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Abstract

Luminescent transition metal complexes (TMCs) represent a class of compounds with remarkable
photophysical and electrochemical properties, arising from their unique electronic structures.
Complexes containing Pt(ll), Ir(lll), Ru(ll), Cu(l) for example atearacterized by the presence of
partially filled d-orbitals, exhibit a range of fascinating phenomena including phosphorescenee, long
lived excited states, antdneableemission wavelengths. These features, in conjunction with their
chemical versatility ad stability, have rendered TMCs indispensable in numerous fields, spanning
optoelectronics, sensing, and bioimaging. Within this diverse landscape of TMCs, platinum
complexes have garnered particular attention owing to their exceptional luminescenagegrapd

the pivotal role of supramolecular sedsembly in dictating their behaviour. Thanks to the square
planar geometry, when the Pt(ll) ion is coordinated to conjugated liganessselhbly can occur
leading to the creation of supramolecular stites. These complexes in the assemblies can exhibit
strong metametal interactions that engender unique photophysical characteristics, including intense
phosphorescence and loliged excited state$°. The selfassembly of these complexes is strongly
medium dependent and can further modulates their electrochemical properties and modify their
reactivities enabling the creation of stimréisponsive materials and sophisticated functional
systems. In Ffessor De Cola's research group, thehaviourof selfassembling platinum
complexes has been extensively studied. The possibility of using-sadidre, seHassembling
platinum complexes makes them ideal candidates for in vivo imaging applications. It is known that
one of the major problems of classieninescent markers is the presence of oxygen in biological
systems, as this is a known quencher of {wed luminescent states. However, saetcembled
structures would protect the metaintre thus preventing oxygen access. Although theasdembly
process has been extensively studied to evaluate its spectroscopic effects, its potential for modulation
at the biological level has never been thoroughly investigated

While many Pt(Il) complexes are toxic and several anticancer drugs have been developed taking
advantage of their toxicity, there is a wide variety of transition metals, in biological systems that play
crucial roles in enzymatic function, protein transpamd storage, oxygen transport, and
photosynthesis. Deficiencies in metals can lead to various of diseases in humans, such as anemia,
growth retardation, and heart disease in infants due to iron, zinc, and defipemcies. Amongst

the enzyme that playnaimportant role in maintaining the cell metabolism and healthy our body
superoxidadismutasgSODs), which utilize copper and zinc to neutralize reactive oxygen species,
and catalase, which employs manganese to decompose hygregeide®® very relevant. The
significance of these metalloenzymes has spurred intensive research in recent years, with a particular
focus on the synthesis of artificial metalloenzymes that mimic the catalytic processes of their natural
counterparts. To achieve tigwal of mimcking enzymatic activity, it is crucial to simulate an
environment that closely resembles the natural enzymatic task. One promising strategy involves
confining these artificial metalloenzymes within nanostructures, thereby creating a controlled and
restrided system. This approach aims to replicate the spatial constraints and microenvironment found
within enzyme active sites, potentially enhancing the catalytic efficiency and selectivity of the
artificial metalloenzymes. A promising approach for enhanclre dtability of transition metal
complexes (TMCs) in biological environments is the utilization of soft or hard porous nanomaterials
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as confinement systems. Nanotechnology has experienced a remarkable surge in research and
development across various sectors, including medicine. Nanomaterials, owing to their nanoscale
dimensions, exhibit unique properties that differ significantly framirtbulk counterparts, making

them attractive for biomedical applications. The potential of nanomaterials as drug delivery vehicles
stems from their ability to protect drugs from degradation, facilitate targeted delivery, enable
relatively straightforwardnanufacturing processes, demonstrate biocompatibility, and accommodate
diverse drug types. Consequently, employing nanomaterials for the transport and protection of
catalytic TMCs complexes offers a promising strategy to overcome the challenges assathated

their instability in biological systems. In this field, transition metal complexes represent a valuable
resource for therapeutic and diagnostic applications in modern medicine. Their diverse chemical
interactions, encompassing redox processes amdinaton chemistry, allow for the development

of tailored approaches to disease treatment. Ongoing research endeavours to discover and optimize
novel metal complexes, enhancing their efficacy, safety, and specificity for various medical
applications. Asgch, transition metal complexes are poised to play an increasingly pivotal role in
the future of pharmacology and therapeutic interventions.

The aim of my research is to develop transition metal complexes able &ssethbly to achieve new
functions or simple catalysi®imic compounds. To enhance their stability in biological media, | have
investigated soft and hard porous structures creatfbgd nanosystems. The first objective of my
research focused on Pt(ll) complexes, containing conjugated ligands, exploiting the high tendency of
such square planar compounds, to-asfembly in supramolecular structures. The synthesized water
soluble R(Il) complexes have been investigated to assess their assembly tendency and in a very
complex media such as living organisms. The obtained results suggest that-#ssesalbly of the
complexes, and in particular of a positively charged compound, medtiair photophysical
properties, and, very interestingly, trigger important biological effects, suggesting a kind of
antioxidant activity. For this reason, in the second objective | have designed and synthesized metallic
complexes as mimic for the naturehzymes, containing Cu and Zn as metals. Atrtificial
metalloenzymes have become increasingly important in the last decades as a promising approach to
combine homogeneous catalysis and biocatalysis for therapeutical applications. In cell systems, the
enzyme superoxide dismutase (SOD), catalase (CAT), oxidase (OXD) and peroxidase (POD) are
involved in redox homeostasis. Therefore, artificial systems able to function as antioxidant under few
pathological situations associated with an enhanced oxidative, sttess as diabetes, cancers,
inflammatory bowel and neurodegenerative diseases are the basis of my segeangh. Inhe last

part, the third objective of my work, | have focused on the development of softipribbased

vesicle, i.e.Qs (QS), eventually covered with silica, and hard porous nanosystems such as
organosilicates. The porous nanoparticles have been employed for the encapsulation of some of the
complexes in order to confer water compatibility and to enhance their stability.

In conclusion, this PhD research has yielded significant advancements in two key areas: i)
understanding selissembly in vivo and in particular the biological impact of redox active
assemblies; ii) SOD mimic systems that can be used in biological sadyde® the enhanced
stability dictated by a nanocage and the water miscibility again promoted by the scaffold. These
findings can open new venue on the design of systems in which the modulation of the redox activity
can be tuned by molecufaolecule interetion as well as the novel way to protect unstable species.
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1. General Introduction

1.1 General Properties of Transition Metals, Complexes &
Coordination Chemistry Fundamentals

Transition met abllso c ko c(dg@poyuiprisg tthtree peeri odi c t abl
partially filled @ceonfboguahbhsiodfhfacilietcaresni t
compl'dxesordination complex, or coordination
ion bonded to an array of surrounding mol ecul
Sophus 3démgOesnenar k A87i08g mah&emi e he beginning

compl exes. Currently, there is a growing inte
potenti al and establisAhedchpgingabpoosl eat don
electrochemiluminescence (ECL), and medicine
Organometallic chemistry, an interdisciplinal
explores the interactions between inorganic m
introduced power ful new s yrtehmd tsita y mebtuh o daoll soog
bi ochemistry through the discovery of met al |
Furthermore, organometallic principles are cr
and col |l oi dsal ( npaanrotsiccallees )metControll ed pyrolys

emerged as a valuable techsigue mMatesiyalthesi 2
field played a pivotal role in thebtestifugence

The distinctive chemical properties of transi
oxidation states, adopt diverse coordination
reactions, render thems.essenti al in biologica

1.2 Coordination Chemistry Fundamentals

Coordination chemistry focuses on the study o

formed by the association of met al ions with
process modifies the propiegand.s Ao ft hboortohu gthh eu
coordination chemistry is indispensable for i

aspects of Dbio%inorganic chemistry.
1.2.1 Hard & Soft Acid and Base Theory

The Br-lBomwrnydt heory def i)nedomari ddsamds lpawodonaq H
more comprehensive Lewis theory broadens- t hes
pair acceptors andpalierwido nboarsse.s alse wilsecaaiodhs a
neutral .eFomolaeampes | i ke water, nitrogen, an
as Lewis bases, while trivalent boron compoun
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The Br-lBmwrtydt heory can be considered a specif
aci®® (i also a Lewis acid.

Trends in the thermodynamic stability of c¢comp
guantified by the equf)] i bavem €édrmatibe Ctbasd
(HSAB) principle.

Hal i des serve as a convenient set of Lewis ba
of Lewi s acids. Fluoride is the hardest base
compl exes with increasing Kf in the following

"< ®&r &I ,F
whereas soft acids follow the opposite trend:
F< &I &r.l

Il n this framewor k, a hard acid reacts with a
with a soft base.

The nature of bonding between hard and soft a

and | ess polarizabl e, tend to form bonds wit
remains |l ocalized on theésdom@irn@tloanrgdm amodtm
bonds with greater covalent character, result

and the base.

The HSAB principle el uradeatiest emaarg/t ibadmd .o gk acral

Mg*stabilizes hard bases |ike adenosine dipho
strong interactions with tHhebormephssphhee cgmp
carbonate and phosphate, which are cruci al co

A significant application of HSAB theory in b
ions with amino acids and peptides. Amino aci
and proteins, can bind metnad sa ciind sv acro nobuasi chw aayns
carboxyl 3t gr oR®EBQ® which are hard bases. These
Na', Mn Mg aftbvea softehr ZXurFdesartd kZn Cu

During the formation of polypeptides and prot

form amide (RNHCOR') Ilinkages. Amide groups a
involved in hydrogen bonditnrgudthkhes ibaibkeeet 3 e s a|
| oops. Consequently, metal binding in protei:|
resi dues. Nitrogenous suldghwoth ai m$ ngesgde kihat
and mmeitnhei)o provide softer | igands s'ui’@Na&bl andor
ZA* Conversely, amino acidsaswiarhahaerdaed)gi deé s
serine, and tyrosine (ROH), possess oxygen do

l i ké'amMg®tFe



1.2.2 Ligand field theory in the context of coordination chemistry

Coordination complexes of transition met al I 0
t hough other numbers are also observed. The p
l igands, their coordih’ation numbers, and geom
Lig&ameld theory, +<#velwded heoom, ceysealtively d
affects transition metal |1 on pmodelstdpeosi.ntl nneg
charges, inter adotr bwittahl st.h eAsmd ti ggla nidosn 'agpppr oach
t hdeor bi t al energies due to repulsive interact

coordination nudmber and geometry.

v - o
- 4 e f
— xX2—y?
22
g‘ﬂ 22X27y2
I.EI — — —
—_ Xz yz Xy
xy
A,
— — ‘ A
————— XZ yz 2—2 -
- 22X2—y2
fvies Xz yz
Yy Z V25
Free metalion  Linear Square Tetrahedral ~ Octahedral
planar
FiguSel 1t toirnbgi toafl sd of a transition met al ion in
Il n an octahedr al field, as | i gcaonadrsd ianpaptreo agceno m
energi @serbftahe increase. |l f the charges were
energy equally. However, because the ch%¥ ges

andlzor bitals ddryge doyanbitthal s. This results in
enee@y bitals -andbphdiltaver sep-araetddsbpbyirthenip
@ The magagdietpieched sofon t he met al i on, i ts char
often corresponds to visiblecol gt eddittroa& m :1igt it o |

Il n a tetrahedr al fie€lodrdiin@gdrdgeamedmye égdrionu na
orbitals diftgfaemitzbybi Hate, (eherbital s)dxare I
dxandlyaezr bi tals (t2 orbitals) are higher 1 n enc¢
ofafxi s |l igandisel dhepligandg gpan amdtyeri ciady,l ¥ hiss
approxi matetdadtiettit o fewer | igands interacting



The spectrochemical series ordlerditabgaeder gas
field | igands COi kasupS B, tltwilmrngddei eweda kil i"gaddc&Bmulsiek e
smalslpén.t tTihng ordercogamaeaf mMagneesctheoperties
exampland COO | igandfisel dei o§ tsgpnirnb mcgodmptl oe xleosw wi t
orbital splitting, whi l-sepi malciodnep | leix @ & p tvsittthierss
A partial spectrochemical gpet roi esguialsil sgii vmegn  olf e

CN~ CO %> MOp >s3:>ere‘dxt ANHEO> OHP CtBPp 1

The arrangemendorabnidt asl psl iatrtei nogr uocfi a l in determ
properties of coordination compl eypedi tRdrs iam el
in ener gey® 1t hiatnaltsh,e while in a sqgdfametmydrOoDuiZdha

enzyme, the arrangement diff erBeldueer teof fteltd . s
describes the geomrheatnreiacralmodiesctud retsi om tohf dreagre n e
| owers their overal/l energy.

Ligdamel d theory also emphasizes the significa
Ligands with appropriate energies and symmetr
the metadomamnhe baea kt he | tedeercdhsr UUBMOOf Thae @§8id
stabl e met al compl exes, with many compl exes
el ectrons.

I n designing codifdicuat ingn omno mmleex enxsn,er coor di

sphere complexes form when ions bind directly
Met all oenzymes, for exampl e, have a second co
in various ways, influencing the enzyme's func

Whil e Crystal Field Theory (CFT) offers a bas

structure of transition met al compl exes, it I
di poles, CFT neglects theabseriwhpcbofplbagand a
A more comprehensive approach is provided by
principles from Mol ecul ar Orbital ( MO) Theor

compl exes biiecbosmderongot mol ecul ar orbitals
orbitals (LCAO) of boé% hThihe anepgrad aam dt akes |ii g
of the complex and uses empirical eneegegergneds
of the resulting molecular orbitals.

To understand photochémincdaridt mid o cceosrspd se xiersy o li vt i
consider the electronic transitions that- occl
conjugated |igands, the metahbhdapsedp] igadddoo.l
a set ofornbolteaclusl.arOpti cal excitation induces
effectively redistributing el ectron density



promotion of electrons from occupied mol ecul a
specific energy and character. (Figure 1. 2).

r 3

™,

wcl |MLeT

Energy

oL
Metal Ligand orbitals

Metal

orbitals -
orbitals

Figu$iemel i fied MO diagram woshactrassiopiconemei alatco

1.3 Transition Metal Complexes and their role in the
biological processes

Transition metal compl exes are essenti al t o
i mpacting health, dfvseetaasles, |ankde biirootne c hcnoopl poegry,.
integr al to the structure and function of nur
DNA® Their rcalteadeyssiamgoisael bi ochemical reacti on
regulating gene expression, anrdiomagiamt &i ncihnegmi
interdi sacpl coambynbng i norganic chemistry and
metal ions in YiMdtogli cadbnpracessiesal for the
growth of the human body, with around 30 el el
proteins, carbohydrates, and other structural
el emt s i ' iving systems are C, H, N, O, and

n
Na, K, Mg, Ca, S,u,Clzn,Mo,ndMn, ake, f@wu,ndCin tra
Ni , and Li arter asceeq ugtraendt iitni eusl.t r a

Bio-inorganic

Inorganic chemitry Biological
chemistry sciences

Schementler section diagram



A variety of transition <4lreamentqsu,anpnes erst ipn

enzyme functi on, protein transport and stora
el ements are integral to cthhel ofturmmtliyomaaft i me tpas
but also bind with it. Thaemoglhalyimgsohbnd, pcygt
and ferredoxin, are essential for electron tr
Deficiencies in metals can | ead to various di
and heart disease in infants due t dhaiermorg, odii
(HDb) |l evel s results in insufficient oxygen s
maj or contributor to gl obal anemi a. The wuse
becoming incre®dnaogl gyt andinid i caetfunction of
provi des I mdiagntetng al ntto f Eu processes but al so
t herapeutic and i ndustri al applications, un

techn?dl ogy.

1.3.1 Role in Enzymatic Functions

Transition met al compl exes are dshgemnutgihalc atta |
redox rekaNMet ahlsoenzymes, which contain transi
met al 6s ability to undergo changes in oxidatic
for | ife. To be active atndi fifmmgormndnti nt 0 eaacth
ion and the scaffold. I n the context of a met:
and bonds that supports the hotesitheopr i mar yn
sphere of |igastwuilmphoxtygmsn, wasnwdalnliyrogen, that
ion. The secondary coordination sphere, which
the met al ion, I's also considered parantolfy t'l
influence the met al ion's reactivity. For exa
coordination sphere of the met al i on.

One prominent example i22,2¢ who chhemertoBd BOe netnr
(Schematic strudtwrig.er Bpe £s et ayt meoxnn dme vit al
and the synthesi s hefmesotne rioni dc yhtoorcniornoense. PT4h5e0 c a
oxidation states, enabling the transfer of e
activation all ows the enzyme to hydroxyl ate s
compounds &amd heni di pat hways. For i nstance, t
bi osynthesis of cortisol rely on the <cataly!
cytochr omecocnt aami ngomprotein, is fundamennt al
mi t oc h?dQwydtrdcahr ome ¢ transfers electrons betwe
and complex IV (cytochrome ¢ oxidase), a proc

transport is driven by tchher ooneed ocx, chyicd hlnigg hotfi ni
respiration and energy producti on.
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Figureat3ucAure of BStrnonechtrome &FM450yt ochrome c

Anot her examplSeupiesr opxr alwiSdDEDl sthuyp msteher criti cal
playing a significant role in detoxification

di fferent for ms, suchS@QB) caomdemdz g aZ@ B D SediL U
containing r es$CItciavtea Inyesteasl tihoensdi smut ati on of
and hydrogen peroxide. This reaction is cruci
(ROS), which can cause cellular damage.okleme h
down by cat-admatsa&i, niamg i grmmny me, into water and
oxidati v Tthemaaget.i vity of these metalloenzym
homeostasis and preventing oxida’ti°enstudssg
cardiovascul ar diseases, and neurodegeneratiyv
exampl e, mut ati ons i n t h-80B,0Dar genese s oxinaztoad
amyotrophicsl éAeB6al soaderesbring the i mportan
activity and cellular health.
Hisz4
NH
)
PN % | Hisgg

Hisq4g \ .
NH Hisg1 /'
Hisg NH
Hiszg
FiguCe/Zn SOD enzyme
These examples illustrate the indesakbhsadpl eff
and regul ated bilocthreamhcatuprmeeasBelsi sm and h.
production and cellul ar defence mechani sms. T
processes-40&8s odabalti &down proteins, including
(e.,g Fe, Cu, Zn, Ni |, Mn) f odi npernospiBon aélot(dX ngr € .
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ability to facilitate redox reactions and el ec
processes, highlighting their broad and essen

1.4 Medicinal Applications of Transition Metal Complexes

Phar maceuti cal and therapeutic applications ¢
fiettheat ntersection of chlenfi Pthreys,e Iwioanpd gw),e sa re
chemical properties that can be harnessed f o
treatment. Bel ow, we explore several notabl e ¢
One of the most prominent applications is 1in

use of transition metal compPflexlkes a6ty ook
activity of thediaomgaedcchbmpbpkati sum?2.C¥1)
Cisplatin has since become one of the most f

treatment of solid -camncemoenfacect $3*EPRebit mdinggc:
l'inks nhhéait DNA replication and transcriptio
efficacy, cisplatin is associated with sever e
prompting research into neweaf eptlyatprnoufm Iceosmplle

mol ecule served as the starting point for th
platinum complexes. *% ®r ae xdaempilveat i ovaer boofp | @it $ m|
t herapeutic banefiigtnd f ba & n twiytlhil miwteirn gr i s&ku r oft o
nephrotoxicity associated with cisplatin.

o]

Fi gureA.5 Cisplatin; B. Carboplatin

Ot her transition metals hheeapy s dRstede mibionm b mix
such asA MHAMI KP31%elx%h i bi # upmotuentacamtvii ty through

from platinum drugs. These complexes interfer
induce apoptosis in cancer cells whiplatsmparin
Beyond cancer, transition met al compl exes are
comp “RIxiekse Atlrbh’avéi meen r epurrhpeousneadt i fcr oang eanrt tsi
treatments for cancer and parasitic infectiol
inhibits thioredoxin reductase, an enzwmevienyv
stress and apoptosis in cancer cell s.
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Another example is provi d¥edo mpyl ezxiensc. c ofnprl eixres
drugs | i keomeltdxednizni nc have shown promise in
signalling pathways and i nmpbreolvoinnggs gtlou cBisgeu aunpit
cl ass of compounds known for their diverse bi ¢
anti mal ari al , and cardioprotectiveonot i biitdiee:
|l igands andompkades ywiohmnearly all transition
active biguanides to various met al centres of
reduced drug resistance and a brimadedaronapbtrc treud
met al centres, such as Au (111), enabl es var
activation of prodrugs, dthrgeéappoeachtyeprese
Cl
NH NH NH \©\ NH;  NH,
H2N NH; H,N N/@gn\N NH, N N N
Guanidine H H H
Synthalin A (n=10) Progu
Synthalin B (n=12) anil
(Palud
NH; NHQ(":I_ NH, NH NH NH, rine)
\N N NH, \N N NH; H,N N/ N
| Flumamine Metformin (Glucophage) H Phenf
ormin
NH NH,
H,oN N H
Buformin
FiguCédemical structures of metformin and structurally

used in clinicad0tprae*e¢nifocei es the 19

Simil ardbwnseadiendgaltaimmat or y adentcont akei nEgbseé¢lka

antioxidant properties and have been investic
Al zhei mer's and Parkinson's. Ebselen iradacsayn
scavenging propertiesl iakned agcltuitvaitthyi.o nlet pex loixh i
reacting with thiols, hydroperoxi des, and per
reactions, Ebsel en prforemtexicedtliuvarstcroenpo nam
makes it a valuablreeltaotoeld fnoerc hsatnuidsymsng r ed o x
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I n addition to their direct therapeutic roles
agents in nfediScdanlc ei mahgei nigmtppo dwetdib@ eadfi nBEBA ap

agents (cisplatin, oxaliplatin, and carbopl at
transition metal compid®e®es for imaging and th
Met al compl ex probes act as sigwoal Ot Fod s, tbo boerl
radi ometric change in response to analyte b
advant ages, making them versads.l el mtasmrda dtait @rs
paramagnetic met al compl exes and their Dbiol o
magnetic resonance-enmagcingd( MRIRpedi Bivasa®mte i ma
technique t hrads @plrumaigee® sohi gdft ti ssues in the
depends on the differences in the relaxation t
are used to enhance these differenceweg dfhet e
i mages. Contrast agents work by altering the
primarily through the mechanisms of | ongitudi
Using transition metal complexes for this pur |
typically exhibit high | uminescent quantum yi
through stronger l umi nesicrentengephospbsresee
emi ssions to be easily distinguished from t h.
usi ngr etsiomeved emission spectroscopy. Addi ti ol
separation excemassoonnwawel-gnghbbingrevVkekatopygi
of these complexes can be readily tuned by var
wavel engths nfoatbed negr on, which it® ibeéeadalerf o
penetd%®t i on.

Contrast agents (CAs), which are oftéfWhappl i
Gadol basenh compl exes, used as contrast agents
the magnetic properties of gadol ini uMTheseenh
compl exes are cruci al for di agnosing conditi
neurologi e®al Haodwewerdera maj or issue with the n
met al i on, i sithey sofgnadexfanihfirecer'ef(ore, for
applications, gadolinium (l11) must be bound
this complex demmnsesaséankengo transmetall at
|l oss of the Gd (111) ion.
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FiguCéi@ically used coxtobmasexagents based o

et y -boafs egda ccoolnitmiassmh agents (GBCAs) has g

devel opmamtxiecf,-f sCal§ ¢ MRhowoont r ashasagde ndaesnt r

ts are i nm@Padht amti sc anedgiadadt easnd are ahticipa
anese -(dMn)haamai denmet al essenti al in cell

magnetic contrast material%j,usied hiass MRIv.€
trons, providing effeétive positive contr
ks to its intrinsic properties such as a
| e watneark i enxgc hiatn geef,f ect i v&'f wrsc tai ocnosn t sriamsit!| a
magnetic ions, 3)suarmd acojpgpaedy!| (iThioum enGah g t
ons, thereby increasci gligft adheMRiigmadges ntdors
a minor T2 effect, so it reduces signal i
hemically, manganese i s invol ved i n mi t
chondrial density exhibiting greater Mn u
rast agent for MRI ofri chemmdr,i veuclands ot he
eys.

abhased contrast agents are classified int
id manganese agents (such as oxo0o cluster:

opartéicl es.
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H,0

Asp OC CO Asp HO,C HO,C
HOP-8P UROP-I Hematoporphyrin (HP)
Fi gurkEex almpl e of three small molecule Iigands us

Chel ated manganese has been widely dea¢eds ast a
toxicity problem of free manganese i ons.

Manganese offers sigwefgbbhetd MBVaobageastsage

configuration and enriched biochemical featur
it of fers an interesti nagg eanltt. e rTnhaatnikvse taos naonv eN
emerging to achieve high MRI contrast, there
form in order to reduces the risk of free mei

same tainme,nggrspe’i ficity target.

I n conclusion, these are just such examples f
represent a rich source of therapeutic agents
to engage in diverse chexmi pabcessesaandone® or i
enables tailored approaches to disease treatm
compl exes, optimizing their efficacy, safety,
t rangnettiadn compl exes are poised to play an i
phar macol ogy and therapeutic interventions.

1.5 The Role of Nanomaterials in Enhancing the Stability of
Transition Metal Complexes for Biomedical Applications

Transition met al compl exes (TMCs) have emerge
applications, including catalysi s, i magi ng,

bi ol ogical environments posaspraadgi grsief.i Aapt oaen
for enhancing the stability of TMCs is the ut

Nanotechnology has revolutionized various fie
to dsomagding chall enges. Nanomaterial s, wi t h
properties t hat di ffer fromm tatet rachhulvke doour
appli €afi ons.

The "nano" in nanomedicine signifies the wutil

the nanometre range (1 to 100 nm). These nan

properties that are not o0 b sienrgv etdh eimn  hti hgehil ry ba
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bi omedical ®*af¥'pei aatiilansy. to precisely engine

functionalization of nanoparticles has | ed tc
i maging agents with enhanced therapeutigmeand
to specifically target di seased cells or tis:
Additionall vy, nanoparticles can be used as in
the diagnmens aifdd®Teasease of nanomaterial s i
to transform the way we approach healthcare,

cge triaAngle‘

sphere :helix metallic N
7«':\7 ’ ~ nanoparticle )

star r
=

od
polymers DNA/RNA
hydrophilic/hydrophobic &“:&
- ” L N
5 T, :
§ hydrogel ;@\?\\\\/ } .',_

surface charge
: U
7 4 NS
functional groups: nanopartlcle - '{Mcﬂ\
-COOH, -SH, -NH,, Sadte dendrimer

-CF;, ketone, etc.

N
L ! ' 9Ty HO §
targeting ligands: - micelle
antibody, peptide, aptamer S'ze Py
L ) protein
- conjugate
_ HooC

1nm 100 nm graphene  graphene-biomolecule
derivatives conjugates

Fi gurNanlolparticles with different préédperties for

The potenti al of nanomater-eait ablaisshedg Trkreéy ve
from degradati on, facilitate targeted delive
processes, demonstrate biwvwensn@adrnbg ltyyesand

The wutilization of nanoparticles as carriers
compelling strategy to enhance the precision
targeted delivery of tnhesd iagergt O rtgmmans gsdnt,$ Ynsatme
hold the potenti al to mitigat-epaechiefiadvderruisg d
thereby paving the way for safer and more eff

Currently, most nanomedicines appgBode&MAY reb
| i posomal or pol ymeexicstfionngmudatgens Wioif | epr &h
demonstrated clinical utility, they are not w
can exhibit suboptimalr slt@ads e, tagnd pclalalt @am ge
all of which can significantly i mpact their p

The exploration of alternative nanomaterial s
to address the shor tbcaosneidn gtsh eorfa pciuersr eanntd | ei xppoasnod

of existing drugs, i ncl wditmg | teh adsuee @ roe vliiomistl a
toxicity. It is worth wmotlietaq|teh atr utglse ps Lo ess
trials 1s a mere 9%, often hindered by issue
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mol ecul es within nanoparticles can facilitat
i mproving their therapeutic i ntdaerxg ét)y® efhfheamtcs .n

In the realm offl'daagpasticl eéemagtcapgsul ation of

i mprovement s i n circul ati on |l 1 feti mes, c hemi
enhancing the wutility of these agents for in
nanoparticles, such as their small size and u
superior contrast agents for wvarious i maging
nanoparticles i n magneticotresiomfamaered mamt inga la
Through judicious design and engineering, nan:
delivery capabilities, creating multifunction
enabl e the simultaneou®sviassdaltiazgtitend aodfeldivee .
of fering the potential for personalized medic
Empl oying nanomaterials for the transport an
strategy to overcome the <challenges associ at
foll owing sections delve iand thei spmechamci $ mn
TMC stability.

I n the realm of nanomedicine, the wutilizati on
met al compl exes (TMCs) has emerged as a pr omi
bi ol ogi cal environments.heThuinsi qap rporaocphe r ¢ a @ist
particularly their ability to encapsul ate anc
their cont®?fodFfled release.

Among the wvarious nanomater i’4IMSNsMHme ssotpaonrdo usu t
candidates for encapsulating and stabilizing
| arge surface area and tuneabl e pore size, p
degradation whi lconalriodwiendf Afedtelatsieeiat t r acti ve
confi nememtr gaamnnd cmdtralmMéwdThes eMOFy)stalline mat
coordination etemset withopnsganicl uigands, poss
and versatile functionality. The MOF structur
TMCs, further enhancing their stability and a
Other type of nanomaterial useful afPesgompheseé.
from a variety of natwural or synthetic polyme]

functionalization. This adaptability all ows f
the pol ymer ma tercitx negf fTevcCisi vferloym pdreogtr adat i on a
rel ease.

The application of these nanomaterials as con
for i mproving the stability and functionality
to pave the way for s i g roii foimeeadn tc ad d vagrpd d nmeant ti <
devel opment of more =effective and targeted
nanomaterial s, such as their smal/l si ze, hi gl
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carriers for TMCs. The ability to precisely ¢
further expands their potemteisplontbovetaebenbesd
continued devel ofpbrasretd «fo nd a emanetindr sy MCs i s ex
significant advances in various biomedical ap
drug delivery.
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2. Pt(Il) Complexes for sefassembly in water and in
living organisms

2.1 General Introduction

Transition metal complexes (TMCs), particularly those incorporatibtpck elements, occupy a
distinctive position in the field of coordination chemistihey stand apart from main group element
compounds due to their unique attributes arising from partially filled d orbiTdlese characteristics
encompass an array of coordination geometiigableslectronic transitions leading to vibrant light
absorption and emission, and notably long exestde lifetimes. Such features bestow upon TMCs
an array of potential applications spanning diverse fields such as photocfalygieelectronics,
sensing, and bioimagif§

Figure 2.1.Representation of thetorbitals of transition metal

Within the realm of TMCs, platinum complexes have captured significant attention due to their
intriguing photophysical properties and the critical role that supramoleculaasseliibly plays in
determining theseproperties. The selissembly processes govern the organization of these
complexes at the molecular level, leading to the emergence of distinctive structures and
functionalities that are absent in their isolated molecular counterparts.

Pl atinum, as el ement of the tenth group of pe
configuration, predominantly adopts a square planar geometry in itsid&tion state. This
preference for square planar coordination arises from ptienal balance between ligand field
stabilization energy and steric factors. In this arrangement, the dz2 orbitals, oriented perpendicular to
the coordination plane, remain largely Hoonding and are available for intermolecular
interactions:®
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Figure 2.2.Crystal field stabilization energy for octahedral symmetry and square planar symmetry

When two Pt(11)*% *2atoms approach each other at distances close to 3.5 A, a phenomenon known as
metalmetal interaction or metallophilic interaction takes place. This interaction involves the overlap
of the dz2 orbitals from adjacent complexes facilitating a new type daf@ectransition, referred to

as metaimetatto-ligand charge transfer (MMLCT).

MO of monomer MO of monomer
MO of aggregate o da
LUMO .
T
LUMO
MMLCT
LC/MLCT
&
2 HOMO
w
HOMO
i
_L'_ d,z

Figure 2.3.Frontier molecular orbital diagram showing the effect of intermolecular interactions and dz2 orbital
overlap.

The MMLCT transition significantly impacts the photophysical behavioptatfnumcomplexes. It

results in a decrease in the HOMOMO energy gap, manifesting as a bathochromic shift greff)

in both absorption and emission spectra. This shift can lead to dramatic changes in the luminescent
properties of the complexes, including ed@ emission colour, enhanced quantum yields, and
prolonged excitedtate lifetimes.

The strength of metahetal interactions is often compared to that of hydrogen bonds, falling in the
range of 3660 kJ/mol. This interaction energy is sufficient to drive the formation of diverse
supramolecular architectures. The sd6embly of Pt(ll) cmplexes is a dynamic process influenced

by various factors such as the nature of ligands, solvent environment, and teme/atoneatic

l i gands, for ins-tasteacgkica g/ fuethepm@ngrisutitgitothesself
assembly proces3.he ability to control and manipulate the satisembly of platinum complexes
opens up exciting opportunities in various fields. The unique luminescent properties arising from
metalmetal interactions make these complexes promising candidates for app$iciatiOLEDS,
sensors, and bioimaging agerifs™Moreover, the dynamic nature of sasembly allows for the
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development of stimuliesponsive materials, where external triggers can modulate the complexes'
properties-’18

Continued research into the sadsembly of Pt(ll) is crucial fannlocking their full potential. A
deeper understanding of the factors governing their assembly, coupled with the development of novel
ligand systems, will pave the way for the design of advanced functional materials with tailored
properties.

Platinum complexes, with their square planar geometry and propgéfsitsnetatmetal interactions,

offer a fascinating platform for exploring the interplay between molecular structure and
supramolecular organizatith The seassembly of these complexes, driven by a delicate balance of
intermolecular forces, leads to the emergence of unique photophysical properties and functionalities.
The ability to control and harness these-asembly processes holds immensanmse for the
development of nexgeneation materials with applications in diverse fields.

The utilization of luminescent TMCs as labels in bioimaging has emerged as a burgeoning and
captivating research frontiddespite the current dominance of organic fluorophores in commercial
cellular labels, TMCs hold tremendous potential to revolutionizeirbaging techniques. These
complexes possess an array of distinctive properties, including tuneable emission wavetargyths
excitedstate lifetimes, and large Stokes shifts, rendering them particularly attractive for addressing
the limitations of trditional organic dy€$?° In order to successfully employ luminescent
compounds as bioimaging probes, several critical requirements must be met. Solubility and stability
in aqueous environments, such as phospbatiered saline (PBS), cell culture media, and other
incubation meth, are paramount. Additionally, the ability to permeate cell membranes is crucial,
though the addition of permeabilization agents like DMSO orriamecularweight alcohols at nen
cytotoxic concentrations can sometimes enharteenalization.

While water solubility is essential, a degree of hydrophobicity is equally important for facilitating the
compound's passage across the phospholipid bilayer of the cell membrane. Consequently,
amphiphilic complexes, characterized by the presence of bdtbgtyilic and hydrophobic moieties,

are particularly desirable for bioimaging applications. These complexes exhibit the capacity to self
assemble into supramolecular structures, potentially modulating their properties, including
luminescence and reactivjtin response to the cellular microenvironment. Once internalized, the
ideal bioimaging probe must demonstrate high photochemical stability, low cytotoxicity, and
generate no toxic byproducts, at least within the timeframe of the imaging experiment. Howeve
photoactive TMCs often face challenges in this regard, as they may sensitize the production of singlet
oxygen upon light irradiation, which can lead to cellular damage. Thus, careful design and selection
of TMCs are crucial to ensure their biocompaiipiand minimize any adverse effects. The design

and synthesis of amphiphilic molecules have been a subject of intensive research in recent decades,
leading to a diverse array of structures. While the exploration of amphiphilic TMCs has been less
extensivethey offer distinct advantages over their famnphiphilic counterparts. Amphiphilic TMCs
seamlessly integrate the inherent features of TMCs, such as tuneable photophysical properties, with
the selfassembly capabilities of amphiphilic molecules. Thisliduanables them to form novel
supramolecular architectures with emergent properties not observed in the individual components,
opening new avenues for the development of advanced bioimaging probes. Amphiphilic TMCs have
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showcased their potential in a variety of applications, including catalysis, magnetism, and
luminescence. For example, Liao andveorkers have successfully developed amphiphilic TMC
based catalysts for biphasic reactfdnshowcasing the versatility of these complexes in facilitating
chemical transformations in heterogeneous environments. Albrecht amndrkers have reported
spin-crossover amphiphilic Mn (1l) complex@sdemonstrating the potential for integrating magnetic
properties with amphiphilic feassembly. Furthermore, charged Cu (Il) complexes have been shown
to seltassemble into twdimensional structures, highlighting the ability to control the spatial
organization of TMCs through amphiphilic desfjn.

While amphiphilic Pt(ll) complexes have been less extensively explored compared to other TMCs,
they have shown promise in catalysis and the study ofasefmbled structures and properties.
Kunitake et af*? reported a mixedalence Pt(ll) complex that forms supramolecular structures
upon the introduction of anionic lipid molecules as counterd®ikis example illustrates the ability

of amphiphilic Pt(Il) complexes to interact with biological components andassdmble into
organized structures, sggsting their potential for applications in bioimaging and drug delivery. The
development of amphiphilic TMCs, encompassing those based on platinum and other transition
metals, represents a fertile ground for innovation in bioimaging and related fieldsniyning the

unique properties of TMCs with the sal$sembly capabilities of amphiphilic molecules, researchers
can design sophisticated probes with enhanced functionality and responsiveness to the cellular
environment. Continued exploration in thisairgexpected to yield significant advances in our ability

to visualize and understand biological processes at the molecular level, paving the way for new
diagnostic and therapeutic approaches.
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2.2Aim

The central objective of the research presented in this chapter is to engineer luminescent
supramolecular structures through the -ss$embly of designed platinum complexes and to
investigate the profound influence of this setsembly process on theliqiophysical properties for

in vivo application. In pursuit of this goal, we have undertaken the synthesis of two different

alllphiphilic COIIIplexeS, depiCted in Figure 2.4.
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Figure 2.4.Luminescent Platinum (Igompounds

These complexes, previously reported by our research &télpere feature a tridentate NAN~N
dianionic ligand, 2,&is(3(trifluoromethyl}1H-1,2,4triazot5-yl)pyridine (pyGCR-tzHy), as the
hydrophobic moiety coordinating to the central metal ion. On the other hand, the nature of the
ancillary ligand is important to understand how much it could affect the photophysical properties of
the compound, its ability to sedissemble, andltimately its potential for internalization by living
organisms.

In order to investigate their potential as markeiiriorivo application, we decided to visualize them,
within a transparent animal model, specifically the freshwater invertdByalie.28(Figure 2.5) This
organism, characterized by its simple anatomical structure, a hollow tube with a tentacle crown
surrounding its mouth, and its similarity in key molecular pathways to vertebrate species, makes it a
suitable model for investigating intetams with nanomaterials and functional deviées.
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Figure 2.5.Anatomical structure and tissue organization of Hydra

For this biological investigation studies, we carried out the experiments in collaboration with Dr.
Claudia Tortiglione and Dr. Angela Tino of Istituto di Scienze Applicate e Sistemi Intelligenti
AE. Cai aniell oo, CNR, Pozzuol i

Our investigation into the photophysical behaviour of-asfembled Pt(ll) complex nanostructures
within living polyps led to an unexpected observatioBy simply immersing living polyps in a
solution containing these complexes, we were able not only to assess the photophysical properties of
the selfassembled nanostructures but also to uncover their remarkable influence on the host
organism. Surprisingl we witnessed an unusual proliferation of the interstitial cell lineage, a
population known to encopass pluripotent stem cells and their derivatives. Through meticulous
morphological, cellular, biochemical, and molecular analyses, we provide compelling evidence that
the platinum complexes induce an augmented antioxidant capacity within these cells. This result
suggests a potential avenue for modulating key cellular functions through the strategic application of
these metal complexes.

To further explore the implications of our initial findings, we extended our investigation to the sea
anemoneNematostella vectensi$®2 an invaluablén vivo model organism. This model enabled us

to conduct controlled manipulation treatments during the critical embryonic larval development
phase. Remarkably, we observed that exposure to the-Baéidd complexes accelerated the
metamorphosis of larval stagieso primary polyps, concurrently bolstering their overall antioxidant
capacity. These resultsghlight the potentially fareaching impact of these metal complexes on
fundamental cellular processes, particularly their capacity to influence the delicate balance of redox
homeostasis.

The observations made in this study open up exciting and previously unexplored avenues for the
application ofplatinumcomplexes in the realm of regenerative biomedicine. The ability to stimulate
stem cell proliferation and enhance antioxidant defences suggests that these complexes could play a
pivotal role in tissue regr and regeneration strategies. Moreover, the capacity to modulate redox
equilibrium underscores their potential therapeutic value in combating oxidative-reteged
diseases.
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2.3 Results and Discussion

The two target molecules depicted in Figure 4 were obtained using different synthetic strategies that
have in common thportion related to the synthesis of the tridentate ligand, which synthetic route in
showed in Scheme 2.1. The selection of the tridentate ligandCpy@zHo, is strategically motivated
by several factof$1233 Firstly, tridentate ligands offer a chelating unit with inherent rigidity due to
the presence of the triazole rings. This rigidity, coupled with the strong ligand field exerted by the
tridentate coordination, contributes to the stability and defined gegpnof the resulting Pt(ll)
complexes. Semdly, the incorporation of GFgroups on the triazole rings serves a dual purpose.
These electromvithdrawing groups enhance the solubility of the ligand and the corresponding
complex in organic solvents, facilitating synthetic handling. Additionally, through an inductive effect,
the G~z groups stabilize the highest occupied molecular orbital (HOMO), leading to an increased
HOMO-LUMO energy gap. This electronic modulation can potentially influence the photophysical
properties of the complexes, impactingeithabsorption and emission characteristics. Lastly, the
inherent hydrophobicity of the Glgroups is expected to promote sadisembly of the complexes in
agueous environments, a crucial aspect of our design strategy aimed at creatidgfimedl
supramolecular architectures.
X
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Scheme 2.1Synthesis dfidentateligand

For the ancillary ligand, we selected different kinds of substitutes. For compdtne Alecided to
use pyridinium positively charged substitute, for compouffdrtead we decided to use a neutral
ligand.

It is known that pyridinium salts are recognized as potent phosphorescence quenchers due to their
pronounced electrewithdrawing nature. Moreover, the investigation of supramolecular assembly
and its correlation with luminescent properties was extensstetifed previous in the research group.

The amphiphilic nature of the designed complexes, with the hydrophobic Pt(ll) core and the
hydrophilic pyridinium headgroup, predisposes them teagjanization in aqueous environments.
(Scheme 2.2)

‘ A
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Scheme 2.2Synthesis of the ancillary ligand for compound A
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In order to finetune the solubility characteristics of the Pt(Il) complexes, we employed pyridine
derivatives functionalized with hydrophilic tetraethylene glycol (TEG) branches at the benzene
moiety as ancillary ligands (compound B). This organic buijdolock feature a coordinating
pyridine unit substituted at thepbsition with an amide bond, which links 34t (tetraethylene
glycolyl) to the pyridine, resulting in TEG chains with methyl groups at the end. Our synthetic
approach commenced with thesylation (Scheme 2.3.bf terminally methyl (Me) protected TEG

using tosyl chloride (TsCI) under basic conditions. The activated glycol chains were then transferred
to a methy3,4,5trihydroxybenzoate (MTB) moiety (Scheme 2)3.2inder basic conditions,
exploiting the superior leaving group ability of the tosyl group compared to the hydroxy group.
Subsequently, the selected moiety was coupled to the coordinative pyridine via amide bond formation
(Scheme 2.3)3 This amide formation was achieved througlo-step process. In the twsiep
approach, a bageediated saponification of the methyl ester preceded the amide formation using an
activating agent. Finally, the terminal groups of the TEG chains were deprotected to yield the desired

ancillary ligands.
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Scheme 2.3Synthesis of the neutral ancillary ligand

For the complexation reaction, acetonitrile was chosen as solvent under inert conditions. However,

the selection of an appropriate base was crucial. The base needed to be sufficiently strong to facilitate

the deprotonation of the ligand while also possgssnough steric bulk to prevent its coordination

to the platinum metal centre. Diisopropylethylamine (DIPEA) emerged as an ideal candidate,

fulfilling both criteria with its high basici
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The synthesized ligands and their corresponding Pt(ll) complexes were comprehensively
characterized employing a suite of spectroscopic and spectrometric techHitjués, and NMR
spectroscopy provided valuable insights into the structural integrity and purity of the compounds.
Additionally, mass spectrometry, utilizing the electrospray ionization method, confirmed the
molecular weights and provided further evidence ofcceasful complexation. Detailed
characterization data for ligands and complexes egsepted in the experimental section of this
thesis.
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Figure 2.6. Absorption spectra for Compound A and B (on the left side); Normalised Emission and Excitation spectra
for compound A epd2@0nmBsing&Mminsas i manaed passeEe(6680nmtPYIl) Excita
complexes in water at 5x201)3

The spectroscopic characterization of compound A and compound C is reported in Figure 2.6. The
absorption spectra of the compounds, recorded in aqueous solutions at a concentration of  5x10
M and at room temperature, exhibit a consistent profile (Figure 2.6). A band is observed inthe high
energy region at 224 nm. Additionally, two distinct bands are evident at lower energies. A shoulder
accompanies these lowenergy bands, these transioare primarily assigned to ligacentred

(*LC) and metapetturbed ligandcantered states, reflecting the electronic structure of the complexes.
Furthermore, a broad, less intense band appears between 350 and 500 nm. This band is attributed tc
metatto-ligand charge transfer (*MLCT) transitions, indicative of eteat communication between

the platinum centre and the surrounding ligands. The emission and excitation spectra were recorded
under identical conditions: water solution at room temperature and at the same concentration (5-10
°M). The emission profiles real a broad, featureless band at 585 nm, characteristic of the aggregated
form of these Pt(Il) complexes, and attributed to MMLCT transitions, consistent with previous reports
for similar compounds.

Biological investigations

To assess the potential toxicity of the platinoomtaining complexes, we employed the Wilby

method, a welkstablished assay for evaluating the impact of chemical compoundiydna

vulgaris This approach involved exposing groups ofHydra to varying concentrations of each

complex (2 €M, 20 €M, and 50 €M) under chroni ¢
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up to 72 hours. A control group, housedHydra solution without any complex, was also included

for comparisort® Observations were conducted every 24 hours to monitor both the internalization of
the fluorescent complexes and the overall health offrdra, as reflected in their morphology. The

Wilby method assigns a numerical score to each observed morphology, ranging from 10 for an intact
animal to O for a disintegrated one (Table 2.1). Generally, a score exceeding 5 is considered indicative
of favourablehealth. This systematic assessment allowed us to correlate complex concentration with
morphological changes, prioling a quantitative measure of their potential toxicity.

48h

Stretched tentacles, reactive body
Partially contracted, slow reactions
Untreated
Tentacles with swollen ends, body slightly contracted
Shortened tentacles, slightly contracted body
Tentacles and reduced body CompoundA =
Entirely contracted, tentacles visible 2uM
Entirely contracted. tentacles not visible

Expanded, tentacles visible

Expanded, tentacles not visible Compound A -

Dead but intact 20uM “\ .
Disintegrated ¥
&) ¥ 4 o 2 »
< ‘ R N
= ¢ 8 CompoundA \
A\ ! ; P
—_—

SuM - i
Table 2.1 Explanation WILBY score and some images related to Wilby test for compound A.

S
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This assay revealed the complete biocompatibility of compound A within the concentration range of
220 €M even after continuous incubation for
observed for compound B. This led us to hypothesize that inafasfficiently internalized by the
Hydrabecause is a neutral compound. (Fig. 2.7) Based on this finding, we adopted this concentration
range for all subsequent experiments. The inherent simplicklydfa's anatomical structure and its
transparency praded an excellent platform for investigating the internalization and biodistribution

of these luminescent platinum compounds. As depicted in Figure 2.8, fluorescence microscopy of a
polyp treated for 24 hours exhibited an intense yellow granular stahmiogghout the body, with a
notable concentration at the tentacle and head regions. On the other hand, our hypothesis was
confirmed because no fluorescence was observed for animals treated with compound B.
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Figure 2.7.Data of Wilby test
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Compound B

Compound A

Figure 2.8.Images oHydratreated with compound A (left) and compound B (right) acquired by confocal microscope

Elemental analysis via ICRBES conducted on compoundtieated polyps revealed a platinum
concentration of 10.65 ng per animal, unequivocally confirming the efficient internalization of the
complex into the tissues. To gain deeper insights into the gallpdake and distribution of compound

A, we dissociatetHydra polyps into singlecell suspensions using maceration. This method enabled

us to quantitatively assess the abundance of each cell type under physiological conditions and
correlate any perturbatis with compound A treatment. An aduitydra polyp comprises
approximately 20 distinct cell types, organized within a bilayer body structure, originating from three
stem cell populations: endoderm, ectoderm (unipotent), and interstitial (pluripotent). Our analysis
demonstrated that compound A wasdlized within epithelial cells situated on both ectodermal and
endodermal layers, as well as within nematocytes on the tentacles.
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Figure 29.A.Gener al scheme of the bilayer tissue with simp

differentiation; B. Treated polyps were macerated into single cell suspension. Fluorescence microscopy shows
fluorescensignals inside the cytoplasm of diverse cell type.
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Strikingly, while monitoring the abundance of each cell type, we observed a pronounced effect of
compound A on the interstitial stem cell (ISC) lineage. Specifically, we detected a significant
increase in the population of 1s+2s cells, representing the pluripotent steff Thlisdensity of
these cells was markedly elevated in polyps t
with the | ower 2 ¢e€M dose (density of 0.52 ve
observation that the lower tested dose @it stronger effect supports the hormetic response to the
Pt(Il) complex. Hormesis is characterized by a biphasic-desgonse relationship, where a low dose
stimulatesa beneficial effect, while higher doses may be inhibitory or toxic. This phenomenon
warrants further investigation to fully understand the complex interplay between Pt(ll) complexes
and cellular processesltydra. The remarkable increase in interstitial stem cells (ISCs) triggered by
our Pt(ll) complex exposure led us to investigate the expression of a pivotal gene involved in
maintaining stem cell pluripotency, namely Hymyc1, a homolog of the qprmtogenes-mycfound

in vertebrates. The MYC famif§ of transcription factors orchestrates various aspects of cell
physiology, including cell growth, cell cycle progression, and biosynthetic metabolism.
Unsurprisingly, its dysregulated expression is implicated in many human candéydrénHymycl

is expressed within the ISC lineage and functions as a negative regulator of {8Dieetil. Given

these insights, we assessed Hymycl expression levels using quantitatimedaCR (QRTPCR)
following a 5hour exposure to platinum compourdiditionally, we ewaluated the effect of a longer
treatment period (16 hours) to capture any potential delayed responses. The histograms presented in
Figure 2.10 unveiled a statistically significant downregulation of Hymyc1l levels. This decrease in
Hymyc1 expression offers@ausible explanation for the observed promotion of ISC proliferation.
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Figure 2.10.Quantification Hymyc1 expression levels

The substantial increase in interstitial stem cells (ISCs) induced by Pt(Il) compound prompted us to
investigate the intracellular redox status, recognizing its pivotal role in regulating crucial cellular
functions.®"The treatment with the interested compound, led to a-degendent increase in total
antioxidant capacity (TAC) and intracellular thiol levels, indicative of an activated antioxidant
defence system. This suggests a mild stbesed adaptive response wwmpound A exposure,
promoting cell surival and proliferation. As showed in Figure 2.11, gene expression analysis further
supported this observation, revealing an upregulation of CuZnSOD and PPOD1, key genes involved
in the oxidative stress response. Importantly, despite the observed restakaals, this platinum
compound did not induce oxidative damage to DNA or lipids, nor did it trigger apoptotic cell death,
underscoring its biosafety at the tested dose.
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Figure 2.11.Study of the antioxidant activity

Subsequently, to acquire additional evidence regarding the reducing activity of Compound A, a
straightforward functional assay was conducted, targeting a distinctive plplecific process
nematocyst discharge. In brieHydra tentacles are equipped with nematocytes, which are
mechanosensory cells composed of a hollow capsule (nematocyst) containing a long, eversible tubule
(Fig. 2.12A). The presence of cysteineh domains within the nematocyst proteins facilitates
dischargethrough redox reactions, lead to the release of neurotoxin and prey capture. Notably,
following treatment with Compound A, fully fluorescent discharged nematd@yitentifiable by

the external tubule) were observed at the bottom of the well containing the polyp (Fig. 2.12B),
suggesting a direct impact on this cell type. Upon toluidine blue staining, the organization of
nematocytes within Pt(Il) complexeated terdcles appeared markedly different from the highly
organized structure of untreated tentacles. This revealed a smmetion of nematocytes and a
disorganization of the battery cells throughout the tentacles (Figure-E)2This effect mirrored

the impact of the reducing agent dithiothreitol (DTT) on tentacle structure (Fig. 2.12F), furnishing
further evidence of # effect of Compound A on redeontrolled processes.
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Figure 2.12.Study of antioxidant capacity effect on nematocytes
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The unique effects of this platinum compoundHgdra inspired us to investigate its potential
influence on other organisms, particularly in modulating biological processes regulated by redox
equilibrium. We focus on starlet sea anemdlenatostella vectensian ideal model due to its
readily accessible and observable developmental stages. The results obtained on this other modal
organism confirm the surprising results obtainedHydra. The summary of this investigation on
Nematostella vectensis repoted below in Figure 2.13. Treatment of swimming planulae with
compound A resulted in accelerated metamorphosis into primary polyps, with no apparent toxicity.
Furthermore, the treatment increased total antioxidant capacity (TAC) and thiol levels ingglanula
suggesting a mild modulation of ROS levels, without causing oxidative damage to DNA or lipids.
(Figure 2.13EL3F) Interestingly, Pt(ll) complex also decreasduay@roxymethylcytosine hmC)

pools, an epigenetic marker of development and aging, suggéstinvolvement in the observed
accelerated morphogenesis.
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Figure 2.13. A) Scheme of Nematostella development following embryogenesis; B) Compound A causes an acceleration
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To confirm the role of seldssembly in these effects, we synthesized aassembling Pt(ll)
complex, depicted in figure 2.18.The synthetic strategy involved the incorporation of two
adamantane groups into the tridentate ligand moiety. Consequently, Hasssatibly process is
hindered due to the substantial steric hindrance introduced. The full synthetic strategy step for rich
the target compound and its characterization are reported in the experimental part of this work. As
expected, compound C dibt affect the timing of metamorphosis (Figure 2.15). Moreover, only
compound A, and not compound C, induced a slight increase in superoxide production, further
supporting the hypothesis that the platinum compound that is able tassethbly modulates
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intracellular redox status and epigenetic patterns, leading to accelerated metamorphosis.
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Figure 2.15.Comparison between the effect of Compound A and Compound C on Nematostella

In conclusion, our findings iMNematostellademonstrate that the influence compound A extends
beyond Hydra, highlighting its potential to modulate redoegulated biological processes in a
broader context. This opens new avenues for exploring the applications of Pt(ll) complexes in
developmental biology and regenerative medicine.

However, the results obtained from our initial investigations prompted us to explore a derivative of
compound A, wherein structural modifications were introduced specifically at the ancillary ligand.
The central concept behind this modification was torektbe carbon chain that bridges the pyridine
moiety of the ancillary ligand and the pyridinium salt. This strategic alteration was motivated by two
primary considerations. In the first instance, pyridinium salts are-estblished as potent
phosphoresaceee quenchers owing to their inherent electnatihdrawing character. By
systematically modulating the length of the alkyl chain that links the pyridinium unit to the platinum
complex, we aim to conduct a rigorous examination of how the spatial sepdrvatiween the
luminescent centre and the quencher impacts the system's emission propeitesn the model
organism. It is hypothesized that such modulation of the spatial arrangement will yield valuable
insights into the efficiency of energy transfepgesses and their subsequent ramifications for the
luminescence behaviour exhibited by these complexes. Based on these considerations, we would like
to prove the behaviour of new compound¥{Djeported in Figure 2.1@) vivoto understand if we
could replicate, and even improve, the results observed with compound A.
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Figure 2.16 Structure of compound D

The synthesis of the tridentate ligand was consistent across adrtiounds analysed previously.
The ancillary ligand was obtained through a #step reaction sequence, commencing from
commercially available dibromoalkanes (Scheme 4). The initial step involved the deprotonation of 4
picoline (pKa & a&ap)opmuylianmgi dlei t(hi mAn dpKas -4 36
nucleophilic base due to its steric bulk, facilitates the formation of a resestatiézed carbanion

at the picoline's4osition. Subsequently, the dibromoalkane derivative is introduced into the meactio
mixture, where it undergoes a double nucleophilic substitution with the deprotoraitedide. The
carbanion, being more reactive than the pyridine nitrogen, acts as the nucleophile in this
transformation. The resulting di(pyriddyl)alkane product 9§ then purified via column
chromatography using silica gel, prior to its reaction with iodomethane. One equivalent of
iodomethane is employed to selectively generate the raliytated product 4, which is subsequently
isolated and purified by column chrotography. Notably, this latter purification step was performed
using alumina as the stationary phase, since the high polarity of silica gel precluded successful
purification. It is crucial to emphasize that both steps in this reaction sequence necassitate
atmosphere. This precaution is essential because strong bases like LDA are highly sensitive to
moisture, and iodomethane is inherently unstable and prone to reaction with water.

AN
b * Br/eﬁn\Br
N

Scheme 2.4Synthetic strategy for the ancillary ligand

n=12
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The synthesized ligand and its corresponding Pt(Il) complex were subjected to comprehensive
characterization utilizing a suite of spectroscopic and spectrometric techniques. *H and 3C NMR
spectroscopy furnished valuable insights into the structuralritytegnd purity of the compound.
Furthermore, mass spectrometry, employing electrospray ionization, corroborated the molecular
weight and provided additional evidence supporting the successful formation of the complex.
Exhaustive characterization data péring to both the ligand and the complex are meticulously
documented within the experimental section of this thesis.
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Figure 2.17.A. Absorption spectra of Pt(Il) complexes in water at 5¥Q B . Exmd2@ rsniusing a 4nm a

band pass (sl @t600;nm & Pt(IEcrntpiexesin Watemat 521.

Once compound D was synthesized and characterized, we proceeded to test it on the two model
organisms utilized in this studitydra vulgarisandNematostella vectensis

Firstly, we would test the possible toxicity of this new compound, for this reason we repeat the same
experiment model based on Wilby method: different groups éfyllia were treated with different
concentrations of Compound D (2 &M, 20 ¢ M, ar
continuous incubation for up to 72 hours. A control group was included in the experiment for
comparison. Also in this case, the resolained (Figure 2.18A) showed that Compound D is safe

up a concentration of 20 uMidtre 2.18 illustrates that fluorescence microscopy (Fig. 2*8Ba

polyp subjected to a 2dour treatment revealed a pronounced yellow staining distributed throughout

the organism, with a particularly high intensity observed in the tentacle and head regions. Once we
figure out that the c olbepasiaunwe dddided  égestiGate if sobldd w &
have any negative effects dlematostella vectensig/e carried out a treatment with two different
concentrations of compound D on differengps of planulae in order to see if we can have the same
beneficial effect of compound A. The results show that also the compound D is able to upregulate the
metamorphosis of planulae into primary polyps (Figure 2.18C).
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2.4 Conclusion

In this work different amphiphilic Pt(ll) complexes were synthesized and fully characterized. Even if
this compound were previously studied by the research group in order to investigate their behaviour
in different media, the novelty of this part of therwavas related to the study of this wasaiuble
compound and their sedfssemblyin vivo model organismsHydra vulagarisand Nematostella
vectensis.

The obtained results present a discovery rooted in a novel strategy that stimulates redox signalling
and increases cell proliferation. This approach leverages the unique propertiesastaibled
Platinum complexes, which exhibit both biocompatibilitydaredox reactivity. Beyond their
exceptional optical attributes, facilitating imaging and autonomous tracking, these complexes have
demonstrated the ability to bolster cell proliferatio”ydraand promote the larv-adult transition

in NematostellaThese findings not only reveal unexpected biological phenomena but also underline
the promising biomedical potential of such mdtased compounds, showing, for the first time, their
therapeutic efficacy.
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2.5 Experimental Section

4, 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400
spectrometer. ThtH NMR chemi cal shifts (U) are given i
corresponding deuterated solvent. All deuterated solvents were used as received without any further
purification. Signal splittings described as singlet (s), doublet (d), triplet (t), multiplet (m). Coupling
constants (J) are given in Hertz (Hz). Absorption spectra were measured on a Shimag&oouV
spectrophotometer doubbleeamUVi VIST NIR spectrometer and baseline corrected. Quartz cuvettes
with path length of 10.0 mm were used for the recording ofMiB/absorption spectra. The steady

state emission spectra were recorded on a HORIBA Joom IBH FL-322 Fluorolog 3
spectromete equipped with a 450 W xenon arc lamp as a source of exciting light which passes
through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference
detector and to the sample. Dynamic light scattering (DLS): the measurementsoweucted on a

Delsa Nano C Particle Analyzer (Beckman Coulter, operative wavelength 655gamining electron
microscopy (SEM) images were recorded with SEBIS JSMIT500 LV of JEOL Spa (ltaliayvith

an acceleration voltage of 20 kV.

Synthesis of 2,ébis(3-(trifluoromethyl) -1H-1,2,4triazol-5-yl)pyridine (3)*:

X
N N,H4 H,0 H | o H 1.TFA, reflux, overnight |
| _ e H N,N N/ N\NH s . F C\<N\ N/ /N>’CF
= N N EtOH 2 2 2.Ethylene glycol, reflux 3 \ / 3
N~ =N NH NH N-NH HN=y
1 2 3

Pyridine-2,6-dicarbonitrile (1g, 1 eq.) was dissolved in EtOH (28 mL). To this, Hydrazine
monohydrate (65%, 10 eq.) was added, which led to an immediate precipitation. The reaction mixture
was stirred for 24h at room temperature and subsequently thetsolvene evaporated in vacuo to
obtain a white solid, which in turn was dissolved in trifluoroacetic acid (50 mL). This mixture was
heated to 80°C for 18 h and afterwards concentrated in vacuo. Ethylene glycol (50 naddeds

and the mixture heated to @4C for 2h. After cooling down to room temperature, the product was
precipitated in an excess of water and filtered. The subsequent recrystallization from acetone yielded
pure crystals.

'HNMR (400 MHz,CRCl) : 4 13.69 (s, 2H), 8.31 (d, J =
HR-ESIMS (negative scan, m/z): [M]-calcd.677.0566; found 677.0559.
Synthesis of PtC}DMSO)2

K2PtCL (3000 mg,0.722 mmolyas dissolved in 50 mL of deionized water. The mixture appears red
and transparent. Then, DMSO (2,97 mL, 3.4 mmol) was added to the mixture reaction. The reaction
was stirred at room temperature. After 1 hour and half a-Yiglhbw precipitated is formedlhe

product was filtrated and washed withH The product is a lightellow solid obtained with a
guantitative yield.

Elemental analysis: Calculated: C 11,39%, H2,8@%unded: C 11,42%, H 2,80%.
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Synthesis of Imethyl-4-(2-(pyridin -4-yl)ethyl)pyridin -1-ium iodide

o N - N*—
VA \ /", oy A NC\>_/_<\://\ I-
— 1,30h —
50°C
1,2-di(pyridin-4-yl)ethane (147 mg, 0.8 mmol) a@Hsl (912 mg, 6.4 mmol) are added to a 100 mL
flask in 15 mL of ethylacetate at 50°C for one hour and half. The desire product is expected to be

insoluble in the solvent. The solid were filtered and washed with ethylacetate and dried. A solid light
yellow isobtained (169,1 mg). (Yield 64,8%)

IH NMR (300 MHz, CDGJ) U : 3=60 8z, §H, 8.53 (d]= 6.0 Hz, 4H), 7.85 (d] = 6.7 Hz,
5H), 7.14 (d,J = 5.7 Hz, 4H), 4.63 (s, 7TH), 3.27 {t= 7.4 Hz, 5H), 3.08 ({J = 7.7 Hz, 4H).

Data according to literaturé.

Synthesis of COMPOUND A

X
P
N N— r;l —N
| A ~ | Fsc%\ _N—Pt—N_ /)—CF3
P X N | N
N— N —N + DIPEA /N
Fac%\ _NH HN_ _J—CF; HZC\CH + CIL,Pt(DMSO), — » |
N 2 ACN,N, N
3 N 65°C
| 18h
N+/
|1 =z |
N +
N™ |-

In a neck flask, under Nitrogen atmosphere, compound 1 (180.8 mg, 0.518 mmol) were dissolved
in 20 mL of ACN, then was added compound 2 (169.1 mg, 0.518 mmol) angMSO),. The

mixture was kept under constant stirring and then DIPEA (134.1 mg, 1.036) was added. The mixture
was heated to 65°C and kept under stirring overnight. The solvent was removed under vacuum. The
crude was washing using a mixture of DCM:EtOH : 90:10. Fuher pur i fi cati on w
obtained 140 mg of orange solid. (Y=30,8%)

IH NMR (300 MHz, DMSBO} 1H), 8.864ddE 21.3( 6,Hz, 2H), 8.41 (dd,
= 39.1, 12.7 Hz, 2H), 8.358.13 (m, 1H), 8.05 (dd] = 16.5, 7.8 Hz, 2H), 7.85 (§,= 8.5 Hz, 1H),
7.73 (d,J=5.9 Hz, 1H), 7.29 (d] = 5.1 Hz, 1H), 4.47 4.05 (m, 3H), 3.29 2.80 (m, 3H).

3¢ NMR (126 MHz, DMS O) a: 163. 97, 160. 54, 154
145.68, 144.73, 142.92, 127.8626.74, 126.08, 123.99, 123.26, 121.19, 119.45, 119.24, 118.86,
117.07, 47.61, 33.96, 33.69.

HR-ESIFMS (negative scan,m/z): [M]-calcd.742.54; found 741.54
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Elemental analysis: [Calculated]: C=33.19%,H=2,09%,N=14,52%, [Found]:
C=32,22%,2,69%,N=13,08%.
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Synthesis of 2,5,8, I-tetraoxatridecan-13-yl 4-methylbenzenesulfonate

0 NaOH

\O\S// + Ho/\/o\/\o/\/o\/\o/ > Tso/\/o\/\o/\/o\/\o/
2 THF
o © 0°C -->rt,18h

In a neck flask tetraethylene glycol mono methyl ether (5.2 g, 25 mmol) was dissolved in THF (25

mL), separately NaOH (1.7 g, 42.5 mmol) was dissolved in water (5 mL) and cooled to 0°C and added

to the solution of tetraethylene glycol. The solution waden constant stirring. The reaction mixture

was kept at 0 °C andtpluenesulfonyl chloride (TsCl, 6 g, 32 mmol) dissolved in THF, was carefully

added. The reaction mixture was allowed to heat to room temperature and stirred overnight. The

reaction was mumitored by TLC (3:2 = Hex:AcOEt). The crude reaction mixture was concentrated
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and subsequently two times extracted with DCM. The combined organic layers were dried over
NaSQs and all volatiles were evaporated in vacuo. The product was a colourless viscous liquid (8,83
g, 24.3 mmol, 97,3%). Data according to literattfre.

Synthesis of TsO-TEG-O-Me

o
(0] / OH
o}
Ts-O-TEG-OMe
oH K2C03, GET-O O"T\(E)G_

HO DMF dry —0 O kG

OH 70°C I

18h N

In a 2neck flask, under nitrogen atmosphere, were added in the following aid€s k811 mg, 5.9

mmol) in dry DMF (20 mL), methyl 3,4;&ihydroxybenzoate (MTB, 200 mg, 1.09 mmol), the
mixture was heated to 70°C. After 10 min-@sTEG-O-Me (1135 mg, 3.26 mmol) was added to
solution and the mixture was stirred for 18 h. Water was adu®tha crude reaction mixture was
extracted with DCM. The organic layers were washed with water as well as brine and subsequently
dried over NaSQu. After evaporation othe solvents, the brown product was used without further
purification.

HR-ESIFTo~MS (positive scan, m/z): [M+Nakalcd.777.4329; found 777.4382.
Synthesis of ancillary ligand for COMPOUND B

o 2\
o o )=
NH, NH
KOBu
GET-O o-TEG T | THF
—0 0 0— N GET-O 0-TEG
< RT
TEG 0 o o—
o TEG
o\

In a 2neck flask, under nitrogen atmosphere, were added in the following order dry THF (1-mL), 4
aminopyridine (5.3 mg, 0.056 mmol) and compound 2 (50 mg, 0.051 mmol). The mixture was stirred
for 2 hours. The solvents were evaporated and the crude psadjett to column chromatography
(Silica, DCM:MeOH = 90:10)) yielding a colourless viscous liquid (55 mg, 0.067 mmol, 76%).

'HNMR (400 MHz,CRCl,, ppm) U 9.16 (s, 1H), J&85Hz,2Hs, 2H
4.26 (m, 6H), 3.63 (m, 48H), 3.37 (s, 3H), 3.32 (s, 6H).

HR-ESITo~MS (positive scan, m/z): [M+H]calcd.817.4329; found 817.4382.
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Synthesis of N',N"-(pyridine-2,6-diylbis(iminomethylene))bis(adamantanel-
carbohydrazide):

Compound 2 was synthesized as reported previously for compound 3 (see above).

o._Cl

A K
- ~ ~
HoN N NH; Na2C03 @
NH NH
2 DMF
0°C to RT

A flame-dried, argorpurged Schlenk tube, was loaded with compound 2 (1,00 g, 5.2 mmol) and
sodium carbonate (1.21 g, 11,44 mmol). The Schlenk tube was gently heated and refilled with argon.
Once it was cooled to rt, dry DMF (32 mL) was added and the mixuas cooled to 0°C. In a
separately Schlenk tube, satlamantanecarbonyl chloride (2,00 g, 10.4 mmol) was dissolved in 12
mL of dry DMF and then was slowly added to the cooled suspension under strong stirring. The
reaction was warmed to room temperatame was kept under constant stirring overnight. Then the
reaction volume was doubled by the addition of water and the resulting suspension was strongly
stirred for 1.5 hour and then filtered and washed by water. The yellow solid 7 was dried under vacuum
ard used without further purification for the next step (2.24 g, 84% yield).

Synthesis of 2,ébis(3-adamantan-1-yl)-1H-1,2,4triazol -5-yl)pyridine:
Ethylene glycol, X
@ m/(j\[( 180°C reflux,2h @NYQM“‘@
N v

Compound 7 (1,00 g) was suspended in ethylene glycol in a 1 mL/100 mg ratio in an open round
bottom flask. and the resulting suspension heated to 180 °C. Once the solution was clear, the reaction
mixture was heated under reflux for an additional hour.rAfte reaction mixture was cooled to rt,

the product was precipitated with water and stirred strongly for 1 h. The white solid 8 was filtered
off, washed with water and dried under vacuum (670 mg, 72% vyield).

IHNMR (300 MHz,CDCl) : & 8.52 (s,72H)Hz8.2K) (d7-2081717. 8
(m, 18H), 1.77711.64 (m, 12H)

BCNMR (75MHz,CDRCl;) UG: 151. 44, 148. #¥211,32.29R29863, 119. 2
ESFMS m/z: calculated 481.30; found 482.72 [M+H]
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Synthesis of compound C

DIPEA

+ ClL,PtDMSO),
ACN,N,

65°C
18h

In a 2neck flask, under nitrogen atmosphere, compound 8 (150 mg, 0.311 mmol) was dissolved in
15 mL of ACN, then compound 5 (101.7 mg, 0.311 mmol) and-@®ISO),. (131.4 mg, 0.311

mmol) were added. The mixture was kept under constant stirring and then DIPEA (80.54 mg, 0.622
mmol) was added. The mixture was heated to 65°C and kept under stirring overnight. The crude was
purified using an alumina column (eluent moive from 90:10 = DCM : MeOH to 0:100 = DCM :
MeOH). The desired product was obtained asrange solid (140 mg, 31% yield).

IH NMR (300 MHz, DMSGds) U :-8.88 (M93M), 8.68 (d] = 6.5 Hz, 1H), 8.48 (d] = 5.7 Hz,
1H), 8.088.01 (m, 3H), 7.73 (ddl = 14.1, 7.9 Hz, 1H), 7.58.43 (m, 1H), 7.31 (d] = 5.2 Hz, 1H),
4.29 (s, 3H), 3.30 (s, 24H), 38805 (m, 4H), 2.53 (s, 2H), 2.6502 (m, 4H), 1.77 (dJ = 9.2 Hz,
2H)

13C NMR (126 MHz, DMSGds) G: 170.95, 162.66, 160.67, 153
145.48, 127.79, 126.02, 125.07, 42.75, 42.01, 36.87, 35.16, 34.97, 34.43, 34.30, 33.98, 33.45, 29.36,
28.36

ESFMS m/z: calculated 873.37; found 873.76 [M]

Elemental analysis for4&HasFsINoPt: Calculated: C 50.40%, H 4,83%, N 12,59%; Found: C 50,28%,
4.77%, N 12.67%

Synthesis of 1,12i(pyridin -4-yl)alkane:

~ "N
5 Q LDA, -78°C |
e P O _— N X
Br | 24h |
N N~

To a 2.0 M solution of lithium diisopropyl amide in a mixture THF/heptane/ethylbenzene (9.5 mL,
2.2eq) at78°C was added dropwisepdcoline (2.14 mL, 2.2 eq) and the reaction medium was stirred

for 1 hours. The dibromododecane (259 , 1 eq) was then atle#&FC and stirred for 24 h at room
temperature. Deionized water (100 mL) was added and the mixture was transferred into an extraction
funnel, extracted with 3x100 mL of diethylether and dried over magnesium sulphate. The mixture of
solventswasremovadn der reduced pressure and the produ

50



Synthesis ofl-methyl-4-(n-(pyridin -4-yl)acyl)pyridin -1-ium iodide:

= Z T
N CHjl N1
| = \ Chlorof | A >
N _ orororm N _

To a solution of 1,Ai(pyridin-4-yl)alkane (6.7 mmol, 1eq) in chloroform (21.7 ml) was added
slowly iodomethane (950 pL, 6.7 mmol, leq) and the reaction mixture was stirred at room
temperature for 24 h. Chloroform was then removed under reduced preBsererude was
characterized by 1HNMR, according to the NMRO®
reason we need to repeat the reason for obtaining the desire compound. The product was obtained
according to literaturé®

IH NMR (400 MHz, CDCI3) U [ppm]= 9.15 (2H), 8
(2H), 1.63 (2H), 1.60 (4H) 1.24 (12H)

Synthesis of compound D

N— ‘ N
N\ / ~
N=""N” =N
X A : I~
| FaC Sy NN cF,
N=""N" N=N . DIPEA N
FsC + CI2Pt{DMSO)2
3 J\\N,NH HN\N/)1—CF3 TACNNZ

65°C
18h

7 N\
-oN

A solution of 2,6bis(3(trifluoromethyl}1H-1,2,4triazol5-yl)pyridine (0.68 mmol, 1 eq),
PtCh(DMSO)2 (0.68 mmol, 1 eq) and DIPEA (1.5 mmol, 2.2 eq) were in acetonitrile was stirred and
heated up to 50°C for 10 minutes. Tdwmnmpound TP68 (0.68 mmol, 1 eq) was then added and the
media was stirred at 50°C overnight. The crude was dried under reduced pressure and was purified
using basic alumina (eluent: DCM-88: MeOH 410). Data confirmed by literaturé.

1H NMR (400 MHz, MeOD) U [ppm]= 8.77 (2H), 8.
(2H), 4.36 (3H), 2.95 (2H) 2.61 (2H),1.76 (2H), 1.63 (2H), 1.35 (20H):
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13C NMR (75 MHz, MeOD) U [ppm]= 164.9, 164.1
144.6,127.0, 122.1, 119.4, 36.6, 36.11, 31.0, 30.9, 30.8, 30.8, 30.7, 30.7, 30.6, 30.6, 30.5, 30.4, 30.3

HR-ESFMS (m/z): [M+H]+ calculated 909.3112; found 909.3175

BIOLOGICAL ASSAY
Animal culturing and in vivo experiments

Hydra vulgaris (strain Zurich, originally obtained by P. Tardent, Zurich, Switzerland) were asexually
cultured in Hydra medium (1 mM Caind 0.1 mM NaHCO3, pH 7), according to the method of
Loomis and Lenhoof 32. Polyps were fed three times per week with freshly hatched Artemia salina
nauplii and kept at 18 + 1 °C with a 12:12light: dark regime. Polyps from a homogeneous
population starved for 24 h were selected for all the experiments, performed at 18 °C. In a typical
experiment of toxicological evaluation and internalization, 10 polyps were treated continuously with
increasing doses afompound A(ranging from 2 to 10QuM) in a plastic multiwell. During
incubation, polyps were monitored in vivo at regular interval of 24 h and up to 72 h by fluorescence
microscopy (Olympus SZX7) and the morphological alterations were quantified usingeaiciu
score. We selected the lowest doses and treatment period for further experiments.

Imaging and tissue analysis

Confocal images and 3D optical section were collected on whole fixed animals. Animals were
anaesthetized in 2% urethane in Hydra medium for 2 min. The relaxed polyps were fixed with PFA
4%, washed with Hydra medium and mounted on microscope slides in@I$686 in PBS (8 g/l

NaCl; 0.2 g/l KCI; 1.44 g/l Na2HPO4.7H20; 0.24 g/l KH2PO4). For tissue sectioning, treated
animals were fixed as previously described, soaked overnight in 30% sucrose in PBS and then
embedded in the frozen section medium OCP (RicA#leth Scientific). Cryes ect i ons of
thickness were obtained by a cryostat (Leitz, digital 1760), collectedetatiine coated slides
(Superfrost microscope slides, Menzel) and mounted in ®B&rol50% (Sigma) before imaging.

Hydra maceration and cell distribution analysis

For analysis of cell type distribution, group of 5 polyps were treated 5 h with different concentration
of compound A cultured for 16 h in Hydra medium and then macerated to obtain a-s#lgle
suspensions as described 12. The obtained sbefllesuspensions were fixed with 4%
paraformaldehyde and spread on slides. For cell nuclei detection cells were labelled,&@ith 49
diamidine2- phenylindole dihydrochloride (DAPI) 0,25 mg/L before mounting. After extensive
washing in PBS (NaCl 137 mM, KCI 2.7 mM, NdR2O4 10 mM, KH2PO4 1.8 mM) cell suspensions
were observed by a fluorescence inverted microscope (Axiovert 100, Zeiss, JENA, Germany)
equipped with a digital colour camera (Olympus, DP70). The software system Cell F (Olympus) was
used for imaging acquisitioand analysis. To quantify cell type distribution, the number of single and
pairs interstitial stem cells (1S+2S), nests of fawixteen proliferating or differentiating
nematoblasts (4%6s), gland cells, neurons and epithelial cells (EPI) were scdnealverage of 600

EPI cells was counted, per condition. Data are representative of three independent biological replicate
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and are reported as ratio relative to total epithelial cell counted. Untreated samples were also
guantified using the same techniques.

Asexual reproduction rate analysis

Animals (four polyps with one bud) were treated with 2, 20qflMompoundA for 24 h, washed and

placed in 12well plate (1 animal/well). Control polyps at the same developmental stage were not
treated. Both treated and untreated Hydra were fed once daily for 14 days. The growth rate constant
(k) of an exponentially growing gop of animals was determined according to Bosch and David 33.

K was determined from In(n/n0) = kt, where n is the number of animals at time t and nO the number
of founder animals abt Three independent experiments were conducted for each growth rate.

Nematocyte distribution in tentacles

Nematocyte distribution was evaluated by toluidahge staining 35. Polyps were relaxed for 1 min

in 2% urethane irHydra medium and fixed by pouring 99.5% ethanol. After 5 min polyps were
rehydrated through an ethanol series, ri nsed
toluidine blue in 10 mM TrisHCI (pH 7.5). Following extensive washes polyps were delgdra
stepwise with 50, 75, and 95% ethanol and twice in 100% ethanol. Polyps were finally cleared in
xylene and mounted in DPX, a naqueous mounting medium. Stained tentacles were observed
under bright field and phasmntrast microscopy (Axiovert 100, i88) equipped with a digital colour
camera (Olympus, DP70).

Analysis of DNA modifications

Oxidative DNA damage, namely the levels ohylroxy-2 -Neoxyguanosine (®HAG) were
measured using EpiQuik@HdJG DNA Damage Quantification Direct Fluorometric Kit (Epigentek,
USA) according to the manuf act ur eomHydraivalgarisr u ct
andNematostella vectensiseach experimental condition (200 ng) and subjecteddbl8G content
analysis. BHydroxymethylcytosine mC) was measured using MethylFlash Global DNA 5
Hydroxymethylation ELISA Easy Colorimetric Kit (Epgtek, USA) according to the
manufacturer 6s i nstruct i on sNemdbstelle Yettgnsier eBAN A w a
experimental condition (40 ng) and subjected 4o content analysis. Data were normalized to
untreated animal samples.

Total Antioxidant Capacity (TAC)

Total Antioxidant Capacity was determined in homogenized Hydra and Nematostella cell extracts
using Tot al Antioxi dant Capacity Assay Kit (
protocol. Protein Mask Reagent was used to prevent Cu2+ reductiooibyp, enabling the analysis

of only the small molecule antioxidants. The results were normalized to untreated control animals.

Thiol level assay

Thiol levels were determined in homogenizétydra and Nematostellacell extracts using
Fluorometric Thiol Quantitation Kit (Sigma Al
The results were normalized to untreated control animals.
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Superoxide determination

The analysis of superoxide levels was assessed using dihydroethidium (DHE) fluorogenic probe
(InvitrogerE , USA) after 20 min incubation of samples #tC4 Fluorescence was read at
518ex/605em using a Tecan Infinite® M200 fluorescence mode microplate reader. The results were
normalized to untreated control animals.

DNA fragmentation associated with apoptotic cell death.

The apoptotic DNA fragmentation was determined in fixed Hydra cells using DeBdEnd
FIl uorometric TUNEL System (Promega, USA) acco
then stained using DAPI mounting solution. The fluoresé@UTP-labeled DNA was visualized

using fluorescence microscopy (BX61 Olympus) and CellF software. nititlei with/without
fluoresceinl2-dUTP-labeling were scored and expressed as % ofaotlysectells.

Nematostella vectensiaulture and gametogenesis induction

Nematostelladult polyps were cultured in Nv medium (ethéd artificial seawater made by diluting

sea waters (30 g/L of Optimum Sea professional salt mix, Wave) in distilled water (1:3 v/vjipH 7.5
8.0) at 18°C in the dark and fed three times a week with freshthd@tArtemia salina nauplii.
According to an established method 36, gametogenesis was induced in adult male and female polyps
kept in separate beakers by increasing the temperature at 24°C and ekptightefor 16 h. To

achieve synchronizedevelopmental stages, spawned eggs and sperms were transferred to a Petri
dish and mixed for in vitro fertilization. Swimming planula larvae were collected 3 days post
fertilization (p.f.)

Nematostellareatments

Nematostell&mbryos 3 h p.f. or swimming planulae 3 days p.f were treategiatihum complexes

(2, 20 and 50 pM). In a typical experiment, 50 embryos and 150 swimming planulae for condition
were treated 3 h with compourd then carefully and extensively washed with Nv medium and
allowed to develop at 18°C. To quantify the metamorphosis rate, for each condition the total number
of primary polyps, late planula and swimming planula was counted 6 days p.f, using a
stereomicrosgpe (Olympus SZX7). Data are reported as the mean percentage of primary polyps upon
the total of animals. Embryos and planulae were treated with the control compound C using the same
experimental design and the reported data are representative of twendeepbiological replicates.

ICP-AES

The amount of Pt internalized by the animals was quantified by inductively coupled plasma atomic
emission spectroscopy (IG&ES) using a Shimadzu ICPEB00 with mini plasma torch in axial
reading mode. The calibration was performed using a Pt standaatbifoic spectroscopy (Sigma

Al drich) and Ytterbium as an internal standar
detected through the optical emission line at 214 nm, the corresponding detection limit was estimated
at 50 €9/ | .tainiggo80Q polyps nnsubated with the Pt compounds for 24h were
mineralized 55 °C in 65% HNO3 overnight and diluted in MilliQ water prior to analysis.
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Toxicological analysis

Hydra and Cnidaria species represent well known biological indicator of water pollution, due their
high sensitivity to the presence of organic and inorganic compound contaminating the external
medium. Chemicals may severely affect the soft Hydra tisssidtirg in both behavioural response
(contractions, elongation) and damage of cells, tentacles and body tissues. We used a morphometric
approach to evaluate the effect@mpound Aexposure as straightforward toxicological endpoint,
based on numerical s&s to describe morphological alterations. The test originally developed to
assess the toxic effect of organic compounds on Hy®r&l based on monitoring the animal
morphology after addition of a test compound to the medium bathing living animals, ratie fo
guantification a numerical score is assigned to each specimen, from 10 (healthy animal) to zero
(disintegrated animal). Dogesponse curves were determined in the range1di02ug ml-1 in

chronic condition from 1 h up to 72 h.
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3. Synthesis of dinucleatransition metal complexes as
mimic of natural enzymes

3.1 General Introduction

The human body is a complex network of interconnected systems that function in harmony to
maintain life. At the cellular level, a delicate balance exists betwegmdtaction of reactive oxygen
species (ROS) and the body's antioxidant defences. ROS, such as superoxide radicals, are generate:
as byproducts of normal cellular metabolism, and while they play essential roles in various
physiological processes, their egsie accumulation can lead to oxidative stress that consist in a
state of imbalance between ROS production and antioxidant capacity. This overproduction of
oxidative products and depletion of oxygen has been implicated in a wide array of pathological
condtions, including neurodegenerative diseases, cancer, cardiovascular diseases, and aging. The
first actor against the oxidative stress is the superoxide dismutase }(8@8)me, a critical
antioxidant that catalyses the dismutation of the superoxide radigdli(@® hydrogen peroxide

(H202) and molecular oxygen ¢ Exploring the structural and functional diversity of this class of
enzyme, their significance in maintaining redox homeostasis and their implications in health could
be an important point favoiding many diseases.

Structural and Functional Diversity of SOD

SOD is not a single entity but a family of metalloenzymes with distinct metal cofactors at their

active sites. Each isoform is tailored to specific cellular compartfemsbling them to neutralize

superoxide radicals generated in different locations. There are known three different isoforms,
SODL1 that have copper and zinc as cofactors, SOD2 in which is present manganese as metal
cofactor and SOD3 that has a similar tata portion of the isoform SOD1 composbky copper

and zinc®
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Figure 3.1.A) Genomic organization of the three known members of the human SOD enzymé Bamilstribution
of the SOD enzyme family in the cell compartnier(isnages reproduced with permission)
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CopperZinc SOD (CuzZnSOD or SOD1) is primarily located in the cytosol and nucleus of the cells,
and is a homodimer with a copper and zinc ion at each active site. Its strategic localization enables it
to neutralize superoxide generated during normal eelloletabolism, such as in the electron
transport chain, and in response to various stressors, including radiation, toxins, and inflammation.
The copper ion in SOD1 acts as the primary regictive centre, cycling between Cu(ll) and Cu(l)
during the catalyt cycle. The zinc ion plays a structural role, stabilizing the active site and facilitating
the binding of superoxide.

Instead, Manganese SOD (MnSOD or SOD2) is found exclusively in the mitochondrial site. This
isoform is a homotetramer with a manganese ion at each active site. Mitochondria are the
powerhouses of the cell, responsible for generating ATP through oxidatiogplporylation.
However, this process also generates significant amounts of superoxide as a byproduct. MnSOD acts
as a crucial guardian, protecting mitochondria from oxidative damage and ensuring their proper
function. The manganese ion in MnSOD, like tdopper ion in CuZnSOD, cycles between Mn(lll)

and Mn(1l) during the catalytic cycle.

Extracellular SOD (EESOD or SOD3) is predominantly localized in the extracellular space. From a
structure point of view, EXSOD is a tetramer with a copper and zinc ion at each active site and the
catalytic mechanism is similar to those of CuZnSOD. foisd in various tissues, including the
lungs, blood vessels, and kidneys.-EOD acts as a first line of defence against extracellular
superoxide, protecting tissues from oxidative injury caused by environmental pollutants,
inflammatory cells, and otheosrces.

The catalytic mechanism of all SOD isoforms, as shown in Scheme 3.1, involvegp@pgigaction

where the metal cofactor cycles between reduced and oxidized states. The superoxide radical, that is
a negatively charged free radical, generated as a hygtrodl various cellular processes, including
mitochondrial respiration and immune cell activation, is able to initiate chain reactions and generate
other reactive oxygen species (ROS) poses a significant threat to cellular integrity. Superoxide
dismutasg SODs) play an indispensable role in maintaining the delicate balance of cellular redox
homeostasis. From a mechanical point of view, the superoxide radical donates an electron to the
oxidized metal cofactor, reducing it while being converted to molecuggem. Subsequently,
another superoxide radical donates an electron to the reduced metal cofactor, oxidizing it back to its
original state and generating hydrogen peroxidgO¢H Although less reactive than superoxide,
hydrogen peroxide can still be hauhfand it is further detoxified by enzymes such as catalase and
glutathione peroxidase.
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Scheme 3L. Investigated reaction mechanism for the dismutation by CuZrS@des reproduced by permission

Superoxidedismutase(SODs) play an indispensable role in maintaining the delicate balance of
cellular redox homeostasis. By catalysing the dismutation of the superoxide rad&ala(@ighly

reactive and potentially damaging molecule, SODs act as a crucial line of defence against oxidative
stress. In addition to their direct role in superoxide detoxification, SODs also indirectly regulate the
formation of other potent ROS, such as peroxynitrite (ONOReroxynitrite is generated through
the reaction of superoxide with nitric oxide
on cellular function. By efficiently scavenging super@xidcODs effectively limit peroxynitrite
formation, thereby contributing to cellular redox balance and protecting against oxidative stress.
Disruption of SOD function has been implicated in a wide range of pathological conéitions,
including neurodegeneiae diseases, cardiovascular disorders, and cancer. For this reason, SODs
serve as key regulators of cellular redox homeostasis by catalysing the dismutation of superoxide, a
potent ROS. The crucial role of SODs in maintaining cellular health and orgamastity is
evidenced by their ubiquitous presence in aerobic species and the pathological consequences
associated with their dysfunctioh.
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Figure 3.2. Biochemical effects of superoxide generation

Understanding the molecular mechaniamderlying SOD activity and their role in redox signalling
pathway8 is an active area of research that holds promise for the development of novel therapeutic
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strategies for oxidative stresslated diseas€s’ For instance, reduced SOD activity and increased
oxidative stress have been observed in neurodegenerative dissasksas Alzheimer's disease,
Parkinson's disease, and amyotrophic lateral sclerosis (ALS). Mutations in the°’3@bd have

been linked to familial ALS, highlighting the critical role of SOD in maintaining neuronal health. In
Alzheimer's disease, oxidative damage to proteins and lipids has been implicated in the formation of
amyloid plages and neurofibrillary tangles, hallmarks of the disease. In Parkinson's disease,
oxidative stress contributes to the degeneration of dopaminergic neurons in the substantia nigra.
Furthermore, oxidative stress is a major contributor to the developmeartdad\ascular diseases
including atherosclerosis, hypertension, and heart failure. SOD has been shown to protect against
endothelial dysfunction, a key early event in atherosclerosis, by scavenging superoxide and
preventing its reaction with nitric oxide potent vasodilator. Also, in cancer therapy, SOD could
have a really important role, affecting both tumeuppressive and tumoepromoting effects. On

the one hand, SOD can protect against BNoeamage and inhibit oncogenic signalling pathways,
thereby suppressing tumour initiation and progression. On the other hand, SOD can promote tumour
cell survival and metastasis by scavenging ROS generated by immune cells and creating a more
favourable mionenvironment for tumour growth. The balance between tlogpesing effects
depends on the specific cancer type, stage, and microenvironmental context.

Beyond its established therapeutic value, this enzyme presents a promising avenue for preventative
intervention against tissue aging, warranting further exploration into its potential for promoting
healthy longevity. The free radical theory of adthgproposes that the gradual accumulation of
oxidative damage throughout an organism's lifespan is a primary contributor to the aging process.
Superoxide dismutase has emerged as a potential modulator of longevity within this theoretical
framework!® Studies caducted in model organisms have revealed that the overexpression of SOD
can lead to an extension of lifespirnwhereas a decrease in SOD activity is associated with
accelerated aging. In humans, an-egjated decline in SOD activity has been observed across various
tissues, further suggesting a potential link between oxidative stress and the aging process.

Given its pivotal role in combating oxidative stress, SOD has emerged as an attractive therapeutic
target for various diseases. Strategiesrioance SOD activity or deliver SOD mimetics have shown
promise in preclinical and clinical studi&st®

This approach has been investigated for treating various conditions, including stroke, myocardial
infarction, and inflammatory diseases. SOD mimetics offer several advantages over native SOD,
including increased stability, improved bioavailability, and albdity to target specific tissues or
cellular compartment¥:2

In natural enzymes like catalytic specificity arises from two key factors: substrate binding, which
ensures the enzyme catalyses specific reactions, and the coordination environment of the active site,
which regulates electron transfer. To mimic this cdialactivity, two approaches are possible:
Afunctional mi mi ckingo, where met al compl exes
natur al enzyme, or MAstructur al mi mi ckingo, fo
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Figure 3.3.The figure illustrates two proposed pathways for the cellular activity of SOD mimics: Pathway A, the direct
superoxide dismutation, and Pathway B, ag@xaant effect linked to bD. production Images reproduced by
permissiorr?

Several pathways have been proposed for mimicking the activity of SOD. One possibility consists in
the direct anagxpected dismutation of superoxide anionX® ) ( Pat hway A showec
On the other hand, a different approach could involve the possibility to exhibitaxidient effect

through the production of 2. Interestingly, this B2 production can activate the Nff2gnaling

pathway, a crucial cellular defence mechanism against oxidative stress.

The balance between these direct and indirect pathways depends on several factors, including the rate
of the dismutation reaction{ly, the cell's detoxification capacity, and itsdJ content.

However, the redox dependence crucial for SOD activity has not always been experimentally
observed in mimics. The work by Policar ef%highlighted the importance of a water molecule
within the metal centrebds coordinati ogpherepher
electron transfer, enabling rapid exchange with superoxide, or donate a proton to the reduced
peroxide, leadingatthe release of #D-.

From a structural perspective, many metalloenzymes, including SOD, exhibit coordinative
unsaturation, asymmetry, and rigidity. In the case of SOD mimics, while Zn(ll) plays an indirect role
in catalysis and could be removed or replaced, doing so mighteredualytic activity due to the
stabilizing influence of the zinc coordination sphere.

Within the intricate domain of enzyme mimicry, the catalytic site is crucially impoitahis
meticulously engineered microenvironment within the synthetic construct, often mirroring the active
site of its natural counterpart, serves as the epicentre where the defining chemical transformations of
the mimic unfold. T h empodaade asl rgoted o its smultifacéiesl roles. o f o
Foremost, it functions as the arena for substrate recognition and subsequent catalytic turnover. The
precise spatiahrrangement of functional groups within this microenvironment, coupled with their
inherent electronic properties, governs the selectivity and efficiency with which the mimic engages
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with and transforms its intended substrate. Hence, the rational design and meticulous construction of
the catalytic site are indispensable for achieving the high activity and specificity that distinguish
successful enzyme mimiés?°Beyond its role in substrate binding and transformation, the catalytic
site also plays a pivotal part in mediating the complex electron and proton transfer processes that
frequently underpin enzymatic reactions. The strategic positioning of-eedfime @ntres and proton
dorors/acceptors within the site ensures the seamless flow of these subatomic particles, thereby
facilitating the desired chemical transformations. Moreover, the catalytic site exerts a significant
influence on the overall stability and robustness of the raezyimic. A weltstructured and
organized site can effectively shield reactive intermediates from detrimental side reactions, thereby
augmenting the mimic's efficiency and operational lifespan. Additionally, the unique
microenvironment within the catalytisite can modulate the reactivity of the catalytic centres
themselves, allowing for finguning of their activity to align with the specific demands of the target
reaction.

To achieve the goal of mimicking enzymatic activity, it is crucial to simulate an environment that
closely resembles the natural enzymatic task. One promising strategy involves confining these
artificial metalloenzymes within nanostructures, thereby ergaticontrolled and restricted system.
2526Thjs approach aims to replicate the spatial constraints and microenvironment found within
enzyme active sites, potentially enhancing the catalytic efficiency and selectivity of the artificial
metalloenzymes.

A promising approach for enhancing the stability of the synthetic mimic metalloenzymes in biological
environments is the utilization of soft or hard porous nanomaterials as confinement systems.
Nanotechnology has experienced a remarkable surge in research and development across various
sectors, including medicine. Nanomaterials, owing to their nanoscale dimerestbitst unique
properties that differ significantly from their bulk counterparts, making them attractive for biomedical
applications.
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Figure 3.4Nanoparticles and their different physicochemical propertiésiage reproduce by permisisgn

Catalysis plays a fundamental role in a vast array of biological and technological processes. In recent
years, there has been a growing trend towards conducting catalysed reactions within confined
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structures, known as micr@r nanoreactof8?®. These compartmentalized structures consist of
cavities enclosed by a wall, enabling the introduction of specific functions at defined concentrations
and desired locations. These containers, often referred to as aramocrocapsules, function as
reactos when chemical reactions occur within them. Among the various types of structures available,
polymerbased systems are particularly interesting due to their versatility and functidhllity

Confining molecules within these mieror nanoreactors offers several advantages. It can help
stabilize molecular structures and tailor their reactivity, leading to improved catalytic efficiency [1].
Additionally, compartmentalization allows for the cailied segregation and organization of
different catalysts, enabling complex cascade reactions to be carried out within a single structure.
This mimics the organization and functionality of biological cells, where multiple reactions and
transport processegcur in tanden? 34,

Various molecules can be used to construct confined microenvironments, including lipids,
amphiphilic diblock and triblock copolymers, metal oxides, and polyAiéf$>3°These nanoor
microcapsules are multifunctional materials with potential applications as reactors in a wide range of
fields, including catalysis, biomedicine, materials science, energy, electronics, separation technology,
food science, and environmensaience. Regardless of the material used, nanoreactor design should
prioritize effident encapsulation of the catalyst within the capsules and the ability to respond to
environmental changes such as pH, temperature, and ionic strength vatfations.

Several methods are available for producing polymer capsules, each with its own characteristics and
properties that depend on tladrication route employetf.*® These methods include copolymer self
assembly, emulsion polymerization, the flow focusing method, and-taykryer (LbL) assembly.
Emulsion polymerization involves the formation of a polymer layer at the interface of emulsion
droplets, creating a coshell structure. LbL assembly is a versatile technique for preparing multishell
capsules by the alternating deposition of oppositely charged polyelectrolytes onto a template.
Polymersome manufacturing relies on the -asierbly of amphiphilic block copolymers into
vesiclelike structures. The hydrodynamic flow focusing method generates a double emulsion,
allowing for the encapsulation of a polymer solution within a -sbtrel structure. The choice of
capsule type, membraneoperties, and encapsulation method depends on the specific application
and the desired functionality. By carefully considering these factors, researchers can design and
engineer polymer capsules to effectively mimic biological systems, control enzynaatioms, and
develop innovative solutions for a variety of challenges in biomedicine, biotechnology, and other
fields.

One interesting example is reported by Arnal ef%f®> proposed a novel approach to address this
challenge by encapsulating metal nanoparticles within hollow, porous spheres. This method involves
combining two established techniques: coating metal nanoparticles with a silica layer and
synthesizing monodispershollow, zirconiabased spheres with nanomesieed pores. The authors
demonstrated the effectiveness of this approach using gold (Au) nanoparticles supported on zirconia
(ZrOy) as a model catalysystem. The encapsulation method preserves the catalytic activity of the
catalyst after highemperature treatment. This finding further highlights the benefits of encapsulation

in maintaining the performance of the catalyst under harsh conditions
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The approach presented by Arnal et al. offers a promising strategy for the development-of sinter
resistant catalysts. The encapsulation method is highly flexible and can be adapted to different metal
and shell materials. By controlling the synthesis pataragthe size of the spheres, the thickness of

the shell, and the pore size can be tuned to optimize the catalyst for specific applications. This
approach has the potential to lead to significant advances in the design of stable catalysts for a wide
rangeof application.
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3.2 Aim of the work

The aim of this chapter is the synthesis and characterizatibmotlear compounds containing
Copper (Cu) and Zinc (Zn) with the goal of mimicking the catalytic activity of the natural enzyme
SODL1 (shown in Figure 3.5). To enhance the complexes stability and mimicking the complexity of
the natural protein residues tti@uclear systems have been entrapped in aldagscaffold.

His7g

Figure 3.5.Catalytic site of natural SOD1

In particular, the complexes to achieve this goal (that are reported in figure 3.6) are structurally
characterized by two metal centres and a triazole linker that replaces the imidazolate bridge of the
natural enzyme. A Schithase and a pyridingyrazolederivates have been investigated as ligands.
Schiff-base ligands have been considered due to their chelating and SOD enzyme mimicking abilities,
thepyrazolgpyr i di ne was chosen because of the stron
the simlarity of the pyrazole to the histidine.

Figure 3.6.Target molecules selected as SOD mimic

Following the successful synthesis and optimization of the target compounds, we encapsulated them
within silica nanocages to enhance their stability, overcome their poor water solubility and mimic the
natural enzyme confinement. The schematic represemtatiour strategy is depicted in Figure 3.7
The nanocages employed are present in De Col a
dimensions, 2680 nm, and possess a single pore eil2(hm and openings of 3%6nm, see Figure
2.7 for a concepscheme.
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Figure 3.7.Schematic representation of final system for mimic natural enzyme

The strategy of confining these artificial metalloenzymes within nanostructures allows us to create
even less stable catalyst, that can potentially enhance the catalytic efficiency and selectivity of the
artificial metalloenzymes.
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3.3 Results and Discussion

Three distinct dinuclear compounds, their full chemical characterization and their encapsulation is
described in this chapter. &ddition, the evaluation of the catalytic activities and comparison with

the metalloenzyme are presented. The target molecules were synthesized via a convergent synthetic
strategy (showing in Scheme 3.2) involving the separate preparation of Schiff daggridime

pyrazole ligands, followed by their coupling through click chemistry to obtain the final scaffold. The
final step involved the coordination of the metals centre into the scaffold to yield the target
compounds.

Na

OH OH OMs N3 N3 N
NI N N
— — e — M\N
NH, NH, NHBOC NHBOC NHBDCNHBOC NHBOCNHBOC NH HCNH Hel OH HO
1

"y % Ty <5°“"°£> <S“£>

Scheme 3.5ynthetic strategy for artificial SOD mimetic

Synthesis of Shiff base ligand

Schiff bases are versatile compounds formed through the nucleophilic addition of an aliphatic or
aromatic amine to a carbonyl compoufftt: They are widely employed as ligands in coordination
chemistry due to their ability to form stable complexes with metal ions.

Schiff bases containing both nitrogen and oxygen donor atomsdifated Schiff bases) have
garnered significant attention for their potential therapeutic applications, including antitumor,
antifungal, and antibacterial activiti&s*® Additionally, these compounds have demonstrated notable
antioxidant properties. In this context, the synthesized tetradentate ligand, classified astyp8alen
Schiff baseé®, holds promise for further exploration in various fields, including medicinal chemistry
and catalgis.

To achieve our goal, we decided to introduce the azide group required for the reaction with the
pyridine-pyrazole ligand prior to performing the condensation reaction necessary to obtain the Schiff
base.

For this reason, the first reaction performed was the insertion of a protective group to the amine
(Scheme 3. 3) functions to avoid any competit
synthesis.
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OH 1.(BOC),0
2.TEA

OH

v

THF : H,0
NH, NH, NHBOC NHBOC
1

Scheme 3.3Synthesis of diert-butyl (2hydroxypropanel,3-diyl)dicarbamate [)°*

The chosen protective group was the-bertyl carbonate anion ((BO&)) Two equivalents of di

terttb ut y | di carbonate were necessary to achi eve
dropwise to a chilled solution of X@aminoproparR-ol in a mixture of water (kD) and
tetrahydrofuran (THF). During the addition, the initially colourless solution turned white and cloudy.
To monitor the reaction's progress, the det e
solution was employed, as no chrorhope residues are present in the structure of compaund
Several extractions were performed to remove thebtexti carbonate anion from the organic layer

(using water, saturated sodium bicarbonate, and brine). Ultimately, the anion was successfully
removed through chromatographic purification. The resuttoigurless oil solidified upon standing.

The desired produdt was obtained in an 86% yield, which is consistent with literature reports. The
structure of compountiwas further confirmed by *H NMR, 13C NMR, and MS (ESI) analyses. Once

the amine groups were protected, the second step required for inserting the azide is to improve the
reactivity of the alcohol function, which was a mesylation reaction. (Scheme 3.4né3yation

reaction involves the conversion of an alcohol into a mesylate (methanesulfonate ester) using
methanesulfonyl chloride (MsCl) and a baseijdgfy triethylamine or pyridine>?

OH 1. TEA OMs
2. MsCl
)
14
DCM
NHBOC NHBOC NHBOC NHBOC
1 2

Scheme 3.4Synthesis of Biert-boc-2-methanesulfonyl,3-diaminopropane?)

This transformation serves a crucial purpose by converting the hydroxyl group, a poor leaving group,
into an excellent one, facilitating subsequent nucleophilic substitution or elimination reactions.
Mesylates exhibit high reactivity due to the electwathdrawing nature of the sulfonyl group, which
stabilizes the developing negative charge on the leaving oxygen during the reaction. The widespread
utility of mesylation is underscored by its applications in diverse fields, including the synthesis of
complexnatural products, pharmaceuticals, and materials. Then, as reported in Scheme 3.5, the
insertion of the azide was performed, that represents a powerful and versatile transformation with
broad implications in synthetic chemistry and chemical biology. Aziclearacterized by their unique
reactivity and stability, can be readily introduced into a variety of substrates through diverse methods
such as nucleophilic substitution, electrophilic addition, and cycloaddition reactions. The resulting
azidecontaining compounds serve as valuable intermediates for subsequent transformations,
including the renowned Staudinger ligaftyn coppercatalysed azidalkyne cycloaddition
(CUAAC)'35L enabling the construction of complex molecular architectures and bioconjugates.
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OMs N

1.NaN,
—
DMF
NHBOCNHBOC NHBOCNHBOC
2 3

Scheme 3.5Synthesis dbi-tert-boc-2-azido 1,3-diaminopropane3)>!

Once the insertion of azide group on the scaffold, the next step for the synthesis of Hhasghiff
ligand was the deprotection of the amine groups in order to perform the condensation with the
salicylic aldehyde.

The removal of the tettutyloxycarbonyl (Boc) protecting grotfds typically achieved under acidic
conditions. As reported in Scheme 3.6, strong acids such as trifluoroacetic acid (TFA) or hydrochloric
acid (HCI) are commonly employed to cleave the Boc group, generating the corresponding amine,
isobutylene, and carbafioxide. The mechanism involves protonation of carbonyl oxygen, followed

by elimination of the terbutyl cation. The resulting carbamic acid intermediate readily
decarboxylates to yield thdesired amine. The Boc group's popularity stems from its stability to a
wide range of reaction conditions, yet facile removal under relatively mild acidic conditions, making
it an ideal choice for protecting amines during msiép syntheses (Scheme 3.6)

N3 N3
1. HCI 6M
>
EtOAc
NHBOCNHBOC NH HCINH HCI
3 4

Scheme 3.6Synthesis dt-azidopropanel,3-diamine dihydrochloride4)®®

The synthesis of the tetradentate Salen ligtut8cheme 3.7) was conducted under an inert
atmosphere to safeguard the formed imino bonds from potentiatlaiced degradation. Anhydrous
ethanol, obtained by drying over molecular sieves, served as the reaction solvent. Mechanistically,
the reaction proeeds via a nucleophilic addition, wherein the lone pair of electrons on the amine
nitrogen attacks the electrophilic carbonyl carbon. This initial step leads to the formation of a
hemiaminal intermediate, which subsequently undergoes dehydration tothgeldkesired imine
(Schiff base).

o]
) | H\
1.K,CO3 N N
+ _— = X
EtOH
NH HCINH HCI OH

4

Scheme 3.7Synthesis dbalen ligand %)
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Synthesis of the pyridinepyrazole ligand

As depicted in Scheme 3.2, the final scaffold of the artificial metalloenzyreesssitated the
independent synthesis of the two ligands prior to their coupling.

The synthesis of the pyridisgyrazole ligand commenced with a commercially available compound,
the5Bromo-2-(1H-pyrazotl-yl)pyridine. The initial step involved the introduction of the alkyne
functionality. Acetylene derivatives of pyridine were synthedivia a palladiurcatalysed coupling
reaction between the corresponding bromopyridine ametdylbut3-yn-2-ol. This transformation
afforded the desired-methyt4-(n-pyridyl)but-3-yn-2-ol derivatives’’ (Scheme 3.8)

OH
1.Pd(PPhs).Cl,
Br 2.Cul N
| N 3.2-Methyl-3-butyn-2-ol R N
N7 O ’ |
DEA P
‘3 N N§
N= \
6 N=—

Scheme 3.8Synthesis of-46-(1H-pyrazot1-yl)pyridin-3-yl)-2-methylbut3-yn-2-ol (6)

At last, for allowing the coupling reaction with the Schiff based ligand, was necessary to obtain a free
alkyne. Starting from 46-(1H-pyrazot1-yl)pyridin-3-yl)-2-methylbut3-yn-2-ol ( compound6),
thanks to the elimination of acetone in basic condition we were able to obtain the desired product, 5
ethynyl2-(1H-pyrazot1-yl)pyridine (Scheme 3.9).
OH
N
X NaOH \\(1
X — | P
| _ Toluene N l\\l§
D
6 N=—

Scheme 3.9Synthesis of-Bthynyi2-(1H-pyrazot1-yl) pyridine ()

Once the two ligands are obtained, the last &iephe synthesis of the final scaffold consists in a
coupling reaction between the azide group and the acetylene derivatives. This kind of reaction
belonged to the class of reaction present in the frame of click chemistry. Click chemistry, a concept
pioneered by K. Barry Sharple€sembodies a modular approach to chemical synthesis, emphasizing
reactions that are higyielding, selective, and tolerant of diverse functional groups. The hallmark of
click reactions is their biorthogonaltfy enabling thema proceed efficiently in complex biological
environments without interfering with native biochemical processes. Among the most prominent
examples is the coppentalysed azidalkyne cycloaddition (CuAAC), a transformation
characterized by its exceptionsglectivity, reliability, and versatility. Click chemistry has found
widespread applications in various fields, including drug discovery, materials science, and
bioconjugation, owing to its ability to facilitate the rapid and efficient assembly of cormolecular
architectures.
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The reaction performed (showed in Scheme 3.10) required the use of @ubE€odium ascorbate
for catalysing the reaction.

4
S
N N N
d o
N3 ~y N
N N
_ NS
OHHO 1. CuSO4x 5H,0
OH
2 Na Ascorbate Ho
Acetone

8

Scheme 3.10Synthesis oR,2-((1E,1'E}((2-(4-(6-(1H-pyrazot1-yl)pyridin-2-yl)-1H-1,2,3triazol-1-yl)propanel,3
diyl)bis(azanylylidene))bis(methanylylidene))dipher®I (

All the intermediates described were characterized by the use of different techniques *$ich as
NMR, 13C-NMR, mass analysis and elemental analysis. A more detailed description is reported in the
experimental section of this chapter.

Following the successful synthesis and characterization of the requisite scaffold for obtaining the
desired dinuclear complexes, metal insertion reactions were carried out, as illustrated in&Stheme
All reactions were performed under an inert nitrogen atmosphere.

a
N\
¢ 8 } BN
N\ Ve \\N\
N R R

MR

DCM MeOH

5":% 5 @

Scheme 3.11Metal insertion reaction for the synthesis of the final target compounds

The three target complexes of this thesis work (previously shown in Figure 2.6) were characterized
using various analytical techniques. Notably, due to the paramagaétice of the inserted metal
centres, conventional NMR analysis was not feasible for the final complexes. Therefore, we
employed alternative spectroscopic methods, such as Energy DispetsiyedXalysis (EDXY°, to

confirm the presence of the metal centres. After the full characterization of the target complexes, we
wanted to investigate their behaviour as a SOD mimic.
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SOD like activity

For the evaluation of the antioxidant behaviour of the target complex we used a commercially
available kit provided by Sigma Aldrich.

The SOD Determination Kit is used to measure superoxide dismutase (SOD) activity. The kit offers
a convenient method based on a watduble tetrazolium salt, WST, which changes colour in the
presence of superoxide radicals. The intensity of the colmamge is inversely proportional to SOD
activity. The kit includes WST solution, enzyme solution, buffer solution, and dilution buffer.
Additional materials needed are a plate reader, microplate, pipettes, incubator, and SOD standard
solutions. An inhibitbn curve can be generated to visualize the relationship between SOD
concentration and its activity. Reducing agents may interfere with the assay, but the kit accounts for
this. The experiment protocol consists in preparing the working solutions of M&&T an enzyme
solution, adding samples to a-@&ll microplate. Absorbance measurements at 450 nm are used to
guantify SOD activity as an inhibition rate.

Different concentrations were tested, we checked the activity for sample concentration of 25, 50 and
100 pM.

The results obtained (Figure 3.8 B) show that the highest activity is related@o-SOD mimic
and, in particular, for concentration of 100 uM this compound shows an inhibition activity of 41%.

A B

xanthine

o2
\ 80,0

/ 202
& 60,0
a 50,0
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“ mlmm i 8 i '
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02 + H2°2 Concentration (uM)

SOD-like activity

WST-1 formazan 100,0
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)

Activity (

ECuCu EZnCu EWZnZn

Figure 3.8. A.Principle of the SOD Assay KiB. Investigation of SOD like activity for the three target compounds

SOD activity can be expressed as the percentage of inhibition of reactive oxygen species. Marklund
et al® conducted a study in which they evaluated the activity of the SOD enzyme through its
interaction with pyrogallol. From this study, they were able to plot a calibration curve to evaluate the
enzymatic activity. The result obtained is that the maximum itabwibachievable is 97.5% (therefore
corresponding to a maximum activity of 97.5%) inhibition.

These results suggest that the synthesized complexes can function exhibiting appreciable antioxidant
activity.

However, to enhance their stability and activity, we decided to investigate the encapsulation of these
complexes within the nanocagesThis strategy aims to study their behaviour in an environment that
closely mimics the enzymatic pocket containing the catalytic site.
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Nanosilica cages for mimic application

The synthesis and characterization of 20-siped cagdike organosilica nanoparticles follow
Wiesner's work. More details are provided in the experimental section of this chapter. These
particles have been thoroughly characterized using standard techniques employed for porous
materials. Furthermore, we demonstrated the successful encapsulation of our &@fidiadimic

within the cavity of these nanoparticles.

After their preparation, the material was characterized before proceeding with the encapsulation.
A transparent and stable colloid was obtained and as depicted in Figure 2.9D¥eBn(clight
scattering) analysis revealed the particle mean hydrodynamic diameter to be 20 nm and the Zeta
Potentialz= -22mV indicates that the cages are characterized, as expected, by a negative surface
(Figure 3.9 A). Moreover, transmission electron microscopy images (TEM) confirm the morphology
of the cagdike structure (Fjure 3.9 B). The presence of an inner cavity was further confirmed by

N2 adsorptioiidesorption measurements. Sorption isotherms (Figure 3.9 C) show a characteristic
hysteresis indicating the presence of a porous material, and a pore size distribution with an average
size of 4,6 nm (Figure 3.9 D).
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Figure 3.9. A.DLS and Zeta Potential analysiB; TEM image;C. N, adsorptiori desorption isotherms recorded;
Pore size distribution calculated.

After obtaining and characterizing the nanomaterial, the encapsulation &QBbanimicking
complexes within the nanocages was performed. As depicted in Figure 3.10, the different dinuclear
complexes, previously characterized, were added to a solution of nanocages @EEGHS9:50
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mixture). The mixture was stirred overnight at 50 °C. Subsequently, centrifugation was performed to
remove any nosencapsulated material.

Wash 2

Sbe

SOD mimicking
complex

/\ .
Stirring overnight | o= /ﬂ
= D
& :
- 3 '

-

Nanosilicacages

EtOH:H,0 Washing in Centrifugation

Figure 3.10 Schematic representation for the encapsulation reaction.

The obtained materials were characterized using various techniques to assess the effects of
encapsulation in nanomaterials and to confirm the presence and quantify the amount of the
encapsulated SObnimicking complexes. Dynamic Light Scattering (DLS) andanBmission
Electron Microscopy (TEM) were employed to monitor any changes in the size and morphology of
the nanomaterials following the encapsulation process. Infrared (IR) spectroscopy was used to verify
the presence of the organometallic compounds mitié nanomaterials. Finally, Thermogravimetric
Analysis isemployed to determine the thermal stability of the nanocages and to quantify the amount
of organic material present, including the encapsulated complexes, and Inductively Coupled Plasma
(ICP) Spectroscopy, necessary for quantifying the metal contentwlithinanocageMore details

are available in the experimental section of this chapter.

As we can observe for the infrared spectrosceys/,can observe the signals characteristic of the
aromatic rings present in the system (20800 cm') and the corresponding stretching vibrations of
the conjugated C=C double bonds of the ring (38500 cm?b). In the case of the encapsulated

complexes, the band around 1100%cakearly indicates the presence of silica, thus confirming the
confinement of the systems within the nanocages.

77



-

=3

o
1

A 100 100
= 90 = 907 = 901
°§' 80 = 80 = 80
g 70 8 70 8 704
E 60 % 60 g 60
g 507 — CuZn@CAGES § 50 _ CuCu@CAGES @ 504 __ ZnZn@CAGES
= 404 — g\énES F 404 - CuCu F 404 — ZnZn
b e It w0 - ACES
N — .
4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000

Wavenumber (cm-')

Wavenumber (cm*!

Wavenumber (cm™!

¢

Figure 3.11. A.IR analysis for all the three complexes both free and encapsuBt&brresponding TEM images of
the encapsulated compounds

The materials were then characterized using thermogravimetric analysis (TGA). The recorded values
indicate that all three samples exhibit mass losses below 30%, suggesting a comparable amount of
organic material present in each sample.
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Figure 3.12TGA of the free complexes and the encapsulated complexes
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To quantify the amount of metal present within the nanocages, we performed an ICP analysis, as
detailed in the experimental section of this chapter. (See Table 3.1)

Metal

Compound Concentration quantification
CuCu@Cages 5,51 mg/mL Cu?*: 0,41 mM
CuZn@Cages 4,83 mg/mL Cu?* 0,19 mM

Zn*":0,03 mM
ZnZN(@Cages 4.23 mg/mL Zn**:0,06 mM

Table 3.1 ICP analysis

Given the results obtained for the free Ce8DD complex, we sought to repeat the SI® activity
experiment, comparing the free complex (in this case, the Q@ compound) and the nanocage
confined complex, using the same concentrations at which sex\@d positive results.

The results obtained (Figure 3.13) show that, at the same concentrations, the complexes confined
within the nanocages maintain activity compared to the free complex.

SOD like activity

40,0

30,0

20,0

T
0.0

25 M 50 pM 100 uM

B CuCuSOD@Cages B CuCuSOD free

Figure 3.13.S0OD assay activity

Having fully characterized the complexes, their superoxide dismutase (SOD) activity was assessed.
By analyzing the inhibition rates, we were able to calculate the IC50 values for each complex and
compare them to the native enzyme.
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Compound 1C50(1m)
CuCu 18,6
ZnCu 16,5
ZnZn 19,4
[CU™e2PyN
(Green et al.)
[CLPMePyNa]Z+
(Green et al.)
[CPyN
(Green et al.)
[Cu(4-Mesap(2-
Meimy),] 2,7
(Valigura et al.)
[Cu(4-Mesal(im),]
(Valigura et al.)
[Cu(3-
Mesal}(bzim}]-2H,0 14
(Valigura et al.)
Native SOD 0,01

Table 3.2.1C50 vales for each compleoompered toesults present in literaturds3164

17

5

0,7

52

Our complexes exhibited IC50 values approximately 100 times higher than the native enzyme.
However, when compared to recent literature, our complexes gtosise. For instance, Green et

al. reported a new series of SOD mimics with IC50 values 10 times higher than the native enzyme.
Similarly, Valigura et al. presented Cu(ll) complexes that acted as SOD mimics and exhibited IC50
values 10 times higher thamet natural enzyme.

These findings suggest that, although our complexes have less competitive IC50 values, they still
possess SOInimicking activity. To enhance their efficacy, structural modifications may be
necessary.

Studies of both free and encapsulated complexes are currently underway in vitro using the H460 cell
line. This cell line was selected due to its overexpression of reactive oxygen species (ROS), enabling
guantification studies to assess the potential entigraetivity of the administered compounds
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3.4 Conclusions

This work focuses on the synthesis and characterization of three distinct dinuclear complexes
featuring different metal centres: a complex containing two copper centres, one containing two zinc
centres, and a mixembmplex with both the metals.

The aim of synthesizing these complexes is to artificially reproduce natural enzymes, specifically
mimicking the superoxide dismutase (SOD) enzyme. SOD plays a crucial role in protecting cells from
oxidative damage by catalysing the dismutation of supeeoradicals into hydrogen peroxide and
molecular oxygen.

Once synthesized and characterized, the complexes were tested using a commercially available kit to
assess their potential S@iRe activity. The results indicated that the compounds, particularly the
one with both copper metal centregxhibited signiftant antioxidant SOflike activity.

To enhance the stability of these complexes and more faithfully mimic enzymatic structures, they
were encapsulated within silica nanomaterials featuring pores on their surface, known as nanocages.
This material, due to its morphology, provides protectmthe organometallic compounds while
allowing them to interact with the external environment and perform their catalytic activity.

In particular, in this case the encapsulation strategy aimed to provide a confined environment similar
to the enzyme's active site, potentially improving the complex's stability without affecting its activity.

After encapsulation, the metaHi@nocage complex system maintained the same antioxidant activity,
indicating that it functions and can therefore be appliethfeitro/vivo studies.

Currently,in vitro activity tests are underway to fully evaluate their activity and stability in biological
environments. This will provide valuable insights into their potential applications as SOD mimics for
therapeutic applications.
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3.5 Experimental section

4, 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400
spectrometer. The 1H NMR chemical shifts (0)
corresponding deuterated solvent. All deuterated solvents were used asd@dgthout any further
purification. Signal splittings described as singlet (s), doublet (d), triplet (t), multiplet (m). Coupling
constants (J) are given in Hertz (Hz). Absorption spectra were measured on a Shimag&oouV
spectrophotometer dolgbbeam UW VIST NIR spectrometer and baseline corrected. Quartz cuvettes
with path length of 10.0 mm were used for the recording ofMiB/absorption spectra. The steady
state emission spectra were recorded on a HORIBA Joom IBH FL-322 Fluorolog 3
sped¢rometer equipped with a 450 W xenon arc lamp as a source of exciting light which passes
through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference
detector and to the sample. Dynamic light scattering (DLS): the measuisemere conducted on a
Zetasizer Ultra equipment equipped with Mulingle Dynamic Light Scattering (MALDLS)
technology from Malvern Panalytical and using the software ZS Xplorer. TEM analyses were
performed using a Talos L10C (FEI) electron microscéfieche samples weranalysedn Lacey
Carbon Film Coated with a Continuous Layer of Ultrathin Carbon Film. Copper Grid, 300 mesh
provided by Sigma Aldrich. For the Nano tracking Analysis (NTA) was used MalvernPanalytical
NanoSight Pro. For the multi well plate reader a Tecan instrumas used Infinite M200.

Synthesis of ditert-butyl (2-hydroxypropane-1,3-diyl)dicarbamate (1)
OH 1.(BOC),0
2.TEA
H\ THF : H,O
NH2 NH2 NHBOC NHBOC
1

OH

v

To a solution of 1,&liamino2-propanol and triethylamine in 1:1= THF>®I (80 mL) stirred ad 0°C,

was added dropwise-tiert-butyl-dicarbonate dissolved in 40 mL of THF. The solution was stirred
overnight at room temperature. Once the THF was removed, the reaction was extracted using EtOAc.
Organic layer was dried over Nagénhd then the solvent was removed. The product is a saiite

Yield: 5.617 g, 87%.

1H NMR (600 MHz, CDCI3): 5.14 (s, 2H, NH), 3.783.73 (m, 1H, CH), 3.31 3.14 (m, 4H,
(CH2)2), 1.46 (s, 18H, Boc) ppm.

MS (ESI): [M+NaJ: 313.35 m/z
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Synthesis oDi-tert-boc-2-methanesulfonyt1,3-diaminopropane (2)

OH 1. TEA OMs
2. MsClI
)
14
DCM
NHBOC NHBOC NHBOC NHBOC
1 2

In a 2neck flask, under anhydrous condition of Bompound 1(17.22 mmol, 1 eq) and triethylamine
were dissolved in 80 mL of anhydrous DCM. The mixture degassed and then methansulfonyl
chloride (dissolved in 8 mL of anhydrous DCM) was added dropwise. The reaction was stirred for 30
minutes at 0°C and then was allowed to gradually worm to room temperature and stirred overnight.
The reaction was stopped hgding 70 mL of water and then the organic layer was washed using
NaHCQG and brine and was dried by NaS@he crude obtained was a paflow solid that was
recrystallized using hexane. The product is a white solid and the yield of the reaction g@ega a

from 69-80%.

IH NMR (300 MHz,CDC4) & 5. 16 (451 (m21H)) 3.60 8.407n6, 2H), 3.31 (dt, J =
14.7, 5.6 Hz, 2H), 3.12 (d, J = 15.4 Hz, 4H), 1.44 (s, 21H).

13 NMR (151 MHz, CDGJ): 156.47, 80.19, 79.20, 40.96, 38.31, 28.46 ppm.
MS (ESI): [M+Na]+: 391.74 m/z

Synthesis of Ditert-boc-2-azido-1,3-diaminopropane (3)

OMs 1. NaN, Ma
o e
DMF
NHBOCHHBOC MHAHBOCHMHBOC
2 3

In a 2neck flask, under anhydrous condition of Bompound 2 (1,375 mmol, 1 eq.) was dissolved

in 90 mL of anhydrous DMF, then NaMWas added and the mixture was stirred ad 80°C for 18h. The
reaction was allowed to cool at room temperature and water was added, then the mixture was cooled
at 0°C with an ice bath for allowing the formation of a precipitate. The solid was filtratedpane a
product as white solid was obtained.

H NMR (300 MHz, CDCJ): 5.06 (s, 2H,), 3.64 (s, 1H,), 3.43.31 (m, 2H,), 3.18 3.07 (m, 2H),
1.44 (s, 18H,) ppm.

13C NMR (151 MHz, CDQJ): 156.20, 79.91, 60.92, 40.80, 28.35 ppm.
MS (ESI): [M+H]+: 316.38 m/z
Synthesis oR-azidopropane1,3-diamine dihydrochloride (4)

N3 N3
1. HCI 6M
>
EtOAc
NHBOCNHBOC NH HCINH HCI
3 4
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In a neck flask 2,6 g of compound 3 were dissolved in 20 mL of EtOAc, then 9 mL of HCI 6M
were added dropwise. The mixture was under stirring at 0°C for 30 minutes and then was allowed to
cool at room temperature and stirred overnight. The day afteedlcgon mixture was cooled at 5°C

over the weekend for allowing the formation of a precipitate. The solid was filtered and washed
several times with EtOAc. The product is a white crystalline solid. (Y =87%)

IH NMR (300 MHz,DMSGdS6) : 8.39(s,6H), 4.22 (m,1H), 3.12,(dd,2H), 2.91(dd,2H)
13G-NMR (400 MHz, DMSGd6): 57.70 , 40.49 ppm

Synthesis of 2,2° ((1E,1'E) - ((2-azidopropane 1 1,3 -diyl) bis(azanylylidene))bis
(methanylylidene) ) diphenol (5)i Salen ligand

N3
o
N3 |
1.K,CO4
+ RSN /N N \
EtOH
NH HCINH HCI OH OH HO
4
5

In a neck flask, compound 4 were dissolved in 20 mL of EtOH in presencgldthe reaction
mixture was stirred for 30 minutes then gaicylaldehyde was added. The reaction was stirred at
room temperature overnight. There was the formation of a precipitate. The reaction was filtered, and
the supernatant was concentrated under vacuum. The product appears likeyaltpeesolid

H NMR (300 MHz, cddj) : 8.15 (s,2H); 7.33 (m,4H), 6.97(m,4H), 4.@77 (m,6H) ppm
Synthesis of 4(6-(1H-pyrazol-1-yl)pyridin -3-yl)-2-methylbut-3-yn-2-ol (6)

OH
1.Pd(PPh,).Cl
Br 2.Cul NN
| N 3.2-Methyl-3-butyn-2-ol N N
— » |
N7 ONTN DEA P
\ D
N= \
6 N=

In a Schlenk under anhydrous condition obNo-Bromao-2-(1H-pyrazotl-yl)pyridine (2,67 mmol )

and 2Methyl-3-butyn-2-ol (3,1 mmol) were dissolved in 7 mL of anhydrous DEA. The mixture was
cooled ad 0°C with an ice bath and Pd(B#1> (0,0255 mmol) and Cul (0,017 mmol) were added.

The reaction was stirred overnight at room temperature. The DEA was removed under vacuum and
the crude mixture was washed with DCM. The organic layer was dried with Nafeiconcerted

with rotavapor. The product is a brown solid.
'H NMR (300 MHz, cdc)) : 8.54 (ddJ = 2.6, 0.6 Hz, 1H), 8.43 (s, 1H), 7.94 (s, 1H), 7.77 (s, 2H),

6.49 (s, 1H), 1.62 (s, 3H), 1.52 (s, 4H) ppm.
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MS (ESI): [M+H]": 228,28 m/z
Synthesis of 5ethynyl-2-(1H-pyrazol-1-yl) pyridine (7)

OH

N
A
A NaOH X
A - | P
| _ Toluene N NN
N N} 7 |
| N=
6 N=—
In aSchlenk under anhydrous atmosphere of Bompound 6 (2.72 mmol ) was dissolved in 7 mL
of anhydrous toluene, then NaOH was added and the reaction mixture was refluxed for 2 hours. At
the end of the time, the reaction was allowed to cooled to room temperature and the solvent was

removed. The cide was washed with a mixture of EtOAc :Hex = 2:1. The reaction mixture was
filtered and then was concentrated with rotavapor. The product is a dark brown solid.

IHNMR (300 MHz,CDC) o 8.52 (s, 1H), 7.97 (s, 1H), 7.
13C NMR (300 MHz, CDCJ) ppm: 141.7,127,3.116.64,111.7,108.2,80.5,80.04,76.6
MS (ESI): [M+H]": 169.69 m/z

Synthesis  of 2,2((1E,1'E)-((2-(4-(6-(1H-pyrazol-1-yl)pyridin -2-yl)-1H-1,2,3triazol-1-
yl)propane-1,3-diyl)bis(azanylylidene))bis(methanylylidene))diphenol (8)

g
N\
N N N
D
Nj N
H\ _ H\
Z N \\(j N N
| -
1.CuSO4x 5H,0
— 4 2
OH HO + » OH
N '\\l§ 2.Na Ascorbate . HO
5 T N Acetone
8

In aSchlenk under anhydrous atmosphere of Bbmpound 7 (1.44 mmol ) and compound 5 (1.44
mmol) were dissolved in 17 mL of anhydrous acetone, then were added: GLS(IL) and Na
Ascorbate (142 L) in the following order. The reaction mixture was stirred at room temperature and
followed by TLC. (6:4 = CicloHex :EtOAc). Once the reaction was considered ended, the solvent
wasremovedand the crude mixture was resuspended in MeOH and then it was centrifugated. The
precipitated was isolated. The product is a light brown solid.

1H NMR (300 MHz, cd2cl2) U 8.80 (s, 1H), 8.61
Hz, 2H), 7.73 (s, 1H), 7.31 (d, J = 24.5 Hz, 4H), 6.91 (s, 4H), 6.49 (s, 1H), 4.33 (s, 4H).
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3CNMR (75MHz,cdclz) U 168. 49,

161. 45,

161.18, 151. 14,

131.72, 126.83, 124.04, 120.73, 120.41, 119.26, 118.61, 116.76, 108.30, 107.98, 62.37, 60.53, 55.42,

53.04.
MS (ESI): [M+H]": 493.36
Synthesis of CuCu SOD mimic

\ /Cu\\ ND

e

"]
S \
N N N
S
N N=
N
H\ CuOAc
N N
_ AN DCM:MeOH
OHHO
8

<

s

In a Schlenk under anhydrous atmosphere of ddmpound 8 (0.203 mmol) was dissolved in a
mixture of DCM:MeOH (3 mL), then CuOAc (0.408mol)was added and the mixture was refluxed

for 90 minutes and then was cooled to room temperature. The reaction was stirred overnight at room
temperature. The solvent wesnovedand the crude was washed with@:t The product is a green

crystalline solid.
MS (ESI): [M-OAc]": 677.64
EDX ANALYSIS:

Spectrum details
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Synthesis of compound CtZn SOD mimic

/\N\ N@

_N
N
7\
N\
N 1.Zn(OTH),
2.CuOAc
1§
DCM:MeOH 4

s

In aSchlenk underanhydrous atmosphere of KIn(OTf)2 (0,203 mmol) and CuOAc (0,203 mmol)
were dissolved in a mixture of DCM:MeOH (3 mL), then compound 8 (0.203 mmol) was added and
the mixture was refluxed for 90 minutes and then the reaction mixture was cooled to room
temperature. The reaction was stirregmight at room temperature. The solvent was removed and
the crude was washed withBt The product is a light green solid.

MS (ESI): [M-OTf]*: 768.64
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Synthesis of ZrZn SOD mimic

a
N SN AN
D
N\ N=—
N
N N
_ NN
OHHO
8

Zn(0Tf),
N
DCM:MeOH ZAV RN
/ \
o o

In a Schlenk under anhydrous atmosphere of ddmpound 8 (0,203 mmol) was dissolved in a
mixture of DCM:MeOH (3 mL), then Zn(OT)(0.405 mmol )was added and the mixture was
refluxed for 90 minutes and then was cooled to room temperature. The reaction was stirred overnight
at room temperature. The solvent was removed and the crude was washedQviffhEtproduct is

a yellow solid.

TP1538 16 (0.327) AM2 (Ar,40000.0.0.00.0.00). Cm (10:50)
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Spectrum details

Project New project
Spectrum name TP130
Acquisition conditions

Acquisition time (s) 180.0
Process time 4
Accelerating voltage (kV) 15.0
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Quantification Settings

Quantification method All elements (normalised)

Summary results

Element Weight %

Silicon 8.0

Sulfur 66.1

Zinc 26.0

Synthesis Silica Cages

625 mg (1.715 mmol) of cetyltrimethylammonium (CTAB) was dissolved in 50 mL of deionized
water. Then 500 ¢ L addedandrthe migtarehwsas mapneticatlyestirred fov 4 s
hours at 700 rpm at 50 AC. Then, an ammoni a
added. Subsequentl vy, 750 €L (2 mmol) of tetra
the previous solutio and stirred at 700 rpm, for 18 h at 50 °C. The patrticle dispersion was purified

by dialysis against an EtOH/H20/AcOH:1:0.007 v/v/v) mixture for 24 h and finally against an
EtOH/H20 (1:1 v/v) mixture for another 24 h.

CAGES final concertation 8.6 mg/mL (EtOHM 50:50), average size 20 nm, zeta poterBal
mV, average pore size from nitrogen sorption 4.6 nm.

Dynamic light scattering measurements: Samples for DLS measurements were prepared
withdrawing 0.1 mg of cages solution (10 eL)

(A)

TEM analysis: Samples for measurements were prepared withdrawing 0.1 mg of capsules solution
(10 eL) and resuspendetheni 9R0o0tLtbfsfsebbt DO
carbon grid. (B)
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Encapsulation of CuCu SOD, CuZn SOD and Zn-Zn SOD procedure
The procedure for the encapsulation were performed all in the same time.

Compound CtCu SOD (5,70 mg), Compound &n SOD (5,68 mg) and Compound-Zn SOD

(5,70 mg) were dissolved in 200 pL of DMSO and directly add in 6 mL of NB CAGESs suspension
(8.6 mg/mL EtOH:HO 50:50) and heated at 50 °C for 18 h. The-ancapsulated compound was
washed away with three cycles of centrifugation (35k rpm, 1 h, 4 °C) and resuspended in 6 mL of
Et OH. 6 O[tnetloxy(paykthyRnoxy)}®]propyltrimethoxysilane was added to thieanolic
suspension to provide a®BPEG coating of the nanopiates. The suspension was mixed at 50 °C

for 18h. The unreacted PEG silane was washed away with three cycles of centrifugation (35k rpm, 1
h, 4 °C) and finally resuspended in 6 mL ofH

1 mL of each solution was lyophilized to get the final concentration of each solution:

- CuCu SOD@Cages : 5.61 mg/mL

- CuZn SOD@Cages: 4,83 mg/m L

- Zn-Zn SOD@CAGES: 4,23 mg/mL
Quantification by ICPMS of:

- Cu-Cu SOD@Cages 5.61 mg/mL corresponding to 0.41 mM &f Cu
- CuZn SOD@Cages 4.83 mg/nuorresponding to 0.19 mM of &.03 mM of Zi*
- Zn-Zn SOD@Cages 4.23 mg/mL correspondin@106 mM of Zrt*

Dynamic light scattering measurements: Samples for DLS measurements were prepared
withdrawing 10 OL of each SOD@cages solution
water.
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5- Compound Size (nm) Zeta Potential (mV
0 . . CuCu SOD Cages 79,8 -12,92
! oo 100 1000 CuZn SOD Cageés 50,7 -8,78
Size (d.nm)
ZnZn SOD Cagegs 68,6 -9,35

The results obtained suggest the presence of aggregates.

TEM analysis: Samples for measurements were prepared withdrawing 10 pL of capsules solution
(10 e€L) and resuspendetheni 9BO0Oo0EtLtbfsfsesebhbt DO
carbon grid. (In order : CuZn SOD, CuCu SOD and ZnZn SOD)




TEM analysis confirm theresence of aggregates.
The samples were alsmalysedy IR measurements:

2 mg of each compound weaealysed
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4.Breakable Silica coated Quatsomes: A new type of
hybrid nanocapsules for drug delivery

4.1 Generallntroduction

Li posomes, first described by Al ec D., Brmawé a
emerged as a cornerstone of drug delivery syst
|l i pid bilayers encapsulating an aqueous cor e,
a unique platform f ophitlhiec daenldi vleirpyo pohfi Ibioct ht hhey
initial | i posomal formul ations relied solely
di versenatuouagl odand synthetic | ipids and surf

therapeut’?® potenti al

The size of |l iposomes can vternyt caomamaterreash | tyg
mi crometr e8Hdwe wWdra,meftoerr .medi cal applications,
to 450 nm range, optimizing téiemnhebieadi i oic b m
coupled with their ability to encapsul ate a w
as a leading drug carrfer® system for over hal
The field of | i posomal drug delivery has wit

numer ous-blaispads dme mul ati ons currently wundergoi
clini¢dl® use.

This sustained inhheeeestehgmprbdbpemtthbhseir

T Biocompatibility: Li ptosloeneat eadr ebygetnlee albloy
composition of natwurally occurring phospho

T Versatility: They can encapsulate both hyd
delivery of a wide range of therapeutic ag

T Targeted delivery: Surface modifications ¢
ti ssues, enhancing ther atpaerugatc effffa ctaxc.y an

T Protection of cargo: The Ilipid bilayer prc
premature release, ensuring its delivery t
Despite the excellent premises, their tendenc

pose significant c hal | e nlgnedsea dfdqirr t shtead rra gpab @ir snal
i nst amidl istuyc h | idmmiitvaetni otnhse heaxvpel or ati on of al te

delivery °apglicathendevel spmbhesanti monodi spe
12

One promising avenue inQuhi sOP&Tbest nesveheve
structures, pi oneered by t heasrseesmeblreodht ga f® s p m:
guat earmmmaorng wmf act ants and sterol s, resul ting i
4. Unli ke | iposomes, QS exhibit exceptional h
organi zation, and demonstrate remarkabl e stab
characteristics position Q$ia@s namoietdri &d tniev e
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400NN

Quatsomes
components

Figur8cHemagriesant ati on of( |Quaagteo naedsadpst esd 'rwictt hu rpe r mi

To further enhance the structermreademencttheog metdy a
di scussed ifmciubiesl evied pthewetnrt atodgya t o ceat-itche
baslealyeBy integrating a rigid?2SfISecafshgelle &dr

to create a robust drug delivery system?3 hat
This hybricbhbmbgmidm&@ch,dvant ages of both soft a
provide multiple benefits. I n fact, the sild@
aggregation and | eakage of the encapsuloated

Furthermasg, fuheoit dseialbibpzaat i onat § ofget wtethukn if n g e
of drug relamalseonpriotfsdl®lsiri@qceargeted deliver:
mi ni mi #iamrg ed f fenfafkoeocattsi enlgt iaf umct i on'dl24smart mat e

Qs

Fi gur®cHemati c r eipnrteesrenmotlaetciuol nx ro fien@is(elrmacg & oandsa pptoe ¢’ wi t h

A first workorfelsatled at d orhe mps ®v i ngHuvbeesti?calle. s
Befohes, woirki ca coating of vesicles oftdreprel

procedures. Thi s paper pr es editreedctae dn gvelwt Ap,
innovative in several ways, such ohsassi btihlei tuys et @
the morphology of the resulting silica struct

sophisticated techniques to encapsul ate vari
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templ ates. Researchers have further refined t

precursor s, and functionalization strategies
Zhang3®4enveadti gated how the phase of didodecyl
templates influenced the structure of silica
really i mportant because i nvestli gfaotre sdiilfifcear emma
Modi foaat or i ncorporating specific functional
possible to enmngsmersi \wme sdoantuilmug designed to b
site. For i nstance, I n the nconmtpeoxtat esbenntsa ft g avte

moi eties (as depicted in Figure #aAeB)epnrakbul cehs atsl
design of systems capabl e ofglwdladidtciomende g o a

characteristic of tumour cell s. This strateg
enhancing therapeutic-tafffgiecaey fwhkitlse Mmiumitmiez im
of the system igeereasatriedntoafrosighi ¢tdhedebris, w

body, reduci ntgerntrmet oxiski toyff. | Tomigs approach repl
the design of controlled drug delivecyp saynsdtern
susceptibility to tailored functionalization,
t hat respond to specific physiological cues,
therapeutiéd®finterventions.

~ /7

- sio U NN Sz 4
», Precursor I; S \ Stimulus  ff & ' “ = " Stimulus =N
— E=S.'.5 9 — * o ES - — %
= . & — 2 S Z
7 S I RN AANY
\
Qs Breakable Degradation/ Breakability Release of the drugs

silica shell of silica shell layer

Figur®8cHem®atic representatiornflofager eaallaplleed” wii It ihc @ eg

T pectr os awris eatghgdaste n o weel hsayvset eemmsp,|l oyed F°r st e
transf ear sthREeg vuiomdeywdod retc ul es | oadedawahhd@d t
on the hydr om@yofiigu.rpeaaesds edodysthems act as | umi nc¢
study is geared towards exploring the potent.i

FRET i s a phenomenon origimaldsy adesadmuialbé @ b y
mol ecul ar interactions. Thi g aph cattd prhey giraanls fperr
an excited donor eneuaoggoepphtoorre ntool eac unleea.r by

This energy transgfeonl arceseaepl ingmbdt wekr t he o
and si tcriticalHhryk acetpoernsd:ent on t

- Drivinghteodwmmloercmube possess an excited steé
accemdloacul e.
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- Spectr al Overs maectvikald iagpn ibfeit weretn t he donor
the acceptor's abgqorpeidohespepadct emmrigy tr an
- I ntermol ecul ar Di stance: FRET efficiency I
donor and acceptor, typi-t@l hm. opeiratdingt am
has | ed to FRET being referredruloera,s" aenalpl
determination of intermolecular distances
The equation connecting all these parameter s

0 ‘|
P v
For mulRordstler 6s equati on
|t is ultimately necessary that al/l the ener
acceptor.happen,hitshet ot wo mol ecul es must be cl
bet ween donor and acceptor accowliibegdi sttame el :
the molecul esRiinndincaditeast edheby¥W°rster critical
characotertbeipai Rtgfpi mall ¢e yulrannges bet ween 2 a

The relationship bet weaemnc &RtECIr edifgtcareme yalalnaw:

the distance between the two molecul es, provi
i nteractions. This prinegnglien hwaasr if owan df iwe [dees
bi ol ogy, bi ochemistry, and mat erriodles n s dind rea
conformational changes, and nanoscale organiz

Fore tabbove meast o mhhedchoi ce of tfhleu ol raclsecicesndiags esr,

| abelling the sil imemmlarman e Rarmg g (eBR) Ba Bime-t QY |
loct adedyvy u-banldofRe oy | i-3d,€Bn enf-1-digytltadecyl i ndol e; pe
amraemnetdyengspeci fic for the | ipid component,

guat someklke ggendd e mi tCGyiamg naey e, (Cyh) biofogy wtéha
coval ent | ythan tshuod eadc eo n

Qs-Dil BS-QS-Dil Cy5-BS-QS Cyans5-BS-QS-Dil

Figurgydtdms | abelled witQd alhel Ised «Quwit tehlt @dylevei: BPA.t Hea eler e
|l ayer | abel Qead awietdh whitlh; t@.e breakabl €Qssadadtied wWiatyhrert He bl
silica | ayer | abel(lFeRIE Twistyhs tbeont)h. Di I and Cy

(I mage adapted’”with permission)
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4.2 Aim

ThesemP$foyed in this study have been synthesi
described by Profes’sand Marme o¥ et yobstardismed rhoyd pa n
BromCdaAaBNnd Chol esterol in an equimolar ratio.

The silicacoated QS are synthesized as a prototype of a new hybrid material capable of providing
greater structural and mechanical stability to the nanovesicle. This coating aims to safeguard the QS
from fusion and internal leakage during the storagasgrartation, and application of the material

Thres posnistcidcaan go eheans ruesailngz ead di sul fi de sSillaincea p
shell, as menti onteldi 3§ nt Hhei 9§ hamaogtueormiatidbreidd amn
be also | oaded with molecules that have a the

Tl r essuylsttdemyi gned nt smarldakhr agmeptesencef corf a
exampl e glhuatpatelssieane i n verynhricae@hblkcksn cereer red gosr cen
t he c aoame liendi ntah e db-dddy

We demonstrate the feasibility of the approact
nanoparticles, studying the releaseidfrothe ca
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4.3 Results and Discussion

This work focused on the devel olpmeak aladfcattseod id
QSINBSQ®S and -rsetsipmnowmlsii ve Hoa®@EBHIQPE ddielpicaed i n Fi
key difference between these mater NBEQSBelriees

designed immpghe s®@8bntityasndi wai preedr sor, tet
(TMOS), to fodengraadalblustsi Iniomadsd araeme wioB KQ &I torue
were engi necelrleedd froerl ecacsnet rappl i cB8S5Q®as. cifbhat sd

reactingbTMOSrared hoxysilylipmopoyft aZd Wiurhd b edcke r( B
i ncorporate idnitsoultfh ed esTiplriecugpesmdecdxava wmikh o ws f or t
cargo release in specific environments, such
el evated | evels of reducing agent s.

FigureNdbhbeakKabd ®a @dNBiScQi83 Br eak ab-t ea®&RISQEHl mage adapted
per mi¥%'sion)

BotNBBSGQ aBnSAIC) wer e prepasteap uprn mgesas .t wioni ti al |l
were created -sttherpo umgért hao ds iemnfgpl lieeynwidn y tlee hdédeque
depressurization of expuasmpeadilesngs(pbeEnLsdrSgrani me |

This invohssdmbhg €l & mi xture of sterol/ quat
and CTAB) in an equi mol RtrOH/af3 toe rorfe slullt iimg aQ S
subjected to diafiltration using KrosFl o Diaf

me mbrane components from the QS membranereFin
stored in water.

The second step was to cover the QSs with sil
that preserve the desired characteristics of 1

shell using tetraetahyplr eocrutrhsoosri |wacsa taed a(pTtEeQS )f ra
Hub®¥et al. and?? Hhmergt edt adl.. described the e
tetramet hyl orthosilicate (TMOS)Xsirne an optr osttoacbol

andai ntained a pH of 8 through the addition of
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