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Abstract

High quality clinical biospecimens are vital for biomarker discovery, verification, and validation. 

Variations in blood processing and handling can affect protein abundances and assay reliability. 

Using an untargeted LC-MS approach, we systematically measured the impact of preanalytical 

variables on the plasma proteome. Time prior to processing was the only variable that affected the 

plasma protein levels. LC-MS quantification showed that preprocessing times <6 h had minimal 

effects on the immunodepleted plasma proteome, but by 4 days significant changes were apparent. 

Elevated levels of many proteins were observed, suggesting that in addition to proteolytic 

degradation during the preanalytical phase, changes in protein structure are also important 

considerations for protocols using antibody depletion. As to processing variables, a comparison of 

single- vs double-spun plasma showed minimal differences. After processing, the impact ≤3 

freeze–thaw cycles was negligible regardless of whether freshly collected samples were processed 

in short succession or the cycles occurred during 14–17 years of frozen storage (−80 °C). Thus, 

clinical workflows that necessitate modest delays in blood processing times or employ different 

centrifugation steps can yield valuable samples for biomarker discovery and verification studies.
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Blood is an accessible and promising source for discovering biomarkers for disease 

screening and diagnosis as well as monitoring progression and/or therapeutic response. 

Changes in the protein repertoire of cells, tissues, and organs, which reach the bloodstream 

by active or passive means, are important clinical tools. The challenges associated with 

plasma proteomics include the large dynamic range of protein concentrations [1,2], 

variability in preanalytic and analytic processes, and inherent biological variability. 

Detection of low abundance proteins is facilitated by depletion or enrichment of peptides or 

proteins prior to mass spectrometry (MS) analyses [3]. The use of sound study designs and 

system suitability protocols improves analytical reproducibility and statistical power [4–7]. 

Ultimately, the quality of specimens affects the validity of the data. Preanalytical variables 

associated with collection, processing, and storage can also be confounding factors. The 

National Cancer Institute Biospecimen Reporting for Improved Study Quality (BRISQ) 

workgroup proposed guidelines for reporting specific preanalytical conditions, including 

factors that might influence the integrity, quality, or composition of samples [8]. However, 

outstanding questions remain about the most important preanalytical variables in terms of 

major effects on the validity of biomarker studies.

Protein and peptide integrity in plasma samples can be compromised in multiple ways, 

including proteolysis, oxidation, loss of posttranslational modifications, and changes in 

solubility [9]. Biomolecules degrade at different rates under a variety of circumstances. The 

rate and extent of degradation depend on the time/temperature at which blood is held prior to 

processing, centrifugation speed, the time/temperature prior to freezing, the number of 

freeze–thaw cycles, and analyte stability [10]. It is not always feasible to process clinical 

samples immediately after collection because the clinic and the blood processing facilities 

are often geographically separate. Prior to and during processing, proteolytic activity or 

cellular metabolism may alter protein content, which can also be affected by blood cell lysis 

at higher centrifugation speeds. Postprocessing delays prior to frozen storage or after 

thawing could afford time for additional ex vivo proteolysis. The use of broad spectrum 

protease inhibitors during sample collection and processing, which is costly in terms of 

dollars and effort, is unlikely to occur routinely in the clinical setting. Perhaps more 

importantly, we lack a global understanding of factors that impact protein stability in blood. 

Detailed protocols for serum/plasma collection and processing have been published [9,11]. 

In particular, there are two widely used plasma protocols that differ mainly in the 

centrifugation step. The Early Detection Research Network (EDRN)1 standard operating 

procedure (SOP) uses a single centrifugation step no longer than 4 h post collection [11]. 

The Clinical Proteomic Technologies Assessment for Cancer (CPTAC) SOP entails a 

second, higher speed centrifugation step to obtain platelet poor plasma [12].

The effects of preanalytical variables on plasma/serum peptide and protein stability over 

time, assayed by using MS methods, have been reported. Analysis of the low molecular 

weight (LMW) plasma proteome revealed postprocessing, time-dependent changes in the 

MALDI TOF profiles over 48 h [13]. At the protein level, changes in a relatively small 

number of abundant plasma proteins including albumin, hemoglobin, serotransferrin, inter-

1Abbreviations used: CPTAC, Clinical Proteomic Technologies Assessment for Cancer; EDRN, Early Detection Research Network; 
SOP, standard operating procedure.
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alpha trypsin inhibitor, and fibrinogen were observed in plasma samples held at room 

temperature for 1 week before processing [14]. The use of plasma collection tubes 

containing protease inhibitors to minimize degradation as compared with EDTA has not 

been shown to have a significant impact on the levels of peptides or proteins [15,16]. 

Multiple studies have shown changes in the abundance of complement C3, at protein and 

peptide levels, due to preanalytical variables [13,14,17,18]. However, since the dynamic 

range in plasma protein concentrations exceeds that of mass spectrometers by at least 5 

orders of magnitude, immunoaffinity depletion of abundant proteins is routinely employed 

in plasma biomarker discovery and verification studies [19]. Preanalytical variables could 

affect depletion, either directly via antibody binding or indirectly via nonspecific protein 

interactions with depletion targets. The objective of this study was to analyze the effects of 

well-defined preanalytical variables on the protein integrity of immunodepleted plasma and 

serum samples and to compare two widely used methods of plasma preparation.

Materials and methods

Blood collection

Biospecimen Research Network specimens—Donors gave consent for blood 

collection for research purposes as part of a UCSF Institutional Review Board-approved 

protocol. Male and female donors (aged 20–40, median 27, Supplemental Table 1) were 

requested to fast for a minimum of 12 h prior to blood collection. Donors were seated at 

least 5 min before the draw and the arm was positioned on a slanting armrest in a straight 

line from the shoulder to the wrist. A tourniquet was applied approximately 2 inches above 

the antecubital fossa or above area to be drawn with enough pressure to provide adequate 

vein visibility and the patient was asked to form a fist. The forearm was cleaned with an 

antiseptic wipe and allowed to dry. Then a butterfly needle was inserted the evacuated tube 

pushed onto the Luer adapter. The tourniquet was released once blood flow was established, 

within 1 min. Blood collection was performed by registered nurses at UCSF Moffitt 

Hospital who were provided with the protocol and briefed on the project, stressing the 

importance of adherence to the blood collection standard operating protocol (SOP). Two 

members of the research team were present during blood draws and any deviations from 

protocol were logged.

Magee–Womens Biorepository specimens—Plasma samples were obtained from an 

ongoing investigation of preeclampsia (Prenatal Exposures and Preeclampsia Prevention 

[PEPP]) at the Magee–Womens Research Institute and Hospital (University of Pittsburgh, 

Pittsburgh, PA, USA). PEPP was approved by the University of Pittsburgh Institutional 

Review Board, and informed consent was obtained from all participants. The PEPP 

committee approved the use of these previously frozen samples and deidentified clinical 

data.

Blood processing

Biospecimen Research Network specimens—Two published SOPS were used to 

process blood, a double spin protocol [12,20] and a single spin method [11]. Blood was 

collected in spray-coated K2EDTA Vacutainers (BD, Franklin Lakes, NJ). After blood 
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collection, the tubes were inverted 8 times. For double-spun plasma, one tube was 

centrifuged within 30 min, in a horizontal rotor, for 15 min at 1500g, 4 °C. The plasma was 

transferred to a sterile 15 ml conical tube without disturbing the buffy coat and subjected to 

a second centrifugation step, in a horizontal rotor, at for 15 min at 2000g, 4 °C. The platelet-

poor plasma was aliquoted into sterile cryovials (0.75–0.2 ml/tube), immediately transferred 

to dry ice, and transported within 30 min to a −80 °C freezer. For single-spun plasma, tubes 

were centrifuged, in a horizontal rotor, for 20 min at 1200g, 20 °C, and then transferred to a 

sterile 15 ml conical tube without disturbing the buffy coat. Plasma was aliquoted into sterile 

cryovials (0.75–0.2 ml/tube) and frozen as described for double-spun plasma. Additional 

biospecimens were prepared by systematically altering several preanalytical variables. (1) 

Preprocessing holding time was increased to 6 h. (2) Preprocessing holding time was 

increased to 96 h and the temperature was raised to 37 °C. (3) One to three freeze–thaw 

cycles were performed: the first thaw was designated “0.” (4) Thawed samples were held for 

24 h at room temperature prior to immunodepletion. Exclusion criteria were hemolysis, 

insufficient sample volume, or SOP deviations.

Magee–Womens Biorepository specimens—For investigating the effects of long-

term frozen storage (−80 °C), samples banked at the Magee Women’s Research Institute 

(MWRI, Pittsburgh, PA) for 14–17 years (median = 15.3) were employed (Supplemental 

Table 1). Records documented the number of times that the samples were frozen and thawed 

(median = 3). Paired plasma and serum samples were collected from the same pregnant 

woman (n = 20), median gestational age [GA] = 40 weeks). The subjects were controls, 

women with uncomplicated pregnancies, for studies of pregnancy complications. Serum was 

collected into silicon-coated tubes without additives (BD) and plasma into spray-coated 

K2EDTA tubes (BD). Tubes that contained serum were maintained upright; Tubes that 

contained plasma were inverted several times immediately after collection before they were 

also placed in an upright position. After 1–1.5 h at room temperature, samples were 

centrifuged at 2000g for 20 min at 25 °C. Sterile transfer pipets were used to aliquot (0.1–

0.25 mL/tube) the plasma or serum into sterile cryovials prior to storage at −80 °C. An 

additional 10 paired control samples (median GA = 35.9 weeks) were collected and 

processed at MWRI under the same protocols and stored at −80 °C for <3 months prior to 

analyses.

Protein quantification, immunodepletion, and iTRAQ labeling—All samples were 

thawed at 37 °C in a water bath and removed immediately thereafter. The BCA assay 

(Pierce, Rockford, IL) was used to determine the protein concentrations. Samples were 

immunodepleted by using a MARS-Hu14 column (4.6 × 100 mm, Agilent Technologies, 

Santa Clara, CA). A control plasma sample was depleted prior to study samples to monitor 

the efficiency of depletion and column performance. Depleted proteins were buffer-

exchanged using Zeba spin columns into 50 mM triethylammonium bicarbonate (Sigma, St. 

Louis, MO). For each sample, 50 μg of immunodepleted proteins was denatured by the 

addition of SDS to 0.1%. Cysteines were reduced in 5 mM tris(2-carboxyethyl)phosphine 

hydrochloride for 60 min at 60 °C followed by alkylation in 10 mM iodoacetamide for 10 

min at room temperature. Proteins were digested with trypsin for 16 h at 37 °C. To each 

iTRAQ-8plex (AB Sciex, Framingham, MA) reagent vial 50 μl of >99.5% isopropanol was 
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added and the entire contents were then added to the protein digest. The mass tag assigned to 

each sample was randomized using the RAND function in Excel. The pH was confirmed to 

be 8.0–8.5 and the tubes were incubated for 2 h at room temperature. The iTRAQ reaction 

was quenched by adding 1 μL of 1 M Tris HCl, pH 8.0. Next, samples were mixed to form 

multiplexes. For Study 1, samples (4 time points and 2 freeze/thaw cycles) from the same 

individual were combined for a total of 20 multiplexes. For Study 2 samples (2 processing 

methods and 3 time/temperature points) from the same individual were combined to form 9 

multiplexes. For Study 3, plasma and serum were analyzed separately. For the biorepository 

samples, a pool comprising newly collected control plasma or serum was used as a reference 

standard in each multiplex (n = 6 each plasma and serum), each of which comprised samples 

from 6 individual subjects. Following mixing to form multiplexes, organic solvent was 

evaporated on a SpeedVac and SDS removed using detergent removal spin columns (Fisher 

Scientific).

Offline fractionation and LC-MS/MS—For Study 1, peptides were analyzed on a 

QSTAR Elite (AB Sciex) equipped with a nanoLC-2D (Eksigent, Redwood City, CA) using 

HPLC buffers A (2% acetonitrile [ACN]/0.1% formic acid) and B (98% ACN/0.1% formic 

acid). A C18 trap column (Acclaim PepMap300 precolumn; C18, 5 μm, 300 Å [Dionex, 

Sunnyvale, CA]) was used to desalt the peptides for 5 min with 98% buffer A. Then they 

were eluted onto an Acclaim PepMap100 analytical column (C18, 3 μm; 75 μm × 15 cm, 

100 Å, Dionex) and separated at a flow rate of 300 nL/min over 120 min using a linear 

gradient of 2–35% Buffer B. MS/MS spectra were obtained in a data-dependent manner for 

the 6 most intense ions in the survey scan. An exclusion window of 15 s was used after 2 

repeated acquisitions of the same precursor ion.

For Studies 2 and 3, peptides were fractionated offline using alkaline reversed phase HPLC 

[21] on a Michrom Paradigm equipped with a CTC PAL autosampler. Peptides were 

separated on a Zorbax 300 Extend-C18 column (4.6 × 1 50 mm, 5 μm, Agilent) with a linear 

gradient of 4–40% B over 32 min (A, 0.1% ammonium hydroxide; B, 0.1% ammonium 

hydroxide in 80% ACN). To assess column performance, 1 nmol of a tryptic digest of 

bovine serum albumin was analyzed. Eighteen fractions were collected and analyzed on a 

TripleTOF 5600 (AB Sciex) equipped with a nanoLC-2D (Eksigent). Each peptide fraction 

was separated with a linear gradient of 2–35% Buffer B over 60 min using a PepMap100 

analytical column (C18, 3 μm; 75 μm × 15 cm, 100 Å, Dionex) at a flow rate 300 nL/min. 

MS/MS spectra were obtained in a data-dependent manner for the 20 most intense ions in 

the survey scan, with an exclusion window set as described above.

Prior to LC-MS sample analyses and at approximately 24 h intervals, a standard protein 

digest was analyzed to assess chromatography and mass spectrometer function. One 

femtomole of a beta-galactosidase tryptic digest (AB Sciex) was analyzed by using a 15 min 

linear gradient of 2–35% Buffer B. Retention times, peak shapes, and intensities of extracted 

ion chromatograms were monitored to verify column performance and mass spectrometer 

sensitivity.

Database searching and statistical analyses—Protein identification and 

quantification were performed using ProteinPilot v.4.0. Data were searched against the 
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human Swiss-Prot database 201206 using thorough search effort and false discovery rate 

(FDR) analysis using a reversed sequences database. Quantification of relative protein ratios 

utilized background and bias correction. Results from multiple iTRAQ 8plexes were aligned 

using the Protein Alignment Template from AB Sciex [22]. The number of proteins detected 

at 5% FDR were reported. Quantitative data were analyzed as ratios of the reporter ion peak 

for each experimental sample to the control reference pool. To determine significant changes 

in protein abundances, log-transformed iTRAQ ratios were analyzed using linear regression 

and P values adjusted for multiple comparisons with the Benjamini-Hochberg method using 

R software and q ≤ 0.05.

Results

We evaluated the effects of several preanalytical variables related to handling, processing, 

and storage on the stability of plasma and serum proteomes. To this end, we examined the 

following variables: time and temperature from specimen collection to processing, plasma 

centrifugation method, number of freeze–thaw cycles, and time in storage at −80 °C. Effort 

was made to closely control, during blood collection, all parameters known to impinge on 

specimens’ properties, i.e., variations in the process of venipuncture and phlebotomy and 

collection tubes. In order to minimize analytical variables, standard operating procedures 

were developed that included quality assurance practices and system suitability checks. As 

shown in Fig. 1, two types of specimens were employed: samples that were collected 

specifically for this project and those that were part of a biorepository that were collected 

14–17 years ago.

Study 1

To measure the effects of delay from the time of blood collection to processing, we collected 

blood from 20 healthy volunteers into two EDTA tubes. One tube was processed within 30 

min (control) and the second tube was held at room temperature for 6 h prior to processing 

into plasma using the double-spin protocol, aliquoting, and storage at −80 °C. Initially, we 

asked whether the protein concentrations of undepleted plasma samples were different 

among donors or experimental conditions. Average plasma protein concentration of control 

samples was 73.3 ± 3.7(SD) mg/ mL and 6 h time point was 72.4 ± 4.0 mg/mL. Since all 

samples were frozen prior to analysis, the first thaw was termed freeze–thaw 0. Vials of 

control plasma removed from the freezer and subjected to 2 additional freeze–thaw cycles 

averaged 69.3 ± 2.9 mg/ mL. Finally, one vial of plasma from each time point was removed 

from the freezer and allowed to stand at room temperature for 24 h prior to 

immunodepletion (control, 71.9 ± 3.0 mg/mL; 6 h, 74.2 ± 6.3 mg/mL). Protein concentration 

was not found to be significantly different among donors or treatments.

Plasma from each condition (n = 6) from each individual was immunodepleted, labeled with 

iTRAQ reagent, and analyzed by LC-MS. Proteins detected at FDR <5% and found in at 

least 5 multiplexes were used for quantification. A total of 121 proteins were identified in all 

samples, 85 of which were used for statistical analyses (Supplemental Table 2). In the 

experimental samples that were held 6 h after collection, one protein—serum paraoxonase/

arylesterase 1 (PON1)—was significantly increased in abundance (2.0-fold, q = 7.2 × 10−4) 
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relative to the control (held for 30 min) and no proteins decreased. Next we performed an 

experiment designed to mimic a case where cold storage fails and plasma remains at room 

temperature for an extended period. This comparison of control and experimental samples 

that were thawed and held at room temperature for 24 h prior to immunodepletion showed 

only a single change—increases in PON1 abundance, 4.4-fold (q = 1.4 × 10−9) and 4.3-fold 

(q = 2.4 × 10−9), respectively. No proteins were observed with decreased abundances. In the 

freeze thaw study, no significant changes in protein abundances were observed in any 

plasma samples after 3 cycles.

Study 2

Next, we extended the analyses of preprocessing variables to a longer holding time point and 

an elevated temperature in a separate set of nine samples. A total of 303 proteins were 

identified (FDR <5%), 264 of which were detected in at least 5 multiplexes and used for 

analyses (Supplemental Table 3). Holding plasma for 96 h before processing had profound 

effects on protein abundances as compared with control samples processed within 30 min. In 

samples held at room temperature, 41 proteins were altered; 39 were detected at higher 

levels as compared to controls (Fig. 2A and Supplemental Table 3). In samples held at 37 

°C, 83 proteins were significantly altered; 56 increased in abundance (Fig. 2B). Significantly 

different proteins with fold changes ≥3 are shown in Table 1. The majority of observed 

protein changes in samples incubated at room temperature were also detected in samples 

held at 37 °C. The shared differences were approximately equal or up to 4-fold greater in the 

37 °C samples.

In addition, we quantified proteins from these samples that were prepared according to a 

second common plasma processing SOP. The main differences in the processing protocols 

were the holding temperature prior to centrifugation (wet ice vs 4 °C) and the number of 

centrifugation steps (2 vs 1). A comparison of the proteomes of control samples from the 

two protocols showed that one protein, thrombospondin-1 (TSP1), was 6.7-fold higher in 

abundance in single-spun plasma (q = 0.02, Supplemental Table 3). Box plots with the ratios 

for all quantified proteins, ranked by q value, are shown in Fig. 3A. Four additional proteins 

tended to be elevated in single-spun plasma, but did not reach significance: platelet basic 

protein (3.6-fold), platelet factor 4 (2.9-fold), platelet glycoprotein V (2.1-fold), and IgG Fc 

receptor II-a (3.6-fold). PON1 levels were unchanged. Relative protein abundances of 

single-spun vs double-spun plasmas that were subjected to the same experimental conditions 

(holding time and temperature) showed no significant differences (Fig. 3B and C), 

indicating that delay-related effects are not compounded by the centrifugation method.

Study 3

Finally, we undertook a study of plasma and serum (n = 20 each) that had been stored at −80 

°C for an extended period (14–17 years). The records documented the number of times each 

sample was thawed and refrozen, an average of 3. For comparison, we used plasma and 

serum samples (n = 10 each) collected at MWRI for the purpose of this study using the same 

collection and processing protocols as the banked specimens. These samples were stored 

continuously at −80 °C for less than 3 months. A total of 267 plasma proteins and 279 serum 

proteins were detected at <5% FDR (Supplemental Table 4). The total number of plasma 
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proteins detected was not significantly different from the number of plasma proteins 

identified in Study 2, which employed the same LC-MS approach (Fig. 4A). Similarly, the 

number of spectra acquired and distinct peptides observed showed no significant differences 

(Fig. 4B and C). As in Study 2, the selection criterion for statistical analyses was proteins 

detected in at least 5 multiplexes, which resulted in quantification data for 212 serum 

proteins and 183 plasma proteins. The lower fraction of plasma proteins used for 

quantification (69%) as compared to Study 2 (87%) was likely due to the fact that fewer 

multiplexes were analyzed in this study (n = 6) vs Study 2 (n = 9). Comparison of the 

plasma data from Studies 2 and 3 showed that 165 (90%) proteins were quantified in both. 

The abundance of a single protein, alpha-2-macroglobulin, was significantly different 

(Supplemental Table 4) in both plasma (decreased 13-fold) and serum (decreased 17-fold) 

samples that were stored long term. This protein was detected in Studies 1 and 2 with no 

change in relative abundance under any of the experimental conditions. Two proteins were 

more abundant in plasma stored long term, complement C1q subcomponent subunit B (2.9-

fold; q = 0.02) and plasma protease C1 inhibitor (9-fold; q = 0.03).

To investigate the potential effects of immunodepletion on changes in protein abundances 

due to preanalytical processing variables, we compiled the proteins that are reported in the 

literature as nonspecifically retained during antibody depletion [23–27]. We chose studies 

that employed the MARS-Hu14 column used here or IgY-12, which has similar affinities. 

For the purpose of this analysis, we eliminated MARS-Hu14 targets, immunoglobulin 

variants, and keratins. Comparison of this list of 65 proteins to those that were quantified in 

Studies 2 and 3 (Supplemental Table 5) showed that 54 were in common. Of these, 21 

proteins changed in abundance in one or more of the experimental conditions tested. MARS-

Hu14 immunodepletion targets were also detected, four with altered abundances in at least 

one experimental sample (alpha-2-macroglobulin, apolipoprotein A-I, complement C3, 

fibrinogen). This occurred despite strict adherence to the manufacturer’s protocol, including 

the lifetime of the column in terms of the number of samples processed.

Discussion

We conducted a systematic analysis to determine the relationships among blood processing 

and storage variables and the quality and reproducibility of quantitative proteomics data. 

Multiple processing and storage variables were assayed: (1) time and temperature before 

processing; (2) time after thawing prior to immunodepletion; (3) centrifugation steps (single 

vs double); (4) number of freeze–thaw cycles; and (5) time in frozen storage. An untargeted 

comparative proteomics approach applied to EDTA plasma samples held at room 

temperature for 6 h prior to centrifugation showed a single change—an increase in PON1 

abundance. The same phenomenon was observed in processed plasma held at room 

temperature for 24 h prior to immunodepletion. At the level of this analysis, these results 

suggested that plasma proteins are stable for hours at room temperature, before and after 

processing, without the addition of protease inhibitors.

Since enzyme activity is temperature dependent, we reasoned that increasing the 

temperature or extending the holding time to multiple days would exacerbate proteolysis and 

could uncover sentinels of protein degradation. These indicator proteins could have utility in 
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more sensitive, targeted assays designed to assess plasma quality. We identified many 

proteins that differed significantly in abundance when they were held at 96 h prior to 

processing. At room temperature, 41 proteins differed in abundance. The majority were 

detected at increased levels. Even at body temperature, which in principle would facilitate 

proteolytic activity, the majority of proteins (56/83) also increased. Thus, in addition to 

proteolysis, changes in protein conformation that affect antibody depletion and/or trypsin 

digestion are likely to impact protein detection. Zimmerman et al., who also using an MS-

based approach, reported few significant protein changes in plasma samples held for up to a 

week at room temperature or 4 °C [14]. In that study, whole blood was incubated in 96-well 

plates and the work-flow did not include immunodepletion. The few significant changes that 

were observed generally trended toward increased protein abundances over time. Schenk et 

al. found that the addition of protease inhibitors, after plasma processing and prior to 

immunodepletion, resulted in fewer proteins identified by LC-MS [28]. Yi et al. thawed 

nondepleted plasma and serum samples and incubated them at room temperature for up to 

72 h [13]. MALDI TOF-MS showed that some spectral peaks decreased in abundance over 

time while others increased. The authors concluded that their results were consistent with 

proteolysis over time. However, it is also possible that, in some cases, changes in protein 

conformations or interactions were involved.

Our observation that a subset of proteins is reproducibly increased in abundance and others 

are decreased suggests that multiple processes affect protein quantification in 

immunodepleted plasma. Plasma has protein concentrations spanning more than 10 orders of 

magnitude [1]. About 95% of the proteome is composed of 10–12 proteins, which can 

interfere with MS-based approaches for identifying and quantifying less abundant proteins. 

The removal of albumin and other highly abundant proteins via antibody depletion has 

become standard practice [3,25]. Recently the immunodepletion of abundant blood-derived 

proteins from solid tissue specimens has been recommended [29]. This approach, which has 

the advantage of removing the most abundant proteins, also has disadvantages. For example, 

depletion targets can be carriers for other proteins and small molecules [30–34], which may 

variably travel with them in removal strategies, affecting quantification [26,27]. 

Conformational changes in antibody targets presumably affect epitope binding, resulting in 

altered depletion efficiencies. Many groups have reported retention of nontargeted proteins, 

which may be due to homologous epitopes, nonspecific interactions with column matrices, 

or protein–protein interactions [13,26,31,35,36]. The closely controlled trypsin digestion 

protocol used here, employing single lots of reagents and enzyme and consistent incubation 

times, makes this step in and of itself unlikely to be a significant contributor to the variations 

observed. However, progressive denaturation of proteins could improve trypsin digestion, 

which in turn, could affect quantification. Evaluation of digestion efficiencies has been 

notoriously difficult (reviewed in [37]) and more research is needed to explain the 

underlying mechanisms that increase detection of certain proteins. Here, we observed 

elevated levels of many proteins in plasma samples held for extended time periods prior to 

immunodepletion, which could be related to any or all of the above phenomena.

As to other variables, we found that ≤3 freeze–thaw cycles during long-term storage or in 

short succession of recently collected samples had little effect. This result is in concordance 

with shotgun proteomics analyses performed on undepleted plasma, which also examined 
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this variable [14]. A study of MALDI TOF-MS peak intensities (1000–40,000 m/z) showed 

that continuous long-term storage of plasma had minimal effects. Additionally, up to 5 

freeze–thaw cycles led to variable, albeit small, changes [38]. Conversely, serum peptide 

profiling using reverse phase magnetic particles and MALDI TOF-MS (700–4000 m/z) 

showed that 4 freeze–thaw cycles affected the observed MS patterns, with decreases in both 

the number and the intensities of the peaks [39]. Thus, freeze–thaw cycles may have effects 

on native peptides, a possibility that our study did not address. In summary, minimal 

degradation of larger polypeptides/proteins after several freeze–thaw cycles or long-term 

storage at −80 °C is encouraging for the use of valuable samples from archival 

biorepositories for biomarker research.

Processing EDTA plasma by using established protocols [11,12] that differ primarily in the 

number of centrifugation steps, i.e., one or two, resulted in very few effects when monitored 

at the level of relative protein abundances. This held true for samples prepared off-protocol; 

i.e., the changes observed at an extended holding time and an elevated temperature were not 

distinguishable based on the centrifugation method. Thus, plasma processed using different 

methods could be useful for proteomics experiments, especially in the verification phase 

when high sample numbers from disparate sources are required.

A high confidence human plasma proteome, compiled from multiple sources, has 1929 

nonredundant proteins (1% FDR) [36]. Our quantitative proteomics analyses with limited 

fractionation allowed for the detection of ~300 proteins. While this set of proteins can be 

considered a proxy for the plasma proteome in its entirety, these experiments did not directly 

address the effects of preanalytical variables on the lower abundance plasma proteins. The 

concentrations of proteins that were detected in immunode-pleted plasma ranged over 5 

orders of magnitude, from 1.2 ng/mL to 7.5 × 105 ng/mL (Supplemental Tables 2 and 3, 

[36,40–42]). Fundamentally, the question of the integrity of biospecimens in regard to their 

potential utility in proteomics studies can be answered accurately only in the context of a 

specific set of protein targets and the type of assay used for their analyses. However, cost 

often prohibits these types of surveys, the rationale for studies such as ours. In a global 

context, when targets of interest are not known, a range of potential scenarios can affect 

biospecimen integrity. At one end of the spectrum lies significant degradation of a relatively 

large subset of proteins and representative changes in abundances of proteins are likely to be 

detected by shotgun analyses, e.g., relative protein quantification using isobaric tags, our 

approach. On the other hand, protein-specific changes, such as those that could affect 

unusual structural features, lower abundance proteins, and/or post-translational 

modifications are unlikely to be detected using the nontargeted analytical strategies 

employed here. Ultimately, once a biomarker candidate is identified, verification studies 

using a robust, targeted assay and sample sets collected from multiple sources is required 

prior to moving targets to the validation phase [20].

Progress in the components of proteomics workflows—immunoenrichment strategies, 

system suitability/quality assurance protocols, software applications and hardware—is 

increasing the utility of MS-based assays in clinical settings (reviewed in [43]). Ultimately, 

accurate quantification of analytes rests on a foundation of high quality, well-annotated 

specimens. Several organizations provide best practices guidelines covering various aspects 
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of the biospecimen lifecycle [9,11,44,45]. The International Society for Biological and 

Environmental Repositories (ISBER) recently compiled the literature concerning potential 

plasma/serum protein markers for preanalytical variation assessment; the bulk were single 

analytes measured by using immunoassays [46]. The National Cancer Institute established 

the Biorepositories and Biospecimen Research Branch, which recently published evidence-

based guidance for the snap freezing of human tissue biospecimens [47]. There are a 

plethora of biomarker discovery, verification, and validation sample preparation workflows, 

and it is unrealistic to expect that a single quality assay will prove useful for all types of 

quantitative analyses. The work presented here adds to the body of knowledge driving 

evidence-based protocols and documentation of preanalytical variables that could affect 

blood-based protein measurements in biomarker studies. In this regard, we suggest that 

samples collected with modest delays in plasma processing times, one vs two centrifugation 

steps, limited freeze–thaw cycles, or extended long-term storage should not necessarily be 

excluded from protein biomarker studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Study Design. iTRAQ quantification was used to measure the effects of several preanalytical 

variables on relative plasma and serum protein abundances. Two types of specimens were 

employed: samples collected specifically for this project (Studies 1 and 2) and those that are 

part of a biorepository that were collected ~15 years ago (Study 3). RT, room temperature.
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Fig. 2. 
Effects of preprocessing holding time on the plasma proteome. Relative protein abundances 

of plasma held for (A) 96 h at room temperature or (B) 37 °C prior to processing. Box plots 

of the iTRAQ ratios for each of the 264 proteins detected in ≥5 multiplexes, ranked by q 

value, are shown. The proteins are ordered by q value and proteins to the left of the vertical 

line (q = 0.05) were detected in significantly altered abundances. Proteins, fold changes, P 

and q values are listed in Supplemental Table 3.
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Fig. 3. 
Relative protein abundances in single- compared to double-spun plasma under various 

processing conditions. Box plots of the iTRAQ ratios for each of the 264 proteins detected 

in ≥5 multiplexes are shown. The proteins are ordered by q value and proteins to the left of 

the vertical line (q = 0.05) were detected in significantly altered abundance. (A) Plasma 

processed according to the SOPs; (B) plasma held for 96 h at room temperature and (C) 37 

°C prior to processing. Proteins, fold changes, and q values listed in Supplemental Table 3.
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Fig. 4. 
LC-MS analysis metrics of plasma and serum from Studies 2 and 3. (A) Number of proteins 

detected (5% FDR), (B) distinct peptides, and (C) product ion spectra of immunodepleted 

plasma (P) and serum (S) samples. All values are the mean ± standard deviation.
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