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Abstract. High-spatial resolution mass spectrometry imaging (MSI) is crucial for the
mapping of chemical distributions at the cellular and subcellular level. In this work, we
improved our previous laser optical system for matrix-assisted laser desorption
ionization (MALDI)-MSI, from ~9 μm practical laser spot size to a practical laser spot
size of ~4 μm, thereby allowing for 5 μm resolution imaging without oversampling.
This is accomplished through a combination of spatial filtering, beam expansion, and
reduction of the final focal length. Most importantly, the new laser optics system
allows for simple modification of the spot size solely through the interchanging of the
beam expander component. Using 10×, 5×, and no beam expander, we could
routinely change between ~4, ~7, and ~45 μm laser spot size, in less than 5 min.

We applied this multi-resolution MALDI-MSI system to a single maize root tissue section with three different
spatial resolutions of 5, 10, and 50 μmand compared the differences in imaging quality and signal sensitivity. We
also demonstrated the difference in depth of focus between the optical systems with 10× and 5× beam
expanders.
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Introduction

Mass spectrometry imaging (MSI) has seen a surge in
popularity as a biological imaging technique in the last

decade because of its versatility, sensitivity, and label-free
approach. These characteristics allow MSI to be applied to
study a broad range of chemical compounds across a wide
range of systems. This technique has been expanded to visual-
ize compound classes such as lipids, proteins, and small mol-
ecules directly in plant and animal tissues [1–5]. General over-
views of mass spectrometry imaging techniques can be found
in various reviews [6–8].

Recently, high-resolution MSI has drawn enormous atten-
tion to visualize metabolites at a fine spatial resolution [9, 10].
The inherent characteristics of MS analysis combined with
high-spatial resolution allow for detailed metabolite

information to be visualized in cellular and subcellular locali-
zation, offering unprecedented detail in terms of localization
and metabolite composition of various tissue types. This type
of information can be incredibly useful for complex tissue
types such as plant tissue, where various metabolic processes
utilizing hundreds of thousands of metabolites are highly se-
questered among various cell types [11, 12].

In matrix-assisted laser desorption/ionization (MALDI)-
MSI experiments, the achievable spatial resolution for a given
analysis is largely determined by the spot size of the laser beam
at the sample surface. As such, significant work has been
focused on methods to reduce the laser spot size in order to
increase the achievable spatial resolution. Early efforts have
been made using coaxial laser optics within the time of flight
mass spectrometer, which achieved down to ~1 μm laser spot
size for small molecules [13] or ~7 μm size for proteins [14].
These approaches, however, could not maintain high sensitiv-
ity in limited sampling size, restricting their biological appli-
cations; hence, later works have been mostly focused on laser
optics, without modifying mass analyzer. Spengler’s group
combined the coaxial laser optics with atmospheric pressure
MALDI [15] and successfully applied it for 3–10 μm high-
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spatial resolution imaging [9, 16]. Another approach that
achieves extremely high-spatial resolution is to utilize trans-
mission geometry [17, 18]. In this instrumental setup, the laser
beam is focused onto a sample tissue through the backside of
microscope slides. This transmission geometry setup has been
shown to focus the laser beam to less than 1 μm and MSI data
acquisition was made down to 2.5 μm resolution [19].

Caprioli [20] and our own group [21] have previously
reported a simple approach by modifying the laser optics of
commercially available instruments to use a larger beam diam-
eter and a shorter laser focal length. Both approaches utilized a
spatial filter setup, where the laser beam is focused through a
small diameter pinhole, to filter out non-Gaussian components
of the beam. Combined, we were able to reduce the final laser
spot size down to 5 μm, but the practical spot size was ~9 μm to
obtain sufficient ion signals, and we used oversampling (use of
a raster step smaller than the laser spot size with complete
depletion of analytes or matrix in each step [22]) to achieve
5 μm resolution MS imaging of maize leaf cross-sections. For
these works, the laser burn mark was used as a measure of
spatial resolution; however, there are some ambiguities in this
approach. The line scan across a sharp edge has been used to
better define the spatial resolution in secondary ion mass spec-
trometry [23]. This effort has been recently extended to
MALDI-MS imaging with a specially designed pattern [24],
but it is not available to most scientists yet. Hence, here we use
the laser burn mark as a simple measure of the spatial resolu-
tion, even though it might measure slightly smaller than the
actual resolution.

In this work, we improved our previous high-resolution
optical setup to achieve a practical laser spot size below 5
μm, so that 5 μmhigh-resolutionMALDI-MSI can be achieved
without oversampling. Furthermore, the new setup allows easy
change of the final spot size between ~4, ~7, and ~45 μm,
through the simple interchange of the beam expander between
10×, 5×, and no beam expander, respectively. This multi-
resolution setup is applied on maize root, and visualized vari-
ous metabolites at spatial resolutions of 5, 10, and 50 μm, all on
a single tissue section comparing analytical characteristics be-
tween the three resolution setups.

Experimental
Materials

2,5-Dihydroxybenzoic acid (DHB, 98%) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Gelatin from porcine
skin (300 bloom) was purchased from Electron Microscopy
Sciences (Hatfield, PA, USA). A 1 mm diamond aperture (HP-
3/8-DISC-DIM-1000) was purchased from Lenox Laser, Inc.
(Glen Arm, MD, USA). A 60 mm focal length near UV
achromatic lens (#65-977) and a 25/25.4 mm diameter lens
mount (#56-354) were purchased from Edmund Optics
(Barrington, NJ, USA). A 10× and 5× beam expander were
purchased from ThorLabs Inc. (BE10x and BE5x; Newton, NJ,

USA). B73 inbred maize seeds were obtained courtesy of Dr.
Marna Yandeau-Nelson at Iowa State University.

Maize Root Growth and Sectioning

For MALDI-MSI analysis of root sections, inbred B73 maize
seeds were grown using a procedure slightly modified from
previously described methods [25]. Briefly, a row of seeds
(embryo facing down) was arranged along the top edge of a
moist paper towel. The paper towel was then rolled up and the
bottom of the roll was placed into a 1 L beaker half filled with
water. The seeds were allowed to grow for 10 d while kept in
the dark. The beaker was checked periodically to ensure
enough water remained to submerge the lower portion of the
paper towel roll. After 10 d, the roots were collected and flash-
frozen for the area of interest in liquid nitrogen to quench the
metabolism. The frozen roots were then embedded in a 10%w/v
gelatin solution in a cryo-mold and held in liquid nitrogen until
the gelatin was mostly frozen. The roots were then moved to a
cryostat (CM1520; Leica Biosystems, Buffalo Grove, IL, USA)
with the temperature set at –22 °C, thermally equilibrated for
30 min, then cryo-sectioned at a thickness of 10 μm, and
collected on adhesive tape windows (Leica).

Mass Spectrometry Imaging Analysis

Amaize root section selected for MSI was initially placed onto
a chilled aluminum block and lyophilized under moderate
vacuum to prevent condensation as the section was brought
to room temperature. A matrix layer of DHB was then depos-
ited onto the gelatin sections by sublimation-vapor deposition,
as has been previously described [26, at a temperature of 140
°C for 6 min.

The MALDI-MSI experiments were performed on a
MALDI-linear ion trap (LIT)-Orbitrap mass spectrometer
(MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San
Jose, CA, USA) modified to incorporate an external, 355 nm
Nd:YAG laser (UVFQ; Elforlight, Daventry, UK). Three sep-
arate MS imaging runs were performed on the tissue section at
different spatial resolutions of 5, 10, and 50 μm using a 10×,
5×, and no beam expander, respectively. The laser energy used
was 84%, 87%, and 89%, respectively, optimized for each
resolution setup with slightly higher laser energy required as
the laser spot size increases. The same 10 laser shots were used
per raster step for all three resolutions. Mass spectra were
acquired in positive ion mode using an Orbitrap for a scan
range ofm/z 50–1000 at a mass resolution of 30,000 atm/z 400.
After data acquisition, MS images were generated using
ImageQuest software (Thermo Finnigan) and mass spectra
were analyzed using Xcalibur (Thermo Finnigan). All images
were generated using a mass tolerance of ±0.005 and no
normalization was applied.

MS/MS analysis was performed on an adjacent tissue sec-
tion prepared identically to the one used for MS imaging. A
multiplex imaging run [27] was performed at 50 μm resolution
using no beam expander to collect MS/MS for multiple ions in
a single run. The three ions shown in this work were analyzed
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with a mass window of 1.0 Da. The collision energies were 125
for m/z 184.072, and 75 for m/z 365.102 and 426.077. All ions
were activated for 30 ms.

Depth of Focus Experiment

A 10%w/v solution of gelatin was poured into a cryo-mold and
frozen on liquid nitrogen. The gelatin was then cryo-sectioned
at varying thicknesses and the sections were collected using
adhesive tape windows. The sections were taped onto
prechilled glass slides and stored at –80 °C. For spot size
determination, the gelatin sections were prepared identically
to those for imaging runs. Then, employing the various beam
expander setups (10×, 5×, and no beam expander), laser spots
at varying energies were laid and measured through optical
microscopy.

Safety Warning

Replacement of the manufacturer’s enclosed laser system with
an external laser such as the one described here results in a class
IIIB laser system. Appropriate precautions should be taken
when utilizing this system, including the use of appropriate
eyewear and safety controls.

Results and Discussion
Modifications to Laser Optical System

In this work, the optics of a commercial MALDI-LIT-Orbitrap
instrument were modified to achieve 5 μm high-resolution
imaging, while also allowing for multi-resolution imaging
through the interchanging of beam expanders. This work rep-
resents a significant improvement from our group’s previous
work, reducing the laser spot size for high-resolution MALDI-
MSI applications. Descriptions of the original MALDI source
[28] and our previous modification [21] can be found in earlier
publications.

For a laser beam, the diffraction limited spot size is given by
the following equation [20]:

Ds ¼ M 2⋅
4

π
⋅λ⋅

f

Db
⋅

1

cosθ
ð1Þ

where Ds represents the diffraction limited spot size, M repre-
sents the beam quality factor (M = 1 for a perfect Gaussian
beam), λ represents the laser wavelength, f represents the focal
length of the focusing lens, Db represents the input beam
diameter to the final focusing lens, and cos θ represents the
incident angle of the laser beam on the sample.

Based on this equation, there are three main ways to reduce
the laser spot size for a given optical system: (1) improving the
beam quality factor (M closer to 1), (2) reducing the focal
length of the focusing lens, and (3) increasing the input beam
diameter. For the adjusted optical system in this work, all three
factors were taken into consideration and optimized to the best
of our abilities without requiring extensive instrumental

modifications. A schematic representation and photographs of
the modified optical setup and source can be found in Figure 1a
and b, respectively.

In our previous work [21], a home-built Keplerian config-
uration was employed as a beam expander. In this setup, the
laser beam is focused down to a small spot, and then re-
expanded to a bigger laser beam size. The laser beam in this
home-built configuration was focused through a small diameter
pinhole (25 μm) to remove significant non-Gaussian beam
components. However, optical alignment to focus the laser
beam through a 25 μm pinhole proved to be a very difficult
and time-consuming process, and turned out to be problematic
to interconvert between different laser spot sizes when more
moderate resolution imaging was desired. Additionally,

Figure 1. (a)Schematic of laser optic setup for high-resolution
MS imaging. The laser is first passed through beam steering
mirrors (1–3) before being filtered and expanded (4, 5). The laser
is then passed into the instrument through the new focusing
lens (7, 8). (b) Photograph of optical components with parts
numbered as in 1a. The inset is a photograph of the source
interior with modified optics. The focus lens (A) is placed into a
compatible lens holder (B). The lens holder is threaded onto a
custom-made male-female bronze intermediate (C), which is
threaded onto a custom-made male rod attached to the flange
(D). The beampasses through these optical components before
passing through quadrupole and MALDI extraction plate (E),
where it is then incident upon the MALDI sample plate (not
shown)
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focusing the laser beam down to a small enough spot size to fit
through the pinhole increases the laser fluence and energy
density, which we found can cause significant damage to a
pinhole, even for those with a high-energy damage threshold.

In this work, to improve the beam quality factor (<1.2
initially, per manufacturer specifications), a 1 mm diameter
pinhole (4) was placed into the beam path before the beam
expander. Although this setup may not be as effective at
removing non-Gaussian components compared with focusing
through a small pinhole, it does remove the majority of the non-
Gaussian laser beam components while avoiding the issues of
aligning with a small opening as well as damage or destruction
of the pinhole that arise from exposure to a highly focused laser
beam.

Themost important benefit of this setup is that we can adjust
the laser spot size by simply changing the beam expander in a
process that requires less than 5 min. For this work, we adopted
commercially available Galilean configuration beam expanders
with an encased, fixed geometry, which can be easily changed
between different magnification beam expanders. To achieve
the highest spatial resolution, a 10× beam expander was
inserted into the laser beam path (5), resulting in an expanded
beam diameter of 10 mm, which is almost the maximum size
that can pass through instrumental openings and into the final
focus lens in the current geometry. The beam expander is
positioned after the 1 mm pinhole and is held in place by a
simple locking screw. As such, the beam expander can easily
be inserted or removed as desired, allowing for a fast and
simple way to change between input beam diameters and,
therefore, final laser spot size.

Lastly, we modified the lens holder to position the focus
lens as close as possible to the MALDI plate. The original focal
length of the final lens was 125 mm [28], which we previously
modified to accommodate a 100 mm focal length lens [21]. In
this work, we further reduced the focal length down to 60 mm
by integrating a custom-built lens holder into the source of the
instrument. As the photograph in Figure 1b shows, the position
of lens and lens holder can be adjusted by threading the bronze
intermediate component in or out on the male rod; the optimum
focal position for the smallest laser spot size was found by
manually adjusting the z-position of the bronze intermediate
(C). At the optimum position, the focus lens almost touches the
outer case of the quadrupole ion lens.

All together, three optical modifications were made in this
work, with the pinhole reducing the value of M close to 1, the
beam expander increasing the value of Db to 10 mm, and the
final focus lens reducing the value of f to 60 mm. Assuming
M = 1.0, Equation 1 gives the minimum achievable spot size as
3.2 μm with f = 60 mm, Db = 10 mm, λ = 0.355 μm, and θ =
32°, dramatically improved from the original ~50 μm, and our
previous work of 4.9 μm. In our previous work, ~5 μm laser
spot sizes were obtained but without any ion signals (laser
energy of 79%), and the practical laser spot size was ~9 μm
when the laser energy was increased to obtain sufficient ion
signals for detection (laser energy of 80.5%). In the present
work, a spot size as small as ~3.4 μm was obtained with

sufficient ion signals (laser energy of 80%), while achieving
the laser spot size close to the theoretical minimum (Figure 2).
The laser spot size remained low, ~4 μm, even at the laser
energy of 84% as shown later in the application to a maize root
cross-section, suggesting we have an improvement of a factor
of two in the laser spot size compared with our previous setup.

It needs to be mentioned that theMALDI sample plate is not
completely level, and the position within the plate holder
affects the laser spot size. Hence, we optimized laser focusing
for the top portion of the left slide (our plate holder can load
two microscope glass slides side by side) with an adhesive tape
and a 10 μm thick tissue, and all the measurements were made
at this position. The spot size is very reproducible at the same
position even with multiple plate insertions and ejections. The
laser spot size is significantly affected when another position is
used for the 10× beam expander, but the spot size change is
minimal with 5× beam expander with less than 10 μm spot
sizes regardless of the position. The laser spot size is also
greatly influenced by the tissue thickness for the 10× beam
expander (Supplementary Figure S1), to a much greater extent
than we expected. This is partially attributed to the aberration
halos, which are minimal when the laser is fully focused or a
smaller beam size (e.g., 5× beam expander) is used.

Figure 2. (Top)Microscope images of smallest laser spot size
obtained on a thin layer of DHB. Laser spots here were gener-
ated using 10 laser shots at an energy of 80%. (Bottom) Ion
trap mass spectrum obtained at the same time with the above
laser spot size measurement, averaged from 47 spectra. Scale
bar: 20 μm
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As will be further discussed in the next section, when a
resolution of 5 μm is not necessary, a slightly more moderate
resolution imaging run with 10 μm resolution using a 5× beam
expander will be more convenient for routine imaging experi-
ments. When the same experiment varying gelatin thickness
was performed with the 5× beam expander (Supplementary
Figure S1), the laser spot size was ~7 μm with 10 μm thick
gelatin and still only ~8 μmwith 5 or 15 μm thick gelatin. Even
with the glass slide only without gelatin or adhesive tape, the
laser spot size is increased only to ~9 μm. Compared with the
experiments with the 10× beam expander, these spots laid on
multiple sections were much more reproducible, confirming
the larger depth of focus with a slightly lower resolution. These
results indicate that, if necessary, we could vary the sample
thickness on purpose to place the sample at the appropriate
focal point when instrumental parameters are altered slightly,
such as minute differences in mechanical z-position depending
on the MALDI plate.

Multi-Resolution MS Imaging of a Maize Root
Cross-Section

For the demonstration of high-resolution 5 μmMS imaging, the
new laser optical system was applied to B73 maize roots grown

for 10 d. Plant roots are composed of a variety of tissue types
(xylem, phloem, cortex, pith) on a small scale [29], of which the
visualization of the fine structural features is attractive to dem-
onstrate the current technological development. We have pre-
viously applied MS imaging for various plant tissue types,
including flower [30], leaf [21, 31], seed [32], and root surface
[30], but this is our first time analyzing root cross-sections.

Additionally, here we demonstrate an easy interchange be-
tween three different resolution setups and compare the differ-
ences in their analytical characteristics: 5 μm resolution using a
10× beam expander and ~4 μm spot size, 10 μm resolution
using a 5× beam expander and ~7 μm spot size, and 50 μm
resolution using no beam expander and ~45 μm spot size.
High-resolution imaging can provide detailed cellular and sub-
cellular features of chemical distributions, but requires much
longer data acquisition time and is expected to have limited
sensitivity. In contrast, low resolutionMS imaging can be done
on a short time scale and with high sensitivity, but does not
provide fine localization information. For this optical setup, the
desired beam expander can be easily interchanged as the 10×
beam expander is held in place by a single locking screw, while
the 5× beam expander threads into a holder already incorpo-
rated into the optical system. As such, switching between the

Figure 3. (a)Optical image ofmaize root cross-sectionwithmorphologic features labeled. Scale bar: 100 μm. (b)Ablation craters in
gelatin areas for the 5, 10, and 50 μm imaging runs obtained from the imaging runs. Scale bar: 20 μm for the 5 and 10 μm runs;
100 μm for the 50 μm run. (c) Optical image of maize root cross-section after all three imaging runs. The 10× beam expander run
(yellow) was performed first, followed by the 5× (red), and no beam expander (green) runs. The 5× run slightly overlapped the area
covered by the 10× run to ensure complete tissue coverage, but the overlapping area for the 5× run is not used for MS image
generation. Scale bar: 200 μm
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three setups (10×, 5×, and no beam expander) was done in
about 2–3 min in this experiment.

A single maize root cross-section was sublimated with DHB
and analyzed in positive ion mode using three different reso-
lution setups solely through the interchanging of the beam
expander component of the optical system described in Fig-
ure 1. Using the 10× beam expander, a spot size of ~4 μm was
achieved and an imaging run was performed with a raster step
of 5 μm to ensure no oversampling occurred. Replacing the
10× beam expander with the 5× beam expander or using no
beam expander generated laser spots on the order of ~7 or ~45
μm, respectively, and imaging runs were performed at raster
step sizes of 10 and 50 μm. MS imaging took 4 h to image 1/4
of the root section in 5 μm resolution, 1.2 h to image another
1/4 of the root section in 10 μm resolution, and 0.2 h to image
the remaining half of the root section in 50 μm resolution.
Optical images of a maize root cross-section, ablation craters
for imaging runs performed in this work, and an optical image
of the root cross-section after the 3 imaging runs are shown in
Figure 3.

MS images for three ions with distinct localization patterns
from each of the imaging runs are presented together in Fig-
ure 4, with 50 μm images shown in the right half, 10 μm
images in the top left quadrant, and the 5 μm images in the
bottom left quadrant. The ions at m/z 184.072 and 365.102 are
confidently identified as protonated phosphocholine and a
sodiated disaccharide, respectively, through accurate mass

and MS/MS shown in Supplementary Figure S2. The identifi-
cation of m/z 426.077 is tentatively assigned as potassiated 2-
hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one-glucoside
(HDMBOA-Glc) based on accurate mass and MS/MS (Sup-
plementary Figure S2), along with the presence of the corre-
sponding deprotonated ion in negative mode with similar lo-
calization (not shown). This compound is known to present in
maize [33] and previously seen in our MSI of maize leaf in
negative mode [21].

In the 50 μm images of Figure 4 (the right half of root
section), phosphocholine (m/z 184.072) appears to be localized
throughout the entire root, whereas the disaccharide (m/z
365.102) appears to be evenly spread within the stele of the
root. As the resolution is increased to the 10 and 5 μm images
(the left half of root section), we are able to observe fine
localization information that the disaccharide is localized most-
ly to the stele but also partially extended to the cortex, whereas
the phosphocholine is localized throughout the root, but not
homogeneously as it appears in 50 μm images. Meanwhile, the
HDMBOA-Glc (m/z 426.077) appears to be distributed around
the outer edges and epidermal cell layer of the root in the 10
and 50 μm images, but is barely seen in the 10× image as will
be further discussed later.

A combination image is generated for these ions to further
elucidate the fine spatial localization of the three metabolites.
Looking at the 50 μm resolution combination image, the di-
saccharide (green) and phosphocholine (blue) appear to be

Figure 4. (Top)MS images for three selected ions of interest combined from each of the 5, 10, and 50 μm resolution imaging runs.
(Bottom)Combination images of threeMS images with different false colors. The 5 μm resolution image is enlarged to show the fine
localization information. The max values used in generating the 5 and 10 μm resolution images are 1 × 106, 5 × 105, and 6 × 104 for
m/z 184.072, 365.102, and 426.077, respectively, whereas 10 times higher max values are used for 50 μm resolution images. The
scale bar is 100 μm
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distributed between the inner stele and cortex of the root with
some overlap (cyan color), whereas phosphocholine and
HDMBOA-Glc (red) appear to be overlapping in the outer
layers of the root (purple). In the 10 μm resolution image
(top-left quadrant of the whole root section), we are able to
determine that the disaccharide is localized within the xylem of
the root in the inner stele and large porous region in the cortex,
whereas phosphocholine is occupying the rest of the space in
cortex and stele. Additionally, the image allows us to observe
that phosphocholine and HDMBOA-Glc are co-localized in
some part of the cortex layers (purple).

Lastly, in the 5 μm resolution image zoomed in and en-
larged for better visualization, we can confirm the disaccharide
is localized within the xylem tissues and surrounded by
phosphocholine, but also find that neither the phosphocholine
nor the disaccharide is localized within the small phloem
tissues. This was not discernable at 10 μm resolution, and
demonstrates the necessity of high-resolution capabilities for
the elucidation of fine localization information. Individual cell
walls can also be clearly observed within the stele and cortex
layers using 5 μm resolution, as they are outlined by
phosphocholine. In the case of HDMBOA-Glc, however, both
the 50 and 10 μm resolution images show sufficient ion signal

to provide localization for this metabolite, whereas the 5 μm
image shows little to no signal and is unable to provide clear
localization.

For a better comparison of the spectral quality among the
three different datasets, average mass spectra from each 1/4 of
the root section were compared as shown in Figure 5a (for the
no beam expander run, only half of the imaged root section was
averaged to compare almost identical tissue areas). Foremost, it
is apparent that the 50 μm resolution spectrum has significantly
higher ion signals than either the 5 or 10 μm resolution spectra
(8.7 or 4.8 times in total ion count, respectively), with the
10 μm resolution spectrum having higher ion signals than the
5 μm (~1.8 times in total ion count). This observation is not
surprising considering a larger spot size results in a larger
sampling area and, consequently, more ions shuttled into the
mass spectrometer for analysis. It should be noted that the ion
signals in the averaged spectra are not summed ion intensities
but scaled by the number of spectra.

More precisely, the relation between sampling size and ion
signal is more complicated than the simple description above,
as it is also affected by laser fluence [34, 35]. As the laser spot
size is reduced, higher laser fluence is needed to obtain suffi-
cient ion signals, and ion signal increases as a power function

Figure 5. (a) The mass spectra obtained by 50 μm (top), 10 μm (middle), and 5 μm (bottom) resolution setup averaged over the 1/4
of root region. Themass range form/z 600–900 is expanded as shown as inset spectra. Red stars denote background peaks. All real
peaks with S/N values higher than 1 are labeled in the inset spectra. (b)MS images for the six ions labeled in the inset spectra of 5a.
The scale bar is 100 μm
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of laser fluence for the same laser spot size [34]. Compared at
the optimum laser fluence, the ion yield per unit area is inverse-
ly proportional to the laser spot size, increasing with smaller
laser spot size [36]. This agrees with our result in that the signal
increase at a lower resolution is linearly proportional to the
laser spot size, not the area. The optimum laser fluences used in
this study are higher than typically reported, ~1300 J/m2 for
50 μm MS image and ~18,000 and ~27,000 J/m2 for 10 and
5 μm MS images, respectively. However, such high laser
fluences are often reported when a Gaussian shape laser beam
is used [35].

More significant differences are found for low abundance
ions such as those in the inset spectra of Figure 5. In this high
mass range (>600Da), six real ion peaks are clearly observed in
50 μm resolution spectrum atm/z 629, 737, 758, 780, 796, and
820 (all phosphatidylcholines or their fragments, except m/z
629, which is unidentified) with S/N above 2. It should be
noted that the noise count displayed in the Qualbrowser soft-
ware is over-represented. Therefore, the S/N reported here is
expected to be about five times higher than the typical defini-
tion of S/N. At a higher resolution, the number of real ion peaks
above S/N of 2 is decreased to 3 and 0 for 10 and 5 μm
resolution setup, respectively, clearly demonstrating the de-
crease of sensitivity at higher resolution. The images for the
six ions display results consistent with this observation (Fig-
ure 5b). All ions show clear images in the 50 μm resolution, but
the image quality is dramatically deteriorated at higher resolu-
tion, with only three ions showing reasonable images in 10 μm
resolution and none of them showing clear images in 5 μm
resolution. These results are in line with recently published
work demonstrating the effect of beam size related to total
ion count [37].

These results demonstrate the tradeoff that comes with
utilizing a small laser spot size for high-resolution mass spec-
trometry imaging. Altough the spatial details that are gleaned
are significantly increased for the high-resolution imaging, as
shown in Figure 4, the ability to detect low abundance ions is
reduced as seen in Figure 5. Depending on the analytes of
interest, time constraints, and the required spatial resolution,
low tomoderate resolution imaging runsmay be better suited in
many cases. High-resolution analysis then can be used for those
analytes that are highly abundant to further explore their fine
spatial visualization.

Conclusions
This work represents a substantial advancement from our pre-
vious effort to reduce the laser spot size and, thus, achieve high-
spatial resolution for MALDI-MSI. We have achieved a min-
imum laser spot size of ~3.4 μm, which is almost the ultimate
limit possible in the current instrument without modifying the
mass spectrometry ion optics. We have found that this setup
has a serious limitation coming from the shallow depth of
focus; nevertheless, we could still routinely obtain ~4 μm laser
spot size. The most significant advantage of this system from a

practical viewpoint is the simplicity with which the spatial
resolution can be modified. A simple interconversion between
different resolution setups is possible within a few minutes
using 10× beam expander for the high-resolution 5 μm imag-
ing, 5× beam expander for the medium-resolution 10 μm im-
aging, and no beam expander for low-resolution 50 μm imag-
ing. The combination of the three-resolution setup is success-
fully demonstrated on a single root section, comparing analyt-
ical characteristics in terms of image quality and sensitivity.

With this improvement, we can now routinely perform
ultra-high resolution MALDI-MSI as well as high-throughput,
high-sensitivity, low-resolution MSI, and medium-throughput,
moderate-resolution MSI experiments. While previously dem-
onstrated instrumental setups have shown smaller ultimately
achievable spot sizes on the order of 1 μm [13, 19], actual
applications have been mostly performed with 5 or 10 μm
spatial resolution due to the limited amounts of analytes avail-
able in a small sampling size. Plant samples are particularly
challenging to obtain sufficient ion signals at high-resolution,
and most applications are made at 5 μm or larger spatial
resolution [16]. Considering this limitation, we believe our
system is comparable to other top level systems in most high-
resolution imaging applications. Furthermore, the ease of
changing the spatial resolution is a strength of our system that
most other optics systems do not offer.We expect we should be
able to run various interesting applications in the future with
this tunable capability of MALDI-MSI.
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