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ABSTRACT: Biofluid metabolomics is a very appealing tool to increase
the knowledge associated with pathophysiological mechanisms leading to
better and new therapies and biomarkers for disease diagnosis and
prognosis. However, due to the complex process of metabolome analysis,
including the metabolome isolation method and the platform used to
analyze it, there are diverse factors that affect metabolomics output. In the
present work, the impact of two protocols to extract the serum
metabolome, one using methanol and another using a mixture of
methanol, acetonitrile, and water, was evaluated. The metabolome was
analyzed by ultraperformance liquid chromatography associated with
tandem mass spectrometry (UPLC-MS/MS), based on reverse-phase and
hydrophobic chromatographic separations, and Fourier transform infrared (FTIR) spectroscopy. The two extraction protocols of the
metabolome were compared over the analytical platforms (UPLC-MS/MS and FTIR spectroscopy) concerning the number of
features, the type of features, common features, and the reproducibility of extraction replicas and analytical replicas. The ability of the
extraction protocols to predict the survivability of critically ill patients hospitalized at an intensive care unit was also evaluated. The
FTIR spectroscopy platform was compared to the UPLC-MS/MS platform and, despite not identifying metabolites and
consequently not contributing as much as UPLC-MS/MS in terms of information concerning metabolic information, it enabled the
comparison of the two extraction protocols as well as the development of very good predictive models of patient’s survivability, such
as the UPLC-MS/MS platform. Furthermore, FTIR spectroscopy is based on much simpler procedures and is rapid, economic, and
applicable in the high-throughput mode, i.e., enabling the simultaneous analysis of hundreds of samples in the microliter range in a
couple of hours. Therefore, FTIR spectroscopy represents a very interesting complementary technique not only to optimize
processes as the metabolome isolation but also for obtaining biomarkers such as those for disease prognosis.

■ INTRODUCTION
Metabolomics is placed at the downstream of genomics,
transcriptomics, and proteomics1−3 and consequently reflects
directly the organism’s status and dynamic responses to
disturbances from genetic and environmental factors, including
diseases, microbiota, diet, stress, gender, age, and lifestyle,
among others.1,2 Metabolomics includes the profiling of small-
dimension compounds (e.g., sugars, amino acids, peptides,
lipids, and others below 1.5 kDa) and the understanding of the
metabolite’s interaction, mechanisms of action, and functions,
i.e., the metabolic pathway network. According to The Human
Metabolome Database (HMDB), there are over 250 000 total
metabolites present in the human body.4 If the goal is to
discover a biomarker for the diagnosis and prognosis of a
disease, usually the metabolome from a biofluid, as serum, is
determined. Biofluid analysis, including serum and plasma or
urine, presents advantages of being obtained by noninvasive or
minimally invasive methods while reflecting the pathophysio-
logical state of the organism.5 Therefore, biofluid metab-
olomics can be used as a starting step toward personalized

medicine6 by enabling the prediction of diseases’ biomarkers,
such as for Parkinson’s disease,7 type 2 diabetes,8 and the
prediction of transplant rejection,9 among others.

There are diverse and complementary analytical techniques
to retrieve the system’s metabolome,10 one of the most
common approaches being based on ultraperformance liquid
chromatography coupled to tandem mass spectrometry
(UPLC-MS/MS) due to the wide metabolite coverage offered
by the wide-ranging selectivity in LC separation and great
sensitivity in MS/MS detection. The dynamic range of these
analytical setups enables the acquisition of data over 3−5
orders of magnitude and the detection of metabolite
concentrations less than 0.01% from the highest metabolite
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intensity.11 Depending on the characteristics of the LC
separation system, different molecules can be highlighted.
For example, from the most common LC techniques used,
hydrophilic interaction liquid chromatography (HILIC),
detects mostly polar molecules, where reverse-phase (RP)
separation focuses on non- to midpolar compounds.12

Fourier transform infrared (FTIR) spectroscopy is a
technique used to acquire the metabolic profile of a biosystem
with high sensitivity and specificity.13−16 The technique may
be used to quantitatively determine the concentration of target
metabolites14 but is generally applied to define the system’s
metabolic status in a more holistic mode by relating the spectra
or spectral bands via multivariate data analysis, including
machine learning techniques, to a specific phenotype, i.e., to a
pathophysiological state.13,15 A high advantage of this
technique approach is the high-throughput capacity in
analyzing hundreds to thousands of samples at once in a
rapid, simple, and economic way while enabling the develop-
ment of highly accurate, sensitive, and specific models to
predict the target’s phenotype.13,16 Based on these last
characteristics, and despite the technique not enabling the
acquisition of detailed information concerning the system
metabolome, it can be applied to conduct a qualitative
evaluation of sample preparation for metabolomics, as
conducted by Kuligowski et al., for example.17

The sample processing method used to isolate the
metabolome is also critical, since it will affect the type of
metabolites that will be obtained and the reproducibility of the
process. Unfortunately, there are no standard operating
procedures to prepare biological samples before the metab-
olome analysis. The preparation of human biofluids usually
includes one step to remove macromolecules. In the case of
plasma, serum, and urine, several methods to precipitate
macromolecules can be used, e.g., based on organic solvents,
salts, or changes in pH. Solid-phase extraction, hybrid
platforms, or microextractions18 are usually time-consuming
and costly when considering large cohorts. Salts may affect the
chromatographic separation, while low pH can adversely affect
some compounds’ stability. For example, Want et al.19

compared diverse methods to extract the serum metabolome,
subsequently analyzed by LC-MS/MS, ranging from organic
solvents and acids to heat denaturation. Methanol precipitation
was the most effective, straightforward, and reproducible
approach, covering 2000 detected features. The methanol-
based method also achieved the highest protein removal
(98%), which may positively influence the lifetime of
chromatographic columns while minimizing the contamination
of the electrospray interface.

For all of the above, most authors use an organic solvent or a
solvent mixture to precipitate high-dimension molecules,
followed by a centrifugation step to separate the precipitate
from the metabolite-containing supernatant. This step is
usually described as deproteinization, despite other macro-
molecules also being eliminated, or metabolome extraction. A
frequent procedure in this step makes use of 80% methanol,
which leads to the detection of a large number of amphiphilic
metabolites with mixed polarity.20,21 For example, based on an
experimental design to evaluate the efficiency of five organic
solvents (methanol, ethanol, acetonitrile, acetone, and chloro-
form), singly or in combination, in the extraction of the
metabolome from plasma through GC-MS, A et al.22 observed
that methanol extraction, at 80% (v/v), was the most efficient
and reproducible method. This was corroborated by Want et

al.19 when detecting 2056 features in the serum metabolome
extracted with methanol and analyzed by LC-MS/MS, in
comparison to 1606 features obtained with acetonitrile. The
methanol-based extraction led to the most precise analysis
(general standard deviation of 25%), whereas the worst
performing analysis was obtained with acetonitrile (36%).

Due to the relevance of sample processing procedures, the
present work aims to evaluate the effect of the metabolome
extraction protocol on serum samples from coronavirus disease
2019 (COVID-19) patients based on a methanol extraction
process and on a mixture of acetonitrile, methanol, and water,
since acetonitrile can lead to the extraction of more polar
metabolites.17 The impact of the extraction process was
evaluated by UPLC-MS/MS, performed on RP and HILIC
systems, and by FTIR-spectroscopy. The capacity of both
extraction methods to predict patient survivability during
hospitalization at an intensive care unit (ICU) was also
evaluated. Due to the more economic and high-throughput
capabilities of FTIR-spectroscopy, this technique was com-
pared to the UPLC-MS/MS platform in terms of data
reproducibility and the capacity to predict the patients’
outcomes.

■ METHODS
Patients. Serum samples from six male patients diagnosed

with COVID-19 by RT-PCR assay (demographic data given in
Table S1) were obtained from peripheral whole blood, by
centrifugation at 3000 rpm for 10 min, from COVID-19
patients admitted to the ICU of Hospital São Jose,́ Centro
Hospitalar Universitaŕio Lisboa Central according to legal
requirements, including project ethics approval by the Hospital
Ethics Committee.
Serum Sample Preparation. Serum samples were kept at

−80 °C until extraction. During the metabolome extraction,
samples were kept on ice. Solvents were kept at −80 °C
(Optima LC/MS grade, Fisher Chemical). The metabolome
was obtained by mixing 75 μL of serum with 265 μL of solvent
according to Roberts et al.23 Two extraction protocols were
conducted per sample, where in one protocol the solvent was
only methanol and in the second protocol a mixture of
methanol, acetonitrile, and water at 2:2:1 (v/v) according to
Lu et al.24 was used. After solvent addition, samples were
vortexed and subsequently centrifuged at 18 000 × g for 15
min at 4 °C (Mixtasel, J.P. Selecta). The samples’ supernatants
were collected and stored at −80 °C until analysis. For each
extraction protocol, each sample was extracted in triplicate.

Each extraction triplicate was subsequently analyzed in
quadruplicate by FTIR-spectroscopy. Therefore, for each
sample, a total of 12 FTIR spectra were considered.

Each extraction duplicate was subsequently analyzed in
triplicate by UPLC-MS/MS. Therefore, for each sample, a total
of six analyses by UPLC-MS/MS were considered. Due to
sample limitations, for one of the extraction replicas of two
patients’ samples, only a unique and duplicate extraction
analysis was conducted, respectively.
UPLC-MS/MS. Each sample was analyzed, if not otherwise

stated, in triplicate by a UPLC (Bruker Daltonics GmbH)
system coupled to a QqTOF Impact II mass spectrometer
through an electrospray ion source (Bruker Daltonics GmbH
& Co.). Samples were analyzed by two chromatographic
modes, RP and HILIC. The RP system was based on a Luna
2.5 μm C18(2)-HST column (100 Å, 150 × 2 mm,
Phenomenex) at a constant temperature of 40 °C, and a
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gradient elution was used at a flow rate of 250 μL/min as
follows (mobile phase A, 0.1% formic acid in water; mobile
phase B, 0.1% formic acid in acetonitrile): 0.0−0.5 min 0% B,
0.5−1.5 min 0−20% B, 1.5−4.0 min 20−60% B, 4.0−6.0 min
60−100% B, 6.0−9.0 min 100% B, 9.0−10.0 min 100−0% B,
and 10.0−15.0 min 0% B. For HILIC separations, a XBridge
BEH Amide XP column (130 Å, 2.5 μm, 150 × 2.1 mm,
Waters) was used at a constant temperature of 40 °C. With a
flow rate of 250 μL/min, a gradient elution of 10 mM
ammonium acetate in water containing 0.1% acetic acid (A)
and 10 mM ammonium acetate in acetonitrile containing 2%
water and 0.1% acetic acid (B) was applied as follows: 0−2
min 90% B, 2−6 min 90−70% B, 6−9 min 70−30% B, 9−13
min 30% B, 13−18 min 30−90% B, 18−22 min 90% B.

MS acquisition parameters were set as follows: capillary
voltage of 3 kV (ESI−) or 4.5 kV (ESI+), end plate offset of
500 V, nebulizer of 4.0 bar, dry gas flow of 8.0 L/min, and dry
heater temperature of 200 °C. Spectral acquisition was
performed with an absolute threshold of 25 counts per 1000.
For auto MS/MS data acquisition, the capillary voltage was set
at 4.5 (ESI+) or 3.5 kV (ESI−) with an end plate offset of 500
V, a nebulizer pressure of 4.0 bar, a dry gas flow of 8.0 L/min,
and a heater temperature of 200 °C. Spectra. acquisition was
performed with a threshold of 20 counts per 1000, a cycle time
of 3.0 s with exclusion after 3 spectra, and release after 1.00
min. Internal calibration was achieved with a sodium formate/
acetate solution introduced to the ion source via a 20 μL loop
at the beginning of each analysis. Calibration was then
performed using high-precision calibration mode (HPC). All
acquisitions were performed with a m/z range from 50 to 1300
with a 3 Hz spectra rate. Three full scans and one auto MS/MS
scan were performed for each sample using both positive and
negative ionization mode. A 25 μM solution containing
quercetin, L-tryptophan (indole-d5), L-valine (d8), sulfolene
(d4), and N,N-dimethyl-d6 glycine HCl was prepared and
used as quality control. This QC sample was analyzed every 6
h to ensure that chromatographic resolution and spectrometer
detection did not change throughout time.

Acquired MS data were preprocessed using Data Analysis
(versions 4.1, 4.4, and 4.5, Bruker Daltoniks), converted to
mzXML using ProteoWizard MSConvert25, and uploaded to
the XCMS server,26−29 where data processing (including
feature detection, retention time correction, peak alignment,
and METLIN annotation), pairwise sample comparison,
multimodal analysis (independent of separation and acquis-
ition modes), and global metanalysis were performed. XCMS
parameters fitted for the instrumental setup are given in Table
S2. XCMS metabolite identification was confirmed by
analyzing the MS/MS fragmentation pattern for the metabo-
lites discussed. Principal component analysis (PCA) and linear
discriminant analysis (LDA) of UPLC-MS/MS data were
conducted on The Unscrambler X, version 10.5 (CAMO
software AS, version 10.4, Oslo, Norway).
FTIR Spectroscopy. Each sample was analyzed in

quadruplicate. Five microliters of each sample were plated in
a 384-well silicon microplate (Bruker Optics GmbH & Co.
KG) and then placed on a desiccator under vacuum for 2.5 h.
Spectra were acquired with an FTIR spectrometer (Vertex 70,
Bruker Optics GmbH & Co. KG) associated with an HTS-XT
system (Bruker Optics GmbH & Co. KG). Each spectrum
resulted from 64 scans with a 2 cm−1 resolution between 400
and 4000 cm−1. The first well of the microplate was kept empty
and its spectrum was used as background, according to the

HTS-XT manufacturer instructions. Spectra were preprocessed
by atmospheric correction and baseline corrections with OPUS
software (version 6.5, Bruker Optics GmbH & Co. KG).
Spectral normalization and spectral PCA and PCA-LDA were
conducted on The Unscrambler X, version 10.5 (CAMO
software AS, version 10.4, Oslo, Norway). PCA-LDA was
conducted after outlier removal according to PCA’s influence
plot.
Other Statistical Analyses. For the reproducibility

analysis, continuous variables (spectral bands and m/z
intensities) were expressed as the median and interquartile
range (25th percentile and 75th percentile). The normality of
the continuous variables was tested with the Kolmogorov−
Smirnov test with the Lilliefors correction. Comparison
between groups was performed using the Mann−Whitney U
Test, since normality was not verified. Multidimensional
scaling (MDS) was based on Euclidean distance of FTIR
spectral bands or m/z intensities.

For analysis of metabolites between deceased and surviving
patients, a Student’s t test pairwise comparison was performed
between deceased and survivor patients at p < 0.05. All
analyses were conducted on IBM SPSS Statistics version 26.

■ RESULTS
Two extraction protocols were applied to obtain the serum
metabolome, where in one protocol only methanol (MeOH)
was used and on the second protocol a mixture of acetonitrile
(ACN), MeOH, and water was used. For simplicity, the
protocol with a mixture of solvents will be referred to as ACN/
MeOH. The metabolome was subsequently analyzed by
UPLC-MS/MS and FTIR-spectroscopy. The effect of the
extraction protocol was evaluated based on the following:

• Features obtained from UPLC-MS/MS and FTIR
spectroscopy, such as m/z, retention time, and molecular
fingerprint, respectively.

• The reproducibility concerning extraction replicas and
analytical replicas.

• The development of predictive models of patient
survivability.

Characteristic Features. For the UPLC-MS/MS-based
system, data obtained from both RP and HILIC columns from
four patients’ samples (highlighted in bold in Table S1) were
considered. The number of features (i.e., m/z peaks per
retention time) acquired along the UPLC-MS/MS platform by
the two extraction protocols are highlighted in Table 1. It was
observed that the RP-based system led to between 4.2- and 5-
fold more features in comparison to the HILIC, according to
other authors.30,31 However, other authors indicated the
opposite.5,32 These inconsistencies may be caused by differ-

Table 1. Molecular Features (i.e., m/z Peaks) Detected by
UPLC-MS/MS Using RP and HILIC Systems from the Two
Extraction Protocols

HPLC column MeOH ACN/MeOH distinct featuresa

RP positive mode 1198 1402 742
RP negative mode 325 283 104
HILIC positive mode 6 5
HILIC negative mode 353 332 79

aNumber of features in mean terms significantly different between the
two extraction protocols at p < 0.05.
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ences in elution settings and other UPLC-MS/MS system
characteristics.

Considering both RP and HILIC systems, a very similar
number of features was obtained with both extraction
protocols, i.e., 1882 with MeOH and 2022 with the ACN/

MeOH protocol, in constrast to other authors’ observations,
where the methanol-based extractions present a higher
coverage of metabolites than the obtained with ACN.5 This
discrepancy can be from using, in the present work, a mixture

Figure 1. (A) Nine metabolites significantly different between the two extraction protocols (p < 0.001) and (B) the corresponding PCA score-plot
of the most intense m/z peaks for the four patients’ samples.

Figure 2. (A and C) FTIR spectra obtained from the two extraction protocols for four patient samples and (B and D) corresponding PCA based on
spectra with (A and B) atmospheric and baseline corrections and (C and D) atmospheric and baseline corrections and unit vector normalization.
PCA is presented with Hotelling’s T2 ellipse at 5% significance. (E) Representation of the PC2 loading vector from panel D.
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of solvents, i.e., ACN/MeOH, and not only ACN, indicating
the advantage of using the solvent mixture.

From all features, 925 were detected as being distinct
between the two extractions protocols at p < 0.05 (Table 1),
pointing out the complementarity between the two protocols.
The corresponding metabolites for the nine features
significantly different between the protocols, at p < 0.001,
were identified (Figure. 1A). The PCA of the most intense m/z
peak from these nine metabolites, as expected, places scores
from the MeOH protocol in a different region than those
obtained from the ACN/MeOH protocol (Figure. 1B).

From the nine metabolites, seven were hydrophobic, and the
following six were present in higher quantities in samples
extracted with MeOH: the hydrophilic metabolite lactate (2.0-
fold higher), cytidine (2.5-fold higher), the small hydrophobic
molecule α-tocopherol (4.1-fold higher) and its degradation
metabolite α-carboxyethyl-hydroxychroman (2.1-fold higher),
the short-chain fatty acid anion 3-hydroxybutanoate (1.7-fold
higher), and the intermediate from cholesterol biosynthesis 4α-
CH2OH-4β-CH2-zymosterol (6.9-fold higher). In contrary, the
following hydrophobic metabolites were present in higher
quantities in samples extracted with ACN/MeOH: pyridine 4-
(3-pyridyl)-butanoate (5.5-fold higher), hydroquinone 6-
CH2OH-3-CH2-2-decaprenyl-1,4-benzoquinol (11.8-fold high-
er), and the intermediate metabolite in pantothenate and co-
enzyme A (CoA) biosynthesis, 3′-dephospho-CoA (8-fold
higher).

Of the nine metabolites, seven were identified from the RP
system. From these, six were detected with the ESI+ mode: α-
tocopherol, 4α-hydroxymethyl-4β-methylzymosterol, 4-(3-pyr-
idyl)-butanoate, 6-methoxy-3-methyl-2-all-trans-decaprenyl-
1,4-benzoquinol, 3′-dephospho-CoA, and α-carboxyethylhy-
droxychroman. Cytidine was identified with the RP column in
the ESI− mode. The remaining two putative molecules, (R)-
lactate and (R)-3-hydroxybutanoate, were obtained through

the HILIC column with the ESI− mode. These results are
based on HILIC resolving more polar compounds than the RP
column and the fact that each chromatographic separation
presents different sensitivities and specificities,31 i.e., the two
chromatographic modes complement each other toward a
more complete information on the system.

Concerning FTIR-spectral data, it was observed that scores
on spectral PCA clustered according to the extraction protocol
(Figure 2). This was observed independently of the spectral
preprocessing method (Figure 2B versus Figure 2D) and in
accordance with that previously observed with the UPLC-MS/
MS data. Therefore, FTIR-spectroscopy also detected a
different molecular profile of the metabolome according to
the extraction protocol.

Normalized spectra minimize the effect of sample quantity in
the analysis, reducing the influence of experimental setups. The
PC2 based on normalized spectra (Figure 2D) discriminates
samples extracted in ACN/MeOH (with positive PC2 values)
from samples extracted with MeOH (with negative PC2
values). Therefore, the PC2 loading (Figure 2E) points to the
spectral regions that are significantly different between
molecules extracted with ACN/MeOH (corresponding to
the positive bands) and the molecules extracted with MeOH
(corresponding to the negative bands). It was observed that
the MeOH-based extraction resulted in molecules richer in
functional groups absorbing at wavenumbers 2924 and 2853
cm−1, corresponding to asymmetric and symmetric vibrations
of the −CH2 groups from lipids. This is according to the
results from UPLC-MS/MS, since from the nine different
metabolites obtained between the two extraction protocols the
three hydrophobic metabolites existing in higher quantities
(zymosterol, α-carboxyethyl-hydroxychroman, and α-toco-
pherol) were extracted with MeOH. The PC2 loading vector
also points out that the extraction protocol with ACN resulted
in a higher proportion of molecules with functional groups

Figure 3. Metabolites differently present between samples of deceased and surviving patients (p < 0.05), analyzed by RP-UPLC-MS/MS and
according to the metabolome extraction with (A and C) MeOH or (B and D) ACN/MeOH and the corresponding PCA considering the most
intense m/z peaks of these metabolites.
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with bands at 1655 and 1556 cm−1, including vibrations from
−C−N groups. This is according to the observation that the
compounds existing in a higher proportion when ACN was
used were pyridine 4-(3-pyridyl)-butanoate and 3′-dephospho-
CoA.

The results obtained from the two platforms (UPLC-MS/
MS and FTIR-spectroscopy) are in accordance each other and
with other authors pointing that ACN extraction results in
more polar metabolites in comparison to MeOH.17 FTIR
spectroscopy outputs were therefore in accordance with
UPLC-MS/MS data and other authors, with the advantage
of the analysis being much simpler, rapid, and economic in
relation to UPLC-MS/MS. Therefore, FTIR spectroscopy can
represent a very appealing tool to conduct a qualitative
evaluation of sample preparation for metabolomics, as
previously also conducted by Kuligowski et al., for example17

Reproducibility. The reproducibility associated with each
extraction protocol was evaluated, considering UPLC-MS/MS
and FTIR-spectroscopy, on the same four patient samples from
the previous section (highlighted in bold in Table S1). This
was considered per sample, the extraction replicas, and
analytical replicas.

For the UPLC-MS/MS analysis, the intensities of the m/z
peaks corresponding to the nine metabolites previously
identified on the four samples’ replicas were represented in
the MDS graph (Figure 3). From the duplicate extraction
procedures, and triplicate analysis of each extraction, a total of
six replicas per sample were considered with exception of two
samples due to sample limitation, where for one of the
extraction replicas only a unique or duplicate analysis was
conducted, respectively.

For each serum sample, the replicas’ dispersion was
evaluated by determining the distances between them (Figure
3A, Table 2). Independent of the extraction protocol, the
samples’ dispersion, i.e., reproducibility, depended on the
sample. For both extraction protocols, in mean terms, the
sample dispersion varied threefold from the less disperse
sample to the ones with higher dispersion (Table 2). It was
observed that serum samples extracted with MeOH presented
higher distances between replicas (with a median of 0.72) in
comparison to the ones obtained with ACN/MeOH (with a
median of 0.37) (Figure S1A, Table 2). Therefore, the
extraction protocol with only MeOH, in median terms, results
in 1.9-fold lower reproducibility/precision in relation to the
extraction protocol with ACN. This is not in accordance with
other authors’ observations, pointing that an extraction based
on MeOH usually leads to more reproducible results.19

However, these authors did not evaluate mixtures of solvents,
such as the one used in the present work with ACN/MeOH.
Additionally, the outputs can depend on a sample’s character-
istic, i.e., from the patient’s physiological state. In the present
study, all patients were critically ill, as all were at the ICU, and
were submitted to mechanical ventilation and extracorporeal
membrane oxygenation (ECMO), where 3 out of 4 of these
patients died in the first two weeks after sample harvesting.
This hypothesis is in accordance with the replica dispersion
depending on the patient (Figure S1, Table 2). It is worth
pointing out that extraction based on MeOH resulted in higher
replica dispersion, i.e., in less precise measurements, but also in
a higher distance between samples from different patients,
which can result in higher sensitivities. Therefore, the higher
replica dispersion obtained from this protocol does not

Table 2. Distances between Replicated Analyses (n = 6) of Four Patient Samples According to the Extraction Protocol and
Based On Nine Metabolitesa

MeOH ACN/MeOH

distances between replicas of a specific sample (mean ± standard deviation)b patient 1 0.2193 ± 0.0718 0.1055 ± 0.0569
patient 2 0.0966 ± 0.0478 0.0823 ± 0.0353
patient 5 0.1497 ± 0.0733 0.1222 ± 0.0487
patient 6 0.3044 ± 0.1642 0.2655 ± 0.1132

quartile distance for replicas of all four samplesb median (P25−P75) 0.7195 (0.3075−1.1300) 0.3739 (0.1375−0.5717)
interquartile range 0.8226 0.4341
minimum distance 0.0361 0.0205
maximum distance 1.4760 0.8058
variance 0.1971 0.0519

aAs analyzed by UPLC-MS/MS and highlighted in Figure 1. Data are presented as distances between replicas of a specific sample or as distances
from replicas of all samples. The most intense m/z peak of each metabolite was considered. bValues retrieved from MDS analysis.

Table 3. Distances between Replicated Analyses (n = 12) of Four Patient Samples According to the Extraction Protocol and
Based On 140 FTIR Spectral Wavenumbersa

MeOH ACN/MeOH

distances between replicas of a specific sample (mean ± standard deviation)b patient 1 0.5744 ± 0.5673 0.2833 ± 0.1652
patient 2 0.3471 ± 0.1976 0.2642 ± 0.1688
patient 5 0.2526 ± 0.1506 0.5482 ± 0.3914
patient 6 0.4855 ± 0.2532 0.8143 ± 0.5272

quartile distance for replicas of all four samplesb median (P25−P75) 0.536 (0.3190−0.8119) 0.5127 (0.2763−0.9426)
interquartile range 0.4930 0.6663
minimum distance 0.0091 0.0234
maximum distance 2.821 3.119
variance 0.1776 0.2927

aAs highlighted in Figure 2E. Data are presented as distances between replicas of a specific sample or as distances from replicas of all samples.
bValues retrieved from MDS analysis.
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necessary imply that this extraction method will lead to worse
prediction models of a target pathophysiological state.

Comparing the dispersion of duplicates of extractions with
the dispersion of triplicates of analysis per extraction (Figure
S1B), it was observed that, in general, triplicates of analysis per
extraction are closer together compared to the other extraction
replica. Consequently, the extraction procedure presents a
higher variability than the UPLC-MS/MS analysis. A
consequence of this is, for example, seen for MeOH extraction,
where the second replica of extraction of sample 2 is closer to
replicas of sample 1. This can impair the analysis sensitivity
and specificity.

Concerning FTIR-spectral data, the PCA based on spectral
regions that were highlighted in the PC2 loading vector in
Figure 2E presenting values below −0.04 or higher to 0.04 was
considered. This spectral region corresponded to 140 wave-
numbers. It considered 12 replicas per sample, resulting from
triplicates of each extraction protocol, followed by quad-
ruplicate FTIR spectroscopic analysis per extraction. It was
observed that the dispersion between the 12 replicated
analyses of the four samples in the PCA score-plot depended
on the sample (Figure S2, Table 3), as previously observed
with the UPLC-MS/MS analysis. For both extraction
protocols, the sample dispersion, as obtained from the spectral
data, varied between 2.3- and 2.9-fold considering the
extractions without and with ACN, respectively. In contrast
to what was observed with UPLC-MS/MS analysis, the
dispersion of FTIR spectral data was identical for both
extraction techniques (0.54 and 0.51 for samples extracted with
MeOH and ACN/MeOH, respectively). This can be due to
FTIR spectroscopy’s lower sensitivity in relation to UPLC-
MS/MS and/or due to the much higher variance associated
with FTIR spectroscopy, since a much higher number of
variables are used in the PCA (i.e., of 140 wavenumbers) in
relation to the PCA based on UPLC-MS/MS data that
considered nine m/z peaks.

In contrast to what was observed with UPLC-MS/MS,
where different patients’ samples were more separated between
each other when extracted in MeOH, the spectral PCA did not
show any effect of the extraction protocol on distances
between different samples, again probably due to the low
sensitivity of FTIR spectroscopy and/or the higher number of
variables used in this analysis in relation to UPLC-MS/MS.

Comparing the dispersion of triplicates of the extraction
protocol with the quadruplicate replicas of analysis per
extraction by FTIR-spectroscopy, it was also observed that
the extraction replica has a higher impact than the replicate
analysis of each extraction on scores, as the replicate analysis of
each extraction tends to be grouped and more separate than
other extractions replicas. This was according to the UPLC-
MS/MS analyses, even though in spectral PCA the distances
between samples are not as high as those observed in the MS
peak PCA.
Prediction of Patient Outcomes. The serum metab-

olome of the two extraction protocols was used to predict the
outcomes of six patients hospitalized in the ICU (Table S1).
The metabolome analyzed by RP-UPLC-MS/MS was
considered due to the significantly higher number of features
obtained with this system in comparison to the HILIC-based
system (Table 1). The metabolome fingerprint obtained by
FTIR-spectroscopy was also considered. All patients were
diagnosed with COVID-19. Due to the severity of their
symptoms, all patients were under mechanical ventilation and
extracorporeal membrane oxygenation (Table S1). Of these six
patients, three died in the ICU. From data of UPLC-MS/MS,
17 different metabolites were identified as significantly
different (p < 0.05) between samples of deceased and surviving
patients (Table 4, Figure 3). Of these 17 metabolites, only 6
were simultaneously identified by both extraction protocols,
where further 6 and 5 were specifically identified by the MeOH
and the ACN/MeOH extraction protocols, respectively. This
points to the complementary of the extraction protocols.

From the MeOH protocol, 10 metabolites were reported in
the ESI+ operation mode and 2 in the ESI− mode. For the
ACN protocol, 8 metabolites were identified in ESI+ and 3 in
ESI− from the RP column. Most of the metabolites were up-
regulated in deceased patients’ samples with the exception of
(4Z,7Z,10Z,13Z,16Z,19Z)-docosahexaenoate, 3,4-dihydroxy-5-
all-trans-decaprenylbenzoate, and 4α-OCH3-4β-CH-5α-zymos-
terol, which were up-regulated in the surviving patients.

From the metabolites up-regulated in deceased patients,
most of them are associated with oxidative and inflammatory
processes. Lipid peroxidation products such as 4-hydroxyno-
nenal are indicative of oxidative stress. Biliverdin is a product
of heme degradation,33 and its up-regulation can be indicative
of liver impairment or hemolysis and of excess bilirubin

Table 4. Metabolites Differently Present between Deceased and Survivor Patients as Detected by RP-UPLC-MS/MS According
to the Metabolome Extraction Protocola

MeOH extraction ACN/MeOH extraction

metabolite m/z fold changeb metabolite m/z fold changeb

α-L-iduronate 193.04 1.78 ↑ ** α-L-iduronate 193.04 2.18 ↑ **
D-sorbitol 181.07 3.26 ↑ ** D-sorbitol 183.08 2.65 ↑ ***
N-acetyl-β-neuraminate 310.12 1.45 ↑ ** N-acetyl-β-neuraminate 310.12 1.46 ↑ *
biliverdin-IX-α 583.26 2.10 ↑ *** biliverdin-IX-α 583.26 2.37 ↑ ***
4-(3-pyridyl)-butanoate 166.09 2.17 ↑ ** 4-(3-pyridyl)-butanoate 166.09 1.90 ↑ **
palmitate 257.25 2.23 ↑ *** palmitate 257.25 1.55 ↑ *
α-linolenate 279.23 1.78 ↑ ** 3,4-dihydroxy-5-all-trans-decaprenylbenzoate 835.67 3.12 ↓ **
stearate 285.28 1.66 ↑ ** 4α-OCH3-4β-CH-5α-zymosterol 429.37 2.04 ↓ *
2-trans-hexadecenal 239.24 1.58 ↑ **
(4Z,7Z,10Z,13Z,16Z,19Z)-docosahexaenoate 329.24 1.58 ↓ ** hypoxanthine 135.03 2.04 ↑ ***
4-hydroxy-2-nonenal-glutathione conjugate 465.21 12.12 ↑ ** N-formylkynurenine 238.09 2.85 ↑ ***
6-pyruvoyl tetrahydropterin 238.09 2.24 ↑ ** sulfate 96.96 1.59 ↑ **

aThe most intense m/z peak of that metabolite was considered. bChange trend compared to samples of survivor patients. ↑, up-regulated. ↓, down-
regulated. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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concentration. Bilirubin acts as a reducing agent upon
oxidative damage, being converted to biliverdin-IX-α. Thus,
higher levels of this metabolite can be associated with oxidative
damage.34,35 Furthermore, SARS-CoV-2 is able to recruit
biliverdin at the level of the spike protein via allostery,
dampening the binding with neutralizing antibodies and
leading to the worsening of the clinical condition of
COVID-19 patients.36 Increase in the level of palmitic acid
has been correlated with inflammatory mediation and
increased apoptotic events, being associated with worse
outcomes in COVID-19 patients.37 Higher levels of 4-
hydroxy-2-nonenal-glutathione in deceased patients may
indicate enhanced levels of reactive oxygen species (ROS).
Sulfate (SO3

−) and iduronic acid (IdoA) may partially result
from the glycosaminoglycan dermatan sulfate degradation,
which has been associated with the SARS-CoV-2 infection38

both through the virus’ direct effect on tissues and indirectly
through inflammatory processes. Hypoxanthine is associated
with the purine deoxyribonucleoside metabolism, and its up-
regulation has been associated with extracellular extravasation
of the molecular precursor ATP due to cellular damage during
viral sequestering from SARS-CoV-2 in pneumocytes. Thus, it
has been considered an indicator of inflammation and
hypoxia.39,40 N-Formyl kynurenine results from tryptophan
metabolism by the enzymes indoleamine 2,3-dioxygenase and
tryptophan 2,3-dioxygenase, which can be induced by an
inflammatory environment,41 and has been associated with a
poor prognosis in COVID-19 patients.42,43

The following metabolites were also up-regulated in
deceased patients: 2-trans-Hexadecenal is an intermediary
byproduct of sphingosine and sphingosine-1-phosphate
metabolism that is involved in the beta-oxidation pathway
and apoptosis.44 6-Pyruvoyl tetrahydropterin is an intermediate
metabolite from tetrahydrobiopterin de novo biosynthesis.
Sorbitol can be an indication of energetic catabolism
dysregulation, for when hexokinase activity is decreased/
impaired the glucose−sorbitol pathway is preferred.45

Sorbitol’s effects include diuretic, laxative, and cathartic
properties. High levels of N-acetyl-β-neuraminate, from
glycoproteins/lipids and polysaccharides, in urine and serum
can be indicative of renal failure.46 The pyridine derivate, 4-(3-
pyridyl)-butanoate, is associated with the nicotine degradation
pathway.47

Concerning the down-regulated metabolites in deceased
patients, the ubiquinol precursor, 3,4-dihydroxy-5-all-trans-
decaprenylbenzoate, is involved in the mechanism of the
regeneration of coenzyme Q10, which is responsible for the
reduction and neutralization of free radicals and ROS and
increasing the efficiency of electron transport on the
mitochondria. Depletion of this molecule, evident on deceased
patients, is indicative of oxidative damage, energetic catabolism
dysregulation, and even apoptotic events.48,49 This can be
related to the high expression of hypoxanthine and biliverdin,
as less 3,4-dihydroxy-5-all-trans-decaprenylbenzoate is available
due to presence of oxidative species. 4α-OCH3-4β-CH-5α-
Zymosterol takes part in the zymosterol biosynthesis pathway.
It is a precursor to zymosterone that ultimately enters in
cholesterol biosynthesis. Studies have correlated higher
cholesterol bioavailability with higher efficacy of SARS-CoV-
2 cell entry by lipidic rafts present at the cell membrane.50 At
the same time, dysregulation of the cholesterol pathway leads
to an augmentation of the level of these lipids in the
bloodstream, promoting the inflammatory status/cytokine

storm.51 Finally, (4Z,7Z,10Z,13Z,16Z,19Z)-docosahexaenoate
is a PUFA anion that takes part in the resolvin D biosynthesis.
It contributes to the decline in pro-inflammatory mediator
production, which decreases lung neutrophil recruitment, IL-6
production, and apoptosis by macrophages, attenuating
COVID-19’s complications.52

Focusing on the search for biomarkers of the patient’s
outcome, the PCA of the most intense m/z peaks of the
metabolite sets highlighted in Table 4 points to the possibility
of predicting the patient prognosis, since scores from deceased
patients are located on a different region of the score-plot
(Figure 3B and D). A LDA of the most intense m/z of this
metabolites set was trained with samples from four patients,
randomly selected, resulting in an accuracy of 100% to predict
the patients’ outcome independent of the extraction protocol
(Table 5). The samples were selected randomly as follows: two

patient samples were randomly selected out of the three
patients that did not die, and two patient samples were
randomly selected out of the three patients that died. These
models were subsequently tested with samples from the
patients that were not used for model training (Table 5). The
independent validation data set resulted in excellent accuracies
(>90%), sensitivities (>80%), and specificities (>100%) in the
prediction of a patient’s death in the ICU. Slightly better
models were obtained with the solvent mixture containing
ACN, leading to an accuracy, specificity, and sensitivity of
100%.

PCA of the FTIR-spectra also points to the possibility of
predicting the patients’ outcome, as data from surviving
patients are in a distinct region of the score-plot (Figure 4).
PCA-LDA models were built based on FTIR-spectra between
800 to 4000 cm−1 (Figure 4, Table 6). The region between 400
and 800 cm−1 presents spectral noise and was consequently
eliminated to improve the performance of the PCA-LDA
models (data not shown). Excellent PCA-LDA models were
obtained based on both extraction protocols, where the one
with ACN/MeOH presented slight better performance (Table
6), as previously observed with UPLC-MS/MS data.

Overall, data obtained from both RP-UPLC-MS/MS and
FTIR spectroscopy enabled the devlopment of excellent
discriminant analysis models that, based on an independent
validation data set, led to predictions of ≥90% accuracy,
specificity, and sensitivity. Despite all this, it is worth
highlighting the high limitations of the models due to the
low number of samples.

Table 5. LDA Model Performance for the Training (n = 4
patients) and Independent Test (n = 2 patients) Data Sets
Based on Metabolites Analyzed by RP-UPLC-MS/MS
According to the Metabolome Extraction Protocola

extraction with MeOH
extraction with ACN/

MeOH

predicted predicted

model performance training set test set training set test set

accuracy 100% 90% 100% 100%
sensitivity (recall) 100% 80% 100% 100%
specificity 100% 100% 100% 100%
precision 100% 100% 100% 100%
F1 100% 90% 100% 100%

aNote: Deceased patients’ samples were considered positive outputs,
whereas survivors’ ones were considered negative outputs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01370
ACS Omega 2023, 8, 20755−20766

20762

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ DISCUSSION
Metabolomics is a very appealing tool to discover biomarkers
from biofluids such as serum. However, due to the highly
complex analytical process, there are diverse variables that
impact the study output, including the metabolome isolation
method and the main analytical technique used to characterize
it. In the present work, the impact of two protocols to obtain
the serum metabolome, one using MeOH and another using a
mixture of MeOH and ACN, on the metabolome analyses was
evaluated by UPLC-MS/MS, including an RP and HILIC
system, and FTIR-spectroscopy.

Both extraction protocols resulted in similar numbers of
total features obtained in UPLC-MS/MS (1882 and 2022 m/z
peaks with the MeOH and ACN/MeOH, respectively), where
a high proportion of them (925 features) were distinct
between the two extraction protocols (p < 0.05). This

highlights that both extraction protocols are complementary.
Despite this, most (i.e., 67%) of the metabolites differently
extracted with the two protocols (p < 0.001) were present in
higher quantities in the MeOH-extracted samples.

It was observed that replicas of metabolome extractions were
less reproducible than replicas of the UPLC-MS/MS analysis.
It was also observed that the reproducibility was affected by the
sample composition and that the MeOH led to, in mean terms,
1.9-fold less reproducible analysis but a higher difference
between samples of different patients. That is, MeOH
extractions resulted in less precise but potentially more
sensitive measurements.

To better evaluate the real impact of the extraction protocol,
the protocols were also compared to predict patient’s outcome,
concerning mortality of critically ill COVID-19 patients
hospitalized at ICU. To achieve that, a LDA-PCA model was
built on data from six patients, where three died in the ICU. It
was considered the metabolites differently present between
deceased and surviving patients (p < 0.05) detected by RP-
UPLC-MS/MS. For this study, only data from the RP-based
system was used, since the RP-column leaded to 4.2- to 5-fold
higher number of features in comparison to the HILIC.
Indeed, from the significantly different metabolites detected
with both extraction protocols (p < 0.001), the majority (77%)
were detected with the RP-based system. Very good mortality
prediction models were achieved with both extraction
protocols, with the MeOH- and ACN/MeOH-based protocols
resulting in accuracies of 90% and 100%, respectively. Despite
the limitation of the study, based on a low number of patients
(n = 6), this result is in accordance with the MeOH extraction
being the less precise, and most of the metabolites identified as
deregulated in critically ill patients were in accordance with the
literature.

The effect of the extraction protocol was also evaluated by
the metabolome analysis by FTIR spectroscopy which, despite

Figure 4. (A and C) PCA of FTIR spectra preprocessed by atmospheric and baseline corrections from the four patient samples and (B and D)
corresponding PCA-LDA models according to the extraction protocol based on (A and B) MeOH or (C and D) ACN/MeOH. PCA-LDA (B and
D) displayed an accuracy of 100% using two categories and the linear method, with seven projected components.

Table 6. PCA-LDA Model Performance for the Training (n
= 4 patients) and Independent Test (n = 2 patients) Data
Sets Based On FTIR Spectra Preprocessed by Atmospheric
and Baseline Corrections According to the Metabolome
Extraction Protocola

extraction with MeOH
extraction with ACN/

MeOH

predicted predicted

model performance training set test set training set test set

accuracy 100% 95% 100% 100%
sensitivity (recall) 100% 100% 100% 100%
specificity 100% 90% 100% 100%
precision 100% 92% 100% 100%
F1 100% 96% 100% 100%

aNote: Deceased patients’ samples were considered positive outputs,
whereas survivors’ ones were considered negative outputs.
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not identifying metabolites, has been applied in previous
studies to acquire the metabolome molecular fingerprint in a
rapid, economic, and simple but also sensitive and specific
mode. Indeed, the main observations demonstrated previously
with the UPLC-MS/MS based platform were also observed
with the FTIR-spectroscopy. For example, different molecular
profiles were also detected between the two extraction
protocols, where samples extracted with MeOH presented a
significant higher proportion of lipidic molecules, according to
the observation by UPLC-MS/MS that the three hydrophobic
metabolites existing in higher quantities were also observed in
MeOH-extracted samples. It was also observed by FTIR
spectroscopy that the ACN/MeOH-extracted samples were
richer in CN groups, according to the observation with UPLC-
MS/MS that pyridine 4-(3-pyridyl)-butanoate and 3′-dephos-
pho-CoA were present in higher proportions in samples with
this extraction protocol. According to UPLC-MS/MS analysis,
it was also observed with FTIR spectroscopy that replicas of
extractions were less reproducible than replicas of the analysis
and that reproducibility depended on the sample composition.
However, in contrast to the UPLC-MS/MS platform, the
reproducibility observed with the MeOH-extracted samples
was similar to the ACN/MeOH-extracted samples, most
probably due to the lower sensitivity and/or due to the higher
number of variables used with FTIR spectral data. Despite this,
excellent PCA-LDA models were obtained with FTIR
spectroscopy with accuracies >95% for both extraction
protocols, achieving 100% accuracy with ACN/MeOH, as
observed with the UPLC-MS/MS system.

Therefore, FTIR spectroscopy can represent an excellent
tool to optimize extraction protocols and even to develop
models to predict target phenotypes, in this case to predict
mortality in critically ill patients. Advantages of FTIR
spectroscopy include its simplicity of analysis, the high-
throughput analysis, enabling, for example, the simultaneous
analysis of hundreds of microliter volumes of samples (from
for example 5 to 25 μL), more economic and rapid while
leading to predicting models as accurate as those obtained by
the UPLC-MS/MS platform. Therefore, FTIR spectroscopy
represents a very interesting complementary technique for
metabolome characterization. The advantages of the UPLC-
MS/MS platform are the identification of associated
metabolites, which can facilitate biomarker validation and
acceptance by the community. Furthermore, the identification
of metabolites also helps to identify deregulated metabolic
pathways and consequently the understanding of the under-
lying pathophysiological mechanisms, which can be used to
improve therapies and even to discover new therapies.
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