
Diese%Dissertation%haben%begutachtet:%
%

%
%
Prof.%Vasiliki7Maria%Archodoulaki% % Assoc.%Prof.%Martina%Marchetti7Deschmann%
Vienna%University%of%Technology% % Vienna%University%of%Technology%

%

!

!
!
!
!

DISSERTATION!
!

!

The$impact$of$bio.compartments$on$polymers$
used$for$artificial$bio.replacement$by$mass$
spectrometry$imaging$and$conventional$bio.

analytics.$
!
ausgeführt!zum!Zwecke!der!Erlangung!des!akademischen!Grades!einer!Doktorin!der!

technischen!Wissenschaften!unter!der!Leitung!von!
!

Assoc.!Prof.!Dr.!Martina!MarchettiGDeschmann!
!

IACG164!
Insititute!of!Chemical!Technologies!and!Analytics!
eingereicht!an!der!Technischen!Universität!Wien!

Fakultät!für!Technische!Chemie!
!

von!
!

Sophie!Fröhlich,!MSc.!
!

0300019!
Mühlgasse!30,!2380!Perchtoldsdorf!

!
!
!
Wien,!April!2014!

Die approbierte Originalversion dieser 
Dissertation ist in der Hauptbibliothek der 
Technischen Universität Wien  aufgestellt und 
zugänglich. 
http://www.ub.tuwien.ac.at 

 

 
The approved original version of this thesis is 
available at the main library of the Vienna 
University of Technology.  
 

http://www.ub.tuwien.ac.at/eng 
 



Name%der%Kandidatin:!Sophie!Fröhlich,!MSc.!
Namen%der%Prüferinnen:!Associate!Prof.!Mag.rer.nat.!Dr.rer.nat.!Martina!Marchetti9
Deschmann,!Ao.Univ.Prof.!Dipl.9Ing.!Dr.mont.!Vasiliki!Maria!Archodoulaki!
Titel% der% Dissertation:! The! impact! of! bio9compartments! on! polymers! used! for!
artificial! bio9replacement! by! mass! spectrometry! imaging! and! conventional! bio9
analytics.!!

Zusammenfassung*
Der!Schwerpunkt!der!vorgelegten!Dissertation!liegt!in!der!Kombination!bildgebender!
massenspektrometrischer! (MSI)! Analyse! mit! konventioneller! Bioanalytik! zur!
Charakterisierung! verschiedener! Biomaterialien! und! Gewebearten! in! ihrer!
biologischen! Umgebung.! Im! Rahmen! der! Methodenentwicklung! wurden! die!
physikalischen! Aspekte! verschiedener! Proben! und! ihre! Auswirkungen! auf!
Reproduzierbarkeit! und! Genauigkeit! in! MSI! Experimenten! untersucht.! Die!
Einflussfaktoren! stabilisierender! Additive! und! Fixative! aus! dem! Bereich! etablierter!
histologischer!Techniken!auf!MSI!Analysen!wurden!anhand!von!Nierengewebe!näher!
charakterisiert.!Der!analytische!Schwerpunkt!dieser!Dissertation!liegt!im!Besonderen!
auf! der! Analyse! ultrahochmolekularen! Polyethylens,! welches! in!
Hüftgelenksprothesen! zum! Ersatz! der! Hüftpfanne! eingesetzt! wird.! Ergebnisse! aus!
dem! Bereich! der! Materialwissenschaften! lieferten! Einblick! in! den! Prozess! der!
Materialalterung,! welche! mehrheitlich! durch! Oxidation! hervorgerufen! wird.! Die!
Annahme,!dass!das!biologische!Umfeld!dabei!eine!wesentliche!Rolle!spielt!konnte!in!
den! durchgeführten!MSI! Analysen! klar! dargelegt!werden.!Modellversuche!wurden!
etabliert,! um! die! zeitliche! Einwirkung! von! Synovialflüssigkeit! auf! adsorbierte!
Komponenten!am!Polymer!zu!lokalisieren!und!identifizieren.!Es!wurde!gezeigt,!dass!
für!den!Schmierungsprozess! relevante! Lipide!am!Polymer!adsorbieren!und!auch! in!
das! Polymer! diffundieren.! Zur! näheren! Identifikation! wurden! die! Lipide! mit!
speziellem! Fokus! auf! Phospholipide! und! Cholesterol! nach! Extraktion! mittels!
Dünnschichtchromatographie! und! MALDI9TOF/RTOF! in! Kombination! mit!
kollisionsinduzierter! Dissoziation! näher! charakterisiert.! Hinsichtlich! der!
Proteinanalyse! konnten! vor! allem! quantitativ! dominante! Proteine! sowie! mit!
Lipidtransport! und! 9synthese! assoziierte! Proteine! am!Polymer! identifiziert!werden.!
Hierbei! wurde! die! nähere! Charakterisierung! durch! 19dimensionale!
Gelelektrophorese!gefolgt!von!enzymatischen!Verdau!und!massenspektrometrischer!
Analyse!(MS!und!MS/MS)!durchgeführt.!In!weiterer!Folge!konnten!die!Ergebnisse!an!
explantierten!Proben!bestätigt!werden.!Die!entwickelte!Methodik!wurde!ebenso!zur!
Analyse!biologisch!abbaubarer!Gefäßprothesen!in!Mausmodellen!herangezogen,!um!
den! Verlauf! der! gewünschten! Biodegradation! und! dabei! relevanter! Lipid9! und!
Proteinspezies!zu!verfolgen.!!
! !



Abstract*
The! focus! of! the! present! thesis! lies! on! the! combination! of! mass! spectrometry!
imaging! (MSI)! and! state9of9the9art! instrumental! bioanalytical! techniques! for! the!
detailed! characterization! of! biomaterials! and! tissue! samples! in! their! biological!
environment.! Method! development! for! MSI! applications! lead! to! new! findings!
concerning! the! impact! of! physical! sample! characteristics! on! reproducibility! and!
accuracy!in!MSI!experiments.!Stabilizing!additives!and!fixatives,!conventionally!used!
in! histology,!were! investigated! regarding! their! influence! on!MSI! analysis! based! on!
results! obtained! for! rat! kidney! tissue! samples.! The! present! thesis! focuses! on! the!
analysis! of! ultrahigh! molecular! weight! polyethylene! (UHWMPE),! a! polymer!
commonly! used! in! acetabular! hip! joint! replacement! systems.! Material! science!
revealed! that! material! aging,! relevant! for! implant! failure,! is! often! correlated! to!
oxidative! degradation.! The! high! relevance! of! the! biological! environment! and! its!
interaction! with! the! polymer! could! be! demonstrated! by! MSI! analysis.! In% vitro!
experiments! showed! the! time! dependent! adsorption! of! components! related! to!
synovial! fluid! on! the! polymer.! Lipids,! identified! directly! from! the! surface! and!
associated! to! joint! lubrication,!were! adsorbed! onto! and! diffused! into! the! polymer!
samples.! Focusing! on! phospholipids! and! cholesterol,! lipids! were! extracted! and!
further! identified! by! thin! layer! chromatography! separation! followed! by! MALDI9
TOF/RTOF! analysis! in! combination! with! collision9induced! dissociation.! Protein!
analysis! revealed!high! contents!of! proteins! adsorbed!on!UHMWPE! samples,!which!
are! either! high! abundance! proteins! or! associated! with! lipid! transportation! and!
synthesis,.! Protein! identification! was! performed! by! 19dimensional! gel!
electrophoresis!followed!by!enzymatic!digestion!and!peptide!mass!fingerprinting!and!
peptide! sequencing.! The! obtained! results! were! confirmed! by! explanted! polymer!
samples! after! revision! surgery.! The! established!method!was! further! transferred! to!
the!analysis!of!biodegradable!graft!materials!used!in!artificial!vascular!prosthetics!in!
mouse!models,!where!biodegradation!and!associated!lipid!and!protein!species!were!
investigated.!!
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1. MALDI(Mass(Spectrometry!!

Mass!spectrometry!as!an!instrumental!analytical!technique!provides!the!possibility!to!determine!the!
molecular! weight! of! proteins! with! high! precision.! Conventionally! in! mass! spectrometry! ions! are!
generated! in!an! ion! source!and! transferred! to! the!analyzer! for! separation!based!on! their!mass<to<
charge! ratio! before! detection! and! further! data! processing.! Ionization! initially! was! conducted! by!
“hard”! ionization! techniques,! such! as! electron! or! chemical! ionization,! inducing! partial! analyte!
fragmentation.! Later! “soft”! ionization! techniques,! matrix! assisted! laser! desorption/ionization!
(MALDI)! and! electrospray! ionization! (ESI)! were! developed,! enabling! the! transfer! of! intact! ions! of!
higher!molecular! weights! into! the! gas! phase.! Both!methods,! appropriate! for! polar! and! non<polar!
compounds!appeal!a!broad!range!of!applications!and!had!a!tremendous!impact!on!science!in!general!
since!their!invention.!!

The!introduction!of!MALDI!in!1985!to!the!European!and!American!mass!spectrometry!community!by!
Karas!and!Hillenkamp![1]!was!the!consequence!after!a! long!history!of!observing! ion!formation!and!
desorption.! The! development! of! field! desorption! [2]! in! the! late! 1960s! and! the! presentation! of!
secondary!ion!mass!spectrometry!(SIMS)!in!1978![3]!lead!to!fast!atom!bombardment!being!the!first!
technique!to!observe!“matrix”!as!an!assistive!substance!for!ionization!and!desorption!in!1981![4].!In!
combination! with! time! of! flight! (TOF)! analysis! the! technical! development! for! analyzing! biological!
samples!increased![5<7]!opening!up!the!huge!field!of!“omics”!applications![8,!9].!Soon!new!frontiers!
were!crossed!for!sensitivity,!reaching!the!attomol!range![10,!11]!and!mass!ranges!from!0!to!2!MDa.!
Throughout!the!history!of!MALDI!MS!applications!MALDI!has!been!coupled!with!almost!all!analyzer!
systems,! however! the! majority! of! scientific! articles! describe! combinations! with! TOF! in! axial! or!
orthogonal!set!up!or!coupled!to!fourier!transformation!ion!cyclotron!resonance!(FT<ICR).!The!focus!of!
the!present!thesis!lies!on!MALDI<TOF!applications!in!both!geometrical!configurations.!Though!MALDI!
provides!a!very!large!instrument!and!application!field,!the!basic!principle!of!incorporating!an!analyte!
in!matrix,!transferring!energy!after!laser!irradiation!for!desorption!remains!the!same.!!

a. Desorption/Ionization(–(the(MALDI(process!!

The! MALDI! process! has! been! under! discussion! for! a! very! long! time! and! still! is! not! completely!
understood.! Simplified,! analytes! are! incorporated! in! a! matrix! system! suitable! for! laser! energy!
transfer,!which!causes!desorption!and!ionization.!Ions!are!accelerated!by!the!applied!electrical!field!
and!transferred!to!the!mass!analyzer.!!

Lasers! are! usually! focused! to! a! diameter! between! 10! and! 200! µm! delivering! average! laser! pulse!
energy! levels! of! 5<7! J/cm2! [12].! The! ion! intensity! yield! is! determined! by! the! laser! pulse! fluency,!
resulting! in!a!reciprocal!proportion!between!laser!area!and!pulse!energy.!The!minimal! laser!energy!
needed!for!ionization,!which!is!comparable!for!almost!all!available!UV!lasers,!amounts!approximately!
106! W/cm²! [13].! Above! this! limit,! ion! signal! intensities! increase! considerably,! revealing! the!
exponential!rise!of!ion!signals!as!a!function!of!pulse!energy![14,!15].!The!signal!decreases!again!with!
energy!levels!between!3!to!10!MJ/m2!as!a!consequence!of!analyte!fragmentation!or!heat!destruction.!!

Early!developments!of!MALDI!applications! included! IR! lasers,!however,! today!mostly!UV<lasers!are!
used! for! conventional! instrument! design.! Pulsed! N2! lasers! (λ! =! 377! nm)!were! one! of! the! first! UV!
lasers! implemented!and!used! in!MALDI,!providing!high! laser!fluency!and!a!rectangular! laser!energy!
profile.! N2! lasers! are! however,! limited! in! the! laser! repetition! rate,!which! usually! does! not! exceed!
100!Hz.!!
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As! a! consequence! new! lasers!were! applied! to!MALDI! including! the! frequency! tripled! neodymium<
doped! yttrium! aluminum! garnet! (Nd:YAG,! λ! =! 355! nm)! laser,! being! one! of! the! first! solid! lasers! in!
MALDI.!Compared!to!the!N2!laser,!Nd:YAG!lasers!can!easily!be!focused!to!diameters!below!5!µm!(full!
width!half!maximum,!FWHW)!with!a!Gaussian!emission!profile,!resulting!in!high!energy!fluency!and!
eventual!analyte!destruction.!Depending!on!the!application!the!laser!profile!is!of!high!interest.!Mass!
spectrometric! imaging! (MSI)! experiments! (see! Chapter! 2.c)! favor! rectangular! laser! profiles,! which!
have!an!almost!even!emission!profile!and!are!focused!to!a!preferably!small!laser!diameter!to!increase!
lateral! resolution.!Bruker!accomplished! the! favored!qualities! in!developing! the!SmartBeamTM! laser,!
providing!a!modulated!Nd:YAG!profile!with!a!theoretical!diameter!as!small!as!10!µm![16].!!!

Applying! laser!energy!to!crystalline!samples,!or!analytes!embedded! in!matrix!crystals,! transfers!the!
laser!energy!to!the!abounding!matrix!crystals.!The!adsorbed!energy!is!converted!to!thermal!energy.!
This! concept! is! the! initial! step! of! the!MALDI! process.! The! proper! co<crystallization! of! analyte! and!
matrix! is! essential.! Matrix! crystals,! incorporating! the! analyte,! are! different! in! size! and! shape! and!
strongly!depend!on!the!application!and!solvent!system.!1,5<dihydroxybenzoic!acid!(DHB)!was!one!of!
the! first!matrices! used! for! protein! analysis! by!MALDI<TOF! [17].!Nowadays!DHB! is! one!of! the!most!
commonly!used!matrices!with!a!very!broad!analytical!spectrum!ranging!from!lipid!applications! [18,!
19]! to! glycoprotein! analysis! [20].! DHB! crystallizes! in! a! ring! with! sharp! and! long! centroid! growing!
needles.!Highest!signal! intensities!can!be!found!exactly!on!the!rim!region,!whereas!recrystallization!
or!certain!preparation!techniques!reduce!crystal!size!and! increase!homogeneity![21].!Sinapinic!acid!
(SA)!was! found! to! show! good! ionization! properties! for! protein! and! peptide! analysis! [22,! 23].! It! is!
described! as! a! “soft”! matrix,! with! comparably! low! energy! transition! rates,! making! analyte!
fragmentation! less! likely.! α<cyano<4<hydroxy<cinnamic! (CHCA)! acid! is! one! of! the! most! popular!
matrices! for! peptide! analysis! [24]! producing! very! fine,! roundly! shaped! and!homogeneous! crystals.!
CHCA!is!known!as!a!“hot”!matrix,!transmitting!high!amounts!of!energy!to!analyte!molecules,!causing!
eventual!fragmentation,!which!is!favored!for!post!source!decay!(PSD)!analysis.!!

In! general! commonly! used! matrices! are! structurally! similar! including! aromatic! acids! or! carbonyl!
components.! Quickest! and! highest! energy! transfer! was! found! for! matrix! molecules,! having! an!
adsorption! coefficient! similar! to! the! laser! light.! However,! it! was! found! that! all! matrix! molecules!
ionizing! small! analyte!molecules! have! a! high!wavelength! tolerance! for! efficient! energy! transfer! at!
nano<second!pulse!length![25].!The!typical!ionization!energy!for!matrix!molecules,!which!leads!to!the!
release!of!an!electron,!is!8!keV![26].!!!

Three!different!methods!have!been!described!for!MALDI!sample!preparation,!the!initial!step!for!co<
crystallization:!dried!droplet,!thin!layer!and!double!layer!preparation![27]!besides!new!developments!
[28].! For! dried! droplet! preparation! matrix! and! analyte! solution! are! mixed! at! equal! volumes! and!
applied! to! the! MALDI! target.! Homogeneous! crystal! surfaces! are! formed,! which! can! further! be!
recrystallized!or!washed!with!trifluoracetic!acid!(TFA)!to!remove!salt!residues.!Thin!and!double!layer!
preparations!use!a!pre<spotted!matrix!layer!on!the!target!on!which!the!analyte!is!applied!followed!by!
another!matrix!layer!for!the!double!layer!technique.!Washing!usually!improves!analyte!incorporation,!
however,!washing!thin!layer!preparations!comprises!the!risk!of!washing!off!surface!analytes!as!well.!
Pre<spotted! matrix! layer! provide! seed! crystals,! which! enhance! quick! crystallization! and!
homogeneous!distribution!if!the!initial!layer!was!perfectly!applied.!Other!techniques!provide!further!
possibilities!such!as!water!vapor!or!saturated!atmosphere! for!matrix! recrystallization.!Adding!small!
amounts!of!salts!to!the!matrix!solvent!can!help!to!cationize!analytes,!which!have!a!critical!ionization!
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potential.! MALDI! shows! low! sensitivity! towards! salt! contaminations! or! residues! from! buffers! or!
detergents!compared!to!other!ionization!techniques![29,!30].!

Knochenmuss!described!multiple!parameters!of!high! influence! for! the!MALDI!process! in!2003![31].!
During!the!MALDI!process,!matrix!analytes!receive!a!very!high!amount!of!energy!by!the! irradiating!
laser,! causing! vibrational! excitation.!Matrix! and! analyte! molecules! undergo! phase! transition! from!
solid! to!gas!phase! resulting! in!a!matrix!plume!containing!charged!and!neutral!elements.!The! initial!
velocity! ions! receive! during! this! desorption!process! depends! on! the! analyte,! the!matrix!molecules!
and!the! laser!fluence![32].! Ionization!models!divide!the!MALDI!process! into!primary!and!secondary!
ionization! mechanisms.! Karas! et! al! described! the! characteristic! phenomenon! of! majorly! formed!
single!charged! ions! for!MALDI! [33].!The!so<called!“lucky!survivor! theory”!correlates! ionization!with!
the!applied!laser!fluence.!If!the!transmitted!energy!exceeds!the!minimum!requirement!for!successful!
ionization,!large!clusters!containing!charged!molecules!are!ablated!from!the!sample.!!If!the!energy!is!
too!low,!only!neutral!molecules!are!ablated.!Both,!matrix!and!analyte!molecules!are!ionized!and!can!
be!detected.!The!main!assumption!of!the!lucky!survivor!concept! is!the!presence!of!already!existing!
ions! in! the! MALDI! sample.! In! contrary! the! pooling! theory,! developed! by! Ehring! [34]! and! further!
developed!by!Knochenmuss![35,!36]!assumes!uncharged!molecules.!Ions!are!formed!after!ablation!in!
the! plume! by! primary! and! secondary! ionization! [31].! The! plume! is! described! to! contain! a! high!
amount!of!matrix!molecules!and!analytes,!with!different!velocity!vectors,!which!consequently!leads!
to! collision! in! the! gaseous! cloud.! The! described! collisions! form! the! basis! for! secondary! ionization!
phenomena,!claiming!the!ionization!of!analyte!molecules!as!a!consequence!of!proton!transfer.!!

After! the! ablation! process! and! the! resulting! collision! in! the! plume,! fragmentation! of! molecules,!
mainly!matrix!molecules!might!occur.!If!the!initial!energy!is!too!high,!fragmentation!is!also!likely!for!
analyte!molecules,!described!as!post!source!decay!(PSD).!Fragmentations!occurring!directly!after!or!
along!with!the!ablation!process!are!referred!to!as!in!source!decay!(ISD)![37,!38].!!

The! last! step! of! the! MALDI! process! transfers! the! ions! to! the! analyzer! by! applying! an! electrical!
acceleration!field.!MALDI!is!described!as!an!ionization!technique!with!highest!ion!transmission!rates!
[39,!40].!

The!total!acceleration!potential!usually!does!not!exceed!20!kV,!avoiding!fragmentation!due!to!energy!
overload.! In! many! instruments! the! ion! source! geometry! contains! partitioned! acceleration! fields,!
applying!at! first!only!40!%!of!the!total!acceleration!voltage!to!the!sample![41,!42].! Ions!are!further!
accelerated!after!they!have!passed!an!intermediate!field!free!drift!region.!!The!main!advantage!is!the!
decreased! velocity! resulting! in! more! stable! ions! and! the! possibility! to! efficiently! apply! a! delayed!
extraction!time,!which!will!be!explained!in!detail!in!the!TOF!section!(see!Chapter!1.b).!!

Applying!elevated!pressures!during!analyte!desorption/ionization!can!reduce!the!vibrational!heating!
of! ions,! decreasing! therefore! fragmentation! events! during! the!MALDI! process.! Inert! gas! is! used! to!
cool! ions! and! increase! their! stability! [43].! Further! developments! used! atmospheric! pressure! for!
vibrational! cooling.!However,! atmospheric! pressure! ionization! requires! efficient! transfer! of! ions! to!
the!vacuum!analyzer.!A!molecular!beam!skimmer!similar!to!ESI!constructions!usually!conducts!this.!
Losses! on! the! skimmer! and! capillary! walls! are! likely! to! occur,! decreasing! detection! sensitivity!
compared!to!vacuum!MALDI!systems![44<46].!!!

The! main! disadvantage! in! MALDI! applications! is! the! poor! shot! to! shot! reproducibility! [47,! 48].!
Crystallization! and! analyte! incorporation! differs! highly! depending! on! the! sample! preparation!
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technique,! the!analyte/matrix!proportion,! the!solvent!system!and!the!target!surface.! If!crystals!are!
not! formed! perfectly! homogeneous! the! shot<to<shot! variability! is! too! high! for! unsupervised! data!
acquisition.!!

b. Analysis!!

MALDI! has! been! coupled! to! a! large! variety! of! mass! analyzers.! However! MALDI! is! based! on! the!
application!of!pulsed! lasers! sending! ion!packages! to! the!analyzer,!which!made! time!of! flight! (TOF)!
analysis!the!most!frequently!used!instrument!configuration.!TOF!analyzers!were!already!developed!in!
1946!by!Stephens![49]!and!1955!by!Wiley!and!McLaren![50],!before!the!commercial!interest!rose!due!
to!the!introduction!of!MALDI!in!the!1980s.!!

The! mass! analyzer! performance! is! determined! by! its! mass! resolution,! signal! to! noise! ratio! (S/N),!
abundance!sensitivity!and!mass!accuracy.!

i. Time!of!Flight!<!TOF!

TOF!analysis! separates! ions!based!on! their! time!of! flight.!The!short! ion!packages!generated!by! the!
laser! pulse! are! accelerated! towards! a! field! free! drift! region! in! the! flight! tube! until! they! hit! the!
detector.! Ion! signals! are! detected! and! recalculated! for! their! flight! time.! Technically! often! digital!
storing!oscilloscopes!are!used!for!detecting!the!ions!start!and!arrival!time.!Scans!start!usually!after!a!
photodiode!has!detected!laser!light!and!end!when!ions!hit!the!detector,! inducing!current!flow.!The!
time!jitter!is!usually!a!tiny!proportion!of!the!laser!pulse!time.!!

During! the!MALDI!process! the! ions! receive!a!potential!energy!Ep,!which! is! immediately! transferred!
into!kinetic!energy!Ekin.!An!electrical!field!U!accelerates!ions!with!a!particular!charge!q,!composed!of!
the!charge!state!z!and!the!elemental!charge!e.!According!to!equation!1!Ekin!can!also!be!described!by!
the!ion’s!mass!m!and!velocity!v.!!

!! = !!"# = !" = !!"# = ! !!!!
!! (1)!

The!velocity!can!be!explained!as!follows!in!equation!2!based!on!Ekin.!

! = ! !!!"#
! = ! !!"#

! ! ! ! (2)!

Considering!the!velocity!as!a!function!of!time!t!and!the!path!s!the!time!of!flight!can!be!described!as!in!
equation!3.!!

! = ! !
!!!"#

= ! !
!!"#! ! ! (3)!

Based!on!the!time!of!flight,!the!relation!between!mass!m!and!charge!state!z,!can!be!concluded!as!the!
main!output!value!for!analyte!separation!(Equ.!4).!

!
! = 2!"(!!)

!! ! ! ! (4)!

The!separation!of!different!ions,!referred!to!as!mass!resolving!power!Rm!is!determined!by!the!mass!m!
divided!by!the!mass!resolution!δm0(Equ.!5).!!
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!! = !
!!

! ! ! ! (5)!

TOF!instruments!are!usually!built!with!an!axial!geometry!(Fig.!1).!The!simple!set!up!is!referred!to!as!
linear! TOF! (LTOF).! LTOF! applications! have! a! wide! dynamic! mass! range! providing! a! very! broad!
application!field!for!analysis!ranging!from!small!but!fragile!analytes,!e.g.!glycosylated!peptides!in!the!
kDa!range,!to! large!molecules,!e.g.!proteins! in!the!MDa!range.!High!molecular!weight!analysis!does!
not!intend!to!obtain!monoisotopic!resolution,!however,!this!is!an!essential!part!to!obtain!information!
about! peptides,! lipids! or! other! organic! compounds! in! the! low!molecular! mass! range.! The! energy!
distribution,! as! a! consequence! of! the! direct! relation! between! time! of! flight! and!mass,! leads! to! a!
statistical! TOF! distribution! resulting! in! peak! broadening.! Very! broad,! consequently! badly! resolved!
peaks! in! LTOF! mass! spectra! result! from! the! lack! of! mass! resolution! to! detect! separated! isotopic!
pattern,!especially!in!the!protein!mass!range.!Furthermore!the!internal!energy!distribution!during!the!
acceleration! process! leads! to! signal! degradation! besides! biological! variation,! e.g.! glycosylation,!
contributing!isoform!variability.!To!increase!resolution!and!mass!accuracy!two!technical!set!ups!were!
constructed:!the!implementation!of!a!delayed!extraction!time!and!the!integration!of!an!ion!mirror!to!
elongate!the!flight!path!and!reduce!energy!distributions!–!the!reflector!TOF!(RTOF).!!

DE!also! referred! to!as!pulsed!extraction! (PE)!or! time<lag<focusing,! is! the!delayed!application!of! the!
extractive! acceleration! field! [50,! 51].! Ions! in! the! plume! receive! a! statistically! distributed! internal!
energy,!depending!on!their!position!relative!to!the!neighbor!matrix!molecule!and!the!sample!surface.!
Those! energy! distributions! lead! to! variations! in! the! first! acceleration! distance! and! transformed!
velocity.! Applying! the! acceleration! field! a! few! ns! after! the! laser! pulse,! leads! to! equilibrating! ion!
momentums!and! the! compensation!of! internal! energy! variations! [52].! Ions! remaining!at! the! initial!
position! because! less! energy! was! transferred! receive! a! higher! acceleration! and! obtain! higher!
velocities! compared! to! ions! at! the! surface.! The! compensation! mechanisms! result! in! an! evened!
velocity!distribution!for!ions!entering!the!field!free!drift!region,!leading!to!enhanced!mass!resolution!
and!mass!accuracy.!

Compensating!the!internal!energy!distribution!and!additionally!increasing!the!TOF!path!is!conducted!
by!the!RTOF!geometry![53,!54].!!

ii. Reflector!TOF!–!RTOF!

Mamyrin!in!St.!Petersburg![53]!developed!the!idea!of!RTOF!instrument!design.!The!main!aim!was!to!
further! adjust! the! ions! energy! distribution! by! deceleration! and! acceleration! using! an! ion! mirror.!
Additionally,!ion!packages!entering!the!ion!mirror!are!refocused!during!the!acceleration!towards!the!
detector! as! ions!with! a! high! velocity,! respectively! higher! internal! energy,! travel! a! longer! distance!
through!the!reflector!compared!to!ions!with!a!lower!velocity.!Consequently!the!acceleration!path!is!
longer!and!the!time!of!flight!increased,!compensating!the!former!velocity!distribution.!!

Technically! the! reflectron! is! located! directly! after! the! field! free! drift! region! (Fig.! 1).! The!
implementation! can! be!manifold.! The! simplest! configuration! is! a! single! stage! reflector,! containing!
several! equally! spaced!grid!or! ring! electrodes! generating! a!homogeneous!electrical! field! [55].! Two!
stage! reflectron! instruments! provide! two! homogeneous! electrical! fields! with! different! potential!
gradient.! The! first! stage! induces! an! electrical! field! of! high! intensity! and! efficiently! decelerates!
entering!ions,!whereas!the!second!stage!provides!a!weaker!field.!Geometrically,!those!constructions!
are! smaller,! however! suffer! from! decreased! ion! transmission! [56].! In! both! configurations,! the!
electrical!field!is!adapted!to!a!very!specific!mass!range,!if!not!to!one!particular!m/z!value!for!optimal!
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energy! spread! compensation.! In! further! development,! the! quadratic! reflectron,! the! dynamic!mass!
range!is!increased.!Voltages!are!applied!as!a!quadratic!function!in!a!voltage!versus!penetration!depth!
profile.!!

The!major!critical!point!for!the!implementation!is!the!electrical!field!shape,!which!is!not!ideally!and!
contains!high<density!field!lines!in!the!centroid!area!compared!to!low!densities!at!the!periphery.!As!a!
consequence!the!ion!beam!diverges!and!ion!transmission!is!reduced![57].!!

A!very!efficient!method!for!constructing!an! ion!mirror! is! the!curved!field!reflectron!(CFR)![58].!The!
CFR!is!a!technical!compromise!between!the!so!far!described!reflector!designs,!aiming!to!compensate!
for!ion!transmission.!The!discontinuous!entrance!grid!is!similar!to!the!single!and!dual!stage!potentials!
whereas!the!field!shape!is!comparable!to!the!linear!potential![59].!!!

!

Figure(1:(Schematic(outline(of(the(MALDI@TOF(process:(the(desorption/ionization(process(is(followed(by(acceleration(of(

the( ions,(which( are( detected( either( in( linear( or( reflectron(mode.( For( the( reflection( process( ions( are( decelerated( and(

accelerated(again(by(voltages(applied(to(a(dual(stage(or(curved(electrical( field.(During(TOF(analysis( ions(are(separated(

according(to(their(mass(to(charge(ratio,(which(is(determined(by(the(ion’s(velocity.((

The! newest! technical! improvements! to! increase! mass! resolution! combine! up! to! 4! ion! mirrors!
obtaining! an! ion! flight! path! of! approximately! 20! m! in! a! spiral! trajectory! [60,! 61].! Mass! resolving!
power! up! to! 80.000! FHWM! at! m/z! 2564! can! be! obtained,! which! is! sufficient! for! accurate! mass!
determination.!Mass!accuracy!for!the!low!mass!range!was!described!to!exceed!2!ppm.!!!

iii. Orthogonal!TOF!–!oTOF!!

The! principal! of! MALDI<TOF! is! identical! in! orthogonal! TOF! (oTOF)! instrumental! configurations,!
however,! with! significantly! increased! resolving! power! and! mass! accuracy.! The! high! initial! axial!
velocity!distribution!is!electrically!eliminated!and!ions!are!collimated!by!the!initial!ion<transfer!optics,!
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e.g.! quadrupole,! hexapole! or! octapole.! By! the! implementation! of! ion<transfer! optics,! which! also!
stabilizes!ions!by!thermalization,!the!ion!source!is!completely!decoupled!from!the!TOF!analyzer.!!High!
laser! pulse! rates! theoretically! transform! the! pulsed! principal! into! continuous! transfer! to! the! TOF!
pulser! region.! Ions! are! collected! at! the! entrance! system! of! the! flight! tube! after! injection! and!
accelerated,!“pushed”,!towards!the!drift!region.!From!here!on!the!process!is!similar!to!the!axial!built!
TOF! instruments! [62].!Despite! the! increased!mass! accuracy,! oTOF! instruments!deal!with! increased!
processing!times!in!the!millisecond!range!and!their!mass!range!is!limited!to!the!capacities!of!the!ion<
transfer!system.!!

oTOF! systems! are! based! on! their! construction! hybrid! systems! equipped!with! additional! functions!
[63],! which! embed! further! dimensions! of! analyte! separation,! e.g.! Ion! mobility! separation! was!
implemented!by!Waters! [64,! 65]! and!Agilent.!Both! instruments!are!designed!as!QTOF! instruments!
with!a!drift!cell!located!before!TOF!separation.!Ion!mobility!separation!is!based!on!the!ions!collision!
cross!section.!Ions!travel!by!the!accelerative!electrical!field!through!the!drift!cell,!whereas!inert!gas!is!
used! as! a! counteracting! force! working! against! the! electrical! field.! As! a! consequence! ions! are!
separated!based!on!their!collision!cross!section!additionally!to!the!electrical!charge!and!mass!related!
analysis.!!

c. Analyte(fragmentation!

As! described! the! initial! energy! of! ions! after! laser! irradiation! is! very! high.! If! it! exceeds! the! bond!
energies!of!the!molecule,!fragmentation!can!occur,!which!is!referred!to!as!metastable!decay.!Using!
MALDI! ion! sources! those! fragmentations! are! further! classified! as! the! described! PSD! and! ISD!
fragmentations.!PSD!fragments,!which!are!often!used!for!analyte!characterization!in!terms!of!peptide!
sequencing! or! lipid! identification,! travel!with! the! same! velocity! as! their! parent! ion! and! cannot! be!
detected!in!linear!TOF!acquisition!mode.!Yet,!the!ion!mirror!separates!fragment!from!parent!ions!due!
to!their!reduced!internal!energy![66].!!

Collision!induced!dissociation!(CID)!is!based!on!the!collision!of!ions!with!gas!molecules.!Instruments!
are!equipped!with!a!gas!chamber!located!in!the!flight!path,!which!is!filled!with!gas.!Ions!collide!while!
crossing! the! chamber! and! fragments! are! detected.! Usually! CID! ions! have! a! higher! abundance!
resulting! in! enhanced! signal! quality! due! to! a! higher! total! ion! current.! ! After! the! collision!with! gas!
molecules! analyte! ions! receive! a! very! high! amount! of! energy,! which! is! distributed! equally! in! the!
molecule!and!results!in!vibration!among!the!axes![67,!68].!The!efficiency!of!energy!conversion!after!
collision,! strongly! depends! on! the! analyte! mass! and! structure,! the! collision! gas! and! their! initial!
energy.! The! mechanism! of! CID! is! often! applied! for! structural! analysis! because! of! the! increased!
number!of! fragments!compared!to!PSD!or! ISD.!The!fragmentation!pathway! is!directly! linked!to!the!
amount!of! energy! the! analyte! ion! receives.! CID! is! possible! for! high! (20! eV)! and! low! (8! eV)! energy!
collision! [69,! 70].! To! compensate! the! abundance! differences! between! fragments! and! associated!
parent! ions,! some! instruments!provide! the!possibility! to!eliminate!parent! ions!before!detection! to!
improve!spectral!quality.!This!artificially! increases!sensitivity!for!fragment!ions!by!avoiding!detector!
saturation![71].!Further!details!of!fragmentation!and!fragment!ion!formation!will!be!discussed!later!
in!the!analyte!verification!sections!(see!Chapter!4.a!and!4.b).!!

d. Detection!!

While!ion!detection!was!formerly!conducted!using!spectroscopic!instrument!configurations,!such!as!
photo!plates,!detection!developed!towards!digital!signal!conversion.!!
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MS! applications! usually! deal! with! the! total! ion! current.! Ions! hitting! the! detector! trigger! current!
signals,!which!are!amplified!and!translated!to!information.!The!most!important!quality!of!detectors!
is,! to! deliver! quantitative! information,! which! means! that! the! signal! is! proportional! to! the! ion!
abundance,!while!hitting! the!detector! surface.!Amplification! is!mandatory! for!detection,! especially!
for!low!abundant!analytes.!!

The! most! frequently! used! commercially! available! detectors! to! date! are! electron! multiplier! tube!
(EMT)! and!multichannel! plate! detectors! (MCP).! Both!work! at! the! same! principle! of! amplifying! ion!
signals!by!a!cascade!of!secondary!electrons![72].!

EMT!detectors!contain!several!conversion!dynodes!of!inverse!potential!to!the!analyte!ion!to!amplify!
signals.!Ions!hitting!the!first!conversion!dynode!induce!the!immersion!of!inversely!charged!secondary!
particles,!e.g.!electrons.!After!emitting!electrons!from!the!first!dynode,!the!conversion!dynode,!those!
electrons! are! amplified! in! the! dynode! cascade! and! translated! into! current.! The! dynodes! in! these!
detectors!are!discrete.!Another!detector! form! is! the!use!of! continuous!dynodes,!which!are!usually!
made! of! lead! doped! glass,! often! referred! to! as! channeltron! detectors.! Channeltron! detectors! are!
usually!arranged!as!small!circular!plates,!containing!a! large!number!of!channeltrons,! referred!to!as!
multichanneltron!plate! (MCP).!MCPs!are!characterized!by! their!high!amplification!power!and!quick!
scanning! time.! However,! their! short! life! span! of! approximately! 2! years! is! often! reduced! by! ion!
contamination!or!poor!vacuum!stability.!!

Signals!are!further!amplified!by!conventional!signal!amplifiers!and!converted!into!data.!According!to!
the! systems! calibration! for!masses! and! flight! times,! information! is! processed! and! transferred! into!
mass!spectra!plotting!m/z!values!against!intensities.!!

( (
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2. Mass&spectrometry&imaging&&&

!

!

Figure& 2:& Scheme& of& a& MSI& workflow& exemplary& visualized& for& tissue& samples;& Samples& are& dissected& followed& by&
immediate& fixation&and&embedding& to&avoid&analyte&degradation;&Thin& sections&are&obtained&by&microtome&sectioning&
e.g.& cryoCsectioning;& For& MSI,& samples& are& either& treated& enzymatically& or& MALDI& matrix& is& applied;& MSI& analysis& is&
followed&by&data&analysis&and&interpretation.&

a. Sample&preparation&&

MSI! experiments! are! despite! exceptions,! usually! conducted! by! conventionally! built! MALDI! ion!
sources,! very! often! combined! with! a! TOF! analyzer.! As! a! consequence! high! similarity! with!
conventionally! MALDI! sample! preparations! is! demanded.! Flat! surfaces! with! very! homogeneous!
matrix! crystallization! and!negligible,! insulating!properties! are!preferred.! To! achieve! this! conditions!
careful!sample!preparation!is!needed.!!

i. Sample!acquisition!and!preEhandling!

MSI!analysis!often! requires!very! long!and! invasive!procedures!of! sample!preparation.!Furthermore!
long! data! acquisition! times! require! good! analyte! sustainment! to! stabilize! analytical! information.!
Starting!from!the!dissection!of!material,!quick!analyte!preservation! is!necessary![1].!For!biomedical!
materials!the!most!common!established!method!is!to!immediately!snap!freeze!samples![2].!Proteins!
and!lipids!can!be!preserved!for!a!long!time!when!stored!below!E!70!°C![3].!Depending!on!the!sample!
and!the!analytical!question!storing!conditions!can!be!reduced!to!E20!°C.!Plasma!has!been!shown!to!
be! sufficiently! stable! at! E20! °C! [4],! lipids! however,! rapidly! degrade!or! oxidize! [5].! For! polymers! no!
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comparable!analysis!has!ever!been!conducted,!however!it!is!assumed!that!polymers!are!stable!over!a!
wide!temperature!range,!despite!thermal!expansion![6].!!

For!tissues!fixation,!methods!are!required!keeping!the!morphology!and!analytes!preserved.!So,!the!
main!goal!is!to!prevent!protein!autolysis!and!enzymatic!degradation.!The!most!commonly!used!fixing!
technique!for!tissue!samples!in!histological!databases!is!formalin!fixation.!Formaldehyde!is!inducing!
protein! crossElinking!by!methylene!bridges.!The!process! stabilizes!proteins!and!prevents!enzymatic!
degradation.! Lipids! are! washed! out! during! the! formalin! infusion! procedure,! where! the! tissue! is!
dehydrated! in!baths!with!decreasing!alcohol!content.!For!MSI!experiments,!proteins! fixed! in! tissue!
have! to! be! denatured! to! be! accessible! for! desorption/ionization,! similar! to! antigen! retrieval!
established!for!histological!analysis![7].!Physical!and!chemical!treatments!help!to!break!crossElinking,!
besides! the! use! of! MS! compatible! detergents! (e.g.! Rapigest! SF)! [8].! ! AntigenEretrieval! is! also!
conducted!by!washing!procedures!or!even!microwave!treatment![9].!Especially!citric!acid!buffers!and!
extreme!pH!values!showed!good!success!for!reversing!the!effect!of!formalin!fixation.!Harsh!washing!
procedures! can! be! avoided! by! snap! freezing! of! tissue! using! liquid! nitrogen! or! isopentane! [10].!
However,! the! freezing!process!affects! the! tissues!morphology.!Additionally! it!has! to!be!considered!
that!frozen!samples!are!less!stable!for!longEterm!storage!and!not!suited!for!bio!bank!sampling!due!to!
their!poor!morphological!preservation.!!

As! for! microscopic! or! histological! analysis,! also! for! MSI! tissue! samples! have! to! be! mechanically!
stabilized! and! sectioned! using! microtomy.! Histology! has! developed! a! huge! variety! of! embedding!
media! for! tissue! stabilization,! which! are! now! frequently! used! for! MSI! analysis! as! well.! Paraffin,!
Optimal!Cutting!Temperature! (O.C.T.!TissueTek)!and!sucrose!are! the!most! frequently!used,!besides!
resins!or!gelatin.!Paraffin!provides!very!good!morphological!stability!and!analyte!preservation!and!is!
the!most!commonly!used!medium!for!bio!banks.!Yet! for!MSI!analysis!paraffin!residues! induce!high!
signal! background.! The!described! side! effects! can!be! reduced!by! extensive!washing!procedures! to!
remove!paraffin!and!also!buffer!residues.!Low!pH!solvents!combined!with!microwave!treatment!also!
reverse!the!extensive!crossElinking.!O.C.T.!has!been!reported!to!show!significant!polymer!background!
signals!when! used! in!MS! applications.! However,! the! embedding!medium! is!waterEsoluble! and! can!
easily! be! removed!by! simple!washing!procedures.!Analytes!with! good! ionization!properties,! either!
highly!concentrated!or!easier!ionized!than!others!(e.g.!phosphatidylcholine),!are!less!affected!by!the!
described! interferences.! Furthermore! O.C.T.! provides! due! to! its! water! solubility! very! good!
compatibility!with!hydrophobic!analytes,!which!are!not!affected!by!the!washing!procedures.!The!high!
viscosity!and!temperature!dependent!strength,!features!O.C.T.!for!biomaterial!applications!that!need!
microtome! sectioning.! Mounting! and! sample! fixation! can! easily! be! conducted! without! material!
interference!or!harming.!A!very!ancient!embedding!medium!is!sucrose,!which!is!used!especially!for!
ultraEcryoEmicrotomy.!Sucrose!is!comparable!easy!to!handle!and!removed!due!to!its!water!solubility!
without!interfering!signals.!Sucrose!embedded!tissue!is!rarely!used,!despite!its!convincingly!fixation!
supporting!properties![11]!and!high!compatibility!with!MS![12].!!

The!technology!of!microtome!slicing!is!primarily!used!in!histology!and!microscopy!science!for!cutting!
tissue! sections! into! thin! slices! for! histological! staining! and! morphological! analysis.! Microtome!
instruments! are! characterized! by! their! rotary! configuration,! operating! temperature! and! the! least!
possible! cutting! thickness.! For! MSI! analytical! sample! preparation! the! most! important! factors! are!
reproducibility! of! the! cutting! process! and! the! homogeneous! surface,! which! is! determined! by! the!
knife! and! the! operator.! Ceramic,! diamond! and! stainless! steel! knives! are! favored,! due! to! reduced!
sample!smearing!and!stability.!The!main!aim!is!to!obtain!representative!cuts!through!cells! in!tissue!
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samples,! respectively! polymer! structures! in! biomedical!materials.! Vertical! resolutions! through! any!
sample!can!be!obtained!between!125!nm!for!cryoEsectioning!and!up!to!40!µm,!depending!on!sample!
stability.!Obtaining!ultraEthin!sections,!allows!insight!far!below!the!cellular!level!by!threeEdimensional!
reconstruction!of!consecutive!slices![13].!!!

For!MSI!cut!samples!are!mounted!on!indium!tin!coated!(ITO)!target!surfaces!or!stainless!steel!MALDI!
targets.! ITO! targets!are!amongst! the!most! commonly!used!surfaces! in!MALDI! imaging!due! to! their!
usability!as! transparent! slides! for!microscopic!analysis!without!a! lack!of! conductivity!obligatory! for!
MALDI.!The!targets!are!coated!with!a!very!thin!and!robust!conductive!metal!layer,!which!is!sputtered!
in!nm!thickness!on!the!glass.!The!surface!resistivity!lies!between!20!and!200!Ω/sp!and!is!sufficient!for!
transmitting!homogeneous!electrical! fields.!Other! target!possibilities!are! the!conventional! stainless!
steel!MALDI!targets.!Conventional!microscopic!glass!slides!used!in!histology,!e.g.!with!lysine!coating!
for!improved!sample!attachment,!are!rarely!used!because!of!inefficient!acceleration!field!application!
leading! to! reduced! sensitivity.! In!many! cases,! samples! have! no! adhesive! properties,!which! is!why!
conductive!tape!has!to!be!used!for!surface!attachment.!Steel!filaments!are!incorporated!in!a!doubleE
sided!adhesive!tape!allowing!proper!sample!mounting!and!efficient!electrical!field!transfer.!

For!whole!body! samples!or! very! fragile! tissues,! tape! transfer! is!often!used.! The! sample! is! covered!
with!an!adhesive!tape!before!slicing!to!enhance!sample!stability![14].!To!increase!sample!dimensions!
in!space,!stretching!methods!have!been!established!and!proved!successfully!for!MSI!analysis![15,!16].!
Stretching! the! samples! artificially! increases! the! lateral! resolution! and! adapts! it! to! the!determining!
laser!diameter.!!

A!critical!point! for!sample!and!analyte!stability! is!storage!and!thawing.!As!explained,!most!samples!
need! storage! temperatures! below! E20! °C.! During! thawing! thin! water! films! are! induced! by!
condensation! very! likely! dislocating! the! analyte.! Thawing! under! vacuum! or! airEdrying! under! N2!
stream!is!therefore!recommended![17].!!!

Biological! samples! usually! contain! high! amounts! of! salts! [18].! Even! though!MALDI! is! a! technique!
moderately!sensitive!to!salt!residues,!removing!salts!clearly!improves!signals!quality![19,!20].!!A!lot!of!
established!washing!procedures!exist! for!diverse!analytical!approaches.!Many!of!them!demand!the!
removal! of! lipids! to! reduce! ion! suppression! effects! [21]! towards! proteins! or! peptides.! Especially!
those!lipids!carrying!natively!charged!head!group,!especially!phospholipids!are!favored!in!ionization.!
Tissue!washing!procedures!described!for!peptide!and!protein!analysis!therefore!use!alcohol!baths!to!
extract!and!remove!lipids.!The!big!advantage!is,!that!also!residues!of!embedding!media!are!removed!
by! the!use!of!organic! solvents.!Ultra! thin! samples,!however,!might! loose! their! adhesive!properties!
and!can!be!washed!off.!!!

The! most! critical! point! in! sample! washing! procedures! is! again! analyte! dislocation.! Formalin! fixed!
samples! have! been! reported! to! be! very! robust,! whereas! unfixed! samples! need! cautious! washing!
strategies,!which!do!not!harm!morphology! (e.g.! strong!acids!or!bases).!Nevertheless,!especially! for!
peptide!and!protein!analysis,!sample!washing!can! lead!to!a!tremendous! increase! in! ion!signal!yield!
[1].!Washing!with!70E100!%!ethanol!leads!to!significant!increases!in!intensity!and!signal!to!noise!ratio!
for!the!higher!mass!range!above!20!kDa![22].!Also! lipid!signals!have!been!reported!to!benefit! from!
washing!cycles!using!ammonium!formiate!or!ammonium!acetate!at!specific!pH![23,!24].!Removal!of!
salts! or! interfering! analytes! is! not! the! only! goal! for! applying! washing! procedures.! Acidic! solvents!
easily! remove! histological! stains,! e.g.! toluidine! blue! and! hematoxylin/eosin! stains,! which! will! be!
discussed!in!the!analyte!identification!section!(see!Chapter!4.a!and!4.b).!!
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Protein! and!peptide! analysis! conducted!by!MSI! is! inhibited!by! the! sample’s! poor! conductivity,! the!
strong!crossElinking!of!the!fixation!and!the!difficult!accessibility!of!analytes!due!to!their!integration!in!
tissue.! Several! strategies! have! been! established! to! improve! the! accessibility! of! analytes! for! MS!
analysis,!including!enzymatic!cleavage.!In!that!approach!proteins!are!reduced!to!a!size,!accessible!for!
efficient! desorption,! ionization! and! detection.! Additionally! smaller! peptides! can! be! analyzed!more!
easily! regarding! the! amino! acid! composition! by! MS/MS! sequencing! compared! to! intact! proteins.!
Trypsin! has! so! far! remained! the! most! frequently! used! protease! for! enzymatic! cleavage! in! MSI!
experiments.!The!cleaving!sites!for!trypsin,!arginine!and!lysine,!are!very!frequent!in!every!protein.!As!
a!consequence,!accessibility!of!potential! cleavage!sites! is! improved!and!digestion! is!more!efficient.!
Also!combinations!with!other!proteases,!e.g.!chymotrypsin!or!Lys!C,!lead!to!promising!results,!due!to!
different!cleaving!sites,!increasing!overall!information.!However,!pH!values!often!do!not!fit!the!tissue!
properties!and!combined!automatic!data!base!search!is!not!possible!to!date.!!

The!most!critical!issue!for!“on#tissue”!digestion!is!finding!the!ideal!conditions.!Tissues!are!frequently!
stored! in! various! buffer! systems,! throughout! the! fixation! and! embedding! process.! Washing!
procedures! before! enzymatic! treatment,! also! have! to! adjust! the! pH! according! to! the! enzyme’s!
preferences.! Typically! digestions! applied! in! proteomics! for! in! gel! or! in! solution! digestion! include!
protein! reduction! and! alkylation.! This! is! often! abandoned! for! MSI! experiments! because! of! poor!
disulfide! bond! accessibility! and! possible! analyte! dislocation! during! the! treatment.! Furthermore!
reducing! agents! and! alkylation! agents! are! not! MS! compatible! and! have! to! be! removed! before!
measurement,!which!introduces!even!more!unsuitable!sample!handling!steps.!Yet!analyte!dislocation!
is! still! critical! for! the! digestion! process.! The! applied! enzyme! layer! has! to! be! kept! moist! to! keep!
proteolytic! activities.! Enzymes! are! usually! applied! similar! to! the! MALDI! matrix,! which! will! be!
discussed!later!(see!Chapter!2.b).!In!general!discrete!spotting!or!homogeneous!spray!coating!is!used.!
The!major!problem!with!enzymatic!treatment!of!tissue!sections!is!the!homogeneous!accessibility!of!
present! proteins.! Obtained! peptide! fragments! are! not! supposed! to! have! equally! distributed!
accessible!cleavage!sites,!which!makes!reliable!localization!difficult![25,!26].!The!choice!of!inevitable!
washing!procedures!is!also!crucial!for!the!information!delivered.!If!no!washing!is!applied,!enzymatic!
autolytic! products! can! be! observed! enhancing! complexity! of! spectra.! Furthermore! dislocation! or!
complete! loss! of! generated! peptides! is! possible.! Remaining! peptides! however,! are! very! likely!
retained! in! a! preserved! position,! allowing! insight! to! accessible! cleavage! sites! of! the! respective!
protein.!However,!the!loss!of!analytes!is!a!critical!issue!in!this!case.!!

So!far!no!qualification!criterion!has!been!developed!for!on!tissue!digestion!protocols.!The!number!of!
identified!peptides!necessary!for!valid!identification!is!still!under!discussion!and!databases!are!being!
developed!for!identified!peptides!and!proteins!in!MSI!experiments!on!various!tissue!samples![27].!!

If!samples!have!gone!through!the!procedure!of!sample!preparation!with!the!final!step!of!drying!by!
vacuum!desiccation!or!N2!stream,!matrix!can!be!applied.!!

ii. Matrix!deposition!!

Matrix! application! for! MSI! experiments! favors! small! droplets! applied! in! a! reproducible! manner!
ensuring!perfect!analyte! incorporation!and! localization.!The!requirements! for!matrices!used! in!MSI!
experiments!are!rather!similar!to!general!MALDI!applications![1].!Analyte!compatibility!is!the!major!
determining!factor!of!choice!as!well!as!homogeneous!crystallization!properties.!For!MSI,!maybe!the!
solvent! system! is!of! even!higher! influence.! Solvent! systems!are! ideally! very!quickly! evaporating! to!
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accelerate! matrix! crystallization,! however,! they! have! to! induce! efficient! analyte! solvation.! The!
balance!between!dissolving!and!delocalizing!the!analyte!of!interest!is!of!high!importance.!!

For!positive!ion!analysis,!especially!peptides!and!proteins,!trifluoroacetic!acid!addition!in!proportions!
between!0.1!and!1!%!has!been!reported!to!efficiently!increase!ionization!yield!for!MSI![28]!as!already!
experienced! for! conventional! MALDI! measurements! of! peptides! or! proteins.! Matrices! commonly!
used!for!MALDI!applications!such!as!CHCA,!SA!or!DHB!are!used!for!MSI!experiments,!too.!However,!
the!applied!concentrations!are!much!higher.!For!MSI!analysis!the!described!matrices!are!often!used!
at!saturated!levels,!which!are!10E15!mg/mL!for!CHCA,!10E30!mg/mL!for!SA!and!more!than!50!mg/mL!
for!DHB!dissolved!in!acetone!or!acetonitrile,!all!commonly!used!for!proteomic!MSI!approaches![29E
31].! Many! matrices! have! been! evaluated! for! their! qualities! in! MSI! applications,! especially! 1,5E
diaminonaphtalene,!aminoacridine,!azathiothymin!and!coumaric!acid!are!often!mentioned!matrices!
[32,!33].!The!use!of!ionic!liquid!matrices!is!often!reported!for!analytes!with!critical!ion!yield.!CHCA!in!
combination! with! N,NEdimethylaniline! is! most! likely! reported! besides! 2EaminoE4EmethylE5E
nitropyridine.!Those!matrices!were!reported!to!show!improved!ionization!properties!combined!with!
increased!signal!to!noise!ratios!and!quantitatively!increased!signals![34].!However,!most!ionic!liquid!
matrices!are!not!stable!under!high!vacuum!conditions![35].!MSI!experiments!with!large!sample!areas!
measured!at!high!resolution!are!therefore!critical!due!to!progressive!but!unpredictable!loss!of!signal!
intensities.! The! possibility! of! application! to! atmospheric! pressure! MALDI! however! proved!
successfully,!even! for! repeatedly!MSI!analysis! [36].! In!general! the!matrix!and! the!analyte! itself! are!
limiting!factors,!often!of!unknown!stability![37].!!

To! improve! ionization! qualities! for! lipids,! besides! the! use! of! metal! additives,! the! use! of! graphite!
nanoparticle! and! carbon! tube! coatings! has! been! under! recent! investigation! [38,! 39].! The! idea! of!
sputtering!metal! on! tissue! surfaces! to! enhance! conductivity! and! provide! a! homogeneous! layer! of!
potential! adducts! for! better! ion! formation! reveals! furthermore! good! properties! to! reduce! charge!
effects!for!large!tissue!areas.!Gold!molecules!directly!on!the!surface!layer!of!matrix!are!reported!to!
neutralize! tissue! electrostatic! effects! and! therefore! improve! signal! quality.! Certainly,! those!
techniques! are! still! rarely! used! [40].! Furthermore! it! has! been! demonstrated! that! adding! potential!
adduct! forming! salts! to! the! matrix! solution,! e.g.! lithium! or! silver,! increased! the! fragmentation!
efficiency! for! lipids,!which! is! often! beneficial! for! identification!within! an!MSI! experiment!with! low!
abundant! analytes! [41].! Lithium! cluster! formation!proved!even!more!efficient! to! aid! lipid! analysis,!
when!tissue!is!already!incorporated!in!embedding!medium![42].!

For!matrix!application!a!large!variety!of!commercially!available!or!inEhouse!built!sample!preparation!
techniques! have! been! developed! and! discussed! [43].!Matrix! is! the! crucial! step! during!MALDIEMSI!
sample!preparation.! The!applied!matrix! layer! is! determining! the! validity!of! abundance!distribution!
for!detected!analytes.!Matrix! crystals,! as! a! consequence!of! their! size,! position!and! shape! limit! the!
lateral! resolution! of! a!MSI! experiment.! During! the! crystallization! process! the! efficiency! of! analyte!
incorporation! is! highly! influenced! by! analyte! solubility! in! the! solvent! system.! The! variety! of!
parameters! impacting! good! analyte! incorporation! (e.g.! temperature,! humidity! etc.)! are! therefore!
defining! the! experimental! quality! and! have! to! be! individually! optimized! for! each! analyte! and!
experiment![44E46].!!

For! MSI! experiments! matrix! can! be! applied! discretely! or! continuously! by! manual,! automatic! or!
physicochemical!methods.!Manual!matrix!application!is!due!to!the!high!minimal!volume!of!0.1!µL!not!
favorable.!Crystallization!is!very!inhomogeneous!and!similar!to!conventional!MALDI!experiments!ring!
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effects! with! intense! matrix! clusters! at! the! rim! of! the! deposited! droplet! are! observed! [47E49].!
Furthermore! the! large! solvent! volumes! are! very! likely! to! induce! analyte! dislocation! during!
crystallization! and! solvent! evaporation! as! a! consequence! of! the! large! droplet! diameter! (above!!
200!µm),!which!also!increases!lateral!resolution!far!beyond!the!laser!diameter.!

For! liquid!matrix! application! spraying! is! an! obvious! possibility.! Airbrush! devices! usually! form! very!
small! droplets! terminated! by! the! nozzle! orifice.! The! critical! issues! for! all! airbrush! applications! are!
comparability! and! reproducibility.! Angle! adjustment,! spraying! distance,! spraying! pressure! and! air!
supply!are!parameters,!which!can!be!adjusted!by!the!user!but!not!in!a!highly!regulated!manner.!The!
method! in! general! is! very! easy! to! learn,! however,! differences! between! the! users’! experiences! are!
significantly! influencing! comparability.! Besides,! for! airbrush! applications! a! much! higher! solvent,!
respective!matrix!volume!is!necessary!(liquid!loss!during!spraying!and!at!vessel!surfaces).!For!matrix!
application!gentle!movement!is!necessary!to!cover!the!whole!sample!homogeneously!and!to!provide!
enough!time!for!solvent!evaporation.!Technically!this!is!either!realized!by!moving!the!sprayer!over!a!
static! sample!plate!or! by!moving! the! sample!plate! at! static! sprayer! position,! both! in! horizontal! or!
vertical! position.!Despite! all! critical! issues,! a! lot!of! interesting!MSI! investigations!were! successfully!
published!revealing!the!power!of!matrix!application!using!an!airbrush.!!

Besides!those!very!simple!application!methods!further!strategies!for!liquid!or!dry!matrix!deposition!
have!been!developed.!In!particular!chemical!inkjet!printing!and!sublimation!will!be!presented.!Fig.!3!
gives! an! overview! of! the! hardware! and! operating! principal! of! the!matrix! applications! used! in! the!
present!thesis.!Furthermore!SEM!images!are!presented!to!demonstrate!crystal!size!and!homogeneity!
of!applied!matrix!layers.!!
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!

Figure& 3:& The&3&most& common&MALDI&matrix& application& techniques:& chemical& inkjet& printing& (ChIPC1000),& sublimation&
and&airbrushing.&Instrumentation,&basic&principals&of&matrix&application&and&SEM&analysis&of&matrix&droplets&are&outlined.&&

1. Piezo!printing!(ChIPE1000)!

The! Chemical! Inkjet! Printer! (ChIPE1000)! was! developed! based! on! findings! that! precise! matrix!
application!of!preferably! low!volumes! leads!to!favorable!analyte! incorporation! in!MSI!experiments.!
Several!in!house!built!devices!designed!similar!to!the!ChIPE1000!proved!the!quality!of!MSI!results!and!
thus!showed!good!desorption!for!peptides!and!lipids![50,!51].!!

The!ChIPE1000!is!working!with!piezo!crystal!print!heads![52].!The!design!of!the!modified!inkjet!printer!
consists! of! a! sample! holder! carrier,! placed! on! a!mechanical! unit!moving! the! sample! to! either! the!
camera! unit! for! sample! acquisition! or! the! printing! unit! for! matrix! droplet! deposition! (Fig.! 3).! For!
solvent! deposition,! MALDI! matrix! or! enzyme! application,! small! droplets! are! favorable! to! ensure!
solvent! vaporization! before! diffusion,! yet! efficient! analyte! mobilization! from! deeper! parts! of! the!
tissue!to!sufficiently!desorb!and!ionize!molecules.!The!precise!application!was!realized!by!embedding!
a! piezoelectric! element! in! the! print! head.! The! piezoelectric! effect! causes! mechanical! pressure! to!
induce! an! electric! field! in! crystals,! or! any! piezoelectric! material,! as! a! result! of! reconfiguration! of!
dipole!moments!or!rearrangement!of!dipole!molecules!within!the!material.!Piezoelectricity!combines!
the! materials! electrical! behavior! and! the! electrical! charge! density! displacement! and! strain.! In!
principal!any!crystal,!with!no!magnetic!point!group!that!has!a!symmetric!center!can!be!piezoelectric.!
Polarization!by!mechanical! stress! leads! to!an!electrical! field!and!backwards! (converse!piezoelectric!
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effect).!The! induced!change! in! length! is!proportional!to!the!applied!electrical! field!according!to!the!
Hooke’s!law![53,!54].!In!the!ChIPE1000!the!print!head!unit,!made!of!stainless!steel!and!containing!the!
piezo!element,!is!connected!to!a!power!source!and!a!vacuum!pump.!A!high!backpressure!is!necessary!
to! ensure! no! liquid! loss! and! enable! droplet! formation.! Using! the! converse! piezoelectric! effect,!
voltage!is!transformed!to!mechanical!movement,!which!is!proportional!to!the!distance!between!the!
applied! electrodes.! Initially! a! low! amplitude! and! high! frequency! is! necessary! to! induce! ideally!
conducted! movement.! To! fulfill! the! described! technical! requirements,! a! glass! capillary! micro! jet!
device!with!a!55!µm!orifice!was!implemented.!Droplets!can!be!deposited!with!a!minimal!volume!of!
87! pL,! resulting! in! droplets! with! 55! µm! cross! section! dimension! according! to! the! manufacturer.!
Depending!on! the!application! the!user!can!choose! the!pitch!size! (distance!between! two!deposited!
spots)!and!the!print!mode!(routine,!area!mode,!iterative,!random),!both!determined!by!the!volatility!
of!the!solvent!system!chosen.!!!

Not! only! has! the! ChiPE1000! been! demonstrated! to! lead! to! enhanced! ionization! and! desorption!
quality,! it! has! also! been! used! in! enzyme! application! [55].! Enzymes! and! proteins! of! choice! can! be!
applied!in!defined!areas!before!MALDI!matrix!is!deposited!on!exactly!the!same!position.!For!peptide!
analysis!after!enzymatic!treatment!of!tissue!using!the!ChIPE1000,!the!number!of!peaks!detected!was!
increased!significantly!as!well!as!the!average!peak!amplitude![25].!!

2. Sublimation!

Sublimation! is!also! referred! to!as!endothermic!phase! transition,! the!process!were!solid! substances!
transit!directly!to!the!gas!phase!without!any!liquid!intermediate!phase.!The!transition!between!solid!
and!vapor!phase!can!be!calculated!by!the!Clapeyron!equation,!correlating!temperature!and!pressure!
[56,! 57].! ! For! MALDI! matrix! application,! sublimation! is! relevant! as! phase! transition! of! matrix!
molecules!from!solid!to!gas!and!back!again!to!solid!phase,!latter!including!the!deposition!process.!!

Sublimation! is! a! sufficient! solvent! free!matrix! application! technique! for! analytes,! which! are! easily!
accessed.!If!analytes!are!strongly!crossElinked!and!embedded!in!tissue,!solvents!are!often!necessary!
to!mobilize!them!and!enhance!matrix!incorporation.!This!might!also!be!necessary!for!analytes,!which!
are! difficult! to! analyze! due! to! their! ionization! properties,! e.g.! glycosylated! peptides,! glycans! or!
proteins.!The!addition!of!TFA,!often!added!as!a!supportive!additive!for!protonation,!is!however!not!
possible!in!solvent!free!matrix!application.!Yet!the!dry!deposition!is!very!sufficient!for!surface!located!
analytes!with!good!ionization!characteristics!(e.g.!phosphatidylcholine).!

For!MSI!experiments,!due! to! the! large!variety!of! sample! surface!parameters! and!qualities,! analyte!
incorporation! is!often!difficult!and!matrix!crystallization! itself! is! influenced!by! the!samples!and! the!
choice! of! matrix.! Therefore! sublimation! provides! especially! for! very! hydrophobic! surfaces,! e.g.!
polymers,! the! possibility! to! homogeneously! cover! larger! areas! in! a! short! time! in! a! solvent! free!
approach.!The!method!is!also!of!high!interest!for!very!instable!analytes!that!would!otherwise!suffer!
from! long! processing! times! during! MALDI! matrix! application.! Crystallization! after! sublimation!
provides! very! small! crystals,! which! usually! also! directly! affects! the! lateral! resolution! in! MSI!
experiments.! For! sublimation! the! lateral! resolution! is! assumed! to! be! limited! only! by! the! laser!
properties!but!not!crystal!size.!For!DHB!very!small!crystal!diameters!below!a!few!µm!are!observed,!
compared!to!the!long!needle!shaped!crystals!induced!by!liquid!DHB!application.!The!most!essential!
benefit! is! of! course! the! solvent! free! application! over! larger! areas! as! even! very! little! amounts! of!
solvent!can!lead!to!analyte!diffusion![33,!58,!59].!!!
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However,! sublimation! also! suffers! from! several! drawbacks! and! limitations.! The! process! of!
sublimation!depends!on!matrix!properties.!Most!commonly!used!matrices!are!not!adaptable!to!the!
sublimation! process,! since! phase! transition! is! beyond! the! operation! range! regarding! temperature!
and! pressure.! Studies,! screening! for! potential! matrix! candidates! for! lipid! analysis! evaluated! 12!
different! matrices,! revealing! only! two! of! them! as! sufficient! regarding! vacuum! stability,! cluster!
formation! and! ionization! efficiency.! 1,5Ediaminonaphtalene! and! DHB! were! found! to! be! effective!
candidates! for! lipid! detection! in! positive! and! negative!mode,! providing! sufficient! vacuum! stability!
and! sublimation! properties! [60].! Most! other! candidates! were! excluded! due! to! difficulties! in! the!
sublimation!process!or!poor!ionization/desorption!efficiency.!For!proteins!and!peptides!sinapic!acid!
was!investigated!to!be!sufficient!for!reproducible!analysis!at!high!resolution![61].!!

To!date!sublimation!devices!used!for!MSI!experiments!are!in!house!built.!Figure!3!shows!an!in!house!
built!device!at! the!Erasmus!Centre!Rotterdam! [62]! consisting!of! a! sublimation! chamber,! a! vacuum!
control! system!and!a!vacuum!pump.!Samples!are!placed! in! the!sublimation!chamber!on! the!upper!
target!holder.!Matrix!dissolved!in!organic!solvent!systems!is!deposited!on!the!heating!plate.!Applying!
heat!and!vacuum!allows!the!matrix!to!sublimate!and!recrystallize!on!a!cooled!sample!surface.!!

b. MALDICTOF&&

MALDIETOF!is!the!most!frequently!used!instrumental!configurations!for!MSI!approaches,!despite!the!
use! of! less! common! set! ups,! e.g.! MALDI! combined! with! fourier! transformation! ion! cyclotron!
resonance!(FTEICR)!MS,!quadropole/ion!trap!TOF!MS!or!Orbitrap!MS.!The!broad!dynamic!range,!good!
sensitivity!and!high!flexibility!make!TOF!a!suitable!approach!for!a!large!variety!of!MSI!questions.!For!
MSI!experiments,!the!quick!accessibility!of!analytes!combined!with!a!short!analysis!time!is!essential,!
as!large!tissue!areas!should!be!analyzed!under!the!same!conditions.!!

For!most! commercially! available!MALDIETOF! instruments! a! software! user! interface! is! provided! for!
proper!MSI!experiment!setup.!In!a!MSI!experiment,!samples!are!scanned!stepEbyEstep,!accumulating!
mass! spectra! for!each!position.!The!complete!signal! information! is!processed! to!obtain!abundance!
distribution!information!for!each!detected!m/z!signal.!The!analyzed!grid,!defined!for!the!whole!area,!
is!constant!in!spatial!resolution.!Ion!signals!are!extracted!from!the!data!set!and!their!intensities!are!
plotted! as! a! function! of! positions! for! the! whole! defined! area.! The! technically! untaught! approach!
provides! specific! molecular! images! for! every! signal! detected! in! the! defined! area.! Defining! spots,!
which!can!be! localized!by! light!microscopy!and!MS!analysis,!enhances!accuracy!of!histological!data!
correlation!especially!at!high!lateral!resolution!and!homogeneous!sample!structure.!!

Two! definitions! are! important! for! MSI! analysis:! MS! profiling! and! MS! imaging! [63].! Profiling!
experiments! aim! at! obtaining! general! information! at! very! low! spatial! resolution.! The! analyte’s!
localization!is!not!the!primary!intention!but!obtaining!meaningful!spectral!pattern!is!intended.!Data!
acquisition!may!be! stochastically!only! to! compare! large!data! sets!of! lipid!or!protein!MS!profiles! in!
tissue! e.g.! regarding! their! species! or! pathology.! Imaging! on! the! contrary,! obtains! information! for!
each!defined! spot!within! an! x/y! array! at! preferably!high! spatial! resolution.! Large! amounts!of! data!
points!are!gathered!to!localize!all!detected!analytes!and!compare!regional!variation.!!

Within!the!MALDI!process,!as!described!the!laser!interacts!with!matrix!molecules!to!transmit!energy!
to!the!analyte.!However,! in!MSI!experiments!the! laser! interacts!not!only!with!the!analyte,!but!also!
with! its! environment,! i.e.! biological! tissue! or! polymer! material.! Matrices! have! been! reported! to!
absorb!and!transform!energy!to!different!extent!and!similar!observations!have!been!made!for!tissue!
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structures.! Form! laser! surgery! it! is! known! that! different! tissue! structures! react! diversely! to! laser!
energy! [64,! 65].! So,! depending! on! the! molecular! composition,! the! laser! energy! is! absorbed! with!
varying!effectiveness!by!the!biological!material.!The!laser!fluence!is!therefore!a!critical!parameter!for!
MSI!experiments.!Tissue!can!easily!be!burned!by!high!laser!energy!absorption,!resulting!in!different!
abundance!profiles!for!particular!sensitive!regions,!e.g.!adipose!regions!are!more!affected!by!ablation!
due!to!the!laser!irradiance!than!septum.!Fig.!4!visualizes!the!influence!of!thermal!sample!properties!
on!the!ablated!area!in!correlation!to!different!laser!diameters.!Comparing!thermal!paper!to!formalinE
fixed!paraffin!embedded!(FFPE)!cancerous!tissue,!cut!at!5!µm!and!covered!with!MALDI!matrix!(CHCA!
6!mg/mL! in!ACN/0.1!%!TFA,!50/50,!v/v),! reveals! significant!differences!of! laser! spot!diameters!and!
profiles! under! identical! parameters.! In! our! experience! but! also! taken! from! surgical! reports,! FFPE!
tissue! is! much! more! stable! towards! laser! irradiation,! meaning! that! less! material! is! ablated.! Even!
though! it! is!not!determined!exactly! to!what!extent! the!desorption/ionization!process! is!affected,! it!
can!be!assumed!that!heterogeneous!tissue!structures!also!respond!slightly!different!to!the!laser.!!

The!laser!diameter!itself! is!a!critical!parameter,!determining!lateral!resolutions!of!MSI!experiments.!
For!MSI!more!often!Nd:YAG!lasers!or!Nd:YAG!laser!with!modified!profiles!are!used.!The!smallest!laser!
profile!available!for!efficient!but!nonEdestructive!analyte!ablation!is!reported!between!5!and!10!µm!
[66].! If! however,! the! material! is! negatively! affected! by! the! laser! energy! or! the! applicable! laser!
diameter! is! higher! than! intended,! oversampling! is! a! possible! method! to! technically! increase! the!
spatial! resolution! [67,! 68].! Oversampling! means! that! the! raster! increment! of! the! sample! stage!
movement!is!smaller!than!the!actual!laser!diameter!with!complete!ablation!of!matrix!at!every!pixel.!
Therefore! for! each! spot! a! defined! percentage! of! the! area! is! completely! matrix! free! leading!
consequently! to!no! ion!current,! respectively!no!signal! from!this!area.!This!effectively! increases! the!
lateral!resolution!of!an!MSI!experiment!without!altering!the!laser!spot!size.!However,!the!technique!
is!very!good!applicable!for!analytes!with!good!ionization/desorption!qualities!or!if!the!mass!window!
is!limited!to!one!particular!analyte!of!interest.!!

Laser/sample! interaction! is! a! critical! topic! for! biological! as! well! as! biomaterial! samples.! The! high!
energy! may! not! cause! only! disruption! in! tissue! samples,! but! may! also! induce! hydrolysis,! radical!
formation!or!carbon!cluster!formation!in!polymer!material![69].!Yet!it!is!not!possible!to!differentiated!
between!analytes!and!unwanted!byEproducts!induced!by!the!laser!energy!per#se!in!a!mass!spectrum,!
false!conclusion!can!be!drawn.!!
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!

Figure&4:&Evaluation&of& the&SmartBeam&[70]& laser&diameter&on& thermal&paper&and&FFPE& tissue& (thickness&5&µm&covered&
with&CHCA.&&&

MSI!using!TOF!mass!analyzers!implies!difficulties!for!mass!accuracy.!As!described,!TOF!mass!analysis!
is!highly!affected!in!accuracy!by!the!internal!energy!distribution!of!desorbed!ions.!The!energy!spread!
is!even!more!tremendous,!if!ions!start!at!different!initial!points!of!localization.!Methods!for!internal!
calibration!or!recalibration!based!on!internal!standard!have!been!reported!but!also!m/z!adjustment!
after! correlating! results! with! classical! proteomics! approaches! (i.e.! bulk! analysis! of! tissue! samples!
after!digestion!and!chromatographic!separation).! Introducing! internal!standards!bears! the!problem!
of!probably!higher!ionization!efficiencies!for!the!standards!or!ion!suppression!effects,!both!leading!to!
information! loss.! m/z! adjustment! after! comparison! with! results! from! orthogonal,! proteomics!
methods! is! especially! suitable! for! peptides! but! difficult! for! other! species.! This! approach! has! the!
further! advantage! that! the! use! of! peptides! generated! by! enzymatic! digestion! as! internal! standard!
does! not! lead! to! unpredictable! ion! suppression! effects! [71].! Both! mentioned! approaches! are!
however,!limited!to!samples!with!sufficiently!available!quantities.!!

Mass! accuracy! can! be! increased! by! decoupling! the! ion! source! from! the! TOF! analyzer,! e.g.! oTOF!
instruments! as! described! earlier! (see! Chapter! 1.b.iii).! Other! possibilities! include! instruments!
providing!higher!accuracy,!e.g.!Orbitrap!or!FTEICR!MS! [40].!Approaches! to!estimate!mass!deviation!
theoretically!and!for!MSI!applications!are!presented!in!the!present!thesis!(see!Chapter!2.).!!

Accurate!analyte!identification!is!often!linked!to!the!interest!in!quantitation.!The!use!of!MALDIETOF!
MS! for! quantification! or! at! least! relative! quantification! has! controversially! been! discussed.!
Quantification! is! difficult! because! of! described! effects! (e.g.! ion! suppression,! tissue! ablation,!
ionization!efficiencies! in! tissue)! or! eventual!matrix! hot! spots.! Studies! evaluating! the!quantification!
properties! of! ion! intensities,! compared! standard! peptides! with! defined! analyte! concentration! in!
complex!mixtures! and! came! to! the! conclusion! that! isotopic! labeling! represents! the!most! accurate!
and!reliable!possibility!to!try!relative!quantifying!peptides![72].!Other!approaches!include!algorithms!
for!the!calculation!of!peptide!ionization!efficiency!and!signal!response!to!quantify!urinary!biomarkers!
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[73].!MSI! approaches! also! included! the! correlation!with!quantitative! LCEMS!data! to!obtain! reliable!
methods!based!on!ion!response!determination!for!small!molecules![74,!75].!!

c. Data&analysis&&

The! basic! principal! of! MSI! analysis! is,! to! qualitatively! and! ultimately! also! quantitatively! visualize!
distributions!of!selected!ion!signal!abundances.!Data!visualization!is!simple!and!easy!to!conduct,!if!no!
particular!processing!is!intended,!using!e.g.!MATLAB,!R!or!any!other!software!capable!of!reading!out!
DICOM! source! code.! Each! instrument! supplier! provides! additional! software! for!MSI!workflow! and!
data!analysis.!Visualization!based!on!signal!or!region!selection!are!state!of!the!art,!however,!further!
data! processing! for! individual! applications! is! often! required! to! improve! signal! and! image! quality.!!
Comparisons! of! different! MSI! instruments! or! even! different! technical! approaches,! e.g.! computer!
tomography!or!positron!emission!tomography!are!further!required!to!comprehensively!analyze!data.!!

One!of!the!first!open!source!approaches!combining!all!kinds!of!data!formats!with!the!possibility!to!
analyze,! process! and! correlate! differently! sources! images! was! Biomap! [76].! Biomap! is! capable! of!
reading!DICOM!as!well!as!MSI! files!after!conversion!and!therefore!covers!almost!all!applications!of!
interest!regarding! imaging.!Biomap!enables!spectrum!and!position!based!visualization!as!well!as!3E
dimensional!(3D)!reconstruction!of!multiEdimensional!data!sets![77]!and!the!definition!of!regions!of!
interest!(ROI).!However,!the!large!data!packages!and!data!sets!lead!to!new!requirements,! including!
also! data! processing! tools! tailored! for!MSI! instrumentation! and! application.! Nevertheless! Biomap!
was!never! intended!to!be!of!public!use!and!never!programmed!in!a!user!friendly!way.!Therefore! it!
was! never! fully! accepted! in! the!MSI! community! for! 3D! reconstruction! and!multidimensional! data!
sets.!

Bruker!provided!one!of! the! first!commercially!available,!however! instrument!based,!software! tools!
for!data!processing!combined!with!statistical!analysis!(FlexImaging,!ClinProt,!Bruker,!Germany).!Even!
though! the! basic! processing! tools! of! data! normalization,! which! will! be! discussed! later! on,! are!
implemented,!the!software!is!limited!in!spatial!pixel!resolution!to!10!µm!and!large!data!sets!beyond!a!
few! GB! cannot! be! processed! sufficiently! (despite! user! defined! data! reduction! sets).! ClinProt,! the!
associated!statistical!tool!for!performing!cluster!analysis!or!principal!component!analysis,!also!shows!
limitation!for!data!size!(only!a!few!GB!of!data!can!be!processed).!Waters,!providing!an!MSI!solution!
including!ion!mobility!data!solved!the!problem!of!large!data!sets!also!by!user!defined!data!reduction!
mechanisms,!however,!so!far!does!not!provide!any!statistical!analysis!tools.!!!

Consequently! for! instrumental! comparison,! individual! data! processing! or! normalization! and!
statistical! analysis! open! source! software! solutions! were! developed! addressing! different! analytical!
requirements.!!

The!main!approach! for! instrumental!comparison! is! to! find!a!compatible!data! format,!which!can!be!
read!by!the!software!of!choice,!contains!the!raw!and!unprocessed!data!and!provides!small!data!size.!
imzML!was!introduced!as!data!format!at!the!Justus!Liebig!University!in!Germany!by!Andreas!Römpp!
[78]! in! parallel! to! the! Datacube! Explorer! (DCE)! developed! at! the! FOMEAMOLF! institute! by! Ivo!
Klinkertin! the! Netherlands! [79].! The! combination! of! both! allowed! a! very! efficient! way! of! data!
reduction,!enabling!data!storage,!visualization,!handling!and!transfer!with!high!compatibility.!To!date!
data!conversion!executives!are!available!for!all!commercially!available!instruments.!!
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Data!processing,!independent!from!the!software!used,!intends!to!enhance!image!quality!and!reduce!
eventual!blurred!areas!affected!by!unwanted!background! signals.! The!basic! features!are! similar! to!
conventional!MS!spectra!processing:!smoothing!and!baseline!subtraction.!The!most!commonly!used!
smoothing! algorithms! are! Gaussian! and! SavitzkyEGolay.! Whereas! Gauss! attempts! median! based!
correction,!which!favors!the!higher!mass!range!above!a!few!kDa,!SavitzkyEGolay!algorithms!performs!
least!square!regression,!enhancing!monoisotopic!resolved!data!sets.!Baseline!correction!is!applied!to!
redefine!the!eventually!“drifted”!baseline!due!to!high!interfering!signal!background,!e.g.!paraffin.!!

For! MSI! data! normalization! applied! to! the! whole! data! set! is! relevant! to! reduce! pixelEtoEpixel!
variation.! Those! variations! occur! due! to! inhomogeneities! on! the! sample! surface,! e.g.! caused! by!
matrix! cluster! formation! leading! to! increased! or! decreased! signal! intensities,! or! ion! suppression!
effects.! To!obtain!a!normalized!data! set,! each! spectrum! is!divided!by! the!calculated!normalization!
factor! f.! RouteEmeanEsquare! (RMS),! total! ion! current! (TIC)! and!median!normalization!are! the!most!
commonly!used!algorithms.!RMS!normalization! (Equ.!6)! is!one!of! the! first!algorithms! implemented!
for!MSI!approaches,!providing!good!spectral!denoising!for!homogeneous!samples!by!summing!up!the!
RMS! for! all! data! points! y,! divided! by! the! number! of! spectra.! Its! pitfall! is! the! sensitivity! to! strong!
outliers,!which!are!not!detected!and!the!general!favoring!to!display!intense!signals.!!

! = ! !!!!!!!!⋯!!!!
! ! ! (6)!

For! calculating! the! TIC! normalization! factor! (Equ.! 7)! the! mean! of! all! data! points! is! calculated.!
Considering! the! spectral! area! is! sufficient! for! reducing! noise,! however! this! approach! is! rather!
insensitive!to!peak!intensity!variations.!!

! = ! !!!!!!⋯!!!! ! ! (7)!

For! median! normalization,! simply! the! median! of! all! data! points! is! calculated! (Equ.! 8).! For! this!
algorithm!it!is!necessary!that!all!data!points!are!included!and!not!cut!off!or!excluded!during!baseline!
subtraction.! Therefore! it! is! very! efficient! for! noise! reduction! and! very! robust! towards! artifacts,!
except!if!no!signal!and!consequently!no!noise!is!generated.!!

! = !"#$%&(!!, !!,… , !!)! (8)!

!

Other! normalization! algorithms,! e.g.! peak! picking,! exclude! one! major! peak! from! proportional!
abundance!calculations.!Frequently!matrix! cluster! signals!are!chosen,!due! to! their! intensive! signals!
[80].! Comparison! of! normalization! algorithms! implemented! in! commercially! available! software!
revealed! that! processing!methods,! which! not! only! include! intensity! values,! but! also! peak! shapes,!
performed!best!for!obtaining!reliable!results![81,!82].!Besides!sufficient!data!normalization!the!large!
size!of!average!data!sets!for!one!singular!run!is!problematic!for!softE!and!hardware!processing![83].!
As!a!consequence,!statistical!data!analysis! is,!despite!a!few!exceptions,!e.g.!SCiLS!Lab!(SCiLS!GmbH,!
GER),!outsourced!to!other!programs!or!implemented!in!the!context!of!Matlab!or!R!analysis.!

!

!

!
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d. Statistical&data&analysis&&

Within! MSI! experiments,! a! large! amount! of! signals! are! detected! originating! either! from! actual!
analytes!but!also!from!unwanted!background!(i.e.!polymer!clusters,!salts!or!like!wise).!It!is!therefore!
necessary!to!correctly!determine!the!analyte!of!interest!or!even!areas!of!interest.!!

For! large! data! sets! automated! analysis! is! in! many! cases! essential.! For! MSI! data! this! means! that!
analyte!differentiation! from! less! interesting! signals! for! large! sample!numbers! is!necessary!but!also!
the! analytes’! spatial! differentiation! within! only! one! sample! are! obligatory.! Statistical! analysis! is!
already!automated!and!can!also!be!applied!to!MSI!data.!

Statistical! analysis! methods! can! be! divided! into! supervised! and! unsupervised! approaches.!
Unsupervised!analysis!does!not!require!any!previous!knowledge!about!the!data!set!and!is!often!used!
for!obtaining!general!information!about!structures!in!data!sets.!Supervised!methods!are!most!often!
used!for!classification!and!require!previous!assignment!of!certain!features!for!each!data!set.!!

The!currently!most!frequently!used!statistical!classification!method!is!known!as!principal!component!
analysis! (PCA).! PCA! aims! at! transferring! the! huge! complexity! of! influencing! parameter,! e.g.! m/z!
values,! into! a! different! and! simpler! coordinate! system.! For! this! each! value! is! averaged! and! its!
aberration!calculated!(Equ.!9!and!10)!before!the!transformation!value!is!calculated!(Equ.!11).!!

! = !
! ! !!!

!!! ! ! (9)!

! = ! !! ! (!! − !)(!! − !!)!!
!!! ! ! (10)!

!!" = !!!! !(!! − !!)! ! (11)!

Based!on! those! calculations! principal! components! are! identified,!which! can!be! single! or! groups!of!
m/z!values!or!particular!regions.!However,!PCA!scores!are!still!part!of!a!mathematical!model,!which!
can! also! providing! negative! scores! theoretically.! Detailed! examination! of! statistical! results! is!
consequently!mandatory.!!

Statistical! analysis! can! also! be! used! to! find! similarities.! Grouping! spectra,! or! data! in! general,!
according!to!their!similar!profiles!is!referred!to!as!cluster!analysis.!Similarity!factors!(Formula!12)!or!
distances! are! introduced! based! on! the! squared! difference! between! obtained! comparable! data!
points.!

!!" = ! (!!" − !!!")! + !(!!" − !!!")! +⋯+ !(!!" − !!!")!& & (12)&

!

Based! on! those! calculations!mass! spectra! from!different! positions! are! grouped! together! to! obtain!
regional! information.! For! results! visualized! in! dendrogramms,! which! can! be! rearranged,! those!
classification! systems! are! defined! as! hierarchical! cluster! analysis.! Those! algorithms! are! also!
frequently!used!for!image!segmentation.!

Despite! the! described! statistical! methods,! several! other! approaches,! e.g.! factorizing! methods! or!
fuzzy! clustering,! have! been! discussed! for! their! effect! on! data! analysis! in! MSI! experiments.! The!
discussion! of! tactical! classification! algorithms! is! valuable! for! the! identification! of! biomarkers! and!
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disease!classification!based!on!large!data!cohorts,!due!to!the!data!extraction,!not!possible!applying!
manual!data!interpretation.!However,!the!valuable!effect!can!further!be!applied!to!reduce!noise!and!
bias!and!improve!image!quality!for!further!analysis![84].!!

For!all!described!data!processing!steps,!the!crucial!problem!is!the!data!set!size,!which!will!definitely!
lead!to!new!challenges,!developments!and!requirements! for!MSI!experiments! [84E86].!Multivariate!
data! analysis! to! classify! healthy! and! cancerous! tissue! was! successfully! established! based! on! data!
reduction! and! consideration! of! signal! groups! allowing! even! further! intraEtumor! specific!
differentiation! for! kidney! tissue! [87].! Comparable! validated! prediction! models! further! allow! the!
application!large!sets!of!completely!unknown!samples.!!

& &
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3. Aspects)of)mass)spectrometry)based)surface)analysis:)tissues)and)biomaterials))

A"lot"of"scientific"questions,"either"in"biology"or"material"science"benefit"from"spatial"knowledge."For"
biological" samples," tissue" heterogeneity" and" biomarker" identification" are" essential" issues," often"
investigated" by" MSI." Biomaterials" on" the" contrary" are" in" constant" interaction" with" biological"
compartments."Here"the"understanding"of"biodegradation"and"interaction"is"of"high"interest.""

a. Biological)tissue))

Tissues," either" animal" or" plant," are" functionally" and" structurally" combined" clusters" of" cells." The"
organization"pyramid"can"be"defined"as"cells"forming"tissue,"which"is"the"basis"for"organs."The"focus"
for" tissue" samples"within" this" thesis" lies" on" soft" tissue" from" rats" and" humans." From" the" analytical"
point" of" view," and" especially" for" MSI," the" physical" properties" of" different" tissues" are" of" high"
importance,"besides"their"molecular"constitution."Different"concentrations"of"salt"or"compositions"of"
saccharides,"lipid"or"proteins"highly"influence"the"tissue"morphology"and"consistency."Electrophysical"
properties"impact"artifact"formations"and"sensitivity"of"MSI"experiments."The"electrical"conductivity"
and" relative" permittivity" varies" not" only" for" different" tissues," but" also" between" singular" cell"
compartments"within"the"tissue,"depending"on"the"laser"frequency"irradiating"the"tissue"sample"[1]."
The"fact" that" freezing"points"or" thermal"expansion"coefficient"of"various"tissues"are" influencing"the"
choice" of" fixation" technique," the" embedding" medium" and" microtome" procedure" have" also" to" be"
considered" for" subsequent" MS" analysis." Compared" to" brain," which" can" only" be" cut" above" K5" °C,"
kidney"and"other"tissue"with"a"higher"connective"tissue"proportion,"have"to"be"cut"at"K20"°C"or"even"
below." Embedding" procedures" disadvantageous" for" MS," like" formalin" fixation" and" paraffin"
embedding"procedures,"can"however"expanding"thermal"operation"limits."Tissue"cutting"thickness"is"
determined"by"the"percentage"of"connective"cells"and"the"thinner"the"sample,"the"more"affected"is"
the"sample’s"morphology."Again"fixing"and"embedding"improves"sample"preparation"but"is"negatively"
affecting"MS"analysis."

"

Figure)5:)Tissue)samples)from)healthy)kidney)and)carcinogen)breast)tissue.)The)H/E)stained)kidney)shows)the)functional)
subunits) of) glomeruli) and) tubuli) after) formalin) fixation) and) paraffin) embedding.) The) toluidine) stained) mamma)
carcinoma)tissue)shows)highly)adipose)proportions)(stroma))besides)several)blood)vessels)cancerous)cells.)In)both)cases)
the)tissue)was)formalin)fixed)and)either)paraffin)(kidney))or)sucrose)(mamma)carcinoma))embedded.))

i. Kidney"

Kidneys" are" the" central" organ" of" the" urinary" system," responsible" for" detoxification," excretion,"
resorption" and"homeostasis." Based"on"macroscopic" levels," kidney" tissue" can"be"differentiated" into"
renal" pelvis," the" medullary" renal" pyramids" and" the" cortex." Within" those" regions" are" very"
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homogeneous"blood"vessels," tubuli"and"glomeruli."One"of" the"major" functions,"blood" filtration"and"
nutrient"resorption,"is"taking"place"in"the"glomeruli,"ball"formed"loop"structures."The"capillaries"of"the"
glomeruli," located" in" the" Bowman’s" capsula" (in" the" medulla)," are" surrounded" by" podocytes," cells"
majorly"impacting"nephropathology."Podocytes"play"an"essential"role"in"the"filtration"process.""

Kidney" tissue" is" very" favorable" for" MSI" analysis," due" to" its" homogeneous" structure" and" high"
conductivity." MALDI" lasers" in" the" normal" application" range" between" 20" Hz" and" 2" GHz" diminish"
dielectrically"properties,"resulting"in"conductive"samples"comparable"to"stainless"steel.""

MSI" has" already" been" applied" to" kidney" tissues" earlier," for" investigations" of" glomerulosclerosis" for"
differentiating"healthy"and"pathological"glomeruli"on"protein"profiling" level" [2]."The"average"size"of"
one"glomeruli"is"between"60"and"150"µm"allowing"MSI"already"at"early"times"of"this"technique"with"
rather"high"lateral"resolutions."Besides"enzymatic"metabolism"studies"of"angiotensin"and"its"subforms"
[3]," also" in" situ" experiments" for" nephrological" toxicity" and" crystal" deposits" were" successful" [4]."
However," rhenopathology" did" not" only" focus" on" proteins" and" metabolites," also" lipids" revealed"
profound" insight" into" pathological" pathways," e.g." for" hyper" Immunoglobulin" A" nephropathy" or"
glomerulonephritis" [5]." MSI" demonstrated" that" certain" long" chained" phosphatidylcholine" species,"
specific"for"this"disease,"are"found"primarily"in"tubuli"but"have"no"yet"determined"function"[6]."

Due" to" its" characteristics" of" high" morphological" stability" and" homogeneity," kidney" tissue" is"
compatible"with"a" large"variety"of"embedding"media," ranging" from"resins," to"sugar"based"solutions"
over"FFPE"and"O.C.T"embedding."Kidney"tissue"is"even"stable"enough"to"be"analyzed"in"a"snap"frozen"
state."This"is"the"reason"why"kidney"material"was"chosen"in"the"beginning"of"the"presented"thesis,"for"
proper" MSI" adjustment" and" to" study" the" loss" of" analyte" signal" due" to" fixation" an" embedding"
processes."Furthermore"fixation"methods"and"embedding"media"were"tested"for"their"suitability"for"
on" tissue" digestion." Cell" and" microstructure" differentiation" based" on" MSI" experiments" were"
compared"to"histological"staining"with"respect"to"advantages"and"limits.""

Within" the" present" thesis," the" biological" question" was" focused" on" the" identification" and"
differentiation"of"podocytes"based"on"peptide"and"protein"profiles."The"large"biobank"available"at"the"
Medical" University" of" Vienna" made" the" comparison" of" different" pathological" stages," fixation"
techniques"and"embedding"media"feasible."The"obtained"results"formed"the"basis"for"identifying"the"
limits"of"MSI"experiments"with"available"equipment."(see"Chapter"5)"

ii. Mamma"carcinoma"–"metastatic"tumor"tissue""

Breast"cancer" is"known"as"the"type"of"cancer"with"the"highest"prevalence"and"mortality" in"Western"
civilization."Tumor"biopsies"are"very"contrary"to"kidney"tissue"samples."Tissue"structures"contain"high"
amounts" of" stroma" and" lipoid" tissue." The" consequences" are" the" need" for" even" enhanced" tissue"
fixation" and" embedding" strategies" to" preserve" original" morphology." Moreover," laser/tissue"
interaction" and" ion" suppression" effects" have" to" be" reconsidered" for" tissues"with" high" amounts" of"
septum"as"septum"consists"mainly"of"adipose"tissue,"which"is"easily"ablated"completely.""

Mamma"carcinoma"metastases"are"frequently"found"in"the"lymph"nodes"of"surrounding"organs"such"
as"lung"or"bone"marrow"and"liver."However"often"also"brain"and"colon"regions"are"affected."So"far"the"
underlying" mechanism" of" cancer" spreading" has" not" been" characterized" completely" and" tissue"
congruities" have"not" been"matched" completely." Furthermore" the"heterogeneity" of" tumor" tissue" in"
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primary"tumors"and"metastatic"tissue" is"of"high" interest,"since" it"provides" information"about"tumor"
proliferation.""

Even" though" the" breast" cancer" associated" proteome" is" well" characterized" [7]" and" several" MSI"
approaches" have" been" published" [8K11]," little" is" known" about" proteins" associated" with" tumor"
heterogeneity." The" difficulties" to" access" low" abundance" proteins" and/or" peptides" relevant" for" the"
differentiation" between" healthy" tissue," mamma" carcinoma" and"metastasis" will" be" outlined" in" the"
additional"section"of"the"thesis"(see"Chapter"9.c).""

b. Biomaterials)

Biomaterials" have" already" been" used" in" ancient" times" when" Romans" used" gold" as" a" replacement"
system" for" teeth." External" aids" were" also" found" in" supporting" broken" extremities" by" wood."
Continuous"developments"in"biomaterial"lead"to"the"possibility"of"being"capable"of"replacing"many"of"
our"organs."

"

Figure)6:)Biomaterial)made)from)ultra)high)molecular)weight)polyethylene)(1st)row))and)polytetrafluorethylene)(2nd)row):)
(a))Molecular)structure;)(b))Application)as)acetabular)cup)or)blood)vessel;))(c))Sample)preparation;)(d))Thin)slices)for)MSI)
application.))

i. NonKdegradable" polymers" used" in" artificial" joint" replacement" surgery" –" PEK
UHMW""

Ultra"high"molecular"weight"polyethylene"(PEKUHMW)"is"a"commonly"used"and"highly"stable"material"
resisting"mechanical" forces"well."For" total" joint" replacements" it"has"been"used"as"a"bearing"surface"
since"1962"because"of" its"high"biocompatibility"and"high"wear"resistance."The"polymer"is"frequently"
used"for"application"due"to"its"easy"adaptability"and"usability."Its"biocompatibility"and"high"chemical"
inertness"prove"it"favorable"for"implantation"[12,"13].""

However,"UHWMPE"has"also"been"reported"to"produce"reasonable"amounts"of"wear"particles"of"subK
micron"size"and"was"claimed"to"enhance"inflammation"and"apoptosis"processes"in#vivo"[14,"15]."

UHWMPE"is"used"for"acetabular"cup"replacement,"the"sliding"surface"in"the"articulating"hip"joint."The"
polymer" is" in" direct" contact" with" the" lubricating" fluid," synovial" fluid" (SF)," and" its" counterpart" the"
femoral" head," usually" made" of" titanium" or" Al2O3." The" mechanical" forces" are" extremely" high," not"
seldomly"exceeding"110"Newton."Especially"exposed"areas"can"be"found"in"the"center"regions"of"the"
acetabular" cup,"where" the" lubrication" film" is"at" its" thinnest"and"mechanical" load"at" its"highest" [16,"
17].""
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PEKUHMW"is"a"linear"homopolymer,"with"a"molecular"mass"of"3K8"x"106"g/mol"of"high"homogeneity,"
yet"contains"crystalline"and"amorphous"regions."It’s"very"apolar"surface,"supports"the"capabilities"of"
articulating"in"heavily"exposed"joint"systems"[18].""

To" ensure" biocompatibility" and" high" immune" acceptance," UHWMPE" needs" to" be" sterilized" before"
implantation." Gamma" and" electron" beam" irradiation" have" been" proven" to" increase" the" oxygen"
uptake," resulting" in" enhanced"material" aging," whereas" ethylene" oxide" does" not" show" comparable"
effects," but" is" less" sufficient" for" sterilization." So" far" mainly" Fourier" transform" infrared" (FTIR)"
spectroscopy" and" light" microscopy" have" been" used" for" characterizing" the" oxidation" behavior" of"
UHWMPE" [19K21]." It" was" shown" that" oxidative" environments," e.g." hydroperoxide," induce" further"
oxidation"in"all"kinds"of"UHWMPE,"sterilized"or"nonKsterilized."In"light"microscopy"images"white"lines"
mark"regions"highly"affected"by"oxidation"and"brittling,"found"often"near"the"surface"in"contact"with"
the" oxidative" environment." The" defective" region" is" usually" found" down" to" 5" mm" underneath" the"
exposed"surface."Areas"highly"affected"by"oxidative" stress,"also" show"severe" increase"of" roughness"
and" heterogeneity" after" treatment" with" oxidative" species" [22," 23]." Oxidative" species" are" usually"
described"as"carbonyl"species"and"hydroperoxides"and"both"have"been"coKlocalized"with"macroscopic"
material"damage"and"abrasion."It"has"been"proven"that"pure"polyethylene"is"not"prone"to"oxidation"in#
vivo." Slightly" oxidized" species," like" sterilized" material," which" can" also" contain" radicals," is" highly"
affected"by" further" in# vivo" oxidation"and" radical" formation" [24," 25]." So" it" is" easily"understood" that"
biodegradation" of" the" polymer" is" further" enhanced," in" case" of" dysfunctional" mechanics" or"
pathological"predisposition."

Implant" loosening" or" acute" inflammation" mainly" causes" UHWMPE" implant" failure." However," also"
small" failures" in" abrasion" resulting" in" small" particles" inducing" inflammation," significantly" influences"
the"bioKcompartment."To"prevent"biological"adsorption"within"an"oxidative"environment,"UHWMPE"
has" been" modified" by" additives" or" coatings." Vitamin" E/tocopherol," providing" fatKsoluble" and"
antioxidants"properties,"has"been"used"as"a"doping"substance,"to"reduce"oxidation"[26]."Coating"the"
polymer"surface"with"polyethylenglycol"(PEG)"has"been"reported"to"increase"the"mechanical"load"and"
decreased"wear"for"hip"liners"[27]."Also"high"crossKlinking"of"UHWMPE"has"been"reported"to"improve"
resistance"to"protein"adsorption"and"consequently"eventual"oxidation"[28].""

Recent" studies" [29]" proved" the" adsorption" of" protein" compounds" on" PEKUHMW." The" polymer" has"
been" incubated" in" protein" standard" solutions" of" high" concentration." Fluorescence" imaging" proved"
homogeneous"protein"patterns"for"single"proteins"on"the"whole"surface."However,"those"studies"lack"
the"information"about"competitive"protein"adsorption.""

For" lipid" species" it"was" published" that" very" small" lipid" associated" compounds" have" been" found" to"
diffuse" into" the"polymer"material" [30]."Cholesterol"and" its"preK"or"byKproducts,"e.g." squalene,"were"
identified" approximately" 5" mm" underneath" the" contact" side" and" on" the" surface" using" infrared"
spectroscopy."This"diffusion"leads"to"a"decrease"in"the"comprehensive"modulus"and"strength.""

Synovial" fluid" (SF)" is" the" natural" lubricant" of" UHWMPE" liners," between" the" contact" side" of" the"
polymer" and" the" articulating" titanium," CoCr" or" Al2O3" femoral" head." The" major" components" are"
hyaluronic"acids,"albumin,"immunoglobulins"and"apolipoproteins."Considering"the"lipid"composition,"
SF" contains" high" proportions" cholesterol," mono," diK" and" triacylglycerides," ceramides" and"
phospholipids.""
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In"healthy"joints,"the"main"function"of"SF"is"lubrication"and"metabolism."It"can"be"assumed"that"SF"has"
to" some"extent" also"oxidative"properties." This" property"may" change"during"disease," as" it" is" known"
that" the" generally" very" viscous" SF" changes" its" fluidity" during" osteoarthritis," arteriosclerosis" and"
chronic"or"acute"inflammation.""

Proteins" essential" for" the" lubrication" process" are" often" considered" as" glycosylated." AlphaK1Kacid"
glycoprotein" and" alphaK1Kantitrypsin" have" been" shown" to" enhance" lubrication" between" PEKUHMW"
and" Al2O3." Carbohydrates" are" supposed" to" induce" a" shearKreducing" layer" by" adjustment" of" their"
hydrophilic" carbohydrate" chains." Furthermore" phospholipids," especially" phosphatidylethanolamine"
and"phosphatidylcholine"are"essential" for" the" lubrication"process."However," the" layer" formation"on"
the" PEKUHMW"surface" possibly" induces" the" adsorption"of" a" variety" of" oxidative" species" and"might"
alter"material"properties.""

The" described" rough" area" after" oxidation" is" supposed" to" be" highly" affected"by" protein" adsorption,"
according"to"theoretical"simulation"assumptions"[31].""

Within"this" thesis" the"main"aim" is" to" identify"components"adsorbed"on"and"diffused" into"UHWMPE"
hip" liners." Incubation" experiments" were" established" to" study" adsorption" behavior" and" analyte"
diffusion"after"interaction"with"the"polymer"in"a"static"system."The"interaction"between"the"polymer"
and" its" surrounding" compartment" has" to" be" understood" to" gain" basic" insight" into" the" oxidation"
process,"which"is"critical"for"materials’"longKterm"success."MSI"combined"with"conventional"analytical"
techniques," e.g." protein" precipitation" followed" by" gel" electrophoresis," provides" the" possibility" to"
obtain" information" about" the" localization" and" the" identity" of" interacting" biomolecules" in" a" very"
comprehensive"approach"(see"Chapter"6,"7"and"8).""

ii. Biodegradable"polymer"materials"used"for"vacular"prosthesis"

Biodegradable" materials" are" used" to" induce" tissue" growth" replacing" the" initial" polymer" implant."
Especially" for" blood" vessel" replacement," the" physical" properties" of" pulsed" pressure" resistivity,"
elasticity" and" flexibility" within" short" time" intervals" are" essential" for" the" biopolymers" [32]."
Polytetrafluoroethylene"has"been"identified"to"show"good"properties"for"vessel"replacement,"since"it"
is"easily"degraded"due"to"its"low"molecular"weight"and"good"biological"accessibility"[33]."It"was"found"
that"bioKmolecular"adsorption"starts"directly"after"implantation"[34]."The"diffusion"of"small"molecules"
such" as" lipids" is" supposed" to" change" the" polymer" structure" starting" the" degradation" process." The"
adsorption"of"proteins"leads"to"surface"changes"attracting"cells"to"attach"and"form"layers."Under"the"
confluent" layer," the"polymer"degrades"until" the"replacement"process" is" finished."The"challenges"for"
graft"materials" lye" in" the" compromise" between" hydrophilic" and" hydrophobic" properties" as"well" as"
dynamic"mobility"and"electrical"repulsion"[35]."The"conducted"experiments"aimed"to"understand"the"
adsorption"behavior"of"proteins"and"lipids"on"different"graft"material"in#vivo"after"defined"time"points"
(see"Chapter"9.a).""

) )
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4. Analyte*identification**
a. Protein*analysis*by*gel*electrophoretic*separation*and*MALDI;TOF*analysis*

MSI$is$capable$of$either$localizing$intact$proteins$or$cleaved$protein$fragments,$peptides$respectively.$
However,$molecular$weight$determination$or$sequence$information$can$often$hardly$be$determined$
due$to$the$low$concentration$of$analytes.$Within$the$present$thesis$protein$identification$is$based$on$
molecular$weight$determination$and$sequencing$of$peptides.$$

The$ biological$ question$ of$ investigating$ proteins$ adsorbed$ on$ polymer$ surfaces$ can$ effectively$ be$
assisted$ by$ protein$ analysis$ techniques$ favoring$ mass$ and$ sequence$ determination$ such$ as$ gel$
electrophoretic$separation$followed$peptide$mass$mapping$and$sequencing.$

The$ focus$ of$ the$ present$ thesis$ lies$ on$ protein$ analysis$ approaches$ involving$ the$ precipitation$ of$
almost$the$complete$proteome$of$a$biological$fluid,$removal$of$interfering$substances,$separation$of$
proteins$ and$ identification$ of$ each$ protein$ in$ a$ separate$ approach.$Despite$ the$ existence$ of$many$
different$approaches$this$method$was$chosen$to$characterize$the$bioCfluids$in$a$more$comprehensive$
way.$$$

Gel$ electrophoresis$ (GE)$ provides$ an$ easy$ and$ practical$ approach$ to$ separate$ complex$ protein$
samples$ according$ to$ their$ size$ or/and$ charge,$when$ conducted$ at$ native$ state.$GE$methods$ have$
been$developed$for$separation$in$solution$or$in$stabilized$matrices.$$

The$basic$principle$of$GE$is$rather$simple.$Molecules$with$a$specific$size$and$charge$are$accelerated$
by$ an$ electrical$ field$ force$ and$ decelerated$ by$ the$ friction$ force$ induced$ by$ the$ matrix$ particles$
diameter$and$crossClinking.$The$balance$between$those$two$influences$determines$the$velocity$and$
mobility$of$analytes$(Equ.$13).$Mobility$ is$defined$as$the$ interaction$between$traveling$velocity$and$
field$ strength.$ The$ ideal$mobility$ considers$ an$ ideally$ shaped$ spherical$ particle,$ which$ is$ retarded$
depending$on$the$charge$state$z,$the$elemental$charge$e,$solution’s$viscosity$η$and$the$Stoke’s$radius$
r,$according$to$Stoke’s$law$(Equ.$14).$For$the$separation$of$nonCglobular$analytes,$e.g.,$mobility$is$also$
impacted$by$charge$q$and$molecular$mass$M.$$

! = ! !"!! = !"$ $ (13)$

!!"#$% = ! !"
!!"#!!!!$ (14)$

! = ! !
!!! $ $ (15)$
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Technically$the$separation$of$proteins$ in$a$gel$can$be$realized$ in$a$vertical$or$horizontal$set$up.$For$
this,$the$gel$matrix$is$composed$of$crossClinked$molecules$retarding$the$analytes.$Acrylamide$is$one$
of$ the$most$ popular$monomers,$ besides$ agarose.$ Polyacrylamide,$ acrylamide$ crossClinked$ by$ N,NC
methyleneCbisCacrylamide$after$free$radical$polymerization,$is$chemically$inert$and$very$stable.$$

For$the$sole$determination$of$protein$size$sodiumCdodecylsulfate$polyacrylamide$gel$electrophoresis$
(SDSCPAGE)$is$most$frequently$used.$The$technique$is$capable$of$separating$proteins$from$a$low$mass$
range$of$a$few$1000$Da$up$to$several$100$kDa$[1].$$
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SDSCPAGE$was$introduced$by$Weber$and$Osborn$in$the$60s,$improved$by$Laemmli$(Lämmli$1970)$in$
the$70s$and$is$still$frequently$used$today$[2].$Proteins$are$denatured$by$heating$between$75$and$100$
°C$in$a$mixture$with$SDS,$leading$to$the$break$of$hydrogen$bonds.$Additional$to$the$protein’s$loss$of$
conformation,$SDS$is$nonCcovalently$bound$to$the$proteins$at$a$constant$ratio$of$approximately$1.4$g$
SDS$per$g$protein$[3].$However,$the$hydrophobicity$of$the$backbone$is$influencing$this$ratio.$The$SDS$
addition$ covers$ the$ net$ charge$ of$ the$ protein$ introducing$ a$ rather$ constant$massCtoCcharge$ ratio.$
Additionally$ SDS$ as$ a$ detergent$ increases$ protein$ solubility$ leading$ to$ decreased$ protein$
precipitation.$The$addition$of$dithiotreitol$or$βCmercaptoethanol$reduces$disulfide$bonds$present$ in$
proteins$and$ leads$ to$ complete$denaturation.$ $ Separation$of$proteins$ in$ the$ resolving$gel$matrix$ is$
consequently$based$only$on$the$size$of$the$SDS/protein$complex.$Comparison$with$the$migration$of$
standard$ protein$ markers$ of$ known$ molecular$ weight$ allows$ determination$ of$ the$ apparent$
molecular$mass$of$analytes.$The$mass$determination$for$denatured,$reduced$proteins$was$shown$to$
be$ sufficient$ for$ most$ biochemical$ questions$ for$ a$ long$ time$ due$ to$ a$ linear$ correlation$ between$
electrophoretic$mobility$of$ the$protein$ complex$and$ the$molecular$weight$of$ the$protein$ itself$ [4].$
Yet,$proteins$ can$ show$unexpected$migration$behavior.$Glycosylation,$ sulfation$or$phosphorylation$
leads$to$deviated$mass$values.$For$glycosylated$proteins$it$was$observed$that$proteins$migrate$slower$
than$their$corresponding$nonCmodified$protein$[5].$

Various$staining$possibilities$are$available$where$the$dye$directly$binds$to$the$protein$[6].$Due$to$its$
sensitivity$and$compatibility$with$MS$analysis$ [7],$ the$most$ frequently$used$ is$silver$staining$with$a$
reported$ detection$ limit$ of$ 1$ ng$ [8].$ Coomassie$ Brilliant$ Blue$ RC250$ and$ GC250,$ triphenylmethane$
dyes,$ are$ other$ possibilities$ [9],$ however$ are$ comparably$ less$ sensitive,$ with$ detection$ limits$ of$
approximately$5$ng$protein$analyte$[10].$$

To$further$determine$the$molecular$weight$of$proteins,$SDS$results$are$often$combined$with$MALDIC
TOF$MS$analysis.$MALDICTOF$MS$usually$generates$single$or$double$charged$ions$([M+H]+,$[M+2H]2+)$
and$ has$widely$ been$ reported$ for$ good$mass$ accuracy$ identifying$ larger$ proteins.$ However,$ labile$
groups$such$as$sialic$acid$or$sulfate$groups$might$get$ lost$due$to$high$energy$transfer$ in$the$MALDI$
process,$leading$to$underestimated$molecular$masses$[11].$Besides$the$fact$that$MALDICTOF$covers$a$
very$ broad$ mass$ range,$ sensitivity$ is$ far$ below$ the$ pM$ range$ depending$ on$ the$ analyte$ and$
instrument,$allowing$the$detection$of$proteins$not$visible$in$gel$electrophoresis.$$

Protein$ identification$ solely$ by$ molecular$ weight,$ either$ obtained$ by$ SDSCPAGE$ or$ MALDICTOF$
analysis$or$both,$is$critical$as$the$number$of$potential$proteins$rises$exponentially$with$the$molecular$
mass.$However,$both$methods$assist$the$molecular$mass$determination$of$the$intact$protein$and$can$
comprehensively$be$assisted$by$peptide$mass$mapping$strategies.$$$

Statistically$ reliable$ protein$ identification$ is$ possible$ by$ peptide$mass$ fingerprint$ analysis.$ Peptide$
mass$fingerprint$ is$ the$statistical$collection$and$rearrangement$of$protein$fragments$obtained$after$
enzymatic$ cleavage$ [12].$ Various$ groups$ have$ established$ the$ method$ during$ the$ early$ 90s$ [13].$
Proteins$ are$ enzymatically$ degraded$ using$ an$ enzyme$ after$ disulfide$ bond$ stabilization.$ Derived$
peptides$are$detected$using$mass$spectrometry$and$rearranged$to$the$complete$protein$by$statistical$
algorithms$ [14].$ Mass$ accuracy$ and$ efficient$ protein$ cleavage$ increases$ the$ statistical$ chance$ to$
calculate$ the$ theoretically$ possible$ sequence$ for$ the$ associate$protein$ [15].$ Search$ algorithms$ and$
databases$have$been$developed$containing$species$and$tissue$specific$proteomic$data$sets$of$ large$
extent$ [16].$ Of$ course$ identification$ is$ only$ possible$ if$ the$ digested$ protein$ is$ registered$ in$ the$
respective$ database.$ Otherwise$ comparison$ of$ the$ obtained$ fragment$ ions$ and$ their$ abundance$
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proportions$ can$ be$ performed,$ delivering$ theoretical$ sequence$ information.$ The$ less$ proteins$ are$
included$ in$ a$ peptide$ mass$ fingerprint$ (PMF),$ the$ higher$ is$ the$ statistical$ possibility$ of$ reliable$
identification.$ $However,$ excising$protein$bands$ from$oneCdimensional$ gel$ electrophoresis$ includes$
the$possibility$of$having$more$than$one$protein$present$in$the$gel$band.$This$makes$MALDICTOF$PMF$
analysis$ without$ prior$ additional$ LCCseparation$ more$ complex.$ Modern$ algorithms$ are$ capable$ of$
dealing$ with$ up$ to$ 4$ present$ proteins$ in$ one$ spectrum,$ while$ even$ more$ protein$ sequences$ are$
possible$with$significantly$reduced$identification$scores.$$

For$ unknown$ proteins$ or$ uncertain$ identification$ scores,$ peptide$ sequencing$ by$ PSD$ or$ CID$ is$ an$
additional$or$supporting$possibility$for$protein$identification,$referred$to$as$peptide$sequencing$[17].$
The$fragmentation$of$peptide$ions$delivers$information$about$the$amino$acid$composition.$Efficient$
fragmentation$procedures$enable$the$recalculation$of$the$complete$peptide$sequence$from$both$the$
NC$and$CCterminal$end.$Sequencing$is$based$on$fragmentation$of$peptides,$which$can$be$achieved$by$
PSD,$ CID$ or$ electron$ transfer$ dissociation,$ charge$ remote$ fragmentation,$ electron$ capture$
dissociation,$which$will$not$be$discussed$ in$detail$ in$the$present$thesis$ [18].$The$weakest$and$most$
likely$site$of$fragmentation$is$the$peptide$bond.$Depending$on$the$fragmentation$technique$applied,$
peptides$ fragment$ differently,$ producing$ characteristic$ ions.$ Fig.$ 6$ shows$ most$ frequent$
fragmentation$ sites.$ aC,$ bC$ and$ cC$ ions$ originating$ from$ the$NCterminus,$whereas$ xC,$ yC$ and$ zC$ ions$
contain$ the$ CCterminal$ end.$ PSD$ majorly$ induces$ aC,$ bC$ and$ yCions,$ whereas$ cC,$ yC$ and$ zCions$ are$
associated$with$ ETD$ fragmentation.$ During$ CID$ fragmentation$mainly$ bC$ and$ yCions$ are$ generated$
with$the$possibility$of$further$fragmentation$within$the$amino$acid$residues,$providing$more$detailed$
information.$xCions$are$least$likely$to$occur.$$

$

$

Figure* 6:* Fragmentation* pattern* for* peptides.* According* to* the* conventional* nomenclature* peptide* fragments* are*
assigned*according*to*their*position*related*to*the*peptide*bond*and*the*N;*or*C;terminal*end*of*the*peptide.**

b. Lipid*analysis*by*thin*layer*chromatography*separation*and*MS/MS*analysis*

Even$though$proteins$and$peptides$have$been$of$major$attention$as$potential$signal$molecules$and$
biomarkers,$ lipids$have$become$increasingly$relevant$over$the$last$decades.$Lipids$have$been$found$
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to$play$a$major$role$in$health$and$pathology,$including$preventive$medicine$and$early$stage$diagnosis.$
The$reason$can$be$found$in$the$very$dominant$presence$of$lipids$in$biological$functions$and$systems.$
Lipids$ are$ relevant$ in$ bioCmembranes,$ energy$ storage,$ signaling$ processes,$ vitamin$ cascades,$
metabolism$and$many$more$[19].$$$

Lipids$ can$ be$ divided$ into$ 7$ main$ groups:$ fetty$ acids,$ triacylglycerides,$ waxes,$ phospholipids,$
sphingolipids,$ lipopolysaccharides$ and$ isoprenoids.$ For$ animal$ cells$ and$ especially$ for$ the$ focus$ of$
this$ thesis,$ biomaterial$ investigations,$ the$major$ relevant$ lipid$ classes$ are$ phospholipids,$ including$
phosphatidylcholine$ (PC),$ phosphatidylserine$ (PS),$ phosphatidylethanolamine$ (PE),$
phosphatidylinositol$ (PI),$ phosphatidic$ acid$ (PA)$ and$ phosphatidylglycerol$ (PG),$ but$ also$
sphingomyelin$ (SM,$ cholesterol,$ free$ fatty$ acids$ or$ diC$ and$ triglycerides$ [20].$ Phospholipids$ and$
cholesterol$ derivates$ show$ very$ different$ core$ structures,$ latter$ however$ relevant$ for$ analytical$
techniques.$Whereas$PC$and$SM$have$positively$charged$head$groups,$PE$and$PI$exist$ in$neutral$or$
negatively$ charge$ states.$ The$ core$ structure$ in$ many$ cases$ is$ a$ fatty$ acid$ linked$ to$ a$ glycerol$
backbone$ by$ an$ ester$ bond.$ However,$ also$ alkyl$ or$ alkenyl$ linkages,$ referred$ to$ as$ etherlipids$ or$
plasmalogens,$can$be$found$if$the$structure$derives$from$a$fatty$aldehydes.$

Lipids$have$had$a$long$history$of$mass$spectrometric$analysis,$with$emphasis$on$ESI$applications.$ In$
recent$years$MALDI$analysis$however,$has$ found$ it’s$way$to$ lipid$ investigations$[21C23].$The$critical$
point$ for$ both$ applications$ is$ the$ extraction$ process$ for$ the$ analyte.$ Due$ to$ their$ large$ variety$ of$
physicochemical$properties,$it$is$almost$impossible$to$find$an$extraction$procedure$for$the$complete$
lipidome.$Defined$mixtures$of$chloroform,$methanol$and$water$have$been$described$already$ in$the$
late$50s$by$Bligh$and$Dyer$[24]$and$Folch$[25].$Those$two$methods$still$remain$the$most$frequently$
used$ and$ efficient$ones$ for$ lipid$ analysis,$ though$ a$ lot$ of$ very$ specific$methods$ for$ particular$ lipid$
classes$were$developed$later$on.$$

As$ described,$ SM$ and$ PC$ provide$ favorable$ qualities$ for$MS$ analysis$ due$ to$ their$ already$ charged$
head$ groups.$ This$ leads$ to$ unfavorable$ ion$ suppression$ effects$ during$MS$ analysis$ for$ other$ lipid$
classes$ if$analyzed$in$parallel.$For$such$lipids$even$identification$by$fragmentation$ is$difficult$due$to$
signals$of$ low$ intensity.$For$separation$of$ lipids$prior$ to$MS$analysis,$chromatography,$either$ liquid$
(LC)$ or$ thin$ layer$ (TLC),$ proved$ very$ capable.$Whereas$ LC$ provides$ high$ resolving$ power$ and$ the$
advantage$of$onCline$coupling$to$ESICMS,$TLC$has$been$established$for$quick$and$easy$separation$of$
lipids$[26].$TLC$is$not$sensitive$to$contaminations$and$as$every$analysis$uses$a$new$TLC$plate$does$not$
exhibit$carryCover$effects.$The$basic$principle$of$chromatography$remains$the$same$for$LC$and$TLC:$
analytes$ are$ applied$ in$ liquid$ solvent$ to$ a$ stationary$ phase$ and$ separation$ is$ based$ on$ their$
interaction$with$the$stationary$phase$while$the$solvent$moves$along$the$separation$distance,$in$case$
of$TLC$movement$results$from$capillary$action.$$

In$TLC$the$stationary$phase$is$composed$of$sorbent$particles$on$a$glass$or$aluminum$supportive.$Silica$
is$the$most$commonly$applied$sorbent$for$the$stationary$phase,$besides$reversed$phase$hydrocarbon$
coatings$or$modified$hydrophilic$layers.$

One$ of$ the$most$ important$ parameters$ for$ separation$ quality$ is$ the$ particle$ size$ of$ the$ stationary$
phase.$High$performance$TLC$(HPTLC)$usually$facilitates$particles$with$an$average$diameter$of$5$µm$
compared$ to$ 12$µm$ for$ standard$ TLC$ applications.$ Solvent$ combinations$ for$ the$mobile$ phase$ are$
characterized$ by$ different$ polarity$ and$ volatility$ to$ ensure$ analyte$ solubility$ but$ also$ sufficient$
separation$ for$ a$ variety$ of$ applied$ lipids.$ To$ further$ enhance$ lipid$ separation$ for$ HPTLC,$ a$ 2$
dimensional$separation$system$can$be$employed.$The$second$dimension$usually$is$a$physicochemical$
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very$ different$ system,$ in$ order$ to$ differentiate$ analytes$ not$ sufficiently$ separated$ in$ the$ first$
dimension.$Per$definition$the$2nd$development$step$may$also$be$taken$literally$in$a$geometrical$set$up$
by$ turning$ the$ plate$ by$ 90$ °$ before$ the$ 2nd$ solvent$ is$ applied.$ However,$ this$ technique$ limits$ TLC$
analysis$ to$one$sample$per$plate.$More$often$the$2nd$dimension$ is$simply$a$second$development$ in$
the$same$direction$as$the$1st$dimension$but$using$a$completely$different$solvent$system.$Usually$this$
is$applied$to$obtain$separation$for$polar$and$apolar$lipids.$$

Fluorescence$ and$ Coomassie$ Brilliant$ Blue$ staining$ are$ the$ most$ frequently$ used$ techniques$ for$
native$lipid$visualization$after$HPTLC.$If$it$is$intended$to$analyze$lipids$after$HPTLC$separation,$which$
is$ in$ fact$ possible,$ compatibility$ of$ the$ staining$ with$ MS$ is$ the$ most$ important$ parameter.$
Fluorescence$stains$are$usually$favored,$due$to$their$easy$applicability$by$spraying$and$low$detection$
limits.$Primuline,$a$very$lipophilic$fluorescent$reagent,$revealed$highest$sensitivity$rates$and$very$high$
MS$ compatibility$ [27].$ The$molecule$ binds$ nonCcovalently$ to$many$ lipid$ structures,$ which$ induces$
fluorescence$detected$at$366$nm$[28].$$

After$ separation$ and$ visualization$ species$ are$ distinguished$ by$ characteristic$ retarding$ values$ (R),$
which$are$calculated$from$the$migration$distance$of$the$front$(Zfront-Zapplication)$and$the$analyte$(Zsample).$$
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The$ resolution$ is$ hereby$ directly$ proportional$ to$ the$ possible$ migration$ distance$ and$ inversely$
proportional$to$the$particle$size.$$

HPTLC$ is$ frequently$ directly$ coupled$ to$MALDICTOF$MS$ analysis$ for$ profiling$ or$ MSI$ experiments.$
Schiller$ et$ al.$ besides$ a$ few$ other$ groups$ have$ successfully$ proven$ the$ possibility$ to$ analyze$ and$
identify$ lipid$species$directly$ from$the$HPTLC$plate,$despite$ its$ insulating$properties$and$high$noise$
background$ [29].$ The$direct$ analysis$ is$ difficult$ due$ to$ low$ concentrations$of$ analytes$on$ the$ silica$
material.$ Moreover,$ analyte$ accessibility$ and$ different$ positions$ of$ desorption/ionization$ may$
decrease$mass$ accuracy$ but$ also$ sensitivity$ (details$ see$ Chapter$ 1.b$ and$ 2.b).$ Besides,$ not$ all$ ion$
source$ geometries$ are$ applicable$ for$ this$ approach$ as$ the$ plate$ height$ changes$ the$ electrical$
acceleration$ field,$which$ results$ in$ decreased$ ion$ transmission.$ As$ a$ consequence,$ the$majority$ of$
HPTLC$ separations$ are$ followed$ by$ liquid$ extraction$ of$ the$ lipid$ from$ the$ silica$ plate.$ Extraction$
procedures$are$very$similar$to$procedures$developed$for$the$initial$lipid$extraction.$$

The$ critical$ issue$ for$MALDICTOF$analysis$ is$ to$obtain$ charged$particles$ from$ lipid$ extracts$ that$ are$
vacuum$ stable,$ yet$ volatile$ enough$ for$ the$MALDI$ process$ and$ soluble$ in$ the$ solvent$ and$ matrix$
systems.$Besides$those$ issues,$MALDI$as$a$soft$ ionization$technique$ is$ ideal$ for$ intact$ lipid$analysis,$
especially$without$the$need$for$solvent$mixtures$and$no$disadvantageous$sensitivity$to$salt$content.$$

A$ variety$ of$ MALDI$ matrices$ have$ been$ reported$ to$ show$ good$ results$ for$ lipid$ analysis.$ 2,5C
dihydroxybenzoic$acid$(DHB)$is$one$of$the$most$commonly$used$matrices.$Besides$DHB,$CHCA,$SA$and$
DAN$ performed$ successfully$ in$ lipid$ analysis.$ 2,6Cdihydroxyacetophenone$ and$ 1,4,6C
trihydroxacetophenone$ are$ not$ vacuum$ stable,$ but$ show$ very$ beneficial$ ionization$ and$
fragmentation$qualities,$ especially$ for$phospholipid$ analysis.$ The$ latter$ two$ favor$ the$ formation$of$
potassium$ and$ lithium$ adducts,$ enhancing$ acyl$ chain$ fragmentation.$ Azathiothymin,$ a$ matrix$
producing$ exclusively$ hydrogen$ protonated$ ions,$ is$ of$ high$ interest$ for$ lipid$ analysis,$ where$ no$
fragmentation$or$structural$elucidation$is$intended$[30,$31].$$
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Regarding$phospholipids,$sphingolipids$and$triglycerides,$the$fragmentation$yield$can$significantly$be$
improved$by$the$addition$of$metal$or$salt$ions,$whereas$protonated$lipid$ions$show$only$head$group$
loss$ during$ fragmentation.$ Adding$ for$ instance$ sodium$ and$ potassium$ chloride$ produce$ majorly$
singly$ or$ less$ frequently$ doubly$ charged$ protonated$ ions.$ The$ attachment$ of$ alkali$ ions$ induces$
moreover$acyl$side$chain$fragmentation,$providing$more$information$about$the$lipid$structure.$Sterol$
structures$are$not$per5se$ lipids$but$their$amphiphilic$nature$classifies$ them$as$ lipids$and$they$show$
similar$effects$for$MS$analysis.$Cholesterol$is$found$in$MALDI$experiments$majorly$as$singly$charged$
protonated$ion$with$the$loss$of$the$hydroxyl$group.$Fragmentation$has$been$reported$to$be$effective$
for$the$hydrolyzed$protonated$ion.$$

For$ some$ studies$ adduct$ ion$ formation$ is$ not$ favorable.$ For$ this,$ washing$ procedures$ with$ low$
amounts$(0.1$%)$of$trifluoracetic$acid$have$been$established,$including$matrix$recrystallization,$which$
improves$ analyte$ incorporation$ and$ desorption$ efficiency$ for$ reproducible$ homogeneous$ matrix$
layers$[32,$33].$$

Contrary$ to$peptide$ fragmentation,$ no$ systematic$ nomenclature$has$become$accepted$ to$describe$
lipid$fragments,$despite$a$few$attempts$[33].$$For$phospholipids$head$groups,$fragments$are$usually$
described$ by$ their$ chemical$ compositions$ or$ theirs$ names$ and$ the$ acyl$ chains$ by$ the$ number$ of$
carbon$atoms.$For$all$other$lipids,$no$generally$used$nomenclature$is$established.$$

Figure$ 7$ gives$ an$ overview$ to$ the$major$ relevant$ lipid$ classes$ in$ biological$ systems$ and$ their$ core$
structure:$phospholipids,$sphingomyelin,$cholesterol$and$triglycerides.$$

$

Figure*7:* Lipid* core* structures*of* the*biologically*most* relevant* lipid* species:* phosphatidylcholine,*phosphatidylserine,*
phosphatidylinositol,*phosphatidylethanolamine,*sphingomyelin,*triglycerides*and*cholesterol.*

Phospholipids$are$easy$to$identify$by$MS/MS$analysis$because$of$the$characteristic$daughter$ions$of$
their$head$groups.$Glycerophosphatidylcholine$(PC)$shows$characteristic$[M+H]+$fragment$ions$of$the$
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head$ group:$ m/z$ 86.09$ corresponding$ to$ dehydrocholine,$ m/z$ 125.00$ to$ cyclophosphane$ in$ the$
protonated$form$and$m/z$184.07,$the$protonated$cholinephosphate.$The$fragmentation$yield$can$be$
improved$by$using$potassium$and$sodium$salts,$resulting$in$[M+Na]+$and$[M+K]+$daughter$ion$at$m/z$
146.98$ and$ m/z$ 162.26$ for$ cyclophosphane.$ PCs$ can$ further$ be$ identified$ based$ on$ their$
characteristic$neutral$losses$of$trimethylamine$(59$u),$dehydrocholine$(86$u),$cholinephosphate$(183$
u)$and$sodiated$cyclophosphane$(147$u).$Monoacylglycerophoasphatidylcholine$(LPO)$is$structurally$
identical$to$PC,$except$the$acyl$chain$composition$resulting$in$a$decreased$molecular$weight.$$

Sphingomyelin$(SM)$and$PC$show$the$same$characteristic$fragmentation$products$during$MS/MS$due$
to$ their$ phosphocholine$ head$ group,$ however$ SM$ is$ structurally$ a$ ceramide$ having$ the$ acyl$ chain$
attached$by$an$amide$bond.$SM$can$be$identified$based$on$its$molecular$mass$difference$due$to$the$
incorporated$nitrogen$atom$compared$to$PC.$$

Glycerophosphatidylethanolamine$(PE)$shows$characteristic$neutral$losses$of$ethanolamine$(43$u)$or$
the$head$group$ethanolaminephosphate$(141$u).$Signals$of$the$sodiated$polar$head$are$detected$at$
m/z$164.01$and$m/z$120.97$without$ethanolamine$or$m/z$179.99$for$the$potassium$adducts.$$

For$ Glycerophosphatidylinositol$ (PI)$ the$ characteristic$ losses$ of$ neutral$ inositol$ (161$ u),$ inositol$
phosphate$(260$u)$and$the$corresponding$potassium$adduct$(299$u)$are$applicable$for$identification.$
The$only$characteristic$fragment$ion$for$PI$is$the$potassium$adduct$ion$of$inositol$phosphate$[M+K]+$
at$m/z$298.99.$$

Glycerophosphatidylserine$(PS)$can$be$identified$by$the$neutral$loss$of$the$serine$head$group$(87$u).$
Triacylglycerides$(TG)$and$diacylglycerides$(DG)$are$usually$detected$as$potassium$or$sodium$adduct$
ions,$showing$neutral$losses$of$acyl$chains$during$MS/MS$analysis.$Cholesterol$is$often$identified$with$
the$ dehydrated$ precursor$ ion$ of$ m/z$ 369$ [M+HCH2O]+$ using$ CHCA$ as$ matrix$ of$ choice.$ The$ main$
primary$ fragmentation$product,$ the$ loss$of$ the$carbon$backbone$between$C17$and$C20$according$ to$
IUPAC$ nomenclature,$ with$m/z$ 256.36$ can$ be$ identified$ besides$ several$ secondary$ fragmentation$
products.$ The$ other$ fragmentation$ products$ are$ localized$ in$ the$ sterol$ ring$ system$ including$ m/z$
81.34$ and$m/z$ 172.27$between$C8/C14$ and$C12/C13,$m/z$ 95.36$ and$m/z$ 161.38$between$C8/C14$ and$
C11/C12,$between$C11/C12$and$C8/C12$and$m/z$147.37$between$C9/C11$and$C8/C14.$$

Several$data$base$projects$have$been$established$for$lipid$analysis,$however,$the$demand$is$not$very$
high$ to$ automize$ data$ analysis.$ Lipid$Maps$ [34]$ is$ the$ largest$ data$ base,$ including$ structural$ and$
functional$ informations$about$ lipid$ species.$Mmass$ libraries$have$been$established$based$on$ those$
data$sets.$$

c. Histology*

Despite$originating$from$the$combination$of$the$Greek$words$histos$referring$to$tissue$and$ logos$to$
science,$ histological$ techniques$ are$ relevant$ for$ any$ type$ of$ analyte$ investigated$ using$ MSI$
applications.$The$methods$mainly$ involve$cell$and$ tissue$analysis$by$means$of$microscopy,$ staining$
procedures$and$allied$sample$preparation$procedures.$Recent$developments$include$the$automated$
surface,$mostly$tissue,$analysis$by$mathematical$algorithms.$$

Biomaterials,$ such$ as$ UHWMPE,$ benefit$ from$ staining$ procedures$ to$ improve$ the$ visualization$ of$
their$lamellar$structure.$Due$to$their$very$homogeneous$surface$in$the$virgin$native$state,$structural$
differentiation$ and$ information$ can$ hardly$ be$ obtained$ by$ lowCresolution$microscopic$ techniques.$
Scanning$ electron$ microscopy$ and$ atomic$ force$ microscopy$ was$ successfully$ applied$ for$ the$
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structural$ investigation$ of$ native$ and$ aged$ PECUHMW$ surfaces$ [35C37].$ However,$ to$ obtain$ more$
insight$ to$ the$ lamellar$ structure$ of$ differently$ crossClinked$ PECUHMW,$ staining$ methods$ were$
combined$ with$ transmission$ electron$microscopy$ [38].$ Selective$ staining$ of$ polymer$ particles$ was$
conducted$ to$ identify$ wear$ particles$ in$ tissue$ and$ revealed$ comparable$ results$ to$ conventional$
polarized$ light$microscopy$ [39].$Moreover,$ for$ polymer$ surfaces,$mechanical$ surface$ analysis$ data$
can$ be$ applied,$ resulting$ from$ tribology$ experiments.$ However,$ those$ informations$ hardly$ deliver$
molecular$or$structural$insight,$needed$for$the$correlation$with$MSI$experiments.$$

The$main$drawback$with$staining$procedures$in$tissue$analysis$is$data$interpretation$by$experienced$
users,$ which$ is$ not$ objectifiable.$ Immunological$ staining$ based$ on$ specific$ antibody/antigen$
interaction,$ on$ the$ other$ side$ lacks$ flexibility.$ Each$ antibody$ has$ to$ be$ designed$ for$ the$ particular$
antigen,$ still$ including$ the$ possibility$ of$ nonCspecific$ or$ prevented$ binding$ due$ to$ crosslinking$ or$
conformational$changes$within$samples.$$

In$ addition$ MSI$ as$ a$ comprehensive$ visualization$ technique$ delivers$ informations,$ especially$
regarding$tissue$and$cell$analysis,$which$can$only$be$verified$by$histological$methods.$$

The$ process$ of$ histological$ examination$ is$ preferably$ conducted$ before$ MS$ analysis$ to$ avoid$
morphological$stability$without$laser$irradiation.$The$common$principal$is$selective$staining$followed$
by$microscopic$tissue$analysis.$Staining$provides$the$possibility$to$differentiate$tissue$structures,$cell$
types$ and$ verify$ the$ presence$ of$ specific$ analytes$ on$ the$ macromolecular$ level.$ The$ principal$ is$
simple$and$based$on$acid/base$chemistry$or$oxidation/reduction$reactions.$$

To$obtain$information$about$tissue$structures$within$a$general$approach,$unspecific$staining$methods$
are$used.$Haematoxylin$and$Eosin$(H/E)$is$the$most$frequently$used$approach,$first$described$in$1876$
by$Wissowzky$[40].$During$the$staining$procedure$haematoxylin$is$oxidized$to$hematein,$which$again$
forms$a$complex$with$aluminum$resulting$in$hemalum,$responsible$for$coloring$cell$nuclei$dark$blue.$
The$second$dye,$eosin,$functions$as$a$counterstain$preferentially$dying$eosinophilic,$basic$structures$
in$red$(pink).$Differentiating$protein$from$DNA,$is$possible$by$this$procedure$but$also$a$good$overview$
to$any$kind$of$tissue$is$given$[41].$$

Another$ very$ commonly$ used$ staining$ technique$ is$ toluidine$ blue,$ staining$ nucleic$ acids$ and$
polysaccharides.$The$basic$thiazine$metachromatic$dye$provides$a$very$high$affinity$for$acidic$tissue$
components$and$has$already$been$discovered$for$histological$applications$in$1856$[42].$It$has$mainly$
been$used$for$tumor$tissue$differentiation$and$was$assumed$to$selectively$stain$tumor$tissue$in$the$
1960s$[43].$However,$later$it$was$discovered$that$it$the$dye$preferentially$attaches$to$DNA,$which$is$
quantitatively$ more$ present$ in$ malignant$ tissue$ parts.$ Moreover,$ it$ was$ demonstrated$ that$
cancerous$ epithelium$ contained$ intracellular$ canals$ with$ larger$ diameters,$ easing$ dye$ penetration$
[44].$ Besides$ those$ general$ staining$ methods,$ also$ specific$ staining$ methods$ exist$ for$ connective,$
fibrous$or$fat$tissues$as$well$as$calcified$tissue.$$

The$ big$ advantage$ of$ optical$ (microscopic)$ imaging$ approaches$ compared$ to$MSI$ is$ the$ very$ high$
lateral$ resolution.$ Even$ though$ it$ is$ difficult$ for$ the$ observer$ to$ detect$ little$ variations$ or$
abnormalities$ within$ a$ small$ area,$ software$ algorithms$ have$ been$ developed$ to$ automate$ image$
analysis.$ Digital$ slide$ scanners$ today$ frequently$ replace$ high$ resolving$ light$ microscopes.$ The$
scanners$obtain$highCresolution$images$at$high$quality$providing$also$data$analysis$features.$Though$
the$main$parameter$of$ instrument$development$ focuses$on$ resolution$ increase$and$ image$quality,$
software$solutions$provide$an$important$tool$for$data$analysis$and$correlation$[45].$The$main$goal$of$
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software$developments$is$to$implement$automatic$evaluation$of$largeCscale$data$sets,$which$is$time$
consuming$ and$ errorCprone$ if$ done$ manually.$ The$ latest$ developments$ of$ computerCassisted$
diagnostics$(CAD),$is$also$of$potentially$high$impact$for$MSI$experiments.$$

One$ of$ the$ first$ software$ tools,$ applicable$ also$ to$ surface$ analysis$ in$ general,$ was$ ImageJ.$ The$
software$ is$ based$ on$ pattern$ recognition$ and$ delivers$ optical$ information$ as$ grey$ scale$ values$ for$
each$ pixel.$ Conventional$ picture$ document$ files$ as$ well$ as$ DICOM$ information$ can$ be$ processed.$
ImageJ$ is$ capable$ of$ cell$ counting,$ regional$ differentiation$ and$ surface$ analysis$ based$ on$ optical$
density$ parameters.$ Later$ developments$ also$ included$ gel$ analysis,$ magnet$ resonance$ imaging$ or$
computer$ tomography,$ radiology,$ live$ cell$ observation$ and$ even$ the$ combination$ of$ multiple$
approaches.$$

The$ easy$ implementation$ of$ image$ analysis$ into$ Matlab$ or$ Mathematica$ lead$ to$ an$ increasing$
number$ of$ inChouse,$ stand$ alone$ software$ solutions$ implementing$ statistics.$ One$ of$ the$ latest$
publications$ in$ this$ respect$ presents$ image$ deconvolution$ combined$ with$ nuclei$ counting$ as$ a$
support$ vector$ machine$ melanoma$ classification$ model.$ The$ algorithm$ is$ capable$ of$ successfully$
differentiating$melanoma$and$nonCmelanoma$cells$[46].$Other$approaches$use$tissue$heterogeneity$
indices$to$differentiate$cancerous$tissue$regions$and$stroma$rich$areas$with$high$chromatin$content.$
This$ technique$ is$mainly$used$as$an$assistive$ tool$ for$breast$ cancer$ identification$ for$ further$ tissue$
treatment$approaches$[46,$47].$However,$automated$and$subjective$image$analysis$and$comparison$
provides$an$incredible$tool$for$any$tissue$type$and$analytical$question$[48].$* $
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+ ABSTRACT

+ Understanding+ early+ stage+ renal+ malfunctions+
H:E9� C682C5� E@� E96� 8=@>6CF=2C� L=EC2E:@?� AC@46DD6D�
is+ essential+ for+ nephropathological+ prescreening+
strategies+and+ intervention+at+an+early+stage.+Mass+
spectrometry+ imaging+ (MSI)+ in+ combination+ with+
histopathology+can+provide+an+universal+analytical+
approach.+Proteomic+and+lipidomic+aspects+of+glo@
merular+ biocompositions+ were+ applied+ for+ micro@
structural+differentiation+in+healthy+rat+kidney+sam@
ples.+Usability+of+commonly+used+tissue+embedding+
media+and+the+compatibility+of+histological+staining+
2?5� LI2E:@?�>6E9@5D� H6C6� @7� :?E6C6DE�� �E� H2D� 56�
monstrated+that+ultra@thin+tissue+samples+(500+nm,+1+
and+10+mm)+can+be+used+for+lipid+and+peptide@based+
differentiation+at+the+glomerular+resolution+level+in+
7@C>2=:?�LI65� E:DDF6�D2>A=6D� :?�4@>3:?2E:@?�H:E9�
preceding+histological+staining+for+correlating+opti@
cal+and+molecular+mass+images.

+ Keywords:+ Glomerular+ microstructures,+
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(MS)+imaging,+Nephropathy,+Proteins

+ INTRODUCTION

+ A+ combination+ of+ histopathology+ and+ mass+
spectrometry+imaging+(MSI)+offers+comprehensive+
information+regarding+structure,+molecular+compo@
sition+ and+ pathological+ information+ in+ tissue+ sam@
ples.+Mass+ spectrometry+ imaging+ is+ a+ rapidly+ de@
veloping+ technique+ using+ spatially+ resolved+mass+
spectrometry+ (MS)+ techniques+ to+ simultaneously+
trace+distributions+of+hundreds+of+biomolecules+di@
rectly+from+tissue+samples+using+essentially+the+same+
technology.+Peptides,+proteins,+pharmaceuticals+and+
>6E23@=:E6D�42?�2=D@�36�2?2=JK65�3FE�H:E9@FE�2�=236=�
and+without+prior+knowledge.+With+MSI,+molecular+
peak+information+is+correlated+to+the+underlying+tis@
sue+architecture+and+a+virtual+image+is+rebuilt+with+
respect+to+the+intensity+of+each+molecular+species+to+
understand+the+distribution+of+differential+signals.
+ Renal+dysfunction+has+a+high+demand+for+early+
DE286� :56?E:L42E:@?� E@� :?:E:2E6� 962=:?8� AC@46DD6D��
Recent+investigations+proved+nephropathy+is+associ@
ated+with+insulin+resistance+leading+to+malfunctions+
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apoptosis+ leading+ to+diabetic+nephropathy,+ are+up@
regulated+before+histological+changes+are+observed+
0�1��>@C6@G6C��E96�>6>3C2?6�4@?E2:?D�AC@E6:?�4@>@
A=6I6D�2DD@4:2E65�H:E9�49@=6DE6C@=�3:?5:?8�H9:49�2=@
E6CD�E96�=:A:5�6?G:C@?>6?E�0�1��!:A:5�244F>F=2E:@?D�

5 5 5 RENOPATHOLOGICAL5MICROSTRUCTURE5VISUALIZATION55

5 5 5 FROM5FORMALIN5FIXED5KIDNEY5TISSUE5BY5MATRIXA5

5 5 5 ASSISTED5LASER/DESORPTION5IONIZATIONATIMEAOFA55

5 5 5 FLIGHT5MASS5SPECTROMETRY5IMAGING

+ + + Fröhlich+S1��%FEK��1,+Schachner+H2�� 6C;2D49<:��2,Allmaier+G1��"2C496EE:��6D49>2??�"1,*

*Corresponding5Author:��C��"2CE:?2�"2C496EE:��6D49>2??��+:6??2�*?:G6CD:EJ�@7�)649?@=@8J���?DE:EFE6�
@7��96>:42=�)649?@=@8:6D�2?5��?2=JE:4D���6EC6:56>2C<E��	����������
�
�+:6??2���FDEC:2��)6=�����
���
���
��������� "@3:=6�� ��
������
������
�� �2I�� ��
������
���������� ��>2:=�� >2CE:?2�>2C496EE:�
deschmann@tuwien.ac.at

1�� +:6??2� *?:G6CD:EJ� @7� )649?@=@8J�� �?DE:EFE6� @7�
�96>:42=� )649?@=@8:6D� 2?5� �?2=JE:4D�� +:6??2��
Austria

2�� "65:42=� *?:G6CD:EJ� @7� +:6??2�� �6A2CE>6?E� @7�
�=:?:42=�%2E9@=@8J��+:6??2���FDEC:2

15,5Supplement,52012

13



MSI$OF$RAT$KIDNEY$TISSUE

92G6�366?�C6A@CE65�7@C�5:236E:4�<:5?6J�5:D62D6D�0
1�
2?5� @I:5:K65� A9@DA92E:5J=49@=:?6� DA64:6D� D66>� E@�
36�2DD@4:2E65�H:E9�C6?2=�5JD7F?4E:@?�0�1��'646?E=J�
tubuli@related+ phosphatidylcholine+ classes+ identi@
L65�3J�"(��H6C6�4@CC6=2E65�E@�:>>F?@8=@3F=:?���
?6A9C@A2E9J�0�1�
� )9FD�� 7@C� G:DF2=:K:?8� C6?@A2E9@=@8:42=� >:4C@@
structures,+MSI+ is+ a+ promising+ tool,+ allowing+ fur@
ther+ discoveries+ of+ yet+ unknown+ disease@related+
analytes.+Special+challenges+regarding+ion+suppres@
D:@?�67764ED�5FC:?8�E96�>2EC:I�2DD:DE65�=2D6C�56D@CA@
E:@?	:@?:K2E:@?� �"�!���� AC@46DD� H6C6� @3D6CG65�
whilst+obtaining+lipidomic+information+using+MSI.+
Consequently,+ special+ attention+ had+ to+ be+ paid+ to+
sample+ preparation+ methods,+ regarding+ washing+
AC@465FC6D��>2EC:I�2AA=:42E:@?�2?5�AC@E6:?�56?2EFC@
ation,+making+adaptation+to+the+particular+analytical+
BF6DE:@?�>2?52E@CJ�0�1�

+ MATERIALS5AND5METHODS

+ Chemicals+ were+ of+ analytical+ grade+ (Sigma@
Aldrich,+St.+Louis,+MO,+USA).+Water+(ddH2O)+was+
AFC:L65�:?�2�(:>A=:4:EJ�DJDE6>��":==:A@C6���:==6C:42��
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10,+5+ and+0.5+mm+using+a+ cryo@microtome+ (Leica,+
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compound+and+ sucrose+were+ removed+by+washing+
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200+mL+ddH2$	4>
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0.0%+in+ddH2$��C6>@G65�E96�A2C27L?���==�D2>A=6D�
were+washed+three+times+with+200+m!��
�
��6E92@
?@=	4>2� 7@C� ��� D64@?5D� ��°C)+ and+ vacuum+ dried+
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fore+MSI+treatment.
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:E:?8� 6?KJ>6� 5:C64E=J� @?� AC6� 56L?65� E:DDF6� DA@ED�
0��?8	mL+in+50+mM+ammonium+bicarbonate,+0.1%+
Rapigest+(Waters,+Manchester,+Greater+Manchester,+
* �1��(2>A=6D�H6C6� :?4F32E65� :?�2�9F>:5:L65�2E@
>@DA96C6� @G6C?:89E� 2E� 
�°C+before+ desiccation+ in+
vacuum+and+heat+treatment+(85°C).
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+ RESULTS5AND5DISCUSSION

+ Histology5and5Mass5Spectrometry5 Imaging.+
Integrating+MSI+ in+histopathology+necessitates+ the+
combination+of+different+requirements+from+pathol@
@8J�2?5�"(��)96�AC:>2CJ�56>2?5D�7@C�9:DE@=@8J�2C6�
the+preservation+of+high+spatial+resolution+for+tissue+
structures,+long+lasting+analyte+preservation+and+low+
sample+consumption.+For+MS,+spatial+resolution+can+
usually+be+disregarded+and+analytes+have+to+be+mo@
3:=:K65�:?DE625�@7�AC6D6CG65���@C�"(���255:E:@?2==J��
histological+information+has+to+be+retained+and+tis@
sue+disintegration+has+to+be+limited+to+a+minimum.+
We+ present+ an+ approach+ arranging+ histological+
staining+prior+to+MSI+using+ultra@thin+tissue+sections+
showing+good+molecular+results+comparable+to+mi@
croscopic+images.
� �E�H2D�7@F?5�E92E�"�!���)$��"(��2?2=JD:D�@7�
�	��DE2:?65�E:DDF6�D9@H65�?@�=:>:E:?8�2DA64ED�4@?@
cerning+proteomic+approaches.+Protein+digestion+di@
rectly+from+the+tissue+and+measuring+peptides+by+MS+
could+be+ achieved.+Stain@related+ signals,+ however,+
H6C6�@3D6CG65�36=@H�>	K�D:8?2=D�@7��

��6G6?EF2==J�
leading+to+ion+suppression+effects+for+neutral+lipids.+
Phospholipid+classes+were+obtained+unaffected+from+
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ultra@thin+ sucrose+ samples.+Histological+ images+of+
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relate+to+MSI+results+because+of+structural+changes+
after+ thawing.+ Sucrose+ embedding+ in+ combination+
with+ cutting+ thickness+ of+ 1+m>�H2D� DF7L4:6?E� 7@C�
IMS+ analysis,+ even+ reducing+ signal+ background+
2?5� 6?92?4:?8� D:8?2=� BF2=:EJ�� )96� D6=64E65� F=EC2�
thin+samples+considerably+ improved+signal+quality+
whilst+preserving+spatial+resolution.
+ Lipid5 Differentiation.+ Lipid@based+ histologi@
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�A9@D@
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Figure5 1.� ):DDF6� 5:776C6?E:2E:@?� 244@C5:?8� E@� :56?E:L65� =:A:5�
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metabolites,+ cholesterol+ and+ squalene,+ were+ also+
discovered.+ Histological+ correlation+ revealed+ the+
A@E6?E:2=�E@�:56?E:7J�A2E9@=@8:42==J�>@5:L65�>6>@
brane+structures+in+glomerular+associated+diseases.
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	�
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proteins+ available+ in+ an+ ultra@thin+ sample,+ several+
washing+steps+were+required+for+complete+removal+
@7�2?2=JE6�DA64:6D�H9:49�2C6�>F49�62D:6C�E@�:@?:K6�
than+ proteins,+ e.g.,� =:A:5D� 0�1�� $FC� DEF5J� D9@H65�
that+mass+spectra+quality+for+tissue+analysis+was+en@
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tures.+For+ all+ investigated+ embedding+materials+ as+
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(formalin)+ showed+ improved+ signal+ intensities+ for+
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+ Figure52.+Protein+based+differentiation+of+(a)+medulla+and+
(c)�4@CE6I�:?��(b)+FFPE+rat+kidney+tissue+(10+mm)+after+HCCA+
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besides+seven+other+peptide+fragments+on+differenti@
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+ Perspectives.+ Combining+ histopathology+ and+
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cations+associated+with+glomerular+related+nephro@
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tions+ and+molecular+ changes+ can+ be+ detected+ and+
investigated+very+early+in+progression.
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ABSTRACT$

The!use!of!mass!spectrometry!for!localizing!analytes!on!surfaces,!also!referred!to!as!mass!

spectrometry!imaging!(MSI),!lead!to!new!horizons!for!analytical!investigations.!However,!

investigated! samples! are! rarely! characterized! for! their! physical! properties! and! the!

respective! impact! on! results.! A! closer! look! on!matrix! application!was! taken.! Operating!

conditions! were! optimized! for! MALDI! matrix! application! by! a! chemical! inkjet! printer,!

revealing! the! ideal! set! up! for! homogeneous! layer! generation.! It! was! observed,! that!

accurate!MALDI!matrix!application!with!favorable!small!crystals!were!created!under!preC

cooled!printing!environment!using!very!volatile!solvent!systems.!In!addition!the!present!

study!looks!at!the!influence!of!physical!sample!properties!on!the!concept!of!MALDICTOF!

MSI!by!comparing!theoretical!calculations!to!practical!measurements.!Mass!deviation!was!

evaluated!for!two!different!axial!MALDICTOF/RTOF!and!an!orthogonal!MALDICTOF/RTOF!

instrument.! Besides! this! formalin! fixed! paraffin! embedded! (FFPE)! tissue,! ultraChigh!

molecular! weight! polyethylene! (UHMWPE)! and! a! standardized! silicium! wafer,! three!

samples!of!significantly!different!permittivity,!were!evaluated!and!showed!significant!m/z!

deviations!for!investigated!peptides.!This!study!presents!the!importance!of!homogeneous!

sample!surface!and!sample!permittivity!to!enhance!mass!accuracy!in!MSI!experiments.!! !
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1. INTRODUCTION!

Drawing!a! twoCdimensional!map!of!analyte!distributions!based!on! their!massCtoCcharge!

(m/z)!ratio!is!the!core!aim!of!mass!spectrometry!imaging!(MSI),!an!analytical!technique!

which! has! been! in! use! for! over! 14! years! by! now! 1.! MSI! is! able! to! detect! and! localize!

multiple! unlabeled! molecules! directly! and! in! parallel! in! any! tissue! section! 2.! The!

possibility! of! parallel! distribution! visualization! and! identification! of! analytes! in! a!mass!

spectrometric! approach! allowed! the! application! in! new! areas! 3C4.! Besides! consistent!

utilization! in! forensic!medicine! 5C7,! plant! analysis! 8C9! and!microbiology! 10C11,! the!number!

and! variety! of! applications! has! grown! rapidly,! especially! for! the! fields! of! proteomics,!

lipidomics!and!metabolomics! 12!using!matrix! assisted! laser!desorption! (MALDI)! time!of!

flight! (TOF)! approaches.! Besides! visualization! of! the! spatial! distribution,! the! key! to!

answering!scientific!questions!lies!in!the!identification!of!analytes.!High!mass!accuracy!for!

a! broad! mass! range! is! therefore! mandatory! and! can! be! achieved! by! reproducible!

conditions! in! sample! preparation,! desorption,! ionization! and! detection! 13C15.! Especially!

within! MALDICTOF! MSI! experiments! homogeneous! analyte! incorporation! supports! the!

energy! transfer! efficiency! but! does! not! compensate! sample! surface! inherent! properties!

such!as!height!and!relative!permittivity!(εr).!Furthermore,!commercially!available!MALDIC

TOF! devices! contain! instrument! inherent! characteristics! for! their! mechanics! (i.e.!

accuracy)!and! ion!optics,!however!both!significantly! influence!MSI!experiment!accuracy!

and!comparability.!Besides!those!constraints,!matrix!application!is!one!of!the!most!crucial!

steps!for!a!successful!MALDICMSI!experiment!16C17.!The!ChIPC1000!18,!a!microscale!piezo!

printer,! has! proven! to! provide! one! of! the! most! accurate! methods! to! homogeneously!

deposit! MALDI!matrix! to! any! kind! of! sample! surface! due! to! its! adaptability.! However,!

drawbacks!in!its!usability!(print!head!clogging,!long!operating!time,!difficult!optimization!
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of! settings)!made!matrix!deposition! susceptible! for!deviance! in! the!past!and!difficult! to!

reproduce!in!high!throughput!approaches!19.!!

The! influence! of! topography! for! imaging! experiments! using! SIMS! has! already! been!

studied!20,!pointing!out!the!importance!of!even!surfaces.!In!this!study!the!possibility!to!use!

height! differences! to! ascertain,!whether! local! intensity!maxima! correlate! to! topological!

features! or! represent! genuine! features! of! interest,! was! suggested.! !What! has! not! been!

considered! in! detail! in! this! study! is! the! fact,! that!m/z! deviations! are! also! generated! in!

tissue! samples! of! significant! thickness! and! that! this! is! of! importance! especially! for! the!

mass!range!usually!addressed!in!an!MALDI!timeCofCflight!(TOF)!based!MSI!experiment!!

Besides! the! sample! height,! also! the! sample’s! εr! has! to! be! considered! as! an! important!

impact!factor,!which!will!be!evaluated!in!the!present!study.!Both!factors!are!relevant!for!

the! desorption/ionization! process.! As! an! important! parameter! for! mass! resolution! the!

influence!of!delayed!extraction!time,!will!further!be!evaluated.!In!the!presented!study!we!

investigate! the! potential! of! delayed! extraction! values! to! correct! for! tissue!

inhomogeneities.!To!our!knowledge! the! influence!of! sample! surfaces!on!mass!deviation!

has!not!been!presented!yet,!although!mass!accuracy!has!a!major!influence!in!many!fields,!

e.g.! on! the! false! positive! discovery! rate! of! protein! identification! 21C22.! Highest! mass!

accuracy! for!MSI!experiments!has!been!achieved!on!Orbitrap!and!FTCICR!systems!22.!So!

far!the!highest!reported!experimental!accuracy!for!TOF!systems!used!in!MSI!experiment!

was! 30! ppm!on! a! orthogonal! acceleration! (oa)! TOF! 23! and! only! 200!ppm! for! axial! TOF!

mass!analyzers! 24.!Therefore,!oa! systems!are!usually! recommended! for!MSI! 12.!But! they!

usually!have!limited!accessible!mass!ranges!and!higher!molecular!weight!compounds!(>!

20!kDa)!are!difficult! to!detect.!Moreover,! it!has! to!be!considered!that! these!systems!are!

sometimes!lacking!absolute!sensitivity!compared!to!axial!systems!25!as!they!usually!work!
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under!intermediate!or!even!atmospheric!pressure!in!comparison!to!the!highCvacuum!ion!

sources!of!axial!TOF!systems.!!

This!study!focuses!on!estimating!and!circumventing!the!impact!of!height!differences!and!

sample!material!characteristics!on!mass!deviation!for!the,!in!our!opinion,!favorable!axial!

TOF! system! for! MSI! experiments.! Highly! reproducible! matrix! application! using! an!

automated! microCspotting! device,! as! well! as! sample! thickness! and! roughness! were!

investigated! in! respect! to! ion! intensities! and! mass! deviations,! and! theoretical!

considerations!for!the!correlation!of!mass!accuracy!to!material!characteristics!are!shown.!

Finally,! the!effect!of! sample!surface!parameters! is!evaluated!with!standardized!samples!

on!instruments!with!different!ion!source!geometry.!!
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2. EXPERIMENTAL!SECTION!

Sample!preparation!

Chemicals!and!peptide!standard!mixture!!

All!chemicals!were!of!analytical!grade!if!not!otherwise!stated.!Peptide!standards!used!for!

external! calibration!and!examination!of!height!differences!were!purchased! from!SigmaC

Aldrich!(Steinheim,!Germany).!Solutions!were!prepared!using!acetonitrile!(ACN,!purity!≥!

99.5! %;! Merck,! Darmstadt,! Germany).! Ultra! high! quality! water! was! obtained! from! a!

Simplicity! water! purification! system! (specific! conductivity! Ωm! ≤! 18! S/cm;! Millipore!

Billerica,!MA,! USA).! Trifluoracetic! acid! (TFA,! purity! ≥! 99!%)!was! obtained! from! Pierce!

(Rockford,! IL,!USA).!A!peptide!mixture! containing!1!pmol!per!peptide!was!prepared!by!

mixing! Angiotensin! I,! Angiotensin! II,! Glu1CFibrinopeptide! B,! ACTH1C17,! ACTH18C39! and!

ACTH7C38!each!prepared!in!70/30!(v/v)!ACN!/!0.1!%!TFA.!0.5!µL!was!applied!directly!on!

investigated! surfaces! or! preCmixed!with!matrix! for!mass! spectrometric! calibration! (see!

later! section).! αCcyanoC4Chydroxycinnamic! acid! (CHCA),! sinapinic! acid! (SA)! or! 2,5C

dihydroxybenzoic! acid! (DHB)! (for! all! purity! >! 99%)! were! all! purchased! from! Sigma!

Aldrich.!

Sample!preparation!

All! tissue! samples!were!mounted! on! indium! tin! oxide! (ITO)! coated! glass! slides! (Sigma!

Aldrich,!Steinheim,!Germany),!which!were!applied!on!the!target!holder!using!double!sided!

tape! in! case! of! the! AXIMA! TOF2! and! the! Synapt! HDMS!mass! spectrometer! (details! see!

later).!Tissue!sections!of!5!µm!were!obtained!from!frozen!rat!kidney!embedded!in!paraffin!

using! a! rotation! microtome! (Leica,! Nussloch,! Germany).! Paraffin! was! removed! from!

kidney!tissue!by!washing!samples!with!xylene!(Sigma!Aldrich)!followed!by!a!descending!

ethanol! (Sigma!Aldrich)! gradient! –! 100!%,! 96!%!70!%,! 50!%! and!0!%.! Tissue! samples!
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were!washed!three!times!with!200!µL!70!%!ethanol!per!cm2!at!4!°C!for!45!s!and!vacuum!

dried!in!a!vacuum!desiccator!for!15!min!before!matrix!application.!

Ultra!high!molecular!weight!polyethylene!(UHMWPE)!samples!were!stabilized!with!O.C.T.!

(optimum!cutting!temperature)!compound!(Tissue!Tek,!Sakura!Finetek,!USA)!and!sliced!

using!a!Leica!cryostat!(Leica,!Nussloch,!Germany).!Slices!of!5!to!10!and!of!12,!14,!16,!18,!

20,!25,!30!and!35!µm!were!mounted!on!ITO!glass!slides!by!carefully!flattening!them!with!a!

silicon!brush!on!doubleCsided!conductive!tape!(Shimadzu!Kratos!Analytical,!Kyoto,!Japan).!

Microtome! specificity! was! evaluated! applying! a! dial! gauge! (Käfer,! VillingenC

Schwenningen,!Germany)!on!UHMWPE!slices.!!

O.C.T.! compound!was! removed! from!UHMWPE! samples! by!washing! samples! five! times!

with!200!µL!ddH2O!per!cm2!at!4!°C!for!45!s.!!

Height!profile!standards!

m/z! deviation! according! to! sample! surface! and! thickness! specificities!was! investigated!

using!standardized!surfaces!regarding!εr!and!height.!Fig.!1!shows!a!scheme!for!the!overall!

experimental!setup.!

Investigations!for!samples!of!very!low!εr,!almost!insulators,!were!conducted!on!UHMWPE!

sliced! into!samples!of!5! to!35!µm!thickness! (see!sample!acquisition)!and!mounted!on!a!

conductive! tape! (Shimadzu! Kratos! Analytical)! with! a! thickness! of! 80! µm! (Fig.! 1a).! A!

phosphorCdoped! siliciumCwafer! with! a! total! height! of! 548! µm,! mounted! on! a! stainless!

steel!target!with!doubleCsided!adhesive!tape!of!109!µm!thickness!was!used!as!a!model!for!

conductive!surfaces.!Three!different!height!steps!were!evaluated:!28.34,!70.21!and!162.87!

µm!below!total!sample!height!(Fig.!1b).!!

0.5!µL!standard!peptide!mixture!was!applied!directly!to!the!investigated!sample!areas!(25!

mm2)!before!matrix!application.!
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Sample! planarity! effects!were! investigated! using! unevenly!mounted! (folded)! UHMWPE!

and!kidney!tissue,!representing!samples!with!very!high!and!very!low!εr.!UHMWPE!had!a!

nominal!thickness!of!20!µm!compared!to!40!to!60!µm!within!the!folded!area!and!kidney!

tissue!with!a!nominal! thickness!of!4!µm!after!paraffin!removal!showed!7!µm!within!the!

folded!area!(Fig.!1c).!!

All! sample! heights! were! verified! with! a! dial! gauge! (Käfer,! VillingenCSchwenningen,!

Germany)! specified! to!1!µm.!Operative! reproducibility! and! accuracy!were! evaluated!on!

UHMWPE! samples! ranging! from! 5!µm! to! 35! µm! and! proved! constant! quality! with!

acceptable!deviation!within!the!dial!gauges!specification!(±!1!µm).!

!

Figure$1:$Scheme$of$experimental$set$up$for$evaluating$height$differences$under$the$same$technical$conditions$

using$an$axial$MALDI9TOF/RTOF$mass$spectrometer$(AXIMA$TOF2,$Shimadzu).$2$kV$acceleration$voltage$for$the$

first$and$18$kV$for$the$second$region$were$applied;$all$samples$are$covered$with$a$defined$peptide$standard$and$

mounted$on$ITO$coated$glass$slides$using$conductive$tape$for$the$polymer$and$metal$samples;$(a)$UHMWPE$cut$

to$ defined$ heights$ (b)$ Silicium$ wafer$ edged$ to$ defined$ step$ sizes$ (c)$ Folded$ formalin$ fixed$ and$ paraffin$

embedded$tissue,$3$µm$height$with$7$µm$within$the$folded$region.$

Matrix!application!

Automatic! matrix! deposition! was! performed! using! a! chemical! inkjet! printer,! the! ChIPC

1000!(Shimadzu,!Kyoto,!Japan).!8,!15!and!25!ng!matrix!per!spot!were!applied!by!area!or!

spatially!resolved!print!settings.!CHCA,!SA!or!DHB!were!prepared!using!ACN!or!ethanol!
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(EtOH),!50!or!70!%!in!0.1!%!aqueous!TFA!(v/v).!Samples!were!ultraCsonicated!for!5!min!

before!centrifugation!at!3000!rpm!for!15!min.!Printing!quality!was!evaluated!considering!

operating!temperatures!(T,!15!–!25!°C),!vapor!pressure!and!surface!tension!of!the!matrix!

solvents! with! respect! to! the! obtained! printing! accuracy.! Matrix! crystallization! was!

evaluated!using!a!scanning!electron!microscope!(SEM,!XL!30,!FEI!Philips,!Eindhoven,!The!

Netherlands)!after!sputtering!samples!with!a! thin!gold! layer! for!30!s.!SEM!analysis!was!

conducted!at!an!acceleration!voltage!between!10!and!20!kV!and!a!magnification!between!

1000!and!4000.!Sample!surface!visualization!was!conducted!using!ImageJ!1.47!(National!

Institutes!of!Health,!Bethesda,!USA).!!

MALDI@TOF@MS!

The!m/z!shift!of!peptides!applied!to!materials!with!different!εr!was!examined!with!a!highC

vacuum! axial! MALDICTOF! instrument,! the! AXIMA! TOF2! (Shimadzu! Biotech! Kratos!

Analytical,! Kyoto,! Japan).! The! instrument! operated! in! reflectron! or! linear! positive! ion!

mode.!Pulsed!extraction!was!evaluated!for!optimized!results!of!m/z!1000,!1500!and!2000.!

For! the! 337.1! nm!nitrogen! laser!with! a! pulse! duration! of! 3! ns,!the!maximum! energy! is!

restricted! to! approximately! 160! µJ! per! shot! and! an! average! output! of! 6! mW.! ! MSI!

experiments!on!standardized!samples!were!performed!by!applying!20!shots!per!position,!

60!arbitrary!units!at!a!repetition!rate!of!20!Hz!and!a!lateral!resolution!of!60!µm.!

Orthogonal!acceleration!TOF!experiments!were!carried!out!on!an!intermediate!pressure!

MALDI!qTOF!instrument,!the!Synapt!HDMS!(Waters!Cooperation,!Manchester,!UK),!using!

a!1000!Hz!NdCYAG!laser!in!positive!ion!mode.!Additional!experiments!for!an!axial!MALDIC

TOF!device!were!performed!on!the!UltrafleXtreme!(Bruker!Daltonics,!Bremen,!Germany)!

equipped!with!a!2000!Hz!SmartbeamTM!laser!26.!!

Theoretical!simulations!of!all!sample!surface!parameters!were!based!on!the!ion!optics!and!

source! geometry! of! the! Shimadzu! instrument.! Practical! evaluation! for! all! samples! was!



!67!

performed! on! the! MALDICTOF! AXIMA! TOF2,! proof! of! principal! for! theoretical!

considerations!were!additionally!carried!out!on!the!Synapt!HDMS!and!the!UltrafleXtreme.!

TOF!calculations!!

To! estimate!mass! accuracy! influenced! by! sample! surface! parameters,! the! time! of! flight!

(TOF)! was! calculated! using! Mathematica! 9.0.1.0! 27! and! is! based! on! the! following! ion!

source!scheme.!

$

Figure$ 2:$ Simplified$ scheme$ of$ the$ considered$ MALDI$ ion$ source$ for$ basic$ TOF$ calculations$ including$ two$

acceleration$ regions$ (d1,d3)$ with$ their$ corresponding$ acceleration$ voltages$ (U1,$ U2)$ and$ two$ field$ free$ drift$

regions$(d2,d4)$

!

!

! !
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3.!RESULTS!and!DISCUSSION!

MSI! is!a! technique,!which!can!be!assigned!as!a!surface!analysis!method!and!yet! surface!

properties!are!critical!aspects!for!MSI.!Sample!roughness!can!lead!to!unequal!desorption!

and!ionization!of!analytes,!whereas!εr!of!the!uppermost!surface!layer!and!charging!effects!

within! a! sample! are! known! to! have! influence! on! ion! velocities! during! the! extraction!

process.! This! results! in! unfavorable! signal! broadening! especially! for! TOF! instruments,!

which!are!most!frequently!used!for!MSI!due!to!the!overall!mass!range!covered!for!singly!

charged! ion! species! 12.!We! discuss! influences! for! various! steps!within! a! typical!MALDI!

based! MSI! approach! with! a! special! focus! on! sample! surface! properties.! For! MSI!

experiments! one! has! to! be! aware! that! some! sample! parameters! highly! influence!mass!

accuracy! but! cannot! be! affected! by! the! researcher! e.g.! target! holder! planarity,! target!

carrier!mechanics!and!target!as!well!as!sample’s!εr.!

However,!height!differences!due!to!sample!geometry!and!good!energy!transfer!from!the!

laser! to! the! analytes! resulting! from!homogeneous!MALDI!matrix! application! are! in! fact!

parameters! easily! controlled! by! the! user! requiring! high! reproducibility! and! proper!

performance!rating.!To!enhance!mass!accuracy,!reproducibility!and!validity!of!MSI!results,!

this!study!presents!possibilities!to!evaluate!the!critical!parameters:!sample!height,!sample!

εr! and! planarity.! Additionally,! matrix! application! and! instrument! mechanics! can! be!

standardized.!!

Sample!height!and!εr!–!theoretical!considerations!

The!TOF!analyzer!is!based!on!the!principle!of!accelerating!ions!towards!the!detector!with!

an! applied! electrical! field! to! determine! their! masses! based! on! their! times! of! flight!

according!to!William!Stephens!28.!The!impact!of!height!and!εr!differences!can!be!calculated!

based!on!the!geometry!of! the! ion!source!of!an! instrument!as!shown!later.! In!the!AXIMA!

TOF2!(Fig.!2)! ions!pass!two!extraction!electrodes!with!two!acceleration!regions!and!two!
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field! free! drift! regions! in! defined! periods! of! time! (t1,' t3,' t2,' t4)!making! up! a! total! TOF! t,!

including!the!delayed!extraction!time!tde.!Differences! in!sample!height!as!well!as!εr!only!

affect! the! first! acceleration! region! and! therefore! t1.! The! ion’s! flight! distance,! and!

consequently! time,! is! influenced! by! various! factors! affecting! the! accurate! value! for! one!

single! mass:! it’s! molecular! weight,! the! distance! from! sample! surface! to! the! first!

acceleration!electrode!and!the!acceleration!voltage!applied!between!the!electrode!and!the!

sample!holder.!Whereas!the!distance!is!determined!by!the!sample!height!(actual!distance!

from! sample! surface! to! extraction! electrode),! the! acceleration! voltage! is! directly!

correlated!to!the!electrical!properties!of!the!sample!surface.!Insulating!material!causes!a!

potential!drop!for!the!applied!acceleration!voltage!and!the!kinetic!energy!E1!is!lower!after!

the!first!acceleration!region.!As!a!consequence!ions!have!a!longer!flight!time!and!based!on!

external!calibration,!the!obtained!m/z!value!are!calculated!to!be!higher!than!they!actually!

are.! If! ions!are!accelerated!from!higher!zCaxis!positions!corresponding!to!sample!height,!

those! effects! are! leveled! out! by! the! reduced! flight! distance!d1'leading! to! a! shorter!TOF.!!

However,!those!artifacts!interact!on!a!very!complex!level,!as!will!be!demonstrated.!!

The! concept! of! focusing! the! energy! distribution! of! an! ion! by! introducing! a! delayed!

extraction! time! 29! to! increase!mass! resolution! furthermore! enhances! the! complexity! of!

mathematical! calculations! to! get! a! value! for! a! proper! correction! for! varying! sample!

heights.!Delayed!extraction!compensates!energy!distributions!by!pulsing!the!acceleration!

field!and!as!a!side!effect!sharpens!the!energy!profile!of! the! ions.!Consequently! it!can!be!

considered!that!tde!is!capable!of!compensating!a!diffuse!zCaxis!profile,!e.g.!due!to!different!

sample!heights,!to!a!certain!extent,!which!will!be!evaluated.!The!present!study!focuses!on!

the!understanding!of!those!dynamics,!relevant!for!almost!all!MSI!applications,!and!finding!

ways!to!estimate!them!correctly.!
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Equations! 1! describes! the! specific! TOF! t! in! the! total! region,! from! sample! surface! to!

detector,!depending!on!the!analyte’s!mass!m,!the!applied!acceleration!voltages!U1!and!U2,!

the!first!distance!between!sample!and!acceleration!electrode!d1,!the!three!constant!flight!

distances! d2,! d3,! d4,! the! initial! kinetic! energy! E0,! the! kinetic! energy! after! the! first!

acceleration!region!E1,!and!the!final!kinetic!energy!E2!(Equ.!2!and!3).!!
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The!usually!negative!potential!difference,!ΔU,!caused!by!the!varying!sample!to!electrode!

distance! d1! (basically! the! sample! height),! the! sample’s! εrmaterial! and! its! impact! on! the!

electrical! acceleration! field! is! described! in! equation! 2,! 3! and! 4.! The! two! variable!

parameters! directly! influence!U1material! in! the! acceleration! field! of! the! first! acceleration!

region.!
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!!
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!

To!evaluate!the!singular! influence!and!dynamic! interactions!of!the!factors!height,!εr!and!

delayed! extraction! time,! those! parameters! were! varied! as! independent! as! possible! to!

estimate!the!degree!of!impact!on!the!TOF!of!an!ion.!!

For!our!estimations!we!examined!in!a!first!approach!the!relation!between!E,!t!and!tde.!To!

study!the!influence!of!εr!we!considered!stainless!steel!as!the!golden!standard!for!MALDI!
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target! material! and! compared! it! to! an! ITO! surface,! a! glass! surface! and! UHWMPE.! The!

decrease! of!E0,! as! a! consequence! of! the!material’s! εr,! leads! to! an! increased! t! at! low! tde!

settings.!A!longer!delay!for!the!time!of!extraction!leads!in!a!first!instance!to!a!longer!t.!Yet!

for!higher!E0!values!(i.e.!higher!laser!energies),!the!t!decreases.!!

!

Figure$3:$(a)$TOF$plotted$against$the$initial$kinetic$energy$E0$for$different$m/z$values$(1000,$5000$and$10000)$in$

correlation$to$varying$tde$(0,$200$and$500$ns)$in$consideration$of$stainless$steel$as$MALDI$target$and$constant$d1;$

The$ maximal$ time$ divergence$ is$ expressed$ as$ ∆t$ (b)$ TOF$ plotted$ against$ the$ acceleration$ region$ length$ d1$

calculated$for$m/z$1046$considering$UHMWPE$as$sample$surface$(εr.20)$for$three$tde.$All$calculations$are$based$

on$Equ.$1.$

Fig.! 3a! shows! exemplary! curves! for! t! plotted! against! the! kinetic! energies! of! ions! with!

three!different!masses! (column! in!Fig.!3a)! and!varying!delayed!extraction! time! settings!

(rows! in!Fig.!3a!and!b).!The!value! for! the! initial! kinetic! energy! is!based!on! the!average!

energy! transferred! in! the! MALDI! process! 30.! The! variable! kinetic! energy! in! our!

calculations! represents! possible! surface! εr! variation! leading! consequently! to!ΔU,!which!

further!affects!acceleration!voltage.!Without!setting!a!delayed!extraction!time!a!negative!

correlation!between!t!and!the!kinetic!energy!can!be!observed!(first!row!in!Fig!3a).!This!
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observation! confirms! the! basic! concept! of! TOF!mass! analysis,! high!E0! lead! to! high! ion!

velocities! and! short! flight! times.! Introducing! a! time! span! between! the! laser! pulse! and!

acceleration! voltage! application! (Fig.! 3a! row! 2! and! 3)! leads! to! polynomial! t! curve!

characteristics.! t! increases! and! decreases! can! be! observed,! leading! consequently! to! a!

considerable!difference!in!m/z!value:!based!on!a!TOF!tube!of!1.2531!m!for!the!field!free!

drift! region! and! 0.0133! m! for! the! acceleration! region,! the! calculated! TOF! differences!

result!in!a!mass!deviation!between!0.7!and!36.4!Da!(all!3!calculated!mass!values,!Fig.!3).!

This!result!highly!emphasizes! the! importance!of!a!homogeneous!energy! transfer!during!

the!desorption/ionization!process! and! consequently! consistent! ion! acceleration! in! axial!

TOF! instruments.! Homogeneous!matrix! layers! can! contribute! to! this! aspired! effect! and!

can! today! easily! be! achieved! over! a! larger! sample! surface! (also! see! 3.3.).! Another!

important!point!is!the!fact!that!biological!tissue!has!diverse!εr!distributions,!even!within!

one!rather!“small”!section.!The!application!of!surgical!lasers!to!diverse!kinds!of!tissue!has!

already! shown,! that! tissue! and! even! substructures! within! tissues! have! significantly!

differing! properties! of! energy! uptake! 31.! This! of! course! influences! the! final! mass!

resolution.!However!a!factor!that!can!hardly!be!influenced!is!the!different!accessibility!of!

analytes.! Protein! crossClinking! or! histological! environment! hamper! the!

desorption/ionization!process!and!therefore!may!still!vary!the!initially!introduced!kinetic!

energy!significantly.!!

Besides!this,!height!differences!within!samples!can!theoretically!be!well!evaluated.!Fig.!3b!

shows! the! correlation! of! t! and! the! flight! distance,! respectively! the! sample! height,! for!

UHMWPE.!Without!any!delayed!extraction!time,!a!positive!linear!correlation!between!the!

sample! height! and! t! can! be! observed.! The! introduction! of! a! delayed! extraction! time,!

between!0!and!500!ns!shows!a!polynomial!t!characteristics,!with!almost!infinite!t!for!very!

thick!samples!located!already!very!closely!to!the!first!field!free!drift!region.!An!increasing!
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t! for! reduced! sample! height! is! observed! corresponding! to! the! maximal! d1! in! the! first!

acceleration!process.!For!m/z!1046.54,!a! t!difference!between!3! to!4!µs!was!calculated,!

initiating!a!theoretical!mass!deviation!of!up!to!200!Da!for!variable!d1!on!UHMWPE.!These!

theoretical! calculations! also! emphasize! the! findings! discussed! before! consideration! of!

sample! properties! like! εr! and! height.! Mass! deviation! in! reality! is! lower! which! can! be!

explained!by!the!fact!that!we!have!taken!a!very!simple!model!for!our!first!calculations!and!

that!a!lot!of!physical!parameters!not!yet!known!were!not!taken!into!account.!Furthermore!

dielectric!properties!over!a!certain!(tissue)!area!cannot!be!calculated!in!detail,!but!impact!

the!electrical!field!transmission!and!geometry!in!an!unknown!way.''

Sample!planarity!after!sample!preparation!

Tissue! thickness! accuracy,! which! was! shown! to! highly! influence! mass! accuracy! in! the!

latter! paragraph,! and! reproducibility! in! sample! sectioning,! is! related! to! microtome!

accuracy! provided! by! the! instrument! and! the! thermal! properties! of! the! material.!

Especially!within!cryoCsectioning!the!contact!time!between!sample!and!cooled!knife!can!

lead!to!material!shrinking.!The!thermal!expansion!coefficient!of!biological!samples/tissue!

highly! affects! the! thickness! if! consecutive! slices! are! cut! at! low! cutting! frequencies! (2C3!

slides/minute).!!

UHMWPE!samples!showed!shrinking!in!the!µm!range!at!operating!intervals!of!above!15!s!

when!cut!at!C20!°C.!Considering!the!linear!temperature!expansion!coefficient!of!108!x!10C6!

m/m!K!for!UHMWPE!an!expansion!of!the!material!was!expected,!however!the!shrinking!is!

theoretically!below!the!detection!range!for!a!sample!thickness!of!20!µm.!!

In! contrast! paraffin! embedded! tissue! samples,! stored! at! 4! °C! but! best! sliced! at! room!

temperature,!expand!during!the!slicing!process!and!require!interim!cooling!after!several!

(up!to!10)!consecutive!slices!due!to!smearing!and!tissue!softness.!The!estimated!change!in!

thickness! occurs! in! the! nm! to! µm! range.! This! is! maybe! not! ultimately! critical! for! MS!
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imaging!experiments!using!tissue!sections!of!10!to!12!µm!thickness.!Yet!some!studies!use!

thinner!sections!and!for!this!signal!intensity!changes!have!to!be!considered!to!be!caused!

not!only!by!the!varying!analyte!presence!but!also!by!varying!sample!thickness!within!one!

tissue! slice! used! for!MS! imaging.! For! samples! cut! in! 5! µm! slices! a! tissue! expansion! of!

approx.!1C2!µm!is!observed!already!during!the!slicing!process.!This!leads!to!an!expansion!

of! 0.1! µm! per! slice! assuming! a! linear! process! for! thermal! density! changes.! In! practice!

paraffin! embedded! tissue! samples! must! be! cooled! during! the! slicing! process! to! avoid!

smearing!of!paraffin,!consequently!harming!the!tissue!morphology.!This!leads!inevitably!

to!thermal!shrinking.!An!estimated!height!and!material!compacting!of!almost!20!%!can!be!

observed! compared! to! the! last! cut! slice! as! a! consequence.! For! MSI! experiments,! this!

means!a!quantitative!and!qualitative!change!of!analytes,!which!must!be!considered!when!

consecutive!slices!are!used!for!3Cdimensional!reconstruction.!!

Histology!is!working!not!only!with!tissue!sections!of!µm!thickness!but!with!samples!cut!in!

the! nm! range.! And! as! MSI! is! very! often! correlated! with! histological! methods,! it! is! not!

surprising! that! thinner! tissue! sections! are! of! interest! for!MSI! experiments.! Thin! tissue!

sections! have! thicknesses! of! approx.! 150! nm.! Therefore! a! thickness! change! of! 20! %!

caused! by! thawing! during! the! cutting! process! has! an! enormous! impact! on! analyte!

concentration!and!subsequently!on!detectability!–!a!perspective!of!MSI!addressed!already!

in!various!studies!32C33.!But!also! for! thicker! tissue!sections!(1!to!15!µm)!changes! for! the!

analytical! sensitivity,! impacting! also! quantification! ambitions,! have! of! course! to! be!

expected.!For!this!it!has!to!be!pointed!out!that!slicing!frequency,!sample!and!microtome!

operating!temperature!have!a!tremendous!impact!on!comparability!between!consecutive!

slices!or!even!more!for!independent!tissue!sections.!!

Attaching! histological! tissue! samples! to! glass! targets! has! to! be! done! carefully! and! as!

planar!as!possible,!using!conventional!histological!handling!procedures!34.!However,!MSI!
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can! be! useful! for! any! kind! of! material! and! sample.! UHMWPE! for! example! is! a! nonC

conductive! and! hydrophobic! material! without! adhesive! qualities! for! glass.! So! for! MSI!

experiments! the! thin!UHMWPE! slices!were! fixed! on! ITO! targets! using! conductive! tape,!

which!is!intended!to!improve!the!transmission!of!the!applied!electrical!acceleration!field!

from!the!metallic!target!holder!to!the!sample!surface.!This!fixes!the!sample!tightly!on!the!

sample!carrier!and!insulating!material!properties!are!suppressed.!However,!new!sources!

of! height! deviation! are! introduced.! The! conductive! tape! itself! was! evaluated! on! 32!

different!localized!points!after!fixing!it!on!a!MALDI!target!and!showed!an!average!height!

of!80!±!4!µm.!!As!a!consequence!it!can!be!stated!that!the!major!variability!in!sample!height!

for! a! UHMWPE! slice! fixed! with! conductive! tape! is! resulting! from! the! tape! itself.! It! is!

believed!that!this!finding!can!be!generalized!–!samples!attached!with!conductive!tape!will!

show!significant!height!deviation!and!for!this!rather!bad!mass!resolution!and!even!wrong!

m/z!assignment!can!be!expected!for!such!samples.!

Dial! gauge! analysis! was! also! performed! on! paraffin! embedded! tissue! samples! and!

revealed!unexpected!shrinking!of!the!tissue!after!removal!of!paraffin.!Samples!cut!at!7!µm!

were! measured! to! in! fact! only! 4! µm! ±! 1! µm.! Even! though! the! dial! gauge! accuracy! is!

eventually! not! accurate! enough,! the! tendency! of! samples! to! shrink! after! removing!

embedding!medium!is!nevertheless!evident.!!

Other! embedding!media! than! paraffin,! are! usually! of! high! viscosity! and! harden! at! low!

temperatures,!whereas!they!melt!and!expand!at!higher!temperatures.!Tissue!embedded!in!

this!kind!of!material!is!usually!cut!at!C20!°C!or!even!below!and!undergoes!a!temperature!

gradient!of!more! than!Δ!40! °C! from!slicing! to!analysis.!Morphology! is! changing,! sample!

density!changes!and!toCdate!accompanying!molecular!changes!are!not!known.!It!has!to!be!

stated! that! samples! below! 5! µm! thickness! or! embedded! in! other! media! (e.g.! O.C.T.,!

sucrose)!were!not!analyzed!due!to!fragile!morphology.!It!can,!however,!be!assumed,!that!
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the!thermal!expansion!coefficient!impacts!these!samples!even!more.!FFPE!samples!are!cut!

at!room!temperature!showing!a!less!steep!temperature!gradient!and!the!described!effects!

are!not!expected!to!have!a!severe!impact!on!analysis.!

Presented!results!prove!the!reproducibility!of!the!slicing!operation!solely!based!on!height!

evaluation! but! clearly! shows! that! the! sample’s! thermal! expansion! coefficient! is! critical.!

Furthermore,!removal!of!embedding!medium!can!lead!to!decreasing!sample!heights.!!

Homogeneous!matrix!distribution!–!enabling!homogeneous!energy!transfer!!

Though! providing! one! of! the! most! accurate! matrix! deposition! systems,! the! ChIPC1000!

performance!proved!to!be!determined!by!printing!time!and!volume!35.!The!reported!limits!

for! the! piezoCdriven! droplet! delivering! process! (printing! process)! were! matrix!

concentrations!of!5!mg/ml!CHCA!dissolved!in!50!/!5–10!/!40–45!ACN/isopropanol/0.1!%!

TFA!(v/v/v)!and!printing!durations!of!2!h!with!a!pitch!size!(distance!from!one!spot!center!

to! the! next)! of! 400! µm.! ! Print! head! clogging! remains! the! limiting! factor! for! successful!

micro!spotting!and!is! induced!by!matrix!particle!crystallization!on!the!print!head!edges.!

Clogging!possibility!is!clearly!determined!by!the!choice!of!matrix,!its!solvent!system!and!

the! operating! temperature.! Temperature! directly! affects! solvent! viscosity,! matrix!

solubility! and! vapor! pressure.! So,! all! parameters! highly! impact! droplet! formation.! To!

systematically!evaluate!matrix!application!performance!the!matrices,!solvent!systems!and!

operating! temperature! were! varied.! As! the! ChIPC1000! does! not! have! a! builtCin!

temperature!control,! the!operating!temperature!was!reduced!by!placing!preCcooled!cool!

bags!(C20!°C)!near!the!piezoChead,!while!recording!the!temperature!over!the!printing!time.!

The!application!of!four!cool!bags!(C20!°C)!reduced!the!operating!temperature!by!2C3!°C!for!

two!h.!PreCcooling!the!system!in!this!way!for!two!h!and!frequent!exchange!of!the!cool!bags!

allowed!a! temperature!decrease!of!4C5! °C.! Frequent! exchanges! also!during! the!printing!

operation! proved! useful! despite! the! required! process! interruption.! A! temperature!
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decrease! of! 7C8! °C! was! achieved! utilizing! a! preCcooled! target! holder,! which! directly!

affected!the!sample!surface!and!the!piezo!print!head’s!immediate!thermal!environment.!!

For! all! tested! matrix/solvent! systems! (ethanol,! ACN,! ethanol/ddH2O! and! ACN/ddH2O!

both!50/50,!v/v)!vapor!pressure!and!viscosity!were!measured!showing!increasing!values!

for! the! first! and! decreasing! for! the! latter! (temperature! range:! 15! C! 25! °C).! As! a!

consequence! also! the! surface! tension! is! negatively! correlated! to! the! temperature!

(ClausiusCClapeyron! relation! 36).! Low! temperatures! favor! high! surface! tensions! giving!

good! printing! properties! for! solvent! systems! initially! not! used! for! piezo! printing! (i.e.!

ethanol!without!water! addition).! In! addition! samples! are! permanently! cooled! reducing!

possible!enzymatic!tissue!degradation.!!

We! also! observed! that! preCcooling! of! the! steel! target! holder! for! the!ChIPC1000! and! the!

glass!slides!(no!tissue)!for!30!to!45!min!at!4°!C!strongly!influences!matrix!crystallization!

and! printing! results.! ! Although! it! was! not! possible! to! permanently! control! the! target!

holder! and! glass! slide! temperature,! a! temperature! increase! from! 4! °C! to! 8! °C! was!

observed!after!10!min!of!printing!in!a!preCcooled!environment!caused!by!the!movement!

of!mechanical!parts.!Matrix!application!with!matrix!deposition!of!1.5!ng!CHCA!dissolved!in!

ACN/ddH2O! or! ethanol/ddH2O! (both! 50/50,! v/v)! was! investigated! after! that! time! and!

showed!a!very!inhomogeneous!crystallization!process!on!the!glass!surface,!especially!for!

ACN! containing! solutions.! From! this! result! we! concluded! that! temperature! differences!

between! the! solvent! system! and! the! sample! surface! can! lead! to! random! matrix!

crystallization!dynamics!giving!matrix!layers!with!unfavorable!MALDI!performance!(low!

ion!intensities).!!

High!throughput!experiments!using!high!printing!volumes!(7500!pL!per!spot!applied!by!

applying!80!pL!per!round,!47!rounds!in!total)!of!7.5!ng!CHCA!dissolved!in!ACN/ddH2O!or!

ethanol/ddH2O!(50/50,!v/v)!and!long!printing!durations!(8!h)!over!larger!areas!(75!x!25!
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mm)!showed!very!good!stability!at!15!°C.!Stacked!spots!were!accurately!applied!on! the!

same!position,!no!satellite!droplets!deposited!away!from!the!target!spot!were!observed,!

except!for!a!few!rows!at!the!edges,!and!no!print!head!clogging!was!experienced.!It!can!be!

said! that! low! matrix! concentrations,! ultra! sonication! and! centrifugation! of! the!

matrix/solvent!system!before!use!reduces!the!possibility!of!matrix!particles!remaining!in!

the!print!head!which!leads!to!matrix!microCcrystallization!and!subsequently!to!clogging.!!

For! ACN! containing! solutions,! most! frequently! used! in! MSI! experiments! addressing!

proteomic! or! peptidomic! questions,! temperatureCcontrolled! conditions! showed!

significant!printing!improvement.!Operating!times!of!up!to!5!h!and!10!cm2!with!very!good!

printability! and! accuracy! in! terms! of! spatial! deviation! for! 8! layers! of! droplets!without!

satellite!formation!could!be!achieved.!!

Matrix! crystal! formation! is! also! a! determining! parameter! for! spatial! resolution! and!

analyte! incorporation.! The! lowest! spatial! resolution! is! found! in! the! size! of! a! matrix!

particle,!which!depends!not!only!on!optimal!temperature/matrix/solvent!conditions!but!

also! on! sample! surface! properties.! Surface! hydrophobicity! highly! impacts! the! spatial!

resolution! in! the!printing!process.! Fig.! 4a! shows!a! spatially! resolved!matrix! application!

and! in! Fig! 4b! a! matrix! application! totally! covering! UHMWPE.! The! high! flexibility! for!

printing! parameter! adjustment! allows! full! covering! of! the! sample! despite! its! very!

hydrophobic! surface! characteristics.! However,! spatially! unresolved! matrix! application!

provides!high!risk!of!analyte!diffusion.!As!a!consequence!covering!the!total!area!demands!

careful!adjustment!of!drying!times!between!single!droplet!applications!and!this!varies!for!

each! specific! material! (e.g.' tissue,! polymer,! glass).! Although! UHMWPE! requires! long!

droplet! intervals! for! optimal! drying! between! printing! cycles,! it! nevertheless! supports!

homogeneous!crystallization.!SEM!experiments!showed!that!the!matrix!crystals!using!the!

ChIPC1000!are!very!small!(Fig!4c)!and!provide!constant!desorption!qualities!over!a!large!
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area.!For!the!spatially!resolved!print,!the!accuracy!of!6!droplet!layers!could!be!determined!

in! the! nanometer! range! (Fig.! 4d).! Considering! a! laser! ablation! area! of! 10! nm! in! the!

smallest! case! (i.e.! SmartbeamTM! laser),! the! area! affected! by! crystallization!

inhomogeneities! will! totally! be! smaller! than! the! ablated! area! and! is! therefore! not! of!

significant!influence!for!intensity!distributions.!!

!

Figure$4:$Light$microscope$(a,$b)$and$SEM$(c,$d)$images$of$CHCA$printed$on$UHMWPE$using$the$ChIP91000;$(a)$

spatially$resolved$printing$with$200$µm$pitch$size$after$6$printing$cycles$(equaling$6$stacked$CHCA$spots);$(b)$

area$print$mode$using$a$pitch$size$of$80$µm;$(c)$6$stacked$CHCA$spots$confirming$the$high$print$accuracy$and$

reproducibility$of$ the$printing$process;$ (d)$ fine$and$homogeneous$microcrystal$structures$are$observable$ for$

CHCA$dissolved$in$ACN$solution$applied$onto$UHMWPE.$

Target!holder!and!mechanics!–!setup!reducing!mass!accuracy!!

Target!material!and!surface!as!possible!source!for!mass!deviation!

MSI!experiments!are!not!only!affected!by!different!tissue!samples!(sample!material),!also!

the! choice!of! the!proper! sample!holder! is! essential.!We!studied! the! influence!of! sample!
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size,!sample!holder!surface!(glass,!ITO!covered!glass!and!stainless!steel)!and!MALDI!target!

holder!construction!(connecting!pin!to!the!glass!slide,!connection!by!conductive!tape).!!

For! MSI! experiments! glass! targets! with! standard! dimensions! of! 75! x! 25! mm! are!

commonly!used!tissue!sample!holders.!They!are!usually!Indium!Tin!Oxide!(ITO)!coated!on!

one! side! and! native! (mainly! silicon! dioxide,! lime! and! sodium! oxide)! on! the! other! side.!

Since!most!MALDICTOF!manufacturers!provide!their!target!holder!with!a!little!connecting!

metal!pin,! the!applied!electric! field! is!assumed! to!be! transmitted!efficiently!and!equally!

onto! the! sample! surface.! For! conductive! sample! surfaces,! as! biological! tissue! are,! we!

hypothesized! that! this! assumption! is! correct.! For! insulating!material! (i.e.! UHMWPE)! or!

larger!areas!under!investigation!we!called!this!assumption!into!question.!!

The! efficiency! of! energy! transmission! depending! on! the! target! holder! geometry! was!

evaluated! for! the! pin! solution! compared! to! conductive! tape.! Furthermore,! the! nonC

conductive!glass!side,!representing!materials!commonly!used!in!histology,!was!compared!

to!the!ITO!side.!The!expected!mass!deviation!was!analyzed!in!reflectron!mode!in!order!to!

enhance! results!by!monoisotopic!peak! selection.!To!estimate! the! sample!holder! surface!

parameters,!also!its!planarity!had!to!be!evaluated.!Mass!deviation!over!the!whole!sample!

holder! was! investigated! for! (i)! the! nonCconductive! glass! side,! (ii)! the! conductive! ITOC

covered! glass! side! connected! to! steel! by! the! conventional! metal! bind! and! (iii)! the!

conductive! ITOCcovered! side! connected! to! steel! by! conductive! tape! over! a!mass! range!

from! 700! to! 3500! Da! representing! the! conventional! mass! range! for! peptide! mass!

fingerprint!approaches!or!lipid!analysis.!!

For! the!whole! the! ITOCcovered! glass! slide!with! an! area! of! 1875!mm2! connected! to! the!

stainless!steel!target!holder!by!conductive!tape,!a!mass!deviation!of!∆m/z!C0.6!to!0.4!for!

Angiotensin! I!and!Glu1CFibrinopeptide!B!was!observed!with! increased!m/z!deviation!at!

the!edges! independent! from! the!position!of! calibration.! In! the! center! region,! an!area!of!
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1000!mm2,!∆m/z!deviation!was!observed!between!0.0!and!0.2.!An!equivalent!deviation!

pattern! was! observed! for! the! glass! side! and! the! ITOCcovered! side! connected! with! the!

metal!pin.!!

To!examine!the!efficiency!of!electrical!acceleration!field!transmission!on!sample!carriers!

with!different! εr,! calibration!was!performed!on! the! stainless! steel! target!holder!directly!

next!to!the!glass!target!to!evaluate!m/z!deviation!(Fig.!5).!The!glass!slide!surface!and!the!

stainless!steel!surface!were!leveled!out!to!reduce!height!differences!to!the!µm!range.!!

!

Figure$5:$Average$m/z$deviation$of$10$experiments$observed$on$different$surfaces$for$Angiotensin$I$and$ACTH189

39$(a)$applied$on$a$ITO$coated$glass$slide,$with$a$high$εr$but$not$connected$to$the$conductive$target$holder$(b)$

applied$ to$ the$ ITO$ coated$ side$ of$ the$ glass$ target$ with$ an$ additional$ connection$ (conductive$ tape)$ to$ the$

conductive$ target$ holder$ (c)$ applied$ to$ the$ non9conductive$ glass$ side;$ (d)$ Typical$ m/z$ deviation$ pattern$

independent$from$conductivity$for$a$75$x$25$mm$target$slide.$

Fig.!5!shows!the!obtained!m/z!deviation!for!one!particular!point!on!the!glass!slides!with!

different! εr! in! relation! to! calibration! on! stainless! steel.! Both! the! conductive! ITO! side!

connected! to! stainless! steel! by! pin! geometry! (Fig! 5a)! and! the! glass! side! (Fig! 5b)! show!

positive!m/z! deviations.! Results! for! the! ITO! side! supported! by! conductive! tape! show! a!
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negative!m/z!deviation!(Fig.!5c).!This!can!be!explained!by!the!enhanced!acceleration!due!

to!the!ITO!coated!surface!and!efficient!field!transmission.!Without!delayed!extraction!time!

the! height! difference! of! a! few! µm! between! the! slide! and! the! target! holder! is! of! high!

influence! leading! to! a! negative! ∆m/z! due! to! reduced! d1! at! an! effectively! transmitted!

acceleration!field.!!

The! introduction! of! a! delayed! extraction! time! positively! affects! the! degree! of! ∆m/z! for!

insulating!material! (conventional! glass! slide).! The! time! span! relevant! for! an! increased!

expansion! of! the! matrix! plume! might! improve! d1,! reducing! the! effect! of! poor! field!

transmission.! Conductive!materials,! such! as! the! ITO! slide! either!with! good! or! bad! field!

transmission!reveal!higher!∆m/z!by!introducing!tde.!Bad!field!transmission!combined!with!

tde,!may!lead!to!a!retarded!acceleration!process,!whereas!d1!is!even!more!reduced!for!good!

field!transmission!leading!to!an!increased!negative!∆m/z.!

Fig.!5d!shows!the!pattern!of!m/z!deviation!over!the!whole!target!area!of!1.875!cm2.!It!can!

be!concluded,!based!on! the!assumption,! that! the!deviation!pattern! is!a! result!of! sample!

holder!planarity!issues,!that!the!center!region!is!favorable!for!sample!application.!Reasons!

can!be!found!in!eventual!target!planarity!issues,!variations!in!the!ITO!coating!or!unknown!

factors!impacting!electrical!field!transmission.!

Nevertheless,! the! basic! experiments! concerning! the! impact! of! target! holder! geometry,!

sample!holder!planarity!and!material!emphasize! the! importance!of! considering! the!MSI!

set!up!in!every!detail.!In!summary!it!can!be!said!that!small!differences!in!planarity!have!a!

huge!impact!on!mass!accuracy.!Besides!this,!the!material!is!of!high!importance!influencing!

desorption! qualities.! Materials! leading! to! decreased! potentials! for! the! electrical!

acceleration! field! (i.e.! insulators)! negatively! influence! the! desorption! process.!

Additionally!the!influence!of!εr!changes!was!studied!only!considering!the!sample!carrier!

properties.!From!this!experimental!set!up!for!different!planarity!and!εr!it!can!be!deduced,!
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that!the!delayed!extraction!time!is!capable!of!compensating!material!properties.!However,!

it!has!been!shown,!that!the!effect!of!the!delayed!extraction!time!is!very!sensitive!to!the!εr.!

Those! findings,! regarding! electrical! field! transmission! and! the! dynamics! of! the! delayed!

extraction! time! are! further! evaluated! in! the! next! section! with! different! materials!

providing! varying! εr! values! and! sample! heights.! These! obtained! results! point! out! the!

inevitability! of! calibrant! application! near! the! sample! and! on! reference! material! with!

identical!height!and!εr!characteristics.!!

Sample! height! within! MSI! experiments! –! the! crucial! parameter! evaluated! on!

standardized!surfaces!(silicium,!UHMWPE)!

Defined!height!standards!were!used!for!further!studies!of!sample!height!on!m/z!deviation.!

By!using!different!sample!surfaces,!sample!εr!can!also!be!considered.!Silicium!with!a!εr!of!

11.2!and!UHMWPE!with!a!εr!of!2!were!used! for!practical!evaluation.!m/z!deviation!was!

investigated!in!the!reflectron!mode!on!an!axial!MALDICTOF!device!using!different!delayed!

extraction! time! settings.! A! peptide! standard! mixture! (Bradykinin1C5,! Bradykinin1C7,!

Angiotensin!II,!Angiotensin!I,!Glu1CFibrinopeptide!B,!NCAcetyl!Renin,!ACTH1C17,!ACTH18C39,!

ACTH7C38)!was!deposited!on!top!of!each!defined!surface!for!calculating!the!m/z!deviation!

relative! to! the! expected! m/z! value.! Calibration! was! performed! directly! next! to! the!

measured!area!of!interest.!!
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!

Figure$6:$(a)$m/z$deviation$for$Glu19Fibrinopeptide$B$[M+H]+$(m/z$1570,68)$applied$on$a$silicium$surface$with$

edged$steps$(160,$70$and$30$µm);$Three$different$pulsed$extraction$settings$(m/z$1000,$1500$and$2000)$were$

evaluated$ indicating$ a$ significant$ m/z$ increase$ (b)$ m/z$ deviation$ for$ Angiotensin$ II$ ([M+H]+,$ m/z$ 1046.54)$

applied$on$UHMWPE$samples$with$a$ thickness$of$5$ to$35$µm.$Both$curves$ show$a$ comparable$m/z$deviation$

over$the$different$samples$$

!



!85!

Silicium! samples!were! calibrated! on! the!wafer! directly! next! to! the! edged! recess.! Three!

given! incremental! distances,! 30,! 70! and! 160! µm,! were! measured! and! showed! Δ! m/z!

values!of!+!0.6!and!+!2.2!for!Glu1CFibrinopeptide!B!([M+H]+,!m/z!1570.68)!if!tde!was!set!to!

m/z! 1000! (Fig.! 6a).! Varying! the! delayed! extraction! time! between!m/z! 1000! and! 2000!

revealed!a!significant!Δ!m/z!between!0.6!and!4.0!for!the!same!peptide!ion.!tde!settings!of!0!

revealed! m/z! deviation! between! +2.38! and! +2.78.! The! analysis! of! further! analytes!

(between![M+H]+!m/z!757!and!2495,!detailed!data!not!shown)!showed!the!limited!mass!

range! of! a! few! 100! Da! of! ideal! set! up! conditions! of! the! delayed! extraction! time.! For!

silicium!it!was!found!that!with!increasing!distance!between!electrode!and!sample!surface,!

the!obtained!m/z!deviation!increased.!!

UHMPWE!samples!showed!a!higher!complexity!regarding!the!interaction!of!height,!εr!and!

the!applied!electrical! field.!Samples!were!mounted!on!conductive! tape!as!described!and!

analyzed!for!a!sample!height!variation!from!5!to!35!µm!(without!the!conductive!tape;!80!

µm),! which! correlates! in! total! to! a! reduced! acceleration! region! of! 3.3! to! 3.2! mm.!

Calibration!for!the!presented!results!was!performed!on!the!ITO!slide!itself!to!enhance!the!

m/z!shift!and!therefore!to!more!accurately!calculate!m/z!differences!coming!from!height!

variations.!We!considered!in!that!study!not!only!the!reflectron!but!also!the!linear!mode!of!

detection.!Mass!deviations!were!examined!for!a!peptide!mixture!containing!Bradykinin1C5,!

Bradykinin1C7,! Angiotensin! II,! Angiotensin! I,! Glu1CFibrinopeptide! B,! NCAcetyl! Renin,!

ACTH1C17,!ACTH18C39! and!ACTH7C38.!Data!are! shown! for!Angiotensin! II!only! ([M+H]+,!m/z!

1046.54).! As! it! is! shown! in! Fig.! 6b,! an! incremental! m/z! deviation! was! monitored! in!

reflectron!mode! for! the! peptide! ions! applied! to! 5C12! µm! and! 20C55! µm.! However,! for!

slices!between!12!and!20!µm!a!negative!m/z!deviation!was!obtained!with!a!maximum!of!

∆m/z! –0.6.! A! similar! distribution! of! the!m/z! deviation!was! observed! for! the! linear! ion!

detection!mode.!!
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Overall!m/z!deviation!ranged!from!Δm/z!C0.6!to!0.4!for!the!reflector!mode!and!Δm/z!C1.5!

to!1!in!linear!mode.!High!standard!deviations!were!calculated!for!the!majority!of!samples,!

though!microtome!operating!accuracy!was!validated!to!be!±!1!µm!using!a!dial!gauge.!!

Due!to!the!previous!results,!showing!linear!correlations!between!height,!εr!and!∆m/z!the!

curve!slope!reveals!more!complex!conditions.!Ion!source!and!electric!field!geometry!and!

the! transmission! of! the! applied! acceleration! field! through! the! material! are! unknown!

parameters.!The!increased!height!results!in!a!negative!mass!deviation,!which!is!valid!for!a!

small! height! range! (shorter! distance! to! detector! gives! shorter! flight! time! and! lower!

detected! m/z! values).! The! fact! that! similar! patterns! for! linear! and! reflectron! mode!

measurements!were!observed! (Fig.!6)! for!both!silicium!and!UHWMCPE,!emphasized! the!

hypothesis!of! considering!height!difference!not!as! the!only! reason! for!deviation.! εr! as! a!

sole!parameter,!however!leads!within!the!particular!distance!range!to!a!linear!decrease!of!

TOF!almost!independent!from!tde.!!

However,! the! most! crucial! parameter,! which! cannot! be! calculated! in! detail,! is! the!

electrical!acceleration!field!transmission.!Within!the!applied!field!the!conductive!tape!and!

the!attached!sample!form!a!very!complex!insulating!system,!where!the!field!dynamics!and!

field!shape!are!not!known!and!therefore!also!energy!transmission!is!difficult!to!estimate.!

The!thickness!of!insulating!material!very!likely!changes!the!field!transmission!properties.!

Additionally! the! conductive! tape! contains! short,! singular! steel! fibers! inducing! an!

interfering! electric! flux.! Even! though! those! facts! clearly! emphasize! the! difficulty! of!

calculating!mass!deviations,!the!importance!of!its!estimation!can!clearly!be!demonstrated.!

Such! samples! need! either! internal! recalibration! or! require! a! decoupling! of! the! MALDI!

source!from!the!TOF!tube.!The!latter!setup!is!given!in!orthogonal!mass!analyzer!designs.!!
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Alternative! geometries:! Orthogonal! Q@TOF! (Synapt! HDMS)! and! MALDI@TOF/RTOF!

(UltrafleXtreme)!

As! was! hypothesized! before! mass! accuracy! is! affected! by! sample! height! and! εr! for!

instruments!with!axial!ion!transfer!into!the!TOF!mass!analyzer.!Orthogonal!ion!injection!

was!therefore!used!to!proof!this!hypothesis.!The!decoupling!of!the!desorption/ionization!

process!from!m/z!analysis!is!expected!to!sufficiently!eliminate!any!differences!in!energy!

distribution!and!TOF!for!effects!occurring!in!the!acceleration!region.!Again!a!peptide!mix!

containing! six! peptides! (Bradykinin1C7,! Angiotensin! II,! Glu1CFibrinopeptide! B,! NCacetyl!

renin,!ACTH1C17!and!ACTH18C39)!in!a!mass!range!from!m/z!756.4!to!2465.2!for!the![M+H]+!

ions! was! spotted! on! top! of! UHMWPE! slices! of! various! thickness!mounted! on! stainless!

steel! targets! using! conductive! tape! and!measured! on! a! Synapt! HDMS!with! instrument!

parameters!optimized! for!peptide! ions! in! the!mass!range!between!m/z!300C5000.!Mass!

deviations! for!applied!peptide!standard!mixtures!on!the!described!steps!between!5!and!

35!µm!were!below!∆m/z!±!0.0001!for!all!peptides.!Similar!results!were!obtained!for!the!

silicium!wafer.!As!a!consequence!differences!in!tissue!substructures!and!disparities!in!the!

height!profile!do!not!affect!precision!and!lead!to!no!change!in!mass!accuracy.!Decoupling!

ion!generation!from!TOF!separation!is!certainly!advantageous!for!imaging!experiments,!if!

no!internal!recalibration!system!is!considered.!

Verifying! the! impact!of!height! and!εr!differences!on! the!UltrafleXtreme! revealed! critical!

issues.!Built!as!an!axial!MALDICTOF/RTOF!system,!we!were!interested!in!comparing!axial!

instruments,!with!differently!constructed!ion!sources.!For!the!standardized!silicium!wafer,!

prepared! as! described,! no! data! acquisition! was! possible! due! to! signals! far! below! the!

detection! limit.! It! can!be!assumed!that! ion!source!geometry!prevents!successful!analyte!

detection!for!nonCconductive!samples!thicker!than!0.1!mm.!!
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In! contrary! data! acquisition!war! possible! for! the! standardized! UHMWPE! samples.! The!

total!height!of!maximal!115!µm!above!the!ITO!glass!slide!surface!was!sufficient!for!signal!

generation.!The!UHMWPE!region!between!14!and!20!µm!sample!height!was!investigated!

with! a! similar! trend! in! ∆m/z.! The! average! deviation! of! 10! measurements! was! found!

between! ∆m/z! C0.15! and! C0.44,! which! is! below! the! results! obtained! for! the! Shimadzu!

instrument.!However,! ion! signals! always! revealed! double! peaks! and! a! very! broad! peak!

shape.! Even! though! the! accuracy! for! the! UltrafleXtreme! seems! to! be! less! affected! by!

insulating! material,! data! interpretation! and! recalibration! is! even! more! complicated!

because!of!peak!shape!variations.!!!

∆m/z!as!a!consequence!of!height!differences!in!MSI!experiments!

Within! MSI! experiments,! the! transfer! to! the! glass! target,! including! sample! mounting,!

fixation! and! preparation! steps,! is! one! of! the! most! critical! steps.! Especially! for! tissue!

samples!showing! less! than!1!µm!thickness!and!mechanically! fragile!materials! folding!of!

the! tissue! is! a! considerable! problem.! ! Folds! are! inducing! height! differences! and! as! a!

consequence! impact!mass! accuracy.!Moreover,! for! embedded! tissues! embedding!media!

are!trapped!in!the!folds!and!usually!hard!to!remove.!!

To! examine! the! extent! of! sample! inherent! artifacts! regarding! height! and! εr,! FFPE! rat!

kidney! tissue! and! UHMWPE! were! attached! to! the! glass! target,! both! exhibiting! sample!

folding! (Fig.! 7).! m/z! deviation,! was! investigated! within! the! folded! region! for!

homogeneously!distributed!Angiotensin!II!(calibration!was!performed!next!to!the!sample).!!

When! paraffin! has! been! removed! and! samples! were! treated! with! ethanol! for! washing!

procedures!before!analysis,!it!can!be!assumed,!that!an!eventual!signal!background!based!

on!residues!is!neglectable.!It!has!to!be!considered,!that!over!a!large!area,!each!analyte!of!

interest!has!an!average!mass!deviation!distribution,!which!is!not!exactly!known!and!has!

to!be!determined!individually.!!
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!

Figure$7:$m/z$deviation$on$MSI$samples;$(a)$Light$microscopy$and$surface$visualization$(ImageJ)$of$FFPE$tissue$

sample$sliced$ to$3$µm$with$a$7$µm$ folded$region;$ (b)$Visualization$of$ the$ intensity$distribution$of$ found$m/z$

values$all$corresponding$to$the$monoisotopic$Angiotensin$II$(m/z$1046.54)$signal$deviating$due$to$the$folded$

region$ (c)$ Light$ microscopy$ and$ intensity$ distribution$ of$ identified$ m/z$ values$ of$ the$ applied$ peptide$ on$

UHMPWE$samples$sliced$to$20$µm$with$a$folded$region$of$60$µm.$

On! the! investigated! FFPE! sample! (except! the! folded! region),!m/z! deviations! between! C

0.88!and!+0.32!were!observed.!Given!a!sample!thickness!of!3C4!µm,!this!is!an!expectable!

variation!as!a!result!of!different!height!and!εr! in!comparison!to!the!standard!applied!on!

flat!surface!of!the!stainless!steel/glass!sample!holder.!For!the!folded!region!deviations!up!

to!Δm/z!+2.93!were!measured!(Fig.!7b).!This!is!in!contrast!to!our!previous!assumptions!

where! a! negative! m/z! deviation! was! expected! for! tissue! samples! with! high! εr.! The!

investigated!FFPE!sample!had!an!average!thickness!of!3C4!µm!over!the!whole!region!and!

7C8!µm!within!the!folded!region.!According!to!our!calculations,!3!to!4!µm!height!increase!

leads!to!a!mass!deviation!below!∆m/z!1!for!material!having!the!same!εr.!However,!a!tissue!
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height!of!7C8!µm!combined!with!a!significant!change! in!εr! from!theoretically! infinite! for!

native!tissue!to!2.1C2.5!for!embedded!tissue,!leads!to!an!increase!in!TOF!of!approximately!

0.05! µs.! Yet! we! observed! even! larger! m/z! differences.! This! can! at! the! moment! only!

explained! by! unpredictable! tissue! morphology! changes,! inhomogeneous! electrical!

transmission!and!incomplete!paraffin!removal.!Due!to!the!folding,!paraffin!is!not!removed!

completely,!inducing!a!εr!change!with!a!higher!impact!than!height!differences.!!

For! UHMWPE! the! same! observation! was! made! for! the! folded! region.! For! the! evenly!

mounted! UHMWPE! only! a! slight!m/z! deviation! of! +! 0.21!was! detected.! Yet! within! the!

folded!sample!area!with!a!height!of!60!µm!a!m/z!deviation!of!up!to!+!2.9!was!observed!

(Fig.!7c).! !This!can!be!explained!by!a!reduced!field!transmission!assumed!for!the! folded!

region.!Additionally!the!geometry!of!sharp!edges,!resulting!from!microtomic!processing,!

again! leads! to!nonCuniform!electric! flux! lines,!distorting! the!electric! field!and!negatively!

influencing!desorption!the!ion!acceleration!step.!

The! results! confirm! the! assumption! that! samples! with! low! εr! lead! to! a! potential! drop!

causing! reduced! acceleration.! Samples! with! an! increase! in! height,! or! inhomogeneous!

height!profiles,!suffer!from!different!starting!points!for!acceleration.!Both!factors!result!in!

m/z! deviations! for! axial! MALDICTOF! geometries.! However,! those! sample! properties!

change! the!acceleration!properties!of! analytes.!An!eventually! reduced!acceleration! field!

combined!with!a!curtated!region!leads!to!reduced!signal!quality,!impeding!results!quality!

especially!for!low!abundant!analytes.''

Conclusion!

Manipulable!and!nonCmanipulable!parameters!impact!mass!accuracy!of!axial!MSI!MALDIC

TOF!experiments!to!critical!extent.!It!could!be!demonstrated,!that!even!very!small!changes!

like!residual!embedding!media!within!a!complex!sample!surface!lead!to!tremendous!m/z!
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deviation.!Of! course,! internal!mass! calibration! is! able! to! compensate! those! parameters.!

However!internal!calibration!is!not!always!applicable,!ionization!of!low!abundant!analytes!

of! interest!may! be! suppressed! or! the! area! of! investigation! is! so! small! that! it! a! simple!

question!of!available!space!on!the!sample.!Moreover,!double!peak!formation!complicates!

the! correct! recalibration! over! a! broad! mass! range.! The! alternative! of! a! decoupled! ion!

source! is! often! not! applicable! due! to! limiting! instrument! requirements! regarding!

sensitivity!or!mass!range!of!interest!for!intermediate!or!atmospheric!pressure!instrument!

configurations.! ! It! is! of! course! possible! to! enhance!mass! accuracy! by! using! equivalent!

surfaces! to! apply! the! calibrating! on,! but! then! again! height! and! εr! have! to! be! identical,!

which!is!difficult!to!achieve!for!biological!samples.!Certainly!even!for!identical!surfaces!it!

was!demonstrated!that!considerable!m/z!deviations!still!remain.!!!

From!our!point!of!view!the!first!step!to!improve!mass!accuracy!for!MSI!experiments!is!to!

investigate! physical! characteristics! of! sample! materials.! Small! differences! within! the!

sample! surface! can! lead! to! stress! peaks! or! potential! differences,!which! can! completely!

change!the!ion!acceleration!process!from!one!point!of!acquisition!to!the!other.!Yet,!a!low!

acceleration! voltage! for! the! first! acceleration! region! can! reduce! these! artifacts.! So! the!

most! crucial! effect! is! the!homogeneity!of! the!electrical! field! lines!within! the! ion!source,!

which!are!affected!by!the!sample.!Sample!preparation,!from!sample!sectioning!to!matrix!

application!is!the!most!crucial!step!to!generate!homogeneous!surfaces!and!homogeneous!

matrix!layers!for!desorption/ionization.!Especially!for!large!and!complex!samples!the!TOF!

is! influenced! by! the! described! artifacts,! seriously! impacting! obtained!m/z! values.! ! The!

focus!for!further!investigation!will!be!on!the!detailed!surface!examination!of!MSI!samples!

prior!to!analysis!in!order!to!enhance!measurement!optimization.!!
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Figure!legends!

Figure!1:!Scheme!of!experimental!set!up!for!evaluating!height!differences!under!the!same!

technical! conditions!using!an!axial!MALDICTOF/RTOF!mass! spectrometer! (AXIMA!TOF2,!

Shimadzu).!2!kV!acceleration!voltage! for! the! first!and!18!kV!for! the!second!region!were!

applied;! all! samples! are! covered!with! a! defined! peptide! standard! and!mounted! on! ITO!

coated! glass! slides! using! conductive! tape! for! the! polymer! and! metal! samples;! (a)!

UHMWPE!cut!to!defined!heights!(b)!Silicium!wafer!edged!to!defined!step!sizes!(c)!Folded!

formalin! fixed! and! paraffin! embedded! tissue,! 3! µm!height!with! 7! µm!within! the! folded!

region.!

Figure! 2:! Simplified! scheme! of! the! considered! MALDI! ion! source! for! basic! TOF!

calculations! including! two! acceleration! regions! (d1,d3)! with! their! corresponding!

acceleration!voltages!(U1,!U2)!and!two!field!free!drift!regions!(d2,d4)!

Figure! 3:! (a)! TOF! plotted! against! the! initial! kinetic! energy! E0! for! different! m/z! values!

(1000,!5000!and!10000)!in!correlation!to!varying!tde!(0,!200!and!500!ns)!in!consideration!

of! stainless! steel! !as! MALDI! target! and! constant! d1;! The! maximal! time! divergence! is!

expressed!as!∆t! (b)!TOF!plotted!against! the!acceleration! region! length!d1! calculated! for!

m/z!1046!considering!UHMWPE!as!sample!surface!(εr'20)!for!three!tde.!All!calculations!are!

based!on!Equ.!1.!
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Figure! 4:! Light!microscope! (a,! b)! and! SEM! (c,! d)! images! of! CHCA!printed! on!UHMWPE!

using! the! ChIPC1000;! (a)! spatially! resolved! printing! with! 200! µm! pitch! size! after! 6!

printing!cycles!(equaling!6!stacked!CHCA!spots);!(b)!area!print!mode!using!a!pitch!size!of!

80!µm;!(c)!6!stacked!CHCA!spots!confirming!the!high!print!accuracy!and!reproducibility!of!

the! printing! process;! (d)! fine! and! homogeneous!microcrystal! structures! are! observable!

for!CHCA!dissolved!in!ACN!solution!applied!onto!UHMWPE.!

Figure!5:!m/z!deviation!observed!on!different!surfaces!for!Angiotensin!I!and!ACTH18C39!(a)!

applied! on! a! ITO! coated! glass! slide,!with! a! high! εr! but! not! connected! to! the! conductive!

target! holder! (b)! applied! to! the! ITO! coated! side! of! the! glass! target! with! an! additional!

connection! (conductive! tape)! to! the! conductive! target! holder! (c)! applied! to! the! nonC

conductive!glass! side;! (d)!Typical!m/z!deviation!pattern! independent! from!conductivity!

for!a!75!x!25!mm!target!slide.!

!

Figure!6:!(a)!m/z!deviation!for!Glu1CFibrinopeptide!B![M+H]+!(m/z!1570,68)!applied!on!a!

silicium!surface!with!edged!steps!(160,!70!and!30!µm);!Three!different!pulsed!extraction!

settings!(m/z!1000,!1500!and!2000)!were!evaluated!indicating!a!significant!m/z!increase!

(b)!m/z!deviation!for!Angiotensin!II!([M+H]+,!m/z!1046.54)!applied!on!UHMWPE!samples!

with!a! thickness!of!5! to!35!µm.!Both!curves!show!a!comparable!m/z!deviation!over! the!

different!samples.!!

!
Figure!7:!m/z!deviation!on!MSI!samples;! (a)!Light!microscopy!and!surface!visualization!

(ImageJ)!of!FFPE!tissue!sample!sliced!to!3!µm!with!a!7!µm!folded!region;!(b)!Visualization!

of! the! intensity!distribution!of! found!m/z!values!all! corresponding! to! the!monoisotopic!

Angiotensin! II! (m/z! 1046.54)! signal! deviating! due! to! the! folded! region! (c)! Light!



!95!

microscopy!and!intensity!distribution!of! identified!m/z!values!of!the!applied!peptide!on!

UHMPWE!samples!sliced!to!20!µm!with!a!folded!region!of!60!µm.!

!

! !
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Abstract!

PE$UHMW!!(ultra$high!molecular!weight!polyethylene),!the!most!frequently!used!material!in!

acetabular!cup!replacement!for!artificial! joint!systems,! is!highly!affected!by!the! interaction!

with! its! surrounding!biological! compartment,! the! synovial! fluid.! It! is! assumed! that!protein!

layer! formation! is! of! high! importance! for! lubrication,! however! can! also! alter! polymer!

characteristics.!Up!to!now!no!study!is!available!investigating!protein!adsorption!on!polymer!

material!from!synovial!fluids.!The!present!study!investigates!protein!adsorption!on!gamma$

irradiated! and! Vitamin! E! doped! PE$UHMW!material! using! synovia! as!modeling! system! for!

static!adsorption!simulation.!SDS!PAGE!and!MALDI$TOF!mass!spectrometry!imaging!showed!

the!adsorption!of!high!abundance!proteins! in!a!molecular!mass! range!between!2!and!200!

kDa.! Homogeneous! protein! layer! formation! was! observed! on! planar! PE$UHMW!material,!

whereas! morphologically! modified! PE$UHMW! regions! were! highly! affected! by! protein!

aggregation.!!

!

Keywords!!

PE$UHMW,!protein!adsorption,!intact!proteins,!mass!spectrometry!imaging,!synovial!fluid,!

MALDI$TOF% !
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Introduction%%

Ultra!high!molecular!weight!polyethylene!(PE$UHMW)!is!a!very!frequently!used!material! in!

artificial!joint!replacement!systems.!It!provides!easy!usability,!extreme!high!mechanical!wear!

resistance,!high!biocompatibility!and!is!to!a!certain!extent!self$lubricating![1].!However,!the!

number!of!revision!surgeries!is!still!high,!sometimes!necessary!because!of!the!rapid!shelf!life!

aging! process! and! in' vivo! degradation! due! to! mechanical! wear,! oxidation! and! material!

modification! [2$4].! Synovial! fluid! (SF),! the! major! lubricating! system! in! the! joint!

compartment,! directly! interacts! with! the! material! surface,! leading! to! biomolecule!

adsorption!and!diffusion![1,!5]!possibly!altering!the!polymer!characteristics!and!stability.!The!

major!components!have!already!been!investigated,!however!it!has!not!been!determined!yet,!

whether!modified! PE$UHMW! surface! areas! lead! to! enhanced! biomolecule! adsorption! and!

diffusion!or!vice' versa.! Furthermore,! protein! layer! formation! on! PE$UHMW!has! so! far! not!

been!investigated!except!for!a!few!selected!protein!and!carbohydrate!species,!e.g.!albumin!

and!hyaluronic!acid![6].! It! is!known!that!the!major!abundant!components!of!synovial! fluid,!

e.g.! hyaluronic! acid,! albumin! or! immunoglobulin,! interact! with! PE$UHMW! and! tend! to!

adsorb!on!the!surface!in!model!fluid!systems.!However,!the!interaction!of!the!whole!synovial!

proteome! in! the! presence! of! lipids! etc.! with! PE$UHMW! has! never! been! investigated.!

Because!the!synovial! fluid!composition! is!very!similar!to!blood!plasma!(except! for!the!high!

hyaluronic! acid! content)! it! is! also! highly! affected! by! the! patient’s! age,! sex,! life! style! and!

pathological!status![7,!8].!Therefore!it!is!of!high!interest,!which!proteins!except!albumin!and!

immunoglobulin! in! fact! adsorb! on! PE$UHMW! before! a! deeper! understanding! of! the!

pathological! process! can! be! obtained! and/or!material! related! selective! adsorption! effects!

can!be!gathered.!

Different! compositions! of! PE$UHMW,! Vitamin! E! doped! material,! highly! cross$linked! PE$

UHMW!and!materials!undergoing!different!kinds!of!sterilization!strategies!have!already!been!

tested! in! clinical! studies! for! improving! the! materials’! properties! and! reducing! protein!

adsorption.! Highly! abundant! glycoproteins! have! been! shown! to! adsorb! on! PE$UHMW! in!

simulating! models! and! adsorption! has! been! investigated! to! occur! unspecific! and!

concentration! independent! [1].! In! the! same! study! model! fluids! containing! only! one!

glycoprotein!of!interest!revealed!that!the!formed!protein!layer!enhances!the!lubrication!and!

friction!behavior!of!PE$UHMW.!However,!besides!the!selected!glycoproteins!also!other!high!

abundance! and! acute! phase! proteins! occurring! during! inflammation! and! oxidative! stress,!

e.g.! during! rheumatic! diseases,! are! relevant! for! adsorption,! friction! behavior! and!

consequently!material!modification.!!
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The! presented! study! focuses! on! the! unbiased! identification! and! localization! of! proteins!

present! in!synovial! fluid!adsorbing!on!different!varieties!of!PE$UHMW!material.!To!answer!

both!questions,!protein! identity! and! spatial! distribution,!mass! spectrometry! imaging! (MSI)!

by! means! of! matrix! assisted! laser! desorption/ionization! time$of$flight! (MALDI$TOF)!

examination! was! correlated! to! SDS! PAGE! analysis! of! adsorbed! proteins.! MSI! is! a! well$

established!method! for! the! localization!and! identification!of! analytes!of! interest!within!an!

untargeted! approach! [9].! To! date! MSI! has! been! applied! to! a! huge! variety! of! biological!

samples! [10$12]! and! it! has! to! be! mentioned! that! surface! analysis! of! biomaterials! is! an!

exponentially! growing! field! gaining! more! importance! for! the! analysis! of! lubrication!

interaction!and!material!modifications![13,!14].!!

One!limiting!fact!of!MSI!is!that!protein!identification!in!the!high!molecular!mass!range!is!only!

possible!based!on!the!tentative!assignment!of!proteins!to!measured!m/z!values,!respectively!

the!molecular!weight!of!detected!molecules! [15].!To!corroborate!protein!assignment!after!

MSI! analysis,! SDS!PAGE!analysis!was! chosen,!providing! the!possibility! to! compare! synovial!

protein! patterns! to! patterns! of! protein! compounds! adsorbed! on! PE$UHMW! of! different!

compositions! with! respect! to! overall! detected! proteins.! In! parallel! MS$based! protein!

identification!after!in7gel!digestion!is!feasible.!Protein!identification!for!adsorbed!molecules!

was! furthermore! verified! by!on7tissue! (“on! polymer”)! digestion! [16,! 17].! The! hydrophobic!

surface! of! PE$UHMW! supports! the! preservation! of! protein! localization! during! trypsin!

application!in!aqueous!buffer!systems,!however,!diffusion!is!a!critical!point!for!both!enzyme!

and!matrix!application.!To!obtain!reliable!results!homogeneous!layers!of!trypsin!and!MALDI!

matrix!solution!were!applied!using!a!piezo!printer!(Chemical!Inkjet!Printer,!ChIP$1000)!to!the!

protein$carrying!PE$UHMW!material.!

Experimental%%

!
Materials!

The! Institute! of! Materials! Science! and! Technology,! Vienna! University! of! Technology,!

provided! gamma$irradiated! PE$UHMW! ! (GUR$1050! PE$UHMW)! and! PE$UHMW! samples!

doped!with!Vitamin!E.!All! chemicals!and! reagents,!unless! indicated! specifically,!were! from!

Sigma$Aldrich!(USA)!with!a!purity!of!at! least!99!%! if!not!stated!otherwise.!Ultrapure!water!

(uH2O)!was!obtained!from!a!Simplicity!system!(Millipore,!USA)!with!a!specific!conductivity!of!

Ωm!≤!18!S/cm.!Human!synovial!fluid!(SF),!sampled!after! joint!revision,!was!provided!by!the!

Institute!of!Materials!Science!and!Technology.!!

!
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Sample%preparation%%

Virgin! gamma! irradiated! GUR$1050! PE$UHMW! and! Vitamin! E! doped! PE$UHMW! samples!

were!used.!PE$UHMW!was!cut!into!small!blocks!(m!=!85!±!2!mg,!V!≈!125!mm3),!which!were!

either! used! for! incubation! experiments! or! sliced! to! 15! µm!using! cryostat! (CM1950,! Leica,!

Germany)!and!mounted!on! indium$tin!oxide! (ITO)!coated!glass!slides! (Sigma!Aldrich)!using!

conductive! tape! (Shimadzu,! Japan).!The! final!polymer!slice!can!exhibit! folded!regions!after!

attachment.!However,!those!regions!were!used!to!simulate!uneven!and!rough!regions!and!

edges,!as!they!actually!occur! in'vivo,!caused!by!mechanical!wear!and!abrasion!processes!in!

the! acetabular! cup.! All! PE$UHMW! samples! were! incubated! in! SF! at! 37! °C! for! 24! h.! After!

incubation,!samples!were!rinsed!with!uH2O!and!vacuum!dried.!!

For! MS! and! MSI! experiments! standard! MALDI! matrices,! α$cyano$4$hydroxycinnamic! acid!

(HCCA)! and! sinapinic! acid! (SA)!were!dissolved! in!70!%!acetonitrile! (ACN),! 30!%!uH2O! (v/v)!

containing! 0.1! %! trifluoroacetic! acid! (TFA)! at! a! concentration! of! 13! (HCCA)! and! 25! (SA)!

mg/mL.! Automatic!matrix! deposition!was! performed! using! a! chemical! inkjet! printer! ChIP$

1000!(Shimadzu)!or!a!commonly!used!airbrush!device!(Conrad,!Germany).!For!the!airbrush!

application! of! MALDI! matrix! a! working! distance! of! 10! to! 12! cm! was! chosen! with! an!

approximate!angle!of!50!to!60!°!covering!the!sample!in!several!iterative!steps.!!

!

MS%and%MSI%analysis%

MSI!experiments!were!performed!on!a!MALDI$TOF/RTOF!instrument!(UltrafleXtreme,!Bruker!

Daltonics,! Germany)! in! positive! linear! or! reflectron! mode,! equipped! with! a! 355! nm!

SmartBeam!laser!pulsed!at!2000!Hz![18]!and!on!a!MALDI$TOF/RTOF!instrument!(AXIMA!TOF2,!

Shimadzu!Kratos!Analytical,!UK)!equipped!with!a!20!Hz!nitrogen!(337!nm)!laser.!At!a!spatial!

resolution! of! 100! to! 150! µm,! mass! spectra! based! on! 1000! (AXIMA! TOF2)! or! 2000!

(UltrafleXtreme)!single!laser!shots!were!acquired!per!position!over!an!average!sample!size!of!

8000! single! imaging! positions! for! polymer! samples! (approx.! 8! ×! 8! mm)! if! not! otherwise!

stated.!For!image!reconstruction!FlexImaging!v.!3.0!software!(Bruker!Daltonics)!and!Biomap!

38.04!(Novartis,!Switzerland)!was!used.!

Gel%Electrophoresis%

For! protein! extraction! 200! µL! SF,! PE$UHMW! blocks! after! incubation! in! synovia! and! blank!

material!was!deposited!in!1200!µL!uH2O!before!100!µL!trichloroacetic!acid!(TCA;!20!%)!were!

added! 5! times! and! vortexed! thoroughly! between! each! single! addition.! Samples! were!

incubated!for!30!min!at!4!°C!and!centrifuged!at!14000!rpm!and!4!°C!for!another!30!min.!The!

supernatant!and!polymer!blocks!were!removed!and!the!protein!pellet!re$dissolved!in!10!µL!
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lysis!buffer!(50!mM!Tris/HCl!pH!8.0,!2!mM!dithiothreitol,!10!%!v/v!glycerol,!0.5!%!v/v!Tween!

20,!10!%! toluol).! For!protein!precipitation!with!ethanol,! 50!µL!SF!or! the!PE$UHMW!blocks!

were!mixed!with! 450! µL! precooled! ethanol! (4! °C)! and! incubated! at! $70! °C! for! 2! h! before!

centrifugation!at!14000!rpm!and!room!temperature!for!30!min.!The!polymer!blocks!and!the!

supernatant!were!removed!and!ethanol!residues!were!evaporated!in!the!vacuum!centrifuge.!

After! drying! the! pellet! was! re$dissolved! in! lysis! buffer.! Protein! concentration! was!

determined!according!to!Bradford![19].!

For!SDS!PAGE!analysis!protein!pellets!were!dissolved!in!lithium!dodecyl!sulfate!sample!buffer!

(26.5!mM!Tris!HCl,!35.25!mM!Tris!Base,!0.5!%!lithium!dodecyl!sulfate,!2.5!%!glycerol,!0.1275!

mM! EDTA,! 0.055! mM! SERVA! Blue! G250,! 0.044! mM! Phenol! Red,! pH! 8.5,! 50! mM!

dithiothreitol)! at! 95! °C! for! 5! min! and! applied! to! a! precast! NuPAGE! 4$12! %! Bis$Tris!

polyacrylamide!gel!(Invitrogen,!USA).!Electrophoresis!was!conducted!at!125!V!(60!mA!max.,!

12.5! W)! in! a! XcellSurelock! Mini! Cell! electrophoresis! system! (Invitrogen,! USA).! Gels! were!

silver!stained![20]!for!protein!detection.!!

!

Protein%identification%

Proteins! were! either! identified! after! SDS! PAGE! by! in7gel! or! by! on7tissue! (“on! polymer”)!

digestion.!For!the!first,!gel!bands!were!excised!with!a!clean!scalpel!and!destained!using!100!

mM!Na2S2O3!and!30!mM!K4Fe(CN)6*!3H2O!(1:1,!v/v).!Gel!pieces!were!treated!with!ACN!and!

rehydrated!with!100!mM!NH4HCO3.!After!reduction!(10!mM!DTT!in!100!mM!NH4HCO3)!and!

alkylation! (50! mM! iodoacetamide! in! 100! mM! NH4HCO3)! the! gel! pieces! were! dried! in! a!

vacuum!centrifuge!and!rehydrated!in!approx.!10!µL!50!mM!NH4HCO3!(pH!8.5)!containing!5!%!

ACN! and! 125! ng! trypsin! (porcine,! proteomics! grade,! Roche,! Switzerland).! Digestion! was!

carried!out!for!24!h!at!37!°C.!Peptides!were!extracted!with!50!mM!NH4HCO3/ACN!(1/1,!v/v)!

and!two!times!with!uH2O/ACN!containing!0.1!%!TFA!(1/1,!v/v),!for!15!min!each.!All!extracts!

of!one!respective!spot!were!pooled!and!dried!in!a!vacuum!centrifuge.!After!reconstitution!in!

0.1!%!TFA!peptides!were!desalted!using!C18!ZipTips!(Millipore,!USA)!and!eluted!with!5!mg/mL!

HCCA!prepared! in!ACN/0.1!%TFA!(50/50,!v/v)! in!the!final!step.!Peptide!mass! fingerprinting!

(PMF)! and! sequence! tag! analysis! were! carried! out! on! a! MALDI$TOF/RTOF! instrument!

(UltrafleXtreme).!!

For! “on! polymer”! enzymatic! treatment,! the! ChIP$1000! was! used! for! precise! trypsin!

deposition!at!a!standard!concentration!of!3!ng/µm2!containing!1!%!Rapigest!(Waters,!USA)!

dissolved!in!50!mM!NH4HCO3!(pH!7.5)!containing!5%!ACN.!Trypsin!solution!was!applied!at!a!

lateral!resolution!of!100!µm!covering!the!complete!sample!area.!For!digestion!samples!were!
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stored!at!37!°!C!for!24!h!in!saturated!atmosphere!(ethanol/water,!50/50,!v/v,!80!%!relative!

humidity).! After! incubation! samples! were! carefully! washed! with! uH2O! to! remove! salts,!

delocalized! peptides! not! adsorbed! to! the! polymer! and! autolytic! fragments! from! trypsin.!

Samples!were!vacuum!dried!for!15!min!and!HCCA!was!applied!afterwards!as!described.!!

For!all!enzymatic!digestion!data,!autolytic!tryptic!products,!keratin!and!blank!artifacts!were!

assigned!and! removed!before!database! search! (SWISSPROT,!Dec.! 2013)!using!Mascot! [21]!

with!the!following!parameters:!taxonomy!Homo'sapiens,!monoisotopic!mass!values,!peptide!

mass! tolerance! of! ±0.3! Da! (for! PMF! and! PSD! experiments),! 2! missed! cleavages,! a! fixed!

modification! carboxyamidomethylation! and! methionine! oxidations! set! as! variable!

modification.!

Results%

%

Protein%identification%on%PE@UHMW%%%

Two! different! PE$UHMW! materials! were! investigated! concerning! protein! adsorption:!

conventionally!used!GUR$1050!PE$UHMW!and!Vitamin!E!doped!PE$UHMW,!which!is!claimed!

to! be! more! resistant! to! oxidative! degradation! [5].! After! incubating! the! two! different!

materials!in!the!same!synovia!at!37!°C!for!24!h,!adsorbed!proteins!were!extracted.!Similar!to!

plasma,! 85! %! of! synovia! consists! of! the! same! well$described! high! abundance! proteins.!

However,!to!identify!proteins!actually!adsorbing!in!a!concerted!manner!from!synovia!on!PE$

UHMW! in! the! bio$compartment,! we! decided! against! special! synovia! treatment! (e.g.!

depletion)!well!aware!of!the!possibility!to!identify!exactly!those!high!abundance!proteins.!!

For!this!approach,!two!different!extraction!methods!were!evaluated:!an!ethanol!and!a!TCA!

based!extraction!methods!(details!see!Materials!and!Methods).!Protein!concentrations!were!

determined! to! compare! the! efficiency! of! both! approaches.! The! protein! concentration!

obtained! according! to! Bradford! differed! significantly! yielding! 14.68! ±! 4.24! µg/µL! for! the!

ethanol!(n!=!15)!based!method!and!7.74!±!1.89!µg/µL!for!the!same!polymer!type!extracted!

with! TCA! (n! =! 15).! However,! no! qualitative! differences! were! observed! for! the! SDS! PAGE!

protein!pattern!and!the!number!of!protein!lanes!was!comparable!in!the!apparent!molecular!

mass! range! between! 3! and! 200! kDa.! For! proceeding! experiments! TCA! precipitation! was!

applied,! in! order! to! avoid! eventual! lipid! or! glycan! contamination! (easily! extracted! with!

ethanol)!and!based!on!the!higher!reproducibility.!!

Protein! analysis! from! the! two! different! PE$UHMW! species! revealed! an! average! protein!

concentration!of!9.46!µg/µL! for!GUR$1050!PE$UHMW!after!extraction!with!TCA!and!13.08!

µg/µL!for!Vitamin!E!doped!samples.!Applying!concentration$matched!samples!to!SDS!PAGE!
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revealed!lighter!stained!protein!bands!for!the!Vitamin!E!doped!samples.!More!than!10!high!

abundance!proteins!could!be!identified!after!in7gel!digestion!(Fig.!1).!!

!
Figure%1:%Summary%of%SDS%PAGE%analysis%and%protein% identification%of%high%abundance%proteins% in%
synovia%and%proteins%recovered%from%PE@UHMW%surfaces%after% incubation%in%synovia%for%24%h.%SDS%
PAGE:%Proteins%recovered%from%Vitamin%E%doped%PE@UHMW%%(lane%A),%GUR@1050%PE@UHMW%%(lane%B),%
Seeblue%Prestained%Marker% (lane%C)%and%Synovial% fluid%extracts% (lane%D).%Table:%proteins% identified%
after%in#gel%digestion%in%comparison%to%m/z%values%detected%on%PE@UHMW%%(GUR@1050%and%Vitamin%E%
doped)% by%MALDI% profiling.%Number%of% peptides% derived%by% “on#polymer”%digestion% associated% to%
respective%proteins%and%degree%of%glycosylation%listed%in%the%database.%

Compared! to! protein! extracts! from! SF,! it! can! be! seen! that! all! high! abundance! proteins!

adsorb!on!both!PE$UHMW!types.!Relative!protein!intensities!within!the!protein!extracts!are!

comparable! except! for! the! light! chain! of! IgG,! which! seems! to! be! less! abundant! on! the!

polymers!compared!to!plain!synovia.!

Aside! from! gel! electrophoretic! analysis,! adsorbed! proteins! were! also! detected! as! intact!

molecules!on!the!polymer!surfaces!using!MALDI$TOF!MS!(MALDI!profiling)!after!washing!the!

polymer! with! uH2O.! Synovia! contains! a! very! high! amount! of! salts,! therefore! the! washing!

procedure!had! to!be! repeated! if! salt! residues!were! still! visible! as! small! crystals!under! the!

light!microscope.!HCCA! and! SA!were! deposited! directly! on! the!washed!polymer! using! the!

airbrush!instrument.!At!this!point!the!maintenance!of!localization!of!the!proteins!was!not!of!

importance.!Thin!MALDI!matrix!layers!were!obtained!on!the!very!hydrophobic!surface!using!

both! matrices! with! ACN/0.1! %! TFA! at! a! ratio! of! 70:30! (v/v)! as! solvent.! For! MS! profiling!

experiments! the! whole! polymer! area,! approx.! 25! mm2,! was! measured! with! a! laser! spot!

diameter!of!50!µm!and!a!broad!energy!profile!to!avoid!polymer!degradation!(all!experiments!

performed! on! the! UltrafleXtreme).! Fig.! 2! shows! the! protein! pattern! from! GUR$1050! PE$

UHMW!surface!for!two!different!mass!ranges!accumulating!5000!shots!for!each!spectrum.!!
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!

Figure% 2:% Positive% ion% MALDI% mass% spectra% obtained% by% MS% profiling% of% GUR@1050% PE@
UHMW% incubated% in% synovia% for% 24% h% at% 37% °C.% a)% HCCA% was% used% as% matrix% for% the%
molecular% mass% range% between% 2% and% 20% kDa% and% b)% SA% was% used% as% matrix% for% the%
molecular%mass%range%between%20%and%200%kDa.%%%
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HCCA! proved! successful! for! the! molecular! mass! range! between! 2! and! 20! kDa! and! as!

expected!SA!performed!best!for!the!higher!range,!20!to!200!kDa.!In!both!cases![M+H]+!ions!

were!generated.!Even!though!PE$UHMW!is!a!highly!insulating!material,!interfering!therefore!

with!the!MALDI!process!itself,!mass!resolution!(FWHM)!was!kept!between!5000!and!10000!

for! the! linear! ion! mode! and! 300! to! 4000! for! reflectron! mode.! Ion! intensities! and! mass!

resolution!were! sufficient! for!unambiguous!peak!assignment.!The! table! in!Fig.!1! illustrates!

that! after! incubation! with! SF! the! determined! m/z! values! most! likely! correspond! to!

apolipoproteins!of!different!classes!(Apo!C$I,!Apo!A$II,!Apo!C$III,!Apo!C$II,!Apo!D,!Apo!A$I,!Apo!

E,! Apo! A$4),! transthyretin,! α1$antichymotrypsin,! albumin,! complement! C3$b,! transferrin,!

haptoglobin,! ceruloplasmin! and! the! light! as! well! as! heavy! chain! of! IgG.! They! were! all!

detected!on!both,!GUR$1050!PE$UHMW!and!Vitamin!E!doped!PE$UHMW!material.!

SDS!PAGE!and!MALDI!profiling!showed!that!all! identified!proteins!and!detected!signals!are!

belonging! to!high!abundance!proteins!present! in!SF.!However,! it! is!observed! that!many!of!

the! tentatively! assigned! apolipoprotein! subunits! are! present! in! MALDI! profiling! analysis!

alone.! This! can! either! be! explained! by! the! fact! that! this! lower! molecular! weight! protein!

fraction! is! not! accessed! in! conventional! SDS! PAGE,! or! that! these! subunits! are! specifically!

attaching!to!the!polymer!surfaces!and!cannot!be!removed!by!protein!precipitation!using!TCA.!

It!has! to!be!mentioned! that!only!a! small! percentage!of! the!proteins! identified!after! in7gel!

digestion!represent!glycoproteins!(see!table!in!Fig.!1)!and!that!from!this!no!clear!conclusion!

can!be!drawn!whether!glycoproteins!or!otherwise!post$translationally!modified!proteins!are!

preferentially!adsorbed! to! the!PE$UHMW!material.! The! same!conclusion!can!be!drawn! for!

the! feature! protein! hydrophobicity.! It! was! also! observed! that! SDS! PAGE! band! intensities!

gave!no!unambiguously!hint! to! the!assumption! that! the! size!of! a!protein!has! a! significant!

effect!on!adsorption.!!

%

MALDI%matrix%application%on%hydrophobic%surfaces%for%MSI%experiments%

Investigating!protein!adsorption!on!polymer!surfaces!by!MALDI$TOF!MS!requires! thorough!

optimization! of! sample! preparation! particularly! due! the! low! analyte! concentrations.! The!

most!critical!step!is!the!generation!of!a!homogenous!MALDI!matrix!layer!on!a!large!sample!

surface.! The! hydrophobic! surface! of! the! PE$UHMW! samples! favored! the! formation! of! a!

liquid! film! if! the! matrix! was! not! carefully! applied! droplet! by! droplet.! Especially! folded!

regions,!which!can!occur!after!applying!the!thin!polymer!samples!to!the!ITO!slides!after!cryo$

microtomy,! provide! problems! regarding! matrix! crystallization.! MALDI! matrix! solution!

application! with! slowly! evaporating! solvents! leads! to! a! matrix! flow! leaving! no! matrix! on!
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folded!areas!but! large!crystals!on!planar!regions.!This!can!of!course!favor!disadvantageous!

analyte! diffusion.! Additionally! it! is! known! that! protein! desorption/ionization! during! the!

MALDI!process! is!more!effective!after! incorporating!analytes! in!solvent!systems!containing!

acidic! components,! as! a! consequence! of! efficient! protonation.! On! the! polymer! surfaces,!

however,! organic! solvent! systems! were! shown! in! preliminary! results! to! have! better!

crystallization!properties,!most!likely!due!to!their!much!higher!volatility![22].!Further!studies!

showed!now!that!organic!solvent!systems!revealed!very!small!crystal!sizes!and!homogenous!

covering! of! the! polymeric! material,! while! aqueous! solvent! systems! resulted! in! improved!

signal!quality!but! less!favorable!sweet!spot!formation! in!combination!with!sometimes!very!

small! areas! covered!with!high!concentrations!of!matrix.! The!matrix/solvent! system! turned!

out!to!be!performing!best!with!respect!to!signal!quality!(signal$to$noise,!intensity!and!mass!

resolution),!surface!coverage!and!applicability!was!a!solution!of!ACN!/!aqueous!0.1!%!TFA!at!

a!ratio!of!70!/!30!for!both!HCCA!and!SA.!

For! matrix! application! the! piezo! printer! (Chip! 1000)! and! the! airbrush! instrument! were!

compared! with! special! respect! to! analyte! diffusion.! To! prevent! the! formation! of! a! thin!

solvent! layer! on! top! of! the! polymer! due! to! droplets! trickling! away,! the! distance! between!

single!matrix!droplets!(approx.!80!pL)!applied!with!the!piezo!printer!was!set!to!100!µm.!To!

cover!the!total!area!of!25!mm2!long!printing!operation!times!were!necessary!(up!to!5!h).!For!

this,!analyte!diffusion!was!investigated!when!using!an!airbrush!system!instead!of!the!piezo!

printer!for!MALDI!matrix!deposition!to!reduce!overall!operating!times.!A!peptide!standard,!

500!fM!leucine$enkephalin,!was!deposited!on!an!ITO!target!with!the!piezo!printer!using!the!

area! print!mode! of! the! instrument,! which! leads! to! a! complete! covering! of! a! pre$defined!

area.! This! area! was! then! covered! with! HCCA! as! MALDI! matrix! using! the! airbrush.! We!

observed! a! recognizable! liquid! layer!of! solvent!on! the! ITO! target,!which!evaporated!more!

slowly! than! the! MALDI! matrix/solvent! systems! applied! by! the! piezo! printer.! Thus! after!

drying,!light!microscopy!revealed!a!thin!matrix!layer!with!homogeneous!crystal!distribution.!

Moreover! MSI! experiments! demonstrated! (Fig.! 3)! that! the! airbrush! represents! a! matrix!

application!device!sufficient!for!matrix!application!without!significant!analyte!dislocation!at!

a! lateral! resolution! of! 100! µm.! The! very! sharp! edged! area! visualized! for! the! peptide! ion!

emphasizes! the! accuracy! of! peptide! application! by! the! piezo! printer.! The! applied! peptide!

was!perfectly!preserved!and!detected!after!MALDI!matrix!application.!!
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Figure%3:%Non@normalized%intensity%distribution%of%Leucine@Enkephalin%(transparent%peptide%
solution)% printed%with% the% piezo% printer% in% an% “H”@shaped% area% on% transparent% ITO% glass%
before%HCCA%(ACN/aqueous%TFA%(50/0.1,%v/v))%application%with%an%airbrush.%Visualization:%
FlexImaging.%Lateral%resolution%of%the%MSI%experiment:%100%µm.%

%

Visualizing%intact%protein%distribution%on%PE@UHMW%up%to%204%kDa%

Besides! the! finding! that! proteins! adsorb! on! PE$UHMW!aside! from! their! post$translational!

modifications! or! hydrophobic! quality,! it! is! necessary! to! localize! proteins! adsorbing! on! PE$

UHMW! in! order! to! correlate! them! to! polymer! qualities! such! as! surface! roughness! or!

oxidation.!!

For!this!the!15!µm!PE$UHMW!slices,!incubated!in!SF!for!24!h,!were!investigated!concerning!

the!adsorbed!protein!layer!and!the!localization!of!certain!proteins!in!a!MSI!approach.!HCCA!

for!the!low!or!SA!for!the!high!molecular!mass!range!were!applied!using!the!piezo!printer!at!a!

lateral!resolution!of!100!µm!covering!the!whole!PE$UHMW!sample!homogeneously.!Fig.!4a!

shows!an!exemplary!covered!PE$UHMW!sample!after!applying!HCCA!with!the!piezo!printer.!

A! rather! thick! matrix! layer! with! fine! crystal! formation! is! observed.! Similar! results! were!

obtained!for!SA.!The!same!proteins!as!in!profiling!experiments!were!detected,!i.e.!all!highly!

abundant!species!such!as!albumin,!IgG!and!the!apolipoprotein!subclasses.!!
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Figure% 4:% MSI% experiments% of% GUR@1050% and% Vitamin% E% doped% PE@UHMW% incubated% in%
synovia%for%24%h%at%37%°C.%a)%Matrix%crystallization%on%PE@UHMW%using%HCCA%in%ACN/0.1%%%
TFA% (70/30,% v/v).%MSI%experiments% to% localize%b)%Apo%D% ([M+H]+,%m/z%22301),% c)%Albumin%
([M+H]+,%m/z% 66615)% d)% IgG% ([M+H]+,%m/z% 147000)% and% e)%m/z% 204000% ([M+H]+)% on%GUR@
1050% PE@UHMW% % (transparent)% and% f)% Albumin% [M+H]+% on% Vitamin% E% doped% PE@UHMW%%
(transparent)%were%performed%at%a%lateral%resolution%of%100%µm.%

Profile!mass!spectra!were!already!presented!in!Fig!2a!and!2b!showing!protein!adsorption!up!

to!204!kDa.!Yet!some!proteins!exhibited!characteristic!localization!on!the!polymer!material.!

Fig.!4b!shows!the!intensity!distribution!of!apolipoprotein!D![M+H]+!(m/z!22301)!and!Fig.!4e!

the!distribution!of!the!unknown!protein!at!204!kDa!on!GUR$1050!PE$UHMW!after!total!ion!

current! (TIC)! normalization.! Molecules! were! almost! homogeneously! distributed! on! the!

polymer.!The!analyzed!PE$UHMW!sample!showed!a!small!folded!area!in!the!center,!whereas!

the! majority! area! was! mounted! completely! planar! to! the! conductive! tape.! On! perfectly!

prepared! samples! all! proteins! were! detected! with! a! similar! homogeneous! lateral!

distributions.!Interestingly!that!in!the!few!areas!not!covered!with!Apo!D!especially!albumin!

was!found!(Fig.!4c).!On!both!polymer!variants,!GUR$1050!and!Vitamin!E!doped,!m/z!values!

correlating! to! [M+H]+! ions! of! human! serum! albumin! (m/z! 66615)! were! detected! in! the!

center! region!of! the!polymer!slice,!with!especially!high! intensities! in! folded!area! (Fig!4c,f).!

The! area! of! high! intensity! on! top! of! the! sample! results! from! protein! adsorption! on! the!

conductive! tape! on!which! the! polymer! is!mounted.! Compared! to! the! conventionally! used!

GUR$1050!PE$UHMW,!Vitamin!E!doped!material!(Fig!4f)!showed!less!signal!intensities!for!all!

detected!proteins.!However,!adsorbed!proteins,!IgG!and!an!unidentified!compound!with!m/z!

204000! (Fig.! 4d,! e),! revealed! similar! preferences! for! folded! regions! and! sharp! edges.! To!
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investigate! the! influence!of!protein!degradation!due!to!protease!activity,!MSI!experiments!

were!performed!on!samples!removed!from!SF!incubation!after!15,!30,!60!min!and!3!h.!It!was!

found!that!homogeneous!protein!layers!are!formed!already!after!30!min!of!incubation!and!

no!loss!of!signal!intensity!or!increased!signal$to$noise!ratio!excelling!biological!variation!was!

observed!(data!not!shown).!

%

Identification%of%high%molecular%weight%proteins%by%“on%polymer”%digestion%

To!verify!tentative!protein!identifications!on!PE$UHMW!material,!adsorbed!proteins!have!to!

be! enzymatically! digested! and! the! generated! peptides! have! to! be! sequenced! by! mass!

spectrometry.! To! perform! enzymatic! treatment! comparable! to! “on7tissue”! digestion!

described!in!literature,!the!possibility!of!analyte!delocalization!after!trypsin!application!was!

investigated.!Using!the!piezo!printer!a!20!pM!albumin!solution!was!applied!at!a!resolution!of!

100!µm!covering!25!mm2!homogeneously!on!an!ITO!surface!and!dried!at!room!temperature.!

Trypsin!was!applied!in!a!small!rectangular!shape!(2!x!5!mm,!100!µm!resolution)!in!the!central!

area! of! the! albumin! square! with! the! piezo! printer! before! the! sample! was! incubated!

overnight!at!37!°C!in!an!atmosphere!saturated!with!ethanol/water!(1:1,!v/v).!Solvents!were!

removed! on! the! next! day! by! vacuum! drying! and!MALDI!matrix! was! applied! as! described!

again!with!the!piezo!printer.!In!MSI!analysis!the!localization!of!albumin!related!peptides!was!

investigated! (Fig.! 5).! Albumin! was! identified! by! peptide! mass! fingerprinting! and! selected!

peptides! further! identified! by! PSD! fragmentation.! It! could! be! demonstrated! that! albumin!

fragments! were! primary! located! in! the! area! of! previous! trypsin! application! at! a! lateral!

resolution!of!80!µm.!The!intensity!distribution!of!the!non$normalized!data!set!shown!in!Fig.!

5!reveals!several!signals!outside!the!defined!area,!which!can!be!related!to!artifacts!or!slight!

peptide!diffusion.!Data!normalization!based!on!the!TIC! levels!those!signals!out!and!reveals!

them!as!noise.!!

!
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Figure% 5:% Non@normalized% intensity% distribution% of% a% tryptic% peptide% (m/z% 1424,% [25@36]%
r.DAHKSEVAHRFK.d)%of%albumin%after%enzymatic%digestion%of%an%“I”@shaped%area%visualized%
with%Biomap%at%a% lateral% resolution%of%60%µm.%The% intact%bovine% serum%albumin% solution%
(transparent)%was%printed%with% the%piezo%printer% in%area%mode%on% transparent% ITO%glass,%
trypsin%was% applied% also%with% the%piezo%printer% at% a% lateral% resolution%of% 80%µm%and% the%
matrix%(HCCA)%was%applied%with%the%airbrush.%

After! proofing! the! peptide! localization! and! protein! identification! process! of! the! MSI!

approach!with!albumin,!proteins! adsorbed! to!PE$UHMW!were! investigated.! For!enzymatic!

treatment!of!PE$UHMW!after!synovia! incubation,!trypsin!was!applied!on!the!total!polymer!

surface.!For!this,!buffer!adjustment!turned!out!to!be!very!critical!as!PE$UHMW!is!sensitive!to!

basic!pH!and!thus!polymer!hydrolysis!can!occur!already!at!pH!8.5!(a!pH!usually!adjusted!for!

efficient! tryptic! digestion).! The! addition! of! Rapigest! solution! to! enhance! proteolytic!

degradation! by! denaturing! proteins! allowed! a! pH! adjustment! to! 7.5.! At! this! pH! value!

sufficient! enzymatic! cleavage! of! protein! was! observed! while! polymer! hydrolysis! was!

prevented.!!
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Figure% 6:% Profile% mass% spectrum% of% an% “on% polymer”% digestion.% Peptides% are% separately%
assigned% to%proteins%according% to% theoretical% cleavages%exemplarily% for%apolipoprotein%E,%
apolipoprotein%A@I,%human%serum%albumin%and%plasminogen.%

During! the! MALDI! process! PE$UHMW! acts! as! an! insulating! material.! This! effect! usually!

results! in! peak! broadening! due! to! increased! energy! transfer! for! ion! desorption/ionization!

and!therefore!increased!energy!distributions!as!well!as!decreased!ion!extraction!efficiencies.!

While!this!disadvantageous!behavior!is!not!critical!for!intact!protein!analysis!as!pointed!out!

before,!it!clearly!limits!the!possibilities!of!unambiguous!protein!identification!because!of!low!

absolute!signal! intensities!and!partial! loss!of!mass!resolution!for!the!generated!protonated!

peptides.!On!average!120!m/z!signals!were!obtained!within!each!mass!spectrum!generated!

for!each!position!of!the!MSI!experiment.!Mass!spectra!were!compared!to!m/z!lists!derived!

from! in' silico!digests!of!already! identified!proteins.! It!was!possible! to!correlate!m/z!values!

with! peptides! belonging! to! proteins! present! in! synovia.! Fig.! 6! shows! an! exemplary! profile!

spectrum! of! an! “on7polymer”! digest! and! the! annotation! of! tryptic! peptides! for! each!

identified!protein.!!

For! unambiguous! identification! peptides! were! fragmented! by! PSD! experiments,! however,!

signal!intensities!were!only!sufficient!to!generate!neutral!losses!from!the!precursor!ion!and!

fragments!related!to!the!first!few!amino!acids!from!the!termini,!which!was!not!sufficient!for!

automated!database! identification! but! confirmed!protein! identity!when!PSD! spectra!were!

interpreted!manually.!!

Detected!peptide!signals!were!again!analyzed!for!their!distribution!on!the!polymer!samples.!

Similar! localization! preferences! were! found! as! for! the! respective! proteins.! Peptide!
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distribution! was! particularly! correlated! with! folded! PE$UHMW! regions,! rough! areas! and!

sharp! edges.! Fig.! 7! shows! the! distribution! of! selected! peptide! signals! associated! with!

albumin! (m/z! 1024,! [500$508]! k.CCTESLVNR.r)! and! apolipoprotein! E! (m/z! 1104,! [97$106]!

k.RLAVYQAGAR.e).! The! list! of! associated! peptide! fragments! (Fig.! 1)! includes! all! high!

abundance! proteins! and! the!majority! of! low! abundance! proteins! were! also! found! in! SDS!

PAGE!analysis.!!

!

Figure% 7:% Peptide% distribution% after% enzymatic% treatment% of% GUR@1050% PE@UHMW%%
(transparent)%with%trypsin:%a)%Peptide%m/z%1024%([500@508]%k.CCTESLVNR.r)%associated%with%
albumin% b)% m/z% 1104% ([97@106]% k.RLAVYQAGAR.e)% associated% with% Apo% E.% Lateral%
resolution:%50%µm,%TIC%normalized%data.%

Discussion%

Protein%adsorption%on%PE@UHMW%%%

Protein! patterns! found! in! SDS! PAGE! and! MALDI$TOF! analysis! clearly! demonstrated! that!

synovial!proteins!adsorb!on!the!polymer!surface!after!a!short! time!of! incubation.!Previous!

studies! have! been! conducted! only! for! the! major! synovia! components! in! separated!

experiments!using!single!molecular!species!like!only!albumin!or!only!hyaluronic!acid.!Within!

the!present!study!for!the!first!time!a!global!view!on!adsorbed!proteins!out!of!the!complex!SF!

was! approached.! Protein! adsorption! from! synovia! on! differently! polymer! material! was!

compared!to!proteins!directly!extracted!from!the!very!same!synovia.!

Protein!concentrations!obtained!for!samples!containing!proteins!desorbed!from!PE$UHMW!

material!after!incubation!in!synovia!differed!significantly!if!two!different!extraction!methods!

(ethanol! and! TCA! precipitation)! were! applied.! However,! so! far! no! differences! for! the!

extracted! protein! species!were! observed.! The! obviously! low! amount! of! detected! proteins!

can!be!ascribed!to!the!fact!that!SF!shows!very!low!cell!count!rates!(<!a!few!1000!cells/mm3)!

and!consists!predominantly!of!water.!Similar!to!blood!plasma!over!85!%!are!high!abundant!
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proteins,!very!good!characterized!regarding!functionality!and!relevant!pathways.!Only!major!

protein! components! of! synovia! were! identified! in! this! study! observing! the! adsorption!

behavior! on!PE$UHMW! in! the!native! SF! composition.! The! increased!protein! concentration!

observed! for! the! extraction! methods! using! ethanol! might! be! related! to! enhanced!

carbohydrate!and!lipid!extraction.!These!analytes!are!of!course!not!detectable!by!SDS!PAGE!

but!may!falsify!protein!concentration!results!if!photometric!assay!are!applied.!!

Interestingly! it!was!observed!that!Vitamin!E!doped!PE$UHMW!revealed!significantly!higher!

protein! concentrations! according! to! Bradford! although! supposed! to! be! less! affected! by!

protein!adsorption.!Vitamin!E!has!a! lipophilic! structure!and! is! therefore!very! likely! coming!

off!the!polymer!surface!during!extraction!altering!protein!concentration!results.!SDS!PAGE!of!

proteins!resulting!from!synovia!and!PE$UHMW!extraction!showed!a!very!broad!distribution!

covering!a!molecular!mass!range!from!6!kDa!to!204!kDa.!The!dominant!proteins!forming!a!

layer! on! GUR$1050! PE$UHMW! and! Vitamin! E! doped! PE$UHMW!were! identified! to! be! the!

high!abundance!proteins!from!synovia.!Intensity!of!protein!bands!shows!less!intense!bands!

for!Vitamin!E!doped!material,!which!can!be!interpreted!as!confirmation!of!the!fact!that!this!

material! adsorbs! less! proteins! from! the! biological! surrounding! liquid.! SDS! PAGE! also!

revealed! that! protein! size! did! not! have! an! effect! on! adsorption! as! no! significant! intensity!

difference! was! observed! for! high! and! low!molecular! weight! proteins.! Also! the! degree! of!

glycosylation! of! proteins! seems! to! have! no! influence! on! preferences! for! PE$UHMW!

adsorption.! Most! proteins,! identified! on! the! polymer! have! function! in! signal! cascades,!

transportation!pathways!or!can!be!associated!with!acute!phase!inflammation.!Latter!can!be!

explained! by! the! fact! that! the! SF! was! taken! after! joint! revision,! where! inflammation! is!

evident.! However,! a! large! number! of! detected! proteins! are! associated! with! lipid!

transportation! and! apolipoprotein! subunits! were! detected! on! all! samples.! Lipids! are! an!

essential!part!of!the!lubrication!process!and!have!been!reported!to!participate! in!the!layer!

formation![23].!The!functionally!similar!apolipoproteins!found!on!the!polymer!may!enhance!

or!at!least!support!lipid!layer!formation.!!

%

Protein%layer%formation%and%localization%on%PE@UHMW%%

PE$UHMW!has!a!very!hydrophobic!surface!and!sample!preparation!for!MALDI!profiling!and!

MSI! experiments! are! critical! because! of! polymer! hydrolysis.! The! balance! between! quickly!

evaporating!solvents,!neutral!pH,!good!analyte! incorporation! into!the!matrix!and!sufficient!

protein! desorption/ionization! for! MS! analysis! is! important! to! be! kept.! Especially! large!

proteins! at! very! low! concentrations! are! difficult! to! be! finally! detected.! The! chosen!
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compromise!for!MALDI!matrix!concentration,!solvent!type!and!application!method!produced!

rather! thick!matrix! layers,! but! ensured! efficient! extraction! and! analyte! incorporation.! The!

time! span! of! matrix! application! was! observed! to! be! the! most! critical! point! during! the!

application!process.! Enough! time! for!matrix! crystallization!between!droplet!depositions!of!

each!matrix!layer!is!mandatory!to!ensure!fine!matrix!crystallization!also!on!folded!or!rough!

surface!regions.!!

In! MSI! homogeneous! protein! patterns! were! observed! for! evenly! mounted! PE$UHMW!

samples.! The! fact! that! glycoproteins! and! post$translationally! unmodified! proteins! adsorb!

without! specific! cluster! formation! ensures! equal! lubrication! properties! for! the!whole! cup.!

For!the!acetabular!cup!in'vivo,!this!means!that!on!a!new,!unused!acetabular!PE$UHMW!cup,!

shortly! after! contact! with! the! SF,! a! homogeneous! protein! layer! is! formed! with! equal!

adsorption!of!all!proteins.!However,!it!has!to!be!considered!that!the!theoretical!assumptions!

consider!the! interaction!between!SF!and!PE$UHMW!without!taking! into!account!additional!

mechanical! forces.! In! the! performed! in' vitro! experiments,! applying! SF! to! unused! polymer!

samples,!protein!adsorption!is!a!matter!of!compound!concentration.!And!so!it!was!of!special!

interest!that!apolipoproteins,!associated!with!a!relevant!function!for!the!articulating!process!

but!not!high!abundant,!are!homogeneously!distributed!over!the!whole!PE$UHMW!samples!

already!after!a!very!short!time!of!interaction.!Vitamin!E!doped!PE$UHMW,!which!is!expected!

to! be! less! affected! by! protein! adsorption,! showed! reduced! signal! intensities.! However,!

protein!adsorption!behavior!was!observed!to!be!similar.!!

On!both!polymer!materials! it!was! interesting!to!see!that!unevenly!mounted!polymer!slices!

exhibiting!folded!regions,!rough!edges!or!slight!cuts!showed!preferential!protein!adsorption!

on! exactly! those! positions.! In' vivo! PE$UHMW! aging! goes! along! with! polymer! oxidation,!

which! has! been! reported! to! result! in! very! brittle! surfaces! [4],! similar! to! cup! irritation!

resulting!from!mechanical!stress.!In!our!experiments,!morphologically!altered!regions!were!

highly!affected!by!protein!adsorption!According!to!the!presented!results,!this!means!that!in'

vivo!stressed!and!damaged!regions!are!more!prone!to!protein!adsorption.!Theoretically!this!

can! imply! a! compensation! effect! due! to! better! lubrication! by! the! protein! layer! but! also!

further! damage! to! the! material! because! of! oxidative! interaction! of! the! protein! with! the!

polymer.!

!

PMF%identification%of%proteins%on%PE@UHMW%%%

PMF! and! peptide! sequencing! after! “on7polymer”! digestion! revealed! two!major! problems:!

PMF! identification! based! on! theoretical! peptide! assignment! is! critical! and! sufficient!
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abundant!peptide!PSD!or!CID!spectra!are!$!due!to!the!insulating!properties!of!PE$UHMW!!$!

difficult!to!obtain.!!

However,! very! complex!mass! spectra! including! the! potential! peptides! of! all! enzymatically!

cleaved!proteins!from!synovia!were!acquired.!After!comparing!theoretical!protein!digests!to!

measured! m/z! values,! tentatively! protein! names,! assigned! after! intact! protein! MSI!

experiments,! were! confirmed.! Manual! data! interpretation! of! fragmented! peptides!

confirmed! those! results.! Again! all! detected! peptides! were! found! preferentially! on! sharp!

edges!and!folded!areas.!!

However,!PMF!experiments!on!the!polymer!were!also!conducted!to!investigate!the!protein!

adsorption!behavior.!Peptides!conserved!in!space!after!tryptic!digestion!and!washing!of!the!

sample!are!considered! to!be!strongly!adsorbed!on! the!polymer!and! this! fact!points! to! the!

possibility! that! these! peptides! are! in! fact! those! supporting! the! protein! to! stick! to! the!

material.! So,! investigating! the! adsorption! behavior! of! single! peptides! can! provide! new!

insights! into!binding!behavior!and!probably!also!diffusion!behavior!of!proteins!to!modified!

PE$UHMW!.!This!of!course!needs!further!investigation.!!

Conclusions%

The! present! study! shows! that! PE$UHMW! is! highly! affected! by! protein! adsorption! after!

interaction! with! SF.! The! presented! incubation! experiments! allowed! studying! whether!

protein!adsorption! is! competitive! if!PE$UHMW!materials!of!different! types!are!exposed! to!

complete!SF!proteomes!and! lipids!as!well!as!other!SF!components.! It!was!observed! in!MSI!

and!by! gel! electrophoretic! experiments! that! all! high! abundance!proteins! in! fact! adsorb! to!

PE$UHMW.!The!observation!of!homogeneous!protein!layers!allows!the!conclusion!that!virgin!

PE$UHMW! is! completely! covered!with! a! protein! layer! supporting! lubrication! shortly! after!

contact!with!SF.!However,!morphologically!modified!or!rough!PE$UHMW!surface!regions!are!

highly!affected!by!protein!adsorption.!Proteins!obviously!tend!to!adsorb!on!uneven!surfaces.!

In' vivo! this! behavior! might! induce! enhanced! lubrication! on! damaged! polymer! material!

surfaces! and! can! result! in! a! compensation!mechanism! to! ensure! the! articulating! process.!

Despite!the!expectation!that!Vitamin!E!doped!UHWM$PE!would!be!less!affected,!we!found!

higher! protein! concentrations! and! comparable! adsorption.! Vitamin! E! might! change! the!

surface!properties!especially!for!preferred!adsorption!of!either!lipid!or!glycan!species,!which!

have! not! been! investigated! in! the! present! study.!Homogeneous! layer! formation! has! been!

found! for! both!materials,! which! is! absolutely! favorable! for! lubrication! and! reduced! shear!

stress.!Nevertheless!it!has!to!be!mentioned!that!the!presented!model!is!only!a!static!in'vitro'

model!and!that!temperature,!mechanical!forces!and!cell!stress!affect!protein!conformation!
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and!might!change!in'vivo'adsorption!behavior.!Further!investigation!is!necessary!to!evaluate!

protein!adsorption!behavior!under!mechanical!stress!to!understand!the!interaction!between!

PE$UHMW!and!SF!compounds!in!more!detail.!!
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Figure%Legends%

!

Figure! 1:! Summary! of! SDS! PAGE! analysis! and! protein! identification! of! high! abundance!

proteins! in! synovia! and! proteins! recovered! from! PE$UHMW! surfaces! after! incubation! in!

synovia!for!24!h.!SDS!PAGE:!Proteins!recovered!from!Vitamin!E!doped!PE$UHMW!!(lane!A),!

GUR$1050! PE$UHMW! ! (lane! B),! Seeblue! Prestained! Marker! (lane! C)! and! Synovial! fluid!

extracts!(lane!D).!Table:!proteins!identified!after!in7gel!digestion!in!comparison!to!m/z!values!

detected! on! PE$UHMW! ! (GUR$1050! and!Vitamin! E! doped)! by!MALDI! profiling.!Number! of!

peptides!derived!by!“on7polymer”!digestion!associated!to!respective!proteins!and!degree!of!

glycosylation!listed!in!the!database.!

Figure!2:!Positive!ion!MALDI!mass!spectra!obtained!by!MS!profiling!of!GUR$1050!PE$UHMW!

incubated!in!synovia!for!24!h!at!37!°C.!a)!HCCA!was!used!as!matrix!for!the!molecular!mass!

range!between!2! and!20! kDa!and!b)! SA!was!used!as!matrix! for! the!molecular!mass! range!

between!20!and!200!kDa.!!!

Figure!3:!Non$normalized! intensity!distribution!of! Leucine$Enkephalin! (transparent!peptide!

solution)! printed! with! the! piezo! printer! in! an! “H”$shaped! area! on! transparent! ITO! glass!

before! HCCA! (ACN/aqueous! TFA! (50/0.1,! v/v))! application! with! an! airbrush.! Visualization:!

FlexImaging.!Lateral!resolution!of!the!MSI!experiment:!100!µm.!!

Figure! 4:! MSI! experiments! of! GUR$1050! and! Vitamin! E! doped! PE$UHMW! incubated! in!

synovia! for!24!h!at!37! °C.!a)!Matrix! crystallization!on!PE$UHMW!using!HCCA! in!ACN/0.1!%!

TFA! (70/30,! v/v).! MSI! experiments! to! localize! b)! Apo! D! ([M+H]+,! m/z! 22301),! c)! Albumin!

([M+H]+,!m/z!66615)!d)!IgG!([M+H]+,!m/z!147000)!and!e)!m/z!204000!([M+H]+)!on!GUR$1050!

PE$UHMW! ! (transparent)! and! f)! Albumin! [M+H]+! on! Vitamin! E! doped! PE$UHMW!!

(transparent)!were!performed!at!a!lateral!resolution!of!100!µm.!!

Figure! 5:! Non$normalized! intensity! distribution! of! a! tryptic! peptide! (m/z! 1424,! [25$36]!

r.DAHKSEVAHRFK.d)! of! albumin! after! enzymatic! digestion! of! an! “I”$shaped! area! visualized!

with! Biomap! at! a! lateral! resolution! of! 60! µm.! The! intact! bovine! serum! albumin! solution!

(transparent)! was! printed! with! the! piezo! printer! in! area! mode! on! transparent! ITO! glass,!

trypsin! was! applied! also! with! the! piezo! printer! at! a! lateral! resolution! of! 80! µm! and! the!

matrix!(HCCA)!was!applied!with!the!airbrush.!
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Figure! 6:! Profile! mass! spectrum! of! an! “on! polymer”! digestion.! Peptides! are! separately!

assigned! to! proteins! according! to! theoretical! cleavages! exemplarily! for! apolipoprotein! E,!

apolipoprotein!A$I,!human!serum!albumin!and!plasminogen.!

!

Figure! 7:! Peptide! distribution! after! enzymatic! treatment! of! GUR$1050! PE$UHMW!!

(transparent)!with! trypsin:!a)!Peptide!m/z!1024! ([500$508]!k.CCTESLVNR.r)!associated!with!

albumin!b)!m/z!1104!([97$106]!k.RLAVYQAGAR.e)!associated!with!Apo!E.!Lateral!resolution:!

50!µm,!TIC!normalized!data.! !
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ABSTRACT: PE-UHMW (ultra-high molecular weight polyethylene), a material with high 

biocompatibility and excellent mechanical properties, is amongst the most commonly used 

materials for acetabular cup replacement in artificial joint systems. It is assumed that the 

interaction with synovial fluid, the bio-compartment, leads to significant changes relevant for 

material failure. Besides hyaluronic acid, especially lipids are relevant for the lubrication process 

in an articulating process. This study investigates synovial lipid adsorption on two different PE-

UHMW materials (GUR-1050 and Vitamin E doped) in an in vitro model system by MALDI-

TOF mass spectrometry imaging (MSI). Lipids were identified by high performance thin layer 

chromatography and MS/MS analysis with the analytical focus on phospholipids and cholesterol, 

both being species of high importance for lubrication. Scanning Electron Microscopy analysis 

was introduced to the study to correlate molecular information with PE-UHMW material 

qualities. It could be demonstrated that lipid adsorption preferentially occurs in rough or oxidized 

polymer regions. Polymer modifications were co-localized with adsorbed lipids and found with 

high density at regions identified by SEM. Explanted, in-vivo polymer material showed 

comparable and even more obvious polymer damage and lipid adsorption when compared to the 

static in vitro model. A 3-dimensional reconstruction of MSI results from consecutive PE-

UHMW slices reveals detailed information about the diffusion process of lipids in the acetabular 

cup and provides for the first time a promising starting point for future studies correlating 

molecular information with commonly used techniques for material analysis (i.e. Fourier-

Transform Infrared spectroscopy, nano-indenter).   
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INTRODUCTION 

Ultra high molecular weight polyethylene (PE-UHMW) has been widely accepted as a 

commonly used material in replacing the acetabular cup in hip joints and cartilage in the knee 

joint. Several material benefits such as easiness in surgical handling, high biocompatibility, high 

resistance to abrasion, very low coefficient of friction and its self-lubricating properties are 

reason for its widespread application. However, the number of joint revisions cannot be ignored: 

the average in vivo time is only 2 to 5 years1-3. PE-UHMW’s major drawback lies in shelf life 

aging, leading to oxidation and consequently in vivo aging4. Even though surface coating with 

Vitamin E and polyethylene glycol (PEG) protects the material from oxidation and enhances 

material hardness5-7, none of them proved long term success. Apart from the patient’s compliance 

and pathological predisposition harming the implant, PE-UHMW is in permanent contact with 

synovial fluid (SF) while being affected from very high mechanical forces.  

To some extent protein interaction from SF with PE-UHMW was already studied by others8-11 

but also from our group (EOP, accepted for publication12). Furthermore it has been shown that 

small cholesterol-related lipid components tend to diffuse from SF into the material13. To date it 

is known that the polymer material interacts with its bio-compartment, by inducing inflammation 

related cell signals, through abraded polymer particles14-15. However, neither the PE-UHMW 

surface has ever been analyzed regarding the distribution of adsorbed and diffused lipid 

compounds, nor has the interaction with the synovial lipidome been studied. SF contains besides 

high abundant glycosaminoglycans and proteins also a high concentration of lipids. Lipids are 

known to quickly respond to pathological changes, leading to concentration or side chain 

conformation changes16-17. Di- and triglycerides, cholesterol, cholesterol esters, phospholipids, 

sphingomyelins and free fatty acids are the relevant, rather high abundant lipid species available 

in SF for interaction18. Especially phospholipids have been reported to be essential for the 
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lubrication process in the native joint as well as in the artificial replacement system19-21. The 

formation of lipid layers on the PE-UHMW acetabular cup combined with the constant 

mechanical load and shear forces from the metal based femoral head lead to enhanced 

interaction. It is essential for material improvement to understand the regulating system of 

material oxidation, mechanical loading and the interaction with the bio-compartment. The 

present study identifies and localizes for the first time high abundance synovial lipid components 

in three dimensions after interaction with PE-UHMW.   

Mass spectrometry imaging (MSI) by matrix assisted laser desorption/ionization (MALDI) 

mass spectrometry (MS) coupled to a time of flight (TOF) mass analyzer provides the possibility 

to gather information concerning the localization and identity of an analyte of interest within one 

experiment without prior knowledge of the biomolecule22. With this unbiased method it is 

possible to characterize adsorbed synovial compounds and PE-UHMW modifications on a 

molecular level. MSI has been used for a huge variety of biological23-25 applications ranging from 

microbiology to polymer based membrane analysis and pathology26-29 but has never been used for 

characterizing material at biological interfaces before.  

To visualize correct analyte distributions, MSI experiments require very homogeneous 

MALDI matrix application to circumvent artifacts resulting from ion suppression and 

uncontrolled matrix cluster formation30. Therefore the very hydrophobic sample surface of PE-

UHMW is an exceptional challenge, when simultaneously high desorption/ionization efficiencies 

for lipid analysis are intended. A chemical inkjet printer was used in this study providing the 

possibility to form homogeneous and fine crystallized matrix layers by depositing aqueous 

solutions on hydrophobic surfaces31 while retaining the analytes’ positions. Using this technique 

it is possible to determine lipid adsorption on and diffusion patterns into PE-UHMW implant 
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material. To corroborate the obtained results, the synovial lipidome is investigated using high 

performance thin layer chromatography (HP-TLC) in combination with MS. The method has 

been proofed to give a quick, reproducible and comprehensive way for lipid analysis and further 

identification32-33. 

 

EXPERIMENTAL SECTION 

Materials. The Institute of Materials Science and Technology, Vienna University of 

Technology, provided virgin γ-irradiated PE-UHMW (GUR-1050), Vitamin E doped and 

explanted γ-irradiated GUR-1050 (ultrasonicated after revision) samples. 

All chemicals and reagents, unless indicated specifically, were purchased from Sigma-Aldrich 

(St. Louis, USA) with a purity of at least 99 % if not stated otherwise. Double distilled water 

(ddH2O) was obtained from a Simplicity system (Millipore, Billerica, USA) with a specific 

conductivity of Ωm  ≤ 18 S/cm.  

 

PE-UHMW preparation. PE-UHMW was cut into small blocks of similar geometry (avg m = 

65 ± 2 mg, V ≈ 120 mm3) and either incubated in SF or sliced to 15 µm using cryo-microtomy 

(Leica Biosystems, Nussloch, Germany). Slices were mounted onto indium-tin oxide (ITO) 

coated glass slides (Sigma-Aldrich) with adhesive-conductive tape (Shimadzu Kratos Analytical, 

Manchester, United Kingdom) (Fig.1a-c). Curling of the sample at the edge was most critical and 

prevented by stamping the samples with wetted KimWipesTM (Kimberley-Clark, Dallas, USA) 

covering a clean glass.  

All PE-UHMW samples were incubated in bovine SF at 37 °C for 1 h and 24 h in a heating 

cabinet. After incubation, samples were rinsed twice with ddH2O and vacuum dried. To simulate 
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surface changes, PE-UHMW blocks of constant mass and dimension were roughened with a 

milled-tooth file to increase the effective area or tightly smoothed with a scalpel. 

 

Figure 1: (a) PE-UHMW cups were cut into (b) smaller blocks and used for incubation. Blocks 

were also cut into (c) slices of 15 µm thickness and mounted on ITO slides using adhesive-

conductive tape; (d) Proposed chemical change of PE-UHMW under the influence of oxidative 

species. 

Lipid extraction. For lipid extraction PE-UHMW blocks incubated in SF as described were 

kept in 900 µL chloroform/methanol (2:1, v/v) for 1 hour at room temperature. 900 µL 

chloroform/ddH2O (1:1, v/v) were added before centrifuging the samples at 3000 rpm at room 

temperature for 15 min. The organic phase was collected and evaporated under vacuum. SF was 

examined from two different species (human (HSF) and bovine (BSF)). HSF was collected from 

12 different patients with varying biological background (sex, pathology, age). BSF was 

provided by local butchery services (Amstetten, Austria) directly after slaughter from 15 
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different cows, HSF samples were provided by the University Hospital of Orthopedics (Medical 

University of Vienna, Vienna, Austria). Lipids from synovia were extracted by mixing 20 µL 

synovia with 900 µL extraction solvent chloroform/methanol (2:1, v/v) and processed as 

described above or hexane/methanol (2:1, v/v) was used instead of ddH2O (final mixture: 

chloroform/hexane/methanol 1/3.3/1.7, v/v/v). For further analysis lipid extracts were re-

dissolved in 15 µL chloroform. 8 µL were applied to Silica gel 60 HP-TLC aluminum plates 

(Merck, Schwalbach am Taunus, Germany) using a syringe (see HP-TLC analysis). 7 µL were 

used for further MS analysis (see MS analysis).  

HP-TLC analysis. Lipid separation on high performance thin layer chromatography (HP-

TLC) plates (10 x 10 cm, layer thickness 0.2 mm, particle size 5-6 mm) was performed using a 

two-phase solvent system. The plate was developed in solvent system 1 (methyl acetate/1-

propanol/chloroform/methanol/saturated aqueous potassium chloride, 25/25/25/10/0.25, 

v/v/v/v/v) until 66 % of the full length of the HP-TLC plate was reached to separate glycolipids 

from phospholipids. The plates were dried using warm air (heat gun, approx. 40-45 °C) to 

remove the mobile phase before further development in solvent system 2 (toluene/diethyl 

ether/ethanol/acetic acid, 60/40/1/0.05, v/v/v/v) for neutral lipid separation. Plates were 

developed not further than 95 % of the total plate length. Plates were stained with 0.05 % 

primuline in acetone/water (8/2, v/v) and lipid spots were detected at 337 nm.  For further 

identification lipids were subsequently extracted from the plate using the same procedure as 

described above (chloroform/methanol followed by chloroform/ddH2O solution). Extracts were 

analyzed on the MALDI-TOF/RTOF instrument (see MS analysis). 

Matrix and matrix deposition. Standard MALDI matrices, α-cyano-4-hydroxycinnamic acid 

(CHCA), 2,5-dihydroxybenzoic acid (DHB) or 1,4,6-trihydroxyacetophenone monohydrate 
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(THAP) (Sigma-Aldrich) were dissolved either in 70 % acetonitrile, 30 % ddH2O (v/v) 

containing 0.1 % trifluoroacetic acid (TFA) or potassium chloride saturated methanol. Samples 

were sonicated for 5 minutes before centrifugation at 3000 rpm for 15 minutes. For MSI 

experiments automatic matrix deposition was performed using a chemical inkjet printer, ChIP-

1000 (Shimadzu Kratos Analytical) with a pitch size of 80 µm (distance between deposited 

spots) was used to apply 0.8 ng/spot. Alternatively matrix was applied with a commonly used 

airbrush device (Conrad Electronic International GmbH & Co, Hirschau, Germany) in 4 

iterations, operated in a working distance of 10 to 12 cm at an angle of approx. 50° towards the 

sample. Matrix recrystallization was performed in a climate box at 80 % air humidity generated 

by ethanol/water solution (1/1, v/v) at 37 °C for 5 minutes. 

For lipid analysis after extraction from PE-UHMW or HP-TLC plates, 20 mg/mL THAP were 

dissolved in 1 mL potassium chloride saturated methanol. Lipid extracts and matrix solution 

were mixed in a ratio of 1:1 and 1 µL was deposited on a polished stainless steel microtiter plate 

target (Bruker Daltonik, Bremen, Germany). 

 

MS analysis. For HP-TLC/MALDI MS analysis the developed HP-TLC plate was mounted on 

a TLC adapter (Bruker Daltonik). THAP (20 mg/mL) in acetone was deposited manually on the 

identified areas (UV 337 nm) using a pipette. MALDI MS spectra for direct analysis of HP-TLC 

plates were acquired on a MALDI-TOF/RTOF instrument (UltrafleXtreme, Bruker Daltonik), 

equipped with a 2000 Hz SmartbeamTM laser (355 nm). Analyte identification was conducted by 

inducing post source decay (PSD) fragmentation.  

MSI spectra were acquired with lateral resolutions between 10 and 150 µm depending on the 

experiment performed. Selected ion images from intact lipid species but also from characteristic 
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lipid fragments were generated using FlexImaging v. 3.0 (Bruker Daltonics), applying median 

data normalization algorithms. Polyethylene glycol (PEG) formation was tested additionally on 

another MALDI-TOF/RTOF instrument equipped with a 337 nm nitrogen laser (AXIMA TOF2, 

Shimadzu Kratos Analytical). The same instrument was used for lipid identification by collision 

induced dissociation at high energy (HE-CID, 20 keV).   

Scanning electron microscopy (SEM) analysis. PE-UHMW samples (GUR-1050 and 

Vitamin E doped), incubated in SF and further handled as described above. After washing with 

ddH2O PE-UHMW samples were pre-sputtered for 1 min with a thin gold film to enhance 

conductivity. SEM images were acquired from exemplary PE-UHMW positions affected by lipid 

adsorption at an acceleration voltage between 10 and 20 kV and a magnification between 1000 

and 4000 on a XL 30 scanning electron microscope (FEI Philips, Hillsboro, USA).  

 

RESULTS & DISCUSSION 

To better understand the process dynamics between PE-UHMW implants and SF, we first need 

to understand the interaction between the polymer and its biological environment without any 

additional mechanical forces. Furthermore it is necessary to know which potentially interacting 

lipids are present in SF and compare them to lipid species adsorbed on the polymer. To gain first 

ideas for diffusion behavior of lipids interacting with porous polymer, lipid localization on PE-

UHMW is necessary. To have a controlled experimental situation, virgin polymer material was 

incubated with SF and lipid analysis was performed (in vitro). Lipid pattern detected on the 

polymer surfaces were compared to lipids extracted from the very same SF. Finally the results 

obtained in this simulation were compared to lipid pattern detected in actually explanted PE-

UHMW material (in vivo). 
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SF lipid components. Regarding it’s lipidomic composition SF consists majorly of cholesterol 

and cholesterol esters, besides triglycerides, ceramides and phospholipids34.  

To compare the composition of lipids adsorbed on PE-UHMW, the composition of the actual 

SF has to be studied. For this, lipids were extracted and separated by HP-TLC. In Fig. 2 one can 

see that the major components described for SF are present in both, human and bovine SF 

samples. 

 

Figure 2: HP-TLC separation of lipids extracted from (a) bovine synovial fluid (BSF), (b) 

human synovial fluid (HSF) with a medical record of acute inflammation from osteoporotic 

dissection surgery, (c) GUR-1050 PE-UHMW incubated in BSF for 24 h and (d) Vitamin E 

doped PE-UHMW incubated in BSF for 24 h.  

Up to 11 characteristic bands were observed. Lipids were identified based on their Rf values 

and extracted for identification by HE-CID tandem mass spectrometry (MS/MS). Besides the 

characteristic lipid head groups, lipids could further be characterized regarding their fatty acid 
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composition using MS/MS. Details on lipid fragmentation and identification after HP-TLC see 

supplemental data. Several unidentified non-polar lipids were found in all samples. As shown in 

Fig. 2 the highly concentrated polar lipids, as well as the non-polar lipids in the second 

separation step are nicely resolved. Spots not assigned in Fig. 2 belong to variations of the main 

phospholipid classes (see supplement for details). 

Based on the HP-TLC separation and lipid identification, BSF can be considered as a 

comparable model fluid for HSF for investigating the adsorption of high abundance lipids on PE-

UHMW. Comparing 12 HSF samples from patients suffering different stages of inflammation, 

quantitative differences in the lipid composition are evident (data not shown) as described in 

literature 35. Especially PE, PS and cholesterol differ from sample to sample. For further in vitro 

experiments, those differences can be neglected due to ion suppression effects occurring during 

MSI where LPC, PC and SM signals are favoured. Furthermore LPCs, PCs and SMs have been 

reported to show constant proportions 34 (ratios do not change with biological variation) and are 

of particular interest for PE-UHMW analysis, since they represent the components of the 

synovial lipidome relevant for lubrication.  

The comparability of BSF as a model fluid for HSF proved sufficient, as all major lipid 

components were detected and no significant pattern variation was observed for all BSFs under 

investigation. Lipid extracts from conventional GUR-1050 PE-UHMW and its Vitamin E doped 

form reveal similar pattern for extracted lipids (Fig 2). However, Vitamin E doped samples 

seemed to be more affected by cholesterol uptake, visible in an even more present smearing of 

cholesterol traces in the lower region of HP-TLC separation (Fig. 2 asterisk, data of experiments 

with high loads of cholesterol standard exhibiting similar pattern not shown). Such effect might 

occur as a consequence of the increased hydrophobicity resulting from Vitamin E doping.   
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Synovia residues and PE-UHMW surface modifications after incubation. For examining 

the interaction of SF lipids with PE-UHMW, in vitro experiments were conducted considering 

the time span and the material composition and predisposition as major factors of interest for 

adsorption.  

The interaction between SF and PE-UHMW was first investigated by SEM (Fig. 3).  
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Figure 3: SEM analysis of different types of PE-UHMW after being in contact with SF for 

defined time spans:  (a) native PE-UHMW GUR-1050 (b) incubated for 1 d and (c) 3 d; 

Biological residues on PE-UHMW incubated for 24 h: (d) GUR-1050 (e) Vitamin E doped (f) 

explanted GUR-1050; (g) GUR-1050 explanted after 5 y in vivo showing (h) cholesterol crystals 

and (i) mechanically stressed areas; Modifications on explanted GUR-1050 PE-UHMW after 14 
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d SF incubation: (j) CaCO3 crystals, (k) biological residues (l) salt crystals and (m-o) oxidized 

areas. 

Virgin 1050 samples incubated in SF for a time span between 15 min and 14 days were 

examined concerning biological residues and polymer related surface modification. SEM 

analysis showed biological traces not being removed by washing procedures but also revealed 

PE-UHMW morphology changes when comparing the surface before (Fig. 3a) and after 

incubation (Fig. 3b,c). It is shown that even short incubation times of 1 to 3 days roughened the 

surface when compared to the smooth structure of untreated samples.  

To investigate the influence of doping in PE-UHMW samples, Vitamin E doped virgin 

material, with improved resistance to adsorption, was compared to conventionally used GUR-

1050 samples. Unexpectedly GUR-1050 samples were much less affected by biological 

adsorption (Fig. 3d) than Vitamin E doped samples (Fig. 3e). 

Explanted PE-UHMW material was studied before and after incubation in SF under the same 

conditions to examine absorption effects induced by previous exposure to mechanical stress. As 

expected the surface before incubation showed increased roughness compared to virgin material 

(Fig 3g,i). After incubation almost convolute layers of biological residues were observed (Fig 

3f). In areas of obviously severely stressed PE-UHMW even cholesterol crystals were detected 

(3h)36. After 14 days of SF incubation adsorbed residues were dominant.  CaCO3 crystals (Fig 

3j), salt associated traces (Fig 3l) and unidentified biological residues (Fig 3k) could be 

visualized. Additionally the PE-UHMW surface was severely changed similar to previously 

described observations37. Lamellate formations with sharp edges, very rough areas and grained 

structures were detected, all co-localized with biological residues (Fig 3m-o).  
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According to SEM results, SF interacts with UHMPWE surfaces and leads to adsorption of 

biological residues. Also the correlation of surface changes and biological debris is evident. The 

results obtained for the incubated explant material indicate that previously damaged or modified 

material is even more prone to biological interaction with SF. Cholesterol crystals found only on 

explant PE-UHMW samples indicate the initial presence of cholesterol residues. Cholersterol 

may function as crystallisation nuclei, very likely explaining the high density and large size of 

the found crystals.  

 

SF associated lipid adsorption on PE-UHMW. To investigate the adsorption of lipids on PE-

UHMW, material blocks were incubated in SF before high abundance lipids were extracted and 

separated by HP-TLC. As demonstrated in Fig. 2, the lipid pattern extracted from PE-UHMW 

samples is comparable to the SF lipid extracts. All previously mentioned lipid species are 

present, but show higher signals for the very non-polar lipids such as cholesterol and TGs. 

Especially Vitamin E doped PE-UHMW effectively adsorbed cholesterol leading to smearing on 

the HP-TLC (Fig. 2d). By the use of mass- and dimension-matched PE-UHMW blocks with 

intentionally changed surfaces properties (roughened with a milled-tooth file or smoothed with 

scalpel) it was observed that the intensity of all lipid bands increased significantly for extracts 

from roughed surfaces. This indicates that lipid adsorption is more likely to occur on areas with 

rough surfaces. This is in fact the case for all areas of the acetabular cup that are exposed to 

mechanical stress or oxidation. Adsorbed lipids as a consequence can increase the possibility of 

further material oxidation and modification.   

Lipid extract patterns from GUR-1050 PE-UHMW explants showed in comparison low signal 

intensities. The explants were stored at -70 °C for 2 years, yet the conditions of revision and 
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exact time span of sample storage are not known. So it was assumed that lipids were already 

leached out or degraded. However, it became evident that PE was dominantly detected compared 

to all other lipid classes. This might be explained by the high concentration of PEs in membranes 

increasing fluidity, which is necessary in lubricant systems. The lack of cholesterol and TGs can 

be explained by the reported tendency of very non-polar and small lipids to diffuse into the 

material, resulting in difficult accessibility for the extraction process. However, it has to be 

considered that the limited amount of explant samples allows no biological conclusion since 

biological variations cannot be statistically covered in this study. 

 

PE-UHMW sample preparation for MSI. To examine and correlate adsorbed lipid species 

and polymer surface modifications on a molecular level, MSI analysis was conducted on PE-

UHMW slices. The most critical step for a reliable MSI experiment with minimized occurrence 

of artifacts is sample preparation. In contrast to tissue sections PE-UHMW is an insulator and a 

rigid material tending to distort at very thin sample thickness. Thin samples are yet required in 

MSI experiments to reduce the possibility of mass deviation due to insulating material and height 

differences. For PE-UHMW the optimal cutting thicknesses was above 7 µm. Thinner samples 

showed severe cases of mechanical damage and were not reproducible in thickness and shape as 

a consequence of thermal expansion and shrinking during cryo-microtomy. Thin sections 

however have the drawback of low analyte concentrations. Although the optimal thickness was 

20 µm with respect to sufficient analyte detection and 7 µm for an efficient MALDI process 

itself (minimum insulation), a comprehensive analysis demanded a compromise between analyte 

concentration, insulating properties of the material and microtome operation capabilities. For PE-

UHMW the optimal cutting thickness was evaluated to lie between 14 and 16 µm.  
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The second critical step in sample preparation of PE-UHMW for MSI is MALDI matrix 

application. The very hydrophobic surface of PE-UHMW impedes matrix application in aqueous 

solvents. Highly volatile solvents with an organic solvent content of at least 70 % showed best 

results with respect to printing properties of the ChIP-1000, printing reproducibility, droplet 

accuracy. Homogeneous matrix layers were obtained by applying a total of 6-8 ng/µg CHCA and 

DHB (1:2, m/m) per lateral spot on the PE-UHMW surface providing sufficient 

desorption/ionization efficiency for lipids and polymers. This matrix combination resulted in 

very small crystals forming a homogeneous matrix layer. The use of methanol improved printing 

stability and crystallization on the polymer surface due to its high volatility. High volatile 

solvents also prevent analyte diffusion due to a fast incorporation and evaporation process before 

accelerated matrix crystallization. Complete matrix coating of the sample surface without analyte 

diffusion is possible and spatial resolution for the MSI experiments is limited solely by the laser 

spot diameter and its energy profile. Although rough surface areas inhibited fine crystallization, 

matrix recrystallization at 80 % air humidity (ethanol/water mixture) efficiently reduced crystal 

size to keep the lateral resolution of the MSI experiment low.   

 

Identification of adsorbed lipids on PE-UHMW. Based on literature, describing PCs as the 

major lipids relevant for the lubrication process38, MSI experiments focused on the distribution 

of PCs, SMs and cholesterol. Lipid extraction already showed that all lipid classes found in SF 

adsorb on PE-UHMW surfaces, with a tendency to better adsorb in rough areas. However, from 

these experiments it is not known, where exactly lipids adsorb and what kind of lipids are 

involved. 
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MSI experiments were carried out under the same conditions as previously described for SEM 

experiments, using conventional GUR-1050, Vitamin E doped PE-UHMW and explants for 

incubation and PE-UHMW explants without incubation. As a consequence of the highly 

insulating properties of PE-UHMW the MALDI process is negatively influenced. Lower signal 

intensities were observed for lipids in the generally preferred negative ion mode for lipid 

analysis. Consequently the more sensitive positive ion mode was chosen for analysis, favoring 

therefore PC, LPO, SM and cholesterol analysis. The presence of all other identified lipid species 

was proven by MS profiling and imaging experiments in positive and negative detection mode 

(details see supplemental data). Lipid identification is again based on characteristic fragment 

ions and neutral losses. Fig. 4 shows the distribution of characteristic fragment ions on PE-

UHMW explants incubated for 24 h in SF corresponding to PC/SM, PE, PI and Cholesterol.  

 

Figure 4: MS/MS imaging to visualize lipid distribution on GUR-1050 PE-UHMW after 24 

hours of incubation in SF; major fragments relevant for lipid classification are marked in the 
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lipid core structure; The contact site of incubated PE-UHMW samples with SF is indicated by 

arrows. 

In the center or the investigated area almost no fragment ions were detected, whereas high 

signal intensities were observed on the edges. However, the pattern for lipid related signals at 

edges follows engraved lines caused by possible in vivo mechanical stress. This can be explained 

by the assumption that mechanically stressed regions show less compact PE-UHMW, leading to 

an increase in surface area, favoring lipid adsorption as previously described. Those findings 

confirm results from SEM analysis of the same regions, revealing modified rough and possibly 

oxidized areas (Fig. 3).  For explanted PE-UHMW samples especially cholesterol was found in 

centroid regions and at the direct contact side with SF in the joint compartment. Overall it can be 

said that all 4 lipid classes could be detected on all investigated sample categories. PC and SM 

were distributed homogeneously on samples providing very smooth surfaces (supplemental 

data).  

Time-course of lipid adsorption studied by MSI. MSI experiments studying time related 

lipid uptake over 24 hours showed no significant time dependency or differences in localization 

for phospholipid classes. However, cholesterol related signals were not detected in the initial 

phase shortly after incubation, but were dominant after 1 hour on a well-defined area. After 

longer incubation times, no cholesterol related ions were observed. Those findings may indicate 

the dominant presence of cholesterol adsorbing in the initial lubrication phase, which further 

diffuses into the material. This possibility has in fact been reported before13. However, according 

to SEM analysis, cholesterol forms larger crystals after a while. Larger crystals can lead to 

decreased MALDI efficiencies caused by reduced incorporation into matrix crystals. 
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Figure 5: Visualization of lipid and polymer related signals on PE-UHMW (explant untreated, 

Vit. E doped, GUR-1050) incubated in SF for 24 h; m/z 937 PC (44:2), m/z 1042 SM (51:2) 

associated, m/z 1380 PE-UHMW hydroperoxide associated and m/z 1582 PE-UHMW PEG 

associated; Arrows mark the contact region of the polymer with SF on light microscope image of 

matrix-covered PE-UHMW samples. 

Fig. 5 shows the distribution of two different lipid species on explanted PE-UHMW, one 

Vitamin E doped sample and a GUR-1050 PE-UHMW. It is evident that in the explant, lipids are 

present especially on the contact side with SF in the acetabular cup. Even diffusion into the 

material in possibly mechanically stressed regions, recognized in preceding SEM analysis, can 

be observed. The distinct pattern of lipid adsorption and diffusion can be co-localized with 

dominant but more diffuse PE-UHMW modifications like PE-UHMW hydroxides.  
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Vitamin E doped and GUR-1050 PE-UHMW samples incubated in SF (SF completely covered 

the sample) showed different lipid patterns. Lipids were identified on one particular edge 

possibly initiating the adsorption process there. On conventional GUR-1050 material, lipids were 

adsorbed in the center regions of the sample. Congruent signals were observed for polymer 

related signals belonging to PE-UHMW hydroperoxide and PEG. Correlating the experimental 

findings with previously performed SEM analysis, it can again be concluded that lipids 

preferentially adsorb on rough and brittle PE-UHMW areas as well as on sharp edges. 

The diffusion of lipids into PE-UHMW has in general been described before39, which proved 

to be correct in our studies for certain species.  Nevertheless, to obtain more information about 

the diffusion behavior of high abundance lipids into PE-UHMW, consecutive slices of PE-

UHMW explants were examined and 3-dimensionally reconstructed (Fig. 6). Cholesterol (m/z 

369, [M-H2O+H]+) has been investigated on 4 consecutive slices from a potential mechanically 

stresses area in the acetabular cup. According to the detected intensity distribution, cholesterol 

diffused into the material after entering the SF contact site. The investigated consecutive slices 

represent a depth profile of almost 0.1 mm. Over the total PE-UHMW ”block” regions with 

distinct Cholesterol location are observed beside more diffuse regions, correlated with material 

modifications observed in SEM analysis. These results give first insights into significant changes 

of Cholesterol presence in three dimensions, but also allow conclusions for material failure.   
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Figure 6: 3-dimensional reconstruction of cholesterol ([M-H2O+H]+ intensities at m/z 369) on 

consecutive PE-UHMW samples. 

PE-UHMW modifications. As described, SEM observations did not only reveal biological 

residues but also showed severe polymer surface modifications. Using MSI, polymer related 

modifications were studied on the molecular level by analyzing the affected regions identified by 

SEM analysis. Polymer distributions with mass differences of ∆ m/z 44 indicated the presence of 

PEG (details discussed later) and ∆ m/z 74 indicated PE-UHMW hydroperoxide. Latter is a 

radical described to be involved in the oxidation process of shelf life aging of PE-UHMW4, 40. 

Hydroperoxide was found on all different PE-UHMW types, even after short contact (1 h) with 

SF. Short incubation times induced radical occurrence only at the SF contact sites, whereas after 

24 h or more, hydroperoxide radicals were also found in more centroid regions, correlating 

nicely with signals of diffused cholesterol. Another polymer distribution with mass differences 

of ∆ m/z 138 is not clearly identified yet. All modifications were found for GUR-1050 and 

Vitamin E doped PE-UHMW samples but also for PE-UHMW explants.  Interestingly polymer 
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signals were found in areas showing the formation of unspecific carbon clusters (∆ m/z 12 and 

24) during the MALDI process. These clusters were especially observed in rough and brittle 

areas of explant material.  

All polymer modifications were found co-localized with extensive lipid adsorption. 

Considering the fact that SF contains a noticeable amount of reactive oxygen species (ROCs), 

the occurrence of polymer radicals can be explained, and radicals are the initiator for material 

oxidation, which is then observed e.g. in SEM analysis. Furthermore lipids can form radicals 

during their own oxidation process, which then also have oxidizing effects on PE-UHMW.  

Besides the prior analyzed regions of interest, showing material oxidation identified by SEM, 

polymer modifications (i.e. hydroperoxide) were also found in apparently non-affected areas. 

This observation indicates a molecular change in the material, detectable prior to visually 

observable effects.  

 

PEG formation. Within areas of high lipid adsorption also PEG modifications (∆ m/z 44 Da) 

were found (Fig. 5) on all PE-UHMW samples. The polymer distribution maxima were observed 

between m/z 1300 and 1500. GUR-1050 PE-UHMW incubated for 24 h in SF or BSF and 

explanted samples show large areas of PEG signals without distinct localization, whereas on 

Vitamin E doped samples PEG was only observed at regions correlating with lipid signals. 

Fragmentation analysis of the observed ions clearly identified the signal as PEG. PE-UHMW 

material was declared to be only PEG covered (vendor). Hence, PEG presence in deeper areas is 

difficult to explain. Based on the co-localization with lipids, it can be assumed that PEG is 

generated by the presence of oxidative species and PE-UHMW radicals in the aqueous 

environment (Fig. 1). As In vivo as well as shelf life oxidation have been reported for PE-



 

149 

UHMW41 it cannot be excluded that the laser energy works as a catalyst for PEG formation on 

exactly those previously modified PE-UHMW regions.  

 

CONCLUSION 

In the present study we demonstrate the possible application of MSI for material 

characterization of polymer based hip joint explants. The assumption that an interaction of the 

bio-compartment and PE-UHMW exists has been proven for GUR-1050, Vitamin E doped and 

explanted PE-UHMW samples by the presence of lipid residues. In the course of the study a 

sample preparation for MSI analysis of hydrophobic polymer surfaces was developed and 

analytes were identified by MS/MS analysis. All lipid classes relevant for the lubrication process 

were found and respective distributions were visualized by using characteristic fragment ions. 

The combination of MSI and SEM analysis allowed for the first time the correlation of 

significantly modified PE-UHMW areas with lipid adsorption. Polymer modifications were 

identified to be PE-UHMW hydroperoxides and PEG.  

3-dimensional reconstruction of acetabular cup areas investigated by MSI showed the 

relevance of MSI for even more profound material characterization and the possibility to 

combine it with state-of-the-art techniques like SEM, to obtain detailed information about the 

material failure process.  
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BSF bovine synovial fluid, CHCA α-cyano-4-hdroxycinnamic acid, ddH2O double distilled 

water, DHB 2,5-dihydroxybenzoic acid, HE-CID high energy collision induced dissociation, HP-

TLC high performance thin layer chromatography, HSF human synovial fluid, ITO indium tin 

oxide, LPC Monoacylglycerophosphocholine, MALDI matrix assisted laser 
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desorption/ionization, MS mass spectrometry, MSI mass spectrometry imaging, PC 

Glycerophoshpatidylcholine, PE Glycerophosphatidylethanolamine, PEG polyethylene glycol, PI 

Glycerophosphatidylinositol, PS Glycerophosphatidylserine, PSD post source decay, RTOF 

reflector time of flight, SEM scanning electron microscopy, SF synovial fluid, SM 

Sphingomyelin, TG Triglyceride, THAP 1,4,6-trihydroxyacetophenone monohydrate, TOF time 

of flight, PE-UHMW ultra-high molecular weight polyethylene 
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Supplemental*Material*
!
!
Figure*1:!Cholesterol!localization!after!incubation!in!SF!(b)!15!min!(c)!1!h!(d)!24!
h! visualized! by! Biomap! (Novartis,! Zuerich,! Switzerland);! (e)! Characteristic!
fragment!ions!for!cholesterol![MJH2O+H]+,!(f)!minor!fragmentation!products;!(g)!
MALDIJTOFJRTOF!spectrum!of!cholesterol!after!PSD!fragmentation!
!

!
!
* *
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Identification!of! lipid! species!present!on!1050,!Vitamin!E!doped!and!explanted!
UHWMJPE!samples,!based!on!their!characteristic!fragment!ions!
*
Figure* 2:!Characteristic! fragmentation! ions!and!neutral! losses! for!LPC,!SM!and!
PC;!Identified!lipid!species!are!listed.!
!

!
!
Figure*3:!Characteristic!fragmentation!ions!and!neutral!losses!for!PE;!Identified!
lipid!species!are!listed.!
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!
*
*
Figure*4:!Characteristic!fragmentation!ions!and!neutral!losses!for!PI;!Identified!
lipid!species!are!listed.!
!

!
!
Figure*5:!Characteristic!fragmentation!ions!and!neutral!losses!for!PS;!Identified!
lipid!species!are!listed.!
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!
!
!
Figure* 6:! SM! and! PC! distribution! on! smooth! PEJUHMW! surface! after! 24! h! SF!
incubation!visualized!by!Biomap!(Novartis).!
!

!



! 161!

9.#Additional#Findings##

a. Feasibility#study#to#investigate#biodegradable#graft#material#used#for#artificial#blood#
vessel#replacement#by#mass#spectrometry#imaging#

In# contrary# to# polymer# based# hip# joint# replacement# systems,# artificial# blood# vessels# are# used# to#
replace#the#native#vessel#in#first#instance,#however#to#further#induce#cell#growth#and#the#formation#of#
a# new# blood# vessel# along# with# replacement# of# the# polymer.# Biodegradable# polymer# grafts# were#
analyzed# by# the# developed# approach# for# non=degradable# UHMWPE# analysis# to# obtain# information#
about#the#protein#and#lipid#adsorption/diffusion#process,#which#can#often#be#correlated#with#polymer#
modifications.#Adapted#approaches#regarding#sample#preparation#are#required#as#a#consequence#of#
the#different#stability#properties.##

MATERIALS#&#METHODS#

All#chemicals#and#reagents,#unless#indicated#specifically,#were#from#Sigma=Aldrich#(USA)#with#a#purity#
of# at# least# 99# %# if# not# stated# otherwise.# Double# distilled# water# (ddH2O)# was# obtained# from# a#
Simplicity# system# (Millipore,# USA)# with# a# specific# conductivity# of# Ωm# ≤# 18# S/cm.# Grafts# were#
synthesized#at#the#Institute#of#Applied#Synthesis#(Vienna#University#of#Technology,#Austria)#and#along#
with#native#aorta#and#rat#blood,#provided#by#the#Institute#of#Biomedical#Research#(Medical#University#
Vienna,#Austria).#Blood#samples#and#native#aorta#were#taken#from#rats#after#explant#surgery.#

Graft# samples#were#analyzed#concerning# their# lipid#and#protein# interaction#after#10#minutes#and#7#
days#in#vivo,#followed#by#mass#spectrometry#imaging#(MSI)#analysis.#All#samples#were#cut#to#25#mm2#
and#washed#with#double#distilled#water#(ddH2O)#before#analysis.##

Graft#material#is#further#referred#to#as#EG#for#hard=block#biodegradable#thermoplastic#polyurethane#
material#and#ePTFE#for#expanded#polytetrafluoroethylene.#

For#lipid#extraction#samples#were#incubated#in#900#µL#chloroform/methanol#(2:1,#v/v)#at#22#°C#for#1#
hour.#900#µL#chloroform/water#(1:1,#v/v)#were#added#before#centrifugation#at#3000#rpm#at#22#°C#for#
15#min.#The#organic#phase#was#collected#and#dried#under#vacuum.#The#residues#were#re=dissolved#in#
chloroform#and#applied#to#Silica#gel#60#HP=TLC#aluminum#plates#(10#x#10#cm,#layer#thickness#0.2#mm,#
particle# size# 3=4# µm,# Merck)# using# a# syringe.# HP=TLC# separation# was# performed# as# previously#
described# [1]# followed# by# identification# on# a#MALDI=TOF/TOF# instrument# (UltrafleXtreme,# Bruker)#
based# on# collision=induced# dissociation.# For# protein# extraction# samples# were# incubated# in#
ddH2O/trichloracetic#acid# (12:1,#v/w)#at#4#°C# for#30#min#and#centrifuged#at#14000#rpm#and#4#°C# for#
another#30#min.#The#pellet#was#dissolved#in#10#µL#ddH2O#and#incubated#in#SDS=PAGE#sample#buffer#
(106#mM#Tris#HCl,#141#mM#Tris#Base,#2#%#lithium#dodecyl#sulfate,#10#%#glycerol,#0.51#mM#EDTA,#0.22#
mM#SERVA#Blue#G250,#0.175#mM#Phenol#Red,#pH#8.5,#50mM#dithiothreitol,#Life#Technology,#Vienna,#
Austria)#at#95# °C# for#5#minutes.# SDS=PAGE#analysis#was#performed#on#a#10#cm#ready=made#4=12#%#
separating#polyacrylamide#gel#(Life#Technology,#Austria).#Electrophoresis#was#carried#out#at#max.#125#
V,#60#mA#and#12.5#W#in#a#XCell#Sure#Lock#System#(Life#Technology).#Gels#were#silver#stained#[2]#for#
protein# detection.# Proteins# were# identified# after# SDS=PAGE# by# in&gel# digestion.# Gel# bands# were#
excised#with#a#clean#scalpel#and#destained#using#100#mM#Na2S2O3#and#30#mM#K4Fe(CN)6*3H2O#(1:1,#
v/v).#Gel#pieces#were#treated#with#ACN#and#rehydrated#with#100#mM#NH4HCO3.#After#reduction#(10#
mM#DTT# in#100#mM#NH4HCO3)#and#alkylation#(50#mM#iodoacetamide# in#100#mM#NH4HCO3)#the#gel#
pieces#were#dried#in#a#vacuum#centrifuge#and#rehydrated#in#approx.#10#µL#50#mM#NH4HCO3#(pH#8.5)#
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containing#5#%#ACN#and#125#ng# trypsin# (porcine,#proteomics# grade,#Roche,# Switzerland).#Digestion#
was#carried#out#for#24#h#at#37#°C.#Peptides#were#extracted#with#50#mM#NH4HCO3/ACN#(1/1,#v/v)#and#
two# times# with# ddH2O/ACN# containing# 0.1# %# TFA# (1/1,# v/v),# for# 15#min# each.# All# extracts# of# one#
respective# spot# were# pooled# and# dried# in# a# vacuum# centrifuge.# After# reconstitution# in# 0.1# %# TFA#
peptides#were#desalted#using#C18#ZipTips#(Millipore,#USA)#and#eluted#with#5#mg/mL#CHCA#prepared#in#
ACN/0.1#%TFA# (50/50,# v/v)# in# the# final# step.# Peptide#mass# fingerprinting# (PMF)# and# sequence# tag#
analysis#were#carried#out#on#a#MALDI=TOF/RTOF#instrument#(UltrafleXtreme).##For#MSI,#graft#samples#
were# mounted# planar# on# indium# tin# oxide# coated# target# slides# (Bruker)# using# conductive# tape#
(Shimadzu#Kratos#Analytical).#α=cyano=4=hydroxycinnamic#acid#and#sinapic#acid#mixtures#(1:3#and#1:1)#
in#acetone/ddH2O/TFA#(70/30/0.1,#v/v/v)#were#applied#using#an#airbrush#device#(Conrad#Electronics,#
Germany).#Samples#were#analyzed#on#the#mass#spectrometer#described#above#at#a#lateral#resolution#
of# 15# and# 60# µm.# MSI# analysis# was# visualized# with# FlexAnalysis# (Bruker)# applying# median#
normalization.#

RESULTS#&#DISCUSSION#

Lipid#analysis#revealed#that#all#relevant#plasma#lipid#classes#(lyso=phosphatidylcholine,#sphingomyelin,#
phosphatidylcholine,# phosphatidylserine,# phosphatidylinositol,# phosphatidylethanolamine,#
triglycerides,#cholesterol#and#ceramides)#present#in#blood#did#in#fact#adsorb#on#all#types#of#polymer#
material.# For# EG# enhanced# cholesterol# adsorption# was# observed# and# both# polymer# types# showed#
extensive# glycolipid# adsorption.#However,# no# significant# time=related# difference#was# detected# (Fig.#
1a).##

SDS=PAGE# revealed#extensive#protein#adsorption#after#10#minutes# in#vivo,#which#was#not#observed#
after# 7# days# (Fig.# 1a).# Both# materials# showed# similar# protein# patterns# in# gel# electrophoretic#
separation# and# major# blood# components# were# identified:# hemoglobin# subunits,# immunglobuline#
classes,# apo=lipoproteins# classes,# proteins# related# to# muscle# growth# and# endothelial# formation,#
albumin,#myosin#and#several#other#proteins#(see#Chapter#9.b).##

Despite# significantly# different# graft# properties,# a# reproducible# and# identical# sample# preparation#
method#could#be#developed#for#MSI.#Spatially#highly#resolved#analyte#distributions#were#measured.#
Lipid#detection#was# successful# for# the#mass# range# covering# cholesterol,#major#phospholipid# classes#
(Fig.# 1b)# and# glycolipids.# Extensive# lipid# clusters# could# be# detected# on# the# inside# of# both# graft#
materials,#which#were#not#detected#on#the#outside.#This#might#indicate#enhanced#interaction#inside#
the# vascular# prosthesis# and# proves# the# capacity# of# MSI# experiments# to# give# information# on#
degradation#and#layer#formation#processes.#Besides#lipids#also#proteins#in#the#mass#range#from#2#to#
70# kDa# could# be# detected# and# localized.# Areas# of# homogeneous# layer# formation# were# observed,#
where# clustering# groups,# e.g.# lipid# species# and# protein# groups,# have# to# be# further# evaluated#
concerning#their#biological#functionality.#
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!

Figure'1:! a)'Comparison'of' two'different'graft'materials'(EG'and'ePTFE)'regarding'the' lipidomic'(HP?TLC)'
and'proteomic'pattern'(1D'gel'electrophoresis,'SDS?PAGE)'after'10'minutes'and'7'days'in#vivo'b)'MSI'results'
of' the' inner' and' outer' surface' of' a' graft' sample;' the' ceramide' phospholipid' MIPC(d18:0/16:0)' (N?
(hexadecanoyl)?sphinganine?1?O?[D?mannopyranosyl?α1?2?myo?inositol?1?phosphate])' and' a' polymer'
related'signal'were'chosen'for'visualization'of'respective'intensity'distributions'(intensity'values'correspond'
to'the'color'bar)''

1.!Stubiger,!G.,!E.!Pittenauer,!et!al.!(2009).!"Analysis!of!human!plasma!lipids!and!soybean!lecithin!
by! means! of! highEperformance! thinElayer! chromatography! and! matrixEassisted! laser!
desorption/ionization!mass!spectrometry."!Rapid!communications!in!mass!spectrometry!
:!RCM!23(17):!2711E2723.!

2.#Shevchenko,! A.,! M.!Wilm,! et! al.! (1996).! "Mass! spectrometric! sequencing! of! proteins! silverE
stained!polyacrylamide!gels."!Analytical!chemistry!68(5):!850E858.!

!

Some#results#are#used#in#the#manuscript#(submitted#to#Acta#Biomaterialia,#04.#2014):#Biodegradable,,
Thermoplastic,Polyurethane,Grafts,For,Small,Diameter,Vascular,Replacement, (Helga#Bergmeister,#
Nargiz# Seyidova,# Catharina# Schreiber,# Magdalena# Strobl,# Christian# Grasl,# Ingrid# Walter,# Barbara#
Messner,# Stefan# Baudis,# Sophie# Fröhlich,#Martina#Marchetti=Deschmann,#Markus#Griesser,#Matt# di#
Franco,#Martin#Krssak,#Robert#Liska,#Heinrich#Schima)# #
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b. Analytical# investigations# for# biodegradable# graft#material# used# for# artificial# blood#
vessel#replacement#

Based#on# initial# experiments# it# is# assumed# that#biological# adsorption# starts#with# small# apolar# lipids#
(cholesterol# and#other# sterols),# followed#by# subsequent# adsorption# and#polar# lipid# layer# formation#
exhibiting# saturated# and# unsaturated# acyl# side# chains# (glycerophospholipids,# sphingomyelins),#
leading#consequently#to#enhanced#adsorption#of#proteins#and#the#formation#of#a#glycan=layer.##

MATERIALS#&#METHODS#

Materials:#All# chemicals#and# reagents,#unless# indicated# specifically,#were# from#Sigma=Aldrich# (USA)#
with#a#purity#of#at# least#99#%# if#not#stated#otherwise.#Double#distilled#water# (ddH2O)#was#obtained#
from#a#Simplicity#system#(Millipore,#USA)#with#a#specific#conductivity#of#Ωm#≤#18#S/cm.#Grafts#were#
synthesized#at#the#Institute#of#Applied#Synthesis#(Vienna#University#of#Technology,#Austria)#and#along#
with#native#aorta#and#rat#blood,#provided#by#the#Institute#of#Biomedical#Research#(Medical#University#
Vienna,#Austria).#Blood#samples#and#native#aorta#were#taken#from#rats#after#explant#surgery.##

MS#profiling#and#MSI#analysis:#samples#were#attached#on#indium#tin#coated#(ITO)#glass#slides#using#
conductive# tape# (Fig.# 2).# The# sized# grafts#were# flattened# using#wetted# lint# free# tissue# and# vacuum#
dried.# For# cross# section# analysis# explanted# graft# materials# were# stabilized# in# optimal# cutting#
temperature# (O.C.T.# TissueTek)# embedding# medium# and# sliced# to# 10# µm# using# a# microtome#
(Reichert=Jung).# All# samples# were# further# washed# using# 0.1# %# TFA# and# again# vacuum# dried.# For#
protein#analysis#sinapic#acid#and#ferulic#acid#were#mixed#1:1#to#obtain#a#saturated#matrix#solution#in#
acetonitril/methanol# (7/3,# v/v)# containing# 0.1# %# TFA.# # For# MS# and#MSI# experiments# investigating#
proteins,#standard#MALDI#matrices,#SA#and#FA#were#dissolved#1:1#in#acetonitrile#(ACN),#ethanol#(v/v)#
containing#0.1#%#TFA#(6/3/1,#v/v/v)#at#a#concentration#of#25#(SA)#and#20#(FA)#mg/mL.#Lipid#analysis#
was# performed# using# saturated# 2,4,6=trihydroxacetophenone# in# potassium# chloride# saturated#
methanol.#Matrix#deposition#was#performed#using#an#airbrush#device#(Conrad),#at#a#working#distance#
of#10#to#12#cm#with#an#approximate#angle#of#50#to#60°,#covering#the#sample#in#several#iterative#steps.#
MS# profiling# and# MSI# experiments# were# performed# on# a# MALDI=TOF/RTOF# instrument#
(UltrafleXtreme,#Bruker)# in#positive# linear#or# reflectron#mode,# equipped#with# a# SmartBeamTM# laser#
pulsed#at#2000#Hz.#At#a#spatial#resolution#of#7#to#130#µm,#mass#spectra#based#on#1000#(lipids)#or#2000#
(proteins)#single#laser#shots#were#acquired#per#position#over#an#average#sample#size#of#25#mm2#for#all#
samples# (approx.# 15#×# 8#mm)# if# not#otherwise# stated.# For# image# reconstruction# FlexImaging# v.# 3.0#
software# (Bruker# Daltonics)# was# used.# All#MSI# data# sets# are# presented# as#Median# normalized# but#
were# also# verified# for# outliers# and# artifacts# by# Route# Mean# Square# and# Total# Ion# Current#
normalization.##
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Figure'2:'Protein'and'lipid'adsorption'for'artificial'blood'vessels'were'investigated;'Samples'were'cut'and'MSI'
analysis'was' approached' either' on' the' inner' or' outer' surface' of' centroid' (C)' or' edge' (E)' regions' or' at' the'
cross?section;'For'MSI'analysis'grafts'were'mounted'on'ITO'targets'using'double'sided'conductive'tape.#

Lipid#analysis:#For#lipid#extraction#from#explant#material#4#mm#graf#material#was#incubated#in#900#µL#
chloroform/methanol#(2:1,#v/v)#for#1#hour#at#room#temperature.#900#µL#chloroform/water#(1:1,#v/v)#
were#added#before#centrifugation#at#3000#rpm#and#room#temperature#for#15#min.#The#organic#phase#
(lower#solvent# layer)#was#collected#and#the#solvent#evaporated#under#vacuum.#As# reference,#20#µL#
blood#from#rat#blood#and#rat#aorta#were#treated#as#described#above.#For#further#analysis#dried#lipids#
were# dissolved# in# 15# µL# chloroform.# Lipid# separation# was# conducted# by# HP=TLC# analysis.# 8# µL#
chloroform# extract# were# applied# to# the# Silica# gel# 60# HP=TLC# aluminum# plates# (10# x# 10# cm,# layer#
thickness#0.2#mm,#particle# size#3=4#µm,# (Merck)#using#a# syringe.#HP=TLC# separation#was#performed#
using#two=different#separations#in#the#same#dimension.#First#Separation:#65#%#of#the#sample=loaded#
plate# was# developed# with# solvent# system# A# (methyl# acetate/1=propanol/chloroform/methanol/#
aqueous# saturated# potassium# chloride,# 25/25/25/10/0.5,# v/v/v/v/v)# to# separate# glycolipids# from#
phospholipids.#The#HP=TLC#plates#were#dried#using#a#heat#gun# to# remove# the#mobile#phase#before#
further# development.# Second# Separation:# 95# %# of# the# plate# was# developed# in# solvent# system# B#
(toluene/diethyl# ether/ethanol/acetic# acid,# 60/40/1/0.05,# v/v/v/v)# for# neutral# lipid# separation.# For#
lipid#visualization#HP=TLC#plates#were#stained#with#0.05#%#primuline#in#acetone/water#(8/2,#v/v)#and#
lipid# spots#were#detected#at#337#nm.# # For#matrix#assisted# laser#desorption/ionization# time=of=flight#
mass# spectrometry# # (MALDI=TOF=MS)# analysis# 2,4,6=trihydroxyactophenone# (THAP)# dissolved# in# KCl#
saturated#methanol.#Lipid#sample#and#matrix#solution#were#mixed#1/1#and#1#µL#was#deposited#on#a#
polished#384=well#stainless#steel#microtiter#plate#target#(Bruker,#Germany).#MALDI#MS#spectra#were#
acquired# on# an# intermediate# pressure#MALDI=qTOF# instrument# (Synapt#G2,#Waters,#UK),# equipped#
with#a#1000#Hz#Nd:YAG#laser#(355#nm)#and#an#ion#mobility#cell#and#on#a#high#vacuum#MALDI=TOF/TOF#
instrument#(UltrafleXtreme,#Bruker,#Germany),#equipped#with#a#2000#Hz#Smartbeam#laser#(355#nm)#
in# the#positive# linear#and# reflectron#detection#mode.#For#MALDI=TOF=MS#analysis#directly# from#HP=
TLC# plates,# the# developed# plate#was#mounted# on# a# TLC# adapter# (Bruker)# and# THAP# (20#mg/ml)# in#
acetone#was#deposited#with#a#pipette#on#the#identified#areas#of# lipid#spots.#Spectra#acquisition#was#
again#performed#on#the#MALDI=TOF/TOF#instrument.##
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Protein#analysis:#For#protein#extraction#4#mm#graft#material#was#deposited#in#1200#µL#ddH2O#before#
100# µL# trichloracetic# acid# (20%# in# ddH2O)# were# added# 5# times# subsequently# after# vortexing#
thoroughly#in=between.#Samples#were#incubated#for#30#min#at#4#°C#and#centrifuged#at#14000#rpm#and#
4#°C#for#another#30#min.#The#VP#material#was#removed,#the#supernatant#discarded#and#the#pellet#re=
dissolved#in#10#µL#ddH2O.#Protein#concentration#was#determined#according#to#Bradford#[1].#For#SDS=
PAGE#analysis#protein#pellets#were#dissolved#in#lithium#dodecyl#sulfate#sample#buffer#(26.5#mM#Tris#
HCl,#35.25#mM#Tris#Base,#0.5#%#lithium#dodecyl#sulfate,#2.5#%#glycerol,#0.1275#mM#EDTA,#0.055#mM#
SERVA#Blue#G250,#0.044#mM#Phenol#Red,#pH#8.5,#50#mM#dithiothreitol)#at#95#°C#for#5#minutes#and#
applied# to# a# precast# NuPAGE# 4=12# %# Bis=Tris# polyacrylamide# gel# (Life# Technology,# USA).#
Electrophoresis# was# conducted# at# 125# V# (60# mA# max.,# 12.5# W)# in# a# XCell# Surelock# Mini# Cell#
electrophoresis#system#(Life#Technology,#USA).#Protein#identification#was#performed#as#described#in#
9.a.# For# all# enzymatic# digestion# data,# autolytic# tryptic# products,# keratin# and# blank# artifacts# were#
assigned# and# removed# before# database# search# (SWISSPROT,# Jan.# 2014)# using#Mascot# [3]# with# the#
following# parameters:# taxonomy# Rattus# norvegicus,# monoisotopic# mass# values,# peptide# mass#
tolerance# of# ±0.3# Da# (for# PMF# and# PSD# experiments),# 2# missed# cleavages,# a# fixed# modification#
carboxyamidomethylation#and#methionine#oxidations#set#as#variable#modification.#

RESULTS#&#DISCUSSION#

Lipid#analysis#

HP=TLC#separation# to#compare# the#biological# system# (aorta#and#blood)#with# lipids#adsorbed#on# the#
implanted#graft#material#depending#on#the#in#vivo#time#was#studied.#Lipids#have#not#been#quantified#
after# extraction# and# before# separation,# however# the# comparable# graft# dimension# was# taken# for#
extraction.##

HP=TLC# analysis# (Fig.# 3)# revealed# the# presence# of# all# biological# relevant# lipid# classes:#
glycerophosphatidylcholine# (PC),# lyso=phosphatidylcholine# (LPC),# sphingomyelin# (SM),#
glycerophosphatidylserine# (PS),# glycerophosphatidylinositol# (PI),# glycerophosphatidylethanolamine#
(PE),#cholesterol,#triglycerides,#ceramides#and#several#unspecified#apolar#glycolipids.##

Compared#to#the#native#state,#represented#by#blood#and#aorta#tissue,#ePTFE#revealed#a#very#similar#
lipid#pattern#after#10#minutes#of#incubation.#By#comparison#EG#already#showed#extensive#cholesterol#
traces#(marked#with#*)#and#substances,#which#were#not#dissolved#in#the#solvent#and#remained#at#the#
application#point.#Those#are#assumed#to#be#very#polar#lipid#species,#which#are#not#transported#by#the#
apolar# liquid#phase.# For# EG# the# lipid#pattern# after# 7#d# in# situ,# no#obvious#pattern# change# could#be#
estimated,#which#is#however#difficult#to#conduct#due#to#the#extensive#overload#with#cholesterol.#For#
ePTFE#on#the#contrary#an#increased#amount#of#cholesterol#and#also#phospholipids,#especially#PE#and#
PI#was#observed.##

Concerning# EG,# the# presence# of# high# amounts# of# glycolipids# is# interesting.# This# finding# correlates#
nicely#with#the#assumed#glycolayer#formation#on#the#material# increasing#hydrophilic#properties#and#
consequently#protein#adsorption#[4].# It# is#also#expected#that#this#type#of# lipid# is#eventually#relevant#
for#the#change#of#blood#flow#parameters#and#shear#forces#depending#on#to#glycosylation.#Cholesterol#
is#very#dominant#in#EG#samples.#In#polymers,#not#supposed#to#degrade#or#be#replaced#over#time,#this#
is# assumed# to#open# the#polymer#matrix# slightly,# enhancing# lipid#diffusion# and# furthermore#protein#
adsorption#[5].#If#this#finding#is#hypothesized#to#be#similar#to#the#biological#interaction#of#cholesterol#
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with# the# prosthesis# it# can# be# assumed# that# cholesterol# is# a# starting# point# for# the# prosthesis#
replacement#by#blood#vessels.#

!

Figure'3:'Lipid'extracts'from'aorta,'blood'and'graft'material'separated'by'HP?TLC'separation'developed'with'
2'solvent'systems.#

For#all#samples,#enough#material#was#available#to#analyze#two#different#regions#of#the#prosthesis#with#
respect#to#the#lipid#profile:#one#sample#was#taken#from#the#center#region#of#the#VP#and#one#from#the#
direct# vessel# contact# side# (edge# region# (Fig.# 2)).# Lipid# pattern# comparison# revealed# no# significant#
differences#(data#not#shown);#however#the#cholesterol#level#was#slightly#higher#in#the#center#region.#
Further#lipid#quantification#is#necessary#to#address#the#significance#of#this#finding.##

For#exemplary#identification#lipid#extracts#from#the#TLC#plate#were#analyzed#to#determine#the#head#
group#and#reveal#possible#insight#in#acyl#chain#length#distribution.#Table#1#shows#a#list#of#lipids,#which#
were#chosen#due#to#their#dominant#distribution#pattern#by#MSI,#identified#from#lipid#extracts#based#
on#MALDI=TOF/RTOF#analysis#and#PSD#fragmentation.##
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Table'1:'Exemplary'identified'lipid'species'from'lipid'extracts'of'graft'material.''

#

For#polymer#samples,#ion#mobility#separation#proved#useful#for#identification#of#polymer#degradation#
products,#relevant#in#the#materials#failure#process#and#was#successfully#applied#to#graft#material#(Fig.#
4).#However#deeper#and#more#detailed#investigations#are#necessary#to#correctly#interpret#data.#

!

Figure'4:'Feasibility'study'of'ion'mobility'separation'for'lipid'and'polymer'analysis'of'graft'materials.'#

Results#I#protein#analysis#

SDS=PAGE# analysis# was# chosen# to# obtain# further# insight# into# protein# adsorption# on# different# graft#
materials# after# 10# min# and# 7# d# in# vivo.# As# described# for# lipid# analysis,# exactly# the# same# graft#
dimensions#were#chosen#for#protein#extraction#and#compared#to#protein#components#present#in#rat#
blood.#8# replicates#were#analyzed# for#each# time#point#and#material,# revealing# significant# variations#
regarding#protein#pattern#and#concentration#(Fig.#5).#However,#it#was#observed#that#after#7#d#in#situ,#
protein# concentration# has# decreased# and# high# abundant# proteins# were# dominant.# For# one# ePTFE#
sample#after#7#d#in#vivo,#IgG#components#were#detected#with#high#abundance.##

Major# identified# components# are# hemoglobin,# albumin,# fibrinogen,# actin# and#myosin.# It# has# been#
shown# by# SDS=PAGE# that# especially# proteins# with# an# apparent# molecular# weight# below# 100# kDa#
adsorb#at#higher#quantities#(more#intensive#staining)#on#the#material.##Further#identified#proteins#are#
listed# in#Table#2.#However,#due# to# the#high#number#of#detected#proteins,#2D#gel#electrophoresis# is#
highly#recommended#for# further# identification#and#valid#comparison#of#the#polymers#as#well#as#the#
VP#regions.#An#alternative#approach#is#protein#identification#by#LC=MS#analysis#after#in#gel#digestion#
instead#of#MALDI=TOF/TOF,#which#usually#increases#the#number#of#significant#identifications.#
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Figure'5:'SDS?PAGE'separation'of'protein'extracts'from'different'graft'material'and'rat'blood.#

SDS=PAGE# pattern# comparison# of# the# center# and# vessel# contract# region# of# the# stent# revealed#
extensive#protein#adsorption#in#the#center#of#the#VP,#in#all#extracts#(Fig.#5).#

Table' 2:' Proteins' identified' from' in?gel' digestion' after' SDS?PAGE' separation' of' protein' extracts' from' graft'
material;'Proteins'were' identified'based'on'peptide'mapping'and'peptide'sequencing'by'MALDI?TOF/RTOF'
applying'PSD'fragmentation.'

Protein# Abbreviation# Score#
PMF# sequence# coverage#
[%]# (number# of#
identified#peptieds)#

Nominal#
mass#[Da]#

UpIregulated# during# skeletal#
muscle#growth#protein#5#

USMG5_RAT# 58# 79#(3)# 6460#

Putative# double# homeobox#
protein#

DUX2_RAT# 66# 96#(3)# 9312#

Hemoglobin# subunit# alphaI1/2#
(7)#

HBA_RAT# 64# 50#(4)# 15490#

Hemoglobin#subunit#b1#(7)# HBB1_RAT# 86# 68#(8)# 16083#
Hemoglobin#subunit#betaI2#(7)# HBB2_RAT# 53# 62#(6)# 16086#
Apolipoprotein#AII#(6)# APOA1_RAT# 92# 61#(6)# 30759#
2ImethoxyI6IpolyprenylI1,4I
benzoquinol#methylase#

COQ5_RAT# 60# 45#(4)# 37402#

Actin#(5)# ACTB_RAT# 58# 23#(3)# 42052#
Actin,#cytoplasmic#2#(5)# ACTG_RAT# 51# 22#(2)# 42108#
Fibrinogen#gamma#chain#(4)# FIBG_RAT# 105# 62#(7)# 51228#
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Myocardial# zonula# adherens#
protein#

MYZAP_RAT# 46# 12#(3)# 54093#

Fibrinogen#beta#chain#(4)# FIBB_RAT# 132# 53#(9)# 54828#
Nuclear# protein# localization#
protein#4#homolog##

NPL4_RAT# 63# 17#(5)# 68982#

Albumin#(3)# ALBU_RAT# 117# 68#(15)# 70682#
Serotransferrin## TRFE_RAT# 119# 48#(3)# 79294#
Probable#carboxypeptidase#X1# CPXM1_RAT# 56# 9#(8)# 82243#
Dynamin#1#like#protein# DNM1L# 60# 36#(5)# 84369#
IQ# and# AAA# domainIcontaining#
protein#1Ilike##

IQCAL_RAT# 52# 35#(6)# 95964#

DNAIbinding#protein#SMUBPI2# SMBP2_RAT# 62# 21#(5)# 109994#
MyosinI7#(2)# MYH7_RAT# 60# 26#(9)# 223,083#
Adenomatous# polyposis# coli#
protein#(1)#

APC_RAT# 60# 18#(6)# 310,533#

#

Protein#profiling#analysis#by#directly#analyzing#the#graft#material#using#MALDI=LTOF#revealed#valuable#
analyte# signals# (Fig.# 6).# The#protein# pattern#observed# is# similar# to# blood# plasma#and#was#detected#
from#m/z#5000#to#80000,#including#proteins#strongly#correlating#with#gel#findings.#

!

Figure'6:'MALDI?LTOF'protein'pattern'measured'directly'from'graft'material.'#

#

#
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Results#–#MSI#

For# MSI# experiments# it# has# to# be# considered# that# due# to# the# significant# differences# regarding#
hydrophobicity# of# the# VPs,# sample# preparation# parameters# (matrix# and/or# solvent# systems)# were#
optimized# for# each# polymer.# Though# this# should# be# considered# as# technically# not# comparable,# the#
possibility# of# “biological”# comparison# is# considered# valid,# if# spectra# normalization# is# applied# and#
similar# analytes# of# interest# are# observed.# Furthermore# a# lot# of# samples,# revealed# extensive# salt#
content#highly#affecting#signal#quality#and#leading#to#no#valid#results.##

Protein#and# lipid# adsorption#was# investigated#on# comparable#polymer# segments,#whereas#polymer#
related#signals#were#only#observed#in#the#lipid#mass#region#(m/z#500=3500)#

Fig.#7#shows#detected#phospholipid#patterns#and#polymer#cluster#signals#on#the#inner#and#outer#side#
of#ePTFE#grafts.# It#can#be#observed#that#the#polymer#is#co=localized#with#a#detected#sphingolipid#on#
both# sides.# Similar#observations#were#made# for# all# described#phospholipids.# #Additionally# it# can#be#
said#that#EG#exhibited#the#same#behavior#(data#not#shown).###

# #

Figure' 7:' Comparison' of' the' inner' and' outer' surface' of' ePTFE' graft' material;' Polymer' related' signal'
distribution'was'compared'to'sphingolipid'localization'by'MALDI?TOF/RTOF'analysis.'

Peptide#and#protein#localization#was#possible#for#all#samples#in#a#mass#range#between#m/z#3000#and#
20000.# Proteins# above#m/z# 30000#were# only# observable# for# samples#without# salt# residues.# In# that#
case#albumin#and#proteins#between#m/z#50000#and#80000#were#observed#with#similar#distribution.#
Fig.# # 8# shows# spatial# distributions# of# selected# not# identified# peptides# and# proteins# on# the# inner#
surface#of#an#ePTFE#graft#(7#d#in#situ).#The#light#microscope#image#reveals#blood#residues#at#the#point#
of# native# blood# vessel/graft# connection.# Interestingly,# compared# to# lipid# localization,# different#
protein/peptide# species# show# very# diverse# adsorption# pattern# with# higher# intensities# a# few# mm#
behind#the#vessel/graft#connection.##
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Figure' 8:' MSI' MALDI?LTOF' analysis' in' the' peptide/protein' mass' range' revealing' very' diverse' signal'
localization'for'the'inner'surface'of'ePTFE'graft'material.'

The#same#graft#material#was#investigated#regarding#protein/peptide#adsorption#on#the#outer#surface#
(Fig.#9).#Homogeneous#analyte#distributions#especially#for#small#analytes#were#observed;#yet#several#
distinct#regions#revealed#reduced#analyte#intensity.#However,#based#on#results#for#other#analytes#as#
shown#in#Fig.#9,#it#can#be#assumed#that#matrix#application#was#sufficient.#The#signal#pattern#may#be#
related#for#both#samples,#inner#and#outer#graft#sides,#to#beginning#polymer#degradation#or#functional#
protein#aggregation.#The#latter#may#be#emphasized#by#MSI#analysis#of#aorta#native#material#(Fig.#10),#
which#revealed#similar#protein#distributions.##
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Figure' 9:' MSI' MALDI?LTOF' analysis' in' the' peptide/protein' mass' range' revealing' also' very' diverse' signal'
localization'for'the'outer'surface'of'ePTFE'graft'material.#

!

Figure'10:'MSI'MALDI?LTOF'analysis'in'the'peptide/protein'mass'range'of'native'rat'aorta'tissue.'#

To# obtain# enhanced# information# about# the# degradation# behavior# and# possible# biological# diffusion,#
cross# sections# from# intact# blood# vessels# were# analyzed.# Technically# the# cross=section# could# be#
analyzed# efficiently# at# a# lateral# resolution#of# 15#µm.# # Polymer#hydrolysis,#with# a# not# yet# identified#
mass#difference#of#26#Da#and# lipid#diffusion# into# the#polymer#were#observed# (Fig.#11).#Cholesterol,#
the# major# component# showing# high# prevalence# and# interactive# behavior# with# polymer# based#
implants#[6],#was#visualized#bedside#several#PCs.##

Analyzing# cross=sections# provides# the# possibility# of# gaining# very# detailed# insight# into# the# polymer#
replacement#and#the#formation#process#of#the#vessel#material.##
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Figure' 11:' ' Cross?section' analysis' of' ePTFE' graft' (7' d' in# situ)' revealing' Cholesterol' diffusion' and' polymer'
modification.''

The# present# study# reveals# the# applicability# of# MSI# to# obtain# profound# information# about# the#
adsorption#and#diffusion#behavior#of#proteins,#peptides#and# lipids#on#different#graft#materials#used#
for#vascular#prosthesis.#Due#to#the#very#limited#number#of#available#vessels,#statistical#analysis#cannot#
be# conducted# and# data# interpretation# has# to# be# considered# carefully.# Even# though# it# could# be#
demonstrated#that#protein#and#lipid#adsorption#patterns#are#distinctly#different.##
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c. Feasibility#study#to#use#MSI#for#salamander#secrete#

MSI#was#used#to#visualize#Salamander#footprints#after#walking#across#a#simple#glass#slide.#The#bioglue#
the#salamander#is#excreting#was#the#analyte#of#interest.#However,#to#increase#the#amount#of#secreted#
substance,# salamanders# (Plethodon# shermani)# were# shacken# in# a# box# to# stressfully# induce# the#
secretion#of#glue#of#the#foil#Aclarfilm.##

The# covered# glass# slides# were# examined# regarding# ionization# and# desorption# qualities# for# MSI#
experiments#followed#by#eventual#species#identification.##

For#protein#analysis#the#native#glue#was#covered#with#commonly#used#MALDI#matrices:#either#CHCA#
(7#mg/mL#in#70#%#methanol#containing#0.2#%#TFA#or#50#%#acetonitrile#containing#0.1#%#TFA)#or#sinapic#
acid# (20#mg/mL# in# 50# %# acetonitrile# containing# 0.1%# TFA).# For# lipid# analysis# samples# were# either#
covered# with# 1,5=diaminonaphtalene# (20# mg/mL# in# 50# %# acetonitrile# containing# 0.1# %# TFA),# 2,5=
dihydroxy#benzoic#acid#(25#mg/mL#in#50#%#acetonitrile#containing#0.1#%#TFA)#or#CHCA#(6#mg/mL#in#2=
propanol).#MALDI#matrix#application#was#performed#either#with#a#pipette#for#profiling#experiment#or#
by# chemical# inkjet#printing# (ChIP=1000,# Shimadzu#Kratos#Analytical).#MS#acquisition#was#performed#
on#two#different#MALDI=TOF=RTOF#instruments.#Both#Shimadzu#instruments#(AXIMA#CFR+#and#AXIMA#
TOF2,#Kratos#Analytical,#Japan)#are#equipped#with#N2#lasers#of#10#and#20#Hz,#whereas#the#AXIMA#CFR+#
is# additionally# equipped#with# a# high#mass# detector# (CovalX,# Switzerland).# For#MS# and#MSI# analysis#
1000# shots# were# accumulated# for# each# single# spectrum# in# reflectron,# linear# or# linear# high# mass#
detection#mode.#MSI#experiments#were#performed#at#a#lateral#resolution#of#60#µm#in#both#reflectron#
and#linear#ion#detection#mode.#Lipid#species#were#identified#by#high=energy#(20#kV)#collision#induced#
dissociation# fragmentation.# Samples# were# also# examined# with# the# even# more# sensitive#
UltrafleXtreme# (Bruker# Daltonics),# equipped# with# a# modified# Nd:YAG# laser# providing# a# laser#
repetition# rate# of# 2000# Hz.# Data# visualization# for# MSI# experiments# was# performed# using# Biomap#
(Novartis,#Switzerland).##

Sample#preparation#revealed#very#hydrophobic#qualities#for#the#glue.#For#high#concentrations#of#glue#
material,#e.g.#thick#areas,#signal#generation#was#difficult.#Increasing#the#amount#of#matrix#to#enhance#
the# proportion#was# not# conducted# successfully,# indicating# too# high# salt# concentrations# as# possible#
inhibiting#factors.#The#theory#is#supported#by#results#from#lipid#analysis.#Despite#previous#washing#of#
samples#using#0.1#%#TFA,#lipid#signals#were#majorly#detected#as#[M+Na]+,#[M=H+2Na]+,#[M+K]+,#or#[M=
H+2K]+#adducts.#Figure#12#and#table#3#show#the#identified#lipid#species#for#salamander#glue#sample.#
Despite#no#previous#extraction#experiments#were#performed,#numerous#PS,#PE#and#glycolipid#species#
were# identified.# Due# to# ion# suppression# effects,# normally# favoring# PC# and# SM# in# MALDI=TOF#
detection,#this#indicates#the#high#abundance#of#those#lipid#species#or#even#the#low#abundance#of#PC#
and#SM.#In#general# low#glue#concentrations#were#observed#to#be#optimal#for# lipid#detection.# It#was#
also#obvious#that#a#lot#of#species#were#detected#as#their#oxidized#form.#Considering#standard#storing#
conditions#at#=80#°C,#oxidation#might#be#related#to#initial#biological#conditions.##
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Figure' 112:' Lipid' analysis' by' MALDI?TOF/RTOF' MS' followed' by' identification' using' HE?CID;' High' glue'
concentrations' inhibit' the' MALDI' process' despite' TFA' washing.' It' is' noticeable' that' despite' expected' ion'
suppression'effects,'majorly'PS,'PE'and'glycolipid'species'are'detected'in'their'cationized'form.'#

Table'3:'Exemplary'identified'lipids'from'salamander'glue.'

Species# Ion# m/z#

PA#(22:3)# [M+K]+# 681#

PS#(6:0/6:0)# [M+K]+# 492#

PE#(30:0),#+#O# [M+H]+,#[M+H+O]+# 664,#681#

PC#(30:2)# [M+H]+# 704#

PC#(42:2)# [M+Na]+# 892#

Galβ=
Cer(d18:0/24:0)#

[M+H]+# 907#

#
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Protein#analysis#was#even#more#affected#by#possible#salt#contaminations.#Areas#thickly#covered#with#
bioglue,# revealed# no#MS# signals.# However,# for# areas# with# good#matrix:analyte# proportions# (which#
could#not#clearly#be#evaluated#in#this#feasibility#study)#showed#sufficient#protein#signals#for#the#mass#
range#between#1#and#20#kDa#(Fig.#13).#MS#spectra#on#both#instruments#revealed#more#than#25#signals#
with# good# intensities# and# S/N# ratios# for# the# linear# ion# detection#mode.# Similar# observations#were#
made#for#the#peptide#mass#range#below#m/z#3000.#Examination#in#the#high#mass#range#above#20#kDa#
was#capable#of#detecting#high#very#intensive#signals,#however#with#very#broad#peak#shapes#between#
25# and# 40# kDa.# Even# above# 100# kDa# signals,# however# with# very# low# intensities# were# obtained.#
Localization#conducted#by#MSI#experiments#correlated#with# light#microscopic#examinations# indicate#
very#good#sensitivity#of#all#examined#instruments.#Similar#to#lipid#experiments,#low#amounts#of#glue#
showed#best#signal#qualities.##

!

Figure' 113:' MALDI?LTOF' analysis' on' UltrafleXtreme' (Bruker' Daltonics,' Germany),' Salamander' glue' was'
covered'with'HCCA'(7'mg/mL'in'70'%'methanol'containing'0.2'%'TFA);'Despite'high'salt'concentrations'good'
signal'intensities'and'S/N'ratios'were'obtained'for'the'peptide'and'low'molecular'weight'mass'range'between'
m/z'2000'and'm/z'12000.''
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Figure'114:'MSI'analysis'in'reflectron'and'linear'ion'detection'mode'at'a'lateral'resolution'of'60'µm;'signal'
qualities' were' observed' to' be' significantly' better' in' terms' of' intensity' and' S/N' ratio' in' regions' of' low'
concentrated'biofilm,'however,'could'be'correlated'with'presence'of'glue'traces.''

The#feasibility#experiments#regarding#the#examination#of#salamander#glue#emphasize#the#capacity#of#
the#available# instruments# to#detect,# identify# and# localize# analytes#of# interest#with# special# focus#on#
proteins# and# lipids.# Both# lipid# and# protein# composition# can# be# assumed# to# be# very# complex# and#
biological#species#specific.#Further#investigations#are#summarized#in#the#diploma#thesis#of#Max#Kosok.##

# !
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d. Sample# preparation# strategies# and# differentiation# of# mamma# carcinoma# and#
associated#lung#metastasis#by#MSI#and#intact#cell#mass#spectrometry#

MSI#methods,# including#sample#preparation,#matrix#application#and# instrumental#parameters,#were#
developed#based#on#samples#with#reliable#complementary# information,# in#this#case#histology.#Well=
established#histological#staining#and#evaluation#tools#have#verified#all#methods.##

Biologically# and# technically# the# main# aim# was,# to# increase# the# lateral# resolution# to# distinguish#
substructures# on# cellular# level.# Methods# developed# for# kidney# tissue# with# well=defined# distinct#
morphology,#were#further#applied#to#mamma#carcinoma#tissue#and#associated#lung#metastasis.#The#
differentiation#based#on#the#protein/peptide#profile#was#the#main#target#for#those#samples.##

MATERIALS#&#METHODS#

Samples:#Mamma# carcinoma# (MC)# samples# were# obtained# from# biopsies# along# with# lung# cancer#
metastasis# biopsies.# Samples# were# formalin# fixed# and# either# sucrose# (FFSE)# or# paraffin# (FFPE)#
embedded#before#microtome#slicing#to#sections#of#125#–#500#nm#(FFSE)#or#5#µm#(FFPE).#Providing#the#
possibility#of#MSI#and#histological#analysis,# tissue#sections#were#mounted#on# indium#tin#oxide# (ITO)#
covered#microscopic# glass# slides# (Shimadzu# Kratos# Analytical,# Kyoto,# Japan).# To# obtain# histological#
information#by#light#microscopy#samples#were#stained#(toluidine#blue,#haematoxylin/eosine).##

For# further# differentiation# cell# biopsies# were# cultivated# to# conduct# intact# cell# mass# spectrometry#
(ICMS)# analysis.# Cells#were# grown# in# fetal# calf# serum# until# a# convolute# cell# layer# (4*106# cells)# was#
obtained.# After# short# trypsinization# (15#min)# cells#were# centrifuged# (1000# rpm)# and#washed# twice#
with#0.01#M#Phosphate#Buffered#Saline#(PBS)#buffer.##

Antigen,retrieval,and,sample,washing:##MSI#analysis#requires#the#removal#of#tissue#stain,#embedding#
media# and# if# applicable# the# rescinding#of# cross=linking# to# improve# S/N# ratios# and#enhance# spectral#
quality.##

Table#4#shows#the#methods#evaluated#for#efficient#antigen#retrieval.##

Table'4:'Evaluation'of'washing'procedures'applied'to'FFPE'samples;'?)'no'sufficient'signal'observable'*)'poor'
signal'quality'**)'moderate'signal'quality'***)'good'signal'quality'****)'excellent'signal'quality.'

## Procedure# MALDIILTOF#
MALDIILTOF#
trypsin#

Acetone#
#
#

100#%#acetone#(4°C,#2h)# *# *#
100#%#ethanol,#100#%#acetone# (4°C,#2h),#
100#%#acetone#(#4°C,#2h)#

**# **#

90#%#acetone#(4°C,#4h)# *# *#

TCA/acetone#
60#%#TCA#(4°C,#3h),#90%#acetone#(4°C,#15#
min)#

**# **#

CHCl3/MeOH# 7:3,#v/v#(4°C,#2.5h)# =# =#

Citrate#buffer#
citrate# buffer# (90°C,# 40# min),# digestion#
buffer#(10#min)#

***# ***#

TRISIHCl#
digestion# buffer# (5# min),# TRIS=HCl# pH# 9#
(97°C,#30#min)#

**# ****#
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,

MALDI, enzyme, and, matrix, application:# To# ensure# complete# dry# tissue,# required# for# matrix#
application#and#further#enhance#protein#denaturation#tissue#samples#were# incubated#at#85#°C#for#5#
minutes.#

Trypsin# was# dissolved# in# 100# mM# NH4HCO3# digestion# buffer# containing# 5# %# Rapigest# and# 5# %#
acetonitrile.#1#ng/spot/µm#was#applied#onto#the#tissue#samples#using#the#ChIP=1000.#Samples#were#
incubated#at#37#°C#in#saturated#atmosphere#(ethanol/water,#1/1,#v/v)#for#18#h.#Samples#were#shortly#
incubated#at#50#°C#to#remove#any#residual#liquid#before#matrix#application.##

Table# 5# gives# an# overview# to# the# examined# MALDI# matrices# for# MSI# analysis# of# FFSE# and# FFPE#
samples.##

Table'5:'Evaluated'MALDI'matrices'for'MSI'tissue'applications,'y'–'yes,'n'–'no.'

#
Solvent#system# Application#

#
#

ACN/ddH2O# Methanol# ChIPI1000# Airbrush# Recrystallization**#
2,4,6I

trihydroxyacetophenone#
y# y# y# y# n#

1,4I
dihydroxyacetophenone#

y# y# y# n# n#

2,5.dihydroxy#benzoic#
acid#

y# y# y# y# y#

αIcyanoI4I
hydroxycinnamic#acid#

y# y# y# y# y#

Sinapic#acid# y# y# y# y# n#
Ferulic#acid# y# y# y# y# n#

Diaminonaphtalene*# y# n# y# n# n#
Coumaric#acid# y# y# y# n# n#
Azathiothymin# y# y# y# n# n#

# # # # # #
*)#all#available#conformations#

# # # #
**)#lead#to#improvement#

# # # # #
#

MALDI#matrix#was# applied# using# a# Chemical# inkjet# printer# (ChIP=1000,# Shimadzu# Kratos# Analytical)#
covering# the#whole# tissue# sample# homogeneously# (1=10# ng/spot).# For#MSI# protein# analysis# sinapic#
acid# and# ferulic# acid#were#mixed# 1:1# to# obtain# a# saturated#matrix# solution# in# acetonitril/methanol#
(7/3,#v/v)#containing#0.1#%#TFA.#Matrix#deposition#was#performed#using#an#airbrush#device#(Conrad),#
at#a#working#distance#of#10#to#12#cm#with#an#approximate#angle#of#50#to#60°,#covering#the#sample#in#
several#iterative#steps.##

MALDIGMS,analysis:#The#cell#pellet#was#further#centrifuged#at#3000#rpm#for#15#min#before#washing#
twice#with#double#distilled#water# (ddH2O)#and#centrifuging#at#3000#rpm#for#15#min.#Afterwards#the#
cell# pellet#was# dissolved# in# saturated#matrix# (Sinapic# acid,# α=cyano=4=hydroxycinnamic# acid,# ferulic#
acid#each#dissolved# in#acetonitrile/methanol/0.1#%#trifluoracetic#acid,#50/25/25,#v/v/v)#and#spotted#
to#stainless#steel#MALDI#target#for#ICMS#analysis.#ICMS#analysis#was#conducted#on#the#UltrafleXtreme#
in#LTOF#mode.#
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MSI# experiments# were# conducted# on# three# different# instruments:# high# vacuum#MALDI=TOF/RTOF#
(AXIMA# TOF2,# Shimadzu# Kratos# Analytical)# equipped# with# a# 20# Hz# N2=laser,# high# vacuum#MALDI=
TOF/RTOF# (UltrafleXtreme,# Bruker# Corporation,# Bremen,# Germany)# equipped# with# a# 2# kHz#
SmartBeamTM#laser#and#intermediate#pressure#MALDI=QRTOF#system#(Synapt#G1#and#HDMS,#Waters#
Corporation,# Manchester,# UK)# equipped# either# with# a# 200# Hz# or# 1# kHz# Nd:YAG# laser.# Lateral#
resolution# was# set# between# 7# and# 150# µm# (stated# for# experiments# in# figure# legends).# For# image#
reconstruction# FlexImaging# v.# 3.0# software# (Bruker# Daltonics)# was# used.# All# MSI# data# sets# are#
presented# as#Median# normalized# but# were# also# verified# for# outliers# and# artifacts# by# Route#Mean#
Square#and#Total#Ion#Current#normalization.#

RESULTS#&#DISCUSSION#

Sample,Washing,&,Antigen,Retrieval,

Histological# evaluation# is# often#based#on# tissue# staining.# Either#H/E#or# toluidine#blue# are# the#most#
commonly# used# stains# for# sample# examination# regarding# tumor#or# substructure#differentiation.# To#
verify# the# influence# on#MSI# experiments,# signal# quality# of# H/E# stained# samples#were# compared# to#
unstained#tissue.#Standard#CHCA#and#SA#matrix#was#applied#to#FFPE#tissue#(5#µm)#to#observe#possible#
interfering#signals#in#the#peptide#and#protein#mass#range.##

Fig.#15#shows#exemplary#spectra#of# the#peptide/lipid#mass#range#with# identified# interfering#signals.#
The# main# found# signals# are# found# in# the# area# of# matrix# cluster# signals# or# possible# residual# lipid#
species.# For# peptide# mapping# experiments,# however,# those# signals# can# be# neglected.# It# was#
concluded# that# samples# stained#before#MSI# analysis,# allow#better# correlation#of# experimental# data#
and#deliver# no# significantly# interfering# signals.#However,# if# enzyme#or# antigen# retrieval# procedures#
are#applied,#stains#are#possibly#removed#due#to#the#washing#procedures#at#low#or#high#pH#range.##

!

Figure'115:'Evaluation'of'background'signals'related'to'H/E'stain'on'FFPE'tissue.'#
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Despite#the#removal#of#eventual#stains#and#residual#embedding#media,#the#extensive#cross=linking#of#
formalin#fixed#tissues#has#to#be#reversed#and#antigen#retrieval#is#recommended#for#improved#analyte#
accessibility.##

Very# good# signal# qualities# for# FFPE# tissue# above# a# cutting# thickness# of# 3# µm#were# observed# after#
application# of# a# combined# washing# and# antigen# retrieval# method.# Samples# were# rehydrated# in#
ethanol# and# incubated# shortly# in# 5#%# acetic# acid# before#microwave# treatment# at# 300#W# in# citrate#
buffer# for# 2# minutes.# Tissue# stain# and# signal# background# were# removed# and# improved# analysis#
significantly#also#for#enzymatic#treatment.##

Based#on#conventional#sample#preparation#for#e.g.#gel#electrophoresis,#protein#denaturation#can#be#
achieved#by#temperature#exposure#between#75#and#95#°C.#For#MSI#analysis,#incubating#samples#at#85#
°C# for# 5# minutes# instead# of# vacuum.# High# temperature# treatment# conducted# twice,# e.g.# during#
washing#steps#and#before#matrix#application,#was#compatible#with#all#tested#tissue#samples##

Enzymatic#treatment#

For#enzymatic#treatment,#either#by#trypsin#or#Lys#C,#enzymes#are#applied#in#a#very#thin#buffer# layer#
using# the# ChIP=1000.# The# thin# liquid# layer# is# capable# of# avoiding# diffusion# and# enhancing# the#
interaction#between#analyte#and#enzyme.#Due#to#the#small#amount#of#liquid,#samples#can#easily#get#
too# dry# for# an# effective# digestion# process# at# 37# °C.# A# humidity# box# was# constructed,# filled# with#
ethanol#water#(1/1,#v/v)#to#create#an#80#%#humidified#atmosphere.#To#avoid#condensation#at#the#top#
cover,#tissue#was#stuck#on#top#avoiding#droplets#leading#to#sample#contamination.##

The#comparison#of#Lys#C#and#trypsin,#applied#to#FFPE#mamma#carcinoma#tissue#revealed#the#efficient#
applicability# for# a# mass# range# between# m/z# 1500# and# 20000# in# MALDI=LTOF# mode# (Fig.# 16).# It# is#
obvious# that# different# protein# fragments# are# generated,# besides# the# fact# that# both# enzymes#work#
efficiently# in#the#pH#range#between#7.5#and#9.5.#The#wide#pH#range#can#be#explained#due#to#buffer#
conditions#on#the#tissue#sample,#which#cannot#exactly#be#determined.##

!

Figure'116:'Comparison'of'trypsin'and'Lys'C'digestion'of'FFPE'mamma'carcinoma'tissue'evaluated'by'MALDI?
LTOF'(AXIMA'TOF2,'Shimadzu'Kratos'Analytical).'
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The#main#challenge#for#the#present#tissue#samples#was#to#obtain#signals# in#the#peptide#mass#range#
with# sufficient# abundance# and# resolution# for# efficient# fragmentation.# Without# valid# information#
about#the#peptide#sequence,#identification#in#this#case#is#not#possible#since#it#is#not#known,#whether#
intact#or#cleaved#proteins/peptides#are#detected.##

The#digestion#procedure#was#enhanced#by#addition#of#MS#compatible#detergents.#In#the#present#case#
buffer#solutions#containing#1#to#5#%#Rapigest,# lead#to# improved#signal#quality# in#terms#of#S/N#ratio,#
intensity#and#quantity#of#detected#signals.##

It# was# further# observed# that# identical# digestion# (trypsin# as# described# favorable)# and# matrix#
application# procedures# (CHCA# favorable# by# ChIP=1000)# for# identical# samples# (FFPE# mamma#
carcinoma)# were# not# reproducible# on# two# different# instruments# (UltrafleXtreme,# AXIMA# TOF2).#
MALDI=LTOF#spectra#were#not#comparable#for#similar#samples,#revealing#significant#signal# losses#for#
data#obtained#using#the#UltrafleXtreme#in#LTOF#mode.#The#RTOF#mode#however,#showed#comparable#
signals,#with# improved# intensities.# Considering# the# reproducible# sample# preparation# strategy# for# a#
large# number# of# samples# (n# ># 10)# with# varying# operators# (n# =# 2),# the# technical# differences# are#
assumed#to#have#high#impact.##

Matrix,application,,

The# evaluation# of# matrix# systems# suitable# for# MSI# applications# was# based# on# the# quality# of# the#
applied#surface#layer#(homogeneity,#printability,#crystal#size)#and#the#spectral#quality#(S/N,#intensity,#
number#of#obtained#signals).##

#

Figure' 17:' Evaluation' of' MALDI' matrix' application' based' on' printing' quality' and' signal' generation' on'
different'embedding'media.'#

#
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Fig.#17#gives#an#overview#to#the#first#findings#obtained#in#matrix#application#on#different#embedded#
tissue# samples# (kidney# samples# were# first# available# and# used# in# this# study).# CHCA# in# dissolved# in#
ACN/0.1#%#TFA#(50/50,#v/v)#was#applied#(ChIP=1000)#to#the#4#most#commonly#used#embedding#media#
in#histology.##

The# surface# was# examined# by# light#microscopy# before# and# after#matrix# application# and# visualized#
using# ImageJ# to# obtain# information# about# the# homogeneity# of# the# surface# profile.# Furthermore#
MALDI=LTOF# signals# (AXIMA# TOF2)# were# obtained# from# enzymatically# untreated# and# trypsinized#
tissue#samples#in#the#peptide#mass#range.#Matrix#crystallization#was#found#to#vary#depending#on#the#
hydrophobicity# and# sample# morphology.#Whereas# paraffin# and# sucrose# showed# very# defined# and#
accurately#deposited#matrix#spots,#O.C.T.#TissueTek,#a#polyglycol#based#embedding#medium#liquid#at#
room# temperature,# and# Epon# 812,# a# very# hydrophobic# resin,# both# revealed# blurred# droplets# with#
diffuse#matrix#crystal#distribution.#Sample#morphology#was#preserved#with#high#quality# for#paraffin#
and#Epon#812#embedded#tissue.#Sucrose#samples#are#very#sensitive#to#tearing,#due#to#ultra#thin#slices#
between#150#nm#and#2#µm.#O.C.T.#samples#are#cut#at#=20°C#at#a#thickness#between#1#and#10#µm.#The#
sample#is#unfixed#in#contrary#to#paraffin#and#sucrose,#which#both#are#formalin#fixed,#leading#to#loss#of#
morphology.#However,#unfixed#tissue#is#not#affected#by#cross=linking,#which#leads#to#very#good#signal#
quantities# and# qualities# for# both# untreated# and# trypsinized# samples.# Formalin# fixed# paraffin# or#
sucrose#embedded#samples,#revealed#signal#losses#and#decreased#S/N#ratio.#However#one#has#to#be#
aware#that#especially#for#sucrose#samples,#this#is#also#a#consequence#of#reduced#amount#of#analyte#
due#to#ultra#thin#slices.##

For# further# analysis# FFPE# and# FFSE# samples# were# favored,# however,# O.C.T.# samples# showed# good#
capacities#for#profiling#and#possible#sequencing#experiments.##

Besides# very# effective# MALDI# matrix# application# with# the# ChIP=1000,# sublimation# was# evaluated#
regarding#its#effect#on#analyte#desorption#from#FFPE#and#O.C.T.#tissue#(both#5#µm).#An#in=house#built#
sublimation#construction#(ERASMUS#Center#Rotterdam,#Netherlands)#was#used#in#combination#with#
2,5=DHB#and#other#commonly#used#matrices# (CHCA,#SA,#FA),#which#were#not#sublimated#efficiently#
and#neglected#for#further#evaluation.#Tissue#samples#were#tested#untreated#or#trypsinized#(standard#
trypsin#procedure).#For#sublimation#5#ml#matrix#solution#(10#mg/mL#DHB#in#acetone)#were#applied#to#
two#glass#slides#with#2#slices#each.#Compared#to#the#chemical#inkjet#printing,#sublimation#is#capable#
of# delivering# very# homogeneous,# thin# matrix# layer# (Fig.# 18).# Tissue# microstructures,# in# that# case#
glomeruli#on#a#FFPE#tissue#sample,#are#still#observable.#Native#samples#did,#however,#not#reveal#any#
usable# signals,# whereas# trypsinized# tissue# revealed# a# few# low# quality# signals.# To# improve# analyte#
protonation,# samples#were#washed#with# trifluoracetic#acid# (TFA,#0.5#%,#200#µL/cm2)# for#2#minutes.#
TFA#was#removed#using#lint#free#tissue#mounted#on#a#glass#stamp#before#vacuum#desiccation#for#10#
minutes.#Fig.#18#shows#an#exemplary#spectrum#for#trypsinized#FFPE#tissue#in#the#peptide#mass#range.#
Even#though#signal#quality#is#still#improvable,#intensities#and#S/N#ratios#are#improved.##
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Figure'18:'DHB'sublimation'on'enzymatically'treated'FFPE'tissue'by'MALDI?RTOF'(Ultraflex'II,'Bruker);'Light'
microscopy'shows'the'very'fine'crystal'size'for'an'area'of'app.'3'mm.''

It# is# assumed# that# DHB# is# not# the# best# choice# of#matrix# for# peptide# analysis.# Due# to# the# physical#
properties#of#CHCA,#impeding#sublimation,#DHB#sublimation#was#followed#by#applying#0.5#µL#CHCA#(7#
mg/mL#in#acetone)#using#a#pipette.#The#effect#is#similar#to#recrystallization,#including#the#possibility#of#
analyte# delocalization# however# reducing# crystal# size# and# improving# analyte# incorporation.# Fig.# 19#
shows#the#obtained#mass#spectrum#and#its#associated#light#microscope#picture.#Crystal#size#is#rather#
inhomogeneous# but# signal# intensity# and# S/N# ratio# were# improved.# It# can# be# concluded# that#
sublimation#provides#very#sufficient#qualities#regarding#matrix#application.#The#favorable#small#crystal#
size#can#be#obtained#homogeneously#for#very#large#areas#within#very#short#processing#times.##
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Figure'19:'Signal'after'CHCA'spotting'after'DHB'sublimation'on'enzymatically'treated'FFPE'tissue'sample'by'
MALDI?RTOF'(Ultraflex'II,'Bruker).#

Mamma#carcinoma#heterogeneity#analysis#by#MSI#analysis#with#emphasis#on#peptide#signals#

The#primary#observed#limitation#after#good#sample#preparation#is#the#laser#diameter#focus.#The#laser#
diameter#and#laser#profile#were#adjusted#to#obtain#signals#with#preferably#high#S/N#ratio#and#signal#
intensity.#Depending#on#the#sample#size#and#structure,#laser#diameters#below#the#cellular#resolution#
are# required.# Fig.# 20# gives# an# overview# to# FFPE# and# FFSE# samples#with# a# constantly# reduced# laser#
diameter.# Whereas# very# low# lateral# resolutions# show# recognizable# pattern# differences# for# large#
samples# (5=8#mm)#with# defined#morphology,# this# can# hardly# be# obtained# for# small# (1=2#mm)# FFSE#
samples.# Even# for# the# large# samples,# 100# µm# lateral# resolution# provides# image# information# that#
shows# a# very# defined# pattern,# which# however,# cannot# be# correlated# directly# with# the# histological#
alignment.# For# high=resolution# images# of# FFSE# samples,# the# laser# diameter#was# set# to# 10# µm,# still#
providing#sufficient#signal#quality.##

To# further# enhance# the# lateral# resolution,# and# screen# samples# for# particular# ions# of# interest,# the#
applicability#of#oversampling#was#evaluated.#The#technically#minimal#laser#diameter#was#chosen#at#a#
lateral# resolution# below# 10# µm# (5=8# µm).# For# high# abundant# signals,# the# loss# of# analyte# due# to#
complete#sample#ablation#is#acceptable,#however#low#abundant#signals#are#considered#to#show#too#
low#signal#intensities.#Despite#high#quality#images#at#7#µm,#the#software#is#not#capable#of#visualizing#
pixel#information#below#that#resolution.#Moreover#it#has#to#be#considered,#despite#a#laser#frequency#
of# 2# kHz,# operating# times# above# 30# hours# are# necessary# to# obtain# all# data# points# for# a# very# small#
sample#below#2=4#mm2#possibly#harming#analyte#and#matrix#stability.#As#a#consequence#small#areas#
of#interest#were#chosen#for#analysis#at#very#high#resolution.##
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Figure'20:'Varying'lateral'resolution'from'100'µm'(FFPE)'to'5'µm'(all'FFSE).#

For# heterogeneity# differentiation# without# aiming# high# resolution# towards# particular# regions# of#
interest,#17#µm#was#chosen#as#standard#lateral#resolution,#providing#sufficient#information#about#low#
and# high# abundant# analytes,# without# loosing# lateral# resolution.# The# areas# observed# reveal# very#
distinct#peptide#patterns,#which#can#be#correlated#with#histologically#characteristic#areas.#Especially#
stroma# and# cancerous# regions# could# be# differentiated# (Fig.# 20)# for# both# primary# tumor# and#
associated# lung# metastasis.# Region# specific# signals# were# further# observed# in# branching# regions,#
histologically#not#recognizable.#It#is#assumed#that#cells#at#boarder#regions#can#be#differentiated#on#a#
molecular#level,#which#is#not#possible#by#histological#staining#and#evaluation.#Further#emphasis#will#lie#
on#the#signal#identification.##

Identifying#relevant#peptide#signals#for#the#differentiation#of#mamma#carcinoma#and#associated#lung#
metastasis# requires# the# analysis# of# large# data# sets# for# both# sample# groups.# Technical# (n=10)# and#
biological# (n=4)# replicates# were# analyzed# regarding# their# peptide# profile# after# enzymatic# digestion#
using#trypsin.#Profile#spectra#were#obtained#for#all#samples#using#a#flat#and#broad#laser#profile,#which#
favors#analyte#desorption,#however#lacks#lateral#resolution#and#is#not#applicable#for#MSI#experiments.#
Data#sets#were#analyzed#using#principal#component#analysis#(PCA)#and#cluster#analysis,#both#at#cross=
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validated#significance# level.#49#peptides#were# identified#after#eliminating#trypsin#and#matrix#cluster#
signals.#The#two#defined#groups#could#be#differentiated#based#on#PCA,#however#revealing#moderate#
dispersion# for# both# signal# groups# based# on# the# first# three# principal# components.# Cluster# analysis#
showed#interesting#sample#pairings.#Tumor#and#metastasis#were#not#differentiated#in#the#first#but#in#
the# third# node,# indicating# similarities# between# the# tissue# types.# Here# it# has# to# be# considered# that#
biopsies#were# taken# from# two#different# tissues.# Even# though# the# tumor#was# trimmed#and# residual#
tissue#was# removed,# peptides# relevant# for# organ# related# differentiation#might# be# included.# Tumor#
tissue#contains#a# lot#of#structure#or#metabolism#relevant#proteins,#which# induce#similarities# for#any#
type#of# tumor# tissue.# The# crucial# point# is# to# identify# the# proteins/peptides# relevant# for# tumor# and#
metastasis# differentiation# but# not# associated# with# the# organ# itself# or# stroma.# Sequence#
determination# is# therefore# mandatory# for# further# data# interpretation# and# conclusion.# So# far# the#
results#demonstrate#the#applicability#of#the#developed#method#for#detailed#investigation#and#possible#
differentiation#of#cancerous#tissue#samples.##

As# a# consequence# of# the# difficult# desorption/ionization# and# further# fragmentation# properties,# 3#
known#proteins#of# interest# for#differentiation#were#chosen#and# investigated# for#possibly#associated#
peptide#fragments:#Cytokeratin#5#(590#AA,#62#kDa),#Cytokeratin#7#(469#AA,#52#kDa)#and#HER#2#MLN#
NEU#NGL#(1255#AA,#138#kDa).#

Cytokeratin#5#

MSRQSSVSFRSGGSRSFSTASAITPSVSRTSFTSVSRSGGGGGGGFGRVSLAGACGVGGYGSRSLYNLGGSKRISISTSGGSFRNRFGAGAGGG
YGFGGGAGSGFGFGGGAGGGFGLGGGAGFGGGFGGPGFPVCPPGGIQEVTVNQSLLTPLNLQIDPSIQRVRTEEREQIKTLNNKFASFIDKVR
FLEQQNKVLDTKWTLLQEQGTKTVRQNLEPLFEQYINNLRRQLDSIVGERGRLDSELRNMQDLVEDFKNKYEDEINKRTTAENEFVMLKKDVD
AAYMNKVELEAKVDALMDEINFMKMFFDAELSQMQTHVSDTSVVLSMDNNRNLDLDSIIAEVKAQYEEIANRSRTEAESWYQTKYEELQQT
AGRHGDDLRNTKHEISEMNRMIQRLRAEIDNVKKQCANLQNAIADAEQRGELALKDARNKLAELEEALQKAKQDMARLLREYQELMNTKLA
LDVEIATYRKLLEGEECRLSGEGVGPVNISVVTSSVSSGYGSGSGYGGGLGGGLGGGLGGGLAGGSSGSYYSSSSGGVGLGGGLSVGGSGFSAS
SGRGLGVGFGSGGGSSSSVKFVSTTSSSRKSFKS#

Cytokeratin#7#

MSIHFSSPVFTSRSAAFSGRGAQVRLSSARPGGLGSSSLYGLGASRPRVAVRSAYGGPVGAGIREVTINQSLLAPLRLDADPSLQRVRQEESEQI
KTLNNKFASFIDKVRFLEQQNKLLETKWTLLQEQKSAKSSRLPDIFEAQIAGLRGQLEALQVDGGRLEAELRSMQDVVEDFKNKYEDEINHRTA
AENEFVVLKKDVDAAYMSKVELEAKVDALNDEINFLRTLNETELTELQSQISDTSVVLSMDNSRSLDLDGIIAEVKAQYEEMAKCSRAEAEAWY
QTKFETLQAQAGKHGDDLRNTRNEISEMNRAIQRLQAEIDNIKNQRAKLEAAIAEAEERGELALKDARAKQEELEAALQRGKQDMARQLREY
QELMSVKLALDIEIATYRKLLEGEESRLAGDGVGAVNISVMNSTGGSSSGGGIGLTLGGTMGSNALSFSSSAGPGLLKAYSIRTASASRRSARD#

HER#2#NEU#

MELAALCRWGLLLALLPPGAASTQVCTGTDMKLRLPASPETHLDMLRHLYQGCQVVQGNLELTYLPTNASLSFLQDIQEVQGYVLIAHNQVR
QVPLQRLRIVRGTQLFEDNYALAVLDNGDPLNNTTPVTGASPGGLRELQLRSLTEILKGGVLIQRNPQLCYQDTILWKDIFHKNNQLALTLIDTN
RSRACHPCSPMCKGSRCWGESSEDCQSLTRTVCAGGCARCKGPLPTDCCHEQCAAGCTGPKHSDCLACLHFNHSGICELHCPALVTYNTDTF
ESMPNPEGRYTFGASCVTACPYNYLSTDVGSCTLVCPLHNQEVTAEDGTQRCEKCSKPCARVCYGLGMEHLREVRAVTSANIQEFAGCKKIFG
SLAFLPESFDGDPASNTAPLQPEQLQVFETLEEITGYLYISAWPDSLPDLSVFQNLQVIRGRILHNGAYSLTLQGLGISWLGLRSLRELGSGLALIH
HNTHLCFVHTVPWDQLFRNPHQALLHTANRPEDECVGEGLACHQLCARGHCWGPGPTQCVNCSQFLRGQECVEECRVLQGLPREYVNAR
HCLPCHPECQPQNGSVTCFGPEADQCVACAHYKDPPFCVARCPSGVKPDLSYMPIWKFPDEEGACQPCPINCTHSCVDLDDKGCPAEQRAS
PLTSIISAVVGILLVVVLGVVFGILIKRRQQKIRKYTMRRLLQETELVEPLTPSGAMPNQAQMRILKETELRKVKVLGSGAFGTVYKGIWIPDGEN
VKIPVAIKVLRENTSPKANKEILDEAYVMAGVGSPYVSRLLGICLTSTVQLVTQLMPYGCLLDHVRENRGRLGSQDLLNWCMQIAKGMSYLED
VRLVHRDLAARNVLVKSPNHVKITDFGLARLLDIDETEYHADGGKVPIKWMALESILRRRFTHQSDVWSYGVTVWELMTFGAKPYDGIPAREI
PDLLEKGERLPQPPICTIDVYMIMVKCWMIDSECRPRFRELVSEFSRMARDPQRFVVIQNEDLGPASPLDSTFYRSLLEDDDMGDLVDAEEYLV
PQQGFFCPDPAPGAGGMVHHRHRSSSTRSGGGDLTLGLEPSEEEAPRSPLAPSEGAGSDVFDGDLGMGAAKGLQSLPTHDPSPLQRYSEDPT
VPLPSETDGYVAPLTCSPQPEYVNQPDVRPQPPSPREGPLPAARPAGATLERPKTLSPGKNGVVKDVFAFGGAVENPEYLTPQGGAAPQPHP
PPAFSPAFDNLYYWDQDPPERGAPPSTFKGTPTAENPEYLGLDVPV#
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5# signals#were# identified#with# excellent# ROC# (receiver# operating# characteristics)# above# 0.92,#which#
can# be# considered# as# significant# for# sample# differentiation:# m/z# 852,# 1013,# 1195# and# 1289.# No#
accurate#mass#is#displayed,#due#to#m/z#deviation#of#∆m/z#0.05#for#tissue#analysis#of#FFSE#samples.#The#
above#shown#sequence#was#investigated#for#theoretical#peptide#fragments#after#trypsin#cleavage.#For#
Cytokeratin# 5# m/z# 1195# [M+H]+# was# found# correlating# with# the# peptide# fragment# 365=374:#
(K)YEELQQTAGR(H).# Further# investigations#will# focus# on# the# identification# of# relevant# signals,# with#
adjusted#ROC#limits.##

Sample#differentiation#ICMS#analysis#

As#described,# cell# cultures#were#grown#and#harvested# from#biopsies#of#both# tumor#and#metastatic#
tissue.#The#main#intention#by#taking#on#the#concept#of#ICMS#analysis#was#to#identify#signals#relevant#
for#differentiation#in#an#unfixed#state#without#eventual#analyte#loss.##

After#dissolving#the#cells#in#SA,#FA#and#CHCA#solutions#analyte#incorporation,#crystallization#and#signal#
quality# (S/N,# intensity,# quantity# of# valid# signals)#were# evaluated# (Fig.# 21).# Preliminary# experiments#
with# human# epithelial# cell# culture# showed# that# both# SA# and# CHCA# deliver# differentiation# relevant#
information,#whereas#poor#signal#quality#was#observed#for#FA.#Signals#were#observed#in#the#positive#
LTOF#mode#for#a#mass#range#between#m/z#5000#and#50000.###

!

Figure'21:' Evaluating' commonly'used'MALDI'matrices' (CHCA,' FA' and' SA)' for' their' applicability' to' ICMS'of'
tumor'cell'cultures'by'MALDI?LTOF.#

PCA# and# cluster# analysis# models# were# evaluated# for# different# MALDI# matrices# to# verify# the#
observations# statistically.# Matrix# differentiation# was# based# on# 58# signals# and# exposed# signal#
variations# for# SA# and# CHCA# based# on# the# first# node# of# cluster# analysis# and# showed# distinct#
differentiation#profiles#for#the#three#principal#components.###
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Method#reliability#was#evaluated#by#repeating#the#washing#procedure#after#the#sample#was#dissolved#
and# removed# for#analysis.#No#cell#pellet#was#visible,#however,#matrix# solution#was#dissolved# in# the#
reaction# vial# and# analyzed.# Furthermore# the# cell# medium#was# analyzed# by# the# same#MALDI=LTOF#
method# to# verify# the# cell# related# signal# content# (Fig.# 22).# Signals# proved# to#originate# from# the# cell#
pellet,# whereas# cell# medium# showed# a# completely# different# protein# pattern# containing# mostly#
albumin# and# IgG# species.# The# investigated# supernatant# exhibited# proteins# correlating# with# cell#
medium.# As# a# consequence# statistical# analysis# revealed# very# distinct# differentiation# for# PCA# and#
cluster#analysis#based#on#64#signals.##

!

Figure'22:'Evaluation'of'signals'associated'with'cell'culture'and'cell'medium'background.'#

!

Figure'23:'ICMS'analysis'of'cell'culture'derived'from'mamma'carcinoma'or'associated'lung'metastasis'by'SA'
and'CHCA'in'MALDI?LTOF'mode'(UltrafleXtreme,'Bruker).''
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Consequently#the#next#step#was#to#test#the#developed#methods#on#cell#cultures#from#healthy#tissue#
and# biopsies.# Even# though# the# observed# protein# pattern# seemed# resembling# (Fig.# 23),# statistical#
analysis# revealed#significant#differences.#Cluster#analysis#differentiated#the#epithelial#cell# from#both#
cancerous#cells#in#the#first#node.#Further#primary#tumor#and#metastasis#were#distinguished.#Also#PCA#
revealed#sharp#differentiation#based#on#the#first#two#principal#components.#

For#each#approach,#using#either#CHCA#or#SA,#10#signals#with#ROC#scores#above#0.95#were#identified.#
Signals#were#found#between#m/z#5000#and#14000.##

The# presented# method# is# obviously# capable# of# differentiating# primary# tumor# cell# culture# and#
metastatic#origins.#For#further#evaluation#eventually#protein#separation#for#detailed#examination#and#
identification# is# needed# to# verify# the# identified# signals.# The# method# is# further# expected# to#
differentiate#different#tumor#stages,#which#might#give#profound#insight#in#the#process#of#metastasis.##

!
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