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A B S T R A C T   

Protein biomarker microheterogeneity has attracted increasing attention in epidemiological and clinical research 
studies. Knowledge concerning the preanalytical stability of proteins is paramount to assess the biological sig
nificance of their proteoforms. We investigated the stability of the inflammatory markers C-reactive protein 
(CRP), serum amyloid A (SAA), and calprotectin (S100A8/9), and the renal function marker, cystatin C (CnC). In 
total 16 proteoforms were quantified by immuno-MALDI-TOF MS in EDTA plasma and serum samples from 15 
healthy volunteers. Prior to analysis blood samples were stored at either room temperature from 1 h up to 8 days, 
or underwent up to 9 consecutive freeze/thaw cycles. Pearson’s correlation coefficient and t-test, intra-class 
correlation coefficient (ICC), and Autoregressive Integrated Moving-Average (ARIMA) models were used to 
investigate the stability of proteoform concentrations and distributions in blood. Plasma and serum concentra
tions of CRP and SAA proteoforms were highly stable during room temperature exposure and repeated freeze/ 
thaw cycles, demonstrating excellent reproducibility (ICC > 0.75), no serial dependency in ARIMA models, and 
stable distribution of proteoforms. Stability analyses for proteoforms of S100A8/9 and CnC identified only minor 
preanalytical changes in concentrations and distributions, and none of the proteoforms were produced during 
prolonged exposure to room temperature or repeated freezing/thawing. The four proteins and their proteoforms 
are stable during sub-optimal sample handling, and represent robust biomarker candidates for future biobank 
studies aimed at investigating the microheterogeneity of SAA, S100A8/9, and CnC in relation to inflammation, 
renal dysfunction and various clinical outcomes.   

1. Introduction 

Interest in protein biomarkers for diagnosis, risk assessment, and 
treatment of diseases has grown during the last decade. Novel analytical 
technologies have been established for protein biomarker discovery and 
validation, many of them based on LC MS and MALDI MS. With the 
development of targeted approaches [1,2], the use of immuno-affinity 
enrichment and multiple (MRM), selected (SRM), and parallel reaction 
monitoring (PRM), determination of protein microheterogeneity has 
become an option in clinical proteomics [3–5]. Furthermore, recent 
improvements in protein sample preparation by multi-well robotic 
platforms enable high-throughput assay formats for clinical applications 
[6]. 

Proteoforms, largely formed by post-translational modifications 
(PTMs) and truncations, can play important roles in biological processes 
even if the structural changes are minor [7,8]. Since protein 

microheterogeneity is related to many pathologies and varies between 
different individuals, investigation of proteoforms may become an 
important feature of personalized medicine [9,10]. Stability data exist 
for numerous protein biomarkers [11,12], but information concerning 
storage effects on proteoform concentrations is lacking. Knowledge of 
preanalytical stability to exclude the possibility that microheterogeneity 
is related to sample handling and storage is a prerequisite for the utili
zation of proteoforms in clinical diagnostics and epidemiological 
research. While protein instability is generally a minor problem at very 
low temperatures, storage time at room temperature and repeated 
freeze/thaw cycles are known to cause protein degradation [13–15]. In 
addition, biomarkers concentrations and stability may vary depending 
on the chosen sample matrix [16,17]. 

We have developed an immuno-MALDI-TOF MS assay for the 
simultaneous quantification of the inflammatory markers C-reactive 
protein (CRP), serum amyloid A (SAA), calprotectin (S100A8/9), and 
the renal function marker cystatin C (CnC) [18]. Various proteoforms 
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have been reported for SAA, S100A8/9, and CnC, and several of these 
proteoforms have been linked to common diseases such as diabetes 
mellitus and renal dysfunction [19–22]. Here, we report on the stability 
of these biomarkers and their 16 proteoforms in EDTA plasma and serum 
samples, which underwent prolonged storage at room temperature or 
multiple freeze/thaw cycles. 

2. Methods 

2.1. Sample collection and experimental design 

Analyte stability was assessed using EDTA plasma and serum samples 
from 15 healthy volunteers. For comparison of biomarker levels in 
plasma versus serum over a wide concentration range, anonymized 
blood samples from 83 patients with elevated levels of CRP were pro
vided by the central laboratory at Haukeland University Hospital (Ber
gen, Norway). Under the current Norwegian regulations concerning 
quality control investigations, the study was exempt from review by the 
institutional ethical research board. Blood for plasma and serum samples 
were collected in 10 mL EDTA and 10 mL silica-coated vacutainer tubes, 
respectively. Blood was centrifuged at 3100 × G for 12 min at 4 ◦C. 
Plasma and serum samples from the 15 healthy volunteers were divided 
into 14 aliquots (Fig. 1). One aliquot was chosen as reference sample for 
both series, i.e. storage at room temperature and repeated freezing/ 
thawing. Nine aliquots were stored at room temperature (24 ◦C in 
darkness) for 1, 2, 4, 8, and 12 h or 1, 2, 4, and 8 days, while the 
remaining 4 aliquots underwent 1, 2, 4, and 8 cycles of freezing/thaw
ing. In order to analyse all samples simultaneously in one batch, all 
samples were stored at − 80 ◦C until analysis. Consequently, the total 

numbers of freezing/thawing cycles were 2, 3, 5 and 9. 

2.2. Laboratory analyses 

Proteoforms were quantified by a novel immuno-MALDI-TOF MS 
assay [18]. All steps of the method including antibody immobilization 
on paramagnetic beads, preparation of internal standards, 
immuno-affinity purification, MALDI MS analysis, and proteoform 
quantification are described in Supplementary Material. Briefly, 20 μL 
EDTA plasma or serum were spiked with 20 μL internal standards and 
incubated with antibody-immobilized paramagnetic beads for 1 h. After 
repeated washing of the beads, proteins were eluted and prepared for 
MALDI-TOF MS. Liquid handling was fully automated using a 96-micro
titer plate format. 

2.3. Statistical analyses 

Protein concentrations were presented as geometric means with 
standard errors and were log-transformed prior to statistical analyses. 
Correlations between EDTA plasma and serum concentrations were 
analysed by Pearson’s correlation coefficient, using the patients’ sam
ples and first aliquots of samples from the healthy volunteers. Proteo
form stability was investigated by four different methods: 1. Profiles of 
the room temperature exposure time and freeze/thaw cycles were 
plotted as line and bar plots, respectively. Significant changes between 
segments of the time- or cycle-series were determined by the t-test. 2. 
Changes in proteoform distributions between the first and last sample of 
the time series were illustrated by radar plots and deviations were 
analysed by the t-test. 3. Reproducibility was assessed by the intra-class 
correlation coefficient (ICC), defined as the ratio of between-sample 
variance to total variance. Calculations included all room temperature 
exposure time points or freeze/thaw cycles and was performed using the 
ICC (1,1) method as defined by Shrout and Fleiss [23]. ICCs were clas
sified according to Rosner as poor (< 0.4), fair to good (0.4–0.75), and 
excellent (≥ 0.75) [24]. 4. Biomarker concentrations and ratios ac
cording to room temperature exposure were analysed by Autoregressive 
Integrated Moving-Average (ARIMA), a widely used method for 
modelling and forecasting time series. ARIMA identifies three kinds of 
serial dependencies in a time series, which are described by autore
gressive (AR), integrated (I), and moving-average (MA) processes [25, 
26]. The AR process describes the value of a variable at time t as a 
regression upon an earlier value at time t - p, where p is the time lag. The 
MA component indicates the regression error by random jumps, which 
cannot be predicted by AR. The parameter q represents the number of 
lags in which the effect of random jumps persists in the time series. The 
integrated process I represents a linear or non-linear trend in the series 
and the parameter d is the number of differentiating transformations to 
receive stationarity. The calculated ARIMA models are denoted as (p, d, 
q). During modelling serial dependency is analysed by each of the three 
processes and removed from the series until the remaining dependency 
can be described by a random “white noise” process. In this process each 
value in the series is statistically independent from others and the series 
is characterised by a mean of 0 and constant variance. Therefore, 
biomarker concentrations were determined to be stable during storage, 
if modelling delivered (0, 0, 0). The packages “ICC”, “psych”, “forecast” 
and “stat” of R version 3.5.3 was used for statistical analyses. 

3. Results and discussion 

3.1. Correlation of plasma and serum for total biomarker concentrations 

Total plasma and serum concentrations of the four proteins were 
compared in both the 15 healthy volunteers, using the first aliquot, and 
the 83 clinical patients. Plasma and serum concentrations of CRP and 
SAAt were highly correlated in the healthy volunteers (CRP: r = 0.97, 
p < 0.001; SAAt: r = 0.97, p < 0.001) and patients (CRP: r = 0.97, 

Abbreviations 

CRP C-reactive protein 
SAA Serum amyloid A 
S100A8/9 Calprotectin 
CnC Cystatin C 
ICC Intraclass correlation coefficient 
ARIMA Autoregressive Integrated Moving-Average 
RT Room temperature  

Fig. 1. Design of the stability experiment. EDTA plasma (blue) and serum (red) 
samples from 15 healthy subjects were divided into 14 aliquots. One aliquot 
was used as reference sample, 9 aliquots were incubated at room temperature 
(RT), and 4 aliquots underwent repeated freezing/thawing. At last, all sample 
were stored at − 80 ◦C to be analysed as one batch by MALDI MS. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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p < 0.001; SAAt: r = 0.99, p < 0.001). These findings are consistent with 
earlier reports for these major acute phase proteins [27–29]. However, 
comparable SAA data only exist for equine SAA in serum and heparin 
plasma [29]. 

A strong association between values in plasma versus serum was also 
found for S100At in the clinical patients (r = 0.95, p < 0.001), but no 
correlation was observed among healthy volunteers with very low 
concentration (r = − 0.37, p = 0.16). Interestingly, for the clinical pa
tients serum S100At concentrations were 40% higher than those 
observed for plasma, whereas in healthy participants serum concentra
tions were approximately 300% higher than plasma levels. Similar dis
crepancies when comparing blood matrices have been described earlier 
[30,31]. Recently, Nordal et al. speculated that in-vitro activation of 
neutrophils during serum clotting may raise calprotectin concentrations. 
They therefore recommended EDTA plasma as preferred sample matrix 
[32]. Consequently, in-vitro activation would attenuate the expected 
correlation between levels in plasma versus serum and the effect would 
be most pronounced at the low concentrations typically observed among 
healthy subjects. 

Plasma and serum concentrations of CnCt were strongly correlated in 
the group of healthy volunteers (r = 0.73, p < 0.001) and patients 
(r = 0.95, p < 0.001). These findings are in agreement with earlier re
ports demonstrating no significant difference according to these 
matrices [33,34]. 

3.2. Preanalytical stability graphs of total biomarker concentrations 

Total concentrations during room temperature exposure (line plots) 
and repeated cycles of freezing and thawing (bar plots) of the four 
biomarkers in EDTA plasma and serum samples from 15 healthy vol
unteers are presented in Fig. 2. CRP and SAAt showed excellent stability 
in both plasma and serum samples even at room temperature exposure 
for up to 8 days. Blood concentrations of both proteins were also stable 
during 9 cycles of freezing/thawing. Our observations are in agreement 
with recent data describing the stability of CRP [28] and SAA [35]. 

Plasma concentrations of S100At were stable at room temperature 
for up to 4 days, while serum concentrations were stable for up to 2 days 

before gradually declining by 45%. Repetitive freezing and thawing had 
no effect on S100At levels in either plasma or serum. Stability of 
S100A8/9 has been tested previously in other matrices and at different 
temperatures. Nilsen et al. investigated purified calprotectin in buffer 
solutions and showed high stability at 30 ◦C for over 106 days, but a 20% 
decline after 4 freeze/thaw cycles [36]. Another report from Biovendor 
demonstrated stable levels both in plasma and serum for 7 days at 
2–8 ◦C, and after 5 cycles of repeated freezing/thawing [37]. 

Total concentrations of CnC were stable in plasma at room temper
ature for up to 8 days. Serum levels of CnCt were stable for up to 2 days 
at room temperature, but declined by 7.5% during the following 6 days. 
Freeze/thaw cycles did not affect CnCt concentrations in either matrix. 
Our data agree with earlier findings demonstrating CnC concentrations 
were stable at room temperature for between 2 and 7 days [33,38,39] 
and up to 10 consecutive freeze/thaw cycles [38]. 

3.3. Preanalytical stability graphs of proteoform concentrations 

Plasma and serum concentrations of SAA, S100A8/9 and CnC pro
teoforms after room temperature exposure (line plots) and repeated 
cycles of freezing and thawing (bar plots) are illustrated in Fig. 3. For 
each protein, graphs were grouped according to non-truncated and 
truncated proteoforms, and selected ratios. 

Plasma and serum concentrations of SAA proteoforms did not differ, 
and proteoforms were stable at room temperature for 8 days in both 
matrices. Ratios of proteoforms were also constant during 8 days of 
room temperature exposure. Repeated freezing and thawing of samples 
did not affect stability of the SAA proteoforms or selected ratios in 
plasma and serum. 

As for S100At, concentrations of S100A8/9 proteoforms were higher 
in serum than plasma. Plasma concentrations of S100A8, S100A9 and 
S100A9dm were stable for 4-day at room temperature, while serum 
concentrations of these proteoforms decreased after 2 days under such 
conditions. Ratios of S100A8 to S100A9t in plasma and serum remained 
stable during 8 days at room temperature, whereas the ratio in serum 
was about 60% higher than in plasma. This suggests that the complex 
stoichiometry S100A8/9 is matrix-dependent and may explain the 

Fig. 2. Preanalytical stability graphs of total con
centrations of CRP, serum amyloid A (SAAt), calpro
tectin (S100At), and cystatin C (CnCt) in EDTA 
plasma (blue) and serum (red) samples from 15 
healthy volunteers. Samples were incubated at room 
temperature (RT) for 8 days (line plots) or underwent 
9 freeze/thaw cycles (bar plots). Data are plotted as 
geometric means with standard errors. (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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variation among proposed structures of S100A8/9 in the literature [21, 
40,41]. Repeated freezing and thawing had no impact on S100A8/9 
proteoform concentrations and ratios in plasma or serum. 

Concentrations of the major CnC proteoforms CnCn and CnCo, 
including the ratio between the two, were highly stable at room tem
perature and during freeze/thaw cycles irrespective of sample matrix. 
Small changes were observed for the minor forms, CnCdssp and CnCds. 
Plasma concentrations of CnCdssp increased slightly after 2 days. CnCds 
concentrations were 40% higher in serum than plasma, and declined in 
both matrices after exposure to room temperature for 12 h. The decline 
of CnCds accompanied by a parallel increase of CnCdssp suggested that 
degradation of CnCds was caused by loss of the two N-terminal amino 
acids leading to the formation of CnCdssp. Similar relationships were 
obtained in plasma and serum samples during repeated freezing and 
thawing. A truncated variant of CnC, recently identified as product of 
inadequate storage conditions [42], was not identified by our analyses. 

3.4. Changes in proteoform distributions after 8 days at room temperature 

Proteoform distributions of SAA, S100A8/9 and CnC are illustrated 
as patterns of radar chart plots in Fig. 4. Proteoform distributions in the 
first (day 0, blue/red colour) and last aliquots (day 8, grey) were 

overlaid, and significant changes by the t-test were indicated. 
Distributions of SAA proteoforms were similar in both sample 

matrices and changes were not significant. The distribution of most 
S100A8/9 proteoforms was stable in plasma samples except S100A8. 
However, in serum the distribution changed significantly after 8 days, 
largely explained by the decrease in S100A8 and S100A9 concentra
tions. Proteoform distribution differed between blood matrices, with 
S100A8 present in higher concentrations in serum than plasma. The 
distributions of CnC proteoforms were essentially the same in plasma 
and serum, and only minor changes were observed for CnCds and 
CnCdssp following exposure to room temperature for 8 days. 

3.5. Reproducibility of total biomarker and proteoform concentrations in 
terms of intraclass correlation coefficients (ICCs) 

The reproducibility of total biomarkers and the proteoforms during 
room temperature exposure and repeated freezing/thawing is presented 
in Fig. 5. Excellent ICCs (≥ 0.75) [24] were obtained for plasma/serum 
concentrations of CRP and total and all proteoforms of SAA. The ICCs for 
S100At and the most abundant proteoform, S100A8, are good to 
excellent (0.65 < ICCs < 0.89), but varied markedly ranging from poor 
(< 0.4) to excellent (> 0.75) for the other proteoforms. The ICCs were 

Fig. 3. Preanalytical stability graphs of serum amyloid A, calprotectin, and cystatin C proteoforms in EDTA plasma (blue) and serum (red) samples from 15 healthy 
volunteers. Samples were incubated at room temperature (RT) for 8 days (line plots) or underwent 9 freeze/thaw cycles (bar plots). Profiles are grouped (non- 
truncated, truncated and ratios) and data are plotted as geometric means with standard errors. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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comparable for storage and repeated freeze/thaw cycles, but large var
iations were observed when comparing reproducibility in plasma versus 
serum, and higher ICCs in serum for most proteoforms. The latter ob
servations could be explained by plasma concentrations being closer to 
the assay LOQ. The ICCs observed for CnCt and the major proteoforms, 
CnCn and CnCo, ranged between fair to good and excellent 
(0.59 < ICCs < 0.79). Again, the least abundant proteoforms, CnCds and 
CnCdssp, showed lower ICCs, ranging between poor and fair to good 
(0.34 < ICCs < 0.68). 

3.6. Autoregressive integrated moving-average modelling of total 
biomarker and proteoform concentrations 

Time series of biomarker concentrations at room temperature were 
analysed by ARIMA and results are shown in Table 1. Time series of CRP 
and SAA, including all proteoforms, showed no serial dependency, in 
either plasma or serum, which indicated high stability during storage in 
both blood matrices. 

ARIMA modelling of S100A8/9 identified a linear trend for S100At, 
S100A8 and S100A9dm in plasma and serum. S100A9 showed a trend in 
serum, while the time series of S100A9tr demonstrated no serial de
pendency. A linear trend in plasma was observed for the ratio of 
S100A8/S100A9t. 

The profiles of CnCt, CnCn and CnCo showed no serial dependency in 
plasma, but a linear trend was observed in serum samples. No 

dependency was found for the ratio of CnCn/CnCo. ARIMA modelling of 
CnCdssp and CnCds showed linear trends for both proteoforms in 
plasma. In serum, the profile of CnCdssp showed no dependency across 
the time series, whereas the time series of CnCds was the only proteo
form following a quadric trend. 

In conclusion, results from ARIMA models were consistent with the 
shown profiles of total biomarker and proteoform concentrations. 

3.7. Limitations 

This study, however, is not without limitations. We did not investi
gate the effects of room temperature exposure on whole blood during 
sample collection. In addition, protein stability at 4 ◦C was not investi
gated, a commonly recommended temperature for short-term storage. 
Nevertheless, it is expected that protein stability increases with lower 
temperature. 

4. Conclusions 

We investigated the stability of the inflammatory markers C-reactive 
protein (CRP), serum amyloid A (SAA), and calprotectin (S100A8/9), 
and the renal function marker, cystatin C (CnC) in response to prolonged 
room temperature exposure and repeated freeze/thaw cycles. Blood 
concentrations of the major acute-phase reactants CRP and SAA, 
including all proteoforms were determined to be highly stable in both 

Fig. 4. Changes in proteoform distributions of SAA, S100A8/9 and CnC between day 0 (blue/red colour) and day 8 (grey), illustrated as radar plots. Distributions in 
EDTA plasma and serum samples are shown in the left and right panels, respectively. Significant changes by the t-test (P < 0.05) are indicated (*). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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EDTA plasma and serum. Significant changes in S100A8/9 and CnC 
concentrations were either minor or appeared late in the time series. 
Consequently, proteoforms of all four biomarkers assessed in the present 
investigation should be considered as stable during standard procedures 
for handling and storage in most biobanks, where blood sample pro
cessing occurs within hours, with storage at +4 ◦C for less than 24 h 
[43], and the number of freeze/thaw cycles are minimized. 

The stability data presented here will enable future studies to 

investigate the associations of micro-heterogeneity of SAA, S100A8/9, 
and CnC with various clinical outcomes. 

Nomenclature of proteoforms 

Total blood levels of serum amyloid A, calprotectin and cystatin C 
were denoted as SAAt, S100At, and CnCt, respectively. N-terminal 
truncations of SAA, S100A8/9 and CnC were labelled with a “d” and the 
one-letter codes of the missing amino acids. Proteoforms of SAA were 
abbreviated according to the isoforms expressed by the SAA1 or SAA2 
gene. Monomers of the S100A8/9 complex were assigned as S100A8 and 
S100A9. The shortest truncation of S100A9, missing 5 amino acids, was 
abbreviated as S100A9tr. The sum of S100A9, S100A9tr and S100A9dm 
was defined as S100A9t. The native and the hydroxylated forms of CnC 
were abbreviated as CnCn and CnCo, respectively. 
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Fig. 5. Intraclass correlation coefficients (ICCs) for 
total biomarker and proteoform concentrations dur
ing incubation at room temperature (RT) for 8 days 
(left panel), and 9 freeze/thaw cycles (right panel). 
EDTA plasma and serum concentrations are illus
trated as blue and red bar plots, respectively. 
Thresholds of ICCs (<0.4: poor; 0.4–0.75: fair to 
good; ≥ 0.75: excellent) [24] are marked by dashed 
lines. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
Autoregressive integrated moving average (ARIMA) models of time series of the 
biomarkers and their ratios during storage at RT.  

Biomarkers and ratios EDTA plasma Serum 

CRP (0, 0, 0) (0, 0, 0) 
SAA 

SAAt (0, 0, 0) (0, 0, 0) 
SAA1.1 (0, 0, 0) (0, 0, 0) 
SAA1.2 (0, 0, 0) (0, 0, 0) 
SAA1.3 (0, 0, 0) (0, 0, 0) 
SAA2.1 (0, 0, 0) (0, 0, 0) 
SAA1.1dr (0, 0, 0) (0, 0, 0) 
SAA1.1drs (0, 0, 0) (0, 0, 0) 
SAA2.1dr (0, 0, 0) (0, 0, 0) 
SAA2.1drs (0, 0, 0) (0, 0, 0) 
SAA2.1/SAA1.1 (0, 0, 0) (0, 0, 0) 
SAA1.1dr/SAA1.1 (0, 0, 0) (0, 0, 0) 
SAA1.1drs/SAA1.1 (0, 0, 0) (0, 0, 0) 

S100A8/9 
S100At (0, 1, 0) (0, 1, 0) 
S100A8 (0, 1, 0) (0, 1, 0) 
S100A9 (0, 0, 0) (0, 1, 0) 
S100A9tr (0, 0, 0) (0, 0, 0) 
S100A9dm (0, 1, 0) (0, 1, 0) 
S100A8/S100A9t (0, 1, 0) (0, 0, 0) 

CnC 
CnCt (0, 0, 0) (0, 1, 0) 
CnCn (0, 0, 0) (0, 1, 0) 
CnCo (0, 0, 0) (0, 1, 0) 
CnCds (0, 1, 0) (0, 2, 0) 
CnCdssp (0, 1, 0) (0, 0, 0) 
CnCn/CnCo (0, 0, 0) (0, 0, 0)  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2020.121774. 
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