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ABSTRACT: Quantitative nuclear magnetic resonance (NMR) spectroscopy of blood
plasma is widely used to investigate perturbed metabolic processes in human diseases. The
reliability of biochemical data derived from these measurements is dependent on the
quality of the sample collection and exact preparation and analysis protocols. Here, we
describe systematically, the impact of variations in sample collection and preparation on
information recovery from quantitative proton (1H) NMR spectroscopy of human blood
plasma and serum. The effects of variation of blood collection tube sizes and preservatives,
successive freeze−thaw cycles, sample storage at −80 °C, and short-term storage at 4 and
20 °C on the quantitative lipoprotein and metabolite patterns were investigated. Storage
of plasma samples at 4 °C for up to 48 h, freezing at −80 °C and blood sample collection
tube choice have few and minor effects on quantitative lipoprotein profiles, and even
storage at 4 °C for up to 168 h caused little information loss. In contrast, the impact of
heat-treatment (56 °C for 30 min), which has been used for inactivation of SARS-CoV-2
and other viruses, that may be required prior to analytical measurements in low level
biosecurity facilities induced marked changes in both lipoprotein and low molecular weight metabolite profiles. It was conclusively
demonstrated that this heat inactivation procedure degrades lipoproteins and changes metabolic information in complex ways.
Plasma from control individuals and SARS-CoV-2 infected patients are differentially altered resulting in the creation of artifactual
pseudo-biomarkers and destruction of real biomarkers to the extent that data from heat-treated samples are largely uninterpretable.
We also present several simple blood sample handling recommendations for optimal NMR-based biomarker discovery investigations
in SARS CoV-2 studies and general clinical biomarker research.

KEYWORDS: lipoproteins, quantitative NMR spectroscopy, metabolic profiling, freeze−thaw, sample preparation, sample storage,
information stability COVID-19, SARS-CoV-2, sample heat treatment

■ INTRODUCTION

Advances in clinical diagnosis, prognosis and possible treatment
selection are increasingly driven by the use of molecular
phenotyping and bioinformatic tools to aid classification of
diseases subtypes and to define underlying individual variations
in patient biology. Nuclear magnetic resonance (NMR)-based
metabolic profiling of biofluids and tissues and linked data
modeling offer possibilities for deep patient phenotyping by
generation of detailed chemical fingerprints that can be related
to clinical end points and response to therapeutic interven-
tions.1−3 1H NMR-spectroscopy of biofluids including blood
plasma and serum have been widely used to investigate systemic
biochemistry in health and disease for decades.1,4−6 Plasma
NMR studies, in particular, have proved useful in diabetes,5,7

obesity,8,9 rheumatoid arthritis,10 cancers11 infectious diseases12

rare diseases,13,14 and neurological conditions.15,16 Despite
previous attempts at method and data harmonization, metabolic
phenotyping still does not have uniformly applied standards as
the analytical platforms and methods used are often locally
optimized for each laboratory or research group. Although
frameworks for standardizing measurement reporting have been
proposed,17,18 they do not result in directly statistically
comparable data across the community, except perhaps for
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quantitative NMR spectroscopy.19 Standardisation of basic
sample handling is imperative at the start of the analytical
pipeline if data from different laboratories are to be meaningfully
compared. There are three mainstream high information
content metabolic profiling platforms (gas chromatography
(GC)- or liquid chromatography (LC) coupled to mass
spectrometry (MS), and NMR spectroscopy) and there are
many ways to collect, store, prepare and analyze biological
samples for such analytical procedures. The impact of method
choice on biological interpretation of spectral data sets is further
complicated by the selection of statistical analysis methods from
a multitude of preprocessing algorithms and statistical pipe-
lines.20−22 In clinical environments, healthcare workers must, of
necessity, prioritise patient safety over research sample
collection and availability and handling of research samples
are subject to the local clinical capabilities. Moreover, country-
specific regulations can introduce deviations in sample
collection and handling procedures. Biosafety sample handling
protocols are often required when working with human biofluids
in order to contain potentially infectious pathogens that may be
present in the sample such as when performing research on the
SARS-CoV-2 viral infections. A common practice for viral
inactivation in biofluids designated for bioanalysis is to heat
samples to 56 °C for 30 min.23−25

Diagnostic metabolic phenotyping signatures of acute and
chronic diseases typically incorporate both the lipoprotein and
small molecule components observed in the standard one-

dimensional (1D) 1H NMR spectrum. However, utilization of
multiple pulse sequences andmathematical fitting methods have
evolved to exploit molecular properties to improve the capture
of latent biochemical information. More recently, NMR-based
lipoproteomics has been used to characterize the unique
metabolic signatures of SARS-CoV-2 infection.26 The NMR
based in vitro diagnostic research (IVDr) system was developed
to quantify 112 lipoproteins and lipoprotein subfractions and
ratios based on regression analysis of the broad terminal CH3

group peaks centered around δ = 0.86, the long chain aliphatic
(CH2)n signals of the fatty acyl groups centered around δ = 1.27
and the underlying cholesterol signals.27 The method follows on
from original research by Bell et al.,28 and subsequently Otvos et
al.29 and Ala-Korpela et al.30 who developed peak shape fitting
algorithms to deconvolve contributions from high-density
lipoprotein (HDL), low-density lipoprotein (LDL) and very
low-density lipoprotein (VLDL) including their subfractions.
The lipoproteomic approach utilized and illustrated here
involves the analysis of the same NMR signals but relies on a
multiple regression model (validated against conventional
ultracentrifugation measurements) to create a highly reprodu-
cible quantitation tool for lipoproteins.10

The ability to infer biological significance from metabolic
studies is reliant on understanding the limitations of sample
collection and handling as well as the biochemical consequences
of normal physiological variation from sex, age, ethnicity and
lifestyle differences within the population groups.31,32 This

Figure 1. Experimental design for evaluating the storage and treatment methods on blood plasma with fully quantitative lipoprotein analysis and
comparative pattern recognition analysis for metabolites.
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further emphasizes the importance of rigorous study design,
sample collection and storage protocols with a set of
documented acceptance criteria to ensure sample quality prior
to measurement and minimize analytical variation. In a recent
study, the comparative multilaboratory performance of 11
separate 600 MHz NMR platforms was evaluated in a ring-trial,
which showed high reproducibility and low relative standard
deviations well within the acceptance criteria defined by the
National Cholesterol Education Program (NCEP) criteria for
lipid testing.33 Storage time,34 storage temperature,34 centrifu-
gation, freeze−thaw cycles,35 serum clotting time,36 type of
collection tube,36 lyophilization,37 and sample preservatives34

have all been shown to impact on the serum or plasma
metabolome38 (Table S1). To date, few studies have extensively
investigated the impact of sample storage and handling on the
quantified lipoprotein panel. However, Wang et al.35 recently
conducted a comprehensive investigation of the variation in
lipoprotein fragments after multiple freeze−thaw cycles and
found the profile to be generally stable, with the exception of free
cholesterol components of the VLDL subclass 1 (V1FC), and
free and total cholesterol fraction in intermediate density
lipoprotein (IDL), IDFC and IDCH, respectively with minor
but significant changes in 32 lipoprotein parameters between the
first to fifth freeze−thaw (FT) cycle together with an increase in
acetate.
The aim of the current study was to characterize the impact of

blood sample collection tubes and sample handling factors on
the reproducibility of the lipoprotein and small molecule profiles
and quantitation procedures in blood products for real world
clinical diagnostics. Specifically, the impact of the following
parameters on the high-resolution 1D proton NMR, Carr−
Purcell−Meiboom−Gill (CPMG) spin−echo and the quanti-
fied lipoprotein experiments was evaluated: (i) heat treatment
(based on the viral inactivation protocol that has been used for
both SARS and SARS-CoV-2 virus); (ii) up to three successive
freeze−thaw cycles; (iii) temporal biochemical stability at 20 °C,
4 °C, −80 °C; and (iv) blood collection tube type (Figure 1).
The criteria for assessing the impact of experimental parameters
on the viability of lipoprotein quantification and spectral quality
are exemplified for the identification of SARS-CoV-2 biomarkers
but represent a generic approach to achieving maximum
potential for biomarker discovery in both acute and chronic
diseases.

■ MATERIALS AND METHODS

Cohort Recruitment

Five healthy volunteers participated in each of the assessment of
blood collection tube and storage condition experiments.
However, for experiments evaluating the effect of heat-treatment
on plasma samples, eight healthy volunteers and seven SARS-
CoV-2 positive patients were recruited. The current cohort
comprised of a total of 15 healthy volunteers (whereby blood
samples from each individual was used to evaluate one or more
conditions) and seven SARS-CoV-2 patients (Figure 1.). SARS-
CoV-2 positive patients presented with typical COVID-19
disease symptoms and were subsequently tested positive for
SARS-CoV-2 infection from upper and/or lower respiratory
tract swabs by real time reverse transcriptase polymerase chain
reaction (rRT-PCR). This study follows the International
Severe Acute Respiratory and Emerging Infection Consortium
(ISARIC)/ World Health Organisation (WHO) pandemic trail
framework. Participants were enrolled as volunteers and

provided study details. Written informed consent was obtained
from participants prior to sample collection. The study was
approved by local ethical governance bodies (Murdoch
University Ethics no. 2020/052 and Perth South Metropolitan
Health Services Research Governance Office PRN:3976).

■ EXPERIMENTAL DESIGN
Nonfasting, antecubital venous blood samples were collected
into 4.5 mL Lithium Heparin PST II tubes (BD 367375, pale
green top) and processed following standard operating
procedures of the manufacturer; except for the comparison of
blood collection tube type (see below point 6). To ensure
consistency in our approach, blood samples were allowed to clot
for 30 min with the exception of serum silica sprayed tubes,
which were left to clot for 60 min at 20 °C. Serum samples were
freshly prepared and additional aliquots were stored under
different conditions at 20 °C, 4 °C and at−80 °C. Samples were
removed from storage for processing and analyzed by NMR
within 1 h of preparation. Prior to NMR analysis, frozen samples
were thawed at 20 °C for 30 min and centrifuged at 13,000 g for
10min at 4 °C. A sample volume of 350 μL of plasma/serumwas
mixed with 350 μL phosphate buffer (75 mM Na2HPO4, 2 mM
NaN3, 4.6 mM sodium trimethylsilyl propionate-[2,2,3,3−2H4]
(TSP) in D20, pH 7.4 ± 0.1)39 and 600 μL of the mixture was
transferred to a SampleJet NMR tube (5 mm outer diameter).
The following experiments were designed as part of this study

to investigate the effects of sampling handling/treatment.

(1) Effect of heat treatment on measured molecular
composition of plasma. To investigate the effects of
virus inactivation procedures, 15 plasma samples (seven
SARS-CoV-2 patients and eight healthy controls) were
analyzed following the standard NMR analysis pipeline
adapted from Dona et al.39 and the NMR sample tubes
were subsequently placed in a water bath (at 56 °C) for 30
min. Samples that had undergone heat treatment were
compared to nonheated samples.

(2) Effects of freeze−thawing cycles on samples. Fresh serum
samples from five healthy volunteers were analyzed (FT0)
and three additional aliquots of each sample were stored
at −80 °C. For each freeze−thaw cycle (FT1 to FT3)
serum samples were thawed at room temperature for 1 h
and refrozen at −80 °C for at least 12 h. The NMR
manufacturer recommendation for IVDr analyses requires
samples to undergo one freeze−thaw cycle, therefore
samples that had undergone a single freeze−thaw (FT1)
were used as the standard comparator.

(3) Effects of storage on the stability of samples at refrigerated
temperature (4 °C). Serum samples from five participants
were analyzed within 1 h after processing (t = 0) and an
aliquot of each sample was stored at 4 °C for 5 h, 24 h, 48
h, 72 and 168 h. Freshly measured samples at t = 0 were
used as a reference point for directionality of changes.

(4) Effects of storage on the stability of samples at room
temperature (20 °C). Serum samples from five partic-
ipants were analyzed within 1 h after processing (t = 0)
and were compared to an aliquot of each sample which
was stored at 20 °C for 24 h and 48 h.

(5) Effects of storage with added buffer at refrigerated
temperature (5°C). Serum samples from five participants
were analyzed within 1 h after processing (t = 0) and the
NMR tubes were stored at 5 °C for 24 h, 48 h, 72 h and
168 h. The NMR tubes were held in an NMR SampleJet
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(a refrigerated autosampler mounted on top of the NMR
spectrometer) in between measurements.

(6) Effect of different collection tubes on blood sample
composition. Blood from each of the five participants was
collected into seven different types of blood collection
tubes. Serum samples were obtained using 10 mL silica
sprayed collection tubes (BD 367895, red top) and 5 mL
SST II Advance gel tubes (BD 367954, yellow top).
Plasma samples were obtained using LithiumHeparin and
EDTA collection tubes. For Lithium Heparin tubes, this
included 6 mL spray coated (BD 367885, green top) and
4.5mL PST II tubes (BD 367375, pale green top) whereas
for EDTA collection tubes, 2 mL liquid K3EDTA (BD
367836, lavender top), and two different sizes of spray
coated K2EDTA tubes (BD 367525 for 10 mL and BD
367839 for 4 mL, purple top) were used. The blood
collection procedures, order of draw and specimen
handling including recommended number of inversions,
clotting time and centrifugation conditions were carried
out according to standard manufacturer protocols. All
samples were prepared freshly for NMR analysis.

(7) Effects of medium-term storage at −80 °C on sample
stability. In order to assess biochemical stability and
analytical performance over multiple studies, it is
necessary to incorporate quality control samples within
each analytical run. Therefore, the stability of a
commercially sourced EDTA plasma sample (purchased
from PM separation, reference SP2000), stored at −80
°C, was assessed by analyzing replicate aliquots over a
period of 3 months.

1H NMR Acquisition and Data Processing Parameters

NMR analyses were performed on a 600MHz Bruker Avance III
HD spectrometer equipped with a 5 mm BBI probe and fitted
with the Bruker SampleJet robot cooling system set to 5 °C. A
full calibration was completed prior to the analysis using a
previously described protocol.39 All experiments were con-
ducted using the Bruker In Vitro Diagnostics research (IVDr)
methods.27 For each sample, three experiments were completed
in automation mode, amounting to a total of 12.5 min
acquisition time per sample viz: standard 1D experiment with
solvent presaturation40 (32 scans using a mixing time of 0.01 s
and relaxation delay of 4s, 96K data points, spectral width of 30
ppm, line broadening of 0.3 Hz, zero-filled to 128K), a 1D−
Carr−Purcell−Meiboom−Gill (CPMG) spin−echo experiment
(32 scans, 72K data points, spectral width of 20 ppm, line
broadening of 0.3 Hz, zero-filled to 128K) and a 2D− J-resolved
experiment (2 scans, 40 t1 increments with 2 scans each, spectral
width 16 ppm, line broadening of 0.3 Hz in F2, Qsine weighting
in F1 and F2, zero-filled to 256K in F1 and 16K in F2). Data
were processed in automation using Bruker Topspin 3.6.2 and
ICONNMR to achieve phasing and baseline correction. A total
of 112 lipoprotein parameters for each sample were generated
using the Bruker IVDr Lipoprotein Subclass Analysis (B.I.LISA)
method.27 This was obtained by mathematically interrogating
and quantifying the -(CH2)n (δ = 1.25) and −CH3 (δ = 0.80)
peaks of the 1D spectrum after normalization to the Bruker
QuantRef manager within Topspin using a PLS-2 regression
model.27 The lipoprotein data describe chemical components of
cholesterol, free cholesterol, phospholipids, triglycerides,
Apolipoproteins A1/A2/B100 and the B100/A1 ratio in
different density classes: High-density lipoprotein (HDL,
density 1.063−1.210 kg/L), intermediate-density lipoprotein

(IDL, density 1.006−1.019 kg/L) low-density lipoprotein
(LDL, density 1.019−1.63 kg/L) and very low-density lip-
oprotein (VLDL, 0.950−1.006 kg/L). The main lipoprotein
classes HDL, LDL, VLDL were further subdivided into different
density subclasses (LDL-1:1.019−1.031 kg/L, LDL-2:1.031−
1.034 kg/L, LDL-3:1.034−1.037 kg/L, LDL-4:1.037−1.040 kg/
L, LDL-5:1.040−1.044 kg/L, LDL-6:1.044−1.063 kg/L), the
HDL subfractions into four density classes (HDL-1 1.063−
1.100 kg/L, HDL-2 1.100−1.112 kg/L, HDL-3 1.112−1.125
kg/L, and HDL-4 1.125−1.210 kg/L) and VLDL subfractions
into 5 density classes. A full list of the 112 lipoprotein annotation
subfractions and parameters is produced in Table S2.

Data Analysis

A total of three different spectral data sets were obtained for each
sample comprising standard 1D and CPMG spectra and a 2D-J-
resolved spectrum. Additionally, quantitative lipoprotein data
were derived from the 1D spectra. The 1D and CPMG spectral
data sets underwent baseline correction and reference to glucose
at δ = 5.25 using open source MetaboMate software packages41

operating in the R environment. The regions at δ = 4.5−4.9
containing the residual water resonances and the regions at δ <
0.5 and > 9.4 containing predominantly noise were excluded
from analyses. The resulting 27,818 spectral data points for the
standard 1D and CPMG were normalized using a probabilistic
quotient method42 to account for subtle variations between
samples due to analytical variability during the analysis, mean-
centered and unit-variance scaling applied prior to multivariate
modeling. An unsupervised multivariate data analysis approach,
principal components analysis (PCA),43 was initially used to
describe the underlying systematic variation in quantitative
lipoprotein, 1D and CMPG spectral data sets for spectral data
under investigation. To interrogate further the effects of
different sample storage/handling, additional analyses were
performed separately for each experimental condition. For each
condition, a separate PCA model was constructed. Orthogonal
partial least-squares discriminant analysis (OPLS-DA)44 was
used to identify metabolites differentiating between sample
conditions. The OPLS-DA model validity was assessed using
leave-one-out cross validation procedure and the Q2Y statistic
was used to describe the proportion of variance explained by the
predictive component for the experimental condition. In
addition, univariate statistics were used to assess group
differences in the quantitative lipoprotein data. This included
the use of Cliff’s Delta statistic, a nonparametric effect size
measure that quantifies differences between two conditions. A
Cliff’s Delta of +1 or −1 denotes the absence of overlap while 0
denotes complete overlap between the two groups. To test for
statistical significance, a two-tailed paired Wilcoxon Rank Sum
or Kruskal−Wallis Rank Sum statistic, as appropriate, was
applied and no correction for multiple hypothesis testing was
performed due to the interdependence of the measured
lipoprotein parameters. Here, a statistical significance level was
fixed at α = 0.05. Specifically, for the heating experiment, a
hierarchical cluster analysis using the Ward criterion45 was
applied to the computed Pearson’s correlation matrix of all 112
lipoproteins and subfractions. This was performed separately for
the healthy control group and SARS-CoV-2 patients. For further
information on statistical testing, see Supporting Information.

■ RESULTS AND DISCUSSION

The effects of storage and treatment on the biochemical profile
of the plasma and serum were assessed for the standard solvent
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suppressed 1D and the CPMG spin−echo spectral data sets and
for the quantified lipoprotein panel. From the PCA scores plot
incorporating all the samples (Figure 2A) the biological
interindividual variation exceeded all types of analytical
variation. Interindividual variation mostly dominated the first
principal component (PC) and accounted for 35.9% (Figure 2a
and b) in the 1D spectral data set, 21.3% for the CPMG data set

(Figure S1a) and 46.0% for the lipoproteins (Figure S1b). The
data structure of all of these data sets was clearly different; the
1D spectrum contains information on all molecular compo-
nents, but was dominated by proteins and lipoproteins; the
CPMG spin−echo amplifies the detection of molecular species
with long T2 relaxation times including small molecules and
flexible moieties from macromolecules such as the N-acetyl

Figure 2. PCA scores plot constructed from 1D spectra obtained from modeling all experimental conditions together. The coordinates are colored
according to (A) the type of collection tube with symbols representing the sample storage/treatment and; (B) four selected individuals to illustrate the
influence of interindividual variation on the variance explained in PC1. The samples to the right of the arbitrary red dashed line in panel A were mostly
obtained from samples pre- and postheating to 56 °C for SARS-CoV-2 infected individuals.

Figure 3. Scatter plots for the (A) 1D; (B) CPMG; and (C) lipoprotein data sets. Vectors indicate mean group trends after PCA score normalization to
remove the effect of interindividual variation for any given experimental condition. Thus, the heated data are expressed as the difference from the
reference comparator; nonheated samples; storage time at all temperatures are referenced to time 0, and freeze−thaw cycles are expressed as the
difference from a single freeze−thaw cycle (FT1). Each vector has a magnitude, representing the mean scale of effect on both X and Y axes, and a
direction which reflects the mean change in spectral profile or lipoprotein panel. Key: mean coordinate differences from reference comparator for HC,
heated SARS-CoV-2 infected; HH, heated healthy; F, fridge storage at 4 °C for F1, 5 h; F2, 24 h; F3, 48 h; F4, 72 h; and F5, 168 h; FT0, no freeze−thaw
cycles; FT2, two freeze−thaw cycles; and FT3, three freeze−thaw cycles; RT room temperature for RT1, 24 h; and RT2, 48 h; and SJ, storage in
refrigerated sample changer for SJ1, 24 h; SJ2, 48 h; SJ3, 72 h; and SJ4 168 h.
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resonances of α-1-acid glycoprotein signals; and the lipoprotein
panel only reports quantified information from 112 derived

parameters from a narrow fitted window of the 1D NMR
spectrum. In addition to interindividual variation, a cluster of

Figure 4. (A) PCA scores plot constructed from quantified lipoprotein parameters pre- and postheating for plasma samples obtained from healthy
(blue) and SARS-CoV-2 infected (red) participants showing heat-related shift in composition and differentiation of infected and healthy individuals;
(B) Adjusted PCA scores plot mapping the difference between heated and nonheated samples; showing a differential effect of heat treatment on the
infected and healthy groups; (C) OPLS-DA scores and (D) loadings plot of the difference between heated and nonheated samples. A full list of the
lipoprotein subclasses is produced in Table S2.
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coordinates, external to the Hotelling’s T ellipse in the bottom
right quadrant of Figure 2 mostly related to samples obtained
from individuals infected with the COVID-19 virus, which
exerted a strong impact on the scores structure and clustering.
Variation introduced by either sample storage or handling was
apparent in lower PCs with some influence from interindividual
variation still contributing to the variance in the PC2, accounting
for 16% of the total variance (1D), 8.0% (CPMG) and 17.2%
(lipoprotein panel). Since information on both experimental
and biological effects was embedded in the PCA model, it was
necessary to minimize the extraneous variation introduced into
the data set by experimental conditions in order to extract clear
metabolic differences arising from the biological condition
under investigation. Given the scale of the interindividual
biochemical differences in all three data sets (1D, CPMG and
lipoprotein), systematic analytical effects can easily be obscured
and may impair extraction of biomarker information. Therefore,
the variance introduced by altering each experimental parameter
(heating, freezing, time to acquisition at room and refrigerated
temperatures, blood collection tubes) was compared by
characterizing the difference between the standard sample
handling condition or acquisition protocol27,39 and procedures
under assessment.
In order to visualize the relative influence of each sample

storage or handling condition, the difference in the spectra or
lipoproteins were compared to the standard experimental
conditions (see Methods) and calculated (see Supporting
Information). The mean group effect for each treatment
(heating, freeze−thawing, time stored at 4 and 20 °C prior to
spectral acquisition) is expressed as a vector (see Section S1
Data Analysis for information) in Figure 3. Each vector has a
magnitude, representing the mean scale of effect, and a direction
that reflects the mean change in spectral profile or lipoprotein
panel. The effect of heating on the plasma sample, as expected,
exerted the greatest effect as illustrated by the vector plots for the
1D and CPMG data sets. Storage of the sample at 4 °C for 168 h
prior to sample preparation caused a lesser shift in the same
direction as heating, whereas the freeze−thawing vector
oriented in the opposite direction to the heating vector in the
1D spectral data set scores plot and was orthogonal to the
heating vector for the CPMG data set. The difference between
fresh versus frozen, or between one and three freeze−thaw
cycles was, as expected, much lower than that the compositional
differences attributed to heating. Similarly, with the lipoprotein
data, changes introduced by repeated freeze−thaw cycles were
minor in comparison to heating or refrigerated storage for
extended periods of time. These changes were partially
mitigated when plasma samples were prepared in buffer and
were stored in the refrigerated NMR automatic sample changer,
indicating that the buffer helped stabilize the samples.
In order to explore the effects further, pairwise comparisons

were conducted for each sample preparation or measurement
factor.

Impact of Heating on Sample Composition and the
Stability of Candidate Markers for SARS CoV-2 Infection

Since the first SARS infectious disease in 2002/2003 in China,
thermal inactivation of virus at 56°C for 20−30 min was found
to be effective in reducing the virus titer to the detection limit.46

Incubating samples at 56 °C for 10 min, has been shown to
completely denature the nucleocapsid protein of SARS-CoV46

and similarly heating plasma at 56 °C for 25 min reduced >4
log10 TCID50/mL of MERS virus,47 where TCID50 represents

the median tissue culture infectious dose. Since heat treatment
has been recommended for viral inactivation, and there is a
reported study48 which demonstrated the generation of false
negative results, we therefore compared the effect of heating on
the 1H NMR-derived lipoprotein profile, CPMG and 1D
spectral data sets. Heating samples at 56 °C for 30 min caused
major changes across all three spectral data sets. The difference
in composition pre- and postheating was calculated for each
sample and is illustrated in Figure 4a for the lipoprotein data,
where each pre- and postheating pair mapped closely in the PCA
scores but showed a definite shift in the PC space postheating.
The comparable PCA and scatter plots for the 1D and CPMG
spectra demonstrated a similar trend (Figures S2 and S3a,b).
Notably, the net vector direction postheating was different in the
control and SARS-CoV-2 positive individuals, so the degrada-
tion effects are nonequivalent rendering any differential
diagnostic information invalid postheating (Figure 4b). A
degree of dispersion was evident in the SARS-CoV-2 positive
patients and healthy volunteer classes for both the lipoproteins
and the CPMG spectra indicating a nonuniform alteration in the
chemical composition of the serum samples after heat-treatment
(Figures 4b and S3). The OPLS-DA model calculated using the
pre- to postheating difference in lipoprotein panel concen-
trations as input variables yielded a strong model with a Q2Y of
0.71 and with clear differentiation of SARS-CoV-2 positive and
healthy samples, supporting the observation in the adjusted PCA
model that the effect of heating differentially affected the
samples obtained from infected and noninfected individuals
(Figure 4c). The predictive component loadings showed that
LDL subfractions (particularly L2, L3 and L4), H2A1 and TPA1
were artifactually increased in the SARS-CoV-2 infected samples
postheating, whereas the HDL-L4 and HDL-L6 subfractions
measurements were increased in the healthy individuals
postheat treatment. These findings highlight differences in
heat generated artifacts in controls and patients (Figure 4d).
Paired Wilcoxon Rank Sum tests on the lipoprotein

measurements for the control samples yielded 65 significant
differences in lipoprotein parameters postheating (p < 0.05),
while the SARS-CoV-2 positive samples yielded 57 significantly
different parameters that were changed on heating, only 30 of
which matched the control data set (Table S3). The lipoprotein
parameters that consistently differed on heating included
multiple apolipoprotein subfractions and a total of six HDL
subfractions, eight LDL subfractions and eight VLDL
subfractions that consisted of free cholesterols, phospholipids,
and triglycerides. Using the unheated sample set, a comparison
of healthy controls and SARS-CoV-2 positives generated 37
significant lipoprotein variables that differentiated infected
participants from healthy controls, whereas the same compar-
ison in the heated samples caused significant (p < 0.05) changes
in 41 lipoprotein variables. The nonheated and heated data sets
shared 27 common lipoprotein parameters, of which 10
lipoprotein particles deemed as discriminatory in the compar-
ison of SARS-CoV-2 positives (L1TG; L1FC; L2TG; L4TG;
VLPN; VLAB; V2FC; V3FC; H1PL; and H1CH Table S4) and
controls did not significantly differentiate between samples from
healthy and infected individuals when modeled using the heated
data set. In contrast 14 lipoproteins (LDFC; LDPL; L2PN;
L2AB; L3AB; L3PL; L3PN; L4AB; L4FC; L4CH; L4PL; L4PN;
H3PL; and V5CH) became statistically significant in the
comparison between the control and SARS-CoV-2 groups
after heating, representing false positive discriminators or
artifactual pseudobiomarkers. Of the 37 significant SARS-
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CoV-2 “biomarkers”, only 12 (HDA2; HDFC; H1A1; H1PL;
H3A1; H4A2; H4PL; TPA2; ABA1; L1FC; L2CH; and L2PL)
were not affected by heating with the remaining 25 (67.6%)
being artifacts of heating.
A correlation matrix was constructed for the lipoprotein

parameters based on the healthy controls and showed four main
clusters of positive correlations corresponding to cluster 1
(largely between HDL subfractions and apolipoprotein A2
fractions), cluster 2 (between triglyceride and cholesterol
particles); cluster 3 (mainly between LDL subfractions); and
cluster 4 (intercorrelations between LDL subparticles), Figure
S4a. Conversely several lipoprotein triglycerides and VLDL
subfractions demonstrated anticorrelations with HDL sub-
fractions. Following heat-treatment, the correlation map was
altered (Figure S4b) demonstrating a heat-induced disruption to
the correlation structure between the lipoprotein subfractions.
Several subfractions showed a markedly altered correlation
pattern, mostly increasing the level of correlation between
lipoprotein parameters. For example, L1TG showed stronger
correlations with the rest of the LDL1 subfractions postheating
whereas TPAB and TPPN were more correlated with VLDL
subfractions postheating. An exemplar correlation plot pair for
just the LDL and VLDL lipoprotein parameters is illustrated in
Figure 5a and b.
Additional heat-related changes were observed in the models

for CPMG spin−echo spectra (Q2Y 0.9, Figure S5) and standard
1D spectra (Q2Y 0.89) and included a small systematic NMR
chemical shift in the citrate resonances postheating, indicating a
change in the pH of the samples postheating due to loss of CO2
and HCO3

−. Other changes included higher relative levels of
triglycerides, lactate, alanine and glycerol postheating and
decreased relative concentrations of α-1-acid- glycoprotein
due to precipitation and borderline significant changes in
aromatic amino acids. The impact of heating on the amino acids
suggests these changes are likely to be a result of small molecule
released from binding sites on proteins due to conformational

changes on heating, wherein occult noncovalent binding sites
are opened freeing aromatic amino acids from macromolecular
compartments such as albumin and glycoproteins. A similar
effect is observed when plasma pH is lowered leading to release
of tyrosine, phenylalanine and histidine from hydrophobic
albumin binding sites.49

Impact of Freeze−Thaw Cycles on Lipoprotein and Spectral
Stability

Samples were analyzed fresh and then after one, two or three
freeze−thaw cycles. The standard lipoprotein quantification
protocol27 stipulates that samples should be frozen and thawed
once only prior to NMRmeasurement. The impact of zero or up
to three freeze−thaw cycles was compared to the standard single
freeze−thaw cycle. The PCA scores plot for the quantified
lipoprotein profile was dominated by interindividual variation
and the effects of freeze−thawing were minimal (Figure S6). A
small shift in mapping positions of the samples after the third
freeze−thaw cycle was observed for three of the five individuals.
After three freeze−thaw cycles, none of the 112 lipoprotein
parameters were significantly altered although several trigly-
cerides subfractions (e.g., VLTG, IDTG, V1TG, L3TG) and
cholesterol subfractions (e.g., LDCH, L4CH, L5CH, L4FC)
showed an insignificant trend of reduction (p = 0.06). In
contrast, Wang et al.35 who investigated the effect of up to five
successive freeze−thaw cycles on the quantified lipoprotein
composition of samples from 20 individuals and found the
above-mentioned lipoprotein subfractions, together with a
further 11 of the 112 lipoprotein parameters, were significantly
altered after three freeze−thaw cycles. The coefficient of
variation plot calculated for each donor across all three
freeze−thaw cycles (Figure S7) showed high dispersion for
multiple lipoprotein parameters including V1−5 free cholester-
ol, which mirrored the results of Wang et al. Both the full CPMG
spin echo and standard 1-D data sets yielded similar results to
the quantitative lipoprotein data set.

Figure 5. Correlation map of a subset of the 112 quantified lipoprotein parameters in (A) nonheated plasma and (B) heated plasma obtained from
healthy participants clustered according to LDL and VLDL particles. In comparison of the nonheated and heated correlation maps, it shows the
disruptive effect of heating on the intercorrelations of lipoprotein particles. The full correlation matrices are provided in the Supporting Information
(Figure S4).
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Stability of Serum Samples at 4 °C Prior to Spectral
Measurement

For each individual, the main lipoprotein parameters:
triglycerides, total cholesterol, LDL-cholesterol, HDL-choles-
terol, Apolipoprotein-A1, Apolipoprotein-A2, Apolipoprotein-
B100 and the LDL to HDL cholesterol and Apolipoprotein-A1
to Apolipoprotein-B100 ratios were remarkably stable up to 48 h
storage at 4°C (Figure 6). A small change amounting to
approximately 8% reduction in observed total triglyceride and
HDL-cholesterol concentrations was apparent at 168 h
compared to baseline, while the Apolipoprotein parameters
increased by approximately 5%. The largest change was a 30%
increase of Apolipoprotein-B100. None of the 112 lipoprotein
parameters were significantly changed. Although not significant,
several triglycerides subfractions (LDTG,HDTG, L4TG, L5FC,
H2TG and H3TG, p = 0.06) showed a trend toward increasing
over 7 days storage in refrigerated temperature while L1CH and
L1PL showed a trend toward decreasing over time. Similar
results were observed for samples that were maintained
refrigerated in the autosampler. However, for the 1D and
CPMG spectral data sets, minor changes due to precipitation of
particles, resulting in a slight chemical shift of citrate, lactate and
some amino acids were noted at 48 h. A decrease in relative
glucose concentrations over time and an increase in lactate was
also observed in both the 1D and CPMG spectral data sets
regardless of whether they were stored as plasma in the fridge
prior to preparation for NMR analysis or whether they were
prepared for sample analysis by addition of buffer and stored in
the spectrometer autosampler prior to acquisition. These results

are consistent with observations from Bernini et al.50 Subtle
changes in the shape of the lipoprotein envelopes were also
noted in both the 1D and CPMG spectra, which is consistent
with previous studies as described in Table S1.

Impact of Storage Time at Room Temperature (20 °C)

Since it is not always practical to collect and freeze plasma
samples immediately in busy clinical centers, it is necessary to
understand the impact of storage time for those samples held at
room temperature. Similar to the pattern observed for
maintaining samples at 4 °C, the main lipoprotein parameters
in samples stored at room temperature were relatively stable
over 48 h (Figure S8) but demonstrated a time-related decrease
in triglycerides and LDL-cholesterol of around 20% and 10%
respectively with a <5% increase in the Apolipoprotein A1
parameter. Larger differences were observed for a few of the
subfractions, for example IDTG and L6CH, which represent the
extremes of the observed variability and are illustrated in Figure
S9. Thus, lipoprotein data for samples maintained at room
temperature and measured up to 48 h post collection were
deemed robust in terms of overall interpretation. However, small
differences were observed in both the 1D and CPMG spectral
data sets, which included a reduction in the triglycerides CH3
terminal at δ = 0.88, triglycerides (CH2)n chain at δ = 1.27, and
triglyceride CHCH−CH2 signal at around δ = 2.0 at 48 h.

Impact of Collection Tubes on Plasma and Serum Profiles

The impact of seven different clinically relevant collection tubes:
serum plain clot; serum SST gel; heparin coated; heparin gel;
K2EDTA large; K2EDTA small and K3EDTA were assessed.

Figure 6. Temporal stability of quantified values for the seven main lipoprotein parameters and two derived ratios for plasma samples obtained from
five individuals analyzed within 1 h collection (t = 0), and stored over 4 °C for 5, 24, 48, 72, and 168 h.
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Free EDTA itself has 2 extra major proton resonances from the
ethylenic (−CH2CH2) singlet and the “acetic” 4×−CH2COO

−

proton singlet (intensity ratio 1:2), plus the shifted singlet
resonances from CaEDTA2− and the MgEDTA2− complexes
formed from the total chelation of bound and free metal ions
from the plasma, there are additional multiplets from the
nonequivalent CH2COO protons in the metal complexes the
signal intensities being directly proportion to total plasma
calcium and magnesium respectively (details described by
Nicholson et al.6). The EDTA signals themselves do not
interfere with the lipoprotein quantification (Figure S10a) as
they are significantly shifted from the region of interest. As
expected, the greatest source of variance in the quantitative
lipoprotein data was attributed to interindividual differences.
For both the 1D and the CPMG. Clear differences in plasma
EDTA, plasma heparin and serum samples can be seen in the
PCA scores plot (Figures S10b and c) spectral data sets, with
signals from EDTA driving much of the variance in the second
principal component. Within the subtypes of collection tube for
serum (plain clot versus gel coated), plasma heparin (heparin
coated versus heparin gel) and K2EDTA comparison between
the 4 and 10 mL collection tubes, no significant spectral
differences were identified in either the 1D or CPMG spectral
data sets. A small chemical shift offset was apparent in the
comparison of K2EDTA versus K3EDTA in the 1D and CPMG
spectral data sets with a small relative increase in acetate for
samples collected in K3EDTA blood collection tubes. Plasma
obtained from heparin tubes contained higher lactate than
EDTA tubes, whereas K3EDTA tube samples appeared to have
higher pyruvate levels than heparin and K2EDTA gave higher
acetate readings. Comparing heparin to the serum spectra,
serum showed proportionally stronger lactate and weaker
albumin lysyl- groups signal intensities.

Storage of Samples and Quality Control References at −80
°C

In metabolite phenotyping analyses it has become common
practice to create a quality control (QC) sample, which is
typically a pooled collection of plasma or serum for a reference
population, that is subsequently aliquoted and stored frozen. A
QC sample is then incorporated in the analytical run for study
samples, typically being included at the beginning, middle and
end of a sample rack in order to assess any deviation in analytical
quality. The QC sample can be used to assess both intra- and
interstudy variability. We found that at 3 months, and all prior
and intermediate time-points, the QC samples were completely
overlaid in the PC space, indicating that there was no effect of
freezing at -80 °C on the biochemical composition of the sample
(Figure S11). Pinto et al. report stability of the NMR profiles of
QC samples maintained at -80 °C for 30 months51

■ SUMMARY

Employing large scale metabolic profiling methodologies to
investigate metabolome-wide association studies52,53 in pop-
ulation cohorts, with potential to combine data measured across
multiple sites requires a high level of analytical standardization.
We examined the systematic effects of various experimental
conditions on the stability of 1H NMR profiles with respect to
standard 1D spectra, CPMG spin−echo spectra, in which the
lipoproteins and macromolecular components are attenuated,
and in a panel of 112 quantified lipoprotein concentrations.
Strong interindividual signatures dominated the variation in

all three data types, affecting the CPMG (small and mobile

molecular components) more than the lipoprotein signals. This
inherent interindividual variation can make detection of disease
or disease risk-related molecular signatures challenging. This
underscores the need to rigorously control and/or understand
the influence of variation introduced by experimental
procedures such as sample storage, temperature, freeze−thaw
and storage time. We characterized the lipoproteins and small
molecular weight metabolites that were most impacted by each
experimental condition examined in order to develop a
comprehensive index of known experimental effects when
assessing potential biomarkers of disease. In ideal situations, the
carefully developed and validated protocols and standard
operating procedures for sample collection and treatment54

would be sufficient to ensure high quality results. However, in a
busy clinical care setting, patient safety and comfort are
necessarily prioritized over adherence to research protocols.
Thus, samples can be collected into different tubes, stand on the
bench or in a laboratory fridge for different times, or may
undergo multiple freeze−thaw cycles in order to maximize
sample use for different assays. Each of these deviations to
protocol results in a systematic alteration in the low molecular
weight and macromolecular composition of blood samples.
Of all the experimental conditions assessed, we found heating

for virus inactivation to exert the strongest effect on the NMR
spectral profiles and quantitative lipoprotein data. We note that
in reports on the nonpeer reviewed literature on COVID-19,
multiple differential lipoprotein and small molecule biomarkers
for SARS-CoV-2 positivity may have been missed or
misattributed. We attribute this to the heat inactivation artifacts
described previously with the emergence of artifactual pseudo-
biomarkers and the loss of real biomarker information and hence
the biological interpretation of such data is compromised.
However, our studies show that variation introduced by other
treatment and storage conditions is small and gives strong
indication that the NMR based methods for lipoprotein and
metabolite determinations are reliable and robust. Temporal
effects of sample degradation at different storage temperatures
were characterized and optimal analysis time windows
established. In line with earlier reports, we showed that storage
at −80 °C has negligible effect on the chemical composition of
plasma samples. We also detailed minor compositional effects
introduced by different sample collection tubes and by
increasing number of freeze−thaw cycles. It should be noted
that quantitative lipoprotein measurements are dependent on a
model of the relationship between the molecular physical
properties of the supramolecular clusters since it is the
differences in the magnetic susceptibilities in the lipoprotein
particles that give rise to their diagnostic shifts. In any system
that has been perturbed outside its physical limits or the
conditions of the quantitative model no credence can be given to
the metrics generated for the individual parameters. The
software will still generate quantitative data for the parameters,
but there is no guarantee that these are reliable outside the limits
of the model or handling procedure as set down in the original
protocol.

Conclusions and Recommendations for Metabolic Analysis
for Plasma Samples from COVID-19 Patients and Those
with Other Infectious Diseases

Considering the effects of sample treatment, we can recommend
the following sample handling procedures for COVID-19 and
other potentially infectious clinical plasma samples: (1) Heat
treatment at 56 °C for virus or microbial neutralization is not fit-
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for-purpose for studying lipoprotein or metabolic components
in plasma under any circumstances, as the data generated are
largely uninterpretable because of extensive degradation and
supramolecular lipoprotein randomization; (2) Wherever
possible, plasma samples from a given study should be collected
into the same type of blood collection tubes as the quantitative
lipoprotein differences between these and between serum and
plasma are small but detectable; (3) After sample collection
from clinic or hospital ward, tubes should be handled as per the
manufacturer’s instructions and be frozen within 24 h of blood
centrifugation, and preferably within 5 h to minimize
quantitative lipoprotein errors; (4) Samples should ideally
undergo only one freeze−thaw cycle prior to analysis, but
additional freeze−thaw cycles (up to 3) are acceptable as they
only introduce negligible changes in the quantitative lipoprotein
data and small changes in the 1D NMR and spin echo small
molecular profiles thus giving some flexibility in complex real-
world environments. Adherence to these simple recommenda-
tions should lead to the recovery of high quality plasma
lipoprotein and metabolic NMR data under most circumstances
irrespective of disease state under study.
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