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Abstract 

Rationale: Exosomes contain biomarkers such as proteins and lipids that help in 

understanding normal physiology and diseases. Lipids, in particular, are infrequently studied 

using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) for 

biomarker discovery. In this study, MALDI was equipped with a high-resolution MS to 

investigate the exosomal lipid from human serum.  

Methods: Exosomal lipids were profiled by MALDI with Fourier-transform ion cyclotron 

resonance mass spectrometry (FTICR MS). Four matrices, i.e., α-cyano-4-hydroxycinnamic 

acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), sinapinic acid (SA), and graphene oxide 

(GO), along with three sample preparation methods, i.e., dried droplet, thin-layer, and two-

layer, were compared in terms of the number of lipid species detected and the relative 

abundance of each lipid from human serum and human serum exosomes. 
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Results: In total, 172 and 89 lipid species were identified from human serum and human 

serum exosomes, respectively, by all of the methods used. The greatest number of exosome 

lipid species, 69, was detected with the CHCA matrix, while only 8 exosome lipid species 

were identified with the GO matrix. Among the identified lipid species, phosphatidylcholine 

was identified most frequently, probably due to the use of a positive ion mode.  

Conclusions: Exosomes and human serum showed comparable lipid profiles as determined 

by MALDI-FTICR MS. These findings provide a new perspective on exosomal lipidomics 

analysis and may serve as a foundation for future lipidomics-based biomarker research using 

MALDI-FTICR MS. 
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1.  Introduction 

The involvement of exosomes in cellular communications has expanded our knowledge of 

normal physiology and pathology. Their characteristics in the delivery of biological 

components from their cells of origin to the extracellular environment are helpful for 

understanding various exosome-associated biological conditions, including tumor 

progression1, immune responses2, viral pathogenicity3, and pregnancy4. With technological 

advances over the past several decades, the prospect of using exosomes in disease 

diagnostics, therapeutics, and drug delivery has attracted a great deal of interest5,6.  

Exosomes are cell-derived nanoparticles 30–150 nm in diameter produced by a process 

involving double invagination of the plasma membrane and the formation of multivesicular 

bodies containing intraluminal vesicles, which are then released as exosomes into the 

extracellular space7. Exosomes are comprised of a lipid bilayer membrane that encapsulates 

substances, such as proteins, DNA, RNA, lipids, and metabolites, which may be 

representative of their cells of origin7. Each of these constituents has potential for use as a 

disease biomarker, and their detection from exosomes instead of entire body fluids 

considerably reduces sample complexity8,9.  
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Exosome biomarker changes during therapy can provide prognostic information that can 

be used to determine the best treatment option for diseases10. Proteins are the most often 

investigated components as biomarkers, given many well-established methodologies 

available, such as iTRAQ and label-free proteomic analysis10,11. Although lipid-based 

biomarkers have not been studied as extensively as protein-based biomarkers, lipids have 

been proposed for use as biomarkers. Lipids are essential structural and functional 

components of exosomes. Abnormal lipid metabolism may contribute to the onset and 

progression of a number of diseases, such as atherosclerosis, cancer, and obesity12. Lipid 

profiling can provide critical information for understanding diseases, and lipid biomarkers 

that reflect the states of diseases have been investigated13. Lipid biomarkers have been 

discovered for the early detection of hepatocellular carcinoma in individuals with cirrhosis 

and ovarian cancer14,15. 

With the emergence of instruments to facilitate the study of lipids, lipid research has 

become more accessible. Mass spectrometry (MS) has been applied to lipid characterization, 

particularly paired with liquid chromatography, as the intricacy of lipid characterization 

necessitates the use of separation methods16. However, their lower complexity is one of the 

most attractive ideas of analyzing lipids derived from exosomes instead of larger cells or 

whole body fluids9. Therefore, chromatographic methods that require longer analysis times 

may not be necessary for exosomal lipid analysis. 

In this study, exosomal lipids derived from human serum were investigated using matrix-

assisted laser desorption ionization (MALDI)-MS with four different matrices: α-cyano-4-

hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), sinapinic acid (SA), and 

graphene oxide (GO). The first three matrices are currently the most commonly used 

conventional organic matrices in MALDI-MS analysis, while GO was selected to profile 

spectral features at a lower m/z range where organic matrix-derived peaks may overlap with 

lipid peaks17. As the highly abundant peaks from organic matrices can reduce sensitivity for 

identification of lipids in this low m/z range18, GO has been utilized as a matrix for lipidomics 

analysis in several studies19,20. 

MALDI sample preparation methods, such as dried droplets, two-layer, and thin-layer 

methods, were also considered as variables for comparison21. The dried droplet method is 
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currently the most commonly used sample preparation method; however, due to the high 

heterogeneity of the matrix surface, other methods, such as thin-layer and two-layer methods, 

have been introduced22,23. Fourier transform ion cyclotron resolution (FTICR)-MS was used 

for the detection of ionized lipids from MALDI to compensate for the lack of 

chromatography and to ensure high resolution and accuracy of lipid analysis. We compared 

the identified lipid species from human serum and human serum exosomes, and highlighted 

the differences in spectra across all matrices and sample preparation procedures. 

2.  Materials and methods 

2.1 Materials 

Pooled human serum was obtained from Innovation Research (Novi, MI, USA). Phosphate-

buffered saline (PBS), CHCA, DHB, SA, graphite, and chloroform were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile was from Merck (Darmstadt, Germany). 

Methanol and trifluoroacetic acid (TFA) were obtained from Samchun (Gyeonggi, South 

Korea). Phosphoric acid was obtained from OCI (Seoul, South Korea). Water was purified 

using a water purification system (Power I+ Water Purification System; Human Corp., Seoul, 

South Korea). All chemicals and reagents used were of analytical or liquid chromatography 

grade. 

2.2 Exosome enrichment 

Exosomes were enriched from human serum by multiple cycles of centrifugation, as 

described previously24. Briefly, serum (4 mL) was first diluted twofold with PBS, centrifuged 

at 2000 × g and 12 000 × g for 30 and 45 min, respectively, using a high-speed centrifuge 

(2236R; Labogene, Seoul, South Korea) and filtered through 0.2 µm pore size syringe filters 

(Hyundai Micro, Seoul, South Korea) to remove bacteria and cell debris. The filtered serum 

was then centrifuged five times, first at 40 000 × g for 2 h with subsequent centrifugation 

steps at 40 000 × g for 1 h 15 min. The supernatant was removed between centrifugations, 

and PBS was added. Following the final centrifugation, 100 µL of PBS buffer was added to 

dissolve the pellet and the resulting solution was stored at −20°C. 
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2.3 Exosome characterization 

Prior to lipid extraction, exosome characterization procedures were carried out to validate the 

presence of exosomes and the efficiency of the enrichment process. The methods used for 

characterization consisted of 1D gel electrophoresis, Western blotting, dynamic light 

scattering, and MS, all of which were performed in compliance with the Minimal Information 

for Studies of Extracellular Vesicles 2018 (MISEV2018) guidelines25. 

2.3.1 Gel electrophoresis 

Gels were cast by pouring 10% resolving gel into a gel casting plate, followed by 5% 

stacking gel after solidifying the former gel. All gels were prepared according to Harlow and 

Lane’s recipes26. Samples (10 μL) were mixed with non-reducing lane marker sample buffer 

(Thermo Scientific, Rockford, IL, USA) and were incubated at 60°C for 10 min. After 

loading the samples into the wells, electrophoresis was performed at 80 V for 15 min, 

followed by 150 V for 60 min. The gels were dyed with a silver staining kit (Sigma-Aldrich), 

in accordance with the manufacturer’s instructions. 

2.3.2 Western blotting 

The samples (10 μL) were incubated for 30 min at 5°C in RIPA lysis buffer (10 μL) 

comprised of 300 mM NaCl, 2.0% Igepal CA-630, 1.0% sodium deoxycholate monohydrate, 

0.2% SDS, 100 mM Tris-HCl, and 1 mM EDTA to break down the exosome membrane. 

Then, gel electrophoresis was performed to separate the proteins from the lysed exosomes, as 

described in Section 2.3.1. The proteins were then transferred onto polyvinylidene difluoride 

(PVDF) membranes (7 × 4.2 cm) (Bio-Rad Laboratories, Hercules, CA, USA) by semi-dry 

transfer at 80 mA for 30 min. The membranes were incubated in blocking buffer consisting of 

PBS containing 5% skim milk for 1 h at room temperature, followed by overnight incubation 

at 4°C with primary mouse anti-CD63 antibody (#ab59479; Abcam, Cambridge, UK) diluted 

500-fold in PBS-T (0.1% Tween 20 in PBS). The anti-CD63 treated membranes were rinsed 

with PBS-T the next day and then incubated for 1 h at room temperature with secondary goat 

anti-mouse IgG H&L (#ab97040; Abcam) in PBS-T (1:1000 dilution). The treated 

membranes were washed in PBS-T and visualized with a DAB substrate kit (Thermo Fisher). 

This article is protected by copyright. All rights reserved.



6 
 
 

2.3.3 Dynamic light scattering 

The samples were diluted tenfold in cold PBS and briefly sonicated prior to loading into 

micro cuvettes. A Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) was first 

equilibrated for 60 s before adding the cuvette into the chamber. The instrument settings 

were: material refractive index (RI), 1.4; dispersant RI, 1.331; viscosity, 1.5798 cP; 

temperature, 4°C. The number of acquisitions varied according to the count rate, and 

measurements were done in triplicate. The data were obtained as size distribution (diameter 

values in nanometer, d.nm) vs. number (percent). 

2.3.4 MALDI-MS 

Proteins from enriched exosomes were prepared for MALDI-MS analysis as follows. 

Samples (10 μL) were dried using a HyperVAC-MAX vacuum concentrator (Hanil 

Scientific, Gimpo, South Korea). Then, 70% formic acid solution (5 μL) was added to the 

dried samples for membrane disruption, followed by 5 μL of acetonitrile. Samples were then 

centrifuged at 15 000 × g for 10 min. The following layer-by-layer sample preparation 

method27 was used to load centrifuged samples onto MALDI plates: 1.2 μL of the sample was 

first deposited on the plate and dried, then 1.2 μL of CHCA matrix solution (10 mg/mL 

CHCA in 50% acetonitrile with 2.5% TFA) was placed on top of the sample layer and dried. 

An IDSys LT MALDI-TOF MS (Asta, Suwon, South Korea) equipped with an Nd:YLF laser 

(349 nm) was used to characterize the proteins of enriched exosomes. MALDI-MS was 

calibrated externally with cytochrome c [m/z 12 359.34 (+1), m/z 6180.17 (+2)] and 

myoglobin [m/z 16 951.99 (+1), m/z 8476.50 (+2)]. Spectra were acquired in linear positive 

ion mode in the m/z range of 2000–20 000. 

2.4 Lipid extraction 

Folch’s liquid partitioning procedure was carried out to extract lipids from enriched 

exosomes and human serum28. Both exosomes and human serum samples (90 μL each) were 

reconstituted in a mixture of cold chloroform (60 μL) and methanol (30 μL)(2:1 ratio) and 

vigorously mixed for 20 min at room temperature (Intelli mixer SLRM-2M; Mylab, 

Gyeonggi, South Korea). No pretreatment was performed for human serum samples prior to 
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reconstitution to ensure that all lipids present were included for later characterization. The 

samples were then centrifuged at 15 000 × g for 10 min. Water (90 μL) was added to the 

sample solution, vortexed, and centrifuged to form a biphasic mixture. The aqueous phase 

was removed, and the organic phase containing lipid extracts was recovered and stored at 

−20°C. 

2.5 MALDI-FTICR MS 

Several matrices were prepared, including the CHCA matrix solution that was employed for 

exosome characterization, DHB (10 mg/mL DHB in 50% acetonitrile with 1% phosphoric 

acid), SA (10 mg/mL SA in 50% acetonitrile with 0.1% TFA), and graphene oxide (GO) (10 

mg/mL GO in 50% acetonitrile with 1% phosphoric acid). GO was prepared by oxidizing 

graphite, as described previously17. Briefly, graphite (0.5 g), potassium permanganate (3.0 g), 

sulfuric acid (80 mL), and phosphoric acid (20 mL) were agitated at room temperature for 3 

days, giving a dark purple solution. The solution was mixed with 3 mL of hydrogen peroxide 

and 100 mL of water to make graphite oxide, and then washed three times with 1 M HCl and 

water to reach a pH of 4–5. The graphite oxide was exfoliated during the washing process, 

thickening the graphene solution to produce GO29. 

Lipid extracts and matrices were applied to MALDI plates using various sample 

preparation methods, including dried droplet30, thin-layer31, and two-layer32 methods. The 

dried droplet method was carried out by mixing the lipid extract with the matrix in a 1:1 ratio. 

The mixture (1.2 μL) was then applied and dried on the MALDI plates. For the thin-layer 

method, the matrix (1.2 μL) was first applied and dried on the plates before adding the extract 

(1.2 μL) to the dry matrix. For the two-layer method, the extract-lipid mixture prepared using 

the dried droplet method was added after applying and drying the matrix (1.2 μL) on the 

plates. 

FTICR MS spectra of the lipid extracts were obtained using an ultra-high-resolution 15 T 

FT-ICR MS (SolariX, Bruker, Billerica, MA, USA) coupled with an Nd:YAG laser (355 nm) 

located at the Korea Basic Science Institute (KBSI, Ochang, South Korea). Mass spectra were 

calibrated externally using a mixture of peptide standards comprised of leucine enkephalin 
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(m/z 556.2766), Ala-Ser-His-Leu-Gly-Leu-Ala-Arg (m/z 824.4737), and angiotensin I (m/z 

1296.6848). Spectra were acquired in positive ion mode in the m/z range of 400–1400. 

2.6 Data analysis 

Bruker Compass DataAnalysis 4.4 and IsotopePattern 3.0 were used to analyze and process 

FTICR MS data. The parameters for mass detection were set to a signal-to-noise threshold of 

5 and relative intensity threshold of 0.1%–1%, depending on the peak intensity of each 

spectrum. The m/z value acquired from the spectrum was used for lipid characterization using 

the LIPID MAPS online database (https://www.lipidmaps.org/), matching the exosomal lipid 

molecular ion with a mass error of < 1 ppm [mass error = (difference between experimental 

and theoretical mass)/theoretical mass × 106]. Orthogonal projections to latent structures 

discriminant analysis (OPLS-DA) was performed using Metaboanalyst 

(https://www.metaboanalyst.ca/), a web-based data analysis software. 

3.  Results and discussion 

3.1 Exosome enrichment and characterization 

Exosomes were enriched from human serum using a multiple-cycle centrifugation method 

that uses lower centrifugation speeds but with a greater number of cycles in comparison to 

standard ultracentrifugation procedures24. Although the greater number of cycles requires a 

lengthier enrichment time, using a standard centrifuge has the advantage of being relatively 

inexpensive and more readily available compared to ultracentrifugation24. Several studies 

have described the use of multiple cycles of centrifugation to isolate exosomes for biomarker 

discovery and proteomic analysis11,27. 

Gel electrophoresis was used to determine the number of centrifugation cycles required to 

enrich exosomes. Figure 1a shows 1D gel images of the third to fifth supernatants collected 

between centrifugation cycles and the isolated pellet containing the exosomes. The decrease 

in protein bands from the third to fifth supernatants indicate a reduction in non-exosomal 

proteins, primarily albumin and immunoglobulins, initially present in the serum33,34. The 

removal of proteins is crucial to determine the purity of the exosomes, although exosome 
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purity was not the primary concern of this study. As stated in MISEV2018, the exosome 

purity depends on the experimental objectives and the exosome end-use25. Therefore, while a 

protein band was visible in the fifth supernatant, as shown in Figure 1a, the amount was 

acceptable as the exosomes were intended for lipidomics analysis. The isolated pellet sample 

is shown in the next lane. To confirm the presence of exosomes in the pellet, we performed 

Western blotting analysis using anti-CD63 antibody, where CD63, an exosome membrane 

protein, was detected after staining with DAB, as shown in Supplementary Figure S1. 

Dynamic light scattering analysis of the isolated pellet revealed particle sizes in the range 

of typically described exosomes, as shown in Figure 1b. In comparison to the fluctuating 

particle size of the supernatants (data not shown), the particle size of the pellet was consistent 

with an average size of 145.5 ± 47.04 d.nm. Characterizing exosomes by size enables 

exosomes to be distinguished from other extracellular vesicles, such as microvesicles (up to 

1000 nm) and apoptotic bodies (up to 5000 nm)35,36. The presence of exosomes was further 

confirmed by detecting platelet factor 4 using MALDI-MS, as the exosome marker was 

distinctively visible at m/z 7766.5 in Figure 1c. Platelet factor 4 is a protein found in 

exosomes secreted by reticulocytes (immature red blood cells), which explains its detection 

in exosomes derived from human serum37. 

3.2 Exosomal lipid extraction with the Folch method 

There are a number of long established lipid extraction procedures, although recent methods, 

such as the Folch28, Bligh-Dyer38, and methyl-tert-butyl ether39 methods, have been reported 

to show improvements over earlier procedures. We used the Folch method, which is 

commonly used to extract lipids from exosomes40,41. The Folch method separates lipids in a 

biphasic mixture of chloroform, methanol, and water. Methanol breaks the hydrogen bonds 

between lipids and proteins, and the lipids are then partitioned into chloroform42. A biphasic 

system is formed when water is added to the mixture, with the top phase (aqueous) containing 

non-lipid substances and the bottom phase (organic) containing practically all lipid 

molecules. It is worth noting that proteins are insoluble in both partitions, resulting in their 

retention between the two phases. The aqueous phase does not contain proteins because the 
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upper aqueous phase includes approximately 48% methanol28. Proteins are unstable and have 

poor solubility in most polar solvents43. 

3.3 MALDI-FTICR MS analysis of lipidomes 

MALDI-FTICR MS was used to perform lipidomics analysis of human serum and human 

serum exosomes, with four matrices and three sample preparation methods as variables for 

comparison. Figure 2 shows the MALDI-FTICR MS spectra of the lipids from human serum 

exosomes and human serum, analyzed with CHCA matrix. The MALDI-FTICR MS spectra 

that were analyzed with other matrices, such as DHB, SA, and GO, are shown in 

Supplementary Figures S2, S3, and S4, respectively. The lipid species identified using 

MALDI-FTICR MS are summarized in Supplementary Table S1. Human serum exosomes 

and human serum yielded a total of 239 lipid species, featuring 89 lipid species from human 

serum exosomes and 172 lipid species from human serum, with 22 lipid peaks common to 

both samples. 

The distribution of lipid species by category, i.e., sterols (ST), phospholipids (PL), 

glycerolipids (GL), and sphingolipids (SL) (based on LIPID MAPS nomenclature)44, is 

shown in Figure 3a. ST includes cholesteryl ester (CE); PL includes lysophosphatidic acid 

(LPA), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), 

lysophosphatidylglycerol (LPG), lysophosphatidylinositol (LPI), lysophosphatidylserine 

(LPS), phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG), phosphatidylinositol (PI), and phosphatidylserine (PS); GL 

includes diacylglycerol (DG) and triacylglycerol (TG); and SL includes ceramide, 

ganglioside, hexosyl ceramide, sphingomyelin (SM), and sulfatide. 

The lipid distributions determined by MALDI-FTICR MS of both samples confirmed that 

PL species were more prevalent than GL and SL, with exosome PL species accounting for 

44.7% and human serum PL species accounting for 52.9% of the respective total lipid. The 

data may not reflect the entire lipid composition of exosomes as we did not analyze the lipids 

in negative ion mode with a relevant matrix, which may detect anionic lipid species, such as 

bis(monoacylglycerol)phosphate, a negatively charged PL species that accumulates during 

the formation of multivesicular bodies and intraluminal vesicles45. No informative results 
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were obtained in MS analysis using the four matrices in negative ion mode because the 

matrices used were incompatible, possibly due to their acidity46. Peterka et al. reported that 

exosomal lipidomics profiling on human plasma using MALDI-MS with 9-aminoacridine (9-

AA) in negative mode resulted in the detection of 90% SM, 9.8% PI, and 0.2% sulfatides41. 

In contrast to our findings, their study showed more SL species (SM and sulfatides) than PL 

species (PI). The results may have corresponded to the ion mode of MS analysis used with 

relevant matrices. Our results were consistent with other studies that used chromatographic 

methods, where the SM and PC (including LPC) were shown to be abundant in exosomes 

following cholesterol47. 

Figure 3b depicts the lipid distribution based on the matrix used. The greatest number of 

lipids was identified using the CHCA matrix among all four matrices, which was consistent 

in both exosome and human serum samples. Other organic matrices did not detect many 

lipids, although some were unique to the respective matrices. Interestingly, some lipids were 

commonly identified with the three organic matrices, such as PC 34:2 and PC 36:2 for human 

serum exosomes and LPC 16:0, LPC 16:1, LPC 18:1, LPC 18:2, LPC 20:4, and PC 36:2 for 

human serum. 

No lipids were identified using both the GO matrix and any of the organic matrices. The 

observation that the lipids did not overlap implies that the detection of lipids was selectively 

enhanced toward organic-based and graphite-based matrices, as noted previously19. As PC 

often suppresses the ionization of other phospholipids in positive ion mode, the GO matrix 

has been shown to increase the detection specifically of phospholipids, other than PC19. 

Seven lipid species were identified in our MALDI-FTICR MS analysis of human serum 

exosomes using GO matrix, while no PC lipids were observed. In addition, only one PC lipid 

was included in the 46 lipid species identified by MALDI-FTICR MS analysis of human 

serum using GO matrix. 

3.4 Lipid species dependent on matrix and sample preparation method 

Three separate sample preparation methods and four different matrices were used to 

analyze lipids extracted from exosomes and human serum using MALDI-FTICR MS. A total 

of 24 samples were analyzed by MALDI-FTICR MS precalibrated using peptide standards. 
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Figure 4 shows several lipid species abundant in their respective classes for exosome lipids. 

On the stacked graphs, the four different matrices are differentiated by brightness and the 

three different sample preparation techniques are differentiated by patterns. Supplementary 

Table S2 summarizes the distribution of lipid species identified based on the matrix and 

sample preparation method. 

As noted previously, PC and SM species are abundant in exosomes, and we identified 16 

PC and 14 SM lipid species, higher than other lipid species in this study. In terms of lipid 

species distribution based on the matrix used, almost no PC species were identified using the 

GO matrix, even in human serum lipid spectra (Supplementary Figure S5). In addition, while 

using the organic matrices, the majority of the lipid signals were identified as [M+H]+, with 

others detected as various adducts, such as [M+Na]+ and [M+K]+ (Supplementary Table S1). 

However, the GO matrix generated fewer protonated molecules. The lack of PC species and 

protonated molecules in the GO matrix was most likely due to a strong interaction between 

the permanent positive charge of the PC head group and the negative charge of GO, as 

reported previously19. 

PC and LPC species were prevalent in the CHCA matrix, while other phospholipids, such 

as PA, PE, PG, and PI, and their lysophospholipid derivatives were suppressed. The DHB 

matrix, which is more versatile and is widely used18,46, could not identify as many lipid 

species as the CHCA matrix. Several replications, including shot-to-shot, spot-to-spot, and 

sample-to-sample, were also carried out to ensure that the ‘sweet spot’ phenomena were 

investigated thoroughly. However, detection by the CHCA matrix was superior to the DHB 

matrix with regard to the number of lipid species detected. DHB tends to form large, needle-

like crystals that are randomly dispersed, resulting in poor uniformity. There have been 

several attempts to improve its surface uniformity, such as recrystallization by acetonitrile 

droplet and uniform DHB layer techniques48,49. We did not use any uniformity treatment as 

we intended to perform sample preparation for all matrices in the same manner, without any 

additional special improvement for a single matrix. CHCA could generate a more uniform 

sample-matrix layer, without any uniformity treatment, as compared to other organic 

matrices. 
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In terms of sample preparation methods, there was no consistency in intensity observed 

between the same sample preparation methods used on different samples, particularly 

between thin-layer and two-layer procedures, as shown in Figure 2. The thin-layer approach 

used on exosome lipids did not work the same way on human serum lipids. For example, the 

peak at m/z 758.569 (PC 34:2) in exosome lipid for the thin-layer approach (Figure 2a) was 

intense but not in human serum lipid (Figure 2d), despite the high intensity of the same peak 

in the two-layer method (Figure 2f). However, both sample preparation methods identified 

more lipid species compared to the dried droplet method. The lack of detection using the 

dried droplet method may have been attributable to its low sensitivity, as indicated by its high 

signal-to-noise ratio. The immiscibility of the solvents used to dissolve the samples and 

matrices may explain the lack of sensitivity. Even after thorough mixing, the samples may 

not be present in the portion taken from the sample-matrix mixtures for MALDI sample 

preparation. Thin-layer and two-layer methods may not encounter this problem as the 

samples are only placed on the MALDI plate after drying the matrix layer. 

3.5 Comparison with previously reported human serum exosomal lipids 

While this is the first study to use MALDI-FTICR MS for lipid profiling on human serum 

exosomes, previous studies have analyzed the lipid contents of human serum exosomes using 

different MS methods50,51. Three of the studies shown in Table 1, including our study, 

included not only various MS methods but also sample introduction, exosome isolation, and 

lipid extraction methods. Our study identified the fewest lipid species despite using a high-

resolution MS, detecting only 94 in comparison with the other two studies, which identified 

twice as many lipids. The total number included all lipid species found in our study, 

regardless of the matrix or sample preparation method used. Chen et al. identified the most 

lipid species, with detection of 458 lipid species using the direct infusion-electrospray 

ionization (DI-ESI) technique. Both our study and the study of Chen et al. used rapid 

methods to introduce samples into the MS system, but ours was a more selective method 

considering the matrix used, which resulted in identification of fewer lipids in our study. MS 

analysis of lipids by the MALDI approach is highly dependent on the matrix used18. Selective 

detection is useful for targeted analysis, and is even more effective when used in conjunction 

This article is protected by copyright. All rights reserved.



14 
 
 

with rapid analytical techniques, such as MALDI. DI-ESI is a universal technique that is 

better suited for untargeted analysis, but it may greatly increase the complexity of the 

spectrum and, therefore, lipid identification may be challenging and not reproducible50. 

The incorporation of liquid chromatography into the MS system increases the analysis 

time but allows for more accurate and comprehensive characterization. Although the total 

number of lipid species identified by Sun et al. was not the highest, the number of lipid 

species of each lipid category was the highest, as they focused on particular lipid categories, 

i.e., PL and SL. In addition, each species could be further distinguished into more detailed 

variations, such as oxidized ceramides and deoxyceramides for ceramide species. These 

variations may be difficult to acquire using the MS approach without a chromatographic 

method because the relevant peaks may overlap and be suppressed by much stronger peaks. 

Exosomes from human plasma may contain the same lipid species as exosomes from 

human serum because they are derived from the same source, yet the lipid composition may 

differ due to the higher complexity of plasma. A direct comparison of multiple mass 

spectrometry techniques on the lipid content of human plasma exosomes revealed a similar 

trend to our discussion in which the amount of lipid identified by MALDI-MS was lower 

than that measured by ultrahigh performance liquid chromatography-MS and ultrahigh 

performance supercritical fluid chromatography-MS.41 As previously stated, the lipids 

identified in the MALDI-MS study were correlated with the matrix and ionization mode used, 

showing that the method is selective, whereas the LC-MS approach covered a broader range 

of lipids. In addition, 430 lipid features were identified in an exosomal lipid profiling study of 

human plasma for distinguishing early- and late-stage non-small cell lung cancer using nano-

ESI orbitrap fusion tribrid MS (a DI-MS approach), revealing a comparable number of lipids 

profiled from human serum exosomes using DI-MS.50,52 The study, however, did not detail 

the composition of the 430 lipid features as it only focused on 16 lipids selected based on 

statistical calculations.52 

3.6 Multivariate analysis 

Multivariate analysis was performed based on the relative abundance and absolute 

abundance, to compare the lipid distributions according to the samples and the preparation 
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method used, as shown in Supplementary Table S1. The score plot of supervised OPLS-DA 

based on relative abundance and absolute abundance showed two clusters of exosomes and 

human serum (Figure 5). Several points were found to be distant from the cluster of their 

respective samples, and these points were from the CHCA matrix of thin-layer and two-layer 

methods. In normal statistical analysis, these points were regarded as outliers, as part of the 

information contained by these points was significantly different from that of the points that 

clustered together. The most significant feature of these points would be the amount of 

identified lipid species, which is relevant in this study. Therefore, the clustering was seen as 

less relevant because the matrix and sample preparation method used did not cover most of 

the lipids in the respective samples. 

4.  Discussion 

Lipid composition of exosomes has improved our understanding of exosome formation 

and biological functions, as well as the use of exosomal lipids as disease biomarkers and 

exosomes as drug carriers. MS methods are unequivocally the most prevalent and effective 

analytical strategy for lipid studies. Various MS approaches, with or without 

chromatographic methods, were used to determine the most efficient method for assessing 

lipids. MALDI-MS has been used for lipidomic analysis due to its rapid and sensitive 

analysis, although some possible concerns should be addressed.  

One limitation that occurs, even in the current study, is the lipidome coverage. As 

discussed in section 3.5, previous lipidomic profiling using different MS approaches, i.e. LC-

MS and direct infusion-MS, has detected more lipids than our study. This finding is due to 

the lipids’ dependence on the matrix used. Several approaches can be considered to improve 

lipidome coverage, although they were not explored in our work as they were outside the 

focus of our investigation. One of the attractive alternatives would be surface-assisted laser 

desorption/ionization (SALDI), as the technique is suitable for detecting small molecules due 

to the absence of matrix interference. A recent report showed that a polymer-based matrix 

SALDI-MS analysis of lipids could detect a fair distribution of non-polar lipids (e.g. TG and 

CE) that are often suppressed by PL (e.g. PC and PE).53 Other potential SALDI-MS matrices, 
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such as silicon-based, carbon-based, and nanoparticle-based materials, can be used to 

enhance lipidome coverage.  

Matrices with dual polarities may also be useful for broadening the coverage because 

different lipids are detected according to ionization modes. 3-aminophthalhydrazide was 

shown to be an effective dual-polarity matrix, with PC, PE, and SM being the primary lipids 

detected in positive mode and PA, PI, and PS detected in negative mode.54 The same matrix 

was also investigated using MS imaging, and the spatial resolution was improved compared 

to 9-AA, which increased sensitivity and lipid coverage in negative ion mode.54 In addition, a 

recently introduced MALDI-based technology incorporating laser-induced post-ionization 

also revealed increased lipid coverage due to secondary MALDI-like ionization.55 

Lipid identification is another challenging aspect of lipidomics due to multiple structural 

and stereoisomers. In our study, unsaturated lipids were reported based on the number of 

double bonds present rather than the position of the double bonds, signifying that further 

research is needed to assess this matter. LC-MS is often preferred for resolving lipid isomers, 

although identifying them in complex biological matrices has still proved difficult, especially 

when the sample sizes are very small, like exosomes. In order to facilitate the characterization 

of lipid isomers, ion activation methods such as ozone-induced dissociation (OzID) and 

ultraviolet photodissociation (UVPD) have been developed. For OzID, ionized lipids are 

subjected to ozone vapor in an ion trap MS, allowing the generation of chemically induced 

fragment ions to determine the double bond position of unsaturated lipids.56 The UVPD 

method identifies the location of the double bond while also determining the relative position 

of the acyl chains on the glycerol backbone by photoinduced cleavage of the carbon-carbon 

bonds adjacent to the double bond.57 In addition, ion mobility spectrometry (IMS) has 

recently been used to study its potential in characterizing lipid isomers, with the IMS being 

incorporated into LC-MS for multidimensional separation.58 While multidimensional 

measurement offers huge potential for identifying lipid isomers, the raw data is complex and 

difficult to interpret. Thus, developing software tools, such as the open-source software 

Skyline, is critical to efficiently process and facilitate confident lipid annotations.59 

The quantitative aspect of the MALDI-MS approach is frequently regarded as its 

limitation. The primary reason for this is the occurrence of ‘sweet spots’ that affects 
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reproducibility. Furthermore, suppression by dominating ions can distort the data, as shown 

in this study, where the PC suppressed other phospholipid species. The preferred strategy for 

addressing this issue would be to quantify lipids relative to internal standards. However, as 

previously reported, measuring concentration ratios using the relative intensity of samples 

and internal standards was highly inaccurate due to the strong influence of the sample 

analyzed, such as the suppression effect.60 Using isotope-labeled analyte derivatives such as 

stable isotope-labeled lipids would be an appropriate internal standard for quantification as it 

showed better precision and accuracy, although it is underutilized in MALDI-based 

lipidomics.60 A study used a deuterated analogue of endogenous PC, i.e. PC(16:0 d31/18:1), 

to successfully quantify endogenous lipids in rat brains.61 Further enhancing such methods 

would benefit quantitative lipidomics, particularly in MALDI-MS analysis. 

5.  Conclusions 

In summary, we demonstrated the application of MALDI-FTICR MS to exosomal lipids 

by comparing several matrices and sample preparation methods. Lipid detection was shown 

to be dependent on the matrix used, with lipids being highly identified by the CHCA matrix, 

while the GO matrix provided unique lipid detection. The GO matrix found mainly non-

protonated adducts and fewer PC species than the organic matrices. In addition, the use of 

positive ion mode increased the likelihood of detecting PL species compared to SM species. 

Although not specific to any PL species, the inclination to identify one of the two major 

species, such as PL and SM, by using one of the ion modes may reduce spectrum complexity, 

allowing more efficient lipid characterization. Differences in lipid composition between 

exosomes and human serum were predicted, but the identification of the variation in 

discovered lipid species, depending on the matrix and sample preparation procedure used, 

would be beneficial as a reference for future studies. 
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Figure 1. Characterization of human serum exosomes. (a) 1D gel separation of the third to 

fifth centrifugation supernatants and the pellet demonstrated the efficacy of exosome 

enrichment. (b) Dynamic light scattering showed particle size distributions consistent with 

the size range of exosomes. (c) Platelet factor 4, a human serum exosome biomarker, was 

detected in the MALDI-MS spectrum at m/z 7766.  
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Figure 2. MALDI-FTICR MS spectra obtained using CHCA matrix in the m/z 400–1000 

range for (a) exosome lipids using the thin-layer method, (b) exosome lipids using the dried 

droplet method, (c) exosome lipids using the two-layer method, (d) human serum lipids using 

the thin-layer method, (e) human serum lipids using the dried droplet method, and (f) human 

serum lipids using the two-layer method. 
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Figure 3. Venn diagrams illustrating the distributions of lipids in human serum and 

exosomes. (a) Total lipids identified from human serum and exosomes, regardless of method, 

and lipid species distribution by category. (b) Lipids characterized according to the matrix 

used, regardless of sample preparation method.  
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Figure 4. Lipid species distribution of human serum exosomes dependent on the matrix used 

and the MALDI sample preparation method in terms of relative abundance. The stacked 

graphs show the most abundant lipid species of respective classes. Relative abundance 

represents the intensity of the lipid features in their respective spectrum.   
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Figure 5. Multivariate data analysis of normalized data (normalization by pooled sample 

from human serum lipids, Pareto scaling) for exosomes (circles) and human serum (triangles) 

analyzed by MALDI-FTICR MS. OPLS-DA of (a) relative abundance and (b) absolute 

abundance. Abbreviations: LE, exosomal lipids; LS, human serum lipids. The third character 

indicates the matrix used: C, CHCA; D, DHB; S, SA; G, GO. The fourth character indicates 

the sample preparation method used: 2, two-layer; T, thin-layer; D, dried droplet.   
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Table 1. Summary of lipid composition of human serum exosomes analyzed by different MS 

methods 

 Our study Chen et al.50 Sun et al.51 

MS methods MALDI-FTICR 
MS 

Direct infusion-
TOF-MS/MS Liquid chromatography-Orbitrap MS 

Samples Pooled human 
serum 

Human serum from 
10 subjects 

Pooled human 
serum and 
plasmaa) 

Human plasma 
and serum from 

12 subjectsa 

Exosome isolation Multiple cycles of 
centrifugation Ultracentrifugation  PureExo 

isolation kit 
PureExo 

isolation kit 

Lipid extraction Liquid-liquid 
extraction 

Liquid-liquid 
extraction 

Solid-phase 
extraction 

Solid-phase 
extraction 

Lipids category     

CE 1 15 -b) - 

Cer 12 6 43 46 

DG 11 31 - - 

Ganglioside 0c) - 8 9 

HexCer 8 4 - - 

LPA 1 2 - - 

LPC 8 20 17 13 

LPE 0c) 4 8 7 

LPG 6 - - - 

LPI 0c) - 3 0 

LPS 3 6 - - 

PA 1 2 - - 

PC 12 69 110 96 

PE 3 45 51 40 

PG 1 10 - - 

PI 0c) - 17 12 

PS 3 26 - - 

SM 13 15 49 38 

Sulfatide 0c) - 5 3 

TG 6 203 - - 

Total 89 458 311 264 
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a)Exosomes were isolated from a mixture of human serum and plasma. 
b)Dashes (−)indicate lipids that were not detected, could not be confirmed, or did not fall within the range of the 

analysis. 
c)Lipids with a zero value (0) were not detected in the analysis of exosomes, but were detected in the analysis of 

human serum samples. 
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