
Subscriber access provided by La Trobe University Library

Analytical Chemistry is published by the American Chemical Society. 1155 Sixteenth
Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Ambient Ionization and FAIMS Mass Spectrometry for Enhanced
Imaging of Multiply Charged Molecular Ions in Biological Tissues

Clara Leigh Feider, Natalia Elizondo, and Livia S. Eberlin
Anal. Chem., Just Accepted Manuscript • DOI: 10.1021/acs.analchem.6b02798 • Publication Date (Web): 26 Oct 2016

Downloaded from http://pubs.acs.org on October 27, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 

 

Ambient Ionization and FAIMS Mass Spectrometry for Enhanced Imaging of Multiply 

Charged Molecular Ions in Biological Tissues 

Clara L. Feider1, Natalia Elizondo1, and Livia S. Eberlin1* 

 

1 Department of Chemistry, The University of Texas at Austin, Austin, TX, 78712 

 

* to whom correspondence may be addressed: liviase@utexas.edu 

 

Keywords: Mass spectrometry imaging, ion mobility, FAIMS, biological tissue sections, ambient 

ionization 

 

Abstract 

Ambient ionization mass spectrometry imaging (MSI) has been increasingly used to investigate 

the molecular distribution of biological tissue samples. Here, we report the integration and 

optimization of desorption electrospray ionization (DESI) and liquid-microjunction surface 

sampling probe (LMJ-SSP) with a chip-based high-field asymmetric waveform ion mobility 

spectrometry (FAIMS) device to image metabolites, lipids, and proteins in biological tissue 

samples. Optimized FAIMS parameters for specific molecular classes enabled semi-targeted 

detection of multiply-charged molecular species at enhanced signal-to-noise ratios (S/N), 

improved visualization of spatial distributions, and most importantly, allowed detection of 

species which were unseen by ambient ionization MSI alone. Under static DESI-FAIMS 

conditions selected for transmission of doubly-charged cardiolipins (CL), for example, detection 

of 71 different CL species was achieved in rat brain, 23 of which were not observed by DESI 

alone. Diagnostic CL were imaged in a human thyroid tumor sample with reduced interference 

of isobaric species. LMJ-SSP-FAIMS enabled detection of 84 multiply-charged protein ions in 

rat brain tissue, 66 of which were exclusive to this approach. Spatial visualization of proteins in 

substructures of rat brain, and in human ovarian cancerous, necrotic, and normal tissues was 

achieved. Our results indicate that integration of FAIMS with ambient ionization MS allows 

improved detection and imaging of selected molecular species. We show that this methodology 

is valuable in biomedical applications of MSI for detection of multiply-charged lipids and proteins 

from biological tissues.   
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INTRODUCTION 

Mass spectrometry imaging (MSI) provides the outstanding ability of probing the spatial 

distribution of molecules in a sample surface with high specificity and sensitivity.1-3 In particular, 

ambient ionization MSI techniques have revolutionized the means by which spatial and 

molecular information is obtained from biological samples by enabling in situ, real time analysis 

of tissue samples with minimal pretreatment.4,5 Desorption electrospray ionization (DESI) is the 

most commonly used solvent-based ambient ionization MS technique to image and characterize 

lipids and metabolites in biological tissue samples.6,7 DESI has been increasingly applied for 

cancer diagnosis with the perspective of clinical use.8 In addition to DESI, other solvent-based 

ambient ionization techniques have been used to analyze biological tissue samples, including 

liquid microjunction surface sampling probe (LMJ-SSP)11 and nanoDESI.9,10 

Despite providing a wealth of chemical and spatial information, inherent challenges of 

sample complexity using direct analysis by MSI have prevented comprehensive detection and 

characterization of molecular species.11,12 Naturally occurring lipids, for example, present 

enormous diversity of molecular structures, and are observed over a relatively narrow mass-to-

charge (m/z) range as molecular ions. Isobaric interferences in the mass spectrum complicate 

tandem MS analysis for structural characterization and obscures visualization of an ion’s spatial 

distribution13, an issue that has been previously addressed through MS/MS imaging.14 Lipids 

present in high concentration in biological tissues may also suppress the detection of other 

lipids at lower abundances.15 Protein imaging directly from biological samples is also an ongoing 

analytical challenge for ambient ionization techniques, although recent progress has been 

made.16 New approaches that integrate several analytical strategies are needed for improved 

imaging and characterization of molecules within biological tissue samples.17,18  

Ion mobility has been increasingly applied to overcome issues in complex sample 

analysis by MS.19-21 In particular, high-field asymmetric waveform ion mobility spectrometry 

(FAIMS), or differential mobility separation, separates gas phase ions at atmospheric pressure 

on the basis of differences in their mobilities in electric fields prior to MS analysis.22 A high-

frequency, asymmetric waveform is employed by alternating low and high electric fields 

perpendicular to the path through which the ions travel.23 This waveform, called the dispersion 

field (DF), causes the ions to be displaced from their initial trajectories, collide with the electrode 

walls, and be dissipated. However, a second, smaller DC voltage can be applied between the 

two electrode plates, creating a low-energy electric field that is superimposed on the DF. This 

compensation field (CF) counteracts the ion drift caused by the DF, allowing ions with specific 

mobilities to be transmitted for mass analysis. The high-speed gas phase separation provided 
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by FAIMS has been shown to reduce chemical noise and to improve signal-to-noise ratios 

(S/N), sensitivity, and dynamic range.22 By optimizing the DF and CF, semi-selective 

transmission of subsets of ions or classes of molecules can be achieved. The filtering capability 

of FAIMS allows only subsets of ions to enter and fill the mass analyzer, resulting in higher 

sensitivity in their detection. Several groups have explored the use of FAIMS, as well as other 

ion mobility techniques, for MSI applications.24-28 A lab-built DMS cell integrated with a DESI 

platform was used to image glycerophosphocholines (PC) in a mouse brain tissue, resulting in 

decreased chemical noise, as well as improved S/N and image contrast.29 More recently, liquid 

extraction surface analysis (LESA) was integrated with the FAIMS device we applied in our 

study to image proteins in mouse brain and liver tissue samples.30,31 Using the integrated LESA-

FAIMS approach, 26 protein species in mouse brain and 29 protein species in mouse liver 

undetectable through LESA alone were observed.31 Here, we report an analytical approach 

coupling DESI or LMJ-SSP with FAIMS to image and characterize lipids and proteins from 

biological tissue sections. 

In our study, we integrated and optimized a chip-based, high-speed ultraFAIMS device 

with DESI-MS/LMJ-SSP-MS and a high mass resolution mass spectrometer to image and 

characterize singly-charged metabolites, singly- and doubly-charged glycerophospholipids (GP) 

and glycosphingolipids, and multiply-charged proteins in rat brain, human thyroid, and human 

ovarian cancer tissues. 2D-FAIMS sweep experiments were performed in tandem with DESI-

MSI using a spot-by-spot approach to explore separation voltages for specific molecular classes 

of lipids and metabolites in a rat brain tissue section. Static, optimized FAIMS conditions were 

then used for doubly-charged CL and gangliosides with no increase in analysis time. Multiply-

charged protein ions were imaged in biological tissues using LMJ-SSP-FAIMS with enhanced 

analytical performance. Using this approach, we show the first example of global protein 

imaging in human cancerous tissue by ambient ionization MSI. Our results indicate that 

integration of FAIMS with DESI or LMJ-SSP is aluable for imaging selected molecular classes in 

biological tissues.  

 

EXPERIMENTAL SECTION 

Chemicals 

18:1 glycerophosphoinositol (PI), 18:1 glycerophosphoserine  (PS), 18:1 

glycerophosphoethanolamine (PE), 18:1 glycerophosphoglycerol (PG), 18:1 

monoacylglycerophosphate (PA) , 18:1 cardiolipin (CL) and a total ganglioside extract were 

purchased from Avanti Polar Lipids (Alabaster, AL). Fatty acids (FA) including oleic acid, 
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lignoceric acid, and arachidonic acid, as well as metabolites n-acetylaspartic acid, and 2-

hydroxyglutarate were purchased from Sigma Aldrich (St. Louis, MO). Standards were dissolved 

in chloroform:methanol (CHCl3:MeOH) 1:1 (v/v) at a concentration of 10 µg/mL. A ubiquitin 

standard (Sigma Aldrich, St. Louis, MO) was dissolved in acetonitrile:water (ACN:H2O) 60:40 

(v/v) with 0.1% formic acid at 1 µg/mL. Direct electrospray ionization (ESI) infusion of the 

standards was performed at a flow rate of 5 µL/min. 

 

Tissue Samples  

Rat brain samples were obtained from BioreclamationIVT (Hicksville, NY). Banked frozen 

human tissue samples including human thyroid oncocytic tumor, ovarian cancer, and normal 

ovarian tissues were obtained from Cooperative Human Tissue Network (CHTN) under 

approved IRB protocol. Samples were stored in a -80oC freezer until sectioned. Tissue samples 

were sectioned at a thickness of 16 µm using a CryoStarTM NX50 cryostat (Thermo Scientific, 

San Jose, CA). After sectioning, the glass slides were stored in a -80oC freezer. Prior to MSI, 

the glass slides were dried for ~15 min. For protein analysis, sections were washed in ethanol 

for 10 seconds, followed by a wash in chloroform for 10 seconds to remove excess lipids. 

 

FAIMS 

An ultraFAIMS device (Owlstone Ltd., Cambridge, UK) using an ND chip (Owlstone), was used 

for all experiments performed. The ND chip has a trench length of 97.0 µm, a gap width of 

101.51 µm, and a chip thickness of 700 µm. The chip-region temperature was set to 90 ºC. At 

this temperature, the DF can be set to any value from 0 to 280.98 Townsends (Td) and the CF 

from -14.84 to 14.84 Td. 

 

DESI-MSI 

A 2D Omni Spray (Prosolia Inc., Indianapolis, IN) coupled to a Q Exactive mass spectrometer 

(Thermo Scientific, San Jose, CA) was used for tissue profiling and imaging. An unheated 

extended transfer tube of 5 in. with an inner diameter of 0.067 in. was lab-built to fit the FAIMS 

platform. DESI-MSI was performed in the negative ion mode from m/z 100-1500, using the Q 

Exactive mass spectrometer which allows for high mass accuracy (<5 ppm mass error) and high 

mass resolution (70,000 resolving power at m/z 200) measurements. The spatial resolution of 

the imaging experiments was 200 µm. The histologically-compatible solvent system 

dimethylformamide:acetonitrile (DMF:ACN) 1:1 (v/v) was used for analysis at a flow rate of 1.2 
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µL/min with 5 kV applied to the solvent.32 The N2 pressure was set to 180 psi. The capillary 

temperature of the mass spectrometer was set to 300˚C.  

 

LMJ-SSP MSI 

A LMJ-SSP system, the FlowprobeTM  (Prosolia Inc. Indianapolis, IN), coupled to a Q Exactive 

mass spectrometer (Thermo Scientific, San Jose, CA) was used for tissue profiling and imaging. 

LMJ-SSP-MSI was performed in the positive ion mode from m/z 250-2000, using the hybrid 

Quadrupole-Orbitrap mass spectrometer. The spatial resolution of the imaging experiments was 

~630 µm. The solvent system of acetonitrile:water (ACN:H2O) 60:40 (v/v) with 0.1% formic acid 

was used for analysis at a flow rate of 40 µL/min, as suggested by the manufacturer (10-100 

µL/min). The N2 pressure was between 30 and 70 psi and was adjusted manually when 

necessary to maintain the liquid micro-junction throughout experiments. Leaking of the solvent 

from the probe is avoided through alterations in pressure applied to the ESI source, but can 

occur during operation. The voltage applied to the solvent within the ESI nozzle was 4 kV and 

the capillary temperature of the mass spectrometer was 300˚C.  

 

Tissue staining 

The same tissue sections analyzed by DESI-MSI and adjacent sections analyzed by LMJ-SSP-

MSI were stained using standard H&E staining protocol. Pathologic evaluation was performed 

using light microscopy.  

 

Lipid and protein identification  

Lipid species were identified using high mass accuracy measurements and high-energy collision 

induced dissociation (HCD) tandem MS analysis, performed on the Q Exactive at 70,000 

resolving power (m/z 200). Lipid fragmentation patterns were compared to literature reports and 

used in conjunction with data from Lipidmaps database (www.lipidmaps.org) for identification. 

For protein identification, mass spectra from sequential profiling experiments with and without 

the FAIMS separation were obtained. The data was deconvoluted using the Xtract function 

within Xcalibur software using a S/N threshold of 3 to obtain monoisotopic masses of protein 

species detected during experiments. Protein species were analyzed by top-down collision 

induced dissociation (CID) tandem MS, performed on a hybrid LTQ-Orbitrap Elite mass 

spectrometer (Thermo Scientific, San Jose, CA) at 120,000 resolving power at m/z 200. Protein 

fragmentation patterns were input into ProSight Lite software 

(http://prosightlite.northwestern.edu/) and compared with protein amino acid sequences that 
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have been previously observed within the tissue types analyzed. Protein amino acid sequences 

were obtained from the UniProt database. 

 

2D imaging data analysis  

Xcalibur RAW files were converted into images using FireFly data conversion software 

(Prosolia, Inc. Indianapolis, IN) and then uploaded into the open source imaging software 

packages BioMap (Novartis) or MSiReader33 for visualization. The interpolate function within 

BioMap was used to smooth the pixels within the images. All images are normalized to the 

maximum ion intensity within all the spectra (all pixels) used to create the image. 

 

RESULTS AND DISCUSSION 

Optimization of FAIMS for separation of lipids and metabolites  

To evaluate FAIMS separation voltages for lipids and metabolites, a synthetic mixture of 

standards was prepared and analyzed using ESI and DESI in the negative ion mode. The 

mixture of lipids contained species from the main classes of GP commonly detected from 

biological tissues in the negative ion mode including singly-charged PI, PS, PE, PG, and PA, 

doubly-charged CL and gangliosides, three common FA (oleic, lignoceric, and arachidonic), and 

two representative metabolites, n-acetylaspartic acid (NAA) and 2-hydroxyglutarate. For ESI 

experiments, the synthetic mixture was directly infused while a 2D FAIMS field sweep was 

performed in which the DF was stepped in 10 Td increments from 150 to 280 Td with a CV 

sweep from -1 to 4 Td occurring at every DF value. Increasing DF causes an increase in 

separation efficiency while decreasing total ion current. Thus, an optimal DF was chosen as the 

field at which lipids and metabolites were most clearly separated in the ion chromatogram 

without detrimental loss of total ion current. At this selected DF value, an optimal CF for each 

species was chosen as the voltage at which the specific ion had a maximum total intensity.  

ESI experiments yielded an optimal DF of 220 Td for the highest transmittance and 

separation of lipids and small metabolites by FAIMS. At this DF, optimal CFs were determined 

for small metabolites (CF= -0.10 Td), singly-charged GP (CF= 0.99 Td), singly-charged FA (CF= 

1.17 Td), doubly-charged gangliosides (CF= 1.8 Td), doubly-charged CL (CF= 2.20 Td), and 

triply-charged gangliosides (CF= 2.71 Td) (Figure S1). A trend in optimized CF values was 

observed, in which higher CF values were ideal for transmission of larger, multiply-charged ions 

and lower CF values were more suitable for the transmission of smaller, singly-charged ions. 

Note that while different optimized CF values allowed separation of doubly-charged CL and 

gangliosides from singly-charged GP species, separation of different subclasses of singly-
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charged GP was not clearly observed. DESI-FAIMS optimization experiments performed on the 

synthetic lipid and metabolite mixture yielded similar optimized CF values for the species of 

interest at DF of 220 Td. For both ESI and DESI, a drop in total ion current of one order of 

magnitude or more was observed with FAIMS separation for all experiments performed. Planar 

FAIMS devices are known to cause an exponential decrease in ion transmission with increasing 

residence time within the device in order to achieve higher separation resolving power.34 Thus, 

despite the short residence time associated with this chip-based device, this method is not 

immune to this decrease in total ion transmission. Nevertheless, further decrease of noise leads 

to an overall increase in the S/N for selected molecular ions.34  

Optimization of the DESI-FAIMS system was also performed for imaging lipids and 

metabolites from a tissue sample in the negative ion mode. A spot-by-spot DESI analysis of a 

rat brain tissue section was performed using a methodology similar to the one employed for ESI. 

At a spatial resolution (step size) of 200 µm, the DF was kept constant at the optimized 220 Td 

while a 1D FAIMS sweep (CF= -1 to 3 Td) was performed (Figure 1A). A total of 8 mass 

spectra, each corresponding to a 0.5 Td CF increment, were acquired at each spot. Using this 

approach, a total of 6 seconds of analysis time was required for each spot (pixel). The spectra 

for each field were extracted and compiled into 2D ion images, yielding 8 sets of 2D DESI-MS 

images at specific DF and CF values that highlight different molecular classes transmitted at the 

optimized voltages (Figure 1B). Although time-consuming, this DESI-FAIMS-MSI experiment 

allowed optimization of separation voltages for metabolites, FA, singly charged GP, doubly-

charged CL, and gangliosides, directly from a tissue sample. For example, preferential 

transmission and highest relative abundances of metabolites was observed at CF= 0-0.5 Td. At 

these parameters, clear spatial distribution of NAA, recently described as a glioma 

oncometabolite,35 was observed mainly in the brain cortex. In contrast, doubly-charged species 

(CL and gangliosides), which are difficult to image within complex biological tissue samples due 

to their low abundances, are nearly exclusively observed at CF= 2-2.5 Td. We note that a slight 

drop in signal intensity was observed with analysis time in each spot (Figure S2), which could 

account for lower image quality for the species observed at higher CF values. At CF range 2.5-3 

Td, little to no ion transmission through the FAIMS device was observed. The same optimal ion 

transmission voltages were obtained in replicate profiling experiments for the lipid classes 

investigated.  

 

DESI-FAIMS semi-selective imaging of cardiolipins and gangliosides in rat brain sections 
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We further explored the DESI-FAIMS methodology for optimized imaging of doubly-charged 

CL and gangliosides from biological tissue samples. CL are a complex class of GP that exist 

almost exclusively within the inner mitochondrial membrane of cells. These unique lipids are 

important structural and functional components of both normal and diseased tissues, and have 

been increasingly explored in a variety of pathologies.36-38 We first performed DESI-FAIMS-MSI 

of CL within rat brain tissue sections at the optimized doubly-charged FAIMS parameters in the 

negative ion mode. In this static FAIMS approach, both the DF and CF remain constant 

throughout the entire tissue imaging experiment at the optimized CL settings (DF=220 Td, 

CF=2.20 Td). Thus, DESI-MSI was operated in the usual rastering mode (0.5 s/pixel), without 

increase of analysis time, and with a spatial resolution of 200 µm. An evident increase in the 

S/N of CL species in comparison to other GP species was observed in the mass spectra 

obtained using DESI-FAIMS-MSI when compared to DESI-MSI alone (Figure 2).  For example, 

using DESI-FAIMS-MSI, an increase in the S/N from 116 to 203 for an average of 50 spectra 

was observed for the most abundant CL species (m/z 749.495, CL (20:4/20:4/30:4/18:1), mass 

error of -0.93 ppm), with minimal change in signal intensity (from 1.78E4 to 1.98E4) resulting in 

images that highlight the CL species over other GP within the tissue sample (Figure 2c and 

Figure S4). Overall, about 50% increase in the S/N was observed for all CL species detected 

with the DESI-FAIMS-MSI approach. Most importantly, an increase in the number of detectable 

CL species was observed with the addition of FAIMS. For example, m/z 797.494, identified as 

CL(84:18) with a mass error of 1.00 ppm, was only observed by DESI-FAIMS-MSI and 

undetected with DESI-MSI alone. In total, 71 CL species were detected and identified using 

DESI-FAIMS-MSI, compared to 48 CL species detected when using DESI-MSI alone, as 

summarized in Table S1. Acyl chain composition, but not their positions, were tentatively 

assigned based on tandem MS patterns. When tandem MS fragmentation patterns for low 

abundance CL were unclear, tentative identification was based on accurate mass 

measurements alone.  

Imaging of doubly-charged gangliosides was performed using serial rat brain tissue sections 

at optimized FAIMS parameters (DF= 220 Td, CF= 1.8 Td) in the negative ion mode. 

Gangliosides are a subclass of glycosphingolipids which are most abundant within the nervous 

system. Gangliosides have important cellular functions, such as cell signaling and calcium 

homeostasis, and have been associated with multiple diseases including Alzheimer’s and Tay-

Sachs diseases.39,40 DESI-FAIMS-MSI yielded an increased relative abundance and S/N of 

gangliosides compared to DESI-MSI alone. For example, the S/N of the most abundant 

ganglioside species detected, identified as trisialotetrahexosylganglioside at m/z 1063.530 (GT1 
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d36:1), doubled using FAIMS. Out of the 21 doubly-charged ganglioside species detected by 

DESI-FAIMS-MSI, 7 were undetectable by traditional DESI-MSI (Table S2). Gangliosides 

present at low relative abundances were tentatively identified by accurate mass alone. Note that 

while FAIMS allowed improved detection of triply-charged gangliosides at CF=2.71 Td using a 

standard lipid mixture, this charge state was not observed in biological tissues by DESI-FAIMS 

or DESI alone due to low abundance of gangliosides at this charge state under our experimental 

conditions.  

DESI-FAIMS-MSI of cardiolipins in human oncocytic thyroid tumors 

We have recently described a diverse group of CL as molecular markers of oncocytic 

thyroid tumors, including oxidized CL, adducts of CL and PC, and monolysocardiolipins.41 

However, many of the diagnostic CL are detected at low relative abundances and within close 

m/z values to other interfering GP, which complicates ion isolation for tandem MS experiments, 

obscures visualization of their 2D distribution, and adds complexity to data analysis. Thus, we 

applied the integrated DESI-FAIMS-MSI approach to improve imaging of CL in oncocytic thyroid 

tumors. Two serial sections from an oncocytic thyroid tumor were subjected to DESI-MSI under 

identical conditions in the negative ion mode, one with static mode FAIMS at the optimized CL 

voltages, and one without FAIMS separation. As shown in Figure 3a, DESI-FAIMS-MSI allowed 

enhanced detection of CLs within the oncocytic thyroid tumor tissue section with reduced 

interference from other GP in the m/z 700-800 range. For example, using DESI-MSI alone, 

PE(O-38:5) at m/z 750.545 had a signal intensity 4 times that of the doubly charged CL(76:9) at 

m/z 750.502. When FAIMS is applied, CL(76:9) had a signal intensity double that of PE(O-38:5), 

which facilitates ion isolation, fragmentation, identification, and visualization of its 2D 

distribution. DESI-FAIMS-MSI revealed high relative abundance of CL within the entire thyroid 

tissue section, as shown in Figure 3b for m/z 723.479, m/z 737.494, and m/z 747.473 identified 

as CL(18:2/18:2/18:2/18:2 and/or 20:4/18:2/18:2/16:0), CL (20:4/18:2/18:1/18:1, 

20:3/18:2/18:2/18:1, 20:2/18:2/18:2/18:2) and CL(22:6/20:4/18:2/16:0), respectively. These 

results indicate the presence of oncocytic thyroid tumor in the entire tissue section, which was 

confirmed by histopathologic evaluation of the same H&E stained tissue section.  

 

LMJ-SSP-FAIMS-MSI of proteins in rat brain tissue section 

We next pursued the integration of LMJ-SSP and FAIMS for biological tissue imaging. LMJ-

SSP provides similar molecular information as DESI from biological tissues with higher 

sensitivity yet lower spatial resolution and image quality, as limited by the probe tip diameter 

(~630 µm).42 Metabolite and lipid optimization experiments performed using LMJ-SSP-FAIMS in 
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the negative ion mode yielded similar results to those obtained by DESI-FAIMS. Yet, we found 

that positive ion mode LMJ-SSP-FAIMS allowed obvious improvements for imaging multiply-

charged protein species from biological tissue samples. Thus, we focused our efforts on 

evaluating and optimizing LMJ-SSP-FAIMS for protein imaging. Voltage optimization was 

performed for mid-mass range proteins (4-12 kD) through LMJ-SSP-FAIMS profiling of a rat 

brain tissue section while conducting a 2D-FAIMS sweep from DF 230-280 Td and CF 0-4 Td. 

Ubiquitin, a well-known protein with a molecular weight of 8.5 kD, was used for optimization. 

The highest abundance of its 10+ charge state at m/z 857.467 was found at DF= 220 Td and 

CF= 2.55 Td, and thus all static FAIMS experiments for protein imaging were performed at 

these settings. 

 LMJ-SSP profiling experiments of rat brain tissue sections were performed with and without 

FAIMS separation in the positive ion mode under identical experimental conditions. A clear 

increase in the relative abundances of multiply-charged protein peaks was observed in the 

mass spectra when FAIMS was applied at optimized voltages for protein transmission (Figure 

4a, from m/z 600-1300), despite a one order magnitude drop in total ion current. In total, 84 

species attributed to proteins and/or proteoforms were detected using LMJ-SSP-FAIMS, 66 of 

which were not detected by LMJ-SSP alone. For example, the protein isotope pattern for the 9+ 

ion at m/z 821.218 was clearly resolved with a S/N of 28 using LMJ-SSP-FAIMS, while 

undetectable above a S/N threshold of 3 with LMJ-SSP alone (Figure 4b). Using LMJ-SSP 

alone, 67 proteins were detected, 49 of which were not detected by LMJ-SSP-FAIMS. This 

effect is attributed to lower transmission of proteins with molecular weight outside of the 

optimized FAIMS parameters (4-12 kDa), as well as to the loss of total signal intensity 

associated with FAIMS.34 Out of the 6 protein species detected by both approaches, 4 were 

observed at a slightly higher absolute signal intensity using FAIMS, while enhancement of S/N 

was observed for all 6 of the proteins. For example, a 7-fold increase in S/N (from 23 to 180) 

was observed for the 10+ ion cluster at m/z 857.468 when FAIMS was applied (Figure 4c). A 

list of the deconvoluted molecular weights of all protein species detected using LMJ-SSP-

FAIMS and LMJ-SSP alone is shown in Figure S6. 

In an effort to identify detected proteins, top-down CID tandem MS was performed on 

protein ions during rat brain tissue LMJ-SSP analysis. The 9+ charge state at m/z 857.370 

(MW=8559.61 Da) was identified as ubiquitin with P-score of 8.9E-53 (32% sequence coverage, 

Figure S7, Table S3). The 6+ ions at m/z 828.256 (MW=4960.48 Da) were identified as 

thymosin β-4 with a P-score of 2.5E-11 (33% sequence coverage, Figure S8, Table S4). Myelin 

basic protein (MBP) was tentatively attributed to the 20+ ion cluster at m/z 706.968 
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(MW=14113.23 Da) with a P-score of 3.1E-6 (21% sequence coverage). The cluster of 18+ ions 

at m/z 845.271 (MW=15187.75 Da) was identified as hemoglobin α-1/2 with P-score of 9.5E-18 

(21% sequence coverage, Figure S9, Table S5). High mass accuracy measurements were 

used to confirm protein identity, yielding mass errors below 10 ppm for all identified protein ions. 

LMJ-SSP with and without FAIMS separation was performed on serial rat brain tissue 

sections in the positive ion mode. Figure 4 shows 2D ion images of selected protein species 

obtained using LMJ-SSP with a spatial resolution of ~630 µm. The increase in S/N achieved 

with LMJ-SSP-FAIMS approach allowed for clear visualization of the spatial distribution of the 

proteins within the optimized transmission range (Figure 4d). For example, the spatial 

distribution of the 9+ charge state of an unidentified protein (m/z 939.848, MW=5449.60 Da) by 

LMJ-SSP alone was unclear, with signal due to protein detection and background noise 

observed throughout the tissue section and the surrounding glass slide. However, the LMJ-

SSP-FAIMS image clearly shows protein distribution at higher relative abundances within the 

white matter of the rat brain. The same trend was seen for the protein detected at m/z 915.151. 

LMJ-SSP-FAIMS-MSI also allowed visualization of the spatial distribution of the 6+ charge state 

of thymosin β-4 (m/z 828.256) within the hippocampus of the rat brain (delineated over optical 

image of H&E stained tissues), while the 10+ charge state of ubiquitin (m/z 857.370) was 

distributed homogeneously throughout the tissue section. Protein distributions obtained by LMJ-

SSP-MSI were reproducible (n=4 for each approach, Figure S13), although small alterations in 

experimental parameters including pressure and probe distance to the sample slightly affected 

ion intensity, which most noticeably impacts ion images obtained for ions that are not localized 

in a specific region of the tissue. Similar spatial distributions for these proteins described have 

been recently reported using other ambient ionization MSI techniques.16,31  

Proteins with molecular weights outside the optimized FAIMS voltages are observed at 

lower absolute intensities when compared to LMJ-SSP alone. For example, MBP has a 

molecular weight of 15kDa which is outside the 4-12 kDa range. LMJ-SSP-FAIMS-MSI of its 

20+ charge state at m/z 706.968 still allows for visualization of its spatial distribution despite a 2-

fold reduction in intensity. Note that lipid ions could still be detected and imaged using the 

FAIMS conditions optimized from proteins, although at lower relative and absolute abundances. 

For example, Figure S14 shows the ion images obtained from an unwashed rat brain tissue 

section for m/z 760.584, PC (34:1), m/z 810.597, PC (38:4), and m/z 857.370, ubiquitin, which 

were detected during the same LMJ-SSP-FAIMS-MSI experiment.  

 

LMJ-SSP-FAIMS-MSI of proteins in ovarian cancer tissue sections 
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The integrated LMJ-SSP-FAIMS approach was applied to image proteins in human 

normal ovarian and high grade serous ovarian cancer tissue samples. 2D ion images revealed 

distinct spatial distribution of various protein ions within the tissue sections, as showed in Figure 

5b for four selected protein ions: 10+ ion cluster at m/z 857.963 (MW=8559.54 Da), identified as 

ubiquitin (P-score=1.6E-20, 13% sequence coverage, mass error of 9.35 ppm, Figure S10, 

Table S6); 5+ ion cluster at m/z 993.501 (MW=4960.46 Da), identified as thymosin β-4 (P-

score=1.6E-5, 12% sequence coverage, mass error of 6.15 ppm, Figure S11, Table S7), 16+ 

ion cluster at m/z 946.311 (MW=15116.76 Da), identified as hemoglobin α-subunit (P-

score=5.3E-11, 26% sequence coverage, mass error of -7.94 ppm, Figure S12, Table S8), and 

the 9+ ion cluster at m/z 1122.038 (MW=10084.27 Da), proposed as calcyclin (P-score=5.4E-

12, 7% sequence coverage, mass error of 4.46 ppm). Histopathologic evaluation of H&E stained 

serial sections revealed the presence of necrotic tissue adjacent to the tumor cells in the tumor 

tissue, while the normal tissue was homogenously composed of normal ovarian tissue. 

Comparison of the 2D ion images and the annotated optical images of the H&E stained samples 

revealed that ubiquitin, thymosin β-4, and calcyclin showed higher relative abundances within 

the tumor region of the ovarian tumor sample compared with both the necrosis region and the 

normal ovarian tissue. Hemoglobin α-subunit, however, showed higher relative abundances 

within the necrosis region compared to the adjacent tumor region and the normal ovarian tissue. 

The mass spectra obtained showed distinct protein distribution for high grade serous ovarian 

cancer, necrotic ovarian tissue, and normal ovarian tissue under optimized LMJ-SSP-FAIMS 

conditions (Figure 5a).  

  

CONCLUSIONS 

  We developed and optimized an analytical approach integrating DESI and LMJ-SSP with 

a chip-based FAIMS device for imaging biological tissue samples. This method allowed for 

partial separation of analytes after desorption or extraction from biological samples, resulting in 

decreased chemical noise and increased detection of selected molecular species. Reducing 

interferences through FAIMS separation improved the S/N for the species of interest, aiding in 

spectra interpretation and improving ion image quality. Optimization of DF and CF values for 

semi-targeted transmission of different molecular classes can be performed through 2D-FAIMS 

sweeping experiments during a profiling or a more time-consuming imaging assay, directly from 

tissue samples.  

We show through several examples that this approach is particularly useful for semi-

selective imaging of subsets of multiply-charged lipids and proteins at optimized FAIMS 
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conditions, with no increase in analysis time. For example, improvement in the S/N, ion 

abundances, and number of doubly-charged CL and gangliosides species at optimized FAIMS 

conditions were observed in rat brain tissue sections. DESI-FAIMS-MSI allowed enhanced 

detection and imaging of diagnostic CL in human oncocytic thyroid tumor with reduced 

interference from other GP species, enabling improved ion isolation and identification by tandem 

MS. LMJ-SSP-FAIMS-MSI was particularly powerful for imaging multiply-charged protein ions 

from biological tissue samples. Optimized FAIMS parameters for proteins in the 4-12 kDa range 

allowed increase in the S/N, number, and visualization of the 2D spatial distribution of 84 protein 

species within rat brain, even with an overall decrease in total ion current. LMJ-SSP-FAIMS-MSI 

of human ovarian tissue samples enabled detection, identification, and correlation of spatial 

distribution of several proteins within the heterogeneous regions of the tissue samples, including 

regions of tumor, necrotic, and normal ovarian tissues. This is the first example of global protein 

imaging in human cancer tissue by ambient ionization MSI. 

Our results show that FAIMS can be successfully integrated with DESI and LMJ-SSP for 

improved detection and imaging of subsets of molecular species in biological tissues. While 

separation using the planar FAIMS device caused a decrease in total ion abundance of one 

order of magnitude or more, an increase in S/N ratio due to concomitant reduction of noise level 

contributed to improved data quality for MS imaging experiments.34 Thus, addition of FAIMS to a 

DESI or LMJ-SSP MSI workflow at optimized conditions is valuable for the detection and spatial 

visualization of otherwise undetectable lipids and proteins of diagnostic importance in biological 

tissues. Yet, while FAIMS provides a separation capability to increase data quality in ambient 

ionization MS imaging, ion suppression and matrix effects during ionization are still pertinent 

and should be considered as these may hinder ionization of molecules of interest.43  

Further optimization of the integrated system is being pursued to increase sensitivity and 

ion transmission. As with other MSI techniques, the extent of molecular information obtained is 

significantly lesser than that achieved with standard HPLC-MS approaches. For example, 

HPLC-MS proteomic assays of selected tissue regions obtained by laser capture 

microdissection can be performed at similar spatial resolution as LMJ-SSP, although more time-

consuming and labor intensive.44 Evaluation of the molecular coverage achieved when 

compared to standard chromatographic separation techniques will be sought to better quantify 

the utility of our approach. However, as ambient ionization MSI provides molecular and spatial 

information at a fraction of the time, without extensive sample preparation, we expect the 

integrated approach described here to be valuable in biomedical applications targeted at 
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imaging specific diagnostic lipids and proteins which are otherwise difficult to detect in biological 

tissues.  

 

Supporting Information 

Tables of identified compounds, MS/MS data, ESI-FAIMS optimization data, time-dependent 

DESI data, CL images for rat brain, summary of detected proteins, LMJ-SSP image replicates, 

and images illustrating ability to detect both lipids and proteins. The supporting information is 

available free of charge via the Internet at http://pubs.acs.org.   
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Figure 1. 2D-FAIMS, spot-by-spot DESI-MS imaging of a rat brain tissue section. a) 

Schematic of the 2D FAIMS sweep experiment used to create multiple sets of DESI-MS ion 

images at varied CF values in one tissue section. Each 200 µm spot on the tissue was analyzed 

for 6 seconds for a total of 8 MS acquisitions, in which a FAIMS sweep occurred, allowing MS 

acquisition correlated to different CF ranges. b) DESI-FAIMS-MS ion images for a rat brain 

tissue section for 6 representative lipid and metabolite species, each acquired at DF=220 Td 

and a different CF range, thus highlighting the increased transmission of different molecular 

species at each CF values. Small metabolites transmit at the lowest CF (-1 to 0.5 Td), followed 

by FA and singly-charged complex lipids at mid-range CF (0.5-1.5 Td), and doubly-charged CL 

and gangliosides at the high-range CF (1.5-2.5 Td). The images for each ion (vertical columns) 

are normalized to the highest ion intensity of that ion, and not across all ions. Scale bar= 3mm. 

 

Page 17 of 22

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

 

 

Figure 2. Static DESI-FAIMS-MSI of CL in rat brain tissue. a) Representative negative ion 

mode DESI mass spectra acquired without and with FAIMS in the m/z 700-800 range at the 

optimized doubly-charged CL parameters (DF=220 Td, CF=2.20Td), showing a clear increase in 

the relative abundance of CL species. Without FAIMS and with FAIMS spectra are averages of 

one DESI line scan, consisting of 68 and 66 scans, respectively. b) Chart of CL species 

detected with DESI alone and the DESI-FAIMS integrated approach. c) 2D DESI-FAIMS ion 

images for selected CL species (spatial resolution of 200 µm). Voxel versions of the same ion 

images are shown in Figure S15.  
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Figure 3. Static DESI-FAIMS-MSI of CLs in an oncocytic thyroid tumor tissue. a) 

Representative negative ion mode DESI mass spectra acquired without and with FAIMS in the 

complex lipid region (m/z 700-900) at the optimized doubly-charged CL parameters (DF=220 

Td, CF=2.20Td). Zoom in show spectra from m/z 750 – 752. Without FAIMS and with FAIMS 

spectra are averages of a DESI line scan, consisting of 57 and 54 scans, respectively.  b) DESI-

FAIMS-MS ion images and optical images of the H&E stained oncocytic thyroid tumor sections 

for three CL species, m/z 723.479, m/z 737.494, and m/z 747.473, showing high relative 

intensities of CL, a feature of oncocytic tumors (spatial resolution of 200 µm). Scale bar= 2mm. 
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Figure 4. Static LMJ-SSP-FAIMS-MS profiling and imaging of rat brain tissue for protein 

detection. a) LMJ-SSP-MS spectra of a rat brain tissue section, analyzed without FAIMS and 

with FAIMS optimized for transmission of mid-mass range proteins (4-12 kDa). Different colored 

labels represent different charge states of same proteins. b) Isotope patterns of ubiquitin (z=10) 

and c) an unidentified protein (z=9), with (red) and without (black) FAIMS applied, showing 

absolute signal intensity and S/N enhancements with the addition of FAIMS. Without FAIMS and 

with FAIMS mass spectra are averages of a line scan, consisting of 75 scans each. d) LMJ-

SSP-MS and LMJ-SSP-FAIMS-MS ion images of rat brain tissue for six representative protein 

species including ubiquitin, thymosin β-4, MBP, and three unidentified proteins (spatial 

resolution ~630 µm). Voxel versions of the same ion images are shown in Figure S15. Scale 

bar= 3mm. 

Page 20 of 22

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21 

 

 

Figure 5. Static LMJ-SSP-FAIMS-MS profiling and imaging of human normal and 

cancerous ovarian tissues. a) LMJ-SSP-FAIMS-MS spectra of normal ovarian, necrotic, and 

serous ovarian cancer samples in which different colored labels represent different charge 

states of same protein species. b) LMJ-SSP-FAIMS-MS ion images of ubiquitin, thymosin β-4, 

calcyclin, and hemoglobin α-subunit for a normal ovarian tissue sample compared with the high 

grade serous ovarian tumor sample, containing both necrotic and tumor regions (spatial 

resolution is ~630 µm). Optical images of H&E stained sections show regions of normal ovarian, 

necrotic, and high grade serous ovarian tumor. Voxel versions of the same ion images are 

shown in Figure S15. Scale bar=2mm. 
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