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Abstract.Matrix assisted laser desorption ionization imaging mass spectrom-
etry (MALDI-IMS) is a technique that has seen a sharp rise in both use and
development. Despite this rapid adoption, there have been few thorough
investigations into the actual physical mechanisms that underlie the acquisi-
tion of IMS images. We therefore set out to characterize the effect of IMS
laser ablation patterns on the surface of a sample. We also concluded that
the governing factors that control spatial resolution have not been correctly
defined and therefore propose a new definition of resolution.
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Introduction

Matrix assisted laser desorption ionization mass spectrom-
etry (MALDI-MS) is a technology that has been in use

since the late 1980s in a wide range of applications from the
analyses of bacterial colonies [1] and purified biomolecules [2]
to the imaging of tissue sections [3]. MALDI is a technique
whereby molecules are irradiated with a UV laser that, with the
help of a co-crystallized organic matrix, causes the generation
of an ion plume [4]. The resulting ions are then measured most
often by time of flight mass spectrometry (TOF-MS). One of
the more atypical uses for MALDI MS is the imaging of tissue
sections (IMS) to show the location and relative intensity of
individual biomolecules in the form of a spatial map. This
technique is a methodological deviation from traditional
MALDI MS analysis and, as such, requires highly specialized
sample preparation and custom analysis methods, i.e., samples
must be coated with matrix in a way that prevents delocaliza-
tion of the analyte and the ablation pattern must be strictly
controlled to generate pixels in specific X,Y coordinates rather
than randomly rastering across the surface of the sample [5].
While performing our own IMS-based investigations [5, 6], we

raised the question of what effect the constant laser bombard-
ment was having, either mechanically or chemically, on the
sample, as it was being ablated in the specific pattern required
for IMS. At the time of writing, no other investigations of this
nature had been performed. Therefore, we set out to thoroughly
investigate and characterize the effect of grid laser ablation on
samples during IMS analysis.

Experimental
Slide Preparation

In order to effectively visualize the ablation pattern of the laser,
sample slides were prepared without any form of biological
sample and simply consisted of specially prepared liquid
nitrocellulose-coated indium tin oxide glass slides that were
coated with MALDI matrix.

Slides were prepared in a similar fashion to previously
published methodologies [5]. In short, standard sized indium
tin oxide (ITO; LaserBio Labs, Valbonne, France) coated
microscope slides were cut in half and coated with a thin film
of liquid nitrocellulose (NC). The slide is then weighed on an
analytical balance capable of accuracy to 5 decimal places and
then affixed to the inside of the cooling finger of a modified
sublimation apparatus as described previously [5].
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Three hundred mg of sinapinic acid matrix was placed in
the bottom petri dish and the chamber sealed. The cooling
finger was packed with ice and the chamber evacuated to
25 mTorr. Sublimation was then performed in an oil bath at
200–210 °C for 45 min to achieve an ideal matrix coverage of
0.2 mg/cm2.

Mass Spectrometric Analysis

Following sublimation, the samples were imaged with a
5800 MALDI TOF/TOF (AB Sciex, Framingham USA)
using a 355 nm Nd YAG laser via the TOFTOF Imaging
software suite (AB Sciex, Framingham USA) in positive
ion reflector mode with the following settings: laser power
is set to 5100, digitizer vertical scale set to 0.05, and
bandwidth at 20 MHz, mass range set to 3000–20,000 Da.
Lateral resolution was set to 60 μm and laser shots were set
to 200 per spot.

Scanning Electron Microscopy Instrumentation
and Data processing

Once ablated, sample slides were then prepared for scanning
electron microscopy. Sample slides were mounted onto
adhesive carbon specimen stubs via the application of silver
paint (ProSciTech). A MED 010 Balzers union carbon coater
was used to vacuum deposit carbon onto the samples to give an
approximate 10 nm coating. Samples were then imaged using a
Zeiss Supra 55VP located at the Microstructural Analysis Unit
at the University of Technology Sydney, using the in-lens
detector to collect secondary electrons at 2 kV.

Results and Discussion
The purpose of this study was to investigate the physical event
of laser ablation in MALDI. At the time of writing there have
been no investigations into how the laser ablation patterns used
during IMS impact the sample or even if there is any impact to
the data that is acquired. Considering the potential application
of IMS to clinical diagnostics, it is important to fully
understand what is happening during sample analysis, what
this could mean for the resulting data, and if there are any
considerations that should be observed when viewing and
interpreting the resulting images.

Observations of Laser Ablation

IMS is a non-traditional application of MALDI in the way in
which it generates data. Rather than ablating sample in a
randomized pattern as the target plate moves, IMS statically
ablates individual areas of the sample to generate pixels, mov-
ing at predefined increments in a grid pattern. The data can then
be viewed by selecting the desired mass and displaying its
distribution as a spatial map (Figure 1).

The first consideration is that the target plate does not move
as the laser is firing, meaning that more energy is being
imparted to the sample at a specific point to generate the ion
plume. The assumption that follows is that this results in the
complete ablation of the matrix and any co-crystallised analyte
at that location leaving no ionizable molecules behind. When it
is impractical to adjust the optic of the laser, improving reso-
lution can be achieved through the use of oversampling [7].
When performing this investigation, we chose a 40%
oversample, which reduced our ablation spot size from 100 to

Figure 1. A schematic showing the ablation of a tissue sample (anti-clockwise from bottom right) followed by the selection of a
desired mass from a spectrum and displaying the resulting spatial map

896 M. B. O’Rourke et al.: Investigating Laser Ablation and New Standards in MALDI IMS



60 μm. We have previously published data using this method-
ology and have found that it is effective at increasing resolution
while still maintaining reproducibility [5, 6]. After SEM anal-
ysis was completed, we discovered that rather than total abla-
tion, the oversample resulted in a Bcrescent moon^ shaped
ablation pattern on the surface of the nitrocellulose (Figure 2).

The most plausible explanation for this is that ionization
efficiency of the laser is not uniform; Nd YAG UV lasers
conform to a Gaussian energy distribution, which directly
translates to a Bcorona^ of light that, at the edge of the beam,
does not impart enough energy to initiate an ion plume. In
simple terms, only the center ~85% of the laser diameter is
capable of completely ablating the sample.

When we measured the diameter of these ablation spots
(Figure 3), we found that the edges measured 56 μm across with
an internal diameter of approximately 50 μm. This equates to
83% of our expected 60 μm, thereby making our findings
consistent with the idea of Gaussian limitations to ablation
diameter. We therefore believe that the crescent moon shape is
by incomplete UV irradiation of the area resulting in only partial
ionization. An intuitive solution to this would be to increase the
size of the oversample to ensure that there is a distinct overlap
between the areas of total ionization.We acknowledge this and it
remains an area of further investigation.

Defining Resolution

Resolution in IMS is traditionally defined as the smallest pixel size
achievable by a combination of laser diameter and the size of
matrix crystal sizes. In a recent publication, we described the use
of sublimation as a matrix application method that creates a
homogenous matrix coating, thereby eliminating the gaps that
appear during traditional dried droplet or spraying-based
preparations [5]. Our investigation of laser ablation and IMS in
general has led us to conclude that the actual size ofmatrix crystals
is not important so long as those crystals form a homogenous
coverage; it is apparent that the laser possess the ability to partially
ablate or Bshear^ individual crystals and only ionize the part of the
sample that is actually being irradiated at the area of highest

energy on the Gaussian distribution. Figure 4 shows this, as areas
of partial ionization and sheared crystals are clearly visible at the
border of the ablation line (indicated by green arrows).With this in
mind, we have concluded that the definition of resolution in IMS
is somewhat specific to the type of sample preparation used and
dependant on a number of key factors. First, resolution should be
more correctly described as the diameter of the laser, when applied
to a homogenous matrix coating. Small crystal size has been
reported to be necessary for high resolution as they create a
homogenous coating, with a number of techniques being reported
to improve this [8], including addition of matrix dopants [9, 10]
and differential rates of drying [11]. However, we have
determined this to be a correlational, not causational, relationship;
i.e., small crystals can create homogenous coatings but
homogenous coating can still be achieved without small crystals.
We therefore believe that, so long as no molecules are being
delocalized throughmechanical disruption or chemical dissolution
during sample preparation, crystal size is not a determining factor
for resolution. We would also postulate that another contributing

Figure 2. SEM image showing crescent moon ablation pat-
tern. Green scale bar is 100 μm

Figure 3. SEM image of an ablation pattern demonstrating an
external spot diameter of 56 μm and an internal diameter of
50 μm representing an 83% ablation efficiency of the laser. The
single shot laser ablation shape can be seen in Appendix 1

Figure 4. SEM of border of ablated areas showing areas of
partial ionization and sheared crystals indicated by green ar-
rows. Scale bar indicates 10 μm
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factor to resolution is the analyte content within the matrix
crystals. Simply put, matrix crystals need to be homogenous and
contain enough co-crystallized analyte to generate a sufficient
mass signal.

We therefore conclude that the principle factors that need to
be considered for increasing resolution are the achievable di-
ameter of the laser and the homogeneity of the matrix coating.
This presupposes that sample preparation has been performed
in such a way as to prevent delocalization of molecules and
maximize the incorporation of matrix and analyte [12]. In the
case of droplet-based techniques such as spraying, it is still
necessary to define resolution by the average droplet size, as
molecules can move freely within the diameter of the droplets;
however, for IMS, resolution should be defined as Bthe homo-
geneity of the matrix crystals once they have been applied and
co-crystallised with the analyte and the effective ablation di-
ameter of the laser.^

Ion Plume BFallout^

During our SEM analysis of laser ablation, we discovered that
there appeared to be a certain amount of unknown debris that is
left on the surface of the slide. When we investigated further,

we discovered that this debris coated a large proportion of as
yet unionized matrix crystals and appeared to be micro crystals
of matrix.

At first glance the spots that were already ionized appeared
to be relatively clear, not including the crescent moon men-
tioned earlier (Figure 5).

However, upon closer inspection, these cleared areas ap-
peared to contain debris (Figure 6a) that, when zoomed in,
possessed a crystalline structure (Figure 6b).

Following this preliminary finding, we then decided to see
how far this debris, which we term Bfallout,^ was spread
through the remainder of the sample slide. When zoomed in
on an area of unabated crystal, we found a distinct coating of
unknown material (Figure 6a) and that the highest concentra-
tion of fallout was at the area directly bordering the ablated area
(Figure 7b). We then determined that the concentration of
fallout formed a gradient spreading out from the area of ioni-
zation (Figure 7c). We therefore concluded that the ion plume
was able to throw material a maximum linear distance of
758 μm (Figure 7d).

The discovery of this fallout pattern is, at the time of
writing, an undescribed phenomenon that is largely unim-
portant in traditional MALDI workflows but has several
implications for the data collected from IMS. IMS is a
technique that is designed to elucidate the physical location
of biomolecule within a sample. From our investigation, we
have discovered that there is a high likelihood that each
laser ablation site contains some material from the previous
ablation site; therefore, it is reasonable to assume that
molecules are also being spread over an area, thereby
Bcontaminating^ the adjacent spot with potentially ioniz-
able molecules. Considering the spatial nature of IMS, this
put forth the possibility that ions are being detected that
may not actually originate from that area. If this only
occurred within a small area, the relatively small amount
of material being produced would not be that impactful.
However, considering that fallout is Bthrown^ as far as
700 μm, it is very possible that the spatial maps generated
may not actually be true representations of the biology of
the sample. Though this fallout is likely very low in

Figure 5. SEM image of an area that has been cleared of
matrix. Scale bar indicates 20 μm

Figure 6. SEM images of debris found on already ablated areas of the sample slide. (a) Debris pattern within a spot. (b) Zoomed
view of microcrystalline appearance of debris
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concentration, high sensitivity instrumentation such as
FTICR or Orbitraps coupled to MALDI sources may in-
deed detect what is present.

While considering these findings, there is currently no de-
finitive way to measure the contents of fallout nor is there a
way of relatively quantifying how the fallout is impacting the
spectra being generated. Determining the components of fall-
out and the concentration of analyte within is currently a future
direction and a subject of further investigation.

Conclusion
The purpose of this study was to characterize what is physically
happening to a sample that is analyzed via IMS when a grid style
laser ablation pattern is used. We discovered that the ablation
caused by the laser is not evenly distributed across its diameter
and, instead, follows a Gaussian distribution resulting in a corona
of incomplete ionization around the outside of the laser beam. It
also became apparent that the laser has the ability to Bshear^
matrix crystals, thereby necessitating a change in the definition of
resolution and the factors that control it.

Finally, we also conclude that the Bfallout^ generated from
laser ablation has the potential to introduce error when mea-
suring the spatial distribution of biomolecules. Though this is
most likely not an issue with current TOF-based MALDI
instruments, as new higher sensitivity instrumentation becomes
available and the use of FCTIR and Orbitrap-based mass

spectrometry gains popularity, this will likely become an issue
that will need resolving.

Appendix 1

A single shot of the laser showing a circular shape and the
ring of partial ionization surrounding the ablated area (indicat-
ed by lighter coloured crystals).

Figure 7. SEM images of matrix crystal showing. (a) Coverage of crystals from fallout. Scale bar is 1 μm. (b) Highest concentration
of fallout at ablation edge. Scale bar is 2 μm. (c) Gradient of fallout coverage. Scale bar is 10 μm. (d) Maximum distance of fallout
deposition. Scale bar is 20 μm
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