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ABSTRACT

Ambient ionization techniques, such as nanoDESI and nanoESI, allow for the direct analysis of
complex samples under atmospheric pressure with no sample pretreatment. These ionization
techniques are utilized for a variety of applications, including lipidomics, online reactions and
imaging of small molecules. Nanoelectrospray ionization (nanoESI) is an ionization technique that
is similar to electrospray ionization (ESI) but uses smaller sample volumes. NanoESI can be used
for complex biological sample analysis and when coupled with online photochemical reactions,
such as the Paterno-Biichi (PB) reaction, structural information about lipids can be determined.
Likewise, nanoDESI is another ambient ionization technique that employs the ESI mechanism but
incorporates online liquid extraction of analytes. This technique is easily incorporated to mass
spectrometry imaging (MSI) to provide spatial localization of biomolecules in tissues.
Additionally, nanoDESI allows for tunable solvent extraction and online derivatization reactions.
These techniques were used to determine structural information of neutral lipids, to image lipids
from different developmental stages of lung tissue, and to image and quantify small molecule drugs

and metabolites in tissue.

Chapter 2: Utilizing the Paterno-Biichi Reaction to Analyze Neutral Lipids by Mass Spectrometry
Glycerolipids (GLs), such as mono-, di- and tri-substituted glycerols, are biologically important
due to their role in long term energy storage in mammalian tissues. GLs are commonly analyzed
using electrospray ionization (ESI) after the formation of an adduct ion, [M+adduct]". Currently,
ESI-tandem mass spectrometry (MS/MS) allows determination of acyl chain information
including carbon number and degree of unsaturation. However, the exact location of a carbon-
carbon double bond (C=C) is difficult to obtain from low energy collisional-induced dissociation
(CID). In this work, the PB reaction coupled with nanoESI-MS? method was developed to
determine structural information of unsaturated GLs from human plasma. The PB reaction
involves a ketone being activated under UV light to attach to a structure containing a double bond
to form a stable product. Specifically, this reaction was used to determine double bond location in
lipids, where the PB product formed is the lipid species plus acetone. CID of the reaction product
leads to typical glycerolipid fragmentation corresponding to the loss of each individual acyl chain.

CID also reveals unique fragment ions that correspond to each unsaturated fatty acyl chain plus
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sodium and acetone [FA+Na+58]". This fragment peak can be isolated in MS? and fragmented

again to form the diagnostic ion pairs that indicated the double bond position.

Chapter 3: Understanding Lipid Localization in the Developing Lung using Nano-DESI Mass
Spectrometry Imaging

Mouse lung development occurs in four stages from embryonic (E) day 9.5 to postnatal day (PND)
30. Pulmonary surfactant, composed mainly of lipids, is produced in the lungs by type II alveolar
cells to help reduce surface tension during breathing. Phosphotidylcholines are the most common
lipids in lung surfactant (70-80%) with PC(16:0/16:0) being the dominant species. Understanding
the localization and role of lipids in different stages of lung development provides important
insights into normal lung progression. Identification of lipids in tissues can be obtained using a
standard lipid extraction method coupled with LC-MS/MS; MSI provides additional information
on their localization within the tissue sample. Herein, nanoDESI-MSI was used for label-free
imaging of lipids in both embryonic and postnatal mouse lung tissues. The images produced from
nanoDESI-MSI experiments are compared with optical images and H&E stained images to
identify lung structures (e.g. airways, bronchi, alveolar regions, etc). Embryonic stage lipids are
typically shorter chain species either saturated or with a low degree of unsaturation. These lipids
are mostly consistent with highly abundant surfactant lipids. In addition to surfactant lipids, the
postnatal lung samples (PND7&28) contained longer chain lipids (e.g.C20) with higher degree of
unsaturation and larger head group diversity. Lipids that are more unsaturated (e.g. PC36:4 and
PC38:6) tend to localize around airways, as compared to lipids that are saturated or have a lesser
degree of unsaturation. Embryonic lung tissue shows no localization since surfactant lipids are the
most prevalent species. As the lung matures, lipids with more diversity (head group, chain length,
degree of unsaturation) begin to localize and play more important roles in lung’s response to

inflammation and as precursors to lipid mediators.

Chapter 4: Quantitative Mass Spectrometry Imaging of Diclofenac and its Metabolites in Tissues
Using Nanospray Desorption Electrospray lonization Mass Spectrometry

Diclofenac is a widely used nonsteroidal anti-inflammatory drug (NSAID). It is most commonly
taken orally for pain, migraines, and arthritis. Glucuronidation is a common metabolic process for
drugs and xenobiotics to increase their solubility for excretion. Acyl-glucuronides (glucuronides

of carboxylic acids) present concerns of toxicity as they have been implicated in drug-induced
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hypersensitivity and hepatic failure. Glucuronides can be analyzed using soft ionization mass
spectrometry techniques by a neutral loss of 176 corresponding to the loss of the sugar moiety.
Identification and quantification of drugs and their metabolites in tissues can be obtained using
LC-MS/MS, however, MSI provides additional information about their localization within the
tissue sections. NanoDESI-MSI was used for imaging of diclofenac and its major metabolites,
acyl-glucuronide and hydroxydiclofenac, in both liver and kidney tissues. NanoDESI allows for
label-free imaging with high spatial resolution but offers the advantage of no sample pre-treatment
and shotgun-like quantification. Quantitation capabilities of nanoDESI were evaluated using both
a mimetic tissue model and inclusion of internal standards in the spray solvent. Tissue sections
from the liver and kidney of diclofenac-dosed mice were obtained from Merck. Using nanoDESI-
MSI, ion images for diclofenac and its major metabolites were produced. The acyl-glucuronide is
localized to the inner medulla and hydroxydiclofenac is localized to the cortex. These distributions
observed for both metabolites are consistent with the body’s normal metabolism and preparing the

drug for excretion.
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CHAPTER 1. INTRODUCTION

1.1 Ambient Ionization

Ambient ionization is a technique that allows ions to be created outside the mass spectrometer
(MS) under ambient conditions. Samples can be analyzed in their original state with minimal
sample preparation.'~” This idea started with Desorption Electrospray lonization (DESI) from the
Cooks group at Purdue in 2004 and was followed shortly by Direct Analysis in Real Time
(DART).'* Ambient ionization techniques can be divided into Direct Analysis and Pure Ambient
techniques. Where direct analysis techniques, such as nanoESI, usually require some offline
sample preparation. For pure ambient, such as DESI and nano-DESI, samples are directly analyzed
with no sample pretreatment. Pure ambient ionization techniques can be further divided into liquid

extraction, thermal desorption, and laser ablation techniques.’®

1.1.1 Nano Electrospray Ionization (nanoESI)

Nano Electrospray lonization or nanoESI is an ambient ionization technique that mimics ESI but
on a smaller scale. Glass or quartz capillaries are pulled to a fine tip, roughly on the order of 1
um.” A tip puller is used to pull capillaries to the desired width.!” Voltage is then applied to a
conductive wire inserted into the solution to create the electrospray.®!'® The tip is placed in front
of the MS inlet, approximately 0.5 — 2 mm away.'® Figure 1.1 shows an example of a typical
nanoESI setup. One advantage of nanoESI is that smaller sample volumes (1-2 uL) are used
compared to ES1.%!? Of particular interest for this thesis, nanoESI was used to ionize lipid solutions
and couple with photochemical reactions to allow for structural elucidation. The borosilicate glass
capillary used as the nanoESI emitter is UV transparent and allowed the UV light to pass through

to react with the lipids in solution.

MS inlet

Solvent/Sample ) ( /
nanoESI | L\

Figure 1.1 NanoESI setup
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1.1.2 Nanospray Desorption Electrospray Ionization (nano-DESI)

Nanospray Desorption Electrospray lonization or nano-DESI is an ambient ionization technique
that is characterized as a direct liquid extraction method.!' Nano-DESI is comprised of two fused
silica capillaries that align to form a liquid bridge of solvent on a sample surface. The primary
capillary supplies solvent to the liquid bridge and the secondary transports solvent and extracted
analytes to the mass spectrometer.'? This allows for continuous liquid extraction and simultaneous
ionization of analyte molecules.!'! The typical nano-DESI setup is shown in Figure 1.2. The solvent
applied to the sample is typically 9:1 MeOH/H»O but can be adjusted for better extraction. Internal
standards an also be added for “shotgun-like” quantitation.'>!'* One major application of nano-
DESI is mass spectrometry imaging (MSI). No sample preparation is needed for nano-DESI,
therefore, tissue sections can be imaged directly.!® With pulled capillaries, nanoDESI can achieve
a spatial resolution of 10 um. A third pulled capillary, known as the shear force probe, can be

added to the setup to allow for the distance between the probe and the sample to remain

»1/

constant.!6:17

Solvent

High Voltage

/
MS Inlet

Primary Capillary
Nanospray Capillary

Figure 1.2 Nano-DESI setup
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1.2 Paterno-Biichi Reaction

The Paterno-Biichi (PB) reaction is a photo-induced [2+2] cycloaddition of unsaturated
compounds. A four-membered cyclic ether or oxetane ring is formed. Briefly, the carbonyl
compound (acetone) is irradiated (254 nm UV lamp) and electronically excited. The excited
carbonyl group then attacks the carbon-carbon double bond and the cycloaddition occurs.'®
Previous work from the Xia group has detailed the development of the PB-reaction method and
demonstrated its application toward pinpointing double bond locations of unsaturated fatty acids'
and lipid double bond location isomers.?? Figure 1.3 shows a general reaction scheme for the PB-

reaction. Figure 1.4 shows the PB reaction scheme specifically for a TAG molecule.

R5

3 Rl _R?
(@) R”  retro | n ?j\
R, R* P-Bmxn ge"~ga R® "R3
R _R3 6
0) P-B rxn R, R
4 I hv
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RO R® R R*  retro g R R R2
R R ®)
P-B rxn retro | n ”\
O 6R4 P-B rxn R5 R3 R6 R4
R
Figure 1.3 General PB-reaction scheme!®
1. Paterno—Biichi (PB) reaction in a nanoESI tip 3. MS3 CID - C=C location & isomer composition
Na*| Na:| Na*|
OR HO. O
OR Py W O O (o}
Ro_A_O — - _ '—» '—» _
\grv'u hv + Na* + Na* + Na*
OR HO HO. =
Ro._A_oO
MG: both R = H W W o
DG: R=H or FA C=C Diagnostic lons
TG: both R=FA ‘ . Amass =26 Da

2. MS2CID - PB modified fatty acyl chain ions

Figure 1.4 PB-MS3 CID strategy for the determination of C=C location within fatty acyl chains of
MG/DG/TGs



1.3 Lipid Analysis

Lipidomics is the study of the cellular lipidome by identifying the lipid species present in the lipid
profile and investigating the dynamic changes in lipid composition from certain disease states.?!~
23 Lipidomic studies focus on five areas including (1) identification of new lipid classes, (2)
quantitative methods for lipid analysis in biological samples, (3) lipid pathway and biomarker
analysis for diagnostics, (4) tissue imaging of altered lipid distribution, and (5) bioinformatics

approaches for automated and high-throughput lipid analysis.?!

Lipids can be analyzed for identification and quantitation by a variety of analytical methods
including thin layer chromatography, gas chromatography, liquid chromatography, nuclear
magnetic resonance, and mass spectrometry (MS). Of these techniques, mass spectrometry is most
widely used because of its advanced capabilities including high sensitivity, specificity, throughput
and accuracy.”® A mass spectrometer has three essential components: (1) an ionization source, (2)

a mass analyzer, and (3) a detector.?*

Electrospray Ionization (ESI) is the most widely used ionization source in lipidomics???* most
likely due to the availability of ESI with commercial instruments, and ESI has a higher ionization
efficiency for lipids compared to other traditional ion sources.?> ESI is a “soft” ionization technique
that provides a protonated ion [M+H]" or an adduct ion [M-+adduct]’, with little or no
fragmentation from the ionization process.?>?*23 The term “shotgun” lipidomics refers to the direct
infusion of crude lipid sample into the MS compared to LC-MS lipidomics which is the infusion
of lipid sample after LC separation.?'?> A major advantage of shotgun lipidomics is the continuous
spray of constant lipid concentration. This allows researchers time to optimize signal and MS
parameters and perform tandem MS experiments.?! The shotgun approach has is an easy and fast
way to assess a lipid profile but can often cause ion suppression and bias towards more abundant
and more easily ionized lipids.??> Typically, a chromatographic separation is utilized to help

separate lipid classes, reduce ion suppression, and increase sensitivity.??

A variety of mass analyzers (quadrupole, ion trap, time of flight, orbitrap) can be used for lipid
analysis. Each one has their own advantages and disadvantages. Triple quadrupole mass analyzers
are popular due to their versatility in tandem MS experiments. A variety of detection modes can

be utilized to help characterize lipids such as precursors ion scan and neutral loss scan.?'?324 A
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triple quadrupole mass analyzer provides high selectivity, sensitivity, and accuracy when using the

tandem MS modes. Ion trap mass analyzers allow for multiple stages of tandem mass spec (MS").?*

1.4 Lipid Extraction Methods

In order to analyze lipids from biological samples (cells, tissue, biological fluids), a lipid extraction
is usually performed.?* Organic solvent extractions are typically used and the extraction process
relies heavily on the solubility of lipids in the particular solvent used. Alkane solvents are typically

more well-suited for the extraction of non-polar lipids such as TAGs.?

The Folch method is the most commonly used total lipid extraction method. This method uses a
2:1 ratio of chloroform and methanol as an extraction solvent. The Folch method has the highest
reported extraction efficiency compared to other extraction methods. Another widely used
extraction method is a modified Folch method known as the Bligh and Dyer method. This method
incorporates water into the extraction solvent mixture. Comparing the two methods, Folch is better
for extracting lipids from solid tissues, whereas, the Bligh and Dyer method is better for biological

fluids.??

The Folch and Bligh/Dyer methods both use varying ratios of chloroform as the extraction solvent
which will result in the organic layer being on bottom of the extraction mixture due the high density
of chloroform. This can make collecting the lipid-containing organic layer difficult. Another
extraction method that can be utilized is the MTBE method. Methyl tert-butyl ether (MTBE) and
methanol are used as an extraction solvent. MTBE has a low density resulting in the organic layer
being the top layer of the extraction mixture. The advantage of the lipid-containing layer being on
top is that non-lipid components of the sample can now be removed from the collection layer by
centrifugation. The MTBE method yields similar extraction recoveries when compared to the
Folch and Bligh/Dyer methods.??

Solid Phase Extraction (SPE) protocols can also be used to separate lipid classes after a total lipid

extraction protocol described above has been performed. Solid phase extraction columns are

similar to liquid chromatography columns.?
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CHAPTER 2. UTILIZATION OF THE PATERNO-BUCHI REACTION
TO ANALYZE NEUTRAL LIPIDS BY MASS SPECTROMETRY

2.1 Abstract

Glycerolipids (GLs), such as mono-, di- and tri-substituted glycerols, are biologically important
due to their role in long term energy storage in mammalian tissues. GLs are commonly analyzed
using electrospray ionization (ESI) after the formation of an adduct ion, [M+adduct]*. Currently,
ESI-tandem mass spectrometry (MS/MS) allows determination of acyl chain information
including carbon number and degree of unsaturation. However, the exact location of a carbon-
carbon double bond (C=C) is difficult to obtain from low energy collisional-induced dissociation
(CID). In this work, an offline PB reaction coupled with nanoESI-PB-MS? method was developed
to determine structural information of unsaturated GLs from human plasma. CID of the reaction
product leads to a predictable glycerolipid fragmentation, such as the loss of each individual acyl
chain. CID also reveals product ions that correspond to the free acyl chain that was lost from the
glycerolipid species plus sodium and acetone. For example, when TG 18:1/18:1/18:1 is analyzed,
a peak corresponding to [18:1+Na+58]" is observed. This peak can then be isolated and further
CID (MS?) reveals diagnostic ions that can then be used to determine C=C location of the acyl
chain being lost. After development, this method was applied to TG extract from human plasma.
Double bond locations were determined for 16:1, 18:1, 18:2 and 20:4 fatty acyl species. C=C

location isomers were identified in TGs containing fatty acyl 18:1 with C=C at A9 and 11 positions.

2.2 Introduction

Triacylglycerols (TAG, TG) are glycerolipids that consist of three fatty acyl chains esterified to a
glycerol backbone.?® For TAG identification, TAG molecules contain several structural
characteristics that need to be considered. The overall molecule has a specific molecular weight,
total number of carbons, and degree of unsaturation; the glycerol backbone contains a chiral
location indicating a sn- position; and the fatty acyl chains that are attached to the backbone can
be inherently different as well with varying lengths, double bond location, and position of

attachment to the glycerol backbone.?” Figure 2.1 shows the variety of structural characteristics.
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Figure 2.1 Structural characteristics and nomenclature of triglycerides.

Triacylglycerols are present in all cells but in varying amounts. TAGs are used as an energy source
and energy storage system.’®?%2° Adipocytes contain the largest quantity of TAGs because
adipocytes are specialized cells dedicated to the storage of TAGs.?® Due to their nonpolar nature,
TAGs are stored in lipoproteins (chylomicrons, very low-density lipoproteins, and low-density
lipoproteins) when they are being transported throughout the body.?6?%2° TAGs, along with
cholesterols esters, are some of the most abundant lipids in the blood present in mM

concentrations.2°-?

Triacylglycerol molecules are also precursors for phospholipid biosynthesis. TAGs can be
hydrolyzed to form diacylglycerol (DAG) and a free fatty acid. DAG molecules are then precursors
for synthesizing other major phospholipids. The resulting DAG molecule can be further modified
through phosphorylation to form phosphatidic acid, a precursor for even more lipid species.?®

Lipidomics is the study of the cellular lipidome by identifying the lipid species present in the lipid
profile and investigating the dynamic changes in lipid composition from certain disease states.?!~
23 Lipids can be analyzed for identification and quantitation by a variety of analytical methods
including thin layer chromatography, gas chromatography, liquid chromatography, nuclear
magnetic resonance, and mass spectrometry (MS). Of these techniques, mass spectrometry is most
widely used because of its advanced capabilities including high sensitivity, specificity, throughput
and accuracy.?® Previously, GC-MS was used to analyze TG species after being converted to fatty
acid methyl esters. Using GC-MS as an analysis method can provide some structural information
including: carbon number, MW, fatty acyl composition, degree of unsaturation, and double bond
location. It does not provide information about how the acyl chains are attached to the glycerol

backbone as an intact TAG molecule.?’
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ESI can also be used to analyze TG species, but due to their nonpolar nature, ammonium or alkali-
metal solutions need to be added into the spray solvent to form adduct ions with triacylglycerol.
The most commonly used adduct ions are NH4", Na* and Li*.* Low energy CID activation of the
[TG + NH4]" adduct ion results in an [M+H]" peak from the loss of ammonia, and three prominent
peaks [M — FA+NH3]" resulting from the loss of individual acyl chains (if all fatty acid chains are
different).’! If higher energy CID or another stage of tandem MS is used, then monoacylglycerol
ions can be observed and carbon-carbon double bond cleavage can occur. Double-bond location
cannot be ascertained from the double bond cleavage due to the migration of the double bond upon
fragmentation.?* Lithium adduct fragmentation shows more promise in revealing more structural
information. Upon activation of the [TG+Li]" ion, diacylglycerol ions form resulting from the loss
of one fatty acyl chain. Further activation reveals ions corresponding to [FA+Li]".3> A similar
fragmentation pattern can be seen when using the sodium adduct.

3234 and ammonium?32® TG adducts have been well

Fragmentation patterns for both lithium
documented. Hsu and Turk have also reported a mechanism for the CID fragmentation pathway
of the TG sodium adduct.’* Blanksby and coworkers have determined TG double bond location
isomers in standards using ozone induced dissociation (OzID).?”3® They have also combined
sequential CID and OzID to determine sn- position of acyl chains esterified to the glycerol

backbone.?®

The Paterno-Biichi (PB) reaction is a photo-induced [2+2] cycloaddition of unsaturated
compounds. A four-membered cyclic ether or oxetane ring is formed. Briefly, the carbonyl
compound (acetone) is irradiated (254 nm UV lamp) and electronically excited. The excited
carbonyl group then attacks the carbon-carbon double bond and the cycloaddition occurs.'®
Previous work from the Xia group has detailed the development of the PB-reaction method and
demonstrated its application toward pinpointing double bond locations of unsaturated fatty acids'

lipid double bond location isomers?® and cholesterol esters.*?
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2.3 Experimental

2.3.1 Nomenclature

Lipid Maps defines glycerolipids as lipids that can only be hydrolyzed into glycerol, fatty acids, a
sugar group, and/or alkyl variants. This includes mono-, di-, and triacylglycerols.*! Shorthand
notation used for MGs, DGs, and TGs is outlined by Lipid Maps.*? For example, TG
16:0/18:1(92)/18:2(9Z,127) is shorthand for the triacylglycerol species that has three different
fatty acyl chains 16:0, 18:1, and 18:2, denoting 16 or 18 carbons and 0, 1, or 2 degrees of
unsaturation. The location of the double bond is in parentheses at position 9 for 18:1 and positions
9 and 12 for 18:2. The cis- or trans configuration of the double bond is denoted by the letter Z (cis)
or E (trans). For standards, the sn- position is known so a / separator is used. If the sn- position is

unknown, then a “_* separator is used.

2.3.2 Materials

Monolein (MG 18:1(92)/0:0/0:0) and TG 16:0/18:1/18:2 standards were purchased from Sigma
Aldrich (St. Louis, MO). Di- and triacylglycerol standards, including DG 16:1(92)/16:1(9Z)/0:0,
18:1(92)/18:1(92)/0:0,  18:2(9Z,127)/18:2(9Z,127)/0:0, TG 16:1(92)/16:1(92)/16:1(92),
18:1(9Z)/18:1(92)/18:1(92), and 18:2(9Z,127)/18:2(92,127)/18:2(9Z,12Z), were obtained from
Nu-Chek Prep (Elysian, MN). Standards were dissolved in chloroform and stored in -20°C freezer.
Pooled human plasma (Lithium heparin anticoagulant) was obtained from Innovative Research
Inc. (Novi, MI). Organic solvents were LC grade and DI-water was obtained from a water

purification system at 0.03 uS cm.

A modified Folch method was used for total lipid extraction followed by a solid phase extraction
(SPE) protocol for TG separation.* Briefly, plasma (100 pL) was added to 3 mL of 2:1
CHCI3/MeOH and shaken for 2 minutes. The sample was then centrifuged (2000g, 10 min).
Distilled water (750 uL) was added to the mixture. The sample was centrifuged again. The bottom
chloroform layer was transferred to another tube and evaporated to dryness. The SPE protocol
used the dried total lipid extraction from above. An Isolute SPE aminopropyl silica column
(Biotage, Charlotte, NC) was conditioned with 0.6 mL of 7:1 acetone-water then washed with
2x1mL portions of hexane. The dried total lipid extract is reconstituted in 200 pL of 100:3:0.3

hexane/MTBE/acetic acid and applied to the column. Cholesterol esters are released from the
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column first using 1 mL of hexane. TGs are eluted from the column using 100:5:5
hexane/CHCls/ethyl acetate. The TG fraction is collected, dried under N», and reconstituted in the
spray solvent 1:4:0.5 CHCl3/MeOH/H,O (Na*, 1.11mM).

2.3.3 PB-MS?for TG analysis

All experiments were performed on a 4000 Qtrap mass spectrometer (Sciex; Toronto, Canada), a
triple quadrupole/linear ion trap hybrid MS in positive mode, equipped with a home-built nano
electrospray ionization (nanoESI) source. A low-pressure mercury lamp (254 nm) from BHK Inc.
(Ontario, Canada) was used to initiate the PB-reaction in an offline setup depicted if Figure 2.2(g).
MG, DG, and TG (5-10 uM) standards were dissolved in 50:50 Acetone/Dichloromethane reaction
solution. The reaction solution was pumped through 7.5cm of Teflon tubing (ID 0.02in) at 10.13
pL/min while being irradiated by UV light to initiate the PB reaction. The solution was collected
then dried under N; and reconstituted in the spray solvent 1:4:0.5 CHCl3/MeOH/H,O (Na®,
1.11mM). MS? beam-type CID and MS? CID were utilized for MG, DG, and TG analysis. The MS
parameters used for this experiment include: spray voltage 1600V, curtain gas 0 psi, and
declustering potential 20V. Analyst 1.5 was used for data collection, processing, and instrument

control.

2.4 Results and Discussion

2.4.1 Offline coupling of PB reaction and nanoESI for glycerolipid analysis

An offline reaction setup using a syringe pump and Teflon tubing coiled around a UV lamp was
used to initiate the PB reaction of a TG standard dissolved in 50:50 acetone/dichloromethane. This
was found to be an ideal solvent condition for the offline reaction; DCM to dissolve the TG species
and acetone as the ketone for the reaction. The reaction solution flowed through the tubing and
was allowed to react for 1.5 minutes. After collection of the PB product, the reaction solution was
dried and reconstituted in 1:4:0.5 chloroform/methanol/water (1.11mM Na") spray solution. The
spray solution was adapted from the ideal spray condition for TG ionization.>>3* Figure 2.2(g)

shows the setup for the offline reaction.
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MG, DG, and TG standards (5 uM) were sprayed in MS' positive mode. The MG, DG, and TG
sodium adduct peaks can be seen in Figure 2.2 (a), (b), and (c) respectively. The MS! spectra of
the MG, DG, and TG standards after the PB reaction can be seen in Figure 2.2 (d), (e), and (f)
respectively. The PB product is the addition of acetone (+58 Da) to the sodium adduct. The amount
of product formed using the offline reaction is drastically increased compared to the amount of
product formed when performing the PB reaction in the nanospray tip (Figure 2.2(i)). The reaction
time was optimized using TG 18:1(92)/18:1(9Z)/18:1(9Z). The optimal reaction time was 1.5
minutes at using a 10.13 uL/min flow rate. The reaction time was optimized for high product yield

and low side reactions.
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Figure 2.2 Offline PB reaction of glycerolipid standards 5uM in 1:4:0.5
chloroform/methanol/water containing 1.11mM sodium acetate. NanoESI MS1 spectra before
reaction in positive ion mode: (a) MG 18:1(92)/0:0/0:0, (b) DG 18:1(92)/18:1(9Z2)/0:0, and (¢) TG
18:1(9Z)/18:1(92)/18:1(9Z). NanoESI MS' spectra after offline PB reaction in positive ion mode:
(d) MG, (e) DG, and (f) TG. (g) Offline reaction setup with tephlon tubing and nanoESI setup. (h)
Optimized reaction kinetics (reaction time 1.5 min). (i) PB reaction of TG 18:1/18:1/18:1 in
nanoESI tip.
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2.4.2 PB-MS/MS CID for MG and DG C=C location isomer analysis

CID fragmentation of intact adduct species reveals structural information about acyl chain
composition in both MG and DG species (Figure 2.3 (a), (¢), (e), and (g)). When CID is performed
on the PB product after the reaction, characteristic diagnostic ions are observed which indicate
double bond location. In Figure 2.3(b), CID of the [MG+Na]" PB product (m/z 437) reveals
fragment ions at m/z 269 and 295 indicating a A9 C=C. For MG species, MS? CID is sufficient to

obtain structural information about C=C location.

For DG, MS? CID is also sufficient to obtain structural information about C=C location but
interestingly if the adduct being used is changed then different fragments appear. For both Na and
Li DG adducts, a fragment corresponding to the [FA+adduct]" (Figure 2.3 (¢) and (¢)) and
[FA+adduct+58]" (Figure 2.3 (d) and (f)) can be observed before and after reaction, respectively.
Whereas, if the more popular ammonium adduct (Figure 2.3 (g) and (h)) is used these fragments
are not observed. The importance of observing these peaks is crucial to structural identification in
TG. The [FA+adduct+58]" peak can be isolated and MS? performed to determine C=C location.
Moving forward, both the Na and Li adduct produce the fatty acyl adduct peak, but overall the Na
adduct was chosen since this method was to be applied to biological samples where more sodium

is present.
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Figure 2.3 CID spectra of MG 18:1(9Z)/0:0/0:0 sodium adduct (a) before reaction and (b) MG PB
product after reaction. CID spectra of DG 18:1(9Z)/18:1(92)/0:0 sodium adduct (¢) before reaction
and (d) DG PB product after reaction. CID spectra of DG lithium adduct (e) before reaction and
(f) DG PB product after reaction. CID spectra of DG ammonium adduct (g) before reaction and
(h) DG PB product after reaction.

2.4.3 PB-MS? CID for TG C=C location isomer analysis

TG structural identification and C=C location required MS? analysis. A MS! spectra of the
[TG+Na]" (m/z 879) and [TG+Na+58]" PB product (m/z 937) before and after reaction can be
seen in Figure 2.4 (a) and (b) respectively. The CID spectrum of [TG+Na]" (m/z 879) reveals three
peaks corresponding to the neutral loss of each of the fatty acyl chains (Figure 2.4(c)). CID of the
[TG+Na+58]" (m/z 937) reveals even more structural information (Figure 2.4(d)). The peaks

corresponding to one acyl chain loss that are also observed in before reaction CID can be seen in
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the after-reaction CID spectrum as well. The yellow highlighted region corresponds to regions of
diagnostic ions for the intact TG species and diagnostic ions for the TG species after the loss of
one acyl chain. Although these peaks are diagnostic ions, the peaks tend to overlap when the TG
species become more complex. These peaks could not be used for C=C location. However, similar

to the DG fragmentation, a [FA+Na+58]" peak is observed.

For standard TG 16:0/18:1(9Z)/18:2(9Z), a [18:1+Na+58]" peak (m/z 363) and a [18:2+Na+58]"
peak (m/z 361) can both be formed after CID of the PB product (m/z 937) and isolated in MS>.
Isolation of the [18:2+Na+58]" peak (m/z 361) reveals diagnostic ion pairs at m/z 195, 221 and
m/z 235, 261 indicating the C=C location at A9 and A12, respectively (Figure 2.4(e)). Isolation of
the [18:1+Na+58]" peak (m/z 363) reveals a diagnostic ion at m/z 195 indicating the C=C location
at A9 (Figure 2.4(f)). The second diagnostic ion, m/z 221, is very low in abundance. The aldehyde
diagnostic ion was drastically higher than the other diagnostic ion; this was observed in MG, DG,

and TG species.
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Figure 2.4 PB-MS?® of TG 16:0/18:1(92)/18:2(9Z,12Z) 10 uM in 1:4:0.5
chloroform/methanol/water containing 1.11 mM sodium acetate. NanoESI MS1 spectra in positive
mode: (a) before reaction and (b) after offline PB reaction. MS? beam-type CID of (¢) [TG+Na]*
at m/z 879.7 and (d) the PB product [TG+Na+58]" at m/z 937.7. MS? CID of (e) [18:2+Na+58]"
(m/z 363.2) and (f) [18:1+Na+58]"(m/z 363.2).

2.4.4 Analysis of TG extract from human plasma

After developing the offline PB reaction method for MG, DG, and TG, it was applied to a
biological sample. TGs and CEs are among the most abundant lipids present in the blood ranging
from pM to mM concentrations.?*3? A neutral lipid extraction protocol was used to extract TGs
from human plasma. The MS! TG profile before and after reaction is shown in Figure 2.5 (a) and
(b) respectively. CID of isolated PB product m/z 939 reveals neutral losses for acyl chains 16:0
and 18:1. Peaks corresponding to [16:1+Na+58]" (m/z 335), [18:1+Na+58]" (m/z 363), and
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[18:24+Na+58]" (m/z 361) are also present (Figure 2.5(c)). When isolated in MS3, 939363 reveals
C=C location isomers at A9 (195, 221) and A11 (223, 249) for the 18:1 fatty acyl chain (Figure
5e). Again, the second ion of the diagnostic pair is very low in abundance compared to the aldehyde
diagnostic ion. When isolated in MS?, 939361 reveals C=C location at A9 (195, 221) and A12
(235, 261) for the 18:2 fatty acyl chain (Figure 2.5(f)). Table 1 summarizes the structural
identification for each PB product peak isolated. MS? provides acyl chain composition and MS?

[

reveals C=C location for unsaturated acyl chains. Sn- position is unknown so is used to separate

acyl chains.

PB product m/z 911 was also isolated and both MS? and MS? CID were performed to structurally
identify abundant species. Neutral losses for acyl chains 14:0, 16:0, 16:1, and 18:1 are observed in
CID of the PB product. Peaks corresponding to [16:1+Na+58]" (m/z 335), [18:1+Na+58]" (m/z
363), and [18:2+Na+58]" (m/z 361) are also present (Figure 2.5(d)). When isolated in MS?,
911->335 reveals C=C location at A9 (195, 221) for the 16:1 fatty acyl chain (Figure 2.5g). When
isolated in MS3, 911->361 reveals C=C location at A9 (195, 221) and A12 (235, 261) for the 18:2
fatty acyl chain (Figure 2.5(h)).
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Figure 2.5 Structural identification of abundant unsaturated TG species from human plasma. MS1
profile of TG species in human plasma (a) before reaction and (b) after reaction. MS2 beam type
CID of (¢) m/z 939.7 and (d) m/z 911.7. MS? CID of (e) 939>[18:1+Na+58]" m/z 363.2, (f)

939>[18:24Na+58]" m/z 3612, (g) 911>[16:1+Nat+58]" m/z 335.2, (h)

and
911->[18:1+Na+58]" m/z 363.
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Table 2.1 Structural Composition of abundant TAG species in Human Plasma extract

MS! MS? MS®
Na PB Abundant Fragment acyl chain FA N C=C
+Na+ S D-i
TG Mass adduct | product Composition loss (neutral loss) | chains FA+Na+PB| MS" D-ions Position
655 (256) 16:0 - - -
1420 18:1 18:1 683 (228) 14:0 - - -
50:2 | 830.736 | 853.726 | 911.726 | 16:1_18:1_16:0 16:1 333 195,221 2
16:0_18:2_16:0 629 (282) 18:1 363 195 9
195
18:2 361 9,12
235, 261
653 (256) 16:0 - - -
14:0 182 18:1 681 (228) 14:0 - - -
50:3 | 828.721 | 851.711 [ 909.711 | 16:1_18:1_16:1 653 (254) 16:1 335 195,221 2
16:0_18:2_16:1 627 (282) 18:1 363 195 9
195
629 (280) 18:2 361 9,12
235, 261
683 (256) 16:0 - - -
655 (284) 18:0 - - -
16:0_18:1_18:1 16:1 16:1 335 195, 221 9
52:2 | 858.768 | 881.758 | 939.758 | 16:0_18:0_18:2 18:2 18:2 361 195 0 12
16:1_18:1_18:0 : ' 235 ’
195 9
657 (282) 18:1 363
223 11
681 (256) 16:0 - - -
683 (254) 16:1 335 195, 221 9
16:0_18:2_18:1 ) 195
52:3 | 856.752 [ 879.742 | 937.742 16:1 18:1_18:1 657 (280) 18:2 361 235,261 9,12
195 9
655 (282) 18:1 363
223 11
679 (256) 16:0 - - -
681 (254) 16:1 335 195, 221 9
52:4 | 854.736 | 877.726 | 935.726 | 16:0-18:2_18:2 195
) : ) ) 16:1_18:2_18:1 655 (280) 18:2 361 9,12
235, 261
653 (282) 18:1 363 195 9
711(256) 16:0 - - -
16:1 335 195, 221 9
683 (284) 18:0 - - -
18:1_18:1 _18:0 F 195 9
20:1_18:1_16:0 685 (282) 18:1 363 23 »
54:2 | 886.799 [ 909.789 [ 967.789 | 20:0_18:2_16:0 o
22:0_16:1_16:1 687 (280) 18:2 361 9,12
20:0 18:1 16:1 235,261
655 (312) 20:0 - - -
657 (310) 20:1 391 223 11
627 (340) 22:0 - - -
685 (280) 1822 [ 363 195 9
] 18:1_18:1_18:1 681 (284) 18:0 - - -
54:3 | 884.783 [ 907.773 | 965.773 18:0_18:1_18:2 o 5
683 (282) 18:1 361
223 11
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Table 2.2 continued: Structural Composition of abundant TAG species in Human Plasma extract

Ms' MS’ MS’
Na PB Abundant Fragment acyl chain FA 3 C=C
+Na+ -i
TG Mass adduct | product Composition loss (neutral loss) chains FA+Na+PB| MS’ D-fons Position
679 (284) 18:0 - - -
. 18:2_18:2_18:0 681 (282) 18:1 363 195 9
54:4 | 882.768 | 905.757 | 963.757 18:2_18:1_18:1 Tos
683 (280) 18:2 361 9,12
235
705 (256) 16:0 - - -
681(280) 18:2 361 195 9,12
235
. 18:2_18:2_18:1 679 (282) 18:1 363 195 9
54:5(880.752 | 903.742 | 961.742 20:4_16:0_18:1 :
179
20:4 385 5,8,11,14
219, 245
259, 285

2.5 Conclusion

An offline PB reaction method was developed to determine the C=C location of MG, DG, and TG
species. This method was then applied to a complex sample, human plasma. The reaction was
performed in a Teflon tubing coil and the reaction product was collected and analyzed by MS.
Structural identification and C=C location of MG and DG species was carried out through MS? of
the [GL+Na]* and [GL+Na+58]" peaks. For TG species, MS? CID reveal structural information
and further MS? CID is required to determine C=C location and reveal C=C location isomers if
any. The most abundant TG species from the human plasma extract were identified for acyl chain
composition and for the unsaturated species, the C=C location was determined. Most 18:1 species
were A9 C=C location but some contained the Al11 isomer. All 18:2 species had C=C location at

A9, A12. Species containing 16:1 had C=C location at A9.
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CHAPTER 3. UNDERSTANDING LIPID LOCALIZATION IN THE
DEVELOPING LUNG USING NANO-DESI MASS SPECTROMETRY
IMAGING

3.1 Abstract

Understanding the localization and role of lipids in different stages of lung development provides
important insights into normal lung progression. Herein, we use nanospray desorption electrospray
ionization mass spectrometry imaging (nano-DESI MSI) for label-free spatial localization of lipids
in both embryonic and postnatal mouse lung tissues. The images produced from nano-DESI/MSI
experiments are compared with optical images to identify distinct anatomical features (e.g. airways,
bronchi, alveolar regions, etc). Embryonic stage lipids are typically PC species with <18 carbon
chains and lower degrees of unsaturation. These lipids are mostly consistent with highly abundant
surfactant lipids. In addition to surfactant lipids, the postnatal (day 7 and 28) lung samples contain
longer chain lipids (e.g.C20) with higher degree of unsaturation and larger head group variety.
Embryonic lung tissue shows no localization to airways since surfactant lipids are the most
prevalent species. As the lung matures, lipids with more diversity in head group, chain length, and
degree of unsaturation begin to localize to airways consistent with their role in lung’s response to

inflammation and as precursors to lipid mediators.

3.2 Introduction

Molecular signatures of specific cell types at different stages of lung development are critically
important to understanding and mitigating impaired lung function. Although little is known about
cellular processes associated with lung maturation,** several studies have provided insights into
the overall changes of the proteome*>*® and lipidome*’*® at different developmental stages. A
concerted effort dedicated to establishing detailed molecular signatures of developing mouse and
human lungs has already generated a substantial amount of molecular information available to the

scientific community (www.lungmap.net).** Mouse lungs have been systematically investigated

to establish the foundation for studying more precious human lung samples.

Mouse lung development involves four major stages: (1) pseudoglandular, (2) canalicular, (3)

saccular, and (4) alveolar. During stage 1, branching morphogenesis occurs throughout embryonic
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day 9.5-16.5 (E9.5-16.5). This involves the formation of major airways and the bronchial tree
structure which is the basis for further development. In stage 2 (E16.5-17.5), capillaries are formed,
vascularization begins, and both type I and II alveolar cells emerge. Stage 3 starts around
embryonic day 17.5 and continues after birth (E17.5-PNDS5). During this time, airspaces and
capillary networks expand, and alveolar sacs start to form. This stage also involves pulmonary
surfactant production. The final postnatal stage (PND5-30) is more commonly referred to as
alveolarization. This is the process in which the previously formed airspaces divide to form alveoli
- lung structures that increase surface area for gas exchange. Most of the alveolarization process

occurs before PND15.49-31

Pulmonary surfactant in mammalian lungs reduces surface tension and prevents alveolar
collapse.’?3 Surfactant is produced by alveolar type II cells and stored in specific organelles called
lamellar bodies.’>3*°3 Lipids make up 90% of the surfactant composition and the remaining 10%
is proteins.3?*3 Phosphatidylcholine (PC) is the most common class of surfactant lipids, which
accounts for ~70-80% lipid mass. Within this class, dipalmitoyl phosphatidylcholine, DPPC or PC
16:0/16:0 is the most abundant species present in the pulmonary surfactant.’?-¢ Unsaturated PC
species account for ~17% of the total PC content.>* The saturated structure of DPPC and its ability
to be tightly compressed against other DPPC molecules®~” helps reduce surface tension in the
airways. Other PC species are also abundant in the surfactant including: PC 16:0/14:0, PC
16:0/16:1, PC 16:0/18:1, and PC 16:0/18:2.%° Other lipid classes present in the pulmonary
surfactant include PG (7-8%), PE (5%), PI (2-3%), PS, LPC and SM (2%).32-5

Lipids play important roles in lung diseases, the lung’s response to inflammation, and as precursors
to lipid mediators. The role of these molecules in lung diseases has been extensively studied, but
relatively little is known about their role in the normal lung development. A recent lipidomics
study identified 924 lipid species from 21 lipid subclasses in mouse lung tissue from post-natal
samples using ultra performance liquid chromatography mass spectrometry (UPLC-MS).4
Pronounced changes in abundances of lipids involved in apoptosis, inflammation, and energy
storage have been observed at different stages of lung development. For example, pro-apoptotic
sphingolipids are dramatically enhanced in the lungs of young (PND7) mice. Meanwhile,
glycerophospholipids containing long chain polyunsaturated fatty acids (PUFA) often associated

with inflammation processes are most abundant in the lungs of adult mice. Karnati et al. analyzed
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and quantified lipid species using electrospray ionization tandem MS (ESI-MS/MS) from postnatal
mice (PND1, PND15, and PND84). Lung tissue from newborn mice (PND1) contained lipids that
were monounsaturated and mostly related to surfactant, whereas, lung tissues from adult mice
(PND84) were enriched with polyunsaturated species.® Herein, we use an imaging approach to
examine the localization of lipids in the developing murine lung and incorporate lipidomics data

that includes lung tissue from the embryonic stage, furthering this previous study.

Mass spectrometry imaging (MSI) allows for label-free imaging of samples and provides spatial
localization of biomolecules in tissues.!!!31439-63 Ambient ionization techniques'-'!'%+-%7 enable
imaging of biological samples without special sample pretreatment.!16:6268 In this study, we used
nanospray desorption electrospray ionization (nano-DESI) MSI®® to image lipids present in mouse
lung tissues at different stages of lung development. Nano-DESI is an ambient ionization technique
that utilizes gentle liquid extraction of analytes from the surface of the sample into a liquid bridge
formed between two fused-silica capillaries.'? The extracted analyte molecules are transferred to
a mass spectrometer inlet and ionized by ESI.'1!3:1468 It has been demonstrated that nano-DESI
MSI provides excellent coverage of lipids (up to 50% in comparison with Folch extraction whole
lung lipidomics) and metabolites in mouse lung tissues.®® Herein, lipids in tissue samples from
embryonic mice day 18.5 (E18.5), postnatal mice from day 7 (PND7) and adult mice postnatal day
28 (PND28) were identified using LC-MS/MS and imaged using nano-DESI MSI. From previous
literature findings, we expect samples from an early developmental stage should mostly be
saturated and monounsaturated species related to surfactant, with PC 16:0/16:0 being most
prominent. Whereas later developmental stages should contain glycerophospholipids with PUFAs.
This study combines imaging and lipidomics data to provide more insights into the localization of

lipids in mouse lung tissue during normal lung development.

3.3 Experimental

3.3.1 Reagents

Acetylcholine-1,1,2,2-d4 (CDN isotopes), LPC 19:0, PC (12:0/13:0), PE (15:0/15:0), PG
(15:0/15:0), PI (16:0/16:0), PS (17:0/17:0) (Avanti Polar Lipids), Oleic acid-d17 (Cayman
Chemical) and arachidonic acid-d8 (Sigma Aldrich) were used as internal standards for either

positive or negative mode nano-DESI MSI experiments. Carboxymethyl cellulose (CMC) was
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purchased from Sigma-Aldrich (St. Louis, MO) and used as received. The CMC embedding
medium was prepared as follows. First, 450 mL of deionized water was heated in a 500 mL bottle
with cap to 70°C in a dry shaking incubator. Next, 10 g (2%w/v) of carboxymethyl cellulose was
added into the bottle and the solution was incubated overnight at 70°C with shaking. Finally, the
solution volume was brought to 500 mL by adding water and stirred until fully mixed. The CMC

solution was refrigerated until use.

3.3.2 Tissue Collection and Handling

The mice used in these experiments were supplied by the Cincinnati Children’s Hospital Medical
Center Animal Care Facility. While at the Facility, the mice were treated following the National
Institutes of Health and institutional guidelines for the use of laboratory animals. All the
experimental protocols were reviewed and approved by the Cincinnati Children’s Hospital
Research Foundation Institutional Animal Care and Use Committee. For postnatal samples,
C57BL/6 JAX mice (Jackson Laboratory, Bar Harbor, ME) were sacrificed at embryonic day 18.5,
postnatal day 7 and 28 by CO; asphyxiation. The lungs were removed, perfused with 10 mL of
ice-cold PBS, and inflated by filling with ice cold CMC. The trachea was subsequently tied with
a ligature maintaining the inflation of the lobe and the lung was washed in a weigh boat partially
filled with ice cold PBS to remove any residual blood or debris. To embed separate lobes, the
main left and right bronchus were ligated with a suture before separating from trachea, the lung
was placed in a plastic mold filled with ice cold CMC on dry ice. CMC was added as needed to
cover the tissue. Embryonic samples were obtained by harvesting mouse embryos on gestational
day 18.5. Dams were exsanguinated by CO» inhalation and fetuses obtained by hysterectomy. The
pups were extracted from the uterus and placed in individual small weigh boats on ice. Extra-fetal
membranes were removed, the samples were transferred into plastic outer molds, the molds were
filled with CMC, and frozen on dry ice. CMC was added as needed to cover the tissue. The
embedded tissue was stored in a -80°C freezer. Lung tissues were sectioned using a
ThermoCryostar NX70 cryostat microtome (Thermo Scientific, Waltham, MA). Sections were
thaw-mounted onto glass slides for the imaging experiments and stored in a -80°C freezer until

ready for analysis.
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3.3.3 Lipidomics

Lipidomics experiments were performed as described previously. Briefly, tissue samples were
homogenized using a Qiagen TissueLyser II with a 2x24 adapter (chilled to -20°C) and subjected
to a modified Folch extraction procedure.”’ The organic layer of the Folch extraction was
reconstituted in MeOH and analyzed using LC-ESI-MS/MS on a Waters NanoAquity UPLC
system (Waters column, HSS T3 1.0 mm x 150 mm x 1.8 um particle size) interfaced with a Velos-
ETD Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA). LC utilized a 90 min gradient
elution (mobile phase A: ACN/H20 (40:60) containing 10 mM ammonium acetate; mobile phase
B: ACN/IPA (10:90) containing 10 mM ammonium acetate) at a flow rate of 30 pl/min. MS/MS
experiments were performed using both higher-energy collision dissociation (HCD) and collision-
induced dissociation (CID) The samples were analyzed in triplicates. Data analysis was performed
using LIQUID (Lipid Informed Quantitation and Identification) as described in our previous

study.*’ Peak apex intensities were exported for statistical analysis.

3.3.4 Nano-DESI Imaging

A custom nano-DESI source®® with shear force microscopy'® capability was interfaced to a LTQ
Orbitrap XL and Q-Exactive MS (Thermo Fisher Scientific, Waltham, MA). The nano-DESI probe
consisted of two 150um OD x 50um ID fused silica capillaries. The primary capillary delivers the
extraction solvent (9:1 methanol/water) to the sample and a secondary capillary transfers the
extracted molecules to the MS inlet. A third capillary is used as the shear force probe that maintains
a constant distance between the nano-DESI probe and the sample.!” The shear force capillary
(800um OD x 200um ID) was pulled to a 20pum OD tip using a P-2000 micropipette puller system
(Sutter Instruments, Novato, CA). All capillaries were positioned using high-resolution
micromanipulators (XYZ 500MIM, Quater Research and Development, Bend, OR) and monitored
using two Dino-Lite digital microscopes (AnMo Electronics Corporation, Sanchong, New Taipei,
Taiwan). The 9:1 methanol/water extraction solvent contained internal standards for both positive
and negative ionization modes. Positive mode internal standards include Acetylcholine-1,1,2,2-d4,
LPC 19:0, and PC (12:0/13:0). In negative mode, oleic acid-d17, arachidonic acid-d8, PE
(15:0/15:0), PG (15:0/15:0), PI (16:0/16:0) and PS (17:0/17:0) were used as internal standards.

Embryonic samples were analyzed using the Q-Exactive instrument. In these experiments, the

solvent was delivered through the primary capillary at a flow rate of 400 nL/min with an applied
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voltage of 2.3 kV. For the postnatal samples analyzed using the LTQ Orbitrap XL, the solvent
flow rate was 500 nL/min with a voltage of 3.5 kV. The capillary inlet was heated to 250°C and
held at 30 V. Imaging experiments were performed by scanning each sample line by line under the
shear force/nano-DESI probe at constant velocity while collecting high-resolution mass spectra
(mass resolution 60,000). The embryonic samples were analyzed by moving the sample under the
probe at 60 pm/s and the spatial resolution was 10 pm. The postnatal samples were analyzed using

a scan rate of 70 pm/s and the spatial resolution of 100 pm.

3.3.5 Data Processing

Lipids and small molecules observed in the MSI experiments were identified based on the accurate
mass measurement and comparison with LC-MS/MS data obtained for the same developmental
stages. Raw data was collected using Xcalibur software (Thermo Scientific) and subsequently
processed using MSI Quickview®® (PNNL, Richland, WA) and Peak-by-Peak (SpectroSwiss,

Lausanne, Switzerland).

3.4 Results and Discussion

In this study, we examined the spatial localization of lipids and metabolites in mouse lungs at
different stages of lung development. Lipidomic analysis was performed to provide in-depth
information on the lipid composition at different developmental stages to complement the imaging
data. Representative nano-DESI mass spectra showing lipid profiles obtained for E18.5 and PND7
samples are presented in Figure 3.1a. Several abundant lipids labeled in the spectra are listed
Figure 3.1b. We note that the embryonic samples were analyzed using a different instrument.
Therefore, a direct comparison of signal intensities cannot be performed but general trends can be
inferred. The black trace represents the average positive mode spectrum for E18.5 samples. The
abundant lipids present in the spectrum are mostly saturated or monounsaturated PC species with
<34 carbons. Little to no signal intensity is observed for PC species with higher degree of
unsaturation compared to the red trace that represents the average positive mode spectrum for
PND7 samples.
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Figure 3.1 a) Average positive mode nano-DESI mass spectra of lipid profiles from E18.5 (black
trace shown as positive signal) and PND7 samples (red trace shown as negative signal). Profile
represents an average spectrum over the entire tissue section with signal intensity normalized to
the signal of the internal standard, LPC 19:0. b) Selected lipids labeled in 1a are identified in the
table along with z-scores calculated from acquired lipidomics data. Enriched lipid species are
represented by a positive z-score (red) whereas, a negative z-score (blue) indicates lipid depletion.

Lipidomics data for selected lipid species are presented in Figure 3.1b. Lipidomics analysis of lung
tissues from E16.5, E18.5, PND7, and PND28 identified 102 phosphatidylcholine (PC), 86
triacylglycerol (TG), 20 diacylglycerol (DG), 17 sphingomyelin (SM), 12 ceramide (Cer), 5
phosphatidylserine (PS), and 3 galactosylceramide (GalCer) species in positive mode. In negative
mode, 67 phosphatidylethanolamine (PE), 23 phosphatidylglycerol (PG), 16 Cer, 15
phosphatidylinositol (PI), 9 PS, 9 cardiolipin (CL), 4 GalCer, and 2 ganglioside GM3 species were
identified. Z-scores calculated from the lipidomics data indicate variations in the average
abundance of each lipid species at different developmental stages. A positive z-score (red)
represents lipids that are enriched in a specific sample, whereas, a negative z-score (blue) indicates
lipid depletion. Overall, the results of the lipidomics and nano-DESI MSI analysis show a
consistent trend in the lipid composition. Specifically, monounsaturated PC species (1-9) that are
related to surfactant are the most abundant lipids present in embryonic lung tissues (E18.5).
Meanwhile, polyunsaturated species (10-13) are fairly abundant in the postnatal, PND7, samples.
A similar comparison for PND7 and PND28 samples is shown in Figure Ala with the

corresponding z-scores listed in Figure A1b. The lipid species with lower degrees of unsaturation
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most likely present in surfactant are still the most abundant species in both postnatal samples.
However, both PND7 and PND28 samples contain an increased abundance of the polyunsaturated

species compared to the embryonic stage. as indicated by the positive z-scores.

Figure 3.2 shows ion images obtained for abundant surfactant lipids across the three developmental
stages in both positive and negative mode, including abundant PC and PG species. The
corresponding optical images are shown in the figure. The images are normalized to the signal of
the sodium adduct of the internal standard, LPC 19:0. It has been demonstrated that normalization
to the standard helps compensate for matrix effects in MSI experiments.®® Matrix effects originate
from differences in lipid composition or changes in alkali metal concentrations across the sample.®°
In order to access the importance of matrix effects in lung tissue imaging, we compared ion images
of the protonated [M+H]" species and sodium, [M+Na]*, and potassium, [M+K]* adducts of PC
32:0 normalized to the internal standard, LPC 19:0, and to the total ion current (TIC) as shown in
Figure A2. Similar ion images normalized to the TIC were obtained for sodium and potassium
adducts of PC 32:0. However, the ion image of the [M+H]" species normalized to the TIC shows
signal enhancement on the left edge of the tissue. This enhancement, which is likely attributed to
the lower abundance of Na*" and K" in this region, is absent in the ion image normalized to the
standard. The slightly different distributions obtained for [M+H]" species after normalization to
the standard may be attributed to the lower abundance of these species in the mass spectra. Since
similar ion images were obtained for sodium and potassium adducts of lipids in lung tissue images
normalized to LPC 19:0, only sodium adduct distributions observed in positive mode data will be
discussed throughout this paper. For negative mode experiments, ion images of [M-H] species

normalized to the TIC will be presented.
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Figure 3.2 Optical and nano-DESI images of selected PC and PG species known to be abundant in
pulmonary surfactant. These lipids are localized to alveoli across all three developmental stages.
Specifically, for PC 34:1 in E18:5, this lipid is also located in the surrounding tissue, not just the
lung. PC species were analyzed in positive mode as sodium adducts [M+Na]" and PG species were
detected in negative mode as [M-H]". Scale bar indicates 1 mm. Intensity scale (0% black, 100%
white) represents signal intensity of individual peaks normalized to the maximum value in each
image. Positive mode ion images were normalized to LPC 19:0 and negative mode ion images
were normalized to TIC.
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Ion signals of PC and PG species shown in Figure 3.2 are evenly distributed throughout the lung
indicating alveolar localization. We note that for E18.5 samples, whole body sections were used
for imaging. As a result, some phospholipids in these images are observed outside the lung tissue.
Specifically, several lipids including PC 32:0, PC 30:0, PC 32:1 known to be abundant in lung
surfactant are localized to the lung tissue. In contrast, PC 34:1 is also present in the tissue
surrounding the lung. These observations are consistent with the composition and role of surfactant
in lungs. Surfactant is a lipoprotein fluid produced in the lungs to help reduce surface tension while
breathing. PC (16:0/16:0) is the most abundant (58%) lipid in surfactant followed by PC (16:0/16:1)
(13%), PC (16:0/18:1) (7.2%), and PC (14:0/16:0) (4.7%).>”"" PG lipids are the second most
abundant species present in surfactant.’’ In most mammals the abundant PGs are present as PG
(16:0/16:1), PG (16:0/18:1), and PG (16:0/18:2).”" To prepare the lungs for birth, Type II cells
begin producing and storing surfactant inside the lamellar bodies during the third stage of lung
development at E17.5, therefore, we expected to observe common surfactant lipids in E18.5
samples. Furthermore, the distribution of surfactant lipids is expected to correlate with the
localization of the type II alveolar cells, which are present throughout the lung. These assertions

are consistent with the imaging data presented in Figure 3.2.

Localization of lipids in tissues is dependent on the head group, degree of unsaturation, and carbon
length. In positive mode PND28 samples, as the degree of unsaturation increases, lipids transition
from alveolar to airway localization. Ion images of selected PC species shown in Figure 3.3
highlight this trend. The first series of PCs shown in Figure 3.3a contain 36 carbons with different
degree of unsaturation (1 to 4). More saturated species show a more even distribution across the
lung indicating alveolar localization. However, as unsaturation increases, localization around
airways can be observed. This pattern holds true for other lipid series e.g. carbon 38, degree of

unsaturation 2 to 6 shown in Figure 3.3b.
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Figure 3.3 Optical and nano-DESI images of PC species from PND28 samples are arranged here
by carbon number (C36 top row, C38 bottom row) and degree of unsaturation. Lipids with lower
degrees of unsaturation have alveolar localization. Meanwhile, more unsaturated lipids localize
around the airways and blood vessels of the lungs. Scale bar indicates 1 mm. Intensity scale (0%
black, 100% white) represents signal intensity of individual peaks normalized to the maximum
value in each image. Positive mode ion images were normalized to LPC 19:0.

For postnatal samples, lipids that vary only by the head group often exhibit very different
localization patterns. Figure 3.4 shows representative images of unsaturated lipid species with
different head groups observed in PND7 and PND28 samples, including PS, PI, PE, and PG in
negative mode and PC and DG in positive mode. Localization around airways is observed in both
developmental stages for unsaturated PC lipids i.e. PC 36:4, 38:4 and 40:6. Meanwhile, the
unsaturated PI and PE species with the same acyl chains show mostly alveolar localization during
early developmental stages (PND7) but as the lung matures, airway localization of these species
is observed (PND28). In the ion images obtained for PI species in PND7 samples, several bright
spots are observed corresponding to airways. These bright spots could be a possible indicator that
as the lungs matures, they develop into a more defined localization that is seen in PND28 samples.

Consistent with MALDI imaging of lung tissue reported by Murphy et al,”' unsaturated PC, PI,
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and PE phospholipids are present only in low abundance in the surfactant but are enhanced along
the airways of the mouse lung tissue as the lung develops. In contrast, DG species show an even
distribution in the alveolar parenchyma in both PND7 and PND28 samples consistent with being
cellular membrane components, precursor for glycerophospholipids, and highly regulated
messenger lipids.”> DG lipids play a central role in many signaling pathways therefore they are
highly regulated in order to maintain constant and controlled availability’3. Although some of the
PG and PS species are not very abundant, the ion images observed for these species show alveolar
localization, which is consistent with PG and PS species being cell related. Specifically, PG lipids
are a component of surfactant produced in type II alveolar cells and PS lipids are structurally

important in cell membranes.
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Figure 3.4 Nano-DESI images showing that lipid localization also depends on the head group of
the lipid species and lung developmental stage. PUFA-containing lipids with different head groups
observed in PND7 and PND28 samples are compared in the figure. For PC species, localization
around airways can be seen in both stages of development. Ion images of PI species in PND7 show
some very faint bright spots indicating some localization to airways but the localization is far more
prominent in PND28 samples. Other lipid classes are localized to alveoli. Several PS and PG
species were observed with very low abundance. Scale bar indicates 1 mm. Intensity scale (0%
black, 100% white) represents signal intensity of individual peaks normalized to the maximum
value in each image. Positive mode ion images were normalized to LPC 19:0 and negative mode
ion images were normalized to TIC.
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To better understand the origin of the observed differences in lipid distribution in lung tissues, we
compared them with the spatial localization of fatty acids (FA) and other single-chain lipids
including monoacylglycerols (MG) and LPC. In negative mode, FA species were observed in both
the PND7 and PND28 samples (Figure 3.5). Biologically relevant FA species such as arachidonic
acid (20:4), docosahexaenoic acid (22:6), linoleic acid (18:2), and palmitic acid (16:0) were
identified and are present throughout the tissue. The alveolar localization pattern for FA species is
consistent with their biological relevance. FA 16:0 is a major fatty acid that can be incorporated
into PC 16:0/16:0, the major component in surfactant. FA 20:4 and DHA are precursors to lipid
mediators that are important in the maintenance of lung homeostasis and inflammatory response.”
FA 18:2 is an essential fatty acid; it cannot be produced by mammals only obtained from their
diet.” For LPC species, localization to airways is evident in the ion images of lipid species with a
higher degree of unsaturation comparable to the localization patterns of similar PC species
indicating further the role the headgroup plays in localization. MG species reflect similar
distribution patterns as DG species and are evenly distributed throughout the tissue. These results
indicate that FA distributions are not correlated with the distributions of unsaturated lipids

localized to airways.
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Figure 3.5 Other lipid species that were analyzed were MG, LPC, and FA. PND7 and PND28
samples were compared and biologically relevant lipid chains were selected. For MG and FA lipids
in both developmental stages the lipids are alveolar localized regardless of degree of unsaturation.
LPC species, however follow the PC trend seen earlier. LPC lipids with a higher degree of
unsaturation localize around airways whereas lower degrees of unsaturation, the lipids are alveolar
localized. Scale bar indicates 1 mm. Intensity scale (0% black, 100% white) represents signal
intensity of individual peaks normalized to the maximum value in each image. Positive mode ion
images were normalized to LPC 19:0 and negative mode ion images were normalized to TIC.

3.5 Conclusion

We used nano-DESI MSI to examine localization patterns of lipids in mouse lung tissues at
different stages of lung development. Embryonic lung tissue samples (E18.5) contain structurally
important or surfactant-related lipids, mostly corresponding to PC species with shorter acyl chain
length (~C18) and lower degree of unsaturation (0-2), that are distributed evenly throughout the
lung. Consistent with the timeline of lung maturation, during E18.5, surfactant has been produced
but not until after birth do the airways expand and alveolarization occurs. After birth, breathing
begins and the lung matures further. As the postnatal lung matures, lipids with longer acyl chains
(>C20), higher degree of unsaturation (>4), and a variety of headgroups become as abundant as
surfactant phospholipids. The phospholipid species that contain PUFAs are present in the alveolar
regions of the lungs consistent with being structural lipids. However, a substantial enhancement
of unsaturated PC, PI, and PE species along the airways indicate their important role in anti-
inflammatory response of maturing lungs. As the lung matures, the lipid composition changes to
sustain functionality. In preparation for birth, surfactant production and storage occur in later
embryonic stages, and postnatal development results in more lipids associated with immune

response due to breathing.
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CHAPTER 4. MASS SPECTROMETRY IMAGING OF DICLOFENAC
AND ITS METABOLITES IN TISSUES USING NANO-DESI

4.1 Abstract

Glucuronidation is a common metabolic process for drugs and xenobiotics to increase their
solubility for excretion. Acyl-glucuronides (glucuronides of carboxylic acids) present concerns of
toxicity as they have been implicated in gastrointestinal toxicity and hepatic failure. Despite the
substantial success in the bulk analysis of these species, little is known about their localization in
tissues. Herein, we used mass spectrometry imaging (MSI) to examine the localization of
diclofenac, a widely used nonsteroidal anti-inflammatory drug, and its metabolites in mouse
kidney and liver tissues. In particular, Nanospray desorption electrospray Ionization MSI (nano-
DESI-MSI) was used for imaging of diclofenac, acyl-glucuronide, and hydroxydiclofenac, in both
liver and kidney tissues of mice dosed with diclofenac. Nano-DESI allows for label-free imaging
with high spatial resolution and sensitivity without special sample pretreatment. Using nano-DESI-
MSI, ion images for diclofenac and its major metabolites were produced. In the kidney, acyl-
glucuronide is localized to the inner medulla and hydroxydiclofenac is localized to the cortex. The
distributions observed for both metabolites are consistent with the body’s normal metabolism and
preparing the drug for excretion. The localization patterns align with the presence of enzymes that
process diclofenac into its respective metabolites. Full MS images of liver reveal a uniform
distribution of diclofenac, but very low signal is observed for the metabolites. Selected ion
monitoring (SIM) scan filters were applied during imaging experiments to focus on ions of interest.
SIM imaging of liver reveals the acyl-glucuronide metabolite that is evenly distributed throughout

the liver tissue.

4.2 Introduction

Diclofenac is a nonsteroidal anti-inflammatory drug typically used to treat pain and
inflammation.”*%* The three major metabolites of diclofenac are 4’-hydroxydiclofenac, 5-
hydroxydiclofenac, and the acyl glucuronide.”®" Diclofenac is metabolized by a class of
cytochrome P450 enzymes to produce both hydroxydiclofenac metabolites. The acyl glucuronide
is produced from the metabolism of diclofenac by a phase II metabolism uridine diphosphate

glucuronosyl transferase (UGT).”®84% These bio-transformations are necessary in order to
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expedite drug elimination through bile and urine by increasing their water solubility.?”*® However,
the quinone-imine intermediates of the hydroxy metabolites and acyl glucuronide have been linked

to hepatotoxicity and gastrointestinal toxicity in humans and rats.”’.78:80.82-86.89

Concentrations of diclofenac and its metabolites in plasma’®?%°! and urine’!> have been
determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) previously. With
LC analysis, the isomeric 4’- and 5-hydroxy metabolites have been separated.”*> Furthermore,
direct infusion followed by electron-induced dissociation (EID) has recently been used to identify
both isomers based on the diagnostic fragments.®° Glucuronide metabolites have been analyzed
using LC-MS/MS and quantified using the characteristic neutral loss of 176, corresponding to the
loss of the sugar moiety®”*3. Although LC-MS/MS enables the identification and quantification of
diclofenac and its metabolites in tissues it cannot be used for examining their localization within

the tissue sections.

Quantitative whole-body autoradiography (QWBA) is the standard method for determining the
distribution of drugs in tissues.’**® However, QWBA requires radio-labeling of the compound of
interest and this technique does not provide molecular information. Therefore, the metabolites or
possible degradation products cannot be distinguished from the precursor compound. If the
radiolabel was lost during the metabolism process, these metabolites cannot be detected.”*?>%% A
QWBA study was done to determine the distribution of ['“C]diclofenac in rats. The highest
concentration of radio-labelled drug after 1 hour was located in the bile, followed by the esophagus,

kidney, and liver.?!

To overcome the limitations of QWBA imaging, mass spectrometry imaging (MSI) has been
implemented to determine drug and metabolite distributions in tissues.’*?%1% MSI is a label-free
technique that enables spatial localization of hundreds of molecules in tissues.'?'~1%* Matrix
assisted laser desorption ionization (MALDI) and desorption electrospray ionization (DESI) are
by far the most commonly used ionization techniques in MSI experiments.®®-19%:193 Both MALDI
and DESI have been used for imaging of drugs in tissue sections.”>'%11° However, some drugs

including diclofenac have presented a challenge to MALDI MSI.!!!
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We have developed nanospray desorption electrospray ionization'? (nano-DESI), a sensitive
ambient ionization technique for MSI.!> Similar to DESI, this is a soft ionization technique that
does not require sample pretreatment. In nano-DESI, the sample is probed using a liquid bridge
formed between two capillaries and the extracted molecules are transferred to a mass spectrometer
for analysis.!>% The solvent supplied is typically 9:1 MeOH/H2O but can be changed in order to
increase extraction efficiency.'!'? Furthermore, quantitative imaging has been demonstrated by
adding internal standards to the solvent. With pulled capillaries, a spatial resolution of ~10 pm can
be achieved.!”'!3 Herein, we explore the capabilities of nano-DESI MSI for imaging of diclofenac

and its metabolites in both kidney and liver tissues of dosed mice.

4.3 Experimental

4.3.1 Reagents

Diclofenac was purchased from Sigma (St. Louis, MO). Diclofenac-d4 (Cayman Chemical, Ann
Arbor, MI) and arachidonic acid-d8 (Sigma) were used as internal standards for negative mode
nano-DESI MSI experiments. HPLC grade methanol and water for nano-DESI analysis and HPLC
grade water and acetonitrile with 0.1% formic acid for LC analysis were purchased from Fisher

Scientific (Hampton, NH).

4.3.2 Tissue Collection and Handling

Female C57BL/6 JAX mice were orally dosed with 15 mg/kg of diclofenac. Diclofenac dosage
solution was prepared by dissolving 2 mg/mL of diclofenac in water. Mice were sacrificed after
30 minutes by CO> asphyxiation. All animal experiments were performed according to the
institutional guidelines of Merck & Co., Inc. Liver and kidney were snap frozen in hexane/dry ice
bath, stored in -80 freezer. Tissues were sectioned (thickness = 12 um) using a Leica CM3050 S
cryostat (Leica Biosystems, Buffalo Grove, IL). Sections were thaw-mounted onto glass slides for

the imaging experiments and stored in a -80°C freezer until the analysis

4.3.3 LC-MS/MS

Stock solutions diclofenac, hydroxydiclofenac, and acyl-glucuronide were diluted with 50/50

ACN/H20 with 0.1% formic acid to create calibration standards ranging from 5 uM to 1 nM (Table
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B1). Diclofenac-d4 (50 nM) was used as an internal standard for quantitation and added to each
tissue section before extraction. C57/B6 mice liver and kidney tissue were extracted in a 2.0 mL
Protein LoBind Tube (Eppendorf, Hamburg, Germany) using 50/50 ACN/H>0O with 0.1% formic
acid plus x1 protease inhibitor at the ratio of tissue:extraction buffer (w/v as 1:10; e.g. 200 mg
tissue:2000 pL extraction buffer). The tissue and extraction buffer mixture were sonicated in a
water bath at 37°C for 30 minutes followed by centrifugation (10,000 RPM for 10 minutes at 4°C).

The supernatant was transferred to a clean vial to be analyzed via LC-MS/MS.

LC-MS/MS analyses were conducted using a Transcend LX2 UPLC (Thermo Fisher Scientific,
Waltham, MA) system coupled to a QTRAP tandem mass spectrometer (Sciex, Framingham, MA).
Ions were produced using electrospray ionization (ESI) on the QTRAP operated in positive mode.
The chromatographic separation was achieved using an HSS T3 (2.1 x 50 mm, 2.5 pm) column
(Waters, Milford, MA). The mobile phases consisted of 0.1% formic acid in water (mobile phase
A) and 0.1% formic acid in methanol (mobile phase B). Gradient elution was as follows: 0-
0.25 min 95% A, 5% B; 0.25—1.75 min linear gradient to 5% A, 95% B; 1.75-2.25 min 5% A, 95%
B; 2.25-2.5 min equilibrate with 95% A, 5% B and then hold for 0.5 min at 95% A, 5% B. In each
experiment, 5 uL. of a sample was injected at a flow rate of 0.75 mL/min. The multiple reaction
monitoring (MRM) transitions for diclofenac, hydroxy metabolite, acyl glucuronide metabolite,

and diclofenac-d4 (internal standard) are listed in Table B2.

4.3.4 Nano-DESI Imaging

A custom nano-DESI source®® with shear force microscopy'® capability was interfaced to a Q-
Exactive HF-X MS (Thermo Fisher Scientific, Waltham, MA). The nano-DESI probe consisted of
two 150um OD x 50um ID fused silica capillaries. The primary capillary delivers the extraction
solvent (9:1 methanol/water) to the sample and a secondary capillary transfers the extracted
molecules to the MS inlet. A third capillary is used as the shear force probe that maintains a
constant distance between the nano-DESI probe and the sample.!” The shear force capillary
(800um OD x 200um ID) was pulled to a 20pum OD tip using a P-2000 micropipette puller system
(Sutter Instruments, Novato, CA). All capillaries were positioned using high-resolution
micromanipulators (XYZ 500MIM, Quater Research and Development, Bend, OR) and monitored
using two Dino-Lite digital microscopes (AnMo Electronics Corporation, Sanchong, New Taipei,

Taiwan). The 9:1 methanol/water extraction solvent contained internal standards for negative
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ionization mode. Negative mode internal standards include arachidonic acid-d8 and diclofenac-d4
(0.5 uM). The solvent flow rate was 500 nL/min with a voltage of 3.2 kV. The capillary inlet was
heated to 250°C. The funnel RF level was optimized to minimize in-source fragmentation and set
to 20. Imaging experiments were performed by scanning each sample line by line under the shear
force/nano-DESI probe at a constant velocity of 40 um/s while collecting high-resolution mass
spectra (m/Am of 60,000) at a rate of 7 Hz; The spacing between the lines was 150 pm setting the
upper limit of the spatial resolution to 150 pm. We note that because the pixel size in the x-
dimension is much smaller (~10 pm), the spatial resolution achieved in these experiments is better

than 150 pm.

4.3.5 Data Processing

Diclofenac and its metabolites observed in the MSI experiments were identified based on the
accurate mass measurement and MS/MS. Raw data were collected using Xcalibur software
(Thermo Scientific) and subsequently processed using Peak-by-Peak (SpectroSwiss, Lausanne,

Switzerland).

4.4 Results and Discussion

In this study, the spatial localization of diclofenac and its major metabolites in kidney and liver
tissue were examined. The nano-DESI MSI setup is shown schematically in Figure 4.1A. The
primary and secondary capillary are positioned close to each other to generate a stable liquid bridge.
The primary capillary supplies solvent to the liquid bridge at a constant rate. Analytes extracted
into the liquid bridge are transferred through the secondary capillary to a mass spectrometer inlet
and ionized by ESI. The shear force probe maintains a constant distance between the sample and
the nano-DESI probe. The inset image shows a photograph of the probe placed on kidney tissue.
Figure 4.1B shows the mass spectrum of the dosed kidney tissue. in the m/z 150-500 range. This
m/z range encompasses diclofenac, its major metabolites, and endogenous fatty acids from the
tissue. Figures 4.1C and 4.1D highlight two m/z ranges (m/z 290-315 and m/z 460-480) containing
diclofenac ([M-H], m/z 294.0098), diclofenac-d4 ([M-H] m/z 298.0348), hydroxydiclofenac ([M-
H]  m/z 310.0048) and the acyl glucuronide metabolite ((M-H] m/z 470.0424).
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Figure 4.1 (A) Schematic drawing of the nano-DESI system positioned in front of a mass
spectrometer inlet showing the nano-DESI probe comprised of two fused silica capillaries for
solvent delivery and ESI, and a shear force capillary for maintaining constant distance between the
sample and probe. (B) Negative ion mode mass spectrum of diclofenac dosed mouse kidney tissue
in the m/z 150-500 range. (C) Expanded view of the m/z 290-315 range. Diclofenac (red, m/z 294),
diclofenac-d4 (green, m/z 298), 4’- and 5-hydroxydiclofenac (blue, m/z 310) are present. The inset
structure corresponds to diclofenac (red) with additional modifications for 4’-hydroxydiclofenac
(blue, 4’ carbon -OH group) and 5-hydroxydiclofenac (black, 5 carbon -OH group). (D) Expanded
view of the m/z 460-480 range. The structure of the acyl glucuronide metabolite (red, m/z 470) is
shown in inset

Although nano-DESI is a soft ionization technique, in our initial experiments, we observed
substantial fragmentation of diclofenac-d4. Similar fragmentation was observed in direct infusion
experiments and attributed to in-source fragmentation of the analyte. Upon further investigation

of the instrument conditions we found that in-source fragmentation could be minimized by
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adjusting the funnel RF level of the Q-Exactive HF-X system. Using the default funnel RF setting
of 100, we observed predominately the decarboxylated fragment of diclofenac-d4 (m/z 254.0440)
(Figure B1A). When the funnel RF was adjusted to 0, very little fragmentation occurs and the
intact [M-H] peak (m/z 298.0337) for diclofenac-d4 is observed with high intensity (Figure B1B).
However, ion transmission at RF=0 is fairly low. The funnel RF level was further optimized by
monitoring the signal-to-noise ratio of diclofenac-d4 and its fragment while varying the funnel RF
from 0 to 100 (Figure B1C). We found that the funnel RF level of 20 provided the best signal of

diclofenac-d4 without any measurable in-source fragmentation.

Diclofenac dosed kidney tissue was imaged using nano-DESI MSI. The resulting ion images as
well as H&E and optical images are shown in Figure 4.2. The H&E stained image was annotated
to highlight important anatomical regions. For both left and right kidney sections, diclofenac has
an even distribution throughout the tissue. The acyl glucuronide metabolite is tightly localized to
the inner medulla of the kidney, but some signal can be seen in the cortex region. UGT enzymes
that catalyze glucuronidation are present in both the medulla and cortex of the kidney.!'!'4!'® Due
to their polar nature and increased solubility, glucuronides are excreted through urine or bile. !
Therefore, the enhanced abundance of the acyl glucuronide in medulla most likely indicates that
the metabolite is concentrated in this region preparation for removal. In contrast,
hydroxydiclofenac is localized to the cortex of the kidney. Cytochrome P-450 enzymes catalyze
oxidative reactions including aromatic hydroxylation.®® This class of enzymes is responsible for
the metabolism of diclofenac to form 4’- and 5-hydroxydiclofenac. In a study conducted with
rabbit kidney, the highest level of cytochrome P-450 was present in the kidney cortex and not
detected in the medulla.®®!'"” The localization pattern of hydroxydiclofenac in mouse kidney
observed in this study is consistent with the enhanced abundance of cytochrome P-450 in this
region reported in the literature. The localization patterns for diclofenac and its metabolites are

consistent across the left and right kidney and across replicate tissue sections as seen in Figure B2.
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Figure 4.2 H&E, optical, and nano-DESI ion images of diclofenac dosed mouse kidney tissue.
Relevant regions of H&E stained kidney section are annotated for comparison with ion images.
Ion images of diclofenac (D), acyl glucuronide (AG), and hydroxydiclofenac (HD) are shown for
both left and right kidney to demonstrate the reproducibility of nano-DESI MSI. Ion images are
self-normalized to the internal standard, diclofenac-d4. Scale bar represents 1 mm. Intensity scale
ranges from 0% intensity (black) to 100% (white).

Dosed mouse liver tissue was also imaged. The resulting ion images as well as corresponding
optical images are shown in Figure 4.3. Similar to the kidney tissue, diclofenac is uniformly
distributed across the liver tissue section. Liver is the main location for drug metabolism and both
cytochrome P-450 and UGT enzymes are present in liver cells.!'®!"” However, ion images of both
hydroxydiclofenac and acyl glucuronide metabolites show very low signal. These images are
consistent across multiple tissue section replicates (Figure B3). Based on previous literature,
hydroxydiclofenac and acyl glucuronide metabolites were expected in liver. Since very little signal
intensity was seen in the ion images, LC-MS/MS quantitation was performed to determine if the
concentration of these metabolites was below the limit of detection. Table 4.1 shows the
concentration of diclofenac and its metabolites in both kidney and liver tissue determined by LC-
MS/MS quantitation. The concentration of the acyl glucuronide metabolite in liver (avg. 2.5 uM)
and kidney (avg. 3.27 uM) are similar. Hydroxydiclofenac was not stable in kidney tissue
homogenate and could not be accurately quantified. In the liver, the average concentration of

hydroxydiclofenac was 0.95 uM.
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Figure 4.3 Optical and nano-DESI ion images of diclofenac dosed mouse liver tissue. Ion images
of diclofenac (D), acyl glucuronide (AG), and hydroxydiclofenac (HD) are shown for two different
liver sections. Ion images are self-normalized to internal standard, diclofenac-d4. Scale bar
represents 1| mm. Intensity scale ranges from 0% intensity (black) to 100% (white)



Table 4.1 Concentrations of diclofenac and its major metabolites in kidney (DK) and liver (DL)
tissue from LC-MS/MS quantitative method. Dosed tissue samples (DK 4-6, DL 4-6) and control
tissues (DL 1-3, DK 1-3) were ran in triplicate. Hydroxydiclofenac was not stable in kidney tissue
homogenate and could not be accurately quantified but significant amount was observed (N/A).
BLQ: Below limit of quantitation.

Eidl e Diclofgnac Hydroxydic‘:lofenac Diclofenac-acyI-B.-D-gIucuronide
concentration (UM) concentration (uM) concentration (uM)
DK 4 2.36 12.25 N/A 271
DK 5 243 14.38 N/A 3.43
DK 6 2.55 16.14 N/A 3.67
DL1 1.8 BLQ N/A BLQ
DL2 177 BLQ N/A BLQ
DL3 114 BLQ N/A BLQ
bl T ) Sacerne ) ool Didferacaoy 4 i
DL4 2.64 22.54 135 2.41
DLS 2.75 18.08 0.55 2.42
DL6 291 24.38 0.95 2.67
DK 1 4.15 BLQ BLQ BLQ
DK 2 3.76 BLQ BLQ BLQ
DK 3 3.84 BLQ BLQ BLQ

The concentrations determined from LC quantitation for acyl glucuronide for both kidney and liver
were on the same order of magnitude, so it is unlikely that the low signal in the liver ion images is
below the limit of detection. Based on the full MS spectrum of dosed liver tissue, the low signal
intensity for the metabolites is likely due to signal suppression from biological species that ionize
more readily in the same m/z range, such as fatty acids and bile acids. To increase signal-to-noise
for diclofenac and its metabolites a selected ion monitoring (SIM) instrument method was
developed. This method applies three scan filters that narrow the m/z range around diclofenac and
the two metabolites to specifically monitor their m/z value and remove other signals. The SIM
method was used during the imaging experiment for kidney and liver tissue (Figure 4). Kidney
tissue was imaged to confirm the distribution of metabolites obtained using the full m/z range for
imaging. SIM ion images obtained for hydroxydiclofenac and acyl glucuronide are comparable to
full MS images, but the signal intensity has improved. For liver tissue sections, the ion images
reveal both hydroxydiclofenac and acyl-glucuronide metabolites are present. Both metabolites are

mostly distributed evenly but have several bright spots colocalized with hepatic veins.
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Figure 4.4 Optical and nano-DESI SIM mode ion images of dosed kidney and liver tissue. lon
images of diclofenac (D; center m/z 294, width 10), acyl glucuronide (AG; center m/z 470, width
10), and hydroxydiclofenac (HD; center m/z 310, width 10) were collected using SIM windows
centered on respective m/z values. lon images are self-normalized. Scale bar represents 1 mm.
Intensity scale ranges from 0% intensity (black) to 100% (white).

4.5 Conclusion

Nano-DESI MSI was used to image diclofenac dosed liver and kidney tissues from mice. These
experiments were to evaluate this technique for drug and metabolite imaging. Diclofenac and its
three major metabolites were successfully imaged in kidney tissue, however in liver only
diclofenac was able to be imaged. In the kidney, diclofenac is evenly distributed throughout the
tissue. Hydroxydiclofenac is localized to the cortex of the kidney where the majority of
cytochrome P450 enzymes are that metabolize diclofenac into hydroxydiclofenac. The acyl-
glucuronide metabolite is localized to the inner medulla of the kidney which is the area of the
kidney where xenobiotics are excreted after metabolism. Acyl-glucuronide is more polar compared
to hydroxydiclofenac, therefore, it is likely localized here for rapid excretion. These distributions

are reproducible across the left and right kidney and across multiple tissue sections. In liver tissue,
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diclofenac was also evenly distributed throughout the tissue. However, hydroxydiclofenac and
acyl-glucuronide metabolites were not observed in full MS imaging. SIM m/z filters were applied
to help reduce ion suppression from other ions and narrow the mass range around the metabolites
of interest. SIM images revealed that the acyl-glucuronide metabolite is present and evenly
distributed throughout the liver tissue. The hydroxy-metabolite was not observed. Nano-DESI MSI

can be applied to determine the distribution of drugs and metabolites in dosed tissues.
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APPENDIX A. CHAPTER 3 SUPPLEMENTAL
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Figure Al. a) Mass spectra of lipid profiles from PND7 and PND28 samples in positive mode.
Profile represents average spectrum over whole tissue section with signal intensity normalized to
the internal standard LPC 19:0. b) Lipids are identified in the table along with z-scores calculated
from acquired lipidomics data. Enriched lipid species are represented by a positive z-score (red).
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Figure A2. MS ion images for the major surfactant lipid PC 16:0/16:0 are shown for different
adducts including [M+H]*, [M+Na]", and [M+K]". The optical images are also shown for each
sample. Across each adduct the ionization is unaffected by matrix effects. Therefore, for future ion
images only the sodiated ion was chosen.
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Table Al. Positive mode MS ion images from E18.5, PND7 and PND28. For each ion image, m/z

and identification is listed in the table. For replicates of nano-DESI images, see https://lungmap.net
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E18.5

PND7

PND2

8

Exact m/z

148.0044

159.0283

203.0532

£ 280.0928

291.0706

303.2303

305.2460

351.2308

351.2516

353.2465

Name (Sum)

MB

MB

MB

MB

MB

FA(18:3)

FA(18:1)

FA

MG(16:1)

FA(22:5)

66

Identification 1

Taurine ; [M+Na]+

Hypoxanthine ; [M+Na]+

Glucose; [M+Na]+

sn-glycero-3-Phosphocholine; [M+Na]+

Inosine; [M+Na]+

Linoleic acid; [M+Na]+

Oleic Acid; [M+Na]+

Docosahexaenoic acid (DHA); [M+Na]+

MG 16:1 ; [M+Na]+

FA 22:5; [M+Na]+



E18.5

PND7

PND28

e

353.2674

377.2674

379.2831

381.2986

400.3436

401.2675

409.3454

4252676

427.2679

427.2833

MG(16:0)

MG(18:2)

MG(18:1)

MG(18:0)

FA

MG(20:4)

FA

MG(22:6)

FA

MG(22:5)

67

MG 16:0; [M+Na]+

MG 18:2; [M+Na]+

MG 18:1; [M+Na]+

MG 18:0; [M+Na]+

Palmitoylcarnitine; [M+H]+

MG 20:4; [M+Na]+

Tetracosanediol; [M+K]+

MG 22:6; [M+Na]+

2-glyceryl-PGD2; [M+H]+

MG 22:5; [M+Na]+



E18.5

PND7

PND28

429.2990

449.3617

476.2764

490.2910

504.3067

516.3067

518.3223

535.4363

540.3067

5423223

68

MG(22:4)

FA

PC(13:0)

PC(14:0)

PC(15:0)

PC(16:1)

PC(16:0)

DG(303)

PC(18:3)

PC(18:2)

MG 22:4; [M+Na]+

Hexacosanedioic acid; [M+Na]+

PC(13:0/0:0); [M+Na]+

PC(0:0/14:0); [M+Na]+
PC(16:3/0:0); [M+H]+

PC(15:0/0:0); [M+Na]+

PC(16:1/0:0); [M+Na]+

PC(0:0/16:0); [M+Na]+

DG(12:0/18:3/0:0); [M+H]+

PC(18:3/0:0); [M+Na]+

PC(18:2/0:0); [M+Na]+
PC(20:5/0:0); [M+H]+



E18.5 PND7 PND28

R

5443377  PC(18:1) PC(0:0/18:1); [M+Na]+
5463536  PC(18:0) PC(0:0/18:0); [M+Na]+
5482755  PE(22:6) PE(22:6/0:0); [M+Na]+
5483716  PC(202) PC(20:2/0:0); [M+H]+
5634652  DG(30:0) DG(14:0/16:0/0:0); [M+Na]+
5663223 PC(20:4) PC(0:0/20:4); [M+Na]+
5683380  PC(203) PC(20:3/0:0); [M+Na]+
5874652  DG(322) DG(14:0/18:2/0:0); [M+Na]+

DG(14:0/18:1/0:0); [M+Na]+
589.4809  DG(32:1) DG(14:0/20:4/0:0); [M+H]+
DG(16:0/16:1/0:0); [M+Na]+

5903223  PC(22:6) PC(22:6/0:0); [M+Na]+
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E18.5

PND7

PND28

591.4965

613.4809

615.4965

617.5122

619.5278

635.4652

637.4809

639.4965

641.5122

643.5278

70

DG(32:0)

DG(34:3)

DG(3422)

DG(34:1)

DG(34:0)

DG(36:6)

DG(36:5)

DG(36:4)

DG(36:3)

DG(3622)

DG(16:0/0:0/16:0); [M+Na]+

DG(16:0/18:3/0:0); [M+Na]+
DG(16:1/18:2/0:0); [M+Na]+

DG(16:0/18:2/0:0); [M+Na]+

DG(16:0/18:1/0:0); [M+Na]+

DG(16:0/18:0/0:0); [M+Na]+

DG(14:0/22:6/0:0); [M+Na]+

DG(16:0/20:5/0:0); [M+Na]+
DG(18:2/18:3/0:0); [M+Na]+

DG(14:0/22:4/0:0); [M+Na]+
DG(18:2/0:0/18:2); [M+Na]+
DG(18:1/18:3/0:0); [M+Na]+
DG(16:0/20:4/0:0); [M+Na]+

DG(16:0/20:3/0:0); [M+Na]+
DG(18:1/18:2/0:0); [M+Na]+

DG(18:1/0:0/18:1); [M+Na]+



E18.5 PND7 PND28

DG(15:0/20:2/0:0); [M+K]+
6454861  DG(352) DG(17:1/18:1/0:0); [M+K]+
DG(17:0/18:2/0:0); [M+K]+

DG(16:0/20:1/0:0); [M+Na]+

6455435  DG(36:1
(36:1) DG(18:0/18:1/0:0); [M+Na]+

DG(17:0/18:1/0:0); [M+K]+

647.5017 DG(35:1
(351) DG(19:1/16:0/0:0); [M+K]+

6614809  DG(38:7) DG(16:1/22:6/0:0); [M+Na]+

DG(16:0/22:6/0:0); [M+Na]+
6634965  DG(38:6) DG(18:2/20:4/0:0); [M+Na]+
DG(16:1/22:5/0:0); [M+Na]+

DG(16:0/22:5/0:0); [M+Na]+
6655122  DG(38:5) DG(18:1/20:4/0:0); [M+Na]+
DG(18:0/20:5/0:0); [M+Na]+

DG(16:0/22:4/0:0); [M+Na]+
6675278  DG(38:4) DG(18:2/20:2/0:0); [M+Na]+
DG(18:0/20:4/0:0); [M+Na]+

669.5435  DG(383) DG(18:0/20:3/0:0); [M+Na]+
6706115  Cer(4222) Cer(d18:1/24:1); [M+Na]+
672.4217 PC(25:0-CHO) PC(16:0/9:0(CHO)); [M+Na]+
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E18.5

PND7

PND28

679.5278

687.4965

689.5122

691.5278

693.5435

697.5174

697.5261

700.4553

700.4894

704.5959

72

DG(39:5)

DG(40:8)

DG(40:7)

DG(40:6)

DG(40:5)

DG(39:4)

sM(32:1)

PR

PC(28:0)

Cer(42:1)

DG(17:0/22:5/0:0); [M+Na]+
DG(19:1/20:4/0:0); [M+Na]+

DG(18:2/22:6/0:0); [M+Na]+

DG(18:1/22:6/0:0); [M+Na]+
DG(18:2/22:5/0:0); [M+Na]+

DG(18:1/22:5/0:0); [M+Na]+
DG(20:3/22:6/0:0); [M+H]+
DG(18:2/22:4/0:0); [M+Na]+

DG(18:0/22:5/0:0); [M+Na]+
DG(20:3/22:5/0:0); [M+H]+
DG(20:2/22:6/0:0); [M+H]+

DG(19:0/20:4/0:0); [M+K]+

SM(d16:1/16:0); [M+Na]+
SM(d18:1/14:0); [M+Na]+

adenosylhopane; [M+K]+

PC(14:0/14:0); [M+Na]+
PC(16:3/14:0); [M+H]+

Cer(d18:1/24:0(20H)); [M+K]+



E18.5 PND7 PND28

DG(18:1/22:2/0:0); [M+K]+
DG(20:1/20:2/0:0); [M+K]+
DG(18:2/22:1/0:0); [M+K]+
DG(18:2/22:1/0:0); [M+K]+

7135487  DG(403)

7145050  PC(29:0) PC(14:0/15:0); [M+Na+

DG(18:1/22:1/0:0); [M+K]+

715.5644 DG(40:2
(402) DG(20:0/20:2/0:0); [M+K]+

7235418 SM(3422) SM(d18:2/16:0); [M+Na+

7255574 SM(34:1) SM(d18:1/16:0); [M+Na+

PC(14:0/16:1); [M+Na]+
PC(16:3/16:1); [M+H]+
PC(16:0/16:4); [M+H]+
PC(12:0/20:4); [M+H]+

7265050  PC(30:1)

PC(14:0/16:0); [M+Na]+
7285207  PC(30:0) PC(16:3/16:0); [M+H]+
PC(14:0/18:3); [M+H]+

PC(14:0/17:1); [M+Na]+
7405207 PC(31:1) PC(15:1/16:0); [M+Na+
PC(15:0/16:1); [M+Na]+

7425363 PC(31.0) PC(15:0/16:0); [M+Na+

PC(14:0/18:2); [M+Na]+
PC(16:1/16:1); [M+Na]+
7525207 PC(322) PC(16:2/16:0); [M+Na]+
PC(14:0/20:5); [M+H]+
PC(16:1/18:4); [M+H]+
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E18.5

PND7

PND28

753.5887

754.5363

756.5520

758.6471

7624911

766.5363

770.5676

776.5207

7785387

780.5520

SM(36:1) SM(d18:1/18:0); [M+Na]+
PC(14:0/18:1); [M+Na]+
PC(32:1) (14:0/18:1); [M+Na]
PC(16:0/16:1); [M+Na]+
PC(16:0/16:0); [M+Na]+
PC(32:0) PC(16:0/18:3); [M+H]+
PC(16:1/18:2); [M+H]+

HexCer(38:0) HexCer(d18:0/20:0); [M+H]+

PR bacteriohopane-31,32,33,34-tetrol-35-cyclitol; [M+K]+

PC(15:0/18:2); [M+Na]+
PC(332) (15:0/18:2); [M+Na]
PC(15:1/18:1); [M+Na]+
PC(33:0) PC(16:0/17:0); [M+Na]+
PC(34:4) PC(14:0/20:4); [M+Na]+
PC(14:0/22:6); [M+H]+
PC(36:6) PC(16:1/20:5); [M+H]+
PC(18:2/18:4); [M+H]+

PC(3422) PC(16:0/18:2); [M+Na]+
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E18.5 PND7 PND28

781.6200

782.5676

790.5363

794.5676

796.5833

802.5363

804.5520

807.6357

808.5833

809.6513

75

SM(38:1)

PC(34:1)

PC(35:4)

PC(35:2)

PC(35:1)

PC(36:5)

PC(36:4)

SM(40:2)

PC(3622)

SM(40:1)

SM(d18:1/20:0); [M+Na]+

PC(16:0/18:1); [M+Na]+

PC(15:0/20:4); [M+Na]+

PC(17:0/18:2); [M+Na]+
PC(17:1/18:1); [M+Na]+

PC(17:0/18:1); [M+Na]+

PC(14:0/22:5); [M+Na]+
PC(16:0/20:5); [M+Na]+
PC(16:1/20:4); [M+Na]+
PC(18:2/18:3); [M+Na]+

PC(14:0/22:4); [M+Na]+
PC(16:0/20:4); [M+Na]+
PC(18:2/18:2); [M+Na]+

SM(d18:1/22:1); [M+Na]+

SM(d18:2/22:0); [M+Na]+

PC(18:0/18:2); [M+Na]+

SM(d18:1/22:0); [M+Na]+



E18.5

PND7

PND28

814.5363

818.5700

820.5856

826.5363

828.5520

832.5833

833.6513

835.6670

836.6169

76

PC(37:6)

PC(39:7)

PC(39:6)

PC(38:7)

PC(38:6)

PC(38:5)

PC(38:4)

SM(42:3)

SM(422)

PC(40:5)

PC(15:0/22:6); [M+Na]+

PC(17:1/22:6); [M+H]+

PC(17:0/22:6); [M+H]+

PC(16:1/22:6); [M+Na]+
PC(18:2/20:5); [M+Na]+
PC(18:3/20:4); [M+Na]+

PC(16:0/22:6); [M+Na]+
PC(16:1/22:5); [M+Na]+
PC(18:1/20:5); [M+Na]+
PC(18:2/20:4); [M+Na]+
PC(18:3/22:6); [M+H]+
PC(20:4/20:5); [M+H]+

PC(16:0/22:5); [M+Na]+
PC(18:0/20:5); [M+Na]+
PC(18:1/20:4); [M+Na]+

PC(16:0/22:4); [M+Na]+
PC(18:0/20:4); [M+Na]+
PC(18:1/20:3); [M+Na]+

SM(d18:2/24:1); [M+Na]+

SM(d18:1/24:1); [M+Na]+

PC(18:0/22:5); [M+H]+
PC(20:0/20:5); [M+H]+
PC(20:1/20:4); [M+H]+



E18.5

PND7

PND28

852.5520

853.7262

854.5676

855.7419

856.5833

858.6013

860.6169

874.5363

879.7419

881.7575

77

PC(40:8)

16(50:2)

PC(40:7)

T6(50:1)

PC(40:6)

PC(42:8)

PC(42:7)

PC(42:11)

16(52:3)

T6(52:2)

PC(18:2/22:6); [M+Na]+
PC(20:4/20:4); [M+Na]+

TG(16:0/16:0/18:2); [M+Na]+
TG(16:0/16:1/18:1); [M+Na]+
TG(14:0/16:0/22:5); [M+H]+
TG(14:0/18:1/20:4); [M+H]+
TG(16:0/16:0/20:5); [M+H]+
TG(16:0/16:1/20:4); [M+H]+

PC(18:1/22:6); [M+Na]+
PC(18:2/22:5); [M+Na]+
PC(20:3/20:4); [M+Na]+
PC(20:4/22:6); [M+H]+
PC(20:5/22:5); [M+H]+

TG(16:0/16:0/18:1); [M+Na]+
TG(16:0/18:2/18:2); [IM+H]+
TG(16:1/18:1/18:2); [M+H]+

PC(18:0/22:6); [M+Na]+
PC(18:1/22:5); [M+Na]+
PC(18:2/22:4); [IM+Na]+
PC(202/20:4); [M+Na]+
PC(20:3/22:6); [M+H]+

PC(20:2/22:6); [M+H]+
PC(20:4/22:4); [M+H]+

PC(20:1/22:6); [M+H]+

PC(20:5/22:6); [M+Na]+

TG(16:0/16:0/20:3); [M+Na]+
TG(16:0/18:1/18:2); [M+Na]+
TG(16:0/16:0/22:6); [M+H]+
TG(18:2/18:2/18:2); [M+H]+

TG(16:0/18:0/18:2); [M+Na]+
TG(16:0/18:1/18:1); [M+Na]+
TG(18:1/18:2/18:2); [IM+H]+



Table A2. Negative mode MS ion images from PND7 and PND28. For each ion image, m/z and

identification is listed in the table. For replicates of nano-DESI images, see https://lungmap.net.
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PND7 PND28 Exactm/z  Name (Sum) Identification 1

124.0068 MB Taurine

135.0307 MB Hypoxanthine

146.0452 MB Glutamate

175.024 MB L-Ascorbic acid

204.0312 MB Xanthurenic acid

215.0318 MB D-Glucose

237.2212 FA cis-11-Hexadecenal

255.1606 MB 5-Nonyltetrahydro-2-oxo-3-furancarboxylic acid

255.2317 FA(16:0) Isopalmitic acid
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PND7 PND28

267.0723 FA 3-Deoxy-D-glycero-D-galacto-2-nonulosonic acid
275.2003 FA(18:4) Stearidonic acid

277.2161 FA(18:3) octadecatrienoic acid

279.2317 FA(18:2) octadecadienoic acid

281.2472 FA(18:1) oleic acid

295.2265 FA Dimorphecolic acid

297.2422 FA Ricinoleic acid

301.2158 FA(20:5) eicosapentaenoic acid

303.2316 FA(20:4) Eicosadiynoic acid
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PND7 PND28

305.2473 FA(20:3) eicosatrienoic acid

307.2629  FA(20:2) FA(20:2)

309.2784 FA(20:1) eicosenoic acid

315.1951 FA preclavulonelactone

317.2107 FA 12-oxo-ETE

327.2315 FA(22:6) docosahexaenoic acid (DHA)

329.2471 FA(22:5) docosapentaenoic acid

333.2785 FA(22:3) FA(22:3)

335.2215 FA 15-epi-PGAl
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PND7

PND28

335.294

337.3097

346.0545

355.2628

357.2782

359.2939

361.19

365.3407

369.2268

FA(22:2)

FA(22:1)

MB

FA(24:6)

ST

FA(24:4)

MB

FA(24:1)

MB

82

FA(22:2)

FA(22:1)

Adenosine monophosphate

tetracosahexaenoic acid (THA)

5B-Chol-9(11)-en-24-oic Acid

tetracosatetraenoic acid

LyslleCys

Tetracosenoic acid

Val Arg Pro



PND7 PND28

436.2835  PE(P-16:0) PE(P-16:0/0:0)

452.278  PE(16:0) PE(16:0/0:0)
478.2937  PE(18:1) PE(18:1/0:0)
480.3094  PE(18:0) PE(18:0/0:0)
483.2735  PG(16:0) PG(16:0/0:0)
500.2791  PE(20:4) PE(20:4/0:0)
508.3386  PE(20:0) PE(20:0)
509.2882  PG(18:1) PG(18:1/0:0)
511.3044  PG(18:0) PG(18:0/0:0)
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PND7

PND28

524.2783

524.2988

528.3095

529.2584

536.5042

555.2734

556.3015

571.2891

599.3199

PE(22:6)

PS(18:0)

PE(22:4)

PG(20:5)

Cer(34:1)

PG(22:6)

MB

P1(16:0)

P1(18:0)
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PE(22:6/0:0)

PS(18:0/0:0)

PE(22:4/0:0)

PG(20:5/0:0)

Cer(d18:1/16:0)

PG(22:6/0:0)

Pro Val Glu Thr Leu

P1(16:0/0:0)

P1(18:0/0:0)



619.2893  PI(20:4) PI1(20:4/0:0)

646.6145 Cer(42:2) Cer(d18:1/24:1)

648.6294  Cer(42:1) Cer(d18:1/24:0)

PG(12:0/16:0)

665.4397  PG(28:0) PG(14:0/14:0)

671.4624  PA(34:2) PA(34:2)
673.4782  PA(34:1) PA(34:1)
675.5305  PA(0-35:0) PA(0-35:0)
687.5430 SM(d16:1/17:0) SM(d16:1/17:0)
690.5080  PE(32:0) PE(16:0/16:0)
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PND7 PND28

T

699.4944  PA(36:2) PA(36:2)
700.4927  PE(33:2) PE(15:0/18:2)
700.5277  PE(P-34:1) PE(P-16:0/18:1)
701.5100  PA(36:1) PA(36:1)

PE(16:0/18:2)

714.5089  PE(34:2) PE(16:1/18:1)

PE(16:1/18:0)
PE(16:0/18:1)

716.5235  PE(34:1)

718.5393 PE(34:0) PE(16:0/18:0)

PG(14:0/18:1)

719.4863  PG(32:1)
PG(16:0/16:1)

720.4975  PE(P-36:5) PE(P-16:0/20:5)
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PND7 PND28

721.5034  PG(32:0) PG(16:0/16:0)

722.5124  PE(P-36:4) PE(P-16:0/20:4)

723.4943  PA(38:4) PA(38:4)
725.5101  PA(38:3) PA(38:3)
727.5249  PA(38:2) PA(38:2)
732.4810  PS(32:1) PS(16:0/16:1)
735.5173  PG(33:0) PG(16:0/17:0)

PE(16:1/20:4)

736.4916  PE(36:5)
PE(16:0/20:5)

PE(18:1/18:3)

738.5078 PE(36:4)
PE(16:0/20:4)
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PND7 PND28

PE(16:0/20:3)

740.5242  PE(36:3) PE(18:1/18:2)

PE(18:0/18:2)

742.5402  PE(36:2) PE(18:1/18:1)

PG(16:0/18:3)

743.4853  PG(34:3) PG(16:1/18:2)

PE(14:0/22:1)
7445553 PE(36:1) PE(16:0/20:1)
PE(18:0/18:1)

PG(16:0/18:2)

745.5018  PG(34:2) PG(16:1/18:1)

746.5130  PE(P-38:6) PE(P-16:0/22:6)

PG(16:0/18:1)

747.5168  PG(34:1)
PG(16:1/18:0)

748.5161 PS(33:0) PS(33:0)

748.5284  PE(P-38:5) PE(P-38:5)
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PND7 PND28

749.5336 PG(34:0) PG(16:0/18:0)

PE(P-16:0/22:4)

750.5451  PE(P-38:4) PE(P-18:0/20:4)

751.5251  PA(40:4) PA(40:4)
752.5230  PE(37:4) PE(17:0/20:4)
760.4920  PE(38:7) PE(16:1/22:6)

PS(16:1/18:0)

760.5121  PS(34:1) PS(16:0/18:1)

4 762.5092 PE(38:6) PE(16:0/22:6)

764.5224 PE(38:5) PE(18:1/20:4)

PE(16:0/22:4)
766.5394  PE(38:4) PE(18:0/20:4)
PE(18:1/20:3)
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PND7

PND28

767.4867

768.5553

769.5015

771.5161

772.5285

773.5325

774.5439

775.5487

776.5249

PG(16:0/20:5)

PG(36:5) PG(18:2/18:3)
PE(38:3) PE(18:0/20:3)
PG(36:4) PG(16:0/20:4)
' PG(18:2/18:2)
PG(36:3) PG(16:0/20:3)
’ PG(18:1/18:2)
PE(P-40:7) PE(P-18:1/22:6)

PG(16:0/20:2)
PG(36:2) PG(18:0/18:2)
PG(18:1/18:1)

PE(P-40:6) PE(P-18:0/22:6)
PG(36:1) PG(18:0/18:1)
PE(39:6) PE(17:0/22:6)
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PND7 PND28

776.5782  PS(0-36:0) PS(0-36:0)

777.5364  PS(34:1) PS(34:1)

PE(P-20:0/20:4)

778.5752  PE(P-40:4) PE(P-18:0/22:4)

782.4967 PS(36:4) PS(16:0/20:4)
783.4081 MB Fumonisin FP2
783.4571 MB Hoduloside VI
783.5182 PG(37:4) PG(17:0/20:4)
786.5067 PE(40:8) PE(18:2/22:6)

PS(18:1/18:1)

786.5276 PS(36:2)
PS(18:0/18:2)
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PND7

PND28

788.5237

788.5445

790.5390

791.4858

792.5526

793.5008

794.5704

795.5190

797.5327

PE(40:7)

PS(36:1)

PE(40:6)

PG(38:7)

PE(40:5)

PG(38:6)

PE(40:4)

PG(38:5)

PG(38:4)
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PE(18:1/22:6)

PS(18:0/18:1)

PE(18:0/22:6)

PG(16:1/22:6)
PG(18:2/20:5)

PE(40:5)

PG(16:0/22:6)
PG(18:2/20:4)
PG(18:1/20:5)

PE(18:0/22:4)
PE(20:0/20:4)

PG(18:0/20:5)

PG(16:0/22:4)
PG(18:1/20:3)
PG(18:0/20:4)



PND7 PND28

800.6185 PE(40:1) PE(18:1/22:0)
801.5652 PG(38:2) PG(18:0/20:2)
802.5742  PE(P-42:6) PE(P-20:0/22:6)

PS(16:0/22:6)

806.4980 PS(38:6)
PS(18:2/20:4)

807.5019 P1(32:1) PI1(16:0/16:1)

807.5159 PG(39:6) PG(17:0/22:6)

PS(18:1/20:4)

808.5139  PS(38:5) PS(18:0/20:5)

808.5859  PE(41:4) PE(19:0/22:4)

§ 810.5291  PS(38:4) PS(18:0/20:4)
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PND7

o

PND28

812.5430

814.5379

815.4875

816.5535

817.5022

819.5167

820.5133

820.5849

821.5319

PS(38:3)

PE(42:8)

PG(40:9)

PE(42:7)

PG(40:8)

PG(40:7)

PS(39:6)

PE(42:5)

PG(40:6)
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PS(18:0/20:3)

PE(20:2/22:6)

PG(18:3/22:6)
PG(20:4/20:5)

PE(20:1/22:6)

PG(18:2/22:6) A

PG(18:1/22:6) C

PS(17:0/22:6)

PE(20:4/22:1)

PG(18:0/22:6)_A



PND7 PND28

822.6006 PE(42:4) PE(20:4/22:0)

832.5134 PS(40:7) PS(18:1/22:6)

P1(16:0/18:2)

833.5172  PI(34:2) PI(16:1/18:1)

834.5294  PS(40:6) PS(18:0/22:6)
835.5321  PI(34:1) PI(16:0/18:1)
836.5430  PS(40:5) PS(40:5)

838.5612  PS(40:4) PS(18:0/22:4)
839.4879  PG(42:11) PG(20:5/22:6)
841.5012  PG(42:10) PG(20:4/22:6)
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PND7 PND28

843.5178 PG(42:9) PG(20:3/22:6)_A

PG(20:4/22:4)

845.5331  PG(42:8) PG(20:2/22:6)

P1(16:0/20:5)

855.5017  PI(36:5) PI(16:1/20:4)

856.5144  PS(42:9) PS(20:3/22:6)

P1(16:0/20:4)

857.5189  PI(36:4) PI1(18:2/18:2)

P1(16:0/20:3)

859.5348  PI(36:3) PI1(18:1/18:2)

861.5479 PI1(36:2) P1(18:0/18:2)
863.5630 PI1(36:1) P1(18:0/18:1)
865.5033  PG(44:12) PG(22:6/22:6)_B
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PND7

PND28

869.5342

881.5176

883.5338

885.5471

887.5640

907.5338

909.5466

911.5635

913.5802

PG(44:10)

PI1(38:6)

PI(38:5)

PI(38:4)

PI(38:3)

PI(40:7)

P1(40:6)

P1(40:5)

P1(40:4)

97

PG(22:4/22:6)

P1(18:2/20:4)
P1(18:1/20:5)
P1(16:0/22:6)

P1(18:1/20:4)
P1(18:0/20:5)

PI(16:0/22:4)
PI(18:1/20:3)
PI1(18:0/20:4)

P1(18:0/20:3)

P1(20:3/20:4)
P1(18:1/22:6)

PI1(20:2/20:4)
PI(18:0/22:6)

PI(40:5)

P1(18:0/22:4)



APPENDIX B. CHAPTER 4 SUPPLEMENTAL

Table B1. Dilution scheme for calibration standards. Standard curve ranging from 5 uM to 1 nM.

ID Standard Volume of Volume Final tissue Concentration
Solution Intermediate of following addition of 30 pL
Concentration working Diluent of standard solution to 150
(nM) Standard (mL) ML of extracted tissue
Solution (mL) supernatant
A 25,000 0.4 mL of 50 uM 0.4 mL 5000 nM
B 10,000 0.3 mL of A 0.45 mL 2000 nM
C 5,000 0.4 mLof B 0.4 mL 1000 nM
D 2,500 0.4mLof C 0.4 mL 500 nM
E 1,000 0.3 mL of D 0.45 mL 200 nM
F 500 0.4 mL of E 0.4 mL 100 nM
G 250 0.4 mL of F 0.4 mL 50 nM
H 100 0.3mLof G 0.45 mL 20 nM
| 50 0.4mLofH 0.4 mL 10 nM
J 25 0.4 mL of | 0.4 mL 5nM
K 10 0.3 mL of J 0.45 mL 2nM
L 5 0.4 mL of K 0.4 mL 1 nM

Table B2. Mass spectrometric parameters.

Precursor ion Collision energy Product ion
miz (eV) (mlz)
Diclofenac 296.1 30 2151
Diclofenac-d4 300.1 30 219.1
Hydroxy metabolite 3121 30 2311
Acyl glucuronide metabolite 4721 30 215.1
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Figure Bl1. Direct infusion of 10 pM solution of diclofenac-d4 (m/z 298.033) standard for
instrument method optimization. (A) Negative ion mode spectrum with funnel RF level on Q-
Exactive HF-X set to 100, decarboxylated fragment (m/z 254.044) of diclofenac-d4 is observed
with high intensity. (B) Negative ion mode spectrum with funnel RF level on Q-Exactive HF-X
set to 0, very little fragmentation is observed. (C) Signal to noise ratio of diclofenac-d4 (blue) and
diclofenac-d4 fragment (red) with increasing funnel RF level. Optimized funnel RF level was 20.
(D) Diclofenac-d4 structure, * indicates which carbon has deuterated hydrogens attached, red line
indicates where fragmentation occurs to create m/z 254.04 fragment.
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Left Kidney Right Kidney

Figure B2. Optical and nano-DESI ion images of diclofenac dosed mouse kidney replicate tissue
sections. Ion images of diclofenac (D), acyl glucuronide (AG), and hydroxydiclofenac (HD) are
shown. lon images are self-normalized to internal standard, diclofenac-d4. Scale bar represents 1
mm. Intensity scale ranges from 0% intensity (black) to 100% (white).
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|
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Figure B3. Optical and nano-DESI ion images of diclofenac dosed mouse liver replicate tissue
sections. Ion images of diclofenac (D), acyl glucuronide (AG), and hydroxydiclofenac (HD) are
shown. lon images are self-normalized to internal standard, diclofenac-d4. Scale bar represents 1
mm. Intensity scale ranges from 0% intensity (black) to 100% (white).
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