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Preface��
��

This��thesis��is��the��result��of��3��years��of��graduate��work��carried��out��at��the��Hevesy��Laboratory��at��DTU��Nutech��as��well��as��in��the��

CBIO��(Colloids��&��Biological��Interfaces)��group��at��DTU��Nanotech.��In��the��project’s��first��year,��it��was��in��collaboration��with��

LiPlasome��Pharma��A/S��but��continued��as��a��full��DTU��project��from��March��1st��2010��due��to��bankruptcy��on��the��part��of��LiPlasome��

Pharma.��The��main��supervisors��on��the��project��were��Dr.��Palle��Rasmussen��(Head��of��Program,��DTU��Nutech)��and��Dr.��Thomas��

Andresen��(Senior��Scientist,��DTU��Nanotech).����

��

During��the��project,��an��8��months��stay��at��the��Hebrew��University��of��Jerusalem��(Israel)��was��included.��The��supervisors��on��this��

project��were��Prof.��Yechezkel��Barenholz��and��Dr.��Eylon��Yavin.��This��stay��was��conducted��as��a��leave��of��absence��and��for��this��

reason��the��results��obtained��are��not��described��in��this��thesis.��

��

The��work��is��presented��in��three��separate��chapters.��Chapter��1��is��a��general��introduction��to��the��field��of��radiolabeling��

liposomes��and��polymeric��micelles.��Chapter��2��describes��work��revolving��around��the��18F�rradiolabeling��of��liposomes.��Chapter��

3��is��a��description��of��work��concerning��the��radiolabeling��of��polymeric��micelles.��A��general��conclusion��&��perspectives��are��

given��in��the��end.��
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Abstract��&��Outline��
��

Outline.��This��thesis��is��divided��into��three��separate��chapters��that��can��be��read��independently.��Chapter��1��is��a��general��

introduction,��touching��upon��liposomes��and��polymeric��micelles��and��radiolabeling��with��18F��and��64Cu.��Chapter��2��and��3��

address��two��separate��research��projects,��each��described��below.��A��complete��reference��list��is��compiled��in��the��end,��

immediately��after��the��three��chapters.��This��is��followed��by��the��supplementary��information,��divided��into��appropriate��

sections.��Finally,��the��two��first�rauthored��manuscripts��are��attached��as��appendices.��

��

Chapter��1.��The��field��of��nanoparticulate��drug��delivery��has��been��hailed��as��a��revolution��in��modern��therapeutics,��especially��in��

chemotherapy.��A��major��reason��is��the��ability��of��nanoparticles��to��accumulate��in��tumor��tissue.��Liposomes��are��the��classic��

nanoparticle,��consisting��of��a��lipid��membrane��with��an��aqueous��core.��Polymeric��micelles��are��made��from��amphiphilic��

detergent�rlike��copolymers,��that��self�rassemble��in��water.��Therapy��with��nanoparticles��is��hampered��by��often��poor��tumor��

accumulation,��combined��with��massive��uptake��by��macrophages��in��the��liver��and��spleen.��For��this��reason,��visualizing��

nanoparticle��pharmacokinetics��in�rvivo��is��a��valuable��tool��in��the��on�rgoing��research.��Such��visualization��can��be��done��by��

labeling��with��radio��isotopes.��Isotopes��that��emit��positrons��(PET�risotopes)��can��be��detected��by��PET��(positron��emission��

tomography)��technology,��an��accurate��technique��that��has��gained��popularity��in��recent��years.��PET�risotopes��of��interest��

include�� 18F�� and�� 64Cu.�� In�� addition�� to�� being�� a�� research�� tool,�� radiolabeled�� nanoparticles�� hold�� promise�� as�� a��

radiopharmaceutical��in��themselves,��as��a��means��of��imaging��tumor��tissue,��aiding��in��diagnosis��and��surgery.����

��

Chapter��2.��A��method��for��labeling��liposomes��with��18F��(97%��positron��decay,��T½��=��110��min)��was��investigated.��18F��is��widely��

available,��but��is��hampered��by��a��short��half�rlife��only��allowing��up��to��8��hours��scans.��18F��must��be��covalently��attached��to��

components��of��the��liposome.��By��binding��to��a��lipid,��it��can��be��stably��lodged��in��the��membrane.��A��glycerolipid��and��a��

cholesteryl��ether��were��synthesized��with��free��primary��alcohols��and��a��series��of��their��sulphonates��(Ms,��Ts,��Tf)��were��prepared.��

[18F]Radiofluorination��of��these��substrates��was��performed��on��fully��automated��equipment��using��a��classic��Kryptofix222�r

mediated��procedure��in��DMSO.��Yields��were��poor,��3�r17%��depending��on��conditions.� � � �The��[18F]fluorinated��probes��were��

purified��in�rsitu��on��SEP�rPaks.��The��cholesteryl��ether��mesylate��performed��best.��This��substrate��was��radiolabeled��and��

formulated��in��long�rcirculating��liposomes��by��drying��the��probe��and��the��lipids��together,��followed��by��hydration��by��magnetic��

stirring.��The��liposomes��were��extruded��through��100��nm��filter��on��fully��automated��equipment.��Animal��studies��were��done��in��

tumor�rbearing��mice,��and��PET�rscans��were��performed��over��8��hours.��Clear��tumor��uptake,��as��well��as��hepatic��and��splenic��

uptake,��was��observed,��corresponding��to��expected��liposomal��pharmacokinetics.��Tumor��uptake��was��quantifiable��(tumor�rto�r

muscle��ratio��at��8��h:��2.20),��showing��that��the��maximum��scan��duration��with��18F��is��sufficient��for��visualizing��tumor��tissue.��

Because��of��the��low��[18F]radiofluorination��yields��obtained,��we��investigated��ways��of��labeling��lipophilic��substrates��in��nonpolar��
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solvents.��This��involved��the��transfer��of��[18]HF��gas��from��a��solution��of��concentrated��sulphuric��acid��into��a��receiving��vial��

containing��the��substrate��in��toluene.��A��phosphazene��base��was��present��to��bind��[18]HF��and��mediate��fluorination.��This��

procedure��made��it��possible��to��fluorinate��highly��lipophilic��substrates��in��71%��yields.����

��

Chapter��3.��Radiolabeling��of��polymeric��micelles��with��64Cu��(18%��positron��decay,��T½��=��12.7��h)��was��investigated.��64Cu��allows��

longer��scans��(up��to��48��hours),��which��mirrors��the��duration��of��nanoparticle��pharmacokinetics.��It��is��a��metal��and��must��be��

attached��to��polymeric��micelles��by��covalently��conjugated��chelators.��DOTA��and��CB�rTE2A��are��two��such��chelators,��but��DOTA��is��

widely��believed��to��be��unstable��in�rvivo.��DOTA��and��CB�rTE2A��were��conjugated��to��triblock��polymeric��micelles��in��the��shell�r

region.��Here,��they��were��thought��to��be��shielded��by��the��outer��PEG�rlayer.��The��micelles��were��crosslinked��in��their��coumarin�r

containing��cores��by��exposure��to��UV��light.��Subsequently,��the��micelles��were��labeled��with��64Cu,��followed��by��removal��of��

unspecifically��bound��64Cu��by��EDTA.��Good��labeling��efficiency��was��achieved��with��both��chelators��(40�r70%).��Some��of��the��

prepared��micelles��were��found��to��exhibit��gross��instabilities,��especially��with��raised��temperature,��which��prevented��their��in�r

vivo��use.��Other��micelles��were��stable��and��were��investigated��in��xenographted��mice.��These��micelles��were��20�r45��nm.��They��

showed��good��tumor��uptake��(4�r5��%ID/g,��48h)��and��limited��uptake��in��liver��(5�r7��%ID/g,��48h)��and��spleen��(3�r6��%ID/g,��48h).��It��

was��concluded��that��there��did��not��seem��to��be��a��significant��difference��between��DOTA��and��CB�rTE2A��in�rvivo.��In��addition,��

crosslinked��micelles��(with��64Cu��bound��to��CB�rTE2A)��were��compared��with��non�rcrosslinked��micelles.��To��our��surprise,��we��

found��that��the��non�rcrosslinked��micelles��exhibited��good��stability��in��circulation��and��obtained��a��biodistribution��very��similar��to��

the��crosslinked��micelles.������������
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Resumé��(in��Danish)��
��

Kapitel��1.��Brugen��af��nanopartikler��til��behandling��har��længe��været��anset��som��en��revolution,��der��blot��venter��på��at��ske.��De��

ses��især��som��nyttige��i��kemoterapi��mod��cancer,��da��de��har��en��evne��til��at��akkumulere��i��tumorvæv.��Den��klassiske��nanopartikel��

er��liposomet,��der��er��en��fedtmembran,��der��omkranser��en��vandholdig��kerne.��Polymere��miceller��er��en��anden��type��

nanopartikel,��der��består��af��sæbe�rlignende��polymerer,��der��samler��sig��til��veldefinerede��partikler��i��vand.��Terapi��med��

nanopartikler��hæmmes��ofte��af��lavt��tumor�roptag��kombineret��med��højt��optag��i��lever��og��milt.��Derfor��er��det��et��nyttigt��værktøj��

at��kunne��følge��nanopartiklernes��fordeling��i��organismen.��En��måde��at��opnå��dette��på��er��ved��at��mærke��dem��med��radioaktive��

isotoper.�� Isotoper��der��udsender��positroner�� (anti�relektroner)��kan��detekteres��ved��hjælp��af��PET��(positronemissions��

tomografi),��der��er��en��præcis��og��relativt��ny��teknologi.��Interessante��PET�risotoper��inkluderer��18F��og��64Cu.��Udover��at��være��

værktøj��i��forskningen,��har��radiomærkede��nanopartikler��desuden��det��potentiale��at��kunne��bruges��som��et��radiolægemiddel��i��

sig��selv,��der��kan��visualisere��tumorvæv��og��bistå��i��diagnose��og��kirurgi��i��kræftbehandlingen.����

��

Kapitel��2.��Vi��undersøgte��liposomers��mærkning��med��18F.��18F��har��en��relativt��kort��halveringstid��på��110��min,��hvilket��kun��

muliggør��PET�rscanninger��på��op��til��8��timer.��18F��skal��bindes��kovalent��til ��en��bestanddel��af��liposomet.��Ved��at��binde��til��et��

fedtmolekyle��kan��det��indsættes��stabilt��i��membranen.��Et��glycerolipid��og��en��cholesterylether��blev��syntetiseret.��De��havde��

begge�� frie��primære��alkoholer,��som��blev��omdannet�� til��aktiverede��sulfunater�� (Ms,��Ts,��Tf).��Disse��substrater��blev��

[18F]radiofluorerede��i��fuldt��automatiseret��udstyr��ved��en��klassisk��Kryptofix222�rmedieret��procedure��i��DMSO.��Udbytterne��var��

ringe,��3�r17%��afhængig��af��reaktionsbetingelser.��De��[18F]fluorerede��prober��blev��oprenset��in�rsitu��på��SEK�rPaks.��Mesylatet��af��

cholesteryletheren��viste��sig��at��være��bedst.��Dette��substrat��blev��radiomærket��og��formuleret��i��langtids�rcirkulerende��

liposomer��ved��at��tørre��proben��og��lipider��sammen,��efterfulgt��af��hydrering��ved��magnetisk��omrøring.��Liposomerne��blev��

ekstruderet��gennem��100��nm��filtre��ved��en��fuldt��automatiseret��procedure.��Undersøgelser��i��dyr,��blev��gjort��i��tumorbærende��

mus��og��PET�rskanninger��blev��udført��over��8��timer.��Klart��tumor�roptag��samt��optag��i��liver��og��milt��kunne��ses,��hvilket��svarer��til ��

forventet��farmakokinetik��for��liposomer.��Tumoroptaget��kunne��kvantificeres��og��en��tumor�rtil�rmuskel��ratio��på��2,20��fandtes��

efter��8��timer.��Denne��værdi��giver��kontrast��nok��til��at��kunne��visualisere��tumorvæv��og��viser��at��de��18F�rmærkede��liposomer��kan��

bruges��til ��dette.��På��grund��af��de��lave��[18F]radiofluoreringsudbytter��der��var��opnået,��undersøgte��vi��en��metode��til��at��

radiomærke��lipofile��substrater��i��ikke�rpolære��solventer.��Dette��involverede��udvikling��af��[18F]HF��gas��fra��koncentreret��

svovlsyre��hvorefter��det��blev��ledt��ned��i��en��opløsning��af��substratet��i��toluen.��En��phosphazen�rbase��var��til��stede,��som��bandt��

[18F]HF��og��medierede��fluoreringen.��Ved��denne��metode��blev��udbytter��på��71%��opnået.������

��

��

��
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Kapitel��3.��Radiomærkning��af��polymere��miceller��med��64Cu��undersøgt.��64Cu��muliggør��længere��scanningstider��(op��til��48��

hours),��i��kraft��af��sin��længere��halverngstid��(12,7��timer).��48��timer��svarer��godt��til��det��vindue��i��hvilket��nanopartikel�r

farmakokinetik��normalt��er��interessant.��Da��64Cu��er��et��metal��skal��det��bindes��til��polymere��miceller��gennem��en��kovalent��

bundet��chelator.��DOTA��og��CB�rTE2A��er��to��sådanne��chelatorer,��men��DOTA��menes��generelt��at��være��ustabil��in�rvivo.��DOTA��og��

CB�rTE2A��blev��begge��bundet��til��triblock��polymere��miceller��i��shell�rregionen,��hvor��de��menes��at��være��beskyttede��af��det��

omgivende��PEG��lag��mod��interaktion��med��substanser��i��blodet.��Micellerne��kunne��krydsbundes��idet��de��i��kernen��havde��

polymerer��indeholdende��coumarin.��Coumarin�rmolekyler��krydsbinder��når��de��udsættes��for��UV�rlys.��Dernæst��blev��micellerne��

mærket��med��64Cu��og��uspecifikt��bundet��64Cu��blev��fjernet��med��EDTA.��God��mærkning��blev��opnået��med��begge��chelatorer��(40�r

70%��af��den��samlede��radioaktivitet).��Nogle��af��de��fremstillede��miceller��udviste��dog��alvorlig��ustabilitet,��især��ved��let��øgede��

temperaturer.��Dette��forhindrede��deres��brug��in�rvivo.��Derimod��var��andre��typer��miceller��stabile��og��disse��blev��undersøgt��I��

tumorbærende��mus.��Disse��miceller��havde��en��størrelsesfordeling��mellem��20��og��45��nm.��De��udviste��godt��tumor�roptag��(4�r5��

%ID/g��efter��48��timer)��samt��begrænset��grad��af��det��uønskede��optag��i��lever��(5�r7��%ID/g)��og��milt��(3�r6��%ID/g).��Vi��konkluderede��

at��vi��ikke��så��nogen��signifikant��forskel��på��DOTA��og��CB�rTE2A��in�rvivo.��Derudover��blev��krydsbundne��miceller��(med��64Cu��bundet��

til��CB�rTE2A)��testet��overfor��ikke�rkrydsbundne��miceller.��Til��vores��overraskelse��fandt��vi��at��de��ikke�rkrydsbundne��miceller��

udviste��god��stabilitet��i��blodbanen��og��faktisk��havde��samme��in�rvivo��distribution��som��de��krydsbundne.����������������
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Supplementary��Information��I��–��A��closer��look��at��the��synthesis��robot��

��

Generally,��the��synthesis��robot��can��be��visualized��by��the��figures��already��presented��in��the��text��as��
well��as��figure��A,��that��is��seen��below.��In��the��top��left��corner��of��figure��A��is��seen��two��red��SEP�rPAKS��
(C18).��These��are��the��link��that��connect��figure��A��with��Figure��2.5��in��the��main��text.��From��
application��on��the��C18��SEP�rPAKs��the��remaining��process��(purification)��has��been��described��in��the��
main��text.��

��

Figure��A��–��first��section��of��the��synthesis��robot��

��

The��graphic��depiction��of��the��workings��of��the��synthesis��robot��shown��here��is��part��of��the��interface��
on��the��computer��controlling��the��apparatus.��The��robot��is��explained��using��the��labels��shown��on��
the��figure��(given��in��parenthesis).��The��18O�rwater��containing��the��18F��is��placed��in��the��container��on��
the��right��(18F).��The��activity��is��monitored��by��GM1.��D1��is��a��syringe��with��a��number��of��controllable��
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inlets��and��outlets.��It��takes��up��the��fluoride��and��ejects��it��onto��the��blue��QMA��SEP�rPAK��at��GM2��
(which��monitors��activity��on��the��QMA).��D1��then��takes��up��air��and��blows��it��through��the��QMA,��
ejecting��the��water��right��on��valve��V8��into��the��waste��O18��H20.��D1��then��takes��up��Kryptofix222��
(Kryptofix)��and��passes��it��through��the��QMA,��eluting��the��18F,��this��time��left��on��V8,��through��V7��and��
V6,��into��the��reactor��(photo��shown��below),��placed��at��GM3.��This��step��is��followed��by��air.��

Radiofluorination��reactor��

��

The��solvents��are��then��evaporated��by��applying��a��helium��stream��(He)��through��V7��and��V6��as��well��
as��raising��and��lowering��the��temperature��(SetTemp2��/ ��Temp2).��In��addition,��pressure��can��be��
controlled��by��applying��vacuum��(Pressure��&��Vac).��The��applied��vacuum��removes��the��evaporated��
solvents.��Before��the��pump��a��cooling��trap��is��placed,��cooled��with��liquid��nitrogen.��D2��is��another��
syringe��from��which��solutions��can��be��added��to��the��reactor.��The��acetonitrile��for��the��azeotropic��
evaporations��is��added��from��here.��The��activity��in��the��reactor��can��be��monitored��at��GM3.��After��
azeotropic��evaporation,��the��substrate��is��added��and��the��solvent��is��removed.��Then��is��added��the��
reaction��solvent��(usually��DMSO)��and��the��mixture��is��heated��for��reaction.��After��the��reaction,��the��
radiofluorinated��probe��is��applied��to��the��C18��SEP�rPAKs��and��purified��as��described��in��the��main��
text.����

��

��

��

��

��
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Supplementary��Information��II��–��Identification��of��cholesteryl��ether��
impurity��A��
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��Figure��A.2��–��1H�rNMR��of��cholesteryl��ether��impurity��A.��

Comments��to��spectra:��The��single��proton��at��5.35��are��identical��in��both��spectra.��This��is��the��proton��of��the��
unsaturated��bond��in��the��cholesterol��moiety��(5).��Accordingly,��this��bond��is��not��altered��in��impurity��A.��The��
peak��at��3.44��–��a��2�rproton��multiplet��–��also��appear��unaltered.��This��peak��is��assigned��to��the��carbon��sitting��
on��the��aliphatic��decyl��chain��next��to��the��cholesteryl��ether��oxygen��(2).��On��the��other��side��of��this��oxygen��is��a��
single��proton��multiplet��appearing��at��3.12��(3).��This��peak��is��also��unaltered��between��the��two��compounds.��
In��the��spectra��for��the��mesylate��(A.1)��the��2��proton��peak��for��the��carbon��sitting��next��to��the��mesyl��group��
appears��at��4.22��(1).��In��the��spectrum��for��impurity��A,��this��peak��seems��to��have��moved��to��3.52.��This��peak��is��
a��clear��triplet��(J��=��6.6��Hz)��in��the��mesylate��spectrum.��In��the��impurity��A��spectrum,��it��is��still��a��triplet��(J��=��
6.8),��although��some��dissymmetry��is��seen��in��the��peak.��This��is��likely��caused��by��the��poor��shimming��of��the��
impurity��A��spectrum.��It��is��thus��concluded��that��it��is��same��peak,��that��has��moved��upfield,��indicating��that��
impurity��A��is��formed��by��a��reaction��of��the��mesyl��group.��In��the��impurity��A��spectrum��the��characteristic��3�r
proton��singlet��at��3.00��is��also��gone,��certifying��that��the��mesyl��group��has��been��replaced.��The��fingerprint��
aliphatic��region��of��the��spectrum��is��not��concluded��to��have��changed.��The��appearance��of��the��peaks,��as��well��
as��their��integrals��are��comparable.��Thus,��the��cholesterol��moiety��does��not��appear��to��have��been��modified,��
although��1�r��or��2�rproton��peaks��in��the��aliphatic��region��could��go��unnoticed.��������������
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��

��

Figure��A.3��–��MALDI�rTOF��(Na�rspiked)��spectrum��of��DHB�rmatrix��(top)��and��DHBmatrix��+��Impurity��A��
(bottom).��The��peak��for��impurity��A��is��seen��at��685.2.��
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Supplementary��Information��III����

–��Synthesis��of��PEG�rPAEMA�rPCMA��and��PEG�rPHEMA�rPCMA��

� � � ���

Synthesis��of��PEG�rPAEMA�rPCMA��

�r��by��Pramod��Kumar,��edited��by��Andreas��Jensen.��

Materials�� and�� measurements:�� 2�rAminoethyl�� methacrylate�� hydrochloride�� (AEMA.HCl)�� (90%),�� Bis(tert�rbutyl)��

dicarbonate��(99%),��triethylamine��(TEA)��(99.5%),��2�rbromo�risobutyryl�rbromide��(98%),� � � �2,2’bipyridyl��(bpy)��(99%),��

PMDETA��(99%),��CuCl2��(99.995%),��trifluoroacetic��acid��(TFA)��(99%)��and��all��other��solvents��and��chemicals��were��

purchased��from��Sigma��Aldrich��and��used��as��obtained.��CuCl��(99.995%)��was��washed��with��glacial��acetic��acid,��followed��

by��absolute��ethanol��and��diethylether,��dried��and��stored��under��argon.��Solvents��used��for��ATRP��were��purified��by��

distillation��over��the��drying��agents��indicated��in��parentheses,��stored��under��molecular��sieves��(MeOH��3��Å��and��DMF��4Å)��

and�� transferred�� under�� argon;�� MeOH�� (Mg(OMe)2,�� DMF�� (CaH2).�� CH3O�rPEG�rOH�� (poly�� (ethylene�� glycol)��

monomethylether��(Mn��=��5000)��was��from��Fluka.��Argon��atmosphere��(99.9999%)��used��in��the��reactions��was��provided��

by��AGA��Denmark.��NMR��spectra��were��recorded��by��using��300��MHz��Varian��Mercury��300��BB��spectrometer.��FT�rIR��

spectra��were��recorded��by��Perkin��Elmer��Spectrum��100��FT�rIR��Spectrometer.��GPC��measurements��were��carried��out��

with��a��RID10A�rSHIMADZU��refractive��index��detector��and��Mixed�rD��GPC��column��from��Polymer��Laboratories��with��a��

flow��rate��of��0.5��mL/min��at��25°C,��and��DMF��with��50��mM��LiCl��as��eluent.��UV�rVis��spectra��were��recorded��on��Unicam��

Helios��Uni��4923��spectrophotometer��

Synthesis��of��PEG5000Br:��The��macroinitiator��was��synthesized��by��using��a��slightly��modified��procedure��from��that��

reported��in��the��literature.[1]��CH3O�rPEG�rOH,��Mn��=��5000��(5��gram,��1��mmol)��was��dissolved��in��60��mL��of��toluene.��After��

azeotropic��distillation��of��10��mL��of��toluene��under��reduced��pressure��to��remove��traces��of��water,��TEA��(0.278��mL,��2��

mmol)��was��added,��and��the��solution��was��cooled��to��room��temperature.��2�rbromoisobutyryl��bromide��(0.185��mL,��1.5��

mmol)��was��added��drop��wise��to��the��mixture,��and��the��reaction��mixture��was��stirred��at��40��0C��for��2��days��under��a��

calcium��chloride��guard��tube.��The��solution��was��filtered,��and��most��of��the��toluene��was��removed��by��rotary��

evaporation��prior��to��precipitation��into��10��fold��excess��of��cold��ether.��The��crude��polymer��was��dried��under��vacuum,��

dissolved��in��water��at��pH��8�r9��and��then��extracted��with��DCM.��The��organic��layers��were��collected��and��dried��over��

anhydrous��sodium��sulfate.��The��removal��of��the��solvent��under��reduced��pressure��afforded��the��purified��macroinitiator��

in��a��yield��of��5.1��g��(99��%).��1H�rNMR��(250��MHz,��CDCl3):���w��=��3.63��(s,���rCH2CH2O�r),��1.91��(s,���rC(CH3)2)��ppm;��FT�rIR:���•��=��2887,��

1737,��1466,��1359,��1342,��1279,��1241,��1148,��1107,��1060,��963,��841��cm�r1.��
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Synthesis��of��2�r[N�r(tert�rButoxycarbonyl)Amino]ethyl��methacrylate��(AEMA(Boc)):��AEMA(Boc)��was��synthesized��by��a��

slightly��modified��procedure��than��reported.[2]��AEMA��HCl��(2.5��g,��15.15��mmol)��was��dissolved��in��40��mL��of��dry��DCM��and��

cooled��to��0��0C��in��an��ice��water��bath.��Anhydrous��triethylamine��(4.2��mL,��30.3��mmol)��was��added��drop��wise��to��the��ice��

cold��solution��and��stirred��for��20��minutes.��Bis(tert�rbutyl)��dicarbonate��(5.22��mL,��22.725��mmol)��dissolved��in��10��mL��of��

dry��DCM��was��slowly��added��to��the��reaction��mixture,��warmed��to��room��temperature��and��stirred��for��24��h��under��argon��

atmosphere.��The��organic��layer��was��washed��with��water��(2��×��25��mL),��1M��HCl��(2��×��25��mL),��saturated��aqueous��sodium��

bicarbonate��(2��×��25��mL)��and��with��saturated��brine��solution��(2��×��20��mL).��The��organic��layer��was��dried��over��anhydrous��

sodium��sulphate;��this��was��followed��by��removal��of��the��solvent��under��reduced��pressure��gave��crystalline��solid��3.3��g��

(95%).��1H�rNMR��(250��MHz,��CDCl3):���w����=��6.11��(1H,��Vinylic��H),��5.58��(1H,��Vinylic��H),��4.76��(broad��(br),��1H,���rNH),��4.20��(2H,��

�rCOOCH2CH2),��3.42��(2H,���rCOOCH2CH2),��1.94��(s,��3H,�� �rCH3),��1.44��(s,��9H,�� �rC(CH3)3)��ppm;��FT�rIR:���•��=��3386,��2981,��1692,��

1633,��1521,��1453,��1423,��1388,��1364,��1323,��1158,��1107,��1042,��998,��957,��915,��880,��853,��818,��777,��756,��653,��597��cm�r1.��

��

7�r(2�rMethacryloyloxyethoxy)�r4�rmethylcoumarin(CMA):��was��synthesized��by��the��reported��procedure[3]��

��

Synthesis��of��PEG�rb�rPAEMA(Boc)Cl:��PEG�rBr��(1��gram,��0.19��mmol),��AEMABoc��(522��mg,��2.28��mmol),��2,2’bipyridyl��(62��

mg,��0.40��mmol)��and��5��mL��MeOH��were��added��to��a��25��mL��schlenk��flask��equipped��with��a��magnetic��stir��bar.��The��flask��

was��frozen��in��liquid��nitrogen,��and��CuCl��catalyst��(21��mg,��0.21��mmol)��was��added.��The��reaction��mixture��was��degassed��

with��three��freeze�rpump�rthaw��cycles��to��remove��the��oxygen,��and��the��polymerization��was��carried��out��at��40°C��for��15��

h��under��an��argon��atmosphere.��The��reaction��was��stopped��by��opening��the��flask��to��air.��The��reaction��mixture��was��then��

passed��through��a��silica��gel��column��to��remove��the��copper��catalyst��using��MeOH��as��the��solvent.��On��exposure��to��air,��

the��dark��brown��reaction��mixture��turned��blue,��indicating��the��areal��oxidation��of��the��Cu(I)��catalyst.��After��removing��

most��of��the��MeOH��by��rotary��evaporation,��the��polymer��was��precipitated��into��excess��cold��diethyl��ether,��isolated��by��

filtration,��and��the��precipitate��dried��under��vacuum��yielded��1.1��g��(64%)��of��the��diblock��copolymer.��

1H�rNMR��(300��MHz,��CDCl3):���w��=��5.50��(broad��s,���rNH),��4.0��(broad��s,���rOCH2CH2NH),��3.63��(s,���rCH2CH2O),��3.37��(broad��s,���r

OCH2CH2NH,���rOCH3),��1.82��(broad��s,���rCH2��backbone),��1.43��(s,���rC(CH3)3),��1.11�r0.81��(m,���rC(CH3)2,���rCH3��backbone)��ppm;��

FT�rIR:���•��=��3387,��2892,��1716,��1520,��1466,��1391,��1361,��1342,��1279,��1241,��1150,��1112,��1060,��996,��965,��843��cm�r1.��

Synthesis��of��PEG�rb�rPAEMA(Boc)�rb�rPCMA��:��PEG�rb�rPAEMA(Boc)�rCl��(1g,��0.11��mmol),��7�r(2�rMethacryloyloxyethoxy)�r4�r

methylcoumarin��(CMA)��(2.6��g,��9.02��mmol),��CuCl2��(12��mg,��0.088��mmol),��PMDETA��(0.068��mL,��0.33��mmol),��and��10��mL��

of��DMF,��were��added��to��a��25��mL��schlenk��flask��equipped��with��a��magnetic��stir��bar.��The��flask��was��frozen��in��liquid��

nitrogen,��and��CuCl��catalyst��(11��mg,��0.11��mmol)��was��added.��The��reaction��mixture��was��degassed��with��three��freeze�r

pump�rthaw��cycles��to��remove��oxygen,��and��the��polymerization��was��carried��out��at��80°C��for��24��h��under��an��argon��
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atmosphere.��The��reaction��mixture��was��concentrated��under��vacuum,��and��the��polymer��was��precipitated��into��excess��

of��cold��MeOH,��filtered��and��dried;��yield��=��2��g��(56%).����

1H�rNMR��(300��MHz,��CDCl3):���w��=��7.40�r5.90��(coumarin��H),��4.38�r4.04��(�rOCH2CH2O�rcoumarin),��4.02�r3.86��(�rOCH2CH2NH),��

3.58��(s,���rCH2CH2O),��3.39�r3.25��(�rOCH2CH2NH),��2.22��(s,���rCH3��of��coumarin),��2.04�r1.55��(�rCH2��backbones��of��PAEMA��and��

PCMA��blocks),��1.39��(s,���rC(CH3)3),��1.15�r0.77��(�rCH3��backbones��of��PAEMA��and��PCMA��blocks)��ppm.��

��

Table. Molecular weights of PEGn-b-PAEMA(Boc)m-b-PCMAp . 

Mn[a] Mw[a] Mw/Mn[a] Mn[b]  n[c]  m[c] p[c] 

22100 26800 1.21 30390 120 9 80 

[a] Determined by GPC, [b] Determined by NMR, [c] Number of repeating units of PEG block (n), PAEMA(Boc) 
block (m) and PCMA block (p). 

��

PEG�rb�rPAEMA�rb�rPCMA:��PEG�rb�rPAEMA(Boc)�rb�rPCMA��(500��mg,��0.016��mmol)��was��treated��with��1:1��TFA:DCM��mixture��

(8��mL)��for��15��h��at��room��temperature.��After��removing��most��of��the��solvent��under��rotary��evaporation,��the��polymer��

was�� precipitated�� into�� excess�� cold�� diethyl�� ether,�� filtered�� and�� dried.��The�� complete�� deprotection�� of�� tert�r

Butoxycarbonyl��(Boc)��was��confirmed��by��the��disappearance��of��Boc��signal��at��1.45��ppm��in��1H�rNMR��(300��MHz,��CDCl3).��

Reference��

[1]��S.��Liu,��J.��V.��M.��Weaver,��Y.��Tang,��N.��C.��Billingham,��S.��P.��Armes,��K.��Tribe,��Macromolecules��2002,��35,��6121.��

[2]��M.�rH.��Dufresne,��J.�rC.��Leroux,��Pharmaceutical��Research��2004,��21,��160.��

[3]��M.��Obi,��S.��Y.��Morino,��K.��Ichimura,��Chemistry��of��Materials��1999,��11,��656.��
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Synthesis��of��PEG�rPHEMA�rPCMA��

�r��by��Pramod��Kumar,��edited��by��Andreas��Jensen��

1.��Synthesis��of��PEG127�rPHEMA7�rPCMA18��

The��macroinitiator��PEG�rBr��and��diblock��copolymer��PEG�rPHEMA�rCl��were��synthesised��by��the��reported��

procedures.1�� The�� monomer�� 7�r(2�rMethacryloyloxyethoxy)�r4�rmethylcoumarin�� (CMA)� � � �was��
synthesised��by��a��procedure��reported��by��M.��Obi��et��al��2����

The�� diblock�� copolymer�� PEG�rPHEMA�rCl�� (1000�� mg,�� 0.1�� mmol),�� 7�r(2�rMethacryloyloxyethoxy)�r4�r
methylcoumarin��(CMA)��(720��mg,��2.5��mmol),��CuCl2��(12��mg,��0.09��mmol),��and��PMDETA��(146��µl,��
0.7��mmol)��were��dissolved��in��DMF��(10��mL)��and��frozen��in��liquid��nitrogen.��The��catalyst��CuCl��(10��
mg,��0.1��mmol)��was��then��added��and��the��reaction��mixture��was��degassed��three��times��by��freeze�r
pump�rthaw��cycles��and��stirred��under��argon��at��800C��for��24��hours.��Most��of��the��solvent��was��
removed��under��vacuum;��the��polymer��was��then��precipitated��from��methanol��and��dried��under��
vacuum��to��give��the��pure��amphiphilic��triblock��copolymer��(yield��=��0.8��g,��63%).��

1H�rNMR��(300��MHz,��CDCl3):���w��=��7.38�r6.00��(coumarin��H),��4.60�r3.73��(�rOCH2CH2O�rcoumarin,� � � r

OCH2CH2OH),��3.65��(s,���rCH2CH2O��of��PEG),��2.30��(s,���rCH3��of��coumarin),��2.16�r1.72��(�rCH2��backbones��

of��PHEMA��and��PCMA��blocks),��1.20�r0.79��(�rCH3��backbones��of��PHEMA��and��PCMA��blocks)��ppm.��

FTIR��(cm�r1):��3490,��2880,��1718,��1612,��1467,��1391,��1343,��1279,��1240,��1140,��1100,��963,��839,��750.��

Mn��(from��NMR)��=��11814.��From��GPC:��Mw��=��12400,��Mn��=��9550,��PD��(Mw/Mn)��=��1.3��

The��NMR��spectrum��for��PEG�rPHEMA�rPCMA��is��shown��below��in��Supplementary��Information��IV.��

��

1.�� Pramod��Kumar,��E.��K.;��Almdal,��K.;��Andresen,��T.��L.,��Synthesis��and��characterization��of��ratiometric��
nanosensors��for��pH��quantification:��a��mixed��micelle��approach.��Chemical��Communications��2012,��48��(39),��4776�r4778.��
��
2.�� Obi,��M.;��Morino,��S.��y.;��Ichimura,��K.,��Factors��Affecting��Photoalignment��of��Liquid��Crystals��Induced��by��
Polymethacrylates��with��Coumarin��Side��Chains.��Chemistry��of��Materials��1999,��11��(3),��656�r664.��

��

��



Page��11��of��26��
��

Supplementary��Information��IV��–��NMR��spectra��of��selected��unimers��

��

PEG�rPAEMA(Boc)�rPCMA��(300��MHz,��CDCl3)����

��

See��below��(PEG�rPAEMA�rPCMA��spectrum)��for��explananation��of��peaks.��The��peak��at��1.45��seen��
here��is��the��tBb��of��the��Boc��(9��protons��for��each��monomer).��It��can��be��calculated��that��the��average��
number��of��PEG��repeats��in��PEG5000��is��on��average��120��(based��on��H�rNMR��of��PEG5000�rBr,��not��
shown��here).��Accordingly,��the��number��of��CMA��monomers��can��be��calculated��based��on��the��
integrals��of��the��PEG�rpeak��(seen��at��3.6�r3.7)��and��the��peak��at��6.0,��which��represents��the��single��
proton��sitting��alpha��to��the��carbonyl�rgroup��on��the��coumarin.����

CMA:��120��* ��1/(6/4)��=��80������(nr.��of��PEG��monomers��* ��integral��of��coumarin�rpeak/(integral��
of��PEG/protons��in��PEG��monomer).��

��

��

��

��

��



Page��12��of��26��
��

PEG�rPAEMA�rPCMA��(300��MHz,��CDCl3)��

��

Above��is��shown��a��spectrum��of��PEG�rPAEMA�rPCMA��with��the��
Boc�rgroups��removed��by��TFA�rtreatment.��Note��that��the��
peak��at��1.45��has��disappeared.��Also��note��that��in��this��
spectrum,�� the�� PEG�rsignal�� is�� lower�� compared�� to�� the��
coumarin��signals,��meaning��that��this��batch��of��unimer��has��
more��coumarin��repeats��than��the��one��shown��above.����

The��major��peak��at��3.45��is��the��PEG�rprotons��(4��protons��per��
monomer).��The��integral��of��this��peak��is��5.00.��The��peak��at��
7.73�� can�� be�� expected�� to�� be�� the�� aromatic�� proton,��
estimated��to��be��at��7.73.��Also��the��two��protons��estimated��
at��6.95�r6.97��are��seen��in��the��spectrum��at��6.60��and��6.75.��
Finally,��the��remaining��coumarin��proton,��estimated��at��6.23,��is��seen��at��6.00.��The��4��protons��linking��
coumarin��to��the��backbone��(est.��4.42�r4.50)��are��seen��in��the��interval��4.0�r4.5,��with��an��integral��of��
3.89.��Due��to��the��low��amount��of��amine�rmonomers��(AEMA),��the��4��linking��protons��here��are��not��
identifiable��in��the��spectrum.��The��large��peak��at��2.3��is��the��methyl��group��in��the��coumarin��moiety.��
The��other��peaks��seen��upfield��are��backbone��protons.����

��

��
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PEG�rPHEMA�rPCMA��(500��MHz,��CDCl3)��

��

��

The��peaks��correspond��with��the��general��picture��observed��above��for��the��PEG�rPAEMA�rPCMA��
spectrum.��

The��number��of��coumarin��repeats��can��be��calculated��in��the��same��manner:����

�� CMA:��127��* ��1/(28/4)��=��18������

By��adding��all��components��of��the��unimer,��an��MW��based��on��NMR��can��be��calculated:��

�� MW��=��31+127*44+86+7*130+18*288+15��=��11814� � � �
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Supplementary��Information��V��–��Selected��Radio�rTLC��chromatograms��

��

All��radio�rTLC��chromatograms��shown��here��are��eluted��with��5%��NH4OAc��in��water�rMeOH��(1:1).��

��

DOTA�r64Cu������,��������Rf��=��0.42��

��

EDTA�r64Cu������,��������Rf��=��0.72��

��

��
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DTPA�r64Cu����,������Rf��=��0��

��

��

CB�rTE2A�r64Cu����,������Rf��=��0.27������(notice��the��trace��of��unchelated��64Cu��at��the��starting��line)��

��

��
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Below��is��seen��typical��analysis��data��from��the��“high��fraction”��and��Peak��2.��Data��is��from��a��high�r
activity��labeling,��where��the��micelles(PEG�rPAEMA�rPCMA,��10%��DOTA,��capped)��were��incubated��
with��618��MBq��64Cu��for��2.5��hours��at��room��temperature.��In��the��depicted��experiment,��Peak��1��
(54%)��and��Peak��2��(26%)��were��normal.����Notice��the��presence��of��radiolysis��products.����

��

High��fraction��(most��concentrated��part��of��peak��1)��–��Micelles.��It��was��clear��from��several��
experiments��that��micelles��do��not��run��on��TLC.��Notice��that��there��are��no��radioactive��contaminants��
in��the��high��fraction,��in��particular,��there��is��no��64Cu��bound��to��free��chelators.��This��was��always��
observed.��
��

��
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Peak��2��–��In��the��experiments��where��only��little��radioactivity��was��employed,��the��radiolysis��
products��were��not��seen,��only��a��prominent��peak��for��the��scavenging��chelator��(EDTA��in��this��case).��
As��a��general��rule��however,��a��small��peak��at��the��starting��line��was��always��observed,��regardless��of��
radioactivity.��

��

��

��

For��an��investigation��into��the��radiolysis��of��the��micelles,��see��Supplementary��Information��VII.��

��

��
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Supplementary��Information��VI��–��Animal��studies��experimentals��

��

�r��By��Tina��Binderup��

��

All��tumor��cell��lines��were��purchased��from��ATCC�rLGC��Standards��(LGC��Standards��AB,��Boras,��

Sweden)��

��

Animal��studies��with��18F��labeled��liposomes��(Chapter��2)��

��

Human��lung��carcinoid��(NCI�rH727,��2��tumors,��1��mouse),��small��cell��lung��cancer��(NCI�rH69,��3��

tumors,��2��mice)��and��glioblastoma��(U87MG,��2��tumors,��1��mouse)��tumor��cells��(~1��x��107��cells)��were��

inoculated��in��the��left��and��right��flank��of��NMRI��(Naval��Medical��Research��Institute)��nude��mice��(n��=��

4)��and��allowed��to��grow��2�r4��weeks,��depending��on��the��growth��rate��of��the��tumors.����

Prior��to��injection��of��the��18F�rlabeled��liposomes,��mice��were��anaesthetized��by��intra�rperitoneal��

injection��of��fluanisone/fentanyl��citrate��and��midazolam��(5��mg/0.625��mL/kg)��and��placed��on��a��

heated��bed��in��the��PET��scanner��(MicroPET��Focus��120,��Siemens��Medical��Solutions,��Malvern,��PA,��

USA),��where��the��tracer��was��intravenously��injected��in��a��lateral��tail��vein.��General��anaesthesia��was��

maintained��using��1%��sevofluran��(Abbott��Scandinavia��AB,��Solna,��Sweden)��mixed��with��35%��O2��in��

N2.��A��dynamic��scan��was��acquired��from��0��to��20��min.��post�rinjection��with��19��frames��for��

subsequent��time�ractivity�rcurve��generation.��Two�rand�ra�rhalf��hour��and��8h��post�rinjection��of��the��
18F�rliposomes,��additional��static��PET��emission��scans��were��acquired.����The��acquisition��time��was��20��

minutes��for��the��0��and��2.5h��scans��and��40��min.��for��the��8h��scan��to��ensure��proper��signal�rto�rnoise��

ratios.��The��pixel��size��was��0.866��x��0.866��x��0.796��mm��and��the��resolution��was��1.4��mm��in��the��

centre�rfield�rof�rview.��PET��data��were��reconstructed��with��the��2�rdimentional��ordered�rsubset��

expectation��maximization��(OSEM2D)��reconstruction��algorithm.��
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Computer��tomography��(CT)��scans��were��acquired��for��anatomical��localization��of��foci��with��a��

MicroCAT®��II��system��(Siemens��Medical��solutions).��CT��settings��were��a��tube��voltage��of��62��kVp,��a��

tube��current��of��500��µA,��360��rotation��steps,��an��exposure��time��of��390��ms��and��a��voxel��size��of��

0.088��mm.��PET��and��CT��images��were��analyzed��as��fused��images��using��the��Inveon��software��

(Siemens).��ROIs��were��drawn��around��liver,��kidney,��spleen,��muscle,��tumors��and��the��left�rventricle.��

Uptake��in��the��left��ventricle��of��the��heart��was��taken��as��a��measure��of��the��blood��concentration.��

Percent��injected��dose��per��gram��(%ID/g)��and��tumor�rto�rmuscle��ratios��were��calculated.����

The��animal��experiments��were��approved��by��the��Animal��Research��Committee��of��the��Danish��

Ministry��of��Justice.��

��

Animal��studies��with��64Cu��labeled��polymeric��micelles��(DOTA��vs.��CB�rTE2A,��PEG�rPHEMA�rPCMA��

micelles)��(Chapter��3)��

��

Seven��weeks��old��female��NMRI��nude��mice��purchased��from��Tarconic��(Borup,��Denmark)��were��inoculated��in��

the��right��and��left��flank��with��5*10E+06��U87MG��cells��(LGC��standards,��Boras,��Sweden)��in��a��1:1��mixture��with��

matrixgel™��(BD��Biosciences,��Albertslund,��Denmark).��Tumors��were��allowed��to��grow��for��2��weeks.��The��

mice��were��divided��in��2��groups;��CB�rTE2A��(n��=��6)��and��DOTA��(n��=��6).��The��animal��experiments��were��

approved��by��the��Animal��Research��Committee��of��the��Danish��Ministry��of��Justice.��

Either��of��the��micelle��formulations��was��intravenously��injected��in��a��lateral��tail��vein��of��anesthetized��mice��at��

an��average��dose��of��7.8��±��0.46��MBq��(mean��±��SD)��for��the��CB�rTE2A��micelles��and��8.0��±��0.84��MBq��for��the��CB�r

DOTA�rmicelles��at��a��volume��of��200��µL��and��a��lipid��concentration��of��XX.��The��PET/CT��scans��were��acquired��on��

a��dedicated��small��animal��system��(MicroPET��Focus��120��&��MicroCAT®��II,��Siemens��Medical��Solutions,��

Malvern,��PA,��USA)��at��1h,��22h��and��46h��post��injection��(p.i.)��with��PET��acquisition��times��of��10,��15��&��30��min.��

respectively.�� PET�� data�� were�� reconstructed�� with�� the�� 2�rdimentional�� ordered�rsubset�� expectation��

maximization��(OSEM2D)��reconstruction��algorithm.��PET��and��CT��images��were��analyzed��as��fused��images��

using��the��Inveon��software��(Siemens)��where��regions��of��interest��(ROIs)��were��drawn��around��liver,��kidney,��

spleen,��muscle,��tumors��and��the��left�rventricle.��Uptake��in��the��left��ventricle��of��the��heart��was��taking��as��a��

measure��of��the��blood��concentration.��CT��settings��were��a��tube��voltage��of��64��kVp,��a��tube��current��of��500��
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µA,��360��rotation��steps,��an��exposure��time��of��440��ms��and��a��voxel��size��of��0.092��mm.��Immediately��following��

the��last��PET��scan��4��of��the��6��mice��in��each��group��were��euthanized��and��blood��as��well��as��organs��of��interest��

collected��and��counted��in��a��gamma��counter��(Perkin��Elmer��Life��Sciences).����

The��statistics��were��calculated��using��Excel��2010.��Differences��between��the��two��chelator��groups��were��

analyzed��using��an��unpaired,��two�rtailed��t�rtest.��Differences��in��the��same��animal��at��different��times��p.i��was��

analyzed��using��a��paired,��two�rtailed��t�rtest.��A��p�rvalue��<��0.05��was��considered��significant.��Error��bars��on��

tracer��accumulation��(%ID/g)��is��presented��as��standard��error��of��the��mean��(S.E.M.).��

��
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Supplementary��Information��VII��–��Radiolysis��study��

��

The��susceptibility��of��the��polymeric��micelles��towards��radiolysis��was��studied.��For��this��purpose,��
the��micelles��were��incubated��with��an��amount��of��radioactivity��5�r6��times��higher��than��normal��and��
it��was��allowed��to��decay��over��an��extended��time.��A��procedure��very��similar��to��the��standard��
labeling��of��DOTA�rconjugated��micelles��was��followed.��10%��DOTA��PEG�rPAEMA�rPMMA��(capped)��
micelles��were��used.��

To��a��vial��containing��3.02��GBq��64Cu��was��added��100��µL��NH4OAc��buffer��(0.1��M,��pH��5.5)��and��the��
mixture��was��stirred��for��10��minutes.��Then��was��added��400��µL��micelle��dispersion��(ca.��5��mg��micelle��
material��per��mL).����

The��mixture��was��stirred��for��2��hours��after��which��100��µL��was��taken��out.��This��was��transferred��to��a��
4��mL��vial��along��with��10��µL��EDTA��solution��(1��mM).��This��was��stirred��for��20��minutes��and��analyzed��
by��Radio�rTLC��and��size�rexclusion��chromatography.��Peak��1:��78%,��Peak��2:��8%��(total��activity��
accounted��for:��92%).��Radio�rTLCs��are��shown��below:��

Radio�rTLC��chromatograms��after��2.5��hours��incubation.��Peak��1��(left),��Peak��2��(right)��

��

In��Peak��1��(left��figure)��only��a��sharp��peak��for��the��micelles��is��seen.��In��Peak��2��(right��figure)��a��
prominent��EDTA��peak��(green)��is��seen��along��with��an��array��of��radiolysis��products.��It��should��be��
noted��that��the��activity��in��peak��2��was��only��8%,��signifying��that��the��radiolysis��products��are��not��as��
abundant��as��their��impressive��appearance��might��suggest.��As��the��activity��was��very��high,��the��
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values��from��the��GM��counter��on��the��size�rexclusion��apparatus��were��higher��than��the��scale,��giving��
the��image��shown��below:��

��

Size�rexclusion��chromatogram��after��2.5��hours��of��incubation.��Prominent��peak��1��(78%)��and��minor��
peak��2��(8%).��

��

��

The��main��mixture��was��allowed��to��stir��overnight��and��analyzed��the��next��day��(after��about��20��
hours),��in��the��same��way��as��was��described��above.��The��distribution��between��the��two��peaks��was��
now:��Peak��1:��47%,��Peak��2,��9%��and��only��62%��of��the��total��activity��was��accounted��for��(6%��was��left��
behind��in��the��glass��vial��after��uptake��to��the��size�rexclusion��column).��This��seemed��to��indicate��that��
as��the��micelles��are��subjected��to��increased��radiolysis,��the��degraded��products��tend��to��stick��to��the��
column��and��not��elute.��In��addition,��the��Peak��2/Peak1��ratio��had��gone��from��10%��(2.5h)��to��19%��
(20h).��This��indicates��that��hydrolysis��products��generally��appear��in��peak��2.��Now��that��the��activity��
was��at��an��acceptable��level,��the��Geiger�rmüller��counter��on��the��size�rexclusion��apparatus��could��
produce��a��proper��image:��

��

��

��

��

��
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Size�rexclusion��chromatogram��after��20��hours��of��incubation.��Still��a��prominent��peak��1��(47%)��and��
minor��peak��2��(9%).��

��

As��before��the��two��peaks��were��analyzed��by��Radio�rTLC.��The��results��are��seen��below.��

��
Radio�rTLC��chromatograms��after��20��hours��incubation.��Peak��1��(left),��Peak��2��(right)��

��

It��was��clear��that��the��amount��of��radiolysis��product��had��increased.��Notice��that��EDTA��is��still��
present��(turquoise��peak��on��the��right).��

��

��
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The��mixture��was��allowed��to��incubate��for��a��further��night��(total��incubation,��2��days)��and��analyzed��
again.��Below��is��seen��the��results��from��the��size�rexclusion��chromatography.����

��
Size�rexclusion��chromatogram��after��2��days��of��incubation.��Peak��1��is��now��split��in��two��and��makes��
up��22%��of��the��total��activity.��Peak��2��makes��up��12%.��With��8%��left��in��the��vial,��only��42%��was��
accounted��for.��The��rest��of��the��activity��was��sticking��to��the��column.��

����

��

With��a��split��peak��1��is��was��now��obvious��that��the��micelles��were��in��a��compromised��state.��The��Peak��
2/Peak1��ratio��had��now��risen��to��56%.��The��peaks��were��again��analyzed��by��Radio�rTLC.��

��
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Radio�rTLC��chromatograms��after��2��days��of��incubation.��Peak��1��(left),��Peak��2��(right)��
��

��

��

It��is��seen��now,��that��the��micelle��peak��(left)��starts��to��elute��slightly,��suggesting��poor��integrity��of��
the��particles.��In��the��analysis��of��peak��2��the��radiolysis��products��are��now��seen��to��dominate��the��
chromatogram,��suggesting��widespread��degradation.��

The��micelles��from��this��last��outtake��(2��days)��were��analyzed��by��DLS��and��were,��rather��surprisingly,��
found��to��have��a��size��of��about��40��nm��(nr.��weighted��median),��that��is,��no��significant��increase��in��
size��had��taken��place.����

The��remainder��(200��µL)��of��the��main��vial��from��which��the��outtakes��had��been��done��was��allowed��to��
decay��and��was��also��analyzed��by��DLS��after��several��days��had��passed.��These��micelles��were��found��
to��have��aggregated��heavily��and��were��now��about��800��nm��(nr.��weighted��median).��

Conclusions:��1)��Even��at��very��high��activity��(3��GBq)��it��takes��a��significant��amount��of��time��(>2.5��h)��
before��noticeable��radiolysis��takes��place,��2)��Radiolysis��caused��activity��to��stay��on��the��column��and��
radiolysis��products��appear��in��peak��2��especially��between��the��starting��line��and��the��EDTA�r64Cu��
peak.��3)��radiolysis��products��do��not��appear��in��peak��1��and��heavy��radiolysis��seems��necessary��in��
order��to��cause��aggregation��of��the��particles.��4)��It��is��concluded��that��the��activity��levels��and��
incubation��times��used��in��the��study��should��not��induce��significant��radiolysis.��

0 20 40 600 20 40 60
0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00
C/mm *1000

F
ro

nt

O
rig

in

R
eg

 #
1

0 20 40 600 20 40 60
0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00 C/mm *1000

F
ro

nt

O
rig

in

R
eg

 #
1

R
eg

 #
2

R
eg

 #
3

R
eg

 #
4

R
eg

 #
5



Page��26��of��26��
��

Supplementary��Information��VIII��–��[18F]HF��transfer,��phosphazene��
fluorination���r��Experimental.��

��

�r��By��Fedor��Zhuravlev,��edited��by��Andreas��Jensen��

��

General��procedure��for��[18F]HF��generation,��transfer,��and��the��synthesis��of��[18F]Pn
RHF��

[18F]fluoride��(cyclotron��target��wash��using��[18O]H2O,��15�r1100MBq)��was��added��to��a��reaction��vial��
(polyethylene��or��glassy��carbon)��containing��H2SO4��(98%,����the��resulting��acid/water��ratio��of��4�r20,��
final��volume��2.1�r4.5mL).��The��reaction��vial��was��heated��for��30��min��at��80ûC��in��an��ultrasound��bath��
while��irradiating��at��35��kHz.��[18F]HF��was��carried��by��argon��flow��(300�r400scc/min)��to��a��receiving��
vial��(glassy��carbon)��containing��phosphazene��base��(30��µmol)��in��toluene��at��0ûC.��The��[18F]HF��
transfer��yield��was��16�r82%��measured��by��the��dose��calibrator.��

��

��

General��procedure��–��Radiofluorination��of��16��and��17��

The��content��of��the��receiving��vial��([18F]P2
Et•HF��in��toluene)��was��transferred��to��a��reaction��vial��

(glassy��carbon��or��a��glass��pressure�� tube)��containing�� the�� substrate��16��or��17�� (52µmol).��
[18F]fluorination��was��carried��out��at��120ûC��for��20��min.��Radiochemical��purity��was��determined��by��
radioTLC.��The��[18F]fluorinated��product��was��purified��using��Silica��Plus��(Waters)��cartridge.��
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Introduction
Liposomes are nanosized particles consisting of one of 
more phospholipid bilayers encapsulating an aqueous 
core. Within this core, as well as in the lipid membrane 
itself, drugs can be contained. Liposomes were �rst 
described in 1964 by Bangham and Horne (1964) and 
have, in the past three decades, gained considerable 
interest as drug delivery systems.

In cancer therapy, liposomes accumulate passively 
in tumor tissue as a result of the enhanced permeability 

and retention (EPR) e�ect (Matsumura and Maeda, 
1986; Maeda, 2001). �is accumulation is dependent 
on the ability of liposomes to circulate for longer 
periods of time (up to 24 hours) (Maeda, 2001). Early 
generations of liposomes were rapidly and extensively 
removed from the circulation by the macrophages of the 
reticuloendothelial system (RES) and were thus unable 
to accumulate in tumors (Poste et al., 1982; Scherphof 
et al., 1985). �e advent of polyethylene glycol (PEG) 
coating provided liposomes with reduced RES clearance 
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[18F]-�uorocholesteryl ether probe prepared by  
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Abstract
A novel [18F]-labeled cholesteryl ether lipid probe was prepared by synthesis of the corresponding mesylate, which 
was [18F]-�uorinated by a [18F]KF, Krypto�x-222, K2CO3 procedure. Fluorination was done for 10 minutes at 165oC 
and took place with conversion between 3 and 17%, depending on conditions. Radiolabelling of the probe and 
subsequent in situ puri�cation on SEP-Paks were done on a custom-built, fully automatic synthesis robot. Long-
circulating liposomes were prepared by hydration (magnetic stirring) of a lipid �lm containing the radiolabeled 
probe, followed by fully automated extrusion through 100-nm �lters. The [18F]-labeled liposomes were injected into 
nude, tumor-bearing mice, and positron emission tomography (PET) scans were performed several times over 8 
hours to investigate the in vivo biodistribution. Clear tumor accumulation, as well as hepatic and splenic uptake, was 
observed, corresponding to expected liposomal pharmacokinetics. The tumor accumulation 8 hours postinjection 
accounted for 2.25 – 0.23 (mean – standard error of the mean) percent of injected dose per gram (%ID/g), and the 
tumor-to-muscle ratio reached 2.20 – 0.24 after 8 hours, which is satisfactorily high for visualization of pathological 
lesions. Moreover, the blood concentration was still at a high level (13.9 – 1.5 %ID/g) at the end of the 8-hour time 
frame. The present work demonstrates the methodology for automated preparation of radiolabeled liposomes, and 
shows that [18F]-labeled liposomes could be suitable as a methodology for visualization of tumors and obtaining 
short-term pharmacokinetics in vivo.
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and allowed the liposomes to stay in the bloodstream 
long enough for accumulation to occur (Maeda, 2001; 
Allen et al., 1991; Klibanov et al., 1990). However, uptake 
in healthy tissue, such as liver and spleen, is still relatively 
high, in spite of PEGylation (Harrington et al., 2001). 
�ere is evidence that this e�ect is partly the result of the 
endogenous production of antibodies (Abs) against PEG 
lipids (Moghimi et al., 2006).

Increased tumor targeting of liposomes is still desir-
able, and active targeting strategies using Abs, peptides, 
and small ligands, such as folate, are being investigated 
for this purpose (Kaasgaard and Andresen, 2010). 
Radioimaging, such as single-photon emission com-
puted tomography (SPECT) and positron emission 
tomography (PET), are useful tools in this process. �ey 
allow real-time monitoring of in vivo liposome tra�ck-
ing and repeated measurements in the same animal in 
a noninvasive manner. SPECT studies have been carried 
out using �-emitting isotopes. �ese isotopes were asso-
ciated with liposomes by two main methods: 1) chelating 
99mTc to the surface of the liposomes (Laverman et al., 
1999; Tilcock et al., 1994) and 2) chelating various iso-
topes within the aqueous core using after-loading tech-
niques, such as 111In (Harrington et al., 2001; Corvo et al., 
1999), 99mTc (Bao et al., 2003a; Phillips et al., 1992; Bao  
et al., 2004), 186Re (Bao et al., 2003b), and 188Re (Chang 
et al., 2010). In the labeling of liposomes, PET isotopes, 
such as 18F and 64Cu, have several advantages, com-
pared to SPECT isotopes, such as 99mTc (Bao et al., 2004; 
Laverman et al., 1999; Li et al., 2011), 67Ga (Gabizon et al., 
1988), and 111In (Corvo et al., 1999). PET is at least 10-fold 
more sensitive than SPECT, being in the range of 10�11�
10�12 M (Gambhir, 2002; Willmann et al., 2008; Rahmim 
and Zaidi, 2008). Further, PET has a much better spatial 
resolution (Willmann et al., 2008; Alavi and Basu, 2008; 
Rahmim and Zaidi, 2008). �ese factors make small 
lesions easy to miss in SPECT (Alavi and Basu, 2008), and 
in the clinic, PET provides improved image quality over 
SPECT (Bateman, 2012). Further, with PET it is possible 
to quantify tracer uptake in target organs. Only two iso-
topes have been used for PET imaging of tumor targeting 
by liposomes so far, these being 64Cu (T‰ = 12.7 hours) 
(Seo et al., 2008, 2010, 2011; Petersen et al., 2011) and 18F 
(T‰ = 110 minutes) (Urakami et al., 2007, 2009; Oku et al., 
1995, 1996; Marik et al., 2007). Although 64Cu-labeling 
is attractive for the purpose of following the long-term 
pharmacokinetics of liposomes, 18F-labeling is attrac-
tive also from a clinical perspective, because 18F is much 
more readily available in nuclear medicine facilities 
worldwide than 64Cu. Further, the shorter half-life of 18F 
makes this isotope attractive from a dosimetry perspec-
tive. In addition, if the 8-hour time frame, where it is pos-
sible to make use of 18F-labeled tracers, proves su�cient 
for visualization of the tumor accumulation, this will, 
again from a clinical perspective, be attractive, because 
a 1-day procedure will always be preferable for patients 
rather than a 2- (24-hour scan) or even 3-day procedure 
(48-hour scan).

In 1995, Oku et al. were the �rst to use 18F with lipo-
somes by passively encapsulating [18F]�uorodeoxy-
glucose ([18F]FDG) (Oku et al., 1995, 1996). Marik et al. 
developed [18F]�uorodipalmitin as a lipid probe that was 
incorporated into the lipid membrane during hydration 
of the lipid �lm (Marik et al., 2007). To label preformed 
liposomes, Urakami et al. developed the SophT method 
(Urakami et al., 2007, 2009). In this method, incorpora-
tion of an amphiphilic [18F]-labeled probe is achieved by 
incubation of the dried probe with a liposome dispersion 
around the phase-transition temperature of the lipids.

In the previous 18F reports, only studies of up to 120 
minutes after injection were performed. Further, the 
murine models used in these studies were only tumor 
bearing in two cases (Oku et al., 1995, 1996). Tumor accu-
mulation was observed in both of these reports; however, 
PEGylated liposomes circulate for up to and beyond 48 
hours, and tumor concentration of drug usually peaks 
between 24 and 48 hours after injection (Gabizon  
et al., 1997, 2003). �is makes longer studies interesting. 
Because of the short half-life of 18F, only studies of up to 8 
hours are possible with this isotope (Phillips et al., 2009). 
However, some tumor accumulation does occur in the 
�rst 8 hours after injection and it is possible to evaluate 
clearance pro�le and biodistribution during this period 
(Gabizon et al., 1997). �is indicates that an 8-hour 
window might be enough for assessing the in vivo per-
formance of liposomes and provide imaging of tumors, 
both in animals and in humans, using 18F PET imaging.

Cholesteryl ethers are known to be metabolically 
stable, not to transfer between liposomes and plasma 
lipoproteins, and to have a high a�nity for the lipid 
membrane (Kizelsztein et al., 2009; Pool et al., 1982; Stein 
et al., 1980). �is makes them good markers for liposome 
tra�cking (Figure 1).

In this report, we present our e�orts to develop a fully 
automated synthesis and puri�cation of the 18F-labeled 
cholesteryl ether, 10-cholesteryloxy-1-[18F]�uoro-dec-
anol (18FCE), and its semiautomated incorporation into 
the membrane of 100-nm liposomes. Further, 8-hour 
PET studies of these liposomes in mice are presented.

Methods
Materials and methods
All reagents and solvents were purchased from Sigma-
Aldrich Denmark A/S (Brłndby, Denmark). Solvents 
were purchased in purum quality or better and were not 
further puri�ed. Solvents for anhydrous syntheses were 
dried over molecular sieves (Sigma-Aldrich) to water 
concentrations of <100 ppm (dimethylformamide; DMF) 
and <50 ppm (all others). Glassware was oven-dried over-
night or heatgun-dried under a stream of dry argon before 
use. Reactions were conducted in an argon atmosphere. 
Chromatography was done using Merck silica purchased 
from VWR (Herlev, Denmark), �ash chromatography in 
Silica gel 60 (0.040�0.063), and thin-layer chromatog-
raphy (TLC) on Silica gel 60 F254. All visualization was 
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done by ultraviolet light as well as KMnO4 staining with 
heating. SEP-Paks (C18 Plus, Silica Plus, and QMA Light) 
were purchased from Waters (Milford, Massachusetts, 
USA). Chromacol 6-mL �at-bottomed �uorination vials 
and 18O-enriched water were purchased from Rotem 
Industries Ltd. (Arava, Israel).

Nuclear magnetic resonance (NMR) analyses were 
recorded in CDCl3 on a Bruker Ultrashield 500 MHz or 

a Bruker/Spectrospin 250 MHz (Bruker BioSpin AG, 
Fällanden, Switzerland). �e residual solvent peak (CHCl3) 
was used as the reference peak in both 1H- and 13C-NMR 
spectra. Mass spectrometry (MS) was done on either an 
1) Agilent 6410 Triple Quadrupole Electrospray Mass 
Spectrometer coupled to an Agilent 1200  high-performance 
liquid chromatography (HPLC) system (ESIHPLC-MS; 
Agilent Technologies Inc., Santa Clara, California, USA) 
using a linear gradient of water/acetonitrile/tri�uoroacetic 
acid (TFA) (A: 95/5/0.1 and B: 5/95/0.086) with a �ow rate 
of 1 mL/min, 2) Bruker Esquire 4000 ion trap equipped 
with an electrospray ionization (ESI) interface; or 3) Bruker 
Daltonics REFLEX IV matrix-assisted laser desorption ion-
ization/time of �ight (MALDI-TOF) mass spectrometer.

18F-�uoride anion was produced on a GE PETtrace 
Cyclotron (GE Healthcare, Chalfont St. Giles, UK). Radio-
TLC was performed on a Raytest miniGita Star (Raytest 
GmbH, Straubenhardt, Germany).

Radiosynthesis, including puri�cation, and extru-
sion were performed on two separate fully automated, 
LabView-operated systems, custom built in our group.

All tumor cell lines were purchased from ATCC-LGC 
Standards (LGC Standards AB, Boras, Sweden).

Nonradioactive syntheses
All syntheses were performed under anhydrous condi-
tions and argon atmosphere, except for the preparation 
of compound 4.

10-O-TBDMS-1-decanol (compound 1)
1,10-decanediol (2.02 g, 11.6 mmol) was dissolved in DMF 
(35 mL). TBDMSCL (1.17 g, 3.90 mmol) was dissolved in 

Figure 1. Cartoon of a PEGylated liposome incorporating radioactive 
lipophilic labels in the membrane. Figure not drawn to scale.

Figure 2.  Synthesis of 18FCE and FCE. (A) TBDMSCL, imidazole, and DMF. (B) MsCl, pyridine, and DCM. (C) Cholesterol, NaH, and toluene/
DMF. (D) TBAF and THF. (E) MsCl, pyridine, and DCM. (F) DAST and DCM. (G) [18F]KF, Krypto�x-222, K2CO3, and DMSO. (H) i. MsCl, 
pyridine, and DCM, ii. NaH, cholesterol, and THF/DMF.
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DMF (10 mL) and added dropwise. Imidazole (530 mg, 
7.78 mmol) was added in DMF (10 mL). �e reaction 
was stirred for 20 hours at room temperature (RT). �e 
mixture was partitioned between toluene (120 mL) and 
water (100 mL). �e organic phase was washed with 
water (2 × 50 mL), and the solvent was removed in vacuo. 
Puri�cation by column chromatography in heptane/
EtOAc (80:20) gave 847 mg (76%) of compound 1 as a 
clear, colorless oil. Rf = 0.31 (heptane/EtOAc, 80:20). 1H-
NMR (500 MHz, CDCl3): � 3.65 (br.t., J = 5,8 Hz, 2H), 3.60 
(t, J = 6.8 Hz, 2H), 1.55 (m, 4H), 1.38�1.30 (m, 13H), 0.91 
(s, 9H), and 0.06 (s, 6H). 13C-NMR (62.5 MHz, CDCl3): 
63.3, 63.1, 32.9, 32.9, 29.6, 29.6, 29.4, 26.0, 25.9, 25.8, 18.4, 
and �5.3. ESI-MS+ (m/z)1: found: 289.20 (M+H+); calcu-
lated: 288.3 + 1.0 = 289.3.

1-O-Ms-10-O-TBDMS-decane-diol (compound 2)
Compound 1 (759 mg, 2.76 mmol) was dissolved in DCM 
(30 mL). Pyridine was added (2.2 mL, 27.3 mmol). �e 
�ask was placed in an ice bath, and MsCl (650 µL, 8.40 
mmol) was added. �e reaction was stirred for 5 hours at 
RT. �e mixture was partitioned between water (100 mL) 
and toluene (100 mL). �e organic phase was washed 
with water (2 × 50 mL), and the solvent was removed in 
vacuo. Puri�cation by column chromatography in tolu-
ene/EtOAc (95:5) gave 876 mg (90%) of compound 2 as 
a clear, colorless oil. Rf = 0.42 (toluene/EtOAC, 95:5). 1H-
NMR (250 MHz, CDCl3): � 4.22 (triplet, J = 6.6 Hz, 2H), 
3.60 (t, J = 6.5 Hz, 2H), 3.00 (s, 3H), 1.74 (m, 2H), 1.5 (m, 
2H), 1.43�1.29 (m, 12H), 0.90 (s, 9H), and 0.05 (s, 6H). 13C-
NMR (62.5 MHz, CDCl3): 70.0, 63.2, 37.4, 32.8, 29.4, 29.27, 
29.25, 29.1, 18.4, 25.9, 25.7, 25.4, 28.2, and �5.4. ESI-MS+ 
(m/z)1: found: 367.20 (M+H+); calculated: 366.23 + 1.00 = 
367.23.

10-cholesteryloxy-1-O-TBDMS-decanol (compound 3)
Cholesterol (505 mg, 1.31 mmol) was dissolved in tolu-
ene (10 mL), and NaH (60%) in mineral oil (78 mg, 1.95 
mmol) was added. �e mixture was heated to 80oC, and 
after 1 hour, compound 2 (450 mg, 1.23 mmol) was added 
as a solution in toluene (1 mL). DMF (3 mL) was added. 
�e mixture was stirred for 16 hours at 80 oC. �e reaction 
mixture was �ltered, mixed with toluene (50 mL), and the 
organic phase was washed with brine (3 × 50 mL). �e 
combined aqueous phases were extracted once with hep-
tane (20 mL). �e combined organic phases were dried 
over Na2SO4, �ltered, and the solvents were removed in 
vacuo. �e crude product was puri�ed by column chro-
matography in a gradient of heptane/toluene (9:1; 50 mL), 
followed by 1:1 (140 mL) and, �nally, toluene (50 mL). �e 
fractions containing only compound 3 were rotary evapo-
rated yielding 444 mg (55%) of compound 3 as a clear, very 
viscous semisolid. Rf = 0.5 (heptane/toluene, 1:1). 1H-NMR 
(500 MHz, CDCl3): � 5.36 (m, 1H), 3.61 (t, J = 6.6 Hz, 2H), 
3.46 (m, 2H), 3.14 (m, 1H), 2.38 (m, 1H), 2.21 (m, 1H), 
2.01 (m, 2H), 1.87 (m, 3H), 1.62�1.43 (m, 11H), 1.40�1.24 
(m, 16H), 1.20�0.97 (m, 12H), 0.95�0.88 (m, 19H), 0.70 (s, 
3H), and 0.07 (s, 6H). 13C-NMR (125 MHz, CDCl3): � 141.2, 

121.4, 79.0, 68.2, 63.3, 56.8, 56.2, 50.3, 42.4, 39.8, 39.5, 39.3, 
37.3, 36.9, 36.2, 35.8, 32.9, 32.0, 31.9, 30.2, 29.57, 29.55, 
29.49, 29.42, 28.5, 28.2, 28.0, 26.2, 26.0, 25.8, 24.3, 23.8, 22.8, 
22.6, 21.1, 19.4, 18.7, 18.4, 11.9, and �5.3. m/z (MALDI-TOF, 
DHB-matrix�Na+-spiked, LP30%, 200 shots); found: 679.3 
(M+Na+); calculated: 656.59 + 22.99 = 679.58.

10-cholesteryloxy-1-decanol (compound 4)
Compound 3 (722 mg, 1.10 mmol) was dissolved in tetra-
hydrofuran (THF; 25 mL). Tetrabutylammonium �uoride 
(TBAF) trihydrate (720 mg, 2.28 mmol) was added, and 
the mixture was stirred at RT for 6 hours. �e mixture was 
concentrated under reduced pressure and partitioned 
between hexane (100 mL) and water (80 mL). �e hexane 
phase was washed with water (2 × 60 mL), and the solvent 
was removed in vacuo. Puri�cation by column chroma-
tography in heptane/EtOAc (82:18) gave 582 mg (98%) of 
compound 4 as a white solid. �e product was dissolved in 
boiling hexane and recrystallized at 0oC, with no change in 
yield. Rf = 0.23 (heptane/EtOac, 85:15). 1H-NMR (250 MHz, 
CDCl3): � 5.35 (m, 1H), 3.65 [doublet of triplets, J = 6.1 Hz 
(t), 5.2 Hz (d); 2H], 3.45 (t, J = 6.8 Hz 2H), 3.13 (m, 1H), 
2.36 (m, 1H), 2.20 (m, 1H), 2.06�1.77 (m, 5H), 1.58�0.86 
(m, 49H), and 0.69 (s, 3H). 13C-NMR (125 MHz, CDCl3): 
� 141.2, 121.4, 79.0, 68.2, 63.1, 56.8, 56.2, 50.3, 42.4, 39.8, 
39.5, 39.3, 37.3, 36.9, 36.2, 35.8, 32.8, 32.0, 31.9, 30.2, 29.52, 
29.50, 29.47, 29.4, 28.5, 28.2, 28.0, 26.2, 25.7, 24.3, 23.8, 
22.8, 22.6, 21.1, 19.4, 18.7, and 11.9. ESI-MS+ (m/z)2: found: 
565.6 (M+Na+); calculated: 542.9 + 22.99 = 565.9.

10-cholesteryloxy-1-O-Ms-decanol (compound 5)
Compound 4 (199 mg, 0.366 mmol) was dissolved in 
DCM (15 mL) and pyridine (1.00 mL, 12.4 mmol). MsCl 
(100 µL, 1.29 mmol) was added, and the mixture was 
stirred for 5 hours at RT. �e mixture was concentrated 
under reduced pressure and partitioned between toluene 
(50 mL) and water (50 mL). �e organic phase was washed 
with water (2 × 50 mL), and the combined aqueous phases 
were extracted once with hexane (30 mL). �e combined 
organic phases were dried over Na2SO4, �ltered, and the 
solvents were removed in vacuo. Puri�cation by column 
chromatography in toluene/EtOAc (98:2) gave 221 mg 
(97%) of compound 5 as a white solid. Rf = 0.40 (toluene/
EtOAC, 95:5). 1H-NMR (500 MHz, CDCl3): � 5.36 (m, 
1H), 4.24 (t, J = 6.6 Hz, 2H), 3.46 (m, 2H), 3.14 (m, 1H), 
3.02 (s, 3H), 2.37 (m, 1H), 2.20 (m, 1H), 2.05�1.96 (m, 2H), 
1.93�1.81 (m, 3H), 1.76 (m, 2H), 1.62�1.24 (m, 28H), and 
1.20�0.88 (m, 22H). 13C-NMR (125 MHz, CDCl3) 141.2, 
121.4, 79.0, 70.2, 68.1, 56.8, 56.2, 50.2, 42.3, 39.8, 39.5, 
39.2, 37.4, 37.3, 36.9, 36.2, 35.8, 32.0, 31.9, 30.2, 29.4, 29.3, 
29.1, 29.0, 28.5, 28.2, 28.0, 26.2, 25.4, 24.2, 23.8, 22.8, 22.6, 
21.1, 19.4, 18.7, and 11.9. ESI-MS+ (m/z)2: found: 643.5 
(M+Na+), calculated: 620.48 + 22.99 = 643.47.

10-cholesteryloxy-1-O-Ms-decanol (compound 5): 
alternative direct synthesis
1,10-decanediol (1.00 g, 5.74 mmol) was dissolved in 
DCM (50 mL) and pyridine (27 mL, 335 mmol). MsCl 
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(2.00 mL, 25.8 mmol) was added, and the mixture was 
stirred for 2.5 hours at RT. �e solvents were removed 
in vacuo, and the resulting solids were redissolved in 
toluene/EtOAc (1:1). Solids that did not dissolve were 
discarded. �e mixture was passed through 20 g of silica, 
and the solvents were removed in vacuo, giving 1.706 g 
(105%) of the crude dimesylate. In a di�erent �ask, NaH 
(60%) (206 mg, 5.15 mmol) was suspended in THF (5 mL) 
and placed in an ice bath. Cholesterol (1.79 g, 4.63 mmol) 
was added as a solution in THF (10 mL). �e mixture was 
heated to 60oC for 30 minutes, allowing sodium choles-
terolate to form. �e crude dimesylate was dissolved 
in DMF (45 mL), and the cholesterolate was added by 
cannulation. �e mixture was allowed to react at 65oC 
for 6.5 hours. Because this was insu�cient time, it was 
allowed to stir at RT for 3 days, leading to completion. 
�e mixture was partitioned between water (100 mL) 
and hexane (100 mL). �e polar phase was washed with 
hexane (2 × 100 mL). �e organic phases were combined, 
and the solvents were removed in vacuo, then puri�ed 
by column chromatography in a gradient of neat toluene 
followed by toluene/EtOAc (98:2). �e fractions contain-
ing only compound 5 were rotary evaporated, yielding 
371 mg (13%) of compound 5 as a white solid. See above 
for characterization.

10-cholesteryloxy-1-�uoro-decane (compound 6)
Compound 4 (29 mg, 53.4 µmol) was dissolved in DCM 
(DCM; 2 mL) in a �78oC bath. [(Diethylamino)sulfur tri-
�uoride] (DAST; 40 µL, 410 µmol) was added, and the 
mixture was allowed to attain RT. After 2 hours, 0.5 M 
of K2CO3 (2 mL) was added, and the mixture was parti-
tioned between heptane (15 mL) and brine (15 mL). �e 
organic phase was washed with brine (2 × 10 mL), dried 
over Na2SO4, and the solvents were removed in vacuo. 
Puri�cation by �ash chromatography in heptane/toluene 
(1:1) gave 18 mg (62%) of compound 6 as a white solid. Rf  
= 0.31 (heptane/toluene, 1:1). 1H-NMR (500 MHz, CDCl3): 
� 5.36 (m, 1H), 4.44 [doublet of triplets, J = 50 Hz (d), 6.3 
Hz (t); 2H], 3.45 (m, 2H), 3.13 (m, 1H), 2.36 (m, 1H), 2.20 
(m, 1H), 2.00 (m, 2H), 1.86 (m, 3H), 1.69 (m, 2H), 1.62�0.82 
(m, 47H), and 0.69 (s, 3H). 13C-NMR (125 MHz, CDCl3) 
141.2, 121.4, 83.59 (d, J = 162 Hz, 1C), 79.0, 68.1, 56.8, 56.2, 
50.2, 42.3, 39.8, 39.5, 39.2, 37.3, 36.9, 36.2, 35.8, 32.0, 31.9, 
30.4 (d, J = 19.1 Hz, 1C), 30.2, 29.46 (d, J = 4.5 Hz), 29.45, 
29.2, 28.5, 28.2, 28.0, 26.2, 25.2, 24.3, 23.8, 22.8, 22.6, 21.1, 
19.4, 18.7, and 11.9. m/z (MALDI-TOF, DHB matrix� Na+-
spiked, LP28%, 200 shots); found: 567.5 (M+Na+); calcu-
lated: 544.50 + 22.99 = 567.49.

Automated radiochemical synthesis of 
10-cholesteryloxy-1-�uro-decane (compound 7)
[18F]�uoride was captured from 18O-enriched water 
on a QMA light Sep-Pak SPE cartridge preconditioned 
with K2CO3. �e activity was eluted with 50% acetoni-
trile in water (0.6 mL) containing K2CO3 (7.0 mg, 50.8 
µmol) and Krypto�x 222 (22.0 mg, 58.5 µmol). �e elu-
ate was transferred to a 6-mL Chromacol vial, and the 

solvent was evaporated in 7 minutes through a series of 
increases in temperature under vacuum (�60 mBar) and 
a helium stream (100 mL/min, followed by 200 mL/min). 
Residual water was removed by azeotropic evaporation 
with acetonitrile (3.0 × 0.3 mL). Compound 5 (2.5 mg, 4.0 
µmol) was added in toluene (0.5 mL), and the solvent 
was evaporated. Dry dimethyl sulfoxide (DMSO) (1 mL) 
was added, and the mixture was allowed to react for 10 
minutes at 165oC. After reaction, the mixture was passed 
through two C18 Sep-Pak Plus cartridges, previously 
treated with acetonitrile (15 mL) and water (15 mL). �e 
reactor was washed three times with water (3, 4, and 
5 mL). �is water was led through the C18 Sep-Pak car-
tridges. �e reactor was then washed three times with 
heptane (2 × 6 mL plus 1 × 7 mL). �is was passed through 
the C18 cartridges and subsequently through three Silica 
Sep-Pak Plus cartridges, previously treated with heptane 
(20 mL), applying the lipid product to the Silica Sep-Pak 
cartridges. �e product was eluted in heptane/EtOAc 
(97:3), giving compound 7 in a radiochemical purity 
(RCP) of >98% and a decay-corrected radiochemical 
yield (RCY) of 1.1%, identi�ed against a cold reference 
compound (compound 6) by radio-TLC and KMnO4 
staining. Rf  = 0.49 (toluene/heptane, 70:30).

�e term conversion is used throughout this report to 
refer to the formation of the labeled probe at the end of 
the radiosynthesis, before isolation by chromatography. 
It was measured by running the �uorination reaction 
and extracting the DMSO reaction mixture, followed by a 
wash of the reaction vessel with 5 mL of chloroform. �e 
activity in the DMSO and CHCl3 extracts were measured 
and their 18FCE content was determined by radio-TLC. 
From this, a conversion degree was calculated.

Preparation of labeled liposomes
�e eluent (4 mL) containing compound 7 was trans-
ferred to a 10-mL pear-shaped �ask, and the solvent was 
removed in 5 minutes at 115oC under a slight vacuum 
and a stream of air. Lipids (7.5 mg of DSPC, 3.0 mg of cho-
lesterol, and 2.7 mg of DSPE/PEG2000 in molar ratios of 
0.52:0.43:0.05) were added in chloroform (0.5 mL) to 
dissolve compound 7. �e resulting chloroform solu-
tion was transferred to a 4-mL vial containing a mag-
net and removed in 5 minutes at 70oC under a stream 
of argon. To transfer remaining lipids and activity, the 
10-mL �ask was rinsed with chloroform (0.5 mL), which 
was also transferred to the 4-mL vial and evaporated for 
5 minutes under the same conditions. To remove resid-
ual chloroform, the vial was subjected to high vacuum 
and an argon stream for a further 5 minutes at 70oC. To 
the resulting lipid cake was added 0.7 mL of isotonic 
HEPES bu�er at pH 7.4 (150 mM of NaCl and 10 mM of 
HEPES) and the lipids were hydrated by magnetic stir-
ring at 1,200 rpm for 30 minutes at 60oC. �en, 0.5 mL of 
the lipid dispersion was extruded using an automated, 
custom-built extruder, where the multilammellar vesi-
cles (MLVs) were passed through 100-nm polycarbon-
ate �lters 31 times.
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MicroPET and MicroCT (computed tomography) 
imaging and data analysis
Human lung carcinoid (NCI-H727; 2 tumors, 1 mouse), 
small-cell lung cancer (NCI-H69; 3 tumors, 2 mice), and 
glioblastoma (U87MG; 2 tumors, 1 mouse) tumor cells 
(~1 × 107 cells) were inoculated in the left and right �ank 
of Naval Medical Research Institute nude mice (n = 4) 
and allowed to grow 2�4 weeks, depending on the growth 
rate of the tumors.

Before injection of the 18F-labeled liposomes, mice 
were anesthetized by intraperitoneal injection of �uani-
sone/fentanyl citrate and midazolam (5 mg/0.625 mL/
kg) and placed on a heated bed in the PET scanner 
(MicroPET Focus 120; Siemens Medical Solutions, 
Malvern, Pennsylvania, USA), where the tracer was 
intravenously (i.v.) injected in a lateral tail vein. General 
anesthesia was maintained using 1% sevo�uran 
(Abbott Scandinavia AB, Solna, Sweden) mixed with 
35% O2 in N2. A dynamic scan was acquired from 0 to 
20 minutes postinjection with 19 frames for subsequent 
time-activity�curve generation. After 2.5 and 8 hours 
postinjection of the 18F-liposomes, additional static PET 
emission scans were acquired. �e acquisition time was 
20 minutes for the 0- and 2.5-hour scans and 40 minutes 
for the 8-hour scan to ensure proper signal-to-noise 
ratios. �e pixel size was 0.866 × 0.866 × 0.796 mm and 
the resolution was 1.4 mm in the center �eld of view. 
PET data were reconstructed with the two-dimensional 
ordered-subset expectation maximization reconstruc-
tion algorithm.

CT scans were acquired for anatomical localization 
of foci with a MicroCATfi II system (Siemens Medical 
Solutions). CT settings were a tube voltage of 62 kVp, a 
tube current of 500 µA, 360 rotation steps, an exposure 

time of 390 ms, and a voxel size of 0.088 mm. PET and CT 
images were analyzed as fused images using the Inveon 
software (Siemens). Regions of interest (ROIs) were 
drawn around liver, kidney, spleen, muscle, tumors, and 
the left ventricle. Uptake in the left ventricle of the heart 
was taken as a measure of blood concentration. Percent 
injected dose per gram (%ID/g) and tumor-to-muscle 
(T/M) ratios were calculated.

Animal experiments were approved by the animal 
research committee of the Danish Ministry of Justice.

Results and discussion
Synthesis and liposome preparation
�e cholesterol ether precursor was prepared by silyl 
ether (TBDMS) monoprotection of decanediol using 
the diol in excess (Figure 2). �e obtained yield of 76% 
should be compared with the theoretical yield of 83% 
monoprotected alcohol (calculated in ROOT, assuming 
the same probability of reaction at all alcohols). �e pro-
tection step was followed by mesylation of the remaining 
alcohol. �e lipid chain was coupled to cholesterol using 
classic Williamson ether synthesis, conducted in toluene 
in the presence of DMF (Sripada, 1986). �e TBDMS 
group was removed by TBAF, followed by recrystalliza-
tion from hexane. �e resulting primary alcohol was 
activated for nucleophilic �uorination by mesylation. 
�e alternative direct synthesis (h) was employed as a 
less time-consuming way to reach the mesylate. �ough 
the yield was poor (13% with respect to the cholesterol), 
the relatively cheap starting materials and low number of 
operations justi�ed the method.

�e substrate (compound 5) was not soluble in DMSO 
at RT, but dissolved at higher temperatures. It was possible 

Table 1. Overview of conversions and RCYs at di�erent conditions.
Conversions and RCYs

Precursor (mg) Krypto�x (mg) K2CO3 (mg) Reaction conditions Conversion (%) RCY (%) Liposomes (%)
2.5 22.0 7.0 20 minutes at 165oC , 2 mL 

of DMSO
4.0 1.6 �

2.5 22.0 7.0 5 minutes at 165oC , 1 mL 
of DMSO

3.8 � �

2.5 22.0 7.0 10 minutes at 165oC , 1 mL 
of DMSO

4.4 1.7 – 0.2 �

2.5 22.0 7.0 20 minutes at 165oC , 1 mL 
of DMSO

3.1, 3.1 1.1 �

2.5 22.0 7.0 10 minutes at 165oC , 2 mL 
of DMSO

� 1.8 �

2.5 22.0 7.0 10 minutes at 165oC , 1 mL 
of DMSOa

� 2.8 0.79

2.5 22.0 7.0 10 minutes at 165oC , 1 mL 
of DMSOb

� 1.8 0.28

5.1 5.0 1.0 30 minutes at 120oC , 2 mL 
of DMSO, SB ratio: 1.1

3.64 � �

35 22.0 7.0 30 minutes at 120 oC , 2 mL 
of DMSO, SB ratio: 1.1

17.3 � �

In the two bottom rows, the >1 SB-ratio experiments are shown. Note the substantially higher conversion when adding 35 mg of substrate. 
�e �liposomes� column denotes the decay-corrected RCY in the �nal liposomal formulation.
aFull-scale 18F-labeled liposome preparation carried out as a test. A particularly high RCY was obtained.
b�e experiment where the liposomes were tested in vivo.
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to prepare a supersaturated solution of compound 5 by 
heating in anhydrous DMSO, followed by cooling to RT. 
However, direct addition of this solution did not give any 
labeled product (compound 7). It is speculated that pre-
cipitation may have occurred during passage through the 
tubing to the reactor. Instead, after removing water from 
the reaction mixture by azeotropic distillation with ace-
tonitrile, compound 5 was added as a solution in toluene. 
After evaporation of the toluene, DMSO was added and 
the mixture was heated for reaction to occur. �e decay-
corrected conversions of the reaction, as measured by 
radio-TLC directly from the reactor, are shown in Table 1.

�e labeled cholesteryl ether, 18FCE (compound 7), 
was puri�ed by passing the reaction mixture (DMSO) 
through two serially connected C18 Sep-Pak Plus car-
tridges, onto which the lipophilic compound 7 was 
e�ectively retained. Remaining DMSO and most of the 
unreacted �uoride was removed by three successive 
washes of reactor and C18 Sep-Paks with water. No traces 
of compound 7 were detected in these eluates. �e prod-
uct was transferred to three silica Sep-Pak Plus cartridges 
by three successive washes of the reactor and the C18 
and silica Sep-Paks with heptane. 18FCE does not run 
on silica in heptane, allowing for an e�cient trapping. 
Elution of compound 7 was then carried out by passing 
heptane/EtOAc (97:3) through the silica cartridges. �e 
decay-corrected RCY after isolation was 1.7 – 0.2% (n = 3), 
at the conditions employed in the preparation of radiola-
beled liposomes for in vivo experiments, with an RCY of 
1.8% obtained on the day of the in vivo experiments. In 
general, over half the 18FCE was lost during puri�cation.
Experiments showed that it was primarily lost during 
passage of the silica. It could be reeluted with more polar 
eluants, such as acetonitrile.

�e identity of the puri�ed active product was con-
�rmed by radio-TLC with compound 6 (FCE) as the refer-
ence and toluene as the mobile phase.

It has been reported that the ratio of the precursor 
to the base (K2CO3) is crucial to the degree of labeling 
in nucleophilic �uorination (Marik et al., 2007; Suehiro 
et al., 2007, 2009). If the substrate-to-base (SB) ratio 
is too low, yields will be greatly reduced as a result of 
an elimination side reaction. It is thought that this is a 
major factor contributing to the low yields reported here. 
Experiments were done with SB ratios above 1 (Table 1). 
It was found that it was possible to substantially increase 
the conversion (17.3% was obtained) by running the 
reaction with 35 mg of compound 5 in an SB ratio of 1.1. 
At these concentrations, however, signi�cant amounts 
of by-products were formed. One of these by-products 
was di�cult to remove by chromatography, and the pres-
ence of an unknown by-product is undesirable because 
it may a�ect the integrity of the liposomes. �erefore, it 
was opted to use a lower amount of mesylate (2.5 mg). 
At this substrate concentration, the above-mentioned 
by-product was only visible in a negligible amount on 
TLC (KMnO4 staining). From the 1.1 SB-ratio experi-
ment mentioned above, the impurity was isolated and 

analyzed. �e resulting H-NMR spectrum was compared 
with that of the mesylate (compound 5), and besides the 
disappearance of the mesyl methyl group, only the two 
protons next to the mesyl group were identi�ed up�eld 
(shift 4.25 � 3.53). �is suggests the substitution or 
other modi�cations of the mesyl group. �e mass was 
measured on MALDI-TOF (Na-spiked) and found to be 
685.3, suggesting a possible mass of 685.3 � Na+ = 662.3. It 
has, so far, not been possible to deduce the identity of the 
impurity. Because it was also observed in reactions run 
in acetonitrile, it seems unlikely that DMSO participates 
in the side reaction. A product of a similar Rf relative to 
the substrate was also observed in early experiments 
with a di�erent mesylate. �e presence of such impuri-
ties stresses the importance of a universal visualization 
and detection method. It is likely that a fully automated 
�uorination setup employing reaction vessels that allow 
concentrated reactions in small solvent volumes will be 
able to achieve high yields without high levels of impuri-
ties. It was attempted to employ an SB ratio >1 at lower 
substrate concentrations (see Table 1), but this did not 
increase the conversion in our system.

�e eluant from the synthesis robot (4 mL) contain-
ing compound 7 was transferred to a 10-mL pear-shaped 
�ask from which the eluant was evaporated, depositing 
compound 7 on the sides of the �ask. �e addition of 
the lipids in CHCl3 e�ectively dissolved the deposited 
compound 7, and the subsequent transfer to a 4-mL vial, 
followed by a 0.5-mL CHCl3 rinse, transferred >95% of 
the activity. In the 4-mL vial, the CHCl3 was evaporated 
at 70oC. A stream of argon prevented the CHCl3 from 
bumping and ensured fast evaporation. Hydration was 
done by magnetic stirring for 30 minutes. Extrusion of 
the MLVs could only be done using a single �lter size, 
because �lter change was impeded by the high radio-
activity. Consequently, the MLVs were passed through a 
100-nm �lter 31 times. �is gave liposomes with a mean 
diameter of 121 nm (number weighted; polydispersity 
index: 0.072).

�e activity present in the �nished radioliposomes was 
156.1 MBq. An aliquot of the liposome suspension was 
dissolved in THF (giving a homogeneous, clear solution), 
subjected to radio-TLC, and found to have an RCP of >98%.

Labeling of liposomes during preparation has its draw-
backs, the main one being that liposomes and radioiso-
topes must be prepared at the same facility. Further, the 
liposomes are prepared during exposure to potentially large 
doses of radiation. �is problem becomes more pressing in 
potential studies in larger animals or humans, where more 
activity is needed. We addressed this issue by employing 
1) formation of a lipid �lm by evaporation from heated 
vials under vacuum and argon/air streams, 2) hydration of 
the lipid �lm by magnetic stirring, and 3) fully automated 
extrusion. By inserting the labeled probe into a preformed 
liposome, a major advantage would be that commercially 
available formulations could be readily labeled. �is would 
require, however, that the labeling could be performed at 
a lower, ideally room, temperature (Goins, 2008), so as not 
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to cause leakage from the liposomes or to damage labile 
biomolecules, and that the labeling was stable in vivo.

�e feasibility of using cholesteryl ethers derives from 
the ether bond being nonhydrolyzable, the probe being 
nonmetabolizable and the high lipophilicity preventing 
the probe from leaving the liposome. �e main disadvan-
tages of using the probe presented here is, �rst of all, the 
fact that it is not commercially available, making it neces-
sary to synthesize it and the second being the relatively 
low yield obtained. As already discussed, however, this is 
not thought to derive from the nature of the probe.

Biodistribution
In vivo investigation was performed in tumor-bearing 
mice over a course of 8 hours. Selected data from the 
experiments are shown in Table 2 and Figure 3. In Figure 
3A, the tumor accumulation is observed. In the muscle 
tissue, the activity stayed on a relatively stable and low 
level, although a slight drop was observed, which is in 
agreement with the decreased availability of the tracer 
resulting from clearance from the blood. In the tumors, 
%ID/g increased from 1.25 – 0.13 (0 hours) to 2.25 – 0.23 
(8 hours) over the course of the measurement. �is 
indicates that liposomes are accumulating in the tumor 
and that it is quanti�able within an 8-hour time frame 
(Figure�4). �e accumulation is re�ected in the T/M ratio. 
indicating that, despite the moderate accumulation in 
the tumors over the 8-hour time frame, the signal-to-
noise ratio is good with a T/M ratio above 2 after 8 hours.

In Figure 3B, the tracer biodistribution for other rel-
evant tissues is observed. In the spleen, accumulation of 
liposomes is relatively fast, with no signi�cant di�erence in 
tracer uptake for the 2.5- and 8-hour scans. It is known that 
liposomes larger than 200 nm are caught in the red pulp tis-
sue of the spleen (Moghimi et al., 2001). �erefore, some of 
what we are observing might be a relatively rapid removal 
of the larger liposomes. In absolute terms, this accounts for 
3.53 – 0.43% of the entire injected activity (ID%) at 8 hours 
(Table 2). Accumulation in the liver is also observed, how-
ever at a steadier pace. Hepatic accumulation at 8 hours 
accounts for 13.6 – 1.2 %ID/g. �e activity in the blood 
dropped, as could be expected from the hepatic and splenic 
elimination. �e activity in the kidney stayed at a stable and 

Figure 3. (A) Tumor accumulation. %ID/g is shown as averages for 
muscle and tumors in all mice (left y-axis). Average T/M ratio for the 
tumors is plotted on the right y-axis (values are decay corrected). All 
values were obtained by drawing ROIs around each tumor as well as 
the left upper thigh muscle of each mouse on fused PET/CT images 
0, 2.5, and 8 hours postinjection of the tracer. A tissue density factor 
of 1 g/cm3 was assumed in the calculation of %ID/g. Error bars 
are standard error of the mean values. (B) Accumulation in other 
relevant tissues. Average %ID/g for all mice, plotted for spleen, 
blood, liver, and kidney (values are decay corrected). All values 
were obtained by drawing ROIs around spleen, liver, left kidney, 
and left ventricle of the heart (for blood values) of each mouse on 
fused PET/CT images 0, 2.5, and 8 hours postinjection of the tracer. 
A tissue density factor of 1 g/cm3 was assumed in the calculation of 
%ID/g. Error bars are standard error of the mean values.

Table 2. Biodistribution of 18FCE liposomes at several time points after i.v. administration of the tracer.
Biodistribution

0 hours 2.5 hours 8 hours
%ID %ID/g %ID %ID/g %ID %ID/g

TB>Blood (n = 4) 0.39 – 0.04 25.0 – 2.20 0.37 – 0.01 19.5 – 1.30 0.19 – 0.03 13.9 – 1.50
Liver (n = 4) 10.0 – 0.70 8.60 – 0.79 13.5 – 1.00 10.8 – 1.00 15.6 – 1.20 13.6 – 1.20
Spleen (n = 4) 0.80 – 0.06 13.5 – 2.30 3.11 – 0.27 26.3 – 3.20 3.53 – 0.43 30.2 – 2.70
Kidney (n = 4) 1.93 – 0.29 7.06 – 0.81 1.84 – 0.10 6.87 – 0.73 1.83 – 0.21 6.82 – 0.48
Tumor (n =7) 0.31 – 0.09 1.25 – 0.13 0.34 – 0.08 1.49 – 0.12 0.49 – 0.11 2.25 – 0.23
Muscle (n = 4) 0.04 – 0.01 1.26 – 0.25 0.06 – 0.01 0.96 – 0.14 0.07 – 0.02 1.05 – 0.22
Data were all acquired from drawing ROIs around the organs from fused PET/CT images. A tissue density factor of 1 g/cm3 was assumed 
in the calculation of %ID/g. Blood values were acquired from regions drawn over the left ventricle of the heart and assuming a total blood 
volume of 2 mL in the calculation of %ID. Muscle values were acquired from regions drawn over the left upper thigh muscle of each mouse 
on fused PET/CT images 0, 2.5, and 8 hours postinjection of the tracer. Error values are given as standard error of the mean.
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relatively low level with no increase in accumulation over 
time, indicating that renal excretion is limited, as could 
also be expected with liposome-based tracers. Overall, the 
pharmacokinetic tendencies observed here correspond 
well with what is generally known about long-circulating, 
PEGylated liposomes (Figure 5) (Seo et al., 2008; Petersen 
et al., 2011; Oku, 1999;Kamps et al., 2000).

Although 64Cu-labeled liposomes provide excellent 
pharmacokinetic data for long-term in vivo monitor-
ing (Petersen et al., 2012), 18F o�ers some conceivable 
advantages. �e short half-life of 18F makes only studies 
up to 8 hours feasible, but as we have shown here, this is 
enough to show tumor accumulation. With current lipo-
some technology, tumor accumulation typically peaks 
between 24 and 48 hours (Gabizon et al., 1997, 2003). In 
the future, however, with, for example, improved target-
ing, it is conceivable that accumulation may be faster, 
warranting the use of shorter lived radioisotopes, where 
patient radiation dose will be smaller. Further, targeting 
methodology other than systemic targeting of tumors 
may have faster pharmacokinetics. �is includes deliber-
ate targeting of RES components (Poelstra et al., 2012). In 
addition, the lipid probe (compound 7) can be used with 
other lipidic nanosystems, such as polymeric micelles 

Figure 4. In vivo visualization of 18FCE accumulation in xenografted 
tumors by coregistered microPET/CT. Tumors (NCI-H727) are 
marked by rings on the image of the tumor-bearing nude mouse 
(axial view). �e PET/CT image was acquired 8 hours postinjection 
of 18FCE.

Figure 5. Representative PET images showing 18FCE biodistribution at 0 (top panel), 2.5 (middle panel), and 8 hours (lower panel) 
postinjection of 18FCE in the NCI-H727-bearing mouse. Accumulation in the spleen is evident from the axial view (left column), and heart 
and liver accumulation is evident from the coronal view (middle column), whereas accumulation in heart, liver, and vena cava is evident from 
the sagital view (right column).
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(van Nostrum, 2011) or solid lipid nanopheres (Mishra et 
al., 2010). As a general consideration, the short half-life 
of 18F and the higher abundance of positron decays, as 
compared to 64Cu, results in a lower radiation dose to the 
patient. Also, as a nonmetal, 18F can be covalently linked 
to membrane lipids, providing a very stable linkage in 
a non-water-soluble probe. In the event of breakdown 
of the liposomes (e.g., by uptake and lysis in cells), this 
prevents the marker from entering the bloodstream and 
potentially accumulating in secondary locations or oth-
erwise exhibiting behavior di�erent to that of liposomes. 
Especially, 64Cu su�ers from substantial liver uptake 
resulting from copper metabolism in the liver, if the 
copper is released from the liposomes (Seo et al., 2010; 
Paudyal et al., 2010, 2011). It is also important to keep 
in mind, that 18F is readily available to nuclear medicine 
facilities worldwide, whereas the access to, for example, 

64Cu is much more limited and therefore only available 
near highly specialized facilities. �e cost of 64Cu-labeled 
tracers is much higher than 18F-labeled tracers and may 
limit clinical implementation.

Conclusion
A method for in vivo tracking of liposomes by a 
18F-labeled cholesteryl ether was developed. Labeled 
liposomes were injected into mice and tracked by PET for 
an 8-hour period. Clear tumor, as well as spleen and liver, 
accumulation was observed, showing that 18F labeling of 
liposomes, despite the short half-life of 18F, can be used 
for quanti�cation of short-time tumor accumulation and 
biodistribution evaluation of liposomes, potentially pav-
ing the way for 18F liposomes as a diagnostic tool.
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