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ABSTRACT: Mass spectrometry imaging by use of continuous-flow liquid micro-
junction sampling at discrete locations (array mode) has previously been demonstrated.
In this Letter, we demonstrate continuous-flow liquid microjunction mass spectrometry
imaging of proteins from thin tissue sections in raster mode and discuss advantages (a
10-fold reduction in analysis time) and challenges (suitable solvent systems, data
interpretation) of the approach. Visualization of data is nontrivial, requiring correlation
of solvent-flow, mass spectral data acquisition rate, data quality, and liquid microjunction
sampling area. The latter is particularly important for determining optimum pixel size.

\ protein

The minimum achievable pixel size is related to the scan time of the instrument used.
Here we show a minimum achievable pixel size of S0 ym (x-dimension) when using an Orbitrap Elite; however a pixel size of
600 pm is recommended in order to minimize the effects of oversampling on image accuracy.

Liquid microjunction (LMJ) sampling of surfaces may be
performed either by use of predetermined discrete
volumes of solvent or by use of a continuous flow of solvent.
The former was first described by Kertesz and Van Berkel" and
has become known as liquid extraction surface analysis (LESA).
LESA has been shown to be suitable for the analysis of small
molecules such as drugs and their metabolites,”” lipids,”” intact
proteins,""” and protein assemblies'*™"* from a range of
substrates including thin tissue sections, bacterial colonies, and
dried blood spots. Recently, we described intact protein
imaging via LESA mass spectrometry.'” The continuous-flow
approach was first demonstrated for the analysis of small
molecule dyes from thin layer chromatography plates, also by
Van Berkel and co-workers,'* and is now available commer-
cially as the Flowprobe platform. Continuous-flow LM]J
sampling via the Flowprobe has been applied to the analysis
of metabolites from bacteria and fungi'® and drugs in dried
blood spots.'®

Mass spectrometry imaging by use of the Flowprobe has
been demonstrated for the antibiotic levofloxacin in rabbit lung
tissue,"” metabolites in liver, brain, and lung tissues'® and
proteins in rat kidney,'” rat brain, and human ovarian tissue.”
In each case, imaging was performed in array mode. That is,
discrete locations are probed by continuous-flow LMJ sampling
and after each sampling event the probe is raised and flushed
before moving to the next discrete location, and the process is
repeated for the full array. A potential advantage of the
Flowprobe is that it can be operated in raster mode, in which
the sample stage below the probe is moved at a constant speed
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while the liquid microjunction is maintained. This mode of
operation has been demonstrated in Flowprobe analysis of
lipids from cytospins prepared from a breast cancer cell line,”"
although in that study the rationale for rastering was complete
extraction of the cells rather than spatial profiling. Raster-mode
ion imaging offers potential benefits in terms of both
throughput and reduced pixel size. Laskin and co-workers
have demonstrated raster imaging of a range of analytes by
nano-DES], a variant of continuous-flow liquid microjunction
sampling.””** Hsu et al.”* recently demonstrated raster-mode
imaging of proteins in thin tissue sections using a home-built
nano-DESI source, achieving pixel sizes of 40 ym.

Here, we demonstrate continuous-flow liquid microjunction
mass spectrometry imaging, by use of the commercially
available Flowprobe, of proteins from thin tissue sections in
raster mode. Visualization and quality of image data are
discussed.

B METHODS

Samples. Brain from wild-type mice (extraneous tissue from
culled animals) were the gift of Prof. Steve Watson (University
of Birmingham). Organs were frozen on dry ice prior to storage
at —80 °C. Sagittal sections of mouse brain tissue of area ~1.5
cm” were obtained at a thickness of 10 ym using a CM1810
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Figure 1. Raster-mode Flowprobe mass spectrometry imaging of mouse brain. Panels A—O, ion images of 3 thymosin 4 (m/z 828%*; MW 4961 Da)
are shown at 600 ym (y dimension, relating to the line spacing) and at increasing pixel sizes (x dimension) from SO to 1200 ym, corresponding to
the distance traveled to acquire (A) a single scan mass spectrum (S0 pm), (B) 2-co-added mass spectra (100 ym), up to (O) 24 coadded spectra
(1200 pum). Representative single pixel mass spectra are shown alongside each ion image. Panel P, ion image plotted at 1200 ym (x dimension) X
1200 pm (y dimension) corresponding to a total of 48 coadded spectra in a single pixel mass spectrum.

Cryostat (Leica Microsystmes, Wetzlar, Germany) and thaw
mounted onto glass slides.

Flowprobe MSI. Mass spectrometry imaging was per-
formed by use of the Flowprobe (Prosolia, Indiana, Indian-
apolis). Tissue samples were scanned with an Epson scanner
and the JPEG image was loaded into the Flowprobe nMotion
software. Tissue sample slides were mounted into the
Flowprobe stage. The nMotion software was operated in
rastering mode for imaging. For all experiments, 50:50
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MeOH—-H,0 with 1% formic acid was used as the extraction
solvent and the inner capillary was retracted ~100 pm relative
to the probe tip. The solvent delivery flow rate was 10 yL/min.
The sample stage was rastered at a speed of 80 ym/s under the
probe, with 600 um spacing between raster lines. The
Flowprobe was coupled with an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Mass spectra were recorded in full scan mode (m/z 600—2000)
at a resolution of 120 000 at m/z 400. Automatic gain control
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(AGC) was turned off for imaging experiments. The fill time
(200 ms) to accumulate 1 X 10° charges was optimized prior to
analysis.

Data Analysis. Raster mode imaging data were converted
to mzML format using msconvert as part of ProteoWizard™
and then to the imzML format using imzMLConverter.”® Data
in imzML format were then loaded into MATLAB (version
2013a, The MathWorks Inc, Natick, Massachusetts) using
imzMLConverter and SpectralAnalysis software.”” Ton images
were displayed with aspect ratios which reflect the size of the
sampled area within each pixel, assuming no oversampling. For
raw data that equates to 50 um (x dimension, based on the scan
time of 0.63 s and a stage speed of 80 um/s) by 600 um (y
dimension, based on distance between raster lines). To
simulate larger pixel sizes, sequential scans were summed and
displayed with an aspect ratio corresponding to the new pixel
dimensions.

B RESULTS

Previous work in our laboratory has shown that the optimum
solvent systems for liquid microjunction sampling of proteins
from tissue are aqueous acetonitrile solutions;**® however, such
solvent systems present a challenge for the Flowprobe. The
Flowprobe capillary is coated with polyimide which swells in
the presence of acetonitrile® with obvious consequences for
maintenance of the liquid microjunction. A 10 y#L/min flow of
50% acetonitrile resulted in extension of the capillary of ~130
um after 30 min (see Supplemental Figure 1). While that
occurrence could in principle be managed in array mode
imaging by regularly exchanging the capillary, albeit with a
significant cost, that approach is not feasible in raster mode.
Consequently, an alternative solvent system comprising 50%
methanol (and 1% formic acid) was used.

Raster sampling of a sagittal section of mouse brain was
performed at a raster speed of 80 um/s, the slowest speed
available with this system. The diameter of the Flowprobe tip is
~600 pm, and therefore the spacing between raster lines was
600 pm. A total of 14 raster lines (length = 17 mm) were
acquired. The total analysis time was therefore 57 min 41 s (3
min 32 s per line plus 35 s flushing between lines). That
compares favorably with the time required to acquire an image
in array mode. An equivalent area 600 ym array (28 by 14, total
of 392 sample spots) would require ~10 h analysis time,
assuming 1 min sampling followed by 35 s system flushing at

Table 1. Percentage of the Total Sampled Region Which Is
Outside of the Visualized “Pixel” (Assumes a Circular Liquid
Microjunction with Diameter 600 gm)

pixel size percentage of total sampled area outside of “pixel”
50 X 600 90.4
100 X 600 82.5
150 X 600 75.9
200 X 600 70.2
250 X 600 65.3
300 X 600 61.1
350 X 600 57.4
400 X 600 54.1
450 X 600 S1.1
500 X 600 48.5
550 X 600 46.1
600 X 600 44.0
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Figure 2. Raster-mode Flowprobe mass spectrometry imaging of
mouse brain. Photograph of the mouse brain tissue section (A) and
ion images of (B) f thymosin 4; (C) truncated ubiquitin (Ub-GG);
(D) ubiquitin and (E) heme at pixel size 600 X 600 gm.

each location. (Note that while higher raster speeds would
naturally reduce analysis time, the corollary would be an
increase in minimum achievable pixel size, see below).

There are a number of factors that must be taken into
consideration when visualizing raster-mode imaging data
acquired by continuous-flow liquid microjunction sampling.
First, the time for analytes to travel from the surface through
the capillary to the electrospray source must be taken into
account. The volume of the capillary is 5.035 uL; therefore, at a
solvent flow rate of 10 xL/min, signal is detected after 30 s.
Second, the rate of mass spectral data acquisition must be
considered. To illustrate, if the mass spectrum takes 2 s to
acquire and the raster speed was 100 ym/s, the minimum pixel
size (regardless of data quality) would be 200 ym. In our
experiments, single scan spectra were acquired in 0.63 s, and
therefore, at a raster speed of 80 ym/s, the minimum pixel size
was S0 pm in the x dimension. (Recall that the spacing between
raster lines was 600 um; hence, the pixel size in the y dimension
remains constant at 600 pm). Coupling the Flowprobe to a
mass spectrometer capable of acquiring data with shorter scan

DOI: 10.1021/acs.analchem.7b00977
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times, such as a TOF, QTOF, or QQQ instrument, would
enable even smaller minimum pixel sizes. It is common practice
to improve data quality (S/N) by coadding multiple scans. The
consequence of this practice for raster mode imaging is
increasing pixel size. Co-addition of two mass spectra increase
the pixel size (x dimension) to 100 ym, three coadded mass
spectra give a pixel size of 150 pm and so on. Figure 1 shows
ion images for the 6+ charge state of S-thymosin 4 (m/z 828)
visualized at a range of pixel sizes. (Note that for the second on-
tissue raster line, the liquid microjunction failed approximately
half way across and no signal was observed for the latter part of
the raster. Raster scans from right to left across tissue). The
pixel size in panel A is 50 gm X 600 um, representing single
scan mass spectra. In panel B, individual pixels correspond to
two coadded spectra. The lower section of each panel shows
representative single pixel mass spectra. As the pixel size
increases, ie, more mass spectra are coadded, the spectral
quality (S/N) improves, as expected; however, peaks are
detected even in the single scan mass spectra indicating that
data quality is not the limiting factor in determining minimum
pixel size.

The above comments focus on achievable pixel size based
solely on the correlation of raster speed and mass spectral
acquisition speed; however, a key issue is the liquid
microjunction sampling area (~600 pm diameter). Continu-
ous-flow liquid microjunction sampling of a single location on
tissue gives a protein signal in the mass spectrum for a
minimum of 3 min (data not shown). The time taken for the
liquid microjunction to pass a distance of 600 ym (i.e. the
diameter of the liquid microjunction) at a raster speed of 80
um/s is 7.5 s. That is, analytes from the tissue at the trailing
edge of the liquid microjunction are being extracted
simultaneously to those being extracted from fresh tissue at
the leading edge of the microjunction. Regardless of given pixel
size, the signal displayed for a particular pixel could have
derived from any location within the preceding 600 ym of the
raster. Table 1 shows the percentage of the total sampled area
(A,) which falls outside of the visualized pixel (4,), see
Supplemental Figure 2.

AV
% = 100 — (—)
AS

where A, = [area of liquid microjunction (7%, r = 300 um) +
Al

Depending on the pixel size used to reconstruct the data, the
percentage of the sampled area which falls outside of the
visualized “pixel” area could be as high as 90.4%, meaning the
visualized pixel represents just 9.6% of the area that was actually
sampled. This feature has similar implications in other MSI
techniques which employ raster mode, such as DESI, nano-
DESI and, to a lesser extent, MALDI (if the matrix is not fully
ablated within a given pixel area).*

With the exception of the start and end of the raster line, the
extent to which a tissue location has been sampled is constant,
which may minimize the apparent effect on the ion images. Use
of pixels of equivalent dimensions to the liquid microjunction
will also minimize the effect. Use of larger pixels are
demonstrated to confer no benefit in this case, see Figure 1
panels M to P. For comparison, raster mode sampling of a line
of ink (width $40 pm) containing rhodamine dye on glass
substrate was performed, see Supplemental Figure 3. Plots of
relative intensity versus distance traveled at various pixel sizes
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reveal that no resolution benefit is gained at pixel sizes smaller
than 300 pm. It is, however, very important to note that the
two surfaces (tissue and glass) are very different in terms of
surface wettability and consequently the size of the liquid
microjunction is much larger for glass than tissue (see
Supplemental Figure 3I). Comprehensive evaluation of the
resolution and image quality achievable for Flowprobe protein
imaging in tissue requires lateral resolution standards
comprising tissue mimetics, which are not currently available.
In their absence, the recommendation is to visualize ion images
at pixel sizes equivalent to the probe area. For example, see
Figure 2, which shows ion images of three proteins (f-thymosin
4, 6+ charge state, m/z 828; ubiquitin, 10+ charge state, m/z
856; C-terminal truncated ubiquitin, 10+ charge state, m/z
845) and singly charged heme ions (m/z 616) at pixel size 600
X 600 pm.

Bl CONCLUSION

The results demonstrate that raster-mode imaging of proteins
in thin tissue sections may be achieved by use of continuous-
flow liquid microjunction sampling via the Flowprobe coupled
with an orbitrap mass spectrometer. The S/N observed in a
single scan is sufficient to allow a minimum pixel size of 50 ym
(x-dimension). Nevertheless, oversampling due to the larger
area of the liquid microjunction means that larger pixel sizes
(e.g, 600 pm) are preferred to ensure accuracy in the images.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.7b00977.

Photograph of the inner capillary of the Flowprobe
system after ~30 minutes solvent flow where solvent
comprised 50% acetotrile/1% formic acid; schematic
illustrating total sampled area versus visualised pixel; and
raster-mode Flowprobe mass spectrometry imaging of
rhodamine dye in ink (PDF)
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