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SUHIDFH

A picture can say a thousand wardsis is probablywhy scientists havenever stopped
trying to develop versatile imaging techniquasmproving the resolutiorand sensitivity of
existing techniques. Mass spectrometry imagprgvides simultaneously chemical and
spatial information of a variety of samples, frammiconductor tdiological tissues, and
even single cellsAmong the variousmaging techniques based on mass spectrometry,
secondary ion mass spectrometsythe first technige used for surface imaging. After
decades of development, TEHMS is gaining increasing favor in biological imaging,
especiallyfor the high spatial resolution and minimum sample preparation.

Concerning the analysis of organic compounds, the major deweldpn TOFSIMS in the
last few years is cluster ion sour@@rticularly, bismuth and golidn beamsenableroutine
imaging analysis of various chemical species including lipids, metabolitaad
pharmaceuticals in biological samples witlgh sensitivityand high spatial resolution of
1i2 um. The recent useof argon gas cluster ion beam TORSIMS for imaging purpose
opers up several new possibilitiesoft ionization of the analytesnhancemertf sensitivity,
and 3D imaging. Compared to thespect ofapplication, fundamentaktudy of the
ionization/desorption process seems to be falling behindeapdres to be continued despite
its complexity Thusunderstanding the ion production under different incident conditgns
of specialinterest in tis thesis

On the other handCSN has a long history of collaboration with researchers figoology of
Guianan Forest§ECOFOG) where they are dedicated understand and maintain the
biodiversity of Amazonrain forest. Therefore, we have been utilizing TEOIMS to map
chemical composition of wood samples fronree species growing in French Guiana.
Previously, nutrients and toxic metabolites icorynia guianensisAmsh. wood were
imaged by TOFSIMS to study the heartwood formation and defense mecharuéiigs
species. Here in this thesis, we aimstady the biosynthetic production of two bioactive
metabolites rubrenolide and rubrynolide $extonia rubra(Lauraceae) Meanwhile, this

wood speciebas also been used as a biological model to assess the parallel imaging MS/MS
capability of the prototype PHHanoTOF Il mass spectrometer.

Chapterl gives a generaintroduction to the history, principle and development of TOF
SIMS imaging technique. Thastrumentation of IONTOF I\instrument as well aghe data
acquisition and processing are described. New instrumentation emerged in the last few years
arebriefly summarized. TOISIMS imaging of plant metabolites is reviewed.



Chapter 2 aims to understithe ion production under impacts of massive argon cluster ions.
The internal energy distribution of secondary ions is measured witkerges of
benzylpyridinium ionsthe so called thermometer iomsfluence of beam energy, cluster size
and velocity oninternal energy distribution or fragmentation rate is establisBecbndary

ion yield, sample damage and emission efficiefi@m argon cluster impact are also
compared with that from bismuth cluser

The following three chapters concern the applicatioh TORSIMS in mapping plant
metabolitesput each withdifferent objectivesTo preserve this autononof each chapter,
some experimental protocdlsample preparation and instrument descriptare)repeateth
these chapters.

Chapter 3Jescribes thearallel imaging MS/MS technique withe prototype PHhanoTOF

Il mass spectrometer. The MS/MS imaging capability is evaluated with wood sample from
Sextonia rubra(Lauraceae) The results show its feasibility in natural product analysis, in
terms ofsersitivity, MS/MS fragmentation, and parallel imaging.

Chapter 4 focuses on the biosynthetic investigation of the bioactive metabolites rubrenolide
and rubrynolidein Sextonia rubra(Lauraceae) The parallel MS/MS imaging technique
validated in Chapter 3 igtilized for in situ identification of related metabolites. 2D/3D FOF
SIMS imagingis performed to localize these metabolites in wood tissue at subcellular level.
Based on LC, NMR, and imaging results, a new biosynthesis pathway is proposed. The
solvent exraction of metabolites from wood and NMR analysis are done by the collaborators
from ECOFOG

Chapter 5 concerns the analysis of soft wood spé&cigsropean larchLarix decidua The
radial distribution ofmineral and lipophilic extractivas investigatedy TORSIMS imaging
to understand thehemical variatiorassociated witheartwood formation.
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Chapter 1 Introduction

1.1 SIMS: Secondary ion mass spectrometry

Secondary ion mass spectromdi®yMS) is a mass spectrometric technique characterized by
using energetic particles to cause secondary ion emissiorafswid surface. The basic idea
of usingSIMS to generate spatially resolved chemical informati@s conceived in the 60s

of last century byCastaing and Slodziafil]. However, early studies with SIMS were
confined to detection of inorganics or low molecular fragments due teatingle damage
induced byenergetiampacts In 1973,Benninghover]2] discoveredhatit was possible to
observemolecular oquasimolecular ionpeaksin the masspectra if the primary ion dose
maintainedbelow a certain limi{10" ionscm?), the analysis of organicompounds started

to come into being Generaly speaking the static SIMS concept, together hvithe
subsequent developmemwf cluster ion sourcesvhich have dramatically enhanced the
secondary ion yieldsDHDG WR WRGD\fV ELRORJLFDO 6,06 LPDJLQJ

1.1.1 Principle

The particleinducedion emissiomrocessn SIMS is most frequentlgescribedas a collision
cascadein the target(Figure 1). Upon impact on the solid surface and the sgbeat
penetrationthe primary ion transferthe momentunto target particleand set the atoms in
motionwhich will further cause other atoms in the target to m®necethe typical primary
ions are in the keV range which is capable of brealkang chemical bond, intense
fragmentation occurs at and near the impact site from where @ggnénts and elemental
particles are emittedhlong the collision cascade trajectotiie activatedatoms far from the
collision site are less energetic andducethe emission of molecular and quasi molecular
species.An unfortunate fact in SIMS is that ast of the ejected particles are neutrals,
whereas only 40° i 10" of themarepositively or negatively chargédnswhich are useful

in mass spectrometry analysis. Due to the dissipatigoriofary ionenergy only particles
from the first few layers (2 i3 monolayersare able to overcome the fage binding energy
and be desorbed from tlsample For examplethe ejection of secondary iorfsom organic
materids is generallyrestricted to a deptbf less thanl00i200A [3,4], depending on the
energyand mas®f the projectilesas well aghe natureof the target.
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Figure 1. Secondary ions and neutramission induced by the primary ions aa&ollision
cascad¢b].

However, ionizatiofdesorption in SIMS is a rather complprocess, especially due to the

fact that the mechanisms can be different when the impacting condition changes. For elastic
collision, three sputtering regimes have been established to describe the secondary ion
emission(Figure 2): the directrecoil (knock-on sputtering) for prompt collisional sputtering

(low energy) the linear collision cascade for atomic impaghedium energy)and the
thermal spikefor dense or polgtomic impact(high energy)[6]. As to the subsequent
ionization processdifferentmodels have been proposadcording to the type of chemical
species. For examplthe ionpair (A'B") dissociationcan be explained by tHend breaking
model[7] where the incidengnergyis sufficient to break thenic bondng. The ionemission

from metal oxideds usually described by a less direct processradiabatic dissociationfo
nascent ion moleculd8] where the impact of primary ions first leads to changes in internal
energyand kinetic energy of the system before the ejection of ions or nelraisre
universal model concerning the emission of orgamitecules iglesorptiofionization model

which suggests the energy deposited in the targetoisverted tovibration energy. Thus,
desorption of the particles is induced by vibrational excitd®pn
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Figure2: Three egimes of sputtering by elastiollisions. (a) Tl singleknockon regime.
Recoilatoms from iortargetcollisions receive sufficientihigh energy to get spttered, but
notenough to generatecoil cascades. (b) The linezascade regime. Recoil aterftom ion
targetcollisions receive suffiently highenergy to generatecoil cascades. The density of
recoil atomss sufficientlylow so that knoclon collisionsdominate anctollisions between
moving atomsare infrequent.d) The spike regime. The dsity of recoil atomss so high that
the majority ofatoms within a again volume (the spike volumaye in motior{6].

Although theabove models do to some extentsatisfactorily explain the secondary ion
emissionin SIMS, the sputtering and ionization processes are sttl fully understood
especially whemew phenomena appear as a result of introducing new projesilidsas
massive argon clusterk the second chapter diis thesis the fragmentation osecondary
ions which indicate the internal energytransferfrom projectiles to secondary ions will be
discussed to provide some insights into the ion formation in SIMS.

1.1.2 Terms and definitions

In order to evaluate and compare thiiciency of differentcluster ion beas) several
parameters are defindd0,11]: Primary ion dose density (PIDD$econdary ion yield,
disappearance cross sectidh secondaryion emission efficiency E, and useful lateral
resolution (L.

x Primary ion dose densi(y?IDD)

The Primary lon Dose BIQVLW\ 3," RU R Wfenoe Llis/tHe RUDNDED bfG 3
primary ians that reackhe samplger unit areauring the analysis

P
2+&& (1.1.1)
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wherei is primary ion currentt is analysis timeq is the charge of primary ion arAlis the
bombarded arealhis parameter defines the twoM8 analysis regimes: the G\QDPLFV
U H J Lwhidrethe PIDD s typically greater than I ionscm? and the static regimehere

the PIDD is kept below10”ionscm? As mentioned above, for analysis of organic
materials, static SIMS has to be employed to ensureithimpactof the primary ions on
anintact areaTherefore, the sample damage causethbliple irradiatiors is negligible In
dynamic SIMS, the higl?IDD means there is a very high possibility that the primary ions
will hit an area whosenolecular structure hadreadybeen modifiecbr damagedby the first
impact.As a consequencenly smallfragmentionsand elementadpecies are obtaingd?].

X Secondary ion yieltf

Secondary ion yield ian important parameter indicating tlo@ productiorefficiency by the
primary ions. It is defined as the number détectedsecondaryions (Ns) divided by the
number ofprimary ions(Np) hitting a certain area on the samplafaceduring the analysis

Oia

;L — 1.1.2

Oe A (112)
Under the same transmission efficien®yis principally determined by the propernty the
primary ions(energy, mass) and the nature of the samples (density, struchamical
environmenk In addition, since the ionization efficiency varies dramatically among the
chemical species, secondary ion yi¥ldlso depends andividual compound.

x Disappearance cross secti@n

Disappearanceor damagecross section 1 corresponds to the aredamaged bythe
bombardment of singleprimary ion 1can be calculatedy measuring the decrease in the
secondary ion intensitys a function ofhe primary ion dose:

EP
‘P LO:B; S'Fé—: .
0 0:R; &S ev# (1.1.3)
Z0:R LFER®R+&&
Z0R: e (2.1.4)

where N(t) is the number of secondary ions detected at tinméN(to) is the number of
secondary ions detected at the beginning ofatreysis i, t, g andA are the same abatin

equation 1.1.1.1thereforeis the slope of the decagurve of secondary ions. Similar to
secondary ion yield, disappearance section @g@nds on thprojectiles, sample system, as

well as considered secondary ion speciespaticle analysis WKH 1 PHDVXUHG IURP
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molecular ions (typically about 0 i 10"% arelarger than that from fragment iodsie to
the surface modificatiomluring the erosiof13]. As shown irjFigure 3{ Fsypply and Fputter
indicate the flux of intact molecules into and out of the altered layethickness d

respectively Fyamage presents the damaged of the material caused by bond lygeakch
crosslinking (in the case of polymeth this erosionmodel,a steady statean be reached
where the consumption rate of the material and the supplyroatebulk to the altered layer
reach equilibrium, then éhdisappearance section can be expieds a more sophisticated
equation 14:

5:B; L 5. £ :5 F 5£@ATu::J—;@5E &,;Bh (1.1.5)

whereS is the signal intensity dhe beginningSssis the signal intensity at steady states

the totalsputteringyield, n indicates the density of the molecules in the sample; d is the
thickness of the altered layet; is the damage cross section associated witmibleculesf

is the primary ion fluence. Then thaluerepreserinhg the exponential slopeorresponds to

the effective disappearance cross section:

&ud = E & (1.1.6)

Figure 3: Schematic diagram of the erosion modghe variable F represents the indicated
flux of intact molecules in to and out of the altered layer of thicknd

It is noted that in the next chapter of this dissertation, we were dedicated to comparing the

damage cross section for different primary ion beams and precise calculation was not

pursuedThus the steady state was not considered and the equation 1.1.4 was used for all the
measurements.

X Secondary ion emission efficien&y
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Secondary ioremissionefficiency is the number of secondary ioestected per damaged
area. It is calculateds the ratio ofecondary ioryield Y overthe disappearanceross section
1

(1.17)

|-

It can be reasoned from the above equations@indary ionization emission efficiencgn
be improvedby increasing the secondary ion yield or/and reducing the gbsapnce cross
section.

x Useful lateral resolutior /

Useful lateral resolution isl/ is the minimum length of a pixel needed to produce a
detectable signal, typically with sigrg-noiseratio (S/N) > 3 Thus, in the case of Poisson
counting statistics,

.. L50

(1.18)

where | is the intensity of the sign& is theareaof one pixel.Therefore, 0 /is a parameter
essentially related to secondary ion ssion. Theattainableuseful lateral resolutiodepends
both on thespot size of the incident beaamd the intensity of the signal. Thus, for a given
primary ion beam, this value can vary betweensdmples and chemical species (related to
ionization/desorptiomfficiency).

1.1.3 Primary ions

In the early yearsnertgas iors such as He Ar* andXe"” werecommonlyused in SIMSlue
to their relatively simple design and operatigb]. However,it proved quite challenging
then tofocus the gas iongo small spots usefully for imaging purposesdretain sufficient
beam current at the same tiridne development of liquid metal ion sour¢&s’, Cs) in the
1970s[16] has effectively overcome this difficulty and provédaetal ion beam with spot
size less than 100 nm, enabling high resolution imagingnofganics from a variety of
materials as well as low moleculaweight fragments fromcell membranes17, 18].
Neverthelessdue to the low secondary ion yielgftempts to obtain molecular information
with the atomic ions under static conditions (PIBf10"%ions-cm?) had beenrather
frustraeduntil late 1990s.

In the courseof developing new ion sources tmprove secondary ion yields in SIMS
analysis, a very important phenomenooncerning secondary iogield Sthe nonlinear
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enhancement effecinderpolyatomic ionimpactstarted to draw attention in ti®70s when
Andersenand Bay [ 19] observedan enhancement in sputtering yield usidigjitomic
molecular projectiles instead of atomic iottere te nonlinearenhancement refers to the

fact thatthe secondary ion yield obtained from the impafcta cluster ion consisting af

atoms is larger than &b fromn individual atoms impacting the target with the same velocity
[20]. After the first observation with diatomic ionsther polyatomic projectiles such @&

[21] and SFEGSF6 [22] were subsequently investigated and found to produce similar
enhancement effecthe first systematistudyof this cluster effect was conducted previously

by the IPNOgroup in collaboration with @&as A&M group around 19903 he influence of

the numberof constituents in the cluster projectda secondary ion yieldlasexamined on a
variety of polyatomic projectiles: gH1,", (Cd),Cs" (n= 0i2), Au," (n= 1i5, o= 1i2), Cso"

[23, 24, 25]. In addition to confirmation of the nonlinear enhancement, rémultsfurther
revealed that the number obnstituents was a more important parameter compared with the
mass of the cluster and the enhancement was most significant from atomic impact to diatomic
impact|Figured).

Figure4: Molecular ion(m/z164.2, [MH]’) yield from a phenylalanine target as a function
of energy per mass unit (E/A) of gold clusters,Kun= 1i5, gq= 1i2) .

Based on the above studies of nonlinear effect by polyatomic projectilsgnidicant
breakthroughin molecular imaging with SIMSook place when clustdon sources were
practicallyintroduced at the beginning of tingllennium. In 2003,a commerciabold liquid
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metal ion sourcevas developed jointly byickerman groupand lonoptika company[26].

The Aw" projectile was shown to dramatically increase thaecular ion yields andvas

soon applied tanap lipids in mouse brair2f,28] and tissuesZ9]. Soon enough, the ION

TOF company ame out witha bismuth liquid metal ion gun deliveringi,* (n= 1i7, g=

1i2) primary ions B0,31]. Compared with gold, bismuth has lower melting pcand
ionization energywhich permits the ion gun works at the lower source current, resulting in
lower energy deficit for the ion emission. Therefore, the bunching is relatively easier and the
time resoltion of the pulsed beam is better. Indeeakiny the comparisofFigure5), Biz"

was found to have similar performance as Awut with a much higher attainable beam

currentbecause of the improved bunching proc&ss imaging purposeBis>* could provide
excellert sensitivitywith submicron useful lateral resolutidrut requires longer acquisition

time due to the inferior beam currdfigure5). Until today, A" and Bg" remainthe most

popular primary iorbeamdor high resolution molecal imagingandare available irmost of
commercial TOFSIMS instruments.

Figure 5: Comparison betweegold and bismuth clusteiin attainabletargetbeam current
(A) and secondarion yield ([M-H] ions ofcholesterolin the corpus callosum of a rat brain
tissue section(B), and the imaging capability comparisonbetween different bismuth
projectiles:Bi*, Bis", and Bi** (C). The images were acquired on toepus callosunareaof

a rat brain tissue sectiomith 256 x 256 pixels and an PIDD df0'? ionscm. Acquisition
time was about #in for Bi*, 10.5min for Bis*, and 100min for Bis", respectivel.

10
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Although A" and Bg" have greatly improved theapability of high resolution biological
imaging it shoutl be noted that the static limit still need to be appledavoid the
accumulation of sample damag®ther promising primay ions for biological analysis
include Go and massive argon clusterBractical Cgo ion source was introduced by
Vickerman groupn 2003 B2,33]. In consistent with previous observatiormS, projectiles
haveshown significantly enhanced secondary ion yielitem organicsubstratesespecially
for molecular ios [34,35]. Compared with Axi” and Bg", Cs ion beamis difficult to be
focused to a small spot size required for high resolution ima@ogsequently, considerable
effort has beerdevoted toinvestigating its application in depth profiling and 3D imaging
[36,37], owningto the high sputter yield and minimwtbsurface chemicalamage.

Large argon cluster ion beawss initially developed by the Kyoto growuring the 1990s

for surface processinguch asmoothing, cleaning arttlin film deposition[38,39]. Utilizing

Ar," ions as primary ion bearfor analytical purpose begamith the same group about ten
years ago. The analysis of amino acid and small peptide revealed that large argon clusters
were not only able t@wause effective secondary ion emissluut also possible toealize
fragmentfree imization under proper conditionf40,41]. Later, small proteins were also
successfully detected with argon cluster TOIMS [42,43]. However, similarto Cgp ion

source, AfrGCIB is principally utilized as sputter beam in depth profiling and 3D imaging
[44,45] because of the difficulty in focusing large gas clusters for imaging purpose

11
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Figure 6: Molecularanalysis with argon cluster iongce (A) Mass spectra of positively
charged secondary ions for an arginine target bombardaddiffitrent argon cluster@.
(B) Mass spectraof thin film of (ProHyp-Gly)io (top), human insulin rhiddle) and
cytochrome Clfottom) on siliconfrom the bombardment & keV Ari400]42)] .

1.2 Time of flight analyzer

Initially, SIMS instruments were coupled with magncpr quadruple analyzer46]. The
introduction oftime-of-flight analyzer[47] has provided a muchlarger mass range with
improved transmission efficiency agdodmass resolutiofor SIMS analysis

1.2.1 Principle

Time-of flight analyzer is based on the simple principle that when ions with diffeviaitut
with the same kinetic energy are travelling through a fieldgegR they will be separated by
their m/z due to the velocity difference and reach #ral of this zone (where lies the ion
detector) at different time. Hence, these ions willtibee-resolvedand the m/z of each ion
can be determined byeasuring the timdifference betweerts emission and detection after
a fieldfree flight The history and development of different kinds ofOF analyzer to
improve the mass resolution have bemmprehensig reviewed by Radionova et al.
recently[4§].

12
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As shown ivﬁFigure? a typical timeof-flight analyzer consistof two zones: the acceleration
zone with a unifornstatic electric fieldes and a field free zonde(=0) of length L (usually 1
to 2 m).

Figure7: Scheme of a linear timef-flight analyzer with potentials along the ion optical axis

(bottom)[4].

In the acceleration zonea potential differencd) is applied between the target and the
extractor Thenthe electric field which accelerates the charged particitdh a distance,..

from the extractoris: 7
1 L -
Tooo
(1.2.2)
The force resulting from this electric fielsl
@T
(LVATLI a5 (1.2.2)

where m is the mass of the partictes the number of charges carried by the parteis;the
electric charge of an electron, namédly02x 10%° C. Then the acceleration time for the
particle in the electric field can be deduced:

ST

Once n the field free zone, the particle no moresubjected teelectricfield. The velocity
will becomeconstant and the kinetic enengygiven by the simple relation

S
‘LI RELVAY (1.2.4)

The velody in the field free region is

13
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. tVAY7

RL“—— (1.2.5)

The time of flight in the field frepatht, equals to:

(1.26)
Thensubstituing for v leads to R L _&
L §
RL STyay (1.2.7)
Therefore, the total time required for the particle to reach the detector is:
—
PLRsERL (tTop & .:8— (1.2.8)

tVA7Y

With this equation, then/z of the charged particle can lbbtained by measuring this total
time of flight. It also clearly shows that heavy ions will have a longer flight time than light
ions, leading to mass resolving of the emitted idhsie useproportionalityconstantK to
represent thanstrument settingsncluding the acceleration distanocgc., the length ofthe

field free tube L andhe electric potential differenc&, which do not change in a given
instrument, theffor a particle carrying charges

1 T
T E . - 1.2.9
PL (tTpo & @TVR% §V ( )
Then,

I S

v LT 23 (1.2.10)
S
@ILTItP@F (1.2.11)
I P

Therefore, the mass resolutiBrequals is given as:

| P
4L—— L, (1.2.13)

14



Chapter 1 Introduction

The mass resolution obtained with a TOF analyzer can be affected by several fhetors
pulse duration of the primary beam which introdace time gapin ionization/desorption
betweenthe ions the ejection processvhich result ina velocity distributionof the emitted

ions the topography of sample surface which directly influences the time of. fAdhthe

above factors will result in one same consequence that the same ions arrive at the detector at
different time, thus broadening the ion peak when using a time to digitaérter (TDC).

To improve the mass resolution, most of current TOF instruments are equipped with a
electrostaticreflecor to correct theinitial kinetic energy distribution. Meanwhile, an
extraction delay of the ions cafsoeffectivelyimprove massresolution by focusing the ion

in time before entering the TOF tube.

1.2.2 TOF analyzer with electrcstatic mirror (Reflectron)

The use of adflectron, orion mirror to improve the mass resolution was first proposed by
Alihanov in 1956 [49]. A reflectron consists ofa series of electrodewith increasing
potentialsto generat@ uniform electric fieldin whichthe ionswill be reflected towards the
detector The principleis to refocusn time the secondaryon beamso that they can reathe

detector athe same timg-igure8|shows the ion optics afOF analyzer witta onestage ion
mirror (with a length ot,). Regionsl; andl, aretwo field-freezones. Br ions with the same

m/z the ones with higher kinetic energy or higher spedt penetratedeeperinto the
reflectron,resulting in a longetravelingpath. In contrast, the ones with lower kinetic energy
will penetrate a shorter distance before turauad, which leads to a shorter path to the
detector.As a result, the time distribution of the ions will be narrowed and consequently
better mass resolution can be obtained

15
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Figure8: Schematiaf the ion optics of a onstage ion mirrowith potentials along the ion

optical axis(bottom) .

To further improve the resolutipmnother two ion mirroreichniquestwo-stage reflectron
[50] and quadratiefield reflectronwere develoged in the 197QsWith two-stage reflectron,
spatial and kinetic energy distributioman be effectively corrected, and it is possible to
achievesecondorder time focusingHowever, the employment of more grids briqgssible
disadvantages such as loss of sengfti@andtransmissionand TOF analyzers withrig-free

ion mirrors were subsequently developé&d,b2].

1.2.3 Delayed extraction

An alternative method toimprove the mass resolution is t@rrow theinitial velocity
distribution of the ions before they enter the TOF analyldeis can be realized by applying
an extraction delay of the ions. For example, in a dostdge extraction system sisown in

Figure9] after leaving the target (lthe iors will travel in a field free area (Zsno potential

difference is applied. Then after a certain ddigya slight potential difference is applied
betveen the target and the intermediate grit (= 6 kV, for example).The ions are thus
weakly acceleratetieforereachingthe intermediate gridSince theions with higher initial
velocity will penetratefurther into the field free region(closer to the ir@rmediate grid)
GXULQJ Wikey Wil b&léss accelerated than the same ions with lower veldnithis
way, the ions can be grouped to narrowdistribution of kinetic energpefore entering the
TOF analyzer, which will ultimately lead to betteass resolution.

16
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Figure 9: Principle of delayed extractiorl. At t = O, the ions are leaving the target after
excitation by the ion source; Puring a certairperiodt, the ions travel though a field free
areaasthevoltageapplied on the intermediate grid is the same as that of the target; 3. After a
delay, a potential difference is applied. The ions are slightly accelerated ¥ b&fore

the intermediate grid before being strongly accelerated (Uke¥)to the secondrid.

In practical, this method has beemwstsuccessfully applied in MALBTOF instrumentsnd

for many year$53,54], whereas in TOFSIMS, delayed extractiodrewless attention due to

the relatively narrow distribution of tHenetic energy[55,56]. Owing toarecent systematic
study of theeffect of delayed extraction on mass spectravbpbellingen et al. [57], this
method began to bmore widelyemployed in TOFSIMS analysis to improvéhe mass
resolution[58,59]. Nowadays,delayed extraction methduas been integrated into the data
acquisition softwaref TORSIMS instrumentdy ION-TOF GmbH All the high resolution
images shown in this thesis were obtained with an employment of this delayed extraction
method.

1.3 TOF-SIMS IV instrument (ION-TOF)

The TOFSIMS instrument utilized inmy thesis is from a TOSIMS IV from ION-TOF
GmbH (Miinster, Germar)y It is equippedwith two ion sourcesBi-LMIG delivering Biy*
(n=11i7, g= 1i2) ions with kinetic energies of 26x qeV and argon GCIB producing
massive argon clusters Ar(n=500i10000) with kinetic energies ranging fromkgV to
20keV, a TOF analyzer with orgtage reflectron ana hybrid detectowhich iscomposed of

a single microchannel plat®CP), a scintillator and a photomultipli¢Figure 10|illustrates
the instrumentation and schematic view of the principle of this instrunidm. main

components of the instruments are described in detail iflobeing paragraphs.
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Figure10: (a) Photo of TOFSIMS IV instrument inCSN laboratory. (b) Principle of TOF
SIMS (from IONTOF GmbH).

1.3.1 lon source

X Liquide metal ion guiLMIG)

The LMIG gun is made up of geral modules that areesponsible for ion production,

extraction, focusing, mass sefion and beam centering, respectivijgure 11| displays a

schematic view of the ion production from a LMIG emitfBo. generate a metallic ion beam,
the metal is first heated to liquid state by the heater filament. @&h€aylor conecan be
formed due to the potentiadlifferencebetween the emissioapex and the extractor. The
emitted ionsare usually extracted to a standard potential between 7000 and MO00O
(depending on the emitlef~-rom this kind of LMIG emitter, most of the produceds are
monatomic andingly charged speciedleverthelessglustersand doubly charged ions can
also beformed.In the case of bismuth LMI@i*, Bi,', Bis*, Bis**, Bis*, Bis*, Bis**, Big", and
Bi;" are presenwith varying intensitie. In addition,for practical rasons,Bi/Mn alloy
(less than 1% of Mnis used instead of pure bismuth. As a result, Mn ions areaaisog the
emitted ion spees. Therefore, after beindocused by the source lenan ion selection
processieeds to be carried outébtainthe desired ion beam.
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Figure11: Schematic view of a LMIG emitt.

Figure 12| shows the principle of ion selection and beam pulsing by using a dual set of

blanking plates After entering the first deflection platens with differentm/z travel at
different velocities. Thus they are time resolved between the two deflection pBes.
calculating the time that takes a particular ion to reachcémeer of thesecondplate and
applying to theseplatesa deflection pulse at this time deldfe ions with desireth/zcan be
selectedTo narrow the time gap between the emitted ions (to improve mass resolution), the
primary ion beam need to be pulsed for a very shorttidarausually 1 ns or lessiowever,

such short pulse duration results in dramatically decreased beam intensity. In many cases,
much longer pulse duratioris employed(~16ns for Bg" ions in the TOFSIMS IV
instrument toget a target current of OpA at 10 kHz), but with an addition buncheiaced

right after the deflection plates to compress the .itms sdection can also be accomplished

by using awien filter which involves the application @f crossed electric and magnetic field

to achieve velocity edection of the ionsWien filter ensures a high transmission of the ion
beam.However, compared with the dual blanking plates system, it could not acouede
masgresolution selection.
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Figurel2 Schematic view of dualeflectionplatespulsing and mass section syst[

Depending ordifferentfocusingstrategieof the primary ion beanseveraloperationmodes

are availableHCBU (high current bunch mode BA (burst alignment mode oollimated
mode and lurst modeln HCBU mode, the primary ions are compressed by using a buncher
to get very short pulse duratioBy this way,high mass resolutio(» 5000)can be obtained
without loss of beam intensi@a). However, the compressed ions cannot be focused

to very small beam size and the attainable spatial gmohs about 23 um. In BA mode, no
buncher is applied after the dual deflection plates. The primary ions can be focused to a few
hundred nanometeso that submicrospatial resolutions achievable If the bean is further
narrowed by apertures, nametycollimated modgthespatial resolution can reach ~ 1.
Nevertheless, these methods require lpalgeduration to get sufficient beam current, which
leads to very limited mass resolutiffrigure13p). Compared to the above the HCBU and BA
modes, hrst mode is a compromise mode which provides both good mass resolution and

spatial resolution. In this modehe pulsed primary beam is chopped to sevstairt

unbunched pulseof ~ 1.5ns to maintain thegood mass resolutionfFigure 13¢). The
disadvantage of burst mode is that it only allows analysis of low mass moldoypesactical
analysis HCBU is the most frequently usedodedue to thegoodbeam intensity (thus short
acquisitiontime) and simplicity of bearmanipulation Otherwise, HCBU and BA modes can

be combined to take advantage of the high mass resolution of HCBU mode and high spatial
resolution of BA mode, respective[$0]. Or, & mentioned previousl@, an extraction

delay of the secondary ioean be applied to improve the mass resolution wherenBAeis
required for higrspatial resolutiommaging
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Figure 13: Comparison of different operation modespoimary ionbeam[61]. (a) HCBU
(high current bunchmode (b) BA (burst alignmentandcollimated mode(c) Burst mode

X Gas cluster ion beam (GCIB)

The principle of gas cluster ion beam (GCIB) generasashownin|Figurel14] In gas cluster
ion source, neutral gas clusters are generated by adiabatic gas expansion. When the high

pressure gas expands through a Laval nozzle, temperature in the expansion chamber
deceases dramatically due to the energy transformation, i.e. thermal energy to kinetic energy.
Meanwhile, large clusters could be formed by condensation and nucleation. Then the
condensed gas clusters are collimated by a skimmer before entering the iorkaatidrer

where the neutral clusters are ionized by electron imgéet.obtainedcluster ions can be
directed to the targdby subsequenextraction, acceleration angeam focusing process.
Noticeably, diring the production of gas cluster ion bedhecluster size and beam intensity

can be affected bgource gas pressure, ioniz@mergy and emissionand a&celeration
energy[62,63]. Thus, those parameters need to be taken into account when tuning the ion
beam.
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Figurel4: Schematic diagram of gas cluster ion beam genern

The gas clusters generated from the ion source are composed of individual clusters with
various sizes, ranging from a few hundreds to several thousands. For practical analysis,
cluster size selection need to be performed after the ionization to meet experimental
requirementsln the IONTOF GCIB ion column@, cluster size section is achieved

by the combination ofa Wien filter and a 90° deflection unit The Wien filter is located
behind the ion source to remove low mass spe@Eewll clusters)90° deflection unit
comprise a static deflectigstatic high voltageand a90 degreepulser(pulsed high voltage)

which help to direct the ion beam to the analytical chamberadiosv massseparabn by
momentum deflectiofi64,65].
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Figure 15. Schematic drawing of the IONOF GCIB ion column(from ION-TOF
Surfacé.ab)

1.3.2 Analyzer

The secondary ion separatiam the TORSIMS IV mass spectrometer & time-of-flight

analyzer with asinglestage reflectrof{Figure 16). Once desorbed, the secondary ions are
extracted towards the entrance of the TOF tubagpyying a potential differenc@ kV). The
ions beam isthenfocused bythe analyzer lens composed of three electrodés deflection
unit is used to center then beam on theletector.The optional blanking platdecated at the

beginning of the fieldreeregion can be used to select a fraction of the ion beam or a single
ion for other purposegostsource decagnalysis 6], for example A gridless reflectrons
employed to perforntime focusing of the ions while aradditional adjustable reflectron
voltage (VDP, variable drift path permits to compensate for the temporal degradation
induced by the posicceleration in front of the ion detectofDP tuning enabés fine
adjustment of energy focug) to maintainfull mass resolutiom different operation modes

At the end of the flight patithe secondary ions apostacceleragd at 10kV onto the MCP
to ensure a sufficient conversion of ions to electrons.ritmber of electrons multiplied
by a factor of about 1000y the electron collision cascadmplificationin the MCPR Thenin

a scirillator the electrons are converted into photefiich can be detected by a
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photomultiplier The finally obtainedpulses are afyzed by a threshold discriminator which
determines the time with high temporal precision, the signal thus obtaitradsaitted ta
time-to-digital converter.

Figure 16. Schematicillustration of the TOF analyzerin TORSIMS IV (from ION-TOF
SurfacelLab).

1.3.3 Flood gun

In analysis oinsulatingsamplesextrachargedrom the primary ionsvill accumulate orthe
surface leading to changein surface potentialvhich disturb secondary ion emission and
modify the ion energy and therefore time of fliglht. order to compensate these extra
chargeslow energy electrons produced framflood gun are pplied between two analysis
cycles (sef-igurel17). In TORSIMS |V, the flood gun mainly consists of a filament heated
with a standardcurrent of 24 A i2.6 A, a Wehnet electrodefor optimizationof the electron
beam current, and extracti@ectrodes. The energy of the electrons determined byhe
voltage applied to the flamenwhich is adjustable between 0 and\21
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Figure 17: (a) Schematicview of flood gun (from IONTOF Surfacd.ab) and(b) Timing
details of the operation @fimary gun, extractor arftbod fun .

Although the employment dfood gun can significantly improve the surface charging issues,

it has to be kept in mind that these low energy electrons might be able to cause damage to
some &ectronsensitive samples such as polym@r][ Thus, an adjusment ofthe electron
fluenceaccordingo theproperty of samples recommended.

1.4 TOF-SIMS imaging

Depending on how the spatial information is acquired from the sample surfass, m
spectromel imaging can be achieved withitaer microscope or microprobe method (see

Figure 18). Microscopeapproachinvolves the use ofon-optical microscope elemente

recordthe spatial origin of the secondary ions. Thus the spatial resolution is independent of
the size of the pmary ion beambut determined by the ion optics and resolution of the
detector The decoupling of spatial resolution from the ion beam allavasge areaeing
analyzedwithout moving the sample or the beahhis imaging approach dominates the early
SIMS instruments dedicated to surface imag as well as thériple focusing timeof-

flight (TRIFT) mass spectromet§68]. Microprobeimaging employsa focused ion bearto
rasteran area divided by a given number of pixels. Mass spectrum generated from each pixel
is correlated with the position of the pixa@that the spatial information can be reconstructed
from the mass spectidter data acquisitiorin microprobe modespatial resolution largely
depends on the spot size of the primiarybeam and the acquisition time is relatively longer
since the ion beam has to move from pixel to pixel to accomplish the measurement of a
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certain areaNowadays, ncroprobemethod is the most common imaging mode in TOF
SIMS and MALDITOF.

The TOFR-SIMS instruments from IONTOF GmbH are operatedwith microprobe approach
thus the following description about 2D and 3D FOMMS imaging only concerns this
imaging mode.

Figure 18 Schematicsview of the micr@robe and microscopeapproachesin mass
spectrometry imagingsp).

1.4.1 2D TOF-SIMS imaging

In TOFR-SIMS, 2D imaging is performed with a singlen beam either metal ion beam or gas
cluster ion beamFor an areamallerthan 500 pnmx 500 um,the ion beam isastered over

the sample from pixel to pixel while the sample épkstill during the acquisitig thus the

beam scan mod&he rasteof the beam is realized bAOHFW UR VW D W LithGi AHF W L R
excellent precision of ~ 1pprileverteless, thaaster size is limitetb the field of secondary

ion extraction opticsvhich is aboub00um x 500um. For largearea analysigusually in the

order of c), the total analytical area is divided anseveral patches (analytical areas that are
rastered by the ion beam without move of the sangrdthe samplénolderis movedfrom

one patch to anothéy mechanic motorknown as stage scan mod¥ithin each patchthe

ion beam is operated in the samay as in beam scan mode, meaning that the patch size has
also to be less tha&00um x 500um. Then large area images can be construayestitching

ion imagesfrom all the patchesln stage scan mode, the mechanical motor has limited
precision, thus minimum number of patches and scans of acquisition are favored to minimize
the frequency of samplemovement. To maintain a sufficient ion dosige pulses per pixel

has to be increased & compromise value (empiricallyi 20 pulses per pixel) as not to cause
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severe surface charging. Meanwhile, a larger pixelsisizesedfor the sake of reasonable
acquisition time.

1.4.2 3D TOF-SIMS imaging

3D mass spectrometry imaging can be essentiallyeaetiby two approaches. The first one
requires dissecng®~ W KH Villd® Bi&nid successive sectipnsach of whichis then
subjeced to 2D mass spectrometry imaging. Finally, 3D images camet@nstructed by
stacking together all the 2D imagd%us, obvwous drawbacks of this method damne- and
laborconsumingas well asgiant data size. It is wrently employed in ambient MSI
techniques such as MALDI7(,71] and DESI[72]. In an alternative approach, tisample
remains intact when introduced to the mass spectrometer. During the anadgittiedaon
beam isapplied toablatethe materials layer by layén a way thatchemicalinformation of
each layer surface can be obtaineg another analysis bean3D images then can be
generated by stacking tloata fromeach layef2D ion images) (seEigurelQP. This process
is called depth profilingwhich is commonly used in TGEIMS to obtain information

underneath the surfac&his depth profiling method requires minimum sample preparation
and the analytical time depends on how deepstimapleis to be analyzedpamely the
amount of material thateeds to be removeth TORSIMS, 3D imaging can be realized by
using a singléeamor dualbeans.

Figurel9: Schematic of the formation of the 3D data set by the stacking of sequential 2D
images from the depth profi[&3].

x 3D imagingwith asingle beam
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In this case, the singl®n beam isused as both the analysis beam and the putter beam,
which, in a certain way, simplifies the instrumental configuration for 3D imaging. The issue
lies in thatlarge cluster ion beam is raqged to cause effective sputtering to remove the
material while keep th@nderneath material undamag@ddhe ion beams suitable for such
kind of sputteringprocess are principall€es,” and Ar" clusters which are difficult to be
focusedto a satisfying bea size for imaging purpose without loss of beam inten3ity.
date, 3D imaging by using a singleam have been mainly performed witky iGn beamof
which the beam size is ~10n [74]. For such analysis, th€y ion beamis operatedn DC
modeto getsufficient intensity for sputtering.

x 3D imagingwith dual bears

In dual beamsnethod, two ion beams are utilized, ofoe analysis and another for sputtering
away damaged materia{éigurezo . The most prevailing configuratian current 3D TOF

SIMS imagingis Auz’ or Biz" clustersbeing used as analysis beam for the sake of high
spatial resolution andgg or Ar," ion beam as sputter beam for high efficient sputtersg.

to the sputter rate, no significant difference is found betw@gnand Ar clusters [/5].
However, Ar clusterdiave been clearly shown to provideetter depth resolutiowhich is
about 5nm with 25keV Ary7go clusterscompared to ~ 16m with 40keV Cgo' clusters
[76].

Figure20: Scheme of 3D TOSIMS imaging with dual beammethod.
1.5 Data processing

The raw data acquired with TE&HMS contains mass spectrum of each pixethef analytical
area in eachcan, thus the mass spectaee correlatedvith the spatial information of the
sampleand from which the ion density images can be reconstru€¢tedmprove the data
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quality and get full interpretation of the data, furtpencessing need to be carried out with
corresponding softwarg(for example SurfaceLab fordata recorded on TGSIMS
instruments from IONTOF GmbHand TOFDR for apparatusrom ULVAC -PHI.

1.5.1 Corrections

For the sakeof data quality,the shifts induced by thehanges of instrumental parameters
during the measurement as well as by the sample itself can be corrected by the following
functions.

X Lateral shift correction

In the case of long measuremgrihe position of the primary ion beam can be shifted during
the acquisition leading to blurry ion images. To compensate for thesdual shiftslateral
shift correction can be performed to calibrate the beam position in each scan to that in the

first scan or other selected seaAs we can see froffrigure 21| ater this beam position

calibration(right), theion image beconssharperthus the image quality is improved

Figure 21: lon images obtainebtefore (left) and dter (right) lateral shift correctior(from
ION-TOF SurfaceLap

x Advanced TOF correction

For analysis of topographic samples, surface topography leads to broad kinetic energy
distribution of the secondary ions. As a result, the mass resolution can leatdyas¢graded
[77,78]. The advanced TOF correction function in the software can be applied to improve
mass resolution by correcting the flight time of secondary ions ejected from each pixel.

X Mass shift correction
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Mass shift correctiofunction is specially developed for samples consisting of both inorganic
and organic layers. During depth profiling, the change in potential difference at the interface
betweeninorganic and organic layerauses mass stsfof the ionsand thus deformed o
peaks in the spectrao improve the shape of the ion peahkistmass shifttan be corrected

the mass shifttorrection function.

x 3D correction using flat substraeeight correction)

In 3D measurementsf the sample surfaces not flat, the resultingmagesreconstructed in
the software can be distorted and nret represent the real sample structdreus, this
height difference in the sample needs to be corrected. By applyiB@tberrectionor height
correction, the 3D images can be correcteddegifying a flat substrate

It has to be noted that performing these corrections can be very time consuming due to long
calculations of various correction factors. Therefore, these functions can be selected to carry
out as neededn this thesis, all the high resolution images acquired with long acquisition
time are corrected wittateral shift correction

1.5.2 Image processing
In the data processing software, many functions are available to help pracesages and
interpret thedata:

x ROI editor

ROI editor isused to extract mass spectrum of a region of interest (ROI) from a complete ion
image. The size and shape of the ROI camdterminedeither manually or by setting the
intensity threshold. Performing ROI on the ion imagesvesy useful inrevealingthe
chemical composition in a particular featwethe sample Noticeably, it sometimes can
revealthe ion peaks that kiabeen buriedy noisein the total mass spectra

x RGB overlay

To facilitate thecomparison of distributicad difference between two or three chemical
speciesion image of each species can be defined to a specific color (red, green, blue) and
then overlaigresulting in twecolor overlay or threeolor overlay images

X Addition

Addition function is used to sum ehion images of chemical species with the identical
localization.It is particularlyuseful in cases where the ion intensities of severdbcalized
species are not sufficient to provide individual interpretable images.

30



Chapter 1 Introduction

In addition, other frequently usedunctions includeadjustmentof the intensityscale to
increase the image contrastinning the adjacent pixels to increase the signal intensity,
measuring beam size with line scan, etc.

1.6 New developments in TOFSIMS instrumentation

Owing to the developmerof efficient cluster ion beams and the improvement in secondary
ion transmission and detection, T{3IMS hasachievedsubstantiabuccess in characterizing

a variety of sampledNevertheless, there is no doubt that considerable issuesxstlin this
analytical technique, especially when applied to biological imadtirgt of all, £condary

ion intensity is stilla very important consideration analysis of biological sample$o date,

most of the analysis is performed withthe static limit where the primary ion dose is less
thanl x 102 ionscm?. Recent studies have shown that it is possibsutpass this limit by

using Go or Ar," large cluster ion beamHowever, with conventional TOFSIMS
instrument, a short primary iopulse is mandatory to achieg®od mass resolutioAs a
consequence, the beam intensity is sacrificed and the low duty cycle of the pulsed beam leads
to incredibly long acquisition time 79]. The second issue ithe lack of structural
characterization capdity. Uncertainties frequently arise when it comes to ion peak
attribution, which is especially frustrating in analysis of complex sampiesddition, mass
resolution in TOFSIMS analysis has been moderé&tel10,000) due to the kinetic energy
distribution of the secondary ion induced by emission process and topography of the sample.
Fortunately considerablefforts have been performed by the SIMS community to solve these
issues andeveral new instrumentatisinave been developed in the last decade.

x J105i3D Chemical Imager

J105i3D Chemical Imagewas developed by the Vickerman group in collaboration with
lonoptika Ltd.(Southampton, UKn 2008[80]. The mainobjectiveof this development is to
overcome the requiremeto use a pulsed primary ion beam in conventional -BOWS.

Figure22lillustrates the schematic dfis - i ' & KHPLF D OTh& idheryion beam

works in a continuous way so that good beam intensity can be guardntegtkr to retain a
good mass resolution, a setlmfncherplates are used to foctise secondary ions in tired
the entrance o quadratic field ToF mass analysdihis design sigificantly increases the
duty cycle and enable3D imaging and also large area analysisbiological tissuesat a
reasonable time scalBesides, tandem MS analysis is realized willoB A oF configuration
by placing a collision cell betweethe buncher rad reflectron Initially equipped with an
lonoptika Go ion beam the instrument was later fitted with a K@ GCIB system providing
both Go" and A" cluster ions $1]. The MS/MS analysis and imaging of lipidis drosophila
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brained with this instrumentath using40keV Arsoo ion beamhas been reported recently
[82].

The sameanstrumentalconcept also yielded anotheonfiguration the QStar MALDI mass
spectrometerdeveloped by th&Vinogradgroup atPenn Stat¢83]. This instrument uses the
samecontinuousCgp ion beamand combine8IALDI and SIMS analysis in one spectrometer
by using an optimizetlybrid quadrupole orthogon@lOF analyzer.

Figure22: Schematics ofa) the J10%3D Chemical Imageand (b) the coupling of the
buncherto the harmonic reflectron

X PHInanoTOF Il

PHI nano TOF Il is a very recent desigdedicated to parallemaging MS/MS analysis It

was developed b¥hysical Electronics Indn collaboration withMaastricht Universityin

2016 B4,85. PHI nano TOF Il is based on the triple ion focusing tiogflight (TRIFT)
spectrometerThe parallel MS/MS imaging capability is achieved by placing a precursor
selector rightafter the thid electrostatic analyzer (ESAyhere the secondary ions are
completely time resolved’he precursor selector is designed such that the desired precursor

32



Chapter 1 Introduction

ion is reflected into a collision cell for fragmentation followed by a linear TOF for separation
and a MS2 detector for ion detectiahile the rest secondary ions continue their trajectory to
reach the MS1 detector. By this way, MS and MS/MS analysis and imaging are realized
simultaneously. The instrument has been shown able to perform MS/MS stalictur
characterization of various cheraispecies.

This technique has been used to perform in situ identification of wood metabolites in chapter
3 and chapter 4. Detailed description about the design and performance of this
instrumentation can be found in Chapter 3.

Figure 23: (a) Schematic illustration of the Parallel Imaging MS/MS spectrométer
schematic illustration showing an enlargement of the precursor selector and the activation cell

of the MS2 spectromet.

x 3D OrbiSIMS

A so-called revolutionarydevelopment in TOFSIMS is the3D OrbiSIMS developed by
National Physical LaboratoryNPL, UK) and ION-TOF GmbH This hybrid instrument
combires a TOF analyzer for rapid analysis andn Orbitrap mass spectrometef (
Exactivd” Extension Thermo Fischer Scientificfor obtaininghigh sensitivity and high
mass resolutiont has been claimed that excellenass resolutioof 240,000at m/z200 and
mass accuracy less thanpdm are attainableMoreover, this configuration permits to
determine the molecular structure by MS capability Commercialization and completion
of the3D OrbiSIMSplatform is still in progress.

Previously, a similar coupng of Cgo SIMS source to a 1Z solariX FTICR mass
spectrometewas also reporteth 2011[86]. Themass resolutioms better tharl00,000and
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mass accuracy is less thap@n. However, thén transfer opticsieeds to be optimized to
increase secondary ion transmission efficiency for better sensitivity and spatial resolution.

1.7 TOF-SIMS imaging of plant metabolites

30DQWYV KDYH EHHQ IUHTXHQWO\ GHVFULEHG DV QDWXUHY
ability in synthesizinga vast array of different metabolite87. Those secondary metabolites

are essential in various biological activities such as protecting the plants, communicating with

the surroundsand so on.nformation onther spatial distribution W be essential to
understand the plant metabolism atfe correspondindpiological processwithin specific

tissues B8]. Compared with conventionadpectroscopytechniques, mss spectrometry

imaging (MSI) shows superior capability of mapping a witdenge of plantmetabolites

without requirement aény kind oflabeing.

TOFR-SIMS imagingof wood tissuess among lie earliestexamples where spatial information
of plant metabolites is disclosed by M8B[90]. In 2005, Imai et aI. first applied TOF
SIMS to localize heartwood extractivésrruginol in Sugi Cryptomeria japonica wood
tissues and revealed that this compound was almost homogeneously distiitoubes cell
wall on both cross section and tangential section of the heartwémd2008, spatial
distribution ofspecificmetabolites from Hinoki cypres€hamaecyparis obtuyahinokinin,
hinokiresinol,hinokione, and hinokiolvere examined by TOGBIMS to distinguish sapwood
from heartwood indiscoloredwood from ancientarchitectural materig]91]. The imaging
results show that these compoundsre exclusively localized irray parenchyma celland
maximum intensity of the compads was observed in the transition zohewas also
revealed that these compounds persisted in the wood even the tree was felled in ancient time.
Onthe samavood specie§92], elementgNa, Mg, Al, K, and Caand lignin distributions in
sapwood, transitn zone, and heartwood, respectivelgre also investigated.ignin was
found almost uniformly distributed from sapwood to ftwaod, whereas the distribution of
elements varied greathetween the different aredsater, TOFSIMS was applied ttocalize
flavonoidsin seed samplegpéasandArabidopsis thalianp[93] and showed that flavonoids

were mainly present in the seed cogigyre 24). In order toassess the permance of a

cryo-TOFRSIMS/SEM systemthe distribution offerruginol in Cryptomeria japonicavood
species was reinvestigatad2011 It was revealed thaefruginol wasnore abundant ithe
cell walls ofsome tracheidells inthis frozenhydratedsampe [94]. Very recently, his cryo-

TOFRSIMS/SEM systemhas beensuccessfullyemployedto visualize the distribution of
alkaloics in freezefixed stem ofMagnolia Kobusspecieq95]. The watersolulde alkaloid
salicifolinewas mostly found itiving phloemtissuesas well asn ray cells, lignifyingfibres

andvesselsn the xylem Figurezﬁ.
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Figure 24: TOR-SIMS negative ino images of arA. thaliana seedsection, embeddenh a
polyesterresin: @ m/z285.04 (b) m/z301.03 (c) m/z447.1 (field of view 400 P 1 P
256 x 256 pixels, pixel size 1.56 P 10 XHQ kK HO0%ionscm?). (d) High spatial
resolution ngative ion image recorded clos® the seed coat of ah thaliana seedection
embedded in @olyester resin (field of view 150P 1 P 7 S Ldixelsize
586nm, fluence 4 10“%ions-cm?). Two-color overlay: red, sum of C18 fatty acid

carboxylate ions; green, sum of fIavondi:hsﬁ.
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Figure 25. (a) CryoSEM image taken after crypOFRSIMS measurement and appropeiat
freeze etching. Cryd OFSIMS positive ion images of the (b) total ion, (c) potassium, (d)
phosphatidylcholine, ah (e) salicifoline. (f) Opticalmicroscopic image of a freedxed

stem of M. kobus in a sample holder showing the measuremen{ag@@xmately 2.4 x

04PP 6FDOH EDUV DUH P 1R W0 Dnm Bor fFArr@vs BOQWE aHd D Q G
below the sides of the images of a, b, c, d, and e indicate the cambial zone. &edy sc
tetragons at both sides thie images a, b, ¢, d, and e indicdue cell wall formation stages of

wood fibresﬁ.
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It is noted that all the above wood species studied by-$IMS imaging are soft wood
species. Wood metabadg distribution in hard wood species was reported only recently by
Vanbellingen et al. . In tropical tree specieBicorynia guianensistoxic metabolite
tryptamineand inorganic compound silica were mapped from sapwood to heartwood with

high spatial resolution of ~ 400n (Figure26’.

Figure26: Distribution of tryptamine and silican the transverse surface®f guianensis(a)
& (c): sapwood (b) & (d): transition zone(c) & (e): heartwoodlmages havdéeen cropped
to zoom on areas of interest of 200 1 P V LT white arrowshowthe silica grain
5§].

Although it is recognized that TGEIMS has the best spatial resolving capability, the recent
reviews P6,97,98,99 about MSI analysis of plant metabolites have clearly demonstrated that
the nunber of studies using TGEIMS imaging is far less than MALDI and DESI imaging.
Frequently, TOFSIMS has been criticized for the low secondary ion intensity. However,
owing to instrumental development in the last few years, many aspects concerning the
performance of TOFSIMS imaging have been improved, and future mapping of plant
metabolites will surely benefit from the high spatial resolution and 3D imaging capability.

37



Chapter 1 Introduction

References

[1] Castaing, R.; Slodzian, G. Microanalyse par émission ionique secandainmal of
Microscopyl1962 1, 395i410.

[2] Benninghoven, A. Surface investigation of solids by tia¢ical method of secondary ion
mass spectroscopy (SIMSurface SciencE973 35, 427i437.

[3] Whitlow, H. J.; Hautala, M.; Sundgvist, B. U. Raternational Journal of Mass
Spectrometry and lon Processe387, 78, 329i340.

[4] Bolbach, G.; Viari, A.; Galera, R.; Brunot, A.; Blais, J. C. Organic film thiskreffect in
secondaryion massspectrometry and plasma desorption mass spectripnieternational
Journal of Mass Spectrometry and lon Proced€92 112 93i100.

[5] Benninghova, A.; Hagenhof, B.; Niehuis, E. Surface MS: probing reafrld samples.
Analytical Chemistryl993 65, 630Ai640A.

[6] Sigmund, P. Sputtering byon bombardment:itheoreticalconcepts In Sputtering by
particle bombardment I:physical sputtering of single-element solids; Behrisch, R., Ed.;
SpiingerVerlag Berlin Heidelbergl 981

[7] Yu, M. L. A bond breaking model for secondary ion emissiuaclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and 128@1s
18, 542548

[8] GerhardW.; Plog C. Secondaryon emission bynonadiabatiadissociation oihascenion
molecules withenergiesdepending orsolid composition Zeitschrift fir Physik B Condensed
Matter 1983 54, 59 #0.

[9] Cooks, R. G.; Busch, K. L. Matrix Effects, Internal Energies and MS/MS Spectra of
Molecular lons Sputtereflom Surfaceslnternational Journal of Mass Spectrometry and lon
Physic$1983 53, 111424,

[10] Kotter, F.; BenninghovenA. Secondary ion emissidnom polymer surfaces under Ar
Xe" and SE" ion bombardmentApplied Surface Sciend®98§ 133 47 57.

[11] Brunelle,A.; Touboul, D.; Laprévote, (Biological tissue imaging with me-of-flight
secondary ion maspectrometly and cluster ion sourcdournal of Mass Spectromet?p05
40, 985i999.

[12] Pacholski M. L.; Winograd N. Imaging with Mass Spectrortrg. Chemical Review
1999 99, 2977i3005

[13] Rading D. From sample to data. IONTOF workshop, Md2316

[14] Cheng, J.; Wucher, A.; Winograd, Nloleculardepthprofiling with clusterion beams
Journal of Physical Chemistry 2006 110, 8329i833

38



Chapter 1 Introduction

[15] Vickerman, J. C.; Briggs, D. TeBIMS: Materials malysis bymassspectrometry,
Ed. Surface Spectra/IM Publs, Manchester/Chiche2€x1.

[16] Krohn, V. E.; Ringo, G. R. lon source of high brightness using ligquetal Applied
Physics Letter4 975 27, 479i481.

[17] Cannon D. M.; Paclolski, M. L.; Winograd, N.;Ewing, A. G. Molecule specific
imaging of freezefractured, frozenhydrated model membrane systems using mass
spectrometry Journal of American Chemical Soci&90Q 122, 603i610.

[18] Ostrowskj S. G.; Van Bell, C. T.Winograd N.; Ewing, A. G. Massspectrometric
imaging of ghly curvedmembranesluring etrahymenanating Science2004 305, 71i73.
[19] Andersen H. H.; Bay, H. L. Nonlinear effects in heawipn sputtering Journal of
Applied Physic4974 45 954.

[ 20] Wucher A. Molecular secondary ion forrian under cluster bombardment
fundamental reviewApplied Surface Scien@906,252 64825648

[21] Reuter W Secondary ion emissidrom metal targets under carbwifluoride ion (CR")
and oxygen ion (&) bombardmentAnalytical Chemistryl987, 59, 20812087.

[22] Appelhans, A. D.; Delmore, J. E. Comparison of ptayaic and atomigrimary beams
for secondary ion maspectrometry of organicé&nalytical Chemistry1 989 61, 10874093
[23] Blain, M. G.; DellaNegra, S.; Joret, H.; Le Beyec, Y.; Schweikert AE Secondaryon
yields from sirfacesbombarded with keVmolecular andcluster lons Physical Review
Letters1989 63, 1625i1628.

[24] Benguerba, M.; BrunelleA.; DellaNegra, S.; Depauw, J.; Joret, H.; Le Beyec, Y.;
Blain, M. G.; Scweikert, E. A.; Ben Assayag, G.; Sudraud, P. Impact of slow goldrslaate
various solids: nonlineaffects in secondary ion emissidtuclear Instruments and Methods
in Physics Rsearch BL991, 62, 8i22.

[25] Baudin K, Bolbach G, Brunelle A, Deldegra S, Ha°kansson P, Le Beyec Y.
Secondary ion emission under sier impact at low energies #0 keV); influence of the
number 6 atoms in the projectileNuclear Instruments and Meitls in Physics Research B
1991, 88,160i163

[26] Davies N.; Weibel D. E.; Blenkinsopp P.; Lockyer, N.; Hill, R.; Vickerman J. C.
Development and experimental application of a gold liquid metal ion sAppéed Surface
Science2003 2031204, 223i227.

[27] Touboul, D.; Halgand, F.; Brurlel A.; Kersting, R.; Tallarek, E.; Hagenhoff, B.;
LaprévoteO. Tissue molecular ion imagingy gold cluster ion bombardmentAnalytical
Chemistry2004 76, 1550i1159.

[28] Sjovall, P.; Jausmaa, J.; Johansson, B. Mpsstrometricimaging of lipids in brain
tissue Analytical Chemistry2004 76, 4271#4278.

39



Chapter 1 Introduction

[29] Touboul, D.; Brunelle, A.; Halgand, F.; De La Porte, S.; Laprévote, O. Lipégjingby

gold cluster timeof-flight-secondary ion mass spectometry: application toDuchenne
musculardystrophy.Journal of Lipid ResearcB005 46, 13884395.

[30] Kollmer F. Cluster primary ion bmbardment of organic material8pplied Surface
Science2004 231i232153i158

[31] Touboul, D.; Kollmer, F.; Niehuis, E.; Brunelle, ALaprévote, O. Improvemérof
biological timeof-flight-seconday ion mass spectrometry imagiagth a bismuthclusterion
source Journal of American Society for Mass Spectrom2@@5 16, 160841618

[32] Wong, S. C. C.; Hill, R.; Blenkinsopp; Lockyer, R.; Weibel, D. E.; Vickerman, J. C.
Development of a C60+ ion gun for static SIMS and chemical imadipglied Surface
Science2003 2031204, 219i222.

[33] Weibel, D.; Wong, S.; Lockyer, N.; Blenkinsopp, P.; Hill, R.; Vickerman, J. C.sfA C
primary ion beam system for time of flight secondary ion mass spectrometry: Its development
and secondary ion yield characteristiéaalytical Chemistry2003 75, 17544764.

[34] Kersting R.; Hagenhoff B.; Kollmer, F.; Mollers, R.; Niehuis E. Influence of primary

ion bombardment conditions on the emission of molecular secondaryAippked Surface
Science2004 231i232, 261i264.

[35] FletcherJ. S.; Conlan X. A.; JonesE. A.; Biddulph, G.; Lockyer, N. P.; Vickerman, J.

C. TORSIMS analgis using C60. fect of impact energy on yieldnd damage. Anlical
Chemistry 2006 78, 1827i1831

[36] Fletcher, J. S.; Lockyer, N. P.; Vickerman, J. C. Developments in molecular SIMS depth
profiling and 3D imaging of biological systems using polyammrimary ions.Mass
Spectrometry Revievi2011, 30, 142i174.

[37] Fletcher, J. S. Latest applications of 3D T8IMS bioimaging. Biointerphase2015

10, 0189021.

[38] Matsuo, J.; Abe, H.; Takaoka, G. H.; Yamada, |. Gas cluster ion beam equipments for
industrial applicationsNuclear Instruments and Methods in Physics Resear@8%5 99,
2441247 .

[39 Yamada, I.; Matsuo, J.; Toyoda, N.; Kirkpatrick, A. Materials praogsBy gas cluster

ion beamsMaterials Science and Engineering2R01, 34, 231295.

[40] Ninomiya, S.; Nakata, Y.; Ichiki, K.; Seki, T.; Aoki, T.; Matsuo, J. Measurements of
secondary ions emitted from organic compounds bombarded with large gas cluster ions.
Nuclear Instruments and Methods in Physics Resea®0B 256, 493#96.

[41] Ninomiya S.; Nakata, Y.; Honda, Y.; Ichiki, K.; Seki, T.; Aoki, T.; Matsuo, J. A
fragmentfree ionization technique for organic mass spectrometry with large Ar cluster ions.
Applied Surface Scien@908 255 1588#590.

40



Chapter 1 Introduction

[42] Mochiji, K.; Hashinokuchiy, M.; Moritai, K.; Toyoda, N. Matrixfree detection of
intact ions from proteins in argesluster secondary ion mass spectrometRapid
Communication in Mass Spectrome2§09 23, 648652.

[43] Oshima, S.; Kashihara, I.; Moritani, K.; Inui, N.; Mochiji, K. Ssfiuttering of insulin
films in argoncluster secondary ion mass spectromeRgpid Communication in Mass
Spectrometry011, 25, 10704.074.

[44] Bich, C.; Havelund, R.; Moellers, RTpuboul, D.; Kolimer, F.; Niehuis, .EGilmore, I.
S.; Brunelle, A.Argon clusterion sourceevaluation onlipid standards andat brain tissue
samples Analytical Chemistr013 85, 7745i7752.

[45] Korsgen, M.; Pelster, A.; Dreisewerd, K; Arlinghaus, H. F. 3D -BdMS analysis of
peptideincorporation into MALDImatrix crystals withsub-micrometemresolution. Joural of
American Society of Mass Spectrom@i g 27, 277i284.

[46] Magee, C. W.;Harrington, W. L.; Honig, R. E.Secondary ion quadrofe mass
spectrometer for deptprofiling glesign and performance evaluatioReview of Scientific
Instruments1978 49, 477i785.

[47] Chait, B. T.; Standing, K. G. A timef-flight mass spectrometer for measurement of
secondary ion mass specttaternational Journal of Mass Spectrometry and lon Physics
1981, 40, 185i193.

[48] RadionovaA.; Filippov, I.; Derrick, P. J. In pursuit of esolution intime-of-flight mass
spectrometry: A historicglerspectiveMass spectrometry review®15 35, 738757.

[49] Alihanoy, S. G. A new impulse methodf measuring ion masse¥ournal of Technical
Physics1956 31, 517521.

[50] Mamyrin, B. A.; Karataev, V. |.; Shmikk, D. V.; Zagulin, V. Ahe mass reflectron, a
new nonmagnetic timef-flight mass spectrometer withigh resolution.Zh Eksp Teor Fiz
1973 64, 8289.

[5]1] Frey, R.; Schlag E. W. Time-of-flight mass spectrometering an ionreflector. Patent
US 4731532 A11986

[52] Kutscher R.; Grix, R.; Li, G.; Wollnik, H. A transversally and longitudinally focusing
time-of-flight mass spectrometeinternational Journal of Mass Spectrometry and lon
Processed99] 103 117428.

[53] Brown, R. S.; Lennon J. J. Mass resolutn improvement by incorporation ptilsed ion
extraction in a matrbassised laser desorption/ionizatiotinear timeof-flight mass
spectrometerAnalytical Chemistry1 995 67, 19982003

[54] Vestal, M. L.; Juhasz, P.; Martin, S. A. ged extraction matriassistedlaser
desorption timeof-flight mass spectrometryRapid Communications in Mass Spectrometry
1995 9, 10444.050.

41



Chapter 1 Introduction

[55] Cheng J, Winograd N. Depth profiling of peptide filmsvith TOF-SIMS and a C60
probe.Analytical Chemistr005 77, 365188659

[56] McDonnell L. A.; Heeren R. M. N.Imaging mass spectrometriylass Spectrometry
Review007, 26, 606643

[57] Vanbellingen, Q. P.; Elie N.; Eller, M. J.; DelNegra, S.; Touboul D.; Brunelle A.
Time-of-flight secondary ion mass spectrometry imaging of biological samples with delayed
extraction for high mass and high spatial resolutidRapid Communications in Ma
Spectrometry015 29, 11874195.

[58] Vanbellingen, Q. P.; Fu T.; Bich, C.; Amusant, N.; Stien, D.; Didigra, S.; Touboul,

D.; Brunelle, A. Mapping Dicorynia guianensis wood constituents by submicron resolution
clusterTOR-SIMS Imaging.Journal of Ma&s Spectrometr®016 51, 412#423.

[59] Shon H. K.; Yoon, S.; Moon, J. H.; Lee, T. G. Improved mass resolution and mass
accuracy in TOFSIMS spectra and images using argon gas cluster ion bBairgerphases
2016 11, 02A321

[60] Lindgren J.; Uvdal, P.; Sjovall, P.; Nilsson D. E. Engdah) A.; Schultz B. P.; Thiel, V.
Molecular preservation of the pigment melanin in fossil melanosonidgture
Communication2012 3, 824.

[61] Sodhi R. N. S. Timeof-flight secondary ion mass spemnetry (tofsims):versatilityin
chemical and imaging surface analysisalyst2004 129, 483#487.

[62] Seki, T.; Matsuo, J.; Takaoka, G. H.; Yamada, |. Generation of the large current cluster
ion beamNuclear Instruments and Methods in Physics Resea@®0B 206, 902i906.

[63] Matsuo, J.; Okubo, C.; Seki, T.; Aoki, T.; Toyoda, N.; Yamada, I. A new secondary ion
mass spectrometry (SIMS) system with higtensity cluster ion sourcéluclear Instruments

and Methods in Physics ResearcR@4 219i220, 463i467.

[64] Niehuss, E.; Heller, T.; Feld H.; BenninghovenA. High Resolution TOF Secondary lon
Mass SpectrometeBecondary lon Mass Spectrometry SIMS V, Springer Series in Chemical
Physics 44, BenninghoveA., (Eds: ColtonR. J; Simons D. S; Werner H. W.), Springer
Verlag, Berlin, 1986 188190

[65] Kayser, S.; Rading, D.; Moellers, R.; Kollmer, F.; Niehuis, E. Surface spectrometry
using large argon clusteiSurface Interface Analys13 45, 1314.33.

[66] Touboul, D.; Brunelle, A.; Olivier Lapré@te. Structural analysis of secondary ions by
postsource decay in timef- Aght secondary ion mass spectromeRgpid Communications

in Mass Spectrometi2006 20, 703709.

[67] Gilmore, I. S.; Seah, M. P. Electron flood gun damage in the analysis of polymers and
organics in timeof-flight SIMS. Applied Surface Scien@902 187, 89i100.

42



Chapter 1 Introduction

[68] Schueler,B.; Sander P.; Reed, D. A. A timef-flight secondary ionmicroscope
Vacuuml99Q 41, 1661i1664

[69] Luxembourg, S. L.; Mize, T. H.; McDonnell, L. A.; Heeren, R. M. KAgh-Spatial
resolution mass spectrometric maging of peptide andprotein distributions on a wgface
Anallytical Chemistry2004 76, 5339i5344

[70] Andersson M.; Groseobse, M. R.; Deutch, A. Y.; Caprioli, R. M. Imaging mass
spectrometry of proteins and peptides: &iume reconstction. Nature Method2008 5,
101408.

[71] Sinhg T. K.; Khatib-Shaidi, S.; Yankeelov, T. E.; Mapara, K.; Ehtesham, M.; Cornett,
D. S.; Dawant, B. M.; Caprioli, R. M.; Gore, J. C. Integrating spatially resotieee
dimensional MALDIIMS with in vivo magnetic restanceimaging. Nature Method2008

5, 57%0.

[72] Eberlin, L. S.; fa, D. R.; Wu, C.; Cooks, R. GlhreeDimensionalvizualization of
mouse brain by lipid analysis using ambient ionization mass spectrometry Angewandte
Chemie International Editio801Q 49, 873i876.

[73] Fletcher J. S.;Lockyer, N. P.;Vaidyanathan S.; Vickerman J. C. TOFSIMS 3D
biomolecular imaging oXenopus laevisocytes using buckminsterfullerene { primary
ions Analytical Chemistr2007, 79, 2199i220.

[74] Lu, C.; Wucher, A.; Winograd, NMolecular depth profiling of buried lipid bilayers
using Gg-SIMS. Analytical Chemistr011, 83, 3518858

[79 Rabbani, S.; Barber, A. M.; Fletcher, J. S.; Lockyer, N. P.; and Vickerman, J. C. TOF
SIMS with Argon Gas Cluster lon Beams: A Comparison with ‘CB8@alytical Chemistry
2011, 83, 3793i3800.

[76] Winograd, N.; Mao, D.; Miyayama, T.; Niehuig,, Rading,D., Moellers, R.Argon
clusterion beams fororganic depth profiling: results from a VAMASnterlaboratorystudy.
Analytical Chemistr2012 84, 7865i7873.

[77] Lee, J. L. S.; Gilmore, S.; Seah M. P.;Fletcher, I. W. Topography and field effects in
secondary ion @ssspectrometry+Part I: conductingamples Journal of the American
Society for Mass Spectromeft911, 22, 1718i1728.

[78] Lee, J. L. S.; Gilmore, I. S.; SealM. P.; Levick, A. P.;Shard A. G. Topography and
field effects in secondanpn mass spectrometry Part II: insulating sampfsface Interface
Analysis2012 44, 238245

[79] Walker, A. V. Why Is SIMSunderused irthemical andbiological analysis? Challenges
andopportunities Analytical Chemistry2008 80, 8865887Q

43



Chapter 1 Introduction

[80] Fletcher J. S.; Rabbani S.; HendersonA.; Blenkinsopp P.; ThompsonS. P.; Lockyer,

N. P.; Vickerman J. C. A new dynamic irmass spectral imagg of single biological cells.
Analytical Chemistry2008 80, 9058i9064

[81] Angerer T. B.; Blenkinsopp P.; Fletcher J. S. High energy gas cluster ions for organic
and biologcal analysis by tim®f-flight secondary ion mass spectromethyternational
Journal of Mass Spectromet2915 377, 591i598

[82] Phan, N. T. N.; Munem, M.; Ewing, A. G-jetcher J. S. MS/MS analysis and imaging
of lipids across Drosophila brainsing secondary ion mass spectromefgalytical and
Bioanalytical Chemistr017 409, 39238932.

[83] Caradg A.; PassarelliM. K.; Kozole, J.; Wingate, J. E.; Winograd, Nlgboda A, V.

Cso SIMS with a hybridquadrupole orthogonaime-of-flight mass spectreter.Analytical
Chemistry2008 80, 7921i7929

[84 J)LVKHU * / %UXLQHQ $ / 2JULQF 3RWRPQLN 1
Larson, P. E.; Heeren, R. M. A. A New Method and Mass Spectrometer Design fer TOF
SIMS Parallel Imaging MS/MSAnalytical Chemistr2016 88 i

[89] Fisher, G. L.; lhmmond, J. S.; Larson, P. E.; Bryan, S. R.; Heeren, R. M. A. Parallel
imaging MS/MS TOFSIMS instrumentJournal of Vacuum Science & Technolog2®.§

34, 03H126.

[86] Smith, D. F.; Robinson, E. W.; Tolmachev, A. V.; Heeren, R. M.; Hatia, L. C60
secordary ion fourier transformion cyclotron resonancemass spectrometry. Analytical
Chemistry2011, 83, 95520556.

[87] Hussain, M. S.Fareed, S.Ansari, S, Rahman, M. A.Ahmad, I. Z; Saeed, M. Current
approaches toward production of secondary plant metabalitesnal of Pharmacy and
Bioallied Science2012 4, 1020.

[88] Lee,Y. J, Perdian,D. C.; Song, Z.;Yeung, E. S, Nikolau, B. J Use of Mass
spectrometryor imagingmetabolitesn plants.Plant Journal2012 70,81 95.

[89] Imai, T.;Tanabe,K.; Kato,T,; Fukushima,K. (2005). Localization of ferruginol, a
diterpenephenolin Cryptomeria japonicaheartwoodby time-of-flight secondaryion mass
spectrometryPlanta2005 221, 549556.

[90] Mullen, A. K.; Clench, M. R.; Crosland, S, Sharples,K. R. Determination of
agrochemical compounds in soya plants by imaging matrix-assisted laser
desorptionibnizationmassspectrometryRapid Communications in Mass Spectrom2095

19, 25072516

[9]1] Saito, K.; Mitsutani, T.; Imai, T.; Matsushita, Y., Fukushima, K. Discriminating the
indistinguishablesapwood fromheartwood indiscoloredancientwood by direct molecular

44

+ L



Chapter 1 Introduction

mapping of specific extractives using time-of-flight secondaryion mass spectrometry.
Analytical Chemistry2008 80, 1552#1557.

[92] Saito, K.; Mitsutani, T.; Imai, T.; Matsushita, Y.; Yamamoto, A.; Fukushima, K.
Chemical differences between sapwood arattheod ofChamaecyparis obtusdetected by
ToFSIMS. Applied Surface Scien@)08 255 10884091

[93] Seyer,A.; Einhorn, J.; Brunelle, A.; Laprévote, O. Localizatiorflaf’fonoids in seeds by
cluster ime-of-flight secondary ion mass spectrometmaging Analytical Chemistry201Q

82, 23262333

[94] Kuroda, K.; Fujiwarg T.; Imai, T.; TakamaR.; Saito, K.; Matsushita, YFukushimakK.
The cryeTORSIMS/SEMsystem for the analysis of tlibemical distribution in the freeze
fixed Cryptomeria japonica wooBurface Interface Analys&)13 45, 2152109.

[95 Okumura, W.; Aoki, D.; Matsushita, Y.; Yoshida, M.; Fukushjria Distribution of
salicifoline in freezdixed stems of Magnolia kobus asbserved by cryd@ OFSIMS.
Scientific Report2017, 7, 5939.

[96] Matros, A.; Mock, H. P.Mass spectrometry based inrag techniquedor spatially
resolvedanalysisof moleculesFrontiers in Plant Scienc2013 4, 89.

[97] Bjarnholt, N.; Li, B.; D'Alvise, J.; Janfelt, C. Mass spectrapdtmaging of plant
metabolitesprinciples and possibilitie®Nature Product Repo2014 31, 818837.

[98] Sumner, L. W.; Lei, Z.; Nikolau, B. J.; Saito, K. Modern plant metabolomics: advanced
natural product gene discoveries, improved technologies, and future prodgatise
Product ReporR015, 32, 212i229.

[99] Dong, Y.; Li, B.; Malitsky, S.; Rogachev, I.; Aharoni, A.; Kaftan, F.; Svaté.;
Franceschi, P. Sample preparation for mass spectrometry imaging of plant tissues: A review.
Frontiers in Plant Scienc2016, 7, 60.

45






&SKDSWKHWHUQDO HQHUJ\ GLVWULEXWLI
XQGHU DUJRQ DQG ELVPXWK FOXVWF






Chapter 2 Internal energy distribution of secondary ions under argon and bismuth cluster bombardments

2.1 Abstract

The emissiorionizationprocess under massive argon cluster bombardment was investigated
by measuring the internal energy distitions of a series of benpyridinium ions.Ar,’
clusters with kinetic energigsetweenl0 and20keV and cluster sizes ranging from 500 to
10000were examined to establish the influence of cluster size, energy and velocity on the
internal energy distribution of theecondaryions. It is shown thatthe internal energy
distribution of secondary ions pripally depends on thenergy per atom or theelocity of

the cluster ion beartE R V7). Under lowvelocity impact E€/n * 10eV), the mean internal
energy and fragmeation yield increaserapidly with the incident energy of individual
constituentsBeyond 10eV/atomimpact (up to 40eV/atom) the internal energy reaeba
plateau and remasnconstant.Results werecomparedwith those generagéd from bismuth
cluster impacts anidl turns out the mean internal energies obtained undeblsXuth cluster
impacts correspond well to the plateau values for argon clustevgever a big difference

was found between argon and bismuth clusters concerning the damage or disappearance cross
section. Adistinctively small disappearance cross sectb4.44 x 10" cm? was measured
under20keV Arygo impact,which ismore than20 times smaller than thabtained under
25keV Bis' bombardmentthus quantitatively shoiwg the low damage effect of large argon
clusters.

2.2 Introduction

Secondaryan mass spectrometry (SIMS) hbsenappliedto analyzeorganic substances
under static conditionThat is low primary ion dose (¥0**ions/cnf) has to beused to
ensure that every impact ig anintact area to avoidampling ofdamagd surfaceq1]. As a
result, very small proportioaf the surface materig sputtered and of whidless than 1%s
ionized[2], leading tovery low secondary iotyield. Consequentlyconsiderable efforts have
been putinto the development of more efficient polyatomic ioealms toincrease sputter
efficiency and secondary ion yieldmong the most widely exploited cluster ion bea®;
neutral beamd] and SE* ion beam[4] were demonstrated fgreatlyenhancesecondary ion
yield and reduce sample damage in characteriznganic polymers.The nonlinear
enhancement of secondary ion yields by Awas reported benguerbaet al [5] andlater
Bi,™" by Touboulet al [6], both of whichhave been intensively applied to moleminaging
ever sinceln particular much attention has been dratanCgo ion beamsinceit became a
routine ion source in TOBIMS [7]. Cgo bombardmeniflustratesgreatlyenhanced secondary
ion yieldsespeciallyfor molecular ionsandsignificantly smaller damage cross sectiwhich
result ina number of applications in depth profiling and 3D imagi®g,10]. Nevertheless
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despite the secondary ion yield enhancement with the above clust@ramctiles the
molecular damage caused by the energetic ion beams pratilinentandthe largestintact
moleculesthat can be detectad current TOFSIMS is generallyno biggerthan 100MDa.
Thus, most of the timeanalyses of biomolecules such as peptide and proteisimagdy
precludedn currentbiological TORSIMS imaging.

A rather pomising ion sourcas massive argon cluster ion bea@®as cluster ion beam
(GCIB) was initially developedby the Kyoto groupfor surface processin§ll]. The
utilization of large Ar clustersas primary ion beam on organics was first proposed by
Ninomiya et al. [12,13] and wasproved tobe able to ionize amino acid and small peptide
without causing fragmentatio®oon afterwardsdetection ofintact molecular ions of small
proteinswithout using matrixwas reportedby Mochiji et al. [14] and Oshimeet al. [15].
Moreover, nultimersof amino acid moleculesere alsaetectedunderimpact oflarge argon
cluster with low energy per atofii6]. These studies imply that a soft ionization process
might take placeinderthe impact.Large Ar clusteraretypically composd of hundreds to
thousands constitutesesulting inextremely low energy per atoB/n. Thus,it is suggested
thatthe soft sputteringssociated with large Ar clussdas due to the low incident erggr of

the constitutional atomarriving on the targefThose bw energyprojectilesinduce avery
short range of penetration into the solid matesialthatthe energy is deposited within the
first layers of surface withowtausingdamageof the underneath layerslowever, in general,
the ionizationtlesorptionof the analytes involved in such bombaeht is still poorly
understood.

We herein propose to study the ionizataond fragmentatioprocess in SIMS by examining
the internal energy distribution of theecondary ionsSls), namelythe internal energy
imparted to desorbed ions lyrojectiles during the impactSurvival yield method was
applied to measure internal energy distributiofsSIs produced fromargonand bismuth
clustersbombardmentsrespectivelyThis approach has been useddaermire the internal
energy of speciggroduced fronfast atombombardment (FAB)17,18], matrixassisted laser
desorption/ionization (MALDI)[19], electrospray ionization (ES[R0,21], which arewell-
UHFRJQL]HG PHWKRGYV, & WwélNagbW! hahdp&iticléhpadt & Qigh energy
[ 22, 23]. Thus, he softness of the ionizatioprocess undemmassive argon cluster
bombardment was evaluated and compared swtall bismuttclusters.
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2.3 Experimental

2.3.1 Sample preparation

Benzylpyridinium (BYP) salts weregenerously providé by Prof. D. Rondeau (Univ. de
Bretagne Occidentale, Brest, Franexcept thep-cyanobenzyyridinium salt which was
purchasedrom OtavaChemicalsLtd. (Kyiv, Ukraine). They were separately prepared in
MeOH/H,O (1:1) and mixed together before TSHVS analyses so that sevelBP species
could be analyzed at the same time. To simpifjaly®s of the mass spectrgy-CHs, p-
OCH;s, p-NOg, p-Cl, p-F substitutedBYP ion solutions were mixed togeth&r form one
solution, while p-CN, m-CHs, mOCH; substitutedBYP ions and ibenzylpyridinium were
mixed to obtain anotherThis also permits to perform the measurementth the same
projectilesunder exactly the same condition iofipact and detection efficienc@.5uL of
eachmixed solution was deposited onto a gold plate and allowed to dry in air before being
introduced into mass spectrometer.

2.3.2 TOF-SIMS analysis

All analyses were performed with a commercial TOIMS IV (ION-TOF GmbH, Minster,
Germany) mass speotmeter equipped with a bismuth liquid metal ion gun (LMIG) and
argon gas cluster ion source (GCIS). In the present instrumental 24{p%,[Bi-LMIG is

able to deliver pulsed and mass selectedB+ 1i7) ions with single or double charg@he

Bi,7" ions were accelerated to kinetic energies itfiez 25% qkeV or 12.5x qkeV. The
pulse durations of the primary ion beams were adjusted to keep a relatively low Poisson
correction factor around or less than 1.1 so that saturation detection was teegligib
Consequently, the target currents of thg*Bbeams measured at kBlz were generally
below 0.1pA. All the primary bns were bunched for the sakeaojood mass resolutioof
5300 atm/z204. The GCIB ion column could produce giant argon cluster asnghich the
sizes vary from few hundredsp to 10000.A 90° pulsing system was used to generate short
pulsed ion beams with mass resolution of 6{120. Details about the performance of this
setup have beendescribedpreviously[26]. In this report, dferent beam energies were
investigated: th0keV energy argon clusters weselected to study the size dependence of
internal energy distribution of secondary ions because of the attainable wide range of argon
cluster sizes andertain10keV, 15keV and 20keV argonclusterswereselected t@xamine

the influence of cluster size and enegggiven velocities(E/n= 2eV, 5eV, 10eV, 20eV).

The beam currents of argon cluster ions were typically below gAO&t 10kHz. The
incidentangle was 45° foboth bismuth and argon clusten beams. Secondary ions were
extracted into a singlstage refletron-type analyzer with kinetic energies ok@V andthen
postaccelerated to 1KeV before reaching a hybrid detector composed of a single
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microchannel pla followed by a scintillator and a photomultiplier. The electron floodgun
was switchedoff during all the acquisitionbecause théow energy electrasmicould slightly
overestimate the internal energy distribution.

Mass spectra of Bl" impacts were recorded on an area of i@0x 100um divided by
128pixel x 128pixel, with ion doses of 8 10° i4 x 10'°ions/cnf. Ar," bombardments were
carried out on a larger area of 50 x 500 m with ion doses lower thanx81C® ions/cnf.
Measuremets of disappearancerosssectionswere performed od00Oum x 100um areas
with 128x 128pixels for each areaThe employed ion doses depeddn thedecreasing
slope ofsecondaryon intensityversusprimary ionfluence andvereabout 16*ions/cnf for
Bi clusters and> 10" ions/cnf for Ar clusters, respectivelyThe area integration gfarent
and fragment peaks was processed with SurfaceLab 6.5-T{@MN GmbH, Muinster,
Germany).

2.4 Results

2.4.1 Determination of internal energy distribution

The survival yield (SY) method for determination of internal energy distribution was
described in detaiby De Paw et al.[27]. Briefly, a series oko-called thermometer ions
with different dissociation energies dnest analyzedo indicate thenternalenergy generated
by the Sls during the ionization proces3hen, sirvival yields of thermometer ions are
calculated using the formula SYI(M™) / [I(IM™) + I(F")], where M is the molecular ion and
F" the fragment,followed by plotting the SYs as &unction of dissociation energies.
Benzylpyridiniumsalts are ideal thermometer ions owing to their very similar struchee,
well-known dissociationpathwayleading tobenzyl cation as the onlgetectablefragment
and calculateddissociation energielated tothe property osubstituent group In current
case, two critical conditions are assumed: no parent ion remains=(8Y when the
dissociation energy is zero and no fragment ions are produced {p¥hen the dissociation
energy is £V. Then tle data points were fitted with a sigmoidal curve with fixed maximum
SY of 1. Differentiating the sigmoidal curvgives the internal energy distributiof the
desorbed thermometer iongive benzylpyridinium saltscovering a wide range of

dissociatiorenergies were used for theeasurementf internal energy distributiofT@ble1).
The dissociation energies employed here are calculated at CCSD(T)/BSII//B3LYBEBS5I |
which could provide more accurate vaI.
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Tablel: Benzylpyridiumions used for the measurement of internal energy distribution.

R miz(M*)’ miz (FY° Dissociation
E V)
pP-CHs 184.11 105.07 2.267
p-OCH; 200.11 121.06 1.840
P-NO; 215.08 136.04 2.843
m-CHs 184.11 105.07 2.417
H 170.10 91.05 2.500

2 Substituent groupf the BYP ions® M* for molecular ion® F* for fragment ion.

Figure 1|presents the survival yields generated from thke20Arsqo” bombardments, where

an overestimation of the survival yield pfnitrobenzylpyridiniumion is observed after
fitting the data points with a sigmoidal curve. This overestimation is probably dime to
occurrence of amlternative fragmentation pathway apart from the typical one which goes
through the lowest activation barrier (cleavage o Gond in benzylpyridine). Indeed, in the
corresponding mass spectm{@a), the ion atm/z169.1 which can be assigned to
CioHuN' is very likey another fragment ofp-NO, BYP ion [ 28]. However, p-
nitrobenzylpyridinium ionrepresents the® W R Xth&mometer ions with high critical
energes which could provide very high SY value armmbntribute to the sigmoidal fitting.
Thus the survival yield ofp-NO, BYP ion is retainedfor the internal energy distribution
calculation since same experimental conditions will be appliedlltéhe projectiles and
precise measurement is not pursued hieres noted that his overestimation effect can be
neglected wan theincident velocity is low (E/n < 4eV), whereasfrom E/n >5eV, the
sigmoidal fitand distribution widtlcan beslightly modified.
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Figurel: (a) Survival yidds of five benzylpyridium ionsbtainedrom 20 keV Arsoo
bombardmentglotted as a function of dissociation energy. (b) Mass spaaf a mixture

of p-CHgs, p-OCHg, p-NO,, p-ClI, p-F substitutedYP ions acquired under the bombardment
of 20keV Arsy iONs

2.4.2 Internal energy distribution of thermometer ions under argon cluster
bombardment

In current TOFSIMS instrumentation, the attainable argon cluster size ranges from few
hundreds up to 10000, thus enabling the examination a wide range of clustéit iarisxed
kinetic energy of 2&eV, argon clusters with cluster size6500i10000 were investigated to
establistthe influence of cluster size on the internal energy distributions of thermometer ions.
The derived plots shown|irigure2|suggest thathe cluster sizeof impacting argogaplays an

important rolein the internal energy distribution. An obvious shift of intéremergy
distribution towarddower energy is obserdeas the cluster size increasés.addition,the
narrow distributionsat lower energy ranggenerated fronbombardments ofiant clusters
especiallywhen n= 10000in the present workndicatea softer ionization process compared
with smaller cluster bongsdments The broad distributions of Sls under impacts ofoéy

and Anggo are possibly due to the modification of sigmoidal fit by the data point frdi®,

BYP ion. Representativenass speca recorded under impagebf 20keV Ar," clusterswith
different sizes (n =500, 1000, 2000, 4000, 600@nd 8000) are illustrated ifFigure 3| It is
demonstrateé that the relative intensity of fragment iashscreasggradually when increasing
the number of constitutional atonns the argon clusters, which means less fragmentation

occursunder larger cluster impactMeanwhile, the peak width increases with the cluster
size, implying abroaderkinetic energy distribution of the Sls under the bombardment of
larger cluster ionsThe drop in the ion intensity is duettee decreasef primary ion intensity

as the cluster size increases.
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Figure2: Internal energy distributionsf Sls under impact &0 keV argon clusters.

Figure 3. Mass spectra of thermometer ions under impact okeX0 argon clusters of
different cluster size$:": Fragment ions; M Molecular ions.
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Apart from cluster sizeanotherrelevantparametethat characterizea clusterion beamis
energy per atonk/n which stands for th&elocity of the clusters Since the internal energy
measured with survival yield method presentsithernal energy imparted to thdesorbed
molecular iondy the progctiles during bombardmesnthe internal energy distribution can
be affected by bothimpact energyof individual constituentsE/n and total energ)E.
Therefore, todetermire the decisivefactorsaccount forinternal energy distribution, argon
clusters with different total kinetic eneeg and cluster sizesvere investigted [Figure 4

displaysthe internal energy distributions of SIs und@pactof argon clusters witlie/n of
2eV, 5eV, 10eV and 2V, respectively. Interestingly, it is revealed that the argon clusters
which share the same velocity arry different energies and constitutional numbers result
in apprximately the same distributiolhis observation indicates that the internal energy
distributionmainly depends on thE/n of the clustersindependenof thetotal kinetic energy
andcluster sizeThevariationin the distribution width shown jRigure4gais probably due to

the clusterdistributionof the selectedon beans. It is worth noticing that the average internal
energy of thehermometer iongncreases with the impact velogitirom 1.56eV generated
under 2eV/atomimpact to 2.24V under20 eV/atomimpact
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Figure 4: Internal energy distributionander impact ofargon clusters with differertbtal
kinetic energy and cluster sizes but sam@lecities (energy per atoE/n): a: E/n= 2 eV; b:
E/n=5eV; c:cE/n=10eV; d:E/n= 20 eV.

In order b establishthe influence oincidentvelocity on theinternal energydistribution of

Sls underargon clusterbombardments, & then plotted the mean internal energy as a
function of energy per atora/n of the 20keV argon clustersAs shown ir@ below

E/n= 10eV, the irternal energy increase rapidly as the energy per atom increases. While for

E/n > 10eV, the mean internal energy of tBés staysmore or lesgonstantin spite of the
increasing incident energy¥he raiseof internal energy at lowelocity impact can beasily
explained bythe increasen energy depositionvhen clustersvith higher E/n hit the target
whereas theplateauobserved athigh impinging energy can be reasoned taesult from
dissipation of the projectile energind only certain amount of the enercgusedeffective
sputtering and energy transfer processes.
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Figure 5: Mean internal energ{lE) of the secondary ions as a function of the energy per
atom(E/n) of 20keV argon clustex

Examination ofsecondary ioryield under the lowe/n impact isillustratedby p-OCH; BYP

ion in|Figure 6| The lowest energy per atom investigated hereS®¥.which is still able to
afford an effective sputtering procgs®viding an ion yieldf 1.18x 102 for the molecular

ion (Figure6q). This may partly benefit from the readily chatgargetmolecular ionswhile
it is more likely due to thenhancemenrgffect ofcluster iors. The low energy but extremely

dense impactsausemore efficient sputtering than individual atonttsis noted that effective
sputtering was also observedder impact of clusters with/n = 2.0eV (20keV Arigooo).
However, the cluster ionucrentwastoo low to afford an accurate value of secondary ion
yield.

Figure6|also demonstrates that thelecular ionyield of p-OCH; BYP ion decrease rapidly

asE/n increasedrom 2.5to 10eV while the fragment ion yiel@xhibits an opposite trend
indicating an incease of fragmentation extent as the impatdcity increasesNevertheless,

the decrease of molecular igreld may also be partly due to the metastable decay occurred
during the flight to the dexctor [29]. In the case op-OCH; BYP ion which has veryiow
dissociation energyhe sum of molecular and fragment ion yields is revealed to be generally

constant irrespective of thE/n of the impacting clustergFigure 6¢), whereasfor the
thermometer ions with higi dissociation eneigs, the fragment ion yields are so low that

the plots of summedon vyields versusE/n are governedbasically by the behavior of
molecular ios. The dependare of fragment ion intensity/molecular ion intensity rabio the
energy per ators in line with theplot depictingmeaninternal energys a function oE/n of
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the argon clusterst is worth noticing thatll the10keV, 15keV and20keV argon clusters
with same energy per atogave very similar ion yield valueslemonstrating théveam
velocity dependence of the secondary ion yields.

Figure6: Influence ofenergy per atonk/n of argon clusters otheion yield of (a) p-OCHs;
BYP molecular ion (M-och3), (b) p-OCHz BYP fragment ion (Eochg), (C) sum ofMp.ochs
andFp.ocns, and(d) relative intensity ofp-OCH; fragment ion(Fp.ocHs) over molecular ion

(Mpocha).

2.4.3 Internal energy distribution of secondary ions under bismuth cluster
bombardment

With the same instimentd configurationas employed in preceding investigations, internal
energy distributios of Sls under small bismuth cluster impacts were examined for
comparison|Figure 7|displays the internal energy distributions of thermometer ions under
25keV or 50keV Bi,™ cluster bombardmentsit is revealed that the internal energy
distributions obtained from diffen¢ bismuth clusters are more or less similar in terms of both

the mean internal energy and the width of the distribuffomther examination of Bl* ion
beam accelerated by 1X¥ voltage gave nearly identicaksults with a mean internal
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energy of 2.42.4eV (Table 2). Rather surprising at first thought that timternal energy
imparted from Bi clusters to tH&lsis independent of the beam enerbggwever,this finding
is in consistent with the sailts from high energyper atom(E/n > 10eV) argon cluster
impactswhere the mean internal enenggmains constant at ~ 2.2%. Since theenergy per
atom of the examined Bi clusteisfar beyond 1@V, all the data pointshall fall onto the
plateau anghrovidesimilar meaninternalenergy.

Table 2. Mean internal energiedK)
obtained for different Bi clusters with
accelerating voltages of 2% and
12.5kV, respectively.

Primary MeanlE (eV)
ion 25 kV 12.5 kv
Bi” 2.29+0.02  2.33%0.01

Bi?* 2.21+0.02 2.24+0.01
Bis" 2.37+0.01 2.37+0.02
Bis?*  2.38+ 0.02 2.45+0.03
Bis' 2.41+0.04 2.34+0.03
Bis>*  2.46+0.03 2.39 +0.02
Bi," 2.38+0.03 2.31+0.02

Figure 7: Internal energy distribution
of thermometer ions under impacts of
BiT* clusters with kinetic energies of
25keV (g =1) and 5keV (q = 2.

2.4.4 Secondary ion vyield, disappearance cross section andn efficiency under
bismuth and argon clusterbombardments

To further understand the low energy impact of massive argon cliss#eesal values such as
secondary ion emission yields disappearance cross sectibtand secondary ion efficiency

E (defined asY/ ) obtained undeargon cluster bombardment were compangth those

from smallbismuth cluster bombardmenishe definitions and determination tfose values

have been comprehensively descritﬂslewherSO]. Table 3| summarizeshe cluster
species and the correspondivigl E, and mean internal energyjlvalues generated fpr

OCHs; BYP ion. It should be noted that only one argon cluster species is investigated here,
due to thesignificantly small damage cross sectiovhich leads to the requirement of

extremely long acquisition time to observe the decrease of ion intddpityy comparison, it
is revealedthat the secondary ion yie@btainedunder 20keV Arxo clusterimpactare of
the sameorder of magnitude as tise measuredrom bismuth cluster impactdleanwhile,
although there is a dramatic difference in energy per atom between bislustigr (keV
regime) and argon cluster (eV regime), the amount of eneaggferredto the analytes
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during the bombardmenproves to be very similarHowever, it isworth notcing that he
disappearance cross section for large argon cluster bombargeht10* cn?) is over 20
times smaller thathat for 25keV Bis™ cluster bombardmer{®.17<10* cn?), resulting in a
much higher secondary ion efficiency 8f47x 10" cm® These values directly show that
large argon cluster sputtering induce greatly reduced sample dam@ggstentwith
previous comparisostudies withCgo' projectile B1,32].

Table 3: Yields Y, disappearance cross sectidnsecondary iorefficiency E and mean
internal energy IE generated fpmmethylbenzylpyridinium ionm/z184.11)underbismuth
and argon clusters bombardments.

Voltage PI Current Y 1(cn?) E (cm?) MeanlE
(@100ps) (eV)
Bi* 0.330pA  5.4%10* 3.87x10™ 1.42x10° 2.29+0.02
Bi”*  0.184pA  4.5%10° 3.03x10" 1.4%10" 2.21+0.02
Bi;*  0.022pA  4.40x10° 1.62x10" 272x10" 2.37+0.01
25kV Bi**  0.012pA  6.0%10% 2.58x10" 2.34x10" 2.38+ 0.02
Bis*  0.028pA  2.55¢10° 9.17x10** 2.78x10"  2.41+0.04
Bis**  0.026pA  4.1810% 7.38x10"* 5.66x10"  2.46 + 0.03
Bi;*  0.006pA  4.4810° 1.11x10™ 4.04x10" 2.38+0.03
20kV  Aryee  0.05pA  1.54x10%° 4.44x10® 3.47x10% 2.21+0.04

2.5 Discussion

Driven by thebenefit of soft ionization in biomolecule analysis, a few experimental studies
1211316] as well molecular dynamicsimulations[33,34,35] have been carried out to
determine the effect of cluster size on the molecularpmduction. In accordance with

previous reportaiboutargon cluster bombardments amino acid specieshe present work
shows thatncreasing the number of constituents in dngoncluster could effectively reduce
fragmentation of the organic moleculesan extent that very few or no fragment ions are

present in the mass spectraglure3). As a result, the mass spectradrae much simpler and
in some extentould better reveal the chemical informatiohthe samplesHowever, ithas

also been shown that the secondary ion yield decrease distinatiNikiy a certainE/n. In
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particular, Gnaseet al. have demonstrated thiédite molecular intensities of amino acids
are relatively constant beyodn = 10eV while dropdramatically in the low energy regime
(E/n < 10eV). This phenomenowastentatively explained by théecreasen the number of
free protonsproducedduring the bombardmenthus reducing the protonation of sputtered
molecules.In other words, the molecular ion production is mainly determinedhiey
ionization efficiency under low energy impactThis assumption is confirmed by our
observation that the ion yield of thermometer ions decrease Eifithof the impinging
projectiles Since there isalmost noionization barrier for the thermometer ioBYP
cations) the fragmentation will takes place as soonhasreceivednternal energyexceeds
the dissociation energlgading to the decrease of molecular ion yield.

Internal energyepresentshe internal energygenerated bysls underthe bombardmerand
determines the fragmentation extent of the moleculégrefore,examination of internal
energy distributioa of the thermometer ions could evaluate Hudtness of theonization
processof cluster bombardment&esults show thdarge argon cluster¢E/n < 5eV) give
lower and narrowr internal energy ditributions implying a softerionization procesgFigure

2 and 4. The plot of internal energyersusthe energy per atom of argon clusters shown in
Figure 5 indicates that the fragmentationincreaseswith the incident energyf individual
constituentsvhenE/nis less than 1@V, whereasa saturation state arises wiln exceeding
10eV. Similar thresholdvalue was observed experimental$6 as well asin MD
simulations where aelatively higher value ofl5i20eV was predicted35]. While such
saturation phenomenon is not yet well understoothay however bedue toincrease of
energy dissipatiorunder higher energy impa&s in the case of ¢ projectiles [36].
Therefore,only the projectile energy deposited in a certain volume could contribute to this
energy transfefThus, it can be concluded tHar organic sputtering by large argon clusters,
soft ionization could be realized under impactasgeargonclusters withE/n< 5eV. Below
10eV, fragmentationncrease rapidly with E/n before arriving at saturation statehenE/n
>10eV.

Under keV bismuth cluster impacts, all the,"Bispecies gave similamiernal energy
distributionswith mean internal energy values close to those obtained @ider 10 eV

argon cluster impactynderlying a similar saturationphenomenorof the fragmentation.
Therefore, theelatively constant mean internal energy values obtdwoed bismuth cluster
impact might correspond to the platgaartin the plot shown irFigure5 and this plotmay

possiblypresenthe universal behavior of the cluster impact in T&IMS. However,further

investigation of a wider range of projecsil@ill be required to verify this hypothesis
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2.6 Conclusion

The energy deposition during large argon cluster bombardment is addressed by measuring the
internal energy distribution of the desorlfeld, which represestthe fragmentation extent or
softness of th ionization process of cluster impabthpacting energy of individual argon
atoms in the cluster ifound to bethe decisive factor of internal energy distributioh
secondary iondn the investigated energy regime (240 eV), very few fragmentation kas
place (soft ionization)for E/n < 5eV; below 10 eV/atom imgct, fragmentationincreases
dramatically as an increasing amount of energy being imparted t&ltheNhen the
impacting energy exceeds &b®/atom, fragmentation of the molecules reachestaration
state.The high energy bombardmemf small bismuth clusters give generally constant mean
internal energiesvhich maycorrespondo the satration state of fragmentatiaas observed
with argon cluster impact$n addition, compaad with bismuthclusters argon cluster impact
provides similar secondary ion yieltdit much higher secondary ion efficiency owing to the
significantlysmaller disappearance cross section
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Chapter 3 Tandem MS imaging aimdsitu identification of bioactive wood metabolites in Amazonian tree
speciesSextonia rubra

3.1 Abstract

The use of ionic columwith new cluster ion sources.g. Bis', Aus’, Cso' and Ar") in TOF-
SIMS (Time of FlightSecondary lon Mass Spectromethgs led to a great improvement in
molecular signals and permits moap chemicaldistribution on various biological samples
However further biologicalapplicationsare severelyhamperedoy the lack of tandem MS
capability for structural characterizatiprwhich is crucialwhen it comes tomolecules
identification in complex biological sample®riven by thisnecessity a new TOFRSIMS
parallel imaging MS/MS spectrometieas beemecentlydevelopedoy Physical Electronics
In this report the superior MS/MSspectronetric and imagingcapability of this new
developmentfor natural product studwas demonstratetbr the first timethroughin situ
identification of bioactive metabolites rubrynolide and rubrenolidénrazoniantreespecies
Sextonia rubra(Lauraceae)Despite the low abundanceof the metabolitesn the wood
sample unambiguous identificationf thesemoleculeshas beerachieved with high efficient
MS/MS analysisin addition,tandemMS imagingminimizes massinterferencesnd reveals
specific localization of these metabolitesray parenchyma cellgprovidng importantnew
insightinto ther biosyntheticproductionwithin plant tissues

3.2 Introduction

Biological TOFSIMS imaginghasundergonegapid advancesn the last two decadeshis is
principally due to the developmeot various cluster ion beammghich have brought multiple
benefits including wbstantial ion yield enhancement byAa,2], Bisz [3,4], and particularly
buckminsterfulleren&so [5] andlarge argon cluste6]; exerded mass rangap to 10 kDa
[7,8]; submicrometeimaging resolutionin routine analysef9,10]; as well ascapability of
three dimensionalanalysis 11]. Neverthelessjt remains undoubtable that current mass
spectrometry imaging analysis of biological samples is still dominatechdiyix-assisted
laser desorption ionizatiogfMALDI ) techniqug 12]. Besides the inferior alify in generating
high mass rangspectraa major limitationin TOR-SIMS is the lack ofstructural analysifor

ion peakannotation[13]. Moreover,mass accuracy in TGEIMS is limited by the kinetic
energyand emission angldistributiors of thedesorbedons [14], which makesinambiguous
assignments extremely challenginGonsequentlytandem massspectrometry is highly
desired for molecular identificatiprespecially in the case of biological samples with
complex chemical environment.

An early attemptof performing tandenmass spectrometry measurement with T®MS
was achieved by Toubout al. using post source decay (PSliXe method[15]. Here no
collision cell was integrated and the fragmentatigpectrum depended on tineetastable
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decompositionof the selected precurseons. Based ona commercial hybridjuadrupole
orthogonal TOF mass spectromet€grado,et al.[16,17] developed a hybrid MALDI/gg-
SIMS which was capable to providelD fragmentation and relative high mass resolutbn
12 00015 600with a moderate lateral resolution of-38 um. This hybrid systemwas later
improved by Lanni,et al. [18] to image complex biological sampleat 10 um lateral
resolution.Meanwhile,the Vickermangroup designethe J105 3D Chemical Imagevhich
exploiteda linear bunchefOF and aquastcontinuousCgg primary ion beanj19,20]. The
new dedicated instrumenffers MS/MS andhigh throughputell imaging capabilities[21],
andhasrecentlybeenapplied to identify intact lipids iDrosophilabrain usingargon cluster
ion source 22]. More recently,Smith, et al. reportedthe coupling of Gy SIMS source to a
FTICR mass spectrometer which allows MS/MS capability \eitbellentmass resolution
(>100000,m (n50%) andmass accuracf< 2 ppm) [23].

Different from the above instrumental concept purswiagventional tanderfragmentation
by sacrificing all theother irrelevant ionsthe recent design of a new TCHMS parallel
imaging MS/MS spectrometer Wisher and coauthor24,25], in contrast,enablesparallel
andlossless collection of MS andS/MS spectra.This attributeensures that any andigal
volume of the samplewould be used to the besthe parallel imaging MS/MS prototype
spectrometer is based dhe triple ion focusing timeof-flight (TRIFT) analyzerwhere a
precursor selection device allows selection of the precursor ions with a windzvaboutl
Da Furthermore, this system is fulbpmparablewith conventioal TOFSIMS instruments
in terms of sample handlingnn source operain andlateral resolutiorimit which proved to

be problematidn othercase26].

As a further explation of the analytical potential diis new technology, wéereinreport
the application ofthe tandem MS imagingechnique inin situ identification of plant
metabolitesn AmazoniantreespeciesSextonia rubrgdMez) van der Werff(Lauraceae)27].

In the search of natural produot$ interest S. rubrais a relevant model, of which the
heartwood contairs two major bioactive secondary metabolites rubrenolide (1) and
rubrynolide (2) (Figure 1) [28]. Rubrynolide shows particularly potent termiticidal activity
[29] while both rubrenolide and rubrynolide exhibit activity against pathogenic {&@)iand
mosquito larvag¢31]. Thesebioassaysuggesthat that these two compounds play a key role
in heartwood resistance against wood destroying organj8&js Therefore, thein situ

structuralidentification will help to better understanthe productionof thesemetabolites
within planttissues which might further contribute tthe elucidaton of their biosynthetic
pathways
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Figurel: Structure of rubrenolidel and rubrynolide2.

3.3 Experimental

3.3.1 Plant material

Samples werecollectedfrom a S. rubra adult treein the Paracou forest in French Guiana

f 11 f Y Decérmber2015. Wood increment coresveretaken at breast height
and sored in freeze condition-18 °C) until experimentations (TGBEIMS andextractionof
the compounds)Each increment core contains both sapwood and heartwood which were
separatedvhenperforming the extraction and ultramicrotoming.

3.3.2 Isolation of rubrenolide and rubrynolide

For extraction and isolation of chemical species, the wood samvpk collected from
commercial forest waste and identified by professional forest prospedforsi materials

were groundinto small particles of 0.Bhm in a Retsch ZM 200 mill (Oise, France).
Extraction of the chemical species from Berubraheartwoodwas performed according to
previously described procedur. Briefly, 200g of wood were extracted three times at
room temperature for 48 with ethyl acetat€3 x 500mL). The ethyl acetate extract was then
purified by column chromatography (EtOAc). Isolation of heartwood compounds rubrynolide
and rubrenolide was carried owith 40 mg of the purified fraction diluted in 1L of
water/acetonitrile 50:50 uggna linear gradient of water/acetonitrile (50:50 to 0:100 over
15min) and remaining at 100% acetonitrile during 5 min. The eluates from the column were
monitored at 210 and 24n, and the chromatographic profiles confirmed with ELSD
detection in analyt&@l mode using the same solvent method ahlLimin. Fractions
containing the same constituents were gathered and evaporation allowed for isolation of
compounds rubrynolide (14rhg, 35.2% w/w) rubrenolide (8rhg, 20.2% w/w). Both
compounds were isolated jure form.

3.3.3 LC-MS analysis

Purified rubrenolide and rubrynolideiere preparedn methanolat a concentration of
0.1mg/mL. LC-MS/MS experiments were performed anHPLC Ultimate 3000 system
(Dionex, Voisinsle-Bretonneux, Francegoupled with a Agilent 40 QToF (Agilent
Technologies, Waldbronn, Germang)ass spectrometegquipped withelectrosprayion
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source LC analysis was carried out an Accucore RPMS column(100x 2.1 mm, 2.6um,
Thermo Scientific, Courtaboeuf, Franogith a nobile phase consisting of water (A) and
acetonitrile(B). 0.1% formic acidwas added to both phas€ompounds were eluteat a
flow rate of 04 mL/min with a gradient from 86B to 100 B in 25min and thenl00% B
for 3min. All the massspectrawere ecordedin positive ion mode with the following
parametersspray voltage set & 5kV, capillary temperature a23 °C, capillary voltage &
45V and fragmentor voltage 420V. The ollision energy wadixed at 15eV for MS/MS
fragmentation. nternal calibration was achieved wittwo calibrants (m/z121.0509 and
m/z922.0098)providing a highmass accuracbetter thar2 ppm. Mass resolution (FWHM,
full width at halfmaximum) was chosen &0000for m/z922in MS and MS/MS spectra.

3.3.4 Wood surfacepreparation

The transitionzonearea of avood increment core asfirst cutoff by an electric sawThe

small wood block (~ 0.m x 0.7cm x 0.7cm) was then trimmed with a razor blade to
generate a transverse cutting surface of approximatelpnx 2.5mm which was left to be

cut with ultramicrotome (EM UCS6, Leica Microsystémes, SAS, Nanterre, France) using
diamond knife (DIATOME Cryotrim 45°, Leica Microsystemes, SAS, Nanterre, France). A
high cutting speed of 5&m/s was used considering the hard tvanse wood surface and the
cutting feed was set at 20@n. The clearance angle was kept constant at 6° during the
sectioning.Optical imageof the wood surfacevas acquired at 1& magnification with an
Olympus BX51 microscope (Rungis, France) usix¢ended focal imaging (EFI) scanning
mode.

3.3.5 MS/MS TOF-SIMS analysis

The parallel imaging MS/MS analyses were performed with the protofyRET
spectrometer on BHI nanol OF Il TORSIMS instrumen{Physical Electronics, Minnesota,
U.S.A). A detailed desdption of the instrumental desigoan be found irref.and
Briefly, after desorption, the secondary ions are extractedaiBIFT spectrometer which
consists of three electrostatic analyzZ@&SA). After the third ESA, a electrostatigrecursor
selector is positioned so that thess resolved ions can eithr through this crossover and
be detected by the MS1 detector or be deflected into a collision cell for fragmeifsaigon

Figure 2). The fragment ions as well as tmemaining precursor are then bunched and

accelerated into a linear TOF analyba&fore reaching th#1S/MS detector.The precursor
selection window is about Da at m/z500. In each dutgycle the deflection proportion of
the precursoion can bedefinedas desiredso thatit is possibleto maintaina fractional

portion of theprecursor iosin MS1 spectrum
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Figure2: Schematic illustration of thparallelimaging MS/MS spectrometeAdapted from

ref.

In the current report, all the spectra and images were recorded vk#V3Bis" primary ion
beamof which the DC current was ~11nA in all casesThe ion beam was operated in both
bunched mode and unbunched mode, with ftivener for high mass resolution spectra
acquisition and the latter fdrigh lateral resolution imageaecording During the analysis,
low energyelectrons(15 eV) wereappliedfor charge compensatioROV (field-of-view) of
eachanalytical areawas150 pmx 150 pmor 200 pmx 200 pmwhich wasdivided by 256x
256 image pixelsin MS/MS acquisitions, the deflection fraction of the precursots
collision cellwas 1006 giventhelow abundance of target metabolites in the wood sarple.
the precursor selector, precursons were deflected at ~1.5 keV, implying a keV collision
event withthe argon gas in the collision cellhe MS/MS acquisition timefor each molecule
wasabout22 min andthe gimary ion beam densitwas2 x 10" ions/cnf wherestable ion
emissions wereecordedn the profiles Mass spectra were acquired ovenass range of-0
1000 in positive ion modeand mass calibration was achieweih internal fragments from
wood structural polymerData processing was performed using PHI FOR (Physical
Electronics, Minnesota, U.S.A.) software
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3.4 Results and discussion

3.4.1 Structural characterization of isolated rubrynolide and rubrenolide by LC-
MS/MS

The bioactive metabolites rubrynolide and rubrenoigiated from the wood extraetere
first analyzedoy LC-MS/MS.|Figure 3|presentsheir LC profiles and the coesponding mass
spectraWith theexperimental conditiondescribedabove the twometabolitesvere eluted at
11.463 min and 13.509 min, respectivdly.the mass spectrum extracted from the peak at
11.463 min,m/z 297.2060,m/z 319.1879 andn/z 615.3881 wee attributed toprotonated
rubrynolide (G7H04", Gnz= i 0.47 ppm) and itssodiatedmonomer(Cy7H2g0sNa’, Gy, =

i 0.14ppm) and dimer Ci7HgO4Na", Gz = 227 ppm), respectively Similarly, the mass
peakscorresponding tgM+H] " (m/2299.2213, (.= i 1.30ppm), [M+Na]* (m/z321.2038,
Oz = 0.53ppm), and [2M+Na]" (m/z 619.4188, Gy, = 1.23ppm) ions of rubrenolide
(C17H3004, MW 298213g/mol) werealsoassignedKigure 3(). To providefurther structural
characterizationand to facilitate thecomparison with the followingn situ TORSIMS
MS/MS spectra,Q-TOF MS/MS fragmentationof the molecular ionsvere carried out
MS/MS spectrum of the ion an/z299.2224 ([M+H], rubrenolide) isillustrated as a
representativen|Figure 3g. According tothe chemical structure ofibrenolide 2), the losses
of water molecule# the high mass rangeccur from the hydroxyl groups and thdactone
ring opening B3]. The presence of hydrocarbon fragments with Da or 14 Da mass

intervalsin the low masgangecorrespond tdhe fragmentation of the long carbon chain.
Peak attributions of the fragment ions shown in the spectrum are wiidnile 5 ppm mass
accuracy
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Figure 3: LC-MS analygs of the bioactive compounds(a) Liquid chromatogma of
rubrynolide. (b) ESKQ-TOF mass spectrum of rubrynolidéc) Liquid chromatogran of
rubrenolide. @) ESFQ-TOF mass spectrum of ruémolide. (e) ESFQ-TOF MS/MS spectum
of protonatedubrenolide (/z299.2224.

3.4.2 In situ detectionand localization

In situ mass spectrometric detection was performed on a transition zone wood samge from
rubra with the knowledge thatransition zone isssociated witlhe biosynthesis ofmany

heartwood metaboliteduring heartwood formatiofi34]. In addition,it has bee observed

that the amount of metabolités most abundant around the transition argg.|Figure 4
shows the masspectrum obtained from a 150 w50 pum analytical are&he primary ion
beam was bunched gethigh mass resolutiospectrumDespite the topography effedtthe
wood tissues, high mass resolution df0,000 at m/z263 wasreadily attained As illustrated

in the inset the quastmolecular ions ofrubrynolide and rubrenolideere detectedat very
low intensity which is likely due tolow ionization efficiency andow abundance of the
metabolites in the wootssue.Neverthelessafter internal mass calibratioa, good mass
accuracy< 10 ppmallowedthe peak attribution with higbonfidence. Thearresponding ion
images of thestvo metabolitesare presented jRigure5|which reveals that rubrynatle and

rubrenolide are ctocalized aroundnainly ray parenchyma cells argimall vesse (white

arrows inFigures¢ and5d). Ray parenchyma cells are the only liviogjls at the heartwood
peripheryand many optical [36,37] and mass spectromet observations suggest that
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heartwoodmnetabolites arerimarily produced irthis cell type Therefore, our imaging results
indicate that rubrynolide and rubrenolide ameost probably biosynhesized in ray
parenchyma cellseforebeingactivdy or passivly transferredo nearby celland tissues

Figure4: Mass spectrum ob. rubrawood sample from transition zorfpositive ion mode)
The inset shows the spectrumlofv abundancéioactive metabolites rubrynoliden(z297)
and rubrenolideng/z299).
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Figure5: (a) Optical image otheanalytical area on the transition zone wood sampBle: ray
parenchyma cell; F: fiber cell. SV: small vesséb) Total ion image(c) MS1 ion imageof
rubrynolide (n/z297). (d) MS1 ion image of rubrenoliden(z299). The analyzed area 160
pum x 150 umdivided by 256x 256 pixels.lon images are comssed to 12& 128 pixels to
increase the contradthite arrows indicate the distribution afbrynolide and rubrenolide in
smallvessel and ray parenchyma cell

3.4.3 In situ MS/MS identification of rubr ynolide and rubrenolide

To guarantea sufficient amount gbrecursor ions for MS/MS fragmentatidhe primary ion

beam was operated in continuous modethedons ain/z297 andm/z299 were thoroughly
deflected into the collision celHere MS1 andMS/MS data vere collected simultaneoysl|

where we can clearly observe the missing of precursor ions in the MS1 spectra (data not
shown).The resulting tandem mass spedhawcharacteristic fragments of rubrynolide and

rubrenolide [Figure 6). As expected,successiveloss of the two hydroxyl growpin

rubrenolide molecule is well demonstrated aftetlision-induced dissociatio(CID), leading
to the fragment ions an/z 281 (C17H2905") and m/z 263 (C;7H270,"), respectively|Figure

@a). Theabundanfragments in the low mass rangee also in good accordance with those
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from QTOF MS/MS spectrum andre attributedaccordngly. These fragmentdisplay a

serialmassloss of12 Da or 14 Da which is thetypical fragmenétion patterrobserved with

compoundsbearinglong hydrocarbon chainsThe fragmentation of runolide results in

very similar fragment ions except the mass difference derived from the terminal unsaturatio

The exotic peak am/z 209 which is not observedn low CID spectrgprobably arises from
different fragmentatioormechanismsassociated with high energyllisions or simply from

possible interference peaks

Figure 6: TOFSIMS MS/MS spectra of@) m/z299 ([M+H] ", rubrenolide) and (b)m/z 297
(IM+H] ", rubiynolide). The bluecolored arrows in the structiwéndicate the characteristic

loss of hydroxyl groups.

The MS/MS datawere acquiredon the same area asesentedn|Figure5

lon images of

rubrenolide and rubrynolide were obtained by collecting all the ions produced the

fragmentation|

Figure7

. It is worth noticing that theelection of monoisotopic ions of the

precursor effectivelyexcludes the background interferences,leading to more reliable

localization information of the target biomoleculés.shownin theion images, rubrenolide

and rubrynolide are colocalizgatincipally in and around theay parenchyma cells, which

reinforces thehypothesisthat ray parenchyma cells are involved in the productiomese

two bioactive metabolites.
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Figure 7. MS2 ion image of(a) rubrynolide n/z297) and (b)rubrenolide n/z299). The
analftical area ighesame as that jRigure5| The ion images are compressed 256 x 256

pixels to 128x 128 pixelsto increase the contrast.

3.5 Conclusion

The new paralleMS/MS imagingtechnique has beeuccessfully applied tperformin situ
identification of bioactive metabolites tropical wood species. rubra The MS/MS
fragmentation provides unambiguous identification of the metabditeseover, MS/MS ion
imageshave superioimage ontrastand could more precisely Idcze the low abundance
biomolecules, which is frequently the case with natural prodBath MS1 andS/MS ion
images demonstrate the colocalization of rubrenolide and rubrynpfideipally in and
aroundray parenchyma cefl. Based on previous studies, is suggestedhat these two
bioactive metabolites are biosynthesized in ray parenchynsa cell

The lack of tandem mass spectrometry capability has long been an issyayimg TOF
SIMS imagingto biological studiesHere we show that thisew parallelMS/MS imaging
spectrometer cabe a powerful tooin characteriation, identification and localization of low
abundance natural produatscomplex biological samples
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3.7 Supporting information

3.7.1 MS/MS spectrum of referencepurified rubrenolide

Reference tandem spectrum was obtained isitfatedrubrenolideand rubrynolidesample
on the parallel MS/MS imaging spectromt@urified rubenolide powdewas dissolved in
ethyl acetatand deposited oa clean silicon wafer.

FigureS1: MS/MS spectrum of purifiedubrenolideand rubrynolideacquired on the parallel
MS/MS imaging spectrometer.The blue colored arrows in the structure indicate the
characteristic loss dfydroxyl groups
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Chapter 4 Biosynthetic investigation and localization of bioactive metabolites in Amazonian tree species
Sextonia rubrdLauraceae) by 2D and 3D T&HMS imaging

4.1 Abstract

The biosynthsis of rubrynolide and its analogudgs remained disputable since thigist
isolationin 1971 from the wood ofAmazoniantree speciesSextonia rubrgLauraceae)To
investigatethe biosynthetic pathwawpf these plant metabolite2D/3D TORSIMS imaging
and parallel imaging MS/MS technique wereapplied to wood samples forin situ
characterization of putative biosynthetic intermediates aligtlosing their cellular
localization The in vitro extraction and isolation allow the report for the first time of two
new acetylated lactone compoundsut@nolides4 and 5) along with the presence of
isozuihoealide (3) in S. rubrasapwoodThein situidentification and subsequent 2D and 3D
mass spectrometry imaging reveabrynolide and rubrenolide are well docalized with
their structually related putative precursdiutanolides4 and 5 in specific cell typesray
parenchyma cell, tyloses, and a#ll. These resultprovide new insightsin rubrynolide
biosynttesisandreveal theintramolecularing-openingcyclization process aflihydrofuran
2-onein parenchyma cedl Meanwhile, obtusilactone is suggested to arise from the coupling
of succinic acid and a-keto carboxylic compoundn roots andsapwood.Thus, a new
biosynthetic pathway is proposéat the formation ofubrynolide and its analoguésplants

4.2 Introduction

In response to various environmengitessesuch asaggressios from wood destroying
organisms many tropical tree species generdi®logically active metabolitesfor their

chemical defenseThese metaboliteshavwe been selectedhrough the evolution of plant

pathogen interactian[1,2]. Among these specigsSextoniarubra (Mez) van der Werff
(Lauraceae)initially identified asNectandra rubraMez) C.K. Allen andOcotearubra Mez

[3], is a neotropicakhadetolerant rainforest tree specieative to South Americandone of
the most commercially exploitedrood for constructionin French Guianaowing to its
exceptional natural durability. Rubrynolide and rubrenolideatural productswere first

isolated from the stem wood 8f rubrain 1971 [4,5] andthe full structure werereportedin

1977 [6]. Subsequerty these molecules have showpotent antifungaland insecticidal
activities [7,8,9,10]. Therefore, it is suggested thée high natural durabilityof S. rubra
heartvoodis a result ofits impregnation witithese two bioactive metabolitgkl]. Overthe

years thetotal synthesis ofubrynolide and rubrenolidess beenachievedeading to revision
of their stereochemical structws®iith the correct configuration 4R ) [12,1314,15]. In

contrast, théiosynthéic processvasonly discussed by Gottlieim the 1970swho proposed
the formation of a cyclpropanondgo explain the extrusion of the carborigdm a normal
polyketide precursdrlg].
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In plant metabolomic studiesgas chromatograph§{GC) and liquid chromatography(LC)
coupled to mass spectrometige the predominant and most effective approathésolate
and identify natural producf{d7,18]. However,solventextraction of the wholéissueresults
in the loss of spatiahformation of the metabolitesvhich is essentiain understandindghe
metabolismand biological functions of specific tissue§l9]. Since mass spectrometry
imaging (MSI) has been well established fasualizing chemical distributiom biological
samplesa number of studies @ employed MSto reveal thespatial informatiorof plant
metabolites[20,21]. Particularly, ime-of-flight secondary ion mass spectrometry (FOF
SIMS) isnow aroutinemolecularimaging techniquevith sulcellularresolution[22] and has
been applied to map metabolite distribution in various wood spEt3&34,25]. In addition,
versatile sample handling enabl@®FSIMS imaging ofhigh density wood species by
analyzing directly the wood block surfa. Furthermoredirect three dimensiondlOF
SIMS imaging can be realized lual beandepth profilingmethod in which a sputter ion
beam is utilized to ablate the samples layer by |asmraling thein-depthdistribution of
chemical componen{26]. Meanwhile, TOR-SIMS prototypes which could provide MS/MS
capability are currently available to afford unambiguous enditu identification of the
molecules 27,28,29,30].

In orderto elucidate thebiosynthesis of natural productabrynolide and rubrynolide in
plants we herein investigatedsecondary metabolites biosynthesis during heartwood
formation of Amazonian tree speciesS. rubra both in vitro and in situ by solvent
extraction/isolation andOFSIMS imaging This original strategy takes fully benefit of the
stateof-the-art technologes in mass spectrometryarallel MS/MS imaging was performed
for in situidentification the new metabolites isolat@dvitro, which allows following2D/3D
TOFRSIMS imaging to localized the bioactive products and their biosiiotpescursors at
subcellular levelln this paper we reporhé presence afewly isolatedconstituents and their
spatial distributionthat ledto suggesta new biosyntheticroute for rubrynolide andits
analogues
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4.3 Experimental

4.3.1 Plant material

The samples were taken frotwo Sextonia rubraadult tres (SR1 and SR2from the
3DUDFRX IRUHVW LQ JUHQFK *XDda&rber20f5. A wbod infrenfent L Q
corewastaken at breadteight and stored in freeze conditic§ °C) until imaginganalysis
(ultramicrotoming of wood blocks and extraction of the compourids) trees werechosen

as representative of the species (adult, withamabe and with an intact cronaycording to

the nethod used by Rutishausatral [31]. This classification method is based on analysis of

the crown structure and its fragmentation degree to evaluate the development of the tree
(juvenile or adult specimens, possible damage like headtess senescent tree, or intact
crown).

4.3.2 Extraction and isolation

Extractiors of sapwood and heavbod from S. rubra SR1 individual were performed
according to peviously described procedure@.[ Briefly, 200 g of wood material were
extracted three times at room temperature for 48 h with ethyl acetate (3 x 500helethyl
acetate extrastverethenpurified by column chromatograg (EtOAc).

Preparative chromatography was performed anlLBnin with a W600 pump and a W2487
double wavelength UV detector (Waters) using a Discovd§d@lumn (15cm x 21.2mm,
5um, Supelco). HPLC analyses were performed on a Discové&8/dBlumn (15cm x
4.6mm, 5um, Supelco) at iInL/min using a Waters HPLC system equipped with a W2996
photodiode array absorbance detector and a W2424digtttering detector. Water (HPLC
grade) was obtained from a Mil) system (MilltQ plus, Millipore BedfordMA).

Isolation of isozuihoerlide 3 was carried out on L of a root extract solution at a
concentration of 5@hg/mL in water/acetonitrile 40:60 using a linear gradient of
water/acetonitrile (40:60 to 0:100 over @@n) and remaining at 100% acetonitrderring
10min. The eluates from the column were monitored at 210 andnr24CFractions
containing the same constituetscording to analytic chromatographic profiles obtained at
210 and 24Gim and withELSD detectionwere gathered and evaporation allowfed
isolation of compound8 (22mg) in pure form.Isolation ofbutarolide 4 and5 was carried
out on 3mL of a sapwood extract solution at a concentration ofm§06mL in
water/acetonitrile 40:60 usintpe same procedure as previoushon@pounds4 (43.4mg,
28.9% w/w) and (18.1mg, 12.1% w/w)were lothisolated in pure form.
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Isolation of heartwood compounds rubrynolideand rubrenolide8 was carried outwith
40mg of the purified fraction diluted in 1rBL of water/acetonitrile 50:50 using a linear
gradient of water/acetonitrile (50:50 to 0:100 over niif) and remaining at 100%
acetonitrile during 5 min. The eluates from the column were monitored at 210 and240
Fractions containing the same constituestsording to analytic chromatographic presil
obtained at 210 and 240n and withELSD detectiorwere gathered and evaporation allowed
for isolation of compounds rubrynolidé (14.1mg, 35.2% w/w) rubrenolidd (8.1 mg,
20.2% w/w). Both compoursdwere isolated in pure form.

4.3.3 LC-MS analysis

Purified productsfrom S. rubra SR1 individual were prepared at a conceatton of
0.1mg/mL in methanol SigmaAldrich, Saint QuentirFallavier, France LC-MS/MS
experiments were performed om HPLC Ultimate 3000 system (Dionex, Voisies
Bretonneux, Fance) coupled with a Agilent 6540 QToF (Agilent Technologies,
Waldbronn, Germanynass spectrometdrC separation was achievadth an Accucore RP
MS column(100x 2.1 mm, 2.6um, Thermo Scientific, Courtaboeuf, Franegjh a mobile
phase consisting of wateiith 0.1% formic acid (A) and acetonitrileith 0.1% formic acid
(B). Compounds were elutest a flow rate of @ mL/min with a gradient fronb % B to
100% B in 25min and then100% B for 3 min. Injection volume wasited at5 yL for all
the analysesMass spectra were recorded wih electrosprayion source in positive ion
mode with the following parameterspray voltage set &8.5kV, capillary temperature at
325°C, capillary voltage 845V andfragmentorvoltage atl20V. The wollision energy was
optimized and fixed at 18V for all theMS/MS fragmentatioracquisitionsexcept that 3@V
was chosenfor dkalized molecular ions.Internal calibration was achieved wittwo
calibrants(m/z121.0509 anan/z9220098)providing a highmass accuracof approximately
2 ppm. Mass resolution (FWHM, full width at hathaximun) is 20,000 in MSand MS/MS
spectra

4.3.4 NMR analysis

'H NMR spectra were recorded at 400 MHz &f@ NMR spectra at 100.6 MHz on a Varian
400 NMR spectrometer equipped with arbn inverse probe (Auto X PGF 1H/1818C).
Samples were dissolved in deuterated chloroform (@DO&K5 mm tubes as stated. Chemical
shifts are in ppm downfield from tetramethylsilane (TMS)damoupling constants (J) are in
Hz (s stands for singlet, d for doublet, t for triplet, g for quartet, m for multiplet, br for broad).
NMR analygs were all performed orS. rubra SR1 individual. For the structural
determination of isolated compound, twantnh NMR tubescontaining8 mg and25mg of

pure molecule dissolved in deuterated chloroform (Gp@kre preparedor 1H and2D
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sequences respectively. All sequences 1H (64 scans), B8Q g2an%, gCOSY (4 scans x

256 increments), gHSQCAD gtans x 512 increments), gHMBZ scans x 512 increments)
wererecorded with an acquisition time @f0s, a relaxation delay of 1.9for a 45° pulse

sequenceAll NMR spectra were phased and baseline corrected MigstReNova 9.0

(Mestrelab Research) before beprgcessed

Quantitaive NMR analyss were performed as foll@v Wood extracts (14 mg) and the
standard for quantitative NMR (TraceCERT®) 1,2;#&eBachlore3-nitrobenzene (CAS:
117-18-0, SigmaAldrich Ref 40384, ing) aredissolved indeuteratedchloroform (CDCls,
400pL) in a 2mL vial before transferring theolution into a 5nm NMR tube NMR
acquisition timewas set at 2.55 with a spectral width of 6410k and 16scans were
recorded with a relaxation delay 6kT1 (85s) for a 45° pulse sequencéH spectra were
processedwith MestReNova 9.0 (Mestrelab Research) softwareperform phase and
baselinecorrectiors. For quantification of isozuihoealide 3, *H signals corresponding to
protons 7.09 5.26 and 4.72 ppm) were manually integrated arttie mean valuef the
integrationswas used to calculate theoncentration ofisozuihoemlide 3 in sampls. For
quantificationof butanolides4 and5, *H signals corresponding to proto(%33 4.24 and
4.02 ppm) were manually integratedhe mean value of the integratioasd the mean
molecular mass (M= 381.22 g.rifdlwere used to calculate the concentratmutanolides
4 and 5 in samples For quantification of rubrynolide 7 and rubrenolide8, *H signals
corresponding to protor{8.80 3.64 and3.49 ppm)were manually integratethe mean value
of the integrationsind the mean molecular mass €\297.22 gmol™*) were used to calculate
the concentrationf rubrynolide7 andrubrenolide8 in samples

4.3.5 Ultramicrotom ing of wood samples for TOFSIMS imaging

The wood increment cores S. rubraSR2 individualwere cut by an electric saimto small
wood blocks (~ 0.€m x 0.7cmx 0.7cm) corresponding to sapwood, transition zone and
heartwood, respectively. Each block wié®n trimmed with a razor blade to generate a
transverse cutting surface of approximaterh x 2.5mm which was left to be cut withn
ultramicrotome (EM UCB6, Leica Microsystemes, SAS, Nanterre, France) asirgmond
knife (DIATOME Cryotrim 45°, LeicaMicrosystemes, SAS, Nanterre, Franca).high
cutting speed of 5hm/s was used considering tdensetransverse wood surface and the
cutting feed was set at 20@n. The clearance angle was kept constant at 6° during the
sectioning. Optical images of teood surfaces were acquired atX@hagnification with an
Olympus BX51 microscope (Rungis, France) using extended focal imaging (EFI) scanning
mode.
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4.3.6 TOF-SIMS analysis

Mass spectrometrymaging acquisitions were performed with a commercial T8IMS IV
(ION-TOF GmbH, Munster, Germany) mass spectrometer equipped with a bismuth liquid
metal ion gun anén argon cluster ion source. Mass spectra and ion density images were
recordedusing Bg' cluster ions as the primary ion beam with a kinetic energy @5 In

order to simultaneously obtain high spatial and high mass resolution on wood surface bearing
a diversity of topographic attributes, te-called burst alignment ion focusing mode has
been applied with a delayed extraction of secondary asngreviouslydescribed 32]. The
primary ion pulse duration was set at I30and the current measured atkHz was
0.07pA. After the extraction delay, secondary ions were extracted and first accelerated to a
kinetic energy of XeV and then posiccelerated to 1keV before reaching a hybrid detector
composed of a single microchannel plate followed by a scintillator and a photomultiplier. A
low energy pulsed electron flood gun @@) was applied to neutralize the charges
accumulated on the insulating wood surfac®. ihaging acquisitions were performed on
areas of 400m x 400 m with 1024x 1024 pixels, thus a pixel size of 486 x 400nm,

and anion doseof 3 x 10" iongcn?. 3D imaging was achieved with dual beam depth
profiling method with 2%eV Bis" as analysis beam and &6V Ario0 as sputter beam,
respectively. Depth profile in positive polarity was acquired by alternatively analyzing
200 mx 200 m area (divided by 512 512 pixels) and sputtering 500m x 500 m area

The sputter depth was calibrated by2@um thick transversewood sectionof S. rubra
@. Data processing was performed using Surfacé8b(IONTOF GmbH,
Munster, Germany)and the primary ion beam shift during the acquisitions were corrected by
p O D ®ift toréatiorfffunction in the softwareDue to the extraction delay, the relationship
between timeof-flight and the square root afi/z can no longer & considered linear as
otherwise generally agreed in mass calibration of secondary ions with low initial kinetic

energy distribution 33]. Internal mass calibration was therefore achieved by taking
advantage of thiggnin andpolysaccharidéragmentsderived from the wood sample84].

4.3.7 In situ MS/MS analysis

In situ MS/MS identification was performed on thearallel MS/MS imagingmass
spectrometerwhich is based on &HI nanoTOF II TOFSIMS instrument(Physical
Electronics, Minnesota, U.S.. In this prototype spectrometer, a precursdecter is
positioned after the TRIFT analyzer, allowing the deflection adeaired proportion of
precursorions into a collision cellwhere agon is introduced as collision gaghe resulting
fragment ions as well abe remaining precursors are then mass resolved by a linear TOF
analyzer. This instrumental design enabssiultaneousrecording of MS and MS/MS
spectra Noticeably, the typical gcursor selection windows about 1 Dawhich could
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effectively eliminate possible interferences and simplify the MS/MS spéarahe MS/MS
analyses30 keV Bg' ion beamis operated in a continuous mode to guarantee maximum
emission efficiency of the etabolites. The ion images and spectra were collentedan
area of 15Qum x 150pum with 256x 256 pixelsand an ion dose d x 10"ions/cnf. To
avoid charge accumulation on the insulating surface, low energy ekeateomemployed for
charge compensatioMass spectra were acquired ovemass range of (1000 in positive

ion mode and mass calibration was achieved with intdragments Data processing was
performed using PHI TOGBR (Physical Electronics, Minnesota, U.S.8oftware.

4.4 Results

4.4.1 Isolation, identification and quantification of new metabolites inS. rubra

In the course ofinderstandings. rubraheartwood formation process, and along with the
isolation of the wetknown compoundsubrynolide and rubrenolid#om heartwoodthree
additional compounds wersolatedfrom the ethyl acetatextract ofroots andsapwoodrom
S. rubra SR1 individual NMR and MS datareveal that theyare isozuihoemlide 3 and
butanolids 4 and 5 (Figure 1). Isozuihoeralide 3 was isolatedfrom the root extracts
colorlessoil. The molecular formula was determined to bgHz,03 by MS (ESI) ((M+H] ",
m/z3653051). The'H and**C NMR of 3 wassimilar to that ozuihoenalidg35], indicating
the same Fhydroxy Jmethylene £ Ffunsaturateddactone skeletanHowever contraryto

the Z double bond ofzuihoenalide the E geometryof the trisubstituted double bondias
confirmed by comparing the values i NMR chemical shifts of the olefinicAproton

[ .09 (1H, td,J = 7.8, 1.8 Hz, H ] with relaed butanolidessoobtusilactone A and
lincomolide D[36,37,38]. The presence of a broad singlét.26 (28H, brs, H+ i fwas
attributed to protons ithe long methylene chairiThe exocyclicolefinic protons appeared at
31.96, 4.72(each 1Hd, J=1.5HzH- =~ ¢ ) and one hydroxymethine prottotated at
Gb5.26 (1H, br s, H1). Thus, the structure abkozuihoerdlide was elucidated aE)-4-
hydroxy-5-methylene3-octadecylidenedihydrofura®-one which was further confirmed by
COSY andgHSQCADexperiments.
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Tablel: NMR data of isozuihoaatide 3.

o 13 1 gCosY
N C(® H(® ('H-1H)
2 168.8 (C)

3 127.3 (C)
4 66.6 (CH) 5.26 (1H, br s) P
5 157.8 (C)

T 91.4 (CH) 7.09 (1H, tdJ = 7.8, 1.8 Hz) + 14

T 29.828.4 (CH2) 2.46 (2H, m) F o+ 4 HA

T 29.828.4 (CH2) 1.53 (2H, tJ= 7.2 Hz) i

ﬂ 29.828.4 (CH2) 1.26 (28H, br s)

32.0 (CH2) 1.26 (28H, br s)

22.8 (CH2) 1.26 (28H, br s)

14.2 (CH2) 0.88 (3H, 1,J= 6.9 Hz)

150.3 (C) 4.96 (1H,dJ=1.5Hz, B- Ha- + ¢

472 (1H,dJ=15Hz, H- ~

Butanolides 4 and5 were isolatedrom the sapwood extraescolorlessoil. Their molecular
formula were determined to beyEl3,0s (MS (ESI), m/z381.2283 [M+H], m/z403.2107
[M+Na]*, m/z783.4299 [2M+Na]) and Cy;Hz,0s (MS (ESI), m/z383.2417 [M+H]",
m/z405.2240 [M+Na]*, m/z787.4603 [2M+Na]") respectively. The H and *C NMR
of butanolides 4 and 5 were verysimilar to that of butaloide previously isolated frora
marine actinomycetg39]. The *H chemical shifts and multiplicitin combination with the
gHSQC spectrandicatesthe presence of two carbindl€-1 at 652 ppmand G ~at 69.2
ppm) with one(C-1) in Dposition ofan asymmetric carboiC-2 at 79.2 ppm bearingan

oxygen atonin Jlactone ring The lactoned substituted in € (37.9 ppm)position with an

aliphatic chain containing either a terminal triple bond or a terminal double bondlin C

position in lutanolides 4 and 5 respectively Both carbinol oxygen atora are aceylated as

94



Chapter 4 Biosynthetic investigation and localization of bioactive metabolites in Amazonian tree species
Sextonia rubrglLauraceae) by 2D and 3D TEHMS imaging

indicated by theloubleCHs singletsignalat 2.06 pprandthe double™C signalsl 708 ppm
Thus, the structure dfutanolidest and5 were elucidated agl-(2-acetoxydoded 1-yn-1-yl)-
5-oxotetrahydrofurat2-yl)-methyl acetate and (4(2-acetoxydoded 1-en-1-yl)-5-
oxotetrahydrofurai2-yl)-methyl acetateespectively which was further confirmed by COSY
and gHSQCAD experiments.

Table2: NMR data of butanolide4 and5.

No 13C ( G lH ( G
Butanolide4 Butanolide5 Butanolide4 Butanolide5
424 (1H, dd, J = 11.9, 1.4 4.26 (1H, dd, J = 11.9,
Hz, H-1a) 3.6 Hz, H-1a)
1 65.2 (CH2)
4.02 (1H, dd, J = 11.8, 1.4 4.04 (1H, dd, J = 11.9,
Hz, H-1b) 6.4 Hz, H-1b)
2 79.2 (CH) 5.13 (1H, br s)
2.53 (1H, m, H-3a)
3 32.1 (CH2)
1.72 (1H, m, H-3b)
37.9 (CH) 2.60 (1H, m)
5 178.1 (C)
1 21.1 (CH3) 2.08 (3H, s)
1 170.8 (C)
2.34 (1H, ddd, J =
2.33 (1H,t, J = 11.7 Hz, H- 14.7, 10.5, 3.3 Hz, H-
35.7 (CH2) ‘D ‘D
1.59-1.38 (1H, m,H- "E 1.65-1.42 (5H, m, H-
TE
69.2 (CH) 4.33 (1H, br s) 4.35 (1H, m)
35.5 (CH2) 1.59-1.38 (2H, m) 1.65-1.42 (2H, m)
1.45-1.25 (10H, br s, H- 1.42-1.25 (10H, br s,
25.3 (CH2) o -
i H- "1 ¢
1.45-1.25 (10H, br s, H- 1.42-1.25 (10H, br s,
29.5-28.5 (CH2) o -
i H- "1 ¢
o 29.5-28.5 (CH2) 1.45-1.25 (10H, br s, H- 1.42-1.25 (10H, br s,
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i H- "1 ¥
1.45-1.25 (10H, br s, H- 1.42-1.25 (10H, br s,
29.5-28.5 (CH2) L., ..
i H- "1 ¢
29.5-28.5 (CH2) 1.59-1.38 (2H, m) 1.65-1.42 (2H, m)
18.4 (CH2) 33.9 (CH2) 2.17 (2H,t,J =7.06 Hz) 2.05 (2H, m)
84.8 (C) 139.3 (CH) 5.82 (1H, m)
5.00 (1H, d, J = 17.7,
He -
68.2 (CH) 114.3 (CH2) 1.93 (1H, s) ©
492 (1H, d, J = 10.1,
He- -~
Bl 20.8 (CH3) 2.06 (3H, s)
9 170.8 (C)

By performing LGQ-TOF MS on sapwood, heartwood, bark and leaf extrdcm SR2

Figure ), additional metabolitesvere detected and identifidmy comparingthe MS/MS

spectra with those of obtusilactone analogiie rubrynolide 7 and rubrenolide 8.

Obtusibcone analogies 1 (Figure &

along with ompound 4, 5

Figure S

were detectedn trace amounthe sapwod extract,

5). It is worth noticing thatbutanolide6 and

rubranolide 9, both having no terminal insaturatiowere detected for the first time .

rubra in trace amoun{Figure N5)

in S. rubraaresumnarizedin Figure 1.

and 9).

The chemical structures of identified metabolites

96



Chapter 4 Biosynthetic investigation and localization of bioactive metabolites in Amazonian tree species
Sextonia rubrglLauraceae) by 2D and 3D TEHMS imaging

Figurel: Secondary metabolités Sextonia rubra

Quantificationof somemetabolitesn different plant organs &. rubrawereassesseth SR1
individual by quantitativeNMR spectroscopyTable 3,|Figure 20t24). Interestingly,a large
variation in quantity and distribution occus among the different organsWhereas
isozuihoealide 3 and butanolide4 and5 are abundanniroots andsapwood they are absent
or detected in low concentration heartwood, bark and leaf. On the other hawbrynolide

7 and rubrenolid& compose most thieeartwoodextract mass but are absent in other organs.
Noticeably, roots, sapwood, and heartwood ekts are relatively not complex mixtsre
composedof few metabolites whereas leaf and bark extracts are complex nsixtire
different metabolites as showiH NMR spectra ifFigure 20}24.

Table 3: Metabolite extraction yields in roots, sapwood, bark and heartwueabured by
gNMR.

Material Extraction yield (%)

Roots Sapwood Heartwood Bark Led
crude extract 8.7 8.1 9.2 1.7 3.7
compound3 2.1 19 0.4 nd. 0.2
compoundgl-5 6.0 5.3 nd. 0.2 un.
compound¥-8 nd. nd. 8.1 un. un.
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"Measurements werperformed SR1 individual in CDCl; using 1,2,4,8etrachlorornirobenzene as internal
standardnd.: not detectedun.: unknown cannot be determined due to the ovevldth interference peaks

In the next section thepatial distributionof metabolitesby TORSIMS imaging were

investigatedvithin sapwood, heartwood and transition ztissues

4.4.2 In situ identification of diacetylobtusilactones(butanolides 4 and 5)

With the parallel MS/MS imaging technique previousalyplied toin situ identification of
rubrenolide(8) and rubrynolidg9) in chapter 3butanolides4 and5 werefurther identified
directly on a SR2sapvood surface without any pretreatmeiMS/MS imagirg analyses were

performed on d50um x 150um analytical areavhere an oil cell was prese[figure 2a).
TOFSIMS MS/MS spectra of precursors miz381 [M+H]" (butanolide4) and m/z383
[M+H]" (butanolide5) are illustrated ifFigure 2 and 2, respectively The low mass

fragmentsdisplay regular occurrence af2 Da or 14Da mass intervalswhich is a typical
phenomenon resulted from fragmentationarfg hydrocarbon chasWhile the high mass
range spectra show the protonated precursor ions as well as the charaétegstients
originated from the loss of acetic function grougk3 Da (-H,0); -42 Da (-CH,=C=0); -

60 Da (-CH3CO,H). The in situ MS/MS data is consistent witim vitro Q-TOF analysis
wherethe peakattributions aranadewithin 5 ppm mass accuraglfigure StS5). lon images

of precursors am/z381 andm/z383 were obtainedy collecting all the fragment iorend
the remaining precursors after the CID collisitins demonstrate that butanolides4 and5
are colocalized in the oil celbn the analyzed areEigure 2¢ and 2d) Analyses of their

corresponding l&alized (Na" and K) productsfurther confirmedthe structure andateral
distributionof these twaliacetylobtusilactoneg-igure 25¢26).
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Figure2: Tandem MS/MS TO¥FSIMS imaging.(a) Optical image of sapwood surface with
an oil cell (indicated by the white arrow)b) Taal MS' ion image collected on the area
shown in (a). € Total MS ions of precursor ion an/z381 (compound). (d) Total MS
ions of precursor ion an/z383 (compound). (e) Tandem mass spectrum of the precursor
ion at m/z381 (compoundd). (f) Tandem mass spectrum of precursor ionmez383
(compoundb).

4.4.3 Localization of metabolites in thestemwood of S. rubra

It is generally recognized that heartwood is transformed from sapaload with the death

of parenchyma cell4D)]. Therefore, to study the production of the metabolites irstdr@of

S. rubrg the wood surface from sapwood to heartwood were chemically mapped by TOF
SIMS with a high lateral resolution of400nm. The optical and ion images displayed in
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Figure 3|were recorded onnalytical areas of 40Am x 400um of sapwood transition zone

and heartwood, respectivelyot surprisingly, molecular ion imageof rubrynolide (7)
(m/z297) and rubrenolide8] (m/z299) have identical distributiceind are present throughout

the stem wood surface. The summed ion images of these two metabolites show their
particular localization in ray parenchyma cell and tylasesapwood, oil cell in transition

zone, and tylosas heartwood, respectivelyrigure 3g-3f).

After confirming the same cellular localization aidividual compounds@,
molecular ion images of th&-2, 4-6 are summed and highlighted (red) in the ‘twabor
overlay with the ion images of lignin fragmser{green). lis revealed that compounds2, 4-

6 are colocalized in the same cell types as rubrynolideand rubrenolide8) except that
they are barely present in the heartwgbdyre 3g-3i,|Figure 27), which is in accordance
with the NMR analysis.
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Figure 3: Distribution of secondarymetabolites from sapwood to heartwoaec: Optical
images of sapwooda), transition zongb), andheartvood (c). RP: Ray parenchyma cell; F:
Fiber; SV: small vessel; V: Vessel; T: Tylosesf: lon image of rubrynolide (7) and
rubrenolide(8) in sapwoodd), transition zonde), and(f). The images were compressed to
512x 512 pixels to increase the contragt: Two-color overlay on images of compoundd-

2, 4-6 and lignin fragments sapwoodqg), transition zond€h) andheartwood(i). lon images
summed for compound$-2, 4-6: compoundl, m/z279, [M+H]"; compound2, m/z281,
[M+H]*; compound4, m/z381, [M+H]", m/z403 [M+Na]"; m/z419, [M+K]"; compounds,
m/z383, [M+H]", m/z405, [M+Na]; m/z421, [M+K]"; compound6, m/z385, [M+H]",
m/z407, [M+Na]"; m/z423, [M+K]".
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4.4.4 3D distribution of the metabolites

Figure 4. 3D distribution of compound5. (a) Optical image otthe wood sampldrom
transition zone. (b3D reconstructiorof total iors. (c) 3D reconstruction of the ion at/z421
[M+K] " (compound5). (d) Two-color overlay ofion at m/z421 [M+K]* compound5 and
lignin fragment GH3". Red m/z421; Green: GHs".

In order to track then-depth distribution of these metabolites in tlstem wood, three
dimensional analyses were carried out on the transiboe zvood sample using dual beam
TOFR-SIMS imaging. A200pum x 200um area comprises various cell typsaschosen for
the analysigRigure 4q) andthe resultingtotal ion imagesis depictedin|Figure 4p. During

argon clustersputtering sample surface waslightly modified due to the erosiomate
differenceof the cels (Figure 0). However,owing to thelarge number of constituents in

the argon clusters, the impact energyimdividual atoms isextremelylow, leading to
minimum damage of the samplé&herefore, the wood structure and thle cell types are
readily recognizable even after a sputter dose of 2188° ions/cnf anddislocations of the
metabolitescanbe negligibé. The 3D volume reconstruction tife ion atm/z421 ([M+K]",

compound5) (Figure 4t) as well as its overlay witlignin fragment GHs" [Figure 4¢l)
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illustrateits distribution inray par@chyma cell and oil celivhich corresponds well with the
lateral distributions.

4.5 Discussion

The Lauracea family comprise2850 knownplart species in about 45 genera and has a wide
distribution in tropical and subtropical regions. Hunangshave been using Lauraceae
plants for various purposes (constructicimod, drugs spices and perfumg The chemical
diversity of metabolites isolated from Lauraceae plants are relatively diverse including
alkaloids, arylpropanoids, nitrderivatves 2-pyrones, flavonoids, benzophenones,
terpenoids, fatty acids and butanolides[41]. In the latter chemica family, several
obtusilactoneanalogus have been previously found in various genus, suthnaera[42],
Machilus[43] and Cinnamomuni44,45]. Obtusilactonesnalogies have attracted attention
dueto their cytotoxicin vitro andin vivo activitiesagainst HelLa cell line and several cancer
cell lines[39, 40, 41,46,47,48]. On the othehand,rubrenolide7 and rubrynolide8 originally
isolated by Gottlieb in 197 S. rubra wood[3] and recently identified iMezilaurusgenus

[49], doesnot show any significanttytotoxic activity against human cells (unpublished
results) Only their antifungal and antitermitactivities are known thus demonstrating the
ecological role of th&e metabolites to protect the wood against wood pathogens. We report
herein for the first time the presence of obtusilactone derivatidesnd butanolided-6in S.

rubra roots and sapwood along witlubrynolide 7, rubrenolide 8, rubranolide9 mostly
present in thdeartwood Ou resultsprompt the questioningf biosynthesis of rubrynolidé

and itsanalogues

Parallel MS/MS imaging experiments provided unambiguoustu identification of related
constituents and facilitated the attribution of corresponding mass peaks. Subsequent 2D and
3D TORSIMS imaging thus enabled spatial examination of the metabolites in the stem wood
of S. rubra Molecular ion images reveal that tile detected and isolated constituents are co
localized in three different cell types in sapwood and transition zone: ray parenchyma cells,
oil cells and tyloses (vessels), indicating that those constituents maybe biosynthetically
related. In heartwoodtyloses are principally arisen from ray parenchyma cells before
expanding into the adjacent vessel through cell wall plik And in Lauraceae, oil cells are
enlarged or vertical ray parenchyma cel&l][ Therefore, it is confirmed that ray
parenchyma cH are responsible for the biosynthesis of the above metabolites, in agreement
with previous observations that wood metabolites are produced in ray parenchyma cell during
heartwood formation before being transferred to other tisiﬁ'ﬁ[SS].

The earlietbiosynthesis pathway proposed by Gottlieolved a polyketide precursor which
FRXOG \L HaotGhe\Wrddcts through a Favordipe rearrangment(Figure 5). This
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polyketide route had satisfactorily explained many natural products with terminal -alkene
alkyne pairs from Lauraceae and it was consideredrtiaynolide shall be biosynthetically
aralogous to those constituent$l]. However, the structural determination of isolated
isozuihoemrlide (3) along with our MS detection of butanolidds 5, 6 suggest thathe
polyketide pathway is probably not an appropriate rofitealternativeroute involves two
precursors: a succinecid derivativeformed throughthe citric acid cycle and a&keto acid
entity synthesized viaaceyl-CoA metabolism. In this case, the rubrynolide biosynthesis
starts withthe formationof an esterfollowed by an aldotype ring closure processetween

the enol form of the Fketo acidand the succinic acidcarboxyl group (Figure 5). This
pathwayis similar tothat ofa number of natural products containing tetronic acid nucleus
[54], substituted lactones and butanolid®®,56] and to the biosynthesis of carolic and
carlosic acids ifPenicillium Charlesiidemonstratedsing*C isotopic enrichmen8f].

Figure5: Possible biosynthetic pathways for the formation of rubrynolide and its derivatives
Top: polyketide pathway proposed bottliely bottom: biosynthesis pathway proposed in
this report.

Many chemicalentities found inthe Lauracea family such as zyrones, chalconesnd
avocatinsare believed tde derivedfrom polyketide chain, so thatheterminalalkene
alkyne pais can be readily generatdy decarboxylatiorof the precursoas suggested by
Gottlieb. However, the enzymatic formation of the terminal triggadshould be considered
as many acetylenase have been sequersmshtlyafter being isolated from plants, insects
and microorganissi5§].
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Figure6: Possible érmation of the terminal double and triple bonds

Nevertheless2-hydroxysuccinic acid andeketo acid precursorsshown in the proposed
pathway were not able to be detectdtkrefoe there are still controversial aspectstime
biosynthesis of rubrnlide and rubrenolideas well as their analogs such as obtusilactone
derivatives[59]. Further investigation of tree species from Lauraceae family will be essential
to provethe biosynthetic pathwaysising either isotopic enriaient with **C-labelled 2
hydroxysuccinic acid or usifgC NMR at natural abundante potentially measure isotopic
differencesetween carbons in the lactone and in the 1propandidl,fhoietysuggesting the
coupling of two precursof$0].

4.6 Conclusion

Reinvestigation othe stem wood 08. rubraled to the isolationof isozuihoemlide 3 and
butanolides4, 5 which are structurally related to bioactive metabolites rubrynolide and
rubrenolide TORSIMS imaging provided spatial information of the relatedahelites byin

situ identification and multidimensional mappid the correspondingjuasimolecular ions
and the salt adducts. These results indicate that the biosynthesis of rubrynolide and
rubrenolide is probably not derived from a singtdyketide Therefore,a new biosynthetic
pathwayinvolving an aldol type ring closuranda pentdactone ringrearrangemenn the

ray parenchyma cels proposedor the genéc formation of rubryolide and its analogues
This new biosynthetic route is in good amtance with the presence of the trace
intermediategletectedn high resolution LEMS/MS and would provide new insights in the
genetic production of other related natural produdesiertheless, further investigation using
isotopic enrichment method wilketbeneficial to decipher the whole biosynthetic process.
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4.8 Supporting information

4.8.1 LC-Q-TOF MS analysisof ethyl acetate extracts ofleaves, bark, sapwood and
heartwood of S. rubra

Figure 9: Liquid chromatogren of ethyl acetate extractef leaves bark sapwood,
heartwoodandrootsof S. rubra The main components are indicateddh (
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Figure 2 MS! and MS spectra of obtusilactoneanalog (1) from samood extract
(RT=13.838min)

Figure : MS'and MS spectra of isozuihoenalid8)(from roos extract (RT=24.219 min)
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Figure &: MS' and MS spectra otompound4 from sapvood extract (RT=4.615min).

Figure $: MS' and MS spectraof compounds from sapvood extract (RT=1.738min).
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Figure $: MS' and MS spectra otompounds from sapvood extract (RT=2.111min).

Figure §: MS! and M$ spectra ofubrynolide (7) from heartwood extract (RT2447 min)
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Figure 8: MS! and MS spectra ofubrenolide 8) from heartwood extract (RT3524min).

Figure 9: MS! and MS spectra ofubranolide @) from heartwood extract (RTAB80min).
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Figure 90: MS' and MS spectra ofprotonated ion ain/z 315.2173from sapvood extract
(RT=9.173 min). Proposeds obtusilactonanalog(l) + 2H0.

Figure 91: MS' and M$ spectra ofprotonated ion am/z339.2175from sapvood extract
(RT=13.311 min). Proposedsobtusilactonenalog(1) + CH;COH.

111



Chapter 4 Biosynthetic investigation and localization of bioactive metabolites in Amazonian tree species
Sextonia rubrglLauraceae) by 2D and 3D TEHMS imaging

Figure 92 MS!' and MS spectra ofprotonated ion am/z341.2324from sapwoodextract
(RT=15.487min). Proposeds obtusilactonanalog(2) + CH;CO,H.

Figure 3 MS' and M$ spectra ofprotonated ion am/z3212064from sapwood extract
(RT=16.116min). Proposeds obtusilactonanalog(1l) + CH;CO,H-H-0.
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4.8.2 1H NMR and 13C spectra ofisozuihoeralide (3), butanolides 4 and 5

Figure 94: 1H NMR spectrum of isozuihoelide (3).

Figure 5. 13C NMR spectrum of isozuihoahde (3).
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Figure 96: 1H NMR spectrum of butanolidé

Figure 7. 13CNMR spectrum of butanolidé
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Figure 98: 1H NMR spectrum of butanolide

Figure 99: 13C NMR spectrum of butanolide
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4.8.3 Quantitative NMR analysis of crude ethyl acetate extracts from differenbrgans
of S. rubra

Figure 20: 'H NMR spectra obark extracts Red dots show protoriH NMR signals used
for thequantification ofmetabolitest-5.

Figure 21: *H NMR spectra obapwoodextracts.Black and ed dots show prototH NMR
signals used for the quantificatiohmetabolites3 and4-5.

116



Chapter 4 Biosynthetic investigation and localization of bioactive metabolites in Amazonian tree species
Sextonia rubrglLauraceae) by 2D and 3D TEHMS imaging

Figure 22 'H NMR spectra of barivood extracts. Black anblue dots show protortH
NMR signals used for the quantificatiohmetabolites3 and7-8.

Figure 23 'H NMR spectra ofroot extracts. Black anded dots show proton 1H NMR
signals used for the quantificatiohmetabolites3 and4-5.
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Figure 24 'H NMR spectra ofeaf extracts. Black show protolii NMR signals used for
the quantificatiorof metabolite<3.
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4.84 In situ MS? identification of sodium and potassium cationized moleculesf
butanolides 4 and 5

Figure 25 Tandem TOFSIMS of precursors amn/z403 [M+Na]* and m/z419 [M+K]",
compound4. (a) Total MS ion image of precursor an/z403 M+Na]". (b) Total MS ion
image of precursor atm/z 419 [M+Na]. (c) MS/MS spectrumof precursor aim/z403
[M+Na]*. (d) MS/MS spectrunof precursor amn/z419[M+K]".
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Figure 6. Tandem TOFSIMS of precursors amn/z405 [M+Na]* and m/z421 [M+K] ¥,
compounds. (a) Total MS ion image of precursor an/z405 [M+Na]. (b) Total MS ion
image of precursor am/z421 [M+Na]. (c) MS/MS spectrum of precursor &i/z405
[M+Na]®. (d) MS/MS spectrum of precursorratz421 [M+K]".
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4.8.5 Distribution of compounds4-6 in the stemwood of S. rubra

Figure 7. Partial TOFSIMS spectrashowing the detection of compoundi$ in sapwood
and transition zone but not in heartwood. Compo#nah/z381 [M+H]", m/z403 M+Na]",
m/z419 [M+K]"; Compound5: m/z383 [M+H]", m/z405 [M+Na], m/z421 [M+K]";
Compounds: m/z385 [M+H]", m/z407 [M+Na]’, m/z423 [M+K]".
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Figure 28: Distribution of compound&-2, 46 in sapwood (SW), transition zorf&Z) and
heartwood (HW), respectivelya)(c) Compoundsl and 2. (d}(f) Compound4. (g)(i)
Compoundb. (j)-(I) Compoundb.
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4.8.6 Sputter depth measurement

Figure 29: Argon cluster sputter depth measureméaf. Optical image of a 20 um thick
Sextoniarubra wood section fixed on double side conductive tape. A: Analytical area. S:
Sputter area. (b) Depth profile tife wood section fixed on the tape.
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4.8.7 Surface modification by argon clusters

Figure S0: Total ion images of the analytical area at different depth duringrtien cluster

sputtering. Images are extracted from the 3D stack imiagéayed ifFigure4
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Chapter 5 Radial distribution of wood extractives in European laadk deciduaby TORSIMS imaging

5.1 Abstract

Wood extractives in the branch heartwood of European laact deciduawasmapped by
Time-of-flight secondary ion mass spectrometry (FOIMS) imaging, which allows the
radial distribution ofboth mineral andipophilic extractivesn the heartwoodbe scrutinized
with high spatial resolution for the first timeResultsshow that & the components are
inhomogeneously distributed across the annual Mmigeral nutrientsincluding N&, K,
Ca’, CI exhibit no preferentiallocalizationbetween earlywoodnd latewood, WwereasPOs

is exclusively present in the ray celi:dicating it may be related tacid phosphatase
Lipophilic extractiveswere found more abundant in the inner heartwdod images with
400nmspatial resolution revedhat fatty acids, triglycerides and ytosterols are co
localizedprincipally in the earlywoodvithin thefirst annual ring. Resin acids prove to be the
main components in the resin canélthe branch heartwooahd are distributed in the outer
heartwood.

5.2 Introduction

Wood extractives are solvent extractable components in wood tissues, comprising of a variety
of compounds such as fatty acgterols, phenols, and so alj.[These extractiveslay an
important role in deay resistance to termite, fungi, agvironmental stress.

European larchlarix decidug is an important conifer species native to mountainous and
alpine forests in central Europe. The fgetwing nature and good durability make it a
valuable timber tree of which the wood is widely usedamnpentry, especially in making
waterproof objed that can be used outdood.[It has been revealed that, as a property
shared by many hardwood and softwood trees, the natural lityrablarch wood is due to

its decay resistance to microbial detegibon. The quantity and composition leéartvood
extractives varies dramatically amodiferent larchspecies, and there is a close correlation
between extractive obents and natural durabilityd,l]. In addition, heartwood extractives
couldalsoaffectthe wood qualityncludingmechanical propert}p] andstability [6,7].

Conventionally, the extractives were roughly classified into organic solvent extractives, water
extractives and phenolicswhich were therdetermined by solvent extraction imore rapily

by Fourier transform near infraredFTNIR) spectroscopy[ 8]. Nevertheless precise
characterizatiorof the chemical compositioof some larch specidss alsobeen performed

with gas chromatgraphy(GC) [9]- and liquid chromatography (LC10]-massspectrometry

(MS). However, very few studies concerning the spatial distribution of the extractives have
been carried outSpatial distribution of the extractives is very importantuimderstanding
heartwood formation anid largely determines theood quéity [11]. Radial distribution of
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Europeanlarch extractiveshave beerexaminedby Gierlinger et al [12] through micro-
sampling ofwood blockswhich weresubsequeht analyed by FTIR Their resultshave
shownthat in mature larcthe amount othe wood extractivemicrease linearlyrom pith to

the heartwood/sapwood boundaS8imilar sampling method followed by GC analyses was
also applied tescrutinize the chemical compositardifference in earlywood and latewood
of spruce[13] andradial distribution of extractives ircets pinewood [14]. However,this
manualsamplingmethodleads tolimited spatialresolutionand could not provide cellular
localization of the extractiveet alone the tira consuming extraction with toxic solvents

Time-of-flight secondary ion mass spectrometfyOFSIMS) is a surface analigal
techniquewhich isrecognized by its higkpatial resolutionBy dividing a certain analytical
area into pixels and recording mass spectra from each pixel-STI@& provide
simultaneously chemical andpatial information of the sample surfaceAlthough
traditionally employed for analysis of inorganic materials, T®IMS has been gaining its
reputation in biological imaging since the development of cluster ion bdamexample,
Bis", Aus’, Cs0' ) which has effectivelymproved the capability gérovidingdirect molecular
informationup tom/z1500[15,16,17]. Concurreatly, the number oftsidiesusingTORSIMS
to map chemical constituents in wood tissisealsoincreasingln addition to inorganic ions
[18] and fragments of woostructuralpolymerlignin and polysaccharidg4.9,20], specific
extractivessuch agiterpenephenol[21], hinokinin and its derivatives2p], andtryptamine
[23] in various wood specidsve been mapped by TOGEIMS.

In this study, TOFSIMS was employed tmvestigatethe spatial distribution of heartwood
extractives in the branch wood of EuropeachgLarix decidug. Large area analysis of the
heartwood vas perbrmed to examine the radidistribution ofwood extractivesrom the pith
towards the heartwood/sapwood boundary. Meanwtéldylar localization ofthe extractives
in earlywoodand latewoodwithin different annual ring was revealed witla high spatial
resolution of400nm. Different localization patterns were observed foineral ions and
organic extractives, whereas both extractive specieshaterogeneously distributed ineth
branchheartwood.

5.3 Experimental

5.3.1 Plant material

Larch samples are from the upper part of the Vallouise valley, in the small valley of torrent

de SaintPierre in France (area of Pelvoux village, exact GPS coordingtes 97 ( DQG
f 1 911724, atan altitude of 1572n. Thebranchwoodwas collectedrom a several

yearold larch tree in the August of 2015, and had been conserved under ambient
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environment afterward€?revious eports have shown that theabhch heartwood contains
relativelymore extractives than the stewood [25,26].

5.3.2 Wood surface preparation

Before analysisthe bark was removed and the remaining stem was trimmed with a razor
blade to generate a small block of aboutnl x 1cm x lcm. A transverse surface of
approximately Imm x 3mm was obtained with ultramicrotome (EM UCG6, Leica
Microsystéemes, SAS, Nanterre, France) using diamond knife (DIATOME Cryotrim 45°,
Leica Microsystemes, SAS, Nanterre, France). The cutting was performed at a speed of
2mm/s with a fixed cutting feed of R0im. The clearance angle was kept constant at 6°
during the sectioning. Optical images of wood surfaces were acquired at x10 magnification
with an Olympus BX51 microscope (Rungis, France) using extended focal imaging (EFI)
scanning mode.

5.3.3 TOF-SIMS imaging analysis

Mass spectrometry imaging experiments were performed with a commerciabINGs- 1V

(ION-TOF GmbH, Munster, Germany) mass spectrometer equipped with a bismuth liquid
metal ion gun (LMIG). Mass spectra and idensity images were acquirading Bi" cluster

ions as primary ion beam with a kinetic energy ok&¥. Large area imaging was carried

out withthe so calledhigh curent bunched ion focusing moddere the current measured at

10kHz was 0.3®A. The imaged area was 30t x 500um dividedby 768 pixe$ x 128

pixels, resulting in a spatial resolution of aboutumh. The ion dose applied was

1.25% 10"ions/cnf. High resolution images were recorded with burst alignment ion
focusing mode to obtain a high lateral resolution of 0 In this @se, the primary ion

pulse duration was set at 108 and the current measured at 10 kHz was (p874An

extraction delay of the secondary ions was employed to improve mass resf#ufionhe

attainable mass resolution was6000 atm/z279.2 (C1gH3:0,). Three individual areas of

400 P 1 P ZHUH LPDJHG ZLWK i SLIHOV DQG DC
10*ions/cnf, respectively. A low energy pulsed electron flood gungZ) was applied to

neutralize the charges accumulated on the insulating surface. Data processing was performed
using SurfacelLab 6.5 (IONNOF GmbH, Munster, Germany), and the primary ion beam shift
GXULQJ WKH DFTXLVLWLRQV ZHUHJHFRWUR®GW HGQEW LA DQWHU
Mass spectra were calibratedlignin and polysacchariddsagment iong28] such as €H;",

C/Ho", CHit", GgH7', CgHit', GoHis', CioHii', CiiHoOs' in positive ion mode andight
fragmentsC,H", C4jHs, CH30O', GHsO', GH30, ™ in negative ion mode.
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5.4 Results and discussion

5.4.1 Large area imaging and distribution of mineral nutrients

To examine theadialdistribution of wood extractivefsom pith towards heartwood/sapwood
boundaryin the larch branch, a large area of 3Q@@ x 500 um was first mapped by TOF

SIMS. Although wood extractives generally refer to extractable organic components, mineral

elementsalso constitute an important part of the extractiaesl different ranslocation
patterns of mineral elements have been obsenvadartvood formatio. Therefore, the
mineral ions in thebranch heartwood were also investigated in additito the organic

constituentgFigure 1|illustratesthe distributions of mineralonsin the heartwoodas well as
in the pith. It is found thatery fewamounts ofClI" and N4 are present in the heartwood.

Also interesting to notis that CI is well colocalized with N3, indicating that Clis mainly
associated with Nan larch wood, althougK™ turns out to benore abundant thaNa' in the
larch branch.Calcium shows similar distributionto K*, however with lower intensity
Calcium has low mobility in plant tissues angblays an important rolén physiological
process anénvironmentatesponsed9]. Phosphate was exclusively detected inrthecdls
and isprobably related to acighosphatas&vhich is believed to facilitate thegansport of
carbohydrates in wood tissu#soughphosphorylatiofdephosphorylatiorprocesq30]. The
ion imagesdemonstratethat except from theay cell-specific phosphate, all thether
minerals show heterogeneous distribution in the heartwood andbwious preferential
distribution between earlywood atatewood. h all the casesminimum amount ofmineral
nutrients is presenin the pith. Besides endogenousechanismg 31], variationsin the
concentration otthe mineralsacross theannual ringsmay also reflecthe environmental
influence[32].
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Figure 1. Radialdistribution of mineral ionsn the branchheartwood ofLarix decidua (a)
Microscopic im@e ofthe transverse surface of theanchheartwood. The blackectangular
indicates the area imaged by TSRVS. (b)lon imageof CI.. (c) lon image of Na (d) lon
image of K. (e) lon image ofhe sum ofCa and Ca(OH). (f) lon image of P@. (d) Two-
color overlay image of P9 (Red) and GH (Green) fragment ion representing the
background

5.4.2 Radial distribution of lipophilic extractives

Organicextractives arenore abundarthan inorganic minerals wood. They constituent an
important proportion of wood chemistry andomprise a wide range of natructural
lipophilic compoundsTo scrutinize the precise localizationtbE organic components, three
different regiongresenting wood tissue within different annual rimgduding in the banch

heartwood were mapped withigh spatial resolution 0f0.4um (Figure 2g).|Figure 2b
illustrates TOFSIMS mass spedrobtained from the three different analyzed areas in both

positive and negative polaritiesSimilar to the inhomogeneous distribution of mineral
nutrients, the comparison of spectra from the three differgidang indicate the abundance of

the organic extractive also vary dramatically throughout the heartwood surface. The
composition and ial distribution of fatty acids, glycerides, flavonoid and phytosterols will
be discussed idetail inthe following paragraphd.he ion peaks an/z502.3 in the positive
mass spectrum and/z501.4 in the negative spectrum were not able to be characterized. In
addition, the most abundant phenol compoundiftain in the knotwood oflLarix decidua

[33] was not detected here, probably due to compositional variation in diffarestbmic

plant parts
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Figure2: High resolutionTORSIMS imagingof the branch heartwood dfarix decidua (a)
Optical image of the tiee regions analyzedith 0.4 um spatial resolution. (b) Partial TOF
SIMS mass spectra showing organic composition in the three regions.

Glycerides and fatty acids

Glycerides and fatty acidare common extractives present in various wood SpeAdies.
shown inFigure 2p, ion peaks corresponding fatty acidswere observedin the negative
mass spectram/z255.3 (C16H310,, palmitic acig, m/z2693 (Cy7H330,°, heptadecanoic
acid, m/z2773 (CigH290,, .-linoleic acigd, m/z2793 (CigH3:0,, linoleic acid, and
m/z281.28 (GgH330., oleic acid. Meanwhile, tiglycerides weremainly detected as
diglycerides fragmenten the positive mass spect: m/z573.5 CzHesOs', DG34:3),
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m/z575.5 CsHeOs', DG34:2), m/z577.5 CaHesOs', DG34:1), m/z595.5 CaoHes04",
DG36:6), m/z597.5 CzoHes04" DG36:5), m/z599.5 CzoHe704", DG36:4), m/z601.5
(CaoHesO4", DG36:3), m/z6035 (CagH7104, DG36:2). [Figure 3| displays the radial
distribution of fatty acids and triglycerid@sthe branch heartwootbn images of fatty acids

and triglycerides were summed rgspectivelyreveaing thatthey have iéntical localization

mainly in the earlywoodwithin the first annual ringaround the pithFigure 3a and 3b).

Triglycerides make up the main composition of fats in wand serve asnergy source for
the cells However, hydrolysis of triglycerides will occur when heartwoodoisried, which

partly explains theitow abundancepartfrom thelow ionization/desorption efficiency and
fragmentation during SIMS analysidigh resolution imagefurther showthe accumulation
of fatty acids and triglycerides in the inner earlywood and th#firsion into the surrounding

cells (Figure 3¢-3h). Neverthelessfatty acids and triglycerides are also present in the resin

canalin a noticeable amount.

Figure 3: Radial distribution of fatty acids and triglyceridesbranchheartwood © Larix
decidua (a) Summed ion images of fatty acids from large area analfl®sSummed ion
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images of triglycerides from large area analysig: high resolution localization of fatty
acids in region 1 (c), region 2 (d) and region 3 (&): high resolution localization of fatty

acids in region 1 (f), region 2 (g) and region 3 (h). The three regions are indi¢aigdrie2

Resin acics

Apart from phenolic compounds, resin acalso contribute significantly to protecting the
wood from insects andhicrobial deterioratiorf34]. Comparing the high resolution mass
spectra recordeih the three regions leatb the differentiation of the specific presenceef

ion atm/z3012 in region 3 (Figure 2b)Reconstruction of the ion image|kigure4|reveals
that this compound is almost exclusively located in the resin c@hatefore,the ion at
m/z3012 is attributed toresin acid(C,oH3002, MW 3022) which is probably a mixture of
abietic-type acids andpimaric-type acidssince they are both predominantly present in
European larch|9]10]. Noticeably, abietic acid andisopimaric acid (Figure 4) which

represent the two types of resin acids, respectiaegthe most abundant resin acids in larch.
The threecolor overlayof ion imagesfrom resin acids (blue), fatty acids (red) and low
molecular fragment (greenflirectly illustrates the distinct localizations of these two

lipophilic extractives(Figure 4¢). Chemical compositionof the resin canal was further
examined by manually selecting r@gion of interest ofthis specific structure The

corresponding mass spectrum isisirated ifFigure4d, showing that apart from a minimum

amount of fatty acidgesin acids the maincomponent®f the resin canal
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Figure4: Localization ofresin aci@ in the resin canala) Optical image of region 3 with a
resin canal. (bHigh resolution ion imagef resin acid in region 3(c) Three color overlay

of C;H (Red) representing the backgrounfdtty acids (Green) and res; acid (Blue)
(m/z301.2). (d) TOFSIMS spectra of the whole regiontBper)and region of interegROI)

of the resin canglbottom) Structures of representative resin acids abietic acid and pimaric
acidareshown in the bottom right.

Phytosterols

Phytosterd are plant sterolhich are essentiacomponerg of plant cell membrana the

same way as cholesterol in mammalian cgEH.|Figure 5|(displays the maimphytosterols

detected in TOFSIMS. In accordance with previous stugB},[ -sitosterolis found the most
abundanin the branch heartwoaahd was detected as dehydrated fragment ion/z397.4
(CogHag") . The neighborion peaksat m/z3813 (CygHas'), 383.3 (CogHsr'), 395.3
(CogHa7"), 4094 (CsoHao') are attributed to brassicasterol, campesterol, stigmastedol an

cycloartenol, respectivelylhe radial distribution of phytosterols is illustrated|kigure 6
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The large areachemical map (Figure 6a) shows that phytosterols concentrate in the
earlywoodwithin the first annual ringand they are rarely present in the outeartwood.

High resolutionion imageqFigure6p-6d) reveal thaphytosterolsare well celocalizedwith

fatty acids and triglycerides the inner earlywoodn all the three analyzed regionh
addition, the ion images demonstratbat inner heartwood comprise higher amount of
lipophilic extractives(fatty acids, glycerides, and phytosterolean the outer heartwood.
Detailed mdial distribution ofwood extractivesvithin a few annual ringn larch has not
beeninvestigated beforelhese resultsevealedthatther distribution pattersaresimilar to

other softwood species suchl‘asrwayspruce andScots pin.

Figure5: Partialpositive TOR-SIMS spectrum olained from region 1 showing the ion peaks
corresponding to phytosterplsith chemicaktructuresndicated above
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Figure 6: Radial distribution of phytosterols. (a) Summed ion imagephytosterolsfrom
large area analysi®-d: high resolution localization gbhytosterolin region 1 b), region 2
(c) and region 3d).

5.5 Conclusion

TOFRSIMS imaging was applied to reveal the chemical composition and their radial
distribution in the branch heartwood of European latdrix decidua The in situ
characterization of the extractives proves to b@recise andrapid analytical tool in
examiningthe radial distribution of wood extractivebligh resolution mapping of both
inorganic and organic extractivestablish the inhomogeneous digitibn of the chemical
contents.Mineral nutrients exhibit ngreferentiallocalization except phosphate which is
probablyinvolved in thephosphorylatiofdephosphorylatiorprocesgo facilitate the transport
of carbohydratesn wood Examination of thamineral contens andtheir radial distribution
may help to study the environment changm the growing sites. ipophilic extractives
including fatty acids, glycerides and phytosteraisre found more abundant in the inner
heartwood whereasresin acidswere mostly found in the outer heartwood due to their
specific localization in the resin canél. contrary to inorganic compounds)| the lipophilic
compoundsare revealed tbe mainly localized in the earlyood. The results indicate that in
addition to themain chemical constituents, thistribution patternis alsosimilar to other
conifer generasuch as pine and spruckipophilic extractivesare essential metabolites
responsible for thendogenousnetabolism and natural decay resistaotéhe wood Thus
scrutiny of radial distribution of the extractivesll contribute to a better understandiofy
heartwood formation and wood quality control.
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Chapter 6 Conclusions

6.1 Conclusions

In this thesis, fundamental study ion productionunder impact of massive argon clusters
and biological application of TOFSIMS imagingin mapping plant metabolitdsave been
performed.

First we investigatedthe ion productionin SIMS by examining the internal energy
distribution of the secondary iorfSIs) with survival yield method Average internal energy
of the Sls representbe softness of the ionization process. Ttady of thefragmentation
rate under various incident conditions (energy and cluster Isizd¥ to the conclusion that
the decisive factor of internal energy disttion of secondary i@nis the velocity ofthe
primary ions.lt is also established that fragmentation behavasies withincident velocity

a E/n < 5eV, very few fragmentationvas observed, indicating soft ionizationprocess
takes place between 2) eV/atom and 10eV/atom internal energy increase rapidlyith
primary ionvelocity; at E/n > 10eV, fragmentation reaches @ateauand will notchange
even when further increasing the incident velocity. Thus it is possible to realize soft
ionization analysis with controlled beam velocity. In addition, argon clustensiuce
minimum sample damage during the analysis.

Biological applications include TOBIMS imaging of both &rd wood and soft wood
species.In the analysis of hard wood speci&extonia ubra (Lauraceae) structural
characterization aihe metabolites were carried out witle newly designeBHI nandr OF I
which enablesparallel imaging MS/MS We first assessed the performance of this new
instrumentatiorby analyzing the known bioactive metabolitebrenolide ad rubrynolide in
theheartwoodf S. rubra The results demonstrated that the MS/MS capability corddide
unambiguous identificatioof the metabolites. Moreovethe MS/MS images could better
reveal thdocalizationof these metabolitedueto the exclusion of background interferences.
These results suggested tparallel MS/MS imaging spectrometer a powerful tool in
identification and localization natural products in complex biological samples.

The parallel imaging MS/MSechnique was then applied to perfoimsitu identification of
related metabolites which were previously identified in vitro by NMR aneMSIMS. The
MS/MS fragmentation of protonated andlkalized precursors gaveunambiguous
identification of metabolitesbutanolides4 and 5. High resolution TOFSIMS imaging
(~400nm) of sapwood, transition zone and heartwood revealed tHeceatization of the
bioactive metabolitesrifbrynolide7 andrubrenolide8, see figure3 in Chapter ¥ and their
structurally related metabolitgebstusilactone analogudsi2 and butanolides4 i5) in ray
parenchyma cedl tyloses and oil cells3D imaging of the transition zone wood sample
further confirmed their spatial localizatiam ray parenchyma andl@ells. The identification

151



Chapter 6 Conclusions

of the new metabolites anishvestigation oftheir spatial distributiorresult in theproposl of
newbiosynthetic pathwafor the formation of rubrynale and its analogues in plants.

As another application in mapping planttatelites, TOFSIMS imaging wasised to study
the chemical variatiom the branch heartwood of European laketix deciduato get better
understanding of heartwood formatidn.large area imaging analysisjmaral nutrientdNa’,

K*, Cd, CI'showed nreferential localizatiomnd were founéhhomogeneousldistributed
across the annual rings from pith to sapwood/heartwood boynddmgreasPO; was
exclusively detectedin the ray cells Radial distributiors of lipophilic extractives were
revealed on le areas with moderate spatial resolutiod (tm) and on micro areas with
high resolution (400im). Fatty acidsglycerides and phytosterols were foundlacalized in

the heartwood and were mostly abundant within the first annual ring surroundinghthe pi
Resin acids were almosxkclusive located in the resin canal.

6.2 Perspectives

In the fundamental study, we hawevestigatedwo available ionbeams argon cluster and
bismuth clusterTo examinethe scope andapplicability of the relationshipbetweencluster
ion velocity and the molecular fragmentatioastablished in this thesia wider range of
projectilesneed to be examined. Obviously sisthdywould requireextensivecollaboration
in the SIMS communityRegarding this, a good example is MMAMAS Interlaboratory
Study [1,2,3] launched byNational Physical Laboratory (NPL, UKAlternatively, with
variousmodeling methodbeing developed 4], computationakalculatiors and simulations
can be combined with the experimental results to disclosefatis that behind the
phenomena and observations.

For biological application, espite themprovement achieved in the past yedhnere is still a
long way to go to make it powerful asénsitiveenough foranalysisof complex biological
systems

As to the sensitivity, large gascluster ion sources have proven beneficial in improving
secondary ion yieldAr," cluster ion source hadsobeen successfully applied for TEHMS

imaging of biological tissuesH,6,7]. Although the samplesare currently limited to
mammalian tissuesone can expect that it will be expanded to other biological systems.
Furthermore, other new sources have been developed to further enhance the ion yield by
increasing the ionizatioafficiency. For exampleH,O cluster iors [8] have shownon yield
enhancementvhen compared with & clusters The lifetime of this HO GCIB was later
improved by using water doped Ar GCIB][from which the ion yield enhancement is about
4i10 timescompared with Ar clusterd’he uses of other dopants for the sake of improved
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ionization have also been report@lp]. Thesedevelopment®pen a new way to improve
the sensitivity by usinghe chemistry of mixed clusterdt can even be reasoned that a
particular dopant can be selected to enhance the intensity of a considered Sjares.
developmentswill need to focuson theimprovenent of stability andspatial resolutionof
these GCIBs.

In analysis of organic compoundsgh mass resolution and MS/MS analysis is requioed
molecular identification.The new development in instrumentati@mmarized in the
introduction will certainly contribute to solving the current issuis identificaion of
biomoleculesFor example,ite - i ' & KHP L F D hash&ed ldgplied identify intact
lipids in Drosophilabrainby MS/MS fragmentationl[l]; the RHI nano TOF llhas been used

in this thesis forin situ identification of various planimetabolits; the SIMSFTICR has
shown excellent mass resolution and MS/MS capability onrean lissueq12]. We hope
future improvement in transmission efficiency and sensitivity will find them broad
applications.

Other considerationscluding matrix effect quarification, and data analysis methoalso
need to be taken into accounftfinure developmertL3].
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Chapter 1

Figurel: Secondary ions and neutramission induced by the primary ions @a&ollision

Cascad¢5] LCEE GO COR GO CER CER GO (O (O CER R CER (O (AR (O (R GO GO (O (O GO GO GO (O (O GO COR R (O (O (R (¢

Figure 2 Three regimes of sputtering by elastic collisions. (a) The skmbekon regime.

Recoil atoms from iottarget collisions receive sufficiently high energy to get sputtered, but
not enough to generate recoil cascades. (b) The linear cascade regimeatletoffom ion

target collisions receive sufficiently high energy to generate recoil cascades. The density of
recoil atoms is sufficiently low so that kneok collisions dominate and collisions between
moving atoms are infrequent. (c) The spike reginie density of recoil atoms is so high that

the majority of atoms within a certain voluntag spike volume) are in motion [6§ « « ...5

Figure 3: Schematic diagram of the erosion model. The variable F represents the indicated
flux of intact molecules in to and out of the altered layer of thickngb4]dk « « « .. « «

Figure4: Molecular ion(m/z164.2, [MH]) yield from a phenylalanine targas a function
of energy per mass unit (E/A) of gold clusters,Kun= 1i5, 9= 1i2) [24 @ « « « « « « 9

Figure 5. Comparison between gold and bismuth clusters in attainable target beam current
(A) and secondary ion yield ([Mi]  ions of Cholesterol) in theogpus callosum of a rat brain
tissue section (B), and the imaging capability comparison between different bismuth
projectiles: Bf, Bis", and Bi** (C). The images were acquired on the corpus callosum area of
a rat brain tissue section with 286856 pixels and an PIDD of bions - cm?® Acquisition

time was about 4 min for Bi10.5 min for Bi*, and 100 min for Bf*, respectively31]....10

Figure 6: Molecular analysis with argon cluster ion source. (A) Mass spectra of positively
charged seawary ions for an arginine target bombarded with different argon clugi@rs [
(B) Mass spectra of thin film of (P#dyp-Gly)io (top), human insulin (middle) and
cytochrome C (bottom) on silicon from the bombardment of SkeMofA2] « « « « « 12

Figure7: Scheme of a linear timef-flight analyzer with potentials along the ion optical axis

(bOttom) FI-8] LCER (O COR (O CER COR (AR CER GO CR GO (O (O COR GO COR (O (O (R COR RGO (O (O COR (R GO (O (¢ « 13

Figure8: Schematic of the ion optics of a esgage ion mirror with potentials along the ion
optical axis (bottom)48] « « « « « « « € € & & & & & & K K K K K KL KL KL KL K K 16
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Figure 9: Principle of delayed extraction. 1. At t=0, the ions are leaving the target after
excitation by the ion source; 2. During a certain period t, the ions travel though a field free
area as the voltage applied on the intermediate grid is the same as hieatiaoét; 3. After a
delay, a potential difference is applied. The ions are slightly accelerated (U = 6 kV) before
the intermediate grid before being strongly acceleratied 20 keV) to the second grid 17

Figure10: (a) Photo of TOFSIMS IV instrumentn ICSN laboratory. (b) Principle of TOF
SIMS (from IONTOF GMDBH} « « « « « «€ &€ € &€ € € &€ &€ € € & & & € & & & .« 18

Figurell: Schematic view of a LMIG emittefl]] « « « « « « « « « « « « « «. «
Figurel2 Schematic view of dual deflection plates pulsing and mass section sydijer2q

Figure 13: Comparison of different operation modespoimary ionbeam[61]. (a) HCBU
(high current bunchmode (b) BA (burst alignmernt and collimated mode (c) Burst

mOde« LGRSO CORCER CER CER (O COR (O CER AR GO (O (O (R R GO (O (O GO G CER CO (O (O GO R R (O (O (R (R (¢
Figurel4: Schematic diagram of gas cluster ion beam generBBD@ « « « «« «  «« 22

Figure 15. Schematic drawing of the IONOF GCIB ion column (from IONTOF

SurfaCELab)( LR CER COR (O (O CAR R SO (O (O GO CER GO GO (AR GO G COR GO (O (O (R (R G (R (ER (¢ K KK 23

Figure 16. Schematic illustration of the TOF analyzer in TGMS IV (from IONTOF

Surfacelab} « « « « « & « €« & & € € K K & K KKK KK LK KKK « «« 24

Figure 17: (a) Schematicview of flood gun (from IONTOF Surfacelb) and(b) Timing
details of the operation of primary gun, extractor and floodBli@ « « « « « « « « «

Figure 18 Schematicsview of the microprobe and microscope approaciesmass
spectrometry imagingbP] « « « « « « « « & € € K € & € K K € € € K L « «« 26

Figure 19: Schematic of the formation of the 3D data set by the stacking of sequential 2D
images from the depth profil@J] « « « « « « « « « « € € € € € K € K K K L« 27

Figure20: Scheme of 3D TOISIMS imaging with dual beam methad« « « « « « « .28

Figure 21: lon images obtained before (left) and after (right) lateral shift correction (from
IONTOF Surfacelab « « « « « & « « « « & €« « & € € K K & & K K KL LK« 29

Figure 222 Schematics of (a) the 03i3D Chemical Imager and (b) the coupling of the
buncher to the harmonic reflectr@nc « « « « « « « « « « « « & « « « K« «« 32
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Figure 23: (a) Schematic illustration of the Parallel Imaging MS/MS spectrometer. (b)
Schematic illustration showing an enlargement of the psecuselector and the activation
cell of the MS2 Spectromete:r @ LKL LELLLLLL LKL LK LKL

Figure 24: TOFSIMS negative ion images of an A. thaliana seed section, embedded in a

polyester resin: (an/z285.04. (b)n/z301.03. (c)m/z ILHOG RI YLHZ P 1

7 SL[HOV SL[HO VLI]H B ions@¥ Qdf High spatial
resolution negative ion image recorded close to the seed coat of an A. thaliana seed section
embedded in a polyester resin (field o LH Z P 1 P 7 SL[HOV SL

586 nm, fluence 4 x 16 ions-cm?. Two-color overlay: red, sum of C18 fatty acid
carboxylate ions; green, sum of flavonoid ions [83] « « « « « « « « « « « o<« 35

Figure 25 (a) CryoSEM image taken after crypOFSIMS measurement and appropriate
freeze etching. Cryd OFSIMS positive ion images of the (b) total ion, (c) potassium, (d)
phosphatidylcholine, and (e) salicifoline. (f) Optical microscopic image of a ffeexk

stem of M. kobus in a sample hold&rowing the measurement area (approximately 2.4 x
04PP 6FDOH EDUV DUH PIRUD E F G DQG H DQG
below the sides of the images of a, b, ¢, d, and e indicate the cambial zone. Grey scaled
tetragons at both sides dfetimages a, b, ¢, d, and e indicate the cell wall formation stages of

wood fIbres> @ € € € € € K K € K K K € K K K K € K KKK KKK KKK KK

Figure26: Distribution of tryptamine and silican the transverse surface®f guianensis(a)
& (c): sapwood (b) & (d): transitionzone (c) & (e): heartwood. Images havween cropped

to zoom on areas of interest of 200 1 PV LTHe white arrowshowthe silica grain
[58 @ LR CORCOR (R AR COR R CER R AR GO I (O COR R SO GO (A S GO (O SO GO (O S GO (AR S (R (R SR CER (R (¢ 7
Chapter 2:

Figure 1: (a) Survival yields of five benzylpyridiunons obtained from 2ReV Arsgo’
bombardments, plotted as a function of dissociation energy. (b) Mass spectrum of a mixture
of p-CHjs, p-OCH;s, p-NO,, p-Cl, p-F substituted BYP ions acquired under the bombardment

of 20keV Ar‘500Jr IONS & «€ & € & € K K K KKK KKK KKK KKK KK « «« « B4
Figure2: Internal energy distributions of Sis under impact of 20 keV argon clusters 55

Figure 3. Mass spectra of thermometer ions under impact okeX0 argon clusters of
different cluster sizes."FFragment ions; M Molecular ionsc « « « « « «  « ««« 55

Figure 4. Internal energy distributions under impact of argon clusters with different total
kinetic energy and cluster sizes but same velocities (energy petEatina: E/n= 2 eV; b:
E/n=5eV;cE/N=10eV; dE/N=20 V. « « € « € €« € € & « « « & « & « «...«57
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Figure5: Mean internal energy (IE) of the secondary ions as a function of the energy per
atom E/n) of 20keV argon CIUSLEr8 « « « « « « « « € « € & € K € K & « « « «58

Figure6: Influence of energy per atoB/n of argon clusters on the ion yield of @OCH;
BYP molecular ion (M.och3), (b) p-OCHz BYP fragment ion (Focha), (€) sum of M.ochs
andFp.ocns, and (d) relative intensity gi-OCH; fragment ion (Eocns) over molecular ion

(M p-OCH3)- K L ALK KKK KL 9

Figure 7: Internal energy disbution of thermometer ions under impacts of’Biclusters
with kinetic energies of 2keV (g = 1) and 58eV (0 = 2)« « « « « « « «  «« «. « 60

Chapter 3:
Figurel: Structures of rubrenolideand rubrynolide® « « « « « « « «  ««« . «« 71

Figure2: Schematidllustration of the Parallel Imaging MS/MS spectrometer. Adapted from

ref 24 KKK KL ECERCOR COR (R CER (O (O COR GO (O (O (RGO GO (O (O (R AR (O (O (G (4 LK LK 73

Figure 3: LC-MS analyses of the bioactive compounds. (a) Liquid chromatogram of
rubrynolide. (b) ESKQ-TOF mass spectrum of rubrynolidé) Liquid chromatogram of
rubrenolide. (d) ESQ-TOF mass spectrum of rubrenolide. (e) £E3TOF MS/MS spectrum

of protonated rubrenoliden(z299.2224 ) « « « « « & « & « & « & « & K & « .« 75

Figure4: Mass spectrum db. rubrawood sample from transition zone (positive ion mode).
The inset shows the spectrum of low abundance bioactive metabolites rubrymsi@87)
and rubrenoliden)/z299) « « « « « « & « €« K & € € K K & € K K K K K « €« « 6

Figure5: (a) Optical image of the analytical area onttla@sition zone wood sample. RP: ray
parenchyma cell; F: fiber cell. SV: small vessel. (b) Total ion image. (c) MS1 ion image of
rubrynolide (n/z297). (d) MS1 ion image of rubrenolidefz299). The analyzed area is 150

um x 150 um divided by 256 x 25fixels. lon images are compressed to 128 x 128 pixels to
increase the contrast. White arrows indicate the distribution of rubrynolide and rubrenolide in
small vessel and ray parenchyma @eHl « « « « « « « « « « « « e«  « 77

Figure 6: TORSIMS MS/MS spectra of (a)Vz 299 ([M+H]", rubrenolide) and (bin/z297
([M+H] ", rubrynolide). The blueolored arrows in the structures indicate the characteristic
loss of hydr0xy| JroUP8 € € € € € X K U K K K K L L L LUK KKK K KKK « 8

Figure 7. MS2 ion image of (a) rubrynolidan(z297) and (b) rulanolide M/z299). The
analytical area is the same as thatfFigure | The ion images are compressed from

256 x 256 pixels to 128x 128 pixels to increase tlentrasic « «  « « « « « ««« 79
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Figure 9. MS/MS spectrum of purified rubrenolide and rubrynolide acquired on the parallel
MS/MS imaging spectrometer. The blue colored arrows in the structure indicate the
characteristic 10ss of hydroxyl groups< « « « « « « « « « «€ & « « & € & « «« .80

Chapter:

Figurel: Secondary metabolites froBextonia rubrac « « ..« « « ««« « «« ..« 97

Figure2: Tandem MS/MS TOSIMS imaging. (a) Optical image of sapwood surface with
an oil cell (indicated by the white arrow). (b) Total MiSn image collected on the area
shown in (a). (c) Total MSions of precursor ion an/z381 (compound). (d) Total M$
ions of precursor ion an/z383 (compound). (e) Tandem mass spectrum of the precursor
ion at m/z381 (compoundd). () Tandem masspectrum of precursor ion ah/z383

(Compouncﬁ) R R R R R R R R R R R R R R R R R R R &S « 9

Figure 3: Distribution of secondary metabolites from sapwood to heartwoaed.Cyptical
images of sapwood (a), transition zone (b), and heartwood (c). RP: Ray pareneliyfa c
Fiber; SV: small vessel; V: Vessel; T: Tylosesf: don images of rubrynolide7j and
rubrenolide 8) in sapwood (d), transition zone (e), and (f). The images were compressed to
512x 512 pixels to increase the contrast: §wo-color overlay ionmages of compounds

2, 4-6 and lignin fragments in sapwood (g), transition zone (h) and heartwood (i). lon images
summed for compound$-2, 4-6: compoundl, m/z279, [M+H]"; compound2, m/z281,
[M+H]*; compound4, m/z381, [M+H]", m/z403, [M+Na]; m/z419, [M+K]"; compounds,
m/z383, [M+H]", m/z405, [M+Na]; m/z421, [M+K]"; compound6, m/z385, [M+HT],
m/z407, [M+Na]; m/z423, [M+K]" « « « « € € «€ € «€ € € € € € € € € € & s

Figure 4. 3D distribution of compound. (a) Optical image of the wood sample from
transition zone. (b) 3D reconstruction of total ions. (c) 3D reconstruction of thenoa421
[M+K] " (compound5). (d) Two-color overlay of ion am/z 421 [M+K]* compound5 and
lignin fragment GH3". Red:m/z421; Green: GH3" « « « « « « € € « « « « « L« «102

Figure5: Possible biosynthetic pathways for the formation of rubrynolide and its derivatives.
Top: polyketide pathway proposed by Gottlieb; bottom: biosynthesis pathway proposed in

thIS report« UK KK KK KK KK K KKKK KKK K« 4
Figure6: Possible formation of the terminal double and triple ben@s « « «  «..«.105

Figure . Liquid chromatogram of ethyl acetate extracts of leaves, bark, heartwood, and
sapwood ofS. rubra The main components are indicated ingek) « « « « « « « « 106
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Figure 2 MS' and MS spectra of obtusilacton@nalog (1) from sapwood extract

(RT=13.838mMiN) « « « « « « € € € € € € € « R R R R R LR 7

Figure 8 MS' and MS spectra of isozuihoenalide 3) from sapwood extract

(RT=15.615miN) « « « « « « « « « « R ZZ LI Z R R XXX

Figure @ MS' and MS spectra of compound4 from sapwood extract

(RT=15.615mMiN) « « « <« &« € € & K K K K K K KK KKK KKK KKK LKL KL K 8

Figure %: MS' and MS spectra of compound5 from sapwood extract

(RT=17.738MiN) « « « <« & € & &L KKK K KKK KKK KKK KKK LKL LK 8

Figure %: MS' and MS spectra of compound6 from sapwood extract

(RT=19.111mMIiN) « « « <« & & & &€ K K & & L L K K L KL KKK LKL K KK LK 9

Figure §: MS' and MS spectra of rubrynolide 7§ from heartwood extract

(RT=11.447mMiN) « « &€ <« & & & € K K & € L L K K LKL KKK LKL K KK LK 9

Figure ®: MS' and MS spectra of rubrenolide 8] from heartwood extract

(RT=13.524mMiN) « « « « & & & € K K & € € L K K € L KKK KKK K « K« 10

Figure ®: MS' and MS spectra of rubranolide 9] from heartwood extract

(RT=14.880mMiN) « « « <« & & & &€ &« K & & € KL K K € L KKK KKK KK KKK 10

Figure 0. MS' and MS spectra of protonated ion at/z315.2173 from sapwood extract
(RT=9.173min). Proposed as obtusilactom@alog(l) + 2H, 2 «««« ...« «« « « 11

Figure 91: MS' and MS spectra of protonated ion at/z339.2175 from sapwood extract
(RT=13.311min). Proposed asbtusilactonenalog(l) + CHiCOH « « « « «  «« « 11

Figure 92: MS' and MS spectra of protonated ion at/z341.2324 from sapwood extract
(RT=15.487min). Proposed as obtusilactone anal)g{ CHCOH « « « « « « « « 12

Figure 93: MS' and MS spectra of protonatkeion atm/z321.2064 from sapwood extract

(RT=16.116min). Proposed as obtusilactorig ¢ CH;CO,H-H,0 « « « « « « « « 12
Figure 94: 1H NMR spectrum of isozuihoalide (3 « « « « « « « « « « « « « 3
Figure 95: 13C NMR spectrum of isozuihoaite (3) « « « « « « « « « « « « « 3
Figure 96: 1H NMR spectrum of butanolide« « « « « « « « « € « € €« € « « ...114
Figure 7: 13C NMR spectrum of butanolide« « « « « « « « « « « « « « « L« 4
Figure 98: 1H NMR spectrum of butanolid®« « « « « « « « « « « « « « « . « b5
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Figure SB: 13C NMR spectrum ofbutanolideb « « « « « « € € € € € & € & K 115

Figure 20: *H NMR spectra of bark extracts. Red dots show proktbtNMR signals used
for the quantification of metabolit@sh « « « « « « « « € & « € € € € € K K € « 6

Figure 21: *H NMR spectra of sapwood extracts. Black and red dots show pligtdiMR
signals used for the quantification metabolite8 ahd4-5 « « « « « « « « « « « « 6

Figure 22: *H NMR spectra of heartwood extracts. Black and blue dots show ptaton
NMR signals used fahe quantification metabolites 8fand7-8 « « « « « « « «  « 7

Figure 23: 'H NMR spectra of roots extracts. Black and red dots show proton 1H NMR
signals used for the quantification metabolite8 ahd4-5 « « « « « « « « « « « « 7

Figure 24: 'H NMR spectra of roots extracts. Black show pratdnNMR signals used for
the quantification metabolites B« « « « « « « « « « € € & € K € K K K K K & 8

Figure 5. Tandem TOFSIMS of precursors amn/z403 [M+Na] and m/z419 [M+K]",
compound4. (a) Total M$ ion image ofprecursor am/z403 [M+Na]. (b) Total MS ion
image of precursor am/z 419 [M+Na]. (c) MS/MS spectrum of precursor at/z403
[M+Na]®. (d) MS/MS spectrum of precursormafz419 [M+K]" « « « « « « « « €« « 9

Figure $6: Tandem TOFSIMS of precursors amn/z405 [M+Na] and m/z421 [M+K]",
compounds. (a) Total M$ ion image of precursor an/z405 [M+Na]. (b) Total MS ion
image of precursor am/z421 [M+Na]. (c) MS/MS spectrum of precursor &i/z405
[M+Na]®. (d) MS/MS spectrum of precursorrafz421 [M+K] ¥ « « « « « « « « « «

Figure 7: Partial TOFSIMS spectra showing the detection of compoufiésn sapwood
and transition zone but not in heartwood. Compo#nah/z381 [M+H]", m/z403 [M+Na[,
m/z419 [M+K]"; Compound5: m/z383 [M+H]", m/z405 [M+Na], m/z421 [M+K]";
Compounds: m/z385 [M+H]", m/z407 [M+Na], m/z423 [M+K]" « « « « « « « « « 21

Figure 28: Distribution of compound&-2, 46 in sapwood (SW), transition zone (TZ) and
heartwood (HW), respectively. &) Compoundsl and 2. (d)-(f) Compound4. (g)-(i)
Compoundb. (j)-(I) CompPoUNB « « « « « « « «€ € K € € K € € K € € € € € « 22

Figure 29: Argon cluster sputter depth measurement. (a) Optical image of a 20 um thick
Sextonia rubrawood section fixed on double side conductive tape. A: Analytical area. S:
Sputter aregb) Depth profile of the wood section fixed on the tape« « « « « « 3
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Figure S0: Total ion images of the analytical area at different depth during the argon cluster

sputtering. Images are extracted from the 3D stack image displaye|tEiglure

4(( K ALK KKK KK KKK K KL K KK ((1%-

Chapters:

Figure 1. Radial distribution of mineral ions in the branch heartwootlasfx decidua (a)
Microscopicimage of the transverse surface of the branch heartwood. The black rectangular
indicates the area imaged by TSRVS. (b) lon image of Cl(c) lon image of Na (d) lon

image of K. (e) lon image of the sum of Cand Ca(OH). (f) lon image of P@. (d) Two-

color overlay image of P9 (Red) and GH (Green) fragment ion representing the

baCkground( LCER GO (O (R R (O (O CER R (O (O (O GO R (O (O (R (O (O (O SR GO (O (O COR GO (O (ORI (¢ 7

Figure2: High resolution TOFSIMS imaging of the branch heartwoodLlafrix decidua (a)
Optical image of the three regionsadyzed with 0.4um spatial resolution. (b) Partial TOF
SIMS mass spectra showing organic mamsition in the three

UHJLRQV(((((((((( LU LLLEKE KKK KL « KL 8

Figure 3: Radial distribution of fatty acids and triglycerides in branch heartwoddank
decidua (a) Summed ion images of fatty acids from large area analysis. (b) Summed ion
images of triglycerides from large area analysig: @igh resolution localization of fatty
acids in region 1 (c), region 2 (d) and region 3 (&). high resolution loalization of fatty

acids in region 1 (f), region 2 (g) and region 3 (h). The three regions are indig&igd i@

2 LS GO CER G CER (O COR GO CER R GO (O (O G GO GO SO (O G (O GO GO (O (O (R R (O (O (R (¢ K K, K« 139

Figure4: Localization of resin acids in the resin canal. (a) Optical image of region 3 with a
resin canal. (b) High resolution ion image of resin acids in region 3. (c) Three color overlay
of CsH (Red) representing the background, fatty acids (Green)rasih acid (Blue)
(m/z301.2). (d) TOFSIMS spectra of the whole region 3 (upper) and region of interest (ROI)
of the resin canal (bottom). Structures of representative resin acids abietic acid and pimaric
acid are shown in the bottom right « « « « « « « « € & « « « K KK KKK 41

Figureb: Partial positive TOFSIMS spectrum obtained from region 1 showing the ion peaks
corresponding to phytosterols, with chemical structures indicated

above« A LA LK KK KK KL KKK |, KK 142

Figure 6: Radial distribution ofphytosterols. (a) Summed ion images of phytosterols from
large area analysis-di high resolution localization of phytosterol in region 1 (b), region 2

(c) and region 3 (0 « « « <« &« K K K K K KK KKK KKK KKK KKK «.143
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lll.  Résuméfrancais de la these

Introduction et objectifs

L fmagerie par spectrométrie de masse fournit simultanément des informations chimiques et
spatiales dine grandevariété dgchantillons, des sersonducteurs aux tissus biologiques

M XV T X4lDleg individuelles. Parmi les différentes techniqudmaberie basées sur la
spectrométrie de masse, la spectrométrie de maSss secondaire induits par
bombardement ionique (SIMS, Secondary lon Mass Spectrometry), en association avec la
technique de temps de vol (TOF, Time of Flightst la premiéere technique utilisée pour

| fmageriede surfaceAprés des décennies de développemestte technique baptisd©F

SIMS V fLP SRV Hm&ger¢eWiologiquegrace a sa grandeésolution spatiale et la
préparation minimale des échantillo@ette forte implication dansgnalyse des composés
organiquesD pWp IDYRULVpH SDU OfXWLOLVDWLRQ GH QRXYHOO
G 1 L Rg@yats Actuellement, les faisceawku bismuth etG § R Une8dtitUune analyseée

routine de diversemolécules organiques et biologiques conlaglipides, les métabolites

dans des échantillons naturedéd les produits pharmaceutiques dans des échantillons
biologiques FHYV D QD O\V H ¥ver Tihtl s&hBillie)eld@aVet unbonnerésolution
spatialeautour du micron ou moind { XWLOLVDWLRQ UpGHRQWHEGM MDLVFH
dansles instrument§ OFSIMS offre de nouvelles possibilitéS R X kdagefidonique grace

| fonisation douce des analyteslonc une fragmentation moindre des molécules

| @mélioration de la sensibilité efrhagerie 3D.

En dépit des applications giein développement dUIOFSIMS dans différentslomaines
scientifiques de nombreux aspects contant le processus d'ionisatidésorption sont
encore mal comprisi les anéliorationgechniquese poursuiventjesétudes fondamentals
doiventétreentreprisesnalgréleurscomplexités pour définir tous les parametres influencant
OfpPLVVLR QG IHNGUXd premiére pait de cette thése vise a comprendre la
production dipbnssous impact ioniquen mesurantD G L V W UdnErjisvite R&trabgférée

aux molécules émises en fonction du type des ions incidents, de leurs vitesses, et de leurs
masses

La deuxieme partie pta sur les applications biologiques ldetechniqueTOFSIMS avecla
cartographie des métabolitears s planteslesquelgouent un rdle important dans diverses
activités biologiques telles que la protection des plantes, la communication avec
[fHQY erhkRI@Q La détermination ddeur distribution spatiale est essentielle pour
comprendre le métabolisme des plantes et le processus biologique correspondant dans les
tissus spécifiques. Pour obtenir une identificasans ambiguité en situ des métablotes,

les capacités paralléles de WS et d fmagerie du prototype de spectrometre de masse PHI
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nanoTOF Il ont été évaluées avec sucses les especestitbre Amazorgn Sextonia rubra
Ensuite, fmagerie TOFSIMS a été appliquée pour étudier la prodchiosynthkétiquede
deux métabolites bioactifsubrénolide et rubrynolide dans Sextonia rubra. Enfin, une
derniere étude a porté sler méleze européednarix deciduadans le but deomprendreds
variatiors chimiques associéga la formation dwuramerdu bois.

'LVWULEXWLRQ GTpQHUJLH LQWHUQH WUDQVIpUpH GDQV O
GIDUJRQ HW GH ELVPXWK

$X FRXUV GH OfLPSDFW GH OYLRQ SULPDLUH OfpQHUJLH
OfH[FLWDWLRQ GHV PR Qosbetmertt \de IBUR @fergje OtEMd& FChtte

D XJPHQW D svdrigeQinteribndulf la fragmentatiorde ces moléculest ce taux de
IUDJPHQWDWLRQ HVW GLUHFW H PANhQ Wa déteOrinatinj dOIGRp QHUJLF
distribution d®nergieinterne permettrD L \Wva@ef OH WUDQVIHUW GIpQHUJLH |
processus § p P L VidnisRtiQn sous impact ioniquour effectuer cette mesure, une série

GH PROpPFXOHV GH EHQ]\OS\ULGLXP D pWp VPOHFWLRQQpH
voie de fragmenD WLRQ GRQW OfpQHUJLH GH c&IseWRIESDWLRQ
«thermometress GH OJLQWHUDFWLRQ /fpQHUJLH LQWHUQH HVW
rendement de survide ces molécules, lequebt déterminé en utilisant la formule SY =
I(MD/[IM™) + I(F)], ou I(M™ HVW OYLQWHQVLWp GHcal§turagneROpFXOD
CesrendementsSYs sont ensuite tracés en fonction des énergies de dissodatmque

molécule, une fonction sigmoide est ajustée sur ces donnéesliféddenciation déa courbe

sigmoidale donne & LV W U L E X W deR @Qn<stfigr@dinétddsidésorbés.

'"HV DJUpJDWV, @QVED desRaerdidd cinétiques entre 10 eteX0et des tailles
GTDJUglam WeV500 a 10000 ont éwdilisés afin dgtablir fhfluencede la taille, de

| €nergie et dnc aussi d la vitesse dd D J U purDa\istribution Géfierge interne
transférée aux moléculeses résultats montrent que f@rameétre déterminargour le

W U D Q ¥ndidiesst |& itesse des ions primaires. Il estbéitque letaux de fragmentation

varie avecOD YLWHVVH GHEDO(LRY LhQRUGHQWLQpWLTXH SDU DWI
O 1D J Utpes pawv de fragmentat®sontobservés, ce qui indiquain processusfipPLV VLR Q
ionisation dou ; entre ZV/atomeet 10eV/atome,le taux de fragmentation, et donc

| Bnergie interneaugmente rapidement avec ldegse des ions primairesEdn > 10eV, la
fragmentation atteint un plateau et ne chanlys, pnéme encontinuant aaugmenrgr la
vitesse de { L Rh@Qdent (Figure 2). Le contrle de la vitesse des ions permet donc de

déterminer des conditions pour effectuer une analyse de surfaces moléculaires dans des
FR QG LWL RéponGatipirdoucé avec une fragmentation limitée
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Figure 2 D
GYDUJRQ j NH9 E
atome des projectiles.

'LVWULEXWLRQ GYpQHUJLH LQWHUQH GHV PROpFX
/TpPQHUJLH LOQWHUQH PR\HQ@H GHV PF

Dans le casles agrégatsle bismuthBi,™ GIpQHUJLH GH TNH@e érergiz pWp PF
interne moyennergre2,2 et2,4 eV (Tableaul), ce qui correspond awaleurs obtenues dans

le casd {mpacts G 1 D J UgpGr§onde forte énergie par atomeE(n > 10eV) ou I§nergie

interne moyenne reste constardatour de2,24eV. Il faut noter que les rendements
GTpPLVVLRQ GHV LR @MsRRO rRgtdyaidde) hisvhutR &id rgon sont
identiqguesau niveau de ce plateaCependant, la sectiom I ILFDFH GYHQGRPPDJHPEF
molécules est beaucoup plus faible steubombardemenGHYV DJUpJDWnNsI GO UJIR
section efficace induite pa® T D J Bmpsdd e 20keV est plus de 20 fois plysetite que

celle du bombardement e® 7 D J Big'Jd2\B65keV, ce qui donne une efficacité ionique
secondaire beaucoup plus élevé@d@ x 10 cm?.

Tension prilrﬁ?aisres Y 1(cn) E (cm?) IE r?é)\)//;a nnhe
Bi* 549x10*  3,87x10™ 1,42x10° 2,29 + 0.02

Bi** 452x10°  3,03x10™ 1,49x10* 2,21 + 0.02

Bis 4.40x10°  1,62x10% 2,72x10* 2,37 £ 0.01

25kV Bis** 6,02x10°  2,58x10" 2,34x10* 2,38 £ 0.02
Bis" 2,55x10°  9,17x10™ 2,78x10* 2,41 £0.04

Bis*" 418x10°  7,38x10"  566x10* 2,46 + 0.03

Bi," 448x10°  1,11x10% 4,04x10* 2,38 + 0.03

20kV Ar2000° 1,54x10°  4,44x10% 3,47x10% 2,21 + 0.04

Tableaul RendemenY, section efficaceG 1H Q G R P P [, &Hida¢it® idhique secondaire
EHW pQHUJLH LQWHUQH ,(-mé&RberypiHidinkiRnN{//183,1) RdDs S
OfLPSDFWsGHDHUYPDXWK HW GITDUJRQ
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/IYLPDJHULH HQ 7DQGHP 06 itsNu @esLrmetalipMek IduFRibisVhidacgif
dans les espéces d'arbres amazonienn&gxtonia rubra

Malgré Ifmportance croissanteudTOFSIMS dans Knalyse biochimique, les applications
actuelles sontimitées par le manque de capacité tandem/MS pour la caractérisation
structuralepermettant de leverdeambiguités liées a la résolution en masse limitée autour de
10000. Ce point est crucidrsqufl s %git d'identifier les molécules dans des échantillons
biologiques complexesu les interférences en masse peuvent étre nombrddeses cette
optique, unnouveau spectrométre M35 dfmagerie parallele TOBIMS (PHInano TOF

I) a récemment été développé par Physical Electronics (Minnesota-Ufia)s Ce
prototype de spectrometre est basé sur un analyseur TRPps de vol wec untriple
analyseur éldgoostatique), sur lequel a été ajouté dispositif de séleiin de précurseur
apres le troisiemenalyseur électrostatiqu€e déflecteur électrostatiqpermet la sélection

d fons précursews avec une fenétrés 1 X Q H @ ®nitbH XDA Le précurseur sélectionné
est déviéversune cellule de collisiomu est induitda fragmentationsuivie d fin analyseur
TO) OLQpDLUH HW GTXQ GpWHFWHXU VWDQGdﬁJr.QVWLWX[

Figure3 ,0O0XVWUDWLRQ VFKpPDWLTXH GX VSHFWWRMSgWUH 06

Les avantagesle ce nouveau développement €¥SHFWURPpWULHMS fdiP DIJHULH
| §tude des produits naturedsit été démontre par |fdentification in situ des métabolites

bioactifs rubrynolide et ruBnolide dans les espécesfdbres amazonienn&sxtoniarubra,

grace aux spectres de fragmentations spécifiques. La fragmentatidASMSpermis une
identification sanséquivoque des métabolites. De plus, l'imagerie en tandeforce ces
attributions erminimisantles interférences de masserévele une localisation spécifique de

ces meétabolites dans les cellules du parenchymial igcigure 4). Cette étude permet de
conclureque ce no 0 HD X VSHFWUR P qWNM3pdeaféldefd unHoutll puissént de
caractérisation, ftentification et de lodeation de produits naturelsn faible abondance

dans des échantillons biologiques complexes.
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Figure 4 Spectre MS/MSstructure chimiquegt image ionique du rubrenolide.

I fpWXGH GH OD ELRV\QWKQqVH HWsOoOidacfRdr&SextohWilhrR Q GHV |
(Lauraceae)SDU O fLPDJSHMI 2D &3P

Sextoniarubra est I{ine des especes forestieres les plus exploitées commercialement pour la
construction enGuyane francaise en raison de sa durabilité naturelle exceptionnelle. Les
produits naturels bioactifs rubrynolide et réfwlide sont suggérés pour étre responsatee

| gxcellente durabilité Wl duramende cebois. La biosynthése du rubrynolide et de ses
analogues est demeuréecertainedepuis son premier isolement en 1971. Pour étudier |
processus dbiosynthlese de ces métabtds végétaux, une MBS paralkle et une imagerie
TORSIMS 2DBD ont été réalisépour identifierin situles précurseurs poteals et localiser

ces métabolites dans les tissus de bois au niveau subcellulaire.

L ®xtraction et fsolementin vitro ont été effde W XpV SDU GHV F®OJERIESR UD W H X
Foréts deGuyane (ECOFOG) ce qui apermis detrouve pour la premiére fois deux
nouveaux composés de lactone acétate (butanoHdest 5) ainsi que la présence
d fsozuihoenolide ) dans @dbier de Sextonia rubra. L {dentification structurale des

métabolites apparentéBigure 5) a été réalisée par ERIS/MS, parRMN in vitro et avec
O L P D JHWSLpdrall@ein situ.
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Figure 5 Métabolites secondaires ch8extonia rubra

L fmagerie TOFSIMS a haute résolution (~ 400n) d H aOlfier,de lazone de transition et
duduramerrévéle la colocalisation des métabolites bioactifs rubryndlieierubrenolides et
desmétabolites structurellement apparentés (analogues de obstusilhé¢®eebutanolides

4i5) dans Is cellules deparenchymeadial, tyloses ek oil cell » (figure 5). L{nagerie 3D

de I®chantillon de bois de la zone de transition a confirmé leur localisation spatiale dans le
parenchymeadial et les« oil cell ».

Figure 6 Distribution spatiale des métabolites apparentés dansbra a & d: Aubier; b &
e: Zone de transition; ¢ & f: Duramen.
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L fdentification des nouveaux métabolites egtude de lew distributions spatiales
conduiset a la proposition d'une nouvelle vol@osynthétique pour la formation du
rubrynolide et de ses analogy&sgure 7). La biosynthése commence par la formatidind
ester, suivie din processus de fermetudu cycle de type aldol entre la forél| du Acéto
acide et du groupe carboxyléafide succinique.

Figure 7 Possibilité de voies de biosyntheses pour la formation de rubrynolide et ses dérivés.

Distribution radiale des extraits de bois du méleze europédrarix deciduapar imagerie
TOF-SIMS

Les extraits de bois sont des composants extractibles aux saveatsr du bois. ligouent

un réle important dans la résistanceCaf D W W BeinXték, dBxHiampignons et au stress
environnemental. Le méléze europékarix decidug est un arbre dont le bois est largement
utilisé dans la menuiseriet en particulier dans la fabricationfdbjets qui peuvent étre
soumis aux intempérie®our comprendre haariationde la compositiorthimique associée a
la formation duduramen du bojsl {magerie TOFSIMS a été employée pour examiner la
distribution radiale des extraits minéraux et lipophiles dans le bHiX @reinche dd.arix

decidua

[ fnalyse d] X @rdnce surface paimagerie LRQLTXH SUpVHQWpPH VXU OD Il
montré de localisation préférentielle pour les nutriments minérawt Kd qui sontrépartis

de facon inhomogene a travers les anneaux annuels @R OOH j OD OLPLWH GH
durame, tandis que O fLRAY, qui peut étre impliqué dans le processus de
phosphorylatiordéphosphorylatiora été détecté exclusivement dans les celhalésiles
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Figure 8 Distribution spatiale des nutriments minéraux.
Les distributions radiales @xtrdts lipophiles ont étémesuréesa la fois sur de grandes
surfaces avec une résolution spatiale modéréé (r) et sur des micraones a haute
résolution (~400nm). Les acides gras, les glycérides et les phytostérols ombcdlésés
localement dans Iduramenet ils étaient principalement abondants dans le premier anneau
annuel autour de la moelle (figure 8). Les images a haute résolution révélent également que
les composeés lipophiles sontirxipalement localisés dans I®i& précoce En effet, une
analyse avec une grande résolution spatiale (régions 2 et 3 de la figure 8) montre que ces
lipophiles sont aussi localisés de maniéere discoatmuhomogéene sur le bord des anneaux
au début de leur croissance.

Figure 9 Distributions radiales de phytostérols. (c) Région 1; (d) Région 2; (e) Région 3.

$X FRQWUDLUH OHV DFLGHV UpVLQHX[ VH WURXYHQW VXU\
de leur localisation spécifique dans leanaix arésine. Les extraits lipophiles sont des
meétabolites essentiels responsables du métabolisme endogéne et de la résistance a la
dégradationnaturelle du bois. Ainsi,xamen minutieux de la distribution radiale des éstra
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contribuera a une meilleure cordpension de la formation dluramenet du contrdle de la
qualité du bois.

Conclusions et perspectives

L ®tude de la productionfins moléculairesous lfmpact G 1 D J Uggrdowivasss révéle

gue le taux de fragmentation dams moléculairespu | gnegie internetransférée aux
moléculesatteirt une valeurde saturation sous impac § D J UlprddugViavitessedevient
grande,similaire & ceux mesuré avec des agrégats de bismuth. Par doedtepossible de
réaliser une analysgans des conditions | p P L VidhisRtiQn« douce» avec un faible taux

de fragmentatiora faible vitesseavec ces agrégats tres lour@our examiner la portée et

| &pplicabilité de la relation entre la vitesse des ions et la fragmentation moléculaire établie
dans cette thesaune plus large gamme de projectiles doit étre examinée. En taitre,
modélisation GH OYLPSDFW HW GX WUDQVIHUW GYfpQHUJLH GD
constituantpermettré avec les molécules thermométresniieux appréhender les processus

de désation-ionisation en reproduisant lebservationgxpérimentales

/LPDJHU-BIMS7ZDR3D a été appliquée avec succes pour cartographier les métabolites

des plantes dans différentes especes de bois avec une résolution spatiale élevée pour
comprendre labiosynthése des métabolites importantdest variationsde compositions

chimiques pendant la formation dluramen Les applications futuresur des systémes
biologiques complexes nécessiteront une meilleure sensibilitéddntification de la

structure. Les sourcesgaz produisardesions agrégatanassifsse sont avérées bénéfiques

pour améliorer le rendement des iond¥RQGDLUHYV /D VRXUFH GYLRQV GTDJ
€galement étéitilisée avec succes pourffinagere TORSIMS sur des tissus biologiques.

D %wutres nouvelles sourcésp O LY UD QW G H dhtlétéd dévalbppeds golitHah&liorer le
rendementaniqueen augmentant®fficacité de §pnisation Cette voie consistant a ajouter

une molécule ionisante sur\e DJUpJDWV ORXUGY GYDUJRQ GRLW rWUH
RXYUH GHV SRVVLELOLWpPYVY GTLRQLVDWLRQ VSpFLDUTXH SDL
point de vue instrumentakd nouveau développemestcomme @Ybi-SIMS contribueonta

résaudre les problémes actuelsfttkntification des biomoléculesen fournissant une
résolutonen PDVVH pOHYpH DLQVL TXTXQH H[FHOMSQNeH SUpFL
meilleure compréhension déffet de matrice, du développement en quantification et ld

méthode dinalyse des données facilitera grandemiest applicatiors biologiques de

| fmagerie TOFSIMS.
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Titre : Imagerie paspectrométrie de masse micrométrique en 3D et haute sensibilité
Mots clés: Imagerie par spectrométrie de masse; I8DHAS; énergie interne; métabolites du bois

Résumé: L'imagerie par spectrométrie de masse est dagrégats d'argon massifs, I'énergie interne {
grand intérét pour aborder les questidmislogiques en ions secondaires a été mesurée en utilisant
fournissant simultanément des informations chimique: mesure du taux de survie d'une série d'ic
spatiales. En particulier, la spectrométrie de masse baj benzylpyridinium. L'étude de diverses conditiof
TOFRSIMS est bien reconnue par sa haute résolution sp: d'impact (énergie, vitesse, taille des agrégats
(<1 P TXL HVW HVVHQWLHOOH montré que la vitesse joue le réle majeur dans

chimique dans une zone submicronique. L'emploi crois
de cette technique dans la caractérisation des échant
biologiqgues a bénéficié du développement de nouv
sources d'ions d'agrégats. Cependant, les proc
d'ionisation/désorption des analytesous les impact:
d'agrégats lourds sont encore mal compris. D'un autre
techniquement, les instruments TSBMS commerciaux
actuels ne peuvent pas fournir une résolution en m
suffisante ni une précision sur la détermination de la m
pour l'iderification moléculaire, ce qui rend les analyses

distribution d'énergie interne et la fragmentatig
moléculaire dans le régime a faible énergie f
atome (E/n <10 eV).

Les capacités de la fragmentationSNMIS et
dimagerie en paralléle du spectrometre P
nandl OF Il nouvellement congu ont été évalug
par cartographie MS/MS in situ des métabolit
bioactifs rubrynolide et rubrenolide dans le
especes amazoniennes de b8iextonia rubra
ainsi qu'une identifation in situ des métabolites

systemes biologiques complexes trés difficiles, et néce précurseurs. L'imagerie TGEMS 2D et 3D a
le recours a la fragmentation MS/MS. Cette these vis permis de localiser les cellules ou cet
PLHX[] FRPSUHQGUH OD SURGXF\ biosynthése s'effectue. Les résultats ont condu
GIDJUpJDWV ORXUG Vcapatitée MIMS @U la proposition d'une voie possible de biosynthé
spectrométre de masse par temps de vol combiné a I'ime des deux métabolites. Pour étendapplication de
ionique en utilisant le spectrometre de masse iRHIBTOF  I'imagerie TOFSIMS dans l'analyse chimique d|
Il. Ce dernier point a été réalisé en cartographiant en t bois, la distribution radiale des extraits de bc

résolution spatiale des métabolites importants de bois.
Paur comprendre la production d'ions sousles impacts

dans le duramen du bois du méléze europée
également été étudiée.

Title : 3D and high sensitivity micrometric mass spectrometry imaging
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Abstract : Mass spectrometry imaging has been showr
great interest in addressing biological questions by provir
simultaneously chemical and spatial informati
Particdarly, TORSIMS is well recognized for its hig
spatial resolution (< 1 um) which is essential in disclos
chemical information within a submicron area. T
increasing use of TOBIMS in characterizing biologice
samples has greatly benefited from thedduction of new
cluster ion sources. However, the ionization/desorption o
analytes under impacts of large clusters is still por
understood. On the other hand, technically, cur
commercial TOFSIMS instruments generally cannot provi
sufficiert mass resolution or mass accuracy for molec
identification, making analyses of complex biologi
systems especially challenging when no MS/
fragmentation is available. Thus this thesis is aimed to ¢
better understanding of ion production undieister impacts
to explore the MS/MS capability of the parallel imagi
MS/MS Spectrometer (PHlandr OF II), as well as to appl
TOFRSIMS to map important wood metabolites with hi
spatial resolution.

In order to understand ion production under impadts
massive argon clusters, internal energy distributions
secondary ions were measd using survival yield method

which involves the analyses of a series
benzylpyridinium ions. Investigation of variou
impacting conditions (energy, velocitgluster size)
suggested that velocity of the clustptay a major
role in internal energy distribution and molecu
fragmentation in the low energy per atom regi
(E/In< 10 eV).
The MS/MS fragmentation and parallel imagi
capabilities of the newly dagied PHInanol OF I
spectrometer were evaluated loy situ MS/MS
mapping of bioactive metabolites rubrynolide &
rubrenolide in Amazonia wood speci&extonia
rubra. Then this parallel imaging MS/MS techniq
was applied to perform in situ identificatioof
related precursor metabolites in the same

species. 2D and 3D TGEIMS imaging were
carried out to target the plant cells ti
biosynthesize rubrynolide and rubrenolide. 1
results led to the proposal of a possible biosynth
pathway of these twanetabolites. In addition, t
expand the application of TEGEIMS imaging in
wood chemistry analysis, radial distribution

wood extractives in the heartwood of Europs
larch was also investigated.
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