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ABSTRACT

This dissertation elucidatéseinstrumentatiorand applicatiof a hybrid ambient
ionization source, laser electrospray mass spectrometry (LEM#)efdirect analysis and
molecularimaging ofbiological tissuewithout matrix depositionin LEMS, laser pulses
from a Ti:Sapphire laser amplifié80 fs, 800 nm, and 1 miiteract with surface analytes
and transfer them froitihe condensed phase into the gas phase witiheutequirement of
either exogenousiatrix or endogenous water in the sample. The laser vaporized analytes
arecaptured and ionized by an electrospray source, and finally detectecdsg amalyzer.

It was found tha& turnrkey, robust femtosecond fibaser with longer wavelength, longer
duration, and lower pulse energy1042 nm 425 fs and50 pJ, respectively, provided
comparableresultswith the Ti:Sapphire laseNaporization of intact, dried or aqueous
cytochrome ¢ and lysozyme samples was detrates! by the fiber laseA charge states
distribution at lower charge stataasdicating blded conformation of proteins and the
hemog! obi nhemé conpldfom iwhole bloodwas observedEndogenous
anthocyanins, sugars, and other metabolites wetecttd and revealed the anticipated
metabolite profile for the flower petal and leaf samples by the fiber laser. Phospholipids,
especially phosphatidylcholine, were identified from a fresh mouse brain section sample.
These lipidfeatureswere suppressec iboth the fiber laser and Ti:Sapphire LEMS
measurement in the presence of optimal cutting temperature compounds which are
commonly ued in animal tissue cryosectioning

This dissertation also detsihe design of an automatecss spectrometry imaging
sourcebased on the Ti:Sapphire LEMS. The laser, translation stage, and mass analyzer are



synchronized and controlled using a customized user interface to enable/-step
scanning othe area of interest on a given tissue sampie imaging source isoupled

with a high resolutioaccuratenassquadrupole timef-flight (QTOF)mass analyzewith
tandem mass analysis capability.lateral resolution of 60 um was demonstrated on a
patternednk film by LEMS imaging Plant metabolites including sugar atthocyanins

were directly imaged from a leaf sample. Small metabolites, lipids and proteins were
simultaneously imaged from a single tissue sectioa @ liver sample. Biomarkersf
blood-brain barrier damage and traumatic brain injury (tB&occured during the injury

were detected and imaged from a TBI mouse brHme loading values frorprincipal
component analysis (PCAere shown to be useful fatentificationof features of interest

from the large LEMS imaging dataset.
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Figure 5.12. Principal component analysis of the TBI mouse brain LEMS imaging data.
The principal component images (top) and their corresponding loalditsy(pottom) are

Figure 5.13. Principal component analysis of pig liver LEMS imaging data. The principal
component irmges (top) and their corresponding loading plots (bottom) are shoWiil

XiX



CHAPTER 1

INTRODUCTION

1.1 lonization Methods for MassSpectrometry

Mass spectrometry (MS) has the advantage of detecting multiple analytes in parallel
qualitatively or quantitatively without any labelifij. Because of these advantages, mass
spectrometry has been an attractive tool for bioanalysis applications, such as structural
elucidation of pharmaceuticals and their metabolites, discovery of endogenous biomarkers,
and quantitation of compounds in biologi matrices. A critical step in mass spectrometry
is conversion of the samples into gas phase ions, or ionization. Before the 1980s, the mass
analysis of biomolecules was mostly limited to compounds with masses less than 1 kDa.
The detection of nonvolaél macromolecules, such as polymers and proteins, was
revolutionized with the invention of electrospray ionization (BE3J)and matrixassisted
laser desorption ionization (MALDI[B, 4]. Recently ambient ionization techniques have
enabled thén sity, red time analysis of both small and large molecules from a surface with

minimal sample preparatidb, 6].

1.1.1 Electrospray lonization

In the electrospray ionization (ESI) source, a sample typically needs to be
homogenized and dissolved in solvent, arttiésn infused through a tip with a diameter of
~100 pum where a high pressure nebulizing gas%Q@si) and high tip voltagei8 kV)
are applied. As a result, the solvent breaks into small, charged droplets, and these droplets
undergo solvent evaporati@nd Coulomb fission to generate smaller progeny droplets.
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These progeny droplets will undergo further desolvation and become gas phase ions. In the
case of a miniaturized version of ESI, nanoelectrospray {B&tp a stable electrospray

is obtained usingmaller tip diameter (< 50 um) and lower flow rate (nL/min) without the
requirement of nebulizing g4g]. NancESI has lower sample consumption and higher
salt tolerance in comparison with conventional ESB].

ESI is well suited for ionizing intact nexrules, including small organic and
inorganic molecules, drugs, lipids, peptides, nucleotides, polymers, and pfbfelzsge
molecules, e.g., a protein, are likely to be multiply charged and thus can be detected in a
lower mass range. When a nondenatyisolvent is used, noncovalent protpnmotein and
proteinligand complexes and tertiary protein conformation are preserved during the ESI
procesq9]. Analytes as large as a tobacco mosaic virus (40 MDa) consisting of a 6395
nucleotide strand RNA sumaded by approximately 2140 protein subunits has been
successfully electrosprayed intact and detected by mass spectr{itfgtihe power of
ESEMS is leveraged when coupled with a separation technique such as capillary
electrophoresis (CH)1] or liquid chromatography (LCJL2]. The addition of a separation
step can separate chemical species from a mixture and acquibdES§iectra while the
species are eluting, allowing for increased sensitivity and compound coverage for complex
sample analysis. Despitthe aforementioned advantages of ESI, major shortcomings
include the requirement of extensive sample preparation and loss of spatial information
during the analysis. As a result, ESI is not suitable for mass spectrometry imaging analysis

where the spatiaistribution of molecules will be mapped on the sample surface.



1.1.2 Matrix-Assisted Laser Desorption lonization

Laser desorption ionization (LDI) was used for mass analysis of solid materials
shortly after the invention of Ruby lagéB]. LDI was limited to small molecule analysis
because large molecules tend to fragment in the presence of high energy, nanosecond
duration laser irradiation. Hence, different research groups started exploring the possibility
of adding a matrix for intact macromoleculeabysis, also known as matrassisted laser
desorption ionization (MALDI)3, 4, 14] The matrix serves as an absorbing media to
resonantly absorb the energy from the laser to induce desorption. The matrix then carries
the sample mixture into the gas phaseminimize sample fragmentation. The focused
nanosecond UV laser beam desorbs and ionizes analytes allowing detection.

MALDI is particularly suitable for large molecule analysis, including synthetic
polymers and proteins. The detection of low abundasmoall molecules with low
resolution mass analyzer can be difficult because of the interference from the abundant
matrix ions in the low mass range. One way to circumvent this problem is to monitor the
fragment ions instead of the parent ion from the spafienterest by coupling the MALDI
source with tandem mass spectrometry (MS/MS) analysis; high specificity can be achieved
in this manner for small molecule analydiS]. A critical step in MALDI analysis is matrix
deposition. First, matrix must be depos ed homogenously on the ¢
spotso and assure r epr oduc[l6h sublimationld, eri ng e
electrospray depositigi8]. Secondly, the choice of matrix depends on the compounds of
interest . -Gyao4-hedrogycmmame acidditrobenzoic acid (CHCA) is used
for low molecular weight peptides while sinapinic acid (SA) is more suitable for high
molecular weight proteins. For phospholipids, -@iBbydroxybenzoic acid (DHB) is
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recommended19]. Although MALDI at atmospheric pressure (AP MALDI) has been
developed?20, 21] the MALDI source is typically placed in the vacuum chamber to couple

to the mass spectrometer, which is not suitablenfsity, real time analysis.

1.1.3 Ambient lonization

The concept bambient ionization emerged with the introduction of desorption
electrospray ionization (DESI[R2]. Ambient ionization allows direct analysis of the
sample under atmospheric pressure without extensive sample pretreatment. Ambient
ionization techniques ka been reviewed in det§d, 6, 23] In spatiallyresolved ambient
ionization MS, a solvent sprdg2], liquid extraction prob¢24, 25] plasma streari6,

27], or laser beari28, 29]is typically scanned over the sample to sample molecules from
a given region of the surface. An additional postionization step, such g2%S0]
chemical ionization (CI)31], or photoionization (PI)32], may be required depending on
the ionizatiorefficiency of the desorption probe. The goal of direct analysis and molecular
imaging of complex biological systems, ranging from whole §88y34]to tissue section,
body fluid[35, 36] and single cell37, 38] has been one driving force for the deyhent

of ambient ionization.

Here, ambient ionization sources used for molecular imaging under atmospheric
pressure with minimal sample preparation will be reviewed. Figure 1.1 summarizes the
number of publications searched in Web of Science for amb@mtation mass
spectrometry imaging since 2006 using keywords ambient mass spectrometry imaging or

atmospheric pressure mass spectrometry img@®ig Reviews, book chapters, protocols
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Figurel.1l. Numberof publications of ambient ionization mass spectrometry imaging.

and conference papers are excluded. The most widely used ambient or atmospheric
pressure imaging ion sources are composed of electrospray, liquid extraction, or laser probe

based methods.

1.1.3.1 Desorption Electrospray lonization

In desorption electrospray ionization (DESI), charged droplets from a
pneumatically assisted electrospray emitter impinge the sample surface, and secondary
droplets with analytes contained are desorbed from ti@cgl as seen in the schematic of
DESI in Figure 1.240]. A droplet pickup model where condensed phase analytes are
solvated by the impinging droplets is suggested as the primary desorption mechanism in
the analysis of biomolecules by DERIL]. The secndary droplets will undergo solvent

evaporation, become gas phase ions and transfer to the MS inlet in a similar manner as ESI.
5
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Figurel.2. Schematic of desorption electrospray ionization (DESI).

1.1.3.2Direct Liquid Extraction

In direct liquid extraction techniques, a confined liquid microjunction is formed
between a solvent flow probe and sample surface to extract and desorb analytes from the
surface for mass analyd¥2]. There have been several dint designs of direct liquid
extraction techniques, including liquid microjunction surface sampling probe-G@3R)
[24], liquid extraction surface analysis (LESP)3], nanospray desorption electrospray
ionization (naneDESI) [25], and the Single probg8]. A schematic of nanrDESI is
shown in Figure 1.3. A liquid microjunction is formed by two capillaries: the primary
capillary supplies solvent to the microjunction, while the nanospray capillary removes the

solvent containing the dissolved analytes gederates charged droplets at the MS inlet.

Figurel.3. Schematic of nanospray desorption electrospray ionization-{D&Sd).



1.1.3.3 Laser Desorption and Postionization

Comparing with laser desorptiaonization (LDI) under vacuum condition, the
mass analysis by LDI at atmospheric pressure is very difficult because of the collisional
loss of ions with ambient background gas molec[28§ The addition of an atmospheric
pressure ionization method, ¢.6SI, following laser desorption greatly increases the ion
yield as the number of neutrals desorbed by the laser beam far exceeds the number of ions
[44]. I n 2005, Shieads group demonstrated dir
and proteins at atmospheric pressure by coupling UV laser desorption with electrospray
ionization, known as electrospragsisted laser desorption/ionization (ELD2P]. A
schematic setup of laser desorption followed by electrospray postionization is shown in
Figure 1.4. The laser vaporized analytes from the sample are captured and ionized by the
charged droplets from electrosprgf5]. Several laseelectrospray hybrid abent
ionization sources using different wavelength (UV, IR, and-tReRpand pulse duration

(nanosecond, picosecond, and femtosecond) will be discussed in detail in Section 1.2.4.

Laser

Emitter

— T

LAY

Figurel.4. Schematic blaser desorption coupled with electrospray ionization.




1.2 Ambient lonization Mass Spectrometry Imaging
1.2.1 Introduction to Mass Spectrometry Imaging (MSI)

Imaging techniques for characterizing biological samples include magnetic
resonance imaging (MR[%6], white light microscopy, infrared microscof7], Raman
microscopy[48], fluorescence microscog9], and mass spectrometry imagid@, 51}
Labelasssted fluorescence microscopy offers exquisite spatial resolution (<ipuwiy,o
or ex vivq but relies on labeling/staining probes. Lafvek techniques such as infrared
and Raman microscopy can interrogate the sample with submicron lateral resolation i
noninvasive manner. However, optical signal from vibrational modes provides a limited
amount of chemical information. Mass spectrometry imaging (MSI) provides excellent
chemical specificity, and multiple compounds can be measured in parallel withhout an
labeling. MSl is, however, destructive to biological sample.

In mass spectrometry imaging (MS3ample material is desorbed from the surface,
ionized, and detected by a mass analyzer as a function of spatial location, providing the
distribution of moleules on a sample surface. Given the high sensitivity and molecular
specificity, MSI demonstrates significant potential for application in areas such as imaging
drugs, lipids, proteins and metabolites in tissig&s 53] mapping chemical residues in
latert fingerprints[54, 55] and discovering biomarkers for tumor detec{®, 57]

Table 1.1 summarizes the parameters, including sample requirement, spatial
resolution, pixel time, and type of analytes, for different MSI techniques used for biological
tissue imagingSpatial resolution is a key parameter for any MSI method, and it is mainly
determined by the size of the probe. For example, DESI is routinely operated at 200 pm
spatial resolution, which is directly affected by the erosion diameter of thedpEsy jet
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Table 1.1. Comparison of typical parameters of different mass spectrometry imaging

techniques for tissue imaging.

lonization Sample Spatial Pixel | Type of Ref
Source Requirement, Resolution | Time | Analytes
. 10i 100 pm
d(';"it;i‘ion (typically), Lipids,
MALDI UV laser P 1i 2 pm 0.03 s| peptides, | [57-59]
and vacuum :
i (best proteins
condition
reported)
200 pm Small
Solvent (typically), molecules,
DESI spray None 35 um (best 1.16s lipids, [60, 61]
reported) peptides
Ideally flat 100 150 Small
sample, non m molecules
nanc Liquid flat sample is (t ‘ilcall ) 5 linids | [42, 62,
DESI probe possible with yp g P 'd’ 63]
height 12 pum ( dest peptides,
tracking reported) proteins
Laser 100 pm Small
desorption (typically) molecules,
LEMS None ’ 2s lipids, [64]
electrospray 65 pm (best :
OGN peptides,
ionization reported) .
proteins




on the sample surfadé5]. Spatial features of approximately 35 um on a mouse brain
cerebellum tissue section were resolved by DESIusing a combination of smaller step
size, slower step scan rates, shorter MS scan, plus the use of morphologically friendly
solvent (DMF/EtOH 1:2and relatively low solvent flow rafé1]. For direct liquid extract
techniques, like LM:BSP and LESA, the size of the liquid microjunction limits the spatial
resolution to >500 um. The size of the liquid junction can be significantly reduced to 8 um
by optimizing the microjunctiorsurface distance using a nooaxial configuration with
pulled capillaries in nar®ESI, enabling MSI with a resolution of 12 um on a dye film
[66]. In laserbased MSI ion sources, the size of the laser probe is relatively easy to control
by laser focusing optics in comparison with electrospray and liquid extraction based
approaches. However, there is also a t@affidbetween the size of the probedathe

sensitivity. Smaller diameter laser spots desorb less material for subsequent ionization.

1.2.2 Desorption Electrospray lonization MSI

The potential of DESI for spatialyesolved analysis was first introduced in the
Cooks group by scanning the &l®spray probe over a cross section of a plant stem, and
the signal of coniceine was observed to change over the[2Bnlater, a DESI source
coupled with an automated stage scanning system was introduced and applied for imaging
of Rhodamine dyes sefded on thidayer chromatography (TLC) platgg7]. Wiseman
et al.[68] demonstrated the first example of tissue imaging by EMSwhere lipids were
observed from a coronal rat brain tissue section at negative mode using methanol/water as
spray solventSince then, DESI imaging of small metabolites and lipids has been applied
to tissues including dog bladd&9], human plaqu§Z0], human kidney71], human lens
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[72], rat spinal cord73], and porcine and rabbit adrenal glafid4]. Threedimensional
visualization of lipids in a mouse brain model was constructed from a set of 2D ion images
by analyzing consecutive sections of the bif&i®]. The spatial resolution of DESI is
routinely operated at 200 pm, although 35 pm was reported on one study in wdtieh sp
features as small as 35 pm was observed on a mouse brain cerebellum tissue section by
systematic optimization of the experimental condif@h].

Imaging lipids using DESI has been shown to be useful for tumor detection and
classification[76]. In ore study, distinctive lipid profiles associated with sulfatides and
galactoceramides were observed from human brain astrocytomas tumors with different
degree of malignandy’7], and from human brain tumors from different histology types,
including oligodendbglioma, astrocytoma and meningiofi7d]. Clozapine and its main
active metabolitedN-desmethylclozapine and clozapiNeoxide were imaged in brain,
lung, kidney, and testis of orally dosed {&2]. Comparison of DESI imaging with whele
body autoradiogiphy (WBA) for wholebody tissue sections of mice intravenously dosed
with drug propranolol was mad84]. Nominal agreement for the relative distributions of
propranolol in the brain, lung, and liver was observed between the ion signal from DESI
and the adioactivity from WBA. lon images of natural products from leaf samples by DESI
show the distribution of plant metabolites and secondary metabolites afeegtraent,
including physical strippin§79], solvent extractiof80], and surface imprintinf81].

DESI is not effective for mass spectrometry imaging of large molecules from tissue
samples. In one study, MALENMIS was combined with DESWS for the imaging of small
analytes and large proteins from a single mouse brain sg82pnPrewashing tissue
section with organic solvent and coupling DESI ion source with an ion filtering device,
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high-field asymmetric ion mobility spectrometer (FAIMS), were adopted to remove the
interference from small analytes, and DESI was able to image cardiolipins (<2k®a)

failed to detect large proteins from the tis§8(@].

1.2.3 Nanospray Desorption Electrospray lonization MSI

Nanospray desorption electrospray ionization (rRESI) has been used for
imaging of small metabolites and lipids from rat brgifi, 84] mouse spinal corfB5],
human kidney66], and bacterial colonj2, 86] Threedimensional imaging of a mouse
uterine sample was enabled by imaging ~20 successive 12 um thick sections with a spatial
resolution of 150 unfi87]. Proteins, including ubiquit n -thynfosin, myelin basic protein,
and hemoglobin, were spatially mapped by nBSI| from a mice brain section after
rinsing the section with chloroform to remove small anal{#8. The spatial resolution
of naneDESI for tissue imaging is about IAH0 pm, although 12 um was reported for
dye film imaging using pulled capillari¢6]. A critical parameter for naRDESI imaging
is to keep the distance between the probe and the sample constant to prevent the probe from
crashing or losing contact withé sample. Biological samples with complex topography
such as bacterial colony have been imaged by integratingDB&8b with sheaifforce

probe to constantly control the distance between the sample andDE&i@robg87].

1.2.4 Laser Desorption and Elgcospray lonization MSI
1.2.4.1 ElectrosprayAssisted Laser Desorption/lonization

Electrosprayassisted laser desorption/ionization (ELDI) uses a nanosecond UV
laser (337 nm, 4 ns) to ablate sample material from the tissue for ESI postionization. Even
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though ELDI was introduced in 2005, the first example of tissue imaging was not
demonstrated until 201f89]. Two types of fungusizanoderma lucidunand Antrodia
camphoratewere imaged by ELDI with a spot size of approximately 100 x 150[$@h.
Several ionglistributed on the skin compared to the interior ofGhéucidumsection.
Continuous liquid flow probe has also been demonstrated as an efficient source to
capture UV nanosecond laser vaporized material and infuse the analytes to ESI ionization
by the Van Berkel group at Oak Ridge National Laboratf#9-92]. In one study, a
continuous flow surface sampling probe was placed in close proximity to the surface to
collect the plume produced by laser ablation using a 337 nm laser with 11 ns pulse width.
A spdial resolution of approximately 100 um was obtained for chemical imaging of blue
ink film [90]. In another study, a chemical image of a selected lipid was obtained with an
estimated imaging resolution of about 50 pum from a mouse brain section, based on th
smallest feature distinguished in the im4ge]. Using a O6cut and dro
microdissections as small as 20 x 20°pmere cut on a commercial laser microscope and
dropped into the flowing solvent of a liquid capture probe. Absolute quamritattia drug,
propranolol and its metabolite, was achieved from mouse brain, kidney, and liver tissues

[92].

1.2.4.2 Laser Ablation Electrospray lonization

IR lasers have seen increased use for laser ablation taking advantage of the
abundant water conteint the sample since the application of IR lasers in MA[93] and
AP MALDI [28] for biological sample analysis. Direct LDI using an infrared laser (2940
nm) was used for the imaging of plant tissue under atmospheric pressure without
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application of an external matr{28]. The endogenous water in the plant serves as the
matrix because the strongtD vibrational mode absorbs the IR laser pulse. Similar to

ELDI, laser ablation electrospray ionization (LAESI) couples IR laser ablatiom wit

electrospray ionizatiorj35]. The LAESI signal increased by one or two orders of

magnitude compared to APHEDI without electrospray ionizatiof94].

LAESI has been predominantly applied for plant tissue imaging-dimensional
imaging of zebra plaréaves resulted in ion images corresponding to the green and yellow
regions of the leaf with a lateral resolution of ~350 [@%]. Threedimensional imaging
of metabolites of in the plant was demonstrated by continuously scanning the leaf layer
by-layer wih lateral and depth resolution of 300 and 30 pm, respec{®&]yIn situ celt
by-cell imaging ofAllium cepaepidermal cells was enabled by focusing the laser pulses to
30 to 40 um ablation spot diameter through the etched tip of a-Gas@d glass fdr[37,

97]. In addition, imaging of small metabolites and lipids in rat brain tissues was studied by
LAESI [98]. However, a peltier cooling stage was required to maintain the water content
of the tissue during the analysis time of 3 hours. Coupling tHeSIMS ion source with

ion mobility separation allows the detection of isobaric ions and enhances the coverage of
small metabolites frorRelargonium peltaturteaf and mouse bra[89]. In a recent study,
metabolites and lipids i&. coliandB. subtilisbacterial colonies were imaged by LAESI

MS to study the antibiotic inhibition of bacterial groyi®0].

1.2.4.3 Matrix-Assisted Laser Desorption Electrospray lonization
Like MALDI, matrix-assisted laser desorption electrospray ionization (MALDESI)
uses a MLDI matrix to improve the desorption of analytes by a UV nanosecond laser
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[101]. The desorbed analyte plume is then ionized by electrospray under atmospheric
pressure. Multiply charged peptides and proteins were detected by MALDESI using a UV
laser when tte analytes were mixed with MALDI matric¢s01]. But the concept of
MALDESI using an organic matrix was never applied in chemical imaging. Later, the UV
laser was replaced by an IR laser irNRRLDESI and endogenous water in biological
tissue was used asmatrix, just like LAESI. Spatial images of lipids were demonstrated
from mouse heart and lung samples at a spatial resolution of 200 pmNRLRESI,

and spatial features as small as 45 um were resolved by oversampling methods where 30
pm laser spot sgang was used in mouse brain tissue samd@g]. The distribution of

drug lapatinib and its metabolites in the liver tissue of a dosed dog was studied by IR
MALDESI and demonstrated comparable results withMXLDI [103]. Pharmaceutical

drugs and endogeans lipids in wholebody sections of neonate mouse was also shown by
IR-MALDESI [104]. In one study, lipids corresponding to the mesocarp and exocarp
regions of a cucumber fermented and stored in 1 M sodium chloride brine were imaged by

IR-MALDESI without the need of any desalting procés85].

1.2.4.4 Picosecond Infrared Laser Ablation Electrospray lonization

One of the drawbacks of using nanosecond lasers to ablate biological tissue
samples, e.g., in ELDI, LAESI and MALDESI, is the extensive thermali¢isilamage
outside the ablated zone in comparison with picosecond or femtosecondl@6€i88].
Picosecond infrared laser ablation electrospray ionization-(RIESI) combines a
picosecond IR laser (2880 nm wavelength and 80 ps pulse duration) ahlation
electrospray ionization for biological tissue analy$@9]. In this study, the distribution of
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endogenous metabolites in zebra plant leaves was imaged with a lateral resolution of 100
pm. A chemical reagent, gadoteridol, was found to be predomyndistiributed in the
medulla region compared to cortex region in a mouse kidney injected with gadoteridol by

PIR-LAESI.

1.2.4.5 Laser Electrospray Mass Spectrometry

Laser electrospray mass spectrometry (LEMS), proposed in the Levis group in
2009, integrates femtosecond duration laser pulses from a Ti:Sapphire laser (50 fs and 800
nm) for vaporization with electrospray ionizatifiil0]. In LEMS, the femtosecond laser
pulses will interact directly with the analytes via a nonlinear, multiphoton excitation
mechanism because of the high laser intensity provided @®3 W/cn?). This intensity
is 6 to 7 orders of magnitude higher than methods that use nanosecond lagets. Di
analysis of a variety of biomolecules was successfully demonstrated by LEMS without any
matrices, including pharmaceuticfddl 1], lipids [112], proteins[113, 114] whole blood
[112, 113] milk [112], plant[115, 116] and animal tissue sampl&4]. Recently, a
commercial turrkey femtosecond fiber laser with longer duration (435 fs) and lower
energy (50 puJ) was compared with Ti:Sapphire laser for direct analysis of lipids, proteins,
flower and mouse brain samples, and showed comparable laser idescapability[117,

118].

The spatial imaging capability of LEMS was first shown by scanning an oxycodone
film deposited on a stainless steel sample slide with 250 um spatial st¢pldizeMass
spectra from selected green and white regions of a demjflevere detected with distinct
molecular profiles, suggesting the potential of LEMS for biological tissue im§birkd.
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Femtosecond laser desorption, an automated XY position sampling stage, and a high
resolution accurate mass mass spectrometer wereh®nized using a custom user
interface. The source provided a spatial resolution of ~60 pum measuring an ink pattern
[64]. Features corresponding to the vein and-vein area of a plant leaf were also
successfully resolved by LEMS imaging, and will becdissed in Chapter 4. Statistical
analysis, principal component analysis and nonnegative matrix factorization, can be
applied to the LEMS imaging dataset (>1 GB) for automated feature extraction within
minutes. Chemical imaging of animal tissue sampldudicg pig liver and mouse brain,

by LEMS will be discussed in Chapter 5.

1.3 Scope of this Dissertation

In Chapter 2a turnkey femtosecond fiber laser with a pulse duration of 435 fs and
a wavelength of 1042 nm was used to investigate the vaporizafioiological
macromolecules from the condensed phase into the gas phase for nanospray ionization and
mass analysis. The mass spectra from cytochrome ¢ and lysozyme samples with the low
energy, longeduration fiber laser were compared with results froghl@nergy (500 puJ),
45 fs, 800 nm Ti:Sapphieased femtosecond laser. The effect of sample substrate, sample
volume, and pulse energy was investigated in the laser vaporization step of aqueous protein
samples. Direct analysis of hemoglobin subineine conplex from whole blood was
enabled by the fiber laser.

Ambient molecular analysis of biological tissue using the lesvaargy, longer
duration femtosecond fiber laser is highlighted in Chapter 3. LEMS mass spectra of flower
petal and leaf samples were caargd between the fiber laser and high energy Ti:Sapphire
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laser. Anthocyanins, sugars and other metabolites were detected and revealed the
anticipated metabolite profile. Phospholipids were identified from a mouse brain sampling
using Ti:Sapphire LEMS withd matrix deposition. The effect of optimal cutting
temperature compounds on ion suppression were studied in the analysis of brain species.
Chapter 4 details the design of a high spatial and mass resolution LEMS source,
including instrumental design, softwe development and data analysis. The Ti:Sapphire
laser, translation stage, and mass analyzer are synchronized to enalestégpscanning
of tissue sample for mass analysiteasurement of a patterned ink film was shown with a
lateral resolution of 60 um by LEMS. Metabolites including sugar, anthocyanins and
other small metabolites were successfully mapped from plant samples without
oversampling using a spot size of 60 x 70?um
Animal tissue imaging using the LEMS imaging source is highlighted in Chapter
5. Small metabolites, lipids and proteins are simultaneously vaporized directly from the
tissue into the gas phase by a single femtosecond laser pulse (800 nm, 1.5 mJ, 50 fs) and
ionized by electrospray droplets. Lipids, including glycerophosphocholine (GPC),
lysophosphatidylcholine (LysoPC), phosphatidylcholine (PC) and bile acid, were detected
from pig |liver samples without appliacation
and its moneand diglycosylated derivatives were spatially imaged in the liver sample.
Grey and white matter regions of a mouse brain section were spatially resolved in the
LEMS imaging measurement. Molecular signatures, including free heme, hemogldbi,
and b subunits, accompanied by LysoPC(16: 0
traumatic brain injury (TBI), indicating that blodatain barrier disruption occurred during
the injury. Potential biomarkers of TBI were also detected from tha lmjairy region.
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CHAPTER 2
DIRECT ANALYSIS OF INTACT BIOLOGICAL MACROMOLECULES
BY LOW -ENERGY, FIBER-BASED LASER ELECTROSPRAY

MASS SPECTROMETRY

2.1 Overview

In this chapter, a fibelbased laser with a pulse duration of 435 fs and a wavelength
of 1042 nm was used to vapaibiological macromolecules intact from the condensed
phase into the gas phase for nanospray postionization and mass analysis. Laser vaporization
of dried standard protein samples from a glass substrate by 10 Hz bursts of 20 pulses having
l10puspulsesepart i on and < 50 €J pulse energy resu
substrate. The protein signal observed from an aqueous droplet on a glass substrate was
negligible compared to either a droplet on metal or a thin aqueous film on glass. The mass
specta generated from dried and aqueous protein samples by thenkrgy, fiber laser
were similar to the results from high energy (500 pJ), 45 fs, 800mnm Ti:Sajaisieel
femtosecond laser electrospray mass spectrometry (LEMS) experiments, suggesting that
the fiberbased femtosecond laser desorption mechanism involves a nonresonant,
multiphoton process, rather than thermal photoacousticnduced desorption. Direct
analysis of whole blood performed without any pretreatment resulted in features

correspondig to hemoglobin subunlieme complex ions.
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2.2 Introduction

With the advent of electrospray ionization (E$l] and matrixassisted laser
desorption ionization (MALDI)2, 3], mass spectrometry (MS) has become a powerful
tool for analyzing macromolecules including synthetic polyrfrsnucleic acid$5], and
proteins [6-8]. One of the limitations of ESI and MALDI is that extensive sample
preparation €.g.,solvent extractionchromatographic separation, or matrix deposition) is
required to remove analytes from their native environment and enable af&l{§is For
example, a given sample typically needs to be homogenized and dissolved in a moderately
polar organic and agoes solvent mixture for ESI analysis. However, this solvation
process will modify the chemical composition or structural conformation of the analytes of
interest (.e., protein or proteirsubstrate complex) unless great care is tgk&h MALDI
requiresthe application of a matrix that cocrystalizes with analyte(s), and this process may
also interfere with the samplg2]. Ambient ionization methods emerged with the
introduction of desorption electrospray ionization (DESIpwing direct sampling from
the surface under ambient conditions with little sample prepargti8h Ambient
ionization has the advantages of short analysis time, little or no sample preparation, and
the ability to interface with most mass analy48rsl0, 14] Ambient MS techniques have
been applied for forensi¢$5, 16} explosiveg17-19], food[20, 21], pharmaceuticald 7,
22], environmental[20, 23] and biomoleculg24-27] analysis, as well as molecular
imaging[22, 26, 28]

The characterization of biological macromolecules under ambient conditions is
used for proteomics researf20]. Dried lysozyme was directly analyzed from a PTFE
substrate by DESI and produced mass spectra similar to conventiordSH $8]. Hybrid
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laserbased ambient MS techniques can directly transfer protein analytes to an electrospray
source for postionization. Two sudhbchniques, laser ablation electrospray ionization
(LAESI) [26] and infrared matrbassisted laser desorption electrospray ionization (IR
MALDESI) [30], desorb analytes from watgch biological samples through a phase
explosion wherein a 2.94 pym nanosed laser resonantly excites the vibrationaHO
stretching mode of water molecules.Similarly, lasefinduced acoustic
desorption/electrospray ionization (LIAD/ESI) desorbs neutral molecules for ESI
postionzation, including large biomolecules, off a surface through a shockwave resulting
from the ablation at the rear side of an aluminum foil substrate by a focused laser beam
[31].

Laser electrospray mass spemetry (LEMS) employs a 1 mJ, 800 nm laser pulse
with a pulse duration as short as 70 fs for vaporization and an electrospray ion source for
capture and postionization of vaporized analytes at atmospheric pressure with little sample
preparation Nonresomant, multiphoton vaporization occurs without the aid of a matrix
because of the high laser intensit§ @~ 10" W/cn?) applied. This intensity i6i 7 orders
of magnitude higher than the intenditynanosecond laser, for example, in MALDI (£10
Wi/cn?) [32]. LEMS has been applied to analyze a variety of samples including peptides
[32], lipids [33], proteins[24], pharmaceutical$22], explosives[18, 19] smokeless
powders [34], plant tissues[35, 36] milk, and whole blood[33]. Quantitative
measurements of multicomponent mixtures of small mole¢8#@snd proteing38] using
LEMS showed similar dynamic range as conventional ESI while having minimized ion

suppression due to a higher limit of detection.
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However, wider applicatio of LEMS is hampered by the cost and robustness of
the femtosecond laser amplifier in comparison with more common nanosecond UV and IR
lasers. Laser pulses centered at 800 nm with high pulse energy (uJ to mJ) and controllable
repetition rate (1000 Hz) ae created by a commercial Ti:Sapphire (Ti:S) amplifier using
chirped pulse amplification (CPA) technigg®]. With the development of femtosecond
fiber lasers, generating higdmergy pulseasing rareearth doped fiber as the gain medium
offers a robustlesign at a fraction of the cost and space of a Ti:S laser ampllier

Here, the mass analysis of biological macromolecules using an yttedoipeal
fiber-based femtosecond laser for vaporization and a nanospray source for postionization
were exploredVaporization of cytochrome ¢ and lysozyme was performed from both
stainless steel and glass sample slides with proteins in the dried or aqueous state. The
measurements were compared to 800 nm experiments to determine whether nonresonant
vaporization care used to vaporize large biomolecules using longer wavelength, longer
duration laser pulses with lower pulse energy. The possibility of photoacoimed

desorption was studied. Finally, laser vaporization of whole blood was investigated.

2.3 Experimental Section
2.3.1 Sample Preparation

Stock solutions of horse heart cytochrome c (Siddaaich, St. Louis, MO) and
chicken egg white lysozyme (USB Corporation, Cleveland, OH) were prepared inrHPLC
grade water (Fisher Scientific, Fair Lawn, NJ) at cotregions of 1 mM and then diluted
to 250 uM with water for laser vaporization experiments. For vaporization of dried
samples, 15 pL of the 250 uM protein solutions were spotted on either a stainless steel or
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glass sample slide (7x7 mjrand air dried tod®a circular spot of ~5 mm in diameter. For
vaporization of aqueous sampl es, 15 or 4 ¢
stainless steel and glass sample slides, respectively, and directly subjected to laser
irradiation. For analysis of thin aqueou f i | ms , 4 eL of aqueous
deposited on the glass substrate by slowly translating the pipette tip over the substrate while
dispensing the sample. The 4 pL aliquot of aqueous cytochrome c droplet and film
deposited on the glass substratre estimated to be 900 and 50 um in height by measuring

the height difference between the sdlglid and the top of liquighir interface with a

confocal microscope (LabRAM HR800 Evolution, HORIBA Scientific, Edison, NJ).
Undiluted human blood was tak&om a healthy volunteer and printed (~5 pL) directly

on both stainless steel and glass slides by the finger and then analyzed before the film dried
without any pretreatment. No further sample preparation was necessary other than transfer

of the sample gles to the sample stage for all the experiments.

2.3.2 Laser Vaporization

A laser vaporization and ionization region (see Figure 2.1) similar to our previous
design[32] was constructed by interfacing a fidemsed femtosecond laser (uJewel DE
series, MRA America Inc., Ann Arbor, MI) with a micrOTOR) Il mass spectrometer
(Bruker Daltonik GmbH, Bremen, Germany). The ytterbidoped fiber laser with fiber
chirped pulse amplification (FCPA) technology delivers 50 uJ, 435 fs laser pulses at 1042
nm as theadiation sourc@40]. The repetition rate of the laser was reduced from 100 kHz
to be 10 Hz pulséursts by two optical choppers that had all but one slot of each chopper
covered by nostransparent paper. The first chopper (MC1000A, Thorlabs, Newton, NJ)
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Figure 2.1. A schematic representation of the fiber lasased laser nanospray mass
spectrometry (LEMS) system. The surface analytes from a sample slide placed on a
threedimensional translation stageere vaporized by the attenuated fiber laser pulse
bursts, postionized by the nanospray source, and finally-amedgzed by the timef-

flight mass spectrometer. The inset shows the oscilloscope trace of thebymsise

measured by a photodiode.
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ran at20 Hz to set the overall frequency of puls&sts and the second chopper (SR540,
Stanford Research Systems, Sunnyvale, CA) ran at 130 Hz to set the number of pulses in
each burst to be ~20. An oscilloscope trace of the fas& focused onto a photod®d
shown in the inset of Figure 2.1. The pulse energy of each laser pulse in the pulse burst
was varied from 20 -waVe ptate and & polarizinglbeamgpliteer q u a r
cube. The maxi mum pulse energy o$unldss. 5 ¢J
otherwise stated.

The laser beam was directed to the vaporization and ionization region by dielectric
mirrors and focused to a spot size around 75 um in diameter at a ~45° incident angle with
a 10 cm focusing lens. The intensity for a sifdgker pulse spot was estimated to be 2.39
x 10°W/cmPwhen using 46.5 €J pulse energy. A ci
the axis from the nanospray needle to the mass spectrometer capillary inlet. Sample slides
were placed on the sample stage agddb a mini Zaxis linear stage (UMR5.16, Newport,
Irvine, CA), which was mounted on a motorized XY microscopy stage (ML-3203
Thorlabs, Newton, NJ), to enable XYZ translation of the sample slides. The sample surface
was rastered with respect to theistadry nanospray stream by moving the XY motorized
stage at a speed of 1 mm/s to ensure sampling of a fresh spot for each laser shot.

Laser vaporization using higgnergy, Ti:Sapphire laser vaporization (FLEMS)
was also performed to compare with tbeHenergy, fibetbased laser electrospray mass
spectrometry (LEMS) under the same experimental condition except a different laser.
Briefly, a Ti:S regenerative amplifier seeded by a Ti:S oscillator (Legend Elite HE series,
Coherent Inc., Santa Clara, Cggnerates 5 mJ, 45 fs pulses centered at 800 nm in 10 Hz.
The energy of the pulse was reduced to 75, 160, 280, and 505 pJ by neutral density filters
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(Thorlabs, Newton, NJ) for laser vaporization in TLtBEMS. The intensity of the laser
(505 pJ) at the sudtrate was approximately 2.54 x4@v/cn? after being focused to a

spot size of 75 um by a 10 cm focal length lens.

2.3.3 lonization and Mass Spectrometry

The fiber and Ti:Sapphire laser vaporized neutral analytes were captured and
ionized by a nanosprastream produced from a silicon tapered nanospray needle with 360
pm OD, 20 pum ID and 10 pm tip ID (New Objective, Woburn, MA). A syringe pump
(Model 100, KD Scientific, Holliston, MA) infused the nanospray solvent at a flow rate of
200 nL/min. The nanosgy solvent was composed of 1:1 (v:v) water:methanol (Honeywell
Burdick & Jackson, Muskegon, MI) with 20 mM ammonium acetate (EMD Chemicals,
Gibbstown, NJ) for all the experiments except for the experiments where Teflon was used
to prevent shockwaves, whetd (v:v) water:methanol with 1% glacial acetic acid (EMD
Chemicals, Gibbstown, NJ) was used.

Typical parameters of the nanospray source are listed as follows. The nanospray
needl e and MS inlet, separated byl 28..% 5k MMnm,
respectively. A stable solvent spray was obtained with the help of countercurrens, hot N
gas (flow rate 3 L/min, temperature 180 °C) for desolvation. The sample stage was set to a
bias ofi 1.3 kV to correct for the distortion of the field linestlveen the nanospray needle
and capillary inlet caused by the stage. The motorized stage was insulated from the sample
stage by a 3 mm thick PMMA plate. The vertical distance between the sample slides and
the nanospray needle was kept at 4.75 mm and theséd laser was positioned about 1
mm in front of the needle tip. The optimal spot was found by vaporizing Rhodamine 6G
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from stainless steel slides (data not shown). The spectrometer was calibrated with a 99:1
(v:v) acetonitrile:ESI calibrant solution (#636-10ML, Fluka Analytical/Sigma Aldrich,

Buchs, Switzerland) over a mass rangensz 500 3000. The irsource collision region

(ISCID) and collision cell (CID) voltages were set to be 0 and 10 eV, respectively, to ensure
minimal fragmentation and denatucat induced from the spectrometer. The vaporized and
postionized analytes were mass analyzed by the mass spectrometer with a spectral
resolution of 10000 an/z922. Raw spectra were recorded at a spectral rate of 1 Hz with

a summation of 5000 scans in kapectra when the motorized stage was scanned during
each sample run. The mass spectra are presented after signal averaging and background
subtraction by the nanosprayly spectra taken before each sample run. Each analysis

lasted about 30 s and was refsel at least 2 times for a total of at least 60 mass spectra.

2.3.4 Control Experiments

The first control experiment was the irradiation of blank stainless steel and glass
slides without any sample deposited using the maximum pulse energy for fibeAlaser
second control was the analysis of cytochrome ¢ deposited as a dried and aqueous droplet
on the stainless steel slides for fiber laser vaporization with no nanospray postionization
present. No protein related signals except solvent peaks were olisgheedcquired mass

spectra of the control experiments (see Figure 2.2).
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Figure 2.2. Backgroundsubtracted H.EEMS mass spectra of the control experiments.
Blank stainless steel and glass sample sliddsowitany protein sample were placed on
the sample stage and analyzed. Cytochrome ¢ was deposited on stainless steel sample slides

and analyzed as dried and aqueous droplets.
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2.3.5 Safety Considerations

All lab personnel were required to wear appropriaset eye protection during the
experiments. Insulating and opaque shields protected lab personnel from any exposed
invisible laser irradiation and high voltage suppliése blood analysis procedure followed

an exposure control plan approved by the Unite(dlo. 13314).

2.4 Results and Discussion
2.4.1 Vaporization of Dried Cytochrome c from Stainless Steel and Glass Slides

Dried cytochrome c absorbed on a stainless steel slide was investigated to
determine whether a 1042 nm femtosecond laser pulse pablea of vaporizing
macromolecules. Cytochrome c is a ~12 kDa protein consisting of a peptide chain 104
residues long and a single heme group, which is covalently bonded to the cysteine residues
in positions 14 and 1[A1]. Cytochrome c has been wstludied by mass spectrometry not
only for chemical analysis in proteomi@&0, 31, 42, 43put also for protein conformation
studies in structural biology¢4-47]. ESFMS of a given protein usually results in a charge
state distribution (CSD) corresponding tailtiply charged ions and the CSD shifts to
higher charge states (low/2 when the protein unfolds under extreme conditions such as
an acidic or heated soluti¢48]. While there has been some debate concerning the use of
charge states to determine thefoomation of protein molecules in mass spectromi@tby
49, 50] evidence from both computational and experimental results reveals that charge
states observed are strongly related to the degree of folding of the proteins, with the most

compact conformations corresponding to the lowest charge fajes
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The FLEMS mass spectrum acquired for dried cytochrome c from a stainless steel
sample slide is shown in Figure 2.3. The higizregion reveals two major peaksmafz
1545.9 and 1766.6 and two minor onesnaz 2060.8 and 2473.1. These features
correspond to the 8+, 7+, 6+, and 5+ charge states of protonated cytochrome c,
respectively. The peak at/z2248.2 is the 11+ charge state of a cytochrome c dimer. In
addition, a magnified view ain/z500' 1500 (see the set of Figure 2.3) shows a bell
shaped CSD centered around the 13+ charge state. The 8+ and 7+ charge states of
cytochrome c¢ correspond to the folded conformation whereas charge states around 13+
correspond to the unfolded conformation as shown in a-B&h@xperimen{48]. The
vaporization of dried cytochrome c using the fiber laser mainly resulted in folded
conformations with detection of a small amount of unfolded protein. Partial unfolding
occurred in Ti:SLEMS [24] as well as in LIAD/ES[31] experimats when cytochrome ¢
was analyzed from the dried state. Protein partially unfolds when adsorbed on a substrate
due to the proteksubstrate interactiorjS2].

To determine whether absorption of the laser by the substrate is required for
vaporization, diret analysis of dried cytochrome ¢ was investigated on the glass substrate.
Glass is transparent at 1042 nm so no significant absorption of the laser is expected that
might induce thermal desorption. The corresponding mass spectrum (Figure 2.3) reveals
molecular features similar to the stainless steel substrate experiment with the dominant 8+
and 7+ charge state peaks accompanied by the minor high charge state features.
Femtosecond laser pulses presumably couple directly with the dried protein molecules via
a multiphoton mechanism under laser intensity of M/cn?. The laser wavelength
employed for vaporization is not expected to be important because of thertegh
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multiphoton excitation mechanism. This experiment demonstrates that linear (one photon
reonant) absorption of the laser radiation by the analyte at 1042 nm is not required for
vaporization and is consistent with the nonresonant excitation mechanism reported in the
previous 800 nm fs laser vaporization experini2dL This is different from the desorption
mechanism using nanosecond laser pulses where a resonance must occur and hence a

specific matrix must be present.

2.4.2 Vaporization of Aqueous Cytochrome c Droplet from Stainless Steel andaSs
Slides

Previous studies indicated that various proteins vaporized from the agueous phase
into the gas phase by 800 nm femtosecond laser pulses displayed charge states
corresponding to the solution phase conformations, whether folded or unfoldedjidgpen
on the pH of the sample solutip#b, 49, 50] Here, cytochrome ¢ was directly vaporized
from aqueous solution deposited on either a stainless steel or glass substrate using the 435
fs, 1042 nm laser pulses. Endogenous water within a sample is ussedlyas the laser
absorbing matrix for LAES]J26] and IRMALDESI [30] experiments in which a 2.94 pm
nanosecond laser is employed. Laser pulses from the fiber laser do not couple linearly with
the water molecules as water has no appreciable absorbahge f@1042 nm. Mass
spectra acquired for 15 ubf cytochrome c solution deposited as a droplet on the stainless
steel and glass substrates are shown in Figure 2.4. The 8+ and 7+ charge state peaks
corresponding to the natilike conformation of cytochrome c¢ without any other high
charge state peaks meobserved for the stainless steel substrate, analogous to 800 nm
femtosecond laser vaporization experimg#fd. However, the laser vaporization of a 15
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pL of aqueous cytochrome c droplet on the glass gatiestlid not result in any analyte

related mass spectral features. One possible reason for the lack of signal is that the droplet
on the stainless steel tends to spread itself more over the surface due to the enhanced
wettability in comparison with glassde Figure 2.5). The wettability of the surface is
related to the hydrophobicity/hydrophilicif$3], roughnes$54], and conductivity55]
properties of the substrate. The energy density of the focused laser pulses can apparently
overcome the analyteontining solvenicages at the liquidir interface, which ensures a
sufficient amount of analyte being vaporized, overcoming the limit of detection-for F
LEMS, if the droplet spreads on the surface to form a thin film on metal rather than

remaining as an iatt droplet on glass.

2.4.3 Vaporization of Aqueous Cytochrome c Film from Glass Slides

Several methods were investigated to enable the analysis of aqueous cytochrome ¢
from the glass substrate. Focusing 20 consecutive laser pulses onto the aqueous sample
droplet at 10 Hz using the maximum pulse energy resulted in no observable protein ion
signal. The number of consecutive pulses was then increased by removing the second high
frequency chopper, producing 10 Hz bursts with ~2600 pulses per burst. The mass
spectrum of a 15 pL droplet on a glass substrate without the second chopper, as shown in
Figure 2.4, resulted in substantial ion signal corresponding to the 7+ and 8+ charge states
of cytochrome c. This configuration providsdfficient energy depositiontim the droplet

that the amount of material vaporized was above the limit of detectioihBMS.
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The effectof the volume of the droplet was studied using the 20 consecutive pulses
when the second chopper was present. A 4 pL aliquot of cytochrome ¢ was deposited onto
stainless steel and glass slides to compare with the 15 pL measurements. The ion intensity
of the 7+ charge state for the 4 pL deposition on the stainless steel substrate (see Figure
2.6) increased by a factor of 2 compared with the 15 pL deposition. However, the analyte
was not observed from the glass substrate for the 4 pL sample depositioradiderthe
volume only caused a small change in the signal intensity for the stainless steel substrate
and no increase for the glass substrate.

The signal resulting from the aqueous droplet was compared with an aqueous film
produced by spreading the proteaiolution on the glass substrate. To produce the aqueous
film, a pipette with 4 pL of cytochrome c solution was slowly rastered across the glass
while dispensing the sample solution. The mass spectrum of the aqueous film on the glass
(see Figure 2.6) dispyed features corresponding to the 8+ and 7+ charge states of
cytochrome ¢ and no other features corresponding to higher charge states indicative of
unfolded protein. Analysis of an aqueous film from a glass substrate revealed higher signal
intensity tharthe analysis of an aqueous droplet on a stainless steel substrate, suggesting
that the absorption of the laser light by the sample substrate is not required for femtosecond
laser vaporization. A liquid film (see Figure 2.5) spread on the surface vasteemethod
resulted in vaporization presumably because there was sufficient energy density at the
liquid-air interface to induce vaporization. This was different from the analysis of an intact
droplet (see Figure 2.5) where the energy density was iosumifito overcome the cage
effect of the remaining water in the droplet. As a result, raster deposition of aqueous films
was adopted as the standard method for analysis of liquid samples from a glass substrate.
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The question arises as to why only the 8+ @ndtharge states, corresponding to
the folded conformation, were detected during femtosecond laser vaporization of aqueous
cytochrome c using either stainless steel or glass substrates. The detection of the native,
folded conformation using femtosecondda vaporization may be due to the short time
scale of energy deposition in comparison with nanosecond laser. Collisional cooling of the
protein molecules with neighboring gas molecules upon laser vaporization may also
contribute to preservation of thewstture of the proteifb6, 57] A liquid droplet of para
substituted benzylpyridinium thermometer ions vaporized using-émghgy, 800 nm
femtosecond laser revealed a lower extent of fragmentation in comparison with analysis
performed using the dried salep[58]. Internal energy measurements of dried and liquid
thermometer ions using the 1042 nm fiber laser show th&NFS is as soft as nanospray
with little fragmentation and equivalent mean internal energy distribu®jsThis again
suggests thatfibdased f emtosecond | aser vapori zat.

burst of 20 successive pulses with a pulse intensity SMCm?.
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Figure2.7. Comparison of backgrourglbtracted .EMS and Ti:SLEMS mass spectra

of lysozyme using 1042 nm fiber laser and 800 nm Ti:S laser, respectively.
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2.4.4 Comparison of FLEMS and Ti:S-LEMS for Vaporization of Dried and
Aqueous Lysozyme from Stainless Steahd Glass Slides

To test whether other proteins could be desorbed from surfaces using fiber laser
vaporization, additional experiments were performed on lysozyme. Lysozyme is a 14.3
kDa single chain protein with four disulfide bontdgsozyme was analyzed under the same
experimental conditions described for cytochrome c, including as a dried sample on
stainless steel and glass, an agueous droplet on stainless steel, and an aqueous film on glass.
Laser \aporization was also performed using high energy (500 pJ), 800 nm pulses from a
Ti:S laser to compare withhEEMS. All of the lysozyme H.EMS mass spectra (resulted
in similar features as Ti:BEMS (see Figure 2.7), with three peaksmdr1590.5, 1789.1
and 2044.6 corresponding to the 9+, 8+ and 7+ charge statgsoalyme, respectively.
These features indicate that lysozyme was transferred from the condensed phase to the gas
phase intact and in a folded conformation. Measurements of dried lysozymea usimg
laser pulse energy (25 pJ) foiLEEMS displayed signal from both stainless steel and glass
substrates, as seen in Figure 2.7. In the-TEMS experiment, single pulses with high
energy were required to couple with the dried lysozyme analytes agulisérates (see
Figure 2.7) while lower energy pulses at 75 pJ resulted in less signal from metal and
negligible signal from glass (see Figure 2.8). Analysis of dried lysozyme revealed no high
charge state features corresponding to unfolded protein that ebserved for dried
cytochrome c. This is attributed to the presence of disulfide bonds that stabilize the three

dimensional conformation structure of lysozyme.
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lysozyme was analyzed as a droplet on stainless steel and an aqueous film on glass slides.

The insets show the plot of the 8+ charge state pa&kL{89.1) intensity as a function of

laser pulse energy on metal and glass slides.
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The maximum pulse engrgf the fiber laser (46.5 pJ) was required to analyze
agueous lysozyme (see Figure 2.7) to overcome the solvent cage in liquid analysis, which
is in agreement with the results of FLEMS (see Figure 2.9) that sufficient energy (~500
pJ) is essential texcite the lysozyme from the liquid and gain appreciable signal. Analysis
of an aqueous film of lysozyme on a glass substrate-b¥MS and Ti:SLEMS with
sufficient pulse energy showed comparable intensity to the analysis of a droplet from a
stainless st substrate, further proving that linear absorption by the substrate is not
necessary for femtosecond laser vaporization. Note that no low mass fragments were
observed in the analysis of dried and aqueous cytochrome ¢ and lysozyme protein standard

samplesusing fiber laser vaporization.

2.4.5 Is the Vaporization Mechanism Shockwav®elated in FLEMS?: Use of Teflon
Spacers

In the experiments using glass substrates, significant ablation was observed on the
side of the glass adjacent to the copper samplgestOne possible mechanism for
vaporization, then, could be an acoustic shockwave created by the ablation of the metal
stage that travels through the glass and desorbs the analytes off the surface in a manner
similar to the LIAD experimentf31]. To testthe shockwave vaporization mechanism,
protein sample was vaporized from a glass substrate placed on top oflayéruhick
glass stack with a Teflon tape spacer in between each layer, as depicted in Figure 2.10. In
this experiment, aqueous films of cgtwome ¢ and lysozyme were laser vaporized and
postionized using a nanospray solvent of 1:1 (v:v) water:methanol with 1% glacial acetic
acid. The mass spectra shown in Figure 2.11 display comparable ion intensities with the
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spectra from experiments withoamy Teflon spacers or stacked glass layers, suggesting
that the vaporization mechanism is not shockw@seendent. The use of the Teflon spacer

to separate the glass layers decoupled the glass sample substrates from the metal sample
stage and reduced tefect of a potential acoustic shockwave from the ablation of metal.

A shift to higher charge states was also observed because an acidified nanospray was used
for postionization in this measurement rather than the buffered nanospray. The analysis of
an aqeous film of cytochrome c using the acidified nanospray postionization revealed a
significant shift of the CSD centroid from 7+ (Figure 2.6) to 17+ (Figure 2.11) while
lysozyme revealed a similar trend with the centroid increasing from 8+ (Figure 2:7) to 9
(Figure 2.11). This shift of the CSD to higher charge states is expected and indicates a
change of vaporized proteins to the denatured conformation, similar to the trend observed

in previous 800 nm experiments when an acidified ESI postionization sevesgd45].

Figure2.10. Picture of a fowdtayer glass substrate stack with Teflon tape put in between
each glass layer as a spacer. The sample slides were placed at the center of the glass stack

where the Teflon was cut to avoid laser damage.
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2.4.6 Vaporization of Whole Blood without Pretreatment from Stainless Steel and
Glass Slides

Chemical analysis of biological fluids, like whole blood and human serum, is a
challenging task for mass spectrometry because of the interference from the high
concentrations of salt esent in the sample. Direct sampling of whole blood without
sample preparation is promising and has been performed successfully by electrospray
assisted laser desorption/ionization (ELOBO], infrared laseassisted desorption
electrospray ionization (IRADESI or IR-MALDESI) [61, 62] DESI[63], LAESI [26],
as well as 800 nm LEMR4]. In this experiment, whole blood was deposited on the sample
slides and directly analyzed by the fiber laser coupled with buffered nanospray
postionization. The raw spectd whole blood analyzed on stainless steel and glass
substrates are presented in Figure 2.12. The solvent background subtEtd® fnass
spectra fronm/z50 to 2500 are also shown in Figure 2.13. THEElMS mass spectra
revealed two peaks at/z1968.7and 1750.2 in the high mass region. The deconvolution
of the two high mass peaks corresponded to the 8+ and 9+ charge states of a protonated
protein with a molecular mass of 15742 Da,
hemoglobin subunit (15126 Daipd a heme group (616 Da). The small peak/al575.2,
assigned to the 10+ charge state of this protein complex, was observed from the stainless
steel substrate but not observed from the glass substrate (see Figure 2.12). The hemoglobin
features detectkusing buffered solvent are different from previous 800 nm LEMS studies
that employed an acidified solvent and r ec
subunits, as well as free heme molecular i@44. The low signato-noise ratio (S/N)
measurd in the FLEMS experiment is likely caused by the larger sample deposition area
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(49 mnt vs19.6 mn?) for the whole blood sample in comparison with the protein standard
samples, which led the amount of analytes vaporized to be at the limit of detedtien of
technique. The low ionization efficiency of buffered nanospray may also have limited the
postionization efficiency of vaporized protein analytes from the blood in comparison with
the acidified electrospray measurements as observed for protein stameisdrements
(Figure 2.6vs Figure 2.11, Figure 2.¥s Figure 2.11). Note that the tuning of the mass
spectrometeri.e., extraction lens and collision cell voltages, is optimized to achieve the
least possible unfolding of the protein structure and thysnoicorrespond to the optimal
signal intensity. The analytes observed&t393.1, 717.5, and 943.7 (see Figure 2.13) are
most likely lipids or metabolites in the blood. This experiment further demonstrates that
the fiber laser system results in sofsdption of protein complexes without fragmentation

for mass analysis.
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2.5 Conclusions

Mass analysis has been performed using longer duration femtosecond laser
vaporization at 1042 nm wavelength when coupled with nanospray postionization for the
analysis of pure proteins and whole blood. Vaporization of dried or aqueous protein
samples was emonstrated from metal and dielectric substrates. The wettability of the
substrate may play a role in the ablation of liquid samples, differing from the vaporization
of dried samples. The observation of the folded conformation of proteins and the

hemoglobn U s-heimas oomplex indicates that fibeased femtosecond laser

vaporization at 1042 nm is a fAsofto met hoc

condensed phase to the gas phase. The mechanism is shown to be neitherribermal
acoustic wavenduced, therefore, a multiphoton, nonresonant process is proposed for
matrix-free femtosecond laser vaporization.

Finally, note that the limit of detection of this fiber labaised LEMS technique is
higher than conventional E®S presumably due to thew capture and ionization
efficiency of the ESI plume. A recent report demonstrated that the sample transfer
efficiency of LAESI was increased from 2% to 50% by using a continuous flow solvent
probe as the plume capture source in comparison to direct e wsignificant sample
losses and low ionization efficiency ocd@?]. The limit of detection of LEMS could
benefit from the use of related technologies such as the design of novel neutral material
transfer devicef65], neutral/liquid interfacef66], or continuous flow solvent prob§s4],
that are able to increase the neutral capture and ionization efficiency for mass spectrometric
techniques using ESI as a postionization source. Presently, the experimental configuration
only enables successful anaysihen performed with a focal spot diameter of 75 um. The
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femtosecond fiber laser is a turnkey, robust system that is amenable to nonspecialist

laboratories. The fact that LEMS is viable by using the longer wavelength, longer duration,

and lower energy l&s pulses is advantageous for the implementation of an affordable

femtosecond laser.
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CHAPTER 3
AMBIENT MOLECULAR ANALYSIS OF BIOLOGICAL TISSUE USING
LOW -ENERGY, FIBER-BASED LASER ELECTROSPRAY

MASS SPECTROMETRY

3.1 Overview

In this chapter, direct analysis of plant and animal tissue samples by laser
electrospray mass spectrometry (LEMS) was investigated usingrievgy, femtosecond
duration laser vaporization at wavelengths of 800 and 1042 nm followed by nanospray
postionizatio. Low-energy (<50 pJ), fibebased 1042 nm LEMS {EEMS) allowed
interrogation of the molecular species in fresh flower petal and leaf samples using 435 fs,
10 Hz bursts of 20 pulses from a Ytterbhagimped fiber laser and revealed comparable
results to hyh energy (761120 puJ), 45 fs, 800 nm Ti:Sapphirased LEMS (Ti:S_.EMS)
measurements. Anthocyanins, sugars and other metabolites were successfully detected and
revealed the anticipated metabolite profile for the petal and leaf samples. Phospholipids,
espeially phosphatidylcholine, were identified from a fresh mouse brain section sample
using Ti:SLEMS without the application of matrix. These lipid features were suppressed
in both the fibetbased and Ti:Sapphieased LEMS measurements when the brain sampl
was prepared using the optimal cutting temperature compounds that are commonly used in

animal tissue cryosectioning.
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3.2 Introduction

The ability to detect biomolecules (e.g., small metabolites, lipids and proteins)
directly from biological samples m&ins one of the most important topics in molecular
systems biology{1]. Numerous studies have demonstrated that the concentration and
distribution of metabolites, such as hydrocarbons, sugars, amino acids, alkaloids, and
lipids, are closely associated twibiological processes in a living organi$gj. Label
assisted techniques such as fluoroptagging microscopy can be used to characterize the
biological samplesn vivo or ex vivq and rely on labeling/staining methods that may
perturb the biologicalystem. Labefree techniques such as infraf@l and Raman4]
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 quation, 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 biological sample analysis because the requirements of high
throughput, sensitivity, and specificity can be simultaneously satisfied in one
measurement. In particular, the introduction of ambient ionization mass spectrometry
allows analysis with minimal preparation under ambient conditions, thus preserving the
native state ofhe samplg5, 6].

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 sourg]. Several such techniqueslectrosprayassisted
laser desorption ionization (ELD[3], laser ablation electrospray ionization (LAEH),
infrared matrixassisted laser desorption electrospray ionizatiofMAR.DESI) [10], and
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laser electrospray mass spectrometry (LEN), can provide a lateral resolution of
207200 Om without the necessity of adding
pulses as short as 60 fs, usually at 800 nm, interact with the analytes via a nonlinear,
multiphoton excitation mechanigil]. LEMSdoes not require either the analyte or matrix
to be linearly resonant with the laser wavelength and shows little dependence on the types
of sample substrate employ¢t?]. Various biological samples including chicken egg
albumen and yolk13], reduced fat and whole mi[k4], whole blood13, 14} and plant
sampleq15, 16] have been successfully analyzed by LEMS without the use of external
matrix. Investigations of animal tissue samples, a popular target of MS imaging, have not
been performedso far by LEMS to examine the feasibility of femtosecond 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 femtosecond laserepatisan intensity of & 10 W/cn?,
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 focusing condition. A solid state Ti:Sapphire
amplifier seeded by a Ti:Sapphire osatidlr is usually used to create laser pulses at 800 nm
with high pulse energy (jidnJ) and ultrashort pulse duration {80 fs) to fulfill the high
intensity requirement. However, the higher cost and lower robustness of the Ti:Sapphire
amplified femtoseconlhser 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 -lemergy, femtosecond fiber laser for
vaporization and a nanosggr for postionization in the analysis of proteins, whole blood
[17], and substituted benzylpyridinium sa]is]. The studies show that the leemergy
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fiber laser resulted in comparable internal energy distributions to nandd@jagnd
retained intact lmlogical macromolecules after laser radiatjti@]. The application of a
femtosecond fiber laser rather than a solid state amplifier laser to more complex biological
samples ighusof interest for the broad and potential applicability of LEMS as a robust,
portable, and affordable analytical tool to repecialists.

Here, the use of the fibdrased 1042 nm laser vaporization is extended to the
analysis of biological tissue samples and compare the results with Ti:Salpaee 800
nm laser measurements. Apid standard sample, Xdhexanoylsnglycerc3-
phosphocholine PC(6:0/6:0), was analyzed via fliesed LEMS (RLEMS) and
Ti:Sapphirebased LEMS (Ti:S.EMS). The vaporization of fresBegoniaflower petal
and leaf samples usinglEEMS and Ti:SLEMS wasinvestigated. A mouse brain section
was also characterized by the Ti:Sapphire laser without application of any external matrix.
Finally, the effect of optimal cutting temperature (OCT) compounds on the analysis of

mouse brain sections bylEEMS and Ti:SLEMS was investigated.

3.3 Experimental Section
3.3.1 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).
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3.3.2 Sample Preparation

Stock solution of PC(6:0/6:0) was prepared in 1:1 (v:v) methanol:water solution at
a concentratio of 250 uM. For laser vaporization experiments, 15 pL aliquot of the lipid
solution was deposited on a stainless steel sample slide and allowedriptaia circular
spot of ~5 mm in diameter. Fre8egoniaflower petal and leaf samples were collected
from plants on the Temple University campus. The flowers were harvested from different
plants with 3~4 leaves attached and then separated to petal and leaf samples. The petal and
leaf samples were affixed to the stainless steel and glass sample slidedousilesided
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 anatie PPrior 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 um thick transverse sections by a
stainless steel blade {XCTO #11, Statesville, NQUSA) over the liquid nitrogen under
a microscope (Leica Zoom 2000; Buffalo Grove, IL, USA). The sections were thaw
mounted onto microscope slides (Fisher Sci ¢
°C. OCT-embedded mouse brain tissue cyosectidnsni thickness) were obtained from
Department of Pathology and Laboratory Medicine (Temple University, Philadelphia, PA,
USA) , mounted on the micr odAlanpnal precedurdse s a n ¢
followed the Guide for the Care and Use of LaboratAnimals by NIH/NRCFresh and
OCT-embedded mouse brain section slides were brought to room temperature under

atmospheric pressure in ~15 min prior to analysis. The lipid, plant, and brain sample slides
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were then placed on the sample stage and subjextaeddr vaporization without further

treatment.

3.3.3 Laser Electrospray Mass Spectrometry

The experimental schemes of fideased and Ti:Sapphigased LEMS source are
shown in Figure 3.1. Laser vaporization fet EMS or Ti:SLEMS was performed using
a fiberbased femtosecond laser (uJewel DE series; IMRA America Inc., Ann Arbor, Ml,
USA) or aTi:Sapphirebased femtosecond laser (Legend Elite HE series; Coherent Inc.,
Santa Clara, CA, USA), respectively. Both lasers were composed of an oscillator and an
amplifier to produce amplified, high energy laser pulses (uJ to mJ). The fiber laser employs
a Yb-doped fiber as the gain medium in the oscillator and amplifier cavity, employs-single
mode fibers for directing the laser beam in and out the cavity, andasadéd rather than
utilizing a chiller. All of these features provide a femtosecond fdmsr with a compact
and robust design in comparison with the solid state Ti:Sapphire laser.

The laser vaporization source was described in detail previously for taReHMS
[11] and has been recently modified to couple the fiber laser to the eleajrasiet of a
guadrupole time of flight (QTOF) mass spectrometer (micrO-QDI, Bruker Daltonik
GmbH, Bremen, Germanyj}7, 18] Briefly, the fiber laser delivers 100 kHz, 435 fs, 1042
nm pulses with maximum pulse energy of 50 puJ. For laser desorpteopulse 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 guarterplate and a beam splitter
cube from 20 pJ to 46.5 pJ. The Ti:Sapphire laser was aukeatlO0 Hz to create 45 fs,
800 nm laser pulses with maximum pulse energy of up to 5 mJ. The pulse energy was
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Figure 3.1. Schematic of EEMS and Ti:SLEMS experimental setup. Yb, ytterbium

doped fiber; SNF, singlemode 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; QWr, quartetwave 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 d&r purple and greersolid lines represent the pump laser beams in the

corresponding laser systems. Note that the picture is not drawn to scale.
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controlled by a pair of neutr al density fi
desorption. Theamples were placed on a copper sample stage, which was raster scanned
by a twaedimensional microscopy stage (MLS203Thorlabs, Newton, NJ, USA) below
the nanospray source during laser vaporization. The attenuated laser pulses from the fiber
laser or theTi:Sapphire laser were focused onto the sample surface to a ~75 pm diameter
spot with a 10 cm lens at 45° incident angle. The resulting intensities of field were
approximately 2.39 x f&W/cm? and 3.77 x 18 W/cm? when the pulse energy was 46.5
pJ and B pJ for the fiber laser and Ti:Sapphire laser, respectively.

The laser vaporized analytes were captured and postionizeckopspray source.
A solution containing 1:1 (v:v) methanol:water with 1% acetic acid was infused to a
tapered silica emitter tifoQ um ID, 20 um tip ID, 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
i nl et was k\bandtseendedld veas gro2inded. The sample stage was biased to
iT12.3 kV during | aser wvaporizati on. The spe
solution (63606; Fluka Analytical/Sigm@drich, Buchs, Switzerland) over a mass range
ofm/z5 01 2 0 O r-sourdelcdlision region (ISCID) and collision cell (CID) voltages
were set to be 0 and 10 eV, respectivBlgw mass spectra were acquired at a rate of 1 Hz
by Bruker Compass micrOTOF control software (v@10; Bruker Daltonik GmbH,
Bremen, GermanyA 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 attléas times for a total of 50 to 60 spectra per sample.
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3.3.4 Data Analsis

The acquired mass spectra were processed in Bruker Compass DataAnalysis
software (ver. 4.0 SP1; Bruker Daltonik GmbH, Bremen, Germany), including signal
averaging, blank subtraction, and mass assignment. The processed spectra were exported
and plottedn Origin 8.0 (OriginLab, Northampton, MA, USA). Peaks were labeled and
confirmed by comparing the blargubtracted spectra with the nanospray blank spectra.
Features identified from plant sample were assigned by searching in the METLIN database

[19] (http://metlin.scripps.edu/index.phdast accessed April 23, 2015) and Plant

Metabolic Network [ittp://www.plantcyc.org/ last accessed April 23, 2015) with a
maximummass tolerance of 10 ppm. Identification of lipids from mouse brain sample were
enabled by  accurate lipids  database  search in METLINL9]

(http://metlin.scripps.edu/index.phiast accessed April 23, 201&nd LIPID MAPS[20]

(http://www.lipidmaps.org/last accessed April 23, 2015) with a tolerance of 20 ppm. All

the assignments were further confirmed by comparing with literatur¢ldatal-33].

3.4 Results ad Discussion
3.4.1 Direct Analysis of Plant Tissue by £EMS and Ti:S-LEMS

To compare the capabilities of the fiber and Ti:Sapphire femtosecond lasers for
tissue sample analysis, fresh flower petals were affixed on the stainless steel substrates for
analyss. The mass spectra acquired bEMS and Ti:SLEMS are shown in Figure 3.2.
The lowenergy FLEMS (46.5 pJ) mass spectrum displays a broad range of species,

including anthocyanidiassociated flavonoid species. The feature¥2581.2 and 727.2,
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Figure 3.2. Blank-subtracted mass spectra of a flower petal on a stainless steel substrate
using FLEMS with 46.5 pJ pulse energy and FLEMS with 280 pJ pulse energy. Inset
displays the optical image ofdfflower petal. Note that peaks labeled withnd* are

solvent and unidentified plant features, respectively.
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Anthocyanidin | R3' | Rs' Color
pelargonidin H H
cyanidin OH H | reddish-purple
delphinidin OH | OH bluish-red

Figure 3.3. Chemical structure of different anthocyanidins specified with

correspondingolor and functional groups.
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Figure3.4. Chemical structure of cyanidiB-O-xylosyl-glucoside.

Figure3.5. Chemical structure of procyanidin trimer.
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Table3.1. Tentative assignments of molecular features in the mass spectra collected from

flower petals by HLEMS and Ti:SLEMS.

Petat Mass
— Error Ref
fiber Ti:S (ppm)

Monoisotopic Measured

Compounds Formula m/2 m/z

coumaric

acicd-H,0 CoHsO2 147.0446(H) 147.0455 + + 6.1 [15, 21]
Cy C15H1106 287.0550(+) 287.0545 + + 1.7 [22, 23]
Del Ci1sH1107 303.0499(+) 303.0501 + + 0.7 [23]

Cy-Glu  CuHxOu  449.1078(+) 449.1057 + + 47 [15,22, 23]
Del-Glu  CyuHx01,  465.1028(+) 465.1022  + + 13  [15, 23]

Pel-glls)syl- CoeH20014 565.1552(+) 565.1548  + + 0.7 [15, 23]
Cy'g’l'gsy" CoHodOrs  581.1501(+) 5811505 +  + 0.7 [23]
De"g't?sy" CaHazdOrs  597.1450(+) 597.1435 +  + 25 [23]
CydiGlu  CaHuOi  611.1607(+) 6111576 +  + 51 [23]
Pe*g&?sy" CaHuOws  7112131(+) 7112131 + + 0 [23]
Cy—gbﬁsyl- CaHafO1s  727.2080(+) 727.2097 +  + 23 [23]
De"’l‘qyd‘t’sy" CaHasO  743.2029(+) 743.2035  + + 08 [23]
ProoYanidin' CoohOrs  867.2131(H) 8672121 +  + 12 [24]
PrOYOIN  CogheOzs  1155.2765(H) 1155.2769 +  + 0.3 [24]
pro‘g’sgidi” CrHo:O0  1443.3399(H) 1443.3287 @  + 7.8 [24]

2 Cy denotes cyanidin; Del delphinidin; Pel pelargonidin; Glu glucoside; Rut rutinoside
degree of polymerizatiofi.Symbols in parentheses indicate protonated (H) and preformec
(+). ¢+ andi indicate presence or absence of the molecular feattine imass spectra.
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corresponding to cyanidirylosyl-glucoside (see Figure 3.4) and cyanigyfosyl-
rutinoside, and other anthocyanin featusese observed as the dominant species from the
flower petal, as listed in Table 3.1. These anthocyanins were detected as preformed cations
(see Figure 3.3) including pelargonidin, cyanidin and delphinidin with modifications
including derivatization of monrglucosides, dglucosides, acetyglucosides, and acetyl
rutinosides. Most of the peaks belowz200 are likely small organic acids, for example,
147.0 was assigned as coumaric acid with the loss of one water, which are typically found
as acyl functionagroups for flavonoid species in the pldhb, 23] Two features amn/z

867.2 and 1155.3, corresponding to singly protonated procyanidin oligomers with a degree
of polymerization (DP) of 3 (DP3) and 4 (DR2%], were observed in the high mass region

of the FLEMS spectrum when magnified by 10. The chemical structure of procyanidin
trimer is shown in Figure 3.5. The high energy TifSMS (280 pJ) spectrum displays the
same molecular features with an additional feature of procyanidin DRBzdt443.3.
Anthocyanins, one of the most common class of flavonoids, are naturally abundant
pigments that help to protect the plant against excessive UV light radjddgnThe
detection of different anthocyanidins, anthocyanin glycosides and procyanidin oligomers
from the flower petals by£EMS and Ti:SLEMS agrees with previous studies indicating
that flavonoid species were abundant in plants usingEBEMS [23, 35] atmospheric
pressure MALDIMS [36], as well as ambient ionization methods including DESI

[37], ELDI-MS [35], and LAESIMS [9, 22]. Note that further analysis with collision
induced dissociation (CID) or other complementary fragmentation techniques are required
to make definite assignment for the detected flavonoid ion species because of theepresen
of structural isomerg38].
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Figure 3.6. Blank-subtracted mass spectra for a flower petal affixed on a glass substrate

using FLEMS with 46.5 pJ pulse energy and FLEMS with 160 pJ pulse energy.
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To gudy the role of sample substrate on the laser vaporization of plant tissue by
femtosecond laser pulses, flower petals were analyzed on the glass substrates and compared
with stainless steel substrates. Glass is a dielectric material that is transparent at
experimental nealR 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 FLEMS and Ti:SLEMS laser vaporization displayed the same ion speciekiding
the small metabolites and procyanidin trimer, and comparable ion intensities to results from
stainless steel substrates, as seen in Figure 3.6. This suggests that a femtosecond laser pulse
can interact with the plant materials directly via a nson@ant, multiphoton mechanism
without sample substrate heating. N#ifs-LEMS is different from nanosecond UV and
IR laser desorption techniques that require resonant absorption. For instance, direct
analysis of secondary metabolites in plant tissuesewabled using matrikee UV-laser
desorption/ionizatioftMS at singlecell resolution because of a strong absorbance of UV
light by the metabolite§39]. However, the results can be biased as many other plant
metabolites are not strong WAbsorbers and éir UV laser desorption probabilities can be
limited. Universal interrogation of diverse metabolites from the plant sample has been
illustrated by LAESI with 200 um or higher spatial resolution because of the resonant
absorption of the IR laser radiatiog endogenous water matig, 40].

Sample pretreatment (e.g., physical stripp[dd], solvent extractior{37], or
surface imprinting42]) is sometimes required to remove the cuticular wax layers from the
plant leaf surface for mass analysis when the tpatien 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
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using fiber laser vaporization followebly nanospray postionization revealed similar
features to the measurements of the high energy Ti:Sapphire laser, as shown in Figure 3.7.
A list of the assignments of molecular species from flower leaf-hfMS and Ti:S
LEMS analysis is provided in TableZ3 Peaks atn/z145.0 and 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 byBMS and Ti:SLEMS. Sucroseelated
features aim/z 325.1, 365.1, and 381.tprresponding to [WMH.O+H]*, [M+Na]" and
[M+K] ", were also found in the leaf samples by LEMS. The observation of these
carbohydrates is expected as the leaf is the organ where photosynthesis takes place. The
same anthocyanidirelated flavonoid featuresiamely cyanidirxylosyl-glucoside (/z
581.2) and cyanidiylosyl-rutinoside (n/z727.2), were also observed from the leaf as the
petal. The uniquerofile of metabolites in the plant, including flavonoids, carbohydrates
and other metabolites, can sergesagynatures for rapid sample screening and classification,
e.g., discriminating different varieties of grap@sd¢ent, Dunkelfelder, and DakaQd&5],
phenotypes ofmpatiensflower petalg15], and color patterns of Zebraplant leaf[16],
using laserdesorption followed 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 therteggy Ti:Sapphire
laser vapaorization. To probe the effect of pulse energy for femtosecond laser vaporization,
flower petals and leaves were analyzed by -LEBIS using pulse energies over an
intensity range of nearly two orders of magnitude (uJ to bidhortunately, higher pulse
energies (~ mJ) are not currently available for the femtosecond fiber laser to perform
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Figure 3.7. Blank-subtracted mass spectra for a flower leaf on a glass substrate using F
LEMS with 46.5 pJ pulse energy and FLEMS with 505 pJ pulse energy. Inset displays
the optical image of the flower leaf. Note that peaks labeledthd* are solvent and

unidentified plant features, respectively.
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Table3.2. Tentative assignments of molecular features in the mass spectra collected from

flower leaves by REMS and Ti:SLEMS.

Monoisotopic Measured Leaf Mass

Compound’ Formula Error Ref
m/z MZ  fiber Ti:S (ppm)

glucosé 2H,0 CeHgOs 145.0506(H) 145.0508 + + 1.4 [25]
glucoséH.O CeH1005 163.0607(H) 163.0591 + + 9.8 [25]
sucroséH,0  CpHxO1o  325.1135(H) 325.1109  + + 8.0 [25]
sucrose CioH22011  365.1054(Na) 365.1024 + + 8.2 [26]
sucrose CiH2O1  381.0794(K) 381.0761  + + 8.7 [26]
Cy-xylosyl-Glu  CaeH29015  581.1501(+) 581.1477 + + 4.1 [23]
Cy-xylosyl-Rut  CaHseO19  727.2080(+) 727.2071  + + 12 [23]

2 Cy denotes cyanidin; Glu glucoside; Rut rutinosileSymbols in parentheses indice
protonated (H), sodiated (Na), potassiated (K) species or preformed catiérsardii indicate
presence or absence of the molecular feature in the mass spectra.
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power studyat higher energy range forlEEMS. The mass spectra measured for a flower
petal at different laser pulse energies using -LEMS are shown in Figure 3.8. The
intensity of representative peaks in the spectra of petal are plotted as a function of pulse
enegy and is displayed in Figure 3.9. Peaks includmg 581.2 and 727.2 increased
significantly when the pulse energy was increased from 75 pJ to 505 pJ, and the maximum
signal was observed at 280 pJ 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 LLEMS revealed comparable signal intensities for different glycosylated
and polymerized anthocyanidins in comparison with the high energy Ti:Sapabée |
measurements. The comparable 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 mass spectra measured for the flower leaf at differenpldseenergies

using Ti:SLEMS are shown in Figure 3.10 with the intensity of representative peaks in
are plotted as a function of pulse energy Figure 3.11. The analysis of leaf samples using
Ti:S-LEMS revealed higher ion yields at 505 and 1120 pJ whereglggible anthocyanin

and sugar molecular features were observed at 160 and 280 pJ. This suggests that
sufficiently high laser pulse energy is required to detect signal from the plant sample, which
is in agreement with previous THEMS and FLEMS measugments of biological
macromolecules[17]. The successful analysis of plant samples using fiber laser
vaporization suggests that the l@mergy laser vaporization is suitable for the direct

analysis of complex biological systems.
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Figure 3.8. Blank-subtracted mass spectra for a flower petal affixed on a stainless steel

substrate using Ti:BEMS with 75, 110, 280 and 505 pJ pulse energy, respectively.
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Figure 3.10. Blank-subtractednass spectra for a flower leaf affixed on a glass substrate

using Ti:SLEMS with 160, 280, 505, and 1120 uJ pulse energy, respectively.

90



—7—163.1
——381.1
6.0E3+ —A—581.2
— w7072
>
= 4.0E3 w |
=
o 2.0E34
e
= |
/ n
0.0_ i—-_—!/" Al

0 400 800 1200
Pulse Energy (pJ)
Figure 3.11. Intensity of representative ionsfz163.1, 381.1, 5B2, and 727.2) of the

flower leaf plotted as a function of pulse energy (160, 280, 505, and 1120 pJ) using Ti:S

LEMS.

91



3.4.2 Identification of a Lipid Standard by FLEMS and Ti:S-LEMS Coupled with
High Resolution Accurate Mass 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,
diabetes, and neurodegenerative diseases) involve the disruption of lipid metadyolism
signaling[43]. An ambient ionization MS technique with the capability of rapid, spatially
resolved analysis for lipid detection is therefore of interest. An investigation of analyzing
a lipid standard PC(6:0/6:0) was carried out to test the efficiehdgmtosecond laser
vaporization and nanospray postionization to transfer the lipid samples from the condensed
phase to the gas phase for mass analgsesious analysis of PC(6:0/6:0) ByS-LEMS
using a pulse energy of 2.5 mJ revealed the detedtiparent [M+H] and fragment [N
N(CHz)s+Na]" ions with the loss of trimethylamine end grdu@]. The mass spectra of
low-energy FLEMS and Ti:SLEMS are shown in Figure 3.12 with a peakraz454.3
dominating the spectra, corresponding to protonated PC(6:0/6:0). Low abundance peaks at
m/z 907.5 and 338.2, corresponding to a dimer ion [2M+&tjd a fragment ion [M
CesH1202+H]" with the loss of one of the fatty acid chain, were observed iRLJEMS and
were negligible in HLEMS spectra. Figure 3.13 shows the analysis of the lipid by Ti:S
LEMS with much higher pulse energies at 280 and 505 pJ. Elevated intensity of fragment
ions 0fm/z338.2, as well a/z356.2 and 440.2, corresponding toi [B4H 120.+H>O+H]*
and [Mi CH2+H]", respectively, were observed. The survival yields, defined as the ratio of
the parent ion intensity to the sum of parent and fragment ion intensities, decreased from
0.93 to 0.80 with increasing pulse energy in Figure 3.14 uprably due to the more
energetic excitation process under a higher intensity of apats®. In addition, when the
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Figure 3.12. Blank-subtracted mass spectra for lipid standard PC(6:0/6:0) on a stainless
steel substrate usinglEEMS with 46.5 pJ pulse energy and FLEMS 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.
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pulse energy was increased from 75 to 280 and 505 pJspeces formed ah/z468.2

and 486.3 via the intermoleculaxXStransfer of a methyl group to a parent molecule to
form [M+CHa]* product and [M+CH+H>O]" water adduct ions as observed previously
whenthe lipid cluster ions formed by ESI were subjected to colligiduced dissociation

[44]. These measurements suggest that lipids can be desorbed intact from the substrates
using lowenergy femtosecond laser pulses.

High spectral resolution and accurdegsed mass measurements play an important
role in unambiguous identification of drugs, lipids, and metabolites species from tissue
samples in mass spectromefb, 46] Note that the high mass resolving power and
accuracy of our QTOF analyzer enabled ithentification of P@6:0/6:0). The inset of
Figure 3.12demonstrates that the monoisotopic peak of PC(6:0/6:0)2454.2576 is
resolved from one of the solverdlated blank features at/z454.3445 in the raw spectra,
which would otherwise interfere thi and/or obscure the lipid feature. The measured
monoisotopicmassof PC(6:0/6:0) is also only 1.2 mDa difference from its theoretical
value 454.2564The lack of fragmentation for PC(6:0/6:0) using femergy femtosecond
laser pulses is an improvement to high energy Ti:Sapphire laser vaporization, which is

beneficial for intact small molecule analysis by mass spectrometry.

3.4.3 Matrix-Free Analysis ¢ a Mouse Brain Section by Ti:SLEMS

Spatiallyresolved ambient ionization MS analysis of animal tissue samples of
histologic interest can directly provide chemical information to better understand the
biological pathways and processes in the tisdlelecular profiling of animal tissue
samples with minimal sample preparation have been demonshwtseveral ambient
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ionization MS techniques, including DE17-49], naneDESI [45, 50} IR-MALDESI

[51, 52] and LAESI[30, 53] To investigate the capability of LEMS for the analysis of
animal samples, mouse brain was chosen in our analysis. A freshly sectioned mouse brain
was analyzed by Ti=REMS without the deposition of matrix, as seen in Figure 3.16. Th
mass spectrum revealed abundant ion features, especiallgyat0 01 900. These
were identified as phospholipids, i.e., phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), and listed in Table 3.3. The peak deteatr7860.6
correspond to PC(34:1) and has been observed previously for the analysis of mouse brain
by MALDI [29, 31, 32] SIMS[27], and LAESI[30]. The low abundance features in the
mass regiom/z<700 are likely fragments of lipids or metabolites. For example, the peaks
at m/z551.5 and 577.5 have been suggested to arise from diacylglyceride molecules
( [ M+ bO)"H54, 55]but could also be fragments of different classes of phospholipids
with acyl chains of 32:0 and 34:1, respectiviglg]. The ion aim/z184.1 correspond®

either free phosphocholine molecules or phosphochdlagments of PC lipids, which
supports the detection of phosphatidylcholine species from the brain by LEMS. Further
analysis by MS/MS or an ion mobility analyzer are required to confirm and eleicidat

exact chemical structure of possible isobaric and/or isomeric ions because of the vast

structural complexity and diversity of lipi§45, 53]
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Table3.3. Tentative assignments of molecular features in the mass spectra acquired from

fresh cut coronal mouse brain section by JiEMS.

Monoisotopic  Measured S
Compound’ Formula m/? m/z Error Ref
(ppm)
Phosphocholine  CsHuNO/P  184.0733(H) 184.0767 185  [27, 28]
PC(29:0)/PE(32:0) CyH7NOP  692.5225(H) 692.5287 9.0 N/A
PC(31:1) CiHiNOsP  718.5381(H) 7185454  10.2 [29]
PC(32:0) CiHsNOsP  734.5694(H) 7345765 9.7  [27, 2933]
PC(33:1) CuHsNOP  746.5694(H) 746.5754 8.0 [30]
PC(34:2) CiHeNOsP  758.5694(H) 7585746 6.9 33]
PC(34:1) CiHeNOP  760.5851(H) 760.5919 8.9  [27, 2933]
PC(35:4)/PE(38:4) CiHiNOP  768.5538(H) 768.5602 8.3 [30]
PC(36:4) CuHsoNOP  782.5694(H) 7825733 5.0 [29’33;?’32’
PC(36:2) CuHeNOsP  786.6007(H)  786.6000 0.9 [30, 33]
PC(36:1) CuHeNOsP  788.6164(H) 788.6193 3.7  [27, 2933]
PC(37:6)/PE(40:6) CasHsNOsP  792.5538(H) 792.5617  10.0 [30]
PC(38:6) CuHaoNOsP  806.5694(H) 8065784  11.2 [29’33;?’ 32,
PC(38:4) CiHaNOsP  810.6007(H) 810.6035 3.5 [29’3323(]” 32,
PC(40:6) CiHaNOsP  834.6007(H) 834.6049 50  [30, 32, 33]

2(X:Y) represents the number of carbon atoms and double bonds in the fatty acid cha
denotes phosphatidylcholine; PE phosphatidylethanolarhi®gmnbols in parentheses indice
protonated (H) species.
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Figure3.16. Blank-subtracted mass spectra for OG€mbedded mouse brain sections using
F-LEMS with 46.5 pJ pulse energy and HLEMS with 505 pJ pulse energy. Peaks are
categorized into different groups according to their charge statesass difference with

respect to adjacent peaks in the same group.
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Section preparation is an important step in the analysis of animal tissue by mass
spectrometry to ensure that sample integrity is maintained while avoiding sample
contaminatiorf57]. OCT-embedded mouse brain sections were analyzedUMS and
Ti:S-LEMS to investigate the effect of the commonly employed embedding compounds in
the process of cryosectioning on LEMS mass analysis. Figure 3.16 shows the spectra
acquired from OCIembedded fain samples using-EEMS and Ti:SLEMS. The lipids
observed from fresh sectioned brain sample shown in Figure 3.15 were suppressed by
species that are more readily ionized from the OCT compounds, including polyethylene
glycol (PEG) and a possible polyshacide with repeat units of 44 and 342 Da,
respectively. 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 freezofghe tissue block followed by cryosectioning to

produce thin slices that are amenable to ambient ionization MS arjalyskl}

3.5 Conclusions

The use of a robust, turnkey femtosecond fiber laser to directly analyze tissue
samples without the needrfexternal matrix deposition is demonstrated. The results
obtained with the low pulse energy (50 puJ) fiber laser source were comparable with
analysis using a high energy Ti:Sapphire laser. The similarity of results with two different
laser wavelengths sugsts that femtosecond laser vaporization involves a nonresonant,
multiphoton mechanism to enable universal analysis. Small metabolites, particularly
anthocyanins, sugars and their derivatives, were desorbed from plant samples. Various
phospholipids were dected from mouse brain samples using femtosecond laser pulses
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from the Ti:Sapphire laser. The measurements are of interest for {ine¢rimass analysis

of tissue samples for the application of molecular imaging and tumor classification. The
use of OCT cmpounds during tissue cryosectioning is detrimental for subsequent LEMS
analysis.

The current study lays the groundwork for molecular imaging of plant and animal
tissues using lovenergy, femtosecond laser vaporization and electrospray postionization
with minimal sample pretreatment. The femtosecond fiber laser has the advantage of being
a turnkey, robust, and affordable laser that is amenable tepemialist laboratories. With
the rapid advances being make in fiber laser technology, thdRidamtoseond laser
desorption ambient ionization source may benefit from the development of femtosecond
fiber lasers with milijoule pulse energy. MS/MS analysis such as collision induced
dissociation may also be used in the future to validate the molecular assigmagle by

high spectral resolution and accuracy based mass measurements.
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CHAPTER 4
LASER ELECTROSPRAY MASS SPECTROMETRY IMAGING

FOR DYE AND PLANT TISSUE IMAGING

4.1 Overview

This chapter describes an ambient mass spectrometry imaging source that enables
measurement of the compositional heterogeneity in a plant sample with both high spatial
and mass resolution. The source is based on nonresonant, femtosecond laser electrospray
mass spectrometry (LEMS) coupled to a quadrupole-aifsiegght (QTOF) mass angker.
No matrix deposition and minimal sample preparation is necessary for the source. The
laser, translation stage, and mass spectrometer are synchronized and controlled using a
LabView user interface. Single laser shot is applied to each pixel duringdigeng. A
scanning rate of 2.0 second per pixel is achieved. Measurement of a patterned ink film
indicates the potential of LEMS with a lateral resolution of ~60 um. Metabolites including
sugar, anthocyanins and other small metabolites were successpiyed from plant
samples without oversampling using a spot size of 60 x 70 Mwlecular identification
of the detected analytes from the tissue was enabled by accurate mass measurement in
conjunction with tandem mass spectrometry. Statistical analysisnegative matrix
factorization and principal component analysis, were applied to the imaging data to extract

regions with distinct and/or correlated spectral profiles.
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4.2 Introduction

Mass spectrometry imaging (MSI) can interrogate a sample in kftabemanner
and provide a chemical map in two or three dimensions with excellent molecular specificity
[1]. The goal of mapping the chemical composition present in biological samples has been
the driving force for the rapid development of MSI in theflestdecadef2, 3]. The power
of MSI has been demonstrated in many biological applications, such as imaging drugs,
lipids, proteins and metabolites in tissyds 5], mapping chemical residues in latent
fingerprints [6], and discovering clinical biomarkdor tumor detection7]. Ambient
ionization sources with imaging capabilities have seen rapid deployment in biological and
clinical imaging application§8]. Among numerous ambient ionization sources to date,
laser vaporization has been widely adoptedresof the many desorption methods due to
its spatially weHdefined energy deposition ability. An additional postionization step (e.g.,
electrospray ionization (ESI)) may be coupled to the laser desorption source in many laser
based ambient mass spectraméechnique$9]. The combination of laser desorption with
electrospray postionization offers several benefits, including atmospheric pressure
analysis, improved analytes sensitivity, enhanced quantitative analysis, and spatially
resolved analysiglO].

Ambient laser desorption in conjunction with electrospray postionization was first
demonstrated by electrospragsisted laser desorption/ionization (ELDI) in 2QQ%].
ELDI employs a laser beam at 337 nm wavelength from a nanosecond UV laser to ablate
samples and the method has been applied to image slices from two types of fungus,
Ganoderma lucidunand Antrodia camphoratewith a spot size of approximately 100 x
150 unt [12]. Additional examples of las@lectrospray hybrid techniques with imaging
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capalities include matrixassisted laser desorption electrospray ionization (MALDESI)
[13, 14] laser ablation electrospray ionization (LAESD5, 16] as well as laser
electrospray mass spectrometry (LEM3Y, 18] The main difference among these
techniqus is the laser parameters, in particular pulse duration and wave[éAgtho]

LAESI and infrared laser MALDESI (IRMIALDESI) use a nanosecond IR laser at 2.94
pm to resonantly excite inherent water in the biological sample to induce desorption, and
have been extensively employed to image plant and animal tissue samples recently.
Metabolites from plant sampld46, 20, 21]as well as endogenous lipids and small
metabolites from a rat braj@1, 22] were imaged by LAESI with a lateral resolution of
~200 pm., though ablation spots of 30 um size have been demonstrated for single cell
aralysis (but not imaging) by delivering the riid laser pulses with an etched optical fiber

[23, 24] The distribution of drugs, lipids, and metabolites were also mapped from sections
of animal tissue at lateral resolution of 150 to 200 um WMIRLDESI [14, 25] and a

lateral resolution of 45 pm was reported using oversampling methods where the sampling
step size is smaller than the laser spot[di2e26] Unlike nanosecond laser pulses where

a resonance must occur in a specific matrix, nonresonaniphuaitin laser vaporization
occurs in LEMS without the aid of a matrix.

Achieving high resolution analysis in the spatial and spectral domains has been a
major focus for mass spectrometry imaging sources including-dtéesgtrospray hybrid
ambient ionizabn methods. Mass spectral imaging using LEMS was previously
demonstrated by mapping oxycodone deposited on a metal plate with a lateral resolution
of 250 um on a custom, low resolution orthogonal TOF mass angli@erRecently,
successful analysis washieved with a laser spot size of ~75 |iaT] and endogenous
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metabolites and lipids were directly detected from plant and animal tissue samples in
LEMS [28]. However, the ability of LEMS for mass spectrometry imaging of biological
samples at <100 um laterasolution has not been fully investigated and the capability of
performing MS/MS analysis for molecular identification has not been demonstrated by
LEMS. Here we explore the application of LEMS imaging for plant tissue samples with a
high performance maspectrometer and a high resolution translation stage. The details of
the imaging source including instrument design, software development, and data analysis
are presented. Spatialigsolved measurements of patterned ink on a metallic substrate are
presaéted. Mass spectral imaging of a leaf at a lateral resolution of <100 um is presented.
Finally, statistical analysis, nonnegative matrix factorization and principal component
analysis, is performed as a means of spectral and spatial features extractitreftarge

imaging dataset.

4.3 Material and Methods
4.3.1 Sample Preparation
A Rhodamine 6G dye pattern was prepared on a stainless steel plate by a red

permanent marker (Sharpie, Downers Grove, IL, USA) for LEMS imaging. The pattern
was created by remal of the dye using femtosecond laser ablation (45 fs, 500 pJ) from a
Ti:Sapphire laser amplifier (Coherent Inc., Santa Clara, CA, USA) coupled with a two
dimensional translation stage (MLS203Thorlabs, Newton, NJ, USA) on a laser ablation
platform. The platform controlled by a custom LabVIEW (LabVIEW 2012, National

Instruments, Austin, TX, USA) program has the option to set the laser frequency, ablation
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range, and a user defined ablation pattern. A single fs laser pulse with a spot size of 50 um
in diameter was used at each ablation site for the ink pattern.

Fresh pink and retNew Guinea ImpatienBower petal and leaf samples were
collected from plants on the Temple University campus. The flower petals and leaves were
detached from the flower samplasd affixed to the stainless steel sample slides using
doublesided tape prior to analysis. The plant samples were then directly placed on the

sample stage of the ion source without any other treatment.

4.3.2 LEMS Imaging Source

The imaging source, shown Figure 4.1, consists of a Ti:Sapphire regenerative
amplifier laser (Coherent Inc., Santa Clara, CA, USA), an electrospray emitter coupled to
a quadrupole time of flight (QTOF) mass spectrometer (micrQQAF Bruker Daltonik
GmbH, Bremen, Germany), amdXY translation stage (MLS260B, Thorlabs, Newton,
NJ, USA). The source is compuontrolled by a user interface developed with
LabVIEW, which allows user to monitor sampling area, set laser and stage parameters,
save stage positionformation, and iiialize/stop imaging acquisition. The QTOF mass
analyzer is controlled by the manufacturer
Daltonik GmbH, Bremen, Germany) and synchronized with the LabVIEW program to
enable data storage during imaging acgoisit The source can be operated in either
continuous raster mode to acquire a line profile of the sample or in stepped mode to enable

stepby-step molecular imaging.
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Figure 4.1. Schematic of the femtoseabnlaser vaporization and electrospray
postionization mass spectrometry imaging system. Femtosecond laser pulses from a
Ti:Sapphire oscillator were regenatively amplified and focused on the sample by a lens.
The sample was placed on an XY translation stagker ambient conditions and raster
scanned step by step during imaging analysis. The laser vaporized analytes were captured
and ionized by an ESI source and transferred into a QTOF mass analyzer. The
synchronization of translation stage, laser, and npsgr®meter was computeontrolled

by a customized user interface.
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4.3.2.1 Laser Vaporization

A Ti:Sapphire oscillator (KMLabs Inc., Boulder, CO, USA) seeded the
regenerative amplifier to create 60 fs pulses centered at 800 nm. The laser pulse was
focusal to a spot size of 50 pum in diameter using a 10 cm focal length lens (Thorlabs,
Newton, NJ, USA) with an incident angle of 45° with respect to the sample surface. The
energy of the pulse was attenuated using a quadee plate and a polarizing beam gphi
cube (CVI Laser Optics, Albuguerque, NM, USA) to ~1 mJ for the majority of the imaging
experiments, resulting in an intensity of 34/cn? at the area sampled. For line profiling
analysis, the laser was operated at 10 Hz when the sample mourtiedranglation stage
was continuously raster scanned at 1 mm/s. For imaging analysis, the laser was triggered
with the choice of single or multi laser shots at each position when the sample was moved

step by step.

4.3.2.2 Electrospray lonization and Mas$pectrometry

After a laser pulse, the vaporized sample material is captured, ionized, and
transferred into the QTOF mass analyzer by the electrospray stream. An acidified solvent,
1:1 (v:v) methanol/water with 1% acetic acid (Fisher Scientific, Fair LMINUSA), was
continuously pumped through the ESI emitter by a syringe pump (Harvard Apparatus,
Holliston, MA, USA) at a flow rate of 3 uL/min. The ESI ion source was operated in
positive ion mode employing drying gas at 100 °C. The ion optics settingise of
spectrometer were optimized for best performance and were kept constant during the
experiments. The spectrometer was calibrated by an ESI standard sampleASigoha
Buchs, Switzerland) fom/z 50i 1000. Some of the metabolites were identified by
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subjecting parent ions (x015/2) to collisioninduced dissociation in nitrogen gas with the
collision energy set betweenil¥ eV in continuous raster mode. An ESI solvent mass
spectrum was acquired before each laser vaporization event to allow background

subtraction of solventelated peaks.

4.3.3 Imaging Operation

Through the LabVIEW user interface, a VGA camera (XVP610, IBM Inc.,
Armonk, NY, USA) mounted above the ion source can be used to monitor the sample target
and select the region of interest. Témanning parameters, such as step size, scanning
direction, scanning range, laser frequency, number of shots per pixel, MS scan/ablation
delay, and ablation/next MS scan delay are selected for an imaging experiment. A flow
chart of the imaging system isashin in Figure 4.2. The LabVIEW program synchronizes
the stage movement, laser triggering and mass spectrometer scan to endhfestpp
sampling and simultaneous data storage. The controllers of translation stage and laser are
communicated and triggereoly LabVIEW using serial communication ports during
imaging. The LabVIEW program makes calls to the Windows application programming
interface (API) for managing and controlling the mass spectrometer software window to
enable data storage. This API schemgasses the requirement of component object model
(COM) library for the mass spectrometer, which is usually not supplied by the
manufacturer, and provides a universal solution to controlling any commercially available
mass spectrometer by LabVIEW. A timidgagram of the imaging system is shown in
Figure 4.3. In the imaging mode, timesolved mass spectra were acquired for ~1.4 s at a
spectra rate of 10 Hz and recorded as a function of sampling position. The dwell time of
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each pixel was ~2.0 s in total, wwh was primarily limited by the time required to fully
sample the vaporized analytes to prevent eavgr between consecutive sampling pixels.

As seen in the chromatogram plot of Figure 4.4, the mass spectra response of the ion of
interest reaches the mimum immediately after laser ablation and drops to the low
percentage range in 0.9 s. The total time to image an organ sample with a step size of 100

um between pixels for an area of 8.1 x 2.63typically requires approximately 1.5 hour.

4.3.4 Data Praessing and Image Visualization

The raw timeresolved mass spectra files (.d) of individual pixels were first
converted to standard mass spectrometry format files (.mzML) by MSConvert from
ProteoWizard[29] and then processed by a script written in Pytl20n.8 utilizing
pyOpenMS library30], see Figure 4.5. Individual averaged spectrum (.mzML) after blank
subtraction was extracted from each timeolved spectra in the Python script. These
pixelated spectra were finally combined with the position infolomato generate a
standard MSI data file (.imzML) by imzML conver{&1]. This data processing workflow
has the potential to be utilized for any standard MSI RAW data files with multiple MS
scans to extract single spectrum for each pixel and incorpthratepatial information
afterwards to generate standard MSiI file.

The resulted imzML file can be transferred and viewed on any free, publicly
available MSI visualization software, such as BioMiap|, DataCube Explorg33], and
MSiReadef34]. Here MSiReader was chosen to visualize the large MSI dataset with high
spatial and mass resolution. The presented MSI images were smoothed with a second order
linear interpolation and plotted as heatmap without any contrast enhancement.
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laser shot ablation of the dye film using a spot size of 50 um by LEMS.
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import pyopenms, os, numpy, glob, subprocess =

def

ave_spec(exp, low_time, high time):
# average the spectra in the time window and export as new_spec
eXp_sum = pyopenms.MSExperiment ()
spec_count = 0
for spec in exp:
if low_time <= spec.getRT() <= high time:

exp sum.addSpectrum(spec)

spec_count += 1
pyopenns. SpectraMerger () .mergeSpectraBlockWise (exp_sum)
peaks = exp sum[0].get peaks()
mz, intensities = peaks.T
ave_intensities = numpy.array(intensicies)/spec_count
peaks[:, 1] = ave_intensities
new_spec = pyopenms.MS5Spectrum()
new_spec. set_pea}rs (peaks)
return new_spec

sub_exp (exp) :

% get spec from exp, lst spec as background, 2nd spec as signal
peaks = exp[0].get_peaks()

mz, intensities = peaks.T

reversed_intensit.ies = -numpy.array(intensities)
peaks[:,1] = reversed intensities

exp sub = pyopenms.MSExperiment ()

new_spec = pyopenms.MSSpectrum()

new_spec.set_peaks (peaks)

exp_sub.addSpectrum(new_spec)
exp_sub.addSpectrum(exp([1])

pyopenms.SpectraMerger () .mergeSpectraBlockWise (exp_sub)
return exp_sub

name in glob.glob('G:\T imaging\Raw mzML\*.mzML'}):

exp = pyopenms.MSExperiment ()

exp_sub = pyopenms.MSExperiment ()

exXp_out = pyopenms MSExperiment ()

exp_sig = pyopenms.MSExperiment ()

blk_spec = pyopenms.MSSpectrum()

8ig_spec = pyopenms.MSSpectrum()

pyopenms.MzMLFile () .load (name, exp)

blk spec = ave_spec(exp, 0, 0.36)

exp sub.addSpectrum(blk_spec)

sig_spec = ave_spec(exp, 0.36, 0.8)

exp sub.addSpectrum(sig_spec)

exp _out = sub_exp (exp sub)

eXp sig.addSpectrum(sig_spec)

# save blank subtracted

sub filename = og.path.join('G:\T imaging\Processed mzML No blk',os.path.basename (name))
pyopenms.MzMLFile () .store (sub_filename, exp out)

# save no blank subtracted

sig filename = os.path.join('G:\T imaging\Processed mzML_Blk',os.path.basename (name))
pyopenms.MzMLFile () .store (sig_filename, exp sig)

Figure4.5. Python Script for extracting blank subtracted spectrum from pixelated mass

spectra chromatogram.
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4.3.5 Statistical Analysis

Nonnegative matrix factorization (NMF) and principal component are&a({&ACA)
were applied to the MSI data using open source Mditeted programs OmniSpg8b]
and memory efficient PC36] for statistical analysis. The program supports input data in
the imzML format and explores the entire dataset using NMF and PCAthigoiThe
program will load, process, and compute the pixel registered mass spectra to generate
statistically important component images and their corresponding component spectra. The
NMF and PCA component images were presented as heatmaps without guofatiter

or contrast enhancement.

4.3.6 Safety Considerations
Lab personnel were protected from any exposed invisible laser radiation and high
voltage supplies by insulating shields. Appropriate laser eye protection was worn by all lab

personnel during thexperiments.

4.4 Results and Discussion
4.4.1 Imaging An Ink Pattern

To evaluate the imaging capability of LEMS, a red ink pattern on a stainless steel
slide was used as the initial sample for study. This pattern was created by removal of the
ink using femtosecond | aser abl atplattorm.t o f o1
An optical image of the ink pattern prand post_EMS imaging is shown in Figure 4.6
with dark and bright area corresponding to laser unablated and ablated ink areas,
respectively. Figure 4.7 shows the ion imagm&t442.90, corresponding th@damine

121



Pre-LEMS

Post-LEMS

Figure 4.6. Optical image of a laser printed pattern in a 4film of red ink containing

rhodamine 6G dye on a metal slide-hiEEMS and posLEMS imaging.
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Figure4.7. Selected ion imagen(/z442.90 + 0.01) acquired with single shot laser per pixel.

Intensity plot as a function of positions, as shown by the white dotted line in the ion image.
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6G dye with the loss of a chloride ion, obtained by LENMsing a 50 pum laser spot size,
which agrees with the optical image of the pattern. The variance of pixel intensity is not
due to laser fluctuations, but is due to inhomogeneity inherent in the printed dye film, which
has been seen in previous LEN83] and MALDI experimentg38]. A plot of the intensity
of the dye ion as a function of position from the white dotted line in the ion image is shown
in Figure 4.7. The ion intensity of the gap area that is indicated by the white arrow in Figure
4.6,correspoidng t o the fAvalleyo in the plot, rev
ivall eyo was determined to be 550 Om, whic
the predefined ablation pattern.

To evaluate the degree of sample caver between piels, the background ion
signals before firing the laser are extracted from the-teselved spectra of individual
pixels and plotted in Figure 4.8. The background ion image implies little or no sample
carry-over between consecutive pixels after the 21/ell time and the ion image without
background subtraction remains the same intensity scale as the background subtracted
image. The mean value of the lateral resolution was determined to be 62.9 um, shown in
Figure 4.9, using the distance for which aor@ase in signal intensity from 20% to 80%
of the maximum value as a measure of the lateral resol{8@&n40] This proofof-

principle experiment of the ink pattern demonstrates that a lateral resolution of ~60 um can

be achieved by the current LEMi8aging system.

124



Background Subtracted

600
500
{400

300

200

100

600

500

400

300

200

100

350

300

250

200

150

100

50

0

Figure 4.8. Selected ion imagen(/z 442.90 £ 0.01) with and without background

subtraction for individual pixels.
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Figure4.9. Intensity plot as a function of positions, as shown by the white dotted line in
the ion image om/z442.90. The blue and magenta lines indicate 80% and 20% of the

maximum peak intensity, respectively.
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