ABSTRACT

KHODJANIYAZOVA, SITORA Characterization of Infrared Matrikssisted Laser Desorption
Electrospray lonization (MALDESI) Mass Spectrometry Imaging (MSI) for Detection of
Metabolites and Lipids in Pharmaceutical Pills, Soft &tatd Biological Tissues.(Underthe
directionof Dr. David C. Muddiman).

The principal advantages of mass spectrometry imaging (MSI) over conventional imaging
systems used for evaluation of human health and disease (e.g., MRI, f&T ukKrasound, etc.)
are the sensitivity, accuracy, and capabilitgetecting hundreds to thousands of molecules (both
known and unknown) simultaneously. Even though theea myriad of commercial andome
built MSI systems available today, improvements are still necessary for MSI ta bigveficant
impact on a divese range of applications. &@hwork described herdetaik efforts towards the
development of an innovative MSI platform named infrared massisted laser desorption
electrospray ionization (HMALDESI). IR-MALDESI is an ambient ionization source thaess
mid-IR laser to desorb neutral species from a sample followed by ionization in an orthogonal
electrospray beam. HRIALDESI is aninnovative MSI technigues in both targeted and untargeted
analyses. This is due to its unique combination of attribufesimf complementary information
to other MSI techniques including: minimal sample preparation, operation at atmospheric pressure,
guantitative ablation and sampling which enables relative and absolute quantifi@tion,
dimensional3D) capabilities, and soft ionization of a broad range of compound classes without
chemical derivatization. his research thesidescribe the following characteristics of IR
MALDESI platform:spectral accuracyipidome coverage frorinesh and formaliffixed paraffin
embedded (FFPE) tissuefgasibility of IRRMALDESI for 3D MSI and direct analys of
undecalcified bones.

IR-MALDESI experiments rely heavily on MS1 data since each voxel is fully ablated after



a few laser shots making MS/MS on multiple featuresn the same voxelery challenging.
Knowing that accurately measured m&ssharge /2 ratiosand relative ion abundances within

an isotopic envelope aid in revealing elemental compositions, we investigated how the Orbitrap
ion count affects mass asg@ectral accuracy. Our findings were implemented in untargeted MSI
analyses of healthy and disead#ected tissues to confirm the presencemd or moreanalytes

of interest usingulfur, carbon, and nitrogerounting

In untargeted IRMALDESI analysesof biological samples, a significant number of
abundant peaksorresponding to lipids are observed. However, the fraction of the lipidome that
can be extracted and ionized byMRALDESI has not been define@ur findings show that IR
MALDESI detects 70 umjue lipid ions that are not observed in more generic analyses such as
direct infusion &lso known ashotgun).

Histology laboratories around the world fix fresh tissues in formalin to preserve cellular
morphology that can help with diagnosis and prognoisésdisease. However, fixation denatures
biomolecules causing challenges for faptical methods of detection such as MSur results
show that IRMADLESI is compatible with direct analysis of FFPE tissues and that abundance of
all common ions detectdtbm both fresh and FFPE tissue is comparable.

To uncover additionapatialinformation that cannot be collected using traditional planar
MSI, an ovetthe-counter(OTC) pharmaceutical pilvas usedo test the utility of IRMALDESI
for 3D MSI. Without consecutive cryosectioning, 3D-NRALDESI MSI was performed by
repeatedly acquiring 2D images over the same region of interest. We investigated depth resolution
as a function of | as eapthresoldiongvigh realucet laspowen. e ved 2.

The gold standard for preparation of bone tissue prior to MSl is decalcification, where fresh

bone is soaked in various solvents days, causing chemical and physical changes. This process



removes minerals, making it easier to cut into thin slice$y @& MSI sources are reported for

the analyses of bone tissues: MALDI and SIMS, both reguidecalcifcation Using IR
MALDESI source, an MSI method was developed for analysis on fresh, unmodified bones.
Healthy and strokaffected mouse bones were mea resulting in 826 and 668utatively

annotatedeatures
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CHAPTER 1
Fundamentals of Mass Spectrometrjor Applications in Imaging

1.1Basic Principles ofMass Spectrometry

1.1.1A Brief Overview of Mass Spectrometry

Mass spectrometris ananalytical techniqueised for measurements of magsharge
(m/2 ratios and relative abundances of ionigpdcies€.g.,atoms molecules clustersvhich can
beatoms and/omolecules held together by a binding fgra® typical mass spectrometer consists
of an ion source (where neutral species are transformed infithgas ions)n/zfilter (where ions
with specifiedm/zratiosare allowed to pass deeper into a mass spectrometer), and finally mass
analyzer (wherem/z ratios and abundances are measured in an-hijra vacuum). Charged
species respond differently to some combination of magnetic and/or electric fieliesiao them,
and by measuring changes in ion trajectories due to those fields, the mass of an individual ion can

be determined.

1.1.2 The Origins of Mass Spectrometry

A lot of people contributed to the field of mass spectrometry. For example, in 1815 the
British physician W. Prout formulated theory about multiple hydrogens which states that molecular
masses are multiples of the mass of hydrogen. His theory played@manpole in the discussion
about isotopes (elements with different number of neutrons but the same number of protons and
electrons). In 1869 the Russian chemist D. Mendeleev for the first time presented his periodic table
that illustrated chemical andhypsical properties of some elements. In 1897 J. J. Thomson
(physicist) discovered the electron, and in 1911 E. Rutherford (physicist as well) discovered atomic

nucleus. In 1914 T. W. Richards was able to show that mass of an ordinary lead was different fro



the mass of lead found in radioactive minerals. Significant mass difference between the two

provided evidence for the theory of isotopes.

1.1.3Relation of Mass and Energy

Discovery of isotopes allowed for determination of elemental compositions with far greater
accuracy than beforésotopes are atoms that have the same number of protons and electrons but
different number bneutrons (e.g3C and'?C). Isotopologues are molecules that have different
isotopic compositions with one or more substituted isotope.ekample,'3C'®0,, °C80,,
13C180;, are isotopologues 8fC1*0,. The wor d @i sotopeod icoomed dmdr
Atoposo meaning Athe same placeo, because dif
same position on the periodic table. For example, b@tand*3C represent carbon atom on the
periodic table, even thoudAC has one extra neutron coanpd to'?’C. Mass difference between
13C and*C is 1.0034 Daltons (Da), which is not the mass of a neutron. If the same manipulations
are done with two nitrogen isotopesN and!‘N), the mass difference turns out to be 0.9970 Da,
which is also nothe mass of a neutromhis phenomenon can be explainedddystein‘'snuclear
binding energy(op & equation which describébe amount of energy that must be supplied to a

nucleus in order to move neutrons and protons away from each other:

bindingener gy = oE om (Equation 1.1)
om = mass defect= [(# p Tmassobnscleasf p) + ( #
p = proton, n = neutron
c = speed of light = 3.0 x 10m/s

Just as electrons orbiting the nucleus have preferred configurations, each nucleon has its

own unique binding energy as wdtlworth noting thatlectrons also have binding energies, called



ionization potential, however, ionization potential of a @ngflectron is approximately a million

times smaller than the binding energyaddingle proton or neutron in a nucleus

1.1.41sotopic Distributions: The Role of Isotopes in Mass Spectrometry

Due to the differences in binding energies, we can identify what elements make up an
unknown by monitoring mass shifts between adjacent peaks in isotopic distsbusioiopic
distribution shows masses aatbundances of a monoisotopic molecule and its isotopologues
(Figure 1.1). The monoisotopic peak in isotopic distribution shows mass and abundance of a
molecule composed of the most abundant isotopes &g!N, H, 10, etc.). Peaks to the right
of the monoisotopic peak represent isotopologues. To determine what isotope corresponds to the
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Figure 1.1. Representative isotopic distributiol

second peak in isotopic distribution, we need to find the mass difference between monoisotopic
peak and the first isotopologue. In this exaniplgure 1.1), them/zdifference is 1.003Bawhich
corresponds to the mass difference betwéérand!?C.2 Therefore, the second peak in isotopic
distribuion represents a molecular ion with 3@ andN-112C isotopesi being the total number

of carbons).



1.1.5 Isotopic Distribution€anHelp Predict Elemental Compositions
From isotopic distribution we can also determine the total humbeadions in the
unknownbecause theetative abundance dfC isotopologugor height of*3C peak in isotopic
distribution) changes with théotal number of carbons in a moleculehis has to do witlthe
number of permutationsr arrangements with regard tiee order of oné3C in a molecule: the
number of permutations increases with the total number of carbons. For exampfg bas 2
permutations in ethane:
13CH3'?CHs
12CH3*CH3
Similarly, one®*C has 4 permutations in butane:
13CH;3?CH3?CH3?CH;
12CH,CH3MCH3CH;
12CH,?CH3CH3CH;
12CH,2CH3CHs™CH3
Therefore, the relative abundance'# isotopologue in a molecule with 4 carbons will
always be higher thathe relative abundance dfC isotopologue in a molecule with 2 carbons.
The number of carbons can be estimated by dividing the relative abundddCésattopologue

(e.g, 8.8% fromFigure 1) by the relative abundance of oli€ isotopein nature?

Qi 0 QaEHE BT D& ° > y(Equation 1.2)

If isotopologues of other elements are resolved in isotopic distriblEgugtion 1.3 can

be used to estimate the number of any other element:

Qi 0 QA&BEQMO € a i (Equation. 1.3)



1.2How ESI and MALDI Revolutionized Biological Mass Spectrometry

There is a myriad of different ionization sources that range from hard to soft. Harder
ionizations result in excessive fragmentatiatt@rns ofa precursor ior{e.g.,precursor iorABC*
dissociats into its component iond*, B*, C*); while in softer ionizations, charge is deposited
onto a precursor molecule itself (e.g., AB&Z ABC+adduct ion)The work described in this thesis
is focusedonly IR-MALDESI, one of the softest ionization sources available toldat before
talking about this source in more detail, ESI and MALDI will be introduced liesause IR
MALDESI is a hybrid of ESI and MALDI
1.2.1ESI (Electrospray lonization)

When choosing between ionization methods, one should consider the physical state of an
analyte because some ionization techniques require the analyte to have certain physical properties.
For example, electron ionizah (EI) is limited to small, initially neutral, thermally stable, and
volatile compounds because neutral samplstb e fiboi |l ed of f o0 and conve
prior to bombardment with an electron beam. Thermally unstable compounds can decompose in
the heating chamber prior to interaction with the electrons. El is considered a hard ionization
source because energy delivered in the system from the electron beam is high enough to break
multiple bonds in a molecule. Fragmentation of precursor ion predaceery detailed
Afingerprinto that can be searched against a

Until not too long ago, neutral molecules could be ionized only via evaporation and
interaction with an electron or photon beam. However, the probldnthis classic method of ion
production is that it requires the species of interest to be in vapor phase as individual free
molecules. And when it comes down to analysis of biological samples, we know that thermal stress

catastrophically decomposes loigical molecules. The big question was how to make donh®f



molecules thatannotvaporize

In 1984, building on ideas of D&f® Iribarne and Thomsd&nProfessorJohn B. Fenn
developed amlectrospray ionization (ES$ource for analyess of macromolecule€® In 2002he
received onguarter of the Nobel Prize in Chemisttye to the tremendous impact of E8lthe
field of bioanalyical chemistry? For the first time a charge could be deposited on intact,
unfragmented biomolecules (e.groteins)\whi ch wer e | a tflgng eledpelsacrti shdée d
because these biological ions were very large compared to typigahgss ions.

ESI is the softest ionization technique, which allows for analysis ofcowalent
complexes, polar, neutrddig, and small molecules at ambient atmosphere. A& S| source
consists of a capillary and emitter tip connected with a metallic junction, an MS inlet, and voltage
difference between the ESI emitter tip and MS infégre 1.2). To generate ions in the source,
potential (25 kV) is applied between cdlairy and emitter tip in liquid junction through which
waterbased conductivesolution with analyte is flowing. As a result, oxidation or reduction of
water generates protons or hydroxides that are evenly distributed on the surface of each droplet:

2H,0Y  ©r 4H' + 4e (dominant reaction in positive ESI mdde
2H,0 +2e Y i+ 20H (dominant reaction in negative ESI mode)

When too many charges are accumulated at the emitter tip, a Taylor cone is formed as a
result of pressure buHdp. Electrostatic and hydrodynamic forces result in the formation of
charged droplets as the sol GibhceEShminics aneeleotric t ed f
circuit, all charged droplets are drawn towards a very hot (~250°C) counter electrode (or ion
transfer capillary) where excess of solvent is evaporated due to the collision of charged species
with themselves and with ambient ionsietules.Eventually,too many charges are present on

the surface of a droplet. This is when the Rayleigh limit is reached: the point at@dhitdmbic



repulsion forces equal the surface tension of a droplet. As a result, Coulombic fission takes place
seveal times, and offspring dropletsr progeniesyvith charges on them are born.

There are two models that describe howfaase ions are formed in ESI. The first one is
the chargeesidue modl proposed by M. Dole: offspring droplet will keep evaporating and
undergoing fission until only one analyte ion is left in the dropi2Residual solvent then
evaporates in MS inlet and charge(s) is (are) retained on the analyte molecule. The second model
is the ionevaporation model proposed by J. V. Iribarne and B. A. Thomson; this is the model that
John B. Fenn believed #° The model states that Coulombic fission and solvent evaporation will

continue, until the droplet is so small and charge density is so high that electrostatic field at the
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Figure 1.2. Schematic of ESI (in positive mode). ESI voltage can be either positive or ne:
depending on the physiochemical properties of an analyte.

1.2.2 MALDI (MatrixAssisted Laer Desorption lonization)

Another soft ionization method that revolutionized biological mass spectrometaris-
assisted laser desorption ionization (MALDI).tAe same time as J. B. Fenn, K. Tanaka received
onequarter of the 2002 Nobel Prize in @mstry for demonstrating that proteins can be ionized

when proper matrix and laser wavelength are dSedMALDI, analyte compoundare embedded



in a matrix, consisting of small organic molecules. Upon laser excitation, analyte and matrix co
desorb from the surface and multiple chagasfer reactions occur between matrniatrix,
matrix-analyte, and analyienalyte. Residual energlyives matrixanalyte separation and charge
transfer. Unlike ESI, MALDI can ionize samples with high salt concentrations. Also, MALDI
produces primarily singly charged species making spectra interpretation easier. The reason for this
is currently unknownhowever, there are two proposed theories for ionization mechanisms in
MALDI: gas-phase protonation and lucky survivor thebifasphase protonation theory states
that matix molecules are ionized first upon irradiation followed by proton transfer between matrix
and analyte molecules in gas ph&seucky survivor theory predicts that excess of electrons and
protons in the expanding plume might be neutralizing highlsrged analyte speci€SRecent
studies have shown that bomechanisms might be taking place; however, the ratio of two
ionization processes depends on experimental parameters, the nature of matrix anéanalyte.
1.3 IR-MALDESI - one of the Softest lonization Sources

In 2006, D. C. Muddiman and a@orkers combined the properties of MALDI andIE&S
one ambientonization sourcé IR-MALDESI - which stands forinfrared matrix-assisted laser
desorption electrosprapnization Figure 1.3).1>” IR-MALDESI has severahdvantages over
existing ionization sources. Firgirior to analys, sample undergoes no chemical modifications
(no extensive sample preparation st€psecond, biologicallcompatibleice is theonly energy
absorbing matrixised during analys¥sthird, ionization happesmatambient atmospheréurth,
multiple- and singlycharged ions can be generated by the sélraad finally, IR-MALDESI
tolerates samples with higbalt concentratiod® In a typical IR-MALDESI experiment, the
sample is sliced (10 um < tissue thickness < 100 ama)) thawmounted onto a glass slide which

is then placed ontivanslationaktage. After a thin ice layer is formed on top of the sample, a mid



IR laser pulse (2940 nm) excitesHDstretching modes of water which facilitate ablation of neutral
species from the sample. These neutral molecules partition into charged ESI droplets and are
ionized in an ESlike manner. After ionization, a decreasingegsure gradienand voltage
differencedraw charged droplets/molecular ions into a mass spectrometer for analysis. The remote
stage moves the sample in the x or y directmmblate another set of tissue framadjacent
spot?®
1.4 IR-MALDESI Source Coupled with aQ Exactive Plus Mass Spectromete

No matter what ionization method is used outside of a mass spectrometer, it is crucial to
understand how theass spectrometarorks to be able to interpret collected data correctly. All
of the data presented in this document was acquired aghgxactive Plus mass spectrometer
high-resolution accuratenass (HRAM) mass spectrome{&igure 1.4). After ionizaton in IR-
MALDESI source, ions pass through several transmission optiEengSand injection flatapole)

where RF voltage gives rise to an electric fialt focuses ions along the axis of the optics.

+3 ) ¥
Kl x
» ¥
3
4 0 an F
y * N + ©® Eal
X I
.- @
..‘:‘1-,_3
‘? Rl aw ¥ 2
R - r
o
5 ]
» o
mobile stage ) + 2-5kV |~

Figure 1.3. Schematic ofR-MALDESI.



Focused ions pass through the bent flatapolepar@Ovhere RF voltage is applied to remove all
residual solvent droplets and neutral molecules, while charged species enter the RF transfer
multipole where ions with specifiett/zvalues are selected and transferred into thea@ lon
populations in the @ap are monitored by automatic gain control (AGC) target and injection time
(IT). Trapping too few or too many ions results in weak signal or detector oversaturation,
respectivelyAGC target maintains optimum number of ions for each,s@h T is the tne that

ions are allowed to accumulate in ther@p. AGC and IT are dependent parangetend the one

TN

HCD cell
Orbitrap / \ W
mass analyzer JLL L C-trap
7y

transfer

* neutrals multipole

H7

flatapole
S-lens  injection
flatapole

Figure 1.4. Schematic of Q Exactive Plus coupledReMALDESI Imagecourtesy of Thermc
Fisher Scientific.

that is reached first controls ion populations in thegp. When ions reach thet@p, they lose
their kinetic energy upon collision with nitrogen gas. After thermal cooling, ions can be
transferred int@an HCD (higher energy collisionaligsociation) cell for fragmentation directly
injected into the Orbitrap mass analyfar detection of intact moleculel case of MS1, RF in

the Gtrap is ramped down and high DC voltage accelerates ions into the Orbitrap omitting HCD
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cell. The Orbitap consists of a center electrode surrounded byshafped outer electrodes. When
ions enter the Orbitrap, electric fieldapplied,and ions start rotating around the central electrode
and oscillating along it. Image current from oscillated ionsiéasured by electron multiplier,
digitized, and converted into frequency spectrum using fast Fourier transformation. Usirg a two
point calibration method, software converts frequency spectrum into a mass spectrum.
15IR-MALDESI Mass Spectrometry Imaging

IR-MALDESI has been extensively used in mass spectrometry imaging (MSI) to monitor
spatial distributions of different molecules in biologié¢4t3® and nonrbiological sample$?’. In
MSI, one mass spectrum is collected from each voxel (volumetric element corresponding to one
image pixel) in x and y directions. Untargeted mass spectrometry imaging (MSI) relies heavily on
gualitative MS1 data because fragmentation of multiple features fremsdame voxel is
impossible. Our current workflow in untargeted MSI analyses involves collection of MS1 data
first, followed by atom counting and MS/MS on peaks that show interesting spatial distributions.
Using MSiReadéf3°, an open source MSI software, one can generate heatmaps showing ho
ions of interestaredistributed within a sample. Incorporation of the absolute quantification tool in
MSiReadet®, now allows users to represent ion abundances in terms of absolute concentrations.
Also, when MS/MS data is unavailab precursor peaks can be putatively annotated using the
METASPACE annotation engie, which reports lists with putative IDs for easfzfound in raw

spectrum.
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CHAPTER 2
Characterization of the Spectral Accuracy of anOrbitrap MassAnalyzer
using I sotopeRatio MassSpectrometry
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Khodjaniyazova, $, Nazari, M?, Garrard, K. P., Matos, M. Rlackson, G. PgndMuddiman,
D. C. Analytical Chemistry 2018 90(3), 18971906.

#Authors contributed equally to this work.
Copyright© 2018 American Chemical Society.

2.1 Introduction

Accurate determination aflemental compositions is one of the most challenging aspects
in untargeted metabolomics analy$étigh resolving power coupled with high mass measurement
accuracy (MMA) alone cannot be used for confident identificasfaumknown$® because, even
at high MMA (<1 ppm), several elemental compositions are possitiawever, high MMA
combined with spectral accuracy (SA) can often lead to elucidatioa single elemental
composition and/or confirmation of a databasé& fii fact, using solely isotopic distributions can
remove >95% of false candidafeSpectral accuracy is thability of the mass analyzer to
accurately measure isotopic distributions (including isotopic fine structures) which, when coupled
with high MMA, can be used for estimating the number of specific elements in an unkfiofwn.
15 For example, to estimate the number of carbon atoms in a molecule, the relative abundance of
A+1 (13Cy) peak is divided by the natural abundancé*fon Earth D1.11%) based on natural
abundance values reported by the National Institute afd&tds and Technology (NIST) or
International Union of Pure and Applied Chemistry (IUPAEHowever, the values in these
Il i braries ar emgassreamerndt a sv dlbeesd, whereas the

samewhere within the observed range of natural variafidRsr instance, the relative abundance

16


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

of 13C in terrestrial matter actually ranges from 0.96% to 1.15%, which provides sufficient variance
to cause incorrect assaments of the number of carbons in a moletle.

The motivation of the present work is to characterize SA of the Orbitrap mass analyzer
¥ pbased on the absolute ion abundancedldwy its use in untargeted mass spectrometry imaging
(MSI) studies with infrared matrigassisted laser desorption electrospray ionization (IR
MALDESI)?% 2coupled to the Thermo Fisher Scientific Q Exactive Plus mass spectréfiBter.
MALDESI is an ambient ionization source where a4iitdaser is used to desorb neutral species
from a sample. The desorbed materials partiinto the charged droplets of an orthogonal
electrospray, where ions are formed in an-B& fashion?® These ions are next stored in the C
trap for a predetermined amount of time, denoted by the maximum injeatierIT) 2% and the
automatic gain control (AGC) function in the Q Exactive Plus mass spectrometer is disabled due
to the pulsed nature of the MRALDESI source. While MS/MS analyses can be performed on
peaks of interesb confirm the structure of putative identificaticisacquiring MS/MS spectra
for every analyte in every voxel is virtually impossible in untargeted MSI analyses. Therefore,
identification of unknowns in untargeted-NRALDESI studies relies solely on MMA and SA.
Nazari et al. have previously demonstrated the utility of SA and sulfur counting in the identification
of metabolites in an untargeted polarity switching MSI anafysisereanalyte was confidently
identified from four potential candidates generated in MELTIN datalase.

One critically important and limiting factor in accurately characterizing the SA of a mass
analyzer is the fact that theers a variation in the relative abundance of different isotopes of each
element found in nature. Thus, to investigate the effects of absolute ion abundance on the
Orbitrapbs ability to recover expectednds sotop

spanning a wide mass range using isotope ratio mass spectrometry spectrometry (IRMS) to
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accurately measure abundance of stable isotopes. Results from IRMS analyses allowed us to
precisely monitor changes in relative abundancéd@af 1°N;, and®*S; molecular ions measured
using the Q Exactive Plus. We report two experimentally determined optimal conditions for each
of three arbitrarily defined mass windows of small (100 < MW (Da) < 400), medium (400 < MW
(Da) < 900), and large (1000< MW (Da) < 1500pounds: (1) optimum absoluts, Ny,
and®*S; ion abundance for accurate carbon, nitrogen, and sulfur counting, respectively, and (2)
thresholds for the absolute monoisotopic ion abundances required for high SA. In the work
presented here, we demamase that it is crucial to establish thresholds for absolute ion abundances
because changes in the absolute ion abundance could influence the MMA and SA and subsequently
hinder the ability to confidently identify unknown analytes. Establishing the optabgiute ion
abundances required for high MMA and SA will help to reduce the number of potential
identifications (IDs), generated by searching the accurate mass in databases such agMETLIN
HMDB,?° because compounds whose absolute ion abundances are above certain thresholds can be
used for confident estimation of elemental compositions. Once a narrow list of potential IDs is
generated, a different algorithm can be used to predictetemental compositions of those
compounds that pass the first screetirg.
2.2 Experimental Section
2.2.1 Materials

Caffeine was purchased from both SigAldrich (St. Louis, MO) and the International
Atomic Energy Agency (IAEA). The two caffeine samples are termed cafgirand
caffeingaea, respectively. The tetrapeptide MRFA acetate salt and acetic acid were also purchased
from SigmaAldrich. HPLG-grade methanol, water, and acetonitrile were purchasedBurdick

& Jackson (Muskegon, MI). Ultramark was purchased from ABCR GmbH (Karlsruhe, Germany).
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The isotope standards of glutamic acid (US®Sand USGS!I1) were obtained from the
United States Geological Survey (USGS, Reston, VA). An isotope stanfdsullamilamide was
purchased from IVA Analysentechnik e. K. (Meerbusch, Germany).

2.2.2 Direct Infusion of Caffeine, MRFA, and Ultramark Mixture Using Q Exactive Plus

In Q Exactive Plus analyses, a mixture of caffeyag MRFA, and ultramark wasenized
in the ESl interface. Neutral species were filtered in the bent flatapole whereas ions were efficiently
transferred to the RBnly quadrupole mass filter. Exiting the quadrupole, ions were cooled in the
C-trap?® and injected into the Orbitrap for further image current detection and fast Fourier (FT)
transformatiort’

The Q Exactive Plus mass spectrometer was calibrated prior to analyses. €ghieine

MRFA, and ultramark wereissolved in 5 mL of acetonitrile, 4.68 mL of 50:50 methanol:water

(v/v), and 100 eL of acetic acid to yield a mi
and 18 &g/ mL wultramarKk. The mixture was dir e
specto met er using ESI at a flow rate of 2 ¢elL/n

temperature at 4.0 kV and 320 °C, respectively. The mixture was analyzednfzdm0
tomz2000 with a r es oluwndatmg200. dNinetynine transierit 4dans @10 0
microscan each) were recorded at each of eight AGC targets:2%40ad, 1 x 16, 2 x 18, 5

x 1P, 1 x 16, 3 x 16, and 5 x 18 The maximum IT for each injection was set to 100 ms to
provide enough time for ion accumulation ajlhAGC targets. To achieve low ppm MMA, peaks
of diisooctyl phthalate atvz391.2843 [M + H]" and 413.2662 [M + N&" were used as loek
masses fointernal calibratiort®

2.2.3 Direct Infusion of IRMS Reference Staddddsing Q Exactive Plus

Each isotope reference standard was diluted in 5 mL of acetonitrile (ACN), 5 mL of 50:50
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met hanol : water (v/v), and 100 €L of acetic aci
0.03 mg/mL glutamic acid 1 (USG®)), 0.2 mg/mL caffeingea (IAEA-600), 0.002 mg/mL
sulfanilamide, and 0.03 mg/mL glutamic acid 2 (US@ES. Glutamic acid 1, caffeipea,
sulfanilamide, and glutamic acid 2 were directly infused one at a time into the Q Exactive Plus
mass spectrometer in thisted order. A relatively narrom/z range of 70280 was measured to
make sure that the mass of each reference standard fell roughly in the middle of
selectedwzrange? The AGC target and maximum IT were set to 1 ¥ dtd 300 ms,
respectively, and 100 transient scans (1 microscan each) were obtained per analyte at a resolving
power 0 fwhmdt@02000 0 O

Even though analysis of narrawzrange$® with increased number of microscéhat
higher RPs can improve SA, we used instrumental parameters that are more typical in untargeted
MSI experiments €. g, widem/zr ange, 1 Mmi Cr O0S G atmz2M)Pto = 140
demonstrate the applicability of this approach to more realistic untargetethIRESI MSI
studies.
2.2.4 Analysis of Caffeiegma MRFA, and Ultramark Using IRMS

For the bul k i S®taoph samples lofypproximatety f0.5 ing of
caffeinaigma 0.3 mg of MRFA, and 0.9 mg of ultramark were weighed in tin capsules and placed
in a Thermo Flash HT Plus elemental analyzer (EA) coupled via a Conflo IV interface (Thermo
Finnigan, Waltham, MA) to a Thermo Delta V ¥ahtage isotope ratio mass spectrometer. The
elemental analyzer converted each sample (calfigiaeMRFA, or ultramark) into simple fixed
gases (e.g., NCO) using the standard combustion and a reduction reactor, followed by separation
in a packed gashromatography (GC) column using helium (Matheson, Fairmont, WV) as the

carrier gas. The purified gas molecules were subsequently ionized via electron ionization (El), and
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the abundances of these ionized gases were detected simultaneously using mrdtiple ¢taps
after passing through the magnetic sector mass andhRata acquisition was carried out using
Isodat 3.0 software (Thermo Finnigan, Waltham, MA).

Carbon isotope ratios were measured relative to a comgrexteeence Cegas (Airgas,
Morgantown, WV) and normalized to the international scale relative to Vienna Pee Dee Belemnite
(VPDB) using a twepoint linear regression calibration based upon the certified reference materials
USGS40 (71 26. 39 -&1)@ 3a7n.d633TMmEG8srection fot’O was performed using
the standard Santrock algoritififor nitrogen isotope ratios, delta values were measured relative
to compressed nitrogen (Amg, Morgantown, WV) and were normalized to international air
N2 using a twepoint calibration curve composed of US@) (1 4. 52 &) and USGS
a). Triplicate measurements of each sample pr
whichwereeported on the per mil I®C(&nds &dlire froel ait i
Sulfur bulk isotope ratios of MRFA samples were measured by the United States Geological
Survey (Reston Stable Isotope Laboratory, Reston, VA) using a continuous flow isatopeass
spectromete*Resul ts were reported i-+CanyoeDiablmTroiike ( &) r
(VCDT) and defined by assi gn$inglversufidexaadnd val u
correction was conducted for oxygen isotopic composition.

2.2.5 Data Analysis

To correctly assign peaks in isotopic distributions measured using the Q Exactive Plus,
theoretical exact molecular masses were calculated using exact atomicatnassreported by
IUPAC.1® To avoid confusion, we refer to ultramark as ultramark 1421 throughout this manuscript
because in data analysis we focused only on the most abundant MierHatn/z 1421 Eigure

A.1). The .RAW files generated by the Q Exactive Plus were processed in XCalibur software
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(version 2.2, Thermo Fisher Scientific, San Jose, &%l then converted into the .mzML format

using the opeisource MSConvertGUI tool from ProteoWiza&fdSubsequently, thevz values

within £2.5 ppm tolerance were extracted using the RawMeat tool (version 2.1, VASTifiécien

Cambridge, MA) and exported into Excel. Masses for isotopologues were calculated using the

difference in their exact masses from the monoisotopic peak. Extracted ion chromatograms (XIC)

for each peak (x2.5 ppm) were generated using XCalibur andtegpato Excel. We exported

IT for each transient scan to calculate the absolute ion abundances (abundance from .RAW file [in

ions/seconds] x IT [in seconds]) because prescanned AGC targets result in slightly different ITs

from scan to scan. All subsequemalyses and calculations were performed in Excel.

2.3 Results and Discussion

2.3.1 Orbitrapbés Sensitivity of Measuring Rel
We characterized the Orbitrapbds performanc

resol vi ng p onmweatm/z@G0 bylatefing @®Mtargets to monitor how different ion

populations affect mass and spectral accuracy in arbitrarily defined small (100 < MW (Da) < 400),

medium (400 < MW (Da) < 900), and large (1000< MW (D4)60) compounds represented by

caffeingigma(CsH10N402), MRFA (C3H37N70sS), and ultramark (£8H1806N3P3F24(CaoFa)n, N =

0i 12). The effects of varying the resolving power were not investigated in this study because this

topic has already been discussediétail by otheré: ® 1°We prepared a homemade positive ion

calibration solution from caffeine, MRFA, and ultramark to have materials from the same lot

numbers for IRMS analyses. The homemade calibration solutionnhates concentrations of

caffeingigma( 2 € g/ mL) and MRFA (0.7 e€g/mL) relative

LTQ ESI Positive lon Calibration Solution, which usually has caffeine and MRFA concentrations

of 20 eg/ mL and 1 eulfangk spectruenshpgere A.1 shaavk that theT h e f
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relative abundances in homemade calibration solution differ quite substantially from the relative
ahundances normally seen in the spectrum of the commercially available calibration solution.
As mentioned above, SA in tandem with high MMA can be used for confident elucidation of
unknown analytes. As expected, in ladlass controlled analyses, MMAs foaffeingigma
MRFA, and ultramark fell within the accepted range of +2.5 ppm across all eight AGC targets.
Moreover, with larger ion populations, MMA for caffeiiga MRFA, and ultramark approached
DO0.6 ppm,DO0.7 ppm, andD0.6 ppm, respectively~{gure A.2). However, MMA alone cannot be
used for accurate identification of unknown compounds with complex elemental compdsitions.
Once it was shown that the MMA was preserved at all ion populations, we turned our attention to
characterizing how accurately the Orbitrap measures relative abundances of stable isotopologues
such ag3Cy, N1, and®*S; that can be used tarbon, nitrogen, and sulfur counting, respectively.

To ensure the most accurate characterizati
of the stable isotopes in caffeiyma MRFA, and ultramark were measured using IBMS. The
values wererepagtd using the U notation in units of pa
for the difference in isotopic composition of the analyte relative to that of the reference standard.
The same compounds (caffeigea MRFA, and ultramark) from the same lot numbers were
mixed together and directly infused into the Q Exactive Plus mass spectrometer by ESI and
analyzed at the eight different AGC targets. Knowing the elemental compasiteach of the
three compounds, we were able to convert abundances measured with Q Exactive Plus into atom
percent (isotopebs natur al abundance) and cal
changed across eight AGC targets. First, the admres (from .RAW files) measured using the

Orbitrap were used to calculate the abundance ratios of the heavier isotopgQketg the lighter

23


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b03983/suppl_file/ac7b03983_si_001.pdf
javascript:void(0);
javascript:void(0);

isotope (e.g.X?C) of each atom in a given analyte. The ratios were then normalized to the number

of atoms ashown inEquation 2.1:

, HH1 T "HATBHH
NVHY T R T R TR B W T

(Equation 2.1)

Rsamper at i1 0s were then used to calcul ate the ato

according tdEquations 2.2 and2.3, respectively:

AOT | b—— pmiP (Equation 2.2)

p prm(TA) (Equation 2.3)

Rstandardin Equation 2.3 represents the same ratioRasmpiebut for a standard reference
material that is naturally enriched in stable isotopes. lon abundances measured in the Orbitrap were
conver togpard plottedagéinst absolute ion abundances®af isotopologues for all
three compounds as shownFigure 2.1L. T h e exacRd@alues and their corresponding 95%
confidence intervalsmeasured using IRMS, are shown on the top right oFitpere 2.1 Mean
Uexpectedvalues are also depicted as solid lines on the graph for easier visualization. It cam be see
t hat t he ongg’C oncaffainegng WMRFA, and ul tr agaaifClas 1421
the absolute ion abundances increasmgCdleowever
not fall within theep8® cdhei dhlNe sa dgeddr ual o
distributions in caffeinggmaand MRFA follow the same tren&igure A.3).

To further investigee the ability of the Orbitrap to accurately measure isotope ratios at
higher ion populations, four IRMS reference standards were directly infused into the Q Exactive
Plus mass spectrometer individually and analyzed frém¥0 tonVz 280 to have alfour peaks
fall roughly in the middle of the selected mass rariggufe 2.2). The key step in this analysis

was injection of each reference standard one at a time with theapreed AGC target and fixed
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Figure2.1.Dependenc e o al absolitaionaklndénce of A+3) peal
using caffeinggma MRF A, and udpdet@ualaes kith 95% 2ahfidende
interval, as measured by IRMS, are showrtlge top right and are also depicted as solid lir
on the figure. The inset on top shows the zoemeegion of-100 to 100 on thg-axis. Each
data point represents a single transient scan.

maximum IT set to 1 x Pdons and 300 msgespectively. One hundred consecutive spectra were
recorded to establish the mean and 95% CI for the reported isotope ratios. As shatle i,

Uexpected’C @ Rxphered N in caffeingaea, glutamic acid 1, and glutamic acid 2 are the only
expected values to fall within the ewf€Ci dence
anowdd™N) . The rege&daluasfdo notHadl within the confidenaeterval of the

cal cudmaatvead ules. As we opikjeCdvalues reedsuredawiiti the tOhigrap U
have much | ower P I € Gxjec®IIC aneasured using IRMSa Thiese cesultst o U
suggest that even at seeminglgtimized parameters that result in ideal MMA, the Q Exactive
Plusmass spectrometeannot measureC/A?C, °N/*N, and®*SP?S isotoperatios as accurately

and precisely asotope ratio MSIRMS).
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Figure 2.2. Orbitrap mass spectra collected in post ESI mode at Rhmo f 1 4 Om/zQ0T
for (A) glutamic acid 1 (USG80), (B) caffeingaea (IAEA-600), (C) sulfanilamide, andD)
glutamic acid 2 (USG81) that were injected separately one sample at a time-défared AG(
target for each injection was set to 1 x%Hhd acquiredn/zrange was 70280. Instrumen
determined average injection time £nl00 transient scans) for glutaic acid 1, caffeingea,
sulfanilamide, and glutamic acid 2 was 4, 21, 14, and 4 ms, respectively.

The typical precision (95% Cl) of | RMS mea

and 0.3a for nitrogen, wher easintdrvaleon e didertofr ap p
9a for carbon and 17a for nitrogen. The Orbitr
than the I RMS. Heisenbergds uncertainty princi

an image current in the Orbitr@gannot simultaneously be known to high degrees of confidence,
and that the better one knows the time domain (i.e., the frequency, and therefug, tihe worse

one knows the amplitude, or ion abundatfckliladinovic et al. have shown that ATRs are
capable of precisions on the order of 1 ppm in the time domain but at the expenselx%nly

precision in the abundance dom&if.he main advantage of multicollector magnetic sector
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Table 2.1 Analysis of Four IRMS Reference Standards Using aEQactive Plus?

IRMS Standards isotopesg Uorbitrap Uexpected
15N -38 £ 48 (SD) +1.0 £ 0.2 (SD)
caffeine (IAEA-600)
3c -30+19 (SD) -27.77 £0.04 (SD)
5N -80 + 76 (SD) -4.52 + 0.06 (SD)
glutamic acid 1 (USG$40)
13c -7 =21 (SD) -26.39 + 0.04 (SD)
15N -19 £ 81 (SD) +47.6 = 0.1(SD)
glutamic acid 2 (USG$41)
15C +51 + 20 (SD) +37.63 £ 0.05 (SD)
15N -130 £ 24 (95%Cl) -0.4 £ 0.2 (95%Cl)
sulfanilamide 3¢ -79 £ 10 (95%Cl) -27.8 £ 0.3 (95%CI)
345 -51 + 14 (95%Cl) +19.0 £ 0.7 (95%Cl)

aAbundances of ions of intere$tNi, °C1, and®'S)) collected using the Q Exactive Plus we
converdoveghntdo compared t o dph measunedusingeRMS.v

instrument comes from the ability to measure isotope abundances simultaneously on at least two
detectors and for extended durations. These two features compensate for ion source variation over
time and enable more sigrealeraging, which both lead to better precision. After obtaining such
high precision, one must only then correct for any bias in the instrument and detection system,
which is readily accomplished through comparison of unknowns to isotope standards. Also, in
IRMS analyses, each sample is converted into simple pure gases beforés amadyshus
abundances of isotopes are measured on the atomic level. In contrast, the Orbitrap measures
relative abundances of molecular ions with different isotopic compostfiofis®®*Therefore, in
FT-based measurements, such as the Orbitrap, it is oftentimes not possible to independently

measure abundances of all the contributing isotopic ions, so approximations and assumptions must
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be mae regarding the abundance of unresolved isotopes. For instance, the approximated expected

relative abundance of A+13C1) will always be slightly larger than the true relative abundance of

A+1 (*3C1) peak because expected relative abundance of A+1psdtact of the number of atoms

and the atom percent 61C from all isotopologues.

2320r bitrapbés Sensitivity of Carbon Counting a
To calculate the expected relative abundancéNaf 3C,, and®*S; peaks, accurate atom

percent vlues obtained from IRMS were multiplied by the total number of atoms of interest in a

molecule. Because IRMS measures the abundance ratio of one heav§Qetg.one light isotope

(e.g.,*?C), we usedEquation 2.4for computing the binomial probability distribution to estimate

the abundance of the A+2 peak in a molecule with a total of N atoms of interesfQz.geak):

5 A s .
0 ¢ 4l P N (Equation 2.4)

In Equation 2.4, nis the isotopic peakn(= 0 being monoisotopic peak A and 1 is the
A+1 peak, etc.)N is the total number of atoms of interest, and<1 is the relative abundance
(RA) of the stable isotope. The expectethtive abundance of eanl» 1 peak was calculated

usingEquation 2.5:
Qo QY®Qe— prnb (Equation 2.5)

Figure 2.3shows representative magsectra for ultramark 1421, caffegiyms and MRFA
collected with Q Exacti Vve whatows20@and ASC targedsoffi vi ng
2 x 10,5 x 16, and 3 x 16 respectively. At these AGC targets all three compoundsrietatéve
abundances that best match their expected relative abundances depicted as red dots and calculated
using U values fr om HigardMB3A theraisnyrededst abovilO:ppeak t h at

because we measured only carbon and nitrogen isotope ratios in eaffeiftecan be seen that
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13C; and*®N; peaks are only baseline resolved in caffeipg whereas in heavier molecules such
as ultramark 1421, théN; peak is not resolved from théC; peak. In addition to the A+1 peaks,
the A+2 peaks of caffeiggma (301 and*3C;) and MRFA £4S; and*3C,) are also resolved from

each other.Figure 2.3suggeststhat in general the Orbitrap slightly underestimates relative

abundances of heavier isotopic species in isotopic distributions, specifiCHBR6
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g 80 10 13C 0.4 01
8 coY G
= 1175 0.3
2% | s 0.2
2 401 (251™ 0.1
2 0 0
I 20 196.1 196.1 196.1, 197.1 1971 1971
[0) [EEE i RIS ¥
o '
0l e
195.0 195.5 196.0 196.5 197.0
m/z
B) 100 , g
—_ 45 o
=X 13C
< 80 - 2
© 3
g
S 60 | 15
C
Z 40 2
3 wg, 5263 5263 5263
< 20
m Y .
0 ‘ e : i
524 524.5 525 5255 526 526.5
nm/z
©) 100
S
— 80 4
3
c
S 60 1
C
>
2
Ci i3
ﬁ 20 A
13(:"2
ol I r

1421.‘6 ‘142I2.1‘ 1‘42‘2.6I 1‘42‘3.‘1 I1I42‘3.‘6I I1;Lé4.1
m/z
Figure 2.3. Representative Orbitrap mass spectra (&) caffeingigma (B) MRFA, and(C)
ultramark 1421 collected in positive ESI mode aigfo f 1 4 Om/zQM &nd AGC targe
of 5 x 1%, 3 x 1, and 2 x 16, respectively. Each spectrum was acquired withinrange o
1501 2000. Instrumentletermined average injection times Hn99 transient scans) fi
caffeineaea, MRFA, and ultramark 1421 was 1, 6, and 0.3 ms, respectively.
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underestimabn for **C; in caffeine andD15% for3‘S;in MRFA. According to Su et al., this
underestimation could be a result of interference betweerpisapecies of similar masses that
oscillate at almost identical frequencies in the Orbitrap.

To estimate the number of carbons in an unknown molecule, the relative abundance of A+1
(13C1) peak is divided by the natural abundancé®éf. Most often the fAbest
from a database such as IUPAC is used for this ps§déswever, using abundances from such
databases for carbon counting does not result in accurate estimation of elemental compositions
because not all compounds have the same refd@veabundance. Foinstance, the best
measurement fdC atom percent from IUPAC is 1.108%, while in our analysis the atom percent
values measured using IRMS are 1.070%, 1.086%, and 1.061% for caffeinfdRFA, and
ultramark 1421, respectivelyigure A.4). We used EARMS atom percent values to measure
how well the Q Exactive Plus is capable of counting carbons, nitrogens, and sulfurs when the atom
percent nbs [ERuatmrg2.6 we calculated the difference between known and
observed number of carbons across different ion populations as shbigarie 2.4

e e . OEEEEE TODI WEETO OO A € Qi Qi 6
Qe ¢V E Wi QIEEHQYD DI wE & T
0 WO &ha

(Equation 2.6)
Atom percent vimes in Equation 2.6 were determined using ElRMS and observed
relative abundances (RA) were measured on the Q Exactive Plus.Rdgiagon 2.6 with atom
percent values from | RMS, we monitored how S/
(Figure 2.4), nitrogens Figure A.5A), and sulfursKigure A.5B) was affected across eight AGC
targets. Note that at smaller AGC targets, nitrogen in caffigiag¢Figure A.5A) and sulfur in
MRFA (Figure A.5B) were not resolved, and that is why there are seven and six data points in

caffeinegignaand MRFA plots, respégely. Figures 2.4 A.5A, and A5B demonstrate that the
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differencebetween known and expected number of atoms follows the same trend in each of the
three compounds: the smallest difference is achieved roughly in the middle of the absolute ion
abundance curve, and the larger difference is observed at the lowest and dligbase ion
abundances. It is worth noting that while the mean difference gets worse at high absolute ion
abundances for MRFAF{gure 2.4), the precision of themeasurement is still improved
significantly. MoreoverFigure A.6 shows how the difference between expected and observed
relative abundance &fC; peak in MRFA improves at higher AGC targets. Note that at the
smallest AGC target of 2 x 4the'3C;, peak was indistinguishable from the sigt@hoise, and

at AGC target of 5 x ) most of thé3C, peaks had signal intensity of zero. IRMS does not
meaure relative abundance 8€; isotopologues, so in the probability equation we were
estimating abundance &¥C;in MRFA based on an already known atom percernf®ffrom

IRMS analysis. Relative abundance'#t, peak cannot be used in carbon countiaggl this
explains why we were mainly focusing on A+1 species.

AThe highest ion populationo in this stud:
maximum AGC target (5 x £J) but more ions can be stored in the Orbitrap by disabling AGC
target and settig maximum IT to a high number (e.g., 100 ms). However, when too many ions are
injected into the Orbitrap (e.g., | Fchage 100 m
effects, which result in suppressed abundance signals in lighter moleculesamkerdbundance
signals in heavier molecules. Spectral accuracy is the most affected in the least abundant species
because species with smaller ion cloud densities have much faster dec#\éttes.comparing
MS specta of caffeingigna MRFA, and ultramark 1421 collected at prescanned AGC targets of 5
x 10, 3 x 16, and 2 x 18 respectively, with spectra collected at IT of 100 ms with fixed AGC

function, the absolute ion abundances of monoisotopic peaks shdabla2.2changed
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significantly. At AGCtargets of 5 x 19 3 x 16, and 2 x 18 caffeingigma MRFA, and ultramark

1421, respectively, have relative abundances that best match the expected relative abundances
measured using IRMS. Also, each of these AGC targets has maximum IT that is much shorter than
100 msTable 2.2shows that at longer ITs, the absolute monoisotopic ion abundance decreased
by 2 orders of magnitude in caffelighs did not change much in MRFA, and increased by 2 orders

of magnitude in ultramark 142As a result, relative abundance of A+3Qy) peak in caffeine

was reduced by a factor B2 from 8.58% to 4.85%, while the expected relative abundance was
8.56% according to IRMS measurements. This was not the case for heavier molecules such as

MRFA andultramark 1421, which did not have significant changes in spectral accuracy at IT of

® Caffeinegigma *MRFA e Ultramark 1421
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Figure 2.4.Deviations from the known number of carbons across different ion popula
in caffeingigma MRFA, and ultramark 1421. Atom percent values, used in carbon cou
were obtained from IRMS analyses. Error bars correspond to 95% confidence interv
the mea (n = 99).
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Table2.2.Comparison of Absolute Monoisotopic lon Abundances Acquired at Small (colu
and Large (column 3) Total lon Populatiéhs

absolute ion abundance of A peak| absolute ion abundance of A pe
optimum AGC targets atIT =100 ms
caffeingsigma 2.1 x 1Gions (AGC =5 x 19 2.3 x 1Gions
MRFA 1.8 x 1¢ions (AGC = 3 x 16) 3.0 x 1¢ ions
ultramark 1421| 5.6 x 1Gions (AGC =2 x 19 2.6 x 16 ions

¥Note that at fdAopti mum AGC t ar glativesabundarses c
(Orbitrap) match the expected relative abundances (IRMS) the best.

100 ms: the relative abundance of A+£25() peak in MRFA had an insignificant change from
3.76% (IT =6.09 ms) to 3.75% (IT = 100 ms) while the expeatkdive abundance was 4.33%.
Similarly, in ultramark 1421, observed relative abundanc€Qfpeak changed slightly from
30.28% (IT = 0.33 ms) to 29.81% (IT = 100 ms) while expected relative abundance was 29.70%.
Figures 2.4 A.5A, and A.5B confirm that indeed there is an optimum number of injected
ions that results in sufficient spectral accuracy to allow for accurate estimation of the number of
carbons, nitrogens, and sulfurs. To accurately eséinthe number of carbons with the desired
precision of less than +0.5 atoms, the absdfi@eion abundance should B¥.9 (+0.15) x 18in
caffeingigma(*0.12 atoms)D 1.1 (+0.04) x 18in MRFA (+0.11 atoms), anfl1.5 (+0.03) x 16in
ultramark 1421 (+0.45 atomsFi@ure 24). It is worth noting that optimum absolute ion
abundance of MRFA peptide with charge state of +1 is 1 order of magnitude smallen than i
ultramark 1421 and almost identical to abundance threshold in caf§ein€his is explained by
MRFAGs ionization efficiency at +1 charge st at
are much more abundant than ultramark 1421 and less abuhdantaffeinggma Reliable
nitrogen counting (+0.31 nitrogens) in caffeigais possible at absolutéN; ion abundance of
D3.4 (+0.22) x 18(Figure A.5A), and reliable sulfur counting (+0.13 sulfurs) in MRFA can be

achieved when absolutés; ion abundance i96.6 (+0.31) x 18(Figure A.5B). Interestingly,
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when counting atoms with atom percent values from IUPAC at aim&rgioned thresholds, we
can still accurately estimate number of carbons (+0.39 atéiguee A.7) and nitrogens (£0.35
atoms,Figure A.5A) in caffeingigma and sulfurs in MRFA (x0.10 atomiSigure A.5B).
However, as expected, when counting carbons in MRFA and ultramark 1421 using atom percent
values from IUPAC, the tolerance lowers to £0.56 and £0.76 atoms in MRFA and ultramark 1421,
respectively. It is worth noting thebecause the relative abundancé&sfin nature is much higher
than that of3C and™N, the tolerance window for sulfur counting can be wider compared to the
tolerances used for carbon and nitrogen counting.

To estimate the minimum absolute monoisatapn abundance required for high spectral
accuracy, we generated the Pearsorschi u a?) déstrilfuteons across eight AGC targets for each
of the three test compoundSigure 2.5 . T o c?aaluesdor ralatiee almundances we used

Equation 2.7

? B (Equation 2.7)

¢’ foreach compoundwasa |l cul at ed b ofarsindivdoal atgn irt the@omeound,

depending on peak resolutionf:)

22 9
? P
? ?
The cal?val atsd fal | wi 4<h ibn awirtan gsemad fl ed <« ac

higherspectral accuracy. IRigure 2.5 2 values are distributed in distinct packets because at each
AGC target only a restricted number of ions are stored in itrapC It can beeen that the SA of
caffeingigma MRFA, and ultramark 1421 improves as the absolute ion abundance of the
monoisotopic peak increases, presumably because more ions are storedtiraghdtShould be
noted that there is an upper limit to the numberhafrges that can be stored in thér&gp O1

million chargesf2 and extremely high ion populations in ther@p lead to spaeeharge effects,
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which in turn deteriorate the SA.Basedon the previous study on SA in Fhsed mass
spectrometer$a 2 df less than 2.0 was chosen as the cutoff value for good spectral accuracy.
When comparing absolute monoisotopic ion abundances r e s p & 7 210 imcaffeinegns G
MRFA, and ultramark 1421, we noticed that heavier molecules required higher absolute ion
abundances for good spectral accuracy: absolute monoisotopic ion abundance of 4i® x 10
required to achieve high spedt@ccuracy in caffeingyma While absolutemonoisotopic ion
abundances of 2.0 x 4a8nd 4.6 x 1bHare required for accurate measurement of isotopic
distributions in MRFA and ultramark 1421, respectively. These estimated absolute ion abundances
can be usell in untargeted metabolomics studies, specifically in MSI, where many compounds
are analyzed simultaneously.

The identification list in untargeted MSI analyses can be shortened, sometimes down to
one unique elemental composition, when absolute ion aboeslane aboveeported thresholds.
We propose a workflow for efficient elucidation of unknown elemental compositions relying on
MS1 spectra onlyRigure 2.6A). First, theuser generates a list with potential IDs uginigfor
monoisotopic peak (2.5 ppm). Next, relative abundances in the experimental isotopic distribution
are used to estimate the number of atoms which in turn can help to eliminate IDs that do not match
expected elemental compositions in the first list. When absolute ion abundances are above
reported minimum, estimation is highly accura
very small. However, if absolute abundance is smaller than what we ireploigt work, the user
may not be able to efficiently reduce the ID list because, as we have already mentioned previously,
low-abundant species have a deteriorated isotopic distribution that cannot be used for accurate
estimations of the number of atonWe should also emphasize that the proposed workflow in

Figure 2.6A will not always work. For instance, if the generated ID list has only isomers, even the
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highest SA will not help to distinguish those because Orblieged mass spectrometersnid
resolve isomeric peaks. Even though high MMA coupled with SA does not always result in
identification of unique elemental compositions, MMA and SA can definitely help to narrow down
an ID list, resulting in fewer molecules to consider for MS/MS asealys

To better explain how reported thresholds for absolute ion abundances from direct infusion

experiments can be implemented in untargeted MSI analyses, we estimated the number of
carbons and sulfurs in tissues with low and high absolute ion abundarotesdesterol GH0
(Figure 2.6B) and glutathione H17N30eS (Figure 2.6C,D). For carbon andudfur counting
in Figure 2.6, we used atom percent values (best measurements) adopted from IUPAC.

lon heat maps iRigure 2.6Bi D were generated in MSiReader, free, ogenrce software
for analyses of MSI file& 43 The SA tools that we used for atom counting were readily
i mpl emented using MSi Reader 6s programming int
next free releas® When correlating carbon and sulfur counting vétisolute ion abundances in
healthy (lowabundant signal) and cancerous (khaffundant signal) tissues, two major points
arise. First,Figures 2.8i D show that carbon and sutfwounting is much more reliable in
cancerous tissues with higher ion abundance than in healthy ones. This once again explains why
knowing thresholds for absolute ion abundances is crucial when counting atoms. Sequmed,
2.6B confirms that for accurate carbon counting in a relatively small nonsulfur containing
compound, at least 7.9 x36f 1°C; ions are required whereas for accurate carBagu(e 2.6C)
and sulfur Figure 2.6D) counting in a relatively small sulfmontaining compound, absolute ion
abundancef *C; and34S; ions has to be at least 1.1 > Hdid 6.6 x 18 respectively.

The results of the studies presented here showiéd the Orbitrap is not as precise as

IRMS for atomic analyses, it can be confidently used for determination of elermemiabsitions

37


https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6
https://pubs.acs.org/doi/10.1021/acs.analchem.7b03983#fig6

A)

C)

D)

MMA precursor IDs (List1)  SA (no. of ions, m/z* RP?¥)

*fixed values in this paper

+2.5 ppm

o Formula m/z +2.5 ppm

4 :

MSI Data i :
(Ms1) = = :
— = | |

 m/z i

m/z

Cancer

Healthy %104

4.6

139
3.1
,,,,, 2.3
15
0.8
0.0

Healthy Cancer x1 %36

Healthy Cancer

suoj "¢, Jo 'ON

suoj "¢, Jo 'ON

suoj 'y 40 "ON

A+1%

1

1.1078%

A+1%

1

S
+

.1078%

2%
60%

1

O

1

If experimental absolute ion
abundances are above reported

IDs (List 2)

thresholds:
- 1. Estimate # of C, N, O etc. -
2. Count # of S, Cl, Br, Ag etc. Fomwia (/e £2.5ppm

3. In List 1, exclude IDs the
that do not match your
estimations in 1 and/or 2 above.

Cancer

Cancer

<-1.0

suoque) JO "ON UMOoUY — PaAIasqO SUOQJe) JO "ON UMOUY — PaAIaSqO

SINYNS JO "ON UMOUY — PaAISSUO
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counting. lon maps for glutathione in healthy and cancerous hen ovarian tissue sections,
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of unknowns at optimum ion populations. We established thresholds for absolute ion abundances
that are required to achieve high SA in molecules spanning a wide mass range. The high SA in
tandem with high MMA are needed identify unknown analytes observed in untargeted IR
MALDESI MSI analyses. Current efforts are focused on implementing the screening thresholds
in the image processing software MSiRe&tétfor automated assessmefntSA.
2.4 Conclusions

Elucidation of unknown elemental compositions requires not only accurately measured
massto-charge ratios but also accurately measured relative abundances because they allow for the
estimation of elemental compositions. In tisrk we showed that relative abundances measured
in the Orbitrap ultimately depend on the number of ions injected into the mass analyzer. We also
demonstrated that when absolute ion abundances are above the recommended thresholds, the Q
Exactive Plus candoused for accurate estimation of the number of carbons, nitrogens, and sulfurs
in small (100 < MW (Da) < 400), medium (400 < MW (Da) < 900), and large (1000< MW (Da) <
1500) compounds. We used caffeiggs, MRFA, and ultramark 1421 as representativeets épr
the three different mass ranges. Relative amplitudes of the reséBsadolecular isotope can
predict the correct number of carbon atoms within the tolerance of less than +0.5 carbons when
the absolute ion abundance of 4@, peak is atleast 7.9 x 18in caffeingigms 1.1 x 1Gin
MRFA, and 1.5 x 10in ultramark 1421. Similarly, the abundances of the resolved isotope peaks
of 1°N; and®*s; enable the correct number of nitrogens and sulfurs within less than +0.5 atoms
tolerance when ab#ute ion abundance N1 and®*S; peaks is 3.4 x £0n caffeingigmaand 6.6
x 107 in MRFA, respectively.

Using Pdassonbetions, we have also shown

more ions of that heavy molecule should be injectedthecOrbitrap to accurately estimate the
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number of car bons, 2distibutions suggess that far acturase wedtirhatian sf.
elemental compositions in small (100 < MW (Da) < 400), medium (400 < MW (Da) < 900), and
large (1000 < MW (Da) < X®) compounds, absolute monoisotopic ion abundance in those
compounds must be at least 1.9 £, 700 x 10, and 4.6 x 1f) respectively.
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CHAPTER 3
Infrared Matrix -Assisted Laser Desorption Electrospray lonization (IRMALDESI) and

Shotgun Provide Complementaryinformation about Lipidome Coverage

3.1 Introduction

Lipidomics is one of the youngest disciplines inthemi cs f i el d. The ter
was introduced in the early 2000s primarily due to the recognition of its importance and close
relation to genomi, proteomics, and metabolomics Lipidomics is a study of the entire
collection of chemically distinct lipids in a cell, an organ, or a biological sy$teipids are
hydrophobic or amphipathic small molecules that may originate entirely or in part by carbanion
based condensation of thioesters (fatty acids, polyketides, etc.) and/or by carboasdidn
condensation of isoprene units (prenols, sterols, &>¢ Lipids play many crucial roles in
biological systems such as storing energy, signaling, and acting as structural components of cell
membrane$>’89101112) inids are associated with many human diseases such as diabetes, obesity,
stroke, cancer, psychiatric disorder, neurodegenerative diseases, neurological disorders, and
infectious diseases among many otherg!3145.16.17.18,19,20,21,22

Significant advancements and discoveries have been made in the field of lipidomics over
the past two decades; however, the enormous structural diversity of lipids still remains a significant
analytical challenge. Overall, lipids rtdbe grouped into 8 categories based on their chemical
structures and biological origins: sterols, glycerolipids, fatty acyls, sphingolipids, saccharolipids,
prenols, glycerophospholipids, and polyketiéié&Each lipid category can be further broken down
into main classes (over 550 lipid classes have been identified ¥p depending on the
composition of acyl chains, the number and position of double bonds, stereochemistry, head group,

and the inkage between backbone and its component€>26Due to the number and variety of
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building blocks that lipids are made of, there are a significant number of isobaric and isomeric
lipid species. For instance, the glycerophospholipid (GP) lipid categlmne consists of
approximately 180,000 theoretical glycerophospholfpiddustrating the requirement for a
powerful analytical tool to allow for their successful separation and subsequent identification.
Nuclear magnetic resonance (NMR), fluorescence spectroscopypéiifgitmance liquid
chromatography (HPLC), and microfluidic \dees have advanced the field of lipidomics;
however, advancements in mass spectrometry, including the development of ESI and MALDI,
have tremendously accelerated the progress in the field of lipidéAmé$2®Direct infusion {.e.,
shotgun) and LEMS based approaches are the most frequently used analytical techniques in
untargeted lipidomics. In shotgun, a crude lipid extract is diluted in ESI solvent and directly
infused into a mass spectrometer without prior purification steps. One of the majotagegaof
shotgun is that molecular ions of all lipid categories can be displayed in a single MS1 spectrum
which allows for a higihroughput characterization of the lipidoAfelnfusion at constant
concentrations allows the optimization of instrumental parameters such as collision €rférgies;
and ionization of all lipid categories simultaneously makes analyses with different MS modes
(positive and negative) straightforward. In contrast,-ME is a more sensitive technique
compared to shotgun because there is less ion suppression dffierémtdelution times of low
and highabundant lipids. LEMS relies on a solvent gradient to resolve individual lipid species
chromatographically; therefore, the chemical diversity of lipids requires careful selection of the
solvent and column chemistriyhe only major drawback of both shotgun andMGS is the lack
of spatial informatiori one of the key parameters for understanding the physiological role of

biomolecules?
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Mass spectrometry imaging (MSI) is an analytical strategy used for a localizdtion
molecular features and their relative abundances in a sample. A typical MSI system consists of an
ionization source and a mass spectrometer. The ionization source extracts and ionizes
biomolecules from the sample surface and their s@sbkarge (/z)ratios are recorded at each
location. The ionization source dictates what molecular classes will be extracted and ionized from
a sample and the quality of mass spectra depends on the mass analyzer. There is not a single
ionization source that can extractdaionize all species present in a sample. However, almost all
ionization sources used in MSI have been successfully employed for detection of lipids including
MALDI 3, DESF? SIMS®, pressurized liquid extraction surface analysis (LE§Adlirect
analyss in real time (DARTP, rapid evaporative ionization mass spectrometry (RERIGhd
IR-MALDESI?®. However, little is known about a range of lipid species that can be confidently
detected by each MSI strategy. While a comprehensive review of lipidoneeagevby each
ionization source is beyond the scope of this study, the objective of this work is to reveal lipid
species that can be confidently detected WIRLDESI and therefore reduce false discovery
rates, given the complexity and diversity of lipids

IR-MALDESI is a soft ionization sourééthat has been used in MSI to monitor the spatial
distributions of different molecules in biologiéaf®40:41:42:4344.44nd nonrbiological samples®4’
IR-MALDESI combines the properties of ESI and MALDI and has several distinctive
characteristics: prior to analysis, the sample undergoes no chemical modiff€aibenis used as
the only energyabsorbing matrix that facilitates desorption/abldfiefhionization takes place at
ambient pressureand singly and multiplycharged ions can be generated by the séurtae
fundamentals and operationtb& IRMALDESI source have been describedewhere. Briefly,

when imaging soft tissues, the sample is sliced -ntdb 20Gum-thick sections using a
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cryomicrotome and thasmounted onto a glass slide, which is then placed onto a Redtésd
translation stage. After a thin ice layer is formed on top of the sample, dRrabker pulse (2940

nm) is fired one spot at a time to ablate primarily neutral species by excitatich ati®tching
modes in the exogenous ice and endogenous Wakbese neutralare ejected orthogonal to the
surface angbartition into charged ESI droplets. Next, electric field draws charged droplets into a
massspectrometer where they undergo desolvation and charge transfer in-bkeESanner?

And finally, the stage moves tbe next location for analysis of adjacent spot.

When imaging biological samples usingMRALDESI, we observe abundant lipid ions in
both positive and negative ionization mode¥.>35453Ve previously reported 399 and 727 unique
lipids that were puttively annotated (based on MS1 only) in healthy and cancerous hen ovaries
by searching accurate precursor (MS1) masses against METLIN and LIPID MAPS databases with
a 5ppm tolerancé® However, we have not defined the lipidome fraction that can be ditdate
IR-MALDESI imaging platform. To reveal a range of lipid classes that can be reliably observed
in IR-MALDESI source, we compared lipidome coverage from a typicdl /iR DESI imaging
experiment to that of a direct shotgiype experiment because bottpapaches lack separation
steps prior to ionization. It is worth noting that Nguyen éf abmpared the depth of lipidome
coverage in a naRDESI to that of LEMS/MS tissue extracts and naB&Sl, just like IR
MALDESI, involves minimal to absolutely norsgle preparation steps. Their findings show that
fatty acyls, sphingolipids, phospholipids, and glycerolipids can be detected BWDE&I0The

same lipid classes were detected WMRLDESI.

3.2 Methods

3.2.1 Materials

ACS certified 2methylbutane, Optial™ LC/MS grade methanol and water were
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purchased from Fisher Scientific (Pittsburgh, PA, USA). Chloroform withRZD@Mppm amylene
as stabilizer (099.5%), sodium c hl eAHdrichl(St, and
Louis, MO, USA).Nitrogen gas was obtained from Arc3 Gases (Raleigh, NC, USA) and plain

microscope slides were purchased from VWR (Radnor, PA, USA).

3.2.2 Preparation of Rat Liver for Shotgun andNRRLDESI MSI

Liver from a healthy adult Spragiizawley rat was used fdooth IRMALDESI and
shotgun analyses. A 140n-thick section from the center of the liver was used feMRLDESI
MSI, and the remaining liver tissue was used for shotgun analysis. Liver was sliced on a Leica CM
1950 cryomicrotome (Buffalo Grove, IL, USABing a higkprofile coated microtome blade from

VWR and (Batavia, IL, USA). Chamber temperature during sectioning was maintakiédat

3.2.3 Direct Infusion

Prior to shotgun analysis, lipids were extracted from a fresh rat liver using a modified Folc
method®. Briefly, rat liver slices were ground in liquid nitrogen and 80.30 mg of frozen rat liver
was homogenized with 1526 pL of 2:1 (v/v) chloroform:methanol solution to have a final volume
roughly 20 times the volume of the tissue. The mixture veasdgenized in a cell disruptor for 5
minutes (to release lipids from cells) and centrifuged for 5 minutes (2000 rpm, 4 °C) to remove
tissue debris. After centrifugation, solvent was transferred into a new Eppendorf tube leaving tissue
behind. The homogeratwas washed with 0.1% sodium chloride (20% of the homogenate
volume). After a Bminute centrifugation, the organic layer with dissolved lipids was removed and
dried under nitrogen stream. Dried lipids weresuspended in 200 pL of 0.1% acetic acid in 2:1
(v/v) chloroform:methanol and directly infused into a Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) for analysis. Sample was introduced into a mass spectrometer

using a Fusion 101 digital syringe pump (Thermo Fisher StierBremen, Germany) equipped
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with a HamiltonTM GastightTM syringe (Thermo Fisher Scientific, Pittsburgh, PA, USA) at a
flow rate of 2 uL/min. Spray voltage was set to 4.00 kV, MS inlet capillary temperature was 315

°C, and Slens RF level was set to 50%.

3.2.4 IRMALDESI MSI

A 100-um-thick section from a rat liver was mounted onto the translation stage to collect
mass spectra from the liver slice in 20 rowslipection) and 30 lines {girection) with a speto-
spot spacing of 150 um. Two mIR laser pises from Opolette! SE 2731/3034 tunable laser
(Opotek, Carlsbad, CA, USA) with a frequency of 20 Hz and pulse width7afiswere used to
desorb neutrals from each voxel on the rat liver. Incident energy of approxirhaaper pulse
was measured ugina Nova 2 pyroelectric detector (Ophir, Jerusalem, Israel). ESI solvent for
positive ESI mode was 0.2% formic acid and 1 mM aceticanids50:50 (v/v) methanol:water
for negative mode. ESI flow rate was set to 2 pL/min, spray voltage was 4.00 kV, &tS inl

capillary temperature was 315 °C, ante8s RF level was set to 50%.

3.2.5 Data Collection and Analysis

All mass spectrometry measurements were performed on a Q Exactive Plus (Thermo Fisher
Scientific, Bremen, Germany) mass spectrometer. Data weeetsalacross lowr{/z150-600)
and high (n/z500-2000) mass ranges in both polarities. Edg¢pendent acquisition (DDA) mode
was used as a rapid data collection technique for both shotgun-AndLRESI analyses. DDA
proceeds in cycles, typically consisting of a full MS1 scan followed by conseM@{dS scans
where TopN of the precursor ions are selected for fragmentation in order of abundance. The Q
Exactive Plus software allows up to 20 MS/MS spectra per DDA cycle. Following fragmentation,
precursor ions are appended to a dynamic exclusioroligt $§pecified amount of time to avoid

fragmentation of the same ions in the next DDA cycles. In the work presented here, both shotgun
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and IRMALDESI analyses had method and dynamic exclusion set to 6 minutes to ensure that
precursor ions were fragmentedly once. Prior to analysis of rat liver samples, we directly
infused solvents used for IRALDESI (0.2% formic acid and 1 mM acetic acid in 50:50 (v/v)
methanol:water) and shotgun (0.1% acetic acid in 2:1 (v/v) chloroform:methanol) to record 100
most abudant background iong @ble B.1). These background ions were included in the DDA
exclusion list. DDA parameters in both shotgun and/ARLDESI were the same: resolving power

of 140,00@.wm atm/z200, 1 microscan, isolation window of 118z normalized cliision energy

of 20%. Automatic gain control (AGC) target and IT for MS1 scans in the DDA method were
equal to 3x106 and 75 ms. However;MALDESI is a pulsed ionization source where species
from the sample are ionized only after the laser ablation &¥diat synchronize laser ablation

with ion collection, AGC target in RRIALDESI is always disabled and IT of 75 ms is the only
parameter that controls ion population in thér&p?>’ In shotgun, on the other hand, AGC is
always on, because there is no gefeaccumulation of analyte ions.

Lipids were automatically identified by searching their accurate masses for precursor and
product ions using LipidSearch 4.1.16 (Thermo Fisher Scientific, Bremen, Germany). LipidSearch
contains over 1.7 million lipid ionand their predicted fragment ions. Lipid classes that were
annotated by LipidSearch are listed in tfieable B.2). The comprehensive identification
algorithm for producton scans discriminates each lipid by matching the observed fragmentation
pattern wih the predicted ones stored in the LipidSearch database. Mass tolerance for precursor
and product ions was set to 5 and 10 ppm, based on recommended settings for the instrument and
type of analysis. LipidSearch reports not only lipid IDs and classes smuttad quality metrics
such as nscore, grade, and mass measurement accuracy (MMA). Hoema is calculated based

on the number of matches with the product ion: the higher tseame the more accurate is
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identification. Grade indicates accuracy of idgcdtion: A is the highest and D is the lowest
grade. In grade A, headgroup and all fatty acid chains are completely identified. In grade B,
headgroup and soniatty-acid-derived product ions are annotated. In grade C, either headgroup
or fatty-acid-derived product ions are detected. And finally, in grade D, the lipid identity is inferred
only from the presence of peaks originating from otherspetific reactions (i.e., water loss). In

the work presented here-soore threshold was set to 5 and ID gydiiters were set to include
lipids with grades A, B, and C. Lipid ions that had the same ID but different adducts (e.g., [lipid
X +H*]" and [lipid X +H"™-H20]") were kept in the list. Table with all annotated lipid ions is shown

in the(TableB.3).

3.3 Reallts and Discussion
3.3.1 Lipidome Coverage viadRALDESI and Shotgu

The goal of this work was not to maximize the total number of lipids but to determine the
extent of overlap and complementarity shotgun arMIR_DESI techniques have. We aimed to
investigate lipid ions, IDs, classes, and categories that can be detedi@eeMALDESI source
coupled with a Q Exactive Plus mass spectrometer. To generate a list with lipids that can be
successfully extracted and ionized RMALDESI source, we analyzed the same rat liver via
shotgun andR-MALDESI across a wide mass range,both positive and negative ionization
modes. Lipidome coverage IR-MALDESI was compared to lipidome coverage in shotgun
because both techniques lack separation steps prior to ionization; and therefore, shotgun mimics
IR-MALDESI as an LEMS approach ragtes ionization suppression not allowing for a direct and
fair comparison.

To automatically annotate peaks representing lipids and learn more about the quality of

lipidome coverage in shotgun alRFMALDESI, precursor and their fragment ions were annotated
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using LipidSearch" software. The list with all precursor and product ions annotated in
LipidSearch is shown in thi&igure B.3). In this work we discuss only lipids that were annotated
based on MS2.

In a typical untargeted HMALDESI analysis, collectindS/MS for every feature from
every voxel is challenging. Therefore, in untargete®RLDESI analyses we rely solely on mass
and spectral accuracy to estimate elemental composition from isotopic distrit3éiffamse 3.1
shows representative MSEigures 3.1A, 3.1C) and MS1 Figures 3.1B, 3.1D) spectra for FA
(20:4) detected via shotgun and-MRALDESI. When MS/MS for a specific precursovzis not
available, we can use the isotopic distributifig(res 3.1B, 3.1D) to estimate the number of
elements inan unknowrt® For example, knowing the relative abundancé?6if isotopologue
(molecule with oné3C), we can estimated the number of carbons that equals to the abundance
ratio of 13C; isotopologue to that 0ffC isotope in nature (approximately 1.11%%)° Based on
these calculations, we estimated 19 carbons from shotgun and 20 carbons -ivokbDESI
experiments.

We hypothesize thaR-MALDESI and shotgun will not provide identical information
about the lipidome because of the extraction bias and the amountoainaged for each analysis.

In IR-MALDESI MSI, lipids are extracted from a thin biological section using the energy from a
mid-IR laser and in shotgun lipids are extracted using a liquid solid extraction. Moreovef, in IR
MALDESI experiments lipids are thcted at native concentrations from minute amounts of
material whereas the concentration of lipids in a shotgpe experiment is several orders of
magnitude higher. In fact, the total amount (mass) of tissue typically used for shotgun lipidomics
is 8 oders of magnitude higher compared to the amount rat liver tissue usedNALRESI

imaging. Given that section thickness, ablation spot, and liver density were 100 pm, 100x100 pm,
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Shotgun IR-MALDESI ® Theoretical Isotopic Distribution (NIST)
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Figure 3.1. MS2 @, C) and MS1 B, D) spectra for FA (20:4) detected shotgun and IF
MALDESI analyses. Fragmentation patterns of precursor ion was searched against N
database.

and 1 g/cripm, we estimated that 80.0x3@ng of rat liver was ablated from each voxel in IR
MALDESI compared to 80.3 mg of rat liver used Faich extraction.

Representative MS1 spectra collected across @ X50-600) and highr(/z500-2000)
mass ranges in both positive and negative ion modes are sh@kigure 3.2). Note that labels
represent lipid classes that were confidently annotated in LipidSearch based on MS2 patterns. The
following key observations can be highlighted fr@figure 3.2): zymosterol ester and small fatty

acyls were detected only viadRALDESI acoss low mass range in positive and negative sode
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respectively; and cardiolipins were detected only via shotgun in negative mode across high mass

range. Overall, the same 5 lipid categories were detected by both shotgun-ldAd TSI
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Figure 3.2.Representative MS1 spectra collected by shotgun altiNEDESI. lon abundanc
were normalized to the most abundant peak in each spectrum to allow for easer con
Peaks were labeledaed on confident (MS/MS) annotations from LipidSearch.
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techniques: fiy acyls, glycerolipids, glycerophospholipids, sphingolipids, and sterols. It is worth
noting that LipidSearch annotated no lipids withifz1500- 1700 (positive mode) both in shotgun
and IRMALDESI. However, METASPACE® putatively annotated cardiolipitM+Na']* ion at
m/z1568.1492 from shotgun MS1 data. Putative METASPAQ%are listed inTable B.4.

Figure 3.3 shows tha70 and 341 unique lipid ion&igure 3.3A), 53 and 296 lipid IDs
(Figure 3.3B), 1 and 19 lipid classe§&igure 3.3C) were detected exclusively bR-MALDESI
and shotgun, individually; whereas 11 lipid ions, 24 lipid IDs, and 11 classes were detected by
both methods. Since lipidome coverage in shotlype analyses has already been investigated by
other§16263 the maivation of this work was to characterize lipids that can be detected only via
IR-MALDESI as well as via bothR-MALDESI and shotgun. Seventy (70) unique lipid ions
detected only vidR-MALDESI (Figure 3.3A) represent the following lipid classes: diglyceri
(DG), dimethylphosphatidylethanolamine (dMePE), fatty acid (FA), lysophosphatidylcholine
(LPC), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylethanol (PEt),
phosphatidylglycerol (PG), phosphatidylmethanol (PMe), sphingomyelin, (8ylyceride (TG),
and zymosterol (ZyE). Eleven (11) lipid ions that were detected btRAIMALDESI and shotgun
represent FA, LPC, PC, and PE. Fifty three (53) unique lipidFidgite 3.3B) that were identified
only via IRMALDESI represent the folloimg lipid classes: DG, dMePE, FA, LPC, PC, PEt, PG,
PMe, SM, TG, and ZyE; and 24 lipid IDs that were annotated from IBBMALDESI and
shotgun data represent the following lipid classes: DG, dMePE, FA, LPC, PC, PE, and TG. Finally,
lipid classes detectad shotgun andR-MALDESI, almost fully overlap Figure 3.3C): 1 lipid

class (ZyE) was detected only lIR-MALDESI, 19 lipid classes were detected only in shotgun,
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and 11 lipid classes (PE, PEt, PG, PMe, SM, TG, DG, dMePE, FA, LPC, and PC) were identified

by both methods.

(A) lons (B) IDs (C) Classes

70 1 341 53 24 296 1 1 19
(16.6%)  (2.6%) (80.8%) (14.2%) (6.4%) (79.4%) (3.2%) (35.5%) (61.3%)

Figure 3.3.Venn diagram showing the number(Aj lipid ions, (B) lipid IDs, and(C) lipid
classes detected viadRALDESI and shotgun analyses. Note that annotations are base
MS2.

It is worth noting that zymosterol, precursor of cholesterol, was previously detectBd via
MALDESI as [M-H.O+H"" atm/z367.3365 and [M¥’Ag*]" atm/z491.2457*However, in this
work only zymosterol [M+H]*ion was annotated because LipidSedforersion 4.1.16 does not
assign IDs to dehydrated molecular ions, although both [#d&hd [M-H2O+H']* zymosterols
were detected via HRIALDESI, and neither [M+H]* nor [M-H>O+H']* zymosterol ions were
detected in shotgun. This can be explained by poor iboizafficiency of free cholesterols that
usually require derivatization to improve ionization in ESI.

To better understand the extraction and ionization of lipidRiMALDESI source, we
compared lipid ionsn the overlapping region of the Venn diagrémnmonitor any significant
differences between ion abundance, and gr&igufe 3.4A), as well as MMA and rscore
(Figure 3.4B). As expected, abundance ratios in shotgun are higher compared to abundance ratios
in IR-MALDESI because in the former we worked with significantly more concentrated samples.

The only exception is LPC(16:1p)+¥Hon whose abundance ratio IR-MALDESI is dightly
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higher compared to abundance ratio in shot§igure 3.4A also shows that grade of PE lipids in

shotgun is slightly higher compared to grade of PE lipidR#MALDESI. However, the rest of
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Figure 3.4.(A) Abundance ratio (left-axis) and grade (right-axis) distributions for lipid
ions (xaxis) detected in shotgun (blue bars) aneMRLDESI (orange bars). Abundance
ratios were calculated by dividing abundance of a lipid, detected in shotguARMALESI,
by the sum of abundances from both techniques:
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(B) MMA (left yaxis) and mscore (right yaxis) distributions for lipids ions {axis) that
were annotated both in shotgun andNRALDESI.
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the O6overl appingdéd | ipid ions have the same gr

In summaryFigures 3.4A and3.4B show that ion abundances are not directly correlated
to grades or Rscores. For example, in shotgun, PC(16:0_16:1)r&$ abundance ratio 08%
and is a grade C lipid; on the contrary, LPC(16:1p)ék abundance ratio of 29% and is a grade
B lipid. Similarly, in IRMALDESI, LPC(16:0)+H has abundance ratio of 5% anesgore of 50;
however, LPC(16:1p)+Hhas abundance ratio of 71% anesoore ¢ 20. Histograms showing the
distribution of grades, MMAs, and -store for all lipid ions detected via shotgun dRd
MALDESI are shown in th@rigure B.1). Briefly, the smallest number of ions were sorted under
grade A, followed by grade B and C that both have a comparable number of detected ions. MMA
in both techniques is spread betweBrand 5 ppm; and +acores span from 10 to 200 witR-
MALDESI havingoverall lower mscore compared to shotgun.

To investigate what lipid IDs were identified in each class and in each ionization method
(IR-MALDESI and shotgun), we generated a histogr&igyre 3.5) showing the number of
unique lipid IDs that were detectedly vialR-MALDESI or only via shotgun. Note th&igure
3.5 does not represent lipid IDs that were detected botHRAMALDESI and shotgun. For
example, PE lipids were identified both in shotgun B¥ALDESI; however, only 16 PE lipids
that are uniquéo shotgun are represented in #igure 3.5. The remaining 6overl
classes comprise lipids that are unique to dRRMALDESI or only shotgunFigure 3.5 shows
that the number of unique IDs in Folch extraction exceeds thRtALDESI with the exception
to DG and TG. This suggests thatMRLDESI extracts glycerides better than shotgun approach.

10 and 1 unique DG lipids were detected NMaMALDESI and shotgun, respectively; and 16
unique TG lipid classes were detected bothREMALDESI and shotgun analyses.

From the Venn diagrant{gure 3.3) we learned that out of all lipid ions annotatedRn
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Figure 3.5.The number of unique lipid IDs that were annotated only via shotgun or only-v
MALDESI. Note that-axis on this histogram shows only uniqgue lipid IDs.

MALDESI and shotgun, 80.8% of all lipid ions were annotated drdyn shotgun data. Is it
possible that these ions can still be found in the imaging raw data even though they were too low
abundant to be selected for fragmentation in DDA? To answer this question, we searched for all
lipid ions, annotated exclusively via shotgun, againstiRIMALDESI data Figure 3.6A).
Specifically, we were looking for the masses of known precursor ions in all survey MS1 scans.
During the search, peaks with sigainoise ratio less than 4 were filtered &tilext, we did the

same manipulation using the peak®otated solely vidR-MALDESI; these peaks were then
searched against shotgun raw dafagyre 3.6B). Out of 352 lipid ions annotated via shotgun
only, 89 (25%) lipid ions were found IR-MALDESI raw data Figure 3.6A). Similarly, out of

81 lipid ionsidentified vialR-MALDESI only, 53 (65%) lipid ions were found in shotgun raw

data Figure 3.6B). There are two reasons for why some lipids were not selected for DDA
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fragmentation in both shotgun aii®-MALDESI. First, some ions were too low abundant & b
selected for fragmentation in DDA method. Second, majority of precursor ions were not captured
in every MS1 scan as shown in {lirégure B.2). We attribute the lack of abundant precursor ions

in every voxel to the heterogeneous nature of the rat liveg, ghatrix affect, and analytical
variability. Therefore, there is a possibility that in DDA method some abundant peaks were not
selected for MS2 at all.

O Lipid ions detected via IR-MALDESI only O Lipid ions detected via shotgun only
@ Lipid ions that can be recovered via IR-MALDES| @ Lipid ions that can be recovered via shotgun

(A) Searching shotgun IDs (B) Searching IR-MALDESI IDs
in IR-MALDESI .Raw data in shotgun .Raw data
\\\ \\
\ N
\\ \\
\ \
\i
352 j 341 |
[ FF
/ /
/
/ /
4 X 4
4 A 7
i o -

— ey -

Figure 3.6.The number of lipid ions detected only via shotgun (light blue), only WéARDES
(orange) as well as the mber of lipid ions that can be recovered via shotgun (dark blue
IR-MALDESI (red). To ensure that in developed DDA method no lipid ions were misse
MALDESI and shotgurfA) m/z of lipid ions that were detected via shotgun only, were se:
against IRMALDESI raw data;(B) similarly, m/z of lipid ions that were detected via
MALDESI only, were searched against shotgun raw data. Grade D lipids and ions duplic
not shown on these Venn diagrams.

3.4 Conclusions

IR-MALDESI MSI can be used for detection of a range of lipid classes that are not
effectively detected in a shotgiype experiment. Overall, the total of 422 lipid ions were
confidently (MS2) annotated from a rat liver, precursors for 159%o¢hwvere detected with IR
MALDESI exclusively. Glycoglycerolipids were detected in shotgun while neutral lipids,

phospholipids, fatty acids, and sphingolipids were detected both in shotgun-MALIBESI.
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There is no lipid category that can be detectdelysby one technique: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, and sterol lipids were detected both in shotgun-and IR
MALDESI. Our results suggest that lipidome coverage is directly dependent on sample quantity:
approximately 5 tiras more lipid ions were detected in shotgun compared 4#dARDESI
primarily because the total amount of tissue used in shotgun was 8 orders of magnitude higher
compared to IRMALDESI. The positive and negative biases inherent td/IRLDESI will be

consideed when designing experiments and evaluating untargeted lipidomics data.
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CHAPTER 4
Direct Analysis of Formalin-Fixed Paraffin-Embedded (FFPE) ad Flash-Frozen Tissues
using Infrared Matrix -Assisted Laser Desorption Electrospray lonization

(IR-MALDESI) Mass Spectrometry Imaging

4.1 Introduction

Mass spectrometryimaging (MSI) is becoming a more established analytical tool in
clinical and industrial laboratories due to advanaessensitivity, specificity, number of
detected knowns and unknowns, spatial resolution, reproducibility, acquisition speed, and
absolute quantification in some MSI systehis. All these features help to characterize
biological samples with a high level of dethil.Mass spectrometry (MS) has already found its
way into real operation rooms with the invention of the iKhifa surgical knife that comes in
direct contact with a biological tissue (e.g., patient) and immediately gives information to
whether the tissue has cancerous cells or not. Therefore, it is only a matter of timevifgfore
platforms are utilized in a simitananner.

Today, the most common practice for evaluation of disedfeeted tissues is formalin
fixation that preserves cellular morphology and aids in diagnosis and prognosis of a tisease.
With this technique, pathologists can characterize the shape, structure, and composition of cells
in a tissue confirming or denying the presence of a diseddthough, the microscopic
examination of fixed tissues i ’'sorasseasméntofa ed al
disease, the results can be subjective due to a cotidrinaf external factors such as human
interpretation, variability in staining quality, nature of the sample, indistinguishable histological
features that are treated as abnorm@herefore, there is a need for a complementary

technology that would allow for more objective analy%es.
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Recently, scientists in the MSI community have started showing an interest towards
formalin-fixed and paraffirembedded (FFPE) tissues because hospitals heast eepositories
of stored FFPE tissugand also, obtaining sonfieeshly-excised biological samples (especially
from humans) can be really difficult, primarily because not a lot of patients are willing to donate
their biopsies to research laboratories. For example, MALDI has been shown to be very
successful in detectioof a range of proteins, peptides, glycans, metabolites, and lipids from
FFPE tissued1011121314 Eyen though MSI oFFPE tissuesxhibitchanges in chemical nature
of the sample, we are still curious to know if FFPE blocks can be useful in any way for soft
ionizationimagingsources such as {RIALDESI because one of the main applicationdRf
MALDESI MSI is understanaig human health and disease.

IR-MALDESI is an ambient ionization source that has been extensively used for direct
analyses of fresh biological tissugge Chapter 3 for details about the source operafidh)or
to IR-MALDESI imaging, the sample undergoes no chemical treatments other than flash
freezing where ice plays the role of an eneadpgorbing matrix. In Chapter 3, we discussed a
range of lipid categories, classes, and subclasses (lipid nomendatii@assification see in
the Introduction in Chapter 3) that can be successfully extracted and ionized using IR
MALDESI source. Work discussed in Chapter 3 was @kry high interest because we know
that in IRMALDESI analyses, lipids are usually the makundant molecular classes detected
from fresh and unmodified biological tissu¥s/ And knowing that some lipids have already
been successfully detected from FFPE tissues using MALH1219 we got very interested
in understanding what lipids HIALDESI can extract and ionize from a soft FFPE tissue.

In this work we examialipid classesnd ions that can be confidently (MS/MS) detected

from FFPE and flasfrozen (FF) rat liver sections using-TRALDESI source coupled with a
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Q Exactive Plus mass spectrometeur goal is to investigate the impact of formalin fixation

on lipids detected ipositive and negative mode acres&z150-2000 range.

4.2 Methods

4.2.1 Materials

Optimal Cutting Temperature (OCT) embedding medium (for cryosectioning), ACS
certified 2methylbutane, Optimf4 LC/MS grade methanol and water were purchased from Fisher
Scientific (Pittsburgh, PA, USA). Acetic acid and formic acid were purchased from -3ilgimeh
(St. Louis, MO, USA). Nitrogen gas was obtained from Arc3 Gases (Raleigh, NC, USA) and plain
microsc@e slides were purchased from VWR (Radnor, PA, USA). Hiasten liver piece was
sliced on a Leica CM 1950 cryomicrotome (Buffalo Grove, IL, USA) using amigfile coated
microtome blade from VWR and (Batavia, IL, USA). Chamber temperature duringrsegtivas
maintained atl5 °C. FFPE rat liver piece was sliced at room temperature. The thickness of all rat

liver slices (both FF and FFPE) wasif.

4.2.2 Rat Liver

Fresh liver was harvested from a healthy adult rat. The biggest liver lobe was alit in h
the first half was flaslfirozen in isopentane/dry ice bath and the second half was forfixalth
and paraffirembedded. Rat liver pieces were cut longitudinally in 10thick slices, and then
mounted on a plain, clean glass slide.
4.2.3 Flaskfreeang Protocol

Procedures listed belo@#igure 4.1) must be done in a fume hood for safety reasons: dry
ice is made up of carbon dioxide (e)Cthereforeas dry ice pellets turn into GQas it is crucial

to keep theoom/working area welentilated to pevent the replacement of oxygen with carbon
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dioxide.

1 Place a beaker in the bottom of a Styrofoam container and fill the space around the beaker
with dry ice pellets.

1 Place some pellets in the beaker and slowly add isopentanet(®! butane) and wai8-
5 minutes) to let isopentane/dry ice bath to thermally equilibrate. When the pellets stop
bubbling vigorously, let the weigh boat (with tissue in it) float in the isopentane/dry ice
bath until the tissue is frozen. Be careful, do not let isopentahénsile the weigh boat.

1 Keep the tissue iBO°C freezer until the time of analysis. Remember to not store dry ice
pellets in the freezer/fridge as the-aght container (e.g., fridge) with G(ellets in it

might explode.

dryice
»  styrofoam container

PENINIS

Figure 4.1. Flashfreezing protocol

4.2.4 Preparation of FFPE Tissue

Formalin is an alternative name for an aqueous solution of formaldehyde. Formaldehyde
solution is considered a hazardous, carcinogenic compound whose vapor is toxic. Therefore, when
working with formaldehyde solutions, it is required to always work in weifitilated areas and
wear personal protective equipment.

FFPE tissues for this study were prepared by technicians from NCSU Veterinary School

(Histopathology Laboratory, NCSU Veterinary Sohdraleigh, NC).
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During preparation of FFPE tissue, the TisSie& VIP 6 Processor was used to thoroughly
penetrate tissue sample with reagents (under vacuum and pressure). The sample
preparation consists of 4 main steps: fixation, dehydration, cleaaimdy,infiltration.

During fixation process, tissue is soaked in 10% neutral buffered formalin (NBF). To
remove water during dehydration, sample is submerged in 70% ethanol. Clearing process
involves xylene (must be miscible with both alcohol and paratfigg)removes the residual
alcohol from the tissue. And finally, infiltration is permeation and saturation of tissue by
paraffin leading to matrix formation.

Trim tissue so that it is no more than 4 mm thick.

Transfer tissue to cassette labeled with akeracontaining ink that is alcohol and xylene
resistant.

Fix tissue for 24 hours in 10% NBF.

Transfer tissue to 70% ethanol.

Proceed with the rest of the processing steps or hold indefinitely in 70% ethanol.

4.2.5 IRMALDESI MSI

The same IRMALDESI parameers used in Chapter 3 were implemented in this study

(Figure 4.2).

Samples were analyzed in a DDA fashion (see Chapter 3 for details about the DDA

method) across a wida/zrange using an HMALDESI source coupled with a Q Exactive Plus.

One hundred mostbundant background ion$able C.1) were included in the DDA exclusion

list. Two midIR laser pulses with an incident energyapproximately 1 mJ per pulse were used

for ablation events. Solvent for positive and negative ESI was 0.2% formic acid andateti/

acid in 50:50 (volume:volume) methanol:water, respectively. All imagirgeriments were
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carried out using an HMALDESI protocol for analyses of soft, flaglozen tissues. Lipid ions

and sukclasses werannotated using LipidSearch4.2.21 software.

formalin-fixation and
paraffin-embedding
(FFPE)

l:> flash-freezing

(FF) lipidome

rat liver "~ DDA coverage

+ve ESI
ESlon) ESI off

-ve ESI

IR-MALDESI MSI ™~

Figure 4.2. Experimental desig

4.3Results and Discussion

The objective of this work is to investigate lipids that can be confidently extracted and
ionized from a 1@um-thick FFPE rat liver slice using HRIALDESI. Freshfrozen 10um-thick
rat liver slice was used as a control. Both tissues (fresh and FFPE)nabreed using the same
IR-MALDESI protocol and the imaging data was collected in a-datgendent acquisition (DDA)
mode, where the most abundant tisspecific ions were undergoidS/MS fragmentatio.

In this work we focus on lipid categories, classes, and subclasses. Nomenclature and
classification of lipid species was discussed in detail in the Introduction of Chapter 3 of this thesis.
20212223 Briefly, there are eight (8) lipid categories: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids, polyketides; and each
category has its own classes and subcla84agids were annotated using LipidSearém.2.21
software from TRrmo Scientific. LipidSearch reports quality metrics such-asones and grades.
m-score is calculated based on the number of matches with the product ion: the highscohe m

the more accurate is identification. Grade indicates accuracy of identificAtis the highest and
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D is the lowest grade. The list with all lipid classes that can be confidently (MS/MS) annotated by
LipidSearch are shown in tf@ble B.2

We are targeting only lipids in this study because previous work shows#patity of
lipid species are ionized successfully in theMIRLDESI source (see Chapter 3 of this thesis for
additional reference) and also because lipids are one of the most abundant molecular classes
detected from biological samples when analyzed VREMIALDESI source?*1825 Additionally,
specific lipids can be very powerful diagnostic tools that help to distinguish heathy tissues from
diseasenffected tissué®2"2829

FFPE and flasffirozen (FF) tissues show similar MS1 profiles as showRigure 4.3
where MS1 data was collected across twi ranges (158600, 5002000 and two polarities
(positive and negative). The reason behind collectin/I/R.DESI data in two differencen/z
windows is to avoid a spaaharge effect in the Orbitrap mass analyzer which might be caused by
ions with very different kinetic energies (g.gon with m/z 200 vs. 1900§%3132 Spectral
similarities can be clearly observed in negativaleydow mass range where there are no evident
abundant peaks betweerz350 and 600 in both FFPE and FF spectra. Similarly, high mass range,
positive mode FFPE and FF spectra do not show any abundant peaksrégbb060. Labeled
peaks irFigure 4.3are Ipid ions that were confidently identified with MS/MS meaning that every
precursor ion has its corresponding MS/MS spectiiigufe C.1) in the collected imaging data.
For full names of abbreviated lipids kigure 4.3 please refer tdable B.2

Before amalyzing MS/MS data in more detail, we wanted to investigate common precursor
ions that were present both in FFPE and FF data, because there is a possibility that some of the

low-abundant lipid ions, from FFPE tissue, were not selected for MS/MS (in DRxtharefore

were | abeled as fimissedodo ions that were actua
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Figure 4.3. Representative MS1 spectra collected from forrd@ied paraffirembedde
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Ourdata shows that FFPE and FF tissues have 823 commongjsstiic precursor ions
that were present in MS1 datadure 4.4). lon abundances were converted to the number of ions

(y-axis inFigure 4.4) by multiplying reported abundance (found in .RAW fjlby the injection

time (IT)33
number of ions = .RAW abundance (ions/sec) x IT (sec).
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Figure 4.4. Abundance of 823 tisstgpecific precursor ions that were detectedhbin FF anc
FFPE tissues. Blue circles represent lipid ions whose abundance was above recon
threshold of ~120 ions.
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MSiReadet*** imaging software was use for exclusions{albundant peaks (< 120 ions)
and background iondrable C.1), as well as for rapid identificatiorf the common 823 tissue
specific ions withm/ztolerance of £2.5 ppm (part per million) for the peak of interest. Note that
all precursor peaks with the abundances below recommended threshold of 120 ions were filtered
out because peaks below this threshuolght be produced by the thermal noise from the image
current preamplifier (iorletection method in the Orbitrap mass analy¥esfter fitting a line in
the scattered plot dfigure 4.4, we cameo a conclusion that abundance of all common ions
detected from both FF and FFPE tissue is comparable due to a slope of 0.55: abundance of FFPE
ions is 0.55 times less abundant than FF ions.

After carefully investigating MS1 data collected from FFPERRdssues, we moved onto
MS/MS data to work with confidently identified lipid ioriBable C.2shows all lipid ions (along
with grades and rscores) that were confidently annotated using LipidSé¥roased on MS and
MS/MS data. Overall, complementary lipid ions were detected from FFPE and FF tissues (see
Figure 4.3for visual reference). However, there are also lipids that were detected only in FFPE or
only in FF. For example, in low mass range pesimode, cholesterol ester was detected only in
fresh tissue; in high mass range positive mode, glycosphingolipid, phospisatichd,
phosphatidyletahnolamine,phosphotidytholine, neutral glycerolipid, and bisethyl
phosphatidylethanolamine were tected only from fresh tissue; and finally, in high mass range
negative mode, phosphatidic acid and cardiolipin were detected only from FFPE tissue while
phosphatidyfglycerol was detected only from fresh tissue. Balele B.2for lipid abbreviations
and ull names.

Venn diagrams irFigure 4.5 summarizes confident annotations (based on MS/MS) in

terms of lipid ions, IDs, and classes and shows that complementary lipid ions, IDs, and classes
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Flash-frozen FFPE
lons IDs Classes

37 5 12 34 6 1 5 7 1

Figure 4.5. Venn diagram showing the number of (left) lipid iofmsiddle) lipid IDs, and (righ
lipid classes that were annotated by LipidSe&Ych2.21.

were detected from FFPE and FF samples. Briefly, tsietyen lipid ions were detected only from
fresh tissue, twelve ions were detected only from FFPE tissudivencommon lipid ions were
detected from both tissuefable C.2 and C.3 list all lipid ions and classes/IDs, respectively,

detected from FFPE and flaflmzen rat liver tissues.

Flash-frozen FFPE
Can these 12 ions be 5 lipid ions can be recovered
recovered from FF tissue? from fresh tissue.
37 5 12 3 44 7
Can these 37 ions be 34 lipid ions can be recovered
recovered from FFPE tissue? from FFPE tissue.

Figure 4.6. (Left) the number of lipid ions that were confidently annotated/kM8p by
LipidSearchM4.2.21 (Right) the number of lipid ions that that were annotated both confic
(MSMS) and putatively (MS1).

After confidently annotatingipid ions with MS/MS using LipidSearch and generating
detailed Venn diagrams shownhkigure 4.5, the last question we wanted to answer is how many

low-abundant lipids sm FFPE tissue were not selected for DDA fragmentation? To answer this

78



guestion, all ions that were confidently annotated in FFPE tissue were searched against MS1 data

of FF tissue and vice versaigure 4.6). This way we were looking for all confidentlgantified
molecular ions thawere detected from the same rat liveigure 4.6 (right) shows that 5 lipid

ions confidently detected from FFPE can be recovered from fresh tissue; and similarly, 34 lipid
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Figure 4.7. Abundances of 44 common lipid ions that were identified using MS2 data fror
one or both FF and FFPE tissues. Orange circles represent lipid ions whose abunda

below recommended thresh@l0 ions).
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ions that were confidently annotated from fresh tissue can be recovered fronig3tiéEigure
4.6 (right) summarizes that 44 lipid ions were detected in both FFPE and FF rat liver slices.

To find out how abundance of 44 common lipid ions (detected either by MS1 or/and MS2)
changed across tissues, we generated a plot were aburddipigs detected in FF tissue was
plotted against FFPE-{gure 4.7). Here ion abundance was converted to the number of ions, and
ions with abundance of 120 ions or less were highlighted in orange circles. Linear function was fit
in the scatter plot usingnly peaks whose abundance was above recommended threshold of 120
ions. Error bars represent 95% confidence intervals. Slope of the fitted line is equal to
approximately 0.2 which indicates that lipid ions detected from FFPE tissues were dblout 5
lessabundant than the same lipids detected from fresh tissue
4.4 Conclusions

In this work, we examined lipid ions, IDs, and classes that could be successfully extracted
and ionized from a flasfrozen (FF) and formalifixed paraffinrembedded (FFPE) rat liver céis
using IRMALDESI source coupled with Q Exactive PIlfsmass spectrometer. Analysis of FFPE
tissue by IRMALDESI was demonstrated feasible and abundance of all common ions detected
from both FF and FFPE tissue is comparable. Lipids that were confidently annotated from FFPE
tissue were about-told less abunddrin comparison to the same lipids detected from FF tissue.
Complementary lipid ions, IDs, and classes were detected from FFPE anfidiashtissues.
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CHAPTER 5
Three-Dimensional Imaging with Infrared Matrix -Assisted
Laser DesorptionElectrospray lonization Mass Spectrometry
Reprinted with permission from
Bai, H*, Khodjaniyazova, 8, Garrard, K. P.andMuddiman, D. CJournal of the American
Society for Mass Spectromet®019 31(2), 292297.

#Authors contributed equally to thisonk.
Copyright© 2019, American Chemical Society.

5.1 Introduction

Mass spectrometry imaging (MSI) reveals a glimpse into complex biological processes by
simultaneously localizing different chemical species. MSI has been successfully applied in
proteomics, lipidomics? metabolomics, pharmaceutical forensiésand other fields. For
example, monitoring how a drug or disease marker is spatially distributed helps to understand the
mechanism of a disea%&ecause biology is a thremensional phenomenon, thrdinensional
mass spectrometry imaging (3D MSI) has the potential to uncover unique information that cannot
be collected using traditional tadimensional (2D) MSI approaches.

3D MSI has developed rapidly with emerging ionization methods such as ‘asdsted
laser desorption ionization (MALDI),secondary ion mass spectrometry (SINS)gsorption
electrospray ionization (DESY)and laser desorptidienization (LDI)1° There are two primary
modes of 3D MSI: (1) seriaectionbased and (2) ablatidvased, with the former being more
populart! In a typical 3D MSI study, the sampis sliced serially, and individual 2D MSI
experiments are performed on each section. Then, consecutive 2D images are registered to
reconstruct a 3D ion heat map -dmd ttacdl lanae gu
spectrometry imaging mettle because it puts no demand on instrumentation, whereas the real
difficulty resides on sample preparation, registration of images, and data processing. Although

many results have been reported using this protocol, a significant amount of sample ilypetdana
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because imaging occurs in a series of discrete layers. Also, registration of 2D images to a common
coordinate system can be challenging due to sample deformation during sectioning, orientation of
the sample layers, and natural variation in tissupeshath depth. Because 3D images have to be
reconstructed, computational algorithms have been developed to stack images based on the
original morphological information obtained with magnetic resonance imaging (MRI) and
histological staining?!3These data processing steps make 3D MSI a¢ionsuming method.

The problems mentioned above for sesattionbased 3D imaging can be avoided with
ablationbased 3D MSI where no sectioning is needed. In the latter mode,rgeteni®n or light
beam ablates materials from the sample, continuously exposing a new surface for imagixig in the
y-plane. As ablation goes deeper, chemical changes acrasditketion are revealed in recorded
mass spectra. Ablatiemased MSI mode I8ebeen successfully applied in SIMS and laser ablation
electrospray ionization (LAESH-® 3D SIMS MSI utilizes two beams: the first beam ejects
atoms, molecules, and secondary ions from the surface whged¢bad beam sputters the already
analyzed surface to create a new plane for imaging the nexttayeese two ion beams are used
iteratively to create 3D chemical maps of species. Based on this protocol, Castelldnos an
coworkers revealed that triacylglycerides were abundant in oocyte region of-fedigar
femaleAedes aegyptinosquitoes! Despite high spatial resolution in both theandxiy-
directions!® SIMS is not as soft as other ionization sources such as MALDI and ESI. Moreover,
SIMS requires a vacuum condition, so it cannot be used to investigate volatile molecules.
Alternatively, Nemes et al. used a laser to ablate material in a 3D marthearwambient
ionization technique named LAESILAESI 3D MSI was achieved by creating depth profiles at
each grid point in a region of interest (ROI). fayer 3D images for metabolites lyniseleaf

tissuewerecotsr uct ed with resolution of&yamppr oxi mat el
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directions, respectively.

For the first time, we used infrared matasgsisted laser desorption electrospray ionization
(IR-MALDESI) for 3D MSI. IR-RMALDESI was introduced by Muddimaim 2006° and is an
atmospheric ionization source that combines features of laser desorption and electrospray
ionization (ESI). Neutral materials are desorbed by an infrared laser and are then partitioned into
charged doplets generated by an orthogonal ESIMRLDESI allows for direct detection with
a lateral resoluti on 2YR-MALDESkhas been usédddou2D imaging r s a my
of neurotransmitter$; peptides’? and other specie$,whereas 3D IRMALDESI MSI has never
been demonstrated before.

In this work, 3D IRMALDESI MSI was performed by repeatedly collectiBD images
over the same ROI. In this preof-principle experiment, ovethe-counter (OTC) pharmaceuticals
produced in the form of multiple unit pellet system (MUPS) were used as models to test the
feasibility of IRMALDESI for 3D MSI. Spherical componenisside each pill Figure 5.1C)
have different chemical compositions compared to that of surrounding powder and can be spatially
resolved in 3D MSI. Depth resolution was explored on a full pill followed bya@® 3D MSI

performed on a half pill.

5.2 Experimental Section
5.2.1 Materials

Prilosec OTC (Cincinnati, OH, United States), an omeprazole delajemke tablet, was
purchased from a local pharmacy. All of the tablets used in this studypweteced in the lot
number 8124171971. In the first part of the experiment, which determines depth resolution on a
full pill (Figure 5.1A), no sample preparation was needed prior to imaging. In the second part of

the experiment, the tablet was trimmed fRg(re 5.1B) with a Leica CM1950 cryomicrotome
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(Buffalo Grove, IL, United States) for 2D and 3D MSI. HRg@de methanol and water were
purchased from Burdick and Jackson (Muskegon, MI, United StatS.grade formic acid was
purchased from Sigmaldrich (St. Louis, MO, United States). Burn paper for laser focusing was
purchased from ZART (ZFC-23; ZARIT, Concord, NH, United States).

5.22 IR-MALDESI System

a) b) C)
enteric coating
/ active
ingredient

starch

resolution at different energy levels was determiriByl Optical image of a pill trimmed in hi
for 2D and 3D MSI; small circles are due to MUPS formulat{@).Scheratic of a pellet and i
components, where each color indicates different components.

An IR-MALDESI source coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) was used for all the imaging expets presented. The sgi has
been previously described in detail by otiér short, neutrals ablated by laser partition into
charged droplets from an orthogonal electrospray are sampled into the mass spechrnitimester
injection time of 25 ms and automatic gain control (AGC) disabled. Mass spectra were collected
acrosan/z150 600 in positive mode with lock massmfz371.1012 and mass resolving power
140 On0zQ0O0.ektectrospray flow at e was Lémant A focoseddaser @FOpelette
2731, Opotek, Carlsbad, CA, United States) with a wavelength of 2940 nm was fired one laser

pulse at each point within the region of interest (ROI). Repetition rate was set to beN26réiz.
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information about the IRMAL DESI interface can be found frable D.1
5.23 Depth Resolution Determination

Laser energies at 0.3 and 1.2 mJ/pulse were used to investigate dependence of ablation
depths on laser energy. Laser energy was adjusted usirgnétc@ which triggerdaser pulses
(Table D.2) Energy at target was measured with a laser power meter (Nova 2, Ophir, Jerusalem,
Israel). Depth profiles after ablation of more than one layer were accurately measured with a
confocal laser scanning microscope (K100, Keyenceltasca, IL, United States). Depth
profiles were used to calculate depth resolution, or in other words, depth of ablation region after
firing one laser pulse per voxel.
5.24 2D MSI

The trimmed flat tablet was adhered to the imaging stage using a cilddetape. ROI
on the half pill was 20 x 45 voxels withaspots pot spacing of 150 & m.
was 1.2 mJ/pulse. We chose the highest energy level for 2D MSI to mimic parameters that we
usually use for 2D IRMALDESI MSI.
5.25 3D MSI

3D MSI was performed on a trimmed pill at a ROI of 15 x 15 voxels with a step size of 52
e m, using one of the | owest | aser energies
resolution inz-direction. Prior to 3D IRMALDESI, we estimated depth resaln by measuring
depth profiles from ablation of 5 and 10 layers without stage height adjustment. To preserve laser
focus during ablation of 50 layers in 3D-NRALDESI MSI, the stage was moved up manually
after analysis of every 3 layers.
5.26 Data Procesing

XCalibur raw data were converted to imzML format using an open source applieation
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toimzML convertef® Then, imzML files were analyzed with MSiReader, a Mathalsed software
developed in the Muddiman grog{?’
5.3 Results and Discussion
5.3.1 Depth Resolution Determination on a Pill

Spatial resolution dictates the quality of generated ion heat maps. Depth resolution was
determined by measuring the depth of ablatpdts. Lower laser energy and denser analyzed
surface result in higher depth resolution (less material ablated per laser shot). Depth resolutions at
the highest (1.2 mJ) and lowest (0.3 mJ) energy levels were explored. Optical and laser images
after ablatbn of 1, 5, 10, 15, and 20 layers were measured with confocal laser scanning microscopy
(Figures 5.2A and 5.2C) and show that the ablation depth increased with the number of ablated
layers. From side views of laser imaged-igures 5.2A and5.2C, the crater was deeper in the
center compared to thexlges due to the Gaussian nature of the beam. The ablation depth was
measured by averaging depth profiles from 20
Depth profiles show a linear relationship with layer numbers for both energy IEigises 5.2B
and52D). Thea er age thickness of the outer pink ent
Leica optical microscope. Three and 30 layers had to be ablated to completely desorb the outer
layer with the laser energy of 1.2 and 0.3 mJ/pulse, respectively. This isteongigh optical
results shown ifrigures 5.2A and5.2C, where white powder shows up after ablation of 5 layers
at the 1.2 mJ/pulse energy level but never appears within 20 layers ablated at the 0.3 mJ/pulse
energy level.
5.32 2D MSI on a Pill Microtomed in Half

2D MSI wasperformed on the half pill to resolve the chemical compositions of the pill.

Three pillspecific moleculesHigure 5.3) were found inside the pill and used for demonstration
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of 3D IR-MALDESI MSI. Monomers of starch @1100s, m/z163.0601) were distributed in the

core of pellet as well as the surrounding powder outside peiegaré 5.4A); triethyl citrate

(C12H2007, m/z277.1282), a marker of enteric coating for delaying drug releasedistaputed

in the outer layer of pellet and surrounding powder among the pefigjaré 5.4B), and
omeprazole (&H19N30sS, m/z346.1220), the active ingredient, was distrildutethe inner layer

of the pellet Figure 5.4C). These three markers were successfully resolvachaf pill (Figure

5.4l), and their colocalizationF{gure 5.4D) agrees with the pelletos

Figure 5.1C.
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Figure 5.2. Ablation depth, optical, and laser images were obtained using a confoca
scanning microscope after ablation of 1, 5, 10, 15, and 20 layers. Optical and laser imag
profiles after ablation afA) 1.2 and(C) 0.3 mJ/pulse. Color scale bars shohblation depth i
micrometers. The linear relationship between ablation depth and layer number is showr
laser energy levelgdB) 1.2 and(D) 0.3 mJ/pulse. Depth resolution (depth of ablated regio
layer) was estimated as weighted ablated deptl: . 1 e m for 1.2 mJ,.
mJ/ pul se. Spot size was 100 e€m at 1.2 nm
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Figure 5.3. Representative mass spectra fA) active ingredient omeprazole {£119N30sS)
(B) triethyl citrate (G2H2007), and(C) monomers of starch ¢8100s). MMA denotes ma
measurement accuracy.
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Figure 5.4. Three representative molecules were selected to show their distributions in

pill: (A) starch (m/z2163.0601),(B) triethyl dtrate (m/z277.1282), andC) active ingredier
omeprazole (m/346.1220). PandD shows a colocalization of three molecules. Paketsd F
show the distribution of A + C; (m/z347.1253) and A + 3S; (m/z348.1178) isotopologu
of omeprazole, respectively. Pari@kshows a colocalization of monoisotopic peak A (red),
1 13C; (green), and A + 2%S; (blue) isotopologues of omeprazole with the same dgi@itica
image of ROI. The laser spotsiwea s 120 & m.

For the A + 2 peaks of omeprazoféS; (m/z348.1176) and®C, (m/z348.1291)
isotopologues were baseline resolved(re 5.3A). We can count the numbersflfurs, and this

approach allows for the determination of unique elemental compositiétisis important to note
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that, although sulfur counting was not required here, given that the components in the OTC are
known,it is a very useful for unknowns. The number of sulfurs in omeprazole was calculated using
Equation 5.1and was estimated to be .8, #8ing a theoretical sulfur abundance of 0.042 as

reported by IUPAC!

i 008l — T8t ¢ Equation 5.1

Also, the distributions of A + 1°C;(m/z347.1253Figure 5.4E) and A +
2345, (m/z348.1178Figure 5.4F) isotopologues of omeprazole colocalize with the monoisotopic
peak Figure 5.4G) with the same gain, confirming the sensitivity of the imaging method.
5.3.3 3D MSI on the Pill Microtomed in Half

3D MSI was performed on a trimmed pill using the ésivstable energy level of 0.3
mJ/pulse Table D.2). Prior to the 3D experiment, 5 and 10 layefsggres D.1 and D.2,
respectively) were ablated from the hall pill without stage height adjustments to determine the
depth resolution, whichwasa |l cul at ed as the weighted average
83.1 em for 5 layers and 161.0 em for 10 | aye
layers in 3D fashion, the height of the translational stage was adjusted after everg®lapéas.
We did not adjust the stage height after each ablated layer because of the stage preciston in the
direction Table D.2) . One tick mark on the adjustment kn

16.3 em per layer. A6t2rl e¥exy48. 9aymy s wename\

tickmarksP50 em) . This is the smallest increment w
depth after 50 | ayers was measured as 840. 4 ¢
withstageheght adj ust ment, compared to 7.9 em/l| aye

The heat maps for three representative moleclegile 5.5) and their colocalization

(Figure D.3B) show the process that one pellet was trimmed away and then another pellet was
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imaged. The distribution 6f'S isotopologueRigure D.3A) confirms the presence of omeprazole
across50 layers. Constructed 3D heat mapsg@re 5.6) show the distribution of three

representative markers in 3D space.
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Figure 5.5. lon abundance and distribution for A peakgAf starch,(B) triethyl citrate, an:
(C)omeprazole on the half pill across 5«
16. 3 & m.
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Figure 5.6. Threedimensioml intensity maps for(A) starch, (B) triethyl citrate, and(C)
omeprazole(D)Col ocal i zation of three markers

resolution 16.3 g&m.

In this work, we demonstratedtility of IR-MALDESI for 3D MSI, which offes an
alternative method to traditional 3D MSI. No excessive sample preparation steps or assistive
morphological information (e.g., MRI) is needed for imaging registration. The main source of
variance comes from inconsistent laser ablation performancddy@mto layer, resulting in sharp
ablation profiles, as shown Figures 5.2A and5.2C. This is due to the Gaussian laser beam,
where higher energy is distributed in the centgconsistent ablation profiles could be avoided
with a beam homogenizer, which creates uniform beam profiles. However, the objective of this
work was to test that the current-NRALDESI system is applicable for 3D MSI, rather than to

develop a robust metd for 3D IRMALDESI.
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All'in all, the presented work provides workflow for ablatioased 3D IRMALDESI by
presenting 3D MSI analysis on a 15 x 15 ROI across 50 layers within 70 riVALRESI has
proven to be feasible for 3D MSI on hard OTC tablets. feutnork will be focused on
development of 3D IRMALDESI MSI for analyses of biological samples.
5.4 Conclusions

OTC tablet formulated with MUPS technologies was analyzed ustMARDESI source
coupled to a Q Exactive Plus mass spectrometer to evaluafeaibility of the former for
ablationbased 3D MSI. We also investigated the depth of ablated spots at different laser energy
levels to determine a range of depth resolution. The highest and lowest depth resolutions were
measured as 2.2 amdat200l13 eml/apulls 2 mJ/ pul se
sample preparation makes-NMRALDESI an alternative MSI tool for analyses of biological
samples. Therefore, future work will be focused on developing reproducible methods for 3D IR
MALDESI MSI of biological tissues.
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CHAPTER 6
Mass Spectrometry Imaging (MSI) of Fresh Bones using Infrared MatrixAssisted Laser
Desorption Electrospray lonization (IR-MALDESI)
The following workwas reprintedvith permission from the Royal Society of Chemistry:
Khodjaniyazova, S., Hanne, N. J., Cole, J. H., and Muddiman, Bn&ytical Methods2019

11, 59295938. (This work was highlighted on the journal cover).
Copyright © 2019, Roydbociety of Chemistry.

6.1 Introduction

To understand a disease in a complex biological system, one should know not only
molecular features characteristic to that specific illness but also their spatial distribution within an
organism or an orgar:Mass spectrometry imagg (MSI) is an analytical tool used for
localization of molecular features and their relative abundances in a given sample. In a typical two
dimensional (2D) mass spectrometry imaging (MSI) experiment, the sample is sectioned first
followed by collection bone mass spectrum from each spot on the slice. Next, imaging software
is used to generate heatmaps showing the spatial distribution of ions and their abundances across
aregion of interest (ROP> One of the main advantages of Md&sed imaging over other methods
of chemical vsualization is the labdtee detection of a wide range of endogenous known and
unknown compounds that can be detected simultaneously, provided they fall within the-mass
charge v2) window of the mass analyzer and form ions with a charge of the samé\khough
MSI is generally considered a qualitative analytical technique due to a significant signal
variability, there are MSI systems that can accurately quantify analytes by depositing standards
with a known concentration on top or underneath tlsisue sectiond’ A myriad of commercial
and homebuilt MSI systems are available today; however, a comprehensive review of
instrumentation is beyond the scope of this article.

A typical MSI system consists of an ionization source and a mass spectrometer (MS).
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| oni zati ort rsaocutrscoe adned ioni zes bi omol ecul es
theirm/zratios are measured in a mass spectrometer. lonization source dictates what molecular
classes will be extracted from a sample, and the quality of mass spectra depends on a mass
analzer. No single ionization source can extract and ionize absolutely all species present in a
sample. In fact, each ionization source has its own limitations: for examp\ALDESI is rarely

used for protein imaging in biological samples because hahlpdant lipids suppress protein
signal® Therefore, sometimes MSI is used in tandem with other analytical techniques, such as LC
MS, to unravel a more detailed qualitative and quantitative information about a biological
sample’-®

Preparation of biological samples is one of the most crucial factorsrinfiugthe quality
and authenticity of MSI results. Prior to 2D MSI, the sample is usually cut in thin slices to ensure
uniform sampling. Soft tissues can be easily sectioned using a cryomicrotome; however, sectioning
hard tissues like fresh, unmodified nseubones is challenging because bone section tends to curl
orfall apartt®The term 6éunmodified boned refers to a
modified (no fixation, decalcification, infiltration steptc) and will be used throughout the
manuscript.

MSI of bones $ a developing field and to date only secondanymass spectrometry
(SIMS) and matrixassisted laser desorption ionization (MALDI) have been reported in the
literature as ionization sources compatible with MSI of bdtiésHowever, for any laseor ion
beambased MSI appro&g the bone sample has to be both flat and demineralized. To satisfy these
requirements, bone undergoes a series of chemical treatments that change its molecular
compositiont? 121418 Standard sample preparation steps usually involve at least one of the

following procedures: dmlcification to make bone softer, embedding to minimize destruction of
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bone sections, and grinding to a desired thickness to create a flat and smooth bone'$&gTient.

of these steps alters bone chemistry: decalcification removes all bone mihtealijonal
embedding approaches can distoméarchitecturé! andgrinding generates heat and can smear
the bone surfacE:?° Therefore, developing a method for direct analysis of unmodified bones is
critical for identification of biochemical signatures unique to healthy and diséfeated bones.

This work reports a sampjaeparation protocol for direct analysis of unmodified mouse
bones using IMALDESI MSI.821 IR-MALDESI is a soft ionization source that has been used in
MSI to monitor spatial distributions of different molecules in biolodie& 2’ and norbiological
sampleg®2°|R-MALDESI combines the properties of ESl and MALDI and has several distinctive
characteristics: prior to analysis, the sample undergoes no chemical modifiéigeris; used as
the energyabsorbing matriX! ionization takes place at ambient temperature and pressure; and
multiple- andsingly-charged ions can be generated by the sctitmong all ionization sources
available today, IRMALDESI is the only source that tolerates samples with high salt
concentrationg>3?and inorganic minerals comprise approximately 70% of bone by w¥ighe
fundamentals and operation of theMRLDESI source have beatescribed elsewheré Briefly,
when imaging soft tissues, the sample is sliced int ® 2 O-t@ick sections using a
cryomicrotome and thaxmounted onto a glass slide, which is then placed onto a mobile and
Peltiercooled IRMALDESI stage. After a thin ice layer is formed aptof the sample, a miiR
laser pulse (2940 nm) is fired one spot at a time to ablate primarily neutral species by excitation
of Oi H stretching mode¥:**These neutrals are ejected orthogonal to the surface and partition
into charged ESI droplets. A decreasing pressure gtadiaws charged droplets into a mass
spectrometer where they undergo desolvation and charge transfer in-keESdnner* Next,

the translational stage moves by a fixed distance ix thg direction for analysis of adjacent
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spots. Here we aimed to investigate the feasitwf the IRMALDESI source for MSI and direct
analysis of mouse bones. Our strategy was built aroudARDESI's tolerance for salts. We
propose a simple and robust sample preparation protocol that helps to preserve physiological and

chemical propertiesf bone prior to imaging.

6.2 Experimental
6.2.1 Mouse Bones

All animal procedures were approved by the North Carolina State University Institutional
Animal Care and Use Committee. Two C57BI/6J mice (the Jackson Lab, Bar Harbor, ME, USA)
received either atroke (n= 1, female) or sham @ 1, male) surgery at 22 weeks of age. Ischemic
stroke was induced using the middle cerebral artery occlusion m¥tHaa,which a silicone
tipped filament was inserted to the lumen of the right middle cerebral artery for 30 minutes,
producing a milsdo-moderate strength stroR&For the sham surgery, the neck incision was made
and remained open for 30 minutes, but the filament was not inserted into the’Sivtiery.
recovered from stroke or sham surgery for four weeks, then were sacrificechlag@@xiation
followed by cervial dislocation. Left humeri (paretic limbs affected by stroke) were removed and
immediately flaskrozen.

Note that reported work is not a biological study but a protocol for a direct analysis and
MSI of bone tissues. Therefore, analysis of a limited nurobé&ones derived from animals of
different sex is acceptable.
6.22 Flashfreezing

The following protocol was used throughout the study for ffasbzing of bones:

(1) Pour liquid nitrogen into a lab ice bucket to a height of 5 cm. Pour isopentan&kBurd

and Jackson, Muskegon, MI, USA) into a metal beaker to a height of 5 cm and slowly lower the
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metal beaker into the ice bucket. The isopentane is ready tefiiteeste bone when it thickens,
just prior to appearing milky.

(2) Remove as much soft tissfrem the bone sample as possible. Use sterile forceps to
submerge the bone sample in isopentane foBASeconds. The sample is done freezing when
any remaining soft tissue loses color.

(3) Gently remove the bone sample from the forceps. Immediatelyarane bone to an
individually | abeled plastic sample tube and
6.23 Cryosectioning

Prior to cryosectioning, whole mouse humerus was embedded in Plaster of Paris (DAP
Products Inc., Baltimore, MD, USA) to avoid direct cantaf bone with optimal cutting
temperature (OCT) compound, which can contaminate the front end of a mass spectrometer.
Embedding was done inside a CM 1950 cryomicrotome chamber (Leica Biosystems, Buffalo
Grove, I L, USA) at 1 20 tékefor crifosectipning @ parte(i.eebyb e d d i
vol ume) of Pl aster of Paris were mixed with
Scientific, Pittsburgh, PA, USA). This mixture was then poured in a square, disposalzievasel
block (Polysciences Inc., "vrington, PA, USA). Plaster of Paris should be handled in a well
ventilated area (i.e., fume hood) to prevent inhalation of the dust. Frozen mouse bone (whole
humerus) was carefully embedded in the Plaster of Paris medium in a desired orientation using
pre-cleaned forceps followed by freezing of the Plaster cube-gp@aly mold, Plaster of Paris,
and whole bone) at 120 AC in the cryomicroton
(peeta-way mold, Plaster of Paris, and whole bone) had frozenndayer of OCT compound
(Leica Biosystems, Buffalo Grove, IL, USA) was applied to a 40 mm (diameter) specimen disk

(Leica Biosystems, Buffalo Grove, IL, USA), and the Plaster cube was gently placed on the OCT
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coated disk. The disk and Plaster cube equaitdd for 10 minutes on the Peltimmoled sample
holder inside the cryomicrotome. Roughly half of the bone was carefully trimmed on a CM 1950
cryomicrotome (Leica Biosystems, Buf fal-o Grov
profile disposable blaa(Leica Biosystems, Buffalo Grove, IL, USA). Trimming was done in 20
em increments and angle between the blade and
was placed in a transparent plastic mold (37 x 24 x 5 mm, VWR, Radnor, PA, USA) facing flat
side down and embedding material of choice was poured on top and around the bone. Embedding
material was smoothed out using a stainless steel blade (39.6 x 19.6 mm, Ted Pella Inc., Redding,
CA, USA).
6.24 IR-MALDESI MSI

The day before analysis, the IR laser was focused on a laser burn pap@3ZARIT,
Concord, NH, USA). Estimated size of a spot ablated from burn paper at room temperature was
200 1 gFywe ElnPrior to IRMALDESI imaging, thickness of thedrzen Plaster of
Paris cube (refers to the half bone embedded in Plaster of Paris) was measured using digital caliper
whose lower jaws were chilled in a dry ice fé2Iminutes to prevent Plaster of Paris cube from
melting. The IRMALDESI stage was then losved by the measured value to ensure that the ROI
laid precisely at the laser focus. Next,theMRAL DESI t ar get pl ate was <co
relative humidity (RH) in the enclosure box (box arouneMRLDESI source) was lowered to
12%. The frozen Rkter of Paris cube was placed on top of acpmed IRMALDESI stage,
while RH was maintained at 12% to prevent additional ice formation on top of the bone. The
sample was equilibrated for 10 minutes to reach stable temperature.-IR riaiser pulse (IR
Opolette 2371, Opotek, Carlsbad, CA, USA) with a wavelength of 2940 nm, frequency of 20 Hz,

and pulse width ofi® ns was used to desorb primarily neutrals from each voxel on the bone. An
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incident energy of 1.2 mJ per pulse was measured using a pyraetkstgctor (Nova 2, Ophir,
Jerusalem, Israel). Spta-=s pot spacing and ROI were 150 e&em al

All mass spectrometry measurements were performed on a Q Exactive Plus (Thermo Fisher
Scientific, Bremen, Germany) mass spectromddata were collected acrosgz 25011000 in
positive ESI mode using 0.2% formic acid (SigAdrich, St. Louis, MO, USA) in 5050 (v/v)
methanol: water as solvent. Methanol was purchased from Burdick and Jackson (Muskegon, MI,
USA). The ESI flow ratewa s 1. 5' ! sptay voltage was 3.8 kV, MS inlet capillary
temperature was 350 °C, ande®s RF level was 50%. The automatic gain control (AGC) target
was disabled due to the pulsed nature eMRLDESI source and injection time (IT) was set to
25 ms.Polysiloxane [M + H]* ion atmyz371.1012 was used as a lock mass.
6.25 Optical Images

Optical images of bones not embedded in Plaster of Faigsirés 6.1and 6.2) and
ablations spots on burn papdrigure E.1) were acquired using a 5x objective on a laser
microdissection microscope LMD7000 (Leica, Buffalo Grove, IL, USA). Optical imagesrafs
embedded in Plaster of Parlidure 6.6A) were collected using a chargeupled device (CCD)
camera (Point Grey Research Chameleon USB 2.0) positioned right above thecBeliddriR
MALDESI stage.
6.26 Data Analysis

Features were putatively annotated using METASPR&@Enotation engine, and
MSiReadet’ imaging software was used to generaelected ion heatmapBhe .RAW files
generated by Q Exactive Plus were processed in XCalibur (version 2.2, Thermo Fisher Scientific,
San Jose, CA, USA) and converted into the .mzML format using thesmpgoe MSConvertGUI

tool from ProteoWizartt followed by conversion intdmzML files using.imzML converter*?
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Figure 6.1. Opt i c al i ma gwlek mouse tidia Medohednn carboxymethyl cell
(CMC)/gelatin medium. Thebomeas secti oned at 120 AC u:
with a Surgipath higtprofile disposable blade. Scale bar is 2.5 mm.

Figure 6.2. Optlcallmage of mouse tibia cut in half (top view). Scale 5ar“|s 2.5 mm.
6.2.7 EmbeddingMaterials other than Plaster of Paris
CMCl/gelatin mixture was prepared by mixing 1 g of CMC (carboxymethyl oskul
sodium salt, medium viscosity, Sigmddrich, St. Louis, MO, USA) with 2 g of gelatin (gelatin
from porcine skin, powder, gel strendi300 g Bloom, type A, SigmAldrich, St. Louis, MO,
USA) in 20 mL of OptimaE L C/ M& wighrasterieespatala er . T

and heated in a microwave (for less than 30 seconds). The mixture was cooledtatmperature
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prior to embedding.

Agarose mixture was prepared by mixing 0.3 g of agarose (agarose LEpusra
molecular biology gradeBi ot i um, l nc. , Fremont , CA, USA)
grade water.

Liquid Nails® (Fuze It, gray, all surface construction adhesive) anestétimortar (Versa
Bond, gray, fortified thirset mortar) were purchased from Home Depot.

Alginate (CAVEX cobr change alginate, fast set, dust free) was purchased from Amazon.
6.28 Data Availability

Putative annotations and corresponding heatmaps are available to the public at
https://metaspace2020.eu/project/Khodjaniyaz2@a3-bones. Additional data that support the
findings of this study are available from the corresponding author upon request.

6.3 Results and Discussion
6.3.1 LaselFocus in IRMALDESIImaging

We sought to deelop a straightforward and reproducible sample preparation method for
direct analysis of bones using-MALDESI MSI. Our main goal was to avoid significant tissue
processing steps, such as decalcification, where various solvents are diffused intoreeéthea
tissue, causing chemical and physical changedJARDESI is a laser sampling technique that
requires each spot within the region of interest (ROI) to be positioned at exactly the same distance
from the laser focus to ensure uniform sampling. @artocated anywhere outside the depth of
focus results in decreased ion signal or no signal at all. Laser focus is never a problem when
imaging sections with uniform thickness, because prior to imaging stage height can be adjusted so
that laser focus istdhe sample surface. Therefore, the first step in method development was to

obtain bone section with a uniform thickness.
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6.3.2 Challenges oBonelmaging using IRMALDESI

Prior to IRMALDESI imaging of soft tissues we use a cryomicrotome to slice frozen
samples in sections with a thickness between
a microscope slide that has a temperature slightly higher than that of a cryostat chamber. However,
cutting unmodified mouse bone using a cryomicrotome ideaigihg, because upon slicing all
parts of the bone cannot be transferred to a microscope Blgled 6.1). In fact, the bone slice
tends to curl and does not adhere to a microscope slide as easily as soft tissue. This is due to the
complex composition of a bone, which constdtboth hardcalcified bone tissue and soft marrow.
Therefore, decalcification and embedding in a material with similar stiffness is the most common
practice that facilitates bone sectioning.

An alternative to imaging thin bone sections is imaging hald bbne longitudinally so
that less tissue is losFigure 6.2). The main difficulty with analyzing half of a bone is the fact
that the flat surface of the bone is not parallel to thlIRDESI stage due to a slight tilt from
metaphysesHigure 6.3). Therefore, the distance between each sampled spaasarddcus will
vary across the bone resulting in a aonform sampling. Also, half of a bone positioned on the
mobile stage is not as stable as a thin bone section, and it is harder to keep bone tissue frozen,
because only a reduced area comes in contiictthe Peltiercooled IRMALDESI stage. The
problem with the tilt Figure 6.3) can be solved by filling the space between the stage and the bone
with material that would level the flat surface of the boRgyre 6.4F). We report saiple
preparation steps for longitudinal analysis of native bones embedded in Plaster of Paris, a material
compatible with IRMALDESI MSI (Figure 6.4). The rationale for Plaster of Paris as the

embedding material of choice is discussed in the Criteria for embedding material section.
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laser in-focus laser out-of-focus X

side view \“)
Peltier-Cooled IR-MALDESI Stage

Figure 6.3. Schematic (side view) illustrating how half of a bone would be positioned on
MALDESI stage and under the IR laser.

6.3.3EmbeddingProtocol for IRMALDESI MSI oMouseBones

(1) Rapidly dissect bone using sterile tomsnediately following sacrifice. Flasineeze
the bone to prevent morphological chandégire 6.4A).

(2) Using cryomicrotome, trim bone at 120
(Figure 6.4B). For more deifs about how to cut bone in half see Cryosectioning section in the
Experimental.

(3) Equilibrate bone (cut in half) and pckeaned plastic, transparent mold (37 x 24 x 5
mm, VWR, Radnor, PA, USA)forid 0 mi nutes at 7120 AC i nfteri de cr
equilibration, place bone cut in half in the mold with the flat side facing down. Make sure that the
flat side of the bone is touching the mold unifornfiyglre 6.4C). Use just enough pressure to
hold the bone section flat against the mold surface. Transfer the plastiwitiotde bone in it to
the cryomicrotome chamber and wait until bone marrow freezes to the mold.

(4) In the cryomicrotome chamber, carefully pour Plaster of Parid @Rlaster water,
volume: volume) around the bone. Wait until the Plaster of ParezégFigure 6.4D).

(5) In the cryomicrotome chdmer, carefully pour fresh Plaster of Paris until the bone is

fully covered in Plaster. Use poteaned blade to smooth out the Plaster of PRitgi(e 6.4E).
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cut bone in half

place bone in a mold facing flat side down .

affix bone to the bottom of the mold using embedding material

and flash-freeze .

pour embedding material and flash-freeze
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Figure 6.4. Proposed protocol for bone embeddifg) Flashfreeze fresh bong€B) cut bone i
half using cryomicrotome (see Cryosectioning section in the Experimental for more déi3
place trimmed bone in a mold facing flat side doyd; affix bone to the mold using embedc
material and wait until the material set€) pour the rest of the embedding material and sm
out the top surface with a bladéF) and (G) show ROI and direction of laser sampli

respectively.
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(6) After the Plaster of Paris has frozen, remove the Plaster block from the plastic mold
and place the btk on a precooled target plata € 273 K) Figure 6.4F). To prevent the Plaster
block from sliding on the metallic target plate, carefully pour OCT around the Plaster block while
avoiding the ROIFKigure 6.4G). Let the OCT ifeeze and proceed with MSI.

6.3.4 Criteria for Embedding Material

During method development, we created a list with properties that the embedding material
should have to be compatible with-NRALDESI imaging on bones:

(1) Embeddi ng marteadtailv esth owil tdh ntbodn e et @& ma x i
(i.e., physiological) composition. This means that the embedding material should not penetrate the
outer bone cortex. Also, after pouring/applying the embedding material on top of the bone
sectioned irhalf (Figures 6.4D andE), embedding material should have a high enough viscosity
to not leak under the bone and directly contact the marrow.

(2) Embedding material should have a freezing point below 273 K, because during IR
MALDESI imaging, the target plate is kept below 273 K.

(3) Embedding material should not suppress ESI signal, becatdAILRESI data are
collected from rectangular ROIEi§ure 6.4G) that include both otissue (bone) and offssue
(embedding material) regions. Therefore, unstable signal collected from-tissoé region might
affect the quality and authenticity of-dissue spectra.

We tested seven embedding materials with variable physical stasdde (6.1):
CMCl/gelatin medium, water, agarose, Liquid Nails®, thé mortar, dental alginate, and Plaster
of Paris. Following steps listed Figure 6.4, fresh mouse bones were embeduohedach of the
seven materials; however, only Plaster of Paris satisfied all three requirefadiesg. 1): Plaster

of Paris can be easily distributed around the bone without leaking underneath the bone section
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(Figure 6.5A); the abundance of biomolecules is lower intigf§ue regions compareddo-tissue
regions Figure 6.5B); and spectra collected from d@f§sue Figure 6.5C) and ontissue Figure

6.9D) regions have stable signal with acceptable sitprabise (S/N) ratios. The other six
embedding materials (CMC/gelatin, water, agarose, Liquid Nails;st#timortar, and alginate)

are not compatible with the reportextthod because they either modify bone, do not freeze at 273
K, or suppress signal of bospecific ions. For example, CMC/gelatin and agarose media have to
be poured into a mold while still being warn>(298 K) because CMC/gelatin and agarose
mixtures congeal at lower temperatures which make even spreading around the bone almost
impossible. Moreover, heat stress.g, warm embedding material around the bone) affects
composition and dynamics of the lipidofiié¢*Water and agarose, unlike CMC/gelatin, Liquid
Nails, thinset matar, alginate, and Plaster of Paris, easily leak under the bone during embedding
processkigures 6.4D andE) and therefore come in direct contact with the surface of the bone to
be sampled with IR lasee g, ROI). We hypothesize that direct contact of water or agarose with

frozen bone might affect the spatial distribution of bepecific features.

Table6.1. List of embedding materials used forMRLDESI MSI of mouse bones

starting conditions do not freeze at temp. do not
(state, temp.) modify bone <273K suppress ESI
CMC/gelatin liquid, ~323 K X \/ X
water liquid, room temp. X \/ \/
agarose liquid, ~323 K X \/ \/
Liquid Nails® liquid, room temp. \/ X \/
thin-set mortar paste, room temp. \/ X \/
alginate paste, room temp. \/ \/ X
Plaster of Paris liquid, room temp. \/ \/ \/
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Figure 6.5. IR-MALDESI MSI of a strokaffected mouse humerus embedded in Plaster of
(A) optical image (+40% brightness, +40% contrasfly) unnormalized and not backgrou
subtracted cholesterol ion heatmap; MS1 spectra collected {@roff-tissue and (d) oiissue
regions. Scale bar is 1.5 mm.

114



To demonstrate the feasibility of IRALDESI for 2D MSI of bones, humeri derived from
healthy and strokaffected mice were embedded in Plaster of Paris following the protocol
from Figure 6.4and analyzed using HRIALDESI coupled with a Q Exaive Plus. Optical
images and ion heatmaps with putatively annotated features are shieigares 6.6AandBi J,
respectively. lon heatmaps kigure 6.6demonstrate thdR-MALDESI is capable of detecting
features unique not only to the entire humef@isY andF) but also to its parts: cortical bone (b,

e and h), marrow tissud)( and trabeculare(g, cancellous) bone3 andl). We do not report
unique identificationg§lDs) based on MS/MS because this work is technical. However, future work
will be focused on detailed characterization of bone tissues using MS/MS, comparison between
bones from healthy and strokéfected mice as well as bones from paretic andparaticlimbs

from strokeaffected mice. Overall, 826 and 669 tisspecific featureslables E.landE.2) were
putatively annotated in healthy and straiféected bones, respectively, using
METASPACE?® annotation engine kttps://metaspace2020.eu/project/Khodjaniyaz20as

bones.

We developed a protocol for a direct analysis and MSI of fresh, undiechifoouse bones
using IRMALDESI MSI to avoid excessive and tire®nsuming sample preparation steps that
modify the bone. Our method allows to detect a broader range of endogenous biomolecules,
because prior to imaging, bone does not undergo any inteheahical treatments, such as
decalcification, where bone is soaked in various solvents for days and sometimes even weeks. In
this method, the bone was cut in half longitudinally and embedded in Plaster of Paris so that all
parts of the bone except for thet surface came in contact with the Plaster. Plaster of Paris helps
to position the cut of the bone surface parallel to the target plate and is compatible -with IR

MALDESI MSI.
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Figure 6.6. IR-MALDESI MSI of healthy and stroledfected mousbumeri embedded in Plas
of Paris. (a) optical image (+40% brightness, +40% contrast) arig)) (lon heatmaps. Featur
from MS1 scans were putatively annotated using METASPACE annotation engine. Sce

1.5 mm.
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