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A-TOF MASS SPECTROMETRY - TOPOGRAPHIC SURFACE IMAGING BY MATRIX-
ASSISTED LASER DESORPTION/IONIZATION TIME-OF-FLIGHT

Varun Kadiyala* and Andreas H. Franz'
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Abstract

Mass spectrometry produces structural information from minute amounts of material and requires mass accuracy achieved by calibrat-
ing the instrument. Here, a method is presented that only relies on precision but not accuracy. The method, which we call MALDI-A-TOF
mass spectrometry, acquires mass spectral data in a Time-Of-Flight (TOF) detector, which provides surface images including topographic
information (elevations and depressions). The method exploits minute differences in flight time of ions that are generated under identical
instrumental conditions from elevated or depressed areas of the surface. The surface topography is reconstructed from extracted image

slices in the m/z-dimension in 0.1-unit increments.
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Introduction

After its introduction by Karas et al. 40 years ago ' and its
combination with Time-Of-Flight (TOF) mass analyzers from the
late 1940s,>* Matrix-Assisted Laser Desorption/Ionization (MAL-
DI) TOF mass spectrometry (MS)* has become an invaluable ana-
lytical technique in clinical research and was included in the 2002
chemistry Nobel Prize for structural analysis of biological mac-
romolecules.’ Its value has been demonstrated in pathogen detec-
tion,*’ in clinical diagnostics,*!! in nucleic acid analysis,'>'* and
in small molecule detection.'* The analyte of interest is co-crystal-
lized with a “matrix”, which is typically a UV-active small mole-
cule substance, which absorbs the laser light to assist in thermal/
photo ionization and desorption of the analyte molecule from the
surface of the target plate.

MALDI-TOF MS and the related technique MALDI Second-
ary lon Mass Spectrometry (SIMS)'>'¢ TOF MS have been used
to characterize spatial composition of surfaces, including surface
topography, '"'® with the help of small molecules and biomole-
cules (MALDI-imaging).'*?* While MALDI-TOF MS has the ad-
vantage of ionizing larger molecules, MALDI-SIMS on the other
hand provides superior resolution.?’ Surface images are generated
from thousands of MS-spectra collected row-by-row after depo-
sition of matrix onto the surface via spraying or sublimation. The
former is simpler to carry out; the latter is superior in microscopic
crystal size and sensitivity. Very recently, research has shown that
different compound classes ionize from samples prepared by ei-
ther one of the two techniques.? The focus of imaging experiments
is to detect the distribution of specific compounds with high mass
accuracy for unambiguous compound identification. Proper cali-
bration of the m/z-axis is essential for mass accuracy and is “non
plus ultra” for unambiguous compound identification. However,
we will argue that a quantity of difference between two not neces-
sarily accurate measurements can also be valuable, provided the
measurements were precise. Differences in time-of-flight have the
potential to reveal the topography of a surface as elevations (short-
er flight time to the detector) versus depressions (longer flight time
to the detector). While surface profiles can be revealed with near
unparalleled precision by advanced microscopic techniques such

as confocal laser scanning microscopy (CLSM), mass spectrom-
etry has the power of identifying many individual ionized com-
pounds from one sample. If differences in flight time of those ions
can be used to describe the surface location from where the ions
originated, advanced description of the topography and chemical
composition of surfaces of biological objects may be possible.

Here, we describe how MALDI-TOF MS can be used to ex-
tract surface topography information in time-dispersion. We call it
MALDI-A-TOF MS. We also describe an inexpensive sublimation
apparatus for matrix deposition onto heat-resistant surfaces. Data
quality and limitations of the technique will be discussed.

Experimental

MALDI matrices were purchased from SIGMA-ALDRICH
and were used for sublimation without further purification (a-cya-
no-4-hydroxycinnamic acid [CHCA, 97%], 2,5-dihydroxybenzoic
acid [DHB, 97%)], and 3-picolinic acid [3-PA, 97%]). All MALDI
experiments were carried out on a Shimadzu AXIMA Performance
instrument (spectral processing: Launchpad 2.9.3) The instrument
was operated at room temperature with an N_-laser (A = 337 nm,
120 wl/pulse) at ~8 * 107 torr. Unless stated otherwise, samples
were applied to a stainless-steel MALDI plate in 96-well format
or 384-well format. The standard “dried droplet” method was used
for sample preparation. Droplets were allowed to evaporate slowly
at room temperature in non-turbulent air. Samples were also pre-
pared by matrix deposition by re-sublimation.

MALDI-TOF acquisition

Standard spectra were acquired by collecting 200 profiles with
10 laser pulses/profile. During acquisition, the laser position was
manually adjusted to collect data from locations with adequate ion
production. The laser attenuator was set to just above the threshold
of ion formation. Ions were extracted with 20.0 kV acceleration
potential after a 115.0 ns delay for collisional cooling and einzel
lens focusing with 6.5 kV. The deflector voltages for the ion beam
in X- and Y-direction were -31.0 V and +65.0 V in linear mode,
respectively. When operating the reflectron at 24.4 kV, the addi-
tional deflector voltages for the ion beam in X- and Y-direction



were -90.0 V and 0.0 V, respectively. The detector voltages were
2.38 kV in linear mode and 2.20 kV in reflectron mode.

Matrix sublimation

The matrix (~100 mg) was placed into a tea candlelight aluminum
cup covered with aluminum foil (dull side facing the matrix), which
was held in place by a metal weight (Fig. S5). A box cutter blade
with defined pattern (stencil) was overlayed onto the aluminum
foil and the matrix. The assembly was placed into a stainless-steel
vessel that was subsequently evacuated by an oil pump. After 5-10
minutes of evacuation, with the pump running, the vacuum vessel
was placed carefully on a standard laboratory heat plate that was
pre-heated to 180-200 °C. The apparatus was heated for 3-5 min-
utes, depending on desired matrix layer thickness, and was then
removed from the heat plate. The vessel was vented slowly, and
the weight and the aluminum foil were removed carefully with
forceps. The aluminum foil was then attached to a standard MAL-
DI sample plate with small pieces of tape. Coins for imaging were
thoroughly cleaned prior to matrix sublimation. Briefly, the coins
were placed in a beaker with methanol. The coins were sonicated
for 15 minutes. The procedure was repeated twice, and the coins
were dried on paper towel.

MALDI-imaging

The dimensions of the area to be imaged were defined by X-/Y-co-
ordinates, and the number of image pixels (laser shot locations,
zZ= f(x’y)) was calculated based on a spacing of 80 wm between
columns and rows of the TV-raster. An area of 5 x 5 mm required
approximately 4,000 profiles and was analyzed with 2 laser shots
per profile. The ink stick figures were analyzed with 10 laser shots
per spot. All spectra were saved and used for image generation. lon
images were displayed in Total Ion Current (TIC) mode or in Sum
Masses mode. Within one m/z-unit window, ten m/z-specific TIC
images were extracted with + 0.1 Da tolerance and exported as
ASCII text files. Each intensity column (z) was filtered for values
above a set threshold. Values that met the threshold limit were re-
placed with the m/z-value for which the image was extracted. The
other values were set to a value 0.1 m/z-units below the threshold.
The resulting data block consisting of x-column, y-column, and
ten filtered z-columns was displayed as topographic XYZ-surface
in irregular form with 300 grid data points in each x- and y-dimen-
sion with an m/z-dependent color gradient (PSI-Plot, Ver. 8.02,
Poly Software International, Inc).

Results and Discussion

General MALDI-TOF Imaging Experiments

The simplest successful imaging results were obtained by using
substances that ionize easily by themselves without the help of
matrix. The ink used in everyday ball point pens ionized efficiently
off the MALDI plate, and a total of 11,667 spectra were recorded.
Whereas blue and black ink gave very strong ion response, the red
ink was much less sensitive even though the figures were drawn
with similar amounts of ink (Fig. S1). The absolute ion count was
substance-dependent, which made direct quantification impossible
without an ion-intensity calibration curve. The non-uniform ink
distribution caused obvious differences in the ion intensity map.
Line features that were spaced apart approximately 80 wm or more
were successfully resolved (Fig. S2). This finding was consistent
with a laser beam diameter of approximately 50 wm as specified
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by the manufacturer. Extracted ion images for specific m/z-values
(Fig. S3) allowed identification of which figure was drawn with
which color (Fig. S4).

Matrix sublimation and evaluation of sample quality

The in-house sublimation apparatus (Fig. S5) produced matrix de-
posits with excellent microscopic crystal size (Fig. S6). The matrix
layer was thin enough to be depleted by repeated laser shots (Fig.
S7), and ionization efficiency (Total Ion Current, TIC) was near
uniform across areas defined by the box cutter stencil (Fig. S8).
We found that 3-4 minutes of sublimation gave the best results.
Shorter times gave irregular TIC response and was not useful for
imaging. One disadvantage of the sublimation apparatus was the
lack of sample cooling during resublimation. In the vacuum cham-
ber all thermal energy from resublimation was transferred to the
object’s surface. At temperatures of 180-200 °C, the method was
only applicable to heat-resistant materials. It was incompatible
with biological samples.

Principle of MALDI-A-TOF Experiments

We explored how to display the intensity-dependent mass spectral
images (detector ion count), in an m/z-dependent format. MAL-
DI-TOF images were extracted for specific m/z-values in incre-
ments of 0.1 = 0.05 m/z-unit tolerance. For the stick figure in blue
ink, we chose the m/z range of 361.0-361.9 to avoid sampling the
subsequent isotope peak around m/z 362 (Fig. 1). For each of the
11,667 spots in the image, we translated the intensity image into a
surface profile based on flight time differences, and we will refer
to it as A-TOF.

The inverse relationship between surface elevation and ion
flight time resulted in higher m/z-values for longer flight times,
that is for ions that originated from surface depressions, whereas
the opposite was true for ions originating from surface elevations.
In order to represent elevations and depressions correctly in the
ion image, the x,y-plane of the plot had to be flipped 180 °. Conse-
quentially, the image became a mirror image (Fig. 1).

To test whether these flight-time differences could be useful
in topographic mapping of uneven surfaces in general, we started
with dried droplets that were applied to a simple staircase of two
thin metal plates laid on top of each other (Fig. S9). Both dried
droplets were imaged by a standard TV-raster (100 um spacing,
3040 points). The ionization efficiency was found to be excellent
and near uniform across both spots resulting in well-defined spa-
tial outline of the spots (Fig. S10). Extraction of ion images for
specific m/z-value gave layers that showed how the ions were dis-
tributed between the two spots (Fig. 2).
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Figure 1. A-TOF image showing the depletion of ink where 10 laser shots hit
(Z-axis: m/z). Note that the image (Fig. 1S) is mirrored because profile data show
longer flight time as depression.
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All spots of the raster were irradiated with 10 laser pulses
each, which burned holes into the surface and caused a distribution
of flight times progressively longer as the holes grew deeper (Fig.
2 and Fig. S11). This was identical for all locations probed by the
laser during rastering. Integration of all m/z-layers allowed recon-
struction of the isotope pattern of the protonated CHCA molecule.
There was a distinct spatial vertical difference between ion popu-
lations from the lower level (longer flight time, higher m/z-value)
and ions from the higher level (shorter flight time, lower m/z-value)
of A m/z ~0.5. If the flight time difference in A m/z was less than
+0.5, so that oversampling of adjacent isotope peaks at =1 Da was
avoided, then general surface features were detected. Interestingly,
when we plotted the A-TOF images along the m/z-axis, we saw
that the periphery of the spot was characterized by shorter flight
times whereas part of the center of the spot showed longer flight
times (Fig. 3). This implied that the center of the spot had less ma-
trix crystals (depression) whereas the periphery was elevated be-
cause of a thicker crystal deposit, which was a direct consequence
of how crystallization progressed during droplet evaporation.

The droplet shape and the physical process of droplet evapo-
ration is complex and depends on the hydrophobicity of the sur-
face from which the droplet evaporates. Mathematical models
have been described that postulate higher rate of evaporation at the
periphery of a droplet if the drop’s contact angle with the surface
is small (0° < § < 90°) and the droplet has parabola shape *. The
underlying assumption is that the droplet evaporates in a quiet at-
mosphere (non-turbulent air) and that the process of evaporation is
quasi-steady. In such a scenario a radial centrosymmetric concen-
tration gradient of matrix should develop, and more material will
crystallize at the periphery as was observed in our case.

We then turned our attention to the analysis of CHCA that had
been resublimed onto aluminum foil. We observed slight differ-

Figure 2. Layers of extracted ion images (m/z 188.9 — 192.0 in increments of
0.1) showing the two distinct locations of the matrix spots in the X-Y-plane of
the target plate. Integration of all m/z-layers allowed reconstruction of the matrix
ion isotope pattern and showed the spatial vertical difference of the spot on the
lower level (longer flight time, higher m/z-value) and the spot on the higher level
(shorter flight time, lower m/z-value) of A m/z ~0.5.
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X

Figure 3. Left: Vertical plot along the m/z-axis showing the spatial distribution of

ions with specific m/z-value (purple: m/z 189.3, blue: m/z 189.4, cyan: m/z 189.5,
teal: m/z 189.6). The A-TOF surface topography suggested that the droplet had a

concave surface towards the droplet’'s center consistent with the light microscopic

picture of the spot (right).

ences in layer thickness, which were found consistent with visible
features in the microscopic picture of the matrix deposit (Fig. 4,

top).

Therefore, a topographic profile of the imaged object was gen-
erated based on differences in flight time of simple matrix reporter
ions. Likewise, we generated a A-TOF image of a fingerprint on
aluminum foil with the help of DHB matrix sublimation (Fig. 4,
bottom). In areas with less matrix deposition the DHB ion flight
times were longer as opposed to parts with thicker matrix layer.

Topographic MALDI-A-TOF Imaging Experiments

To verify that the principle of A-TOF can be applied to more com-
plicated surfaces, we sublimed CHCA matrix onto the surface of
metal coins (Fig. 5A). We found it advantageous to image with
only 2 laser pulses per profile as opposed to 10 pulses. Fewer laser

Figure 4. Comparison of MALDI-image (A-TOF, threshold 60 %, m/z 189.7-
190.1, total of 2030 profiles, area: 4.21 x 4.34 mm) to microscopic picture of spot
sampled. Top row: The topography of the deposited CHCA matrix on aluminum foil
correlated with the observed minute differences in flight time. Thinner matrix layer
(lower left and upper right in the microscopic picture) resulted in higher m/z-values
(cyan). Thicker matrix layer in the center diagonal resulted in lower m/z-values
(blue). Bottom row: A-TOF of a human fingerprint (threshold 80 %, m/z 154.5-
155.0, total of 5775 profiles, area: 6.03 x 5.98 mm).

£
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Figure 5. A: Coin used for MALDI-A-TOF imaging. B: Total lon Current (TIC)
detected during data acquisition. C: Extracted image at m/z 188.8 + 0.1. D: Im-
age from extracted m/z range 188.7-189.6 within 1 m/z unit to avoid overlap with
3C-isotope peak.



pulses per spot prevent “hole burning” and variations in the mea-
sured flight times that can lead to erroneous “depth” information in
the A-TOF image. The sublimed matrix gave strong ion response
(TIC) across the entire surface (Fig. 5B). When we extracted imag-
es for specific m/z-values, for example m/z 188.8 (Fig. 5C), details
of the coin were clearly visible. However, it was only intensity-de-
pendent data that created the image. Conversion of the images to
A-TOF format revealed the correct surface profile with elevations
and depressions clearly visible in the mirror image. We noticed
that details were not as well resolved in some areas as in other. For
example, the commemorative coin for land stewardship featured
a more iconographic picture with larger uniform surface features
(Fig. 5, top) as opposed to the coin for Denali National Park and
Preserve that included a landscape with closely spaced minute
surface differences (Fig. 5, bottom). Such minor differences were
easy for the human eye or a light microscope to pick up without
ambiguity. However, the current A-TOF method seemed to have
limitations resolving such minor differences.

Whereas the spatial resolution of the laser beam of ~80 mm
(see above) should have been sufficient for acceptable detail, the
resolution limit in A-TOF was possibly caused by three factors.
First, the ratio of elevation/depression of the surface; sharp edg-
es were easily imaged whereas subtle elevation transitions were
sometimes missed. More clearly embossed images and image
features led to better results. Second, uniform matrix deposition
during resublimation; deposition onto the surface is a complex
process including heat transfer and crystal formation, which might
have caused uneven matrix distribution and blurred the result in
A-TOF as a consequence. Third, space-charge effects during de-
sorption; the A-TOF method described here operated under the
oversimplified assumption that all ions are desorbed/ionized off
the surface without any effect from adjacent locations on the sur-
face. The absorption of laser light energy is known to involve mul-
tiple processes such as multi-photon ionization (MPI),** gas-phase
cluster ionization leading to “lucky survivors”,”*?" and thermal
proton transfer with different ion-to-neutral ratios.***” These pro-
cesses can be decoupled leading to new MALDI technologies.* It
has even become apparent recently that thermal processes possibly
make the use of laser light unnecessary and Matrix-Assisted lon-
ization (MALI) is possible.*!-*

Conclusion

The MALDI-A-TOF method for topographic surface charac-
terization requires TOF precision but not m/z accuracy. Here we
have provided proof of concept with a single “reporter” ion gen-
erated from the MALDI matrix. However, in principle, a chosen
reporter ion for imaging can have any m/z-value and can be picked
from the recorded spectrum. This implies that the MALDI-A-TOF
method has the potential to allow multi-component topographic
surface analysis. Current temperature limitations in matrix depo-
sition that deteriorates biological samples need to be addressed in
future experiments. If A-TOF can be adapted to biological objects,
it has the potential to reveal surface topography and spatial dis-
tribution of sample/tissue-specific compounds whose identities
would require fragmentation techniques because mass accuracy is,
by definition, not a feature of A-TOF. Together with well-estab-
lished techniques such as CLSM, A-TOF can potentially contribute
additional information about specific compounds and could serve
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as an ancillary analytical technique to microscopy. Validation of
differences in thickness measured by A-TOF will require surface
data from a point micrometer or from CLSM. The measurements
can then be compared and quantitatively evaluated. Efforts toward
this goal are currently underway in our laboratory.
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Figure S1. Left: MALDI-images of three stick figure drawings with BIC ballpoint

pen (left to right: black, red, and blue; Z-axis: TIC ion count) on the MALDI target
plate. Resolution ~80 mm (see Fig. S2).

Figure S2. Detail of blue stick figure from camera picture and MALDI-image (left:
leg; right: head) demonstrating the ability to resolve line spacing of ~80 mm
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Figure S3. MALDI-TOF mass spectra of red ink, blue ink, and black ink. The
unique ions to each ink are shown to the right.

Figure S4.Extracted ion images for m/z 361 (unique for black), m/z 443 (unique
for red), and m/z 470 (unique for blue).
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Figure S5.Schematic view of sublimation apparatus. The temperature of the ex-
ternal heat plate under the stainless-steel vacuum vessel was ~180-200 °C. The
layer of sand was only ~5 mm thick; enough to allow more uniform heat transfer
from the bottom of the vessel to the tea light Al-cup whose floor was not entirely
planar.

A & i
Figure S6.Sublimation of CHCA onto aluminum foil with box cutter blade stencil.
Oil pump vacuum, 200 °C, 5 minutes. Note the excellent microscopic size of ma-
trix crystals that are smaller than the surface texture of the aluminum foil (right).



Figure S7.Instrument camera pictures. From left to right: matrix deposit outlining
the capsule shape of the box cutter blade, matrix deposit outlining the trapezoid
shape of the box cutter blade, pattern burned into the thin matrix layer by the laser,
and visual matrix depletion during imaging of the capsule shape. The matrix layer
was thick enough to withstand ~10 laser pulses before depletion of material.

Figure 88. MALDI-images of matrix deposits created by the box cutter blade
stencil. Top row: TIC, CHCA matrix, laser power 70; bottom row left: TIC, DHB
matrix, laser power 80. lonization was near uniform across both surfaces and was
reproducible. Bottom row right: TIC, 3-HPA matrix, only 2 minutes of sublimation,
laser power 80.

Figure S9. Microscopic picture of two dried droplets (CHCA matrix) on a stair
step.
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Figure $10. Left: Total ion image of two CHCA dried droplets, each on a different
step of the staircase. The spot towards the back was on a higher step of the
staircase. Signal intensity was excellent across each crystal surface. Right: Profile
view of the same two spots along the x-axis. Without prior knowledge, it would not
be possible to discern which profile resulted from the spot lower or higher on the
staircase.
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Figure $11. MALDI-TOF analysis (CHCA matrix, threshold 50 %) of three evap-
orated droplets containing bradykinin ([M+H]* m/z 573) and gramicidin S ([M+H]*
m/z 1041). Left droplet: bradykinin only, center droplet: bradykinin and gramicidin
S (equimolar), right droplet: gramicidin S only. Top: MALDI-TOF image by TIC.
Bottom: MALDI-A-TOF image. The effect of “hole burning” (progressively longer
flight times with increasing number of laser pulses) and suppression of bradykinin
by gramicidin S in the mixture was obvious.



