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Resolution pattern for mass spectrometry imaging

Stephan R. Fagerer1, Andreas Römpp2, Konstantins Jefimovs3, Rolf Brönnimann3,
Gerd Hayenga4, Robert F. Steinhoff1, Jasmin Krismer1, Martin Pabst1, Alfredo J. Ibáñez1

and Renato Zenobi1*
1ETH Zürich, Department of Chemistry and Applied Biosciences, 8093 Zürich, Switzerland
2University of Giessen, Institute of Inorganic and Analytical Chemistry, Schubertstrasse 60, D-35392 Giessen, Germany
3EMPA (Swiss Federal Laboratories for Material Science and Technology), Überlandstrasse 129, Dübendorf, Switzerland
4Sigma-Aldrich Chemie GmbH, Industriestrasse 25, Buchs (SG), Switzerland

RATIONALE: Up to now, there is no ’gold standard’ for determining the resolution of a mass spectrometry imaging
(MSI) setup (comprising the instrument, the sample preparation, the sample and the instrument settings). A standard
sample in combination with a standard protocol to define the MSI resolution would be desirable in order to compare
the setups of different laboratories, and as a regular quality control/performance check.
METHODS: Microstructured resolution patterns were fabricated that can be used to determine the spatial resolution in
MSI experiments, down to the range of a few μm. Two different strategies were employed, one where the resolution
pattern is laser machined into a thin metal foil, which can be placed over a sample to be imaged, and a second one where
hydrophilic grooves are machined into an omniphobic coating covering the surface of an indium tin oxide covered glass
slide. When dragging a sample solution over the slide’s surface, the sample is automatically retained in the hydrophilic
grooves, but repelled by the omniphobic coating.
RESULTS: The technology was tested on a commercial matrix-assisted laser desorption/ionization (MALDI) imaging
instrument, and a spatial resolution in the vicinity of 50 μm was determined. The finest features of the microstructured
resolution patterns are compatible with the best spatial resolution of MALDI imaging systems available to date.
CONCLUSIONS: The use of metal resolution grids or glass slides with hydrophilic/hydrophobic structures is suitable for
the convenient determination of the resolution limit of the MALDI imaging instrument as determined by its hardware.
These structures are straightforward both to produce and to use. Copyright © 2015 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.7191
Mass spectrometry imaging (MSI) has emerged as a powerful
tool to visualize the distribution of biomolecules in thin tissue
sections. It has been successfully used for lipids,[1] peptides,[2]

proteins, but also drugs.[3] Sensitivity and spatial resolution
are the two most important parameters defining the imaging
capabilities of MSI. While the first is vital for the ability to
detect target analytes even in low concentrations and/or in
complex biological matrices, the latter is important to discern
even fine structures on tissues. The best spatial resolution that
a matrix-assisted laser desorption/ionization (MALDI)
instrument is capable of is determined by a number of factors.
The most important ones are the size of the laser focus and
the sample (e.g. tissue) preparation. However, the minimum
sample stage motion increment may also play a role in this
respect. Typically, MSI experiments are performed at a pixel
size of 50 to 200 μm. However, recent advances in
instrumentation have made much higher resolution
experiments possible. Imaging of phospholipids and other
compound classes has been performed at a pixel size between
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3 and 5 μm.[4,5] Moreover, MALDI images with pixel size
as low as 1 μm have been obtained.[6–8] With modified
commercial systems a resolution of 10 μm was reported for
lipids[9] and proteins.[10] Another approach is the microscope
mode that enables pixel sizes much smaller than the laser
beam diameter.[11]

Up to now, there is no ’gold standard’ for determining the
resolution of an imaging setup (comprised of the instrument,
the sample preparation, the sample and the instrument
settings). A standard sample in combination with a standard
protocol to define the MSI resolution, however, would be
desirable in order to compare the setups of different
laboratories, and as a regular quality control/performance
check. Conventional approaches to evaluate the spatial
resolution often involve biological structures with features
of known dimensions (from microscopic analysis). However,
such structures are sample dependent and unique, and
comparison is therefore more complicated. In contrast,
transmission electron microscopy (TEM) grids with metal
bars down to a thickness of a few microns are mass-produced
and can be easily acquired by any lab.[12] While TEM grids
are readily available and therefore suitable for comparative
studies, the features are very simple, with only uniform
structural elements. A TEM grid may be used to
demonstrate that the resolving capabilities of a given
Copyright © 2015 John Wiley & Sons, Ltd.
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system surpass a certain threshold, but will typically not
allow one to determine the best resolving capability of an
imaging system.
In this article, we present two convenient strategies to

rapidly evaluate the spatial resolution that can be reached
with a MSI instrument. Both methods rely on a resolution
pattern like those found on the so-called Koren test charts,
which are used to determine the resolution capabilities of
cameras and lenses. Similar experiments have been
performed using organic periodic gratings and inkjet-printed
patterns.[13,14] In contrast, our strategy was to employ
patterned tungsten grids and pre-structured polysilazane-
coated indium-tin oxide (ITO) glass slides, which allow
for experiments that can be reproduced many times
without much effort, even in inter-laboratory comparison
studies, e.g., by distribution of identical copies or by shipping
the grids/slits, which is possible because these structures are
not destroyed by the measurements. For both, a series of
parallel lines of sample is generated with an increasing
density from one side to the other. In addition, the line width
decreases in the same direction. The spatial resolution of an
MSI experiment is reached once two adjacent lines cannot be
distinguished any longer.
Figure 1. Three different ways to apply MALDI matrix to the
target in a homogeneous way when using the tungsten grid
resolution pattern. (A) The matrix solution is pipetted onto
the metal target, followed by covering the MALDI sample
with the grid. (B) An airbrush is used to spray the MALDI
matrix solution onto the target, followed by covering the
MALDI sample with the grid. (C) The resolution grid is
placed onto the metal target and the MALDI matrix is
sprayed with an airbrush.
EXPERIMENTAL

Chemicals

The MALDI matrices, 9-aminoacridine and α-cyano-4-hydroxy-
cinammic acid, and methanol (HPLC grade) and acetonitrile
(HPLC grade) were purchased from Sigma-Aldrich (Buchs,
Switzerland). Angiotensin II was bought from Bachem
(Bubendorf, Switzerland). Tungsten foils (20-μm thickness) were
from Goodfellow (Huntingdon, UK). ITO/glass slides were
obtained from Sigma-Aldrich and coated with an approximately
1–5 μm thick layer of polysilazane.

Patterning of tungsten and polysilazane ITO slides

Patterning of the tungsten grids as well as structuring of the
polysilazane-coated ITO slides was performed with a
picosecond scanning laser ablation system, as described in
Pabst et al.[15] and Urban et al.[16] The quality of the grids
and structures was evaluated using a Nikon microscope.

Sample preparation for the method using a tungsten grid

(i) 9-Aminoacridine (10 mg/mL in MeOH, 0.5 μL) was
spotted onto a brushed stainless steel plate and dried at room
temperature. (ii) Using a thin layer preparation technique,
α-cyano-4-hydroxycinnamic acid (10 mg/mL, 50% acetonitrile,
0.1% trifluoroacetic acid (TFA), 4 μL) and angiotensin II
(240 μM in H2O, 4 μL) were sequentially spotted onto a
custom-made brushed stainless steel MALDI plate with
squares milled into that plate to retain the matrix/sample
solution (5 mm side length). The matrix/sample solution was
spotted at 80 °C using a heating plate so as to speed up the
drying process, which yields smaller and more uniform
crystals. (iii) 500 μL of a 1:1 mix of α-cyano-4-hydroxycinnamic
acid (10mg/mL, 50% acetonitrile, 0.1%TFA) and angiotensin II
(240 μM in H2O) was sprayed onto a stainless steel plate using
an airbrush (1 bar pressure).
wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
Once the sample had dried the target was fixed onto the
support using green masking tape (Kapton, Torrance, CA,
USA), which contains a glue that does not outgas and is
therefore compatiblewith the vacuumof themass spectrometer.
The tape was applied to all four edges to ensure that the grid
was flat.
Sample preparation for the method using an ITO-coated
glass slide

Matrix application onto polysilazane-coated ITO glass slides
was carried out by dragging a 5-μL-sized droplet along the
patterned surface (Fig. 1(B)). Due to the hydrophilic grooves
of the grid, which were generated by laser ablation, a discrete
volume of matrix solution is trapped in each. Excess volume
from sample aliquoting was removed, and the slide was then
left for a fewminutes in ambient atmosphere to dry. The same
procedure was followed once for a 2 μM fluorescein solution
(in 50% acetonitrile) in order to allow orthogonal fluorescence
readout by a LS400 scanner (Tecan, Zurich, Switzerland). For
the mass spectrometry experiments, the ITO slide was
mounted on a metal target carrier (AB Sciex, Framingham,
MA, USA) by using a mask and copper tape as included in
the LaserBio Labs™ Mass Spectrometry Imaging Starter Kit
(AB Sciex).
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1019–1024
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Mass spectrometry

All experiments not involving tissue were performed on an
AB Sciex 5800 MALDI ToF/ToF instrument. The Nd:YLiF
laser (349 nm) had a focal diameter of approx. 30 μm, and
was operated at a repetition rate of 1 kHz. Using the AB Sciex
spot set editor a rectangular raster pattern was created with
circular spots with a diameter and center-to-center spacing
of 15 μm. At each position 100 subspectra were collected and
averaged. The laser energy was set to 3900 (arbitrary units).

Data processing

The spectra were exported to t2d files and converted to
txt format using a Java applet (“Peak list conversion tool”
by Jayson Falkner, which was available under www.
proteomecommons.com in 2011, but has since been
abandoned). A MATLAB script written in-house was used
to extract peak intensities and create a heat map (location
represented by x and y coordinates and ion intensity
displayed as a color code).

Determination of the resolution limit

An objective criterion for the resolution limit was defined, to
allow for unbiased analysis of the imaging results. When
analyzing two-dimensional line plots, the limit is met once
the background signal, i.e., the valley between two lines, does
not fall below a signal height larger than the average
background (of the left half of the line plot, where it is well-
defined) with the addition of three times the standard
deviation of the said background. It should be noted that
other, rather complex approaches for analyzing imaging
systems exist, for instance the calculation of modulation
transfer functions.[14]
Figure 2. (A) Photographic image of a tungsten resolution
pattern. (B) Optical micrograph of the top right corner of the
pattern, showing a detailed view of said resolution pattern.
(C) MALDI-MS image of 9-aminoacridine (m/z 195) at 15
μm pixel size in positive mode recorded with a resolution
grid placed on top of the matrix. The resolution grid features
9 μm slits with decreasing distance.
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RESULTS AND DISCUSSION

When using the tungsten grid, evaluating the spatial
resolution of a MALDI imaging setup involves three steps:
(i) applying a suitable sample onto the sample support in a
highly uniform fashion, (ii) positioning the grid over the
sample, and (ii) analyzing the sample via a MALDI imaging
protocol. The first step is critical, since an inhomogeneous
deposition of material may result in an incomplete image
with lines missing. We tested different modes of applying
the matrix, namely spotting the sample onto a metal target
followed by covering the MALDI sample with the grid
(Fig. 1(A)), spraying the sample with an airbrush onto a
metal target followed by covering the MALDI sample with
the grid (Fig. 1(B)), or spraying the sample onto the target while
using the grid as a spraying mask (Fig. 1(C)). We found that the
first twomethods of application produce homogenousMALDI
images, whereas the thirdmethod is not suitable due to crystals
clogging the slits. The most suitable deposition method also
depends on the matrix/solvent system. Very volatile solvent
mixtures, such as acetone/water, which were used for 9AA
lend themselves favorably to liquid deposition using a pipette,
since the fast evaporation of low volumes (we used 2 μL) does
not allow for the formation of long crystals. On the other hand,
we preferred spraying DHB dissolved in acetonitrile/water
using a paint brush gun.
Rapid Commun. Mass Spectrom. 2015, 29, 1019–1024 Copyright © 2015
We now discuss the use of the resolution grid that features
lines with continuously shrinking distances (Fig. 2). Figure 2(C)
shows aMALDI image resulting frommeasuring a homogenous
layer of 9-aminoacridine ([M+H]+ ion atm/z 195) applied by wet
spotting with a tungsten grid (Figs. 2(A) and 2(B), respectively)
placed on top. We opted for a gap range of 100 down to 4 μm,
which is in the same range as MALDI imaging setups with
the currently highest available spatial resolution.[5,17] At the
left side of the grid (between the lines with 100 to 60 μm gaps)
we chose to use a line interval of 10 μm, whereas at the right
end (60 μm and smaller gaps) the interval is significantly
narrower, i.e. 2 μm. In principle, modern MALDI mass
spectrometers have relatively uniform laser beam profiles in
the x- and y-directions. However, this is often not true for
older instruments. In such cases, the grid may be turned by
90° after the first experiment and the resolution in the
perpendicular direction can be determined subsequently. This
design was chosen since most commercially available MALDI
mass spectrometers are equippedwith an Nd:YAG laser or N2

laser with spot sizes between 20 and 50 μm in diameter and
the grid offers a smaller interval in this region of interest. It
should be noted that for a Gaussian laser spot profile, the spot
size is dependent on the laser energy.[18–20] As a result, the
most meaningful resolution test results are achieved when
the choice of matrix, the mode of matrix application and the
John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/rcm
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laser energy setting are identical to those that are also used for
the (prospective) imaging experiment. Although the lines are
clearly visible, which means that the ions pass successfully
from the sample through the grid to the detector, most
lines appear jagged or broken. This may stem from either
minor inhomogeneities in the sample/matrix application.
Nonetheless, the spatial resolution may still be determined
without any problem. The horizontal gap that can be seen
in Fig. 2(C) (and also in Fig. 3(C)) stems from a connector
piece in the grid, which was introduced for stability reasons.
In Fig. 2(C), individual lines can be distinguished until a gap
distance of 48 μm according to our resolution limit criterion.
This spatial resolution for the AB Sciex 5800 is in agreement
with that reported for other commercial MALDI-TOF
mass spectrometers in routine operation.[21] If the MALDI
instrument has a different resolution in the x- and y-directions,
the grid may be turned by 90°.
A more accurate estimation of the spatial resolution is

possible if the width of the bridges is equal to that of the lines
(Fig. 3). Checking the spatial resolution on both the ’positive’
(slits) and ’negative’ (gaps) pattern is beneficial in case the
nature of the sample or its application may create artifacts
(e.g. line broadening by ’bleeding’ of the sample). Figure 3(C)
shows a MALDI image resulting from measuring a homo-
genous layer of angiotensin II ([M+H]+ ion at m/z 1046)
Figure 3. (A) Photographic image of a tungsten resolution
pattern. (B) Optical micrograph, showing a detail of the
resolution pattern. The resolution grid features slits and gaps
with an almost identical width. (C) MALDI-MS image of
angiotensin II (m/z 1046) at 15 μm pixel size in positive mode,
with a resolution grid placed on top of the sample (matrix:
alpha-cyano-4-hydroxycinnamic acid). (D) Depending on
the aspect ratio of a groove in the resolution pattern, the laser
beam may be clipped, resulting in signal loss.

wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wile
premixed with α-cyano-4-hydroxycinnamic acid, which was
applied by spraying. The tungsten grid with slits and bridges
of equal width was laid on top (Figs. 3(A) and 3(B)). Here,
we chose a design with slit/gap widths of 100-80-60-40-30-20
μm, each slit width being represented six times and each gap
width being represented five times. We chose larger intervals
than those in the embodiment shown in Fig. 3, i.e., 10 and
2μm, since the laser parameters for each slit width must be
tediously optimized for the picosecond laser ablation process.
We also note that depending on the aspect ratio of a groove
in the resolution pattern, the laser beam may be clipped,
resulting in loss of MS ion signal, because not the entire
beam energy arrives at the focus (left-hand part of Fig. 3(D)).
For 20-μm-thick tungsten foils, this will for many MSI systems
result in a practical limitation for using the resolution pattern
for very fine features, of the order of approx. 5 μm.

The MALDI image of angiotensin (Fig. 3(C)) features a
better S/N ratio than that recorded when using 9-aminoacridine
(cf. Fig. 2(C), which may be because there is less background
interference in the highm/z range (m/z 1046 for angiotensin) than
there is in the low m/z range (m/z 195 for 9-aminoacridine). In
agreement with the spatial resolution value determined
above, the slits/gaps at 60 μm width are readily discernible
and the resolution limit is met at the 40 μm mark
(Supplementary Fig. S1, see Supporting Information). In
addition to a quick sample preparation (covering the applied
sample with a tungsten grid) the main benefit of either method
is that the grid is reusable and may be cleaned with many
different solvents. Furthermore, the grid may bemass produced
with high accuracy and reproducibility if desired. This would be
especially important if the MALDI imaging community were to
adopt this tungsten resolution grid as a routine way for
demonstrating the resolution capabilities of a setup.

We also tested a second strategy by employing a variation of
our previously published Microarrays for Mass Spectrometry
(MAMS) technology.[15,16] A conductive glass slide was coated
with polysilazane, an omniphobic transparentmaterial. Figure 4
shows how the sample is applied in the case of the structured
polysilazane-coated ITO slides. A droplet containing a mixed
solution of sample and matrix is simply dragged over the
surface of the array using a hydrophilic edge. During this, small
sample/matrix volumes are trapped in the hydrophilic
grooves. The pattern shown in Figs. 5 and 6 was then created
by removing the polysilazane and ITO where the slits would
have been in the tungsten resolution grid. These lines are
hydrophilic as opposed to the surrounding polysilazane. If a
Figure 4. Application of structured polysilazane-coated ITO
slides: Sample/matrix is applied through an aliquoting
process. A droplet is simply dragged over the array using a
hydrophilic edge and small sample/matrix volumes are
trapped in the hydrophilic grooves.

y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2015, 29, 1019–1024



Figure 5. (A) Fluorescence image of a solution of fluorescein, aliquoted onto a MAMS
chip with a pattern of hydrophilic lines surrounded by an omniphobic coating. (B)
MALDI-MS image of a solution of 9-aminoacridine (m/z 195) aliquoted onto the MAMS
chip used in (A), recorded in positive mode at 15 μm pixel size. The numbers in red and
black on the bottom of each part indicate the spacing between adjacent lanes.

Figure 6. Image of the polysilazane (black colored) coated
ITO slide, as used above for the fluorescence or MALDI-MS
image, respectively.
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sample is dragged across these lines, it selectively fills out the
lines but does not stick anywhere between those lines (Fig. 4).
This aliquoting effect was demonstrated by dragging 10 μL of
a fluorescein solution (in 50% acetonitrile) at a concentration
of 2 μM across the line pattern and recording a fluorescent
image of the chip using the Tecan scanner (Fig. 5(A)). Indeed,
there is little to no fluorescence signal detected between the said
lines. It was observed that there is a brighter stripe in the center
of the lines, which may be a result of the drying process, where
the liquid tends to retract towards the inner part of the line.
Furthermore, the lines with a gap distance of 4 μm seem to

feature a much brighter fluorescence signal than the others,
which may stem from the fact that the lines are so close
together that a droplet is retained above the whole segment
and that liquid is only aliquoted into the lines during the
volume reduction of the drying process. The aliquoting
process was then repeated with a solution of 9-aminoacridine
and a MALDI image was recorded (Fig. 5(B)). While the S/N
ratio is not as low as is shown for Fig. 3(C), the lines are clearly
visible and have fewer interruptions than the preparation
shown in that figure. The advantage of this method over using
the tungsten grid is that the sample preparation is very fast and
straightforward, compared, for instance, with spraying
protocols. On the other hand, the aliquoting process by
dragging a droplet does not work for highly viscous samples
(this can be the case for physiological fluids), or solutions
containing a very high fraction of organic solvent.
Rapid Commun. Mass Spectrom. 2015, 29, 1019–1024 Copyright © 2015
CONCLUSIONS

There is currently no widely accepted method available to
determine the spatial resolution of a MALDI imaging
setup, which is necessary for comparing different setups.
The presented tungsten resolution grids and patterned ITO-
coated slides are a step towards this goal by creating a
selected ion image with a line pattern featuring a shrinking
line distance from left to right (or vice versa) down to 4 μm,
which is in the range of the highest spatial resolution reached
with current MALDI imaging setups. The spatial resolution is
reached when two lines cannot be distinguished any more.
The fabrication of these tungsten grids may be easily scaled
up and is very reproducible. Such a resolution grid can
provide a convenient and reproducible way of evaluating
the spatial resolution of a given instrumental setup, either
for comparison with other laboratories or for evaluating
performance over time.
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