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Abstract. Direct analysis of plant and animal tissue samples by laser electrospray mass
spectrometry (LEMS) was investigated using low-energy, femtosecond duration laser
vaporization at wavelengths of 800 and 1042 nm followed by nanospray postionization.
Low-energy (<50 pJ), fiber-based 1042 nm LEMS (F-LEMS) allowed interrogation of the
molecular species in fresh flower petal and leaf samples using 435 fs, 10 Hz bursts of 20
pulses from a Ytterbium-doped fiber laser and revealed comparable results to high
energy (75-1120 pJ), 45 fs, 800 nm Ti:Sapphire-based LEMS (Ti:Sapphire-LEMS)
measurements. Anthocyanins, sugars, and other metabolites were successfully detected
and revealed the anticipated metabolite profile for the petal and leaf samples. Phospho-

lipids, especially phosphatidylcholine, were identified from a fresh mouse brain section
sample using Ti:Sapphire-LEMS without the application of matrix. These lipid features were suppressed in both the
fiber-based and Ti:Sapphire-based LEMS measurements when the brain sample was prepared using the optimal
cutting temperature compounds that are commonly used in animal tissue cryosections.
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ionization
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Introduction

he ability to detect biomolecules (e.g., small metabolites,

lipids, and proteins) directly from biological samples re-
mains one of the most important topics in molecular systems
biology [1]. Numerous studies have demonstrated that the
concentration and distribution of metabolites, such as hydro-
carbons, sugars, amino acids, alkaloids, and lipids, are closely
associated with biological processes in a living organism [2].
Label-assisted techniques such as fluorophore-tagging micros-
copy are usually used to characterize the biological samples,
in vivo or ex vivo, and rely on labeling/staining methods that
may perturb the biological system. Label-free techniques such

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-015-1302-z) contains supplementary material, which is available
to authorized users.

Correspondence to: Robert J. Levis; e-mail: rjlevis@temple.edu

as infrared [3] and Raman [4] spectroscopy can interrogate the
sample with submicron lateral resolution in a noninvasive
manner. However, such spectroscopy techniques rely upon
the vibrational modes of the molecules in question, which
require prior knowledge for interpretation, and lack chemical
specificity for individual compounds. Mass spectrometry
(MS), on the other hand, has seen rapid deployment in biolog-
ical sample analysis because the requirements of high through-
put, sensitivity, and specificity can be simultaneously satisfied
in one measurement. In particular, the introduction of ambient
ionization mass spectrometry allows analysis with minimal or
no sample preparation under ambient conditions, thus preserv-
ing the native state of the sample [5, 6].

The goal of understanding complex biological systems,
ranging from intact body [7] to tissue sections [8—12], to body
fluids [13, 14], to single cells [15, 16], has been the driving
force for the advent of various ambient ionization MS tech-
niques in the last decade. Plasma-based techniques like direct
analysis in real time (DART) or low temperature plasma (LTP)
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are ideal for the analysis of volatile analytes [17, 18], and have
been used to explore the hydrocarbon profile of live flies [7] as
well as the metabolite distribution of a chili fruit [19]. Liquid
extraction sampling techniques, including liquid microjunction
surface sampling probe (LMJ-SSP) [8], liquid extraction sur-
face analysis (LESA) [20], nanospray desorption ionization
(nano-DESI) [21], and single-probe [16], are powerful tools
to study the distribution of lipids, drugs, and metabolites in
animal tissues [8, 20, 22], bacterial colonies [23], and single
cells [16], but require careful design and optimization to ma-
nipulate the liquid sampling probe because of the physical and
chemical heterogeneity of the sample in question. The spray-
based technique desorption electrospray ionization (DESI) has
high sensitivity, histologic compatibility, and lateral analysis
capability [9, 24], but routine DESI has a spatial resolution of
~200 pm, although a resolution of 35 pm has been demonstrat-
ed through careful optimization of the spray operating param-
eters [25], and the analysis is limited to compounds that are
ionized by ESI-like processes [5].

Methods that use laser desorption/electrospray ionization
hybrid ambient ionization sources combine the microsampling
capability of a laser beam with the high ionization efficiency of
an electrospray source [26]. Several such techniques,
electrospray-assisted laser desorption ionization (ELDI) [27],
laser ablation electrospray ionization (LAESI) [13], infrared
matrix-assisted laser desorption electrospray ionization (IR-
MALDESI) [28], and laser electrospray mass spectrometry
(LEMS) [29], can provide a lateral resolution of 20-200 pm
without the necessity of adding external matrix to the sample.
Different mechanisms have been proposed for the laser desorp-
tion step of these laser/electrospray hybrid techniques depend-
ing on the laser wavelength and pulse duration while they share
similar ionization mechanism. LAEST and IR-MALDESI em-
ploy a nanosecond IR laser at a wavelength of 2.94 um and
take advantage of the inherent water present in many biological
systems to absorb the energy required to induce desorption
because water has a strong absorption band at the laser radia-
tion wavelength [13, 28]. In LEMS, laser pulses as short as 60
fs, usually at 800 nm, interact with the analytes via a nonlinear,
multiphoton excitation mechanism [29]. LEMS does not re-
quire either the analyte or matrix to be linearly resonant with
the laser wavelength and shows little dependence on the types
of sample substrate employed [30]. Various biological sam-
ples, including chicken egg albumen and yolk [31], reduced fat
and whole milk [32], whole blood [31, 32], and plant samples
[33, 34] have been successfully characterized by LEMS with-
out the use of external matrix. Investigations of animal tissue
samples, a popular target of MS imaging, have not been per-
formed so far by LEMS to examine the feasibility of femtosec-
ond laser vaporization for chemical analysis of animal tissue
samples.

The nonresonant, multiphoton excitation process in LEMS
occurs when the sample of interest is subjected to a femtosec-
ond laser pulse at an intensity of 10"*~10"* W/cm?, which is 6
to 7 orders of magnitude higher than a nanosecond UV or IR
laser desorption source under the same laser pulse energy and
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focusing condition. A solid state Ti:Sapphire amplifier seeded
by a Ti:Sapphire oscillator is usually used to create laser pulses
at 800 nm with high pulse energy (uJ—mJ) and ultrashort pulse
duration (40-60 fs) to fulfill the high intensity requirement.
However, the higher cost and lower robustness of the
Ti:Sapphire amplified femtosecond laser in comparison with
the more common nanosecond UV and IR lasers limit the wide
application of Ti:Sapphire laser as a desorption source. In
recent studies, we successfully implemented a low-energy,
femtosecond fiber laser for vaporization and a nanospray for
postionization in the analysis of proteins, whole blood [35], and
substituted benzylpyridinium salts [36]. The studies show that
the low-energy fiber laser resulted in comparable internal en-
ergy distributions to nanospray [36] and retained intact biolog-
ical macromolecules after laser radiation [35]. The application
of a femtosecond fiber laser rather than a solid state amplifier
laser to more complex biological samples is thus of interest for
the broad and potential applicability of LEMS as a robust,
portable, and affordable analytical tool to non-specialists.

Here, we extend the use of the fiber-based 1042 nm laser
vaporization to the analysis of biological tissue samples and
compare the results with Ti:Sapphire-based 800 nm laser mea-
surements. A lipid standard sample, 1,2-dihexanoyl-sn-
glycero-3-phosphocholine PC(6:0/6:0), is analyzed via fiber-
based LEMS (F-LEMS) and Ti:Sapphire-based LEMS
(Ti:Sapphire-LEMS). We investigate the vaporization of fresh
Begonia flower petal and leaf samples using F-LEMS and
Ti:Sapphire-LEMS. A mouse brain section is also character-
ized by the Ti:Sapphire laser without application of any exter-
nal matrix. Finally, the effect of optimal cutting temperature
(OCT) compounds on the analysis of mouse brain sections by
F-LEMS and Ti:Sapphire-LEMS is investigated.

Experimental
Materials

The lipid standard sample PC(6:0/6:0) was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA). HPLC grade
methanol and water were purchased from Fisher Scientific
(Fair Lawn, NJ, USA) and Burdick & Jackson (Muskegon,
MI, USA), respectively. Glacial acetic acid was purchased
from EMD Chemicals (Gibbstown, NJ, USA).

Sample Preparation

Stock solution of PC(6:0/6:0) was prepared in 1:1 (v:v)
methanol:water solution at a concentration of 250 uM.
For laser vaporization experiments, 15 pL aliquot of the
lipid solution was deposited on a stainless steel sample
slide and allowed to air-dry to a circular spot of ~5 mm
in diameter. Fresh Begonia flower petal and leaf samples
(insets of Figure 2a and c) were collected from plants on
the Temple University campus. The flowers were har-
vested from different plants with 3~4 leaves attached and
then separated to petal and leaf samples. The petal and
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leaf samples were affixed to the stainless steel and glass
sample slides using double-sided tape prior to analysis.
The center regions of the petal or leaf samples were
raster scanned and irradiated by laser during analysis.
Fresh mouse brain samples were obtained from a healthy
mouse and stored in PBS buffer (pH 7.4) with an ice
bath. Prior to sectioning, the brain sample was wrapped
in a piece of aluminum foil and flash frozen in liquid
nitrogen. The frozen brain was then immediately cut into
~200 pm thick transverse sections by a stainless steel
blade (X-ACTO #l11; Statesville, NC, USA) over the
liquid nitrogen under a microscope (Leica Zoom 2000;
Buffalo Grove, IL, USA). The sections were thaw-
mounted onto microscope slides (Fisher Scientific,
Pittsburgh, PA, USA) and stored at —80°C. OCT-
embedded mouse brain tissue cryosections (5 pm thick-
ness) were obtained from Department of Pathology and
Laboratory Medicine (Temple University, Philadelphia,
PA, USA), mounted on the microscope slides and stored
at —80°C. Fresh and OCT-embedded mouse brain section
slides were brought to room temperature under atmo-
spheric pressure in ~15 min prior to analysis. All animal
procedures followed the Guide for the Care and Use of
Laboratory Animals by NIH/NRC. The lipid, plant, and
brain sample slides were then placed on the sample stage
and subjected to laser vaporization without further
treatment.

Laser Electrospray Mass Spectrometry

The experimental schemes of fiber-based and Ti:Sapphire-
based LEMS source are shown in Figure 1. Laser vaporization
for F-LEMS or Ti:Sapphire-LEMS was performed using a
fiber-based femtosecond laser (uJewel DE series; IMRA
America Inc., Ann Arbor, MI, USA) or a Ti:Sapphire-based
femtosecond laser (Legend Elite HE series; Coherent Inc.,
Santa Clara, CA, USA), respectively. Both lasers were com-
posed of an oscillator and an amplifier to produce amplified,
high energy laser pulses (1J to mJ). The fiber laser employs a
Yb-doped fiber as the gain medium in the oscillator and am-
plifier cavity, employs single-mode fibers for directing the laser
beam in and out the cavity, and is air-cooled rather than
utilizing a chiller. All of these features provide a femtosecond
fiber laser with a compact and robust design in comparison
with the solid state Ti:Sapphire laser.

The laser vaporization source was described in detail previ-
ously for the Ti:Sapphire-LEMS [29] and has been recently
modified to couple the fiber laser to the electrospray inlet of a
quadrupole time of flight (QTOF) mass spectrometer
(micrOTOF-Q II; Bruker Daltonik GmbH, Bremen,
Germany) [35, 36]. Briefly, the fiber laser delivers 100 kHz,
435 fs, 1042 nm pulses with maximum pulse energy of 50 pJ.
For laser desorption, the pulse repetition rate was stepped down
to 10 Hz bursts of 20 pulses by combining a 20 Hz chopper and
a 130 Hz chopper. The pulse energy was adjusted by a quarter-
wave plate and a beam splitter cube from 20 pJ to 46.5 pJ. The
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Ti:Sapphire laser was operated at 10 Hz to create 45 fs, 800 nm
laser pulses with maximum pulse energy of up to 5 mJ. The
pulse energy was controlled by a pair of neutral density filters
to be 75—1120 uJ for the purpose of laser desorption. The
samples were placed on a copper sample stage, which was
raster scanned by a two-dimensional microscopy stage
(MLS203-1; Thorlabs, Newton, NJ, USA) below the
nanospray source during laser vaporization. The attenuated
laser pulses from the fiber laser or the Ti:Sapphire laser were
focused onto the sample surface to a ~75 um diameter spot with
a 10 cm lens at 45° incident angle. The resulting intensities of
field were approximately 2.39 x 10'*> W/em?® and 3.77 x 10"
W/em?® when the pulse energy was 46.5 uJ and 75 pJ for the
fiber laser and Ti:Sapphire laser, respectively.

The laser vaporized analytes were captured and postionized
by a nanospray source. A solution containing 1:1 (v:v)
methanol:water with 1% acetic acid was infused to a tapered
silica emitter tip (50 pm i.d., 20 pm tip i.d.; New Objective,
Woburn, MA, USA) at a flow rate of 250 nL/min using a
syringe pump (Model 100; KD Scientific, Holliston, MA,
USA). A stable positive mode nanospray mass spectrum was
observed when the capillary inlet was biased to —2 kV and the
needle was grounded. The sample stage was biased to —1.3 kV
during laser vaporization. The spectrometer was calibrated by
an ESI calibrant solution (63606; Fluka Analytical/Sigma-
Aldrich, Buchs, Switzerland) over a mass range of m/z 50
—2000. The in-source collision region (ISCID) and collision
cell (CID) voltages were set to be 0 and 10 eV, respectively.
Raw mass spectra were acquired at a rate of 1 Hz by Bruker
Compass micrOTOF control software (ver. 3.0; Bruker
Daltonik GmbH, Bremen, Germany). A typical measurement
was performed within 40 s per sample. Within this period, 10
blank spectra and 25 to 30 spectra of the sample were acquired.
Each measurement was repeated at least two times for a total of
50 to 60 spectra per sample.

Data Analysis

The acquired mass spectra were processed in Bruker
Compass DataAnalysis software (ver. 4.0 SP1; Bruker
Daltonik GmbH, Bremen, Germany), including signal aver-
aging, blank subtraction, and mass assignment. The proc-
essed spectra were exported and plotted in Origin 8.0
(OriginLab, Northampton, MA, USA). Peaks were labeled
and confirmed by comparing the blank-subtracted spectra
with the nanospray blank spectra. Features identified from
plant sample were assigned by searching in the METLIN
database [37] (http://metlin.scripps.edu/index.php, last
accessed April 23, 2015) and Plant Metabolic Network
(http://www.plantcyc.org/, last accessed April 23, 2015)
with a maximum mass tolerance of 10 ppm. Identification
of lipids from mouse brain sample were enabled by
accurate lipids database search in METLIN [37]
(http://metlin.scripps.edu/index.php, last accessed April 23,
2015) and LIPID MAPS [38] (http://www.lipidmaps.org/,
last accessed April 23, 2015) with a tolerance of 20 ppm.
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Figure 1. Schematic of (a) F-LEMS and (b) Ti:Sapphire-LEMS experimental setup. Yb, ytterbium-doped fiber; SMF, single-mode
fiber; Ti:S, Ti:Sapphire crystal. M1, M2 are dielectric mirrors coated for 1042 nm and 800 nm wavelength, respectively. L1, L2 are
10 cm focal length lens coated for 1042 nm and 800 nm, respectively. C1, 20 Hz chopper; C2, 130 Hz chopper; QWP, quarter-wave
plate; PBS, polarizing beam splitter cube; BD, beam dump; NDF neutral density filter; NE, nanospray emitter; S, metal sample stage;
MS, mass spectrometer. Magenta and red dotted lines represent the 1042 nm and 800 nm laser beams whereas dark purple and
green solid lines represent the pump laser beams in the corresponding laser systems. Note that the picture is not drawn to scale

All the assignments were further confirmed by comparing
with literature data [12, 33, 39-50].

Results and Discussion

Direct Analysis of Plant Tissue by F-LEMS
and Ti:Sapphire-LEMS Without Any Pretreatment

To compare the capabilities of the fiber and Ti:Sapphire
femtosecond lasers for tissue sample analysis, fresh flow-
er petals were affixed on the stainless steel substrates for
analysis. The mass spectra acquired by F-LEMS and
Ti:Sapphire-LEMS are shown in Figure 2a and b, respec-
tively. The low-energy F-LEMS (46.5 pJ) mass spectrum
displays a broad range of species, including
anthocyanidin-associated flavonoid species. The features
at m/z 581.2 and 727.2, corresponding to cyanidin-
xylosyl-glucoside and cyanidin-xylosyl-rutinoside, and
other anthocyanin features were observed as the domi-
nant species from the flower petal, as listed in Table S-1
in the Supplementary Material. These anthocyanins were
detected as preformed cations (see Supplementary
Material Figure S-1) with modifications including deriv-
atization of mono-glucosides, di-glucosides, acetyl-gluco-
sides, and acetyl-rutinosides. Most of the peaks below
m/z 200 are likely small organic acids, for example,
147.0 was assigned as coumaric acid with the loss of

one water molecule, which are typically found as acyl
functional groups for flavonoid species in the plant [33,
41]. Two features at m/z 867.2 and 1155.3, correspond-
ing to singly protonated procyanidin oligomers with a
degree of polymerization (DP) of 3 (DP3) and 4 (DP4)
[42], were observed in the high mass region of the F-
LEMS spectrum when magnified by 10. The high energy
Ti:Sapphire-LEMS (280 pJ) spectrum displays the same
molecular features with an additional feature of
procyanidin DP5 at m/z 1443.3. Anthocyanins, one of
the most common class of flavonoids, are naturally abun-
dant pigments that help to protect the plant against
excessive UV light radiation [51]. The detection of dif-
ferent anthocyanidins, anthocyanin glycosides, and
procyanidin oligomers from the flower petals by F-
LEMS and Ti:Sapphire-LEMS agrees with previous stud-
ies indicating that flavonoid species were abundant in
plants using LC-ESI-MS [41, 52], atmospheric pressure
MALDI-MS [53], as well as ambient ionization methods,
including DESI-MS [54], ELDI-MS [52], and LAESI-MS
[13, 40]. Note that further analysis with a separation step
or CID and complementary fragmentation techniques are
required to make definite assignment for the detected
flavonoid ion species because of the presence of struc-
tural isomers [55].

To study the role of sample substrate on the laser vaporiza-
tion of plant tissue by femtosecond laser pulses, flower petals
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Figure 2. Blank-subtracted mass spectra for a flower petal affixed on a stainless steel substrate using (a) F-LEMS with 46.5 pJ
pulse energy and (b) Ti:Sapphire-LEMS with 280 pJ pulse energy. Blank-subtracted mass spectra for a flower leaf affixed on a glass
substrate using (¢) F-LEMS with 46.5 pJ pulse energy and (d) Ti:Sapphire-LEMS with 505 pd pulse energy. Inset of (a) and (c) display
the photograph of the flower petal and leaf being analyzed by LEMS. Inset of (b) shows the intensity of representative ions (m/z
147.0,581.2,727.2, and 867.2) plotted as a function of pulse energy (75, 110, 280, and 500 uJ) for the flower petal using Ti:Sapphire-
LEMS. Inset of (d) shows the intensity of representative ions (m/z 163.1, 381.1, 581.2, and 727.2) plotted as a function of pulse

energy (160, 280, 500, and 1120 pJ) for the flower leaf using Ti:Sapphire-LEMS. Note that peaks labeled with ¢ and * are solvent and

unidentified plant features, respectively

were analyzed on the glass substrates and compared with
stainless steel substrates. Glass is a dielectric material that is
transparent at the experimental near-IR laser wavelengths and
is also a poor thermal conductor, and thus thermal desorption
from the substrate was expected to be minimized. The spectra
obtained by F-LEMS and Ti:Sapphire-LEMS laser vaporiza-
tion displayed the same ion species, including the small me-
tabolites and procyanidin trimer, and comparable ion intensities
to results from stainless steel substrates, as seen in
Supplementary Material Figure S-2. This suggests that a fem-
tosecond laser pulse can interact with the plant materials di-
rectly via a nonresonant, multiphoton mechanism without sam-
ple substrate heating. Near-IR fs-LEMS is different from nano-
second UV and IR laser desorption techniques that require
resonant absorption. For instance, direct analysis of secondary
metabolites in plant tissues was enabled using matrix-free UV-
laser desorption/ionization-MS at single-cell resolution be-
cause of a strong absorbance of UV light by the metabolites
[56]. However, the results can be biased as many other plant
metabolites are not strong UV-absorbers and their UV laser

desorption probabilities can be limited. Universal interrogation
of diverse metabolites from the plant sample has been illustrat-
ed by LAESI with 200 pm or higher spatial resolution because
of the resonant absorption of the IR laser radiation by endog-
enous water matrix [13, 15].

Sample pretreatment (e.g., physical stripping [57], sol-
vent extraction [54], or surface imprinting [58]) is some-
times required to remove the cuticular wax layers from
the plant leaf surface for mass analysis when the pene-
tration depth of the desorption probe is limited. Here,
flower leaves were directly analyzed by the femtosecond
laser pulses in the same manner as the flower petal
without any pretreatment. The mass spectrum acquired
using fiber laser vaporization followed by nanospray
postionization (see Figure 2c) revealed similar features
to the measurements of the high energy Ti:Sapphire
laser, as shown in Figure 2d. A list of the assignments
of molecular species from flower leaf by F-LEMS and
Ti:Sapphire-LEMS analysis is provided in Supplementary
Table S-2. Unlike flower petal, peaks at m/z 145.0 and
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163.1, corresponding to protonated glucose with the loss
of two and one water molecules, were observed as the
dominant features in the leaf samples by F-LEMS and
Ti:Sapphire-LEMS. Sucrose-related features at m/z 325.1,
365.1, and 381.1, corresponding to [M — H,O + H]', [M
+ Na]® and [M + K]', were also found in the leaf
samples by LEMS. The observation of these carbohy-
drates is expected as the leaf is the organ where photo-
synthesis takes place. The same anthocyanidin-related
flavonoid features, namely cyanidin-xylosyl-glucoside
(m/z 581.2) and cyanidin-xylosyl-rutinoside (m/z 727.2),
were also observed from the leaf as the petal. The
unique profile of metabolites in the plant, including
flavonoids, carbohydrates, and other metabolites, can
serve as signatures for rapid sample screening and clas-
sification, e.g., discriminating different varieties of
grapes (Accent, Dunkelfelder, and Dakapo) [52], pheno-
types of Impatiens flower petals [33], and color patterns
of a Zebra plant leaf [34], using laser desorption follow-
ed by electrospray postionization MS techniques and
multivariate statistical analysis.

The successful vaporization of plant tissue by the
fiber laser radiation with <50 pJ pulses was unexpected
at such low energy in comparison with the high energy
Ti:Sapphire laser vaporization. To probe the effect of
pulse energy for femtosecond laser vaporization, flower
petals and leaves were analyzed by Ti:Sapphire-LEMS
using pulse energies over an intensity range of nearly
two orders of magnitude (puJ to ml). Unfortunately,
higher pulse energies (~mJ) are not currently available
for the femtosecond fiber laser to perform a power study
at higher energy range for F-LEMS. The mass spectra
measured for a flower petal and a leaf at different laser
pulse energies using Ti:Sapphire-LEMS are shown in the
Supplementary Material Figure S-3 and Figure S-4, re-
spectively. The intensity of representative peaks in the
spectra of petal and leaf are plotted as a function of
pulse energy and are displayed in the insets of
Figure 2b and d. In the analysis of petals, peaks includ-
ing m/z 581.2 and 727.2 increased significantly when the
pulse energy was increased from 75 pJ to 505 pJ, where
the maximum signal was observed at 280 uJ per pulse.
The intensity of procyanidin oligomers also increased at
much higher pulse energies (i.e., 280 and 505 pJ). Note
that the spectra of flower petals by F-LEMS revealed
comparable signal intensities for different glycosylated
and polymerized anthocyanidins in comparison with the
high energy Ti:Sapphire laser measurements. The compa-
rable signal indicates that a femtosecond fiber laser with
lower energy and longer wavelength is viable for laser
vaporization in the analysis of plant materials. The anal-
ysis of leaf samples using Ti:Sapphire-LEMS also re-
vealed higher ion yields at 505 and 1120 pJ, whereas
negligible anthocyanin and sugar molecular features were
observed at 160 pJ. This suggests that sufficiently high
laser pulse energy is required to detect signal in
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agreement with previous Ti:Sapphire-LEMS and F-
LEMS measurements of biological macromolecules [35].
The successful analysis of plant samples using fiber laser
vaporization suggests that the low-energy laser vaporiza-
tion is suitable for the direct analysis of complex bio-
logical systems.

Identification of A Lipid Standard by F-LEMS
and Ti:Sapphire-LEMS Coupled with High
Resolution/Accuracy Mass Spectrometer

Lipids play essential roles in cellular and tissue functions,
including structure, energy storage, and signaling. Studies
have shown that many human diseases (e.g., cancer, diabe-
tes, and neurodegenerative diseases) involve the disruption
of lipid metabolism and/or signaling [59]. An ambient
ionization MS technique with the capability of rapid,
spatially-resolved analysis for lipid detection is therefore
of interest. An investigation of laser vaporization mass
spectrometry of the lipid standard PC(6:0/6:0) was carried
out to test the efficiency of femtosecond laser vaporization
and nanospray postionization to transfer the lipid samples
from the condensed phase to the gas phase for mass
analysis. Previous analysis of PC(6:0/6:0) by Ti:Sapphire-
LEMS using a pulse energy of 2.5 mJ revealed the detec-
tion of parent [M + H]" and fragment [M — N(CHj); +
Na]" ions with the loss of trimethylamine end group [32].
The mass spectra of low-energy F-LEMS and Ti:Sapphire-
LEMS are shown in Figure 3 with a peak at m/Zz 454.3
dominating the spectra, corresponding to protonated PC(6:0/
6:0). Low abundance peaks at m/z 907.5 and 338.2, corre-
sponding to a dimer ion [2M + H]" and a fragment ion [M
— C¢H;,0, + H]" with the loss of one of the fatty acid
chain, were observed in Ti:Sapphire-LEMS and were neg-
ligible in F-LEMS spectra. The analysis of the lipid by
Ti:Sapphire-LEMS with much higher pulse energies at 280
and 505 pJ (see Supplementary Material Figure S-5a) show
elevated intensity of fragment ions of m/z 338.2, as well as
m/z 356.2 and 440.2, corresponding to [M — CgH{,0, +
H,O + H]" and [M — CH, + H]", respectively. The survival
yields calculated from the intensities of fragment and parent
ions decreased from 0.93 to 0.80 with increasing pulse
energy, as indicated in Supplementary Material Figure S-
Sc, presumably due to the more energetic excitation process
under a higher intensity of a laser pulse. When the pulse
energy was increased from 75 to 280 and 505 pJ, two
species formed at m/z 468.2 and 486.3 via the intermo-
lecular SN2 transfer of a methyl group to a parent molecule to
form [M + CH;]" product and [M + CH; + H,0]" water
adduct ions as observed previously when the lipid cluster
ions formed by ESI were subjected to collision-induced
dissociation [60]. These measurements suggest that lipids
can be desorbed intact from the substrates using low-energy
femtosecond laser pulses.

High spectral resolution and accuracy-based mass
measurements play an important role in unambiguous
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Figure 3. Blank-subtracted mass spectra for lipid standard PC(6:0/6:0) adsorbed on a stainless steel substrate using (a) F-LEMS
with 46.5 pJ pulse energy and (b) Ti:Sapphire-LEMS with 75 pJ pulse energy. The insets show the expanded view of the PC(6:0/6:0)

molecular ion peaks in the raw and blank spectra

identification of drugs, lipids, and metabolites species
from tissue samples in mass spectrometry [10, 16]. We
note that the high mass resolving power and accuracy of
our QTOF analyzer enabled the identification of PC(6:0/
6:0). The inset of Figure 3a demonstrates that the mon-
oisotopic peak of PC(6:0/6:0) at m/z 454.2576 is re-
solved from one of the solvent-related blank features at
m/z 454.3445 in the raw spectra, which would otherwise
interfere with and/or obscure the lipid feature. The mea-
sured monoisotopic mass of PC(6:0/6:0) is also only 1.2
mDa difference from its theoretical value 454.2564. The
lack of fragmentation for PC(6:0/6:0) using low-energy
femtosecond laser pulses is an improvement to high
energy Ti:Sapphire laser vaporization, which is beneficial
for intact small molecule analysis by mass spectrometry.

Matrix-Free Analysis of A Mouse Brain Section
by Ti:Sapphire-LEMS

Spatially-resolved ambient ionization MS analysis of an-
imal tissue samples of histologic interest can directly
provide chemical information to better understand the
biological pathways and processes in the tissue.
Molecular profiling and imaging of animal tissue samples
with minimal sample preparation have been demonstrated
by several ambient ionization MS techniques, including
DESI [9, 25, 61], nano-DESI [10, 22], IR-MALDESI
[11, 62], and LAESI [12, 63]. To investigate the possi-
bility of using LEMS for the analysis of animal samples,
mouse brain was chosen in our analysis. A freshly sec-
tioned mouse brain was analyzed by Ti:Sapphire-LEMS
without the deposition of external matrix, as seen in
Figure 4. The mass spectrum revealed abundant ion
features, especially at m/z 700-900 (Figure 4b). These

features were identified as phospholipids, i.e., phosphati-
dylcholine (PC) and phosphatidylethanolamine (PE), and
listed in Table S-3 in the Supplementary Material. The
peak detected at m/z 760.6 corresponds to PC(34:1) and
has been observed previously for the analysis of mouse
brain section by MALDI [47-49], SIMS [45], and
LAESI [12]. The low abundance features in the mass
region m/z <700 are likely fragments of lipids or metab-
olites. For example, the peaks at m/z 551.5 and 577.5
have been suggested to arise from diacylglyceride mole-
cules (M + H — H,0]") [64, 65] but could also be
fragments of different classes of phospholipids with acyl
chains of 32:0 and 34:1, respectively [66]. The ion at
m/z 184.1 corresponds to either free phosphocholine
molecules or phosphocholine fragments of PC lipids,
which supports the detection of phosphatidylcholine spe-
cies from the brain by LEMS. Further analysis by MS/
MS or an ion mobility analyzer are required to confirm
and elucidate the exact chemical structure of possible
isobaric and/or isomeric ions because of the vast struc-
tural complexity and diversity of lipids [10, 63].
Section preparation is an important step in the analy-
sis of animal tissue by mass spectrometry to ensure that
sample integrity is maintained while avoiding sample
contamination [67]. OCT-embedded mouse brain sections
were analyzed by F-LEMS and Ti:Sapphire-LEMS to
investigate the effect of the commonly employed embed-
ding compounds in the process of cryosectioning on
LEMS mass analysis. Figure S-6 in the Supplementary
Material shows the spectra acquired from OCT-embedded
brain samples using F-LEMS and Ti:Sapphire-LEMS.
The lipids observed from fresh sectioned brain sample
shown in Figure 4 were suppressed by species that are
more readily ionized from the OCT compounds,
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including polyethylene glycol (PEG) and a possible poly-
saccharide with repeat units of 44 and 342 Da, respec-
tively. This suggests that sample preparation is important
to avoid ion suppression in the LEMS analysis of animal
tissue samples. The OCT compound embedding process
should be avoided; rather, flash freezing of the tissue
block followed by cryosectioning to produce thin slices
that are amenable to ambient ionization MS analysis [11,
12].

Conclusions

We demonstrated the use of a robust, turnkey femtosec-
ond fiber laser to directly analyze tissue samples without
the need for external matrix deposition. The results ob-
tained with the low pulse energy (50 pJ) fiber laser
source were comparable with analysis using a high en-
ergy Ti:Sapphire laser. The similarity of results with two
different laser wavelengths suggests that femtosecond
laser vaporization involves a nonresonant, multiphoton
mechanism to enable universal analysis. Small metabo-
lites, particularly anthocyanins, sugars, and their deriva-
tives, were desorbed from plant samples. Various phos-
pholipids were detected from mouse brain samples using
femtosecond laser pulses from the Ti:Sapphire laser. The
measurements are of interest for matrix-free mass analy-
sis of tissue samples for the application of molecular
imaging and tumor classification. The use of OCT com-
pounds during tissue cryosectioning is detrimental for
subsequent LEMS analysis.

The current study lays the groundwork for molecular imag-
ing of plant and animal tissues using low-energy, femtosecond
laser vaporization and electrospray postionization with mini-
mal sample pretreatment. The femtosecond fiber laser has the

advantage of being a turnkey, robust, and affordable laser that
is amenable to non-specialist laboratories. With the rapid ad-
vances being make in fiber laser technology, the near-IR fem-
tosecond laser desorption ambient ionization source may ben-
efit from the development of femtosecond fiber lasers with
milijoule pulse energy. MS/MS analysis such as collision in-
duced dissociation may also be used in the future to validate the
molecular assignments made by high spectral resolution and
accuracy based mass measurements.
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