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Abstract

MSI (MSI) was introduced more than five decades ago with secondary ion mass spectrometry
(SIMS) and a decade later with laser desorption/ionization (LDI) mass spectrometry (MS). Large
biomolecule imaging by matrix-assisted laser desorption/ionization (MALDI) was developed in
the 1990s and ambient laser MS a decade ago. Although SIMS has been capable of imaging with a
moderate mass range at sub-micrometer lateral resolution from its inception, laser MS requires
additional effort to achieve a lateral resolution of 10 um or below which is required to image at the
size scale of single mammalian cells. This review covers untargeted large biomolecule MSI using
lasers for desorption/ionization or laser desorption and post-ionization. These methods include
laser microprobe (LDI) MSI, MALDI MSI, laser ambient and atmospheric pressure MSI, and
near-field laser ablation MS. Novel approaches to improving lateral resolution are discussed,
including oversampling, beam shaping, transmission geometry, reflective and through-hole
objectives, microscope mode, and near-field optics.

1. Introduction

Mass spectrometry imaging (MSI) was first developed over 50 years ago and there have
been many developments in the succeeding years in both ionization and mass selection
technology that have brought the field to new levels of spatial resolution, sensitivity, and
mass resolution [1-4]. A mass spectrometry image typically comprises an array of mass
spectra obtained sequentially at regular spatial intervals on an object and, for any /m/zvalue
in a mass spectrum, a heat map image can be created that represents the abundance of a
particular ion. To obtain a mass spectrum image, samples are bombarded in vacuum by an
energetic beam of ions [5, 6], or irradiated with a pulsed laser under vacuum [7, 8] or at
atmospheric pressure (AP) [9]. Under ambient conditions, charged particles [9] and plasma
[10] can also be used to generate ions or compounds can also be extracted by a solvent in
contact with the surface.

The first approach to MSI was secondary ion mass spectrometry which was first reported by
Castaing and Slodzian in 1962 [11]. In subsequent decades, the sensitivity and mass range of
SIMS have been extended with time-of-flight (TOF) mass analyzers [12] and cluster ion
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sources [13, 14]. SIMS is capable of MSI of atoms and small molecules down to 35 nm
lateral resolution [6] and molecules up to approximately 1500 Da at a spatial resolution of a
few hundred nanometers [14]. The use of lasers for MSI was accomplished in the 1970s
through the work of Hillenkamp and coworkers [15]. Laser desorption/ionization (LDI) MSI
has a mass range similar to TOF SIMS up to around 1000 Da and a lateral resolution around
1 um [16]. The mass range of laser-based MSI was significantly extended with the
application of matrix-assisted laser desorption/ionization (MALDI) by Caprioli and
coworkers in the late 1990s [17]. With current instrumentation, MALDI MSI has a working
mass range up to 30 kDa [8]; the lateral resolution has improved from approximately 50 pm
to the point where the latest commercial instruments are approaching 10 pm resolution [18].

The development of ambient and atmospheric pressure ionization methods over the past
decade has led to a wide variety of new MSI methods [9]. Many of these imaging
approaches use pulsed lasers to ablate material for ionization. MALDI, for example, can be
performed at atmospheric pressure [19] and the use of infrared [20] or short-pulse lasers [21]
can obviate the need for matrix addition. Novel matrix materials and conditions can be used
to generate highly charged ions [22-24] and laser ablation can be combined with post-
ionization by electrospray [25] or chemical ionization [26]. These AP/ambient laser
ionization methods show promise as alternatives for fast and direct tissue imaging.

A critical dimension for all types of MSI is the size of a single mammalian cell, which is
approximately 20 um in diameter [27]. The ability to image at the single cell level is
essential for probing the biochemical heterogeneity of individual cells and understanding
their fundamental cellular processes [28-30]. SIMS imaging has achieved single cell spatial
resolution although it faces fundamental challenges in achieving the mass range required for
single cell protein analysis [29, 30]. Laser-based MSI such as MALDI and related ambient
and atmospheric pressure ionization techniques are better positioned as general methods for
MSI of large biomolecules at the single cell level. The challenges that the laser imaging
techniques face are improving the lateral resolution while maintaining sufficient detection
efficiency for the small sample quantities found at these scales.

Lateral resolution in raster mode laser MSI is determined by a number of factors; foremost
among these is the diameter of the focused laser. The minimum focus spot size diameter d is
given by

. A A
T onsind 2NA

where is the laser wavelength, n is the index of refraction of the medium and is the half-
angle of the beam exiting the lens. The quantity n sin is known as the numerical aperture
(NA) of the lens and can reach values around 1.5 in a high-quality optical system. High
numerical aperture lenses tend to be wide and must be positioned close to the sample with
high-index-of-refraction immersion oil, properties that are not suited to laser desorption and
ablation mass spectrometry. Thus, the laser focus diameter used for MSI is often far from the
diffraction limit. Other factors affecting imaging resolution are the raster step size and
resulting image pixel size, which is typically in the same range as the laser diameter. For
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MALDI MSlI, the resolution is also affected by the addition of matrix: diffusion of the
analyte molecules in the sample as a result of matrix addition influences the lateral
resolution of the image.

Detection sensitivity is of the utmost importance for MSI at high spatial resolution. The
average concentration of proteins in a cell can be estimated to be roughly 3 million per cubic
micrometer [31]. Thus, a 10 um diameter laser spot that is irradiating a 10 um-thick section
of tissue has the potential to probe 2 x 10° proteins. The most abundant of these exist at
approximately 0.1% of the total protein concentration [32] suggesting an upper bound of
approximately one million copies of high-abundant proteins that may be accessible to mass
spectrometry at this spatial resolution. This quantity is near the limits of detection for
MALDI [33] and electrospray [34], clearly indicating the need for both highly efficient
ionization as well as efficient transfer of ions into the mass spectrometer.

This review covers the use of lasers to create ions or ablate material for the creation of ions
for MSI of biomolecules at 10 pm lateral resolution, a size range that has the potential to
enable untargeted biomolecule imaging at the single cell level. Early developments in high-
spatial resolution laser microprobe MS that are now being adapted to laser ablation
biomolecule MSI are discussed as well as below-the-diffraction-limit methods using near-
field laser ablation [35] and laser microscope mode [36, 37] MSI. Laser ablation coupled
with inductively coupled plasma mass spectrometry (ICP-MS) for bioimaging have been
discussed in recent reviews [38-40] and will not be covered here. For a broad discussion of
MSI, the reader is directed to several recent reviews [2-4, 7].

2. Early LDI Microprobe and Imaging Analysis

Although the use of lasers to create ions from desorption and ablation of solids dates back to
the late 1960s [41, 42], many of the concepts developed for these instruments are relevant to
current laser-based MSI. Early laser desorption mass spectrometers used a pulsed laser
focused onto the back (transmission geometry) or front (reflection geometry) of a thin film
sample under vacuum. The original design for a laser desorption time-of-flight (TOF) mass
spectrometer was described by Fenner in 1966 [43]. The instrument used a Q-switched ruby
laser at 694 nm to ablate material in transmission geometry from a thin metal foil or glass
slide. The laser had a 50 pum focal spot but a larger spot diameter was observed at the pulse
energies used for MS. Nanogram quantities of material were detected using a 1 m TOF mass
spectrometer, which used an electric sector energy filter and achieved a mass resolution of
30.

In the mid 1970s Hillenkamp and coworkers improved on the Fenner design, using a
frequency-doubled ruby laser at 347 nm wavelength focused in transmission geometry onto
a glass slide that also served as the vacuum window for the mass spectrometer [44, 45]. A
schematic of the instrument is shown in Figure 1. A TOF MS was used to detect the ions
with an m/zrange for detected ions of less than 200. The optical configuration allowed a
high numerical aperture lens to be used that resulted in a laser spot size of 0.5 um diameter.
The instrument could ablate a total mass of 400 fg and achieved a detection limit of 0.14 ag
(14,000 atoms) for lithium. The biological sample analysis capabilities of the instrument

Methods. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murray et al.

Page 4

were recognized early: single bacterial cells were analyzed, detecting compounds of up to
m/z 150 [46].

An example of transmission geometry ablated holes is shown in Figure 2, which shows an
electron micrograph image of a 1 pm thick epoxy resin film that was irradiated with the
frequency doubled ruby laser [45]. The numerical aperture of the lens was 1.25, which was
reduced to an effective numerical aperture of 1.0 due to the 18 um gap between the objective
and the sample. The transmission geometry configuration was also demonstrated for ambient
ionization: compounds deposited on the atmospheric pressure side of a thin epoxy film were
perforated with a laser which resulted in the ionization of components of organic compounds
on the atmospheric pressure side of the film [47].

The Hillenkamp design was implemented commercially as the “Laser Microprobe Mass
Analyzer” LAMMA 500 (Leybold Heraeus) [48]. The need to analyze thicker samples led to
the development of the LAMMA 1000 [49] that used a frequency-tripled (355 nm) or
quadrupled (266 nm) Nd:YAG laser focused in reflection geometry using a 50x lens with a
numerical aperture of 0.6. The LAMMA 1000 configuration was the forerunner of the
current MALDITOF mass spectrometer and was capable of imaging at a lateral resolution of
2.5 um. In addition to TOF mass spectrometers, laser desorption ion probe instruments
based on Fourier transform ion cyclotron resonance (FTICR) mass spectrometers were also
developed [50]. Using conventional reflection geometry optics, laser spot sizes between 5
and 10 um were realized for ion formation at the ICR cell [51, 52] as well as external to the
cell [53, 54].

An alternative approach to reflection geometry surface irradiation is a Schwarzschild
objective, which uses a pair of mirrors to focus the light. For this objective, a smaller
diameter convex primary mirror is paired with a larger diameter concave secondary mirror
with a center aperture [55]. The resulting objective is achromatic and has a long working
distance that is useful for reflection geometry desorption and ionization. This configuration
was used in the commercial laser induced mass analysis instrument (LIMA [56], Cambridge
Consultants) that achieved a lateral resolution less than 10 um [57, 58]. A Schwarzschild
objective was used for laser desorption with 1 pm lateral resolution with an FTICR mass
spectrometer [59]. The system used a 337 nm nitrogen laser for desorption and, for some
applications, the fifth harmonic of a Nd:YAG laser at 213 nm was used for post-ionization.
The nitrogen laser was focused with an objective that was 11 cm in diameter and 18 cm in
length and had a numerical aperture of 0.2 and a 13 cm working distance. The desorption
laser was focused onto the sample target that was placed within the FTICR magnet bore and
adjacent to the ICR cell. The post-ionization laser was directed above the target using a set
of steering prisms. The lateral resolution in line scan mode for direct laser desorption
ionization of Cu™ ions from a copper grid and laser desorption and post-ionization of a Cgg
thin film on indium was less than 1 um. A similar Schwarzschild microscope system was
demonstrated with a TOF mass spectrometer [60]. For this system, a 524 nm Nd:YLF or 532
nm frequency-doubled Nd:YAG laser was used for desorption and post-ionization was
accomplished with a femtosecond Ti:saphire laser at 800 nm wavelength. In this device, the
objective was outside the vacuum and a right angle turning mirror with a central hole was
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used to direct the focused beam onto the target. MS images of rhodamine dye deposited on a
copper grid were obtained at a lateral resolution of less than 2 um.

3. MALDI MSI

MALDI MSI using a commercial MALDI TOF instrument with a lateral resolution of 25 pm
and a reflection geometry configuration was first reported nearly two decades ago [17]. The
resolution of MALDI MSiI is influenced by the same factors as laser microprobe MSI with
the additional constraint that a matrix must be added, which can result in the migration of
biomolecules in tissue samples [8, 61]. The lateral resolution of commercial MALDI MSI
instruments has remained in this range in the intervening years, although there is a recent
move to bring imaging below the 10 um range for routine analysis [18, 62]. Imaging at
atmospheric pressure is also moving to the sub-10 um regime [63]. Another notable if more
incremental improvement in MALDI MSI has been the steady increase in data acquisition
speed, which has increased due to improvements in signal digitization electronics and the
replacement of relatively low-repetition rate 337 nm nitrogen lasers with frequency-tripled
355 nm Nd:YAG lasers with repetition rates up to 10 kHz [18] and 349 nm Nd:YLF lasers
with a repetition rate of 5 kHz [64].

Improving the lateral resolution of MALDI MS has concentrated on several factors: (1)
matrix addition, (2) oversampling, (3) beam focus in reflection geometry, and (4)
transmission geometry. Matrix addition can be a limiting factor that can cause migration of
sample components in excess of 10 um even when the matrix is applied with an automated
spray device [65]. Analyte migration can be reduced by dry matrix addition, for example by
sublimation that produces matrix crystals as small as 1 ym in diameter [66, 67]. For
application to MALDI MSI, the matrix can be sublimed for several minutes using a vacuum
apparatus to achieve a coverage of approximately 0.2 mg/cm? at a thickness of 2 um [68].
The matrix and tissue are then incubated with solvent at low heat for several minutes to
allow extraction of tissue components and matrix recrystallization. The resulting matrix
crystals were smaller than 3 um in diameter and allowed imaging at a lateral resolution of 10
um. An alternative conventional dry matrix application is metal sputter coating. In a recent
study, a 10 to 20 nm sputter coat of silver was deposited on tissue sections [69]. This metal
thin-film matrix coating approach imaged small molecules in tissue sections with a lateral
resolution of 5 um.

Oversampling is a simple method for improving spatial resolution for MALDI MSI that does
not require instrument modifications to achieve lateral resolution less than the laser beam
diameter. To obtain higher spatial resolution through oversampling, the imaging step size is
set to a value lower than the laser beam diameter and the spot is irradiated until the signal is
depleted. A 25 um step has been used to achieve 40 um lateral resolution with a laser spot
size of approximately 100 pm x 200 um [70]. More recently, 5 pm lateral resolution was
achieved with a 20 um laser beam diameter and oversampling [71]. However, there are
drawbacks, including longer data acquisition times and loss of signal [72].

An alternative to oversampling is beam shaping. The diameter of a focused laser beam can
be expressed as
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where is the laser wavelength, f is the focal length of the lens, M2 is the beam quality factor,
and D(0) is the diameter of the unfocused laser beam [73]. The beam quality factor M2 is 1
for an ideal Gaussian beam and increases with decreasing beam quality. For a low-power
continuous laser operating on the fundamental transverse oscillator mode, M2 can be as low
as 1.1, whereas for a high-energy multi-mode laser M2 can be 10 or more.

The laser beam quality in a MALDI system can be improved by sending the light through an
optical fiber [74, 75], but this method is not ideally suited to high-energy pulsed laser
applications. An alternative approach is to place a pinhole in the laser path. A 25 pm ceramic
pinhole was used with a commercial MALDI MSI instrument to achieve 5 um lateral
resolution [71]. A Gaussian laser beam using both a pinhole aperture as well as an aspheric
lens for MALDI MSI has also been described [76]. Results from this configuration are
shown in Figure 3, which shows microscope images of laser spots in a 2,5-dihydroxybenzoic
acid matrix film using 50 laser shots from a Gaussian beam without (Figure 3a) and with a
30 pm pinhole (Figure 3b). The lower half of Figure 3 shows protein images from a mouse
brain tissue section using the shaped Gaussian laser beam. Laser beam shaping with a
pinhole aperture has also been demonstrated with an intermediate pressure ion source Q-
TOF mass spectrometer to obtain 10 um lateral resolution [77].

As with the laser microprobe, transmission geometry allows a larger numerical aperture lens
to be used, but this requires a fundamental reconfiguration of the MALDI MSI instrument.
Furthermore, thin tissue sections must be used because the laser must penetrate the sample
to irradiate the matrix and analyte at the surface. An additional complicating factor in
transmission geometry irradiation is the propensity to produces larger particles compared to
reflection geometry, [78] which can potentially lower the ionization efficiency. Nonetheless,
there have been several transmission geometry MALDI MSI instruments demonstrated. In a
recent report, the ion source of a commercial MALDI-TOF mass spectrometer with a 355
nm laser was modified to accept a 100x microscope objective and 0.1 um resolution
translation stage encoders [79]. The mass spectrometer was used to image tissue sections
that were 5 um thick as well as single mammalian cells. The transmission geometry
configuration produced mass spectra comparable to those obtained in reflection geometry
when both were used with a laser spot size of 5 um. In transmission geometry, the minimum
laser diameter was 1 pm and a step size down to 0.5 pm was used for imaging. The
instrument was used to image tissue treated with photocleavable mass tags with a 2 um laser
spot and 2 pm step size [71]. A similar instrument was demonstrated with a 2 kHz Nd:YLF
laser focused to a 1 pm spot and 2.5 um raster step [62].

One of the difficulties in using a high numerical aperture lens with reflection geometry
imaging is the small working distance. It is difficult to desorb and ionize with a conventional
high numerical aperture objective because the lens itself blocks the avenue of escape for the
ejected ions. A unique solution to this problem is achieved by the use of a lens with a central
hole, through which the ions pass. An imaging mass spectrometer has been described that
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employs an objective lens with a numerical aperture of 0.6 and 16 mm working distance that
has a central hole with a 6 mm inner diameter [80]. The objective is placed in the vacuum
chamber above the sample and directs the focused laser onto the target. The desorbed ions
pass through the central bore of the objective and are accelerated into the flight tube of the
mass spectrometer [80]. The instrument can image down to a lateral resolution of 0.6 um
with a 0.25 pm step size. Controlled matrix deposition by sublimation and recrystallization
allowed an imaging resolution of 2 um to be achieved with biological samples [81], and
imaging of proteins up to 27,000 Da in mass was demonstrated at better than 10 um lateral
resolution [82].

All of the MSI methods described to this point are examples of microprobe mode, which is
the sequential acquisition of mass spectra across an array of points on a sample surface [83].
An alternative approach is microscope mode MSI where ions are created simultaneously
across an area of the sample with the detection maintaining their spatial orientation.
Microscope mode MALDI MSI has been demonstrated using a TOF mass spectrometer
originally developed for SIMS imaging [83]. A TRIFT Il triple focusing TOF mass
spectrometer was modified to accept a 337 nm pulsed nitrogen laser. The mass spectrometer
was equipped with three hemispherical electrostatic analyzers, a dual microchannel plate
phosphor screen detector assembly and CCD camera. A 5x microscope objective was
installed under vacuum, and the target was irradiated at 200 J/m? fluence on a 200 pm
diameter spot. The detector was not sufficiently fast to detect all of the ions, therefore beam
blanking of all but the ion of interest was used to obtain an image. When the sample was
irradiated, the resulting ions were magnified and imaged on the detector with their spatial
orientation intact. The system was demonstrated with a lateral resolution of 4 um for peptide
and protein test samples.

Microscope mode MSI was used with a mid-infrared laser to demonstrate MSI below the
diffraction limit of the laser. For example, an Er:YAG laser at 2.94 ym wavelength was used
to obtain a lateral resolution of 4 um for a peptide standard [36], and more recently, an active
pixel detector was used for multiple /7/z detection using a mid-IR OPQO laser system at
lateral resolution of 10 um for a tissue sample [37]. Figure 4 shows IR microscope mode
MSI of a tissue section. Figure 4a shows mass spectra integrated over 2000 shots from the
liver and stomach of fish tissue. Figure 4b shows a light microscope image of the sample
overlaid with a mass spectrum heat map of the detected phospholipids.

4. Ambient and Atmospheric Pressure Laser Imaging Mass Spectrometry

Ambient MS is the direct analysis of materials in their native environment with ionization by
methods that include a wide variety of approaches involving charged droplets, ions, or
metastable molecules impinging on a sample [9, 84-87]. Imaging can be accomplished by
translating the sample to create a two dimensional MS image [25, 88-91]. and laser ablation
can be used in conjunction with post-ionization by inductively coupled plasma [92-94],
chemical ionization [95, 96], photoionization [97], or electrospray ionization [21, 98-100].
AP MALDI with an IR laser and endogenous matrix [19, 20, 101] and femtosecond pulse
width laser matrix-free ionization [102] can be considered ambient ionization methods, but
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AP MALDI [24, 103] is more accurately described as an AP technique rather than an
ambient technique due to the requirement for adding a matrix.

One example of high lateral resolution AP MALDI MSI uses the high numerical aperture
through-hole reflection mode design described above [104]. The electrospray ion source of
an FTICR mass spectrometer was replaced with a high lateral resolution AP MALDI ion
source. A 337 nm nitrogen laser was focused onto a target using a three-element quartz
objective lens with a numerical aperture of 0.43 and a 40 mm working distance. The lens
had a 7 mm hole through the bore that accommodated a 13 cm long ion and 0.6 mm inner
diameter transfer capillary that was directly connected to the mass spectrometer inlet. The
sample was mounted on a three-axis translation stage with 1 um precision and 50 mm travel.
Using this objective, the laser was focused to a spot size of 0.5 pm x 0.6 um. Imaging of
peptide standards was achieved with a laser diameter of 8 um due to sensitivity limitations
with smaller spot sizes.

Spatial resolution of 5 um was reported with an AP MALDI MSI system coupled with an
Orbitrap mass spectrometer [105]. A 337 nm nitrogen laser was focused to an 8 um spot
diameter using a high numerical aperture reflection geometry configuration. Images of
neuropeptides in mouse pituitary were imaged at 5 um lateral resolution. The instrument has
also been used to image lipids in whole body sections of mosquitos [106].

A recent example of ambient laser ablation with post-ionization for high lateral resolution
MSI is a laser sampling mass spectrometer based on a laser microdissection microscope
[107]. A commercial Leica laser inverted microscope microdissection system was used in
transmission geometry with a laser ablation spot size of 2 um in diameter. A 349 nm
Nd:YLF laser with a maximum repetition rate of 5 kHz was rastered across the sample at a
step size as small as 0.5 um. The ablated material was captured in a flowing solvent, ionized
by electrospray ionization, and mass analyzed in a Q-TOF mass spectrometer. The system
was able to detect features as small as 0.6 um on a polymer sample and could detect cocaine
in mouse brain tissue at a lateral resolution of 15 pm (Figure 5).

5. Near-field Laser Ablation

Near-field optics can be used to localize electromagnetic radiation below the diffraction limit
[108, 109]. Ablation can be accomplished in aperture mode with an optical fiber probe that
transmits the laser light to a sharp tip or in apertureless mode that uses a sharp conductive tip
as an electromagnetic antenna for the laser light [110]. The fiber or conductive tip is
positioned within a few nm of the surface using a force-feedback system such as an atomic
force microscopy (AFM) [111] or scanning near-field optical microscopy (SNOM) [110].
Material can be desorbed as molecules, ablated as particles, or ions directly formed at the
surface. The ablation region is not constrained by the laser wavelength and the optical probe
is small and can be placed at the front surface of the sample without blocking the exit of
material as would an objective lens.

For MS, ions can be created directly by LDI, immediately post-ionized, or collected and
analyzed [35]. In an early report of near-field laser MS, direct LDI was achieved by aperture
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near-field LDI in vacuum [112]. The scanning head of a near-field microscope was mounted
in a vacuum chamber and was used to place an etched uncoated probe approximately 10 nm
from the sample surface. The diameter of the probe tip was less than 400 nm and a 337 nm
nitrogen laser was used for desorption and ionization. A reported 1 um lateral resolution in
line scan mode was demonstrated for LDI of an acetylcholine sample deposited on a TEM
grid.

Direct AP LDI was accomplished under ambient conditions with the ions directed into the
mass spectrometer [113]. A 532 nm wavelength and 5 ns pulse width Nd:YAG laser was
focused onto an AFM tip for apertureless tip-enhanced ablation. With this configuration,
laser ablation craters as small as 50 nm have been observed [114]. For LDI MS, ions were
sampled into a 0.8 um diameter tube that was held 500 pm above and 1 mm away from the
tip. A near-field LDI image was recorded at a lateral resolution of 2 um, which was limited
by the mass spectrometer sensitivity rather than the ablation spot size.

Post-ionization of the near-field ablated material allows ionization to be performed
independently of desorption. Near-field laser desorption and electron ionization post-
ionization was accomplished using a SNOM apparatus and quadrupole mass spectrometer. A
355 nm Nd:YAG laser was coupled into an optical fiber-pulled SNOM tip and the pulsed
laser light was directed at the target surface. The laser-ablated material was sampled into a
20 cm-long and 20 um-ID stainless steel capillary that was positioned 5 um from the tip.
Nitrogen gas was detected from the laser-induced decomposition of bis(phenyl-N,N-
diethyltriazene) from 200 nm near-field ablation spots. A similar apparatus used a 2 kHz
repetition rate 349 nm Nd:YLF coupled into a SNOM tip with laser-desorbed neutrals
sampled into an ion trap mass spectrometer with a 250 um-ID capillary [115]. Tips with a
500 to 800 nm diameter aperture produced craters as small as 200 nm in diameter. Spatially
resolved images of anthracene at 5 um lateral resolution were reported. It was found that
much of the ejected material was redeposited as particulate [116] and the overall efficiency
of ion production was 1074 [117].

Collection of near-field ablated material allows off-line MS analysis of biomolecules
extracted from the removed particulate. An atomic force microscope and a gold coated
silicon tip with a 60 nm diameter has been used for apertureless near-field laser ablation for
off-line MALDI MS [118, 119]. A pulsed laser was set to a distance of 15 nm from the
surface in tapping mode and the tip was irradiated with a mildly focused laser beam.
Wavelengths of 355, 532, and 1064 nm from a Nd:YAG laser have been used for near-field
ablation. Craters approximately 1 um in diameter are produced. The ablated material is
captured on a metal wire that can be analyzed directly in the mass spectrometer or the
compounds extracted into a matrix for MALDI MS. The 355 nm laser was used to ablate
insulin and bradykinin standards for MALDI MS with only limited fragmentation observed
for the insulin [118]. Proteins detected using the 532 nm laser irradiation showed no
fragmentation [119].

The 1064 nm wavelength was used for tissue ablation with the rationale that the near-IR
absorption window of the tissue will be minimally disruptive. Rat brain tissue sections with
a thickness of 10 um were placed on the AFM stage and observed from the AFM video

Methods. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murray et al.

Page 10

camera for the selection of an area of interest. Figure 6a shows the AFM height image of the
sample region scanned prior to ablation. The ablation was performed by placing the AFM
probe 15 nm above the surface of the rat brain tissue and directing the laser onto the AFM
probe for 3 seconds with a repetition rate of 10 Hz at a laser fluence of 12 kJ/m2. The
resulting crater is shown in Figure 6b and the depth profile of the crater along the cursor line
indicated in Figure 6b is shown in Figure 6¢. The average depth of the ablation craters from
three replicates under the conditions used for Figure 6b was 400 + 30 nm and the average
ablation spot area was 10 pm2.

The ablated material was captured and analyzed by MALDI-TOF MS according to the
previously reported protocol [118]. The ablated material was extracted from the capture wire
by immersing the tip in 2 pL of a saturated solution of -cyano-4-hydroxycinnamic acid
matrix in a 50:50 (v/v) solution of acetonitrile and 0.1% aqueous trifluoroacetic acid. The
solution was then deposited on a MALDI target for analysis and mass spectra were acquired
from an average of 500 laser shots. The resulting mass spectrum is shown in Figure 6a. In
this spectrum the most intense peaks in the /7/z range between 400 and 600 result from
matrix ions (indicated with asterisks). A magnified view of the spectrum is shown as an inset
in the m/z range between 600 and 1100 where phospholipids are typically detected [120,
121]. No peaks were observed above /7/2 1100 for any of the tissue samples. The most
intense peaks in Figure 6 between m/z600 and 1100 correspond to phosphatidylcholines
(PCs). In this spectrum, prominent ions at /7/z 734.6 [PC(32:0) + H] *, 760.6 [PC(34:1) +
H]*, and 788.6 [PC(36:1) + H]* are labeled.

6. Conclusions

To summarize the current state of the art: laser-based MSI can be performed for peptides and
proteins with a lateral resolution of 5 um and small molecules at 1 um lateral resolution.
Reflection geometry MALDI has been used to image proteins greater than 20 kDa in mass at
5 um lateral resolution [76] and transmission mode MALDI has been used to image proteins
> 10 kDa with a 1 pm spot and 2.5 um raster step [62]. AP MALDI has been used to image
peptides up to 2500 Da at 5 um lateral resolution using a high mass resolution and accuracy
Orbitrap mass spectrometer [105]. AP laser ablation and liquid sample collection was used
to detect a small molecule, cocaine, in rat brain tissue at 1 um lateral resolution [107] and
near-field ablation and capture was used to sample (but not image) lipids from rat brain
tissue using 1 um ablation spots.

The recent development of high lateral resolution commercial MALDI MSI mass
spectrometers with 5 um laser spot size points to high-resolution MSI of large biomolecules
in tissue becoming routine [18, 62]. Even with a small laser spot size, there remain
challenges for biomolecule imaging in developing protocols for matrix addition without
sample migration, achieving adequate sensitivity for large molecules at small laser spot sizes
[4], and developing methods for compound identification and quantification [122, 123]. Dry
matrix addition methods are promising [67-69], but must be improved for broad applicability
to large biomolecules. Quantification in MALDI MSI can be accomplished using stable
isotope standards [124-126] or parallel liquid chromatography tandem MS of biomolecules
extracted from the bulk tissue [127-130]. Tandem MS can also be used in compound
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identification [125, 126]. Laser microdissection [131-135], laser ablation sample transfer
[136, 137], or manual dissection [123, 138] can be used for selection of regions for MS
analysis. Improving the speed and spatial resolution of these methods is necessary for them
to be compatible with high-resolution MALDI MSI.

Commercial MALDI MSI is approaching the point where single cell MS can be
accomplished. However, continued technology development is needed. Transmission
geometry MSI has advantages over reflection geometry in lateral resolution, but the
requirement for thin tissue sections is a drawback. Mass spectrometers that incorporate both
imaging modalities could be useful.

Further, microscope mode imaging will become more applicable with faster electronics, but
requires an expensive specialized instrument. However, it has the potential to be a useful
option on a SIMS instrument with microscope mode ion optics. Ambient laser MS is a new
area for MSI that is rapidly growing with many innovative ionization and sampling methods.
A number of these methods use infrared lasers that suffer a disadvantage in lateral resolution
due to their wavelength. Nonetheless, better optical configurations such as transmission
geometry and high numerical aperture objectives can bring IR laser imaging performance
closer to high-resolution MSI. Near-field ablation is a novel approach for very small scale
imaging and sampling. At the sub-micrometer scale, ionization and sampling efficiency are
paramount issues and targeted approaches such as antibody labeling may be needed for them
to achieve their full potential.
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Highlights
Mass spectrometry imaging using laser desorption and ablation is reviewed.
Lateral resolution of 10 um for single cell imaging.
Laser microprobe, MALDI, ambient and near-field imaging.
High numerical aperuture reflective and through-hole objectives.

Oversampling, beam shaping, transmission geometry and microscope mode
imaging.
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Schematic diagram of a transmission geometry laser microprobe mass spectrometer [45].
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Figure 2.
Laser perforations in a 1 um-thick epoxy resin section from the transmission geometry laser

microprobe mass spectrometer [45].
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Optical, H&E stained

- o
)

Figure 3.
Optical microscope images of laser spots from 50 shots on a sublimed thin film of 2,5-

dihydroxybenzoic acid matrix with a (a) Gaussian laser beam focused with an aspheric lens
and (b) spatially filtered with a 30 um pinhole [76]. Below are MALDI-TOF MS protein
images from mouse cerebellum using a 5 um step size and the Gaussian laser beam and
aspheric lens. The middle left panel shows an optical microscope image of an H&E stained
serial section.
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Figure 4.
Microscope mode IR MALDI MSI of a bait fish cryo-section showing (a) IR MALDI

integrated mass spectrum obtained without external matrix using all detector pixels and 2000
laser shots and (b) an overlay of an optical microscopy image of the sample and mass
spectrometry images of several phosphatidylcholines [37]. The white dotted lines depict the
boundary between the liver (left) and stomach (right).
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Figure 5.
Images of a 10 um-thick mouse brain section from a mouse dosed with cocaine: (top) bright-

field and (bottom) mass spectral image of cocaine [107].
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Atomic force microscopy (AFM) near-field laser ablation crater on rat brain tissue (a) before
and (b) after ablation, (c) depth profile and (d) MALDI mass spectrum of the collected
material with phosphatidylcholine ions at 77/z734.6 [PC(32:0) + H]*, 760.6 [PC(34:1) +
H]*, and 788.6 [PC(36:1) + H]* shown.
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List of abbreviations

Abbreviation | Term

SNOM Scanning near-field optical microscopy
AFM Atomic force microscopy

DESI Desorption electrospray ionization
FTICR Fourier transform ion cyclotron resonance
LAMMA Laser microprobe mass analyzer

LDI Laser desorption/ionization

MALDI Matrix-assisted laser desorption/ionization
MS Mass spectrometry

SIMS Secondary ion mass spectrometry

TOF Time-of-flight
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