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Synopsis

Proteomics is fulfilling its potential and beginning to impact the diagnosis and therapy of

cardiovascular disease. The field continues to develop, taking on new roles in both de novo

discovery and targeted approaches. As de novo discovery – using mass spectrometry alone, or in

combination with peptide or protein separation techniques – becomes a reality, more and more

attention is being directed toward the field of cardiovascular serum/plasma biomarker discovery.

With the advent of quantitative mass spectrometry, this focus is shifting from the basic

accumulation of protein identifications within a sample to the elucidation of complex protein

interactions. Despite technical advances, however, the absolute number of biomarkers thus far

discovered by proteomics’ systems biology approach is small. Although several factors contribute

to this lack, one step we must take is to build “translation teams” involving a close collaboration

between researchers and clinicians.

Proteomics provides a snapshot of the proteome of a sample (or a subfraction/subproteome) at any

given point in time. Any change in function is preceded by a change on the protein level. As this

can be induced by the slightest alteration in the microenvironment of the protein (e.g. fluctuation

in pH), the strength of proteomics to detect these changes is at the same time the weakness of the

method in the unstable context of a clinical setting. In order to take cardiovascular proteomics

from bench to bedside, great care must be taken to achieve reproducible results.

Introduction

Cardiovascular proteomics is a rapidly evolving field within life sciences. During the last

decade, proteomics has been driven by the advent of new techniques in mass spectrometry

(MS), and advances in classic techniques (such as 1- and 2-dimensional protein separation

gel electrophoresis and liquid chromatography).

Proteomics aims to identify and characterize the set of proteins present at a certain point in

time. Unlike the mere identification of a gene, proteomics is extremely complex, requiring
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many technologies and strategies. A majority of genes, once they are expressed, undergo

extensive posttranslational modification (PTM); this results in different functional gene

products arising from the same gene. So far, there are 560 types of PTMs that can be

detected by MS alone, with oxidation and phosphorylation being the most common ones.

The number of possible protein variants from a single gene further increases when all splice

variants are taken into account. A functional change is typically preceded by a change on the

protein level, and this can be induced by the slightest fluctuation in the microenvironment of

the protein (e.g. change in pH). The strength of proteomics to detect these sometimes minute

changes, is at the same time the weakness of the method when translated to the “real-world”

context of a clinical setting. This review addresses the safeguards and pitfalls involved in

taking proteomics from bench to bedside.

Manuscript

Most clinicians tend to underestimate the efforts that are necessary to conduct a proteomics

study. Proteomics is often presented as, per se, a high-throughput single method, which

(although it employs high-throughput techniques) it is not. In fact, the goal of proteomics is

not speed but rather breadth of observation. Proteomics can simultaneously investigate tens,

hundreds, even thousands of proteins. Because proteomics techniques are able to detect even

the slightest changes in protein conformation (e.g. posttranslational modifications), the

methods themselves are sensitive to very slight modifications, and extreme care must be

taken to achieve reproducible results. Over the last several years, plasma and serum have

become the most common sample types for routine clinical use, because they are quite easy

to obtain and provide a good reference for systemic processes.

One challenge with serum and plasma is the sheer depth of the proteome. The human

genome project has identified only ~30,000 genes; but human plasma contains about 106

different molecules, and the concentrations of proteins in the plasma span 9 magnitudes

(from < 1 picogram/ml up to 50 mg/ml). Currently, there is no proteomics technique with a

dynamic range that even comes close to covering these differences in protein abundance.

Even after removing the 10 most abundant proteins (which account for 90% of the total

protein content in the blood), analysis of the mid- and low-abundance proteins is feasible but

challenging (1). While this makes proteomics seem, on first view, like a less-than-ideal

candidate for clinical applications, this strategy has been incorporated into many biomarker

studies based on the assumption that potentially interesting biomarkers are still hidden from

standard proteomic techniques.

Biomarker discovery is conducted along two lines: one is the systems biology approach,

driven by identifying all protein differences between disease and control; the other is a more

targeted approach. While several authors argue for one or the other, most researchers

combine the two approaches (2). The known biology of the disease informs choices as to the

sample type, the collection method, and the proteomic techniques to be used. After the initial

phase of discovery work, candidate markers are evaluated on the basis of the underlying

biology, insofar as it is known. Proteins with preexisting availability of antibodies and

enzyme-linked immunosorbent assay (ELISA) kits are often preferentially selected for

validation. In fact, the need for highly specific antibodies presents a considerable and

Schoenhoff et al. Page 2

Clin Lab Med. Author manuscript; available in PMC 2014 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



unfortunate bias in biomarker discovery, since this should not be the default selection

criterion. Tools that can develop robust ELISAs in a timely fashion, as well as MS-based

methods that allow for absolute quantification of proteins, are required. Indeed, there is

considerable ongoing effort to overcome some of the difficulties in this area.

De novo discovery

Biomarker discovery (3, 4, 5, 6) uses one or more proteomics techniques to detect as many

changes as possible between the proteomes of the disease and the control (7, 8). In order to

achieve this, the essence of biomarker discovery methodology is to investigate two samples

that differ only in one characteristic – the disease. Sample processing (Fig. 1) differs

according to the nature of the sample (serum, plasma, cells, or tissue) and other case-specific

factors, such as the biology of the disease (9). In general, samples will undergo analysis

employing a gel-based or gel-free approach either using proteins or peptides methods.

In a gel-based approach, the proteins are separated in the first dimension by their isoelectric

point (IEF), and then in the second dimension according to their mass within a

polyacrylamide gel (SDS-PAGE). (Today, most research groups use strips with fixed pH-

gradients (IPG); these have been a tremendous improvement over ampholyte-based

gradients, which are prone to instability over time. IPG strips are available in several pH-

ranges, so that a very high resolution can be achieved if the isoelectric point of the proteins

in question is known in advance.) At this point, the spots on the gel (each containing several

proteins) represent all of the proteins in the sample. Depending on their intended utilization,

the gels are now stained with silver, Coomassie Blue, or more elaborate techniques like

fluorescent dyes. Computer-assisted analysis of the gels identifies spots containing proteins

of interest; these can then be excised, digested using trypsin, and subjected to further

analysis by MS. Although there are limits to the dynamic range of the method, its ability to

detect posttranslational modifications makes it worthwhile. A gel-free approach could

accomplish separation of the sample’s proteins by liquid chromatography coupled with

tandem mass spectrometry.

Once an individual combination of peptides is identified, the result is cross-referenced with

protein databases to identify the protein in question. Because the overlap between gel-based

and gel-free methods is only ~40%, combining protein separation methods enhances the

breadth of protein coverage.

Regardless of the peptide or protein approach, and in order to enhance the depth of coverage

in proteomes isolated from cells, samples are fractionated into subproteomes (10), by a

process such as enrichment of mitochondrial or myofilament fractions. Depletion of samples

from the most abundant proteins can increase the resolution of the subsequent proteomics

technique. Several protocols have been developed to deplete serum and plasma samples

from albumin and immunoglobulins, by either chemical means (using sodium chloride and

ethanol) or affinity-based methods (Fig. 2). But recent research on the “albuminome” raises

questions about this methodology, showing that several important proteins are actually

bound to albumin and will be removed with it from the sample. Furthermore, the
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“albuminome” has been linked with cardiovascular disease, suggesting that investigation of

albumin samples may be fruitful in and of itself.

The importance of pre-analytical issues in proteomics is often underestimated; such issues in

fact play a major role in successful proteomics studies, especially when dealing with

complex matrices such as plasma or serum. The two keys to reducing pre-analytical

variation are consistency and thorough knowledge of the underlying biology. Samples must

be harvested under precisely the same conditions, controlling for: time point (circadian

rhythm); pH; temperature; posture (supine vs. upright); and equipment (e.g. syringes,

needles, and tubes). Processing must follow a similarly strict protocol. The purpose of the

analysis, and the characteristics of the potential analytes, should be kept in mind when

selecting the sample type. For example, serum is easy to obtain, but due to ex vivo processes

(e.g. formation of additional peptides, or binding of proteins to the blood clot) it might not

be ideal for proteomics-based biomarker discovery; in such cases, plasma should be

preferred (11). The main anticoagulants used in the preparation of plasma are citrate, EDTA,

and heparin, but each of these additives limits the usability of the sample. Citrate binds

Ca2+, and has been shown to interfere with immunoassays (12); and EDTA can preclude the

analysis of enzymes such as matrix metalloproteinases (MMPs), because the chelating

properties inhibit the co-factors of the enzyme. In 2005, the HUPO Plasma Proteome Project

published a comprehensive study (13) on sample protocols and varying experimental

conditions. An overview of the pre-analytical factors found to influence proteomics-based

biomarker discovery is given in Table 1. As stated, the underlying biology (as exemplified

by the variance in TGF-beta levels when using polystyrene instead of polypropylene plates,

due to the interaction of the protein with different surfaces) also plays a major role in

analysis and technique.

For use in a clinical setting, it is very important to plan and implement a protocol that will be

feasible in the field, and yet will yield scientifically meaningful results. Table 2 depicts a

protocol (for collecting samples for proteomics analysis) that has been successfully

implemented in the cardiac surgery operating rooms of our institution. Although there is no

broad evidence regarding the optimal storage temperatures for proteomic samples, we

strongly recommend storage at −80°C. Because repeated freeze/thaw cycles have a

detectable and deleterious effect on the protein content of the samples, appropriate

aliquoting of the initial sample should be one of the first steps in consistent processing of

samples. Access to liquid nitrogen and sophisticated, cooled centrifuges may constitute a

particular problem in routine clinical workflows. Therefore, initial storage of the centrifuged

sample at −80°C, followed by aliquoting and snap-freezing in liquid nitrogen in a lab

environment, presents a compromise that requires only minimal time in the operating room

while effectively preserving sample quality for further analysis. It should be noted that even

approved, standard laboratory operating procedures (National Committee for Clinical

Laboratory Standards (NCCLS), for instance) are sometimes not sufficient for proteomics

analysis. A popular example is the family of the transforming growth factors (TGF-beta),

which have recently received attention for their involvement in several key biological

processes (14). TGF-beta is released ex vivo from platelets, and samples must therefore be

platelet-free to ensure that TGF-beta levels are not overestimated. One could argue that if a
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biomarker is not robust enough to “survive” small deviations from a protocol, it is inherently

not useful for the clinical routine. While this might hold true for the strict validation part of a

proteomics study, it would seriously hamper any attempts at biomarker discovery using a

proteomics approach.

Validation/verification or targeted discovery

After identification of candidate markers during the discovery stage, the proteins are

forwarded to validation or verification. Validation is performed to confirm that protein

identification is consistent with the way the protein is actually represented in the sample.

Validation of MS-based protein identifications can be misleading, because antibody-based

validation techniques sometimes exhibit difficulty in correctly recognizing isoforms of

PTMs. When there are no antibodies or recombinant proteins available, the researcher has to

judge for himself if the candidate marker justifies the cost and labor required to develop new

and specific high-affinity antibodies. For this reason, the future of candidate marker

validation might be in techniques that allow for antibody-independent quantitation.

Once a marker has been validated in the animal model or in pooled samples of the initial

patient population, the marker has to be evaluated in a larger population with known and

well-characterized phenotypes. This evaluation stage also collects information regarding the

potential marker’s stability, detectability and release/clearance kinetics. Although many

people are on the hunt for the “one and only” biomarker, and proteomics certainly has the

potential to discover this marker, there are few examples of important, widely applied

biomarkers that are the result of proteomic discovery. Most biomarkers that are broadly

applied in clinical routines – like cardiac Troponin I (cTnI) or T (cTnT) (demonstrating

diagnostic, therapeutic, and prognostic implications in cardiovascular disease) – have

matured over years, and are the product of a specific biological hypothesis.

The classic literature differentiates among three standard types of biomarker: type 0 (natural

history marker), type 1 (drug activity), and type 2 (surrogate marker). Recent authors tend to

use more functional designations: biomarkers that describe the risk of getting the disease

(antecedent markers); screening biomarkers; biomarkers used to diagnose the disease;

biomarkers that describe the levels of disease (staging); and prognostic markers. Prognostic

markers include those that make a prediction regarding the natural course of the disease, but

they may also predict response to therapy, recurrence rate, and efficacy of a therapy

(15,16,17).

Once a candidate marker has undergone validation within the initial patient population from

which it was generated (and, ideally, including the same samples), it must then be evaluated

across a broader patient population. A common error is to move instead to an immediate

comparison with a group of healthy controls. This is likely to yield highly significant results,

but there is a substantial risk that identifications will be for very general markers of disease,

such as an inflammatory process. The next step is to define normal and abnormal values; the

most common method is to measure average values in the population, and then use the 95th,

97.5th or 99th percentile as a cut-off. Care has to be taken, though, as these discrimination

limits will in many cases define decision thresholds. Because many cases demonstrate a
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significant overlap between the general population and the patient population, it may be

useful to establish longitudinal control values, meaning that each patient serves as his own

control.

An important factor when judging biomarkers is considering, beyond sensitivity and

specificity, the positive (or negative) predictive value of a marker. For example, while C-

reactive protein (CRP) might not be a very specific marker, unable to differentiate between

pneumonia and rheumatoid arthritis, it does, if the patient is already diagnosed with

pneumonia, provide valuable information about the progress of the disease and the response

to therapy.

Whereas most clinicians tend to favor single biomarkers, and design their trials accordingly,

researchers in the proteomics field largely believe that the future of biomarkers will be in

biomarker panels. Strictly speaking, the panel philosophy is not new. Every clinician would

accept the fact that measuring creatinine in an oliguric patient does not yield sufficient

information for an accurate diagnosis. Nevertheless, no clinician would exchange this

marker for another one; he would rather order additional tests (and in so doing, effectively

create his own biomarker panel). Predefined multi-marker panels can enhance sensitivity

and specificity compared to each marker alone. As an example, CRP and LDL are both

markers for cardiovascular risk; but when combined, they consistently demonstrate higher

predictive power than either by itself.

Multiplex assays represent a promising new strategy in cardiovascular diagnostics. As de

novo proteomics analysis gets more and more streamlined, and robust high-throughput

methods are developed, validation becomes the bottleneck for biomarker development.

Multiplex assays allow the simultaneous assessment of several biomarkers within the same

sample, greatly enhancing both the standardization and the accuracy of the validation. A

successful multiplex assay requires less sample quantity, and is far more cost-effective, than

a monoplex assay. But this approach only gains ground slowly in the clinical lab setting,

because there are still obstacles to putting a set of clinically important biomarkers in a single

multiplex assay. Recently, however, an alternative way of performing multiplex assays has

arisen. Multiple reactions monitoring (MRM) is a long-standing MS-based technique that

has been used in the pharmaceutical industry for drug development and other small-

molecule applications. MRM utilization was recently introduced for peptides in complex

mixtures (such as plasma), with the possibility to perform quantitative, antibody-

independent multiplexing where the abundance of peptides derived from a parent peptide is

compared to a known amount of spiked-in peptide (18). Although this is a very promising

technique, antibody-based methods, such as sandwich assays, are currently the most

common.

Creation of a meaningful assay, of course, requires a common theme – whether it is related

to a certain pathological condition (e.g. heart failure) or a particular class of proteins (e.g.

cytokines). Because the plasma levels of secreted proteins span up to 9 magnitudes, analytes

must be selected based on their concentration. Most multiplex assays, for instance, cannot

deal with the >100-fold average difference expected between the analytes of healthy

individuals and patients. After a set of potential analytes for multiplexing has been
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identified, each analyte must be optimized within a monoplex to establish a baseline. A

crucial role is played by the diluent used to dilute the samples and antibodies. While assays

might perform very well with bovine serum albumin as a standard diluent, they might

produce completely different results when a diluent resembling the more complex nature of

the human serum is used. Contemporary multiplexes generally employ one of two different

strategies: a sandwich immunoassay, where the analyte is bound to a capture antibody

printed onto a surface; or a single-antibody, direct-labeling assay. Multiplex platforms such

as Bio-Plex (Bio-Rad Laboratories, Hercules, CA) use a detection antibody-labeled bead

population, analyzed with a modified flow cytometer. Although this is an established

platform, bead-based assays seem to require more hardware maintenance compared to other

systems, and may be somewhat less ideal in a non-clinical setting, where the hardware is not

used on a daily basis and quality checks are not rigorously performed. We prefer a platform

with robust hardware that requires minimal maintenance, such as the Ruthenium-based

multiplex platform Sector Imager (Mesoscale Discovery, Gaithersburg, MD). It is important

to note that research and clinical applications may place different demands on assay

platforms.

Reproducibility is critically important when deploying multiplex platforms in a clinical

setting, even if they are not for direct diagnostic use. In our hands, we consider results valid

when: 1) the recovery of the standards/calibrators is 100±20% (recovery = expected

concentration divided by calculated concentration multiplied by 100); 2) the coefficient of

variation is <20% (CV = standard deviation divided by the average of duplicates multiplied

by 100); 3) intra-assay CV is <10%; and 4) interassay CV is <20%. A full run is considered

valid when >85% of samples lie within these result specifications. At least for research use,

transparency in any data analysis performed according to manufacturers’ algorithms (e.g. as

a part of instrument operation) is imperative (Fig. 3). Otherwise, parameters like LLOD

(lowest level of detection) and LLOQ (lowest level of quantification) cannot be judged

objectively. When results from different multiplex platforms have to be compared, we

recommend exporting the raw data and analyzing it using commercially available software;

this removes any differential between manufacturers’ calculation parameters, and ensures

comparable results across the board.

The selection criteria used for candidate biomarkers can include such factors as the

diagnostic window requirements, the extent of maximum change between control and

disease population, overlap with other diseases, or lack of change due to age or drugs. Some

of the most promising biomarkers are present exclusively or extensively in diseased patients:

Cardiac Troponin I and T, used for diagnosis of myocardial infarction, are great examples of

such markers. These isoforms are highly abundant proteins in cardiac muscle, but are only

present in minuscule quantities in the blood of patients without myocardial necrosis

(19,20,21). This situation led researchers to screen whole tissue samples (e.g. heart) for

candidate marker identification, and then move to easily-accessible sample types (like

serum/plasma or urine) for detection. This approach is appropriate for diseases where

necrosis or cell leakage is a major factor. In other cases, however, protein biomarkers must

arise from cellular secreted proteins or from proteins present on the cell membrane. B-

natriuretic peptide (as a biomarker for heart failure) is an example of a secreted protein: it is
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present in healthy individuals, but the change in biomarker plasma levels over time, within

the individual patient, is more important than the absolute value at any given time.

Cardiovascular disease is a systemic condition, and most patients do have other associated

diseases, such as diabetes. Thus, multiple disease markers, which are specific to different

diseases, may be present in blood, confounding de novo discovery. If, in the search for

biomarkers, researchers simply compare samples (e.g. between patients with cardiovascular

disease and healthy controls), any discovered marker could easily be for diabetes and not for

cardiovascular disease. This is further complicated by the large numbers of initially

promising biomarkers that turn out to be very general markers of disease, demonstrating

only systemic, instead of disease-specific, involvement. Recent research estimates that only

a small percentage of all proteins, about 4%, are truly cell type specific (22). Therefore it

might not be the mere presence of a protein that makes the cell unique, but rather the amount

of the protein in question. There is, at the same time, a strong case to be made that isoforms

from the same protein can be products either of different genes (e.g. fast skeletal TnI vs.

cardiac TnI) or of splice variants of the same gene. Thus, disease-induced modifications of a

protein, such as degradation products of cardiac TnI, may have the ability to increase tissue

specificity (23,24,25).

Proteomics and clinical physician partnerships

Successful proteomics studies require a team effort, a partnership. It is only after careful,

joint review of the study protocol – with both a clinician and the proteomics scientist – that a

proteomics study can be successfully launched. The clinician has to understand the demands

and limits of the proteomics approach, not only in terms of sample quality but also regarding

resource requirements (i.e. time and money). The proteomics scientist must learn what is

feasible within the clinical setting, and what disease-specific circumstances will influence

the analysis. For example, a proteomics scientist engaged in a promising study in renal

failure should be eager to learn that the definition of the nephrotic syndrome is a protein loss

through the kidneys of >3g/day: accurate representation will require that he normalize his

results to total protein content, and this will greatly influence his analysis compared to a

control population. The same holds true with the analysis of blood from patients undergoing

open heart surgery using cardiopulmonary bypass: the surgeon has to tell the scientist that he

stopped the heart using high molar potassium solutions; that he primed the heart lung

machine with exogenously supplied albumin; that he circulated the blood for two hours

through plastic tubing, and counteracted the activation of the coagulation cascade with the

use of aprotinin or tranexamic acid (table 3).

We encourage the basic scientist, when working in the cardiovascular field, to spend a day

with a cardiologist in the chest-pain unit or with a cardiac surgeon in the operating room, in

order to get a feeling for how samples are won and what is really being done – physically

and functionally – in the particular study. On the other side, we encourage clinicians to listen

carefully to the scientist when he describes the variety of factors influencing subsequent

sample analysis. All of this collaborative preparation should happen before the first sample

is taken. Additionally, most researchers seek statistical advice when planning a new study.

And newcomers to the complex field of biomarker discovery should similarly consult with
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an established scientist in order to plan and carry out research that will achieve meaningful

results.

Summary

Proteomics holds tremendous promise for the diagnosis, prognosis, and treatment of

cardiovascular disease, and is already changing the way we look at biomarkers of all kinds.

But the field and techniques are complex and rigorous, and even in the most capable

proteomics facilities in the world, more significant biomarkers are passed over than

discovered every day.
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Fig. 1.
Workflow in biomarker discovery and validation using proteomics techniques.
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Fig. 2.
Removing the top abundant proteins from the plasma sample is an essential step in enhancing sensitivity and depth of coverage

of the downstream techniques. In tissue samples, this can be achieved by enriching the sample for certain subproteomes. Panel

(A) shows a silver stained 2D-PAGE image of homogenized cardiac tissue; (B) depicts a silver stained 2D-PAGE image of

mitochondria enriched fractions; and (C) shows myofilament-enriched fractions in blue-silver staining (Courtesy of G. Agnetti,

Johns Hopkins University). Panel (D) shows a 2D-PAGE image of albumin-associated retenate after depletion of human plasma;

whereas (E) shows the protein separation of the depleted plasma itself.
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Fig. 3.
Standard curves of a 4-plex vascular injury kit (Mesoscale Discovery, Gaithersburg, MD), showing the sigmoidal dose-response

curve typical of immunoassays.
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Table 1

Pre-analytical factors influencing proteomics-based techniques. Adapted from Rai 2005.

Patient information

• Gender

• Age

• Diet

• Genetics

• Medical background

• Health background

• Pregnancy, menopausal

• Medications

• Alcohol intake, smoking status

• Fasting, post-prandial

Phlebotomy

• Tourniquet technique

• Seated/standing/lying

• Tube order - first vs. last

• Drawn from existing line

Collection device

• Glass/plastic tube

• Gel or non-gel separator

• Tube additives

Blood derivative and processing

• Plasma vs. serum

• EDTA vs. citrate vs. heparin

• Clotting procedure used

• Processing time, protocol

• Separation of blood from cells

• Centrifugation, speed & duration

• Aliquotting before analysis, handling/storage of those aliquots

• Time to analysis

Storage

• Snap frozen vs. −20°C vs. −80°C

• Time and temperature, prior to freezing

• Short or long-term storage

• Storage temperature

• Storage materials

• Polystyrene vs. polypropylene

• Number of freeze/thaw cycles
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Table 2

Sample protocol successfully implemented in a clinical environment.

I. Procedure – Serum

1. Fill 10ml polypropylene (tube #1) right before skin incision from central venous line

2. Invert tube several times, then leave upright at room temperature to clot for 1 hour

3. Centrifuge for 8min at 3000rpm

4. Transfer serum, the clear layer above the clot, in tube #2

5. Centrifuge for 8min at 3000rpm

6. Transfer serum in tube #3

7. Store immediately in −80°C freezer

II. Procedure – Plasma

1. Fill 5ml polypropylene EDTA tube (tube #4) right before skin incision from central venous line

2. Invert tube several times, then process immediately

3. Centrifuge for 8 minutes at 3000rpm

4. Transfer plasma into tube #5

5. Centrifuge for 8 minutes at 3000rpm

6. Transfer supernatant (now platelet poor) into tube #6

7. Store immediately in −80°C freezer

↑ In the operating room

↓ In the laboratory

III. Serum – Aliquoting

1. Five tubes with 150μl each

2. Remainder of serum should be distributed in 500μl aliquots

3. Eppendorf tubes should be transferred to liquid nitrogen to snap freeze the serum and then transfer tubes to −80°C for
storage

IV. Plasma – Aliquoting

1. Five tubes with 150μl each

2. Remainder of plasma should be distributed in 500μl aliquots

3. Eppendorf tubes should be transferred to liquid nitrogen to snap freeze the serum and then transfer tubes to −80°C for
storage

V. Notes

1. It is extremely important to keep 1 hour clotting time consistent for Serum samples

2. Always use the same brand of tubes

3. Avoid repeated freeze/thaw cycles
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Table 3

Non-gaseous emboli present in cardiopulmonary bypass circuit, potentially interfering with analysis using

proteomics techniques.

• Microthrombi (e.g. fibrin)

• Platelet aggregates

• Red cell aggregates

• Denatured proteins

• Fat or lipids

• Cold-reacting antibodies

• Bone fragments

• Muscle fragments

• Calcium particles

• Cotton fibers

• Plastic particles

• Filter material

• Tubing fragments

• Metal

• Talc

• Thread

• Bone wax

• Microfibrillar collagen

• Silicone antifoam
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