molecules
Article

Volumetric Absorptive Microsampling of Blood for
Untargeted Lipidomics
Camilla Marasca 1,2 , Maria Encarnacion Blanco Arana 3 , Michele Protti 2 , Andrea Cavalli 1 , Laura Mercolini 2
and Andrea Armirotti 3, *
1

2

3

*



Citation: Marasca, C.; Arana, M.E.B.;

Computational and Chemical Biology, Fondazione Istituto Italiano di Tecnologia, Via Morego 30,
16163 Genova, Italy; camilla.marasca@iit.it (C.M.); andrea.cavalli@iit.it (A.C.)
Research Group of Pharmaco-Toxicological Analysis (PTA Lab), Department of Pharmacy and
Biotechnology (FaBiT), Alma Mater Studiorum-University of Bologna, Via Belmeloro 6, 40126 Bologna, Italy;
michele.protti2@unibo.it (M.P.); laura.mercolini@unibo.it (L.M.)
Analytical Chemistry Lab, Fondazione Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy;
maria.blanco@gmail.com
Correspondence: andrea.armirotti@iit.it; Tel.: +39-0102896938

Abstract: In the present, proof-of-concept paper, we explore the potential of one common solid
support for blood microsampling (dried blood spot, DBS) and a device (volumetric absorptive
microsampling, VAMS) developed for the untargeted lipidomic profiling of human whole blood,
performed by high-resolution LC-MS/MS. Dried blood microsamples obtained by means of DBS
and VAMS were extracted with different solvent compositions and compared with fluid blood to
evaluate their efficiency in profiling the lipid chemical space in the most broad way. Although more
effort is needed to better characterize this approach, our results indicate that VAMS is a viable option
for untargeted studies and its use will bring all the corresponding known advantages in the field of
lipidomics, such as haematocrit independence.
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1. Introduction

2021, 26, 262. https://doi.org/

Given the importance of lipids in all the biological processes of a living organism,
lipidomics has become a very significant analytical tool in many fields of biology [1–5].
Mass spectrometry (MS) plays a major role in this topic, thanks to its flexibility, sensitivity,
and, when exploited in untargeted mode, the possibility to efficiently profile hundreds of
individual lipid species from tens of lipid families [6–8]. Reversed phase chromatography,
when coupled to high-resolution MS and used with different elution systems, allows an
efficient separation and identification of lipids often in a matter of minutes [9]. For many
different reasons, mostly related to biomarker discovery, when untargeted lipidomics are
envisaged for human studies, plasma has generally been the focus of attention [3,6,8,10,11].
Less has been done to explore the intact blood lipidome. Only a few studies on the subject
can be found in literature, such as an analysis of eicosanoid in human whole blood [12].
This is mainly due to pre-analytical sample handling and processing drawbacks, and to
the complexity of whole blood samples compared to plasma and serum derivatives [13].
To overcome the disadvantages associated to fluid whole blood analysis, several authors
have exploited microsampling approaches, such as dried blood spot (DBS), widely used
for neonatal screening for inborn errors of metabolism [14–16]. DBS involves a minimally
invasive collection of blood (less than 50 µL), usually obtained from a heel or fingerprick,
spotted onto filter paper cards, and followed by simplified storage and transportation
procedures. These samples, simply dried at room temperature, usually do not require
cryopreservation. After minimal training, DBS collection can be easily performed by
non-qualified operators, thus representing a promising perspective for point-of-care or
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home-sampling. Due to its many advantages, DBS has been applied to many fields of
bioanalysis, including pharmacokinetic studies, in order to improve animal welfare and reduce the number of animals needed [17]. Moreover, microsampling has also been exploited
for proteomics to assess protein stability [18], for targeted metabolomics [15], for lipidomic
studies based on tailored extraction procedures [19] and, more in general, for biomarker
discovery [20,21]. DBS sampling has also been tested for shotgun lipidomics [22]. One
miniaturised sampling technique is volumetric absorptive microsampling (VAMS), which
holds all the advantages of DBS whilst implementing additional ones, mostly related to sampling volume accuracy and haematocrit (HCT)-dependent volumetric bias. VAMS devices
are able to sample a fixed amount of fluid (10, 20, 30 µL) by means of a hydrophilic polymer
tip, thus allowing an accurate blood collection directly from a fingerprick, regardless of the
blood density. VAMS thus avoids HCT-depending issues and makes point-of-care sampling
and self-sampling even more feasible [23–25]. After drying/storage at room temperature,
the VAMS device tip can undergo extraction with different pure solvents or mixtures and
different extraction means [26]. Despite its relatively recent introduction, VAMS technology
has been successfully applied to several analytical challenges (pharmacokinetics [27], therapeutic drug monitoring [24,28], analysis of drug of abuse [29]) and to different biological
fluids [30]. VAMS has also been applied to the discovery of protein biomarkers [31] and to
targeted metabolomics [32,33]. Nevertheless, to the best of our knowledge, this innovative
and promising approach has never been studied before for untargeted lipidomic analysis.
In this proof-of-concept study, untargeted lipidomic profiling in whole blood microsamples
has been carefully investigated by using VAMS microsampling and subsequent extraction
of analytes with different solvents and mixtures. VAMS has also been compared to DBS
and classic fluid blood under the same conditions. The recovered lipids were analysed
by high-resolution UHPLC-MS/MS, and the corresponding datasets were analysed and
compared by using multivariate data analysis. The aim of this work was to evaluate
the potential of VAMS as a viable and promising alternative strategy for the sampling of
microvolumes of whole blood for untargeted lipidomic analysis.
2. Results and Discussion
In this work, we aimed to evaluate the best combination of solid support (DBS or
VAMS) and extraction solvent (IPA, MeOH, MeOH/CHCl3 and MeOH/MTBE) for the
sampling and untargeted analysis of the whole blood lipidome. For this purpose, we tested
all the possible combinations, in triplicates. As a reference, we also extracted lipids from
liquid, intact blood, without any adsorption process. For all the tests, the LC-MS/MS
conditions were kept fixed, using the well-established isopropanol gradient on a reversed
phase column, coupled with detection by high-resolution MS. Each sample was acquired
in both positive and negative ion modes. Figure 1 shows representative chromatograms
from an untargeted analysis of the blood lipidome.
In each comparison, we first fixed the extraction solvent, and then compared the
two different microsampling techniques (VAMS and DBS) with the corresponding extraction of liquid blood performed with that solvent. As an example, Figure 2 shows the
overlapped ESI+ chromatograms of VAMS, DBS, or fluid blood (20 µL) extracted with 9:1
MeOH/CHCl3 .
From a general inspection of the chromatograms, the three overall profiles obtained
using the same solvent appear quite comparable, thus implying that DBS and VAMS yield
similar lipid recoveries compared to liquid blood. We then fixed the solid support and
compared the solvents used to recover the lipids. As an example, Figure 3 shows the
overlapped chromatogram of the lipidome recovered from VAMS (20 µL of human whole
blood) by using the four solvents.
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Figure 1. Representative overlapped chromatograms of untargeted LC-MS/MS analysis of blood lipidome, reporting both
ESI+ (black) and ESI− (red) traces. ESI− trace was offset by 5% of the axis for better clarity.

In each comparison, we first fixed the extraction solvent, and then compared the two
different microsampling techniques (VAMS and DBS) with the corresponding extraction
of liquid blood performed with that solvent. As an example, Figure 2 shows the
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In each comparison, we first fixed the extraction solvent, and then compared the two
different microsampling techniques (VAMS and DBS) with the corresponding extraction
of liquid blood performed with that solvent. As an example, Figure 2 shows the
overlapped ESI+ chromatograms of VAMS, DBS, or fluid blood (20 µL) extracted with 9:1
MeOH/CHCl3.
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From a general inspection of the chromatograms, the three overall profiles obtained
using the same solvent appear quite comparable, thus implying that DBS and VAMS yield
similar lipid recoveries compared to liquid blood. We then fixed the solid support and
Figure 2. Overlapped ESI+ chromatograms of lipids extracted from 20 µL of human blood with 9:1
www.mdpi.com/journal/molecules
in liquid form, or obtained through dried blood spot
(DBS) or volumetric
absorptive microsampling (VAMS) methods. Insets report the magnification of the initial (A) and
final (B) part of the chromatogram.
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accurate volume of 20 µL was deposited on a 903 protein saver card (Whatman 903). The
cards were dried at RT for 1 h and stored in the dark in sealed plastic bags containing silica
gel packets, for 1 month at most until analysis. For VAMS, the whole blood sample was
adsorbed onto a fixed 20 µL polymeric tip. The devices were then dried at RT in their
dedicated clamshell package for 1 h and stored at RT in the dark for 1 month at most
until analysis. Safety Declaration: no unexpected or new significant hazards or risks are
associated with the reported work.
3.3. Extraction of Lipids from Blood Samples
All samples were processed following the same pre-treatment procedure. The fluid
blood, DBS and VAMS tip were extracted in microcentrifuge tubes with 500 µL of different solvents (100% IPA, 100% MeOH) and solvent mixtures (50:50 MeOH/MTBE v/v,
90:10 MeOH/CHCl3 v/v) by means of ultrasound-assisted extraction (UAE) for 10 min and
subsequent vortex-assisted extraction (VAE) for 2 min. For DBS, the whole spotted area
was excised and extracted. For VAMS, the whole tip was detached from the plastic handler
and extracted. After centrifugation at 4000 rpm for 5 min at 4 ◦ C, the supernatant was dried
under a gentle nitrogen gas stream and stored in microcentrifuge tubes at RT until analysis.
Each extraction mode and condition was tested in triplicate. On the day of analysis, the
dried samples were dissolved in 80 µL of a mixture composed of 90:10 MeOH/CHCl3 v/v.
After VAE for 5 min and centrifugation for 5 min at 4 ◦ C, the samples were transferred into
glass vials for UHPLC-ESI (+/−)-QTOF-MS analyses. Seven quality control (QC) samples
were prepared by pooling together 5 µL aliquots from each of the samples. Blank samples
were prepared by mimicking the same extraction procedures with empty tubes.
3.4. LC-MS/MS Analysis
Lipid samples were loaded onto an Acquity UPLC system coupled to a Synapt G2
QTOF Mass Spectrometer (all LC-MS instruments and columns were purchased from
Waters Inc. Milford, MA, USA). The chromatographic separation was performed on a
reversed-phase CSH column (2.1 mm × 100 mm, 1.8 µm) maintained at 55 ◦ C at a flow
rate of 0.4 mL/min. The mobile phases consisted of A: 10 mM ammonium formate in
60:40 ACN/H2 O v/v; and B: 10 mM ammonium formate in 90:10 IPA/ACN v/v. The
gradient composition was 15% B for 0–1 min, 60% B for 1–10 min, 75% B for 10–18 min.
Then, solvent B was brought to 100% for 18–21.5 min, followed by 100% B isocratic step
for 21.5–23 min and reconditioning to 15% B. The total run time was 25 min. The injection
volume was 5 µL and the tray temperature was set at 6 ◦ C. The untargeted lipidomic
analysis was performed in both positive and negative ion modes. The source temperature
was set to 90 ◦ C, and desolvation temperature was set to 400 ◦ C. Desolvation and cone
gas flows (N2 ) were set to 800 and 50 L/h, respectively. Data were acquired in MSe . The
scan rate was set to 0.3 s per spectrum; the scan range was set to 50 to 1200 m/z. Leucine
enkephalin (2 ng/mL) was infused as lock mass for real-time spectra recalibration. The
UHPLC-MS/MS system and the column were purchased from Waters Inc. (Milford, MA
USA). A system suitability test, aiming to assess peak shape, retention time and instrument
sensitivity, was preliminarily performed by running a reference sample, consisting of a
mixture of 1 µM authentic standards dissolved in 9:1 MeOH/CHCl3 v/v. Each sample was
acquired twice (ESI+ and ESI−). The samples were acquired in a random order, intermixed
with QCs and solvent samples (90:10 MeOH/CHCl3 v/v).
3.5. Data Analysis
QC samples were used to evaluate calibration stability over time (mass accuracy
never exceeded 3 ppm) and retention time reproducibility (which never exceeded 0.1 min).
High resolution MS and MS/MS data were used to confidently assign the structure of
the 15 benchmark lipids. First, the m/z value of the precursor ion was searched against
LipidMaps database [36] to obtain a putative ID. The corresponding MS/MS spectrum, in
combination with the LipidMaps dedicated bioinformatics tools, was used to confirm the
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lipid ID. The peak areas for each of the 15 benchmark lipids was then integrated using Targetlynx software (version 4.1) (Waters (Milford, MA, USA)), by extracting the ion current of
the corresponding precursor ion at the corresponding retention time (0.01 m/z and 0.1 min
were selected as maximum tolerance values for the mass and retention time values, respectively). The software was set to automatically deconvolve the features by detecting their
most common adducts [M+H]+ , [M+Na]+ , [M+NH4 ]+ , [M+K]+ , [M–H2 O+H]+ for ESI+, and
[M–H]− , [M+HCCO]− for ESI−. The integrated peak area for each lipid was then verified
by visual inspection in each sample. The obtained data matrix (36 samples × 15 lipids) was
then analysed using the Metaboanalyst [37] software suite to perform principal component
analysis and produce heatmaps. The peak areas were first normalized by the total peak
area of each sample, then log-transformed and Pareto-scaled. For heatmap generation,
the Euclidean distance was used with Ward algorithm for cluster analysis [38]. Lipostar
software [39] (version 1.0.5, from Molecular Horizons) was used for automated lipid identification: the LipidMaps lipid library and Lipostar MS/MS fragmentation rules [40] were
applied for feature identification. A maximum tolerance of 0.01 amu mass accuracy was
used for both MS and MS/MS spectra.
3.6. Data Availability
All the RAW datafiles related to this study were openly shared through the Metabolights data repository [34], and are thus publicly available (dataset unique identifier:
MTBLS1200).
4. Conclusions
Based on our experimental evidence, we can confidently state that both DBS and
VAMS represent very interesting options as solid supports for the sampling, storage and
analysis of the blood lipidome for subsequent untargeted lipidomics analysis. Although
this was already demonstrated by Aristizabal Henao et al. [19] for DBS, to the best of
our knowledge, this is the first time that the potential of VAMS for untargeted lipidomic
applications has been explored. We are aware that the present work is limited to a series of
repeated tests on the blood of a single donor. Furthermore, additional studies involving the
use of reference standards will be needed to more precisely quantify the recovery of lipids
for targeted studies. In particular, the use of deuterated internal standards will also help to
assess the matrix effects that each solid support has on individual lipids classes. Indeed,
because we believe that the current research represents a first, proof-of-concept study on a
potentially totally novel approach to untargeted lipidomics, to be soon supported by further
studies, we purportedly removed the interindividual variability from our work, to focus on
the comparisons between the different studies. Quite surprisingly, when the lipid content
was extracted with an appropriate solvent, VAMS enabled the recovery and analysis of
more than 450 individual lipids, with a particular enrichment in sphingolipids (Figure 5).
In our experiments, the performances of VAMS, in terms of number of individual lipid
species recovered and profiled, significantly surpassed those of DBS. Now that VAMS has
been demonstrated to be a reliable, although at the moment more expensive, alternative
to DBS, new, dedicated studies will perhaps explore other possible solvents for VAMS,
with the aim to enrich the lipid content recovery even further. In this perspective, our
results will be extremely useful for the targeted analysis of lipids supported by VAMS.
Furthermore, our paper also represents a systematic investigation of the lipid chemical
space currently accessible by both DBS and VAMS.
Supplementary Materials: The following are available online, Supplementary Excel File 1, Supplementary Excel File 2 and Supplementary Powerpoint File.
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