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Abstract 

We demonstrate the utility of combining silicon nanopost arrays (NAPA) and trapped ion mobility imaging 

mass spectrometry (TIMS IMS) for high spatial resolution and specificity mapping of neutral lipid classes 

in tissue. Ionization of neutral lipid species such as triglycerides (TGs), cholestryl esters (CEs), and 

hexosylceramides (HexCers) from biological tissues has remained a challenge for imaging applications. 

NAPA, a matrix-free laser desorption ionization (LDI) substrate, provides enhanced ionization efficiency 

for the abovementioned neutral lipid species, providing complementary lipid coverage to matrix-assisted 

laser desorption ionization (MALDI). The combination of NAPA and TIMS IMS enables imaging of neutral 

lipid species at 20 µm spatial resolution while also increasing molecular coverage greater than 2-fold using 

gas-phase ion mobility separations. This is a significant improvement with respect to sensitivity, 

specificity, and spatial resolution compared to previously reported imaging studies using NAPA alone. 

Improved specificity for neutral lipid analysis using TIMS IMS was shown using rat kidney tissue to separate 

TGs, CEs, HexCers, and phospholipids (PLs) into distinct ion mobility trendlines. Further, this technology 

allowed for the separation of isomeric species, including mobility resolved isomers of Cer(d42:2) (m/z 

686.585) with distinct spatial localizations measured in rat kidney tissue section.  

Introduction 

Imaging mass spectrometry (IMS) enables the spatial mapping of biomolecules such as proteins1, 2, 

peptides3, 4, lipids5, 6 and metabolites7, 8 in biological tissues with high chemical specificity and without the 

need for target specific reagents. IMS has been widely adopted in fields like molecular histology for 

differentiation of cancerous and noncancerous tissues9-11, as well as the pharmaceutical industry for 

analyzing the distribution of drugs and their metabolites in tissues.12, 13  Matrix-assisted laser desorption 

ionization (MALDI), which requires deposition of a UV-absorbing matrix onto the tissue before analysis, is 

currently the method-of-choice for most IMS applications due to its unmatched molecular coverage and 

sensitivity. In the MALDI IMS experiment, samples are thinly sectioned and mounted onto a conductive 

substrate prior to coating with a matrix that assists in desorption and ionization of endogenous molecules. 

Ions are generated by laser irradiation and detected by mass spectrometry whereby a mass spectrum is 

produced at each ablated position (pixel). The spatial resolution of the image is defined by the size of the 

laser spot at the tissue surface, the spacing between pixels in the sampled array (i.e. pitch), and factors 

arising from sample preparation (e.g. matrix crystal size for  MALDI).  Imaging experiments are routinely 

performed at 20 µm or greater with commercial platforms14 and can achieve resolutions of ≤5 µm with 

modifications to the laser optics15, 16, implementation of transmission geometry.17  In addition, recently 



developed methods for improving sensitivity have been implemented such as laser-induced 

postionization (MALDI-2).18, 19 

 

While MALDI has been shown to be effective in ionizing a broad range of molecular classes, it typically 

does not adequately ionize neutral lipids such as triglycerides (TGs), cholesteryl esters (CEs), and 

hexosylceramides (HexCers) from complex tissue samples due to ion suppression from phospholipids.20-22 

To address this issue, alternative methods have been developed including silver or gold nanoparticle 

coatings20, 21, salt doping of the MALDI matrix22, and MALDI-223 to enhance ionization efficiency for neutral 

lipids.  Another approach is the use of silicon nanopost arrays (NAPA), a matrix-free LDI imaging substrate, 

that has been shown to selectively ionize neutral lipids with enhanced ionization efficiency.24, 25 For 

example, bacterially infected and control human skin tissue samples were able to be differentiated by 

NAPA-LDI based on differences in neutral lipid profiles including TGs and HexCers.26 As a matrix-free 

approach, NAPA simplifies sample preparation steps and helps expand the diversity of lipid species that 

can be investigated for imaging applications. 

 

In light of the inherent complexity and vast diversity of lipid species present within biological systems, the 

development of analytical platforms capable of resolving isobaric and isomeric lipid species while 

maintaining their respective spatial integrities is critical for fully characterizing the molecular drivers of 

biology in healthy and diseased tissues.27-29 Mass analyzers such as the Orbitrap and Fourier transform ion 

cyclotron resonance (FT-ICR) with their unparalleled high mass accuracy and mass resolving power 

capabilities have been instrumental in resolving isobaric lipid species for both routine lipidomic studies 

and imaging applications. However, these mass analyzers cannot differentiate isomeric lipid species of 

exact mass. For example, lipid species that have the same exact mass can differ in their fatty acid chain 

configuration or fatty acid chain location (sn positional isomers). While isomeric lipid species have often 

been resolved by implementing liquid chromatography (LC) separations prior to mass spectrometry 

analysis, this requires homogenization of the sample and the timescale of the experiment is prohibitive 

for performing LC at every pixel location. 

 

Another means to address chemical complexity is ion mobility spectrometry, a technology that allows for 

gas phase separation of isobaric and isomeric species based on their size, shape, and charge.30, 31 For 

example, ion mobility can be used to distinguish lipid classes based on the relationship between their ion 

mobility and m/z values, which arise from innate differences in chemical structure.32-34 Because 



separations are performed after ionization and are decoupled from spatial sampling, ion mobility can be 

readily incorporated into existing imaging MS platforms.35, 36  Furthermore, rapid ion mobility separations 

(ms) occur within timescales that are compatible with imaging experiments where many thousands of 

pixels (each with its own ion mobility separation) are collected during a single experiment. The most 

extensively used ion mobility platforms are drift tube ion mobility spectrometry (DTIMS)37, 38, field 

asymmetric ion mobility spectrometry (FAIMS)39, 40, traveling-wave ion mobility spectrometry (TWIMS)41, 

42, and trapped ion mobility spectrometry (TIMS)43, 44. Recognizing that each of these ion mobility systems 

provides distinct advantages and disadvantages, TIMS has provided unrivaled resolving power capabilities 

of >200 and >300 for singly and multiply charged ions, respectively.43-46  For example, a commercially 

available timsTOF source configuration allows for MALDI imaging of biological tissues at 10 µm spatial 

resolutions without implementing oversampling.47, 48  Furthermore, TIMS has been shown to increase the 

overall peak capacity of an imaging experiment and enable separation of isobaric lipid species not able to 

be resolved by the time-of-flight (TOF) mass analyzer alone.47-49 

 

In the current manuscript, we utilize a combination of silicon nanopost arrays (NAPA) and trapped ion 

mobility imaging mass spectrometry (TIMS IMS) for high spatial resolution and specificity mapping of 

neutral lipid classes in tissue. We demonstrate the ability of NAPA to serve as an LDI substrate capable of 

imaging multiple classes of neutral lipids at 20 µm spatial resolution, without oversampling, from rat brain 

and kidney tissue sections in Q-TOF mode. Additionally, these tissues were imaged by TIMS to assess its 

capability to separate different neutral lipid classes and to differentiate neutral lipid isomers not able to 

be distinguished using other IMS platforms.  

 
 
Materials and Methods 

NAPA Imaging Wafers 

The nanofabrication process for producing NAPA imaging wafers has been described previously.50, 51 

Briefly, NAPA imaging wafers were produced from low-resistivity p-type silicon wafers using deep-

ultraviolet projection photolithography followed by deep reactive ion etching. Fabricated nanoposts had 

final dimensions of 1100 nm in height, 150 nm in diameter, with a periodicity of 350 nm.   

Sample Preparation 



Intact rat brain and kidney tissue samples were purchased from BioIVT (Westbury, NY, USA) and stored at 

-80 °C until ready for analysis. Tissue samples were cryosectioned with a 10 µm thickness using a CM3050 

S LEICA cryostat (Wetzlar, Germany) operated between -20 and -24 °C. Tissue sections were immediately 

thaw-mounted onto NAPA imaging chips and placed in a desiccator for ~30 min before IMS analysis. 

Trapped Ion Mobility Mass Spectrometry 

All IMS data were collected in positive ion mode on a prototype MALDI timsTOF Pro47 (Bruker Daltonics, 

Bremen, Germany) equipped with a SmartBeam 3D laser (frequency tripled Nd:YAG; λ=355 nm) operated 

at 1 kHz with 14 laser shots per pixel at 78% and 85% total laser power for brain and kidney, respectively. 

TIMS IMS data was collected with beam scan on using a setting of 18 µm beam scan size and a 30 µm pitch 

for kidney and 30 µm beam scan size and a 40 µm pitch for brain. For TIMS analysis, the electric field 

gradient (EFG) scan time was set at 400 ms with a mobility (1/K0) range of 0.7-1.7 (V·s)/cm2 and a mass 

range of m/z 400-1200. For IMS data collected in Q-TOF only mode, the laser power was set to 90% and 

the beam scan was deactivated. The global attenuator setting was set to 20% for all experiments. Chemical 

images were visualized using SCiLS Lab Version 2019 (Bruker Daltonics, Bremen, Germany) for all Q-TOF 

only IMS data with a mass tolerance of ± 6.5 mDa. TIMS IMS data were processed and visualized using in-

house developed software tools. 

Lipid identifications for profiling TIMS experiments analyzing rat kidney and rat brain tissue sections were 

assigned by exporting out spectra from regions of interest from the ion mobility heatmap and imported 

into mMass, where spectra were peak picked and deisotoped.52 Selected m/z values were then run against 

an in-house reference list comprised primarily from LipidMaps (lipidmaps.org) with a mass error of ± 5 

ppm.  

FT-ICR Mass Spectrometry 

To aid in identification of detected lipid species and in differentiation of isomeric and isobaric lipid species, 

a parallel analysis was performed on a 15T solariX FT-ICR mass spectrometer (Bruker Daltonics, Bremen, 

Germany) coupled to an Apollo II ESI-MALDI dual ion source. The instrument was operated from m/z 250-

1400 with a 1.8 s transient, resulting in an ~350,000 mass resolving power at m/z 686. 

To shift the cationization of lipids from potassiated to sodiated adducts to facilitate collection of tandem 

MS data, tissue sections were washed 3× in a chilled (4°C) 150 mM ammonium formate aqueous solution 

for 30 s to remove sodium and potassium based salts.53 Washed tissues were then immediately dried in a 

desiccator for ~20 minutes, followed coating with a mixture of sodium carbonate and sodium acetate to 



drive the formation of sodiated lipid adducts.22 Precursor m/z values were isolated using a ±2 Da window 

and fragmented using collision induced dissociation with a normalized collision energy ranging from 20-

35%. 

Data Processing 

TIMS IMS data were exported into a custom binary format optimized for storage and speed of analysis of 

the ion mobility-IMS data. Each frame/pixel contains between 10,000 and 100,000 centroid peaks, 

spanning an acquisition range of m/z 300 – 1,500 and 1/K0 0.8 −1.7 (V·s)/cm2 with 270,861 and 3,312 bins 

in the MS and ion mobility dimensions, respectively. The processing pipeline requires common m/z and 

1/K0 axes, therefore individual centroid peaks were inserted at their corresponding bin positions along 

the MS and ion mobility dimensions, where missing values were set to zero. Following the conversion 

process, an averaged mass spectrum was generated, and peak-picked to select the ∼400 most intense 

ions. Extracted values were then used to generate ion mobility specific molecular images. Each of the 

extracted ion mobility-ion images was peak-picked (in the ion mobility dimension) and automatically fitted 

with Gaussian distributions to identify single and multi-conformational species. Ion mobility-selected ion 

images were then visualized to examine the conformational-specific localization in the spatial domain. 

 

Results and Discussion 

High Spatial Resolution Tissue Imaging using NAPA-LDI. Rat brain tissue was analyzed to determine the 

spatial resolution limits of NAPA-LDI IMS without oversampling. Using a laser fluence necessary to 

produce optimal ion yields, a scanning electron microscope (SEM) image of the ablation area showed the 

complete removal of the tissue and a crater size of approximately 10 µm × 12 µm with an additional 1-2 

µm rim effect  (Figure S1). To avoid sampling rim material, subsequent imaging was performed using a 20 

µm raster pitch. This represents a significant increase in spatial resolution compared to previous tissue 

imaging experiments conducted on NAPA. Previous studies were limited to a 100 µm spatial resolution 

without oversampling or 40 µm with oversampling.24-26, 54, 55 This higher resolution performance is 

attributed to the improved focus and higher achievable fluence in our work as compared to these prior 

experiments. 

NAPA imaging of rat brain tissue at 20 µm spatial resolution allowed for distinct localization of lipid classes 

such as HexCer, phosphatidylethanolamine (PE), and phosphatidylethanolamine plasmologen (PEp) to 

specific anatomical regions of the tissue (Figure 1). For example, m/z 784.463 (Figure 1a), provisionally 



identified as [PE(36:4p)+Na+K-H]+ (-2.5 ppm error), was found to be primarily localized to the molecular 

layer of the cerebellum as well as the stratum pyramidal layer and dentate gyrus-granular layer. 

Conversely, m/z 830.507 (Figure 1b), provisionally identified as [PE(38:3)+Na+K-H]+ (0.4 ppm error), was 

found to be primarily localized to the granular layer, molecular layer, and cerebral cortex. The ion at m/z 

848.642 (Figure 1c), provisionally identified as [HexCer(d42:2)+K]+ (-4.7 ppm error) was found to be 

primarily localized to the white matter tracts within the cerebellum and corpus callosum. The averaged 

mass spectrum can be found in Figure 1e. Note, ions with multiple cationic adducts have been shown to 

commonly form as a result of ionization using NAPA for metabolites and lipids.24, 51 

To further evaluate other tissue types, a rat kidney tissue section was imaged at a 20 µm spatial resolution 

(Figure 2). The averaged mass spectrum can be found in Figure S2. Neutral lipid classes such as TGs, CEs, 

and HexCers were ionized on the NAPA substrate showing unique spatial distributions within the kidney 

tissue. For example, m/z 687.546 (Figure 2c), provisionally identified as [CE(18:2)+K]+ (2.9 ppm error), was 

found to be primarily localized to the cortex and outer medulla. In contrast, m/z 850.652 (Figure 2d), 

provisionally identified as [HexCer(d42:1)+K]+ (1.2 ppm error), was found to localize specifically to the 

glomeruli of the cortex, inner medulla, and renal papilla. The ion at m/z 869.697 (Figure 2e), provisionally 

identified as [TG(50:2)+K]+ (3.4 ppm error) was found to be primarily localized to the adipose tissue 

surrounding the renal pelvis, and to a lesser extent the cortex.  

The capability of NAPA-LDI to selectively ionize classes of neutral lipids (CEs, HexCers, and TGs) eliminates 

the need for implementation of costly source modifications or specialized sample preparation protocols. 

The mapping of neutral lipid species is critical for understanding the molecular integrity of the kidney in 

both health and disease. For example, increased levels of TGs in human plasma has been shown to be a 

risk factor in humans with chronic kidney disease (CKD), however little is known about the localization of 

these species to specific functional tissue units in the kidney.56 Furthermore, increased levels of HexCers 

in the renal cortex have been associated with cisplatin-induced acute kidney injury (AKI), an undesirable 

side effect of cancer treatment.57  The ability to map neutral lipids with good sensitivity in kidney tissue 

would be helpful in determining the molecular underpinnings of these complex diseases. 

NAPA-LDI TIMS. TIMS profiling experiments collected from the cortex region of a rat kidney tissue section 

(Figure 3) showed separation of several different lipid classes in the ion mobility-m/z heatmap. The distinct 

trendlines of interest are annotated with different colored ellipses (Figure 3a). To identify which lipid 

classes are represented in these distinct trendlines, spectra were extracted from each region and 

compared against an in-house reference lipid list with a mass tolerance of ± 5 ppm. It was determined 



that the three annotated trendlines consisted primarily of CEs (red ellipse, m/z 640-745, 1/K0 ~1.37-1.44 

(V·s)/cm2), phospholipids (PCs, PEs, PAs) and HexCers (green ellipse, m/z 730-855, 1/K0 ~1.32-1.42 

(V·s)/cm2), and TGs (blue ellipse, m/z 840-930, 1/K0 ~1.50-1.60 (V·s)/cm2). Their corresponding mass 

spectra can be found in Figures 3b-d along with a subsequent plot of the number of species of each lipid 

class detected within each trendline. (Figure 4e). Additionally, tandem MS data (Figure S3) was collected 

for m/z 671.573, identified as [CE(18:2)+Na]+, and m/z 879.740, identified as [TG(52:3)+Na]+, to confirm 

the presence of these neutral lipid classes. Lastly, TIMS data were also collected from profiling 

experiments for both white matter and gray matter regions of a rat brain tissue section (Figure S4). With 

respect to white matter, HexCers were the primary lipid class ionized by NAPA with ion mobility values 

ranging from 1/K0 ~1.45-1.60 (V·s)/cm2. In contrast, phospholipids such as PEs and PEps dominated the 

mass spectrum for the gray matter, with ion mobility values ranging from ~1.35-1.45 (V·s)/cm2. Tandem 

MS data for m/z 850.673, identified as [HexCer(t42:1)+Na]+, and m/z 836.517, identified as [PE(40:6)+2Na-

H]+, detected from white matter and gray matter, respectively can be found in Figure S5.  

To demonstrate the ability to image neutral lipid isomers generated from a rat kidney tissue section 

mounted on a NAPA substrate, a TIMS experiment was done (Figure 4). The peak capacity, a measure of 

the total number of spectral features, was found to increase from 397 in Q-TOF only mode (m/z features) 

to 772 with TIMS activated (ion mobility-m/z features). This is an ~95% increase in detected molecular 

features for NAPA-LDI IMS of rat kidney tissue. As seen in Figure 4, m/z 686.585 was partially resolved into 

two separate peaks in the ion mobilogram (Figure 4a) with mobility values 1/K0 1.30-1.31 (V·s)/cm2 

(purple) and 1/K0 1.32-1.34 (V·s)/cm2 (teal). The ion mobility range 1/K0 1.30-1.31 (V·s)/cm2 (purple) was 

localized primarily to the outer cortex, whereas ion mobility range 1/K0 1.32-1.34 (V·s)/cm2 (teal) was 

found to be localized primarily to the inner cortex (Figure 4b-c). To determine whether this ion mobility 

separation was a result of resolving isomeric or isobaric lipid species, complementary data were collected 

on a 15T FT-ICR with a mass resolving power of ~350,000 at m/z 686.585. As seen in Figure S6, there 

appear to be no neighboring isobaric peaks at m/z 686.585 suggesting that the observed species in the 

TIMS IMS experiment are mobility resolved isomeric species. Based on the tentative identification from 

mass accuracy, these ions are most likely structural isomers of [Cer(d42:2)+K]+ (0.3 ppm error).      

Ceramides, a class of neutral sphingolipids, have been implicated in a host of debilitating human diseases, 

including Alzheimer’s Disease58, Parkinson’s Disease59, as well as metabolic disorders such as type 2 

diabetes and atherosclerosis.60 Given the implications that ceramides play in various diseases, the ability 

to investigate their spatial distributions within biological tissues, as well as the ability to differentiate their 



structural isomers, remains a critical challenge for furthering our understanding of their involvement in 

healthy and diseased tissues. The combination of the enhanced ionization efficiency for neutral lipid 

species afforded by NAPA-LDI and the increased molecular coverage, sensitivity, and ability to quickly 

resolve isobaric and isomeric lipid species afforded by TIMS, provides a unique opportunity  for addressing 

this challenge.   

 

Conclusion 

We have demonstrated the capability of NAPA to image multiple classes of neutral lipids (e.g. CEs, 

HexCers, and TGs) from biological tissue sections at high spatial resolution (20 µm). This work provides a 

5-fold increase in spatial resolution compared to previous imaging studies performed on NAPA. With 

further improvements to the laser source optics, or further modifications to the NAPA-LDI substrate 

permitting use of lower laser fluences (i.e. smaller spot sizes), high spatial resolution imaging applications 

of biological tissues approaching the single cell level (≤ 10 µm) could soon be achieved. Furthermore, the 

high ion mobility resolving power afforded by TIMS technology enables separation and mapping of 

different neutral lipid classes. With respect to imaging of rat kidney tissue, the overall peak capacity was 

increased from 397 (Q-TOF only) to 772 with TIMS enabled, resulting in an ~95% increase in detected 

molecular features using NAPA-LDI TIMS. This will allow investigation of changes in spatial distributions 

of isomeric and isobaric lipid species in healthy and diseased tissues. Although there are other 

technologies that have been developed to increase ionization efficiency of neutral lipids, NAPA-LDI offers 

the advantage of accessing these different lipid species without additional modifications to the mass 

spectrometry source or additional sample preparation methods.   
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Figures: 

 

Figure 1. NAPA-LDI-IMS of a rat brain tissue section imaged at 20 µm spatial resolution. Chemical 
images of (A) PE(36:4p), (B) PE(38:3), (C) HexCer(d42:2), and (D) composite of (A)-(D) illustrating the 
varying spatial distributions detected throughout the tissue. Lipid identifications were assigned based 
on ≤ 5 ppm mass error. (E) Averaged mass spectrum of imaged rat brain tissue. 

 



 

 

Figure 2. (A) Composite image of select m/z values from NAPA-LDI-IMS of a rat kidney tissue section 
imaged at 20 µm spatial resolution. Chemical images of (B) unknown, (C) CE(18:2), (D) HexCer(d42:1), 
and (E) TG(50:2) with varying spatial distributions detected throughout the tissue. Lipid identifications 
were assigned based on ≤ 5 ppm mass error. 

 

 



 

Figure 3. (A) Ion mobility heatmap generated from TIMS analysis of cortex region from rat kidney tissue 
section. Extracted mass spectra (B) lipid species primarily identified as CEs (red ellipse), (C) lipid species 
primarily identified as phospholipids and HexCers (green ellipse), and (D) lipid species primarily 
identified as TGs (blue ellipse) correspond to color-matched ellipses found in (A), highlighting the 
separation of multiple neutral lipid classes, as well as phospholipids. (E) Bar graph illustrating the lipid 
class breakdown contained within the different colored ellipses. Bar graph colors are matched with 
their corresponding ellipse colors. 

 

  



 

 
Figure 4. (A) Extracted ion mobilogram for m/z 686.585 detected from NAPA-LDI-IMS of rat kidney 
tissue with TIMS activated. (B) spatial distribution of m/z 686.585 with mobility value 1/K0 1.30-1.31 
(V·s)/cm2 (purple). (C) spatial distribution of m/z 686.585 with mobility value 1/K0 1.32-1.34 (V·s)/cm2 

(teal). (D) Composite image of (B) and (C). 
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