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Abstract
This is the first report of imaging mass spectrometry (MS) from multiply charged ions at vacuum.
Laserspray ionization (LSI) was recently extended to applications at vacuum producing
electrospray ionization-like multiply charged ions directly from surfaces using a commercial
intermediate pressure matrix-assisted laser desorption/ionization ion mobility spectrometry (IMS)
MS instrument. Here, we developed a strategy to image multiply charged peptide ions. This is
achieved by the use of 2-nitrophloroglucinol as matrix for spray deposition onto the tissue section
and implementation of ‘soft’ acquisition conditions including low laser power and lower ion
accelerating voltages similar to electrospray ionization-like conditions. Sufficient ion abundance is
generated by the vacuum LSI method to employ IMS separation in imaging multiply charged ions
obtained on a commercial mass spectrometer ion source without physical instrument modifications
using the laser in the commercially available reflection geometry alignment. IMS gas-phase
separation reduces the complexity of the ion signal from the tissue, especially for multiply charged
relative to abundant singly charged ions from tissue lipids. We show examples of LSI tissue
imaging from charge state +2 of three endogenous peptides consisting of between 1–16 amino
acid residues from the acetylated N-terminal end of myelin basic protein: m/z 795.81 (+2) MW
1589.6, m/z 831.35 (+2) MW 1660.7, and m/z 917.40 (+2) MW 1832.8.
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Introduction
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) produces
abundant singly charged ions of peptides from the solid state under low pressure,
intermediate pressure, and atmospheric pressure conditions.1–3 Time-of-flight (TOF) is the
common mass analyzer used with low pressure MALDI and in principle provides unlimited
mass range for detection of large molecules.4 A limitation of the production of primarily
singly charged ions is that high-mass compounds cannot be analyzed using high
performance instruments with only a limited mass range such as Fourier transform ion
cyclotron resonance, Orbitrap, or ion mobility spectrometry (IMS) (SYNAPT G2) mass
spectrometers. MALDI imaging mass spectrometry has provided information on spatial
distributions of lipids,5,6 peptides,7 and proteins8 directly from biological tissue sections,
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and MALDI-IMS-MS imaging has been applied for lipids6,9 and peptides6 as well as
studying protein changes related to several diseases such as Alzheimer’s and
Parkinsons10–12 as well as cancer.13–15 Secondary ion mass spectrometry (SIMS) has also
been used to map the distribution of cancer chemotherapeutic agents in tissues and cells,16,17

lipids,18–20 and later, matrix-enhanced SIMS to enhanced subcellular imaging of tissue
samples.21–23 Desorption electrospray ionization is promising for imaging living tissue
without sample preparation.24–26

Laserspray ionization inlet (LSII)27–35 and matrix assisted ionization inlet (MAII)36 are two
new ionization methods in MS operating from atmospheric pressure to produce highly
charged ions similar to electrospray ionization (ESI). Both LSII and MAII have attributes in
common with MALDI allowing analysis of compounds directly from the solid state by using
a solid matrix material comprised of a small organic compound.37 The application of heat
and the presence of an atmospheric pressure to vacuum pressure drop region are two
important factors in producing abundant highly charged ions in the inlet of the mass
spectrometer.29,38,39 In LSII, the laser alignment is not important because multiply charged
ions are formed without the use of a laser,36,37,40 as well as with the use of a laser aligned in
transmission28–33 or reflection geometry.41 For example, a commercial atmospheric
pressure MALDI source with the laser aligned in reflection geometry produced abundant
highly charged protein (e.g., lysozyme) ions on a Thermo Orbitrap mass spectrometer.41

Critical is that sufficient heat is provided to the inlet of the mass spectrometer which directly
depends on the matrix used.29,37 Multiply charged ions produced by LSII and MAII using 2-
nitrophologlucinol (2-NPG) matrix, extend the mass range of detection to at least bovine
serum albumin (~66 kDa).43 LSII was also shown to produce sufficient ion abundance
directly from tissue to identify an endogenous peptide, a fragment of N-acetylated myelin
basic protein (MBP) (1–16), using electron transfer dissociation (ETD) and high accuracy
mass measurement,31 and has been successfully introduced on a mass spectrometer with a
heated inlet to perform imaging of lipids.34,35 The laser aligned in transmission geometry
provides ease of operation,27–33 and offers the potential for high spatial resolution
imaging.31,34,35

Initial studies on matrixes30 enabled us to introduce LSI technology operating from vacuum,
LSIV, using a commercial intermediate pressure MALDI ion source interfaced to a Waters
IMS-MS SYNAPT G2 mass spectrometer.42 In the absence of a heated inlet region,
abundant multiply charged analyte ions are formed by laser ablation using a matrix that
efficiently evaporates.37 2-NPG matrix is the first matrix to produce highly charged ions at
atmospheric pressure, intermediate pressure, and low pressure.39,40,43 The mechanism
proposed for the LSI inlet and vacuum ionization process is laser ablation producing highly
charged matrix/analyte droplets which upon matrix evaporation releases ions by a similar
process to that proposed for ESI.44,45 The impact of a laser has been experimentally and
theoretically shown to form molten droplets of matrix/analyte and the existence of clusters
was verified recently for LSII.38,46,47 2,5-Dihydroxyacetophenone (2,5-DHAP),31,33 a
matrix that requires a lower inlet temperature than, for example, 2,5-DHB produces
abundant multiply charged ions at intermediate pressure under LSI tuning conditions. 39,42

However, the use of higher laser power42 and voltages39 increase the abundance of singly
charged ions. Using a higher laser power makes only minor contribution to the production of
singly charged ions. It is primarily the higher voltages of the MALDI settings that allow
switching from multiply charged using ESI-like settings to singly charged ions either at
atmospheric pressure41 or intermediate pressure39.

The practical utility of LSIV on a commercial vacuum MALDI source in combination with
IMS-MS was demonstrated using 2,5-DHAP as matrix for the mixture analysis of lipids,
peptides, and proteins.42 Various families of compounds are well separated from each other.
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Imaging applications are an extension to these tissue analysis developments. Here, we show
the applicability of LSIV using a commercially available vacuum MALDI source operating
at intermediate pressure (~0.16 Torr) for tissue imaging of multiply charged peptide ions
achieved without any physical instrument modifications.

Experimental Section
Materials

α-Cyano-4-hydroxycinnamic acid (CHCA), 2-NPG, and bovine insulin were purchased
from Sigma Aldrich Co. (St. Louis, MO), MBP peptide from Anaspec (Fremont, CA), and
galanin from America Peptide Co. (Sunnyvale, CA). 2,5-DHAP, acetonitrile (ACN), ethanol
(EtOH), and formic acid (FA) were purchased from Fisher Scientific Inc. (Pittsburgh, PA)
and acetic acid (AA) from Mallinckdrodt Chemicals (Phillipsburg, NJ). Methanol (MeOH)
and HPLC grade water were obtained from EMD Chemicals (Gibbstown, NJ). Microscopy
glass plates from Gold Seal (Portsmouth, NH) were used as sample target plates.

Sample Preparation
Stock solutions of synthesized standard N-acetylated MBP peptide and galanin were
prepared in water and bovine insulin in 50:50 MeOH:water with 1% AA, and diluted to 1
pmol µL−1 in water. 2,5-DHAP and 2-NPG matrix solutions were prepared by dissolving 5
mg in 150 µL of 50:50 ACN:water (warmed), and 100 and 300 µL of 50:50 ACN:water
(with and without 0.1% FA), respectively. The matrix:analyte mixture was prepared in 1:1
volume ratio before depositing 1 µL of the analyte:matrix mixture on a glass plate using the
dried droplet method.42 Mouse brain tissue sections were obtained as previously
described.9,31,34,35 The tissue sections were mounted on plain and precoated glass plates
with CHCA matrix using a tissue box,34 and delipified with EtOH as previously described.31

The delipified tissue slices were spotted separately with several 0.5 µL of 100% 2,5-DHAP
and 100% 2-NPG matrix in 50:50 ACN:water for direct analysis and spray coated with 2-
NPG for imaging. A binary mixture of 10% 2-NPG and 90% 2,5-DHAP matrix solutions
was also used for tissue imaging.

Laserspray Ionization Vacuum (LSIV)
A commercial SYNAPT G2 intermediate pressure MALDI mass spectrometer from Waters
Co. (Manchester, England) equipped with an IMS was employed in this study. The
intermediate pressure MALDI source operates using a Nd:YAG laser (355 nm) in reflection
geometry mode (Scheme 1). The laser operates with an average power of 20 mW and a
pulse energy of 100 µJ at 200 Hz firing rate. Once the sample plate was loaded, the source
pressure was under intermediate pressure vacuum condition at ~0.2 mbar.42 ‘LSI (ESI-like)
settings’ with lower voltages, and commercial ‘MALDI settings’ were employed in this
study, as previously described. 39,42 Briefly, acquisitions were performed in positive ion and
sensitivity modes using the following settings: 0 V (LSI) and 20 V (MALDI) on sample
plate, 10 V “extraction”, 10 V “hexapole bias”, and 5 V “aperture 0”. In the analysis of
standards (MBP, galanin, bovine insulin), the laser power used ranged from 4.2 to 7.3 J
cm−2 39 at a firing rate of 200 Hz and a scan rate of 1 scan per second acquiring a sum mass
spectrum of 1 to 2 min. For tissue imaging, the instrument’s MALDI imaging pattern creator
software was used as one would use for MALDI imaging. The sampling resolution was set
at 100 µm×100 µm x,y laser step size, similar to MALDI imaging. Acquisition was set at a
scan time of 2 seconds, laser power of 12.5 J cm−2 39 at a firing rate of 200 Hz, and 1 scan
time per pixel. The total imaging acquisition time was ~5 hrs to image the entire tissue
section.
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Laserspray Ionization Inlet (LSII)
A Nanolockspray source of the SYNAPT G2 was used to perform LSII at atmospheric
pressure as described in previous studies.32,33 A homebuilt skimmer cone was used with a
copper inlet tube and the laser was aligned at 180° to the inlet tube, focused onto the
matrix:analyte sample on a glass plate, and ablated in transmission geometry (Scheme S1A)
relative to the inlet of the mass spectrometer. The source temperature was set at 150 °C and
acquisition was obtained in resolution mode using 100 V and 4 V sample cone and
extraction cone voltages, respectively, with a scan time of 1 second for 2 min.

Data Processing
MassLynx version 4.1 was used to process the mass spectra, DriftScope version 2.2 was
used to extract the 2-dimensional (2-D) plot of drift time vs. mass-to-charge (m/z) ratio, and
mobility extractor to obtain the drift time versus m/z selected dataset and convert into an
MSI file using the MALDI imaging converter. BioMAP 3.8.0.1 was used from Novartis
Institutes for Biomedical Research, Basel, Switzerland, to extract from the MSI file the
images of the peptides.

Results and Discussion
The endogenous N-acetylated MBP peptide (Ac-ASQKRPSQRSKYLATA), previously
sequenced by LSII (Scheme S1A) using high performance fragmentation,31 was the initial
focus for obtaining MS images of multiply charged ions using LSIV (Scheme 1) on a
commercial intermediate pressure MALDI source of the SYNAPT G2 mass spectrometer.
The use of a suitable matrix material and appropriate settings and acquisition conditions
such as laser power and voltages for ion acceleration and transmission are important factors
influencing the formation of the highly charge ions at intermediate pressure.37,39,42 The
direct analysis of MBP peptide from delipified mouse brain tissue was first achieved by
spotting 2,5-DHAP matrix onto the tissue. Multiply charged peptide ions up to charge state
+3 were detected with the largest MW of ~3.2 kDa (Figure S1). Exceptional ion abundance
is obtained for the MBP peptide with m/z 917.39 using 2,5-DHAP, but only when the matrix
is directly spotted on the tissue (Figure S1A). With LSII, spotting 2,5-DHAP matrix on non-
delipified mouse brain tissue allowed detection of lipids as well as multiply charged ions of
the N-acetylated MBP fragment peptide (Figure S2). However, spray coating of the matrix,
necessary for good spatial resolution in tissue imaging, provided poor ion abundance using
2,5-DHAP operated from atmospheric pressure or vacuum.

2-NPG, a more volatile matrix than 2,5-DHAP, produced abundant multiply charged ions of
up to charge state +4 from a synthesized MBP peptide standard (Figure 1I.A) at low laser
power applying ‘LSI settings’39,42 on the commercial intermediate pressure MALDI source
without any physical instrument modifications. The analyte ion intensity increased as did the
chemical noise background with increasing laser power (Figure 1I.B). The chemical
background could be removed using the IMS dimension, especially because the different
charge state ions are well separated in the IMS dimension, identical to ESI-IMS-MS.48–53

Only singly charged ions are produced when the default ‘MALDI settings’39 are applied
(Figure 1II). The ion abundances observed are similar for the multiply charged ions (‘LSI
settings’) (Figure 1I) and the singly charged ion (‘MALDI settings’).39 For a number of
peptide and small protein standards using ‘LSI settings’39,42 (Figure S3: (A) MBP, MW
1833 Da; (B) galanin, MW 3150 Da; and (C) bovine insulin, MW 5731 Da), 2-NPG matrix
allows detection of higher charge states than 2,5-DHAP matrix. 2-NPG requires less laser
power (ca. 4.2 J cm−2) than 2,5-DHAP (ca. 7.3 J cm−2) to obtain good ion abundance while
maintaining higher charge states (Figure S4). However, the ion abundance near the
respective threshold for ion formation is then slightly lower with 2-NPG relative to 2,5-
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DHAP (Figure S3). The laser power dependence is in agreement with a previous study that
found a higher laser power induces lower charge states using 2,5-DHAP matrix.42

Figure 2 shows the LSIV analysis of delipified mouse brain tissue using ‘LSI settings’ with
2-NPG matrix applied to the tissue by different deposition methods. By directly spotting
100% 2-NPG matrix on the tissue and the use of a relatively high laser power (12.5 J cm−2),
abundant multiply charged ions from peptides and proteins are obtained (Figure 2I.A) and
are well separated by IMS from the singly charged lipid ions (Figure 2I.B). Ions are
observed from proteins that are present in the tissue having molecular weights up to ~8.6
kDa (Figure S5) on a high performance mass spectrometer with a mass range of 8000. As
noted above, spotting the tissue with 100% 2,5-DHAP matrix only detected up to ~3.2 kDa
(Figure S1). Unfortunately, 100% 2-NPG matrix spray coated on a mouse brain tissue
section required the application of a laser power of 12.5 J cm−2 to obtain sufficient ion
abundance for good images (Figure 2II). Using ‘LSI settings’, as described above, under
these higher laser fluence conditions, only +2 and +1 ions are detected (Figure 2II.A) from
mouse brain tissue. However, the IMS dimension separating +2 from the +1 charge state
allows extraction of the +2 peptide ions with good ion abundance (Figure 2II.B).

Just as in MALDI imaging, sample preparation is important with LSI imaging. Thus, a
number of sample preparation protocols were explored. For example, mouse brain tissue
sections mounted on a CHCA precoated glass slide, similar to previous protein studies,31

and spray coated with a binary mixture of 90% 2,5-DHAP and 10% 2-NPG allowed
observation of higher molecular weight peptides and proteins ions (Figure S6) but with
notably less ion abundance relative to 100% 2-NPG (Figure 2I). Thus, in the absence of the
heated inlet27–40, the volatility of the matrix composition in vacuum defines the outcome of
the tissue analysis and is especially restrictive to imaging for which direct matrix spotting
cannot be employed because of delocalization of the tissue composition, as is also the case
with MALDI. Clearly, further developments in sample preparation will be necessary to
advance LSIV imaging just as it was for MALDI.

The drift time and m/z values of an area of choice can be selected in the 2-D IMS-MS plot,
which becomes possible because of the two dimensionality of the dataset,52,53 allowing
investigation of any ion of interest, while disregarding others. Here, using the ion mobility
embedded mass spectral dataset from the 100% 2-NPG spray coating approach in Figure
2II.B, images were created for three peptides. This ion at m/z 917.40 had previously been
sequenced using ETD fragmentation of the doubly charged N-acetylated MBP peptide (1–
16) ion.31 The image (Figure 3A) relates well with the known location of the myelin basic
protein (Figure 3D),54 validating our tissue imaging MS approach of multiply charged ions
at vacuum. Using similar procedures, images of two additional doubly charged peptide ions
are obtained, m/z 831.35 and 795.81 (Figure 3B,C), respectively. All three peptide images
have the same location as the myelin basic protein in the mouse brain tissue (Figure 3D).54

Using the amino acid sequence information obtained from the identified peptide MBP
fragment with a MW of 1832.8 Da31 (aa residues (1–16), Figure 3A), images of MW’s
1660.7 Da (aa residues (1–14), Figure 3B) and 1589.6 Da (aa residues (1–13), Figure 3C)
then correspond to MBP peptides with two and three amino acid truncations (Figure 3B,C)
of the C-terminal end.

Conclusions
Potential advantages of the LSI approach of tissue imaging include enhanced IMS gasphase
separation of lipids, peptides, and proteins directly from mouse brain tissue. The extended
mass range afforded by multiply charged ions makes it likely that imaging MS of multiply
charged protein ions can be introduced with optimized sample preparation protocols and
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more appropriate desolvation conditions obtainable with physical instrument modifications.
Similarly, it is expected that advanced vacuum fragmentation technology enabled by
multiply charged ions, similar to LSI at atmospheric pressure,31 will improve sequence
coverage for characterization of peptides and intact proteins, potentially even without the
need for delipification by employing IMS gas-phase separation. The laser aligned in
transmission geometry should enhance spatial resolution. Important strides toward more
comprehensive tissue composition characterization relative to molecular location and
structure determination using IMS-MS48–51 can be envisioned for imaging using multiply
charged ions at vacuum.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LSIV-IMS-MS (1) total mass spectra and (2) two-dimensional plot of drift time vs. m/z of
N-acetylated MBP peptide (MW ~1833 Da) with 2-NPG matrix acquired using (I) ‘LSI
settings’39,42 at (A) low ‘4.2 J cm−2’ and (B) higher ‘7.3 J cm−2’ laser power with an inset of
the isotopic distribution of +4 ion, and (II) commercial ‘MALDI settings’39 on a Waters
SYNAPT G2 MALDI source. Insets in (2) show isotopic distributions and drift times of
MBP ion.
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Figure 2.
LSIV-IMS-MS (A) total mass spectra and (B) two-dimensional plot of drift time vs. m/z of
delipified mouse brain tissue (I) spotted and (II) spray coated with 100% 2-NPG matrix.
Insets show (A) isotopic distributions of +2 charge state ion of the identified peptide MBP
fragment, (I.B) drift times of charge state +4 and +1 ions, and (II.B) isotopic distribution of
the +2 ions. Insets of higher charge states in (I) are included in Figure S5.
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Figure 3.
LSIV at intermediate pressure images of endogenous peptides from delipified mouse brain
tissue spray coated with 100% 2-NPG matrix: A) m/z 917.40 (+2) MW 1832.8, B) m/z
831.35 (+2) MW 1660.7, and C) m/z 795.81 (+2) MW 1589.6, and (D) Coronal section of
the mouse brain54 at a level similar to those analyzed in A-C. Arrowheads in (D) indicate
heavily myelinated fiber tracts. Insets show molecular weight and amino acid sequence of
the images relative to the identified peptide MBP fragment. The highest ion intensities are
m/z 917 = 1.02 e4, m/z 831 = 1.27 e4, and m/z 795 = 1.06 e4, respectively.
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Scheme 1.
Cluster model representation of LSIV at intermediate pressure in reflection geometry laser
ablation of the matrix/analyte crystals forming charged matrix/analyte clusters. Related
ionization methods are shown in Supplemental Information.

Inutan et al. Page 12

Anal Chem. Author manuscript; available in PMC 2013 November 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


