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Abstract
The balance between the different lipid molecules present in biological fluids accurately reflects the health state of the organ-
ism and can be used by medical personnel to finely tune therapy to a single patient, a process known as precision medicine. In 
this work, we developed a miniaturized workflow for the analysis of different lipid classes at the intact level, as well as their 
fatty acid constituents, starting from human serum. Fatty acids were identified by using flow-modulated comprehensive gas 
chromatography coupled to mass spectrometry (FM-GC × GC–MS), and their relative amount as well as the ratio of specific 
FA classes was determined by using FM-GC × GC with a flame ionization detector. Ultra-high-performance liquid chroma-
tography coupled to tandem mass spectrometry was used for the simultaneous quantification of vitamin D metabolites and 
assessment of different intact lipid classes. An MRM method was developed for the quantification of five vitamin D metabo-
lites (vitamin D2, vitamin D3, 25-hydroxyvitamin D2, 25-hydroxyvitamin D3, 24R,25-dihydroxyvitamin D3), and validated 
in terms of LoD, LoQ, accuracy, and precision, also using a certified reference material. At the same time, a combination 
of SCAN, precursor ion scan, and neutral loss scan, in both positive and negative modes, was used for the identification of 
81 intact lipid species, such as phospholipids, cholesteryl esters, and triacylglycerols, in less than 25 min. In order to easily 
monitor the lipid composition and speed up the identification process, a two-dimensional map of the lipidome was generated, 
by plotting the molecular weight of the identified molecules versus their retention time. Moreover, a relative quantification 
was performed within each lipid class identified. The combination of untargeted and targeted data could provide useful 
information about the pathophysiological condition of the organism and evaluate, in a tailored manner, an efficient action.

Keywords Lipidomic · Vitamin D · Precision medicine · Comprehensive two-dimensional gas chromatography · 
UHPLC-MS/MS · Fatty acids

Introduction

Lipidomics is the branch of metabolomics that aims to study 
all the lipids within a living system or in complex biological 
samples, known as lipidome [1]. Such lipid metabolites par-
ticipate in all the major metabolic pathways and biological 
processes of the organism, regulating the balance between 
health and disease states. For this reason, lipids are the main 
candidates for understanding the general health state and 
correlate it with the lifestyle [2].

Indeed, in clinical research, there are many examples of 
lipidomic tests used to better understand the disease patho-
physiology, discover new biomarkers, identify new potential 
therapeutic targets, and monitor the patient’s response to 
the therapy. Recent studies have provided insight into the 
contribution of lipid alteration on several metabolic diseases 
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(cardiovascular disease [3], diabetes [4], non-alcoholic fatty 
liver disease (NAFLD) [5, 6]), neurodegenerative disease 
(Alzheimer’s disease [7], multiple sclerosis [8]), cancer [9], 
and other inflammatory conditions and viral infections, such 
as asthma [10], atopic dermatitis [11], Fabry disease [12], 
and COVID-19 infection [13]. Despite the vast literature 
on this topic, and the promising applications developed, 
most lipid analyses used in clinical diagnostics focus only 
on single lipidic biomarkers, or on a very limited subset 
of molecules. Some examples of such approaches include 
vitamin D metabolites [14], sex steroid hormones [15, 16], 
and acylcarnitine panels [17, 18].

In particular, vitamin D deficiency is recognized as a pan-
demic health concern, connected with a variety of diseases, 
including cancer [19], autoimmune disease [20], neurologi-
cal disease [21], metabolic disease [22], and viral infection 
such as COVID-19 [23]. Both vitamin D major forms, vita-
min D2 (ergocalciferol) and vitamin D3 (cholecalciferol), 
can be introduced with the diet or as supplements, whereas 
only vitamin D3 can be synthesized in the skin upon expo-
sure to UV light. Both forms need to be processed, first in 
the liver, in order to obtain the 25-hydroxyvitamin D2/D3, 
collectively known as 25OH-D, and later in the kidney, 
producing the metabolites 1-alpha,25-dihydroxyvitamin-
D3 (1α,25(OH)2-D3), 1-alpha,25-dihydroxyvitamin-D2 
(1α,25(OH)2-D2), and the minor metabolite, 24R,25(OH)2-
D3. The mono-hydroxylated forms are the clinically 
accepted markers to dose vitamin D in human serum, but tra-
ditional immunochemical assays used for such scope shows 
substantial limitations in terms of accuracy and specificity 
[24], especially in the differentiation of the different vitamin 
D metabolites. Nowadays, high-pressure liquid chromatogra-
phy coupled to tandem mass spectrometry (HPLC–MS/MS) 
is considered the gold standard for the analysis of vitamin D 
metabolites [14], and for this reason, many clinical labora-
tories all over the world acquired MS instrumentation. This 
represents the doorstep for the expansion of their MS-based 
clinical test portfolios toward other analytes of interest.

In this scenario, lipidomics, with its aim to analyze the 
total lipid fraction of the sample, offers a unique opportunity 
to describe, in a systems-wide manner, what is happening 
in the human body, painting a picture of the ongoing physi-
ological processes, with particular focus on those involved 
in lipid metabolism and inflammation. Among the possible 
targets, the importance of the analysis of fatty acids (FAs) 
in human plasma has been reported in several studies. In 
fact, by monitoring the FA profile, it is possible to determine 
dysregulation phenomena strictly related to multiple inflam-
matory diseases [2, 25, 26]. The FA profile is commonly 
investigated by using gas chromatography (GC) techniques, 
after a derivatization procedure, following lipid extrac-
tion [2]. However, nowadays, the use of multidimensional 
chromatographic techniques is increasingly used, even for 

routine analysis in clinical study, especially, employing flow 
modulators characterized by robustness and reduced eco-
nomical costs [27, 28].

Another strategy in lipidomics applied to clinical 
analysis focuses on intact lipid investigation. A recent 
example of such approach is represented by the diagno-
sis of non-alcoholic fatty liver disease (NAFLD) from 
non-alcoholic steatohepatitis (NASH) [29]. NASH is a 
more advanced condition of NAFLD, and may eventually 
lead to fibrosis, cirrhosis, and hepatocellular carcinoma. 
Until a few years ago, the gold standard method for dis-
criminating between the two conditions was an invasive 
liver biopsy. Nowadays, a total of 28 triacylglycerides 
(TGs), divided into two panels, have been selected: 11 
TGs formed the first panel, and could significantly dis-
tinguish between normal liver (NL) and NAFLD, but not 
NASH and NAFLD, whereas the second panel, contain-
ing 20 TGs, distinguished between NASH and NAFLD, 
but not NL from NASH [29].

In this contest, we developed a comprehensive work-
flow both for the analysis of fatty acids, through flow-
modulated comprehensive gas chromatography coupled 
to mass spectrometry (FM-GC × GC–MS), and for the fast 
and simultaneous quantification of vitamin D metabolites 
and assessment of intact lipids in human serum, by using 
ultra-high-performance liquid chromatography coupled 
to tandem mass spectrometry (UHPLC-MS/MS). The 
established approach takes advantage of analytical instru-
mentation already available in many clinical laboratories, 
and expands their portfolio for the analysis of new lipid 
biomarkers. Finally, particular emphasis was put on the 
sample preparation in order to reduce as much as possible 
both the sample volume and the amount of solvents used 
for the extraction and derivatization of the analytes of 
interest. The data obtained were used to build lipidomics 
maps for the fast screening of different lipid classes, to 
easily read possible lipid alterations, and possibly cor-
relate them with the general health state of the patient.

Materials and methods

Samples, chemicals, and materials

Commercially available reference material SRM 972a “Vita-
min D Metabolites in Frozen Human Serum” from National 
Institute of Standards & Technology (NIST) and serum from 
one informed donor were used for analytical purpose. Vita-
min D2, vitamin D3, 25-hydroxyvitamin D2, 25-hydroxy-
vitamin D3, 24R,25-dihydroxyvitamin D3, vitamin D2 
(6,19,19-d3), vitamin D3 (6,19,19-d3), 25-hydroxyvitamin 
D2 (6,19,19-d3), 25-hydroxyvitamin D3 (6,19,19-d3), and 
24R,25-dihydroxyvitamin D3 (26,26,26,27,27,27-d6) were 
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purchased from Merck Life Science (Darmstadt, Germany). 
For the derivatization,  CH3ONa and  BF3 in methanol solu-
tion (14% w/v) were employed (Merck Life Science). A 
 C7–C30 alkane mixture was purchased from Merck Life 
Science.

All solvents were purchased from Merck Life Science. 
Before the analysis, all biological fluids were maintained 
at − 80 °C, while all standards were maintained at − 20 °C.

Sample preparation for FAME analysis

Fatty acid extraction and derivatization was carried out using 
the procedure reported by Micalizzi et al. [2]. Briefly, 500 
μL of  CH3ONa in methanol (0.5% w/v) was added to 50 mg 
of human serum and heated for 15 min at 95 °C. After cool-
ing, 500 μL of  BF3 methanolic solution was added to the 
mixture and heated again for 15 min at 95 °C. The derivat-
ized fatty acids were extracted by adding 350 μL of n-hep-
tane and 300 μL of a NaCl saturated solution. The sample 
was agitated using a vortex mixer and, after gravitational 
separation of the phases, the upper heptanic FAME layer was 
recovered for the GC analysis. Three independent extractions 
were performed.

Sample preparation for intact lipid analysis

Prior to lipid extraction, the serum proteins were precipi-
tated by adding 50 µL of acetonitrile (ACN), containing 
the internal standard mix, composed of stable isotope 
labeled (SIL) vitamin D metabolites, at the concentration 
of 10 ng  mL−1, to 50 µL of human serum and kept 10 min 
at 4 °C. After protein precipitation, the intact lipids were 
extracted by adding 450 µL of hexane and mixed 10 min 
at 2500 rpm. The upper organic layer was recovered after 
centrifugation (5 min, 500 × g at 4 °C) and dried out under 
a gentle stream of nitrogen. Before the analysis, the sam-
ples were resuspended in 50 µL of 2-propanol. The same 
protocol was applied to the four levels of the certified NIST 
972a reference material. Three independent extractions 
were performed for each sample.

Flow‑modulated GC × GC analyses

The separation and identification of the FAMEs was 
achieved through a FM-GC × GC–MS analysis performed on 
a GCMS-TQ8040 equipped with a split/splitless injector and 
an AOC-20i autosampler. A triple quadrupole mass spec-
trometer was employed in SCAN mode only; the collision 
cell and the second quadrupole act as fly-through zone only 
(Shimadzu Corporation, Kyoto, Japan). Data were collected 
by using the GCMS Solution v.4.52 software (Shimadzu); 
the ChromSquare v. 2.3 software was used for GC × GC 
data processing (Shimadzu). Mass spectral identification 

was performed by using the ChromSquare software and 
the Lipids Mass Spectral Database (John Wiley & Sons, 
Inc). The 1D column was an SLB-5 ms 20 m × 0.18 mm 
ID × 0.18 μm df (silphenylene polymer virtually equivalent 
in polarity to poly (5% diphenyl/95% methyl siloxane)). A 
Supelcowax-10 5 m × 0.32 mm ID × 0.25 μm df capillary 
(poly(ethylene glycol) phase) was used as 2D column, both 
were from Merck Life Science (Merck KGaA, Darmstadt, 
Germany). Modulation was performed by using a 7-port 
wafer chip equipped with an external accumulation loop with 
dimensions 20 cm × 0.51 mm ID (Chromaleont srl, Messina, 
Italy). Injection volume was 1.0 μL (splitless mode, 2 min) 
at 250 °C injector temperature; He was used as carrier gas. 
The initial 1D average linear velocity (ALV) was approx. 
20 cm  s−1, while the 2D ALV was approx. 260 cm  s−1. The 
system was operated in the constant flow mode in both 
the 1D and 2D at 0.4 and 8 mL  min−1, respectively. Tem-
perature program was as follows: 140 °C up to 280 °C at 
3 °C  min−1; modulation period was 3.2 s (0.4 s re-injection 
period). As for MS conditions, electron ionization mode 
(70 eV) was employed. Interface and ion source tempera-
tures were kept at 240 °C and 200 °C, respectively. Analysis 
were acquired in SCAN, using a mass range of m/z 45–330 
and a 50-Hz spectral production frequency. The quantifica-
tion of the FAMEs was performed using a FM-GC × GC 
system coupled to a flame ionization detector (FID) on a 
Nexis GC-2030 equipped with a split/splitless injector and 
an AOC-20i autosampler. The same GC × GC columns setup 
and analytical condition of the MS one were employed. The 
FID temperature was set at 300 °C (sampling rate: 20 ms), 
while the gas flows were 40 mL  min−1 for  H2, 30 mL  min−1 
for the make-up gas (nitrogen), and 400 mL  min−1 for air. 
Data were collected and processed using the LabSolution 
software v.5.92 (Shimadzu).

UHPLC‑MS/MS analysis

Intact lipid analysis and vitamin D metabolite quantifica-
tion were performed by using a Nexera X2 UHPLC system 
coupled to a LCMS-8060 mass spectrometer (Shimadzu, 
Duisburg, Germany). Data acquisition and processing was 
performed using the LabSolutions software (version 5.95 
Shimadzu). The separation of the various lipid classes and 
species was achieved by using an Ascentis Express C18 
reverse phase column (100 × 2.1 mm, 2.7 μm) (Merck Life 
Science) and a mobile phase composed of ammonium for-
mate 20 mM in water as solvent A, and a mixture of 2-pro-
panol/acetonitrile/ammonium formate 20  mM in water 
(60:36:4 v/v/v) with 0.1% formic acid as solvent B. The 
gradient program was as follows: 0–12 min, 60–100% B, 
held for 16 min. The flow rate was 0.4 mL  min−1; the column 
oven was set at 40 °C and the injection volume was 2 µL. MS 
and MS/MS acquisitions were performed using ESI source 
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operating both in positive ( +) and negative ionization modes 
( −), with the following parameters: interface temperature, 
450 °C; CDL temperature, 250 °C; heat block temperature, 
200 °C; nebulizing gas flow  (N2), 3 L  min−1; drying gas flow 
 (N2), 5 L  min−1; acquisition range, 350–1250 m/z in posi-
tive mode and 150–1250 m/z in negative mode. Additional 
MS/MS experiments were optimized through the injection 
of single PL standards, and the selected events are reported 
in Rigano et al [30]. Briefly, precursor ion scan analysis 
was performed for LPC/PC/SM and LPI/PI (diagnostic 
fragments: 184 m/z in positive mode and 241 m/z in nega-
tive mode, respectively), while neutral loss scan was used 
for LPE/PE, LPS/PS, and LPG/PG (diagnostic fragments: 
141 Da and 185 Da in positive mode, and 153 Da in negative 
mode, respectively). The LIPID MAPS Structure Database 
(LMSD) was employed for compound identification (avail-
able at https:// www. lipid maps. org/ data/ struc ture/) [31] by 
searching the following ion type: [M +  H]+ for cholesterol 
and cholesteryl esters (CEs), LPC/PC/SM, LPE/PE, and 
LPS/PS; [M-H]− for LPI/PI and LPG/PG; and [M +  NH4]+ 
for TGs. Vitamin D metabolites, and their respective stable 
isotope labelled analogue, were detected in multiple reaction 
monitoring (MRM) acquisition mode by applying specific 
acquisition windows depending on the retention time of each 
target, using a dwell time of 15.0 ms, to obtain at least 10 
scans per peak, as required for a correct quantification.

Optimization of MRM transitions and method 
validation

The MRM parameters of vitamin D metabolites, both not 
labeled and SIL, were optimized in terms of quantifier ion 
(Q), qualifier ion (q), and collision energy (CE) (Table 1), 
using the software’s automatic procedure, by the direct injec-
tion of 2 μL of each standard at concentration 10 mg  L−1. 
The parameters of the ESI ( +) ion source were the same as 
described in the previous paragraph.

The calibration curves were constructed in the range 
2.5–100 ng   mL−1 (2.5, 5, 10, 25, 50, 75, 100 ng   mL−1, 
with 5 replicates for each point) using the SIL vitamin D 
metabolites as internal standards at the final concentration 
of 10 ng  mL−1. The quartile approach was used to exclude 
potential outliers located outside the limits defined as 
follows:

where Q1 and Q3 are the first and third quartiles, respec-
tively, and IQR is the interquartile range calculated as the 
difference between Q1 and Q3.

For each compound, a linear regression study was per-
formed to evaluate the significance of y intercept and the 
curve was forced to zero when the P-value resulted higher 
than 0.05. To correct the data heteroscedasticity, four differ-
ent weighting factors (1/x; 1/x2; 1/y; 1/y2) were tested. Limit 
of detection (LoD) and limit of quantification (LoQ) were 
calculated according to Eurachem guidelines [32]. Briefly, 
LoDs and LoQs were calculated by using the following 
equations:

where s′0 is the ratio between the standard deviation of the 
results at the lowest concentration level, and the square 
root of the number of analysis (n = 10). The accuracy of 
the method was evaluated by analyzing the certified NIST 
972a reference material and by comparing the experimen-
tal quantitative results with the values reported in the 
NIST certificate of analysis, and expressed as recovery 
(R%).

The inter-day repeatability was evaluated as the CV% 
of the vitamin D metabolites peak areas for the different 
NIST 972a levels, measured on three non-consecutive days 
over 2 months (n = 10).

Lower limit ∶ Q
1
− 1.5 × IQR → Upper limit ∶ Q

3
+ 1.5 × IQR

LoD = 3 × s�
0
LoQ = 10 × s�

0

Table 1  List of the vitamin D 
metabolites and their optimized 
MRM parameters. Q, quantifier 
ion; q, qualifier ion; CE, 
collision energy (V); Q/q %, 
qualifier-quantifier ratio; time 
windows width (min)

Standard MRM transitions Time 
window 
(min)[M +  H]+ Q (CE) q (CE) q/Q %

24R,25(OH)2-D3 417.3 381.35 (− 11) 399.40 (− 11) 94.4 1–1.8
24R,25(OH)2-D3 (d6) 423.3 387.35 (− 19) 405.40 (− 15) 91.1
25OH-D3 401.4 383.30 (− 11) 365.25 (− 12) 37.3 2.4–3.2
25OH-D3 (d3) 404.4 386.30 (− 11) 368.25 (− 14) 33.4
25OH-D2 413.4 395.35 (− 11) 355.30 (− 10) 25.2 2.7–3.5
25OH-D2 (d3) 416.4 398.38 (− 11) 358.30 (− 10) 29.8
Vitamin D2 397.4 379.40 (− 12) 105.15 (− 43) 99.9 8.5–9.3
Vitamin D2 (d3) 400.4 382.40 (− 12) 69.05 (− 12) 95.4
Vitamin D3 385.5 367.30 (− 13) 259.25 (− 16) 75.1 8.6–9.4
Vitamin D3 (d3) 388.5 370.30 (− 13) 91.00 (− 53) 76.5

https://www.lipidmaps.org/data/structure/
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Results and discussion

Untargeted analysis of serum lipidome

Fatty acid profiling in human blood and serum can provide 
useful information on the lipid metabolic alterations that 
can be correlated to nutrition status and health conditions. 
In the present study, a FM-GC × GC–MS method was 
developed for the FA characterization of a human serum 
sample, while the quantification was performed using a 
FM-GC × GC-FID (n = 3).

Specifically, the FM-GC × GC-FID was employed to 
perform a relative quantitation, which cannot be done with 
a mass spectrometer (due to the different response factors 
of the different compounds). Within the content of the 
relative quantitation the use of internal standard it is not 
mandatory, in fact, any loss during the sample preparation 
does not lead to a difference in the relative quantitation. 
Moreover, no discrimination occurred during the injection 
step due to the limited range of analytes in terms of boiling 
point (discrimination was evaluated by injecting a  C7–C30 
alkane mixture contained at the same concentration).

The obtained results expressed in terms of relative 
percentage (%), FA families (saturated fatty acids (SFA), 
monosaturated fatty acids (MUFA), polyunsaturated 
fatty acids (PUFA), ω6, and ω3), and specific FA ratios 
are reported in Table 2. In fact, as reported in a previ-
ous study by Ferracane et al., specific FA ratios are moni-
tored to highlight pathological changes in a patient, as in 
the case of the ω6/ω3 ratio, a value higher of the optimal 
range indicates a proinflammatory condition [33, 34]. In 
the investigated case, the ω3 value was lower compared 
to the value reported by Harris, able to show a cardiopro-
tective activity [25], while, the ω6/ω3 ratio was higher 
of the optimal range, thus indicating a proinflammatory 
condition [34].

On the other hand, by monitoring the intact lipids that 
directly reflect the lipid metabolism regulation in response 
to exogenous stimuli, it is possible to obtain insights into 
the perturbation of essential metabolic processes in which 
each species is involved. The untargeted UHPLC-MS/MS 
approach allowed the identification of 81 lipidic molecules 
separated according to their polarity (Table S1) and eluted 
by increasing partition number (PN), calculated using the 
equation PN = CN − 2DB, where CN and DB are the car-
bon number and the double bond number of the FA con-
stituents, respectively. The obtained chromatogram can 
be divided into three regions: very polar lipids (LPLs), 
medium-polar lipids (PLs and free cholesterol (Chol)), and 
non-polar lipids (TGs and CEs), eluted in the PN range 
38–52 (Fig. 1a). The total list of the identified molecules 
is reported in Table S1 as well as their retention time (tR), 

Table 2  Fatty acid methyl ester levels, expressed as area percentages 
along with their CV% (n = 3), and specific ratios

FAME Area (%) CV%

Myristic acid (C14:0) 0.18 3.6
Pentanoic acid (C15:0) 0.17 1.4
Palmitoleic acid (C16:1⍵9) 0.32 1.6
Palmitoleic acid (C16:1⍵7) 0.93 4.7
Palmitic acid (C16:0) 21.70 0.4
Heptadecanoic acid (C17:0) 0.42 4.9
γ-Linolenic acid (C18:3⍵6) 0.47 4.8
Linoleic acid (C18:2⍵6) 30.00 0.1
Oleic acid (C18:1⍵9) 24.88 0.6
Vaccenic acid (C18:1⍵7) 1.66 1.0
Stearic acid (C18:0) 7.34 0.9
Arachidonic acid (C20:4⍵6) 8.22 0.5
Eicosapentaenoic acid (C20:5⍵3) 0.39 4.5
Eicosatrienoic acid (C20:3⍵6) 1.59 3.0
Docosapentaenoic acid (C22:5⍵6) 0.23 0.6
Docosahexaenoic acid (C22:6⍵3) 0.71 1.6
Adrenic acid (C22:4⍵6) 0.20 2.8
Docosapentaenoic acid (C22:5⍵3) 0.18 0.2
Lignoceric acid (C24:0) 0.31 3.6
Nervonic acid (C24:1) 0.09 4.9
SFAs 38.11 -
 36.52–41.90

MUFAs 27.89 -
 24.62–31.22

PUFAs 41.99 -
 29.29–36.45

ω6 40.72 -
 25.73–32.63

ω3 1.27 -
 < 4 undesirable
 4–8 intermediate
 > 8 desirable

ω6/ω3 31.94 -
 3.5–5.5

C18:0/C18:1ω9 0.30 -
 < 0.7 hyperactivity
 > 1.3 hypoactivity

C16:0/C16:1ω7 23.21 -
 < 45 hyperactivity
 > 132 hypoactivity

C18:2ω6/C20:3ω6 18.85 -
 < 5 hyperactivity
 > 8 hypoactivity

C20:4ω6/C20:3ω6 5.17 -
 < 6 hypoactivity
 > 9 hyperactivity
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detected ions, class, PN, CN, and DB values. Triacylg-
lycerols were present as ammonium and sodium adduct, 
while phospholipids were detected mainly as protonated 
(for LPC/PC/SM, LPE/PE and LPS/PS) or deprotonated 
(for LPI/PI and LPG/PG) ions. Finally, Chol was present 
as dehydrated ion, while cholesteryl esters were identified 
using the protonated ion in positive mode, and the depro-
tonated FA fragment, formed during in source dissociation 
of the ester, in negative mode.

Regarding the polar lipids, it was possible to identify 41 
species belonging to 6 different families: 4 LPC, 17 PC, 7 
SM, 6 PS, 3 PE, and 4 PI. In addition to LPLs and PLs, it 
was possible to identify 31 TGs, 8 CEs, as well as choles-
terol itself. The number of identified lipids is in agreement 
with the results published in the most recent years, consid-
ering a non-targeted and fast lipidomic method [35–37]. It 
is noteworthy that vitamin D metabolites are eluted under 
the region of very polar lipid compounds, but due to their 
very low concentration levels in real samples, they cannot 
be detected in SCAN analysis. Their MRM chromatogram 
is shown in Fig. 1b.

The molecular weight of the identified species and their 
retention time were used to build a lipidomic map (Fig. 2a) 
in which it is clearly possible to separate the various species 
in 4 main regions (A, B, C, and D on the graph, Fig. 2a). In 
particular, region A contains the LPLs, region B includes 
the PLs, region C contains the TGs, and finally region D 

includes the CEs. Cholesterol is present on the graph as 
a separated spot in the bottom part of the map, around 
13.5 min. From the map, it is immediately possible to sepa-
rate partially coeluting species, as TGs and CEs, based on 
differences in their MS data. The developed method, even 
though much more faster compared to the approaches usu-
ally applied for TG separation [38, 39], allowed their elution 
according to PN and CN, as shown in Fig. 2a, and in more 
detail in Fig. 2b, greatly simplifying their identification. The 
same approach can be used for the different class of phos-
pholipids. In Fig. 2c, the map of the PCs is reported, as the 
most abundant class of PLs identified in the sample. Also 
in this case, PCs are separated according to their CN and 
PN, but their elution from the RP column is affected by the 
equilibrium between the polar head and the non-polar tails. 
This translates in a different elution pattern, especially in 
regard of the PN, compared to TGs. Basically, species at 
the same PN are connected through diagonal lines, instead 
of the straight lines clearly visible for the TG elution pattern 
(Fig. 2b).

Such a map can be extremely useful to easily identify the 
lipidic molecules present in a biological sample. Moreover, 
in the near future, the application of multivariate statistical 
methods and/or accurate quantitative methods to the analy-
sis of a larger number of samples, classified according to 
different pathophysiological conditions, could be meaning-
ful to detect quali-quantitative differences among a large 

Fig. 1  (a) UHPLC-MS/MS 
total ion current chromatograms 
(positive ion mode) of total lipid 
extract from human serum. The 
chromatogram can be divided 
into three regions: very polar 
lipids (LPLs), medium-polar 
lipids (PLs and free cholesterol 
(Chol)), and non-polar lipids 
(TGs and CEs), eluted in the 
PN range 38–52. (b) MRM 
chromatogram of the vitamin 
D metabolites eluted in the first 
10 min. In the inert are reported 
transition for the different spe-
cies
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population. In order to demonstrate that the method is also 
suitable for quantitative analysis, a relative quantification 
within each lipid class (TGs, CEs, SMs, each PL class, and 
LPCs) was carried out and the inter-day precision was evalu-
ated. Since the relative quantification is performed within 
each lipid class, we supposed a very similar MS response, 

as well as the same recovery during the extraction proce-
dure; then internal standards were note added. The results 
are shown in Table S1 (% Area and inter-day CV%) and 
Fig. 3. In particular, Fig. 3a shows the histogram relative 
to the percentage content of TGs, according to increasing 
retention time. Major TG components (% > 10%) are those 

Fig. 2  (a) Map of the intact 
lipids identified in the serum 
sample constructed by plotting 
the molecular weight of each 
molecule with its retention time. 
Each lipidic family is clustered 
in 4 main regions (A, lysophos-
pholipids; B, phospholipids; C, 
triacylglycerols; D, cholesteryl 
esters). Cholesterol is reported 
as a separated spot in the bot-
tom part of the map. (b) Magni-
fication of the TG region of the 
map with reported CN and PN 
of the identified molecules. (c) 
Magnification of the phosphati-
dylcholine region of the map 
with reported CN and PN of the 
identified molecules
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characterized by a carbon number of 52 and double bonds 
ranging from 2 to 4, being most likely the combination of the 
most abundant FAs resulting from the GC analysis (palmitic 
or P, linoleic or L, and oleic or O acids, combined to com-
pose PLL, PLO, and POO). Similarly, the most abundant PC 
resulted to be PC (36:3), which is probably the combination 
of oleic and linoleic acid, accounting for more than 50% of 

the total FA composition. Interestingly, only saturated FAs 
were identified in PEs, being PE (32:0) the most abundant 
one. Arachidonic acid was also putatively found in many 
complex lipids, especially in the PL structures, such as PS 
(36:4) and PI (38:4), being it an omega-6 FA correlated to 
possible alteration of the lipid metabolism. Indeed, this kind 
of considerations can become meaningful if the lipidomic 

Fig. 3  Histograms relative to 
the percentage content of TGs 
(a), LPCs (b), PCs (c), SM (d), 
PSs (e), PEs (f), PIs (g), and 
CEs (h), reported according 
to increasing retention time. 
For each identified species, the 
error bars indicate the inter-day 
precision
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study will be extended to a significant number of subjects, 
which will be the object of a future work. Finally, even if the 
identification at the level of intact lipids does not provide any 
indication about the stereo-specificity of the identified ana-
lytes, the complementarity of the information arising from 
LC and GC × GC analysis represents a valid tool to identify 
the most probable FA combination within each lipid species 
or, in other terms, the intact lipid structures where FAs are 
most represented in the human serum.

Targeted quantification of vitamin D metabolites

The low ionization efficiency of vitamin D metabolites is a 
well-known analytical challenge when measuring vitamin D 
by LC–MS/MS. For this reason, many developed methods 
include a derivatization step [14]. In this work, we decided 
to avoid any derivatization, as required by the green analyti-
cal chemistry principles [40]. MRM transitions were then 
optimized by using both procedures suggested by the Lab-
Solutions software: “from precursor ion search” and “from 
product ion search”. In Table 1, the MRM transitions are 
reported, with the precursor ion [M +  H]+, Q and q ions, CE 
for both transitions, the quantifier to qualifier ratio (Q/q %), 
and the acquisition time windows. Despite the product ions, 
both Q and q corresponded in most cases to the loss of one 
or two  H2O molecules, which is a common phenomenon in 
LC–MS ionization mechanisms; the specificity is guaranteed 
by the coelution of the stable isotope labeled standards, as 
well as the repeatability of the q/Q ratio. Moreover, the same 
MRM transitions have been already used in previous works 
[41–43].

Calibration curves of the vitamin D metabolites were 
built in the range 2.5–100 ng  mL−1 by using the SIL vitamin 
D metabolites as internal standards. The data scedasticity 
was tested using the F-test (one tail), and all compounds 
resulted heteroscedastic. For this reason, it was necessary to 
apply a weighting factor in order to correct the bias caused 
by the larger variance of the higher concentrations. For each 
compound, four different weighting factors (1/x; 1/x2; 1/y; 
1/y2) were tested, and the relative error (RE%) was calcu-
lated as follows:

where Cexp is the concentration calculated using the weight-
ing factor, while Cth is the theoretical concentration. The 
selection of the weighting factor was guided by the minimi-
zation of the sum of the RE% calculated for each point of 
the calibration curve. In this case, 1/y2 was the best choice 
for all the metabolites. Putative outliers were identified and 
removed, using the quartile method, and the curves were 
used to calculate LoD and LoQ, following the Eurachem 

RE% =
Cexp − Cth

Cth

× 100

guidelines [32], as reported in Table 3. The four levels of 
the certified NIST 972a reference material were used to 
calculate accuracy and inter-day precision of the method, 
expressed as recovery (R%) and CV%, respectively, for 
the metabolites 25OH-D2, 25OH-D3, and 24R,25(OH)2-
D3 (Table 3). Both parameters resulted satisfactory, with 
R% ranging from 98.0% (25OH-D2 in NIST 972a Lv3) 
to 115.1% (24R,25(OH)2-D3 in NIST 972a Lv4), and 
CV% ranging from 3.0 to 10.9%. The values for 25OH-
D3 reported in Table 3 are inclusive of the epimeric form 
(3-epi-25OH-D3). Some HPLC–MS/MS methods are pre-
sent in the literature that focus on the separation between 
25OH-D3 and 3-epi-25OH-D3, but do not provide any infor-
mation about other lipidic molecules.

When the developed method was applied to the serum 
sample from the healthy donor, only vitamin D3 and 25OH-
D3 were successfully detected and quantified, with concen-
trations of 9.75 ± 0.29 ng  mL−1 and 32.27 ± 0.24 ng  mL−1, 
respectively, while 24R,25(OH)2-D3 resulted to be below 
LoD levels. Even if the absence of vitamin D2 and its metab-
olites indicates a diet poor of vegetables and mushrooms, the 
amount of 25OH-D3 is well above the limit of 20 ng  mL−1 
indicated by the USA Institute of Medicine as insufficiency 
threshold [44], as well as the higher limit of 30 ng  mL−1 set 
by the Endocrine Society [45].

Conclusions

Several studies already demonstrated that the alteration of 
the lipid profile may be related to diseases such as diabetes, 
cancer, and cardiovascular diseases. Therefore, a complete 
lipidomic analysis, that allows to quickly obtain information 
on the imbalance of the different lipid classes, can provide 
valuable information on a patient health state in relation to 
his lifestyle. Among the different lipidic molecules, of par-
ticular interest are the liposoluble vitamins like vitamin D. 
In the last years, the request for analysis of vitamin D and 
its metabolites has grown exponentially, given the enormous 
benefits associated with it, and the serious deficiency that is 
observed in modern society.

In this work, two analytical methods, based on 
FM-GC × GC–MS and UHPLC-MS/MS, were developed 
to quantify the main vitamin D metabolites, and simultane-
ously evaluate the total lipidome of a subject, starting from 
a small amount of serum, in terms of intact lipids and their 
fatty acid components. The quantification method developed 
for vitamin D metabolites has been validated in terms of 
LoD, LoQ, accuracy, and precision, with satisfactory values.

The evaluation of specific FA ratios, monitored through 
FM-GC × GC–MS, allowed to get precious information about 
the health state of a patient. For example, the high value 
observed in the sample, compared to the optimal one, for 
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the ω6/ω3 ratio indicates a proinflammatory state. Moreover, 
by UHPLC-MS/MS, it was possible to successfully separate 
and identify 81 different intact lipid species, belonging to 
different classes such as phospholipids, cholesteryl esters, 
and triacylglycerols, in less than 25 min. The data were used 
to generate a map of the lipidome by plotting the molecular 
weight of the identified molecules versus their retention time, 
and a relative quantification within each lipid class (TGs, 
CEs, SMs, each PL class, and LPCs) was carried out.

In conclusion, the aim of this work was the development 
of rapid and efficient analytical methods for the fast screen-
ing of multiple lipid classes, including vitamin D metabo-
lites, intact lipids, and total FA composition. Finally, the 
generated lipidomic map, in combination with the FA analy-
sis and vitamin D metabolite quantification, could be suc-
cessfully used in clinics to monitor any imbalances among 
the different lipidic species, and promptly intervene with 
targeted actions if necessary.
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Table 3  Method validation for 
vitamin D metabolite calibration 
curves, corrected by weighting 
factors. LoD, limit of detection; 
LoQ, limit of quantification; 
R%, recovery; CV%, coefficient 
of variation

24R,25(OH)2-D3 25OH-D3 25OH-D2 Vitamin D3 Vitamin D2

LoD (ng  mL−1) 0.5 0.43 0.51 0.34 0.33
LoQ (ng  mL−1) 1.67 1.44 1.7 1.14 1.10
R2 0.995 0.997 0.994 0.992 0.991
Linearity range (ng  mL−1) 2–100 2.5–100 2.5–100 2.5–100 2.5–100
Weighting factor 1/y2 1/y2 1/y2 1/y2 1/y2

NIST SRM972a Lv1
Cert/ref value (ng  mL−1) 2.66 ± 0.10a 30.61 ± 1.20a 0.54 ± 0.06b - -
Measured value (ng  mL−1) 2.95 ± 0.32 31.28 ± 2.52  < LoQ - -
R% 110.8 102.2 - - -
CV% 10.9 8.1 - - -

NIST SRM972a Lv2
Cert/ref value (ng  mL−1) 1.41 ± 0.05a 19.38 ± 0.49a 0.81 ± 0.06a - -
Measured value (ng  mL−1)  < LoQ 20.91 ± 0.64  < LoQ - -
R% - 107.9 - - -
CV% - 3.0 - - -

NIST SRM972a Lv3
Cert/ref value (ng  mL−1) 1.62 ± 0.06a 20.97 ± 0.54a+b 13.2 ± 0.3a - -
Measured value (ng  mL−1)  < LoQ 21.84 ± 1.27 12.93 ± 1.07 - -
R% - 104.2 98.0 - -
CV% - 5.8 8.3 - -

NIST SRM972a Lv4
Cert/ref value (ng  mL−1) 2.64 ± 0.09a 55.4 ± 3.1a 0.55 ± 0.10b - -
Measured value (ng  mL−1) 3.04 ± 0.10 55.31 ± 3.62  < LoQ - -
R% 115.1 99.8 - - -
CV% 3.3 6.6 - - -

https://doi.org/10.1007/s00216-023-04756-x
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