extending the solvent age (JH in-
teraction) gives an improvement to the
MR reproducibility, from a CV of 9%
with the worst setting to 3% with the
best setting, both of which are accept-
able. The apparent improvement of the
response variable with the age of
TFA/ACN is unexpected because we
anticipated that either this factor would
have no effect or that minimizing the
age of the mixture would give optimal
results (because the solvents would not
have deteriorated). This appears not to
be the case, and this finding warrants
further investigation.

Selection of Optimized Settings

An aim of this work was to determine
and implement improved settings for fu-
ture work. Of all the factors examined,
only two were not significant for either
the quality or reproducibility experi-
ments for any response variable. These
were D (sample volume and concentra-
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Figure 4. Comparison of SELDI traces using unoptimized and optimized conditions. (Top) Traces
generated using unoptimized conditions as described in the Materials and Methods section. (Bottom)
Traces generated using newly optimized conditions: 9.5 M urea (A–); protease inhibitors incorporated
(B+); 5 min between crushing of sample and homogenzation (C–); two washes of 0 min (E–; F–); 60 min
between last wash and addition of matrix (G+); Fresh TFA/ACN mixture (H–); Standard 2 µL Gilson
pipet used to deposit matrix in two 0.5 µL aliquots (J+; K–). The sample was applied as 50 µL of a 2
mg/mL solution, and the matrix was prepared 10 min prior to use (D and I set as convenient).



tion) and I (age of matrix). This indicates
that both of these factors can be changed
as desired, within the range examined
here, without impacting either the quali-
ty or reproducibility of the traces.

Of the remaining nine factors, the
optimal settings for five of them can be
readily determined from Table 2. These
are to use 9 M urea extraction buffer
(A–); minimize the number of washes
to two (F–); maximize the time be-
tween the last wash and the matrix ap-
plication (G+); use a 2 µL standard
Gilson pipet (J+); and use older
TFA/ACN mixture (H+). Because this
latter finding was hard to rationalize
scientifically and difficult to implement
in the laboratory, an examination was
made to determine the level of impact
that altering this setting might have.
Table 2 shows that the best setting,
H+J+, gives a CV of 3% for the MR re-
sponse variable; however, changing
this to H–J+ (i.e., using freshly made
TFA/ACN with a standard 2 µL Gilson
pipet) results in a CV of only 7%. This
was deemed acceptable, and the setting
of H– (freshly made TFA/ACN) was
adopted for future work. 

The use of multiple response vari-
ables and the aim of optimizing the sys-
tem for both quality and reproducibility
mean that it is possible for certain fac-
tors to have different best settings for
different response variables. This is the
case for the last four factors (B, C, E,
and K), and the results were examined
in detail to determine which of the set-
tings would give an effective compro-
mise and be implemented in the labora-
tory in the future. When reviewing the
settings in which there was conflict, a
weighting system was used to deter-
mine which settings to take from this
analysis for use. We felt that the NP and
MR response variables were more im-
portant than the PC1 or PC2 variables,
which again were more important than
the SS variable. This resolved which
settings to use for factors B (incorpora-
tion of protease inhibitors), C (minimiz-
ing time lapse before homogenization),
and E (keeping the length of washes to
a minimum). For the remaining factor
that remained unresolved (K), it was de-
cided that the quality experiment should
override the reproducibility result, as
the introduction of robotics might ad-
dress the variability in subsequent ex-

periments. Figure 4 shows example
traces that were obtained using either
the unoptimized conditions used prior
to this work (Figure 4A) or the new op-
timized conditions obtained by this
work (Figure 4B).

CONCLUSION

Using a statistical approach and de-
vising multiple response variables that
characterize SELDI-TOF traces, we
have investigated the effect of multiple
factors on the quality and reproducibili-
ty of SELDI-TOF data produced from
rat liver lysates using H4 ProteinChips
and derived the best settings for these
factors from the range examined. These
have been selected as: A–, B+, C–, E–,
F–, G+, H–, J+, and K–, with D and I set
as convenient (Table 1 and Figure 4).

While some unexpected results were
obtained (especially results concerning
the TFA/ACN mixture), most of the re-
sults are logical, if not anticipated.
Sample preparation factors appear to
affect trace quality more than repro-
ducibility, while matrix deposition fac-
tors impact reproducibility more than
trace quality. We anticipate that the in-
troduction of robotics/laboratory au-
tomation will continue to improve the
reproducibility of the system.
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