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ABSTRACT: Imaging mass spectrometry (IMS) enables the spatially targeted molecular assessment of biological tissues at cellular
resolutions. New developments and technologies are essential for uncovering the molecular drivers of native physiological function
and disease. Instrumentation must maximize spatial resolution, throughput, sensitivity, and specificity, because tissue imaging ex-
periments consist of thousands to millions of pixels. Here, we report the development and application of a matrix-assisted laser
desorption/ionization (MALDI) trapped ion mobility spectrometry imaging platform. This prototype MALDI timsTOF instrument is
capable of 10 um spatial resolutions and 20 pixels/s throughput molecular imaging. The MALDI source utilizes a Bruker SmartBeam
3-D laser system that can generate a square burn pattern of <10 x 10 um at the sample surface. General image performance was
assessed using murine kidney and brain tissues and demonstrate that high spatial resolution imaging data can be generated rapidly
with mass measurement errors < 5 ppm and ~40,000 resolving power. Initial TIMS-based imaging experiments were performed on
whole body mouse pup tissue demonstrating the separation of closely isobaric [PC(32:0)+Na]* and [PC(34:3)+H]* (3 mDa mass
difference) in the gas-phase. We have shown that the MALDI timsTOF platform can maintain reasonable data acquisition rates (>2
pixels/s) while providing the specificity necessary to differentiate components in complex mixtures of lipid adducts. The combination
of high spatial resolution and throughput imaging capabilities with high-performance TIMS separations provides a uniquely tunable
platform to address many challenges associated with advanced molecular imaging applications.

Matrix-assisted laser desorption/ionization (MALDI) imag-
ing mass spectrometry (IMS) combines the sensitivity and mo-
lecular specificity of MS with the spatial fidelity of classical
microscopy®. IMS is routinely used to study a variety of analyte
classes including pharmaceuticals®®, metabolites*, lipids®, nu-
cleic acids, glycans,®7 peptides®® and proteins!®*. In brief,
samples are thinly sectioned, mounted onto conductive glass
slides, and coated with a light absorbing matrix that assists in
desorption and ionization of endogenous molecules. lons are
generated by laser irradiation at each position (pixel) within a
designated region of the tissue resulting in the generation of a
mass spectrum for each pixel. The spatial resolution of the im-
age is defined by the size of the laser spot at the sample surface,
the spacing between pixels in the array (i.e. pitch), and sample
preparation processes. A specific molecular image is then gen-
erated for each m/z by plotting the intensity for the entire array

of pixels. The thousands of ion images produced by a single
IMS experiment can be compared to histologically stained sec-
tions providing molecular context to histological analysis.*?

The defining performance characteristic of any image-based
technology is the effective spatial resolution. Maximizing the
resolution with minimal loss of sensitivity is paramount for un-
derstanding molecular processes that occur at cellular and sub-
cellular levels'® and has motivated considerable efforts in de-
veloping new technologies for improving the spatial resolution
of IMS. Although sample stage motor precision and matrix con-
siderations are important, the primary means of improving
MALDI spatial resolution is to minimize the laser spot size at
the sample surface. For a Gaussian profile laser, the diffraction-
limited spot size (Ds) is defined by
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and is proportional to the beam quality factor (M), laser wave-
length (1), focal length of the final focusing lens (f), diameter of
the input laser beam (Dy), and incident angle of the laser at the
sample surface (8). Optimizing at least one of these parameters
through the integration of pinholes,'* optical fibers,’™> beam ex-
panders,’> multiple focusing lenses, coaxial laser illumination,®
and transmission geometry optics'’ results in higher spatial res-
olution IMS images. Typical commercial IMS platforms are
limited to 20-30 um spatial resolution®, while advanced optical
systems can achieve 5-10 pm spot sizes using front-side geom-

etries and >1pm using transmission geometry MALDI setups.!>
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IMS data acquisition throughput becomes critical when spa-
tial resolution improves and a higher numbers of pixels are re-
quired. One approach to improve throughput is continuous ras-
ter sampling where the laser is fired continuously across the
sample surface by moving the stage at a constant velocity. Alt-
hough the exact location of each pixel can be difficult to deter-
mine, pixel size is approximated by accounting for the laser rep-
etition rate, stage velocity, and number of laser shots at a pixel
position. This approach can yield data acquisition rates of about
30-100 px/s.2+2 Alternatively, the Bruker SmartBeam 3-D laser
system achieves high throughput acquisition rates (50-60 px/s)
while maintaining discrete pixels by incorporating galvo mir-
rors into the laser path. The additional mirrors allow laser redi-
rection so that a defined number of laser shots can be collected
from a single pixel location. Using this beam steering approach,
the laser raster can be performed to effectively collect data from
a square pixel with an area set by the operator.?*

A significant challenge for any IMS experiment is adequately
surveying the molecular complexity of tissue and identifying
the many hundreds to thousands of chemical species within an
individual pixel. Traditionally, chemical identification is per-
formed by either combining high mass accuracy and resolving
power to differentiate isobaric species, linking IMS data to of-
fline liquid chromatography (LC)-MS of tissue extracts,? or
collecting fragmentation data directly from tissue. High perfor-
mance mass analyzers (e.g. FT-ICR and Orbitraps) enable high
spatial resolution imaging with broad molecular coverage while
providing putative identifications by mass accuracy.?* % How-
ever, high mass accuracy alone cannot differentiate structural
isomers observed in complex biological samples. By perform-
ing parallel IMS and LC-MS experiments,?’ tandem MS data
can be automatically interpreted by pre-existing databases and
computational tools. However, LC-MS/MS has limited spatial
information and throughput. Direct tissue MS/MS allows high
spatial fidelity and tandem MS imaging experiments but is lim-
ited by the number of species that can be fragmented from a
single pixel in addition to the limited quality of fragment infor-
mation.?®% Alternatively, ion mobility can be integrated into
IMS platforms to enhance specificity, improve molecular cov-
erage, and assist with molecular identification at an acquisition
rate compatible with imaging.

lon mobility-MS provides 2-D separations dependent on the
apparent size and shape and mass-to-charge ratio (m/z) of mo-
lecular species. While ion mobility-MS is analogous to LC-MS,
gas-phase ion mobility separations are extremely rapid (pus-ms)
and completely independent of MALDI ion generation. LC-MS
offers enhanced peak capacity over ion mobility-MS, although
their lengthy separations (min-hr) make it incompatible with

imaging experiments that require acquisition of thousands of
pixels. Of particular importance for imaging mass spectrometry
experiments, ion mobility-MS enables qualitative identification
of chemical class, while suppressing noise for improved sensi-
tivity 3132 Multiple types of ion mobility separations exist, in-
cluding drift tube ion mobility (DTIM),**% travelling-wave ion
mobility spectrometry (TWIMS),*% field asymmetric wave-
form ion mobility spectrometry (FAIMS)**° and more re-
cently, trapped ion mobility spectrometry (TIMS).%-4! The three
former techniques have been previously utilized in the imaging
domain, studying metabolites,*>* lipids,* peptides*>“¢ and pro-
teins**“, improving the separation, specificity and identifica-
tion of species. In recent years, however, TIMS has shown un-
paralleled resolving power, proving extremely popular in the -
omics fields.*® TIMS separations are capable of resolving pow-
ers >200 and >300 for singly and multiply charged ions, respec-
tively.*- 452 Briefly, ion separation is achieved by using a car-
rier gas to send ions through a retardant electric field within the
TIMS ion guide and is described by:

AK=AV?QX Eq. 2

Where the mobility range of the analysis (AK) is proportional
to the gas velocity (vg) and axial electric field gradient (AEx).*
The electric field gradient (EFG) axially traps and separates
ions against the flow of carrier gas as a function of their mo-
bility. lons are then eluted from the TIMS analyzer by de-
creasing the retardant electric field.”> High-resolution gas-
phase separations are critical for overcoming the challenges of
molecular complexity associated with tissue imaging where
LC-based fractionation is not practical.

Here, we report the development and application of a MALDI
trapped ion mobility spectrometry orthogonal time-of-flight
(timsTOF) imaging platform capable of both standard qTOF
MS and TIMS-activated gTOF MS. The development of this
system enables high-performance gas-phase separations during
image acquisition, enhancing the chemical information that can
be acquired from a single tissue section. The MALDI integrated
timsTOF combines high spatial resolution and throughput im-
aging capabilities with increased specificity afforded by TIMS
separations.

METHODS

Materials:

Acetic acid, trifluoroacetic acid (TFA), 1,5-diaminonaphtha-
lene (DAN), ammonium formate, hematoxylin, and eiosin were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). HPLC-grade acetonitrile, methanol, ethanol, isopropa-
nol, chloroform were purchased from Fisher Scientific (Pitts-
burgh, PA, USA).

Sample Preparation:

A one-week old C57BL/6 control mouse was snapped frozen
at -80°C, shaved over dry ice, cryosectioned at a 20um thick-
ness using a CM3050 S cryostat (Leica Biosystems, Wetzlar,
Germany), and thaw mounted onto conductive indium tin-oxide
coated glass slides (Delta Technologies, Loveland, CO, USA).
Rat kidney tissue (Pel-Freeze Biologicals, Rogers, AR, USA)
was sectioned at 10 um thickness and thaw-mounted onto a con-
ductive ITO slide. Autofluorescence microscopy images were
acquired using EGFP, DAPI and DsRed filters on a Zeiss Axi-
oScan Z1 slide scanner (Carl Zeiss Microscopy GmbH, Ober-
kochen, Germany) prior to matrix application. DAN matrix was
sublimated onto the tissue surface (~ 1.0 mg/cm?).%® Briefly,
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Figure 1. A prototype MALDI timsTOF mass spectrometer. (A) The developed imaging platform couples a MALDI source capa-
ble of high spatial resolution and throughput imaging with an ESI timsTOF Pro. (B) lon mobility separations are performed in a dual
TIMS funnel in the first vacuum stage of the instrument. TIMS resolution is tunable by adjusting the EFG scan time and throughput
is maximized by performing accumulation and analysis in parallel on sequential pixels.

slides containing tissue were taped to the bottom of the conden-
ser in a simple sublimation apparatus. Approximately 500 mg
of DAN was sublimed at 130°C and 24 mTorr for 3.5 min.

MALDI timsTOF IMS:

The TIMS-based MALDI imaging platform was developed
from an electrospray ionization (ESI) timsTOF Pro (Bruker
Daltonik, Bremen, Germany) and is depicted in Figure 1. The
instrument is equipped with a dual ESI/MALDI source with a
SmartBeam 3D 10 kHz frequency tripled Nd:YAG laser (355
nm). The timsTOF Pro is equipped with a dual TIMS funnel
which can perform accumulation and analysis in parallel. The
system can be operated in ‘qTOF’ mode (TIMS deactivated) or
utilizing TIMS for performing gas-phase separations during im-
age acquisition. ESI of Agilent ESI-L tunemix was used to per-
form calibration of m/z and ion mobility values. MALDI param-
eters in both qTOF and TIMS modes were optimized to max-
imize intensity by tuning ion optics, laser intensity, and laser
focus. Additional experimental values include: a ion transfer
time of 80 s, a pre-pulse storage time of 10 ps, a collisionRF
of 2000 Vpp, a TIMS funnel 1 (accumulation)RF of 350 Vpp, a
TIMS funnel 2 RF (analysis) of 400 Vpp, a multipole RF of 500
Vpp, and a collision cell entrance (in) voltage of 300V.

For ion mobility experiments, TIMS is performed in the first
vacuum stage of the mass spectrometer within an augmented
ion funnel consisting of an entrance funnel, ion tunnel, and exit
funnel. A tailored axial electric field gradient (EFG) is applied
to the ion tunnel to trap ions with different mobilities (AK). Fol-
lowing the ion trapping event, the EFG is gradually reduced to
allow sequential elution of trapped ions with ascending mobili-
ties. Elongating the ion tunnel enables simultaneous ion accu-
mulation and analysis, maximizing the duty cycle of the exper-
iment (Fig. 1). Further instrument details are provided in the
Results and Discussion.

Images were acquired in both gTOF and TIMS modes of op-
eration. gTOF mode images were collected at 10 pm and 15 pm
spatial resolution with beam scan on using 400 laser shots per
pixel and 30% and 35% laser power respectively. Data were

collected in both positive and negative ion modes from m/z 200
—1,500. Imaging data collected with TIMS activated were ac-
quired at 20 um spatial resolution with beam scan “on” using
400 laser shots per pixel and 42% laser power. The TIMS EFG
scan time was set to 400 ms. To assess laser characteristics,
pixel arrays were generated on sublimated DAN surfaces. With
beam scan “off”, IMS was performed using 500 laser shots per
pixel, 30% laser energy, and a 10 pum pitch. To better visualize
the laser raster pattern, the pitch was increased to 30 pm with
the beam scan activated with 500 laser shots per pixel, 30% la-
ser energy, and beam scan set to 10 um. Burn patterns were
measured using the Nikon Eclipse 90i microscope (Nikon In-
struments Inc., Melville, NY). All gTOF mode imaging data
were visualized using SCiLS Lab Version 2019 (Bruker Dal-
tonics, Bremen, Germany) and TIMS imaging data were ana-
lyzed using custom in-house developed software. All lipid iden-
tifications were determined based on mass accuracy using the
LIPIDMAPS lipidomics gateway (lipidmaps.org)>+%® or by per-
forming MS/MS in the collision cell of the protoype MALDI
timsTOF platform (40V CID).

MALDI FT-ICR IMS:

To assist in molecular identification, high mass resolution
imaging mass spectrometry of whole-body mouse pup tissue
was performed using a 15T MALDI FT-ICR mass spectrometer
(Bruker Daltonik, Billerica, MA, USA). The instrument is
equipped with an Apollo Il dual MALDI/ESI ion source and a




Smartbeam Il 2kHz frequency tripled Nd:YAG laser (355nm).
Images were generated using the small laser setting (~50 pm)
with a pixel spacing of 150 um in both x and y dimensions. Data
was collected with 300 laser shots per pixel at 46% power from
m/z 460 — 1,500 with a data size of 4 MB per spectrum (transient
length: 5.2 s) resulting in a resolving power of ~600,000 at m/z
760.

Data processing:
The mouse pup data was exported into a custom binary file

format optimized for storage and analysis of ion mobility-IMS
data. Each individual spectrum contains between 10,000-
100,000 centroid peaks that span the acquisition range of m/z
300-1200 that consists of 221,888 bins. The processing pipeline
requires common m/z axis and centroided peaks that were in-
serted at their appropriate bin positions while the missing values
were set to zero. In addition, each bin has 4,001 ion mobility
bins. Following pre-processing, a mean mass spectrum of the
entire dataset was generated and peak picked. The 1,000 most
intense species were then selected to avoid including chemical
noise in the analysis. A mobility profile of each extracted ion
was interrogated to identify species with single or multiple con-
formations.

Histology:

Immediately following MALDI IMS experiments, matrix
was removed from samples using 100% ethanol and rehydrated
with graded ethanol and double distilled H20. Tissue was then
stained using a hematoxylin and eosin (H&E) stain. Brightfield
microscopy of stained tissues was obtained at 20x magnifica-
tion using a Leica SCN400 Brightfield Slide Scanner (Leica
Microsystems, Buffalo Grove, IL USA).

RESULTS AND DISCUSSION

Instrumentation Development:

We have constructed a novel, TIMS-based molecular imag-
ing platform by coupling a MALDI ion source with an ESI tim-
STOF Pro instrument (Fig. 1). Broadly, this platform provides
improved sensitivity, specificity, throughput, and spatial reso-
lution over current commercial platforms. TIMS enables tuna-
ble, high-performance, gas-phase separations for differentiation
of the many isobaric and isomeric species intrinsically present
within biological systems. With respect to the original ESI-
based instrument, the source housing has been modified to ac-
commodate a MALDI stage, sample loading chamber, and laser
optics. It is designed to load and unload a MALDI sample car-
rier through a vacuum isolated lock chamber similar to other
MALDI platforms. The stage position is controlled by high pre-
cision X,Y motors, drive screws, slide rails, and linear bearings
to provide stage position with a pitch of 5 um, while encoders
provide positional feedback with micrometer accuracy.

The MALDI source uses a Bruker SmartBeam 3-D laser sys-
tem, consisting of a frequency tripled solid-state Nd:YAG laser
(wavelength: 355 nm) with repetition rates <10 kHz and inter-
nal galvo mirrors that enables beam steering during acquisition.
The beam exits the laser as parallel light and is focused by an
aspherical lens stack before it enters the vacuum chamber
through a window. Inside the vacuum chamber, there is a single
flat mirror that directs the beam to the sample surface for gen-
eration of ions. The ions are transferred into the mass spectrom-
eter using the TIMS funnel for mass analysis. ESI and MALDI

Figure 2. Optical measurements of laser burn patterns gener-
ated using the prototype MALDI timsTOF platform. (A) A burn
pattern array produced using 500 laser shots, 10 um pitch be-
tween pixels, and the beam scan feature turned off showing a
beam diameter of ~7.5 um with highly consistent pitch. (B) Burn
patterns using 500 laser shots, 30 um pitch and the beam scan
set to 10 um showed square-shaped laser ablation areas with an
area of ~8.4 x 9.7 um.

experiments can be performed individually or simultaneously
without any hardware adjustments.

The system can be operated in qTOF mode by deactivating
the ion accumulation and EFG, allowing ions to simply pass
through the TIMS funnel. Alternatively, ions can be stored in
the accumulation region of the TIMS tunnel and then trans-
ferred to the analyzer region for ion mobility separation.
Throughput is maximized by accumulating and analyzing ions
in parallel, as the TIMS analysis is performed during ion gener-
ation and accumulation of ions from the next pixel. Because of
the high repetition rate of the laser (10 kHz), the EFG ramp time
is typically the limiting factor for pixel acquisition speed. After
ions leave the TIMS funnel, they pass through a mass selection
quadrupole and collision cell prior to entering the ion pusher
and reflection time-of-flight mass analyzer.

High spatial resolution molecular imaging:

The effective spatial resolution of the MALDI timsTOF plat-
form was assessed by imaging laser burn patterns. Although
spot size measurements collected from tissue are expected to be
smaller, the high contrast burn patterns of sublimated DAN can




be more accurately measured. Burn pattern arrays were col-
lected using various laser conditions, such as laser fluence, shot
number, and beam scan size, to mimic different imaging exper-
imental setups commonly used for lipid imaging experiments.
A burn pattern array was generated with a 10 um pitch between
pixels and the beam scan feature turned off to determine the la-
ser spot size at the sample surface (Fig. 2A). Optical measure-
ments of the spot sizes show a beam diameter of ~7.5 um in
regular pixel grid with highly consistent pitch. The unperturbed
matrix between pixels suggests that 10 um IMS experiments
can be performed without oversampling. Instead of an ineffi-
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cient circular footprint, approximated ‘square pixels’ can be ob-
tained using beam steering by rastering the laser within the de-
fined area of the pixel creating ~8.4 x 9.7 um ablation marks
(Fig. 2B).

Ablating material and generating ions from square regions
maximizes the sampled area during an imaging experiment. For
example, circular ablation of a 10 x 10 um target pixel dimen-
sion would sample a ~78.5 um? maximum area (assuming 10
pm diameter). By steering the laser beam to sample a square
area, the system can be tuned to ablate material closer to the
entire 100 um? pixel area. Assuming a homogenous distribution
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Figure 3. Positive ion mode lipid images collected from rat kidney tissue by MALDI timsTOF IMS operated in qTOF mode. (A)
An optical microscopy image of the H&E stained tissue following IMS analysis shows the major anatomical regions of the tissue.
(B) Overlayed and individual images for the selected ions m/z 811.6688 ([SM(d42:3)+H]*, 0.12 ppm error, pink), m/z 810.6009
([PC(38:4)+H]*, 0.25 ppm error, yellow), and m/z 790.5135 ([PE(P-38:4)+K]*, -1.5 ppm error, cyan) highlight the imaging perfor-
mance of the platform and the unique distribution of each species. (C) The average spectrum for this experiment shows the spectral
performance of the MALDI timsTOF MS and selected m/z windows show the multiple isobars detected at each nominal mass. lons

selected for visualization in panel B are marked (*).
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Figure 4. 10 pm spatial resolution negative ion mode lipid im-
ages collected at ~20 pixels/s. Data were generated from rat brain
tissue by MALDI timsTOF IMS operated in gTOF mode. lons
were selected to show the variety of lipid distributions observed
in the experiment: m/z 834.5437 ([PS(40:6)-H]", -0.12 ppm error),
m/z 883.5683 ([PI(38:5)-H],, -0.45 ppm error), m/z 885.5498
([P1(38:4)-H]", -0.23 ppm error), and m/z 906.6431 ([SHex-
Cer(t42:1)-H], -1.9 ppm error). The prototype imaging platform
is able to resolve the various fine tissue structures of the cerebel-
lum (e.g. white matter, granular cell layer, and molecular layer)
and the hippocampus (e.g. stratum pyramidal layer and DG-
granular layer).

of molecules across the pixel, square pixels increase the number
of sampled molecules by ~27%, resulting in improved sensitiv-
ity. Efficient sampling is of particular importance for high spa-
tial resolution experiments because as pixels become smaller
the number of molecules sampled decreases and the measure-
ment approaches the limit of detection of the instrument.

Normal, wild-type murine tissues were used to assess the per-
formance of the MALDI TIMS system for molecular imaging
in gTOF mode (Fig. 3). Positive ion mode rat kidney lipid im-
ages were generated from m/z 500 — 1,500 at 15 um spatial res-

olution with the beam scan activated. Imaging data were col-
lected from the entire kidney tissue section including: outer cor-
tex, inner cortex, medulla, and renal pelvis (Fig. 3A). lons lo-
calizing to specific tissue subregions highlight image quality
and demonstrate the ability to chemically differentiate the kid-
ney (Fig. 3B). [SM(d42:3)+H]* (m/z 811.6688, 0.12 ppm error),
[PC(38:4)+H]* (m/z 810.6009, 0.25 ppm error), and [PE(P-
38:4)+K]* (m/z 790.5135, -1.5 ppm error) localized to the tu-
bules of the inner cortex, outer cortex and renal pelvis, and me-
dulla, respectively. The average mass spectrum for the entire
imaging experiment is shown in Figure 3C. Over 2300 m/z
peaks were detected with an S/N >10 demonstrating the overall
sensitivity and molecular coverage of the imaging system. The
resolving power of the measurements was ~40,000 at m/z 800,
enabling differentiation of nominally isobaric species.

Negative ion mode images were also generated of the hind
brain and hippocampus of transversally sectioned rat brain tis-
sue to demonstrate the high spatial resolution and throughput
capabilities of the system (Fig. 4). Fine differentiation of the
white matter, granular cell layer, and molecular layer of the cer-
ebellum was achieved. Lipid images show specific localization
to the various layers of the hippocampus including the pyrami-
dal cell layer and the granule layer of the dentate gyrus. In this
dataset, 249,644 total pixels were acquired in ~3.5 hours pro-
ducing an effective data acquisition rate of ~20 pixels/s. Similar
to the rat kidney tissue analysis, data generated from rat brain
tissue resulted in a mass measurement error < 2 ppm and a re-
solving power of ~40,000 at m/z 800. Other imaging platforms
can achieve similar spectral performance but require longer
scan times or can generate data very rapidly but cannot achieve
the same spatial or mass resolution.

MALDI TIMS Imaging Mass Spectrometry:

MALDI TIMS imaging of a whole body mouse pup tissue
was used to evaluate the effectiveness of the system. Positive
ion mode TIMS lipid images were collected with a 50 um spa-
tial resolution and utilizing a 400 ms EFG scan time. lon mo-
bility provides drift time (1/Ko) as an additional data dimension
to typical imaging data (i.e. x/y locations and m/z value). lon
mobility information for this system can be interpreted from an
average mass spectrum or mobility heat map (m/z vs. 1/Ko,
Supplemental Fig. S1). The mobility heat map covers the en-
tire collected m/z range for the mouse pup. Mobility decreases
with larger m/z values as relative collisional cross sections are
proportionally related to the m/z value of the ion. The spectral
data show the characteristic lipid distribution of biological sam-
ples with the most intense signals found between m/z 650 - 900.
A preliminary survey of the data found that, of the 1,000 most
intense ions (overall mean spectrum), 289 species were de-
tected that displayed multiple mobilities by TIMS. A prime ex-
ample of this phenomena are the ions observed at m/z 756.5517
(Fig. 5). The extracted ion mobilogram showed at least three
different species resolved across the tissue sample and, interest-
ingly, the spatial distributions vary dramatically between the
different species. The ion detected at m/z 756.5517 with a mo-
bility of 1.45 — 1.48 (1/Ko) was detected throughout the animal
but had lower intensity within the brain and brain stem (Fig.
5A). Conversely, the distribution of the isobar with the mobility
of 1.48 - 1.53 (1/Ko) was abundant within the brain, spine, and
intestines (Fig. 5B). However, the image of the average ion in-
tensity covering both species (1/Ko 1.45 — 1.53) is dominated
by the more abundant species with a 1/Ko of 1.48 — 1.53 (Fig.
5C). These ion images can only be differentiated because of the
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Figure 5. lon mobility IMS data collected from a whole body
mouse pup tissue collected at 50 um spatial resolution and a 400
ms TIMS scan time. (A-C) Each panel highlights the positive
ion mode images from selected mobility ranges for m/z
756.5517 and only one peak is detected in the selected mass
window (orange) while multiple conformations are observed in
the extracted ion mobilogram. (A) [PC(34:3)+H]* is found
throughout the tissue except the brain and spinal cord. (B)
[PC(32:0)+Na]* localizes in the brain, spine and intestines. (C)
lon image taken from 1/Ko 1.45 — 1.53, is dominated by the
higher intensity [PC(32:0)+Na]* mimicking results from a non-
ion mobility IMS experiment.

TIMS separation and this observation would not be possible us-
ing mass analyzers with similar performance without ion mo-
bility. The EFG scan time is tunable allowing the ion mobility
resolution to vary based on experimental needs. Although
longer scan times (>500 ms) are generally not compatible with
LC-based experiments, imaging experiments provide more
flexibility and can accommodate longer scan times. There is a
significant loss of ion mobility resolution and information at
lower data acquisition rates, demonstrating a need for increas-
ing scan time when possible. Imaging throughput can be ad-
justed without any reduction in spatial information, easily ac-
commodating longer TIMS analysis times. This is analogous to
imaging mass spectrometry performed on FT-ICR or Orbitrap
systems where FTMS scan times are tuned to facilitate high
mass resolution data acquisition. This example highlights the
power of TIMS separations and ion mobility in general for im-
aging experiments to improve specificity and molecular cover-
age in direct tissue analysis.

Off-line ultra-high mass resolution MALDI FT-ICR MS and
MS/MS were used to identify the species observed at m/z
756.5517 within the above TIMS IMS experiment. A serial
whole body mouse pup tissue section was imaged by MALDI
FT-ICR MS at 150 pm spatial resolution and ~600,000 resolv-
ing power at m/z 760, uncovering two nominally isobaric spe-
cies, [PC(32:0)+Na]* (m/z 756.55087; -0.70 ppm error) and
[PC(34:3)+H]* (m/z 756.55325; -0.73 ppm error) at m/z 756.5
(Supplemental Fig. 2). The spatial distributions of each lipid
were used to link the FT-ICR MS data to the MALDI timsTOF
images and it was determined that the ion with a mobility of
1.48 — 1.53 was [PC(32:0)+Na]* while [PC(34:3)+H]* was the
ion with a 1/Ko value of 1.45 — 1.48. This was confirmed by
collecting MS/MS data from areas of adipose and brain tissue
(Supplemental Fig. 3) in a serial tissue section using the pro-
toype MALDI timsTOF instrument. Although these ions are
not isomers, they require resolving powers >300,000 at m/z 760
to resolve them solely with a mass analyzer. Resolutions of this
magnitude are challenging to achieve and often require lengthy
acquisition times for any mass analyzer. Even high-field FTMS
platforms require long scan times (~1.5 - 3 s) for the necessary
resolving power, making the experiment impractical for most
imaging applications. However, TIMS imaging separated these
species while maintaining a throughput >2 px/s because these
ions have different mobilities. The FT-ICR IMS experiment
would require over 200 hours to achieve base-line resolution of
these two isobars at the same spatial resolution as acquired on
the TIMS imaging experiment, leading to a ten-fold increase in
analysis speed. Differentiating various ionizing adducts (e.g.
H*, Na* and K*) is important for imaging experiments as they
are regularly generated by MALDI analysis of tissue and cannot
be removed without additional sample preparation. Unless
MS/MS is performed, differences in the distributions of these
species typically goes unnoticed, potentially reducing the qual-
ity or accuracy of resulting IMS information.

CONCLUSIONS

The performance and application of a prototype MALDI tim-
SsTOF imaging mass spectrometer that is capable of 10 um spa-
tial resolutions and 20 pixels/s throughput has been demon-
strated. The orthogonal time-of-flight mass analyzer is capable
of measuring ions with mass measurement errors < 5 ppm and
resolutions ~40,000 while maintaining high-speed data acquisi-
tion. Imaging data collected with TIMS improves specificity
and molecular coverage for direct tissue analysis compared to
non-ion mobility based systems. As a proof-of-concept, it was



showed that TIMS could separate nominally isobaric
[PC(32:0)+Na]* and [PC(34:3)+H]* (A3 mDa) in a fraction of
the time required to differentiate them using high mass resolu-
tion systems. The unique combination of spatial resolution,
throughput, spectral performance, and high-performance gas-
phase separations is critical for advanced molecular imaging ap-
plications, particularly for metabolite and lipid analysis where
mass redundancy and structural isomers are prevalent. By pre-
cisely defining the ion mobility resolution and pixel size during
MALDI timsTOF analysis, it is possible to vary molecular im-
aging experiments depending on experimental requirements
and limitations, allowing for multidimensional specificity (e.g.
spatial distribution, m/z, and high-resolution TIMS). The capa-
bilities of the developed TIMS-based platform will provide a
critical need to the imaging community by supplementing the
lack of chromatographic separation in IMS studies. By broadly
improving spatial resolution, speed, sensitivity and specificity,
this imaging platform will significantly increase the ability to
fully investigate the molecular drivers of biological processes.
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