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Abstract 

We have previously demonstrated native nano-desorption electrospray ionization (nano-DESI) mass 

spectrometry imaging of proteins and protein complexes in thin tissue section of rat kidney. Here, 

we demonstrate the integration of travelling wave ion mobility spectrometry (TWIMS) into the 

native nano-DESI MSI workflow. The benefits of TWIMS are twofold: Firstly, arrival time filtering 

allows subtraction of chemical noise and the resulting ion images show improved specificity. 

Secondly, the incorporation of TWIMS enables the calculation of collision cross sections, and thus a 

measure of protein structure, directly from the imaging dataset.  Our results show good agreement 

between the collision cross sections determined from nano-DESI, which requires the use of a heated 

inlet, and those determined experimentally from liquid extraction surface analysis (LESA) with an 

ambient temperature inlet, and those available in the literature. Ion images and collision cross 

sections are presented for a range of proteins and protein assemblies with molecular weights of up 

to 42.6 kDa. 
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Introduction 

We have recently demonstrated the application of nanospray-desorption electrospray ionization 

(nano-DESI)  to native mass spectrometry imaging (MSI) of proteins in thin tissue sections.1 Native 

nano-DESI MSI incorporates the benefits of native mass spectrometry and ambient mass 

spectrometry, and offers higher spatial resolution than liquid extraction surface analysis (LESA) MSI, 

the only other technique so far applied to the native MSI of proteins from tissue.2-4  

Native mass spectrometry (MS) refers to electrospray ionization of proteins from solutions designed 

to mimic physiological conditions and is characterized by the retention of solution-phase non-

covalent interactions in the gas phase.  Native MS enables the mass and stoichiometry of intact 

protein assemblies to be determined,5 and can include ion mobility spectrometry (IMS) performed in 

tandem on the same instrumentation. Integration of IMS can provide structural information in the 

form of the rotationally averaged collision cross section (CCS).6-8 Since the CCSs of intact proteins are 

related to their three-dimensional structure, the degree to which a protein is folded can be assessed 

from the CCS values. Incorrectly folded proteins can adopt detrimental function, or be unable to 

provide a critical function, and are implicated in diseases such as Alzheimer’s disease, prion diseases 

and kidney diseases.9,10,11 Typically, native MS studies are performed on recombinant protein 

samples; however, the ability to analyze intact proteins from animal and human samples in situ 

could further our understanding of disease progression and guide the development of treatments 

and therapies.  

In situ mass spectrometry has been a highly active research area for the last two decades, with 

ambient mass spectrometry techniques such as desorption electrospray ionization (DESI)12, liquid 

extraction surface analysis (LESA)13, and nanospray-desorption electrospray ionization (nano-DESI)14 

being introduced. The distribution of molecules within a sample can be mapped under ambient 

conditions by harnessing these techniques for MSI. Denatured protein MSI from tissue, with a spatial 

resolution >150 µm, has been performed using DESI coupled to ion mobility separation.15,16 Nano-

DESI has been demonstrated at spatial resolutions of around 10 µm for small molecules17,18, and 

approx. 200 µm for denatured and folded proteins.1,19,20 Spatially-targeted proteomic analysis by 

LESA-like techniques has been performed in a bottom-up fashion using both microLESA24 and the 

nanoPOTS workflow25, featuring sampling diameters of approx. 100 µm, whereas native LESA of 

intact proteins has been limited to a pixel size of approx. 1 mm.2-4 Other ambient ionization 

techniques have yet to address intact protein MSI but are potential candidates for development. For 

example, tapping-mode scanning probe electrospray ionization (t-SPESI) has achieved spatial 

resolution of approx. 6 µm and laser desorption/ionization droplet delivery (LDIDD) has achieved up 
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to ~3 µm for imaging of small molecules.26,27 In situ native mass spectrometry remains challenging 

because of factors including ion suppression and low analyte concentration limiting the numbers of 

proteins that can be detected. Nevertheless, we have demonstrated LESA and nano-DESI MSI of 

folded proteins and protein complexes in tissue1-3 and Sharon and coworkers have analyzed protein 

complexes from crude cell lysates.28  

Building on earlier work15,29-31 which demonstrated the benefits of ion mobility spectrometry for MSI 

of intact, but unfolded proteins, we previously integrated travelling wave ion mobility spectrometry 

(TWIMS32) with native LESA MSI2,4 and high field asymmetric waveform ion mobility spectrometry 

(FAIMS33) with in situ native MS.34 Native LESA TWIMS MSI provided simultaneous spatial, 

conformational and mass information for intact protein complexes in a single MSI experiment.4 In 

this study, we have integrated native nano-DESI MSI with TWIMS. Nano-DESI has previously been 

coupled to drift tube ion mobility-mass spectrometry for the analysis of lipids to produce ion images 

for ions of specific drift times, although without determining lipid CCS.35 Our aim was to exploit the 

capability for TWIMS arrival time (tA) filtering to produce ion images with improved specificity and to 

reveal new or overlapping molecule distributions, and determine the CCSs of endogenous proteins 

and protein assemblies from the imaging data. Initially, we considered the effect of the heated inlet, 

necessary for desolvation of ions in native nano-DESI, on the calculated CCS values of previously 

identified and spatially mapped1,3 proteins from rat kidney  to understand whether unfolding 

occurred during analysis. TWCCSN2He , i.e., CCSs obtained using a travelling wave device where the 

bath gas was N2, and calibrated with CCS from drift tube ion mobility measurements in He,7 were 

compared to those obtained by native LESA and values found in the literature. TWCCSN2He were 

similar between nano-DESI and LESA experiments indicating no unfolding. We demonstrate the use 

of TWIMS-MSI to increase the specificity of ion signals in nano-DESI images, and show ion images of 

intact proteins and protein assemblies with molecular weight up to 42.6 kDa.  

 

Materials and Methods 

MS-grade water, methanol and formic acid were purchased from Fisher Scientific (Loughborough, 

UK). HPLC-grade ammonium acetate was bought from J.T. Baker (Deventer, Netherlands). C8E4 

detergent and the protein standards ubiquitin (bovine, U6253), cytochrome C (equine, C2506) and 

myoglobin (equine, M0630) were obtained from Sigma-Aldrich (Gillingham, UK). The solvent system 

used for producing ion images was ammonium acetate (200 mM) + 0.125% C8E4 detergent. Sodium 

iodide (2 µg/µL in 50% isopropanol) for TOF mass calibration was obtained from Waters Corporation 
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(Manchester, UK). Argon (purity > 99.998%), nitrogen (>99.995%) and helium (>99.996%) gases were 

obtained from BOC (Guildford, UK). 

Animal Tissue 

Kidney tissue from a vehicle-dosed (0.5% HPMC & 0.1% tween 80 in water) adult male Hans Wistar 

rat was the kind gift of Dr Richard Goodwin (Astra Zeneca). The animal was euthanized two hours 

post dose. Dissection was performed by trained AstraZeneca staff (project licence PP77366793, 

procedure number 3). Kidneys were snap-frozen in isopropanol over dry ice. All tissue was stored at 

-80 °C and sectioned at -22 °C to a thickness of 10 µm with a CM1810 Cryostat (Leica Microsystems, 

Wetzlar, Germany) and thaw mounted to glass microscope slides. Sections were stored at -80 °C 

until use. Tissue sections were not subjected to any washing protocol prior to analysis. Bright field 

microscopy was performed post-MSI to create digital images of the entire section. This was 

performed using an Axio Scan.Z1 (Carl Zeiss AG, Oberkochen, Germany) with 10x magnification and 

Image analysis was performed using Zeiss Zen lite.  

Nano-DESI ion source 

A 2D DESI ion source (Prosolia Inc., Indiana, Indianapolis) was modified to function as a nano-DESI 

source. Use of this existing platform enabled straightforward integration with the Waters mass 

spectrometer and imaging software. A photograph of the ion source is shown in Figure S1, 

Supporting information. The standard Prosolia transfer line was replaced by a prototype heated 

transfer line and sample cone assembly supplied by Waters (Waters Research Centre, Budapest), in 

order to promote desolvation of protein ions. The inlet temperature was set to 275 ºC and allowed 

to equilibrate to allow for inlet expansion due to the temperature increase. This temperature 

matched the inlet temperature used for native nano-DESI on an orbitrap mass spectrometer 

previously.1 The DESI sprayer assembly was replaced with a flame-pulled fused silica capillary (OD = 

280 µm, ID = 75 µm as purchased then pulled to approx. 100 µm OD) connected to a syringe (10 mL, 

Hamilton, Reno, Nevada). The solvent system for native nano-DESI was 200 mM aqueous 

ammonium acetate at pH ~7 containing 0.125% C8E4 detergent by volume. Solvent flow was 

provided by the syringe and external syringe pump at a rate of 1.9 µL/min. A second flame-pulled 

capillary approx. 2 cm long was positioned at the exit of the first capillary, with an angle of approx. 

50º between the two. The second capillary was positioned approx. 0.5 mm within the center of the 

heated inlet without contacting the inlet sides. A microscope camera was used to aid capillary 

positioning and monitor the nano-DESI probe during analysis. The solvent was aspirated into the 

inlet by the mass spectrometer vacuum. A high voltage potential (1.8 kV) was applied to the solvent 
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through the syringe needle by a cable attached to the mass spectrometer high-voltage power 

supply. 

NanoESI and LESA 

NanoESI and LESA were performed with a Triversa NanoMate (Advion Biosciences, Ithaca, NY). 

Calibration of the time-of-flight (TOF) analyzer was performed by direct infusion nanoESI of sodium 

iodide solution. NanoESI of denatured ubiquitin, cytochrome C and apo-myoglobin in 50% MeOH + 

0.1% formic acid was performed to calibrate the TWIMS device at three wave heights (24.5 V, 25.0 V 

and 25.5 V). TWCCSN2He were calculated by a previously published method using a power function 

with R2 >0.99.2 

Native LESA was performed using 200 mM aqueous ammonium acetate with 0.125% C8E4 detergent 

for replicates at three wave heights (other mass spectrometer settings for LESA were as described 

for the nano-DESI imaging experiment, below). The ‘contact’ LESA method was used, where the 

pipette tip contacts the sample to contain the solvent. 5 μL of solvent was aspirated from the 

solvent well. Solvent was dispensed (1.9 µL) onto tissue, followed by a delay of 30s to allow diffusion 

of analytes into the solvent, then reaspiration of the solvent (2.2 µL). The sample was moved to the 

nanoESI chip and electrosprayed with a potential of 1.75 kV and backpressure of 0.15 PSI.  

 

Ion mobility-mass spectrometry  

The nano-DESI ion source or Triversa Nanomate was attached to a Synapt G2-S (Waters Corporation, 

Manchester, UK), a TWIMS-enabled orthogonal TOF mass spectrometer, and connected to the 

control computer using the commercial DESI electronics. The instrument and ion source were 

controlled through MassLynx (version 4.2, Waters) and were set to operate in ‘Sensitivity’ and 

‘positive ion’ modes. A Speedivalve on the roughing pump was used to throttle the backing pressure 

to approx. 6 mBar to aid the transfer of protein ions from atmospheric pressure. It was important to 

set this pressure after the heated inlet reached operating temperature as the backing pressure 

decreased with increasing inlet temperature. The cone voltage was set to 80 V to remove detergent 

molecules and desolvate protein ions. Configuration of additional settings through the MassLynx MS 

Tune window was necessary for improved sensitivity and optimal TWIMS separation for protein ions. 

These settings include a manually defined quadrupole profile and TriWave settings, which are 

detailed in Table S1, Supporting Information. Vacuum chamber pressures after equilibration of 

manual gas settings at the start of the nano-DESI experiment ) are found in Table S2, Supporting 

information and are representative of pressures used for all other TWIMS experiments in this article. 
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Nano-DESI imaging was performed with a travelling wave height of 25.0 V, with additional 

measurements of TWCCSN2He performed at 24.5 V and 25.5 V; for LESA, three wave heights (24.5, 

25.0, 25.5 V) were used. 

For nano-DESI MSI, the experiment was defined in HDI (version 1.5, Waters) and leveraged the 

workflow of the commercial DESI source. A photograph of the microscope slide holding the tissue 

section was imported into HDI and the analysis region was defined. Basic acquisition parameters 

were specified in HDI and are included here in Table S3, Supporting Information. The experiment was 

exported to a .csv file and imported into MassLynx as a sample list. Data acquisition was triggered by 

starting the sample queue. Contact closure events initialized and synchronized the nano-DESI source 

and mass spectrometer during analysis. Imaging of the kidney took approx. 7 hours with a TOF scan 

time of 5 s, an X-axis rate of 20 µm/s and a Y-step of 300 µm. Masslynx, DriftScope (version 2.9, 

Waters) and ORIGAMIANALYSE (v1.2.1.4)36 were used for data processing and visualization. 

Ion image generation 

The data file for the entire experiment was imported into DriftScope  and manually interrogated for 

protein signals with reference to previous experiments that identified proteins by top-down MS.1,3,29 

A peak list featuring ‘m/z’ in the first column and arrival time in the second column was constructed 

and saved as a tab-delimited text file. The text file was imported into HDI to specify peaks to process. 

The data were processed with a noise threshold of 1 count, m/z window of 0.5 and arrival time 

window of 5 bins to account for the protein peak width in each dimension. HDI then produced a new 

text file containing the processed data for visualization in the ‘Analysis’ tab. The data were 

normalized to total ion current. Ion images featuring multiple charge states of the same protein 

were produced using the “Add” function of the “Mass Composition” option in HDI post-

normalization. Ion images had a nominal pixel size of 100 x 300 µm (0.03 mm2) and had linear 

interpolation applied. The anatomy of the kidney is shown in Figure S2, Supporting information. The 

analyzed kidney section is shown in a bright-field image in Figure S3a, Supporting Information. The 

TIC ion image for the complete native nano-DESI experiment is shown in Figure S3b, Supporting 

Information, and the arrival time versus m/z plot is shown in Figure S4, Supporting information.  

 

Trajectory model CCSHe calculations 

Where the X-ray crystal structure was available for a protein, CCSHe was calculated by the trajectory 

method in IMoS (v. 1.10).37 The default parameters for He gas were used. 
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Results and discussion 

The effect of the heated inlet on CCS 

To perform native nano-DESI mass spectrometry of proteins, it was beneficial to elevate the inlet 

temperature to improve desolvation and sensitivity. This requirement is the consequence of the 

need for relatively high solvent flow rates to maintain a stable solvent bridge during sampling. For 

comparison, the native nano-DESI flow rate is 1.9 μL/min whereas the nanoESI flow rate on the 

Triversa Nanomate is < 200 nL/min. In our previous native nano-DESI work using an orbitrap mass 

spectrometer, the inlet temperature was defined as 275 °C in the instrument software.1 Here, a 

heated ion inlet was added to the TWIMS-enabled mass spectrometer for nano-DESI to improve 

desolvation of ions and sensitivity. Previous investigations of DESI MS for protein analysis have used 

a similar heated inlet for the same purpose.15,38  

As described above, the integration of TWIMS into native nano-DESI MSI has the potential to 

improve the quality of ion images by allowing arrival time filtering, and to enable direct 

measurement of collision cross sections (CCSs) from tissue. An obvious question that arises is: do the 

elevated inlet temperatures associated with nano-DESI have the potential to disrupt protein 

structure?38 To evaluate the effect, if any, of inlet temperature, the CCSs calculated following native 

nano-DESI of tissue were compared with those obtained following LESA, which does not require a 

heated inlet as it relies on nanoESI. Any significant protein unfolding due to inlet heating in nano-

DESI should be detected as a greater TWCCSN2He relative to that measured by LESA with an ambient 

temperature inlet.  

A thin section of rat kidney was analyzed by nano-DESI with non-denaturing solvent using the 

TWIMS-MSI workflow. Specific locations within rat kidney (medulla, cortex) were also analyzed by 

native LESA-TWIMS MS using the same inlet but at ambient temperature. All other instrument 

conditions matched the native nano-DESI analysis. Native LESA TWCCSN2He values were compared to 
TWCCSN2He values obtained by native nano-DESI. The expected error in CCS determined in this 

manner is <5%.7 Relatedly, we expect significant structure disruption due to inlet heating to be 

evident as nano-DESI TWCCSN2He values >5% larger than LESA TWCCSN2He values. A comparison of the 

nano-DESI TWCCSN2He and the LESA TWCCSN2He values are shown in Table 1. 

The TWCCSN2He for β-thymosin 4 (4+, nano-DESI; 754 Å2, LESA; 736 Å2) and ubiquitin (5+, nano-DESI; 

1086 Å2, LESA; 1083 Å2) were similar to values obtained previously with LESA from mouse tissue (β-
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thymosin; 733 Å2, ubiquitin; 1047 Å2).2 (Note, amino acid sequences are identical in both organisms). 

The TWCCSN2He for ubiquitin and cytochrome C are within the ranges of experimental values in the 

literature.41 The CCSHe for the crystal structure of phosphatidylethanolamine binding protein (PEBP1, 

PDB: 2IQY) was calculated to be 1956 Å2, approx. 10% larger than TWCCSN2He for the 8+ charge state 

determined by nano-DESI and LESA. Lower charge states of monomeric proteins can be expected to 

have smaller TWCCS than predicted from crystal structures.42 The difference is suggestive of gas 

phase compaction of this protein due to the travelling wave height.43,44  

The CCSHe (2980 Å2) for the homotrimeric RidA protein assembly was determined in silico by 

calculation from the crystal structure coordinates (PDB: 1QAH). The calculated value compares to 
TWCCSN2He obtained by nano-DESI for RidA charge states 10+ (tentatively determined from the weak 

signals as 2865 Å2, 4% smaller) and 11+ (2788 Å2, 6.9% smaller). With native LESA, the RidA 
TWCCSN2He was measured to be 2785 Å2 for the 11+ charge state (10+ not detected). The observation 

of gas phase compaction of protein assemblies is not unprecedented: We previously observed 

smaller experimental TWCCS (determined following LESA MS) relative to the CCS predicted from 

crystal structure coordinates of the hemoglobin heterotetramer and other reports have explored 

this phenomenon in depth.4,42,43,45 Jurneczko and Barran measured the CCS of melittin (~2.9 kDa 

monomer) and hemoglobin (~64 kDa tetramer) to be 10% and 28% smaller for the lowest detected 

charge state than predicted from crystal structure coordinates, and generally noted increasing 

difference with increasing protein molecular weight. For the hemoglobin tetramer the difference 

was attributed to structural collapse owing to the volume of the central cavity.42 Work by Hogan et 

al. using a differential mobility analyser suggested gas phase compaction of GroEL (~800 kDa 

tetradecamer) by as much as 40%.46  

The data in Table 1 indicate that measurable structure disruption did not occur for the investigated 

proteins due to the heated inlet used for nano-DESI. The TWCCSN2He values obtained by LESA did not 

differ significantly from those obtained by nano-DESI. 
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Table 1: TWCCSN2He for rat kidney proteins sampled by native nano-DESI and native LESA. 

   Nano-DESI LESA nano-DESILESA 

Protein Charge 
state 

MW 
(kDa) 

TWCCSN2He 
(Å2)a Std Devb 

TWCCSN2He 
(Å2)a Std Devb  %difference 

β-thymosin 4 3 5.0 652 6.8 679 4.4 -4.2 
β-thymosin 4 4 5.0 754 9.0 736 13.8 2.4 
Ubiquitin (-GG) 4 8.5 950 11.1 996 8.6 -4.9 
Ubiquitin (-GG) 5 8.5 1092 6.3 1137 3.6 -4.1 
Ubiquitin 4 8.6 951 14.1 1000 1.4 -5.1 
Ubiquitin 5 8.6 1086 8.8 1083 23.7 0.3 
Acyl-coA BP 5 9.9 1069 14.7 1075 3.5 -0.6 
Cytochrome C 6 12.1 1266 21.1 1269 4.9 -0.3 
Cytochrome C 6 12.1 1343 17.3 1378 3.1 -2.6 
H-FABP 6 14.7 1372 33.8 1435 3.8 -4.6 
H-FABP 7 14.7 1425 29.3 1464 1.4 -2.6 
K-FABP 7 17.6 1525 23.4 1583 2.8 -3.8 
MUP 7 18.7 1575 33.4 1630 12.1 -3.5 
PEBP1 8 20.7 1760 43.9 1769 1.6 -0.5 
RidA trimer 11 42.6 2788 66.4 2785 9.7 0.1 

aMean of CCS values from three travelling wave heights (24.5 V, 25.0 V and 25.5 V) 
bOne standard deviation determined from CCS values obtained at three travelling wave heights. 

 

Arrival time filtering improves image specificity. 

Arrival time (tA) filtering can be used to subtract chemical noise from protein ion signals that overlap 

in m/z but differ by tA.15 We have previously used this strategy to produce native LESA MS images of 

proteins with reduced contribution by interfering signals, thus improving the contrast in the images.4 

Figure 1 shows data associated with m/z 2676.2. This m/z corresponds to 7+ charge state of major 

urinary protein (MUP). The arrival time distribution (ATD) for m/z 2676.2 (Figure 1a) shows two 

peaks marked by red and blue arrows. The mass spectrum without arrival time filtering is shown in 

Figure 1b.The mass spectra at the apex of each peak are shown in Figure 1c and Figure 1d. Only the 

spectrum shown in Figure 1c contains a peak corresponding to MUP7+, with a calculated TWCCSN2He 

of 1620 Å2. The ion image produced using data from the entire ATD (Figure 1e) does not show any 

specific distribution. In contrast, the ion image produced using the filtered mass spectrum in Figure 

1f shows the expected distribution of MUP, i.e., in the cortex tissue47,48 (For anatomy, see Figure S2, 

Supporting Information). tA filtering has a marked effect here because of the low intensity of the 

protein signals which are lost amongst the background in the unfiltered image. Signals attributable 

to chemical background and potentially unresolved protein ions with abundance in the medulla 



10 
 

tissue produce the image Figure 1g from the second peak in the ATD, which does not show the same 

distribution as Figure 1f.  

 

Figure 1: (a) The arrival time distribution for m/z 2676.2 acquired with a travelling wave height of 25 

V. Red and blue arrows indicate two peak apexes. The total mass spectrum for all arrival times is 

shown in (b). The arrival time filtered mass spectrum at the red apex is shown in (c) and shows 

signals for major urinary protein 7+ (MUP). The mass spectrum for the blue apex (d) does not show 

MUP signals. TIC normalized ion images were produced that include m/z signals for the full arrival 

time distribution ((e), indicated by the black arrows in (a) and (b)), red apex (f) and blue apex (g). 

Only the ion image (f) shows the distribution expected for MUP. 

Figures S5-S9, Supporting Information further demonstrate ion images obtained through tA-filtering 

of interfering signals for β-thymosin 4, cytochrome C, K-FABP, PEBP1, and H-FABP. 

 

 

Analysis of proteins of MW <10 kDa 

The results above show that tA-filtering improves the specificity of protein ion images, and that it is 

possible to determine TWCCSN2He values for endogenous proteins by nano-DESI TWIMS-MS. We 

subsequently produced tA-filtered ion images incorporating multiple charge states of proteins from 

the kidney section. TWCCSN2He (± 5%) at a travelling wave height of 25 V were calculated for each 

charge state of each protein. The total mass spectrum, total ion chronogram and total arrival time 
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distribution for the native nano-DESI-TWIMS MSI experiment are shown in Figure S10, Supporting 

information. The total arrival time versus m/z plot (Figure S4, Supporting information) shows the 2D 

separation of protein ions for the entire experiment.   

Figure 2 shows ion images featuring two charge states of a range of abundant low molecular weight 

(< 10 kDa) proteins, together with arrival time-filtered mass spectra and ATDs. β-thymosin 4 (4.96 

kDa, tentatively assigned here on the basis of intact mass and previously identified by top-down 

MS/MS29) is the smallest protein detected here and its ion image (Figure 2a) indicates its presence 

throughout the kidney tissue, but with a notably lower signal intensity in the cortex. The 4+ charge 

state was determined to have a TWCCSN2He of 759 °Å2. There was a significant second peak in the 

ATD; however, the associated extracted mass spectrum did not contain peaks corresponding to β-

thymosin 4 (See Figure S5 Supporting Information), so that ATD peak is not indicative of an unfolded 

conformer. The 3+ charge state exhibited a smaller TWCCSN2He (661 Å2). The  calculated TWCCSN2He 

values for ubiquitin (8.65 kDa, tentatively assigned  here on the basis of intact mass and previously 

identified by top-down MS/MS 29, Figure 1b) were 1094 Å2 (5+ charge state) and 971 Å2 (4+ charge 

state), in agreement with our previously reported values obtained by LESA MS2 and the range of 
DTCCSHe values collated by May et al.49   

The TWCCSN2He values for ubiquitin lacking C-terminal diglycine (-GG, 8.45 kDa, Figure 1c) and acyl-

coA binding protein (9.94 kDa, Figure 1d), both of which were tentatively assigned  here on the basis 

of intact mass and identified previously by top-down MS/MS2, have not been reported previously.  

Calculated TWCCSN2He  values for the truncated ubiquitin (5+ charge state: 1101 Å2; 4+ charge state: 

966 Å2) were similar to those of ubiquitin, however, each protein exhibits a different spatial 

distribution. Ubiquitin signals were most intense in medullary tissue and in the renal pelvis, whilst 

ubiquitin (-GG) was most abundant in the cortex. This observation indicates different cell specificity 

and functionality.   Acyl-coA binding protein (5+ charge state: 1088 Å2; 4+ charge state: 1049 Å2) was 

more homogenously distributed than other small proteins, with somewhat greater abundance in 

medulla and cortex tissues. 
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Figure 2: TIC normalized arrival time (tA)-filtered ion images, tA-filtered mass spectra and ATD plots 

for small proteins (MW<10 kDa) acquired with a travelling wave height of 25 V. Ion images are 

composites comprised of signals from the protein specific peak in each ATD and mass spectrum for 

two charge states of each protein; (a) β-thymosin 4, 4.96 kDa, abundant in central tissues and of low 

abundance in the cortex (b) ubiquitin, 8.65 kDa, abundant in medulla tissue (c) ubiquitin (-GG), 8.45 

kDa, abundant in cortex tissue (d) acyl-coA binding protein, 9.94 kDa, comparatively homogenous 

distribution. 

 

Proteins of MW > 10 kDa and protein complexes 

Composite arrival time-filtered ion images, arrival time-filtered mass spectra and ATD plots are 

shown in Figure 3 for proteins with MW ranging from 14.7 kDa – 42.6 kDa. The ion image in Figure 

3a features the 7+ (TWCCSN2He 1466 A2) and 6+ (TWCCSN2He 1419 A2) charge states of heart-fatty acid-

binding protein (H-FABP, tentatively assigned here on the basis of intact mass and identified 

previously by top-down MS/MS3). The observed spatial distribution is in good agreement with that 

observed previously by native LESA and native nano-DESI MSI, i.e., most abundant within the 

medulla tissue.1,3 Kidney-fatty acid binding protein (K-FABP, tentatively assigned here on the basis of 

intact mass and previously identified by top-down MS/MS3) was most abundant in the cortex tissue 

(Figure 3b), and was detected as 7+ (TWCCSN2He 1558 Å2) and 6+ (TWCCSN2He 1532 Å2) ions. Figure 3c 

shows the composite ion image (8+ and 7+ charge states) for the homodimer of S100-A6 (tentatively 

assigned here on the basis of intact mass and identified previously by top-down MS/MS1). The dimer 



13 
 

is observed primarily in the renal pelvis in agreement with our previous work. 1 TWCCSN2He values 

were determined for the two charge states; 8+: 1791 Å2 and 7+: 1730 Å2. The second peak in the ATD 

of the 8+ charge state corresponds to salt adducts of 4+ ions of acyl-coA binding protein. The S100-

A6 dimer is not observed following sampling with LESA and so comparison between techniques is 

not currently possible. The intact homotrimer Reactive intermediate deiminase A (RidA, tentatively 

assigned here on the basis of intact mass and identified previously by top-down MS3 3) was observed 

in the cortex (Figure 3d). The signal is limited for this protein, in part because of the gentle ionization 

conditions which limit the desolvation of larger proteins on QTOF mass spectrometers.50 

Nevertheless, evidence from two previous native MSI studies1,3 and immunohistology51,52 correlates 

with the distribution observed here. Both the 11+ (TWCCSN2He 2881 Å2) and 10+ (TWCCSN2He 2865 Å2) 

charge states were observed.   

 

 

Figure 3: TIC normalized tA-filtered ion images, tA-filtered mass spectra and ATD plots for proteins 

from 14.7 kDa – 42.6 kDa acquired with a travelling wave height of 25 V. Ion images are composites 

comprised of signals from the protein specific peak in each ATD and mass spectrum for two charge 

states of each protein. (a) H-FABP, 14.7 kDa, most abundant in the medulla. (b) K-FABP, 17.6 kDa, 

most abundant in the cortex. (c) S100-A6 homodimer, 19.9 kDa, abundant in the renal pelvis. (d) 

RidA homotrimer, 42.6 kDa, most abundant in the cortex tissue. 
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Conclusions 

The results show that native nano-DESI MSI featuring ion mobility separation is a viable technique 

for improving ion image specificity for native MSI. Simultaneously, it enables investigation of the 

tissue specificity of folded protein conformers using both m/z and CCS.  

TWCCSN2He obtained from independent native nano-DESI and native LESA experiments showed no 

deviance outside of expected error for TWIMS, indicating that native nano-DESI with supplemental 

heating is suitably soft for structural interrogation of endogenous proteins and protein complexes. 

Experimental TWCCSN2He values were in good agreement with literature values and CCSs calculated 

for x-ray crystal structures where available.  

Incorporation of TWIMS into native nano-DESI MSI reduced the contribution of non-specific signals 

to ion images, thereby improving their quality. Potentially, native nano-DESI could be coupled to 

other ion mobility techniques (i.e. other than TWIMS) to benefit from similar background signal 

reduction. State of the art higher resolution IMS, e.g., cyclicTWIMS53 and TIMS54, could further 

resolve overlapping protein signals, reduce background signal and provide CCS. Where these devices 

are available commercially, they are coupled to state-of-the-art mass spectrometers which could 

provide higher sensitivity under the gentle conditions required to preserve folded structures.  Native 

MS-compatible differential ion mobility separators could also be used to reduce background signals, 

but do not currently enable CCS to be determined.34 Future efforts must focus on increasing the 

variety of detectable proteins, e.g., through enhanced sample preparation, to increase the 

applicability of native nano-DESI-TWIMS MSI to structural biology research.  
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