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Abstract

Atmospheric pressure and ambient mass spectroméls) techniquesare powerful
analytical toolsfor i K S & 2e¥hhdbgiés Ambient MStechniques allowfor the surface
analysis omoleculedirectly from substrates and thin biological tissue sections with minimal to
no sample pretreatmenin the openenviromment. This dissedtion describes the development
and implementationof rapid andnovelMSbasedmethodsfor the analyss of targetedanalytes
such as drugs and metabolitt's®m complexbiologicalmatricesin two main fields ofapplication
drug developmentand phytometabolbmics We explored the potential of quantitative mass
spectrometry imagingMSI)by the ambient MS techniquejesorption electrospray ionizatien
mass spectrometry (DEBIS) The discovery of quantitation MSI methodsre exploredand
evaluatedbased onits analyticalfigures ofmerit (precisian, accuracy, linearityand so fortf.
Triple threat methods covering the identification, quantification and maging the spatial
distribution of analytes from biological tissue sectionsopens new avenues in MSThe
development oftargeted qualitative and quantitative E®IS, DESMS andmultistage mass
spectrometry DESMS', methodsfor plant metabolomicavere alsoinvestigated DESMS and
DESMS' methods coupledoffline to normal phasdigh performance thin layetfhcomatography
(HPTLC) an@is functionalizedreverse phas€RPTLCwere createdto identify and separate
bioactivesecondary metabolites fromatural productssuch as seeds, roots, tvgigand leaves.
The implementation of these rapidrobust and highthroughput methods allowedor the

discovery of novel phytochemicatsthe plant species under investigation.
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1.1.The Foundatioof Mass Spectrometry

Mass spectrometrfMS)is a powerful analyticaltool designedfor the analysis ofons
based ortheir mass to charge ratids discovery thadentity of moleculesin 1897 J.JThomson
observedthe deflection of cathode rays in an electric field determgthe masgo charge ratio
of the electronfor the first time’? A yearlater, W. Wiendiscoveed and measured the mass of
the proton. The birth of mass spectrometryvas inMmpn T A G K WOWD ¢hit2 YaA2Y Q
channel raysvere beams of charged particles with the lightearticlesdeflectng morethan
heavier onesgiving rise to thebasicprinciple ofion separatiorbased on mas3Thefirst mass
spectraggraph was invented by fancisW. Astonin 1919 and thisinstrument wascapableof
measuringthe relative masss of atoms and molecules. A few years laterAstonwon the 1922
Nobel Prize in Chemistry for his discovefyisotopes in norradioactive elementsising this
instrument? These oneering contributions from W. Wien, J.J. Thompeoand F.W. Aston

launched thenovel fieldof mass spectrometry

1.2. Atmospheric PressuttenizationMass Spectrometry

In @mospheric press@ mass spectrometrythe ionization ofneutral molecules to
positively or negatively chargedns as well apre-charged ions and adduct formatias carried
out under conditions oatmosphericpressure and temperaturerhere the ionsare transferred
into the mass spectrometer undevacuum. The most commonionizaton techniques are
atmospheric pressure chemicalnization(APCJandelectrospray ionizationES). The invention

of ESI by John Fenn in 1989 revolutionized the analygislafbiologicalmolecules irVS3

1.2.1. Electrospray lonization Mass Spectrometry-{ES)

Electrospray ionization (ESI) is a softization techniqueoperated at atmospheric
pressure for the analysis @lar small moleculesand large biological macromolecule® The
chargedsolution at the capillary tip is ejected asTaylor cone hat emits a mist of charged

droplets. The droplets undergo solvent evaporati@s the charge densitybuilds upon the
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shrinkingdroplets At the Rayleigh limj Goulombicrepulsion of the surface chargeualsthe

surface tension othe solutionand @ulombic explosionleads tosplitting of the droplets into
smallerhighly charged nardropletsto form gasphaseions(Figurel.1A).* The ion evaporation

model (IEM) and charge residue model (CRMlain the ionization mechanisrin ESt Low

molecular weight ionsonize bylEM and large globular biomolecules, such as natively folded
proteins by CRM® In CRM the analyte incK I NHSR yIy2RNRLI SGa NBGI Aya
charge as th solvent slell evaporatesin IBM, small solvated ions are ejected from droplet

surfaces whenCoulombic repulsion overcomes thie A lj dzZA RQa & daidFsbh@atdn G Sy a A
forces*® The chain ejection mode(CEM)has beenproposel for disordered polgners with

nonpolar side chainsThe macromoleculeis expelled from the droplet surface proding

structures where one end of the polymer chain remains withe dropletby charge solvation

and thecomplete ejection of the macromoleaiproduces the gs plase ion*©

A Analyte molecule Solvent Coulomb Naked charged B o, o
. + +
. . evaporation fission analyte + + + +
Spraying nozzle + ,J, + + |+ +
+ + +
+1+ +®+ +°F Coa i
+ ++ * + : 3 ‘
g s T 3T
+ ¥ * + +
N+ + i + Y +‘+
L +®++ 22 + +
- +
Charged parent T Charged progeny ‘l* 4

droplet
Charged droplet at droplets

Taylor cone the Rayleigh limit

Power supply

+ve

Figurel.1: A. Electrospray ionization (ESNdaptedfrom Bargeree et al’ the summary of ESI
mechanisms: IEMCRMand CEMReproduced with permissidrom Konerman et al?

1.3. AmbientlonizationMass Spectrometry

Ambient mass spectrometryAMS)isag St f mSa Gl 6f A & KSR tidalyfoolt @ G A OF
that enables sampling othemical andiological sampleprovidingMS information with respect

to the identity of moleculeson the surfacgFigurel.2).



Nitrogen gas

V)
N \ MS inlet
\ Solvent spray # ' |

Sample surface m/z

Figurel.2: Schematic of the general methodology in ambient mass spectronrepraluced
with permissiorfrom Li et aP

MS analysis in the ambienenvironment facilitates soft desorption and ionization of
analytes Samples can be analyzed in their native state Vittle or no sample preparatioprior
to the analysis® The major benfits associated with AMS methods are the rapid analysistii@a
samples with redations in analyses timakie to fasfprocesses adesorption/ionizationandhigh
throughput capabilitie$rom the substantial chemical information ofamycompounds in a sgie
analysis compared to histology, autoradiography of rabeled compounds, fluescence
microscopy and othemagingtechniques. Untreated, native biological tissues are chemically
complex therefore high selectivity and specificity are important aspects consideathg the

developmentof AMS imaging methodotpes?1°

In AMS methods, desorption and ionizatioocuss in the open environmenéxternally from
the mass spectrometer. A plethora of AMS methods surfaced shortly after the introduction of
two pioneertechniques desorption electrospay ionization (DESI) in 2004 by Cooks ét ahd
direct analysis in real time (DART) in 2005 by Cody*éAahbient MS methods can be classified
according to the nature of thagents promoting the desorption/iamation of the analytes and
the number of steps involved in the process. For instance, irsgiaybased methods, a simple
solid-liquid phase extractio allowssoluble analytes from a solid sample matrix to be extracted
into theliquid solvent. Theéypes of analytes extracted depesdn the miscibility of the analytes
in the solvent, the geometriparameters of the ion source, anbeé complexity of the logical
tissue matrix. Desorption and ionization can occur either as aste&@mechanistic proess,

desorptiorfionization in sequence whereby theggocesses occur simultaneously and one
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cannot be separated from thether, or as atwo-step process whereither ionization or

desorptionoccurs prior to the other, and so these events are separateiiia and spacé?

DESlisanSE | YLJ § 2 Prodess@cifafyedspray pdomotes both desommiand
ionization of he analytesfrom the surface*! In two-step processs aneutral solventdesorts
the analytes from the surfacand the secondstep bnizesthe analytedo producegas phasens
For instancethe i ¢ 2 & (0 S Ldesérftidriatthéspheric pressure photoionization (DAFPI)
a neutralheated jet of vaporized solvetesorls analytesfrom the surfaceandphotoionization
is carried out byemitted photonsfrom a UV lampo induce ionization and produce gaphase

ions.

To date, there are more thaB0 AMS ionization sources published in the literature, lyete
we only focus on selected AMS methods that have shamagingcapabilities Table1.1).4151°
AMSimagingallows for direct chemical sampliofjithe surfaceto mapthe spatial distributiorof
moleculesfrom complex matricesn the open environment® Table 1.1 briefly describesthe
desorption/ionizatiorprocesses for selected imaging AMS methatsh as DESI, air flow assisted
RSa2N1LIiA2Yy St SOGNRALINI & A 2 yeledtrosprg dyization! nass5 9 { L 0 :
ALISOGNR YSONE 0 ya2yy2Anbros LUNI->@  FavedygASl ¢ iisA(2S/L Jlasey! 6{ ALSOyi
ablation methods such as laser ablation electrospray ionizgti?dE5 0 Yy R f F aSNJ | 6 |
Ol LJG dzNB & dzNJF I O)SSo Ifay'thef céniridutionsary thertiteratdre fommbient MS
AYF3IAY3I 6AGK ALINI &@8mnmol &SR Y Sai lKserRdd plasibnizatidecO K 3 NB
methods® Imaging applications with AMS methods have been demonstratethimyfieldssuch
as drug discovery and developmeéfit4, forensic analysi&?’, metabolomic profihg of
bacteriaf®?® and fungal cultures andcocultures®®?, plant and natural productg®3338

environmental appliationsandtoxicology®#!, and cancer grading and biomarker discovéty?®



Table1l.1: Summary of selected ambient ionization imaging techniquesispaie type of
ionization, a schematiof the ion source, common imaging resolutions and references of the first

report of the ambient ionization imaging techniquBgproduced with permission from Perez et
al®
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1.3.1. Desorption Electrospray lonizatiMass Spectrometry

DESIis part of the onestep spraybased methods inambient ionization mass
spectrometry. The ionization mechanisnms known as theddroplet pickup mechanisét! A
charged spray of primary droplets of solvent impacts the surféoe analytesin tissues or
substraes are desorbed and ionizkcreating secondary dropletsf analyte ions (Figure
1.3.A).1166.67Droplet dynamics in DEShowdroplets traveing at averagevelocitiesof MH N > Y Kk &
with averagediametersof 2-n  >Ufider typical DESI conditiordropletshave been shown to
roll along the surfacencreasng contact time and the amount of materialollected inthe

droplets®®

A Outer Capillary — . B
Nebulizing gas lon transfer tube

Inner Capillary —
Solvent /

Center of MS inlet orifice

Sprayer
tip

Voltage

o \N _—— Idz ..........
I Surface I

Term | Definition

3 Incident angle
Collection angle
Tip-to-surface distance
MS inlet-to-surface distance

alalw™

/
3D Moving stage

Figurel.3: A. Schematic othe Desorption Hectrospraylonization Source B. DESI geometric
parametersReproduced with permissidrom Takats et &I

In the DESI experimerdptimizinggeometricparameters such as the spray-tip-surface
distance(d1), MS inletto-surface distance @, the A y OA RSy & 0" angledyl 86th© 2t £ SO
sprayerallows forDEStonditionsspecific tothe targeted analyts for maximumdesoiption and

ionization to increa® the sensitivity and selectively of the analy$tgyurel.3.B).57

1.3.2. Principles of Ambient Mass Spectrometry Imaging

AMS methods have an interesting feature allowing ifoisitu imaging analyses dhe

surface such athin biological tissues to createteractive 2D or 3D chemical images. The ion



source is coupled to an automategy, z moving stage which rapidly scans a selected surface
area to achieve reproducibility and reliability in the rastering speed for MSingdgigurel.4).
Conventional sampig of biological tissue normally proceeds by (i) flash freezing biological tissue
(mammalian/human or other specimens) after dissecting (ii) cryosectioning tissue sections into
thin slices generally between 8D um (i) thaw mounting the tissue sectiosito substratedor

tissue imprints(iii) drying the tissue sections immediately prior to analysis in a vacuum

desiccator6.6870

The acquisition of MS data relies on the ion source (DESI-DB&bd, LAESI, etto
generate ions by desorbing analytes from the surface, and subsequently direct them into the
mass spectrometer inlet for M&halysis. Data acquisition involves sampling the surface ayea (
with aprior width (x) and length (y) selection to generate @2mical images by collecting mass
spectral data on a linby-line or pixelby-pixel basi$? Thelateral resolution islependenton the
sampling spot size, IAMS imagingtypical lateral resolutions range between 8800 pum.In
spraybased methods,he surface is scanned as an array of pixels acquired continuously as the
solvent spray is delivered onto the sampling surface. The data obtained from an individual pixel
is representedby a corresponding single mass spectrum. &baesolutions depend orthe
sampling spot size and operating ion source parameters including the solvent system and flow
rate, geometric ion source parameters, moving stage raster spaed scan speed of the mass
spectrometer’! A slow raster speed allows for enhanced extraction of analytes from tissues and
minimizes carryover but total acquisition time per line increases drastically, while faster raster
speedsallow for lessimaging tme, yet the desorption and ionization efficiency of the analytes

can be affected demonstrated by lower signal intensities
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A. General Schematic of Ambient MS Techniques

lonization

MS Inlet

Source
Mass Spectrum
Desorption/ :
lonization
327
281

V

Surface

Relative Intensity

B. Ambient MS Imaging

....................

m/z281

Figurel.4: (A) General schematic of ambient MS techniques. Ambient ionization can take place as

a singlestep where ionizatiomandRS & 2 NLJi A 2y 2 O0O0dzNJ aAYdz Gl yS2dzat &
which desorption and ionization are separate processes. (B) Ambient §iSgnma MS imaging,

the total area for imaging is chosen, along with the lateral imaging resolution. xy coordinates are
selected and the image is subdivided into individual pixels. For each pixel a single mass spectrum

or the average of several mass spaads collected and stored with its corresponding spatial
coordinates. Once the entire surface has been scanned, angavaerass spectrum for each

acquired line/pixel can be created. The distribution of specific ions can be visualized by the
creation of 2DA 2y A Yl 3Sa F2N | &iz)S&id wher® theydolaui scal@ mOK | |
represents the normalized intensity of ions. Each pixel from the image is associated with the
original mass spectrum/mass spectra acquired at a specific point (x,y). MSI camemap t
localization of ions across a selected surface. [Zebrafish ion images in (B) reproduced from Lostun

et al/?]. Reproduced with permissidrom Perez et &l.

In imaging applications, developments on fituming operating ion source parameters,
solvent systems, solwe flow rates, lateral resolution, mass spectrometric scan rate]inner
diameters of the silica capilarhave accomplished remarkabdé@mhances irspatial resolution.
The best spatial resolution in DESI has been reported by Campbell and coworkersaas3ow

um from rat cerebellum tissue imagésin DESI, the morphologically friendly solvent system
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DMF:EtOH (1:2) was superior in resolving features below 10dmuoomparison to DMF:EtOH
(2:1) and MeOH:4® (1:1) in rat cerebellum tissues for two lipidise sterol lipid[ST(24:1) 6 q
andthe phosphaidylserine[PS(18:0/22:6) 8 gm/Z838 andm/z 834, respectively? Enhanced
performance is attributed to the intrinsic capability of the solvent to minimize redistribution and
splashing of the analytes on the surfadée effect of solvent flow rate on thepatialresolution

has been examined veneby increases in flow ratedlow for more analytes to be desorbed from
the surface increasing ion intensitié®wever, increasing the flow rateany further tends to

increase the sampling spot siaad splashingvithout subgantial increases in ion intesities/3

1.3.3. Tandem MasSpectrometry and Multistage Mass Spectrometry

Tandem mass spectromet(1S/MS, is a twostep fragmentationtechniqueperformed
in space (e.qg. triple quadrupole®QQQ) or in timed.g.linear ion traps LIT).In the first stage of
MS/MS the precursor onisisolated from the rest of the ionsom the full scan M&ndtypically
fragmentedby Collision Induced Dissociati¢@ID) In the second stagehe product ions are

scanned and collected to produce the MS/NBectrum’47>

Multistage mass spectrometryMS"), is asequentialfragmentationtechniquethat can
only be performed on iotrap andFourier transformion cyclotron(FFICR type instruments. In
the first stageof MS', the MS/MS spectum is obtainedrom the isolationand fragmentatiorof
the selectedprecursor ion by Clbin the samewayasin MS/MS From the series gfroduct ions
in the MS/MSspectrum, anong them aproduct ionis selectedas a precursor ioallowingfor
another isolation and fragmentatioaycleto be performed resulting in the MSpectrum. This
fragmentation process can be repeatedh & series of MSspectrg where n representsthe

number of times thecycle ofprecursorisolationfragmentationproduct ionwas carried out?®

1.4. MassSpectromegrs

A general overview of thenass spectrometersvill be discussed in the next gens

includngthe ThermoC A y' Yy A = Ivh&rmo Scientifie Orbitrap Elitet oriLtrap-Orbitrapand
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thev 9 E I O (i vadBpeteOmbitrap hybrid mass spectrometer Hybrid mass spectrometers
combine powerful features between twar moremass analyzersuch as increased scan speed,
mass accuracy, multistage fragmentation (M&igh nass resolving powegndhigh sensitivity

among other features.
14.1. ThermoFinnigam LTQtx al a&4 { LISOGNRYSG SNJI

Thelinearquadruple ion trapLTQ is an analytical instrument thatses radiofrequency
(RF) in electric fields to trap charged partiqlegure 1.5) As ions enter the mass spectrometer,
the ionsweep cone and the ion transfer tube/capillaaid inthe desolvaton of ions Theion
guides, suchas thetube lens skimmer Q00, QO, and §cus and transmit the iobeam while
lens LO, L1 anthe gate lens controthe injection andejecton ofions For examplefor positive
ions,the gate lensopens at a negative potentiald0V)andcloses at positive potential (50V) to

guidethe ion beam into the trap.

Conversion

e _ Dynode
lon Sweep Quadrupcle Lingar
Hisue . r lon Trap
lon Transfer me Lens LO Qo LA EA Q1
Capilla
pillary  Tube Quadrupole Gate Lens Octapole

Lens

i - . J ‘ \
lon Source Q1 lon b
Interface Guide S’
-

Mass Analyzer,
lon Detection System

Figure 1.5: Schematic of the ThermBiry A AH{ yVw u al da { RpOdutes with G S NJ
permission fronf.

Thesingle 2D linearon trapis a set of quadrupole rodthat collect and trap ions using
radio frequenciegRF)o confine ions radiallyFigure 1.6’ The ions are scanned out to then

detection system, tweaelectron multiplierswith cornversion dynodeshat consistof a series of
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cathodes and anode®riefly, anion strikes the metal surface of the dynoded the signal is

amplified byproducing secondary electron emissions creatimgscade of electron¥

~—"_"|  Dynode in the
\ ~ L7 ion detection system

Figurel.6: The linear iortrap ejecting ionsinto the dynode detection systemtwo adjacent
eledron multipliersin theThermoFA y' Y A 3 | yReprdddcedwith permissidrom ”.

14.2. Thermo{ OA Sy (i ACFokr@E A[i¢S/mu | BO0ONAR al ad {LISOINRYSE

TheLTQOrbitrap Hitex combinesthe tandem MS, fast scanning speedaspabilities of
the ion trap and the higimass accuracyensitivity anchighresolution of the Orbitrag® TheS
lens focusesand trangmits the ionsand optimizes theremoval of any remaining neutral
molecules Theion beamentersthe dual cell 2D linear ion trap that holdse high-pressure and
a lowpressure cell. Thérapping, isolation, andlissociation of the ions occsiin the high
pressurdrap whereas the ion scan outakes placén the low-pressurecellwith the two adjacent

electron mulipliers
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IEIe:tmspmy lon Source  S-Lens Square Quadrupole Octopole High Pressure Cell  Low Pressure Cell I Multipole C-Trap HCD Cell I

N bz

==
=
High-field Orbitrap Mass Analyzer -
N

Figurel.7: Schematic of Thermp O A S yLTQhTNBGWM( NJ. R@predéickdinitin permiam
from Hecht et al’*

O

Oncethe ions enter theGTrap RFwavefornstrap the ionsby collidingwith Nitrogen gas
cooling the ionsnd oscillating along the length of the trépigure 1.9)Theions are injected into
the inner electrode of therbitrapasdiscretepackets of ionky ramping down the RF, no longer
trapping the ions and then applying a DC voltage to the rodgdctthe ionsout of the Gtrap.
The Orbitrap containgn outer electrodeand a spindle shapedentral electrode. The radial
electiic field between the outer and central electrode and the centrifugal fahdeesthe ions
into harmonic axial oscillations. Outer electrodes serve as receiver phtdsdetect the

frequency ofaxial oscillations ithe form of current detection
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lon packet

Orbitrap\

analyzer

Voltage ramp

o\__ ¥

Detected
signal

Amplifier

Figurel.8: Schematic of th€&trap andCOrbitrap. Reproduced with permissidrom Hecht et al’*

143. ¢ KSNX2 { OA Sy (i Hybridkdass Specteoméddi A & S

The QExactivisaquadrupoleOrbitrap hybrid instrumenthat featuresthe power of the

guadrupoleacting asa mass filterfor the isolation of precursors anthe high mass accuracy,

sensitivity andhigh mass resolving poweof the Orbitrap for MS full scans, high resolution

MS/MS spectra andhe highenergy collisioral dissociation (HCD cell for precusor ion

fragmentation?°:80
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Quadrupole
HCD Cell C-Trap Mass Filter

RF-Lens
lon Source
Orbitrap
Mass Analyzer

Figure1.9: Schematic ofhe TK SN 2 { OA Sy (i A Repr@iucedvattEder®issidmrs u
Michalski et af?

1.5. Principles of Thin layer Chromatography

Thin layer chromatography (TL&)aqualitative and quantitativeanalytical toolwidely
useddue toits simplicity, low costhigh sensitivig, and high throughput capabiliti€d-82 The
principle of the separationis driven by adsorptiorproperties. Te strength of the interactions
between the analyte, mobile phase and the stationary phdrsees themigration of compounds
on the TL®late. The types of interactions aneon-covalent such sielectrostatic interactions,
hydrogen bonding,dispersive forcesMan der Waals dipoledipole, and ion-dipole. The
migration of compounds is measured by the retentfactor (R, defined as the distancedveled
by the analytedivided by the total lentp of the separatio. Thedistancetravelled is measured

from the centreof the deposited spot up to the distance travelled by the solvent front.

High performance tin layer chromatography (HPTLERN enhancedersionof TLC for
better resolution, lowedimits of detection andnore commonly used for quantitativanalysis

HPTLOlates are of higher qualitythan conventional TLGhe stationary phase hasarrower
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mean particle sizedistributions roughly5-6 >m (particle ranges: 4-8>m) instead of 1812 >m
(particleranges: 5-20>m). Thevolume of the analytés reducedrom 1-5>Lto 0.1-0.5> [andthe
thickness ofhe silicagellayeristhinnerat 100-200 > Yinstead of 20e250> Yin TIC Thesurface
of the spherical silicagel particle holds microscopic pore¢60 A) where analytesare retained
therefore, smaller particle sizesreate compacbandswith lessanalytedispersion®! In HPTLC,
the separation efficiencyimproves due to better resolution from narrower peak widths,

reproducibility,reduceddiffusion anddecreasednalysigimes.

15.1. Normal and Reverse PhdseC

Normal and reverse phase atke two types of polaritymodesfor the separation of
compoundsby TLC? In normal phasethe stationary phase is polaith adsorbents such aslica
or aluming while the mobile phaseconsists ofhon-polar or non-polar/polar mixturessuch as
ethyl acetate and hexane (EtOac/Hdxplar compounds interact stronghjith the silanol groups
in silica on the TLC surfatt@ough noncovalent interactions such dsydrogen bonding, dipole
dipole, iondipole, etc.and interact less sowith the nonpolar mobile phase therefore, polar
compounds do not migrate sigitantly yp the TLC platdow R). Non-polar compounds interact
with the nonpolar mobile phaséhrough norcovalent interactions such abke hydrophobic
effectand ™ -stackingof double bondsaromaticconjugatedsystemsand migrate father up the
TLolate than polar compoundghigh R). In reverse phase TUBPTLC}he stationary phase is
nonpolar,theY2a i O2YY2y [ RaAa2NbSyda I NBE 2O0andparoet aat
mobile phass are composedof | OSU2YAUNARE Skgl GSNI 6!/ bkl i ht
(MeOHA i K2Neb-polar compainds interact strongly with €allowingthe retention of non
polar compound®n the surfac€low R). Polar compounds interact more strongly with thelar
mobile phase and are naitseasily retaine® y (i dSorberstthereforetheytendto migrate
farther up the TLC platéhigh R). Tablel.2 summarizeghe general principles of normal and

reverse phas@LC.
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Tablel.2: Summary of thérinciples oNormal and Reverse PhaBeC

Parameter Normal Phase Reverse Phase
Stationary Phase Silica Gs
Mobile Phase Non-polaror non-polar/polar Polar
Commonmobile phass BOAGCHex ACNHO
Polar compounds Low R High R
Nonpolar compounds High R Low R
Increasing solvent polarit Increases R DecreasesR

15.2. HPTLCoupled tdESMS

Coupling TUBIPTL@ DESMScreates avery powerful, rapid and simplanalytical tool
to identify, separate, and quantify compounds in a singleTLOESMSanalysi$*#4 Thehigh
throughput capaility of the technique lead#o the detectionof several compounds in a single
run with high sensitivity?> The analytes from a complex mixteare depositecbnto the HPTLC
plateinto aclosed TLC chamberatiow theseparationof moleculesby the mobile phase system
TheTLplate issecured ontahe 3D moving stage faffline DESMS analysisind themoving
stage is programmed to rastéorizontallyin the xdiredion across the TL8urfacewith speeds
of 100>m/s startingfrom the initial analyte spoup to the solvent frontln conventional TLC,
the analyte spots & stained and visualized by UV light allowing the distance travelled by the
analyte and the Ro be measured directly from the TLC pldteHPTLDESR { = G KS 02 Y LJ2 dzy
R iscalculatedbased orthe retention time collected from the apex of tliaromatographic peak

divided by the total analysis time from tlehironogramas shown below.
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Figurel.10: Schematic of HPTEQupled toDESMS A The separation is performedaTLQjlass
chamber. B The interactions between the analytmobile and stationary phase drs/¢he
migration of the compourgl C Offline HPTLOESMSanalysis

1.6. Dissertation Researcbjectives

In this dissertation, thegeneral objective was centered on the development and
implementation ofrapidand novelmassspectrometrybasedmethods byatmospheric pressure
(ESIMS)and ambient ionization mass spectrometry techniq@@&SMS) to chemically profile,
separate and/or quantify targeted analytesuch as drugs and metabolitdsom complex
matrices.Thequalitative and quantitativeanalytical methods developed S techngqueswere
focused in two major fields of study, drug development and plant metaboloigiesific project

objectives are outling in each corresponding introduction throughout Chast2s6.
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Chapter Twolnternal Standard Application
Strategies in MasSped¢rometry Imaging by
Desorption Electrospray lonization

Chapter2 is asubmittedversionof the manuscript

Perez, C.JlIfa, D.RInternal Standard Application Strategies in Mass Spectrometry Imaging by
Desorption Electrospralpnization Rapd Commun. Mass Spectro020 Submitted.
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2.1. Summary

In this chapter, we explored the potential of quantitative mass spectrometry imaging
(MSI) by desorption electrospray ionizatiorass spectrometry (DEBIS) We comparedthree
strategies to add an isopically labelled internal standar@@S)into the DESMSI analysis to
determine a routine quantitative DESISI method based on its analytical figures of merit
(precision, accuracy, lineayit and so forth. A model case study ofhe psycholeptic,
phenolarbital (PB)and the deuteratedlS phenobarbitalD5 (PBD5) were imagedfrom thin
tissue sections of the invasive golden apple smadiffusa)to identify, quantify and map the
spatial distribution of the drug frorm vitro dosedtissue sections by DERISI. In this study, the
deposition of thelSas droplets on top of tissues (method I) and applying an IS thin film (method
II) were not statistically significantly differergnd boh, can be used interchangeably in future

guantitative DESMSI studies.

@ -

Snail (p.diffusa)
V

' Quantitative
DESI-MSI

Standard Curve

Figure2.1: Schematic representation of quantitative DESI.
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2.2. Introduction

DESMSIis a dynamic and versatile qualitative@nalyticaltool for many applications
however, current outlooks on quantitize capabilities itMSI have beefimited andfor the most
part underexplored. There is a significant need to develop quantitative imagetgodologies
to map the spatial distribution of chemicadbmpounds and their respective concentrations from
biologral tissues. To datea few studies in the literature have investigategs quantitative
potential 2287 The first report in DESINISI revealed the quantification of clozapine from 6 pm rat
brain tissue sectionfrom ratsdosedin vivoafter 45 minutes postlose.External calibration
curves were prepared by micropipettirgjozapinestandardsand the internal standard (I1S) on
top of the tissues, and average response factors were calculated imwloizapine and IS we
detectedin vitro dosedrat brain tissues’ DESMSI revealed 0:2.2 ng of clozapine in brai
tissue sections,and results were validated by extracting clozapine frémain tissuesand

quantifyingthe drugby liquid chronatographytandem mass spectrometry ({S/MS)8’

One of the most challenging aspects qonantitative MSI is the incorporation of the
internal standard to report accurate and precise analyte concentrations from biologisakti
sectiors. The$ plays an important role in MSI, where the standard should be similar in structural
and chemical prperties of the analyte to mimic the ionization and desorption process and
accurately calibrate the analytical resporf8eStandards consisting of structural analogs and
isotopically labelled versions tie analyte have beg previously used in MSI studies to correct
for ionization efficiencies, extraction of the analyterr tissues and matrix ion suppression

effects3.87.89

A MALDMSI study investigated the apal distribution d imipramine from dosed rat
lung tissue by different normalization approaches such as without normalization, total ion count
(T1G, root mean squared and normalization to the internal stand&@nly by normalizing to the
IS signait was possibléo accoun for the absence of imipramine in a region where tissue was
absent. Internal standard normalization provided the most accurate image of analyte spatial

distribution compared to other normalitans approaches (TIC, root mean squaretd,, g that
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did notaccountfor an accurateepresentation of the localization of the drdgin a more recent
MALDIMSI study, the antibiotic rifampicin (RIEpommonly used to treat tuberculosisvas
guantified fran local microenvironments in liver tissueskdin vivoby theuse of the isotopically
labelled standard*GRIF from liver tissues dosed vitro.°* The application of the*GRIF
standard on top of the tissue followed by matrix deposition was the pesgborming quantitative

method that was notstatistically sigricantly different from HPL®MS/MS data as shown by

lbh+! LRAGK20 ¢dzl SeQa G(GSaildod ¢KS | WS dafigésiof 2 F wlL

liver tissue sections were averaged and creatidaed to liver tissues analyzed by HRMS/MS

with a 90.4%similarity between these two analytical techniqués.

In this work, we compakthree ISapplication strategies for quantitative DE8SI using
the psycholepticPBand the isotopically labellet5,PBD5, from in vitro dosed tissues of the
freshwater golden pple snail §. diffusg as an invertebrate modelMolluscs are natural
freshwater fiter feeders that tend to accumulate pharmaceuticals and personal care products
(PPCPs) from aquatic environmgrnd water bodiesTheapproach hereins a methodology to
survey invertebrate models and evaluate the current chemical state of freshwatertiaqua
ecosystems. We compared the analytical performance of-DES$in the absence of the IS and
three differentlSapplication strategies based ats analyticalfigures d merit such asprecision,

accuracy, linearity and overall advantageous kmitations.

a) Method | b) Method Il c) Method IlI
Microspot Deposition Thin Film DESI Spray Solvent
L 2
. &,
L
-

— — —

Figure2.2: 1Sapplicationstrategies in MSI by DESI. a) MethelSlmicrospots on top tfie tissue.
b) Method II¢ ISthin film using the DESI sprayerMgthod IlI- addingthe IS in the DESI solvent

spray.
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2.3. Experimental

2.3.1. Biological Tissue Sample Preparation

Golden apple snailp(diffusa) were purchased from a local PetSi@orth York, ON,
CA) andeuthanized wih 300 mgmL of MS222 (tricaine methanesulfonate)fails were
thoroughly washed with HPLgPade water, snail shells and operculum were removed from the
body and placed in flexible pealvay moulds. Wholdody golda apple shailssnail headsand
bodieswere submerged with 5% CMC and 10% gelatin solution and kepyimax /  ¥BMIE ST S NJb
tissues were sectioned between-B0 pm thin sections with a cryomicrotome (Thermo Scientific,
Toronto, ON, CA) and mounted ontoamascope glass slidggppendix A. Sndi thin tissue
sections were kept in theB0°C freezer and later inthety 6 /  FNB ST SNJ F2NJ AYYSR

sections were air dried for 30 minutes prior to DEERI analysis.

2.3.2. SamplePreparatiorand ESMSAnalysiof Golden Apple Snap.(difusg Tissue Extracts

Snail tissue extracts were prepared by euthanizing two snails in 300 mg/mL solution of
MS-222 (tricaine methanesulfonateSnail shells and operculum were removed and rinsed with
distilled water. Snail tissue was homogenized usingbform/methanol(CHG/MeOH)1:1 v/v
mixture and the homogenate was placed in Eppendorf tubes centrifuged at 12000 rpm for 15
minutes. The supernatant was collectédm the homogenates ofnail 1 and 2 and the
procedure was repeated once more. Th&leOHfraction of snail 1 and 2 was combinadd
placed in a separate tube, while ti@HGfraction of snail 1 and 2 was collected in another. The
CHGlandMeOHfractions were dried down in a vacuum desiccator for 2 hotineCHG] extract
was resuspened in CHC$/MeOH (1:1 v/v)and the other fraton in MeOHimmediately before
ESIMS analysis. E®IS analysis of snail tissue extracts was performed Dinegimo LTQ (Thermo
Scientific, San Jose, USA) linear ion trap massrgpneterequipped with an ESI sourdeSIMS
was operated in positive ion mode using an applied voltage of 3 kV, a flow rate of 3 pL/min and

a nebulizing nitrogen gas pressure of 100 psi, an injection time of 20 ms and 3 micréswans.
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the ESMS analys n negdive ion mode, an injection tie of 50 ms and 3 microscans was

applied.

2.3.3. DESMSI ofthe Golden Apple Snap.(diffusg Tissuesections

DESMS imaging was performed on a Thermo LTQ (Thermo Scientific, San Jose, USA)
linear ion trap masspectromete equipped with a custorbuilt DESI source and a 2D moving
stage for MS imaging. DESI source parameters such as the incident angle, the capillary tip to
surface distance, the mass spectrometer inlet to capillary tip distance were optimizedMSESI
imagingwas performed in negative iomode using an applied voltage of 5 kV, a flow rate of 5
pL/min and a nebulizing nitrogen gas pressure of 120 psi, an injection time of 200 ms and 3
microscansGolden apple snail metabolites (fatty acids, DAGs, TédeShades, phospholipids)
were idenified by DESMS/MS in combination wittESIMS/MS spectraLIPID MAPS, Human
Metabolome and METLIN databases.

2.3.4. The Targeted Method Developmeinfor QuantitativeDESMSI

AnXcalbbut YSUOK2R g1 & OddRitha @dls isolgtion{ window ¥fA2 a
a mass range betweem/z 227.5239.5to monitor phenobarbitalm/z 231) and the isotopically
labelled internal standard, phenobarbitBb (m/z 236). DESVIS imaging was performed in
negative ion mode using an apd voltage of 5 kV, a flow rate of 3 fmin usingMeOHwith
0.1% NHOH (ammonium hydroxide) and a nebulizing nitrogen gas pressure of 120 psi, an
injection time of 150 ms and 3 microscans. Tissue imaging dimensions of 6&1i0 and
y=10,000 um with aesolution of 150 um was applied. A totafl 67 mass spectral files were
collected with a moving stage speed of 349 um/s for an image acquisition time of 1 hour. The
described DESMS imaging parameters were ustat allinternal standard application stragges

for comparisons.
2.3.5. DESMSI Dé#&a Processing and Collection

Mass spectra were processed by QualBrowser Xcalibur. The ImageCreator ver. 3.0

software was used to convert the Xcalibur 2.0 mass spectra files {mong format compatible
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with BioMap (freeware, http://www.maldimsi.org/) © process the mass spectral data and
generate 2D DESMS ion images. To generate lineiandardcurves, ion intensity ratios of the
drug and the isotopically labelld8(Io/l:s) were extracted and collected from Igeted pixels from

regions of interestROIs) in the ion images.
2.3.6. DESMSI n the Absence of thdnternalSandard

PBwas serially diligd between 0.1-100 ng/pLto final volumes of 1 mL in 1.5 mL
Eppendorf tubes. For the LAMQstudiesand to evaluge PB in the absence of the, IBuL of
the drugwith or without the IS, respectivelwere deposited onl10 um snail tissuesections
between 0.2100 ng/uL. DESNISI analysem negativ ion modewere performed under imaging

parameters describeth section 23.4.
2.3.7. Internal Standard Applicatn Strategies

In method I,PB and théSwere deposited in concentrations of 10, 50, 75 d ng/uL
spiked with 100 ng/uPBD5. The standard/IS mixtured (ul) were deposited directly ori0um
snail tissuesectiorsand dried for 30 minutes before the alysis. In method I, the application of
the I1Sthin film with the DESI sprayer wésst optimized. Preliminary experiments were carried
out by optimizinghe nitrogen gas presser@0-80 ps) and solvent flow rate$1.5-5 puL/min on
snailtissue sectionsThelSthin film was applied in an area of 11,000 x 10,000 um with a step
size of 200 pnby applying either Ihg/puL(0.34 ng/mm3,, 10ng/pL(3.36 ng/mm?2) and100 ng/uL
(33.6 ng/mm3 of PBD5in the DESI spray s®@int on 10 um snail tissue sectio$elS film was
air dried forl hr, andPB(1 ub) was depositebetween 10100 ng/uL orsnail tissuesectiors. In
method I, B(1 pub) was deposited on snail tissubstween10-100 ng/ulandPBD5 was applied
as theDESIspray solventn concentrations 00.1 ng/uL (0.5 uM), 0.2 ng/uL (1 uM), 1.2 ng/uL (5
pM) and 2.4 ng/pL (10 pM)pn MeOHwith 0.1% NROH (data not shown)The ntraday and
interday assayconsisting of 3 runs on day 1 and day 2 were carried out for methaad II.

MEDCALC® software was useddaerate the Blandiltman plot for statistical analysis.
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2.3.8. Evaluatiorof Accuracy

A quality control (QC) solution of PB (75 ng/uL) arnddbBE100 ng/uL) asprepared for
method I. In method II, the IS thin filof 10 ng/pL (3.36 ng/mm?2) wasprayedonto the 10 pum
thick snail tissue section. Three QC microspot®Bf(1 uL) werdeposited ontatissue sections
for method | andll andanalyzed by DEMSI. Thed/|s ratios were collected from DEBIS
images and th average PB concentration was backwaked using thed|sratios into the linear
regression equatio from the interday assay and the accuracy (%RE) and the 95% CI were

calculated (n=3).

2.4. Results and Discussion

2.4.1. MetabdomicProfiling ofthe GoldenApple Shail {.diffusg

Theinvasve freshwater golden apple snap.(diffusg, formerly known ap.bridgesij is
an aquatic gastropod mollusk in the family AmpullariidBlee snail is an invasive species that has
spread throughout Asia, India ambrth America originatingh the AmazorBasin. Golden apple
snails are amphibiouwith a ctenidium (gills) and the pulmonary sac (luegablingsnails to
survive long periodm both, airandwater. The nervous system consists of interconnected ganglia
throughout the body with the absence otantralized brainas typically found in mammals. They
exhibit an operculummainly composed of chitito protect soft tissues when withdven in the
shell. The digestive systerthe stomach andhe digestive glandand the reproductive system

(ovotestis) ae enclosed in the mantle cavity within the shell.

The metabolome of the freshwater golden apple smaildiffusg was investigated as ¢h
invertebrate model in this workA comprehensivaable outlined in AppendiA can be found for
the identification of snail metabolitesESIMS and ESVMIS/MS profiles in negative and positive
ion polarities revealed the presence of a wide rangenetabolites in tissue extract&igure2.3).
Fatty acids, diacylglycerides (DAGsindylglyceridegTAGSs), and phospholipids were observed
in the chloroform fraction of the extract. Fatty acids were found between the mass range-of 200

400 Da with the most abundant fatty acid corresponding toléic acid [FA (18:2) 6 qm/2 T
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279. Other fatty acids sticas decadienoic acid [FA(1012)8 qm/ZL&7, myristic acid [FA(14:0)

| & qm/Z22F7, palmitoleic acid [FA (16:1L)6 gr2zR53, palmitic acid [FA (16:0) 6 qm/Z255,

d kliQolenic acid [FA @3)1 6 q m/2Z%7, oleic acidHA (18:1) 6 q m/22B1, stearic acid
[FA(18:0) 6 q m/2 283, eicosapentaenoic acid [FA(260:5% g m/2 J01, arachidonic acid

I NJ OKA RA On/zI30 Juidendif2d ions aintz 309, énig 2 F
317 andm/z 319, and docashexaenoic acilDHA)YFA(22:6}1 6 gm/Z3Z7 were observed. The

[FA(20:4) 6 gm/Zo%1 o =
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Figure2.3: ESIMS full scan spectra of the tissue extracts of the invasive freshwater golden apple

snail p. diffusg from a) the CHgfraction. b) the MeOH fdion. The inset cheroal structure on

the top spectrum is glycerophosphoglyaePG(16:0/16:0), and the disaccharide, sucrose, in the

bottom figure.
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In the MeOHextract, mainly carbohydrates dzOK | & Y2y 2al OOKI NARSA

m/izu mp X o DABdgkn2l FL 7band Acetylhexosd 6 qm/2221 were identified (Figure

2.3). Deprotonakd, chlorine and formate adducts of disaccharides such a$ [DI® K| NA RS b wb /
of mz oTT1TZ ®5 A al OOKm/ANBR,S BatyldisacBharidd BTpf m/z 383,

w5 A &l OOKI Na&f Rifzb38h hahd6 tisaccharides|trisaccharidd 6 q  @/F 503,
OUNREF OOKI NRAWRS apboudgsy f 6lqy R 2 Foli NA & | OidzK ISMRA B & b wib / f
O NR &l OOK I VA 1S tereh presehtdhe metabolone of the golden apple sail

(p.diffusg in (+)ESMSshowedthe amino acid[Arginine+Hf of m/z 175asthe most abundant

metabolite. Sodium and potassium adducts of carbohydrates including samcbarides

wDf dzk DI f tla HG1s0 = 2 ToDf dzwrixl Z1% Y3 4 | @GK | NA R& 365 6 s 2 ¥
w5Aal OOKInMIoR Sib Y &/aR A5 NA a /DO NIWRE bbb ¢ BIaani2GOK | N
543 were observed among otrer(Figure 2.3b). Selected ESMS/MS spctra of these

metabolitescan be foundn Appendix A.
2.4.2. TheSpatial Distribution of Metabolites in theGolden Apple $hail .diffusg

The metabolites ircoronal head tissues afnail .diffusg were mappedby DESMSI
usingMeOH 0.19NH,OH(Figure2.4). Thesnail hea continstwo discrete amtomical regions,
the general head mass and the cephalic ganglia. Small metabolit@z &L 7,m/z 125,m/z 134,
and m/z 170 were distributed with high intensities in thener regions of the cephalic ganglia.
The fatty acids, ioleicacd [FA(18:0) 8af m/z 279 and arachidonic acid, [FA20148 q ¢ S NB
evenly distributed in the head but with higher intensities in the top outer region, surrounding the
cephalic, ganglidJnknown ias of m/z 307, m/z 309 andm/z 331 were distributel simlar to
linoleic and arachidonic acsliggestinghat these ionsnay beFAs with uneven alkyl chains. The
LIK2aLIK2t ALAREX LK 2 a8 LIK I (0 A R/ O7R& f phoshatidydserine 6 o n Y
[PK17:1/20:1}1 6 q m/2 00 and phosphatidylinositol [PI(1&20:4)-H]jgq &/ 885 were
localized evenly in the general head mass with increased intensities in the cephalic ganglia, while
[PS (38:4) 6 on#zB10 was onlyocalizedin the cephalic ganglid.astly, the monosaccharides
[Glu/Gall & gm/ZLM, [Glu/@I+CI% @fegn/z 215 and the lactate adduct of the monosaccharide
63t dz02aSk It Ol 2a 3nzR69,dbre dstributed i the ddtiériragisnéofithe2 T
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cephalic ganglia. The general haadssshowedhomogenous distbutions of metabolites such

asmonosacclarides, fatty acids and phospholipids.

Cephalic Unknown ion Unknown ion Unknown ion Unknown ion
ganglia

Linoleic acid Arachidonic acid

[Glu/Gal/Man-H]~ [Glu/Gal/Man+**Cl]” [Glu/Gal+Lactate]” [FA(18:0)-H]" [FA(20:4)-H]"

[PC (34:1)+CP*]" [PS(17:1/20:1)-H]” [PS (38:4)-H]” [P1(18:0/20:4)-H]”

o I 100

Figure2.4: (()DESMSI of golden apple sngil. diffusg tissues with MeOH 0.1% MMH. Imaging
dimensions of thesnail head tissue section wer6(0DO m x 1®M00 pmset to 150 um forthe
lateral resolution.
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The metabolites in snail orgairsidethe mantlecavityprotected bythed I & . N2 LJ12 RQ &
such aghe digestive system (stomach and digestive gland) ancbaptive system (owtestis)
were mappel by DESIMSI (Figure2.5). DESMS imagesrevealed the detection o0 ard 20
metaboliteswith MeOH and ACN, respectivelp. the mantle cavity op.diffusa the chlorine
adduct of thedisaccharidefMb w b éf /@ 3y7has been identified asucrose(Glu/Fru)and/or
trehalose(Glu/Glu)andlocalizedhomogenously in the digestive gland and gon&lscrose and
trehalose are the most abundantcarbohydratesin the snail digestivgonadgland complex
(DGG) Invertebrae animds, such asnollusc and insects usetrehalose, as anajor source of
energystorage andas aphysiologicatesponse to cold acclimatiot? High levels of trehalose and
prolineact & cryoprotetantsand arecorrelated with old tolerance irmolluscs andnsect %3
Interesingly, without this adaptation to co&t temperaturesit would have been difficultor

snails to surviveand become inasivein Nath Ameiica.

Deprotonated &tty acids, linoleidFA(182)-H] , arachidonicacid [FAQO:4)-H] ,and the
glycerophospholipid [B(16:0/16:6H] were mainly localized in the digestive glanth the
gonads, the most prominent ion was the fatty aci2bHHA [FA(2:6)}H] of m/z 327, andthe
unidentified ions ofm/z 349, m/z 373, m/z 850. Snail metabolites visualized in DS images
usingACNas the solvenshow similar spatial distribution patterre MeOH however the use of
ACN increased theumberof detectedunsaturated fatty acids(Figure2.6), suchaspalmitoleic
acid [FA(®:1)-H], oleic acidFA(18:1)H] ,eicosapentaenoic acifFA(20:5H] ,DAGs and the
detection of two unknown lipidan/z 826 and 840localizal onlyin the ganads.
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a) b) Gonads- C)
Ovotestis /!

L
Stomacd gland
A. MeOH Linoleic acid Arachidonic adid Docosahexaeonoic
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Figure2.5: (-()DESMSI of freshwater golden apple snail diffusg tissues inside the shell using
imaging dimensions df1000 um x14000 um set to 200 um for théateral resoluibn usingthe
solvent A. MeOH and B. ACN. a) Snay bwgide the shell fixed in 5% CMC. b) CMC block during
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cryosectioning. c) Optical image of 20 um tissue sectidfi&Bptained tissue after MSI analysis.
e) H&Estained tissueutlinedin red Panel AMSI ofthe snail tissuesectionwith MeOH 0.1%
NH;,OH Panel BMSI of snail tissugectionwith ACN 0.1% NBH
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Figure2.6: (()DESMSprofiles of the invasive freshwater goldapple snaild.diffusg tissuesA.
MEOHandB. ACN.

2.4.3. TheDevelopment othe TargetedQuartitative DESMSIMethod

Initially, we comparedthe tissue section thicknese evaluatethe samplingdepth ofthe
DESI sprayer. A range of pharmaceutical compoundiiding carbamzepine, fatanyl,
verapamil angphenobarbital were directly depositad concentrations of 100 uMn snaikissues
inthicknesses 010, 12, 15, 20, 25, 3dnfor DESMS analyses ingsitive and negative ion mode
(Figure2.7). Theintensitiesof the pharmaceutical compounds decreasedtlas tissuethickness

increasedrom 10to 30 um suggesting that these compounds infiltrated much farthes thie
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tissue and beyond the sampling liroitthe DESI spraydn general, tie optimal tissue thickness
gl a F2dzy R ( 2theanBlyzégpharmaceaticitamypdundsin Table 2.1,the decrease
of drugintensitiesfrom 10 to30 pm represensthe loss & the drugfrom infiltrating into deeper
parts of the tissue The oerall pecent lossof carbamazepine, fentanyl, verapamil, and
phenobarbital from 1030 um was observed as 33%, 780, 79%, and @6, respectively.
Carbamazepineshowed the least dependencen tissue thicknesseshowever this an suggst
that the drugremains on top ofthe tissuesurface and therefore is not a good representation of
in vivotissueexperiments in whichthe drug is embedded within thiéssue matrixIn contrast,
fentanyl, veraamil, and phenobarbital displayaery simiar final losses of the drug frod0-30
pum. Phenobarbital wasselectedfor the quantitative DESWSI study based on its signal stability
in negative ion modes shown bylow RSDH3-17%)compared to carbamazeping-35%)
fentanyl(5-19%)and veraamil (8%629% )acrosdifferent tissue thiknesse¢10-30 um) asshown

in Table 2.1.
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DOFentanyl 1.28E+03 1.30E+03 1.12E+03 4.83E+02 4.48E+02 1.63E+02
OVerapamil 8.72E+02 6.60E+02 4.98E+02 2.10E+02 2.55E+02 1.80E+02
B Phenobarbital 8.43E+01 8.46E+01 4.63E401 2.50E401 2656401 1.21E+01
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Figure2.7: Evaluationof tissuesamplingdepth by the DESI sprayer. 100 uM of carbamazepine,
fentanyl, erapamil and phenobarbital were degited h 1 uL spots osnailtissues rangg from

10, 12, 15, 20, 25, and 30 um in thickness. The figure displays the average intensity of the
pharmaceuticals (n=2Farbamazepine, fentanyl and verapamil are positivelyged ions [M+Hi]

in the (+)DESMS analyis and phenobarbital is a negatiweharged ion [MH]ein the ()DESMS
analysis.
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Table2.1: Probing theSampling Depth of the DESI Sprayer from Drugs Depatstedcentratios
of 100uM on Snail iBsueqp.diffusg from Thcknesses of 280 um.

Carbamazepine

Tissue Relative . Drug losses
. Average Standard Drug remaining
Thickness Average Spotl Average Spot2 . L Standard . across tissues
Intensity (n=2) deviation (SD) on tissues (%)
(um) Deviation (RSD) (%)
10 2.09E+02 2.03E+02 2.06E+02 4.2 2% 100% 0%
12 2.07E+02 2.22E402 2.15E+02 10.6 5% 104% -4%
15 1.53E+02 2.55E+02 2.04E+02 721 35% 99% 1%
20 1.09E+02 1.46E+02 1.28E+02 26.2 21% 62% 38%
25 1.35E+02 1.70E+02 1.53E+02 24.7 16% 74% 26%
30 1.53E+02 1.23E402 1.38E+02 21.2 15% 67% 33%
Fentanyl
Tissue Relati Drugl
. Average Standard elative Drug remaining ruglosses
Thickness Average Spotl Average Spot2 i L. Standard i across tissues
Intensity (n=2) deviation (SD) on tissues (%)
(um) Deviation (RSD) (%)
10 1.23E+03 1.32E403 1.28E+03 63.6 5% 100% 0%
12 1.20E+03 1.32E403 1.26E+03 84.9 7% 99% 1%
15 1.23E+03 1.00E+03 1.12E+03 162.6 15% 87% 13%
20 4.19E+02 5.46E+02 4.83E+02 89.8 19% 38% 62%
25 4.17E+02 4.78E402 4.48E+02 431 10% 35% 65%
30 1.70E+02 1.55E+02 1.63E+02 10.6 7% 13% 87%
Verapamil
Tissue Relati Drugl
. Average Standard elative Drug remaining ruglosses
Thickness Average Spotl Average Spot2 . L Standard . across tissues
Intensity (n=2) deviation (SD) on tissues (%)
(um) Deviation (RSD) (%)
10 9.22E+02 8.22E402 8.72E+02 70.7 8% 100% 0%
12 5.85E+02 7.35E402 6.60E+02 106.1 16% 76% 24%
15 5.68E+02 4.27E402 4.98E+02 99.7 20% 57% 43%
20 1.91E+02 2.28E402 2.10E+02 26.2 12% 24% 76%
25 2.03E+02 3.07E+02 2.55E+02 73.5 29% 29% 71%
30 2.03E+02 1.57E+02 1.80E+02 325 18% 21% 79%
Phenobarbital
Ti Relati D 1
fssue Average Standard elative Drug remaining ruglosses
Thickness Average Spotl Average Spot2 i L. Standard i across tissues
Intensity (n=2) deviation (SD) on tissues (%)
(mm) Deviation (RSD) (%)
10 8.73E+01 8.12E+01 8.43E+01 4.3 5% 100% 0%
12 8.65E+01 8.27E401 8.46E+01 2.7 3% 100% 0%
15 4.89E+01 4.36E+01 4.63E+01 3.7 8% 55% 45%
20 2.20E+01 2.79E+01 2.50E+01 4.2 17% 30% 70%
25 2.36E+01 2.93E+01 2.65E+01 4.0 15% 31% 69%
30 1.09E+01 1.33E401 1.21E+01 1.7 14% 14% 86%
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2.4.4.Phenobarbital

The psycholeptid®?Bbelongsto the drug classbarbituratesand the main mode of action
Ay @2t 9Sa AYONBFaAy3d GKS | Ol raéibabdtyri2adid (GA®Sn A Y KA 06
the central nervoussystem (CNSjcting as mn-selectve CNS depressant with sedativand
hypnotic actons® Theuse of barbiturates in humans has dramatically declined since new and
safer alterndives have emerged for aeathetic sedation and an@pileptic treatmentwithout
genotoxic and hepatoxic effex®> Berzodiazepines have largalgplaced barbiturates in routine
medical practice becaudsarbiturates have aarrowtherapeutic range, high potential for abuse
and toxicity However PBis still commonly used in veterinary medicine for surgical sedation, anti

epileptic treatment, and ethanasa.®

2.4.5. Slectivity

The selectivity of the M&inalysisdependson the ahlity to detect the analye froma
complexbiologicalmatrix without the interference of other analyte$4SI analysiallowsPBand
PBD5 to be detected as deprotonated isrfM-1 6 g m/22B1 and m/z 236, respectively To
eliminate thepossibility ofinterferencefrom other analytes such as endogenous metabolites
from the snail tissue matrixye examinedhe MS/MS profile®f the purestandardsPB andPB
D5, from PTFE subsites (Appendix A)and snail tissuesections (-(\DESMS/MS profiles b
deprotonated PB(m/z 231) and PBD5 (m/z 236) are shown inFgure 2.8.a. The MS/MXata
reveala the ion ofm/z 188 [M/ h b |a8 the primary fagmentfrom the neutralloss of 43 Da
(-CONH) Minor fragment ionof m/z 85 and m/z 144 identified as [Gl i 20,6 gnd [GoHioN]
were observedrom the losses of 146 Da and 87 Despectively(Hgure 2.8.c). Theisotopically
labelledlS PBD5 (m/z 236) showeda similar MS/MSragmentation pattern The MSMS data
showedthat interferences fromendogenous metabolites frorthe snail tissuenatrix were not

presentin the analysis.
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TheMS/MS profile were collected vi&CID from 1 pL spots of 100/pg of each standarend
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2.4.5. Pecificity

The targeted DESMSI approach was developed by monitorirB(m/z 231) andPBD5
(m/z 236) in SV mode withina mass windowof 12 Da(m/z 227.5-239.5). The full scan MS and
SIM mode spectra arghownin Figure2.9 below for comparisonIn full scan MSetweenm/z
200-300, the average intensityof PBand PBD5 was 1.63E1 (100%and 1.62 E1 (99.5%)
respectivey, while n SIMmode, the average intensity dPBand PBD5was1.97 E2 (97.5%nd
2.02 E2 (100.0%)hequantitative DESMSIstudy was performed in SIM modénce the relative

intensityof PB and PB5 ncreased significantly.
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Figure2.9: (-()\DESMS profiles of PBn(z 231) and the isotopically labelled 1SFB(m/z 236)
deposited (100 ng/uL) directly on 10 um srailfffusg tissue sections collectédr 30 secs in a)
Full scan MS moden(z 200-300) displaying the ava&ge intensity PB as 1.63E1 (100%) anD%B
asl1.62 E1 (99.5%). b) SIM mod#4228.5238.5) depicting the average intensity of PB and PB
D5 as 1.97 E2 (97.5%) and 2.02 E2 (100.0%).
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2.4.6. Sensitivity

Thelimit of detection (LOD) and quantificationqQ)of phenobarbital vasinvestigated
based on he signal to noise (S/N) ratio from DB& images (n=3). The LOD and LOQ are
standard limits set by the FDi#&y comparing measured signdl®m samples with known low
concentrations of analytéo establishthe minimum concentration at which thanalyte can be
reliably detected. AS/Nratio between 3 or 2:1 is generally considered acceptable for estimating
the detection limitand S/N of 10 ashe quantification limif’ In Figure2.10.b, PBmicrospots of
0.1, 1, 10, 100 ng/u43-4200 nM)were deposited on the 10 pum snail tissue sectibhe S/N=2
and S/N=9 was tmnd for 1 ng/uL (43 nM) and 10 ng/pL (430 nM), which was near tiedr@
LOQ, respectively.

2.4.7. Dynamic range

We investigated a lower linear dynamic ranfgem 10-100 ngbL and a higher linear
dynamic rangérom 100-1000 ngkL.We exploredwhether the drug was completely extracted
from the snailtissue section in a single MSI analysis. A consecutive infate tissue section
was performed after the first analysisvealal that PB wasompletely extracted from théssue
section (data not shownA higherdynamic range (25@000 ng/uL) was compared to the lower
range (16100 ng/pL). The ion images of the drug revealed incoreetraction from the tissue
at concentrationsi250 ng/uL after a second, consecutive MS image of the same tissue section
(data not shown)We found thatPBin the higher dynamic rangked to nontlinear standard
curvesdue to the saturation of thenalytical responséherefore, the lower dynamic rangeas

selectedfor MSlquantification experiments.

2.4.8. DESMSI of Phenobarbitah the Absence of tk InternalSandard

In the absence of th&§ the standardcurve wasplotted by depositing?Bdirectly on the
snailtissue sectionn concentrations ofl0, 50, 75, and 100 ng/uL (43300 nM) Figure2.10).
Theprecisionshowedhigh SDs and RSDs ranging fadh27% in thdinearrange of D-100 ng/pL,

respectively(n=3) (Figure2.10.e). Higher RSDs werbserved at lower concentrations due to
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greater variations near the LOQ. Moreover, the correlation coefficiefroif) the standardcurve

was found to be r?=0.95%6 The U.S. Food and Drug Administration (FDA) suggests #hat th
precision (RSD) shoulik <20% at the LLOQ and <15% at all other concentrations and the
linearity should not fall below r2=0.98.The SD, RSD alidearity of the DESVISI analysis in the

absence of theéS wuld not meetthe guidelinesset by the FDA
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10 7.8 10.1 5.8 8 2 27%
50 33.8 21.4 25.8 27 6 23%
75 47.0 40.7 50.2 46 5 11%
100 78.0 66.0 80.7 75 8 10%

Figure2.10: (-()DESMSI analytical performance in the absence ofi8mn 10 um snailg( diffusg
tissues. a) H&E stained 10 um tissue section after MSkendlyLOD stuayf PB(m/z231). c) B
microspots of 1100 ng/uL on the snail tissue sectidpStandarccurve ofPBfrom snail tissues in
the absence of th&Sfrom three separate-JDESMS imaging analyses (n=8)Table of the overall
analytical pgformance.
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2.4.9. Tissue Homogeneity

The homogeneity of théiologicaltissueis an important aspect of the MSI studyhe
composition of thetissue matrixmust remain constantto compare between differentS
application strategiesThe sail headwas selected asthe model tissue because ofits overall
homogenousompositioncontainingtwo distinct anatomical regionghe bulksnail head anthe
cephalioganglia Figure2.10.a). DESMSiIof the snail head tissuevealed thaimetabolites, such
asfatty acids, monosaccharides aptdosphdipids were spatially localized evenlytims region
Moreover, theuniform spatial distributios of PBin Figure2.10.calsosuggessthat the snail head

tissuesare in facthomogenous.
2.4.10. Method Il - The hternal Sandard in the DESpray Solvent

In method Ill, the IS was spiked in the DdeBlent sprayand PB was deposited on snail tissue
sections (1€100 ngfuL) however, this mdiod did not disply a good representation of the
extraction and ionization efficiency of the drug from tissues and it was challenging to produce a
linear response. In DESI, the desorption and ionization of analytes from tissues iskgrigen
solictliquid extraction. The$ added into the DESI solvent becomes charged in solution before
0KS GRNRLX SG LAO1dzLd YSOKIFyAayYée GF1Sa LXIOS:
GRNER LJX SG LIA O findethich\e&rpduhdy anathé sSufaceeaextracted into tle thin
liquid film by means of primary solvent droplets and analytes are desorbed/ionized as secondary
droplets. Thereforethis method does not mimic well the ionization/desorption process that the
analyte undergoes by typical DESI nmeubms Quantitatie MSI byaddingthe IS in the DESI
solvent spray may be quite challenging from an analytical standpidiethod | and lishowed
much better overall analytical performancand therefore method Illwas not investigated

further.
2.4.11. Method Il¢ Optimization ofthe ISThin HIm

ThelS thin film applie@dn top oftissue sections was optimized prevent the disruption

and delocalizationof endogenousmetabolites from the snail tissue matrix The spatial
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distribution of fatty acidsand phospholipids in rabrain tissue seabns by DESVMS are well
descrited in the literature®®192 Rat brain tissue sectionsvere used as controls to evaluate
changes in the spatial distribution of endogenmustabolitesas a result oapplyingthe thin film
under different conditiols of Nitrogen gaspressure(40-80 psi) andsolventflow rates (1.55
pL/min). In rat brain tisses,three phosplatidylcholine adduct iongdP&16:0/18:1+Ngs of m/z
782, [P(16:0/18:1+K]ss0f m/z 798were localizedicrossthe brain exceptn the corpus callosum
and[PQ(36:1)+Ngsof m/z 810waslocalized in the corpus callosum, thalamus aggothalamus
(Figure2.11.A). The spatialistribution of the phospholipidswas conserved asompared to
controlsunder conditions of 40 psi and 1.5 pL/mirsed toapply the IS thin filnfFigure2.11.B).
These results indicatethat the tissueremairsintact after the¥ A fapplicationsincemetabolite

delocalization and splashing effectem not observed.

eep Cerebra  Ceredral cortex

Oorsal 3%
while matteg Ventricle
N ot

A. Control

100%

m/z 782 m/z 810 0%
B. Application of the thin film

d) 100%

m/z 782 m/z 798 m/z 810

0%

Figure2.11: (+)DESMSIlanalysiof phospholipids i10umrat brain tissue sectionssng MeOH
Panel AControl rat brain tissue. PanelAter theadditionof the IS thin film usingNitrogen gas
pressure of 40 psi arasolven flow rate of 1.5uL/min. DESMS image dimensions 06000 x
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10000 um set to a lateral resolution of 2Q@n. The top image illgtrates the brain substructures
of a coronal rat brain tissue sectiadapted from Woodst al 103

In parallel, weinvestigated the concentration d&Sthin film by applying 110 and 100
ng/uL within an area of1l10 mmz2on snail tissus corresponding to 0.3, 3.4 and 33.4 ng/mm?2
respectively [figure2.12). The optimalthin film was 10 ng/pL (3.4 ng/mm?) that showed good
Io/lisratios and the correlation cdBcient of r2= 09866 compared to r?=0.9506 using 1 ng/pL (0.3

ng/mma?).

Table2.2: The application of thkSthin film on top of snailp(diffusg tissue sections

Method II: Application of thin film with 1 ng/puL

. ROI. . ROI. . ROI. Thin film  Image Film Mass Thin Film
[PB] ng/uL intensity intensity intensity Volume Area (ng) Conc
ratio PB PB-D5 & '
10 0.95 4.3 4.5
50 2.00 7.8 3.9 11 mmx
37uL 10mm= 37ng 0.34ng/mm?
75 2.10 9.6 4.6 2
110 mm
100 2.71 18.9 7.0

Method II: Application of thin film with 10 ng/pL

. ROI. . ROI. . ROI. Thin film  Image Film Mass Thin Film
[PB] ng/uL intensity intensity intensity Volume Area (ng) Conc
ratio PB PB-D5 & '
10 0.17 48.8 293.1
50 062 1823 2936 ié e 370ng 336 ng/mm?
75 088 2474  281.1 H N g =.5bng/mm
110 mm
100 1.32 336.1 253.7

Method II: Application of thin film with 100 ng/uL

) ROI. . ROI. . ROI. Thin film  Image Film Mass Thin Film
[PB] ng/uL intensity intensity intensity Volume Area (ng) Conc
ratio PB PB-D5 & '
10 0.02 2.2 112.8 11
mm X
50 0.03 3.5 105.4
75 0.03 2.9 1027  o/wb 10mm= 3700ng 3/?1'1?112
' ' : 110 mm? g
100 0.03 3.1 96.7
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Figure2.12: Method lI¢ The gtimization ofPB-D5 thin film orsnal tissues by DEMSI. a) IS film
of 1 ng/uL. b) IS film of 10 ng/uL. c) IS film of 100 ng/|8tadylarccurves of the IS thin film of 1
ng/uL (0.34 ng/mm2) blue line, 10 ng/(8.4 ng/mm?) grey line, and 100 ng/pL (33.6 ng/mm?2)
green line.

2.4.12. Comparisorof the Internal Standard Application Strategies

In this study, thdreshwatergolden apple snaip(diffusa) wasusedas the invertebrate
model to compare between threSapplication strategies. Thisotopically labelledS PBD5 and
the psycholeptic drugPBwere used to evaluate the accuracy and precision of the tHe
strategiesfrom in vitro dosed snail tissue sectiondn method |, the drug and théS were
deposited as microspots on top of snail tissbetween10-100 ng/uL spiked wih 100 ng/uL of
the 1S.In method Il, thin filns of the ISwere applied on top of thesnailtissues followed by the

deposition of PB microspots (41M0 ng/uL).

Intra- and interday DESMS experimentswere performed to assess the precision
(repeatability), and linearity ahethod | and llin the(-)DESMSI studyPB(m/z 231) andPBD5
(m/z 236) precursor ionsvere monitoredin 12 Da mass window in SIM modimaging analyses
for method land llwere mmpleted on two separate days (day 1 asaly 2)with 3 imagingruns
per day Fgure2.13). The intraand interdaystandardcurves were generated by extracting the

ion intensity ratiosof PB to PED5 (p/lig from ROIs in the DE®IS images angblotting FB
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concentration vs the average ion intensity ratiog/l($ (Figure2.14). In method land I| PB
microspots displayed a gradual increaseafative intensities from 10100 ng/pL In method I,
the IS showedsimilar intensities between microspotsvith uniform spatial distributions In
method Il,the 1Sthin film alsorevealed uniform distributioawith the exception of a few pixels
locatedat the centre of thesnail tissue (Figure 2.13.B). However,these pixels did not coincide

with PB microspots, and were not included in the linear regressinatysis Figure2.13.B.f,1,n).
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A. Method | Day 1 Day 2
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Fgure 2.13: Intra- and Irterday ¢()DESMSI study of PB arfdBD5 on snailf. diffusg tissues
between10-100 ng/uL. Panel A. Method Microspots on top of the tissue. a) Snail head tissue
block during crgsectioning. b) Optical image. c) H&E stained tissue section aftend@is d)
f) & h) Day X100 ng/uL of PB5 (m/z 236). e), g) & i) Dayg PB(m/z 231). j), I) and n) Day-2
100 ng/puL of PB5 (M/z 236). k), m), 0) DaygPB (n/z 231). Panel Blethod Ii¢ Application of
the IS thin film with the DESI sprayer. a&ilSread tissue block during cryosectioning. b) Optical
image. ¢) H&E staine$sue section after)DESMSI analysis. d), f), h) Dag 10 ng/uL of PIB5
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(m/z 236) corresponding 3.4 ng/mm2). e), g) & i) Day PB (n/z 231). j), I) and n) Day-PB
D5 /z 236). k), m), o) Day 2B (n/z 231).

The linearegression analysis for method | and Il atenmarized inrable2.3. We found
RSDof 2.37.6% (day 1) an@.88.1% (day 2) and interday RSDs6@®-7.4% br method I.
Meanwhile, for method Il RSDs ranged frd3.818.9% (day 1) an8.9-19.6% (day 2) and
interday RSDs df0.7-17.6% in the same dynamic rangén comparison, method éxhilted
better precision than method,lin both,the intra- and interdayDESIMSIanalysis.

The linearity for the interdaypESMSIlanalysis was to some extent improv&dm the
intraday resultsdue to the increasing number of replicates corresponding toretation
coefficients of r2=9894 and r2= 0.48 for method | and Jfespectively Figure2.14). In summary
the intra- and interdayprecisionexperimentsmeet the FDA criteria for precision (regahility)
in which RSDg&ncompass 20% at the LOQ and <15% at all other concentratidne dynamic
range spannedtwo orders of magnitude The lowest and highest PB concentration had RSDs
between7.4-17.6% at 10 ng/uL and 61.7% at 100 ng/uL fanethod | and llrespecively.
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A. Intraday Analyses

Method I: Standard Curve of PB from Snail Tissues by
Droplet Deposition - Intraday Analysis

PB Concentration (ng/uL)

Method IlI: Standard Curve of PB from Snail Tissues by IS Thin
Film - Intraday Analysis
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Figure2.14: Intra and interdaystandardcurves plotting?B(ng/uL) vs the ion intensity ratios of
PB/PBD5for method | and IIPanel AMethod land llintraday analyss Panel BMethod land |l
interday analyss.
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Table2.3: Intra- andinterdayMSillinearregressioranalyssfor method | and Il

Method | and Method I

[Pb] ng/uL 10 50 75 100
nM 433 2164 3245 4327

Method | - Deposition d PB/PBD5 microspots ontop of thetissue

Linear equation

Day 1 y=mx+b
n 3 3 3 3 n 12
Aveage (b9 0.25 0.67 0.81 1.08 m 0.0089
SD 0.02 0.04 0.05 0.02 b 0.1812
RSD 7.6% 6.4% 5.9% 2.3% r2 0.9891
Day 2
n 3 3 3 3 n 12
Averagg(lo/li9) 0.24 0.64 0.79 0.97 m 0.0080
D 0.02 0.04 0.07 0.03 b 0.1945
RSD 8.1% 6.2% 8.8% 2.8% r2 0.9851
Interday
n 6 6 6 6 n 24
Average 0.25 0.66 0.80 1.02 m 0.0084177
SD 0.02 0.04 0.05 0.07 b 0.1896
RSD 7.4% 6.2% 6.8% 6.5% r2 0.9894

Method Il - ISthin film ontop of thetissue

Linear equation

Day 1 y=mx+b
n 3 3 3 3 n 12
Average (b9 0.15 0.47 0.68 1.01 m 0.0093
SD 0.03 0.05 0.09 0.14 b 0.03
RSD 18.9% 10.7% 12.8% 13.8% r2 0.9816
Day 2
n 3 3 3 3 n 12
Averag€(lo/lig) 0.16 0.53 0.76 1.01 m 0.0093
SD 0.03 0.06 0.11 0.10 b 0.06
RSD 19.6% 11.4% 15.2% 9.9% r2 0.9996
Interday
n 6 6 6 6 n 24
Average d/li9 0.16 0.50 0.72 1.01 m 0.009332
SD 0.03 0.06 0.10 0.11 b 0.04924
RSD 17.6% 12.0% 14.5% 10.7% r2 0.9945
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2.4.13. Statistical Analysis

Statistical analysis was performed by the Bla&itinan plot as the @phical
representation of the agreement between th8applicationstrategies Figure2.15). The Bland
Altman plot was created with a total of 24 data pointeludingthe ion intensity ratios (flg
versusPBconcentrations (16100 ng/uL) for method | and from Table2.3. Thehorizontalblue
line drawnat the mean(0.09) shows the scattering of the data points arounis tientral mean.
The data points are well containeditiin the low and high limits of agreement as the mean
difference £ 1.96 SD and found within the lower and upper 95% confidence interval (Gl) limi
represented by green error bars. The Blailthman plotresults showed that method | anddre
not statistcally significantly different anidoth canbe used interchangeably for quantitative DESI
MSI.

a)  06F b)
| Bland-Altman plot with multiple measurements
04l per subject
= I = +1'9%i[2) Method A Method_|
4 4 .
8 02 B - Method B Method_lI
= S - Mean
= 2 0.09
_'I 0.0F _ - > s 166D Differences
5 n 8-1. .
g 4.l Gid Sample size 24
g ] Arithmetic mean 0.08667
04k L Lower limit -0.1424
| 95% Cl -0.4095 to -0.06788
06 . 4 o, R R Upper limit 0.3157

L 1 L
0.0 02 04 0.6 0.8 1.0 1.2 1.4
Mean of Method_| and Method_lI

Figure2.15: a) A BlandAltman plot with multiple measurements per subject (concentration) by
plotting the differences betwee the methods against the averages of the methods as a
comparison betweeiSapplication strategies. The harizal line represerst the mean difference

(blue line) and the lower and upper limits of the SD (x1.96) of the mean (red dotted lines) and the
upper and lower limits of the 95% CI (green error bars). The red hollow circles (10 ng/uL), red
squares (50 ng/uLplue circles (75giuL) and the green triangles (100 ng/uL). b) The Bland
Altman input and output data.
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2.4.14. Method Validation byAccuray Assessment

The accuracy of thiSstrategies was compared by evaluating {ercentrelative error
(%REDPf PBfrom in vitro dosedsnail tissue sections. Quality cont(@C)PBmicrospotsof 75
ng/uL were deposite@dnd the IS was appliday method | ad 1l(Figure2.16). From the 2D DESI
imagesthe averaged/|sratioswerefound to be0.79 + 0.01 and 0.82 + 0.@&dthe average QC
concentratiorswere 71 £ 4 ng/uL and 83 £ 9 ng/uL for method I and Il, respelgtin=3)

Method | Method II

a) Sl b) Phenobarbital-d5 | c) Phenobarbital d) [£LUCL €) Phenobarbital-d5 | f) Phenobarbital

/ ganglia /v ganglia

100 ng 75ng

.
/ N

75 ng

Head ; y
e U /2236 m/z 231

o I, 100

= | mm = 1 mm

Figure2.16: Method validation by assessing the accuracy of meithod Il fronPBQCK75 ng/pL)
on 10 pm snail tissue sections PB}D5 (m/z 236) QC microspots of 100 ng/|@h=3) b) PB (m/z
231) QC microspts of 75 ng/pL (n=3). &B-D5 thin film {0 ng/ul) in the DESI solvent spray
corresponding to 3.4 ng/mmneén tissueg(m/z 236). d)PB (m/z 231) QC microspots of5 ng/uL
(n=3).

In method I, aslightoverestimate ofPB(83 + 9 ng/pLjvas foundfrom QG of 75 ng/pL
from applying thefilm first, followed bydepositing the PBnicrospotson top of the IS filmThe
order in which thedrug and ISvere depositediead to higher PBintensities and d/lis ratios
somewhathigher than expectedn canparison method| showed lower SDs, RSDs and narrower
95%CI(67-76 ng/uL) than method Il (83 ng/uL) However, both methodscontainedthe target
QC(75 ng/uD) in the 95% CIThe accuracy represented as the average %&#ES.3% and 0.6%
for method | and Isuggestd only minor differencesn accuracyetweenthesemethods(n=3)
Theaccuracyevaluated herdalls within the FDAaccuracyrequirements 015% of the nominal
valueof the expected content® In summarythe DE$MSI datashowed two major sourceof
variation that impacthe accuracy and precisipnvhen all other aspectsf the DESI experiment
(source parameters, solvent, solvent flow rate, nebulizing gas pressure, tissue matrix, etc.,) are

kept constant, such as
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0] The uniformityof the IS on tissuesand

(i) The sequencén whichthe drug and 1S asapplied

The uniformity othe IS is important so thai/l sratios do not vary significantly from pixel
to pixel and encompass smaller deviations that represent theceotration of the drug more
accurately in ROIs. Another important consideration is the sequence the drug areldfplied
onto in vitrodosed tisues that may result in an under or overestimation of the concentration as
shown for method IIThe investigaon of ISstrategiesin MSland validatingnew quantitative
methodscanleadto understandingof the factors ivolved for the best performing streegy to
guantify and map the spatial distribution ¢érgeted analyteson a pixel by pixel basfrom

biologral tissus.

2.5. Conclusions

Quantitative MSI continues to be a challenging area of researthambientionization
techniquesto identify, quantify and map the spatial distribution of analytesm complex
biological matricesln the present work, thenvasive freshwater golden ampbknail . diffusg
was used as the invertebrate model to evaluate differen¢intil standard application strategies
for quantitative DESWISI. We presented a comprehensive qualitative and quantitative
evaluation of three rathods toaddthe ISwith the aim of establishing an approach for routine
targeted quantitative DESISI analysi for exogenous compounds. In the intaad interdayMSI
studies, the deposition of the drug and th&as droplets on top of the tissue (mettid) showed
the best overdl analytical performance in terms of precision and accuracy compared to method
[I. In this study, the two majosources of variation that impacthe accuracy and precisian the
DESMSI analysis, were found to be as a resulipthe uniformity of thelS on tissues, and (ii)
the sequence the drug and I applied.The analyticaligures of merit for method | and Il fall
within all the acceptableguidelines set by thé&DA.Rnally, statistical analysis by the Bland
Altman pbt revealed that method &nd Il are not statistically significantly different and may be

used interchangeablyf quantitative DESVISI.In future MSI studiest would be interesting to
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guantifydrugs classified @®PCPs from aquatic invertebrates dogedivoand animals that have

been exposed to PPCPs from Canadian environments such as rivers, lakes ancedstersh
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Chapter Three (hemical Profiling of
Bioactive Secondary Metabolites from
Maca (Lepidium peruvianum by Normal
and Reverse Phase TLC Cegplo CESIMS

Chapter 3 is aubmittedversion of the manuscript:

Perez, C.Bouza, R.C., Ifa, D&emical profiling dfioactivesecondary metabolites from Maca

(Lepidiumperuvianum by normal and reverse pha3é.C coupled tDESMS J Mas Spectrom
2020.Submitted.
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3.1. Summary

Maca (epidiumperuvianun) is a Peruviatuberous root d the Brasgaceae familyvith
important biological activitiesand medicinal propertiesWe report a rapid HPTLE)DESMS
method to profile and separatantact glucosinolates from the hydromethanolic extraofsed
and blackMaca (Lperuvianun) seeds. In the firs&t G 3S 2F GKS LI I ydQa f
glucosinolates were the main chemical constitueimghe seedsGucolepigraminGucosinalbin
were the mostpredominantprecursos, rather thanGlucotropaeolinaspreviouslyreported in
hypocotyls and roots. Tise findings lead us to suggest thdtilepigraminGucosinalbinplay
important rolesasactive precursasin the biosynthetic pathways of otheecondary metabolites
in the early stages of plant developmeBetween ed and black Maca seedsinor differences
in the relative abundances of glucosinolatesere observedrather than different plant
metabolites. For the first time, we report six potgial plant antibiotics, phytoanticipins:
glycosylated ascorbigens and dihydroascorbigens from Maeds Moreover, we developeda
GF NBSGSR NBJSNAES LI I-BESMS/ rsethod Hvilkyh@li sehsftivity AHdS R ¢ |
specificity for Brassicaceae fattyi@és in Maca seeds and health supplemeritse investigation
of secondary metabolites by normal aneverse phas&@ LEDESMScanaid in the identification
of these compoundas they begin to emerge in later stages of development in plant tissues such

as leaves, hypocotyls, and roots.
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Figure3.1: Schematic represenian of HPTLC coupled to DEfSfor phytometabolomics.
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3.2. Introduction

Maca (epidiumperuvianun) is a tuberous root native to South America in the Andes
mountains of Peru. Maca &n biennialherbaceousplant, in the Brassicaceae famifyrown in
the Andes mountainsat high altitudes of 3800to 4500 m!% Maca is a medicinal plant with
important biological activiti€8® such as atioxidant and anti-inflammatory activities°,
neuroprotective!®” and hepatoprotective effectsanti-depressant®199 fertility enhancing
properties®110.11 energizingand antiproliferative activitiesThree major phenotypes, yellow,
red, and blackexist distinguishablédrom coloursof the hypocotyland tuberous rootof the
plant!*?Interestingly, Micaphenaypeshaveshown different biological activities, however, the
correlations between phenotymaand thebiosynthetic mechanisms driving these differences in

biological aawities are not yet understood.

Chemical profiling of Maca has led to the discovery of many diiva secondary
metabolites such as glucosinolatedkamides (macamides and macaengsigazole and pyrrole
alkaloids thiohydantoins fatty acids flavonoid, flavonolignans and phenolkompounds?!?3114
Glucosinolates are anionic precursors to many secondary metabolites, tlaeg sulfur rich
compoundstypically found in Brassicaceg@éants'®4115 Structurally,these precursors aré-
thioglucoside Nhydroxysulfates, also known as{¥hydroximinosulfate esters, withromatic,
aliphatic and indoyl (Ryroupswith ai -D-thioglucose moiety!? In the last decade, they have
been of hterest due to theithemoprotective and arproliferative activities againgtieLacancer
cell linest’3116TheglucosinolateY @ NP A Ay &S & @& & G S YisachevizideferddR 2 A f
mechanismin plants activated during pathogenic infection or tissusrdption from herbivores
feeding on the plant By myrosinase (thioglucosidass), glucosinolates a converted into
isothiocyanates, nitriles anthiocyanates, pithionitriles, and oxazolidine2-thionesto defend
the plant under attack'®1Aromatic sothiocyanates are known to be highly toxic to herbivore
insects. Current MS analyses involve the enzymatic conversion by thiosulfates into desulfo
glucosinolatesand myrosinase into igbiocyanates. Howeverthe desulfaton rate of

glucosinolates can be affected by feedback inhibitacdrthe enzymecausing theincomplete
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removalof the sulfategroup.!'® Therefore, these methods most likely yield an underestimation

of the finalglucosinolatecontents from plant tissues.

Desorption electrospray ionization (DESknsambient MS analytical tool for the direct
analysis of analytes deposited on surfaces anthfbiological tissue sections with minimal to no
sample pretreatmeng:!! DESI is a spray basathbient technique that operates in the open
environment. A charged spray of solvent dropleiseedted towards the surface desorbs and
ionizes analytes which are directed to the M8ei under vacuum conditions:*3¢¢ The
investigation of phytochemicalsom TLC imprints or directly from intact plant tiesusuch as
flowers, leaves, roots, and twigs are well described in the literadtif@33.3411423 |n this study
we report the main chemical constituents in red and blddica (. peruvianum seedsto
investiggS LJ F y i LINSOdzZNE2NR Ay GKS FTANRG adal3as
developed HPTLC and RRDESMS methods for the analysis of bioactislasse®f secondary
metabolites such as intact glucosinolates, glycosylated ascorbigens and dioattngens, free
fatty acids and imidazole alkaloids from Maca seeds and health supplements such as lyophilized

root powder and tinctures.

3.3. Experimental
3.3.1. Materials and Reagents

HPL&rade methanolMeOH),water (HO), acetonitrile(ACN), adene (Ace), ethanol
69Ghl 0T OKE2NBF2NX o/ 1/ f1i 0Zand& dilicadel RPTLOHakeS f
Fss were purchased from Sigm@ldrich (OakWie, ON, CAHPTLC plateglass backed50 pum
stationary phasgwere purchased tm SiliCyle (Quebec City, QC, CRed and Black Maca
(Lperuvianun) seeds were purchased from Strictly Medicinal .L(M@lliams, OR, USk}# 9776
and lot#10644, respetively. Black Macal(.meyenji root lyophilized powdeand St.Francislerb
Farm Macal({.meyeri) root tincture were purchased from a local health food store (Torontg, ON

CA)
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3.3.2. The Extraction of Secondary Metabolites fMataSeeds an&upplements

Red and black Macd. .(peruvianun) seeds were extracted for glucoslates by the
protocol desribed fromDohenyAdams et al. with some modificatiod&'Briefly, red (54.4 mg
0.01 mg ard black (54.1 mg 0.01 mg seeds were weighed and extracted with 1 mL of cold 80%
MeOH ¢20°C). The seeds were manually macerated to thoroughly grind the samifbl@ glass
pestlemaintaining the temperature at°€C. Tle crude extract was ultrasonicatedrf30 min at 8
+ 2°Cand centrifuged for 15 min. at 5000 rpm. The supernatant was collected and kept frozen in
a-20°C freezer. For the fatty acid extraction, tddca seeds (55.5 mg) were manually macerated
with CHGY MeOH(1 mL/0.5 mlv/v) and vortexed ér 15 min The crude extract was left to stand
for 1 hr, ultrasonicated for 1 hr and centrifuged for 15 min at 5000 rpime CHGMeOH
fractionswere separated ad the CHGIfraction was placed in another tube and evaated to
dryness. The CH@ktractwas stored at20°Cprior to DESMS analysis and resuspended on day
of analysis. Bck Maca I(.meyenjiroot powder was weighed (1.0097 g) and extracted wiih
mL of HO/CHQ (1:1 v/v). TheCHG layer was collected, air dried for 3 days, and resuspended
AY m Y[ 11 @

3.3.3. ESIHRMSAnalysis of Red and Black Mdcgéruvianum Seeds

The red and black hydromethanolgeedextracts were serially diluted anénalyzd by ¢
)nanoESHRMS using the Thermo Fischer QExactive hybrid QuadrugOteitrap mass
spectrometercoupled to the dual ESI/MALDMIS injector (Spectroglyph LL&gnnewick, WA,
USA) described elseweré”® The ESIHRMS analysisvas peformed with the folbwing
parameters: capillary spray voltage 4 kV, capillary temperaturé@5ih injection time of 50 ms
and 3 microscans. The mass resolving pomes set t0140,000 atm/z 200and mass accuracies
2F X T LY ¢S NjBicasholaieSoNSIS R O F2 NJ | f
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3.3.4.The HPTLC/RPH-DESMS Analysis of Secondary Metabolites

Maca (peruvianun) seedextracts(0.1 pb) were deposited 0.5 cm from the bottom dfie
HPTLC/RPTLC plates aedeloped in a glass TLC chamiben glucosinolateand glycosylated
ascorbigens and dihydroascrobigensie tHPTLC plate was developed along 4.2 cm with
BnOH:EtOH (7:3) v/ wide range of solvent combinations for the mobile phase wested
and BnOH:EOH (7:3) v/wvas selected as the best system to separate glucosinolBXeSMS
analysisvas performed ora Thermo Scientific LTQ linear ion trap mass spectrometer (San Jose,
CA, USA) equipped with the custom built, automated DESI ion source couplé&tDtonaving
stage described in detail elsewhe?&@Mass spectral data was collected by continuossignning
with a eed of 100 urfs in a total time of 4.8 mis. DESion source parameters were optimized
as follows a capillary tip to surface distance of 4 mm, an incident angle to the surface of 52° and
a 46 mm distance from the mass inlet to the solvent capillasing ACN as the DESI solvéhie
injection time wasset to 200 ms and 3 microscans. Thegogen gagressureand the flow rate
applied wasmu n n LJa A | yfd®pegively HokBraksjcaceae fatty acidsreverse phase

RPTLEG)DESMS method wasippliedusing / b Yl i h oy DESkolvEm @ | & (GKS

3.3.5. The HPTE@)DESMS Analysis of Imidazol&a&loids

TheHPTLC developing solvent Ace:Ben (7:2:1) v/iv was most efficient systefor the
separation ofimidazole alkaloid® NB Y G KS /I / €1 SlEnepeh)idot p@vder 0 f | O
and directly fran Maca tinctures The HPTLC plate was develoadahg 3.5cm and DESVIS
analysiswas performed in positive ion mode with parameters as described abova total

analysis time of 5.8 min.
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34. Results and Dissgion

3.4.1.Glucosinolates

In the Brassicaceae family, different species have aromiatilmyl and aliphatic type
glucosinolats, but each planttypically containssix highcontent glucosinolates and several
others inminor andtrace amounts'*? In the first stage of plant development, red and black
Maca (. peruvianun) seeds presented Bl profiles containing a total df0 glucosinolates6
aromatic, 3 indoyl and 1 aliphatic glucosinolatere found by HPTLOESMSin negative ion
modeasshown inFigure3.2 andTable3.1. Theidentification of these metabolites was supported
by ()ESIHRMS angkes of thehydromethanolic seed extracts set to the mass resolving power
of 140,000 aim/z 200 (Appendix B. Atotal of 6 aromatic and one aliphatic glucosinolatere
ARSYGAFTFASR Ay (KS Ilwa{ lylteara gAGK YIraa |00
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Figure3.2: HPTL{)DESMS profiles of glucosinolates from the hydromethanolic extracts of Maca
(L.peruvianum using ACN)d&ed Maca seeds) Black Maca seeds. c) Black Maca root lyophilized
powder. The inset MS spectra illustrates glycosylated ascorbigeshgddoascorbigens in the
mass range ah/z 460-600.

63



Table3.1: Bicactive Secondary Metabolites in Redl Black Macd_(peruvianum Seeds and Black Maca Root Powder analyze

HPTLC andPTLOESMS in Negative lon Mode

N° Tentative Chemical Monoisotopic Type of lon lon CID MS/MS
Metabolite Formula mass (m/z) (%) Fragment lons

Gl n-hexyl glucosiniate CisHoANOS 402.08925 [M-1 8 q 402> 20 nd

G2 Glucotropaeolin GdHisNOS 408.04230 [M-1 8 q 408 20 259(100) 275, 230, 291, 166, 19

G3 Glucolepigramin 259(100), 275, 28, 291, 344,

G4 Glucosinalbin GiaHi1s010NS 424.0372 [M-l 6 q 424 20 406, 182, 246, 148

G5 Glucolimnanthin 20 259(100), 275, 291, 242, 358, 1¢

G6 Glucoaubrietin CisdNOS 438.0528 M-8 q 438

G7 Unknown GisHsN O 450.05624 [M-l 6 q 450%° 20 nd

G8  3-hydroxy4-methoxy  GisHoNOuS 454.04778 M-l 8 q 454> 20 259(100), 275, 375, 291, 212,

benzylglucosinolate 242,195

G9 4-hydroxy Gel snbi 463.04812 [M-l 6 q 463" 20 nd
Glucobrassicin

Gl10 Unknown - [M-1 8 q 466° 20 408(100), 268259, 212
glucosinolate

Gl1 Unknown - - M-l 6 q 468 20 408 (100)
glucosinolate

G12 3,4dimethoxybenzyl GgHsNOuS 470.07908 [M-l 6 q 47¢ 20 408(100)
glucosinolate

G13 4-methoxy Gi7H22N2010S 477.0637 [M-l 6 q 4779 20 nd
Glucobrassicin/

Neoglucobrassicin
Gl4 Hydroxymethoxy CiHaN011S 493.05868 M-l 6 q 493 20 nd

glucobrasgiin
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G15

Indoyt3-hexyt4-
methylcyclohexane
glucosinolate

GoHasN2OsS

521.19913 M-l 6 q

52T

20

nd

G16

Unknown -

540b

20

482(100), 424342, 326

G17

Unknown -

58P

20

386

G18

Glucotropaeolin dime  GsHs7N2018&Na

839.07438 [2M-2H+NaB q

839

20

408(100)

G19

Glucotropaeolin CosHarN2O1sSINa
Glucolepigramin/

Glucosinalbin dimer

855.06929 [2M-2H+N& q

855

20

408(100), 424

G20

Glucotropaeolin CaoHasN2O1sSINa
Glucolimnanthin/

Glucoaubrietin dimer

869.08494 [2M-2H+N& q

869

20

408(100), 438

G21

Glucolepigramin/  CsHs7?N2020SNa

Glucosinalbin dimer

871.06421 [2M-2H+N& q

871>

20

424(100) 408

G22

Glucotropaeolin GosHs7N2016SIK
Glucolepigramin/

Glucosinalbin dimer

871.04323 [2M-2H+K8 q

871>

20

424(100) 408

G23

Glucolepigramin/ GooHaoN2021S,
Gluecosinalbin 3-
hydroxy4-methoxy

glucosinolate dimer

879.09282 [2M-I 6 q

87FP

20

424(100)

G24

Glucolepigramin/  GgHsiN20O20SK

Glucosinalbin dimer

887.03814 [2M-2H+18 q

887"

20

424(100)

Glycosylated ABGand dABGs

Al

i -D-glucoseABG
&
Glucolepigramin/
Glucosinalbin adduct

GaiHsNOs

482.12985 [M-1 8 q K
[MsHI BHIT i hi

482

20

446(100), 424, 326, 284, 25064

A2

I -D-glucoses- GuH7NOs
hydroxydABG

&

484.14550 [M-HB6 q

484°

20

446(100),284,424, 250
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Glucolepigramin/

Glucosinalbin adduct

A3 Unknown - - - 4925 20 446(100), 284, 250
A4 i -D-glucosemethyl- Go2H/NOs 496.14550 [M-1 8 q 496° 20 438(100),446,268

ABG
A5 i -D-glucose Go2H20NOs 498.0974 [M-1 8 q 498 20 462(100), 424, 438, &1

dnecABG/
i -D-glucose4-
methoxydABG
A6 Unknown - - - 508 20 424(100), 446, 284, 250, 164
Brassicaceae Fatty Acids

FAl Palmitic acid GsHi h 255.23241 [FA(B:0)-1 6 q 255 30 211(100) 237
FA2 h k-Linolenic acid CxHii h 277.21676 [FA(18:3) 6 q 277 30 233(100), 259
FA3 Linoleic acid CxHi @ 279.23240 [FA(18:2) 6 q 2799 30 235(100), 261
FA4 Oleic acid CxHi Qi 281.24806 [FA(18:1) 6 q 2819 30 237(100), 263
FAS Stearic acid CHI Gb 283.26371 [FA(18:0) 6 q 283 30 239(100), 265
FA6  Hydroxy Linoleic acd CxHi @i 293.21167 [FA(182)OHI 6 q 293 30 235(100), 275, 249
FA7  Hydroxyh k-Linoleic CxHi i 295.22732 [FA(183)OHI 6 q 295 30 237(100), 251

acid
FA8  DihydroxyLinolenic GH @ 309.20659 [FA(183)(OH)-I 8 ¢ 309 - nd

acid
FA9 Dihydroxy Linoleiecid CxXHi O 311.22223 [FA(18:2)0H)-I 6 ¢ 3119 35 223(100) 275, 183235, 253, 293

Glucosinolates found in rédblack Maca(L.meyen)i sseds, Macaroot powder® and all natural products
Bold illustrates the primary fragment ion at 100% relative msi¢y in brackets.
nd = not detecte.
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Aromatic glucosinolates were the most abundant precursomed and black Macal (
peruvianun) seeds. GucolepigraminGucosinalbin(3- and 4hydroxy benzyl glucosinolateof
m/z 424, QucolimnanthinJucoaubrietn (3/4-methoxy benzyl glucosinolateof m/z 438,
Glucotropaeolin (benzyl glucosinolate) ofm/z 408 and 3-hydroxy4-methoxy benzyl
glucosinolatgm/z 454) werefound (Figure3.3). Threetentativelyidentified indoy glucosinolates
such asA-methoxy-Gucobrassicin/Neoglucobrassicim/z 477), 4-hydroxyGlucobrassicinn/z

463) and hydroxynethoxy Glucobrassicirm{z 493) werealso found in red and black Maca

seeds
OH OH OH
HO HO HO
= W ~ | g |
N N N
O/ O/ O/
O=l=0 O=—Ss—=0 O:l:(}
I [ I
n-hexyl glucosinolate (G1) Glucotropaeolin (G2) Glucolepigramin (G3)
OH OH OH
Q (o]
HO o} — HO
OH ‘ HO T- 'OH |
N OH N
o OH N o o
| o |
O=—=s=—0 o=—Ss—0
|_ 0o—s—o0 I,
o (o]
Glucosinalbin (G4) o 3-hydroxy-4-methoxy benzyl glucosinolate (G8)
OH OH oH HO,
o] o]
HO s o HO s le}
OH ‘N OH |N oH | \
T/ o O/ O/N NH
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o o &
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Figure3.3: Aromatic, indoyl, and aliphatic glucosinetatn red and black Mach. (peruvianum
seeds.
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In Maca . meyen)iroot powder, Qicotropaeolin (n/z 408) was the most abundanon
followed by QucolimnanthinfGucoaubrietin (m/z 438), and hydroxymethoxy Glucobrassicin
(m/z 493), andGucolepigraminGucosinalbin(m/z 424). Two unknown glucosinolates iz
466 andm/z 468 were identified in Maca root powder but not in seeds, wher@dydroxy4-
methoxy benzyl glucosinolaien/z 454) and4-hydroxyGucobrassicinrf/z 463)were observed
in seeds but notn root powder.The separation ofjlucosinolatesvas performed by HFLC
developed with BhnOH:EtOH (7:3 v/v) coupled-JDESMS analysigFigure3.4 andTable3.2). In
seeds, aomatic, indoyl and aliphatic glucosinolates showed good ssmms, for examplethe
retention factors(R) of Glucotropaeolin (= 2.41), 4hydroxyGlucobrassicin & 1.47) and n
hexyl glucosinkate (t= 3.15 min) were 0.53, 0.32, and 0.68, respesty.
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Figure3.4: The separation of intact glucosinolates from the hydromethanolic extract of red Maca
(L.peruvianum seeds with BnOH:EtOH (7:3) wvid ACN as the DESI solvent. a) The superimposed
extracted ion chromatagms of indoyl (4ydroxyGlucobrassicin),  aromatic
(Glucolepigramin/Glwsinalbin) and aliphatic {mexyl glucosinolate) glucosinolates. iydiroxy
Glucobrassicim{/z 463) and hydrey-methoxy Glucobrassicim(z 493). c¢) ahydroxy4-methoxy
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glucosinolte (Mm/z 454). d) Glucolepigramin/Glucosinalbm/Z 424). e) Glucotropaeolinm(z
408). f) Glucolimnanthin/Glucoaubrietim/z 438).

Table3.2: The Separation of Glucosinolates in Red Mage(uvianum Seeds Analyzed by

HPTLCDESMS in Negative lon Med

Metabolite Chemical Formula lon Type tr R
(m/z) of lon (min)
n-hexyl Glucosinolate GisHaNOS 402 [M-I 8 ¢ 3.15 0.68
Glucotromeolin GuaHisNGS 408 [M-l 8 ¢ 2.42 0.53
Glucolepigramin CiadHisO1NS 424 M-l 8 ¢ 241
0.52
Glucosinalbin
Glucolimnanthin CisHoNO1oS 438 [M-l 8 ¢ 252
0.55
Glucoaubrietin
3-hydroxy4-methoxy GiaHhsNOLS 454 [M-1 8 ¢ 2.24 0.48
benzyl glucosinolate
4-hydroxy Gel smbi hs 463 [M-1 8 ¢ 1.47 0.32
Glucobrassicin
HydroxymethoxyGucabrassicin G7H21NOuS 493 [M-l 6 ¢ 2.16 0.46

Many studies report aromatic glucosinolates as the main compounds in fresh and dried

Maca (L. meyen)i hypocotyls and ras, in which @Gicotropaeolin exhibits the highest

concentration among all

other  glucosiates107.126128

In

the

seeds

GlucolepigraminGucosinalbin(m/z 424) rather thanGlucotropaeolinfi/z 408) were the most

predominantprecursos. These findings may suggest that Glpigramin/Glucosinlabin atosne
LR2AYyd Ay (GKS LXIydQa

production of other secondamnetabolites and so, low contents are @pged later on in mature
hypocotyls and roots. For this reason, Glucolepigramin/Gluctismenay play amajor role as

precursors in biosynthetic pathways of other secondary metabolgie@sethese compounds are

the most abundant in Maca seeds.
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3.4.2. MS Fragmentation Pattern of Aromatic Glucosinolates

The MS$fragmentationpathway ofaromatic glucosinolates were investigated by HPTLC
()DESMS/MS asshownin Figure3.5 and Figure3.6.A. As an examplethe fragmentation of
GucolimnanthinfGucosinalbin 1/z 424) [CraHioO10NS-HE fprmed a total of 10 characteristic
fragments (aj) in the MS spectrum. Fragment ions a, b and veere formed through
intramolecular rearrangemest The a and Hype ion ofm/z 259 [GHi20eS| 8 q n/zy2F5
[CGHi20:S-1 8 q ¢ S mdfBd byatBeytiBavage,ral then the transfer of the sulfate [SP and
adzZ FAGS o{ hi-B3fgdzAANRBhidbgliid®seiinded/, réspectively. Theype ion
of m/iz 291, [GH20:S-1 8 q>X A& GKS Ot SI@F3S yR GNIDYyafFsSN
thioglucose group. The subsequent loss @®H18 Da) from ion a, generated the h ionrafz
241 [GH100sSH] . The-type ion ofm/z 212 [GH/QNSI 6 q ¢ a HeMdrdl Rss ofe
i K -thioglucose moiety, §h20sS €196 Da), while thetype ion (m/z 195) was assigned as
GKS yS3l (A dD$hioglucdB&Kion NcEuiRype fragments ofn/z 328 [GaHhsOsNSI 6
andm/z 166 [GHONSI 8 q ¢ SNXB | doashoASOEYRT 58 00 KSR GKS &dzmas$s
i K $D-glucose moiety, 1005 (-162 Da)as showrin Figure3.6.A. dtype ions in the MBcan
elucidate the substitutions, such as hydrox®¥) and methoxyi / | &ttached to the benzyl
ring, therefore, R groups can be elucidated based bes¢ dagnostc ions in unknown
glucosinolates. Lastly, theyipe ion was assigned as the loss ¢fl{d0s (-178 Da) and the type
ion as the loss of 4 (My 51 0 T-Rdhivgludddé Yroup to form & dehydrated

glucosinolate molecule.
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Figure3.5: HPTLG)DESMS profiles of intact glucosinolates from the hydromethanolic extract
of red Macal(. peruvianunm seeds via CIR) Glucotropaeolim{/z 408) using 30 as the collision
energy. b) Glucolepigrani@lucosinalbin ro/z 424) usng 30 as the collision energy. c)
Glucolimnanthin/Glucoaubrietim{z 438) using 30 as the collision energy.

71



A. Aromatic Glucosinolates OH p %
HO s Ry
HO: |
0, a N
\\ PN /c o ~ R

S N 3
e f
'CsHuOsS (196 Da) h 4
© OH
R, €
Q
HO s
HO o Re
OH
L . Ry
h i .. -CsH1005 (162 Da)
HO E / ¥ R
(o] A
HO ™~ / _ Ry

m/z 241

Ry

B. Glycosylated Ascorbigens/Dihydroascorbigens )

Ra R3 \

Figure3.6: The DESWS fragmentation pathway of bioactiveesondary metabolites in Maca
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3.4.3. Comparison of Glucosinolates in Red andkBl&aca [ peruvianum Seeds

In red and black Maca seeds, only minor differenceshe relative abundances of
glucosinolates weréound rather than different metabolites. The relative abundances for major
constituents such a8lucolepigraminGucosinalbin(m/z 424), GucolimnanthinfGucoaubrietin
(m/z 438),Glucotropaeolinim/z 408), and 3-hydroxy4-methoxy benzyl glucosinolaten(z 454)
were similar in botlphenotypes Figure3.2). A studyby Meissner and coworkers reged similar
findings,glucosinolate contents in frested andblack Macahypocotyls were not significantly
different, but glcosinolate contents weraearly ten times highein red and black compared to
yellow.*?8 In fresh and dried hypocotyls, the authors also found that, Glucotropaesiiowed
the highest concentration. Interestinglyn dried hypocotyls, significantlyigher glucosinolate

contents were detected ired Macacompared b blackand yellow phenotyps12®

Yellow, red and black Magahenotypes show clear differences in biologicatiaties
which has been suggested as a resiilthe proportion of secondary metabolite’§5129130Fgr
example red Maca I(. meyen), but not black and yellow vigties, prevented testosterone
enanthate inducedprostatic hyperplasian normal andtreated rats!®! Black macal(. meyen)i
extracts ehanced cognitivéunctionby improvingmemory and learningn ovariectomize mice
and in scopolaminénduced memory impa@d mice, comparedto red and yellowtypes108132.133
Black and in minor proportion yediw Maca are responsiblén increasng spermatogenesis such
assperm count ad motility in rats,whereas redMaca had no effec'3*In this study, the chemical
constituents in red and black seeds did not show mdjfferences. These findings support the
hypothesis that different ratios obioactive secondary metabolites may lead tdfefient
biological activities as part of a more compleynergisticmode of action as secondary
metabolites begin to diverge in latetages of developmentAs opposed to the presence of

diversemetabolites inMacaphenotypes responsible for thaifferences n biological activitie.
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3.4.4. Glycosylated Ascorbigens and Dihydroascorbigens

Glycosylation ofascorbigenspther than indole BGs are widespreadin cruciferous
vegetables iBrassicapeciesncludingascorbigen4-hydroxyascorbigen,-fhethoxyascorbign,
and (the Nmethoxy derivative) neoascorbigé?® However,only a few studies reporthe
presence ofjlycosylaedindole ABG in plants®In Maca(L perwianum) seeds, weeport for the
first time gx tentatively identified, glycosylated ascorbigens (A8@nd dihydroascorbigens
(dABGSs) as potential plant antibiotics, phytoanticipins, typidaibgynthesize in plantsbefore
pathogenicinfection Figure 3.6. B. and Figure 3.7).136:137] -D-glucoseABG (m/z 482),i -D-
glucosed-hydroxydABG (m/z 484), i -D-glucoseN-methyl ABG (n/z 496), i -D-glucose
neod! . D-B-glucosed4-methoxy-dABGm/z 498) andwo unknown compounds ah/z 492 and

m/z 508were identifiedbased ontheir M fragmentationpattern (Figure3.8).
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oH OH
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(m/z 496)

Figure3.7: Glycosylated ABGs/dABGs in red and black Magar(vianun seeds.
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GlycosylatedABGs anddABGsreveded four major fragment ions {d). The atype
fragmentwas identifi’ | & GKS 3Ffteo02aefl G§SR | .wh Aayd adiMiikzSE
and cleavage of one hydroxyl gro®{) from the ABG iofm/z 446). Interestingly, dABGsd
ABGsresultedin the same fragmentation pattern suggesting tha&ARiGsundergo cyclizatio
resulting inthe ringclosureof dABG to AB@® form the atype ion. Theb-type fragmentis the
deglycosylated ABG idrom (i KS f 2 a-BEgluBoBe nbiktB(62 Dajpnd the futher loss of
water (I i h the ditype ion.The dtype ion (/z284) wasF 2 NY SR T N2 ¥Dgluéose f 2 a a
((162 Da)and loss&sF (G KS ws |y I this istudg, tmd gositibniofz8eyDiglacdse
moiety in dABGs and ABGs is unknown, howewayiousnuclear magnetic resonanc@liiR
studies report the -D-glucosemoiety bonded to the 50 position in dABGs (e 50 -D-glucose
dihydroneoAB®Gand bonded to the € of the indole substituerin ABGs (e.g.-6-D-glucse
ABG)L36
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Figure 3.8: Glycosylated ABGBXBGsfragmentedby HPTLG)DESMS/MS via CID from the
hydromethanolic exacts of red Maca L( peruvianund & S S R-B-dluco$edBG iand
Glucolepigramin/Glusinalbin adduct i/z 482) using 20 as the collision energy. b)
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Glucolepigramin/Glucosinalbin dutt and an unkown glycosylated ABG/dAB®/£ 508) using
20 as the collisn energy.

3.4.5. Brassicacedeatty Acids

FAs are important precursos in the biosynthesisof alkamides (macamides and
macaenes)Alkamidesare Maca biomarkerssthesebioactive secndary metalolites havenot
been found in any other plant.ddzyl amineand fatty acid buildugluring traditional openfield
or industrialpostharvestdrying promotes the amide condensation betwed&enzyl anme and
saturated unsaturatedFAs to biosynthesizmacamidesand macaenes, respectivend do not
occur in intactfresh plant tissues!®® A series ofbenzylalkamides exhibit moderate FAA
inhibitory activitywith potential neuroprotective, analgesic and airiflammatory propertiedy

modulating the release of neuransmitterst3.13°

For the first time, wémplementedanovelRPTLG)DESMSnS i K2 R dzaAy 3 ! / b Y
vivasthe DESI 2 f @Sy G F2NJ FNBS Flrade | OARaL méenjil GSR
seeds and roopowder Figure3.9). The & functionalizedRPTLC surface allows the desapt
and ionization of amphiphilic and hydrophobic molecules with higher sensitindysaecificity
than silica TLC. Mixtures of polar aprotic solverith wmallfractions of polar protic solvents (e.g.

'/ b Yl iWv) targets the desorption and ionizah of amphiphilic fatty acids without the
interference of easily ionized and highglar constituents. In silica TLC, it can be challenging to
detect hydrophobt molecules due to low solubilities in polar/aqueous DESestd (MeOH,

I / bX aShl krlonizatibixzeffitighdeS and ion suppression as a result of competing with
more eady ionized polar molecules. One of the advantages of RPTLC ig thatids non-
aqueous/nonpolar solvents (e.g. toluene, tetrahydrofuran, CHCl  §/pically addedrito the

DESI analysis to solubilize and desorb hydrophobic compounds from paper eflod T
surfacest®® Moreover, the separation of hydrophobic analytes prior to B¥Slanalyses by
RPTLC, rathethan HPTLC, offers a targeted and reproducible approach. In RPTLC, the
hydrophobic interactions between hydrophobic analytes and the fGnhctionalized arface,

facilitates their separation by partitioning with common polar (apzfprotic) mobile phasesg(g.
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ACN/MeOH). In contrast, it is much more challenging to separate hydrophobic analytes by normal
phase silica TLC, where the fractions of 4potar/polar binay mobile phase systems (e.g.
EtOAc/Hex), and in certain circumstasc more complex ternary siems need to be probed to

find the appropriate solvent polarity to drive the separation between hydrophobic compounds.

In Maca seeds, a total of 9 unsaated/saurated FAs such as palmitic acid [FA(161D)
(m/z 255), Inoleicacid[FA (183)-H] (m/z2t 1T 0 inotemicacid[FA (18:2H] (m/z 279), oleic
acid[FA(18:1)1 6(mp/z 281) and stearic aciFA(180)-I 6(iop/z 283) were identified by MS/MS
(Table3.1). Inseeds) klinolenicacidwas the most abundarfA, similar to other studies, the
highest free FA contenwas indeed,iholeic and linolenic acidin Maca(L. meyenii)found in
hypocotyl androot.**8141Fourhydroxylated FA were tengtively identified as hydno-linolenic
acid [FA(18:3pHH] n/z 293), hydroxylinoleic acid[FA(182)OHI 8 (m/z 295), dihydroxy
linolenic acid[FA(18:3) h I-H] i fn/z 309), anddihydroxylinoleic acid[FA(182)6 h I-H] (m/z
311). Interestingly, these hydroxylated FAs have also been reported in the tBragsica

campestrid_. varoleiferaof the Brassicagae family4?
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Figure3.9: Gig functionaliz‘gd?PTLC cpled to (-()DESMS for the analysis of Brassicaceae fatty
acids from the CHCI S E (i NI Q.imey2rifj usind AGN#D ¢8:2) v/v as the DESI solvent from
a) Black Maca seeds. b) Black Maca root lyophilized powder.

78



3.4.6. Imidazoledkaloids

Imizadole alkaloids are phytochemicals with amicrobial, anticancer activity and
protection againstytotoxicity.*4>14° Lepidiline A and B3, and Lepidiline @nd B4, were first
isolatedfrom dried and fresh Macd.( meyen)iroots. As expected, we did not detect imidazole
alkaloids irextracts of red and black &ta seeds, as these secondary metabolites are most likely
biosyrthesized in later stages of development. Imidazole alkaloids were detected from thi CHCI
extract of Macal(.meyenjiroot powder and directly from Madactures Figure3.10). Imidazole
alkaloids were characterized and separated by HRF)MQESMS with Ace:Ben:iD (7:2:1) viv
(Figure3.11andTable3.3). LepidilineA[M]s Bw a &Ced a Gand Dw a 6fm/z277,m/z291,m/z
307 andm/z 321 and theproposedMS fragmentationpathway can be found ifigure3.12.B.

The presence of three other minor imidazole alkaloids was oksesud as 1,2dibenzyl-2-butyl-
4,5dimethylimidazolium[M]s 1,3dibenzyi2-pentyl4,5-dimethylimidazolium[M]s and 1,3
dibenzyt2-phenyt4,5-dimethylimidazoliunfM]aof m/z 333,m/z 347 andm/z 353, respectively.
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Figure3.10: The HPTLC+)DESMS spectra oimidazole alkaloids using ACN as the solvent in the
mass range afn/z 240-600 extracted from a) The CH€&ktract of black Macd.(meyeni) root
lyophilized powder and b) Directly from Maooat tinctures.
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Table3.3: Imidazole Alkaloids in Black MatcarfieyenjiRoot Powder and Tinctures Analyzed by HIPHSIMSin Positive lon

Mode.
N°  Tentative Metabolite  lon Chemical Exact Type oflon Obsened CID MS/MS Fragmentons R group
Formula mass lon(Mm/2) (%)
Imidazole Alkaloids
A Lepidiline A [ i 277.17047 wab A 277 30 185(100), 91, 109, 181,19¢ RsH,R=H
B Lepidiline B e i 7T bi 291.18612 wab s 291 30 199(100), 91, 200, 158, 25( Rs=CH, R=H
205, 213, 109
C Lepidiline C Qe i TOb i 307.18104 wa 6 s 307 25 121(100), 185, 215,109, RsH, = OCH
229, 275, 109, 105
D Lepidiline D /4 Bih 321.19669 wa 6 s 321 25 121(100), 199, 229, 230, 91 Rs= CH,R=0OCH
289, 243, 109
E 1, 3dibenzyi2-butyl-4,5 ai imi 333.23307 wab s 333 25 242 (100), 185, 109 Rs=(CH 017,/
dimethylimidazilium R=H
F 1, 3dibenzyi2-pentyt4, dj TN 347.24872 wab s 347 25 256(100), 185 Rs=(CH 0j,/
5-dimethylimidazilium R=H
G 1, 3dibenzyi2-phenyt4, arsi M 353.20177 wa6a 353 25 262(100), 185 Rs Gb HR=H

5-dimethylimidazilium

Bold illustrateghe primary fragment ion at 100% relative intensity in brackets.
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Figure3.11: The separation of LepidilineDdand three minor imidazole alkaloittem the CHCI
extract ofblackMaca [.meyeni) lyophilized root powdewith Ace:Ben:HD (7:2:1) viv.

3.4.7. MS Fragmentation Pathway of Imidazole Alkaloids

The fragmentation of imidazole alkaloids generated a tota® oharacteristic fragment
ions @-i) (Figure3.12.B). Themost predominant M$ fragmentation pathway for Lepidiline-B
were thea/b and ¢d types, however, the/d fragmentation pattern dominated overd. The
general alkaloid structure presents a positively charged imidazole center withsthéd®&tuent
(-H, -CH) and two Nethylbenzene rings A and B, with thé gubstituent ¢(H, -OCH) meta-
bonded to ring BinLepidiline A and B {RH), ring A and B are identical and thereforé, a'd
and Hi, areessentially the same fragmentteaved fom dther side of themidazole ringThe a
type fragment corresponds to the cleavage of the ethylbenzene rin@2Aa) in Lepidiline A
(m/iz185)andBrifzm pp0 = YR GKS YSGK2E& oOwi I'hLIRP2iDA) & dzo & i
in Lepidilire C (n/z 215) and D (n/z 229). Tle ctype ion arises from the loss of the ethylbenzene
rng B2 Da). Thedi @ LJS FNIF AYSYy(d 46l a ARSYUGAFASR | a GKS
substituted in Lepidine A, Baf/lzdom 2 NJ YSGK2E@& 6 whyibbnzending A i dzo & G A (
Lepidine CD ofm/z 121. The positively charged ethylbenzene ringn& (©1) was assigned as

82



the dtype ion cleaved from all four alkaloids. Only Lepidiline C and D preserigek éons as
the loss of the Rmethoxy ¢h / | i 0  anthdra ing A(-823Da). In Lepitine A and B, the-g
type ion (/z 109) was identified as the positively charged imidazole center from the
simultaneous cleavage of rings A and B. In Lepidiline C and D, thendn 19, can arise from
both f and gtype ions, wherdy the ftype ion waslinked to the loss of the methoxyh(/ | T 0
substituted ethylbenzene ring A. The h antype fragments arise from the neutral loss of
benzene {78 Da) from ring A or B in Lepidine A and B, respectively, whereas-typlg lonsare

cleavedfrom ring B in Leidiline C and D.
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A. Imidazole Alkaloids
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Figure3.12: Imidazole alkaloids in Mada (eyenjihealth supplements such as black Maca root
lyophilized powder and Maca root tincture. B.2Nt&gmentation pativay.
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Figue 3.13: Imidazole alkaloids, Lepidiline A, B, C and D fragmented by-(HfOESMS/MS via
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3.5. Conclusion

The main chemical catituents inred and blackMaca [ peruvianun) seeds were
investigated in the first stage of developmeatT (G KS LI | Weipfegdentdda@pgioe Of S @
HPTLC(-)DE$MS method for the identification andseparation ofintact aromatic, indoyl and
aliphatic typeglucosinolags. Aromatic glucosinolategere the major secondary metabolites in
red and blackMaca (. peruvianun) seeds while indoyl and aliphatic glucosintéa were rather
minor constituentsFor the first time, we presented stentatively identified ABGs and dABGs as
potential phytoanticipins andleveloped anovelRPTLOESMS method for the identification of
free FAs from Maca seeds and health supplemeBysmodifying the surface chemistisych as
usinghydrophobicGs functionalized TLS8urfaces caexpand the boundaries gfolarity for the
detection of hydrophobic compoundsnot easily detected by DEBIS. Thereverse phase
method completely avoids theeed to supplement with noaqueous/nonpolar solvents (e.g.
toluene, tetrohydrofuran, CHCIZ ) 6 oldldiize and desorb hydrophobic molecules as in silica
TLEDESMS. We foresee the application of RPTRDESMS based mdtods for hydrophobic

plant meabolites such as terpenes, terpenoids, phytosterokytrallipids and waxes.

In future studies, we aim on elucidating the chemical constituents at different stages of
development in Macal( peruvianum phenotypes, as wedls, quantify glucosinolatesdm plant
tissues by HPTLHRESMS withthe high sensitivity and highccuracyapproach such assotope
dilution mass spectrometry (IDMShs isotopically labelled reference standards become
available. The IDMS method carake useof the four stable sulfuisotopes,®?S (95.02%)33S
(0.75%),**S (4.21%), anéfS (0.02%hpaturally presentin glucosinolatesMapping the spatial
distribution of secondary metabolitegglicosinolates alkaloids, thiohydantoins, fatty acids,
flavonoids phenolics etc.) in Ma@& roots, hypocotyls, and leavey DESMSimagingrevealing
the metabolites producedhrough stages oplant development. These studies may indicate
ALISOATFAO GAYS LRAYyGA Ay GKS LiedmayimedntddvadgOe Of S
in tisaues to correlate between the metabolome of phenotypes to the diverse biological activities

and medicinal properties.
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Chapter Four The Characterization and
Spatial Distribution of Isoquinoline and
Aporphine Alkaloids from Sassafras
Albidum by HPTLEODESMS' and DESIMS

Imaging

Chapter4 is a version of the published manuscript:

Sousa, R.CRerez, C.J Branco, A. BotutaM.B., Ifa, D.Ridentification of Sassafras albidum
Ff€1Fft2ARAa 0@ KA IKTLISNF 2 NvthngethSmas§ KpegfronietrgddS NJ O K N
mapping bydesorption electrospray ionization mass spectrometry imaghdvass Spectrom

2020.In print.
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4.1. Summary

Sassafras albidums a tree species with distingg aromatic characteristics that grows in
North AmericaMass spectrometry imaging has become an important tool in analysis of plants
metabolites, uncovering important contributiomath the functional role, biosynthetipathways,
and accumulation of compmds in plans. This work aimedo identify alkaloids preent inS
albidumroots, twigs and leavdsy HPTLCoupled to DESVIS' andto map the spatial distribution
of these compounds by DESISI Atotal of twelve benzylisoquinahe and aporphine alkalogd
in whichsix novel alkaloids were detected for the first time.9nalbidum the alkaloidsvere
characterized by investigating their fragmentation pattern by multistage mass spectrometry
DESMS' fragmentedto MS-MS'. A high number of alkaloids was fodi in S albidum roots
however, alkaloids were not detected in leav&ke spatial distribution of these phytochemicals
was mapped by solvent and heat assisted TLC imprintsosé sections abots and twigsand
analyzedby DESMSI The profile of alkalid spatial distribution in DEMS images showed
different accumulation patterns across and within different plant parts. Most alkaloids displayed
higher intensities in the the outemost layer of the roots and twigs. Tiepatial localization
pattern of these alkaloids analyzed by DI imaging in diferent plantissuescould contribute
to a better undestanding of the profile dbcalization acummulation and biosynthesis of

benzylisoquinoline and aporphingpe alkaloids.

4.2. Introduction

Sassafraslbidumis a mediurrsized aromatic deciduous tree with distinctive leaf shapes
that occurs in the Eastern regionstbe United States and Southern Ontafif.The speies is
well known for the previous use of the root in the folk medicine and as food additive in soft
drinks, suchas root beer, but the use was banned in 1960 doestudies that indicated the
carcinogenic potential of safrole, the main componehth® root 0il.1*8In recent years, the FDA

has allowed the usef safrolefree extracts as food flavoring additivé?Other studies of the root
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of S. dbidumreported the presence of different metabolitesuchas lignans, terpenoids and six
isoquinoline alkaloids in root bark extradf8!>? The Lauraceae family is characterizbyl the
presence of alkalds as the main class of compoundgith more than 300isoquinoline
alkaloids®>® The chemical characterization of these alkaloids has great importance since many
biological activities have been described as -aotticeptive, antcholinesterase amh ant
cancer'>*156 Sassafras albiduis a tree specieswith distinctivearomatic characteristieandleaf
shapeswidely distributed inEastern regionof the United States and@uthern Ontariol47:157
Prevous studies of the rootil of Sassafras albidumeported metabolitessuch as high content

of safrole (%), and the presence of lignarterpenoids and isoquinoline alkaloids in root

extracts150.158,159

Ambient mass spectrometry has become significantly more widespread over the past few
years due to rany advantages ohe techniquesuch asninimal or no sample preparation prior
to MS analysis!! DESI is one of the most prominent AMS technigoel®ngingto the spray
basedtype ofambientionizationtechniques The process of ionization of the molecules present
on the sample sudce occurs upothe impact of eletrosprayed charged droplets, these gaseous
ions are transferred into the vacuum system and a mass spectrum similar to ESI is ré¢éftled
Coupling HPTLC with DESI makes this aressting alternative in the alyses of natural
compounds of plant extracts, with a robust separation technique allied with high sensitivity,
minimal sample treatment, high throughput and littimolecular ionfragmentation in the
analysis®161 Several studies havapplied HPTLEDESMSto identify secondary metabolitet®

evaluate the qualityand authenticityof natural products®6.122.162

Mass spectrometry imaging (MSI) is an anedjttoolto visudize the spatial distribution
of metabolitesusing common techniquesuch asMALDIMSand DESMS The use of MSI allows
the investigation of compoundso map their spatial distribution from the sample surface
indirectly from TLCimprints or directly fromplant tissues. In plant metabolomics, it helps to
understand the spatial context of metabolite biosynthesis, accumulation and spatial
localization'1%163 DESMSimaging has been used to describe the distributiofalkaloids,

glycoalkaloids, glucosides andvitmoids in different plant tissues such as leaves, fruits, flower
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and root3337.164 Here, we reporta HPLT@OESMS method to separate and identify
benzylisoquinohie and aporphingype alkaloids establishing an alternatiapproachto the
convertional methods in separation and identificationtmbactivesecondary metabolitesn the
face of theimportance of isoquinoline alkaloids, the characterization olvel alkaloids in
Sassafras albidumand their respective spatial distributions has significant impact in
understandingthe metabolic processes that regulate the accumulation, distribution, and

biosynthesis of these compounds in the Lauraceae family.

4.3. Experimatal
4.3.1. Sassafras albiduixtract Preparation

Roots, twigs and leaves 8assafras albidumvere collectecat HighPark, Toronto, Canada
in August 2019. The roots (89, twigs(10g) and leaves (1€) were ground to a fine powder and
extracted witha mixture of EtOH/HO (100mL, 80:20 v/v) for 78rs at room temperature.The

crude extracts were obtained after filtration and further removal of the sohmnair drying

4 3.2. EBMS and ESWS of the Sassafras albidufxtracts

Solutions of the root, twig and leaf e&ct (50 ug/mL) wre prepared inMeOHfor ESIMS
analysis using a Thermo Scientific LTQ linear ion trap mass spectrometer (San Jose, CA, USA). The
spray voltage was set to 4 kV and the capillary temperature to 219°C. Thetextmeanalyzed
by direct ifusion (+)ESIMS at a flow rate of pll/min, using aNitrogengas pressure of 100 psi.
Full scan ESINS spectra of the extracts were obtained in positive mode with a mass ramgé of
100-600.

4.3.3. The Separation dtlkaloids fronSassafras albidutsyy HPTLC

HPTLC plates (glass backed scored, 250 um stationary phase; Silicy@@rébec, QC,

Canada) with dimensions of 5x5 cm were ug$edthe extract separation prior to DESIS.
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Aliquots containing 50 ug of the root extract were applied on HPTLCsdlateach analysis. A
solvent system containinGgHG, MeOH and acetic acid (75:20:5 v/v/v) was used to develop the
HPTLC plate. After the development, the HPTLC plates were dried at room temperature and then
analyzed by DEMS.

4 .3.4.DESMS of Alkabidsin Sassafras albidum

DESMS' analysisof the developed HPTLC was carried oupasitive modeusing a
Thermo Scientific LTQ linear ion trap mass spectrometer (San Jose, CA, USA) equipped with
custom built, automated DESI ion sour€ae 2Dmovingstage was used to collect mass spectral
data by continuously scanning in horizontal rows in the x direction. The total time of each analysis
ga 1T YAY dzZAAy3I | @St20A08&8 2F pp >Yka G2 aoly
were optimzed fa the HPTLC analysis as follow: a capillary tip to surface distance of 4nmm,
incident angle to the surface of 52° andl-® mm distance from the mass inlet to tlwapillary
tip. The optimal desorption of the alkaloids was obtained using nitragesnpresures of 100 psi
and solvent flow rates 2 ¥ p  withkpMré MeOH Full scan MS and multistage mass
spectrometry (M) analyses were performed to allow the screening and identification of
compounds. In th©ESMS' analysis, each characteristitkaloidion was fragmented from MS

up to MS depending on the type of alkaloid and on the ion intensity.
4.3.5.DESMSiIof TLC Imprints ddassafras albidufRoots and Twigs

The HPTLC plates were wetted with 0.3 mMefOHprior to the blotting process. The
root and twig were crossectioned and manubl blotted on TLC plates by pressing the sectioned
material directly onto the TLC plate for 30s against a hot plate at SthéGHPTLC imprints were
scanned in horizontal rows with lateralNB & 2 f dz{i A 2 yThedvigingarea13090fd x
13000pum of the root imprintfor a total analysis time ai ®o K2 dzZNE 6A G K /&. @St 2
The analyses were performed in positive mode with pM&OH the injection time was set to
200 msand 3microscanswithin the mass range ofm/z 200- 400. The software Qual Browser
Xcalibur 2.0 was used to process the mass spectra data (.raw) and Greager 3.0 conveed

the (.raw) files into a format compatible with BioMap (freeware, http:// www.matusi.org)).
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BioMap was used to process the mass spectral data and generataiages of theHPTLC

surface.

4 4. Results and Discussion

4.4.1. The Presence Aikaloiddn Extracts oRoots and Twigs by (+1B&3

The direct infusion (+)ESIIS spectra of roatind stem ofS. albidunshowed the presence
of manyeven pseudemolecularions indicative of alkaloidccompounds(Figure4.1). Theroot
extract showed larger number ofilkaloidions includingn/z 330, m/z 314, m/z 328, m/z 300,
m/z 298,m/z 286, m/z 284,andm/z 342, while theextract of thetwig showed only three ionef
m/z 330), m/z 328 andm/z 298.The (+)ESVS spectrum othe extract ofS. albiduneaves did
not show any characteristiglkaloidions, probablydue the absenceof these compounds the

extrad or verylow intensiiesin the extract.
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Figure4.1: Full scan (+)EBIS spectra o8assafras albiduextracts fromA. Roots, B.Twigs, and
C.LeavesRepoduced with permissio from Conceicd@t all®

4.4.2. HPTLOESMS of Sassafras albiduiRoots and Twigs

The HPTLOESMS analysis ofS. albidunmroot extract allowedthe identification and
separation of a series of isobaric compounds, 2 compounfas/z 300 (3-4), 3 compoundsof

m/z 314(6-8) and 2compoundsfm/z 328 (L0-11) Figure4.2). DESMS' analysis was performed

for all alkaloids separated offline by HPTLC and the structural characterization was investigated
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basedon the fragmentation p#ern of these compounds and ogparisors with literature data.

Both isoquinoline and aporphine alkaloids have known fragment pathways that help characterize
the main substituensand structure'®®168 A total of 12 alkaloids were identified, 5 aporphine and

7 benzylisoquinolinealkaloids Theextract of thetwig did not show any isobaric alkaloids,
however,three compounds were identified that were also found in the rootsnamolaurine (3)

(m/z 298), boldne ©) (m/z 328) and reticuline (@) (m/z 330). Figure 4.3 shows all the
benzylisoquinoline and aporphine alkaloids identifie. albidunextracts.
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Figure4.2: SIM mode extracted ion chr@atograms ofSassafras albidumoot extract by HPTEC
DESMS separated with Ben:EtOH (7:3)vReproduced with permission from Conceigdo &Pal.
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Figure4.3: Alkaloids fronBassafras albidum) Isoquinoline and B)érphine.Reproducedvith
permission from Conceicéo et'&l.
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4.4.3. Benzylisoquinoliné\kaloids

Seven benzylisoquinoline alkaloids werebserved in the root extract The MS'
fragmentationpattern displayedkey fragmentions (ae) generatedn the MS and MS® (Table
4.1 and Figure4.4). Theseions (a-€), previouslydescribed in literature, help to identify the
substitutions in two essential parts of benzylisoquinoline alkakimicture, the benzyl and
isoquinoline  moietyt®7:168  Similar to aporphine alkaloids, secondargnd tertiary
benzylisoquinolines display tHess of 17 Dand 31 Da representing the cleavage of the amino
group as [M+HNHs]s and [M+HNHCH]s respectively, generating ion ‘& Compounds 1
(norcinnamolaurine), 2cpclaurine) and 3dnnamolaurine) were characterized as secondary
alkdoids, compounds 4N-methyl coclaurine), 5N-methyl isococlaurine), and 1L(reticuline)

were characterized as tertiagompounds.

Table4.1: Key fragment ions of isoquinoline alkaloidSadsafras albidufrom HPTLOESMS'
analysesReproduced witlpermission from Conceicéo et'é&.

# Alkaloid m/z Type of lon a b c d e
1 Norcinnamolaurine 284 [M+H]+ 267 176 173 143 107
2  Coclaurine 286 [M+H]+ 269 178 175 143 107
3 dnnamolaurine 298 [M+H]+ 267 190 173 143 107
4 N-methylcoclaurire 300 [M+H]+ 269 192 175 143 107
5 N-methyl isoclaurine 300 [M+H]+ 269 192 175 143 107
8  Armepavine 314 M+H] 283 206 189 145 107
11 Reticuline 330 [M+HJa 299 192 175 143 137

The b ion represents the isoquinoline moiety and ocdarthe MS, direcly from the
[MEHFA 2y @ LG A& F2N¥YSR FFOUSNI Iy aS@Sy St SOGNRYyE

distribution. lon b is the main ion in the M6f reticuline (11), however it showed low intensity
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in all other alkaloids identifé: The etype ionoccurs secondgrto ion b and represents the
benzyl componentthis ioncan also occisas a MS8fragment from ion a. Reticuline {1Ldisplayed
ion e ofm/z 137 indicating the presence of a methoxy and hydroxy groups present in the benzyl
part of the alkabid, all other compounds possess only the hydroxy gronphis part of the moiety
represented by are ion of m/z 107. lon c occurs after rearrangement ohia, forming a
naphthalenederived ion. Then/z of ion chints towardsthe substiution in ring Amost alkaloids

in this work displayed a-type ion ofm/z 175 indicatingthe presence of vicinal methoxy and
hydroxy groups in ring A. The two alkaloids withmethylenedioxy group identifiedvere
norcinnamolaurine (1) and cinnamolauri(@®), displaying arc ionof m/z 173.The unspecific ion
d of m/z 143 was formed in the MSas a rearrangement of iom. Norcinnamolaurine,
cinnamolaurine and reticuline wera@viously described iBassafras albidum®® Codaurine, N-
methyl coclaurine, and armepavwe showed similar fragmentation pattedescribed in prelous
works'?2167:1683nd are described here for the first time in the gerSassafras Calaurine and\-
methyl codaurine are important intermediates in the biosynthesis pathway of retictifié’°
Reticulinehas been identified aan importantbranchpoint intermediate in the biosynthesis of
more complex isoquinoline alkatts such as, protoberberine, benzophenanthridines and

aporphinest’t
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e
[M+H]*
MS2
o)
R3/
“
Rd\c-
Compound m/z a b c d 2
1 norcinamolaurine 284 [M+H]* 267 176 173 143 107
2 Coclaurine 286 [M+H]* 269 178 175 143 107
3 cinamolaurine 298 [M+H]* 267 190 173 143 107
4 N-methylcoclaurine 300 [M+H]* 269 192 175 143 107
5 N-methyl isoclaurine 300 [M+H]* 269 192 175 143 107
8 armepavine 314 [M+H]* 283 206 189 145 107
11 Reticuline 330 [M+H]* 299 192 175 143 137

Figured4.4: MS fragmenttion pattern of theBenzylisoquinolinalkaloids and their characteristic
fragmert ions Reproduced with permission from Conceicéo ét%al.
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4.4.4. Aporphine Alkaloids

DESIMS' data of dl the aporphine allloids detectedare describedin Table 4.2 all
identified compounds werdragmentatedup to MS or MS'. Aporphine alkaloids have known
fragmentation patterng?216¢and these patterns differaccordingto the ring sipstituent tha
occurs in positions 1 and 2 of ridgand 9, 10 and 1a&f ring D.1%61"2The aporphine alk®ids
identified were (6) norboldine (n/z 314), ) muricine (n/z 314), @) boldine (n/z 328), (D)
norisocoldine (n/z 328) and (2) N-methyl laurotetanine(m/z 342) The initial loss was
represented by the cleavage of the amino grougMs$H-NH]* in the secondary compouws 6,

7 and 10 and as [M+NHCH]* in the tertiary compounds 9 and 12After the cleavage of the

amino groupnorboldine @) and boldine 9) displayed sequential losse§ CHOH (32 Da) and CO

(28 Dajthat indicates thepresence of vioal methoxy and hyexy groups in both rings A and

D 166.173Thefinal fragment ofm/z 177 in the MSrepresents theloss of all peripheral groups.

Boldine and norboldine were identified based dretfragmenation pattern, comparisorwith

literature data andhe authenticboldine standard®® N-methyl laurotetanine (2) after theloss

of amino group [M+HNHCHs]* displayed furtherlosses of Ciddy 6 mp 5w OWR /51F O )
competition, followed by a loss o€O (28 Da), a known pattern of compounds with two vicinal
methoxy groups% However further losses in competition of Ctdand CO represent a diffent

pattern for two vicinal methoxy and hydroxy grajmresent in ring Dalready described for this

compoundin the literature.1’*

99



Table4.2: Aporphine alkaldis of Sassafras bidumanalyzed bYpESMS'. Reproduced with permission from Conceicéo ét°al.

# Alkaloids Type oflon MS MS MS MS MS MS MS
6 Norboldine [M+H] 314 314 (3) 297 (0), 265 (30) 237 (40), 205 (30),
297(100) 265 (100) 237 (100) 205 (100) 177 (100) -
233 (20) 222(20)
177 (10)
7 Muricine [M+HT 314 314 (3) 297 (5) 265 (40), 237 (70), 209 (100),
297 (100) 265 (100) 237(100) 209(100) 191(40)
282 (25) 219(40), 219(65), 181(20) -
209(28) 222(36) 194(15)
9 Boldine [M+HT 328 328 (0), 297 (10), 265 (30), 237(40), 205 (20),
297 (100) 265 (100) 237 (100) 205 (100) 177 (100)
265 (40) 233 (25) 222(30), -
205 (10) 177 (10)
10 Norisocorydine [M+H] 328 328 (5) 311(0) 279 (30) 264 (90), 236 (100),
311 (100) 279(100) 264 (100) 236(100) 206(50),
279(35) 296 (20) 248 (25) 233(20) 178(45) -
12 N-Methy! [M+HT 342 342 (2), 311 (10) 280 (3) 265 (20), 237 (60), 222 (10),
Laurotetanine 311 (100) 280(100) 265 (100) 237 (100) 222(100)  194(100)
296 (80) 206 (30) 204(70)
209 (25)

The fragment iorsubjected to MSanalysidgs shown bolded and the relative intensitybrackets.
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Muricine (7) and norisocoydine (1) have substitutions at positions 10 and 11 of ring D
which leads to characteristic fragmextion pathways. Both are secondary alkaloids and losé NH
(17 Da)in the MS. Muricine ) showed losses ithe MS* and MS that follow the general rules
of compound withvicinal methoxy and hydroxy groups, but further losses of CO (28 Da)j@nd H
(18 Da) were different from the previous pattern described faoldine in reference tather
vicinal methoxy and hydroxy grogpbut in agreement with alkaloidsef these types of
substitutions'?? After the cleavage athe aminogroup, norisocorydine (@) displayed a loss of
CHOH (32 Da), G o mMp 510 | yR dgmentatisnybehadr wvas préeviodsy T NJ
explained by the formation of a furan type intermediate between positions 1 and 11 that seems
to be more stablé®® Boldine and norboldine were previously ddabed in the rod of S
albidum?>° Norisocoydine, muricine and Nmethyl laurotetaninehave beendescribed in other

genera of the Lauraceae family as wetl*’>176

4.4.5. The Spatial Distribution of AlkaloidSialbidumby DESMSI

The DESVISimaging pofile of S.albidunroot and twig crossectiors presenteddistinct
patterns of distributionfrom TLC imprintdn the root, most ions showed a higher intensity in the
exoderms anepidermispry S (i B8 O f laddNIngtylisococlaurine(m/z 300), norboldine
andmuricine(m/z 314) andreticuline(m/z 330) showed highintensities in most parts of the root
(Figure 4.5). Reticuline(m/z 330), is the benzylisoquinoline precursor of most isoquinoline
alkaloids, andvas olserved as thenost intenseion among all otheplant ions suggesng its
importantrole in the formation othesealkaloids. It was not possible to map the coclaurine ion
(m/z 286) due to very low intensitieand interferences with dter ions from the planmatrix.
dnnamolauring(m/z 284) and N-methyl laurotetatine (m/z 342) were visualized al®w intensity

ionsspatiallydistributed onlyin the exodernis and epidermisf the root.
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All alkabids seem to aaanulate more in the outer layers & albidumroots, this pattern
of localization cald be influenced byhe functional roleof these canpoundsin the plants. It is
well known that secondary metabolites play important function inplant defence against
herbivores, fungi, bacteria and physical damag@orphine alkbids such as boldineand

glaucine are toxic to insects, reticuline and coclaurine haveladierial and antviral activity,

m/z 330 m/z 342

Figure4.5: 2DDESMS inage ofSassafras albidumoot with imaging dimensns of 1300Qum X
13000 um and a stial resolution of 200 um showing the spatial distribution of benzylisoquinoline
and aporphine alkaloidReproduced with penission from Conceicédo et'af.
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respectivelyt’”1’8The alkaloid berberine hasstrongantimicrobial ativity!’®and accumulatein

the endodermal cells oThalictrum flavumroots prior to secondary growtH° As secondary
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growth progressesthe endoderm is pushed by the growing stele and berberine accumulates in
the outer-most layer of the mature root. This process provides an outer bamén cells
containing @tent anti-microbial activity:8° The abundant accumulation of berberin€eTinflavum
roots and rhizomes, stwunded by several sddorne pathogens, is consistent with the putative

role of berbeine in plant defeige.180.181

In twigs of S. albidum three ionspresented low intensies similar to the ESI analysis,
showingminor accumulatiosin this part of the plant. Even though, thesedastense ionsre
minor constituens in the plant matrix, it was possible to visualizeir accumulation patterns in
the twigs Figure4.6). Reticulingm/z 330) sems to bedistributed more across different parts
of the twig as shown in the rootsThe superimposed image afinnamolaurine(m/z 298) and
boldine (n/z 328) can be faind in Figure4.6, cinnamolaurine ifi/z 298)waslocalized in inérnal
regions sucfas the vascular bundle and tlvertex, while boldinénorisocorydire (m/z 328) was
localizedaround theepidermis.In contrast b the twigs,cinnamolauringm/z 298) in the root

showed higher intensity inuter regions.
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Figure4.6: 2DDESIMS mage ofS albidumtwig with imaging dimensiagnof 13000 um x 13000

pm and a spatial resolution of 200 um showing the spatial distribution of benzylisoquinoline and
aporphine alkaloids. B) Superimpdsmage of the distribution of cinammoralurime/ 298)and
boldine (n/z 328).Reproduced with permigon from Conceicdo et ¥

Recentstudieshaveshownthat the spatial localization pattern of secondary metabolites
can be diversén different partswithin the sametissue and across many parts of the plaf##t!83
In a reent work,the localizatiorpattern of monoterpenoid indole alkalogdn the root, stem leaf
and fruitsof Rauvolfia tetraphylld..was describedvith distinct pattern acrosplant tissuesand
the highestnumberof alkaloidsvasfound in the roots'®2Secondary metabolites can accumulate

in the same tissuewhere they weranitially biosyntheszed but intermediates and engroducts
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can also be transported tother parts of the plant for further accumulation or biosthesis as
precursors in dter metabolic processe’$* Nicotine, isan example of such an alkaloid, it is
typically produced near the root apex and accumulates in the leaves of Nicotiana siiéties
The sgtemic transport of pathway intermediates oméproducts might also ocecuwith
isoquinoline alkaloigt®184 and could explain the pattern and the large number of alkaloids
found in the root ofSassafras albidumrhe imagingesultsfrom this workcould be valuablein
uncovering the synthetic pathways of these alkaloids based on thecumulatiorwithin and

acrosdifferent parts of theplant.

4 5. Conclusion

The study of plant secondary metabolites by ammbiénization methodsby HPTLC
coupled to DESMS'to separate and idenfy alkaloids irSassafras albidumxtractsprovidesan
alternativemethod of analysiso conventionalplant metabolomianethods Theseparation and
identification of secondary metahités in Sassafras albidumare importantto discovery the
pathwaysinvolved in plant defelme mechanisms. The characterizatiorbehzylsoquinolineand
aporphinetype alkaloids and their spatial distribution within and across differdanptissuesf
Sasafras albidum such asroots and twigsby DESMS imagingprovided insighs into the
unknownprocesgsof biosynthesis and accumulation leénzyisoquinolineand aporphine type

alkaloids.
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Chapter Five The Fragmentation and
Separation of Benzylisogooline and
Aporphine Alkaloids from the Acarade Extract
of Ocotea Spiranaby HPTLEODESIMS

Chapter 5 is a version of the published manuscript:

Sousa, R.C., Reis, I.M.A. Cerqueira, APekéz, C.JJunior, M.C.S., Branco, A. Ifa, D.R.uiBot
M.A. Rapid Structural CharacterizationBe#nzylisoquinone and Apdime Type Alkaloids from
Octea SpixianAcaricide Extract by HPFDESMS'. Phytochemical Analysi2020 1-11.
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5.1. Summary

Ocoteais a gaus of the Lauraceae family, mainly occagriin tropical and subtropical
regions.The inportance ofdiscoveringalkaloids with acaricidl activity from medicinal plarst
allowsfor new parasite control strategies to protect animalgainsttick infestations to reduce
parasiteresistance and the mdence of parasite transmitted diseasésthisstudy, we identified
and separated a total of 13 aporphine and 4 benzylisoquindijpe alkaloidsand two unknown
alkaloids reported for the fist time from the twigs of the tropical tree specig®cteaspixianaby
HPTLDESMS'. Ethyl acetate exacts ofOctea spixianandthe alkaloid boldinehave shown
significantin vitro acaricide activityagainstlarvae of the tickR. microplusin this chapter, we
presentan in-depth identification by elucidatingheir fragmentation pathwayup to MS for
isoquinoline andMS’ for apomphine alkaloidsThis work demonstrate$iPTLEODESMS' as a

powerfultechniqueto rapidy screen andidentify novel phytochemicals fromatural products.

5.2. Introduction

Ocoteais a gerus of the Lauraceae family, mainly ocadag in tropical and subtnoical
regions.1®® Species of the genusrea known for producing a variety ofnportant secondary
metabolites,suchas neolignans aporphine and benzylisoquinolisigpe alkaloids as the most
representative classeé’$187A wide range of biological actiids fromOcoteaspecies hae been
described inthe literature, includingacaricichl®818 anti-proliferative'®®, antiinflammatory-°:
and the inhibition of acetylcholinestesa (AChE}?? Interestingly the in vitro evaluation of the
ethyl acetateextract, and the alkaloid boldimhave showrsignifican in vitroacaricide activity of

O.spixianathrough interactionsvith AChE fronthe larvae of the tickR. microplug?2188

Natural products play an important k@ in the discovery of biadive metabolitessince
plants are the main source of novel compounés!® Moreover, the analysi of secondary
metabolites in complex biobical matrices has been quite the challendgsually, the
identificationis laborious, extensive sample preparation is needed and isolation techniques prior

to analyses are required to obtain accurate identifioas. L&MS is the gold standard for
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analy®s of plant extracts, although due to the neetisample preparation antbng analysis
times, there isa high demandin the study of plant metabolomics for the discoverand

applicationof rapid anchigh-throughput methods!%>1%

Desorption electrospray ioration (DESI) is an ambiendnization technique that is
carried out directly by electrically charged droplets composed of solventdwasted towards
the surfacet®” The impact of theechargeddropletson the surface with the aid of the nebulizing
gas produces gaseolsns of compounds present on the sampled surface; these gaseass i
are transferred into the mass spectrometender vacuum and mass spiex similar to ESMS
can be recorded!1%°DESI has maroharacteristics thaimproves the analyses of compounds in
complex mixtures, suchas high sensitivityspecificity and the occuence of little to no
fragmentation 18919 Accurate compound characterization is enhanced using MS/MS
fragmentation techniques such that fragment ions pertaininghte precursor ion can be easily
elucidated!®>1%8Thin layer chromatography (TLiE a fast, robust, and powerful technique that
can be used to separate and analyze complex mixtures without extensive sample
preparaion 16198t is widely usedd separate plants components, in extracts, oils, tinctures, and
other natural productst®®1*°Coupling TLC with DB@Screates a fast andquerful technique,
that combines the robust gm@ration of TL@nd DESMSwith good selectivity and sensitivitp
identify compound$°16! In this report, we present thdragmentation and separationof
benzylisoginoline and aporphine typealkaloidsfrom the ethyl acetate extracwith in vitro
acaricide activityof Ocotea spixian&wigs using HPTERESMS' as arapid and robusembient
MStechnique

5.3. Experimental
5.3.1. Plant Materiahnd Preparation of thExtract

Twigs ofOcotea spixianawvere collectel in August 2012 in Rio d€ontas(Latitude
MOCHH HCODD { T [ P BaHia Bdzi.SThenidetificationHof the specieas
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performed by a botanist. A voucher specimen (HUEFS 205865) was deposited at the herbarium
of the State Uniersity of Feira de Santana, Bra#lbwdered wigs of Ocotea spixianavere
subjected to extraction with ethanblvater (4000 mL, 80:20 vi\for 5 days at room temperature.

The crude extract was obtained after the removal of the solvent. Trusle extract was
resuspended in ¥/EtOH (3:1) and subsequity partitioned in hexane, ethyl acetate amd

butanol,thereafterthe extracts weresubseqently concentratedunder vacuum conditions.

5.3.2. ESMS and Tandem MS Of spixian&xtracts

ESIMS experiments were carried out using a Thermo Scientific Ib&& ion trap mass
spectrometer (San Jose, CA, USA). The extract soli®analyzed by direct infusion B&$ at
a flow rate of 5 pdmin, using agas pressure of 100 p3ihe spray vedge was set to 4 kV and the
capillary temperature to 219 °C. Fsdlan ESMS spectra of the extracts were obtaingdpositive

mode.

5.3.3. The Separation of Alkaloids B TLC

The gparation by HPTLC was performed on 5x5 cm HPTLC platedéglesd scored,
250 um stationary phasieom SiliCycle Inc(Quebec, QC, Cada). Before the TLC development,
a solution of propanokhOandb | | i9t10.5 viv/v) was applied to improviehe separation of
the alkaloids. Aliquots containin®0 pgof ethyl acetate extract were applied on HPTLC plates for
eachanalysis. The TLC platevere developed with a mobile phase containBegn/MeOH(8:2
v/v). After the development, the TLC plates were dried at room temperature and then analyzed
by DESMS.

5.3.4. DESMS' Analysis of Alkaloids @. spixiana

DESMS'was performedn positivemode usinga Thermo Scientific LTQ linear ion trap
mass spectrometer (San Jose, CA, USA) equipped with the custom built, automated DESI ion
source. DESI ion source parameters were optimized for HPTLC arabegislary tip to surface

distance of 4 mma4-6 mm disance from the mass inlet to the solvent capillary andranident
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angle to the surface of 52° were used. A nitroggs pressure of 100 psi and a flow rate of 5

>[ kK YA Y M2GHwasdredemased on the highest intensities of the alkaloidspresent n

the extractfor optimal desorption and ionizatiotdPTLEMS experiments were performeadslith

a two-dimensional moving stage collecting mass spectral data by continusaalyning in
horizontal rows in thexdirection with a velocitg ¥ ¢ pin ato¥&kiedgth of 4 cm of the HPTLC

for a total time of 7 min/analysis.To screen compoundshe previously developedLC was
analysed in full scan modeMultistage mass spectrometry was performed to allow the
identification of compounds. Collision inded dssociation (CID) was used for the fragmentation

of alkaloid precursor ions. Each precursor ion was selected and fragmented by MS/MS, then the
primary fragment was selected for each consecutive”Mf&rformed from M8 up to MS

depending on the alkald precursor.

5.4. Results and Discussion
5.4.1. Alkaloids in Twigs Of spixiana

The extract was first analgd by direct infusion E®AS in positive ion modas shown in
Figure5.1. The MS analysis displayed0 pseudo molecular ions with even nominal mass
characteristic of protonated alkaloids. Isoquinoline are the most common type of alkaloids
present inOcoteaspeciesmainly aporphines with similar structures and the presence of isobaric
compounds. To evade the presence of alkaloids with the same mass in the extract, a separation
with HPTLC was performed prior to DES analyseDifferent HPTLC mobile phase system
were investigated to improve the separation of thé&aloids. The chosen system allowéde
separation of many alkaloidns in less than 5 min of analysdi#$P TL@oupledto DESMS led to
the detection of the isobariconsof m/z 314 (2 and 3),m/z 328 (5 and 6)m/z 356 (7¢10),m/z
342 (11¢13) and m/z 340 (15 and 16) for a totabf 19 compowmds. Theextracted ion
chromatogramsof these peaks separated as a function of tiare shown inFigure5.2. The
HPTL@ESI analyses improved the identification of peaks with low abundance as $bow

compounds 79,11, 13 andL5.
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Figure5.1: Full scarf+)ESIMS spectrum of the ethyl acetate extract fr@uotea spixianéwigs
Reproduced with permission froBonceica@t all%
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Figure5.2: HPTLDOESMS SIM extracted ion chromatograwisthe ethyl acetate extraawith
acaricide activitpf O. spixianawigs.Reproduced wit permision from Conceicéo et &#

DESMS' analysiswas performedof all precursor alkaloid ionsletected. In general,
tertiary and secondary alkaloids producd#l+H]a protonated ions and quaternary alkaloids
generated [Mpions. [M+Hfor [M]aions were selected as precursor ions for CID experiments in
positive ion mode. Extensive fragmentation up toddB8d M%was possible on mosbmpounds.

The MS' of benzylsoquiroline and aporphine alkaloids possess a set of key fragmentation
patterns that help charactéze these compound¥6167.172.173A total of 13 aporphine and
benzylisoquinoline alkaloidsvere identified based on the fragmentation pathway and

comparison witHiterature data(Figure5.3).
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Figures.3: Alkaloids in ethyl acetate extract of twig€©okpixianaA) BenZisoquinoine alkaloids.
B)Aporphine alkaloidskeproduced with permission from Conceicéo étZal.

5.4.2. Benzylisoquidime Alkaloids

The MS3spectra ofalkaldds 1¢4 presented strong ewdence of the benzylisoquinoline
skeleton with the presence of key ions-€p a pattern of fragmentatiordescribed in the

literature (Table5.1).
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