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A B S T R A C T

Ultrahigh-performance supercritical fluid chromatography - mass spectrometry (UHPSFC/MS), ultrahigh-per-
formance liquid chromatography - mass spectrometry (UHPLC/MS), and matrix-assisted laser desorption/ioni-
zation (MALDI) - MS techniques were used for the lipidomic characterization of exosomes isolated from human
plasma. The high-throughput methods UHPSFC/MS and UHPLC/MS using a silica-based column containing sub-
2 μm particles enabled the lipid class separation and the quantitation based on exogenous class internal stan-
dards in< 7 minute run time. MALDI provided the complementary information on anionic lipid classes, such as
sulfatides. The nontargeted analysis of 12 healthy volunteers was performed, and absolute molar concentration
of 244 lipids in exosomes and 191 lipids in plasma belonging to 10 lipid classes were quantified. The statistical
evaluation of data included principal component analysis, orthogonal partial least square discriminant analysis,
S-plots, p-values, T-values, fold changes, false discovery rate, box plots, and correlation plots, which resulted in
the information on lipid changes in exosomes in comparison to plasma. The major changes were detected in the
composition of triacylglycerols, diacylglycerols, phosphatidylcholines, and lysophosphatidylcholines, whereby
sphingomyelins, phosphatidylinositols, and sulfatides showed rather similar profiles in both biological matrices.

1. Introduction

The maintenance of homeostasis on the level from cells to whole
organism requires a complex cell-signaling network. Information ex-
change mechanisms involve not only local cell-to-cell contact interac-
tions, but also the transfer of signaling molecules over longer distance
by microvesicles and exosomes. Microvesicles and exosomes are parti-
cles that may be differentiated by the physicochemical properties and
origin [1–3]. The microvesicles represent larger vesicles generated by
budding plasmatic membrane, and consequently their composition is
closer to plasma membrane. In contrast, exosomes are related to the
endocytosis followed by the maturation of early endosomes to multi-
vesicular bodies (MVB) with intraluminal vesicles later released from
the cell as exosomes by the fusion of MVB with plasma membrane. This
process points to different composition of exosomes, which are com-
posed from the intracellular material encapsulated by the endosomal
membrane (Fig. 1) [1,2].

The biological function of microvesicles and exosomes is the long

distance cell to cell communication, transportation of enzymes, disposal
of superfluous cellular content and the stimulation or inhibition of the
immune response [4]. The production and composition of exosomes can
be different in cancer and various types of exosomes have been used as
potential lipidomic biomarkers for screening of prostate cancer [5,6],
colorectal cancer [7], lung cancer [8], or breast cancer [8,9].

Exosomes are nano-particles (30–100 nm) that are composed mainly
of DNA, RNA, lipids, and proteins [4,10,11]. Exosomes can be isolated
from biological fluids including urine [6,12], plasma [13], saliva [14],
and breast milk [4], or from cells [5,7,8,15]. Several methods are being
used for the isolation of total exosomes, such as centrifugation [4,10,11],
chromatography [4,10,11,13], filtration [4,10,11], and precipitation
[4,10]. Different approaches for exosomal isolation are necessary for the
separation of their specific subpopulations in contrast to the isolation of
total exosomes [2,16]. The yield and purity of exosomes differ according
to the method used and the type of biological matrix [4,10,11]. Exo-
somes can be characterized by several methods, e.g., flow cytometry
[4,11,17,18], Western blot [17,18], transmission electron microscopy

https://doi.org/10.1016/j.bbalip.2020.158634
Received 19 October 2019; Received in revised form 30 December 2019; Accepted 17 January 2020

⁎ Corresponding author.
E-mail address: Michal.Holcapek@upce.cz (M. Holčapek).

BBA - Molecular and Cell Biology of Lipids 1865 (2020) 158634

Available online 21 January 2020
1388-1981/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13881981
https://www.elsevier.com/locate/bbalip
https://doi.org/10.1016/j.bbalip.2020.158634
https://doi.org/10.1016/j.bbalip.2020.158634
mailto:Michal.Holcapek@upce.cz
https://doi.org/10.1016/j.bbalip.2020.158634
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbalip.2020.158634&domain=pdf


[4,17], and fluorescence microscopy [4].
Lipidomics is a subgroup of metabolomics aiming at the analysis of

lipid species. Lipids play important roles in cells and have various
biological functions, such as energy storage or serving as precursors for
metabolic processes. The dysregulation of lipid metabolism in cancer
[19,20], neurodegenerative diseases [19–21], and cardiovascular dis-
eases [22] has been reported in the literature. Individual lipids differ in
the length of nonpolar fatty acyl chain(s) and polar/ionic head groups.
The LIPID MAPS classification and nomenclature are widely used in the
lipidomic studies [23].

Mass spectrometry (MS) is currently the principal technique for the
lipid analysis. There are two fundamental approaches, direct infusion or
chromatography coupled to MS. UHPLC is the most widely used chro-
matographic technique for the lipidomic separation [19]. Reversed-
phase chromatography allows a separation according to their fatty acyl
composition into individual species, which causes the elution of the
internal standard (IS) at different times. Normal-phase and hydrophilic
interaction liquid chromatography (HILIC) are used for the class se-
paration. High-separation efficiency and short analysis time are
achieved by UHPSFC and UHPLC using columns packed with sub-2 μm
particles or by core-shell particle columns. UHPSFC enables the se-
paration of non-polar and polar lipids together in one run [24–26].
MALDI coupled to Orbitrap mass spectrometry uses high mass resolu-
tion and tandem mass spectra for the identification [27]. Previous
works showed the comparison of lipidomic quantitation by various MS
based approach [24,28] with conclusions that lipidomic profiles de-
termined by different methods for the same samples are comparable,
but not completely identical, and some discrepancies cannot be con-
sidered as negligible. The recent work suggested the use of data nor-
malization in relation to one reference sample (e.g., NIST SRM 1950)
determined by all compared approaches, which improves significantly
the quality of mutual comparison.

The aim of this work is the comparison of the lipidomic composition
of exosomes isolated from human plasma of 12 healthy volunteers and
plasma of the same volunteers using three MS approaches to identify
major differences between these two biological materials. Absolute
concentrations of lipid species were determined, and relative data were
used for better visualization of changes inside the individual classes.

Statistical tools and projection methods were applied to investigate
differences between both biological materials.

2. Experimental

2.1. Materials

Acetonitrile, 2-propanol, methanol (all HPLC/MS grade), hexane,
chloroform stabilized with 0.5–1% ethanol (both HPLC grade), am-
monium acetate, and 9-aminoacridine were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Deionized water was prepared with a
Milli-Q Reference Water Purification System (Molsheim, France).
Carbon dioxide grade (99.995%) was purchased from Messer Group
Gmbh (Bad Soden, Germany). Internal standards triacylglycerol (TG)
19:1/19:1/19:1, diacylglycerol (DG) 12:1/0:0/12:1, and mono-
acylglycerol (MG) 19:1/0:0/0:0 were purchased from NuChek (Elysian,
MN, USA). D7-cholesteryl ester (D7-CE) 16:0, D7-cholesterol (D7-Chol)
27:1, D7-phosphatidylinositol (D7-PI) 18:1/15:0, lysopho-
sphatidylcholine (LPC) 17:0/0:0, lysophosphatidylethanolamine (LPE)
14:0/0:0, phosphatidylcholine (PC) 14:0/14:0, phosphatidylethanola-
mine (PE) 14:0/14:0, phosphatidylglycerol (PG) 14:0/14:0, phospha-
tidylserine (PS) 14:0/14:0, ceramide (Cer) 18:1/12:0, sphingomyelin
(SM) 18:1/12:0, sulfatide (SHexCer) 18:1/12:0 were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). The internal standard mixture
(IS Mix) for each quantified lipid class was prepared by mixing of all IS
at appropriate concentrations. Final concentrations for exosomes and
plasma are shown in Table S-1. Stock solutions and IS Mix were diluted
in a chloroform – 2-propanol mixture (1:4, v/v).

Plasma of healthy male volunteers was obtained at the Department
of Oncology, Faculty of Medicine and Dentistry, Palacký University and
University Hospital Olomouc, Czech Republic. The blood collection was
performed after overnight fasting with the recommendation to avoid
heavy meals and alcohol consumption in the evening before the blood
collection. The study was approved by the institutional ethical com-
mittee agreement, and all subjects signed informed consent. Samples
were stored at −80 °C, then transported from the hospital to the ana-
lytical laboratory at −20 °C on dry ice, and then stored again at −80 °C
until the sample preparation.

Fig. 1. Scheme of cell processes leading to the formation and release of microvesicles and exosomes, which mainly consist of DNA, RNA, proteins, and lipids.
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2.2. Exosomes isolation

A commercial kit Invitrogen (Thermo Fisher Scientific) was used for
the isolation of exosomes from human plasma. 600 μl was centrifuged
to remove larger extracellular vesicles using 14,000 ×g at 4 °C for
35 min. 500 μl from bottom layer was transferred to a new cen-
trifugation tube, 250 μl phosphate-buffered saline was added, and the
mixture was thoroughly vortexed. 25 μl proteinase K was added, the
sample was vortexed and incubated at 37 °C for 10 min. The mixture
was mixed with 150 μl polyethylene glycol as a precipitation agent. The
reaction mixture was incubated at 2–8 °C for 30 min. Exosomes were
pelleted at the bottom of the tube by ultracentrifugation at 10,000 ×g
at ambient temperature for 5 min. Pellets were washed and transferred
to a new tube. The presence of exosomes was confirmed by the electron
microscope and then stored at −80 °C prior to the analysis.

2.3. Lipid extraction

Pellets were dissolved in 120 μl methanol:water (1:1, v/v), and an
aliquot of 100 μl of the exosomes suspensions or 25 μl of human plasma
were used for total lipid extracts by a modified Folch lipid extraction
[24]. Samples were spiked before the extraction with 17.5 μl of the IS
Mix. The organic phase of the extract was evaporated under the stream
of nitrogen and redissolved in 500 μl of mixture chloroform – 2-pro-
panol (1:1, v/v). Total lipid extracts were stored at −80 °C and diluted
5 times with methanol – chloroform (1:1, v/v) mixture just before

UHPSFC/MS and UHPLC/MS analyses. MALDI matrix 9-AA was dis-
solved in methanol – water mixture (4:1, v/v) to provide the con-
centration of 5 mg/mL and mixed with particular lipid extracts (1:1, v/
v). The deposited amount of extract/matrix mixture was 1 μL, and the
dried droplet crystallization was used for the sample deposition on the
target plate. The pipetting of small aliquot of chloroform on MALDI
plate spots before the application of extract/matrix mixture was applied
to avoid the drop spreading.

2.4. UHPSFC conditions

UHPSFC experiments were performed on an Acquity UPC2 instru-
ment (Waters, Milford, MA, USA). A modified UHPSFC/MS method
[25] for the lipidomic analysis was used with the following conditions:
Viridis BEH column (100 mm × 3 mm, 1.7 μm, Waters), the flow rate
1.9 mL/min, the column temperature 60 °C, the injection volume 1 μL,
the autosampler temperature 4 °C, the active back pressure regulator
(ABPR) pressure 1,800 psi, and the gradient of methanol – water (99:1,
v/v) mixture containing 30 mM of ammonium acetate as a modifier B:
0 min – 1% B, 1.5 min – 16% B, 7 min – 51% B, and 7.5 min – 1% B.

2.5. UHPLC conditions

A liquid chromatograph Agilent 1290 Infinity series (Agilent
Technologies, Waldbronn, Germany) with the following conditions was
used: Viridis BEH column (100 mm × 3 mm, 1.7 μm, Waters), the flow

Fig. 2. Number of quantified lipid species in A/ exosomes and B/ human plasma by UHPSFC/MS (blue), UHPLC/MS (red), and MALDI-MS (green).
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rate 0.5 mL/min, the injection volume 1 μL, the column temperature
40 °C, and the autosampler temperature 4 °C. The mobile phase gra-
dient was set: 0 min – 100% A, 5 min – 84% A, and 10.5 min – 100% A,
where phase A was 96% ACN + 4% H2O 8 mM ammonium acetate and
phase B was 98% H2O + 2% ACN 8 mM ammonium acetate.

2.6. Mass spectrometry conditions

UHPSFC instrument was connected to the hybrid quadrupole – time
of flight (QTOF) mass spectrometer Synapt G2-Si High Definition
(Waters, Milford, MA, USA) by two T-pieces (Waters) enabling the
backpressure control and mixing of column effluent with a make-up
liquid. The mixture of methanol – water (99:1, v/v) containing 30 mM

of ammonium acetate was used as the make-up liquid at the flow rate of
0.25 mL/min delivered by HPLC 515 pump (Waters). UHPLC/ESI-MS
experiments were performed on Xevo G2-XS QTOF mass spectrometer
(Waters, Milford, MA, USA). The sensitivity mode in positive-ion ESI
was used with the following instrument parameters: the mass range m/z
50–1200, the capillary voltage 3.0 kV, the sampling cone 20 V, the
source offset 90 V, the source temperature 150 °C, the drying tem-
perature 500 °C, the cone gas flow 0.8 L/min, the drying gas flow 17 L/
min, and the nebulizer gas pressure 4 bar. Leucine enkephalin was used
as the lock mass for all experiments.

2.7. MALDI mass spectrometry conditions

Mass spectra were measured using high-resolution MALDI mass
spectrometer LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with the nitrogen UV laser (337 nm, 60 Hz) with a beam
diameter of about 80 μm × 100 μm. The LTQ Orbitrap instrument was
operated in the negative-ion mode over a normal mass range m/z
400–2000 and the mass resolution was set to R = 100,000 (full width
at half maximum (FWHM) definition, at m/z 400). The spiral outwards
sample movement with 250 μm step size was used during the individual
data acquisition. The laser energy corresponded to 2.7 μJ and 2 mi-
croscans/scan with 2 laser shots per micro scan at 36 different positions
were accumulated for each measurement to achieve a reproducible
signal. Each sample (matrix and body fluid extract mixture) was spotted
five times. The total acquisition time of one sample including five
consecutive spots was around 10 min.

Fig. 3. Absolute molar concentration of sphingomyelins in A/ exosomes and B/ human plasma determined by UHPSFC/MS (blue), UHPLC/MS (red), and MALDI-MS
(green).

Table 1
Ratios of molar lipid class absolute concentrations (plasma/exosomes).

Lipid class UHPSFC UHPLC MALDI

Triacylglycerols 2.3 2.7
Diacylglycerols 2.8
Monoacylglycerols 0.6a

Ceramides 2.3 2.9
Phosphatidylcholines 6.6 7.0
Sphingomyelins 3.4 5.5 6.1
Lysophosphatidylcholines 12.9 12.4
Phosphatidylinositols 6.4
Sulfatides 6.7

a Only for one lipid species.
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2.8. Data processing

UHPSFC/MS and UHPLC/MS data were measured in the continuum
mode and then processed. The data were submitted for the noise re-
duction with the threshold of 20 by Waters Compression Tool, which
caused data size reduction about 20–50 times. The lock mass correction
was subsequently applied to obtain accurate masses, and data were fi-
nally converted to the centroid mode. MarkerLynx XS software was
used to summarize m/z with the corresponding intensities for a given
scan range depending on the lipid class, and afterwards data tables
were exported as .txt files. The MS data were processed by a laboratory-
made Excel macro script named LipidQuant with an embedded data-
base [24]. Lipid species were detected according to accurate m/z values
with the mass tolerance of 15 mDa. Each measurement was represented
by one average MALDI-MS spectrum with thousands of m/z values.

The automatic peak assignment was subsequently performed, and
particular m/z peaks were matched with deprotonated molecules from
a database created during the identification procedure. This peak as-
signment resulted in the generation of the list of present m/z of studied
lipids with the average intensities in particular spectra for each sample,
which was used for further statistical evaluation. After the isotopic
correction of signal responses, molar concentrations of the lipid species
were calculated by relating the lipid species intensities to the intensity
of the IS for the particular lipid class and the known concentration of
the IS (Table S-2).

2.9. Statistical data analysis

Absolute and relative concentrations of lipid species were used for
MDA by the SIMCA software, version 13.0.3 (Umetrics, Umeå, Sweden).
The Pareto scaling and logarithm transformation were performed for the
data normalization. Differences were investigated using statistical

projection methods, e.g., PCA, OPLS-DA, and S-plot. Statistic parameters
p-values, T-values, fold change, false discovery rate (FDR) were calcu-
lated for the evaluation of significant differences. Box plots were gen-
erated for most dysregulated lipid profiles in R free software. Sequences
of samples were independently randomized for the isolation, extraction,
and measurements to avoid possible bias during the statistical analysis.

2.10. Quality control

Pooled samples of exosome or plasma samples (representative mix of
all samples) spiked with IS before the extraction were used for the quality
control (QC) throughout the measurement. For monitoring of the in-
strumental performance and the sample preparation protocol, two types
of quality control were applied. First, the measurement of the QC sample
after every 24 samples reflecting the instrument performance and then
the monitoring of each IS response in each sample during measurements,
which allowed the assessment of the instrument performance or sample
preparation error. The signal stability is represented by absolute in-
tensities of QC samples for plasma by the Levey-Jennings graph (Fig. S-
1), and the trends of other possibilities were equal.

3. Results

3.1. Identification of lipid species

Twelve apparently healthy men aged between 44 and 62 years with
body mass index ranging from 20 to 30 were enrolled in this study
(Table S-3). Initially, a nontargeted identification of lipids was per-
formed separately for plasma and exosome samples using the pooled
samples for these matrices. Individual lipids are identified based on
retention times and accurate m/z measured by QTOF mass analyzer
with high resolving power (ca. 20,000, FWHM) and high mass accuracy

Fig. 4. Relative molar abundances for individual of lipid classes (TG, DG, MG, Cer, PC, PE, PI, SM, LPC, and SHexCer) in A-C/ exosomes and D-F/ human plasma. This
comparison shows only lipids detected in both sample types. The concentrations of each class are related to the total concentration of lipids present in both type of
material.

O. Peterka, et al. BBA - Molecular and Cell Biology of Lipids 1865 (2020) 158634

5



(< 5 ppm). MALDI-Orbitrap MS with the resolving power of about
100,000 (FWHM) and MS/MS spectra allows the identification of
overlapping lipids. UHPSFC/MS and UHPLC/MS in hydrophilic inter-
action liquid chromatography mode enable the lipid class separation,
where IS coelute together with lipid species from the same class in one
chromatographic peak. The quantitative analysis is based on the com-
parison of the intensity of IS and intensities of individual lipid species.
All methods were previously validated for the analysis of human body
fluid samples [24,27].

3.2. Quantification of lipids

In total, we quantify 244 lipids in exosomes and 191 lipids in plasma
by all MS techniques. UHPSFC/MS enables the determination of polar
and nonpolar lipid classes, which resulted in the quantitation of highest
number of lipid species (Fig. 2). UHPLC/MS is more sensitive for polar
lipids, whereas nonpolar lipid classes (CE, MG, DG, TG, and Cer) coe-
lute in the void volume of the system, which causes an overlap of ad-
ducts of DG and MG and hampering the quantification by this method.
The quantitation of lipids in the void volume of the system for HILIC
method can also lead to interferences of isobaric ions, which may cause
discrepancies in the inter-method comparison of determined con-
centration. MALDI-MS with 9-aminoacridine as the matrix provides a
selective ionization for anionic lipids in the negative-ion mode. Without
any separation step, we observe overlaps of isobaric lipids [27], which
enable the reliable quantification of only SM, PI, and SHexCer.

Cholesterol esters and free cholesterol (FC) are abundant molecules

in human plasma, but their quantitation is complicated, as reported
previously [29,30]. CE and FC typically undergo an excessive in-source
fragmentation resulting in the formation of cholestadiene fragment ion
atm/z 369.3516 (or 7D-cholestadiene fragment ion atm/z 376.3955 for
labeled IS, respectively), which may disable their reliable quantitation
on some mass spectrometric systems. It was reported [29] that the re-
lation between cholestadiene and D7-cholestadiene is nonlinear,
therefore this cannot be applied for the quantitation without the use of
response factors. Höring et al. [30] demonstrated with FIA-HR-FTMS
method that the resolving power of 140,000 at m/z 200 is necessary to
resolve isobaric ions. We do not have a system with such resolving
power, therefore we can only report identifications to avoid reporting
non-reliable quantitative data for CE and FC.

The number of quantified lipids by individual MS methods is shown
in Fig. 2, where the number of lipids in exosomes is higher in almost all
cases. In particular, phosphatidylethanolamines are detected only in
exosomes. The overlap of lipids present in exosomes and plasma are
over 95% for all techniques. The summary is listed in Table S-4. More
than 100 lipid species are determined for both UHPSFC/MS and
UHPLC/MS independent of the biological material (Table S-5). Sphin-
gomyelins are determined by all three methods, and the conformity is
18 SM for exosomes and 17 SM for plasma.

Although exosomes were isolated from human plasma, absolute
molar concentrations of lipid species are expressed in nmol/mL of pro-
cessed plasma, and average concentrations of all lipid species in exo-
somes, plasma, and references data [31,32] are shown in Table S-6. The
comparison of concentrations within lipid classes is presented by bar

Fig. 5. Box plots for lipid species with the largest differences between exosomes and human plasma. Relative molar concentrations expressed in % lipid abundances
within the class.
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graphs (Fig. S-2) for exosomes and plasma using three different methods
(UHPSFC/MS, UHPLC/MS, and MALDI-MS). Corresponding concentra-
tions of TG, Cer, PC, PE, and LPC are determined in both materials by
UHPSFC/MS and UHPLC/MS. The comparability of all three methods is
illustrated for SM (Fig. 3). In most cases, differences among methods are
acceptable, as illustrated by the correlation analysis (Fig. S-3), but there
are also some cases, where discrepancies cannot be classified as negli-
gible, for example TG 48:1, Cer 42:1, Cer 42:2, and SM 34:1. The reason
of these differences is multifactorial, and it is not so easy to overcome
these problems, as reported in previous works [24,28].

Our results are compared with literature data [31,32] (Fig. S-2),
which used NIST plasma for interlaboratory comparison. Differences are
mostly of minor extend and can be partially attributed to the fact that the
analyzed plasma is not identical. The largest differences are noticed for
DG 34:0, DG 36:4, DG 36:3, PC 34:2, PC 34:1, SM 34:1, and PI 38:4. Some
lipids classes are reported only in our work (e.g., MG and SHexCer), other
classes are missing in comparison to mentioned papers, such as PE.

Ratios of average absolute concentrations in plasma and exosomes are
summarized in Table 1 to illustrate that average concentrations in plasma
are approximately five times higher than those in exosomes. This com-
parison shows only lipids detected in both sample types. For graphic vi-
sualization of class concentration changes, pie charts (Fig. 4) are used,
where the biggest changes correspond to TG, DG, PC and LPC unlike to SM,
PI, and sulfatides that show similar profiles in both biological matrices.

3.3. Statistical analysis

The transformation of molar concentration of exosomes and plasma
to the relative concentration (% of lipid molar concentration within the

class) provides a complementary view with better visualization of
changes inside individual lipid classes. The score plot of unsupervised
PCA method (Fig. S-4A) shows a good clustering of exosomes and
plasma (Q2 = 0.876). The model based on relative concentrations (Fig.
S-4B) also demonstrates a relatively good clustering (Q2 = 0.614) for
UHPSFC/MS. UHPLC/MS and MALDI-MS models show the same trends,
but the quality of statistical models is slightly worse in comparison to
models based on UHPSFC/MS. The clustering of QC almost in one point
illustrates the quality of data set. The prediction of supervised OPLS-DA
methods based on relative concentrations is for UHPSFC/MS
(Q2 = 0.935), for UHPLC/MS (Q2 = 0.761), and for MALDI-MS
(Q2 = 0.769). S-plots (Fig. S-5) are generated from OPLS-DA and
identify the most pronounced differences between both sample groups,
where the upper right part of the S-plot indicates the most up-regulated
lipids in exosomes, and the lower left part corresponds to the most
down-regulated lipids in exosomes. Lipids in the center part of S-plot
have low statistical significance, therefore they are not annotated. The
lipid classes with most pronounce differences include DG, PC, and LPC,
whereby unsaturated LPC (16:1, 18:2, 18:1, and 20:4) and shorter DG
(32:1 and 32:0) are down-regulated, and saturated LPC (18:0), longer
DG (34:2 and 36:2), and PC (30:0, 32:0, 35:1, and 36:1) are up-regu-
lated in exosomes. Relative data for individual techniques are calcu-
lated from different numbers of quantified lipids, which may cause
slight shifts in S-plots with most up- and down-regulated lipids, but the
main trends are identical, as illustrated on box plots shown in Fig. 5 for
lipid species with the largest differences between exosomes and plasma.

Furthermore, other statistical parameters may illustrate the extent
of differences between biological materials through various MS
methods (Table 2). P-values are calculated using t-test, and all values
lower than 0.05 are reported as statistically significant. Lipids are
sorted by the lowest value. Critical values are evaluated by Benjamini-
Hochberg procedure with a false discovery rate of 25%. Lipids PI 40:6
and PI 40:5 are excluded based on this test. The fold change is a ratio of
average concentrations of lipid species in exosomes divided by average
concentrations in plasma. Values lower than 0.5 and higher than 1.5
indicate significant differences.

4. Discussion

The lipid composition of total exosomes isolated from human
plasma was analyzed in 12 healthy volunteers. The exosomal lipidome
contains more measurable lipid species in comparison to plasma
(Fig. 2). This is in agreement with the fact that exosomes are large
vesicles consisting of lipid rich double-layer membrane in comparison
to plasma being an aqueous biological fluid. Both absolute molar con-
centrations (nmol/mL plasma) and relative concentrations (%) for in-
dividual lipid classes are reported here, because it provides the com-
plementary approach of visualization of the results. Absolute molar
concentrations are related to the volume of processed plasma, therefore
molar concentrations in plasma are approximately 5 times higher, be-
cause plasma has other sources of lipids in addition to exosomes, which
increases the overall molar concentrations in plasma. Relative con-
centrations clearly illustrate the enrichment of specific lipids within one
class over other lipid species from the same class.

Analyzed lipids represent several important lipid classes within
three lipid categories of glycerolipids, glycerophospholipids, and
sphingolipids. In the following discussion, we differentiate lipid classes
known as membrane lipids (PC, LPC, Cer, and SM) from lipids occurring
in the internal space of lipid membrane, but not participating on the
membrane structure (TG, DG, and MG). We are aware that such strict
differentiation is slightly oversimplified, because DG may also play a
role as the membrane anchor for protein-kinase D1 [33], nevertheless
this helps to visualize some important trends described here. The
principal finding is a significant relative increase of TG in exosomes in
comparison to plasma (Fig. 4). We hypothesize that TG transfer from
lipoproteins to exosomes occurs after the release into the blood stream,

Table 2
The main up- and down-regulated lipid species based on relative concentration
with the following statistical parameters: p-value, T-value, fold change, and
false discovery rate (FDR).

Method Regulation Lipid p-value T-value Fold
change

FDR

UHPSFC Down-regulated DG 32:0 1.0E−05 −46.8 0.3 True
TG 52:2 1.4E−05 −42.3 0.7 True
LPC 18:2 2.5E−05 −42.6 0.5 True
DG 32:1 9.8E−05 −38.6 0.3 True
LPC 20:4 8.3E−04 −28.0 0.6 True
Cer 34:1 1.6E−03 −26.9 0.7 True

Up-regulated LPC 18:0 3.2E−08 64.7 1.7 True
DG 36:2 1.1E−06 51.5 2.2 True
PC 32:0 4.5E−05 41.3 1.7 True
DG 34:2 3.1E−04 31.4 1.5 True
TG 49:2 4.0E−04 30.5 1.7 True

UHPLC Down-regulated LPC 18:2 1.3E−05 −40.8 0.8 True
LPC 16:1 5.8E−05 −39.1 0.5 True
LPC 18:1 1.7E−03 −27.3 0.7 True
SM 42:3 4.4E−03 −23.2 0.8 True
SM 40:3 4.6E−03 −22.9 0.8 True
SM 42:2 1.4E−02 −19.3 0.9 True
SM 43:2 2.4E−02 −17.6 0.8 True

Up-regulated LPC 18:0 3.7E−08 65.5 1.7 True
PC 32:0 5.5E−04 31.1 1.5 True
SM 38:1 5.8E−03 22.1 1.2 True
PC 35:1 1.4E−02 19.4 1.3 True
PC 30:0 1.8E−02 19.1 2.0 True
SM 36:1 2.3E−02 17.6 1.2 True
PC 36:1 3.1E−02 17.3 1.4 True

MALDI Down-regulated SM 35:1 7.3E−06 −42.3 0.7 True
SM 34:1 5.9E−04 −29.0 0.9 True
SM 34:0 1.2E−02 −20.6 0.8 True

Up-regulated PI 40:5 4.4E−06 44.2 2.1 False
SM 40:2 6.2E−05 37.4 1.3 True
SM 42:3 3.0E−04 31.2 1.4 True
PI 40:6 9.7E−04 28.2 2.7 False
SM 42:2 1.2E−03 28.0 1.2 True

O. Peterka, et al. BBA - Molecular and Cell Biology of Lipids 1865 (2020) 158634

7



where lipoproteins could adhere and fuse with exosomes. A similar
phenomenon of lipoprotein-exosomal fusion was described earlier for
pure LDL and exosomal fractions, as evaluated by electron microscopy
[34]. The reason for exosomal uptake and transport of TG is unknown
so far, but it may be important to maintain the basal TG metabolism
independent from lipoproteins. The role of exosomes as a source of
substrates and enzymes for distant metabolic sites has been proposed
[35]. A possible role of exosomes in the lipid accumulation and trans-
port was also described for cholesterol in atherosclerosis [36]. The
transport of lipids (mainly TG) via adipose tissue derived exosomes was
recently described in mice [37], but present data suggest indirectly for
the first time the similar phenomenon with the possible role of TG rich
intra-exosomal environment in humans, which may have also im-
portant clinical consequences.

The second highly enriched lipid class in exosomes was DG, which
may be the product of intra-exosomal metabolism of TG via lipases
degradation or produced from PC via action of phospholipases known
for exosomes. Many different lipid metabolizing enzymes are trans-
ported to exosomes to process their lipids content [38]. DG are possibly
on the crossroad of exosomal membrane and the internal lipid meta-
bolism, where membrane PC are a substrate for the metabolic conver-
sion to DG, PA, LPC and the further conversion to LPA and secondly the
conversion of intra-exosomal TG to DG followed by the release of fatty
acids. Exosomes were recently described as vesicles, which deliver fatty
acids to specific tissues or cells [39], and the source of fatty acids may
be TG rich intra-exosomal space and lipase activity. The conversion of
TG to DG is indirectly supported by Fig. S-6 with the relations of TG, DG
and MG in plasma and exosomes.

It is important to point out that exosomal biogenesis has an impact
on the constitution of the lipidomic membrane. The biogenesis of
exosomes is associated with the endosomal pathway starting from en-
docytosis and followed to early- and late-endosomes, therefore the
membrane composition reflects the endosome membrane rather than
plasmatic lipids [1,40]. The second important fact is that exosomes
represent small compact spheroid object with the resistant membrane,
which prolongs their half-life in plasma, e.g., in comparison to micro-
vesicles, which are derived by direct budding from plasma membrane
[2]. This explains different lipid composition with the lower amount of
PC and LPC and the increased amount of SM and Cer (Fig. S-6). This
picture is similar to previously described lipid alterations in the exo-
somal membrane [40,41], e.g., in exosomes from dendritic cells [42]. It
should be emphasized that increased amounts of lipids with fully sa-
turated fatty acids in their structures are detected in exosomes, such as
LPC 18:0 and PC 32:0 and decreased unsaturated species, e.g., LPC
18:2. This molecular pattern in the membrane helps to keep the rigid
durable structure [2,40,41]. A decrease in LPC 18:2 may also indicate
the activity of PLD, which has been described in exosomes and pro-
ducing LPA [35,40].

PE were determined only in exosomes, because the concentrations
in plasma were below LOQ. It is important to point out that PE have
also to be present in plasma, because plasma is the source of exosomes,
but this finding should be interpreted as the relative increase of PE in
exosomes. PE are known to participate in the generation of lipid dro-
plets and membranous structures. Together with a lower level of PC, it
suggests membranous structures of exosomes, which is in concordance
with the nature of exosomes [43].

Profiles of SM as the major sphingolipid class were the same in
plasma and exosomes without statistically relevant changes in agree-
ment with the literature [40]. This indicates that SM play some mem-
brane housekeeping role, and therefore the profiles have to be main-
tained in relatively common pattern.

5. Conclusions

Exosomes isolated from human plasma of 12 healthy volunteers
were analyzed by 3 different MS techniques, and the lipidomic

composition was compared with their plasma to highlight differences.
Absolute molar concentrations of lipid species from 10 lipid classes
were determined, and results were compared among all methods and
also with previously published data for human plasma. The expression
of relative concentrations for individual lipid classes was used for the
visualization of changes inside classes with the largest differences, such
as TG, DG, PC, and LPC. Various statistical tools were applied for the
visualization of major differences. A significant enrichment of TG in
exosomes was detected, which may be explained by the fusion of exo-
somes with TG rich lipoprotein particles. The TG rich intra-exosomal
environment was previously described in mice with the possible pa-
thophysiological role, but we have indirectly observed here a similar
situation in human plasma derived exosomes. The significance of this
phenomenon is possibly in the maintenance of the basal TG metabolism
independent of lipoproteins. Other lipids in exosomal membrane con-
firm that the origin is different from plasma membrane. The molecular
pattern with increased amounts of lipids with saturated fatty acids
supports the idea of small highly rigid membranous particles with
prolonged half-life in the bloodstream.

Our results show main differences between exosomes isolated from
human plasma and plasma. Exosomes are still underexplored nano-
particles, and future improvements in the isolation of exosomes in-
cluding particular exosome fractions, can result in a better under-
standing of cell-to-cell communication and other roles of exosomes at
the cellular level, which may have a potential for early detection of
serious disorders.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbalip.2020.158634.
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