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ABSTRACT

Protein profi ling with mass spectrometry is a promising approach for classifi cation 

and identifi cation of biomarkers. However, there is debate about measurement qual-

ity and reliability. Here we present a pipeline for pre-processing, statistical data

analysis and presentation. Serum samples of sixteen healthy individuals are used 

to generate protein profi les with a high-resolution MALDI-TOF after isolation of 

peptides with C8 magnetic beads. Analysis of variance (ANOVA) was performed after 

binning, normalization and baseline correction of the mean spectra. Relative varia-

tions in the spectra are expressed as coeffi cient of variation (CV), which depending

on the respective preanalytical variation parameter investigated, was found to range 

between 0.15 and 0.67 in this study. With this novel method the reproducibility 

of our protein profi ling procedure could be quantifi ed. We showed that circadian 

rhythm and the number of freeze-thaw cycles had relatively limited infl uence on 

serum protein profi les, whereas the period between collection and serum centrifuga-

tion had a more pronounced effect.
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INTRODUCTION

Proteomic pattern diagnostics is a recent and potentially revolutionary technology 

and approach for early disease detection, surveillance, and monitoring in oncology.

[1] In proteomics proteins and functional protein networks as well as their dynamic

alteration during physiological and pathological processes are characterised. It is a

potential powerful tool in the discovery of disease biomarkers, as the proteome re-

fl ects both the intrinsic genetic program of an organism and the impact of its immedi-

ate environment.[2] Human serum contains thousands of peptides, most of which are 

thought to be fragments of larger proteins, but their precise nature remains largely 

undetermined. High throughput mass spectrometry can generate a proteome/pep-

tidomic fi ngerprint of a given body fl uid, such as serum. Patterns of these peptides 

can be correlated to biological events occurring in the entire organism and are likely 

to change in the presence of disease. In oncology new types of bioinformatic pattern

recognition algorithms have been used to identify patterns of protein changes in or-

der to discriminate cancer patients from healthy individuals.[3] Furthermore, different

profi les may be associated with varying responses to therapeutics and other clinically 

relevant parameters and may also serve as prediction for treatment outcome. Several 

studies have shown that biomarkers can be identifi ed on the basis of the presence/

absence of multiple low-molecular-weight serum components using time-of-fl ight

(TOF) mass spectrometry technologies such as SELDI-TOF and MALDI-TOF.[4-7] In 

general, although most studies measure serum components in a range in which

primarily peptides and protein degradation products as well as small proteins are

detected, the term protein profi ling is generally accepted to describe this approach. 

Although essentially imprecise, this term will also be used in this study. Petricoin et

al. showed that patterns of low-molecular-weight serum proteins refl ect the patho-

logical state of organs. In addition, these disease-related protein patterns could be 

useful in the early detection of ovarian cancer.[8] Based on discriminating serological 

protein profi les that study showed a sensitivity of 100%, specifi city of 95% and a 

positive predictive value of 94% for the detection of ovarian cancer.

Although serum protein patterns have shown high sensitivity and specifi city as an 

early diagnostic tool in several studies, critical notes have been made on biological

variation, pre-analytical conditions and analytical reproducibility of serum protein

profi les, which would make it diffi cult to differentiate a normal from a pathological 

and/or malignant status.[9] In addition, the reproducibility of serum protein profi les 

has been questioned, however more with respect to the bioinformatical analysis of 

the measured protein profi les than to the capturing and measuring techniques itself.

[10-12] Thus, if proteomics spectra are ultimately to be applied in a routine clinical

setting, collection and processing of the data will need to be subject to stringent
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quality control procedures.[13] In fact, some critics argue that discriminating protein 

profi les are so far based more on experimental artefacts than on real biological dif-

ferences.[14]

There are many factors that are thought to have an infl uence on serum protein 

profi les, complicating clear and unambiguous study fi ndings. These factors include 

environmental and individual factors such as race, age, diet, smoking, stress, general 

physical condition and use of drugs, which all may infl uence serum protein profi les.

Pre-analytical conditions of human serum also appear to infl uence protein pattern 

outcomes. So far, only a few studies have reported on the effects of different serum 

sample preparations and the use of a magnetic beads based approach to capture

and concentrate serum proteins for MALDI-TOF mass spectrometry.[15-17] Since data

processing and statistical analysis of protein spectra are essential elements in clinical

proteomics, the objective of this study was to quantify the relative contributions of 

sources of variability on the protein spectra. To this end we developed a novel data 

processing pipeline, which was performed with an analysis of variance (ANOVA) of 

the spectra, after the spectra had been made comparable, reduced to common mass

channels and the noise had been fi ltered. Strong baselines were always present in

the spectra and had to be removed. This novel analysis method was used to assess

the effect of variable pre-analytical conditions on human serum protein profi les, 

and their effect on reproducibility. In contrast to the above-mentioned study, we 

have chosen to primarily focus on assaying serum with C8 magnetic beads with 

hydrophobic functionality, followed by MALDI-TOF analysis. In line with the logistic

conditions in a routine clinical setting, the effects of sample handling and storage, 

and also circadian rhythm factors on the serum protein profi les were analysed.

MATERIAL AND METHODS

Serum samples

Blood was collected from 16 healthy adult volunteers, 8 men and 8 women, by 

antecubital venipuncture. All blood samples were drawn from the left arm while the 

volunteers were seated. Approximately 10 ml venous blood was collected in a 10 cc

Serum Separator Vacutainer Tube (BD Vacutainer Systems, Preanalytical Solutions, 

Plymouth, UK) at three different time points throughout the day. The fi rst sample

was drawn between 8 and 9 a.m. when all individuals had been fasting since mid-

night. The second specimen was obtained half an hour after lunch, between 1 and 2 

p.m. and the last sample between 5 and 6 p.m. Thirty minutes after collection serum 

was separated by centrifugation at 3,000rpm for 10 minutes, divided into aliquots

(Greiner) and stored at -70ºC. The serum procurement, data management and blood 
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collection protocol were according to the guidelines of the Medical Ethical Commit-

tee of the Leiden University Medical Center. Informed consent was obtained from

all subjects.

Protein profi ling

To enhance signal quality magnetic beads based on hydrophobic interaction chro-

matography (MB-HIC kit, Bruker Daltonics, Leipzig, Germany) were used for sample 

preparation prior to MALDI-TOF mass spectrometry analysis. Five μl of serum was

diluted with 10 μl binding solution and 5 μl magnetic beads were added. The solu-

tion was mixed by carefully pipetting fi ve times. After 30 seconds supernatant was

separated from the magnetic beads in a magnetic beads separator (MBS, Bruker) 

and discarded. This was followed by three washing steps with 100 μl wash solu-

tion (MB-HIC kit, Bruker) and supernatant was discarded each time. After 1 minute 

in 10μl e lution solution (50% Acetonitrile) the magnetic beads were separated in

the MBS from the elution solution. An amount of 1 μl of this eluate, containing

the captured peptides/proteins, was mixed with 10 μl matrix solution and 1 μl of 

this mixture was transferred to an Anchor Chip target plate ™ (Bruker Daltonics, 

Bremen, Germany) and allowed to dry before introduction into the mass spectrom-

eter. Alpha-cyano-4-hydroxycinnamicacid (HCCA) was used as matrix (0.3 mg/ml 

in Ethanol: Acetone 2:1). Each sample was deposited onto four spots of the target 

plate. Matrix Assisted Laser Desorption Ionisation Time-Of-Flight (MALDI-TOF) mass

spectrometry measurements were performed using an Ultrafl ex TOF/TOF instrument

(Bruker Daltonics, Bremen, Germany) equipped with a SCOUT ion source, operating 

in linear mode. Ions formed with a N2 pulse laser beam (337 nm) were accelerated 

to 25 kV. With the employed serum preparation peptide/protein peaks in the m/z

range of 1500 to 10,000 were measured. An independent mass spectrometer operator 

performed all measurements with blinded samples. Hereafter the entire process of 

capturing and concentrating serum proteins using C8 magnetic beads including the

generation of readouts of the MALDI-TOF spectra will be designated as the protein

profi ling procedure.

Data processing

All spectra were compiled, and qualifi ed mass peaks with mass-to-charge ratios (m/z) 

between 1500 and 10,000 were auto-detected. Each mass spectrum, as exported in an

ASCII fi le, consisted of approximately 45,000 pairs of mass-to-charge values (Dalton)

and ion counts. As we preferred to analyze the data using the intensity of the mass 

spectra per bin, the fi rst processing step was to collect and average the data in bins

of 1 Dalton wide. To reduce noise the Whittaker smoother was applied, using second

differences, λ = 100 and weights proportional to the number of raw data points per 
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bin.[18] The resulting spectra generally showed strong baselines, which had to be re-

moved before further processing. We used the asymmetric least squares algorithm as

described in the appendix of Eilers 2004 [19]; fi gure 1 shows a typical example. The

intensity scale of the baseline-corrected spectra was un-calibrated. To normalize the

spectra we divided each mass spectrum by the median of the intensities. We consider 

this to be more robust than normalization on the average (or equivalently, the area

under the curve), as the median is less sensitive to spurious large peaks. While this 

is an ad-hoc solution, we hope to fi nd relatively stable regions in the spectra, so that

we can normalize on medians over these regions in further research.

Statistical data analysis

To quantify the effects of experimental conditions, variability between individual 

persons and noise, we applied analysis of variance (ANOVA). Consider, as an ex-

ample, an experiment in which we have Р subjects, Р Т storage times and Т С storageС
temperatures points. For each combination of subject and time we have measured 

a spectrum. First, we concentrate on only one, arbitrary, mass channel. We have

PTC measurements, which we indicate byC УрtсУУ . The ANOVA model assumes that

УрtсУУ  = μ+αрα +βt+γс+eрtсe . Here μ is the overall mean, αрα is the effect of person Р, βt the ef-t

Figure 1.  MALDI-TOF spectrum before and after baseline correction.
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fect of storage time t, γс is the effect of storage temperature s and eрtсe  is random varia-

tion. The values of μ and the vectors α, β and γ that minimize the sum of the squares 

of the elements of e are the so-called least squares estimates and the standard result

of ANOVA. If all combinations of persons, storage times and temperatures are pres-

ent, they are the averages per person (storage time, temperature) over all spectra. 

When some combinations are missing, a somewhat more complicated regression 

approach has to be used. 

The ANOVA was performed for each bin on the mass axis. This results in 1) one 

spectrum for μ, the average spectrum; 2) Р spectra of person effects; 3)Р Т spectraТ
of time effects; 4) С spectra of storage temperature effects and a spectrum of С ѕ, the

standard deviation of the noise for each sample. The single spectra of μ and ѕ are

easy to present and study, but the multiple spectra of the effects can be voluminous. 

We summarised them by computing standard deviations of α, β and γ per mass bin.

The fi nal results are a plot of fi ve spectra for each of the performed experiments,

but only shown in fi gure 3. The plot shows that, generally, the standard deviations

increase when the overall mean increases. A simple measure of this relationship

would be the coeffi cient of variation, like ѕ/μ or  ѕα /μ, where ѕα indicates the standard 

deviation of α. Unfortunately, this can provide wildly fl uctuating results when μ is

near zero. Therefore, we computed сѵ = Σѕі μі /Σі μі
2, which is the slope of a regression

line through the origin in a scatter plot of ѕ vs. μ. The summation can be over the

whole mass range; this result is reported as a number in the title of each graph of 

standard deviations for all experiments. In addition, we graphically present CV as

computed in m/z windows 500 Dalton wide.

To investigate the infl uence of the effective bin width on computed CVs, we varied 

the smoothing parameter λ over a large range, artifi cially increasing peak width up 

to fi ve times.

EXPERIMENTS

Reproducibility

In a fi rst set of experiments both the reproducibility of repeated measurements of the 

same eluate and the reproducibility of repeated analysis of the same samples on four 

different days were determined. Serum samples of 8 randomly chosen individuals,

drawn at one time point during the day were used. Each of these serum samples was 

processed only once, and measured 8 times with MALDI-TOF according to the stan-

dard protocol. Additionally, to determine the inter-measurement variation, protein 

profi ling from 4 of the 8 serum samples was performed on 4 consecutive days. In all 

experiments samples were preparated just before each MALDI-TOF measurement.
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Sample handling

To simulate ‘realistic’ logistical factors, the effects of sample handling and storage tem-

perature prior to serum centrifugation on serum protein profi les were studied. Serum 

samples of 4 out of the 16 randomly chosen individuals, all drawn at the same time

point were used for this experiment. From each individual 7 aliquots were stored at

both room temperature and the same number at 4 °C. After a period of 30 minutes, 1

hr, 2, 4, 8, 24 and 48 hours serum samples were processed according to the standard

protocol and protein profi les of all samples were compared for each individual.

Freeze-thaw cycles 

To determine the utility of (archival) serum banking, effects of multiple freeze-thaw 

cycles on serum protein profi les were determined. Serum, drawn at one time point,

of 8 randomly chosen individuals was used. Serum of each individual was divided

into 11 primary aliquots. From each serum sample one aliquot was measured within 

30 minutes after blood collection. The remaining ten sets were immediately frozen 

at -70 °C. Four hours after the initial freezing, all aliquots were removed from the 

freezer. Two aliquots of each sample were left at room temperature and the rest on

ice for approximately 2 hours until completely thawed. Following the fi rst freeze-

thaw cycle, two samples, one thawed on ice and one at room temperature, were

assayed. The remaining sets of aliquots were refrozen at –70 °C for 4 hours. Again 

one sample of each individual was allowed to stand at room temperature and the

rest on ice for 2 hours until completely thawed. Subsequently, two samples were

processed and the rest refrozen. This was repeated after respectively three and four 

freeze-thaw cycles, but all samples were thawed on ice.

Circadian rhythm 

In a last set of experiments, effects of at which moment of the day blood was drawn 

on serum protein profi les were studied by analyzing serum samples of 16 individu-

als, drawn at three different times over the day. All samples were frozen and thawed

once and assayed on one day according to the standard protocol.

RESULTS

The data processing pipeline described above was applied to all our experiments. In a 

preliminary step the infl uence of effective bin width was studied. We found that stron-

ger fi ltering, which corresponds to increasing the effective bin width, broadens peaks in 

both mean and standard deviation spectra, but that the CV did not change much (less 

than 20%). Therefore, the subsequent experiments were analysed with bins of 1 m/z.
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Reproducibility

A test concerning intra-measurement reproducibility was performed by determin-

ing the coeffi cient of variation (CV) over 8 MALDI-TOF spectra for each subject, as 

shown in fi gure 2. The CV of the reproducibility within one measurement was less

than 20% for 6 out of 8 subjects. Subject D2 and D5 showed slightly higher CV’s of 

22% and 29%, respectively.

The inter-measurement reproducibility of 4 serum samples performed on 4 dif-

ferent days is shown in table 1. The range in CV between the spectra within one

individual (14-23%) is similar to the CV between the consecutive days after correc-

tion for differences between individuals (17-26%). However, the variation in spectra

between the 4 consecutive days was minor, with an increase in CV on day 4 - 26% 

(Figure 3).

Sample handling

To establish the effects of serum sample handling, an ANOVA was performed for 

effects of persons, time and temperature and residual variation (Figure 4). After cor-

rection for inter-individual differences and residual standard deviations with ANOVA,

CV between storages at room temperature or at 4 °C was calculated to be 45 and 

50%, respectively. The CV of the samples stored for different periods of time before

centrifugation ranged from 42% to 67% (Table 2). There was no correlation between

the storage time and the coeffi cient of variation. 

Freeze-thaw cycles 

The effects of multiple freeze-thaw cycles on serum protein profi les were deter-

mined for 10 sets with various storage circumstances, as set 5 had to be left out of 

the analysis due to technical problems. Table 3 shows the coeffi cient of variation 

between persons for different freeze-thaw cycles. In fresh serum samples (set 1) the

CV was highest with 64%. With the growing number of hours that serum samples

were stored in the fridge at 4 °C, the CV decreased to a minimum of 24% after 8

Table 1. Coeffi  cient of variation (CV) for inter-measurement reproducibility. The CV was determined over 4 MALDI-TOF spectra of each

individual, all measured at consecutive days.

Subject CV (in %)

F 23

G 20

M 22

R 14



Ch
ap

te
r 3

44

Figure 2.  Intra-measurement reproducibility. The CV was determined over 8 MALDI spectra of each individual, all processed in one run.
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Figure 3. ANOVA for inter-measurement reproducibility. The CV is calculated for spectra that are measured on the same day, after correction for

inter individual diff erences.
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Figure 4. ANOVA of sample handling. From top to bottom: the average spectrum; the variation in spectra due to person’s eff ect; the variation

in spectra due to time eff ects is shown. Finally, the eff ects of storage temperature variation and the standard deviation of the noise for each

sample are presented.



47Reliability of Human Serum Protein Profi les Generated with C8 Magnetic Beads Assisted MALDI-TOF Mass Spectrometry

hours. The number of freeze-thaw cycles had no infl uence on the CV. All CV of sets 

6 to 11 were smaller than 28%, with exception of set 7 (thawed at room temperature 

after one cycle) with a CV of 39%.

To get an impression of the patterns of change with freeze-thaw cycles, we applied

the following procedure to each of the 8 subjects: 1) selected the 8 spectra of the 

reference set spectra; 2) subtracted these reference spectra from the individual spec-

tra of all sets; 3) regressed (per spectrum) the absolute value of the corresponding 

reference spectrum, to calculate a CV. The so computed CVs are presented in fi gure

Table 2. Coeffi  cient of variation (CV) between storage times of venous blood before serum centrifugation, regardless the temperature of storage

Storage time CV (in %)

30 min 52

1 hr 42

2 hrs 63

4 hrs 53

8 hrs 49

24 hrs 52

48 hrs 67

Table 3. Coeffi  cient of variation (CV) between persons per freeze-thaw set. Each set consisted of serum samples of 8 subjects. Each set was

stored under diff erent circumstances, namely after none or 1 to 4 freeze-thaw cycles.  Sets 1 to 4 were not frozen at all, but stored at 4 ° C during

diff erent periods of time.

Set No freeze-thaw cycles Temp CV (in %)

1 0 21 ° C 64

2 0 (2 hrs) 4 ° C 40

3 0 (4 hrs) 4 ° C 39

4 0 (8 hrs) 4 ° C 24

6 1 on ice 26

7 1 21 ° C 39

8 2 on ice 28

9 2 21 ° C 25

10 3 on ice 28

11 4 on ice 28
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5. Generally, all 8 subjects showed the same patterns per reference set, with one or 

two outliers. In contrast to the other reference sets, 6 showed a continuous increase

in CV per extra set. Between the reference sets 7 and 10, the patterns became more

identical and the CV was decreased over all sets. In set 11, the variation between the

subjects increased, became more variable.

Circadian rhythm 

The effect of time variation of blood drawing on serum protein profi les is shown 

in table 4. Spectra in set 1, collected at 8 a.m. when subjects were fasting, showed 

a CV between the 8 individuals of 51%. Set 2, collected half an hour after lunch, 

and set 3, drawn at the end of the afternoon, non-fasting, resulted in 44% and 55%, 

respectively. No large difference in CV was found between the three sets.

Figure 5. Coeffi  cient of variation between the samples of one reference set and set 6 to 11. On the Y-axis the CV is stated . The sets of the freeze-

thaw experiment, as described in table 3, are represented on the X-axis.
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DISCUSSION

So far, in a limited number of studies, proteomics-based approaches have shown

promising results for the generation of diagnostic profi les in serum. Substantial at-

tention was given to analyze low molecular weight protein patterns from easy-

accessible body fl uids. To qualify as a future diagnostic test, the entire procedure 

of protein profi ling should be easy to use, robust, reproducible and affordable.[15] 

High-throughput will also be essential for embedding protein profi ling in the clinical

setting. The use of fractionation protocols, such as reversed phase magnetic beads, 

to reduce the complexity of biological samples in MALDI-TOF is needed to avoid sig-

nal suppression effects.[20] Therefore, direct analysis of serum is not feasible. In this 

study we have chosen to use the increasingly accepted C8 magnetic bead capturing

technique, taking into consideration that only a small fraction of proteins, from the

potential ten thousands of proteins and peptides in human serum can be analysed

with this approach. In future studies we will evaluate capturing techniques with 

different functionalities. In our MALDI-TOF experiments we obtained ‘rich’ mass 

spectra, containing many peaks and showing much detail. Our novel data processing

pipeline proved to be an effective tool for quality assessment. Baseline correction,

binning and fi ltering provided uniformly structured data in which most typical arte-

facts had been removed. The ANOVA algorithm separates the sources of variation 

and provides easily understood numerical summaries of their relative strength.

There is much room for further improvement and refi nement. Calibration of the

spectra is now based on the median over the domain of interest (1500 to 10,000 

Dalton). This is a natural, but rather arbitrary choice. It would be attractive if stable 

areas in spectra could be located on which to base calibration, or if a reliable spiking

procedure was available. 

The ANOVA assumed an additive model for the spectral intensities, which is ac-

ceptable to compare the relative infl uence of logistical factors. However, one could

argue that a multiplicative model might hold as well, or perhaps even better. It is not

possible to simply take logarithms and replicate the ANOVA, as many mass channels

Table 4. Coeffi  cient of variation (CV) between individuals per time point of blood collection. Each set consists of serum samples of 16 subjects,

all drawn at time point as indicated in the table.

Set Time of blood drawing Fasting CV

1 8-9 a.m. Yes 0.51

2 13-14 p.m. No 0.44

3 18-19 p.m. No 0.55
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contain negative numbers after baseline correction, caused by noise. A threshold 

may solve this problem, but overall coeffi cients of variation depend on the level of 

this threshold. 

We have analysed the data in the form of binned spectra. An alternative approach

is to detect individual peaks and analyze peak lists.[21;22] For our purpose, quanti-

fi cation of the reproducibility and of the effects of logistical factors, this would offer 

no advantages. The experiments with increased smoothing showed only a small

infl uence of the effective bin width on the CV. In a peak list, each peak acts like

one ‘bin’ representing a group of highly correlated intensities around it. Whether 

we compute a local coeffi cient of variation by averaging over these individual in-

tensities or over a smaller set of representative peak heights makes little difference.

A disadvantage of peak lists is the need for fi nding complete lists for all spectra,

because missing peaks complicate the ANOVA. Furthermore, we used the Whittaker 

smoother to remove noise and in baseline removal.[18] Compared to wavelets, it has

the following advantages: one has continuous control over smoothness and one very 

short Matlab function does all the work, eliminating any need for toolboxes.[22]

With the employed statistical data analysis the intra-measurement experiments

showed a good reproducibility. It is generally accepted that factors like matrix com-

position and ionisation suppression infl uence the quality of the MALDI spectra,

which in turn will always result in a certain degree of variance in intensity of the

generated spectra. This phenomenon can be seen in spectra of subject D5. All spec-

tra of this individual were of inferior quality, possibly due to ionisation suppression 

or poor matrix solvent composition.[23] Ion suppression results from the presence

of less volatile compounds that can change the effi ciency of droplet formation or 

droplet evaporation. This in turn affects the amount of charged ion in the gas phase 

that ultimately reaches the detector and may result in lower quality spectra.[24;25] To 

minimize these infl uences, we used HCCA as a matrix and each sample was spotted

four times. However, differences in ionisation rate and thus in peak intensity are 

intrinsic to the technique and have to be accounted for in the statistical analysis.

The inter-measurement reproducibility within one individual corresponded to the 

intra-measurement reproducibility for all 4 individuals. However, there seems to be 

a very small but acceptable day-to-day variation between the different experiments.

Therefore, we recommend performing all experiments on one day or to correct for 

day-to-day variation. To further enhance intra and inter-measurement reproducibility 

application of robotics for sample processing is recommended. Indeed, implementa-

tion of an automated procedure on an 8-channel Hamilton STAR® pipetting robot 

(Hamilton, Martinsried, Germany) did result in a further reduction of the CV (data 

not shown).
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Ultimately, it might be advisable to include a synthetic peptide mix in the gener-

ated spectra for external calibration. In larger profi ling studies, batch effects should 

be taken into account in the design of the study.

Moreover, it is interesting to speculate on the potential discriminating power of 

MALDI spectra. In the reproducibility experiment we found the overall CV of the er-

ror to be 0.18 and that of the person effect 0.33. This can be expressed as a reliability 

coeffi cient r = 0.332/(0.332 + 0.182) = 77%. This indicates that nearly 80% of variation 

in spectra is related to differences between persons. This is not a percentage that in-

dicates that on the basis of whole spectra discrimination between individual spectra 

will be possible. The graphs of CV as computed for windows of 500 Dalton show 

strong variations, suggesting that better discrimination could in principle be achieved

by using selected parts of the m/z domain. Of course, our data were generated from 

healthy volunteers, so it remains to be determined how much spectra will differ 

between healthy and diseased persons.

In this study the largest effect was observed for sample handling conditions. There

was no correlation between the increasing number of hours before centrifugation 

and the variation between the serum protein profi les, but the overall variation was

larger. This would already justify acceptance of a certain time range after blood

collection and before centrifugation. Furthermore it is unlikely that in a hospital’s 

daily practice this factor could be rigorously standardised. Thus, although a standard 

time period would be ideal, we accept a delay of 0-4 hours between the moment of 

blood collection and serum centrifugation. In view of the fact that there was no large

difference between the storage temperatures and logistical factors, leaving all blood 

samples to stand at room temperature before centrifugation seems justifi ed.

The effect of increasing numbers of freeze-thaw cycles was small and consistent, 

with the exception of set 7, in which serum samples were thawed only once at room 

temperature. The coeffi cient of variation in this set was larger than in all other sets,

as shown in table 3. This might be explained by the fact that protein degradation oc-

curs sooner at room temperature, as also demonstrated in sets 2-4. This phenomenon 

might be explained by proteolytic activity and the fact that hydrophobic interactions

are strengthened, while with increasing temperature the hydrogen bonding is weak-

ened and the electrostatic interactions are not changed due to its entropic origin.[26]

Whereas the range in coeffi cients of variation between increasing numbers of freezes

and thaw cycles is small, fresh serum samples provided the largest variation between

persons, almost double in comparison to other sets. Furthermore, in fresh serum 

samples the number of peaks observed was less than 50, as also reported by other 

groups.[15;27] We suggest that in this early stage of defi ning optimal parameters/

conditions for serum pattern diagnostics the use of fresh serum samples is better 

avoided. This seems contradictory, as proteolytic activity after thawing implicates a
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loss of proteins and peptides and thus of information. However, on the condition 

that all samples are treated according to a standard protocol, this would not be criti-

cal for a black box approach. Thus it would seem that the use of archival material

is safe with respect to the effect of freezing and thawing; nevertheless it remains

of paramount importance that the entire sample handling and storage procedure is

standardised. Based on the fact that the coeffi cient of inter-group variation in refer-

ence set 8 is lower than in the other sets (Figure 5), we prefer to use serum samples

for further studies, which have undergone two freeze-thaw cycles. Moreover, our 

choice is mainly rooted in practical and logistical reasons, as in many large hospitals; 

sample collection is centralised in the clinical chemical laboratory.

With only minimal variation observed between protein profi les from samples col-

lected at three different time points over the day, circadian rhythm seems to have

limited effect on individual serum protein profi les. This is an encouraging fact, as

blood samples can be collected all over the day, which increases the future appli-

cability of serum protein profi ling in the clinic. Furthermore, there is no indication 

that fasting has any infl uence on serum protein profi les, which also facilitates future

clinical use.

All together, we have presented a method to assess the reproducibility of a protein

profi ling procedure using a high-end MALDI-TOF. Our appliance of ANOVA over 

the mean spectra allowed analysis of the effects of handling and storage procedures

on serum protein profi les. The results from this study stress the importance of a 

standardised collection of all blood samples, from the moment of sample handling 

and storage until freezing the samples in order to prevent bias in classifi cation stud-

ies. Although the importance of homogeneity and uniformity within sample groups 

must be stressed, variation of such factors can not totally be excluded in a clinical

setting. The most important issues for discriminating studies at this moment are a

standardised and well-documented sample collection and a thorough study design. 

Based on the present data and those of Villanueva et al.[15], we feel that the method-

ology can be standardised to a level which allows application as a tool in biomarker 

discovery. Although it remains to be seen whether actual biomarkers can reliably be

identifi ed with the current technique, we are now in the process of carrying out a 

study to determine whether serum protein profi les can differentiate colorectal cancer 

patients from individuals with benign bowel disorders and healthy subjects. To this 

end and to facilitate high-throughput studies, we developed an automated platform 

for our capturing technique with C8 magnetic beads with reverse-phase based func-

tionality and we used the MS instrument’s AutoXecute function to further enhance

reproducibility (data not shown). In addition to large clinical studies as mentioned 

above, such a platform would also be valuable for more large-scale studies as e.g. 

inter group variance (cases versus controls) under different experimental setups.
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