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Abstract

Photodynamic therapy (PDT) is an alternative cam@atment, which works through
the synergy of three components: a photosensif28), molecular oxygen ¢pand light of a
specific wavelengthA) to activate the PS and generate reactive oxygeties (ROS),
primarily singlet oxygen'(,). ROS are then responsible for the therapeutimmaf PDT
through the localized destruction of cancer tissatethe area of light irradiation. Therefore,
PDT can be seen as photoinduced “drug deliverytgsees. Porphyrins are PSs known for
their lack of water solubility and strong aggregati tendency in aqueous solvents,
characteristics that affect their photophysicalpgrties and limit their application to biological
systems. Modifications on porphyrins structures @esired to achieve PSs that are easy to
prepare, well-characterized and that possess irgrghotophysical properties and enhanced
aqueous solubility. 5,10,15,20-tetrakislydroxyphenyl)-21,28-porphyrin (nTHPP), is the
porphyrin analogue of the clinically approved chiotemoporphin fiTHPC, Foscaf),
prescribed for the palliative treatment of patientth advanced head and neck squamous cell

carcinomas.

Both mTHPP andmTHPC have proven to be 25-30 times as potent aslthieally
used hematoporphyrin derivatives,g. photofrin in vivo; however, like other porphyrin
compoundsmTHPP andmTHPC suffer from poor water solubility, forming nfloorescent
aggregates in a wide pH range in aqueous soluUfiascafi is adminstered in injectable form as
an ethanol and propylene glycol mixture. Thus, éhisr a clear need to improve the water
solubility, to promote deaggregation, without affieg the photochemistry of the porphyrin core
of these PSs. Cyclodextrins (CDs) are cyclic dagrharides composedwD-glucopyranose
units @-, p- andy-CDs), that in agueous media are able to encapshiairophobic molecules
in their cavities, usually resulting in increaseaglieous solubility, stability, and bioavailability
of the molecule (drug). Therefore, several type€DE are approved pharmaceutical excipients
and are extensively used in drug formulations. Tbealent attachment of a CD moiety to a
porphyrin is a strategy that is meant to combine thug encapsulation / solubilization
capabilities of a CD macrocycle, with the photosensg / fluorescence and imaging
properties of the porphyrin, thus creating a muddla drug carrier. In this sense, a CD-
porphyrin conjugate could have increased aqueolshiity and enhanced photophysical
properties of the porphyrin moiety and moreoveissasses the ability to encapsulate suitable
drug molecules for cancer treatment. In genera&reths an interest in developing potential
useful drug candidates relying on already appronedecules, namely an approved safety

profile for human use.




In this dissertation preparation, characterizatiord photophysiscal properties of a
cyclodextrin-porphyrin conjugate (CBDITHPP) are described. SpecificallynTHPP was
successfully attached RCD to form a 1:1 conjugate (CBHHPP). This was prepared in pure
form in 40 % yield in an optimized up-scalable mdare. Additionally, its structure was fully
characterized by NMR, MALDI-TOF MS and elementaalysis. Moreover, its photophysical
properties were investigated by UV-Vis and fluossse spectroscopy. CRDTHPP revealed
more than 1.7-fold improved absorbance and monme 20afold increased fluorescence emission
in phosphate buffer saline and improved solubilitywater, when compared taTHPP. The
latter, although limited tpM range of concentration due to formation of snsikd aggregates
was enough to conduct cell experiments. The usal¢iPP alone was impossible, under the
same conditions due to massive aggregation. Coastlguthe low aqueous solubility of CD-
MTHPP was drastically improved to the mM range aficemtration by the addition qfer-
methylatedBCD (pMBCD) that acts as solubilizer, through the formatmiwater-soluble
inclusion complexes with CIRTHPP (pM3CD/CD-mTHPP). The inclusion complexation was
extensively studied regarding structure with NMReaposcopy and regarding stoichiometry
with UV-Vis experiments and these results were camagp with the corresponding
complexation of pNBCD with mTHPP (pM3CD/mTHPP). Moreover, the binding constants for
pMBCD/CD-MTHPP 1:1 complex and for the @D/ mTHPP 2:1 complex were found from
titration experiments to be extremely highgK~ 3.8 x 1§ M™ and Ky =~ 4.9 x 16> M?,
respectively. Although the stoichiometry of comglean of pM3CD/CD-mTHPP (1:1) is
different from pM3CD/mTHPP (2:1), CDmTHPP preserved the propertiesraf HPP but with
noticeable improvements in phosphate buffer sgl&S): decreased aggregation to practically
monomer form, increased up to 8-fold fluorescemoession intensity, good cell internalization
with preferred localization into lysosomes (or esmlmes) and the additional ability to carry
suitable drug molecules, through inclusion in #sity, as shown by NMR experiments. These
results offer a robust methodology for preparingndmal CD-porphyrin conjugates with
improved properties, potentially useful for overaogncrucial limitations attributed to PSs used
in PDT treatments. The methodology used to pre@&enTHPP can eventually be expanded

to the preparation of other conjugates and evesnebed to other PSs.

In the second part of this dissertation, positiveivarged cyclodextrin-based polymers
were studied, with the focus in the capture andvel of negatively charged drugse.g.
nucleotides). Cyclodextrin-based polymeric mater{@lD-polymers) are interesting as potential
DDS because they are easily prepared in largeescdieir properties can be modified and offer
potential advantages when compared to single CODvaleres i.e. keeping the same
complexation ability for specific guest moleculaaproving the solubility of drugs and acting

as bioavailability modifiers. Amino-CDs derivativese positively charged CDs studied as




biomimetic moleculesPer(6-aminoalkylamino-6-deoxy)-CDs are a family of amiCDs, that
have previously revealed good cell penetrating entigs (CPCDs) and moderated interaction
with DNA. Additionally, per(6-guanidino-6-deoxy)-CDs showed strong interacidnrough
cavity inclusion with model nucleotides. To expltinés new and interesting field of delivery of
anionic drugs (nucleotides), two strategies havenbemployed to prepare cationic CD-
polymers, based opern(6-aminoalkylamino-6-deoxy}CD (Bpen). Two different strategies
have been used to prepare and characterize CD-padytinat involved: i) the reaction Bpen
with preformed polymeric material namely poly-Litys (pLys) and ii) the preparation of a
polymer from a monomeric material, followed by réae with CD derivatives precursors of
Bpen. Several batches @pen-polymers have been prepared and characternigsdlting in
Bpen-rich polymeric materials. These were shown ableomplex suitable negatively charged
molecules as shown by 2D NMR spectroscopy expetsnéroreover, they acted as release
modifiers of nucleotides, as demonstrated usingZc&ll experiments. Although the polymeric
systems were not fully optimized, in the prelimynéils performed they showed the ability to
regulate the release of adenosine 5-monophosptiét@MP) and of the anticancer drug
gemcitabine (GEM).
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Resumo

A terapia fotodindmica (TF) é um tratamento paracancro baseada em trés
componentes que trabalham em conjunto: um fotodkskzesdor (FS), o oxigénio (&) e luz de
um comprimento de onda especifidd Que activam o FS e geram espécies reactivas de
oxigénio, principalmente o oxigénio singulef®{). Estas espécies reactivas sdo responsaveis
pela accdo terapéutica que envolve a destruicétizada das células cancerigenas na area de
irradiagdo. Portanto, a TF pode ser entendida comanodo de administracdo de farmacos
foto-induzida. As porfirinas sdo conhecidas pelraduzida solubilidade e forte tendéncia para
formar agregados que afectam as suas propriedatiedidicas e limitam a sua aplicacdo
biologica. Modificacdes na estrutura das porfirirs#® desejadas para obter FS, faceis de
preparar, caracterizar e que possuam propriedadémradas como uma melhor solubilidade.
5,10,15,20-tetrakis¢-hydroxyphenyl)-21,28-porphyrin (nTHPP) é uma molécula anéloga de
uma clorina THPC, temoporphin) aprovada como Fos$caprescrita para o tratamento
paliativo de doentes com carcinoma avancado datasétscamosas na cabeca e no pescogo.
MTHPP e mTHPC mostraram ser 25 - 30 vezes mais potentes ocgualerivados da
hematoporfirina clinicamente aprovados, mas aptaserproblemas de solubilidade que
conduzem & formacdo de agregados que ndo fluoresoersolucdes aquosas. Fostan
administrado como injeccdo numa mistura de etanplopileno glicol. Existe portanto, a
necessidade de melhorar a solubilidade dos FStar evformacdo de agregados em agua, sem
comprometer a propriedades fotofisicas / fotoquamiicaracteristicas das porfirinas. As
ciclodextrinas (CDs) sao oligo-sacarideos ciclicosmpostos por unidades de-D-
glucopyranosed-, p- e y-CDs), que em agua sdo capazes de encapsular hasléarofébicas
na sua cavidade resultando em melhorias na saatdi estabilidade e biodisponibilidade de
farmacos. Alguns derivados de CDs ja se encontfmovados como excipientes e sdo usados
actualmente em diversas formulagfes disponiveimn@aado. A ligacdo covalente de CDs a
porfirinas € uma estratégia que promove a conjugded propriedades como a melhoria de
solubilidade, encapsulamento e solubilizacdo deéowbths atribuido as CDs, e com as
propriedades de visualizacdo e caracteristicadidmtas das porfirinas, criando potenciais
conjugados entre CD-porfirinas Uteis como sisterdas libertacdo de farmacos (SLF)
multimodais. Neste sentido, os conjugados entrep@firinas podem apresentar melhor
solubilidade e propriedades fotofisicas, oferecemidda a habilidade de poder transportar, na
cavidade da CD, fa&rmacos para o tratamento do @a@rinteresse no desenvolvimento de
farmacos baseados em moléculas ja aprovadas peidades para o uso em humanos foi

igualmente reconhecido.

Nesta dissertacdo sera descrita a preparacdotes@acio e propriedades de um

conjugado CD-porfirina (CBATHPP). EspecificamenteiTHPP foi ligada $CD, formando o




conjugado CDMTHPP, com a estequiometria 1:1. @DHPP foi preparado com um
rendimento de 40 % e através de um método que gmrdmelhorado para uma estala superior
(scale-up). CDWTHPP foi caracterizado por ressonéncia magnéticaleau (RMN),
espectrometria de massa (EM) e andlise elementarsuas propriedades fotofisicas foram
investigadas por espectrofotometria de UV-Vis eoriigcéncia. Comparativamente com
mMTHPP, o conjugado CIRTHPP revelou melhor absorbancia (1.7 x superitupréscéncia
(20 x superior) e melhor solubilidade em agua. Gadot a solubilidade € limitada a
concentracdequM) devido a formacdo de agregados, mas suficiemte fealizar experiéncias
em células. Nao foi possivel a utilizacdo @@HPP em condi¢cdes semelhantes. A baixa
solubilidade de CDnTHPP ¢ limitada a concentracde®sl mas foi melhorada até mM, pela
adicdo deBCD-permetilada (pMBCD) usada como solubilizante, através da formagéo d
complexos de inclusdo com GBDFHPP (pM3CD/CD-AMTHPP). Os complexos de incluséao
pMBCD/CD-mTHPP foram estudados quanto a estrutura por RMNaatq a estequiometria
por espectrofotometria de UV-Vis e o0s resultadosarfo comparados com complexos
(PMBCD/MTHPP). As constantes de complexacdo parf3@DCD-mTHPP (1:1) e para
pPMBCD/mMTHPP (2:1) foram determinadas por ensaios de ¢éiola séo K1)~ 3.8 X 16 M*
and Koy = 4.9 x 106> M?, respectivamente. Apesar da estequiometria de lemagéio de
pMBCD/CD-AMTHPP (1:1) ser diferente da estequiometria apragdanpor pN83CD/mTHPP
(2:1), CDIMTHPP preservou as propriedades rd€HPP com melhoramentos em solucdo
aguosa (tampéao fosfato salino): menor agregacéoerto da fluorescéncia, boa internalizacéo
nas células localizando-se preferencial nos lisnasoe a capacidade de transportar farmacos
por inclusdo na cavidade d&CD. Estes resultados sdo importantes porque oferexe
possibilidade de ultrapassar algumas das limitaddesPSs usadas na PDT. A metodologia

usada para preparar GBFHPP pode ser expandida a outros conjugados esde8o

Na segunda parte desta dissertacdo, pretendemumkaregblimeros baseados em CD
com carga positiva potencialmente Uteis na complaxa transporte de farmacos com carga
negativa como nucledtidos. Polimeros baseados e 20 interessantes pois podem ser
preparados em grande escala, as propriedades mtemodificadas e apresentam melhorias
comparativamente com CDs, tais como: a melhoriaahzbilidade de farmacos e accdo como
potenciais modificadores de biodisponibilidade. AmCDs sdo exemplos de CDs com carga
positiva estudadas como moléculas biomimétidasr-amino-alquil-amino-CDs s&do uma
familia de amino-CDs, que dependendo do pH da &olppdem apresentar aminas (INE
catides aménio (-NH) que revelaram boa capacidade de internalizacaméértas e interaccéo
moderado com o ADN. Finalmentper-(6-guanidino-CDs) revelaram forte interaccdo com

nucleétidos levando a sua inclusao.




Para explorar este novo e interessante campo dglipasenvolvendo o transporte de
farmacos aniénicos (nucleétidos), duas estratégiasn desenvolvidas para preparar polimeros
baseados emper-6-amino-etil-amind3CD (Bpen). A primeira estratégia envolveu a reaccao de
Bpen com polimeros preformados baseados em podittali(pLys) e a segunda, envolveu a
preparacdo de um polimero com base em monémemsdaale reaccdo destes com derivados
de CDs precursores dfpen. Alguns polimeros contendBpen foram preparados e
caracterizados, revelando-se Uteis na complexagdmaléculas carregadas negativamente,
como demonstrado por experiéncias de espectrosdegMN em duas dimensbes (2D RMN).
Além disso, foi mostrado que estes polimeros actoamo modificadores de libertacdo de
nucleotideos, através de experiéncias com céldasranz modificadas. Embora os sistemas
poliméricos ndo tenham sidos optimizados, os @do#t obtidos revelaram a capacidade de
regular a libertacdo de adenosina 5'-monofosfatANBP) e o farmaco anticancerigeno,

gemcitabina 5’-monofosfato (GEM).
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AcOH — Acetic acid

ADA-NH ;Cl — 1-Adamantanamine hydrochloride
ADA-COOH - 1-Adamantanecarboxylic acid
5'-AMP — Adenosine 5’-monophosphate

ATR — Attenuated total reflexion
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BpBr — Heptakis(6-bromo-6-deoxf-cyclodextrin
Bpl — Heptakis(6-iodo-6-deoxyfj-cyclodextrin
Bpen - Heptakis(6-aminoethylamino-6-deoseyclodextrin
CD(s) — Cyclodextrin(s)

CECF — 1-Chloroethylchloroformate

CHCI; — Chloroform

COSY - Homonuclear correlation spectroscopy
DAE — 1,2-Diaminoethane

DDS - Drug delivery system

DHB - 4-Hydroxy-2,5-dihydroxybezoic acid
DIPEA —N,N=diisopropylethylamine

DLS — Dynamic light scattering

DMF — Dimethylformamide

DMSO - Dimethylsulfoxide

DNA — Deoxyribonucleic acid

AG - Gibbs energy change
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AS — Entropy

EG — Ethylene glycol

EPI - Epichlorohydrin

EtOAc — Ethyl acetate

EtOEt — Diethyl ether

EtOH — Ethanol

FITC — Fluorescein isothiocyanate isomer |
FTIR - Fourier transform infrared spectroscopy
FWHM — Full width at half-maximum

GEM — Gemcitabine

HATU - 1-[bis(dimethylamino) methylene]-t1,2,3-triazolo[4,5-b]pyridinium  3-oxid
hexafluorophosphate

H,SO, — Sulphuric acid
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HPLC - High performance liquid chromatography
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iPrOH — Isopropanol

IR - Infrared

IUPAC — International Union of Pure and Applied Gfistry
J — Coupling constant

K — Equilibrium constant

KOH — Potassium hydroxide

LUMO - Lowest unoccupied molecular orbital
MALDI-TOF — Matrix assisted laser desorption ioriina — time-of-flight defection
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PS — Photosensitizer
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Py — Pyrrole
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RNA — Ribonucleic acid
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SEM — Scanning electron microscopy
siRNA — Small interfering ribonucleic acid
SLS — Static light scattering
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UV-Vis — Ultraviolet — visible
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1. Cyclodextrins (CDs)

1.1 Structural features

Carbohydrates (saccharides) are chemical compaeincrbon, oxygen and hydrogen
described by the empirical formulg(8,0),. These are involved in many important biological

processes that include:
i) the energy storage in plants (starch) and in asirfgycogen)

ii) they are structural elements in cell walls of baateplants (cellulose)

and in the exoskeleton of arthropods (chitin)

iii) they are linked to many lipids, proteins, makedtractural framework of

ribonucleic acid (RNA) and deoxyribonucleic acid\(B)
iv) they are involved in cell recognition proces$és

Carbohydrates are categorized as mono-, di-, oigd-polysaccharides. These are also
designated as aldoses or ketoses depending on dtrecturei.e. if they are derived,
respectively from an aldehyde or a ketone grouglugese in its open structure is a six-carbon
atom monosaccharide aldose (Figure 1 A) and isafrtte most abundant carbohydrates in
nature. Carbohydrates display a diversity of bimalfunctions, which are related to their

chemical structure and in turn determine their tieiy.

CHO

,CH,0H

Figure 1. Structures of D-glucose (an aldose): A}s Fischer projection, B)a-D-glucopyranose and C)B-D-
glucopyranose. There are three forms in aqueous sdian, together with negligible amounts of the furamse
forms.

A characteristic reaction of carbohydrates is thedoeyclic or intramolecular

hemiacetal formation, characterized by a nucleaphttack of the terminal secondary hydroxyl




group (OH) to the carbonyl group of the ketone-(f®-R,) or aldehyde (RCOH). In D-
glucose, for an intramolecular hemiacetal formatietween the hydroxyl group ony @nd the
aldehyde group atGFigure 1 A), a cyclization reaction has to oclaading to the formation
of D-glucopyranose. Depending on the stereocheynidtthe OH group attached to;,,Gwo
different stereoisomers or anomeric forms are ptessi-D-glucopyranose (Figure 1 B) — a
trans isomer, with the hydroxyl group on;@ axial position relative to gOH; and,(3-D-
glucopyranose (Figure 1 C) —c#s isomer, with the hydroxyl on dn an equatorial position
with respect to &OH position. All other OH groups at,CGC;, C, and G-OH are in the
equatorial position. In aqueous solutiona;D-glucopyranose interconverts int@-D-
glucopyranose isomer via open form in an equiliritnat involves changes in optical rotation
([a]*p) of both isomers called mutarotation, manifesteugh changes in the overadl]{%

of the substance (Figure3)

OH OH HOH
H N A HOH . o L
Ho  H-OH Ho'y o)
HO —_— HO HO
HO H = HO H HO H
© woo° o Mo
H OH O\H‘j
a-D-glucopyranose OH (open form)
[]?%p= + 112.2 u
S)
HOH oW (Of HOH
HQ 1 aren HO oy HO 1O
OH
H H y OH H H HLH—OH
\}
B-D-glucopyranose (open form)

[]?°p= + 18.7

Figure 2. In an equilibrated aqueous solution of Dylucose the observed optical rotation ¢]°°, = 52.7) due to
mutarotation, resulting from 36 % of a-D-glucopyranose and 64 % of3-D-glucopyranose.

In D-glucose, each anomeric form can be involveanntermolecular acetal formation
reaction. The resulting chemical bond is a “glydasibond” and is responsible for the
connectivity between many carbohydrates giving tsalisaccharides, oligosaccharides and
polysaccharides. They are often namedxa®r (-, depending on the stereochemistry of the
initial anomeric carbon, followed by the numberinfy the two positions involved in the

connection between brackets (Figure 3).




Figure 3. Connectivity between twa-D-glucopyranose units, througha-(1, 4)-O-glycosidic linkage (bond).

According to the IUPAC recommendatidffs other types of glycosides can be formed
when the anomeric oxygen is substituted by othemehts namely: thioglycosides (sulphur, -
SR); selenoglycosides (selenium, -SeR}plycosides (nitrogen, -NfR,) or C-glycosides
(carbon, -CRR;Ry).

Naturally occurring cyclodextrins (CDs) are cyclitigosaccharides resulting from
sequentiabi-(1,4)-O-glycosidic linking of 6-, 7- and 8-D-glucopyranose units, represented as
aCD, BCD andyCD, respectively (Figure 4Y. These macrocycles are industrially produced by
enzymatic conversion of starch and other(1,4)-glucans, through the action of

glucosyltransferase (CGTase, EC 2.4.189)n an intramolecular transglycosylation reaction
[71

7\%
: ﬁf

Figure 4. Structures of the three native cyclodextns: aCD, BCD and yCD.

The structure of CDs was found and assigned tociccgeometry after a series of
findings and discoveries classified by Szdftlas the “discovery stage” in CD chemistty®.
The a-(1,4)-O-glycosidic linkage, between two consecutieeD-glucose units and the
hydrogen bonding network on the secondary side dxtwadjacent hydroxyl groups, in
positions 2 and 3 of the n glucopyranose units|a@xjits doughnut-shaped structure. The inner
lining comprises the hydrogen atoms at positionand 5 of glucopyranose (n-1) and the
glucopyranose oxygen bridging atoms that render dheity its lipophilic character, in

opposition to its outer hydrophilic rims lined witlydroxyl groups$*” (Figure 5).




o 14 link Secondary face

Figure 5. Structural arrangement of glucopyranose nits in y-cyclodextrin connected througha-(1, 4)-O-
glycosidic linkages with the hydroxyl groups at thaims creating the primary and secondary face§?2.

X-ray and neutron diffraction studies in the criista state revealed th&f": i) each
glucose unit adopts C; chair conformation; ii) there is freedom of rotatiabout the C(6) —
C(5) bond, resulting in OH(6) rotated either awgguche-gaucheor towards gauche-trang
the centre of the CD; iii) the secondary hydroxgi®ups of adjacent glucose units are
connected by intramolecular hydrogen bonding as@ eonsequence iv) in native CDs rotation

about G-O-C, is not possible.

Native CDs are water-soluble compounds and thejcoglidic bonds are stable in
alkaline solution™, whereas in strong acids they are prone to acitidhysis to give linear
oligosaccharides (pH < 3.5; T > 60 °&Y; however, the hydrolysis is considerably slower,

compared to that observed for linear oligomers {ohaixaose, -heptaose, -octaose).

The number of glucose units in the macrocycle daters the dimensions of the cavity
namely: the annular diameter and the volume,d, andyCD. Additionally, the dimensions of

the macrocycle determine the properties of CDs Igrap™** ¢!

namely its water solubility and
ability to complex different guest molecules. Frample, the solubility of native CDs in water
(yCD >aCD > 3CD, Table 1) has been related to the number ofop@nose units in each
macrocycle3CD is poorly soluble because is has the appropnateber of glucose units and
has a complete hydrogen bonding network, comprigilhgseven glucopyranose units; the
intermediate solubility otxCD is associated with the incomplete hydrogen biondetwork
between the six glucopyranose units, because orleo§ix glucopyranose units is distorted
relative to all of the others; finallyCD is larger and possesses a more flexible streicind

thus an even better solubilffy.




Table 1 — Some physico-chemical properties of nativ@Ds, adapted from Easton & Lincoln[?!.

CD Feature aCD BCD yCD
Number of glucose units 6 7 8
Molecular weight (g/mol) 972.9 1135.0 1297.1

Annular diameter/’(\) 4.7-5.2 6.0-6.4 7.5-8.3
Annular depth,é\) 7.9-8.0 7.9-8.0 7.9-8.0
Volume cavity (16 pnT) 174 262 427
Optical rotation, §]p (25 °C) 150.0+ 0.5 162.5+0.5 1774+ 0.5
Water molecules cavity 6 11 17
Solubility (g/L, 25 °C) 145 18.5 232

1.2 Formation of inclusion complexes

The most remarkable characteristic of native CDghir ability to accommodate
poorly water-soluble guest molecules of approprsite and geometry that are able to fit into
the CD hydrophobic cavity in aqueous solutidfis Inclusion is explained by the simplest
complexation equilibrium, between one guest moked@®, drug) and one host molecule (H,
CD) (Figure 6). However, there is the possibilifynaultiple equilibria and involving various
stoichiometries, between h molecules of H and gepwes of G (Figure 6, Eq. 1) resulting in

an overall equilibrium constant (Figure 6, Eq. 2).

Kcompl
= s +[ @
— = '@ H
vA)

|'<c-:>mpl
hH + ¢G HhGg (Eq. 1)
K = LHG] Eq. 2

compl — W ( q. )B)

Figure 6. A) Complexation equilibrium between a CDunit (H) and a guest molecule (G), with the
corresponding release of high energy water molecidgB) Chemical equation describing the inclusion qoplex
formation, betweenh moles of host (H) andg moles of guest (G) to form &g moles of the complex (HG):
general equilibrium equation (Eg. 1) and overall eqilibrium constant K compi (EQ. 2).

The magnitude of the binding constant{l) determines the stability of the complex
and it is related to the chemical structure of pthst and host molecules. The driving force for

the inclusion is the hydrophobic effect and stahbtion of the complex was explained by a




series of H-G intermolecular interactions: van Wémals forces, dipole-dipole and hydrogen
bonding interactions. In this respect, it was redegd that van der Waals forces justify the
inclusion phenomena, whereas electrostatic intersctand hydrogen bonding usually dictate
the spacial conformation of a given inclusion coempl”. The magnitude of Kmp Can be

improved through drug ionization, salt formatiorseuof co/solvents, metal complexation,
polymer complexation and acid-base ternary compl&keThe binding process involves a
combination of factors, comprising: i) the insenmtiof the hydrophobic part of the G molecule
into the H cavity; ii) the dehydration of the orgaiguest and iii) the release of high-energy
water molecules, located inside the CD cavity ® alqueous mediufff!.The thermodynamic

parameters ruling inclusion of G molecules by CRgehbeen studied and inclusion is usually
characterized by: negative Gibbs energy chaA@® & 0) and enthalpyAH° < 0) whereas the

entropy QAAS) is small negative or positive.

The determination of the binding constantsc() and of the stoichiometric
coefficients can be achieved by measuring the awarig the analytical response of an
experimental technique such as UV-Vis, fluorescammission or NMR spectroscopy. A typical
experiment involves the continuous addition of Hleoale to a G solution or vice-versa,
followed by recording of the changes observed. &heslues are then plotted and fitted to
suitable equations, describing binding experimentabdels to determine the proper
stoichiometry of complexation and the binding canst(K..mp) for that specific stoichiometry
19 The method of continuous variations (or Job's)dl a graphical representation of any
property (UV-Vis / NMR) that changes as a functajrihe molar ratio of H and G in a solution,
keeping the concentration of [H + G] constant, #émadbles the determination of stoichiometry

of the complex formef® #!

1.3 Structure of inclusion complexes in solution

Complexation / inclusion equilibrium involving Cs aqueous media can be assessed
by NMR spectroscopy. A common feature of all CDluson complexes is that tHel NMR
signals corresponding to the internal protons ef ¢hvity (H/Hs) of a CD are affected after
complexation with a suitable guest. Usually, &d H are shielded by the electrons of the
incoming guest and the respective resonances naolver frequencies (smaller ppm), when

compared the initial host solution.

In addition, NMR spectroscopy is useful to study thode of complexation through 2D

NMR experiments based on nuclear Overhauser effBlDE), because the observed




correlations enable the detection of protons sihatiiose to one another in a distance up @®

A. NOE arises from cross relaxation mechanism, @rpH by the mutual interactions of two
spins through space acting as two magnetic dipgsolar coupling). Dipolar interactions
affect the spin population that are close in spgeserate NOE and can be detected by two
major NOE experiments, which are independently udegdending on the size of the molecules
being analysed: i) Rotating frame nuclear Overhakffect SpectroscopY (ROESY) is used for
molecules with molecular weight 1000 Da and ii) Nuclear Overhauser Effect Spectp¥
(NOESY) which is negative for larger molecules (emllar weight > 1000 Da) and positive for
small molecules. A consequence of NOE effect asulcaessful 2D NMR experiment is that the

geometry of the complex and the mode of compleratan be determined.

Furthermore, one important aspect to be considarBd/iR complexation studies is the
exchange rate regime between two different statbich might involve a complex (A) and free
guest molecule (B). In the fast exchange regime,averall rate of the complexation £Xis
much higher than the chemical shift differencés) (between A and B and the signals are not
distinguishable, but appear at an intermediateu#aqy, which is the weighted average between
frequenciev, andvg, multiplied by the respective spin populationgaRd R, so that theg,s=
Pava + Bsve. However, in slow exchange regime whaxe> K., clear signals for both A and B

are observed and these species can be independetatted during a NMR experiment (Figure
7).

(a) k
A= p=—io p._K
P AT kvky 8 ktk
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Figure 7. Chemical exchange processés’: (a) exchange between
two states A and B, with different equilibrium congants (ka, kg),

chemical shifts ¢, vg) and populations fractions (R, Pg) of each

state, (b) variation of k,, on NMR spectra with Py = 75 % and Av =

100Hz.




The crystal structure of CDs has been studied byayXerystallography, which in
combination with other techniques such as NMR specbpy revealed the structure of
cyclodextrin complexes in the solid state. Thecitme of several drug complexes has been
investigated in the presence of CDs such as: i} stamoidal anti-inflammatory drug (NSAID),
acemetacint®®! and B-naphthyloxyacetic acid (NOA¥* in solution, to mention just a few
examples from our laboratory. Almost invariably, solution, all possible intermolecular
complexes are observed, while in the crystal stegemost populated (or most stable) complex

eventually crystallizes out.

1.4 Chemical modifications

Chemical modification is a way of introducing vars substituents on a CD
macrocycle, resulting in CD derivatives with difet properties. The conversion of a CD
molecule into a new derivative, both efficientlydaselectively, has always been challenging
due to the large number of OH groups in each CDroggcle: 18 inaCD, 21 inBCD and 24
OH inyCD and extensive heterofunctionalization has oabently been achievéd!. Chemical
modification could, nevertheless result in: i) impements on the solubility of the CD
derivative and its complexes; ii) a better fittibgtween the CD and the guest molecule with
stabilization of the guest; iii) attachment of dfiecatalytic groups to the binding site (e.g., in
enzyme modelling); or even lead to iv) the formatad insoluble or surface-immobilized CD
polymers for different applicatiot$. Most of the times, the type of CD derivative aetection

of synthetic strategies to be applied are strodglyendent on the purpose of application.

In 1978 Lenh and co-worker€®!, while preparing and characterizing a series of
substitutedxCD derivatives, realized that the order of substituis affected by the difference
in hydroxyl group reactivity, namely between thamary side (6-OH)nd the secondary side
(2-OH / 3-OH). Primary side 6-OH are more nuclebpland less sterically hindered than the
secondary side (2-OH / 3-OH); which results in eagactivity of 6-OH*"\. By 1998, Kahret.
al. ¥ suggested a classification for CD modificationjahihcould comprise three categories: i)
the “clever way”, achieved by the shortest routesgde involved less synthetic steps; ii) the
“long way”, followed a series of protection and pi@tection steps and finally, iii) the
“sledgehammer way”, where the reaction is leftéaat to give a mixture of products latter

separated through extensive and time-consumingapatechniques.




Relevant findings regarding specific CD modificatimclude but are not limited to: i)
the preparation of mono-substituted CD derivaticiesscribed by Meltoret. al. [ ii)
modification of the original macrocycle configurti (from a naturatC, to an ‘induced™C,
configuration, through conversion into theione or per-3,6-anhydro CDs derivatives (Figure
8) described by Ashtoet. al.?:; and, iii) per-6-halogenation of CDs was described by Defaye

et. al.during trials to find alternatives to directly farlate the primary side of the CBS.

OH

OH NaOH / H,0

Yy

1C, - "induced" configuration

4C, - natural configuration ("anhydro")

Figure 8. Formation of by-product mono-3,6-anhydroBCD (“anhydro”) from BCD in strong alkaline
conditions (NaOH/H,0), involving a nucleophilic attack of 3-OH to 6-OH leading to the inversion of
configuration from a natural “C; to an induced 'C,. OTs = Tosylate.

Mono-tosylation (tosyl group, Ts) of CD BY (Figure 9 i) is a versatile methodology
that offers the possibility of further mono-mod#tons. This reaction can be performed in
aqueous alkaline conditions and takes advantageadhclusion ability of CDs, that is explored
through the insertion of the Ts moiety into the €avity. This is the reason often suggested for
the high purity of the mono-substituted produBin{s), obtained in low yields but easily
purified by precipitation from the reaction mixtuf&!. Alternatively, mono-tosylation can
proceed in pyridine where, by changing the relatato of reactants used, higher yields and
other substitution products can be obtained at ékpense of time spent in a tedious
isolation/purification procedure based on colummoaoiatography. The preparation pér-6-

|.B% 33 that proceeds

halogenated-CDs is another common modificationntegddyy Defayeet. a
through then situformation of the Vilsmeier-Haack reagent in dry diftylformamide (DMF),
in the presence of a halogen atom donor [bromimg,(R-bromosuccinimide (NBS) or iodine
(I,) and triphenylphosphine (PBh (Figure 9 ii). Per-alkylation and per-acylatios also
possible. Furthermore, selective 2,6-modificatiam te achievede(g. 2,6-di-O-methyl{3CD)

as well as 2- or 3-modificatiorf<.




Figure 9. Different methodologies to convert CDs i: i) BmTs, a monosubtituted CD (conditions: TsCI,
NaOH, H,0) and ii) BpBr, a per-substituted CD (conditions: DMF, Br,, PPh).

1.5 Derivatives as approved excipients

The flexibility in chemical modifications of CDseir established safety profifé! and
their extensive range of application as encapsulaticomplexation agents of several active
pharmaceutical ingredients (APl) makes CD deriesivespecially attractive from the
pharmaceutical industry perspective. In fact, naisthe derivatives studied are derived from
BCD that possesses the appropriate dimensions afavigy better suited for complexation of
phenyl groups, a common group in the structure afiyrdrug molecules already approved for
human use (Table 2). This is in contrast with thmal$ cavity size ofaCD derivatives and the
expensiveyCD derivatived®®. Some examples of typical host CD derivativesaalyemarketed
involve: i) BCD; ii) randomly methylate@CD (RM{3-CD); iii) hydroxypropylCD (HP{-
CD) and iv) sulfobutyl ethers (SBECD) (Table 2.
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Table 2. Some selected exampllasg] of drugs molecules used in drug formulations containg CDs derivatives.

e OR, N
l‘-.
DS
L R;0 OR, )
Derivative R Ry R;
BCD -H H H
SBE-BCD  -(CHy);80:H (or Na)  -(CH3)sSO:H (or Na)  -(CH,)sSO.H (or Na)
HP-BCD -CH,CHOHCH; -H -H
RM-BCD -CH; or -H -CH; or -H -CH; or -H
L Route
Derivative Brand Name Administration Drug (label) Year Company
SBE{3CD Vfend Intravenous Vorizonazole (A) 2002 Pfizer
SBECD Geodon Intra muscular Ziprazidone (B) 2002 Pfizer
SBECD Abilify Intra muscular Aripiprazole (C) 2006 BMS/Oftsa
HPCD Sporanox Intravenous Itraconazole (D) 1997 Janssen
HP{CD Vibativ Intravenous Telavancin 2009 Astellas Pharma /
Therevance
RM-BCD Aerodiol Nasal spray Ostradiol (E) 2001 Servier
BCD Brexin Rectal Piroxicam - Chiesi
aCD Rigidur Intravenous Alprostadil (PGE - Ferring / Denmark
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2. Porphyrins
2.1 Structure and properties

Porphyrins are naturally occurring compounds ctutsiil by four pyrrole (Py) units,
connected by methine bridges (=CH-) in a cycliaature (Figure 10 A¥®. This conjugated
macrocycle has 2& electrons, of which only 18 are effectively delimad and contribute to its
aromatic character, following Hiickel's law of arditity: [4 n + 2] Tt electrons, with n = £,
Due to their tetravalent centre, porphyrins areeabol form coordination complexes called
metalloporphyrins with nearly any metal in natunghere they reveal biological activity as
prosthetic groups (active sitéy!. Examples of several porphyrin-based prosthetimps are
iron (F€") complexes present in: i) the cytochromes respim$or electron transfer processes;
ii) the cytochrome R, oxidases involved in the oxidation of organic drdiss; iii) theheme
group suited for oxygen transport (Figure 10 B) amdnyoglobin, used in oxygen storage.
Magnesium (M§") complexes are common in the chlorophyll c1 gregmgint (Figure 10 C)
relevant in light harvesting processes during phwithesis and cobalt complexes {Goof

porphyrins like in vitamin B, (Figure 10 D) are important in biocatalysis preess

HOOC COCH

A) B)

HO

D)

Figure 10. Examples of porphyrin macrocycle core stictures: A) porphyrin numbering according to IUPAC
[8: B) heme B an iron binding porphyrin located at the oxygen lnding site of myoglobin; C) chlorophyll c1;
D) vitamin B12.

Their abundance in nature, the diversity of themaural features and the importance

of the biological processes mediated by them hasted the research regarding porphyrins,
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which is mainly focused on medical applicationgh@fse macrocycles. An example is given by
derivatives of hematoporphyrin (Hp), which weresffistudied and revealed interesting features
like good tumour localization and photosensitizatfoperties**?. However, Hp derivative
first isolated, were a mixture of compounds, whicttivated studies on its purificatiét! and

was latter extended to the synthesis of new pompsyrith improved properties.

Synthetic porphyrin derivatives enriched with diéfiet chemical functional groups, can
be prepared through a diversity of methddfs, which involve the condensation reaction

between pyrroles and aldehyd®5(Figure 11).

R4 Ry j
9] 1) Lewis acid catalyst
NH y
@ TR )J\H Ry R R R
1 2) 0,/DDQ
Pyrrole Aldehyde
R R

DDQ, Toluene
1 2

Figure 11. Synthesis of porphyrins according to Aldr and co-workers[46], involving the condensation reaction
of pyrrole with a substituted aldehyde in aerobic onditions, in the presence of a Lewis acid cataly$b obtain
porphyrin (1) and the chlorin (2). The chlorin (2) @n be oxidized back to porphyrin (1), with 2,3-dicloro-5,6-
dicyanobenzoquinone (DDQ) in toluene.

Taking a freebase porphyrin as a reference strigbown in Figure 10 A, several
modifications can be successful achieved, as aexgdain the full issue dedicated just to
porphyrin nomenclature by the IUPA® and more recent publicatioH8. These modifications
comprise: i) peripheral groups attachment to thegbs unit @ positions: 2, 3, 7, 8, 12, 13, 17,
18); or to ii) themesopositions (5, 10, 15, 20 - Ry, Rs, Ry); iii) the reduction of one or more
double bounds in the macrocycle resulting in chrike chlorophyll a (Figure 12 A) and
chlorophyll b (Figure 12 B); iv) the fusion of otheng systems to the porphyrin core structure
(phthalocyanins) and also by v) substituting a earbtom of the ring by another atom like

nitrogen (N) or sulphur (S), are examples of thediity of structures currently available.
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Figure 12. Structure of two chlorins: A) chlorophyl a and B) chlorophyll b.

2.1.1  Photophysical properties

One consequence of interaction of light with maitethe appearance of colour. The
absorption of a quantized amount of energy (A) pesmote the transition of one or more

electrons in a molecule, from their electronic grdstate (§ to an electronic excited state S

The study of the excited state properties is ingrarbecause using light, a new type of
reactivity can be achieved. Excited states can Hmracterized based on their lifetimg (
lifetime) and on the yield of the transition of énést, measured by quantum vyietg (.
Following light excitation of §a molecule by absorption of light, the energyha § can be
dissipated by radiative and non-radiative relaxatieechanisms and these transitions can be

easily understood following the Jablonski diagraffigure 13*.

Two important radiative decay pathways are fluorese and phosphorescence. In
fluorescence, the transition from a singlet excitate (9 to the singlet ground stateg¥S;
2> &) is an allowed transition and occurs very rapighith very short fluorescence lifetimes
(tr = 10° — 10° s) and high quantum vyield of fluorescenag).(In phosphorescence, the
transition from the singlet-excited state)(® the triplet state () (S, = T,) is “forbidden”,
resulting in a slower relaxation rate, and longeogphorescence lifetimes & 10° — 1 s) and

lower quantum vyield.
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exciled vibrational slales

S (exciled rotational stales not shown)
n
E— photon absorption

A=
F =fluorescence lemission)
P = phosphorescence

S singlet state

=triplet state
IC internal conversion
ISC =intersystem crossing

T 1

=

g » % Ty
IEI A F T

1

) Y
0 electronic ground state

Figure 13. Jablonski diagram with electronic transiions and corresponding relaxation processe&’.

Due to their conjugated system of double and sibglends, porphyrins are coloured
and present a characteristic UV-Vis absorption spet A typical porphyrin (freebase) shows
a strong absorption band (Soret band, 400 — 450amud)a group of small intense bands (Q
bands 1, I, lll, IV, 500 — 700 nm) — Figure 4 5

An absorption band is characterized by its intgnghbs, AU), a wavelengthA( nm)
and a molar extension coefficiert, (M™.cm®) characteristic of the chromophore. For the
porphyrins,e values are typically greater than’2@'cm™. The origin of each spectral band is
related to the electronic transitions between tigldst occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUM®Dhe “four-orbital model” proposed by
Gouterman and then extended to other porphyrirvaleve structures explained the spectrum of
one of the simplest synthetic porphyrin (5,10,18gakis(tetraphenyl)-porphyrin, TPBJ.
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Figure 14. Typical UV-Vis absorption spectrum of a prphyrin,
with typical Soret and Q-bands®.

The bands in a freebase tetraphenylporphyrin (T9plegtrum were attributed t-1t
electronic transitions between HOMO and LUMO odkitd aking into account the differences
in the polarity of the electronic transitions ahe symmetry group of a starting porphyrin, the
interpretation of several spectral changes wasilges#\ simple example is illustrated in Figure
15, where a TPP complexed with a metal (M) andrthpéctral changes were evaluatéd
Upon metallation there is a symmetry group chafrgen a Dy, in porphyrin (TPP) to a R in
the metalloporphyrin (M-TPP) associated with HOMONO energy changes. This results in a
simplified spectrum of a metalloporphyrin with leadsorption bands as opposed to the
spectrum of TPP (freebase).
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Figure 15. Simplified Gouterman model for the trangtions between a TPP (freebase)
and the corresponding metalloporpyrin (M-TPP)®3.,

A porphyrin spectrum can be classified accordinghtorelative intensity of its four Q
bands (I, II, 1ll, 1V), as suggested and interpdetey Dolphin“? through the following
classification system: i) etio-type (IV > Il > # I); ii) rhodo-type (lll > IV > Il > I); iii) oxo-
rhodo-type (Il > II > IV > I) and iv) the phylloype (IV > Il > Il > [). In addition to structural
changes in the porphyrin structure, the UV-Vis speuo of porphyrins can be affected by
factors as diverse as: the solvéflt the temperatur€?, the pH of the solutiof® and the

concentration of the porphyrif..

1.0x10°
B.0x 10 II|

 6.0x10° | \ 713

Relative Intensity
g

= 4,0x10° /

2.0x 1074 \

0.0 , . . .
600 650 700 750 200

‘Wavelength (nm)

Figure 16. Typical emission spectrum of a porphyrirderivative: 5,10,15,20-
tetrakis(2-hydroxy-5-nitrophenyl)-porphyrin (T ;HsNPPH,) 7.
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Porphyrins are also characterized by their typfaadrescence properties (Figure 16
57 which enable their detection with higher seniti than the one achieved by UV-Vis
spectroscopy. This is advantageous because fraanalgtical perspective, a smaller amount of
material has to be used to obtain an equivalenlyticel response. Porphyrins have a low
energy gap between the lowest singlet) (&d triplet (%) states and a good intersystem
crossing efficiency’”. Consequently, they are considered good donorsigét excitation,
enabling excited molecules to relax to their tiigtate. This is a property intimately related to
their ability to generate singlet oxyge®§) and explains why porphyrins are so widely used as

photosensitizers (PS) (section 2.2.4).

2.1.2  Metal coordination ability

One of the most remarkable characteristics of poiph is their ability to coordinate

(58] A study on the

metals in their core, which has an approximate diamof 3.7 A
complexation reaction of synthetically modified réggthenylporphyrin (TPP) with zinc ion
(Zn*") revealed that metallation is a very slow procéesetically unfavourable) and is
thermodynamically very stable @1 x 1G° ®®. The stoichiometry of complexation with most
metals is 1:1, although NaK", Li* showed to form 2:1 complexes with one metal atocated
below and the other one above the porphyrin mactecglane®®. Formation of metal-oxo
compounds is a type of connectivity characterisfitransition metals and oxygen commonly
found in many metalloporphyrins. Metal-oxo connétyi showed to be responsible for: i)
dimerization of protoferriheme and deuteroferrihéifigor ii) connectivity of an extra ligand to
chelates of Mg, Cdf* and zZi3*, to form penta-coordinated complexes with squgrespidal
structure®®. The affinity of porphyrins to metals was alsasiirated by the experimental

determination of molar absorption coefficients ofghyrin esters, based on copper titratitin

2.1.3  Aggregation of porphyrins

The possibility of having different porphyrin desitives possessing useful
photophysical properties and complexation abilitde the interest in the research grow even
more. However, despite the reported advantagegeitain circumstances porphyrins can
present undesired properties such as poor watebiif and high tendency to aggregate
especially in aqueous solvefft8, thus impairing their photophysical properties &adhpering

their effective delivery.
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The great similarity between porphyrin structurad ahat of chlorophyll has been
recognised, following studies to understand ligatvesting processes in plafts ®®. It has
been shown that chlorophyll is part of large pmtebmplexes responsible for photosynthesis
called photosystems | and Il. Therefore, it is imaot not only to evaluate the properties of
porphyrins as a single molecule, but also to as#em® when a porphyrin is part of large

molecular structures such as dimers, trimers gelaporphyrin aggregates.

Brown and co-worker§® described the aggregation behaviour of protopaiphiX,
deuteroporphyrin IX, hematoporphyrin IX and copmyiyrin in a comparative study using
diluted buffer solutions and they have shown thggregation was promoted by an increase in
concentration and was attributed to Fe-oxo-compiexastabilized by additional bonding from
the side chain groups of the macrocycles. Evenhsyically modified porphyrins, often
described as “water-soluble” porphyrins, motivattddies due to their high tendency for
aggregation in aqueous medfid The extent of aggregation of porphyrin solutiomsiqueous
media is dependent of factors like: the concemmatif the active species in solutif; the

ionic strength of the solvefi!; the temperatur€® and the pH of the solution.

The driving forces responsible for the aggregatipmenomenon arise from a
combination of factors. These include the coopegatormation of hydrogen bonds, van-der-
Waals, dipole-dipole interactions, the hydrophoéifect and any other change that modifies
the porphyrin core structure, like formation of atalloporphyrin, for exampl&”. Studies on
the nucleation of water-soluble porphyrins in aguecenvironment revealed different
aggregation mechanisti® and kinetic studie§” on naturally occurring porphyrins performed

in aqueous solvents, revealed formation of micedhé® to extensive aggregation.

Important considerations that support dimerizatiggfegation have been derived from
UV-Vis spectroscopy. It is widely accepted thatthg effect of aggregation is manifested by a
decrease in intensity and shape broadening of dhet and; ii) the Soret band splitting might
occur, if the orientation of an aggregate of twopbgrins held together by hydrogen bonds
changes®®” and during a dilution experiment performed on #utsmn porphyrin keeping
constant the number of monomer units in the ligtthpthe appearance of one isobestic point is

usually attributed to dimerization phenoméid®.

Two modes of interaction have been proposed resyiti two modes of aggregatigi
that differ on the geometry of the spatial arrangetrbetween the porphyrin macrocycles —
Figure 1772 5¢

e H-type aggregate, characterized by a plane-to-pdteneking associated with a
hypsochromic shift (blue shift, low) and Soret broadening
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- J-type aggregate, characterized by an edge-to-gdgeaction resulting in a

bathrochromic shift (red shift, higt) and a Soret splitting

e X
g%ﬁ
T2 T

H J

Figure 17. Two different modes of aggregation founih porphyrins ["?: plane-to-
plane interactions (H — aggregate) and edge-to-edggeraction (J-aggregate).

A different study suggested at least six modes&ractions between protoporphyrins
and 5,10,15,20-tetrakis(tetraphenylporhyrin) (TPPaqueous media, leading to fibres, tubules,
helical ribbons and sheets with different photojitgls’ photochemical properti€gl. Micali et.
al. described how the geometry of aggregation charfgms fractal to rod like arrangements,
by tuning the concentration and ionic strength odtessoluble porphyrin [5,10,15,20-
tetrakis(4-sulfonatophenyl)-porphyrin (TPHIS™. The so-called “molecular wires” were
prepared exploring the complexation ability of oggxtrins, by independently connecting the
same TPP derivative to two different molecules rdgnmen adamantane moiety and a
cyclodextrin derivativé™. TPP / OETPP derivatives were modified with a biicycompound
(bicycle [2.2.2] octene) to rigidify and maintainpdanar conformation of the tetrapyrrolic
macrocyles in solutiof*. Ordered monolayers, nanoparticlés and even nanoporous solid

materials based on porphyrins have been prog&ed
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2.2 Applications in photodynamic therapy (PDT)

Porphyrins are well-known for their extended fiefcapplication, largely because of the
easiness in preparation/modification and due to theeresting photophysical properties. Their
metal complexes can act as catalysts in many argahevant reactions like epoxidation of
olefins"® and selective functionalization of inactivated Gsbhds by hydroxylatioH”. They
have been utilized as sensors for nitrous oXfieoxygen or in electrochemical sensors for
determination of inorganic anio®€. Methods for water treatment were developed based

porphyrins as well as hydrogen fuel cells desigmeskd on cobalt porphyrifi§.

In medicine, porphyrins can be used both as imaggemts based on their fluorescence
properties®) or as photosensitizers in photodynamic therapy (PBT PDT is of major

importance to the current work.

2.2.1  Principles of PDT

PDT is comprised of three independent elementighd $ource X), a photosensitizer
(PS) and molecular oxygen O The individually inert components act in comhioa to
trigger type Il photochemical reactions, with th@responding production of singlet oxygen
(*0,) leading to cell death by apoptosis or by nec88isPDT is an alternative treatment to
radiotherapy and chemotherapy presenting many &yes. In comparison to conventional
methods, PDT is a non-evasive method, reveals goathetic results (Figure 18), can be
repeated without fear of overdosing or developiegjstance and, through the use of an optical

fiber, the desired therapeutic effects can be ipedlonly to the irradiation sit& 8%,

Figure 18. Cosmetic effect achieved after PDT treatemt: before (A) and
after (B) PDT treatment [,
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2.2.2  Molecular oxygen (Q)

One key element in PDT is molecular oxygen)(@sually, the valence electrons of
most organic molecules that occur in nature, inrtgeund state, have their electrons in a
singlet state configuration. However; 3 a particular molecule because the valencerelest
in its ground state, occupy a two degenerate dsbitath low energy corresponding to a more

stable triplet stat€’Q,) (Figure 19).
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Figure 19. Molecular orbital diagram of molecular ocygen (Q,).

Singlet oxygen 'Q,) is an important reactive oxygen species (ROS) laasl great
impact in biological processes like cell migratisivcadian rhythms, stem cell proliferation and
neurogenesi§®. Once generatetD,is very reactive with common substrates and, iitgon
is not controlled, it can have potentially harm&ffects in biological systems and lead to
photooxidative damage, with potential DNA dam&ge Nature has evolved to control all of
these processes: in plants during photosynthasysexcess ofO, produced is blocked by the
action of carotenoid$® ®@ whereas in animal cells, polyphenol antioxidacds protect and

scavenge harmfdD, and avoid its uncontrolled reactivity and undebieéfects.

Reactions that involve electronic transitions wéthange in electron spin multiplicity
are quantum mechanically “forbidden” or “not allalvéransitions” and have very small

probability of occurrencE®. The conversion 010, to 'O, (singlet oxygen) is mediated by the
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photosensitizer (PS) molecule and through the obetr use of light (wavelength; irradiation
time) the cytotoxic action 00, can be achieved. This action is fast becaQ@sés a short-lived

species (18>-10° s)®? and is limited to a short distance (0}0%).

2.2.3 Photosensitizers (PS)

A substance that is able to absorb energy andférapart of its energy to another
molecule, enabling a physical or chemical modifaatin this molecule is a photosensitizer
(PS). The first PS for the treatment of early-stlugg cancer and bladder cancer was a mixture

®U Nearly a decade

of porphyrins derivatives based on hematoporphiim Protofrir?, 1993)
later an improved PS was approved and was basedpame reduced porphyrin derivative: a
chlorin, namely 5,10,15,20-tetrakisfiydroxyphenyl)-chlorin fiTHPC, 2003, temoporfin,
Foscafl) 2. In addition to Fosc&hand Protofrin only four other PSs have been apgtdor
clinical PDT: i) 5-aminolevulinic acid (ALA, Levul®); ii) its methyl ester ,MAL (MetviX);

iii) verteporfin (Visudyn&) and iv) talaporfin (Laserphyrth only in Japan)®® (Figure 20).
Moreover, hexyl levulinate (hexvix, CysviWUSA) has been marketed fior situ imaging of
bladder cancer. The aminolevulinic acid derivatiage endogenously converted by natural

biosynthetic pathways to protoporphyrin IX and tlepress their PS properties.

Temoporfin OH Talaporfin

H,N OH
ALA

H,N 0

MAL

o Verteporfin
OH

Figure 20. Chemical structure of some clinically aproved photosensitizers.
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Foscaff used in a typical PDT treatment comprises a twep-girocess: i) first, PS
(Foscafi) is injected in a single shot, lasting at least siinutes and using an indwelling
intravenous cannula; then and only four days l#@erthe entire surface of the tumour is
irradiated with laser light (specifi€) using a fibre-optic cable to induce the desitestdapeutic
effects. Extreme care is taken not to illuminatbeotareas of the body, because the light
sensitization is still not selective. Therefore aagrecaution, the patient should avoid exposure

to bright light for 6 months after the treatm&fit

2.2.4  Porphyrin as a PS

An example of the PS action on a molecule resultgshe generation ofO, and
porpyrins can act as efficient PS: first, the PSténground state PS{fSis promoted to an
excited singlet state PSjSby absorption of light\) of a specific wavelength; then, through an
efficient intersystem crossing (ISC), it relaxeslaraps part of its energy in its triplet state
PS(T); finally, because the lifetimed) of a triplet state of the PS{JTis longer than that of a
singlet state PS(H there is more time to react efficiently with ethsubstrates, namely with
molecular oxygen®Q,) trapped in tissues. Two important mechanismsoéien proposed to

explain the reactivity of excited species P$@nd these are described as folléWs

i) In type | — PS(]) transfer an electron or abstracts hydrogen atéomm the
substrate (S), generating species (cations / fajliteat then react witfO, yielding

oxidized products;
PS(T) + RH-> PS(T)H" + R > PS(T)H" +°0,—type |
PS(T) + RH> PS(T)H + R > PS(T)H" + 30,

i) In type Il — follow from a collision of the excitegkensitizer PS({J) with molecular
oxygen (triplet state’0,), singlet oxygen is generated and can then reittt w

biological substrates (S) leading to photodegradatroducts;

PS(T) +30, > PS(]) +'0, > 0, + S —type |l

The exact mechanism by whit®, is produced has been a matter of debate. Although
now it is accepted that a type Il photochemicattiea is involved in'O, generatior®® °"! it
cannot be excluded that the overall PDT effect mighult from a combination of type | / type
Il mechanisms. The overall yield of type Il photeatfical reaction might be affected by
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photobleaching and quenching of fluorescence. Piedching occurs due to PS exposure to
light, which can lead to irreversible changes in $2®icture due to photon-induced chemical
damage and covalent modification. A practical couosace is that PS absorbance and
fluorescence intensity are lost. The number of simé*S can absorb and become excited before
it starts photobleaching depends on the local enmient and on the structure of F%.
Quenching results in fluorescence loss and involveson-radiative energy loss that occurs

because of oxidizing agents, the presence of $mtsy metals or halogenated compoufftis

2.2.5  Other photosensitizers

The photosensitizer (PS) property is not limiteghoophyrin structures and many other
molecules proved successful in generating singleygen (0,). Some examples are

perylenequinones (PQs), hypericin (HC), quinonesrandamines Figure 25,
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Figure 21. Structures of some PSs based on diffetechemical entities: quinones, perylenequinones, pgricin
and rhodamines.

Although all of these molecules can potentiallyuseful as PSs, none of them was so
successful as the porphyrins or any of their déxiga. In the past few decades, the ultimate
goal has been to develop an “ideal photosensitim#ecule” that would display a set of unique
characteristics which define the “ideal PS”: a gmb@mical purity / stability; high quantum
yield of singlet oxygen production; significant ahstion in the long wavelength region (700
nm — 800 nm); preferential tumor localization (&tigg); minimal dark toxicity; delayed
phototoxicity and display good water solubility tadile for injectable solvents used in

formulation'*®® %2

In a quest to find the best PS molecule, three rgéinas of PS have been considered:

the first refers to PSs based on hematoporphymivatee (HpD) and Photofrify the second
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generation, intended to chemically modify porphystnucture into its derivatives and iii) the
third generation comprises the attachment of tagexisting PS molecules to increase their

(93]

selectivity . A matter of recent focused research has beenrdwide bimodal cancer

treatments, combining photo- and chemotoxicity bdjpain a singular system.

2.2.6  Photochemical internalization (PCI)

Photochemical Internalization (PCI) is a recenttpgwsed technology based on the
same principles as PDT but with an important dé#fee: the PS has to be localized
intracellularly in endocytic vesicles, together lwitn therapeutic agent. Therefore, after
irradiation of light (specifid\), there is the generation @, which leads to the local burst of
membranes of endosomes with the release of theidtaghe cell - PCI mechanism of action
(Figure 22)!'°*1 pC| acts as a precise photocontrolled drug dslivestem of large

macromolecules therapeutics, that otherwise woalddgraded in the lysosome and excreted /
eliminated from the cell.

Extracellular g Cytosol Lysosome

space :
Endosome @
D p _
D
D pg D PP n
D 9_,_,'

Drug °Z% m DD

AN nght *_ ;
Photosensitizer

Figure 22. Photochemical internalization (PCI) mechnism of action, showing light induced release ofrdg (D)
and photosensitizer (PS) into the cytosol after bt of the endosoméY

Amphinex-based PCI of bleomycin (Figure 23) use%035,20-tetraphenylchlorin
substituted by two adjacent sulfonated groups (TRESs PSto treat patients with local
recurrence or advanced/metastatic, cutaneous erigaheous malignanci€&.
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Figure 23. Components of amphinex medicine: a phosensitizer (TPCS2a) and the drug (bleomycin).

3. Multifunctional drug delivery systems (DDS) basad©@Ds

3.1 DDS purpose

In opposition to the systemic administration of mews, it is expected that a drug
delivery system (DDS) can deliver the desired ageneédicine), in the right amount,
specifically to the affected tissue resulting ie tiherapeutic treatment leaving the host tissue
undamaged following thenagic bulletconcept, as suggested by Ehrici. Examples of

extensively studied and established DDS includestymes, polymers, micelles, nanoparticles
[104]

and antibodies and have been extensively studigdrg-24)

Liposome Polymer Micelle Nanoparﬁcle Antibody

Figure 24. DDS examples: A) Liposome; B) polymer; Cicelle; D) nanoparticle and E) antibody™%4.

3.1.1 Passivevsactive targeting

The type and mode of administration of the DDSeipahdent on the desired effect and
on the specific targeting strategies, which arede into “active” or “passive” drug targeting
strategies. These have been reviewed by Sinko@mebdkers™*:
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Active targeting involves the attachment of a sfieahemical group (or tag) to the
DDS, in order to attach the DDS directly to thedifie site of action. Examples are: i) tumour
specific antigens or receptors; ii) antibody-diegctenzyme prodrug therapy (ADEPT); iii)
gene-directed enzyme prodrug therapy (GDEPT) /swvilivected enzyme prodrug therapy
(VDEPT); antibody-targeted, triggered, electricalljnodified prodrug type strategy
(ATTEMPTS) and membrane transporters. On the dihed, passive drug targeting strategies
[19%] take advantage of the enhanced permeability aedtien effect (EPR) of large DDE"),
which due to their prolonged blood circulation tiwen effectively penetrate into cancer cells
possessing irregular morphology, density and higéculature of these tissues, as opposed to
healthy tissues. Some examples comprise i) polyected enzyme prodrug therapy (PDEPT)

and ii) polymer-directed enzyme liposome thera@L(P).

Figure 25 shows a schematic representation betveetme and passive targeting
approaches, comparing an ideal case with a realsstenario. Clearly, active and passive
targeting strategies to treat cancer still face yniamitations that impair their extended and

successful applicatiof’”. These can be summarized as follows:

i) variable EPR effect or extravasation of DDS tottlvaour
ii) variable degree of penetration of DDS into tumours
iii) active targeting faces many physical barriers duegigh cell density in tumour

cells, that lead to blockage or loss of the tagchied to the DDS

iv) inadequate formulation of the DDS with a systemailcire to show significant

therapeutic benefit
V) difficulty to reach good correspondence betweemahimodels and humans

vi) difficulties in achieving personalised healthcasatments

The safety profile of these materials and theifgrerance cannot be assessed relying
on the same principles, as those used for singlg dwlecules due to the complexity and big
number of components in a DDS. Therefore, the ctaraation of these DDS, regarding
physico-chemical properties, is often limited tdistribution or average value. There is a lack
of reproducibility in its preparation and althougihthe majority of cases nanomedicines (DDS)
applied in cancer treatment managed to reduceitpxibey have failed to improve efficacy

(response rates / survival times) which decredsssdommercial attractivene$s",
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Figure 25. Comparison between a conceptual and reastic DDS targeting strategies: passive drug targétg
(conceptual (A)vsrealistic (B)) and active targeting (conceptual (Evsrealistic (D)) 1.

3.1.2 Polymeric DDS

The use of synthetic polymeric DDS as carriers bhasn recognised and a good
polymeric drug carrier should be decorated with naical functional groups to enable,
simultaneously: i) polymer-drug conjugates solghilion; ii) attachment of the drug to the

polymer matrix and iii) attachment of the carrietthe binding sit&°®.

The structural features and properties of CDs ntlaé&m suitable building blocks to be
used in polymeric reactions. CDs can be graftednamy natural and synthetic polymers
through a variety of method¥” resulting in different polymer architectures (Fig26) ™.
Additionally, CDs being generally recognised aesafbstances (GRAS) do not pose as many
concerns regarding toxicity, as other non-GRAS cmumpls and the possibility of combining
them with other biocompatible materials has beengeised. Examples of polymers combined
with CD include dextran8' **2 hyper-branche@'® as well as linear poly-ethylenimine (PEI)
14 poly-(e-lysine) ™ or poly(vinylalcohol) (PVA)''®. Some CD-based polymers are suitable
for gel formatior'”,, DNA transfection*® and can act as carriers of various drugs.
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In polymeric materials, a CD can modulate the sseprofile of drugs"® and it has
been proposed that this action was due to the awdbaction of several CD units acting
cooperatively to solubilise and stabilize drugsipolymeric matrix¥'°®. Examples include: i)
the increase in the complexation efficiency andydrimavailability by addition of water-soluble
polymers to simple CD solution of the drid@”; ii) increased of the dissolution rate of poorly

soluble drugs like indomethaci" and iii) improved mechanical properties of tablEts
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Figure 26. Examples of CD-pendent polymers: A) CD+gfted linear polymer; B) CD-pendant graft
copolymer; C) CD-conjugated dendrimer and D) CD-flanking block copolymer 20,

Interestingly, CD-polymers can also have an oppasitect as CDs can hold the drug
more tightly in the polymer matrix, thus delayinty irelease or even blocking the active
molecule inside the polymé¥®. This has been attributed to a reduction of diffit of the
guest in the polymer matrix, especially after coemption of the guest because there is: i) an
increase in the molecular weight of the complex RSIArug); ii) possible formation of poorly
soluble complexes, in which the host (drug) is ¢emly bonded to the polymer backbone; and
also iii) a reduction of the pore size in the potyrmatrix when CD acts as a crosslinking agent.

Moya-Ortegaet. al. [*?*]

proposed that the preparation of polymeric CDs ban
achieved, using three different strategies: i)kbg-lock assembly, where two constituents are
mixed together and are allowed to spontaneous ddsémaqueous solutions, one having CD
units and the other possessing suitable guest oleketo enable complexation equilibrium; ii)
the covalent cross-linking of CDs through the usproper monomeric units like epoxides and
isocyanates; and, iii) through polymerization of £honomers, previously modified with

reactive acrylic or vinyl moieties.
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3.1.3 CD and small interfering RNA (siRNA) delivery

RNA silencing is a control mechanism for gene espi@n that enables the detection
and avoids transcription of non-endogenous cell RIS$Mall interfering RNA (siRNA) is
involved in RNA silencing and it mediates the s@ggsion of genes corresponding to double
stranded RNA, through targeted RNA degradatiti. The research and development of
strategies to deliver siRNA into cells have beemleli explored, mainly due to the high

specificity in the inhibition of the target of imest™?°],

The first targeted delivery of sSiRNA in humans witlancer was a CD polymer
construct called CALAA-0L This molecular assembly (Figure 27) was develdpesed on
two different difunctional monomers:[#CD derivative (A) and a difunctional charged spacer
(B), arranged in a linear fashion where @D is part of the polymer backbone. Another
interesting feature is the appendage of an adataanitye (AD) moiety, modified with a steric
stabilization agent (poly-ethylene glycol (PEG) aig) and a specific transferrin receptor (Tf)
(Figure 27)*#) This system was used to deliver a siRNA agaimstribonucleotide redutase
subunit 2 (RRM2) gene products, which is an esthblil cancer target.

CALAA-01 tolerability, safety profile and maximunolerated dose (MTD) proved to
be successful in the treatment of patients withpstd or refractory cancer, when intravenous
administrated'?®. Additionally, polycationic amphiphilic cyclodeits (paCDs) were used as
gene-delivery systems, combining properties of lipids and cationic polymers in a nonviral

gene vectof®.,
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Figure 27. CALAA-01® a BCD polymer DDS construct able to deliver siDNA intchumans!*?”,
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3.1.4  Camptothecin (CPT) — CD-based polymer

Camptothecin (CPT) is a molecule initially isolaté®m the tree Camptotheca
acuminatethat revealed anticancer activity in animal mod€BT can display two different pH
dependent forms: i) an active and poorly water{slellactone and ii) an inactive, carboxylate
form favoured at physiological pH. Therefore, oadeninistered CPT is rapidly converted into
its carboxylate form though a lactone-ring operamgl losses its potential antitumor function
[129

I, Two chemically modified CPT based drugs (topateemd irinotecan) are currently

approved for use in humans.

A CPT conjugated to a linear polymer CD-based pelyCRLX101) revealed good
safety profile and has been approved for intraveramiministration in humans, for the treatment
of advanced solid tumouf§%. CRLX101 consists of f-CD, difunctionalized with the natural
amino acid cysteine (CDDCys) and polyethylene dIyed&G). Small drug molecules such as

CPT can be attached to each polymer unit via @lifikigure 28).

Camptothecin

Figure 28. Structure of CRLX101 polymer and camptthecin (CPT).

3.1.5 CD-Porphyrin DDS

Light can trigger photochemical reactions and edhse of photoactivated compounds,
three of the most important criteria to judge adyaccarrier system comprising a PS are: i) its
biocompatibility; ii) the ability to cross biologat membranes to reach the active site and iii) the

ability to preserve the PDT properties of the'®%
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One possibility to increase PS selectivity to caniesues is through attachment of site-

specific tags directly to the PS. Some examplésidec

)

ii)

Attachment of porphyrins derivatives to peptidesjagates that revealed
good DNA binding propertid§”

Modification of porphyrin derivatives with cationigroups, showed good

mitochondria-targeting capabilities and minor darkicity %

Modification of porphyrin with specific groups ovekpressed in cancer cells
like: folate or arginyl glycyl aspartic peptide (R{revealing good targeting

properties and cellular uptake by cancer ¢&fts

The focus on bimodal systems based on CD-porphgongigates, that is, systems that

are able to display simultaneously the propertiggogphyrins (photophysical, localization) and

CDs (water solubility; inclusion/complexation aty)i is a recent area of research with a

promising future.

3.2 Aims of the dissertation

The goals of this thesis can be divided into twanmperts.

The first part involves:

The efficient preparation, purification and chaesiziation of a new bimodal
system (CDmTHPP), consisting of @3CD covalently bound a porphyrin
(5,10,15,20-tetrakist-hydroxyphenyl)-21,28-porphyrin,mMTHPP), which is a
chemical analogue of an already approved commeR®l(Foscat). CD-

MTHPP is expected to possess improved aqueous glunid preserve all
photophysicamTHPP properties, with the advantage of having amae€D

cavity to complex suitable guest molecules, to énhblwlogical studies on CD-

mMTHPP system.

The drastic improvement of solubility of CGR¥HPP in aqueous solutions and
the complete recovery of UV-Vis and fluorescencepprties to achieve
concentrations that could enable complete chaiaatem of CDMTHPP its

use in parenteral formulations.

The chemical modification of selected anticancergdrto be tested as guest

molecules, using the above mentioned bimodal carriaqueous environment.
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The second part involves:

e the preparation of positively-charged CDs, namay6-aminoethylamino-6-
deoxy)3CD (Bpen) and its incorporation in polymeric materialde tested for
the inclusion of specific anionic guest molecules & study them as release

modifiers of nucleotides or nucleotide drugs, tlylosemi-permeable dialysis
membranes.
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RESULTS AND DISCUSSION







4. A CD-porphyrin conjugate (CbATHPP) as a water soluble
bimodal DDS

4.1 Introduction

The development of a pure and well-characterized-pGBhyrin conjugate that
desirably, would combine the distinct propertiesboth porphyrin and CD macrocycles in a
single nanosized molecular system has been a nedttelevant research, concerning primarily
water-soluble photoactive systems and, to a musbeleextent, water-soluble bimodal drug
delivery systems. These CD-pophyrin conjugatesdcdidplay: i) the imaging, photoactive and
electroactive properties attributed to the porphynioiety ii) the capacity to generate efficiently
'0, from %0, by the action of light iii) improved aqueous sdlitp and ability to carry,

solubilise and stabilize desired drug moleculesilad to CDg'*,

Great effort has been devoted to the charactavizatif CD-porphyrin conjugate
photophysical properties given its extensive applbm as model systems in binding studies,
catalytic, photocatalytic and photo-induced proee§s®. For example, a conjugate between
BCD wunit and 5,10,15,20-tetrakis(pentafluorophepgd)phyrin  was prepared and its
characterization revealed that their photophygicaperties were not affected by connection of
the porphyrin to the CD macrocycle. Additionally,5a10,15,20-tetrakigthydroxyphenyl)-
porphyrin @THPP) was connected to BCD unit and, when studied in aqueous solvents,
revealed self-aggregation that was attributed toplpgin-to-porphyrin interactions with
participation of the CD cavity. The addition of aegt solution of 1-adamantol to this solution,
promoted the spatial rearrangement of the aggredaie the photophysical properties of the

conjugate were preservetf.

The covalent attachment of a 5,10,15,20-tetrakiggfiorphenyl)-porphyrin t@CD
and yCD has been described and the CD-porphyrin corgsgelated (monomers, dimers,
trimers and tetramers) have been studied as paltdédiDlS, taking advantage of CD ability to

include in its cavity relevant cytotoxic drugs,tabie for cancer treatmeht”.

One the other hand, considering the preparatiomogbhyrin-cyclodextrin conjugates,
the efficiency of the reaction and the purity of firoduct can be really challenging. Thus, one
of the first examples of a CD-porphyrin conjugadescribed in the literature was prepared from
the reaction of #CD-iodide with 5,10,15,20-tetrakis[4-(methylsulfd)phenyl]-porphyrin, in
25 % yield. The same authors also reported theapagipn of a CD-porphyrin dimer (30 %
yield), from the reaction of 5,15-bis(methylsulf@henyl)-10,20-diphenylporphyrin with the
sameBCD derivative, carried out in DMF, at 60 °C, duriag h**. More recently, a CD-

porphyrin monomer was obtained in 30 % vyield, pregadrom reaction of ®&-monotosyl-
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BCD (@EmTs) with 5,10,15,20-tetrakigfhydroxyphenyl)-21,28-porphyrin  pTHPP) in a
reaction conducted at 140 °C, for 24 h, in DM®. The conjugation of a 5,10,15,20-
tetrakis(pentafluorophenyl)-chlorin bearing /gbenzylisoazolidine ring (FC) with foup-
cyclodextrin unit, resulted in a water solubledeter prepared in DMF at room temperature and
obtained in 24 % yiel#*. In most of the examples described above, thepois literature
evidence of chemical puritye(g. in the form of elemental analysis, TLC gR mass

spectrometry data).

Thus, most CD-porphyrin conjugates show importamithtions such as the small
yields obtained, the time-consuming purificationtimegls and incomplete characterization. CD-
porphyrin conjugates, also lack of sufficient wasedubility that often results in extensive
aggregation and in the loss of their photophysgicaperties in aqueous medium. Additionally,
there is also a strong desire in developing paknseful drug candidates, based on already

marketed or approved molecules with a well-charizetd safety profilé®.

In the light of the current the limitations of corarially available PSs and taking into
account the approved status of CDs, the purpoghi®fchapter is to describe the efficient
preparation, complete purification and charactéinpa of a water-soluble CD-porphyrin
conjugate. This bimodal conjugate will be composgd i) one porphyrin unit (5,10,15,20-
tetrakis(m-hydroxyphenyl)-21,28-porphyrin, mTHPP), used because it is the porphyrin
precursor to an already marketed chlormTHPC), i.e. having one pyrrole double bond
reduced, the drug Temoporfin, commercial availa#te Foscah According to European
Medicine Agency, 2005 “Foscéris indicated for the palliative treatment of patgwith head
and neck squamous cell carcinoma failing prior dpggs and unsuitable for radiotherapy,

surgery or systemic chemotherapi.

4.2 Results and discussion

4.2.1  Preparation / purification of CD-mTHPP

Previous literature precedents exist describingcthelent connection of porphyrins to
cyclodextrins in order to obtained supramoleculgstems with catalytic potential or redox
properties; or, to study the photophysical properdf the resulting CD-porphyrin conjugates.
In our group, the preparation of CD-porphyrin cgajies was explored through: i) the
connectivity of oneBCD unit to a protoporphyrin 1X (PplIX) moiety**!! and ii) by the
attachment of a mono-substitutB€D derivative andnTHPP in alkaline condition$*?, The

original purification strategy for the purificatioof the latter comjugate (CBHHPP) was
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based on a methodology involving: i) dialysis of trude mixture; ii) extensive washings with
methanol; followed by iii) size exclusion chromataghy on Sephadex G-25. This lead to the
desired conjugate (CBWTHPP) isolated with an excess (30 of mono-3,6-anhydr@CD

as an impurity, revealed by MALDI-TOF mass spece&tm The isolated product (CD-
mMTHPP) revealed good water solubility and enabldtlinelusion studies with encouraging
results, but failed to show reproducible phototiyicresults, owing to the lack of
reproducibility in the preparation / purificatiof GD-mTHPP. Thus, there was an urgent need
for the development of a more efficient purificatistrategy to improve the purity of CD-

MTHPP, its yield and to scale-up the reaction wagbroducible results.

CD-mTHPP was prepared from the reaction oD-®ronotosylBCD (BmTs), with a
commercially available porphyrin namely, 5,10,15t@0akis(m-hydroxyphenyl)-21,28-
porphyrin (MTHPP). The reaction was performed under anhydroolditons, in dry
dimethylsulfoxide (DMSQ), at 40 °C under constamigmetic stirring for a total of 72 h (Figure
29).
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Figure 29. Preparation of the conjugate (COnTHPP) from reaction of BmTs with mTHPP in DMSO.

Initially, mTHPP was dissolved in alkaline DMSO, to generate #ppropriate
allyloxide species (Ph-§) expected to displace the good leaving tosyl gre@Ts) present in
BmTs to generate of the desired @DHPP conjugate, comprised by am&@HPP and on@CD
connected through a non-hydrolysable ether bond Tilica gel 60jPrOH / EtOAc / HO /
NH; (5:3:3:1,v/v)) was used to monitor the reaction progress.@IHPP was eluted as a
red/brown spot (R= 0.61), revealed red fluorescence when irradiatddV light A = 254 nm)
and turned green upon revealing/burning with a #H%0, ethanolic solution. The pure CD-

MTHPP molecule was isolated from the reaction cindeur steps:

1. The crude product mixture was solubilised in wated dialysed through a
benzoylated dialysis tubing (M¥¥ = 2000 Da), at neutral (pK 7) against
water to remove dimethylsulfoxide (DMSO), tracesN&OH, tosic acid and

water solublg8CD related by-products
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2. Liquid-liquid extraction was performed on the diedg mixture, using ethyl
acetate / water to wash away and recover from ihlgsed crude, unreacted

mTHPP and some of its salts

3. Column chromatography (silica gel G8@rOH / EtOAc / HO / NH; (5:3:3:1,
viV)) was employed to isolate the desired product (@IBH4PP) from unreacted
porphyrin (nTHPP) and other reaction by-products, not remowvedthe

previous steps

4. A second dialysis at acidic pM 5 was required, to remove from the reaction
mixture any excess of ammonia used in the mobi@sghin its ammonium

chloride salt form

5. Freeze-drying was performed to remove the excesstdr and obtain a black
powder (CD-mTHPP)

Under optimised conditions, pure GBFHPP was achieved in 40 % vyield, calculated
with respect to the amount of reacted porphynnTHPP). Additionally, following the
purification strategy developed, nearly one-thigd @6) of the whole amount of porphyrin

(mTHPP) was efficiently recovered and can be reused.

The strongly alkaline conditions used to promote tbrmation ofmTHPP alkoxide
species, also favour undesired reactions thatthedxplain the moderate obtained yield. These
are: i) the hydrolysis of the sulfonic esteffimTs, with the consequent formation®ED and
i) the formation of mono-3,6-anhydf@cD (Figure 8) via the deprotonation of tRED-OH;
and nucleophilic attach tosCleading to glucopyranose ring inversion and dispment of the
tosyl (OTs) moiety. Moreover, the tetravalencynafFHPP, could possible result sis-dimer
(CD-mTHPP (2:1),transdimer (CDmMTHPP (2:1), the trimer (CDATHPP (3:1) and the
tetramer (CDmTHPP (4:1). In addition, the formation of mapgD-Na" salts, complicated the
purification of the product mixture. Although, thénal strategy was successful and
reproducible, it was preceded by numerous trial$ methods. A short account of which is

mentioned in the chapter below.

Initially, size exclusion chromatography (Sephadex25) was used directly after
reaction, to purify small portions of crude solig®d in water. The sample was applied twice,
on the same column (L x OD = 40 cm x 1.9 cm), vagythe amount loaded by a factor of 20
and, but no band separation was observed (Figu®®B)D The inefficiency of separation was
corroborated by TLC (silica gel 61RrOH : EtOAc : HO : NH; (5:3:3:1,v/V)): three spots were

observed (black arrows), that glowed red under IgktIi(A = 254 nm) and turned green after
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being revealed with 4 %430, ethanolic solution (Figure 30 C). This observaiindicated that
the crude had more than one labelled product atintaporphyrin, probably corresponding to
the desired coupling products. To verify this agstiom, a sample of the crude was analysed by
mass spectrometry and the MALDI-TOF MS spectrum regasrded (Figure 30).
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Figure 30. MS (MALDI-TOF) spectrum of crude, after size exclusion chromatography (Sephadex G 25).
Insets: two column chromatography separations varyig the amount applied: A) 1 mg crude in 2 mL of HO
and B) 20 mg of crude in 5 mL HO; C) TLC monitoring of the fractions collected.

The MS spectrum revealed the presence of the egbewbupling product (CD-
MTHPP), in a small amourwt (L0 %m/m) and along with other coupling products, nameli-C
MTHPP (2:1) 14 % (/m) and CDmTHPP (3:1x 2 % (Mm/m). Additionally, a large excess of
CD saltst 43 % (n/m and unassigned CD-related by-products were getertcounting for the
remaining mass sampte 30 % (n/m). The high amount of unrelated CD by-products lban
explained by the excefsnTs used in the original procedure (4 molar@gTs / 1 molar eq.
mTHPP), that under strong alkaline conditions canldael to the undesired reactions, like
discussed previously. Therefore, this experienogeau that size exclusion chromatography was
inadequately used as purification technique andrdtie of reactants use@®riTs / mTHPP)
could be reduced. Evidently, whatever their comjmss are, the products in aqueous solution
interacted with each other, forming supramolecatanplexes of various compositions that are

eluted indiscriminately by Sephadex. This outcontecgs doubts on the validity of the
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previously published purification procedurB® by size exclusion chromatography alone.
Apparently, the prerequisite for a successful sjmr was the interactions of the solutes with

the column packing material, indicating the ussilifa gel was necessary.

Therefore, a second trial was carried out and thedec isolated was washed
exhaustingly with MeOH, as alternative putificatistnategy that resulted in the isolation of a
black insoluble solid. An aliquot of this solid spiewas analysed by MALDI-TOF MS and the
MS spectrum (Figure 31) revealed a relatively pometure, comprised of: two coupling
products CDMTHPP (46 %m/m) and CDmTHPP (2:1) (46 %m/m) in an equal ratio and
contaminated with traces of GB¥HPP (3:1) (5 %m/m) and mona3,6-anhydrd3CD (3 %
m/m). This trial revealed that other coupling produ@®-mTHPP (2:1) and COPATHPP (3:1))
could be selectively isolated, based on liquidifoild extraction if the current purification
method is further developed. Additionally, the ¢gonbus TLC monitoring during all of these
trials was crucial, not only to assess the reagtimgress but also to judge the efficiency of the

purification trials.

Recalling the related wof®, where a similar conjugate (QBFHPP) prepared from
the reaction ofdmTs with 5,10,15,20-tetrakisgthydroxyphenyl)-21,28-porphyrin THPP).
The conjugate CIpPTHPP was painstakingly purified using RP-HPLC, witttadecylsilane
(C15) modified silica, as a stationary phase, and aalingradient mobile phase starting from
ammonium acetate (AcNHpH = 5) and ending in acetonitrile (ACN). It walso reported the
use of TLC (silica (RP-8)PrOH : EtOAc : HO : NH;(5:1:3:2,v/v)). This data suggested that
our coupling products should be eluted from a silgtationary phase, using a mixture of

solvents with different affinitiese. comprised of both aqueous and organic components.
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Figure 31. MS (MALDI-TOF) spectrum of a trial, where the crude was isolated after extensive MeOH
washings.

Therefore, a series of TLC trials were conductedhtprove the separation of several
crude samples, using silica gel 60 as stationaag@@ndPrOH :EtOAc : HO : NH; (5:3:3:1,
v/v) as mobile phase. Figure 32 A shows the TLC efdiude diluted 1/10 in MeOH against
BCD, mTHPP and3mTs solutions used as controls. It shows thatilHPP is eluted as a red /
brown spot that is not retained{R 1.0), shows red fluorescence under UV light(= 254
nm) and turns green when revealed with acidic goiu@4 % HSOJYEtOH); ii) the coupling
products behave like mTHPP but, due to the attanhofeCD units, it turns black after burning
with 4 % HSOY/EtOH,; iii) finally, BCD, BmTs and any3CD related by-product are not UV
active and will be revealed as black spots, upomnibg with acidic solution. These
observations agree with previous TLC data (FigureC3 and were corroborated by MALDI-
TOF MS (Figure 30).

A sample of the same crude mixture previously &eatby size exclusion
chromatography, was applied and treated by praparalL.C chromatography (silica gel 60,
iIPrOH : EtOAC : HO : NH;, (5:3:3:1,v/v)). Two TLC plates were loaded with 5 mg crudes O.
mL water (Figure 32 B) and with 20 mg crude / 0.6 gRigure 32 C) and after elution it was
observed that only a limited amount of crude cooddloaded onto a single plate, without

compromising the degree of separation that corredgto < 5 mg crude / 0.5 mL water.

41



' Coupling
products |

a
mTHPPf /\ o

pmTs PCD
A) B)

Figure 32. Degree of separation achieved in purifation of crudes containing CDmTHPP: A) TLC of

aggregated CDmTHPP in aqueous solution (O, NMR tube) and preparative plates illustrating two

separations where the amount of crude applied wasavied: B) 5 mg crude / 0.5 mL HO and C) 20 mg crude /
0.5 mL H,0. Silica gel 60jPrOH : EtOAc : H,0 : NH3, 5:3:3:1 V/V).

Therefore, five plates were loaded each with 5 mugle solubilised in water (0.5 mL).
The TLC plate was developed, the five differentdsaisolated (1 to 5 — Figure 32 B) and
subjected to MALDI-TOF MS analysis: i) band 1 speuct revealed the presence of unreacted
mTHPP andnTHPP salts; ii) band 2 corresponded to the desioefugate product CERTHPP
and iii) bands 3, 4 and band 5 proved to be a méxtfi CD-based by-products, other coupling
products and unassigned impurities. The biggestiuak related with the usage of preparative
TLC to purify CDmMTHPP is that the conjugate was strongly bondedhéfine silica gel

particles and could not be efficiently recovered.

This experiment revealed that a good degree ofragpa could be achieved once the
proper ratio of silica/crude was found, which mated further trials on the purification of these
crudes using column chromatography. Different batnples were applied to different column
dimensions (L, cm) x (OD, cm) and the ratio betwtenamount of sample to be treated (crude,
mg) and silica used to pack the column, was vadsddescribed by Table 3. A proper
purification was achieved through the use a reditivong column ((L, cm) x (OD, cm) = 62
cm x 2.2 cm), packed with 80 g of silica gel 6@&ded with 20 mg of crude solubilised in water
/ mobile phase (1:1) (# 4 Table 3).

Table 3. Dimensions of the columns used to treat tlegude of the coupling reaction.

Dimensions . ratio
# (L, cm) x (OD, cm) Silica (g)  Crude (mg) (silica, g / crude, mg) Notes
1 32x2.2 40 53 0.8 Failure
2 62x2.2 67 31 2.1 Failure
3 53x4.4 167 113 15 Failure
4 62x2.4 80 20 4.0 Success
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In some circumstances, different bands were notitethg CDMTHPP elution from
the column, which can be understood in the light)ohggregation characteristic of porphyrin-
related compounds in aqueous solvents; ii) thigyabf porphyrin to coordinate with different
positive ions (N§ NH,") and iii) the promotion of acid-base equilibraveeen differently
protonated species, motivated by the use of amn{bliig) in the mobile phase.

Figure 33 A shows a TLC (silica gel G@rOH : EtOAc : HO : NH; (5:3:3:1,v/V)) of a
sample of COMTHPP collected from an NMR ¢D) into which it aggregated. The supernatant
(Liquid, Figure 33 A), the solid that remained aggated inside the NMR tube, solubilised in
MeOH and iii) the conjugate CBTHPP and ivymTHPP, both solubilised in MeOH were
spotted: i) the aggregated form of @U-HPP (“solid”) revealed two strongly coloured spots
with different R, as opposed to a single spot revealed by the saaert (liquid) which proves
how aggregation can affect the separation effigieRarther, evidence supporting aggregation
and the presence of multiple species in equilibrivas revealed by the application of a pure
sample of CDMTHPP to the top of the column: Figure 33 B showat tiuring elution two
different bands were collected from the column egponding to the exact same compound as
corroborated by MALDI-TOF MS spectra of each franti

o

Liqui mTHPP (MeOH)

Solid
A)

Figure 33. Evidence of aggregation during separatiorof CD-mTHPP using A) TLC and B) column
chromatography. Silica gel 60jPrOH : EtOAc : H ,0 : NH3, 5:3:3:1 (/).

Aggregation and the presence of ammonia can maddéyretention of COATHPP in
the column. However, once collected these fractwere dialysed at slightly acidic pH (4 < pH
< 5), which converts any excess of free ammonia iits water-soluble ammonium
hydrochloride salt (NECI) that can then be cleared out from the isol@BamTHPP.
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Additional efforts were conducted to extract andfguwther coupling products namely
CD-mTHPP (2:1) and CD-mTHPP (3:1) that have been ifledtby MS in prior experiments.
Due to the high content @ICD units attached to the mTHPP core in @DHPP (2:1) and CD-
mTHPP (3:1), probably, these conjugates would prtesenimproved water solubility and
complexation ability when compared with GDFHPP on its own. These separation
experiments were supported by the following obderaa: after CDmTHPP was successfully
isolated from the column, the presence of sliglatyoured (green / brown) residue that
remained at the top of the column was observedesigg the presence of other porphyrin
containing products, probably with high CD content.

Therefore, by applying the same purification sggtaefter the isolation of CDATHPP
by column chromatography (silica gel 88rOH : EtOAc : HO : NH; (5:3:3:1,v/v), the mobile
phase was changed and the column was flushed avjibre absolute ethanol (EtOH), followed
by water (HO). Two fractions were selectively collected angeaded: i) red fluorescence
under UV-Vis light fex. = 254 nm) and ii) good water solubility. The MALDOF MS (Figure
34) of the fraction collected with EtOH revealed firesence of a dimer, QBFHPP (2:1) (m/z
= 2916.6), with trace amounts of GBFHPP (m/z = 1139.6). The small differences observed
between the experimental values and those expéat&D-mTHPP (m/z = 1135) and for CD-
MTHPP (2:1) (m/z = 2912) are explained by a smafkeif of the mass spectrometer,
corresponding to m/z = 4.
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Figure 34. MS (MALDI-TOF) spectrum of a conjugate ofhigher stoichiometry (CD-mTHPP (2:1)) isolated by
column chromatography: silica gel 60, first washedvith iPrOH : EtOAc : H ;0 : NH;, 5:3:3:1 (v/v) followed by
absolute EtOH.
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Therefore, the strategy employed lead to the imwmiadf very small amount of other
coupling products (CDATHPP (2:1)) present in most crudes. Due to the sargll amounts of
CD-mTHPP (2:1) collected, the isolation of this extreoguct was not further explored.
However, in a larger scale reaction, the isolatibthis extra coupling product could result in an

interesting future perspective.

4.2.2 Molecular characterization of CD-mTHPP

Following the successful preparation and purifmatof CDmTHPP, several methods
were used to characterize CGDFHPP namely: nuclear magnetic resonance (NMR)
spectroscopy, elemental analysis, UV-Vis and emis8uorescence spectroscopy, TLC and by
mass spectrometry (MALDI-TOF).

NMR spectroscopy was used to determine the straicteatures of the CERTHPP in
pure DMSOds. This solvent was used because it enables theigata solubilisation in mostly
monomeric form. and the observation of fast exchamgtons (hydroxyl —OH and pyrrole -
NH) of both starting materials nameBCD (Figure 35 B) andhTHPP (Figure 35 A).
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Figure 35.'H NMR spectra (DMSO-dg, 500 MHz, 25 ° C) of A)mTHPP and of B) BCD, illustrating the
characteristic peaks of both macrocycles.
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Figure 36 shows thtH NMR spectrum of CDWTHPP in DMSOds and it reveals that
the isolated product presents structural featurésth aBCD (Figure 36 A, black / blue colour)
andmTHPP (Figure 36 A, red colour) macrocycles, presigullustrated in Figure 35. The CD-
MTHPP exchangeable protons are observed: i) hydigmoglps of3BCD (CD-OHyz 4.0 ppm —
6.0 ppm inset); ii) hydroxyls ainTHPP (Ph-OH= 10.0 ppm) and also iii) the characteristic
highly shielded pyrrole protons (-NH) ofTHPP that resonates at- 3 ppm, due to the
anisotropic effect of the aromatic macrocycle. BID unit resonances are observed in the
aliphatic region (3.0 ppm - 6.0 ppm): i) the chaedstic anomeric proton connected to the
carbon (@) (CD-H,, = 5 ppm) and all remaining proton signals (CRHH/H4/Hs/Hs/He, 3.0
ppm — 5.0 ppm). Finally, the signals from th@HPP macrocycle are observed in: i) the
aromatic phenyl ring protons (Ph-H, 7.0 ppm -@&n); ii) the pyrrole ring protons (Pysi,,
8.0 ppm - 10.0 ppm).

The 'H NMR of CDmTHPP (Figure 36 B) also supports the correct arsirele
connectivity, between one phenyl group mifHPP and one glucopyranose unit @ED
macrocycle like illustrated in Figure 36 A. Firstiyre signal of the anomeric proton (CR-H
5.0 ppm) is split into two unequal signals: a seralilue coloured H= 4.9 ppm, Figure 36 C
and a bigger black coloured & 4.8 ppm Figure 36 C). Secondly, the integratiothefisolated
signal at~ 4.05 ppm, corresponding to only one proton isgaesl to a CD-KE signal (blue

colour, Figure 36 C). These isolated signals carale the expected attachment of one phenyl
ring of MTHPP to one glucopyranose unit of €D macrocycle, like indicated by the blue

coloureda-D-glucopyranose unit in Figure 36 A.
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Figure 36.*H NMR spectrum (DMSO-dg, 500 MHz, 25 °C) of CDmTHPP: B) a full expansion, from -3.5 ppm
to 11.0 ppm; C) an expansion in the aliphatic regio, from 4.0 ppm to 6.0 ppm region.

2D HSQC NMR experiment (Figure 37 A) was used tgeas the identity of CD4
which is revealed as differently phased contoued (contour,~ 4.45 ppm, -Ch) when
compared to all other CD protons (black contou@ls). Therefore, having assigned CD-
He,2D COSY NMR experiment (Figure 37 B) leads to CB@4.05 ppm ,Figure 37 B). This
corroborates the identity of CDsknd of CD-H of the glucopyranose unit, responsible for the
ether bond between timerHPP and3CD forming the desired conjugate (CDFHPP).
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Figure 37. 2D NMR experiments (DMSQGds, 25°C) of CDTHPP: A) HSQC spectrum and B) COSY
spectrum.

47



Although, the’H NMR of CD-MTHPP is illustrative of the chemical modification
achieved, more experimental evidence was requoedily characterize the identity and the
purity of the CDmTHPP. MALDI-TOF mass spectrometry (positive modecyano-4-
hydroxycinnamic acid matrix) was recorded (Figudg 8nd shows a single major peak at m/z =
1796.8. This result is in excellent agreement vtk expected value for the protonated
molecular ion [M+H] = 1795.7 of CDATHPP, estimated for a molecular structure of
CgeHosN4Osg. Additionally, no other high molecular weight cding products were detected and
CD-mTHPP was isolated in excellent purity.
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Figure 38. MS (MALDI-TOF) of CD-mTHPP (positive mode, 2,5-dihydroxybenzoic acid (DHBJnatrix): m/z
calcd. for CggHogN4Osg 1795.70 M]. Found: 1796.8 [M+H]" (100 %), 1817.0M+Na]* (33 %).

Further purity evidence was obtained from elemeatsllysis. The experimental result
found (C: 51.18; H: 5.93; N: 3.11) revealed exctllagreement with estimated result for a
chemical formula of ggHgegN4O35.9H,O.NH,CI (C: 51.34; H: 6.02; N: 3.48). The addition of
one molar eq. of ammonium chloride (M) agrees with the isolation / purification proceel
of CD-mTHPP, which involved: i) the use of ammonia ({Hh the mobile phase during
column chromatography purification and is followgdii) removal of NHin acidic conditions

(pH =5, H,0O / HCI) as a ammonium salt NEl though dialysis.

48



4.2.3  Photophysical and other properties of CDmTHPP
Solubility and aggregation

The porphyrin formation of aggregates in aqueoustisns has been studied in the
literature and it is known to be dependent of fectike: i) the pH; ii) the ionic strength of the
solution; iii) the concentration or iv) the solvamied to prepare the solutiofi&" %8 A CD-
porphyrin conjugate based on 5,10,15,20-tetrpiigdroxyphenyl)-porphyrin gTHPP) was
prepared and studied in agueous solutions, regpptinr aqueous solubility and a big tendency
to aggregate. The corresponding loss in absorfitionéscence properties was attributed to

self-association, between CD cavity andpfielPP phenyl ring8*®

The pure conjugate CBYTHPP, isolated as a pure black solid, at room teatpee is
insoluble in water as it is. However, if QBFHPP is first dissolved in a small amount of
organic solvent (DMSO or MeOH), it can then be maadater-soluble (M range of
concentration) and studied in agueous media. lalabfi in aqueous solutions GOFHPP
always revealed a great tendency to aggregateraciipate in the mM range of concentration.
CD-mTHPP showed good solubility in organic solventsQEt MeOH or DMSO) but not in
diethyl ether (EtOEt) where it was insoluble. Tdierential solubility towards EtOEt offered

a tool for successful purification strategy for @G*HPP (see section 10.1.4).

The solubility and aggregation tendency of @DHPP andmTHPP were visually
inspected in citrate and phosphate aqueous buffeobdions (pH = 3.8, 4.8, 6.0) and in
phosphate buffer saline (PBS, pH = 7.4). @DHPP (andmTHPP) was solubilised first in
DMSO and further diluted to solutions (18M), with varying contents of DMSO (4 % and 9.1
%). Figure 39 shows the side pictures taken thatihte the colour change and aggregation of
buffered aqueous solutions, as the pH and amounDMESO are changed keeping the

temperature constant (10 — 15 °C) over a perict8df.
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4% DMSO - mTHPP

4% DMSO — CD-mTHPP (1:1)

9% DMSO - mTHPP

9% DMSO = CD-mTHPP (1:1)

Figure 39. Solubility test of CDMTHPP (180 uM)
and mTHPP (180 uM), in buffered solutions (3.8 <
pH < 7.4) modified with 4 % and 9.1 % of DMSO.

This experiment revealed that for solutions of 180 concentration: i) CDnWTHPP
shows better solubility thamTHPP, independently of the amount of DMSO addesbtation;
i) increasing the DMSO content in a solutionrofHPP, from 4 % to 9.1 %, improved the
solubility of mTHPP but seemed to have no effect in aqueous sotutf CDmMTHPP; finally,
iii) the aggregation rate in solutions wiTHPP was higher than the aggregation rate observed

for agueous solutions of CBTHPP.

UV-Vis / fluorescence spectroscopy

The evaluation of the photophysical properties &f-@THPP (3.6uM) in aqueous
solutions (4 % DMSO/PBS) and in pure DMSO were sss# by UV-Vis absorption and
fluorescence. The results were compared to soktddmTHPP. The absorption spectra of CD-
MTHPP andnTHPP were recorded in DMSO (Figure 40 A) and in HD8SO/PBS (Figure 40
B).

The typical features of a porphyrim{HPP) spectrum are preserved in the conjugate
(CD-mTHPP) spectrum in DMSO (Figure 40 A), with a strddgret band (420 nm) and small
Q bands (515 nm, 549 nm, 590 nm, 648 nm). In pu#SD, molecules are less prone to
aggregation and there is a nearly complete mat¢heofJV-Vis absorption spectra ofTHPP
and CDmMTHPP (Figure 40 A). However, in 4 % DMSO/PBS, th¥-Vis spectra of both
porphyrin and conjugate (Figure 40 B) suffer sonaifications: i) the maximum absorption
achieved in 4 % DMSO/PBS is reduced when compargdite DMSO and became broader; ii)
the intensity of the Soret band in GDFHPP (421 nm; 0.19 a.u.) is nearly double the isitgn
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of mMTHPP (428 nm; 0.11 a.u.); and iii) the Soret bah@©B-mTHPP is sharper than the Soret
band ofmTHPP (Figure 40 B). These results that atiBv6concentrations, aqueous solutions of
CD-mTHPP display a less aggregated profile when condpéwenTHPP solutions in 4 %
DMSO/PBS.
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Figure 40. Absorption spectra for CDMTHPP (3.6 uM, red line) and for mTHPP (3.6 uM, black line) in A)
100 % DMSO and B) 4 % DMSO/ PBS.

Additionally, Figure 41 shows thenTHPP and CDwTHPP fluorescence spectra,
following with excitation at the Soret band recatder diluted 3.6uM solutions, prepared in
DMSO (Figure 41 A) and in 4 % DMSO/PBS (Figure 41 IB DMSO (Figure 41 A)mTHPP
(654 nm; 17.5 a.u.) shows slightly higher fluoresxeintensity than CPATHPP (651 nm; 14.6
a.u.). However, in aqueous solutions 4 % DMSO/RESpite the overall fluorescence intensity
is significantly lower than in DMSO, the conjugdte4 % DMSO/PBS (650 nm; 5.6 a.u.)
revealed much higher fluorescence intensity tn@iPP (651 nm, 0.2 a.u). This corresponds to
a 23-fold increase in emission fluorescence intgr{igure 41 B), indicating that CBMTHPP

recovers its emission properties at smalll}, but biologically relevant concentrations.
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Figure 41. Fluorescence emission spectra of GBTHPP (3.6 puM, black line) and for mTHPP (3.6 uM, red
line), following excitation at the Soret in: A) 100% DMSO, with A = 421 nm for both CDMTHPP and
MTHPP; and B) in 4 % DMSO/ PBS, withAg = 421 nm for CDMTHPP and Agy. = 428 nm formTHPP.
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These UV-Vis / fluorescence results revealed thaaqueous diluted solutions (3.6
uM), prepared in 4 % DMSO/PBS the aggregation phesmwn needs to be considered as it
affects photophysical properties of bathHPP and CDnTHPP. Additionally, the conjugate is
photoactive in aqueous 4 % DMSO/PBS solutions, guésg the typical UV-Vis and
fluorescence spectral featuresnafHPP. CDmMTHPP shows significantly less aggregation than
mTHPP solutions, resulting in improved absorbancd amission fluorescence intensities
especially in 4 % DMSO/PBS.

pH dependence of UV-Vis properties

Given the well-documented influence of pH on thgragation state of porphyrins and
consequent effect on photophysical propetti&s it is reasonable to expect that GIFHPP
could display a similar pH dependence of its proesrin aqueous solutions. Therefore, a
comparative study between GBFHPP andmTHPP was performed to evaluate how the pH
affects the photophysical properties and to detegnat which the pH, both UV-Vis and
fluorescence bands reach their maximum intengigudcessful, this experiment would result in

the proper choice of a suitable pH to prepare aggisolutions of CORTHPP.

The absorption spectra were recorded for dilutddtisns (2uM) of mTHPP (Figure
42 A) and of CDmTHPP (Figure 42 B), prepared in buffered solutiomdified with 4 % of
DMSO, as a function of the pH. The typical UV-Vikatacteristics of the porphyrin and
conjugate are preserved, with a strong Soret bRrd420 nm) and small absorption bands (Q
bands), observed between 450 nm < 700 nm. Variations on the wavelength and retativ
intensity of the bands were observed as the pH ath Isolutions was changed and, for
simplicity, the changes on wavelength of the S¢Xef,) and its intensity (absorbance) were

recorded as a function of pH and were respectipleited in Figure 42 C and D.

Figure 42 C reveals that in acidic pH (2 < pH <tBg Asore; Of CDMTHPP is 440 nm
and when pH > Qs it drops abruptly to lower wavelength remainingmgximately constant
420 nm <Asqret < 422 nm, thereafter, until pH = 11 resulting ihypsochromic shifting by 18
nm. mTHPP shows a higRsqret (440 nm) at acidic pH (< 3), but for 4 < pH A&, gradually
decreases down to 422 niks.e: remains constant until pH = 7 and rises graduatiin,
achieving a maximum at 432 nm at pH = 9, followgdlmecrease iRsyet= 419 NM between 9

< pH < 11 which is in contrast with the constanteaobserved for the conjugate.

Figure 42 D shows thatiTHPP shows higher absorbance than i @CHPP, for pH < 3

and for strong alkaline solution (pH > 10) and tie physiological range (6 < pH < 7). In all
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other pH ranges namely in 3 < pH < 5 and betweem8 < 9, the absorption for CBMHPP
is higher than fomTHPP.

To the best of our knowledge, the pH variation &f-Vis spectral properties has not
been assessed for any CD-porphyrin conjugate. Hemvelre dependence ofTHPP UV-Vis
spectra has been assessed and compared with diSild) the changes observed 4 < pH < 6
were related to different protonation of the imimtrogens of the porphyrin core, and ii) the
maximum absorbance was achieved at pH®.7 Interestingly, botmmTHPP and CDWTHPP
reached their maximum absorbance at pH = 7, whichdvantageous considering that most

biological experiments are performed at physiolapH (= 7.4).
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Figure 42. Absorption spectra as a function of pH ttange for A) mTHPP and for B) CD-mTHPP. Graphical
representation of C) the Soret maximum Xsqrer, NM) and of D) its intensity (Absorbance, a.u.) reorded for
diluted solutions (2uM) in 4 % DMSO/PBS*, (* - varying pH).

Less aggregated porphyrin solutions are expectedvimal improved UV-Vis spectral
properties, than solutions where aggregation tpkease. The aggregation afTHPP and CD-
MTHPP prepared in 4 % DMSO/PBS (pH = 7.0) was esédhaby the calculation of the full
width at half maximum (FWHM) evaluated for the Soband in the corresponding UV-Vis
spectra. It was found that FWHM fonTHPP (33 nm) > CDOnTHPP (5 nm), indicating that
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MTHPP has a higher tendency to aggregate tharmCTBPP. This result is in line with our
previous reported studies in 0.5 % DMSO/PBS sahgtiaovhere the aggregation tendency of
mTHPP and CDWTHPP was evaluatdd. It has been shown that QBFHPP revealed much
smaller particlesy 13 nm, DLS) thamTHPP & 2000 nm, DLS) andiTHPP, revealed a much
bigger tendency to aggregate, than @DHPP.

Even though, diluted solutions were used (M 3.6 uM), aggregation of porphyrins
proved to be a time-dependent and dynamic proceaquieous solutions, occurring even in the
UM range of concentratiod®’. Probably, during the time it takes to: i) prepafehe initial
stock solution; ii) diluting it to the desired camtration and iii) record the UV-Vis spectra of
these solutions each solution botiHPP and CDWTHPP behave differently. Therefore, time
between trials also affects the overall UV-Vis aption spectra and needs to be assessed

through carefully designed experiments.

pH dependence of fluorescence properties

Emission fluorescence spectra were recorded fotedisolutions (uM) of mTHPP
(Figure 43 A) and for CDATHPP (Figure 43 BYmTHPP shows a two band fluorescence
spectra with peaka\ (= 660 nm and 725 nm) over the region 4 < pH < 11 tivas into a single
band spectra\(= 680 nm) in acidic solutions (pH < 4). Likewise, @iTHPP reveals a spectra
three bands spectra € 623 nm, 660 nm and 730 nm) for 4 < pH < 11, whighs into a single
band spectraA(= 677 nm) when pH < 4. Figure 43 C shows that ttaaee not significant
changes on the wavelength of the strongest fluerescbandXNyax) as the pH is changed, for
solutions ofmTHPP and CDWTHPP. However, for (3 < pH < 11), the changes tenasity of
the strongest fluorescence band recorded,at (Figure 43 D) are more pronounced for CD-
mTHPP than fomTHPP, except in very acidic (pH = 2) when&@HPP fluorescence intensity is
higher than CDnTHPP. The magnitude of the changes is roughly #mesformTHPP and
CD-mTHPP and at pH = 7, it reached the maximum emisflisorescence intensity: CD-
MTHPP (70.6 a.Ulgy = 422 nm)= 2.6 times higher thamTHPP (26.4 a.U)e = 422 nm),

when excited at the Soret maximum.
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Figure 43. Fluorescence emission spectra as a fuioet of pH for A) mTHPP and B) CD-mTHPP. Graphical
representation of C) the intensest fluorescence bdn(Ayax, NM) and of D) its intensity (fluorescence, a.u.)
recorded following excitation at Soret maximum fordiluted solutions (2uM) in 4 % DMSO/PBS*, (* - varying
pH).

These results are in excellent agreement with nmeasnts performed in collaboration
with University of Catani&*¥, considering that: fluorescence emission intersfitgD-mTHPP
(5 uM, 0.5 % DMSO/PBS= 9 a.u.)vs mTHPP (5uM, 0.5 % DMSO/PBS= 2 a.u.), when

excited af\eye = 512 nm.

The fluorescence spectral propertiesndfHPP and other photosensitizers have been
studied as a function of the pH in phosphate beffevaline (PBS) modified with: i) 50 %/Y)
of methanol (MeOH) and by using non-ionic surfattgnTitron X-100 (20 %) modified with
0.6 % (/V) of PBS™®. mTHPP revealed no fluorescence in PBS solutionriegion 4 < pH <
10 and showed a fluorescence emission peak at 87d. = 417 nm) in acidic pH < 4; its
emission fluorescence intensity improved in sohgicontaining 50 %v(v) MeOH/PBS, where
two peaks were observed in 4 < pH < 10; howeveenypH < 3, the spectrum changes and
only one peak was observed at 683 nm. The improneofehe emission fluorescence spectra
of mTHPP (0.03uM) in PBS, upon addition of 50 % MeOH was attrililte a decrease in
aggregation. A reasonable explanation for the obamipserved in the spectra for pH < 4 has
been attributed to the protonation of the iminaagéen of pyrrole group, which changes the

porphyrin ring symmetry and results in a shiftfoé emission peak¥®.
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In comparison with these published results, ouultgswere obtained in aqueous
solvents, in the presence of a limited amount ganic modifier (4 %v/v DMSO/PBS) as
opposed to that reported (50 % v/ v MeOH) and diditeon, our concentration (2M) is nearly
70 times higher than the one reported (U MTHPP. The improved emission fluorescence
properties of CDONTHPP seems to be an intrinsic property of the mdéedan aqueous
solutions, where it reveals much less tendencyggpegate thamTHPP in the same conditions
(2 uM, 4 % DMSO/PBS pH = 7.0), evidently due to theeliment to the CD moiety.

4.3 Conclusions and future perspectives

The synthesis of CD-porphyrin conjugate (GDHPP) was accomplished by applying
crucial modifications to a previous completely ipegpriate purification methodology. The
optimized improved procedure involved the use dumm chromatography (silica gel 60,
iPrOH : EtOAc : HO : NH; (5:3:3:1,v/V)) and dialysis to recover the pure @I-HPP. The
conjugate was obtained in 40 % vyield, based onedadlHPP. The moderate reaction yield is
unavoidable, as many side products and processegnaoperation and compete with the
formation of CDmMTHPP, but even this value it is much better tharstntiterature reported

yields. Most of unreacteaiTHPP can be successfully recovered and reused.

CD-mTHPP was obtained as a single molecular streictionstituted by one molecule
of CD covalently connected to one molecule of pgriph Its physical-chemical properties were
assessed by TLGH NMR spectroscopy, elemental analysis, MALDI-TOBS® spectrometry
and UV-Vis / fluorescence spectroscopy. In its mtege, COMTHPP preserves the porphyrin
properties, namely it displays a typical UV-Vis aljgion, red fluorescence and it is water-

soluble inuM range of concentration, which are appropriatdraritro biological studies.

In comparison tonTHPP in theyM range of concentrations, CRTHPP revealed
improved emission fluorescence intensity (1.7-fuilgher) in aqueous solutions modified with 4
% DMSO, which can be maximized using 4 % DMSO/PBB € 7.0). CDmMTHPP showed
much smaller tendency for aggregation than fomifi&lPP in the same medium. However, the
presence of aggregates at higher concentrationsraniye) indicates that efforts to improve its

water solubility are required.
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5. Large solubility enhancement of CRBTHPP complexed with
of pen2,3,6:0-trimethy)3CD (pMBCD) and comparison
with pMBCD complexes of mTHPP

5.1 Introduction

Methylated cyclodextrin (CD) derivatives are reciegd for their distinctive properties:
high solubility in commonly used organic solvenssveell as in water and for their ability to
accommodate guests molecules, through formatiomasfty inclusion complexe§*®. In
comparison to native CDs, the inclusion propemiesethylated CDs are strongly related to the
absence of sufficient hydroxyl groups (-OH), whiglves extra flexibility in their cavity
structure, due to lack of hydrogen bonding betwad#jacent OH groups in the secondary side
147 The flexibility can be very advantageous becauaBows the host to bend its macrocycle,
in order to better accommodate more efficientlyitoeming guest molecul&’. Two examples

of methylated CDs are heptakis(2,6climethyl)fCD (DIMEB) and heptakis(2,3,6-tD-
methyl)BCD (pMBCD) (Figure 44).
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Figure 44. Two methylatedBCD derivatives: A) DIMEB and B) pMBCD.

Methylated CDs became promising hosts for the cergtlon of chiral molecules,
useful in separation of enantiomeric mixtuaesl very efficient solubilizers of porphyrif?,
namely 5,10,15,20-tetraphenylporphyrin (TPP) dénres and water-soluble porphyrins often
characterized by their high tendency to aggregatequeous solvent§”, as described in
section 2.1.3. Methylated CDs are efficient solabils of water-soluble TPP derivatives,
through formation of strong and water-soluble is@n complexes characterized by 1:1 or 2:1
stoichiometries and high binding affinitié$®. The structure of these complexes has been
determined through 1D and 2D NMR experiments. Bamle, the'H NMR spectrum of
pMBCD changed after the gradual addition of wateriselu 5,10,15,20-tetraf
sulfonatophenyl)-porphyrin (TPRS i) new peaks were observed and attributed to the
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formation of inclusion complexes (VD / TPP9); ii) at the right stoichiometry ratio between
(PMBCD / TPPQ = 2:1, a pure complex solution was obtained antbmpletely different
spectrum was observed, solely assigned to the rpresef the complex; iii) 2D NMR
experiments, revealed interaction of the CD cawitgrnal protons (CD-kHs) and the phenyl
rings of the TPPSand iv) dipolar interactions of 3-OMe with CDy/Hs were detected,
revealing that this methyl group is pointing towsittie inside of the ppCD cavity™*. In a
different example the water insoluble 5,10,15,2€a{p-pyridyl)-porphyrin (TPyP) interacted
with two pMBCD molecules, with two of the four pyridyl moietieging deeply inserted into
the pMBCD cavity™. These porphyrin-pBICD inclusion complexes are so unusually strong,
that dye inclusion single crystals (DISC) have bgwepared and their X-ray structure
determined (Figure 45y,

Figure 45. Structure of the inclusion complex
between pMBCD and TPP, following a H:G = 2:1
stoichiometry (154,

Similar findings were also reported from the int#i@n of pM3CD with 5,10,15-(tris-
(3,5-dicarboxylatophenyl)-20-phenylporphyrin), @sponding to the formation of an inclusion
complex of different stoichiometry H:G = 1742,

UV-Vis and fluorescence spectroscopy have been usedletermine both the
stoichiometry and the binding constants of porphyand methylated CDs complexes: i) a
solution of 5,10,15,20-tetrakjsarboxyphenyl)-porphyrin in the presence of [{0OD,

prepared in 0.1 M aqueous buffer (pH = 7) revealeihcrease in Soret intensity, when 3 molar
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excess of pNdCD are added to the solution; the stoichiometrytted complex pN3CD:

porphyrin  was 2:1 ¥ n another example, 5,10,15,20-tetrakis[4-(3-
pyridiniumpropoxy)phenyl]porphyrin tetrakisboromidEPPOC3Py) was treated with increasing
amounts of pNdCD solubilised in ethylene glycol : water (3:1) aad increase in the Soret
intensity was observed and the curve fitting sutgges® mixed equilibrium, between two

stoichiometries comprising a 1:1 and a 2:1 equdibf®.

In the previous section 4.2.1, the synthesis andradterization of CDATHPP
conjugate in its pure state was described andggsegation and poor water solubility was
observed. This impaired important studies namegjusion studies in aqueous solution, in
order to document the ability of CBTHPP to carry guest molecules, specifically druggh w
anticancer properties. Therefore, it was envisatpad by using p8CD as solubilizer, the
photophysical properties of CRTHPP in aqueous solvents could be improved and the
biological studies resumed. In this chapter, UV;Wisorescence and NMR spectroscopies will

be used to study complexation of D with mTHPP and with CDOnTHPP, namely:

i) Evaluate improvements in aqueous solubility of @DHPP andmTHPP in

the presence of ppCD

i) Determine a suitable range of concentrations (mi)ebhable the NMR
studies on the structural features of (D complexes with CBATHPP and
mTHPP

iii) Determine the equilibrium constant (K), the stoichetry of complexation
and mode of complexatioanTHPP and CDnTHPP

iv) Proceed with cell internalization experiments and

V) Study of complexation of poorly soluble moleculasoi CDMTHPP,
solubilised by pN8CD
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5.2 Results and discussion

5.2.1 Linear concentration range formTHPP and CD-mTHPP in 4
% DMSO/PBS solutions
Prior to the evaluation of the improvements in aysesolubility of CDmTHPP and
mTHPP promoted by addition of gD, through a typical titration experiment basedWrr
Vis / fluorescence, a preliminary UV-Vis study wasquired to determine a suitable
concentration ranggui), under which titration experiments could be peried considering

aggregation negligible.

UV-Vis spectroscopy was used to determine the tineamge of concentration by
application of Beer-Lambert law, which is followedhen diluted solutions of chromophore are
used. Deviation from linearity is observed whenaamiration of the chromophore is increased,
signifying the onset of aggregation. The UV-Vis dpg of mTHPP solutions recorded in
DMSO (Figure 46 A) and in 4 % DMSO/PBS (Figure 46 i&veal the typical UV-Vis spectra
expected for COMTHPP in DMSO (Figure 46 C) and in DMSO/PBS (Figd& D): i) an
intense peak at 420 nm (Soret band) and ii) four weak bands betw4&80 — 700 nm (Q

bands).

MTHPP - DMSO mTHPP - DMSO/PBS
0,54 0,4

1

1

0,

Soret (a.u.)

Absorbance (a.u.)
Absorbance (a.u.)

A (nm)
CD-mTHPP - DMSO

Absorbance (a.u.)
o
Absorbance (a.u.)

A (nm)

Figure 46. UV-Vis spectra of increasing amounts ofA) mTHPP (0 — 20uM) in DMSO; B) mTHPP (0 — 5.6
MM) in 4 % DMSO/PBS; C) CD-mTHPP (0 — 5.6uM) in DMSO and D) CD-mTHPP (0 — 5.6uM) in in 4 %
DMSO/PBS.
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However, when the concentration @iTHPP (or CDmTHPP) is increased both the
aggregation and the intensity of the absorptiondbaisoret and Q-bands) increase. For any
given concentration (C = 3.§4M) of active speciesnfTHPP and CDnTHPP) in solution, the
value of the full width at half-maximum (FWHM) cape calculated and used to judge
aggregation tendency. Table 4 shows that in 4 % ON8S: FWHMuee (58 nm) >
FWHMcp.nirhep (25 nm), whereas in DMSO: FWHM irupe (14 nm) > FWHMrype (8 Nm)
which suggest that in aqueous solutions (4 % DM8S)PmTHPP and CDnWTHPP have a
much higher degree aggregation than in pure DMS@rebVer, in aqueous solutions and
keeping the concentration constant (C = 3u84), CD-mTHPP is much less aggregated than
MTHPP, because FWHM. i = 25 Nnm < FWHMmwpe = 58 nm which is in perfect

agreement with previous reported datd

The summary of parameters (Table 4) obtained frioenlinear fittings, displayed as
insets in Figure 46 reveal that: i) both @OHPP andnTHPP possess a good linearity over a
narrow range of concentrations ((® - 5 uM), both in DMSO (expected, since DMSO is a
monomerizing solvent) and in 4 % DMSO/PBS, with ot the experimental data being
explained by the linear fitting applied (calibraticurve B = 1.0; ii) the molar absorption
coefficient €) of both compounds is higher in DMSO than in 4 9WM$D/PBS due to
aggregation; and iii) although, CRTHPP is less aggregated in 4 % DMSO/PBS than in
mTHPP, thee value for the detection afiTHPP is higher than thevalue for the detection of
CD-mTHPP independently of the solvent used — in DM$@6p= 344501 M".crmi® > &cp.
mrhpp= 146700 M-.cmi) whereas in 4 % DMSO/PBS.{pp= 50400 M .cmi* > €cpmithpp=
45400 M*.cmih).

Table 4 — Experimental data on the calibration curvesof mMTHPP and CD-mTHPP, based on linear fitting
adjustment (y = mx + b, with b = 0).

Example Solvent R e (Mlcm') Linearrange FWHM (C = 3.84 uM)
mTHPP DMSO 0.9996 344501 0-—4uM 8 nm
mTHPP DMSO/PBS 0.9915 50400 0 - 5uM 58 nm

CD-mTHPP DMSO 0.9999 146700 0 - 5uM 14 nm
CD-mTHPP DMSO/PBS 0.9778 45400 0—5uM 25 nm

This suggests that the presence of aqueous buf§etations (PBS) greatly affects the
UV-Vis properties ofmTHPP and CDnTHPP, even when small amounts of organic modifier
(4 % DMSO,v/V) are used in the preparation of solutions. Howeifeliluted solutions are used
(0 uM — 4 uM) aggregation can be minimized to a reasonablel lamd titration experiments

can be resumed.
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Similar findings were observed for 5,10,15,20-tds@n-hydroxyphenyl)-chlorin
(mTHPC) in MeOH, which showed good linearity over t@ncentration range 416V to 734
UM, but in opposition to our experiments, were dafeed following the intensity of the Q
band I3, However, this can be compared witft HPP in DMSO (Figure 46 A) considering
that at concentration of 10 uM it is no longer possible to record the intengity Soret;
therefore, it is possible to follow the Q-band Hagp well above 2@M in concentration. The
good linearity in aqueous behaviour @THPP in the range M — 5 uM agrees well, with
linearity of 5,10,15,20-tetrakiskethylpyridinium-2-yl)-porphyrin (TEPyP) in aqueoubsiffer,
which showed deviations from Beer’s law aboveNs *%. Pasternack and co-workers studied
interactions of water-soluble porphyrins like téitanethylpyridyl)-porphyrin (TMPyP),
5,10,15,20-tetrakiptcarboxyphenyl)-porphyrin () TPPC) and 5,10,15-trig(sulfonatophenyl)-
20-phenylporphyrin (HTPPS) in aqueous buffered solutions at pH = 7.5 anadhdothat these
obeyed Beer-Lambert Law over a wide range of camnagans. However, in the presence of
0.1M KNOs; added to their buffered solutions of TMPYR,TRPS and BHTPPC substantial
deviation from linearity was revealed, attributednionomer-dimer equilibria of the free-base

forms %,

5.2.2  Titration experiments with pM BCD

Given the limited water solubility of COfTHPP and considering the reported ability of
pern2,3,6-trimethyl-6-deoxyBCD (pMBCD) to form inclusion complexes with
tetraphenylporphyrin (TPP}*®, pMBCD was used as a solubilizer to improve the water
solubility of CDmMTHPP. mTHPP was used as a model compound because if3CpM
complexes have been characterized and it was gsadstarting material in the preparation of

CD-mTHPP, possessing similar structural features t@wtimugate (Figure 47).
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Figure 47. Structure of the conjugate (CDmTHPP) and of 5,10,15,20-tetrakist-hydroxyphenyl)-porphyrin
(MTHPP).
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Titration experiments based on UV-Vis and fluoresee spectroscopy have been
conducted, using @M concentration to minimize aggregation phenomarhvweere prepared in
4 % DMSO/PBS (pH = 7.4). Solutions of porphyrmTHPP) and conjugate (CBHHPP)
were titrated with pNdCD. Their UV-Vis (Figure 48 A) and fluorescence afpe (Figure 48 B)

were recorded, following the addition of increasamgounts of pCD (molar eq.).
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Figure 48. Spectral changes in A) UV-Vis absorbancand B) emission fluorescence intensity spectra fa
solution mTHPP (2 uM; 4 % DMSO/PBS), as pMBCD is added to the solution until it reaches 6.5 niar eq.

The initial UV-Vis spectrum omTHPP (2uM; black line, Figure 48 A) upon addition
of pMBCD solution gradually changes, from a broad Soeetkpwvith negligible intensity (0.17
a.u.; 432 nm), to a well-defined spectrum with arphand intense Soret peak (0.59 a.u.; 414
nm), with increasing intensity as amount of p&D in solution is increased. This corresponds
to a 3.4-fold increase in absorption maximum intgnassociated to a hypsochromic shift of
the Soret#£ 18 nm) after addition of 6.5 molar excess of}fBD (Figure 48 A). The addition of
more pM3CD resulted in no significant increase in the abance and a single isobestic point
was observed ah (= 423 nm, abs = 0.15 a.u.; Figure 48 A). Likewibe, initial fluorescence
spectra (QUM; black line, Figure 48 B) changes from a nearygligible fluorescence intensity
(27 a.u.; 654 nm), to a reasonable intense flueresz emission (578 a.u.; 647 nm) after
addition of 6.5 molar eq. of pCD. There is a total 21-fold increase associateth \ai
hypsochromic shift of 7 nm (Figure 48 B). No in@ean fluorescence emission was observed,

upon further pNBCD addition.

The increase in UV-Vis and fluorescence intensig tbeen shown in the literature
through titration experiments: i) 5,10,15-tri(3,is@boxylatophenyl)-20-phenyl-porphyrin (20
UM; phosphate buffer, pH = 7) with 2,6-dimetf3GD **%; charged 5,10,15,20-tetrasubstituted
porphyrins TPPOC3Py («8,-O-(CH,)s-Py'Br’, where Py = alkylpyridinium, with pM3CD
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(149 or even through the use of differently substitu@id derivatives like heptakis(2,6-d*n-
octyl)B-cyclodextrin (OcBCD) in the titration of TPB*®. The appearance of a single isobestic
point has been attributed to dimerization proce$$é4 This was observed fonTHPP (2uM)
titrated with pM3CD in aqueous solutions, which corroborates wethwrevious observations
regarding high propensity afiTHPP to aggregate in agueous media. However, ascteg
from the addition of pMCD, this leads to the breakup of these dimeric isgeand to a

reasonable recovery of the UV-Vis absorption initgns

The same experiments were performed for dilutedtiepls of CDmMTHPP (2uM; 4 %
DMSO/PBS) and as ppCD was added to the host solution, both the UV-#lisorption
(Figure 49 A) and fluorescence spectra (Figure ABre recorded: i) UV-Vis spectrum of
CD-mTHPP changed from a broad and weak Soret (0.13428.nm), to a sharper peak and
intense Soret band (0.21 a.u.; 414 nm) after tlgiad of 3 molar eq. of pfdCD above which
no absorbance increase was noticed. This corresdotada 1.6 fold increase in absorption
maximum intensity associated to a hypsochromict fif8 nm (Figure 49 A). No isobestic
points were observed. Fluorescence spectral chastgeing from an initial solution of CD-
mTHPP (32 a.u.; 650 nm), following the addition afogal of 3 molar eq. of pBICD, resulted
in a 8-fold improvement of the fluorescence intgnsissociated to a hypsochromic shift of 3

nm and a much improved final fluorescence spect@sf a.u.; 647 nm) (Figure 49 B).
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Figure 49. Spectral changes in A) UV-Vis absorbancand B) emission fluorescence intensity spectra fa
solution CD-mTHPP (2 uM; 4 % DMSO/PBS), as pMBCD is added to the solution until it reaches 3.0 ntar

eq.

These experiments revealed that the addition g8@M to aqueous buffered solutions
of CD-mTHPP and mTHPP, promotes improvements in their UV-Vis absodea and
fluorescence emission. This suggests that th@@M complexes should display similarities

given the structural similarities between the pgrph and the conjugate. The amount of
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pMBCD added tanTHPP (6.5 molar eq.) is 2.2 higher than the oneeddd CDmMTHPP (3.0

molar eq.), which probably indicates a differemictiometry between the two complexes.

5.2.3  Stoichiometry estimation and stability of pMBCD complexes

Following the titration experiments by UV-Vis anddrescence described previously,
it is possible to estimate the stoichiometry of tenplexation equilibrium, through a different
graphical representation of the analytical datéectdd. Figure 50 A shows the changes in the
absorption maximum (Soret intensity) for gu®l solution of mMTHPP, plotted against molar
equivalents of pMCD added to the solution during the titration. Tdl@nges on maximum
intensity of fluorescence spectra upon excitatioie Soret maximum is shown in Figure 50 B.
In both UV-Vis and fluorescence experiments, ttiensities gradually increase and a plateau is
reached when two molar eq. of BED are added tanTHPP (2 uM) (black arrow).
Consequently, the complex is formed by adding tvabes of pMBCD to one mole omMTHPP,

in an equilibrium following a two-to-one (2:1) stbiometry.
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Figure 50. Titration experiment of mMTHPP (2 uM) with pM BCD (300 uM) in 4 % DMSO/PBS. For every
pMBCD addition the A) absorption and B) fluorescence mximum were followed until an excess of 6.5 molar
eq. are present in solution.

The 2:1 stoichiometry of the complex pRD/mTHPPagrees with a reported example
given by iron-tetrakis(4-sulfatophenyl)-porphyriret TPPS) in the presence of BRD, where
two molecules of pMCD engulf a Fe-TPPS molecule, from opposite sigeglihg to a

symmetrical substituted complex: Fe-TPPSROMD (1:2)M°¢,
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Likewise, the differences in the analytical resgonscorded for CDATHPP, namely
the increment in fluorescence (Figure 51 B) andoddance (Figure 51 A) revealed

complexation equilibrium involving a 1:1 stoichiotne
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Figure 51. Titration experiment of CD-mTHPP (2 uM) with pM BCD (300uM) in 4 % DMSO/PBS. For every
pM BCD addition the A) absorption and B) fluorescence mximum were followed until an excess of 3 molar eq.
is present in solution.

In the literature, 1:1 complexes of P@D were reported with unsymmetrical
substituted  tetraphenylporphyrins  like  5,10,15€3&-dicarboxylatophenyl)-20-phenyl-
porphyrin. These were formed through inclusionta bnly non-polar phenyl group, leaving
excluded from the pRICD cavity the bulky and polar substituent (3,5—tcxy-phenyl ring)
(152 The preferred 1:1 stoichiometry for these comgdebs similar to the stoichiometry found
for pMBCD/CD-mTHPP and can be explained due to the steric hicdraffered by theCD
unit of CDmTHPP that blocks the access of moref3ND units to adjacent phenyl groups in
CD-mTHPP structure.

These results show that @D increased the solubility of bottmTHPP and CD-
mMTHPP in aqueous solutions, leading to the decreaaggregation attributed to the formation

of water-soluble complexes of different stoichioriest.

Non-linear least square fitting method was usedetermine the binding constants of
complexation (K), based on UV-Vis titration datpnesented in Figure 50 A ({IdCD/mTHPP)
and Figure 51 A (pfCD/CD-mTHPP). Equations describing a 1:1 model of complera
were applied for pfACD/CD-mTHPP leading to K.y = 3.8 + 1.59 x 1D M™ (goodness of fit,
R? = 0.9954). The value of 4 for the conjugate is in line with that reported o similar
conjugate, prepared from reaction of peaminophenyl)-10,15,20-trig{sulfonatophenyl)-
porphyrin with 6-deoxy-6-formyBCD, with pMBCD forming a 1:1 complex: ) = 3.0 x 16
M™, determined in 0.1 M ammonium carbonate, pH =&%)It also agrees with Ky=1.1x
10" M, found for complexation of pPCD 5,10,15-tris(3,5-dicarboxylatophenyl)-20-
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phenylporphyrin in phosphate buffer (0.1 M, pH #4)#4. In another exampl®CD-dimers
connected through flexible spacers were able t@rantodate anionic porphyrins namely:
5,10,15,20-tetra(4-carboxyphenyl)-porphyrin (TCRPXJ TPP% and two different modes of
complexation were identified for 1:1 complexes,hw,.1) = 1¢° M, determined in phosphate
buffer (0.1 M, pH = 7)!**8!. The strength of the binding of @D with tetra(phenyl)-
porphyrins depends on the charge of the includezhylhgroup, because anionic 5,10,15,20-
tetra(4-sulfonatophenyl)-porphirin (TPPSKa1) = 2.0 £ 1.3 X 16 M™ revealed stronger
binding constant than cationic 5,10,15,20-tetrak{§-pyridiniumpropoxy)phenyl]-porphyrin
(TPPOC3PY), k)= 2.3 £ 0.9 x 1M determined in ethylene glycol (EG)-water,®J (3:1)

(149 The binding of non-ionic tetraphenylporphyringigen stronger.

The complex p\aCD/mTHPP, through the application of a 2:1 model of ptexration
revealed an overall binding constant K Kg1yX Kgay = 4.9 x 16> M2 The shape of the
titration curve does not show two distinct bindistgps (Figure 50 A) and thus a negligible
concentration of intermediate 1:1 complex can bsumed in the determination ofKor
pMBCD/MTHPP. This value is much larger than the valuesdofor similar complexes of
PMBCD: i) Kt = 2.16 x 10 M2 with cationic porphyrin TPPOC3Py, and iiy¥ 1.2 x 10 M?
with anionic TPP$ determined in EG-D (3:1) . Explanations for this unusually high
stability of pMBCD with tetraphenylporphyrins have been proposed ame related with the
absence of strong hydrogen-bonding network ir@HE, that in nativedCDs keeps the cavity
rigid, but in pMBCD facilitates porphyrin binding via the inducetrfiechanisnf”. This model
is usually applied to explain the binding betweesulstrate and a CD’s cavity, whereby the
substrate not matching the exact dimensions of\étycaforces small changes in the CD
structure enabling a better accommodation of thesguA striking example of this phenomena
is the double self-inclusion of two gMCD moieties, covalently attached to the 4-positiohs
the phenyl groups of 10,20-bis(3,5-dicarboxylatoptie5,15-diphenylporphyrin, which
involves a 360° rotation of two glucopyranose umitshe pM3CD moieties™®. Therefore,

pMBCD has an extremely strong tendency to includelpoips in its cavity.
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5.2.4  Structural features of pMBCD complexes

Nuclear Magnetic Resonance (NMR) spectroscopy gasdl to identify and determine
the structure of the complexes of BEID, with CDmMTHPP and withiTHPP. The'H and**C
NMR spectral assignment of @D has been described in the literatti¥é 'H NMR spectra
were supported by 2D NMR experiments based on latime spectroscopy through bonds
(HSQC; HMBC; COSY; TOCSY) and through-space dipatarrelation spectroscopy, that
relies on nuclear Overhauser effect (NOESY; ROESY).

mTHPP / pNBCD

The addition ofnTHPP solubilised in MeOId, to an aqueous solutions of KD (10
mM), leads to a gradual change in the typtteNMR spectrum of pNdCD (Figure 52 B) that
involves: the reduction of ppCD original signals (Figure 52 B) and the corregpog increase
of new resonance peaks, gradually evolving to a HéwWNMR spectrum attributed to the
resonances of pure P&CD/MTHPP complex (8.9 mM / 5.6 mM, R = 1.6, Figure 52 ik 11
% MeOD / DO. These features are typical of a slow exchangegss between free and
complexed components in the NMR time-scale, acogrth the equations described in section
1.2. The slow exchange regime is typically assediatith very strong binding, confirming the

very high titration constant, derived from theatiton experiments.

The overall increase in solubility of tmeTHPP & 5.6 mM) promoted by the addition
of pMBCD, results in a well-resolved aromatic regionte spectra (7.0 — 10.0 ppm) (Figure 52
C). The formation of inclusion complexes betweshHPP and pN3CD was corroborated by

the strong shielding noticed by the cavity protdpCD cavity (CD-H, = 0.53 ppm).
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Figure 52.'H NMR spectra (500 MHz, 25 °C) recorded in the alipatic region (2.0 ppm — 6.0 ppm): A) pure
complex pMBCD/mTHPP (2:1) (8.67 mM /5.6 mM, R = 1.54) in 11% MeORI,/D,0; B) pMBCD (8.67 mM) in
D,0 and C) an expansion of the aromatic region (7.4gm — 8.6 ppm).

Further experimental evidence, supporting the emi# of new species (complex:
pMBCD/mMTHPP) was obtained from the 2D NMR HSQC experimefiteese observations
were possible due to a slow exchange equilibriunbwéen mTHPP, pM3CD (free /
uncomplexed) and the complex BRID/mMTHPP. In the presence of a large excess OB
(PMBCD/MTHPP=4 (9.75 mM / 2.44 mM, R = 4), alhTHPP added to the pBCD solution is
complexed and the remaining free PpOD is in equilibrium with the complex, as obsen®d
the multiple peaks corresponding to the uncomplexiede) pM3CD and the complex
(PMBCD/MTHPP, green arrows, Figure 53 A). Following theitidd of more mTHPP, the
initial 2D HSQC spectrum evolves to a new 2D HSQ@ectrum with only the complex is
observed in solution (pMCD/mMTHPP= 2, 8.89 mM / 5.56 mM = 1.6, Figure 53 B).
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Figure 53. 2D NMR HSQC spectra (25 °C) expanded itme aliphatic region (2.0 — 5.5 ppm) in the presecof:
A) excess of host pBCD/mMTHPP = 4 (9.75 mM / 244 mM, R = 4.0) and B) in equilibtim with
pMBCD/mTHPP =2 (8.67 mM / 5.56 mM = 1.6).

The 2D NMR ROESY experiments were conducted tordete the structure of the
inclusion complex formed ppCD/MTHPP (Figure 54 A), with an estimated stoichiomaetfy
two-to-one (2:1) illustrated by the proposed marféhclusion (Figure 54 B).
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Figure 54. A) 2D NMR ROESY spectrum (25 °C) of theamplex pMBCD/mTHPP (2:1) (8.67 mM / 5.6 mM, R
=1.6) in 11 % MeODd, / D,O revealing through-space correlations betweefipen andmTHPP, namely: i) two
set of pyrroles (Py-Huyin) and with ii) the included phenyl rings (Ph-H,); B) proposed inclusion model
following a 2:1 stoichiometry.
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In complex pMBCD/mTHPP, two pMBCD units approach oneiTHPP unit through
opposite sides and capture two phenyl groups (Bllug Figure 54 B), which show strong
dipolar interactions with CD-$Hs (Figure 54 A, ii). pMBCD captures the two opposed phenyl
groups, through inclusion from the secondary sifleehe macrocycle which implies that
pMBCD internal protons (CD-¥Hs) are closer to the pyrrolic protons included (Ry)y-than to
those not included (Py4d); these show interactions with 3-Me, CR-&hd CD-H (Figure 54
A ).

CD-mTHPP / pNBCD

Similarly, to evaluate the effect of adding P@ID to a CDmTHPP solution, théH
NMR spectrum of a solution containing gkaD was gradually recorded, following the addition
of CD-mMTHPP diluted in DMSO. Figure 55 A shows thé NMR spectrum of a solution
containing pMBCD/CD-MTHPP (4.79 mM / 2.49 mM; R = 1.92) and reveals pesdsigned to
the complex pNCD/CD-mTHPP (*, Figure 55 A) and a reasonable amount e¢ jopM3CD

present in solution, when compared to the3a¥ spectrum (Figure 55 B).

The similarity between the chemical shifts obserfedthe complex pMCD/CD-
MTHPP (*, Figure 55 A) and the pure @D complex of the porphyrin (pMCD/MTHPP,
Figure 52 A), indicates that both complexes poss&gslar structural features. Using
approximately the same ratio (R) between host :sgue prepare both complexes
(PMBCD/MTHPP, R = 1.6 and pRCD/CD-MTHPP, R = 1.9), in pldCD/CD-nTHPP there is
still an large excess of pgBCD in solution (Figure 55 A), which means that dfedent
stoichiometry must be ruling the complexation of flBD/CD-MmTHPP. The stoichiometry of
pMBCD/CD-mMTHPP complex was determined from the integratiorthef'H NMR signals
(Figure 55 A), namely through integration of thgnsils in the aromatic region (24 H) attributed
to Py-H and Ph-H and those in the aliphatic re@ioHl), where CD-H signal is expected:=(3.1
ppm). The value determined corresponds to a rétisdd : 7.7 H, which is in agreement with
the expected 24 H : 7 H suggesting a 1:1 stoichiigmdike determined from UV-Vis /

fluorescence titration experiment.

71



o =
o = :
= T
b [}
g_
] ) B) CD-Hy/ Hy
| C) Aromatic region F e
S - CDH,
| AN HDO
1 ? * oM CDuH,/ H, 1 CD-H,
o D T 1/
I ﬁ L JUi)
| B) pM8CD (5 mM)
CO-mTHRPpMECD

CO-H,

Y

¢ A) CD-mTHPP/PMSCD (4.79 mM / 2.49 mM, R = 1.92)
————

Figure 55.'H NMR spectra (500 MHz, 25 °C) recorded in the alipatic region (2.0 ppm — 6.0 ppm): A)
pMBCD/CD-mTHPP (4.79 mM / 2.49 mM; R = 1.92 in 4 % DMSO/BO; B) pMBCD (5 mM) in D,O and C) an
aromatic region expansion (6.5 — 9.5 ppm).

Additionally, the'H NMR spectrum of COWTHPP in the presence of an excess of
pMBCD (pMBCD/CD-MTHPP, 4.79 mM / 2.49 mM; R = 1.92, Figure 55 A)eals extra
unexpectedH NMR peaks and features that are not observedridiPP (pM3CD/mTHPP,
8.67 mM /5.6 mM, R = 1.6, Figure 52 A), even thiotge concentration afiTHPP (5.6 mM)
was higher than CBATHPP (2.49 mM). The nedH NMR features comprise: i) small extra
peaks (blue arrows) and ii) splitting of 3-Me pégkeen arrow), both observed in Figure 55 A.

Likewise, the complex pBICD/CD-mTHPP revealed a 2D ROESY (Figure 56) with
similar dipolar correlation peaks, to those obseérfioe the complex pfACD/mTHPP with a 2:1
stoichiometry (Figure 54 A), namely: the engulfmexit one phenyl ring by the pRCD
macrocycle (Figure 56, region ii) and the two depyroles (Py-Hyow) shifted into to signals,
due to the approach of D cavity (Figure 56, region i). The proposed motlenclusion for

this 1:1 pM3CD/CD-mTHPP complex is shown in Figure 57.
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Figure 56. A) 2D NMR ROESY spectrum (25 °C) of theamplex pMBCD/CD-mTHPP (4.79 mM / 2.54 mM, R
= 1.88) in 4 % DMSO/D,0 revealing through-space correlations betweefipen and CDmTHPP, namely: i)
two set of pyrroles (Py-Huin) and with ii) the included phenyl rings (Ph-H,); B) proposed inclusion model
following a 1:1 stoichiometry.

In the presence of excessive PED in solution two things can happen, which might
explain the extraH MNR features observed, namely: i) formation afstéreoisomeric forms of
pMBCD/CD-nTHPP (1:1) complexes (Figure 57), which explairesgplit in 3-Me peak (green
arrow, Figure 55 A) or/and ii) formation of otheclusion complexes of higher stoichiometries
(Figure 58), either through inclusion of one of tremaining phenyl groups in the 1:1,
pMBCD/CD-MTHPP complex (blue arrows, Figure 55 A) or throtigh formation of dimers.

A B : s
) cis - CD-mTHPP/pMBCD ) trans - CD-mTHPP/pMPBCD

Figure 57. Diastereoisomeric forms of pCD/CD-mTHPP (1:1) complexes: A)cis-pM BCD/CD-mTHPP and
B) trans- pMBCD/CD-mTHPP.
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Figure 58. Formation of other inclusion complexes fohigher stoichiometries, by attachment of free pN3CD
units to the complex pM3CD/CD-mTHPP (1:1). Multiple possibilities of approach A) cis-pM BCD/CD-mTHPP
and B) trans-pM BCD/CD-mTHPP.

A product of the coupling reaction between pea(inophenyl)-10,15,20-trig{
sulfonatophenyl)-porphyrin and 6-deoxy-6-forn3@D, formed a 1:1 complex with pBCD
with similar structural featuré$®”; however, the possibility of other 3D complexes has

never been questioned.

In conclusion, bothmTHPP and CDwmTHPP form stable water soluble, inclusion
complexes with pjACD. pMBCD/mTHPP complex follows a well-defined 2:1 stoichiometry;
whereas pMCD/CD-mTHPP, follows a major 1:1 stoichiometry but thestemce of other
complexes may not excluded, especially in the meseof excess of pfCD. Aqueous
solutions of pMBCD/mTHPP reveal no signs of aggregation enabling NMR expenits using
concentrations up to 5.6 mM, whereasffD/CD-nTHPP proved soluble in concentrations up
to 2.5 mM. Additionally, pNBCD/mTHPP (2:1) and pl@CD/CD-nTHPP (1:1) showed very
large binding constants in the order of M™* and 16° M for K11y and Ky, respectively.
These results suggest that in aqueous solutiofGiMis exclusively stationed on tmeTHPP
moiety in CDMTHPP, leaving thCD moiety available for further encapsulation af guest.

This possibility was studied next using selecteesgiunolecules.
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5.2.5 Complexation of selected guest molecules

After enhancing the solubility of CORTHPP in 4 % DMSO/BO, through the use
PMBCD acting as solubilizer, the complexation studiéselected guest molecules could be

carried out.

Given the large binding constant of BRID/CD-MTHPP (1:1) Ki.q) = 10 M7, it is
expected that once formed, this pED complex of CDMTHPP is stable enough not to be
dissociated by any extra (3&D. Thus, depending on the ratio of @D-HPP to pM3CD used
in the preparation the water-soluble complex@®/CD-mTHPP (1:1), there is always the
question of knowing if the excess of BD used as solubilizer will compete with the expdct
ability of the water-soluble complex (@€D/CD-mTHPP, 1:1), to include and carry suitable-
sized molecules. The presence of D as solubilizer poses more difficulties regardihg
evaluation of analysis of inclusion phenomena by RMpectroscopy, due to the large
overlapping in the aliphatic region of the spectmamely where the conjugate internal cavity
protons (CD-H/Hs) signals are expected (3.2 ppm — 4.9 ppm). Thexefto evaluate the
formation of inclusion complexes between comple€EdMTHPP and any guest molecules, 2D
NOE experiments will be performed in parallel, bah CD-mTHPP alone and in the presence

of the guest molecule.

To assess the availability of the cavity of GD'HPP to accommodate suitable guest
molecules, two model molecules have used: i) 1-adéamamine (ADA-NKCI), followed by
N-desmethyltamoxifen (NDTAM.HCI) an anticancer dr@@moxifen, TAM) major metabolite

molecule.

1-Adamantanamine hydrochloride (ADA-BCH)

Starting from a clear solution of gMCD/CD-mTHPP (R = 0.91) prepared in 4 %
DMSO/D;0, the initial'H NMR spectrum was recorded (Figure 59 A). Then,ANBHCI
(0.36umol) dissolved in 4 % DMSO/® was added to the solution and a second spectasn w
recorded (Figure 59 B), followed by 2D NMR experit'e A complete solubilisation was
achieved during the preparation of the complexBE@d/CD-mTHPP and after addition of
ADA-NHCI and their characteristic aliphaticy/Hs (1 ppm), B./Hs (1.75 ppm) and KH(2.2
ppm) (Figure 59 B) could be detected. Given thatitttensity of CD-H of free pM3CD (5.1
ppm), does not change after the addition of ADA:NHthe integrity of the complex initially
formed (pM3CD/CD-mTHPP, R = 0.91) is not affected. Following the &iddi of ADA-NH-CI
to the solution of pCD/CD-MTHPP, the fine structure of spectra changed inréggon

between 3.4 ppm — 3.8 ppm, corresponding to théomegvhere the internal protons of
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pMBCD/CD-AMTHPP are expected (blue colour CRAHE, Figure 59 A), which can attributed to
the inclusion phenomenon. An expansion over thenatie region (Figure 59 C) reveals a
complete overlapping and good resolution, indigatirat the structure of the inclusion complex
formed (pM3CD/CD-mTHPP, 1:1) does not changed by the addition of ADACI.
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Figure 59.*H NMR spectra (4 % DMSO-dg/D,0, 500 MHz, 25 °C) of A) CDmTHPP : pMBCD = (2.21 mM /
2.00 mM; R = 1.10) and B) after the addition of ADANH,CI (0.36 pmol; 0.71 mM). C) expansion ofH NMR,
comprising the aromatic region (6.5 ppm — 9.0 ppm).

To determine if the small changes in the aliphag@ion of interest (3.4 ppm — 3.8 ppm)
are due to complexation of ADA- NBI in the cavity of CDmTHPP, through-space
interactions were determined by a 2D ROESY NMR érpent (Figure 60 A). The expansion
over the region of interest, reveal strong intéoacof protons of the base of adamantane moiety
(H4/H4) with the internal proton pBICD/CD-MTHPP (CD-H). This suggests a preferred
orientation for the inclusion complex, with the oed amino group (-NiCI) facing the
secondary side of the cavity, with the adamanatamiety being deeply inserted into the cavity,
like illustrated by much stronger interaction ofvitg proton H with all other 1-

adamantanamine protons (Figure 60 B).
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Figure 60. A) 2D NMR ROESY spectrum (25 °C) revealig through space intermolecular interactions,
between CDMTHPP cavity protons (CD-Hs/Hs) and ADA-NH,CI peaks; B) proposed model of inclusion.

Gemcitabine-adamantanamide (GEM-ADA amide)

GEM-ADA amide prepared in our group (see sectior8.1) was tested as possible
guest in a complexation study with GBFHPP, in the presence of @D used as a
solubilizer. A host solution CATHPP : pM3CD (1.14 mM / 1.67 mM, R = 0.68) was
prepared using an excess of ROD. Under these conditions, although thReNMR spectrum
(Figure 61 A) shows no peaks attributed to fre3@Md, the signals (green areas *, Figure 61
A) due to other inclusion species, possibly invdlwe solution were observed, once again, in
the presence of an excess of (0D (= 1.46 molar excess). The identity of the signals wa
corroborated by 2D NMR ROESY experiment. After @iddi of GEM-ADA amide in excess:(
2 molar eq.) to this solution (4 % DMSOLD), it was observed that GEM-ADA is poorly
water-soluble and to ease its solubilisation, thlat®n was sonicated and vortexed before the
'H NMR and 2D NMR experiments were conducted to @atal complexation equilibrium. The
typical '"H NMR spectrum of pMCD/CD-mTHPP, after addition of GEM-ADA amide
revealed: i) the peaks corresponding to the adamantoiety, between 2.0 ppm — 1.0 ppm
(blue circle, Figure 61); ii) the aromatic protasfsthe pyrimidine ring (blue KHg) as well as
i) the hydroxyl groups (-OH) of the pentose uiit,position 3' and 5’ of the in GEM-ADA

amide shown in the expansion (Figure 61 C).
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Figure 61.'H NMR spectra (4 % DMSO-d¢/D,0, 500 MHz, 25 °C) of A) CDMTHPP / pMBCD (1.11 mM /
1.67 mM; R = 0.68) and B) after the addition of arexcess of GEM-ADA amide (1.2umol; 2.45 mM) and C)
an expansion comprising the aromatic region (5.0 pp — 9.0 ppm).

The 2D ROESY NMR experiment performed (Figure 62ré&yealed through-space
interactions, between pBCD/CD-mTHPP internal protons (CD4Hs, 3.6 ppm — 3.8 ppm) and
GEM-ADA amide. The strong off-diagonal contours gest the formation of inclusion
complexes, with ADA moiety in GEM-ADA amide (bluérade, Figure 62 A) being deeply
inserted into CDOMTHPP cavity, interacting with CD-Hs internal protons of the conjugate.
The proposed model of inclusion suggests a sinmiade of interaction to that shown by
pMBCD/CD-mMTHPP and ADA-NHCI. Additionally, 2D experiments applied to theustural
characterization of GEM-ADA amide suggested thatAAmoiety is spatially distant from the
pentose and pyrimidine moieties, which corroborétes proposed geometry of inclusion

involving the insertion of ADA moiety into CDATHPP cavity of the complex pBCD/CD-
mTHPP (1:1) (Figure 62 B).
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Figure 62. A) 2D ROESY NMR spectrum (500 MHz, 25 °C)revealing through space intermolecular
interactions, between CDmTHPP cavity protons (CD-Hy/Hs) and GEM-ADA amide peaks; B) proposed
model of inclusion.

N-desmethyltamoxifen hydrochloride (NDTAM.HCI)

N-desmethyltamoxifen hydrochloride (NDTAM.HCI) is major metabolite of the
anticancer drug tamoxifen (TAM), whose properties geviewed in section 6.1. CDTHPP
ability to include NDTAM.HCI was evaluated in 4 ¥M30O/D,0O in the presence of BCD
acting as solubilizer. Although, NDTAM.HCI has inoed solubility comparatively to TAM,
due to the strong red colour of BK&D solutions of CDMTHPP it was difficult to evaluate
visually the complete solubilisation of NDTAM.HCf @s addition to a p\BCD/CD-nTHPP
solution. The ideal compromise would be reacheadutin the addition of only the right amount
of free pM3CD, matching the exact stoichiometric ratio resgtiin: i) the complete
solubilisation of CDmMTHPP; ii) ensure that all ppCD in solution is complexed with the
conjugate and there is no free RED able to interact with the guest molecule (NDTAINEI)
and finally, iii) this would maximize the inclusioof NDTAM.HCI by the soluble complex
pMBCD/CD-MTHPP

Therefore, a series of trials using different mtiof CDMTHPP, pM3CD and
NDTAM.HCI have been performed to judge the compliexa/ inclusion of NDTAM.HCI in 4
% DMSO/D,O (Table 5).

'H NMR spectrum of pMCD : CD-mTHPP (1.96 mM : 1.06 mM : R = 1.83) in 4 %
DMSO/D,O (Figure 63 A) shows that: i) in the aliphaticieg(3.0 ppm — 4.0 ppm), there is a
big overlap between protons of free PED (*, Figure 63 A) used in excess, and the sigoéls

complex pM3CD/CD-mTHPP. This solution was red coloured and visudiigveed no signs of
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aggregation, corroborated by the very well-resolsgelctrum in the aromatic region (6.0 ppm —
9.0 ppm, Figure 63 C) (Trial # 1, Table 5).

However, to avoid the excess of BMID in solution, more CBATHPP (0.40pumol)
was gradually added as a solid, until’fbNMR signals corresponding to free BEID were
observed. Unfortunately, the increase in concaotraif conjugate from 1.06 mM to 1.86 mM,
lead to cloudiness in the solution which is dughe poor solubility of CDONTHPP in 4 %
DMSO/D,O (Trial # 2, Table 5). This was corroborated byra&xexperiments, where the
addition of CDmMTHPP as a solid to an aqueous solutions oB@M resulted in precipitation,
which was not observed if CBHHPP was added prior to an initial solubilisationDMSO. In
the presence of a large excess of @DHPP with respect to ppCD (2.32 mM : 0.66 mM : R
= 3.51), the solution immediately precipitates @n@.45um filter had to be used to remove
most of insoluble material and clarify the soluti@nial # 4, Table 5), The addition of
NDTAM.HCI (0.51 umol) to the clear solution resulted in cloudindsisl(# 5, Table 5), which
indicated that NDTAM.HCI by itself shows limited lability in solutions of pMBCD/CD-
MTHPP in 4 % DMSO/BD.

Table 5. Ratio of CDMTHPP, pMBCD and NDTAM.HCI used in the preparation of solutiors for NMR
experiments to test inclusion of NDTAM.HCI in CDmTHPP. Total volume of NMR tube 0.5 mL.

# Trial CD-mTHPP pMBCD NDTAM.HCI

n (umol), A n (umol). B n (umol) R (B/A) Notes / Observations
1 0.53 0.98 - 1.83 Clear solution
2 0.93 0.98 - 1.05 Addition of CBfTHPP / Cloudiness
3 0.93 0.98 0.43 1.05 Precip.
4 1.16 0.33 - 0.28 Heavy Precip. / Filtration
5 1.16 0.33 0.51 0.28 Cloudiness

Figure 63 B (trial # 3) shows théd NMR spectrum of trial # 2 after addition of
NDTAM.HCI (0.43 umol), which resulted in cloudiness. NDTAM.HCI sidmare observed in
the aromatic region of the spectrum (6.8 ppm —f), with peaks corresponding to the
phenyl rings aromatic protons (Phakd) indicated as black arrows in Figure 63 C. Thersfo
even though different ratios of B&D/CDMTHPP are used to prepare clear solutions, the
addition of NDTAM.HCI results in cloudiness.
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Figure 63."H NMR spectra (4 % DMSO- d¢/D,0, 500 MHz, 25 °C) of CDmTHPP / pMBCD A) before (# trial
1, Table 5); B) after the addition of NDTAM.HCI (# trial 3, Table 5) and C) an expansion comprising the
aromatic region (5.0 ppm — 9.0 ppm).

The inclusion complex formation of MCD/CD-mMTHPP with NDTAM.HCI is
expected to occur through interaction of the pretohBCD cavity of CDmTHPP and the
phenyl rings (Ph-kk,) of NDTAM.HCI. Additionally, the inclusion is expéed to occur
through the secondary side of the CD unit and cbainshift differences (shielding of the inner
protons CD-H/Hs) is expected. Besides, previous work in our latmoyahas shown that
NDTAM forms a strong enough complex with natR@D (K = 7 x 16 M™) via tritopic binding
i.e.inclusion of each of the phenyl rings (Pl in the cavity oBCD at any timé".

Due to big overlap in the aliphatic region of spegt (3.4 ppm — 3.8 ppm), where the
internal protons of cavity of the conjugate in tmmplex are expected, this region is indicated
in blue CD-H/Hs in Figure 63 A.

Therefore, 2D HSQC NMR spectrum was used to deterrand compare the chemical
shifts differences of CD-#Hs of the conjugate in pBICD/CD-mTHPP, righ before (trial # 4,
Table 5) and immediately after the addition of tRBTAM.HCI (trial # 5, Table 5). The
comparison between 2D HSQC spectra before (FigdreA6i) and after the addition of
NDTAM.HCI (Figure 64 A, ii) revealed that the sigaaorresponding to complexed gD
(CD-Hg/CD-HJ/CD-H,;) and the only peaks changing are those attribtaethe complexed
conjugate conj (CD-k/CD-Hs/CD-H,). Furthermore, the two internal protons revealed

significant shielding (blue boxes, Figure 64 A),igthagrees with the formation of an inclusion
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complex between NDTAM.HCI phenyl moieties and thenjugate pNBCD/CD-MTHPP
internal protons, namely: CDsHshielded, 0.06 ppm) and CDskkhielded, 0.106 ppm).

NDTAN.HCI (Ph-H)

LT

* without NDTAM.HCI [

—r—r—
F1 [ppm]

Conj. (CD-Hj) s
N, <t L CDH, e =

LD S ] _3
7&” Conj. (CD-H,) , 3
Conj. (CD-H3)  ppy CD-H, [ CD-H, L
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e e
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Figure 64. 2D experiments in 4 % DMSQO dy/D,O of pMBCD/CD-mTHPP: A) 2D NMR HSQC spectra (25 °C)
in the presence of NDTAM.HCI (ii, trial # 5) and inthe absence of it (i, trial # 4); and B) 2D NMR NOES
spectra (25 °C) in the presence of NDTAM.HCI (i, trdl # 2) and in the absence of it (ii, trial # 3).

Likewise, 2D NOESY experiments was performed toggidiny dipolar interactions
after addition of NDTAM.HCI, comparing solutionsiqrto (trials # 2, Figure 64 B ii) and after
the addition of NDTAM.HCI (trials # 3, Figure 64 ig8 The signals detected in the aromatic
region are attributed to phenyl rings of NDTAM.HGhow one correlation with one of
pMBCD/CD-AnTHPP internal cavity protons (CDsHor CD-H;). Assuming that CD-Hlis
closest to the secondary rim@E€D than CD-H, the strongest signal would be primarily due to
interactions with CD-Kl which from the 2D ROESY corresponds to a chensbit of = 3.72
ppm. Consequently, from the 2D HSQC the chemicdissbbserved earlier, are attributed to
CD-H; (= 3.8 ppm) than for CD-H(= 3.5 ppm), the protons of the conjugate involved in

complexation.

This experiment showed that NDTAM.HCI although isogdy soluble in 4 %
DMSO/D,O solution, can be solubilised using PED/CD-MTHPP. Inclusion complexes are
formed between NDTAM.HCI and the cavity of the aargte in the complex, which can
potentially result in a suitable drug delivery syatfor the delivery of TAM derivatives to

cancer cells.
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5.2.6  Cellinternalization of pMBCD/CD-mTHPP

An important pre-requisite for an effective thernafpe effect of a specific drug is its
ability to get in contact with the affected tissmreorgan, either by systemic administration or
more recently through active or passive targetirfgus, the evaluation of cell inclusion is an
important biological parameter to determine itthi¢ molecules cross the biological membranes
and reach the desired target tissue, ii) if it éégga specific cell compartment. Confocal
microscopy can be used successfully to determifleirdernalization or even the specific
localization of molecules into different cell connmaents and for this purpose, it relies on the
fluorescence properties of suitable fluorescenast$’. The use of porphyrins, or porphyrin
related compounds like CBHHPP, in cell experiments offers the potential adage of good
photophysical properties (fluorescence) that ersablesy detection by confocal spectroscopy
without the need to use additional fluorescencesdigmwever, this is hardly the case because
of limited aqueous solubility of porphyrins and itheonjugates, which impairs most of these
applications. Recalling CIATHPP synthesis, the successful use offgld as efficient
solubilizer and its ability to complex relevant guenolecules it is important to assess if: CD-
MTHPP on its own and upon complexation with f®D is able to cross cellular membranes

and be localized specifically in one or more celinpartments.

Confocal microscopy was used to record images kg egposed to the solutions with
the compounds (CIRTHPP and pMCD/CD-mTHPP) incubated at 37 °C with an atmosphere
saturated in 5 % COTwo cell lines were tested: i) a breast cancérlioe MCF7 and ii) a
prostate cancer cell line DU145 incubated for défe time intervals (3h — 15 h). Two different
media were used, hamely phosphate buffered s&B&) and Roswell Pafidemorial Institute
medium (RPMI3).

In the first experiment cell internalization trimhs performed in MCF7 cells, incubated
for 3 h in PBS in the presence of GBFHPP (10uM) revealed poor internalization. The
presence of 0.45 (Table 6 B) and 1.00 molar egMf3CD, even when laser intensity was set at
100 % to record the pictures, the results weresatsfactory. However, when CBTHPP (10
UM) used alone (Table 6 A), a small improvement wasced and small red fluorescent dots

were observed.

In a second trial DU145 cells were incubated fohl&nd pictures were recorded using
a laser intensity set at 30 %. In PBS, with @DHPP (8 pM) showed some cells
internalization. The observed dotted fluorescenaglied lysosomal or endosomal localization
and not diffuse cytoplasmic dispersion (Table 6 A&jditionally, the plates revealed good cell
density after 15 h incubation period, indicatingttthe dark toxicity, if any, should be very

small. There was an improvement in the cell intization of CDMTHPP (§M), when
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DU145 cells are incubated in the presence of 0.Gmex. of pMBCD (Table 6 D). However,
when DU145 are incubated for the same period in RBRNhe presence of COMTHPP (8uM),
better internalization was revealed qualitativelprresponding to intense dotted red
fluorescence. Cell density during observations atgk that DU145 cells were not affected by
the conditions used and dark phototoxicity sho@dhain within acceptable levels in RPMI
(Table 6 E). Interestingly, in the presence 0.5anelg. of pMBCD added to COWTHPP (8
puM), dotted and intense red fluorescence alwaysice=d to dotted structures was observed

and these pictures were preferred (Table 6 F).
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Table 6. Confocal pictures of cell internalization rperiments: A) MCF7, CD-mTHPP (10uM, PBS), 3 h (laser:
100 %); B) like A) in the presence of 0.45 molar eqpf pMBCD; C) DU145, CDmTHPP (8 uM, PBS), 15 h
(laser: 30 %); D) like C) in the presence of 0.50 afar eq. of pMBCD; E) DU145, CDmTHPP (8 uM, RPMI),
15 h (laser: 30 %); F) like E) in the presence of BO molar eq. of pMBCD (molar eq. = molar equivalent).

CD-mTHPP(10 pM) CD-mTHPP(10 uM) + 0.45 pMBCD

uoneqnaul y € ‘240N

aser 100 %, PBS

CD-mTHPP (8 uM)

uoneqgnau| y ST ‘s¥TNA

uoneqgnaul y ST ‘s¥TNA
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5.3 Conclusions and future perspectives

In this chapter, it was shown that the pure @DHPP conjugate revealed good
properties acting as a bimodal molecular carriéd@D used in stoichiometric amounts
enhances the water solubility of GBFHPP, through the formation of completely watebds

complexes following a defined 1.1 stoichiometry.

The addition of an equimolar amount of PED to solutions of COWTHPP (2uM, 4
% DMSO/PBS, pH = 7.4) resulted in 1.6-fold increadeUV-Vis absorbance and a 8-fold
increase in fluorescence emission spectroscopy.uBbeof an excess of PED enables the
preparation of concentrated solutions of @DHPP & 2.5 mM) suitable for structural analysis
with no visual sign of aggregatiomTHPP was used as a model compound and similar
improvements were observed, but a 2:1 stoichiomeay ruling the slow equilibrium between
pMBCD andmTHPP. In both cases, D was anchored omTHPP moiety, leaving th@CD

cavity of CDmTHPP free for inclusion.

Indeed, successful inclusion experiments of IGCHPP in the presence of the model
compound l-adamantanamine (ADA-pC) revealed that the cavity of CBDTHPP in the
complex with pMBCD is available for inclusion with other molecule&nticancer drug
molecules, derivatives of tamoxifen (NDTAM.HCI) awd gemcitabine (GEM-ADA amide)
proved successful guest molecules included into dheity of pM3CD/CD-mTHPP. The
complexes, once formed, were not affected by tlesegnce of excess of f#@D in aqueous
buffered solution (4 % DMSO/PBS, pH = 7.4), indingtthe very high strength of binding.
Indeed, the binding constants (K) for BD/CD-mTHPP 1:1 complex was ;)= 3.8 X 16
M™ and for the pMCD/ mTHPP 2:1 was (.1~ 4.9 x 16° M2,

Finally, CD-mTHPP reveal good cell DU145 internalization projes;twhen incubated
for a long period of time (15 h) using diluted gans (8uM — 10uM) prepared in RPMI. CD-
MTHPP crossed the cell membrane, reached the cgtoptand localized inside intracellular
compartments. However, in the presence of %2 majaivalent of pMBCD the intensity of the
fluorescence emission was increased suggestinghatse of pjACD may allow increase of
administered concentration of GBDFHPP, alone or in a complex with suitable drugrebg
improving the delivery properties in aqueous meditze empty cavity of th@CD unit in the
nanoaggregate (CBTHPP) has been previously shoitft! to accommodate the nitrous oxide
(NO) photodonor guest, thereby forming a supramgécaggregate with diameter of about 16
nm, which preserved the fluorescence of the poiphgore and was able to generate nitric
oxide and singlet oxygen under illumination withsible light, conferring combined

phototoxicity to cells, in agreement with the résyresented here.
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6. Modifications on selected anticancer drugs as goedgécules

6.1 Introduction

The discovery of new chemical entities (NCEs) i$ a® successful as it was in the
beginning of the XIX century and currently, fewe€CHE do actually reach the market. Currently
drug discovery programs focus on identificationspecific molecular targets, like enzymes,
involved in critical biological activities and omé ability to design molecules (drugs) that

interact with these specific targets by blockirsgaittion ¢ 164

Therefore, in an early stage of any formulatiore thodulation of physicochemical
properties of many NCEs can be achieved throughegsrohemical modification. An example
of a critical property of any drug is its water+gaility that is related to bioavailability of the
drug. It was estimated that 50 % of all the drugpraved for use as medicine display low
aqueous solubility and most of the drugs admirgsteorally, belong to class Il (high
permeability, low solubility) and class IV (low peeability, low solubility) of

biopharmaceutical classification system (BE%)***

Thus, a common challenge addressed by pharmadeetibaology is to find strategies
to overcome the lack of water solubility of commpaldministered drugs®®. Reformulating
any existing marketed drug should be cheaper,rfast safer than the effort considered for any
NCE, as much of the information about the drug kietbgical effects are already known and
can be used in advan&é®!. Alternatively, direct chemical modifications of ttstructure of

drugs may result in the modification of their pleggihemical properties such as solubility.

In this chapter, one will explore the chemical nfiedtion of two drugs routinely used
in cancer treatment (tamoxifen, TAM) and gemcitab(@EM). The purpose of these chemical
modification is: i) to increase the aqueous soitybibf TAM, through preparation of of
tamoxifen citrate salt (TAM-Cit) and one of its Mligical active metabolites,N-
desmethyltamoxifen (NDTAM.HCI); ii) to prepare adtng material (NDTAM.HCI), suitable
for chemical attachment to a fluorescence dye (@scein, FITC) resulting in NDTAM-FITC
useful for cellular localization / distribution slies conducted by confocal microscopy; and, iii)
preparation of and gemcitabine (GEM) attached t@@amantane (ADA) moiety tailored for
complexation studies with CBTHPP and CD-polymers.
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6.2 Results and discussion

6.2.1  Preparation of tamoxifen derivatives

Tamoxifen

Cancer is associated with unusual growth of ligetis in an organism. Many forms of
breast cancer are a result of wrong signalling agss sent by sex hormones like estrogens.
Estrogens are responsible for breast growth in wodweing puberty and they are delivered to
the cells by serum proteins in blood. Once insitedell, estrogens enter the cell nucleus and
bind to a complex receptor protein (estrogens recgpyhich then enables the synthesis of a

protein involved in breast growtf{”.

Tamoxifen (TAM) is an anticancer drug, very spexifi its action. TAM exists in two
different isomeric formsE-isomer €is-TAM) and Z-isomer {ransTAM) 8. E-isomer has
agonist properties and only tBesomer of tamoxifen has pharmacological relevaopprties
acting as an antagonist of estrogeins, it acts as a selective estrogen receptor modulator
(SERM) compound.

.Y O I“w/
|

CHj
O (E)-tamoxifen, CHj O (2)-tamoxifen,

inactive form active form

NDTAM.HCI TAM-N-oxide 4-OH-TAM

Figure 65. Structure of (Z)-tamoxifen and (E)-tamoxifen isomers and ofZ)-tamoxifen active liver metabolites:
N-desmethyltamoxifen  hydrochloride (NDTAM.HCI), tamoxifen-N-oxide (TAM-N-oxide) and 4-
hydroxytamoxifen (4-OH-TAM).

Once inside the body TAM is converted into its \&eti metabolites: 4-

hydroxytamoxifen;N-desmethyltamoxifen (NDTAM) and tamoxiféfroxide (Figure 65) that
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revealed enhanced affinity in the prevention ofcemnby blocking the specific site (estrogen
receptors) competing with the natural hormone ¢esm)*®®. The water solubility of tamoxifen
is very limited (0.1 mg/L, 20 °G}* and its citrate salt is commercially used insteag to its
improved solubility (0.3 mg/L; 20°CG}™®. Commercial, tamoxifen citrate is sold as Novaftex

used in therapy for hormone receptor-positive lireascer in pre-menopausal women.

Tamoxifen citrate (TAM-Cit)

The first approach to modify the TAM molecule bgparing its citrate salt was based
on a reported proceduf®. In their work it was described the formation @fate salt (TAM-
Cit) ina 2:1 or in a 1:1 stoichiometry. This sugigel the possibility of isolating TAM-Cit, with
varying stoichiometries because the commerciallgilable TAM-Cit sold by Sigma-Aldrich

shows a 1:1 stoichiometf/°.

In our hands, the reaction took place in acetd@i{ACN) using approximately a two-
fold molar excess of citric acid and the producsvisolated directly from the solution, as it

precipitates as a white solid - Figure 66.
O\/\H/
0] ‘;E:: OH 0
Q"
I ACN, Citric acid
O (25°C, 1h)
CH3

H/\o

TAM TAM-Cit (2:1)

Figure 66. Synthesis of TAM-Cit (2:1) from the readbn of TAM with citric acid in acetonitrile (ACN).

The isolation and purification of the product inuedl extensive washings of the white
solid with water, to take advantage of the diffeetin aqueous solubility between citric acid
(CA) and TAM-Cit. Thus, it is expected that in theesence of a large excess ofo mostly
the unreacted citric acid (used in excess) wilWashed away from the crude solid, leaving

behind any insoluble material namely TAM-Cit.

The product TAM-Cit was prepared in a 63 % yield aras characterized by IR aftd
NMR spectra in CDGI In the aromatic region (7.0 ppm — 8.0 ppm) theapound displayed all
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the signals from the TAM core. The assignment waaightforward and is shown in the
appendix (Figure 120). The citrate moiety showsyamhe signal £ 2.8 ppm — 2.9 ppm)
corresponding to the two methine groups in citdalntegrating the signal after careful data
acquisition afforded a ratio TAM-Cit salt in a tgpl 2:1 stoichiometry. The comparison
between IR spectrum of TAM-Cit and TAM, revealsttimTAM-Cit an extra peak at 1722 ¢m

! characteristic of a carboxylic acid attributedthe citrate moiety, shown in appendix (Figure
121).

TAM-Cit (2:1) was successfully used in our groupgagst molecule in several studies
with CDs™"4, Additionally, the purification method developdmsed solely on washings with

water, illustrates a cheap and attractive way ¢dioing a pure TAM derivative.

N-desmethyltamoxifen hydrochloride (NDTAM.HCI)

The second strategy to modify the chemical strectof TAM, dealt with a
demethylation of the tertiary amine in TAM struaurto obtain N-desmethyltamoxifen
hydrochloride (NDTAM.HCI). The synthetic procedw@s based on the procedures described

nii73

by Olofsoni*”® with some modifications implement&d" *”*! The mechanism of demethylation

of tertiary amines has been described elsewhérand is shortly presented in Figure 67.

S]
S o _._c®
o I o cl R™ gNH2
o._Cl r\); ©}
A( Ym0 I, e T
: N N A (-CO)

R R

R CH3;CH(OMe),

. Carbamate Intermediate
tertiary

amine

Figure 67. Mechanism of demethylation of amines usg alkyl chloroformates.

It involves the use of a highly reactive speciasclloroethylchloroformate) that is
susceptible to nucleophilic attack by the tertiangine resulting in the elimination of a methyl
group as a chloroform molecule. The carbamaterradiate is subsequently decomposed by
heating in methanol to the secondary amine hydoocld. The structure ofa-
chloroethylchloroformate is very similar to that 22,2-trichloroethylchloroformate, which as
been used in the demethylation of tertiary methjmes*””. The reaction proceeded by
solubilising NDTAM.HCI in toluene at 0 °C, followedby the addition of a-
chloroethylchloroformate and refluxing the mixturejth periodic monitoring of reaction

progress by TLC using GBI, : MeOH : NH; (95/5/0.3) as mobile phase, against an authentic
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sample of NDTAM.HCI used as a standard. The reag@ached completion m 8 h and the
product precipitated from the crude mixture, whemuned directly into an excess of diethyl
ether (EtOEt) (Figure 68).

H,C.__O. _Cl

O~ jC/I \g/ O 1CH3
AT 7

1-chloroethyl chloroformate l 2
| 5
O Toluene (reflux), 48 h H,L 3 O O
2
CHs g0
Cl
TAM NDTAM.HCI

Figure 68. Synthesis of NDTAM.HCI from the reaction of TAM in refluxing toluene, using a-
chloroethylchloroformate.

The overall yield of the reaction was 50 % andpghmduct was characterized by NMR,
IR spectroscopy and TLCH NMR spectrum in of NDTAM.HCI MeOH- (Figure 69),
revealed a clean product free from impurities dreintegration of methyl group (position 5,
NDTAM.HCI in Figure 68 attached to the nitrogen rajoaccounted for 3 H=(2.67 ppm)
corresponding to one methyl group, as expecteds Ehihe only difference with respect to
TAM spectra, where for the same resonance 6 H xgpected, corresponding to two methyl
groups. The identity of the sample was verifieditagtaa commercial sample of NDTAM.HCI
(Sigma-Aldrich), both by IR spectroscopy and by Tltke overlaid IR spectra of commercial
sample and NDTAM.HCI obtained, revealed a compieétching in all regions of the spectra
(appendix, Figure 117).
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Figure 69.*H NMR spectrum (500 MHz, MeOD-d,, 25 °C) of NDTAM.HCI.

In the literature, the preparation of NDTAM was clé@sed following at least three
different procedures: In the first approach, TAMswsolubilised in dichloroethane, in the
presence oé-chloroethylchloroformate and was refluxed for 24The crude mixture was then
refluxed in MeOH for 3 h and the product was ol#difirom the residue, by recrystallization
from EtOH and BEO to give NDTAM (86 % yield}*"*. The second procedure described used
refluxing dichloromethane (boiling point, bp40 °C) for 24 h to obtain an oil, which was then,
refluxed in MeOH for extra 3 h followed by columhromatography affording NDTAM (91 %

) 178 Alternatively, TAM was refluxed in toluene (Bp111 °C) in the presence of 2,2,2-

yield
trichloroethylchloroformate and potassium carbondtier 4h, the reaction was stopped to
isolate the carbamate intermediate. This intermedias stirred overnight in diglyme, acetic
acid and zinc. Column chromatography was usedveltb by recrystallized from heptane to

afford NDTAM (77 % yield)*".

Although the vyields reported are reasonably gooelsehmethodologies failed to
distinguish if the actual product isolated is NDTAMC| or NDTAM. All of them involved
refluxing MeOH to break the carbamate leading te formation of the corresponding
demethylated amine. Additionally, in the first apach, the only one avoiding column
chromatography, is not clear in the description tiwd@vent was used: 1,1-dichloroethane or
1,2-dichloroethane. Probably, the use of highefirgipoint 1,2-dichloroethane=(84 °C) as
opposed to 1,1-dichloroethane (b7 °C), would ease the release of,@0ring the reaction,
thus avoiding the use of chromatographic methodsamabling the isolation of NDTAM by

recrystallization.
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In our hands, using the low boilng point CH@t reflux (bp= 61 °C) the reaction did
not progress as the product was isolated in theepee of many impurities, after 72 h including
MeOH reflux for 1 h. Column chromatography and epegparative plate chromatography were
of no use, since it resulted in isolating NDTAM.H&td many impurities. A critical point for
the monitoring of the reaction progress towardsdésired product was the use of TLC and a
mobile phase composed of @k, : MeOH : NH; (95:5:0.3,v/v), which enabled the distinction
between: fast moving impurities R 0.94) or intermediate formed (carbamate), TAM R
0.32), the product identified using a commerciahgke (R-= 0.08) of NDTAM.HCI and non-
moving impurities (R = 0) (Figure 70). Our successful strategy was 4e a high boiling
solvent (toluene) for an extended period of timel® h / overnight) thus avoiding the need of
methanol reflux step and proceed directly to thecipitation of NDTAM.HCI from EtOEt,
isolated as a white solid of very good purity. Ionclusion, demethylation of TAM using 1-
chloroethylclhoroformate in refluxing toluene coute carried out in a simple procedure,

compared to previously reported.

“Fast moving”
impurities or
carbamate
= intermediate

fe—

v NDTAM
: —

\ 4 “Slow moving”
= * ¥ ¥ 3 imp urities

— 5 y

Figure 70. TLC monitoring of the demethylation reacton of TAM to obtain NDTAM.HCI. From left to right:
i) commercial sample of NDTAM.HCI (NDTAM); ii) start ing-material (TAM); iii) incomplete reaction after =
4h and iv) complete reaction after (19 h, no TAM Idfto react).

NDTAM.HC| was used as guest molecule in complexatsbudies reported by our
group™? and additionally to react with fluorescein (isaityanate, FITC) in order to obtain
NDTAM-FITC to study intracellular delivery and fafgee section 10.3.4). In addition, the
method developed by our group presents a cheagasyway of obtaining from affordable

starting materials a very expensive TAM derivative.
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Fluorescein labelling of NDTAM (NDTAM - FITC)

The preparation of NDTAM-FITC in our group previbugelied on commercial
samples of NDTAM.HCI as starting material. This @ds big problem in the developments of
this specific synthetic procedure: the high pri¢estarting material NDTAM.HCI limited all
small-scale trials, which in turn limited compleaiptimization of the purification procedures.
However, after the successful synthesis of NDTAM.ld€scribed earlier (see section 10.3.2),
more material was available and therefore mordstr@uld be performed and different

purification strategies explored.

A general reaction explored in our group was thactien between amines {iRIH,)
and isothiocyanate RN=C=S), to form thioureas (RNH-C(=S)-NH-R). This kind of
reactivity is greatly explored to link biologicaliglevant samples to several fluorescence probes
and these have found wide applications in chenficdbgy specifically in:: immunochemistry;
fluorescencean situ hybridization (FISH); cell tracing; receptor lalimgd; fluorescent analog

cytochemistry and fluorescence resonance energgfera(FRETY"%.

In our group, the procedure to attach a molecul®&NBTAM.HCI to isothiocyanate
moiety in fluorescein isomer 1 (FITC) was tried\poaisly 2. This procedure had a series of
limitations associated with the low yield and thensreproducibility in the preparation
regarding the purity of the NDTAM-FITC. Therefotbe method for preparation and isolation
of NDTAM-FITC should be revised. The general pragedinvolved the solubilisation of FITC
in EtOH, followed by addition of NDTAM.HCI and\,N-diisopropylethylamine (DIPEA) to
neutralize the salt. The reaction proceeded fan 4440 °C. The residue was dried and applied
to a preparative TLC plate. NDTAM-FITC was isolated60 % yield, corresponding to the
second band (R= 0.77) isolated from the preparative plate (Fégiit).

® S:C:N o
“NH, CI HO Q 3
N (Q~° (
° L T S0
O Q HO OH O
FITC O /3’/0
(DIPEA, 40 °C, 44 h) / HN N~ 4
\
Y GH,
NDTAM.HCI Ph-HX S 5
NDTAM-FITC

Figure 71. Synthesis of NDTAM-FITC from reaction of NDTAM.HCI with FITC in EtOH, to form a thiourea
linkage.
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FITC has been successfully attached to primary esnigxploring the same kind of
chemical connectivity — formation of thiourea ligea FITC has been connected to
octadecylamine, in anhydrous THF, at 60 °C in uhrp details on the purification method
used were giveri’®l. Moreover, in another example, FITC was connedtedandomly
deacetylated chitosan polymer (50 %), in watereattral (pH = 6.9), at room temperature (not
specified) for 24h, but no reference is made téadifties faced with solubilisation of FITC in
water. Additionally, the isolated fraction corresded only to 6.6 %ng/m probably due to

inefficient mixture of the reactanté?.

Bl p
L tomwete
o
E- A)
. MeOD
v = = N
_ FTIC ~
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" M| H, Hi| | H,
| NDTAM Ph.,, J | ] J\J
" FITC - PhH, H, H, H,
RN N A
e e a2 e

Figure 72.'H NMR spectra (MeOD-d,;, 500 MHz, 25 °C) of i) NDTAM-FITC (2" band scrapped from TLC
plate B); i) NDTAM.HCI and iii) FITC; B) inset pictu re, illustrates separation by preparative
chromatography.

In our hands, using the fluorescent dye (FITC, omelicoloured) as a raw material
means that at any stage the solution is alwayslyleepoured and poses a challenge to any
separation/purification technique. TLC was usedrfamitoring the progress of reaction, but
was of little use because there was no clear sgpaiaetween spots, although various mobile
phases have been used. Other trials involved teeoisolumn chromatography, but with no
success for similar reasons. However, an efficieathod to purify this mixture of products

was achieved through the application of small an®wi untreated crude (right after the
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reaction), directly to a preparative plate 2 mg / 20 cm x 20 cm plate, silica gel, 500
thickness) solubilised in MeOH or in mobile phaddCQ;/MeOH (3:1), which was the eluting
solvent system. Five different bands were succigsfiolated and throughH NMR analysis,
the target compound was identified correspondirtpecssecond () fluorescence band isolated
(NDTAM-FITC, Re = 0.77, Figure 72 B). All of the other colourednta (£, 3¢, 4" 5M),
corresponded to undesired fluorescent impurities \ware discarded afterwards. The overall
yield of the separation i 60 % /M) and= 80 % purity estimated from the average of NMR
integration of NDTAM.HCI (H, H,, Hs) with respect to FITC (PhsH7.9 ppm:= 1.6 H)
considering the expected ratio Pt ,»s(Figure 72 A).

Thus in our group perspective and considering phatiously isolated NDTAM-FITC
batches were not purifiéf?, the development of this purification method ipartant because

this purified compound can now be applied in curfdature works developed in our group.
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6.2.2  Preparation of a gemcitabine derivative
Gemcitabine (GEM)

Gemcitabine (2,2'-difluorodeoxycytidine, dFdC or Kk is a potent anticancer
nucleoside drug analogue of deoxycytidine monophatgp(dCMP), a deoxyribonucleoside that
is a component of deoxyribonucleic acid (DNA). dCNéPsimilar to ribonucleoside cytidine
monophosphate (CMP), but with one hydroxyl groumaeed from the 2' position of the
pentose unit. In GEM the hydrogens in position 2d&€MP are substituted by fluorine, as
displayed in Figure 73.

—  (4-N -site)

NH, NH,
Cr. O
A A
o o OH
OH OH
—> (5'-site) o) fe)
\P/OH \P/OH
-\ - \\
@o \O @O 0
GEM dCMP CMP

Figure 73. Chemical structure of gemcitabine (GEM), deoxycytidine monophosphate (dCMP) and
ribonucleoside cytidine monophosphate (CMP)

GEM hydrochloride salt is marketed as GerfizdELI Lilly) and is used in
chemotherapy treatment of pancreatic and non-dovajl cancer and other solid tumours. After
intravenous administration, GEM is activated by >degtidine kinase (dCK) to its
phosphorylated forms (GEM mono-, di-, and triph@dphnucleotides), following sequential
phosphorylation steps. The active metabolitestaaa tesponsible for the anticancer activity of
this drug, which comprises inhibition actions bymgeting with dCTP on DNA synthesis in
rapidly divided cells. GEM is also deaminated t® iihactive uridine metabolite (dFdU) by
deoxycytidine deaminase and this presents a sedmwback™®®, because it inactivates the
drug. Thus, the drug displays poor bioavailabiltyd efforts to increase GEM biological
stability towards deamination have been focusedchamical modification at the drug,
involving reactions on two different sites, nhamely the pyrimidine (4N-site) and on the
pentose (5'-site) (Figure 78§
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The preferred modification involves the couplingleé amine (GEM) with a carboxylic
acid (R-COOH) to obtain an amide bond (GEM-NH-CQ}Roreferred to the ester derivatives
because is of its improved stability regarding ctoainand enzymatic hydrolysis®®! This
modification will produce a pro-drug with improvediasma lifetime after administration. Our
aim has been to prepare an amide GEM prodrug tbatdwbe readily captured 3CD cavity

for delivery.

Gemcitabine-adamantanamide (GEM-ADA amide)

The attachment of adamantyl (ADA) moiety into a géabine (GEM) molecule is
interesting from our perspective for two main reesdirstly, the successful incorporation of an
ADA moiety into GEM molecule, through an amide bomatects the unstable M-site of
GEM against undesireth vivo reactions (Figure 73). Secondly, ADA possess tkacte
geometry that fitBCD cavity forming a strong inclusion complex witstimated K > 16M™
(188land has been extensively studied as model guesiniplexation witfBCD derivatived'®”.
Additionally, one is also interested in the pregiara/ application of CD-based polymers with
cell-penetrating properties and GEM-ADA would beswitable guest molecule to test with
polymer carriers, given the potential increasedhulsility / stability that arise from the use of

CD-polymers.

The modification of gemcitabine hydrochloride salGEM.HCI) with 1-
adamantanecarboxylic acid (ADA-COOH) was explorsthg different coupling conditions,
following various reported amide coupling reagetts*®” and procedure$®. The coupling
reaction between GEM.HCI and ADA-COOH, was optimatlerformed in a mixture of
DMF:DMSO (3:1) at 25 °C over a period of 48 h ie firesence of 1.1 molar eq. of HATU and
of 2.8 molar eq. of DIPEA resulting in GEM-ADA aneidFigure 74). Surprisingly, none of the
strategies tried to isolate the desired product GHDA amide were successful in our hands.
These included, several liquid-to-liquid extracBostrategies and column chromatography
performed on crudes isolated after reaction. Frdmhe experiment can be concluded that

GEM-ADA amide is temperature sensitive and is aéfddy the presence of methanol.
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HATU/DIPEA, DMF/DMSO (3:1)

(25°C, 48 h)

ADA-COOH GEM.HCI GEM-ADA amide

Figure 74. Synthesis of GEM-ADA amide, through the @upling reaction between gemcitabine (GEM.HCI)
and 1-adamantanecarboxylic acid (ADA-COOH), activaed by HATU/DIPEA.

Table 7 describes several conditions tested tisatitesl in the best experimental trial
(Table 7, # 7). In this trial (# 7), TLC monitoringsing a suitable mobile phase comprised of
CH,CI, : acetone : EtOH (5:4:1) enable the identificattdHATU-activated ADA-COOH (R
= 0.99) that was subsequently converted into theadWe desired product GEM-ADA amide
(Re = 0.78). The pure product (GEM-ADA amide) was aoied by liquid-to-liquid extraction
[EtOAc / aqueous NaCl (10 ¥/\)] to clean the organic phase (EtOAc), from anyeacted
GEM.HCI and HATU-related by-products. Subsequently, using small volumes of warm
water (60 °C), the pure GEM-ADA amide could be asted and, on cooling was collected in
28.5 % yield, leaving behind an impurity as a lightlow residue. The pure GEM-ADA amide
isolated was characterized by NMR spectroscopy MSD-ds. The *H NMR (Figure 75)
spectrum revealed: i) the characteristic ADA sigr{étiree singlet between 2.2 ppm — 1.6 ppm);
i) the pyrimidine ring aromatic protonsstis at 6.0 ppm and 8.2 ppm, respectively; iii) the
pentose unit with signalss&fHsw/Ha/Hz/Hy in the aliphatic region (3.6 ppm — 4.3 ppm). In
DMSO-ds due to slow exchange on the NMR time scale wiiidteal HDO in the solvent 5'-
OH (6.34 ppm) /3-OH (5.33 ppm) /amide —NH (10.5nppprotons were identified. A
presaturation experiment involving irradiationfa HDO frequency resulted in the loss of their

intensity, thereby revealing the frequency of thesehangeable protons.
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Figure 75.H NMR spectrum (DMSO-dgs, 500 MHz, 25 °C) of GEM-ADA amide.

These structural features of GEM-ADA amide wereaoorated by 2D HSQC NMR
spectra, namely: the differently phased signals,J@drresponding to H/Hs on the pentose
ring and H /H, and H /H, of the ADA moiety (Figure 76).
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Figure 76. 2D NMR HSQC spectrum (DMSOds 25 °C) of GEM-ADA amide.
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Additionally, the adamantyl moiety was located aviryn the pyrimidine and pentose

moieties, because no nuclear Overhauser effectolasrved during a typical 2D NOESY

experiment, which detects through space interagtiohspins up to a distance of 5 A.

Therefore, ADA moiety located in GEM-ADA amide i®é to interact with 8CD derivative

in a typical inclusion experiment. On the otherdathe above clearly excluded the possibility

of attachment of ADA moiety to the 5’-OH site via @ster bond connection.

Table 7. Coupling conditions used in the preparatiorof GEM-ADA amide: reaction between GEM.HCI and

ADA-CO,H.
Trial (ri(zumprlr:rcl% ?ﬁm%ﬁf Solvent A@éﬁﬁé‘? / Time / Temp. Notes

1 EDg;é;I//(?gASAP éHn?IB 0.135/ 0.154 46 h/25°C Solvent not appropriate
2 EDOC'é';g'/’OE.’O"g?P (2DI\T<IWFL) 0141/0.164  95h/25°C Coupling conditions
3 (I)D:Il(éé 7{(?18:56 (2D'\r¢1FL) 0.166/0.166 69h/35°C Coupling conditions
s EOCHSINCM/ON DURDUSOGI oamioaer  ushsssec EEisetmpere
s NIIRTER PVEMSOOY owriosn  znizmec Camngcoons
6 HoTo) DIPEs DMF(/Eol\gﬁS @1 0169/0175  48h/25°C Purification
8 H(';\_Ig‘l//DOIZEQ DMF(/EO'\gﬁLO) (3:1) 0.186/0.178 50h/25°C Product degradation
9 HATL DIPEA DMF(’EO'\gﬁLO) G o168/0165  72h/25°C Product degradation

During isolation of GEM-ADA amide, methanol was dge transfer small amounts of

the product (mg) and a colour change in the saistiof GEM-ADA amide was observed: the

initial solution (colourless) turned to yellow. The NMR spectrum of this yellow solution

revealed extra peaks in the region, between 6.0-ppr ppm and an increase in the area of the

peaks corresponding to the ADA moiety bellow 2.éngp in Figure 77 B).
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Figure 77.'H NMR spectra (MeOD-d, 500 MHz, 25 °C) of A) GEM-ADA amide as it is aftereaction isolation

from warm water; and of B) GEM-ADA-amide after recovery using methanol, signals (*) due to extra speae
in solution.

A reasonable possibility is the formation of otheupling products or mixtures of them
(3-OH and 5-OH, ester productS}", all appearing together in the same spectral regia this
would only be plausible in case of inefficient giegation of the desired compound.

Probably, this unexpected behaviour regarding litabn MeOH could be explained by
taking into account that methanol (MeOH), can difety promote the formation of extra
species in solution like hemiketals and ketals{Fégr8)°.

VR ~ o
/U\ 7 Hec 9 R T OHA
R R2 R2 3 2
H3C
ketone ~oH

Hemiketal formation

AN MG e

\ © R2  CH
Ry OH H-A ) H> A R4 adk
KT 2O A
HC— O R o R ‘H,0 HC—O
HsC—
hemiketal ’ ketal formation

Figure 78. Formation of hemiketals and ketals throgh the reaction of methanol (CH-
OH) with a kenote functionality.
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This reversible reaction can account for the egtraks in the aliphatic region of the
spectra (*, below 2.0 ppm, Figure 77) and can emplae poor recovery of GEM-ADA amide
(28.5 % yield).

6.3 Conclusions and future perspectives

The chemical modification of small molecules, taifexx and gemcitabine were
implemented and found valuable for several reasptisey enable the synthesis in pure state of
important TAM derivatives for inclusion study andnfocal microscopy (NDTAM, TAM-Cit
and NDTAM-FITC) and enabled anchoring ofB&€D cavity suited moiety (GEM-ADA) for
delivery viaCD carriers. This is of utmost importance in ououp’'s perspective, because
expensive anticancer drugs became available foerarpntation, while our know-how was
expanded, through the preparation and purificatibthese useful compounds. Most of these

compounds have been used by our group membersijtiinlf collaborations.
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7. CD-polymers (CDPs) based on positively charged CDs

7.1 Introduction

Most of animal tissue cells possess an overallthageharge, attributed to the presence
of sialic acid in their cell membrane, which faeites interaction with positively charged
substrate$'®?. CD polymer research towards new DDS is still ezaan expansion and their
accurate characterization still faces many cha#enghis has been attributed to the lack of
controlled topology, defined structure, uniform ewmilar weight distributions, extended
systemic biocompatibility and lack of toxicologicstlidies™*®!. CationicBCD-based polymers
(CHBCDs) have been prepared frodCD, epichlorohydrin and choline chloride and were
characterized as drug carriers, revealing that iglhecular weight and low cationic charge

density, induced good drug inclusion and dissofuimperties'*?.

Amino-CD derivatives are examples of positively rgfel CDs that have been studied
as biomimetic molecule§™*!. Per(6-aminoalkylamino-6-deoxy)-CDs angler(6-guanidino-
alkylamino-6-deoxy)-CDs are amino-CDs, that campldig both amine (-NE and ammonium
salts (-NH'R’, -NH,'R) depending on the pH of the solution. These Civdtives have been
prepared and studied previously by our group andas$ found that they possess good cell
penetrating properties (CPCDs) and display modénggeaction with DNA™®., Additionally,
per(6-guanidino-6-deoxy)-CDs showed strong interaditimough cavity inclusion with model
nucleotides (5-AMP, 5-dCMP, 5’-dAMP) (Figure 79ut no interactions with nucleosides
(2-dC, 2’-dA). This was attributed to the dipol@dle interactions that are guiding the
inclusion phenomena, between the negatively chapexphorylated groups in nucleotides
and, the positively charged groups in C88. The electrostatic interactions offer additional
stabilization to these inclusion complexes, resgltin the unexpected encapsulation of the

pentose moiety of the nucleotides.

Therefore, nucleotide therapeutics can be achiay@dg CD-polymers containing
CPCDs, opening a new and interesting field for dbtivery of nucleotides and other anionic

drugs.
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Figure 79. Suggested models of inclusion for the wplex between: adenosine 5'-
monophosphate (5-AMP) with a) Bguan and with b) yguan and between c)
Deoxycytidine 5-monophosphate (5'-dCMP) witfBguan ¢,

In this chapter it will be described the prepamatad polymers based on a positively
charged CDs, namelper(6-aminoethylamino-6-deoxy€D, following different strategies.
The CD-polymers prepared will be characterized #@sdability to interact with model
nucleotides such as adenosine 5’-monophosphataM¥P) and gemcitabine monophosphate
(GEM-MP) will be studied.

5'- AMP GMP - M
(A (B)

Figure 80. Structures of guest molecules: A) adenog 5-monophosphate (5’-AMP) and B) Gemcitabine
Monophosphate (GEM-M).
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Strategy for preparation of CD-Polymers (CDPSs)

CDPs based on positively charged CDs were pregaliedving two different strategies
outlined in Figure 81:

) Reaction of a preformed polymer bearing suitablecfional groups €.g.
poly-L-Lysine hydrobromide, pLys.HBr) of known aage molecular
weight, with a per-halogenated CDe.d. heptakis(6-iodo-6-deoxyf-
cyclodextrin,Bpl) followed by reaction excess 1,2-diaminoethaDAK) to

generate pLygfpen polymers (Figure 81 a)

ii) Direct reaction of heptakis(6-aminoethylamino-6xd@e3-cyclodextrin
(Bpen), with epoxides [epichlorohydrin (EPI) and é&timg glycol diglycidyl
ether (EGDE)] through ring-opening reactions in adike medium, to
generate EPBpen and EGDERpen polymers (Figure 81 b)

The first approach is a costly reaction due to agpe® pLys.HBr, starting material, that
potentially offers some control over the moleculagights of the final polymers, because the
starting material has a determined range of averagkecular weight (AMW). The second
approach is a cheap alternative that would useilyeadailable epoxides as linkers (EPI and
EGDE), but would offer no control over the AMW dfet polymers. The details on the
preparation of the linker (EGDE), that is not comecredly available and on the modifications to

the CD macrocycle3pl andBpen) will be given, later in the chapter.

Preformed
<~ polymer
a)
+
8 -0
ppl ppen
Linker
¥ N\ ( b
~( + M
N, s

Figure 81. Polymerization strategies used in the pparation of CD-polymers based on: a) preformed pgmer
(pLys.HBr) and b) available linkers (EPI and EGDE).
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7.2 Results and discussion

7.2.1  Preparation of per(6-aminoethylamino-6-deoxy)BCD (Bpen)

polymers from poly-L-lysine (pLys)

Commercial polyL-lysine hydrobromide (pLys.HBr) was used as a qmakd
polymer, following the first strategy outlined prewsly (Figure 81 a). This polymer is a
polypeptide, composed by: i) a linear polymer catee by peptide backbone (amide bonds)
and ii) a butylamine side chains displaying n réipgaunits, corresponding to lysine units
(Figure 82). ThéH NMR spectrum of pLys.HBr is shown in Figure 82.
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Figure 82.H NMR spectrum (D,O, 500 MHz, 25 °C) of poly-L-lysine hydrochloride, hys.HBr (500 Da <
AMW < 2000 Da).

Polymerization trials

To determine initial suitable polymerization comglis, a commercial batch of
pLys.HBr (500 Da < AMW < 2000 Da) was used in thie@ls described in Table 8. The same
amount of pLys.HBr (3.25mol) was first reacted with varying amounts of laégd(6-iodo-6-
deoxy)$-cyclodextrin Bpl) at different temperatures (step 1, Table 8)ofeed by reaction
wirh 1,2-diaminoethane (DAE), to gener@en from the3pl (step 2, Table 8).

After the reaction is completed the work up procedavolved a dialysis step, through
a snakeskin dialysis membrane (MyV= 3500 Da), used to clear out from the polymeric

sample any traces 8pen (MW = 1430 Da). To evaluate the success of esattion condition,
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'"H NMR spectroscopy was used to determine the ameanaric proton signal (CD-H = 5
ppm) and the area corresponding to the aliphat@kpeof pLys (Hys < 2 ppm). The
experimental conditions that lead to polymers witle highestBpen content were those
described for trial 3 (Table 8).

Table 8. Polymerization trials between pLys.HBr (50®a < AMW < 2000 Da) andBpl.

Trial Bp! DMF /KOH ~ Step 1 Step 2
1 16 umol 3mL 70°C/14h 80°C/8h
2 21 pmol 1mL 40°C/14h 80°C/8h
3 32umol 1mL 60°C/14h 80°C/8h

*  pLys.HBr (500 Da < AMW < 2000 Day) (3.23n0l)

Consequently, following trial 3 conditions, thre@ma trials were performed changing
the AMW of the pLys.HBr used as starting materéalow (500 Da — 2000 Da), an intermediate
(1000 Da — 5000 Da) and a high AMW pLys.HBr (4008 B 15000 Da) were used in the
reaction. The intermediate pLys.HBr fraction (1008 — 5000 Da) revealed higher content of

Bpen and was used in the preparation of all pl3feh polymers.

In order to narrow further the AMW of the intermaidi pLys.HBr (1000 Da < AMW <
5000 Da) fraction, this was sequentially dialyssihg benzoylated (M\A = 2000 Da) and a
shakeskin (MW, = 3500 Da) dialysis tubing. Three fractions webtatmed: pLys A (1000 Da
< AMW < 2000 Da, 35 %n/my); pLys B (2000 Da < AMW < 3500 Da, 52 P/my) and pLys
C (3500 Da < AMW < 5000 Da, 14 ¥h/my) and the number of lysine units (# Lys, Table 9)
comprising in each pLys fraction was estimatedrighkinto account: i) the molecular weight of
one Lys chain (MW (gH:2N,O) = 128 g/mol; ii) the MW, limits imposed by the dialysis
membranes (M, = 2000 Da and 3500 Da) used and iii) by the AMWtioé starting
pLys.HBr (1000 Da < AMW < 5000 Da).

Table 9. Fractioning of a batch of commercial pLys.HB (1000 Da < AMW < 5000 Da; m= 100 mg) by
dialysis to obtain pLys of different average molecar weights (AMW).

Fraction AMW limits (Da) # Lys groups (-NH,) | % Mass recovered fn/my)
pLys A (1000* < AMW < 2000) 8*<#<16 35 %

pLys B (2000 < AMW < 3500) 16 <#<27 52 %

pLys C (3500 < AMW < 5000) 27 <#< 39 14 %

* - lower limit: pLys A = lower AMW (1000) / MW ot.ys (128)~ 8 # Lys.

The number of lysine units in the backbone (# Lofs@ach fraction, should determine
the maximum number oBpen units possible to be grafted onto each polybsakbone,

assuming a highly efficient reaction. For every &tiached, the overall AMW of the polymer is
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expected to increase by the mass of @men molecule (1430 g/mol). THE NMR spectrum of
starting material, pLys.HBr (1000 Da < AMW < 500@)0s comparable to those of fractions
pLys A, B and C (Figure 83 A, B and C, respectiyeBMI fractions isolated display signals in
the same spectral regions as the starting matelid.HBr and the mass recovered/ify) is
represented as a percentage of the total massysfhBr used (m= 100 mg).

T T T T T T T T T T 1 T J T T T T T T T T T
5 4 2 2 1 [ppm]

Figure 83.'H NMR spectra (D,O, 500 MHz, 25 °C) of A) pLys A (1000 Da < AMW < 20D Da); B) pLys B
(2000 Da < AMW < 3500 Da); C) pLys C (3500 Da < AMW 5000 Da).

Figure 83 A shows that the increased resolutiomefpeaks of fraction A, compared to
the resolution of peaks in B and C, is probably ttuéhe presence of small molecular weight
oligomers in this fraction pLys A (1000 Da < AMW 2000 Da). Inspection of thtNMR
spectra reveals three major regions with assigrsigtaals: 4.4 ppm — 4.0 ppm, 3.0 ppm — 2.9
ppm and 1.8 ppm — 1.3 ppm. The assignment was ail&hemdraw ® software prediction of
'H NMR resonances and by comparison with the spectiL-lysine itself. Therefore, the 4.4
ppm — 4.0 ppm region was assigned toa&hd H,- signals, the 3.0 ppm — 2.9 ppm region tp H
He and H- signals and the 1.8 ppm — 1.3 ppm to all othetom® (H, H,, Hs of all kinds). The
only group that remained separate ig &ttributed to théN-terminal residue, with an expected
signal betweer 3.5 ppm - 3.6 ppm. The integration of these sgiidl), corresponding to the
end-groups of the various oligomers present in gatymer (A, B and C), in comparison with

the integrals of the rest of signalsg(HH,, Hs), would give the number of Lys units comprising

109



each polymer. Small peaks around 3.6 ppm — 3.5@mtd be found and these were integrated
in C (Figure 83 C) and with less accuracy in A (F&g83 A), whereas in B (Figure 83 B) the
region was masked with foreign peaks. In this mgnapproximate numbers for monomers
were determined and these fall within the expectadje of AMW provided by the dialysis
membrane molecular weight cut-off limits (M\Y. Table 10 shows the results for the
estimated value for # pLys (NMR) and the # pLysidlysis”), estimated after “dialysis”

fractioning, following the procedure described ectson 10.4.9.

Table 10. Estimated number of lysine units (# Lys) attched to polymer backbone: NMR basedss dialysis
membrane based estimation.

Polymer AMW limits (Da) # Lys (NMR) # Lys (Dialysis) Average (# Lys)
pLys.HBr (1000 < AMW < 5000) - - 24
pLys A (1000 < AMW < 2000) 12 8<#Lys<16 12
pLys B (2000 < AMW < 3500) - 16 <# Lys< 27 22
pLys C (3500 < AMW < 5000) 35 27 <#Lys<39 33

*Expected number of protons for pLysg#) = 6 H.

7.2.2  Preparation of pLys/Bpen polymers

The previously isolated polymer fractions pLys Ayp B and pLys C were reacted
with pBI following the reaction conditions outlined in kg 84. The preparation of pLyg§pen
polymers involved the reaction of pLys B (2000 DAMW < 3500 Da) with an excess pBpl,
in alkaline water (KOH) and DMF for 48 h and at 8D (Figure 84). In this first step, it is
expected that the nucleophilic side chain aminagsp attached to pLys backbone will be able
to substitute one or more iodo group$pf leading to the desired connectivity (pLgsh. The
subsequent reaction in the presence of exces2afidminoethane (DAE) performed for 12 h
at 70 °C, leads to the conversion of all remainimgeacted 6-iod@CD sites intoper(6-

aminoethylamino-6-deoxy3CD (Bpen), leading to the desired pLpén polymer.

After attachment oBpen on pLys B (see section 10.4.9) three fractmmsesponding
to increasing AMW ranges were obtained throughydialtreatment: BA’ (1000 Da < AMW <
2000 Da); BB’ (2000 Da < AMW < 3500 Da) and BC’' (85Da < AMW < 5000 Da). A

summary of overall results is presented in Table 11
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Figure 84. Preparation of pLysPpen polymers: i) deprotection of pLys.HBr (1000 Da <AMW < 5000 Da)
(KOH, H,0) to obtain pLys; ii) fractioning of pLys.HBr (1000 Da < AMW < 5000 Da) into different fractions
A/ B/ C of varying AMW; iii) attachment of Bpl units, followed by iv) conversion to pLysBpen polymer by
reaction with DAE.

The smaller molecular weight fraction of all polymmef pLysppen A’ (1000 Da * <
AMW < 2000 Da) was discarded completely, as mostingpurities resulting from the
polymerization reaction were small molecular weightlecules (residual solvents DMF and
DAE; traces of HI released frofdpl attachment to pLysBpl impurities (triphenylphosphine
oxide, PPk and small molecular weight oligomers). Likewisee higher molecular weight
fraction pLysPpen C’ (3500 Da < AMW < 5000 Da *) was also notdjdeecause only small
amounts were collected. Finally, the only usabéetion was pLygpen BB’ & 12 mg, Table
11), isolated from the reaction of the intermediatetion B’ (2000 Da < AMW < 3500 Da)

after the fractioning dialysis procedure (see secti0.4.9).

Table 11. Results of polymerization reaction for edt starting pLys polymer (A/B/C), after dialysis treament
to obtain different pLys/Bpen fractions (A'/B’'/C’).

Starting pLys fraction
pLys/Bpen AMW Range (Da)* B
A’ 1000 < AMW < 2000 BA’ (-)
B’ 2000 < AMW < 3500 BB’ (12.1 mg)
[ 3500 < AMW < 5000 BC ()

*- limits defined by the commercial AMW of pLys.HBr

A second polymer batch pLygen T, was prepared following a similar reaction
procedure, but using commercial pLys.HBr (1000 DAMW < 5000 Da) used as received
without fractioning of pLys.HBr (see section 10)4.8he work-up procedure involved only an
extended dialysis (snakeskin dialysis, My¥ 3500 Da) step (12 h), followed by collection of
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the inner contents of the membrane (3500 Da < AMWWO080 Da) to afford pLyBpen (T)
(11.4 mg).

pLysBpen BB" and pLyfpen T, were characterized in the following section anddus
in complexation / inclusion experiments (7.2.7).

7.2.3  Characterization of pLys/Bpen polymers

pLysBpen T, and pLysppen BB’ were characterized by NMR and their spectra
recorded in RO are respectively shown in Figure 85 C and in ladib B. The first indication
that the polymerization reaction was successfivedrfrom the comparison betweda NMR

spectra of each polymer batch with thaBpén shown in Figure 85 A.
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Figure 85.H NMR spectra (D,O, 500 MHz, 25 °C) of A) starting materialBpen and two polymer batches: B)
pLys/Bpen BB’ and of C) pLysfpen Ts.

The*H NMR spectrum of pLyfpen T (Figure 85 C) revealed features of bf{en
and of starting material pLys.HBBpen signals cover the area 3.9 ppm — 2.5 ppm heutniost
characteristic is the anomeric peak (CR-#5.1 ppm), which is sharp @pen (Figure 85 A)
but broad in pLygpen T, (Figure 85 C). The presence of pLys is revealethbycharacteristic
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peaks Hs, (= 1.0 ppm to 2.0 ppm) of the alkyl chain connectethe lysine pending groups on
the polymer. In the region between 2.5 ppm to 48 pf pLysfpen T, the signals ofipen
and pLys overlap (Figure 85 C). Similar spectratfiees were observed for pL§pen BB’
(Figure 85 B), namely: the presenceBpkn, pLys signals, broad regions that overlap @tlth
NMR spectrum of pLygpen BB’, which difficult the analysis.

The estimation of the relative numberfgen units in pLyfpen T, and in pLygdpen
BB’ can be obtained considering the ratio R, betwibye area of the Lys group {kl, = 6H) and
the areas of the anomeric proton C{H 5 ppm). Thus, for pLyBpen T, (R, = 18.1/6 =
3.02) and for pLygpen BB’ (Rsz: = 4.1/ 6 = 0.68), which means that there areifds more
Lys units withBpen attached in the pLgen T, than in pLysBpen BB'.

Moreover, assuming that for every 3.02 Lys unitggreé is oneBpen attached in
pLysBpen T, and recalling the average number of Lys for tlagtistgy material used pLys.HBr
(1000 Da < AMW < 5000 Da) (Table 10) thati®5 Lys residues, thufipen cups = 25/ 3.02
= 8. Consequently, for pLy$pen BB’ polymer:pBpen cups = 8 x ¥= 1.8, on average.
Therefore, the above procedures resulted gpen rich pLygdpen T, polymer, with a wide
range of molecular weights as opposed to afipesi BB’ polymer, with les§pen decoration

but much narrower size distribution.

The higheBpen content in pLyBpen T, can be attributed to a higher molecular weight
distribution of pLys.HBr (1000 Da < AMW < 5000 Da)sed in its preparation of pL{pen
T,. This is in opposition to the molecular weighttlo¢ fraction of pLys used in the preparation
of pLysPBpen BB’, which was narrowed down to pLys B (1000<DaMW < 3500 Da) through

dialysis treatment.

Solubility, size and zeta potential

The initial reaction ofpl with pLys B and pLys C, after dialysis treatmeesulted in
six different polymer batches, namely: pl3én AB’, pLysBpen BB’, pLysppen CB’,
pLysBpen AC’, pLysBpen BC' and pLygpen CC’ (Table 12). Although, only pL{&ien BB’
was used in inclusion experiments, the residualwsmsoof all other pLygpen polymers were
collected and were used in solubility tests perfmmin water, using concentration of 0.5
mg/mL at 25 °C. Table 12 shows that some solutipnspared from the freeze-dried solids

(pLysBpen), revealed cloudiness indicating poor solybititwater.

In the literature, the opalescence/cloudiness lotiso observed during the preparation

of nano- and micro-gels for drug delivery, wasibttred to the hydrophilicity of the nanogels
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(124 yCD solutions revealed the same phenomenon, atdbotthe ability of CDs to aggregate
[197.198] Thys, it is expected that polymeric materialsedlasn CD despite being water-soluble,
may be prone to aggregation even in much dilutddtisas. The two polymers of interest
(pLysBpen BB’ and pLy{ipen T,) are water-soluble. However, cloudiness was olesefor

solutions of pLyfpen BB’ as opposed to pL¥gen T, which was a completely clear solution

under the same conditions.

Table 12. Solubility of pLyspen polymers prepared from pLys A and pLys B fractiors, tested in C = 0.5
mg/mL (25 °C).

Polymer pfl;z);;il;lgr Aspect of solution
pLysBpen AB’ B Clear

pLys/Bpen BB’ B Clear, with residue
pLysBpen CB’ B Cloudy, with residue
pLysBpen AC’ C Clear
pLys/Bpen BC’ C Clear
pLys/Bpen CC’ C Cloudy

Dynamic light scattering (DLS) was used to detesrine size and surface charge of
the polymeric particles in aqueous solutions. Allexperiments are based on the following
assumptions: i) all particles are spherical; iijticles have a homogenous / equivalent density
and iii) the refractive index of the particles lretsample are known. Polymeric samples hardly
meet all the DLS criteria for an ideal sphericaitiole and in addition to this, a typical DLS

experimental result can be represented by at fleast modes of size representation.

The size distribution (diameter, dm) of pLysf3pen BB’ polymer, obtained from the
DLS experiment was plotted as a function of: i) thenber of particles; ii) the volume of the
particles and iii) the intensity of the light sem#éd: i) the size/number distribution for
pLysBpen (BB") (Figure 86 A) shows two populations afes namely, a very small sized.7
nm (9 %) and a moderate sl nm (14 %); ii) the size/volume representatiéigre 86 B)
reveals a very small size populatier0.8 nm (8 %) and a broader size population distioin
with two maxima, at 105 nm (1.5 %) and 955 nm (5 %) and iii) the size/intensity (Figu& 8
C) reveals a very small size populatierl nm (0.5 %) and a larger size population ranging
from = 164 nm (5 %) to & 615 nm (4 %). The result can be justified by thet fthat larger

particles scatter light more intensely than sma# Thus, this representation was not chosen.

The results for the size of the particle differpeeding on the graphical representation
of the results chosen. Additionally, filtration thfe samples prior to DLS analysis was reported

as a means to obtain reasonable DLS results frolymgoic CD materials able to form
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aggregate$®®, but this procedure was not used and the sizembeu representation of the

biggest population was determined and is showrald 13, for each polymeric material.
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Figure 86. DLS results for pLysppen BB’ polymer recorded in 0.5 mg/mL at 25 °C: Sizelistribution by A)
number; B) volume of particle and C) intensity of sattered light.

Recalling the AMW fractioning performed (Table ®),is expected that the size of
polymers prepared from the bigger fraction pLys3600 Da < AMW < 5000 Da) is larger than
the size of polymers prepared from a smaller foacpLys B (2000 Da < AMW < 3500 Da).
The results show that for each polymer, there idirect correspondence between the estimated
AMW distribution of pLys fraction used as startingaterial and the size of the biggest particle
detected in the final product. For example, the sizpLysBpen BB’ & 91 nm, 14 %), prepared
from pLys B (2000 Da < AMW < 3500 Da), is much kegdhan the size of pLy&pen BC' &

3.1 nm, 17 %) prepared from a bigger size rangesgfLy3500 Da < AMW < 5000 Da). The
conformation of poly-L-Lysine has been determiff€¥in aqueous solvents and it is dependent
on factors like the solvent, pH value and tempeeatdhree different conformations were
determined: i) a loosely Pll-helix conformation 30 (pH = 4); that becomes more tightly
packed an ii)a-helix 10 °C (pH = 11.6) conformation and is extemsdo iii)) a [3-sheet
conformation by increase in the temperature 60+ 11.6). These data suggest that the 3D
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structure of the polymeric products is difficult poedict and it affects the size distribution;

therefore, DLS results should be interpreted wéhtion.

Table 13. Size and zeta potential for pLygpen B’ and pLysBpen C’ determined by DLS (25 °C).

Sample AMW pLys fraction (Da) Conc. (mg/mL)  Size /Number pH  Zeta Potential (mV)

Bpen - 0.57 91 nm/20 % 7 +10.6
pLysBpen AB’ 2000 < AMW < 3500 0.50 91nm/94% 5 -8.3
pLysBpen BB’ 2000 < AMW < 3500 0.50 91 nm/ 14 % 9 -3.3
pLysBpen CB’ 2000 < AMW < 3500 0.50 141nm/18% 8 -3.7
pLysBpen AC’ 3500 < AMW < 5000 0.50 190Nm/17% 7 +16.8
pLysBpen BC’ 3500 < AMW < 5000 0.50 31nm/17% 7 +13.3
pLysBpen CC’ 3500 < AMW < 5000 0.50 75nm/13% 7 +24.6

Table 13 also displays zeta-potentiél V) results recorded at a specific pH that
enabled the determination of the surface chargelagied by a particle. pLy$pen polymers
containingBpen units grafted to their backbone, are expedatisplay both amine (-NHl and
ammonium groups (-N¥)) depending on the pH of the solution, but the nemmiof
amine/ammonium is expected to increase for the sammeber carboxylic acid/carboxylate
groups for the same polymeric backbone size. Palymeepared from pLys B (2000 Da <
AMW < 3500 Da) display a hard to rationalize negatcharge as opposed to the positive
charge patrticles of polymers prepared from pLysS&00 Da < AMW < 5000 Da). pLy$pen
AC’, BC’ and CC’ possess higher positive tHapen particles in solution: charge (from + 13.3
mV up to + 24.6 mV) than that @pen particles (+ 10.6 mV). This agrees with a hightent
of Bpen moieties that display ammonium ions at pH pL¥sBpen AB’, BB’ and CB’ possess

negative charge, which can be explained by a pbtyNH;" these polymers.

7.2.4  Preparation of cross-linked polymers (EPI /Bpen and EGDE
/Bpen)
The preparation of cross-linked polymers involvied tise of suitable monomers based
on the structure of epichlorohydrin (EPI), a crivdéshg agent. It is cheap, readily available and
has been widely used in the preparation of CD pehgnbased ofCD ™%, Furthermore, EPI is

slightly soluble in water thus the reaction carcagied out in water.

The methodology used to polymer{zgen units to each other is described in Figure 87.
It is based on the nucleophilicity of the primargiao groups of3pen that are expected to ring

open EPI and initiate a polymerization process,eurfghsic conditions (NaOHBpen was

dissolved in aqueous diluted NaOH and EPI was adttedy to the reaction mixture, at 60-70
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°C. However, under aqueous basic conditions (Na@td)e is the possibility of deprotonation
of the secondary hydroxyl groups (2-OH / 3-OH) legdo undesired secondary reactions. In
turn, this leads to the formation of alkoxide amiogxpected to compete with the polymer
growth reaction, betweddpen and EPI. In such an event, the cavities wilbloeked from their

wider side, a not desired outcome.

After 29 h the reaction was stopped, the produesewecovered by precipitation from
acetone, extensively dialysed through a benzoyldiatysis tubing (MW, = 2000 Da) to

remove small MW side products and afford Bp&h polymers and finally, freeze-fried.

HT ’ i) NaOH, H,0 < lm)mj \LNH HNI >

6 | | I
| Bpen | @an |

L ii) 70 - 75 °C | | Bpen |

- J 2
EPI/Bpen P; P4 Ps

Figure 87. Preparation of EPIf3pen polymers, from reaction of EPI withBpen.

Three batches of EBpen were thus prepared by varying the amountsnkéti used
according with the data displayed in Table 14. Tharacterization of EHlpen RB/P,/Ps
polymers and their use in several complexationldase experiments will be described in
section 7.2.3. Unlike pLys3pen polymers, due to the availability of raw matksri(EPI and

Bpen), more material could be readily available #redcharacterization of these polymers was

facilitated.

Table 14. Description of the polymer reaction condibns using EPI andBpen.

Polymer  Ratio (EPI/Bpen) n (EPI) n (Bpen) Temp. (°C) Time Amount

Ps3 5 650pumol 130umol 70-75°C 29 h 240 mg
Py 10 1760umol  180umol 70-75°C 25h 229 mg
Ps 20 3530pmol  177pmol 70-75°C 25h 225 mg

In order to increase the hydrophilicity of the polr, a symmetrical linker, ethylene
glycol diglycidyl ether (EGDE) was prepared (seetisa 7.3.1) and used in the polymerization
reaction withppen, following a procedure similar to the one diesd for the preparation of

EPIBpen polymers. It is expected that the extra epostiteattached and EG linkage present in
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EGDE unit, would offer equivalent reactivity of hotnds and maybe higher AMW polymeric

materials. The reaction is represented schematicalfigure 88.

< §H2> C)R/O <H2N H\j)\H/O\/\ /\(\
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Figure 88. Preparation of EGDEBpen polymers, from reaction of EGDE withBpen.

Four batches of EGDEpen polymers were prepared,(@,, Qs, Q) varying the molar
ratio between EGDBpen and the results are displayed in Table 15. H@#n polymers were
characterized (see section 7.2.5), used in comiexatudies and release experiments; the

results were compared with those of BP&n polymers.

Table 15. Description of the polymer reaction condibns using EGDE andBpen.

Polymer  Ratio (EGDE/Bpen) n (EGDE) n (Bpen) Temp. (°C) Time (h) Amount

Q 1 106 umol 106 umol 70-75°C 72 h 106 mg
Q. 5 523umol 105umol 70-75°C 72 h 157 mg
Qs 10 1050pumol 109 umol 70 -75°C 72 h 241 mg
Q4 20 1050pmol 54 pmol 70 —-75°C 72 h 188 mg

7.2.5 Characterization of cross-linked polymers
Solubility, size and zeta-potential

The solubility and the appearance of aqueous solsitof EPBpen and EGDBpen,
regarding the presence of aggregates, turbidityfogmation was evaluated in diluted solutions
(= 0.6 mg/mL) at 25 °C. The results are summarizekhinie 16 and these are in agreement with
those found for pLyfpen polymers, whereby all polymers enter the watese but their

aqueous solutions revealed cloudiness / turbidity.
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Table 16. Aspect of the solutions of EPBpen and
EGDE/Bpen polymers tested for C = 0.6 mg/mL (25 °C).

Polymer Soluble
EPIBpen R Soluble; clear
EPIBpen B Soluble; cloudy
EPIBpen R Soluble; clear

EGDERpen Q Soluble; clear
EGDERpen Q Soluble; clear
EGDERpen Q Soluble
EGDERBpen Q Soluble

The size distribution (diameter, dm) and zeta-potential(( mV) for EPIf3pen and
EGDEfpen polymers were determined by DLS and are shovireble 17. For DLS analysis
polymeric solutions were not centrifuged. Additibpa only the most intense peak was
represented as a percentage of the total sizébdisdbn (Table 17). The results are compared to
those offpen (Entry 1, Table 17). The results show that E{BP&n polymer particles are
much bigger than Efipen polymer particles. The size of Hiplén polymers particles seems to
increase only above a ratio of Bidén = 20, for P(= 51 nm) and remain constart 83 nm)
for ratios of EPPBpen = 5 and 10 respectively fog &rd R.. All EGDE/Bpen and EPBpen
polymers are positively charged and the chargeughly the same for;®+ 34 mV) and P (+
32 mV) but slightly higher for £(+ 43 mV). Moreover, the polymers maintain a hig(4

fold) positive charge, comparedfipen, as planned.

Table 17. Size and zeta potential for EPBpen and EGDERpen polymers determined by DLS (25 °C).

Concentration Size / Number  pH Zeta Potential

# Sample (mg/mL) (d, nm/ %) - (€, mv)
1 Bpen 0.57 91nm/20% 7.2 +10.6
2 EPIBpen B 0.64 32nm/28% 7.1 +34.0
3 EPIBpen B 0.66 33nm/29% 6.9 +32.0
4 EPIBpen R 0.63 51nm/28% 7.1 +43.0
5 EGDERpen Q 0.65 79nm/25% 7.1 +34.0
6 EGDERpen Q 0.65 122nm/21% 7.1 +45.5

Structure of the polymers

NMR spectroscopy was used to evaluate the polyaioiz products. Figure 89
compares théH NMR spectra of EPBpen (R/P, and R, Figure 89 A, B and C) with that of
Bpen (Figure 89 D) used as starting material. f#hieNMR spectrum ofpen (Figure 89 D)

shows well-resolved signals with the characteristimomeric peak (CD-H = 5 ppm), the

119



internal protons (CD-kk, = 4 ppm); CD-H and CD-H (3.8 ppm — 3.9 ppm) and CDskl is
overlaid with alkyl chain (Hg). The broadness of the ERen (CD-H) in Figure 89 A is a
characteristic signal such pLfgen polymers. This broad signals are in contrastenw

compared with the signals Bpen (a sharp and defined spectrum).
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Figure 89.'H NMR spectra (D,O, 500 MHz, 25 °C) of EPIBpen polymers A) R; B) P,; C) Ps and D) starting
material, Bpen.

EPIBpen is different from pLyg8pen, because the broad signals of Bdh spread
over the region, where signals8en are also expected (2.4 ppm to 4.6 ppm). Thenpatly
useful signals of the hydroxyl groups (-OH), getedlaupon ring-opening reaction of epoxides,
cannot be observed in,O, because they are in fast exchange with HDOarNIMIR time scale.
Furthermore, théH NMR signals of the linkers overlap with the sitnaf polymericppen.
Therefore, it will not be possible to estimate thedative ratio of CD units in each polymer,

using the well-defined peak of CD:lih Bpen, like previously done for pLygen polymers.

The polymeric character of EBflen R, P, and R was also assessed from tHeC

NMR spectra, comparatively t6C NMR spectrum ofipen (Figure 90). Broad signals in the
*C NMR spectra of polymers (Figure 90 A, B, C) websserved, which agree with the multiple
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connections typical of many polymeric matrix and er opposition to the sharp peaks observed

for Bpen.
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Figure 90.%%C NMR NMR spectra (D,O, 125 MHz, 25 °C) of EPIBpen polymers A) R; B) P,; C) Ps and D)
starting material, Bpen.

In addition, 2D HSQC NMR experiment was performedaosample of EFRtpen B
and it revealed that in the aliphatic broad regidrihe *H NMR spectrum (Figure 90 A, 2.4
ppm — 4.6 ppm), there are many differently phasedaurs (—CH and —CHi corresponding to
the cross-linked matrix of EPBpen B polymer (Figure 91). A Chemdraw prediction basaed o
a tentative polymer structure revealed good agreemetween thé’C NMR chemical shifts
expected for EPBpen B (35 ppm — 85 ppm) and those actually observedhén2D HSQC
(Figure 91).
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Figure 91. 2D HSQC NMR spectrum (DO, 25 °C) of EPIBpen P;.

Similarly, the '"H NMR spectra of EGDBpen polymers @ Q, and Q shown
respectively in Figure 92 A, B, C were comparedh®'H NMR spectrum ofpen (Figure 92
D). Once again, broad signals and overlaid regwwess observed in the aliphatic region of
EGDERBpen polymers (2.4 ppm — 4.2 ppm), indicating thecess of the polymerization
reactions. Although it is possible to identify tipeesence of3pen unit connected to the
EGDERpen polymers, by the presence of resolved andt&blsignal of the anomeric proton
(CD-Hgy, = 5 ppm), the relative ratio of CD units in EGDBpen cannot be estimated for EGDE

/ Bpen polymers from the NMR spectra. Therefore, othgerimental methods will be used to

estimate the amount 8pen content in each polymer.
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Figure 92."H NMR spectra (D,O, 500 MHz, 25 °C) of EGDEBpen polymers A) Q; B) Q,; C) Qs and starting
material Bpen.

X-ray powder diffraction (XRD)

XRD is a useful technique to judge the degree gétatlinity of any solid sample,
characterized by an X-ray diffraction pattern, whgives a graphical representation, of X-ray
intensity as a function of the angle of diffracti(#9). Any crystalline sample is characterized
by well-defined diffraction pattern (sharp linessagecific B values) and a corresponding graph
with very sharp peaks, which contrasts with a pdiffraction pattern (broad shaded regions)

and a B graph with broad peaks/regions typical of an arfnogs sample.

The diffraction patterns andZraphs of EPfipen R was determined and compared to
that of Bpen (Figure 93). Althougifipen is not a crystalline material, it revealed aise
crystalline phase with very sharp peaks (Figurd3After reactionfpen loses its crystallinity
and gives rise only to broad peaks in Bp#n R (Figure 93 B). The similarities between the
maximum values observed for(2 20) inBpen and in EPBpen R, agrees with the expected
structural similarity betweerfpen and EPBpen R. The remaining polymeric batches
(EPI1Bpen and EGDmBpen polymers) revealed similar features in compari® Bpen, thus

verifying the amorphous nature of the polymericenats prepared.
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Figure 93. Graphical representation of B curves for A) Bpen and B) EPIfpen R and of both diffraction
patterns shown as insets.

The X-ray results indicate that the polymerizatreaction was successful in linking
Bpen units to a polymeric backbone. After, polymatitn Bpen loses its semi-crystalline
features (sharp peaks, Figure 93 A) and an amogphwierial is formed, Effipen R (broad

peaks, Figure 93 B), in agreement with NMR results.

Elemental Analysis

Elemental analysis was used to determine the velgercentage of nitrogen (% N),
present in each cross-linked polymers (Bp¢h and EGDBRpen). Since the only source of
nitrogen (N) in the polymer comes frofipen, the higher the nitrogen content (% N) in a
polymer the morggpen units it will contain. The nitrogen contentfigen (% Nye,= 10.83),
estimated for a molecular formula @pen.7HCL.7HO (GgH13N14Cl;035), was used as a
reference in the estimation of the CD content afhepolymer. The quotient (R, Table 18)
between the nitrogen content of the polymer (% i) tnat ofSpen (% Npen, gives a relative
amount offfpen attached to the polymer backbone and an esatimat the amount of CD in

each polymer. Table 18 displays elemental anatgsislts for EP[Bpen and EGDEpen.

Table 18. Elemental analysis data for EPBpen and EGDEfpen polymers.

Polymeric Samples  Bpen/Linker C(%) H(%) N(%) R =N/Ngen

Bpen - 39.9 7.1 10.8 1.00
EPIBpen R (2:10) 41.7 7.7 7.9 0.68
EPIBpen R (1:20) 42.0 7.5 7.0 0.60

EGDERpen Q (1:2) 43.6 7.9 9.9 0.85
EGDERpen Q (1:5) 45.3 8.4 7.6 0.66
EGDERpen Q (1:10) 47.5 8.6 6.5 0.56
EGDERpen Q (1:20) 45.0 8.0 5.0 0.43
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The results show that for EBpen B (1:10); R = 0.68 > EFpen R(1:20); R = 0.60
indicating that: the higher the linker content, #mealler is the number of CDs attached to the
polymer backbone. Additionally, comparing BRién R (1:10); R = 0.68 to EGDBpen Q
(1:10); R = 0.56 it seems that: the extra epoxidg in EGDE structure promotes a high
crosslinking of the polymers, instead of promotfogther points of attachment for neipen

units.

Average Molecular Weight

The determination of polymer average molecular hie{@MW) is important because
the magnitude of AMW often determines most of paymnacroscopic properties like the glass
transition temperature ), the modulus (or stiffness) and tensile streff§th The AMW value
of a polymer depends on the experimental technigee. Suitable techniques are dynamic light
scattering (DLS), size exclusion chromatographyGEEapour pressure osmometry (VPO) and
viscometry®?, Often these techniques rely on standards toreaditihe instrumental apparatus
like polymers of “known” molecular weight, resuliin AMW average values with reasonable
uncertainties. An alternative method that offergen®liable results is mass spectrometry MS,
using matrix-assisted laser desorption ionizatidgti wme of flight detection (MALDI-TOF).
MS (MALDI-TOF) provides direct access to molecuegight data rather than average values
and could allow the direct observation of differeetd groups. However, accurate and
reproducible results are often dependent on thebnslection and methods for the preparation

of sample?®?.

From our perspective, the determination of AMW eals important because it would
enable: i) the calculation of the exact amount dfymeric material to be used for the release
experiments and ii) it would be possible to rethie ratio between host — guest molecules, with
the expected stoichiometry of the interaction ikiable. Table 19 shows AMW values for
EPIBpen and EGDEBpen polymers determined by: vapour pressure osmgriiéPO), static
light scattering (SLS) and mass MS (MALDI-TOF).

AMW determined by VPO revealed an AMW = 2130 DaE#tBpen B, which agrees
with MALDI-TOF MS results for EPfipen B, Ps and for EGDHipen Q, @ and Q indicating
small average molecular weight, heavily cross-lthkelymers containing few CD units. The
AMW of EGDERBpen Q, Q, and Q determined by static light scattering (SLS) reedalery
high molecular weight polymers, which is contradigtwith the result obtained from MALDI-
TOF MS analysis for the same polymer batch. Howeter inconsistency in these results can

be understood in the light of the limited wateruidlity revealed by polymeric solutions, given
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that the method used to record SLS results relieshe preparation of a series of aqueous

solutions with varying concentrations.

Therefore, the most reliable results were baseMAhDI-TOF MS revealing that all
EPIBpen and EGDBpen polymers, on average, are represented asripulisin of masses of
small average molecular weight ranging fren2500 to= 3400 Da (Table 19). The small
increase in the molecular weight of the polymersticed as the amount of linker (EPI or
EGDE) added increases, corresponds to an increasbei crosslinking of the polymeric

materials (EPI or EGDE), which corroborates theneletal analysis results.

Table 19. Average molecular weight of EPBpen and EGDEfpen polymers determined by different analytical
methods;

Polymer MALDI-TOF MS Vapour Pressure Stati(; Light
(AMW) Osmometry(VPO) Scattering (SLS)

EP1/Bpen P - 2130 ;

EPIBpen B 2557 -

EPIBpen R 2596 - -
EGDEfpen Q 2640 ; 19800
EGDERpen Q 2935 - 60600
EGDEfpen Q 3012 - 81000
EGDERpen Q 3381 - .

The attachment dBpen units to both polymers would promote the ineeeim AMW,
by at least 1430 g/mol corresponding to the mobecweight of ongpen unit. The MALDI-
TOF MS of EPIBpen R (Figure 94 A) revealed the lossgfen and at least one more peak at
5000 m/z, indicating the presence of a small peacgnof higher molecular weight polymer.
Likewise, the MALDI-TOF MS of EGDHpen Q (Figure 94 B) revealed the lossfien and
the presence of small percentage of high molecwieight polymer fractions, with peaks
corresponding te 7000 m/z ang 11000 m/z. However is the regular heptet obsenwét, the
corresponding to 7 fragments, attributed to the WfSEGDE € 174). This indicates that instead
of acting as a polymer linker in connecting diff@rBpen units, EGDE is probably blocking all
seven amino groups, limiting the success of themetization strategy and increasing the

crosslinking degree in EGDfEden polymers.
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Figure 94 — MS (MALDI-TOF) of A) EPI/Bpen (10:1) R and of B) EGDERpen (20:1) Q.

The preparation of positively charged polymers tigfothe incorporation ddpen into
polymer matrices, based on preformed polymers anthe usage of linkers proved to be of
limited success. Although the connectivity of figen to each polymer was achieved, the small
amount of material collected poses restrictionsboth the characterization and application
studies of these promising CD-polymers, which weesertheless studied in selected cases,
regarding their ability to act as host and as sseate modulators of model guest molecules

and nucleotides.
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7.2.6  Inclusion complexes of3pen with selected guest molecules
[pen as a model host

In order to evaluate the ability of EBpen and EGDEBpen polymers to interact with
potential useful molecule8pen (Figure 95 A) was used as model host becauBpen is part
of EPIPpen and EGDmpen polymeric structures and ifpen as been prepared and
characterized in our group by NMR spectroscopy. Tel guests used for evaluate the
complexation with bpen and with CD-polymers predaveere adenosine 5’-monophosphate
(5’-AMP, Figure 95 B) and 4-aminobenzoic acid (PABAgure 95, C).

H,N NH;
8 NH
N X 2
{ 50
3 3
2 2'
"
2—O0H &
5 Ho o
OH
\\P/O
HO™ Non
Bpen 5' - AMP PABA

(A) (B) ©

Figure 95. Structures of host pen) and guest molecules (5'-AMP and PABA).

PABA has been used because: i) at physiological ipHs mostly present as a
carboxylate anion which maximizes the interactidthvpositively charged CD lik@pen; iii)
PABA has the perfect size/shape to fit the cavitpmen and it shows a very simpid NMR
spectrum; finally, iv) PABA find most of its appéitions as UV filter in sunscreens. On the
other hand, 5'-AMP was used because it is a readibilable, cheap nucleotide and revealed
interactions through formation of inclusion commexwith per(6-guanidino)-CDs -, -, Y-

nt*%l |f successful, a similar

guan), following several stoichiometries and modegteractio
strategy can be applied and used to study theactien of gemcitabine monophosphate with

CD-polymers.

NMR spectroscopy was used to study the intermadednteractions between the model
guest molecules (5'-AMP and PABA) and the hgsén macrocycle'H NMR and 2D ROESY
NMR experiments were performed in phosphate buffeedine (PBS, pH = 7.4) at 25 °C.
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4-Aminobenzoic acid (PABA) withpen

The'H NMR spectrum ofpen was recorded before and following the additibthe
guest (PABA). A chemical shift difference was olserin the aliphatic region (3.7 ppm — 3.9
ppm), corresponding to the region @en internal protons (CD4H:). 2D ROESY NMR
experiment revealed strong dipolar interactiongwben PABA-H;; and Bpen CD-H and
between PABA-H,» and CD-H (Figure 96 A). These intermolecular interactionpmort by a
preferred mode of interaction, with the carboxylegiety of PABA molecule oriented towards
the primary side of3pen, leaving the amino group facing the secondatg sf the host

molecule (Figure 96 B).
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Figure 96. A) 2D NMR ROESY (25 °C) spectrum expansiorevealing intermolecular dipolar interactions
betweenBpen and PABA. B) Mode of inclusion proposed for theomplexation between these two molecules,
based on NMR data.

Adenosine 5’-monophosphate (5’-AMP) wiben

5-AMP interaction withBpen was evaluated by NMR spectroscopy. THeIMR of
Bpen was recorded before the addition of 5-AMP, aclihpromotes a change in the chemical
shift of Bpen internal protons resonances (CiHATfter addition of 5’-AMP in 4-fold excess
to maximize interactions, thél NMR spectrum revealed shielding of CQ4-and deshielding
of CD-Hy, and CD-Hje7s. The 2D ROESY NMR experiment (Figure 97 A) revddleat the
internal protons oP3pen (CD-H;5), showed many interactions with different protafs5’-

AMP, namely with: i) the ribose protons (k3415 , Figure 97 C, D) and with ii) the protons
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from the nucleobase ¢H Hg) (Figure 97 B). All of these interactions both hvithe
primary/secondary side @pen cavity and with multiple sites of the 5’-AMP Imcule suggest

a complexation equilibrium involving multiple spesiand perhaps a complex stoichiometry.
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Figure 97. A) 2D ROESY NMR spectrum (25 °C) with arexpansion revealing multiple intermolecular dipolar
interactions betweenBpen and 5’-AMP. B) Region of the spectra corresporidg to CD-Hys interactions.

The table of multiple intermolecular dipolar intetians (Table 20 A), between every
proton off3pen and of 5-AMP was obtained from the intensitythee contour peaks in a 2D
ROESY experiment (Figure 97 A).

Table 20. 5-AMP /Bpen complex: i) table of intermolecular dipolar interactions between 5-AMP andBpen;
i) proposed model of inclusion for this complex,dllowing a 2:1 stoichiometry (G:H).

Bpen
HOH O
H; Hs He e Hys -0
H; v v
@ Hg v
I
» Hy v v
=
T H, v
H, v v
H, v v v v
A) Hy | v v v v
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The continuous variation method (Job’ plots) waspliad to determine the
stoichiometry of complexation, betwe@pen (host, H) and 5-AMP (guest, GH NMR
spectroscopy was used to evaluate proton chemidtil changes 4d), resulting from the
addition of a G solution to an initial solution Bf both kept constant and equal to 10 mM,
prepared in deuterated phosphate buffer saline \PBi& resulting Job’ plots (Figure 98)

revealed that there is inclusion of 5’-AMP ifgpen resulting in:

) shielding off3pen internal proton (CD-jl observed by a positive chemical shift

change (4#Ad), attributed to inclusion

i)  deshielding of the aminoethylamino group (CB-KCD-Hg) justified by a
negative chemical shift change 48), due to the presence of phosphate anion

group facing the primary side of the macrocycle

The Job’ plots maximum (CD-d{ and minimum (CD-H/CD-Hg) were observed to
([H]/ ([H] + [G]) = 0.3, corresponding to a stoiometry of complexation 5'-AMP Bpen = 2:1
and confirming the multiple interactions observeshf the 2D ROESY experiment (Figure 97
A).

Job Plot ( Bpen, H 5'-AMP, G)

0,50+

0,25- /\/\_CD-H5
0,00 +—F—— : —

% 0 0,2 0:4 0:6 0,8 1,C
3 [H] / ([H] + [G])

-0,254

-0,50+

-0,75-

Figure 98. Job plot for titration of Bpen in the presence of 5-AMP.
Considering the above data, a suggestion of ansimi model is depicted in Table 20

B. The model is consistent with the inclusion oé&i-AMP with the phosphate group toward

the positively charged amino side as previouslyeoked %! but illustrates the known
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tendency of the nucleotides to dimeriga head-to-head stacking of the flat aromatic base

moieties.

7.2.7 Inclusion complexes of polymers with selected guest
molecules

EPI/Gpen B with PABA

Following the successful complexation experimerftm#n with PABA, the same guest
molecule (PABA) was used to determinddfen cavities in EPRpen B polymer (see chapter
7.2.6) were available and free for inclusion. Thiéial '"H NMR spectrum of EPBpen R was
broad and unresolved and after the addition of xaess of PABA £ 4.8 molar eq.) to the
polymer solution, a slight change in the peaks ligthatic broad region of the spectra was
observed. 2D ROESY NMR experiment (Figure 99 A)eaded strong dipolar intermolecular
interactions, betweeBpen internal protons (CD4Hs) and PABA aromatic signals ¢H/Hsys)
suggesting thafpen cavity grafted to EMpen R backbone interacts with PABA and is
therefore free to load other molecules, like nuitlss (5-AMP). A proposed model of
inclusion for the complexes with PABA is depictadrigure 99 B.
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Figure 99. A) 2D NMR ROESY spectrum (25 °C) expansiorevealing intermolecular dipolar interactions,
between EPIBpen P; and PABA; B) Mode of inclusion proposed for the cmplexation between these two
molecules.

This successful result shows that BPEn polymers can be used as carriers for other
molecules such as 5-AMP and will be explored astlgystems and tested as modifiers of

release of 5’-AMP through a dialysis membrane &sstion 7.2.9).
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pLysfpen BB’ with PABA

PABA was likewise used as model guest to evaluaetailability of3pen cavities in
pLysBpen BB’ polymers for inclusiomH NMR spectrum of pLys Bpen BB’ was recorded,
followed by addition of an excess of PABA. The grese of PABA in solution is observed by
its characteristic aromatic peaks, but the deteafoCD-Hy/Hs chemical shifts was not possible
from the'H NMR spectra of pLy§pen BB’, due to the big overlap in the aliphatigion (3.7
ppm - 3.9 ppm). The assignment of the region beatvdeé ppm — 3.9 ppm to the resonances of
CD-Hy/Hs was obtained from 2D HSQC spectrum (Figure 100aA)l 2D ROESY NMR
spectrum (Figure 100 B) revealed dipolar interaxtjdetween PABA-kb 33 and the internal
protons of theBpen (CD-H/Hs), grafted to pLygpen BB’ (3.7 ppm - 3.9 ppm, blue region
Figure 100 A and Figure 100 B). Likewise, the sgsfid inclusion of PABA int@pen cavities
of pLysBpen BB’ polymer, indicates that these cavitiesadse accessible for inclusion of other

suitable guest molecules.
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Figure 100. 2D NMR experiments (25 @C) of pLyBpen BB’ (1.2 mg / 0.5 mL BO) in the presence of an excess
of PABA: A) 2D NMR HSQC and B) 2D NMR ROESY.
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pLys/Bpen T with 1-adamantanamine hydrochloride (ADA-}H)

The evaluate the usefulness of plBpEn polymers as versatility host systems, the
inclusion studies were extended to 1-adamantanarmiyw¥ochloride (ADA-NH.HCI). In
addition, it is structurally very similar to 1-adantanecarboxylic acid (ADA-COOH), a starting
material used in the preparation of gemcitabineveddaanamide (GEM-ADA amide), a
molecule that revealed limited solubility in watend posed stability problems in methanol

solutions.

The 'H NMR characteristic signals of ADA-NKHCI in D,O are expected in the
aliphatic region of the spectrum (< 2.3 ppMiy. The'H NMR spectrum of pLy§pen T
solubilised in QO was recorded before and after the addition of AlliA.HCI: all regions of
the spectrum revealed broad peaks and overlappiigns. As previously, 2D ROESY NMR
experiment revealed strong intermolecular inteoastibetween, the internal protons(gen
(CD-Hy/Hs, 3.8 ppm — 4.0 ppm) and those of ADA-NHCI (1.6 ppm — 2.4 ppm), which are
attributed to the formation of an inclusion comp(&gure 101 B): positively charged amino-
end of ADA-NH,.HCI, will be facing the secondary side [$ifen cavities in the polymer. This
agrees with the expected electrostatic repulsitwdsn the positively charged amino group of
ADA-NH,.HCI and the positively charged primary side of fpen in the polymer with the

several aminoethylamino chains.
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Figure 101. A) 2D NMR ROESY spectrum (25 °C) of pLyfpen T, in the presence of ADA-NH.HCI; B) the
proposed model of inclusion for this complex.
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7.2.8 Inclusion studies of polymers with gemcitabine-
adamantanaminde (GEM-ADA amide)

pLys/Bpen BB’ with GEM-ADA amide

The initial '"H NMR spectrum of a pLyBpen BB’ polymer solution was recorded,
followed by the addition of GEM-ADA amide. 2D ROESYMR experiment (Figure 102 A)
revealed strong intermolecular interactions, betwA®A-moiety of GEM-ADA amide (1.6
ppm — 2.2 ppm) and the internal protonsBpen in the polymer (CD-¥#Hs, 3.7 ppm — 3.9
ppm). The proposed model of inclusion (Figure 102sBggests that GEM-ADA amide in
included inBpen cavities of pLyfpen BB’, through insertion of ADA moiety into the

secondary side of the CD macrocycle.
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Figure 102. A) 2D NMR ROESY spectrum (25 °C) of pLy$pen BB’ (1.0 mg / 0.5 mL BO) in the presence of
an excess of GEM-ADA amide and B) proposed model ofclusion for the complex between GEM-ADA amide

and pLys /Bpen BB'.

These preliminary trials reveal that pL§sén polymers are suitable for inclusion of
charged molecules, which offers advantages regardie potential stability of sensible
formulations based on gemcitabine. Additionallye thttachment of an ADA moiety to the
GEM.HCI structure offered additional chemical paten to GEM structure and added a ADA

moiety suitable for inclusion into CD polymers, byst.ysppen BB'.
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7.2.9 Polymers as release rate modifiers of selected naotides

One of the fundamental characteristics of a polyeneraterial in a formulation is its
ability to modulate the release rate of a drug. g2iB/mers are known to modify the release

rates of several drugs and the manner by whictighishieved has been descrif&d

To evaluate the ability of CD-polymers to complexalelay the release of nucleotides
into solution, a modified Franz cell was used tadgtthe release of a model nucleotide (5'-
AMP) through a permeable membrane (benzoylated/sigltubing, MW, = 2000 Da) in
phosphate buffer saline (PBS, pH = 7) at 37 °C ¢se&on 9). A Franz cell apparatus is shown
in Figure 103 and comprises: a donor and a recegmpartment, separated by a hollow
junction to which a dialysis membrane (MW= 2000 Da) is attached, it is filled with media
and is kept at constant temperature (37 °C) unalestant magnetic stirring. The analyte to be
tested (5'-AMP, 1 mM in PBS) is added to the dosiole and at a given time intervals, the
content of the receptor is sampled, replacing deuol the volume taken with fresh solvent
(PBS). It was assumed that: i) the benzoylated/sigltubing (MW.c = 2000 Da) is permeable
to 5-AMP; ii) 5'-AMP diffuses from the donor to ¢hreceptor at a constant rate for a given

temperature and concentration of 5-AMP.

Dialysis Tubing

[] ]

o ol
Donor — Receptor

Figure 103. Modified Franz-cell set up used for theletermination
of the release rates, with two compartments separatl by a
hollow junction to which is attached a benzoylatedlialysis tubing
MW o = 2000 Da.

The rate of release can be calculated by determithia amount of 5’-AMP released
into the receptor, if equal volumes are collecttdfixed time intervals (0, 60, 120, 180, 240,
300 and 360 min), followed by replacement with ir&BS in the compartment each time. The

drawn liquid were subsequently analysed with HPLC.

UV-Vis spectroscopy was used for identifying a @bié wavelength A) for the
detection 5’-AMP. Figure 104 A shows the UV-Vis sppam of an aqueous solution of 5’-AMP
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(62 uM) prepared in PBS amd was chosen close to the maximum of absorptéion 258 nm).
Consequently, a calibration curve for 5-AMP (FigutO4 B) revealed a linear response for 5'-
AMP prepared in concentrations ranging fromMd to 250uM, with detection wavelength\ (=
254 nm).

UV-Vis spectrum
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Figure 104. A) UV-Vis absorption spectrum of 5-AMP(62.5uM; PBS) and B) calibration curve for 5'-AMP
determined by HPLC analysis with UV-detection at\ = 254 nm.

Several trials were executed to evaluate the cgpatcpolymers prepared to release 5'-
AMP in aqueous buffered solutions (1 mM, PBS, pA.4), through a dialysis membrane using
the modified Franz-cell (Figure 103).

Figure 105 A shows the release rates of: i) 5'-AMPmMM, PBS) used as a blank
experiment; ii) 5-AMP (1 mM, PBS) in the preserafeEPIBpen R (3.2 mg/mL, PBS) and iii)
5-AMP (1 mM, PBS) in the presence Bpen.HCI (1 mM, PBS) used as model complexation
agent. Comparison shows that the release raté&s-AMP (18.0uM/h) > 5’-AMP + 3pen.HCI
(13.8 pM/h) > 5-AMP + B (9.0 pM/h). Therefore, 5-AMP will diffuse through the
benzoylated dialysis tubing (M = 2000 Da) 1.3 times faster than 5’-AMP in thesgmrce of
an equimolar solution ddpen.HCI, which can be explained by the formatioranfinclusion
complex between 5-AMP anflpen.HCI. However, 5-AMP in the presence of BpEn R
(9.0uM/h) is released twice as slow in the donor sidant5’-AMP alone (1 mM; 18.QM/h) .
That can be explained by: i) inclusion / complexatwith Bpen present in Efpen R and ii)
the possible entanglement, between different palyehains, can physically delay the diffusion
of 5’-AMP through the membrane. Given the clouds#sat is noticed during the preparation
of polymeric aqueous solutions, namely those of [iffein (Table 16), it is reasonable to expect
that aggregation can affect the release rate &MR in solution, even starting from diluted

solutions like 1 mM in donor compartment.
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Figure 105. Release rates experiments: trial 1: 5AMP as a blank; AMP + Bpen.HCI and 5-AMP + Ps. Effect
of changing the polymer content of linker (EGDEBpen Q, Qs and Q,) on the release rate of 5’-AMP, through
a dialysis membrane.

Similar results were found when the release rat&’#&MP (1 mM, PBS) used as a
reference, was determined in the presence of EGie/ Q, Q; and Q (1.6 mg/mL, PBS)
polymers Figure 105 B: i) the release of 5-AMP .@AgM/h) agrees with the value found
previously (average = 17 dM/h); ii) 5'-AMP is retained longer in EGDBpen polymers, with
similar release rates:»,@10.8uM/h), Q; (13.8uM/h) and Q (15.0uM/h); iii) EGDE/Bpen Q,

Q; and Q polymers show higher release rates than [fpRRH R, meaning that EGDBpen
polymers are less effective in retaining 5’-AMP rthBP1f3pen polymers. A reason for these
changes in the release rate of different CD-polgmmaight be related to the differefpen

content in each polymer.

Therefore, the release rate of 5-AMP (1 mM, PB®&swletermined in the presence of
different amounts dBpen.HCI, keeping 5'-AMP a constant concentratiom{, PBS) (Figure
106 A). The results showed that: i) the release 0&6’-AMP (19.8uM/h) is comparable to the
previous trials (average = 18:01.8 uM/h) and ii) the release rates of 5’-AMP is affettgy the
presence of increasing amountg3pen.HCI: 19.2uM/h; 5’AMP + Bpen.HCI (R = 0.65) > 10.2
uM/h; 5°-AMP + Bpen.HCI (R = 1.03), considering R 5,4/ Ns-ampe. This indicates that the
presence of morBpen enhances the retention of 5-AMP on the domwngartment, due to

inclusion into th3pen units of the polymer.
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Figure 106. Release profile experiments of 5’-AMPeffect of addition of
increasing amount offpen / 5-AMP, with R = ngyen/ Ns-amp -

Additional trials using increasing amount of polynteGDEfpen Q (1, 2.5 and 7.5
mg/mL in the donor compartment revealed that: itsans became cloudy during preparation
and ii) release rates results under these conditwere not reproducible. In addition, the
limitations found in the determination of the aaternumber ofpen content in each polymer
limits the proper analysis of release rate resbitsause a direct correspondence to the number
of CD cavities responsible for inclusion cannotrbade. However, it is expected that a high
content offpen.HCI in the polymers promote a stronger bindih§’-AMP and decreased rate

of release through the membrane.

Finally, following the strategy outlined for thetdemination of the release rate of 5'-
AMP, the release rate of gemcitabine monophospl@EM-MP, 1 mM, PBS) was determined
in the presence of pLy&en polymer BB’ using the same experimental sefFigure 103). A
calibration curve for GEM-MP (Figure 107 A) prevady determined in our group was used as
a reference, against which the concentrations di®HE° from the release experiment were
calculated. Therefore, 5-AMP (1 mM, PBS) and GEMRNIL mM, PBS) release rates through
the benzoylated dialysis tubing (M\W= 2000 Da) were determined (Figure 107). The sdea
rate for 5’-AMP (27.6uM/h) is higher than the one found for GEM-MP (2@/h, 1 mM,
PBS), which is due to stronger interactions of GEI-with the pLygBpen BB’ polymer.
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Figure 107. A) Calibration curve for GEM-MP determined by HPLC analysis with UV-detection atA = 254
nm. B) Host-molecules: adenosine 5’-monophosphat®(AMP) and gemcitabine monophosphate (GEM-MP).

In summary, the release rate of 5-AMP through azbglated dialysis membrane
(MW¢o = 2000 Da) can be modified modified simple by addBpen.HCI to the donor
compartment. However, with positively charged paysilike EPIBpen R, EGDEBpen Q, &
or 4 the release rate of 5’-AMP through the membramebesadecreased leading to a modified
release of the host molecule. Interestingly, prigary trials using pLy§pen BB’ to modify the
release of 5-AMP and GEM-MP suggest that the pelyman interact with the membrane,
resulting in increase of rate. Our studies weratdichby the aggregation phenomena, limited
amount of polymers obtained and the relative uagdst in the determination of thgpen
content / molecular weight of the polymers. Howevere have explored methods and
approaches towards polymers with multiple bpentessiand charges, potentially useful for

delivery of negatively charged drugs.

7.3 Preparation of monomers

7.3.1  Ethylene glycol diglycidyl ether (EGDE)

Epoxides are cyclic ethers rings, with three atdhat due to high bond strain in its
ring, are much more reactive than other ethers,ehatowards nucleophilic substitution via
ring openind®. The ring opening reaction of an epoxide generatealkoxy (or hydroxyl) and
when combined with other good leaving group, oeeosd epoxide ring, offers a difunctional

and versatile monomer for polymerization reactions.
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Ethylene glycol diglycidil ether (EGDE, Figure 1G8)not commercially available, but
can be found from Sigma-Aldrich as a polymer witlerage molecular weight, ranging from
500 g/mol to 6000 g/m&Y. However, Pengt. al.?® reported the preparation of EGDE, from
the controlled reaction between ethylene glycol XEBd epichlorohydrin (EPI) in mild
conditions. EGDE was isolated #127 % vyield, from a crude oil obtained by liquidtiguid
extraction, subsequent distillation followed bywah chromatography. However, no TLC data

regarding the separation of the EGDE and any rlateurities was described.

S Epoxide rin
2 Cl g
HO 0 AN Q l
N N o
Z TN ¢ sunc 0T
OH - (e}
NaOH, H,0 EGDE
EG EPI 35-40°C, 1h

Figure 108. Synthesis of EGDE starting from EPIl and EG

In our hands based on the Peng’s reported proc&fir& GDE was obtained as a pure
compound isolated from a mixture of three produatigr reaction in mild (35 °C — 40 °C, 1 h)
alkaline conditions (KD / NaOH) in the presence of tetra-butyl-ammoniurtocde (BuNCI),

a phase-transfer catalyst used to enhance theilgglbetween two immiscible reactants, EG
and EPI (Figure 108).

After 1 h, the reaction was stopped; liquid-to-ldjextraction was used followed by
column chromatography to isolate the desired cmdéure. TLC monitoring during column
elution (silica gel; EtOAc : EtOEt (5:1)) reveal#dee different products: fraction 1, 2 and 3
(Figure 109 A)*H NMR analysis of each fraction revealed that EGIDEesponded to fraction
3 (Figure 109 B). EGDE, isolated as a yellow oifsafurther characterized BYC NMR with
assignments corroborated by both 2D COSY and HS®g@erenents, which agree with
literature datd?®®. Fractions 1 and 2 (impurities) were discardedeiabeir'H NMR spectra,

not related to théH NMR features expected for EGDE.
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Figure 109. TLC monitoring of column fractions (1, 2,3) collected during EGDE purification: (A) initial
purification stage with collection of three different fractions and (B) a later stage in the separatio, where the
desired EGDE isolated as a clean product (fraction)3

The poor yield obtained (12 %) deserved some abtersnd a series of modifications

were performed to the original procedure, tryingmprove the reaction yield:

)] the molar ratio (EPI/EG) was changed from the reggbEPI/EG = 6 down to
EPI/EG = 2, which lead to an economy of the redstan

i) the reaction was performed in the absence of wadesyoid undesired and
competing reactions such as the nucleophilic att#ckOH to an epoxide
ring, resulting in faster reactions rates in thespnce of water (precipitation /

cloudiness would start much faster)

Therefore, as a general strategy to stop the oraethd avoid heavy precipitation,
whenever the cloudiness of the solution and visgasarted to increase (visual detection), the
trials were stopped and the reaction crude sephrbtrestingly, a failed trial revealed that if
the temperature of the reaction mixture rises abo¥® °C, even if for a short while, massive
precipitation leads to untreatable reaction crud@iés. overall yield of EGDE remained low (12

%) in spite of these efforts.

One of the reasons for the poor yields describedaahieved is the lack of selectivity

on the ring opening reaction and the possibility coinpetitive reactions that lead to the

g [205

formation of mono-glycidyl ethers and several ofigg I, This can be schematically

illustrated in Figure 110.
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Figure 110. Schematic representation of the multigl possibilities of nucleophilic substitution reactins ($2)
between an alkoxide species (R —Yoand an epoxide ring (EPI).

Thus, EGDE was successfully obtained as mixtut@refe products, which is typical of
any polymerization reaction. Comparatively to tleparted literature, although EGDE was
obtained in smaller yield our approach is prefetredause: i) a TLC method for the reaction

monitoring was developed and ii) the time-consundisgillation method was avoided.

7.3.2  Per(6-iodo-6-deoxy)BCD (Bpl)

In order to generate and incorporate CDs in anyrpel backbone, versatile building
blocks are required. Heptakis(6-iodo-6-deoR¥P (Bpl) and/or heptakis(6-bromo-6-deoxy)-
BCD (@BpBr) are two per-halogenated CDs prepared ff@8D following a typical per-
halogenation reaction (Figure 111), suitable faparation of CD containing polymers as they
are multifunctional CDs.
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PPhy; NBS
DMTF; 80 °C

Figure 111. Synthesis of a per-substituted derivate BpX (X = | or Br) starting from BCD.

The reaction followed a modified procedure basedherwork reported by Defay&..
It involves, the reaction betweeX-bromosuccinimide (NBSJ?°®! and triphenylphosphine
(PPh) in dry dimethylformamide (DMF), followed by addih of BCD. Depending on the
halogen (-X) donor used, different derivatives banachieved namely: periodo derivatives

using iodine (), and ii)per-bromo derivatives using bromide gBor NBS.

BCD was therefore converted irfipBr (94.3 % yield) and int@pl (88.3 % yield). The
exact same synthetic procedure (see section Agag)applied to prepare-, - and y-CD
leading to a multigram preparation of p#r-halogenated CDs. The advantage in the strategy
applied involved the TLC (silica, dioxane / BH iPrOH (10:7:3,v/V)) monitoring of the
reaction progress until completion (Figure 112)eltealed: i) the presence of any unreacted
BCD; ii) the formation of the desired prod@pBr; iii) the presence of the typical intermediate
products: under-brominated derivatives, triphenghpghine oxide (PRBO) and over-

brominated derivatives.

The purification steps involved water B) and methanol (MeOH) washings, resulting
in a light brown solid §pBr). It was found that with #D, most of the UV-active impurities
(PPh=0) could be removed. However, methanol (MeOH) o$ selective and washes away
most of UV-active impurities, over-brominated CDogucts and the desired prodpBr.
Therefore, given thgdpBr is soluble in MeOH, a compromise should be ledcbetween the

number of washings, the amount of MeOH used to whsliproduct.
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Figure 112. TLC monitoring of the bromination of BCD (NBS method).

BpBr was obtained as a light yellow solid, it wasiettterized byH NMR and**C
NMR spectra. Typical NMR features @pBr in DMSO4; are: i) the absence dH NMR
signals due to OHresulting from substitution by Br and fC NMR reveals a large chemical
shielding of G signal that, after per-substitution, shift from.&@pm inBCD to 34.5 ppm in
BpBr. Additionally, if the purification procedure it successful, traces of undesired impurity
(PPh=0) can be revealed by thél NMR characteristic signals in the aromatic regfdn- 8

ppm) and the purification refined.

Previously reported methof&” *¥fail to describe any TLC data, which was critital
evaluate reaction progress and assess purificaihieved. In our group perspective, these
findings were even more relevant as @di-halogenated (I, Br) CDs have been prepared in
multigram scale, which in our laboratory experieweas never achieved before. This was

possible due to a short collaboration, betweergooup and Cyclolab in Hungary.

The major advantage of the bromination and iodimapirocedures is the insertion of
good leaving groups in the narrow periphery of CiakingBpBr andppl useful derivatives
towards nucleophilic substitution reactiofpBr andPpl were used in the preparationpi(6-
aminoethylamino-6-deoxy3CD (Bpen) (see next section) and in the preparationobfnpers

based on pLys structure, described in section 7.2.1

7.3.3  Per(6-aminoethylamino-6-deoxy)BCD (Bpen)

The synthesis oper(6-aminoethylamino-6-deoxyB€D (Bpen) and its hydrochloride
salt Bpen.HCI) from per-halogenated CDgp( or PpBr), followed a patented strategy
developed in our grouf® with minor modifications. The reported preparatiomolves the

reaction of BpBr with an excess of 1,2-diaminoethane (DAE), ragtboth as solvent and

145



reactant, in an autoclave, under pressure (7 &t®) aC for 3 - 4 day{f3pen was isolated as a
Bpen.HCI salt in 18 % vyield, after precipitationdald acetone, acidification and dialysis at pH
= 7.0 (Sigma dialysis cellulose tubing, benzoylatémt extra 3 days. A modified general
procedure was adopted herein (Figure 113). It weablthe reaction oBpl (or BpBr), with an
excess of DAE at 80 °C.

Diluted HCI, 7 < pH < 8
—_—

80°C,24 h Freeze dried

BpBr, Bpl (X =Br, I) Bpen (free base) BpenHCI

Figure 113. Synthesis oppen (freebase) ang@pen .HCI from BpBr or Bpl.

The reaction was monitored by TLC (silicRrOH : EtOAc : HO : NH; (5:3:3:1,v/V))
and after nearly 24 h it reached completion, whth simultaneous consumption&gBr . fpen
(freebase) can be precipitated from the reactiotturé, when poured directly into an excess of
DMF, followed by washings with ethanol (EtOH). Atbatively, Bpen (freebase) can then be
easily converted into its hydrochloride s@dpén.HCI), by solubilisation in dilute HCI (0.1 M)
until pH = 7 — 8 followed by freeze-dryinggpen.HCI is yellowish compound and has better

water solubility thaBpen (freebase), that is white powder and is splringter-soluble.

Bpen (freebase) was analysed by MALDI-TOF MS andattarized by NMR. The MS
of Bpen (freebase) revealed excellent agreement wetkexpected value and the mass fragments
detected correspond to the aminoethylamino tais (8ppendix, Figure 116). Thid NMR
and **C NMR spectra in BD agree with reported dat®®, but the appearance of thi€ is
greatly affected by the pH of tifpen solution (freebase) and the best results wetasned at
pH = 4 corresponding to the formation of tBeen.HCI in solution, with all amino groups

charged thus the molecule is symmetrical and teetsgm is simple.
In summary, the modifications implemented to thginal procedure enable:

i) the monitoring of the reaction progress by TLC} tieaches completion with

the complete consumption of the starting mat@pdr (orBpl)

ii) a faster reaction lasting only 1 day as opposedttdeast 3 - 4 days,

performed in a small glass flask avoiding the uUsh® autoclave
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iii) the isolation of the pur@pen (freebase) by precipitation in DMF, directly

from the reaction mixture

In addition,Bpen possesses simultaneously i) good nucleophitipguties due to the
presence of primary and free amino groups andosjtively charge, due to both primary and
secondary amino groups. The methodology develoffecsa selective purification method for
the removal of water-insolub[gpBr (orBpl) from reaction mixtures, through the generatibn
water-soluble [§pen). This strategy will be used in the preparatbrpositively charged CD

polymers.

Finally is worth noting that it has earlier beemwh that,3pen and similar derivatives
are charged in neutral pH and display two pKa wl(EK,; = 6.5 and pl = 9.5), while

protonation occurs at the secondary amino grétis

7.4 Conclusions and future perspectives

CD-polymers based on a positively charged (dpef) were prepared using two
different strategies: i) based on a commercialgureéd polymer (pLys.HBr) and ii) based on
readily available monomers such as EPI and EGDEho@bh it was possible to prepare,
characterize and use these CD-polymers their avterpplication was impaired because of
lack of low reproducibility in the preparation awifficulties in the scale-up due to limited

availability of the expensive raw-materials pLysiiB

Despite these limitations, all polymers revealeddywater solubility properties and the
successful attachment 8pen to polymeric backbone, demonstrated by NMR tspstopy,
enabled: i) the evaluation of release rates ofeuiitles through a dialysis membrane in a Franz

cell set up and ii) the study of inclusion / conxaiton with model molecules.

Regarding the complexation ability polymers BP¥n B and pLysBpen BB’ can
complex p-aminobenzoic acid (PABA). In addition,ypoer pLysfpen T, can successfully
complex l-adamantanamine (ADA-NEI) and polymer pLygpen T, proved a suitable host
for anticancer gemcitabine modified with adamagtgup (GEM-ADA amide). Additionally,
polymers EPPpen R and EGDHipen Q, Q,, &, Q; could modify the rate of release of
adenosine 5-monophosphate (5-AMP) by decreasiagrate of release through a dialysis
membrane. However, polymer pL@gen BB’ showed the opposite effect towards a nuicleo
drug gemcitabine monophosphate (GEM-MP); thesdteemerit optimization, as each type of
nucleotide constitutes a unique case. In this sethsse preliminary results are promising

towards new CD-polymers for drug delivery systems.
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8. Materials

All solvents were reagent grade and were usedasviead. Deuterated NMR solvents
D,O, DMSO4d;, CDCk and MeODd, were purchased from Deutero GmbH (Kastellaun,
Germany). Dry dimethylformamide (DMF), gemcitabinbydrochloride (GEM), 1-
adamantanamine hydrochloride (ADA-NE), l-adamantanecarboxylic acid (ADA-COOH),
tamoxifen (TAM), sodium hydroxide (NaOH), 4-tolueéfonyl chloride (TsCI), hydrochloric
acid (HCI), triphenylphosphine (PBh potassium hydroxide (KOH)N-bromosuccinimide
(NBS), sodium methoxide (GB®Na), 1,2-diaminoethane (DAE), epichlorohydrin (EPI
ethylene glycol (EG), ammonium chloride (MH), magnesium sulphate (Mg®® N,N*-
diisopropylethylamine (DIPEA), 1-[bis(dimethylaminomethylene]-H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU), geitabine hydrochloride (HCI), sodium
chloride (NaCl), 1-chloroethylchloroformate (CECF)itric acid (CA), fluorescein
isothiocyanate isomer 1 (FITC), preformed polymeosy-L-lysine hydrobromide (pLys.HBr,
500 Da < AMW < 1000 Da; 1000 Da < AMW < 5000 Da at)0 Da < AMW < 15000 Da),
benzoylated cellulose dialysis membrane (MWW 2000 Da) was purchased from Sigma
Aldrich (Germany). Snake skin pleated dialysis mgbfMWco = 3500 Da) was purchased from
Thermo Scientific. 5,10,15,20-tetrakis(hydroxyphenyl)-21,28-porphyrin  (MTHPP) was
purchased from Innochem Ltd (Carnforth, Lancashit). B-cyclodextrin BCD) and
pern2,3,6-trimethyl)B-cyclodextrin (pM3CD) was purchased from Cyclolab (Budapest,

Hungary).
9. Methods
Chromatography

Sample was applied to TLC plates using glass em@8 or calibrated micropipettes (1
— 5uL). TLC plates were examined under ultra-violehtigf A = 365 nm of. = 254 nm) and

were visualized using one to the following revegléolutions (RS):

e RS A-4% HSQ, / EtOH /), prepared by solubilising concentrated sulphuric
acid (SO, 2 mL) into ice-cold ethanol (EtOH, 50 mL).

* RS B - anisaldehyde solution: prepared by mipranisaldehyde (9.2 mL), with
acetic acid (AcOH, 3.75 mL), ethanol (EtOH, 338 nalod sulphuric acid (}$0,,
12.5 mL).
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Preparative chromatography was performed using gieges (20 cm x 20 cm) coated
with silica gel GF (thickness = 5Q@m). Flash column chromatography was performed uaing
glass column (length (L), cm x outer diameter (OfW)) and silica gel (pore size 60 A, 70-230
mesh, 63-20Qm).

pH measurements

The pH was measured using an MP200 Mettler ToleHo npeter. Before each
measurement, the electrode system was calibratkegdirogen ion concentration units (pH = -
log[H"]) using buffer reference standard solutions (Selduat 25 °C. Alternatively, universal-
indicator paper (range pH 1.0-11.0, Sigma-Aldrietgs used for pH checking on reaction

progress.

UV-Vis / fluorescence spectroscopy (UV-Vis / Fluor)

UV-Vis spectra were collected on: i) an Agilent &0 UV-Vis spectrometer, using a
quartz cuvette (1 cm path length) or ii) on a JAS@Dble beam spectrophotometer (V-560).
The baseline was corrected using the solvent spaas a reference. Fluorescence spectra were
recorded using a: i) Varian Cary Eclipse fluoreseerspectrometer or ii) a JASCO

spectrofluorimeter (FP-777) using a quartz celhvlittm path length.

Infrared spectroscopy (IR)

Infrared (IR) spectra were collected on a Thermiergific Nicolet 6700 FTIR, with B
purging system and a common deuterated triglyciighate (DTGS) detector. Spectra were
acquired using a single reflection ATR (AttenuafBatal Reflection) SmartOrbit accessory
equipped with a single-bounce diamond crystal, itspectral range (10000 — 55 Bnand a
45° angle of incidence. 32 scans were collectethén range 4000-400 chand taken a

resolution of 4 cnt.

Nuclear magnetic resonance (NMR)

All NMR experiments were recorded at 298 K. 1D @lINMR spectra were acquired
either on a Bruker Avance Il spectrometer at 280MHz for *H and 62.90 MHz fol*C or on
a Bruker Avance DRX 500 spectrometer at 500.13 Mtz*H and 125.77 MHz fof*C. 'H
NMR spectra recorded in,D were referenced on the HOD signadat 4.79 ppm. 2D ROESY

spectra were acquired with presaturation of thewe$ water resonance and a mixing (spin-
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lock) time of 350 ms at a field of ~2 kHz with tR€®PI (time proportional phase increments)
method, using a 1024 K time domain in F2 (FID resoh 5.87 Hz) and 460 experiments in F1.
2D NOESY spectra were acquired using mixing timé4-4.5 s, TPPI detection and HDO
presaturation. Processing was carried out with-filirmy to 2K in F1 using sine or gsine (F2)
and gsine (F1) window functions, respectively. éiemical shifts §) are reported in parfser
million (ppm) and coupling constants)) (are reported in Hz. Structural assignments of
compounds and inclusion complexes were corroboraied®D NMR experiments namely
through: correlation spectroscopy (COSY), HetertgarcSingle-Quantum Coherence (HSQC),
heteronuclear multiple-bond correlation (HMBC), alotorrelation spectroscopy (TOCSY),
nuclear Overhauser effect spectroscopy (NOESY)ratading frame nuclear Overhauser effect

spectroscopy (ROESY).

Mass Spectrometry (MS)

Matrix assisted laser desorption ionization withdiof flight detection (MALDI-TOF)
mass spectra (MS) were recorded on an AutoflexBroiess spectrometer, operating in a linear
mode and in positive polarity using either 4-hydréx5-dihydroxybenzoic acid (DHB) ar-
cyano-4-hydroxycinamic acid (HCCA) to prepare thatm solutions (Ronzoni Institute,

Milan, Italy) under service contract.

Elemental analysis

The elemental analysis assays were performed usiRerkin Elmer 2400 CHN

elemental analyser.

X-Ray powder diffraction (XRD)

The analysis was determined using a Rigaku R-AXISirhaging plate detector
mounted on a Rigaku RU-H3R rotating anode X-Rayegmior. The dry solid sample was
ground to a fine powder and was placed inside ssgtapillary (Hampton Research, USA) with
the following dimensions: length (L) x outer diame(OD) x wall thickness (WT) = (80 x 1 x
0.01) mm. Samples were collected at a distancen(dl) from the detector and were irradiated

during (t, min).
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Vapour pressure osmometry (VPO)

Experiments were performed using a vapour pressmometer K—7000 from Knauer.
The solvent used in all measurements was watertl@demperature was 40 °C. Polyvinyl
pyrrolidone (AMW = 10 kDa) was used as a standard eoncentrations were reported in
molality (mol solute /kg solvent). The experiments were performed on aestaghe University

of Iceland, Faculty of Pharmacy.

Static light scattering (SLS)

Molecular weight determinations were performed gsanMalvern Zetasizer Nano ZS
instrument running a Static Light Scattering (Su8gthod. The samples were studied at
different concentrations at 25 °C applying the Ragit equation. The measurements were a

kind contribution from Cyclolab S.A. Budapest, Hang

Dynamic light scattering (DLS)

DLS measurements of size (d, nm) and zeta potg{dtiatV) were performed using a
Zetasizer Nano Series (Malvern Instruments Ltdyigoed with a MPT-2 autotitrator and
disposable folded capillary cells (DTS 1060 / DT The wavelength of detection was 633
nm and temperature of all experiment was 25 °Qafloin experiments were conducted in
water, with the pH ranging from 3.0 < pH < 8.0. Emental data was processed using

Zetasizer software version 6.34 (Malvern Instruradutdl).

High performance liquid chromatography (HPLC)

HPLC measurements were performed using a Shimaaktens composed of: i) an UV-
Vis detector (SPD-10A); ii) a pump (LC-10AT VP) Wit degasser (DGU-14A) and iii) a C18
Supelco HPLC column (L x OD) = 25 cm x 4.6 mm, witlim particle size. No temperature
control was used and all injections were |[HQ The detection wavelength of adenosine 5'-
monophosphate (5-AMP) and gemcitabine monophogpf@vP) wash = 254 nm using a

mobile phase of acetonitrile : water (75:25).

Modified Franz cell set-up

The modified Franz cell device was constitutedviey tompartments, a donor (D) and

a receptor (R), each of a fixed volume (3.5 mL) aagarated by a hollow junction (diffusion
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area = 3.14 cf) to which a semi-permeable membrane (benzoylaigsis tubing MW =
2000 Da) was attached. The system was thermostatiedvarm water (37 °@ 0.5 °C) through
both cells for 30 min, before each experiment. tA# R volume (3.5 mL) was collected at a
fixed time intervals (60 min; 120 min; 180 min; 24in; 300 min; 360 min), followed by

replacement with fresh R phase maintained at (37 0% °C).

Confocal microscopy

A Biorad MRC 1024 ES laser scanning confocal micopg was used. The coverslips
were washed twice with PBS or RPMI and placed ¢her639 oil immersion quartz objective
(NA 1.3). Intracellular COMTHPP fluorescence was excited using the 568 nnoliraa argon—
krypton laser (30 % of total laser power). @OHPP fluorescence was collected with the use
of a long-pass filter at 585 nm, whereas FITC-type fluorescence was celiethrough a
bandpass filter centred at 522 85) nm. During image acquisition a Kalman levefti¥ee
iterations per image) smoothing routine was appdiach time to eliminate spurious signal. The
contribution of cell autofluorescence was checkachetime in untreated cells and was, in all

cases, found to be negligible.

Cells were washed with PBS and mounted on micrascsldes for confocal
fluorescence live cell imaging. The slides wereceth under the 60- oil immersion quartz
objective (NA 1.3) of a Biorad MRC 1024 ES lasexrsting confocal microscope. Intracellular
NDMTAM-FITC was excited using the 488 nm line of amgon—krypton ion laser, whereas the
internalized probes were excited by the 568 nm liiethe same laser. NDTAM-FITC
fluorescence was collected through a band-pasgs @éintred at 522 (+ 35) nm, while organelle
probe fluorescence was collected after a long-plssat + 585 nm. During image acquisition
a level 3 (three iterations per image) Kalman simogtroutine was applied in all occasions to

eliminate spurious signals.
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10. Synthesis
10.1 CD derivatives

10.1.1 6-O-Monotosyl-B-cyclodextrin (BmTS)

B-cyclodextrin BCD, 2.0 g, 1.76 mmol) was
added in small portions, to a sodium hydroxide tamu
(NaOH, 0.4 M, 60 mL) and was vigorously stirredaim
ice bath (0 °C — 5 °C). AfteBCD was completely
dissolved, 4-toluenesulfonyl chloride (TsCl, 0.8 42
mmol, 2.43 molar eq.) was added to the mixturetaed -
whole was stirred for 2 h in the ice bath (0 °C 2C5.
Afterwards, a second portion of TsCl (1.2 g, 6.3ahm

fmTs

3.58 molar eq.) was added to this mixture and if vv.
stirred for 3 h more. The reaction was stopped ctiiee was filtered through a plug of celite
545 coarse (20 g — 25 g) to separate unreacted T&€lalkaline filtrate (12 < pH < 13) was
kept at 0 °C — 5 °C and under constant magnetigngtiwas adjusted to pH = 1.5, by the
addition of hydrochloric acid (HCI, 0.1M). The proxt precipitated as a white solid, it was
filtered, washed with cold water (100 mL) and driedhe vacuum oven at 60 °C for 24 h. The
filtrate was left to rest in the fridge overnigi2(h — 18 h) and the filtration step was repeated
to collect any remaining product (second crop). phety of the product &@-monotosyIB-
cyclodextrin fmTs) was assessed by TLC (silica gel 60; dioxaNel; : iPrOH (10:7:3v/V);

RS A; R = 0.47) and it was obtained as a white solid (4@%9 g)."H NMR (DMSO<s, 250
MHz, 25 °C):d (ppm) 7.72 (dJJ = 8 Hz, H, 2H), 7.40 (dJ = 8 Hz, H, 2H), 6.00 - 5.75 (m, 2-
OH, 3-OH, 14H), 4.76 (d, H 7H), 4.60 — 4.00 (m, 6-OH, 7H), 3.80 — 3.40 (m, H, Hs, Hs,
28H, overlapping with residual HDO), 3.40 — 3.00, (2, H, 7H, overlapping with residual
HDO), 2.39 (s, Chl 3H).*C NMR (DMSOdg, 62.5 MHz, 25 °C)J (ppm) 144.9 (@), 133.0
(Cy), 130.1 (G/Cy), 128.0 (G/C.), 102.0 (G), 81.5 (G), 74.3 — 71.3 (& G5, Cs), 60.0 (G),

21.1 (CH). Characterization data presented agrees wittaitee!*”.
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10.1.2 Heptakis(6-bromo-6-deoxy)B-cyclodextrin (BpBr)
[N-Bromosuccinimide (NBS) method]

In a water bath at room temperature (20 °C — 25 80)
dimethylformamide (DMF, 100 mL) was added to aKlasquipped
with a drying tube filled with potassium hydroxid€OH) and was
vigorously stirred. Triphenylphosphine (BRPB9.4 g, 0.15 mol) was -
added to the DMF, in small portions and a tempegatiiop (25 °Go
17 °C) was noticedN-bromosuccinimide (NBS, 28.6 g, 0.16 mol) w:
added in portions, while the temperature was keipw 40 °C, by PpBr

addition of ice to the water bath. During the aidditof NBS, the colour of the solution changed
(white to dark red) and its viscosity increased which wastrotled by addition of DMF to
ensure a constant and vigorous stirriggryclodextrin CD, 11.4 g, 0.01 mol, white powder)
was added to the mixture at once leading to arease in the temperature and to a colour
change (dark retb dark green). Afterwards, this solution was transfe to an oil bath (70 °C —
80 °C) and the reaction progress was monitoredUy (Bilica gel 60; dioxane : N&t iPrOH
(10:7:3,v/v), RV A). The reaction was stopped after consunmpid the starting material
(BCD). The mixture was cooled in a water bath (26-%5 °C) for 10 min, until the temperature
droped down to 40 °C — 50 °C. Methanol (MeOH, 50) mias added and the solution was
poured into a large excess of MeOH (500 mL). Theopithe methanolic solution was checked
(2 < pH < 3, universal paper) and adjusted to (FH<< 8, universal paper), by addition of
sodium methoxide (C#DNa, 3.21 g). The mixture was stirred for 5 min #ftito stand for 10

— 15 min leading to the precipitation of the pradas a light brown solid. The product was
extensively washed with MeOH/water to remove imipesi over-brominated, under-
brominated products and traces of PHAHe purity of the product heptakis(6-bromo-6-dgex
B-cyclodextrin BpBr) was assessed by TLC (silica gel 60; dioxaNeél; : iPrOH (10:7:3Vv/V);

RS A; R = 0.68) and it was obtained as a light yellow pew(P4.3 %, 14.9 g)'H NMR
(DMSO-ds, 500 MHz, 25 °C)d (ppm) 6.04 (d.J = 7.0 Hz, 2-OH, 7H), 5.91 (br s, 3-OH, 7H),
4.98 (d,J = 3.0 Hz, H, 7H), 4.01 (d,J = 10.0 Hz, K, 7H), 3.83 (tJ = 8.5 Hz, H, 7H), 3.66 (q,
Hs, He, 14H), 3.48 — 3.35 (m, £1H,, 14H).C NMR (DMSO4s, 125 MHz, 25 °C)d (ppm)
102.1 (Q), 84.6 (Q), 72.3 (@), 72.1 (G), 71.0 (@), 34.5 (G). Characterization data presented

agrees with literaturé®,
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10.1.3 Heptakis(6-aminoethylamino-6-deoxy)B-cyclodextrin (Bpen)

Heptakis(6-bromo-6-deoxy-cyclodextrin BpBr, 3.04 g, 1.93
mmol) was dissolved in 1,2-diaminoethane (DAE, 18I0 and a light
brown solution was obtained. The mixture was warn@e@0 °C, kept
under vigorous magnetic stirring and under an argimosphere. The
reaction was monitored by TLC (silica gel 60; dioga NH : iPrOH
(10:7:3,vlV), RS A). After 24 h the reaction crude was leftctmol to
room temperature (20 — 25 C) and poured into anesxcof
dimethylformamide (DMF, 75 mL). A white solid wabtained that was Bpen
filtered through a filter paper (Whatman, n® 5),shed with ethanol (EtOH, 50 mL) and was

dried in an oven (vacuum, 80 °C) for 24 h. The pobdheptakis(6-aminoethylamino-6-deoxy)-
B-cyclodextrin Bpen) was obtained as a white solid (1.78 g; 64.7 %)

'H NMR (acidic O (pH= 4), 500 MHz, 25 °C)&(ppm) 5.04 (br s, 7H, §), 3.88-3.86
(m, 14H, H/H3), 3.56-3.54 (m, 14H, #H,), 2.99 (br s, 14H, HHg), 2.89-2.79 (m, 28H,
H+/Hs). *C NMR (DO, 125 MHz, 25 °C)J (ppm) 101.5 (§), 82.5 (G), 73.0 (G), 71.7 (G),
70.7 (G), 50.2 / 49.2 (€Cg), 40.0 (@). Characterization data presented agrees with the
literature®** ' MS (MALDI-TOF): m/zcalcd for GgH112N14055 1428.78 [M]. Found: 1430.3
[M+H]* (100 %), 1452.3 [M+N&](77 %).
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10.1.4 B-cyclodextrin-mesetetrakis(m-hydroxyphenyl)-porphyrin
conjugate (CDMTHPP)
5,10,15,20-tetrakist-hydroxyphenyl)-21,28-
porphyrin MTHPP, 61 mg, 0.089 mmol) was dissolve
in dry dimethylsulfoxide (DMSO, 2 mL) and thi O Q

. . . HO
mixture was stirred at 40C, in an argon atmospher

HO

and protected from light. Sodium hydroxide (NaOl
23.5 mg, 0.59 mmol) was added and the react
mixture was stirred for 15 min. ®-monotosylp-
cyclodextrin fmTs, 125.5 mg, 0.097 mmol) solubilise
in dry DMSO (4,& molecular sieves, 24 h) (1.0 mL) an
added to the reaction mixture in portions over (D.25
mL / 15 min). The reaction was monitored by TL
(silica gel 60;PrOH : EtOAC : HO : NH; (5:3:3:1,v/v);

RS A) until allBmTs was consumed. The reaction was

stopped after 72 h. The desired product appeared @®wn spot (R= 0.61), showed red
fluorescence under ultraviolet light irradiatidn,(= 254 nm) and turned green upon spraying
with RS A. A mixture of EtOH : kD (1:1,v/v ~2 mL) and hydrochloric acid (HCI (1 M), 1.1
mL) was added to the crude mixture (until the pH6.8) and it was dialysed (benzoylated
dialysis membrane, M= 2000 Da), against distilled water for ~ 24 h. Févent (HO) was
removed in ratovapor, using EtOH to avoid bumpingd the dried material was collected and
washed with ethyl acetate (EtOAc, 100 mL), to resnoost of unreactetiTHPP andnTHPP
salts. The solid obtained was subjected to coluhmomatography using a long column (L X
OD = 60 cm x 2.4 cm) packed with silica gel 60 (§Gand usingPrOH : EtOAc : HO : NH,
(5:3:3:1,v/v) as the mobile phase. Loading had to be restrictedsmall portion of crude (~20
mg) per column. The first fraction collected wasaattedmTHPP (20 mg in total), followed
by CDmTHPP. Subsequently, the solvent (mobile phag&r©H : EtOAc : HO : NH;) was
evaporated under vacuum and the residue (1 — 2vat)adjusted to pH 5 and dialyzed for 18
h (benzoylated dialysis membrane, My¥ 2000 Da). The purity of the prodysttyclodextrin-
5,10,15,20-tetrakist-hydroxyphenyl)-porphyrin conjugate (CDF¥HPP) was assessed by TLC
(silica gel 60;PrOH : EtOAc : HO : NH; (5:3:3:1,v/V); RV A; Re = 0.61) and was obtained as
a black powder (43 mg, 40 %, calculated based acted porphyrin):H NMR (DMSO-ds, 500
MHz, 25 °C):d(ppm) 9.80 (s, Ph-OH, 3H), 8.88 (s, Py-H, 8H), 8-:00.00 (s, Ph-H, 16H), 6.00
— 5.50 (br d, CD-OKCD-OH;s, 14H), 4.90 (s, CD-HconnectednTHPP, 1H), 4.80 (s, CD-H
6H), 4.50 — 4.20 (br m, CD-Q6H), 4.10 (s, CD-Hconnected tanTHPP, 1H), 3.90 - 3.00
(m, CD-H/ Hs/ Hy/ Hs/ He/ He:, 42H, overlapping with residual HDO), -3.00 (sHN2H). MS
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(MALDI-TOF): m/z calcd for GgHggN4Osg 1795.70 [M]. Found: 1796.8 [M+H](100 %),
1817.0 [M+Na]. Anal. Calcd. (%) for gHggN4Os5.9H,O. NH,CI: C: 51.34, H: 6.02, N: 3.48.
Found: C: 51.18; H: 5.93; N: 3.11. UV-Vis (DMSO=C3.6uM) = 420 (0.48); 514 (0.03); 551
(0.02); 590 (0.02), 645 (0.01). UV-Vis (4 % DMSOREC = 3.6uM) = 422 (0.19); 517 (0.02);
553 (0.01); 589 (0.01), 644 (0.01).

Recovery of pure CD-mTHPP from gD complexes

The complexed CDARTHPP in the form of pCD/CD-AMTHPP collected from any
complexation experiment study, was solubilised atew and was dialysed (benzoylated dialysis
tubing, MW;o = 2000 Da) for 8 h. The resulting clear, dark setution was dried until a small
residue (1 — 2 mL) was obtained. It was transfetced glass tube, it was vortexed and a large
volume of diethyl ether (EtOEt, 10 — 12 mL) was edidyradually. The desired product (CD-
MTHPP) precipitates as a dark red / black solid frem any pMBCD, which is washed away
by the supernatant EtOEt (discarded). The produdtypwas assessed by TLC (silica gel 60;
iPrOH : EtOAc : HO : NH; (5:3:3:1,v/Vv); RV A; R- = 0.61) and can be reused.
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10.2 Monomers - linker

10.2.1 Ethylene glycol diglycidyl ether (EGDE)

Epichlorohydrin (EPI, 20 mL, 0.255 mol), sodium
hydroxide (NaOH, 955 g, 0.239 mol) and _2 o
tetrabutylammonium chloride (TACI, 0.55 g, 2 mmol) 1|>\3/ \4/\0/\<c|)
were solubilised in water (1 mL) at room temperat(#0 EDGE
— 25 °C) to obtain a light yellow solution. Ethyeglycol
(EG, 1.115 mL, 20 mmol) was added slowly in twotpors (2 x 560uL) and the reaction
mixture was kept in a water bath (T = 10 °C) arndrafO min turned cloudy. The crude mixture
was finally transferred to an oil bath (35 — 40 @@y was stirred for 30 min. The reaction was
stopped and the white precipitate was filtered am$hed with water (20 mL) and with
chloroform (150 mL). The organic phase was coliéctwashed with saturated ammonium
chloride (NHCI, sat. sol., 3 x 120 mL) until the p#5. It was dried over magnesium sulphate
anhydrous (30 min) and evaporated under vacuuremdtary evaporator (50 °C) until a light
yellow residue was obtained. The desired product marified from the light yellow crude
obtained (666 mg) by column chromatography usiramplamn (OD x L = 2.6 cm x 53 cm),
packed with silica gel (73 g) and using EtOAc : Et@5:1,v/V) as mobile phase. The purity of
the desired product ethylene glycol diglycidyl eti@GDE) was assessed by TLC (silica gel
60; EtOAc : EtOEt (5:1y/V); RV B; R- = 0.57) and was obtained as an oil (12 % yield979
mg) stored in the freezeld NMR (CHCk-d;, 500 MHz, 25 °C)J (ppm) 3.83 — 3.76 (m,
2H), 3.75 - 3.59 (m, K 4H), 3.48 — 3.36 (m, 12H), 3.16 (m, K, 2H), 2.78 (t, H, 2H), 2.60
(br s, H., 2H).*C NMR (CHCk-d;, 125 MHz, 25 °C)J (ppm) 72.0 (), 70.7 (G), 50.8 (G),

44.2 (G). Characterization data presented agrees wittatitge?*®.
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10.3 Selected anticancer molecules

10.3.1 Gemcitabine-adamantanamide (GEM-ADA amide)

In a small flask (10 mL) 1- o 3
adamantanecarboxylic acid (ADA-COOH, 30.4 mgo™s -0, 6_54 . 1
0.17 mmol) was solubilised in dry mixture of L2/ Q\NH
DMF:DMSO (3:1, viv) (200 pL), followed by FFo”

addition ofN,N-diisopropylethylamine (DIPEA, 84 GEM-ADA amide
uL; 0.48 mmol) and 1-[bis(dimethylamino)
methylene]-H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorbpsphate (HATU.P& 70.3
mg; 0.19 mmol). This light yellow solution was stid for 60 min at 10-15 C and it turned dark
brown in colour. Gemcitabine hydrochloride (GEM.H&0.3 mg; 0.17 mmol) was added to the
mixture and the temperature was raised to 25 °@.flHsk was then flushed with argon (Ar),
reaction was periodically checked by TLC (silicd §@; CHCl,: acetone : EtOH (5:4:W/V);
RV B) revealing the activated ADA-COOH £R= 0.99) being converted into the UV-active
desired product GEM-ADA amide (R 0.78). The reaction was stopped after 48 h addrka
orange colour developed. Liquid-to-liquid extraotisras used: ethyl acetate (EtOAc, 2 mL)
was first added to the mixture and it was transfi&to a separation funnel, followed by addition
of aqueous sodium chloride (NaCl, 10rfdv, 6 x 2 mL). The aqueous layer (NaCl 10 %, 12
mL) was washed with EtOAc (6 x 10 mL) and all origdayers were combined and dried. The
product gemcitabine-adamantanamide (GEM-ADA amid@ps recovered from the organic
layer with warm purified water (60 °C) and a whstdid was obtained (GEM-ADA amide, 20.4
mg, 28.5 %)'H NMR (DMSO-ds, 500 MHz, 25 °C)J (ppm) 10.2 (br s, amide -NH, 1H), 8.22
(d, Hs, 1H), 7.29 (s, K, 1H), 6.34 (s, 5'-OH, 1H), 6.16 (s,sHLH), 5.33 (s, 3'-OH, 1H), 4.17
(m, Hg, 1H), 3.87 (s, K, 1H), 3.78 (s, H, 1H), 3.66 (s, k', 1H), 1.97 (s, ADA-H, 3H), 1.89
(s, ADA-H, », 6H), 1.66 (s, ADA-H 4, 6H).**C NMR (DMSO4ds, 125 MHz, 25 °C)J (ppm)
178.9 (Q), 164.1 (G), 154.8 (G), 145.2 (@), 123.6 (t, dr = 23 Hz, G), 97.0 (G), 85.1 — 84.8
(Cp), 81.7 (G), 69.1 — 68.8 (&), 59.4 (G), 42.5 (ADA-G), 37.8 (ADA-G), 36.3 (ADA-G),
28.1 (ADA-G,).

159



10.3.2 N-desmethyltamoxifen hydrochloride (NDTAM.HCI)

Tamoxifen (TAM, 151 mg, 0.410 mmol) was dissolved .

in toluene (6 mL) at 0 °C followed by addition of 1
chloroethylchloroformate (CECF, 1Q4d., 0.93 mmol). After

15 min stirring at 0 °C, the reaction was heatedeftux with )
periodic monitoring of its progress by TLC (siligel 60; C_/“_%_(':zl
CH,CI, : MeOH : NH (95:5:0.3v/v) and UV-Vis irradiation at ¢ o 3 ;E?Hs
365 nm. The reflux was continued until all TAM isnsumed NDTAM.HCI

(19h). Toluene was evaporated in the rotary evapo(&0 °C)

until an oily yellow residue (2 — 3 mL) was obtaindhe desired product was then precipitated,
by addition of an excess of diethyl ether (EtOEt,n2L), followed by extensive washings with
EtOEt to recover NDTAM.HCI as a white solid (81 mg0Q % vyield). The purity ofN-
desmethyltamoxifen hydrochloride (NDATM.HCI) wassassed by TLC (silica gel 60; GEl,

/ MeOH / NH (95:5:0.3,v/V); R= = 0.08). The identity of the product was confirmieg
comparison of its spectra with those of an autlesample of NDTAM.HCI (Sigma)H NMR
(MeOD-d,;, 500 MHz, 25 °CY (ppm) 7.31 — 7.03 (m, Phz#Ph-H,, 10 H), 6.78 — 6.58 (dd.J
=8 Hz, Ph-H/H¢, 4 H), 4.06 (t, H, 2 H,J=4.3 Hz), 3.29 (t, i 2 H, J = 5.0 Hz), 2.67 (s,sH3
H), 2.39 (g, H, 2 H), 0.84 (t, H, 3 H).**C NMR (CDC}L, 125 MHz, 25 °C)J (ppm) 132.1 —
113.3 (Ph-QCy/Cc), 63.1 (GQ), 48.4 (G), 33.6 (G), 29.3 (G), 13.7 (G). Characterization data
presented agrees with literatiré.
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10.3.3 Tamoxifen citrate (TAM-Cit, 2:1)

Tamoxifen TAM, 51.5 mg, 0.09 mmol) was

solubilised in acetonitrile (ACN, 2 mL) and the @wnbn was CHS
stirred at room temperature (20 °C — 25 °C) in arbath. AN

Citric acid (CA, 55.0 mg, 0.26 mmol) was added he t @

solution and cloudiness was developed as the i) @

deposits in the bottom of the flask. The reacticas vstirred O\/\H/CHs
vigorously for 40 min and it changes its aspeatyitg from O0. OH ® (I:H3
clear with solid in the bottom, to cloudy with witsolid o QHo Q o

dispersed as very fine white particles. Reactios w@pped © > O
and the solid was filtered through a paper filtérhGtman
number 4) and was extensively washed with wate©(FB x

20 mL) to wash from the final product any excessrokacted 35
CA. A white solid was obtained (24.7 mg, 63.3 %giform of
TAM-Cit with a stoichiometry of tamoxifen / citra{@:1). *H

NMR (CDCl, 500 MHz, 25 °C)?d (ppm) 7.35 — 7.11 (m, Ph-
H4/Ph-H, 10 H), 6.80 — 6.5 (dd, J = 8.0 Hz, Ph-HH),
4.22(s, H, 3H), 3.29 (s, i 3H), 2.78 (s, kl Hg, 6H), 2.67 (br

d, CH-citric acid, 4H), 2.46 (g, H 2H), 2.67 (t, H, 3H).**C NMR (CDC}, 125 MHz, 25 °C):
o (ppm) 136 — 109 (Ph-LC,/C,), 62.5 (G), 56.9 (G), 46.2 (citric acid - gC;), 44.0 (G/Cs),
29.3 (G), 13.8 (G). Characterization data presented agrees wittafitee!**.
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10.3.4 N-desmethyltamoxifen-fluorescein (NDTAM-FITC)

Fluorescein isothiocyanate isomer 1 (FITC, 10 mg,

25.7 umol) was solubilised in ethanol (EtOH, 2 mL) to get
clear yellow solution, followed by the addition dd,N H;;LC
diisopropylethylamine (DIPEA, 1QAL, 57.4umol). The colour
changed from yellow to orangeN-desmethyltamoxifen
(NDTAM.HCI, 9.4 mg, 23.9umol) was added to the mixture
and the reaction was stirred at 40 °C, protectewh fthe light 5 _NH

_ _ HO HsC S
and under inert atmosphere (argon). After 44 h,rdeetion

was stopped and it was dried in the ratory evapo(d0 °C) to @ @ NH
an orange residue. The residue 12.0 mg) was solubilised

methanol (MeOH, 1 mL) and the solution was applied O o)
preparative TLC plate (silica gel 60; 20 cm x 20 piate, 500

um thickness), using CHE! MeOH (3:1) as a mobile phase. HO
Five different bands were collected and NDTAM-FITa&as

NDTAM - FITC

isolated in a 70 %nf/m) as an orange powder. The purity of the prodidesmethyltamoxifen-
fluorescein (NDTAM-FITC) was assessed by TLC (silgel 60; CHG : MeOH (3:1,viV); Re

= 0.77), corresponding to the second band and Wténed as an orange solid (10.5 mg, 62 %
m/my purity, with my = total mass applied to the TLC plat#). NMR (MeOD-d,, 500 MHz, 25
°C): o (ppm) 7.66 (s, Ph-H 1H), 7.35 — 6.50 (Ph-li, Ph-H;c; 22H), 4.23 (s, & 2H), 3.42 —
3.26 (H,, Hs, MeOD, 5H), 2.45 (q, K 3H), 0.84 (t, -CH, 3H).
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10.4 CD-Polymers

10.4.1 Epichlorohydrin/ Bpen (EPI/Bpen, 5:1, B)

ST

MNH S HM NH 1M
6 j |

| |

_'I Ppen | _'I Ppen I',

EPL/Bpen Py Py Py o
Heptakis(6-aminoethylamino-6-deox@)eyclodextrin Bpen , 185 mg, 129.fumol)
was solubilised in water (2 mL) and a light yellsalution was obtained. Its pH was=dlL1 -
12 by addition of a diluted solution of sodium hyxide (NaOH, 0.1 M). The solution was
stirred in an oil bath (70 °C — 75 °C) under argtmosphere for 0.5 min. Epichlorohydrin (EPI,

50 uL, 648 umol) was added dropwise to the mixture and afteh 28e reaction was stopped.

The pH of the mixture was adjusted=o7.0, acetone (10 mL) was added and a pale yellow

solid precipitated followed by extensive washingshvacetone (4 x 10 mL). The solid was
decanted, solubilised in water (1 mL) and was dieflyat pH = 7 in a benzoylated dialysis
tubing (MWco = 2000 Da), for 24 h with continuous water excleangfter freeze-dried a
yellow solid corresponding to polymer ERjen (B, 240 mg) was obtainedd NMR (D0,
500 MHz, 25 °C)J (ppm) 5.5 — 4.9 (br m, CD4{ 4.5 — 2.3 (CD-bHsHsHsHg e H7 7 Hs s)
and (EPI-CH,CH aliphatic chains).

10.4.2 Epichlorohydrin/ Bpen (EPI/Bpen, 10:1, R)

Prepared like Pwith the following modificationsPBpen (251.5 mg; 175.@imol);
sodium hydroxide NaOH (0.05 M, 6 mL); EPI (188, 1.76 umol); 2.5 h reaction. EHlpen
(Ps, 229 mg) was obtainedH NMR (D,0, 500 MHz, 25 °Cp (ppm) 5.5 — 4.9 (br m, CD-{
4.5 - 2.3 (CD-HH3H4HsHe 62 H7. 7 Hs g) and (EPI-CH,CHaliphatic chains).

10.4.3 Epichlorohydrin/ Bpen (EPI/Bpen, 20:1, RB)

Prepared like Pwith the following modificationsf3pen (252.5 mg; 17pmol); EPI
(277 pL, 3.53umol). EPIBpen (R, 225 mg) was obtainetH NMR (D,O, 500 MHz, 25 °CY
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(ppm) 55-49 (br m, CD']B‘I 45 - 23 (CD'lj!H3VH4VH5VH6'6"H7'7"H8’3') and (EP"CH,CH

aliphatic chains).

10.4.4 Ethylene glycol diglycidyl etherBpen (EDGERBpen, 1:1, Q)

H OH
(HQNI IN onvﬂoxmm fNHz
6 pakde 1NH N

|
1

.'f-__ N | 0
il [ ppen|

EGDE/Bpen Q;Q,Q:Q;

Heptakis(6-aminoethylamino-6-deox@)eyclodextrin fpen, 151.1 mg, 10Gmol) was

solubilised in diluted sodium hydroxide solutiona@®H, 0.05 M, 5 mL) and a light yellow
solution was obtained. The solution was stirredainoil bath (70 °C — 75 °C) under argon
atmosphere for 0.5 min. Ethylene glycol diglycigyther (EGDE, 168, 106 umol) was added
to the mixture and after 72 h the reaction waspdpThe pH of the mixture was adjusted:to
7.0, acetone (10 mL) was added and a pale yelldid peecipitated followed by extensive
washings with acetone (4 x 10 mL). The solid wasadésd, solubilised in water (1 mL) and
was dialysed at pH = 7 in a benzoylated dialysisng (MWco = 2000 Da), for 24 h with
continuous water exchange. After freeze-dried dowelsolid corresponding to polymer
EGDERpen (Q, 106 mg) was obtainetd NMR (D,O, 500 MHz, 25 °CP (ppm) 5.4 — 4.8 (br
m, CD-H,), 4.3 — 2.3 (CD-KHH3 HsHsHe 6 H7 72 Hg ¢) and (EGDE-CH,CHaliphatic chains).

10.4.5 Ethylene glycol diglycidyl etherBpen (EDGEBpen, 5:1, Q)

Prepared like Qwith the following modificationsBpen (150 mg; 10%umol); sodium
hydroxide NaOH (0.05 M, 5 mL); EGDE (88., 523 umol). EGDEfpen (Q, 157 mg) was
obtained.!H NMR (D,0, 500 MHz, 25 °C) (ppm) 5.4 — 4.8 (br m, CD4} 4.3 — 2.3 (CD-
H,HsHsHsHe 6 H7 7 Hg g) and (EGDE-CH,CHlaliphatic chains).

10.4.6 Ethylene glycol diglycidyl etherf3pen (EDGERBpen, 10:1, Q)

Prepared like @with the following modificationsBpen (155 mg; 10@umol); sodium
hydroxide NaOH (0.05 M, 5 mL); EGDE (1¢&., 1.05 mmol). EGDHpen (Q, 241 mg) was
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obtainedH NMR (D,0, 500 MHz, 25 °C)d (ppm) 5.4 — 4.8 (br m, CD4} 4.3 — 2.3 (CD-
H2,H3,H4,H5,H6,6',H7,7’,H8,8') and (EGDE-CH,CHaIIphaIIC ChainS).

10.4.7 Ethylene glycol diglycidyl etherf3pen (EDGERBpen, 20:1, Q)

Prepared like @with the following modificationspen (76.6 mg; 54imol); sodium
hydroxide NaOH (0.05 M, 2.5 mL); EGDE (164, 1.05 mmol). EGDHpen (Q, 188 mg)
was obtained'H NMR (D;O, 500 MHz, 25 °C)J (ppm) 5.4 — 4.8 (br m, CD-) 4.3 — 2.3
(CD-HyH3sHyHsHs 60 H7 7 Hg o) and (EGDE-CH,Chlaliphatic chains).

10.4.8 Poly-L-lysine/Bpen (pLysBpen, T,)

A stock of poly-L-lysine hydrobromide (pLys.HBr
1000 < MW, < 5000) was prepared by solubilising pLys.Hl
(25 mg) in water (2 mL). Its pH was adjusted to pH1, by
addition of aqueous potassium hydroxide (KOH, Or2M,
200 pL) to neutralize the hydrobromide salt (HBr) andaib
pLys (1000 - 5000). pLys (1000 - 5000) (1.1 mL,5leng,~
4.17 umol*) was freeze dried, dimethylformamide (DMF, H,N
mL) was added, followed by heptakis(6-iodo-6-deey)

cyclodextrin Bpl, 53 mg, 27.8umol). The solution was stirrec
in an oil bath (70 °C — 75 °C) and after 29 h tha&ction was
stopped, followed by addition of 1,2-diaminoethdBAE, 2

mL) to insure in 12 h at 70 °C — 75 °C thesitu generation of j' B

pen |

)
- — _——

Bpen. This reaction was monitored by TLC (silica @€,
IPrOH : EtOAc : HO : NH; (5:3:3:1,v/v); RV A) revealing
that pLys /Bpen (1000 - 5000) is not eluted«R 0) as opposed fépl (R-= 0.66). The reaction
was stopped after 12 h at 70 °C — 75 °C, its cosgned and the residue was dialysed atpH

pLys / fipen T,, BB'

(8 — 9) in a snakeskin dialysis (M= 3500 Da) for 12 h with continuous water exchange
The contents of the dialysis membrane were driedaayellow solid corresponding to polymer
pLysBpen (2000 Da < AMW < 3500 Da) {T11.4 mg) was obtained, dried by freeze-drying.
'H NMR (DO, 500 MHz):d (ppm) 5.3 — 4.8 (br m, CD{ 4.4 — 25 (CD-
H,HsHsHsHe e H7 7 Hs g and pLys-Hg), 2.0 — 1.0 (pLys-kls,). (* Considering AMW[pLys
(1000 - 5000)] = 3000 g/mol).
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10.4.9 Poly-L-lysine/ 3pen (pLysPBpen, BB’)

Fraction pLy$3pen B’ (2000 Da < AMW < 3500 Da) (52 nvg,18.9umol*) resulting
from the fractioning of pLys.HBr was dissolved inthmethylformamide (DMF, 2 mL).
Aqueous potassium hydroxide (KOH, 2.85 mM, 80 was added and the solution was stirred
at 30 °C for 4 h (solution turned cloudy). More DNIEmL), KOH (2.85 mM, 3QuL) were
added and the pH was checked and adjusted=t@ ¢ 8). Heptakis(6-iodo-6-deox{-
cyclodextrin Bpl, 60 mg, 31.5umol) was added and reaction proceeded for 48 10 8&C6 The
reaction was monitored by TLC (silica gel 88rOH : EtOAc : HO : NH; (5:3:3:1,v/V); RV A)
and revealed that the desired product pkysh (BB’) was not eluted @& 0) as opposed to the
remainingPpl (R-= 0.66). The reaction was stopped and 1,2-diaminaoet (DAE, 3 mL) was
added to the reaction mixture and it proceededlfbh more, until all remainin@pl was
consumed (TLC data). The reaction was stopped amsl fnactioned by using fractioning
procedure described for pLys.HBr. Fractioning ofypwers was followed by freeze-drying to
obtain pLysBpen BB’ (2000 Da < AMW < 3500 Da) (12.1 mg, 238m). *H NMR (D,O, 500
MHz) J (ppm) 5.3 — 4.8 (br m, CD-{ 4.4 — 2.5 (CD-HH3HsHsHe e H7 7 Hg g @and pLys-
Hae), 2.0 — 1.0 (pLys-kls,). (* Considering AMW of pLyf3pen B’ = 2750 g/mol.).

Dialysis fractioning of pLys.HBr (1000 Da < AMW €80 Da)

Commercial poly-L-lysine hydrobromide (pLys.HBr,d®Da < AMW < 5000 Da),
pLys.HBr (100 mg = i) was solubilised in water (1 mL), its pH was atiasto pH= 7, by
addition of KOH (0.1 M), and was dialysed againestided HO (2 x 300 mL) using two
dialysis membranes in the following order: i) beylated dialysis tubing (M\& = 2000 Da)
and ii) skinsnake dialysis tubing (MM = 3500 Da). Three fractions of pLys were isolated:
fraction A (pLys A) isolated from the liquid loshrbugh membrane (MW = 2000 Da);
fraction B (pLys B) collected from liquid lost thugh the second membrane (Myv= 3500
Da) and fraction C (pLys C) recovered from the eatd of the second membrane (MW=
3500 Da). The contents of each fraction were frekimal to obtain fractions A/B/C with
different molecular weight ranges, taking into ddasation the lower MW limit (1000 Da) and
upper MW limit (5000 Da) of commercial pLys.HBr @® Da < AMW < 5000 Da).
Fractioning of pLys.HBr (1000 Da* < AMW < 5000 Da 100 mg = m): pLys fraction A
(1000 Da * < AMW < 2500 Da) (35 mg, 35 #/my); pLys fraction B (2000 Da < AMW <
3500 Da) (52 mg, 52 9%/my) and pLys fraction C (3500 Da < AMW < 5000 Da 14(mg, 14
% m/ny).
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11. Evaluation of Properties

11.1 Linear range of concentrations

11.1.1 mTHPP in DMSO (4 % DMSO/PB$

A stock solution of 5,10,15,20-tetrakishydroxyphenyl)-porphyrinfiTHPP, 10QuM)
was prepared solubilisingTHPP (3.39 mg, 4.9Amol) in dimethylsulfoxide (DMSO, 5QL).
Six diluted solutions of varying concentrationg €20.99uM; C,= 1.96uM; C3 = 2.91uM; C,4
= 3.84uM; Cs = 4.76uM; Cs = 5.66uM) were prepared by taking volumes of stankHPP
(100uM, DMSO: V; = 10.0uL; V5, = 20.0uL; V3 = 30.0uL; V4 =40.0uL; V5 =50.0uL; Vg =
60.0pL) into DMSO (1 mL). The UV-Vis spectra of eachwmbns (1 - 6) was recorded and the
maximum intensity (Soret band) was plotted as atfan of the concentration, followed by
linear regression used to fit experimental datidnéobest line (y = mx + b)The experiment was
repeated in 4 % DMSO/PBS were prepared by dilutirgsame volumes of mTHPP stock (100
1M, DMSO) in a mixture of 4 % DMSO/PBS (1 jnL)

11.1.2 CD-mTHPP in DMSO (4 % DMSO/PB$

Like described fomTHPP in DMSO (4 % DMSO/PBSbut starting from a stock
solution of CDmMTHPP (100uM, DMSO) prepared by: i) first, solubilising CDTHPP (2.8
mg, 1.56pmol) in DMSO (0.5 mL) and then ii) by diluting itifther, by adding 3L of this
stock to a total volume of DMSO (9¢8.).

11.2 UV-Vis / fluorescence pH dependence

11.2.1 Preparation of PBS solutions of varying pH

A stock solution of phosphate buffered saline (PBS; = 7.4) was prepared by
solubilising: sodium chloride (NacCl, 0.40 g, 6.8ol), potassium chloride (KCI, 0.01 g, 0.14
mmol), potassium dihydrogen phosphate (RB, 12.0 mg, 0.09 mmol) and disodium
hydrogen phosphate (BPO,, 72.0 mg, 0.51 mmol) in 50 mL of distilled watét,Q) and the
pH was checked (pH = 7.4). Through the additiorlGf (0.1 M) to the initial PBS solution, the
pH was adjusted to pH = 2 and a small volume (2 wd3 widrawn, stored in a vial and kept in
the fridge. Then, following the gradual additionsofdium hydroxide solution NaOH (0.1 M) to
this starting solution (pH = 2), other aqueous &gt solutions (pH =3, 4, 5, 6, 7, 8, 9, 10, 11)

were prepared and stored.
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11.2.2 mTHPP in 4 % DMSO/PBS of varying pH

The mTHPP stock (5uM, DMSO) was prepared by: i) first, solubilisimgTHPP (2.2
mg, 3.24umol) in DMSO (0.5 mL) and then ii) by diluting itifther, by adding 7.JiL of this
stock in a total volume of DMSO (99@L). Diluted solutions ofmTHPP (2 uM; 4 %
DMSO/PBS*) were prepared, by adding B0 of mTHPP stock (5GuM, DMSO) to vials
containing phosphate buffered solution (PBS*, 1ARD of varying pH =2, 3,4, 5,6, 7, 8, 9,
10, 11. For every solution at different pH, the Wi$ and fluorescence spectra were recorded

and spectral changes plotted as a function of ithe p

11.2.3 CD-mTHPP in 4 % DMSO/PBS of varying pH

Like described fomTHPP in 4 % DMSO/PBS of varying pbyt starting from a stock
solution of CDMTHPP (50uM, DMSO) prepared by: i) first, solubilising C®IHPP (2.8 mg,
1.56umol) in DMSO (0.5 mL) and then ii) by diluting itifther, by adding 1L of this stock
to a total volume of DMSO (984L).

11.3 Stoichiometry of pMCD complexes

11.3.1 Titration pM BCD/CD-mTHPP (UV-Vis / Fluorescence)

A diluted solution of CDONTHPP (2uM, 4 % DMSO/PBS), prepared by adding &0
of a stock of CDONTHPP (50uM) into 1920uL of PBS. Small aliquots (L) of a concentrated
solution of pMBCD (300uM, 4 % DMSO/PBS) was added stepwise to the ingisdst solution.
The UV-Vis and fluorescence spectral changes wecerded before and after each addition,
untii no more changes are observed. The stoichigmahd binding constants of the
complexation were determined, by plotting Soret imaxn and fluorescence as a function of

the molar equivalents of pBCD added.

11.3.2 Titration pM BCD/mTHPP (UV-Vis / fluorescence)

Like described fofTitration pMBCD/CD-mTHPP (UV-Vis / Fluorescengdjut starting
from a stock solution ahTHPP (50uM, DMSO).
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11.3.3 Estimation of the binding constant
pMBCD/CD-mTHPP (1:1) equilibrium

Non-linear least square fitting of the UV-Vis tiin data using the GraphPad Prism
2.01 software using a suitable equation for 1:Mipig, as follows: If G is the guest, H is the

host, and HG is the formed complex, the associattmstantK, can be defined as:

K = [HG]J/H][G], (Eq. 1)
[G] = [Gdl-[HG] (Ea. 2)
[H] = [Ho-[HG] (Ea. 3)

where, [H] and [G] being the total host and guest concentrationspeaetively.
Combining all (Eg.2) and (Eq. 3) in (Eqg. 1), [H&rcbe written as:

[HG]:([GO]+[H01+1/K)—J[—([GOZ] +IHOJ+1/K)J” ~4[GOIHOL .

The experimental data were fitted to the equafigh=€ el HG] (Eq. 5), withAA =
the observed difference in absorbance, yieltipg,) = 3.8 (+ 1.59) X 10 M (goodness of fit,
R? = 0.9954).

pMBCD/mTHPP (2:1) equilibrium

For the 2:1 case, we assume negligible [HG] comagan, thus
K = [HGJ/[H][G] (6)

[GQ] = [G]+[H:C] (7)

[HO] = [H]+2[H.G] (8)

Set mole fractionsyo = [H]/[HO], a2 = 2[H,G]/[HO] and @0 +a2) = 1. Assuming that

the free guestmTHPP, does not contribute to the observed absoebdue to its nearly zero

solubility,
A =a20A = [H,G] = AATHO] with  [H] =[H0](1-%) and
AAJHO
[G] =[GO] _#.
20A
Therefore,
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(AA[HO])
K = 20A .
~ [HO] - (L- AA[HO]), 2 _ AA[HO]
( AA ) ([GO] (2AAmax))

By plugging in values for concentrations and abaonde differences observed near the
break point of the 2:1 binding curve, [HO] = 2 X 1M, AAM= 0.526,AA = 0.585, the
binding constant is obtained wigg.1) = 4.9 X 10 M~

11.4 Structural features by pCD complexes by NMR

11.4.1 pMBCD/MTHPP (2:1)

The initial *H NMR spectrum of pCD (8.67 mM, 0.5 mL, BD) was recorded. A
diluted solution ofimTHPP (50uM, MeOD-d,) was added stepwise in small volumes (385
to the initial pM3CD solution andH NMR was recorded, until no more peaks correspantt
pMBCD were observed in the spectra. Finally, 2D NMRpeaziments were recorded to
determine the structural features of the complexB@ER/mTHPP. [Final concentration:

pMBCD/MTHPP(8.67 mM / 5.6 mM, R = 1.54) in 11 % MeOD ).

11.4.2 pMPBCD/CD-mTHPP (1:1)

The'H NMR spectra of pfdCD (5.0 mM, BO) was recorded. A small amount of CD-
MTHPP (2.1 mg; 1.6umol) was solubilised in DMSO (2(QL), followed by the addition of
0.45 mL of pMBCD (5.0 mM, BO). All NMR spectra including 2D NMR experiments nee
recorded at 25 °QFinal concentration:pMBCD/CD-MTHPP (4.79 mM / 2.49 mM, R = 0.52)
in 4 % DMSO / RO].

11.5 Inclusion / complexation studies of selected mdéescu

11.5.1 Job plots (NMR) for 5’-AMP : Bpen

Continuous variation Job plots of thpen cavity protons (CD-51Hs) chemical shifts
were evaluated frorH NMR (deuterated PBS, 25 °C) in the presence ofing amounts of
adenosine 5’-monophosphate (5-AMP). Initial cortcations of pen.HCI and 5’-AMP were
10 mM prepared in PBS. For a total volume corredpunto one NMR tube (1 mL), different
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volumes offpen (10 mM) were mixed with 5-AMP (10 mM), in tHellowing ration (R =
Vigpen ! Vs.avp): 0.2/0.8, 0.4/0.6, 0.6/0.4, 0.8/0.2 mL) were mix€hemical shift changes of
cavity protons (K Hs) were plotted as a function of the mole fractiéfBpen.HCI in the NMR

tube and the stoichiometry was determined.

11.5.2 5-AMP : Bpen

Bpen.HCI (11.7 mg; 6.9@mol) was solubilised in deuterated PBS (pH = 7.450nL)
to obtain a clear slight yellow solution. Thd NMR spectrum was recorded. Adenosine 5'-
monophosphate, 5-AMP (2.40 mg; 6.Qfnol) was added to the previous NMR tube and the
solid added completely solubilises. Th& NMR spectrum was recorded again followed by 2D
ROESY NMR experiment (spinlock time = 350 miginal concentration:Bpen.HCI/5’-AMP
(15.4 mM / 15.4 mM, R = 1.00) in PBS]

11.5.3 PABA: Bpen

Bpen.HCI (6.33 mg; 3.76mol) was solubilised in deuterated PBS (pH = 7.8;r0L)
to get a clear slight yellow solution. THel NMR spectrum was recorded. Excess pof
aminobenzoic acid, PABA (2.13 mg; 15150l) was added to the previous NMR tube and the
solid added completely solubilises. Th& NMR spectrum was recorded again followed by 2D
ROESY NMR experiment (spinlock time = 350 mfjinal concentration: Spen.HCI/PABA
(6.3 mM/25.8 mM, R =1.00) in PBS].

11.5.4 ADA-NH;CI: CD-mTHPP

In a dry vial CDMTHPP (2.01 mg; 1.1@mol) and pMBCD (1.45 mg; 1.0umol) were
solubilised in DMSQOds (20 L), vortexed for 1 - 2 min followed by the additiof D,O (480
uL) to obtain a clear dark red 4 % DMSQ@solution. TheéH NMR spectrum was recorded
followed by addition of ADA-NHCI (6.7 uL; 54.3 mM, 4 % DMSO/BO). 'H NMR spectrum
and 2D NMR spectra (HSQC / NOESY) were subsequemsitprded [Final concentration
pMBCD/CD-MTHPP (2.00 mM / 2.21 mM, R = 0.91) + ADA-NEI (0.71 mM) in 4 % DMSO /
D,O].
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11.5.5 GEM-ADA amide : CD-mTHPP

In a dry vial CDMTHPP (1.0 mg; 0.55j{dmol) and pMBCD (1.2 mg; 0.83@umol) were
solubilised in DMSQds (20 pL), vortexed for 1-2 min followed by the additiof B,0O (480
uL) to obtain a clear dark red solution (4 % DMS@DD. *H NMR (relaxation delay, 0= 5 s)
was recorded, followed by addition of GEM-ADA ami@ie) (0.5 mg; 1.175umol) stirring (5
min; not soluble), followed by sonication for 60rmtH NMR spectrum and 2D NMR spectra
(2D ROESY / NOESY) were subsequently recordgeinal concentration: pM3CD/CD-
MTHPP (1.67 mM / 1.14 mM, R = 1.46 ) + GEM- ADAi@den(2.45 mM) in 4 % DMSO /
D,O].

11.5.6 NDTAM.HCI: CD- mTHPP

In a dry vial CDmTHPP (0.96 mg; 0.58amol) and pM3CD (1.4 mg; 0.9&1mol) were
solubilised in DMSCQdg (20 pL), vortexed for 1-2 min followed by the additioh B,O (480
uL) to obtain a clear dark red solution (4 % DMS@DP. The'H NMR (relaxation delay, 0=
5 s) and 2D HSQC experiments were recorded, foliolmeaddition of NDTAM.HCI (0.17 mg;
0.43umol) and repetition of the same NMR experiments N\DESY experiment was recorded
using a different molar ratio namely: GBFHPP (1.7 mg; 0.93mol); pMBCD (1.4 mg; 0.98
pumol); NDTAM.HCI (0.17 mg; 0.43umol). [Final concentration: pMSCD/CD-mTHPP (1.96
mM /1.06 mM; R = 1.85) + NDTAM.HCI (0.86 mM) i DMSO / DQO].

11.5.7 PABA : EPI/Bpen P

P;(6.13 mg) was solubilised in deuterated PBS (pH4+ @.5 mL) to get a clear slight
yellow solution with a residue in the bottom of thése. The'H NMR was recordedPara-
aminobenzoic acid, PABA (2.0 mg; 14u8n0ol) was added to the previous NMR tube and the
solid added completely solubilises. Th¢ NMR was recorded again followed by 2D ROESY

NMR experiment (spinlock time = 350 ms).

11.5.8 PABA : pLys/Bpen BB’

pLysBpen BB’ (1.2 mg; 0.6umol) was solubilised D (0.5 mL) to get a clear
colourless solution. Th#H NMR spectrum was recordeBlara-aminobenzoic acid, PABA (20
uL; D,O) of a 30.6 mM solution prepared by solubilisitdggA (4.2 mg; 30.6umol) in D20 (1
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mL). The'H NMR spectrum was recorded again followed by 2DES® NMR experiment
(spinlock time = 350 ms) and 2D HSQC.

11.5.9 GEM-ADA amide : pLys/Bpen BB’

pLysBpen BB’ (1.0 mg; 0.5umol) was solubilised D (0.5 mL) to get a clear
colourless solution. Th&H NMR spectrum was recorded. GEM-ADA amide (0.6 rig}
pumol) was added to the previous solution and ‘#HHeNMR spectrum was recorded again
followed by 2D ROESY (spinlock time = 350 ms) an2aHSQC NMR experiments.

11.5.10 ADA-NH 3ClI : pLys/fpen T,

pLysBpen T (5.0 mg) was solubilised O (0.6 mL) to get a clear light yellow
solution. TheH NMR spectrum was recorded. 1-Adamantanamine, ADACI (12 pL, 55.9
mM, D,O) was added to the previous NMR tube and the salited completely solubilises. The
'H NMR spectrum was recorded again followed by 2DE8® (spinlock time = 350 ms) NMR

experiment.

11.5.11 5’-AMP : pLys/Bpen T,

pLysBpen T (5.0 mg) was solubilised O (0.6 mL) to get a clear light yellow
solution. The'H NMR spectrum was recorded. Adenosine 5'- monophate, 5-AMP (96uL,
20.2 mM, DO) was added to the previous NMR tube. THeNMR spectrum was recorded,
followed by 2D ROESY (spinlock time = 350 ms) NMRperiment.
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11.6 HPLC calibration curve of 5’'-AMP

HPLC with UV-Vis detection ah = 254 nm was used to determine the calibration
curve of 5-AMP. A stock solution A, containing BMP (8.1 mg; 23.3umol) was solubilised
in phosphate buffer saline (PBS, pH = 7.4). Fivlutttns were prepared by diluting small
volumes of solution A (1 mL; 5 mL; 2.5 mL; 1 mL;50mL) respectively into (100 mL; 25 mL;
25 mL; 25 mL; 25 mL) to get five solutions of cont@tions of (G = 233.0uM; 46.7uM; 23.3
uM; 9.3 uM; 4.6 uM) respectively. All solutions were injected in digpte (2 x) in the HPLC
system and the analytical response (area undepeh&s) was measured and plotted as a
function of G (UM).

12. Cell experiments

Cell experiments were conducted on human prosteateer cell line (DU145) and on
breast cancer cell line (MCF7). Cell medium usedvral Park Memorial Institute (RPMI)
medium and phosphate buffered saline (PBS). Incubéitmes used were 3 h or 15 h. Imaging

was performed by confocal spectroscopyeat= 647 nm and..,~680 nm.

12.1 CD-mTHPP

A stock solution of COWTHPP (10 mM; DMSO) was prepared solubilising CD-
mTHPP (0.82 mg; 0.45mol) into DMSO (46uL). The stock solution was diluted twice: CD-
MTHPP (400uM; 4 % DMSO/PBS) and CPATHPP (8uM; cultured media). DU145 cells
were incubated for 15 h in the presence of @HPP (8uM; cultured media). A second set of

experiments was performed in RPMI instead of PBS.

12.2 pMACD/CD-mTHPP

A stock solution of pMCD/CD-mTHPP (10 mM in CDnTHPP; DMSO) and was
prepared by solubilising CERTHPP (0.72 mg; 0.4fimol) and pM3CD (0.30 mg; 0.2umol)
into DMSO (400pL). This stock solution was diluted twice: GBFHPP (400uM; 4 %
DMSO/PBS) and CORTHPP (8 uM; media). DU145 cells were incubated for 15 h e t
presence of CBATHPP (8uM; cultured media). A second set of experiments pexformed in
RPMI instead of PBS.
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13. Additional characterization data

13.1 Conjugate CD-mTHPP
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Figure 114. 2D HSQC NMR experiment (DMSOds, 500 MHz, 25 °C) of CDmTHPP.

13.2 Per(6-aminoethylamino-6-deoxygcD (Hpen)
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Figure 115.*C NMR spectrum (D,0, 500 MHz, 25 °C) spectra ofpen (white powder) in DO (10 < pH < 11)
and of Bpen.HCI (pH = 4).
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Figure 116. MS (MALDI-TOF) Bpenfreebase (5 mg/mL), using 2,5-dihydroxybenzoic aci(DHB) as a matrix.

13.3 N-Desmethyltamoxifen hydrochloride (NDTAM.HCI)
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Figure 117.*H NMR spectrum (MeOD-d,, 500 MHz, 25 °C) of NDTAM.HCI.
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Figure 118.%C NMR spectrum (CDCl;, 500 MHz, 25 °C) of NDTAM.HCI.
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13.4 Tamoxifen citrate (TAM-Cit, 2:1)
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Figure 120.*H NMR spectrum (CDCls, 500 MHz, 25 °C) of TAM-Cit (2:1).
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13.5 Gemcitabine-adamantanamide (GEM-ADA amide)
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Figure 122. IR spectra of commercial GEM.HCI (jght blue), ADA-COOH (red line) and of GEM-ADA amide
(blue line).
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