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Abstract. A novel interface for ambient, laser ablation-based mass spectrometric
imaging (MSI) referred to as laser ablation and solvent capture by aspiration (LASCA)
is presented and its performance demonstrated using selected, unaltered biological
materials. LASCA employs a pulsed 2.94 pm laser beam for specimen ablation.
Ablated materials in the laser plumes are collected on a hanging solvent droplet with
electric field-enhanced trapping, followed by aspiration of droplets and remaining
plume material in the form of a coarse aerosol into a collection capillary. The gas and
liquid phases are subsequently separated in a 10 yL-volume separatory funnel, and
the solution is analyzed with electrospray ionization in a high mass resolution Q-ToF

mass spectrometer. The LASCA system separates the sampling and ionization steps
in MSI and combines high efficiencies of laser plume sampling and of electrospray ionization (ESI) with high
mass resolution MS. Up to 2000 different compounds are detected from a single ablation spot (pixel). Using the
LASCA platform, rapid (6 s per pixel), high sensitivity, high mass-resolution ambient imaging of “as-received”

biological material is achieved routinely and reproducibly.
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Introduction

variety of ambient mass spectrometric imaging (MSI)

methods [1], in particular laser ablation (LA) based tech-
niques, such as matrix-assisted laser desorption ionization
(MALDI) [2], electrospray-assisted laser desorption/
ionization (ELDI) [3], laser ablation electrospray ionization
(LAESI) [4, 5], and matrix-assisted laser desorption
electrospray ionization (MALDESI) [6, 7], have been devel-
oped in the past decade and applied to diverse biological
systems. Although LA/MSI methods offer excellent control
of sampled volumes, their possible limitations are low analyte
collection and detection efficiencies. Moreover, the spatial
resolution of LA/MSI methods is limited by the size of the
laser focal area. With visible or UV laser light, a spot size close
to 1 um is achievable. However, for ambient imaging of
biological materials, mid-IR lasers with a wavelength of
2.94 pm are commonly employed, as hydrated samples have
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a relatively high extinction coefficient (=10° cm™') at this
wavelength because of strong absorption in water. Using a
single focusing lens, the commonly used Nd:YAG/OPO lasers
produce 2.94 um laser light that has focal spot sizes with a
practical minimum diameter of about 50 pm, mainly because of
arelatively high laser beam divergence. Smaller spot sizes have
been achieved through guiding the laser with a sharpened
optical fiber [8].

Notwithstanding the importance of high spatial resolution,
the practical usefulness of any MSI method for biological
applications, in particular for statistical analysis of untargeted
metabolomics data, is mainly governed by its ability to detect a
large number of compounds in parallel in imaging mode. This
is greatly facilitated by using a high-resolution mass spectrom-
eter [9] with a wide dynamic range. This combination also
enhances the capability to detect compounds that are relatively
minor constituents of the metabolome, which is of critical
importance for targeted metabolomics analysis. Since sample
volumes analyzed in LA-MSI are generally small (a 50 um spot
size sampled to a depth of 10 pm equates to a 25 pLvolume), it
is imperative to achieve the highest possible levels of analyte
ionization and detection efficiencies. The importance of such
developments is not limited to MSI. For example, the
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successful MS metabolomic analysis/imaging of a single bac-
terial cell would require that the combined sampling, ioniza-
tion, and MS transmission efficiencies approach unity.

The major challenge for LA-MSI at atmospheric pressure is
to achieve efficient sampling and ionization of analytes. An
already demonstrated approach relies on entraining the ablation
plume directly into an electrospray, as in ELDI [3] and related
methods [4, 6, 7]. A range of different designs aid sampling of
the ablated material directly into a liquid, usually followed by
electrospray ionization of the solution. In its simplest imple-
mentation, the sampling surface can be that of a droplet
suspended just above the ablation area [10—13]. The procedure
is, however, slow; with robotic help, analysis of a single pixel
can take 5 min [14], thus rendering it impractical for imaging
purposes. An alternative to the capture of ablation products
with a suspended droplet is to sample the plume directly into a
flowing solvent stream. Such interfaces may have a coaxial
[11, 13] or a linear geometry [15-18].

The trapping efficiency of laser-ablated analytes onto a
droplet or a flowing solvent stream is generally low, at about
0.1%-1% [12, 15]. For low-fluence (<1 J/cm?) mid-IR laser
pulses, this is not surprising as the momentum of the plumes
produced is small, and the plume penetration depth into
atmospheric-pressure gas is only about 2—3 mm [19]. Further-
more, particles and molecules in the plume are small enough
that they essentially follow laminar gas flow lines in front of an
obstructing surface. Thus, their capture on the liquid surface is,
presumably, limited by diffusion, which is a slow and ineffi-
cient process. Indeed, the “smoke” produced by a laser pulse
can be observed to slowly drift away, following the ambient air
movement. Clearly, there is a need for a more efficient method
to entrain the ablation plume and its analytes into the liquid.

Previous reports demonstrated that the analyte sampling
efficiency onto a liquid surface could be increased by up to
two orders of magnitude by applying an electric field between
the sample site and the collection surface [16, 17]. Since the
analyte collection efficiency without an electric field is reported
to be about 1% [15], the efficiency in the presence of an electric
field is deduced to approach unity. It is noteworthy that a
flowing solvent MS system is useful for imaging only if it is
rapid (i.e., the time required to record the mass spectrum from a
single pixel should be as short as possible), ideally not exceed-
ing a few seconds. Recently, it was demonstrated that with a
“liquid bridge” system [16], the abundances of ions formed
from analytes ablated by a 1-s-long series of 20 laser pulses,
increased rapidly for a few seconds. However, the decay time
was much slower, with a half-life of about 10-20 s. Such a slow
response not only increases the time required to record an
image but also lowers the signal-to-noise ratios in the mass
spectra, as a fixed amount of analyte is detected over a longer
time period. Designing an interface with a faster response was,
therefore, essential.

Here, we report the development of an LA-MS interface that
uses a combination of aspiration and electrostatics to collect
laser ablation plumes and that is capable of processing a pixel
in 6 s or less. The method has been reported at conferences [20,
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21] and its application to the characterization of biofilms on
corroding metal surfaces has been demonstrated [22]. The
Laser ablation and solvent capture by aspiration (LASCA)
MSI system delivers high sensitivity, high spatial resolution
images of large, rough biological specimens in as-received
conditions (i.e., without the need for additional sample prepa-
ration). A fluid dynamics-based entrainment of the laser plume
that separates the sampling and ionization processes is a key
feature of the interface design. The ablated analytes from
consecutive pixels are dissolved into a continuous solvent
stream as analyte “plugs” (analogous to the output stream of
a liquid chromatography system). The LASCA MSI system
can be used with a variety of ionization techniques or with
systems that collect the solvated analytes for later analysis (e.g.,
with NMR, PCR, or HPLC). Importantly, LASCA can be
positioned independently some distance away from the MS
ion source, without any modification to the commercial MS
inlet. This allows large sample stages and, if required, environ-
mental control of the imaging environment.

Methods

Laser System

A Nd:YAG-pumped, tunable OPO laser (IR Opolette 2731-
HE; Opotek, Carlsbad, CA, USA) produces 4 ns, mid-IR laser
pulses at a 20 Hz repetition frequency, and was tuned to
2.94 pm. The maximum pulse energy was 3.5 mJ, as measured
using a pyroelectric energy meter (PE25-SH-V2; Ophir-
Spiricon, Logan, UT, USA).

Sample Chamber and Stage

The imaging setup is shown schematically in Figure 1a. The
experiment is performed in an airtight chamber that is pressur-
ized with nitrogen gas to a pressure of 160 Torr above ambient
pressure (A). The sample is placed on a 50 X 50 mm sample
stage cooled by a Peltier cooling plate (TE-127-1.4-1.5; TE
Technology, Traverse City, M1, USA) (B), which maintains the
sample at temperatures down to —20° C. The heat generated
from the Peltier element is transported out of the system with a
water cooler and an external radiator. The sample stage is
mounted on a motorized XYZ-stage (MTS50-Z8; Thorlabs,
Newton, NJ, USA). The pulsed beam from the OPO laser (C)
is directed by three gold mirrors (PF10-03-MO1; Thorlabs) and
enters the sample chamber through a quartz window (Technical
Glass Products, Painesville, OH, USA). The beam is focused
onto the sample surface by a 50-mm focal length CaF, spher-
ical lens (CAPX11; Newport, Irvine, CA, USA). As the diam-
eter of the incident beam is only 5 mm, the spherical aberration
with this lens makes a negligible contribution to the focal spot
size. The incidence angle on the sample is 60°; the size of the
laser focus is 220 + 10 um x 260 + 30 um; and the pulse energy
measured at the sample surface is 1.5 mJ. During imaging, the
laser focal point remains fixed in space, while the sample is
moved by the computer-controlled XYZ-stage. A binary
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Figure 1. A schematic representation of LASCA imaging platform. Panel (a) depicts an overview of the system with: (A) the Ny
pressurized chamber (shaded blue) and (B) an X,Y-motorized and chilled specimen stage. The beam from an IR laser (C) is directed
into the chamber and onto the specimen. Solvent is supplied to the collection interface with a HPLC binary pump (D), and the output
flow is collected in a microfunnel (E) where nitrogen gas is removed. A peristaltic pump (F) directs the solution to the mass
spectrometer (G) and to its ESI source. Panel (b) illustrates the laser plume capturing interface. The solvent is supplied through
capillary (H) and forms a droplet above the laser ablation site. The laser beam is focused by a lens (J) onto the specimen from which it
ablates a nano-volume of material. Some of the ablated material is electrostatically collected on the droplet surface. Upon reaching a
critical size, the droplet is sheared off by the high-velocity nitrogen gas flowing into the exit capillary and transported as a coarse
aerosol into the exit capillary (K), together with remaining plume material that did not attach to the droplet. Panel (c¢) shows the
separatory micro-funnel. The solvent/gas mixture enters the funnel at high velocity from the exit capillary (K). In the absence of the
hydrophilic surface treatment, see text, the solvent beads up and a mixture of solvent and gas is collected at the bottom of the funnel
(left schematic). In contrast, with the hydrophilic treatment (right funnel), the glass surface is wetted, and a solvent film is formed on
the internal walls of the funnel. Solvent is collected through the peristaltic tubing (M), and excess N, gas exits through the upper

section of the funnel

HPLC piston pump (G4220A; Agilent, Santa Clara, CA, USA)
(D) is used to provide a steady flow of a binary solvent mixture
to the capturing interface (B), described in detail below. After
the capturing interface, a mixture of solvent droplets, ablated
material, and nitrogen gas is transported through an exit capil-
lary to a separatory micro-funnel (E), containing less than
10 uL of solvent, in which the gas in the stream is separated
from the liquid and removed. The liquid is transported though a
peristaltic pump (F) into the electrospray ion source (G) of the
mass spectrometer (Q-ToF, Agilent 6538).

Solvent Capturing Interface

The ablation plume capturing interface is depicted in Figure 1b.
The solvent mixture (25:75 (v/v) 2-propanol:water) from the
binary HPLC pump enters through the inlet capillary (H) at a
flow rate of 150 pL/min. The distance between sample and end
of the inlet capillary was typically 4 mm, but was increased to
about 7 mm for rough samples. No change in ion signals were

observed as this distance was varied. Successive hanging drop-
lets form above the laser ablation site at the end of a 0.25 mm
i.d. steel tubing. The droplet grows to a size of 1.5 to 2 mm,
depending on solvent used and on the distance to the exit
capillary (K in Figure 1b). Thus, at the point of droplet shear-
off, the distance between sample and bottom of the droplet is
typically 2 mm.

Although organic solvents are known to promote ionization
in the electrospray, a relatively high surface tension is needed
to form sufficiently large and stable hanging droplets; there-
fore, a higher water content than what is optimal for
electrospray ionization (ESI) was used. The pressure of
160 Torr above atmosphere in the imaging chamber drives a
flow of approximately 600 mL/min of nitrogen gas through a
1.0 mm i.d. exit tubing. The hanging droplet gradually in-
creases in volume until the high-velocity nitrogen flow causes
the droplet to shear off and disintegrate into an aerosol as it
enters the exit tubing (K) together with nitrogen gas (see
Supplementary Material 1). The droplet growth, disintegration,
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and aerosol aspiration process repeat about three times every
second.

A potential of +700 V is applied to the steel inlet capillary
(H) with the sample stage grounded (see Supplementary
Material 5) using a high voltage power supply (PS350;
Stanford Research Systems, Sunnyvale, CA, USA). The cur-
rent to the sample is recorded with a picoammeter (model 6485;
Keithley, Cleveland, OH, USA).

The mixed-phase solution flows through the 2 cm-long
stainless steel exit tubing (K) followed by a 1 m long,
1.0 mm i.d. polytetrafluoroethylene (PTFE) tube before
reaching a laboratory-made glass micro-separatory funnel, as
depicted in Figure 1c. The liquid is collected on the inside wall
of the funnel and is pumped by a peristaltic pump (Sci-Q 400;
Watson Marlow, Wilmington, MA, USA) through a 14 cm-
long, 0.38 mm i.d., phthalate-free PVC peristaltic tubing
(Spetec GmbH, Erding, Germany) connected to the ESI of
the mass spectrometer. Care was taken to use phthalate-free
materials throughout the system, as compounds such as
dioctylphthalate may cause serious and persistent contamina-
tion of the mass spectrometer. The Agilent 6538 mass spec-
trometer was also employed in control experiments in which
material extracted from imaged specimens was analyzed by
ESI-MS in direct infusion experiments.

The glass micro-separatory funnels were drawn from dis-
posable glass Pasteur pipettes. In order to minimize solvent
dispersion in the device, its volume was made as small as
practical. In initial experiments, the surface tension of the
solvent caused the liquid to bead up on the inner glass walls
of the funnel (Figure lc, left image), stopping the flow and
promoting mixing (peak broadening). To counteract this, the
funnel is heat-treated in the flame of a Bunsen burner to 400°C
(as evidenced by a yellow sodium flame) to induce hydrophi-
licity [23]. After treatment, the flowing liquid forms a film
on the inner glass surfaces, which allows the solvent to
flow evenly down the funnel (Figure lc, right image).
The hydrophilic effect lasted for about 10 h of operation,
and the funnel was heat-treated prior to each imaging
experiment.

In order to minimize mixing after the peristaltic pump, the
flow rate was adjusted to be slightly higher than that of the
solvent supply. As a result, the solvent flowing into the peri-
staltic pump was separated by “plugs” of nitrogen gas, typical-
ly produced at a rate of 1 per s, but occasionally in a range of 2
to 0.20 per s. Such separation of the solvent is known to reduce
the mixing that normally occurs when liquid flows through a
pump or a capillary [24]. After the peristaltic pump, the pres-
sure in the tubing was approximately 6 atm, and the volume of
each gas bubble was about 5% of the volume of each liquid
“plug.” Upon reaching the electrospray nebulizer, the gas was
depressurized and expelled within approximately 50 to 100 ms,
during which time the ion signal was diminished. The effect on
the abundance measurement is estimated to be less than 2% in
almost all cases and much smaller than other sources of abun-
dance errors. Indeed, no effect of the gas bubbles on relative
abundances could be detected.
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Imaging Procedure

The mid-IR laser light at 2.94 pum is selected to coincide with
the maximum of an absorption band of liquid water, and it is
therefore required that the sample remains hydrated in order to
achieve consistent and effective ablation throughout the length
of the typical imaging experiment (i.e., during a time period
ranging from 1 to 6 hours. To limit water loss, the sample is
cooled to a temperature of 0 to —10°C, depending on sample
sensitivity to freezing. For each pixel in the image, a 1-s-long
sequence of twenty 2.94 um laser pulses of 1.5 mJ each is
focused onto the same spot on the sample. The size of the laser
focus is approximately 220 x 260 pm. The ablation depth for a
well-hydrated biological sample is about 10-25 um; thus the
ablated volume in each pixel is approximately 1 nL. Part of the
material in the laser plume is collected on the surface of the
hanging droplet, with the assistance of the applied potential,
and the remaining plume material is aspirated into the collec-
tion capillary. Owing to the rapid turnover of capturing drop-
lets, the ablated material from each pixel is distributed amongst
three to five successive droplets (see Supplementary Material
6). With a solvent flow rate of 150 uL/min, 1 nL of sample is
diluted into 2.5 pL of solvent, resulting in a dilution ratio (v/v)
of 1:2500. An approximately 5-fold additional dilution occurs
in the tubing leading to the ion source.

During image acquisition, in-house software controls the
firing of the laser and the motion of the XYZ-stage. The
software also records XYZ-stage locations and time. A second
computer controls the QToF mass spectrometer and records
two mass spectra per s throughout the imaging experiment.
Each mass spectrum is internally mass calibrated using two
peaks at m/z 121.0509 and 922.0098, provided by
electrospraying a reference solution using a second nebulizer.
After completed data acquisition, additional in-house software
matches individual pixels with the mass spectra (usually 4-8)
recorded as the analytes sampled from the pixel reach the ion
source (see also Supplementary Information 11). For any m/z
value, the sum of the abundances recorded in the selected mass
spectra is used for image construction. Additional software
generates images for high mass resolution features or, alterna-
tively, for specified mass ranges, and performs image analysis
to find, for example, sets of selected ions with similar spatial
distributions (co-spatial ions). The visual images presented in
this report were produced by the GIMP graphics program. In
scaling the MS images to the higher resolution printed images,
the experimental ion peak abundance value measured in each
MS imaging pixel is assigned to the center of the pixel location.
Abundance values at intermediate locations were obtained by
(bicubic) interpolation. For any selected ion, the range of
abundance values were normalized to a scale of 0 to 100, and
the latter values were color-coded as shown by the linear color
bar on each image.

Chemicals

Amino acid standards (Sigma-Aldrich, 98% pure by TLC)
were used without further purification. Solvents, including
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water, were of HPLC grade (Sigma-Aldrich). Agar plates were
prepared using LB Agar Miller (DIFCO Microbiology, Law-
rence, KS, USA).

Amino Acid-Infused Agar Plates

An imaging test pattern consisting of small circular areas of
amino acid-infused solidified agar surrounded by unaltered
(control) agar was prepared as follows. Phenylalanine, lysine,
tryptophan, and arginine were selected as amino acid standards
and prepared as individual 20 mL volume aqueous 0.10 M
solutions. Agar powder was added to these solutions according
to manufacturer instructions to a final concentration of 20%
(w/v). The solutions were heated to the boiling point, poured
into separate sterile Petri dishes and allowed to solidify at 21°C.
Circular discs (5 mm diameter) were cut out from each of the
four amino acid-infused agar plates. Four discs of the same size
were cut out from a control (amino-acid free) agar plate in a
square lattice pattern, removed and discarded. The four amino
acid-infused agar discs were carefully fitted into the vacant
spaces on the control agar plate. Diffusion of small molecules
in agar is relatively fast; therefore, to limit lateral diffusion of
amino acids and other compounds over test pattern boundaries,
plates were frozen at —10°C within 20 min of being assembled
and processed within 1 h. Imaging over 25 x 30 pixels was
performed with 20 laser shots per pixel.

Plant Material

A cultivated species of Alstroemeria (Peruvian Lily, similar to
Alstroemeria stakaros [25]) and red radish (Raphanus sativus
L.) were purchased from a local grocery store in Norman, OK,
USA. A single flower petal and one globular radish taproot
with a remnant green basal rosette section were selected for
LASCA imaging. Prior to imaging, both the petal and the
taproot were rinsed with nanopure water. A longitudinal sec-
tion was cut from the red radish taproot, using a 70% (v/v)
alcohol-cleaned razor blade. Each specimen was placed on the
LASCA stage and imaged separately.

Results and Discussion
Performance of the MSI System

The design considerations for the present LASCA interface are
best understood from the problems encountered with the pre-
ceding versions of the laser-ablation, plume-capturing inter-
face, and this needs to be addressed here in some detail. In an
early version of the interface, a continuous flow of solvent was
used in the form of a “liquid bridge” suspended by surface
tension between two opposing capillary butt ends, separated by
2-3mm [16, 17]. As discussed in the Introduction, the problem
of'the low efficiency of capture of ablated analytes [12, 15] was
solved by applying a high voltage between the laser ablation
site and the liquid bridge [16, 17]. The main remaining issue
was that while the rise in analyte MS signal was rapid after the
1-s-long laser ablation period, its decay was much slower, with
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a half-life of about 15 s. The resulting peak-broadening consti-
tuted a serious problem, as it decreased sensitivity and slowed
image acquisition.

It was determined that analyte peak broadening was chiefly
due to slow analyte/solvent mixing in the liquid bridge. First, as
the diameter of the bridge is much larger than the i.d. of either
of'the two capillaries, the velocity distribution in a cross section
of the liquid bridge was uneven, with the fastest flow along the
centerline of the cylindrical bridge and a much slower flow in
the near-surface. As the plume material is initially incorporated
into the surface layers of the solvent bridge, the analyte peak
width is determined by the rate of diffusion of analytes into the
inner higher-velocity volumes. Analyte removal from the
bridge is particularly slow for hydrophobic materials (such as
lipids) that tend to accumulate and remain on liquid surfaces.
Such surface accumulation could be observed by the naked
eye. In addition to slow mixing in the liquid bridge, analyte
adsorption on the interior walls of the capillary leading to the
electrospray source also contributed to the observed slow ana-
lyte signal decay.

The LASCA interface was purposefully designed to over-
come the problem of slow analyte mixing into the liquid flow.
In order to force laser-ablated analytes collected on a solvent
surface to enter the collection capillary, the “flying droplet”
interface, depicted in Figure 1b, was invented. As already
stated, hanging droplets are repeatedly formed, detached,
and captured by the exit capillary. Since the surface of
the hanging droplet is sheared off during this process,
the slow transport rate of surface active analytes into the
bulk of the solvent is no longer a limiting factor for
achieving narrow peak widths.

The time dependence of selected ion signals in the “flying
droplet” interface was studied in separate experiments (for
details see Supplementary Material 8). Briefly, it was found
that after a pixel location had been sampled using a 1-s-long
sequence of 20 laser pulses and maximum ESI signal obtained,
the ion signals decayed roughly exponentially. The half-life
was about 7 s if the solution stream was not separated with gas
bubbles, and about 4 s if gas bubbles were used. The decay
time and, thus, pixel peak widths showed minimal variation
between analytes, but did vary with solvent composition. For
example, when a binary isopropanol/water solvent mixture was
used, peaks widened with increasing isopropanol content and
narrowed with increasing water content.

Owing to peak broadening, the signal of any selected ion
observed while sampling at a given location (pixel) contains
contributions from previously sampled locations. With ion
signal decay half-lives of about 4 s, images could be recorded
at a rate of 10 pixels per min, with negligible carry-over from
one pixel to the next. Thus, a 1000 pixel image can be obtained
in about 1 and 3/4 h. Faster image recording rates are clearly
possible, especially with the use of an in-house developed
numerical procedure by which overlapping ion signals from
adjacent pixels are deconvoluted and assigned to their respec-
tive pixels (see Supplementary Material 8). At a given record-
ing rate, the deconvolution procedure yields more accurate
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abundance values for each pixel and improves the spatial
resolution.

The LASCA platform is coupled to a high resolution, Q-
ToF mass spectrometer (HRMS).The use of HRMS is para-
mount to the targeted application of imaging metabolomics
from complex specimens, such as plant, animal, or human
tissues and/or microbial biofilms, as it allows for the detection
and imaging of a large number of different metabolites [9]. This
is illustrated for LASCA imaging in Figure 2, which shows a
310 mDa range, from m/z 477.06 to 477.37, of a mass spectrum
obtained by summing over all pixels in an image of test pattern
of amino acid infused agars, see next section. The mass reso-
lution in the spectrum in Figure 2 is about 35,000 at half-height.
Seven peaks are seen to be clearly resolved, and the insets
demonstrate that the images obtained for each of these are all
unique and different. If a unit mass-resolution MS had been
used for this work, the selected ion image obtained at m/z 477
would have represented the sum of these seven different im-
ages. Clearly, such composite images would make any detailed
chemical analysis of a complex sample nearly impossible.
Figure 2 further demonstrates that useful images can be obtain-
ed even for very low-abundance ions.

Imaging Results

The performance of the LASCA system was evaluated
by imaging a test pattern of amino acid-infused agar
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plugs (Figure 3a). In imaging mode, the method of
introducing gas bubbles into the solvent stream to the
MS was used and the decay half-life decreased to 3.8 s
(see Supplementary Material 9). The pixels were separat-
ed by 12 s. Chromatograms and mass spectra showing
the data quality are available in Supplementary Materials
10—-12. Selected ion images were generated from the data
for several thousand different m/z peaks. The manual
inspection of images was restricted to the most abundant
2300 ions. Of these, images for 1265 seclected ions
displayed a distinct pattern. The large majority of those
ions originated from only one of the four amino acid-
infused agar discs. Identification of the major ions is
provided in Supplementary Material 13.

Images of an additional 1000 “background” ions
displayed no meaningful spatial heterogeneity. These
originated either from the agar or were present as back-
ground or contaminants in the imaging system (e.g., in
the solvents, in polymers, and other materials in contact
with the solvents, or in the ion source). The two groups
of ions are easily distinguished by the fact that the
abundances of agar-related ions correlate with the laser
being turned on and off, whereas the abundances of
contaminant or background ions do not. Finally, it
should be noted that a significant number of ions, of
all categories, are due to cluster formation between ions
and neutrals in the ionization process. For example, a
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Figure 2. Representative high-mass resolution mass spectrum of amino acid-infused agar plate (c.f. Figure 3) around integral m/z
value of 477. The insets show LASCA images (25 x 30 pixels) associated with each of the seven different ions identified in the mass
spectrum, revealing strikingly different spatial distributions for ions with the same integral m/z value. The mass spectrum was
acquired by overlaying the mass spectra obtained for all 750 pixels, each of which consists of seven spectra collected overa 3.5 s
time period of maximum laser-ablation derived ion signals (i.e., from a total of 5250 mass spectra and about 440,000 individual
abundance values). lons with a measured mass within +15 ppm (equivalent to +7 mDa) of the respective peak centroid were used for

image construction
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Figure 3. LASCA imaging of an amino acid test pattern.
Each image contains 25 x 30 pixels over a 20 x 20 mm square
area. Individual panels represent: (a) test specimen consisting
of four 5-mm-diameter plugs, each infused with a different
amino acid and surrounded by unaltered agar; (d) composite,
false-color image constructed from the LASCA-MSI images
presented in panels (b), (¢), (¢) and (f) showing the locations
of each of the four amino acids. The latter panels depict
individual images obtained for protonated forms of (b)
phenylalanine at m/z 166.087; (e) tryptophan at m/z 205.098;
(c) lysine at m/z 147.113; and (f) arginine at m/z 175.120. The
maximum mass error allowed for each selected ion image was
+20 ppm. For each image in (b), (¢), (¢) and (f), the abundances of
the selected ion are normalized to set the minimum and
maximum to 0 and 100%, respectively

cluster ion of a sample-generated ion with a molecule
present in the background will show the spatial distribu-
tion of the former.

The images of the primary amino acid peaks (Figure
3b, c, e, and f) show that they are detected solely in the
area of the agar plugs into which they were incorporated,
as expected. A composite false-color image for these
four ions is shown in Figure 3d. Laboratory-designed
software was used to mine the data for images that
showed the same spatial patterns as any one of the four
amino acid ions, and 200—400 distinct ions were found
to be uniquely associated with each. Additional ions
were observed from two of more of the amino acid
regions, and they represent common amino acid ionic
fragments.

A few ions yielded more complex images, as illustrat-
ed in Figure 2. Two to six ions were observed from each
of the four border regions, where two different amino
acid-infused agars were in contact with each other. For
example, the peak at m/z 477.0933 was detected primar-
ily in the border region between the phenylalanine and
tryptophan-doped agars. Ions observed in border regions
were found to represent mixed clusters between the two
amino acids. Moreover, the peak at m/z 477.2640, while
observed from agar doped with phenylalanine, lysine, or
tryptophan, was absent from arginine-doped agar. No
evidence of any chemical reactions was found.
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A section from each of the four amino acid-infused
agars was subjected to a standard extraction procedure
and analyzed with Q-ToF mass spectrometry by direct
infusion. In each case, the mass spectra obtained in
imaging mode closely matched the spectra obtained using
extraction and direct infusion (data not shown). This
demonstrates that any laser-induced molecular damage,
if at all present, was negligible.

With regard to LASCA sensitivity, it was determined that
the volume of agar ablated in each pixel was approximately 1
nL, containing 100 pmol of an amino acid standard, and that
the base peak (i.e., the protonated amino acid) had an S/N ratio
of approximately 3000.

The LASCA imaging system was further tested using
two different plant specimens, a flower petal and a red
radish taproot (Figures 4 and 5, respectively). Leaves and
flower petals have been employed by a number of in-
vestigators to demonstrate the performance of novel am-
bient MSI techniques [26-30]. Photographs of the
Alstromeria spp. flower petal, prior to and after LASCA
imaging, as well as selected LASCA images of the petal,
are presented in Figure 4a—j. The areas of laser beam
ablation are seen as circular punctures (Figure 4b). A
total of 3160 features were detected in this petal image.
Some features displayed a nearly homogeneous distribu-
tion over the entire imaged area. Obvious heterogeneity
was, however, displayed for about 200 ions. The abun-
dance distributions of many of these ions correlate with
the distribution of the yellow and pink pigments. A
selection of eight LASCA images is presented in Figure
4c—j. The mass peak at m/z 595.2 (Figure 4e) was
identified with cyanidin 3-rutinoside (antirrhinin), which
is a pigment commonly found in many species of Al-
stroemeria [31]. Other mass peaks remain unassigned.

An optical image and several LASCA images of the
upper part of the radish taproot section are presented in
Figure 5a and in Figure 5b-n, respectively. Approximately
2000 selected ion images were obtained, demonstrating a
large variety of different spatial distributions. Certain ions
are preferentially formed from areas that contain the dark-
red surface pigment (Figure 5Sm, n, j), whereas other ions are
associated with a white flesh of the taproot (Figure 5b, k, g)
or with green stem sections of a basal rosette (Figure 5c, d,
e, f, h). Several ions are present in multiple areas (Figure
5i). The peak at m/z 271.060 (C;sH,,0s") is identified with
pelargonidin (Figure 5m) [32]. Its detection is confined to
the zone characterized by the dark red pigment seen in
Figure 5a. Additional 90 LASCA images obtained from
the radish taproot, including glycosylated derivatives of
pelargonidin detected as m/z 903.252 and 933.265 [32,
33], are available in Supplementary Material 14.

LASCA MSI has also been applied to imaging of
bacterial colonies cultivated on nutrient agar (see
Supplementary Material 7). Imaging of biofilms on sur-
faces of corroding metals have been reported elsewhere
[22].
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Figure 4. Photographs (a), (b) and LASCA images (¢)—(j) of an Alstroemeria spp. (Peruvian lily) flower petal. Photographic images of
petal (a) prior to and (b) following LASCA imaging. Lower panel presents eight selected ion images to demonstrate different types of

spatial distribution patterns of chemical compounds. In (e), the ion producing the peak at m/z 595.166 (e), is identified with
Cs7H31045", cyanidin 3-rutinoside (antirrhinin), which is a common plant pigment
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Figure 5. Optical (a) and 40 x 30 pixel LASCA images (b)—(n) of a longitudinal section of a red radish taproot with a green rosette
stem part. The ion producing the peak at m/z 271.060 (m), which is unique to a red-colored area in (a) is identified with the pigment

pelargonidin
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Conclusions

The design of the LASCA system allows for significant flex-
ibility in terms of (1) locating the (often bulky) mass spectrom-
eter relative to the imaging equipment, (2) choice of ionization
and detection method, and (3) possible application of various
real-time sample preparation procedures, such as extractions or
chromatography. The LASCA platform facilitates imaging of a
broad range of materials, such as as-received biological sam-
ples, including living biofilms and plant specimens, with vary-
ing size and surface topography. Although not demonstrated
here, LASCA MS can employ a wide range of laser wave-
lengths to achieve metabolomic imaging.

The efficient sampling of laser-generated plumes, combined
with electrospray ionization and a high mass resolution mass
spectrometry, allows the detection of a large number of com-
pounds, up to about 2000, from a single pixel. Thus, LASCA-
MS system enables meaningful statistical analysis of imaging
metabolomics, even in the absence of chromatography.

The LASCA platform offers a plethora of applications in life
science fields, including medical, environmental, drinking wa-
ter, food, and pharmaceutical research. Importantly, it opens up
a possibility of not only metabolomic imaging of inanimate
specimens but also of temporal, including real-time, and spatial
(i.e., in three dimensions) characterization of metabolomic
activities in highly complex, living biological systems.
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