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Assessment by Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry of the Effects of
Preanalytical Variables on Serum Peptidome Profiles
Following Long-Term Sample Storage
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Purpose: Human serum and plasma are often used as clinical specimens in
proteomics analyses, and peptidome profiling of human serum is a promising
tool for identifying novel disease-associated biomarkers. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is
widely used for peptidomic biomarker discovery. Careful sample collection
and handling are required as either can have a profound impact on serum
peptidome patterns, yet the effects of preanalytical variables on serum
peptidome profiles have not been completely elucidated. The present study
investigated the effects of preanalytical variables, including storage
temperature, duration (up to 12 months), and thawing methods, on
MALDI-TOF MS-based serum peptidome patterns.
Experimental design: Aliquots of serum samples were pretreated with weak
cation exchanger magnetic beads using an automated ClinProtRobot system
and then analyzed by MALDI-TOF MS.
Results: A number of significant differences in peak intensities were observed
depending on sample processing variables.
Conclusions and clinical relevance: These peaks can be used as sample
quality markers to assess the effects of long-term storage on serum
peptidome profiles using MALDI-TOF MS.
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1. Introduction

Protein and peptide biomarker discovery
is a major interest in proteome research,
and profiling methods based on matrix-
assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass
spectrometry (MS) analysis of serum
samples are promising tools in this
area.[1–3] Previously, we applied au-
tomation and robotics to the ClinProt
MALDI-TOF MS system and detected
novel biomarkers in serum samples
for multiple sclerosis, alcohol abuse,
chronic thromboembolic pulmonary hy-
pertension, and early gastric cancer.[4–7]

Sample collection and handling pro-
cedures can have a profound impact on
the serum proteome, and we previously
demonstrated that the time between
venipuncture and serum preparation
affected serum peptidome patterns.[8]

To minimize the possible degradation
of serum proteins, serum samples
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Clinical Relevance

This study aimed to assess the long-term (up to 12months)
effects of sample storageunder various conditions andalso
theways to freeze samples on serumpeptidomepatternsusing
MALDI-TOFMS. The resultsmayhave clinical relevance for di-
agnostic biomarker discovery using stored clinical specimens.
Basedonour results, wewould recommend touse samples
stored at−80 °Cor in liquid nitrogen insteadof those stored
at−20 °C for biomarker discovery study targeting serumpep-
tides. In termsof biobank study inwhich clinical specimens
are going to be stored for years, it remains to be clarifiedwhich
storage condition ismost appropriate.Whenweuse serum
specimens that are stored frozen for peptidomic analysis, the
manner inwhich the specimen is thawedmay affect the results.
The results of this study indicate that therewasnodifference in
the relative intensity of eachpeakbetween samples thawedon
ice, at room temperature, or at 37 °Cwhen stored for 3, 6, or 12
months at−80 °Cor in liquid nitrogen.

should be frozen at the coldest possible temperature, particularly
if they are to be stored for an extended period.[9–11]

Standardizing preanalytical serum sample procedures can pre-
vent marked variations in serum proteome profiling. However,
despite obvious discrepancies between reports evaluating pro-
tein profiling using MALDI-TOF MS, only a few studies have
focused on the effect of preanalytical conditions when profiling
low-molecular-weight serum proteins.[12–14]

Previous studies have only investigated relatively short-term
storage (up to 3 months). Serum samples might be stored at
−20 °C instead of −80 °C, yet it remains unclear how the serum
proteome and peptidome patterns of serum samples stored for
up to 12 months at −20 °C differ from those stored at −80 °C.
Moreover, the appropriate conditions for long-term storage

and processing of serum samples for peptidome analysis have
not been fully established.
The number of long-term biobanks has recently increased.[15,16]

Biobanking is important for long-term clinical patient follow-
up.[15,16] Biobanks store body fluids, such as blood, saliva, urine,
and cerebrospinal fluid (CSF), for long periods and are essen-
tial for biological and biomedical research and for laboratory
diagnostics.[14,15] Serum samples stored in biobanks are often
used in multiple serological or high-throughput proteomic com-
parative case–control studies.[17,18] Successful long-term storage
of a serum sample depends on quality control and assurance.[19,20]

The aim of this study was to assess the long-term (up to 12
months) effects of preanalytical variables, specifically, the effect
of storage temperature and duration on serum peptidome pat-
terns within frozen samples as assessed by MALDI-TOF MS.
Three different storage temperatures were compared: −20 °C,
−80 °C, and −196 °C (liquid nitrogen). In addition, we assessed
how thawing conditions alter the serum peptidome profiles of
the samples. Aliquots of the variously frozen, stored, and thawed
serum samples were further characterized by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis,
followed by densitometry estimation.

2. Experimental Section

2.1. Samples and Handling Procedures

Venous blood samples were obtained from eight apparently
healthy volunteers (four males, four females) with a mean age
of 34.5 ± 5.9 years. All volunteers provided informed con-
sent before participation in this study. Whole blood samples
were collected in Vacutainer tubes containing SiO2 as a coag-
ulation enhancer, left at room temperature for 30 min, and
then centrifuged at 1200 × g for 15 min at 4 °C to obtain
serum. The serum samples were frozen in liquid nitrogen,
then stored at −20 °C, −80 °C, or in liquid nitrogen until
analysis.

2.2. Magnetic Bead Serum Sample Preparation for the
MALDI-TOF MS ClinProt System

We used weak cation exchange (WCX) magnetic beads (Bruker
Daltonics GmbH, Bremen, Germany) and a ClinProtRobot au-
tomatic robot (Bruker Daltonics) to fractionate the serum pep-
tidomes according to the manufacturer’s protocol. Parathyroid
hormone (MW 3718) and muscarinic toxin 1 (MW 7509) syn-
thetic peptides were purchased from Peptide Institute, Inc.
(Osaka, Japan). Ten microliters of parathyroid hormone peptide
and muscarinic toxin 1 peptide solution (5 pmol μL−1 parathy-
roid hormone peptide, and 25 pmol μL−1 muscarinic toxin 1
peptide) and 10 μL WCX binding solution were added to 5 μL
serum. A 25 μL aliquot of this serum sample was mixed with
5 μL of WCX magnetic beads. The unbound fraction was sepa-
rated from the beads using a magnetic bead separator and the
beads were washed three times with 100 μL of wash buffer.
Proteins and peptides were eluted from the magnetic beads us-
ing 10 μL each of an elution solution and a stabilization solu-
tion. Then, 1 μL of the peptide eluate was mixed with 10 μL of
2-cyano-4-hydroxycinnamic acid matrix (Bruker Daltonics) and
0.8 μL of the mixture was spotted onto an AnchorChip target
plate (Bruker Daltonics) and crystallized. Each sample was pre-
pared in duplicate and four replicate spots were made from each
elution, resulting in eight spots per sample. The eight spec-
tra obtained were averaged for data analysis. Bead fractiona-
tion and sample spotting were performed automatically using
the ClinProtRobot.

2.3. MALDI-TOF MS

The AnchorChip target plate was placed in an Autoflex II
TOF/TOF mass spectrometer (Bruker Daltonics) controlled by
Flexcontrol 2.4 software (Bruker Daltonics). The instrument has
a 337 nm nitrogen laser, delayed-extraction electronics, and a
25 Hz digitizer and was externally calibrated using standard pro-
cedures. All acquisitions were obtained in LIFT mode using an
automated acquisition method included in the instrument soft-
ware and based on averaging 1000 randomized shots. The acqui-
sition laser power was set between 20 and 35%. Spectra were ac-
quired in positive linear mode in the mass range 600–10 000 Da.
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Peak clusters were completed using the second pass peak section
(signal to noise ratio >5).
The relative peak intensities (normalized to a total ion cur-

rent of between 1000 and 10 000 m/z) were expressed as arbi-
trary units. All measurements were performed using ClinPro-
Tools software 3.0 (Bruker Daltonics).
Five hundred laser shots from a total of 3000 laser shots were

summed. The averagedMALDI-MS/MS spectrumwas subjected
to a database search via theMascot (Matrix Science, UK) database
search engine using the search parameters: no enzyme speci-
ficity, 25 ppm mass tolerance for the parent mass, and 0.2 Da
for the fragment masses. No fixed or variable modifications were
selected. The NCBInr database was used for the search.

2.4. Data Analysis

2.4.1. Conventional Method (Total Ion Current Method)

The relative peak intensities ofm/z 1000–10 000 normalized to a
total ion current were expressed as arbitrary units. All measure-
ments were performed using ClinProTools software 3.0 (Bruker
Daltonics GmbH).

2.4.2. Assessment of the Ratio of the Peak Intensities Using Two
Peptides as an Internal Standard for MALDI-TOF MS

We used FlexAnalysis software 3.0 to perform baseline correc-
tion and smoothing. The peak intensities of serum spectra were
obtained from the ratio of the peak intensity of serum to the
peak intensity of two synthetic peptides.MS spectra ranging from
m/z 600 to 10 000 obtained by quantifying peak intensities in
the mass spectra of serum were obtained by mixing two syn-
thetic peptides (parathyroid hormone and muscarinic toxin 1)
into each sample. Assessment of the ratio of the peak intensity of
MS spectra to the peak intensity of parathyroid hormone (MW,
3718) ranged from m/z 600 to 5999. The ratio of the peak in-
tensity of MS spectra to the peak intensity of muscarinic toxin
1 peptides (MW, 7509) ranged fromm/z 6000 to 10 000. We con-
firmed the number of MS peaks and peak conformance for 34
identified MS peaks, among all peaks at day 0, using peak pick-
ing. We made a list of the 34 MS peaks, among all peaks at day 0
(Figure 1). This process allowed us to evaluate the intensity of 34
MSpeaks, among all observed peaks, following long-term sample
storage.

2.5. SDS-PAGE Analysis

SDS-PAGE analysis was conducted on 0.5μL serum samples dis-
solved in PAGE sample buffer (50 mM tris-HCL, pH 6.8 con-
taining 50 mM dithiothreitol, 0.5% SDS, 10% glycerol) accord-
ing to the equipment manufacturer’s protocol (DRC Co., Ltd.,
Tokyo, Japan). The gel was stained with silver nitrate (Daiichi
Pure Chemicals Co., Ltd., Tokyo, Japan) or Coomassie brilliant
blue (CBB) (GEHealthcare, Little Chalfont, UK), then the gel im-
age was converted to a densitogram using Scion Image.

Experimental workflow

MALDI-TOF-MS 

Serum 5 µL  

WCX beads treatment

Parathyroid Hormone pep�de and Muscarinic Toxin 1 pep�de in 1% CHAPS
(Internal standardiza�on)

Calibra�on by Parathyroid Hormone and Muscarinic Toxin 1 pep�de 

Binding Solu�on 10 µL +  WCX beads 10 µL 

Smoothing 

Baseline correc�on 

Peak picking

Peak list

Spectrum

Figure 1. Experimental workflow for assessing the effect of preanalytical
variables on serum peptidome profiling by MALDI-TOF MS.

2.6. Statistical Analysis

Relative peak intensity levels between groups were compared
using the nonparametric Mann–Whitney U-test and Kruskal–
Wallis test with the Dwass–Steel–Critchlow–Fligner method. In
all cases, p < 0.05 was considered statistically significant.

3. Results

3.1. Preparation of Internal Standards for MALDI-TOF MS

The automated and robotic ClinProt system was used to evalu-
ate the effects of long-term storage parameters on the MS pat-
terns of serum peptides (Figure 1). First, internal standards were
prepared because peak intensities in mass spectra do not always
reflect peptide concentrations in samples because of competition
during the binding steps and variations in ionization efficiency. A
stable isotope-labeled internal standard dilutionmethod is prefer-
able to ensure accurate quantification of each peak in MALDI-
TOF MS[21] and thus absolute quantification of the peak intensi-
ties in the mass spectra of serum were obtained by mixing two
synthetic peptides (parathyroid hormone and muscarinic toxin
1) into each sample (Figure 2). The within-run reproducibility
of eight replicates was assessed. In preliminary experiments, the
within-run reproducibility coefficients of variation (CV) for the
mass spectra of the parathyroid hormone and muscarinic toxin
1 peptides was low (2.5 and 2.7%, respectively), indicating that
these synthetic peptides can be used as internal standards for ac-
curate quantitation.

3.2. Evaluation of the Effects of Long-Term Storage on the MS
Patterns of Serum Peptides

The effects of serum storage temperature (−20 °C, −80 °C, or in
liquid nitrogen) and storage duration (3, 6, or 12 months) on the
MS patterns of serum peptides were evaluated. The number of
peaks detected using the ClinProt system did not differ between
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Figure 2. A) Representative spectrum of serum proteins and peptides obtained using ClinProt MALDI-TOF MS. The relative peak intensities of m/z
1000–10 000 normalized to a total ion current were expressed as arbitrary units. All measurements were performed using ClinProTools software 3.0
(Bruker Daltonics). B) Representative spectrum of serum proteins and peptides obtained using ClinProt MALDI-TOF MS spiked with (a) parathyroid
hormone (MW, 3718) or (b) muscarinic toxin 1 (MW, 7509). Serum samples were collected from healthy volunteers.

samples stored at the three temperatures and for the different
durations.
The MS patterns at day 0 were compared with those of the

same donor serum sample after storage for 3, 6, and 12 months.
After long-term storage, 34 peaks with peculiar peak patterns
were further evaluated (Figure 2, Figure 3 and Table 1). Follow-
ing storage at−20 °C for 3 months, the intensities of the peaks at
m/z 793, 905, 1686, 1774, 1861, 2021, 4462, 5332, 6626, 7761, and
9284 were significantly increased (Table 1 and Figure 4) whereas
the intensities of the peaks at m/z 1938, 3877, 3947, 4086, 4205,
and 5901 were significantly decreased (p < 0.05) (Table 1 and
Figure 4).
After storage at −20 °C for 6 months, the intensities of the

peaks at m/z 1445, 4780, 8120, and 8928 were significantly in-
creased (p < 0.05) (Table 1) while the intensities of the peak at
m/z 4638 was significantly decreased (p < 0.05) (Table 1), and

samples stored at −20 °C for 12 months provided peaks at m/z
2655, 2763, 2928, 3186, and 3258 whose intensities were signif-
icantly decreased (p < 0.05) (Table 1). In contrast, there were
no differences in the detected MS patterns of samples stored at
−80 °C or in liquid nitrogen for 3, 6, or 12 months (Table 1).
These results indicate that the peak patterns remain unchanged
for samples stored at −80 °C or in liquid nitrogen, whereas the
intensities of as many as 20 MS peaks changed markedly during
storage at −20 °C (Table 1).
We also assessed whether thawing conditions alter the relative

intensities of serum peptide peaks. Samples stored at −80 °C
or in liquid nitrogen for 3, 6, or 12 months were thawed us-
ing three conditions: kept on ice, at room temperature (around
25 °C), or in a 37 °C water bath. Thirty four MS peaks in day 0
aliquots were compared with aliquots of the same sample after 3,
6, and 12 months storage. There was no difference in the relative
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Figure 3. Comparison ofMS patterns of serum peptide samples following long-term storage (12months) at−20 °C (A) and−80 °C (B). TheMS patterns
at day 0 were compared with those after each storage period. In panel (A) the up arrow (↑) represents significantly increased peak, and the down arrow
(↓) represents significantly decreased peak.

intensity of each peak between samples thawed on ice, at room
temperature, or at 37 °C when stored for 3, 6, or 12 months at
−80 °C or in liquid nitrogen (Supporting Information, Figure 1).

3.3. Comparison of Proteome Profiles Obtained by SDS-PAGE
and with Densitometry in Serum Samples Stored at Different
Conditions

Serum proteome analysis by SDS-PAGE with densitometry was
used to compare the effects of long-term storage (12 months) at
−20 °C and−80 °C; the results showed no significant differences
in protein profiles as assessed by SDS-PAGE (Figure 5A,B) or by
densitometric analysis (Figure 5C; each peak corresponds to one
protein SDS band).

4. Discussion

Serum peptide pattern analysis is a promising tool for identi-
fying new disease-associated biomarkers.[22,23] MALDI-TOF MS
can be used to generate profiles of low-molecular-weight peptides
in clinical samples, including serum and CSF. Appropriate sam-
ple handling, however, is mandatory to obtain reproducible and
proper results. Indeed, Del Boccio et al. reported a case in which
a false conclusion was reached in a biomarker discovery investi-
gation for multiple sclerosis because of inappropriate CSF stor-
age conditions.[24] Peak intensities in mass spectra, however, do
not always reflect the true concentrations of proteins and pep-
tides in samples due to variations in ionization efficiency. Impor-
tant preanalytical variables include patient status such as fasted
or postprandial, collection devices, processing time, storage tem-
perature, and freeze–thaw cycles. Marko-Varga et al. provided
recommendations for standardizing the collection, processing,
storage, and quality control of samples for long-term storage,
and Hsieh et al. reported that low-molecular-weight serum pro-
teome components are affected by sampling, handling, and

storage, withmost changes resulting from inconsistent sampling
procedures.[14,25]

Several previous studies used MALDI-TOF MS to assess the
preanalytical stability of serum proteomes subjected to differ-
ent storage conditions[12–14] for a maximum period of 3 months.
There is little clear information regarding how low-molecular-
weight peptides in serum are affected by long-term storage.
Therefore, in the present study, we tested the effects of long-term
storage for up to 12 months on serum proteome and peptidome
profiles. Furthermore, to date there have been no detailed investi-
gations into how the proteome and peptidome patterns of serum
samples stored at−20 °C differ from those stored at−80 °C. It is
not uncommon for frozen serum samples to be stored at−20 °C
instead of −80 °C in Japan and thus we focused on the effect of
storage at −20 °C and −80 °C, as well as in liquid nitrogen, for
a period of 12 months. Moreover, we quantitatively analyzed the
peak intensities of peptides in the serum samples using two syn-
thetic peptides (parathyroid hormone and muscarinic toxin 1) as
internal standards for MALDI-TOF MS analysis. The results of
this study suggest that serum peptidome patterns obtained by
MALDI-TOF MS are affected by sample freezing and long-term
storage conditions.
In this study, internal standards were first prepared (Figures 1

and 2). The MALDI-TOF MS system provided reproducible pro-
files of low-molecular-weight peptides in serum. The peak in-
tensities in mass spectra do not always reflect the real amounts
of serum peptides in samples due to the competition during
binding steps and variations in ionization efficiency. The sta-
ble isotope-labeled peptide standard dilution method is prefer-
able for accurate quantitation of a particular MALDI-TOF MS
peak, as we previously reported.[21] However, the major purpose
of the present study was to assess changes in the number of
peaks after long-term storage. In the present study, we conducted
serum peptidome profiling rather than absolute quantification of
a single peak. Protein or peptide profiling by MALDI-TOF MS is
not necessarily reproducible[26] and we need appropriate internal
standards to evaluate the intensity of each MS peak. We believe
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Table 1. Comparative peptidome analyses of serum samples stored at −20 °C, −80 °C, or in liquid nitrogen for 3, 6, or 12 months.

The MS patterns at day 0 were compared with those after each storage period. A heatmap of the ratios was produced to show the peak intensity of the serum sample to the
peak intensity of the parathyroid hormone or muscarinic toxin 1 internal standard. Statistical significance of peak intensity in MALDI-TOF MS analysis was determined using
Kruskal–Wallis test with the Dwass–Steel–Critchlow–Fligner method. We performed multiple testing adjustment. p values of <0.05 were considered statistically significant.
Color scale bar: maximum value = 6; minimum value = 0.01.
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Figure 4. Comparative peptidome analyses of serum samples stored at −20 °C, −80 °C, or in liquid nitrogen, for 3, 6, or 12 months. MS patterns at day
0 were compared with those after each storage period. Presented ratios show the peak intensity of the serum sample, relative to that of the 3718 m/z
parathyroid hormone, or that of the m/z 7509 muscarinic toxin 1 internal standards. Results are presented as a spaghetti plot., and show that freezing
methods (−20 °C) dramatically affected MS peaks for storage times >3 months. A Kruskal–Wallis test, followed by Dwass–Steel–Critchlow–Fligner for
multiple comparisons, was used to investigate statistical significance for peak intensities in the MALDI-TOFMS analysis. We performed multiple testing
adjustments. *p < 0.05 was considered statistically significant.

that it is not possible to assess all peaks using only one specific
stable-isotope peptide as internal standard. Therefore, we tried to
use some standard peptides as internal standards. Representative
serum peptidome profile using a magnetic bead serum sample
preparation for the ClinProt MALDI-TOF MS system is shown
in Figure 2A. It is obvious that very few MS peaks were seen at
m/z between 3000 and 4000 and also between 7000 and 8000. We
then obtained several peptides the molecular weights of which is
either between 3000 and 4000 or between 7000 and 8000 as can-
didates for internal standard peptides.
Among these candidate peptides, the within-run reproducibil-

ity (CV) for MS peak of the parathyroid hormone and mus-
carinic toxin 1 peptides, was 2.5 and 2.7%, respectively and
were smaller than those of the four other peptides. Moreover, ei-
ther double or triple MS peaks/peptides were observed in other
peptides, whereas parathyroid hormone and muscarinic toxin
showed sharp single MS peaks/peptides (Supporting Informa-
tion, Figure 2). Based on these results, we decided to use parathy-
roid hormone and muscarinic toxin 1 peptides as internal stan-
dards. Parathyroid hormone was used as an internal standard for
m/z 600–5999 and muscarinic toxin 1 was for m/z 6000–10 000.
Water freezes at 0 °C; however, in the presence of NaCl, the

freezing point of water is lower at approximately −21 °C, known
as the eutectic temperature.[27,28] This means that at −20 °C, wa-
ter is not completely frozen if it containsNaCl. On the other hand,
serum samples stored at −80 °C or in liquid nitrogen would

have almost no liquid water; therefore, no hydrolysis would oc-
cur within 3 months.[29] Consequently, no differences were de-
tected in the MS patterns of samples stored at −80 °C or in liq-
uid nitrogen for 3 months (Table 1). In contrast, the presence of
a small amount of water could be sufficient to promote hydrol-
ysis, even at −20 °C for 3 months. In the present study, the in-
tensities of 11 peaks were significantly increased, and those of
6 peaks were significantly decreased (p < 0.05) (Table 1). Crys-
talized water enlarges and shrinks in response to changes in
temperature. Ice crystals can affect the 3D structure of proteins,
and such changes could have caused the denaturation observed
in the serum samples stored for >3 months. Increased dura-
tion of storage at higher temperatures decreased the stability of
the serum proteome. Hsieh et al. have shown that serum stored
at 4 °C for 48 or 96 h exhibits significant changes in profile;
however, serum stored at −80 °C for 3 months exhibits mini-
mal changes in profile.[14] Using SELDI-TOF, serum storage at
room temperature and at 4 °C for >2 months caused multiple
peak differences.[14] The effects of short-term storage of serum
and storage temperature were studied. Only minimal changes
were observed in samples stored at room temperature within
the first 4–6 h, whereas changes became observable after 8 h,
particularly for peaks with m/z of approximately 3000. Hsieh
et al. compared the proteomes of fresh serum samples with those
stored at −80 °C for 1 and 3 months.[14] They noted only min-
imal changes using magnetic bead-based MALDI-TOF MS.[14]
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Figure 5. SDS-PAGE with densitometric analysis of serum sample storage conditions. SDS-PAGE patterns were visualized with (A) CBB or (B) silver
staining. C) The results of densitometric analysis of the gels. Each peak corresponds to one protein band. Samples frozen at −20 °C and −80 °C were
compared. The effects of temperature on long-term storage (12 months) were also assessed.

Rai et al. and Marshall et al. also reported similar results.[30,31]

In this study, we also found that storage temperature had an im-
portant effect on serum protein profiles and that serum storage
for 3months at−80 °C preservedmore serum proteins than stor-
age at−20 °C. Interestingly, Willemse et al. investigated evapora-
tion of various body fluids at different storage temperatures and
storage durations.[32] Serum samples were stored at different vol-
umes (50, 250, 500, and 1000 μL) and at different temperatures
(−80 °C, −20 °C, 4 °C, and room temperature) for 2 years.[32]

Serum storage at −80 °C or −20 °C protected serum samples
from evaporation for >2 years.[32] Therefore, it is unlikely that
evaporation affected the serum samples used for MS profiling af-
ter storage at −20 °C for 3 months. However, it is important to
note that serum contains a large number of soluble molecules,
including many proteins that have varied stabilities.
Cryopreservation and freeze drying are themost common stor-

age methods for serum samples. For cryopreserved samples, the

materials are stored at approximately −20 °C or −80 °C in freez-
ers or at −196 °C in liquid nitrogen, which is the ideal storage
temperature.West-Nielsen et al. reported that for short-term stor-
age, such as 7–14 d, it is advantageous to store samples at−80 °C
rather than at −20 °C.[17] Serum stored at 4 °C for 48 or 96 h
showed significant profile changes, while serum stored at−80 °C
for 3months showedminimal profile changes.[14] Samples stored
at −20 °C might contain liquid water, which could promote hy-
drolysis. Seifarth et al. concluded that if long-term storage is nec-
essary, samples should be stored at −78 °C and must be thawed
quickly.[33] However, in our hands thawing conditions did not sig-
nificantly influence serum pepitome patterns (Supporting Infor-
mation, Figure 1). Samples stored at −80 °C have almost no liq-
uid water, thereby preventing hydrolysis.[29] In this study, serum
stored at−20 °C for 3months showed significant profile changes,
while serum stored at −80 °C or in liquid nitrogen for 3 months
showed minimal profile changes (Figure 5). These results
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indicate that the storage temperature has a significant influence
on the quality of serum proteins and may be important for sam-
ples stored for long periods. The influence of storage temperature
on the stability of serum samples was analyzed by MALDI-TOF
MS.
The results of this study showed significant differences in

spectra at m/z 2022, 5901, 6626, 7760, and 9284 when stored at
−20 °C for 3 months (Table 1). These spectra were submitted
to a database search and the following peptides were identified:
m/z 5901 (fibrinogen Aa chain), 6626 (apolipoprotein C-II), 7761
(apolipoprotein C-I), 9284 (connective tissue-activating peptide
III [CTAP-III]), and 2021 (complement C3f fragment) (Support-
ing Information, Table 1). Fibrinogen Aa chain, apoC-I, apoC-
II, CTAP-III are reported to be involved in a variety of human
diseases.
ApoC circulates in the blood as a component of chylomicrons,

high-density lipoproteins, and very-low-density lipoproteins,[34,35]

and participates in the metabolism of lipoprotein particles.[34,35]

Furthermore, apoC-I is the activator of lecithin-cholesterol acyl-
transferase, and overexpression of apoC-I results in increased
total cholesterol and triglyceride levels.[34,35] Takano et al. inves-
tigated novel factors involved in pancreatic cancer progression
using a proteomics approach.[36] Using surface-enhanced laser
desorption ionization/time-of-flight mass spectrometry, they
compared pre- and postoperative serum protein profiles of pan-
creatic cancer patients who had curative pancreatectomy using
and found that a high level of ApoC-1 in preoperative serum sig-
nificantly correlated with poor prognosis.[36] The role of apoC-II
in lipoprotein metabolism and its potential effect on cardiovas-
cular disease (CVD) have been investigated.[34,35] apoC-II is an
inhibitor of lipoprotein lipase and has been proposed as a risk
factor for CVD.[37]

A 5.9 kDa peptide generated from the C-terminal region of
fibrinogen is used to detect gamma glutamyltransferase non-
responders in male subjects and may also be an early indica-
tor of hepatic fibrosis in hepatitis C virus-related chronic liver
disease.[21] CTAP-III is a platelet-associated chemokine that mod-
ulates tumor angiogenesis and inflammation and may be a po-
tential biomarker of tumor growth.[38–40] UsingMALDI-TOFMS,
Yee et al. identified higher serum levels of CTAP-III in pulmonary
venous compared to arterial blood.[41] In the present study, serum
stored at−20 °C for 3 months showed significant changes in the
intensities of these peaks, while serum stored at −80 °C or in
liquid nitrogen did not (Table 1). The significant changes in the
intensities of these peaks at −20 °Cmight be due to hyperactiva-
tion of the degradation process at−20 °C as compared to−80 °C
or in liquid nitrogen.
Previous studies revealed that the method of sample prepa-

ration greatly influences MALDI-TOFMSmeasurements.[30,42,43]

The most commonly used preparation method, the dried-droplet
method, involves depositing a mixture of sample matrix solution
onto the surface of a target plate and evaporating the solvent. Pre-
viously, we reported that the dried-droplet method at 40% rel-
ative humidity maximized the reproducible detection of peaks,
suggesting that humidity control is essential for MALDI-TOF
MS sample preparation in clinical applications.[44] In the present
study, the temperature in the box was maintained at 25 °C and
humidity was monitored using a HygroPalm thermohygrometer
(Rotronic, Bassersdorf, Switzerland).

We observed no differences in protein profiles as assessed
by SDS-PAGE between samples stored at −20 °C or −80 °C
(Figure 5A,B). High quality blood samples are needed for pro-
teomic and peptidomic biomarker research, low quality samples
may lead to false discovery, and thus the freezing and storage
conditions may be very important. Our results suggest that fur-
ther detailed observation of the effect of preanalytical variables,
including blood sample storage conditions, is needed.
In summary, we used the automated robotic system (ClinProt

system) to evaluate the effects of long-term storage on theMS pat-
terns of serum peptides. Storage conditions affected the serum
peptidome MS profiles and the gel-based protein profiles were
unaffected by the freezing and storage temperature. The effect
of preanalytical variables on the gel-based and MS serum pro-
teome and peptidome patterns suggest the importance of stan-
dardization for blood sampling and storage conditions for inter-
laboratory and multicenter studies using serum samples.
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