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Abstract

NMR spectroscopy and matrix assisted laser desorption ionization mass spectrometry imaging 

(MALDI MSI) are both commonly used to detect large numbers of metabolites and lipids in 

metabolomic and lipidomic studies. We have demonstrated a new workflow, highlighting the 

benefits of both techniques to obtain metabolomic and lipidomic data, which has realized for 

the first time the combination of these two complementary and powerful technologies. NMR 

spectroscopy is frequently used to obtain quantitative metabolite information from cells and 

tissues. Lipid detection is also possible with NMR spectroscopy, with changes being visible across 

entire classes of molecules. Meanwhile, MALDI MSI provides relative measures of metabolite and 

lipid concentrations, mapping spatial information of many specific metabolite and lipid molecules 

across cells or tissues. We have used these two complementary techniques in combination to 

obtain metabolomic and lipidomic measurements from triple-negative human breast cancer cells 

and tumor xenograft models. We have emphasized critical experimental procedures that ensured 

the success of achieving NMR spectroscopy and MALDI MSI in a combined workflow from 

the same sample. Our data show that several phospholipid metabolite species were differentially 

distributed in viable and necrotic regions of breast tumor xenografts. This study emphasizes the 

power of combined NMR spectroscopy–MALDI imaging to advance metabolomic and lipidomic 

studies.
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1 | INTRODUCTION

NMR spectroscopy and mass spectrometry (MS) are two commonly used analytical 

techniques for the study of metabolomics and lipidomics. Each of these techniques has 

advantages and disadvantages. Ideally, the goal would be to obtain quantitative and spatial 

information on as many unique metabolites and lipids as possible. Currently, technology 

does not exist to achieve this goal in a single experiment. However, with appropriate 

sample preparation protocols and experimental pipelines, we were able to obtain much 

of this information by using the powerful combination of NMR spectroscopy and mass 

spectrometry imaging (MSI).

1.1 | NMR spectroscopy for metabolomics and lipidomics

Advancements in NMR instrumentation in the early 1980s enabled the emergence of high-

resolution (HR) NMR techniques, which eventually resulted in 1H NMR spectroscopy being 

widely used in metabolomics and lipidomics.1,2 Since then, ex vivo NMR metabolomics 

has been applied in cancer,3,4 agriculture,5,6 plant biology,7,8 and systems biology,9,10 

among others. In NMR metabolomic and lipidomic studies, tissues or cells are typically 

subjected to extraction protocols to isolate metabolites and lipids prior to NMR spectroscopy 

measurements.2,11–13

1H NMR spectra of biofluids, i.e., urine and blood plasma, or of extracted cells or tissues 

can contain NMR signals from hundreds of metabolites at high enough concentrations to be 

above the detection limit.14–16 Each metabolite typically carries several protons, giving rise 

to several proton signals per metabolite at different chemical shifts (Figure 1). In addition, 

through spin–spin coupling, proton signals are frequently split into multiplets. Both of 

these factors contribute to significant overlap of 1H NMR signals from different metabolites 

and lipids in 1H NMR spectra of extracted biofluids, cells, and tissues. In instances of 

significant overlap of metabolite and lipid signals, two-dimensional (2D) NMR spectroscopy 

pulse sequence experiments may be required to assign all metabolites,17,18 including 

J-resolved,15,19–21 DQF-COSY,22,23 TOCSY,18,19 and HSQC,18,23,24 among others. The 

addition of the second spectral dimension allows for definitive identification and improved 

spectral resolution in metabolomic and lipidomic studies; however, 2D NMR spectroscopy 

experiments are significantly more time consuming and complex than one-dimensional 

(1D) experiments. In lipidomic studies, it is possible to use single-pulse 1D 1H NMR 

spectroscopy experiments because the extracted lipids are dissolved in organic solvents. 

Water-soluble metabolites, however, require more complex pulse sequences in 1D 1H 

NMR spectroscopy, including water suppression techniques due to the presence of residual 

water.19,25,26 For 1D 1H NMR spectroscopy, various studies on biofluids have also explored 

the use of pulse sequence design with spin echo CPMG pulse trains to perform relaxation 

edited NMR spectroscopy for improved detection of metabolites.27–30

The introduction of high-resolution magic angle spinning (HR-MAS) NMR spectroscopy 

has opened the possibility of using solid tissues for ex vivo NMR metabolomic studies, 

allowing for non-destructive NMR measurements. In HR-MAS NMR metabolomics, 10–15 

mg of solid tissue is loaded into the NMR spectrometer, measured under magic angle 
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spinning and cooling to 4 °C, which can then be used for further analysis such as 

histopathology,31 and, perhaps in future studies, MSI. HR-MAS NMR spectroscopy has 

been explored in a number of studies on various cancer tissues32–38 and gallstones,39 among 

others. Recent studies have tested HR-MAS coil spinning NMR spectroscopy for the use of 

smaller tissue samples,40 and combined slice localization with HR-MAS NMR spectroscopy 

for improved spatial resolution of metabolites.41 While innovations in HR-MAS strive 

to achieve spatially localized NMR spectroscopic metabolomics, typical sample sizes of 

10–15 mg of tissue will inevitably contain heterogeneous regions of various cell types, 

microenvironments and histologies in the same sample. We therefore set out to test a 

novel workflow that combines 1H NMR spectroscopy for metabolomics and lipidomics with 

matrix assisted laser desorption ionization (MALDI) time-of-flight (TOF) MSI.

1.2 | MALDI-TOF MSI for spatially resolved metabolomics and lipidomics

MS is an analytical technique that measures the mass-to-charge ratio (m/z) of molecules 

(referred to as analytes),42 thereby using a wide variety of ionization techniques and 

frequently coupled with liquid or gas chromatography.42,43 MSI detects spatially resolved 

MS from tissue surfaces. While this study focuses on MALDI imaging, there are review 

articles summarizing other ionization techniques used for MSI, including SIMS44–46 and 

DESI,47,48 as well as mass analyzers such as FTICR and ion traps.49 First reported in 

1997,50 MALDI-TOF MSI utilizes soft ionization51 to analyze specific molecular classes, 

including metabolites, lipids, glycans, tryptic or native peptides, and intact proteins, 

directly from tissue sections. In recent years, fast commercial MALDI-TOF imaging 

instruments have become available, making MALDI-TOF MSI applications feasible in 

various biomedical fields.52,53 MALDI-TOF MSI utilizes matrix-coating to assist in the 

ionization of analytes from the tissue surface.54,55 A UV laser pulse ablates the sample and 

leads to the desorption of matrix and analytes from the sample surface. These energized 

molecules then undergo ionization, mainly through proton exchange, and are pulled across 

an electric field before entering a high-vacuum, field-free flight tube that separates them 

based on their flight time, which is dependent on their m/z. Based on the time required 

for the analytes to reach the detector, the m/z of the molecule, including the mass change 

resulting from ionization, is calculated, and displayed as a spectrum. Since MALDI-TOF 

produces mostly singly charged species, the m/z is often simplified to directly refer to the 

molecular mass. For imaging experiments, discrete MALDI-TOF MS spectra are acquired 

across the tissue by means of a moving stage, where each mass spectrum is encoded with 

its corresponding x- and y-coordinates, which can then be displayed as relative heat maps, 

i.e., one image per m/z value.54 MALDI-TOF MSI is currently used across a multitude of 

fields including plant biology,56–58 clinical and translational research,54,59,60 glycomics,61,62 

cancer metabolism,63–65 and microbiology.66,67

Polar lipids are well detected by MALDI-TOF MSI, and lipid imaging and structural lipid 

identification is possible directly from tissue.68 The lipid region of the mass spectrum 

between m/z 400 and 1200 is densely populated by both negative (cardiolipins, gangliosides, 

phosphatidylinositols, and sulfatides, among others) and positive (phosphatidylcholines 

(PtdChos or PCs), phosphatidylethanolamines (PtdEs or PEs), sphingolipids, and ceramides, 

among others) ion mode.69 However, not all lipid classes ionize equally well, and multiple 
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different lipid species can overlap within the same peak, also depending on the mass 

resolution of the MALDI-TOF MSI instrument used.68,69 Lipids generally fragment into 

their head group and fatty acids for relatively straightforward identification by tandem MS.70 

Unambiguous structural identification of the double bond positions in fatty acids is also 

possible but requires specialized approaches.71

Metabolite imaging can be challenging with MALDI-TOF MSI due to the wide range 

of chemical structures, stabilities, and ionization efficiencies, also owing to their low 

molecular weight.72,73 Some metabolites are stable and ionize relatively well.74,75 High-

energy metabolites, including adenosine triphosphate (ATP), can break down during sample 

preparation or during the experiment.76 Neurotransmitters including acetylcholine and 

serotonin are difficult to ionize; however, novel nanoparticle-based ionization approaches77 

and derivatization agents78 have been developed to overcome this barrier. An important 

factor to consider in MALDI-TOF MSI is matrix overlap. Most matrices used for MALDI 

imaging are small molecules that produce a significant amount of signal in the mass range of 

m/z < 500, which can overlap with or suppress ions from small molecule metabolites.79

While hundreds of analytes are typically observed within one MALDI-TOF imaging 

experiment, there are several important considerations for matrix selection, spectral analysis, 

and data interpretation. First, depending on the observed m/z range, matrix peaks will be 

part of the spectrum. Hence, one of the problems inherent to MALDI-TOF MSI is spectral 

noise due to limited separation of matrix from analytes prior to arrival at the mass detector. 

Ionization is matrix dependent, and not all molecules will ionize in the same matrix (for 

a matrix overview see Table 1). For targeted imaging of drug molecules or other analytes 

of interest, it is important to ensure that there will be no matrix overlap with the analytes 

of interest prior to imaging. The second consideration is that isobaric peaks are possible. 

In these instances, more complex techniques, such as derivatization or ion mobility, are 

necessary to separate overlapping peaks. In general, in positive ion mode, H+ is the most 

common adduct observed (Figure 1); however, it is possible to observe other adducts, 

including Na+ and K+. Specialized methods are available to exchange H+ for Na+ to shift the 

m/z from MW +1 to MW +23, which can be achieved by using a sodium wash.75 Tandem 

MS and/or high mass resolution measurements are necessary to identify specific molecules. 

Specialized MALDI MSI experiments are required to obtain quantitative MALDI imaging 

data.60

1.3 | NMR spectroscopy–MALDI imaging workflow integration

For multimodal workflows, it is important to know prior to tissue freezing that both NMR 

spectroscopy and MALDI imaging will be performed (Figure 2). Traditional MS, as well 

as most NMR metabolomic and lipidomic studies, are performed with snap-frozen freeze-

clamped tissues, which are not suitable for MALDI imaging as the spatial information 

within the tissue is lost during freeze-clamping. The primary benefit of using MALDI 

imaging is to measure spatially and morphologically relevant metabolomic and lipidomic 

information in tissue; therefore, maintaining the original location of molecules within the 

tissue is of major importance. Instead, tissues for MALDI imaging need to be frozen in 

liquid nitrogen vapor, if possible without embedding, followed by cryosectioning. For this 
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study, tumor tissue was cut in half, with one half frozen in liquid nitrogen vapor for MALDI 

imaging and histology and the other half snap-frozen in a clamp for grinding and dual-phase 

extraction for NMR spectroscopy. Tissues of which two or more organs exist in the same 

animal—e.g., the kidneys—allow for taking one organ for MSI and the other organ for NMR 

spectroscopy. Additional, more detailed “how to” information for performing cancer cell and 

tumor xenograft studies that combine NMR spectroscopy and MALDI imaging is provided 

in the Supporting Information.

2 | MATERIALS AND METHODS

2.1 | Materials, chemicals, reagents

All materials and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) 

unless otherwise noted. All reagents were used without further purification.

2.2 | Cell culture of human breast cancer cells

The human breast cancer cell line MDA-MB-231 (ATCC catalog number CRM-HTB-26, 

RRID:CVCL_0062) was obtained from the American Type Culture Collection (ATCC, 

Manassas, MD, USA). Cells were not used beyond 10 passages after thawing to avoid 

genetic changes and adaptations. Cell lines tested negative for mycoplasma using a 

MycoDtect kit (Greiner Bio-One, Monroe, NC, USA) and were authenticated by STR 

profiling, as is routinely done every six months. Cells were cultured in RPMI-1640 medium 

(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS). Cells 

were maintained at 37 °C with 5% CO2 in a humid environment in an incubator.

2.3 | Orthotopic human breast tumor xenografts in mice

Animal experiments were performed in compliance with the Johns Hopkins University 

School of Medicine Animal Care and Use Committee (ACUC) guidelines. Approximately 2 

× 106 MDA-MB-231 cells were subcutaneously injected into the fourth right mammary fat 

pad of female athymic nu/nu mice (Taconic Biosciences, Rensselaer, NY, USA) purchased 

at 4–6 weeks of age. Tumor volumes were measured with standard calipers and calculated 

using the formula (length × width × depth)/2. Mice were sacrificed at 8 weeks following 

orthotopic inoculation.

2.4 | Tissue harvesting and preservation

Animals were sacrificed with CO2 and cervical dislocation. Tumors were harvested and cut 

into two equal-sized halves. Half of the tumor was flash-frozen in liquid nitrogen with freeze 

clamping for NMR spectroscopy and the other half was frozen in liquid nitrogen vapor for 

MALDI imaging. All tissues were stored frozen at −80 °C until sample preparation and 

measurement.

2.5 | Dual-phase extraction and 1H NMR spectroscopy

Cells were trypsinized with 0.25% trypsin–ethylenediaminetetraacetic acid (EDTA) solution, 

and dead cells were stained using trypan blue before cell counts were obtained from viable 

cells. The dual-phase extraction method (methanol:chloroform:water = 1:1:1) was performed 
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as previously described.12,13,80 The aqueous fractions were freeze-dried and dissolved in 

D2O containing 0.24 × 10−6 mol 3-(trimethylsilyl)propionic-2,2,3,3,-d4 acid (TSP) as a 

reference to enable chemical shift calibration and metabolite quantification. Lipid fractions 

were dried under a gentle stream of nitrogen and dissolved in deuterated chloroform 

(CDCl3) and methanol-d4 (CD3OD) in a 2:1 ratio.

Fully relaxed high-resolution (HR) 1H NMR spectroscopy was performed using a Bruker 

Avance-III 750 MHz spectrometer with a 5 mm TXI probe (Bruker BioSpin, Billerica, MA, 

USA). For aqueous metabolites, water-suppressed spectra were acquired using a 1D NOESY 

pulse sequence (spectral width 15 495.86 Hz, 64k data points, relaxation delay 10 s, 64 

scans, eight dummy scans, receiver gain 40.3, and mixing time 80 ms). 1D 1H NMR spectra 

of lipid phases were obtained using a one-pulse sequence. Experimental parameters include 

a spectral width of 20.65 ppm, 64k time domain data points, relaxation delay of 10 s and 64 

scans.

Metabolites were quantified using TopSpin (Bruker BioSpin). Aqueous metabolites 

were quantified as [fmol/cell] or [nmol/mg] tumor tissue according to the formula 
Imet

ITSP × H × [TSP]

C , where ITSP refers to the intensity of the TSP peak, Imet corresponds to 

the intensity of the metabolite peak being quantified, H refers to the number of protons at 

the chemical shift being quantified, [TSP] refers to the TSP concentration, and C refers to 

the number of cells present in the lysate being analyzed. Lipids were quantified in absolute 

units (A.U.) per cell or per mg tumor tissue according to the formula 

Imet
ITMS

× 109

C  for cells 

and 

Imat
ITMS

× 1000

C  for tumor tissue, where ITMS refers to the signal intensity of the TMS peak. 

All experiments were performed in triplicate.

2.6 | MALDI imaging

All indium tin oxide (ITO) slides (Delta Technologies, Loveland, CO, USA) were checked 

for conductivity prior to use and washed with sonication in hexane (10 min) and ethanol 

(10 min). Slides were dried and for cell imaging; slides were coated with poly-L-lysine.81 

Slides were cleaned with ethanol prior to placing them with the coated side up in a 10 cm 

tissue culture dish. Trypsinized cells in medium (100 μL) were pipetted onto the slide. Cells 

were allowed to adhere to the slide for 15 min at 37 °C prior to the addition of 15 mL 

of medium. After 24 h, the cells on the slide were removed from the medium and bright 

field images were taken with a ×10 objective using a Nikon Eclipse TS100 microscope 

with Nikon DS-Fi3 digital camera. The slide was then placed on ice until matrix spraying. 

Prior to matrix spraying, the cell-covered slide was washed with HPLC-grade water (1 min). 

Pelleted cells were trypsinized and spun down to remove trypsin and medium. These cells 

were frozen in a cryomold at −80°C to form a block. More specific experimental details are 

provided in the supporting information.
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For tumor imaging, two primary orthotopic MDA-MB-231 tumor xenografts were 

mounted with Shandon M-1 embedding medium (Fisher Scientific, Waltham, MA, USA), 

cryosectioned on a Leica 1860 UV cryostat (Wetzlar, Germany) at 10 μm thickness, and 

thaw-mounted onto ITO slides. Slides were placed in a vacuum desiccator (Chemglass, 

Vineland, NJ, USA) for 10 min prior to spraying to equilibrate to room temperature. 

For all imaging experiments, 1,5-diaminonaphthalene (1,5-DAN, 10 mg/mL) in 50% 

acetonitrile with 0.2% trifluoroacetic acid (TFA) was sprayed using an HTX M5 sprayer 

(HTX Technologies, Chapel Hill, NC, USA) with the following parameters: 30 °C nozzle 

temperature, eight passes, 0.1 mL/min flow rate, 1,200 mm/min velocity, and 2.5 mm track 

spacing. The final matrix density was 2.13 × 10−6 mg/mm2. MALDI imaging was performed 

on a Bruker RapifleX MALDI TOF/TOF instrument (Bruker Daltonics, Billerica, MA, 

USA) in reflectron positive mode with raster width of 100 μm and a 50 μm laser spot size 

with 200 laser shots per pixel. For cell imaging, a raster width of 5 μm and 5 μm single 

laser spot size with 200 laser shots per pixel was used. Three separate slide-grown cell 

samples were generated and imaged from subsequent passages of MDA-MB-231 cells. Two 

separate cell pellets were sectioned onto slides and two consecutive sections were imaged. 

Two of the three tumors used for 1H NMR spectroscopy experiments were MALDI imaged 

with two consecutive sections imaged for each of the two tumors as technical repeats. 

Representative and skyline spectra for each imaging run can be found in the Supporting 

Information (Figures S1–S6). A third section per tumor was imaged on the Bruker scimaX 

MALDI imaging instrument for high mass resolution data. On tissue MS/MS was performed 

after MALDI imaging on an adjacent tumor section with the same instrument in TOF/TOF 

geometry in profiling mode using a single-beam laser geometry with 54 μm resulting field 

with 4000 laser shots using argon collision induced dissociation (CID). All measurements 

were completed with a ±1 Da isolation window. Annotated tandem MS spectra can be found 

in the supporting information (Figures S7–S20). An adjacent section of tumor tissue was 

subjected to hematoxylin and eosin (H&E) staining.

High mass resolution data was collected on a Bruker 7 T scimaX MALDI imaging 

instrument using the small laser size setting with 15% power in positive ion mode and 

continuous accumulation of stored ions. Data was acquired using the following three mass 

ranges: m/z 140 to 220, m/z 158 to 358, and m/z 690 to 820.

Identification was performed using the Human Metabolome Database (hmdb.ca) for 

metabolites and LipidMaps (lipidmaps.org) for lipids (Table S1). High mass resolution data 

from the experiments on the Bruker scimaX instrument were peak picked and input into 

the corresponding database. Matches were confirmed with the MS/MS data acquired on the 

Bruker RapifleX instrument (Table S1).

All MALDI imaging data sets were background corrected and smoothed using flexImaging 

(v5.0, Bruker Daltonics). Images were generated in flexImaging. Data was imported into 

SCiLS Lab software (v2019B, Bruker Daltonics) using the flexImaging parameters. MALDI 

images of tumor sections were segmented, and all spectra were aligned in SCiLS Lab 

software. Segmentation analysis was used to determine global spectral changes by pixel in 

MALDI imaging data sets. This is an unsupervised method, which uses a k-means bisecting 

algorithm.82,83 Peak alignment was used as a standard post-processing method to ensure that 
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any minor drifts in m/z during the imaging run were aligned to be identified as a single peak 

rather than multiple peaks.84

3 | RESULTS

3.1 | 1H NMR spectroscopy of MDA-MB-231 breast cancer cells and tumor xenografts

Quantification of 1H NMR spectra of aqueous extracts (Figure 3) revealed that the 

highest metabolite concentrations in MDA-MB-231 breast cancer cells were glucose (Gluc), 

lactate (Lac), myo-inositol (MyoI), and phosphocholine (pCho). Several amino acids were 

also observed at lower concentrations. We detected high levels of saturated fatty acids 

(saturated −[CH2]n−), phosphatidylcholines (PtdCho), and phosphatidylinositols (PtdI) in 

the corresponding lipid extract spectra of MDA-MB-231 cells (Figure 4). Metabolites 

(Figure 3) and lipids (Figure 4) were also quantified by 1H NMR spectroscopy of extracted 

MDA-MB-231 breast tumor xenografts grown in female athymic nude mice. Overall, these 

quantitative metabolite and lipid data showed that triple-negative human MDA-MB-231 

breast cancer cells displayed similar metabolic behaviors when grown in cell culture as 

compared with orthotopic growth in mammary fat pads of female athymic nude mice 

(Figures 3, 4). Nevertheless, some minor differences existed, including decreased glutamate 

(Glu), glutamine (Gln), and pCho, and increased α-ketoglutarate (α-KG) and alanine (Ala), 

in tumors versus cells: blue bars indicate decreases and red bars indicate increases relative 

to Gluc in the same sample. However, for direct comparisons of metabolite and lipid 

concentrations between cell and tumor extracts obtained from the same cell line, it is 

important to consider that tumor tissue extracts measured using 1H NMR spectroscopy 

encompass heterogeneous mixtures of necrotic and viable cancer cells and host cells. This 

emphasizes the necessity of introducing spatially resolved analytical techniques such as 

MALDI MSI. Moreover, metabolic requirements differ among conditions of cell culture and 

solid tumor growth, as the latter result in various microenvironmental conditions, including 

hypoxia, acidosis, and nutrient deprivation.85–88

3.2 | MALDI imaging of MDA-MB-231 breast cancer cells and tumor xenografts

Breast cancer cells, directly grown on the slide or pelleted, and breast tumor sections were 

MALDI imaged using the same 1,5-DAN matrix preparation to detect the same molecules 

in both the cells and tumors. We were particularly interested in choline metabolism, which 

informed our choice of using the 1,5-DAN matrix as it allows for MALDI imaging of 

choline metabolites and choline-containing phospholipids in a single experiment. For cell 

imaging, pelleted cells had higher signal in MALDI imaging for all metabolites than slide-

grown cells because of the higher number of cells in the pelleted cells, as evident in the 

corresponding H&E-stained microscopic images (Figure 5). Pelleting of cells allowed for 

more washing of the cell pellet, to remove any residual medium from the cell pellet prior to 

MALDI imaging, which reduced the background signal from medium, than was possible for 

slide-grown cells due to some loss of cells. As a consequence of less washing, the MALDI 

images of slide-grown cells contained more artifacts in the metabolite region than did those 

of pelleted cells (Figure 5). While MDA-MB-231 cells will stay mostly adhered to the slide 

with washing, some cells may not. Washing the slide-grown cells may also impact structure 

and cause delocalization of some analytes. We identified pCho and glycerophosphocholine 
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(GPC) in MALDI imaging data of MDA-MB-231 cells and tumor sections (Figures S8 and 

S9, Table S1). pCho (m/z 184.1) and GPC (m/z 258.1) displayed excellent signal intensity 

and unique spatial distributions within the viable tumor region when compared with the 

corresponding H&E-stained microscopic images (Figure 5). Two polyamines, spermidine 

(m/z 146.2) and spermine (m/z 203.3), were identified in all acquired MALDI imaging 

data (Figure 5, Figures S7 and S10, Table S1). Spermidine was detected at low intensity 

in the slide-grown cells and had good signal intensity in both pelleted cells and viable 

tumor regions. Spermine was observed in both types of cell preparation and in the tumor, in 

which it localized to the rim region of the tumor. All identified metabolites described above 

were localized to cells as evident when comparing MALDI images with the corresponding 

H&E-stained microscopic images (Figures 4 and 5).

We also analyzed the lipids from the same MALDI imaging experiments on the two breast 

cancer cell preparations and tumor tissue sections. The spectral region of m/z 600 to 900 

contained mostly phospholipids. Figure 6 shows identified phospholipids that were detected 

in slide-grown cells and tumor sections (pelleted cells not shown). We identified 17 unique 

phospholipids constituting 10 different m/z by using a combination of high mass resolution 

MALDI imaging and tandem MS experiments (Figures S11–S20, Table S1). Seven m/z 
consisted of two isobaric lipids each (one PC plus one PE in each case) at exactly the 

same mass, and the presence of both was confirmed using tandem MS and analysis of 

their fragmentation patterns. In future studies, it may be possible to separately MALDI 

image these isobaric m/z using tandem MSI to visualize fragments unique to each lipid. 

As shown in Figure 6, all identified lipids were present in different spatial distributions 

within the viable tumor region, except for SM 34:1;O2 (m/z 725.6), which was located 

exclusively in the necrotic region. To visualize spectrally different regions, the MALDI 

imaging data from a representative MDA-MB-231 breast tumor section was imported into 

SCiLS Lab for segmentation analysis (Figure 7). When compared with the corresponding 

H&E-stained microscopy data (Figure 7A), the segmentation map (Figure 7B) clearly shows 

that the segmented tumor region shown in yellow colocalizes with the necrotic region, 

while the segmented green region colocalizes with the viable region. Two representative 

regions of interest (ROIs) were generated from the segmentation map within the necrotic 

(red circle, yellow region) and the viable (blue circle, green region) tumor to display global 

changes associated with necrosis as compared with viable tumor. The necrotic tumor tissue 

demonstrated overall higher signal intensities in the 600 to 750 m/z region and significantly 

decreased signal intensities in the 750 to 900 m/z region (Figure 7C), as well as reflecting 

the changes in identified metabolite and phospholipid species (see Figures 5 and 6).

3.3 | Complementary analysis of 1H NMR spectroscopy and MALDI imaging data

Most metabolites observed in the MALDI imaging data of MDA-MB-231 breast cancer 

cells and tumor sections were detected in the corresponding 1H NMR spectra as well, 

but frequently with overlap with other signals or as combined molecular groups. While 

generally not noted or reported in breast cancer 1H NMR spectroscopy data, polyamines 

have been detected at 1.78 ppm in other types of cancer.89 The polyamine multiplet at 1.78 

ppm encompasses all polyamines including spermine and spermidine within the sample, and 

was not quantified in the 1H NMR spectra of breast cancer cells and tumor xenografts in our 
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study due to significant overlap with other metabolite signals (Figure 3). We were however 

able to identify spermine and spermidine in the corresponding MALDI imaging data (Figure 

5). In terms of spatial information, both spermine and spermidine were detected in viable 

tumor regions and were absent from necrotic regions (Figure 5).

Choline metabolites were also detected in both types of spectral data set, i.e., 1H NMR 

spectra and MALDI imaging of MDA-MB-231 cells and tumors (Figures 3 and 5). 

The choline metabolite peaks Cho (3.21 ppm), pCho (3.22 ppm), and GPC (3.23 ppm) 

were identified and quantified as singlets, arising from nine chemically and magnetically 

equivalent methyl group protons each in 1H NMR spectroscopy data (Figure 3). These 

choline metabolites were partially observed in the corresponding MALDI imaging data as 

well. pCho was the most abundant choline metabolite in 1H NMR spectra of MDA-MB-231 

cell and tumor xenograft samples and was also observed by MALDI imaging. However, 

pCho detected by MALDI imaging at m/z 184.1 probably originated from fragmented 

PtdCho headgroups as well as the water-soluble intracellular pCho metabolite pool, making 

biological interpretation difficult (Figure 5). We observed GPC at 3.23 ppm in 1H NMR 

spectra as well as in MALDI imaging spectra at m/z 258.1, exclusively localizing to the 

viable regions of the tumor, demonstrating the ideal scenario in which we can quantify GPC 

concentration from 1H NMR spectra (Figure 3) and observe spatial information from the 

MALDI imaging data (Figure 5).

Lipid analysis of MDA-MB-231 breast cancer cells and tumor xenografts by combined 
1H NMR spectroscopy and MALDI imaging revealed complementary global and specific 

molecular information. 1H NMR spectroscopy data detected global changes in specific lipid 

classes (Figure 4), while MALDI imaging provided spatial distributions of specific lipids 

in MDA-MB-231 cells and tumor sections (Figure 6). We observed spatial distributions of 

several unique PC and PE species in MALDI imaging from MDA-MB-231 breast cancer 

cells and tumor sections (Figure 6), whereas in the 1H NMR spectroscopy data all PE 

species were detected as one combined multiplet signal at 3.11 ppm and all PC species as 

one combined singlet signal at 3.23 ppm. The combined multimodal pipeline using 1H NMR 

spectroscopy and MALDI imaging from the same sample provided enhanced molecular 

information from the cells and tissues under investigation.

4 | DISCUSSION

Our study demonstrates the power of combining 1H NMR spectroscopy and MALDI 

imaging from the same cell or tissue sample, which was shown for MDA-MB-231 breast 

cancer cells and tumor xenografts. We obtained an unprecedented amount of molecular 

information from a single tissue sample, revealing important metabolomic and lipidomic 

features of breast cancer cells and tumor tissue. This combined pipeline enabled us 

to measure quantitative and spatial information of specific metabolites and individual 

lipids from the same cell or tissue sample. The presented study is a starting point for 

additional methodological directions that can be pursued in similar multimodal pipelines 

of combined NMR spectroscopy and MALDI imaging. Future directions in multimodal 

NMR spectroscopy–MALDI imaging pipelines could explore different cell and tissue types, 

MALDI matrices (Table 1), and NMR nuclei.
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The presented data emphasizes that the strength of 1H NMR spectroscopy is the 

quantification of a plethora of metabolites from different pathways including glycolysis, 

tricarboxylic acid (TCA) cycle, amino acids, redox metabolism, choline metabolism, and 

creatine, among many others, in one measurement. The comparison between 1H NMR 

spectra of MDA-MB-231 breast cancer cells versus MDA-MB-231 tumor xenografts 

revealed metabolic differences probably arising from hypoxia, acidosis, necrosis, and 

nutrient deprivation in the tumor, which were not occurring in the cultured cells.85–88 GPC 

was optimally detected by NMR spectroscopy–MALDI imaging, allowing for quantitative 

measurements of its concentration, as well as detecting its localization to specific areas of 

the viable tumor region. Elevated GPC in certain parts of the viable tumor region could 

result from slow acidosis, which has previously been shown to increase tumor GPC levels.90 

GPC is an important metabolite generated from PtdCho breakdown in membrane choline 

phospholipid metabolism.91 Altered choline metabolism is a well established hallmark of 

cancer and an active area of research in many types of cancer.91 Several patient studies have 

reported that in vivo MRS detection of choline metabolites in tumors may be able to predict 

response to treatment early on during the course of treatment.92–96 Molecular studies have 

revealed that several enzymes in choline metabolism, including choline kinase,97–100 various 

phospholipases,11,101–104 and glycerophosphodiesterases,12,105 are differentially expressed, 

activated, and drive oncogenic signaling pathways in several cancers,91,106 providing 

potential targets for treatment.91

In addition to GPC, various phospholipids in the PtdCho and PtdE groups were primarily 

detected in viable tumor regions and depleted in necrotic tumor regions, while also 

displaying somewhat different regional distributions within the viable region. This could 

be due to down-regulation or degradation of these phospholipids in hypoxic and necrotic 

tumor regions, which is in good agreement with our previous studies.63,107 Ethanolamine 

metabolism, which gives rise to a plethora of different membrane PtdE species, was shown 

to be activated in several cancers alongside the activated choline metabolism.108,109 The 

addition of MALDI imaging, whose strength is phospholipid detection, to studying the lipid 

compartment of choline and ethanolamine metabolism in cancer will provide novel insights 

into these important metabolic pathways in cancer.

In our combined 1H NMR spectroscopy–MALDI imaging data sets, we were able to identify 

two polyamines, spermine and spermidine, in MDA-MB-231 cells and tumor xenografts, 

which is in good agreement with previous studies.110 Polyamines in breast cancer have 

been linked to both estrogen-dependent and estrogen-independent cancer growth, and hold 

promise as biomarkers and treatment targets.111 Our MALDI imaging data revealed that 

spermine and spermidine were detected in the viable tumor region, particularly at the rim of 

the tumor. These findings merit further exploration of the role of polyamines in breast cancer 

cell growth.

While our study was performed on preclinical samples, the same pipeline could be 

useful for patient samples, including biopsies and surgical tissues. Such patient samples 

are precious resources for research studies, and in many cases only small amounts of 

tissue and small sample sizes can be obtained. The use of HR-MAS instead of tissue 

extractions for 1H NMR spectroscopy would allow for subsequent histopathology on the 
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same tissue, maximizing tissue use.35 While tissue samples can first be measured by HR-

MAS spectroscopy and then sectioned for both histopathology and MALDI imaging,112 the 

separation of metabolomic and lipidomic data in NMR spectroscopy is only realized by 

dual-phase extraction approaches, as HR-MAS spectroscopy typically detects overlapping 

metabolite and lipid spectra.16 It is also important to note that spatial information from 

HR-MAS spectroscopy is currently limited to slice localization approaches.41 Spatially 

resolved metabolomic and lipidomic studies would be particularly useful in studying field 

effects of cancers on adjacent normal tissue.113

Combined NMR spectroscopy–MALDI imaging workflows could also advance preclinical 

and clinical studies of liver disease. Liver tissue has been well studied by both MALDI 

imaging and NMR spectroscopy.114–121 Liver disease, such as cirrhosis or fatty liver 

disease, as well as liver-based toxicity, profoundly impacts metabolic and lipidomic 

pathways.117,118,122,123 Utilizing a combination of ex vivo NMR spectroscopy and MALDI 

imaging would allow for in-depth region-specific molecular analysis of liver samples. 

The presented dual-modality pipeline could also benefit infectious disease studies on host-

response and drug resistance. Moreover, ex vivo NMR spectroscopy has been a primary 

method to analyze biofluids, including blood and bronchoalveolar lavage samples.124,125 

As MALDI imaging quickly approaches single-cell analysis, the power of examining 

cell-specific molecules and pathways is undeniable126 and could be applied to various 

populations of cells from biofluids.

The presented NMR spectroscopy–MALDI imaging pipeline would also be useful for 

targeted analysis of specific molecules. In this study, an unsupervised, discovery-based 

approach was pursued to reveal molecules of interest, whereas targeted studies investigate 

specified molecules, such as drugs and drug metabolites. One of the primary applications 

of MALDI imaging is in detecting drug distributions in tissue from treated animals 

or human subjects.128,129 NMR metabolomics has been used to study the effects of 

drugs on metabolism in various applications.4,80 The ability to quantitatively measure 

drug concentrations and their spatial distributions and correlate these to metabolomic 

and lipidomic data would enhance our mechanistic understanding of drug treatments and 

response to treatment.

5 | CONCLUSIONS AND OUTLOOK

We have shown that NMR spectroscopy and MALDI imaging are complementary techniques 

which enhance each other to quantify and localize metabolites and lipids in cells and tissues. 

We have developed a workflow to harvest and prepare cells and tissues for a combined 

pipeline using these two techniques. 1H NMR spectroscopy is the preferred technique for 

quantitative measurements of metabolites. MALDI imaging allows for spatially resolved 

metabolomic and lipidomic analysis, while quantification is limited owing to differences in 

ionization efficiency.

Both NMR spectroscopy and MALDI imaging are rapidly evolving fields in which 

instrumentation technology is driving analytical performance. For NMR spectroscopy, 

higher field strengths improve spectral resolution, and advanced probe design and pulse 
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sequence development further enhance detection sensitivity129 Imaging mass spectrometers 

currently undergo advancements in MALDI source design, implementation of MALDI-2 

technology for improved spatial resolution, and addition of ion mobility for increased 

spectral separation.130,131 Establishing core facilities for NMR spectroscopy and MALDI 

imaging enables greater access of the scientific community to these expensive technologies 

that require high levels of expertise.
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Abbreviations:

1D one dimensional

2D two dimensional

Ala alanine

Cho choline

Gln glutamine

GPC glycerophosphocholine

Glu glutamate

H&E hematoxylin and eosin

HR high resolution

HR-MAS high-resolution magic angle spinning

ITO indium tin oxide

MALDI matrix assisted laser desorption ionization
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MS mass spectrometry

MSI mass spectrometry imaging

m/z mass-to-charge ratio

pCho phosphocholine

PtdE or PE phosphoethanolamine

PtdCho or PC phosphatidylcholine

PtdI phosphatidylinositol

TOF time of flight

TSP 3-(trimethylsilyl)propionic-2,2,3,3,-d4 acid

α-KG α-ketoglutarate
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FIGURE 1. 
Representative spectra from MALDI imaging and 1H NMR spectroscopy of pure Gln, as 

well as Gln detected in MDA-MB-231 breast tumor xenografts. MALDI imaging (left) 

produced spectra based on the m/z of molecular ions, in this case [Gln + H+], which was 

confirmed using tandem MS (top left, red spectral line). Tandem MS detected the main 

fragment of Gln at m/z 130. 1H NMR spectroscopy (right) produced a read out of specific 

protons based on their chemical environments, which are color-coded in red, blue and pink 

to match boxes of the same colors that outline the corresponding proton NMR signals.
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FIGURE 2. 
Representative workflows for multimodal pipeline using NMR spectroscopy and MALDI-

TOF MSI from the same cell or tissue sample
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FIGURE 3. 
A, Representative metabolite 1H NMR spectra from MDA-MB-231 tumor xenografts. B, 

Representative metabolite1H NMR spectra from MDA-MB-231 cell extracts. C, Metabolites 

detected with 1H NMR spectroscopy in MDA-MB-231 cell and tumor xenografts and 

the chemical shift used for quantification are shown in the table. Average metabolite 

quantifications are shown from three biological repeats of tumor (top) and cell (bottom) 

extracts. Error bars represent standard error. While overall metabolic behavior was similar 

in MDA-MB-231 cells grown in culture as compared with orthotopic tumor growth, some 
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differences existed, i.e., decreased Glu, Gln, pCho, and increased α-KG and Ala in tumors 

versus cells (blue bars indicate decreases, red bars indicate increases in tumors versus cells, 

relative to Gluc in the same sample. Significant changes were determined by a two-tailed 

t-test, with p < 0.5 considered significant.
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FIGURE 4. 
A, Representative lipid 1H NMR spectra from MDA-MB-231 tumor xenografts. B, 

Representative lipid 1H NMR spectra from MDA-MB-231 cell extracts. C, Lipids detected 

with 1H NMR spectroscopy in both MDA-MB-231 cell and tumor xenograft experiments 

and the chemical shift used for quantification. Average lipid quantifications are shown 

from three biological repeats of tumor (top) and cell (bottom) extracts. Error bars represent 

standard error.
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FIGURE 5. 
Metabolites identified in MDA-MB-231 cell pellets (top row), slide-grown cells (middle 

row) and tumor xenograft sections (bottom row) in MALDI imaging experiments with 

corresponding H&E images (left). Metabolites were identified using a combination of high 

mass resolution data (Supporting Table S1) and tandem MS data (Supporting Figures S7–

S10). Images shown represent the entire imaged area with a mass filter at the reported m/z 
with a selection window of ±0.05 Da.
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FIGURE 6. 
Phospholipids identified in slide-grown MDA-MB-231 cells (top and third rows) and MDA-

MB-231 tumor xenograft sections (second and fourth rows) in MALDI imaging experiments 

with corresponding H&E stain and bright field images. Phospholipids were identified using 

a combination of high mass resolution data (Supporting Table S1) and tandem MS data 

(Supporting Figures S11–S20). For images where two phospholipids are reported, high mass 

resolution data were unable to distinguish between the two lipids and there is evidence for 

fragments from both species in the tandem MS experiments. Images shown represent the 

entire imaged area with a mass filter at the reported m/z with a selection window of ±0.05 

Da.
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FIGURE 7. 
A, B, H&E stain from orthotopic MDA-MB-231 breast tumor xenograft section (A) with 

SCiLS Lab segmentation map from the same tumor section (B). C, MALDI spectra from 

the labeled regions of interest circled in B. Average spectra from viable tumor region (blue 

circle in B) are displayed in blue. Average spectra from necrotic tumor region (red circle in 

B) are displayed in red.
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TABLE 1

Commonly used MALDI imaging matrices for metabolite and lipid imaging

Matrix Full name Structure
Neutral 
mass Ionization mode Uses1

CHCA α-Cyano-4-hydroxycinnamic 
acid

  189.17   Positive Small metabolites, peptides, 
bacterial profiling, drugs

DHB 2,5-Dihydroxybenzoic acid   154.12   Negative Neutral lipids, phospholipids, 
small metabolites, small 
proteins

DAN 1,5-Diaminonaphthalene   158.20   Positive, 
negative

Phospholipids, drugs

9-AA 9-Aminoacridine   194.23   Negative Phospholipids

nH Norharmane   168.19   Negative Small metabolites, 
oligosaccharides, glycolipids
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