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Abstract
Dried blood spots (DBS) are being considered as an alternative sampling method of blood collection that can be used in 
combination with lipidomic and other omic analysis. DBS are successfully used in the clinical context to collect samples 
for newborn screening for the measurement of specific fatty acid derivatives, such as acylcarnitines, and lipids from whole 
blood for diagnostic purposes. However, DBS are scarcely used for lipidomic analysis and investigations. Lipidomic stud-
ies using DBS are starting to emerge as a powerful method for sampling and storage in clinical lipidomic analysis, but the 
major research work is being done in the pre- and analytical steps and procedures, and few in clinical applications. This 
review presents a description of the impact factors and variables that can affect DBS lipidomic analysis, such as the type 
of DBS card, haematocrit, homogeneity of the blood drop, matrix/chromatographic effects, and the chemical and physi-
cal properties of the analyte. Additionally, a brief overview of lipidomic studies using DBS to unveil their application in 
clinical scenarios is also presented, considering the studies of method development and validation and, to a less extent, for 
clinical diagnosis using clinical lipidomics. DBS combined with lipidomic approaches proved to be as effective as whole 
blood samples, achieving high levels of sensitivity and specificity during MS and MS/MS analysis, which could be a useful 
tool for biomarker identification. Lipidomic profiling using MS/MS platforms enables significant insights into physiological 
changes, which could be useful in precision medicine.

Keywords Dried blood spots · Mass spectrometry · Lipidomics · Disease biomarkers

Abbreviations
AA  Arachidonic acid
ACN  Acetonitrile

BHT  Butylated hydroxytoluene
CE  Cholesteryl esters
Chol  Cholesterol

 * Helena Beatriz Ferreira 
 helenabeatrizferreira@ua.pt

 * M. Rosário Domingues 
 mrd@ua.pt

1 Mass Spectrometry Center & LAQV-REQUIMTE, 
Department of Chemistry, University of Aveiro, Campus 
Universitário de Santiago, 3810-193 Aveiro, Portugal

2 CESAM–Centre for Environmental and Marine Studies, 
Department of Chemistry, University of Aveiro, Campus 
Universitário de Santiago, 3810-193 Aveiro, Portugal

3 CICECO-Aveiro Institute of Materials, Department 
of Chemistry, University of Aveiro, Campus Universitário de 
Santiago, 3810-193 Aveiro, Portugal

4 Newborn Screening, Metabolism and Genetics Unit, Human 
Genetics Department, National Institute of Heath Doutor 
Ricardo Jorge, 4000-053 Porto, Portugal

5 Superior School of Heath, Polytechnic Institute of Porto, 
4200-072 Porto, Portugal

6 Unidade de Gestão Operacional Em Citometria, Centro 
Hospitalar e Universitário de Coimbra (CHUC), 
3004-561 Coimbra, Portugal

7 Coimbra Institute for Clinical and Biomedical Research 
(iCBR), Faculty of Medicine, University of Coimbra, 
3000-370 Coimbra, Portugal

8 Instituto Politécnico de Coimbra, ESTESC-Coimbra 
Health School, Ciências Biomédicas Laboratoriais, 
3046-854 Coimbra, Portugal

http://orcid.org/0000-0002-6978-6166
http://orcid.org/0000-0001-5357-3601
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-04221-1&domain=pdf


Ferreira H. B. et al.

1 3

CH2Cl2  Dichloromethane
DBS  Dried blood spots
DHA  Docosahexaenoic acid
DI-MS  Direct injection mass spectrometry
EPA  Eicosapentaenoic acid
FA  Fatty acids
GC-FID  Gas chromatography with flame ioniza-

tion detection
GC-MS  Gas chromatography coupled with mass 

spectrometry
Hct  Haematocrit
HDL  High density lipoproteins
HPLC  High-performance liquid chromatography
IPA  Isopropyl alcohol
LC-MS  Liquid chromatography coupled with 

mass spectrometry
LDL  Low density lipoprotein
MeOH  Methanol
MS  Mass spectrometry
MTBE  Methyl tert-butyl ether
MS/MS  Tandem mass spectrometry
P  Plasmenyl
PC  Phosphatidylcholine
PE  Phosphatidylethanolamine
PG  Phosphatidylglycerol
PI  Phosphatidylinositol
PL  Phospholipids
PS  Phosphatidylserine
PUFA  Polyunsaturated fatty acids
RP  Reverse phase
SFC-MS  Supercritical fluids chromatography cou-

pled with mass spectrometry
SM  Sphingomyelins
SPME  Solid-phase microextraction
TG  Triacylglycerols
TLC-GC-FID  Thin layer chromatography followed by 

gas chromatography with flame ionization 
detection

Introduction

Dried blood spots (DBS) are a less invasive method for 
blood collection and are being considered as an alternative 
to whole blood samples obtained by venipuncture or arterial 
sampling. DBS are widely used in clinical environment to 
collect samples for newborn screening, as a part of public 
health policies [1]. This method is also considered promis-
ing for clinical diagnostics and for precision medicine, since 
it has been reported as an effective method for pre-analytic 
stages of diagnostics [2, 3]. Research on DBS for application 
in medicine is growing and is being explored in combina-
tion with mass spectrometry (MS) [1] and in the context of 

different omics, like metabolomics [4, 5], proteomics [6], 
and more recently lipidomics. While DBS is already well 
established in metabolomic analysis, its use in proteomics 
seems to face some challenges regarding protein analysis 
and degradation. Lipidomics is starting to be associated with 
DBS, once lipids are reported to be stable enough to endure 
the timespan between sample collection and lipid extraction, 
even more stable than in traditional samples (plasma/serum/
whole blood). The major research work on this method has 
been done concerning pre-analytical and analytical steps 
and procedures, and very few in application to real clinical 
investigations.

Despite being a field scarcely studied, lipidomic analysis 
with DBS shows promising results, revealing the need for 
more work to be done. In this review, we will address the 
most important findings from the use of DBS in lipidomics, 
highlighting as well future perspectives and development 
needed to pinpoint DBS as a good sampling and storage 
method, prior to lipid analysis for biomarker discovery, and 
application in clinics, diagnostics, and/or therapeutic drug 
monitoring.

Advantages and applications of DBS 
to study lipids in biological samples

The DBS is a microsampling method that is very simple and 
easy to perform, as it requires only the depositing of small 
volumes (μL) of capillary blood onto DBS cards [1]. The 
collection of blood is easier; therefore, the sample can be 
collected at home, and it does not demand specialized enti-
ties to do so. The patient can perform the sample collection 
by its own (or the parents, in the case of small children). 
The blood is placed directly onto the DBS card until the 
drawn circle area is full. Yet, the skin must not be punctured 
with the same lancet more than once due to risk of bacterial 
contamination and infection [7]. Contrarily to venipuncture 
and arterial sampling, DBS samples do not need to be imme-
diately stored in refrigerated conditions after its collection. 
This way, the transport and accommodation of these type of 
samples is very straightforward which allows the creation of 
simplified biobanking facilities for storage [8]. Venipuncture 
and arterial blood collection are the most common blood 
collection methods; however, they are not considered to be 
the best way to collect a blood sample [9]. These methods 
have to be performed exclusively by personnel who have 
received proper training. Many patients find it inconvenient 
(due to dietary restrictions) and disturbing. Also, there are 
also risks related with the puncture site cleansing, storage, 
transportation, and potential loss or contamination of the 
blood samples once they are collected [9]. Thus, DBS have 
several advantages when compared with arterial sampling 
and venipuncture, as described in Fig. 1.
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DBS samples enable longitudinal studies without sam-
ple degradation if they are stored under the right conditions 
according with the analyte of interest. Due to high stability 
of several blood components, like lipids, it is possible the 
detection of a high number of analytes in a single analysis. 
The physician has a broader understanding of the patient’s 
metabolism and can reach a more fitting diagnosis [10].

DBS have three primary applications (Fig. 2): in health-
care services (in a clinical scenario for screening/diagnos-
tics/follow-up), in research and surveillance studies into 
undeveloped populations, and in drug development/moni-
toring [10, 11].

Lipids are important mediators in pathological condi-
tions; therefore, its analysis could detect the early develop-
ment of some diseases or even be considered as biomarkers 
of disease status, and be useful to evaluate the therapeutic 
outcomes [12]. Lipids are promising in the search of new 
putative biomarkers for diagnosis and evaluation of disease 
progression or to unravel the role of lipids in the disease 
pathophysiology. As pointed out before, all the advantages 
that DBS offers combined with the fact that lipids are quite 
stable in DBS [13] make DBS suitable for its use in lipi-
domic analysis. It is a promising field of research, with 
potentially favourable applications in clinical environ-
ments. However, the association of DBS with lipid/lipidomic 
analysis is still in its infancy, mostly because lipidomics is 
an omics field still in the early stage of development but 
with high potential applications [13], and there is not much 

information regarding its use in this area. DBS method is 
well-established in other omics, especially metabolomics 
[14], and there is a need for more investigation on its appli-
cability on the lipidomics field.

Fig. 1  Dried blood spots (DBS) 
sampling method offers several 
advantages comparing with 
arterial/venipuncture samples. 
It is a minimally invasive 
sampling process, which can 
be performed by the patient on 
their own, and it is convenient 
to store and transfer allowing 
long distance shipments

Fig. 2  Dried blood spots (DBS) main applications: health-care ser-
vices (in a clinical scenario for screening/diagnostics/follow-up), 
research and surveillance studies, and drug development/monitoring
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In this review, we aimed to gather lipidomic investigations 
using DBS cards. For that, English language publications 
were identified through a computerized search (PubMed 
database) until June 2021 using the following keywords: 
lipidomic(s), lipid(s), lipid profile(s), phospholipid(s), fatty 
acid(s), and sphingomyelin(s) combined with dried blood 
spot(s). A total of 26 publications were found. From those, a 
total of 21 papers were selected according with the eligibil-
ity criteria chosen. We only considered research studies that 
used gas chromatography coupled with mass spectrometry 
(GC–MS), gas chromatography-flame ionization detection 
(GC-FID), liquid chromatography coupled with mass spec-
trometry (LC–MS), direct injection mass spectrometry (DI-
MS), and supercritical fluid chromatography coupled with 
mass spectrometry (SFC-MS). Studies that did not report 
the use of those techniques, or were review papers, were 
not taken into consideration. From the 21 eligible studies, 
most of them focused on methodology/protocol optimiza-
tion, from pre-analytical parameters evaluation to analysis 
optimization, and very few in actual clinical lipidomic inves-
tigations, as will be described.

Most of the papers on the evaluation of pre-analytical var-
iables that can affect the quality of the results of lipid analy-
sis were focused on (i) the extraction efficiency of different 
methods, (ii) factors that may affect the recovery rate of the 
lipids, like the type of DBS card, storage with antioxidants, 
and matrix effects, and (iii) lipid stability over a period of 
time. Others studied the DBS method validation in clinical 
cases as a possible candidate to future clinical applications 
by comparing the results with traditional methods (plasma, 
serum, or whole blood) [13, 15–29].

Pre‑analytical parameters that may affect 
lipid extraction from DBS

The workflow of DBS starts with blood collection in the 
paper card, followed by storage/transport, lipid extraction, 
and analysis. After blood collection, the analyte extraction 
procedure starts by punching a circle (with a set diameter) 
from the DBS card. Then, the analyte is extracted with 
selected extraction solvents and protocols that must be care-
fully chosen according with the physico-chemical proper-
ties of the analyte. Nonetheless, different pre-analytical 
parameters may affect the amount of compound and the 
lipid extract recovered from DBS. The parameters include 
the transport and storage conditions, the type and qual-
ity of the paper of the DBS card (variations in the matrix 
affects the blood volume, the extraction efficiency, and the 
chromatographic results), and haematocrit (Hct). These are 
probably the most impactful factors to significantly affect 
the results; this way, the procedures must be optimized and 
standardized to increase the reliability and reproducibility 

of the assay and allow the comparison of research work data 
between different labs, promoting harmonization of lipid-
omic investigations.

Storage of DBS and stability of lipids

The solid nature of DBS paper cards and adsorption capac-
ity make analytes less reactive (thus more stable) than in 
whole blood, plasma, or serum samples thus having higher 
stability at room temperature, at least for a week [30]. It is 
also an advantage to monitor metabolic diseases diagnosed 
in newborn screening programs and could be promising for 
sample collection for other diseases that need monitoring. 
To maintain analyte stability and to control storage condi-
tions, to make the sample stable during longer times, trans-
port to the laboratory should be made as soon as possible. 
Storage conditions must account for several variables such 
as temperature, humidity and time within field, transport, 
and laboratory settings [31]. Temperature and humidity 
conditions have a direct impact on the stability of several 
analytes including lipids, amino acids, and DNA [32–34]. 
Temperature effect can be prevented by keeping samples in 
refrigerated/cooled conditions. However, reducing the stor-
age temperature is not always the solution for all analytes 
as it is described for polyunsaturated fatty acids (PUFA). It 
was reported that few PUFA (20:4, 20:5, and 22:6) suffer 
significant degradation after 10 days of storage at − 28 °C 
[33]. Humidity, which can also cause lipid degradation by 
hydrolysis reactions, can be avoided by confining DBS cards 
in sealed bags with desiccants while transportation or stor-
age [1]. Nonetheless, optimal storage settings must be deter-
mined for the analyte in question and the purpose of the 
study (momentary or longitudinal). In the case of lipids sta-
bility in DBS, studies reported that PUFA are stable between 
21 days and 2 months at room temperature [21, 23] and, in 
the case of phospholipids (PL), up to 2 weeks at 4 °C or 
room temperature [13]. Nonetheless, there is a need for more 
studies on the stability of molecular species since most of 
the studies were performed on FA.

Type of DBS cards

There are plenty of DBS cards available on the market, and 
different studies used DBS cards from different manufac-
turers (Table 1). The difference on the card type between 
studies may explain the variance of results due to matrix 
effects. Each manufacturer produces the DBS cards with a 
specific chemical composition, fibre density, and network. 
This way, the same sample could present dissimilar results 
depending on the DBS card type and, consequently, on the 
matrix effect. Liu et al. intended to develop a lipidomic 
DBS method that would allow samples to be stored at room 
temperature for at least 2 months [23]. For that, the team 
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Table 1  Analysis of the selected studies according with the type of DBS card, punch diameter, use of stabilizers, and lipidomic approach

BHT, butylated hydroxytoluene; PKU, phenylketonuria; DMPK, drug metabolism and pharmacokinetics; INF, information not found

DBS card type Diameter of the punched disk Stabilizers Lipidomic approach Reference

Guthrie cards
  Commercially available 

Guthrie spot cards
3.2 mm Chaeotropic buffer DI-MS Furse et al. (2020) [16]

Whatman 903 ™
  Whatman 903™ protein 

saver cards
3.0 mm - LC–MS Primassin et al. (2010) [17]

  Whatman chromatography 
paper

100  mm2 BHT GC–MS Metherel et al. (2013) [21]

  Whatman 903® specimen 
collection paper

3.2 mm - LC–MS Chuang et al. (2014) [35]

  Whatman 903™ CF12® 
protein saver cards

144  mm2 - LC–MS Luginbühl et al. (2016) [22]

  Whatman 903™ filter paper 
cards with BHT antioxi-
dant

144  mm2 BHT GC–MS Mashavave et al. (2016) [36]

  Whatman 903™ protein 
saver cards

144  mm2 - GC–MS Drzymała-Czyz et al. (2017) [25]

  Whatman 903™ filter paper 
cards

6.0 mm LiCl DI-MS Gao et al. (2017) [13]

  Whatman 903™ protein 
saver cards

3.0 mm - LC–MS Liao et al. (2018) [27]

  Whatman 903™ filter paper 
cards

160  mm2 Different anti-
oxidants (pure/
mixture)

GC-FID Marino et al. (2018) [20]

  Whatman 903™ protein 
saver cards; 10 μL Mitra® 
Microsampling Device

6.0 mm - LC–MS Gunash et al. (2019) [29]

  Whatman 903™ filter paper 
cards

3.2 mm - DI-MS Snowden et al. (2020) [19]

  Whatman 903™ paper 
(#10,531,018, GE Health-
care)

Corresponding to 2.5 μL of 
blood

- SFC-MS Le Faouder et al. (2021) [37]

Others
  Filter papers (PKU card, 

Tokyo, Japan)
3.0 mm - GC–MS Kimura et al. (2002) [38]

  Whatman FTA DMPK-A 
cards

3.0 mm - LC–MS Ismaiel et al. (2012) [15]

  Filter paper cards Ahlstram 
226, ID Biological Systems

3.2 mm - LC–MS Koulman et al. (2014) [24]

  ✓ Fluka blood collection 
paper

  ✓ Whatman 903™ specimen 
collection paper

  ✓ Whatman 3MM chroma-
tography paper

  ✓ Whatman ion exchange 
paper (46 × 57  cm2)

 ~ 225  mm2 BHT GC–MS Liu et al. (2014) [23]

  INF 3.0 mm - DI-MS Al-Thihli et al. (2014) [18]
  Whatman cellulose chroma-

tography paper strips
100  mm2 - LC–MS Henao et al. (2016) [28]

  Whatman FTA Classic Card ¼” diameter punch - LC–MS Kyle et al. (2017) [39]
  PUFAcoat™ paper 6.0 mm - LC–MS Hewawasam et al. (2017) [26]
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compared four different DBS card types: Fluka blood collec-
tion paper (Sigma-Aldrich, Switzerland); Whatman 903™ 
specimen collection paper; Whatman 3MM chromatogra-
phy paper; and Whatman ion exchange paper (46 × 57  cm2, 
Whatman, UK). Changes on the concentration of saturated 
fatty acids (FA), 16:0, 18:0, 22:0, and 24:0; monounsaturated 
FA, 16:1n-7, 18:1n-7, 18:1n-9, and 24:1n-9; and PUFA, 18:2 
n-6, 20:3 n-6, 20:4 n-6 (arachidonic acid, AA), 22:4 n-6, 
18:3 n-3, 20:5 n-3 (eicosapentaenoic acid, EPA), 22:5 n-3, 
and 22:6 n-3 (docosahexaenoic acid, DHA), were observed 
according with the type of paper card used and the presence/
absence of antioxidants [23]. It was observed a significant 
decrease of PUFA in DBS samples over 4 weeks of storage 
at room temperature, even though the papers were impreg-
nated with butylated hydroxytoluene (BHT, an antioxidant 
agent) and regardless of the DBS card type. FA composition 
of DBS between samples collected on Fluka blood collec-
tion paper, Whatman 3MM paper, and Whatman 903 paper 
did not suffer significant alterations at any time point over 
the storage period. However, it was noticed a lower decline 
in the levels of all long-chain PUFA in the DBS samples 
collected on the paper card Whatman ion exchange when 
compared to the other types of papers following 4 weeks of 
storage at room temperature [23]. As far as our knowledge 
goes, this is the only lipidomic study comparing lipid stabil-
ity on different card types.

DBS cards using stabilizers

DBS paper cards are often impregnated with stabilizers or 
modifiers to increase analyte stability and recovery effi-
ciency (Table 1) [1]. The addition of chemicals to DBS 
paper may directly influence the results due to matrix effects. 
Two studies performed stability analysis focusing on the effi-
ciency of adding antioxidants to prevent lipid degradation 
[20, 21]. Metherel and co-workers assessed the efficiency of 
adding different concentrations of BHT [0 mg/mL (control), 
2.5 mg/mL, and 5 mg/mL] to the DBS paper cards to pre-
vent PUFA degradation and test its stability [21]. The study 
showed that BHT provides significant protection against 
PUFA degradation in a DBS sample, in open air and room 
temperature storage, and that PUFA losses are dependent on 
BHT concentrations. The analysis by GC–MS showed that 
the degradation of highly unsaturated FA (AA; EPA; DHA); 
n-3 FA; n-6 FA; and total PUFA differs with BHT concen-
trations (the ability to prevent PUFA degradation increases 
with higher BHT concentrations) [21]. The same PUFA are 
detected in DBS in the presence of BHT for up to 21 days in 
open air. However, total PUFA levels significantly decrease 
after 3 and 14 days of storage. Also, storing DBS adsorbed 
in BHT in sealable containers further prevents PUFA loss 
up to 8 weeks [21].

On the other side, Marino and colleagues validated the 
use of different antioxidants to prevent FA degradation after 
15 days of blood collection [20]. The study revealed that, 
in general, antioxidants (pure or in mixtures) are not use-
ful to accurately measure individual FA. However, the use 
of sodium sulphite or ascorbic acid or their mixture with 
BHT, ascorbic acid or gallic acid, in some cases enabled 
the assessment of FA. The results obtained by GC-FID 
showed that the levels of saturated FA (14:0, 16:0, 18:0, 
and 24:0) and unsaturated FA (trans-16:1, 16:1, trans-18:1, 
18:1, trans-18:2, 18:2, α-18:3, γ-18:3, 20:1, 20:2, 20:3, AA, 
EPA, 22:4, 24:1, 22:5, and DHA) were different according 
with the antioxidant applied on the DBS paper card [20]. 
Although storage conditions and BHT concentration were 
not the same, contrarily to what was reported by Metherel 
et al. [21], the use of BHT in this study did not prevent FA 
degradation.

Matrix effects in DBS

In what concerns DBS matrix effects, these can be quali-
tatively assessed by analysing a blank DBS card [40], but 
also quantitatively determined by comparing the signals 
obtained from solvent extraction of a blank DBS. However, 
matrix effects from DBS cards are dependent on the type 
of analyte and can cause interference in the extraction effi-
ciency, stability, and contribute to ionization suppression or 
enhancement in the analysis of the extracts from DBS by MS 
lipidomic approaches [41]. Phosphatidylcholines are well 
known as the primary cause of matrix effects in LC–MS/
MS and cholesterol, cholesterol esters, and triacylglycerols, 
when present at relatively high concentrations can also result 
in significant ion suppression effects [15, 42]. An additional 
problem is the potential adsorption and non-specific binding 
of the lipids to the sampling card. DBS paper cards con-
tain cellulose that have several -OH groups and these can 
interact with the hydrophilic head of the lipid molecules 
[43, 44]. This phenomenon has also been reported for pro-
teins in DBS [45, 46]. When analysing samples from DBS 
cards, it is generally assumed that blood and analytes spread 
homogeneously. However, when the spread is heterogenous, 
which it is called chromatographic effect [1], we could have 
dissimilar extractions yield, depending on the punched circle 
of the blood card analysed. Chromatographic effects lead to 
significantly different results from punch to punch and it can 
be induced by many factors, for instance, the type of DBS 
card [47], Hct levels, portioning of cell components [48], 
and sample integrity and preparation [49]. The commerciali-
zation of DBS cards with the same chemical composition (to 
prevent matrix effects and the drawbacks associated), as well 
as the development of lipid extraction guidelines (to prevent 
chromatographic effects), would facilitate the dissemination 
of unbiased results.
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Haematocrit interference

The Hct is a parameter that can affect the amount of lipids 
and their recovery from DBS. Hct may be considered the 
major factor of variability, when using DBS for metabolite 
analysis. Higher Hct levels are associated with increased 
viscosity of the blood drop, thus having a lower spread rate 
of the blood onto the paper card [50]. More viscous blood 
has been shown to have an heterogenous spread across 
the paper than samples with lower Hct levels, which is 
expected to translate into analytical biases [50–52]. The 
variation of the Hct value directly affects the total amount 
of analytes and their extraction recovery rate from DBS 
(lower extraction recoveries at higher Hct levels) [53]. 
When Hct values are high, sonication of the DBS sample 
has proven to be valuable to improve extraction recov-
ery [54]. The lipidomic approaches were used in a study 
aiming to find lipid species’ markers for quantification of 
Hct using DBS samples [27]. Through LC–ESI–MS, Liao 
et al. identified 189 lipid species belonging to PC and SM 
classes. The study showed that three SM, specifically SM 
44:1, SM 44:2, and SM 44:3, had potential to be Hct esti-
mation markers. The results revealed that the estimation 
errors for the Hct values were less than 20%, demonstrat-
ing the viability of using the identified SM markers to 
estimate the Hct values in DBS samples [27]. From the 
eligible studies in this review, the common diameter of 
the punch is around 3 mm. Increasing the punch diameter 
would be expected to increase the amount of lipid extract 
recovered.

Overall, DBS are a promising method for a less invasive 
blood collection and are being considered as a favourable 
method for clinical lipidomic studies. Nonetheless, there 
are specific factors like the size of DBS punch, effect of 
matrix, stability, and methods of extraction, among others, 
that can influence the identification and quantification of 
the lipids. It has been demonstrated that Hct, blood vis-
cosity, type of DBS card, chromatographic/matrix effects, 
and storage conditions (temperature, humidity) can induce 
changes in the size of the blood spots and an irregular 
distribution of the sample [55]. At the present time, Hct 
is recognized as the most relevant factor that affects the 
characteristics of the blood spot, but other factor can have 
influence as well such as drying time, blood spreading, 
homogeneity, and also affects the reproducibility of the 
extraction procedures and further analysis [8]. To over-
come these challenges, it must be considered an accurate 
blood spotting, possible extraction of the whole DBS (not 
a punch with a specific diameter), and other pre-analytical 
parameters that need to be optimized and harmonized like 
the quality of the paper card and the lipid extraction pro-
tocol (detailed in the next chapter).

Extraction of lipids from DBS

The extraction of lipids from DBS is most-often performed 
with organic solvents, such as methanol (MeOH), dichlo-
romethane  (CH2Cl2), or chloroform  (CHCl3), under adjusted 
proportions. It is important to emphasize the fact that, when 
being analysed by MS, the lipid signal directly reflects the 
amount of the initial sample, the efficiency of the extraction 
recovery, and matrix effects [56]. There is not a standardized 
protocol to extract lipids from DBS; however, it is known 
that, depending on the polarity and composition of the lipid 
specie to analyse, there is a preferential extraction with dif-
ferent solvents [57].

Several studies compared the extraction efficiency of dif-
ferent solvents (isolated and in systems) and gathered sig-
nificant differences (general dry time was 3 h after blood 
collection and storage at room temperature) [15, 26]. The 
ability of different absolute organic solvents [MeOH, ace-
tonitrile (ACN), isopropyl alcohol (IPA),  CH2Cl2, methyl 
tertiary-butyl ether (MTBE), ether or n-hexane] to extract 
phosphatidylcholine (PC), cholesterol (Chol), cholesteryl 
esters (CE), and triacylglycerols (TG) was investigated 
by Ismaiel and co-workers [15]. The study determined 
that MeOH extracted the highest amount of PC compar-
ing with the other organic solvents. However, when lipids 
were extracted from DBS with IPA and ACN, contained 
approximately 16.0% and 2.5% of PC levels that were found 
in MeOH extracts, respectively. Ether, n-hexane, and  CH2Cl2 
showed less than 1.0% of PC levels in the MeOH extract. 
Among other species, PC were also quantified to evaluate 
the lipid recovery rate, since it is the major phospholipid 
class present in blood [15]. Lyso-PC presented the same 
behaviour as well. Regarding Chol and CE, ether extracts 
contained the highest concentrations when compared to the 
other extraction solvents — MeOH, MTBE, n-hexane, IPA, 
ACN, and  CH2Cl2 extracts — which contained approxi-
mately 88, 80, 70, 38, 26, and 13% of Chol and CE levels in 
ether extracts, respectively. Extracted TG showed the same 
tendency, since ether extracts presented the highest levels 
of the TG whereas MeOH extracts demonstrated reduced 
levels. The remaining organic solvents — MTBE, n-hexane, 
IPA, ACN, and  CH2Cl2 extracts — contained approximately 
89, 77, 43, 21, and 18% of TG levels that were found in ether 
extracts, respectively. These results showed that more apolar 
solvents are more efficient to extract apolar lipids (Chol, CE, 
and TG). Therefore, the use of MeOH extracts better PL 
when compared with other solvents.

In the same line, Hewawasam et al. analysed the extrac-
tion efficiency of five different extraction solvent sys-
tems (80% aqueous MeOH; 70% aqueous ACN + 12 mM 
ammonium formate + 0.02% acetic acid; 80% aqueous 
ACN; 80% aqueous ACN + 0.02% formic acid; 80% 
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aqueous ACN + 0.05% formic acid), but in this case, 
the efficiency of free PUFA recovery was evaluated by 
LC–MS [26]. The use of 80% aqueous MeOH resulted 
in a significantly higher extraction of the FA 18:2, EPA, 
DHA, and AA from DBS. Also, free PUFA in 80% aque-
ous MeOH remained stable up to 1 week of storage inside 
the autosampler, showing no significant changes [26].

Additionally, some studies used other strategies to 
increase the lipid extraction efficiency, as sonication or 
addition of buffers. Henao et al. determined that adding 
sonication/homogenization and acidification of pH steps 
can improve the extraction efficiency of certain lipid 
classes, such as phosphatidylserines (PS) [28]. Addition-
ally, Furse et al. discovered that treating DBS paper cards 
with a chaeotropic buffer [guanidinium chloride (6 M) 
and thiourea (1.5 M)] for decoagulating blood, for 24 h 
prior lipid extraction, considerably improved the extrac-
tion efficiency of DBS. This study determined over 200 
lipid species belonging to the classes of TG and PL [16]. 
Both the number and total signal intensity of lipid species 
were higher than DBS samples without the pre-treatment 
[16]. Gao and partners established a high-throughput 
DI-MS/MS lipidomics platform to analyse the blood lipi-
dome from DBS samples [13]. To the extraction protocol, 
it was added a lithium chloride (LiCl) solution to improve 
the extraction efficiency of acidic lipids, prevent the deg-
radation of plasmalogen molecular species, and decrease 
spectral complexity. This method was able to identify 
and quantify, in a single DBS sample, more than 1200 
lipid molecular species belonging to PL, glycerides, gly-
colipids, SM, acylcarnitines, and ceramides (CER) lipid 
class. The lipid species identified and the class distribu-
tion using DBS were analogous to whole blood samples, 
but it was reported that DBS extracts contained more PL 
and less TG than those recovered using plasma and serum 
samples [13].

To sum up, different extraction solvent systems have 
different polarities; therefore, the extracted lipids will be 
in accordance with the polarity of the solvent. The studies 
agree that MeOH (absolute or aqueous) is the best solvent 
to extract PL and FA from DBS. Moreover, these studies 
do not compare the extraction efficiency of the traditional 
methods such as Bligh and Dyer [58] or Folch [59], thus, 
with the published data, it is not possible to conclude in 
fact which is the best extraction method. More studies 
are needed to determine the best solvent/solvent system 
so that the extraction efficiency/recovery is maximized. 
Also, a standardization and harmonization of extraction 
protocols (including type of DBS cards and solvent quan-
tity) is required to allow the comparison of data between 
different investigations.

Lipidomics analytical methodology 
to screen lipids from DBS

Initially in the sixties, the analysis of DBS was made using 
bacterial inhibition tests for the detection of phenylketonu-
ria in newborns. Another established technique was immu-
noassays, where the production of monoclonal antibodies 
led to development of several diagnostic kits [1]. However, 
immunoassays have some limitations, like a possible lack 
of selectivity, the rather elevated cost of reagents per sam-
ple, and the long time required for development of a new 
assay. Later in the nineties, MS-based approaches have 
emerged as a significant advance in clinical diagnosis and 
investigation, allowing the monitoring of several biomark-
ers at the same time, and were established as the detec-
tion technique in DBS analysis [60]. Lipid extracts are 
nowadays efficiently analysed using lipidomic approaches. 
Lipidomics is a field of research that is growing in a fast 
speed. It aims to understand lipids biological functions 
by describing and quantifying all lipid molecular species 
[61]. The sensitivity of MS instruments has significantly 
improved and nowadays it is common to analyse the lipid 
extract directly through LC–MS after its extraction or in 
some specific cases by DI-MS.

MS lipidomic approach

The combination of lipidomics and DBS follows the nor-
mal MS workflow (lipid extraction, data acquisition by 
MS approaches, and data analysis). The lipidomic anal-
ysis can be untargeted, aiming to identify and quantify 
as much lipid species as possible, and is often used for 
screening and usually for comparing different groups or 
biological conditions. On the other side, lipidomics can 
be used as a targeted approach, for the identification and 
quantification of specific lipids, aiming to unravel specific 
pathways, or profiling specific markers. The lipid identifi-
cation can be done with the data-dependent MS/MS files 
that are matched against spectral databases and libraries 
search (e.g., LipidMaps and MSDial) to match known 
fragmentations from reference compounds. Quantification 
of each lipid species can be done using bioinformatics 
tools (e.g., MZmine and MSDial), as recently reviewed 
[62, 63]. Despite having some studies that consider lipid-
omics using GC–MS for FA profiling, the true lipidomics 
is based on LC–MS or DI-MS analysis. Other than identify 
lipid species from DBS samples, lipidomics also aims to 
quantify the molecular species present in each sample and 
disease conditions. The GC–MS or GC-FID approaches 
have been used combined with DBS to analyse the FA 
profiles [11, 12, 17, 18, 23, 26, 34]. GC–MS and GC-FID 
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typically require sample derivatization prior extract injec-
tion, to enable the detection of hydrophilic, non-volatile, 
and/or thermolabile compounds [64]. These studies mainly 
analysed either free or esterified FA and used different 
chromatographic columns as well as lipid extraction pro-
tocols, as reported in Table 2, which made the standardi-
zation and comparison for this review a rather difficult 
task. Thus, this reinforces the fact that there should be a 
normalization of the protocols regarding lipidomic analy-
sis of DBS samples.

From the 21 studies gathered in this review, it is seen 
a preference for LC–MS and DI-MS approaches (10 and 
5 studies, respectively), mostly due to its high sensitivity 
and precision (Fig. 3) [1]. Reverse phase (RP) high-perfor-
mance liquid chromatography (RP-HPLC) and hydrophilic 
interaction liquid chromatography (HILIC-LC) were used 
coupled to MS in DBS lipidomic studies. HILIC-LC–MS 
approaches are widely used in lipidomics to analyse polar 
lipids like PL [65]. However, from all the eligible studies, 
RP columns were the most used in LC–MS (RP-LC–MS) 
for DBS studies.

In DI-MS, the sample of the total lipid extract is directly 
injected in the MS without prior chromatographic separa-
tion and can be used as a real-time monitoring method. The 
published works on DBS and LC/DI-MS were mainly used 
to identify the composition of different classes such as PL, 
sphingolipids, TG, and CE and, in a few cases, carnitines, 
acylcarnitines, or FA [13, 15–19, 22, 24, 26–29, 35, 39].

The SFC-MS approach is slowly reappearing after a 
period shadowed by the commercial success of LC–MS. 
This technique is suitable for lipid analysis and allows for a 
shorter separation than in LC [66]. It uses  CO2 under pres-
sure as an eluent because  CO2 exhibits favourable properties, 
such as being non-flammable, chemically inert, relatively 
nontoxic, easy to handle, and inexpensive. The separation 
of oxidized lipids as well as the study of positional isomers 
can benefit from SFC-MS approaches due to the properties 
of this lipidomic approach [66]. From the eligible studies, 
only one study using SFC-MS matched the selection crite-
ria and focused on method development and detection of 
complex lipids [37]. It allowed the identification from DBS 
of 500 lipid species from several classes of lipids, such as 
phospholipids, sphingolipids, free fatty acids, sterols, and 
fatty acyl-carnitines.

Lipid profile identified from DBS samples

Considering the identification of DBS lipid species, differ-
ent lipid classes were analysed and identified, such as FA, 
PUFA [20–23, 26, 29, 36, 38], or acylcarnitines [17, 18], 
mainly analysed by GC–MS with a few studies by LC–MS. 
Other classes of complex lipids like sphingolipids [27, 35], 
PL, Chol, TG, prenols, CER, and sterols [13, 15, 19, 24, 

25, 28, 37, 39] were analysed either by LC–MS, DI-MS, 
or SFC-MS. However, only one study solely reported the 
identification of several variables of the lipid fraction, not 
specifying lipid classes or species (Table 2) [16].

The lipids identified in these studies also depend a lot on 
the objective of the work. Some studies identify FA or PC, 
as major lipids, or other specific classes, for pre-analytical 
process optimization, as described in the previous chapter. 
Others identify the lipidome, as for example in studies that 
compare whole blood with DBS, or even some when the 
goal is to evaluate the applicability of DBS and lipidomics 
in clinical settings, as we will describe.

Lipidomics comparing DBS with whole blood 
or plasma/serum

DBS was compared in several studies with whole blood/
plasma/serum using FA profiling or complex lipids identi-
fication, by GC–MS/GC-FID, LC–MS, DI-MS, and SFC-
MS (Table 2). Most of the studies identified complex lipids 
from specific classes but with different levels of coverage 
and goals. Both neutral lipids, like TG, Chol, and CE, and 
PL were identified in DBS lipid extracts. Only few studies 
identified specific classes like PC, SM, and TG, either when 
testing stability or other goals like sensitivity/specificity or 
method optimization. Even when looking for specific lipid 
classes, the number of species identified per class was differ-
ent between studies, mainly because in most cases, the goal 
of the study was not a full lipid profiling. In other studies, it 
was used the quantification of lipid species to evaluate the 
extraction recovery, or other pre-analytical parameters, as 
buffers, addition of antioxidants, and type of paper cards, as 
reported in chapter 3.

Comparison of free FA profiling in DBS and blood was 
done by Gunash and co-workers [29]. They have compared 
the free FA quantification ability of DBS with a novel wick-
ing device designed to collect a known volume of blood (10 
μL Mitra® Microsampling Device) [29]. Free FA 16:0 and 
18:0 were detected on the blank DBS and after using wick-
ing device. The concentrations of the FA 16:0 were con-
siderably higher on the wicking device tip when compared 
with the 6 mm DBS punch. The presence of free FA 16:0 
and 18:0 in both materials was confirmed by ultra-high-per-
formance liquid chromatography-tandem mass spectrometer 
(UHPLC-MS/MS). This study proved that DBS has the FA 
16:0 and FA 18:0 as contaminants; however, they are present 
in such low abundances (lower than their presence in blood) 
that do not influence the results of DBS blood analysis [29].

Acylcarnitines profiling in DBS and plasma, associated 
with different metabolic disorders, were assessed by Pri-
massin and partners. They showed that free carnitine con-
centrations in plasma were generally 3.12 (± 0.13) times 
higher than free carnitine concentrations in DBS samples, in 
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patients with fatty acid β-oxidation disorders with and with-
out an L-carnitine supplement [17]. In the case of patients 
with carnitine palmitoyltransferase I–deficiency, free carni-
tine concentrations were higher in DBS samples compared 
to plasma samples. Indeed, plasma acylcarnitine analyses 
have a higher sensitivity for the diagnosis of CPT2/CACT 
deficiencies while DBS acylcarnitine analyses have a higher 
sensitivity for CPT1 deficiencies [67]. Also, regarding fatty 
acid oxidation β-disorders, Al-Thihli et al. found by using 
DI-MS analysis that the sensitivity of DBS acylcarnitine 
profile of patients with history of rhabdomyolysis was lower 
than serum acylcarnitine profile [18]. DBS presented a sen-
sitivity of 71.4%, compared to serum that presented a sensi-
tivity of 100%. Regarding specificity, the results showed the 
opposite trend. DBS acylcarnitine profile had a specificity 
of 100% while the specificity of the serum was 94.7%. The 
study concluded that serum acylcarnitine profile can be more 
sensitive than DBS in detecting milder forms of fatty acid 
oxidation β-disorders, however less specific [18].

The lipid profile of plasma, whole blood, and DBS sam-
ples of healthy breast-fed infants at 3 and 12 months of age 
were compared using DI-MS and by LC–MS to perform 
lipid profile identification [24]. The lipid species identi-
fied were from the classes of TG, SM, and PC. Oxidized 
derivatives of CE, TG, PC, SM, and phosphatidylethano-
lamines (PE) were also identified. Notably, the lipid spe-
cies identified in DBS samples were not different to that of 
whole blood samples, but as expected, both were different 
from plasma due to the presence of different lipid classes in 
whole blood. When analysing the pattern of inter-subject 
variability, the lipid profiles of plasma, whole blood, and 
DBS revealed the same trend and the results from DBS were 
comparable or even with better precision [24].

The composition of DBS lipidome was also com-
pared with whole blood using untargeted lipidomic pro-
filing, allowing the identification and quantification of 
lipid species of the main classes found in blood, such as 
PC, PE, lysophosphatidylcholine (LPC), TG, and CE 
[25]. The study identified, by UHPLC-MS/MS, the fol-
lowing acyl species: PC (16:0/18:2; 16:0/20:4; 16:0/20:5; 
16:0/22:6; 18:0/20:5; 18:0/22:6; 18:1/22:6), LPC (16:0), 
PE (16:0/18:2; 16:0/22:6); plasmenyl PE ((P)-16:0/20:5; 
P-16:0/22:6; P-18:0/20:4), PS (18:0/18:1; 18:0/20:3; 
18:0/20:4; 18:0/22:6), TG (16:0/18:1/18:1; 16:0/18:2/20:5; 
16:0/18:2/22:6; 18:1/18:2/20:5; 16:0/18:1/22:6), and CE 
(18:2; 20:5; 22:6). The same lipid species were qualitatively 
and quantitatively identified in both samples showing that 
DBS can be used for comprehensive, untargeted lipidomics 
of the most abundant lipid species in whole blood. However, 
the number of identified species in this study is far from the 
average number of a lipidomic analysis by LC–MS, which 
suggests that the analysis and interpretation of the LC–MS 
results was limited. On the same line of work, the DBS 
blood lipidome was also studied by high-throughput DI-MS 
[26], which allowed the identification of more than 1200 
lipid molecules. The lipids were extracted using a modified 
Bligh and Dyer extraction protocol to which was added a 
LiCl solution to improve the extraction efficiency of acidic 
lipids, prevent the degradation of plasmalogen molecular 
species, and decrease spectral complexity. This method 
was able to identify and quantify, in a single DBS sample, 
molecular species belonging to PL, glycerides, glycolipids, 
SM, acylcarnitines, and Cer lipid class. DBS results for the 
identified lipid species and class distribution were analogous 
to whole blood samples, containing more PL and less TG, 
as opposed to plasma and serum samples, as expected, but 

Fig. 3  Number of eligible stud-
ies of the mass spectrometry 
(MS) analysis method used in 
studies combining DBS, lipid 
analysis, and lipidomics. Liquid 
chromatography coupled with 
mass spectrometry (LC–MS) 
is the approach of choice, fol-
lowed by gas chromatography 
coupled with mass spectrometry 
(GC–MS)/gas chromatography 
with flame ionization detection 
(GC-FID), direct injection-mass 
spectrometry (DI-MS), and 
lastly supercritical fluid chro-
matography coupled with mass 
spectrometry (SFC-MS)
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similarly to blood due to the contribution of blood cells for 
the higher content in PL [13].

Lipidomic profiling from DBS and serum was compared, 
after analysis by LC–MS of samples collected in 2000–2001, 
to confirm lipid composition and stability of DBS and to 
assess if DBS would be useful time points for future use 
in larger cohorts of longitudinal studies of metabolic dis-
ease progression [39]. A total of 336 lipids were identified, 
from those, 194 were identified in the DBS and 280 were 
identified in the serum with 140 in common. On one side, 
PL were the most commonly identified lipids in both types 
of samples, with the greatest number of identified species 
belonging to PC, SM, and LPC. On the other side, monoa-
cylglycerol and PS classes were identified only in DBS while 
phosphatidic acid and vitamin E were not observed in DBS 
samples. The presence of PS only on DBS was understand-
able as PS lipids are present in the lipid membrane of eryth-
rocytes and platelets; however, PS is known to be a minor 
lipid class in lipoproteins. The study concludes that, since 
most lipid changes were preserved, DBS samples could be 
used in lipidomic longitudinal studies [39].

Machine learning was also used to predict ‘clinical lipid’ 
concentration from lipid profile data when compared lipid 
profiling from DBS with lipid profiling from plasma [19]. In 
this study, 118 lipid species from 11 classes were identified 
in DBS samples with 71% of the lipids measured in DBS 
also measured in plasma samples. However, the lipid classes 
identified were not listed in the published work. Of the 44 
lipid associations from the 4 predictive panels [TG, high 
density lipoproteins (HDL), low density lipoprotein (LDL), 
and total Chol], 82% were measured in DBS samples and 
successfully validated with a strong correlation (r = 0.917) 
observed between the individual lipid abundance and lipo-
protein concentration in both DBS and plasma samples. 
When applying random forest machine learning to the lipid 
profile data, the authors obtained good estimates (r > 0.7) 
of the concentration of TG and HDL and modest estimates 
(r > 0.4) of LDL and total Chol. However, although the 
obtained accuracies are significantly high, they are not suit-
able to be used in clinical practice, evidencing that there is 
room to improvement [19].

SFC-MS was used to develop a new analytical strategy 
for a high-throughput and comprehensive lipidomic analy-
sis [37]. The researchers developed and optimized a new 
method that allowed the separation of 17 classes of lipids by 
SFC-MS-Q-TOF. However, when this method was applied 
to the evaluation of the lipidomic profile of DBS and whole 
blood, they could only detect 13 lipid classes (CE, Chol, 
TG, free FA, Cer, SM, PC, PE, phosphatidylinositol (PI), 
phosphatidylglycerol (PG), LPC, LPE, acylcarnitines). In 
the comparison of these two types of samples, the authors 
noticed that the relative quantities were different between 
whole blood samples and DBS, especially for PC, PI, PE, 

LPC, TG, and CE. Additionally, FA presented an unusual 
high level of detection, which is not typical. The qualitative 
profiles within each class were checked by controlling the 
detection of 168 different species. The molecular species 
profiling was very similar for almost all the classes. The 
authors ultimately assessed the stability of the lipids in DBS 
samples after 3 weeks of storage at room temperature in dark 
finding that the distributions of the main lipid classes within 
the total were similar (between the initial time and 3 weeks 
later), which was confirmed regarding the relative quantifi-
cation of PC, PE, PI, SM, LPE, and LPC [37].

Overall, all the studies that compared whole blood with 
DBS proved that DBS retains the same information in lipid 
profiling as the analysis of whole blood since the biological 
matrix is the same. However, one study showed that the lipid 
profiling in the plasma/serum was different when compared 
with DBS.

DBS and lipidomics in clinical settings

Concerning the independent use of DBS method associated 
with lipidomics analysis in clinical settings, few papers 
applied the DBS method to create reference intervals, and 
measure diet effects and lipid levels in different pathologies 
comparing the results with traditional sampling methods 
(plasma/serum/whole blood samples) and healthy controls 
(Table 2) [22, 25, 35, 36, 38]. These showed that DBS are 
not yet established as a conventional sampling method for 
clinical lipidomic analysis, however, demonstrating quite 
promising results for example in targeted analysis of acyl-
carnitines in newborn screening programs.

The levels of n-3 and n-6 long-chain PUFA of DBS from 
Zimbabwean healthy children aged 7–9 years old were 
quantified by GC-FID to determine the reference interval 
for these FA [36]. The n-3 long-chain PUFA (EPA, doc-
osapentaenoic acid n-3, and DHA) levels were significantly 
low while saturated fats, monounsaturated, and n-6 long-
chain PUFA (AA) were surprisingly high compared to the 
already established reference intervals for healthy children. 
The 7-year-old children had lower EPA and higher AA val-
ues [36]. The low EPA and high AA levels lead to very high 
AA/EPA and total n-6 PUFA/total n-3 PUFA ratios, which 
are pro-inflammatory, thus being a health concern matter 
for those children.

To evaluate the effects of diet, FA esterified to glycerolip-
ids in DBS were profiled by GC-FID and compared with 
the ones from venous whole blood samples in a fat chal-
lenge test [25]. In whole blood, PL are less affected, than the 
total lipid content, by recent dietary intake, thus are a more 
stable marker. The study determined that the levels of FA 
18:0 esterified to PL were significantly lower in DBS when 
compared with whole blood. The FA 18:1 n-9 esterified to 
PL showed the opposite behaviour, with a marked increase 
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in DBS samples [25]. In contrast to whole blood total lipids, 
whole blood glycerophospholipids are less affected by recent 
dietary intake and thus are a more stable marker.

A method to determine FA ethyl esters, in DBS through 
LC–MS/MS, was developed and validated by Luginbühl 
and colleagues [22]. This study shows the capability of the 
analysis of FA ethyl esters from DBS samples as a short-
term confirmation for ethanol ingestion or in the absence of 
traditional samples (whole blood/plasma/serum). LC–MS/
MS approach proved to be advantageous compared to pre-
liminary tests with GC–MS and solid-phase microextraction 
(SPME) followed by GC–MS due to its higher sensitivity 
and shorter run-time [22].

In the case of DBS combined with lipidomics for screen-
ing diseases, some studies reported its application to differ-
ent pathologies. DBS were studied to identify markers in 
disease, either FA [38] or profiling polar lipid species [35]. 
Using GC–MS approaches, Kimura and partners analysed 
and compared the free FA levels of DBS with whole blood/
serum from healthy controls and children with different fatty 
acid β-oxidation disorders [38]. Children with very long-
chain acyl-CoA dehydrogenase deficiency showed a sig-
nificant increase of FA 14:1. Regarding medium chain acyl-
CoA dehydrogenase deficiency, FA 8:0, 10:0, and 10:1 were 
significantly elevated. In multiple acyl-CoA dehydrogenase 
deficiency, both FA 10:1 and FA 14:1 concentrations were 
markedly increased. In an infant fed with medium chain tri-
glyceride milk, both FA 8:0 and FA 10:0 were increased. 
Children with physiological ketosis presented a slight eleva-
tion of FA 8:0 and FA 10:0 [38].

Lipid levels were also evaluated in DBS from Nie-
mann–Pick disease type B (NPD-B) patients and compared 
to normal controls using LC–MS [35]. The study determined 
that DBS lyso-SM levels were considerably elevated in 
NPD-B patients when compared to normal controls, con-
trarily with what happens with SM levels (patient values 
overlapping normal controls) [35]. In this case, lyso-SM has 
the potential to become a biomarker of this disease, after 
systematic and longitudinal study of lyso-SM in clinic, 
evidencing the applicability of DBS sampling method for 
diagnosis, disease monitoring, therapeutic efficacy, and per-
sonalized medicine.

Concluding remarks and future perspectives

In summary, high-throughput lipidomics proves to be a 
robust and formidable tool to be applied in the analysis of 
DBS samples, in particular LC–MS and DI-MS. It has been 
demonstrated its functionality for investigation of popula-
tion health and precision medicine in diverse disease states 
and situations.

Clinical lipidomics is an emerging line of research that 
focuses on the evaluation of the variation of lipids at a 
molecular level in several diseases. The development and 
improvement of MS methods for the detection of lipid mol-
ecules has become increasingly important in research field. 
The molecular profiling of lipids that take part of the mecha-
nisms associated with pathophysiological processes is not 
yet fully understood [8]. Therefore, the main goals are to 
comprehend the modulation of the lipid metabolism and its 
mechanisms, identify new possible therapeutic targets and 
diagnostic biomarkers, and evaluate disease development 
as well as monitor disease therapeutics [12]. This review 
gathered information from different types of samples which 
can be obtained from different extraction methods and MS 
techniques. Hopefully in a near future, DBS can be seen as 
a promising approach to disease diagnostics/follow-up and 
therapy monitorization. Thus, the question arises: would it 
be useful in clinical lipidomic analysis the implementation 
of the DBS sampling method as a standard procedure? From 
the studies gathered in this review, it may be concluded that 
DBS are as effective as plasma/serum/whole blood samples, 
achieving high levels of sensitivity and specificity during 
MS and MS/MS analysis. The identification of the DBS 
lipidome through MS/MS lipidomic platforms (GC–MS, 
LC–MS, DI-MS, and SFC-MS) provides useful and impor-
tant perceptions that empower personalized lipidomics 
profiling to monitor physiological changes, which could be 
applied to the diagnosis and follow-up of a disease [13]. 
However, it is necessary to pay attention to the impact of the 
aforementioned factors which might influence the results. 
When analysing lipids extracted via DBS, the possible inter-
action between the lipidic molecules and DBS card compo-
nents can lead to ion suppression in the MS source, as well 
as changes in chromatographic mobility during chromato-
graphic separation and peak sharpness. Hence, when using 
DBS, it must be taken into consideration the stability of 
the lipids on the paper cards during drying and storage, the 
uniformity of the blood spot, the effect of Hct, and the elu-
tion efficiency [8]. If the extraction and analysis method is 
already optimized, then DBS sampling would be preferable 
in clinical practice instead of the samples obtained by inva-
sive venous blood collection, since drying of blood bioma-
terial decreases the risk of contamination with pathological 
and other infectious agents; and the concentration of lipids 
in capillary blood may differ from that in venous blood [69]. 
Additionally, there is a need for more studies showing the 
applicability of DBS in clinical lipidomics (for instance in 
diagnostics/follow-up of diseases), where it is independently 
used the DBS method in clinical settings without comparing 
the results with traditional samples.

In brief, the studies gathered in this review evidence that 
attention should be drawn to the storage and lipid extrac-
tion methods. Those methods should be made a standard 
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operating procedure and reinforced through quality assess-
ments during and after implementation so that the variability 
is reduced, and the lipids stability is maximized to promote 
a successful application of DBS technology and harmoni-
zation of clinical lipidomics. Most of the published studies 
refer to method development and its validation with patients’ 
samples. DBS technology is indeed the most ethical and 
cost-effective method of collecting, delivering, and storing 
the biomaterial. The DBS sampling method is a promising 
candidate to substitute venous blood samples offering sev-
eral advantages and its application in clinical lipidomics, 
although still scarce, has been applied in few studies look-
ing for disease lipids biomarkers which seems to be quite 
promising.
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