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Abstract. In mass spectrometry imaging of tissues, the size of structures that can be
distinguished is determined by the spatial resolution of the imaging technique. Here,
the spatial resolution of IR laser ablation is markedly improved by increasing the
distance between the laser and the focusing lens. As the distance between the laser
and the lens is increased from 1 to 18m, the ablation spot size decreases from 440 to
44 μm. This way, only the collimated center of the divergent laser beam is directed on
the focusing lens, which results in better focusing of the beam. Part of the laser
energy is lost at longer distance, but this is compensated by focusing of the radiation
to a smaller area on the sample surface. The long distance can also be achieved by a
set of mirrors, between which the radiation travels before it is directed to the focusing

lens and the sample. This method for improving the spatial resolution can be utilized in mass spectrometry
imaging of tissues by techniques that utilize IR laser ablation, such as laser ablation electrospray ionization, laser
ablation atmospheric pressure photoionization, and matrix-assisted laser desorption electrospray ionization.
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Introduction

Infrared (IR) laser ablation is an efficient means for ablating
particulates from the surfaces of water-containing samples,

such as plant and animal tissues [1]. IR laser ablation is utilized
in several ambient mass spectrometry techniques, such as laser
ablation electrospray ionization (LAESI) [2], matrix-assisted
laser desorption electrospray ionization (MALDESI) [3], infra-
red laser ablation metastable-induced chemical ionization (IR-
LAMICI) [4], and laser ablation atmospheric pressure photo-
ionization (LAAPPI) [5]. A major advantage of IR laser abla-
tion is that in contrast to UV laser ablation, which is used in,
e.g., matrix-assisted laser desorption/ionization (MALDI), IR
laser ablation does not require the addition of a light-absorbing
matrix. Instead, the radiation of the IR laser at 2.94 μm is

efficiently absorbed by water molecules, which are naturally
abundant in tissue samples. Absorption of the IR laser radiation
by water leads to explosive evaporation of water and ablation
of the target. Ionization at this step is inefficient and, therefore,
the neutral analytes within the plume are typically ionized by
varying post-ionization methods, such as electrospray ioniza-
tion (e.g., LAESI and MALDESI), metastable-induced chem-
ical ionization (e.g., IR-LAMICI), or photoionization (e.g.,
LAAPPI).

Owing to the efficient ablation of tissues, IR laser ablation
has been extensively utilized in MS imaging of plant and
animal tissues [6–14]. In MS imaging, the size of the structures
that can be distinguished is dependent on the spatial resolution
of the desorption/ablation technique in question (i.e., in case of
laser ablation, the size of the ablated spot). Typically, spot sizes
that have been reported with IR laser ablation are in the range
of 220–400 μm [2, 4, 9, 15, 16]. Smaller spot size has been
achieved by delivering the mid-IR laser pulses through an
etched tip of a glass fiber, which is placed in close proximity
of the sample [17]. The tip confines the laser beam to the
diameter of the tip, and roughly 30–40 μm ablation spot
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diameters have been achieved by this method in LAESI. This,
however, requires very careful positioning of the fiber tip and
exposes it to ablated sample material. On the other hand, this
setup may decrease sensitivity due to partial blockage of the
ejected plume by the fiber. In atmospheric pressure-infrared
laser desorption/ionization, 30 μm diameter spots have been
reported with a complicated optical setup including a coaxially
lined IR objective lens [18]. Spot sizes of 10–20 μm have been
achieved in LAESI using transmission geometry and an objec-
tive lens with a high numerical aperture [19]. This approach has
been used for analysis of adherent mammalian cells in situ.
Another approach to reach better resolution without the need
for matrix is to use a shorter pulse length than in typically
applied nanosecond lasers. Lateral resolution of 100 μm has
been achieved using picosecond IR laser pulses [20]. Such
lasers, however, are very expensive and available to few re-
searchers. Furthermore, using a 25 μm pinhole to filter the
beam of a UV laser has been reported to lead to 5 μm laser
spot size inMALDI imaging [21], and would possibly function
also with an IR laser.

In this contribution, we present an easy and inexpensive meth-
od for improving the ablation spot size in IR laser ablation to at
least 44μmby simply increasing the length of the laser beampath.
This method will be useful for researchers working with different
IR-laser based ambient mass spectrometry imaging methods.

Experimental
All animal experiments were approved by the National Animal
Experiment Board of Finland (License number ESAVI/11198/
04.10.07/2014). Mice from a triple mixed genetic background
(129Ola/ICR/C57bl6) were anesthetized with an overdose of
sodium pentobarbital (100 mg/kg, i.p.). Anesthetized animals
were transcardially perfused with warm phosphate buffered
saline (PBS) for 4 min followed by 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer, pH 7.4, for at least 5 min.
The brains were removed and postfixed in the same PFA
solution overnight in room temperature and then stored in
phosphate buffer containing 20% sucrose at 4 °C. Coronal
striatal sections were cut into 30 μm thickness with a
cryomicrotome (Leica CM 3050; Leica Microsystems
Nussloch GmbH, Nussloch, Germany). The sections were
saved in a serial order at –20 °C in cryoprotectant buffer
containing glycerol and ethylene glycol. Before the MS analy-
sis, the sections were flushed with Milli-Q water (Merck
Millipore, Molsheim, France).

For laser energy and spot size measurements, a mid-IR laser
beam was delivered on the sample surface using a gold-coated
mirror (PF10-03-M01; Thorlabs, Newton, MA, USA) and
focused by an anti-reflection coated 100 mm focal length
plano-convex CaF2 lens (LA5817-E, Thorlabs). The mirror
and the lens both had a diameter of 1 inch. The laser was an
IR Opolette HE 2940 fixed wavelength and flashlamp pumped
Nd:YAG laser operating at 2.94 μm wavelength and 20 Hz
repetition rate (Opotek, Carlsbad, CA, USA). The laser energy

was set to 6 mJ/pulse. The ablation holes were created at 1–18
m laser aperture to lens distances, the beam was focused with
the lens, and the spots were measured using a Leica DMC2900
camera module attached to a Leica DM6000 B research micro-
scope with 2.5×–5× objectives (Wezlar, Germany). The report-
ed ablation spot diameters are the averages of maximum and
minimum Feret diameters of the spots created with a specific
distance. The laser energywas measured using a thermal power
sensor (Thorlabs S310C, d = 20 mm), which was connected to
an energy meter (Thorlabs PM100D). The sensor was first
attached to the laser output aperture for measurement of the
maximum output, after which the laser energy was measured at
distances of 1–18 m. The measurements were carried out in
normal laboratory lighting, and therefore the background ener-
gy was always measured first.

The mass spectra for the MS images were collected
using a Bruker MicrOTOF mass spectrometer (Bremen,
Germany). The commercial ion source of the mass spec-
trometer was replaced by a self-built LAAPPI source,
similar to the one described in literature [5, 6]. The mass
spectrometer was equipped with a modified extension cap-
illary. An aluminum shield was attached to the outer part
of the extension capillary to direct the drying gas to the
sides, away from the ionization area. The drying gas tem-
perature was 250 °C, and the gas was supplied at 5 L/min.
The capillary exit and skimmers 1 and 2 voltages were set
to 240, 80, and 23 V, respectively. The data acquisition
time was set to 1 Hz, and the dwell-time was 35 s. The
ablation plume was intercepted by a hot acetone (Sigma-
Aldrich, HPLC grade [99.8%], Steinheim, Germany) vapor
jet, which was directed toward the inlet of the mass spec-
trometer. The jet was produced using an all-glass heated
nebulizer microchip, described previously in detail [22].
The liquid solvent (acetone) was introduced into the heated
nebulizer microchip at 10 μL/min using an Agilent 1100
capillary LC pump (Waldbronn, Germany), and vaporized
with the aid of nitrogen gas flow (100 mL/min) and high
temperature (4.0 W heating power producing ~350 °C jet
temperature at 5 mm of the chip nozzle [23]). The tissue
sections were placed on a microscope glass slide mounted
on a Peltier cooling stage and positioned in front of the
mass spectrometer ~3 mm below the inlet orifice. The
temperature of the Peltier stage was kept at 5 °C in order
to minimize dehydration and to optimize the amount of
water for the ablation process. The sample plume and
solvent jet were irradiated in the ambient air with 10.0
and 10.6 eV photons produced by a krypton discharge
vacuum ultraviolet (VUV) photoionization lamp (PKR
100; Heraeus Noblelight, Cambridge, UK). The tissue
sample was rastered by moving the cooled stage in the
xy-plane using two computer-controlled motorized
100 mm linear translation stages (NRT100/M; Thorlabs).
The mass spectra were collected using Compass 1.3 for
micrOTOF (Bruker). The XY stage and the IR laser were
controlled by a self-written MATLAB-based program.
Time and stage position data were recorded during the
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imaging experiment. This information was later used to
split the measurement file into pixel files. Each pixel was
created by selecting the measurement time interval of the
corresponding pixel, and forming an average mass spec-
trum from the collected spectra. The measurement file was
converted to mz5 file format [24] using ProteoWizard’s
msconvert tool [25] before processing the data with
MATLAB. Heatmaps were created with a MATLAB based
MSiReader software [26].

Results and Discussion
The spatial resolution of laser ablation was observed to im-
prove significantly by increasing the distance of the laser
aperture from the focusing lens. Figure 1 shows the ablation
holes caused by 20 IR laser shots (20 Hz) on 30 μm thick
mouse brain tissue at distances of 1–18 m between the laser
aperture and the focusing lens. While at 1 m distance the
average Feret diameter of the spots was 440 μm, at 14 m, an
average spot diameter of 55 μmwas achieved. We suggest that

this phenomenon is caused by the divergence of photons within
the noncollimated, multimodal laser beam. According to the
laser manufacturer (OPOTEK), the laser beam has a divergence
of 10 mrad in the x-axis and 5 mrad in the y-axis; the beam
profile is shown in Supplementary Figure S1 in the Supporting
Material. At short distance, the focusing lens collects most of
the photons within the laser beam, and thus the aberration is
larger since the angles at which the photons arrive to the lens
have a wide distribution (Fig. 2). As the distance to the focus-
ing lens increases, only the most collimated center of the laser
beam is collected, while the diverted photons are lost. Since the
lens now focuses more uniform light, the aberration and the
spot size are reduced.

Figure 3 shows the experimentally measured spot diame-
ters, laser energies, and fluencies at 1–18 m laser aperture-
focusing lens distances (Supplementary Tables S1–S3 show
the measured and calculated values). The spot size decreases
first exponentially, but then levels off, probably since most of
the diverted photons are already lost at the first meters.

Figure 1. IR laser ablation holes created on a 30 μm thick mouse tissue at 1–18 m distance between the laser aperture and the
focusing lens. Note: a Peltier cooling stage was not used in this measurement series

Figure 2. At short distance, photons with different flight paths
are efficiently captured by the focusing lens and, as a conse-
quence, the resulting ablation area is large (left). At long dis-
tance, diverted photons fail to hit the focusing lens, and the
photons hit the lens in a similar angle. Thus, the resulting
ablation area is very small (right)

Figure 3. Effect of the distance between the laser aperture and
the focusing lens on the average Feret diameters of the ablation
spots and holes, the energy reaching the focusing lens, and the
fluence on target. (Note: the presented values for laser energy
and fluence are based on measurements with 20 mm o.d.
thermal power sensor and are thus underestimations of the
amount of photons arriving at the lens with 25.4 mm o.d.)
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Supplementary Figure S2 shows the trendlines calculated
based on the experimentally defined values for the spot and
hole diameters and the laser beam travel distance. A good
correlation (R2 = 0.98) between the fitted curve and measured
values is observed in both cases.

Decreasing the spot size below ~40 μm becomes impracti-
cal due to space limitations, although very long optical paths
can be achieved with suitably tilted mirrors, between which the
laser beam is reflected several times. An example of such a
setup (also used in the MS imaging experiment described
below) is shown in Supplementary Figure S3. Of course,
several reflections reduce the laser energy due to imperfect
transmission. However, for a MS imaging experiment, 50 μm
spot diameter is usually a practical compromise between the
amount of structural information and measurement time, and
with the current setup it can be reached with 14 m distance (or
less, if a cooling stage is used, see discussion below).

As the distance that the laser beam needs to travel increases,
a smaller proportion of photons will finally reach the focusing
lens and the sample, and less energy will be available for the
ablation process. The plot of laser energy reaching the focusing
lens (mJ) follows largely a similar curve as the spot size (Fig. 3),
as shown by thermal power sensor measurements. However,
since the laser beam can now be focused to a smaller area, the
laser fluence (J/cm2) is in the same order of magnitude with all
the distances, and efficient ablation is achieved even at the
longest laser distances. Some fluctuations are observed in the
laser fluence (Fig. 3). This is partly explained by the uncertain-
ty of the measurement of the irregularly formed spot diameters.
Further, as shown in Supplementary Figure S1, the multimodal
laser beam contains intensity variations, so-called Bhot spots^,
and the most intense part of the laser is not in the middle of the
beam. As a result, increasing the beam travel distance also
changes the intensity profile of the focused beam, which in

Figure 4. (a) Partial microscope picture of the imaged area showing the spots created with laser ablation using a 60 μm step size.
The measured average ablation spot and hole diameters were 55 μm and 30 μm, respectively. (b) Partial total ion chromatogram
showing the typical signal intensities achieved from the ablation spot in the imaging experiment with LAAPPI. (c) A single mass
spectrum obtained in the MS imaging experiment with LAAPPI. (d) Distributions of ions atm/z = 264.28 andm/z = 401.35 measured
from a 1.56 × 3.54mmsize area of a 30 μm thickmouse brain tissue with LAAPPI-MS using a 9m laser beam-focusing lens distance
and a Peltier cooling stage. The ion intensities were scaled against the total ion current. (e) Microscopic image showing the rastered
tissue area
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turn leads to small intensity and fluence variations across
different aperture-focusing lens distances. Moreover, at fixed
optical set-up, the produced ablation spots were quite uniform
as presented in Fig. 4a, which shows a microscope image of an
array of ablated spots on the analyzed tissue area.

To demonstrate the utility of the small ablation spot sizes in
MS imaging of a clinical sample, a rectangular area on a
coronal mouse brain tissue slice close to the bregma line [27]
was imaged using IR laser ablation with 9 m laser beam travel
distance resulting in 55 μm spot size, and LAAPPI. Micro-
scopic image of the ablated spots, total ion chromatogram and
mass spectrum obtained from the tissue, as well as MS images
of two ions are shown in Fig. 4a–e. A slightly smaller spot size
with this distance was achieved here than in the experiment
shown in Figs. 1 and 3 because here the sample was cooled
using a Peltier stage, which is thought to reduce heat propaga-
tion in the sample. Beam instability or vibrations were not
observed during the measurement, regardless of the long laser
beam travel distance (Fig. 4a). As an example, Fig. 4d shows
the heatmaps of two ions with highly distinct distributions. The
ion at m/z 264.28, which is highly abundant in the corpus
callosum (CC), dorsal striatum (dSTR), and septum areas
(Fig. 4e), is suggested to be a C18H34N

+ fragment of sphingo-
sines. The ion at 401.35, on the other hand, which shows an
intense signal from the cortex (CTX) area and around the
region of lateral ventricle, is suggested to be oxidized choles-
terol ([M – H + O]+), or the protonated molecule of
ketocholesterol [5]. Furthermore, very intense signals com-
pared with the background were obtained from the ablated
spots, as shown in the total ion chromatogram in Fig. 4b, and
therefore it is proposed that the signals of even smaller spots are
measurable with the current mass spectrometric setup.

Conclusions
A significant improvement to the spatial resolution in IR laser
ablation was achieved by simply increasing the distance be-
tween the IR laser and the focusing lens. The setup is easy to
reproduce, and it does not require expensive optics or fragile
fibers. Even 44 μm spot size was achieved, which is sufficient-
ly small for most biological imaging applications. Even smaller
spot sizes are achievable using a cooling stage under the
sample, as was shown in the MS imaging experiment of a
tissue sample. The introduced technique for improving the
spatial resolution can be utilized in, e.g., LAESI, LAAPPI,
IR-LAMICI, and MALDESI. Current work in our laboratory
is focused on MS imaging by LAAPPI and LAESI with high
spatial resolution, and a more detailed description of the imag-
ing experiments with whole tissue heatmaps will be published
in upcoming work.
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