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Abstract

Thedevelopmensin materiak sciencehaveprovidednew approaches for thdetection, diagnosis
and treatment of several diseasedDendrimers hve been intensivelystudied for their unique
properties aprobesanddrug/gene delivery vehiclesyainly due totheir multivalency angossbility
of surface functionalization with a wideariety of compounds.

This thesis aimedt the functionalization ofeneration fouramineterminated poly(amidoamine)
(PAMAM=-NH) dendrimerswith the compound?2,3,5,6tetrafluoro-4-hydroxybenzoic acid (TFHBA)
for the obtention of new gene delivery vectotsving increased trasfection efficiency and high
cytocompatibility takingl R@ I y i 3S 2 F { KBetraccabilitzgodeiitigl & thiSsyste® O G ¢
using®~TFHBA in nuclear magnetic resonaraléhough notstudied in the present thesisyas alsoa
significantreasonfor the developedvork. The functionalization of the PAMABNH: dendrimer was
performed with two functionalization degreesising TFHBA/dendrimer ratios 82.5 and 64.5A
control using 4hydroxybenzoic aci(HBA) the nonfluorinated counterpartof TFHBAwasalsoused
at the same functionalization degreeSeveral techniques wegpliedfor the characterization of the
synthesized materia such adNuclearMagneticResonancgNMR) Fourier Transform Infrare(FTIR),
Ultraviolet/Visible UV/Vig, andfluorescencespectroscopiesas well abynamid.ightScattering DLS)
andElectrophoretic Light ScattegnELS})o confirm thesuccess of theonjugation Biological studies
of the prepared compoundsere performedtoo, namelycytotoxicity, pPDNA condensation and charge
neutralizationcapability and transfectiorefficiency

The functionalization of AMMAMG-NH dendrimerswith TFHBA and HBAboth functionalization
degrees was achieved successfly. Compared to pristine PAMAMG-NH;, the functionalized
dendrimers presented lower cytotoxicity, similar pPDNA condensation alality better transfection
efficieny/ in HEK293T cell®ased on the obtained data, no significant differences were observed

betweenthe TFHBA and HBA functionalized dendrinssgsansfection agers.




Resumo

O desenvolvimento da ciéncia dos materigigvidenciou novas técnicas para a detecé,
diagnoésticoe tratamento de varias doen¢ga®s dendrimero$ém sidoamplamente estudadopelas
suas propriedadede sensotnicase de veiculos dentregade drogas/genesgevido sobretuda sua
multivalénciae possibilitasem a funcionalizacaala sua superficieom uma variedade de compostos.

O objetivo principal desta tese é a funcitimacdo de dendrimeros gmli(amidoamim) de quarta
geracaaPAMAMG-NH) com oéacido2,3,5,6tetrafluoro-4-hidroxlbenzoico TFHBA) para a obteéio
de novosvetores para a entrega de gengse possuam umalevadaeficiéncia de transfeccée
citocompatibilidade tirando vantagen®R 2 & S ¥ S A (i 2 pofRtididadetdg @ilk&rassonancia
magrética nucleat®*~TFHBAestes sistemaslotando-os deum potencialde rastreabilidadeembora
ndo estudada na corrente testgi, também, uma razdo importanteara odesenvolvimento deste
trabalho. A funcionalizacdo do dendrimero PAMAM®G+ foi realizada com doigyraus de
funcionalizagadlistintosusando racios de TFHBA/dendrime®32.5 e 64.5.Foi, tambémutilizado
um controlocomo acido 4hidroxiberzéico(HBA) o homdlogo nao fluoraddo TFHBAVArias técnicas
de caracterizacdo foram sadas para a caracterizacdodos materias sintetizade, tais como,
espectroscopias dBMN FTIRUV/Visiveek fluorescénciabem comdDLS/EL$ara a confirmacado
sucesso da conjugacddstudos biolégicos foram taréin efetuados nomeadamenteitotoxicidade,
capacidadeondensacao e neutraliza¢éo de carga do pDa¥Aiciéncia daransfeccao.

A funcionalizagdo do dendrimero PAMAM@+t com o TFHBA e o HBA em amhgrswus de
funcionalizagédofoi bemsucedida Comparado com adendrimero de PAMAMG-NH nativo o
dendrimero funcionalizadapresentamenorcitotoxicidade, condensacao e neutralizagdo de cdma
pDNAsimilar, erevela uma melhor eficiéncia de transfecgio célulasHER93T. Até ao momento, e
baseado nos resultados obtidasiose denota quaisquetiferengas significativaentre o dendrimero

funcionalizado conTFHBA e HB#omo vetulos de transfeccao
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Chapter: Introduction

1.1.Dendrimers

The worddendrimercomes from the Greelwheredendronmeansttree¢ andmerosmeansoparté
- this designatiorappeared for the first time ithe work of Tomaliapublishedin 1985 and wadater
widely spread amonghe scientific communit Indeed,althoughdendrimea's were frst synthesized
in 1978 by Fritz Vogtl¢hey became better knowfter the works ofGeorge R. Newkome and Donald
Tomalia in the 198G4. Dendrimersare thus a particulartype of hyperbranchedsyntheticpolymer
having a 3D tredike structure andcharacterized byeingmonodispersedvhen conpared with the
classicahyperbranchedpolymers While the latter are usuallyproduced n a single stend using
relatively simplifiedreactiors, dendrimers arepreparedin a thoroughly and iteratively controlled
manner that will result in weldefined stuctures and molecular weightsDendrimers are thus
composed of anultifunctional core different layers (generati@) andan exteriorsurface consisting
of manyterminal groups (the number of these grougslependent orthe dendrimer generatior{G))
(Figure1)-2,

“Terminal
¥ sroups

Figurel: Schene of a dendrimer architecture. GBenerationl; G2:Generation 2, G3Generation 3

Dendrimers areextremelyversatile moleculesand their properties can be finely tuned, either by
changing the generation/molecular weight or by playing with their chemical composition. The
functionalization of the terminainoleculeswith distinctfunctional groups can also be done and this
may affect their solubility, photophysical properties and chemical reactifdty ¢ KS G RSYRNAGA O
2NJ ARSYRNARYSNI STTSOU ¢ Eof hé&randsyinterastingipkopeitiés. Thistar B Y& A a

commonly used to describe thewusualphysicochemical trends or property patterns observed in both
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dendrimers and dendrons. The dendritic effect may be a generation effect where, upon the increase
of the generation, there is a variation on the properties; or a multivalency effect reladethe
presence of multiple surface grouplseto each othe?®.

It is not bychancethat the name dendrimebecame the moswvidely used to characterize idtype
of polymers.Thedendritic architecture can be found inountless examples in natursych assnow
crystals lightning patterns vascular systems afnimal and plants, tree roots and branchifygand
neurong!2, Dendrimerscan also be found inmany applications such ascatalyss'®, sensorg?,
bioimaging®, and dyed®. They areparticularly interesting forbiomedical applications sinctheir
terminal groupsenable multivalent bindingo biological receptorsind sincethey cancarry drug$or
proteins'’ by encapsulation inside their inteal void spaces or by chemical conjugatiothe chemical
groups at their surfaceAs nanocarriers, dendrimers mafiow ahigh drug loading capacitielp in
the reduction of the required drug dose, increas¢he drug delivery to the target, allow multigl
administration routes, control the biodistribution of the drug, and reduce mortality and morbidity
since theycontributeto adecreasean the adverse effects of therug®2°. Nevertheless, little is known
concerning their exposure pathways and effects on processes and biochemical pathways in
mammalian systems, and their implementation and development costs can also constitute

problemaic issue¥.

1.1.1. Types of Dendrimers

Snce theirdiscoveryand until nowadaysawide range of dendrimers Isdoeensynthesized in the
searchfor the best performing ons, orthe ones presentinghe most interestindeatures

Dependingon the applicatioror wantedproperties several types of dendrimers can bsed such
as PolyAmidoAmine (PAMAM) dendrimétd, Poly(Propylene Imine)(PPl) dendrimeré?,
metallodendrimer$*?®, Poly(aryl ether) dendrimer8?"?®  polyester dendrimes?®, Polylysine
dendrimers®®, carbosilane dendrime?§ triazinebased dendrimers, amongmanyothers.

PAMAM dendrimers(Figure2) can be prepared withigh yields and at molecular weights ranging
from several hundred to over one milliddaltons depending on thia generatiort’. These dendrimers
usuallycontaina diamine (DA) coreanethyl acrylaterepeating unité* and different terminal groups

such as Np{>28
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Figure2: PAMAM dendrimebf generationfour. Adaped from referencé.

PPl dendrimersor POMAM (another designation for these dendrimerthat stands forPoly
(Propylene Aming) (Figure 3) are usually synthezed by a divergent method andusing
dioaminobutane (DAB)r EDAasthe core. They have primary amines as terminal grougsd the
interior compris& numerous tertiary tris-propylene amines.These dendrimers arextensively
explored for drug delivergpplications andare commercially available until generatifine (G)2%'.
However, a the generation increasethie number ofcationic groups at the surfadacreasesndcan
induce cytotoxic effects As suchthe outermost part of he dendrimer needto be modified or

functionalizedto reduce the cytotoxicitypefore its usan viva®2338,

SNSRI A
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o B e
Nl é”\r\_\\r\f\\ﬁ

e =NH,

Figure3: PPI dendrimeof generation four. Adapd from referencé.
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Metallodendrimers(Figure4), another type of dendrimerthat combine the properties othese
hyperbranched molecules with those of metals/metal complexes veryinteresting since theymay
be used as catalysts, beirggenerable and ecologically viablheirefficiencycan everequalizethat
of the homogenous mononuclear catalgsind theycanbe straightforwardlyrecovered and raused®.
Theymay also be appdd in dher fields such aghoto-physics,molecular light-harvesting, drug
delivery,and redox anion recognitiéf®. In ametallodendrimer the activecentre canbe situatedin
different locations:on the outer edge within the branchesor at the centre. In the area otatalysis,
the most common metds and oxidation state useid the preparation ofmetallodendrimers are Co
(1), Rh(1ny, PA1), Cyl),Ru (1), and Fe (1). heanbe prepared byhiolene reactionsglick chemistry,

azidealkyne reactions, andlsoDielsAlder reations®*® among others

M = 0Os, Ru

Figure4: Metallodendrimer. Adapd from referencé.

Poly(aryl ether) dendrimer¢Figure5) are, agheir name indicats, dendrimers constituted cdiryl
ethers. These dendrimerBave beershown to havehaemolyticactivity againsblood cells of ra¥. The
convergent synthesis of these polyether dendrimeesdewveloped byHawker and=réchetwho were
successful in obtainingionodispersednacromoleculs™ that were later analysed byMatrix-Assisted
Laser Desorption lonization Mass SpectroméMALDITOR*. Theywere mainly studiedas drug
carrierssincethey allow the encapsulation o&drug inside their cavitieacting as a shield against the

unfavourable envisnment of the body?4243




i 1

Figure5: Poly (aryl ether) dendrimewith imidazolium end groupsAdaped from referencé®.

Polyester dendrimergFigure6) are very similar to the posther ones, with the only difference
being that instead of ethethey have esterdinkagesin their structure The ester bond is quite
advantageous since is a hyrolysable linkage and, as sudi|ows the biodegradability of th
dendrimer®. Thisproperty, along with the nortoxicity of thistype of dendrimerhasmade themthe

object of interestfor many applicationsMostly in the biomedical fieldand, the development of

aromatic polyester dendrimerisasbeen growing ever sinég




Figure6: Polyester dendrimer. Adapt from reference?®.

Pollysinedendrimers(Figure7) are the most commoly used peptidebased dendrimerghat
contain Llysine intheir branchingparts. Sincethey containamino acig in their structure, they may
present protein functionalitie®*4. Apart from beingemployed in drug delivery, such as the previous
dendrimersthese moleculetave been studied fotheir ability to showantiangiogenic activityn solid
tumours after intravenousadministratiori®, as well as theicapability to be quickly removed from
plasma after systemic admistration, even though theyare metabolized and thereleasedL-lysine

entersin endogenous synthetic processés

W N
0 W

HJA |
|
R

Figure7: PolyL-Lysine dendrimer. Adapd from referencés.




Carbosilane dendrimer&igure8) havesiliconand carbonatomsin their skeleton andiiffer from
the other dendrimersby the high mobility of their peripheralbranchesand the core apolarity. They

have been studied faheir antiviral (e.g.anti-HI\), and viscoelastic properti&*&4 among others
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Figure8: Carbosilae dendrimer. Adagd from referencé.

Triazinebased dendrimergFigure9) have as a core oin the branching urtis, the 1,3,5triazine
ring, and can be synthesized in \@s manners, such gdsy a cycloaddition reactionfor the formation
of the triazine ring,by a cyanuric chloride @GN:Ck) nucleophilic aromatic substitutiompr by the
cyclotrimerization of organicyanates more comnonly used for the preparation of hyperbranched
polymers34®, Triazine, particularly melamines, are interestindue to their capacity of molecule
recognition by the acceptance and donationhytlrogen bonds; -~ A ytior andl riketal chelation.
These abilitiesassociatedvith their electromechanical andlectroluminescenceroperties’, ease of
synthesisand control of their compositiormakethem very attractive for molecular recognitiogene

and RNA oligonucleotide delivery vehiclasd the preparation ofmetal complexes andendritic

ligands?349:51.52
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Figure9: Triazinebased dendrimer. Adapt from referencé.

Phosphorushaseddendrimers(Figurel0) are dendrimers thapossess at each branching poiat
specific placesphosphorus atomsTheir synthesisquite straightforwardand straightforward is
commonly owed to theexistence of/ery reactive groupsither aldehydes or P(S)@roups$®. These
polymershold fascinatingproperties and arebeing studied forseveralapplications in the field of
biology, materiad science, and catalysi.helatter has been the most commonlpvestigatedsince
the existence ofatoms of tricoordinate phosphorus, typicallyat the end groups enable the

complexation ofa multitude of organometallic derivativesith catalytic propertie¥"*.
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1.1.2. PAMAM dendrimex

PAMAM dendrimeswere successfullgynthesized by Tomalia in 198&ing a modified synthét
methodologyemployedby Végtleand coworkers !, The synthesis of such dendriménsolvesatwo-
step process, namely a Michael additiadf an initiator core of amine with methyl acrylate, and
extensiveamidation with an excess of ethylenediamine (BDA the resulting esters, where the
iteration proess leadto the next generatiof®. Thefirst generatiors that arosefrom such polymes
were from generation 1(G) to generation7 (G;). Then,after some time,a group ofresearchers
synthesized PAMAMendrimersup to generation 11(G11)*®. However,an important strain occurs
throughout the structure of the G PAMAM dendrimerand intensely increases forthe next
generation which can be explagd by the availability of the surfacareaper monomer causng a
significant stretchingf the dendrimer interior'°%5” The steric interactionsof the surface groups
prevent the growth ofomplete generatioabeyond Gy, being thishe limitinggenerationfor thiskind
of dendrimef®. Other difficulties concerning dendrimer growth, already discoverid Tomalid a
synthesisinclude terminal functionalitysolvolysis intramolecularcyclization, fragmentation due to
retro-Michael addition, and incomplete Michael addition

Considering that the growtlof dendrimers is dondyy increasing the generationumber, the
terminal groupsmolecular weightand the number of atomsall increase exponentially througiut
the generatiors, although the radiusonly increases by 1@ per generation.PAMAMG-NH, for
instance has64 primary amingerminal groups, a molecular weight of 285Da, andin solutionhave
aspherical conformationvith a diameter ofapproximately4.5 nn?2°4¢ An importantpoint needs to
be consideredregarding thedendrimerterminal groupssince when thedendrimersare growing,a
considerablgolding back ofthesegroupsis observedvhich influences thesurfacegroup availability
and the dendrimer conformatiof.

When using this type ofiendrimer, safety and toxicitgre relevant concernsThe toxicity of
PAMAM dendrimerss dependent on theirgeneration, concentration, and charg&hat said the
cationic derivativeill present significant toxicity compared to their negatively charged or neutral
counterparts and their cytotoxicity will increase witinincrease irconcentration and generaticfh®

The amino groups of PAMAM dendrinsare the ones accountable for thgositive charge of the
dendrimer.Cationic molecules, in this cagdhe PAMAM dendrimeramay causecell lysis since they
destabilizecell membranes™. However, theamine groug within the PAMAM dendrimegre very
sensitive tathe pH of asolution.In fact,at a very highpH, the tertiary aminesat each branciig point
in the dendrimerare not protonated,the primary amins start to protonae at a pH of approximately

9, andall the tertiary amines are protonateat a pH of 4%%4,




Neverthelessthe positive charge aheseamine terminated PAMANMendrimeis alsohassome
advantages since #llowsfor the condensation of DNgnegatively charged due tthe phosphate
groupsin the DNA backbonénto a nanometic globular size and, subsequenthcilitatestransfection
andfavoursthe interactionwith the negatively chagedmembraneof cells The high amount of tertiary
amine group present inside the PAMAMsults ina LINR (i 2 y & LJ2 y 3 &scapdfth8 O i
polyplexfrom the enddyscsome?®-61:63.6%

The surface modificationor functionalization of dendrimerss widely used todecrease their
cytotoxicity. One of the most commonly usadoleculesfor this purposds polyethyleneglycol (PEG),
since itpresens hydrophilicity, shieldsthe positively charged terminal groups of tdendrimer, and
may increasetumour accumulationdue to the Enhanced PermeabiliBetention EPR effect and
plasma circulatioff®®, Other molecules have also been used for a variety of applicathostudy from
2008° used PAMAM dendrimes functionalizedvith [RU'(EDTAH.O)] to deliver, in a controllable
manner,Nitric Oxide NO) into a specific locatiorin another studyfrom 20147, the surface of PAMAM
dendrimers was modifiedvith lipidsto deliver drugs/genes into the central nervous systemthe
system washen compared with thepristinePAMAMNH,, showinghat the lipidPAMAMdendrimers
were less toxic than the orgecontaining aminesAlso, in a study from 20¥8 amineterminated
PAMAMdendrimers werdunctionalized with multiwalledarbonnanotubes (MWCNT) to afford P-
MWNT/PANIRAMAMmMultiwalled nanotubépolyaniline) electrodes with supecapacitorproperties

1.1.3. Fluorescent dendrimers

1.1.3.1. Fluorescence

Fluorescence is a physigdlenomenon that requires energy absorpti@ifigurell). The absorbed
energywill take the molecule fronthe ground state to an excitedlectronic statethat is not stable.
There are different pathwaysfor the electronsto return to the ground stee, namelyradiationless
transitions (without photon emissionand radiational transitios (relaxation of the molecule from the

excited state to the grond statewith the emission of photos)>"3
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Vibrational relaxationis, generally the first processthat occurs after he absorptionof an
ultraviolet or visible photonin this transition the vibrational energy isansferred through collisions,
to other moleculesusually thesolvent.Part of the energyf the absorbedphotonis convertednto
heatthat spreadthroughout theentire mediuni?.

Two categories arpresent in the radiationless transitisrintersystem crossing (ISC) anternal
conversion (IC)n the firstcasethe transitionoccursbetween stateghat have differenspin quantum
numbers while, in the later one,the transitiontakes placebetweenstates with equal spin quantum
number?7"4

The emission ad photon (radiation transitior) can be donén two different ways by fluorescence
or by phosphorescenceProbably, he most important difference between these two types of
luminescences their kinetics, that iswhile fluorescenceéhasan emission lifetime of 1 ito 1 ps,
phosphorescenchasan emission lifetime that goes frofinms to seconds or even minutdsis effect
is due to thespin quantum number change between tfieal and the initial states. the spin quantum
number is differentthe transition is spin forbidden aritlis calledphosphorescencdf, on the other
hand, thesequantum numbes are equal,the transition is spirallowed andit is a fluorescence
phenomenorf* ¢

Fluorescence isr@levant, excitingand convenient propextof certain materiad that allowfor the
developmentof probes and markers that are widely usedhia medical and biological scieredt may
provide knowledge of the surrounding local environment of the fluorescenemdé the molecular

compositionof the sample andthe location of the probeEndogenous fluorophoresommonlyused
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for tissue characterizatioim biological studiescludestructural proteins|ike collagencollagen cross
links, elastin,aromatic amino acid¢ée.g. phenylalaninetyrosine and tryptophajy porphyrins, flavin
adenine dinucleotide (FADandenzyme metabolic ctactors, like Nicotinamide Adenine Phosphate
Dinucleotide(NADP 70,

1.1.3.2. Dendrimers as fluogghores

The developmens in material sciencéhave contributed to a rise in nanomaterials with quite
attractive luminescence propertiespmbined with high sensitivity and biocompatibility, which allows
for their usein biological imagirfj. A fluorescent probe shouldgeally,follow some requirements,
such adeing nontoxic, not affect thecellmetabolism,and specifically anefficiently be internalized
by cell§*. Amongthe fluorescentprobes, dendrimers areconsiderednterestingobjects of study due
to their already discussed propertigSoncerning the fluorescence of such molecutdsgs beerfound
that dendrimerswith tertiary aminesat their branching poird emit fluorescence with a signahat
variesupon the adjustnent of the pH valuePAMAM:: dendrimersshow an increasi fluorescence
intensity withadecrease of pH from 6 2.5, being this last value threaximum fluorescence intensity
reached by this dendrimegeneratiorf%e,

The incorporation of luminescent usitnto the dendritic structure is a common procedure to
ensure the fluorescence properties of such molecudasl, especiallyto give a signal intensity
adequate for the intended applicationThis incorporation gabe donenon-covalentlyby surface
adsorption or encapsation ofthe luminescent uniinsidethe R S y’ R NJavite§ld éovalentlyby
binding the unitto the surface terminal groupsf the dendritic structuré®. Variousstudiesproposed
different kinds of fluorescent dendrimers, suchthe useof a copolymerbaseddendrimerPEGor
fluorescence sensifig PAMAM dendrimersvith sulforhodamine Bovalently attachedo the coreas
a potential diagnostic tool for biomedical traciffty a water-soluble dendrimer witha carboxylated
perylene bisimides dyas coe and PAMAM dendron arms folongterm imagingof live cell&,
fluorescent carbazole dendrimeass an accelerant angitroaliphatic taggants detect8?, among many

others.

1.1.3.3. Nontraditional intrinsic fluorescenasf dendrimers.

The traditional luminescence paradigm involves the excitation of electrons (from the ground state
to an excited one) due to the absorption of high energy radiation, and the emissiopartiaular

lower energy radiation when the excited elect®relax back to the ground state. This emission of
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luminescencas recognised to be generally quenched by aggregatorat a high concentratiorand
to be concentration dependefit®2

PPl and PAMAMendrimers were initially designed to be soluble in aqueous media, where their
nitrogen atomsunderacidic conditios, are protonated. Howeveblue backgroundluorescencevas
observed in these moleculeshich was at first, considered as od to contamnations, since there
was not anybuilding block inthe dendrimer structure that could be considered as a traditional
fluorophore®>®, This weak blue fluorescenessigned to the PAMAM dendrimersspecially when
excited at near or in the ultravioléUV)region, was later attributed to their intrinsic fluorescefit¥.

The tackground blue fluorescence that appearénd the PAMAM dendrimersvas further
investigated Sincethe traditional luminescence paradigm did hdit with some of the phenomea
observedwith this fluorescence, a new concept emergbadt was recently namednon-traditional
intrinsic luminescenag(NTILY®".

NTIL diffes from traditional luminescence since it involvégtero-atomic subluminophores
(HASLs), such as oxazolines, esters, amimei&lea, imines, hydroxyls, carboxylic acids, and the
emissionis enhanced by the confinement, rigidifications and/or aggregation of the assemblies that
contain these HASL$ comprises the physicochemical confinement and/or the clustering/aggregation
of electrontrich, hetercatomic, usually nosemissive, functional moieties, and happens in the absence
of traditional luminophores. TheNTIL systemsan presentaggregatiorenhanced emission or
aggregatioAnduced emissiorfAlE)and when in aggregated states drconcentrated solutions, are
highly emissivé-92.9

Unlike aggregatiorcausedquenching (ACQ, in AlEthe aggregationinduces the emission of
fluorescence Thatis, whenin discrete formthe chromogens arpoorly luminescent but whenthey
aggregatethey becomemore luminescentSinceits emergencethis phenomeion has appeareéh
the literatureto explain the NTIL afeveralcompound$§%2°,

Larson and his eworker Tucker,in their study on the intrinsic fluorescence of PAMAM
carboxylateterminated dendrimer®, proposed that this emission of fluorescence might be due to a
nA ~* transition from various amino groupgd®. Another study from 2004° working with OH
terminated PAMAM dendrimers, suggested that the blue luminescence was not due to the backbone
of these dendrimers but to their terminal groups however, when adjusting the pH valuthe
dendrimers with tertiaryamines in their branching poirg emitted a strong fluorescence, which
indicated that the backbone of the dendrimer would contribute to the fluoresceéfég!?197.108Qther
studies associated the fluorescence emission of thmRK dendrimes to the tertiary ammonium

and the imidic acid amide resonance found in their structt#e'°®11° Not only PAMAM dendrimers
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but also PPl and pdisine ones with NH terminal groups were found to have thiype of

fluorescencg 93111

1.1.4. Fluorinated dendrimers

Fluorine(F) with an atomic weightof roughly 19 Dand electronegativity 08.98is notreadily
available for biological systems since tmsoluble form ofterrestrial F preventsits uptake by
bioorganism&%14 However, fluoride iscommon on the earth’s crust and can be found in air, soil, and
water. Fluorideplays an important rolén dental healthespecially on the calcification of the enanaél
children ofage below eight yearsaand asanagentin the prevention ofdental caries The fluorideion
decreases thaolubility ofthe hydroxyapatite mineral phase mineralized tissues and biomaterials,
increasngtheir stability, andit alsodisturbsbacterial cellshrough cellular enzyménhibition, such as
glycoltic enzymes andi™-ATPasesThe cytoplasmic pH and the permeability of the membrare
also affected by this iorgecreasing the acid production gfycolysi&'*!°,

The incorpoation of fluotine in moleculess a strategysed inthe development okeveraldrugs,
such asAtorvastatin (Lipitor), Capecitabine (XelodaMoxifloxacin Aveloy, Fluoxetine (Proz&®,
among many othefd*'22 This incorporation of fluorine intthe molecule moietiesor ¢fluorinatiorg,
increases thgogharmacokinetidehavior of the drugandimproves protein stability withoubiological
alteration. Fluorine reduces thbasicity and enhances the acidityabasigroup or an adjacent acid,
correspondinglyt3123.124

Fluorinatedcompoundsdisplaya hugephase separation tendenayn both nonpolar and polar
environmens and exhibit lipophobic and hydrophobicharacteristics.Huorinated polymers will
preferably associate, at low concentrations, witach othersince they have low surface energyhe
unusual chemicabiological, and/omphysicalbehavior and propertiesf fluorinated compoundsre
sometimesreferredto as thed F f dz2 NAWPS12S FF SO0 ¢

Fluorination of cationic polymemvill reduce their cytotoxity, increasing their capacitipr gene
delivery?’. Therefore, the fluorination of PAMAMH dendrimershas been shown tamprovetheir
transfection efficiencydue to a significantprotection and DNA condensation abiliserum stability,

cellular uptake, endosomal escapand easierintracellular release of the carriedDNA (Figure

12)113,124,122133_
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effects during these processes

Figurel12: Transfection mechanisimighlightingthe effect offluorination. Adapéd from referencé.

Since'®F Nuclear Magnetic Resonance (NM&Ra very sensitive probajmilar to*H NMR the
incorporation of fluorine in dendrimers may make them suitable'f6rNMRenabling the use of these
systems as contrast agents in bioimaging and guided drug therapy. In adtlidaysencen natural
systems of organofluorine compounda/ing no bakground spectra malsit appropriate for probing
biological systemsit is alsq due toits highly sensitivechemical shifts ofocal confomation and

environment, suitable fothe characterization of unfolded structur&g3+135

1.1.5. Dendrimers as transfection agents

Transfectionis a process whel®y foreign nucleic acids (DNA or RNA) areeoduced incells
generaing genetically modified cellSfransfection airs to inhibit (gene silencing) or enhance (gene
delivery) protein expressiéh®

DNA by itself is unstable in biological eaviments and as countermeasures, living bodies
developedstrategies such a$e nucleusandthe cellmembraneto preventchanges in their genome
by endogenous cgxogenous species that may leak from the immune systdrarefore for successful
transfection the vector that will deliver thewucleic acid neeslto protect the compactedyene from
the immune systenandneeds to assist inrossng biologicalmembranes.Vectors that are capable of
this task aredivided irto two maincategoriesviral and non-viral. Other strategies are also usdadr
gene aliverythat do nd requirevectors, being them physical methdés*”138

Physicamethods as mentioned before, do not need the use of vectdmsteadthey use various
physical tools for the delivery of the nucleic acithesemethods force theentry of the nucleic acid
into the cell. Severabols are used fothe accomplishmenbf transfection, such asicroinjectiort®
where thegenetic material is injectedith a syringe into the desired locatipelectroporation where
pores are formed in the cell membrane bgpplying an electric field greater thahe cell membrane

capacitancé&”®; sonoporation where the cell membrane jgermeabilized with the use afltrasounds;
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photoporation that creates poresi the cell membrane withsingle laser pulse tenalde the entrance
of the nucleic acid; among otherdNeverthelessthese methods areough demand speciaed
equipment skillful usersandare oftenharmfulto cell®136.137.141

Viral vectorsare tho® in whichviruses like lentivirus, adenovirus eetrovirusare used tadeliver
the nucleic acidnto the desired cells. Due to theiaturalability of transfectionthese vectors argery
efficientin transfection andusually lead to highgene expression levels. Howeveafety concerns such
asinflammatory effects immunogenicity, cytotoxicityand the possibility ofin interruption in the
activationof vital genes ooncogenesare major drawbacks in the use of these delivery meth&dé>
144.

Norwviral vedors, as the name indicates, axehicles that do not make use of viesto deliver
nucleic acid to cells. Chemical entitiessuch ascationic lipics, cationic polymers, and calcium
phosphatemay beused as nosfviral vectors Although these vectors are less efficighain the viral
onesin terms ofthe transfectionprocessthey usuallyhave lower toxicity anédnmunogenicityand do
not carry extraDNAnor lead tomutagenesisTheir efficiency often depends a@he pH of thesolution,
molar chargeatio, and cell membrane conditionEhe positive charge of these chemicals will compact
the negatively charged nucleic acid formiregtornucleic acid complexe3he negatively charged cell
membrane will be then attracted by these complelk€&s38.143.144

Cationic polymers are interesting for gene deliveirycethey are capable of nucleic aditharge
neutralizationand condensationthus helping DNA to beffectivelyinternalizedby cells.However,
due to theirexassive positive chargeéhey can show severetoxicity, and most of themare non
biodegradablé&*?14314° Themost studied cationic polymer, polyethylenimi(feEl)even thoughit has
exeellentproperties asa vector €.g.condensation of DNA and transfection efficiefoogh in vivoand
in vitro, as well aseffective enddyscsomal escape andell uptakeof the formed complexés it
aggregates andstablishesion-specfic interactions with the blood, and is cytotoxit314¢

Polycationic dendrimers, such as PAMA®hdimers, have been studied agene carriersince
they exhibita rather highgene transfection efficiency well-definedstructure, andthe possibility of
surface functionatiation The amino groups of theAMAMNH: dendrimersare responsible for the
positive charge of the dendrimera/hich contributego the condensation of the nucleic acaid their
inherent cytotoxicity Nevertheless, the functionalization dendrimeis can result in the shielding of
the positively charged groupslecreagng the dendrimer cytotoxicity and impranwg its transfection
efficiency? 13714247

The endtysacsomal escape of dendrimecemplexed with nucleic acsgsthought to be due tdahe
proton sponge effectThis phenomenon happensecause, inside the acidic environment of the

endolysosomesthe dendrimer tends to absorb protons whiglill result in an increase dfie influx of
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H* (in fact HO") into that vesicle. This influx of protons will cawseinflux of Cl thusincreasing the
osmotic pressuren the endolysosomal interiorand, ultimately, its burstingto releaseits content to

the cell cytosdp14&150,

1.1.6. Main chemical reactions used in dendrimer chemistry

The synthesis oflendrimersis done by an iterativgprocessthat can begin insidand move
outwards(divergent synthesigr that begindrom the outsideand movesn (convergent synthesis®®,
The divergent approachntailsa stepwise process afdivation and couplinggf monomers Theinner
core of the moleculewill reactwith the monomer that will have a reactive site and tvypootected
groups Then the protected grougare activated for the coupling of more monomers giving the next
generation. These steps are repeated until the desired generation is reache&>

The synthesis of PAMAM dendriméFsgure13), developed by Tomalia and coworkén 1985,
is an example athe divergent method Synthesis involves the Michael addition of methyl acrylate to
ammoniaand the conversion of the resutg ester into primary triamine with a reaction involving an
ethylenediamine excess. Thepetition of these reaction steps leado the different generatiors of
PAMAMdendrimers As previously reportedt is possible tosynthesizethese dendrimersup to

generationelevert:62148

C.H.'(
(o) (0]
O o)
H'N\/\WH L \/U\O,CHg H’C,O\n/\/\‘\/\N/\)LO.CH3
) D\
0”0
CHs
NH;
H\‘\/\P\H b\‘ o
— lterative cycles
4 CH,0H 0
~6>\J/\/N\n/\/N\/\N/\/lLr\/\/NH —
.
o NH

NH.
Figurel3: Tomalia's synthesis approatdr PAMAMdendrimers. Adaped from referencé.

The increase in the dendrimer generation decreases its perfection and phfdgt of these
imperfectiors and impurities aredue to RetreMichael addition, missing repeat units, or

inter/intramolecular cyclizationThis leads to a point where beyond a @@nt generation, a limiting

17



generation, a perfect structure is impossilitebe prepared*°11%° The increase of generation Hye
divergent approactexponentiallyincreases the space needfor the terminal groupstesulting in the
crowding of theouter shell of the dendrimer. This dense packing of teahgroups will limit further
reaction, leadingo growth defects.

The convergent synthesepproachis also performed by an iterative process of coupling and
activation.However since the number of simultaneous react&fior eachgrowth step is small, the
control of the dendrimer structure as well &s purity is higher than with the divergent approach. This
improves vyield and increases the rate of reactidd'> Beginning with the terminal groupshe
branches or dendramare growninwardsby an iteraton process oprotection/deprotection of the
monomersites, until the desiredize.The dendrons are theconnected toa central corg leaving he
end groupsunmodifiedthroughoutthe dendrimer synthesig.

The convergeninethod of dendrimer construction is, however, limitezllower generationslue
to steric issues at theanoscaleupon the linking of the dendrons to the cqrandthe modification of
the surface group ilampered Neverthelessthis approach has several advantages suclyasd
symmetry and monodispersitypw level of impuritiegsince the purification othe dendronsbefore
their connection to the core igetter) and thepossibility ofproduction ofdendrimers with diverse core
functions®28151 An example of this method is the synthesis of polyether dendritfeaswas used
by Fréchet and coworkergFigure 14)1%2 For this, a two-step synthesis was neededrst a 3,5
dihidroxybenzyhlcohol with benzyl bromide reactiomas performed andthen a transformation of
the benzylalcoholinto the benzyl bromideallows the coupling of more monomergepeating the

reactions step%
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Figurel4: Fréchet’s convergent synthesis approach of polyether dendrimer. Addgtm referencé.
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1.2.0bjectives

The main objective of this thesis was develop PAMAM endrimers functionalized with the
compound2,3,5,6tetrafluoro-4-hydroxybenzoic acidilFHBAFigurel5 a) for the obtention of new
gene deliveryectors presenting high cytocompatibility and increased transfection efficiency by taking
Although not tested herein, the future possibility of usiig TFHBA in these systems endowing them
traceability potential bymagnetic resonancdioimaging techniquess also an important reason

underlying the devieped work.

HO

OH
F

Figurel5: The chemical structures oj @FHBAnd b)HBA

PAMAMG-NH

at

32.5 and 64.5

Biologicaktudies

Cytotoxicity
pDNA condensation and

neutralization
Transfection

Figurel6: Schematic representation of the developed work
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In more detail, this thesis aimed at:

a) The preparation ofPAMAMG-NH: functionalzed with TFHBAto study the effect of
fluorination. Thedendrimers were also functionalizegiith the compound4-hydroxybenzoic
acid (HBAthe nonHluorinated counterparof TFHBAFigurel5b) which wasused ascontrol.
Bothwere surface modifiedat two different degrees throughtoichiometriccontrol (ratios of
compound/dendrimer of 32.5 and 62.5 were usgd)

b) The characterization of the prepared dendrimers by suitable physicochemical techniques,
namely by NMR Ultraviolet/Visible spectroscopy (UV/is), Fourier Transformed Infrared
spectroscopy (FTIR)Fluorescence spectroscopy, Dynamic Light Scattering (DLS) and
Electrophoretic Light Scattering (ELS)

c) The study of the stability ahe dendrimers along time;

d) The evaluatiorof the in vitro cytotoxicity of the fluorinatedcand nonfluorinated dendrimers
using a metabolic activity assayegazurinreduction assay);

e) The study othe capacity of thdluorinated dendrimers to condense pDNA and neutralize its
charge(that is,the study of dendriplexes)

f) Theevaluation of thein vitro transfection efficiencyachieved by the fluorinated dendrimers
vs the nonfluorinated ones;additionally, the evaluation of the effect of the degree of

functionalization over transfection efficiency.

The TFHB#olecule(Figurel5a) hasa molecular weight of 210 Dandwas chosen as the source
of fluorine since there is not muckone with this moleculén terms of conjugatiorwith PAMAM
dendrimers Besidesthe combination of fluorination and dendrimers may reveadperties thatmight
be interesting for future applicationuch asn the field of!*F NMR imagingdrug/gene delivery.
TFHBAhas been used in the synthesis of polymericiveated resins forthe production ofpure
compoundlibraries®? inthe development of activitypased probes for noinvasive optical imaging of
cancet*, and in the construction of tetrafluorophenol acrylamide 3D gels for the synthesis of small
moleculesandheI SY SN} A2y 2 F IngthelcafckaREele@se Ehandishy>. NB  dza

The HBAnolecule(Figurel5 b), used for preparing theontrol dendrimerconjugates due to its
resemblanceo TFHBAIs small with a molecular weight of 138 Bxadhasa high affinity for sigma and
dopamine receptors. §na receptors have a substantial predominance at th@&ochondria
associated endoplasmic reticulum membrane, and both of them (sigma and dopamine receptors) are
abundant in the central nervous systéf¥1®. This mteculealsohas antimicrobial activity against a
vast number of eitheGrampositive orGramnegativebacterial®*1¢3 |t also has potential properties

for biomedical applications, such as targeted therapy and diaghfibsis
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Chapter [IMaterials and Methods

2.1.Materials

ThereagentsHBA(99+%), potassium bromide (KBr, spectroscopy grade)Petri dishes for cell
culture (10cm?) were bought from Thermo Fisher Scientific (MA, USR)BA>98.0%)was from TCI
Chemicals (Japanihe ultrapure water usedthroughout the work wasbtained usinga Millipore
2 G SNJ t dzZNRAFAOL (A 2y PAVARGHNHYdendimnesy.a6k (Wawi inndethanol
were purchasedrom Dendritech®, Inc. (MI, USAiRlysis membranes wegequiredfrom Spectrum
(Spectra/Poi™).

5dzf 6 SO02 Qa LI 2 a LoRdIMEBS, avitadut &Niimduteruryt Sxide D0,
99.99%) Dulbecco’'s Modified Eagle's Medium (DMEBIEhinchoninicacid (BCA)copper(ll) sulfate
(4% wiv) LuriaBertani (LB) mediunand resazurinwere obtained from Merck (Germany)trypsin
ethylenediaminetetraacetic acid (trypsEDTA, 0.25%)risEDTAat 0.25%(TE 20x)fetal bovine
serum (FBS), antibiotic/antimycosolution(100X), and collagen (collagen | rat protein, tail) wesm
D A 6 Or2ed>xRLBysis bufferandLuciferase Assay Systemwkire fromPromega (USATheQuant
iTMPicoGreef® doublestranded DNAdSDNA Assay Kitvas frominvitrogen (USA).

2.2.Synthesis of the conjugates

Theconjugationof the PAMAM dendrimer wh the compoundsdither HBAor TFHBA) was done
at room temperature

To accomplish this, PAMAM@EH, was dialysed with a-8 kDa dialysis membrane against two
litres of distilled water for 24land changing water seven times. After the dialyi®e PAMAMGNH:
was freeze driedLabconco FreeZone® 4.5 Liter Freeze Dry Sysaehsjored in the freezer &
temperatureof-2n x / &

The conjugation of PAMAM®GIH: with the compounds w&sdone at different functionalization
degrees of HBA and TFHBAamely using32.5 and64.5compound/dendrimer ratiosThe amountof
compoundneeded was weighedut, dissolved inltrapure waterand the pH was read with MWR®
benchtoppHY S SNJ 6 { . H m The anvoludit & FAMANGNH required, whech was set t&0
mg ata concentration of 20ngmL?, was also dissolved ifitrapure waterand the pH assessed.

Having the two solutions ready, the PAMAM®+ solution was put in a round bottom flask
under magnetic stirring and then the solution containgither compound (.e. HBA or TFHBA at 32.5

or 64.5ratios, respectivelywasaddeddropwise into the stirring PAMAM&NH solution. Thamixture
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was left toreact for 48h(the final volume of the solutions were of 13, 20.7mL, 170 mL, andof
27.8mL forG4_HBA2.5, G4_HBA4.5, G4_TFHB#.5, and G4_TFHEBA.5, respectively).

After the reaction time ended, the pbf each reaction mixturgvas read and aupification step
was performed. Fothis, a 3.5 kDa dialysis membrane (standard RC tubing) was used and the dialysis
was done for 24h against 2 L of distilled water, changing the water 5 times (at 30 min, 1h, 2h, 3h and
overnight). The produé¢s)was thenlyophilized and characterize@able1 shows althe compounds

involved in the synthesjghe final productsand theirdesignations.

Tablel: Compounds used and their designations.

Compounds Designation Molecular Weight (gmd)
Generation four amine terminated PAMAM
) PAMAMG-NH 14215
dendrimer
4-hydroxybenzoic acid HBA 138.12
2,3,5,6tetrafluoro-4-hydroxybenzoic acid TFHBA 210.08
PAMAMG-NH; conjugated with 4hydroxybenzoic
G4 HBA 32.5 18058
acid at 32.5 molar equivalent
PAMAMG-NH: conjugated with 4hydroxybenzoic
) ) G4 HBA 64.5 21902
acid at 64.5 molar equivalent
PAMAMG-NH: conjugated with 2,3,5 @etrafluoro-
G4 TFHBA 32.5 20361
4-hydroxybenzoic acid at 32.5 molar equivalen
PAMAMG-NH: conjugated with 2,3,5 @etrafluoro-
) ) ) G4 TFHBA 64.5 26507
4-hydroxybenzoic acid at 64.5 molar equivalen

2.3.Characterization of theonjugates

2.3.1. NMR Spectroscopy

The H, BC, %F NMR,correlation spectroscopy COSY and heteronuclear singlguantum
correlationspectroscopy HSQEcharacterizatiors were performed on a Bruker NMR Spectrometer,
UltraShield™ 400mHz Plus Ultra Long Hold, AvanceAbr the stability assessment of the conjugates,
the probewas sefat a tempeature ofeither 25xCor 37xC. The samples employed wéhe lyophilized

ones(approximately 10 mgand were dissolved in)D. The data treatment and acquisition wenade
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with the TOPSPIN Software (version 4.0.6). AltthBIMRspectrawere calibrated usig the residual
solvent peak for the chemical shifts.

The magnetic properties of the atomic nuclei are the physical foundation of NMR. A magnetic
nucleus under a magnetic field will assume one of the allowed different energy orientations. The
magnetic momat can point in the opposite direction of the field imrthe samedirection An energy
(kE) that depends on the magnetic field strength and on the nuclear magnetic moment size, that is,
the interaction strength between the field and the nuclessparates these two states. Applying a
radiofrequency radiatiojthe KE can be measured since this radiation will induce the flip from a lower
to an upper energy level, assuring the resonance condikiem K@ 06 KSNB K Aa tflyo

the frequercy )61,

2.3.2. FTIRSpectroscopy

FTIR analysis was performed with the use of pdlets on a Perkin Elmer Spectrum Two
Spectrometer and the data was obtained with the Spectrum Software witimge of 400@Q 400 cm,
a resolution of 4 cmy, and 36 scans. The samples used for this analysis tverfeeezedried ones,
except for the pre compounds that werdirectly removed from the flask.

In FTIR spectroscomn infrared (IR) radiation is used to irradiate the samyleen the molecule
is exposed to IR energiy will absorb only frequencies that correspond to the molecular modes of
vibrations in the electromagnetic spectrum region between microwaves (short waves) and red
(visible). The bandhat emerge in the vibrational spectruncharacterized by their amplitude and

frequengy, will arisefrom changes in vibrationahotion’216”.

2.3.3. UV/VisSpectroscopy

UV/Vis spectra were acquired using a Perkin EImer Lambda 25 spectrometer, employing a quartz
cuvette, and the data waassessedvith the Perkin Elmer UV WinLab software (version 5.2.0.0646).
The samples used for this analysis were weigbet] dissolvedo a concentration of IngmL?* and
diluted at a ratio of 1:480 witlltrapure watet

UV/Vis spectroscopy is based on tight that a sample absorbs upon emission of a light source.

In other words, the UV/Vis spectrophotometer wsitana range ofwavelengtts and compare the
intensity of the light beforend afterpassngthrough the sample, giving an absorptispectrum The
light source of the neatVradiation is usually a deuterium lamp while the visible radiation is produced

by a tungsten filamen$816°
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2.3.4. Fluorescencspectroscopy

The fluorescence dataacquisition was made using a Perkin Elmer LS 55 Fluorescence
Spectrometemwith a quartz cuvette and the Perkin Elmer FL WinLab Soft(varsion 4.00.08 The
samples for the acquisition of the spectra wereighedout and diluted withultrapure waterto a
concentration of 5quM. The excitatiorand emissiorwavelengtts used were 335 nm and 430 nm,
respectivelywith an excitation bt at 10.0 nm andemisson slit at 13.0 nm.

This type of spectroscopy is based on the emission of light of the sample upon excitation by a laser
beam. The result is a wavelength distribution of the emission measured fated excitation
wavelength, that is, an emission spectrufim excitation spectrum is also possibléacquired upon
the scanning of the excitation wavelengihd measurenent of the emitted light at a fixedemission

wavelengtht’o171

2.3.5. DLS an@.S

For these analyses a Zetasizer Nano ZS (Malvern Instruments Ltd.) equipment W@sednifor
the DLSpolystyrene latex disposable cuvestBTS0012 ere usedand measurements were acquired
at a temperature of 28C, with 11 runs done in triplicate. For th&.Spolystyrene latex disposable
folded capillary cells DTS107@m usedand measurements were acquiredl a temperature of 2&C,
with 15 runs in triplicate. Several dilutiooéthe conjugatesnd the dendriplexesere madeo obtain
final concentrations 08.1; 0.25; 0.5; 0.75; 1.0; 1.5; and 2.0 mgnandof 0; 0.1; 0.2; 0.3; 0.5; and 1.0
UM, respectively,using ultrapure wateras the solvent. The data processing was done using the
Zetasizer Software (version 7.12)

The DLSf both the conjugatesand the dendriplexesand the ELS of the conjugates a
concentration of ImgmL! (the concentration that gave the most coherent respitan be found in
sections6.2 and 6.3 of thennex Sincethe resultsobtainedfrom this techniqguewas notcoherent
mostlydue to thesmall size of th@roducednanomaterialandthe high polydispersivindex (PDl)}the
datawas not discussed

ELS and DLS employ the potential difference of electrophoretically mobile particles at the
characteristic slipping plane and tpeoperties of colloid dispersion to assess the hydrodynamic radius
(seeFigurel?). In DLS the Doppler shift and the Brownian motion induced by the liesen provides
information about the size distribution and the size of the particles in suspension. The small frequency
change in the scattered light, compared with the repattered one, the Doppler shift, after the
irradiation of the suspension of padies in Brownian motion by a monochromatic laser beam is what

provides the information about the size of the partidiés’?
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Figurel7: Schematic representation of the electric double layer on a negatively charged particle. Adapted from
referencé?3,

The ELS$neasures thezeta potentia] which is the potential difference betweerthe electric
potential atthe slipping planén the electricdouble layer(EDL)and the potential in the bulk of the
solvent In an aqueous medja colloidal dispersion develops an electric charge at its surface that will
affect the ion distribution of the surrounding interfacial region. The incraasthe concentration of
counter iongclose to the surfaceesults in the formation of the EDL. This EDL comprises an outer layer,
the diffuse layer, where the ions are not stronglgsociated, and an inner region, t&ern layer,
where they are firmly bound. Inside the diffuse lay@plane or boundary can be noted in which the
particles and the ions form a stable entity. Upon the movement of the particles due to electrophoresis,
the ions that are found inside the plane move witlwitile the ones beyond the plane will stay with

the bulk dispersant. It is the potential at this plane, the slipping plane that gives the zeta pdtéhtial

2.4.Stability studies of the conjugates

Stability studies at 2& and 3XC of the conjugatewere performed with times t of 0; 30 min; 1h;
2h, 5h; 7h, 24h48h, 1 month and 2 monthsThese stability studies were done #y NMR for the
G4 HBA 32.5 and GHBA 64.5onjugatesand *°F NMR for the GATFHBA 32.5 and GAFHBA 64.5

conjugates
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2.5.Biological studies

2.5.1. Cytotoxicityof the conjugates

The cytotoxicity of the conjugates was done with a resazurin assay th&igiman embryonic
kidney cell line (HEK 293T; ATCC®QORM c #n 0 @ ¢ K tBawed @rid fallowed © §Bw in
DMEM media containgn1% of antimycotic and antibiotic and 10% of FBS (complete mediam),
a Petri dish, in an incubator (3@ with 5.0%CQ) until the desired number of cells was attained
and the confluence did not reach 100%.

A 96well plate was treated with collagen at fgmL?, left for 20 min to 1h, and washed with
PBS. After that, th€etri dish containing the cells was washed with 3 mL of, RB&L of trypsin
wasadded,and the dish was incubated for 7 ntim detachthe cellsfrom the bottom. After that
time, the cells were resuspended in 2 mL of complete medium to sto@ttien oftrypsinand
the cells werecounted Then each well of the96-well platewas seeded witfb000 cells per well
andthe cells wereincubated for 24h.

For the preparation of the congate solutions ultrapure waterwas filtered with a cellulose
acetate filter of 0.22um and a syringe, and then the different samples were preparegeta final
concentration of 0.1; 0.5; 1.0; 2.0; and M in the wells8 replicasvere done for eachample) The
mediumin each wellof the 96well plate wasremoved and was replaced wittB0 pL of complete
medium plus 2QUL of sampldo a final volume of 20QiL in each well. The plate was then incubated
for more 48h.

Past incubation timgthe mediumin each wellbf the 96well plate wasremoved,and the wells
were washed with PB& 60 pL) to remove anyresidual sample. Then, a solution of resazurin
(containing complete medium and 10% of resazurin (1 m@)wias added into the wells (2Q.) and
the plate incubated for 2h. After this period, 19Q of each wellvastransferred to a white 9évell
plate and the fluorescence was read in a microplate reader, Perkin EImer VIT@Requipment,
with an excitation wavelength of 530 nm and an engissvavelengthof 590 nm.

The resazurin assay isngethod where the blue resazurin dye is internalized and metabolically
reduced in the cells to resofin, a fluorescent pink compound that is released from the cells. This
reduction of resazurin into resofin is thought to be mediated bynitochondrial enzymesAs such,

the quantity of resoufin generated is proportional to the number of viable cEfS".
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2.5.2. Plasmid DNADNA extraction

Plasmid DNA encodirenhanced Green Fluorescent Protein and Firefly Lucifd@s@FPLuc, 6.4
kb)was used after amplificationsing theDH3' Escherichia colE. colj strainandafter purification.

To extract the pDNAt was first needed to prénoculate the bacteria containing thaesired
plasmid in LBnedium. Fothis, 2 mL of kaamycin ata conentration of25 mgmt! was addednto 1L
of LB medium4 mL of this medium waghen transferred to a 50 mL falcon and @ ofanE. coli
glycerolstockwas lastly addedThis was done for two falcons. The tubes were placed on a shaker at
37xC for 6h.The content of both falcons &g afterwards, moved to the LB medium, gently shake
distributedinto sterile 500 mL Erlenmeygrand placed on the shaker atX7overnight. The extraction
itself wasperformed using an extraction kit (GenEldteEndotoxinfree Plasmid Maxiprep kit) from
Merck¥F2f f 26Ay3a GKS YIydzFl QG dzZNBNRA AyadaNHzOGAz2ya

For the quantitative analysis of the pDNKO L of the pDNA solution was mixed with distilled
waterto a final volume of 1 mL. Thabsorbancevas read at 260 npand 280 nmand the purity and
quantity of the pDNA wre calculatel according © Equation1 and Equation2. A solution containing

1.64 pgutt of pDNA was obtainedith an acceptablepurity degree for theealization of thestudies.

Equationl: Calculation of the purity of the extractggDNA
hs i Hnﬁ@cyy¥2NJ GKS LIBBb! (2 0SS NBFaz2ylo
hs | d ) yn y P '

Equation2: Calculation of the pDNA quantity.

hs G HeaA™PRARGUzIARZY FIF O0G2NJ

2.5.3. pDNA condensation and neutralization studies

The PicoGreen® assay was performiad evaluate the DNA condensatiorapability of the
synthesized conjugateSherefore aTrisEDTALX (TE 1xsolution was prepareffom a TE20x solution
to dilute the pDNA taa concentration of 0.JuguL? and to prepare the conjugate solutions for the
analysis. Thdendriplex solutions were prepared with tisenjugates at concentrations of 0.2, 0.3,
0.5 and 1.QuM, anda fixedvolumeof pDNAsolution(10 L) in a finaltotal volume of 1 mL. The samples
were then incubated at XC for 1520 min to allow theconjugatedo condense the pDNA&hat is, to
form the dendriplexes)

The PicoGreen® solution was prepairethe meantimeby diluting the $ock solution 200 times.

After the incubation timea 100uLvolumeof the dendriplexesvastransferred to a white 96 well plate
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and100pL of the PicoGreen® solutiavas added to each wellhis was done in triplicate and a blank
containing 10QuL of TE 1x and 1Q@Q of PicoGreen® solution was also done. The plate was incubated
for 5 min at 3%C and, afterwards, the fluorescence was read in the microplate reader with an
excitation wavelendt of 485 nm and emission of 535 nm.

PicoGreen® is a fluorescent probe that selectively binds dsDNA and forms aflbdgggcent
complex. When in solution with relaxed dsDNA, that is, DNA that is free in soluticffiydhescence
is at its maxiram. If the dsDNA is compacted, the PicoGreen® will be unable to bind with the dsDNA

and thefluorescencewill decreasé’®17®

2.5.4. Cytotoxicity othe compkxes

Theresazurin assay was alssedto assess the metabolic activity of the HEK 293T cells in the
presence of thedendriplexes The methodology used was the same as for the cytotoxicity of the
conjugatesThe andriplex solutions were preparezb prevbusly described for the PicoGreen® assay
at conjugatefinal concentrations of 3.1, and 0.5uM, and adding 1QL of pDNA at 0.figuL* to each
sample.The assay was performed aft&h of incubation

The BCA assdgr protein quantitation was alsperformed using a kit (Sigma) amésused to

compare and verify the cytotoxicity of the complexXtss assay is explained in the next section)

2.5.5. Transfectiorstudies.

On a collagen treated8 well plate an amount of 1M00HEK 293¢ells per well wre allowed to
grow for 24h. On the next day, the cells were exposed to the complexes at concentratiQslodfd
0.5 pM, and incubated at 3xC, with 5% C@ for 48h. Afterwards, the medium of the wells was
completelyremoved,the wells werewashed with PBS and the plate was obsertgdluorescence
microscopy (Nikon TE20&) A digitalimagerecordingand imageanalysis were performed with the
NIS Elements Advanc&esearch (version 2.31) softwakgsis luffer was then addetb each well and
the plate wasput under ultrasound for 5 min and then frozen for a laterassessment of théotal
protein and Luciferasactivity.

Afterthawingthe plate the total protein assay was donssing the BCA protein assayfkilowing
0 KS &dzLJLX A SWan Be found zhMhhel i 8egtiom)p The luciferase activity assay was
LISNF2NY¥SR sAGK t NRBEYS3AI Qa f dzOA T &dtdo @ belfdudd infr@t £ 2 6 A y

annexin section6.6). The plates were then read in the microplate reader.
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The luciferase assay is based on thensformation of the luciferin substrate, through the
luciferase enzyme, to producehe non-reactive bioluminescen oxyluciferin which can be
measured®-181

The BCA assay requires the conversion éf @uCU under alkaline conditions, which is then
detected by the reaction witBBCA resulting in an intense purple colour with an absorption maximum
at 562 nm. The Cyroduction is a function of incubation time and protein concentratm as such,
for the assessment of the protein content of the samplkespectrophotometriccomparison with a

known protein standard is requiré#. In this studythe standard used was bovine serum albumin.

2.6.Treatment ofthe results

The data handling wadone byusing differentequipment softwareor handled with the Microsoft
Office 365suite (version 16.0.11929.20.300) by the Microsoft Corporation #mel Spectragryph

software!®® (version 1.2.9) by Friedrich Menges
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Chapter Ill: Results amiscussion

3.1.Synthesisnd characterization of the conjugates

The synthesis of the conjugates, as exemplifideigre18, was performed usingiBA and FHBA
at compound/dendrimer molar ratiosof 64.5 and 32.5in order to obtain 100% and 50%
functionalization degrees, respectiveljhereagentsolutions were prepared inltrapure water, with
PAMAMG-NH at a concentration of 20 mgrmi(1.41 mM)and thecompounds at a concentration of
4 mgmt! (28.96 mM for HBA and 19.04 mM for TF)B&r the synthesisthe compound solution
(HBA or TFHBA) waddeddropwise intoa stirred PAMAMG-NH: solution andthe reaction mixture
was left under stirring at room temprature for 48h The solutions maintained their transparency
throughout the reactionwith no change in color ngprecipitate formation occurring After dialysis
against distilled water and freeze dryinge compounds were characterizdxy different techmques
The compounds obtained aftéyophilizationwere a yellowiststicky material for tte PAMAMGNH,
functionalized with HBA and a pufghining white material for the PAMAM®IH: functionalized with
TFHBA.

H0 ©O

I . (
NHTTN NH
Ho)k[)\ UP Water, - b\
— Ty ) N
OH RT 48h ~ } OH32/64

NH,
4-Hydroxybenzoic acid NH

HO’ F NH/\/NH
)ﬁ{ UP Water;
’ [ - RT; 48h

23,5, 6-tetrafluor
4-hy dmxvmmou amd

32/0

Figurel8: Schematic of the synthesis performed for the construction of the conjugates

3.1.1. pH assessment before and after the synthesis reaction

At the beginning of the synthesis process, the pH of the reagent solutions was measured as shown
in Table 2 As expected, the dendrimer solution was basic due to the presence of 64 amine groups in
the molecule (pH=10). At a pH of 10, the PAMAMI& is notprotonated, only starting to protonate
at a pH of nearly 9, beginning with the primary amines; the tertiary amines are protonated in-a two
step manner at pH 6.4 and pH $511% On the contrary, the HBA and TFHBA solutions were acid at
the starting conditions (pH=3 and 2, respectively) due to the presence of the carboxylic group in their

molecular structure. Owing to the presence of fluorides in its structure, TFHBA is a stacidyéhan
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HBA. At the end of the reaction, the addition of either HBA or TFHBA to the dendrimer solutions
resulted in a decrease in pH of the overall solution as the reaction involved the amino groups in the
dendrimer with the carboxylic groups in thedat compounds. At the end of the reaction, as can be
seen inTable2, the pH was dependent on the functionalization degree of the dendrimer, decreasing
when the molar ratio of HBA/dendrimer or TFHBA/dendrimer used in the synthesis increased from
32.51t0 64.5. In the case of HBA, the reduction in pH was from 8.0 to 6.0, while TFHBA was from 7.0 to

5.0. These changes in pH indicate that a reaction has axtbetween the reagents.

Table2: pH measurements of the synthesis products

Starting reagenty pH | pH at the end of the reactionq Final product
PAMAMG-NH, | 10.0
8.0 G4_HBA 32.5
HBA 3.0
PAMAMG-NH, | 10.0
6.0 G4 _HBA 64.5
HBA 3.0
PAMAMG-NH, | 10.0
7.0 G4_TFHBA 32.
TFHBA 2.0
PAMAMG-NH, | 10.0
5.0 G4_TFHBA 64.
TFHBA 2.0

3.1.2. NMRcharacterization of the conjugates

The successful conjugation of the compounds with the dendrimersewvakiatedusing NMR
spectroscopysingD.O asthe deutereated solventThis datavas latercomplemened withthe data
obtained withother techniques (such ddV/Visible fluorescence andFTIRspectroscopies)in Figure
19, the *H NMR of the dendrimefiunctionalizedwith HBA is depicted. As can be sgte signalsof
the PAMAMGNH change position aftefunctionaliation with HBA, namely the ones corresponding
to the proton thatmay befound at the end of the branches of the dendrimt&f8, This switch in
position and the appeanceat 7.83 ppm and6.91 ppm of the doublets characteristiof HBA with a
small shiftto the upperfield confirms the conjugation of HBA with the dendrimérterestingly the
doublet corresponding to the protons near the carboxylic group hamee significanshift than the
one corresponding to the protons near thgdroxylicgroup. This tell us that something happened at
the end of the carboxylic group diBA andprovidessupport that this group is involved in the
conjugation of PAMAM&NH: with HBA . The*C NMR Figure20) shows the same tendenagen in
the *H NMR with the shift of the signals corresponding to the carbons nearddoxylic group of
HBA thus confirming that this group is involvedh conjugation with PAMAMENH. COSY ahHSQC

analysisvere performed in order to determine whidignalsin theH NMR as well da the *C NMR
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belong to which part of the moleculet Figure21 and Figure22, COSY and HSQC analysis of the
sample G4_HB22.5 is shownWith the use oEquation3 the number of HBAnoleculedinked to the
dendrimercouldbe determined®”. In the synthesis with 32.5 molar equivalsmtf HBAthe achieved
functionalization was 32n 64 (50%)whereasthe synthesiswith 64.5 molar equivalerstof HBA
resulted in54 of 64 (84%)Probably, the full functionalization of the dendrimer was impaired by steric

hindrancé?®s.

Equation3: Calculatiorof the number of HBA attached to the PAMAM&,187.
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Figure19: *H NMR in BD ofa) PAMAMGNH,, b) G4_HBA 32.%) G4_HBA 64.5, artj HBA.
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The!H NMR of the G4_TFHBAnjugatefunctionalized with32.5 and 64.5 molar equivaletan
be found inFigure23. Smilar to the case ofHBA, the functionalization of the PAMAMBSH with
TFHBAed to ashiftin the samesignalsof the dendrimer. Since the aromatic ring would not present
any sgnalson the'H NMRsinceinstead ofhydrogen atomsit contains fluorine in the same positions
alF NMRanalysisvas performedand the results are presented ligure24. The characteristisignals
of TFHBA are depicted Figure24 (a) at 14245 ppm and 1628 ppm and, when bonded tothe
dendrimer, there is an upperfieldshift of approximately 6.0 ppm for thgignalcorresponding to the F
near the carboxylic groufior both compound/dendrimerratios) and of 4.5 and 4.1 ppm for thsignal
of F near the hydroxyl group (for the synthesis with 32.5 and 64.5 molar equivatent
correspondingly*®. Similarly to what happens with HBte shift of the doublet corresponding to the
fluorines near the carboxylic group has a bigger shifart the one corresponding to the doublet
correspondingdo the fluorines near théydroxylicgroup. From this the same conclusion can be taken
the carboxylic group of TFHBA is ilvea in the conjugation oPAMAMG-NH with TFHBAThese
shifts, as well as the change of position of the dendrimigmalsconfirmed the conjugation of TFHBA

with PAMAMG-NH.
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Considering that there are ngignalsof the aromatic ring in théH NMR the equation usedor
HBA cannot beonsideredhere to determine thdunctionalization degre@achieved irthe synthesis.
Nevertheless, for further calculatisnthe degree of functionalizatiomasassumed to be the sanees
HBA wheneither TFHBA driBA were used

Complementing data such &€ NMR, HSQC, and COSY canurelfa section6.1 of the annex.

Thesedata were acquiredo confirm the signalposition of theprepared compounds in th&iIMR

spectra.
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Figure24: 19F NMR in BD ofa) TFHBAY) G4_TFHBA 32.5, a0dG4_TFHBA 64.5.
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3.1.3. FTIRharacterization of the conjugates

FTIR analysis of the compourtdld not provide enough evidence to confirm the conjugation of
the dendrimer with HBAFigure25) or TFHBAFigure26). Nevertheless, the shift of thgeaks ofAmide
| and Il of PAMAMENH: to the right for HBA and to the left for TFHBA might be a result of the
conjugationinvolvingthe -COOH of HBA or TFHB#h the NH of PAMAMG,-NH,!°6:190.191
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Figure25: FTIR analysisith a KBr pellebf the dendrimer functionalized with HBA.
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Figure26: FTIR analysigith a KBrpellet of the dendrimer functionalized with TFHBA.
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3.1.4. UVMNisiblecharacterization of the conjugates

Figure27 shows tke UV/Visspectrafor the free HBAthe free TFHBAhe pristine PAMAMG-NH
dendrimers and thefunctionalizedPAMAM dendrimes. In the 225300 nm wavelength range, the
pristine PAMAMG-NH: dendrimershave a very lowabsorption but when conjugatd with the
absorbingcompoundsHBA ofTFHBAthe absorptionis enhanced whicks an evidence of the success
of conjugation.This conclusion is also supported by the obsewstgfisin the wavelength ofmaximum
absorptionwhen comparing theesults obtainedwith the conjugatel HBA/TFHBA moleadand the

free ones
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Figure27: UV/Visible spectra of the conjugation of the dendrimers with the compoundacentration of 1 mgr?! and
diluted at a ratio of 1:480 withultrapure water a) Conjugation of thePAMAMG-NH, dendrimer with HBA at
dendrimer/compound ratios of 32.5 and 64.%) Conjugation of the PAMAM®IH, dendrimer with TFHBAat
dendrimer/compound ratios of 32.5 and 64.5

Inthe case of54_HBAFigure27 a), the conjugationresulted in a slight hypsochromic stoftthe
maximumabsorptionwavelengthto a higher energyi.e. blue shif) from 251 nm to 247 nm. Also,the
absorbance increased withe degree of functionalizatignvhich was expected as a higher number of
HBA molecules were conjugated to the dendrim@omparing the absorbanaaluesmeasured for
the conjugated compounds and the pure ones, thé ¥ studies seem to support the idea thhe
attained dendrimerfunctionalization was effectively stoichiometrimterestingly when TFHBA was
used Figure 27 b), the conjugation resulted in &athochromic shift of themaximumabsorption
wavelengthto a lower energy(i.e. red shift) from 236 nm to 263 nm corresponding to a shoulder in
the spectruni®*1% While it is clear that HBA presents much higher absorbance than TFHBA, t
uncertainty in the molar concentration of the TFH8#jugated dendrimers does not allow haake

conclusions fronthe correspondentibsorption intensitieglepicted in the graph

3.1.5. Fluorescenceharacterization of the conjugates

When excited with lightit 335nm, PAMAMGNH shows an emission peakf around 430nm.
The effect of the conjugation of HBA and TFHBA on the fluorescence behaRANMAMG-NH was
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evaluated by fluorescence spectroscopy and is showdigiare28. Since there is uncertainty regarding
the degree of dendrimer functionalization when TFHBA is used and taking into account that
fluorescence spectroscopy is a very sensitive technique (fluorescence intensity can vary significantly
upon small changes in cagmtration), one will not discuss these results regarding the fluorescence
intensity. However, after functionalization, it is possilbbeobservea slight shift in the maximum
emission wavelengtfor the peakthat correspondto the intrinsic fluorescencefaendrimers (around
430nm)®%8% Thus, the fluorescence spectra indicate thidte PAMAM dendrimer conjugation to HBA
and TFHBA was effective.

The small bump between 360 nm and 400 nm inthi spectraare due to the solvent used,

ultrapure water, andcorrespond tathe Rama scattering banaf watert®%1%
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Figure28: Emissiorspectra(<ex.=335 nnj for the pristineand functionalized dendrimeis UP HO. a) G4_HBA 32.5, G4_HBA
64.5, and PAMAMENH; b) G4_TFHBA 32.5, G4_TFHBA 64.5, and PAMAMGThe oncentration of the samples asof
50 uM.

3.2.StabilityStudiesof the conjugates

Stability studies of thélifferent conjugatesnade can be found isection6.4 of the annexkFrom
Figure29to Figure32the stability of G4_HBA and G4 TFHB#hea64.5 compound/dendrimer ratio
for the stability done at 28C and 3'&C are shown.Both functionalizatios of the PAMAMGNH
dendrimer, that is, thegrafting of either TFHBA or HB#Ato PAMAMG-NH, led to stablesystens at
25xC and 3XC for more than one month.

In the 'H NMRspectrafor the conjugates with HBAnly afterl month at 3%C a change in the
signaldetween 3.5 and 2.0 ppreorresponding to the PAMAM@IH can be seen. At 2&this change
is not so visible. Moving to th€F NMRspectradone for the conjugate with TFHB#fter 2 montls at
25xC and 1 montlat 37C, a smaltloubletat 145 ppmand anotherat 166 ppmappears and groain
prominencewith time (from 1 month to 2 monthat 37%0). These changeindicate that the system

started tobreak
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A more thorough analysis of the spectra revealed that the breaking of the sykiesmot occur
in the linkage of the aromatic ring with the dendrimer. If ingso, thenthe signalsappearing in the
1F NMR wuld be in the same region as tisignalsof the pure compound and that does not happen.

This may indicate that the PAMAM®EH: dendrimeris breakingnside-outward.
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TFHBA.

3.3.Biologicaktudiesof the conjugates

After the synthesis and characterization of the conjugattir biological behaviour was
evaluated, namely by studying theiytotoxicityandtransfection efficiencyHEK 293T cells were used

in all assays.

3.3.1. Cytotoxicityof the conjugates

A metabolic activity assaythe resazurinreductionassaywas usedas a indirect measurment
of cell viability Thatis, only viable cells are metabolically actis.shown irFigure33, the study was
donewith compoundconcentrationgangingfrom 0.1 to 5uM and the metabolic activity values were
expressed as a percentage of the control (cells cultured only in the presence of culture méaam)
the results it is cleaihat the metabolicactivity ofthe cellsdecreasedvith anincreasanthe dendrimer

concentration and that, in all cases undeanalysis significant toxicityis only observedat
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concentrationsabove2.0 pM. At low concentrationg0.1 and 0.51M), the functionalization of he
PAMAMG-NH dendrimer witheither HBAor TFHBA seems to improve cell viabilMoreover, cell
viability increases with the degree of functionalizatmfithe dendrimer The same happens aigher
concentrations (1.QuM and highe}, except for the G4_HBA 64cbnjugatethat seems to be the most
cytotoxic. Overall, the dendrimerfunctionalized with TFHBA show the best cytocompatibility
behaviour,particularly G4 TFHBA 64.5which possessea higher fluoride contentThis decrease in
cytotoxicity upon fluorination is in accordance withhat is reported in the literature for other

fluorinated dendrimer¥*12%130,

140 B PAMAMG4-NH:
G4_HBA 32.5
G4_HBA 64.5
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I I [ ] G4_TFHBA 64.!
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Figure33: Cytotoxicity evaluation bthe resazurirmetabolic activityassay of the conjugates at different concentrations
after 48hincubation at 3%C.Results are expressed as a percentage of the cositstdndard deviation.

3.3.2. pDNA condensation and neutralization studies

In order to be good transfection agents, dendrimers should be able to neutralize the charge of
pDNA and lead tostcompaction. One possihteethodthat can be used to assess pDNA compaction
is thePicoGreen®ssayPicoGreen®hows a high fluorescence intensity when intercalated with pDNA
which happens whethe nucleic acids in an extended conformation. Wh@DNAis compacted, the
dye cannot intercalate with pDNA antthe fluorescence intensity is IoV?1’® Figure 34 shows the
PicoGreen@ssay results obtainedfter the addition of the dye tathe dendriplexes (complexes of
dendrimers and pDNA) prepared fragither the PAMAMG-NH: dendrimersaloneor the conjugates
at different concentrationsThe pDNA concentration was kept constant in all situationsah be
observed that even at a concentration of uM all of thedendrimers pristine and functionalized
dendrimers) completelgondense the pDN#ith no visible differences among thetRor thepristine
PAMAM dendrimers hisefficient compaction of the pDN#as been attributedo their positive charge

at nearneutral pH*®, In the case of the dendrimers functionalized with HBA and TFHBA, other types
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of interactions may alb occur with pDNA that result in its compacti@me possibléype of interaction

that may occur in the systems that poss&$d1BAs halogen bondin§*2°°,

1200 000
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3 i
1000000 G4_HBA 32.5/pDNA
€ G4_HBA 64.5/pDNA
S 800000 G4_TFHBA 32.5/pDNA
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Figure 34: pDNA condensatiomssessient using thePicoGreen® assdyalue + standard deviationDendriplexes were
prepared atdifferent dendrimerconcentratiors.

3.3.2.1. ELS and DLS of ttlendriplexes

The pDNAcompaction was also assessedlySand the results are shown isection6.3 of the
annex. Thehydrodynamic diameter of the dendriplexes was shown to be much lower than that
measured for pDNA and twasimilar values for athe dendrimers studied (around00 nm).Nucleic
acids possess a high negative charge due to the phosphate groups present along their chains and, since
the cell membrane also has a net negative charge, repulsion may occur between both. As such, it is
important not only to compact pDNAubalso to neutralize its negative charge in order to obtain a
high transfection efficiency. Having this in mind, the ability of fhéstine and functionalized
dendrimers to neutralizéhe pDNA charge was evaluated by measuring zbéa potential of the
dendrplexes

In Table3 the zetapotential of the dendriplexes prepared using dendrimer concentrations of 0.1
and 0.5uM are shown The complete setforesults assessed for the dendriplexes prepared using
dendrimer concentrations ranging from 0.1 to 1 uM are preseérin section6.3 of theannex. The
resultsshowthat all dendriplexes presented positive zeta potentaluesthoughnot highlypositive
which could compromisehe cell viability Positively charged particles are best to cross the cell
membrane but, if too positive they might disrupt the cell membrane arad e cell death?3:147:201
Also, although mt very markedly the zeta potential increases with the concentration the
dendrimers used irthe dendriplex formulation which was expectedince a highemumber of

protonated dendrimers will interact withhe pDNA Maintaining constant theconcentration of
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dendrimers used ithe dendriplex preparatios, the achieved zeta potential was higherthe case of
the dendriplexes containing theristine PAMAMG-NH: dendrimer as it has a higher number of

protonated amine groups available to interact with pDNFAr the functionalized dendrimers, the

number of available amines at the dendrimer surface is lower (decreasing with the degree of

dendrimer functionalization) and that has a clear effect on the zeta potential of the correspondent

dendriplexesin fact, the zeta potential values are less positiee all except G4_TFHBA thaith the

increase in the functionalization degree thetapotentialincreases

Table3: Zeta potential of the dendriplexgsalue + standardeviation)

Dendriplexes

Zeta Potential (mV

0.1puM | 0.5 puM

PAMAMG-NH/pDNA

42024504

G4 HBA 32.5/pDNA

2.6£0.2(3.9+04

G4 HBA 64.5/pDNA

1.4+0.2|3.0£04

G4 TFHBA 32.5/pDN

0.7+0.6/ 3.9+0.6

1.3+£0.4|3.7+£0.2

G4 TFHBA 64.5/pDN

3.3.3. Cytotoxicity of the dendriplexes

Upon selection othe two dendrimerconcentratiors, 0.1 and 0.uM, the resazurirassay(Figure
35) was used to evaluate the cytotoxicity of the prepared dendriplexBsese twodendrimer

concentrations were selected since they showed low cytotoxicity @oger pDNA condensatiom

the previous experiments
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Figure35: Metabolic activity oHEK293Tells assessed by thiesazurirreductionassayafter incubationof OS f f &
48h(value * standard deviationpendriplexesvere prepared at different dendrimezoncentrations of 0.1 and 0gM.
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The analysis dfigure35reveals that thedendriplexesdo not present cytotoxity. In fact, relative
to the control, the metabolic activity dhe cells evershowedan increase when dendriplexes were
present which should be related to an activation of the enzymes involved in the assay and not
specifically with an increase in the nber of viable cellsAdditionally, o significant differences
amongthe dendriplexes prepared frotthe pristinedendrimers otthe functionalized dendrimers could
be observed

In order to validate the conclusions obtained through the resazrgttuction assay, the total
protein content in culture was also determined. Indeed, this parameter can also be used as an indirect
measure of cell viabilityassuminghat the number ofviablecells will be proportional to the protein
content. The BCA assayas used to assess the protein content in culture #redresults are shown in
Figure36. Here, the same conclusioas in theresazurin reduction asgaan be taken Thatis, there
was no significant difference in terms of cytotoxicity among the control and the samples containing
the pristineand functionalized dendrimers§ince this assay is not enzyme actiifised, the values of

total protein conten achieved for the sampledid not surpass those obtained for the control.

® PAMAMG4-NH2/pDNA
G4_HBA 32.5/pDNA
G4_HBA 64.5/pDNA
G4_TFHBA 32.5/pDN

100 ®G4_TFHBA 64.5/pDN

80 ‘|r
6
40 B
20
0
0.1 0.5

Ctrl pDNA
Concentration (uUM)

140

120

o

Protein concentration (pg/cm2)

Figure36: Total protein concentration ithe culture assessed using tB&CA assagfter cellincubation at 3%C for 48nvalue
* standard deviation)Dendriplexes were prepared at different dendrimencentrations of 0.1 and 0}8V.
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3.3.4. TransfectiorStudies

After observing that the dendriplexes were not cytotoxic, the dendriplexes prepared using
dendrimer concentrations of 0.4AM and 0.5uM were used to transfect cellé& pDNA concentration
of 0.1pgult waskept constant in all experimentSince pDNA encoding for the GFP anddle#erase
reporter geneswas usedor transfection the efficiency of the process was evaluated loprfescence
microscopy(for qualitative GFP detection) and by determining the activity of luciferase (to &low

the obtention of quantitative data).

3.3.4.1. GFP expression detection liydrescence Microscopy

Figure 37 presentsthe images ofHEK 293T cells after transfection using phistine and the
functionalized dendrimers as pDNA carriddsth bright field and fluorescent images are presented
As controls, nofiransfected cellsKigure34 A/B) and cells transfected using only pDNAg(re 34
C/D)were used. A# can be observed angswas expected, no GFP expression was detected in both
controls. When thepristine dendrimer was used astransfection agent, the number dfansfected
cells (green cells) was very low for both 8rid 0.5 uMdendrimer concentratioaused.On the other
hand, when thedendriplexes prepared with thiinctionalized dendrimersere appliedthe number
of transfected ells seems to increase, especially in the cas€&x4oHBA 32.5/pDNat 0.5 uM(Figure
34 K/L), G4 _HBAG64.5/pDNA at 0.5 pM (Figure 34 O/P), and G4 TFHBA 64.5/pDNAat both
concentations(Figure34U/V andW/X). So, in general, thiuorescence microscopgsults point out
anenhancementin the levels of cell transfection ar@@FRprotein expression wheunsing dendriplexes
prepared with a dendrimer concentration @f.5 pM Transfection seems to improve whethe
functionalized dendrimers@re used as gene carriers.témestingly, ths lastobservation des not
correlate with the values determined for the zeta potential of the dendriplekas are less positive
(althoughto a smallextent) when functionalized dendrimers are being used as pDNA carAsrs
matter of fact there should be other effects reked to the presence okither HBA or TFHBA at the
dendrimer surface that possiplcontribute to their better interaction with pDNA and/or the cell
surface and thus improve transfection efficieHy°%. As mentionedpreviously one possible type of
interaction that may occur in the systems that possess TFtHBAmMay be responsible for the

improvement of transfection efficiendg halogen bondini§’2°,
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Figure37: Fluorescence microscopy of the HEK293T cells transfected with @i¥aing foilGFPLuc after 48hn culture a)
control BF;») control GF;c) pDNA BF;!) pDNA GFe) PAMAMG-NH; at 0.1 M BF;/) PAMAMG-NH; at 0.1 uM GF;Q)
PAMAMG-NH: at 0.5uM BF;1) PAMAMG-NH; at 0.5uM GF;i) G4_HBA 32.5 at O[iM BF;) G4_HBA 32.5 at OqM GFKk)
G4_HBA 32.5 at 048V BF;/) G4_HBA 32.5 at 0yiM GF;m) G4_HBA 64.5 at 0{iM BF;) G4_HBA 64.5 at 0{AM GFp)
G4 _HBA 64.5 at 0)8M BF;)) G4_HBA 64.5 at )M GF;q) G4_TFHBA 32.5 at QUM BF;) G4_TFHBA 32.5 at (uM GF;

s) G4_TFHBA 32.5 at QUM BF; ) G4_TFHBA 32.5 at QUM GF;u) G4_TFHBA 64.5 at QuM BF;/) G4 _TFHBA 64.5 at 0.1
GF,w) G4_TFHBA 64.5 at Q& BF;«) G4_TFHBA 64.5 at Q1 GF.Note: BF = Bright Field; GF = Green Fi€ldntrol
contains only cells and complete medium.
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3.3.4.2. Luciferase activity measurements

Theresuts obtained for the activity of luciferasater cell transfection wittpristine dendrimers
and functionalized dendrimer@re presented irFigure38. In general, the obtained values follaive
same tendency seewhen analysing GFP expressionfluprescence microscopyConfirming the
previous results wherehe efficiency of the transfection increases with the concentratmfithe
dendrimers used to pregre the dendriplexes (much higher enzyme activity values can be observed for
0.5 uM), it looks likethe functionalized dendrimerhave a better performancestransfectionagents
than the PAMAMGNH. dendrimerswithout functionalization.Only for G4 _TFHBA&4.5is this not
applicable which, anyway, is not very clear due to the high error associated with the determination of

luciferase activity when thpristinedendrimer is used.

3000 m PAMAMG4-NH2/pDNA :|:

G4_HBA 32.5/pDNA
2500 G4_HBA 64.5/pDNA 1

u.)

G4_TFHBA 32.5/pDNA
2000

G4_TFHBA 64.5/pDNA
1 500 I
1 000
500 I I I
L

0

Relative FLuorescence Units (a.

Ctrl pDNA 0.1 0.5
Concentration (uM)

Figure38: Normalized luciferase activity of tH¢EK 293T cells when analysing titensfection efficiency of the complexes at
concentrations of 0.1 and OBV after 48h of incubation at 3.

Contrary to whatwasexpeced, at this phase of the study, no significant differences were seen
between the dendrimers functionalized witither HBAor TFHBAThatis, no effect of the presence
of fluorideonthe dendrimer surface was evident in termsgaine delivery behaviour. In future assays,
one will use a higher pDNA concentration which will clgrifysible existendlifferences in this respect.
The improvement in transfection with fluorination was expected sirmaEording tothe literature,
fluorination improves cellular uptake, serum stability, endosomal escape, dissociation of the

intracellular DNA from the dendrimer, and reduce cytotoxiéfty?<1%.
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Chapter IV: Conclusion and Outlooks.
4.1.Conclusions

The functionalization of PAMAM®GIH: with the selectedcompounds HBA and TFHBAyas
successful. With a compound/dendrimer ratio of 32ahd according to the calculations taken from
the *H NMR of HBA, thiinctionalization degree attainedlas50%.When the ratio was of 64,%he
functionalization degreeemained at 84, whichmay be due to the crowding of theurface of the
dendrimer and steric hindranc&.he achievedconjugation of the compound to the dendrimer was
further confirmed by thenypsochromic shift of HBA and the bathochrormsinift of TFHBA, as well as
the change in pHthe fluorescence shifof the PAMAMGANH, intrinsic fluorescencdand, and the
FTIRthat suggest that the conjugation may involve tHeOOH of théHBA/TFHBA and thidH; of
PAMAMG-NH. The conjugatedisplayedstabilityin DO at 25«C and 3X¥Cfor more than one month
as demonstrated by théH NMR and®F NMR data

The biological studies performedevealed that theconjugates are notytotoxic that at a
concentration of 0.1uM and 0.5uM the functionalization improves cell viability, atfte increase of
the compound/dendrimer ratiolowers the cytotoxicity except in the case of G4_HBA64.5 that
presents the highetoxicity. The PAMAMGA4NH dendrimer with TFHBA proved to bthe better
conjugate in terms of cytocompatittity, being G4_TFHB34.5 thebest one.

On theevaluation of the pDNAompactioncapability all dendriplexes showedood efficiency.
For the cytotoxicity of the dendriplexes at the selected concentrationsp®l &nd 0.5uM), they did
not presentcytotoxicity but an increase in metabolic actiyityhich may indicate that there was an
activationof the enzyme involved in theesazurin reductiomssayComparingristine PAMAMG-NH
with the functionalizedPAMAMG-NH. dendrimer, no significandifferencewas seeneither in the
condensation of the pDNA nor in the cytocompatibility.

The transfection studiesevealed that the conjugation of the PAMAMESH dendrimer with
either HBA or TFHBRhancethe transfection effieency. This is morevidentwith the concentration
of the conjugatest 0.5uM. Theconjugatesare better performinghan pristine PAMAMG-NH: in the
transfection of the pDNA.

In summarya material composedf a PAMAMGNH dendrimer functionalized with either HBA
or TFHBA, that shows fluorescence, low cytotoxieityl can transfect HEK293T cells was successfully

synthesized.



4.2.0utlook and future work

The successful conjugation of the PAMAMNEL dendrimerwith TFHBA praded afluorescent
systemthat transfecs cells. However, much remaro be done to understand and assess all its
potential as a gene carrier and/or probe for imaging. Having this in ninedull knowledge of the
functionalization degree of the dendrimevith the compounds crucial For HBAthe 'H NMRdata
provided the answer, but when going to TFHBA this informatias not totally achieved To assess
this, the trinitrobenzenesulfonic aciTNBSAassay’?2%3 amine titratiorf®, andmass spectrometry
might afford the solution.

As seen in the literature, with a decreasing pH of 6 the fluorescence intensity of the PAMAM
dendrimer increases with maximumat pH 2.5%85, It would be inteesting to assess this property of
the synthesizedamples to see if the variation of pH influences the fluorescence of the conjugates.

The cytotoxicityand transfection efficiencgtudiesshould be repeated to eliminate or at least
avoid anyerrors. Flowcytometry is also a technique to be used to evaluate if the transfected cells are
dead or alive. Other cell lis®'**for these studies will also be relevant for comparison |msgs to
see if the material is toxic and ifdantransfectthem too, particularlynot so easily transfectable cells.

The use of a higherand a lower PAMAMNH: dendrimer generation(i.e. PAMAMGNH and
PAMAMG-NH,) for the synthesis of theonjugates wuld also be a good way to comparkthe
dendrimer generatiorinfluencesthe cytotoxicity of the conjugate and the transfection efficientyd

if this leads to a difference between the functionalization vatther HBAor TFHBA.
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Table Al: Charge assessment of the conjugates at a concentration of 1 rigyELS (value + standard deviation).

Zeta
Conjugates Potential

(mv)
PAMAMG-NH, 579 + 11
G4 HBA 64.5 235 = 4.1
G4 HBA 32.5 16.6 + 6.9
G4 TFHBA 64.5 123 + 4.2
G4 TFHBA 32.5 732 £ 04
TFHBA 712 = 1.2
HBA 207 £ 13
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Table A2: Charge assessment of thendriplexesat the different concentratiorby ELS (value + standard deviation).

Concentration (uM)

Ctrl (pDNA ang
Dendriplexes 0.1 0.2 0.3 0.5 1.0 buffer)
PAMAMG-NH/pDNA 1.4/+| 02| 40|+| 06| 40|+| 05| 45|+| 0.3] 6.0+ 0.1 -18.9\1| 2.2
G4 _HBA 32.5/pDNA 26|+| 02| 34|+| 06| 05|+| 02| 39|+| 04| 57|+]| 05
G4_HBA 64.5/pDNA 1.4/+| 02| 38|+| 03| 04|+| 04| 3.0|+]| 04| 5.0/+| 0.2
G4 _TFHBA 32.5/[pDNA 0.7|+] 06| -02|+| 02| 0.3|+| 03| 3.9|+| 06| 52|+ ]| 0.1
G4_TFHBA 64.5/[pDNA 1.3|+| 04| 24|+| 01| 01]|+]| 01| 3.7|+]| 02| 53|+| 05




6.1.Stabilitystudies
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Figure A19: Stability studiestH NMR of G4_HBA 64.5 at®7in RO.a) t = Oh;b) t = 30 ming) t = 1h;d) t = 2h;e) t = 5h;
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Figure A20: Stability studies'H NMR of G4_HBA 64.5 at®7in DO.a) t = 24hp) t = 48hc) t = 1 monthgd) t= 2 months;
e) PAMAMG-NHy; andf) HBA.
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Figure A21: Stability studies!®F NMR of G4_TFHBA 32.5 at@T DO.a) t = Oh;b) t = 30 minandc) t = 1h
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Figure A22: Stability studies!®F NMR of G4_TFHBA 32.5 at@Gt DO.a) t = 2h;b) t = 5h;c) t = 7h;d) t = 24h;e) t = 48h{)

t = 1 month;g) t= 2 monthsandh) TFHBA.
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Figure A23: Stability studies!®F NMR of G4_TFHBA 64.5 at@T DO.a) t = Oh;b) t = 30 minandc) t = 1h
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Figure A24: Stability studies!®F NMR of G4_TFHBA 64.5 ax@ DO.a) t = 2h;b) t = 5h;c) t = 7h;d) t = 24h;e) t = 48h{)
t = 1 month;g) t= 2 monthsandh) TFHBA.
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