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Abstract.Analyte signal in a laser desorption/postionization scheme such as infrared
matrix-assisted laser desorption electrospray ionization (IR-MALDESI) is strongly
coupled to the degree of overlap between the desorbed plume of neutral material
from a sample and an orthogonal electrospray. In this work, we systematically
examine the effect of desorption conditions on IR-MALDESI response to pharma-
ceutical drugs and endogenous lipids in biological tissue using a design of experi-
ments approach. Optimized desorption conditions have then been used to conduct
an untargeted lipidomic analysis of whole body sagittal sections of neonate mouse.
IR-MALDESI response to a wide range of lipid classes has been demonstrated, with
enhanced lipid coverage received by varying the laser wavelength used for mass

spectrometry imaging (MSI). Targeted MS2 imaging (MS2I) of an analyte, cocaine, deposited beneath whole
body sections allowed determination of tissue-specific ion response factors, and CID fragments of cocaine were
monitored to comment on wavelength-dependent internal energy deposition based on the Bsurvival yield^
method.
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Introduction

Mass spectrometry imaging (MSI) is an analytical ap-
proach that provides the capability for simultaneously

monitoring the spatial distribution within a biological sample
of analytes ranging from small molecules, such as pharmaceu-
tical drugs [1], to lipids [2, 3], to peptides and proteins [4]. The
utility of MSI has been demonstrated for a variety of fields,
with particular emphasis on biomedical applications like drug
distribution [5] and biomarker identification [6]. Spatial scales
of analysis can vary widely based on application from cellular
(tumor margin identification) [7] to multi-organ (pathway anal-
ysis), to whole body (drug andmetabolite distribution) imaging
[8].

MSI sensitivity and selectivity toward different compound
classes are dependent on sample preparation [9] and the meth-
odology used to desorb and ionize an analyte from a sample.
For the analysis of lipids and other labile small molecules,
which have emerged as areas with relevance in drug studies
and biomarker identification, the predominant MSI technique,
matrix-assisted laser desorption/ionization (MALDI), has some
limitations. This is largely due to the fact that MALDI requires
the homogenous application of a non-native organic matrix,
which must be judiciously selected to target an analyte class of
interest. For typical MALDI MSI using a time-of-flight (TOF)
analyzer, the matrix and analytesmust also be stable under high
vacuum conditions. MALDI matrices also dominate the spec-
tral response in the low mass range making the analysis of
labile, small molecules and their metabolites challenging be-
cause of isobaric interference, particularly when coupled to
relatively low resolving power TOF MS. Ambient ionization
techniques such as desorption electrospray ionization (DESI)
[10], liquid extraction surface analysis (LESA) [11], and
matrix-assisted laser desorption electrospray ionization
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(MALDESI) [12] offer alternatives to MALDI MSI with min-
imal sample preparation and none of the sample stability lim-
itations of high vacuum.

Unlike surface-based techniques that rely on liquid extrac-
tion of analytes, which can cause temporal response and selec-
tive extraction of analytes, desorption of materials by pulsed
laser excitation is nearly instantaneous. At infrared wave-
lengths, incident radiation can excite and desorb a broad range
of condensed phase biological targets [13–15]. While the ion-
ization yield of the resulting desorbed plume is low, limiting
the applicability of IR-LDI, MALDESI was the first ambient
ionization technique to overcome this issue by coupling reso-
nant laser desorption with electrospray post-ionization [16].
Like the subsequent and analogous methods LAESI [17] and
LADESI [18], IR-MALDESI has utilized an incident wave-
length of 2940 nm, corresponding to the absorption cross-
section peak for the OH stretching band of liquid water. This
wavelength excites species natively present in biological sam-
ples, such as endogenous water, thereby eliminating back-
ground interferences associated with non-native matrices.
Pulsed infrared laser desorption of a water-rich biological target
results in enhanced penetration depth relative to the UV exci-
tation of a MALDI matrix, micrometers versus nanometers,
respectively [14]. Specimen sections of standard thickness (10–
50 μm) are completely ablated in 2–3 IR laser pulses. This
rapid ejection ofmaterial associatedwith the probed volumetric
element, or voxel, means that IR-MALDESI is agnostic to the
location of internal standards, which can be placed readily
above or below a tissue sample [19].

The sensitivity of IR-MALDESI is contingent on a high
degree of spatial overlap between the material ejected from the
sample surface and the orthogonal electrospray. The vertical
distance from a sample surface traveled by a laser desorbed
plume front is sensitive to both the laser fluence and the degree
to which the wavelength of laser emission overlaps spectral
absorption features of the analyte or matrix [20]. Recent IR-
MALDESI results indicate significant gains in sensitivity to-
ward drugs, drug metabolites, and lipids following the addition
of an exogenous ice layer to the surface of a tissue sample [21,
22]. Ice is deposited facilely and uniformly onto the surface of a
tissue sample, and has an added benefit of maintaining cryo-
preservation of a sample throughout the imaging process. This
is beneficial on multiple fronts since it preserves tissue struc-
ture and limits evaporative loss of volatile small molecules or
their degradation attributable to enzymatic activity [23]. Al-
though the role of ice as an IR-MALDI matrix remains uncer-
tain [24, 25], we have recently investigated its effect on the IR-
MALDESI desorption process [21]. Using shadowgraphy, we
showed that the dynamics of an IR-MALDESI plume of
desorbed material ablated at an incident wavelength of
2940 nm from a tissue section with an exogenous ice layer
are dramatically altered relative to material desorbed from
tissue without an ice layer. Based on these observations, dif-
ferences in plume dynamics with the ice layer were attributed
to either a reduction in laser fluence or a more efficient transfer
of energy to the sample, or a combination of these factors. Ions

were shown to be accumulated over multiple ablation events,
suggesting that the excitationmatrix is likely a mixture of water
and ice.

In this work, factors controlling ice-mediated IR-MALDESI
laser desorption are systematically explored using the design of
experiments (DOE) statistical approach [26, 27] and optimized
desorption parameters for the detection of xenobiotics and
lipids are identified. Previous IR-MALDESI method optimiza-
tion using ice has fixed the incident excitation wavelength at
2940 nm, but the ice or ice/water matrix may be more reso-
nantly excited at longer wavelengths. OH stretch absorption by
a thin film of ice can be significantly red-shifted to a wave-
length of 3100 nm relative to liquid because of structural and
morphologic changes that occur during freezing [28]. Increased
ion yields have been observed at 3100 nm from an IR-MALDI
analysis of an ice thin film [29, 30]. Both fluence and wave-
length can influence IR-MALDI response to a biological ana-
lyte when using ice as a matrix [31]. Here, we examine the role
of excitation fluence and wavelength in the ice-mediated anal-
ysis of biological samples using IR-MALDESI.

The DOE-optimized desorption parameters have then been
utilized to investigate IR-MALDESI lipid response across tis-
sue types of a whole organism at two distinct incident wave-
lengths relevant to the water/ice matrix, 2940 and 3100 nm.
Whole body imaging is critically important in ascertaining the
localization and distribution of drug and its metabolites across
an entire organism, or in discovery-based biomarker identifi-
cation. It was anticipated that the attributes of IR-MALDESI
MSI would complement efforts for whole body imaging by
MALDI [32–35] or DESI [8]. Although the ultimate spatial
resolution of IR-MALDESI cannot equal that of UV-MALDI
because of fundamental diffraction limits of focused infrared
light, its 100 μm voxel diameter is comparable toMALDI pixel
dimensions selected for practical whole body analysis through-
put [32] and equals that of DESI [8] and allows key anatomical
features to be distinguished. The deposition and crystallization
of an ice matrix is not expected to vary across different tissue
types in the manner of MALDI matrices [9, 36, 37], which can
lead to ion suppression that complicates interpretation of ana-
lyte response and localization across a tissue section
encompassing multiple organs or a whole organism [32, 33].
Further, the combination of the IR-MALDESI source with a
high resolution, high mass accuracy mass spectrometer [22] is
expected to allow more ion peaks of interest to be accurately
assigned without the additional necessity of selected reaction
monitoring (SRM) to ensure proper peak identification, which
better preserves the multiplexed capability that is one of the
hallmarks of MSI as first conceived by Caprioli and coworkers
[38].

Finally, the response factors of a standard analyte across the
tissues of a whole organism have been evaluated to investigate
the potential for ion suppression/response factors for different
tissue types, as has been observed with MALDI [39]. Cocaine
has been used as a standard, sprayed onto glass slides prior to
mounting whole body cryosections. By imaging the tissue
section using selective reaction monitoring (SRM) for cocaine
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and determining its fragmentation ratios in collision induced
dissociation, we attempt to evaluate the internal energy distri-
bution of IR-MALDESI at 2940 and 3100 nm.

Experimental
Chemicals and Materials

HPLC grade methanol, water, and isopentane were purchased
from Burdick and Jackson (Muskegon, MI, USA) and formic
acid was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Emtricitabine and raltegravir were obtained from the
NIH AIDS Reagent Program, directed by the Pathogenesis and
Basic Research Branch, Basic Sciences Program, Division of
AIDS (DAIDS), NIAID, NIH. Cocaine was purchased from
Sigma-Aldrich. All materials were used as purchased without
further purification.

Cervical tissue was obtained from surgical waste via the
University of North Carolina Tissue Procurement Facility
through UNC IRB # 09-0921. Written informed consent was
obtained from all patients. After harvest, cervical tissue was
incubated in a solution of antiretroviral (ARV) therapies con-
taining 100,000 ng/mL of both a nucleoside reverse transcrip-
tase inhibitor emtricitabine (FTC) and an integrase strand
transfer inhibitor raltegravir (RAL) for 24 hat 37°C. Cervical
tissue was then removed from drug solution and rinsed with
fresh culture media before being frozen with dry ice vapor and
stored at –80°C. Adult mouse liver and 2-d-old whole neonatal
mouse pups were obtained according to Institutional Animal
Care and Use Committee (IACUC) and North Carolina State
University regulations approved for the Ghashghaei laboratory.
Animals were sacrificed by hypothermia in an isopentane/dry
ice bath to preserve tissue structure.

Sample Preparation

Each tissue was sectioned at –20°C using a Leica CM1950
cryomicrotome (Buffalo Grove, IL. USA) into slices of 10 or
25 μm for incubated cervical tissue or whole body neonate
mouse, respectively. The sections were then thaw-mounted
directly onto glass microscope slides for imaging. For evalua-
tion of desorbed internal energy distribution across whole body
sections, cocaine was diluted as received in 50:50 methanol/
water to a concentration of 411 μM, and then uniformly
sprayed onto glass slides using a pneumatic sprayer (TM
Sprayer, LEAP Technologies, Carrboro, NC, USA) prior to
mounting a tissue sample resulting in an on-slide analyte dis-
tribution of approximately 180 fmol/voxel. Once mounted, the
sample was placed on a liquid cooled thermoelectric stage that
was cooled to –10°C while under nitrogen purge, after which
the sample was exposed to the ambient environment in order to
deposit a thin layer of ice over the surface of the tissue.
Preservation of the ice layer throughout imaging was ensured
by maintaining a stable relative humidity of approximately
10% within the IR-MALDESI source enclosure through the
addition of dry nitrogen gas.

Instrumentation

A more detailed description of the IR-MALDESI imaging
source and its optimization for tissue imaging has previously
been reported [21, 40]. A tunable 20 Hz pulse rate, 7 ns pulse
width mid-IR laser (IR-Opolette 2371; Opotek, Carlsbad, CA,
USA) is used to resonantly excite the ice matrix layer and
sample, facilitating the desorption of neutral molecules from
the tissue section. On tissue, the laser beam diameter exceeding
the ablation threshold is 150 μm. Incident laser energy is
controlled by a custom-built rutile polarizer-based attenuator,
and measured using a thermopile detector (Nova 2; Ophir,
Jerusalem, Israel). Each voxel is subjected to two laser pulses,
completely ablating the probed sample volume. Desorbed neu-
trals then partition into the charged solvent droplets of an
electrospray plume where ions are generated through an ESI-
like process. For the imaging experiments, 50% (v/v) aqueous
methanol with 0.2% formic acid was used for the positive
electrospray solvent, which has been shown to work well for
small molecules and lipids [22]. All imaging experiments were
performed with an oversampled spot-to-spot distance of
100 μm [41, 42].

The IR-MALDESI imaging source has been coupled to a
Thermo Fisher Scientific Q Exactive (Bremen, Germany) such
that ion accumulation was triggered to temporally overlap with
the pulsing of the laser, and resulting in a single Orbitrap
acquisition at each voxel. Although this strategy precludes the
use of automatic gain control (AGC) of the instrument because
of the requirement for a fixed ion injection time (IT), mass
accuracy was verified to be maintained within 2 ppm using two
diisooctyl phthalate peaks (m/z 391.28428 [M + H+]+ and m/z
413.26623 [M +Na+]+) as lockmasses in the instrument control
software [43, 44]. The mass range for the Orbitrap acquisition
was set to m/z 150–600 for experiments involving incubated
tissue, and otherwise set to m/z 250–1000. The mass resolving
power was set to 140,000 at m/z 200.

For MS2 imaging (MS2I) acquisition, a targetedMS2I meth-
od file was created using an inclusion list for isolating the
protonated ion of cocaine (m/z 304.1550) with a 4m/z window
and a 1.5m/z offset followed by ion accumulation in the C-trap.
The accumulated ion packet was then fragmented in the HCD
cell at a normalized collision energy of 25%. Direct infusion of
cocaine validated assignment of the unique transitions. The
normalized collision energy was optimized from the analysis
of a cocaine standard evenly applied onto a glass microscope
slide using the pneumatic sprayer. The mass resolving power
was set to 140,000 at m/z 200 for the MS2I acquisition in the
Orbitrap.

Data Analysis

To create ion heat maps, the raw data (.raw) from the ThermoQ
Exactive was converted to the mzXML format using the
MSConvert software from Proteowizard [45]. For concatenat-
ed ion images, the raw files were converted to mzML files
using the MSConvert software from Proteowizard and were
then conver ted to individual imzML fi les using
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imzMLConverter [46]. The imzMLConverter was then used to
stack the individual imzML files into one master imzML file.
The mzXML or imzML files were then loaded into the
standalone version of MSiReader, which is freely available
software developed in our lab for processing MSI data [47].
In order to demonstrate the quality of the raw data, ion images
were neither interpolated nor normalized (unless otherwise
specified). Dimension scales associated with all presented ion
heat maps reflect length in millimeters. Supervised analysis of
the MSI data was undertaken with MSiReader for untargeted
discovery of ions associated with tissue. In this approach, the
software averages voxel spectra over a region of interest spec-
ified by the user and identifies unique peaks associated with
this region relative to a user-specified reference region, chosen
to be off-tissue. Putative identification of ions selected by
MSiReader based on exact mass has been performed where
possible using the LIPID MAPS [48] and METLIN structure
databases [49]. No further targeted SRM was undertaken to
confirm these assignments and, as a result, no attempt is made
to distinguish structural isomers. These ions are identified by
their molecular formula and compound class.

Results and Discussion
Optimization of Desorption Conditions using an Ice
Matrix

Initial efforts to evaluate the influence of excitation wavelength
on IR-MALDESI response were performed by scanning the
OPO emission wavelength while imaging a homogeneous
10 μm thick tissue slice of mouse liver. Imaging of the tissue
was conducted in a standard scan pattern proceeding from the
top left of the prescribed region of interest to the bottom right,
with the incident wavelength ranging from 2850 to 3100 nm
and increasing in 5 nm increments every two scan lines across
the tissue. Ion abundance of many endogenous lipids within
mouse liver such as cholesterol increased with wavelength, as
shown in Figure 1. Unattenuated OPO pulse energy is
wavelength-dependent over this spectral region, peaking at
2940 nm as shown in Figure 1, and while the trend in lipid
response does not match that of OPO pulse energy, the influ-
ence of fluence andwavelength could not be entirely decoupled
when interpreting these results. An optical attenuator was
added to the beam path in order to match fluence while scan-
ning emission wavelength, and a fluence scan (data not shown)
was conducted using wavelengths of 2940 and 3100 nm on a
serial tissue slice in a similar manner to Figure 1 with pulse
energies varied from maximum OPO output to the desorption
threshold. The fluence scan suggested that optimal ion abun-
dance was achieved at each incident wavelength for laser
fluences below the maximum output of the OPO.

To systematically explore variables hypothesized to in-
fluence desorption plume dynamics, a full factorial screen-
ing design of experiments was conducted. This two-level
statistical design investigated four parameters (laser
fluence, exCitation wavelength, absorption matrix, sample

height) resulting in 16 total experiments. Selection of rele-
vant parameter values for the screening experiment was
informed by the wavelength and fluence scans described
above, and these settings are summarized in Figure 2a.
Experiments were conducted on antiretroviral (ARV)-incu-
bated cervical tissue to investigate the influence of desorp-
tion conditions on IR-MALDESI response to both endoge-
nous and xenobiotic compounds from tissue samples. Each
of four quadrants of a morphologically homogeneous tissue
cryosection was imaged with a unique combination of
wavelength and matched fluence, as depicted in Figure 2b.
This procedure was repeated four times with and without
addition of an ice matrix for each sample height using serial
slices, accounting for all combinations of variables in the 16
screening experiments. Also shown in Figure 2b are
concatenated ion maps from each quadrant of FTC and
RAL distributions within the incubated cervical tissue, an-
alyzed with an ice matrix and with the sample stage 5 mm
below the plane of the ESI emitter and the MS inlet. In
addition to the ARV drugs, ions unique to the cervical tissue
were identified from the IR-MALDESI imaging results
using the MSiReader software. Representative ion maps of
these species and, where available, their putative identifica-
tion based on the METLIN database [49] can be seen in the
Supporting Material (Figure S1). The average ion abun-
dance in each of the 16 investigated quadrants was used as
the figure of merit to evaluate the effect, or contrast, of each
variable on the resulting response for all ions or each ion
individually through statistical analysis using JMP soft-
ware. Results of the full factorial screening experiment
can be seen in Figure 2c. While the aggregate response for
all detected ions does not indicate universal statistical sig-
nificance between variable settings, the DOE screening
results show common trends in variable dependence. Ion
abundance is cumulatively enhanced when ice is present as
an absorption matrix, when OPO laser pulse energy is
reduced, and, to a lesser extent, at greater sample height
and incident laser wavelength. The significance of each
variable is analyte-dependent, as shown for the ARV drugs
in Figure 2c and for the other representative components in
Supporting Material Figure S1, and the significance of the
cross-terms suggests coupled effects.

The importance of the ice matrix is consistent with previous
work using IR-MALDESI. Shadowgraphy of the IR-
MALDESI laser desorption process using an ice matrix has
indicated complex desorption plume dynamics that involve
absorption of energy by, and interaction between, tissue, ice,
and liquid water [21]. The presence of an ice matrix reduces the
ejection of large tissue fragments that are not likely to contrib-
ute to mass spectral response, while also allowing the accumu-
lation of ion signal over multiple ablation events [21].

This study is the first demonstration of the role of laser
fluence on the IR-MALDESI mechanism and sensitivity.
While signal abundance of IR-MALDI using an ice matrix
has been observed to increase exponentially with laser fluence
at low fluence values (<0.2 J/cm2) [31], higher fluences may
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Figure 1. IR-MALDESI ion map of cholesterol response in mouse liver while scanning the incident wavelength from 2850 nm to
3100 nm. OPO wavelength was incremented 5 nm after the completion of every two scan lines. The position of key wavelengths,
2940 nm and 3100 nm, are highlighted on the sample. Unattenuated OPO power is also shown as a function of emission wavelength

Figure 2. (a) Parameters tested in screening design of experiments. (b) Pictogram of approach for quadrant imaging and
representative IR-MALDESI ionmaps with ice matrix for selected ARV therapies. (c) DOE screening results for the average response
of all identified ions unique to tissue, as well as targeted results for individual ARV drugs indicating some specificity of parameter
importance to individual analytes
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lead to a reduction in the effective absorption cross-section of
the matrix as has been observed and modeled for liquid water
[50]. Based on measurements of incident OPO energy and
beam diameter measured on thermal paper, the laser fluence
over the on-tissue ablation threshold diameter of 150 μm can be
estimated for this work assuming a Gaussian beam profile.
Pulse energies utilized in this work correspond to fluences of
approximately 2.8–3.8 J/cm2, which are above the fluence level
at which Shori et al. predict a Bblue shift^ in the absorption
cross-section of water due to thermal excitation [50]. Though
the OPO pulse duration of 7 ns limits the thermal diffusion of
incident energy, a reduction in the fluence likely results in more
efficient absorption of energy by the matrix or simply better
overlap between the desorbed plume and the orthogonal
electrospray.

Analyte specificity toward desorption variables may arise
from multiple sources. Infrared photosensitivity of compounds
within the biological sample may contribute to wavelength-
dependent differences in energy deposition, which have been
demonstrated with IR-MALDI for matrices possessing differ-
ent functionalities [25]. Pirkl et al. have suggested that the
preferential IR-MALDI response at 2940 nm to a single ana-
lyte, Substance P, using an ice matrix is due to transient melting
of the ice during ablation and predominant absorption of the
laser light by liquid water. This certainly may be true, particu-
larly for spectra acquired over 100 s of laser pulses [31], but
may also have been further influenced by analyte absorption.
The excitation wavelengths investigated here correspond to
absorption of free O–H and N–H stretching modes around
3000 nm present in many endogenous compounds. Any chang-
es to the chemical composition or dynamics of the neutral
plume because of energy absorption by the ice matrix and
sample will alter the complexion of analytes ionized by
electrospray, particularly for a complex biological sample.

Whole Body Imaging

To extend the results of the DOE experiments and to consider
differences in response across different tissue types, a lipidomic
MSI analysis of a neonatal mouse pup was performed. To
preserve the integrity of all organs during cryosectioning, sag-
ittal cross-sections of the mouse (roughly 1.5 cm×2.5 cm) were
cut to 25 μm thickness. Serial sections were imaged by IR-
MALDESI using a full MS scan for untargeted lipidome anal-
ysis at incident wavelengths of both 2940 and 3100 nm while
using the other optimized MSI conditions from the DOE ex-
periments (ice matrix, reduced fluence, 5 mm stage height).
Images of the whole body sections typically comprised
35,000–40,000 voxels, and were collected over 6–7 h of im-
aging time at a scan rate of 1.6 scans/s.

IR-MALDESI whole body imaging data was analyzed
using MSiReader, which yielded 686 and 613 ions associ-
ated with tissue for imaging conducted with incident wave-
lengths of 2940 and 3100 nm, respectively. Of these detect-
ed compounds, 237 were detected preferentially at
2940 nm, 449 compounds were detected with similar

relative ion abundance at both wavelengths, and 176 com-
pounds were detected preferentially at 3100 nm, corre-
sponding to classes I–III in Figure 3a. Mass excesses of
all tissue-related peaks, which represent the difference be-
tween the nominal and monoisotopic ion mass, indicate a
high degree of overlap with the mass excess distribution for
lipid classes from the LIPID MAPS structural database [48]
(Figure 3b). While full MS acquisition does not eliminate
the detection of isobaric species, the high resolution exact
mass of ions measured by the Q Exactive significantly
reduces the number of species to be considered during peak
assignment when searching a lipid database for anticipated
cations ([M + H+]+, [M + Na+]+, [M + H+ – H2O]

+) with
5 ppm mass accuracy. As such, lipid subclasses associated
with many of the detected ions were identified unambigu-
ously. IR-MALDESI is sensitive to a range of lipid classes
(Table 1), which include fatty acyls, sterol lipids,
glycerophospholipids, glycerolipids, and sphingolipids.
Representative ion maps from each of these lipid classes
can be seen in Figure 4, along with an anatomically anno-
tated cryosection. These images demonstrate the capability
of IR-MALDESI to evaluate the discrete biodistribution of
ions across a whole body organism, exhibiting localization
within individual or functionally related regions. Differ-
ences in ion response factors between tissue types will be
addressed in the next section, and the ion distributions
shown here do not account for such effects. Nonetheless,
IR-MALDESI ion maps show similar patterns of lipid sub-
classes across tissues to a recent systematic lipid survey in
17 different mouse tissues by LC-MS [51]: fatty
acylcarnitines appear to concentrate in the heart and liver;
sterols like cholesterol are concentrated in the brain;
glycerophospholipids like PS 40:1 are distributed across
many tissues; diradyl and triradylglycerolipids were ob-
served to concentrate in the brown fat and intestines; and
sphingomyelins like SM 45:1 are concentrated in kidney
and stomach.

A comparison of IR-MALDESI response to serial sections
imaged at different wavelengths can be seen in Figure 5. Ion
distributions exhibit localization within individual or function-
ally related regions including: the whole brain (m/z 695.462) or
discrete brain regions such as the Rostral migratory system (m/z
837.569); the musculature (m/z 835.579); the heart and lungs
(m/z 617.180); and the stomach (m/z 732.609 and m/z
872.771). Class II ion maps show a similar magnitude of
response at both 2940 and 3100 nm, but may exhibit differ-
ences in response to varying tissue types as seen in the liver
(m/z 577.519) and the olfactory epithelium (m/z 748.528). Both
class I and class III ion maps illustrate differences in the ion
abundance between the experiments conducted at different
wavelengths.

Changes in the response to a given analyte observed be-
tween the cryosections imaged at 2940 and 3100 nm may be
the result of differences in analyte concentration or differences
in the desorption conditions. Each cryosection examined was
separated by 25 μm, such that changes in tissue composition or
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morphology between the cryosections used for each experi-
ment are expected to be minimal. The amount of incident laser
energy coupled to an analyte via the ice matrix and through
direct absorption is wavelength-dependent, which influences
threshold fluence [25] and resulting plume height [52] of an
analyte. Given a finite ionization capacity of the electrospray,
alterations to the composition of the desorbed plume
interacting with the orthogonal electrospray are likely to lead
to differences in MS response to a complex sample. While the
untargeted nature of the whole body MSI precludes
distinguishing whether the observed differences arise more
strongly from selective direct excitation of analytes or from
differences to the plume behavior as a result of the tissue type
and/or ice matrix, it is clear that imaging whole body sections at
these two discrete excitation wavelengths has led to enhanced
coverage of lipid response.

Although whole body lipidome studies are limited in num-
ber, this work represents a significantly more comprehensive
positive ion lipid response across whole body mouse sections
than previously reported withMALDIMSI [32], where theMS
response between m/z 650 and 900 was characterized as being
typical of phospholipids but no attempt was made to identify
lipid subclasses. IR-MALDESI shows a strong response to
phospholipids such as phosphatidylcholines (PC), which have
been the focus of many mouse MSI studies [53], presumably
attributable not only to their abundance and ionization efficien-
cy but also due to their suppression of other ions [54]. Addi-
tionally, IR-MALDESI is capable of response to a greater
breadth of species like glycerolipids and sphingolipids than
MALDI [3] and DESI [55] without requiring multiple matrices
[56] or additional tissue preparation such as washing [57] or
enzymatic digestion [58]. Simultaneous acquisition of these

Figure 3. (a) Diagram of tissue-related ions identified by MSiReader during whole body imaging of a neonatal mouse using an
excitation wavelength of λ=2940 and 3100 nm, indicating: (I) ions detected preferentially at 2940 nm; (II) ions detected equally at both
wavelengths; and, (III) ions detected preferentially at 3100 nm. (b) Mass excess of all tissue related peaks overlapped with mass
excess distribution for lipids from LIPID MAPS Structure Database. Location of the peaks found on tissue indicate that most of the
686 and 613 peaks found for λ=2940 and 3100 nm, respectively, correspond to lipids
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Table 1. Summary of Putative Lipid Class and Subclass Assignments for the Measured Exact Masses of On-Tissue Ions During Whole Body Imaging of a Neonate
Mouse Based on Comparison to the METLIN Database

Lipids IR-MALDESI response

Class Subclass Annotation Class I Class II Class III

2940 nm Both 3100 nm
Fatty acyls Fatty acyl carnitine 0 0 2
Glycerophospholipids Glycerophosphocholine PC 0 5 3

Glycerophosphoethanolamine PE 4 4 2
PC/PE* 0 56 0

Glycerophosphoserine PS 3 17 1
PC/PE/PS* 24 0

Glycerophosphate PA 6 21 10
Glycerophosphoglycerols PG 0 9 2
Glycerophosphoinositols PI 0 1 0

Glycerolipids Diradylglycerol DG 5 27 31
Triradylglycerol TG 0 51 6

Sphingolipids Sphingosine 0 0 1
Ceramide Cer 0 6 3
Sphingomyelin SM 1 5 1
Sulfatide 0 0 0

Sterol lipids Steryl esters CE 2 3 1
Total 18 221 59

*Where there is ambiguity in lipid class assignment due to the identification of isobaric species frommultiple classes within the 5 ppm database search tolerance, ions
have been grouped accordingly (i.e., PC/PE or PC/PE/PS).

Figure 4. Selected ion maps representing lipid classes identified by IR-MALDESI in whole body sections of neonate mouse, along
with putative ion identification from Lipid Maps where available. An abbreviated mouse anatomy is included at top of the image to
highlight regions where ion-specific localization of IR-MALDESI response has been observed
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species has great potential for future lipid imaging studies of
disease pathologies, for example.

Response Factors and Internal Energy Distribution
Across Whole Body

Differences in the ionization efficiency across tissue types were
evaluated by monitoring IR-MALDESI MS2I response to an
analyte standard, cocaine, sprayed onto the glass mounting
slide beneath a whole body cryosection. Homogeneity of ana-
lyte deposition onto the slide and variability of IR-MALDESI
response to it beneath biological tissue has recently been char-
acterized [19]. While that study utilized the analyte to normal-
ize ion response as part of a quantitative MSI method, here it is
employed in an effort to evaluate the relative internal energy
distribution of ions generated at the two different incident
wavelengths, 2940 and 3100 nm, across a plethora of tissue
types. Cocaine’s simple fragmentation pattern [59] offers facile
interpretation of its CID spectra for monitoring ion fragmenta-
tion ratios during MS2I analysis using the Bsurvival yield^
method [60], which has been used to evaluate internal energy
deposition of DESI [61] and LAESI [62].

Discrete regions of a sprayed slide were imaged at varying
normalized collision energies (NCE), shown in Figure 6a, to
determine the IR-MALDESI breakdown diagram of cocaine in
the QE HCD cell (Supporting Material Figure S2). The break-
down diagram indicated that ion internal energy in the HCD
cell is similar for both+ESI direct infusion and IR-MALDESI.
These experiments were repeated using the in-source CID
capability of the QE to account for any collisional cooling
within the HCD cell, yielding statistically the same results.

Whole body sections of neonatal mouse were then thaw-
mounted on top of glass slides sprayed with the cocaine analyte.

MS2I of cocaine was performed across whole body cryosections
using the incident wavelengths 2940 and 3100 nm with a fixed
value of NCE, 25%, which corresponded to a cocaine survival
yield of ~50% based on the breakdown diagram. IR-MALDESI
response to cocaine was apparent across the entire cryosection
and varied beneath different tissue types corresponding to ana-
tomical features, as can be seen in Figure 6. Unlike previous
MALDI MSI analysis of a homogeneous standard sprayed onto
a whole body mouse section [35], there are no imaged regions
exhibiting complete ion suppression. Differences in the cocaine
[M + H+]+ ion abundance across discrete regions of the cryo-
section highlighted in Figure 6 are summarized in Table 2.
Voxel-to-voxel variability of response below tissue is similar to,
and in some cases better than, the response from off-tissue
regions of the coated slide. Average voxel response varies by
less than a factor of five between all virtual micro-dissected
regions. Since MALDESI is not subject to tissue-specific issues
regarding matrix application or analyte extraction efficiency
[35, 36, 39], the observed differences in response factor are
more likely to result from desorption conditions. While tissue
response factors are expected to be analyte-specific, this ap-
proach provides a pathway to quantitative whole body imaging
with IR-MALDESI for targeted small molecules [63] or
untargeted analysis of lipids with adroit selection of representa-
tive lipid standards [64].

The survival yield of cocaine at each wavelength is shown
in Figure 6c. These images were obtained by normalizing the
cocaine response to the sum of the response for all molecular
ion and fragment ions (m/z values of 304.1550, 182.177, and
150.092) on a voxel-by-voxel basis usingMSiReader. Survival
yields at each wavelength across the entire cryosections
(SY2940nm=46.5%±9.2% and SY3100nm=51.3%±11.5%) are
similar on average to the value of 50% derived from IR-

Figure 5. Selected ion maps of serial 25 μm thick whole mouse corresponding to each of the three classes of ions defined in
Figure 3. Pairs of ion maps corresponding to the matching MSI experiments are shown with matching intensity scales to illustrate
differences in ion abundances between the sections imaged at λ=2940 and 3100 nm
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MALDESI analysis of the sprayed slide alone. These results
indicate complete collisional cooling of desorbed neutral mol-
ecules in the gas phase [15] or during uptake into ESI droplets,
and show no evidence for direct ionization. As such, they
support the mechanistic view of IR-MALDESI neutrals that
are collisionally cooled rapidly during their partitioning into
ESI droplets as has been posited previously [16, 65], but do not
allow conclusions regarding initial differences in internal

energy attributable to excitation wavelength. Although an
MS2I approach was selected to eliminate the possibility of
endogenous isobaric species interfering with calculation of
the survival yield, further information regarding wavelength
dependence in the IR-MALDESImechanismmay be gained by
full MS imaging of biological tissues using traditional
benzylpyridinium thermometer ions with lower bond dissocia-
tion energies [61, 62] as a sprayed analyte.

Figure 6. IR-MALDESI MS2I monitoring of cocaine: (a) evaluation of cocaine survival yield breakdown diagram by varying the CID
normalized collision energy over discrete regions on a glass slide; (b) cocaine [M + H+]+ response during imaging of a 25 μm-thick
wholemouse cryosection, with discrete anatomical regions highlighted that correspond to differences in response as summarized in
text and in Table 2; (c) survival yield of cocaine during whole-body imaging (bottom panels show a narrower range of response and
include overlayed optical images of analyzed sections)

Table 2. Summary of MS2I Response to Cocaine [M + H+]+, m/z 304.155, Beneath Different Tissue Types of a Whole Body Mouse Cryosection

Region 1 2 3 4 5 6

Tissue Type Whole mouse Brain Adipose tissue Heart and Lung Gut Off-tissue
Average 9.0E+05 1.6E+06 1.4E+06 6.6E+05 3.4E+05 2.67E+06
Max 1.4E+07 8.7E+06 5.4E+06 6.6E+06 2.2E+06 2.15E+07
Min 1.7E+03 1.7E+04 2.5E+04 3.8E+03 2.3E+03 6.77E+03
%RSD 92 63 54 101 99 87
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Conclusions
This work has shown that the IR-MALDESI response to indi-
vidual analytes within a complex biological system is sensitive
to factors controlling analyte desorption, such as laser wave-
length, fluence, stage height, and matrix. Overall trends of
pharmaceutical drugs and endogenous lipids indicated en-
hanced response when reducing laser fluence and utilizing an
ice matrix. Although the influence of incident wavelength on
the internal energy of desorbed neutrals could not be deter-
mined, it was shown that altering the excitation wavelength
resulted in enhanced lipid response to whole body sections of
neonate mouse. IR-MALDESI was shown to be responsive to a
broad range of lipid classes present across an organism without
any requirement for samplemanipulation. Through the analysis
of a standard deposited beneath the whole body sections,
tissue-specific response factors were determined that will be a
critical component for quantitative MSI on a multi-organ scale.
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