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ABSTRACT: Application of mass spectrometry imaging (MS imaging) Fluorescence
analysis to single cells was so far restricted either by spatial resolution in the y
case of matrix-assisted laser desorption/ionization (MALDI) or by mass [ 5 =
resolution/mass range in the case of secondary ion mass spectrometry
(SIMS). In this study we demonstrate for the first time the combination of
high spatial resolution (7 ym pixel), high mass accuracy (<3 ppm rms), and
high mass resolution (R = 100 000 at m/z = 200) in the same MS imaging
measurement of single cells. HeLa cells were grown directly on indium tin
oxide (ITO) coated glass slides. A dedicated sample preparation protocol was developed including fixation with glutaraldehyde
and matrix coating with a pneumatic spraying device. Mass spectrometry imaging measurements with 7 ym pixel size were
performed with a high resolution atmospheric-pressure matrix-assisted laser desorption/ionization (AP-MALDI) imaging source
attached to an Exactive Orbitrap mass spectrometer. Selected ion images were generated with a bin width of Am/z = +0.005.
Selected ion images and optical fluorescence images of HeLa cells showed excellent correlation. Examples demonstrate that a
lower mass resolution and a lower spatial resolution would result in a significant loss of information. High mass accuracy
measurements of better than 3 ppm (root-mean-square) under imaging conditions provide confident identification of imaged
compounds. Numerous compounds including small metabolites such as adenine, guanine, and cholesterol as well as different
lipid classes such as phosphatidylcholine, sphingomyelin, diglycerides, and triglycerides were detected and identified based on a
mass spectrum acquired from an individual spot of 7 ym in diameter. These measurements provide molecularly specific images of
larger metabolites (phospholipids) in native single cells. The developed method can be used for a wide range of detailed

MALDI MS imaging

m/z = 445.285 £ 0.005

investigations of metabolic changes in single cells.

ass spectrometry imaging (MS imaging) has become a

widely used analytical technique due to its ability to
visualize the distribution of a large variety of analytes.'>
Numerous applications have been published including the
imaging of lipids,® peptides,”® and proteins.” The spatial
resolution has been significantly increased in recent years.
However, the analysis of larger biomolecules/metabolic profiles
in single cells remains a challenging task.

Cell cultures are model systems that are used to investigate
disease-related and physiological processes. The influence of
pathogenic or environmental factors can be studied under
controlled conditions in cell cultures. Metabolic studies are
usually based on the analysis of bulk samples. The analysis of
individual cells would instead provide much more specific and
informative data. A summary on this topic was recently
published by Svatos.'® The author concluded that several
techniques can provide metabolic information from single cells,
but each method still has significant limitations. Commonly
used techniques such as optical and staining methods led to
important discoveries but often lack molecular specificity. Mass
spectrometry-based methods on the other hand face a number
of practical and experimental problems.

Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) offers submicrometer spatial resolution and is thus
able to image the spatial distribution of metabolites inside
single cells.'"'* A recent review on SIMS can be found in ref
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13. However, TOF-SIMS for single cell analysis is typically
limited in mass range to m/z < 500, and detected analytes can
often not be identified."* This is due to severe fragmentation of
larger analyte ions and limited tandem mass spectrometry
(MS/MS) capabilities in the imaging mode. Fragmentation can
be reduced by modifications such as matrix-enhanced (ME)-
SIMS, which was used for the analysis of lipids in single cells."®
The authors of this study also implemented metal-assisted
(MetA) SIMS which lead to the detection of signals up to m/z
= 1000. MS/MS experiments in single cell imaging were
reported for cholesterol.'® High resolution mass analyzers (R >
10 000) for SIMS have been developed'®'” but are so far not
available for imaging at cellular resolution.

Mass spectrometry imaging methods based on matrix
assisted laser desorption/ionization (MALDI), on the other
hand, offer a higher mass range (and mass resolution). Pixel
size, however, is typically in the range of 50—200 pm, and thus
single cell structures cannot be resolved with established
approaches. Direct analysis of single cells with these methods
results in only one pixel per cell at a pixel size of S0 um."® An
alternative is to use stretched media in order to expand the
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original spatial structure.'” Application of this method to single
cells was demonstrated, resulting in a spatial resolution of about
40 pum.*° Peptides were identified, but intracellular spatial
information was very limited. This indirect approach is also
challenging in terms of alignment of data and correlation with
alternative (optical) techniques. Another method is laser
desorption ionization (LDI) which was used for the analysis
of single cells within plant tissue.*' This approach does not
require any matrix application but is limited to compounds with
UV-absorbing functional groups.

A critical step in single cell analysis is sample preparation. It
has to be compatible with experimental conditions, i.e., with
high vacuum in SIMS** and with matrix coating in MALD],
respectively. This treatment can put considerable strain on the
spatial integrity of biological samples in general and single cells
in particular. Cells may burst, which usually increases signal
intensity due to leaking of cell components on the sample
support, but obviously all spatial information is lost.

The quality of the MS images does not only depend on
spatial resolution but also on specificity and reliability of mass
spectral data. Reliability of compound identification can be
significantly increased by accurate mass measurements. Mass
spectrometers with mass accuracies in the low ppm range are
routinely used in many bioanalytical areas, but only few
applications were reported for MS imaging. High resolution
mass spectra are especially useful to resolve the complexity of
biological samples in MS imaging as these experiments do not
include any separation step (e.g, chromatography) before MS
analysis. We recently introduced a mass spectrometry imaging
method that combines high resolution/accurate mass measure-
ments on tissue with spatial resolution in the low micrometer
range and MS/MS capability for the analysis of lipids,>* drug
compounds,”* and neuropeptides.*’

In the current study we developed a dedicated sample
preparation protocol for single cells analysis and applied our
high resolution mass spectrometry imaging method. These
measurements provide molecularly specific image analysis of
larger metabolites (phospholipids) in native single cells.
Molecular identification and specificity were provided by high
quality mass spectral data.

B EXPERIMENTAL SECTION

Sample Preparation. HelLa cells, an immortalized human
cell line derived from cervical cancer, were directly grown on
indium tin oxide (ITO) coated glass slides in serum free media
(Quantum 101 for HeLa cells with L-Glutamine, PAA, Pasching
Austria) for 12 h in an incubator at 37 °C and an atmosphere of
5% CO,. After aspiration of media, the cells were washed two
times with phosphate buffered saline (PBS) (Dulbeccoés PBS,
PAA, Pasching, Austria) followed by fixation in 0.25%
glutaraldehyde (EM grade, Agar Scientific, Essex, Great Britain)
for 15 min. This fixation step leads to cross-linking of proteins
in the cells. Buffer solutions were kept at 37 °C in order to
prevent disruption of cells before fixation. Afterward the cells
were stained with 3,3’-dihexyloxacarbocyanine iodide
(DIOC((3)) (Invitrogen Live Technologies GmbH, Darm-
stadt, Germany) (¢ = 0.001 ug/mL) in PBS for S min.
DIOC,(3) is a fluorescence dye which stains cell membranes.?®
The final step was rinsing the cells with pure water (room
temperature) in order to remove excessive DIOC4(3) from the
sample. Fluorescence images of the sample were acquired with
an Olympus BX-40 microscope (Olympus Europa GmbH,
Hamburg, Germany) at an emission wavelength of 501 nm
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prior to matrix application. The sample was covered with matrix
by applying 150 uL of 2,5-dihydroxybenzoic acid (DHB)
solution (30 mg/mL in 50:50 acetone/water/0.5% TFA) with a
home-built pneumatic sprayer.”” Details on necessary safety
precautions can be found in the Supporting Information.

MALDI MS Imaging. All experiments were performed
using an atmospheric-pressure matrix-assisted laser desorption/
ionization (AP-MALDI) high resolution imaging source
(TransMIT GmbH, Giessen, Germany) attached to a Fourier
transform orbital trapping mass spectrometer (Exactive Orbi-
trap, Thermo Fisher Scientific GmbH, Bremen, Germany). The
ion optical and laser setup”®* as well as details on the
measurement procedure™ are described elsewhere. The step
size of the sample stage was set to 7 pum. The ablation area
caused by the laser was about S ym in diameter (see the
Supporting Information Figure S-1 for details). A total of 30
laser pulses were summed for each mass spectrum. Mass
spectrometrie measurements were performed in positive-ion
mode in the mass to charge range m/z = 100—1000. Mass
resolution was set to R = 100000 at m/z = 200. Mass spectra
were internally calibrated using the lock mass feature of the
instrument. Selected ion images were generated using the
software package MIRION developed in-house. This software
can read “raw” data files generated by the Exactive Tune
software (Thermo Fisher Scientific GmbH, Bremen, Germany)
and link the mass spectra to spatial information provided in a
separate file. More details on this procedure can be found in ref
28. Selected ion images were created with a bin width of Am/z
= +0.005. Intensity values in ion images were normalized to the
highest intensity measured for each ion species separately. No
other postprocessing steps such as interpolation or normal-
ization to matrix signals were applied to the images, in order to
demonstrate the original data quality.

B RESULTS AND DISCUSSION

Sample preparation is a critical step in obtaining useful results
in mass spectrometry imaging, especially at high spatial
resolution. Fixation methods with ethanol or formaldehyde
turned out to be not suited for the adhesive cells on ITO-

A Fluorescence

m/z = 445.285  0.005

m/z =754.536 £ 0.005 m/z = 782.567 £ 0.005

Figure 1. HeLa cells on ITO slide (A) optical fluorescence of
DIOC,(3) stained HeLa cells, 2 = 501 nm. (B—D) MALDI imaging
(28 % 21 pixels, pixel size 7 um): (B) selected ion image of staining
agent DIOC((3) ([M]"), (C) selected ion image of PC(32:1) ([M +
Na]*), and (D) selected ion image of PC(34:1) ([M + Na]*).
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Figure 2. Mass spectrum acquired from a single 7 ym pixel for mass range m/z = 620—810 (A) and m/z = 100-380. (B) Identified compounds are
labeled with measured mass, compound name, and mass deviation. See Table S-1 in the Supporting Information for more details. Background peaks

(e.g, from matrix or sample support) are marked with an asterisk.

coated glass slides used in this study. This treatment resulted in
loss of the cells during the sample preparation procedure.
Fixation of cells with glutaraldehyde delivered the best results
for analysis with MALDI MS imaging. Experimental details
such as temperature of solutions, buffer concentration, and
incubation times turned out to be critical and were carefully
optimized (see the Experimental Section for details). The final
washing step (after DIOC,(3) staining) was necessary because
unbound staining agent results in high background signal in
mass spectra (due to its cationic nature). To remove excessive
DIOC,4(3) we used pure water instead of a buffer solution in
order to avoid crystallization on the sample which would
interfere with the MS measurement. Cells were grown directly
on the substrate for MS imaging (ITO-coated glass slides),
which allows one to investigate the native structure of these
adhesive cells. Staining with DIOC4(3) was found to be
compatible with MS imaging analysis and delivered optical
fluorescence images for direct comparison. After matrix
deposition an area of 749 X 749 um* was measured with a
pixel size of 7 ym (107 X 107 pixels). Mass spectra were
acquired for a mass range of m/z = 100—1000. A detail of the
measured area (28 X 18 pixels, 196 X 126 um?) including two
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individual HeLa cells is shown in Figure 1. The signal of
DIOC(3) in optical fluorescence mode (wavelength 4 = 501
nm) and the MS imaging experiment (selected ion image of m/
z = 445285 + 0.005) are shown in parts A and B of Figure 1,
respectively. The two measurements show excellent correlation.
The integrity of the cells was apparently preserved throughout
the whole workflow of this experiment (i.e., the cells did not
burst). This is an essential prerequisite in order to obtain useful
spatial information of these biological samples. The shape of
the cells is clearly visible in the MS image and even small
extensions of only a few micrometers in diameter were still
detectable. This implies that the spatial features of the cells
were not significantly affected by the matrix application and the
measurement procedure. These MS images also demonstrate
that features in the range of a few micrometers can be detected
with our method. Figure 1C,D shows the selected ion images of
two phospholipids. The sodium adduct signal of phosphati-
dylcholine PC(32:1) and PC(34:1) were detected primarily in
the center of the cell, where higher concentrations of
membranes are expected.’® This is in agreement with the
distribution of the lipophilic staining agent DIOC6(3) (Figure
1A) which selectively stains membranes.*”
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Figure 3. Influence of imaging accuracy (bin width) and spatial
resolution on the information contents of selected ion images shown
for the example of m/z = 754.536 (sodium adduct of PC (32:1)); see
Figure 1A for the corresponding fluorescence image. (A—C) Selected
ion images recalculated for acquisition parameters of previous studies.
(D) Selected ion image obtained in this work based on high spatial
resolution (7 pm) and high imaging accuracy (m/z = 754.536 +
0.005); this image is identical with Figure 1C.

As noted above, Figure 1 only shows a small part of the
measurement. Optical and MS images of the entire measure-
ment area and of two other zoomed-in areas are shown in the
Supporting Information (Figures S-2 and S-3).

Apart from the two lipids shown in Figure 1, a set of other
metabolites was detected in these measurements. Figure 2
shows a mass spectrum from a single 7 um pixel. Numerous
phospholipids such as phosphatidylcholine (PC), sphingomye-
line (SM), phosphatidylserine (PS), as well as di- (DG) and
trigylcerides (TG) were detected in the mass range m/z
620—810 (Figure 2A). A more detailed section (m/z = 754—
761) of an averaged mass spectrum is shown in Figure S-4a in
the Supporting Information.

Detected compounds were identified using accurate mass
values (<3 ppm) for database searches in LIPID MAPS>* and
Metlin.** The mass spectra contained a number of peaks which
originate from the matrix or sample support (marked with an
asterisk in Figure 2). A background spectrum acquired between
cells is shown in Figure S-4b in the Supporting Information for
comparison. The lipids shown in Figure 1 were investigated in
more detail by additional MS/MS measurements of a more
densely grown cell population (see the Supporting Information,
Figure S-S). Analysis of the fragment ions allowed assignment
of the individual acyl chains resulting in the identification of
PC(16:0/16:1) and PC(16:0/18:1). In addition to phospho-
lipids, smaller metabolites such as adenine, guanine, and
cholesterol were detected in the mass range m/z = 100—380
(Figure 2B). All compounds were detected with a mass
accuracy of better than 3 ppm (rms) for the complete image,
providing reliable substance identification. Mass resolving
power ranged from 20000 to 100000 depending on the
mass to charge ratio of the detected compounds. Detailed
information on detected compounds including mass accuracy
and mass resolution is provided in the Supporting Information
(Table S-1). Consequently a full metabolic profile can be
acquired from a defined area of the cell with high confidence.
Alternatively several spectra from one cell can be combined in
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order to obtain better statistics for quantitative analysis. The
cell material is completely consumed in the area ablated by the
laser beam, i.e., the obtained mass spectra contain information
about cell walls, cytoplasm, and nucleus (as evidenced by the
detection of adenine and guanine).

The effect of improved spatial resolution and imaging
accuracy of our method is illustrated in Figure 3. The original
data as acquired in our study is shown in Figure 3D. The
phospholipid signal from the two individual cells is clearly
visible. Figure 3C shows a recalculated image at a pixel size of
49 um, resembling the spatial resolution of published MALDI
imaging experiments. As expected the cells are not distinguish-
able any more. High spatial resolution alone is not sufficient to
resolve the structure of single cells. Figure 3B shows a
recalculated image generated with unit resolution (Am/z = 1),
resembling the imaging accuracy of typical TOF-SIMS
measurements. Low imaging accuracy leads to overlap of
neighboring mass peaks and loss of specificity, and thus spatial
information on PC(32:1) is lost. All selected ion images in our
study were generated with a bin width of Am/z = +0.00S. It
can be derived from our study that highly specific and detailed
images of single cells are only possible if a spatial resolution in
the low micrometer range and a mass accuracy in the low ppm
range are combined within one experiment.

Our method can be used for a detailed investigation of
metabolic changes in single cells. Current experiments are
focused on the phospholipid mass range. Invasion mechanisms
of pathogens are known to lead to changes in the lipid pattern
through enzymatic degradation.”* These effects can be
investigated with high molecular specificity in single cells at
different stages of the infection process with the methodology
described here. Measurements can be further optimized for
other m/z ranges and substance classes by adjusting
experimental parameters such as ion optics and laser energy
settings. The detection of peptides is most likely affected by the
cross-linking with glutaraldehyde, but carbohydrates, nucleic
acids, and lipid compounds are accessible. Although the
presented method represents a significant improvement for
MALDI imaging of single cells, TOF-SIMS experiments still
offer better spatial resolution.'””> TOF-SIMS also offers the
advantage of 3D imaging of cells,”* which is currently not
possible with our method. A combination of mass spectrometry
imaging experiments using SIMS for ultimate spatial
information and MALDI for confident identification and
increased mass range would provide a very powerful tool for
the analysis of single cells.

B CONCLUSIONS

We developed a method which allows one to image and
identify larger metabolites (including phospholipids) in intact
single cells. A metabolic profile can be obtained from a single 7
um pixel and thus of well-defined segments of cells. Previous
mass spectrometry imaging methods provided either high
spatial resolution (SIMS) or sufficient mass accuracy and mass
range (MALDI) but not simultaneously. Optical methods on
the other hand can visualize only specific compounds which
have to be labeled in a targeted approach. Future experiments
will include the investigation of the invasion process of
pathogens in single cells. The number of identified compounds
will be further increased by measurements in the negative ion
mode and additional MS/MS experiments. Spatial resolution
and sensitivity will be improved by further optimization of
sample preparation and measurement parameters.
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