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Abstract

Oxygen isavital molecule for lifeand its precise quantification is pivotal@asurecorrectfunctioning

of cells.Instruments able toquantify accurately the oxygen levelseaextremely important to
understand cells behaviouespeciallyin a three-dimension (3D) environment, where uneven
distribution of oxygen can occueading tozones of lowcell viability. Optical oxygen sensing is a
relatively recentmethod to monitor oxygen concentration. This approach exploits ¢ngssive
behaviourof a broad family ofnolecuks (organicspeces and organometallic complexe&)r which
the luminescence emissiois proportional to the quantity of oxgen present in the environment.
Unlike methods based on the use of electrodes, optical oxygen sensing allows morofarygen
levels without causing oxygen depletion in the observed sample and can be more easily applied in
miniaturised devices

Metalloporphyrins are widely employed agtical oxygen sensors thanks to their favourable physico
chemical propertiesThe aim of thigproject wasto synthesisea library ofoxygensensingoorphyrins
to monitor variation of oxygen in 3D cell culturd®or tis specific applicationthe chromophore
needed to (1) be a platinum or palladium complex to ensure oxygen respongge$nt asuitable
functional groupto allow conjugationto a support €.g. a biomacromoleculsupporting the 3D cell
construc) to avod leachingand cell uptake, and (3yater-solublity to allow conjugation in agueous
solutions.

We first focused oumttention on the synthesis of tetranescesubstituted pophyrins bearing a
carboxylicgroup as the conjugatable functioan one of thebeta-positions of the macrocycle. &
approach was overall successitulterms of yield and reaction conditionlsut the sidechainproved
insufficiently stable to alloifurther manipulation othe speciesAttention was thendirected to the
synthesis oasymmetric porphyrin AB, bearing the conjugabliroupon one of themesoesubstituted
aryl ring. Novel positively andnegatively chargedwvater-soluble conjugatable porphyrins were
developed during this workobtained from a singlehighvalue intermediate The new species
presentedoverall good yields employing relatively mild reaction conditietesa synthetic procedure
with gramscaleapplicability In addition, in this work the synthesis oo known watersoluble
conjugatableporphyrinwas improved ad scaleeup. Platinum (1) and palladium (II) insertion in the
water-soluble macrocyclewas achieved employing microwaveassistedreaction, whichensured
reaction completion in short timedinally a high potentialpurification approachbased on ion
exchange waglevelopedfor cationic and anionic watesoluble derivativesThis method allows
obtaining highly pure compounds employing cheap reagents and without the use of expensive
purification instruments.The conjugation of thespeciesto the proteinschosen as matrices for

hydrogels (silk fibroin and collagen) was performvédN-hydroxysuccinimidehemistry.



Oxygen response of the complex@mthesisedvas tested both in aqueous solution asdpported
on protein-basedhydrogels Most speciesshowedoxygendependent fluorescencandlinear Stern
Volmer plotsupported on solid supporindicating thér suitability to monitor the oxygetevelsin a
heterogeneous system such as a hydrogel. To the best of our knowledge, this work represents the first

example of optical oxygen measurements in silk fibroin hydragels

The objectivesof this work were: (1) to synthesiseand characterisea library of platinum (II) and
palladium(ll)complexe®f water-solubleandconjugatablegporphyrins (2)to test their responsiveness

to oxygenboth asstandalone probesandasprotein conjugatesn hydrogelmaterials.



INTRODUCTION



Oxygen,togetherwith water, is one of the keymolecules for existenceof life aswe knowit. It allows
cellsto releaseenergythrough respiration Not only the presenceof oxygenis fundamentalfor life,
but its concentrationalsoplaysa crucialrole. The EarthQ @mospherecontains20.8%of oxygen,and
if thisvaluedropsbelow17 %,asphyxiaanoccurleadingto death.Forfew monthsa picturecirculated
on socialmediashowinga pieceof iron coveredin rust, with the sentence & ¢ Ksxust. It is called
oxidationandit is causedby oxygen.We breathe oxygeneveryday.If it cando that to a metal pipe,
imaginewhat it cando to your lungsand health. Shareto help raiseawarenessabout the dangerof
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Obviouslythiswasmerely a pun aimedat makingfun of the recentunfortunate spreadingof alarmist
crusadesvoid of any scientificbasesand commonsense,but despitethe apocalyptictones of the
sentenceabove,excessf oxygenis indeed dangerousfor life. Hyperoxia(a state characterisecby
excesi/e supply of oxygento tissuesand organs)is highly toxic to cellsand can be exploited for

specifictherapeuticapplications2®

Monitoring the oxygen levels in cultured cells and artificial tissuesis a tool of the trade in
biotechnologyandin regenerativemedicine Toensuresuccessfufjrowth of a functionaltissuefrom
a 3Daggregateof cells,from a spheroidor from cellsseededin a matrix, the supplyof oxygenneeds
to be carefullymonitored and kept constantbetween appropriatevalues,which are dictated by the
celltype andby their metabolicstatus* Areasin which the oxygentensionistoo low (hypoxiczones,
whichcanarisefrom anonuniform distribution of the cellswithin the scaffold,areincompatiblewith
cell growth and differentiation. Similarly,cell proliferation is preventedin areaswhere the oxygen
tensionistoo high,leadingto celldamagethroughoxidativeburst* Ensuringhat the supplyof oxygen

is sufficientand constantthroughout a scaffoldhostinga 3D cell culture is pivotal for the viability of



the cells® Oxygen like nutrients, canhavea relatively low diffusionrate within cellsconstruct andif
the oxygenconsumedby the cellsis not replacedefficiently, zonesof lower oxygentensioncanarise
determining a different behaviourto the cellsin the coreof the constructcomparedto thosecloseto
the surface® Therefore, oxygentensionmust be constantlymonitored to assesghe suitability of a
material for cellgrowth andproliferation, andultimatelyif the materialcouldbe employedasscaffold

in tissueengineering.

Traditional methods for oxygen measurement are based on titration,® amperometry’
chemiuminescencg and thermoluminescence. For many years Winkler titration has been
consideredthe standardmethod for oxygenmeasurementFigurel). ®1° Thisapproachinvolvesthe
addition of two solutionsto the oxygencontainingsample the first one containingmanganesgll)
sulphateandthe secondone potassiumiodide, sodiumhydroxideand sodiumazideto suppresghe
nitrite present that otherwise would react with the iodide interfering with the analysis In the
presenceof oxygen,Mn?* is oxidisedto Mn?®" causinga precipitate of manganesg(lll) hydroxide
Sulphuricacidisthen added,leadingto the oxidationof iodideionsby Mn®*"to moleculariodine, later
titrated with athiosulfatesolution. Theiodine concentrationis directly proportionalto the amountof
oxygendissolved.Therebre, titrating the iodine allows determiningthe concentrationof oxygenin

the sample.

The method, however, presents non-negligible disadvantagesFor instance, the result is strictly
dependenton how the sampleis handledandhow well the systemis sealed becauseanyoxygenthat
isintroducedin the sampleoncethe analysishasstarted will alter the result. In addition, the sample
shouldnot containany oxidisingor reducingagentthat caninterfere with iodine or manganeseons,

changinghe amountof oxygendetected.
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Despiteits overallpopularity, the Winklertitration hasbeenreplacedby approachedbasedonthe use
of Clarktype electrodes.” TheClarktype electrodeemploysa platinum cathode wherethe oxygenis

reducedproducinganelectriccurrent proportionalto the partial pressureof oxygen(Figure2).1
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Clarkelectrodeis a very robust and popular approachfor oxygendetection, but it presentsseveral
major disadvantagesthat limit its applicability to measurementin cells and tissues Despite
considerablesfforts investedin the miniaturisationof the electrode,its bulkinessmakesit unauitable
for measurementsn cellsor spheroids Aswith mostelectrodesthe detectionof low levelsof oxygen
in microscalessamplesanbe affectedby electricalinterferencesbut the mostseriousissueassociated
to the useof Clarkelectrodeis determinedby the factthat the measurementauseoxygendepletion
in the sampleunder observation,thereby potentially affectingits behaviour'? Thus,especiallyfor
applicationdn regenerativemedicine hewandimprovedtechniquesor monitoringoxygenlevelsare

highlydesirable

1.1 OpticalOxygenSensors

A technique suitableto measureoxygenin microscalebiologicalsamplesshould be non-invasive
highlyspecificfor oxygento avoidinterferenceswith other analytesandit shouldshowsensitivityand
responsiveness biologicallyrelevantoxygenconcentrationrange.Thepossibilityto report reaktime
variationsin oxygenconcentrationsandto carryout parallelmeasurementandmulti-sampleanalysis

would be highly desirablefeatures® The approachthat better combinesall the above featuresis



called optical oxygen sensing.Optical oxygensensing(OOS)is a relatively recent oxygensensing
strategy but thanks to its features, it gained fast popularity and it is replacingthe traditional
polarographiomethods Opticaloxygensensorspresentfaster responseto changingconcentrations
of oxygen they are lessprone to electricalinterferencesand they only causea transient limited
oxygenconsumptionin the sampleduring the analysis'* In addition, optical oxygensensorsare

relativelycheap,simpleto useandcanbe easilyincorporatedin miniaturiseddevices

1.2 How doesan optical oxygensensorwork?

In 1985a new opticalmethodto monitor oxygenconcentrationin biologicalsamplesvasdeveloped,
basedon the collisionalqguenchingof the excitedstate of pyrenebutyric acidby molecularoxygen®®
Excitedstatesof moleculesare generatedfollowingthe absorptionof electromagnetiaadiation (hv,
Figure3). Inthe absenceof a quencher,the excitedspeciescanfollow two main pathwaysto lose
energy and decaybackto the ground state: it can dissipatethe energythrough vibrations (non-
radiative decay)or it can emit photons by photoluminescencewhich includes fluorescenceand
phosphorescencerluorescencdr) is the radiativetransition betweenelectronicstatesthat possess
the sameelectron spin multiplicity (S S), while phosphorescdP) is the radiative decayfrom the
triplet excitedstate to the ground state (T: HS), involvingintersystemcrossing(ISC)as shownin
Figure3. SincelSAs aforbiddentransitionaccordingo the selectionrules(triplet-to-singlet) e triplet
state lifetimes and phosphorescenceare typically longer than excited singlet lifetimes and

fluorescencg10°to 10? svs.10°to 107 s).
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Figure3: simplifiedJablonskdiagramshowingthe quenchingof the excitedtriplet state by energytransferto oxygen
In the presenceof the quencher,the excited state can also be deactivatedthrough collisionswith

guenchemoleculesThisadditionalpathwayfor decayreduceshe luminescenceéntensity.Molecular

oxygenis avery efficient quencter of excitedstatesfor mostorganicmoleculesThereasonfor thisis
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still matter of intense debate but it was suggestedthat paramagneticoxygeninduceslISCin the
excited speciesfeducingthe extent of luminescencedecay Collisionalquenchingcan be static or
dynamic in staticquenchinghe excitedspeciesassociatesvith the quencherforminga complexthat
is non-emissivewhereasin dynamicquenchingthe collisionresultsin an energyor electrontransfer
betweenthe two speciesForthe purposeof this work, only dynamicquenchingwill be discussed

Dynamiaoxygenquenchings describedoy the SternVVolmerequation(Equationl), which statesthat
the ratio between luminescenceantensity (or triplet lifetime) in the absenceand presenceof the
guencheris proportional to the concentrationof the quencher.In Equationl, |, and | are the
luminescencentensities andto andt are the triplet lifetimesin the absenceand in the presentof
oxygen,respectively [O,] is the concentrationof oxygen,while kg is the bimolecularquenchingrate

constant.

lo/| =to/t =1 +Kqto[O2]

Equationl: SternVolmerequation

The SternVVolmer equation is the equation of a straight line, which can be usedto determine
graphicallythe constantrate of the quenchingKsv=Kqt o). Intensity-basedmeasuremenandlifetime-
based measurementcan be used interchangeablyto obtain the SternVolmer equation if purely
dynamicquenchingoccursin the systemunder observation Whenthe lifetimes are measured the
luminescenceguenchings followed in time-resolveddomain’’ wheress steadystate measurements
follow the changesn luminescenceantensity 1> Timeresolvedmeasurementsare generallymore
reliable,asthey are not influencedby the backgroundfluorescenceand lessaffected by changesn
emissionintensity causedoy non-specificenvironmentalparameters Onthe other hand,steadystate
measurementganbe carriedout with simplerand cheaperinstrumentation?®

Figure3 showsthe quenchingof an excitedtriplet state (T;) by molecularoxygenleadingto energy
transfer betweenthe two specieswhich resultsin the non-radiative decay of the moleculeto the
ground state (§) and the excitationof ground state oxygen(triplet, 2Q,) to its triplet state (singlet
oxygen Oy*). It is important to note that molecular oxygen quenchesexcited singlet states as
efficientlyastriplet states but the longerlifetime of triplet state allowsthe excitedspeciego interact
with oxygenpresentin a largerdiffusionrange Crucially the decayfrom triplet state is significantly
slower than the collisionalquenchingrate: this makesphosphorswith long triplet lifetimes useful
oxygensensorsbecausethe efficiencyof the processis limited by the diffusion of oxygenin the

sample®?



1.3 Chiomophoresfor Optical OxygenSensing

A striking variety of chromophoresfor OOShasbeendevelopedoverthe last few decadesIn some
casesthe chromophoreshavebeenconceiedto be usedin oxygenmeasurementsnsidecells? but
most commonlythey havebeenassociatedo different supportsto obtain oxygensensingmaterials
for a wide range of applications(e.g, industrial, technologicaland biomedical) Consideringthe
relevanceto this work, only the latter casewill be discused. Developingoxygenrsensingmaterials
presntsanadditionalchallenge becausehe performanceof the final sensordoesnot solelydepend
onthe efficiencyof quenchingof the excitedchromophorebut alsoon the characteristic®f the matrix
(i.e. its permeabilityto oxygen,interactionwith the chromophoreetc.).

Themostimportant and essentialpart of an optical oxygensensor, however,isthe chromophoe, as
it providesoxygenresponsivenesslThe many different chromophoes employedas oxygensensors

canbe dividedin two maincategoriesorganicand organometallicspeces.

1.3.1 Organiocopticaloxygensensors

Thisclassof sensordncludes specespresentingextendedconjugated systemsresponsibldor their
oxygensensitiveproperties. These speciesvere employedin the earlydays of the OOSdevelopment
but their usehasnow declined.Thenon-negligibledisadvantagesf organicsensorsare the needto
use UV light for their excitationand their small Stokesshift. The latter causesa strong background
noise and limit their applicability especiallyin biological samples.In addition, they display low
brightness long decaytimes and poor solubilityin most polymeiic matrices. Forthe abovereasons,
new andimprovedmoleculespresentng better stability and sensingpropertieshaveslowlyreplaced

organicspecies Twomainsub-categoriesof organicoptical oxygensensorsare worth mentioning:

1 Polycyclc aromatichydrocarbongPAHS)this classof organicdyeswasinstrumentalto develop
the very technique of optical oxygensensing.Theywere mostly dissolvedand incorporatedin
polymermatrices Thestructures of most popularPAHsare shownin Figure4. Pyrene? 1 andits
anchorablederivate pyrenebutyricacid 2 were successfullyemployed as probes for oxygen
dissolvedin bio systems?*2* as were perylene?® perylenedibutyrate (respectively3 and 4),°
benzoperylené?® anddecacyclendDCY)6.27?° 6 hasa good photostability,a large Strokesshift
andthe possibilityto be excitedwith visble light, comparedto other U\-excitablePAHSs.

1 GoandGCyfullerenes(7 and8in Figured) have beenemployedin OOSThankdo their extended
conjugatedsystemthey displayexcellentdelayedfluorescenceand havebeenexploitedto build
sensos capableof detecting oxygenat concentrations of the order of ppb3°3! Gy fullerene

resultedin a more sensitivesensorcomparedto Gso.>



Figure4: mostcommonlyemployedorganicdyeswith relativestructure

1.3.2 Organometallioptical oxygensensors

Organometalliccomplexeshave nowadaysreplacedalmost completelythe organic PAHS® These
speciesshow strong luminescencewith long lifetimes, good photostability,absorptionin the visible
regionandlargeStokesshifts, sothat no interactionswith the excitinglight occuss,whichisimportant
especiallyfor biologicalapplications In this classof fluorophores, the triplet lifetime is increased
thanksto metakigand chargetransfer (MLCT,) allowing enoughtime for the excited state to be
guenchedat low concentrationsof oxygen,affordinghigh sensitivityof the probe. It hasbeenshown
that the physicachemicalpropertiesof these speciessuchasexcitationand emissionwavelengths,
canbe tuned by structural modificatiors to obtain materialswith optimal featuresfor the required
application. Oxygensensingorganometalliccomplexescan be divided into three main categories:

polypyridylcomplexesgyclometalateccomplexesand metalloporphyrins'?

Polpyridylcomplexes

This categorycomprisegpolypyridylcomplexeswith different metalionscoordinated i.e., ruthenium

(1), osmium(Il) andrhenium(l).

Ruthenium (II) polypyridylcomplexesare characterizedyy absorptionin the visibleregionof
the spectum, more specificallyin the blue region, around 400-450 nm. Theydisplaylong lifetimes
with relativelylarge Stokesshifts, showinga responseto oxygenmeasurableboth in steadystate and

in time-resolvedfashion Their photophysicaproperties,suchasexcitationandemissiorwavelengths
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or triplet quantumyield, canbe tuned by modificationof the ligands.These speciesare characterized
by net chargeswhichmakethem solublein hydrophilicpolymers.Bychanginghe counterionsfrom
chloridesto more lipophilicones,suchasdodecylsulphate the solubilityin organicpolymerssuchas
silicon rubbers (the most employed polymer matrix) notably improves.>* A more homogeneous
distribution of the chromophorein the matrix usuallyresults in improvedbrightnessof the sensors.
The most commonruthenium (Il) polypyridylcomplexesare shownin Figure5, many of which are

commerciallyavailableor are straightforwardto synthesise

Figure5: mostcommonemployedruthenium(ll) polypyridyl complexes

1 Ruthenium(ll) tris(bipyriding) dichloride 9 presentsgood properties, suchas excitationin the
visibleregionwith light emitting diodes(LED¥}sourcesand large Sookesshift emitting in the red
visibleregion3®

1 Ruthenium(l)tris(1,10-phenantroline)dichloride10 (Figureb) similarlyto 9 possesasexcitation
and emissionwavelengthsin the visible spectra,but slightlylarger molar absorption®¢-*” 10 has
beenemployedalsoastemperatureoptical sensor®® Variationin the temperatureandin oxygen
concentrationcanbe followed by monitoringthe changes in lifetimes of the excitedstate of the
complex®®

f Thelast complexshownin Figure5, ruthenium (1) i NJ& adiphredykl, @0-phenantiroline) 11 is
the most employed among the ruthenium polypyridyl complexes®3® 11 presents better
photostability,longerluminescencdifetimes, higher brightnessand quantum yield comparedto

the other two ruthenium (I1) complexes®

Thesechromophoeswere modifiedto obtain conjugatableoxygenprobesthat were covalentiylinked
to apolymermatrixto circumventleaching. 10 hasbeenprovided with acrylamidegroupsto allowits

polymerisationwithin the polymer matrix** 9 hasbeen covalentlylinked to sokgel? and ormosif?
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films employingtriethoxysilane groups as a anchoringmoieties. Conjugationof the dyesto the
polymer matrix remarkably improves the stability of the sensors,prevening the leaching and
preservinghe probefor alongertime. Someruthenium-phenantroline complexescrystallizedwith
hydrophobiccounterionssuchas Pk, showedoxygenresponsein solid state.**4 Thedetectionwas
possiblebecauseenoughempty spaceis presentin the crystalstructure,asconfirmedfrom alower
oxygenresponseof a crystalgrown from a racemicmixture, comparedto the enantiomericallypure
one’* The crystalshowslinear trend of oxygenresponseand good stability. The fact they can be
directly employedassolid-state probe is an enormousadvantageasno polymericmatrix is required
Afurther advantagearisesfrom the fact that the dimensionsof the crystaldeterminethe sizeof the
probe.

Osmium(ll) polypyridylcomplexeshave been employedas oxygenprobe to obtain optical
oxygensensors Comparedto the ruthenium analoguesthese specieshavethe advantageof being
excitablein the red regionof the visiblespectum.*’ Thisadvantagés essentiafor in vivoapplications,
due to the better penetration of the red light in the tissue,comparedto the blue light requiredto
excite ruthenium complexes Osmium(ll) polypyridylcomplexespresentbetter photostability than
the rutheniumones,despitethe shorterlifetime that limitstheir useonlyin highly oxygenpermeable
polymers?* Importantly, osmium(ll)complexesreextremelytoxicandthey mustbe covalentlylinked
to the polymermatrix to avoidleachingand subsequentoxicity to cells Asin the caseof ruthenium
(I complexesthe mainligandsresultedto be a-diimine,suchasbipyridineand 1,10-phenanthroline
(seeFigures for ligandg.*°

Rhenium(l) polypyridylcomplexesare sensorghat coordinateonly one polypyridylligand,in
additionto carbony ligandsneededto enhancetheir luminescence? Theydisplaylarge Stokeshift,
high luminescenceand long lifetimes, despite their poor photostability>® The photophysical
propertiesof these complexesdependstrictly on the ligandnature.® The most commoncomplexes
(12and 13) are shownin Figure6.

Opticaloxygensensordavebeenbuilt employingalsoother lesscommonandmore expensivanetals

complexedwith polypyridylcomplexessuchaseuropium? terbium®* and gadolinium?®®
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Figure6: most common employed rhenium (1) polypyridyl complexes

Cyclometalatedcomplexes

Cyclometalatedcomplexesof iridium (Ill) and platinum (II) have also been employedas probesfor
OOSTheygenerallydisplaystrongluminescenceavith highquantumyield,largeStokesshiftsandgood
photostability. Theydiffer from the classof polypyridylcomplexedecauseahey presentmetalcarbon

bondswith the ligands.

Iridium (I11) cyclometalatedcomplexesgainedpopularity over the recentyears,mostly thanksto

developmentof a cheapandversatilelight source:LightEmittingDiodes(LEDs}?

1 Ir(ppy) (14, Figure7) displays a greenluminescencearapped in a fluorinated polymer?® and its
sensitivityprovedto be dependentby the matrix employed®’
1 Ir(ppy-NPh)s 15 displays better solubilityin organicpolymers3® thanksto the additional phenyl
rings,andbetter photostability comparedto 14. The complexcanbe excitedwith red light.
Iridium (111) complexeswith coumarinligandsbearingdifferent heteroatomshavebeensynthesised®
A generalstructureis shownin Figure7, where X canbe either N-methyl (16), oxygen(17) or sulphur
(18). Thar main advartage, comparedto complexesl4 and 15, is the higher molar absorption
coefficientin the blue part of the spectrum responsibldor their strongbrightnessThephotophysical
propertiesof the sensorscanbe tuned changinghe substituentX,showinga red shift in the order N
>0>S%

Exampleofiridium (lll)cyclometalateccomplexesovalentlyboundto the matrixhavebeenreported.
Complexi4 wasboundto the polymermatrix after replacementof one phenylpyridylligandfor a 4-
vinylpyridineand a chloride®® The vinyl moiety was exploited during the polymerizationprocessto
covalentlylink the dyeto the polymer matrix. In a similarapproach,14 hasbeenendowedwith 2-(4-
vinyl}phenylpyridine, and 17 with a polymerizable allylacetoacetate group, replacing the

acetylacetonategroup (acac)®*
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Figure7: mostcommonemployediridium (l1l) cyclometalateccomplexes

Platinum(ll) cyclometalatedcomplexeshave beenemployedas oxygenprobesin OOSafter the
introduction of LEDsas in the caseof iridium (lll) complexes The main advantageof platinum (I1)
cyclometalatedcomplexescomparedto the iridium analoguesis the absenceof net charges.The
neutral characterof thesemoleculesendersthem insolublein water, preventingpossibldeaching of

the dyein aqueousenvironments In parallel,their solubilityin organicpolymeris enhanced.

1 Pt(thpy) (19 Figure8) wassuccessflly trappedin a polydimethylsiloxangdPDM$ matrix, and
it could be excitedwith blue LEDsbut it showed poor molarabsorption®?

1 Compound20and?21 presenteddualemissiononefluorescencédandnot affectedby oxygen,
and a phosphorescencemissionband sensitiveto oxygen.Compound 21 showeda longer
lifetime %3

1 Conpound 22 is one of many differently R-substituted compoundssynthesisedas oxygen
probe, but the only oneto displaya nearinfrared (NIR emissionat 638 nm %*

1 Compound23is one of few examplesof chargedplatinum (Il) cyclometalatedcomplexeslt

showsdualemission fluorescerte emissionat 677 nm and phosphoresceoe at 732nm %
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Figure8: mostcommonemployedplatinum (Il) cyclometalateccomplexes
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Metalloporphyrins

Tetramesosubstitutedporphyrins

The third group of organometallicoptical oxygensensordiscussedere comprisesplatinum (I) and
palladium (II) complexesof porphyrins Thanksto their exceptionalproperties, this classof dyes
becamethe most popular for obtaining optical oxygensensors Thesespeciesshow a very strong
phophorescenceat roomtemperature,with hightriplet quantumyieldandlonglifetime.®® Thetriplet
state of porphyrinsis efficiently guenchedby oxygenand the compoundsgenerallyshowmoderate
to good photostability, enhanced by the presenceof fluorine atoms.®” Metalloporphyrins are
characterizedby a strong absorption band around 400 nm (Soret band), and weaker bands at
wavelengthshigherthan 500nm (Q-bandg. Metalloporphyrins aswell asfree porphyrins,showvery
largeStokesshifts, whicheliminatethe possibilityof overlapbetweenthe excitationandthe emission
bands Thetriplet lifetimesof metalloporphyrinsarein the order of hundredsof nanosecondsandin
the caseof palladiumporphyrinsthey canreachmicrosecondswhichmakethe latter speciessuitable
to sensetracesof oxygen®® On the other hand, platinum complexesshow higher quantum yield
comparedto palladiumcomplexes.

As in the case of the chromophores described above the photophysical properties of
metalloporphyrirs can be tuned by structural modifications of the macrocycleto optimise the
responseto oxygenin the environmentrequired by specificapplications® Platinumand palladium
porphyrinsare neutral complexes allowing for a better solubility in organicpolymersand limited
leaching from the polymerinto agueoussolutions.Similarto other oxygensensingchromophores,
porphyrinscanbe covalentlylinkedto polymermatricesemployinga wide array of chemistries For
instance, the nucleophilic substitution of the para fluorine atoms in mese
tetrakig(pentafluorophenylporphyrin (TFPPand its derivatives(79¢ 27 or 28, Figure9) hasbeen
widely explored,aswell asthe carboaxylicgroupsof mesetetrakig4-carboxyphenyporphyrin(TCPP)
andits derivatives(30, 31 or 32, Figure9).

Platinum(I1) octaethylporphyrin(25) shownin Figure9, is perhapsthe most studied macrocycleas
optical oxygensensor’® 25 hasbeenextensivelyemployedasoxygenprobein associatiorto various
polymers,suchaspolystyrene’'<’2 poly(vinylchloride) (PVG,’ sokgels>’¢ and manyother different
matrices’%%8 25 displaysvery strongphosphorescencat room temperature,with hightriplet state
guantumyield and long lifetime. Thanksto its remarkablebrightness,it can be employedin small
amountsto produceverythin films. 25 shows goodsolubilityin most organicpolymersand solvents,

yieldinga homogeneoudlistribution insidethe matrix andtherefore a uniform brightness.
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M= 2H 24, Pt 25, Pd 26 M= 2H 33, Pt 34, Pd 35 M= 2H 36, Pt 37, Pd 38

COOH

COOH F

M= 2H 30, Pt 31, Pd 32 M= 2H 79c, Pt 27, Pd 28

Figure9: structuresof oxygensensingmetalloporphyrins

Furtherapplicationsof 25includeits depositionasa solutionon glasssurfacesandits absorptioninto
oxidizedporoussiliconlayersto build oxygensensingmateriak for applicationin microelectronics?
25 hasbeen embeddedin a fibre-optic sensorto monitor the oxygenlevelsin the digestivetract
mucosa?? Thefibre-optic wascoatedwith 25 dissolvedn poly(ethylmethacrylatePEMAYieldinga
sensitiveprobethat couldwithstandsterilisationandparticularlysuitablefor mucosaimeasurements.
25 has been combinedwith 5-hexadecanoylamindluorescein,a pH sensitivemolecule,and with
guantumdots (QDs}o developaratiometricopticalsensorgo simultaneouslynonitor pHandoxygen
concentrantion®® Excitingthe sensorwith a 405 nm LEDsourceelicited emissionat 650 nm (from
oxygensensing25), at 520 nm (from pH-sensimg fluorescein)and at 460 nm (referencesignalfrom
QDs) yielding simultaneousinformation on oxygenconcentrationand pH. In addition, 25 hasbeen
employedto build sensorgo simultaneouslymonitor oxygenandcarbondioxideconcentrations® 8-
Hydroxypyrenel,3,6trisulphonic acid trisodium salt (HPTShand 25 were absorbedin PEMA,and
when the sensorwasexcitedby blue light at 470 nm, two fluorescentpeakswere detected,one at

515nmandoneat 645nm. Thepeakin the greenpart of the spectrum(515nm)wasrelativeto the
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partial pressure of CQ, while the peak in the red part (645 nm) correspondedto O..8* The
commerciallyavailability of the dye contributed to its popularity and promoted its use as oxygen
probe.However 25 presentsanon-negligibledisadvantagea markedphoto-instabilitythat drastically
reducesthe durability of the sensingdeviceit isincorporatedin.’

Palladium(Il) octaethylporphyrin(26, Figure9) has beenlessemployedasoxygenprobe comparedto
25. Palladiumporphyrins displayverylonglifetimesthanksto the increasedspin-orbit coupling® and
therefore they are suitableto detecttrace levek of oxygen.However their sensitivityis so high that
they canbe usedto detect higherlevel of oxygenonly if previouslyembeddedin a polymer matrix
with low gaspermeability 26 is commerciallyavailable but it canbe easilysynthessed from the free
base 24 (also commerciallyavailablé and a palladium source (PdC] or Pd(OAg).” 26 has been
dissolvedn manydifferent matrices suchasPVCandethyl cellulose’* fluoropolymers’® anddifferent
fluorine-containing poly(aryl ether ketone)s’® 26 showslinear SterrgVVolmer plots at low oxygen
concentrationsandhighervaluesof lo/l comparedto 25.

Asmentionedabove,the photostability of metallo-octaethylporphyrinis very low dueto the photo-
oxidation caused by the singlet oxygen produced during the sensingprocess (Figure 3). The
introduction of halogensatomsin the molecularstructure reducesthe electrondensityon the ring,
renderingthe moleculelessproneto photo-oxidation®” However the preserce of halogenscausesa
reduction of the triplet quantum yield and lifetime. Amongst halogens fluorine proved ideal as it
increagd notably the photostability of the porphyrin while leaving almost unaffected other
photophysicaproperties®

Derivativesof 79c (Figure9) are widely employedto obtain OOSmaterials The strong electron
withdrawing effect of the pentafluorophenylrings causes a very low electron density on the ring,
resultingin a reduced susceptibilityto photo-oxidation by singlet oxygen®” Platinum complex27
(Figure 9) trapped in a polystyrene matrix showed lessthan 10% degradationafter 50 hours of
continuousirradiation at 507 nm 87 27 displayshigh brightnessand a long triplet lifetime, but its
photostabilitymadeit particularlysuitablefor applicationsthat require high light intensity andlong
exposure time, such as microscopy® and fibre-optic sensing® 27 has been absorbed in
polystyrene/poly(vinylpyrrolidonegore-shellparticles and employedwith a temperatureprobe (29,
FigurelQ) incorporatedin low gaspermeabilitypolyacryonitrile (PAN)microparticlesto build a new
water-basedfluorescentpaint®” Oxygenpressureand temperature were detected simultaneously
after excitationat 405 nm with a LEDsource,and the two emissionsignals(519nm 29, 658 nm 27)
were separatedby almost140 nm 8’ Thepaint wasemployedto monitor pressureand temperature
in the aerospacendustry.®’ 27 hasbeenwidely employedin pressuresensitivepaints, %% but also

embeddedin soktgelsof different nature®®°1-°2and other matrices %% The brightnessof this species
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canbe enhancedy light harvestingantennae, whichare molecules that absorbdight and efficiently
transferit to the dye % Palladiumcomplex28 (Figure9), asin the caseof octaethylporphyrin(OER,
has been less employedthan its platinum analogue its extremely long lifetime (in the order of
millisecondsin solution) makesit suitableto measurenanomolarconcentrationsof oxygen®°7 Its

emissionis almostentirely quenchedat atmospheridevelsof oxygent®

.
A A
N
YO
29

FigurelQ: structureof Iridium 2-phenylpyridinecarbazole

TCPR30 in Figure9) is a further exampleof a porphyrin substrateto obtain oxygensensos. The

palladiumcomplex32 hasbeenmore frequently usedthan the platinum analogue31l, probablydue

to its commercialavailabilityand easeof metal insertion, which canbe performedin mild reaction
conditionswith a palladium (I1) salt suchas PdCJ.?8 32 wasboundto albuminthroughthe carboxylic
groupsand the resultingcomplexwasusedto measureoxygenfrom air concentrationto 0% In a

similarapproach albumin conjugateof 32 wasemployedto simultaneouslysenseoxygenandasa

photosensitizet® 32 was also absorbedon different matrices such as alumina plates?°* silicon
membranesto detect oxygenpartial pressurein blood streams!®? chitosan nanoparticle$®® and

organicallymodified silicatemade of TEOSictyl-triIEOScompositexerogel showinglinear detection
in the 0-100%o0xygenrange

Theplatinumcomplex31 wasabsorbedon aluminaplates® andwasalsoemployedto build the first

luminescentmetalorganicframeworks(LMOFs}** It showedlinearoxygenresponseandit couldbe

excitedby UVlight (365nm) displayinga red emission(655nm).1%4

Alongsidethe useof perfluorinatedderivativementionedabove,an alternativeapproachto increase
the photostability of oxygensensingporphyrinsconsistsin oxidisingthe macrocyclewith osmium
tetroxide (OsQ) to obtain a porphyrinketone1® Octaethylporphyinketone (OEPK)33in Figure9, is
ahighly photostableporphyrin.Derivative34, the correspondingplatinumcomplex wasincorporated
in matricessuchas PVCand polystyrene(P3.1%107 This speciesexhibit a bathochromicshift in the

absorption(l maxfrom ca.400nmto 570-600nm) with aNIRemissiorpeak.Thispropertyisparticularly
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useful for oxygenmeasurementin biological samples due to reduced interferencesfrom auto-
fluorescencewith the sample!®® Compound 34 and 35 display good quantum yield and lifetime,

despitethe relativelypoor brightness.

Mesotetrakis(pentafluorophenyl)porphyrinlactone TFPPL(36 in Figure 9) shows very weak
photodegradation,even lower than 79¢ which has been attributed to the effect of the lactone
group.?® Similarlyto 33, this porphyrindisplaysa red-shifted emission.The dye canbe synthesised
startingfrom 79¢, reactedwith silvernitrate and oxalicacidin refluxingaceticacid!!° Interestingly,a
derivativeof 37 functionalisedwith polyethyleneglycol(PEG chainson the parapositionof the aryl
rings, has been employedto measurethe pH of water samplest!! Crucially,comparableoxygen
sensingpropertiesare displayedby the zinc(ll) andthe gallium(lll)analoguesAllthe complexeavere

incorporatedinto a Nafior®membrane!!!

p-extendedporphyrins
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M= 2H 39, Pt 40, Pd 41 M= 2H 42, Pt 43, Pd 44

Figurell: structuresof oxygensensingextendedporphyrins

Mesotetraphenyltetrabenzoporphyring TP TBPare NIRemitting dyescharacterizedy an extended
aromatic systemcondensedon the porphyrin structure which is responsiblefor a red shift in the
emissiont'2 and for enhancedbrightnessand photostabilty comparedto porphyrins. TPTBRanbe
excitedby both red andblue light, dueto the veryintenseSoretbandandthe Q-bandsthat are only
3 times lessintensethan the Soretband!*® Higherphotostability is achievedby introducingfluorine
atoms on the aryl rings, as shownin Figure11.1*® The substitution on the mesoposition with aryl
groups reducesthe tendency of aggregationtypical of these molecules'® As for other metal
compkxes, platinum benzoporphyrinsare more suitable for oxygen detection on a broad

concentrationrange while palladiumanaloguesare ideal for very low oxygentensions!** 41 was
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incorporated in PS nanoparticlestogether with a reference dye for in vivo ratiometric oxygen
measurement!® 40 wasembeddedin differently substitutedpolystyrenematrices suchaspoly(2,6
dichlorostyrene), poly(4-tert-butylstyrene) and poly(2,6fluorostyrene)!'® Both metal compexes
wereincorporatedin asiliconglassmicro-reactorfor reattime measurenent of oxygentensionin the
reactionmedium®’ More specifically41 wasemployedfor tracesof oxygen(up to 2%)while 40was
suitable for low-to-ambient oxygenconcentrations The dyeswere first embeddal in a PSsilicon
rubber matrix and then incorporated in the microreactorst'’ TPTBPare ideal for oxygen
measurementsn biologicalenvironment in which a deep-penetratinglight (red light) is requiredfor
the excitation and NIR emission is preferred to avoid interferences caused by background
fluorescence®40wasalsoemployedin organicsolarconcentratorsfor photovoltaicst'® The stability
of thesecompoundsis considerablyhighercomparedto the correspondingetra-arylporphyrins put

their synthessis muchmore challenging.

Furtherextensionof the p-systemof TPTBResultsin mesotetraphenyltetranaftoporphyrinssuchas
speciesA2 (Figurell), whichdeterminesa further red shift of the absorptionpeaksandanincrease
intensity ratio between Q-bandsand Soretband!*212° However,these speciespresentpoor triplet
guantumyieldsand lower photostabilitycompaed to benzoporphyring?! Platinum complex43 was
encapsulagéd in phospholipid nanomicelles and employed to image anoxic tumours?? |ts
phosphorescenceemission around 900 nm allowed to drastically reduce interferences from
backgroundautofluorescenceé?? 43 wasalsoincorporatedin poly(9vinylcarbazoleindemployedas
dye in the construction of polymeric light emitting diodes (PLED)? In the classof p-extended
porphyrinsthere are other compoundsderiving from a mixture of benze and nafto-substituted
porphyrins.Thesehybridscombinethe propertiesof both dyes,affordingan increasedbathochromic
shift in the emissionbut, on the other hand a decreasein the quantum yield and a reduced

photostability 124

Water-solubleporphyrins

Opticalsensorsdesignedfor biologicalapplicationsmust displayspecificfeaturesto be suitablefor

usein anenvironmentcontainingcells namely:

1 hightriplet state quantumyield (higherthe quantumyield resultsin a higher concentrationof
triplet state moleculesandpotentiallyin amore intensesignal)

1 longtriplet lifetime (the longerthe lifetime, the higherthe probabilityof intermolecularcollisions
evenat low oxygenconcentrations)

91 highchemical andphoto-stability (to avoidthe accidentabroductionof speciedoxicto the cellg

1 solubilityin water (to maximisecompatibilitywith living systems)
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Water-solublemetalloporphyrinssatisfythesecriteria, and consequentithey havebeenwidely used
for the detectionof dissolvedxygenin aqueoussolution. Toensurewater solubility,mostderivatives

haveeither net chargesor severalpolar groups.

Coproporphyrin45 Figurel?) isa water-solublemacrocycldn whichthe solubilityin agueousmedia
is given by the four carboxylicgroups. The palladium complex47 was employedas oxygenprobe
immobilisedon different polymericmatrices suchasPVCpoly(methylmethacrylateYPMMA), PSand
siliconrubber!?® Theoptical oxygensensorsobtainedby embeddng the dyein PSwasemployedto
measurethe oxygenconcentrationin the gasphase,following excitationwith a cheapflashlamp as
light source!?® The platinum complex46 was employedas an albumin conjugateto measurethe

intracellularoxygenlevelsin mammaliancells!?®
HO/°
OH

HO

o

O

HO” ~© HO
M= 2H 45, Pt 46, Pd 47 M= 2H 48, Pt 49, Pd 50

Figurel2: structureof oxygensensingcoproporphyringnd coproporphyrirketones

The photostability of coproporphyrinsand their derivatives is rather poor, despitetheir otherwise
good photophysicalproperties. To overcomethis problem a new dye was synthesisedbearing a
ketone group onthe macrocyclgo giveacoproporphyrinketone (48, Figurel2)'?’. Bothplatinumand
palladiumcomplexes49 and 50 were conjugatedto serumalbuminto detectintracellularoxygent?’
As in the caseof 24, the introduction of the ketone group shifted the emissiontowards longer

wavelengthdn the NIRregionandincreasedhe intensity of the Q-bands*?’

Otherexampleof water-solubleporphyrinsemployedasoxygensensorsncludespeciesearingfour

chargedgroupson the mesegaryl substituentsasshownin Figurel3.
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M=2H 51, Pt 52, Pd 53 M= 2H 54, Pt 55, Pd 56 M= 2H 57, Pt 58, Pd 59

Figurel3: structurequadruplechargedfree base platinum (Il) and palladium(ll) species

Palladiumcomplexesb3, 56 and 59 (Figure 13) were tested both in aqueoussolution and after
incorporationon serumalbumin,to detect oxygenconcentrationsfrom atmosphericlevel down to
the nanomolarrange!?® Platinumand palladiumcomplexes52,55 and 53,56 were embeddedin a
perfluorinatedion-exchangenembranegNafior®) andthe oxygenconcentratiorwasdetectedin the
range0-100%"?° LinearSternVolmerplots, goodsensitivityand photostabilitywere obsened in the
whole concentrationrange Compounds 52 and 53 were incorporatedin synthetic clay (Sumecton
SAR) to obtaina new hybrid materialfor oxygensensingn aerobicconditions!*° Claymineralsproved
to be suitablematricesto host the metalloporphyrins,allowing fluorescencequenching by oxygen

while keepingthe costof the sensingmaterialverylow.

ScondgenerationpolyglutamicPdporphyrindendrimers(60) andtetrabenzoporphyrirdendrimers

(61) arefurther examplesof water-solubleoxygensensingporphyrins(Figure14).13!

R R

L)
0._OH
r= O NH HN OH
o} o
SSas Y

60 61

Figurel4: structureof oxygensensingglutamate-dendrimers

Thesecomplexesbear 16 carboxylate groups in the outer layer of the dendrimer, which are
responsiblefor the good solubilityin aqueousmedia Thesizeof the resultingmoleculepreventsit
from crossingcellmembranest®! Thankgo its red-shiftedabsorptionandemissioncompound61 was

employedasoxygenprobein vivoto measurethe oxygendistributionin asubcutaneousumour, after
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incorporationin serumalbumin®3! Dendrimer61 wasalsoembeddedin polyacrylamidenydrogelsto
monitor oxygen levels in cance cells, both in aerobic and hypoxic conditions*? Despite their
challengingynthesisthey soon becamecommerciallyavailable factthat helpedtheir usein the build

of opticaloxygensensors

Anew classof porphyrinsrecentlyemergedasoxygenprobes: iridium (ll1)octaethylporphyrinbearing
different axialligands(Figurel5). Thesedyesare characterizey a non-planarmacrocyclejn which
the centraliridium ion cancoordinatetwo ligandsin the axialpositions.Thecomplexesare obtained
from compound 6222 by ligand exchange.The different axial ligandsinfluence the photophysical
propertiesof the dye andplayakeyrole in the solubility properties'** Compound$3 and 64 bearing
lipophilicligandssuchaspyridinesand N-butylimidazolesrespectivelyare solublein organicpolymer

andtheywere incorporatedin PSmatrices.

+ CI

- - 1= —N
L=CO, L'=Cl, 62 L=L'= [N\> 64

Bu
L=L'= ] N 63 LeL= T\ 65
_ >
N N
\cooH

Figurel5: structureof iridium (111) octaethylporphyrirbearingdifferentaxialligands

Onthe other hand, compound65 bearingl-imidazoleacetiacid as axial ligandsis solublein polar
solvents!** Thanksto the carboxylicgroup on the ligand this speciescanbe covalentlylinked to a
support 65 wasattachedto bovine serumalbuminand amino-modified silicagel allowingreal time
measurementsin aqueoussolutions®® Iridium (I1l) complexeswith cellpenetrating and tumour-
targetingpeptidesasaxialligandswere alsosynthesised?® which showedlinear SternVolmerplots
andgoodsolubilityin aqueousmedial®®

Compounde5 introduceda new classof compoundsjn which an axialligandcoordinatedto central
metal atom is exploitedasanchoringmoiety to covalentlylink the dyeto the support. Thiswas the
first exampleof a conjugatableporphyrin complexattachedto a supportthrough an axialligand3
Most frequently, the conjugationof the dyeto a supportis performedvia a suitablefunctionalgroup
on the ring, or on the aryl substituentsin the mesoepositiors. A covalentbond betweenthe dye and
the supportis usefulto prevent issuesassociatedvith leachingor unevendistribution of the dyein

the environmentwhere the measuremenis takingplace331%
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Oxygenrsensingoorphyrinmonomersfor radicalicpolymerisation

Foroxygensensingn biologicalsystens, the leakageof the dyemustbe preventedasmuchaspossible
to avoidtoxicity in the sample.Themostcommonapproachto overcomethis problemisto covalently
link the dyeto the polymericmatrix.°® A number of porphyrinshavebeen providedwith a viny} or
acryloytmoiety and subsequentlyco-polymerisedto obtain oxygensensingpolymers (Figure17).
Porphyrin66 (Figurel?) is an AsB porphyrinin which a mesoesubstituentis different from the other
three ¥ The carboxylicgroup on the starting porphyrin was esterified to provide the dye with
polymerizable2-methacryloyloxyethythain. Theresultingspeciesvasco-polymerisedwith isobutyl
methacrylateor 2,2,2trifluoroethyl methacrylate!*” The resulting oxygen sensitive material was
employedfor pressuresensitivepaint in the aeronauticalffield. Compound66 was alsoemployedto
obtainopticaloxygensensorsapableof simultaneoushsensingpHandoxygent€In this case poly(2
hydroxyethylmethacrylateyo-poly(acrylamideYPHEMAco-PAM) was employed as matrix and 67
(Figurel6) wasco-polymerisedn the materialviathe sameacryloylmoiety aspHsensor.Theabsence
of toxicity, detected after 40 hours of incubationwith HeLacellson the material, confirmed that
neither sensordeached from the polymer* Thefavourablebehaviourof 79c(Figure9) asan oxygen
sensorencouragedesearcherdo exploredifferent approachego incorporatethis speciesn various
materials. The structure of 79cis suitablefor this purposebecausethe fluorine atomsin the para
position on the aryl rings can be replacedvia aromatic nucleophilicsubstitution. Thisstrategywas
widely pursuedto introducesuitablegroupsto co-polymerisethe dyein a matrix (Figurel?).

Four methacrylategroupswere inserted on the para positiors of the perfluorinated aryl rings of
porphyrin27to obtaincomplex68 (Figurel7) whichwasco-polymerisednto two different polymers,
namelya hydrophilicone madeof poly(2hydroxyethylmethacrylatefo-polyacrylamid PHEMAand
a hydrophobicone made of PS'*° 68 showed negligible leaching from the polymer and higher
photostability comparedto the samepolymerin which the porphyrin (27) was simply adsorbed>°
Cruciallythe sensorsobtainedwith PHEMAprovedidealfor applicationsn biologicalsamplesdueto
the biocompatibilityof the material, a fast response a high sensitivityto oxygenand no toxicity to
human lung adenocarcinomapithelial cells (A549)!3° The sensormade of 68 covalentlylinked to

PHEMAwvasalsoemployedto monitor the oxygenconsumptionof Escherichi@oli 140

/ \ O
—N N o}
s O N j(g
W °
o
67

Figurel6: structure of2-(1,3-dimethylene6-(4-methylpiperazinl-yl)-1Hbenzo[de]isoquinoli2(3H}yl) ethyl methacrylate
67
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Patinum complex69 bearing four silyl groups (Figure17) was usedto covalentlylink the oxygen
sensingspeciesto silicagel. Theresultingmaterial showeda faster responseand a higher ratio of

fluorescencdrom environmentswithout oxygento oxygenatedsystemscomparedto 68 linkedto PS
and PHEMA° Oxygensensor68, pH sensor67 (Figurel6) and a referencedye were copolymerized
with PHEMAco-PAM to obtain new ratiometric dual sensitive optical oxygen sensors*! Under
excitation at 380 nm the sensorshowed emissionin the blue, green and red part of the visible
spectrum,and it was employedto evaluatethe photosyntheticactivities of Synechocystisp. PCC
680314

Figurel7: structuresof polymerisablegporphyrins

Thesesenshg materials were obtained through the tetra-functionalisationof 79c but there are
examplesof mono-functionalisationof 79¢ which allows the co-polymerisationbut not the cross

linkingof the porphyrinwith the matrix. Thisapproachwaspursuedby inseiting a suitablefunctionin
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the matrixto attachthe porphyrinto the pre-formedpolymeror by introducingasinglereactivegroup
on the porphyrin.

Inanexampleof the latter approach platinumand palladiumcomplexef 79cwere covalentlylinked
to amino modified silicagel particlesexploitingthe reactivity of the parafluorine atoms on the aryl
rings® Theterminal aminesof the silicaparticlesreacted with one of the para fluorine on the aryl
ringsof 79¢ forminga covalentbondand, therefore, anchoringthe dye on the particle.Subsequently
the particleswere dispeised in silicon rubber to give the sensor Linear SternVolmer plot, high
photostability andfastresponsdime were detectedfor both the complexesandasexpectedahigher
sensitivity to oxygenwas detected for the palladium complex® In a similar approach, styreneg
pentafluorostyrenecopolymer was grafted with 1,3-proparedithiol by displacementof the para
fluorine of pentafluorostyrenewith athiol group, followingthe first approachmentionedabove The
dyewassubsequenthyanchoredo the substrateby nucleophilicsubstitutionof the parafluorine atom
on the porphyrinwith the free thiol groupon the propanedithiolchain affordinga materialin which
1,3-propanedithiolacts asa spacebetweenthe porphyrinandthe polymer,asconfirmed by °NMR
spectroscopy*? When the three components (dye, polymer and thiol spacer) were added
simultaneously heavy crosslinking was detected where the propanedithiolrandomly bridgedthe
porphyrinand pentafluorostyrenet?

79cwasmonofunctionalisedvith divinylbenzenanoietyto givecompound70 (Figurel7) whichwas
usedto obtain oxygensensingcore-shell nanoparticleswith a hydrophiic shelland a hydrophobic
core.!*® The new sensordisplayedfavourablephotophysicalproperties and no leakageof the dye.
Thanksto its biocompatibility, it wasemployedfor intracellularoxygendetection4
Conjugatablederivativesof tetrabenzoporphyrinwere also synthesisedand employed as oxygen
sensors(Figure17). Hutter et al. synthesizedboth the mono- (71) and the tetra-brominated (72)
tetrabenzoporphyrinfor covalent grafting on a polymeric matrix through GC bond via Suzuki
coupling*** Thebromine atom waseither replacedwith a vinyl groupusedto co-polymerisethe dye
with vinyl monomers or alternativelythe Suzukicouplingwas performed betweenthe brominated
dye anddouble-bond-functionalisedpolymer. Theresultingsensorshowedfavourablephotophysical
properties displayinghigh brightnesstypicalNIRemitting properties and no leakageof the dyefrom

the polymer!#*

Conjugatableandwater-solubleporphyrins

Thelast sub-group of porphyrins discused here is the most pertinent to the project It comprises

speciesthat displayboth solubility in aqueousmedia and conjugatablegroup: these specieswere
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developedto link covalentlyand selectively(i.e., with no possibilityof crosslinking the matrix) the

sensingnoiety to a matrixin agueousmedium

Examplesof suchspeciesare shown in Figurel8: theseare AsB type porphyrinswith either positively
charged or negatively charged groups!*® The specieswere obtained via a mixed aldehyde
condensationapproach,with one of the aldehydes bearing a carboxylicgroup as the conjugatable
moiety. Water solubilitywasattained by functionalisinghe three equivalentaryl ringsto inserta net

charge, positive (N-methyl4-pyridinium) in the case of 73, 74 and 75 and negative (4-

sulphonatophenyl)in the caseof 76, 77 and 78, respectivelyfree base platinum and palladium
complexes. These dyes were anchored to amino-functionalised polyacrylamide nanoparticles
(PAANPsyia N-hydroxysuccinimide/ethyldimethylaminocarbodimidBlHS/ED Cchemstry. Thanks
to the water solubilityof the porphyrins the conjugationcouldbe carriedout in waterandundermild

reaction conditions!*® Metal insertion was achievedemploying microwaveirradiation that reduced
notably the reactiontime and increasecdthe yield. The photophysicalproperties of the standalone
dyesand of the nanoconjugatesvere measured showinga red shift in the emissiornwavelengthand

a broadeningof the Soretbandrelativeto the nano-conjugates.

R / \N+_

O M=2H 73, Pt 74, Pd 75
R O

R M=2H 76, Pt 77, Pd 78

Figurel8: structure offree baseplatinum (II) ad palladium (I15-(4-carboxypheny#10,15,20(N-methyt4-pyridyl)porphyrin
(73,74,75) and 5-(4-carboxypheny#10,15,20(4-sulphaatophenyl)porphyrind6,77,78)

Giuntiniet al. showedthat the associatiorof the porphyrinwith the supportcauseda decreasén the
guenchingrate constantby one order of magnitude.All the dyesshowedlinear SternVolmerplots
both in steadystate and time-resolvedmeasurementsand the linearity was maintainedwhen the
nano-probeswere embeddedin compressedcollagensheets!4®

Thesameauthorsdevelopedalsoa dual oxygenand pH ratiometric sensorexploitingcompound74
as oxygen probe, 6-carboxyfluorescein and Oregon greerf® as pH probes and
carboxytetramethylrhodaminasareferencedye.*’ Thenewnanosensorsespondedo variations of

oxygenovera0-100%rangeand pH valuesin the fully biologicalrangebetween3.5and7.514’
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1.4 Acloserlook at porphyrins

Porphyrinsare aromaticmacrocyclesnadeof four pyrrole ringsconnectedoy four methine bridgesin
a square planar conformation. Porphyrinshave a 18~ electrons conjugated system, which is
responsibléefor their veryintensecolour*8 Thenameof thesespeciess derivedfrom the Greekword
porphyra meaningpurple 1*° Themacrocyclepresens a tetra-dentate cavity suitableto coordinate
different metal atoms, suchas zZn (l1), Fe(ll)or Fe(l11),Ni(l1), Cu(ll),Co(l1),Pd(ll),Pt(11)1%° The basic
structure of a porphyrinis shownin Figure19. Three different positions on the structure can be
identified: alpha, beta and mesopositiors. Whenthe mesopositionis substitutedwith aryl groups,

the speciesare calledmesectetra-arylpaphyrins.

= beta position (B)
= meso position
= alpha position (at)

R =H, alkyl, aryl

Figurel9: porphyrinstructure

Dueto their extendedconjugatedsystem porphyrinspresenta very characteristiovisibleabsorption
spectrum(Figure20). Themostintensebandappearsaround400nm andit is known as Soretband.
Thisbandis generatedby the © iy~ Ftransition. In free porphyrins,four lower-intensity bandsare
visiblebetween450 nm and 650 nm, which are calledQ-bandsand are responsiblefor the vivid red
colourthat thesecompoundsshow. Modification on the aryl groupson the mesopositionsdoesnot
havea majorinfluenceonthe intensityandwavelengthof the absorgion spectrum but the insertion
of ametal atom causesa markedchangein the absorption.Besidesa more or lesspronouncedshift
of the Soret bands, which dependson the nature of the metal ion, two of the four Q-bands

disappear® The latter featureis particularlyusefulwhen monitoringthe metal insertionreactions
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Figure20: typicalabsorptionspectrumof porphyrin

Someporphyrinsand related tetrapyrrolesare natural productsand, due to their unique physice
chemicalproperties they play major roles on the very processof life. The two most prominent

examplesare haem and chlorophylk, the pigmentspresentin the red blood cellsandin greenplants

andalgae respectively

Haem (Figure 21) is the iron complex of protoporphyrin IX, and it is the prosthetic group of
haemoglobinthe protein responsiblefor carryingoxygenfrom the airwaysto the cellsand carbon
dioxidefrom the cellsto the airways .Molecularoxygencoordinateso the iron metalin the porphyrin
coreandit istransportedin the blood streamto the districtsof the body. Onceit reachesa cell, the
oxygenis releasedrom the coordinationcomplex,haemcoordinaescarbondioxideand carriesit to

the heartandthen the lungs.In other words,haemoglobinis a crucialelementfor the very existence

of life.1%2

Figure21: structureof haemgroup

The secondnaturally occurringporphyrinsare found in plants (mainlyin their leaves)and in green
algae.In this case a magnesiumcomplexof a chlorin, a porphyrinin which one of the four pyrrole
rings partially reduced is involved As haem is important for the life of multicellular animals,
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chlorophyll is pivotal for plants life becauseit is part of the complex machinery deputed to
photosynthesisthe processvia which plants harvestlight and convertit into energy Many different
typesof chlorophyllare presentin a plantleaf,asshownin

Figure22, with different specificfunctions.

R™ R R= Me, R'= CH=CH,, R"= X, R"= CH,CH; Chlorophyll a

R= CHO, R'= CH=CH,, R"= X, R"= CH,CH3 Chlorophyll b
R= Me, R'= CHO, R"= X, R"'= CH,CH; Chlorophyll d
R= Me, R'= CH=CH,, R"=Y, R"= CH,CH;  Chlorophyll ¢4

O R R= Me, R'= CH=CH,, R"= Y, R"= CH=CH, Chlorophyll c,

Figure22: structureof different chlorophylls

Syntheticporphyrins

Porphyrinscanbe alsoatrtificially synthesisedtartingfrom simplebuildingblocks.Different synthetic
strategies follow the same development based onto the formation of a porphyrin odee (
electrophilic substitutions on positions 2 and 5 of the pyrrole ring) followed byiti@ation of the
latter. These protocols have been developed to achieve the synthesigidéaariety ofmese and/or
beta-substituted porphyrins. Synthetic approaches to porphyrins fall thtee main strategies. The
oldest and most employed strategy is based on the condensation of four pyrrole units to form the

porphyrin core $chemel).

R

H
N
Cj//\‘ Qj QHA\H = \NHHN\D m

Dipyrromethane

R R
[Ox] H,O
R R — R R =
R
Porphyrin Porphyrinogen Polypyrromethanes

Schemel: aldehydeand pyrrolecondensatiormechanism
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This approach does not give any control on the stereochemistry of the final product. To solve the
problem, two strategies have been developedtibby reacting two dipyrromethane units previously

synthesised, and by including a pyrrolic unit to a tripyrrane precursor.
In this paragraphonlythe aldehyde and pyrrole condensation will be discussed in detail.
1 Rothemundsynthesis

Thefirst porphyrin synthesiswas performed in 1935 by Rothemund'®3 the scienist showed that
heatingacetaldehydeor formaldehydewith pyrrolein asealedube ledto the formationof porphyrin.
Fewyearslater, in 1941, Rothemunddescribedthe first synthesisof mesotetraphenylporphyrint>
performedin a sealedvessein pyridinefor 8 hours Thesefirst syntheticapproadieswere extremely

low yielding,soanintensivework of optimisationtook place.
1 AdlerLongosynthesis

The syntheticproceduremostlyusednowadaygo obtain porphyrinswasdevelopedin 1966from the
Rothemundprocedureand it bearsthe name of the two authors: AdlerLongo'®® This synthesisis
performedin refluxingpropionicor aceticacid,increasingnotablythe yieldup to 20%.In somecases,
when propionic acid was employed the product would precipitate in the reaction mixture upon
coolingand could be obtained directly by filtration from the reaction mixture.*>® Together with the
role of temperatre, the amount of oxygen, and the reagerdsncentration the authors have
highlighted the influence of theeaction mediumacidity. Thus, the protocol established followe
following recommendations: the condensation of pyrroles and aldehydesdsto be performed
starting from an equimolar mixture dissolvedrefluxingpropionic acid (141 °C), under air and for at
least 30 minutes. As for the previous Rothemund synthesis, this approach requires the use of
aldehydes which can withstand the high tparaturesbut, despite the higher yield, most of the
products formed are impuritiesOver the years, the method was improved, and yields were

moderatelyincreased
1 Little synthesisknownasd YA E$§ RSK& RS & ¢

Basedon the work of Adler and Longo,Little proposed,in 1975,the synthesisof porphyrinsbearing
different substituentson meso positions to obtain asymmetricporphyrirs (Scheme2). Usingthe

previousprotocol,amixture of two differentaldehydesancondensewith pyrroleto form asymmetric
porphyrins®®® Unlikethe synthesisof a symmetricporphyrin,the procedureaccordingto Little does

not allowthe synthesisof just one porphyrin.
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N OlL Ci propionic acid .
4\ )+ x + oy R
R' R" 141°C, O,
R=R'or R"
xX+y=4 R

Scheme: [ A G syhtHietesthemdor mixedaldehydes

In fact, usinga mixture of two aldehydedeads to the formation of sixdifferent porphyrins (Scheme
3). Whenusingthis protocol,ad O 2 RaSheencreatedto distinguishthe different products.Starting

from two different aldehydes A and B, the obtainedporphyrinsare labelledasfollows:

A, for porphyrinswith substituentsjust from reagentA

AsBfor porphyrinswith 3 substituentsfrom reagentAand 1 substituentfrom reagentB

AcB; for porphyrinswith 2 substituentsfrom reagentA and 2 substituentsfrom reagentB (2isomers)
ABs for porphyrinswith 1 substituentsfrom reagentA and 3 substituentsfrom reagentB

B4 for porphyrinswith substituentsjust due from reagentB

Toobtain AsB porphyrins,it is suggestedo use3 equivalentsof aldehydeA, 1 equivalentof aldehyde
B and4 equivalentsof pyrrole 1°¢ Thesynthesisof an AsB porphyrinwidely dependson the aldehydes
used and the yield can vary from 5 to 25 %. Moreover, the purification requires the use of
chromatographidechniquesto separatethe variousporphyrinsobtained.Neverthelessthe protocol

remainsthe mostutilisedto obtain asymmetricporphyrins.
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Schemes: different porphyrinsproducedduring Little synthesis

1 Lindseysynthesis

Another syntheticmethod to obtain mesectetraphenylporphyrinwas developedby Lindgy in 1986,
and it involvesthe useof a Lewisacid as catalystto form the porphyrinogen later oxidised by the
addition of an oxidant® In this synthetic route, aldehyde and pyrrole are dissolved in a dry organic
solvent likedichloromethane PCM or chloroform Due to its sensitivityto the presenceof oxygen,
the reactionneedsto be carriedout underinert atmosphere*® The solution is then treated withewis
acidcatalyst either trifluoroaceticacid (TFA or BR-E£O complexin a ratio that varies between 10 %
and 30 %, depending on the nature of the catalyst and of the reag&tbe addition of the catalyst
leads to the formation of the porphyrinogen, which must then oxidised by the addition of an
oxidant such as chloranil @;3-Dichlore5,6-dicyancel,4-benzoquinone(DDQ to obtain the desired
porphyrin. Thereactiontemperature canvary dependingon the aldehydeemployed,however, it is
generalljowercomparedo Adler-Longosyntheticmethod. Thismethodisnot applicabldf aldehydes
bearingLewisbadc groupsare used asthesegroupswould reactwith the catalyst,preventingthe

formation of the porphyrinogen.
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RESULTS AND DISCUSSION
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2 Betafunctionalisation of A4 porphyrins

2.1 Aim of thework

The aimof the work was to build a library of conjugatable and watsoluble oxygensensing

porphyrinsto obtain oxygersensing biomaterialor applicationin the biomedical field.

In this section of the workthe synthesis of symmetrical porphyring And their subsequent
functionalisation with a carboxymethyl group on theta position of the structurewill be describe,

as shown irschemet. The side chain was strategically placed onldbt position, to leave the four

aryl rings on themeso positions availabldor further functionalisation in order to impart water-
solubility to the whole structure. Thbeta carboxylic acid, once activated, woubeé exploited as
anchoring moiety to covalently link the dye to a solid suppoidem of biocompatible polymerés
mentioned prewvously, the presence of a conjugatable group was deemed necessary to prevent the

leaching of the dye from its support.

Schemel: generalstrategyfor beta-functionalistion

2.2 Synthesiof As porphyrins

The first approach employed to obtairiarary of mesasubstituted porphyrins was thadlerLongo
synthesis. According to this approach, pyrrole was added dropwise to refluxing solutions of aromatic
aldehydes in propionic acid® The method does not require any specific precautions and once the
porphyrinogen is formedit is oxidised byatmospheric oxygen tgive the desiredporphyrin. The
simplest way to isolatehe crude porphyrinwas to filter it from the cooledeaction mixtureand
washing the solid with water and warm MeG# .Despite the straigtforward character of this
method, in our hands it afforded little or no product due to paraad poorly reproduciblsolubility

of the porphyrin in the solvent. The problem weiscumventedby evaporation ofthe propionic acid

under reduced pressur@nd afiltration on silica pad andutther crystallisationfrom DCM/MeOHo

obtainthe desired compound.

A general porphyrin structurg9 with different mesaesubstituents &-f) is shown inFigure23. The

choice of different aldehydes was dictated the interest in obtaining porphyrin with different
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