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Abstract

Lipids are a naturally occurring group of molecules that not only contribute to the structural 

integrity of the lung preventing alveolar collapse but also play important roles in the anti-

inflammatory responses and antiviral protection. Alteration in the type and spatial localization 

of lipids in the lung plays a crucial role in various diseases, such as respiratory distress 

syndrome (RDS) in preterm infants and oxidative stress-influenced diseases, such as pneumonia, 

emphysema, and lung cancer following exposure to environmental stressors. The ability to 

accurately measure spatial distributions of lipids and metabolites in lung tissues provides 

important molecular insights related to lung function, development, and disease states. Nanospray 

desorption electrospray ionization (nano-DESI) and other ambient ionization mass spectrometry 

techniques enable label-free imaging of complex samples in their native state with minimal 

to absolutely no sample preparation. However, lipid coverage obtained in nano-DESI mass 

spectrometry imaging (MSI) experiments has not been previously characterized. In this work, 

the depth of lipid coverage in nano-DESI MSI of mouse lung tissues was compared to liquid 

chromatography tandem mass spectrometry (LC-MS/MS) lipidomics analysis of tissue extracts 

prepared using two different procedures: standard Folch extraction method of the whole lung 

samples and extraction into a 90% methanol/10% water mixture used in nano-DESI MSI 

experiments. A combination of positive and negative ionization mode nano-DESI MSI identified 
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265 unique lipids across 20 lipids subclasses and 19 metabolites (284 in total) in mouse lung 

tissues. Except for triacylglycerols (TG) species, nano-DESI MSI provided comparable coverage 

to LC-MS/MS experiments performed using methanol/water tissue extracts and up to 50% 

coverage in comparison with the Folch extraction-based whole lung lipidomics analysis. These 

results demonstrate the utility of nano-DESI MSI for comprehensive spatially resolved analysis 

of lipids in tissue sections. A combination of nano-DESI MSI and LC-MS/MS lipidomics is 

particularly useful for exploring changes in lipid distributions during lung development, as well as 

resulting from disease or exposure to environmental toxicants.

Graphical Abstract

Lipids are naturally occurring biomolecules that play an important role in many cellular 

processes, including but not limited to membrane dynamics, energy balance, and signal 

transduction.1 Lipids are the major component of the pulmonary surfactant and, as such, are 

critical to both developing a healthy lung and preventing lung disease.2 For example, lipids 

are known to be involved in both inflammation3 and antiviral protection4 of lungs. Many 

lung diseases, including respiratory distress syndrome (RDS) in preterm infant,5 cystic 

fibrosis,6 lung cancer,7 pneumonia,8 and asthma,9 are associated with changes both in lipid 

composition and their spatial localization in the lung tissue.10 Therefore, it is important to 

thoroughly characterize the spatial distribution of lipids in lungs to further understand lung 

function, development, and disease states.

Conventional methods, such as high-performance liquid chromatography (HPLC), 

gas chromatography (GC), and thin-layer chromatography (TLC), followed by mass 

spectrometry (MS), have been extensively used for the identification of lipids in 

biological tissues.11−13 However, these techniques do not provide information on their 

spatial distribution. Mass spectrometry imaging (MSI), on the other hand, enables spatial 

localization of molecules in biological systems.14−19 Matrix-assisted laser desorption/

ionization (MALDI)20 and desorption electrospray ionization (DESI)21 are by far the 

most widely used ionization techniques in MSI applications. Of particular interest to this 

study is MALDI imaging of lipids in mouse lung reported by Berry et al.,22 in which 

spatial distributions of phospholipids containing arachidonic and docosahexaenoic acids 
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were examined. Despite the popularity of MSI techniques, they are often criticized for the 

relatively low depth of coverage in comparison with LC-MS and LC-MS/MS. Lipidome 

coverage in MALDI MSI of biological tissues has been examined by Wang et al.23,24 

In these studies, best coverage of the lipidome was achieved using hydroxyflavone-based 

MALDI matrices, which enabled imaging of up to 212 lipids in rat brain23 and 555 unique 

lipids and metabolites in porcine adrenal gland.24

Alternatively, ambient liquid extraction mass spectrometry techniques such as DESI25 and 

nanospray desorption electrospray ionization (nano-DESI)26 have been extensively used 

for imaging of complex biological samples in their native state with minimal sample 

pretreatment.27−29 Similar to DESI, tissue imaging by nano-DESI MSI is of growing interest 

for lipidomics analysis since it provides both relative abundances and spatial localization 

of a large number of lipid species.30 and compensates for matrix effects.31 Furthermore, 

solvent composition may be adjusted to facilitate extraction of different lipids from tissue 

samples.32,33 Typical nano-DESI MSI experiments are performed using a mixture of 

methanol or acetonitrile with water with or without acid. Ionization of selected classes of 

compounds can be enhanced by adding cationization reagents to the solvent. For example, 

silver ions have been shown to dramatically enhance the ionization efficiency and facilitate 

quantitative imaging of prostaglandins, which are difficult to observe using pure solvents.34 

In addition, reactive analysis has been used by several groups to enhance lipid coverage in 

ambient liquid extraction MSI experiments. In particular, charge labeling in reactive DESI 

using betaine aldehyde as a reagent enabled imaging of cholesterol in rat brain tissues.35 

Furthermore, dicationic pairing compounds have been used to generate positive ions of 

lipids that are typically observed as negative ions thereby enhancing lipid coverage in 

positive mode.36 Despite the success of these studies, lipid coverage obtained in liquid 

extraction MSI experiments has not been previously characterized.

In this study, we compare lipid coverage in nano-DESI MSI experiments with the results 

obtained using a traditional lipidomics workflow. Specifically, nano-DESI MSI of lipids in 

mouse lung samples was performed using a commonly used extraction solvent composed of 

90% methanol (MeOH) and 10% water (H2O). Lipid coverage in nano-DESI MSI was then 

accessed by comparing accurate m/z values observed in imaging experiments to the mass 

list generated by LC-MS/MS of identified lipids extracted from an adjacent lung section 

using both the standard Folch extraction as well as extraction in 90% MeOH and 10% H2O. 

The results indicate reasonably efficient lipid extraction from tissues sections using a 9:1 

MeOH: H2O mixture with about 40% coverage in comparison with the standard LC-MS/MS 

lipidomics experiment. We demonstrate that a majority of the observed differences in lipid 

coverage in nano-DESI MSI and LC-MS/MS using MeOH: H2O as an extraction solvent 

are attributed to the inefficient extraction of triacylglycerols by this solvent system and low 

ionization efficiency of this lipid class. Our study indicates that nano-DESI MSI experiments 

provide reasonable coverage of a majority of lipid classes in lung tissues and highlights the 

need for the development of improved extraction and ionization approaches for obtaining 

deep lipid coverage in liquid extraction-based MSI experiments.
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MATERIALS AND METHODS

Tissue Collection and Handling.

All mice used in this investigation were housed in the Cincinnati Children’s Hospital 

Medical Center Animal Care Facility according to National Institutes of Health and 

institutional guidelines for the use of laboratory animals. All experimental protocols were 

reviewed and approved by Cincinnati Children’s Hospital Research Foundation Institutional 

Animal Care and Use Committee. C57BL/6 mice from JAX Mice (Jackson Laboratory, 

Bar Harbor, ME, USA) were sacrificed at postnatal day 28 by CO2 overdose. Lungs were 

collected, cleaned, embedded in carboxymethyl cellulose (CMC) and stored in a −80 °C 

freezer. Samples were sectioned into 10 μm thick slices with a Thermo CryoStar NX70 

(Thermo Scientific, Waltham, MA) microtome to generate coronal sections of the lungs and 

were thaw-mounted onto regular glass slides for imaging experiments and stored at −80 

°C. Tissue sections were allowed to thaw at room temperature prior to nano-DESI MSI 

experiments. Adjacent sections were stored in 1.5 mL glass vials at −80 °C for LC-MS/MS 

analysis.

Methanol Extraction Method.

Methanol extraction of sectioned lung was performed by adding 50 μL of MeOH: H2O (9:1) 

mixture to ice chilled samples. The samples were well mixed and the debris was removed 

by centrifugation (10 000g, 10 min, 4 °C). The extract solution was isolated and ready for 

LC-ESI-MS/MS analyses. A total of 18 lung sections—3 mice (biological replicates) × 3 

sections (technical replicates) × 2 ionization modes (positive and negative mode)—were 

analyzed using this method.

Lipids Analysis by LC-MS/MS.

LC-ESI-MS/MS analyses employed a Waters Aquity UPLC H class system interfaced with 

a Velos-ETD Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). Lipids 

were separated using a Waters CSH column (3.0 mm × 150 mm x 1.7 μm particle size) 

over a 34 min gradient (mobile phase A, acetonitrile/ water (40:60) containing 10 mM 

ammonium acetate; mobile phase B, acetonitrile/isopropanol (10:90) containing 10 mM 

ammonium acetate) at a flow rate of 250 μL/min.37 An additional section was also analyzed 

using a Waters HSS T3 column (1.0 mm × 150 mm × 1.8 μm particle size), over a 90 

min gradient at a flow rate of 30 μL/min.13 MS analysis of eluting lipids was performed 

using electrospray ionization in both positive and negative modes with a mass range of 

200− 2000 m/z and mass resolving power of 60 000. Tandem mass spectrometry (MS/MS) 

experiments were performed using HCD (higher-energy collision dissociation) and CID 

(collision-induced dissociation). In these experiments, a full scan MS event in the Orbitrap 

was followed by MS/MS of the top 4 ions, alternating between HCD (Orbitrap) and CID 

(ion trap) using normalized collision energy (NCE) of 35 and 30 arbitrary units, respectively, 

with an isolation width of 2 and dynamic exclusion of 8 s.
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Lipid Data Processing.

LC-MS/MS raw data files were analyzed using LIQUID (Lipid Quantitation and 

Identification).37 Briefly, fragment ions and associated acyl chain fragment information 

from tandem mass spectra, the mass measurement error, isotopic profile, extracted ion 

chromatogram, and retention time of each lipid precursor ion were examined for confident 

lipid identifications.

Nano-DESI Imaging.

Imaging experiments were performed on an LTQ/Orbitrap XL mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA) using a custom designed nano-DESI source38 equipped 

with a shear force microscopy capability.39 Two fused silica capillaries (OD 150 μm × ID 50 

μm) were used to assemble the nano-DESI probe. A primary capillary propels the extraction 

solvent to the sample; a secondary capillary removes the extracted analyte molecules and 

transfers them to a mass spectrometer inlet. A third capillary (200 × 800 μm, ID × OD) 

with a 20 μm OD tip serves as a shear force probe, which maintains constant distance 

between the sample and the nano-DESI probe. This capillary was pulled using a laser-based 

micropipette puller (P-2000, Sutter Instrument, Novato, CA). Two small piezoelectric plates 

(3 × 3 × 0.55 mm, Steiner & Martins, Inc. Doral, FL) are attached to the shear force probe. 

The first plate induces low-amplitude vibration using a sinusoidal waveform supplied by a 

function generator (Agilent 33220A, Agilent Technologies, Santa Clara, CA). The second 

plate positioned closer to the sample surface detects the tip oscillation amplitude. The height 

of the sample is adjusted on the fly based on the amplitude of a resonant oscillation at 

a selected frequency measured by a lock-in amplifier (Model SR865, Stanford Research 

Systems, Sunnyvale, CA). The measured amplitude is used to provide positive feedback 

to the sample positioning XYZ stage controlled by a custom-designed Labview program. 

The extraction solvent described later in the text was delivered at a flow rate of 500 nL/

min. Ionization was achieved by applying a 3.5 kV potential to the syringe needle. The 

heated capillary inlet was held at 30 V and 250 °C. The capillaries (primary, secondary, 

and shear-force probe) were positioned using high-resolution micromanipulators (XYZ 

500MIM, Quater Research and Development, Bend, OR); two Dino-Lite digital microscopes 

(AnMo Electronics Corporation, Sanchong, New Taipei, Taiwan) were used to guide the 

positioning.

Nano-DESI MSI experiments were performed using one of the most commonly used 

solvent systems, MeOH: H2O 9:1, spiked with internal standards listed in Table 

S1. The internal standards, which do not interfere with the endogenous lipids and 

metabolites extracted from the lung tissue, were selected to enable normalization of 

lipid and metabolite signals as described in previous studies.30,40,41 We confirmed that 

lipid molecules used as internal standards were not observed in the LC-MS/MS of 

mouse lung tissue. In positive mode, the constructed images were normalized to the 

internal standards including a deuterated metabolite (acetylcholine-1,1,2,2-d4) and two 

odd-chain phospholipids (Lyso-phosphatidylcholine, LPC 19:0, and phosphatidylcholine 

PC(12:0/13:0)), For negative mode experiments, the images were normalized to standards 

including deuterated fatty acids (oleic acid-d17 and arachidonic acid-d8) and four 

odd-chain phospholipids (phosphatidylethanolamine, PE(15:0/15:0), phosphatidylglycerol, 
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PG(15:0/15:0), phosphatidylinositol, PI(16:0/16:0), and phosphatidylserine, PS(17:0/17:0)). 

Nano-DESI MSI was performed with a spatial resolution of ~100 μm in both positive and 

negative ionization modes. Representative mass spectra obtained in positive and negative 

modes are shown in Figure S1. Compounds detected in both ionization modes were 

combined and identified based on the LC-MS/MS lipidomics data, MS/MS directly from 

the tissue, accurate mass matching using METLIN42 and LIPID MAPS,43 and comparison 

with the literature. Of note is that when multiple isoforms or compound identities match one 

m/z peak, only one of the matches is reported.

Data Collection and Image Processing.

Nano-DESI MSI experiments were performed by scanning line by line the XYZ stage 

holding the sample under the shear force nano-DESI probe at a constant velocity of 70 μm/s, 

while acquiring high-resolution mass spectra (m/Δm = 60 000 at m/z 400). The spacing 

between lines was 100 μm. A contact closure signal was used to synchronize the XYZ stage 

and Xcalibur acquisition software. Molecules observed in MSI experiments were identified 

using accurate mass measurement and LC-MS/MS experiments. Mass spectral data were 

subsequently processed using MSI QuickView,44 a visualization software developed at 

PNNL. A total of 18 lung sections-3 mice (biological replicates) × 3 sections (technical 

replicates) × 2 ionization modes (positive and negative mode)-were examined by nano-DESI 

MSI.

RESULTS AND DISCUSSION

In this study, we examined the spatial localization of lipids and metabolites in mouse 

lung tissue sections, analyzed common trends in the localization of different lipid classes 

in the tissue, and assessed lipid coverage by comparing the number of lipid species 

observed in nano-DESI MSI experiments with the results of LC-MS/MS analysis of 

tissue homogenates. Although lipid hydrolysis during the analysis cannot be ruled out, 

previous studies have demonstrated that nano-DESI is more gentle toward chemically labile 

molecules than ESI.45 This was attributed to the short time the extracted molecules reside 

in the solvent in comparison with traditional liquid extraction approaches. Furthermore, 

numerous experiments with both lipid standards and complex lipid mixtures performed in 

our laboratory indicate that nano-DESI detects intact lipid species in biological samples.

Nano-DESI MSI of Mouse Lung Tissue.

Using nano-DESI MSI, we have successfully detected 263 unique lipids across 20 lipids 

subclasses and 19 metabolites for a total of 284 identifications (Figure 1A and 1B and 

Table S2). Of the 284 identified compounds, 121 were observed in positive mode, 171 were 

observed in negative mode, and 8 were found in both modes. Sample positive and negative 

mass spectra of lung tissue are shown in Figures S1 and S2.

The global distribution of lipids across the lung tissue revealed differences in the lipidome 

between the alveolar region and airway lining (Figure 2). All of the detected species 

including 233 unsaturated lipids, 32 saturated lipids, and 19 metabolites show signal 

in alveolar regions, while approximately only half of them (139 unsaturated lipids, 9 
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saturated lipids, and 12 other metabolites, total 160) appear enhanced at the airway linings 

(bronchioles). We found that almost 60% of unsaturated lipids and only 28% of saturated 

lipids are localized to the bronchioles indicating a pronounced selectivity toward unsaturated 

lipids in this region of the lung tissue. This selectivity varies among different classes of 

lipids. For example, glycerolipids (39 in alveoli, 8 in bronchioles) and fatty acyls (28 in 

alveoli, 5 in bronchioles) are preferentially localized to alveoli. In contrast, phospholipids 

(152 in alveoli, 113 in bronchioles) and sphingolipids (14 in alveoli, 13 in bronchioles) are 

more evenly distributed between the airways and alveolar regions. Ion images in Figure 3 

indicate that PC, PE, and PI lipid species containing polyunsaturated fatty acids (PC(36:4), 

PC(38:6), PE(38:6), PI(36:4), and PI(38:6)) are enhanced at the airway while PG and PS 

containing the same number of fatty acid carbons and double bonds are evenly distributed in 

the lung parenchyma. A complete list of all the lipid and metabolite ion images observed in 

the nano-DESI MSI of lung tissue is presented in Table S2.

These observations are consistent with previous studies.22,46 For example, Berry et al. 

examined phospholipid distributions in adult mouse lung tissue using MALDI MSI. 

They discovered that PC, PE, and PI species containing arachidonic (FA 20:4) and 

docosahexaenoic (FA 22:6) are preferentially localized along the airways. Similarly, our 

previous study indicated tight localization of polyunsaturated species, including LPC 

20:4, LPE 22:6, PC 36:4, and PC 38:6 along the airways.46 The enhanced abundance 

of polyunsaturated phospholipids and fatty acids along the airways has been attributed 

to their role as precursors to lipid mediators such as leukotrienes, prostaglandins, and 

resolvins involved in the lung response to inflammation3,47,48 and pulmonary diseases.49 In 

contrast, a majority of PC containing more saturated fatty acids (e.g., PC 32:0, PC 34:1) 

and several PG species (e.g., PG 32:0, PG 32:1) are uniformly distributed across the lung 

parenchyma indicating alveolar localization. These phospholipids are major components of 

lung surfactant which is synthesized, stored, and secreted in the alveolar region to prevent 

the lung from collapsing.

Comparison of Lipid Coverage in Nano-DESI MSI with LC-MS/MS Lipidomics.

One of the goals of this study was to evaluate the depth of lipid coverage in nano-DESI 

MSI by comparing lipids in mouse lung tissues observed in these experiments with the 

whole lung lipidome analysis. In particular, LC-MS/MS analyses were performed on lipids 

extracted from lung tissues using both a standard Folch extraction procedure and extraction 

using a 9:1 MeOH: H2O mixture employed in nano-DESI MSI experiments. Whole lung 

lipidome analysis revealed a total of 924 unique lipid species (723 LC-MS/MS peaks) from 

3 lipid categories and 21 lipid subclasses with the greatest lipid subclass representation 

corresponding to triacylglycerol (TG, 253 lipids) followed by PC (128 lipids) and PG (105 

lipids) subclasses.13 In comparison, LC-MS/MS analysis of tissue extracts obtained using 

MeOH: H2O 9:1 as an extraction solvent identified 263 LC-MS peaks including 332 unique 

lipid species across 19 subclasses. TG (91 lipids), LPC + PC (51 lipids), and LPE + PE (36 

lipids) being the most prominent subclasses.

Several factors affect the extraction efficiency of lipids in nano-DESI MSI experiments, 

including solvent composition, residence time of the probe in a specific location on the 
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sample, and thickness of the tissue section. Furthermore, ionization efficiency and matrix 

effects known to be particularly important in the absence of separation may dramatically 

alter ion signals observed experimentally. Collectively, these factors may affect lipid 

coverage in nano-DESI MSI experiments. For the purpose of comparison between nano-

DESI MSI and LC-MS/MS-based lipidomics methods, we have to consider the fact that 

LC-MS/MS methods identify isomeric and isobaric compounds that cannot be resolved by 

high resolution mass spectrometry (m/Δm = 60 000 at m/z 400) alone without MS/MS. 

Assuming that all the isomeric and isobaric compounds identified in LC-MS/MS lipidomics 

methods contribute to ion signals observed in nano-DESI MSI, we estimate that the 

observed nano-DESI MSI features may be attributed to 443 unique lipids and 19 nonlipid 

metabolites (462 in total). This is clearly an upper limit estimate as it is likely that not 

all of the lipids identified using LC−MS/MS are observed in nano-DESI MSI. We note 

that our previous MS/MS imaging experiments clearly demonstrated the presence of several 

isomeric and isobaric species in each isolated m/z window in nano-DESI MSI of mouse 

uterine sections.50 It is reasonable to assume that the presence of such overlapping species 

also occurs in imaging of mouse lung tissues. Although it is likely that the number of species 

observed in nano-DESI MSI experiments is greater than 284 (the number of distinct m/z 
features observed experimentally) and close to 462 (the estimated number of lipid species by 

comparison with LC-MS/MS), we cannot unambiguously determine that number. Thus, in 

order to make a fair comparison between the three methods, we used the number of unique 

peaks identified by MS rather than the estimated number of lipid species. In comparison to 

284 unique peaks observed by nano-DESI MSI, 723 and 263 were identified by LC-MS/MS 

methods using Folch and MeOH:H2O extraction, respectively. Detailed analysis of the 

experimental data was performed to obtain a better understanding of the differences in 

coverage observed in nano-DESI MSI and LC-MS/MS experiments as described below.

As expected, the best lipid coverage was obtained using Folch extraction with the other 

two methods containing a subset of the total lipid content (Figure 4). Although LC-MS/MS 

methods identified several small molecules, there is a subset of molecules detected by nano-

DESI MSI (57 compounds, including 8 PAs, 7 MGs, 25 FAs, and 17 nonlipid metabolites, 

colored red) that were absent in the LC-MS/MS lipidomics data. Overall, there are 175 

compounds detected by all three methods (white), 52 compounds observed both in nano-

DESI MSI and Folch extraction (yellow), and 88 compounds observed in both LC-MS/MS 

data sets but not in nano-DESI MSI (green). Figure 4B shows a detailed comparison of 

different lipid classes observed in the three types of experiments. In all three methods, 

phospholipids were found to be the largest identified class followed by glycerolipids 

and sphingolipids. In comparison with LC-MS/MS, nano-DESI MSI using MeOH:H2O 

provides adequate coverage for almost all of the lipid subclasses with the exception 

of some low-abundance large lipid molecules in negative mode, such as gangliosides 

(GM3) and cardiolipins (CL). This is likely due to the low extraction efficiency of these 

lipids in MeOH: H2O. Indeed, although GM3 and CL species have been detected in the 

conventional lipidomics experiment using Folch extraction (11 GM3s, 14 CLs), they are 

less abundant in the LC-MS/MS data obtained using MeOH: H2O extraction (6 GM3s, 

4 CLs). It is remarkable that lipid coverage in nano-DESI MSI data was comparable to 

that observed in the LC-MS/MS analysis of the MeOH: H2O tissue extract (284 vs 263 
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species). Unsurprisingly, both methods using MeOH: H2O as extracting solvents determine 

only about 40% that of conventional whole lung lipidomics method (284 and 263 vs 723 

entities, respectively). It is not only due to the solvents used but also due to the fact that 

a substantially larger amount of the homogenized lung tissue (a whole lung) was used for 

the Folch method while only a 10 μm-thick slice was used for the other two methods. The 

smaller number of phospholipids identified in LC-MS/MS of the MeOH: H2O tissue extract 

in comparison with nano-DESI MSI using the same solvent may be attributed to greater 

analyte loses in the LC-MS/MS experiment.

Interestingly, although TG was an abundant subclass in LC-MS/MS data, only few low-

abundance TG species were observed in nano-DESI MSI. This result is in agreement 

with a previous report, which demonstrated lower extraction efficiency of TG species 

into MeOH: H2O.43 We propose that the ionization efficiency of TG species also plays 

an important role in the low detection with nano-DESI. More efficient ionization of TG 

species in LC-MS/MS experiments may be attributed to their complexation with NH4
+ 

in ammonium acetate doped LC solvents in comparison with ionization by sodium or 

potassium adduct formation in nano-DESI MSI. More efficient detection of TG species 

in nano-DESI MSI experiments may be achieved by adding ionization enhancers such as 

silver nitrate,51 ammonium formate,52 or a dicationic reagent53 as described previously. For 

example, efficient ionization of TG species in canine bladder tissues in DESI experiments 

has been previously achieved by adding silver nitrate to the spraying solvent,51 while 

dicationic reagents has been shown to selectively enhance the detection efficiency of TG 

species in tissue imaging using a single probe.53 Although we did see some improvement 

in TG signals when using suggested solvent compositions, the overall lipid coverage was 

actually worse than methanol/water solvent system. A thorough optimization of the solvent 

composition is necessary to obtain a more comprehensive TG coverage and improve the 

overall lipid coverage. Collectively, our results indicate that nano-DESI MSI experiments 

provide reasonable coverage of lipids in tissue sections and identify pathways for further 

improving the performance of these experiments.

CONCLUSIONS

In this study, we presented a detailed comparison between lipids observed in the whole lung 

lipidomics LC-MS/MS data and nano-DESI MSI experiments of mouse lung tissue sections. 

Our results demonstrated that imaging experiments performed with a spatial resolution of 

100 μm provide good coverage of lipids while also informing on their spatial localization 

in tissues. Lipid coverage of close to 50% was obtained in nano-DESI MSI in comparison 

with the widely used Folch extraction from tissue homogenates followed by LC-MS/MS 

analysis. These results are very encouraging considering the fact that nano-DESI MSI is a 

direct sampling method, which relies on extraction of analyte molecules from areas smaller 

than 100 μm × 100 μm followed by ionization of the extracted molecules without prior 

separation. The latter is known to result in signal suppression during ionization, which is 

detrimental to the analysis of compounds with low ionization efficiency. Aside from lipid 

species, nano-DESI MSI provided insights into the spatial localization of small molecules 

including FAs and nonlipid metabolites that are not observed in LC-MS/MS lipidomics 

experiments. Although lipid extraction in nano-DESI MSI experiments using MeOH: H2O 
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as an extraction solvent in fairly efficient for many lipid subclasses, some lipid species were 

underrepresented in these experiments. Further optimization of the solvent composition is 

necessary for the efficient detection of TG, GM3, and CL. Finally, high sensitivity, high 

mass resolving power, and rapid separation prior to analysis using, for example, ion mobility 

spectrometry54,55 or structural characterization using MS/MS50 could be used to further 

improve the detection and identification of low abundance lipids along with isomeric and 

isobaric species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
All lipids and metabolites detected by the Nano-DESI MSI method on lung tissue sections 

using extraction solvent system of MeOH: H2O 9:1. (A) Pie chart of 282 unique endogenous 

compounds identified from both positive and negative ionization mode, which have been 

divided into different lipid classes and subclasses. (B) Break down of compounds detected in 

positive (red) and negative ionization mode (blue).
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Figure 2. 
Distribution bar graph of imaged lipids (saturated and unsaturated) and metabolites in 

different anatomical features of mouse lung. (A) All lipids and metabolites detected in 

airway (bronchioles) and lung parenchyma (alveoli). (B, C) Distributions of different lipid 

classes in lung.
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Figure 3. 
Selected ion images acquired over the lung tissue section of phospholipids from both 

positive and negative ionization modes using shear force microscopy nano-DESI MSI. H&E 

stained image of a mouse lung tissue section and the ion maps of sodiated PCs detected 

in the positive ionization mode. The localization of selected PE, PG, PI, and PS containing 

polyunsaturated fatty acids identified by the negative mode. Scale bars are 2 mm. Intensity 

scale bar (red hot) ranges from 0% (black) to 100% (white) signal intensity of an individual 

peak.
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Figure 4. 
Comparison of endogenous compounds extraction between nano-DESI MSI (red) and 

LC-MS/MS lipidomic methods using MeOH: H2O extraction solvents (green) and Folch 

extraction method (blue). (A) Venn diagram of lipids and metabolites identified by 

three methods. (B) Side by side comparison of detected compounds in lipid classes and 

subclasses.
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